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ABSTRACT To support the emerging vehicle-to-everything (V2X) communication for autonomous vehicles
and smart transportation services, 3rd Generation Partnership Project (3GPP) has recently introduced cellular
V2X (C-V2X) standards. In C-V2X, radio resources can be managed not only centrally by the cellular
network base station, but also in a completely distributed manner (Mode 4) without any cellular support.
However, Mode 4 may suffer significant collisions and interference in a dense environment since each vehicle
selects its own resources to transmit V2X messages autonomously without adapting appropriately to vehicle
density. To address this challenge, we propose ATOMIC, an Adaptive Transmission pOwer and Message
Interval Control scheme for C-V2X Mode 4, in which each vehicle utilizes real-time channel sensing and
neighbor information to reduce channel contention for improved reliability and latency. Through analysis and
extensive simulations, we show that ATOMIC outperforms the standard Mode 4 in both urban and highway
scenarios especially in highly dense environments.

INDEX TERMS Vehicle-to-vehicle (V2V) communication, vehicle-to-everything (V2X), cellular V2X (C-

V2X) mode 4, TX power adaptation, rate control.

I. INTRODUCTION

Wireless communication technology will play a key role in
the emerging vehicular networks as the demand for coop-
erative and autonomous driving increases. For this purpose,
IEEE 802.11p-based wireless technologies such as the ded-
icated short range communication (DSRC) [2]-[4] or wire-
less access in vehicular environments (WAVE) [5]-[7] have
been widely studied for vehicular communication [8], [9].
In addition, as an alternative to IEEE 802.11p, 3GPP intro-
duced cellular vehicle-to-everything (C-V2X) standards in
Release 14 to support vehicle-to-vehicle (V2V), vehicle-
to-infrastructure (V2I), and vehicle-to-pedestrian (V2P) ser-
vices using LTE technology [10]. While C-V2X uses legacy
Uu interface (uplink and downlink) defined between vehicles
and base stations for V2I communication, it also supports
V2V direct communication over sidelink defined between
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vehicles. The use of cellular network capable of supporting
mobile velocity of around 350 km/h made low end-to-end
latency possible [11]. The fact that the network has already
been deployed is another main advantage of LTE.

Recently, C-V2X has evolved towards fifth-generation new
radio (5G NR) V2X in Release 16 [12]-[15]. Release 16
builds on Release 14 by introducing a NR-based sidelink with
added flexibility in subcarrier spacing and sensing periods,
and supports unicast and multicast transmissions in addition
to broadcast transmissions. However, there are many param-
eters to be determined in resource selection procedure in
section 8.1.4 such as (tSL, th, tgL, ...), which is the set of
slots which can belong to a sidelink resource pool, Tpc,1
[14]. Since the specification for NR V2X is not completed and
the procedure of C-V2X in Release 14 is not quite different
from that of NR V2X in Release 16 except for some minor
changes such as flexible sensing periods, we consider C-V2X
for Release 14 in this work and it can be applied to NR V2X
in future work.
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C-V2X supports two modes of operation for resource
scheduling, Mode 3 and Mode 4. In Mode 3, UEs make
transmission requests to a base station which then allocates
resources, similar to legacy scheduling in cellular networks.
This centralized allocation has the advantage of having a
better view of the network. However, there are two major
limitations; (1) UEs should stay connected to get sched-
uled, and this incurs significant signaling overhead especially
during handover for highly mobile devices. Furthermore,
(2) Mode 3 is unable to manage resource allocation for out-
of-coverage vehicles; i.e., V2V transmissions are completely
blocked when vehicles lose network coverage even if they
are in direct communication range of each other. These lim-
itations of Mode 3 led to the design of Mode 4 where each
UE selects its own transmission resources in a decentral-
ized manner without any cellular support. UE’s autonomous
scheduling allows V2V communication to operate irrespec-
tive of network coverage, and for this reason, Mode 4 is often
considered as the baseline mode for C-V2X [16], [17].

One of the key components in C-V2X system is the coop-
erative awareness message (CAM) [18] which a vehicle
periodically broadcasts to inform its updated status including
identification, state, velocity and location to its neighboring
vehicles, as well as public safety information such as accident
events. Awareness distance is defined as the maximum range
that a CAM can be received, and all vehicles within this
distance from the source vehicle are regarded as neighbors.
Exchange of CAMs allow every vehicle to obtain an accurate
and newest awareness of the dynamics of surrounding vehi-
cles [19].

Reliable and robust delivery of CAMs would be crucial
for such purposes. However, this is challenging for Mode 4
due to lack of centralized information, especially in a highly
dynamic wireless environment with mobile vehicles. Specif-
ically, Mode 4 may suffer from significant collisions and
interference in a dense environment since each vehicle selects
its own resources to transmit V2X messages without adapt-
ing appropriately to vehicle density. We show this problem
through C-V2X simulator in Section I'V.

To address the problem, this work tackles the sensing-
based semi-persistent scheduling (SPS) algorithm in Mode 4
to propose ATOMIC, an Adaptive Transmission pOwer
and Message Interval Control scheme for C-V2X Mode 4.
ATOMIC is an enhancement to SPS in which each vehicle
exploits real-time channel sensing and neighbor information
to reduce channel contention for improved reliability and
latency. Specifically, we design a message interval control
algorithm by analyzing the collision probability according
to CAM transmission rate, and also design a transmission
power adaptation algorithm by analyzing the optimal trans-
mission power which has the highest expected packet recep-
tion ratio (PRR) given the awareness of the surrounding
neighborhood. Then, these two are combined so that each
UE can adaptively find an appropriate set of parameters for
reliable CAM delivery depending on the channel state and
density of the network.
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We evaluate ATOMIC through extensive simulations in
various scenarios where the communication network behav-
ior from the lower physical layer to the medium access and
congestion control, including issues of hidden terminal phe-
nomena and capture effects, are taken into account.

The contributions of this work are threefold:

o We first show that the performance of C-V2X Mode 4 is
degraded significantly in high-density environments due
to saturation of wireless medium and resource collisions.

o We propose ATOMIC, a standard-compliant algorithm
that adapts to the density of neighboring vehicles and
measured sidelink signal strength.

o« We demonstrate through extensive simulations that
ATOMIC outperforms the standard C-V2X Mode 4 in
both highway and urban scenarios built on actual road
maps.

The remainder of this article is organized as follows.
Section II presents a brief overview of C-V2X Mode 4, and
Section III summarizes related work in the literature. Then,
Section IV motivates our work by discussing the problem
of C-V2X Mode 4 in dense environments and the impact
of transmission power and message interval on system per-
formance. Based on these observations, Section V describes
the design of ATOMIC. Section VI evaluates the proposed
algorithm, Section VII concludes our work.

Il. BACKGROUND

This section provides a brief overview of C-V2X Mode 4 as
well as the requirements for safety applications defined by
standardization entities.

A. C-V2X Mode 4

C-V2X supports 10 and 20 MHz bandwidth on 5.9 GHz
Intelligent Transportation System (ITS) band for vehicular
sidelink communication. It uses single carrier frequency divi-
sion multiple access (SC-FDMA), and thus each channel
is divided into several time-frequency resource pairs. Each
pair has a minimum unit of one subframe (1 ms) in time,
and one sub-channel in frequency. A sub-channel is a group
of resource blocks (RBs, 180 kHz), where an RB is the
smallest unit of frequency resources in LTE. The number of
RBs per sub-channel can vary depending on the size of the
transmission and the modulation and coding scheme (MCS)
level used for that transmission. Sub-channels can be used
to transmit both the data including V2X messages, and also
the associated control messages known as the sidelink control
information (SCI). SCI carries the scheduling information for
data transmissions, and Mode 4 uses SCI format 1 (shown
later in Section V).

In C-V2X Mode 4, each vehicle independently selects an
appropriate (hopefully unused and clear) set of transmission
resources based on the channel sensing results, and reserves
them for future transmissions. This scheme is referred to
as the sensing-based semi-persistent scheduling (SPS), and
Figure 1 illustrates an example operation. A group of RBs
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FIGURE 1. Sensing-based SPS for C-V2X Mode 4.

for transmitting a CAM packet is hereafter denoted as CAM
resource (CR), which is the unit of resource selection in
C-V2X Mode 4. The concept of CR is similar to Resource
Block Group (RBG) in 3GPP standard [12], which is bundled
by multiple number of consecutive RBs and is used for the
unit of resource allocation. Specifically, each vehicle exe-
cutes the following steps for V2X message transmissions.

Stage I - Channel Sensing: A vehicle continuously
measures the sidelink received signal strength indication
(S-RSSI) on each sub-channel every subframe as a measure
of interference, and collects the sensing measurements for a
pre-defined sensing period, typically set to 1 second.

Stage 2 - Available Resource List: Based on the channel
sensing measurements, the vehicle creates its own candi-
date resource list, RL4, which contains all available radio
resources excluding those that fall under the following
conditions:

o S-RSSI of the RB is higher than a certain threshold, and
« the RB will be occupied (reserved) by other vehicles,
which is identified in the SCI from those vehicles.

If the size of RL4 (|RL4|) is smaller than 20% of the number
of all RBs in a CAM interval, Stage 2 is executed iteratively
with 3 dB-increased threshold until |RL4| becomes larger
than 20%. Otherwise, the vehicle continues to execute the
following stages.

Stage 3 - Resource selection: The vehicle identifies the best
20% resources, RLc (i.e., the RBs having the lowest 20%
S-RSSI values), among RL4. Finally, the vehicle randomly
selects a group of RBs (a CR) among RLc of which the
number is determined by the size of CAM and MCS level,
and reserves the same frequency resources for a random num-
ber of subsequent CAM transmissions with the same trans-
mission interval. The number of subsequent CAM message
transmissions reserved can lie between 5 and 15 for trans-
mitting CAM with periodicity of 10 Hz. Since the SPS also
supports transmitting CAM with periodicity of 20 and 50 Hz,
the number of subsequent CAM transmissions is randomly
selected between 10 and 30 for 20 Hz, and between 25 and
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time

75 for 50 Hz, respectively. We focus on 10 Hz transmission
in this work which is default in C-V2X Mode 4.

Stage 4 - Resource re-selection: After each packet trans-
mission, the number of remaining consecutive reservation
denoted as SPS counter decreases. When the SPS counter
reaches zero, the vehicle decides to maintain the same
resources with probability py or reselect the resources with
probability (1 — pg).

B. SAFETY REQUIREMENTS

There are four well-known organizations that work on stan-
dardizing vehicular communication: 3GPP and European
Telecommunications Standards Institute (ETSI) in Europe,
National Highway Traffic Safety Administration (NHTSA)
in U.S., and the Society of Automotive Engineers (SAE).
They announce and describe various safety and non-safety
scenarios, and list their requirements (e.g. message period-
icity) for each scenario [20]-[22]. Those are summarized
in TABLE 1. Each safety application may have different
range requirements, and the communication range specified
by NHTSA (only) has values from 150 to 500 m. As the
name of NHTSA implies, these ranges are only applicable to
highway scenarios, and are not suitable for dense urban sce-
narios [23]. Based on these requirements, we adopt different
communication ranges for different scenarios in this work.

IIl. RELATED WORK

Several prior work have studied the performance of SPS algo-
rithm for C-V2X Mode 4. Molina-Masegosa and Gozalvez
compared Mode 4 with a random resource allocation scheme
in terms of PRR in a Manhattan grid [24] and a high-
way scenario [25]. Furthermore, Wang er al. [26] and
Nguyen et al. [27] compared the average PRRs of C-V2X
Mode 4 and IEEE 802.11p according to transmitter-receiver
distance. Bazzi et al. investigated the impact of PHY and
MAC parameters on PRR in C-V2X Mode 4 [28].

While aforementioned prior work studied the performance
of C-V2X Mode 4 as is, a few studies have also discussed
its problems and considered enhancements. For example,
C-V2X Mode 4 selects its resources by calculating the linear
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TABLE 1. Safety applications and requirements.

TABLE 2. System parameters for Mode 4.

Safety application Periodicity | Range
(suggested by organizations) (Hz) (m)
3GPP
Forward collision warning 10 N/A
V2V emergency stop use case 10 N/A
V2I emergency stop use case 10 N/A
Queue warning N/A N/A
Vulnerable road user safety 1 N/A
ETSI
Emergency vehicle warning 10 N/A
Motorcycle warning 2 N/A
Vulnerable road user warning 1 N/A
Lane change assistance 10 N/A
Cooperative glare reduction 2 N/A
Cooperative forward collision warning 10 N/A
NHTSA
Wrong way driver warning 10 500
Cooperative forward collision warning 10 150
Lane change warning 10 150
Highway merge assistant 10 250
Highway/rail collision warning 1 300
Cooperative glare reduction 1 400

average of S-RSSI on each of the resource blocks during
a sensing window. However, physical channel of highly
dynamic vehicular environment may fluctuate rapidly over
time. To deal with this, Abanto-Leon ef al.proposed a non-
linear power averaging with exponential weighting where
recent S-RSSI measurements are assigned higher prior-
ity [29].

A few prior work investigated the feasibility of imple-
menting the distributed congestion control (DCC) algorithm
specified in SAE J2945/1 standard [30], which is based on
IEEE 802.11p, on the top of the C-V2X stack. Among various
techniques suggested in the standard to mitigate congestion,
Mansouri et al. [31] employed only transmission rate control,
which changes the frequency of CAM according to the mea-
sured density of vehicles. However, the authors only show the
feasibility of DCC algorithm on C-V2X without any specific
scheme for the rate adaptation. On the other hand, Toghi
et al. [32] considered transmission ‘range’ control using
power adaptation in addition to transmission rate control.
Since DCC algorithm proposed in the standard is designed
for DSRC communication, they modified the algorithm to
operate in C-V2X networks. However, their transmission
rate control algorithm with 1 ms granularity is not backward
compatible with the standard as mentioned in Section V.

Kang er al investigated the impact of transmit power
in C-V2X, and proposed a simple power control algorithm
which allocates transmission power inversely proportional to
the sum of S-RSSI values in the same subframe with newly
re-selected resource [1], [33]. Their approach is to use the
sum of S-RSSI values to infer the total amount of potential
interference, and reduce the network-wide interference level
by decreasing the transmit power of a vehicle. However, the
sum of S-RSSI values in the same subframe without consider-
ing in-band emission factor, which is the average energy level
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Parameter Constraints | Used
Sensing period (s) 1 1
Threshold of the power level (dBm) [-128, -2] -110
First subframe for a new allocation (77) [1, 4] 1
Last subframe for a new allocation (7%) [20, 100] 100
Probability to keep the resource (py,) [0, 0.8] 0
TABLE 3. Simulation settings.
Parameter Highway Manhattan
Map size 4 km (3+3 lanes) 22 km?
Awareness distance 150 m 80 m
CAM size 300 bytes
Bandwidth 10 MHz
Antenna gain 3dB
Propagation model WINNER+, Scenario B1
Shadowing variance 3 dB (LOS), 4 dB (LNOS)
Minimum SINR (n) | 2.76 dB (MCS 4), 7.30 dB (MCS 7)

leaked from adjacent subchannels, is not an exact amount
of potential interference. Furthermore, their algorithm may
converge to an unfair state because, if a few vehicles start with
high transmit power, other vehicles will sense high S-RSSI
sum and use low transmit power, and this state will remain
until high-power vehicles dissappear.

IV. PROBLEM AND MOTIVATION

Our work is motivated by observing the impact of vehicle
density, transmission power, and message interval on CAM
reception performance.

For this purpose, we use two different transmission power
settings, 23 dBm and 10 dBm. Our choice of the two settings
is justified as follows. Currently, 23 dBm is the maximum
transmission power defined in the 3GPP standard for sidelink
communication of normal vehicle UEs [16], and it is typi-
cally used in the literature for evaluations [28], [34]-[37].
10 dBm is chosen from the Car-to-Car Communication Con-
sortium (C2C-CC) requirement on ITS stations [38] stat-
ing that, upon detecting signal from a tolling system such
as CEN-DSRC [39], [40], vehicle UEs should immediately
reduce transmission power of the sidelink to pDccPToll,
whose value is 10 dBm, to avoid excessive interference to
the tolling system. This procedure is based on the detect-and-
avoid method specified in [41]. Note that transmission power
is directly related to ‘effective density’ since longer transmis-
sion range means more vehicles in awareness distance.

We simulate C-V2X Mode 4 using the LTEV2Vsim sim-
ulator [42] which is a system-level simulator designed for
investigation of resource allocation algorithms in C-V2X.
It implements the 3GPP Release 14 standard for sidelink
communication. All vehicles transmit CAMs of 300 bytes at
periodicity of 10 Hz, and MCS level is 4. As recommended by
3GPP in [43], we use the WINNER+ model, scenario B1, for
the propagation model. Mode 4 parameters for the simulation
are listed in TABLE 2, and simulator settings are summarized
in TABLE 3. A highway scenario is used where road length
is 4 km with 3 lanes per direction. The mean and standard
deviation of the speed of a vehicle are 113 km/h (70 mph) and
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FIGURE 2. Impact of transmission power on PRR for the highway
scenario. (Tcapy = 100 ms).

12.9 km/h (8 mph), respectively, which represent the cruising
speed close to the speed limit on highways in the United
States. With this settings, we varied the average density of
vehicles, p, from 50 to 300 vehicles/km.

Figures 2 plots the packet reception ratio (PRR) of CAM
in C-V2X Mode 4 with varying distances between source
and destination vehicles, for vehicle densities of 50, 100,
200, and 300 per km. First of all, higher density results in
lower PRR. This is somewhat expected since there will be
more transmissions in the channel (collision domain) per
unit time given a fixed CAM transmission rate (10 Hz) per
vehicle. More interesting result is that lower transmission
power results in better PRR up to a certain distance (e.g.
90m for p = 200), and after that point, higher power
provides better PRR. Furthermore, this break-even distance
varies depending on the density. This is because at longer
distances, higher power is required for sufficient SINR and
thus larger coverage. However at shorter distances, with suf-
ficient signal strength for packet reception, collisions and
interference matters more and higher power will only make it
worse. This observation is meaningful since the safety impli-
cation of PRR is more significant at shorter distances, and a
lost message also means longer latency between information
updates. Thus, the figure suggests that a fixed transmission
power may not be the best strategy for PRR and latency
performance; density and distance matters, and there is a
trade-off between communication range and contention level
affecting PRR.

When the density of vehicles is high, sensing-based
scheduling is less effective in avoiding collisions since each
available resource is more likely to be already occupied.
Furthermore, hidden terminal problem will become more
troublesome as channel utilization increases. For example at
p = 300, PRR is below 50% after 100 m, which may be too
low for maintaining reasonable quality of service of the sys-
tem. One possible approach to mitigate this problem would
be to reduce the transmit power so that effective density
decreases, but the coverage will also decrease, and it will not
fundamentally solve the problem. Another more fundamental
approach would be to reduce the amount of traffic in the
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channel so that the resource pool is less occupied and more
available. Figures 3 plots the PRR of CAM with varying dis-
tances, but now with varying transmission intervals Tcan of
100, 200, and 300 ms. It shows that as the interval increases,
which means reducing the transmission rate, PRR improves
significantly thanks to reduced traffic load and interference
on the channel.

However, reducing the CAM transmission rate (increasing
the message interval) should be done with care since it will
increase the latency of CAM updates. At the same time,
a lost message also means longer latency between informa-
tion updates. Thus, message interval should be increased only
when it can reduce the average time between successful CAM
receptions by improving the PRR. Since it is necessary to
consider the requirement of latency or periodicity for each
safety application (TABLE 1), we need to address the choice
of appropriate message interval carefully. Better would be to
combine both the transmission power and message interval
and control them jointly and adaptively based on local infor-
mation in a distributed manner. Based on these observations,
we develop an adaptive message interval and power control
schemes in the following section.

V. PROPOSED DESIGN

This section presents the design of ATOMIC which addresses
the problem identified in the previous section. ATOMIC
adapts two parameters for this purpose; message interval
Tcam and transmission power Py, which are the two most
impactful parameters in reliable and rapid dissemination
of CAMs as noted in [44]. While achieving this goal,
we ensure that ATOMIC is standard-compliant and backward-
compatible.

A. OVERVIEW OF ATOMIC

To find Tcam and Py that achieves maximum overall average
PRR for all vehicles, we need to solve the following optimiza-
tion problem.

Tcam, Pix

max Z PRR(v;) (nH
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where Pc(v;) is the collision probability between the trans-
mitting vehicle v; and its potential interferer vehicles, and the
unit of P (v;) is dBm. The constraint Eq.(2) guarantees the
collision probability to be lower than 1 —y to avoid excessive
collisions. The constraint Eq.(4) implies that the maximum
possible value of Tcam is limited to /; to prevent average
latency from over extending. The appropriate values of y and
I, are given in Section VI.

The constraints Eq.(5) and Eq.(6) allow ATOMIC to be
backward-compatible with the standard. The SPS algorithm
for C-V2X Mode 4 calculates the average of S-RSSI mea-
surements within a sensing period for a representative metric
of ‘interference level per CR’. Since this averaging procedure
is performed every 100 ms, SPS may infer wrong interference
level per CR if message interval is not a multiple of 100 ms.
As a consequence, a vehicle shall set the resource reservation
field according to table 14.2.1-2 in [16] where the resource
reservation interval needs to be n-100 ms with 1<n<10.

Obtaining a closed form solution for the above joint opti-
mization problem is infeasible due to the complexity of mixed
integer programming. Alternatively, we propose ATOMIC
which consists of two sequential steps, (1) message inter-
val control and (2) transmit power control. First, a vehicle
chooses an appropriate message interval value to resolve
excessive collisions and satisfy the maximum average latency
simultaneously. Then, given the selected message interval,
the vehicle calculates the optimal transmission power based
on the observed S-RSSI statistics. ATOMIC chooses a mes-
sage interval based on the collision probability which is
determined by the number of neighbors and the distance from
those neighbors. It implies that the message interval control
of ATOMIC is done regardless of the transmission power
of transmitting vehicles although the transmission power of
neighbors does influence the number of neighbors. However,
the transmission power selection procedure of ATOMIC is
strongly associated with the message interval. For this reason,
ATOMIC selects an appropriate message interval and then
determines the transmission power. We describe the details
of ATOMIC in the following sections.

ATOMIC is executed during the resource re-selection pro-
cess in sensing-based SPS as summarized in Algorithm 1.

In ATOMIC, each vehicle needs to know the average
S-RSSI values of selected CRs (CRs that it had selected
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Algorithm 1 ATOMIC Procedure
1: if SPS counter is O then

2: select a new resource block CRy
3: procedure MessagelntervalControl
4: for All neighbors do
5: Calculate the distance from CAM
6: Calculate collision probability using Eq. (13)
7: return minimum 7cam satisfying Eq. (14)
8: procedure PowerAdaptation
9: for All neighbors do
10: Collect the average S-RSSI value for CRy
11: Calculate the range of P! using Eq. (19)
12: Calculate the range of P2 using Eq. (22)
13: return Most overlapped P, among all neighbors

for transmission) from all neighbors to obtain the optimal
transmission power. To enable this, all vehicles transmit the
average S-RSSI values of the CRs that their neighbors will
be transmitting on (this information is known from the SCI)
using the additional data field in CAM. According to the ETSI
standard [18], a CAM contains basic data carrying the status
information of the transmitting vehicle and the size of basic
data is approximately 64 bytes, which is much smaller than
that of a CAM, 300 bytes. The proposed CAM configuration
for ATOMIC contains additional information for S-RSSI val-
ues as shown in Figure 4. 236 bytes for additional information
(or 126 bytes in CAM of 190 bytes) is long enough to contain
quantized S-RSSI values of the CRs that their neighbors
will be transmitting on. (The number of CRs to transmit
is at most the number of neighbors and is less than 90 for
o =300 in highway scenario.) The quantization level could
be determined by the number of neighbors and each vehicle
transmits the quantization level using the ‘reserved bits’ field
in SCI. (13 bits is long enough to contain the quantization
level.) Using the proposed CAM configuration, each vehicle
quantizes the observed S-RSSI values of all CRs which are
selected by its neighbors, and transmits them via CAM. This
additional procedure helps ATOMIC to control the hidden
node problem and ensures backward compatibility with the
Mode 4 standard. The details of each algorithm for message
interval control and power control are presented as follows.

B. MESSAGE INTERVAL CONTROL ALGORITHM

In baseline C-V2X Mode 4, all vehicles persistently broad-
cast CAMs every 100 ms, which will lead to poor perfor-
mance in a high-density scenario. This is somewhat obvious;
limited resource pool is shared by a large number of vehicles
without appropriate adaptation, resulting in excessive colli-
sions and interference. Then, a straightforward solution to
resolve this problem is to do rate adaptation by increasing
Tcam. Larger message interval could offer a wider choice
of resource pools to vehicles, and thus reduce the colli-
sion probability. However, larger Tcam will increase average
latency. Thus, a vehicle needs to choose an appropriate Tcam
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FIGURE 5. Classification of resources in C-V2X Mode 4 for two
neighboring vehicles.

carefully considering this trade-off. Our intuition is that small
Tcam may also increase average latency due to higher colli-
sion probability and resulting packet losses, and thus there is
an optimization point where we can achieve minimum overall
latency.

The value of Tcam that avoids excessive collisions can be
obtained by calculating Pc(Tcam), the collision probability
between the transmitting vehicle and potential interferer vehi-
cles. There are two kinds of potential interferers: i) vehicles
performing simultaneous reselection process with the trans-
mitting vehicle, v, and ii) vehicles that have not been in
the awareness distance in the previous time slot, but have
newly become ‘neighbor vehicles’ of the transmitting vehicle,
Vnew. The transmitting vehicle is unaware of the resources
selected by vpew since it did not exist in the sensing range of
the transmitting vehicle during the sensing period. It means
that the collision probability for vpey is same as that for veg
since there is same uncertainty of resource selection for vpew
as that for vres. Then, P¢ can be calculated by

[T a=pat, )

Vi€Vres,Vnew

Pc=1-

where p.,;(v;) is the probability that a transmitting vehicle
and its neighbor vehicles v; (including vpew and vees) choose
the same resource. Here, we utilize the distance between the
two as a measure of p.o;(v;).

In C-V2X Mode 4, each vehicle creates its own avail-
able resource (CR) list, RL4 among total N = fcamZcam
resource pools. Here, fcam refers to a possible number of
CAMs which can be simultaneously transmitted in the fre-
quency domain. In this work, we assume a typical channel
bandwidth of 10 MHz. Channel bandwidth of 10 MHz cor-
responds to 50 pairs of RBs per subframe. Each transport
block (TB) has an associated control message, called SCI,
which requires 2 pairs of RBs. It means that the number
of required RBs to transmit SCI varies according to that
of TBs which is determined by MCS level. The position
of RBs carrying SCI also varies according to MCS level.
For simplicity, we assume a non-adjacent Physical Sidelink
Control CHannel (PSCCH) and Physical Sidelink Shared
CHannel (PSSCH) configuration which means that specific
resources (10 pairs of RBs) are reserved for PSCCH car-
rying SCI and the remaining are used by PSSCH carrying
data. Under these assumptions, the value of fcam is 1 with
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FIGURE 6. lllustration of sensing range of two neighboring vehicles at
distance d; and their overlapping region.

MCS 4, 2 with MCS 7, and 4 with MCS 14. Then, each vehi-
cle lists the set of candidate CRs, RL¢, and randomly selects
the CR to use among |RLc| = 0.2N CRs. Consequentially,
the probability that two neighboring vehicles select the same
CR to use depends on the number of overlapped candidate
CRs, Oc. The concept of RL4, RLc, and O¢ is demonstrated
in Figure 5. Then, p..;(v;) can be expressed by,

Oc(vi) _ Oc(vi)
IRLc1?>  (0.2fcamTcam)?’

where Oc¢(v;) is the number of overlapped candidate
resources between the transmitting vehicle and its neighbor
vi, and |[RL¢c| = 0.2N = 0.2fcamTcam-

However, the derivation of O¢ in an exact closed-form is
not feasible [34]. To deal with this, we assume that O¢(v;) is
proportional to the ratio of overlapped sensing range between
the two vehicles to its own sensing range. Figure 6 illustrates
that the ratio x; can be easily calculated by

Peol(Vi) = (8)

2
xl-:zarccosﬁ—ﬂ l—d—i, )
b4 2r  mr 4r
where d; is the distance between the transmitting vehicle
and interferer vehicle, and r is the sensing range, which is
common for all vehicles.

Now, we calculate the values of O¢c(v;) forx; = 1 and x; =

0. When x; = 1, the distance between the two vehicles is zero
so that sensing results are all the same. It means

Oc(xi =1) =|RLc|. (10)

When x; = 0, the transmitting vehicle and v; do not have
any common neighbor. It means that the resource selection
procedure of the two vehicles becomes independent process.
Using this independence property, the expectation of Oc (x; =
0) can be derived by

|RLc| (NflRLC'\) (lRL'C‘)
E[0c(i=0)] = Y ix =1~
i=1 (|RLC|)
_ IRLcP _ oy
B = LU (11)

where (Z) is the combination operation.
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From the assumption that Oc¢(v;) is proportional to x;,
Oc(v;) can be expressed as,

Oc(vi)=(Oc(xi=1)—E[Oc(x;=0)Dx; +E[Oc(x; =0)].
(12)

Using Eq. (8), Eq. (10), Eq. (11), and Eq. (12), we can rewrite
Peol(vi) in terms of Tcam as follows:
|RLc| — 0.04N n 0.04N
X
IRLcl> ™" |RLc|?
0.2N — 0.04N 0.04N

0.04N2 T D04z

4 1

NN T JeamTeam - JeamTeam

Now, we can calculate P¢ as a function of Tcam by plugging

Eq. (9) and Eq. (13) into Eq. (7). Using this, we design the

message interval control algorithm which finds the minimum

Tcam that guarantees the collision probability to be lower

than 1 — y to avoid excessive collisions. In other words, the

proposed message interval control algorithm chooses mini-
mum Tcam < [; satisfying

[T (=peatvi)=v. (14)

Vi€Vres,Vnew

DPeol(Vi) ~

. (13)

1—Pc =

Here, we define the maximum possible Tcam as I; to prevent
average latency from overextending.

C. POWER ADAPTATION ALGORITHM
Power control in V2X communication is a challenging issue
due to mobility, distributed and peer-to-peer characteristics,
and nature of message broadcasting. For uplink power control
in the legacy LTE network, the base station sends transmit
power control (TPC) command to UEs so that the received
power is maintained at a desired level. However, such TPC
command or feedback is not available in C-V2X over sidelink
since the receiver to provide feedback is not particularly
designated in sidelink transmissions for V2X. Furthermore,
we have shown in Section I'V that higher transmission power
may only deteriorate PRR in a dense network by increasing
interference level while it may transmit messages farther
in a sparse environment. Thus, to apply open-loop power
control for C-V2X over sidelink based on these observations,
we resort to take channel sensing measurements into consid-
erations for transmission power decision for C-V2X Mode 4.
Figure 7 shows the impact of transmission power control.
While the main purpose of the previous message interval
control algorithm is to reduce persistent packet collisions, this
power control algorithm addresses interference mitigation
between contender vehicles which collide with each other
from selecting the same resource to use. In this case, we need
to consider the capture effect where only the stronger of two
signals at or near the same frequency will be demodulated.
Utilizing this capture effect, a transmitting vehicle derives the
range of its transmission power which guarantees a message
reception for each neighbor. Here, neighbor’s message recep-
tion can be divided into 2 cases: i) reception of other dominant
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FIGURE 7. Impact of transmission power. If the transmitting vehicle
reduces its transmission power, the number of out-of-range vehicles
increases whereas that of vehicles suffering collisions decreases.

neighbor’s message, and ii) reception of the transmitting vehi-
cle’s message. In cooperative awareness services, since the
most important thing is not individual throughput but overall
system reliability, we need to consider both cases as equally
important. So in our proposed algorithm, the transmitting
vehicle needs to count the number of messages expected
to be successfully received for each P, and then chooses
the P having the highest expectation of successful message
reception. The details of our power adaptation algorithm are
as follows.

Estimation of the Strongest Vehicle: For a specific receiver,
we consider a scenario where there are two or more vehicles
selecting the same resource block to transmit CAMs on it.
Among them, we define the transmitter vehicle who has
the highest received signal strength as D, and its received
signal strength as Rp. Received signal strength from the other
transmitter vehicle is defined as R;. Then, the RSSI value of
the receiver for the collided resource block can be given by,

RSSI = Rp + Ry + No, 15)

where Ny is the noise level. The receiver can successfully
decode the message of D if the signal-to-interference-plus-
noise ratio (SINR) is larger than n, where 7 is the minimum
SINR threshold to successfully decode messages which can
be obtained by applying the LTE specifications in [45]. Then,
it Rp > #RSSI , the SINR for D satisfies

_Rp
R; + Ny

Then, if we adopt 8 > 1, which represents SINR margin,
the received signal power of the strongest vehicle whose
messages can be successfully decoded by the capture effect
can be estimated by

SINRp = 7. (16)

__Bn
Bn+1
By applying this estimation, the transmission power range of

the transmitting vehicle satisfying following two cases can be
derived.

D RSSI. a7y

Reception of the Transmitting Vehicle’s Message: A spe-
cific receiver successfully receives the transmitting vehicle’s

VOLUME 9, 2021



B. Kang et al.: ATOMIC: Adaptive Transmission Power and Message Interval Control for C-V2X Mode 4

IEEE Access

10 P,.(dBm) 23

Neighbor 1

Pg,
P[;

Expected number of
message reception

Neighbor 2
Neighbor 3

Neighbor 4

Neighbor 5

FIGURE 8. Example of the optimal transmission power selection
procedure in the power adaptation algorithm.

message if the transmission power range of the transmitting

vehicle, PL, satisfies

PT
P[#Zn}za, (13)
SH - PL - RSSI
where SH and PL are the shadowing coefficient and path-
loss, respectively, RSSI is measured by the receiver for the
collided resource block, and « is the guaranteed message
reception probability under fading environments. If we con-
sider log-normal shadowing, this becomes

1 1

+

T -
N(prRSsTH)
— 4+ —er

2 2

- = Z a?
oﬁ

where o is the shadowing variance in TABLE 3 and erf(x) is
the Gauss error function, which is defined as

erf(x) = % /O " e ar, (20)

(19)

Reception of other neighbor’s message: A specific receiver
successfully receives other neighbor’s message having the
highest received signal strength if the transmission power

range of the transmitting vehicle, PL), satisfies
B1_SH . RSSI
frrt] > |z @1

P L _SH . RSSI
PL Tt gprTo
With the assumption of log-normal shadowing, this becomes

PR(Bn+1)
Lol In(prRssr-(3=1))

_ o >

v

) e o. (22)

Selection of the optimal transmission power: Based on the
range of PL and PL for all neighbor vehicles, the transmitting
vehicle compares them and chooses the most overlapped
P value among all neighbors as in Figure 8. It means that
the value guarantees the highest expectation of successful
message reception. Through the process, transmit power is
adaptively determined based on S-RSSI statistics that indicate
the level of interference from candidate interferers.

VI. EVALUATION

We evaluate and compare the performance of ATOMIC
against C-V2X Mode 4 standard SPS using trace-driven
simulations.

VOLUME 9, 2021

A. SIMULATION SETUP AND EVALUATION METRICS

To generate realistic road topology and vehicle mobil-
ity, we utilize the SUMO simulator [46] which generates
traces that can be fed as an input to the MATLAB-based
LTEV2Vsim simulator [42]. We use two distinct envi-
ronments for our simulations: (1) highway scenario, and
(2) urban environment in Manhattan city. For each setting,
we run the simulations five times and the simulation time is
90 seconds for each episode.

We use the same settings used in Section IV along with
simulation parameters of « = 0.921, 8 = 1.2, y = 0.95, and
I; = 500. The reason for selecting these parameter values are
as follows: Since erf(x) is saturated when x > 1 and thus it
has a negligible gain as x > 1 increases, we chose @ = 1/2+
1/2erf(1) = 0.921 from Eq. (19). The maximum allowed
message interval /; is chosen as 5 - 100 ms from the fact
that the minimum number of consecutive packet transmis-
sions using the same resources in Mode 4 is 5 as mentioned
in Section II-A. It means that if a vehicle selects the same
resources as others, it suffers collisions for at least 500 ms.
We select 20% and 5% for the margin of SINR and collision,
respectively, which translates to 8 = 1.2 and y = 0.95.

The following performance metrics are used for evaluation.

o Average PRR is the average ratio of the correctly
decoded CAMs over the total number of transmitted
CAMs.

o Tail update delay (UD) is the worst 1% value of UD.
Given a transmitter and receiver pair, UD is defined as
the time gap between two correctly received consecutive
CAMs from the same neighbor vehicle. Tail UD can be
interpreted as the time for the vehicle suffering from the
worst channel condition to obtain up-to-date information
from its neighbors.

o CAM range (rcam) is the maximum distance at which
the achieved PRR exceeds the minimum acceptable
PRR, PRR7y. This metric has already been considered
in the literature, and the threshold is typically set to 0.9
[23], [47]-[49]. For this reason, we also set PRR7y to
0.9 in our evaluation.

B. AVERAGE PRR

We first simulate the same highway scenario as introduced in
Section I'V. The speed of a vehicle follows a normal distribu-
tion where the mean and standard deviation are 113 km/h and
12.9 km/h, respectively. Figure 9 plots the PRR of ATOMIC
compared to the power control algorithm in [33] as well as
C-V2X Mode 4 standard with MCS 4 and p; = 0. As we
mentioned in Section III, there is only one prior work (to
the best of our knowledge) which is standard-compliant with
C-V2X Mode 4, and that is the power control scheme in [33].
To compare ATOMIC with a standard-compliant algorithm,
we choose [33] as a benchmark. From the data in [50] and
[51], traffic volume in Gyeongbu Expressway is 120 vehicles
per km during day time. So, we compare the performance
when the vehicle densities are 100, 200, and 300 vehicles per
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FIGURE 9. Comparison of C-V2X Mode 4 standard, power control scheme
in [33] and ATOMIC in terms of average PRR for highway scenarios.
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FIGURE 10. Average PRR of standard C-V2X Mode 4 and ATOMIC for
various MCS levels.

km. In the sparse scenario with p = 100, where the collision
probability and interference levels are low, ATOMIC tends
to select high transmission power and low Tcam. Since this
behavior is similar to Mode 4 and the power adaptation in
[33], it does not show much of performance gain compared to
those as shown in Figure 9. However, as p increases to create
denser environments, vehicle UEs suffer more collisions and
interference. Due to huge contention with many vehicles,
Figure 9 shows severe performance degradation for both
Mode 4 standard algorithm and the power control algorithm
in [33]. It means that an algorithm which adjusts only the
transmission power does not sufficiently resolve contention.
They merely obtain slightly better PRR at shorter distances
while sacrificing coverage. On the other hand, through the
message interval control to resolve contention and the power
adaptation to mitigate mutual interference, ATOMIC achieves
significantly better PRR in a dense network as shown in
Figure 9.

Figure 10 shows the impact of MCS level on average PRR
for 3GPP standard and ATOMIC. From now on, we focus
on the comparison of performance between Mode 4 and
ATOMIC since that of power control scheme in [33] is similar
to Mode 4. Here, MCS indices are based on table 8.6.1-1 in
3GPP TS 36.213 [16]. MCS 4, 7, and 10 use the same mod-
ulation order of QPSK, but different effective coding rate of
0.337,0.577, and 0.820, respectively. In general, higher MCS
increases the required minimum SINR 7, but this provides
more available resource pools for CAMs, which results in
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FIGURE 11. Average PRR of standard C-V2X Mode 4 and ATOMIC for
various py values.

FIGURE 12. Map of the Manhattan scenario which contains building and
speed limit information. The total area is 22 km?.

a lower collision probability. It means that high MCS may
help to decrease the collision probability while low MCS is
suitable for contention-free environment with limited trans-
mission power, and this trend is verified in [28]. As a result,
Mode 4 standard which may suffer from limited resource
pool provides the highest PRR with MCS 7. On the other
hand, since ATOMIC resolves highly contended scenarios by
reducing the effective density, lowest MCS level is the best
due to raised 7.

We also investigate the impact of py on average PRR
for Mode 4 and ATOMIC as shown in Figure 11. The keep
probability, py, is the key parameter which determines the
duration of maintaining the same SPS allocation. Higher pi
decreases the number of v,,,, and thus reduces the number of
contended vehicles selecting resources simultaneously, while
wrong resource selections are maintained for longer time.
It means that high py may help to decrease the collision prob-
ability. In consequence, Mode 4 provides the highest PRR
with pr = 0.8. However, since ATOMIC enhances resource
selection procedure of C-V2X Mode 4 by decreasing the
collision probability, more frequent resource selection (low
pri) helps to find up-to-date optimal transmission power and
message interval according to rapidly changing environments
and quickly recover from wrong resource selections. This is
why highest performance gain is obtained when p; = 0.
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FIGURE 13. Average PRR of C-V2X Mode 4 standard and ATOMIC for
Manhattan scenario.

Next, to verify the performance enhancement of ATOMIC
in a realistic urban scenario, map of Manhattan, New York
City is used. Since the traffic is more likely to be locally
crowded due to intersections and traffic lights, ATOMIC is
expected to be necessary and well-suited for such urban
scenarios. For this purpose, we export a map of Manhattan
from OpenStreetMap' including building and road informa-
tion, which is shown in Figure 12. The speed of a vehicle
follows a truncated normal distribution where the maximum
and minimum speeds are 120% and 80% of the average speed,
respectively. Average speed is determined by the speed limit
of the road where each vehicle travels. So, it varies according
to each vehicle’s position.

Figure 13 plots the average PRR for the Manhattan sce-
nario with densities of 50 and 100 vehicles/km. These values
imply the same vehicle density per lane as the highway
scenario with p = 100 and p = 200, respectively, since
from OpenStreetMap, the roads in Manhattan are 3 lanes on
average, which are half of those in highway scenario. Average
PRR trend for the Manhattan scenario is similar to that of
highway scenarios, but the overall PRR is lower. It is due
to the fact that an urban scenario is an almost non line-of-
sight (NLOS) environment due to buildings and intersections.
To isolate the performance degradation caused by NLOS and
collision, we plot the upper bound of average PRR which can
be obtained by assuming an interference-free environment.
So, the gap between this upper bound and the PRR results
indicate the effect of interference and collision on the average
system PRR. As shown in Figure 13, ATOMIC mitigates
almost half of total CAM losses due to interference and
collision.

C. TAIL UD

Figure 14 compares the tail UD performance of two algo-
rithms. Since UD quantifies how long a vehicle does not
receive any CAM from its neighbor, tail UD is impor-
tant and meaningful for reliable cooperative awareness ser-
vices. Although ATOMIC uses higher message intervals than
Mode 4 standard, it exhibits lower tail UD since it mitigates
collision and thus has better chance of receiving what has
been sent. It implies that ATOMIC improves the performance
of the worst vehicle as well as the overall system performance
on average. Obviously, the vehicles who experience severe

lopenStreetMap, https://www.openstreetmap.org/
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FIGURE 14. Comparison of C-V2X Mode 4 standard and ATOMIC in terms
of worst 1% update delay (tail UD).
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FIGURE 15. Comparison of C-V2X Mode 4 standard and ATOMIC in terms
of effective CAM range (awareness distance).

collisions need longer time to escape the situation as the
environment becomes denser, and this trend is observed for
both highway and Manhattan scenarios in Figure 14(a) and
Figure 14(b), respectively.

D. CAM RANGE

Effective CAM range results for the standard and ATOMIC
algorithms are shown in Figure 15. It quantifies the maximum
distance to guarantee reliable transmission of CAMs. In both
highway and Manhattan environments, ATOMIC achieves
significantly longer communication range, thus awareness
distance. For example, CAM range of ATOMIC is almost
twice that of Mode 4 standard for the highway scenario with
o = 300. Furthermore, we can infer the effect of NLOS
by comparing Figure 15(a) and Figure 15(b) since an urban
environment is expected to have more NLoS links compared
to the highway case. They show significantly decreased CAM
range for the Manhattan case, most likely due to the high
carrier frequency of 5.9 GHz.

VII. CONCLUSION

C-V2X is one of the key technologies for autonomous vehi-
cles, vehicular networks, and smart transportation services.
In this work, we identified that C-V2X standard needs to
be improved for a highly dense environment due to severe
collisions and interference. To address the problem, we pro-
posed ATOMIC for C-V2X Mode 4 which helps vehicles to
adapt their transmission power and message interval jointly
according to the density of neighboring vehicles. ATOMIC
exploits S-RSSI values to infer crowdedness in the proximity,
estimates the expected collision probability as a function
of message interval, and infers the expected PRR value for
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various transmission powers. Evaluation via extensive simu-
lation verified that the proposed algorithm enhances conven-
tional Mode 4 in both urban and highway scenarios.

We have taken a stochastic approach in this work where
each vehicle makes its decision based on estimated collision
probability. As future work, we plan to adopt machine learn-
ing techniques to enable each vehicle to predict its neighbors’
decision and find the optimal resource selection policy such
as a recent study leveraging a deep learning tool for vehic-
ular communications [52]. We will also investigate utilizing
roadside units [53] for resource scheduling of V2V messages.
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