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Abstract—Capacity of vehicular networks with infrastructure  [1], [2]. Two major wireless communication modes: vehicle-
support is both an interesting and challenging problem as to-infrastructure (V2I) communications and vehicle-to-vehicle
the capacity is determined by the inter-play of multiple fac- (\/2v) communications, are supported in vehicular networks

tors including vehicle-to-infrastructure (V2I) communications, by deplovi irel icat infrastruct int
vehicle-to-vehicle (V2V) communications, density and mobility y depioying wireless communication infrastructure points

of vehicles, and cooperation among vehicles and infrastructure. along the roadside (e.g., road-side units (RSU), or LTE base
In this paper, we consider a typical delay-tolerant application stations), equipping vehicles with on-board communication

scenario with a subset of vehicles, termed Vehicles of Inter- facilities (e.g., on-board units (OBU)), and with the assistance

est (Vols), having download requests. Each Vol downloads a ot egicated short-range communication (DSRC) [3] and LTE
distinct large-size file from the Internet and other vehicles technology 4], I[5]

without download requests assist the delivery of the files to L .
the Vols. A cooperative communication strategy is proposed V2l and V2V communications, on one hand, are both major

that explores the combined use of V2I communications, V2V techniques to disseminate data for vehicular applications, in-
communications, mobility of vehicles and cooperation among cluding safety applications like disseminating real-time infor-
vehicles and infrastructure to improve the capacity of vehicular mation about traffic accidents, traffic congestion or obstacles

networks. An analytical framework is developed to model the . th d d fet licati h freri
data dissemination process using this strategy, and a closed form In the road, and non-salety applications such as ofiering

expression of the achievable capacity is obtained, which revealsValue-added services (e.g., digital maps with real-time traffic
the relationship between the capacity and its major performance- status) and in-car entertainment services [1], [2]. On the other

impacting parameters such as inter-infrastructure distance, radio hand, as pointed out in the literature, purely relying on V2I
ranges of infrastructure and vehicles, sensing range of vehicles, communications or V2V communications alone cannot meet

transmission rates of V2| and V2V communications, vehicular . L . . .
density and proportion of Vols. Numerical result shows that the diverse communication requirements of different vehicular

the proposed cooperative communication strategy significantly applications. For instance, V2V communications may become
boosts the capacity of vehicular networks, especially when the unreliable when the number of hops in the communication

proportion of Vols is low. OU_I’ results providg guidance on the pecomes |arge [6] They may also not be Supported and incur
optimum deployment of vehicular network infrastructure and 5,4 communication delay when the vehicular density is low
the design of cooperative communication strategy to improve the 1 Eor V2l icati hand. LTE-based V2|
capacity. [Z]. For V2| communications, on one hand, -based V
_ o ) o communication is not applicable to vehicular communication
Index Terms—Data dissemination, cooperative communication, enyironment at this stage due to the high mobility of vehicles
capacity, vehicular networks, vehicle-to-infrastructure communi- that leads to hiah hand d llisi . s 141 O
cations, vehicle-to-vehicle communications. at leads 1o nig andover and coflision 1SSUES [4]. On
the other hand, DSRC-based V2I communication may have
limited availability, especially in rural areas and in the initial
|. INTRODUCTION deployment phase of vehicular networks due to the high
, ) , cost of implementation and maintaining of infrastructure. The
In_terest IS surging on Veh'C_UI"’_‘r netw_orks gnd connectegh e mentioned factors may result in frequent interruptions in
yeh'de te_chnology due_ to the_lr mcreasmgl)_/ important rolg,, transmissions, especially when downloading files of large
ihImproving road _traffl_c eff|C|e_ncy, enhancmg road safetyj,eq from the Internet, e.g., in-car entertainment services.
and providing real-time information to drivers and passengeffigrefore, V2 and V2V communications have to co-exist and

é;omplement each other to improve the network performance.
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the asymptotic uplink throughput scaling law when the total The following contributions are made in the paper:
number of vehicles is sufficiently large. 10_]12], Huang et 1) We propose a novel cooperative communication strategy,
al. introduce a Euclidean planar graph and use a practical which utilizes V2l communications, V2V communi-
geometric structure to study the asymptotic capacity of urban  cations, mobility of vehicles, and cooperation among
Vehicular Ad Hoc networks (VANETS). The aforementioned vehicles and infrastructure to boost capacity of vehicular
work all assume that the number of vehicles or vehicular den-  networks;
sity is sufficiently large and utilize asymptotic analysis to study 2) We develop an analytical framework to model and
the capacity scaling law, which is only applicable when the  investigate the data dissemination process assuming
number of vehicles or vehicular density is sufficiently large. In the aforementioned cooperative communication strategy,
our prior work [13], we have considered a vehicular network  and a closed-form expression of the capacity achieved by
scenario where there is only one vehicle, termed vehicle-of-  the Wols in a vehicular network with a finite vehicular
interest (Vol), with download request from the Internet and density is obtained, which reveals the relationship be-
all other vehicles cooperate to assist the communication of  tween the capacity and its major performance-impacting
the Vol, and analyze the achievable throughput of the Vol  parameters;
assuming a cooperative communication strategy. 3) Both simulations and numerical analysis are conducted,
In this paper, we consider a typical delay-tolerant applica-  which show that the proposed cooperative strategy sig-
tion scenario with a subset of vehicles, termed Vehicles of nificantly improves the capacity of vehicular networks,
Interest {ols), having download requests, e.g., videos, from compared with its non-cooperative counterpart, espe-
the Internet. Each Vol downloads a distinct large-size file from  cially when the proportion of Vols is small.
the Internet and other vehicles without download requestsur results shed light on the optimum deployment of vehicular
termedhelpers assist the delivery of the files to the Vols. Anetwork infrastructure in terms of their interval distance, and
cooperative communication strategy is proposed that explofag optimum design of cooperative communication strategy to
the combined use of V2I communications, V2V communicamprove the capacity of vehicular networks.
tions, mobility of vehicles and cooperation among vehicles The rest of this paper is organized as follows: Section
and infrastructure. Investigating the network performance fif reviews related work. SectiofiJIl introduces the system
delay-tolerant application under the coexistence of V2I anflodel, the proposed cooperative communication strategy and
V2V communications is important and has been extensivelye problem formation. Theoretical analysis are provided in
studied, e.g.,[[14],[15]. In this work, we are interested iSection[IV. In Sectiori V, we validate the analytical result
investigating the capacity achievable by the Vols. In additiafsing simulations and conduct numerical analysis to discuss
to capacity, delay is also an important performance metric thgr result and its insight. Sectién]VI concludes this paper.
has been extensively investigated, elg.| [16]-[18]. In the delay-
tolerant network scenario considered in this paper, delay is not Il. RELATED WORK
a major concern. Therefore, similar to most of the existing Extensive work in the literature investigated the perfor-
work investigating the network capacityi [9], |11, 112], delaynance of vehicular networks, measured by the information
is not taken into consideration in this work and we focugropagation speed][7], transmission delay! [16]:-[18], down-
on studying the long-term data rate achievable by the Volsaded data volume[[19], packet reception ratel [20], etc.
An analytical framework is developed to model the data digsmong the major techniques to enhance these performance
semination process using the proposed strategy, and a closeghsures, cooperative communications, including cooperation
form expression of the capacity is obtained, which reveals taenong vehicles[[18]5[21], cooperation among infrastructure
relationship between the capacity and its major performangmints [2], [22]-[24], and cooperation among both vehicles and
impacting parameters such as inter-infrastructure distana®rastructure points [15]/125]/[26], stands out as a popular
radio ranges of infrastructure and vehicles, sensing rangeamid important technique. In the following, we review work
vehicles, transmission rates of V2| and V2V communicationslosely related to the work in this paper.
vehicular density and the proportion of Vols. Different from The following work investigate cooperative communications
the single-Vol scenario studied in [13], when there are multiplamong vehicles in vehicular networks. In_[18], Zhu et al.
vehicles with download requests, the possible contention amave studied using multiple nearby vehicles to collaboratively
collision among vehicles in vehicular communications becong®wnload data from a RSU and analyzed the average down-
both important and challenging issue to study. Furthermofead time. In[[19], Zhou et al. have used a cluster of vehicles on
the work presented in this paper distinguishes from previotige highway to cooperatively download the same file from the
work [11], [12] in that we focus on an accurate analysis (versugrastructure to enhance the probability of successful down-
asymptotic analysis) of the capacity of vehicular networks witlad. In [21], Liu et al. have utilized the location information of
a moderate vehicular density and explore the combined wessch vehicle and cooperation among vehicles to maximize the
of V2| communications, V2V communications, mobility ofnumber of vehicles that successfully retrieve their requested
vehicles and cooperation among vehicles and infrastructuredi@ta in vehicular networks. In_[20], Das et al. have introduced
improve the achievable capacity of vehicular network, whereagoalitional graph game to model cooperative message sharing
the results obtained in previous work [11], [12] are onlamong vehicles in vehicular networks and propose a coalition
applicable when the number of vehicles or vehicular densityrmation algorithm to improve the packet reception rate and
is very large. reduce transmission delay.
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Cooperation among infrastructure points can be achieved Y
by caching different files into different infrastructure points S Y
to help moving vehicles download from the Internet.[In![22],
Zhang and Yeo have proposed a cooperative content distri- o l(f‘k’)) a (f"’h L_(,‘“’) i “i”i
bution strategy for vehicles by prefetching different data into Zl @ e B e B e -
some selected APs, so that vehicles can obtain the complete T Ty

data from those selected APs when traveling through their
coverage areas. Inl[2], Li et al. have proposed a heuristig. 1. An illustration of the system model for a bi-directarighway with
content distribution algorithm that caches data in differeﬁ}"aStF“C“"_e regularty deployed with equal distascdhe density and speed
. . . . of vehicles in each direction are, v1 and p2, vo respectively.
infrastructure points, to maximize the downloaded data size.

In [23] and [24], the authors utilized cooperative infrastructure

points in vehicular networks to maximize the success probakibnnected to the Internet through wired or wireless backbone
ity of download, utilizing greedy algorithm and integer lineajyith much larger capacity than the vehicular network.
programming optimization respectively. We adopt a widely used traffic model in highway [7].]27],

Studies considering both vehicular cooperation and infra2g] that the distribution of eastbound and westbound vehicles
tructure cooperation are comparatively scarce. By explorifgiows a homogeneous Poisson process with densitiend
cooperation among vehicles and inter-connected infrastructyrerespectively. It follows that the inter-vehicle distances in
points, Mershad et al. [25] have designed an optimum routiggch direction are exponentially distributed. This exponential
algorithm to reduce end-to-end delay for delivering a packgfier-vehicle spacing distribution has been supported by some
from a source to its destination; and Si et/al/[15] have designgghpirical study that it can accurately characterize real traffic
an optimum distributed data hopping mechanism to enabigitribution when the traffic density is low or medium [27].
delay-tolerant data routing over a vehicular network.[In [26q¢ high traffic density however, the Poisson model may no
Wang et al. have proposed a scheme that utilizes movipghger be accurate. Furthermore, as a ready consequence of the
vehicles to serve as relays to assist data dissemination t9uerposition property of Poisson processes [30], all vehicles
target vehicle, and the relay selection is conducted by thf the highway are also Poissonly distributed with density
cooperative infrastructure points. They focus on reducing the— ,, 4 5,. We assume that the proportion of Vols travel
transmission outage of the target vehicle. towards each direction ip (0 < p < 1). Therefore, \ols

In this paper, we propose a cooperative communicatigid helpers respectively have traffic dengipyand (1 — p)p.
strategy that explores the combined use of V2| communicgreover, we assume that eastbound and westbound vehicles
tions, V2V communications, mobility of vehicles and cooperarayel at a constant speed of andv, respectively. In reality,
tion among vehicles and infrastructure to improve the capacihividual vehicular speed may deviate from the mean speed.
of vehicular network, and analyze the data disseminatige will show later in the analysis that the capacity achieved

process and the capacity of the network. in this work does not depend on the speed distribution of
vehicles, and our analysis also applies to other time-varying
I1l. SYSTEM MODEL AND PROBLEM FORMATION speed model, e.g., Gaussian speed madel[[7], [31], as long as

In this section, we introduce the system model and assunife resulting spatial distribution of vehicles is stationary. The
tions used in the analysis, and also give a rigorous definiti§stem model is illustrated in Figl 1.
of the problem studied in the paper.

Spec_ially, we consider a scenario where some Vols (With \wireless Communication Model
proportion0 < p < 1) want to download large files, e.g.,

videos, from a remote server and the file to be downloaded b oth V2| and. vav communlcatlons are considered. Al
different Vol is different. Infrastructure points and vehicles are assumed to have the same

radio range, denoted by andry respectively. A pair of vehi-

cles (or vehicle and infrastructure) can directly communicate
A. Network Model with each other if and only if (iff) their Euclidean distance is

We consider a bi-directional highway segment with lengthot larger than the radio rangg (or r;) [16], [32]. There are

L where roadside infrastructure, e.g., RSUs, Wi-Fi APs ather more realistic and intricate connection models, e.g., the
LTE base stations, are uniformly deployed along the highw&INR connection mode[ [17], which implies the higher data
and separated by equal distanéel < L. The width of a rate or the larger probability to successfully transmit a packet
lane is typically small compared with the transmission rangehen the devices are close, the easier occur a wireless connec-
of vehicles. Therefore, we ignore the road width and mod&bn. Our adopted simplified unit disk model is a special case
multiple lanes in the same direction as one lane [7], [27]. Everfi the commonly-used random connection model in wireless
though the analysis is based on a straight linear highway, metwork [33], [34], where a receiver separated by a Euclidean
obtained result can be readily applied to each separate raigtancer from a transmitter receives the message successfully
in 2D/3D scenarios, e.g., grid 2D netwofk [17] and 3D multiwith a probability g(x), independent of transmissions by
level network [28], and the network capacity can be readilyther transmitter-receiver pairs, apfr) is a monotonic non-
achieved by adding up the capacity achieved from each sémereasing function ofr. This random wireless connection
arate road.We further assume that all infrastructure points anedel grossly captures the fact that wireless communications
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only occur between nearby devices, namely, the closer tascenario where some Vols (with proportidr: p < 1) want
devices become, the easier (with higher probability) it is fdo download large files, e.g., videos, from a remote server and
them to establish a connection. the file to be downloaded by different Vol is different. Each
We consider that each vehicle has a single antenna and theguested large file by the Vols may be first split into multiple
cannot transmit and receive at the same time [10], [35]. Tipdeces and transmitted to different infrastructure points such
antenna is omnidirectional so that the signal transmitted kiyat each infrastructure point has a different piece of that file,
a vehicle is able to reach all the potential receivers within itghich enables cooperation among infrastructure. Each piece
coverage. It has been shown in [8] that whether adopting Hatff data delivered to infrastructure may be further split and
duplex that does not split the channel resources, or adoptiransmitted either directly to the corresponding Vol requesting
the Frequency division duplex (FDD) that would break uijt or to helpers when they move into its coverage so that Vols
the channel into two sub-channels to allow simultaneoasd helpers have different pieces of data. Each helper may
transmitting and receiving, does not affect capacity calculatiostore data for different Vols. We assume there is a central
Besides, we consider a unicast scenario and assume that egeher that has full knowledge of the network topology and
infrastructure (or vehicle) can only transmit information to oneata transmission process to guarantee that the data the helpers
vehicle at a time. Both broadcast (or multicast) and unicast aezeive from infrastructure is the data required by the \ols
important in vehicular networks [86]. For some safety-relatetiey will encounter. This assumption, which may cause large
applications, e.g., disseminating a message about an accideintless communication overhead, is required to establish the
on the road, or when some vehicles request a common contemiximum data rate, i.e., capacity, that can be achieved by the
it is better to use broadcast (or multicast) to inform as manpls because it assumes a perfect scheduling of data items
vehicles as possible. In addition to broadcast, unicast is afeo both V21 and V2V communications. Some practical issues
important and commonly adopted in vehicular networks tike out of sequence data delivery and missing packets can
transmit data from a single source to a single destination [18f handled by techniques such as network coding (e.g., our
[37]. The scenario being considered in this paper correspormevious paper [40]) so that we can focus on the main theme
to a unicast scenario because each Vol requests distinct contérnthe paper without the need for considering their impacts.
from the Internet. In addition, as the major focus of this workherefore, when the Vols are in the coverage of infrastructure,
is to investigate the impact of the topological aspects of tlleey receive data directly from the infrastructure. In the
vehicular network on the achievable capacity, similar a$ [16heantime, the helpers may also receive different pieces of
[27], [28], we ignore the packet loss issue. We refer readatata from the infrastructure when they obtain access to the
to [38], [39] for relevant work on packet loss. infrastructure. When the Vols move outside the coverage of
We further assume that V2l and V2V communicationfrastructure, they may continue to receive data from helpers,
are allocated different channels so that there is no mutwploiting the mobility of vehicles and V2V communica-
interference between them. For V2V communications, CSM#ons. In this way, V21 communications between the \ols
media access control (MAC) protocol is adopted with sensirggnd infrastructure, between helpers and infrastructure, V2V
rangeR.. Moreover, we assume V2| and V2V communicateommunications between the Vols and helpers, cooperations
at a constant data rate; and wy respectively [[3], [[9]. among infrastructure and among vehicles, as well as vehicular
This simplified channel model allows us to omit physicahobility are coherently combined to maximize the capacity
layer details and focus on the topological impact of vehiculaf the Vols. We do not consider the case that Vols share
networks on the capacity. We will show later in the simulatiotheir received content with others during V2V communication
that for time-varying channels, the valueswf andwy can as it does not improve the capacity considering the fact that
be replaced by the respective time-averaged data rate of \d#ferent Vols request different files in our considered scenario,
and V2V communications and our analysis still applies.  and the fact that a larger number of relay nodes, which leads
We consider a V2I transmitting scheme that infrastructute a larger number of hops between the source and destination,
will transmit its data to Vols first, i.e., helpers can receivig detrimental to the achievable capacity [9]. Even though
data from infrastructure only when there is no Vol within théne proposed cooperative communication scheme is simple,
coverage of infrastructure. This V21 scheduling scheme makai$ the major topological parameters have been taken into
the Vols achieve the maximum data rate from infrastructureonsideration.
For V2V communications, helpers function as transmitters and
\Vols as receivers. A transmitter can choose a receiver from )
either direction within its transmission range. We limit bot/- Problem Formation
V2l and V2V communications to one-hop. Allowing multi- Now we give a formal definition of the capacity considered
hop communications is expected to has marginal improvemeémthis paper. Consider an arbitrarily chosen time intefval]
on the achievable capacity, which has been verified by oamd denote the amount of data received by all VolsDast)
simulation result and the reason is discussed later in thering this time interval, which includes data received both

simulation section. directly from infrastructure and indirectly from helpers. The
) o superscripty € ® denotes a scheduling algorithm used to
C. Cooperative Communication Strategy schedule V21 and V2V communications afiddenotes the set

Now we introduce the cooperative communication strate@y all scheduling algorithms. In this paper, we are interested in
considered in this paper. As mentioned previously, we considerding the maximum average data rate, i.e., capacity, achieved
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; One Gycle,with lengih d ; that Vols’ V2I communication with/; happens during the
et —— R ith time slot[(i — 1)At,i/At). Recall that to make the Vols
! 'f(‘l.’z)“l - = : - e - ‘;«R))_ achieve the maximum data rate from the infrastructure, we
! T o o . :

vy p1, b [ ® Jolper adopt a V2| communication scheme that infrastructure delivers

its data directly to the Vols as long as there are Vols within
Fig. 2. An illustration of onecycle, which includesv2l AreaandV2V Area  its coverage. Therefore; (i) is equal to 1 when there exist at

least one Vols within the coverage &f during theith time

slot; otherwise it is equal to 0. This follows that the maximum

by the Vols using our cooperative communication strate ,pected amount of data the Vols can obtain from one cycle

denoted byy, which is mathematically defined as follows: ~through V2I communications during time periga ¢] can be
calculated by (ignoring the trivial fact tha& may not be an

DX(t i .
7 = maxn* = max lim ( )_ (1) integer):
xed XED t—oco T .
IV. ANALYSIS OF THE CAPACITY Dy (t) = Jim B w; -2—1 q (i) At 4)

In this section, we will give detailed analysis of the achiev- . - . . :
able capacity by the \ols, including analyzing the capaci According to th? ergodlc;lty and stationarity prgpemes of
achieved directly from infrastructure through V2| Communicﬁomogeneous Poisson point process [42], the time average

tions and the capacity achieved indirectly from helpers throu@)tl a (Z_) IS equal to the probability that there is at Ieas_t one
V2V communications. ol within the coverage ofl; at a randomly chosen time

We define the area covered by one infrastructure porﬂf)t’_ deno_ted byG1. Con3|_der|ng the P?lsson d's”ﬁ’“g",’” of
ehicles, it can be readily shown that = 1 — e PPo"1,

(termedV2l Areg and the adjacent area between two conse}- refore. we hav
utive infrastructure points but not covered by the infrastructu @e elore, we have

point (termedV2V Ared as acycle which has lengthi. See lima, o E (Zﬁift 0 (i)At)
Fig.[2 for an illustration. It follows from the renewal theory lim - =G =1—e PP,
[41] that the long-term achievable capacity by the Vols from troo t (5)

each cycle, denoted by, is identical and the total capacity ) ) )
achieved in a given highway segment with lendth> d can  Combing [#){(5), we have the long-term capacity achieved by
be readily calculated by (ignoring the trivial fact thatmay the Vols from one cycle through their V2I communications:

not be an integer): D t
ger) I lim var(t)

17 = —Meyel 2 t—00 = wy (1—e7PP7r). (6)
= g loycle:

From [2), to calculate the total capacity achievable by th& Capacity achieved by Vols from V2V communications
Vols from a highway segment with length, it suffices o Note that the data received by the Vols from helpers

calculate the capacity achieved by the \ols from one cyclgyough V2V communications eventually comes from the data
which includes capacity achieved both from V2I communicggceived by the helpers from infrastructure during their V2l

tions and V2V communications, given as follows: communications. Therefore, the amount of data the Vols can
. Dya(t) _ Dyav (1) receive from \/2V communications during time peri@d¢],
Neycle = tlgn —7 + tlgn , (3) onone hand, is constrained by how much data the helpers can
o oo

_ . receive via their V2| communications during time per{od];
where Dy (t) and Dyay (t) are respectively the maximumon the other hand, is limited by how much data the helpers
expected amount of data received by the Vols from infrastrugan transmit to the Vols through V2V communications during

ture in the V2I Area and from helpers in the V2V Area duringime periodt. Taking the above two constraints into account,
time periodt. In the following, we will focus on studying we have the following results:

one cycle entirely contained within the highway segment of ) )
length L, termed thecycle of interestWe will first calculate Theorem 1. The capacity the Vols can achieve through V2V
the two terms on the right hand side & (3) separately, af§Mmmunications from one cycle is given by:
then combine both terms to obtain the final expression of the  Dyoy (1) . . Dr_u(t) .. Dy(t)
————= =min4 lim , 1 , (1)

achievable capacity. tliglo

t—o00 t t— 00 t

) ) o where D;_y(t) is the expected amount of data received by
A. Capacity achieved by Vols from V2| communications  hejners from one cycle through their V21 communications
Without loss of generality, we call the infrastructure poindluring time period[0,¢] under the optimum scheme, and

located in our cycle of interesf;. We assume that time Dy (¢) is the maximum expected amount of data the helpers
is divided into time slots of equal length\t, and At is can deliver to the Vols through V2V communications in the
sufficiently small that we can approximately regard vehicles 2V Area during time period0, ¢] without considering the
stationary during each time slot. Denote fyi),i = 1,2,... limitation of the amount of data received by helpers from the
a discrete random variable representing the fraction of tinmefrastructure.
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Since the bottleneck is either in the V2V communications Denote by Nx(i) the number of simultaneous helper-
between \Vols and helpers, representediby_, ., DVt(t), orin Vol pairs in the V2V Area during the-th time slot[(i —
the V21 communications between helpers and infrastructudg /¢, i/At), where the superscript € ® denotes the schedul-
represented bylim;_, DI%H“), the proof of Theoreni]l ing algorithm that selects the simultaneously active helper-Vol
follows readily. More specifically, imagine the V2V com-pairs andd denotes the set of all scheduling algorithms. Using
munication process between helpers and \ols as a sindfe analysis in([9], it can be shown that:

queue queuing system. The rate the helpers receive data from Dy (t) . DY(t)

infrastructure Jim_, o DI*tH(t ,is equivalent to the incoming 50— ¢ yed Jim —

rate of the queue. The rate helpers deliver data to the Vols, . /A ATy (s

lim 0o 22 s equivalent to the processing speed of the ~ max lim wy limai—o B (Zi:l Ny (Z)At)

gueue. The outgoing rate of the queliey;, - DV%(”, is XEP t—o0 t

equal to either the incoming rate or the processing speed. = maxwy & [NYT, (11)
X

From Theoreni]l, to obtain the capacity achieved by the
Vols through V2V communications with the helpers from onwhere E [NX] is the expected number of simultaneously
cycle, it remains to calculate the long-term data rate achievaefive helper-Vol pairs in the V2V Area at a randomly chosen
by the helpers from one cycle through their V2| communicdime slot assuming scheduling algorithpm -

tions, limy—; oo D’%H(t), and the maximum long-term data rate From [11), the maximum value ofim; . —=7= is
the Vols can achieve through V2V communications from orgehieved when using an optimum V2V scheduling algorithm

cycle without considering the limitation of the amount of datflat schedules as many active helper-Vol pairs as possible.
the helpers receivedim;_, th(t)_ In the following, we will Therefore, in the following analysis, we shall establish the op-

calculate these two terms separately. timum V2V scheduling algorithm and the maximufh| N)|

1) Calculation of lim, Dr_n®. banote by ¢o(i) @ that can be achieved by the algorithm. Specifically, we will first

— 00 t - . .
discrete random variable, which is equal to 1 when helperfgnd an optimum V2V-scheduI|ng schem_e, denoted)by;, .
V2l communication happens during thieth time slot [(i — that leads to the maximum number of simultaneously active
AGIA0, 112 olhemise 15 caual 100 Smiar o ST, PO, w1 ben caiete [ e
the analysis in secti , we have " . X .
y the left boundary point of the V2V Area, i.e., the point to the

o a(t) wr limayo E (Zﬁﬁt qQ(@')At) right of infrastructure poinf; and at a distancey to I3, as the
tlim 7t = tlim ; origin of the coordinate system, and the east (right) direction
o o (8) as positive 4-z) direction. The following theorem summarizes
= wWrq2,

the optimum scheduling scheme.
whereg; is the probability that helpers’ V2I communicationrpaorem 2. An optimum scheduling schemg,:, which leads
happens at a randomly chosen time slot. Note that an infras-he maximum

: ; ; number of simultaneously active helper-Vol
tructure point only delivers its data to helpers when both @b in vy Area is as follows: select active helper-Vol pairs
the following conditions are met: (i) there is no Vol within

) - : O in order from left to the right. First, choose the first helper
its coverageand (ii) there is at least one helpers within itsy 16 right of the origin that has at least one Vols within its
coyerage._ThUSq_g can be readily calculated by using th(?:overage as the first transmitter, and the left-most Vol within
Poisson distribution of the Vols and the helpers: the coverage of that helper as its receiver. The next transmitter
Gp = e~ PP2TI (1 B e_(1_p)p27.,) — ¢ TPPIT _oh2r(g) is the nearest helper to the current transmitter, and satisfies the
following conditions: 1) the distance between this helper and
Combing [[8) and[{9), we have: the current transmitter is no smaller tha®,; 2) it can find at
Dr u(t) Ieast_ one Vols within its coverage, which is dlfferen_t from the
lim —————= = w;g = w; (e‘p’ﬁ” — e"ﬁ”) . (10) receiver of the current transmitter. If there are multiple Vols,
=00 t always chooses the leftmost Vol. Repeat the above process
2) Calculation oflim;_, th(t): In this subsection, we until the rightmost border of the V2V Area is reached.
analyze the maximum data rate achieved by the Vols through
V2V communications from one cycle area without consideri
the amount of data each helper has.

0 Proof: See Appendix A. ]
Igemark& Note that the optimum scheduling algorithm that
Recall that for V2V communications, we adopt csmaachieves the maximum number of active helper-Vol pairs may
multiple access protocol with sensing rangle. Therefore, "t be unique. _
a helper within the V2V Area can potentially be chosen as Now we calculate the maximum expected number of
one of the simultaneously transmitters when there is no otHglper-Vol pairs,E [N5°*], and the corresponding value of
helper transmitting within its sensing rangad there is at lim; DVt(t) under the optimum schemg,:.
least one Vols within its transmission range. We call a helper,Denote byS), € [0,d—2r/],k = 1,2, .... the position of the
together with the Vol that the helper transmits to, aotive k-th transmitter (helper in the active helper-Vol pair) under the
helper-Vol pairiff this helper is chosen as a transmitter andptimum scheduling scheme,,;. Denote byL;,k = 1,2, ...
chooses this Vol within its transmission range as its receivéhe distance between theth and the(k + 1)-th transmitter,
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' V2V Area, with length d-2r; K [Sk + Re,min {Sk+1,d — 2rr}). The probability mass func-
IL(;' L - e L: { | tion of my, is given by:
Si S Sk Sk+1 Pr(my =1)~1— e PP, (14)

Fig. 3. Anillustration of the distribution of distances beew two consecutive and for m > 2,
simultaneous transmitters.
Pr(my =m)

zefpp%"g (p o p€7p2’r0) (1 —p +pefp2r0 (15)

m—2
and L the distance between the first transmitter and the origin. ) '
See Fig[B for an illustration. It is straightforward thiat, k = Moreover, when. > 2rq, the approximation ir{14) and (15)
1,2, ... are identically and independently distributed (i.i.d.) angecomes accurate and can be replaced by equality.
are also independent df,. Note that the distribution of.
is not the same as that @fy, k = 1,2, .... This is due to the
fact that when selecting the first transmitter assuming, we Theorem 5. Under the same setting as that described in
directly choose the first (leftmost) helper witHin d—2r;] that Theoreni#, the distance between the first transmitter and the
has at least one Vol within its coverage. In contrast, when origin under the optimum scheduling schegg:, Lo, has the
1, we select thek-th transmitter from helpers located withinpdf as follows:

[Sk—1 + R.,d — 2r;], which imposes an additional condition 0o
that Ly > R.. It can be shown that the expected number of  fr,(x) = Z f(x;m, (1 —p)p) Pr(mg =m), (16)
helper-Vol pairs,E [N5°*'], is exactly the expected number m=1
of renewals of a renewal COUnting process in the V2V ArGWhere mo is the (random) number of he|pers within
with a delay length o[ L] (asLy has a different distribution (0,51) with distribution: Pr(my = 1) = 1 —
from Ly, k = 1,2,...) and each renewal has an average Ieng(l@ — p+4 pe=Pro)ePrro: and form > 2,

E[Ly),k =1,2,.... Using the renewal theory [41F [N, ] . - _
can be calculated as follows: Pr(mo=m) = e (1 —c1)e"? (1 —p+pe ),

Proof: See Appendix B. ]

wherec; = 1 — p + pe=P?70,

o] n—1
E [Ngopt] - ZPT(Z Li < d—2rp), (12) Proof: The cdf of Ly can be derived using the same
n=t =0 method as that used in the proof of Theorlgm 4. Particularly,
An alternative way of obtaining{12) is by noting that theve haveL, = > lo;, and in this case, defink; =
inner term of [AR), i.e.Pr(>X1 ") Li < d — 2r7), gives min{los,2ro},i=1,..mg —1, hoo = min{lo,0,70} + 7o,
the cumulative distribution function (cdf) of the maximurnd definefly ., = 327" ho; + ho,o. See proof of Theorem
number of simultaneously active helper-Vol pairs assuming tefor definitions of these parameters. The proof followss

optimum scheduling,,:. It then follows that the summation From [13) and[(16), we can see that the pdfiof and

of the cdf gives the expected value & °*". L,k = 1,2,... are both in the forms of rather complicated
Equation [I2) shows that to calculaté[N;“’Pf] we first expressions. Accordingly, the computation of the distribution
' n—1 . . . B
need to calculate the distribution of eaéh,k = 0,1,2,.... of > .y Li,n = 1,2,..., which is required for computing

The following two theorems characterize the probability derf? [V, ***] and relies on the joint the distribution dfy.,n =

sity function (pdf) of L, denoted byf;, (z),k = 1,2... and 1,2,....,can become even more intricate. In our case, assuming
the pdf of L, denoted byfr, () respectively. that d is much larger compared with the distance between

) o ) ~ two consecutive simultaneous transmitters, i.e., we libye
Theorem 4. Consider a bi-directional vehicular network with 17, 1 1t is then reasonably accurate to calculate the value
vehicular densitiep; and p», with p percentage of vehicles of 1 [NX>r] approximatelyusing the Elementary Delayed

being the Vols and the remainirig- p percentage of vehicles Renewal Theoreni[41, Theorem 5.8.4], shown as follows:
being the helpers. Furthermore, each vehicles’ radio range d—9r
- I

is 7o and sensing range ik.. The distance between two E [Ngom} ~ ,
consecutive transmitters (helpers in two consecutive active E[Ly]
helper-Vol pairs),Lj, k > 1, under the optimum schedulingwhere only the expected value b, k = 1,2, ... is needed. In

(17)

schemey,,:, has the pdf as follows: the following, we first calculate the expected value/f & =
1,2, ..., and then use the obtained result/fL;| to calculate
fr,. () E [Ny*].
2% f(z — Reym, (1= p)p)Pr(my =m), x> R, According to the pdf of.;, prqvided in [IB), the expectation
= » of Ly, k=1,2,... can be readily calculated as follows:
0 r < R,
(13) o
ElLi)=E|Rc+ > lpi
\é\/_herg f.‘(x;k,qr)1 ? % |ks thg pdf of Erlang L
istribution with shape parametek and rate parameter R B Ll p o
a, and my is the (random) number of helpers within ¢ erzzl ; ki | Prime =m)
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o0
m . . .
— R+ Z Pr(mg =m) a P0|ss_on process, our analysis assuming _the constant speed
— (I—p)p model is also applicable to other time-varying speed model,
P — pe=P2ro 4 e=PP2ro e.g., Gaussian speed modél [7], as long as the resulting spatial
= Rc + A= plop (1 — e’ (18) distribution of vehicles is time-invariant, i.e., stationary.

' . mark?7. In the extrem when all vehicles hav wn-
where the first step results by usiig](24) and the second s ee a the extreme case when all vehicles have do

is obtained by using the total probability theorem; the thiré’gd requests, i.e., whep = 1, the achievable capacity

. . _ . fom one cycle i = = wy (1 —e~P?71), which
step is obtained due to fact tha?" ' i, is the sum ofm . yele iSncycie = maz = wi ) .
s . . =0 ** 1 .. is exactly the achievable capacity when all vehicles directly
i.i.d. exponential random variable with meap——, which is . . : :
: ) .~ . receive data from the infrastructure without cooperative V2V
independent ofny; and the last step results by plugging in . . .

. communications. It can be further established whéngreater
Pr(my, =m) shown as[(35) than a certain threshold, cooperative V2V communications
Putting [I8) into [(1I7) and simplifying it, we have '

between the helpers and the Vols are of little use in boosting

E [Ngopf] the capacity. This can be explained by that in the partic-
(1 —p)pp(1 — e=#270)(d — 2r;) ular scenario considered in the paper, all new data comes

2(1 —p)pp(1— PP )R, + p — pe—2r0 + e—prEro (19) from outside the vehicular network. V2V communications
o P ¢ between the helpers and the Vols only help to extend the
Combining [11) and[(19), we have: communication range of the Vols when there is no Vol in the
. Dy(t) infrastructure’s coverage and balance data among the \ols,
,}HEO t but cannot increase the net amount of data available in the
wy (1 — p)pp(1 — e~ P20)(d — 2r;) vehicular network. Therefore, when the density of the Vols is

- (1= p)pp(1 — e P270)R, + p — pe—P270 + e~ Pr2ro’ (20) high, the probability that there is no Vol in the infrastructure’s

coverage is negligible and thus it is more beneficial for the

C. Achievable capacity Vols to retrieve data directly from the infrastructure. In this
| : . ' : . situation, V2V cooperative communications offer little benefit
n this subsection, we first give the final result of th?n boosting the vehicular network capacity. Unsurprisingl

capacity achieved by the Vols by combing the results frolfn 9 pacity. P gy,

. : . llowing the argument outlined earlier, when the vehicular
Sectior IV-A and1V-B; then we analyze the capacit ach|eve§ oS . ’
y pacity nsity is sufficiently large, even for a small valuefthe

by eastbound and westbound Vols separately to demonstrate

the relationship between capacity achieved by eastbound é)r?cri]eﬂt of V2V cooperative communications vanishes very

westbound Vols and their vehicular density. quickly. This can be also validated usifg(21).

1) Total Achievable Capacity:Combining the capacity 2) Capacity achieved by eastbound and westbound Vols :
achieved by the Vols from V2l communications and V2Vn this subsection, we analyze the capacity achieved from one
communications from one cycle with length shown in cycle by all eastbound and westbound Vols separately, denoted
Section[TV-A and[1V-B, the total capacity achieved by th®Y 7. andmn,, respectively. The following theorem summarizes
\Vols from a highway segment with length can be readily the results.

obtained as follows: Theorem 8. The capacities achieved from one cycle by

n=2 tim Dy21(t) + Dyav (t) the eastbound and westbound Vols, are proportional to the
d t—oo t traffic density of eastbound vehicles and westbound vehicles
I . . : _
_L min{wl (1= er2rr), respectively, which are given by:
P1
. = Teycle- , 22
w; (1 _ 67pp2”) 4 ’wvcg(d — 27"]) 7, Teycle p1+ p2 ( )
CQR(: +p - pe_pQTO + e—pp2ro ’ and
(21) _ P2
Thw = Neycle™ -~ (23)
wherec; = (1 — p)pp (1 — e=#?"0). P17 P2
Remarks. It is interesting to note froni{21) that the achievable ~ Proof: See Appendix C. .

capacity does not depend on the speed of vehicles, whiRemark9. It is interesting to note that the capacities achieved
appears to be counter-intuitive at the first sight. This cadiy Vols traveling in each direction are strictly proportional to
be explained from the data dissemination process. [As (BE vehicular densities of that direction respectively. This can
and [11) show, both the capacity achieved by the Vols frobe explained by that when the vehicular density in a direction
infrastructure and from helpers only depend on the spatiatreases, there is a higher chance for the Vols travel in that
distribution of vehicles. In our system, the vehicles’ arrivalirection to communicate with the infrastructure and to receive
follows a Poisson process and the vehicles move at a constaotre data indirectly from the helpers via V2V communication.
speed. Therefore, the spatial distribution of the vehicles ahs a Vol travels in a direction is statistically indistinguishable
both stationary and ergodic_[42] (ignoring the finite lengtfrom another Vol travels in the same direction, this result sug-
of the road segment). It follows that the capacity that cangests that the achievable throughput by a (any) Vol, no matter
be achieved by the \ols is independent of vehicular speethich direction the Vol is traveling in, will be statistically the
This observation implies that when vehicles arrive followingame.
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Fig. 4. A comparison of the expected number of simultanecastiye helper-

Vol pairs in one V2V Area with respect to the proportion of Vgibetween Fig, 6. Relationship between capacity, distance between adjacent infrastruc-
simulation and analysis, for different sensing rang&s ture points and vehicular density.

Fig. [3 also reveals the relationship between the capacity
: and the proportion of Vol, and shows that the capacity
: increases to its maximum value when the proportion of Vols is
: . - larger than a certain threshold. Beyond that threshold, a further
B v O P G prtion st vl increase inp has little impact on the capacity. Specifically, as
() Case ofR. > 2ro (b) Case ofR. < 2ro shown in Fig[5(3), whem is small, the capacity increases
sharply with an increase of; however, whenp increases
Fig. 5. A comparison of thg capacities achieved from one cycle by all Vo'beyond a certain threshold, e.0,=0.08 in this case, a further
by Vols in the eastbound direction and westbound direction. . . . . .
increase inp has no impact on the capacity. This can be
explained by that whem < py,, the number of \ols is
insufficient to retrieve all the data received by the helpers
from their V21 communications. That is, vehicular networks
In this section we conduct Monte-Carlo simulations toffer more data (capacity) than that can be retrieved by the
establish the accuracy of the theoretical analysis and discie$s and the capacity is limited by the V2V communications
its insights. Specifically, we set the length of a highwagetween the Vols and the helpers. Therefore, an increase in
segmentL=100km. Eastbound and westbound vehicles moyewould significantly increase the number of simultaneous
at constant speeds ofi=20m/s andv,=25m/s respectively. active helper-Vol pairs and consequently boost the capacity.
The radio ranges of infrastructure points and vehicles arwever, when the proportion of Vols reaches a certain
400m and 200m (typical radio ranges using DSRCI [199hreshold, Vols can retrieve almost all the data received by
respectively. The data rates of V2| and V2V communicatiortBe helpers from their V21 communications. In this case,
are wy=20Mb/s andwy=2Mb/s. Each simulation is repeatedhe capacity achieved by the \Vols approaches its maximum
2000 times and the average value is shown in the plot. 74 = wr(1 — e~*?"7), which is equal to the average data
Fig.[4 shows a comparison between the expected numbaie the infrastructure point delivers its data to all vehicles,
of simultaneous active helper-Vol pairs in a V2V Area fronincluding both Vols and helpers.
analysis and simulation, under three different sensing rangesig. [ demonstrates the relationship between the capacity
R.. It is shown that the analytical result match perfectly witnd the inter-infrastructure distance, and gives insight into
the simulation result wherR, > 2ro. When R, < 2r9, the optimum vehicular network infrastructure deployment in
there is a marginal gap between the simulation and analyticalms of their inter-distances under different vehicular density.
result, and the gap reduces with an increasg. dfhis is due It is shown in Fig.[6(3) that when the vehicular density
to the fact that whenR. < 21y, other things being equal,is small, a largerd will lead to a larger capacity achieved
with an increase op, the density of helpers becomes smallefrom one cycle because a largewill increase the capacity
Therefore, it is less likely to occur the scenario discussed in thehieved by the Vols from V2V communications with helpers.
proof of Theoreni ¥ that the Vol of thieth (¢ > 1) helper-Vol However with an increase of, the capacity achieved by
pair is located within the coverage of the help&r;, helper the Vols from one cycle under different values éfdiffer
Vi,2, - -. Consequently, the approximations usedlinl (14) andarginally and converge to the same maximum value. This
(15) become more accurate. Furthermore, as expected, a higla@r be explained by that whenis large, most of the Vols
value of sensing rangg. results in a lower expected numbekcan receive data directly from the infrastructure, and the
of simultaneous helper-\ol pairs. contribution from V2V communications with helpers becomes
Fig.[d shows a comparison of the capacities achieved frdess significant. Even though an increaselimould help to
one cycle by all Vols, by all eastbound Vols, and by alboost the capacity achieved from one cycle when the vehicular
westbound Vols. Both Fid. 5(a) and Fig. §(b) show that theensity is small, Fig[ 6(b) shows that the total achievable
analytical results match very well with simulations. Furtheeapacity decreases with an increasé.ofhis is due to the fact
more, it can be seen that the capacity achieved by the V&t an increase id on one hand brings marginal improvement
traveling towards each directiom and n,, respectively) is on the capacity achieved from one cycle, on the other hand,
exactly proportional to the traffic density in that direction, a# reduces the number of cycles, which consequently leads
predicted by Theorei 8. to a reduction in the total capacity. Furthermore, it can be

™ '
O SIMUinigc -
—— ANA

V. SIMULATION AND DISCUSSION
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Fig. 7. A comparison between the capacity achieved from one cycle, wiig. 9. A comparison between capacity achieved from one cycle when
and without cooperative communications. allowing one-hop communication and multi-hop communications.
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Fig. 8. A comparison between the capacity achieved from one cycle assumiig. 10. A comparison between capacity achieved from constant channel and
our proposed strategy and that assuming the strategy proposed in [26]. time-varying channel which considering Rayleigh fading and path loss.

seen that to achieve the same capacity, when the vehiculavehicle can be chosen into a cluster if and only if it can
density is larger, the inter-infrastructure distance needs to &@nnect to a Vol via a multi-hop path. It can be seen that our
higher. Therefore, when determining the optimum deploymestheme achieves better performance in terms of the achievable
of vehicular network infrastructure, it is important to takeapacity than that proposed in [19]. This is due to the fact
the vehicular density into account, e.g., in areas where ttt in [19], the authors only used the cooperation among
vehicular density is usually large, by utilizing a cooperativeehicles moving in the same direction and within the same
communication strategy, the number of infrastructure pointtuster of the \Vols, while in our strategy, both cooperation
can be reduced. among infrastructure and cooperation of vehicles traveling in
Fig.[@ compares the capacity from one cycle using our ceach direction are utilized to help the Vols’ download, which
operative communication strategy (labeled as With Coop) withnproves the capacity achieved by the Vols.
its non-cooperative counterpart (labeled as Without Coop),Fig. [ compares the capacity achieved by allowing only
and shows that our cooperative communication strategy ocame-hop communication and allowing bdtthop ¢ = 2, 3,5)
improve the capacity, even when there is only a small pr&d2l communications between the Vols and infrastructure and
portion of vehicles with download requests, i.e., a small k-hop V2V communication between the Vols and helpers. It
The result for the non-cooperative counterpart is obtained syshown that allowing multi-hop communications beyond one
letting the Vols only receive data from infrastructure. It isiop has little impact on the capacity. This can be explained
shown that with an increase in, the proposed cooperativeby the fact that in the specific scenario being considered,
communication strategy becomes less effective in improvitigere are only a subset of vehicles with download request
the capacity. This is due to the fact that a largeleads to (Vols), all other vehicles (helpers) assist the Vols to receive
a smaller number of helpers, which results in a reductionore data. Any new data in the vehicular network must
in the amount of data the helpers can help to retrieve frooome from the infrastructure. Therefore, allowing multi-hop
the infrastructure. Thus, the contribution to the capacity from2V communications only helps to balance the distribution
the proposed cooperative communication strategy beconoésnformation among vehicles but does not increase the net
less significant. Furthermore, we can see that under the saangunt of information available in the network. The marginal
network setting, without using the cooperative communicatiancrease in the achievable capacity comes from multi-hop V2|
strategy, only when all vehicles have download requests, i.eommunications between the Vols and infrastructure, because
p = 1, the maximum capacity),.. = w;(1 — e~??"1) can it allows the Vols to have longer connection time (via some
be achieved. In contrast, with the cooperative communicatioriermediate vehicles) with the infrastructure. This increase
strategy, this maximum capacity,... can be achieved evenonly occurs when the proportion of Volg, is smaller than a
when a small proportion of vehicles have download requestisreshold, e.g.p;, = 0.06 in the considered scenario.
This validates the effectiveness of cooperative communications=ig. [I0 compares capacity achieved from the constant
to boost network performance. channel model with that from the time-varying channel model,
Fig.[8 compares the achievable capacity assuming our pemd shows that our analysis under the constant channel
posed cooperative communication strategy (labeled as Coamdel is applicable to a more realistic time-varying chan-
with that assuming the strategy proposed [inl [19] (labelew] model. Specifically, for the time-varying channel model,
as ChainCluster). Specifically, the strategy proposed_in [18 adopt the model used in_[35] that considers Rayleigh
utilized vehicles moving in the same direction as the targitding and path loss, from which the transmission rate
vehicles (Vols) to form clusters to help the Vols’ downloads given by wI = Byrlog, (1 + P1|6di‘2|2) and wg/ =
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By log, (1+ Py|Bd;;*|?), with the bandwidth and transmit SeA A ea Ao ode
power of each infrastructure and vehicle beiBg=40MHz, voon s 4 Hies
P;=52dBm and By=5MHz, P;,=20dBm [43] respectively. (2) Results under the proposed selection schgg)e
Parameters is a Gaussian random variable with mean 0 and

variance 1 and);, d;; are the distances between a vehicle and 0 Yv,oon Yer Ve

its associated infrastructure point, between vehicle and vehicle (b) Results under another selection scheghe

Wher? (.:().ndUCting V2l and V2V communications respeCtiV?|¥—ig 11. Anillustration of the distribution of simultaneous transmitters, where
By dividing the total coverage length of the transmitter (ing,¢'yiangular point represent the helpers that are chosen as simultaneous trans-
frastructure or vehicle) intd{ (here we seti=1000) small mitters and the dots represent the helpers that are not chosen as transmitters.
segments, the average channel throughpugnd wy in the

time-varying channel model can be obtained by averagin L

the transmission rates of all segments. This obtained avergg a that has _at least one Vol within its coverage. Therefore,
throughputw; andwy are then used in our constant channd follows _readlly thatX, < 7. .

model. It is obvious from Fid._10 that the achievable capacit Assuming thatX, < Yj when k. = mn Z. 1, we wil

from the above two channel models match each other. THi&CW thatX,.1 < Ynii. We consider two different cases:
phenomenon can be explained by equation (21) which shotyg+1 = Yn aNdXniq > ¥ . .

that the achievable capacity is a linear functionwef and () CaseXny1 < V5! in this case, it can be readily shown
wy. Then, it follows thatE[n(wr, wy)] = n(Elws], Elwy]), DaXni S¥n<Voir .
which implies that for time-varying channels, the time-varyin (i) Case Xny1 > Yo in this case, gnder the scheduling
values ofw; andw,, can be replaced by the respective time2CNeMEXopt, the (n + 1)-th transmitter is theearest helper

averaged throughput of V21 and V2V communications and ot the _”g_ht of thde.t?.l'th _Vf‘_”sm'ttte.; s?:sfymg _smultaneo;:ih
analysis still applies. ransmission conditions: it is outside the sensing range of the

n-th transmitter who are located af,, and has at least one
Vol within its transmission range that is different from the
VI. CONCLUSIONS Vol that then-th transmitter transmits to. Therefore, there is

In this paper, we analyzed the capacity of vehicular net? helperb within road segmefiX,, X,1) that can transmit

works with a finite traffic density adopting a cooperativé'mU|taneOUSIy' ¥nt1 < Xn+1, @ coONtradiction must occur.

communication strategy, which utilizes V2I communicationg-,hus’X”+1 < Yoga.
Therefore, X, < YY) holds for anyk = 1,2, ...

V2V communications, mobility of vehicles, and cooperation ) . .
_It readily follows that the number of simultaneous active

among vehicles and infrastructure to facilitate the transmi Ioer-Vol bai der” t be | h | to that
sion. A closed-form expression of the achievable capacity g'PEr-Vol pairs undek: must be 1ess than or equal to tha

obtained. Our result showed that the proposed cooperat%derxopt'
strategy can improve the capacity of vehicular networks, and

the improvement is more pronounced when the proportion

of vehicles with download request is low. Moreover, our Recall that we denote by < [0,d — 2r;],k = 1,2,...
result sheds insight into the optimum deployment of vehiculf}€ Position of thek-th transmitter in the V2V Area and
network infrastructure and the design of cooperative commft: ¥ = 1,2, ... the distance between thteth and the(k +1)-

Denote byV}, 1 the first helper located in the road segment

[Sk + Re,d — 2rf], by Vi o the second helper, and so on.
APPENDIXA: PROOF OFTHEOREMIZ Denote byl ;,i = 1,2, ... the distance between helpérs ;
Recall that we set the point to the right of infrastructur@nd Vi.i+1 and by iz the distance between helpé ,
point I; and at a distance; to I (the left boundary point @nd the pointSy. + R.. See Fig[B for an illustration. As
of the V2V Area) as the origin of the coordinate system, arf) €asy consequence of the Poisson distribution of helpers,
the right direction as the positiver-) direction. Denote by kit =1,2,... follows identical and independent exponential
Xj,k = 1,2, ... the location of thei-th transmitter helper distribution with a mean value—-, and further due to the
of the active helper-Vol pair), numbered from left to thénemoryless property of exponential distribution|[44], also
right, under the optimum scheduling schemg,. Denote by has the same distribution &g;,7 = 1,2, ....
Y.,k = 1,2,... the location of thei-th transmitter under an

APPENDIX B: PROOF OFTHEOREM[4]

arbitrary scheduling scheme . It follows that X; < X, < e V2V Area, with length d-2r, N
< X < X1 < - andY) <Y, < - <Y <
Yi+1 < ---. See Fig[Il for an illustration. In the following, 0g o - " A A
192 k Sk

we prove thaty,,: described in Theorer 2 is an optimum
scheduling scheme that would lead to the maximum number ) i o )
. . . Fig. 12. An illustration of the distribution of distances Wween two consec-
of active helper-Vol pairs by recursion thaf, < Y3 holds | ive simultaneous transmitters.
foranyk =1,2,....
For k = 1, noting that according to the scheduling scheme Consider thek-th transmitter and suppose ttig + 1)-th
Xopt, the first transmitter is the leftmost helper in the V2\Mransmitter is exactly the:,-th helper located within the road
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segment[Si + R.,d — 2r;], wherem,, is a random integer.
Note that the distribution ofn; is independent of; ;,¢ =

1,2, ..., but is determined by the distribution of Vols within
the coverage of each help&f 1, Vi 2, --- . Therefore,
me—1
Lr=Re+ > lpi (24)
1=0

From [23), to calculate the distribution @f;, it remains to
calculate the distribution ofny, Pr(m; = m). We compute
the distribution ofm,, in the following paragraphs.

1) whenm =1, it means that the first helpé#, ; located

within road segmentS;, + R.,d — 2r;] is chosen as the
(k + 1)-th transmitter. This implies that there should be
at least one Vols different from the Vol of thigh active
helper-Vol pair within the coverage of help®, ;.

When R, > 2ry, the Vol of thekth active helper-Vol
pair cannot be possibly located within the coverage of
helperV; ;. Therefore, whenR. > 2r, the condition
that the helpe¥, ; is chosen as thé: -+ 1)th transmitter

is that there exists at least one Vol within the coverage
of helperV; 1, which has a length, = 2r¢ (see Fig.
[I3(a) for an illustration). In contrast, whd®. < 2rg, it
may happen that the Vol of thHgh active helper-Vol pair

is located within the coverage of help®} ; (see Fig.
[I3(Bb) for an illustration). In this situation, help@f, ;
may be chosen as tl{g+1)th transmitter iff there exists

at least one Vol within the road segment with length
which starts from the position of the Vol dfth active
helper-Vol pair and ends at the right boundary of the
coverage of helpev;, 1, andr, < 2r.

—f— e e— R g e
i h I ——| L T |
Sk Vol Ve, S, Vol, o
() Re > 2ro (b) Re < 2rg

Fig. 13. An illustration of the case that the helpg ; is chosen as the
(k + 1)-th transmitter

2)

Here we approximately omit the scenario that the Vol of
kth active helper-Vol may be located within the coverage
of helperV;, 1. That is, we approximately considey to

be equal to the length of the coverage area of helper
Vi1, 2ro. We will use simulation later to validate the
accuracy of this approximation and its impact on our
result. This approximation allows us to write:

Pr(my = 1) = Pr (3Vol within lengthr,,)
~ Pr (3Vol within coverage ofV; ;)
(25)

whenm > 2, it means that then-th helper located
within road segmentSy, + R, d — 2r1], Vi, m, is chosen

as the(k + 1)-th transmitter. This implies that a) none
of the helpei;, 1, Vi 2 - - - Vi, m—1 Satisfies the condition

to become thegk + 1)-th transmitter, i.e., none of the
helpersV; ;,i = 1,...m—1 can find a Vol that is not the
same as the Vol of the-th active helper-Voi pair within
their coverage; and b) there exist at least one Vols that is

=1 — PP,

12

not the same as the Vol of tlieth active helper-Vol pair

within the coveragé’;, ,,,. Using the samapproximation

as that used previously, it can be obtained that:
Pr(my =m)

~Pr (no Vol within the coverage o} ;,i=1,..m —1
N 3Vol within the coverage oV )

m—2
=Pr <no Vol in lz min {l;, 2ro} + 219

i=1

N 3Vol in min{lk7m1,2ro}>

m—2
=Pr (no Vol in lz min {I5;, 2ro } + 2ro
1=1
Pr (3 Vol in min {lm-1,2r0}),

>x

where the last step results due to the property that Vols
have a Poisson distribution and therefore the numbers of
Vols in non-overlapping intervals are independent. The
summation ends at — 2 is due to that the total length

of the coverage area of help&f,;,i = 1,..m — 1 is
exactly > min {lx 4, 210} + 2r0.

Define two parameterk;, ; and Hy, ,,, as follows:

(26)

hii =min{lx,2r0},i=1,2,..m—1 (27)
and
m—2
Hk,m = Z h’k’,’i+2r0;m:2537"'7 (28)
i=1

with Hy, o = 2ro. Becauséy ;,i = 1,2,..m—1arei.i.d.
random variables, it follows that ;,i = 1,2,..m — 1

are ii.d. random variables. Denote bf, ,(z) and
fr, .. () the pdf of random variables;; and Hy, .,
respectively. As an easy consequence of the total prob-
ability theorem, [(Z6) can be calculated by:

Pr(my =m)
~Pr (no Vol in Hy ) x Pr(3Vol in hgm—1)
:/ e PP fy, (z)dwx
0
[ fu )y
0
—F [eprHk,m] % (1 _E [efpphk,mﬂ}) . (29)

From [29), we can see that when > 2, the value

of Pr(my = m) is the product of two factors,
E [e*PPHkme, and (1 — E [e~PPhe.m-1]). Further note
that E [e=PPHr.m] and E [e~PP"».m-1] are in the form

of the moment generating functions (MGF) of the ran-
dom variablesHy, ,, and hy .,—1 respectively. For a
random variableX, its MGF is defined as follows [30]:

Mx(t) £ Ele'"], (30)

Let My, . (t) and My, . (t) be the MFG ofHy
and hg .,—1 respectively. It follows that

teR.

Pr(my =m)
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(MHK ( ) (1 - th,m 1( ))) |t:fpp |: % 2ry-z :|
le w »l
R . e ——— 1 N —_ -
(H thz MQTO( ) (1 - th,m 1( ))) |t—*pp _ _X_ — - Kn:.._ _ _
Z V. V.

Fig. 14. An illustration of the coordinate system, the lomatof the randomly
(31) chosen transmitter, and the left-most Vol from each direction that are located
where the second step results because of the fact that Th® "9nt of origin.
random variabledy, ,,, is the sum ofn —2 i.i.d. random
variablesh;, ; and a constarry.
It remains to calculate the MGF of; ;. Noting that
lrii = 1,2,..m — 1 has an exponential distribution: To calculate the capacity achieved by the eastbound and
froi(@) = (1 - p)pe~(1=P)rz The pdf of hy,; = westbound \ols, we will analyze the V2V communications
min {ly;, 2o}, fhk’i(x), can be calculated as follows: and V2I communications in one cycle area separately.
(—p)po 1). v2v communications:_ _
fr . (2) = (1—p)pe <21 (32) Recall that under our optlmu_m helper-VoI sche_dullng algo-
" e~ (=PP2rog( — 2rg) 2 > 21 rithm x,,: for the V2V communications proposed in Theorem
[2, for any two randomly chosen helper-Vol pairs at a randomly
chosen time slot, the travel direction of the Vol in one pair is
1, z=0 independent of the travel direction of the helper in the same
o(z) =¢" (33) . ) . S
{07 z#0 pair, and is also independent of the travel direction of the Vol
) ) in the other pair. Therefore, at any randomly chosen time slot,
Using [32), the MGF ofu;. ; can be obtained as follows: he proportion of the helper-Vol pairs whose Vol is eastbound

APPENDIX C: PROOF OFTHEOREM[S

whered(z) is a delta function:

M, ,(t) =Ele thii] (westbound) is equal to the probability that the Vol of a
o randomly chosen helper-Vol pair is eastbound (westbound),
:/  f, (z)dae denoted byPy . (Py ). Obviously,Py .+ Py, = 1. It follows
OQTO that the maximum expected amount of data the eastbound and
:/ et (1 — p)pe~1=PIPz gy westbound Vols can receive through V2V communications
0 during time period[0,¢] from one cycle area, denote by
4 t2rog—(1=p)p2ro Dyave(t) and Dyay, (t) respectively, can be calculated by
te(t=(1=P)P)2r0 _ (1 _ p)p Dyave(t) = Pv_e'DVQV(t) andDyoy ., (t) = PVw'DV_QV(t)a
= a—p)p . (34) whereDyy (t) is the expected amount of data received by all

] S the Wols given in[(B). Therefore, the capacity achieved by the
Combing [31) and[(34) and simplifying it, for. > 2,  gasthound and westbound Vols through V2V communications

we have from one cycle area are respectively:
Pr(my =m) = e P20 72 (1 - ¢) (35) Dyave(t) Dyay (t)
B lim =7 = Py, lim —/———~2, (37)
wherec; = My, (t)|t=—pp = 1 — p + pe=F?"0. t—>00 t—oo ¢
Combing the above result, we have the cdflaf,k > 1, gnd
denoted byFy, (z), as follows: i Pveve(t) _ Puu lim Dyay (1) (38)
FLk (.I') t—o00 t t—oo t
=Pr(Ly < z) In the fo_IIowmg, we wﬂl_calculatePVe and Pv_w. Suppose
S helper Vy is one of the S|mL_1Itaneous transmitters at a ran-
_ Z Pr(R. + Z li < xlmy, =m)Pr(mg = m) domly chosen_ time slot. Not_mg _that for_ a rand_onjly chosen
helper-Vol pair, the travel direction of its Vol is irrelevant
0o to the travel direction of its helper, but only dependent on
= Z pr(z lpi < @ — Re)Pr(my = m) the original distribution of Vols in each direction. Therefore,
m—1 i—0 without loss of generality, we assume that helpgr travels
0 & e~ (1=PpE=R) [(1 — p)p(z — R.)]" eastbou_nd. _Recall that we designate the east (right) (_jirection
= Z Z ol Pr(mir =m) as+z direction. Here, designate the point to the direction
m=1n=m ' (36) of helperVy and at a distance, to Vg as the origin of the

coordinate system. Denote bythe location of the point from

where the second step is obtained by putting (24) ibfo which the helpeil/; starts to choose its receiver (Vol), i.e., the
and using the total probability theorem and the last step higelperVy chooses its receiver within road segmént2r|.
obtained by that the distribution f " lk ; is independent Therefore, according to the scheduling schemg z is equal

of the distribution ofrm,. uF to 0 if the Vol of the previous helper-Vol pair is not located
From (36) and withf, (z) = ﬁlk( we have the pdf of within the coverage of helpdry, otherwisez > 0. See Fig.
Ly shown as[(T3), which completes the proof. [I4 for an illustration.
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Denote the left-most eastbound Vol located at the right sideNoting that both the analysis in 1) and 2) show that the max-
of z by V,, and its location byX,.. Further denote the left- imum amount of data received from V2V communications and
most westbound Vol located at the right ofby V,,, and V2l communications by the eastbound and westbound \Vols are
its location by X,,. Noting that eastbound and westboungroportional to their respective traffic densities. Therefore, the
Vols follow Poisson distributions with densities; andpps capacity achieved from one cycle area by the eastbound and
respectively, it follows thatX. and X, are exponentially westbound Vols, are also proportional to their traffic densities
distributed: fx, (x) = pp1e P"1* and fx,, (x) = pp2e~PP2%. respectively, which finalizes the proof.
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