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ABSTRACT Cellular Vehicle-to-Everything (C-V2X), as a next-generation V2X communication technique,
has attracted much attention recently. Especially, SideLink (SL) of C-V2X in the mode 4 is a promising
technique for disseminating various information in a non-line-of-sight area via direct inter-vehicle com-
munication without requiring base stations. In order to better prevent accidents, it is important to improve
the reliability and adaptability of SL. However, the Semi-Persistent Scheduling (SPS) method has a limited
performance at short distances due to transmission collisions, and cannot well support applications with
different transmission intervals. To solve these problems, in this paper, we propose a new packet collision
avoidance method, Interference Prediction and Multi-Interval extension (IPMI), for the C-V2X SL mode 4,
based on directly predicting the interference vehicles (defined as vehicles in the overlapping communication
range of two vehicles using the same resource, and susceptible to packet collisions at reception), without
causing extra overhead. Specifically, the proposed method selects for each vehicle a resource that has
(i) a minimal number of interference vehicles and (ii) a maximal inter-vehicle distance, to reduce packet
collisions. It is further extended to support applications with different transmission intervals. Simulation
results confirm that compared with the conventional methods, the proposed method can achieve higher
reliability and still have a promising performance even in times of partial deployment.

INDEX TERMS ITS, C-V2X, sidelink, resource allocation, semi-persistent scheduling, collision avoidance,
interference prediction, multi-interval.

I. INTRODUCTION
In order to promote Intelligent Transportation Systems (ITS)
and autonomous driving technology, there is an urgent need
to develop new communication methods that connect Vehi-
cles to Everything (V2X) [1]. C-V2X, as a next-generation
V2X communication technique standardized in LTE and
5G, has attracted much attention recently. C-V2X supports
direct communications with SideLink (SL) as well as cellular
communications via Base Stations (BS) [2]. Compared with
on-board sensors such as camera and LiDAR that cannot
sense objects in a blind spot, SL is a promising technique
for disseminating various information in a Non-Line-of-Sight
(NLoS) area via direct inter-vehicle communication without
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requiring BSs. Because the disseminated information is of
great importance for preventing accidents, it is necessary to
improve the reliability of SL [3].

In the C-V2X SL, a radio resource is selected for each
vehicle in the frequency (subchannel) and time (subframe)
space, and used to transmit packets periodically for a short
period of time, which is called Semi-Persistent Scheduling
(SPS). SL supports two modes, which differ in terms of
how resource is allocated. In mode 3, resource allocation
is realized by a BS, but it is difficult to share information
among vehicles associatedwith BSs of different operators [4].
In comparison, in mode 4, each vehicle selects its resource
autonomously, which makes it possible to share information
across different operators. But it faces the hidden terminal
problem, i.e., when two vehicles hidden from each other
(e.g., due to the NLoS propagation) select the same resource,
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their packets, transmitted simultaneously, collide consecu-
tively at adjacent vehicles, which degrades system reliability.

As for this problem, a previous method suggests resource
pre-reservation [13], but it does not ensure a successful reser-
vation. Our previous work estimates the usage status of each
resource by exchanging extra information between adjacent
vehicles [24], so as to select a resource with the smallest
number of vehicles (including hidden vehicles) sharing the
resource. However, its performance is limited at short dis-
tances. In addition, most previous methods only consider the
case where all vehicles transmit packets at the same interval.

In this paper, we propose a new resource allocationmethod,
Interference Prediction and Multi-Interval extension (IPMI),
for the SL mode 4, which directly predicts and minimizes
the number of interference vehicles (defined as vehicles
in the overlapping communication range of two vehicles
using the same resource and susceptible to packet collisions
at reception) without causing extra overhead, and considers
the co-existence of applications with different transmission
intervals. In wireless communications, even when multi-
ple packets are transmitted simultaneously, a packet from
a near vehicle may be decoded potentially because of the
capture effect [5]. In order to make use of this feature and
improve packet reception rate at near distances, for each
candidate resource, a vehicle explicitly predicts interference
vehicles with respect to each of its adjacent vehicles using
this resource. And this function is extended to the case where
vehicles use different transmission intervals.

The contribution of this paper is three-fold, as follows:
• The concept of interference vehicles is put forward,
and packet collisions at short distances are mitigated by
letting each vehicle choose a resource that minimizes
the number of interference vehicles and maximizes the
distance to adjacent vehicles using the same resource.

• The proposedmethod is enhanced to deal with the poten-
tial collisions within a period of least common multiple
of transmission intervals, to consider packets collisions
that may occur in the future, not in the current resource
selection window.

• The above two functions are realized without causing
extra overhead, which enables the incremental deploy-
ment of the proposed method (coexistence with SPS).

The effectiveness of the proposed method, under both urban
and freeway scenarios (including the case of partial deploy-
ment) specified by 3GPP, is evaluated by a network simulator,
with LTE-V2X release 14.

The rest of this paper is organized as follows: Section II
introduces C-V2X. Section III reviews related research and
points out challenges in the previous methods. Section IV
presents the proposed method, and Section V illustrates the
simulation results. Finally, Section VI concludes this paper
and points out future work.

II. OVERVIEW OF C-V2X
Convenience and safety are twomain targets of modern trans-
portation systems. C-V2X is one of the key technologies for

realizing these targets and delivering smart mobility service
to users. The 3rd Generation Partnership Project (3GPP)
first standardized C-V2X in Rel-14 (LTE-V2X) [6], and then
fixed its latest update in Rel-16 (NR-V2X) [7], which defines
advanced use cases of V2X and enhanced Ultra-Reliable and
Low Latency Communication (URLLC) with 5G New Radio
(5G-NR). Direct inter-vehicle communications of V2X are
referred to as SideLink (SL) by 3GPP [8], [9], which use the
PC5 interface [10].

In order to transmit a packet by SL, a Candidate single
Subframe Resource (CSR) needs to be selected, which is a
rectangle area in the frequency (subchannel) and time (sub-
frame) space, as shown in Figure 1. It consists of two parts,
one is a Physical Sidelink Shared CHannel (PSSCH) part
for delivering data information and the other is an adjacent
Physical Sidelink Control CHannel (PSCCH) part. Both parts
are further composed of Resource Blocks (RB), the minimal
resource unit. The amount of RBs per CSR is allocated based
on the packet size and the Modulation and Coding Scheme
(MCS). In the transmission, vehicle information (position and
speed) as data and the resource scheduling information for
the next transmission are included in PSSCH and PSCCH,
respectively, and the latter enables periodical transmissions.

FIGURE 1. Resource reselection with the SPS algorithm (RRI = 100ms).

LTE-V2X SL supports two modes, mode 3 in which a BS
manages resource allocation for all its associated vehicles
and mode 4 in which a CSR is selected by each vehicle in
a distributed way. Mode 1 and mode 2 in the NR-V2X are
equivalent to mode 3 and mode 4 in LTE-V2X, respectively.
C-V2X is a general term including both LTE-V2X and
NR-V2X. In this paper, we focus on LTE-V2X but the pro-
posed method can be applied to NR-V2X as well. When there
is no ambiguity, the terms ‘‘resource’’ and ‘‘CSR’’ are used
interchangeably.

A. MODE 3
In mode 3, each BS, with relatively large computing capacity,
manages resource allocation for all vehicles in its coverage in
a centralized way, which makes it possible to meet the appli-
cation requirements such as reliability and latency. However,
mode 3 is limited to the coverage of BSs [11], and it works
only for vehicles associated with the same operator [4]. When
vehicles associated with different operators run in the same
area, the communication reliability will be degraded.
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B. MODE 4
Mode 4 is designed to work in a distributed way, without
requiring BSs, which enables it to work in mountainous
or disaster areas outside the coverage of BSs. Besides, all
vehicles communicate with the same frequency band, and
exchange information regardless of operators. But it is neces-
sary to configure initial parameters to meet the requirement
of a local region [12]. By using channel sensing and the SPS
scheme, each vehicle can select a resource with a low col-
lision probability, and use it for periodical transmission in a
short interval. In the following, we review the SPS algorithm.

1) CHANNEL SENSING
Denote resource reservation interval as RRI. In order to moni-
tor the usage status of each CSR, each vehicle calculates Ef ,t ,
average RSSI corresponding to a CSR in the sensing window,
defined between t − 1000 and t − 1 [ms] ( f is subchannel
and t is subframe time).

Ef ,t =
RRI
1000

∑1000/RRI

i=1
RSSIf ,t−i·RRI. (1)

For example, when RRI is configured to 100ms in (1), a vehi-
cle always collects ten RSSI for a CSR in the past 1 second
(sensing window) and computes the average.

2) RESELECTION CANDIDATES
Each vehicle uses a Reselection Counter (RC) to manage
howmany times its periodical transmission will continue, and
decreases its RC per transmission. When its RC reaches 0,
with a reselection probability (P), a vehicle will try to select
a new CSR, in order to avoid potential consecutive transmis-
sion collisions.

First, a set of candidate resources will be selected from
a selection window based on the average RSSI per CSR.
The selection window, as shown in Figure 1, is defined as
[t + T1, t + T2] (T1 ≤ 4, 20 ≤ T2 ≤ 100 [ms]). Denote the set
of all CSRs in the selection window as SA. Next, 1) the CSRs
with an average RSSI above the Reference Signal Received
Power (RSRP) threshold, and 2) the CSRs reserved by other
vehicles, are excluded from SA and the remaining CSRs
form S′A. The above procedures are repeated by increasing
the RSRP threshold at a step of 3dB until

∣∣S′A∣∣ is greater than
or equal to 20% of |SA| (|S| is the cardinality of S).

3) RESOURCE RESELECTION
S′A is sorted in the increasing order of Ef ,t , and the top
20% CSRs form a set SB. Then, a CSR is randomly selected
from SB. Meanwhile, the RC is initialized by a value
randomly selected from a window [RCmin,RCmax], where
RCmin = 5 · RRImax/RRI and RCmax = 15 · RRImax/RRI
are defined by RRI. Here, RRImax is the maximal value of
RRI.

III. RELATED RESEARCH AND ITS PROBLEMS
A. RELATED RESEARCH
In order to prevent packet collisions in the selected resource,
a pre-reservation method was suggested in [13]. Usually

when RC is decreased to 0, a vehicle will try to select a new
CSR and does not include the reservation information for cur-
rent CSR in PSCCH. In the pre-reservation method, the new
CSR to be used for the next transmission is included instead,
as a temporary reservation [13]. If other vehicles do not pre-
reserve the same new CSR, this pre-reservation is successful,
and the new CSR will be treated as a formal reservation, and
used for the next transmission without collisions. However,
the pre-reservation is also susceptible to failure whenmultiple
vehicles pre-reserve the same CSR. Besides, it is necessary to
modify the default format of PSCCH and this procedure is not
compatible with the SPS method.

Furthermore, [14] investigated how to reduce packet col-
lision probability in the coexistence of different transmis-
sion intervals. In such cases, it is necessary to consider not
only resources in the current selection window but also their
periodical use in the future. To this end, resource usage in
a period of least common multiple of transmission intervals
is checked, and a resource will be precluded if it will lead
to a future collision. However, simply precluding reserved
resources will reduce the number of available resources
for selection, and potentially increase interferences on non-
reserved resources.

Pre-configured parameters are important in mode 4,
because all vehicles select their CSRs in a distributed way
without BS supports. Appropriate configurations, consider-
ing a variety of V2X use cases, were studied in [15] and [16].
In particular, the relationship between reselection probability
and congestion degree was studied in [15], which shows that a
decrease of reselection probability does not always lead to the
improved reliability in a highly congested environment. Fur-
thermore, amethod that controls the duration of consecutively
using a resource is studied in [17]. By defining the maximum
number that a vehicle can reselect the same resource, this
method helps to reduce the probability of successive colli-
sions. An optimal allocation method, which considers the
difference in packets sizes, is studied in [18]. By avoiding
both resource holes and overlapping, this method helps to
maximize the number of vehicles that can be supported in the
network. It is known that packet loss increases due to trans-
mission collision in a congestion environment [19]. To solve
this problem, a distributed congestion control (DCC) was
studied in [20], which suggests dropping packets (enlarging
RRI) in order to reduce the Channel occupation Ratio (CR) of
each vehicle if the Channel Busy Ratio (CBR) caused by all
vehicles exceeds a threshold value. Moreover, there is a con-
gestion control based on coordinately changing transmission
power, which helps to improve Packet Reception Ratio (PRR)
at nearby vehicles [21]. However, the controls of packet drop
and transmission power may degrade Age of Information
(AoI) [22]. Therefore, it is necessary to investigate other
methods.

In addition to C-V2XSL, theDedicated Short-RangeCom-
munication (DSRC) method has been studied before as a
means of inter-vehicle communications, outside the frame-
work of cellular communication. A comparison between
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DSRC and C-V2X is reported in [23], which shows that
DSRC is better in terms of latency in some scenarios while
SL achieves higher reliability by resource reservation.

B. CONSIDERING THE HIDDEN TERMINAL PROBLEM
In order to avoid packet collisions caused by adjacent vehi-
cles (including hidden vehicles from which packets cannot
be directly received), we studied how to exchange resource
usage information via PSSCH among vehicles, and on this
basis select a CSR, which is called SPS with Collision Avoid-
ance (SPS-CA) hereafter [24].

First, Resource Busy Information (RBI) is computed at
each vehicle by monitoring CSRs in the last RRI (between
previous transmission time to the next transmission). RBI
is a flag vector, where each bit corresponds to a CSR, set
to 1 when a packet in the corresponding CSR is decoded
correctly, and 0 otherwise. The bit corresponding to the CSR
that a vehicle currently uses is cleared to 0 because it cannot
detect this using a half-duplex transceiver.

Each vehicle adds RBI to the PSSCH of its transmission
as addition information. When a vehicle A received a packet
from another vehicle B, and selects a CSR whose associated
flag bit is set in the RBI received from B, a packet collision
will occur at B in the selected CSR. In this way, A could
predict a potential packet collision for each CSR whose flag
bit is set to 1 by adjacent vehicles. Furthermore, the sum of
flag bit corresponding to each CSR received from all adjacent
vehicles in the last RRI is used to represent the resource usage
of each CSR.

Then, resource candidates are generated as S′A, in the
same way as in Sec.II.A2. But different from Sec.II.A3, all
resources in S′A are sorted in the increasing order of the
resource usage (as a primal key) and in the increasing order
of RSSI (as a secondary key), and a CSR is randomly selected
from the top 20% of S′A.

Disseminating additional information about resource
usage in SPS-CA does help to estimate resource usage and
mitigate packet collisions, but at the cost of extra overhead.
Because SPS-CA also considers resource usage caused by
hidden terminals, its PRR is improved in the long-distance
range, but its effectiveness in the short-distance range is
small. In vehicular networks, especially safety related appli-
cations, it is expected to disseminate packets preferentially to
neighbor vehicles than those far away. Furthermore, in the
real environment, applications with different requirements
will transmit packets at different intervals, which is not well
investigated yet. Therefore, it is necessary to solve all these
problems simultaneously.

IV. PROPOSED METHOD
To solve the aforementioned problems in one framework,
we propose the Interference Prediction and Multi-Interval
extension (IPMI) method, to further improve the reliability of
SL mode 4 in the short-distance range without causing extra
overhead, and support different transmission intervals.

Vehicles from which a packet is received recently
(e.g., within 1.5 seconds) are called adjacent vehicles. Vehi-
cles, in the overlapping communication range (interference
area) of two adjacent vehicles using the same resource and
susceptible to packet collisions at reception, are called inter-
ference vehicles. In this way, for a vehicle selecting resources,
its interference vehicles are associated with each adjacent
vehicle, and change per resource.

In the resource selection process, first, a vehicle predicts
interference vehicles associated with each adjacent vehi-
cle, based on vehicle location information. Among adja-
cent vehicles using the same resource, the vehicle with
the largest number of interference vehicles and the shortest
inter-vehicle distance is selected to represent the resource,
i.e., the resource has the same number of interference vehi-
cles and inter-vehicle distance as the selected vehicle. When
vehicles use different transmission intervals, to consider the
potential collisions due to periodical transmissions in the
future, resources in a period of least common multiple of
transmission intervals, longer than the current selection win-
dow, are checked, and their impacts are reflected in the
current selection window. Finally, in the selection window,
a set of resources with a minimal number of interference
vehicles and a maximal inter-vehicle distance, are found,
from which one is randomly selected for the transmission.
In the following, we will describe the IPMI algorithm in
detail.

A. PREDICTION OF INTERFERENCE VEHICLES
Different from the previous method [24] where each vehicle
predicts the usage status of each resource and selects the
least used one, in the proposed method, each vehicle pre-
dicts interference vehicles of each adjacent vehicle, aiming
to minimize the number of interference vehicles susceptible
to packet collisions due to simultaneous transmissions from
the vehicle and its adjacent vehicle.

When transmission collisions occur at a vehicle, several
packets are simultaneously received from multiple vehicles.
A packet from a near vehicle may be decoded potentially
because of the capture effect. The proposed method will use
this feature.

Assume vehicle i needs to select a resource and is checking
a candidate resource r . For each of its adjacent vehicle j
that currently uses r , vehicles, in the overlapping area of
communication ranges of i and j, form a set of interference
vehicles I i,j. E.g., in Figure 2, the set of interference vehicles
between i and j = 1 is I i,1 = {4, 5, 7}. The required
communication range of a vehicle is defined by using the
vehicle’s position as a center and a distance D as a radius.
Although i does not know the instantaneous position of j,
it can predict this based on position and speed information
received from j in the past, e.g., within 10 seconds.

Algorithm 1 shows the pseudo-code for predicting interfer-
ence vehicles. The input is the ID of vehicle i, and the output
is I , a set of interference vehicles between i and its adjacent
vehicles. j denotes an adjacent vehicle of i (line 4). From
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FIGURE 2. Set of interference vehicles.

Algorithm 1: Prediction of Interference Vehicles
1: Procedure: PredictInterferenceVehicles
2: Input: i
3: Output: I # Set of the interference vehicles
4: for each vehicle j whose signal is received by i within 1.5s do
5: I i,j ← ∅ # Initialization of I i,j
6: for each vehicle k whose signal is received by i within 10s do
7: if ‖Pi − Pk‖ < D and

∥∥Pj − Pk∥∥ < D then
8: # Vehicle k is a potential interference vehicle of i and j
9: I i,j ← {k} ∪ I i,j

10: end if
11: end for
12: end for
13: return

line 6 to 11, for each adjacent vehicle k of i, its Euclidean
distance to i, ‖Pi − Pk‖, and that to j,

∥∥Pj − Pk∥∥ are com-
puted separately. If both distances are less than the required
communication range D, which means k lies in the overlap
range of i and j, k is added to I i,j.

B. EXTENSION OF MULTI-INTERVAL
Each vehicle uses a different transmission interval depending
on application requirement. When a small transmission inter-
val is used, the number of resource candidates in the selection
window decreases, and it means more transmissions in the
future under the periodical transmission policy. Therefore,
it is necessary to estimate the status of a resource not only at
the selection time (in the selection window) but also consider
potential interference due to future transmissions. However,
SPS cannot achieve this because SPS only considers a selec-
tion window equaling to the transmission interval.

Here, we take for example the coexistence of transmission
intervals (RRI) of 20, 50 and 100ms, and it is easy to extend to
other RRI values. Figure 3 shows an example, where the RRIs
of i and j equal to 20ms and 50ms, respectively, and their least
common multiple is 100ms. If i selects No. 5 resource and j
selects No. 45 resource, no collision occurs in the selection
windows (0-19) of i. But within a window of 100 ms, i will
also use resources with No. 25, 45, 65 and 85, separated by its
RRI = 20, and jwill also use No.95 resource. Here, at No. 45
resource, the first transmission of j collides with the 3rd
transmission of i. However, No. 45 resource is not included
in the selection window of i (SA), so its collision cannot be
avoided. In the proposed method, based on interference status
of resource candidates (Si) in a large window (Slcm) whose

length is least common multiple of different RRIs, i can take
this collision into account.

When the number of vehicles is large, it is not possible
to completely avoid potential collisions in the future. There-
fore, simply precluding resources that could cause future
interferences may even fail [14]. Instead, our policy is to
project the potential collisions in the future to the current
selection window, and select the resource with a new metric,
the number of interference vehicles.

FIGURE 3. Consideration of multiple transmission intervals.

The scheme that supports different RRIs is shown in Algo-
rithm 2. The input is the ID of vehicle i, and the output is
table T that considers future resource usage in the current
selectionwindow of i. T has two columns, one is T Ir reflecting
the number of interference vehicles between vehicle i and its
adjacent vehicle considering r ∈ Slcm as a candidate resource,
and the other is TDr , the corresponding inter-vehicle distance.
In line 5 to 7, T Ir and TDr are initialized properly. Then, T is
computed by two steps.

In the 1st step (line 10), Sj is a set denoting future resources
up to RRIlcm ahead that will be used by vehicle j. It should be
noted that vehicle jmay change its resource in this period, but
such information is not known in advance because only the
resource for the next transmission is reserved. For simplicity,
it is assumed that vehicle j will use the same resource in this
period. Next, in line 11 to 15, TDr and T Ir are updated to
record the distance

∥∥Pi − Pj∥∥ and the number of interference
vehicles.

In the 2nd step (line 18), for each of the candidate resource
r in the selection window SA used by i, its number of inter-
ference vehicles and inter-vehicle distance, corresponding to
its future use due to periodical transmissions, are updated by
the values of the specific resource with the minimal inter-
vehicle distance. This is because the nearest neighbor causes
the largest interference when using the same resource. In this
way, the future status of a resource is projected to the selection
window, and taken into account in the resource selection.

C. IPMI ALGORITHM
The whole IPMI algorithm is shown in Algorithm 3. First,
for vehicle i, its set of interference vehicles, I , is computed
(line 2), based on Algorithm 1 in Sec. IV. A. Next, for each
resource in the selection window of i, table T containing
the number of interference vehicles and inter-vehicle dis-
tance, considering packet collisions in the future, is computed
(line 3), based on Algorithm 2 in Sec. IV. B. Then, resources
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Algorithm 2: Extension of Multi-Interval
1: Procedure: ExtendMultiInterval
2: Input: i, I
3: Output: T
4: # Initialization of table T
5: for each resource r of Slcm do
6: T Ir ← 0 and TDr ←∞
7: end for
8: # 1st step
9: for each vehicle j whose signal is received by i within 1.5s do
10: Set future resources of j to Sj
11: for each resource r of Sj do
12: if

∥∥Pi − Pj∥∥ < TDr then
13: TDr ←

∥∥Pi − Pj∥∥ and T Ir ← ∣∣I i,j∣∣
14: end if
15: end for
16: end for
17: # 2nd step
18: for each resource r of SA do
19: Set future resources of r used by i to Si
20: for each resource m of Si do
21: if TDm < TDr then
22: TDr ← TDm and T Ir ← T Im
23: end if
24: end for
25: end for
26: return

in set SA are sorted (line 4) in the increasing order of the
number of interference vehicles (as a primal key), and in
the decreasing order of inter-vehicle distance (as a secondary
key). Finally, the resources with the same optimal parameters
(the number of interference vehicles and inter-vehicle dis-
tance) form a new set SB (line 5-13), from which a resource
is randomly selected for vehicle i (line 14).

Algorithm 3: IPMI Algorithm
1: Set resource-allocation vehicle to i
2: I ← PredictInterferenceVehicles (i)
3: T ← ExtendMultiInterval (i, I)
4: Sort SA in the increasing order of T Ir∈SA

and in the decreasing order of

TDr∈SA
5: Set the first resource of SA to rf
6: Move the first resource from SA to SB # Initial SB is ∅
7: for each resource r of SA do
8: if T Ir = T Irf and TDr = TDrf then
9: Move the resource r from SA to SB
10: else
11: break
12: end if
13: end for
14: Select a resource randomly from SB for vehicle i

D. COMPARISON OF KEY FUNCTIONS
The comparison of key functions among SPS, SPS-CA [24],
IPMI and IPMI+ (IPMI run at base stations) is summarized
in Table 1 O means yes and X means no. In order to confirm
the upper bound of IPMI, IPMI+, in which BSs learn the
instantaneous positions of all vehicles and allocate resources
in a centralized way, is also included. The key functions in
the comparison are 1) prediction of interference vehicles,

TABLE 1. Comparison of key functions among different methods.

2) multi-interval extension and 3) without extra overhead.
IPMI outperforms SPS and SPS-CA which implement only
one feature. The resource usage in SPS-CA is a little similar
to the number of interference vehicles in IPMI, but it focuses
more on the interference at the transmitting vehicle. By col-
lecting resource usage information from adjacent vehicles,
it helps to mitigate the hidden terminal problem. In com-
parison, IPMI focuses more on the interference at receiving
vehicles, and considers the nearest vehicle (using the same
resource) that has the largest interference, which helps to
control interference at the short-distance range. Compared
with IPMI+, IPMI has another feature, not requiring BSs.

V. SIMULATION EVALUATION
Simulation evaluation is performed on the network simulator
Scenargie [26] enhanced with the C-V2X function (3GPP
Rel-14 compliant), using the urban and freeway scenarios
specified by 3GPP. Four methods summarized in Table 1 will
be evaluated and compared.

A. EVALUATION METRICS
Packet Reception Ratio (PRR) and Packet Collision
Ratio (PCR) are used as the main metrics in the evaluation.
• PRR indicates how reliably packets sent by broadcast
arrive at vehicles within the required communication
range (D), and is calculated as the percentage of packets
correctly decoded at target vehicles. Besides, its results
are computed per distance between transmitting vehicles
and receiving ones, to show how PRR changes with
distances.

• PCR reflects how often packet failure occurs due
to simultaneous transmissions from multiple vehicles
(packet collisions), and is computed as the percentage
of failed packets due to packet collision. Its results are
also computed per distance, in a same way as PRR.

B. SIMULATION ENVIRONMENT AND CONDITIONS
In the evaluation, we use the scenarios [27] defined by 3GPP,
including both an urban model for cities and a freeway model
for highway. The number of vehicles is different in each
scenario, and changes with the speed, e.g., the inter-vehicle
distance between adjacent vehicles on the same lane is set to
be greater than or equal to the distance that vehicles move in
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TABLE 2. Common simulation parameters.

2.5 seconds. Each vehicle has a random initial position, and
moves at a fixed speed. In the urban model, each vehicle also
randomly changes its moving direction at intersections. The
number of subchannels is set to 1 in all scenarios in order
to emulate a highly congested environment. The packet size
(except for PSCCH and header) is set to 128 bytes including
vehicle location, according to [28]. There are three types of
RRIs (20, 50, 100 ms) in the simulation, which are allocated
equally, i.e., the number of vehicles for each RRI is the
same, and for each vehicle one RRI is used throughout the
simulation. RC is selected randomly within [RCmin,RCmax]
based on RRI. The reselection probability (P) is set to 1.0,
i.e., resource reselection always will be performed when RC
reaches 0. The selection window size [T1,T2] is [0, RRI] and
changes with RRI. Initial packet in each vehicle is generated
at a random time and subsequent packets are generated at
a fixed interval specified by RRI. Simulation results are
averaged over 20 runs with different network topologies. All
simulations run for 50 seconds, during which communica-
tions are performed from 10 to 40 seconds. Main simulation
parameters are shown in Table 2.

1) URBAN MODEL
In the urbanmodel, a scenario with 1299× 750meter (9 grids
eachwith 433× 250meter) is used, which is defined by 3GPP
for V2X simulation in the city environment. All vehicles
move on the road at the same, fixed speed, 15 or 60 km/h.
The number of vehicles depends on the speed, 591 vehicles
(96.1 vehicles per 1 km) at the speed 15 km/h and 147 vehi-
cles (23.9 vehicles per 1 km) at the speed 60 km/h. The road
has two lanes on each side (four lanes in total), and there are
buildings on the roadsides that obstruct wireless propagation.
The required communication range (D) is approximately a
distance that vehicles move in 4 seconds, being 133.3 mwhen
vehicles move at the speed 60 km/h in the opposite direction
and is set to 150 m. The simulation environment of the urban
model is shown in Figure 4.

FIGURE 4. Simulation area (urban model).

2) FREEWAY MODEL
In the freeway model, a scenario with a straight road of
3 km is used. All vehicles move on the road at the same,
fixed speed, 70 or 140 km/h. The number of vehicles is
sets to 369 (20.5 vehicles per 1 km) at the speed 70 km/h
and 126 (7 vehicles per 1 km) at the speed 140 km/h. The
road has three lanes on each side (six lanes in total), and
there are no buildings on the roadsides. Each vehicle, when
reaching either end of the road, starts to move in the opposite
direction. To get a stable result, only vehicles within 1 km
from the road center are evaluated. Furthermore, the required
communication range (D) is approximately set to a distance
that vehicles move in 4 seconds, being 311.1 mwhen vehicles
move at the speed 140 km/h in the opposite direction and set
to 320 m. The simulation environment of the freeway model
is shown in Figure 5.

FIGURE 5. Simulation area (freeway model).

C. SIMULATION RESULTS AND DISCUSSIONS
1) RELIABILITY
a: URBAN MODEL
The results of PRR and PCR, with respect to communica-
tion distance in the urban model, are shown in Figure 6.
In Figure 6 (a), IPMI achieves higher PRR than SPS
and SPS-CA, regardless of the communication distance.
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In Figure 6 (b), PCR of IPMI is much reduced in the range
where PRR has a large improvement, which infers that the
main reason of PRR improvement lies in the PCR reduction.
Furthermore, in the 60km/h scenario, IPMI has a similar per-
formance as PIMR+when the distance is nomore than 100m.
In the 15 km/h scenario, IPMI has a similar performance as
IPMI+ in the whole range. IPMI+ is even slightly inferior to
IPMI after 70 m, probably because D is at most 33.3 m and
the optimization of PRR is mainly for vehicles in this range.

FIGURE 6. Reliability in the 15 or 60 km/h scenarios (urban model):
(a) Packet reception ratio (PRR), (b) Packet collision ratio (PCR).

Furthermore, Table 3 shows PRR and PCR values for the
4 seconds distance between vehicles in the same or opposite
direction in the urban model. At the speed 60km/h, PRR in all
methods is greater than 95%, even at a distance of 133.3 (in
the opposite direction). However, when the speed is 15km/h,
PRR of SPS and SPS-CA is degraded to below 95% in the
opposite direction, and only IPMI and IPMI+ can achieve a
PRR above 95%. Compared with SPS, IPMI improves PRR
by about 3.1% at the distance 33.3m (at the speed 15km/h).
In the short distance range, SPS-CA can hardly improve PRR
compared with SPS, but IPMI can, which is a promising
property for applications requiring ultra-reliability.

b: FREEWAY MODEL
The results of PRR and PCR, with respect to communica-
tion distance in the freeway model, are shown in Figure 7.
In Figure 7 (a), IPMI achieves higher PRR than SPS and
SPS-CA at both speeds (140 km/h and 70 km/h), regardless
of communication distance. Its improvement is large in the
short distance range but decreases as the distance increases,
almost no effect when the vehicle density is relatively high at
the speed 70 km/h. This is because with LOS paths between
vehicles in the freeway model, the capture effect is obvious
at a short distance, while the impact of interferences becomes
dominant at a long distance. Actually, in the long-distance
range (at 70km/h), all methods, including IPMI+, have a
similar poor performance because wireless signals propagate
more than necessary, which leads to many interferences.
To solve this problem, other methods such as transmission
power control need to be considered, which is left as future
work.

TABLE 3. PRR and PCR at 4 seconds distance (same or opposite
direction) in the urban model.

FIGURE 7. Reliability in the 70 or 140 km/h scenarios (freeway model):
(a) Packet reception ratio (PRR), (b) Packet collision ratio (PCR).

The PRR and PCR values for 4 seconds distance between
vehicles in the same or opposite direction in the freeway
model are shown in Table 4.

At the speed 140 km/h, PRR in all methods is over 95% in
the same direction, but in the opposite direction, only IPMI+
can achieved a PRR above 95%. At the speed 70 km/h (with
a high congestion degree), SPS and SPS-CA do not achieve a
PRR above 95% in the same direction. And in the opposite
direction all methods fail to achieve a PRR 90%. In this
extreme case, IPMI improves PRR by about 11% compared
with SPS, and its effect is the largest in all scenarios and
distances, which confirms that the proposed IPMI method
is effective in improving the performance in the congested
environment.

2) EVALUATION OF PARTIAL DEPLOYMENT
In the previous evaluations, it is assumed that all vehicles
use the same method, e.g., IPMI. But it usually takes time
for a new technology to spread in the world. Therefore, here,
we evaluate the performance of IPMI in the partial deploy-
ment (i.e., some vehicles use IPMI while other vehicles use
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TABLE 4. PRR and PCR at 4 seconds distance (same or opposite
direction) in the freeway model.

SPS), by changing the deploy rate of vehicles that use IPMI.
We will investigate at which deploy rate there is a merit for
vehicles using IPMI and whether there is a harm on vehicles
still using SPS. To this end, two PRRs are calculated. One
measures the percentage of packets, transmitted by a vehicle
using IPMI and correctly received by other vehicles (using
either IPMI or SPS), and the other is for packets from vehicles
using SPS.

a: URBAN MODEL
Figure 8 shows the PRR with respect to communication
distance in the urban model. Here, the rate in a legend is the
percentage of vehicles using themethod. In Figure 8 (a), IPMI
achieves higher PRR than SPS in any deploy rate, regardless
of distance. In addition, its improvement increases with the
deploy rate, i.e., the more vehicles use IPMI, the higher
improvement in PRR. Furthermore, PRR of the rest vehicles
using SPS also is higher than that of SPS (100%) where
only SPS is used, regardless of distance. This is because
in IPMI, a vehicle tries to select a resource that has the
least impact on adjacent vehicles, regardless of whether an
adjacent vehicle uses SPS or IPMI, which helps to reduce
interference on vehicles using SPS. Next, in Figure 8 (b),
IPMI is still superior to SPS at the speed 15 km/h, where the
channel is much congested. The increase in the deploy rate of
IPMI does not lead to obvious differences in PRR of vehicles
using IPMI, and in all cases, PRR of vehicles using SPS is not
degraded compared with the case where all vehicles use SPS.

b: FREEWAY MODEL
Figure 9 shows the PRR with respect to communication
distance in the freeway model, where the deploy rate of IPMI
is used as a parameter. In Figure 9 (a), at the speed 140 km/h,
IPMI achieves higher PRR than SPS in any deploy rate, and

FIGURE 8. Reliability of SPS and IPMI in the urban model: (a) PRR at
60km/h, (b) PRR at 15km/h. IPMI (100%) and SPS (100%) are PRRs where
all vehicles use IPMI or SPS. IPMI (75%) and SPS (25%) correspond to a
PRR of 75% vehicles applying IPMI and a PRR of the rest 25% vehicles
still using SPS, respectively. Similarly, IPMI (50%) and SPS (50%)
correspond to PRRs where 50% vehicles apply IPMI while the rest 50%
vehicles still use SPS, and IPMI (25%) and SPS (75%) correspond to PRRs
where 25% vehicles apply IPMI while the rest 75% vehicles still use SPS.

PRRof the rest vehicles using SPS is not degraded. In general,
PRR of vehicles using IPMI can reach 95% at a distance up
to 200m. Next, in Figure 9 (b), at the speed 70 km/h, the
superiority of IPMI over SPS gets smaller, especially in the
long-distance range, because of severe interferences caused
in the congested environment.

FIGURE 9. Reliability of SPS and IPMI in the freeway model: (a) PRR at
140km/h, (b) PRR at 70km/h. IPMI (100%) and SPS (100%) are PRRs
where all vehicles use IPMI or SPS. IPMI (75%) and SPS (25%) correspond
to a PRR of 75% vehicles applying IPMI and a PRR of the rest 25%
vehicles still using SPS, respectively. Similarly, IPMI (50%) and SPS (50%)
correspond to PRRs where 50% vehicles apply IPMI while the rest 50%
vehicles still use SPS, and IPMI (25%) and SPS (75%) correspond to PRRs
where 25% vehicles apply IPMI while the rest 75% vehicles still use SPS.

Based on all the above results, we can see that IPMI can
improve PRR, especially in the short distance range, although
actual improvement depends on the environment (urban or
freeway), vehicle speed, and deploy rate. It is confirmed that
partial deployment is also beneficial, and does not cause harm
to vehicles not using this technique. There is still room for
improvement, especially in the congested freeway environ-
ment, where the performance is interference limited, and a
further investigation is necessary.

VI. CONCLUSION
In this paper, we have proposed a new resource scheduling
method (IPMI) for C-V2X sidelink (mode 4). The proposed
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method predicts interference vehicles for each candidate
resource (using position information received from adjacent
vehicles), and reduces packet collisions by minimizing the
number of interference vehicles at the selected resource,
which neither modifies the format of PSCCH nor causes
extra overhead. It is further enhanced to support applications
with different transmission intervals, by considering poten-
tial packet collisions in the future. Compared with SPS, the
proposed IPMI method improves PRR by 3.1% at 33.3 m in
the urban model (15km/h) and by 11% at 155.6 m in the free-
way model (70km/h). In addition, we confirmed that IPMI
still achieves good performance in times of partial deploy-
ment, which is a promising feature to enable its incremental
deployment.

In the future, we will try to enhance the proposed method
to deal with channel congestion, evaluate its performance in
more realistic environments where vehicles move at different,
time-varying speeds and transmit packets with different sizes,
and extend it to the NR-V2X (Rel-16) system.

REFERENCES
[1] S. Zeadally, M. A. Javed, and E. B. Hamida, ‘‘Vehicular

communications for ITS: Standardization and challenges,’’ IEEE
Commun. Stand. Mag., vol. 4, no. 1, pp. 11–17, Mar. 2020,
doi: 10.1109/MCOMSTD.001.1900044.

[2] H. Seo, K.-D. Lee, S. Yasukawa, Y. Peng, and P. Sartori, ‘‘LTE evolution
for vehicle-to-everything services,’’ IEEE Commun. Mag., vol. 54, no. 6,
pp. 22–28, Jun. 2016, doi: 10.1109/MCOM.2016.7497762.

[3] N. Bonjorn, F. Foukalas, and P. Pop, ‘‘Enhanced 5G V2X services
using sidelink device-to-device communications,’’ in Proc. 17th Annu.
Medit. Ad Hoc Netw. Workshop (Med-Hoc-Net), Jun. 2018, pp. 1–7, doi:
10.23919/MedHocNet.2018.8407085.

[4] Y. Segawa, S. Tang, T. Ueno, T. Ogishi, and S. Obana, ‘‘Reliable and
efficient dissemination of traffic events among vehicles associated with
different operators by using cellular V2X,’’ in Proc. IEEE Veh. Netw. Conf.
(VNC), Dec. 2020, pp. 1–8, doi: 10.1109/VNC51378.2020.9318358.

[5] K. Whitehouse, A. Woo, F. Jiang, J. Polastre, and D. Culler, ‘‘Exploiting
the capture effect for collision detection and recovery,’’ inProc. EmNetS-II,
May 2005, pp. 45–52, doi: 10.1109/EMNETS.2005.1469098.

[6] The 3GPP Summary of Rel-14Work Items, document TR 21.914 (V14.0.0),
3GPP, May 2018.

[7] The 3GPP Summary of Rel-16 Work Items, TR 21.916 document (V0.5.0),
3GPP, Jul. 2020.

[8] Evolved Universal Terrestrial Radio Access (E-UTRA); Physical Layer
Procedures, document TS 36.213 (V14.4.0), 3GPP, Oct. 2017.

[9] Evolved Universal Terrestrial Radio Access (E-UTRA); Medium Access
Control (MAC) protocol specification, document TS 36.321 (V14.4.0),
Sep. 2017.

[10] S. Chen, J. Hu, Y. Shi, Y. Peng, J. Fang, R. Zhao, and L. Zhao, ‘‘Vehicle-
to-everything (V2X) services supported by LTE-based systems and 5G,’’
IEEE Commun. Standards Mag., vol. 1, no. 2, pp. 70–76, Jul. 2017, doi:
10.1109/MCOMSTD.2017.1700015.

[11] R. Molina-Masegosa and J. Gozalvez, ‘‘LTE-V for sidelink 5G V2X
vehicular communications: A new 5G technology for short-range vehicle-
to-everything communications,’’ IEEE Veh. Technol. Mag., vol. 12, no. 4,
pp. 30–39, Dec. 2017, doi: 10.1109/MVT.2017.2752798.

[12] Using LTEVehicle to EverythingCommunication in the 5.9GHzFrequency
Band; Access Layer Specification, Standard ETSI TS 103 613 (V1.1.1),
Nov. 2018.

[13] T. Maruko, S. Yasukawa, R. Kudo, S. Nagata, and M. Iwamura, ‘‘Packet
collision reduction scheme for LTE V2X sidelink communications,’’ in
Proc. IEEE 88th Veh. Technol. Conf. (VTC-Fall), Aug. 2018, pp. 1–5, doi:
10.1109/VTCFall.2018.8690903.

[14] T.-H. Lee and C.-F. Lin, ‘‘Reducing collision probability in sensing-
based SPS algorithm for V2X sidelink communications,’’ in Proc.
IEEE REGION 10 Conf. (TENCON), Nov. 2020, pp. 303–308, doi:
10.1109/TENCON50793.2020.9293919.

[15] R. Molina-Masegosa, J. Gozalvez, and M. Sepulcre, ‘‘Configuration of
the C-V2X mode 4 sidelink PC5 interface for vehicular communication,’’
in Proc. 14th Int. Conf. Mobile Ad-Hoc Sensor Netw. (MSN), Dec. 2018,
pp. 1–8, doi: 10.1109/MSN.2018.00014.

[16] M. Gonzalez-Martín, M. Sepulcre, R. Molina-Masegosa, and J. Gozalvez,
‘‘Analytical models of the performance of C-V2X mode 4 vehicular com-
munications,’’ IEEE Trans. Veh. Technol., vol. 68, no. 2, pp. 1155–1166,
Dec. 2018, doi: 10.1109/TVT.2018.2888704.

[17] A. Bazzi, C. Campolo, A. Molinaro, A. Berthet, B. M. Masini, and
A. Zanella, ‘‘On wireless blind spots in the C-V2X sidelink,’’ IEEE
Trans. Veh. Technol., vol. 69, no. 8, pp. 9239–9243, Jun. 2020, doi:
10.1109/TVT.2020.3001074.

[18] A. Bazzi, A. Zanella, and B. M. Masini, ‘‘Optimizing the resource alloca-
tion of periodic messages with different sizes in LTE-V2V,’’ IEEE Access,
vol. 7, pp. 43820–43830, 2019, doi: 10.1109/ACCESS.2019.2908248.

[19] B. Toghi, M. Saifuddin, H. N. Mahjoub, M. O. Mughal, Y. P. Fallah,
J. Rao, and S. Das, ‘‘Multiple access in cellular V2X: Performance analysis
in highly congested vehicular networks,’’ in Proc. IEEE Veh. Netw. Conf.
(VNC), Dec. 2018, pp. 1–8, doi: 10.1109/VNC.2018.8628416.

[20] A. Mansouri, V. Martinez, and J. Harri, ‘‘A first investigation of conges-
tion control for LTE-V2X mode 4,’’ in Proc. 15th Annu. Conf. Wireless
On-Demand Netw. Syst. Services (WONS), Jan. 2019, pp. 56–63, doi:
10.23919/WONS.2019.8795500.

[21] B. Kang, S. Jung, and S. Bahk, ‘‘Sensing-based power adaptation for
cellular V2X mode 4,’’ in Proc. IEEE Int. Symp. Dyn. Spectr. Access Netw.
(DySPAN), Oct. 2018, pp. 1–4, doi: 10.1109/DySPAN.2018.8610405.

[22] S. Kaul, M. Gruteser, V. Rai, and J. Kenney, ‘‘Minimizing age of
information in vehicular networks,’’ in Proc. IEEE SECON, Jun. 2011,
pp. 350–358, doi: 10.1109/SAHCN.2011.5984917.

[23] A. Bazzi, G. Cecchini, M. Menarini, B. M. Masini, and A. Zanella,
‘‘Survey and perspectives of vehicular Wi-Fi versus sidelink cellular-V2X
in the 5G era,’’ Future Internet, vol. 11, no. 6, p. 122, May 2019, doi:
10.3390/fi11060122.

[24] Y. Segawa, T. Ueno, T. Ogishi, S. Tang, and S. Obana, ‘‘High-reliable and
low-latency scheduling method for cellular V2X sidelink,’’ IPSJ J., vol. 63,
no. 4, pp. 1029–1041, Apr. 2022.

[25] G. Naik, B. Choudhury, and J.-M. Park, ‘‘IEEE 802.11bd 5G
NR V2X: Evolution of radio access technologies for V2X
communications,’’ IEEE Access, vol. 7, pp. 70169–70184, 2019, doi:
10.1109/ACCESS.2019.2919489.

[26] Scenarigie. Space-Time Engineering. Accessed: Apr. 20, 2022. [Online].
Available: https://www.spacetime-eng.com/en/

[27] Study on LTE-based V2X Services (Release 14), document TR 36.885
(V14.0.0), 3GPP, Jun. 2016.

[28] Inter-vehicle CommunicationMessage Specifications ITS Connect TD-001
ver. 1.0, ITS Connect Promotion Consortium, Tokyo, Japan, 2015.

YOSUKE SEGAWA received the B.E. degree
from The University of Electro-Communications,
Japan, in 2020, where he is currently pursuing
the master’s degree with the Graduate School of
Informatics and Engineering.

SUHUA TANG (Senior Member, IEEE) received
the B.S. degree in electronic engineering and the
Ph.D. degree in information and communication
engineering from University of Science and Tech-
nology of China, in 1998 and 2003, respectively.
From October 2003 to March 2014, he was with
Adaptive Communications Research Laboratories,
ATR, Japan. Since April 2014, he has been with
the Graduate School of Informatics and Engineer-
ing, The University of Electro-Communications,

Japan. His research interests include green communications, ad hoc and sen-
sor networks, inter-vehicle communications, and high precision positioning.
He is a member of IEICE and IPSJ.

VOLUME 10, 2022 42527

http://dx.doi.org/10.1109/MCOMSTD.001.1900044
http://dx.doi.org/10.1109/MCOM.2016.7497762
http://dx.doi.org/10.23919/MedHocNet.2018.8407085
http://dx.doi.org/10.1109/VNC51378.2020.9318358
http://dx.doi.org/10.1109/EMNETS.2005.1469098
http://dx.doi.org/10.1109/MCOMSTD.2017.1700015
http://dx.doi.org/10.1109/MVT.2017.2752798
http://dx.doi.org/10.1109/VTCFall.2018.8690903
http://dx.doi.org/10.1109/TENCON50793.2020.9293919
http://dx.doi.org/10.1109/MSN.2018.00014
http://dx.doi.org/10.1109/TVT.2018.2888704
http://dx.doi.org/10.1109/TVT.2020.3001074
http://dx.doi.org/10.1109/ACCESS.2019.2908248
http://dx.doi.org/10.1109/VNC.2018.8628416
http://dx.doi.org/10.23919/WONS.2019.8795500
http://dx.doi.org/10.1109/DySPAN.2018.8610405
http://dx.doi.org/10.1109/SAHCN.2011.5984917
http://dx.doi.org/10.3390/fi11060122
http://dx.doi.org/10.1109/ACCESS.2019.2919489


Y. Segawa et al.: Improving Performance of C-V2X SL by Interference Prediction and Multi-Interval Extension

TAKAAKI UENO received the B.E. degree from
Kyushu University, in 2011. After joining KDDI
in 2011, he was engaged in corporate solution
and prevention of erroneous email transmission.
He was a Researcher with KDDI Research, Inc.
He is currently with KDDI, and his work focuses
on social implementation promotion of mobility
services. His research interest includes connected
car.

TOMOHIKO OGISHI received the B.E. degree
from The University of Tokyo, in 1992, and the
Ph.D. degree in 2018. After joining KDDI (former
KDD), he was a Researcher with KDDI Research
Inc., and his research interests focus on testing of
communication systems, IP network management,
the IoT and sensor management, and connected
car. He is currently with KDDI, and his work
focuses on social implementation promotion of
mobility services.

SADAO OBANA received the B.E., M.E., and
Ph.D. degrees fromKeio University, Tokyo, Japan,
in 1976, 1978, and 1993, respectively. After
joining KDDI (former KDD) in 1978, he was
engaged in research and development in the field
of packet exchange systems, network architecture,
open systems interconnection (OSI) protocols,
database, distributed processing, network man-
agement, and intelligent transport systems (ITS).
In 2004, he joined Advanced Telecommunication

Research Institute International (ATR) and was the Director of Adaptive
Communications Research Laboratories, ATR. From 2011 to 2018, he was
a Professor with the Graduate School of Informatics and Engineering, The
University of Electro-Communications, Japan. He is currently the Executive
Director of The University of Electro-Communications. He is a member
of The Institute of Electronics, Information and Communication Engi-
neers (IEICE) and a fellow of the Information Processing Society of Japan
(IPSJ). He received the Award of Minister of Education, Culture, Sports,
Science and Technology, in 2001.

42528 VOLUME 10, 2022


