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Abstract—The significant advances of cellular systems and
mobile Internet services have yielded a variety of computation
intensive applications, resulting in great challenge to mobile
terminals (MTs) with limited computation resources. Mobile edge
computing (MEC), which enables MTs to offload their computa-
tion tasks to edge servers located at cellular base stations (BSs),
has provided a promising approach to address this challenging
issue. Considering the advantage of improving transmission
efficiency provided by Nonorthogonal Multiple Access (NOMA),
we propose an NOMA-enabled computation offloading scheme,
in which a group of MTs offload partial of their computation-
workloads to an edge server based on the NOMA-transmission.
After finishing all MTs’ offloaded computation-workloads, the
edge server sends the computation-results back to the MTs based
on NOMA. We aim at minimizing the overall delay for completing
all MTs’ computation requirements, which is achieved by jointly
optimizing the MTs’ offloaded computation-workloads, and the
uploading-duration for the MTs to send their computation-
workloads to the BS, and the downloading-duration for the BS
to send the computation-results back to the MTs. Despite the
nonconvexity of the joint optimization problem, we exploit its
layered structure and propose an efficient algorithm to compute
the optimal offloading solution. Numerical results are provided
to validate the accuracy and efficiency of our proposed algorithm
and show the performance advantage of our NOMA-enabled
computation-offloading scheme.

I. INTRODUCTION

The past decades have witnessed a significant development
of cellular systems and mobile Internet services, which have
raised a variety of mobile applications requiring intensive com-
putation resources (e.g., real-time interactive online gaming
and augmented/virtual reality). However, due to the limited
computation resources, nowadays mobile terminals suffer from
a constrained computational capability, which degrades users’
quality of experience when executing the computation-hungry
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applications. The emerging paradigm of mobile edge com-
puting (MEC), which enables the mobile terminals (MTs) to
offload their computation-workloads to edge servers deployed
at cellular base stations (BSs), has provided a promising
approach to address this challenging issue [1], [2]. The ad-
vantage of MEC lies in migrating the intensive computation-
workloads from the MTs to nearby edge servers equipped
with sufficient computation resources, which thus improves
the computation efficiency and reduces the computation-delay.
Despite its advantage, MEC invokes the data transmission
between the MT and edge server over wireless links. As a
result, additional radio resource consumptions are required.
Due to the constrained amount of the radio resources available
at the MTs and BS, the advantage of MEC might be adversely
influenced without a proper management. For instance, when a
lot of MTs aggressively offload their computation tasks to the
BS! (via a common channel), a severe congestion will occur on
this channel, which results in a long transmission-delay for the
MTs to offload their computation tasks to the BS and increases
the overall delay for executing the computation-offloading.
Thus, a joint management of the computation-offloading and
the resource allocation is required to exploit the benefit of
MEC [7]-[24].

Recently, non-orthogonal multiple access (NOMA), which
enables a group of MTs to share a same spectrum channel
for simultaneous transmissions and exploits the successive
interference cancellation (SIC) to mitigate the MTs’ co-
channel interference, has been considered as a promising
approach to improve the spectrum efficiency in cellular radio
access networks. Compared with the conventional orthogonal
multiple access (OMA), NOMA is able to achieve multi-folded
advantages such as improving the throughput and spectrum
efficiency and accommodating massive connectivity. As a
result, NOMA has attracted lots of research interests [25]—
[27]. Thanks to the advantages of NOMA, exploiting NOMA
for MEC reduces the delay in data transmissions between the
MTs and edge servers and thus reduces the overall delay in
computation-offloading.

Nevertheless, to achieve the aforementioned advantage, we
need a joint management of the MTs’ computation-offloading
and the associated radio resource allocation for the NOMA-
transmission (including both the MTs’ NOMA-transmission
and the BS’s NOMA-transmission). Specifically, to exploit

'In this work, we assume that the edge server is co-located at the BS. Thus,
we treat the BS and the edge server interchangeable.
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MEC and reduce the transmission delay, we intend to offload
more computation-workloads to the BS as well as set a small
uploading-duration (for the MTs to send their computation-
workloads to the BS) and a small downloading-duration (for
the BS to send back the computation-results). However, such
choices require large transmission-rates for the MTs and the
BS. Due to the NOMA'’s nature that allows the MTs’ co-
channel simultaneous transmissions, the MTs and the BS
have to use large transmit-power to support the required large
transmission-rates, which might quickly drain out their energy
resources. Therefore, how to properly exploit the NOMA
for the multi-MT computation-offloading via MEC under the
given energy consumption motivates our study.

In this paper, we study the NOMA-enabled multi-MT
computation-offloading. We assume that a group of MTs run
the application of data-compression as [17] (e.g., compressing
a large video-clip) and exploit the MEC to reduce the overall
delay for completing all MTs’ computation requirements.
Similar to [17]-[22], we use the partial-offloading, which
allows the MT to partition its total workload into two part-
s, with one part processed locally and the other offloaded
to the edge server. The MTs form an NOMA-cluster and
send their offloaded computation-workloads to the BS via
the NOMA. After receiving and completing the MTs’ of-
floaded computation-workloads, the BS simultaneously sends
the computation-results back to the respective MTs via the
NOMA-transmission. To measure the overall delay, we need
to jointly consider the MTs’ local computation-delay, the
computation-delay at the edge server, as well as the round trip
transmission-delay between the MTs and the BS (comprised of
the transmission-delay for the MTs to send their computation-
workloads to the BS and the transmission-delay for the BS to
send the computation-results back to the MTs). Our detailed
contributions are summarized as follows.

o By exploiting NOMA, we characterize the connection
among the MTs’ offloaded computation-workloads, the
uploading-duration, and the MTs’ minimum required
transmit-power (in the uplink), as well as the connection
among the MTs’ computation-results, the downloading-
duration, and the BS’s minimum transmit-power for
sending back the computation-results (in the downlink).
By using these two analytical connections, we formulate
a joint optimization of the MTs’ offloaded workloads,
the uploading-duration, and the downloading-duration,
with the objective of minimizing the overall delay for
completing all MTs’ computation requirements, while
meeting the MTs” and the BS’s energy consumption
constraints.

o Despite the non-convexity of the joint optimization prob-
lem, we propose an efficient algorithm to compute the
optimal offloading solution. We decompose the joint
optimization problem into two subproblems that respec-
tively minimize the MTs’ uploading-delay and the BS’s
downloading-delay under the given decision on the MTs’
offloaded workloads, and a top-problem that further opti-
mizes the MTs’ offloaded workload based on the optimal
solutions of the two subproblems. We propose efficient

algorithms to solve the two subproblems and the top-
problem, respectively, which together find the optimal
offloading solution.

o We provide extensive numerical results to validate our
proposed algorithms and the proposed NOMA-enabled
computation-offloading scheme. We firstly show the ac-
curacy and efficiency of our algorithms, by comparing
with the commercial optimization package (i.e., LIN-
GO [48]). We then demonstrate the performance ad-
vantage of our NOMA-enabled computation-offloading,
by comparing with the time division multiple access
(TDMA) based computation-offloading and some fixed
computation-offloading method.

The remainder of this paper is organized as follows. We
review the related studies in Section II. We present the system
model and problem formulation in Section III. We propose
efficient algorithms to solve the formulated joint optimization
problem in Section IV and present the numerical results in
Section V. Finally, we conclude this work and discuss the
future directions in Section VI.

II. RELATED STUDIES

We firstly review the related studies about the joint com-
putation and communication resource allocations for multi-
MT computation-offloading. In general, these studies can be
separated into two main groups. The first group of the related
studies focus on the binary computation-offloading in which
each MT either offloads its entire computation task to the
edge server or executes the computation task locally [7]-[16].
The second group of the related studies focus on the partial
computation-offloading in which each MT can offload partial
of its computation-workload to the edge server [17]-[24]. Our
work belongs to the second stream, and we review these
related studies as follows. In [17], Ren et. al. investigated the
latency-minimization problem for a multi-user TDMA MEC
system, by jointly optimizing the computation and communi-
cation resource allocations. In [18], You et. al. investigated
the resource allocation for a multi-user MEC system based on
the TDMA and orthogonal frequency-division multiple access
(OFDMA), with the objective of minimizing the weighted
sum of users’ energy consumptions. In [19], Wang et. al.
proposed a partial computation-offloading that incorporates
the dynamic voltage scaling. In [20], Cao et. al. proposed
a joint computation-and-communication optimization scheme
for a cooperative three-nodes model. In [21], a multi-access
based computation offloading scheme has been studied. In
[22], [23], different incentive-based mechanisms have been
exploited for investigating the joint allocation of computation
resource and communication resource in MEC. In [24], Chang
et. al. proposed an energy-efficient computation offloading
scheme for a multi-user system, which considers the energy
consumption of the computation-offloading and the delay
constraint.

We next review the related studies about NOMA and the
NOMA-enabled computation offloading.

(Studies about NOMA): The advantages of NOMA have
attracted lots of research interests in recent years [25]-[27].
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Through analytical study and performance evaluation for d-
ifferent scenarios, the benefits of NOMA against OMA have
demonstrated in many studies [28]-[31]. Since our study is
closely related to resource (e.g., power and time) management
for NOMA, we mainly review those related studies as follows.
Power allocation strategies for NOMA have been deeply stud-
ies in [32], [33] for achieving different system-wise objectives.
As a crucial issue to NOMA, User-pairing strategies have
been studied in [34], [35]. In [36] and [37], different joint
optimization schemes of the users’ transmit-power and sub-
channel allocation have been proposed. In [38], Elbamby et.
al. proposed a joint optimization of the uplink and downlink
resource optimization, mode selection, and power allocation
for the NOMA systems with in-band full-duplex BSs. In [39],
Qian et. al. proposed a joint optimization of the cell association
and power control for NOMA small-cell networks. In [40], Bai
et. al. proposed a novel hybrid transmission method by using
the NOMA transmission and the multi-user diversity. Resource
allocations for exploiting NOMA in relay networks have been
investigated in [41], [42]. Several recent studies focused on the
exploitation of simultaneous wireless information and power
transfer for NOMA [43], [44].

(Studies about NOMA-enabled computation-offloading): In
[3], Ding et. al. developed the analytical results to demonstrate
that NOMA can reduce the latency and energy consumption
of MEC offloading. In [4], Kiani et. al. proposed an edge-
computing aware NOMA technique which exploits NOMA to
reduce the uplink energy consumptions. The authors formu-
lated an NOMA-based optimization framework which mini-
mizes the users’ energy consumptions by optimizing the user-
clustering and the computation and communication resource
allocations. In [5], Wang et. al. studied a multi-user MEC
system that exploits the multi-antenna NOMA transmission
for offloading. A joint optimization was proposed to minimize
the total energy consumption of all users subject to the
computation latency constraint. In [6], Ding et. al. proposed
a novel hybrid NOMA-transmission model for two users’
computation offloading via the NOMA transmission.

III. SYSTEM MODEL AND PROPOSED NOMA-ENABLED
COMPUTATION OFFLOADING

As shown in Figure 1, we consider a group of MTs
T ={1,2,...,1}, with each MT i having a total file size of
St (in bits) to be compressed. In the following, we refer S;°*
as MT 4’s total computation requirement. Each MT ¢ offloads
partial of its computation-workload, denoted by s;” € [0, Si!],
to the edge server (which is co-located at the BS) and executes
the remainder of its workload S — s; locally. Figure 1(a)
shows that the MTs form an NOMA-cluster to send their
respective offloaded workloads to the BS (i.e., the uplink
transmission), and Figure 1(b) shows that the BS uses NOMA
to send the computation-results back to the respective MTs
(i.e., the downlink transmission). We denote MT 4’s local
computation-rate (i.e., the CPU compression-rate in the unit

of bits/second)? as V/*° and denote the computation-rate of
the edge server as V°°.

We use t"P to denote the allocated uplink-duration for the
MTs to simultaneously upload their {s;’};c7 to the BS and
t%° to denote the allocated downloading-duration for the BS to
send back the computation-results. In this work, we consider
that the MTs form an NOMA-cluster to send the offloaded
computation-workloads to the BS simultaneously and further
receive the computation-results from the BS. Thus, to facilitate
our analysis of each MT’s overall delay, we assume that the
BS uses the same uplink transmission-duration ¢"P for all MTs
to offload their computation-workloads, meaning that different
MTs have different uplink NOMA transmission-rates due to
their different {s;"};cz. Similarly, we assume that the BS
uses the same downlink transmission-duration ¢% to send the
computation-results back to the respective MTs, meaning that
different MTs have different downlink NOMA transmission-
rates. We notice that, in a very recent work [6], Ding et. al.
proposed a hybrid NOMA-transmission model in which two
users (in an NOMA-cluster) may have different transmission-
durations to complete their respective computation offloading.
This provides us a very interesting direction to further extend
our current model in this paper.

In the next two subsections, we will characterize the MTs’
transmit-power and the BS’s transmit-power for the NOMA-
transmission.

A. MTs’ NOMA-transmissions to the BS

As shown in Figure 1(a), the MTs form an NOMA-cluster
to offload their computation-workloads {s;"};c7 to the BS,
i.e., the scenario of uplink NOMA transmission. According to
[45], in the uplink NOMA, an arbitrary decoding order can be
used for SIC. For the sake of easy presentation, we assume
that in the uplink, the BS uses the decoding order according to
the indices in Z, namely, decoding MT I, MT I —1, ..., MT 2,
and MT 1 sequentially (notice that our following analysis and
design are applicable to an arbitrary uplink decoding order by
changing the MTs’ indices in Z). We use p; to denote MT
1’s transmit-power to the BS. Based on the above considered
decoding order, MT 7’s uploading-rate to the BS is given by:

PigiB
Z;;ll pigs + Wing
where g;p denotes the uplink channel power gain from MT
1 to the BS, and WP denotes the uplink channel-bandwidth,
and ng denotes the spectral power density of the background
noise.

Based on (1), we next quantify the minimum transmit-power
required by each MT to transmit to the BS. The result is given
in the following proposition.

Proposition 1: Given the MTs’ offloaded computation-
workloads {s;"};c7 and the uploading-duration ", each MT

RE = W™log, (1 + ) NVieZ, (1)

2For the sake of clear presentation, we express MT 4’s computation rate
Vq}"C in the unit of bits/second in this work. Notice that Vil‘JC can be calculated
as Vil"C = fi/ Ci"“, where f; denotes MT i’s CPU frequency in Hz (i.e.,
cycles/second), and Cﬁ"c denotes the consumed CPU cycles for each bit, i.e.,
in the unit of cycles/bit.
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Fig. 1: System Model. (a) Uplink: The MTs form an NOMA-cluster to send their respective offloaded computation-workloads to the BS. (b)
Downlink: The BS uses NOMA to send the computation-results back to the respective MTs. We explain {®(%)} (which is used for indexing

the MTs in the downlink) in Subsection III-B.

1’S minimum transmit-power can be written as
Wtng
g

Proof: According to Proposition 2 [42], MT 4’s minimum
transmit-power is written as’

min __
P =

sy i— u
(Qtﬁvwlup — 1> gmww X515 i e T, (2)

i—1

’yzBH ]-+"Y]B) VZEI
Jj=1

_ Wng

min __

p;

3)

DigiB
7—1

A Z i—1 pJgJB+W"p ) L
to interference plus noise ratio (SINR) for MT 4’s transmission
to the BS. Furthermore, given MT ¢’s offloaded computation-
workload s;” and the uploading-duration *?, we can derive

MT i’s required SINR ~;5 as

in which ;5 = denotes the received signal

9P
v =2 W 1 Vi e T. 4)

By substituting (4) into (3), we then obtain (2). [ |

Based on Proposition 1, we denote each MT i’s minimum
required transmit-power as a function of the upload-duration
t'P and the uploaded computation-workloads {s;"};cz as
follows:

PP (P, {83} jez i<i)
Wtng

9iB
which will be used in our following problem formulation.

sy i—1 _u
<2tﬁpwlup _ 1) gmww X515 e T, (5)

B. BS’s NOMA-Transmission to the MTs

As shown in Figure 1(b), after finishing all MTs’ offloaded
workloads, the BS uses NOMA to simultaneously send the
computation-results back to the respective MTs (i.e., the
downlink NOMA transmission). Due to the SIC, we need to

3The proof of eq. (3) is essentially based on the deduction. We skip the
details here due to the limited space. Interested readers can refer to Proposition
2 [42] for the details.

order the MTs in Z according to the downlink channel power
gains from the BS to the MTs. However, since the downlink
channel power gain from the BS to MT ¢ is usually different
from the uplink channel power gain from MT i to the BS,
we cannot use the same decoding order used in (1) for the
downlink NOMA. Thus, we introduce another index-set C to
denote the same group of MTs in Z. In K, the MTs are now
ordered as follows

hg1 > hga > hgz > ... > hgp, > ... > hB[, (6)

where hpy denotes the downlink channel power gain from the
BS to the k-th MT in K.

We emphasize that both set Z and set IC refer to the same
group of the MTs. In K, the MTs are ordered according to
(6). Thus, each MT has an index-tuple (7, k), meaning that the
MT is the i-th MT in Z (from the uplink’s perspective), and
also is the k-th MT in K (from the downlink’s perspective). In
particular, to give a connection between Z and /C, we introduce
a one-to-one mapping k = ®(i), Vi € Z. In other words, if the
MT is the i-th one in Z, then it is the ®(7)-th one in /C. In this
work, we assume that all the channel power gains are relative
static and known in advance, and thus the mapping {®(¢) };ez
is also known (as shown in Figure 1(b)). We use Z (and the
associated indices ¢, j € Z) when discussing the MTs’ uplink
NOMA-transmissions, and use ) (and the associated indices
k,m € K) when discussing the BS’s NOMA-transmission.

We use ¢, to denote the BS’s transmit-power to MT k. Thus,
based on (6), the BS’s downlink-rate to MT k € K is

qrhBk
hpk an_:ll qm + WdonO

where W9 denotes the downlink channel bandwidth.

Recall that we consider that the MTs are running the
application of data-compression. We use «a; to denote MT ¢’s
compression-ratio. For each MT ¢ € Z, based on the intro-
duced mapping ®(i), there exists the following relationship
between MT i’s offloaded computation-workload s;” and the

R =W%log, [ 1+ Yk € K,
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associated computation-result to be sent from the BS to MT
k= ®>):

do

Em = q;s.?

7 7

with k& = ®(i) € K. (8)

Notice that based on (8) and the mapping {®()}icz,
the MTs’ offloaded computation-workloads {s;"};cz and the
computation-results {52"} kek are actually interchangeable.

Based on (7), we quantify the BS’s minimum total transmit-
power to send the computation-results {s°},cx to the MTs.
The result is given in the following proposition.

Proposition 2: Given the computation-results {s{°}exc to
be sent back the MTs and the downloading-duration ¢%°, the
BS’s minimum total transmit-power can be written as:

min,tot __
B =

noz(

Proof: According to Proposition 1 [42], the BS’s mini-
mum total transmit-power is

o
hek—1)

do

do
I
)mv;doz s W

her

m=k °m __

hk

min,tot __
B

noz<

I

) TL -+ )
Qkth "

Ber = o S g W denotes the received SINR for the
BS’s transmission to MT k. In particular, given the MTs’
computation-results {s{°};cx and the downloading-duration
t%, we derive each MT’s required (g, as

1 Ivdo
- —F—. (10
hB ( )

her  he(e-1)

sdo
Bx = 27 WE 1 vk € K. (11)

By putting (11) into (10), we thus obtain (9). [ |

Based on (8) and {®(i)}iez, {si°}rex and {s;}icz can
be treated interchangeable, namely, knowing s;‘p enables us
to know s with k = ®(i). As a result, for the sake of
easy presentation, we denote the BS’s minimum total transmit-
power as a function of the downloading-duration ¢ and the
MTs’ offloaded computation-workloads {s;'};c7 as follows
(t°, {s; }iez) =

min,tot
B

up
25713”4 Thanks to NOMA, all MTs can simultaneously

send their offloaded computation-workloads to the BS, and
the BS can send the computation-results back to the MTs
simultaneously. Therefore, we aim at minimizing the overall
delay for completing all MTs’ computation requirements, i.e,
minimizing max;ez{d?**'}. Notice that in this work, we do
not consider the computation delay for the operations of the
SIC in the system model.

We next discuss the constraints which will be used in
our following problem formulation. First, we consider that
each MT ¢’s total energy consumption for transmitting its
computation-workload to the BS cannot exceed MT ¢’s max-
imum transmission energy-budget E;"%%, i.e.,

P (% {s P} jez j<i) < B, Vi € T (14)

Second, the BS’s total energy consumption for transmitting the
computation-results back to the MTs cannot exceed the BS’s
maximum transmission energy-budget Lg'?%,

tdoqgin,tol(tdo7 {Sﬁp}iEI) < Emax (15)

Third, we consider that each MT ¢’s total energy consumption
for its local computation cannot exceed MT 4’s computation
energy-budget denoted by Q;"**, i.e.,

3 S;lp < max v I
W = Qz Vi € L,
where parameter p; denotes the power consumption of MT
1’s computation-processing unit. Recall that VilOC denotes MT
7’s local computation-rate. Similarly, the BS’s total energy
computation for executing all MTs’ offloaded computation-
workloads cannot exceed the BS’s computation energy-budget
QR ie.,

tot _

Pi (16)

DiezSi

€T

VSC]’
where parameter pp denotes the power consumption of
the BS’s computation-processing unit, and V" denotes the
computation-rate of the edge server.

Based on the above modelling, we formulate the following
optimization problem that aims at minimizing the overall

PB B a7

I
1 1 11 o JWdo delay for completing all MTs’ computation requirements (here
“no Z < - ) 2 e — - (12)“OD);\/I” refersp to “Eg)verall Dela l\F/)[mlmlzatl(c)ln”) (
= \hsr  hpe-1) hr y
. : verall
which will be used in our following problem formulation. (ODM): mm{rznez:xzx{d;’ 1
subject to: constraints (14), (15), (16), and (17),
C. Overall Delay for all MTs and Problem Formulation 0<s® <8 VieT, (18)
For MT 14, its local computation and the computation- 0 < 9P < upmax (19)
offloading can be executed in a parallel manner. As a result, 0 < 3o < pdomax 20
from MT i’s perspective, the overall delay for completing its . . < ’ . (20)
total computation-workload Si* can be written as: variables: {si" biez, t", and t%.

Gtot __

?

up up
$i¥ D ier Si
‘/Z_loc ’ V/ser

d;)verall — max{ + tUP tdﬂ} VieTl. (13)

Smt P Zl T S‘;P

V'lluc 5““ +
t + 9 denotes MT i’s delay in executing the partial
computation-offloading, which includes the round trip de-

lay t*P + t%° and the computation-delay at the edge server

denotes MT +¢’s local computation delay.
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4In this work, to exploit the benefit of simultaneous data transmission-
s from/to the group of MTs, we assume that the edge server collects
the offloaded computation-workloads from all MTs and processes these
computation-workloads as a whole task. This assumption is viable, since
after collecting all MTs’ offloaded computation-workloads via the uplink
NOMA-transmission, the edge server can sequentially process different MTs’
offloaded computation-workloads. After completing all these computation-
workloads, the edge server then sends the computation-results back to the
respective MTs simultaneously via the downlink NOMA-transmission.
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Constraint (19) means that the uploading-duration t'P can-
not exceed the maximum-delay 7™, and constraint (20)
means that the downloading-duration t%° cannot exceed the
maximum-delay 79%™**, Problem (ODM) is a typical non-
convex optimization problem. Thus, there exists no general
algorithm that can efficiently solve Problem (ODM). We
focus on proposing an efficient algorithm to solve Problem
(ODM) in the following. Notice that, to focus on our key
objective of modeling and optimizing the MTs’ overall delay
in executing the computation offloading via both uplink and
downlink NOMA transmissions, we assume the perfect SIC
in the NOMA transmission. As an important future direction,
we will further take into account the enabling condition for
the perfect SIC in the problem formulation and evaluate the
consequent impact.

Before leaving this section, we mention that for the purpose
of performance comparison, we also use the TDMA enabled
computation-offloading scheme in the following Section V. In
the TDMA enabled computation-offloading scheme, the MTs
sequentially execute the partial computation offloading, and we
thus optimize the associated offloaded computation-workload,
the uploading-duration, and the downloading-duration for each
MT individually. For each MT ¢, our objective is to minimize

SO up
MT i’s overall delay dTPMA = Inax{ T L P 0+ i)

where ¢, denotes MT 4’s uploading- _duration and tdo denotes
MT ¢’s downloading-duration. Notice that since the MTs in Z
sequentially execute the computation-offloading in the TDMA

manner, the overall delay for all MTs is given by >, dI°MA.

IV. PROPOSED ALGORITHM TO SOLVE PROBLEM (ODM)
A. Decomposition of Problem (ODM)

Our idea to solve Problem (ODM) is to exploit its lay-
ered structure. Suppose that all MTs’ offloaded computation-
workloads {s;’};c7 are given in advance. The coupling con-
straints (14) and (15) can be separated into the one about the
uploading-duration t'P and another one about downloading-
duration t%. In other words, given {s;’};c7, we can separately
minimize t'P (i.e., the following subproblem (Sub-UDM)) and
minimize % (i.e., subproblem (Sub-DDM)), without loss of
any optimality of the original Problem (ODM).

e (Subproblem (Sub-UDM)): Given {s;"};cz, we aim at
minimizing the uploading-duration ¢"P by solving the
following subproblem (here, “Sub-UDM” refers to
“Uploading-Duration Minimization Subproblem”).

(Sub-UDM): 7,

({si}Yiez)
max
subject to: pMi"(¢"P, {SEP}]‘SLJ‘EI) < 0

variables: 0 < ¢'P < TUpmax,

= min t"P

VieZ, 21)

We include {s;"};cz in the subscript of tz‘f{”sup} ot

denote that the minimum uploading-duration can be re-
garded as a function of {s;"};c7.

e (Subproblem (Sub-DDM)): Given {s;*};cz, we can thus
compute the corresponding {s%°},cx according to (8).
Then, we aim at minimizing the downloading-duration

t%° by solving (here, “Sub-DDM” refer to “Downloading-
Duration Minimization Subproblem”):

(Sub-DDM): tiiy, ) = mint®
3 min (o) Emax
subject ©0: pE(E, {5} iex) < B, (22
variables: 0 < ¢do < pdomax,
We include {s;"};cz in the subscript of t??s’ﬁp} ot

denote that the minimum downloading-duration can be
regarded as a function of {s}"};c7.

up, do,*
Based on t({sup}l and t({ Y iez)’

mize maxiez{d"ver"‘”} by optimizing the MTs’ offloaded
computation-workloads {s;"}icz, which corresponds to the
following top-problem (Top-OCWO) (here, “OCWO” refers
to “Offloaded Computation-Workloads Optimization™).

(Top-OCWO): min{ max {doeriny

we then mini-

subject to: "l =

S — 5 YierSic
max loc ’ ser
v, Vs
constraints (16) and (17),
variables: {d?"*™"},c7, and 0 < s}° < S Vi € 7.

up,* up, * .
Feryien T t({s‘;*’}ieﬁ} Vi (23)

Based on the above vertical decomposition of top-problem
(Top-OCWO) and its two subproblems, i.e., Subproblem (Sub-
UDM) and Subproblem (Sub-DDM), the minimum overall
delay for all MTs provided by top-problem (Top-OCWO)
suffices to be the one for the original Problem (ODM).

B. Proposed Algorithm to Solve Problem (Sub-UDM)

We propose an algorithm to solve Problem (Sub-UDM)
and find the minimum uploading-duration under the given
MTs’ {s;"}icz. However, Problem (Sub-UDM) is a typical
non-convex optimization problem. To solve this problem, we
introduce

1
= (24)
Using (24) and some equivalent manipulations, we can trans-
form Problem (Sub-UDM) into:

(Sub-UDM-E): x’{{sgp}iez) = argmax

up 9P i1
subject to: Wno (21‘/!71 — 1) 9T v 2521 S _
giB
EM™x <0,VieZ, (25)
€z Z Tup,max’ (26)
variable: x.

Problem (Sub-UDM-E) aims at finding the maximum value
of x (i.e., :c( (s ) that can meet constraints (25) and (26).
Since (25) can be separated with respect to different MTs, we
express

T en = min{a" ), @7
where the auxiliary variable xlargw is given by
2 = arg max{z > |Qi(z) > 0},Vie Z.  (28)

- Tup max
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Specifically, according to (25), function Q;(x) is given by:
. 2 21
gB (zxwp B 1> govm Tk s

Qilw) Wupn,
VieZ. (29)

= E"™y

To find z"**, we identify the following property.
Proposition 3: For MT 4, its function Q;(x) is a unimodal
function.
Proof: We can derive the first order derivative of Q;(x)

as
/ JiB
() = Emax_JB_
Ql(x) 7 W“pno
wp 1 i—1
Si 1 gup
(2“’W“P 1> 9T W 251 5 (In2) T E 5
j=1
2a:41p Zi_isup2wis:pp 1 2 S;'lp 30
W 2j=15; U L
7 (1n2) S G0)

Eq. (30) shows Q;(z) decreases in 2. Thus, there are two pos-
51ble cases for x € [T,,pm, 00), i.e., Case-I Q;(x) is decreasing
if Q (Tup ) < 0, or Case-II Q;(z) firstly increases and then
decreases if Q; (7m) > 0. Thus, @Q;(z) is unimodal. [ |

Using Proposition 3 and the two cases discussed in the
above proof of Proposition 3, we can find z,"*" (defined in
(28)) based on the following three cases.

Proposition 4: For each MT ¢, we can find z;
following three cases:

o Case-I(a): if Q (Tupmdx) < 0 and Ql(Tupmdx) < 0, then
zlarges{ does not exist, which means that Problem (Sub-
UDM-E) is infeasible

o Case-I(b): if Q (Tupnm) < 0 and QZ(TUPM) > 0,
then z/** ¢ [ 7w, 00) is uniquely determined by
Qi (xiargest) — O

o Case-II: if Q (Tupm)
be uniquely determined by Q)

00) is uniquely determined by Q (x;

Jargest
A8 in the

€ 22

=0, where :EA S
[ 2)=0.
Proof: Based on Proposition 3, if Q (Tupm) < 0, then

Q/ () is monotonically decreasing when x € [Tup_mx ,00). In

this case, if Q;(7mms) < 0, then :clargeq does not exist (i.e.,

Case-I(a)). Otherwise (i.e., QZ(Tup max) > 0), then there exists a

unique point in the interval of [, 00) such that Q;(z) = 0

and xlarge“ corresponds to such a point (i.e., Case-I(b)).

On the other hand, if Q (Tuvmx) > 0 (i.e., Case-II), there
exists a unique point in the interval of [Tupm“ ,00) such that
Q/(sc) = 0 (since we have Q' (00) < 0 according to (30)).
Let us denote such a point as :z:A Notice that, because of
Q;(0) = 0, there always exists QZ( A) > 0. As a result,
there exists a unique point in the interval of [ ,00) such
that Q;(x) = 0, and z"** corresponds to such a point. We

largest

> 0, then x;
( largest)

00) can

thus finish the whole proof. ]
Based on Proposition 4, we propose UDM-Algorithm to find
Ty ien)

o Steps 4-5 correspond to Case-II in Proposition 4.
Based on the decreasing property of @,(z) when
T € [, xPP] we firstly use the bisection-

search method to find 22 € [z, 2"PPPM] such

7
UDM-Algorithm: to solve Problem (Sub-UDM-E) and find z* ("
1: Initialization: Set i = 1.
2: while i/g I do
30 if Q;(Fumms) > O then
4: Use the bisection-search method to find =2 € [ﬁ, guppbound]
such that Q’( 2)=0.
5: Use the bisection-search method to find xlargw € [xf, guppbound]
such that Q;(z largCSI) =0.
6: else
7: if Q; (Tupmax) > 0 then
8: Use the bisection-search method to find zliargeS[ S
[ e 2PP20] such that Qi (27"**) = 0.
9: else
10: Problem (Sub-UDM) is infeasible.
11: end if
12: end if

13: Update 7 =7 + 1.
14: end while
15: Output: m({ Wy ) = mmlez{:c]argw} if Subproblem (Sub-UDM) is

ez
feasible. 0therw1se output Subproblem (Sub-UDM) is infeasible.

that Q;(z2) = 0 (e,

decreasing property of Q;(z) when z € [z8,x

we further adopt the bisection-search method to find

S g [pA ) puepbound] guch that Q, (™) = 0 (ie.,
Step 5).

e Step 8 corresponds to Case-I(a) in Proposition 4.
Based on the decreasing property of @Q;(z) when = €

Step 4). Then, based on the
uppbound]’

[T.,,,lmax, “ppb"“nd], we use the bisection-search method to
laxgest 1 bound larg,est _
find x € [, ©"PPP"] such that Q;(x;"*™) = 0.

We ﬁnally output xz{s.{p}ez) in Step 15. After obtaining

Q:E‘{S.,p}_er), we can compute the minimum uploading-duration
for Problem (Sub-UDM) as follows
1
£ = —" 3D
({5} iex) *
T T({syien)

(Complexity of UDM-Algorithm): Our UDM-Algorithm re-
quires at most I (i.e., the total number of the MTs) itera-
tions. Within each round of the iteration, the bisection-search

:L,uppbound _

method requires at most 2log, ( -~ terations to

converge, where 2P represents a very large number (e.g.,
we set pUPPbound — 104 jn UDM-Algorithm), and parameter
eupm denotes the tolerable computation-error used in the
bisection-search method. As a result, given {s;"};cz, our
uppbound 1
77up,max
UDM-Algorlthm requires at most 2/ X log, (T)
iterations.
Moreover, we identify the following important property
regardin u
egarding t(ilny -
Proposition 5: The

minimum uploading-duration

l(”;’gup}l is increasing in {s;" };cz.
Proof According to eq. (27), =7 ({s"}ic 1s equal to one of
{acllargw}ez exactly. We denote the index of this particular MT

largest) = 0. Recall that

Proposition 4 indicates that there must exists Q%(x?rgesr) <0
(i.e., either Case-I(b) or Case-II). As a result, suppose that
one element in {s;"};c7 slightly increases, which yields that
Qg(xli,argm) decreases (according to (29)). The only way to
largest As

as 7, which thus corresponds to Q;(x

lvargesl) 0 to hold again is to reduce A

ensure Q;(z;
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a result, the corresponding t( (s up} increases according to
(24). ]
Proposition 5 is consistent with the intuition well. Specif-
ically, given the MTs’ fixed energy-budgets for transmission,
we need to increase the uploading-duration (i.e., to reduce
the offloading-rate) when the MTs’ uploaded computation-
workloads increase.
C. Proposed Algorithm to Solve Problem (Sub-DDM)

We propose an algorithm to solve Problem (Sub-DDM)
and find the minimum downloading-duration under the given
MTs’ uploaded computation-workloads {s;"};cz (recall that
there exists one-to-one mapping between {s"};cz and the
computation-results {s%°} ). We firstly introduce a variable-
change as

1

Yy = 7o (32)

By using (32) and some equivalent manipulations, we can
transform Problem (Sub-DDM) into:

(Sub-DDM-E): y;{SSP}iez) = argmax y

I
1 1 1T o
subject to: W%n, ( - ) QY s Lm=t Sm _
,; her  hpk—1)
Wd"no
he1
y=z Tdo,max ’
variable: y.

Problem (Sub-DDM-E) aims at finding the maximum value of
y that can satisfy (33) and (34). Thus, we express

y({s 9 rer) = = yMrest — arg max{y > W\R(y) >0}, (35)
where, based on (33), function R(y) is defined as
do
R( ) Emax W o
hBI
]. ” 1 I do
dopy ) 2VWm 2k S (36)
0 Z <th B(k— 1)>
To find y( (s"}ier) WE identify the following property.

Proposition 6: Function R(y) is a unimodal function.
Proof: We can derive the first order derivative of R(y) as

R'(y) =

noz( o1

her  her—-1)

Emax _

> Qyﬁ Z'{n:k s (ln 2) T
m=k
The above result shows that R’ (y) is decreasing in y. Thus,
there exists two possible cases for y € [W%, 00), i.e., Case-I
function R(y) is monotonically decreasing if R’ () < 0,
or Case II function R(y) firstly increases and then decreases
if R (Tdmm) > 0. As a result, R(y) is a unimodal function.
|
Using Proposition 6 and the two cases discussed in the
above proof of Proposition 6, we can find y'@2 (defined in
(35)) as follows.

3 4§Igor1thm finally outputs Y((sP}ie)

do do * 1
- bfsmyien) =

Proposition 7: We can find 3¢ in the three cases below:

o Case-I(a): if R (7ams) < 0 and R(7mms) < 0, then
y'@eest does not exist, which means that Problem (D-
DMP) is infeasible

o Case-I(b): if R (o) < 0 and R(ggms) > O,
then gylareest ¢ [Tdimdx,oo) is uniquely determined by
R(ylargesl) _ 0

e Case-II: if R’ (7amms) > 0, then yeet € [y2 00) can
be uniquely determined by R(y'¥!) = 0, where y* €
[ » 00) is uniquely determined by R (y®) =0.

Proof: The proof is similar to that for Proposition 4
before. We skip the details here due to the limited space. M
Based on Proposition 7, we propose the following
DDM-Algorithm to solve Problem (Sub-DDM-E) and find
yz‘ ("}ie)” Specifically, Steps 2-3 correspond to Case-II in

Proposition 7. Based on the decreasing property of R (y)
when y € [Td%, yUPPbound] “we firstly use the bisection-search
method to find y* € [, ¥ such that R(y*) =0
(i.e., Step 2). Then, based on the decreasing property of R(y)
when y € [y®, y"PP*und] " we use the bisection-search method
to find ylareest ¢ [yo, yuppbound] guch that R(y'*e!) = 0 (i.e.,
Step 3). Step 6 corresponds to Case-I(b) in Proposition 7.
Specifically, based on the decreasing property of R(y) when

_ By <0, (339 € [ » ¥°PPP°"] we use the bisection-search method to

find ylargest [Tdol.max ) yuppbound] such that R(ylargest) — (0. DDM-

at Step 11.

DDM-Algorithm: to solve Problem (Sub-DDM-E) and find y* (%) e )
1: it R (Tdom) > 0 then
2: Use the bisection-search method to find y* € [pmx Td(,mu , yUPpbound] guch
that R’ (y®) =0.
3:  Use the bisection-search method to find y'¥€st € [y2, yupPbound] guch
that R(y'2eest) = 0.
4: else
50 if R(Tdomax) > 0 then
6: Use the bisection-search method to find glargest S
[Tdol,mmx , yupphound] such that R(ylargest) =0.
7: else
8: Problem (Sub-DDM-E) is infeasible.
9: end if
10: end if
11: Output: y (s = ylaeest if Problem (Sub-DDM-E) is feasible.

: )
Otherwise, ouévput Problem (Sub-DDM-E) is infeasible.

After obtaining y( ,)» We compute the downloading-
duration for Problem (Sub DDM) as

= — (37)
y({sruip}iez)
(Complexity of DDM- Algorzthm) Our DDM-Algorithm re-

uppbound

quires at most 2log, ( EDDMT“”“ ) iterations to converge,
where g'PPPound represents a very large number (e.g., we set

yeppbound — 104 in DDM-Algorithm), and parameter eppy
enotes the tolerable computation-error used in the bisection-
denotes the tolerabl putat d in the bisect

search method. As a result, for each givgnd{ s;" }iez, our DDM-
. uppboun

Algorithm requires at most 2log, ( R

Moreover, we identify the following property.

) iterations.
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Proposition 8: The
downloading-duration %

optimum
({s "p}
{s{P}iez (or {s%°}rex, equwalently).
Proof: The proof is similar to the proof of Proposition 5
before. We skip the details here due to the limited space. W
Proposition 8 matches the intuition. Given the BS’s energy-
budget for transmission, we need to increase the downloading-
duration when the MTs’ offloaded workloads increase.

(i.e., the minimum)
is increasing with respect to

D. Proposed Algorithm to Solve Problem (Top-OCWO)

do,*
After obtaining t( (s up}l 0 and t( (%} ie2)’ we next solve

Problem (Top-OCWO). We introduce a new variable 6 as

0 = r?eazx{dgvem“}. (38)

Based on (18), (19), and (20), we can derive the maximum
interval for 6 as 6 € [0, §"PP*"], where

tot tot
S i Z 1€l Sz

loc? ser
V; 1%

i€l

QUPPEr — 11 ax { + rupsmax 4 Tdo,max} ) (39)

By using 0, we transform Problem (Top-OCWO) into:

(Top-OCWO-E): min 6

tot __ sY up
subject to: 6 > lVi VieZ, (40)
ZzeI 1;p up,* do,*
02 =a Tl Ty @D

constraints (16) and (17),
variables: 6, and 0 < s}* < Si* Vi € 7.

We next propose an algorithm to solve Problem (Top-
OCWO-E). The rationale is as follows. Suppose that the value
of § is given. We then only need to check whether constraints
(40)-(41) and (16)-(17) can yield a non-empty feasible region
or not. If yes, then we can reduce 6 a little bit. Such a process
continues, until we reach a threshold-value of 6 which leads
to that the four constraints fail to yield a non-empty feasible
region. We thus obtain the optimal objective value (denoted by
6*) of Problem (Top-OCWO-E). We next illustrate the detailed
procedures.

1) (Procedures to determine the feasibility under a given 0):
We firstly explain how to determine whether the constraints
can yield a non-empty feasible region or not, under a given 6.
Specifically, under a given 6, constraints (40) and (16) yield:

loc max
si? > max{ S\ — gVioe, St — Q L0hLVieI. (42)
Propositions 5 and 8 tell that tl(ll{’js’:p} .y and 4 ( {’sup} , increase

in {s;"};cz, ie., the right hand side of (41) is 1ncreasing
in] {s{"}icz. By setting si’ = max{SI® — gVloc Slot
& ,0},Vi € T (i.e., (42) is strictly active) and putting

{s} }ZGI into (41) and (17), respectively, we obtain the two

conditions to check the feasibility of Problem (Top-OCWO-E):

loc ymax
N ZieI maX{S,EOt _ 9w10c75l§0t _v Zz ’0}
( )' — VSCI’
+tup,*
({max{S?"—OVQ““,S?“ f 0}}»61)
do,*
+t° e (43)
({max{ st -V, s WA g3y 0y
C2): gtot _ 9Vloc glot _ ‘lochax 0
(C2): Y max{S; i 9 0}
i€T pi
V@el’ max
< VIO 4y
PB
Notice that given 6, we can use UDM-Algorithm to
obtain t"P* me , and use DDM-
({max{S;"‘feVil"C,S;"‘ ,0}}Yiez)
Algorithm to obtain ¢** Ve g - We
({max{S‘°‘ leoc Sm( 0}}7€I)

can thus determine whether constraint (43) is feasible or not.
Specifically, if both (43) and (44) are feasible, then (40)-(41)
and (16)-(17) can yield a non-empty feasible region under the
given 6.

2) (Procedures to determine 60*): We then illustrate how to
determine the optimal value of 6, i.e., 6*. An observation is
that the left-hand side of (43) is increasing in 6, while the right
hand side of (43) is decreasing in 6 (i.e., based on Proposition
5 and Proposition 8). Based on this property, we can use the
bisection-search method to find 6* (i.e., the optimal objective
value of Problem (Top-OCWO-E)).

3) (Proposed OCWO-Algorithm): Based on the above illus-
trations, we propose the following OCWO-Algorithm to solve
Problem (Top-OCWO-E) and find 6* (the details are shown
on the next page). The key of OCWO-Algorithm is to use the
bisection-search method (i.e., the while-loop from Step 3 to
Step 17) to find the optimal 6* € [0, §"PP*’] such that (40)-(41)
and (16)-(17) are compatible. In each round of iteration, given
the currently tested value of 6°", we update the value of s,
in Step 5, which corresponds to that constraint (42) is strictly
active.

o If X crsi > (i.e., condition (44) fails to be

satisfied), we increase 6 in Step 15.

« Based on all MTs’ offloaded-workloads {s;"};cz, in Step
7, we use UDM-Algorithm to compute the uploading-
duration t( (s up} . In Step 8, we use DDM-Algorithm
to compute the downloadmg duration t( {’ wyp):

o After that we compare the currently tested 0 and

ser ymax
V¥ Qg

quz z up,* do,* cur 2761 1,
V/ser + t({sup} ) + t({szp}ie If 0 > V/ser +
A + ¢ ;) then the currently tested value

({3”"} ) ({S”"}
of éc‘” ensures that all constraints lead to a non-empty

feasible region. We thus reduce §°** by reducing its upper-
bound (i.e., Step 10). Otherwise, the currently tested value
of 6" yields that the constraints are incompatible. We
thus increase §°" by increasing its lower-bound (i.e., Step
12).
The left-hand side of (43) is increasing in 6, while the
right hand side of (43) is decreasing in 6. Thus, the above
procedures of the bisection-search are guaranteed to converge.
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OCWO-Algorithm: to solve Problem (Top-OCWO-E) and find 6*

1: Input: the tolerable computation-error eocwo for the bisection-search
method.

2: Initialization: Set §°U™"UPP = GUPPEr (according to (39)) and VoV = 0.
3- while ‘ecur—upp _ 9cur—10w| < €0CWO do
4 Set geur — geur-upp | geur-low

: —_—

. up o 1 OLQ]IldX
5 Sets;” = max{S}" — gUrV]oc, SOt — - ,0}, Vi e T.

. \Lerax
6:  if > 75" < ——B— then
7: Given {s}" }iez, We use UDM-Algorithm to compute t({ Wy

€T
8: Given {s;"};cz, we use DDM-Algorithm to compute 2 ( { up} X
€z
> s} up,* do,*
9: fecur> i€ 4 tP " 160 th
' SR 1 e TP ien O
10: Set GeUruPP = geur,
11: else
12: Set Geurlow — geur,
13: end if
14:  else
15: Set Geurlow — geur,
16:  end if
17: end while .
18: Output: 0* = 0% and s;" = max{S© — g*Vc, St —
loc ymax
QI 0 vie T
Finally, we discuss the complexity of our OCWO-

Algorithm. The bisection-search method in OCWO-Algorithm
requires at most log, (ezcil:o) iterations to converge (and
find 6*), where parameter epcwo denotes the tolerable
computation-error used in our OCWO-Algorithm. Moreover,
within each round of the iteration, OCWO-Algorithm in-
vokes the uses of UDM-Algorithm and DDM-Algorithm.

Our UDM- Algonthm requires the complexity of 21 X

uppbound
logy (7”““) iterations (as explained in Subsection
€UDM

IV-B). Meanwhile, our DDM Algorithm requires the com-
uppbound

plexity of 2log, (TT““) iterations (as explained at

the end of Subsection IV-C). As a result, OCWO-Algorithm

9uPp wuppbmmd_ Tupl,max
requires ?ptbg:?St logy (2—) x (I x 2log, (—— ") +
do,max . .
2log, (#)) iterations to solve Problem (ODM).

V. NUMERICAL RESULTS

We show the numerical results to demonstrate the per-
formance of our OCWO-Algorithm and our NOMA-enabled
computation-offloading scheme. Specifically, we setup the
scenario as follows. The BS (which is co-located with the
edge server) is located at (Om,0m). The group of MTs are
uniformly distributed within a plane whose central is the BS
and the radius is 500m. We use the similar method as [46]
to model the channel power gains from the MTs to the BS
and that from the BS to the MTs. For instance, the channel
power gain from MT i to BS is given by g;g = f{, where
l;g denotes the distance between MT 7 and the BS, and x
denotes the power-scaling factor for the path-loss (we set

= 3). To capture the fading and shadowing effects, we
assume that g;g follows an exponential distribution with a unit
mean. We set each MT’s energy-budget for transmission as
E"® = 4] and the BS’s energy-budget for transmission as
Eg'®* = 10J. In the following Figure 2 to Figure 9, we set
that the BS has a sufficiently large energy-budget Qp'®* such

that the BS can accommodate all MTs’ entire computation-

workloads (specifically, we set Q§'** = pp 2571“) which is
the best case of the edge server we can expect. In Figure 10,
we will vary Qp'®* to evaluate its impact. Finally, we set the
compression-ratio «; = 0.3,V: € Z. Other parameters will be

specified in the following.

We firstly evaluate the effectiveness of our OCWO-
Algorithm in Table I and Table II. For the purpose of
comparison, we use the global-optimum solver provided by
LINGO [48] (i.e., a commercial optimization software) to
solve Problem (ODM) and obtain the minimum overall de-
lay as the benchmark. Table I shows the comparison for
an 8-MTs scenario. The eight MTs’ locations are randomly
generated as stated before. For each MT ¢, we set its Vil"C
according to a uniform distribution within [1, 2]Mbits/second,
and we set V" = 10Mbits/second. We test W% = 4MHz,
Wd = 8MHz, and W = 12MHz, and for the three
tested cases, we vary S from 10Mbits to 100Mbits. In
each cell, the first value denotes the minimum overall delay
(i.e., 0*) obtained by our OCWO-Algorithm (or LINGO),
and the second value denotes the computational time (in
the unit of second) consumed by our OCWO-Algorithm (or
LINGO). The results in Table I show that our algorithm
can achieve the results almost same as those provided by
LINGO’s global-optimum solver (with the average error no
greater than 0.001%), which thus validates the accuracy of
our algorithm. Moreover, the comparison on the consumed
computational time shows that our OCWO-Algorithm can
significantly reduce the computational time compared with
LINGO, which thus validates the computational efficiency
of our OCWO-Algorithm. Notice that this advantage stems
from that we exploit the decomposable structure of Problem
(ODM) and decompose it into Problem (Top-OCWO) and
two subproblems, based on which we can efficiently compute
the optimal solution. Table II further shows the comparison
under a 12-MTs scenario, with the other parameter settings
same as those in Table I. The results in Table II again show
that our algorithm can achieve the results almost same as the
benchmark solutions provided by LINGO’s global-optimum
solver (with the average error no greater than 0.0015%),
which validates the accuracy of our algorithm. Moreover, the
comparison on the consumed computational time in Table II
again validates the computational efficiency of our OCWO-
Algorithm.

In Figure 2, we plot the MTs’ optimal offloaded
computation-workloads {s;""};c7 and different MTs’ experi-
enced delays {9V },c7, versus different SI*'. Specifically,
we use a 4-MT scenario with the randomly generated chan-
nel power gains as {gip}licz = {7.6681 x 107%,6.3200 x
1074,1.3010 % 107°,3.0625 * 1077} and {hpr}rex =
{3.4503 1074, 1.4959 % 107°,9.0966 * 1076, 2.3842 % 10~ 7},
with the index-mapping from Z to K as (1) =1, &(2) =3
®(3) = 2, and ®(4) = 4. In addition, we set W =
Wd —= 8MHz, and the other parameter-settings are same
as those in Table I. Firstly, the results in the top-subplot
show that when S;‘“ increases, MT 2’s and MT 3’s optimal
offloaded computation-workloads gradually increase, while
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WP =4MHz | S =10Mbits | S =15Mbits | S = 20Mbits | SY' = 25Mbits S = 50Mbits S = 100Mbits | Ave. Error
Proposed 4.0502, 0.0572sec | 6.0985, 0.0588sec | 8.1552, 0.0647sec | 11.7103, 0.0514sec | 29.7220, 0.0541sec | 67.7204, 0.0623sec | 0.0008%
LINGO 40503, 3sec 6.0984, Tsec 8.1553, 12sec 11.7103, 3sec 29.7219, 8sec 67.7208, 10sec

W% = 8MHz S;‘” = 10Mbits S;”‘ = 15Mbits S;"‘ = 20Mbits S;‘" = 25Mbits S;"‘ = 50Mbits S;”‘ = 100Mbits Ave. Error
Proposed 4.0200, 0.0460sec | 6.0518, 0.0612sec | 8.1204, 0.0471sec | 11.7103, 0.0497sec | 29.7220, 0.0530sec | 67.7204, 0.0664sec | 0.0009%
LINGO 4.0199, 2sec 6.0517, 12sec 8.1203, 6sec 11.7104, 4sec 29.7219, 4sec 67.7201, 4sec

W% = 12MHz | S = 10Mbits S = 15Mbits S = 20Mbits S = 25Mbits S = 50Mbits S = 100Mbits Ave. Error
Proposed 4.0098, 0.0601sec | 6.0360, 0.0542sec | 8.1204, 0.0575sec | 11.7103, 0.0618sec | 29.7220, 0.0620sec | 67.7204, 0.0526sec | 0.0006%
LINGO 4.0097, 4sec 6.0360, 6sec 8.1203, Ssec 11.7103, 3sec 29.7219, 6sec 67.7202, Tsec

TABLE II: 12-MTs Scenario: We fix W' = 8MHz, and T"P™ = T9m — {gec

WP = dMHz | S = 10Mbits | S = 15Mbits | S = 20Mbits S = 25Mbits S = 50Mbits S '=100Mbits | Ave. Error
Proposed 4.6713, 0.0916sec | 7.6502, 0.0833sec | 11.6306, 0.1005sec | 15.6607, 0.0874sec | 35.7582, 0.0949sec | 78.9596, 0.0905sec | 0.0010%
LINGO 4.6714, 11sec 7.6502, 9sec 11.6308, 6sec 15.6609, 9sec 35.7585, 1dsec 78.9598, 10sec

W® =8MHz | S =10Mbits | S =15Mbits | S = 20Mbits S = 25Mbits S = 50Mbits S =100Mbits | Ave. Error
Proposed 4.6467, 0.0842sec | 7.6482, 0.0858sec | 11.6286, 0.0992sec | 15.6607, 0.0902sec | 35.7582, 0.0895sec | 78.9596, 0.0930sec | 0.0012%
LINGO 4.,6468, 9sec 7.6483, 12sec 11.6289, 8sec 15.6609, 16sec 35.7585, 13sec 78.9597, 11sec

W% = 12MHz S;‘“ = 10Mbits S;"‘ = 15Mbits SE‘” = 20Mbits S;"‘ = 25Mbits Sg‘“ = 50Mbits S;"‘ = 100Mbits Ave. Error
Proposed 46383, 0.0901sec | 7.6422, 0.0813sec | 11.6216, 0.0861sec | 15.6607, 0.0839sec | 35.7582, 0.0919sec | 78.9596, 0.0872sec | 0.0009%
LINGO 46383, 15sec 7.6424, 8sec 11.6217, 6sec 15.6609, 10sec 35.7584, 8sec 78.9598, 6sec

—— P’
3. - A- o’
A N - tser,*

3 \'\ * e min max{dioverall}

Minimum transmission delay(sec)
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15 20
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(a) Different components of the delay versus V*¢*

MTs’ optimal offloaded computation-workloads

15 20 25
V€(Mbits/sec)

5 10 30

(b) MTs’ offloaded computation-workloads versus V"

Fig. 3: Optimal offloading solution versus different V*** (i.e., the computation-rate of the edge server). We set S = 10Mbits, and set
W™ = W% = 8MHz. Other parameters are same as those used in Table I.

MT 1’s and MT 4’s optimal offloaded computation-workloads
firstly gradually increase and then start to decrease when Si™*
becomes very large. This result is consistent with the intuition.
Subject to the MTs’ and the BS’s limited energy-budges for
transmission as well as the maximum uploading-duration and
downloading duration, it is not beneficial for all MTs to
blindly increase their computation-workloads to the BS when
S increases. That is why we observe that MT 1’s and MT
4’s optimal offloaded computation-workloads start to decrease
when the MTs’ computation requirements become very large
(in particular, MT 4 even does not offload its computation-
workload to the BS when S = 150Mbits and 200Mbits).
According to the top-subplot, the bottom-subplot shows each
MT’s experienced overall delay. It is reasonable to observe
that the overall delay experienced by each individual MT

gradually increases when Si* increases, and meanwhile, all
MTs experience the same delay (which thus can minimize the
overall relay for all MTs). However, when S becomes very
large (i.e., Si = 150Mbits and 200Mbits), MT 4’s choice
is to execute its total computation-workload locally, since the
total amount of the offloaded workloads from MTs 1-3 is very
large.

We further evaluate the optimal offloading solution under
different V* (i.e., the edge server’s computation-rate), with
the detailed results shown in Figure 3. As shown in Figure 3(a),
when V3¢ increases, both the optimal uploading-duration and
the downloading-duration increase, because the MTs are en-
couraged to offload more computation-workloads to the BS (to
exploit the edge server’s large computation-rate). Nevertheless,
thanks to the edge server’s increasing computation-rate, the
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Fig. 2: Illustration of the optimal offloading solution. We use a 4-MTs
scenario. Top-subplot: Each MT’s optimal offloaded computation-
workload. Bottom-subplot: Each MT’s experienced delay.

processing-delay at the BS decreases, which thus reduces the
overall delay experienced by the MTs. Figure 3(b) verifies that
the MTs’ optimal offloaded computation-workloads increase
when V* increases, i.e., the MTs are encouraged to offload
more computation-workloads to the BS.

Next, we compare our NOMA-offloading scheme with the
fixed computation-offloading scheme, with the detailed results
shown in Figures 4 and 5. In the fixed computation-offioading
scheme, each MT offloads a fixed portion (e.g., 40%, 60%,
and 80%) of its total workload to the BS.

Figure 4 shows the performance of our NOMA-enabled
offloading scheme compared with the fixed offloading scheme
versus different SI*. We use an 8-MTs scenario, and set
W = W = 8MHz, and T"P™> = Tdomax — fgec, and
Vs = 10Mbits/second and V;°° = 1Mbits/second. Every
point denotes the average result of 200 random realizations
of the MTs’ locations. The results show that our offloading
scheme can reduce the overall delay, compared to the fixed
offloading scheme. Moreover, our offloading scheme enables
that all the tested cases (i.e., S from 4Mbits to 24Mbits) are
feasible, while the fixed offloading scheme leads to that the
tested cases become infeasible when S}** becomes large.

Figure 5 further shows the comparison with the fixed
offloading scheme versus different number of the MTs (we fix
Siet = 10Mbits for each MT). It is reasonable to observe that
the overall delay increases when the total number of the MTs
increases’, and our scheme can reduce the overall delay due
to enabling a flexible scheduling of the computation-workload
between the edge server and the MTs. In particular, the results
show that our NOMA-offloading yields an increasing marginal
gain against the fixed scheme when the number of the MTs
increases, i.e., our scheme is more beneficial for more MTs.

Next, we compare our computation-offloading scheme with

SNotice that for the fixed 40%-offloading, Etze ou\;erall delay is bounded by

the local computation-delay (i.e., the part of ’T:fl
MTs is no greater than 12. Thus, the average overall delay keeps unchanged

from [ =4to I =12.

) when the number of the
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Fig. 5: Comparison with the fixed offloading scheme versus different
numbers of the MTs

the TDMA enabled computation-offioading scheme. As we
have explained at the end of Section III before, in the T-
DMA enabled computation-offloading scheme, the MTs se-
quentially execute the partial computation offloading, and we
optimize the associated offloaded computation-workload, the
uploading-duration, and the downloading-duration for each
MT individually. The objective is to minimize MT ¢’s overall
Stot_g'P 5P
delay dTPMA e, by + 190 + i}, where ;7
and t?" denote MT 7i’s lfploading—duration and download-
duration in the TDMA transmission, respectively. Since the
MTs in Z sequentially execute the computation-offloading in
the TDMA manner, the overall delay for all MTs is given
by > ,c7 diPMA. We show the detailed comparison results in
the following Figures 6 to 9. Figure 6 shows the performance
comparison between our NOMA-offloading scheme and the
TDMA-offloading scheme versus different S;*. We use an
8-MTs scenario, and set W' = ¥4 — 8MHz, and set
Vs = 10Mbits/second. Every point denotes the average
result of 200 random realizations of the MTs’ locations. It
is reasonable to observe in Figure 6 that when the total
computation-workload increases, the overall delays of both our
NOMA-offloading scheme and the TDMA-offloading scheme
increase. Nevertheless, our NOMA-offloading scheme can

= max{
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reduce the overall delay in comparison with the TDMA-
offloading scheme. This advantage stems from the benefit
of NOMA. Specifically, the NOMA-transmission enables all
MTs to simultaneously offload computation-workloads to the
BS, and enables the BS to send the computation-results
to the respective MTs simultaneously, and further mitigates
the co-channel interference by exploiting SIC with proper
power allocations. As a result, our NOMA-offloading scheme
can effectively reduce the uplink-duration and the downlink-
duration, which lowers the overall delay compared with the
TDMA-offloading scheme.

Figure 7 shows the performance comparison between our
NOMA-offloading scheme and the TDMA-offloading scheme
versus different number of the MTs. The results show that
the overall delays of both our NOMA-offloading scheme and
the TDMA-offloading scheme increase when the number of
the MTs increases. Nevertheless, using NOMA can reduce
the transmission-delay (for both sending the computation-
workloads and computation-results) and thus reduce the over-
all delay compared with the TDMA-offloading scheme.

20

—©6— TDMA v:°°:1
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-
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Fig. 6: Comparison with the TDMA scheme versus different S}
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Fig. 7: Comparison with the TDMA scheme versus different number
of MTs.

Figure 8(a) shows the comparison between our NOMA-
enabled computation-offloading scheme and the TDMA-
offloading scheme versus different V¢ (i.e., the edge server’s
computation-rate). With larger computation-rate provided by

the edge server, both our NOMA-offloading scheme and the
TDMA-offloading yield smaller overall delays. Meanwhile,
the comparison between the two results validate the advantage
of using our NOMA-offloading scheme to reduce the overall
delay against the TDMA-offloading. Figure 8(b) shows the
similar advantage of our NOMA-enabled scheme against the
TDMA-offloading versus different V.

Figure 9(a) shows the comparison between our NOMA-
offloading scheme and the TDMA-offloading scheme under
different W% (i.e., the downlink channel bandwidth used by
the BS), with the fixed W' = 8MHz. As shown in Figure
9(a), with the increase of W%, both the NOMA -offloading
scheme and the TDMA-offloading scheme can provide larger
downloading-rates from the BS to the MTs, which lead to that
the overall delay decreases. Moreover, thanks to the benefit
provided by NOMA, our NOMA-offloading scheme yields a
smaller overall delay than the TDMA-offloading scheme for
all the tested cases. Figure 9(b) shows the similar advantage of
our NOMA-offloading against the TDMA-offloading scheme
under different W"P.

In Figure 10, we demonstrate the advantage of our NOMA-
offloading scheme compared with the TDMA-offloading
scheme versus different Qg'®* (i.e., the BS’s energy-budget
for executing the MTs’ offloaded computation-workloads). We
use an 8-MTs scenario. We set Si* = 10Mbits, and set
Vs = 10Mbits/second and V! = 1Mbits/second. Figure
10(a) shows the comparison results under different cases of
E7"#%, and Figure 10(b) shows the comparison results under
different cases of Eg'®*. The results show that both our
NOMA-offloading scheme and the TDMA scheme yield a
smaller overall delay when Q3'** increases (i.e., the BS has
a larger energy-budget for processing the MTs’ offloaded
computation-workloads). Meanwhile, our NOMA-offloading
scheme can reduce the the overall delay in comparison with the
TDMA-offloading scheme. It is because that NOMA enables
larger transmission-rates between the MTs and the BS, and
thus the computation-capability at the edge server can be better
utilized.

VI. CONCLUSION

We have studied the optimal NOMA-enabled MEC ap-
proach to minimize the overall delay for completing the
MTs’ computation-requirements. The problem was formulated
as a joint optimization of the MTs’ offloaded computation-
workloads, and the uploading-duration for the MTs to offload
their computation-workloads to the BS, and the downloading-
duration for the BS to send the computation-results back to
the MTs. Exploiting the layered structure of the formulated
problem, we proposed the efficient algorithms to compute
the optimal computation-offloading solution. Numerical results
have been provided to validate our proposed algorithms and
demonstrate the advantage of our NOMA-offloading scheme.
For our future work, we will investigate the distributed imple-
mentation of the NOMA-offloading scheme, in which the MTs
determine their respective offloaded computation-workloads a
distributed manner, and the BS adjusts the uploading-duration
and the downloading-duration accordingly. In addition, it is
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Fig. 10: Performance of the NOMA-offloading scheme compared with the TDMA scheme versus different Qg'**.
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also an interesting future direction for us to study the of-
floading model in which different MTs may have different
transmission-durations in the NOMA transmission.
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