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Abstract—To highlight the potential of RSMA and multi-
carrier (MC) techniques in vehicle-to-everything (V2X) commu-
nication, we propose and present a two-way communication MC-
RSMA V2X communication system that supports a large number
of equipments (UEs) and promotes the dual function of sidelink
and cellular communication. We employ k-mean clustering for
vehicle grouping and a suboptimal sub-carrier allocation with
naive equal time and optimal precoder design for data transfer.
To confirm the efficacy of the proposed system model, we compare
the MC-RSMA solution against an MC-SDMA benchmark, using
sum-rate as the performance metric. From the simulation results,
the proposed system demonstrates significant improvements over
the two multi-access technique benchmarks.

Index Terms—Vehicle-to-everything, sum-rate, rate-splitting
multiple access, orthogonal frequency division multiple access.

I. INTRODUCTION

The advancement of vehicle-to-everything (V2X) communi-
cation has brought significant benefits to road safety, climate
sustainability, and intelligent transportation systems [1], [2].
V2X communication encompasses vehicle-to-vehicle (V2V),
vehicle-to-network (V2N), vehicle-to-infrastructure (V2I),
vehicle-to-roadside unit (V2R), and vehicle-to-pedestrian
(V2P) communications [2]-[4]. In V2X communication, cel-
lular communication involves user equipment (UEs) (e.gs.,
smart devices, road side unit, and vehicles) communicating
through the BS, while sidelink (i.e., device-to-device (D2D))
communication involves V2V communication [2]-[4].

Two radio access technologies are commonly used in V2X
deployments. The first is the Dedicated Short Range Commu-
nication (DSRC) standard, which supports D2D communica-
tion [1]-[3], [5]. The second standard supports cellular com-
munication (i.e., C-V2X). Currently, fifth-generation (5G) new
radio (NR) C-V2X standards are being proposed to support
services such as vehicle platooning, remote driving, and direct
communication interface enhancement [1]-[3], [5]. The next
evolution is the proposal of sixth-generation C-V2X standards,
which will involve improved C-V2X communication quality-
of-service (QoS) and efficiency resource usage, support a
numerous UE simultaneous communication using multi-access
techniques such as rate splitting multiple access (RSMA),
which can jointly support cellular and sidelink communication.

RSMA is an appealing technology for V2X communication
due to key advantages, such as; RSMA enables multi-casting

[6], [7], RSMA is robust against mobility imperfections [6],
and RSMA promotes efficient spectrum and network resource
utilization [8], [9]. This highlights the potential opportunities
for further research on RSMA in V2X communication appli-
cations and standardizations. Now, by combining RSMA with
multi-carrier (MC) techniques such as orthogonal frequency
division multiple access (OFDMA) will further increase these
benefits. The scalability of MC-RSMA allows for better joint
cellular and sidelink communication, user grouping, and re-
source management, which are essential features for future 6G
V2X communication technologies and standards. Therefore,
utilizing MC-RSMA in V2X communication is imperative.

II. RELATED WORKS

Research on RSMA in V2X includes works in [6]-[10].
In [6], the focus was on designing DL RSMA communica-
tion between a massive multiple-input-multiple-out (mMIMO)
transmitter and mobile UEs, using both previous and current
time-slot channel state information (CSI) to account for im-
perfections due to user mobility. In [7], the authors maximized
the weighted joint sum-rate and sum-MSE (minimum squared
error) for a joint cellular and radar system based on power
allocation and successful common stream decoding. The work
in [10] extended [7] to a generalized case with imperfect
CSI (imp-CSI). In [8], the authors discussed an RSMA-
specified satellite-to-ground (UEs and moving target) wave-
form optimization and focused on the Dual-functional radar-
communication (DFRC) beamforming optimization by mini-
mizing the Cramer-Rao bound, with per-UE rate constraints.
Additionally, [9] investigated an energy-efficient generalized
DFRC with low-resolution digital-to-analogue converter and
radio frequency (RF) chain selection. RSMA implementation
can be done using either a single-carrier (SC) approach [6],
[7] or a multi-carrier (MC) approach [11], [12]. Research on
MC-RSMA has mainly focused on multi-user (MU)-MISO
general cellular communication, with [11] optimizing power
and sub-carrier allocation for sum-rate maximization and [12]
optimizing power allocation to maximize capacity.

From the above discussion, this paper is the first to delve
into the joint MC-RSMA DL and uplink (UL) with sidelink
V2X communication system model, opening up a vast realm of
possibilities for future V2X studies and standards. This paper
proposes a novel approach to V2X diverse-casting communi-
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Fig. 1. The two-way MC-RSMA MV2X communication illustration.

cation using MC-RSMA transmitter architecture, MU-MIMO
(multiple V2X (MV2X) communications), user grouping, and
resource allocation (i.e., power and sub-carrier). This work
covers, an mMIMO base station (BS) performing first phase
DL communication with several groups of vehicles using MC-
RSMA. The second phase involves the DL vehicles using
MC-RSMA to simultaneously perform BS UL and perform
sidelink communication with other vehicles, which has not
been considered in previous works.

Notations: l-norm is denoted by ||.||. Capital and lowercase
bold letters (Greek and Roman) represent matrices and vectors,
respectively. Scalar variables are represented by normal letters.
The trace and determinant of matrix A are denoted as tr(A)
and det(A), respectively. The Hermitian of A is denoted as
AT and A € CM*N denotes an M x N complex matrix.
CN (11, 0?) represents a Circularly Symmetric Complex Gaus-
sian (CSCG) distribution with mean g and variance o2.

III. PROPOSED MC-RSMA V2X COMMUNICATION
A. The Two-Way MC-RSMA MV2X Architecture

The two-way MC-RSMA MV2X system model considered
is illustrated in Fig. 1. The two-way time division duplex-
ing communication consists of MC-RSMA DL (phase one)
and MC-RSMA dual function of combined UL and sidelink
(DFUS) (phase two) communication. Specifically, phase one
DL communication occurs between the BS and grouped
MV2X. While the second phase DFUS occurs between the
grouped MV2X performing UL and sidelink communication
with BS and other vehicles, respectively.

Phase one communication consists of an Ngg antenna BS
and K UEs (vehicles) with Npy j; antennas, where Ngs >
Zszl Ngs, . Note, the UEs are clustered into G' groups and
allocated S, sub-carriers per group g (g = 1,...,G) out of
F' sub-carriers. Each group g has M, UEs, with the mth UE
labelled UE,;,, (m =1,...,M,), and the RSMA DL common
and private channel for UE,, ~over sub-carrier f € Sy, (f =
1,...,F) are defined as Hy,, ; = [Hg s, Hyr ], where
c and p represent the common and private messages of the
RSMA technique, respectively. During phase two DFUS com-
munication, each UE, = uses its allocated S, to transmit sig-
nals to its L, DFUS receivers (i.e., UE,, ,, [ =1,..., L, ,
consisting of vehicles with Ny ; antennas and the BS). The
common and private channels for phase two are defined as
H,, 5= [Hg 5 Hp ;] Next, the details of the two-way
communication is presented. The MC-RSMA transmission and
reception architectures are shown in Fig. 2 and the 1-layer
RSMA architecture is adopted in the system model.

B. Phase 1: DL Communication

Step 1, DL UE grouping and sub-carrier allocation: The
UE grouping is based on K-mean clustering using the first
sub-carrier channel characteristic (i.e., I:Ikpjl,Vk:) out of the
F' sub-carriers. Meaning, a sub-carrier will be shared by either
a group or all of UEs (G < K and Zngl M, = K). After
the UE grouping, the sub-carriers are allocated based on G.

Step 2, group g MC-RSMA, Vg: The messages intended
for UE,,, is defined as Q),,, = min(Npg, min{Npy j}e,).
Note, the size of all messages of group g must be Qgr =
min(Npg, Zf\,{il Qg,,). First, UE,  messages, W,
{w1,...,wq,, } are splitinto the common (W ) and private
(wgr ) messages. Next, all group g common messages are
combined into Qg € {1,...,min(Npg,min{Npy}egy)}
messages denoted as wye. The {wr }n]\fil and w,c messages
are then encoded as s;c € CQs*1 and Sqn € CQam x1,
respectively. Therefore, the resulting data stream to be trans-
mitted is expressed as s, = [sgc,sgf, ... ,sgﬁl]T.

Step 3, group g OFDM, Yg: The encoded data streams
are passed to the Orthogonal frequency division multiplex-
ing (OFDM) system before transmission [13]. Group ¢ data
stream, sg, is precoded, such that, x, ; = lsg,fsg, where
ngf = [ch,f,lsgrf,f, .. "Pgipf] is the precoder matrix for
group g on the sub-carrier f, E[s,s/'] = Tand E[P, ;P ] =
Pryj. Py € CNosXQ and Py, € CNEs*Qum are
the common and private messages precoders for group g,
respectively. Pr ; is the power allocated to sub-carrier f.
Afterwards, the Inverse Fast Fourier Transform (IFFT) conver-
sion operation occurs on the precoded parallel data allocated to
sub-carrier f. The converted data stream has the cyclic prefix
(CP) appended and transmitted from the BS to all UEs in
group g. The process is repeated at the BS for all G groups.

Step 4, UE, OFDM: First the CP is removed from the
received data at UE, , then Fast Fourier Transform (FFT)
conversion is performed [13] on group g received data on their
allocated sub-carriers (S, C {1,..., F'}). Hence, the received
data stream at UE,  over sub-carrier f € S, is given as

YQ77L7f = H!]mvfxgaf + ng'nuf’ (1)

where n,, s ~ CN(0, Ugm) is the Additive White Gaussian
Noise (AWGN) at UE,,  over sub-carrier f.

Step 5, UE, , RSMA decoding: The received data, y,, ¢
is then decoded as follows. The common message is decoded
as Wge r by treating all the private messages as interference.
The common messages are removed from the received data
stream y,,  r using successive interference cancellation (SIC).
UE,, then extracts its common message, Wy  r, from wye ;.
Next, the private messages of UE,  is decoded as wgr ¢ by
treating the private messages of other UEs € ¢g,Vf € S, as
noise. Note that this process is repeated for all sub-carriers
allocated to group g, where UE, € g. Finally, all decoded
Wwye rand wgr , for S, sub-carriers are combined to estimate
massage W, intended for UE, . This process is repeated at
all G groups and UEs to decode their intended messages.
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Fig. 2. Proposed MC-RSMA communication architecture.

Sum-rate formulation: Using the minimum mean square
error (MMSE) receiver at UE,, = [14], the estimated common
and private messages after SIC and decoding are

ég,cmf = ngn £Ygm,f and
Sor,.; = Var, 1 (Ygm.r —Hg,, 1Py rSge 1),

g f g
with common and private messages receive filters Ve r €
CQsc*Qam and Vg s € CQo» XQam | respectively. The MSE
of UE,, for both the common and private streams is given as

2

§gfn,»f = E[HégfnJ - ngn,»f”z]a fe Sga Z € {C7P}~ 3)
By differentiating the MSEs with respect to (w.r.t) their
receiver filter, the optimal receiver filters are deduced as
VEy=PL Hy (Hy, sPey PLHT o+ As )7
“4)

where (21522) € (g;‘rwg ) (gmvg )}
Agg =1+ 30 Hy, Py P (HE

Agr I+Zz;ﬁm QrmfP H fP Hg f Now, substitut-

gm»f
ing V°lDt into the MSE equatlons results in
©., ;= C+PL H (A p) 'Hy, Pog) )

Based on the MSE, the UE,, common and private achievable
rate for all allocated sub-carriers is given as

A4 -1
R., = Z log det[®,,]7". ©)

fESy

Iz and

The common rate shared by the UEs in group ¢ is de-
fined as Zm 1 2_yes, Cogf = Rge. where Cye r is the
common rate of UE,,  over sub carrier f € S Ryge =
min,, {{log det(@zhf) }res, }m 1, Vf €8y is a constraint
imposed on decoding the common message transmitted over
all UE,,, allocated sub-carriers successful. UE, =~ achievable
rate is deduced as R, = Cye s+ Ry ¢ and the total
DL achievable rate 1qs derige:dc eaig Sind T

ZZ N Cueot + Ryp s ™

g=1m=1 ngS

MC RS —

where, 7 is the time allocated for phase 1 communication.

C. Phase 2: DFUS Communication

For the phase two DFUS communication, UE,, transmits
data simultaneously to the BS and other UEs (UE,, ,, [ €
Ly,.) for UL and sidelink communication by using the Sy sub-
carriers allocated to UE,, = in phase 1. In addition, the DFUS
communication uses the MC-RSMA architecture presented in

Fig. 2, except the user grouping, which is not applied because
the DFUS has lesser receivers compared to phase one (i.e.,
Ly, . +1 << K). The DFUS communication achievable system
rate is derived following the steps given in Section III-B.

UE,,, , received data over sub-carrier f is given as
MQ

Yomif = Hgo i fXg,.r + Z Hy,, X5 +0g,. .5, ()
j#m

where ng, ., s is the AWGN noise at UE,, ,. From (8), the
other UEs (UE,,,j # m) in group g with UE,  introduce
interference at UEgm,z- Next, the achievable rate of UE,
is derived as Ry, Zfesg 9 f T R, T where
Ryr 2 log det[(-) » 7f]_1 is UE,, , private message rate,
and C’ ¢ f is the coinmon message of UE, , over sub-
carrier f such that, S 1ot Efes st = Ry., and
gz, -f = min; {{log det(© it Dres, iy T VE €8,
where ©., ; = T+ P HJ (As f)” 1Hgmz,szQ,f’
(21,22) € {(gﬁL,l’gm,ﬂ (gm l’gm)} with AZl f defined in (9)
and (10). The total DFUS achievable rate is given as

G ]\/I Lgrn

I

g=1m=1 [=1

DFUS

MC RS — gWL 0, f + RQWL,lvf'

feS,

(1)

D. Optimization Problem Definition

From (7) and (11), the two-way MC-RMSA MV2X sys-
tem sum-rate (SR) optimization problem is glven 1n (12)
where X con31sts of G, {S,}¢_,, Py, {P ng}

GAqI b Mm v
{Cgm7f}q lm 1’ { an,pf}g 1m 1l 1 { gm,vf}(] lm 1

and {P ® f}g ]Yngf"z ;- Constraints (12a) and (12b) are

the DL and UE,, DFUS power budgets respectively, which
are convex functions. Constraint (12c), ensures that sub-
carriers are allocated to UE groups based on total number
of sub-carrier, F'. Constraints (12d) and (12e) ensure that
the common stream is successfully decoded for UE,  and
UE,,, ,, respectively. Constraints (12f) and (12g) ensure that
the decoded common messages rates for the DL and DFUS are
not zero. Note that constraints (12c¢) to (12g) are monotonically
increasing functions. The RO goma and R Rgya are defined
in (7) and (11), respectively, which are non-convex w.r.t. all
dependent variables, meaning, Problem (12) is a non-convex.

IV. MC-RSMA V2X SYSTEM OPTIMIZATION

The proposed alternating optimization (AO) solution and
algorithm to Problem (12) are summarized in this section.
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5 5 aHe
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G S, M,
. . o H - O I
max;mme RV rs + RuRs subject to Z [ Z Tr<ng“ng5;“f) + Tr(ch,ngc7f>} < Pr (12a),
g=1f=1 m=1
Sg Lgm, G
5 5 H 5 5 H
[ 3 Tr(ngnylvagzL’l’f) n Tr(ngwagw)} > Pr,,, (12b), Y S, <F, 1< 8, <F, Vg, (12),  (12)
f=1 1=1 g=1
M,
D D Caep < Rye, (12d), Z > Cye p < Rge, (120), Cye ¢ >0, (120,Cy, , 5 >0, (129),
j=1,j#m feS, i=1,i#l fES,

A. DL UE Grouping and Sub-Carrier Allocation

1) User-grouping: The K-mean machine learning (ML)
algorithm is used to determine the UE groups. Here the feature
space is spanned by the normalized (complex-valued) first sub-
carrier channel vector of the UE, ﬁkm = Vec(flkm). The
set of normalized channel vectors denoted by X = {ay :

= %e_jéh“’ 1,Vk} has each component phase-
adjusted such that the first elements of all ay’s aligned to
0 degrees. Note, the number of clusters /C is predetermined,
and is equal to the UE groups (i.e., K = G).

2) Sub-carrier allocation: The sub-carrier allocation prob-
lem is defined as

(877

maximize Ryt rs subject to (12¢).
g

13)

Problem (13) is hard to solve, so, the suboptimal equal
power sub-carrier allocation solution proposed in [15] is
adopted using the UE with the highest sub-carrier channel

B. Sum-Rates Problem (SRP) Optimization

The sum-rate problem (SRP) is defined as

maximize RUc rs + RoRs
X (14)

subject to  (12a), (12b), (12d), (12e), (12f), (12g),

with 7, g and S, fixed. This implies that the RD% .4 and

ROFUS< problems can be separated into Problems

maximize Ryi¢gs subject to (12a), (12d), (12f) and, (15
X
maxi_mize Ry Rs subject to (12b), (12e), (12g), (16)

and solved separately, where the de Gpendent variables y con-

sists of {O f}g lm 1’{ gm,f}g lm 1’and {Pg f}q 1

Lo
and y includes {Pge f}g L1 {Pyr mwf}g 1in "=, and

G,My,Lyg
{Cye, .1} 421 i1 Both problems are non-convex, but are

solved by convertmg both problems into convex weighted
MMSE (WMMSE) problems. Both problems are similar in

Algorithm 1 MC-RSMA sum-rate maximization algorithm

1: Use set 7, {Hy ;}] 1,f=1 and {Hy, 132 1,f=1

2: Given {Hkm}k:l determine G using K-mean

3: Assign each sub-carrier f based on [15] algorithm, Vg
4: Solve Problems (15) and (16) using WMMSE and CVX

structure and solution derivation. Therefore, the solution of
Problem (15) is presented for brevity and Problem (16) can
be solved following the steps used in solving Problem (15).
Focusing on problem (15), the DL WMMSE is defined
in (17), where 64c 5 = —Cye r, &y p = tr(Uz, 502, f) —
logdet(U,, ), U,, s is the WMMSE weight and z; €
{¢%,,95,}. The optimal U, ¢ and V, ; are derived as

Uzl,f = (@th)_l,

Vzhf Pzz fH (Hgm fP22 szz fH f + AZ1,f);118a)
from Problem (17) Lagrangian and Karush—Kuhn-Tucker
(KKT) conditions differential w.r.t. each variable, equated to
zero and solving for the said variable.

Now, the power allocation and common rate problem
is a convex Quadratically Constrained Quadratic Program
(QCQP) defined in (19), and solved using CVX [14], with
(21,21, 22) = {(9%,, ), (g7, [), (¢¢, f)}. The definition of the
variables within the above equations are pz1 = vec(P ),
pZQ = vec(P 5)s A =Ig,. ® Hgm fVH UZQszHng,
AZZ = IQg ®Hgm,fV UZ2V Hf 5 Az1 = Ing X
H,, VIU., V. HI 4. =vec(U,H,, V) a., =
vec(U.,H,, V), p., = o2 (U, V., VH) + tr(Uzl) +
logdet(U.,), and p., = o2 (U, V.,VE) + u(U,,) +
logdet(U.,). The proposed AO algorithm for resource allo-
cation and sum-rate maximization is outlined in Algorithm 1

gm s

V. NUMERICAL EVALUATION AND DISCUSSION

In this section, we present the simulation evaluation against
several benchmarks to prove its efficacy. For the simulation en-
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TABLE I
SIMULATION VARIABLE DEFINITIONS AND VALUES.
Variable | Value || Variable | Value [| Variable | Value [[ Variable | Value [[ Variable | Value
hgs 25m Pvehicle 1.5m bandwidth | 20 x 10°Hz [[ C 3x 10%m/s || fe 6 x 10°Hz
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Fig. 3. 2D topology example of the proposed system model

vironment, we consider both the urban grid and pathloss mod-
els described in the 3GPP standards with simulated topology
shown in Fig. 3 [16], [17]. With the large-scale fading channel
model component, for the BS to vehicle pathloss model,
the urban macro (UMa) pathloss model is adopted, while
for the vehicle to vehicle channel model, the V2V sidelink
pathloss model is adopted [16], [17]. The Rician channel
model was adopted for the general small-scale channel model.
The details simulation parameters are presented in Table . Each
simulation is generated using 10® channel randomization. For
comparison, the multi-carrier space division multiple access
(MC-SDMA) (SDMA Opt.), and fixed transmit powers MC-
RSMA (RSMA Fix) and MC-SDMA (SDMA Fix) are used
as benchmarks in the simulation.

Fig. 4 shows the performance of the user grouping and
sub-carrier allocation algorithms with increasing number of
vehicles communicating with the BS. The top bar graph is
the number of sub-carriers (S,) allocated to each group, while
the bottom bar graph shows the number of users (1) within
each group. It is observed that with increasing K, the vehicles
(M) within a group creases. Unlike the M, bar graph, the
sub-carriers allocated to a group does not follow a similar
pattern. Additionally, both the users and sub-carriers allocated

10

20 30 40
Number of BS-vehicles, K

50

Fig. 4. Sub-carrier allocation and user-grouping algorithm performance
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to a group does not have a specific pattern observed, because,
both bar graphs and allocation schemes depend on the channel
characteristics.

Fig. 5 contains the sum-rate performance plot of the RSAM-
MV2X system with increasing BS transmit power (Pr). Both
the total system sum-rate and DL sum-rate increase with
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increasing Pr, but the DFUS (UL) sum-rate remains constant
since its not influenced by Pr. DFUS sum-rate values have a
difference of 0.1 bps/Hz and 10~ 3bps/Hz between the opti-
mal (RSMA-SDMA) and fixed (RSMA-SDMA) approaches,
respectively. The very low sum-rate values is due to the large
interferences present because of other vehicles private and
common messages present during desired signal decoding.
The total sum-rate and DL sum-rate have the same pattern
due to the large influence of the DL sum-rate, because it has
lesser interference compared to the DFUS sum-rate. Hence,
developing an approach to mitigate the DFUS interference will
improve the system performance.

The effects of increasing the number of vehicles, K, com-
municating with the BS in DL on the system sum-rate is
depicted in Fig. 6. Note, each DL vehicle is assigned two
vehicles for its sidelink communication. The optimal RSMA
approach has a ”constant” performance of 1 bps/Hz over
the optimal SDMA approach for both the total sum-rate and
DL sum-rate. However, their fixed versions have marginal
differences of about 0.01 bps/Hz. It can be observed that the
sum-rate decreases (differences of about 2 bps/Hz and 10~ 3
bps/Hz for the optimal and fixed schemes) with increasing
number of vehicles. The DFUS (UL) sees very low sum-
rate (less than 0.5 bps/Hz) values due to the presence of
the common messages present during private data decoding.
This is due to the increase in interference due to other users
present within the network and the fixed BS transmit power.
The fixed BS power is first shared among the sub-carrier, and
each sub-carrier power is shared among the vehicles allocated
to that sub-carrier. The more the vehicles assigned to a sub-
carrier, the lesser the sub-carrier power allocated to each
vehicle. This affects their achievable rates and the interferences
from the co-grouped vehicles sharing the sub-carriers. The
co-grouped vehicles have their common messages serving as
additional interferences within the RSMA schemes, compared
to the SDMA scheme. However, the RSMA approach has the
common rate adding to its private rates.

VI. CONCLUSION

In this work, we proposed the promising two-way MC-
RSMA MV2X communication ecosystem supporting vehicle

DL and vehicle-BS DFUS communication. We proposed a
k-mean DL vehicles grouping, a suboptimal sub-carrier allo-
cation, and optimal beamforming algorithm for the proposed
system with sum-rate as the performance metric. The proposed
algorithm outperformed the MC-SDMA benchmark showing
how promise our proposed system holds. We will consider
incorporating symbiotic radio and joint sensing and communi-
cation systems into the system model for an efficient spectrum
and power usage in future work.
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