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Abstract— Microwave has been up to know the preferred
technology for Electronic Fee Collection (EFC). In the last
years new technologies came to EFC arena: infrared and
location satellite based systems plus cellular networks. This
paper triesto present these technologies and a comparison not
only based on performance but also cost-effective.

Index Terms— I TS, EFC, tolling, radio frequency, microwave,
infrared, positioning systems, cdlular systems

|. INTRODUCTION

Inthe early 1990's, the first EFC systems were installed,
coming fromdifferent manufacturers and road operators.
Each one did hisjob, and interoperability wasn' t seenasa
primary requirement. The first devices were DSRC

(Dedi cated Short Range Communi cations) devices which
operated at 915MHz (LMS-Location and Monitoring
Services band) or 2.45GHz (ISM-Industrial Scientific
Medical band). Although these were mainly the only
frequency used, each manufacturer developed his own
communi cation protocols and applications. As aresult,
different and incompati bl e systems appeared, many times
using the same frequency carriers, which mede even
difficult to install two tagsin the same vehicle as one would
interfere the other.

Later, users began to demand a conti nuous service when
driving fromonetoll motorway to another, and also

i nteroperability was seen as a merket benefit, since
manufacturing costs would be reduced if a standard applied
and mass manufacturing became possible.

So the standardi zati on bodi es started to work on a standard
for EFC. Inthe USA the 915MHz band was chosen for their
standard, while CEN chose 5.8GHz, because the European
GSM standard was operating at the 900MHz band and
interference would be expected. In Japan, ARIB
(Association of Radio Industry and Busi nesses) came up
with a standard at 5.8GHz too, but not being interoperable
with the European one. The FCC & so proposed the
allocation of a 75 MHz wide band, between 5.85 and
5.925GHz, reserved for the use of ITS DSRC devices.

At least now thereis anstandard for eachregioninthe
world, one coud think. But the discussion doesn’ tfinish
here. These systerms have some problems with interference
fromother devices, and frequency allocationis not uniform
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inall countries. Also, affecting to this frequency bands, is
the problem of the metal coated windscreens, whichwill be
further discussed inthisarticle.

At the same time, EFC systems based on other technologies
have appeared, claiming for aplaceinthis merket. These
include mainly DSRC-Infrared technology and GNSS/CN
(Globa Navigation Satellite System/ Cellular Network).
The manufacturers talk about great enhancementsinthe
performance of an EFC systemusing their technol ogies,
and new standards have been proposed for the Physical
Layer of DSRC.

Thequestionis: gwhichis the best technol ogy for EFC? or
awhich one would be the more sitabl e for the conditions of
an specific road or country? This will depend not only on
the existing toll road configuration but also onthe
performance of the considered EFC system

Inthis paper we will show the characteristics of the
available technol ogies for EFC, trying to meke some
compari sons from a performance point of view.

Further inthis paper it will be considered RF (Radio
Frequency) technol ogies as the ones which make use of
bandwidth below 1GHz, and MW (Microwave)

technol ogi es as the ones which operate at frequencies
between 1 and 300GHz. IR (Infrared) technologies will
designate devices operating in the infrared spectrum
(between microwaves and visible light) and GNSS/CN
technol ogies will designate vehicle positioning systens
which make use of satellite infrastructure and cellular
network for communi cations.

The term DSRC refers to short range communi cations
between a beacon or RSE (Road Side Equipment) and ateg
or OBE (On Board Equi pmen).

Inthe following sectionsit will be discussed the
characteristics of each considered technol ogy.

Il. CHARACTERISTICS

A RF Technologies

If we search a definition for radio frequency, it will be
something like “ the portion of the electromagnetic
spectrumthat is between 3kHz and 300GHZ’ . Inthis paper



wewill consider RF as the part between 3kHz and 1GHz
only, to meke a difference between RF and MW systens.

Radio frequency waves are radiated waves that belong to
the lower part of the spectrum We will considerate RF
spectrum as the frequencies from 0 to 1GHz. DSRC tags
operating a RF spectrum usually meke use of the 915MHz
LMS band.

RF tags can transmit through walls and solid obj ects. Non-
line of sight communicationis possible athough
transmission losses are higher inthis case. RF cannot
peretrate metals. A car has alot of metal parts. Therefore,
communi cation must be through the g ass, or by means of
an external antenna. Thefirst optionis commonly accepted
and so the tags are mounted behind the windscreen. There
is aproblemwith metal -coated windscreens, because the
signal suffers big attenuati on up to 40dB when crossing the
dass. The European DELTA [1] project (DSRC

ELectroni cs i mplementation for Transportation and
Automoti ve applications) isworking on that subject, and
proposed sol utions include at short time maintaining ahole
or window inthe metal coat, and integration of the DSRC
OBE inthe vehicle at long-mediumterm However, these
doesn't give a solution to the cars currently equipped with
metal-coated gl asses.

RF tags can be active or passive. Passive tags modul ate and
refl ect the received power fromthe RSE. Thisiscalled
backscatter transmission. Passive tags areread only, sinple
and cheap tags which are designed for asingle application
like tolling. Active tags are battery powered and can be
read/write tags, more expensive but a so more complex.
The more conmplex version of a OBE integrates an
smartcard. A smartcard is anintelligent el ectronic card,
withintegrated microprocessor and a communication link
(which can be contactl ess) to the OBE. Smertcards provide
flexibility, as they can be used for other applications like
public transport when not inserted into the OBE, and can
also hold aprepaid accourt.

RF tags can operate in half-duplex or full-duplex mode. If
the same frequency is be used by the OBU and the RSE,
communi cations must be hal f-duplex, to avoid interference
between them Full duplex communicationis also possible,
but different frequencies must be all ocated for the downlink
(from RSE to OBU) and for the uplink (from OBU to RSE).
Passivetags can only operate in half duplex mode.

RF transmissionis affected by reflections. As a coherent
wave, propagation depends on amplitude and phase, and the
phase varies with the di stance and frequency. The received
signal at any point is the result of the contributi ons of
directed and reflected signd's, with their amplitudes ad
phases. When these contri buti ons have opposite phases,
they cancel each other, and received signal can become zero
or near to zero. Thisis called multipath propagetion |oss. A
receiver moving across this fading points will find trouble
to communi cate. Multipath propageation | osses are difficult

to estimete, since they change dynamically, depending on
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the reflecting obj ets present at any time, which are the
ground, buildings and vehicles.

RF interference appears whenanon-desired signd is
received inthe receiver bandwidth. Also receivers suffer a
phenomenon called inter-modul ation, caused by deviations
and tol erances of the components of the mixers. Nearby
transmitters operating in adjacent bands can interfere to our
system. For this reason, the frequency bands must be
allocated with attention to the rest of existent devices thet

are operating in the specified frequency band.

RF isanorrionizing radiation. lonizing radiation, like X-
Rays, when exposed to human cell's can change the DNA
and produce cancer. lonizing radiation also has cumulative
effect so alongtermexposureis a so dangerous. We don' t
know very much about the effects of non-ionizing radiation
on humans, but many experiments have been carried out
with animal's, showing thet thermal aswell as nonthermeal
effects can produce hedl th probl ems, depending onthe
frequency, power and duration of the radiation exposure.
That' swell understood with the exampl e of the MW oven.
MW oven produces thermal effects on tissues. MW oven
operates at 2.4GHz, and at this frequency water particles
resonate and generates heat. Each kind of tissueis excited
by a different frequency, and lots of studies are being
carried out to determine this effects.

There are regul ations to protect public safety from
radiation. These regul ations limit the maxi mum radi ated
power for each frequency and application. Table 1 shows
regul ations for RF an MW radiiation for different regions of
theworld [2][3][4].

Tablel
Exposure Limits for RF and MW Exposed, General Public
ICNIRP CENELEC ANSI / |IEEE
f(MHz) [S(W/n?) ™ f(MH2) S(Win?) | f(MHz) | S(Wind)
10-400 2 10-400 2 330 2011
30-100 1102
100-300 0.2
400-2000 | /2000 400-2000 f/200 | 300-3000 | f/1500
2000-300000 10 2000-150000 10 3000-15000 | f/ 1500
150000-300000 | 0.0000667-f [15000-300000 10

(*) — Frequency, f, isinMHz
(**) — Smeans spectral power density

B. MWTechnologies
All the characteristics of MW are the same than for RF,
with afew differences, due to the fact that MW are higher
frequencies.

First, propagation |osses are higher for MW. If atransmitter
transmits P, watts froman antennawith gain G, areceiver
at adistance d away receives P, froman antennawith gain
G. Intheformula, cisthe speed of light and f the
frequency.

P, = (P/4?d%) G G (%] 472




Therefore, the higher the frequency, the higher the
propagation | osses are in free space.

Second, attenuation due to weather conditionsis also
higher, as the wavelengthis more similar to the size of the
particles of the rain, water vapor, etc.

Third, multi path propagati on |0sses are more unpredi ctabl e,
because the phase of the signdl varies norewiththe
distance. Look at Figure 1 for comparison between RF and
MW propagation loss [5]. Also, there is more bandwidth
availablefor higher bit rate applications, and thereisless
€l ectromagnetic pollutionin the MW spectrum Findly,
antennas can be smeller and more directive.

Figure 1. PROPAGATION LOSS COMPARISON
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Aswe can see, the 5.8GHz frequency band is a compromise
between higher propagati on loss an higher spectral noise.

C. IRTechnologies
Infrared is aline-of-sight technol ogy. That means that OBU
must‘ see’ the RSE to communicate. Also communication
ispossible viareflections of the IR signdl (think of the IR
commander of your TV). IR signdls can not go through
opague surfaces or objects. Communi cation must be
through the glass of the windscreen. We can understand IR
asakind of light, withsimilar propertiesthanthe visible
light.

For ITS applications incoherent infrared has been
considered. This mean that the transmitted signal is not pure
infrequency terms (in contrast with lasers), and has a
spectral wide (commonly from 50 to 100nm). Incoherent
infrared transmission doesn' t have to take accourt of the
phase of the signals. The IR signal's can be interpreted as
power vectors, and the receivers sumup al power with
always positive signs. Thisavoid any problemwith
muitipath, and even refl ected signals contribute with more
power. Communi cation through metal coated windscreens
isaso possible, as attenugtion are lower for the IR

spectrum (up to 7dB).

IR alows very high data rate communi cati ons because the
IR spectrumis placed at very high frequencies, so alot of
bandwidthis available.

Propagation loss in free space is higher than for RF an MW,
and al so attenuation due to weather conditions. IR ismore
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affected by smeller particleslike fog, since IR wavel ength
isfrom 1?mto approximetely 1mm However, regul ations
for IR emissionare much less restrictive and very high
power transmissionis alowed not representing a risk for
human health. IR is @ so a norvionizing radiation, and the
only known risks are related to the eye direct exposure to
high power IR for along time.

IR does not receive interference fromother devices. IRisa
real short range technol ogy and few spectrumpollutionis
present, mai nly coming fromthe sun light. For this reason,
no allocation frequency licenseis required. Regulations
only apply to meximumexposure limits. IR canbe legaly
used unrestricted inany country for any application
worldwide.

IR signal can be focused by optical means like lenses and
mirrorsto achieve well defined communi cation zones.

D. GNSSCN Technologies

GNSS/CN (Global Navigation Satellite System/ Cellular
Network) are those systems making use of a satel lite-based
positioning and navi gation systemto compute the | ocation
of acar inaroad network, the covered distance, border
crossings, and al the data necessary to calculate afee.
Satellite navi gation systems provide aone way signd (from
the satellites to the receivers on Earth), so usually acellular
phone systemis used to communi cate with the control
system, which performs the transaction by means of a
central accourt of afinancial entity or prepaid smert card.

These systems are becoming popul ar because they require
the minimuminfrastructure. Most EFC systems require a
RSE (Road Side Equipment) to conmmunicate with the

OBU. Thisisthe part whichincreases the cost of the system
for the operator. Sometimesiit is evenvery difficult to
install anew toll plazadue to physical restrictions of the
road. Let’ s say, for instance, thet wewould like to set atoll
plazainafree road, where we can't al ocate enough space
for a stop-and-go toll facility, so amultilane freeflow
systemwould be required (whichis not actual ly supported
for al systems and a so means a problem for non-equipped
users). Even more difficult isto set atoll systeminan urban
area. This problens are avoided by a GNSSCN system, as
no road side infrastructure is required.

The operation of a GNSS/CN is different to DSRC-based
technol ogies. Here we talk about a*“ virtua gantry” , asno
gantry is crossed at al. Instead of chargingwhendriving
through a number of defined points of aroad, GNSS/CN
defines afee for drivinginawhole road network. The
satellite positioning systemis used to track the vehicle
position through the network, and different fees can be
applied depending on the sel ected road. Inthis way, the
precision of the satellite positioning systemis critical for
the performance of the system A user drivingonafree
road adjacent to atollway must not be charged by the
system The charging informetionis stored in a database,
whichisinmost cases integrated on board and hasto be



updated when changing the charging rates or when driving
into anew network. Also the classification i nformati on of
the vehicle has to be stored in the database of the OBE,
because it can’ t be measured onthe road (it could be, but no
gantries and road infrastructure are likely to beinstalled ina
GNSS/CN system, since the main advantage of these
systemsisthelow cost of the road side infrastructure).

The Swiss Government has launched the first large scale
GPS-based project, whichwill be soon operable and will
charge the heavy vehicles for the distance covered inall the
Swiss Road Network. This systemwill make use of MW
5.8GHz DSRC technol ogy for communi cati ons between the
OBE and a RSE when crossing the Swiss borders, and a
GPS systemto compute the covered distance.

The USA and Russia provide the two navigation satellite
systerms now available (GPS and GLONASS respectively).
A third system Galileo, built and operated in Europe, is due
to come on line between 2005-2008. The three systems will
be fully interoperabl e, which means that a user on Earth
will be able to determine a position with any receiver
picking up signals from any combi netion of satellites

bel onging to any of the three systerrs.

Urtil now, the accuracy of GPS civil receivers was limited
to ahundred of meters by SA (Selective Availahility), a
degradation of the GPS signal which was introduced on
purpose by the US Government. On May 1, 2000, Bill
Clinton announced that the SA degradationwould be
discontinued from GPS signal . Since SA was di scontinued,
GPS users have routinely observed horizontal accuracy
values of 10-15 meters. Galileo will deliver positioning
accuracy downto 4 m, by offering dual frequencies as
standard, whichis unprecedented for a publicly available
system. Nowadays, dual frequencies are only available for
military users.

Satellite navi geti on systems make use of spread spectrum
techniques for the signal transmission. This gives protection
to interference so that these systems can coexist with any
other systemtransmitting in the same band.

A cdlular phone systemis used to carry out the transaction,
and future cellular systems with higher bit rates could be
used to remotely update the vehicle database. This
transaction can be done at any moment and anywhere into
the road network. Thisis the more powerful feature of the
virtual gantry, allowing an unlimited number of vehiclesto
be charged, without any speed restriction since there is not
atransactiontime limit. Also navigation systens have

unlimited capacity.
I11. COMPARISON

A. Sgnal to Noise Ratio
SNR (Signal to Noise Ratio) is the margin betweenthe
received power of asignal and the noise level. Most
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modul ation types require aminimum of 13dB SNR to
achieve a10° BER (Bit Error Rate).

Such a SNR has to be guaranteed with a security margin, to
prevert fading and fluctuati ons of the signal, westher and
windscreen attenuation. The cal culation of thismarginis
called budget.

For RF and MW technol ogies, the mexi mum transmitted
power alowed isstrictly limited. Table 3 showsthe
exposure limits for different RF and MW technol ogies, for
general public, based on ICNIRP, CENELEC and IEEE
regul ations shownin Table 2. Taking into account
propagation | oss for a communi cation zone of about 10m,
windscreen attenuation and other security margins, we find
that RF and specially MW (because propagationlossis
higher) technol ogies are working near the noise margin.
That'swhy a problemsuch as metal coated windscreen
extra attenuati on cannot be solved simply by increasing the
transmitted power or the receiver's senditivity. Transmitted
power is near the maximumallowed, and aso very
sensitive receivers are being used yet.

Table3
Exposure Limits for different RF and MW technol ogies
S(W/n)
Freguency ICNIRP CENELEC ANSI/IEEE
915MHz 5 5 0.61
2.45GHz 10 10 1.63
5.8GHz 10 10 3.86

For passive backscatter tags propagation losses are higher,
as there are two-way propagation losses, and aso an
attenuati on produced by the refl ection process.

For the IR, although propagation | oss is higher, regulations
for the maxi mum transmitted power are muchless strict.
The sun spectrumincludes 100W/n of IR power inthe
relevant spectrumat 850+£50nm, whichis clearly greater
than the maxi mum exposure val ues for other technol ogies,
and is not considered to be dangerous. The IEC 825
regulation [6] allows the emission of 100W/sr without
obligation of using laser classes. Therefore, for an EFC
application, if some kind of problem with attenuation
appears, it is possible to increase the transmitted power
because the power used for atypical EFC applicationisfar
to the power limitation. Moreover, IR tags are always
active, so thet only one-way propagation 0sses have to be
taken into accourt.

GNSS/CN technol ogies can even work below the noise
level because of the spread spectrum techni ques being used
in the modul ati orydemodul ati on of the signal . Although, in
some situations, like driving through a tunnel, the receiver
mey have problemsto “ view” the 3 satellites needed for
horizontal positioning.




B. Communication Zone

Communi cation zone i s defined by the maxi mum range of
the signal withinthe SNR limits. A 4-7m communication
zoreisnormdl for an EFC systemwith passive tags. The
length of the communi cation zone plays animportant role
inthe maximum driving speed achievabl e through the tol|
facility and in the throughput of the system The longer the
communi cation zone, the higher i's the maxi mum speed, and
more transacti ons can be done at the same time. Maxinmum
speed & so depends on the bit rate. Considering a
transaction as a fixed number of bits, longer communi cation
zones give more time to exchange the i nformeti on between
RSE and OBU, and higher bit rates allow to do this
operationinafewer time. Asaresult, long communication
zones and high bit rates are desired for an EFC application
to achieve high vehicle throughput.

Active tags allow longer communi cation zones, asthe
propagation | osses are one-way. IR active technol ogy
allows longer communi cation zones than RF and MW.
While IR communi cation zones can reach 100mlength, RF
and MW active tags allow up to 30m, and the

communi cation zones for passive backscatter tags don' t use
to be longer than 10m

This concept is not applicable for GNSS/CN, asthe
communication zone s not restricted to ashort range link.

C. ReuseDistance

Reuse distance is & so a concept that applies only for a
DSRC lirk. It defines the shortest di stance thet should
separate two different gantries, avoiding interference
between them

Four different reuse distance are defined, depending onthe
considered source of theinterference and the device
receiving the interference. For example, the downlink on
downlink reuse distance refers to the interference created by
asecond RSE (downlink) to the OBE received power (also
downlink). See Table 4 for reference on the reuse distance
for the different DSRC technologies. This datais extracted
from standards and technical reportslisted in[10][14]. Re-
use distance islikely to be as short as possible, since some
applications may require to set two gantries one near to the
other (inurbantolling or parking facilities, for example).

Table4
Re-use distance for different DSRC technol ogies

Re-use distance
Interference path MW at 5.8GHz IR at 850nm
Downlink on uplink 330m 80m
Downlink on downlink 35m 115m
Uplink on uplink 260m Negligible
Uplink on downlink Negligible 175m

D. Bit Rate

The bit rate isimportant in an EFC systemto achieve ahigh
throughput and reliability. The higher the bit rate, the
shorter is the time of the transaction. With a short
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transaction time, avehicle has more chancesto have a
successful communication, if any error occurs. High data
exchange rates will also facilitate the transmission of other
i nformeti on such as real -time data coll ection and
dissemination, and the integration with other ITS advanced
services.

Also for some new ITS DSRC applications, highbit rate
will berequired. Table 5 shows currert bit rate for different
DSRC technol ogies, extracted fromthe current standards
and technical documents. Again, bit rateis not arelevant
parameter for GNSS/CN, since the transaction may be done
at any time. Inthis way, the speed of the vehiclesis not
limited by atransactiontime.

Table5
Bit Rate for different DSRC technol ogies

Technology Downlink Uplink
RF at 915MHz 500kbps 500kbps
MW at 5.8GHz, CEN Standard 500kbps 250kbps
MW at 5.8GHz, Japan Standard 1024kbps 1024kbps
IR at 850nm 500kbps 125kbps

E. Interference and frequency allocation
Historically, communi cation systems have increased their
frequency year after year. For this reason, RF spectrumis
more congested than MW spectrum

The 915MHz, 2.45GHz and 5.8GHz frequency bands are
unprotected bands where the ITS DSRC devi ces have to co-
exist with other devi ces transmitting in the same band, and
might receive interference fromthem The 915MHz LMS
band is used in Europe by the GSM standard. The 2.45Ghz
ISM band is used by microwave overs, satellite
transmissions and a so recently by Bluetooth devices. Inthe
5.8GHz band interference from ameteur radio operators
could be suffered [7][ 8], asthey are alowed to transmit
with high power up to 1.5kW inthis band, and also from
military devices operating in the 5.0-6.0GHz frequency
band. Some countries even don’ t manage their spectrum, so
interference may appear in tollways deployed near borders.

IR does not receive interference fromrenote IR devices, as
it isashort range technol ogy, and no allocation frequency
licenseisrequiredtoinstal IR systens.

Satellite navi gati on system frequenci es are standardized
worldwide, so thet there are no frequency alocation
problems, and can operate in el ectromegneti c congested
environments.

F. Sandardization Level
Different standards have been devel oped for ITS-DSRC
basically inthree regions of the world: the USA, Europe
and Japan.

The US standard for EFCisthe ASTM V.6/PS111-93 [15]
for the 915MHz band. Europe has a standard for 5.8GHz,
from CEN Technical Committee 278 [10], which1SO has




aso accepted. The ARIB STD-T55 standard [16] alsois
based on MW 5.8GHz technol ogy, but is not compatible
withthe CEN standard.

For the IR a standardi zati on effort was mede by CEN
TC278 until 1996, which was probably stopped because
there was asingle supplier for EFC systerrs. Current IR
EFC systens are based on a Internal Technical Report
which resuited fromthis effort, the ITR N526 [14].

New proposals have recently come from CEN TC278 for
devel opment of new high-data-rate standards for the
Physical Layer, using MW at 5.8GHz and IR at 850nm. Bit
rates of 10Mbps are expected, with alocation of additional
10MHz for the MW band.

Thereis aso awork group from CEN working on
GNSS/CN [18]. Thisgroup addressed itstask to ISO in
1998 as much interest was awaken about GNSS/CN outside
Europe. The GPS[17] and GLONASS specifications are
worldwide accepted and used.

G. Cost

This paper is focused on the performance of different
technol ogies for EFC, but al so a cost approximation will be
done. Cost can be divided into two categories: cost for the
operators and cost for the users.

Cost for the road operators come fromthe road side
infrastructure, enforcement, operation and meintenance. In
this way, GNSS/CN systens are costless, as they avoid the
install ation of any gantry. IR has a so cheap solutions with
solar powered RSE mounted on single poles and one way
communi cation protocol (the fee is discounted froman
account kept inasmartcard), and combined fixed/mobile IR
enforcemert.

Cost for the users depends on the compl exity of the OBE.
Passive tags are cheaper than active ones. MW tags are
more expensive than RF tags, as demodul ation circuits are
more expensive for higher frequencies. IR components are
cheap, but IR tags are dways active. A GNSS/CN OBE isa
quite expensive sol ution, asit integrates two different
systerms (positi oning system and communi cati ons system).
While passive tags are costl ess, the more complex active
tags (Smartcard-based RF/MW/IR tag, GNSSCN tag), can
be seen as amore flexible sol ution, providing added value
servicesto the user.

IV. CONCLUSIONS

Several technol ogies can be used today for an EFC
application, having different properties and benefits.

Standards and interoperability issues are the key for awide
merket deployment, and a careful analysis should be done
to determine the best technol ogy, whichwill depend onthe
characteristics of the road network and the user
reguirements not only fromthe drivers but a so fromroad
operators.
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But, ¢does interoperability appear to be area need?
Perhapsitisnot area user need, as common users of atoll
road use to do short trips, except for the case heavy lorries,
whichtravel across the borders of different countries.
However, insuch alittle market as for EFC, itisdesirable
that a common standard applies for the equi pment, so thet
mess market depl oyment can be carried out, with different
manufacturers competi ng with i nteroperabl e products.

There are still other technol ogies to be considered for EFC,
like Bluetooth and other spread spectrum based
technol ogi es, which can offer superior noise immunity, but
usually at higher cost.
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