Multiple Access in Cellular V2X: Performance
Analysis in Highly Congested Vehicular Networks

Behrad Toghi Md Saifuddin, Hossein Nourkhiz MahjoubM. O. Mughal, Yaser P. Fallah
Jayanthi Ra Sushanta Das
" Networked Systems Lab, University of Central Flayi®rlando, FL, USA
tFord Motor Company, Dearborn, MI, USA
{toghi, md.saif, hnmahjoub, ozair}@knights.ucf.egaser.fallah@ucf.edu, {jraol, sdas30}@ford.com

Abstract— Vehicle-to-everything (V2X) communication
enables vehicles, roadside vulnerable users, andriastructure
facilities to communicate in an ad-hoc fashion. Cellar V2X (C-
V2X), which was introduced in the & generation partnership
project (3GPP) release 14 standard, has recently ceived
significant attention due to its perceived abilityto address the
scalability and reliability requirements of vehicular safety
applications. In this paper, we provide a comprehesive study of
the resource allocation of the C-V2X multiple accessmechanism
for high-density vehicular networks, as it can stragly impact
the key performance indicators such as latency angacket
delivery rate. Phenomena that can affect the commication
performance are investigated and a detailed analysof the cases
that can cause possible performance degradation osystem
limitations, is provided. The results indicate thata unified
system configuration may be necessary for all vehes, as it is
mandated for IEEE 802.11p, in order to obtain the ptimum
performance. In the end, we show the inter-dependee of
different parameters on the resource allocation proedure with
the aid of our high fidelity simulator.

Keywords—sidelink communication, LTE mode-4, LTE-V,
semi-persistent scheduling (SPS), cellular vehicte-everything
(C-Vv2X)

I. INTRODUCTION

Over the last two decades, the quest for effidgigatligent
transportation systems (ITSs), and eventually safeener,
and smarter roads led to the introduction of trdicdged short
range communication (DSRC) based on IEEE 802. HBpEI
1609.X, and SAE J2945 standards [1], [2]. Despite fact
that DSRC can be considered as the current pris@oion
for the vehicular communication, many contributoesy.,
automakers, tier-1 suppliers, and regulators, hsivewn
interest in the Long Term Evolution (LTE) technojogs an
alternative solution for the vehicular ad-hoc netgo
(VANETS) to enable vehicles to share their positemd
mobility information in the form of either base sf
messages (BSMs) or model-based communicationcestig
proposed in [4] and [5].

In order to cater the aforementioned specificatfonshe
vehicle-to-everything  (V2X), mode-3 and mode-4
communication were specified in 3GPP release lddatas
[3]. A wide range of configurable parameters aedttres
were defined in the release 14 which enabled dessgto
improve and optimize the network performance adogrtb
the specific scenarios. Enhancements in the amtlisi
avoidance, channel access, sub-channelization ssheand
hybrid automatic repeat request (HARQ) were madw dier
to mitigate the performance degradation and provide
improved scalability, which is essential in congesind high-
density vehicular scenarios. Moreover, two extra
demodulation reference symbols (DMRS) were addeddh
subcarrier in order to provide support for the hégleed
mobility use cases and compensate for the Dopplead.

UEs operate in mode-3 when the network coverage is
available and eNodeB will be responsible for schiaduand
allocating resources; on the contrary, mode-4 fineé to
support the out-of-coverage or partial coverage
communication where resource allocation requiredeton a
distributed and unsupervised fashion. In contraih \the
random resource allocation scheme in mode-2, whidters
from severe scalability and packet collision issuasde-4
enjoys an enhanced packet collision avoidance nmésrna
which utilizes the channel occupancy record todown the
collision probability. In the remainder of this texour
emphasis will be on the mode-4 sidelink communacgti
which we refer to as C-V2X and is also known as ™ Br
LTE V2V in the scientific literature.

C-V2X is a relatively recent cellular technology
enhancement; hence, there is sparse scientificatlibe
available in this topic. Among the few researclickas, one
can refer to system level evaluation in [7] whiokestigates
different types of the transmission error such rpggation
errors, packet collision, and errors due to the-dhaplex
operation. In [8], the authors present a tutorfahe C-V2X
and future trends such as congestion control ale@se 16
developments in addition to a concise comparisorsuge
IEEE 802.11p technology. In [9], after an introcugt

The 3’ Generation Partnership Project (3GPP) announcegverview of the applications and use cases of t2X V
the release 14 standard in 2016 which introduced fo communication, a link level performance comparisérC-

communication modes. Mode-1 and mode-2, which tiemo
referred as the device-to-device (D2D) communicetior

proximity services (ProSe), are inherited from twelier

release 12 and define a new communication inteffaogvn

as the sidelink or PC5 interface. Sidelink commatian

enables user equipments (UES) to bypass the céfteabase
station, i.e., eNodeB, and communicate in a pe@ety

manner which can be utilized by multiple applicatipe.g.,
in-door content sharing, network relaying, and loower

consumption networks. The D2D communication is atde

to satisfy the strict vehicular safety requiremegaspecially in
terms of communication reliability and latency.

V2X and DSRC is presented which demonstrates tha2)XC
out-performs DSRC in most of the vehicular scersarég.,
highway and urban scenarios. Recent results in [@QHy
how the resource reservation periodicity and thealmer of
available radio resources can affect the performanthe C-
V2X communication. Results demonstrate that
communication reliability can be improved utilizimgore
radio resources.

In this article, we present a detailed assessnfeB{\(@2X
technology under high-density vehicular scenariosrder to
analyze the impact of the various configurable petars on
the performance of the resource allocation promdwe
demonstrate that an optimum configuration can heaffiect

the
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the system performance. This perspective is inrashivith
that of [7]-[10], where simplistic assumptions arade for the
tunable parameters and the baseline performancedium
or low-density scenarios is under considerationtédver, the
packet error rate (PER) and inter-packet gap (iA&Jics are
chosen to assess the system performance in terrbstiof
network reliability and latency; such analysis lisent in the
previously mentioned works. We implemented an ebased
ns-3 simulator, which is precisely in compliancethwihe
latest versions (June 2018) of 3GPP release 1dastds [3],
[11]-[18], and employ this simulation platform tigorously
investigate the physical (PHY) and medium accesgrao

A frame breaks down into 18ubframesin the time
domain, i.e. each subframe is wide and contains two
time-slots A time-slot (slot) is a time-series of 7 SC-FDMA
symbols(assuming normal cyclic prefix length). Analogous
segmentation is conducted for the frequency doroéitihe
LTE frame; it subdivides intesubcarriers with
spacing. A 2-dimensional time-frequency entity che
considered as a radio resource in the single-cdreiguency-
division multiple access (SC-FDMA) context. Foliog the
introductory divisions, radio resources can be stigated; a
resource elemer(RE) essentially covers one symbol in time
and 1 subcatrrier in frequency domaintesource blocKRB)

(MAC) layer mechanisms, and phenomena that canecaugonsists of 12 subcarriers in frequency and 1 slet, 7

possible performance degradation or deadlock loops.

symbols, in the time domain. Finally, two consegiiRBs, in

The rest of the paper is organized as follows. Athe time domain, form ascheduling block(SB). To

comprehensive description of the cellular vehide-t
everything communication and its resource allocgpimcess
is detailed in Section Il. Simulation setup andinment are
outlined in Section lll. Analysis and results aesdribed in
Section IV before concluding the paper in Section V

Il. CELLULAR VEHICLE-TO-EVERYTHING COMMUNICATION

encapsulate the aforementioned structure, a frarita w
bandwidth contains 50 RB-lengths in frequency
( guard-band) and 20 RB-widths in the time domain.
As described above, a subframe consists of 14 gotied
symbols per subcarrier. Release 14 standard irteat@n
enhanced pilot signaling in order to support thghtépeed
requirements of C-V2X. Two supplementary pilot sytsb

In 1999, the U.S. Federal Communications Commissioknown as the de-modulation reference symbols (DMRSs

(FCC) specified of spectrum in band for the
intelligent transportation systems (ITS) and vehishfety
applications. C-V2X is expected to operate in th& band
and possibly co-exist with DSRC. In this sectior, exploit
different aspects of the C-V2X communication witfioaus
on the resource allocation and channel access misals

A. Principles of the Sidelink Communication

were added to the original 2 symbols defined in LDED.
Four DMRSs occupy the third, sixth, ninth, and fiel
symbols of each subcarrier [16]. In addition, thstIsymbol
of each subcarrier is reserved for the guard baddtfze first
symbol is dedicated to the automatic gain con&k@&C). The
AGC mechanism is not permanently operational arsl ufp
to UE implementation to how and when activate ie iMlow
the 3GPP standard [18] and assume that 9 SC-FDNMbaels

New interfaces, which were introduced for the ProSeper subcarrier are available for data transmission.

applications in 3GPP release 12 standard, are bélized by
C-V2X as well. This remodeled network architectimdudes
multiple additions among which Uu and PC5 links be@ng
exploited in C-V2X. PC5 is a one-to-many commurigat
interface which allows UEs to broadcast their mgssa
among their neighboring groups. In mode-4, botla datd
control information are communicated through thes Fi@k.
On the other hand, Uu links a UE to the LTE air meg
known as the Evolved Universal Terrestrial Radiccéss

UEs broadcast their BSMs as data blocks via thsipaly
sidelink shared channel (PSSCH), as introducedaibleT|,
and utilize the same communication channel to vectie
data blocks. In this text, we refer to data trassions as
transport blocks (TBs). A TB has to be transmitted
contiguous resource blocks, per time-slot. The renmif
resource blocks required to transmit a TB, is &fion of the
data packet size, modulation order, and code Iratddition,
every TB is accompanied by the sidelink controbiniation

Network (E-UTRAN). In mode-3 communication, the PC5(SCI), broadcasted in the physical sidelink contishnnel

link bears data packets and Uu is utilized for doatrol
information exchange between a UE and the centiak b
station. The LTE sidelink exploits four communicati
channels as listed in Table I.

A detailed description of the LTE generic frameisture
in PHY layer is crucial in order to competently@stigate and
evaluate the C-V2X procedures. We follow the teotogy
and parameters defined in 3GPP in order to helpethéer to
trace the standardized documentation and implertiemsa A
given LTE physical channel is divided into smaftagments,
both in time and frequency, which are referredg¢érames
Every LTE frame is a wide and its length is equal to
the system bandwidth.

TABLE I. LTE SIDELINK COMMUNICATION CHANNELS

(PSCCH). SCI contains the crucial information reedifor
successful reception and demodulation of its cpmeding
TB and always occupies two contiguous resourcekblper
time-slot. UE must transmit TB and its correspogdsCl in
the same subframe. However, a TB and its SCI caither
adjacent or non-adjacent [3].

In the PHY layer, every subframe breaks into
smaller partitions, known asib-channelsEach sub-channel
consists of consecutive physical resource blocks
(PRBs). The set of all available sub-channels @sakmas the
PSSCH resource pool. UE also defines a set of ressuor
SCI transmissions, referred to as the PSCCH resquuol.
Each PSCCH resource consists of 2 contiguous PRBS.
contrasting schemes are defined by 3GPP for PSSGH a
PSCCH resource pool configuratidi): TB and SCI must be
placed in an adjacent fashidii) Non-adjacent and separated
resources can be allocated for TB and SCI. It shbalnoted
that the total number of sub-channels, , is a function of
the channel bandwidth and sub-channel size, e.g., a
channel contains 50 RBs (assuming  guard band) that
can form five sub-channels of size 10. All allowedues for
the number of sub-channels and the sub-channel asize
strictly defined in [12].
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Fig. 1. Candidate single-subframe resource exemption ins#msing
procedure (TB and SCI are arranged in the adjam@me)

The amount of data that can be transported by angiv
number of PRBs depends on the modulation ordercadd
rate; C-V2X standard currently supports 16-QAM
(Quadrature Amplitude Modulation) and QPSK (Quadheat
Phase-shift Keying) modulations which can be uséith w
different code rate values. The combination of alahation
order value alongside with a code rate is knownthes
modulation and coding scheme (MCS) index in trezditure.
The MCS indices defined for the LTE uplink chanmaln be

1) Sensing

Sensing procedure is illustrated in Figure 1 asdwised
in this sub-section. The resource allocation grarityl in C-
V2X is , i.e., one subframe, which means that from the
PHY layer’'s perspective, the smallest entity thah de
allocated is one RB pair. However, higher layeke tine sets
of sub-channels as the smallest allocable resautcexher
words, if higher layers request sub-channels for
transmission in the subframe a candidate single-subframe
resource (CSR), - , is defined as the seéfb % &' & (
1! * 4 which consists of consecutive
sub-channels in the subframe number

Consider the case that MAC layer requests a sgnsin
report from the lower layers at the subframe numbehis
instance is the packet arrival time to the MAC tlaye
Following this request, PHY layer extracts tlsensing
windowfrom its channel record buffer. The sensing window
is defined as the set of all CSRs-jri !, * ./ 01 2
timespan. Thé 5, parameter is proposed in [23] in order to
avoid synchronization conflicts, which is out ofope this
paper, and is set to as suggested in [3]. Thus, PHY
keeps track of all CSRs in the previous i.e., total number
of 3 4 5CSRs.

We introduce theeport windowas the set of all CSRs

reused for C-V2X, however, it should be noted thathetween the time frame% 6!, % 652 The time offse6,

modulations orders higher than 16-QAM are not sugpdy
the current standard. The exact TB size calculaiiosedure
is defined in [3] and will be investigated in thexhsections.

B. C-V2X Resource Allocation

C-V2X, inherently, employs the SC-FDMA, which
enables a UE to access to radio resources boimeand
frequency domain, i.e., two degrees of freedomdi&sussed
earlier, in the sidelink mode-4 communication, oadi
resources are allocated autonomously and in a -stiane
fashion. No acknowledgment system is designedtter
sidelink communication, thus, both modes utilizendblre-
transmission of redundant versions for each geerat
message. MAC layer of C-V2X supports the hybricdbenatic
repeat request (HARQ) process, restricted to twiadbl
retransmissions [11].

In contrast with the sidelink mode-2 communication
where each UE selects resources completely randomalge-

4 employs an enhanced resource allocation mechdamniswn
as the sensing-based semi-persistent scheduling 8. It
is worth mentioning that the distributed resourecation in
C-V2X is eventually a random process, however, $%S
shrinks the available resources and significarelyreases the
collision probability by limiting every UE to seleesources
from a narrowed-down set. The SB-SPS mechanisesreti
two main concepts; first, it reduces the probapdiitthe case
that multiple UEs select a common resource andnsgco
stochastically decouples UEs by adding randomnedbet
resource allocation process.

can be set to any value less than or equal to #ssubs and
is preset by the higher layer depending on theiredprocess
time of the device. The maximum allowed later®y, 6 g :

, is also preset based on the application, e.gthén
vehicular community there is a consensuss9
for the safety applications. PHY layer conduct&a@mption
procedure in order to remove CSRs with the higkelihood
of causing collisions from the report window. Thernowed
down set will be reported to the higher layersritidte the
reservation process.

PHY layer initializes the set. with all available CSRs in
the report window and enforces the following exdompt
procedure in order to remove the likely-to-collid8Rs from
<. All . that meet at least one of the following conditions
shall be excluded from the:

Condition 1: Subframe=in the sensing window has not
'been monitored and reservation horizorFafverlaps with
that of .

Condition 2:A SCI message and its corresponding TB are
received on the subfranme in the sensing window. The
reference signal received power (RSRP) of the TBigher
than a preset threshold value, i.e., PSSCH-R3BE
The reservation horizon of overlaps with that of . The
concept of the reservation horizon is discussekeiails in the
section related to the reservation procedure.

After the exemption procedure, PHY checks if the
remainder of . contains at least 20% of the initial CSRs; if
not, the exemption is repeated witlh\BCincrease it @

The SB-SPS mechanism can be divided into thre&ntil the narrowed down set maintains the 20% meqoent.

processes: sensing, reservation, and transmidsiary UE
listens to the communication channel and keepgréuk of
all received signals from its neighboring UEs (&egls this
record is utilized to obtain a shrunk set of researto be

On the next step, the metix. is used to rank the CSRs in
the narrowed-down. . D, is the linear average of the
sidelink received signal strength indicator (S-R$24], that
can be expressed as

reported to the MAC layer. MAC layer reserves radio

resources in a semi-persistent manner by usingié@onaly
selected counter (reservation). PHY layer assigpssemi-
persistently selected physical resources to treeatad control
information and transmits the generated beacorheoair
interface (transmission).
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Remaining CSRs are ranked based on the abovecmet tagLE II. FOWLERVILLE PROPAGATIONMODEL PARAMETERS
and the top 20% of the CSRs with the low2st move to a
second list;; . PHY layer reports the sgt to the MAC layer, !
to be used during the reservation process. " !

. f #$ #$$ # # #1
2) Reservation . ) § X
MAC layer receives the sef from lower layers and 9 #$ # # #$
initiates the (re-)selection process if at lease @f the
following trigger conditions is met second set of periodic transmission opportunitiéinthe
- The random sidelink resource reselection countepeighborhood of (-15, 15) subframe from the inijiaklected
(SLRRC) reaches zero. set of resources. The reservation process is deratet in
UE has not transmitted or retransmitted any packeligure 2. o
during the last 1 second. 3) Transmission

UE has missed more reserved transmission After completing the reservation process, MAC layer
Opportunities than what is allowed by h|gher |ayers instructs ) PHY Iayer about the reserved transmission
UE could not meet the latency requirement for theoPportunities. PHY layer employs the reserved C3®s
previous transmission. transmits the data TB in consecutive PRBs of a
The previously allocated resources are not sufficie feserved CSR. Moreover, PHY layer also has to lied
for the incoming MAC protocol data unit (PDU). required information to the SCI message. NeighlgpkitEs
Subsequent to detecting a trigger, MAC layer rarigom need this information in order to be able to susfly
selects a CSR from; and periodically reserve$ - decode the corresponding TB. A SCI message occtip®s
number of CSRs with the periad,; ; reserved resources are consecutive PRBs of the reserved PSCCH resource.
considered as the transmission opportunities amdetbource M
reservation interval| ., , is set by higher layers and its . i
allowed values are {20, 50, 100, 200, ..., 1000} isétonds. As our main purpose is to evaluate the system level

Henceforth. a new random SLRRC is set with uniformP€rformance in vehicular scenarios involving langenbers
probability in the range!  2for/ ,; ? _1A2 for Of UEs, we implemented a link-level event-basedusator
! a1 7 -

/ 491 2 for / 9 The fi dist. using the ns-3 simulation environment. The LENA 3ns-
_a ( , and-S: or /_ar ( - the ume diStance ., ,qe, developed by Balaxd al.[21], has been employed to
between the last reserved and the initially seteotsources

support the main LTE functionalities.
is considered as the ‘“reservation horizon” whicm dm PP

. SYSTEM CONFIGURATION

expressed a6 5 J* - * Q where® - ( .HbGGc A. Air Interface
(3. . o N A valid and realistic physical layer realizationdgreat
After reserving the transmission opportunittSLRRC importance in a vehicular communication simulationorder

decrements with each packet transmission and URskee to obtain such a model, we utilized a propagatibannel
the allocated set until a re-selection trigger oscif the model from our previous work in [24] and [29] whigras
SLRRC reaches to zero, the UE either keeps thequsly extracted from the field test data on the FTT-A Fowville
selected resources or selects new resources wéh thProving Ground in Ml, USA by the Crash Avoidancethies
probability/ -, which can be preset to any of the values Partnership (CAMP) consortium in collaboration with
in {1.0, 0.8, 0.6, 0.4, 0.2}. If the UE happensnat select USDOT. The Fowlerville channel model was deriveahfra
new resources, it keeps the previously selectedlarge data set of collected received signal streimgdicator
transmission  opportunities  for* - number of (RSSI) and consists of both large and small-saapagation
transmissions. MAC layer also has to schedule tAR® effects. The large-scale attenuatiop,, is modeled using the
retransmission opportunities and schedule the redui well-known two-ray model which can be formulated as
number of resources. If the number of redundargioes .

is set to 2 and a sufficient number of resourcesilisleft hJiljC(  j Kimnop Lrowstwry B )
for the HARQ retransmission, MAC randomly alleag a

) Reservation Horizon wherej denotes the path-loss exponentjs transmitter-
(f) Report Window A . receiver distance, and is wavelength. The reflection
coefficients is a dimensionless constant amds the phase

j difference of the two interfering rays. The deriwedues for
el thej exponent are listed in the first row of Table dir f

different transmitter-receiver ranges.
To characterize the small-scale channel propagation
effects, two distribution models have been chosan;
} Nakagamix model, withx values as denoted in Table II, for
g tm +J. Rsvp transmitter-receiver distances upy , and a Weibull
T J=l2eCesa—l distribution, with the characteristic coefficien( o , for
the distances beyond that range.

Exempted Reserved
S S
D 4 . B D Resource El Resource

1 n \&! ]
L

n+Ty+

B. Transceiver Model
Fig. 2. Resource reservation procedure. MAC layer receaveacket at . . .
subframe number and reserves a set of periodic transmission The transmitter and receiver performance can highly

opportunities starting from the subframe impact the Iin_k bl_Jdget and c_onseq_uently the rarffgaeoC-
V2X communication. In our simulation, we assunB



TABLE IlI. SIMULATION PARAMETERS
Time (- ) Power (.¢ ) 9ABC
Packet Size C Carrier Freq. Y%
A Bandwidth
MCS Index Tx Antenna
o+ {! } RxAntenna 9
PSSCH RBs 9 Antenna Height
F s Antenna Gain ABC
e Noise Figure BC

noise figure [15] for the transceiver devices. Edehice is
equipped with 2 receive and 1 transmit Odirectional
antennas withA BC«gain and height, which is the
height of a typical sedan car. The performancéefréceiver
side can be expressed as its ability to receivedantbdulate
the signals. The receiver’s performance to sucuokgsf
demodulate a signal depends on the received sigsighal-
to-interference-and-noise ratio (SINR).

The receiver module in the simulator acquires theRS
for each received packet from the PHY layer and srhjs
value to the transport block error rate (TBLER) fibie
corresponding received packet. The SINRBLER mapping
is known as the receiver model and is preseténrdceiver
module of the simulator. In order to decide whethszceived
packet can be demodulated correctly or not, theivec
module compares the corresponding BLER value with
random variable which is uniformly distributed betm 0 and
1; the packet is considered as a failed receptibre iBLER is
greater than the random variable.

There exist a few receiver models for the sidetirdde-4
communication suggested in the literature such2ak gnd
[25]; We employed the model derived by Huawei i6][2
which has the best fit to our simulation assumpgtidhshould
be noted that many parameters, such as the nunflrer o
transmissions, MCS, message size, and vehicle speed
involved in the receiver error model. Thus, segarabdels
should be used for different sets of parameters.

C. Application Layer

We conducted our studies on a moving platoon oicleh
in a straight highway where vehicles were uniforarsanged
in 4 lanes in the stretch & and withA inter-lane
spacing. We extracted the results from the middle
stretch in order to avoid the edge effect due te th
discontinuity in the vehicle platoon edges. All ks were
set to transmit BSMs with fixed power and messadge and
form a fully connected network. Transceivers wessuaned
to operate in the half-duplex mode which meansaheghicle
is not able to receive any data while it is intitsgsmit mode.
The message set dictionary in [6] states thatclehi
broadcast their position, speed, and heading in 88éry
6.. milliseconds in two digested and full-certificatersions
which contain 190 and 300 bytes of data, respdgtiveour
study we only consider the digested packet sizebtain a
more meaningful analysis. We set the total tranpaiter to
/. (9ABC as itis allowed by [15] and utilize adjacent

IV. ANALYSIS AND RESULTS

In this section, we present an investigation of éadier
discussed SB-SPS mechanism and the impact of tampter
tuning on its performance. We start with a conolsgervation
on the MCS index as it is defined in [3], where Md§ 1,
..., 20} indices map to the modulation ord&D (i.e, number
of bits per symbol, as well as the transport blsick. We use
this mapping to calculate the effective code rateaf safety
beacon transmission using different MCS indicesitais
illustrated in Figure 3.

The effective code rate@ . ) can be expressed as follows

G ( —— 0l e 3)
y TMs>d . T”usflk .. 9 Ttify‘”m'. o
Hee —! 7Y iicCi £GC

where6” . _. is the transport block size defined in [3]. It
should be noted that the current 3GPP standard does
support the modulation orders higher thano (16-QAM
modulation). One can observe that the maximum aable
code rate for the QPSK modulatiorciS-yq |

Since the network “reliability” and communication
“latency” have paramount importance in the vehicskfety
applications domain, we focus on two related metiiz the
performance evaluation. However, the same metaes e
used as key performance indicators in general bdsautilize
the packet error rate (PER) as an indicator ofrtéwvork
reliability and inter-packet gap (IPGto evaluate the
communication latency. It worth mentioning that a&cket-

%rop between two close UEs may cause a safetyt hinelehas

much higher importance than a lost packet betweenfar
UEs. Hence, illustrating PER as a function of traitier-
receiver distance will be more enlightening thanlyon
measuring its value for the whole network.
We conside four tet scenarios with different congesti
levels and vehicle speeds based on the suggestkdBon
scenarios in [14]. Scenarios #1 to #4 relate 16,125, 50,
and 100J8¢"<Yk¢ K7 k ©¢” Qvehicle densities and
140, 70, 60, and 15 (~ X7) speeds, respectively.
Scenarios #1 and #2 can be considered as freewlailityno
models, in contrast, more congested and lower speed
scenarios #3 and #4 simulate an urban mobility ode
Considering the packet size and MCS index chosen in
section Il and Figure 3, it can be
Packet Size: 190 Bytes
1.00
0.80
0.60
0.40
0.20
0.00

6668
g8

1.00
0.80
0.60
0.40
0.20
0.00

Effective Code Rate (CR )

0123456 7 8 9 10111213141516 17 18 19 20
MCS Index

PSSCH and PSCCH sub-channelization scheme. OtheFig- 3. Effective code rate values using different MCS @edifor 190B

configured simulation parameters are listed in &dlbl

(top) and 300B packet (bottom). Numbers on theedenote:



inferred that every transmission time interval (TTI)
contains 200 radio resources (100 subframes andb2 s
channels per subframe) which means that with amlide
centralized resource allocation and full-duplex ragien,
maximum 200 UEs (scenario #2) can fit into one Without
experiencing packet collisions. However, in ourecasdes
operate in half-duplex mode and utilize distributedource
allocation. Figure 4 shows the PER values overngeaof
transmitter-receiver distances. It can be obsetlatin the
low-density case (scenario #1), the network manstahe
90% reliability level for almost the whole commueation
range while in the more congested cases, perforenant
degeneration is noticeable.

For the vehicle density values higher than the ogtw
saturation point, where the number of availableiorad
resources is less than the number of UEs, the metiwano
longer able to maintain the required packet dejivate and
PER increases significantly. This issue is due he t
insufficient radio resources for all transmittinge€Jand can
be addressed by either limiting the transmit raofyéJEs,
through decreasing the transmit power, or slowiogrdthe
beacon generation rate. However, such congestiotrato
algorithm has not been specifically mandated by3G&P
standard. It should be noted that the picking gointPER
curves in Figure 4, are side-effects of the geducab
conditions of the Fowlerville test track and becomere
significant in more congested scenarios due tdawer link
budget. This anomaly is independent of the vehicadanario
and can be considered as a characteristic of thetaiface.

It is also important to study the network behawioder
the high loads in terms of communication latenaypni an
application layer point of view, one may be intéeesin
measuring the time separation between two consecuti
packet receptions, i.e., IPG. In the absence ofstréssion
errors, every receiver should be able to recesafety beacon
from its neighboring UEs every Packet drop
nonetheless may result in much higher IPG valuggré 5
shows the normalized histogram of IPG for the earli
discussed congestion scenarios. It can be notledirt the
densities below the saturation level, the netwolkost
maintains thé IPG, however, increase in the vehicle
density not only spreads the distribution of th& IBut also
can cause an over gap between two consecutive packet
receptions. The wider distribution in scenario 8 dncan be
interpreted as more unpredictability and hence relsability
in the network.

We also investigate the impact of two tunable patans
of the SB-SPS mechanism on its performance in tefriaG
and PER metrics. As it is discussed in sectiorSB;SPS
decreases the packet collision probability througtmoving
the likely-to-collide radio resources from the cialade set.
There are two contributing factors in this proc€3SRs with
RSRP higher thaB@ are exempted from the candidate se
and the 20% of the remainder list with the lowest are
extracted. Hence, depending on the network corayektiel,
both6@ or the 20% requirement can become the limitin
factor. In low vehicle densities, the amount of éx@mpted
radio resources due 6@ is much less than 80% of the
candidate set size, hence, this threshold doeshaet a
significant effect in the SB-SPS process in suemados and
the 20% requirement is playing the main role.

On the other hand, in highly congested scenaridsiga
portion of the candidate set resources get exentpatedo the
6@ inaway that the remainder set does not satigf20%
requirement and SB-SPS increases this threslade wintil
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the 20% condition is met and the threshold valueoisthe
limiting factor in this case as well. However hbsild be noted
that our observations are in a fully-connected #ma-
dynamics network while that will not necessarilythe case
in a real-world V2X communication network where dieéh
nodes, near-far effect, and highly dynamic condgibave a
significant effect on the network performance. B®@
value, in fact, defines the maximum range that hicke
should sense which means that information from blsve
that distance has no significant importance fordueiver.
As it is stated in section I, when the resourcselection
counter (SLRRC) of a UE reaches to zero, it seleets
resources with the probability - . Figures 6 demonstrate
the significance of this parameter on both IPG &R
etrics and it can be concluded that the higheadribity of
eeping previous resource selection by UEs leads twre
predictable and stable network, as if a UE keeggrgviously
selected resources, its neighbors have alreadysésérthat

Yselection during their sensing window period and swoid

selecting the same radio resources. In contragheif UE
selects new resources after every counter, neigith&Es

will not have the chance to avoid collisions usithgir
memory of the network. However, it should be ndteat the
behavior studied above is under the medium network
congestion level, i.e., scenario #2, where deadlogfis such

as two UEs keep colliding for a long period of timghout
being able to sense each other’s transmissiontesse
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parameters on IPG and PER

probable. Thus, tuning the - parameter will not be as
straight-forward as discussed above in highly cetegk
networks. Figure 7 shows the effect/of - on the IPG in
more detail. The lower probability of keeping thewously
selected resources, i.e., higher- , leads to widely spread
distribution for IPG and significantly higher meand median
values. Data points with inter-packet gap highanth

are eliminated in Figure 7 for the sake of a matelligible
illustration.

The 3GPP standard mandates a
synchronization source such as GNSS (Global Navigat
Satellite System) which can be utilized by UEsrovjgle the
time-synchronization among UEs and enable thematwsinit
on synchronized subframes. However, there is nigatibn
by the current standard on the synchronized pagkstration
which means that every UE decides when to genitsatafety
beacons. It worth studying the effect of packetegation
synchronization among UEs as it has been propesedme
3GPP workgroup discussions related to the geo-gdnin
functionality [28]. We demonstrate results fromethicases in
Figure 8 and investigate the network behavior os¢hcases
in order to understand the underlying phenomena.

In the synchronized case, all UEs generate thdatysa
beacons in a synchronized fashion and repeatahertrission
every ,
distributed random time offset betweero to the first
packet generation time of UEs and third case lithistime
offset too
scenario #1, time-offset in packet-generation tiesveen the
UEs have a noticeable impact, while this impacistzas in
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gap (IPG) values. (Densit@= §¢ <Yk
the 95 percentile of the data.

on the distribution of the inter-packet
KT k €¢7). Plot tails show

the higher density scenario #2. Moreover, whenrémelom
time-offset value is limited to , i.e.,0 subframes, the
network shows lower PER values comparing to the
synchronized and time-offset cases.

Figure 9 helps us to understand the effect of ket
generation time offset among UEs. For the sakéfigity,
consider 2 vehicles, e.g., UEa and UEb, initiateirtie-
selection procedure at timgy andd respectively, where
'd *d.' (6 e« o . UEa selects its resource in the %
6;!d, % gQtimespan while UEb does the same in the
Jd % 6,!d % §Q timespan, wherés;, and 65 have been
defined in section Il. For a packet collision tgppan it is
required to have both UEs to select their radious=es from
the intersection of their candidate sets, or irpttords, from
theJd % 6,!d, % §Qperiod, as itis shown in Figure 9. It can
be clearly affirmed that more overlap between teddate
sets of the UEs results to higher probability dfision. In the
synchronized packet-generation case, the maximusnlagpy
leads to a higher PER value and adding a time{oftselEs
packet-generation will decrease the intersectiea.ar

However, offset values greater thalg; * 6 ;Q4% will
cause a greater overlap during the next periante stated
that the effective offset value can be expresseégas, (

" J6g ! 63*6 @ o Q In our case, we have Bt (

and 6g ( which describes the behavior that has been
observed in Figure 8. It can be concluded that ratimgl UES
to generate their safety beacons at the same tisigg the

distribute@®NSS clock, may lead to more packet collisions and

consequently performance degradation.

V. CONCLUDING REMARKS

C-V2X communication is being considered as a strong
alternative for the vehicular communication teclogis such
as DSRC. This paper studies the reliability andrney of C-
V2X in congested vehicular scenarios. The presented
simulation results and analyses demonstrate thnéfisance
of the parameter tuning in the resource allocati@hanism
to maximize performance and reliability in high-dip
networks. On the other hand, from the vehicularieation
perspective, a unified configuration has to be &by all
vehicles in order to ensure communication religbil\We
conclude that the introduced parameters have tedrdated

in the second case we add a uniformlyfor all vehicles by application layer standardmikir to what

has been defined for DSRC in SAE J2945/1 standée:
workgroups are formed by the Society of the Autaueot

. Figure 8 shows that in the low-density Engineers (SAE) to develop such standards for C;2X

current work progress is filed as SAE J3161 stahdar

1 Geo-zoning is a mechanism proposed by 3GPP winiits la UE’s
resource pool to specific resources based on dgrgehical location;

it can be utilized in order to mitigate the pacseiisions in highly
congested scenarios and especially avoid the aeardblem.



For future research, we plan to investigate possibl[6]

congestion control approaches in order to addresalslity
issues and satisfy the safety-related
Furthermore, examining the impact of other confidple
parameters, such as MCS index, report window sne,
reservation interval, can assist rule-makers ircifpag the
mandatory system requirements of C-V2X.

Fig. 8. Effect of packet generation synchronization on tiework
reliability in terms of the packet error rate (PEERY total data rate.

Fig. 9. Impact of the packet generation time-offset on isioh
probability for two given UEs.
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