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Abstract—Multi-access edge computing (MEC) is regarded as
a promising approach for providing resource-constrained mobile
devices with computing resources through task offloading. Sparse
code multiple access (SCMA) is a code-domain non-orthogonal
multiple access (NOMA) scheme that can meet the demands of
multi-cell MEC networks for high data transmission rates and
massive connections. In this paper, we propose an optimization
framework for SCMA-enabled multi-cell MEC networks. The
joint resource allocation and computation offloading problem is
formulated to minimize the system utility consumption, which
is defined as the weighted energy cost and latency. Due to the
nonconvexity of the proposed optimization problem induced by
the coupled optimization variables, we first propose an algorithm
based on the block coordinate descent (BCD) method to itera-
tively optimize the transmit power and edge computing resources
allocation, and further develop an improved low-complexity sim-
ulated annealing algorithm to solve the computation offloading
and multi-cell SCMA codebook allocation problem. In addition,
we extend the framework to the partial offloading case and
propose an algorithm based on alternating convex search for
solving the task offloading ratio. Numerical results show that the
proposed multi-cell SCMA-MEC scheme achieves lower energy
consumption and system latency in comparison to the orthogonal
frequency division multiple access (OFDMA) and power-domain
(PD) NOMA techniques.

Index Terms—Internet of Things, Sparse Code Multiple Access
(SCMA), Multi-Access Edge Computing (MEC), binary offload-
ing, partial offloading, resource management.

I. INTRODUCTION

Driven by the rapid development of the Internet of Things
(IoT), a large number of computation-intensive applications
are emerging, such as virtual/augmented reality (VR/AR), self-
driving cars, and smart home [1]. However, the limited compu-
tation capability of IoT devices remains a barrier to completing
latency-critical tasks. Against this shortcoming, multi-access
edge computing (MEC) can provide network-edge computing
resources in base stations for resource-constrained users and
offer lower latency and energy consumption for IoT devices to
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perform computation-intensive tasks through task offloading
[2]. The research on task offloading can be divided into
three aspects: task offloading decision, computation resources
allocation, and mobility management [3]. Shu et al. [4]
proposed a fine-grained offloading strategy to minimize the
task completion time by considering dependencies between
subtasks and competition among multiple edge users. In [5],
dynamic voltage frequency scaling (DVFS) technology was
introduced into the optimization of local computation cost.
By optimizing the computational speed, transmit power, and
offloading ratio of 10T devices, energy consumption and delay
can be significantly reduced. The authors in [6] analyzed the
joint optimization of offloading decisions and radio allocation
in sliced multi-cell MEC networks. These two subproblems
were solved iteratively by an alternate optimization method.
The work in [7] considered MEC networks with multiple
servers, where a joint task offloading and resource allocation
algorithm was proposed to improve the devices’ offloading
benefits.

Non-orthogonal multiple access (NOMA) schemes allow
plenty of devices to share the same communication resources
at the same time, including time slots and frequency spectrum.
It brings many advantages, such as a large number of connec-
tions, higher spectral efficiency, and lower latency [8]. Sparse
code multiple access (SCMA) is a NOMA designed in the
code domain, which combines multi-dimensional modulation
technique with low density spread spectrum [9]. Compared
to power-domain (PD) NOMA schemes, SCMA offers the
benefits of coding gain and shaping gain, resulting in im-
proved throughput and bit-error-rate (BER) [10]. Simulations
demonstrated that SCMA-based systems can achieve higher
throughput than PD-NOMA at the cost of more complex
detections [11].

Recently, the application of NOMA into MEC for IoT
scenarios has been regarded as a promising approach to
provide efficient transmission and timely computation for
massive mobile devices [12]-[19]. Particularly, multiple de-
vices can simultaneously offload computation tasks to MEC
servers through NOMA, further increasing the flexibility and
efficiency in computation offloading. More specifically, it is
shown in [12] that NOMA plays an important role in reduc-
ing the energy consumption and latency of task offloading.
The latency minimization problem of NOMA assisted MEC
was investigated in [13], where authors proposed an efficient
layered algorithm to find the optimal offloading strategy for
devices with the minimum task execution delay. The work
in [14] adopted a partial offloading scheme in the hybrid



NOMA enabled MEC network, which solved the problem
of minimizing energy consumption under delay restriction
through power allocation, time slot scheduling, and offloading
strategy. The authors in [15] proposed a NOMA scheme for
edge computing awareness and designed a heuristic device
clustering and resource allocation algorithm to minimize the
energy consumption of MEC users. In [16], the authors
exploited NOMA to maximize the energy efficiency in multi-
cell MEC networks through a joint radio and computation
resources allocation scheme. An SCMA-enabled MEC scheme
in IoT scenarios was designed in [17], where the authors em-
phasize the maximization of sum rate. In [18], a joint resource
allocation and task offloading optimization design in a single-
cell MEC network enabled by SCMA was proposed to achieve
the tradeoff between task latency and energy expenditure.

While most of the aforementioned studies have focused
on the single-cell MEC network scenarios, multi-cell SCMA-
based MEC systems have not yet been studied. There are sev-
eral key challenges that need to be considered and addressed.
First of all, in the case of multiple cells, multiple terminals can
access the BS randomly by sharing the same SCMA codebook
at the same time. Therefore, It is challenging to allocate
SCMA codebooks to reduce inter-cell interference between
devices and improve transmission rates. Secondly, considering
the joint optimization of task latency and energy efficiency, we
need to properly allocate local computing resources, transmit
power for task offloading, and edge computing resources.
Additionally, offloading too many tasks reduces the offloading
benefits due to interference and competition for limited com-
puting resources, and thus a brilliant offloading strategy is
necessary. Finally, for a terminal, it needs to decide not only
whether the computation task should be offloaded, but also
which SCMA codebook to occupy and which MEC server
to offload the task to. The coupling of SCMA codebook
allocation and offloading decisions makes the problem even
more challenging. Motivated by the above challenges, the
contributions of this paper are presented below.

1) We design an optimization framework for SCMA-enabled
multi-cell edge computing networks, where the problem of
inter-cell interference and SCMA codebook reuse are an-
alyzed. Specifically, a system utility consumption is first
formulated to measure the devices’ energy expenditure and
task execution latency. Under the constraints of the maximum
latency of tasks, the limited communication, and computation
resources, an initial problem of minimizing the system utility
consumption is formulated.

2) Since the formulated problem is non-convex due to
the coupled variables and intractable constraints, we solve
it by subdividing it into two manageable sub-problems, i.e.,
resource allocation and task offloading policy. As such, by
using the variable substitution method, the non-convex opti-
mization problem of resource allocation is transformed into a
convex one, and the closed-form solutions under fixed power
and frequency are found respectively. We further propose
a joint power and computing resource allocation algorithm
based on BCD to obtain the optimal power and frequency
allocation. Furthermore, the task offloading and multi-cell
SCMA codebook allocation based on improved simulated

annealing is proposed with low complexity.

3) We show that the system utility consumption minimiza-
tion problem addressed in this paper is a unified framework
of energy optimization and latency minimization, which can
be achieved by changing the weighted factor. In addition, we
extend to the partial offloading case and propose resource
allocation algorithm and partial offloading policy based on
alternating convex search.

4) Numerical simulations illustrate that the proposed joint
optimization algorithm can minimize the system utility con-
sumption (i.e. the weighted value of energy consumption and
time delay), and show that the proposed multi-cell SCMA-
MEC framework has significant advantages over OFDMA-
MEC and PD-NOMA enabled MEC.

The rest of the paper is organized as follows. Section II
designs the model of SCMA-enabled multi-cell edge comput-
ing networks and formulates the initial optimization problem.
Section III proposes the joint resource allocation and task
offloading scheme. Simulation results are presented in Section
IV, and conclusions are made in Section V.

II. SYSTEM MODEL

The model of multi-cell SCMA-enabled MEC networks is
shown in Fig. 1, where each base station (BS) is equipped with
a MEC server providing task offloading services. We denote
the set of IoT devices and BSs (MEC servers) in the network
as U = {1,2,...,U} and N' = {1,2,..., N}, respectively.
Multiple IoT devices can simultaneously offload computing
tasks to MEC servers by SCMA. The system model consists
of three parts: computing task model, task offloading, and
MEC execution model. For easy reading, the key symbols are
summarized in TABLE L.

A. Computing Task Model

We assume that each IoT device u has one computation
task at a time, represented as 7). The device can choose to
perform the computing task locally or offload it to a nearby
MEC server, i.e., binary offloading is adopted in the model
[7]. The task T, can be represented by three-tuple parameters,
(du, Cu, t2*), where d,, (in bits) specifies the amount of data
for task description, ¢, (in cycles) represents the number of
CPU calculations for T’,, and ¢;;®* (in seconds) indicates the
required completion time of the task. The local computing
frequency of user u is defined as f! (in cycles/s). When the
computation task 7, is executed locally, the computation time
and energy consumption can be expressed as

o= e

u:E’

E! = k(fl)%ca, 2)

(D

where x denotes the energy factor, determined by the effective
switching capacitance. The local computing rate f. can be ad-
justed using DVES technology [20] to optimize the execution
time and energy consumption of IoT devices and the local
computation policy is defined as F' = {f!,u € U}.
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Fig. 1. A diagram of the system model, where multiple devices offload tasks to MEC servers via SCMA.
TABLE 1 . .
SUMMARY OF KEY SYMBOLS. expressed by the mapping matrix F' = (Fy,Fq, -+, Fc),
where F. = (ai1,,02¢, - ,aK,) is the indicator vector
Symbols ?Zsmpft‘;";fd i for the codebook c. If aj . = 1, it means that codebook c

u naex or 1o evices . R n .
n Index of BSs (MEC servers) occupies the I.cth subcarrier in BS n. py . denotgs the transmit
c Index of SCMA codebooks power of device u to BS n on codebook c and it is allocated
k Index of subcarriers to subcarrier k£ in a given proportion J.;, which satisfies
u Set of IoT devices 5" — 1 [111. Considerine the ch ’ teristi f It
N Set of BSs (MEC servers) chec_ ok = [11]. Considering the characteristics of mu .1-
C Set of SCMA codebooks cells, it should be noted that the number of codebooks is
K Set of subcarriers . usually less than that of devices, which is different from
7 Local computation adjustment policy the assumption in the single-cell SCMA network [18], [21].
F Edge computation resource allocation strategy - . n
S Computation offloading strategy incorporating The mapping between codebooks and subcarriers aj . and

multi-cell SCMA codebook allocation the subcarrier power allocation proportion 7, can be solved

P Power allocation policy of IoT devices by the bidirectional matching principle and the water filling
Tu Computing task of device u . . "
dy The amount of data for T}, description technique proposed in our previous work [22].

Cy The number of CPU calculations for T, We denote S . as the offloading policy of users, which
tpax The required completion time of T, 1 . t ’ lti-cell SCMA debook allocati If
Suc Relationship indicator of device u, codebook c and server n also 1ncorp0.ra €S mulli-ce . C.O €booK afloca 1.0n. .

S Offloading decision of device u codebook c is allocated to mobile device u for offloading its

Pu TransgnéSSi.On POFIV;Y gf deViCke u computing task to the server n, then S . = 1, otherwise,
u"ﬁ Set of devices offloading tasks to MEC server n Sy, = 0. Define Sy = 3" .. Si . as the offloading decision

fu Local computing frequency of user u u,c u ceC Tu,c T .

Z;‘ Allocated edge computation resource for user u at server n of device u. And then the set of devices offloading tasks to
fln Computation frequency of the MEC server n MEC server n can be shown as Uy = {uel|S?=1}. The
b Local computation time of user u offloading set of IoT devices is denoted as Ut = |, c e Usirs
ty Uplink transmission time of user u . . n
fexe Edge task execution time of user u and the ({omquatlon ofﬂ(.)admg strategy can be defined as S,
EL, Local energy consumption of user u a three dimensional matrix with each element Sj; ...
£y Energy consumption of user u In the SCMA uplink model, we consider that multiple users
Bt Devices’ preference to time . lti-cell h debook d
3. Devices’ preference to eneray in multi-cells may reuse the same code ook, an .at most
L The number of associated pilots for each SCMA codebook one codebook per user. There are L associated pilots for
C’; E"er%y ’C_EI‘Ftor of the effeC“‘;e switching capacitance. each codebook in a contention transmission unit (CTU) in

w ocal utt lty consumptlon oI user u
Gé Edge utility consumption of user u the adopted grant-fref.: SCMA scheme [23]. As long as the
G Utility consumption of user u pilot sequences are different, the SCMA receiver can detect

B. Task Offloading

The devices adopt SCMA as the multiple access scheme
to perform task offloading. We denote the set of codebooks
and subcarriers in every single-cell SCMA system as C =
{1,2,...,C} and K = {1,2,..., K}, respectively. The con-
nection between SCMA codebooks and subcarriers can be

the data stream carried by the same codebook [24]. The signal
to interference plus noise ratio (SINR) of user v on codebook
c in BS n can be represented as [11]

S e bl B o
’Yu,c = 2 ’
Ii.+(on.)
! ’ 2
n n’ .n n
where Iu,c = Zn’e./\/'/{n} Zu’eu/{u} ZkEIC 5c,kpu’7c hu’,k‘




represents the inter-cell interference. hy; , and (o, L )2 are

defined as the channel gain and noise power between the user
u and BS n on the subcarrier k£. From the SINR, the transmit
rate of device u in BS n is expressed as

= logy (1+172,) - (4)

ceC

Let p, denote the transmission power of device u, then
Pu.c = PuSi, . We define the device power allocation strategy
as P = {pu | u € Uotr}. Therefore, the uplink transmission
time of user u when transferring the task description data d,,
to MEC server n can be calculated as

d,
= —. 5
W= Rn ®)
The energy consumption of device u can be expressed as
Ey = putiy. (6)

C. MEC Execution Model

MEC servers adopt parallel processing for multiple compu-
tation tasks. The computation frequency of the MEC server n
is denoted as f,, (in cycles/s), and the computation resource
allocated to every associated user by the MEC server n is
quantified by f,}. The computation resource allocation strategy
is defined as F = {f',u € U,n € N}. Hence, the task
execution time of user u is calculated as

X6 — ci

= . 7
i "

D. Problem Formulation
We define the local utility consumption G, as the weighted
sum of task delay and energy consumption,

= /Bttfj, + 5€El Bt + Be (f ) Cus (8)

I3
where 8. = 1 — B;. B; and (. represent users’ preference to
time and energy. The total time when offloading computation
tasks to MEC servers is calculated as

dy,

Qu | Cu 9)

1o = 19 2 = 7t

Then, the edge utility consumption can be obtained as

GZ = ﬁtti +66Ee Bt ( + f ) +ﬁe u' (10)

Rn
Hence, the utility consumption of device u is expressed as

=3 (A=Y Sn)GL+ D] D ShGh

neN ceC neN ceC

(1)

Under the constraints of the maximum latency of compu-
tation tasks, this paper considers local CPU rate adjustment,
MEC server computing resource distribution, power allocation,
multi-cell SCMA codebook allocation, and task offloading
strategy to minimize the latency and energy consumption for

IoT users. The above optimization problem can be expressed

as:
wdu
min ZZZS { (—i—n)-i-ﬁe n}
S’}-I’P’}-UG/{ neN ceC f R
" 2
> (1—25; ) 3% 4 o (1)
weU neN ceC
(12a)
st. Sy.€{0,1},3Yuel,ceC,neN (12b)
YN sn.<1Vuel (12¢)
neN ceC
> Sr.<LNVeeCVneN (12d)
ueUd
> oSyt + (1 - ZS;L,C> th < tmex vy e U
ceC ceC
(12e)
0< Y > Spph . <py™,Vueld (12f)
neN ceC
> 0,Vu € Upe,mn €N (12g)
S < SV eN (12h)
uEU
ll,LII]lII ~ fi =N Ju, max?vu S Z/{ (121)

The constraints in the above problem can be explained as
follows. Constraint (12b) is the binary variable that represents
the task offloading decision and multi-cell SCMA codebook
allocation. Constraint (12¢) indicates that each user can offload
its task to one edge server using one SCMA codebook.
Constraint (12d) implies that the same codebook can be reused
at most L times by multiple devices. Constraint (12e) shows
that the calculation time of local and edge execution cannot
exceed the task tolerance latency ¢}'#*. Constraint (12f) limits
the transmision power for each device u. Constraints (12g)
and (12h) ensure the computation frequency allocated to the
associated devices is positive and does not exceed the server’s
computation capacity f;,. Constraint (12i) restricts the devices’
computation frequency.

III. JOINT TASK OFFLOADING AND RESOURCE
ALLOCATION SCHEME

The offloading decision S is coupled among the objective
function and multiple constraints, which makes the prob-
lem (12) belong to the mixed-integer nonlinear programming
(MINLP) and difficult to be solved. Hence, we can fix Sy .
simplifies the problem (12) into two tractable subproblems,
i.e., resource allocation and task offloading policy.

A. Optimal Resource Allocation

1) Local Frequency Optimization: Firstly, the local CPU
computing frequency of IoT devices can be adjusted to
minimize the local utility consumption G!,. Considering the
constraints (12e) and (12¢), the optimization problem can be



transformed into:

mln Zﬁtfl + Bek (fu) Cu (13a)
ueU w

s.t. j;; $max vy e 1Y (13b)
(12i).

Problem (13) is a standard convex optimization problem that
can be settled utilizing CVX tools or the method we proposed
in [18], which is omitted for brevity.

2) Joint Power and Edge Computing Resource Allocation:
In this subsection, we will investigate the transmit power allo-
cation for devices and optimal computing resource allocation
of MEC servers. Considering Sy; . = 1 and the constraints
related to p,, and f}, the optimization problem is expressed
as follows,

. pudu
win >, A ( + fn> A ()
UEUr
d
st. — + fT tmax Yu € Ussr (14b)
0 < Du < Py YU € Ut (14¢)

(129) (12h).

When Sy, . = 1, the transmit rate of device u can be simplified
as
2
yzn Zkelc 5?,k hZ,k‘
RZ - 10g2 1 + 2 . (15)

.+ (o)

An achievable upper bound on [;; . is defined as

D DD S NP o | A
n'eN/{n} v eld/{u} kek

Similar to [7], [25],

(16)

we consider f{}ﬁc to be a good ap-
2

n & ZrexSlulrial”

Let thc - fﬁﬁ-(ﬂ{f c)2 5

R} =logy (1+ ¢ .pu). We can use the substitution method

and introduce a new variable ¢ £ 1/RD, then p, =
(21/ S —1) /Cu.- The optimization problem (14) can be
rewritten as

proximation of I .. and then

. n L 2M6 — 1
Télg_l Z Bt ( Wy + f”) + 5edufuT (172)
wEUosr ’
st dy&y + fT < 0, Vu € U (17b)
& = 1/1ogy (14 ¢l pa™) , Vu € Uk (17¢)

(12g) (12h).
Lemma 1. Problem (17) is a convex optimization problem.

Proof: See Appendix. ]
Since the constraint (17b) is coupled between & and f7, we
can use the BCD algorithm to iteratively solve the optimization
problem for each variable block of £} and f; while fixing the
remaining block to the last updated value. Based on the BCD
method, the problem (17) can be solved by addressing two
subproblems iteratively, i.e., power scheduling with given f}
and edge computing resource allocation with fixed &];.

The power scheduling problem given f;} can be written as

n

_ 216 —1

min Y Byl + Bedu&i———  (182)
uEUoft e
n tgax _ ’U«/ u

st €< At V€ U (18b)

u
(17¢).
The root of equation (3;d,, + ﬁ” = [21/5"( 1-In2/mM)—1]=0

is denoted as £™°, which can be solved by the bisection
method. From the Appendix, we know that the objective
function is convex and it decreases monotonically with the
increase of &" when &7 < &0, otherwise it increases
monotonically. We define &' = 1/log, (1+ ¢ .pi™) and

gmh = (tmax ¢,/ f*) /d,. Hence, the optimal solution £
is
Z,l7 sn ,0 < é-n,l
& =1 &0 &< <ern. (19)
&ty et > 5" o

The optimal power scheduling can be obtained by p; =
(2w —1) /ci

The edge computing resource allocation with fixed &) is
rephrased as

: n
m]}_n g Brew/ 1o (20a)
wEUosr
tofr > Cu (20b)
s.t. > —
u t?ax — duég

(12g) (12h).

Since the problem (20) is convex, it can be solved by the
Karush-Kuhn-Tucker (KKT) condition. Specifically, the La-
grangian of the problem (20) is calculated as

= 3" Becu/ 2+ A ( > f- fn>
(21)

wEUsr uEUt
)
u )

Cu
+ Z P (tmaxd £r o
w€Uoir
where A\ and g, are non-negative Lagrange multipliers. The
optimal f{}*, A* and p, should satisfy the following equations,
oL u
_ Btcj 5 + )\*
ofy (fe)

u

C *
i\ —fi ) =0,
u <tTaX - du&? fu >

Z 5t0u

uEUofr

L(fo's A )

— oy =0, (22)

(23)

= Jfn. (24)

Define the set of y,, = 0 is Uy, and the optimal edge computing
resource allocation solution f;' can be written as

Cy
fmax u e u(’ﬁr\uo

u - dugg ’
(o~ S 12 Ve
ZUGMO \/a

mo= (25)

, u €U



The optimal allocation strategy of edge computing resources
can be obtained from (25). In each MEC server, the compu-
tation resources are evenly distributed with the square root of
the workload /c,. For those devices which can not satisfy
the delay demand, £ is set to ¢, /(t™* —d,&™"). The rest of
computational frequency is equally allocated w.r.t \/c,. The
above process is repeated until all the devices meet the latency
requirement, and then the optimal solution ff is obtained.

In the joint power and computing resource allocation algo-
rithm based on BCD, the transmit power and edge computing
resource allocation vectors are updated iteratively, as summa-
rized in Algorithm 1. By performing Algorithm 1 at each base
station, the optimal transmission power P* and edge resource
allocation strategy F* could be obtained.

Algorithm 1: Joint Power and Computing Resource Allo-
cation Algorithm Based on Block Coordinate Descent
IHPUt: Bt’ Be’ pglax7 f’fh g:},,c, ﬂu u(?ff
Output: Optimal transmit power P,; and edge computing
resource allocation strategy JF at BS n.
1 Initialize: Set k = 0, convergence tolerance €1, €2 > 0,
use the bisection method to get £~° and find initial

feasible solution (7)Y = ¢m0.
2 repeat
3 Compute (f7)* by (25) with given (£7);
4 | Compute (£7)**! by (19) with given (f7)*;
5 kE=k+1;
o until [[(F2)F — (F2) 1] < en, [[(€0)F — (€)1 < e
7 Compute optimal transmit power

n\k
Pk = (21/(@) - 1) Jcn.
8 Then, set p¥ and (f7)*, Vu € U as the optimal

transmit power P, and edge computing resource
allocation strategy F: at BS n.

B. Task Offloading and Multi-cell SCMA Codebook Allocation

With a fixed task offloading and multi-cell SCMA codebook
allocation decision S7; ., we get the optimal solutions for

the power and computation resources allocation P*, F* F' .
Therefore, the optimization problem is formulated as

min SN0 sn G (Pt FY)

uweU neN ceC

DI <1Zsm> (7)) @9

weU neN ceC
st (12b) (12¢) (12d).

Using the exhaustive search method on all possible task of-
floading strategies and multi-cell SCMA codebook allocation
is a direct and brute approach for problem (26). However,
the total number of candidate solutions is 2V*V*C and the
exponential complexity makes the exhaustive search method
impractical. Therefore, a low complexity algorithm based on
improved simulated annealing is proposed.

The simulated annealing (SA) algorithm is derived from the
process of crystal cooling. When the solid is heated and then

cooled, as the temperature decreases slowly, the atoms are
arranged into a certain shape, forming regular crystals with
high density and low energy, which corresponds to the global
optimal solution in the algorithm. The SA algorithm consists
of two parts: the metropolis criterion [26] and the annealing
process. Instead of using fully determined rules, the metropolis
criterion accepts new states with probability. Specifically,
the improved simulated annealing algorithm would update
new solutions from the solutions of the last iteration in the
following four ways:

(1) Change task offloading decision for device u.

(2) Randomly select another MEC server of the three closest
MEC servers and find an SCMA codebook that has been
allocated less than L devices.

(3) Select another SCMA codebook that has been allocated
less than L devices.

(4) Exchange the MEC server and SCMA codebook policy
with another device.

If the value of the new objective function (G™V) is less
than the previous value (G°9Y), then the new solution (S™V)
is accepted. Otherwise, the algorithm accepts S™V as the
new solution with probability e=2%/7. Finally, as the tem-
perature decreases, the algorithm gradually converges to the
global optimal solution. At each iteration, it needs to perform
Algorithm 1 with §™Y in each base station, and obtain the
optimal transmission power P* and edge resource allocation
strategy JF*. The specific steps for task offloading and multi-
cell SCMA codebook allocation are described in Algorithm 2.

C. Analysis of Special Cases

The minimization problem of the weighted energy consump-
tion and latency is studied in Problem 12. In this subsection,
we analyze two special cases of the above problem. The
analysis explains the generality and applicability of the studied
problem and proposed algorithms. When the weighting factor
B¢ is equal to 1, the latency minimization problem can be
formulated as follows,

“5)

i, S S S (g

PP uweU neN ceC
DAL
weEU neN ceC
s.t. (12b) (12C) (12d) (126) (12f) (129) (12h) (12i).

27)
Similarly, when the parameter 8. = 1, the energy minimiza-
tion problem can be rewritten as,

S’Z)/Cpu u
Sty 2 2 2 Sy
+ Z Z (1 — ZS{LC> K (fi)zcu (28)
ueU neN ceC

st (120) (12¢) (12d) (12¢) (12f) (124).

These two problems are special cases of the problem studied in
this paper. Obviously, the algorithms proposed can be directly
used to solve the problems of minimizing task execution delay
and energy consumption.



Algorithm 2: Task Offloading and Multi-cell SCMA
Codebook Allocation Based on Simulated Annealing

Input: U, C, N, K, Bi, p2**, fn, Ty, G4, T, Minimum
temperature Ty,;,, Reduction factor «
Output: The optimal task offloading and multi-cell
SCMA codebook allocation decision S*
1 Initialize: Randomly generate an initial feasible solution

S and calculate G =3 . G
2 while 7" > T,,;,, do
3 Generate new solutions S™¥ from S°M in one of
several following ways based on the probability
rand € (0, 1).

4 if rand < 0.2 then

5 ‘ Change task offloading decision for device u

6 else

7 if rand < 0.4 then

8 Randomly select another MEC server of the
three closest servers and find an SCMA
codebook that has been allocated less than L
devices.

9 else

10 if rand < 0.8 then

11 ‘ Select another SCMA codebook that has

been allocated less than L devices.
12 else
13 Exchange the MEC server and SCMA
codebook policy with another device.

14 end

15 end

16 end

17 Perform Algorithm 1 with S™V in each base station,

and obtain the optimal transmission power P* and
edge resource allocation strategy JF*.

18 Calculate G™¥, and AG = G™¥ — G,
19 if AG <0 then

20 ‘ Sold — Snew, Gnld = Gew

21 else

2 if e=2C/T > rand(0,1) then

23 ‘ Sold — Snew’ Gold — Gnew

24 end

25 end

26 T=axT

27 end

D. Extension to Partial Offloading

This subsection extends the proposed algorithms to partial
offloading. In this case, we assume that task T, can be divided
into two arbitrarily sized blocks, one of which is executed
locally by the UE itself and the other (§,,) can be offloaded to
the edge server.

When the number of CPU cycles processed locally is
(1—04)cy, the execution time and energy consumption can be
expressed as t), = (1—6,)c,/fL and Bl = x(f1)2(1—8,)cu,
respectively. When computation offloading is performed, the
total time spent can be given as t§ = §,d,, /R + 6,/ f1}, and
the energy consumption is expressed as ES = d,pudy/Rl.

Since parallel computing is performed simultaneously on
the device and the MEC server, the delay of the over-
all task should be the maximum value of the two, i.e.,
max {(1 — 6,)cu/ fl, dudu /R + 6ycu/f2} . In addition, the
overall energy consumption can be expressed as x(f!)2(1
du)Cy + Oupudy /R

Therefore, similar to binary offloading, the tradeoff problem

between latency and energy consumption can be formulated
as

min Zﬂtmax Z ZSZC
5,6, FL.P,F

ueU neN ceC

Cy

C**FJ*“”“E

2
+3 8. [Z > Sieonte Pue (1= 5)n (1) cu}
ueU neN ceC
(29a)
st 0y €10,1,Vu eld (29b)
max {mz, (1-6.) t;} < Yy e U (29¢)

(12b) (12¢) (12d) (12f) (12g) (12h) (12i).

The constraint (29b) represents the offloading policy 9, is
a continuous variable within [0, 1]. Constraint (29¢) implies
that the task execution time cannot exceed the maximum
task execution latency t;'**. Note that Sy . in this section
only represents the relationship between IoT devices, BS, and
multi-cell SCMA codebook allocation. §,, stands for offloading
policy.

When fixing S}
as

dy Cy
5}_17)}_Zﬁtmax{ (+f") ,(1—5u)ﬁi}

> the optimization problem is transformed

+> Be { £ }L%,L“ (1- 8. (£)° cu] (30a)
ueU
st. 0K pZ,C < pVueld (30b)

(12g) (12h) (12i) (29b) (29¢).

Using the same idea in subsection II-A, let £ = 1/R,
the optimization problem (30) can be rewritten as

min

5ﬂﬁ2@m% @@jﬁ<kmé}

2l/6n 1
+ Z /66 [61Ldu€nH + (1 - 6“)’% (fi)Q Cu]
ueU u,c
(31a)
s.t. ( W7+ f“) <EM* VYu el (31b)
(1 —6u)cu/fL <t vu e U (3lc)
& > 1/1ogy (14 ¢ pi™) ,Vueld (31d)

(12g) (12h) (12i) (29b).

Lemma 2. [27] If fi(z) and fo(x) are convex, then their
pointwise maximum with domf = dom f, Ndom f>, defined by
f(x) = max {f1(x), fo(x)} is also convex.

Even if the transformed problem (31) is still non-convex, it
is noted that when § is fixed, the problem is a standard convex
optimization problem, which can be proved by using Lemma 2.



The interior-point method and CVX tools can be used to solve
it. When F', ¢, F are fixed, that problem can be transformed
to be a linear programming problem w.r.t 4, which is easy
to be settled. Then, the optimal solutions can be solved by
an alternating convex search algorithm, shown in Algorithm
3. When the optimal §, F!, P, F are solved, the improved
simulated annealing algorithm proposed in Algorithm 2 can
be used to solve S.

Algorithm 3: Resource Allocation Algorithm and Partial
Offloading Policy Based on Alternate Convex Search

Il'lpllt: 5t’ 66’ Tu’ pglax, fn’ g,c’ 1l/,,min’ zlt,max’
convergence tolerance e.
Output: Optimal resource allocation F' | P*, F* and
partial task offloading strategy ¢*.
1 Initialize: Set iterxation index k = 1 and the initial value
of 4! equals 0.5.
2 repeat
3 Substitute §* into the problem (31) to obtain
((fHMFE (Em)FTL (fm)F+1) by solving the convex
optimization problem using the interior point method.
4 | Updata 6" based on ((f1)F+1, (&0)F+L, (fm)k+1)
by solving the linear programming problem.
5 k=k+1,
6 | Glk—1) =G, (552, (f)F, (€)1, (fm)h0);
7 G(k) =Gy (657(fl)k7(§g)kﬂ(f3)k)’
8 until |G(k) — G(k—-1)|| < ¢
9 Compute optimal transmit power

pi = (260" —1) jcp.

IV. SIMULATION RESULTS AND ANALYSIS

In this section, representative simulation results are shown
to evaluate the performance of the multi-cell SCMA-enabled
MEC design. Specifically, N BSs and U users are randomly
distributed in an area, and the adjacent BSs are set 100m apart
from each other. The number of SCMA codebooks is set as
C = 6. For each codebook, the number of associated pilot
sequences is L = 2 [24]. The channels between the users
and BSs are generated by a distance dependent path loss,
modeled as PL(dB) = 140.7 + 36.7log10(d)[km) [7] with
8dB log-normal multipath shadowing. The maximum transmit
power of users pj;** is 23dBm. We set the system bandwidth
B as 20MHz. Every BS is equipped with a 20GHz MEC
server. The task description data d, and the workload ¢,
are randomly distributed in [300, 1200]KB and [0.2, 1]Gcycles,
respectively [28]. The maximum latency ¢;;** is between 0.5s
and 2s. The terminal device can adjust its computation rate as
0.2GHz~1GHz and x = 5 x 10727 [29]. The termination
temperature and cooling speed of the simulated annealing
algorithm are set as Ty, = 0.0001 and a = 0.98. The
simulation results were obtained on a laptop with equipped
with i7-8550u and 16GB RAM.

The convergence performance of the proposed task of-
floading and multi-cell SCMA codebook allocation based on
improved simulated annealing algorithm is illustrated in Fig. 2.
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Fig. 2. Trend of the system utility consumption versus the number of
iterations and cells.

We consider that each BS can serve an average of 6 devices,
and when the cell number increases from 2 to 6, the number
of devices grows from 12 to 36. In all cases, the utility
value experiences a period of fluctuation due to label 13 in
Algorithm 2, then decreases, and finally converges with the
increase of iterations. It can be seen from the figure that the
convergence can be achieved within 500 iterations in all cells.
When the number of cells grows from 2 to 6, the number
of iterations reaching equilibrium goes from 225 to 416.
Compared with the exhaustive search method, which requires
212x2x6 ., 936x6x6 jterations [7], the complexity of proposed
algorithm is significantly reduced.

To demonstrate the superiority of the proposed SCMA-
MEC scheme, we introduce two reference schemes, which
are the same as the proposed scheme except that the of-
floading process adopts OFDMA [28] and PD-NOMA [11]
techniques, respectively. Fig. 3 shows the energy consumption
and latency comparison between the proposed SCMA-MEC
scheme and the multi-cell edge computing networks enabled
by PD-NOMA and OFDMA. In PD-NOMA, each subcarrier
can be assigned to at most two users simultaneously. It can be
seen that the overall execution delay and energy consumption
increase with the number of cells in all schemes. Compared
with OFDMA and PD-NOMA, the energy cost and delay of
the multi-cell SCMA-MEC network are significantly reduced,
and the gap increases with the number of cells.

In the case of two cells, the average energy consumption of
SCMA is 0.064], which is reduced by 0.072] and 0.215] in
comparison to PD-NOMA and OFDMA. The average latency
equals 0.478s, reduced by 0.229s and 0.347s, respectively.
When the cell number is six, the average energy expenditure
of SCMA is 0.267J, which is 36.6% and 47.0% lower than
that of PD-NOMA and OFDMA, and the time delay comes
to 0.589s, with a relative reduction of 22.4% and 34.6%.

Fig. 4 depicts the impact of multi-cell SCMA codebook
allocation on average system latency and offloading efficiency.
The random SCMA codebook allocation uses a fixed user
order algorithm [21]. We can see that the proposed algorithm
has an advantage in reducing the latency compared with
the random SCMA codebook allocation. In two cells, the
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Fig. 4. Impact of multi-cell SCMA codebook allocation on the (a) average

latency and (b) offloading efficiency, compared to random SCMA codebooks.

average delay of the two schemes is 0.476s and 0.679s,
respectively, and the reduction is 0.203s. In the case of six
cells, the average system latency of the proposed algorithm
is 0.585s, which is 0.114s lower than that of random SCMA
codebook allocation. It can be deduced from the data that the
proposed algorithm can reduce the latency by about 16.3%.
Offloading efficiency is defined as the ratio of the number
of offloaded devices to the total number of devices. Due to
the inter-cell interference of multiple cells, the transmit rate
decreases with the growth of cell numbers, which leads to
less “willingness” of devices to offload tasks. Therefore, the
offloading efficiency drops from 99.8% to 79.7%. Since the
random codebook allocation ignores the interference between
different cells and only considers the competition of multiple
devices for computing resources, the offloading efficiency de-
creases slightly. Therefore, compared with random codebook
allocation, our algorithm can achieve more channel-adapted
offloading efficiency and lower system latency.

The comparison of full offloading, local computing, and
optimal offloading is shown in Fig. 5. Overall, in terms of
average utility consumption and latency, the optimal offloading
is smaller than that of full offloading and local computing.
With a small number of cells (i.e., 2,3, 4), the average utility
consumption of optimal offloading is similar to that of full
offloading, suggesting that edge computing plays an important
role when interference between devices is relatively low. As

Number of cells

(b) Energy

Number of cells

(c) Latency

Comparison of average (a) utility consumption, (b) energy, and (c) latency while varying the number of cells using different access schemes.

the number of cells gradually increases, the performance of
the proposed scheme improves more significantly. With a
cell count of 6, the average utility consumption of optimal
offloading is 0.401, which is 0.641 (61.5%) and 0.241 (37.5%)
lower than that of local computing and full offloading, re-
spectively, demonstrating the advantages of the proposed task
offloading algorithm. In terms of energy consumption, the
optimal offloading is similar to full offloading and much
smaller than that of local computing. As the number of
cells increases, the energy consumption and latency of local
computing remain almost constant. This is due to the fact
that devices’ computing is independent of the cell count.
When considering full offloading, the interference between
devices increases as the number of cells increases, resulting in
longer average latency. At a cell count of 2, the average local
computing delay is 1.02s, full offloading latency and optimal
offloading delay are close to each other, which are 0.465s
and 0.452s respectively. In this case, almost all of the optimal
offloading options are to be fully offloaded to MEC servers for
computation. When the number of cells is 6, the full offloading
delay rises to 1.118s due to interference, which exceeds the
local calculation delay. The optimal offload decision reduces
the latency to 0.552s, which is 45.9% and 50.6% lower than
the local and full offload approaches respectively.
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Fig. 6. Comparison of average latency versus different offloading schemes.

Fig.6 compares the differences between four computing
schemes (binary offloading, partial offloading, full offloading,
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Fig. 5. Comparison of average (a) utility, (b) energy consumption, and (c) latency when considering full offloading, local computing and optimal offloading.

local computing) with the minimum latency as the optimiza-
tion objective. It can be seen that the partial offloading case
outperforms the other three schemes in general. When the cell
number equals 2, the optimal delay of binary offloading is
0.433s, which is close to full offloading. The average latency
of partial offloading is 0.331s, which is 0.102s (23.6%) lower
than that of binary offloading. This is because the partial
offloading scheme can upload a portion of the task, which
can utilize the computing power of both local devices and
MEC servers to reduce task execution latency. It is also noted
that the advantage of partial offloading over binary offloading
decreases as the number of cells increases, with a difference
of 0.073s for a cell count of 6. This is due to the fact that
interference between devices reduces the percentage of devices
offloaded, resulting in a lower advantage of partial offloading.
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Fig. 7. Relationship between average (a) energy consumption and (b) latency
with user time preference (5¢).

Fig. 7 shows the average energy consumption and time
cost when changing the user’s preference to time (5;), and
it is important to note that the user’s preference to energy f,
equals 1 — ;. In addition, it is worth noting that when j; is
equal to 0, the solution corresponds to the energy minimization
problem, while 5, = 1, the algorithms proposed could find
the optimal solution for the latency minimization problem.
That is, this paper achieves a unified framework of energy
minimization and delay minimization. It can be seen from

the figure that as (; increases, the average delay is reduced
at the cost of gradually increasing the energy consumed by
devices. Furthermore, as the number of cells in the system
grows, the average energy consumption and latency of the
devices increases. When the optimization objective is energy
minimization, the average energy consumption of the device is
0.06] in the case of three cells, and 0.167J when cells count up
to 6, at an increase of 0.107J. When minimizing the latency,
the average delay of the task is 0.441s when the cell number
is 3, and 0.547s when the cell number equals 6, increasing
by 24%. This illustrates that the device interference between
multi-cells and the competition for limited resources will lead
to the reduction of computation offloading benefits, resulting
in an increase in energy consumption and latency.
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Fig. 8. Comparison of average utility consumption while varying different
task parameters using different schemes.

A comparison of the average utility consumption of local
computing and full offloading against the variation of task
parameters is shown in Fig. 8. It can be seen from the graph
that the system utility consumption, i.e., the weighted value
of energy consumption and latency increases with the growth
of the required CPU computing cycles c,. In addition, local
computing increases by a larger proportion than full offload-
ing, due to the fact that the delay and energy consumption
of local computing are both related to ¢, and the limited



local computing capacity leads to a significant increase in
latency and energy consumption when c,, increases. The local
computing does not involve the data d,, uploaded by the task,
so the local utility is independent of d,. The utility value
of full offloading increases as d, grows. This is because the
larger task input data leads to an increase in task transmit
time. Specifically, when ¢, = 0.2Gcycles and d,, = 1100kB,
the average utility of local computing is 0.347, which owns a
53.3% gain, compared with that of full offloading (0.745). In
this case, the devices prefer local computing. When c¢,, equals
0.8Gcycles and d,, equals 300kB, the average utility of full
offloading equals 0.506, a 70.8% reduction compared to local
computing. Therefore, it is more advantageous to assign tasks
with small task description data and large computation to the
MEC server.

V. CONCLUSIONS

In this paper, we investigated the joint resource alloca-
tion and task offloading for multi-cell SCMA-MEC systems.
Aiming to minimize the system latency and devices’ energy
consumption, we proposed an iterative optimization scheme
based on BCD for the transmit power of users and computing
resources allocation of MEC servers, as well as an algorithm
based on the improved simulated annealing for task offloading
decision and multi-cell SCMA codebook allocation. Then we
explained two special cases of the problem studied in this
paper, namely latency minimization and energy optimization.
Finally, the framework was extended to the partial offloading
case, and an algorithm for solving the partial offloading ratio
based on alternating convex search was proposed. Numeri-
cal results showed that the multi-cell SCMA-MEC scheme
achieves lower energy consumption and system delay in com-
parison to the OFDMA and PD-NOMA techniques. Compared
to the random codebook assignment, the multi-cell SCMA
codebook allocation algorithm can achieve improved channel-
adapted offloading efficiency and reduce the system latency
by approximately 16.3%.

APPENDIX
A. The Proof of Lemma 1

Proof: Let G¢(&, fI') denote the objective function of
problem (17). The derivatives and second-order derivatives of
G¢, with respect to (w.r.t) £ and f; can be calculated as

oGS, Bedy [ N ( ln2) }
= B, + 280 (1 — — | —1 32
ogy ~ e & 42
oG, _6tcu
4= 33
ofy — (fm)° i
2 e 3 2
0 Gu2 _ Bedy2°¢ (lrg2) (34)
a (&) e (&)
2 e
8 Gu2 _ Qﬁtcg (35)
o(fL)”  (f2)
2 e 2 e
0°Gy,  0°Gy, (36)

Ten T
aug 65;’} u

The values S, SBe, du, (;; . and the variable fL and &7 are all

positive. It is easy to deduce the Hessian matrix of G¢, is a
diagonal matrix with positive elements, i.e. positive-definite.
Hence, the objective function is convex w.rt & and f.
Additionally, the constraints (17b), (17c), (12g) and (12h) are
all affine functions. Therefore, the problem (17) is proved to
be a convex optimization problem. [ ]
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