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Abstract—This paper investigates an unconventional super-
position scheme, i.e., rate-splitting multiple access (RSMA) to
maximize the overall user fairness and high system performance
gain for ultra-reliable low-latency communication (URLLC),
enhanced mobile-broadband (eMBB) traffic coexistence in uplink
scenarios. In particular, we focus on maximizing the worst-
case performance of uplink eMBB and URLLC users when
multiplexed in a given resource block using an effective rate-
splitting approach among multiple sub-messages. Subsequently,
a multi-objective optimization problem (MOOP) is formulated
to jointly maximize the worst-case rate and minimize the worst-
case packet-error probability (PEP) for eMBB and URLLC
users, respectively, using effective power splitting and successive
interference cancellation (SIC) decoding of the sub-messages. To
solve the non-convexity of the formulated MOOP, we adopt a
priori articulation scheme combined with the weighted product
approach to transforming the MOOP into a single objective opti-
mization problem (SOOP) and later, solve it using a low complex
differential evolution (DE)-based meta-heuristic algorithm. We
derive an optimal decoding strategy for sub-messages to ensure
better user fairness among eMBB-URLLC traffic. Numerical
simulations demonstrate the superiority of the considered RSMA -
based superposition for hybrid eMBB-URLLC traffic over con-
ventional slicing and superposition techniques. Moreover, the
adopted weighted product method-based DE algorithm outper-
forms the state-of-art solutions.

Index Terms—Rate-splitting (RS), uplink (UL) communication,
enhanced mobile broadband (eMBB) and ultra-reliable low-
latency communication (URLLC) traffic multiplexing, worst-case
performance maximization.
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UTURE wireless networks are expected to bring a new

paradigm of services beyond the capabilities of existing
cellular architecture such as ultra-reliable low-latency com-
munication (URLLC), enhanced mobile-broadband (eMBB)
and massive-machine type communication (mMTC) [1]], [2].
In general, the URLLC services render short packet for low
data rate and emphasize low latency (e.g., below Imsec)
communication with low packet error probability (PEP) (e.g.,
below 10‘6) constraints. On the contrary, eMBB services aim
to capture high data rates up to 10 Gbps while relaxing latency
and reliability constraints. The hybrid framework architectures
involving the coexistence of these services, generally termed
as multiplexing/ super-positioning, have gained significant re-
search interest in the past few years as they cater to the quality
of services (QoS) of heterogeneous traffic in terms of rate,
latency, and reliability [2]—[5]. Nonetheless, the proliferation
of heterogeneous traffic and the inevitable requirements of
ultra-high spectral efficiency and reliability along with optimal
user fairness brings formidable challenges for integrated cater-
ing of eMBB and URLLC traffic in next-generation wireless
networks.

The most straightforward multiplexing approach involves
orthogonal resource slicing which allocates distinct radio
resources to each eMBB and URLLC user [2]. However,
the inherited sporadic transmission characteristics of URLLC
users may lead to wasteful spectral utilization in orthogonal
slicing for a long duration and thus leads to poor spectral
efficiency. As per 3GPP specifications, the fifth-generation
new radio (5G-NR) accommodates pre-emptive or punctur-
ing multiplexing which halts the current eMBB operation
for short time duration and schedules the URLLC services
on top of it [4], [5]. Despite its simplicity, the puncturing
techniques encounter high rate-throughput loss and severe
re-transmission overhead for eMBB users. Another multi-
plexing technique referred to as super-positioning, endeavors
to serve eMBB and URLLC users in the same resource
block (time-frequency) [6]-[9] through power-domain non-
orthogonal multiple access (NOMA) scheme and successive
interference cancellation(SIC) at the receiver. Typically, the
super-positioning schemes significantly rely on effective inter-
user interference management and sometimes may lead to sub-
optimal performance and user fairness due to heavy traffic
conditions. Notably, these schemes do not guarantee to impart
a high degree of freedom (DoF) in performance gain due to
their sub-optimal performance, and thus, they may not be
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considered competent solutions in future wireless networks.
Indeed, it is crucial to depart from the conventional approaches
and pursue a spectral and power-efficient scheme for improved
system performance in hybrid eMBB-URLLC traffic which
constitutes the prime motivation of this work.

As a possible candidate, rate-splitting multiple access
(RSMA) has recently been recognized as a promising solution
due to its efficient spectrum utilization and a larger degree
of freedom (DoF) in uplink (UL) as well as in downlink
(DL) scenarios when compared to NOMA and orthogonal
multiple access (OMA) schemes [[10]—[|12]]. Particularly, the
multi-layer UL RSMA flexibly splits the individual message
of each user into multiple sub-messages and then transmits
them using power-domain super-positioning [13]], [14]. This
unconventional approach of a configurable split in UL RSMA
exploits the available resources and can ensure optimal DoF
for the rate and PEP performance for eMBB and URLLC
traffic without employing time scheduling among users, as
opposed to conventional multiplexing [15]]. Owing to its ad-
vantages of spectral efficiency, high user fairness, and low
latent characteristics [10], [[16], RSMA can be contemplated
as a potential technique to ameliorate performance gain in
hybrid eMBB-URLLC superposition algorithms.

A. Previous Works

The anticipated heterogeneous QoS in 5G-NR and beyond
wireless systems has attracted tremendous research attention
on eMBB-URLLC traffic multiplexing both in academia and
industry [2]-[9], [17]-[24]. These works studied various mul-
tiplexing approaches that focused on the resource allocation
design to improve key performance indicators (KPI)- rate for
eMBB users PEP/latency or availability metrics for URLLC
users. Precisely, they formulate an optimization problem seek-
ing to maximize the performance of one service while fulfilling
the provisions of the other. Many of these works such as [3]-
[S], 122], [23]] concluded that the performance amelioration
for both the services is contradictory and the optimal DoF
captivating a better trade-off between services becomes an
challenging aspect regardless of any multiplexing scheme.

Besides, most recent works [2]], [6]], [7], [21] focused on
spectrum slicing for hybrid OMA-NOMA architectures to
achieve considerable diversity in the rate-throughput and PEP
for eMBB and URLLC traffic, respectively. In general, the per-
formance of NOMA becomes inferior to that of the puncturing
method under high traffic and low channel-gain disparity
conditions i.e., when the channel gains of users are similar
[4]]. Moreover, the fixed decoding order adopted in NOMA
may not facilitate better system performance in asymmetric
channel conditions [25]. An unconventional NOMA with time-
sharing scheme was introduced in recent works [25]—[28]
which resolves the issue of optimal DoF for NOMA espe-
cially in asymmetric channel conditions using time-sharing
or time-scheduling approaches. However, it has issues of
high implementation complexity and time-synchronization due
to multiple time-slot transmission. For more competent hy-
brid traffic multiplexing, a few researchers have proposed to
amalgamate puncturing and super-positioning techniques to

harness their individual advantages [22[]-[24]. Recent works
showcase the merits of RSMA implementations with regard
to high spectral efficiency, complexity, latency, robustness,
reliability and other QoS metrics as compared to conventional
multiple access techniques [11]], [12], [16], [29]—-[33]. There
exist pioneer research works [14]], [34]-[39]] which address the
captious problem of user fairness in UL scenario using RSMA.
Interestingly, the diversified power-splitting in sub-messages
and their optimal SIC decoding at the BS yield peculiar high-
performance characteristics for both multi-layer and single-
layer UL RSMA systems [14], [34]-[37]. For instance, the
authors in [36], [37] showed that the optimal DoF w.r.t. rate
can be attained in one-layer RSMA, and also derived the
closed-form expressions for the outage probabilities for a set
of near-far users. The work in [30] analyzed the superiority
of single-layer RSMA over NOMA w.r.t rate and PEP subject
to given QoS. However, their contribution was limited to only
rate analysis of a two-user uplink URLLC scenario. Motivated
by the benefits of RSMA, the authors in [39] explored the
problem of spectral-efficiency maximization of URLLC users
in presence of eMBB traffic using SIC decoding and resource
slicing, the diverse DoF characteristics for eMBB and URLLC
users w.r.t. rate and PEP were not highlighted. Further, the
authors in [40] studied the different uplink network slicing
techniques based on RSMA, NOMA, and OMA schemes and
showed that one-layer RSMA renders better multiplexing for
all core services due to its adjustable splitting power fraction.
Nevertheless, the authors in [40|] carried out a simplistic two
URLLC and one eMBB user rate analysis. Moreover, the
worst-case performance analysis of the rate-PEP region and
effective power allocation scheme for eMBB and URLLC
for better DoF is quite challenging and remains unaddressed
throughout the literature.

B. Motivations

There exist several challenges associated with multiplexing

eMBB and URLLC traffic such as

1) Latency Considerations: URLLC applications often have
stringent latency requirements, demanding ultra-low la-
tency communication. Multiplexing with eMBB services
can introduce additional latency due to scheduling and
complexities.

2) Interference management: The eMBB and URLLC mul-
tiplexing in the uplink can lead to increased interference
between the two services. URLLC typically requires
stringent latency and reliability, which can be adversely
affected by interference from eMBB traffic.

3) Traffic prioritization: Prioritizing URLLC traffic over
eMBB traffic is necessary to meet the strict latency and
reliability requirements of URLLC traffic. However, this
needs to be done without significantly impacting the
throughput and quality of service (QoS) of eMBB traffic.

4) Multi-user access: The simultaneous transmission of
eMBB and URLLC traffic by multiple users requires
effective multiple access schemes that can ensure reliable
and low-latency communication for both types of traffic.

5) Improved latency-reliability and rate trade-off: This is
because achieving high reliability and low latency often
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requires sacrificing some throughput, while achieving
high throughput may require sacrificing some reliability
or increasing latency.

6) Radio Resource Management: Efficiently managing radio
resources for eMBB and URLLC in the multiplexed
uplink is essential. This includes power control, and
scheduling strategies that optimize the utilization of avail-
able resources while meeting the diverse requirements of
both services.

Notably, orthogonal and puncturing techniques become
more challenging in uplink scenarios due to the low latency
and high spectral performance requirements of heterogeneous
devices. Moreover, the existing super-positioning techniques
such as NOMA rely on sophisticated user-pairing schemes and
may not provide high user fairness. Interestingly, RSMA can
potentially address these technical challenges associated with
multiplexing eMBB and URLLC traffic. RSMA can effectively
manage interference by splitting its original message into
multiple sub-messages. Overall, RSMA-based superposition-
ing can optimize the trade-off between latency, reliability,
and throughput by using adaptive rate splitting without traffic
prioritization. This allows for dynamic adjustment of the
transmission rate between the various sub-messages of the
transmission based on the QoS requirements of the traffic type,
ensuring that the best possible trade-off is achieved between
latency, reliability, and throughput. Despite this, one of the
main challenges in considering an RSMA-enabled eMBB-
URLLC multiplexing is achieving efficient resource allocation,
power control, and optimal decoding order strategy under
specific QoS requirements which serves as a prime motivation
of this work.

C. Contributions

On that account, we consider a two-layer UL RSMA system
for hybrid eMBB-URLLC traffic multiplexing in this paper
and study its effectiveness over conventional multiple access
schemes in terms of worst-case achievable rate and PEP via
effective power allocation and decoding order schemes. In
contrast to previous research contributions, the prime objec-
tive of the considered hybrid eMBB-URLLC model is to
simultaneously maximize the worst-case rate and minimize the
worst-case PEP for eMBB and URLLC users respectively and
thus ensure optimal fairness among them. The main challenge
is to find an optimal point such that it provides the best
trade-off among different performances requirement for eMBB
and URLLC users. Specifically, enhancing the performance
for eMBB users may negatively impact the performance of
URLLC users and vice versa. Consequently, it becomes crucial
to find an optimal solution that strikes the best trade-off
between the different performance requirements of eMBB and
URLLC users. This unique consideration of jointly optimizing
the worst-case rate and worst-case PEP while accounting for
the conflicting performance improvements due to inter user-
interference in our work apart from previous studies in the
field. By finding an optimal point that offers the best trade-
off among the diverse performance requirements of eMBB and
URLLC users, this study introduces a novel approach to tackle

the challenges associated with the simultaneous optimization
of these two critical parameters in a hybrid eMBB-URLLC
scenario under given latency requirement.

To the best of our knowledge, this work represents the first
attempt to address this specific eMBB-URLLC multiplexing
problem. Existing works for eMBB-URLLC multiplexing have
primarily focused on specific aspects such as user scheduling
[5]], spectrum allocation, or individual optimization of either
eMBB user rate or URLLC performance [17], [23[], [41] and
some studies have explored the performance trade-off between
rate and reliability in the context of hybrid eMBB-URLLC
systems [2], [21]. However, our research distinguishes itself
from these existing works by addressing a broader scope.
We go beyond the traditional approaches and consider the
simultaneous optimization of both the worst-case rate for
eMBB users and the worst-case PEP for URLLC users. While
RSMA offers advantages in terms of spectrum utilization and
degrees of freedom, it also introduces challenges in resource
allocation, i.e., power allocation, sub-message decoding, and
computational complexity. This necessitates the development
of advanced algorithmic designs, optimization techniques, and
careful trade-off considerations. Notably, the major novelty of
the proposed work lies not in designing a novel mathematical
optimization framework, but rather in addressing the simul-
taneous maximization of the worst-case rate for eMBB users
and the minimization of the worst-case PEP for URLLC users.
The main contributions of this work are as follows:

1) We investigate a two-layer UL RSMA system for co-
existing eMBB-URLLC traffic, analyzing the achievable
rate-PEP regions under different power allocations and
decoding orders. Our focus is on optimizing power allo-
cation and SIC decoding order to enhance rate-throughput
and reliability fairness while maximizing heterogeneous
QoS for each user via effective management of inter-user
interference.

2) We formulate a MOOP to maximize rate and minimize
PEP for eMBB and URLLC users, respectively, with
optimal power allocation and decoding order. To tackle
the non-convex nature of the MOOP, we relax it into a
single-objective problem (SOOP) using weighted product
method and solve it with a low-complexity differential
evolution-based algorithm.

3) Extensive simulations compare our proposed RSMA sys-
tem with OMA and NOMA schemes, considering various
parameters. Results demonstrate the effectiveness of our
proposed solution over conventional schemes and the
significance of decoding order selection in UL RSMA for
achieving high-reliability, low-latency, and enhanced rate-
throughput characteristics. Furthermore, the simulation
results also show that the adopted weighted product to
solve MOOP method significantly outperforms the other
state-of-art method such as weighted Chebyshev method,
weighted sum method, convex approximation and others.

II. UPLINK RSMA FOR EMBB AND URLLC TRAFFIC
A. Assumptions in the Model and Analysis:

The considered system and the proposed analysis considered
following assumptions:
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1) Our analysis is carried out under the strict assumption
of wideband transmission which is associated with the
mmWave spectrum to counterbalance the path loss ef-
fects. Achieving a completely frequency-flat channel can
be complex, and it is a pertinent factor that may affect
the system’s performance. However, advanced signal pro-
cessing techniques, adaptive modulation and coding, and
sophisticated antenna technologies may be employed to
mitigate the effects of frequency-selective fading; how-
ever, these aspects are not the prime focus of this work.

2) The channel state information (CSI) of all channels
involved is perfectly known at the BS [3]-[6], [40]
and we consider a block fading scenario such that the
channel condition is invariant over one complete sub-
frame transmission time interval. The results in this paper
serve as theoretical performance upper bounds for the
considered system which can provide a benchmark for
the system design under imperfect CSI.

3) For the sake of simplicity, we adopt matched-filter based
beamforming at the BS for uplink transmission owing
to its low-computational complexity. Although this ap-
proach may not be optimal in certain scenarios, such
as high SINR, imperfect CSI estimation, or multi-user
deployment, our main focus is on studying the spectral
performance of the considered system in terms of rate
and URLLC parameters.

4) Further, it is assumed that the BS can decode all the
messages with perfect SIC such that all the sub-messages
are decoded as per the defined decoding order. To validate
the impact of SIC, the results are shown in the simulation
section.

5) We focused on superposition multiplexing for the entire
resource block with bandwidth B and mini time slot
duration 7. Alternatively, the URLLC users are assumed
to be superimposed with eMBB users operating only
for a resource block for duration 7 and with a set of
sub-carriers (or carriers). Without loss of generality, it
is assumed that the single transmission [}| for URLLC
multiplexing is fixed using any contention scheme [44],
[45]].

6) In our analysis, we did not specify a specific modula-
tion scheme due to the flexibility and applicability of
the proposed system across various modulation schemes
compatible with the 6G framework. Instead, our focus
was on evaluating the performance of the system archi-
tecture, particularly in terms of resource allocation and
scheduling within the context of a resource block and
mini-slot framework, independent of modulation scheme
intricacies.

IWhile it is acknowledged that retransmission mechanisms, such as auto-
matic repeat request (ARQ) or others, can potentially enhance PEP [42], we
deliberately exclude them in our study. Our rationale is rooted in the desire
to provide a nuanced exploration of different superposition strategies. The
fixed multiplexing duration allows us to focus on worst-case achievable PEP
under different superpositioning scenarios, contributing valuable insights into
the trade-offs associated with each strategy [43]].

B. System Model

Let us consider a multi-user UL scenario where a set of
K users communicate with a single-antenna BS. We consider
two—layeﬂ multi-user UL RSMA where each user splits its
own message into two parts (sub-messages) and transmits them
to the BS simultaneously i.e., at the same time and in the same
frequency slot [15]. Then, the BS uses SIC to decode the sub-
messages from all the users using a predefined decoding order.

The transmitted signal for any k" user can be given for
two-layer UL RSMA as [34], xx = +/pr1sk1 + \Pr2sk2,
where {si1, sk} is a set of sub-messages of the k" user
such that E[|Sk1|2] = E[lskzlz] = 1 and {Pkl,pkz} are
their corresponding power allocation values. Note that the
total transmitted power of each user is limited to py'™, i.e.,
Pkl + P2 < p‘]'{“ax. So, the total received signal at the BS is
given as

K K 2
y= Zk:l hixp +n = Zk:l hy (ijl ‘/ijskj) +n, (1)

where hy, are the channel gain between BS and k'" user and
n ~ N (0,0?) is a zero-mean complex Gaussian noise received
at the BS with noise power o2

Assuming that the SIC decoding order of sub-messages
at the BS is denoted as the set # = {m; : k € K £
{1,...,K},j € J = {1,2}} in which the first element is
decoded first, the second element is decoded second, and so
on. m; € M £ {l,...,2K} denotes the decoding order of
the sub-message si;. The permutation 7 belongs to the set
II which is the set of all the possible decoding orders of
sub-messages. Particularly, for the sub-message si;, the BS
successfully decodes and eliminates all the sub-messages that
have a lower decoding order than sy ; and treats the remaining
sub-messages as interference (other than si;). So, the signal
to interference-noise-ratio (SINR) for the sub-message si; can
be given as

Ykj(p,m) = |hk|2pkj/ (Z(u eQu |hul? puv + 0], (2)
’ <J

where k € K, j € J and p = {pi;} and Qy; is a set of all the
sub-messages which have greater decoding order than sy i.e.,
Qij = {(u, V) My > nkj}. In other words, the sub-messages
from the set Q; becomes IUI for sub-message s ;.

The maximum achievable rate for finite block-length coding
can be approximately given as [46]

_ L %

B Vi) Q7" (ex;)
= 5" x )

kB log,2

'k 10g2 (1+’)/kj) - . (3)

j=1

where k € K, V(yr;) 2 1-(1+ ykj)’2 is the dispersion pa-
rameter, Ly indicates the number of intended transmitted bits
for short-packet communication, Ty is the packet-transmission
time of the k'™ user, B is the transmission bandwidth and
€x; is PEP for the k' h UL user. In practice, the block-length
size and minimum required PEP vary for eMBB and URLLC
devices.

2For multi-layer RSMA, when the transmitted signal is divided into two
sub-messages, then the adopted system is called as two-layer RSMA.
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C. eMBB Traffic

Let us consider that all users in the given network are
eMBB devices. The maximum achievable rate expression for
k' eMBB user can be given ag)|

2
i “N'ijl log, (1+7yx;), Yk € K, 4)

The following lemma illustrates the criterion to achieve max-
imum achievable rate in the considered multiple access chan-
nel.

Lemma 1: Each eMBB user should operate at maximum
transmit power budget to achieve maximum rate capacity (i.e.,
maximum sum-rate) in two-layer UL RSMA irrespective of
any decoding order scheme.

Proof: Refer to Appendix [A] [ ]
RSMA and NOMA both achieve high sum-rate [34], however,
RSMA captivates the benefit of higher user fairness better as
compared to NOMA. In order to validate this, we consider
a two-user UL scenario and determine the rate-tuple for all
possible power allocation and decoding orders of the sub-
messages under given channel conditions as shown in Fig.
The region OAPRQBO corresponds to the rate region
of RSMAH The yellow region represent the rate tuples with
pi+pn< p‘lnax and pj1 + p2 < p‘znax, while the, blue lines
represent pi1 + pi2 = pi™ and pa1 + pan = py'™*. Besides, the
regions OAPP’O, OQ’QBO, and OABO are the rate region for
NOMA with user-2 decoded first, NOMA with user-1 decoded
first, and OMA, respectively. Clearly, the NOMA and OMA
are subsets of RSMA and it also validates Lemma [T] as stated
previously.

Interestingly, the variation of decoding order and power
allocation to sub-messages allows RSMA to select the rate
tuple on line segment PQ. On the other hand, NOMA can
achieve only P and Q when user-2 is decoded first and second,
respectively. The following theorem illustrates the optimal
decoding order scheme for the two-layer RSMA scheme for
enhanced user fairness and sum rate.

Theorem 1: The maximum worst-case rate between any
paiIE] of eMBB users k and k’ in multi-user scenario when
decoded successively can be achieved in two-layer UL RSMA
using the following decoding order scheme

7 ={(x1,1+x21 > x12>x22) : |hy| > |hal}, 5

subject to the maximum transmit power operation of each user.
Defining m = {(xg'1 » X2 » Xk1 » Xk2), k # k’} as the subset
of decoding orders which does not belong to 7, i.e., 7 = I1/7.

3Without loss of generality, it is assumed that eMBB users implement long
packet communication (with transmission time 7; > 10 msec ) and with
low reliability (with PEP > 1072 ). Hence, we neglect infinite block-length
transmission scheme by neglecting the reliability term i.e., second term from
achievable rate expression (3).

4The complete shaded regions (yellow +blue) indicate the performance
region of RSMA

5 Based on Theorem 1 and its proof in Appendix B, the decoding order
for a multi-user scenario can be given as

ﬁ:{(xl,l%nglﬁ ...%XK,I%xl,zéngz)...%xng1
|il > [ha| > -+ > |hk |}

Proof: Refer to Appendix [ |
In Fig. R corresponds to optimal point for given channel
condition and decoding order xi; » xp1 » X132 > X With power
allocation p} and p’ and this validates Theorem

D. URLLC Traffic

Next, we consider a URLLC traffic scenario where all the
devices implement short-packet transmission and analyze the
PEP region for the two-layer RSMA system. In particular, the
sub-message of each user is divided into short-packets with
fixed coding rate and then the BS decodes all the messages
using perfect SIC. We fix the achievable coding rate for each
user by fixing the URLLC packet parameters, i.e., Ty and Ly,
and then determine the minimum achievable PEP for each user
under all possible decoding order and power allocation [47].
So, the minimum achievable PEP for k" user under fixed
coding rate can be formulated by rearranging (3) as [48]

\VTBlog, 2( 3:1 log, (1+vyxj) — TLk—’;})
VV(vij)

Fig. [TD] illustrates the achievable PEP region for two-layer
UL RSMA in UL scenario which is determined using all possi-
ble power allocation and decoding orders of the sub-messages
under given channel conditions. The region OAPRQBO in
Fig. [Tb] corresponds to the PEP region of RSMA in which
the yellow shaded portion represents pii + p12 < p"™* and
p21 + pn < p3™, while the blue shaded portion represents
pr1+pi2= prl“ax and po1 + py = p‘zna". The regions OAPP’O,
0OQ’QBO and OABO are the PEP region for NOMA with
user-2 decoded first, NOMA user-1 decoded first and OMA,
respectively. Thus, NOMA and OMA are subsets of RSMA
and RSMA therefore outperforms NOMA and OMA in terms
of minimum achievable PEP.

Also, the variation in selection of decoding order and power
allocation of sub-messages allows RSMA to select the PEP
on the curve PQ, while, the NOMA can achieve only P
and Q. We provide the following theorem to illustrate the
optimal decoding order scheme for two-layer RSMA scheme
to achieve minimum worst-case PEP in URLLC traffic.

Theorem 2: The minimized worst-case PEP among the pair
of URLLC users k and k’ can be achieved w.r.t. PEP using 7
as defined in (5) when compared to r decoding order scheme
subject to maximum transmit power operation of each user.

Proof: Refer Appendix [ |
In Fig. [Tl R corresponds to the optimal point which attains
the minimum worst-case PEP for given channel conditions and
decoding order x11 + x21 » X12 » X2 with power allocation pj
and p3 ( this validates Theorem .

U _
€ =2

(6)

III. SYSTEM MODEL: UPLINK RSMA FOR HYBRID
EMBB-URLLC TRAFFIC

Here, we extend our analysis for the more practical sce-
nario of hybrid eMBB-URLLC traffic scenario where there
exists K, eMBB and K,, URLLC single-antenna users which
simultaneously communicate with a multi-antenna BS using
two-layer UL RSMA. Let us denote K, = {1,2,...,K.} and
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Fig. 1: Achievable rate/PEP region for two-layer UL when
|hi|*/o? = 11.14 dB, |hy|*/o? = 10.79 dB, p™™ = phax = |
W.

K, ={K.+1,K.+2,...,K.+K,}, as the set of eMBB and
URLLC users, respectively, such that K £ K, + K,.

Remark 1: In practice, acquiring accurate and timely CSI
for URLLC communication poses challenges due to factors
such as sporadic traffic, fast-changing channel conditions, and
the stringent latency requirements of URLLC applications. For
CSI estimation for URLLC users, one practical scenario in-
volves the use of periodic channel measurements during idle or
low-traffic periods with pilot signal transmission and sounding
reference signals. However, this periodic estimation may not
capture instantaneous variations in channel conditions during
high-traffic or sporadic URLLC communication. Furthermore,
the concept of ”semi-persistent” scheduling can be considered,
where certain resources are allocated persistently for URLLC
communication. This ensures that even during periods of in-
termittent traffic, resources are available for sporadic URLLC
transmissions. It is crucial to acknowledge that our assumption
of perfect CSI is an idealization for analytical tractability, and
we recognize that real-world implementations would need to
incorporate sophisticated CSI acquisition strategies. We intend
to include a discussion on the imperfect CSI and highlight
its impact on the eMBB and URLLC user fairness in the
simulation results.

The SINR at the &’ user in hybrid eMBB-URLLC traffic
can be re-expressedas

2
1]l P
2 amear MallPart) ey el Ppea+e
TUI from K, IUI from K,

)

where k € K, UK,,j € J and Qij and Q,‘:j are the set of
all the sub-messages from the users belonging to K, and K,
respectively, which have greater decoding order than sy ;. The
rate and PEP expressions for eMBB and URLLC users are

obtained in (3) and (6)), respectively.

We now analyze the rate-PEP region of two-layer UL
RSMA for hybrid eMBB-URLLC traffic with one eMBB
and one URLLC user. Figlld| illustrates the rate-PEP region
when user-1 is URLLC and user-2 is eMBB, while, Fig. [Id|
illustrate the vice-versa scenario. For both scenarios, the blue
shaded-region which corresponds to full power allocation i.e.,
Pkl + pr2 < pr,:‘ax possesses better rate-PEP characterstics
for eMBB-URLLC traffic than the yellow shaded region (i.e.,
Pr1+ pr2 < p™). Hence, the user in hybrid eMBB-URLLC
should operate with maximum power-budget to maintain rate
and PEP fariness among eMBB and URLLC traffics, respec-
tively. OAPP’O rate-PEP region is achieved with NOMA when
the message of user 2 is decoded first. Similarly, OQ’QBO and
OABO are the rate-PEP regions with NOMA user-1 decoded
first and OMA, respectively. Specifically, NOMA and OMA
are subsets of RSMA in terms of rate-PEP region and RSMA
outperforms NOMA and OMA in terms of achievable rate-PEP
region. Moreover, the variation in selection of decoding order
and power allocation of sub-messages allows RSMA to select
the rate-PEP on the curve PQ, while NOMA can achieve only
P and Q. Conclusively, this induces the following theorem for
decoding order to maximize worst-case performance for hybrid
eMBB-URLLC traffic using the two-layer RSMA scheme.

Theorem 3: The optimal user fairness point between a pair
of eMBB and URLLC users which corresponds to a better
trade-off point for maximized worst-case rate and minimized
worst-case PEP among eMBB and URLLC, respectively, in
two-layer RSMA can be achieved using & decoding order
as defined in () subject to the maximum transmit power
operation of each user.

Proof: Refer Appendix [D] [ |

IV. PROBLEM FORMULATION: FAIRNESS MAXIMIZATION

Generally, the URLLC system either focuses on latency
minimization under fixed packet-error probability (PEP) or
PEP minimization under latency minimization. Nevertheless,
few works also focussed on the joint optimization of la-
tency and PEP [49]. Primarily, minimization of both latency
and PEP simultaneously for given rate requirements is quite
contradictory as minimizing latency will increase PEP for
given rate QoS requirements and vice versa. So, their joint
minimization is impractical and there will always exist trade-
offs in their joint minimization which may not be beneficial in
many scenarios. For instance, let us consider a smart factory
scenario, where a large number of sensors and machines are
deployed to monitor and control the production process. These
devices generate a massive amount of data, which needs to be
transmitted to the central control unit with high reliability at
a given specific interval.

The prime objective of the considered hybrid eMBB-
URLLC model is to simultaneously maximize the worst-
case rate and minimize the worst-case PEP for eMBB and
URLLC users respectively and thus ensure optimal fairness
among them. Since all the users adopt two-layer RSMA, the
performance amelioration for both sets of eMBB and URLLC
users conflict with each other due to IUIL. To this end, a
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optimization problem of worst-case performance maximization
of eMBB-URLLC can be formulated as the following MOOP:

O1) : max min rel p,.

( ) p. k€'17(e{ ( )}
02) :min max {€Y. , T

( ) 1 = { kj (P )}

st. (Cly:rf>r Vk e K.,
(C2): e,':j <™, Vk € Ky,
(C3):0 < pr1+pr2 < p™.Vk e K,

(C4) : el 3

where p = {pr1, pr2} is a set of power allocation values for all
the sub-messages, r} is the rate for the k'™ eMBB user and E/?j

is the PEP for the k' eMBB user which are expressed as (3)
and (6], respectively. The objective functions (O1) corresponds
to worst-case rate maximization for eMBB users, while (02)
corresponds to worst-case PEP minimization for URLLC users
and the constraints (C1) and (C2) impose minimum QoS con-
straint for each eMBB and URLLC users with minimum rate
threshold r" and maximum PEP threshold e, respectively.
Besides, the constraint (C3) is the power allocation constraint
for the sub-messages of any k’”* user and the constraints (C4)
restricts the decoding order of sub-messages into the set of
optimal decoding order 7.

Remark 2: We utilize max-min (or min-max) i.e., worst-case
performance maximization as the definition of user fairnes{]
among eMBB and URLLC fairness. While not a traditional
fairness index, worst-case performance maximization can be
applied to ensure that different features (or users) are on a
similar scale, preventing one from dominating the others. Most
commonly adopted proportion fairness maximization, which is
generally considered for eMBB rate fairness [3[], [52], may
not be suitable when there are inherent trade-offs between
the performance metrics of eMBB and URLLC users. On the
other hand, worst-case rate maximization allows for a more
flexible approach that considers the specific needs of each user
type, addressing the heterogeneity in performance requirement
which has been highlighted in the simulation section.

Remark 3: Remarkably, our analytical approach extends
to scenarios focused on worst-case latency minimization and
worst-case rate maximization for URLLC and eMBB users,
respectively [55]. In such instances, the analysis aligns with
grant-free URLLC and eMBB multiplexing, emphasizing the
minimization of time-slot duration to facilitate uplink eMBB-
URLLC transmission with minimal latency. However, it’s im-
portant to note that the exploration of this intriguing problem
is deferred to future research endeavors.

A. Feasibility Condition of the problem (8)

The feasibility condition for the optimization problem in ()
is discussed as follows.

SDifferent fairness indices, such as Jain’s fairness index [50], entropy-based
index (Theil index, and the Atkinson index) [51]], max-min fairness [14],
[48], [52], proportional fairness [3]], [53]], [54], Gini coefficient, etc, provide
quantitative measures to assess the fairness of resource allocation among users
for different scenarios. Overall, user fairness is a broad concept, and the
choice of a specific fairness index depends on the context of the problem,
the characteristics of the users, and the goals of the system.

Lemma 2: The problem in (B) is feasible only if the
maximum transmit power budget for any k" user (eMBB or
URLLC) in hybrid eMBB-URLLC traffic satisfies

(qum»in — 1) Z(lef’:kn qlt?/in) o2

max > (9)
k
|| hil?
min rzlin, ke %e, (10)
9 = Y=min o Ly , (2loge) O("*)
Ekj = ﬁ-'-T’k E?(M,
Proof: See Appendix [E] [ |

However, the MOOP in (§) is non-convex in nature as the
decoding order constraint and strong coupling of power al-
location in SINR expressions makes the problem of mixed-
integer non-linear programming (MINLP). Consequently, the
formulated MOOP in (B]) is hard to solve and moreover, there
exist no standard methods to solve it.

V. PROPOSED SOLUTION

To tackle the multi-objective problem in (§), we first
transform it into an equivalent single objective optimization
problem (SOOP) using the weighted-product method [56]] and
later, the SOOP is solved using the differential evolution (DE)
algorithm with given decoding order scheme.

A. Problem Transformation

First, we transform the minimization of PEP into an equiva-
lent maximization problem. Since the Q-function is monotonic
decreasing function, the worst-case minimization of PEP for
any k' user corresponds to the worst-case maximization of
the g such that

i (p.7) =07 (¢f))
VI B(log, 2) (Z?:l log, (1 +7ks) = 7{Z_k3)

VV (vkj)

While considering the maximum power allocation constraint
to satisfy the feasibility conditions in (9) and (I0), we refor-
mulate the MOOP in (8) as follows

(01) tmax krrelgpe{ri (p,m)}
(02) +max kngl}g {g% (p,m)}
st (C3),(C4). (1)

such that the p"™* is lower bounded as (9) and which
satisfy (C1) and (C2).

Now, the MOOP in (TI) can be approximated as SOOP
using weighted-product method [56] as

(C~)) :max U, = R“’Q('*“’)
p.T

st (C3),(C4), (12)

where R = mingeg, {rr}, Q = mingex, {gr} w is a posi-
tive weighing coefficient that takes values between 0 and 1
(0 < w < 1). A large value of w (i.e., w > 0.5) will prioritize
the maximization of worst-case rate for eMBB users first,
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while w < 0.5 will prioritize worst-case PEP minimization for
URLLC users. Here, we fix w and then determine the optimal
power allocation and decoding order.

Remark 4: A most common method in prior preferences

approach is weighted sum method in which transferring
MOOQP into a SOOP is accomplished by pre-multiplying
each objective owing to its simplicity. A generic variant of
the weighted sum method is the weighted product method.
The weighted product method is often used for min-max
optimization problems, where in the minimization (maximiza-
tion) strategy objectives to be maximized (minimized) as a
composite function [56]. Due to the distinct characteristics
of objectives in terms of rate and reliability in the problem
(TI), both, weighted Chebyshev method and weighted sum
method may not be the right choice for MOOP transformation.
In particular, both weighted Chebyshev method and weighted
sum method may not be suitable when the objective functions
are inherently distinct and do not have a meaningful common
scale or unit. In such cases, normalizing the objectives and
comparing them using weights can lead to misleading results
or incorrect trade-off assessments.
Following Theorem [3] we set the power allocation of each
user to its maximum transmit power as px1+pi2 = pp, ¥k €
K and select a decoding order m# € & which guarantees the
maximization of the worst-case rate-PEP performance. So, the
SOOP in (I2) can be further approximated as

(0) :max U, = R®QU~®)
a,m

st (C3):ag < p™ Vk e K,

(Cd :7ex, (13)
where ay is the power allocation coefficient for the first sub-
message of k' user and it signifies that py; = ax, prr =
pglax — .

The definition of Pareto optimality for the considered re-
source allocation for the problem (8) can be given as follows

Definition 1: An action profile , A* £ {p*, #*} which corre-
sponds to set of distinct solution of decoding orders and power
allocation, is set to be Pareto optimal if and only if there exist
no other action profile, say A = {p,x}, which gives better
rate and reliability fairness, i.e., U, (p*,n*) > U, (p, ).
In words, an action profile (or resource allocation) is Pareto
optimal if there exists no other action profile that makes
the performance of eMBB and URLLC users better without
making the other users’ performance worse. Basically, the
Pareto front describes the set of efficient potential operating
points, while the network designer is responsible for selecting
the point that seems more appropriate for fulfilling the network
requirements.

Lemma 3: Following from Theorem 3, the decoding order
7 attains a set of Pareto-optimal front for the MOOP in (B)
subject to the maximum transmit power operation of each user.

The bi-level optimization problem in (I3) is still non-convex
due to decoding order constraint. Primarily, any decoding order
scheme among 7 can achieve the optimal solution for the
problem in . Nevertheless, the power allocation for the
sub-messages will be different for different decoding orders.
Hence, we solve only the power allocation problem under any

given decoding order among m. However, the optimal power
allocation policy is imperative to attain better performance
gain for both the sets of eMBB and URLLC users.

B. Differential Evolution (DE) based Power Allocation

To solve the problem in (I3]), we propose a low-complexity
DE-based meta-heuristic search algorithrr[] to attain optimal
power allocation for all users under given decoding order from
the decoding order set 7, as defined in @) In particular, the
DE algorithm is an effective population-based meta-heuristic
search algorithm that globally optimizes a problem over con-
tinuous spaces [58]], [[59]. It provides robust evolutionary pro-
cess which aims to improve a candidate solution (population)
in iterative manner under given quality of measure.

Let PO 2 {oU:D ¢ ={1,...,Np}} indicate a population,
i.e., ( a set of Np individuals) at the i'* iteration (generation)
where a*?) is the index of the ' individual. Initially, the
population with Np number of power allocation coefficient
for each user is randomly selected under the condition (C3)
and later each individual is evolved using differential mutation.
The complete procedure is described as follows:

Firstly, we select any two random individual ") and
") from the given population at the i’" iteration and
generate the difference vector a(">"") —@ (%) Unlike the classic
DE algorithm, we avoid degenerate combinations by ensuring
a distinct selection of individuals ¢ # t; # t,. Further, a mutant
solution ") is produced by applying the scaled difference
vector to the base vector. Instead of randomly choosing the
base vector, we generate the base vector anywhere on the line
segment between ") and @“*"). where @""*") indicates the
best point in the given population at the i/ iteration. Overall,
the mutant solution can be expressed as

al) = o 45, (14)

§=¢(a) -0+ (s (a1 — o)), (5)
£ €[0,1] and s ~ N (s,,02Ik), and s € RK is the scaling
parameter modeled as multi-variable Gaussian random vari-
able with mean s and covariance o-2I . Note that the scaling
parameter is dynamically selectecﬁzl such that it performs a
search operation with diverse set of possible mutant solution,
and thus reduces the possibility of local convergence of the
algorithm.

Now, the offspring population results are obtained using
discrete combination operation between the current population

"The evolutionary algorithms are primarily utilized in situations when other
usual methods fail to find the optimized state. For instance the commonly used
gradient methods in convex approximation usually do not provide the global
minimum when the cost function has a lot of local minima. In these cases
the gradient methods are prone to converge to a local minimum and their
result strongly depends on the choice of the starting point [57]. Moreover, the
evolutionary algorithms excel at exploring a wide range of possible solutions.

8The spatial distribution of population varies with utility function which
also vary the orientation and sizes of difference vector. The large scaling
function may degrade the convergence and optimality [60]. Hence, for the
scaling variable s, the mean value s, must be small to restrict large changes
(alignment) in the angle of difference vector.
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P’ and mutant population P! < {@),r={1,...,Np}} such
that the

o J@E K=k or U(0,1) < €
ak =

= . 16
{a,({”t), otherwise (16)

where k;, € K is the random index which ensures that at
least one of the decision variable inherits from the mutants
and C € [0, 1] is controlling parameter which controls the
fraction of decision variables to be updated using mutant
variables. Alternatively, in the first iterations of the algorithm,
the controlling parameter C = 1, which enables a higher degree
of exploration of the solution space by allowing the mutant
solutions to prevail in the test population. As the algorithm
progresses C is reduced, at a rate p, to enhance exploitation,
favoring a more local search.

Finally, the utility function, U, is evaluated for each
variable under given weight w and the condition that i.e., the
problem in is feasible and the constraints (C1) and (C2)
are satisfied. And, the individual for the next generation are
determined as

QD) = a’ U, (@) > U, (a®")

oy 7

otherwise

For each iteration, the best value among all the population,
defined as a’*, is selected such that it provides maximum
utility function. This process continues for maximum N;
iteration or until is convergence is achieved (when there is
no improvement in the evaluation function within certain
toleranceﬂf or there is no improvement in the utility function
over N; generations). Algorithm |I| summarizes the proposed
DE-based power allocation scheme.

C. Computational Complexity and Global Convergence Anal-
ysis of Algorithm 1

To assess the computational complexity, we can consider
the number of arithmetic operations executed by the DE
algorithm. In our case, the DE algorithm performs a total of
4K2N p +12KN,, + 3 arithmetic operations for N; iterations,
assuming that the algorithm converges within a maximum of
Ny iterations. Therefore, the worst-case computational com-
plexity of the DE algorithm can be expressed as

) (N, (4K2Np +12KN, + 3)) , (18)
where N, denotes the population size.

Notably, guaranteeing the optimality of the DE algorithm
is challenging because it is a stochastic, population-based
meta-heuristic that aims to find good solutions but does not
provide guarantees of finding the globally optimal solution.
The major reasons of sub-optimality of DE algorithms are
local search, exploration-exploitation trade-off, parameter se-
lection, and problem dependency [61]]. However, the proposed
DE algorithm involves significant modifications of classic
DE algorithm w.r.t. stopping criteria, scaling/tuning paremeter

9Based on the numerical simulations, a tolerance value of & = 1075
was identified as providing better resolution for fine-tuning the convergence
criterion. Note that the appropriate value of & may vary depending on the
problem characteristics and the desired level of convergence accuracy.

Algorithm 1 pE algorithm for Power Allocation

1: Input: N7, Ny, &,C, so,Np,p,chz, and Initialize: i =0, =0
2: while()max (a(i”*) - a<i’(’_1)*))) > §) && (i < Np) && (j < Nj)
0

Determine the best value among the current population, 1)
for r=1to Np do

3
4
5: Choose scaling parameter s ~ N (sg, o-SZI K)
6
7
8

Calculate mutants @) using and
while @) does not satisfy constraint (C3) do

: s =0.15,
9: Calculate mutants @*-*) using ([4) and (T3)
10: end while
11: Choose any random index k; € K
12: Determine the offspring ali-n) using (I6) an calculate the

next
generation 1) using (T7)

13:  end for
14: i=i+1
15:  if ((i %100) == 0) then C = pC
16:  end if

17:if (j 2 0.5N;) then C = 1.1C

18- if (C> 1)then C=C

19: end if

20: end if

21:  if {{max (a("’*) —a("(”l)*))| < f) then j=j+1
22:  end if

23: end while

24: Output: o)

and mutant generations which improve the overall likelihood
of achieving near global optimal point for DE algorithm.
Primarily, the convergence analysis of the DE algorithm can
be conducted using theoretical analysis, empirical evaluation,
or a combination of both approaches. In the case of the
proposed DE algorithm, its convergence can be established
by drawing parallels with the proof presented in [57, see
Theoreem 6.1]. This provides a theoretical foundation for
understanding the convergence behavior of the DE algorithm
and its ability to reach a satisfactory solution. The empirical
evaluation, on the other hand, entails running the algorithm
on various problem instances and analyzing its convergence
behavior based on predefined convergence criteria. To assess
the optimality gap of the DE algorithm, the most prominent
way is to compare the obtained solution’s objective function
value to known or benchmark solutions such as brute-force
search (BFS) algorithm as explained shortly.

VI. NUMERICAL SIMULATION AND DISCUSSION

This section examines the performance behaviour of the pro-
posed two-layer UL RSMA system over conventional schemes
through extensive computer simulations. The simulation re-
sults are averaged over 2000 Monte-Carlo simulations.

A. Parameter Settings

For simulation scenario, we uniformly deploy K, = 3 eMBB
and K, = 3 URLLC users in 100 x 100 m? region and fix
the position of BS at the origin, i.e., [0,0]m. We adopted
UMi-Street Canyon path loss model such that PL(dB) =
32.4+20log;, f- +31.91og,, d, where PL(dB) represents the
path loss in decibels, f. is the carrier frequency, and d is the
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distance between the communicating nodes. We consider the
carrier frequency to be transmitted at the 28 GHz mmWave
band with bandwidth of B = 1Ghz. To account for small-
scale fading, we consider all channels as Rician distributed due
to the presence of both LOS and NLOS components. Thus,

the channels are expressed as G = K;frlGL + #GN,
where ky = 10 is the Rician factor, G = 1 is the LOS

component and G is the NLOS component that follows
Rayleigh distribution with parameter £ = 1. The elements of G
are multiplied by the square root of distance-dependent path-
loss model. The noise power o2 is set to —100 dBm. The
maximum transmit UL powe for all eMBB and URLLC
users is set as p"™* = pi¥ = ... = pp¥ = pM¥ = 1 W,
The decoding order is set as & € . The URLLC parameters,
i.e., transmission time and rate of each URLLC user are set as
Ty =Tx =T =5 usec and Ly = L = 40 bits, where k € K,,.
For the DE algorithm, we set number of populations N, = 20,
maximum controlling parameter C = 1, controlling parameter
decrease rate p = 0.9, arithmetic recombination factor £ = 0.5,
nominal value of scaling s, = 0.5, maximum number of DE
generations Ny = 10000, maximum number of generations
without improvement Ny = 1000, tolerance & = 10~5 and
variance for scaling o2 = 0.5.

B. Baseline Schemes

We have considered following baseline schemes as the
performance benchmarks for the comparative analysis with
our weighted product method (WPM) based proposed DE
algorithm for RSMA aided eMBB-URLLC system:

1) Proposed Solution (WSM): Here, we implement a
weighted sum-method based MOOP transformation and
adopt our proposed DE algorithm for power allocation in
considered eMBB-URLLC UL RSMA system:

2) Proposed Solution (WCM): Here, we implement a
weighted Chebyshev-method (WCM) based MOOP trans-
formation and adopt our proposed DE algorithm for
power allocation in considered system. The WCM is
often utilize to solve the pareto-optimal problems [63].

3) Convex Approximation (WCM): Here, we implement a
weighted Chebyshev-method based MOOP transforma-
tion and adopt equivalent convex relaxation approach
for power allocation in considered system. The detail
derivation of this schemes is provided in Appendix [F]
The methods to solve MOOP other than except WCM
does not make the problem to be solve the MOOP [63]].
Hence, to solve the MOOP using conventional method,
we use WCM

4) NOMA: This scheme compares a counterpart NOMA
based superposition for eMBB-URLLC system and
weighted product method based proposed DE algorithm
based power allocation. The RSMA with decoding order

10 The elevated transmission power in mmWave communication is often a
result of the need to overcome higher propagation losses, leverage directional
antennas, and ensure reliable links in challenging propagation environments.
The specifications for mmWave transmission power are subject to ongoing
research, standardization efforts, and regulatory considerations in the evolving
landscape of wireless communication technologies [62].

m € m attains performance equivalent to NOMA as
discussed earlier.

5) OMA: This scheme compares a counterpart OMA based
slicing for eMBB-URLLC system and weighted product
method based proposed DE algorithm-based power al-
location. Here, we consider that each user is operating
under fixed and uniform bandwidth (B/K).

6) Proposed Solution (PF+WSM): In particular, we compare
the widely adopted proportion fairness [53]] maximization
with the considered worst-case maximization with under
weighted sum approach.

We perform a thorough evaluation and provide detailed com-
parisons with these baselines to enhance the robustness and
credibility of the considered RSMA-based hybrid eMBB-
URLLC system and the proposed solution.

C. Convergence and Optimality Analysis

Firstly, we examine the convergence behaviour and opti-
mality of the proposed DE algorithm for power allocation as
shown in Fig. 2a] We illustrate the convergence behaviour
of the weighted product method based DE algorithm for
w=0,w =1 and w = 0.5 which corresponds to the scenarios
of performance maximization for eMBB traffic only, URLLC
traffic only and hybrid eMBB-URLLC traffic, respectively.
We analyze the utility function w.r.t. varying number of
generations (iterations) for DE algorithm. Fig. [2a] validates
the fast convergence of the proposed DE algorithm to a global
stationary point which corresponds to the solution achieved by
brute-force search (BFS) scheme. BES executes K5 search

operations and it complexity cost, O (Ksmax) rises exponen-

tially with increase in users where S™* is the sample size
for search operation. Although, the worst-case computational
complexity for the proposed algorithm depends upon the
popularization size, it computational cost is significantly lower
than the BFS algorithm. Fig. [2a] also confirms that proposed
DE algorithm converges to the global point with substantially
higher probability than classic DE algorithm. Overall the
results validate that the adopted modifications in proposed DE
algorithm closely attains the performance equivalent to BFS
algorithm at the cost of reduced complexity.

Next, we discuss the impact of the varying weight w
on the performance behaviour of proposed solution for the
MOOP for system performance in hybrid eMBB-URLLC
traffic. Fig. shows that a low value of weight parameter
w in improves the PEP for URLLC users at the expense
of reduced eMBB rate. On the other hand, the high value of
w improves the performance for eMBB traffic as the at the
expense of compromised URLLC performance. Consequently,
the appropriate setting of w leads to efficient trade-off between
the performance of eMBB and URLLC traffic. Clearly, the ap-
propriate selection of w relies on the application requirement.
The proposed solution with w = 0.5 can achieve the worst-
case rate and PEP up to 1 Gbps and 107! for eMBB and
URLLC users. In our proposed approach, we aim to enhance
fairness for both eMBB and URLLC users. The term “both”
underscores the inclusivity of our approach, emphasizing that
it is designed to benefit both user categories. This is a critical
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aspect of our methodology as it addresses the diverse and
distinct requirements of eMBB and URLLC applications. The
fairness enhancement is achieved by optimizing the allocation
of resources, considering the specific needs and characteristics
of both eMBB and URLLC users [17].

The results in Fig. [2b] show the superiority of the proposed
weighted product method over the weighted sum method and
weighted Chebyshev method in terms of user fairness
for eMBB and URLLC users. The weighted product method
explores a wider solution space, assigning higher weights
to critical objectives using exponential weights. This allows
for a more comprehensive search across the objective space,
leading to diverse trade-off solutions. The proposed differential
evolution-based search algorithm outperforms conventional
convex relaxation solutions, which can degrade system fairness
performance. Also, we examine the performance comparison
of the proposed scheme (based on worst-case) and the coun-
terpart proportional fairness maximization scheme in Fig. 2b
Overall, the rate performance for eMBB users and PEP perfor-

mance for URLLC users proposed is better for our considered
objective function when compared to the proportional fairness
maximization. Clearly, the worst-case rate performance for
both the schemes is quite close; however, the worst-case PEP
performance gap corresponding to URLLC users between
the two schemes is high. In fact, when a higher priority
(higher weight) to rate performance is preferred, proportional
fairness maximization is slightly better than worst-case rate
maximization as it ensures good resource utilization among
users of the same kind.

D. Impact of URLLC parameters

Fig. [3a) and Fig. Bb]examines the impact of varying URLLC
parameters i.e., packet transmission time and intended data
in URLLC packets on the system peformance in the hybrid
eMBB-URLLC traffic, respectively. Intuitively, the increase
in transmission time will improve the reliability performance
of URLLC users for all schemes. However, the increase
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in PEP improves the achievable rate-PEP region for hybrid
eMBB-URLLC traffic in RSMA. In other words, the proposed
algorithm selects the optimal power allocation strategy such
that the performance gain for URLLC traffic is slightly relaxed
to captivate better rate performance for eMBB traffic. Hence,
the system performance point (rate-PEP) for hybrid eMBB-
URLLC traffic is improved with the increase in URLLC packet
transmission time as shown in Fig. [3a] Besides, the increase in
packet-size (transmission bits) leads to higher error probability
for all the schemes and hence the PEH!] increases as shown
in Fig @ In order to balance this PEP deterioration, the
RSMA minimizes the worst-case PEP for the URLLC traffic
at the cost of reduction in eMBB traffic. For both the sce-
narios, the RSMA with decoding order 7 provide significant
performance amelioration for both eMBB and URLLC traffic
in terms of rate and PEP, respectively when compared to
NOMA and OMA. In RSMA, the users have the capability
to transmit multiple sub-messages, and the system employs a
power-splitting mechanism to effectively manage interference.
This enables adaptive power utilization among sub-messages,
ensuring optimal SIC and decoding order. The flexibility
provided by RSMA in handling interference contributes to
maintaining high QoS for each user, resulting in superior user
fairness. Conversely, NOMA allocates the transmit power to a
single message for each user, aiming to minimize interference
in the desired UL signal communication. While NOMA is a
valuable scheme, it can be considered a specific case of RSMA
when the number of sub-messages is set to 1. The limitation of
NOMA arises from its fixed power allocation strategy, which
might not adapt as effectively to varying network conditions.

1Noteworthy, the obtained PEP values may not be feasible to realize in
practice as they correspond to trivial/zero packet errors. Indeed, this may not
be realistic, since there may exist some packet loss due to many unfavorable
conditions such as weak signal strength, interference from other devices,
multipath fading, channel conditions, noise, congestion, protocol design,
wireless medium characteristics, environmental factors, and device mobility.
The results in this paper serve as theoretical performance upper bounds for
the considered system which can provide a benchmark for the system design
while considering all the physical and real parameters for the packet loss.

E. Impact of user density

Further, we validate the performance of the behaviour of
the proposed solution with varying user density of eMBB
and URLLC traffic. Fig. [a] illustrates the impact of increase
in users for both eMBB and URLLC users. As the number
of users competing for the fixed resources increases, the IUI
for each user increases which deteriorates the SINR for each
transmitting user and hence the achievable rate-PEP region
for hybrid eMBB-URLLC traffic is reduced. Fig. [4b] clearly
indicates the performance of the proposed solution for non-
uniform traffic-density of eMBB and URLLC traffic. The
lower weight value in the proposed solution is desirable when
eMBB users are lower in number than URLLC users, while,
a higher value of w is preferable when the number eMBB
users is higher than the number of URLLC users. It is due
to the fact that the low and high value of w in the proposed
solution prioritizes the performance amelioration for eMBB
and URLLC traffic, respectively, as validated in Fig. bl
Hence, the appropriate (dynamic) selection of weight w in
the proposed solution ensures optimal system performance
for dissimilar user number in the considered hybrid eMBB-
URLLC traffic.

FE Impact of imperfect SIC and imperfect CSI

Importantly, performance of the proposed RSMA system
relies on the perfect SIC decoding at the receiver. Here, we
discuss the impact of imperfect SIC decoding operation on the
performance of eMBB and URLLC users in hybrid multiplex-
ing as shown in Fig.[5a] Under imperfect SIC decoding at each
user (as in [64]), the SINR for the k’" user can be expressed
for hybrid eMBB-URLLC traffic multiplexing as (I9), shown
on top of next page where nx. o = ¥,k > a,nrq = 1,k <a
and nx.. =¥,k > c,nr,c = 1, k < c such that ¢ = 0 indicates
perfect SIC, while ¢ = 1 refers to no SIC, and any value
between 0 and 1 represents imperfect SIC.

Based on (T9), we now discuss the impact of imperfect SIC
decoding operation on the performance of eMBB and URLLC
users in hybrid multiplexing as shown in Fig. [5a] Intuitively,

Authorized licensed use limited to: Aristotle University of Thessaloniki. Downloaded on June 03,2024 at 09:36:47 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TWC.2024.3392929

13
2
1hell” prj
Yrj(p,7) = 5 5 > (19)
Z(a,b)eagj Nk,a llhall” pab + Z(C’d)eai‘,» Nk.c hellpea + o
0.7 T T T T T T T 100 1 100
—e—RSMAwithx || L
A ~ = =NOMA or RSMA with = | 09
@ 08 102
& a o
[} . & So7 Wi
£ 10° a = g
2 g g 086 —6— RSMA with 7 0t 3
s = o P —~ = =NOMA or RSMA with 7 [
2 =) BO5 ~a? N e OMA S
= 3 = Lo —g— RSMA with 7 &
o i © 04L - NOMA or RSMA with x| (o6 &
2 by e, . OMA 5
8 1010 § 3 5
% £ % 08 =
S S
= =02 108
0.1
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ 10 S50 28 A2 24 22 420 418 Ate 14 412 113}07‘0
01 015 02 025 03 035 04 045 05 - - - - - - - - - - -
Imperfection in SIC decoding, v Noise power due to imperfect CSI, of (in dBm)
(a) (b)

Fig. 5: Impact of a) imperfect SIC decoding and b) imperfect CSI when w =0.5,K, = K,, =3,7 =5 usec, L =40 bits, B =1

Ghz and p™* = 1W

18 ; ‘ ; 100
1671X1 X3
— Y 0.108415 Y 0.157245 | 102
2
S . ,0
8 1.4 o
L
£ 110% o
o 1271Xx1 I X3 (j
i Y 1.691766-06 | —©— RSMA with 7 T50es5 00 -
P ~NOMA or RSMA with x| | _~_ - g
Q 1 OMA 0% 2
2 X1 RSMA with 7 X3 2
[0} Y 0.763896 = = = NOMA or RSMA with = Y 0.777482 5}
@08y L OMA  |m e emm——— s B
o 310 5]
4 2
o
=
10 10
0.2 . L L 1012
1 15 2 25 3
Maximum Transmit Power Budget, p™®* (in Watt)
(a) B=1 Ghz

@

S [—e—RSMA with 7 1050

O 5= = =NOMA or RSMA with 1 %
£ | OMA o
@ HET-RSMA Q
T4 RSMA with 7 j}
o NOMA or RSMA with = o
g OMA J1o100 2
T 3 HET-RSMA @
2 °
? S
§ Y 150 ;
o 107!

=

10'200

1 15 2 25 3 3.5 4 4.5
Bandwidth (in Ghz)

(b) p™ =1W

Fig. 6: Impact of a) transmission power and b) transmission bandwidth on the system performance when when w = 0.5, K, =

K, =3,T =5 usec, L =40 bits

the performance of RSMA and NOMA degrades with an
increase in SIC imperfection ¢; however, the performance
of OMA remains unaltered as it does not involve any SIC
decoding. Notably, the performance of RSMA degrades much
faster than NOMA with an increase in SIC imperfection.
It is because the BS inherently performs 2K SIC decoding
under the RSMA scheme; while the BS performs only K
SIC decoding under the NOMA scheme. At lower SIC im-
perfection, the RSMA significantly outperforms NOMA in
terms of rate and reliability. As the imperfection increases,
the performance of RSMA decreases rapidly, and at higher
imperfection, the performance of RSMA is closer to NOMA.
Next, Fig. [5b] illustrates the impact of imperfect CSI on all
the considered schemes. For sake of simplicity, we model
the imperfection in CSI as a zero-mean Gaussian random
variable with the variance of o2. The results in Fig.
follow a similar trend as Fig. [5a] Conclusively, in a high

noise environment, the performance of RSMA approaches the
NOMA'’s performance as the channel noise power dominates
the performance. Generally, a high imperfection in the SIC and
CSI leads to higher performance degradation for superposition
multiplexing approaches [4]). Nevertheless, the performance of
RSMA is superior to OMA and NOMA throughout.

G. Impact of available resources

Fig. [6a] and Fig. [6b] depict the performance behaviour of
the proposed solution with varying maximum transmit power
and transmission bandwidth, respectively. It is obvious that
increase in transmit power and transmission bandwidth for
each user will increase the system performance for hybrid
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eMBB-URLLC traffic in terms of both rate and PEP
The increase in resource capability increases the SINR which
in turn improves the rate and PEP for eMBB and URLLC
users. Importantly, performance amelioration for RSMA is
significantly better than for NOMA and OMA scheme. The
performance improvement for NOMA and OMA with increase
in transmit power is trivial as validated in Fig. [6a] Overall,
the RSMA (with optimal decoding order) when compared to
other conventional schemes achieves high spectral efficiency
for eMBB uses and high reliability for URLLC users in ac-
cordance with efficient resource utilization. Consequently, the
RSMA system with optimal decoding order brings promising
potential for the core services in future wireless networks
in terms of URLLC constraints (i.e., low latency and high
reliability) as well as high data-rate.

VII. CONCLUSION

We investigated a two-layer UL RSMA system for hybrid
eMBB-URLLC traffic to captivate high quality heterogeneous
for each eMBB and URLLC users in terms of rate and
reliability, respectively. In particular, we formulated a MOOP
for coherent maximization and minimization of worst-case rate
and worst-case PEP for eMBB and URLLC users, respectively.
The formulated non-convex and (NP)-hard MOOP was firstly
relaxed into a weighted product approach to relax the MOOP
as SOOP and then solved it using a low complex differential
evolution algorithm under a given decoding order. Simula-
tion results validated fast convergence of the proposed DE
algorithm. It was shown that the optimal resource allocation
design in UL RSMA plays an exceptional role for render-
ing high-reliability, low-latency and enhanced rate-throughput
characteristics. For instance, the worst-case rate and PEP were
achieved up to 1Gbps and 1072° for eMBB and URLLC users,
respectively, in hybrid multiplexing using two-layer uplink
RSMA with transmission bandwidth of 1GHz. Overall, the
achieved results in this work demonstrated the effectiveness
of considered RSMA system for hybrid eMBB-URLLC traffic
over conventional orthogonal slicing and superposition multi-
plexing schemes.

APPENDIX A: PROOF OF LEMMA]
The sum-rate for UL RSMA system can be formulated as

't = Zf:l i = Zf:l Zj:] log, (1 +7yxj)

However, the sum-rate expression in (A.I) can be simplified
as

(A1)

M |hn)” Pm
ry = log, [1+ . (A2
' Zm:l ? yAy/ll’:mH |hm’|2 Pm + o?

where M = 2K, h,, and p,, corresponds to the channel gain
and the power allocation of m" sub-message in the decoding
order where m € {1,..., M}.

lzlndeed, the PEP values as low as 10790 or 107200 may seem unrealistic,
and we want to clarify that these extreme values are illustrative of an ideal
scenario where no packet error loss occurs, particularly in situations with
higher bandwidths exceeding 1 GHz. These results are presented to provide
insights into the performance implications of different bandwidths on rate
reliability.

Using telescoping product, the sum-rate expression in (A.2))
can be re-expressed as

M 2
- hm m
Ty :10g2(1 +—m—] |0_2 | P )
K 2 2
_1 21 |kl pij
:10g2(1+ =l ~’0'2 1. (A.3)

It can be observed that the sum-rate expression in (A.3)
does not depend upon decoding order. Moreover, the sum-rate
expression in (A.3) is monotonically increasing function w.r.t.
pk1 and py. Hence, each user should operate with maximum
transmit power budget to ensure maximum achievable sum-
rate throughput irrespective of any decoding order scheme.

APPENDIX B: PROOF OF THEOREM 1

Defining & = {(xpj > xprjr + Xij » Xjr) k # k', j # j'}
as the subset of decoding orders which does not belong to 7,
ie., # = II/m. Now, the achievable rate-throughput for any
pair of users (k and k’) when successively decoded under
decoding scheme & can be given as r e {E(E),F(E)} and

k k
r,iﬁ) € {gl(f) ,?I(f) }, respectively, such that

A log (|hi|2 (pi1 + pi2) + |he|* (pirt + pin2) + Nigr + 072

- : |hir|? (pir1 + pira) + Niyw + 02 ’
(B.1)

—(n) _ |hi|* (pi1 + pi2) + Nipw + 02

r; = =log, ( Noy + 07 , (B.2)

where i,i’ € k,k’,i # i’ and Ny is the IUI from the users
which are decoded after i and i’ users. Since px; + pi2 i
the total transmit power, the rate-throughput expressions in
and (B.2) also correspond to the rate-throughput for
NOMA scheme when k" and (k’)'" users are decoded in
ascending/descending order.

Now, let us consider decoding order belonging to 7 such
that sub-messages of k" user are decoded first and then the
sub-messages of (k)" user are decoded i.e., (xx; + Xkjr -
Xpj + Xprjr). So, the rate expression for k' and (k’)"* users
can be given as

2
g =) logy(1+yx) = log,
=1

o (lhkl2 (P1 + pi2) + bl (it + piea) + 0, )
2

|hicl® prz + [hie > (et + prea) + 02,

( \hiel® pra + e | prea + O',fk,)

2
lhi|* proa + oy,

2

2
e = Z logy (1 +ywj) = log,
Tkkr

=1
+1 (|hk|2 pia + hel* (P + pr2) + O—’%k/)
2

2
lhie|” (prn + pr2) + 07,

2
(|hk’| Pr2+ G',fk/)

2 _ a2 2
where Ciw = Nkk, +0°.

Following Lemma (T)), it can be obtained that when all users
operate at maximum transmit power, i.e., X}; pxj = pg, ¥k €
K

(B.3)

(1) (1) _ (7 +7(£) =c=r —Tir
kK ¢~ -

T
Fetre =r 15 =rg
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where c is the constan value, r, is the sum-rate and 75y is
the rate of all i*" users such that i € K/{k,k’}.

Importantly, the expression (B.3) corresponds to a locus of
an equation such that y + x = ¢ . So, the amount of decrease
in rate for k’”* user from its maximum rate is equivalent to an
increase in the rate for (k”)’* with same amount and vice-versa
for decoding order z. On the contrary, the decoding order &
takes only ﬁxed values of rate-PEP. So, a point can be achieved
where rT P = k, = 0.5¢ which maintain optimal fairness for both
the users. Apparently, while performing SIC for multiple sub-
messages at the receiver, the interference starts decreasing i.e.,
the interference for the first decoded sub-message of user k
will be always higher than the second decoded message of k’.
So, in order to ensure enhanced user fairness i.e., reduced rate-
difference among any two users, the user |Ag| > |h;{| Overall,
the decoding order 7 can achieve maximum user fairness as
compared to .

APPENDIX C: PROOF OF THEOREM 2|

Following (B.1)) and (B.2), it can be concluded that e,’: can

take only two possible values using (), i.e., gg) and € _(”)

for decoding order m which is equivalent to NOMA scheme
However, EZ can take many possible values for decoding order
7 when users are operated at maximum transmit power. Mainly
Tx = Ty and r k, can achieve same value for Ek‘ and €y
with the decodmg order w. Hence, the decoding order 7 under
maximum transmission power constraint for each user power
can achieve maximum fairness with better PEP.

APPENDIX D: PROOF OF THEOREM [3]

Following the proof of Theorem (I)) and Theorem (2)), it can
be concluded that the rate of k' eMBB user, r¢. and the PEP
of (k’)"" URLLC user, €, can take only two Values when k"
eMBB and (k’)"" URLLC are decoded successively using &
under maximum transmit power, which is equivalent to the
NOMA scheme. However, the rate of k' user, ri¢ and PEP
for (k")"" user, €., can take many possible values for decoding
order . From (B.3)), an optimal fairness point among eMBB
and URLLC can be achieved with 7 when compared to 7.

APPENDIX E: PROOF OF LEMMA [2]

Let us consider the worst-case scenario where the sub-
messages are decoded with decoding order zr. Using (6) and
the constraint (C2) in (8), we can obtain

L, (2V7OmTlone) 0

max)

TB \TB
Ih |2 max
Slog2(1+ ),ke‘Ku, (E.1)
Swexn el Pmdx+0'2

Under the assumption of high SINR, };+/V(yx;) can be
approximated to unity. This simplifies (E.I)) as

L | [llog¢) © ()
\VTB

13Under glven fixed decoding of all i € K/{k, k’}, it is straightforward to

consider r + rk, as constant.

~min &

% T 7TB

e P

log, (1 + ) ke 7@,,} (E.2)

Swewsi il Pl,zlfax +o?

e P

g < log, (1 + ) JkeK, (E3)

2krex/k i 2 PmaX + 02
where qmm _ rmm e q(e’ min _ E]]:nn’ c 7(14-

The last decoded pair sub-messages (either URLLC or
eMBB) satisfy that

2 |hg|* piax
Z log, (1 +yk,) =log, [ 1 + ——=EX—| > g%, (E4)
=1 .
which implies that
P > (2‘1“““ )0’2 / lhx|?. (E.5)

Utilizing the lower threshold on the maximum transmit power
for the last decoded K'" user derived in (E.5), we derive the
lower threshold on the maximum transmit power constraint for
the pen-ultimate i.e., (K — 1)!* user. To minimize the inter-
ference from the last decoded sub-messages and increase the
overall signal strength, the minimum transmit power should
be utilized by the last decoded sub-message. Therefore, the
second last decoded sub-messages of user satisfy

p-l Py | i
\hg? px +02

(2 (K-1) — 1) o-zqur?i"/ (|h(1(71)|2)

Similarly, the sub-message si; with m;; = M — 2 decoding
order follows

2
Do lom (14 7(k-)) =
(E.6)

max

= Pk-1) 2 (E.7)

max

PR, > (2 y 1)022%“&“71)2:1;?" / (\h(,(_z)f) (E.8)

Thus, the lower threshold on the maximum transmit power for
the sub-messages of any k" user can be obtained using the
induction method as

P > (29" - 1) 2(3Rak ) 02 / 2 (E9)

which proves (9).

APPENDIX F: WEIGHTED CHEBYSHEV METHOD AND
CONVEX OPTIMIZATION FRAMEWORK

Under fixed decoding order (as per Theorem [3), the MOOP
in (TT) can be transformed into SOOP using weighted Cheby-
shev method [56] as

(66) :n}}atx t
s.t. (C3),
(C5) :w(R-R*) > 1,
(Co): (1-w)(Q-0") 2t

R(p,m=7) = mingeg, {rc},Q (p.w =7) = mingeg, {qr}
and w is a positive weighing coefficient that takes values

F.1)
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between 0 and 1 (0 < w < 1) and R* and QF are the
optimal objective which are assumed to be known. Note
the optimization problem (O.) in is non-convex owing
to its constraints. To make it tractable, we approximate the
dispersion function V(yx;) by 1, ie., V(yx;) = 1,Vk and V.
Owing to the consideration of high SINR regime, the minimum
achievable PEP can be approximated as

2 L
e~ El=Q (\/TkB log, 2 (ijl log, (1+y«;) —Tk—;;)) (F2)

Ultimately, the constraint (C6) can be rewritten as (1 —
w) (Q - Q*), where

~ ) L
0= mkm {\/TkBloge Z(Z:j=1 log, (1 +ykj) - Tk_kB); (F.3)

Using (F.3)) and auxiliary variables p and «, the problem in
(FI) can be simplifed as

max f
Pot.pK
s.t.  (C3),

(C):w(p-R") =>t,
(C6): (1 —w) (k=Q%) 21,

2
(C7) : TxB Z,~=1 log, (1 +7y&,) = p,Vk € K,

2
Ly
(C8) : \TxBlog, 2( Zlog2 (1+ykj)—Tk—B) >k, Vk. (F4)

J=1

In order to solve (F4), we approximate the yx; by v, using
successive convex approximation as

2|l prj
(a
Z(a,b)erj ||hu||2puv

11I? PL (Z @ Wl puv + )

Vij <

)+a'2

, (E.5)
(a)
(Z(a,b)e@kj ||hu||2 Puv +0—2)

where a denotes the iteration. Overall, the problem in (F4)
can be transformed into its equivalent convex form as

max t

P.l.p.K, Y
(C3).(C5). (C6). (E3). (C7). (C8),

S.t.
where v = {vy;}. The problem is now convex in nature and
can be solved iteratively untill convergence.

(F.6)
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