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Abstract. The article addresses a Mobile Edge Computing (MEC) network with a
focus on wireless power transfer technology. It considers a MEC system with mul-
tiple end-users and a single edge server based on energy harvesting techniques. The
study formulates the Weighted Time Minimization Problem within the MEC sys-
tem, and it transforms this problem into two sub-problems: power optimization for
offloading users and bit optimization for offloading users. In the first phase, given
the task bits for a specific user, the convex approximation of the problem is obtained
by introducing an upper bound, The Lagrangian method is employed to derive the
closed-form solution for the user’s transmission power, and the optimal solution
for the transmission rate is obtained through sub-gradient iteration methods.In the
second phase, the optimization of offloading users bits is addressed. The optimal
offloading bits for users are obtained by using the Alternating Direction Method of
Multipliers (ADMM). Simulation experiments (ADMM).Simulation experiments
show that the proposed algorithm can effectively reduce system latency.

Keywords: Mobile Edge Computing - Energy Harvesting - convex
approximation - Multiple End-Users - Single Edge Server

1 Introduction

With the exponential growth of mobile data services, relying solely on traditional cloud
computing is no longer sufficient to meet the demands. To adapt to this continuous
growth in demand and enhance user experience, Mobile-Edge Computing (MEC) tech-
nology has become a current research hot spot [1]. With the proliferation and application
of networks, the demand from mobile users for resource intensive applications such as
interactive games and augmented reality is also increasing. However, the development of
these emerging applications and services is limited by the computing capabilities of ter-
minals [2]. Therefore, the emergence of Mobile-Edge Computing effectively addresses
this issue by not only meeting the computing capacity requirements of terminal devices
but also efficiently resolving the problem of long latency in cloud computing. At the
same time, the development of energy harvesting technology provides a new avenue for
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the sustainable energy utilization of mobile terminals. Because the battery of the device
is limited, the computation will be interrupted when the battery runs out. It is of great
significance to utilize renewable energy to power mobile terminals, thereby improv-
ing computational efficiency and achieving green computing. Combining Energy Har-
vesting (EH) technology with Mobile-Edge Computing (ME-C) can yield satisfactory
sustained computational performance. EH-enabled devices in MEC open up new possi-
bilities for cloud computing while also bringing new design challenges. In addition, by
designing resource allocation strategies, it is possible to efficiently utilize the harvested
energy. Therefore, researching the resource allocation problem of energy harvesting
communication systems combined with MEC is of great significance [3].

In reference [4], the Analytic Hierarchy Process (AHP) was utilized to determine the
priority sequence of required vehicles at service nodes. Additionally, multiple sequence
combination auction schemes were proposed to ensure the maximum economic bene-
fits while meeting the demand requirements [4]. In reference [5], a joint optimization
method for multiuser offloading and resource allocation is proposed. This method aims
to reduce the overall system cost when resources at the Mobile-Edge Computing (MEC)
server are limited [5]. However, the aforementioned studies did not take into account
the impact of latency on system performance. In reference [6] addressing the issues
of computation, storage, and energy efficiency in mobile terminals, a model for the
Mobile-Edge Computing (MEC) system is first established. Based on this model, a joint
optimization objective function is formulated to balance offloading latency and resource
allocation. The objective is to minimize offloading latency by optimally distributing
resources of mobile edge computing servers, thereby achieving optimal solutions and
rational computation and offloading. Consequently, this approach effectively reduces
the average load latency for multiple users [6]. In reference [7], under the consideration
of both smartphone battery capacity and latency sensitivity, network resources are opti-
mized. Additionally, the remaining battery level of mobile terminals is incorporated into
the energy consumption and latency optimization. An iterative approach is employed to
solve the optimal load balancing decision, thus achieving a balance between energy and
latency [7]. In reference [8], a deep learning algorithm based on mobile edge computing
is proposed, which optimizes the overall network power consumption [8]. However, the
aforementioned studies did not comprehensively consider the impact of both energy
consumption and latency on network performance. In reference [9], a two-layer tandem
queueing method is employed to analyze M-EC networks. Based on the derived effec-
tive capacity, the paper proposes a method for joint bandwidth and computation resource
allocation to maximize total revenue while ensuring the quality of service requirements
for devices, including statistical delay guarantee and supported arrival rate, aiming to
maximize network revenue [9]. In reference [10], the authors propose that MEC and
WPT are two promising techniques widely present on the Internet of Things (IoT) for
enhancing computational capabilities and prolonging the operation time of low power
wireless devices. The study investigates a Mobile-Edge Computing system supported by
unmanned aerial vehicles (UA-Vs). Experimental results demonstrate that this method
outperforms non-intersecting algorithms in terms of performance [10]. However, the
studies did not consider the impact of latency on system performance under energy
scarcity conditions.
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In response to the issues, this paper aims to investigate the problem of minimizing
latency in partial offloading for Mobile-Edge Computing under an energy harvesting
model. The main contributions of this study are as follows:

(1) Establishing a system model, the paper investigates the problem of minimizing
latency in Mobile-Edge Computing (MEC) systems under constraints of energy
harvesting, total computational tasks, and the maximum tolerated latency by users.
By jointly optimizing the user’s transmission power, local transmission bits, and
MEC transmission bits, the proposed problem is addressed to minimize the system
latency.

(2) In the first stage, an upper bound is introduced to obtain a convex approximation
of the problem. Then, the Lagrangian method is employed to derive a closed-for-m
solution for user power, and the subgradient iteration method is utilized to find the
optimal solution for user power consumption. In the second stage, local variables are
introduced, and the ADMM (Alternating Direction Method of Multipliers) method
is employed to determine the optimal bits for offloading users.

2 System Model

2.1 Network Model

In this section, a brief introduction to the system model involved in this paper will be
provided, along with discussions on the computational model and energy harvesting
model. Specifically, a Mobile-Edge Computing (MEC) model with Energy Harvesting
(EH) devices will be explored. As shown in Fig. 1, the system consists of M _mobile
devices and one MEC server. Computational tasks are offloaded from users to the MEC
server through wireless links. There are M users, m € M, M users complete computa-
tional tasks through partial offloading, utilizing both local and MEC server resources.The
mobile devices are equipped with EH components, and all electrical energy is harvested
from recovered renewable energy sources.

Fig. 1. System Model
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The paper considers a block-based model for MEC, where T represents the length
of each block. Each of the M users rely on the wireless energy harvested within each
block to perform their respective computational tasks.

2.2 Energy Harvesting Model

In the partial computation offloading mode, each user’s computational task can be divided
into two parts: one part can be computed locally, and the other part is offloaded to the
MEC for computation [11]. Both local computation and task offloading consume energy
harvested from energy harvesting. This paper adopts a linear energy harvesting model.
Therefore, the energy harvested by user m in this time block is:

E,, = Tnohmpo,m € M . (D)

where no represents the energy conservation efficiency, 0 < n9 < 1. h;, denote the
channel gain between the MEC and user m. pg stands for the transmission power of the
energy harvesting system. In this paper, the energy harvesting system adopts constant
power transmission.

2.3 Communication Model

Let A,, > 0 denote the number of task input bits arriving at user m. The uplink
transmission rate for transmitting tasks from user m to the MEC is provided as follows:

h
Ru = Blogy (1 + 22 m e M. @)
(o)
0

where ag represents the noise power at user m, B denotes the communication band width,
and p,, stands for the transmission power of user m.

All communication users must meet the minimum transfer rate of the channel RE“‘,
which is given by:

Rp>R™ meM. 3)

2.4 Computation Model

Consider completing computing tasks through local computation and task offloading at
the user and MEC respectively. Ateach user m, let £, > 0 and d,,, > 0 denote the number
of task input bits for local calculation and task offloading to the MEC respectively.The
execution of computing tasks at the user is subject to causality constraints, meaning
that at the user end, the cumulative number of task input bits completed through local
computation and task offloading should not exceed the cumulative total number of arrived
tasks.

M M
D Untdn) <Y Ap.meM. ©))

m=1 m=1
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(1) Local Computation: The energy harvesting circuit, communication circuit, and com-
putational unit are all independent. Therefore, each user can perform energy har-
vesting, local computation, and task offloading simultaneously. Let C represent the
number of CPU cycles required for each user to compute one bit. To fully utilize
the harvested energy, the CPU power consumption is adaptively adjusted through
frequency scaling. The computational capability of the device at the m th user is
denoted by f,fl. Therefore, the time required for the m th user to compute £, bits is
given by:

Ty,=—".meM. Q)
Jon
The energy consumed for computing £,, bits at the m th user is given by:
E}, = Cyelu(f))* . meM. 6)

where y. is the effective capacitance coefficient associated with the processor chip
architecture at the m th user.

(2) Task Offloading: Each time slot T' consists of three stages: offloading stage, compu-
tation stage, and downloading stage. Due to the characteristics of large capacity, high
power consumption, low computational workload, and low energy consumption of
edge computing nodes, this paper only considers the energy consumption of offload-
ing to the MEC, while ignoring the computational consumption of the MEC. The
computational capability of the MEC at the m th user is denoted by f¢. Therefore,
the time required for computing d,, bits in the MEC is:

Cd
TS = f—c’” meM. (7
The time required to transmit d,, bits at the m th user is:
up dm
Y = e, )
Ry,

The energy consumed for offloading d,, bits to the MEC at the m th user is:
d
E) = —"pnmeM. )
Ry,
All users have a tolerable maximum delay 7,,**, which is given by:

M
CZ Cd
Z ( m m <TM™ meM. (10)
m

Since the energy required for local computation and task offloading is obtained
from harvested energy, the following energy harvesting causality constraint should be
satisfied:

Z {Cyetm(fi)* + —p ) < Z Tnohwpo,m € M. (11)

m=1 m=1



Joint Optimization Strategy for Partial Offloading and Resource Allocation 133
3 Problem Formation

3.1 Model Problem Description

In this section, we study the resource allocation problem under partial computation
offloading mode. In the partial computation offloading mode, the time minimization
problem in wireless powered MEC systems is formulated as follows:

M
Pl: min F(P, ¢,d) = Z (Cz’” Ca 7y
P,d fh fe "

s.t.

M M
Cl:Y Um+dn) <Y ApmeM

m=1 m=1
c2:Z( +—)<T,‘};a",meM

H‘l_

M d M
C3: ) ACYetn(f)” + Zopud = 3 Trohwpo.m € M

m=1 m=1

C4:Rp=R"™ meM

CS:Ze <{M meM

M
C6: Y dn<dy™meM

m=1

In P1, constraint C1 represents the total input computing task constraint. C2 repre-
sents the maximum tolerable delay requirement at the user end, where 7,/®* denotes the
maximum tolerable delay for the user. C3 represents the energy harvesting constraint.
C4 represents the uplink transmission rate constraint for transmitting tasks from the m th
user to the MEC. C5 represents the maximum bit constraint accepted for local computa-
tion at the m th user. C6 represents the maximum bit constraint accepted for offloading
computation at the edge server.

3.2 Power Allocation and Task Offloading Bit Joint Optimization Strategy
in Mobile Edge Computing Systems

Due to the necessity for users to complete task execution by the end of the entire time
slot T', the task completion constraint is:
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M M
S Untdn) =) ApmeM. (12)

Therefore, the optimization problem P1 can be reformulated as P2:

P2:

min F(P, ¢,d C‘fm+ oy y o
poin, ( ) = Z( 7 )

5..C2 ~ C6, (12)

To solve problem P2, it is transformed into two subproblems: power optimization
and offloading bit optimization.

Offloading User’s Power Optimization
For a given sum of ¢,, and d,, in P2, the original optimization problem is a convex
problem with respect to p,,,namely:

P3:
in F(P. 0.d Clu 4 Cd,,, dm
pinFP 0= % G G g

5.t.C2 ~ C4

Let g—’:l < &, the Lagrangian expression for P3 can be provided as follows:

M
L= Z { Cem } + Z Azn{nOhmPO - Cycgm(fnl,)z - gmpm}
m=1 m=1
M M '
+ " antn = b = dud + Y B(Re — RS (13)
m=1 m=1

Solving Eq. (13) yields the optimal transmission power for the user.

2
Py = [mB Sy (14)
AmEmIn2  hy,

Building upon this, the optimal transmission power pj, is obtained using the sub-
gradient iteration method. The concrete steps are as follows (Table 1):

In summary, in each iteration, based on the current values of the Lagrange multipliers,
the optimal transmission power allocation scheme and the system&apos;s optimal total
load are obtained by solving based on Eq. (14) and problem P3’. The Lagrange multipliers
are then adjusted according to Eq. (15) until the termination condition is met. The
obtained p}, represents the optimal solution to problem P3’, and F* represents the optimal
overall offloading load for the system.
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Table 1. Sub gradient Iteration Algorithm

Algorithm 1: Sub-gradient Iteration Algorithm for Solving Optimal Transmission Power
nput: B,M,C, 0, .d A, f. [

Initialization: Take & > 0 as a very small positive number, which determines the accuracy -
of the subgradient iteration method. Set the iteration count § = 0. Use 4, (0) and £, (0) t-
o record the current values of the Lagrange multipliers (LM).

Stepl: Calculate p; (0) according to equation (14), and substitute it into problem P3 to-
obtain the initial overall offloading load F' ’ (s).

Step2: s=s5+1.

Step3:At the § -th iteration, calculate p; (s) based on the current values of the Lagrange m-
ultipliers (LM) using equation (19), and substitute it into problem P 3’ to obtain the overall -
offloading load F (i) for the system.

Step4: If the current overall offloading load |F*(S +1)— F*(S)| < ¢ satisfies the syste-

m requirements or the Lagrange multiplier gradient (LM Gradient, LG) is zero, then termin-
ate the iteration. Otherwise, move on.

Step5: Update the Lagrange multipliers (LM) according to the following formula and proc-
eed to Step 2:

A, (s+1)=[ 2, (s)+x(s)OL/0A, |
B,(s+1)=[ B, (s)+x(s)L/ 3B, |

In equation (15), K(S) represents the step size for the sub-gradient, while OL / 82”1 and

(15)

oL/ aﬂm represent the Lagrange Gradient (LG).

Offloading User’s Bit Optimization

In the previous section, we obtained the power allocation mechanism p}, for offloading

users. Now, we need to solve the task allocation for offloading users given p}’.
Specifically, the optimization variables ¢,, and d,, are considered global variables, as

they are inseparable for all devices in P2 (more precisely, constraints C5 and C6 make

P2 inseparable). Therefore, local variables fm and d,, are introduced, representing the

local values of ¢,, and d,,, respectively. Thus, we have:

b = b (16)
dy = dy,

Based on (16), constraints C5 and C6 can be rewritten as:

M
Zémgzm,meM. 17)

m=1
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M
Z}%g¢mmeM. (18)

Therefore, the equivalent version of P2 can be obtained as follows:

P4 :

M
min F(¢,d) = Cln 4 Cin 4 dn
t.d (. 4) oy I SO Ba

s.t.C2~C4, (16), (17), (18)
According to (17), (18), We can obtain the augmented Lagrangian function for P4
as follows:

M M M
Ly(t.d.l.d.ab)= Z {Ce’” + Cfd’” ’”} Z Z —dm)
+ Z (fm + Z dm dm 19)

In which, a,, and b,, are Lagrange multipliers with respect to the constraints, and p
is the augmented Lagrangian parameter.

Based on the Lagrange multiplier (LM) constraint, the KKT conditions for the
function are as follows:

oL C n
m=f—nll+am+,0(€m—£m)=0 (20)
can be solved
A C a
=0, - —-= 1)
meT fle p
A C a
* m
== = (22)

3.3 Complexity Analysis

The complexity of Algorithm 1 comes from two aspects. The first aspect is from
the computation of the optimal transmission power for the user. The second aspect
is from the sub-gradient method for computing the La-Grange multipliers. Let s
denote the number of iterations required for the Algorithm 1. Let x denote the tol-
erance error for the sub-gradient method. Thus, the total complexity of Algorithm 1 is
O[S(ZM +M logz()(/T))] and O(-) is the big O notation.
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4 Simulation Result Analysis

4.1 Parameter Settings

Considering an MEC base station with a coverage range of 60 m, there are a total of 10
mobile devices randomly distributed within the coverage area. Assuming the uplink and
downlink channels have a bandwidth of B = 2 MHz, and the channel’s noise power is
denoted as 002 = 1072 W [13].

Set the length of each time slot as 7 = 0.2 s. For each user, user m computing
capacity is denoted by f,fl = [1, 2][1, 2] GHz, and the effective capacitance coefficient is
Ve = 1028[14]. A single user can tolerate a maximum delay of Ti,,x = 2 s. For energy
harvesting devices, set the energy conservation efficiency as no = 0.8 [15], and the
transmission power of the energy harvesting system as pg = 0.1 W. For each computing
task, set the total task input bit number arriving at user m as A,, = [0.8, 2] Mbits, and
the CPU cycles required for computing one bit as C = 103 cycles/s. Additionally, the
computing capacity of the edge server is set to f© = 6 GHz.

4.2 Simulation Analysis

—&— Alllocal
30 —©— All offloading computing
—&A— Random offloading

25} =8 Fixed proportion offloading
~——#— Proposed design

system delay (s)

5 10 15 20 25
number of users (U)

Fig. 2. The relationship between system delay and the number of users

Figure 2 shows the relationship between the system delay and the number of users.
This paper selects all local schemes, all offloading schemes, random offloading schemes
and fixed proportion offloading schemes for comparison. As shown in Fig. 2, as the
number of users increases, the total delay of the five calculation methods is on the rise,
and the performance of the proposed algorithm is the best. When the number of users is
15, the total delay of all offloading schemes exceeds that of all local schemes. This is due
to the limitation of the computing capacity of the edge server. When the number of users
increases, the computing resources that can be allocated to each user are reduced, thereby
increasing the total delay of the system. In addition, when the number of users is 20,
compared with all local schemes, all offloading schemes, random offloading schemes
and fixed proportion offloading schemes, the proposed algorithm reduces the system
delay by 43%, 30%, 13% and 5% respectively.
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Fig. 3. The relationship between system delay and total computing task

Figure 3 shows the relationship between the total computing task and the total sys-
tem delay. With the increase of the total computing task, the system delay of all local
schemes, all offloading schemes, random offloading schemes, fixed proportional offload-
ing schemes and the algorithm proposed in this paper will increase. This is because when
the computing power of the mobile device and the computing power of the UAV assisted
MEC are a constant, the larger the total computing task, the more time it takes to per-
form the task. Although the delay of each scheme increases with the increase of the total
computing task, the system delay of all offloading schemes increases faster with the
increase of the total computing task. When the total computing task exceeds 1.4 Mbit,
the system delay exceeds the system delay of all local schemes. However, no matter how
the total computing task increases, the system delay consumed by the proposed scheme
is always less than that consumed by other schemes.

5 Conclusion

This paper investigated a communication system with multiple terminal users and a sin-
gle edge server. Under constraints such as the total input task bits and energy harvesting,
the problem of minimizing the total system delay was formulated. By constructing the
Lagrangian function and utilizing the KKT conditions, optimal transmission power was
obtained. Simulation results demonstrate that compared to all local schemes, all offload-
ing schemes, random offloading schemes and fixed proportion offloading schemes,
the proposed approach effectively reduces latency and significantly improves system
efficiency, thus confirming the effectiveness of the proposed method.
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