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Abstract—Cooperative inter-vehicular applications rely on the which will make up future Intelligent Transportation Syste
periodic exchange of broadcast single-hop status messagesong  (ITS) [1]. Communications for Vehicular Ad-Hoc Networks
vehicles, called beacons. The aggregated load on the wirs%e \/\NET) have been developed and standardized in the last
channel due to beacons can prevent the transmission of other . L
types of messages, what is called channel congestion due years. At the moment, a dedicated short range communication
beaconing activity. In this paper we propose a novel statigtal (DSRC) bandwidth has been allocated to vehicular communi-
approach to transmit power control for beaconing congestin cations at 5.9 GHz and both American and European standards
control, called Statistical Beaconing Congestion Contro{SBCC). [2] have adopted IEEE 802.11p [3] as physical and medium
Unlike previous proposals, SBCC uses local information, V§  .06ss control layers, based on carrier-sense multiplesacc

limited feedback and its implementation is simple. Each veicle ith llisi id CSMA/CA). Th K
computes locally the power needed to comply with a given with collision avoidance ( )- ese networks are

maximum beacon load as a function of estimated channel param Ccharacterized by a highly dynamic environment where short-
eters, vehicle density and beaconing rate. A realistic Nalgami-m  life connections between vehicles are expected as well as

fading and path loss propagation model is assumed. We proved adverse propagation conditions leading to severe or mtelera
a final expression of the algorithm as a linear proportional fading effects [4]

controller, with two variants, SBCC-C and SBCC-N, dependirgy c tive int hicul licati I vtb
on how the parameters are estimated. Additionally, we derig ooperative Inter-vehicular applications usuafly relytbe

an expression for the estimated communication range under Proadcast of single-hop status messages among vehicles on
interference, which approximates the average fraction of pckets a single control channel, which provide detailed informati

lost due to hidden node collisions. Finally, we evaluate the gphout vehicles position, speed, heading, acceleratiomtrat
performance degradation caused by differences in local vatle data of interest [5]. These messages are céléstongand are
densities and propose a mechanism, calleddge correction, to . . . . .

limit it while keeping the safety benefits of an extended rang transmitted periodically, at a fixed or varialidleaconing rate

at the edge of a cluster of vehicles. SBCC is validated with a Beacons provide very rich information about the vehicular

realistic hybrid network-traffic simulator and results show that environment and so are relatively long messages, between

it effectively controls beaconing congestion. 250 and 800 bytes, even more if security-related overhead is
Index Terms—Vehicular Communications, beaconing conges- added [5]. In addition, vehicles exchange other messages on
tion control, transmit power control (TPC). the control channelservice announcemendd event-driven
messageas a result of certain events. For instareragrgency
. INTRODUCTION messages are transmitted only when a dangerous situation is
Inter-vehicle communications based on wireless technol%@teCted'

The aggregated load on the wireless channel due to periodic
beacons can rise to a point where it can limit or prevent
the transmission of other types of messages, what is called
Copyright (c) 2013 IEEE. Personal use of this material ismpted.  channe| congestion due to beaconing activifpis situation
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[6]. Moreover, current standards, e.g. [5], specify a mimim
beaconing rate for certain applications. In particulafetsa
related applications like “Collision Risk Warning” or “let-
section Collision Warning” require the highest beaconiag

usually 10 beacons/s. The second solution involves inorgas

or decreasing the transmit poweFrgnsmit Power Control,

is not available in advance. Instead, nodes estimate them
with simple procedures. As feedback for neighbors, bea-
cons only have to include the transmit power in use, a
discrete value [2], which only requires a single additional
byte. Except for it, estimation procedures do not add
extra overhead to the communications, unlike previous

TPC) to adjust the number of vehicles receiving beacons. proposals [9].

But it is still necessary to disseminate vehicle informatio « Algorithm simplicity We derive two discrete control laws
over a range large enough to support safety applications. for the transmit power, called SBCC-C and SBCC-N,
Therefore, transmit power must be set at the maximum value which are essentially linear proportional controllers][10
possible while keeping the load below a given thresholdedal and so keep implementation complexity at a minimum.
Maximum Beaconing Load (MBLJFinally, the latter option, Together with the use of simple estimates, the overall
adjusting both beaconing rate and transmit power, may lgtua  algorithm can be readily implemented in real equipment.
be the only valid approach in certain scenarios, where tyuali

_ _ _ Moreover, we derive an expression for testimated com-
of service and congestion control requirements cannot be me . .. . S
Mmunication range under interferencevhich is commonly

simultaneously. Those cases are usually highly applmat'odefined, e.g. in standards [11], as “that range where hidden

dependent [6], [7] and we do not specifically consider theg), ;s 4o not have a significant impact”. It can also be

here. interpreted as the average fraction of packets lost duedtbei

In this paperwe focus on the second approa(_:h and PTOPPRfGe collisions. Hence, it allows to compute metrics such as
a novel statistical approach to TPC for beaconing congestigye effective beaconing rate, which is crucial for many agapl

control. Since TPC input information and performance igyns. |n this proposal we mainly use it to compensate thererr
basically driven by stochastic processes, it is naturaBk®@ t i, the estimation of the vehicle density in high load cormis.
an statistical approach to the design of a TPC algorithrﬂ.generm problem of TPC schemes is that they may cause
Controlling instantaneous channel load is neither prattior asymmetries in transmit ranges between nodes which might
useful due to the highly dynamical and broadcast nature @ft in unacceptable degradation of the performanceragso
vehicular networks, so we work with average magnitudesyges, or local unfairness. We evaluate the degradaticsedau
Therefore, we aim at controlling the average beaconing,loqﬁ, differences in local densities and propose a mechanism,
which is determined by the average transmission rangeitglen%a”ededge correctior(EC), to limit its impact while keeping
of vehicles and beaconing rate. Indeed, in our proposgle safety benefits of an extended range at the edge of a
each vehicle computes locally the maximum power neededdf, p of vehicles. The results from this evaluation are also
comply with a given MBL as a function of the radio chann€lsefy| to select design parameters, like MBL, for different
parameters, vehicle density and beaconing rate. From tBignarios, SBCC is validated and evaluated with a realistic
approach, we derive an algorithm, calltatistical Beaconing nhypriq network-traffic simulator and compared with the more
Congestion Control (SBCCyvhich, as one of our main designrglevant previous proposal. Our results show that it is able
goals, can be implemented in real equipment with little &ffo ¢, effectively control beaconing congestion and improveesot
Additionally, SBCC has the following features: performance metrics in dynamic scenarios. Additionallg w
« Based on a realistic channel modéadio propagation show how, as a result of using TPC, the effective beaconing
and fading effects obviously have an important impact digte is in fact independent of vehicle density and mainly
TPC performance since they determine the instantanedélgiermined by the interference range which only depends on
transmission range of a vehicle. To all practical purpose&)annel parameters, like attenuation and fading.
actual radio signal attenuation is probabilistic in nature The remainder of this paper is structured as follows: Sactio
due to shadowing and multipath propagation, and solltreviews and discuss recent studies relevant to our work,
is more realistically described by probabilistic fadingntroducing basic concepts as well. In Section Il statasti
channel models. Hence, we assume a Nakagami-m fadoangestion control is described in several steps: first, the
model [8], which can realistically describe a wide rangeetwork model as well as the equations that control the aver-
of fading conditions. age channel load are introduced. Then, parameter estimatio
o Local information and limited feedbackNe assume procedures are discussed. Afterwards, interference rige
knowledge about channel parameters and vehicle dengigrived. Finally, implementation aspects are discussedtan
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discrete control laws are derived. In Section IV, asymmetriange and channel parameters in [6] and [15] by our estimates
ranges and performance due to differences in densities &rgher improved by taking into account interference asasho
discussed and evaluated, and edge correction is proposedsect. 11I-C and Appendix.

Section V provides simulation results in a static scenaised TPC, the alternative to adaptive beaconing rate, has been
to validate our approach, whereas in Section VI we evaluaﬂ?oposed as a mechanism for congestion control by both
the algorithm performance in more realistic dynamic scesar ¢tandards [11] and recent proposals [9], [16]-[18]. A commo
and compare it with previous proposals. Finally, in Sectn o rtcoming of all these proposals is that they do not censid
we summarize our contributions and suggest future work. fading effects on the design of the TPC algorithm. Instefagl, t
influence of a realistic channel is evaluated by simulatiurt.
Il. RELATED WORK fading and interference have a relevant effect on the ojperat

We focus on European ETSI standards, though the lowdr the TPC mechanism because the quality and accuracy of
layers are very similar in both American and EuropeatHe input information available to the algorithm are adiual
specifications. In both of them, IEEE 802.11p provides determined by them: first, ignoring them usually resultsnn a
CSMA-based medium access control (MAC). Most of thenderestimation or overestimation of the transmissiorgean
transmissions are broadcast in nature and use a fixed cdRich degrades the result of the algorithm. Second, vehicle
tention window and no acknowledgment or retransmissiof@nnot reliably know the real number of neighbors they have
ETSI standards specify a 10 MHz control channel for vd0 range. That is, since the probability of beacon reception
hicular communications at 5.9 GHz [2]. Periodic beaconirf§'® to fading and packet interference decreases with the
over one-hop broadcast communications supports coomraﬁiStance- vehicles far away are more unlikely to be discov-
inter-vehicular applications by disseminating status and ©réd. When the channel load is high, precisely when TPC
vironmental information to vehicles on the control chapnd® necessary, this problem aggravates. And third, as we will
what has been called “Cooperative Awareness Service” [§pow later in Sect. V, they actually determine the effective
The generation rate of beacons depends on the applicafR§Rconing rate received by vehicles and so the quality of
and is set by the most demanding one. Since safety-relatB@ Peaconing service itself. Therefore, channel effeats a
applications require the maximum beaconing rate of 10 bdRterference should be taken into account directly in thegte
cons/s [5] it is expected to be the default one. Besides, highalgorithms. As an example, OPRAM [19] uses a realistic
vehicle density situations are common [12]. Thereforajght channel model by design in order to improve the probability
calculations show that even for moderate transmissionemngPf Packet reception according to the distance to a poténtial

the problem of channel congestion due to beaconing activi§ngerous area. The latter is also an example of the related
has to be taken into account. concept of application-based congestion control or avesen

Adaptive beaconing rate is a valid solution as long as aE,Qntrol, whose goal is to adapt the power or rate of a subset of
plication quality of service requirements are met, as dised nodes in order to comply with some application requirements
in [6], [7], [13]-[15]. In both [6], [13] authors evaluate gh A detailed survey of the more relevant application-based as
influence of beaconing rate on the accuracy of the position ¢!l @s congestion control techniques and concepts can be
neighbors, and in [6] additionally a simple algorithm to pdafound in [18]. Application requirements are certainly innfamt

transmit power is proposed. Authors of [14], [15] propos®S discussed in [15], [18] but we focus on a general congestio
transmission rate control algorithms to comply with a g&nercontrol procedure first and leave integration of both scleeme

beacon rate goal, which would be set by an applicatiof future work.

Both of them propose linear controls, the former based onA closely related proposal to ours, since in both cases
continuous feedback whereas the latter on binary feedbaokly power is adjusted in order to comply with a MBL,
And in both cases transmission range is fixed, accordingito D-FPAV [9], a TPC algorithm and protocol to achieve
application requirements, prior to rate adaptation. Ia gf@per, congestion control and fairness. D-FPAV solves a max-min
on the contrary, we focus on controlling channel congestidairness allocation problem in a distributed way. But to do s
specifically by TPC and in more general scenarios, whenedes have to exchange two-hop neighbor position infoomati
vehicles by default keep the channel load under a given MBliggybacked irextended beaconslence, the main drawback
unless a particular application triggers a different metdra. of D-FPAV is the overhead it adds, which further increases
In that case, our proposal can be combined with more specifith the number of neighbors. In order to overcome this
procedures, as for instance, substituting the fixed valoes problem, the authors propose DVDE/SPAV [16], where vehicle
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density around every node is estimated and exchanged in &lotation From now on random variables are written in
constant-size histogram of the density. Besides, SPAV eerdoldface letters aX, with probability density function (pdf)
the information of the received histograms from nodes fdix (x) and distribution functiorFx (x). The following are the

away to correct the underestimation of the real number ofost used acronyms and variables.

neighbors due to interference. In both cases solving the- max
min fairness problem adds complexity to the implementatiorFBT
of the TPC procedure. On the contrary, SBCC requires onlyj
to include in beacons the transmit power in use and adds veny
little complexity to TPC implementation. g"
Ongoing field trials for vehicular communications have been "
mainly focused on the assessment of safety and traffic effiMBL
ciency. Some field trials have also studied channel corayesti
mitigation techniques. In the United States, the V2V-I pobj CZM
implemented the approaches of [6], and [15] with both binary
and continuous feedback. In Europe, the simTD project had/ma=
tested a TPC algorithm based on a modified version of [16], .
The approach proposed in this paper springs from the work in;

Channel Busy Time: fraction of time the channel is detect
as busy (received power over sensitivity) by the radio.
Vehicle density (vehicle/m).

Beacon size (bits).

Nominal beaconing rate (beacons/s).

Effective beaconing rate: beacons per second correctly re-
ceived (beacons/s).

Maximum Beaconing Load: channel load goal. It can be
expressed in different ways.

MBL expressed as bps (bits/s).

MBL expressed as a fraction of the available bandwidth or
equivalently as CBT.

MBL expressed as maximum number of vehicles in range
given ab, andbs (vehicles).

Average carrier sense range (m).

Average interference range (m).

the simTD field trial and attempts to overcome its drawbacks.

Outside vehicular networks, TPC has been substantially
applied in cellular networks. A comprehensive recent mgvie
can be found in [20]. In [8] it is shown from empiricalA- System model and statistical congestion control
measurements that a path loss propagation model together
with a Nakagami-m fading model describes realisticallyioad
propagation for vehicular networks in different enviromtse

et us consider a vehicular network on one dimensional
manifold and assume a traffic flow with average density of

cars p vehicles/m. The traffic distribution is not relevant for

SBC_C is based_ on it, Whi?h make_s. it ge.neral_ enough 1o Be, broblem. Let us assume that vehicles transmit with eomst
applied under different fading conditions, i.e, differematues power p over a fading channel with path loss attenuation.

OT m, and enz.:\ble.s it to be implemented in relal applicalltiorgor the sake of clarity in the explanation let us assume first
Finally, modeling interference has been extensively stiftor that the fading is Rayleigh. Then, the power received at a

years as shown in [21]. Deep and rigorous analysis in thationy from a transmitter at is pF/I(|z — y|), where

context of poisson processes can be found in [22] and [28], I%’a:) is a path loss attenuation model aRds an exponential

in most practical cases no closed-form expression is known {,, yom variable with mean 1. We adopt the model proposed
the.d|str|but|or1 of the aggregf.zlteoll interference. Theaefw by Baccelli [22]:pF is interpreted as a “virtual power”, which
derive the estimated communication range under |ntert«§reqs exponentially distributed with meap, that is, received

we do not consider the aggregated interference, as is fum&%wer become® /i(jz — y|), where transmit power is now
discussed and justified in Section Il and validated later ig, exponential r.vF, with parametep: = p~

Section V. If we consider a more general Nakagami-m model [8] the

received power follows a gamma distribution, with param-
etersm and pu, called shapeand scale parameters respec-
In the following sections we describe our proposal, calleiévely. Therefore, the virtual power is a r.¥&, whose pdf is
Statistical Beaconing Congestion Control for Vehiculart-Ne fr(z) = % whereT'(z) is the gamma function
works (SBCC). First, the system model is introduced arahd parametef, = - to get an average power of The
the foundations of our proposal are derived. Afterwards, viading intensity is given by the parameter, a lower value
discuss the estimation of parameters needed for the prozedimplies more severe fading conditions. Note that wher- 1
We derive later a formula to compute the interference ranijgs equivalent to Rayleigh fading. We use a one-slope path
or, conversely, the effective range where transmissioasiat loss modell = Az”, where A = (42)2, X is the wavelength
spoiled by hidden-node collisions. Finally, we propose araf the carrier and3 is the path loss exponent
discuss a particular implementation of our proposal anivder With this model, the probability that the received power at
two simple control laws for transmit power updates. a point at distancg from a transmitter is above the sensitivity

Il1. STATISTICAL BEACONING CONGESTIONCONTROL
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whereb, is the average beaconing rate in hertz or beacons/s,
bs the average beacon size in bits, ahds expressed in bps.

ime From eq. (3) and (4), any vehicle can compute the maximum
powerp* to be used in order to keep the average load under
a given MBL, L ;:

Correct Collision Fading

[ L 1 1 N T
1 Idle: Busy idle Busy idle 1

Measuring interval

Fig. 1. Channel Busy Time (CBT) measured by a receiver. [piasket is 8
correctly decoded. Second and third packets collide witthezther. Fourth f_g LT (m)

acket is not detected by the radio due to fading. p = 1
P Y 9 2pb,bsI'(m + 3)

®)

Therefore, our proposal to control congestion is to make

s every vehicle compute and set the maximum powerthat

I( ’SA%) keeps load under the goal MBLL;,, according to vehicle
I(m) densityp and to channel conditions, summarized by the path

)
whereT'(m, z) is theupper incomplete gamma function Iosskexponent?. ahd Sdhaie parameten.z. These vi!ules z;:re
Therefore, let the transmission range or carrier senseerar?gOt r?ovv.na pr|or|. and change over t'r_ne’ S0 Ye icles have
be the random variable. Then Pr(r > ) = pes(y). And, to p_enodmally es'umate_ them from the information t.hey dav
. : available. In the following sections we propose estimates f
sinceF.(y) = 0 for y < 0, we can compute its average value

them. Congestion control is applied in a distributed way:

of the receivers, pcs, Is :

pos(y) = Pr(F > SAy®) = 1-Fp(SAy®) =

rcs as ] . ]
SAyPm channel load generated by surrounding neighbors is me#isure
rog = /OO I (m, P )dy: either using vehicle density or CBT as discussed in Sect.
o . I'(m) [1I-D, and transmit power is increased or decreased acagrdi
= L/ / tm e tdtdy (2) to eq. (5) and using the estimated channel parameters. In
L(m) Jo Jsanm . . . . .
» an ideal scenario, all the neighbor vehicles act in the same
Changing the order of integration of the iterated integral Wvay, collectively raising or lowering the channel load. But
get since vehicles in a realistic deployment do not use exahty t
1 oo (ﬁ)% same power, we propose to use an average of the neighboring
_ m—1_—t P _ . ..
rcs = T(m) /0 e e (/0 dy)dt = powers, which becomes an additional feedback for the cbntro
1

. - . 1 T(m + 1) In practice, therefore, vehicles do not exactly measursdhnge
= _/ tmlet <—m> dt = ——L~_ (3) environmental conditions in all the cases. The implicatioh
L(m) Jo SA? F(m)(SA%)ﬁ this fact are discussed and evaluated in Sect. IV.

Let us note that we use indistinctly transmission range andBefore going on let us introduce the fo||owing remarks to
carrier sense range as that one where the signal from a trafigrify matters and assumptions:
mitter can be detected. However, for a packet to be correctly. Transmission range and vehicle density are independent
decoded, the SINR has to be greater than a certain value
T, which results in a smalleeffective transmission range.
Nevertheless, from the point of view of congestion control .
both cases are equivalent: the channel is considered buky an
so it is not available for transmission. In fact, although IMiB
usually expressed as a percentage of the channel datamate, a
alternative metric iChannel Busy Tim€CBT) defined as the
fraction of time that a receiver considers the channel oieclp
in a time interval, as exemplified in Fig. 1. CBT is commonly
measured by standard network hardware and can be made
available by the driver software. However, this is an aggred
metric, that is, from the measured CBT the contributions of
different classes of traffic cannot be distinguished.

Then, assuming all vehicles use the same power, the average
channel load is given by:

random variables and so the average load is given by the
multiplication of their average values.

Beaconing rate is not actually independent of the other
variables. That is, we can distinguish three rates: nominal
beaconing rate),, transmitted beaconing raté,, and
effective beaconing raté,. The first one is the beaconing
offered load, whereas, is the rate actually transmitted
by the vehicle after MAC operation, which contributes to
channel load. At high load conditions the MAC saturates
and beacons are discarded. Thas,in fact depends
on the vehicle density. However, we assume that TPC
is able to reduce the number of neighbors before the
MAC enters saturation. Therefore, we considgr~ b..

and independent of vehicle density and transmit power.
On the other hand, effective beaconing raig, is the

L =2rcgpbbs 4) rate of beacons correctly received from a neighbor. Once
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TPC is working, it is determined by fading and hiddemVe describe next a simple dynamic estimation for the sake
node collisions, as shown in Fig. 1. The fraction obf example and evaluation, in case no suitable method were
packets lost due to fading is accounted for with thavailable. We assume a single slope model and vehiclestolle
average carrier sense radiug,s and sob,. is the correct a sample of it from every beacon &s = l"(ﬁ)fi )/In(AL),
rate to appear in eq. (4). To account for the losseghereln is the natural logarithm?. ; and P, ; are’respectively
due to hidden-node collisions we compute the estimatéke transmit and received power for the packet, andis the
communication range under interference in Sect. Ill-Glistance between transmitter and recei¥gy, and the vehicle
These assumptions are validated and further discussegasition are carried by beacons, wheréas can be provided
Sect. V. by common network hardware. In real hardware, though,
« A vehicle will consider the channel busy either if it carthe reported received power includes energy from intaréeri
decode packets or they are corrupted by hidden-nosignals and so alternative methods may be necessary [2d]. Th
collisions or interference, as depicted in Fig. 1. Howeveestimate for the path loss exponehtis simply the sample
since part of the interfered transmissions overlap, meaean of the lastVs collected samples, or a moving average
sured CBT is lower than the corresponding to load givesf them to reduce potential oscillations.
by eq. (4). For congestion control it is acceptable since To estimaten, we would need samples of the virtual power
the channel load overestimation results in lower transnfit, which is gamma distributed, and so it will differ from
power p*, that is, a worst case approach. Again, ththe real transmit power reported in beacons. Thus, vehicles
estimated communication range under interference ceollect samples of the virtual poweF; from the received
be used to approximate the fraction of packets lost tpower asF; = APM-(AI)B. Accurate estimation of the shape
hidden-node collisions and correct the valuelof parameter of a Nakagami-m model has been the subject of
« In the remainder of the paper we will consider constastveral works [25]. However, we do not actually need extreme
beacon sizé, and nominal beaconing rabg. Settingb,, accuracy in our proposal. In fact, to account for the effdct o
to its highest value, 10 beacons/s, as demanded by safétyerference, as discussed next in Sect. llI-C, we assume an
related applications, would reduce the information needé&dlang distribution and approximate by its nearest integer.
to be collected and result in a worst case approach. Therefore, to estimaten we can use the method of [26],

Finally, let us remark that transmit power is not expectatihich is simpler and provides a better estimation for small
to converge to a single value for every vehicle. It would b&ample sizes, resulting i = (1;32 — 5 where F' and
possible in an ideal case, with perfect knowledge and coh® are the sample mean and sample variance respectively
tinuous transmit power. But, in real vehicles, power caryonpver a sample of sizeV,,. Anyway, the main problem is
take discrete values, and the algorithm is based on esgmdftat all methods require i.i.d. samples [25]. Whereas saspl
of the parameters, so vehicles compute different values &€ indeed independent, they are not identically disteithut
the transmit power. Indeed, transmit power is expected Bgcause vehicles use different transmit powers. But, since
vary over an average value as the environment estimates #a@smit power is discrete in practice, vehicles can keep a
updated. For that same reason SBCC campmtranteethat Set of samples for every power step. This way, separated sets
load is strictly below a MBL. On the contrary, load is expetcte0f samples for every step are collected to compateafter
to oscillate around the goal MBL value, which should béollecting N,,, samples of a particular step. In Section V we
assigned a safety margin. We come back to this matter V@lidate the estimates and show that they provide reaspnabl
Sect. III-D and V. accurate values.

B. Estimation of channel parameters C. Estimated communication range under interference

Channel conditions are reflected on the path loss exponenThe estimated communication range under interference is
B andm parameter. Vehicles can estimate their value from ttemmonly defined, e.g. in standards [11], as “that range
information carried by beacons collected from other vedsicl where hidden stations do not have a significant impact”. @ein
and their own low-level measurements. Let us note here tledile to estimate this range allows to determine the effectiv
path loss estimation has been extensively studied and mamansmission range of packets (not only beacons) and so the
approaches are available, as discussed in [24]. In additieffective beaconing rate received by the vehicles, whicly ma
since it is a large scale and slow-varying parameter [8], lie lower than the nominal one due to hidden node collisions.
may not be necessary its estimation in a real deploymentTo compute the estimated communication range we derive
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done in real time by vehicles. Otherwise, their values can be
tabulated and stored.

Let us note that it can be expressed as the fraction of the
transmission range where packets are corrupted by hidden
node interference that is, define the normalized intenfeze
ranger; = . Thus, the averagestimated communication
range under mterferences rg = res —rr = res(l = 7r).
Figure 2 shows the normalized interference range. As can be
seen, the interference range for severe fading conditiods a
low attenuation can be remarkably high. The interpretation
of this range is twofold. On the one hand, it can be seen
as the average fraction of transmission range where vehicle
Fig. 2. Normalized interference range: fraction of trarssin range (ransmissions are not reliable. On the other hand, it shbers t
corrupted by interference due to hidden nodes verausarameter and path average fraction of packets lost because of interferenicat T
loss exponent, assuming equal transmit power for transmattd interferer. is, sometimes even packets from close neighbors are also los

due to hidden node collisions because of fading. For instanc
first what we call the interference range for the assumedcording to this latter interpretation, for= 2.5 andm =1
Nakagami-m model. Since there is no common definition fénd very high channel load conditions, a vehicle is expected
this range, let us clarify that we here refer to the averade lose up to 60% of all the transmitted beacons, as results
fraction of the average transmission range where packstwwn in Sect. V confirm.
are corrupted by hidden node interference. To simplify the SBCC in particular uses the interference range for what
derivation of the interference range;, we bring up the we callinterference correctioiechnique to correctly estimate
following assumptions: the surrounding vehicle density under high load conditions

« First, correct packet reception depends on the SINR beiMghicles can estimate the vehicle density by the positiéorin

greater than a given threshald We assume that noisemation collected from neighbor beacons in different masner

is negligible compared to interference. And we onlyn low channel load conditions, a simple estimate is to just
consider the power of a single interferer (hidden nodegivide the average number of neighbors discoverédby the

This assumption is reasonable since (1) the contentigh.erage transmission ranges, that is, p = QT]ZS-

based MAC layer (802.11p) successfully prevents si- However,rcg only accounts for packets lost because of fad-
multaneous transmissions withir-s, so hidden nodes ing but in high channel load conditions hidden node coliisio
must be outside this range and (2) the network is onalso corrupt beacon reception. We can use the interference
dimensional, so any other simultaneously transmittifig@nge to correct the density estimation in those cases. In
node must be located at leasts m away from the particular, it is more effective when used together with the

hidden node which makes the aggregated interference lgvgasured CBT, as follows. Looking at Fig. 1, a busy interval
enough to be negligible. due to hidden node collisions can be approximated to last 1.5

« Second, we consider a saturated situation, where all ti@es the duration of a beacon on the average and involves at
stations always have a packet to transmit, which is a got&fist two beacons from neighbors. Then the average fraction
approximation under high load conditions. of time occupied by interfered transmissions is approxatyat

As shown in Appendix, the interference range is given by’ ~ 2p7cs1.5b:71b- /2, whereb, is the duration of a beacon.
Whereas the average fraction of time occupied by correct

m—1 o) L [
rr = 1y ' Z 1 [/ (I_HIE -1 v transmissions ig¢ ~ 2prosb:(1 — 7)b,. Since measured
1) =0 il (pr + 77 (o = 1)7) CBT is ¢ = t¢ + t;, we get then the estimated density as:
( +3)s } A o,
1+ B (o — 1)F % P Qb byros (1 — 0.257)) "

(6) where V; is the transmission bitrate in bps aridis CBT
wherepur = pr~!' and ug = pg ' are the inverse of the measured over a period of time. Therefore, hidden node
power of transmitter and hidden node (interferer) respelsti collisions make measured CBT be lower than that provided
The integral of eq. (6) has to be solved numerically. It can by eq. (4) by a fraction of approximately— 0.257;. Let us
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note here that it results in a “compression factor”, depahde  even in absence of interference. Vehicles usually keep a
on the fading but independent of traffic density and power neighbor tablewith information collected from beacons,

used, which agrees with previous results [27]. which is updated every time a new beacon is received.
Similarly, used withV the estimate becomes: To account for neighbors leaving, outdated information
N is deleted after @able update timgwhich makes the
p= m (®) perceived number of neighbors depend on the update

In this case, the estimate is rougher because over a measure- time. If its value is high, vehicles overestimate the number

ment period not all the beacons from a given neighbor are lost ©f neighbors. An a.Iternative estimf':\te is given by. the
due to interference. In Sect. I1-D we discuss when to use thi Mmeasured CBT, which can be provided by networking
hardware as specified in [5]. Using CBT to estimate

the number of neighbors has also limitations: It is an

correction mechanism.

D. Implementation as discrete controls aggregated metric, so when other kind of traffic is present
it should be disaggregated.
« Interference correctionEither if neighbor table or CBT
is used, we use the proposed interference correction
mechanism. Interference correction is only used under
high load conditions. That is, when measured CBT is
above a certain thresholf, interference correction is
triggered and vehicle density is computed according to
eg. (7) or eq. (8). When CBT falls below the threshold,
interference correction is deactivated. It also provides
a fast recovery mechanism: if the load rises above the
threshold it triggers a quicker reduction of transmit pawer
Average neighbor transmit poweNeighbor vehicles do
not use the same power due to differences in parameter
estimation and load measurements. Instead of computing
rcs assuming equal power, every vehicle computes its
neighboring “average” 1carrier sense range iag; =
L5 Nresy=MYY pf /N = Mp,. That is, vehicles
compute a sample mean of the carrier sense range ac-
cording to the transmit power in use included in beacons
from neighbors, wheré/ is just the part of eq. (3) not
dependent orp. p, is computed as a moving average
to reduce oscillations. The average transmit power of
neighbors is important for the controls we derive next,
since it acts as one of the main feedback inputs.

The foundations of our proposal have been laid in previous
sections. However, to develop a practical implementatienet
are still a number of matters to decide and refine. In this
section we propose a particular implementation and discuss
related matters. Other implementations and additionaheefi
ments are possible.

As main result from this section we derive two alternative
control laws for transmit power based on how the vehicle
density is measured: neighbor-based (SBBC-N) or CBT-based
(SBCC-C) controls. The reason for these two variants is that
estimating the number of neighbors in range is prone to a
number of issues, some of them depending on the implementa®
tion. Thus, an alternative is to directly measure CBT, thoilg
also has limitations. The major design decisions are désrlis
in the next paragraphs and then the controls are derived and
discussed.

« Congestion Control triggeringWe propose that vehicles
periodically adapt their transmit power on the basis of
the estimated environment parameters. That is, vehicles
collect samples of reception power, transmit power and
location from received beacons and keep a table of
known vehicles. After a given sampling peridh,, they
compute the maximum power to comply with the MBL,

according to channel and load estimates from collected . ) ) )
samples, and apply it. Current vehicle hardware providesW'th all the previous mechanisms in place, we can provide

measurements of received packet power but only alloﬁsﬁnal e_xpressmn for the co_ntrol law _usgd for.transm|t power
pending on how the vehicle density is estimated there are

to set transmit power in discrete steps. Standards spec[i%ﬁ

that it shall be set in 0.5 dB steps [2]. Therefore, vehicléyo v.anants. .
set the transmit power to the largest step available belquelghbor—based control (SBBC-N)hen the neighbor table

is used, we insert into eq. (5) the expression for the estimat

p*. Due to the logarithmic scale of transmit power setting; ' o )
discretization error is smaller at low powers, which bean density in eq. (8) and transmission range in eq. (3), to get

efits congestion control. In any case, vehicles will always _ (1—=71)Lnm B _ (1 =71)Nmaz 8
use the maximum power possible as long as it complies Nb,.b N

with the MBL, which is the intended goal. where p,, is computed from neighbor transmit powers as
o Number of neighbors and CBTAccurate knowledge discussed above. The ratio of MBL to beaconing rate and

of the number of neighbors a vehicle has is difficulbbeacon size gives the maximum number of neighbors in range
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to keep that load, so it has been call¥g,,... Since estimates results from the evaluation are also useful to appropsiatel
are computed periodically eveff; s, transmit power can be select design parameters, like MBL, for different scerario

expressed as a discrete control:

Bln]
pln+1] = [ <pn[n1<1 - mmﬂfg{;}”) J (10)

where, 5,[n], N[n] and 3[n] are computed from samples
collected over the previous; s. Additionally, 7i[n] is com-
puted from samples in order to obtatn[n] = 7;(m[n)).

CBT-based control (SBCC-Climilarly, when measured
CBT is used to estimate the vehicle density, the control we
get is: .

pin+ 1= | (bl - 0-25721[71])%)3["]J (11)

where C,,.. IS MBL expressed as a fraction of data rate
andé[n] is the measured CBT over the previdliss.

In both cases|z| means that the power selected is the
highest power step no greater tharand interference correc-

A. Some remarks on SBCC controls features and behavior

Regarding the information needed to implement the con-
trols, let us first remark that:

Traffic density is not finally present in the equations, since
it is expressed in terms of measured CBT or neighbors
in eq. (7) and (8). Hence, it is not necessary to explicitly
compute the estimated density unless it is necessary for
other purposes.

Them parameter only needs to be estimated for interfer-
ence correction actually. The reason is that the measured
load and neighbors; and NV, implicitly reflect the actual
channel path loss and fading conditions. Looking at eq.
(7) and (8), if we fix the real density, the measured
load and neighbors depend on the average carrier sense
radiusrcg, which in its turn, is a direct result of the
actual channel conditions.

tion is only applied when the load is above a given thresholﬁegarding the behavior, let us highlight the following reksa

otherwisef;[n] = 77 () = 0.

Both controls should be equivalent, but in practice they
are not because of different reasons discussed later in Sect
V. SBCC-C effectively controls the measured load in terms
of CBT, whereas SBCC-N actually controls the number of
neighbors measured.

Finally, in logarithmic scale both controls have the form )
p*[n+1] = K,[n]+Kp[nle[n]. That is, both controls use as lo-
cal error signak[n] the difference between the maximum load

value and the measured value, either expressed as neighbors

or CBT. So these controls are essentially linear propoation
controllers [10], but with a non-tunable proportional gain
K, given by the path loss exponent estimate. There is an
additional neighbor feedback input,,[n], provided by the
transmit power used by neighbors, whose role is discussed
next.

IV. DIFFERENCES IN DENSITIES AND EDGE CORRECTION

A general problem of TPC schemes is that they may cause
asymmetries in transmit ranges between nodes which mighs
result in degradation of the performance of some nodes, or
local unfairness. These asymmetries are mainly caused by
differences in either the local vehicle density or its pptim
by the nodes. In this section we further discuss features
and behavior of the proposed SBCC controls, evaluate the

« R1 The controls basically adjust, via transmit power, the

average carrier sense range linearly in order to keep an
average number of neighbors in range. That is, given a
traffic densityp, controls try to keep the load &t,,,.

or, equivalently, atV,,, .., so that2rcsp = Noas.

R2 As long as the average number of nodes in range is
lower thanN,,,.,. the power will keep at the maximum.

« R3 When the number of nodes is higher than that limit,

the power selected js*, which results in a newf, ¢ such
that2rfgp = Npaa.

o R4 Both SBCC controls as given by equations (10)

and (11) are driven by two different inputs: a local
measurement of the channel load, giverély N, which
reflect both the underlying traffic density and channel
conditions; and the feedback collected from neighbor
vehicles in the form of the transmit power used, and
summarized inp,,. The former mainly controls the load
when nodes use similar powers. The latter reacts to strong
asymmetries in power and limits unfairness situations.
R5 A typical unfairness problem of TPC occurs when
two clusters of nodes use different transmit power, as
depicted in Fig. 3. If controls were driven just by local
load measurements, nodes on the left which receive an
extra load, could only decrease their power, even to the
point of stopping transmission. However, with SBCC that

degradation caused by such non-homogeneous densities and reduction is compensated with the increasg,incaused

propose a mechanism to overcome it while keeping the benefits
of asymmetric transmit power regarding traffic safety. The
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Let us assume two different traffic densiti@s> p», which
makes nodes select powgr < pq, respectively, in order to
havercs,1 = Nmaz/2p1 andreg e = Npaz/2p2, according
to R3 above. In this case, a fraction of the nodes on the left
are receiving extra load from nodes on the right, which ate no
aware of them. Moreover, this extra load makes the total load
be above the goal’,,..; otherwise nodes on the left would
be transmitting at maximum power accordingR& above.

Let us evaluate this extra load in the worst case, consigerin
average values for carrier sense range and load and uniform
densities. The fraction of lengtli, receiving extra load and
the amount of load depends on the distance between the two
clusters, and it is maximum when the distance between the
edge nodes in the clustels, andE, is equal torc g 1., being
fo = rcs2 — res,n, see Fig. 3. Here we are considering
that the edge nodé;, is using a transmit powep. > pi,

Fig. 3. Differences in local densities result in asymmetransmission gince it has been measuring a lower load. In fact, since its
ranges. Two clusters of nodes with densitigsand p2 respectively. local vehicle density is roughly equal to /2, it is using
the power necessary to haves; = Nyaz/p1. This same
increase in the collecteg,. It results in an increase in reasoning would apply t&z, which would be using a higher
transmit range from the left side, which consequentlyower thanp,, but in order to consider the worst case,
forces a power reduction on the other side becauselef us assume that it is already the maximum one, that is,
both the increase in load and a lower neighbor average = p,,... Therefore, the length bearing an extra load is
powerp,, computed on the right side. fo = rcse —rosL = %(p& — p—21). Every node inf,

The above remarks describe qualitatively the behavioref ti§ receiving an extra amount of lodd = f,p,%2, from
controls. We leave as future work a more detailed analysis @@des on the right cluster. This extra load is proportional t
the dynamics and stability of the controls. At the moment, wigs position within f,, being maximum for the edge nodg;..
focus on their behavior with respect to strong and sustainedNodes close to the edge bear a lower ordinary load than
differences in local densities. In that case, transmit powt#e ones in the center of the cluster, and the extra load can
asymmetries may persist when, from remafR8 and R4 be roughly compensated by the reduced one. However, as we
above, both clusters have previously settled on powers sugRve away from the edge node, the extra load on the nodes
that dynamics described iR5 are not enough to re-balancedecreases proportionally to the distance, but the ordinagy
the situation. increases. As a consequence, the load is maximum at the

Such high differences of density may occur in variouglosest point to the edge where nodes receive the maximum
situations, for instance, when vehicles approach a tradfic,j ordinary load plus the extra one, which is1a82rcs; from
although they should be mainly transient. In the followind’z, @s shown in next subsection. At this point the extra load
section the degradation of performance in those casesfrm the right cluster is:

evaluated. brbs
lem = (rcs,2 — 3.82rcs,1)p2 v
t

. . " Ninaz brbs

B. Extra load due to differences in local densities = (recs2 —3.82r¢s,1) 5 T (12)
t
In this section we estimate the performance degradation due _ Cinaz (1 3.82p2)

to different local densities in the worst case, that is, wbea 2 p1

of the cluster of nodes is as close as possible but not in rangé&o, the extra load received depends on the ratio of densities
of the other, depicted in Fig 3. This is a first approximatiorgut is not greater thad,,.. /2. The maximum occurs there
since we are using average values for ranges. In a real $genas long as the ratio of densities makes the extra load pesitiv
fading effects make some of the packets of each cluster redctieed, there are constraints on the densities that have to
each other, which contribute to balance power as describete taken into account. The discussed worst case holds for
R5 above. 2ps < p1. The maximum density op, is physically limited
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Let us consider an isolated cluster of nodes with density
As before, since SBCC adapts the average transmission range
linearly to the surrounding density, the edge ndgeis using
a powerp, which results inr¢g 1, = 2rcg,1 because its local
density isp; /2. Similarly, a node located at a positian=
arcs,1, expressed as a fraction of the average carrier sense
range, would use a power that results in a range proportional
its local density or equivalently to the load, which@$,,. /2
from its left side andxC,,,.../2 from its right side. Hence, the

resulting total average rangenis (a) = res1a+2res1/(1+
Fig. 4. Example of different average transmission ranges for edge a).
nodes.

Ly
2rcsy b TCS,1 Y = 02Tres,1 T =01rcs,1

Now, given a pointb on the left of rcg 1 the equation
rr(a)/resi = b = 14 2/(1 + «) is quadratic and has
by the capacity of the road. A value pf = 0.1 veh/m can o squtions%(b — 14+ \/m), denotedn; andas
be considered high and corresponding to a congested higspectively, resulting in the same total range. An example
capacity road [12]. On the other hand, the maximum powgy jljustrated in Fig. 4. A minimum occurs at,, = 0.41
in use is also limited by the density. That is, if we assume aWing rr(am) = 1.82r¢g;. At that point, the extra load
a worst case thap, = pmaz, thenps < Niaz/2rcsmess  due to the edge nodes is maximum. Therefore, for a point
because ofR2 above. So, the longer the effective rangg corresponding to a pair of solutions anda» , the extra
in use, the lower the density, which limits the number gbad is that corresponding to the fraction of nodes upxto

vehicles contributing an extra load. Moreover, eq. (12) isius the fraction of nodes from up to ros minus the
independent of the channel Conditions, since the contadis t Ordinary load Corresponding to those nodes, that is:

care of adapting the power to the fading conditions. The abov C C

reasoning is confirmed by our results in Sect. V and VI. lea(b) = (a1 +b—1—a2) WQM =2 772“” (13)
Strong differences in local density should not be common.
Even though, the performance estimates in this sectiowsllo
to select the MBL value(,,.z,
margin to limit the degradation.

As we said, this extra load is not desirable, but we would
) ) like to let a fraction of nodes on the edge (frdtig, to r¢s 1)
with an appropriate safety transmit at a higher power, dictated by SBCC controls, to
keep an extended safety range. Our proposal is to addige
correction factor K., to the controls to force part of the nodes
C. Edge correction on the edge to transmit at a reduced power and let a fraation

From the discussion in the previous subsections, it is cld&rkeep the higher power, providing the extended range. This
that nodes at the edge of a cluster will use a higher powdyay the fraction of nodes from, up torc.s,1 would reduce its
than those on the center because their local density is JowRgwer as follows. First, the extra range depends on theiposit
which we call anedge effectFrom a safety perspective, thisof the noder. = 2rcs.1/(1+ ). To avoid further disruptions
is a positive feature of SBCC controls, siniteprovides an of the normal operation of the controls for the rest of nodes
extended warning range for vehicles approaching the ctustave keep this range equal t@:s,1, so thatr K. = r¢s,1 and
It is in fact the desired behavior in a traffic jam, for instanc e = “£*. Second, nodes have to determine its position on

However, from the point of view of congestion control, théh€ edge, that is, its own. From the position information
extended range of edge nodes results in an extra load of noBkéhe beacons, nodes can classify them according to those
at a certain distance from the edge. In the worst case, wH&Ning from vehicles ahead or behind, in two fractighsand
a strong difference of density between separated clussersfi: respectively. Those fractions differ noticeably for nede
present, as in the scenario of previous subsection, thig ex@" the edge, proportionally ta, as f = «/(1 + a), with
load would add to that of eq. (12). Therefore, we would like té = min(fa, f5)-
apply a mechanism that would mitigate the negative effetts o TO Summarize, to applgdge correctionnodes:
the extra load while keeping the safety benefits of an exiénde 1) At each sampling period, classify beacons into two
warning range at the edge. In this section we derive the extra fractions f, and f;, according to the position of the
load due to the extended range and afterwards propose such a source.
mechanism. 2) Given a safety fractiom, and a margin fractiony,,,
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) TABLE |
nodes computes, from f= mm(fa, fb) as PARAMETERS FORSTATIC SCENARIOS(VALIDATION)
%(1 + %) if 1?‘; <f< 1?‘2 Scenario Parameters
Ke= ’ " (14) 1: low density, severe fadin =22 =1 =0.07
1 otherwise : S, 9. p=22 m=1 p=0.
2: low density, moderate fading. =22 m=3 p=0.07
3) Nodes set the next power multiplying eq. (11) or (10) 3: high density, severe fading. p=22 m=1 p=025
1 4: high density, moderate fading. =22 m=3 p=0.25
by K¢ 5: high density, severe fading, higher path losg. 5 =25 m=1 p=0.25
This way, the excess load due to edge effects is kept aq, high density, moderate fading, higher path lossg =2.5 m=3 p=10.25
as%. The margin fractiony,, is used to take into account TABLE Il
that in reality the fraction of beacons from ahead and behind COMMON PARAMETERS FORSIMULATIONS
is not exactly symmetric. Edge correction works better for
) ) ) ] Parameter Value
SBCC-C since it acts directly on the measured load and avoids Data rate V;) 3 Mbps
neighbor table bias. Anyway, this simple mechanism can be Sensitivity (S) -95 dBm
refined in a number of ways in a real implementation, and the Frequency 5.9 GHz
) Maximum Power 1000 mW
values fora, and«,, may be set dynamically. Minimum Power 0.1 mwW
Power step 0.5dB
Noise -110 dBm
V. VALIDATION SNIR threshold T) 4dB
. . . . . Neighbor Table update time 1s
In this section We tgst the V§I|d|ty of assu_mptlons a_md esti- Sample periodr’. 05 s
mates. For the validation we simulate a static scenarioyevhe Beacon sizel(s) 500 bytes
vehicles do not move and so we can set up an homogeneous Beaconing ratett) 10 beacons/s
. . Interference correction threshold() 0.85
vehicle density.
Validation confirms our assumptions which are next sum-
marized before discussing them in detail. Validation setupThe simulations have been done with OM-
« Not using TPC results in unacceptable degradation BET++ and its inetmanet extension [28], which implements
performance in all the cases. the 802.11p standard. This library also implements a téalis

« SBCC-C effectively keeps the measured CBT at the gomiception and interference model, where all the intererin
Cinaz» Whereas SBCC-N keeps the measured number (sfmultaneously being transmitted) signals plus the naise
neighbors atV,,... Therefore, both of them achieve theiradded and SINR is evaluated to determine correct packet
goal although it is not equivalent in terms of channel loadeception. In addition, capture effect is also implemented

« When TPC is used, the effective beaconing rate becomes/ehicles are located on a straight single lane road accgrdin
on the average independent of vehicle density and det-a Poisson point distribution of average dengitsehicles/m,
mined essentially by channel parameters, like attenuatiaich is constant during the simulation. We have evaluated
and fading. Therefore, they should be taken into accoumbdth a extremely high vehicle density scenario and a more
when designing beaconing rate control algorithms.  common situation, withp = 0.25 and p = 0.07 vehicles/m

« Interference rangey;;, provides a close estimate of therespectively. The total length of the road length has beén se
fraction of packets lost due to hidden node collisions. tb obtain an average of 400 vehicles for each simulation. We
can be used to compute the effective beaconing rate dirdt remove edge effects, and results are only averaged for
the actual CBT generated. the 200 central vehicles. Path loss exponent has been set to

« When SBCC is used, average channel access timegis= 2.2 andjs = 2.5. Values reported by [8] are slightly higher
around a few ms and beacons are not discarded, whialit they have been measured in suburban scenarios. Higher

confirms that MAC does not enter saturation. values result in shorter transmission range and so congesti
o SBCC achieves results similar to SPAV [16] with lowis more unlikely and its effects milder. Thus, those values
protocol overhead and algorithm complexity. model a worst case scenario. Nakagami-m shape parameter

« Edge correction effectively reduces the extra load due has been set to, = 1 andm = 3, to model severe (Rayleigh)
edge effects while preserving the extended safety ranged moderate fading conditions respectively. Values tepor

for nodes on the edge of a cluster. by [8] suggest even stronger fading. The Maximum Beacon
« Our estimates provide good approximations to systebwad has been set td,; = 2.1 Mbps, which is 70% of
parameters. the available data rate of 3 Mbps, and can be expressed as
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Fig. 5. Performance results for static scenarios (Valigti (a) Average Channel Busy Time (CBT). MBL go@},..> = 0.7 shown as solid line. (b)
Average number of neighbors in neighbor tahle, MBL goal Nynq. = 49.15 shown as solid line. (c) Average power used (mW). Solid liskswp* and
its value for each scenario. For No TPC vehicles use 1000 niWialtime. (d) Average effective beaconing rate per neighbo beacons/s/vehicle.

CBT, C,.qx = 0.7, or neighbors,N,,.... = 49.15. Scenario- over the averages of replications. The confidence intepxads
specific parameters are shown in Table I, whereas Tableall the nodes of a single replication are of the same order tha
summarizes the rest of common parameters. Let us note tthegt global ones and not shown. We compare not using TPC at
this combination of data rate and beacon size results imaefraall with the two controls discussed in this paper, CBT-based
duration that can be over the coherence time of the chan&@BCC-C) and neighbor-based (SBCC-N), as well as SPAV,
We assume it is below but close as a worst-case approattie algorithm proposed in [16]. It has been selected because
Simulations run for 25 s with 4 s of transient period and haveis the more relevant proposal which only adjusts transmit
been replicated 15 times with different seeds. power to control congestion.

Performance results are shown in Figure 5, with its 95% Congestion controlRegarding congestion control, results
confidence interval, depicting time-averaged channel busiow that both controls fulfill their job, which is in fact
time, time-averaged number of neighbors in neighbor tabiifferent as we said previously: SBCC-C effectively colgro
time-averaged power used and average effective beacatimg the measured CBT, whereas SBCC-N actually controls the
per neighbor. Shown confidence intervals have been computedasured number of neighbors. Therefore, as expected SBCC-
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C keeps the measured CBT at the goal levg},,, = 0.7, is between 0.46 and 0.51. In particular, for scenario 1 and
whereas SBCC-N keeps the average number of neighboriris 0.46 in both cases, whereags reaches 98 m and
the neighbor table at the goal level 8f,... = 49.15, as can be 351 m respectively. TPC basically scales the power to keep
seen in Fig. 5(a) and Fig. 5(b) respectively. But with SBCC-kbughly equal reception probabilities atjuivalentdistances
the measured CBT may deviate up to 10% above and beléav different local densities.

the goal. Apparently, controlling the measured CBT should Computation of effective beaconing rate and CBT with

be equivalent to control the number of neighbors. Howevedur proposal for congestion control can be basically seen as
it is not the case because of interference mainly. In Fig) 5@ method to adjust the power in a way that the number of
we show the goal powerg* for each scenario according toneighbors in our average communication range is not greater
eq. (5), which does not take into account interference. Egnthan a givenv,,... = 2prcs. Since packet losses due to fading
measured CBTg, used as error signal by SBCC-C in eq. (11)are averaged incg, a vehicle should receive correctly.

is lower than expected by eq. (4) due to time-overlap of hiddé&eacons fromV,,., neighbors in a sampling periodut only
node collisions, as depicted in Fig. 1. To compensate fardt ain absence of interferenc®therwise, the average fraction of
keep the load at the desired level, SBCC-C instead corregtisickets lost due to interference is given by the normalined i
selects a slightly higher power in the high-density casss, rference range;. Therefore, the average effective beaconing
we can see in Fig. 5(c) too. On the other hand, SBCC-N usesge should approximately b¥,,..b,(1 —7;) ~ b, N'. Here,

as error signal the number of known neighbors. Looking & avoid the table update bias B, we introducé N’ which is

Fig. 5(c), it depends again on fading conditions: severetad the number of distinct neighbors discovered everys. Now,
makes SBCC-N select powers lower than the goal, becausetfas effects of hidden node collisions are shown by comparing
away vehicles have a chance to be discovered. Converselytfog above equation with the results. We find that:{1¥ b,,
moderate fading. In this case, the effect of interferenkega which indicates that a fraction of beacons from some of the
over. In any case, the difference in average power accountdghbors are lost as expected; and ((2’) < Nyaz, Which

for the measured CBT, as discussed later in this section. shows thatall the beacons of some neighbors are lost and

. . . . vehicles are not aware of them. As an example, for Scenario
Effective beaconing rate and interferend&aconing con- N -
1 and SBCC-C we have th&% = 44.61 andb, /b, = 0.519

gestion control main goals are ensuring channel avaitgbili 20.72.0.51/49.15 — 0.47 which | imated by_ 7
. . . . ) _— $039.72-0. .15 = 0.47 which is approximate -7,
for different kinds of traffics and improving the reliabjliof ) / PP y,f !
. . . . see Fig. 2, though better than expected. The reason i tligt
beacon reception. Fig. 5(d) shows the effective beacoriteg r . . o
. . c?mputed assuming that hidden node collisions occur always
b., that is, average number of beacons per second correct

. . . . wf\{ich is only reasonable in very high channel load cond#ion
received per neighbor. Use of congestion control effelgtive y ) y 9 _ _
In any case, the main conclusion to draw is that beaconing

improves this metric compared to not using TPC. However, . .
L . . . . rate control algorithms, such as [6], [7] should also take in
it is not possible to achieve the nominal beaconing rate, . o )

. . account by design channel conditions and interference ds we
b, = 10 beacons/s. In fact, for a given attenuatig#) the

effective beaconing rate is determined basically by fadinagS t-he.lntended application. i
Similarly, the CBT caused by a number of neighbors or

conditions and hidden node collisions (interference). \&e ¢ hicle densit " red ) S
see that TPC makes the average effective beaconing ratezvﬁ)IC € density car? € quantiied correctly using interiees ]
range. Results validate that measured CBT can be approxi-

independent of the vehicle density, (2) almost equal foraéqu b BB P " iy
shape parameter. and (3) slightly higher for highef. The mated by = 2prcs(1-0.2571)brbs/ V3. One has to be carefu

reason is clear: given a vehicle density, TPC fulfills its Igoz.E\0 use the carrier sense given by the actual power used. For

. L . instance, in scenario 2, SBCC-N averaged power used is 10.75
and adjusts the communication range to cover a maximum

number of neighborsN,,... Then, correct beacon receptionm\_N’ which results imcs N 392.32 m g|\_/|ﬂgc = 0.72 which
g in good agreement with results in Fig. 5(a).

depends on channel conditions and hidden collisions, Whié ) )

in their turn, depend mainly on fading intensity. Let us rekna Channel _a.ccess gnd other proposakpplying Congeétlon
that the beacomeception probabilitystill depends on the control additionally improves o-ther performance metriasts
actual distance to the source, the transmit power and fie average channel access time. A'thO‘fgh not shF)wn.hgre,
channel conditions as given by eq. (1). In short, with TpRur results for average channel access time are quite simila
nearby vehicles still have a better reception probabilitg afor all TPC proposals, around 3 ms, and are well below the

hlghel’ powers result in hlghel’ prObab"'ty receptions angler 1Results forN’ have been collected although they are not shown due to
distances. For instance, ats the probability of reception lack of space.
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50 ms of timing requirements specified in standards [5]. We | Algorithm b | p | m
have also checked that the MAC does not enter saturation and Scenato 1/ =22 m =1 _p =007

ave also checked that the oes not enter saturation and —sgeee T o007 L0002 | 221 20005 | 150 £0.03
beacons are never discarded, which confirms that b,.. SBCC-N | 0.0740.004 | 2.2440.004 | 1.47 +0.024
From another point of view, overall results show how severe Scenario 26 =22 m=3 p=0.07

SBCC-C | 0.07£0.003 | 2.22+0.001 | 3.68 &+ 0.007

fadmg.condmon.s have a negatly(_e impact on packet pro_lvﬁbn SBEC-N | 006+ 0007 | 292+ 0.001 | 3.60 < 0.042
reception and hidden node collisions, and so the effectae b Scenario 33=22 m=1 p=0.25
coning rate is lower for these scenarios. But, on the othed ha SBCC-C | 0.274+0.012 | 2.26 £0.007 | 1.47 4+ 0.040

fading tends to benefit congestion control since it reduces SBCC-N | 0.27£0.016 | 2.26 £0.007 | 1.44 +0.027
Scenario 45 =22 m=3 p=0.25

the aggregated interference and so power can be kept at asgccc T 026 £0.012 | 2.22 £0.002 | 3.64 £ 0.027
slightly higher level. In other words, for a given power leve SBCC-N | 0.2240.021 | 2.224+0.002 | 4.59 + 0.042
moderate fading improves packet reception probability smd Scenario 5§ =25 m=1 p=025
he effective b . but th q is hiah SBCC-C | 0.26+0.010 | 2.58 +0.007 | 1.37 +0.033
the effective beaconing rate but the measured CBT is higher. | sgcen | 0.28 £0.012 | 257+ 0.007 | 1.36 + 0.034
Interestingly our results are similar to those of SPAV [1#], Scenario 68 =25 m=3 p=0.25
low-overhead version of D-FPAV [9] which solves a max-min SBCC-C | 0.25+£0.011 | 2.534+0.002 | 3.53 £0.035

. . . . SBCC-N | 0.24+0.019 | 2.53+0.002 | 3.47 +0.039
fairness problem to achieve congestion control. That is, ou
proposals achieve a similar goal with very limited feedback TABLE I

) . ] o ESTIMATES FORSTATIC SCENARIOS(VALIDATION)

and without the additional algorithm complexity introdddzy
SPAV and overhead of D-FPAV. Assuming transmit power is
sent with an additional byte, SBCC overhead is 0.21% whereas

that of D-FPAV is between 16.2 to 41.4 % and SPAV iggwer that results in an average range of 435 m, compared to
0.42% [16]. Finally, if no power controlis applied perform@  he ayerage range of 185 m on the center of the cluster. Furthe
degrades to unacceptable levels. CBT at 0.9 shows that tBgyction of the load in such a extreme situation would nequi
channel is collapsed due to transmissions and collisiodsan g |gwer the global MBL threshold or additional mechanisms.
vehicles cannot transmit beacons in due time. Average 8CCg$ Fig. 6(b) we plot results for scenario 4 with and without
time is above 0.5 s and more than 80% of the beacons @igye correction again. This is the more demanding scerario f
lost. load control, but edge correction is able to keep the extd lo

at 0.035 as intended, being maximum again arcings ; =

cHy8 m, with the extended safety range equal to 271 m on the
ayerage. Finally, Fig. 6(c) and 6(d) compare the results wit

Edge correction and difference of densitiés Fig. 6 we
show validation results for the scenarios discussed in.S
IV. First, we have simulated the worst-case scenario for
static difference of densities. Vehicles on the left aretfmsed edge correction for all the scenarios, now taking into aotou
uniformly with a densityps = 0.02 which is the maximum also the edges, i.e., all the 400 vehicles, in the averages. A
density needed to have a maximum transmit power Wita  C@n be seen, the reduction of load in the edges contribute to
9.5 andm = 3. Vehicles on the right are positioned startingt 9l0bal reduction of the average load.

200 m away from the edge node on the left, with density In summary, in both cases we confirm that edge correction
p1 = 0.126 corresponding to a congested traffic situation. ThAchieves its goal as well as the validity of the estimates for
way, the distance between clusters corresponds to the -wof¢ extra load provided in Sect. IV. Even though they are
case situation where the extra load is maximum. As can BBProximations, they can be used to set values for design
seen in Fig. 6(a), edge nodes on the right cluster bear aa ex@frameters such as the MBL.

load roughly corresponding to that of eq. (12) which occurs Estimates In order to validate our assumptions we also
around2rcs1, as discussed in Sect. IV-B. This extra loagprovide results for estimates in Table Ill, where the averag
due to the left cluster adds to the one corresponding to ed¢geues forp, 3, 7 are shown. As can be seen, the path loss
effects. It does not reach the expected maximum precis@yponents is correctly estimated in all the cases. The shape
because the SBCC-C tries to compensate it on both sidespagametern is generally overestimated, though vehicles take
can be seen from the reduction of load on the edge of the I#f nearest integer, which becomes correct for low valugs, b
cluster. Applying edge correction with, = 0.1 reduces the still is overestimated for high values.

edge effect contribution to the extra load as expectedHdd3 The estimated vehicle densify measured by the vehicles,
excess load for each cluster. The safety goal is also aahievis also shown for validation purposes, though it is not diyec
since 10% of the leftmost edge nodes on the right cluster usased by the controls. It has been estimated with eq. (7) and
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Fig. 6. Performance results for static scenarios with arttiout edge correction(EC), as = 0.1 and o, = 0.8. (a) Average Channel Busy Time (CBT)
for densitiesp; = 0.126 and p2 = 0.02. To avoid the difference of scale in meters due to differesmsities, X axis shows vehicle numbers equally spaced.
Density p2 ends at node 100. (b) Average Channel Busy Time (CBT) foraeer! versus vehicle position at the road. (c) Average CekBusy Time
(CBT). MBL goal Cynae = 0.7 shown as solid line. (d) Average number of neighbors in resghable, N. MBL goal Nyqz = 49.15 shown as solid line.

In (a) and (b), 95% confidence intervals of 15 replicatiorss sttown as dashed lines, whereas in (c) and (d) as error bars.

(8) for SBCC-C and SBCC-N, respectively. Average vehiclas network simulator and SUMO [30] as traffic simulator.
density is correctly estimated in general, though resalisto We have imported a segment of the A5 German highway
be slightly overestimated and better for SBCC-C. Interieee from OpenStreetMap [31] between the exits of Kronau and
correction has been applied when the load is above 0.85hwhRruchsal, which goes straight from north to southwest. This
occurs rarely, and so its influence in the estimation in thesea high-capacity three-lane per direction highway. Weehav
tests falls within the confidence interval. set up flows for two different traffic situations. The first one
(Scenarios 1 and 2) models normal traffic conditions, with a
flow of cars in both directions driving at high speed with a

In this section we evaluate and compare our proposals3m of heavy and slow vehicles, like trucks. SUMO reports
realistic dynamic scenarios. In this case, the traffic dgnsi an average flow of 1100 vehicles per lane per hour and an
not homogeneous anymore and local densities differ over tiraverage speed of 32 m/s. The second one (Scenarios 3 and 4)
and at several locations on the road. Moreover, we simulai®dels a traffic jam. The flows are the same but the speed
a traffic jam in order to test SBCC with and withoetlge for a segment of the road in the south direction has been
correctionin presence of strong differences of local densitieaxtificially limited to 3.33 m/s which makes car slow down and
To this purpose we have run simulations with Veins [29], ereate a traffic jam. Scenarios 1 and 2 have been simulated
hybrid network-traffic simulator which uses OMNET++ [28]

VI. RESULTS
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Fig. 7. Performance results for dynamic scenarios: A5 hahwith moderate traffic and traffic jam. (a) Average Channe$syBTime (CBT). MBL goal
Cmaz = 0.7 shown as solid line. (b) Average number of neighbors in reghable. MBL goalN,,q = 49.15 shown as solid line. (c) Average power
used. For No TPC vehicles use 1000 mW all the time. (d) Avegdfgetive beaconing rate per neighbéy.,.

for 1000 s, covering a 3.8 Km segment, whereas scenarios Scenario Parameters

. . 1: A5 highway with normal traffic.| 5 =25 m=1
3 and 4 have been simulated for 600 s, covering a 3 Km 2: A5 highway with normal traffic.| 3 — 2.5 m = 3
segment. Each vehicle spends an average of 115 s within the 3: A5 highway with traffic jam. | 8 =25 m=1
simulation area in the first case and 280 s in the second case. |4 A5 highway with traffic jam. | §=2.5 m =3
Finally, we have simulated both traffic simulations for seye TABLE IV

. ., . PARAMETERS FORDYNAMIC SCENARIOS
m = 1 and moderaten = 3 fading conditions, with a path

loss exponent of = 2.5. Each simulation has been replicated

10 times. Again, we set up MBL to 70% of the available

bandwidth, or equivalently’,,,, = 0.7 and N, = 49.15.

Fig. 7 shows results for the performance metrics describeddlearly confirm that our proposals work properly also for

the previous Section with 95% confidence intervals. Siryilar dynamic scenarios. In all the scenarios the channel loagiis k

Table V shows results for estimates. at the desired level. SBCC-N tends to be more conservative in

dynamic scenarios because the number of known neighbors

Regarding congestion control, results for CBT in Fig. 7(eeps higher. The reason is that vehicles detect far away
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Fig. 8. Average CBT per vehicle for Scenarios 1 and 3 for SBC@ith and withoutedge correctionEC), with s = 0.15 and «,, = 0.8. The x-axis
shows the vehicle number which is assigned monotonicallgaah vehicle is created in the simulation. (a) Average CBiTvadicle in A5 with Normal
Traffic, 8 = 2.5 andm = 1. (b) Average CBT per vehicle in A5 with Traffic Jami,= 2.5 andm = 1. Dash and dotted lines show 95% confidence intervals
for 10 replications.

neighbors that use high power until they adjust it according edge correctionis used the extra load decreases to around
the environment. More specifically, the simulation opemati 0.05 which is the intended goal wiila, = 0.15. In addition,
makes new vehicles appear at one end of the segment asdntended, it makes a fraction of nodes on the edge of the
disappear at the opposite end. These new vehicles stag ugnaffic jam keep a higher power, which creates an extended
the maximum power and then gradually reduce their powsafety range for vehicles approaching. As the traffic janugue
Therefore, SBCC-N tries harder to reduce the power in ordecreases, these nodes reduce their power according to the
to decrease the number of neighbors in range. This is also theal density and the newly arrived keep the higher power at
reason why CBT for SBCC-C in Scenario 4 deviates mothe edge. However, applyingdge correctionin the normal
from the goal. In this scenario, new vehicles start at one etrdffic scenarios results is a global reduction of the CBTe Th
and drive normally approaching to the traffic jam. Duringithereason is that in a normal situation the local densities ate n
approach to the traffic jam they use high power since they tlomogeneous and vehicles tend to move in separated clusters
not discover too many neighbors in their surroundings. &b, faln that situation, the fraction of beacons from ahead and
the number of vehicles trapped in the traffic jam is large, bbehind, f, and f;, tend to be more asymmetric, which makes
since their local density is high, they have already reduceddes applydge correctiorand force an artificial reduction of
their power and so approaching cars are not aware of théme transmit power of nodes at the center of clusters. Whethe
until they are close enough. In summary, the local density tifis extra reduction is beneficial or not depends on the dedn
cars measured by the approaching cars is much lower than gioal, if a reduction of CBT to 0.6 is acceptable it results in
measured by the cars in the traffic jam. This is precisely tleslight increment of the effective beaconing rate. A trade-
situation for which application oédge corrections intended, off solution, sinceedge correctionachieves its goals in the
where we can expect noticeable differences in local dessitiintended scenario, is to apply it dynamically. For instarite
and more importantly, sustained in time. SUMO reports aan be turned on only when vehicles actually detect a traffic
the traffic jam a density op; = 0.21 whereas in the rest jam (slow speed and high density of surrounding vehicles). |
of the road the density is aroung, = 0.09. Since it is any case, a more thorough study of the possibilities is keft a
a dynamic scenario, the performance degradation estimaigsire work.

of Sect. IV-B cannot be applied directly. In Fig. 8 we have Regarding powers, results of Fig. 7(c) have to be adequately
plotted the average CBT for every vehicle in scenarios 1 ainterpreted, because they show time-averages of quiterdift

3. The traffic jam scenario shown in Fig. 8(b) reflects awvalues, as reflected by the confidence intervals. Since beshic
extra load around 0.05 to 0.10 (in CBT), which is close tetart using high powers, and then gradually reduce it acegrd
the estimated.,,, for those densities. On the contrary, wheto the local density, it is more revealing to look at the time
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Algorithm p . . i VIl. CONCLUSIONS

Scenario 1. A5 highway with normal traffic am®l= 2.5 m =1

SBCC-C | 0.06 £0.01 | 2.56 = 0.00 1.36 £ 0.01 In this paper we propose and discuss a novel statistical
SBCC'.N 008 =001 | 256000 | _1.38+001 approach to TPC for beaconing congestion control in vehicul

Scenario 2. A5 highway with normal traffic afti=2.5 m =3 L . .

SBCC.C 1 0.06 £0.01 | 2.52£0.00 349 £ 0.01 networks, called Statistical Beaconing Congestion Caéntro
SBCC-N | 0.06 +0.01 | 2.520.00 3.48 £0.01 (SBCC). With this algorithm each vehicle computes locally
Scenario 3. A5 highway with traffic jam and =25 m =1 the maximum power needed to comply with a given maximum
SBCC-C | 0.104+0.03 | 2.58 +0.00 1.29 £ 0.02 ) |

SBCCN | 0114003 | 257+ 0.01 1.29 4 0.02 beacon load as a function of the channel parameters, average
Scenario 4. A5 highway with traffic jam an@l= 2.5 m = 3 vehicle density and neighbor transmit power. We derive d fina
SBCC-C | 0.10£0.03 | 2.53+0.00 3.36 £0.08 expression of the algorithm as a linear proportional cdigro
SBCC-N | 0.09+£0.02 | 2.53 4+ 0.00 3.40 +0.02 . . :

and provide two variants, SBCC-C and SBCC-N, depending
TABLE V

on how the vehicle density is estimated. Unlike previous
proposals, SBCC adds little overhead to the communications
Our results show that SBCC is able to effectively control
beaconing congestion and improve other performance raetric
evolution. For instance, for SBCC-C in Scenario 3, we have dynamic scenarios with non-homogeneous networks.
collected window averages of transmit power every 25 s. InEdge effects and differences of densities sustained in time
that case we obtain averages for the first batches of 785 mder the performance of SBCC. We propose edge correction,
204 mW, 28.1 mWw, 18.3 mW, 21.1 mW. The global average & mechanism to overcome it while keeping an extended
raised due to the high difference between the first samplés aange for nodes at the edge of the cluster, which is useful

subsequent ones. We show only the global averages in 7(chtpa warning range for vehicles approaching a traffic jam.
illustrate the global trend between different algorithms.

ESTIMATES FORDYNAMIC SCENARIOS

Additionally, we derive an approximate expression for the

SPAV results are again close to those of SBCC-N thoughestimated communication range under interferengg, and
tends to be more conservative and reduces the power more whadt we call the interference range;. The latter in fact
for a longer timer. Not using TPC again results in the channglovides the average fraction of packets lost due to hidden
being almost completely occupied by beaconing activity antbde collisions. Hence, it is necessary to correctly eséma
unacceptable channel access time higher. Finally, reslter  either the effective beaconing rate or the actual CBT geedra
again that the effective beaconing rate, when power contim} a number of vehicles, among other metrics. It can be also
is used, is mainly determined by the fading conditions angsed to compensate the error in the estimation of the vehicle
hidden node collisions. When no TPC is used it worsens ddensity and as a fast recovery mechanism when channel load
to additional in-range collisions and channel congestion. is high.

Table V shows that estimates are correct also for dynamicWe have shown how, with SBCC, TPC fulfills its goal and
scenarios. Regarding density, SUMO reports an average devakes channel load and effective beaconing rate indepénden
sity of 0.065 vehicles/m for Scenarios 1 and 2 and 0.09 fof vehicle density. In that case, the reliability of beacon
Scenarios 3 and 4, which coincides with the values measuredeption is basically determined by hidden node collision
by vehicles. But this is a globally averaged value. In th#fita and fading, and can be estimatedihy So we plan to leverage
jam scenarios the local density at the traffic jam is muabn it to evaluate combinations of beaconing rate and transmi
higher, rising up to 0.21 vehicles/m. The difference in thpower that are able to meet the requirements of different
local densities along the path also accounts for the sedyningpplications. Moreover, the estimated communication eang
high average power shown in Fig. 7(c): since the density isider interference can be useful in the design of emergency
around 0.09 one would expect power to be in the order of multihop warning delivery message applications, whbee t
those shown in Fig. 5(c) in previous section. But vehicles uslelay and reliability of the service is also determined kdiein
high power at the beginning of the journey and so the averagede collisions and connectivity.
is raised and the variance is higher. Indeed, the next natural step is to build integrated,

Overall, the performance evaluation results discussed application-based awareness control schemes. The cpeallen
this section confirm that our proposals SBCC-C and SBCC-bl how to integrate seamlessly them with congestion control
provide an effective technique to control channel congastiSBCC is a proactive algorithm, which uses estimates that
due to beaconing activity in realistic scenarios with nomeflect the average propagation conditions in order to limit
homogeneous traffic densities and dynamic environments. congestion for all nodes. Awareness control implies adapti
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Transmitter Receiver Interfere

N . . In order to obtain a tractable expression for the interfegen
d .
* range, we have to further assume that theparameter is
Fig. 9. Interference model an integer. In that case, the gamma distribution becomes an

Erlang distribution, whose distribution function B(z) =

m 1 LT (,uz) ili H 1 i
the power or rate of a selected subset of nodes to comply Whh i=0 © ~*%5r- and probability density function is

_ ;L z™ z, B
the requirements of a particular application. It is necesta fla) = (m-1)T -emre. To simplify notation letB = SAd”,
evaluate the influence of specific modifications of a subset gf:

SA(d+z)? andK = 7o (4 )?. Let us also recall that
nodes on the rest of them and the stability of the controfé# ~ PﬂH and pr = PﬂT' Then, substituting Gamma by an

Hence, our plan is to develop awareness-control schemes%ﬁmg distribution and its pdf, the probability of interéace

top of SBCC, taking into account stability constraints bty becomes
is indeed important even without further developments,so a

a first next step we plan to analyze the stability of SBCC. In(d,z) = /C <mz:1 _ry (Ky)* ) H?ymilefwydy _
As a future work we also intend to evaluate the performance B \i% it (m—1)!
of SBCC when the channel is not correctly modeled by e~ (K+ur)y
a Nakagami-m model or nodes experience different fading (Z/ — Ky 1dy>
conditions. o
APPENDIX (m=1) g i +K)m+z
COMPUTATION OF INTERFERENCE RANGE : (F(m +i, B(ur + K)) = T'(m +4,C(ur + K)))

When the load in the channel is high, a fraction of the (17)
vehicles in carrier sense rangg:s will not receive the  Previous equation gives the probability that a packet atesom
messages because of hidden nodes transmissions. To dgriiat (receiver location) is not received due to interfeeas a
it, let us consider a transmitter located at the oridipn = 0, function of the distance to the transmitter and hidden ndde.

a receiver located at a distandealong the x axis and one get an average over the set of all locations we apply Robbin’s
interferer (hidden node) located at a distamce = from the formula [32], and integratéz(d, z) over all the set of points:
transmitter. As a worst case approach we only consider the

. . ry = Ig(d,z)dzdd
stronger interferer, as shown in Fig. 9. / /

We assume the system model described in Sect. Ill-A.To compute the integral above we change the order of inte-
Neglecting noise and interference from other nodes, whichgration and introduce an auxiliary variableasz = d(a—1).
reasonable as discussed in Sect. Ill-C, a message is rdceiVRenq varies froml, when the distance from the hidden node
correctly atd if the ratio of the received power from theto the receiver i), to +oco, and eq. (18) becomes
transmitter to the received power from the interferer isvam

(18)

(e ( i
given threshold'. Let beFr andFy the virtual power emit- 7 = m—1)! Z / / (or + MH (a i)f; Aymts
ted from transmitter and interferer (hidden node) respelst;
then a packet is correctly received &, > 7-Ei . [F(m + 1, SAdﬁ(HT + %(04 -17) -

Let us consider a given transmitter powgr and interferer — T(m+ i, SA(d)? (ur + M—H(a _ 1)3))} ddda —
power py. If we consider a Nakagami-m fading channel B T
let I(Fr,d,z) be the probability that a packet is interfered  _ wr mz: (I
conditioned onFr, d andz: !

8 T(m, frm (28 (19)

I(Fr,d,z) = P(Fu > I;deﬁ )= ( ’FT(Z;Z)(d) ) (15  To simplify notation let us define

Now we uncondition orFr, but taking into account that: (1) G(a,m,i) = - (4 (a = 1))’ ‘
receiver must be in transmission range, thatfis,> SAd”?; il(pr + (o = 1)F)m
and (2), hidden node cannot be in transmission range, that is R=SA(ur + NTH(Q - 1)%)

B . .
Fr < SA(z +d)*: We compute the first integral as

A( Z)B m.y—2-(Z B [e%s} o) [e's)
I(d,x) = /SS " w][(y)dy (16) I, = /1 /O G(a,m,i)( / dﬁtm“_le_tdt)ddda (20)

Ad# I'(m) R
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Then, changing the order of the inner iterated integral wes]
get

oo oo ) (£)
I :/ G(a,m,i)/ tmﬂ*le*t/
1 0 0

= / G(a,m,i)— / A P % P
1 R7 Jo

o 1 1
/1 G(a, m, Z)Rﬁ F'im+i+ B)d

@

(7]
dddtda =

(8]

(21) [9]
And similarly
o0 I'(m+i+<
L= / G(a,m,i)%gda (22) o
1 RB (e}
So finally, the interference range becomes [11]
m—1 MH _ [j 7
e S e
1 (23)
F(m +i+3) a— 1da) [13]
(SAuT)? (1+ ft(a— 1)) @

And to express it as a product of the transmission range ]
use the fact that'(m + n) = I'(m)(m),, where(m),, is a
Pochhammer symbar rising factorial:

ry = Tcs_u? mz_l l (/OO (#TH a — 1)B)i o)
=11 2= A\), Tar+ B = DAy
1y,
(m+5)i [16]

a—1 >
T da
1+ £ (a—-1)P)7 @
(24)
1 (Rayleigh fading) this [17]

Let us note that whenn
expression simplifies to

> a—1 [18]
rr = Tcs/ s da (25)
1 (a—1)8Y\ P
(1 + prHT )
[19]
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