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Abstract—Network slicing appears as a key enabler for next-
generation wireless networks and together with multiple access
schemes can meet the quality of service (QoS) requirements
of various users and services. Thus, in this work, a heteroge-
neous uplink network is investigated, where enhanced mobile
broadband (eMBB) and massive machine-type communications
(mMTC) users coexist and share the same resources. The
problem of maximizing the sum-rate of eMBB users utilizing
the rate-splitting multiple access (RSMA) protocol is formulated
and optimally solved, whereas the optimal decoding order and
power splitting factor are investigated. In addition, short packet
communications are taken into account for the mMTC users
and their optimal transmission power is derived in closed form.
Simulation results verify the enhancement that the RSMA scheme
provide compared to the NOMA counterpart.

Index Terms—eMBB, mMTC, short packet communications,
uplink RSMA

I. INTRODUCTION

The emergence of sixth-generation (6G) wireless networks
marks a significant advancement beyond fifth-generation (5G)
networks, with a focus on enhanced mobile broadband
(eMBB), massive machine-type communications (mMTC)
and ultra-reliable low-latency communications (URLLC) [1].
Specifically, eMBB targets exceptionally high data rates, im-
proved connectivity, and user mobility, with high reliability,
while mMTC addresses the needs of a growing array of spo-
radically active Internet of Things (IoT) devices that transmit
small data payloads, tackling cost and power consumption
challenges. Due to their sporadic and relatively low-rate trans-
mission of short packets, finite blocklength (FBL) codes are
commonly utilized [2]. Finally, URLLC focuses on the rapid
and reliable transmission of small data packets.

In this direction, the adoption of Open Radio Access Net-
work (O-RAN) stands out as a pivotal architectural approach
to optimize and tailor the network architecture to these diverse
requirements. To accommodate customized and on-demand
network services, the concept of network slicing has been
introduced, which facilitates the simultaneous operation of
diverse use cases with different requirements on the same
RAN infrastructure [3]. To effectively coordinate and distribute
resources among various users and services, multiple access
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appears as a critical facilitator. Non-orthogonal protocols have
been suggested as supplementary to orthogonal ones, pro-
viding enhanced connectivity. Rate-splitting multiple access
(RSMA) stands out as a promising technique, capable of
managing heterogeneity in wireless networks and achieving
the entire capacity region effectively [4], [5].

A heterogeneous uplink network, featuring eMBB and
multiple mMTC or URLLC users, was investigated in [6]-
[8] and the potential improvement of the RSMA protocol
over the orthogonal (OMA) and non-orthogonal multiple ac-
cess (NOMA) counterparts was observed. Furthermore, the
performance under short packet communications has been
examined in [9]-[12]. An energy-efficient resource allocation
strategy for cellular-based mMTC users with short packets
in an uplink network with the coexistence of cellular users
was performed in [9]. In [10], secure transmission in an
FBL regime for IoT applications was investigated, with the
NOMA protocol outperforming the OMA counterpart in both
uplink and downlink scenarios. Moreover, the performance
of two-user uplink RSMA with FBL codes for throughput
maximization was examined in [11] and a successive convex
approximation algorithm was used to handle non-convexity.
In [12], the optimal resource allocation for URLLC users was
investigated and an approximation for their achievable rate in
short blocklength regime was taken into account. Therefore,
although the use of RSMA for heterogeneous network slicing
[6], [7] and short packets in a network with diverse users [9]
were studied, the use of RSMA for heterogeneous network
slicing with an FBL regime has yet to be investigated.

To this end, we investigate the RSMA protocol for a hetero-
geneous uplink network consisting of two eMBB and multiple
mMTC users, where FBL codes are utilized for the mMTC.
Our primary interest is to maximize the sum-rate of the eMBB
users under given quality of service (QoS) requirements of all
users. An approximation is employed in the rate expression of
mMTC users and a closed-form expression of their optimal
transmission power is derived. For the RSMA scheme of
eMBB users, the optimal decoding order and power splitting
factor are investigated. Simulation results show that the eMBB
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users achieve better performance utilizing the RSMA scheme
compared to NOMA.

II. SYSTEM MODEL

We assume a heterogeneous uplink system consisting of
two eMBB, M mMTC devices, and a base station (BS). Both
eMBB and mMTC users are assigned to a single frequency
channel with bandwidth B. Rayleigh fading is assumed, thus
the channel coefficients of eMBB user ¢« and mMTC user m
are given by hg, ~ CN(0,1) and hy,, ~ CN(0,1), and the
channel gains, denoted as |hg,|? and |hy,, |2, follow expo-
nential distribution. We denote the path loss as I, = lgd,, ",
where d,, is the distance between a user n and the BS, k is the
path loss exponent and [ is the path loss at reference distance
dy. The transmit power of eMBB and mMTC users’ messages
is denoted as p;, i € {1,2}, and ¢, m € {1,...,M},
respectively. We also assume that the eMBB users are decoded
first, so they have interference from the mMTC users, while
the mMTC users do not interfere with the eMBB users.
Perfect channel state information is available for users of both
services.

The eMBB users communicate with the BS utilizing the
RSMA protocol, whereas the mMTC use the NOMA counter-
part. For the eMBB devices, they are sorted by their channel
gains in descending manner, i.e., |hg, |? > |hp,|?, and the first
user splits its message into two sub-messages, sB, ,, SB, ,- We
denote the power splitting factor of s, , as 3 € [0,1]. The
received signal at the BS is given by

y=+/Bp1lihs,ss,, +\/(1=8)p1lihs,ss,,
M
+ VP2 lo b, s, + Y VG b b, 5, + 1
m=1

where n is the additive white Gaussian noise (AWGN) with
zero mean and variance 2.
Assuming that sg, , is decoded prior to sg, ,, the possible

decoding orders of the eMBB users’ message are

m
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The SINR expressions of all eMBB users’ streams are derived

according to the first decoding order and can be written as

N Bpil|hs, 3a)
o (1_6)])1[1‘hB1‘2+p212|hBQ|2+Im+BU2
p2 12 |he, |2
= 3b
e (1=8)p1l1 |hp,|? + I + Bo? (3b)
1— l1|hg |2
YBa = (1=5) p1l |hs, | (30)

I, + Bo? ’

where I, = Z%Zl @mlm |h,, |* is the interference from
the mMTC users. These expressions can be adapted to any
decoding order. The corresponding data rates are given by

Rp, = Blogy(1+9s,) (bps), ne{l,1,2,1,2}. 4

The data rate of the eMBB user 1 is also split into two sub-
rates, i.e., R, = Rp, , + BB, ,.

The eMBB users’ data rate is equal to the Shannon capacity
with infinite blocklength assumption. However, as for the
mMTC users, they utilize FBL codes to achieve low trans-
mission latency. These users are sorted in descending order
by their channel gains, i.e., |hr, |2 > |hns,|? > oo > by, |2
and their messages sy, are decoding by this order. The SINR
and the corresponding rate of a mMTC user m can be written,
respectively, as

T, = LLALTH; 5)
" Z}]:[:m.l,_l kU |hai, |2 + B o2
V
Rat, = B (loma(1 +7m,) ~loga(e)  ~ M) g1,
(©)

where V(y) = 1 — (1 + 4)~2 is the channel dispersion
parameter and is a function of SINR, L is the blocklength,
Q(-)~1 is the inverse of the Gaussian Q-function, with Q(z) =

t2 . .
fzoo \/%e_Tdt, and ey is the error probability.

III. SUM RATE MAXIMIZATION FOR EMBB USERS

The objective of this section is to maximize the sum rate
of the eMBB users’ messages under given quality of service
(QoS) requirements, i.e., rate threshold requirements, for all
eMBB and mMTC users. In addition, since users of both
services are power-limited, transmission power constraints are
taken into account and a resource allocation is performed. The
optimization problem is then formulated as

2
D Re,
i=1

max
P,q,83
st. Ci: Rp, > Ry, ie{1,2}
Cy: Ry, >RY, me{t,.... M} (D
C3 : pi < Pmax, i€{1,2}
Ci: Gm < Gmax, me{l,...,. M}
Cs: pelo,1].

To maximize the transmission rate of the eMBB users
implies a maximization in their SINR, hence a minimization
in their interference. This can be achieved, if the mMTC
users transmit in their minimum rate, i.e., Ry, = RL,
VYm € {1,..., M}. Therefore, from the equality in constraint
Cs it can be noted that a closed-form expression for the
transmission power of mMTC users’ messages can be derived.
However, the expression for V in (6), which contains the
power variables, poses a challenge. To overcome this issue, we
assume V' =~ 1, to make the rate expression more accessible for
algebraic manipulation. The approximation is accurate for high
SINR values, i.e., yum,, > 1. Furthermore, when transmission
rate is concerned, the performance gap between the real value
of V and the approximation is negligible [13]. At this point,
we set

V(’me) Q_l(EM) ~ 1Og2(6) Q_I(GM)

D=log,(e )

®)
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and (6) is rewritten as
RMm:B(logQ(H’me)—D). )

Furthermore, we also set gg, = l;|hg,|?, i € {1,2}, and
guM,, = lm |hu,, |2 m € {1,...,M}. The optimal transmis-
sion power of a mMTC user m is given by

Bo? Rth M— iN’IL-‘,-D
q:n = min {U (Q%JFD - 1) 2( 7”)( v )7 Gmax ( 5

IM,,

(10)
where min{-} is used to denote that ¢, satisfies constraint
C4. The optimization variables are p;, i € {1,2}, and /3 and
the optimization problem can be written as

2
P, ; Bs,

max

st. C,: R, > RY, (11)
02 © Di S Pmax;

C3Zﬁ€[0,1].

i€ {1,2}
ie{l1,2}

It is observed that problem (11) is non-convex, due to the
objective function and constraint C';. The main reason for that
is the term of interference in the denominator, which includes
the power variable, and the existence of products of the power
and splitting power variables in the SINR expressions in the
transmission rate. To this end, we introduce the variables

1 =RE", 7 =Ry and 73=R%", (12)
that denote the minimum rate of each eMBB user’s stream.
Hence, R"" = R"{" + R{"y" =71+ 73 and RY"™ =T1o.
We also set § = 1 and 1— = (5. The optimization problem

can now be written as

3
>
k=1

max
p.51.82,7
S.t. Cl : I'zBL1 > T1, RB2 > T2, RBl,2 > 73
Cy: 1 -‘rT?,ZRt]_:;h7 TQZRtBh
Cg L Di < Pmax; (AS {1,2}
04 : 51 + 52 =1.
(13)

It is noted that problem (13) is still non-convex, due to
constraint C;. To tackle this issue and avoid having products
of the optimization variables in the final expressions, we
introduce the following transformations:

Bi = eXp(Bi)v Vie {172}'

After some algebraic manipulations, C; can be written in
convex form. Hence, the non-linear optimization problem can
be formulated as
3
max Y 7
b.f1,02,7 )

st. Cia: — B —p1 — log(gs,) + log (2% — 1)

pi = exp(p;), (14)

(15)

M
+ log <652+ﬁlggl + eP2gp, + Zqz o, + BO’2> <0
k=1

Cip : — p2 — log(gs,) + log (2%2 - 1)

M
+ log (652+ﬁ1931 + Zq,’; gny, + Baz> <0
k=1

Che: — 2 — 1 — log(gs,) + log (27 — 1)

M
+log (Z % 9w, + BU2> <0

k=1
Cy: —1—73+RP <0, —m+RP<O
Cs: €’ — prae <0, Vie{l,2}
C4Z€BI+BB2—1=O,

where log denotes the natural logarithm. Apart from the
convex constraint C1, the objective function and the inequality
constraints C'y and Cj5 are also convex as linear and exponen-
tial functions, while the equality constraint Cy is convex as
sum of exponential terms. Therefore, the optimization problem
(15) is convex. The optimal solution can be obtained by any
mathematical tool for solving non-linear and constrained op-
timization problems, e.g., an interior-point method algorithm.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, Monte Carlo simulation results are presented
for a network consisting of two eMBB and five, M = 5,
mMTC users. The performance of the RSMA protocol is
evaluated and compared with NOMA, while the optimal
decoding order in the RSMA scheme is also investigated. The
parameters used for the simulations and their values, if not
otherwise stated, are given in Table 1.

TABLE I: Simulation parameters.

l Parameter [ Value H Parameter [ Value ]
Pmax I mW dmax 0.5 mW
RY 5 Mbps Rt 1 Mbps
B 10 MHz o? 4 x 10~ 15 mW/Hz
L 100 €M 101
lo 44 dB K 2.2

Setting 5 = 0 or B = 1, the RSMA scheme degenerates
to NOMA. The possible decoding orders of the messages of
eMBB users utilizing the NOMA protocol are

ni: SB; — SB,, N2! 8B, — SB;- (16)

In the following figures, ‘ry” and ‘ng’ refer to the access
protocols that utilize the eMBB users, i.e. the RSMA and the
NOMA protocols, with the decoding order k, as introduced in
(2) and (16), respectively.

Fig. 1a illustrates the sum-rate of eMBB users versus differ-
ent values of their rate threshold. It is noted that the optimal
decoding order of the RSMA scheme in this heterogeneous
network is ro, different from r;, which is presented in literature
as optimal. Utilizing the RSMA protocol with decoding order
ro the eMBB users achieve a better sum-rate compared to
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Fig. 1: Sum-rate maximization and power splitting factor allocation for eMBB users.

NOMA, while the other two decoding orders outperform both
NOMA schemes for low values of rate threshold. Moreover,
an increase in ngh does not affect ro and n; so much, while
leads to a decrease in sum-rate in the other cases.

In Fig. 1b, the relationship between the sum-rate of eMBB
users and the number of active mMTC users is examined. The
eMBB users can utilize the RSMA or the NOMA protocol.
Taking into account that eMBB users’ messages are decoded
first, they all receive the same amount of interference from
the mMTC users. As the number of mMTC users increases,
the interference they create to the eMBB users increases as
well, resulting in a lower transmission rate. It is observed that
the RSMA scheme with decoding order ro outperforms the
NOMA counterpart, while the performance of the other two
decoding orders lies between both decoding orders of NOMA.

To achieve the sum-rates of Fig. 1a, 1b utilizing the RSMA
protocol, the power splitting factor of each sub-message needs
to be adjusted. Hence, the optimal splitting factor 3 of the first
eMBB user’s message is plotted for different values of R and
M in Fig. lc. It is observed that for 11, s, , is transmitted
with 8 > 0.9 of total power. This enables the decoding of sg,,
since the interference of sg, , is reduced. For RSMA with 1o,
it is noted that 0.62 < 8 < 0.75, which favors sg, , to achieve
a satisfactory rate, and combined with sg, , to satisfy its QoS
requirement. Moreover, for r3, sg, , has to be transmitted with
a high fraction of total power in order to achieve maximum
rate. It should also be noted that this form of the curves is
responsible for the declining trend of the sum-rate, especially
in Fig. 1a.

V. CONCLUSION

In this work, the co-existence of two eMBB and multiple
mMTC users is investigated. The eMBB users utilize the
RSMA protocol, whereas the mMTC use the NOMA coun-
terpart in the FBL regime. A closed-form expression of the
transmission power of mMTC users is derived. By adjusting
the splitting factor and selecting the optimal decoding order,
eMBB users can achieve a higher sum-rate, taking into account
different QoS requirements of all users.
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