This is an authecreated postprint versiofhe final publication is available dtttps://doi.org/10.1016/j.adhoc.2020.102351

LTE-V2X Mode 3 scheduling based on adaptive
spatial reuse of radio resources

Daniel Semper&arcia, Miguel Sepulcteand Javier Gozalvez
UWICORE Laboratory, Universidad Miguel Hernandez de Elche (UMH), Avda. de la Universidad s/n, 03203 e,
E-mail addressesdsempere@umbh.asisepulcre@umh.gsgozalvez@umbh.es

* Corresponding author.

Abstract LTE-V2X (also known asC-V2X or Cellular V2X)
introduces direct or sidelink V2V (Vehicle to Vehicle)
communications using the PC5 interface LTE -V2X defines two
modes (Mode 3 and Mode 4) for the management of radio
resources. Ths study focuses on Mode 3 where the cellular
network manages and allocates the radio resources for direct or
sidelink V2V communications. Contrary to Mode 4,the 3GPP
standards do not define any concrete scheduliregheme to allocate
resources underMode 3. In this context, this paper proposes a
contextbased scheduling scheme for LTE/2X Mode 3 that
exploits the geographical location of vehicles and dynamically
configures its operation with the objective that all vehicles
experience a similar level of inerference when resources must be
shared. The proposedscheduling scheme referred to asDIRAC
(aDaptive spatlal Reuse of rAdio resourCes), is validated
analytically and its performance is evaluated through system level
simulations. The evaluation shows tha DIRAC outperforms
existing LTE-V2X Mode 3 and Mode 4 scheduling schemes and
ensures a more scalable and stable network operation as the
channel load and congestion increases.

Keyword® LTE-V2X; Vehicle to Everything; Vehicle to
Vehicle; sidelink communications; PC5 interface; Mode 3
scheduling

1. INTRODUCTION

The 3GPP3rd Generation Partnership Projespecifiedin
Release 14and evolved in Release 18)standardor V2X
(Vehicle to Everything) communicatiofis] based on the LTE
radio interfaceThis standards known a2 TE-V2X, C-V2X or
Cellular V2X The standardlefinesthe PG interface folv2X
sidelinkor directcommunicationsand introducetwo different
modes forthe management of the radio resourceshe PC5
interface Mode 3 and Mode Mode 4 is aistributedmode that
vehiclescan useto autonomously select theiadio resources
using a sensingbased SerdAPersistent Scheduling (SPS)
scheme. Mode 4 can epte without cellular coveradmit its
communicationperformancecan be affected by noroptimal
radio resource selection based onljfamal sensing2]. Mode 3
is a centralized mode whettee cellular network selects thadio
resources that vehicles utilizer direct or sidelink V2V
communicationgi.e. without usingthe Uu interface)Mode 3
can improve the QoS and scalability sinlee tellulametwork

Unlike for Mode 4, he 3GPPstandarddoes notspecify a
concretescheduling scheme for Mode Several schemes have
been proposed in the literatuaed most of themexploit the
geographicalocationof the vehicles to assign radio resources.
Existing proposalseither group vehicles in clustets allocate
resources or define heuristic solutidons allocatingresources
that are generally scenafiepending. V2X networks are
characterized by ighly mohle conditions with constant
changes in the network topology. This challenge$dimation
and management of clusteend requires solutions that can
dynamically adapt to the operating conditions nthanges in
the scenarioTo this aim, we preserd novel contextbased
scheduling scheme for LT#2X Mode 3 DIRAC (aDaptive
spatlal Reusef rAdio resourCef that adapts its operation to
the scenario and context conditions. DIRASploits the
geographical location of vehicles and dynamically configuses i
operation with the objective to ensure that all vehicles that must
share radio resources with other vehicles experience similar
interference levelsWe compare the performance DfRAC
with a stateof-the-art LTE-V2X Mode 3 scheduling scheme and
with the standardized sensibgsed SPS Mode 4 scheduling
scheme. The comparison shows tlRHRAC increases the
quality of V2V communications and the scalability of the V2X
network. This is donthrough a better distribution of the impact
of the interference and the consequent reduction of the
probability of packet collisions. The proposal is validated
against an analytical model that is also presented in this paper.

The paper is organized aslfals. Sectior? reviews the state
of the artand positios our proposed schedulingchemeLTE-
V2X Mode 3 is introducecdhi Section3 and Section4 presents
DIRAC, our schedulingscheme Section 5 presentsthe
analytical performance mod&dr DIRAC. Section6 validates
DIRAC and compares its performance and operation with a
benchmark Mode 3 scheduling scheme as well as with the
standardized sensifltpsed SPS Mode 4 scheduling scheme
Finally, Sectbn 7 summarizes the conclusions of this study.

2. STATE OF THE ART

A significant number of studies haveanalyzed the
performanceof LTE-V2X Mode 4 and have proposed vgaip
improve the operation of its sensibgsed sempersistent

has a completenowledgeof thenetwork status and the demand Scheduling scheme. For example, [3][4][5] optimize the

for resources from different vehiclddode 3can therimprove
theresource selectioandreducenterferenceamong vehicles

parameters of the sensibgsed SPS algorithwhile [2][6]
modify the sensingbasedSPS algorithm and [7][8] propose
alternativealgorithmsfor vehicles to autonomously select the
radio resources or stdhnannelsOn the other hand, there is only
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alimited number ofproposals of LTEV2X Mode 3scheduling communications. This approach makes clusters more stable but
algorithms The majority of these proposals exploit the  also increases the complexity, and the complexity increases with
geographial locationof the vehicles t@ssignradioresources. the traffic density.

It should be noted that 3GPP standards already define
procedures for vehicles to report thkbicationto the cellular
network[1][9]. The scheduling algorithms proposed for -TE
V2X Mode 3 can be classified in two categories. The firs

The rest of Mode 3 proposals belong to the second category
where vehicles are considered individually and the resource
1fallocation schemes utilize the location of vehicles to allocate

; : L esources. It is worth noting that our proposal is included in this
cate@ry includes proposals that exploit the proximity of nearb;f ; : .
vehicles and organize vehicles into clusters. The seco;gt@my' The study i14] introduces an analytical framework

category of proposals consider vehicles individually and use t r |l)?’(e:2tlt?12bl‘2|s§%ncgggva;gﬁiﬂ?(t:ﬁfoduulll’?gtljt Igl?abfiziatlm:r\:\(ljork
distance between vehicles to allocate radio resources usifigP ghput, y

different heuistic algorithms. Within each of these two communication range. Using this framework, the authors

categories, proposals differ on their target when allocating rad%emonstrate that there is an optimal scheduling distance

resources. This is explained next in detail for each of the morgj‘g'gen dig;\mscrg)lttlq?\a\t/ehrﬁgsiml:zs(lansg tt?]?a Simgureﬁoﬁtrcee/\s/hi(ll.e.
relevant proposals per Mode 3 category. ghp

guaranteeing range and reliability restrictions; this is also the
The most relevant proposals in the catggif clusterbased purpose of this study. The optimal distance is analytically
LTE-V2X Mode 3 studies include the proposalqdi0], [11],  derived based on requirements such as the communication range
[12] and[13]. The proposal ifiL0] clusters vehicles and defines and outage probability. The outage probability is computed for
the centralized resource allocation problem as a weighteal me-dimension highway scenario considering only the two
bipartite gaph matching that considers two disjoint sets:nearest interferers. The study [f@4] does not propose a
vehicles and subhannels (represented as vertices of the graphjparticular centralized resource allocation algorithm but
The connection between two vertices (a particular vehicle witdemonstrates analytically the existence and procedure to obtain
a specific sukthannel) is called edge, and each edge has the defined optimum distance; this is also validated by the
weight that represes the bandwidth that a vehicle can achieveauthors using Monte Carlo simulations. It should beadhat
in that subchannel. The goal of the algorithm is to find a perfecthe derived optimal distance depends on the scenario,
oneto-one vertex assignment that maximizes the systerpropagation conditions and the specific application
capacity defined in terms of achieved data rate. Each vehicleisquirements.[15] presents a Mode 3esource allocation
assigned just one sudhannel and the proposal is designed tasolution that outperforms LT&E2X Mode 4. The solution
maintain a controlled computational complexity. To do sodefines the resource allocation process as an optimization
authors propose two swdptimal approaches with reduced problem that seeks maximizing the packet reception ratio and
complexity compared to an exhaustive search. Both proposdience increase the number of vehicles that receive a braaticast
organize vehicles into overlapping clustdrased on their packet broadcasted. The proposal uses the locafiothe
location where only one vehicle in each cluster can transmit atweehicles to minimize the interference between vehicles using the
given time to avoid conflicts and packet collisions. Thesame resources. Howevdd,5] does not provide sufficient
proposals offer interesting tradéfs between performance and information about the algorithm (and hence cannot be
complexity, but authors admit ifL0] that, in practice, it is replicated), and finding a globally optimal solution to the
difficult to guarantee their assumption of having perfectlyoptimization problem can be computationally prohibitive as the
defined clusters. In fact, these clusters should be redefined waffic density increasefl6] presents another heuristic proposal
soon as vehicleshange their locatiorso the resulting overhead in this category. The proposal is based on the concept of reuse
can be significant. Further extensions were presented by thange and awareness range. The reuse range is defined as the
authors in[11] and [12] but again with the same clustering distarce between transmitting vehicles using the same radio
assumptions. The authors identify [A1] and [12] four resource. The awareness range is defined as the distance at
allocation conditions in order to get confificee allocations. which transmitted packets should be received based on the
Moreover,they propose a mathematical framework to performapplication requirements. The reuse range was originally
the allocations following these conditions, and two derived angroposed in[17] and calculated if16]. It is defined as the
simplified allocation schemes which can attain acceptableninimum digance between two vehicles sharing resources that
performance with lower complexity. However, as both studieguarantees the absence of interference at distances below the
are based on the sames@sptions if10], the same problems awareness range. Authors propose an algorithm that uses the
are observed in realistic mobility conditions. The clus&sed locationof the vehicles, the awareness range and the reuse range
proposal in[13] solves some of the challenges related to théo allocate the mources so that the network capacity is
practical implementation of clustbased schemes. To do so, themaximized and the QoS requirements are guaranteed. The
cellular network collects the location, speed and drivingalgorithm identifies radio resources that are not utilized by other
direction of tle vehicles to predict their future locations andvehicles at distances lower than the awareness and reuse ranges.
classify them in clusters. This information is used by thdn particular, the algorithndiscards all the resources from the
centralized scheduler to create more stable clusters and semubframes that are used by any vehicle within the awareness
persistently allocate the radio resources to all vehicles. Thefange to avoid challenges resulting from the HD ¢dalflex)
goal is to reduce theumber of collisions and the effect lof nature of the radio transmissions; in HD, vehicles cannot receive
Band Emissios(IBE) in order to ensure a high reliability in the packets while transmitting. laddition, the algorithm discards
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those resources that are used by vehicles outside the awarerssare radio resources to ensure that all pairs of interfering
range but within the reuse range. This reduces the impact e&hicles (i.e. vehicles sharing the resources) espeei similar
interference but risks blocking transmissions if all radicinterference and QoS leveBIRAC then allocates resources so
resources are used by vehicles atagises lower than the reuse that vehicles sharing resources (if there are none free) are at a
and awareness ranges. The algorithm then assigns randomly aitance as close as possible to the target dist&n&AC

of the remaining resources to each vehicle. Radio resources aapts the target distance to the context conditmns,to the
assigned senpersistently and new resources must be allocatettaffic density, pool size or resources demanded by the vehicles.
to a vehicle as soon as a packet isiveckin error which can
happen frequently in highly mobile environments. It should also @) @) @) @) &)
be noted that the awareness range is application dependent, ang !
it is not clear how it should be set in midfiplication scenarios (=2 !
where the context of each vehicle.gletheir speed) and !
application requirements vary. Finally, the same authors propo§é31 !
in [18] another locatiotbased scheduling scheme that seeks td=4 ;
maximize the distance between vehicles using the samie5 ;
resources in order to control interference. Trying to maximize=6—{i i
this distance can be a challenging task when the traffic density7 l
increases. In particular, it can lead to uneven allocations ip-g g D
which some ehicles that share a resource are separated by largg ; £xampi
distances while others are separated by short distances. This Is

visible in Fig. 1 that shows a simple example where we try 3. LTE-V2X MODE3

maximizing the distance between vehicles that share resources. )

The example considers that there are four resources and that $hé.  Physical layer

distance between consé¢ize vehicles is D. Letis consider that LTE-V2X supports10 and 20MHz channel bandwidths
vehicles request one resource at a time based on their indEXch channel isrganizedn 1 ms subframes and subhannels
position: at t=1, vehicle 1 requests a resource, vehicle 2 requegtat correspontb a group of Resource Blocks (RBs) in the same
a different resource at t=2 and so on. The example considers fatilbframe.An RB is 180kHz wide in frequency (12 sutarriers
resources in the pbadn this case, vehicles 1 to 4 can be allocatedf 15 kHz) and the numheof RBs per suichannel can vary
initially different resources and avoid interference. This is not TE-V2X transmitsdatain Transport Blocks (TBs) over the
the case for vehicles 5 to 8 that have to reuse resources. If Waysical Sidelink Shared Channel (PSSCHgEontrol
want to maximize the distance between vehicles reusingiformation is transmitted in Sidelink Control Information (SCI)
resources, vehicle i§ assigned the same resource as vehicle fessages over the Physical Sidelink Control @abfiPSCCH)
and vehicle 6 is assigned the same resource as vehicle gh SCloccupies 2 RB§19]. A datapacketis transmitted in a
However, vehicle 7 must share the same resource as vehicler together withits associated SCI in the same gtdme The
that is close. At t=8, the distances between vehicles using tI8C]| contains relevant informatiosuch agshe Modulation and
same resource are: d(1,5)=6-0(2,8)=4-D, d(3,7)=2-D and Coding Scheme (MCS) utilized transmit the TBandthe RBs
d(4,6)=4-D. The distance between vehicles 1 and 5 that shar@eécupied by the TBThis informatiormust be correctly received
resource is three times the distance between vehicles 3 and 7 thplother vehicles to be able to decode the associated TB

also share a resource. This example shows that allocatie@n occupy esveral subchannelsThe SCI is transmitted in the
resources with the intention to maximithe reuse distances can first two RBs of the first selected swehannel while the TB
lead to uneven reuse distances that can degrade the QoSoetupieshefollowing RBsin the same subrame[2]. SCls are
certain vehicles. transmitted using QPSK modulation while TBs can be

Existing LTEV2X Mode 3 scheduling schemes exhibit two ransmitted using QPSK, IQAM or 64QAM modulations.
major limitations. First, highly dynamic mobile environmentsLTE'VZ.>< utlllzes_ turbo coding and normal cyclic pref_lx. Each
significantly limit the stability ad management of clusters, SU2Carrier contains 14 symbols per siuaime, four of which are
Second, many solutions require the selection of parameters ? t aside for Bmodulation Reference Signals (DMRE][20].
each particular scenario. Changes in the scenario require ther & Maximum transmit power is 28Bm and he sensitivity
redesign of the solution, which limits their flexibility and POWer level requed at the receiver i90.4dBm[21].
applicability. To overcome these limitatns, this paper presents 3.2, Mode 3resource management
a novel LTEV2X Mode 3 scheduling schemBIRAC, which
utilizes the location of the vehicles and the scenario and context

conditions (e.g. the traffic density and channel load) to allocatg, o cedures needed to implement a centralized scheduling
resources to vehicleRIRAC uses this irdrmation to allocate ;scheme. The vehicle or UE (User Equipment) needs to be in
resources so that all vehicles in the scenario experience smEhC CONNECTED mode to use Mode 3 transmissions. In this
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3GPP does not define a particular resource allocation or
heduling algorithm for LT®&/2X Mode 3. However, it defines

interference levels whenever resources must be shared as Sde. all the paramers needed for the communication between
load increases. The objective is to provide similar radio Qo e U’E and the network are known by both entities, and a

performance to all vehicles and improve oudted reliability of connection between the network and the UE has been

?ldfl|nEaYZ)éocc:énrgeurtl;]ceattlonse.tTé)_ tgs ae'r?’lemecegorzﬂ!gis e tablishedil]. The UE must transmit SidelinkUEInformation
Irst what shou arg Istanc venicles essage to the eNB (Evolved Node B) to inform the network
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that it is interested (or no longer interested) in receiving V2Xhese vehicles see their QoS degrdaeachieve its objectivee
sidelink messages. The same message is used to requesDHRAC exploits the geographicdbcationof the vehiclesand
release dedicated resources ¥@X sidelink communications. seekgo guarante¢he sameeuse andHD distancego all pairs
This message is sent from the UE to the eNB over the Ulof transmitting vehiclesThe reuse distance is the distance
DCCH (Uplink Dedicated Control Channel) logical channel.between two transmitting vehicléisat usehe same resourse
The UE may initiate the previously described requestinghese two vehicles cannot detect each othed their
procedure upon successful connection establishment (whé&mansmissions interfere. The HD distamsthe distance between
RRC_CONNECTED mode is established in the UE) and upotwo vehicles transmitting in the same dtdime but in different
acquisition of SysteminformationBlockType2{SIB21) or subchanned (or resources). LT&®2X is halfduplex so
SysteminformationBlockTyped&IB26) from the eNB. The vehicles cannotransmitand receive in thesubframe. As a
SIB21 and SIB26 IEs (Information Elements) containresult,these two vehiclegannot detect each othbut their
configuration information for V2X sidelinicommunications transmissions do not interferd.o achievea homogeneous
and are included within th8ysteminformatiomessage. This distribution of interfering vehicles,DIRAC dynamically
message is broadcasted by the eNB over the BCCH (Broadcastmputes théargetreuse and HD distancaking into account
Control Channel) or BBBCCH (Bandwidth Reduced BCCH) the context conditiong.g.the traffic density Tablel lists the
logical channel§9]. variables and parameters related to the design and operation the

Upon receiving the request for resources, the eNB scheduIeDsIRAC algorithm.

resources for transmitting the Corresponding SCl and TB. Mode TABLE I. VARIABLES UTILIZED IN THE PROPOSEIDIRAC SCHEDULING
3 supports dynamic and sepersistent (SPS) scheduling. With SCHEME

dynamic scheduling, UEs ask for resources orchannels for
transmitthg each TB. This can increase the signaling overhea

Variable Description
amax Total distance of all the roads in the cell covered by an eNB
reuse Target reuse distance

under high traffic densities and/or high packet transmissiony,, Target HD distance
rates. With serpersistent scheduling, the radio resources ord(ve,) — Distance between vehicleg, andv; (Step 3
subchannels are assigned to each UE for a period of time. Thiﬁveh H“mf;er Oi vehicles In,tfﬁellcolvered by an eNB
i H= res umber ot resources In a poo
period can bedapted to the transmission pattef2i$9]. N Number of subframes
A UE can report its location thé eNB and the eNB can use Nsc Number of sukchannels

this information to schedule the resources. The UE can b%i"eesF Indicator Oftheb””mi)er ‘I’f Clompieied';’ ”?e s‘m;nes Gtep )
. . . e . eustax  Maximum number of multiples of thieuse(Step
configured to report its location via the existing N Maximum number of multiples of thibo (Step 3

MeasurementRepomessage over the UDCCH channel. This v, Vehicle requesting resources
measurement reporting can be periodic or etr@ygered. This v Given vehicle in the scenario

study uses the existing functionality for vehicles to be able td/(ik)  Setof vehicles using resourge (Step 4
periodically report their location to the eNB. The network & Packetransmission rate

th eaeq e uV e Difference between the distand@reqVi) anddreuse (Step 3

configures the  measurement reports  using : :
. - . . edsv; Difference between the distand@e,Vi) anddup (Step 3
RRCConnectionReconfiguratioror RRCConnectionResume _,4i". k) Reuse metric for resourcek) (Step 2

euse

messages. In particular, the netlvaan specify the reporting 41 ) HD metric forresourcej(k) (Step

type (periodic or everriggered) and configure the interval 41" «) Metric for resourcej(K) to select the allocated resour&ee(ps)
between periodical reporf®]. The LocationInfo IE within
measResulis usedo transfer location information available at
the UE. The details of the procedures and messages described.ib. Targetreuse and HOlistances

this section can be found [][9]. DIRAC dynamically computes the target reuse and HD
distances considering the number of vehicles in the cell covered
) ] i by the serving eNB, the average distance between vehicles and
This section describeBIRAC, the LTEV2X Mode 3  the number of radio resources. All this information is available
scheduling schemeproposed in this paperThe DIRAC  at the network witlthe current LTEV2X standard. To compute
scheduling schemallocates the radio resources with thethe target distances, we define the number of vehicles in the cell
objective that all vehicles experience similar interference levelgsN,., and the total distance of all the roads in the cell covered
when they must share resources with other vehi€#8AC by an eNB asina The average distance between consecutive
utilizes the location of the vehicles and the context conditiongehicles is dma/Nven This average distance is computed
(e.g. the traffic densitand channel load) to allocate resourcesassuming that vehicles are uniformly distributed in the béi.
The DIRAC scheduling schemeomputes first what should be denote ad\es thenumberof resources or suthannels in a pool
the target distance between vehicles that share radio resourceghigx the eNB manages pool isa set of sulthannels within a
ensure that all pairs of interfering vehicles (i.e. vehicles sharingertain time period. Thitime periodcorresponds to a certain
the resources) experice similar interference and QoS levels.number of sulirames, whichis setaccordingto the packet
DIRAC allocates then resources so that vehicles sharingansmission intervaliscan then be expressed as a function of
resources (if there are none free) are at a distance as closet@snumber of suframes Nsp) and the number of sethannels
possible to the target distanE#RAC adapts the target distance (Nsgd. The number of subhannels can be configured by the
to the context conditiong'his minimizes the probability that network and has been sett@=2 or 4 in this study. The number
two interfering vehicles are close to each other and therefogF subframes in the pool is calculated as 1000 divided by the

4. DIRAC SCHEDULING SHCEME
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packet transmission rate@)( assuming 1 ms stfibames. For in the resource allocation process BURAC can be applied in
example, if he packet transmission rateas10 pps, the pool any scenario. In facBIRAC is evaluated in this study in urban
will contain Nsp=1000/10=100 suframes. If the number of and highway scenarios where vehicles are not uniformly
subchannels idNsc=4, then the number of resourcebligs=400.  distributed.

Therefore Nes can be calculated as follows:

T
6 o w2 (1)
Without loss of generality, the=following equati@ defines Omas/Nven

the target reuse distand®IRAC is designed so that vehicles Fig. 2. Example scenario considered to calculatddhgetdistances.
allocated the same resource maintain a distance equal to the
target reuse distance or one of its multiples. Thésance is Pool

calculated as the number of resourchis( multiplied by - 1] 23] 4] --- | 99100 I Sub

- . B channel
Oma/Nven Where dmal/Nven is the average distance between ¢ To1| 102] 1031 1041 - - - | 1091200
consecutive vehicles in the cell as defined previously. Since thg
pool hasNesresources, the multiplication of this distatyeNes £ 201/ 202] 203] 204| - - - | 299] 300
is the minimum distance between two vehicles that share the 301|302|303|304| -+ - - |399]400 R

same resource. We can illustrate this with the example shown in
Fig. 2 andFig. 3. In this example, we consider that the total
number of resources in the pooNgs=400. As a consequence,

the first 400 vehicles ifig. 2 could be allocated following the 4 >

Algorith
indexes offig. 3. If the number of vehicles was equal to 400, gorram . .
there would be no need that two vehicles reuse the same 1n€ DIRAC schedulingscheme is executed by the eNB

resource. However, if the number of vehicles is higher{Central scheduler) every time it receives a request from a
resources will need to be sharetiisTallocation of the resources Vehicle for radio resources for a Vaidelink transmission. The

is done in order to ensure an equal target reuse distance (or @{gcess to allocate a resource (or-sbannel) has the following
of its multiples) between any pair of vehicles sharing resourcelVe Steps Kig. 4).

Consequently, vehicle 1 is allocated the first reSOUr(FGg)B Step 1The eNB searches if there is any Comp|ete|y§m

and shares it with vehicle Z0Vehicle 2 shares its resource with frame’ i.e. a suframe where none of its sudhannels have been
vehicle 402, and so on. This implies that the distance betwegflocated. If there are free sfitames (line 1 oAlgorithm 1), the
pairs of vehicles sharing a resource would be equal for all NB randomly slects one of them and randomly assigns to the
them according to equation (2) (if they were uniformlyrequesting vehicle one swhannel of the selected sétame
distributed), or equal to a multiple of the target reuse distanc@iines 26 of Algorithm 1). This subchannelprevents packet
Vehicles 1, 401, 801, 1201 etc. would be allocated the firsollisions and the HD effect. It should be noted that free sub
resource oFig. 3. These vehicles would be located at a distanc@ames exist ifNyefONsr and thus the channel load is low. In this
between them equal to the target reuse distance and its multiplegse, steps (Zp) are not executed.

— .
Subframe(1 mg Time
Fig. 3. Resource pool witNs=100 subframes andNsc=4 subchannels.

, ,, :’Q Algorithm |. Step 1 DIRAC schedulingscheme
Q v l’j (2) InpUtS:NSF, NSQ Nveh Nfreesﬁ freeSubframelist

. . . . Output: selected resourdek] for requesting vehicl@eq
On the otheiside vehicles1, 101, 201 and 30in Fig. 3 Execution:every time a vehiclese requests resources aNghese> 0

experience the HD effesince they utilize resources in the same 1. If Niees> Othen

subframe.Extrapolatingthis to any sukrameof the poo] the 2. Generate ranbONmssnumber 1 O
targetHD distancedho betweenvehicles using resources on the 3 giﬁ‘gvse“gg‘;”:étg‘ggg;?neggbfram@
subframe can bexpresseas: 5 Nieesrequal toNieesr- 1 ‘ \
0 6 Select random sub h a n n leONscQ within subframej
0 4] (3) 7 End if
S_U

It is worth noting that the simple exampleFiy. 2 andFig.
3 is utilized with illustration purposds derive the expressions
of the target reuse and HDstiincesWhen applying th®IRAC
schedulingscheme in a realistic scenafiighway or urban}he
targetdistances are calculateignamicallythrough(2) and(3)
by the eNB upon the recepti of a resource request from a
vehicle In this way, the eNB updates ttlistancesaccording to
the currentontextfor every requesiTheresource allocation is
only performed for the vehicle which makes the request, so t
previously allocated vehicles maintain their assigned resourc
It is also important to note th&@IIRAC is not restricted to a
uniform distribution of vehicles despithe assumptions made
in equationg2) and(3). These equations are used as a referenc

Step 2If there is no free suftame, theDIRAC scheduling
scheme looks for free stdhannels (i.e. subhannels that have
not been allocated yet to any vehicle) or for-shhnnels that
are assigned to vehicles at a distance close to the target reuse and
HD distances (or one of their multiples). To this aimDHRAC
schedulingscheme uses the location of vehicles that have
already been assigned swudhannels. The eNB computes the
H[ rget reusefeuse line 1 ofAlgorithm 1) and HD €lp, line 2 of

gorithm ) distancedollowing (2) and(3).
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Algorithm 1. Step 2DIRAC schedulingscheme vehicles could be using avgn subchannel, and each of these
Inputs:Nsr, Nsg Nven Nireess freeSubframetist vehicles could be at a different distance to the reqguesting vehicle
Output:computed target distancds,seanddup Vreq and hence have a differedQ O orYQ U
Execution:every time a vehiclev, requests resources ahifkes= 0 Moreover, there could be free sohannels that must be also

%: Egmgﬁ;‘ﬂmwﬁﬁhﬁ‘;ﬂ?{g considered, as explainkder. In this casd)IRAC computes the

reuse metri’Q " for each occupied suthannel of the pool

. . (1,k) whergj is the subframe andkis the sukchannel. To do so,
Step 3DIRAC calculates the distance between vebicle  piRac computes the maximuiQ 0 for all vehiclesy;

requesting suhannels \eg) and all the vehicles that have \iging 4 certain subhannel (lines 41 of Algorithm V). For

already been allocated sagbannels in the pool (line 2 of subchannel j(k), the reuse metric is expressed as:
Algorithm l11). The disance betweeweq and a given vehicle ' '

is referred to ad(Vieq,Vi). d(Vreq, Vi) is then compared to the target %0 h i AaYyo O
reuse distance calculated in Step 2 (lind2 dfAlgorithm 111). " A? ©)
It is possible thatl(vieq,Vi) is not close to the reuse distance butwherew "@Q is the set of vehicles using stdamej N [0,Nse
to a multiple of the reuse distance. The comparison is ther] and subchannelk N [0,Nsc1]. An analogous process is

conducted using the following equation: followed to calculate the HD metrdQ " for each occupied
v \ P . subchannelj(k) although some changes are necessary (lines 12
yQ v INE Qo £ 0 (4? 14 and 2133 of Algorithm IV). In this case, the metric
In this equationni s a positive ndnWeY aof subcHaRHelejk) is( cbrbuted considering the
N€S%hax With N®SGa=0dnaytreusd) that is used to compare ifferences of the distances between all vehicles that are using
d(Vreq Vi) with any integer multiple ofieuse If the difference  subframej but are not using sethannelk. This is the case
computed in equatio(®) is small,veq andVvi are candidates to  pecause these vehicles will suffer from the HD effect if the

reuse the same swhannel. This process is repeated to compargequesting vehicle is allocated the siannel j(k). This is
d(Vreq, Vi) and the teget HD distancedtip) (and its multiples) as  expressed as:

follows (lines 1318 of Algorithm IIl): §
y A § yo" i AgYa
vo o [ ETQu B &d 5 O 0 Y
Ny
whereni s al so a positi n&NPpmtde gndgrec (AR isshe set ofivehicles usirg stramej v [0,Nsr
NP =BmaddinQ If the difference computed in equatig®) is 1] but not using suishannek ™ [0,Nsc-1].

small,vieqandv; are candidates to use a atftannel in the same DIRAC must also consider the free seiannelsjgk;) that
subframe. are not used by any vehicle. To do BBRAC computes the
Algorithm 111, Step 3DIRAC schedulingscheme reuse apd I-F|]D metriucs f%)r the free atlanmels as the minimum
Inputs:Nsr, Ns, Nven Nireesr freeSubframetist metricsYQ andYQ " obtained througli6) and(7) for all

Output:computedyp dus{Vi) ando do (Vi) for every vehicle allocated in the pc the occupied resources respectively (Iines 18. 31 amdh 36
Execution:everytime a vehicleseq requests resources aNglese= 0 ! !

1 Foreachvehicleii n t he scewONLid wi th Algorithm V). This is done so thdIRAC assigns the free
2 Get the distance(Vieq, Vi) betweenseq andv; resources with high probability.

3 Setpdus{Vi) equal to 0

4. Setepdp(v) equal to 0 )

5. SetN™®"s¢ acequal todma/dreusO
. 5
7
8
9

SetN",.,equal t08da/dipO

For eachnwi t hn; AN®®,.do
ComputeauXeseequal to abs(Vieq, Vi) - NiAkeysd
If auXeuse™ 0P dusd Vi) then

10. Setp dusdVi) equal teauXeyse

11. End if

12. End for

13. For eachn, with 1 On, ON"®,.., do

14. Computeauxp equal to abs{(Vieq, V) - NAlp)
15. If auxyp > g dp(vi) then

16. Setp dn(v) equal toauxip

17. End if

18. End for

19. End for

Step 4 DIRAC then computes two metrics (one related to
the reuse distance& " and another related to the HD

distanced/Q " ) for all the sukchannels to decidm Step 5
which one should be assigned to the vehicle requesting sub
channels. To this aim, we have to take into account that multiple
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Algorithm V. Step 4DIRAC schedulingscheme
Inputs:Nsg, Nsc, Nyen Nieesr freeSubframelist

Output: computedp . andg o for every resource k)
Execution:everytime a vehicle/q requests resources aNghese= 0

1. Seto dus"" equal tolnf

2 Set dp™" equal tolnf

3 For each subframejwi t hj OBs=1@o0

4 For each suichannekw i t hk OBlsc-Xo
5. Setp dusd equal to-1 for resourcej(k)
6. Seto g™ equal to-1 for resourcej(K)
7 Foreachvehicleii n t he s c ewOhyil do
8 If vi is using resourcg,k) then

9. If opeusdvi) > Cp@uséj'k) then

10. Set dusd equal top dusdVi)

11. End if

12. If o eo(vi) > P then

13. Set durn™ equal toop do(Vi)

14. End if

15. End if

16. End for

17. If o usd™ < Peust™ andepyusd® 1 -1then
18. Setp @usemin equal togp Quse(j'k)

19. End if

20. End for

21. For each sulthannekwi t hk OBlscXlo
22. Setp a9 equal to-1 for resourcej(k)
23. For each sulthannek, wi t hk, ANscOdo
24. If ki ko then

25. If o exno®™ > ot then

26. Set a9 equal tog g™

27. End if

28. End if

29. End for

30. If @™ < pep™ andepep®™ I -1 then
31. Setep dp™" equal toop g™

32. End if

33. End for

34. End for

35.  For each suframejwi t hj ORs=1G@o
36. For each sulchannekwi t hk OBlscXalo

37. If peusd equal to-1then

38. Setpdusd equal tog dus™
39. End if

40. If o equal to-1then

41. Set ™™ equal togp dp™"
42. End if

43. End for

44.  End for

[ The eNB receives arequest for resources fram J
L
Check if there is
any free sub
frame

Stepl
Randomly select one free stiame and
one resource within that sditame

<

No 1

Ste
[ Usedmax Nven Nsr, Noc andNresto calculated,eyse(2) anddip (3). ]

( N\

Calculated(vieq Vi) betweenyqand all the vehicles in the pogt).
For eacm(vrequi)v get(mreusévi) (4) ar]dq]ﬂHD(Vi) (5)
N

( N\
i ) Steps (0K (i.K)

For each occupied resourge), get the metricgilie sd6) andqulyip(7).

If there is any free resourgk), set their metrics as the minimum

from the previously calculateci min(cp!iﬂ;lf,)Se Jand mir(cmﬂ.‘l? )
. J

|

[ Select the resource which has the smadlﬂ%?=qﬂfj’:?m+ qni(ﬁ.'é)
Fig. 4. Flow diagram fothe DIRAC schedulingscheme.

(. J

Due t o t hmobiltyethe resource @ssignment
should not be maintained for a long period of tif@this aim,
DIRAC assigns the allocated resourcesmipersistery
following the 3GPP standards Following the 3GPP
specifications for Mode 4we setReselection Countess a
random number betweeh and 15 if thevehicletransmits 10
pps;10 and 30 for 2@ps and 25 and 75 for 5fps.Reselection
Counteris decremented by oradter each packet transmission
and the vehicle requestsagain resources oncdReselection
Counteris equal to zeroThis results in thaton averageeach
vehicle requests new resources every second.

The DIRAC schedulingscheme has been illustrated in this
section using a scenario with one driving direction. Howater,
is completey valid for more complex scenarios with multiple
lanes ad different driving directions as well as foighway,
urban and suburban scenarios. This is the case bettaise
central scheduleynly needs to know the location of the vehicles
to assign the resoces

5. ANALYTICAL MODEL

Step 5.The eNB assigns tweq the subchannel with the

. R A 0 v N . . .
smallest sum of its metric¥Q " YQ yQ "~ ,ie.the This section presents an analytical performance model of the
subchannel that guarantees being closer to the target distand®@fRAC schedulingscheme The model quantifies the PDR
(Algorithm V). (Packet Delivery Ratidhatcanbe achieved with oysroposed

4 _ schedulingscheme DIRAC, as a function of thelistance
Algorithm V. Step 5DIRAC schedulingscheme - i .
mgutS:NSH Neo I\FIJV o Nieose freeSubfra%e&st betv_veen 'ghe transmitter and the receildis modglls openly
Output: selected resourdekf for requesting vehiclge available if22] so tha_lt other (esearchers can easily compare the
Execution:every time a vehicleveq requests resources aNghese= 0 performance of their schelihg scheme with the solution

1. Setpdi,equal tolnf . . proposed in this papefo model thePDR, the following four
2. For each suframejwi t hj ONs-1@o mutualy exclusive errors present in LT#2X [23] are
3. For each sulzhannekw i t hk OBlscXlo uantified:

4, Computep &9 equal top eusd+ g ot q

5. It Pl <pdathen 1) Errors due to haléluplex transmissionsHD). The LTE
6 ngﬁf‘gﬂﬂg’ggg the best V2X radio is halfduplex. A vehicle isthen not able to
8. End if ' receive a packet while it is transmittinrly HD erroroccurs
9. End for when a packet is losbecausethe receiving vehicle is
10.  End for transmitting its own packet in the same $t#me. The

scheduling scheme has an impactHid errors since this
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type of error depends on the probabi"ty that two vehicles__ TABLE ll. VARIABLES UTILIZED IN THE DIRAC ANALYTICAL MODEL

Variable  Description

transmit using resourc@s the same suframe. =

2) Errors dueto a received signal power below the sensingBL(s)
power thresholdSEN. When a packet is received with a @«
signal power below the sensing power threshedg, it dﬁ
cannot be decoded and hencg&Nerror is produced. This
type of error depends on the distanceween the |,
transmitter and the receiver, the transmission power, the,
propagation an®sen SENerrors excludéiD errors. P

piSIM(dl,\)

3) Errors due to propagation effecttRO. A PRO error

occurs vien a packet is received with a signal power higherwr(d:.d,)

thanPsgn but the receigd SNR (Signal to Noise Ratio) is

not sufficient tocorrectly decode the packéthese errors PL(d,)

only account for propagation effects and notifberference  ppgr
and collisions. ThenPRO errors depend on the same sNR
parametersas SEN errors plus on the MCSRO erors SINR

excludeHD andSENerrors. Ve, Vi, i

U

4) Errors due to packet collision€QL). These errors occur  Guo(d)

when two vehicles transmit in the same resource (i.e. the

same suframe and suichannel) and the associated SINR Usen(chr)
(Signal to Interference and Noise Rat®hot sufficientto 4 )

correctly decode the packefOL errors depend on the

distance between the tsmitter and the receiver, the tcol(d:,)

transmission parameters, the propagation, the traffic densitco.
and the scheduling schem@OL errors excluddD, SEN
andPROerrors. n
SFID

To analytically model the PDRY, is considered to be the Ssiu

Packet size

BLER for an SNR equal t®

Distance between transmitter and receiver

Distance between transmitter and interferer

Distance between interferer and receiver

Maximum number of multiples @feuseOr interferers

Noise power

Transmission power

Received signal power

Probability thatv; andv; transmitusingsame resource at the sa
time.

Probability that the interference producedwgnyv; is higher thar
a threshold that determines if the packet can be correctly rec
or not ifv, andyv; simultaneously transmit on the same resour
Pathloss atk,

PacketDelivery Ratio

Signal to Noise Ratio

Signal to Interference and Noise Ratio

Transmitter vehicle, receiver vehicle and interferer vehicle
Traffic density (veh/km)

Probability of not correctly receiving a packet dudatf-duplex
effect

Probability of not correctly receiving a packet due to rece
signal below sensing threshold

Probability of not correctly receiving a packet due to propag:
effects

Probability of notcorrectly receiving a packet due to collision
Probability of not correctly receiving a packet due to collis
caused by interferef

Variance of the shadowin&)

Triangular function centered at a certain multiptef dyp
Triangular function centered at a certain multiple dreyse

distance between the transmitte) é&nd the receiveny). The
model assunethat a packet is correctly received when none o 1
the four possible errors occur. Taking into consideration that

HD errors

these errors are mutually exclusive, the PDR cabtaned as:

0 0Qjf P 1 Qp Op Qp
Jp 1 Qp Op 1 Qp

wherelp, Usen Upro andUcoL correspond tahe probability of
not correctly receiving a packatieto HD, SEN PROandCOL

errors respectively

The analytical modeproposed in this paper Iimsed on the
model proposed 23], which was designedto evaluate the
performance of LTE/2X Mode 4. In this studywe develop
new expression® quantifyHD andCOL errorsfor theDIRAC
scheduling schemgroposedn this paperfor LTE-V2X Mode
3. We utilize the expressions f8ENandPROerrors from[23]

since they are independent of the scheduling.

To derive the analytical modelye considera multilane
highway scenariowhere vehicles are separated byn a
approximatedistance equal t&/U Thetraffic density isthenU
vehicles per meter. All vehiclegeriodically transmita pps
Packets are transmitted on a MHz channel with a
transmission poweP;. To derive the model, we assuraé
packets have the same si®) and are transmittedsing the

The probabilitythata receiving vehiclew) cannot receiva
packet transmitted by a transmitting vehialg ue to the HD
effect is equivalent tathe probability thathese vehicles are
allocatedn the same suframe.This probability depends on the
utilized scheduling schemén an ideal scenario, two vehicles
using theDIRAC schedulingscheme will suffer th HD effect if

they are separated by a distance equal to any positive integer
multiple ofdwp. This is the case because BPI®RAC scheduling
scheme allocates the two vehicles different radio resources in the
same sufframe. In this case; andv;, will be able to transmit
without their packets but they will not be able to receive each
ot her 6s transmissions due to
transceivers. As a result, the probability tkiindv, experience

aHD error would be equal to 1 whenever their distance is equal
to a multiple of the target HD distance. This probability becomes

0 in any other case since tH2lRAC schedulingscheme
allocaes the two vehicles resources in different-Bames if

their distance is not a positive integer multiplelgf. This way

the probability oHD error would behe sum of series ofinit

delta functions at multiples afp. However the mobility of
vehicles complicatesan ideal allocation of resourcesnd it is
difficult to assign resources ensuring always a distance exactly
equal to any positive integer multiple dfip. The DIRAC
schedulingscheme will try to be as close as possible to these

same MCSTablell lists all the variables related to the designiqea| distancesTo account for thiswe propose to use triangle

and operation thBIRAC analytical model.

functions around the multiples @hip instead of unit delta
functions. As a result, the probability that vehicle cannot
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receive a packétansmitted by vehicla due to the HD effect is

expressed athe sum of multiple triangular functions ) Qr 8 0i 00 | fo (13)
T Qp ¥ Qp (99  where
N& ;

where each triangular function is centered n-dup and is Q jgld 000 b
expressed as: Qo hop p I (19

B T Q0 0
0y o8 p . . , . The termBL(s) representshe BLER for an SNRequal tos
Q Quo ot p Qf X and is obtained from the LUTs in[24]. Equation (14)

Q 208 p  Qn ... ) ) . (10 corresponds to the PDF of the SNR at a distakctor those
o @esX 0y 0 98 p SNR values for whiclP>Psgn This term is used to omit those

w T Qai Q packetswith areceived signal powdower thanPsen (they are
52  SEN erors already accounted for ikey). The first term of equatiofiL4)

e correspondso the P,>Psgn conditionandis normalized byl-

The probability that a packet is not correctly receivedisgyin order to ensure that the integh@tween® an df + D
becausets receivedsignal poweris below the sensing power the PDF of the SNR is equal to 1.
threshold (Psey does not depend on the used schedulin%
schemeThereforethe probabilitylisenderived in[23] canalso 4. COL errors
be applied to ouproposedschedulingscheme The derived COLerrors are produced when an interfering vehicleses
calculation takes into consideration the pathloss (PL) and thbe same resource (i.e. the same-feaime and suithannel)
shadowing (SH)The pathloss is typically modeled with adog than the transmitting vehicle, and the associated interference
distance function, whereas the shadowing is modeled with a logrevents thecorrectreception of the packeitt v due to a not
normal random distribution with a mean equal to zero and sufficient level of SINR. Thus, the probability of experiencing a
variance equal t8. This probability carthenbe calculated as:  COL errordepends on the probabilitgat the same resource is
allocakd totwo or more vehiclesThe scheduling scheme has a

o o 00Q 0 strong impact orlico. and a new modelfor COL errorsis
1 Qp - p Qi Q — 11 necessary for oyroposedschedulingschemeThe probability
C w VIG licoL can be expressed as:

whereerf corresponds to the wekhown error functionp; is the ) e

transmission poweRL(d,,) is the pathloss at, (i.e. distance 1 Qp P P Qr QR (15)

between the transmitter and the receivand( is the variance .

of the shadowing.The details of the calculatioof this  wherelicoL corresponds to the probability o€®L error caused

probabilitycan be found ifi23]. by the interferew. If vi andv; simultaneously transmit using the
samesubframe and sughannely; can cause @0L error ifthe

5.3. PRO errors interference is such that thagket is not correctly receive@ihe

The probability that a packet cannot beeiged due to the probability of aCOL error caused by, canbe expressed as:

propagation effects does not depend on the utilized scheduling

schemeThus{ the probab_ﬂ}' Upro c_alculated in23] for LTE- y Qr FQRQ; N Qr M QrfiQ (16)

V2X Mode 4is also applicable with oysroposedscheduling ] ,

scheme. This probability depends on the PHY layer In equation(16), the termp'sim(cki) corresponds to the

performance of the receiver. In thisase the PHY layer  Probability thatv andvi transmit utilizing the same resource at

performance is modeled by means oflihielevel LUTs (Look-  the same timeThus, this probability depends on the scheduling

Up Tables) included if24]. The LUTs present the BLER SchemeThe termpir(d,d) corresponds to the probability that

(Block Error Rate)as a function of the SNR. Each LUT is the interference produced lyonv; is higher than a threshold

provided for a certain packet size, MCS, type of scenario (urbdhat determines ifhe packetan be correctly received or ribt

or highway), and relative speed between the transmitter and téeand vi simultaneously transminthe same resource.

receiver. In order tmodelthePROerrors, the SNR at a receiver 541

can be computed as a random variablé (in dB): Probability that the interference is higher than a

threshold
YO, 0Q, 0 0 00Q; YOO (12 To calculatepinr(ck,,dir), we consider theegativeeffect of

whereN, corresponds to the noise poweshbuld be notethat the interference caused hypn the receivev; as additipnal noise

the pathloss is constant for a given distatigeand hence the [23]. The SINR at the receiveris thenbe computedin dB) as:

SNR follows the same distribution as the shadoveagwith a N v B R

different mean equal to P-PL-No. The probability of YOO OGM0; U Q_h 0 0 v (17 _

experiencing #ROerror can then be calculated as: whereP; corresponds to the signal power received at the receiver
v, from the interfering vehicle;. Thus, the SINR consists of a
random variable which is obtained from the sum of two random
variables i.e. P and P;.. Then, the PDF of the SINR can be
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computed by means of the cross correlation of the PPFasfd  analytical model and simulation study considenalk possible

Pi. Then the probability that, incorrectly receives a pack#tie  interferers that fit in the scenario. However, interferers at large

to alow SINR can be expressed as: distances from; have a very small (or even negligible) effect on
the signal received by.

I Q; HQF 8 0i 00 | Fere i (18) Once p'sim(d,) is calculated for each interfererusing (20)

n and (21), the probabilitypint(d:r,di) is computedusing (19).
Using these probabilitiethe probability of experiencing@OL
eg'errr]oris calculated for each potentiaterfererv; using(16), and
Uco is thencalculatedwith equation(15). The PDR isobtained
utilizing equation(8) with the errorsliup, Usen Upro and Ucol
computedusingequationg9), (11), (13) and(15), respectively

The probability in(18) contains packetshat cannot be
received due to propagation errors. These packets have b
taken into consideration ilibro, sothe followingnormalization
is neededo only consider packet®$t due to collisions:

N QphQp 1 Qp (19 6. EVALUATION

P Qi The prompsed DIRAC scheduling scheme has been
where Upro corresponds to the value in equati(t8). We  ijmplementel and evaluated using the Veins simulator. Veins
assume that the interferenceqmvalent to additional noise. In integrates the network simulator OMNeT++ and the road traffic
this casethe same LUTSs frorf24] that are used in equati¢hd)  simulator SUMO. TheDIRAC schedulingscheme has been
are alsaused in equatio(fL8) to estimate the value of the BLER implemented in OMNeT++ and has been validated against the
in BL(s). analytical model also proposed this paper. This analytical

. TR model has been implemented in Matlab and the source code is
5.4.2. :nggjgg){ tw:;:m?engmve transmit using the same available in[22]. The performance of thBIRAC scheduling
, scheme is compared to thtateof-the-art LTE-V2X Mode 3
The probabilityp'sm(ck) that vi and v transmit using the  algorithm proposed ifil6] that has also been implemented in
same resource at the same time depends orprthigosed  Veins. The performance of tHBIRAC schedulingscheme has
scheduling schemeln an ideal scenarioour proposed also been compared to the L'M2X Mode 4 scheduling scheme

schedulingscheme would assign andvi the same resour@s  defined by 3GPPL9][25] and described if26].
long as the distance between them is equal to a positive integer

multiple ofdreuse Thereforethere would be a potential interferer 6-1.  Scenario and settings

associated to each multiple @use That would makep'sim(dy,) Simulations are conducted in highway and urban scenarios.
equivalent to the sum of a series of unit deltacioms at  Both scenarios have been configured followithgg 3GPP
multiples ofdreusefor each potential interfer@n ideal scenarios. recommendations if27]. The highway scenario is 5 km long
However, inrealistic scenarios where vehicles move, the samand has 6 lanes (3 lanes per direction). The traffic density is 120
resource would be assigned to vehicles that are separated byeda/km and the maximum speisd70 km/h. Statistics are only
distance close to a multipléeuse but not necessarily equal. taken from vehicles located in the 2 km around the center of the
Thus, we proposeagain the use of triangular function®  scenario to avoid possible boundary effects. The urban scenario
realistically model his probability More specifically, the models a Manhattalike grid layout with 9x7 building blocks of
probability p'swm(dy) that the interfering vehicle and the size 433 m x 250 m. All streehave 2 lanes in each direction
transmitting vehicle transmit using the same resource iand each lane is 3.5 m wide. Each street has a 3 m sidewalk on

N Q5

modelled with the following equation: each side. Statistics are collected in the streets and intersections
around the center of the scenario in order to avoid border effects.
N Qp ¥ Qp (20) Vehicles are randomly rdpped in the scenario and follow

e random routes. Simulations in the urban scenario are performed
where each triangle function is centered n-deuse and is considering an average vehicle density of approximately 90

expressed a®llows whered,euseis namedd; for clarity: vehkm[27]. The vehiclesd mobility
simulator SUMO in both highway and urban scenarios.
¥ Qj Therefore, vehicles accelerate, decelerate, change lanes and
wT10Q; Qo0& P 0 even stop at intersections in the urban scenario.
e : S QQ0odt - Q; tM . . .
Q G 21) All vehicles transmit with a power edua 23dBm using a
moQo: 2 o 0 dedicated 1MHz channel at 5.%Hz. We have analyzed the
e 5 S NQEMW Qp QO < performance witte=10 pps, 20pps and 5@psand @ckets of
i T 0ai 0 190 bytes. Two subchannelization configurations are

The area under each triangle function is equal to 1 in ord&ensidered2 or 4 sukchannelgper 1 ms sulframe The MCS
to reflect the fact that the scheduler will not assign the sarﬁéhSéeCted so that each packet is transmitted using a single sub
resource to more than one vehicle aroork.s It should be € annel. In this case, up to 2 packets can be accommodated per
noted that each positive integer multipledaf,sc represents a Subframe when considering 2 sebannels per suftame.

patential interferems. The number of interferers in the scenarioSiMilarly, up to 4 packets can be accommodated pefraote
iS Nma=CmalCreusOS0 N N [1,Mmad. We should note that our when 4 sulchannels are considereMCS 7 is used to transmit

packetswith 2 subchannelgper subframe(25RBs each MCS
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9 isusedto transmit the packets when the channel is divided into !
4 subchannelgper subframe(12 RBs each)The physical layer
performancés modeledusingthe LUTs in[24] thatprovide the 08y
BLER as a function of the SNR.Following the L 06k S0pps
recommendations [27], the propagation effect&re modeled g
using the WINNER+ B1 popagation modelFor the urban
scenario, this model implements a-digtance pathloss model 02}
that differentiates between LQSne of SightJand NLOS(Non ‘ ‘ . ‘ ‘ . |
Line of Sight)conditions. The shadowing is modeled using a 0 100 200 300 400 SO0 600 700 800 900
log-normal distribution with 3 dB standard deviation for LOS Distance Tx-Rx (m)

and 4 dB for NLOS. The simulator used in this work ()4 subchannels/sutrame.

implements the kBand Emission (IBE) model defined by the L=
3GPP in[27]. IBE can hinder the successful reception of a 0L
packet due to ongoing transmissions in adjacenthahnels of
the same suframe. 061 sopps

20pps

PDR

In order to inform the eNB, vehicles send periodically their 04y

geographical location to the eNB. The reports are sentevery 2s o}
in this evaluation. These reports consume around 0.55% of the

bandwidth available with a 10 MHz channel. TB¢RAC Oo 1(30 2(‘)0 3(.)0 4(;0 560 600 7(I)0 800 ;g)o
schedulingschene has been tested using other shorter reporting )2 tl;rt] TxiR; <%

; NAifi ; subchannels/sutframe.
periods and no significant impact on the performance has beEn . 5. PDR as a function of the distance between transmitter and ret@iver

observed. This is the case because the location errors resulqﬁ@
from the reporting period are relatively small compared to the

target reuse anidD distances. The simulator and thenalytical modelcan differentiate

6.2. Validation among different types of packet errors, H&, PRO, SENand
COL. Fig. 6 shows the percentage IdD, COLandPRO+SEN
errors obtained with the simulator and the analytical model for
the scenario with} subchannels per suftame (MCS9) and
a=50pps Fig. 6 shows that the simulation and analytical results
closely match againThe propagation errorsPRO+SEN
increase with the distancghis scenario was highly loaded and
the average target distances waie:=667m anddyp=167m.

DIRAC scheduling scheme

Fig. 5 compareshe PDRachieved wittDIRAC when using
simulatiors (solid lines) and the analytical modedboftedlines)
in the highway scenarid@’he curves are obtained for different
packet transmigsn rates (10 pps, 20pps and 50pps) and
different channel configurations (4 subannels and 2 sub
channels) Fig. 5 clearly showg that the PDR curveslosely

matchfor all the configurationshat accountrom low to high s resyited in thathe probability of packet loss due to
channel load level§ heminor differencesobservedaremostly . jlision has a peak of more than 80% at arounchaQsnd then

due to the fact that sirfations are carried out under realistic gecreases for farther distances since the propagation errors
mobility conditionsand resources are sequentially assignegiocome more dominant. The probabilityH error is nearly

upon requestirom vehicles. On the otheside the analytical o4 giantsince this scenario was highly loaded and vehicles
model assumes that allocations are performed for all vehicles @éing the same sdbame tend to be close to each other.
once. Differences areslighly more noticeable for those

configurationscorresponding to higher congestion levels (e.g. 100 -

with 50 pp9. The close match between the simulatiand wl COL errors
analytical curves validates both the implementation of our
proposedschedulingscheme in the simulation platform and the 60
analytical model. =
40 - PRO+SEN errors
20 HD errors
0 - 1 ~—— T n |
0 100 200 300 400 500 600

Distance Tx-Rx (m)
Fig. 6. Percentage oHD, COL, PRO and SENerrors as a function of the
distance between transmitter and receiveitlieDIRAC scheduling scheme
Configuration:4 subchannels/sutirame (MCS 9) an@=50 pps.

Tablelll shows the analytical values of the target reuse and
HD distances for the different scenarios and configurations
consideredn this study These values have been obtained with
equationg2) and (3) consideringl20 veh/kmin a 5km long
scenario.The table clearly shows how the target distances are
reduced as the resources needed increasevhen thgacket
rateincreaser there is dower number of suigchannelper sub
fram@. Fig. 7 compareghe values inTablelll with the PDF
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(Probability DensityFunction) of the target reuseand HD  Authors provide in[16] all the necessary information to
distancezomputedn the simulationsandthe PDF of the reuse implement their proposal, which is not always the case with the
and HD distances achieved by the vehicles insthrailations  proposals presented so f4i6] also demonsates that the

Fig. 7 has been obtained considering 4-shlannels pesub proposal achieves good performance results and is one of the
frame (MCS 9) and a packet rate of dfis. The figure shows best solutions available so far in the literature. In addition, the
that theeNB computes target values in the simulation close tgroposal in[16] follows an approach that is conceptually
the analytical nes(e.g. there is around 2% of deviation in the opposite to ourproposed scheduling schemeand their

case of the target reuse distgnsee Fig. 7a). The small comparison would be very valuable to the community to
differencesresult from the fact thathe target distances @r understand the pros and cons of the two approaches. The
dynamically computed in the simulations based on the contekicationbased Mode 3 algorithm proposed16] allocates the
conditions whereas the analytical values are calculated radio resources based on a-gefined minimum reuse distance.
considering fixed values dflen and dmax Fig. 7 shows that On the other hand, our solution dynamically adapts the reuse
vehicles achieveeuse and HD distancés the simulations distance to the traffic density and channel load. Moreover, the
around thecomputed target values. The differences result fronalgorithm in[16] is designed to trigger the resource reselections
the realistic mobility conditionsn the simulationsHowewer,  based on packet errors whilBIRAC uses a serpersistent

Fig. 7 shows thatvehicles can operate witteuse and HD reservation approach.

distanceslose to the target valudsig. 7b shows that vehicles
achieveHD distanceglose to the target value and its multiples.
This is due to the fact that tHBIRAC scheduling scheme
attemptgto allocateinterfering vehicles sepdead by a distance
close to ay multiple of the target distances

The algorithmin [16] exploits thelocation of vehicles to
all ocate the resources and i s
capacity through the reutilization of resourcHse algorithm is
designed underhe assumption that vehicles periodically
transmit beacon messages, and that these messagesrated

TABLE Il . ANALYTICAL TARGET DISTANCES to be received by all the neighboring i@és within a certain
Number of Packet rate Greuse (M) dio (M) awareness rangey,; this rangeis an input parameteo the
sub-channels (pps)

scheduler The schedulingalgorithm is designed to satisfy a

4 ;8 fgggg ?Sg:g minimum reuserange rruse that is definedin [16] as the
50 666.7 166.7 minimum distance at whicthhe same resource can be used by a
10 1666.7 833.3 different transmitter without affecting receivevdthin the
2 20 833.3 416.6 awareness rang&he reuse range is calculatiedlowing [17]
50 333.3 166.7 as
) . i
0zr 0.174 i ! l N N _
0.15 001173 p% H r P ll)) y :)O (22)
0.168
g o1f 3300 3350 3400 3450 where ray is the awareness rangaemin corresponds to the
Stmaiafon: sompuicd by G5B minimum SINR required to decode the messa¥ge is the
0.05 Simulation: achieved by vehicles 33333m | noise power over a RPxrgis the transmission power per RB,
""" Analytical i Lo is the pathdss at a distance oft, bis the loss exponent, and
T T e T i T e e 50 7000 G: corresponds to the antenna gain at the recéier pseudo
Distance (m) code of the benchmark algorithm is presentefligorithm VI.
(a)Reuse distances. When the eNB receives a request for resources, it first identifies
06F the resources that are utilized by vehicles located within the
05) $333m77, omuation: computec by B awareness range of the requesting vehicle (lind$ Dof
a1 |- Analytical ’ Algorithm VI). LTE-V2X operates with HD devices. The eNB
i 0.01 discards then all the resources of thefatmes in which at least
Q03 R . e s
= 0.005 one resource is used by a veditbcated within its awareness
0-2¢ r range (aw) (lines 2126 of Algorithm VI). Then, the eNB
0.1F / % 1000 2000 3000 4000 discards the resources that are used by vehicles located outside
0 b ‘ - " ‘ - — the awareness range but within the reuse range) (lines 27
0 5000 1000 1500 Diséggg(m) 250030003500 4000 29 of Algorithm V1). Two options are then possible:
(b) HD distances. (1) If there are more remainingsources than needed for

Fig. 7. PDF of thereuse and HD distanceschievedin simulationsand

analytically for the DIRAC scheduling schemeConfiguration: 4 sub transmitting a packet, the ENB randoml_y selects the .necessary
channels/sutirame (MCS 9) ad =10 pps resources among the remaining ones (line8&6f Algorithm

VI). The selected resources are allocated to the requesting
6.3. Benchmarkscheme vehicle on a senpersistent basis, and reallocations occur as

soon as one packet is lost due to poor SINR at a receiver (
amin)- In our implementation, we assume that the chipset can
easure th&SRP (Reference Signal Received Power) and the

We implement as benchmark scheeertetworkcontrolled
resource management algoritipnoposedn [16] for LTE-V2X
Mode 3 This algorithm has been selected for several reasond!
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RSSI (Received Signal Strength Indicator) since both metricglgorithm VI. Benchmark scheme frofi6]

are standardized for LFE2X Mode 4 and hence available in

Inputs:Nsg, Nsc, Nyen Faw, Pre-computed euse Step

commercial chipsets. While the RSRP only considers the signafutput:selected resourcgk) for requesting vehicleq

Execution:everytime a vehicle/.q requests resources

of the TB being decoded¢ RSSI also includes all the received
interference. The RSRP and RSSI are used to estimate the SINF
and recognize if there has been a collision or not. A vehicle theg,
detects a transmission error when it does not successfully decode
a TB and the decodingrror has been produced due to an >
interference. Both conditions are necessary to trigger resourc&
reselections. 8

(2) If the remaining resources are not sufficient to transmit’:
the packet, the eNB cannot allocate resources to the requestifg
vehicle and theehicle cannot transmit the packet. The vehicle 12,
will request again resources when it generates a new packets.
Following [16], the probability that a vehicle cannotrismita 14
packet increases with the channel load and the awareness ran%%.
This can significantly degrade the support of saéeitjcal V2X 17
services. For a fair comparison with quoposedscheduling g’
scheme we slightly modify the algorithm if16] so that a  10.
vehicle can also transmit a packet when there are no sufficier?0.
remaining free resources. In this case, the vehicle will sharél:
resources with another vehicle. Toisthaim, the eNB :
dynamically adapts the awareness range (and hence the reugg
range). When the eNB receives a request for resources, it tries,
allocating resources considering a large awareness range. THis
initial range has been set as of 500 m since larglees would 27
not provide a higher performance due to the propagation effect g'
If there are not enough remaining resources, the eNB reduceg’
the awareness range in steps of 108tepé100) until sufficient 31
resources are found (lines-82 of Algorithm VI1). This is done  32.
instead of blocking the transmission of a packet until resource83.
are available again. It should be noted that this modificatior£®
ensures the use of the highest awareness range (in steps of 1D0
m) possible that prevents blocking transmissions. Such highest
awareness range reduces the interference between vehiclgs

sharing their radio resources. 39.
40.
41.
42.

Do
For each vehicle in the scenario with ©v; ONyr1 do
Get the distancé(Vieq, V) betweenyeq andv;
End for
For each subramej with 0 Oj ONg~1 do
For each suklzhannek with 0 Ok ONsc1 do
Setd." equal tolnf
For each vehicle in the scenario with ©v; ONyr1 do
If v; is using resourcq k) then
If d(Vieq V) < dhe®™ then
Setd™ equal tod(Veq, Vi)
End if
End if
End for
End for
End for
SethalidResourceﬁqual to O
Create empty listalidResources
For each subframej with 0 Oj ONg=1 do
For each sulchannek with 0 Ok ONsc1 do
If die Orawandde™ [ -1then
For each suklthanneh with 0 Oh ONsc1 do
If de™ 1 -1then
Setd,(" equal to-1
End if
End for
Else if de™ Or euseandde 1 -1 then
Setd,{¥ equal to-1
End if
If ded® 1 -1then
SethaIidResourcef—‘qual tci\lvaliulRes;ource'g'1
SetvalidResourcg®yajidresources €qual to resource,k)
End if
End for
End for
If NvalidResource? Othen R
Generate random numbeOL X\, aidresources
Select resourcé,K) equal tovalidResources)
Else
No resource is available,, equal tor,, - step
End if ]
While Nvaiigresource£qual to 0 andaw O0

Fig. 8 depicts the PDRbtained with the original scheduling
algorithm proposed ifl16] and itsmodifiedversion. The results
are presented fddifferent packetates (10 pps, 20 pps and 50
pps)and considering subchannelsFor 10pps, the PDRs are
similar since thechannel lod is low and theriginal algorithm
is ableto allocate the required resources without blocking
transmissionsHowever, Fig. 8 shows the effect of blocked
transmissioain the original algorithmvhen the packet rate and
channel loadncreaseln particular, the PDR is highly degraded
for 20 pps and 5(@ps This degradation is proportional to the
percentage of blocked transmissiofhis percentage is equal to
31% and 75% for 20 and 50 pps respectively
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Fig. 8. PDR as a function of the distance between transmitter and receiver for (a) 10pps, 4 sukchannels/sutframe.

the algorithm fron{16]. Configuration:4 subchannels/sufframe (MCS 9). | Gttt = = = = = = =

6.4. Comparative analysis
Fig. 9 compares the PDR obtained with tfidRAC

scheduling schemethe modified version of the algorithm Zorf SiAC S
proposedn [16], and theL TE-V2X Mode 4sensingbased SPS 0.6 [ | —@=— Benchmark

algorithmspecifiedby the 3GPPAs an upper boundkig. 9 also 0.5 [ Sensing based SPS *
depictsthe PDRthat could be obtained withottD and COL oa I I | ‘ o, | N
errors, i.e. the PDR thatould be achieved when only o 100 200 300 . 400 500 600
consideringthe propagatiorffectsthat areindependent of the Distance Tx-Rx (m

scheduling schem&ig. 9 considerghe highway scenario with (b) 20 pps, 4 sukchannels/suframe.

different packet transmission rates, a traffic density of 120 “,,,:: """"""" s~
veh/kmand 4 subchannels (MCS 9)Fig. 9a showsthat the 09 \\
proposedscheduling schemeDIRAC, and the benchmark 08 f \
algorithm significantly improveéhe PDRs for 1Qppscompared %07l *

to LTE-V2X Mode 4 In fact, both algorithms achieve RDR : .l DIRAC '
close to the upper bounBor higher packet rate@-ig. 9b and " —e— Benchmark *
Fig. 9c), the PDR degradedue to HD errors and paclet oSt e Seathtd IR

collisions It should be noted that such collisions are unavoidable o4 : : : : )

as the load increases and there are limited resouf@ps9 ’ o w0 r>,-smnce3$2.r<x(m) o 500 w

shows thatthe DIRAC scheduling schemémproves the (c) 50 pps, 4 sukchannels/sufframe.

performance over the benchmalgorithmand carbetter cope Fig. 9. PDR as afunction of the distance between transmitter and receiver
with congested scenasoThe figure shows that the gains (highway scenario)Configuration: 4 suizhannels/sulframe(MCS 9)
achieved withDIRAC increase as the load increases due to a

more effective allocation of resources thamghe dynamic '[~x~~"~~"~"~~"~"=-=-=-=--~ ~
computation of the target reuse and HD distances bastwtt on
context

The DIRAC scheduling schemand thereferencescheme

have also been evaluated using more congestaharios.e. oA Y
with 2 subchannels per sulframe (MCS 7)Fig. 10compares [ %\  [wwe Sensing-based SPS .
the PDR obtained with the different schemes for the scenario = = —PRO+SEN .
with 2 subchannels per suftame and a packet transmission 4 100 200 00 200 50 50
rate of 50 pps i.e. the most congested scenario from the Distance Tx-Rx (m)

considered onedhe obtained results demonstrate IHERAC Fig. 10. PDR as a function of the distance between transmitter and receiver
still gets a higher performance compared to the benchma iggway scenario)Configuration: 2 sughannels/sutirame (MCS 7) and
H 5 .
algorithm and LTEV2X Mode 4. In fact, theDIRAC pps
scheduling schemstands as thehannel load increases thanks  Fig. 11 depicts the percentagepmdcketsostdue tocollision

to its dynamic allocation of resources that reduces the negati\(QOL) and propagation errorPRO+SEN for the highway

effects of interference and HD transmissions. scenario with 2Qops and 4 subhannelsHD errors are not
represented in this fige because they are negligible for this
scenario (less than 29ince propagation errors do not depend
on the scheduling scheme, althemesexperience the same
percentage of packets lost due to the propagation effégtd1
shows that errors due to collisions are predaminup to
distances around 450 sincepropagation errors are almost null
at short distances. For distances higher thama5fropagation
errors become predominarfig. 11 clearly shows thathe
DIRAC schedling schemecan significantly reduce packet
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collisions compared to the benchmark option and WVPX overhead. As expected, LTE2X Mode 4 generates less
Mode 4, andmaintain packetcollisions below 10%. Similar signaling overhead than tHi&iRAC scheduling schemsince
trends were observed in all the scenarios simulated. Thesehicles autonomously select their resources and do not interact
results show thatthe proposedDIRAC sdeduling scheme with the eNB. However, ouschemesignificantly outperforms
results in an allocation of resources that reduces the negatitree LTEV2X Mode 4 scheduling scheme.

effects ofinterference and HEransmissions
100

.......... DIRAC - 10pps
aor i, g |:  DIRAC DIRAC - 20pps
COL errors - DIRAC RN 3 DIRAC - 50pps
=——@— COL errors - Benchmark o 7. B PP
30 - y - . o ., L52 enchmark - 10pps
---------- COL errors - Sensing-based SPS 1", 60 =t Benchmark - 20
= = =PRO + SEN errors © i enchmark - 20pps
- 53 Benchmark - 50pps
=20 40kt
20F §
10 - //\
0 3 L - - " 1 )
. 0 5 10 15 20 25 30 35 40 45 50
0 0 ¢ 100 200 3(;0 4(‘)0 500 6(‘)0 Number of reallocations per second
Distance Tx-Rx (m) Fig. 12. Number of reallocations per second experiencedtheyDIRAC
Fig. 11. Percentage ofEOL, PROandSENerrors as a function of the distance scheduling schemandthe modified version of the benchmark algorithm from
between transmitter and réeer (highway scenario)Configuration:4 sub [16] (highway scenario)Configuration: 4 suzhannels/sutirame (MCS 9).

channels/sutirame(MCS 9)anda=20 pps.
Fig. 13 compares the PDR obtained thvithe DIRAC

The previous results show thalhe proposedDIRAC  scheduling scheméhe benchmark scheme and the ENEX
scheduling scheménmproves the performance of LT&X Mode 4 scheme in the urban scenario under LOS conditions.
Mode 3 compared to the benchmark sche®DHERAC also  Fig. 13 also depicts as an upper bound BigR that can be
reduces the signal overhead compared to the benchmaakhieved when only taking into account the propagation effects
scheme. The two schemes generate signaling overhead whbat are independent of the scheduling scheme. The figure
vehicles periodically report their location to the eNRRlavhen  considers transmission rates of 10 gfig.(13a) and 50 ppsHig.
they request resources to the eNB. Both schemes are configutEdh), and the 4 subhannels per sufstame configuration (MCS
with the same location reporting period in this study. In thi®). The figure shows that odfRAC scheduling schenand the
study, these reports consume around 0.55% of the bandwidtlenchmek scheme achieve a higher PDR than tMZX Mode
available with a 10 MHz channel. HoweveDIRAC 4. In particular, both algorithms achieve a similar performance
significantly leduces the signaling overhead associated with thier 10 pps that is close to the upper bound given by the
request of resources since resources are reallocated lggspagation effects. When using a higher packet rate (50 pps),
frequently. The benchmark algoritHat6] reallocates resoces  the PDR is degraded dteeHD errors and packet collisions that
as soon as there is a transmission error in reception. THi'ecome predominant at lower distances. Nevertheless, under
generates frequent reallocations due to the mobility of vehiclahis congested situationDIRAC clearly outperforms the
[16]. Fig. 12 shows how the benchmark algorithm can result irbenchmark scheme, which demonstrates its ability to deal with
frequent reallocations that increase when the channel loambngested scenarios as it was previously shown for the highway
increases. The figure compares the PDF of the number etenario.
reallocations per second measured with the benchmark scheme
andDIRAC. The figure shows thaeallocations (and hence the
corresponding signaling overhead) significantly increase wit P hallenai C dii i th b
the benchmark scheme as the load increases. In fact, almOst mo_stg a englr?g commum:c:at?o_rﬂd_con |tr|]0ns in t_f_e url an
every packet requires a reallocation of resources with 20 pps ange a0 ﬁe o t Iplresence 0 h ul '”ﬁs that s;gm icantly
50 pps packet transmission rates. Thisecause as soon as anya enuate the signal levdfig. 14 shows the PDRs for 10 pps

o . e ig. 14a) and 50 ppsHig. 14b) considering the 4 suthannels
receiving vehicle detects a transmission error, resources must §d9 . : :
reallocated for the transmitting vehicBIRAC controls and peﬁ;ﬂgﬁ%ggﬂmﬁﬂ S(\:/lhce?ng)é%glIzgcpfjcgiﬂgimgclose
reduces the reallocations and consequently the signali 1ev !

) - : : the upper bound for 10 pps. Both awhiea higher
overhead through its sespéersistent allocatn policy. On ;
averagePIRAC generates one reallocation per second and p gr;ormance thar;] LTIEIZX Mode 4 andZ)IRACbaqmea/es.tEe
vehicle independently of the packet transmissions rate. THY9Nest PDR. The largest improvement obtained with our
resource requests generatedBiRAC consume around 1.09% ProPosedscheduling schemis though obtained for 50 pps as
of the bandwidth available in a 10 MHz channel whereas thgoWn inFig. 14b. These results again show that BIRAC
benhimark scheme consumes between 6.55% and 54.55% of (ig'eduling schemis able to better cope with higher channel
bandwidth depending on the packet transmission rate. T ad levels thanks to the dynamic computation of the target
results inFig. 9 and Fig. 10 show that the reduction of the Istances.
signaling overhead obtained with agheduling schemis not
achieved at the expense of a degradation of the performance. In
fact,DIRAC can improve the performandeéugh an allocation
of resources that better combats the negative effects of
interference and HD transmissions while reducing the signaling

Fig. 14 represents the PDR experienced by vehicles that are
proaching an intersection under NLOS conditions. These are
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Fig. 13. PDR as a function of the distance between transmitterecelver
(urban scenario, LOS). Configuration: 4 sthannels/sulframe (MCS 9).
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6.5. Computational cost and complexity

The LTE-V2X Mode 3 scheduling schemes analyzed in this
work significantly improve the performance of LN2X Mode
4, as illustrated in Sectiod.4. This improvement is aaved
thanks the coordination of the resource allocations at the eNB at
the cost of an increase in complexity and computational cost.

Algorithm VII presents the pseudode of the sensing
based SPS scheme utilized by -VEX Mode 4. The pseudo
code includes the following variables:

T Nsrswis the number of sufsames in the Sensing Window.

1 SClis an indicator of the received SCls specifythgt a
vehicle will utilize the corresponding resource in the
Selection Window.

thresholdrepresents the sensing threshold used in Step 2.
T.andT; are the limits of the Selection Window.
CSRrepresentthe Candidate SingiBubframe Resources.

La is the list created by the algorithm that contains the
available resources.

1 Nv[1ra/sted represents the number of times the altoni
needs to be repeated uBtep 2 is completed.

= =4 —a -8

The pseudaode distinguishes between the different steps of
the sensingased SPS algorithm. When a vehicle needs to
reserve new resources, the vehicle lists first during Step 1 all the
CSRin the Selection Window. In Step 2, the vehicle creates the
list La with the available resources and excludes fromO8&
list the resources that meet the following conditions: (1) the
vehicle has received in the ld$¢rsw subframes an SCI from
another vehicle indicating that it will use the corresponding
resource irthe Selection Window, and (2) the vehicle measures
an average RSRP over the resource higher thathtéshold
After Step 2L must include at least a 20% of B&Rlist. If
not, Step 2 is repeated until this target is met. In each iteration,
thethresholdis increased by 3 dB. In Step 3, the vehicle creates
a list of candidate resources including the resourceswhich
experienced the lowest average RSSI. Thedfizkis list must
be equal to the 20% of ti@SRlist from Step 1. The vehicle then
randomly selects one of the candidate resources from this list.
The details of the operation of this scheme are defined by 3GPP
in [19][25] and described if26].

Fig. 14. PDR as a function of the distance between transmittereceiver
(urban scenarid\LOS). Configuration: 4 subhannels/sufirame (MCS 9).

The obtained results demonstrate the high performance
achieved byDIRAC scheduling schemia highway and urban
scenarios under realistic mobility conditioriBhe proposed
scheduling schemeutperforms the benchmark algorithm and
the LTEV2X Mode 4 algorithm in both scenarios, especially
under high channel &l levels. This improvement is achieved
thanks to the dynamic adaptation of the target reuse and the
target HD distances, which leads to a reduction of the negative
effects of packet collisions and HD transmissions.
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Algorithm VIl . Sensingbased SPE.TE-V2X Mode 4

Inputs:Nsrs,=1000(Sensing Window)Nsc sensing resultiRSRPRSS] SCI
received, sensinthreshold, T, andT, (Selection Window limits)

Output: selected resourdek] for requesting vehicleeq
Execution:everytime a vehiclese, requests resources

Step 1 and 2
1. Do
2 Create empty liISESR

3 Create empty lists

4 SetNcsrequal to 0

5. SetN, equal to 0

6. For each sudrame j with T Oj OT, do

7 For each sulthannekw i t hk OBlsc 1o
8 Add resourcej(k) to CSR

9 Add resourcej(K) toLa

10. SetNCSReqUaI toNcsgr1

11. SetNa equal toNa+1

12. End for

13. End for

14. For each sudramejwi t hj ORsrs,£1 do
15. For each sulchannekw i t hk OBlscXulo
16. If RSRA(,k) > thresholdandSClreceived inj(k) then
17. If T, <j+RRI< T, then

18. Exclude resourcg{RRILk) from L
19. SetNa equal toNa-1

20. End if

21. End if

22. End for

23. End for

24. If Na < O\lcsamn

25. Increasehresholdby 3 dB

26. Setrepeatequal tatrue

27. Else

28. Setrepeatequal tofalse

29. End if

30.  While repeatequal totrue

Step 3

31.  For each resourcka(i) from list Lawi t hi O, dd

32. SetRSSly; equal to 0 .
33. For eachjwi t hjO&do O

34. Setauxequalto (14 A1000
35. SetT equal toT ag-jAux

36. SetRSSlag eqUaI toRSS_IAm+RSSQT)
37. End for

38. SetRSSlag equal toRSSag/e-

39. Endfor

40.  Sortresources(i) from listLain increasindRSSlag associated valu

41. Gener ate
42.  Select resourcka(n)

randomN®Bumber

1

O

n

of the DIRAC, the benchmark and the sensbmsed SPS
schemes, respectively. TiRepetitionscolumn corresponds to

the number of times each line needs to be executed (many are
inside for loops). TheRepetitionscolumn is actually an upper
bound since several lines are only executed if a certain condition
is satisfied, e.g. lines-83 of Step 4 of oUDIRAC scheduling
scheme The Repetitionscolumn is the one from which the
previous complexity orders are obtained. To do so, the
complexity order is taken as the highest number of repetitions of
a line of thecorrespondinglgorithm, considering aits lines.

The number of CPU cycles is computed considering Intel
CPU architecturefR8]. For instance, the multiplication of two
floating point numbers needs 5 cycles, their division needs 39
cycles, and their addition requires 3 cycles. Usliagle IV,
TableV andTableVI, we have estimated the upper bound of the
total number of CPU cycles required to run each scheme.
According to the settings described in Sectah we consider
for all the schemes théis=4, Nver=600 (with a density of 120
veh/km in a scenario witthna,=5 km). FOrDIRAC, we consider
Nrevse =1 and N"P,=6 according to the computed target
distances, and we assume that Step 1 is not executed. This is
equivalent to considering the worsise scenario because Step
1 is only needed when there are completely fredisubes, and
Step 1 consumes much less CPU than executing the rest of the
steps. For the benchmark scheme, we assumetF&00 m
andN=1 (i.e. we assume the best case in which their algorithm
gets to allocate all the resources at the first attempt). Finally, we
assume for the sensiimsed SPS scheme tHdérs+=1000,
Ti=1, T,=100, andNa= 0 .T2TA+(1NscA Assuming a 1GHz
ARM CortexA9 procesor for LTEV2X Mode 4 and a 3GHz
Intel® C o r e 8500 frocessor for the eNB running the LTE
VV2X Mode 3 scheduling schemé&sg. 15 plots the upper bound
of the CPU tine needed to run each algorithm for a single
vehicle request. The figure plots this time as a function of the
packet transmission ragg(i.e. 10 pps, 20 pps and 50 ppEhe
figure shows that the CPU times decreases as the packet
transmission rate increaseThis is the case because when the
packet transmission rate increases the size of the pool decreases
and the number of calculations needed is directly proportional to
the number of resources in the poeig. 15 also shows that
DIRAC requires a slightly higher CPU time for each individual
resource request. However, in the worst casdQq pps), the
upper bound of the CPU needed to exefURAC is araind

In general, the centralized operation of Mode 3 scheduling 6 ms, which demonstrates the low computational cost of our
schemes increase their complexity compared to the sensingn|,tion.

based SPS scheme defined for Mode 4 that is executed
individually by each vehicle. However, this intrinsic higher
complexity is assumed kiye central scheduler (eNB), which
has higher computational capacity. Moreover, this higher
complexity results in a significant improvement of sidelink V2X
communications as demonstrated in Sedidnin any case, the
increase of complexity is acceptabledoeNB. The complexity
of solving the problem formulated in ttdRAC and benchmark
schemes is of ordeD(NseAscA\ver). On the other hand, the
complexity of soling the problem formulated by the sensing
based SPS scheme is of or@NsrsWNsd. In this case, each

CPU time (ms)
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Fig. 15 CPU time needed to run the different schemes per each individual

vehicle executes the algorithm individually and hence the factQkpicie request as a function of the packet transmission rate. p@Hssor
Nven does not intervene. These complexity values have begnre-v2x Mode 4) and 3GHz processor (LTE2X Mode 3).

obtained fromTable |V, TableV and TableVI. These tables

present the number of CPU cycles required to execute each line
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F|g 16 depicts the percentage of CPU time needed to processTABLE 1V. COMPUTATIONAL COST OF THEDIRAC SCHEDULING SCHEME

all the resource requests received per second by the eNB when _Algorithm line CPU cycles Repetitions
using the two studied LT&2X Mode 3 scheduling schemes. Step 1
LTE-V2X Mode 4 is not shown in this figure because it is ; 1472 i
executed individually by e vehicle and there is no need to 3 1 1
globally consider all the requests from all the vehicles in the 4, 1 1
scenarioDIRAC reallocates the resources of a vehicle once per 5. 4 1
second on average, irrespective of the packet transmission rate. 8- 1472 1
Therefore DIRAC is executedn average once per second per Step 2
vehicleand the percentage of CPU time decreases as the packet ; 32 i
transmission rate increases, just as the CPU time shokig.in Step3
15. The umber of reallocations was significantly higher for the 1 2 Noor L
benchmark scheme due to its reallocations mechanism, 2. 59 Nyerr1
especially for high packet transmission rates [8gel2). As a 3. 1 Nyerr1
result, the benchmark algorithm needs to be executed more ‘5‘- }1 . vai
frequently than ouproposedscheduling schemd@his effect is 6. a4 N"ew_l
clearly demonstrated ifrig. 16. This figure shows that the 7 2 (ij:h-l Nse
overall CPU time needed by the benchmark scheme is 8. 10 (Nyerrl NS
significantly higher than the time needed BIRAC, despite 9. 1 (Nverrl N'Aa
requiring less CPU time per individual vehicle requEst.(L5). 10. 1 (Nvetr1 NAFrax
In the worstcase scenari@IRAC consumes less than 40% of ﬁ io (Nuar L N
. . . (Nveh'l N'—Rmax

CPU time, but the benchmark scheme requires more than 150% ;5 1 (Nuotrd NBoa
(i.e. more than one processor or CPU thread). These results  16. 1 (Nyerrl N
demonstrate that the performance improvement achieved by  Step4
DIRAC and demonstrated in Secti@¥ is obtained without 1. 1 1
increasing the computational cost. In faoyr proposed 2. 1 1
scheduling schem®IRAC, reduces the computational cost by i' g “SEA&
a factor of 3x in the worstase scenario cqrared to the 5 1 szAgg
benchmark scheme. 6. 1 NsFA &

7. 2 NSF@ erh‘l)

8. 1 NsrA 8ANerr1)

9. 1 NsrA §AN(err1)

10. 1 NsrA §AN(err1)

12. 1 NsrA §AN(err1)

13. 1 NseA MNANyerr1)

17. 2 NsA N

18. 1 NsrA N

21. 2 NsA &

22. 1 NsA N

23. 2 NsrA NA M

24. 1 NsrA NA N
Fig. 16. Percentage of CPU time needed to run the different schgreesll 25. 1 NseA HA &
the requests of all the vehicles in the scneaa®) function of the packet 26. 1 NsrA A N
transmission rate8GHz processo(LTE-V2X Mode 3). 30. 2 NseA N

31. 1 NsA N

35. 2 Nsr

36. 2 NsA &

37. 1 NsA N

38. 1 NsA &

40. 1 NsA &

41. 1 NsiA N

Step 5

1 1 1
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