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ABSTRACT In this paper, we investigate the problem of heterogeneous service coexistence in the scope
of 5G and beyond (B5G) networks, where multiple ultra-reliable low-latency communication (URLLC) and
enhanced mobile broadband (eMBB) users are connected to a common base station (BS), sharing physical
network resources. In contrast to the orthogonal multiple access (OMA) and non-orthogonal multiple
access (NOMA) usually adopted in literature, in this work we employ rate splitting multiple access (RSMA)
for URLLC transmission, where a URLLC device splits its message into two sub-messages with partial
transmission power, which are potentially recovered at the BS by means of successive interference can-
cellation (SIC). To study the performance of such methods in the presence of eMBB users, we consider
both orthogonal and non-orthogonal network slicing approaches to share the network resources between
heterogeneous user profiles with diverse requirements. As a result, we show that, in general, RSMA presents
an improved performance in terms of sum-rate and reliability, even when transmitting concurrently with
eMBB users. Finally, our results also show that the URLLC sum-rate can be increased by properly adjusting
the rate splitting factor based on the average signal-to-noise ratio (SNR), not being necessary instantaneous
channel state information (CSI).

INDEX TERMS Beyond 5G, heterogeneous users, rate splitting multiple access, ultra-reliable and low

latency communications.

I. INTRODUCTION

As the 5G technology deployment around the world evolves,
it becomes clear how challenging are the three generic ser-
vices encompassed by such technology, namely enhanced
mobile broadband (eMBB), ultra-reliable and low latency
communications (URLLC), and massive machine type com-
munications (mMTC). To allow the coexistence of these
heterogeneous services with diverse requirements within the
same Radio Access Network (RAN) architecture, the concept
of network slicing has been proposed [1], which slices the
network in logical and physical sub-networks usually with
customized requirements in terms of latency, energy effi-
ciency, mobility, massive connectivity and throughput [2],
aiming at guaranteeing minimum performance requirements
and isolation [3], [4]. This can be performed thanks to
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network softwarization and virtualization, being considered
the main enabler of Resource as a Service (RaaS) for beyond-
5G (B5G) [5]. In the path to BSG and 6G wireless commu-
nication systems, it is reasonable to assume that the three
heterogeneous services could be divided into sub-services [6]
or even combined, emerging new service classes [7]. Such
services require robust multiple access methods that can com-
bine higher spectral efficiency with strict delay and reliability
requirements to attend applications like fully automated driv-
ing, where cooperation among cars for collision avoidance is
vital [8], [9].

To face the massive connectivity problem, some methods
have been proposed in the past few years to replace the
traditional orthogonal multiple access (OMA). One of them is
non-orthogonal multiple access (NOMA), a promising tech-
nology that usually exploits the power domain to allow multi-
ple users to share the same resource block along the spectrum,
time and/or code, increasing the spectral efficiency [10].
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In order to recover the overlapped signals, the receiver of
a NOMA-based communication system can apply the suc-
cessive interference cancellation (SIC) algorithm, a method
whose performance depends on the different power levels
between the overlapped incoming signals [11]. To this end,
two approaches are commonly used to guarantee such power
distinctiveness: (i) user pairing; and (ii) power allocation.
In (i), users with distinct channel gains are separated in groups
and paired [12], [13]. It is intuitive that the complexity of
such technique increases with the number of users, turning its
implementation unbearable in terms of latency in scenarios
with a massive number of users. In (ii) power allocation
methods separate users [14], [15], even if random pairing is
applied. This implies, in some cases, the need of channel state
acquisition to adapt the power of transmission, which entails
extra latency and a potential loss in terms of reliability.

The rate-splitting multiple access (RSMA) method has
gained significant attention recently, since it enables the
achievement of the entire capacity region with successive
decoding [16], [17], providing superior performance over
NOMA and OMA methods, like Space Division Multiple
Access (SDMA) [18], [19]. In uplink RSMA, each user cre-
ates virtual users by splitting its transmission in two sub-
messages. Although this procedure entails extra rounds in
the SIC procedure, it automatically creates different arriving
power levels among users, thus significantly reducing the
implementation complexity. One of the main advantages of
RSMA is the increased number of possible decoding orders,
which makes it viable to reach higher capacity regions when
compared to NOMA. This is also a big challenge in practical
RSMA deployments and must be optimized, since the decod-
ing order affects the achievable rate.

A. RELATED WORK

Recently, several works studied different RSMA implementa-
tions in downlink wireless networks [20]-[24], showing that
RSMA can improve downlink rate and quality of service,
achieving better performance than both NOMA and SDMA.
For uplink RSMA systems, authors from [25], [26] study the
problem of maximizing the sum-rate under proportional rate
constraints for all users, by setting users transmission power
and optimizing the decoding order at the BS through exhaus-
tive search. As a result, they show that RSMA achieves better
performance than NOMA and OMA techniques, such as
frequency division multiple access (FDMA) and time division
multiple access (TDMA). However, the proposed strategy
requires a priori channel state information (CSI), not being in
general applicable to URLLC users due to latency constraints.
In [27], the authors propose the use of RSMA to reduce
the scheduling complexity of NOMA, since the transmission
splitting by default diversifies the arriving power at the BS,
avoiding the need of user pairing. In [28], the authors apply
rate splitting to a pair of users under power-domain NOMA,
considering that one of them is near the BS, while the other
is far from the BS. Two techniques are studied, namely, fixed
rate splitting (FRS) and adaptive rate splitting (ARS), where
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the power allocation factor that splits the messages of the
near user can be fixed or dynamically designed based on CSI,
respectively. This work is then extended in [29], adopting
cyclic prefixed single carrier transmissions. In both works,
rate splitting has been shown to achieve superior outage
performance when compared to NOMA.

In [30], an exhaustive-search rate splitting algorithm was
proposed to guarantee max-min fairness in single-input
multiple-output (SIMO) NOMA networks, aiming at max-
imizing the minimum data rate and reduce the scheduling
process. The receiver combines minimum mean squared
error (MMSE) with SIC to identify the optimal detection
order based on CSI. Results showed that rate splitting has
higher minimum data rate and lower transmission latency
than SIMO-OMA and SIMO-NOMA. The use of rate split-
ting in user cooperation networks is proposed in [31]. Each
user transmits its signal and receives the transmitted signal
of the other user in the first mini-slot and, at the second
mini-slot, relays the other user’s message with amplify-
and-forward protocol. The rate is split between mini-slots,
generating space diversity at the uplink and consequently
increasing reliability. At the receiver, maximum ratio com-
bining (MRC) is used to combine the received signals and
SIC is applied to decode the superposed signal. Results prove
that cooperative RSMA outperforms cooperative OMA and
NOMA.

In scenarios with spectrum sharing among URLLC and
eMBB services, several works compared OMA and NOMA
network slicing [32]-[37]. However, none of the aforemen-
tioned works consider multiple concurrent URLLC users in
the same resource block. In [38], URLLC users are assumed
to share time and frequency resources through NOMA,
in both OMA and NOMA slicing with eMBB service. It was
shown that NOMA can leverage the URLLC sum-rate in
some cases, considering that the SIC process is capable
of attending the communication latency. Authors from [39]
apply RSMA to URLLC in the downlink, showing its supe-
rior performance in terms of latency, allowing shorter block
lengths. However, no interference from other services is
considered.

B. NOVELTY AND CONTRIBUTION

Motivated by the above literature, in this work we focus
on increasing the URLLC spectral efficiency, allowing
non-orthogonal sharing of frequency and time resources
through rate-splitting for URLLC users, which we refer
to U-RSMA. In the proposed scheme, we combine the
benefits of RSMA, SIC decoding and frequency diversity,
in both OMA and NOMA slicing with eMBB. The pro-
posed U-RSMA scheme is then compared to the so-called
U-NOMA and U-OMA schemes, where the multiple access
between URLLC devices is performed by means of NOMA
and OMA, respectively. To characterize the performance of
eMBB and URLLC users, we evaluate each service sum-rate
in different scenarios. To the best of our knowledge, this work
is the first to apply RSMA to URLLC uplink transmission in
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TABLE 1. List of symbols.

Symbol Meaning

« Power splitting factor of U-RSMA

T'u URLLC average SNR

s eMBB average SNR

€B eMBB reliability

eJ-OMA URLLC reliability in U-OMA
eV-NOMA URLLC reliability in U-NOMA
eV-RSMA URLLC reliability in U-RSMA

On,f SINR of URLLC user 7 in channel f

ap eMBB activation probability

ay URLLC activation probability

Ep Event when eMBB user is in outage

Ey Event when URLLC user is in outage
Ey Event when URLLC user is decoded

f Channel index

F Number of channels in the bandwidth
Fp Number of channels allocated to eMBB
Fy Number of channels allocated to URLLC
F; Number of channels of an URLLC user in U-OMA
Gp,f Channel gain of eMBB user in channel f
G“éif‘f Threshold SNR of eMBB user in channel f
G‘gy 7 Target SNR of eMBB user in channel f
GuUn,f Channel gain of URLLC user n in channel f
H; ¢ Channel coefficient of user 7 in channel f
um Mutual information of URLLC user
P(ER) Outage probability of eMBB user
P(Ey) Outage probability of URLLC user
P(GB,y) eMBB instantaneous transmission power
PGy (z Probability density function of G, ¢

ny Number of URLLC users sharing the same mini-slot
o eMBB rate in OMA

riorth eMBB rate in NOMA

g eMBB sum-rate

TUmn Rate of URLLC user n

i URLLC sum-rate

S Number of mini-slots

Su Number of URLLC transmissions during one time slot
UB,n eMBB user n

Uu,n URLLC user n

a network slicing scenario, showing that RSMA can outper-
form OMA and NOMA methods for URLLC service even in
the presence of eMBB interference, specially for very strict
reliability levels.

The rest of this paper is organized as follows. Section II
presents the system model. Section III introduces the outage
formulation for eMBB and URLLC (for U-OMA, U-NOMA,
and U-RSMA cases), for both orthogonal and non-orthogonal
network slicing approaches. Numerical results illustrating
the performance trade-offs between the services are given in
Section IV. Finally, Section V concludes the paper.

Notation: For convenience, the list of symbols adopted in
this work is summarized in Table 1.

Il. SYSTEM MODEL

We evaluate the uplink of multiple eMBB and URLLC users
when communicating to a common Base Station (BS) in a
single-cell network with shared radio resources. The band-
width is divided into F' channels of index f € {I1,..., F}
subject to independent and identically distributed (i.i.d.)
Rayleigh fading. The fading realization observed by each
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device is uncorrelated from another due to the assumption
that all devices have a large enough spatial separation. Fur-
thermore, the fading is considered constant during one time
slot (TS), i.e., a block fading model where the TS is con-
sidered to be within the channel coherence time since its
length is fairly small [40]. As we assume that the average
transmission power of all devices and the noise power at
the BS are normalized to one, the received power equals the
signal-to-noise ratio (SNR) for each device. Moreover, the
channel fading realization for user i € {B, U} in channel f is
H;ir ~ CN(0, I';), following a circular-symmetric complex
Gaussian distribution, where I'; corresponds to the average
SNR, being Giy £ |H; f|2 the channel gain, and where
subscripts B and U refer to eMBB and URLLC devices,
respectively. The number of channels allocated to user i is
F; < F,with i € {B, U}. Moreover, each TS is divided into
S mini-slots, as considered in low latency scenarios [41].

In accordance to [32], we assume that an eMBB user is
active with probability ap and during the entire TS, occupying
one random frequency channel f among Fp available chan-
nels. Furthermore, we model only the transmission phase,
assuming that radio access and competition among eMBB
devices have been resolved prior to the considered time slot,
as usual in wireless cellular networks. Thus, the number of
eMBB devices able to transmit in such TS is equal to the
number of channels Fg. Moreover, we suppose that the eMBB
devices and the BS have CSI as currently implemented in
wireless standards such as LTE and 5G New Radio [42]-[44].
Although channel estimation errors can occur in practice, for
simplicity we consider a perfect CSI scenario in this work,
as widely considered in the literature [32], [45]. In contrast,
an URLLC device spreads its transmission over Fy < F
channels to increase the reliability with the aid of frequency
diversity, and sends, with some activation probability ay, the
entire information in only one mini-slot (the smallest time
unit in our model) that was pre-assigned to meet latency
requirements. We also consider that the protocol block length,
which should be considered finite given the short transmis-
sions, is long enough to justify an asymptotic information-
theoretic formulation [46]. Moreover, in each mini-slot we
have a maximum number of ny; users that share the resources
following three distinct methods: orthogonal (U-OMA), non-
orthogonal (U-NOMA) or through rate splitting (U-RSMA)
multiple access.

Different from eMBB users, we assume that the BS has
no knowledge about the URLLC channel, given the high
latency requirement which does not allow the exchange of
reference signals for CSI acquisition. However, we do con-
sider in U-RSMA that the BS sends (e.g., in a synchronization
mini-slot transmitted at the end of each TS), the optimal
power splitting factor based on 'y from a look-up table,
which results in power adaptation for the user that performs
the splitting. Despite that, the overall transmission power is
the same as in U-OMA and U-NOMA cases.

A time-frequency grid is illustrated in Fig. 1, consid-
ering that the heterogeneous URLLC and eMBB traffics
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(c) OMA U-NOMA or U-RSMA. (d) NOMA U-NOMA or U-RSMA.

FIGURE 1. System model with F = 4 channels and S = 4 mini-slots,
composed by eMBB and URLLC users. Services are sliced in (a) and
(c) Orthogonal and (b) and (d) Non-Orthogonal multiple access schemes.

are sliced in an OMA (Figs. 1(a) and 1(c)), and NOMA
(Figs. 1(b) and 1(d)) fashion. In this example, S = 4 is the
quantity of mini-slots in the time domain, whereas F' =4 is
the total number of channels available in the bandwidth.
Considering the OMA scenario, two channels are allocated
to URLLC (Fy =2) and two for eMBB (Fp =2). There are
ny = 2 URLLC active users, Uy, and Uy 2, in each mini-
slot that spread their transmission over one channel, in the
case of U-OMA, or over two channels when considering
U-NOMA or U-RSMA, without interference from eMBB
users. On the eMBB band, there are also two users, Upg |
and Up 7, connected to the BS. When considering NOMA,
all four channels are available for both services (F = Fy =
Fp =4), which implies a multi-service interference, turning
the detection at the BS more complex and prone to errors. The
frequency diversity gain for URLLC users is higher in this
case, and, as this device type does not necessarily transmit
at every TS, the spectrum efficiency should increase because
eMBB users can occupy a radio resource that might be unused
for long periods, which is represented with the inclusion of
new eMBB users Up 3 and Up 4.

lll. OUTAGE FORMULATION AND SLICING SCHEMES
In this section, we discuss the achievable rates of the different
services and slicing schemes.

A. EMBB
A given eMBB device transmits, with a certain instantaneous
power and data rate, in the randomly allocated dedicated
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radio resource f € {1, ..., Fp}, if the instantaneous channel
gain is greater than a threshold SNR Gg"". This decision is
made based on CSI. The outage probability of a point-to-point
(single channel) communication is then [32]

Gmin

_ miny _ Bf
P(Ep) = Pr[Gpy < Gps 1= A PGy (xX)dx, (1)

where pgy (x) is the probability density function (PDF) of
Gp f, which, due to the Rayleigh fading, is given by

efx/f‘g
—, if 0
Per =1 "1 = "7 2)

0, otherwise

The eMBB outage probability is then obtained as [32]

ngif" e/ T
P(Ep) = / _ dx
0 g

min

—x/T|9BS

— x—-Tgxe
g B

= — (eiGg}n/l:B - 6_0/1:3)

— 1= BT, 3)

Imposing the reliability condition P(Egp) = €p, one can
obtain the threshold SNR from (3) as

: _ 1
GMN — gl . 4
B.f Bn<1—63) “)

The main objective of eMBB is to maximize its data rate,
subject to the reliability requirement e€p and the average
power constraint E[Pg(Gp )] = 1, where Pp(Gpy) is the
instantaneous transmission power, selected using the power
inversion scheme from [47] based on Ggy, i.e.

tar
B.f . min
—, ifGgr>G
Pp(Gps) = | Ggy BS = VBf (5)
0, otherwise

This means that the eMBB device will not transmit in
every slot allocated to it because of outage situations, then
it is possible to increase the instantaneous power when the
transmission occurs, so that the long-term average power
(PB(GBJ-) = 1) is achieved. The target SNR G};a} is then
obtained by imposing the average power constraint to the
expected value of the function Pg(Gg ) of the random vari-
able Gp . This is calculated using

oo

B[PoGa)] = [ pos PsE =1, ©)
Bf

After replacing (2) in (6), one has
o efx/l:g G}:_;arf

E|Pp(G = — —dx =1
[PB(GBy)] /Gj,!j}n p— X
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t
Gy
Tp

oo e—x/fg
= / dx =1, @)

opp =
[

( Ggr
—Ei <— I;—B

where —Ei(— Ggfif" /T') is obtained from the integral and can
be classified as the upper incomplete gamma function I'(., -)
for GE}" /T'g > 0. Then, (7) can be rewritten as

E =G0, ) =
[PeGsp)] = LT (0. 25 ) = 1. (8)
The target SNR of eMBB user G};} is then obtained
from (8), resulting in
r
Gtar _ —B (9)

B.f — Gmin
r <0, lf;f )

Finally, one can obtain the eMBB rate as

rgrth = log, (1 + GtBa’}) . (bits/s/Hz) (10)

B. URLLC

1) U-OMA

The Fy channels available for URLLC are divided in ny
orthogonal slices with F;, channels reserved to each Uy ,
user, with n € {1, ..., ny}. The outage probability of Uy ,,
in the absence of interference from other services, is [32]

F/
1 U
PU-OMA () —py o E :10g2(1 +ong) <rua|. (1)
U r—
f=1

where o, r, the Signal-to-Interference-plus-Noise Ratio
(SINR) of the n-th active user in frequency channel f, equals
Gy nf» since for the moment there is no interference from
other users. The target rate ry , is numerically obtained by
imposing the outage probability requirement PUOMA(E,;) <
€y to (11). Thus, the sum-rate of the URLLC service is given
by
ny

rrOMA ="y, (12)

n=1

2) U-NOMA

In U-NOMA, URLLC users share the Fy channels available
in each mini-slot and the BS performs SIC to decode the
multiple messages, which outperforms other techniques of
multi-user detection, such as puncturing and erasure decod-
ing [32], and is a general receiver structure for non-orthogonal
uplink [10]. As an user occupies more than one channel,
we cannot simply define the decoding order in terms of the
channel gain magnitude. Instead, the BS can order the users
according to their mutual information [38]

Fy
[sum — Zlogz(l + Ong)s (13)
f=1
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where oy, 7 is defined as

. GU,n,f
L+ 3702, Gujy

The decoding procedure starts with the strongest among all
the active users in the current mini-slot. If correctly decoded,
it is removed from the received signal and the operation
continues, until an user cannot be decoded (event that occurs
with probability ;) or all users have been properly decoded.
We consider that the BS is capable of decoding the ny users
within the mini-slot period, since each transmission carries a
different message and the procedure must attend the latency
requirement. The outage probability of the u-th user is

(14)

On.f

Fy
1
pUNOMA (v _ py — Zlog2(1 +0ng) <TUn
Ut
(15)

The target rate ry , is numerically obtained by imposing
the requirement PUNOMAEy < ¢y to (15). Thus, the
sum-rate of the URLLC service is

ny
rg'NOMA = Z IU.n- (16)

n=1

3) U-RSMA

Either under U-OMA or U-NOMA, URLLC users directly
transmit their data to the BS once they are active. However,
in U-RSMA, an user may first split its information into two
sub-messages, creating the concept of “virtual users”’. Each
sub-message has transmission power defined by the so-called
splitting factor o € [0, 1].

As an example, let us consider the case with nyy =2. In this
two-user scenario, we assume that only one user, say Uy 1,
splits its message,! creating two virtual users referred to as
Uyp.1,1 and Uy 1 2. Without loss of generality, we consider
that Uy 1,1 is always decoded before Uy 2. In this scenario,
we have three possible decoding orders at the BS, namely:
@) Uy,1,1 = Uy — Uy () Uy — Uy —
UU,2; and (iii) UU,Z — UU,l,l — UU,l,Z’ such that the
proper decoding order is chosen based on the sum of mutual
information from (13), similarly to U-NOMA.

While the decoding orders (ii) and (iii) achieve the same
results of U-NOMA with Uy, — Uy 2and Uy, — Uy 1,
respectively [48], is has been shown that (i) represents the
optimal decoding order of RSMA [49]. Thus, in the SIC
process, the receiver first attempts to decode a (virtual) user
while regarding all the remaining messages as noise. Once the
decoding is successful, its interference is removed out of the
superimposed received signal, and the receiver then attempts
to decode the next message following the pre-established
decoding order. Upon adopting the decoding order from (i),

1Following [16], only one out of the two users needs to split its message
in order to achieve the capacity region.
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the SINR of the virtual user Uy 1 is

aGui1f
14+ Guor+ 1 —a)Gyiaf

If Uy,1,1 is correctly decoded and canceled from the
received signal, the SINR of Uy » becomes

oL1f = (17)

Guayf
1+(1-a)Guias

Finally, the SINR of the remaining virtual user Uy 1,2,
subject to the correct decoding of the previous users, is

Ug,f = (18)

o2 =0 —-a)Gy12y. (19)

Then, the achievable rates of U-RSMA can be calculated
from (15), by substituting o, s with the SINRs of U-RMSA
presented in (17)-(19). The final rate of user Uy 1 is ry,1 =
ry.1,1 + ru,1,2. Thus, the sum-rate of the two-user U-RSMA
URLLC service finally obtained as

g MA = ry g+ rp . (20)
It is worthy mentioning that, when compared to U-NOMA,

U-RSMA requires an extra round in the SIC procedure,

increasing the complexity of the decoding process.

C. ORTHOGONAL NETWORK SLICING

In Sections III-A and III-B we present, respectively, the
achievable rates of eMBB and URLLC services when
operating in standalone mode, without slicing the network
resources. When such slicing between the heterogeneous
eMBB and URLLC services is designed in a orthogonal
fashion, they are ““isolated” from each other, thus for URLLC
the only source of interference are the ny users active with
probability ay in certain mini-slot occupying all Fy < F
channels, whereas eMBB experiences an interference-free
scenario since users are allocated orthogonally within the
remaining Fp = F — Fy channels. The OMA performance is

measured in terms of the sum-rate pair (r;*™, r}/'™), where
'™ can be defined as [32]

rim = Fprgtth, 1)
where rgrth comes from (10) and r7/'™ is computed as pre-

sented in Section III-B for each pamcular multiple access
method adopted by the URLLC service.

D. NON-ORTHOGONAL NETWORK SLICING
In non-orthogonal slicing, eMBB and URLLC services
simultaneously share all the F' available channels, i.e., Fp =
Fy = F. Due to latency and reliability constraints, it is
assumed that the BS always attempts to decode the ny
active URLLC devices first, through SIC, while treating
the eMBB traffic as interference. Therefore, the interfer-
ence from URLLC transmissions into eMBB (and vice-versa)
needs to be considered.

An eMBB message would not be affected by URLLC
interference in two cases: (i) there are no URLLC devices
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connected (Sy = 0) in that particular TS; or (ii) there are
URLLC transmissions (Sy > 0), but they were decoded and
removed from the signal by the SIC decoder. In case (ii),
either all URLLC messages are properly decoded (event Ey)
or they are all incorrectly decoded (event Ey), since interfer-
ence from eMBB users are constant over all mini-slots. Thus,
the eMBB outage probability in the NOMA scenario depends
on whether it is subjected to interference of URLLC service
or not, i.e.

Py = Pr(Sy = 0)Pr(Eg|Sy = 0)
+Pr(Sy > 0)(Pr(Ey|Sy > 0)Pr(Eg|Ey, Sy > 0)
+Pr(Ey|Sy > 0)Pr(Eg|Ey, Sy > 0)), (22)

where Ep is the event of eMBB not being correctly decoded
and Sy ~ Bin(ny S, ay) is a random variable that represents
the number of URLLC transmissions during the TS. The only
source of outage for eMBB when there is no URLLC signal
interfering is when the SNR value is below the threshold
SNR (Gm'f“) which implies that the term Pr(Eg|Sy = 0)
from (22) equals the outage probability for the orthogonal
case 1 — apg, where ag = exp[— Gm'"/FB] for simplifica-
tion purposes. Moreover, we also con51der a simplified and
worst case scenario where the eMBB user is in outage when
the URLLC message is incorrectly decoded, i.e., such that
Pr(Eg|Ey, Sy > 0) = 1. Besides that, the correct decoding
and subtraction of URLLC signal has the same performance
effect of the case when URLLC is not transmitting, thus,
Pr(Eg|Ey, Sy > 0) = Pr(E|Sy = 0) = 1 — ag. Under
these assumptions,

Pp = (1 —ap)""*(1 — ap)
+[1 == (v + 1 —e)1 —ap).  23)

By imposing the eMBB reliability constraint Pp < €p, one
can rewrite (23) as

< I—GB
a
P e 1= —apyos]

Having in mind that ag = exp[ Gm'"/FB] it is possible
to isolate the threshold SNR Gm'” from (24), resulting in

(24)

1—63
Gm|n< —I'pl . 25
s Bn(l—GU[l—(l—aU)"US]> 2

The target SNR Gtar is obtained similarly to (9) as

r

t B

Gl;a;_ Gmln :
r(o, 2L
(%)

However, in the non-orthogonal case, Gg’i" is bounded
by (25). Therefore, the maximum achievable rate of an eMBB
device in NOMA is ™ = log, (1 + Gi21).

The threshold from (25) indicates that the impact of
URLLC transmissions in the eMBB decoding should be min-
imal, due to the fact that, by definition, ey < €p, which

(26)
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implies that ap is close to 1 —ep. On the other hand, the eMBB
interference in the URLLC traffic is supposed to be more
critical, since URLLC is decoded prior to eMBB. As in [32]
the outage probability of URLLC under NOMA is

]P)NOMA(EU)
1 fy On.f
n,
=Pr Efgl log, (1 + W) <rual. @7

where it is assumed that the interference of eMBB is always
present in the URLLC decoding. The value of o, s depends on
the multiple access technique used by URLLC users, as dis-
cussed in Section III-B. The URLLC achievable sum-rate
rg'™ is then numerically obtained by imposing the reliability
constraint PNOMA(E ) < ¢, where the rates are separately

calculated for all ny transmitting URLLC users.

IV. NUMERICAL RESULTS

In this section, we present some numerical results aiming at
comparing the sum-rate performance of U-OMA, U-NOMA
and U-RSMA under both OMA and NOMA network slic-
ing strategies. These results were generated using Monte
Carlo simulations in MATLAB, where, for each particular
scenario, we average a number of 107 independent random
runs. Herein, we consider only the case of nyy = 2, as having
several SIC iterations would probably violate the latency
constraint of a URLLC service. In U-RSMA, user Uy
splits its transmission according to « (which is optimized
in each simulation step), creating two virtual users, namely
Uy.1.1 and Uy 1 2. Furthermore, users that belong to the same
service have the same average SNR, since we consider they
are running identical applications. We consider that in each
mini-slot there are always two URLLC users connected, i.e.,
ay = 1 for each one of them, thus F(/J = Fy/2. Also,
the number of eMBB users is Fp, equaling the number of
channels available for the service. Moreover, one TS is com-
posed by S = 5 mini-slots and the bandwidth is divided into
F = 8 channels. The reliability requirement of eMBB service
is eg = 1073, For URLLC under U-OMA, the reliability is
eg'OMA = 1075, however, as for U-NOMA and U-RSMA the
receiver employs SIC, we follow [39] and set the reliability
target as EB'NOMA = eg’RSMA = 5 x 1079 to ensure that
the overall reliability does not exceed 107>, Unless stated
otherwise, we set 'y = 20 dB and 'y = 10. Table 2
summarizes the simulation parameters.

In Fig. 2 we plot the sum-rate pair (r3"™, r'™) for
OMA and NOMA network slicing with URLLC operating
under U-OMA, U-NOMA, and U-RSMA schemes. Compar-
ing the NOMA slicing curves, U-OMA presents the high-
est rate pair values until r3'™ ~ 7 bits/s/Hz, from where
U-RSMA outperforms the other methods. Interestingly, r7'™
remains almost constant as we increase r3'™ in U-RSMA
and U-NOMA, making these methods a good option when
we want to achieve greater eMBB rates. In OMA slicing,
U-OMA is the best method until r3"™ ~ 2.3 bits/s/Hz, after
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TABLE 2. Simulation parameters.

Parameter Value
Number of URLLC users (ngr) 2
eMBB activation probability (a ) 1
URLLC activation probability (agr) 1
Number of channels (F') 8
Number of mini-slots (.S) 5
eMBB reliability (¢3) 10-3
URLLC reliability in U-OMA (e¥;OM4) 1075
URLLC reliability in U-NOMA (e%;NOMA) 5 x 10~6
URLLC reliability in U-RSMA (eFRMA) 5 % 106
URLLC average SNR !FU) 20 dB
eMBB average SNR (I'p) 10dB
3.5¢
3 L 4
257 - ]
527 R
= ROV
{ 2 il L )
=
=15} 1
7o ——OMA U-OMA
1r - ®-NOMA U-OMA ¢
——OMA U-NOMA
051! - % -NOMA U-NOMA ||
’ OMA U-RSMA
- = -NOMA U-RSMA
0 : —3
0 5 10 15

i (bits/s/Hz)

FIGURE 2. Sum-rate region in OMA and NOMA scenarios with URLLC

under U-OMA, U-NOMA, and U-RSMA schemes. I'y = 20 dB, T'g = 10 dB,
GU-OMA = 10—5' eU-NOMA = eU-RSMA =5x ]0—6' g = ]0—3’ ay = 1,

F=8,8S=5,ny =2, and optymized a.

that, U-RSMA achieves higher rates, presenting almost the
same results of U-NOMA for high r3'™ values.

Fig. 3 shows the URLLC sum-rate for different values of
power splitting factor . Note that, as expected, in U-OMA
and U-NOMA we obtain constant values, since there is no
message splitting. For U-RSMA, on the other hand, it is
possible to observe that, as « increases, rz,”m also increases,
reaching the highest value when « = 0.8 for NOMA and
o ~ 0.75 for OMA slicing.

The rates of users Uy,1 and Uy 2 when operating under
U-RSMA are presented in Fig. 4, for both OMA and NOMA
slicing. We see that Uy 1, the user that performs rate split-
ting, is capable of reaching higher rates when compared to
Uy 2. Also, NOMA slicing is the best choice for this setup,
achieving higher rates.

We consider that, during one TS, each eMBB user has
the same target rate, since the channel gain is constant dur-
ing this period over all channels. However, for URLLC,
not imposing this requirement is beneficial, since different
decoding orders provided by U-RSMA enable Uy ; to reach
higher rates, contributing to leverages the overall sum-rate,
as shown in Figs. 5(c) and 5(d), where we plot the URLLC
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FIGURE 3. URLLC sum-rate under U-OMA, U-NOMA, and U-RSMA
schemes in OMA and NOMA scenarios for « € (0, ..., 1}, Ty =20 dB,
I = 10dB, eJOMA — 10-5, (U-NOMA _ U-RSMA _ 5 5 10-6, ¢ = 1073,

ay=1,F=8(Fy=Fg=4inOMA),S =5,and ny =2.
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FIGURE 4. URLLC per-user-rate under U-RSMA in OMA and NOMA slicing
fora €{0,...,1), [y =20dB, T'g = 10 dB, 53'0""“ =105,
€UNOMA _ U-RSMA _ 54 106, ¢5 =103, ay =1,F =8 (Fy =Fg =4 in
OMA), S =5, and ny = 2.

per-user rate for 'y € {0, ..., 20} dB. Comparing U-RSMA
and U-NOMA sum-rates in Figs. 5(a) and 5(b), we see that
the former is capable of operating with less performance
degradation as the SNR increases, due to the fact that it
is capable of handling the interference better, while the
latter saturates as the SIC procedure fails to eliminate the
interference.

From Fig. 6, considering the case of NOMA slicing,
we conclude that U-OMA needs more bandwidth to outper-
form other methods, which is a limiting factor. Moreover,
U-RSMA is the better choice for smaller chunks of spectrum,
resulting in higher spectral efficiency since we can transmit
more data with less bandwidth. In OMA, U-RSMA is better
than other methods in all the evaluated range.
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ay =1,F =8 (Fy = Fg =4in OMA), S =5, ny = 2, and optimized «.

3.5 ; ; ‘ ‘ ‘
——OMA U-OMA A
3 | |——OMA U-NOmMA R
——OMA U-RSMA .’
- ¢ -NOMA U-OMA A
___2.57|-%-NOMA U-NOMA -z
o - # -NOMA U-RSMA
= L
& 2
=157
=l
057
L=t
0 1 1 1

2 4 6 8 10 12
Number of channels (F')

FIGURE 6. URLLC sum-rate under U-OMA, U-NOMA, and U-RSMA
schemes in OMA and NOMA scenario for F € {1, ..., 12}, [y = 20 dB,
Tg =10 dB, e[ OMA = 105, ¢"NOMA _ (U-RSMA — 5 106, ¢ = 1073,

ay =1,S =5, ny =2, and optimized «.

V. FINAL COMMENTS

In this paper, we considered the problem of radio resource
slicing between eMBB and multiple URLLC devices.
We evaluated the sum-rate performance of three multiple
access methods for URLLC, namely U-OMA, U-NOMA,
and U-RSMA, when operating under both OMA and NOMA
network slicing strategies. Our results show that U-RSMA
is capable of achieving higher rates when the power split-
ting factor is properly configured, even with strict reliabil-
ity requirements. Moreover, we show that non-orthogonal
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network slicing is capable of reaching the highest pair of rates
for URLLC and eMBB simultaneously. This leads us to show
another interesting scenario in which combining U-RSMA
and NOMA is a powerful tool for attending 6G demands.
The practical implementation of RSMA is still evolving, how-
ever, for our scenario, limiting the number of users in each
mini-slotis a good strategy to reduce the decoding complexity
and delay. Also, it is necessary to add a few bits of informa-
tion in the message intended to the user that splits its data,
sent in the synchronization slot to set the power allocation
factor based on the average SNR. As some future research
topics, the impact of imperfect CSI and applying rate-splitting
among users of different services could be investigated.
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