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Abstract: Rate-splitting multiple access (RSMA) has recently received attention due to its benefits in
both spectral and energy efficiencies. In this paper, we propose a hybrid RSMA-time-division multiple
access (TDMA) scheme for a mobile edge computing (MEC) system, where two edge users need to
offload their task data to a MEC server. In the proposed scheme, the offloading time is divided into
two time phases. Specifically, we design a cognitive radio (CR)-inspired RSMA scheme, in which two
users, namely the primary user and secondary user, offload their task data to the MEC server in the
first time phase, while only a single user can offload task data in the second time phase. With the aim
of minimizing the overall offloading delay, we formulate the offloading delay minimization problem
subject to the transmit power and total energy constraints. We transform the original fractional
programming non-convex problem to a convex one by using the Dinkelbach transform and propose
Dinkelbach and Newton iterative algorithms to determine the optimal transmit power allocation.
Specifically, we establish the optimization criteria for the three offloading schemes and derive the
corresponding closed-form expressions for the optimal power allocation. Compared to the existing
offloading schemes, the numerical results show that the proposed hybrid RSMA-TDMA scheme in
scenarios where having a limited energy budget is superior in offloading delay compared to other
offloading schemes and the sum offloading delay tends to a constant with the increase in the energy
budget.

Keywords: mobile edge computing; rate-splitting multiple access; time-division multiple access;
offloading delay

1. Introduction

With the rapid growth of the Internet of Things (IoT) and the increasing number
of connected devices in wireless communication systems, various services and appli-
cations that utilize wireless communication systems have emerged, terminal users can
offload computation-intensive and latency-sensitive tasks to mobile edge computing (MEC)
servers [1]. The large amount of computing resources on the MEC servers can be used
to help edge users interrupt fast data processing. The authors of [2] investigated a MEC-
assisted vehicular network and solved the minimum vehicle computation and system
computation problems based on game theory. In [3], the authors surveyed the state of the
art of the fixed and mobile edge computing nodes (ECNs) and studied the integrated archi-
tectures based on different classifications of ECNs. In [4], the authors studied an unmanned
aerial vehicle (UAV)-assisted IoT system and proposed three algorithms to minimize the
energy consumption of the terminal nodes and UAV. Traditional time-division multiple
access (TDMA) schemes allocate time slots based on the user’s offload delay requirements,
according to the channel conditions, the authors of [5] investigated a novel TDMA-MEC
system to improve energy efficiency.

Massive edge users offload data to MEC servers, which causes a large amount of
spectrum to be occupied and results in spectrum scarcity. The emergence of non-orthogonal
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multiple access (NOMA) technology has solved the problem of spectrum resource shortage,
it is able to allow multiple edge users to transmit simultaneously in blocks of resources of
the same frequency [6]. MEC servers can adopt NOMA scheme to improve the offloading
performance [7], in [8], for an intelligent reflecting surface(IRS)-aided MEC system, the re-
source allocation and the IRS beamforming design were jointly optimized to maximize
the offloading sum-rate by using alternating optimization (AO) algorithm. Furthermore,
the hybrid NOMA scheme has also become a novel scheme for NOMA-assisted MEC
(NOMA-MEC) systems [9-13]. The authors in [9] studied a hybrid transmission scheme
that combines NOMA and orthogonal multiple access (OMA) for MEC systems, in which a
lower priority user first offloaded its tasks together with a higher priority user by NOMA
transmission and then offloaded the remaining tasks using OMA transmission, or until
the high priority user finished offloading, the power allocation of the lower priority user
was optimized to minimize offloading delay subject to its energy budget. Furthermore,
the works in [10] aimed to optimize the power allocation of two users subject to their
respective power and energy budgets for the NOMA-MEC system. They designed an
efficient algorithm to solve it based on the successive convex approximation (SCA) method.
Furthermore, based on a multi-user NOMA-MEC system, a two-user NOMA iterative
scheme was devised in [11] to reduce offloading delay, the single user power allocation
was optimized to minimize the offloading delay subject to the maximum power constraint
and the maximum energy constraint, respectively. The authors in [12] studied an IRS-aided
MEC system and proposed a flexible time-sharing NOMA scheme to minimize offloading
delay and computing delay. The results of [13] showed that compared with OMA and
NOMA, the hybrid NOMA scheme could achieve lower energy consumption. Note that
TDMA is used for OMA in this paper.

More recently, rate-splitting multiple access (RSMA) has become a promising technol-
ogy to enhance the spectrum and energy efficiency, low latency, and high reliability of both
downlink and uplink communication systems [14-16]. In uplink RSMA, all the split streams
are fully decoded at the base station (BS) [17]. Unlike uplink RSMA, in the downlink, RSMA
operates by splitting messages into common and private streams, with common streams
being jointly encoded and decoded by all users. In contrast, private streams are individ-
ually encoded and decoded by each user. After decoding and subtracting the common
stream by successive interference cancellation (SIC), each user decodes their desired private
stream by regarding other private streams as interference [18-20]. Several recent studies
have shown that RSMA plays an important role in achieving high energy and spectral
efficiency in unmanned aerial vehicle (UAV) networks [21]. A rate-splitting NOMA scheme
was proposed in [22] to reduce the complicated user pairing schemes. In [23], the authors
proposed two RS strategies, namely fixed RS and cognitive RS, to enhance user fairness and
improve outage performance. In [24], the sum-rate problem for the uplink RSMA system
was investigated and the optimal decoding order was obtained by using an exhaustive
search method. With the benefits of MEC and RSMA, MEC and RSMA were used for aerial
networks aiming to enhance computation and communication [25]. In [26], the authors
proposed a rate splitting (RS) strategy for the uplink CR-inspired NOMA system. They
analyzed the outage performance for the secondary user (SU) without deteriorating the
primary user (PU)’s outage performance. With the benefits of MEC, the authors of [27]
utilized a CR-inspired RMSA scheme to allow SU to offload tasks to the MEC server with a
dynamic rate splitting factor while ensuring no interference to the offloading performance
of PU. In [28], the authors investigated the impact of user locations on the performance
of a MEC system using RSMA. They derived a closed-form expression for the successful
computation probability in the presence of randomly deployed users, which enabled them
to analyze the effects of user locations on offloading performance. Table 1 provides the
main studies and methods of the current references, and compares our proposed scheme
with them.
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Table 1. Comparison with other schemes of references.

[71 [9]1 [10] [12] [25] [28] Proposed Scheme

NOMA scheme v v v v
RSMA scheme v o v v
Hybrid transmission scheme v oV v v
Optimal power allocation v v v v v
Energy budget v v v
Offloading delay minimization v vV v v

To the best of our knowledge, there is a lack of research on offload delay minimization
for RSMA schemes. To further investigate the effect of the hybrid offloading scheme on
MEQC, in this paper, we propose a hybrid RMSA-TDMA scheme to minimize offloading
delay for a MEC system to further reduce offloading delay. Specifically, in the proposed
scheme, we divide the offloading phase into two phases. In the first phase, we design a
CR-inspired RSMA strategy. Depending on the energy available at the user, three cases are
identified, we formulate a minimum offloading delay problem, and the power allocation of
SU for two offloading phases is optimized subject to energy and power constraints. In the
second phase, the proposed scheme allows only a single user to offload tasks to the MEC
server. The detailed contributions of our work are summarized as follows.

*  We propose a hybrid RSMA-TDMA scheme to assist MEC with task offloading. In the
proposed scheme, the offloading phase is divided into two phases. In the first phase,
two edge users utilize the CR-inspired RSMA scheme to offload their computation
tasks to a MEC server, while the second phase is allocated to a single user for task
offloading. Specifically, If one user also has remaining computation tasks, the user
will occupy an independent time phase for task offloading.

*  We formulate an offloading delay minimization problem for a hybrid RSMA-TDMA
scheme. Subject to the user’s different energy budget, three offloading scenarios
are considered, i.e., TDMA, hybrid RSMA-TDMA, and RSMA. In the hybrid RSMA-
TDMA, we develop an iterative algorithm by approximating the original problem into
a convex one with Dinkelbachs” method. The power allocation expressions of two
phases are derived by Karush-Kuhn-Tucker (KKT) conditions.

*  Numerous results reveal the superiority of the proposed hybrid RSMA-TDMA scheme
compared with other schemes. Particularly, in the proposed scheme, with the increased
target rate of PU, the chosen hybrid RSMA-TDMA scheme will become a hybrid
NOMA-TDMA scheme.

2. System Model and CR-inspired RSMA Scheme
2.1. System Model

In this paper, we consider an uplink RSMA-MEC system, which consists of two edge
users, namely U, and Uj,, a MEC server, two edge users need to offload all their computing
tasks to a MEC server. In the proposed scheme, we assume that each user is equipped with
a single antenna, and the number of bits contained in Uj’s tasks as Ny, where k € {a,b}.
Similarly to [6,9,11,29], we also assume that the task computing delay from the MEC server
is not considered, this is because the MEC servers have sufficient computing resources
compared with offloading delay, and the task computing delay is negligible. The task
computing delay (e.g., references [7,30]) will be studied in future work.

In the considered system, as shown in Figure 1, we assume that U, has a higher
priority than Uy, U, offloads its task data over the entire bandwidth, while U}, can either
offload its task data simultaneously with U, or wait until U, finishes offloading. Specifically,
in the first time phase t;, U, offloads its task data together with U, by using the RSMA
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scheme, and U,’s task data is completely offloaded. The data signal transmitted by U,
as x,, while the data signal transmitted by U}, as x; 1. In the second phase t;, U} offloads
the remaining task data, the data signal is denoted as x;5. Specifically, in the first phase
t1, Uy splits its signal xp 1 into two streams x;, 11 and x, 1 by using the determined rate
splitting parameters.

gn a
S 1,
aP;;,l
P,
b,
(1 a)Pb,l
€] [ > >
L Z, Time

Figure 1. Proposed hybrid RSMA-TDMA scheme for MEC system.

By applying the proposed hybrid RSMA-TDMA scheme, the received signal at the
MEC server during the first time phase t; can be expressed as

Y1 = V Palahaxa + \/aPy 1 lphpxy 11 + 4/ (1 — &) Py 1 bphyxy 10 + 11, 1

where P, is the transmission power of Uy, I is the channel gain, ¢ £ (g—") X denotes the

path-loss with the distance from Uy to the MEC server, dj is the distance between the MEC
server and Uy, dp denotes the reference distance, x is the path loss exponent, 7 is the white
Gaussian noise with zero mean and variance 02, and « is power allocation factor satisfying
0<a<.

Then, the received signal at the MEC server in the second phase ¢, can be expressed as

Y2 = \/ Pyplphpxy o + 1, )

where P, 1 and Py, are the U}’s transmission power in two time phases, respectively.

During the first time phase t1, the decoding order at the MEC serveris xj, 11 — X — X512,
which is designed to maximize the achievable rate of U, [26]. The signal-to-noise-ratio
(SNR) for decoding xj, 11, X4, Xp,12 at the MEC server can be expressed as

2
wop 1|l
Yoa1 = : , 3)
palhal” + (1 — &)y |hp|* + 1

2
Yo = (1_a§”ha| — 4)
and
Yoi2 = (1—a)pp1|hyl?, 5)
respectively, where p, = ﬂfa ,and py; 2 N Pblfu

In the remaining time phase ty, the SNR at the MEC server for decoding x;, can be
A b b, 2211
2

2, where 0b2
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Assuming that B is the allocated bandwidth for U, and U, the achievable rates
for transmitting x,, xj, 1, and x;, can be, respectively, expressed as R, = Blog,(1 + 74),
Rp1 = Ry11 + Rp12, and Ry = Blog, (1 4 7p2), in which Ry 17 = Blog,(1 + 79411) and
Rp12 = Blogy (1 + 7p,12)-

2.2. CR-Inspired RSMA Scheme

Inspired by the CR principles, the U, and Uj, are treated as PU and SU, respectively,
then we design a CR-inspired RSMA scheme, the SU offloads its task data to the MEC server
when the offloading performance of PU can be guaranteed to be the same as that of the
OMA. In the first phase, the CR-inspired RSMA scheme aims to maximize the achievable
rate of the U, without causing interference to the U,’s offloading performance, i.e., the
outage probability of U, is the same as OMA. This is achieved by utilizing a decoding order
of xp11 — x4 — Xp,12 for successive interference cancellation (SIC) processing at the MEC
server. To ensure that x; and xj, 15 do not impact the offloading performance of U, during

2
SIC processing, the MEC server sends an interference threshold T = max {O, % - 1}

to Uy, where g, = 2 — 1 with R, representing the target rate of U,.

The rate splitting and power allocation parameters are designed based on Uj’s chan-
nel state information (CSI) and 7, and the optimal parameters are determined for the
following cases:

(1)0 < ppy |hb|2 < 7. The task bits can be successfully offloaded to the MEC server
when 7 > 0, which means that the condition log, (1 4 v,) > R, is satisfied. In order to
maximize Ry 1, « should be set as « = 0, and rate splitting factor 8 should be set as g = 0.
The decoding order at MEC server is x, — xp, 1o = xp,1, the achievable rate of U, is

2

0 Palhal )

RO —log, (14 —Lelltal” ©)
’ 2( ool |” +1

and the achievable rate of U, is

I

R Rb,iz = log, (1+ ppa|hs]?). )

D _
b1 —
@Q0<T<pp1 |hb\2. To maximize Ry, rate-splitting should be conducted at U, the

parameter « should be chosen to satisfy log, (1 + (1 — a)pp1 |hb|2) = log, (1 + 7), which

leadstoa =1 — ; \Th 7 Therefore, the achievable rate of U, can be expressed as
b1 "D

alhal?
RLSH) = log, (1 + pT|_|_ l ) ®)

and the achievable rate of U, is

2
(10) (10) (10) pp1lhp|” — T
RW =R 4 R —log, [ 1+ -2~ ) 4 log, (1 + 7). 9)
b1 p11 T Rp1o = 108, < T S o) )

In the proposed RSMA scheme, the target rate can be expressed as Ry, 15 = log, (1 + 7).
Since we have Rb,lz = (1- ﬁ)Rb,lr we can obtain the optimal rate splitting factor as

B (log, (palla|*) ~log, (ea 5 Y . .
Br=1- (e | R,‘, Lo (c0)) , where R; 1 = I;I—lb with Nj denoting that the offloading task
1

bits of the first time phase ¢;.
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(8) T = 0. In this case, since the task bits cannot be offloaded successfully, the trans-
mitting power should be fully allocated to transmit x; 1, which means « = 1and 8 = 1.
The decoding order at the MEC server is xj, 1 = X171 — Xp 12, the achievable rate of U, is

R™ = log, (1+ palhal®), (10)

and the achievable rate of U, can be denoted as

(Imy _ (m _ P
Ry, = Ryq = log, (1 +

h 2
7;' : (11)
Palhal”+1

In the second phase of using the TDMA scheme, the achievable rate of U}, can be
expressed as

Ryo = log, (1+ ppalhyl?). (12)

3. Offloading Delay Minimization

In this paper, we focus on offloading delay minimization of the proposed hybrid
RSMA-TDMA scheme-assisted MEC system. With the assumption that U, offloads its
task data using RSMA transmission along with U,, and if there is any remaining task data
after the RSMA transmission, U}, continues offloading using TDMA transmission. Thus,
an optimization problem is formulated to minimize the offloading delay of two users.
The offloading delay minimization problem can be formulated as

(P1) : Pgl}lprgz ) (13)
st. th >0, (13a)

i’lpr + tZPb,Z <E, (13b)

Py >0, (13¢)

Pyp >0, (13d)

—hR . o .
where t; £ % Constraint (13a) represents user Uy, not finishing its offloading before

user U,. Constraint (13b) represents the energy constraint of the user U, and E denotes the
total energy constraint of Uj. Constraints (13c) and (13d) denote the transmission power of
the user U}, in two time phases is non-negative.

vl (N~ log, (14(1-2-91)7))

log, (14v)

where v = (29 —1)(14 1), @ = t%' and i = ;2 E1and E, are the energy thresholds
that select the TDMA scheme, RSMA scheme, or hybrid RSMA-TDMA scheme. For the
task offloading scheme, we need to consider the following scenarios:

,and Ey = 2%/, 1 (2% — 1 — 7 427 @),

Ol
2

Denote E1 =

Remark 1. According to (9), we can obtain the achievable rate of Uy, i.e., RS?' If U, and U,

offload tasks simultaneously using the RSMA scheme, the minimization energy can be expressed as

)

Py = %2, then, by substituting Py 1 into t; Réli = Ny, it can easily obtain the energy threshold Es.

Remark 2. By using the inverse method, in case 2 of the following scenarios, we obtain the optimal
power allocation expressions of two phases, according to [9], while y — E~1h, 1 (2% —1)(14 1),

leading to Py (n) — 0, Py () — E;l(Zw“ —1)(1+ 7), then, we can obtain
F(u) = —p(Np — t1log, (147 —2791)) 4log, (1 + (2% —1)(1 + 7). (14)

Due to the limitation of F(y) > 0 when y — E’lﬁgl(Zwﬂ —1)(1+4 1) [9], by applying
algebraic operation, we can obtain the energy threshold E,.
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3.1. Case 1: E < Eq

This corresponds to the case where the U}, has not enough energy to offload the task,
and we should consider using TDMA for task offloading, i.e., Pj; = 0. Since Pj; =0, all
the energy needed to allocate the second phase to minimize offloading delay, the power
allocation, and the time allocation expressions can be obtained in a straightforward way,
we have N

Ny = b logZ(l + pb,zhgl), (15)

t2Py, < E. (16)

To minimize offloading delay t, all energy should be used, i.e., t,P,» = E, by using
the Lambert-W function, we have

_ Ny
—W<—I\ﬁ“2 Ehp ln2>
El .
P, = — i, (17)

IHZNb/E

where W(x) is the Lambert-W function. In addition, t5 = %2, the sum offloading delay

No >+t2

can be expressed as T* = ————4+———
p log, (1+pg [hal

3.2.Case2: E{ < E< E»

This corresponds to the case where the user Uj, has not enough energy to use RSMA
for task offloading. Since ¢ is known in this letter, i.e., t; = %j“ ,

two functions of Py ; and P ,. The objective function in (P1) is fractional and non-convex.
Therefore, the Dinkelbach method is leveraged to transform the original problem into an

2
equivalent objective function. By using the fact that N, = t; log, (1 + p‘;'_}f’ll ) Since in
the hybrid RSMA-TDMA transmission, the time for a single user’s offloading is always
non-negative, constraint (13a) can be omitted. Then, the principle of Dinkelbach’s method

is to convert the original format into the following optimization problem as

(P2) : pmax. F(u) (18)
st t1Pyq+ ]/t_le,z <E, (18a)

P,y >0, (18b)

Py >0, (18c)

where F(jt) £ —i(N, — t11ogy (147 — 2797 + 2% py 1 [y [*)) +log, (1 + pyall|?), p is
an auxiliary variable that is determined by the proposed iterative algorithm in the later
section.

Lemma 1. For a given y, the optimal power allocation for problem (P2) is given by

E—p (2% - 1) (14 7)
i’1+‘u

, (19)

E4+th1(2% —1)1+1
pr. 1hy, ( ) ). 20)
" B!

Proof. See Appendix A. [

To find the optimal value yu, two iterative algorithms are proposed to iteratively
update the power allocation solutions and the iterative variable. For Dinkelbach’s iterative
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algorithm, the procedure of this proposed scheme is summarized in Algorithm 1. With the
increase in [, the Dinkelbach iterative variable y will finally converge to the 77-optimal ¥,
where the 7-optimal p* can be achieved if F(u*) > 7. The convergence of Dinkelbach’s
method-based algorithm was proved in [9,31], and the simulation result also shows that the
proposed algorithm is able to converge within a few iterations, which is presented later in
the following. Therefore, we also give the Newton iterative algorithm to obtain the optimal
power allocation of Uy as shown in Algorithm 2 of the next page.

Algorithm 1 Power allocation algorithm-based Dinkelbach iterative method

Input: System bound B, user information P, R4, Na, Ny, 02, channel information £, h,, £,
hp.

Output: Power allocation Py, Pp,, rate splitting factor B, power allocation factor «,
and time phase f;.

1: Initialization: Set ! = 0, g = 400, = —10-10, Py1,and Py.
2: repeat

3: I=1+1.

4. Obtain Péll) and Plglz) based on u = y(l -1,

5. Solve F (y(l)) based on Pb(ll) and Plgll).

6:  Update y as
log, (1+Pb,2|hb|2)

0 =
# Np—t; log, (1+7-2-@aT+2-@ap, 1|y [?)

7: untilF(y(l)) >y

Cpr _ p) « _ pl)
8: Pb,l = Pb,l' and Ph,z =Py,
9 qaf=1— ——.
Pz/]|hb‘2
B (1o, (palla*)—log, (¢a) )
DR — 1 2 2
10: B 1 Ros .
11: end

Algorithm 2 Power allocation algorithm based Newton iterative method

Input: System bound B, user information P,, R,, Ny, Ny, 02, channel information ¢,, h,, £,
hp.
Output: Power allocation Py, Pp,, rate splitting factor B, power allocation factor «,
and time phase f;.
Initialization: Set ! = 0, pg = 400, = —10719, Pyq,and Py.
repeat
I=1+1
Update y as

I+1) — _
'u( '= M F(m)’
5. until F(u)) >

6: Obtain Pg’ 1, and Plf,z'
7. end

F(u)

3.3. Case 3: E > E,

This corresponds to the case where the user Uj, has enough energy to use RSMA for
task offloading, and the minimal ¢, can be achieved by using RSMA, i.e., P;, = 0. Since
Py, = 0, all the energy is consumed in the first time phase to minimize offloading delay,

which means P, = E The sum offloading delay can be expressed as T* = t1.

Remark 3. From about three cases, we can easily obtain that the TDMA scheme has more offloading
delay compared to the hybrid RSMA-TDMA scheme when the energy budget of Uy, is higher,
the hybrid RSMA-TDMA will become the RSMA scheme when adopting the CR-inspired RSAM
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scheme, the sum offloading delay depends on the offloading delay of U,; then, the sum offloading
delay tends to a constant. It is due to the design of the CR-inspired RSMA guarantee that the outage
probability of U, is the same as OMA, the achievable rate of U, is the target rate.

For cases 1 and 3, the optimal power allocation expressions of U}, can be directly
obtained, then the complexity can be expressed as O(1). For case 2, due to adopting the
Dinkelbach method to transform the original problem to a convex problem, the optimal
power allocation expressions of Uj, can be directly obtained by (18) and (19); thus, the com-
plexity is O(I;), which I; is the number of iterations for Dinkelbach’s algorithm to converge.
For the Newton method-based algorithm, the complexity is O(I,), where I, is the number
of iterations for Newton’s algorithm to converge.

4. Numerical Results

In this section, we present and discuss the numerical results to evaluate the per-
formance of the proposed hybrid RSMA-TDMA scheme. Unless otherwise specified,
the simulation settings are listed as follows: R, = 2 bps/Hz. The normalized channel
gains are adopted so as to clearly demonstrate the impact of the channel conditions on the
1 5. =
atency [9], we set h; = et

In Figure 2, we present a comparison of the offloading delay achieved by the proposed
hybrid RSMA-TDMA scheme with the TDMA scheme and the hybrid NOMA-TDMA
scheme proposed in [9] in different energy budgets E. For both transmission schemes,
the offloading delay decreases with the growth of the energy budget, and the offloading
delay of TDMA scheme is higher than other schemes. Moreover, the case of higher channel
gain has lower latency. When we use the hybrid RSMA-TDMA scheme with same channel
gains, the achievable rate of U, in the first phase is much larger than the hybrid NOMA-
TDMA scheme, and the achievable rates of both users in the remaining time phase have a
small gap, although the offloading delay generated in the first stage of the hybrid RSMA-
TDMA scheme is higher than the offloading delay generated in the first phase of the
hybrid NOMA-TDMA scheme, due to the superiority of the CR-inspired RSMA scheme
in the first time phase, U, can achieve the maximum possible transmission rate without
interfering with the offloading performance of the U,, the offloading delay generated in
the second time phase will become lower. It can be seen from the plot that, under the
setting of hy = 1.5, as the energy budget E increases, the offloading delay of the hybrid
RSMA-TDMA scheme remains fixed at 7.5 s. This is due to the fact that the energy budget
sufficiently supports both users offloading their task data using the CR-inspired RSMA
scheme, i.e., Case 3. Compared to other offloading schemes, it can be seen that the proposed
hybrid RSMA-TDMA scheme has superior performance under a limited energy budget.
Next, we illustrate the offloading delay obtained with different hybrid schemes and the
corresponding power allocation. Compared to other offloading schemes, it can be seen
that the proposed hybrid RSMA-TDMA scheme has superior performance under a limited
energy budget. We then present the offloading delay when different hybrid schemes are
selected, along with the power allocation. The numerical results are shown in Table 2. As
shown in Figure 2, the offloading delay decreases with the increasing energy budget, in the
proposed scheme, the energy threshold that supports the selection of the RSMA scheme is
less than the energy threshold that supports the selection of the NOMA scheme; therefore,
with the energy threshold tending to 60 ], the offloading delay tends to 7.5 s.

Figure 3 illustrates the offloading delay curves for the data size. In Figure 3, it can
be observed that the offloading delay increases among three offloading schemes as the
amount of offloading data size increases, while it decreases as the energy budget increases.
This is due to having a sufficient energy budget to enable all tasks to be completed in the
first phase. We can also note that with the same energy budget, the NOMA-TDMA scheme
converges to the OMA scheme as the amount of offloaded data increases, due to the fact
that the increase in the amount of offloaded data leads to the inability to allocate enough
energy to utilize the NOMA scheme for task offloading in the first phase. We also note
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that the hybrid NOMA-TDMA scheme converges to the OMA scheme as the amount of
offloaded data increases at the same energy budget, due to the fact that the increase in
the amount of offloaded data leads to the inability to allocate enough energy to utilize the
NOMA scheme for task offloading in the first stage. Moreover, the proposed RSMA scheme
can take advantage of the low energy budget due to the fact that the threshold value of
using hybrid RSMA-TDMA scheme will be lower than that of the hybrid NOMA-TDMA
scheme; therefore, a greater benefit can be obtained at low energy budget.

14 . . . .
—©— Hybrid RSMA-TDMA, &, = 1
Hybrid NOMA-TDMA, J, = 1
13 —8—TDMA, &, = 1 I
-z = © = Hybrid RSMA-TDMA, Iy, = 1.5
50 Hybrid NOMA-TDMA, i, = 1.5 ||
5 = B =TDMA, by = 1.5
w0
A
=
=)
A
B0
g
g
o]
=]
o

40 45 50
Energy Budget, E, in Joules
Figure 2. Offloading delay in different energy budget settings.

Table 2. The power allocation of both schemes in different energy budget settings.

(a) Hybrid RSMA-TDMA scheme

Pyq Pyy t Energy Budget Offloading Delay
4.0851 11.0851 0.8446 40 8.3446
5.0413 12.0413 0.5971 45 8.0971
7.7988 14.7988 0.0344 59 7.5344

(b) Hybrid NOMA-TDMA scheme

P4 Pyo 1) Energy Budget Offloading Delay
0.8739 7.8739 4.5251 40 9.5251
1.7683 8.7683 4.1238 45 9.1238
4.3702 11.3702 3.2672 59 8.2672

=—©— Hybrid RSMA-TDMA, E = 40J

=G Hybrid NOMA-TDMA, E = 40.J
TDMA, E = 40J

9= © = Hybrid RSMA-TDMA, E = 60.J

= B = Hybrid NOMA-TDMA, E = 60.J
TDMA, E = 60.J

©
2

Offloading Delay
N
:}1 [

~

o
0

. . .
10 11 12 13 14 15
Data size (Bits)

Figure 3. The relationship between data size and offloading delay.
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Furthermore, the effect of target rate R, on the minimum energy threshold and the
maximum energy threshold for using the hybrid RSMA-TDMA scheme is shown in Figure 4.
Eax and E,j, denote the minimum energy threshold and the maximum energy threshold
for using hybrid NOMA-TDMA scheme [9], respectively. With the increase in target rate
R,, the energy thresholds E; and E; tend to E,;;, and Ej4y, respectively. It can also be seen
that the hybrid RSMA-TDMA scheme tends to the hybrid NOMA-TDAM scheme with the
increase in Ru.

300

w
S IS &
N
o
=]

in Joules

@
E|\3
8

i

Enemrgy §ud%§t. E'\,: in .Loulea

Energy Budget,
o
o

00

Eqar, hybrid NOMA-TDMA
4 —&— E», hybrid RSMA-TDMA
2 22

50 =
2 22 24 26 28 3 24 26 238 3
The target rate R, The target rate R,

13( = = = E,;,, hybrid NOMA-TDMA
—O©— E,, hybrid RSMA-TDMA

Figure 4. The relationship between energy budget and target rate R,.

The performance of the proposed algorithm and the effect of different energy budgets
and tasks of two users are shown in Figure 5. The increase in energy budget E leads to
the decrease in offloading delay because a higher energy budget leads to an increase in
power allocation and decrease in remaining offloading time t; according to (18) and (19).
The numerical results further confirm that the algorithm can efficiently converge within
a few iterations regardless of the parameters. Comparing the two iterative methods,
although both methods have the same effect in fractional programming, fewer iterations
are required for the Newton iteration method compared to the Dinkelbach iteration method.

Solid line : Dinkelbach method
Dash line: Newton method

Offloading Delay in Seconds

—O©— L. = L, = 15 biits, t; = 7.5 5, E=20 J
—H— L, = Ly = 15 bits, t; = 7.55, E=40 ]
—O— L. =L, =10 bits, t; = 45, E=40 J

4 5 6 7 8 9 10
Number of Iterations

Figure 5. The convergence performance in different parameter settings.

5. Conclusions

In this letter, we proposed a hybrid RSMA-TDMA scheme for a MEC system. The of-
floading phase was divided into two time phases, and a CR-inspired RSMA scheme was
designed in the first time phase. In this phase, we treated two edge users as PU and SU,
respectively, SU offloaded its task data together with PU by CR-inspired RSMA scheme,
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while the remaining time phase was allocated to a single user to offload the task data. We
investigated three different offloading scenarios based on the energy threshold. To mini-
mize offloading delay, we formulated a generic problem for the three offloading scenarios
to determine the users’ power allocation. Despite the non-convexity of the formulated
problem, we adopted Dinkelbach’s method to transform the original problem into a convex
one, two iterative algorithms based on Dinkelbach and Newton’s iterative methods were
proposed. The convergence of the proposed algorithm has been proven. Meanwhile, nu-
merical results have verified the performance superiority of the proposed scheme compared
with the hybrid NOMA-TDMA scheme and TDMA scheme in the limited region and the
sum offloading delay tends to a constant with the increase in energy budget.
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Appendix A

The proof of the Lemma 1 can be completed by studying the possible choices of
Ai, Vi € {1,2,3}, and showing that the solutions for the case with A; = 0,Vi € {1,2} yield
the smallest offloading delay.

Problem (P2) is convex for a fixed y, we define Lagrangian function as L (Pb,1/ Ppo, A1, Ay,
/\3) = F(]/l) — /\lpb,l — /\ZPb,Z + /\3(t1Pb,1 + ‘I/l_lpb/Z — E), where A; with i € {1,2,3} are La-
grange multipliers, the Karush-Kuhn-Tucker (KKT) conditions can be expressed as follows:

_Na_

wﬁf L tha +Aszt1—A =0, (Ala)

1nz<1+<1—2’?>r+2779b,1\hb\2>
1A, =0 Alb
In2(1+pp|hp|*) + A 2T (A1D)
tiPy1 +p~'Ppp —E <0, (Alo)
As(tiPpy + pPyo — E) =0, (Ald)
_Pb,i S O,Vl c {1,2}, (Ale)
/\ipb,i =0,Vi e {1/ 2}/ (Alf)

A >0,Vi e {1,2,3}. (Alg)
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For the hybrid RSMA-TDMA case, since A; = 0,Vi € {1,2}, and hence P, ; and P, ,
are non-zero, which is the reason this case is termed hybrid RSMA. If A3 = 0, the KKT
conditions are as follows:

N,
g2 iyl
T o =0, (A2a)

_La _La
In2(14+(1-2 1 )t42" 1 pyq |y ?)

ol
— =0, A2b
In2(1+pp,|hy|*) ( )
which cannot be true. Therefore, we can show that A3 # 0 as follows, which means that the
KKT conditions can be rewritten as:

Ny, 2
B2 b fblhzza\
e + A3t =0, (A3a)
In2(1+(1—2" 18 )27 76 oy 4 [y )
B£b|h2b‘2 1
— =+ A3u =0, A3b
mn2(Trppaln) (A35)
tlpb,l —+ ],l_lpbg —E = 0, (A3C)
P,; > 0,Vi € {1,2}. (A3d)

With some algebraic operations, the optimal solutions of P, 1 and P, ; can be obtained
as shown in Lemma 1.
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