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ABSTRACT The enhanced vehicle-to-everything (eV2X) systems have stricter constraints of latency and
reliability than before. To meet the low latency and high reliability (LLHR) demands, the investigation of
semi-persistent scheduling (SPS) is of great significance. For the first time, we integrate millimeter wave
(mmWave) and non-orthogonal multiple access (NOMA) into SPS strategy. The proposed strategy includes
the beam division and user clustering process, the power allocation process, and the vehicular user equipment
(VUE) – resource block (RB) matching process. Firstly, the joint-optimization problem in terms of user
scheduling indicators and power allocation factors is formulated to minimize the SPS period. This problem
is then proved to be non-deterministic polynomial hard (NP-hard) by being reduced into a vertex coloring
problem. To solve it with polynomial complexity, we divide it into two subproblems and calculate them
by iteration. For one subproblem, the LLHR power control algorithm is proposed to solve the non-convex
reliability-optimization problem, which can provide an evaluation indicator for the user scheduling. For the
other subproblem, the beam division and VUE clustering algorithm is designed to reduce the complexity of
the VUE-RB matching. After that, the matching problem with peer effects is solved by the proposed union-
based matching algorithm. The analytical results on stability, convergence and computational complexity
are presented, and simulation results show that the proposed SPS strategy outperforms the existing schemes.

INDEX TERMS Enhanced V2X, NOMA, mmWave, hybrid precoding, semi-persistent scheduling.

I. INTRODUCTION
Intelligent transport system (ITS) has been one of the
highly concerned transmission systems in the fifth gener-
ation (5G) enabled artificial intelligence (AI) era, since it
can provide security, transport efficiency, and energy con-
servation [1]. To meet the new requirements of 5G ITS,
the 3rd generation partnership project (3GPP) has proposed
an enhanced vehicle-to-everything (eV2X) network [2], [3],
which contains two communicationmodes, i.e., PC5 interface
for sidelink (SL) [4] and Uu interface for downlink/uplink
(DL/UL) [5]. Particularly, the novel use cases in eV2X net-
works have more critical low latency and high reliability
(LLHR) constraints. For instance, the advanced driving ser-
vices require vehicular user equipment (VUE) to implement
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mobile AI [6], where the Uu interface is utilized to transmit
periodic packets.

Such LLHR use cases are generally time-triggered rather
than accidental [7], which is different from the event-
triggered services in conventional cellular networks. It has
been proved that semi-persistent scheduling (SPS) performs
better for time-triggered services than dynamic scheduling
(DS), since it can greatly reduce the signaling overhead [8].
Moreover, the centralized SPS utilizes global channel state
information (CSI) to allocate resource blocks (RBs) for
VUEs [9]. Hence, it has higher spectrum utilization and is
better for collision avoiding compared with the distributed
SPS.1 However, eV2X networks also require higher data rate,
e.g. Gbps, as introduced in [6], [10]. Limited by spectrum

1For distributed SPS, several VUEs are allocated with the same RB since
only partial CSI can be obtained. At this point, collision avoidance algorithm
will be utilized, but it may cause an indeterminate increase of latency.
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resource, it is difficult for sub-6 GHz to guarantee the latency
of all VUEs under LLHR constraints.

A. RELATED WORKS
To achieve higher data rate, millimeter waves (mmWave),
e.g. 30 GHz and 63 GHz, are considered in eV2X net-
works [11], [12]. The wider spectrum bandwidth makes
mmWave able to serve more VUEs than sub-6 GHz. More-
over, the shorter wavelengths are beneficial for the deploy-
ment of large-scale antenna systems, which can improve the
beamforming gain [13]. However, the higher carrier-center
frequency (CCF) also leads to the increase of interference
and pass loss [14]. Hence, several improved beamform-
ing schemes were designed for mmWave systems. In [15],
a latency-optimal beam sweeping and alignment scheme was
proposed for both the transmitter side and the receiver side
in mmWave V2X systems, while in [6], an online learning
algorithm in the cloud was proposed for beamforming with
the ability of environmental awareness. Typically, in order
to achieve a balance between radio frequency (RF) chain
overhead and transmission performance, hybrid analog and
digital precoding schemes are proposed for mmWave sys-
tems, including fully connected hybrid beamforming and
sub-connected hybrid beamforming [16]. Specifically, a fully
connected hybrid precoding structure consisting of a low-cost
high dimensional analog precoder and a high-performance
low dimensional digital precoder was proposed in [17], where
each RF chain is connected to all antennas.

Benefit from the non-orthogonal nature in frequency
domain, power-domain non-orthogonal multiple access
(NOMA) has been considered to solve the problem of carrier
frequency offset (CFO) and frequent handovers of mmWave
cells caused by vehicle mobility [18], [19]. It is worth men-
tioning that the pairing-based NOMA has been shown to
achieve the spectral efficiency which is about 30% higher
than orthogonal multiple access (OMA) under a given band-
width [20]. This advantage facilitates the transmission of
large data packets in a limited RB. Moreover, power domain
multiplexing by NOMA can be an effective complement
to space division multiplexing by MIMO [21]. Recently,
someMIMO-NOMA schemes in cellular networks have been
investigated. A low-complexity singular value decomposition
(SVD) beamforming scheme based on multi-user CSI was
proposed for 5G MIMO-NOMA in [22]; a joint precod-
ing and dynamic power control scheme was proposed for
mmWave-NOMA systems with lens antenna arrays in [23];
user selection and power allocation formmWave-NOMAnet-
works were investigated in [24] and [25]. However, the above
solutions [22]–[25] were designed to maximize the sum of
users’ achievable rates. Different from them, the key perfor-
mance indicator (KPI) of eV2X systems is considered to be
latency rather than system throughput [12], [26]. Addition-
ally, considering the advantages of high spectrum utilization,
MIMO-NOMA has been widely studied for conventional cel-
lular services in [27]–[29], e.g., a detailed analysis of channel
capacity in mmWave massive MIMO-NOMA systems was

given in [27]. Additionally, in [30], a precoding scheme was
proposed to increase the difference of channel gain between
user 1 and user 2 in a given NOMA pair, and two schemes of
power allocationwere proposedwith consideration of user 1’s
transmission outage probability and data transmission rate,
respectively. However, the schemes in [27]–[30] are not suit-
able for the LLHR services, i.e., the ability to improve latency
and reliability may be limited. Furthermore, it is difficult for
such schemes to manage interference effectively in an eV2X
systemwith dense vehicle distribution. For instance, although
the system throughput can be improved with the proposed
mmWave-NOMA scheme in [28], the weak users have a
much lower transmission rate than the strong users, which
leads to a risk of reliability. Therefore, the LLHR scenarios
in eV2X systems need a novel design of mmWave-NOMA
schemes.

B. MOTIVATION AND CONTRIBUTIONS
The motivation of this paper is to improve latency and reli-
ability of the eV2X systems by utilizing MIMO-NOMA.
Considering the KPI, eV2X systems prefer to utilize the
least number of RBs to serve all VUEs in coverage under
the constraints of quality of service (QoS), which is differ-
ent from the event-triggered services. This view was also
reflected in [7], where a centralized SPS strategy is designed
for machine-type communications (MTC) to minimize the
scheduled bandwidth. Specially, for eV2X systems, the min-
imization of SPS period is more feasible and reasonable,
since the users have a uniform constraint of latency and reli-
ability [26]. Additionally, to maximize the packet reception
rate (PRR), a NOMA-based hybrid centralized/distributed
SPS strategy was proposed in [9], which was designed for
broadcast communication.

In this paper, a centralized SPS scheme based on mmWave
massive MIMO and NOMA is proposed to meet the LLHR
demands of eV2X systems, which includes hybrid precoding,
user scheduling, and resource allocation. Particularly, the pro-
posed strategy optimizes the SPS period under the constraints
of reliability by searching and calculating two parameter sets,
i.e., power allocation factors and vehicle scheduling indica-
tors. The main contributions are summarized as follows:

• A novel centralized SPS strategy is proposed for the
LLHR eV2X systems. The purpose of this strategy is
to reduce the SPS period, which is the main compo-
nent of scheduling latency [26], as well as to improve
the lower bound of transmission reliability of VUEs
that share the same RB in each time slot. To achieve
this purpose, we introduce mmWave massive MIMO-
NOMA to extend the freedom of each VUE, which
makes the VUEs covered in eV2X systems finish the
data transmission with a smaller number of RBs under
QoS constraints.

• To enable the mmWave massive MIMO-NOMA-based
eV2X SPS strategy, the joint-optimization problem in
terms of user scheduling indicators and power allocation
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FIGURE 1. System model of cellular eV2X transmission.

factors is first formulated. This problem is proved to be
non-deterministic polynomial (NP) hard, and then, three
implementation processes are developed, including the
power allocation process, the beam division and user
clustering process, and the VUE-RB matching process.

• The stability, convergence and computational complex-
ity in terms of the mmWave-NOMA-based SPS strategy
designed in this paper are presented. For comparison,
five typical schemes as well as the proposed one are
evaluated by simulations. It is shown that the proposed
scheme improves the SPS period compared with the
existing schemes.

C. ORGANIZATION
The rest of the paper is organized as follows. In Section II,
the system model and channel model of cellular V2X
systems is described, and the formulation of schedul-
ing problem is given. In Section III, we design the
mmWave-NOMA-based SPS strategy and analyze stabil-
ity, convergency, and complexity of the proposed scheme.
Specifically, the LLHR power control (LLHR-PC) algorithm,
the beam division and VUE clustering (BD&VC) algorithm
and the union-based VUE-RB matching algorithm are pro-
posed, respectively. Finally, simulation results are presented
in Section IV and conclusions are drawn in Section V.
Notation: AT , AH , A−1 and ||A|| denote the transpose,

conjugate transpose, inversion and 2-norm of matrix A,
respectively. b·c denotes Gaussian rounding. |N | denotes the
number of elements in N . β ∼ CN (u, σ 2) denotes that β
obeys the complex Gaussian distribution with mean u and
covariance σ 2.

II. SYSTEM MODEL AND PROBLEM FORMULATION
In this section, a cellular eV2X system model is first pre-
sented. Then, we propose and formulate the mmWave-
NOMA scheme in order to reduce the latency caused by the
SPS period.

A. SCENARIO DESCRIPTION
As is shown in Fig. 1, we consider a single-cell mmWave-
NOMA-supported cellular V2X system. The base station
(BS) is equipped withMBS transmitting antennas andGBS RF
chains. To be simple, each VUE is assumed to be equipped

with single antenna [23], [29]. Each RF chain is connected to
all antennas to form the fully connected structure [16], [17],
which can achieve optimal hybrid precoding performance.
The VUEs in different beams can be multiplexed in spatial

domain, while the VUEs in the same beam can bemultiplexed
in power domain, since strong channel correlation is required
for NOMA to superimpose clusters’ signals [28]. The VUE
set of the n-th cluster in the g-th beam is expressed as Ng,n,
which can include multiple NOMA VUEs V i

g,n, i ≥ 1 [31].
The pairing-based NOMA is generally considered [32], [33],
if each VUE has strict QoS constraints.

∣∣Ng,n
∣∣ is utilized to

denote the number of VUEs in Ng,n. We have
∣∣Ng,n

∣∣ ∈ N+
andNg,n∩Ng′,n′ = 8 for

∣∣g− g′∣∣+∣∣n− n′∣∣ 6= 0. An adaptive
NOMA/OMA clustering is considered in this system, since
the number of VUEs in each beam is uncertain. Specifically,
NOMA is adopted when

∣∣Ng,n
∣∣ ≥ 2, while OMA is adopted

when
∣∣Ng,n

∣∣ = 1. Without loss of generality, assume that the
channel gain of V i

g,n is stronger than V
i+1
g,n when

∣∣Ng,n
∣∣ ≥ 2.

The NOMA/OMA cluster set of the g-th beam is expressed as
Ng. Hence, the number of VUEs and the number of clusters

are U =
∑GD

g=1
∑|Ng|

n=1

∣∣Ng,n
∣∣ and |N | =∑GD

g=1

∣∣Ng
∣∣ respec-

tively, where GD is the number of formed beams. We have
GD ≤ GBS .
Considering the strong multiplexing capability of NOMA

and hybrid precoding, the bandwidth of RB is defined as the
aggregate system bandwidthω [12], and the width of time slot
is τRB, i.e., the number of equivalent RBs after aggregation is
equal to the number of time slots [9], [32]. One SPS period
requires K time slots to finish the transmission of packets
under the QoS constraints. Hence, the SPS period is KτRB.

B. CHANNEL MODEL
We adopt the channel model widely used in mmWave sys-
tems [23]–[25], [29]. The channel vector of V i

g,n is

hig,n =
√
MBS

L∑
l=1

β ig,n,la
(
φig,n

)
, (1)

where L is the number of paths from BS to each VUE.
Without loss of generality, the first path is defined as line-of-
sight (LoS), while the others are non-line-of-sight (NLoS).
β ig,n,l represents the complex Gaussian gain of V i

g,n in the
l-th path, and β ig,n,l ∼ CN (0, `ig,n,l). `

i
g,n,l represents the

average path loss from BS to V i
g,n. Considering the mobility

of VUEs, the actual path loss is `ig,n,l = |d
i
g,n + vig,ntw|

-ηl ,
where dig,n and vig,n are the displacement vector and relative
velocity between BS and V i

g,n, respectively. tw is the waiting
interval between the time point when the data is ready to
transmit and the time point when the transmission starts, and
the maximum waiting interval can be tw = KτRB. ηl is the
path loss exponent of the l-th path.
a
(
φig,n

)
represents the array steering vector, and φig,n rep-

resents the azimuth angle of departure (AoD), φig,n ∈ [0, 2π ).
Particularly, the uniform linear array (ULA) is adopted, and
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a
(
φig,n

)
can be expressed as

a
(
φig,n

)
= MBS

−
1
2 [e

j2πmfcd sin(φig,n)
c ]T , (2)

where fc, c, d and m = {0, 1, . . . ,MBS − 1} are respectively
the CCF, the speed of light, the antenna spacing, and the
antenna set. Note that a value of sin(φig,n) may correspond
to two different values of AoD, e.g. 0.25π and 0.75π . There-
fore, VUEs with strong channel correlation may be far apart
in spatial position.

C. TRANSMITTING AND RECEIVING
According to (1), the channels of the transmitting antennas
in a mmWave system are not spatially orthogonal. Thus,
the channel matrix with the size ofMBS ×MBS generated by
(1) cannot be full rank. At this point, the maximum number
of data streams that can be distinguished in spatial domain is
often much smaller than the number of antennas, even if the
fully digital beamforming is adopted. Therefore, considering
the cost and overhead, an analog precoding is first utilized
to obtain the equivalent channel matrix that is low dimen-
sional but low correlation, and then, a low-dimensional digital
precoding is utilized to improve the level of interference
suppression, especially for the services with high reliability
constraints.

Considering the analog precoder with B bits quantization
precision, the minimum step of phase shifter is 21−Bπ . Com-
bined with the channel feature of ULA, the analog precoding
vector satisfies

wa
g ∈Wa

=

[
a
(
21−Bπb

)]
, (3)

where b =
{
0, 1, . . . , 2B − 1

}
is unit phase shift, and wa

g
is the analog precoding vector of the g-th beam. Hence,
the analog precoding matrix can be expressed as

Wa
=
[
wa
1,w

a
2, . . . ,w

a
GD

]
. (4)

Then, the digital precoding vector wi
g,n of V i

g,n is calcu-
lated. Typically, in a conventional NOMA cellular system,
wi
g,n is often calculated by the CSI of the strong user (SU)

which has the highest channel gain in the cluster [28], [32].
Such a SU-based scheme facilitates the optimization of sys-
tem throughput, since SU has the best channel quality in
its cluster. In Section IV, we simulate the above-mentioned
‘‘SU-based Hybrid Precoding’’ as one of the baseline
schemes. Considering that each type of time-triggered ser-
vices in eV2X systems has the same reliability constraint and
a similar size of packet, a fair zero-forcing digital precoding
method is adopted and can be expressed as

W̃d
= (Wa)HH

(
HHWa(Wa)HH

)−1
, (5)

whereH =
[
h11,1, . . . ,h

1
2,1, . . . ,h

|NGD,|NGD
||

GD,|NGD |

]
represents the

channel matrix containing the channel vectors of all VUEs

and W̃d
=

[
w̃1
1,1, . . . , w̃

1
2,1, . . . , w̃

|NGD,|NGD
||

GD,|NGD |

]
represents

the digital precoding matrix.
After normalization, wi

g,n can be expressed as

wi
g,n = w̃i

g,n/

∥∥∥w̃i
g,n

∥∥∥ . (6)

To facilitate the expression of signal, we define a schedul-
ing indicator θkg,n for the VUEs in Ng,n, where

θkg,n =

{
1, if Ng,n is scheduled in the k - th RB,
0, otherwise.

(7)

Then, the received signal of V i
g,n in the k-th RB can be

expressed as

yi(k)g,n =
√
Pt h̄ig,n

GD∑
x=1

|Nx |∑
y=1

|Nx,y|∑
z=1

wz
x,y

√
θkx,yα

z
x,yxzx,y+ v

i
g,n, (8)

where h̄ig,n = (hig,n)
HWa is the equivalent channel vector

after analog precoding. Pt represents the transmit power, and
vig,n represents the additive noise with a power spectral den-
sity of σv. αig,n is the power allocation factor, which satisfies

GD∑
g=1

|Ng|∑
n=1

θkg,n

|Ng,n|∑
i=1

αig,n ≤ 1, ∀k ∈ {1, 2, . . .K }. (9)

Minimummean square error - successive interference can-
cellation (MMSE-SIC) is adopted to decode the received
signal [20], where the mean square error is given by

eig,n = E
[∥∥∥ρig,nyi(k)g,n − θ

k
g,nx

i
g,n

∥∥∥2] . (10)

ρig,n represents the channel equalization coefficient (CEC)

of V i
g,n, and we assume E

[∥∥∥x ig,n∥∥∥2] = 1.

D. SPS PROBLEM FORMULATION
The spectral efficiency for V i

g,n to transmit a packet of L ig,n
bytes is given by

R̄ig,n = 8 ln 2 ·
L ig,n
τRBω

, (11)

where the nature unit is utilized as the unit of data to sim-
plify subsequent calculations, and thus, the unit of R̄ig,n is
nats/(s · Hz).
For brevity, ς ig,n is utilized to describe the intra-beam inter-

ference, the inter-beam interference and the additive noise
of V i

g,n. According to (8), the interference plus noise can be
expressed as

ς ig,n = Pt
∑
x 6=g

|Nx |∑
y=1

θkx,y

|Nx,y|∑
z=1

∥∥∥hig,nwz
x,y

∥∥∥2αzx,y
+Ptθkg,n

i−1∑
z=1

∥∥∥hzg,nwi
g,n

∥∥∥2αzg,n + σ 2
v . (12)

57052 VOLUME 8, 2020



B. Wang et al.: mmWave-NOMA-Based LLHR Communications for Enhancement of V2X Services

The signal to interference plus noise ratio (SINR) of V i
g,n

is given by

γ ig,n =
Pt
∥∥∥h̄ig,nwi

g,n

∥∥∥2θkg,nαig,n
ς ig,n

. (13)

Then, the achievable spectral efficiency of V i
g,n can be

expressed as

Rig,n = ln(1+ γ ig,n). (14)

Since latency is set as the objective function of the opti-
mization problem, the QoS constraints are mostly concerned
with reliability. In this paper, we utilize PRR to numerically
describe the transmission reliability [12], which can be cal-
culated by a logical function defined as follows,

δig,n =
1

1+ e−µ(R
i
g,n−R̄ig,n)

≥ δth. (15)

µ is the slope parameter [1], and δth represents the thresh-
old of reliability in one SPS period.

The VUE set scheduled in the k-th time slot is
described as 0k . The number of VUEs in 0k is |0k | =∑GD

g=1
∑|Ng|

n=1
∑|Ng,n|

i=1 θkg,n, where
{
θkg,n

}
should meet the

QoS constraints of all VUEs by the optimization of
{
αig,n

}
in k-th time slot. In the worst case, we have |0k | = 1. Define
function f (K ) to represent the number of VUEs scheduled
in the first K time slots, where f (K ) =

∑K
k=1 |0k |. Let

f (K ) = U . The minimum SPS period can be expressed as
the inverse function of f (K ), i.e., f −1 (U). Then, the SPS
period optimization problem in terms of power control and
time-frequency resource allocation can then be formulated as
follows,

min{
θkg,n

}
,
{
αig,n

}K = f −1 (U) , (16)

s.t. (9), (15),

αig,n≥0,∀1≤g≤GD, 1 ≤ n≤|Ng|, 1≤ i≤|Ng,n|,

(16a)∑K

k=1
θkg,n = 1,∀1 ≤ g ≤ GD, 1 ≤ n ≤ |Ng|,

(16b)∑|Ng|

n=1
θkg,n ≤ 1,∀1 ≤ g ≤ GD, 1 ≤ k ≤ K . (16c)

The constraints of transmit power and QoS are described
in constraints (9), (16a) and (15). Specifically, the power
allocation factors are nonnegative, and the sum of power in
each time slot does not exceed Pt . Constraint (16b) represents
that each cluster in each beam is scheduled once and only
once in one SPS period, and thus,

∑GD
g=1

∑|Ng|
n=1

∑K
k=1 θ

k
g,n =

|N |. The constraint (16c) represents that no more than one
of the VUEs in the same beam is scheduled in the same time
slot, since the clusters in the same beam cannot have strong
channel correlation.

The scheduling and resource allocation problem of SPS
described in problem (16) is more complex than DS, since

more than one time slot is considered in SPS. More-
over, the multiplexing in power domain and spatial domain
increases the complexity. Particularly, such a problem is
proved to be NP-hard, where the details are given in
Appendix A.

To obtain the polynomial complexity, problem (16) can
be split into the power control process and the VUE-RB
matching process, and an iterative algorithm is designed to
solve the joint optimization problem of the parameter sets
{θkg,n} and {α

i
g,n}.

III. MmWave-NOMA-BASED SPS STRATEGY
In this section, a novel SPS strategy is proposed for eV2X
systems based on mmWave and NOMA. For the power
control subproblem, we solve the optimization problem of
{αig,n} under QoS constraints. For the VUE-RB matching
subproblem, we propose a low-complexity clustering algo-
rithm based on the player union idea in matching theory.
After that, a cluster-RB matching problem is formed, and a
LLHR matching algorithm is designed to solve this problem.
Finally, the analysis of stability, convergence, and complexity
is given.

A. OPTIMAL LLHR POWER CONTROL ALGORITHM
The optimal power allocation process is performed after
the VUE-RB matching process, since the power allocation
depends on the result of matching. Considering a candidate
SPS period can be determined after the VUE-RB matching
process, the main purpose of power allocation is to find the
lower bound of reliability for each time slot instead of latency
optimization.

According to the above discussion, the premise of calcu-
lating {αig,n} is that {θ

k
g,n} is determined. Hence, a temporary

period KτRB is also known. The power control process needs
to judge whether the candidate matching {θkg,n} can satisfy
constraints (9) and (16a) in each time slot and constraint (15)
for each VUE. For the k-th time slot, this sub-problem can be
described as

max
{αig,n}

min
V ig,n∈0k

δig,n, (17)

s.t. αig,n ≥ 0, (17a)∑GD

g=1

∑|Ng|

n=1

∑|Ng,n|

i=1
θkg,nα

i
g,n ≤ 1. (17b)

The power constraints in the k-th time slot are shown
in (17a) and (17b). Problem (17) can get the max-min reli-
ability result {αig,n} with a given {θkg,n}. Specifically, if this
result {αig,n} satisfies constraint (15), it can be one of the
feasible solutions to problem (16). Then, we can try to sched-
ule another more suitable cluster in the current time slot
to shorten the SPS period, until constraint (15) cannot be
satisfied.

According to (10), the mean square error is generated when
the received signal ofV i

g,n is decoded, which can be expressed
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as

eig,n =
∥∥∥ρig,n√Ptθkg,nαig,nh̄ig,nwi

g,n − θ
k
g,n

∥∥∥2 + ∥∥∥ρig,n∥∥∥2ς ig,n.
(18)

We have θkg,n = 1whenV i
g,n needs to be decoded. By deriv-

ing eig,n with respect to ρ
i
g,n, we can get the optimal CECwhen

the minimum mean square error is obtained. The optimal
CEC is given by

ρig,n = 1− ς ig,n
(√

Ptθkg,nαig,n
∥∥∥h̄ig,nwd

g,n

∥∥∥+ ς ig,n)−1. (19)

At this point, the mean square error can be formulated as
follows,

min
ρig,n

eig,n = ς
i
g,n

(√
Ptθkg,nαig,n

∥∥∥h̄ig,nwd
g,n

∥∥∥+ ς ig,n)−1. (20)

According to (14) and (20), we have

Rig,n = −min
ρig,n

ln eig,n. (21)

Substituting it into (15), the transmission reliability can be
expressed as

δig,n = max
ρig,n

(1+ eµR̄
i
g,n (eig,n)

µ
)
−1
. (22)

Hence, the objective function of problem (17) can be con-
verted into the following form,

min{
αig,n

} max
V ig,n∈0k

min
ρig,n

(1+ eµR̄
i
g,n (eig,n)

µ
)
−1
, (23)

which is still non-convex with respect to {αig,n}. Hence,
we then convert it into a convex problem. According to (22)
and (15), we have

max
ρig,n

(1+eµR̄
i
g,n (eig,n)

µ
)
−1
≥ δth. (24)

According to (20), the optimal CEC can be uniquely
determined by {αig,n} after {θkg,n} is given. Therefore,
constraint (15) can be formulated as

ς ig,n − [e−µR̄
i
g,n (δ̃−1th − 1)]

1
µ
∗

(
√
Ptθkg,nαig,n

∥∥∥h̄ig,nwi
g,n

∥∥∥+ ς ig,n) ≤ 0, (25)

where δ̃th is the PRR threshold of the current round
in LLHR-PC algorithm. Then, problem (17) can be trans-
ferred into the following form,

min
{αig,n}

∑GD

g=1

∑|Ng|

n=1

∑|Ng,n|

i=1
θkg,nα

i
g,n,

s.t. (17a), (25). (26)

Both (17a) and the objective function of problem (26) are
linear, and (25) is a unitary quadratic inequality. Therefore,
problem (26) is convex.

We focus on the power allocation in the k-th time slot,
where we have 0k =

{
V i
g,n|θ

k
g,n = 1,V i

g,n ∈ Ng,n

}
. To sim-

plify the expression, the index of VUEs can be redefined as
Vm , V i

g,n ∈ 0k . Then, problem (26) can be described as
follows,

min
{αm}

|0k |∑
m=1

αm, (27)

s.t. αm ≥ 0, (27a)

(1− Am) ςm − Bm
√
αm ≤ 0, (27b)

where the constant Am =
[
e−µR̄m

(
δ̃−1th − 1

)] 1
µ
, and the

constant Bm = Am
√
Pt
∥∥h̄mwm

∥∥.
The Lagrangian function of problem (27) can be written by

L (α) =
|0k |∑
m=1

[
αm + λm (1− Am) ςm − λmBm

√
αm
]
, (28)

where α =
(
α1, α2, . . . , α|0k |

)T . According to the Karush-
Kuhn-Tucker (KKT) conditions, the optimal solution should
satisfy

∂L
∂αm
= 1+ Pt (1− Am)

∑
i∈2m

λi
∥∥h̄mwm

∥∥2 − λmBm
2
√
αm
= 0,

(29)

where set 2m = 0k/{Vj|Vj and Vm in the same beam,
j ≥ m}.

When λm = 0, we have

1+ Pt (1− Am)
∑
i∈2m

λi
∥∥h̄mwm

∥∥2 = 0. (30)

Considering 0.5 < δth < 1, we have Am > 0,
Bm > 0, and 1 − Am > 0. Hence, it can be obtained that
1+Pt (1− Am)

∑
i∈2m

λi
∥∥h̄mwm

∥∥2 > 0, which is contradictory

to (30). Therefore, ∀λm > 0.
The solution of αm can be obtained by

αm =

 λmBm

2+ 2 (1− Am)Pt
∑
i∈2m

λi
∥∥h̄mwm

∥∥2


2

. (31)

To further obtain αm, the gradient based method can be
utilized to update the value of λm [34], [35]. The primal
variables can be obtained by assuming a certain value of the
power difference in each NOMA cluster. In each iteration,
the new value of the Lagrangian variables can be calculated
by

λm(t + 1) = λm(t)− θ (t)
[
(1− Am) ςm(t)− Bm

√
αm(t)

]
,

(32)

where θ (t) is a dynamically chosen step sequence as intro-
duced in [35].
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In LLHR-PC algorithm, the optimal power allocation solu-
tion {αig,n} is calculated for the k-th time slot. First, the bound-
ary of δ̃th is determined. The ideal PRR is δth→ 1. Moreover,
if the solution to problem (27) cannot satisfy constraint (27b)
when δ̃th = δth, the current matching {θkg,n} is proved to be
infeasible. Otherwise, we have δ̃th ∈ [δth, 1). In each round,
we utilize a temporary PRR threshold, i.e. δ̃th, to calculate
{αig,n}, until the search space of δ̃th is limited to εδ . The details
are described in Algorithm 1.

Algorithm 1 Proposed LLHR-PC Algorithm

Input: {θkg,n} of the k-th time slot.
Output: {αig,n}; the lower bound of PRR δ̃th = δLB.
1: Init. δLB = δth, δUB = 1, δ̃th = δLB;
2: Solve problem (27);

3: if
GD∑
g=1

|Ng|∑
n=1

|Ng,n|∑
i=1

θkg,nα
i
g,n > 1 or (27) is infeasible then

4: {θkg,n} is infeasible;
5: else
6: while δUB − δLB ≥ εδ do
7: δ̃th = (δDB + δUB) /2 and solve problem (27);

8: if
GD∑
g=1

|Ng|∑
n=1

|Ng,n|∑
i=1

θkg,nα
i
g,n ≤ 1 then

9: δLB = δ̃th, and record {αig,n};
10: else
11: δUB = δ̃th;
12: end if
13: end while
14: end if

Remark 1: The calculation of α according to (31) has
linear complexity, and the calculation of Lagrangian vari-
ables according to (32) with proper choice of step θ (t) has
iteration complexity. Furthermore, δ̃th is updated by bisec-
tion method. Therefore, the complexity of Algorithm 1 is
O
(
|0k |√
κ
log 1−δth

εδ

)
, where κ is the accuracy of Lagrangian

variables.

B. MATCHING PROBLEM FORMULATION
LLHR-PC algorithm shows that {αig,n} can be determined

by {θkg,n}. However, the matching result
{
θkg,n

}
will also

be affected by {αig,n}. Thus, we form and analyze the fol-
lowing VUE-RB matching problem to calculate both {θkg,n}
and {αig,n}.
Use two disjoint sets of V and F to respectively rep-

resent U VUEs and K RBs in an eV2X system, where
V = {v1, v2, . . . , vU }, F = {f1, f2, . . . , fK }. The matching
problem with respect to V and F can be described as follows.
Definition 1:Amatching9 is a mapping from the setV∪F

to the set V ∪ F , where
1) 9 (vu) ∈ F ∪ {vu};
2) 9 (fk) ⊂ V ∪ {fk};
3) 9 (vu) = fk ⇔ vu ∈ 9 (fk).

Condition 1) implies that each VUE is scheduled in no
more than one RB, i.e., |9 (vu)| = 1 and |9 (vu) ∩ F | ≤ 1,
while condition 2) implies that each RB can serve several
VUEs. Condition 3) indicates that the mapping between
vu and fk is symmetrical. Specially, 9 (j) = {j} happens
when there is no other matching for element j. Note that if
∃j ∈ V ∪F such that9 (j) = {j}, the current matching9 will
be infeasible.

When 9(vu) = 9(v′u) = fk and vu, v′u ∈ V , the co-
channel interference will occur between vu and v′u, since
they are multiplexed in the same RB. Particularly, the co-
channel interference can be either intra-beam or inter-beam.
Thus, compared with the existing matching problem [8], 9
suffers from more complex peer effects. To solve this prob-
lem, a preference relationship is formed for both fk and vk ,
which can help players to search for other players according
to their interests. Specifically, the preference R for fk and vk
is defined as follows:
Definition 2: Both fk and vk have strict2 preferences. For

two sets of VUEs V i,V j
⊆ V , R

(
V ifkV j

)
represents that

fk prefers V i than V j; for two RBs fi, fj ∈ F , R
(
fivufj

)
represents that vu prefers fi than fj.
Remark 2: For fk , R is determined by the PRR threshold

δ̃th (fk , 9 (fk)) of the k-th RB with respect to the current
matching 9 (fk). Specifically, substituting (fk , 9 (fk)) into
LLHR-PC algorithm, δ̃th of the k-th RB can be calculated. For
vu,R is determined by the achievable PRR of vu in matching
(9 (vu) ,9 (9 (vu))), where9 (9 (vu)) represents the player
union of vu. Hence, Definition 2 can be formulated as

R
(
V ifkV j

)
⇔ δ̃th

(
fk ,V i

)
> δ̃th

(
fk ,V j

)
. (33)

R
(
fivufj

)
⇔ min{δ̃th(fi, 9(fi) ∪ vu), δ̃th(fj, 9(fj)}

> min{δ̃th(fi, 9(fi)), δ̃th(fj, 9(fj) ∪ vu)}. (34)

The preference is transitive, and thus, a complete prefer-
ence list can be formed by (33) and (34). With R, the eV2X
system can be expressed as (V ∪ F,R), where a feasi-
ble 9 should satisfy that for ∀vu ∈ V and ∀fk ∈ F ,
R (9 (vu) vu{vu}) and R (9 (fk) fk{fk}) are always estab-
lished.3 Additionally, according to Remark 2, vu can find an
ordered selection set (SSet), i.e., feasible union, satisfying its
QoS constraints, which is defined as follows:
Definition 3: For a given VUE vu ∈ V i and V i

⊆ V ,
S
(
vu,V i

)
represents the SSet of vu in V i, where S

(
vu,V i

)
⊆

V i. vu satisfies the QoS constraints in S
(
vu,V i

)
. For ∀V j

⊆

V i and V j
6= S

(
vu,V i

)
, R

(
V j9 (vu) S

(
vu,V i

))
does not

hold. Similarly, for a given fk ∈ F and V i
⊆ V , S

(
fk ,V i

)
represents the SSet of fk in V i. The QoS constraints are
satisfied when 9(fk ) = S

(
fk ,V i

)
. For ∀V j

⊆ V i and V j
6=

S
(
fk ,V i

)
, R

(
V jfkS

(
fk ,V i

))
does not hold.

S
(
vu,V i

)
can reflect the expected union of vu, while other

VUEs’ constraints are not guaranteed.

2For a given player, any two preference values are assumed to be unequal.
3We called it individual rationality. The size of RB, i.e. ω or τRB, should

be adjusted if there is an element in 9 that is not individual rationality.
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Each VUE prefers its SSet over the set of all VUEs. Par-
ticularly, such SSets should be stable, where a stable SSet is
defined as follows:
Definition 4: For VUE set V i

⊆ V , if S
(
V i,V

)
=⋃

vu∈V i S (vu,V ) = V i, i.e. the SSet of V i is itself, we call
V i a stable SSet.
Remark 3: A feasible 9 satisfies that ∀fk , fk ′ ∈ F ,

9 (fk) = S
(
V i,V

)
= V i, 9 (fk ′) = S

(
V i′ ,V

)
= V i′ and

V i
∩ V i′

= ∅, where k 6= k ′.
Moreover, there may be alternative relationship between

some VUEs. For instance, if vu and v′u are in the same
beam, v′u may replace the position of vu in one SSet. Such
relationship can be expressed as follows:
Definition 5: Given vu, v′u ∈ V i, if vu ∈ S

(
fk ,V i

)
,

we always have vu ∈ S
(
fk ,V i/{v′u}

)
, and if v′u ∈ S

(
fk ,V i

)
,

we always have v′u ∈ S
(
fk ,V i/{vu}

)
. v′u and vu are called

alternative.
Intuitively, the alternative can exclude a part of players,

thereby reducing the search space of 9. Furthermore, it can
also be utilized to improve the current matching 9.

C. UNION-BASED VUE-RB MATCHING ALGORITHM
In (V ∪ F,R) with unknown {αig,n}, the channel correlation
difference and the channel gain difference among VUEs can
be obtained by UL. This information helps VUEs to form
different unions, and thus, V can be divided into several
clusters. There are two benefits to this approach. For one
thing, the unions facilitate the analysis of peer effects caused
by intra-beam and inter-beam interference. For another,
the resource allocation for unions is more efficient than the
allocation for VUE individuals. The basic condition for form-
ing a union is that each VUE in the union can successfully
decode its desired signal under the QoS constraints.

Based on the above discussion, we propose a union-based
VUE-RB matching algorithm, which includes two phases,
i.e., the clustering phase and the matching phase.

In the clustering phase, VUEs are divided into a series of
minimum unions based on CSI. To improve the beamform-
ing gain, the beam division and VUE clustering process is
performed according to the beam space constructed by the
analog precoder. Since the analog precoder has a fixed phase
shifter, it may result in a decrease of precoding performance
for analog precoding to be selected based on the result of
clustering. Therefore, a novel division algorithm is designed
for each VUE to select the most appropriate analog precoding
vector from the matrix in (4).

In BD&VC algorithm, each VUE is sequentially allocated
to the optimal analog beam according to the channel corre-
lation. Particularly, one vector wa

g may not match with any
VUE, especially when the analog phase shifter has a high pre-
cision. Considering the overhead of the digital precoder, such
wa
g is deleted by Wa to decrease the number of beams GD.

Note that the quantization precision of the analog precoder is
assumed to be B =

⌊
log2(GBS )

⌋
to ensure that GD ≤ GBS

can always be satisfied [23]. Then, to make the VUEs in

the same NOMA cluster have a certain difference of channel
gain [28], [32], the VUEs in each beam is sorted according to
the channel gain. Specially, the VUEs with the low channel
gainmay be allocated in anOMAcluster. Finally, bothwa

g and
wi
g,n of each VUE are determined. The details of the proposed

algorithm are described in Algorithm 2.

Algorithm 2 Proposed BD&VC Algorithm
Input: Wa in (3); VUE set V ; channel vectors hu, u ∈
{1, 2, . . . ,U}; maximumnumber of VUEs in each cluster
|N |MAX.

Output: Cluster setN ; number of effective beams GD; ana-
log precoding matrix Wa; digital precoding vector set
{wi

g,n}.
1: Init. VUE set in each beam 5 =

{
51,52, . . . ,5GBS

}
,

where 5x = ∅ for x ∈ {1, 2, . . . ,GBS};
2: for all u ∈ {1, 2, . . . ,U} do

3: g = arg max
x∈GBS

{ ∥∥hHu wax∥∥
‖hu‖‖wax‖

}
;

4: 5g = 5g ∪ vu;
5: end for
6: G = {x|5x 6= ∅, 1 ≤ x ≤ GBS};
7: GD = |G| and Wa

=
⋃
g∈G

wa
g;

8: for all g ∈ G do

9: H =
{∥∥∥hHx Wa

g

∥∥∥2|vx ∈ 5g

}
;

10: [∼,3] = sort(H,′ descend ′);
11: V i

g,n = 3((n− 1) |N |MAX + i), where 1 ≤

n ≤
⌊
|5g|
|N |MAX

⌋
+ 1, 1 ≤ i ≤ |N |MAX, and

(n− 1) |N |MAX + i ≤
∣∣5g

∣∣;
12: Calculate wi

g,n according to (6);
13: end for

Remark 4: BD&VC algorithm has the polynomial com-
plexity. Specifically, the maximum complexity is O (GBSU)
from step 2 to step 5, while the maximum complexity is
O(
∑GBS

g=1 |5g| log |5g|) ≤ O(GBSU logU ) from step 8 to
step 13. Therefore, the complexity of Algorithm 2 is
O (GBSU log(U )).
Cluster-RB matching has the compatible definitions and

properties with VUE-RB matching. Specifically, for the def-
inition of 9, the VUE set V = {v1, v2, . . . , vU } can be rep-
resented by the cluster set N = {N1,1,N1,2, . . . ,Ng,n, . . . }.
Moreover, the properties of9 can be re-described as follows:
Proposition 1: The unionNg,n in9 satisfies the properties

of cluster alternative.
Proof: See Appendix B.
Proposition 2: The unionNg,n in9 satisfies the properties

of cluster common preference.
Proof: See Appendix C.
Algorithm 3 describes the union-based VUE-RB match-

ing algorithm consisting of clustering phase and match-
ing phase. In clustering phase, a series of minimal unions
are formed by BD&VC algorithm, where the prior knowl-
edge for matching, i.e., the properties of alternative and
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preference, can be obtained. In matching phase, the largest
stable unions in each RB are formed. Specifically, we first
find the beam g that has the most unscheduled clusters, and
then, find the cluster Ng,n that has the highest channel gain,
since such Ng,n has the strictest matching condition accord-
ing to constraint (16c) and has the strongest multiplexing
ability among the clusters inNg. After that, the properties of
alternative and preference are utilized for k-th RB fk to update
the matching 9(fk ), until (fk , 9(fk )) cannot be affected
by any unscheduled or scheduled cluster. At this point,
9 (fk) is regarded as the current largest stable union of fk .
Additionally, in step 22, both (fk , 9(fk )) and (find , 9(find ))
will be updated if there exists

(
Ng,n,Ng,n′

)
such that

min{δ̃kth(fk , 9
′(fk )), δ̃indth (find , 9 ′(find ))} > min(δ̃kth, δ̃

ind
th ),

where 9 ′(fk ) = 9 (fk) /
{
Ng,n

}
∪
{
Ng,n′

}
, 9 ′(find ) =

9 (find ) /
{
Ng,n′

}
∪
{
Ng,n

}
. Finally, the matching phase ter-

minates when all VUEs are scheduled in one SPS period.

Algorithm 3 Union-Based VUE-RB Matching Algorithm
Input: The input in Algorithm 2; PRR threshold δth.
Output: SPS period KτRB; {θkg,n}; {α

i
g,n}.

1: Init. 9 = ∅; k = 0;
2: Phase 1. Clustering Phase:
3: Run BD&VC algorithm;
4: Phase 2. Matching Phase:
5: repeat
6: c = 1 and k = k + 1;
7: g = arg max

l∈{1,2,...,GD}

(
|Nl | −

∑k
i=1

∑|Nl |
j=1 θ

i
l,j

)
8: n = argmax

j∈Ng

∥∥∥h1g,j∥∥∥2
9: 9 (fk) = 9 (fk) ∪Ng,n and 9

(
Ng,n

)
= fk ;

10: repeat
11: Form R for

{
Ng,n|9

(
Ng,n

)
== Ng,n,Ng,n ∈ N

}
to find the most preferred Ng′,n′ for (fk , 9(fk ));

12: if δ̃th
(
fk , 9 (fk) ∪

{
Ng′,n′

})
< δth or problem (27)

is infeasible then
13: c = 0;
14: else
15: 9 (fk) = 9 (fk) ∪Ng′,n′ and 9

(
Ng′,n′

)
= fk ;

16: Update {θkg,n}, then record
{
αig,n

}
and δ̃th for fk ;

17: end if
18: until c == 0
19: if k > 1 then
20: [∼, ind] = min

{
δ̃1th, δ̃

2
th, . . . , δ̃

k−1
th

}
;

21: Find the alternative-pair set
{(
Ng,n,Ng,n′

)}
, where

Ng,n ∈ 9 (fk), Ng,n′ ∈ 9 (find ), ind < k;
22: Judge for alternative pairs according to (34);
23: end if
24: until ∀vu ∈ V , 9 (vu) 6= {vu}

D. PERFORMANCE ANALYSIS
Firstly, the concept of pairwise stable matching is introduced
to prove the stability of the proposed matching algorithm.

Definition 6: If there exists a matching9 ′ that can achieve
a shorter SPS period, or improve the lower bound of reliability
without increasing the latency,9 will be blocked by9 ′. If9
is not blocked by any matching between clusters and RBs
that does not exist in 9, 9 is called the cluster-wise stable
matching.
Proposition 3: The matching obtained by the union-

based VUE-RB matching algorithm is a cluster-wise stable
matching.

Proof: See Appendix D.
This implies that stable SSets can be obtained by the pro-

posed union-based matching algorithm. Particularly, whether
Ng,n has been scheduled or not, |9 (fk)| will always be non-
decreasing when Ng,n is proposed to fk . Moreover, the num-
ber of scheduled clusters that have performed the alternative
judgment will increase when there is no increase in |9 (fk)|.
Therefore, thematching process can be completed in a limited
number of iterations.

For the union-based VUE-RB matching algorithm,
there are two types of matching proposals. The num-
ber of proposals for unscheduled clusters is N k

1 ≤
1
2 [(|N | −

∑k−1
i=1 |9(fi)|)2 + |N | −

∑k−1
i=1 |9(fi)|], while the

number of proposals for scheduled clusters is N k
2 ≤ |9 (fk)|.

Hence, the upper bound of proposals for fk can be expressed
as

N k
1 + N

k
2 ≤ max

n=1,2,...,|N |

{
(|N | − n)2 + |N | − n

2
+ n

}
≤ 0.5|N |2 − 0.5|N | + 1. (35)

Two special cases of proposals are considered. For the
first case, any two VUEs cannot be multiplexed in power
domain, i.e., all VUEs are in different beams. Hence, we have
|N | = U and GD = U . In the worst case, only one cluster
is scheduled in each RB. Hence, we have N k

1 = |N | −∑k−1
i=1 |9(fi)| = U − (k − 1) = 1 + U − k , N k

2 = 1, and
K = U . At this point, the number of proposals is given by

O(
K∑
k=1

(N k
1+N

k
2 )) = O(0.5U2

+ 2.5U + 3)

= O
(
U2
)
. (36)

For the second case, any two VUEs cannot be multiplexed
in spatial domain, i.e. |N | = dU/|N |MAXe and GD = 1.
Hence, for ∀Ng,n,Ng,n′ ∈ N ′ andN ′ ⊆ N such thatNg,n ∈

S
(
fk ,N ′

)
, we have Ng,n ∈ S

(
fk ,N ′/{Ng,n′}

)
. According to

the cluster alternative, N k
1 = 0, N k

2 = 1 and K = U . At this
point, the number of proposals is given by

O(
K∑
k=1

(N k
1+N

k
2 )) = O (U) . (37)

Combining with the complexity of LLHR-PC algorithm
and BD&VC algorithm, the complexity of Algorithm 3 is
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FIGURE 2. Road configuration for urban grid.

given as follows,

O
(
GBSU logU +

K∑
k=1

(N k
1 +N

k
2 )
|0k |
√
κ
log

1− δth
εδ

)
= O(U logU )+ O(|N |3). (38)

IV. SIMULATION RESULTS
The performance in terms of the SPS period and transmis-
sion reliability of the mmWave-NOMA-based SPS strategy
proposed in this paper is evaluated by simulations. For com-
parison on the performance of resource allocation, multiplex-
ing, and precoding, the following five typical schemes are
considered as the benchmark methods: 1) ‘‘Greedy
VUE-RB Matching’’, where each VUE is matched with RBs
in turn until all VUEs can meet the QoS constraints in one
SPS period, which is also mentioned in [8]; 2) ‘‘Hybrid
Precoding (HP) OMA’’, where the scheduling strategy is
similar to the proposed scheme, but all VUEs are orthogonal
in power domain, which is also mentioned in [9], [23], [25];
3) ‘‘Fully Analog Precoding (FAP) NOMA’’ [29], where
only (4) is utilized for precoding; 4) ‘‘Strong user (SU) based
HP NOMA’’ [28], [32], where the HP scheme is similar to
the proposed one, while the digital precoding vectors are
calculated according to the normalized channel vectors of SU;
5) ‘‘Weak user (WU) based HP NOMA’’, where the digital
precoding vectors are calculated according to the normalized
channel vectors of WU.

Specifically, the simulation parameters are described as
follows. The CCF is set as fc = 63GHz, and the aggregated
system bandwidth is ω = 1GHz [12]. For the transmitting
process, Pt = 43dBm, σv = −174dbm/Hz, MBS = 64
and GBS = 16. For V i

g,n, the channel vector is generated
by (1), where we assume the number of paths is L = 3,
including the LoS component with the path loss exponent
η1 = 4 and the NLoS component with η2 = η3 = 5.
|N |MAX is set as 2. PRR is calculated by (15), where we
assume: the slope parameter µ = 8, the size of packets
L ig,n = 1200bytes, short time slot τRB = 1/14ms [36], [37].
Moreover, the road configuration for unban grid discussed

FIGURE 3. Number of scheduled clusters against number of iteration
rounds with different speed of vehicles.

FIGURE 4. Number of time slots against speed of vehicles with different
packet sizes and different number of antennas and RF chains.

in this paper is presented in Fig. 2 according to 3GPP NR-
V2X systems defined in [12], where the distance between
a vehicle and the following vehicle in the same lane is∣∣∣vig,n∣∣∣× 2.5 sec [8], [9].

Fig. 3 indicates the number of scheduled clusters in one
period against the number of iteration rounds with the speed
of vehicles from 15km/h to 60km/h, where the PRR threshold
is 99%. The density of VUE decreases when the speed of
vehicles increases, which is shown in Fig. 2. Thus, the number
of scheduled users decreases for a longer vehicle distance.
It can be observed that the number of scheduled clusters
converges to a stable value as the number of iteration rounds
increases, which means that the covered VUEs are scheduled
after a limited number of iterations. Hence, simulation results
reflect the convergence of the union-based VUE-RB match-
ing algorithm.

Fig. 4 indicates the number of time slots against the speed
of vehicles with different sizes of packets and different num-
bers of antennas and RF chains, where the number of RF
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FIGURE 5. Number of time slots against transmit power with different
PRR thresholds.

chains is GBS = MBS/4. It is easily observed that a smaller
size of packets and a larger number of antennas and RB
chains result in a decrease of the number of time slots. As the
speed of vehicles increases, the difference in the number of
time slots between large data packets, i.e. L ig,n = 1200bytes,
and small data packets, i.e. L ig,n = 300bytes, decreases.
Moreover, although there is a sharp decrease in the number
of time slots when the number of antennas increases from
32 to 64, there is no significant change in the number of time
slots when the number of antennas increases from 64 to 128.

Fig. 5 indicates the number of time slots against the
transmit power with different PRR thresholds from 99% to
99.99%, where the speed is set as 30km/h. We observe that
the number of time slots converges to a stable value as the
transmit power increases, i.e., a higher transmit power cannot
result in a smaller number of time slots after the transmit
power increases to approximately 43dBm. The main reason
is that a higher transmit power can reduce the additive noise,
but the interference signal cannot be reduced after the power
allocation factors are determined by LLHR-PC algorithm.
This implies that the lower SPS period cannot be obtained
by increasing the transmit power indefinitely.

Fig. 6 shows the number of time slots in one SPS
period against the speed of vehicles from 15km/h to
60km/h with different schemes. For each VUE vig,n, the data
packet is successfully received only when the PRR satisfies
δig,n ≥ 99%. The density of VUE decreases as the speed
increases, and thus, there are fewer clusters, leading to the
shortening of SPS period. Moreover, it is intuitive that the
proposed strategy works better than other five schemes, espe-
cially in a dense network. This implies that the proposed
algorithm can improve the SPS period for any speed of
vehicles.

Fig. 7 shows the SPS period, i.e. KτRB, against the
PRR threshold from 80% to 99.999% with different SPS
schemes, where the speed is set as 30km/h. The SPS period
increases as PRR increases. For the proposed algorithm,

FIGURE 6. SPS period against speed of vehicles with different schemes.

FIGURE 7. SPS period against PRR threshold with different schemes.

‘‘Greedy VUE-RBMatching’’ and ‘‘FAPNOMA’’, the eV2X
systems can achieve a very short SPS period when the relia-
bility threshold is low. However, the period of ‘‘FAPNOMA’’
increases rapidly as PRR increases, since the space division
multiplexing ability of analog precoding is limited. Addition-
ally, the proposed algorithm always outperforms ‘‘Greedy
VUE-RB Matching’’, since the properties of preference are
utilized.

As is shown in Fig. 6 and Fig. 7, the SPS period of the
proposed SPS strategy often does not exceed 6ms. Assuming
that the speed of vehicles is 60km/h, it can be obtained that
the displacement of a vehicle in one SPS period is no more
than 0.1m. Therefore, the change in the position of a vehicle in
spatial domain is very limited. According to constraint (16c),
only users in different analog beams can be multiplexed in
spatial domain. Hence, the directivity of mmWave has a
limited impact on the space division multiplexing.

Fig. 8 shows the average PRR and the lower bound of PRR
against different SPS schemes, where the PRR threshold is
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FIGURE 8. Average PRR and lower bound of PRR against different SPS
schemes.

80%, and the speed is 30km/h. Although the SPS period of
‘‘Greedy VUE-RB Matching’’ always closes to that of the
proposed algorithm shown in Fig. 6 and Fig. 7, both the
average PRR and the lower bound of PRR of the greedy algo-
rithm are significantly lower than the proposed algorithm.
We can observe that the reliability of ‘‘FAP NOMA’’ comes
after the proposed one, since it is feasible to utilize fully
analog beamforming for space division multiplexing when
the reliability threshold is low, which is also shown in Fig. 7.
It is also intuitive that the reliability of the proposed algorithm
as well as the SPS period of this algorithm outperforms other
schemes.

V. CONCLUSION
In this paper, the SPS strategy in mmWave-NOMA-based
eV2X systems was studied, including hybrid precoding, user
scheduling, and resource allocation. The VUE-RB matching
problem with peer effects was solved by the proposed union-
based two-phase matching algorithm. Specifically, in the
clustering phase, BD&VC algorithm was designed to reduce
the matching complexity; in the matching phase, LLHR-PC
algorithm was proposed to provide evaluation indicators for
scheduling. Simulation results showed that the scheduling
period of eV2X systems was improved by the proposed
SPS strategy compared with the conventional mmWave SPS
schemes.

APPENDIXES
APPENDIX A
Proof OF THE NP-HARDNESS OF PROBLEM (16)
The reduced problem of (16), i.e., the VUE-RB matching
problem, can be proved to be NP-hard, which implies the
problem (16) is also NP-hard.

Given the power allocation factors {αig,n}, problem (16)
can be reduced into a matching problem in terms of VUEs
and RBs, where BS allocates RBs to VUEs for the min-
imization of SPS period. Then, the equivalence between
the reduced problem and a vertex coloring problem can
be established [38]. Specifically, the VUE set is viewed as the

node set in the considered undirected conflicting graph, while
the RB set is viewed as the color set. There exists an edge
between two nodes, e.g., v and v′, if they cannot be allocated
to the same color, where the conditions of this case are listed
as follows,
1) VUEs v and v′ are in the same analog beam, i.e., corre-
sponding to constraint (16c);
2) the reliability constraints of VUEs v and v′ are not satisfied,
i.e., min (δv, δv′) < δth, corresponding to constraint (15).
We aim at utilizing as few colors as possible to color all

nodes such that no two adjacent vertices are with the same
color. All VUEs, i.e., the dyed nodes, are promised to decode
the desired signals successfully under the given conditions.
Hence, the equivalence between the reduced problem and the
above vertex coloring problem is established.

Since the above problem is NP-hard, the SPS problem
in (16) is also NP-hard.

APPENDIX B
Proof OF PROPOSITION 1
We have known that the union Ng,n in set N satisfy N =⋃GD

g=1
⋃|Ng|

n=1 Ng,n and Ng,n ∩ Ng′,n′ = ∅, where
∣∣g− g′∣∣ +∣∣n− n′∣∣ 6= 0. Several subsets of N have been defined

as Ng ⊆ N , where g ∈ {1, 2, . . . ,GD}. According to
Algorithm 2, unions Ng,n,Ng,n′ ∈ Ng are in the same
analog beam space, i.e., the channel vectors ofNg,n andNg,n′

are strongly correlated. According to constraint (16c), such
Ng,n and Ng,n′ cannot be allocated in the same RB. Hence,
if there exists N j

⊆ N such that Ng,n ∈ S
(
fk ,N j

)
, we have

Ng,n ∈ S
(
fk ,N j/

{
Ng,n′

})
. Hence, the cluster alternative is

proved.

APPENDIX C
Proof OF PROPOSITION 2
For g 6= g′, Ng,n and Ng′,n′ is allowed to be multiplexed in
the same RB. The key question is whether there is a uniform
preference between Ng,n and Ng′,n′ . As non-independent
individuals in Ng,n, the VUEs N i

g,n must be allocated in the
same RB. According to Algorithm 1, the VUEs in the same
RB have the same δ̃th, i.e., the VUEs in each union have a
common preference when we evaluate the current matching
result {θkg,n}. Hence, the cluster common preference is proved.

APPENDIX D
Proof OF PROPOSITION 3
The stability of matching 9 is proved by contradiction [39].

Assume that there exists a RB fk ∈ F and a cluster
Ng,n ∈ N , where the clusters in the considered eV2X
system are divided into two types. On the one hand, for
Ng,n that has not been scheduled, we have R

(
N 2fkN 1

)
,

where N 1
= 9 (fk), N 2

= 9 (fk) ∪
{
Ng,n

}
. On the

other hand, for Ng,n that has been scheduled, we have
min{δ̃kth(fk , 9

′(fk )), δ̃indth (find , 9 ′(find ))} > min(δ̃kth, δ̃
ind
th ),

where 9 ′(fk ) = 9 (fk) /
{
Ng,n

}
∪
{
Ng,n′

}
, 9 ′(find ) =

9 (find ) /
{
Ng,n′

}
∪
{
Ng,n

}
.
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Apparently, Ng,n will be successfully proposed itself to
fk in the next round of the matching phase in Algorithm 3
to pursue lower SPS period or higher reliability. However,
thematching phase of fk has already been terminated since the
algorithm has converged to 9. Thus, Ng,n will fail to update
(fk , 9 (fk)) regardless of whether it has been scheduling,
unless Ng,n /∈ N , which is contradictory to our assumption.
Hence, Proposition 3 is proved.
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