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Selection in V2X Multicast Communications
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Abstract—This study investigated relay-assisted mode 1
sidelink (SL) multicast transmission, which encounters interfer-
ence from mode 2 SL transmission, for use in low-latency vehicle-
to-everything communications. To accommodate mode 1-mode 2
SL traffic, we use the hybrid multiple access (MA) approach,
which combines orthogonal MA (OMA) and nonorthogonal MA
(NOMA) schemes. We introduce a low-complexity location-based
hybrid MA algorithm and its associated relay selection that can
be used when SL channel state information is unavailable.

Index Terms—5G, multicast, multiple access, relay, V2X

I. INTRODUCTION

Regarding Sth-generation (5G) vehicle-to-everything (V2X)
communications, the forthcoming 3GPP Rel-17 standards in-
dicate that support of the sidelink (SL) relay and of multicast
transmission in the physical layer are essential [1I], [2]. Ac-
cording to 3GPP specifications [2]], [3], the gNB [i.e., the 5G
base station (BS)], may coordinate the SL. communications of
mode 1 user equipment (UE), also known as the centralized
mode, whereas the mode 2 UE is self-originated and is known
as the distributed mode. In this work, we consider a case
wherein mode 1 and mode 2 SL communication coexist [4].
In some situations, such as public safety related use cases,
the gNB requires the delivery of traffic-related messages to
a group of vehicle UEs (v-UEs) within a designated proxim-
ity and in a specified time period. According to the 3GPP
long-term evolution (LTE) specifications [2]], the gNB may
designate a relay v-UE to convey the messages using SL mul-
ticast transmission to specified group members. Furthermore, a
properly selected relay can not only offload the heavy traffic of
the Uu link but also achieve more efficient signal transmission
in V2X applications, especially when the traditional Uu-link
and SL-link of V2X can be allocated in different frequency
bands. [3]. Unfortunately, the gNB is usually far from the site
of ongoing SL communications. It has minimal knowledge
regarding the SL channel state information (CSI) of all links
among the anticipated v-UEs (i.e., multicast members). The
SL-CSI feedback in SL multicast transmission is impractical,
especially in high-mobility V2X scenarios [2]. Furthermore,
the complexity of relay selection in group communications can
exhibit nondeterministic polynomial (NP)-hard characteristics
[6]].

Hence, this work is motivated by the premise that the
gNB relies on a low-complexity relay selection algorithm for
low-latency V2X applications when no SL CSI feedback is
available. Furthermore, the relay selection of this work aims
to accommodate the mode 1 and mode 2 SL traffic, which to
our knowledge, has no precedent in the literature. That brings
the novelty of this work. More specifically, in a specified SL
channel for the mode 1 SL multicast, the ongoing mode 2
SL transmission may contain a source of interference. The
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conventional approach to solving this problem is to employ the
orthogonal multiple access (OMA) to accommodates mode 1
and mode 2 SL transmission in different time frames. On the
other hand, the nonorthogonal multiple access (NOMA) can be
applied to cooperative network transmission [7], [8] for higher
spectral efficiency (SE) transmission. That says we may adopt
NOMA to accommodate the requirements of mode 1-mode 2
SL transmission for higher SE. The significant contribution in
this work is to present an efficient and efficacious approach for
determining the employ of the most suitable multiple access
(MA) scheme and the associated relay.

We propose a low-complexity, location-based hybrid MA
and relay selection (H-MARS) algorithm for use when no
SL CSI information is available. The H-MARS algorithm is
executed in two steps. First, the suboptimal relay positions are
approximated for NOMA and OMA schemes subject to SL
CSI being unavailable. The v-UE closest to the approximated
location is specified as the best relay available for each MA
scheme. Second, a proposed criterion based on the SE outage
of two MA schemes is employed in assisting the selection
of MA schemes and their associated relays. H-MARS is
suitable for low-latency V2X applications involving no SL CSI
feedback. In this algorithm, the relay location approximation
and criterion developed for MA selection have low complexity
in the order of O(N), where N is the number of mode 1
SL multicast members. By comparison, brute-force search
(BFS)-based algorithms have a complexity in the order of
O(N?). With provided simulation results, we verify that MA
selection in the H-MARS algorithm is consistent with those
in BFS-based algorithms with significantly lower complexity
consumption.

The remainder of this paper is organized as follows. Section
[ lays out the system model and problem formulation. Section
I details our proposed algorithm. Section [[V] presents the
simulation results. Finally, Section [V] concludes the paper.

II. SYSTEM MODEL AND PROBLEM FORMULATION
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Fig. 1. System layout.

The scenario analyzed in this study is illustrated in Fig. [Tl
Specifically, a BS aims to deliver messages to a designated
multicast group V comprising N v-UEs, which are denoted as
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{vn, € V})_,. The v-UE v, € V is randomly located within
a circle of radius R. For convenience, we take the center
of the circle to be the origin in two-dimensional Cartesian
coordinates. We denote 6, = (zn,yn) as the location of v, € V
in the two-dimensional space. In the present scenario, a v-UE
vp € V is selected as a relay to relay messages from the BS
to the members of a multicast group V. In practice, the BS is
not within the proximity of multicast group communications
within V. Thus, per the 3GPP LTE specifications [2]], the gNB
may designate a relay v-UE to execute mode 1 multicast trans-
mission to the designated group members. As mentioned, in
the specified SL channel, mode 1 multicast transmission may
encounter interference from the ongoing mode 2 transmission.
As illustrated in Fig.[Il we assume that vr ¢ V is the mode 2—
transmitting v-UE closest to the multicast group; moreover, we
designate vp as its corresponding receiving v-UE. The signal
transmission from vy to vp most likely causes the strongest
interference to the ongoing transmission of the multicast group
V.

A. OMA Mode

First, we may schedule the mode 1 multicast SL traffic
and mode 2 unicast SL traffic in independent time frames—
an approach known as time division MA, a family of OMA
schemes. Let n** denote the SE of the link between a
designated relay v, € V and a multicast member v, € V;
it is given by

77(1),‘;?7; - ﬂlOgQ(l + gr,npnd;g)v (1)

where g,, ~ exp(l) is the exponentially distributed fading
power gain of the link between v, and v,; d,» is the distance
between v, and v,,; « is the path loss exponent; p, = P/o2,
where P is the transmission power of the v-UE and o2 is the
noise variance v,; and g = 0.5 represents the 50% occupancy
time of the specified SL channel. Let 75" denote the SE of
the link between vr and its receiving UE vp, which is given
by

n3"* = (1 = B)logy(1 4+ gr,pppdrD)- (2)
In @), we use grp ~ exp(1) to denote the exponentially
distributed fading power gain of the link between vy and its
receiving UE vp (spaced dr,p apart) with a rate of 1. We also
define pp as P/o%, where P is the transmission power of the
v-UE and o is the noise variance vp. To ensure the equal
distribution of the SL channel between multicast and unicast
SL transmission, the link between vr and vp should have a
50% occupancy time of the specified SL channel. Specifically,
(1—8)=05;8=0.5.

To optimize reception under multicast S communications,
we select an optimal relay vx € V to maximize the total SE of
the worst link (i.e., that with the minimum SE) of multicast and
unicast transmissions, as indicated in (1) and @), respectively.
Thus, we obtain the desired SE achieved with the relay vy € V,
given as

OMA . OMA OMA
= max ( min 24 3
n F:v;ev(i:vievnl'r'b T2 )7 ( )

OMA

where the minimum SE of 77},
optimal relay vy.

is achieved by v; and the

B. NOMA Mode

As noted in [7], [8l], we can exploit the NOMA to accom-
modate the multicast—unicast SL transmission in the specified
SL channel. In our scenario, because the multicast members
v, € V are close to each other, v,, usually receives a stronger
signal from the relay v, € V than from vy. Thus, according
to the NOMA principle [9], a v-UE v, € V can directly
decode the signal from v,. As for vp, its signal from vy
can be decoded using the successive interference cancellation
techniqueﬂ

Under the NOMA scheme [9]], vp successively decodes and
cancels signals transmitted from v, € V prior to decoding its
own signals from vr. Thus, the SE of the link between the
relays v, € V and v, € V can be written as

09T, npndr5, +1

NOMA

ni,r',n = 10g2(1 + )7 (4)
where o is the power factor of NOMA [9] and p, = P/o2 is
defined in ().

Let "5 denote the SE of the link between the relay v, € V
and vp ¢ V, which is given by

gr,Dde:.,aD

NOMA

mMop = logy (14 )s (5)

09r,.pppdrp + 1

where pp = P/o} is defined in @) and we define o 2

1 d-%)05-1 .

(+er.peD T’f’a) A Thus, the SE of the link between the
9T, pPDAdT )

relays vr and vp can be written as

""" =logy (1 + ogr,p Pdrp). (6)

Similar to the OMA scheme, the optimal relay vz € V
should maximize the total SE of the worst-performing link
in multicast and unicast transmission, as described in (@)
and (@), respectively, to optimize reception in multicast SL
communications. Using such an approach, we can obtain the
desired SE achieved with the relay vz € V, which is given as

W= max (min (70 D) + 0, )
where the minimum SE of 773} is achieved by v; and the
optimal relay vy.

On the basis of the results of (@) and (7), we can activate
the NOMA scheme with the selected relay v € V if the SE of
NOMA is greater than that of OMA; that is, if n™"* > o,

However, the optimal determination of the objective func-
tions of () and () requires SL CSI. Moreover, the calculation
complexity of conducting a BFS-based approach is at least in
the order of O(N?). Compounded with the issue of SL. CSI
feedback, this is impractical for SL multicast communications
and low-latency V2X applications. Thus, we introduce a low-
complexity location-based approach for situations when SL
CSI is unavailable.

!'According to [4], SL CSI feedback is only supported in unicast transmis-
sion. That said, vp has the CSI of unicast transmission for performing the
signal decoding in the NOMA procedure. However, multicast CSI feedback
is not supported.

» (tgr,pppdr,

Y051
2We set o =

— assuming vp can have the same
97, pPDAdr

SE in OMA and NOMA, that is, 0.5log, (1 + g7, pppdsF) = logy (1 +
egr,pppdr D)



III. LOCATION-BASED H-MARS ALGORITHM
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Fig. 2. Layout of proposed location-based H-MARS algorithm.

The steps of our proposed scheme are detailed as follows.
First, according to the locations of all anticipated v-UEs,
the suboptimal relay location approximations subject to SL
CSI being unavailable are proposed for OMA and NOMA
and detailed in Prop. 1 and 2, respectively. Second, Prop.
3 addresses the proposed criterion for determining the most
suitable MA scheme, derived on the basis of the SE outage of
OMA and NOMA, and calculated with the approximated relay
locations acquired from Prop. 1 and 2. Propositions 1-3, the
three cornerstones of the proposed H-MARS, are presented as
follows.

Proposition 1: Given the location of vp ¢ V, which is
spaced do,p away from the center shown in Fig. ] the
suboptimal relay location of OMA subject to SL CSI being
unavailable is approximated as

dr; = 0.5d, , (8)

where v; € V : i = argmaxi<n<ny dn,p 1S the v-UE with the
greatest distance to vp, v; € V is the v-UE with the greatest
distance to v;, and d; ; is the distance between v; and v;.

Proof: Because 75" in (@) is irrelevant to the selection
of relay vz, (3) is dominated by

e lmia rd) = in (mag dea) - O)
where 77} = Blogy(1 + pid; ) is a modification of @
given that gx; = 1 because of the lack of SL CSI. The
calculation complexity of (@) is in the order of O(N?). To
find an approximated solution to (@) for a random topology,
we add the following assumptions,

Assumption 1: v; €V :i = argmaxi<n<n dn,p is the v-UE
with the greatest distance to vp (Fig. ).

Assumption 2: v; € V : j = argmaxi<n<n dn,; 1S the v-UE
with the greatest distance to v; (Fig. 2).
The first assumption gives us an anchor wv;. The second
assumption allows us to find v along the line between v;
and v;. Thus, the vy that satisfies (@) should be in the middle
of v; and vj; that is, dr; = dy,; = 0.5d; ;. [ ]

Proposition 2: Given the location of vp ¢ V, the subopti-
mal relay location of NOMA is approximated as

-1/«

c

o 1

dp,i = /a
¢

“1/a 'dinv (10)

+ ¢y

where ¢1 = od7.§ + p;tand ¢z = odr5 + pp'

Proof: In [@), n5°"* is irrelevant to the selection of relay
vs; moreover, "+ is dominated by the first term of (Z), which
is

3 NOMA NOMA 1 1
Jnax (min (111705 1.7.D)- ey
If the inequality 7y%; > ny%'p holds, (II) becomes

NOMA

maxs..ev 714 p- Lhis entails that v should be as close to
vp as poss1b1e, whereas v, should be as far away from v; as
possible, to maximize the minimum of 77%";. Thus, v; should
also be away from vp, making Assumptlon 1 reasonable.
Furthermore, 77?5 is upper bounded by the minimum of

NOMA

NOMA

5. To maximize 7', we have the associated relay vs
to satisfy

Lri =MD (12)

9r,ipidy 5 9#,pppd; (13)

ogr.ipids +1  ogr.pppdsy +1°
Subject to SL CSI being unavailable, it is reasonable to specify
g#.i,97p, 97, and gr p all equal 1, and we may rewrite (I3)

as

df'." d=<

e (14)
QdT T o} QdT DT
=cady; = ci(dip —dpi) © (15)
—1/a
o di,p
=dp; = 1/a—|—02 e’ (16)
where c¢1 = od; + p; ' and ¢z = od;, + pp'

Given vy, if the inequality of 7% < n1%'p holds, (I2)

can be solved, leading to (I6). For brevity, this process is not
shown. |
Proposition 3: Given the v+ and v; selected from Prop. [I
and 2] for the OMA and NOMA schemes, respectively, with a
specified v, we can activate the NOMA mode if
A= Pidr i d e~ 2PDdr DY W
. , ) > (e Py
di i+ edg Sy er + odrpY
is true. Otherw1se, the OMA mode will be activated.
Notably, (I7) is dominated by the locations of all anticipated
v-UEs and results in the calculation complexity in the order
of O(N).

Proof: If the outage probability of NOMA is smaller than
that of OMA, the SE of NOMA 7"*"* is likely higher than
the SE of OMA n°** for a given ~. In such circumstances,
the NOMA mode should be activated; otherwise, the OMA
mode should be activated. We have the outage probabilities of
NOMA and OMA approximated in Lemma [l of Appendix [A]
and Lemma ] of Appendix [B] respectively. Thus, the NOMA
mode is activated when

min(

a7)

zd o, —0pidr Gy ppdi%e —eppdrpy
max (1 — P — 1 - L ——)
pzdm- + deT,ﬂ pod;p + eppdrpy
S (—e et s
which may be rewritten as (17). [ ]

On the basis of Lemma [ in Appendix [0 the association
of v; with v; is specified to be ~; = (2475 — 1), and the
association of yp with vp can be similarly set. Now, we can
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Fig. 3.
of the H-MARS algorithm with do,7/R = 3.

Algorithm 1: Location-Based H-MARS Algorithm

Input: Locations of v; € V,Vi, vr and vp.
Output: The determined MA scheme and its associated relay, either
vy €V for NOMA or vz € V for OMA.

Step 1(a): Find the relay of OMA vz € V), which is the v-UE
nearest to the relay location approximation from Prop. 1.

Step 1(b): Find the relay of NOMA v; € V, which is the v-UE
nearest to the relay location approximation from Prop. 2.

Step 2: Use Prop. 3 to determine whether to activate the NOMA

mode with its associated relay vz or the OMA mode with its

associated relay vy.

specify v = min(v;,yp) in Prop. 3. The steps of the H-MARS
algorithm are summarized in Algorithm [I1

IV. SIMULATION RESULTS

The system parameters used in the simulations are summa-
rized as follows. On the basis of the spatial Poisson process
(3, given a density of 0.25%, 20 v-UEs on average were
randomly distributed in a circle with a radius R = 50(m). In
addition, we experimented with various locations of vr and vp.
Each recorded SE was the average result of 10° experiments.
The transmission power P of each v-UE was 21 dBm [4]],
and the noise variance was —89 dBm. The path loss exponent
a = 4 is used in Prop. 1-3, along with the path loss model
presented in [4]f

Fig. 3 displays the recorded SE (a) and the total calculation
complexity (b) of the H-MARS and counterpart algorithms in
terms of the location of vp, which was determined to exert
a strong influence on the results. To our knowledge, there is
no other similar work, which also targets a joint design of the
MA selection and the associated relay location approximation
in V2X networks. Hence, the SEs of the optimal BFS-based
OMA and NOMA provide the most suitable performance
references to our work. As shown in Fig. B(a), BFS-based
NOMA having higher SE when (do,p/R) < 1.4 (i.e., do,p <
70m) is a logical choice over BFS-based OMA. Subject to
SL CSI being unavailable, the proposed H-MARS, having
the MA switch point at (do,p/R) = 1.2, still closely adapts
to the changes of BFS-based MA scheme. In addition, the
total calculation complexity recorded in Fig. B(b) shows that
the H-MARS has significantly lower calculation complexity
compared to BFS-based MA scheme in terms of the number

3The path loss model used for simulations is PL = 40 log; o (d) 4+ 7.65 —
17.3logg(ht —1) —17.3log o (hr —1)+2.7log; o (fc), Where hy = h, =
1.5 m and f. = 5.9 GHz.
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2 14 16 18 2

1.2 1.4 1.6 1.8 2 0 02 04 06 08 1 1.
dop/R

1
dyp/R

Recorded SEs of the H-MARS algorithm with
different values of (r¢, dr/R).

of multiplications and additions. For example, with the setting
of N = 20, the recorded calculation complexity of H-MARS
is at least 20 times lower than that of the BFS-based MA
scheme. These results indicate that the H-MARS algorithm,
with low complexity, is extremely efficient and efficacious in
guiding the MA scheme selection provided with the effective
associated relay location approximation.

The H-MARS provides an efficacious MA switch. Hence,
Fig. M presents the duty cycle of NOMA in the H-MARS
algorithm in terms of (r., do,r/R), where r. indicates the max-
imum value of the uniformly randomized vehicle’s location
estimation error (in meters), which may be resulted by variant
localization algorithms, mobility, etc. As shown in Fig.
[ the larger value of do /R will result in more duty cycles
of NOMA. It entails that OMA is preferred when the mode-2
vr is closer to the mode-1 V2X group, and NOMA will be
employed when vy is away from the mode-1 V2X group. More
importantly, Fig. @] shows that the MA selection of H-MARS
only depends on the relative locations of mode-2 vy and vp.
In addition, Fig. @ recorded that the location estimation error,
especially for r. = 5m, results in a negligible impact to the
MA’s duty-cycle of H-MARS. Hence, the MA schemes do
not frequently switch due to rapid CSI variations and have
moderate sensitivity to the vehicle’s location estimation error.
Those facts make the proposed H-MARS practical in use.

The SEs of H-MARS recorded in Fig. [5] also show the
consistency of the above discoveries. The SE of H-MARS
presents negligible degradation for r. = 5m and shows a
moderate loss for . = 10m for all settings of do,r/R. More
importantly, Fig. [5l shows that with the same value of dp,
the mode-2 vr closer to the mode-1 V2X group, in general,
will result in higher SE. Along with the discovery acquired
from Fig. @l NOMA enhances the SE with larger do,r/R and
OMA plays its role when do,r/R is small. In summary, NOMA
is preferred when vy is far away from the multicast group,
whereas OMA performs better when vy is sufficiently close
to that group. The location of vp in between is key.

V. CONCLUSIONS

This paper introduced a low-complexity hybrid MA scheme
and its associated relay selection algorithm when SL-CSI
is not available. The proposed scheme has low calculation
complexity in the order of O(N) compared with the BFS-based
algorithm, which is in the order of O(N?). As a result, the



proposed H-MARS algorithm closely adapts to the BFS-based
benchmark with low SE loss. Furthermore, it has moderate
sensitivity to the vehicle’s location estimation error, which
makes the proposed H-MARS practical in use.

APPENDIX A
Lemma 1: Given the selected v; from Prop. 2l we can
obtain
Pr(nNOA[A < 1—\)

—epidr Sy —eppdr B

Ddr He

pod; 5 + 0ppdrpy

Pzd
mdf,i + gpid%f){v’

x max(1 —

)
19)

where v = (2" — 1).
Proof: According to (@), the selection of v is irrelevant
to n5°** in (@). Thus, we have

Pr(?’]NOMA < F)

o max(Pr(ny77 <T),Pr(m7p <T)). (20)
There exists a v = (2" — 1) such that
Pr(i% < T) py(_ bl Q1)
1,77 ,QgTylpldi? + 1 )
#, a5
Pr(ii%s, < T) oc Pr(— 22224y (22)

o9r,pppdrp +1

We let X = gf.,ipid;’? and Y = ,QgTyipid;;‘ with \y = ,Qpid;;‘
and A, = p;d; ;" such that

" ideq d QPszl"/
pr( Pl P TR oy
ogr,ipidr; +1 pid: 5 + opidy 5y
Similarly, we have
wpppd, & Dd;a 679ppd;ﬁ3“/
pr(w—l’)<7):1_ PD%.p (24)

ogr,pppdrp + 1 ppd; % + 0ppdrHy

In @0), we substitute @I) with @3) and @2) with (]E[)

respectively, to obtain (19).

APPENDIX B

Lemma 2: Given the selected vz from Prop. [ we can
obtain

Pr(n™* < T)ocl—e P47, (25)

1—e

where v = (27 —1).
Proof: According to (@), the selection of v, is irrelevant
to n5**. Thus, we have

Pr(n”" <T) < Pr(ny’s; <T). (26)
Furthermore, there exists a v = (27 — 1) such that
Pr(ntii <T) o< Pr(gripids iy < 7). 27)

If X is an exponentially distributed random variable with a
rate A\, we have Pr(X < 2) = 1 — e *+®, Thus, we let X =
gripidy s With Ay = p;d; " such that

Pr(gripidy <7) =1—¢ i, (28)

Then, in (26), we substitute (27) with 28) to obtain 23). MW

APPENDIX C
Lemma 3: Given that X = g;,p:d; " and Y = ogr,ipidr
are independent and exponentially distributed with rates A\, =
opidy and A, = p;d; ¢, respectively, we have

Eflogy(1+ -7)} =A— B, (29)
where
_ el/AmEl(l/)\) el/kyEl(l/)\y) and (30)
log, (2)(1 - 3%)  log, (2)(1 — 3¥)
_eYME(1/Ny)
b= GD

Proof: First, (29) can be rewritten as

E{log, (1 + %)} — Eflog,(1 + (X +Y)} — E{log,(1 + Y)}.

Y
(32)
According to [T} (C.15)], we have
K /MkE 1
E{logy(1+ Y gr)} Z T 1 ( (/“f)ﬂ)7 (33)
=1 0k s

where g 1is exponentlally dlstrlbuted with a rate p, and

Ei(x) = [ e ™" /tdt is the exponential integral.
Next, two terms of (32) are given by
/2 1/
A=E{logy(1+ (X +Y)} = = El(l/ix) - yEl(l/AAy) ;
log, (2)(1- 35)  log, (2)(1 - &)
(34)
e E(1/Ay)
B = E{10g2(1 + Y)} = W (35)
|
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