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Abstract. Global Navigation Satellite Systems with Cellular Network feedback will pro-
vide the infrastructure for a future European electronic fee collection (EFC) system. By
its introduction in 2012, approximately nine million heavy goods vehicles will be equipped
with onboard units, uploading fee data and downloading software, tariff, and geographical
data. Due to the vehicles’ activity scheme and the large differences in up- and download
data size and amount, EFC systems will create a novel traffic type for mobile networks.
Knowledge of this aggregated traffic is necessary to design the EFC system appropriately.
Simulation of the system is a great help for the proper dimensioning, but accurate and
efficient traffic source models are needed. Based on data from the German toll collect
system, such an analysis was executed and models for the clients’ traffic were generated.
In this paper, we present these models and show first characterizations of this traffic type.
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1 INTRODUCTION

Being more flexible and more maintainable as concurrent DSRC (Dedicated Short Range
Communication, i.e. infrared and microwave) based systems, GNSS/CN (Global Naviga-
tion Satellite System with Cellular Network feedback channel) based electronic fee collec-
tion systems will provide the infrastructure for a future European solution [1]. Therefore
systems currently being developed, established, or deployed in Germany, Switzerland and
the UK are using GNSS/CN.

The introduction of an EC-wide EFC for approximately nine million heavy goods vehi-
cles each equipped with an onboard device creates a novel category of distributed mobile
clients leading to a new traffic scheme in terms of teletraffic theory. It is characterized by
highly variable but periodic times of vehicle activities and sporadic burst communication
behaviour, e.g. while exchanging billing or maintenance data for the EFC platform itself
(e.g. software or data updates) where the size of the data transmitted varies by magni-
tudes. To predict the system’s traffic and performance behaviour on a large scale it is
important to understand and analyze these aspects with appropriate models.
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Fig. 1. DSRC-based toll system Fig. 2. GNSS/CN-based toll system

2 SYSTEM DESCRIPTION

All road charging systems charge the participating vehicles by their travelled distance,
either after a certain time, at the end of a trip, or repeatedly while the vehicle is still
on the road. Therefore almost all systems include a vehicle device (on-board equipment,
OBE) and need an infrastructure to communicate with a central provider.

Today’s road charging systems can be differentiated according to two criteria: the
distribution of the different tasks between the system components (determination of the
vehicle position, identification of toll-relevant sections, computation of charges, account-
ing, billing, the payment control, and dispute settlement) and their technology. Currently
only up to the first four tasks are handled in the OBE, the rest is handled in the backend.

Currently, the most common architecture is based on DSRC (see Fig. 1). DSCR (mi-
crowave) beacons have to be deployed along the roads at all relevant section borders.
The OBEs are simple embedded devices with one port to communicate with the beacon.
As the system knows when and where a vehicle passes a beacon, it is easy to follow the
vehicle’s path. Its position is determined by the knowledge of the location of the beacon.
The charges are then computed in the backend.

This simple architecture does not easily allow dynamic system reconfiguration. There
is currently no way to maintain or install software via DSRC. Its expandability is limited
due to the extensive use of DSRC installations and it is almost impossible to collect fees
away from the motorways due to the large amount of exits and junctions. Finally, the
system cannot be extended to provide other telematic services.

A new approach based on a global navigation satellite system and a cellular network
overcomes these limitations but introduces a more sophisticated system architecture (see
Fig. 2). An example and the basis for the analysis in this paper is the German system.

The vehicle location is continually tracked and recorded via a GPS receiver in the
OBE. The OBE has a digital map of the charged roads. Whenever a vehicle enters such
a road the charging process starts and stops when the vehicle leaves these roads. To
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reduce complexity and processing time, roads are divided into sections, marked by virtual
waypoints. The list of waypoints is stored in the OBE.

Up to this point the OBE acts independently. To prevent manipulation and to avoid
data loss it collects fees only up to a certain time, booking or monetary limit. Then the
OBE communicates over a cellular network with the backend infrastructure, i.e. the billing
data management (BDM). All billing data is sent including information of the traversed
sections. The BDM acknowledges the reception of the data and completes the billing.
The actual point in time and the amount of data that is generated in this process cannot
be controlled by the BDM as it only depends on the individual behaviour of a vehicle.
Hence this traffic can introduce a high load on the backend side. The German Toll Collect
system uses the GSM short message service (SMS) for this data transmission.

Besides geographic data there are also tariff data (pricing model information) and
software (binary code and configuration files) on the OBE. All data is stored permanently
on the OBE. The system is regularly updated by usage of the BSM bearer service 26
(BS26) which provides transfer rates up to 9600bps. The operational data management
(ODM) is in charge of the update of data and software components. Yet, the ODM does not
have any information about each vehicle’s activity. It also cannot wake up inactive OBEs
to perform their update because it is not allowed (by German law) to have any electric
device running in vehicles transporting dangerous goods while the ignition is turned off.
For this reason the ODM cannot control the deployment of updates and perform an
intelligent load balancing.

So the approach is to let the OBEs ask for an update by themselves using an expiration
date. However the OBEs cannot communicate with each other so they cannot agree on
when each should perform the actual update. As a result, a large amount of OBEs could
try to establish a connection to the ODM at the same time. With a limited number of
links this would lead to a high load or overload situation.

Therefore we need a mechanism to distribute all requests over the update period:
Every OBE software or data component has an expiration date. Within a defined time
period before the expiration the OBE randomly chooses a discrete point in time. At
this point it will communicate with the ODM to retrieve further information: it sends
a short message (SM) with a status request to the ODM. The response contains either
the permit to extend the expiration date or the request to retrieve a new version. In
the latter case the OBE tries to establish a BS26 connection with the ODM to start the
download. The random distribution of the requests avoids situations where all vehicles
start their connection establishment at the same time. However, after phases with low
vehicle activity or communication (e.g. weekends, travels abroad), severe communication
bursts can occur.

The general behaviour of these traffic sources regarding the generation process of
short message traffic and the traffic introduced by the update mechanism is subject of
the analysis in the following chapters.

3 MODELLING THE EFC ENVIRONMENT

To find a suitable model for the aggregated SMS and data traffic, we have pursued a
three-step approach. First a very simple model with one vehicle was used to analyse the
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Fig. 3. Activity variation over one week Fig. 4. Driving time distribution

Fig. 5. Queuing model of a GNSS/CN based EFC system

traffic generated by one OBE. In the next step, a larger number of vehicles was used to
analyse the aggregated traffic and to derive in a final step the model for the aggregated
traffic. The first two steps are presented in this paper.

Our general model is represented by a queuing system with a non-Poisson distributed
stochastic process [2] describing the daytime-dependent activities (Fig. 3, 4), driven dis-
tances and communication restraints of the vehicles. The process generates data traffic
which can be sent over different channels. A packet-based channel (SMS) and a number of
narrowband circuit-switched channels (BS26) are used for the communication. The mod-
els of the clients (OBEs), the communication path and the server (central components)
are based on the general behaviour of a GNSS/CN system as well as on the specific im-
plementation of the German toll collect system. The degree of details and the evaluation
options are realized differently and independently on the three model components. The
model in Fig 5 was implemented with ns-2.

Each client implements a finite state machine using the activity time, the traveled
distance and the restraints of the communication connection, as input. Respective data
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was gathered from measurements of prototypes of the German system. The client’s be-
haviour was accurately modeled according to the German system but simplified for faster
processing. Note that the simplifications have no effect on the external behaviour.

A detailed process for handling the waypoint input generated by the trips and the SMS
communication was modeled. It sends fee data via bursts of SMs to the server i.e. larger
data chunks are split into several messages. As some resources of the OBE are limited
(shared encryption keys) a process to take this into account was implemented.

Furthermore an update process is implemented. It handles the OBE’s connection es-
tablishment and termination, the request of an encryption key, and the data transmisstion
of the software downloads which are initiated when a new version’s notification arrives.
In case of disconnection or revocation of the key a reconnection is initiated as soon as
possible. The process handles also the segmentation of data in smaller packets based on
a session protocol which implements a simple mechanism to acknowledge packets and to
recover from data corruption and data loss by retransmitting the affected data.

The clients’ output is transmitted via the cellular network connections to the server
model. Since we are not interested in biling, the backend’s implementation was simplified
to two simple nodes, one handling BDM-related traffic and the other handling ODM-
related traffic. The billing is represented only by delays handling all requests appropriately.

Validation was done by comparison to recorded data transfers of the prototypes. Using
the validated clients of the single-client-scenario the system was extended to allow con-
nection of multiple clients to the backend. Now the different clients influence each other
because delay or loss caused by a higher load can provoke retransmission of data or failure
of OBEs regarding the billing data transmission with SMs. Obviously the traffic at the
server is much more authentic than with a single client.

The simple activity inputs are replaced by a statistical activity model with defined
drive cycles with specific driving times and different numbers of active OBEs during days,
nights and weekends. As no true representation of heavy goods vehicle activity cycles exists
yet, a model describing the activity was developed, based on official traffic measurements
on German motorways [3]. Given that it is not possible to cover all vehicles with a single
description they have been subdivided into several classes, each representing a certain
type of vehicle, e.g. long/medium distance heavy load or single/multiple shift usage.

Each class is represented by one specific activity and driving model with daily activ-
ity, day/night cycles and weekend behaviour. In the simulation each vehicle’s profile is
randomly scattered to achieve more random drive cycles. The summation of all classes
returns an activity profile representing the whole heavy good vehicle traffic in Germany
(Fig. 3, 4). Besides the driving times there are also times where the vehicles are loaded or
unloaded or where the driver takes a break. The ignition might nevertheless be turned on
to provide power for the hydraulics or the driver’s TV set. Thus, the activity times shown
in Fig. 3, 4 are not equal to the exact driving times. This explains the high percentage of
12h-activity-per-day-vehicles though they mostly may only drive 9–10h a day.

The traffic is analysed and interpreted as a statistical model with probabilities for data
transmissions, channel establishments and data requests. However, this scenario can only
be used for the simulation of a limited number of clients. The computing power, memory
and simulation time, make simulations with more than 5000 clients not feasible anymore.
So, future work will create a speed optimized, aggregated model based on our results.
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Fig. 6. Distribution of burst length Fig. 7. Burst intervals at the client

4 RESULTS

Based on estimations and system parameters [1] of deployed or planned EFC systems, we
dimensioned our simulation with 800 OBEs for each BS26 channel. Each channel has a
user data rate of 9600bps and a delay of 250ms [4]. An RFC 791 compliant IP layer and a
Tahoe TCP layer with a max. segment size of 1500 bytes were used over this channel [5,
6] and there is a session protocol on top of TCP/IP with a block size of 22Kb. The SMS
channels have 0.782kbps bandwidth and a delay of 1430ms and a statistical error model
[7]. Additionally there is a packet channel for the multiplexed SMs with 10Mbps and a
delay of 300ms representing a Large Account access to an SM Service Centre (SMSC).
Each SM has to be acknowledged by the SMSC within 30s, otherwise it is retransmitted.

The road network and the sections’ length are based on real German autobahn data
and the virtual waypoints. The average distance between waypoints is 4682m. The limits
(see section 2), which are needed for the OBEs’ decision when to transmit billing data
were set to a 25EUR monetary limit and a 24h time limit. The 25EUR are reached by
subsequent billings of 12.4cent/km. An update time period of three weeks was used in the
simulation, allowing fast system reconfiguration times. Before the next update interval
there is a buffer of one week to avoid the overlapping of two consecutive updates.

4.1 The SMS traffic profile

An important aspect of the traffic behaviour is the distribution of the interarrival times at
the client and server side. Multiplexing a huge number of independent clients with similar
interarrival distributions generates a different interarrival distribution at the server side.
The OBEs are triggered individually by their activity profile creating a mixture of SM
burst transmissions of variable length and single SMs, both with normal interarrival times
and additional activity based delays.

Because of the large size of the billing data transmitted via SMs, the client dispatches
the data mostly in bursts of 1 to 7 SMs with an average of 5 SMs (Fig. 6). The burst
length depends on the number of waypoints passed along the route. The interarrival times
are based on transmission limits triggering the sending of billing data (Fig. 7). The first
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important peak at an interval of 2h results from the accumulated fees of 25EUR (i.e.
200km, or about 2h of driving time). The following peaks at 11 and 16h are caused by
inactivity phases adding some time to the usual interval. The remaining peaks at 24, 38,
and 57h are caused by the additional 24h time limit and result from the activity profile.
This limit forces the OBE to communicate with the BDM as soon as it is activated after
24h without a data exchange (e.g. after weekends, service times, trips abroad).

In addition to the billing data bursts, the OBE sends single SMs with administrative
data. The sum of single SMs and SM bursts is shown in the histogram in Fig. 8. Most
SMs are sent in bursts and this explains the first peak at an interval of less than 5 minutes
caused by SMs belonging to the same burst. The following peaks can be found again at
the intervals of the SM bursts already being discussed (Fig. 7).

The server experiences interarrival times with a peak at 3.5s (the usual interval between
two SMs of the same burst) and a peak at 30s caused by retransmission timers which are
activated after missing SMSC-acknowledgements. Almost every other SM arrives with an
interarrival time of less than 3.5s (Fig. 9). However, due to the different interarrival times,
the server still experiences bursty SM traffic which is proportional to the activity of the
clients. A clear difference between the amount of SMs at day and at night can be seen
in Fig. 10. A large peak occurs specifically on Mondays because the inactivity of a large
number of OBEs during the weekends activates the trigger of the 24h time limit (Fig. 3).

With a maximum of 49 SM/s for only 800 OBEs during standard activity the dis-
covered burst behaviour of SM traffic introduces a requirement for the bandwidth be-
tween SMSC and BDM and the dimensioning of the BDM regarding message processing
(Fig. 11). This peak rate even has an impact on the processing times of SMs in current
SMSC installations with an upper limit of the processing capacity of 16 SM/s.

4.2 The data transfer over BS26

The effective bandwidth over the GSM link is only 6600bps due to its wireless and error
prone characteristics. Because a mobile client encounters much worse connection condi-
tions than a stationary client, a variable error model with an average error rate of 4%
and a general 25% performance drop was added [7–10]. Based on actual estimations a
combined tariff, map and software data size of 5MB was assumed, the maximum total
download size for each OBE. As complete updates are usually done via service PC, no
national system will download all data over the air. However, in a European scenario large
downloads may be necessary whenever a heavy goods vehicle crosses a border.

The number of available channels is limited. With a deadline for download completion,
the channel/client ratio sets a limit for the amount of data that can be transferred. Our
measurements show that with an update period of three weeks, only 1MB per client can
be transferred when 800 clients share one channel. The arrival of requests depends on the
decentralized random distribution function; however, the interarrival times of the data
bursts are additionally influenced by the channel allocation delay in the server which
increases with the channel utilisation. The updates occur evenly distributed but there
are lower rates at low activity times. These minima are only visible when the channel
utilisation does not reach a critical level. They can be seen in Fig. 12 where the number of
remaining updates decreases mostly with a constant rate except on weekends where the
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Fig. 8. SM interval distribution at client Fig. 9. SM interval distribution at server

Fig. 10. Occurences of SMs per second Fig. 11. Histogram of SM rate

number of update requests is low. On the contrary on Monday morning the decrease is
much larger due to OBEs whose time limit expired during the weekend. This leads to an
overload situation on the channels and to delays for some OBEs. Increasing the number
of channels does not diminish this problem but allows only larger update sizes (Fig. 12).

To ensure a complete update on all clients, the channel utilisation must not be too
high. A utilisation of 100% represents a maximal channel occupation during the three
weeks. A higher utilisation indicates by how much the channel capacity would have to be
increased to finish downloads within three weeks or how much longer it would take with
the given capacity. The utilisation depends linearly of the update size, showing only a
saturation effect because of the limited simulation time. As we can see in Fig. 13 and 14
when an update size is reached that causes an 80% utilisation, more than 5% of the OBEs
do not complete their updates in time and have a high waiting time for channel access.
The maximum channel utilisation of 80% is the limit for the data amount which can be
transferred in a given time, making an update of more than 890kB using one channel or
1860kB using two channels not possible in the given update period. If the data size is too
large, the number of transfers completed after the deadline increases dramatically.
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Fig. 12. Update duration with one and with two channels. Each with 800 clients

As a larger update size automatically leads to a higher usage of the data channel, the
delay of the channel allocation increases too, resulting in waiting times of several days
for some OBEs. This shows the need for a good distribution of status requests as this
diminishes the channel allocation delays (Fig. 15).

5 CONCLUSION AND OUTLOOK

To our knowledge, no research results on EFC traffic sources or traffic were published so
far. This paper is the first step toward the characterisation and classification of traffic pat-
terns introduced by these systems. We modeled the EFC system behaviour and analysed
the emerging traffic flows in various simulation runs. The traffic generated by this system
is quite different compared to other traffic types, e.g. web traffic, telephony, etc.

The simulation results show that the Toll Collect system normally copes well with
limited cellular network resources. Yet the burst character of the SM traffic could lead
to peaks on the infrastructure and backend causing overload. Moreover, software updates
on all mobile clients is a challenging task for the system requiring a good distribution of
the update requests to avoid network overload. Also the update size in proportion to the
number of communication channels per OBE needs to be considered thoroughly.

The future extension of GNSS/CN based electronic fee collection systems in terms of
European-wide deployment or the adoption in passenger cars introduces new challenges.
On the one hand this will lead to a large number of vehicles equipped with OBEs and on
the other hand different national toll policies could force every OBE crossing a border to
download some parameters, data or software, or even a completely new package.

Therefore it is crucial to have more information on what kind of traffic pattern is
induced by such systems. This information helps optimizing current systems, provides a
basis to parameterise future systems and helps estimating communication load and costs.

Finally, this is the first paper to describe an approach to characterise communication
traffic of vehicle telematics systems. The identified activity-based on-off traffic source
behaviour is not specific to EFC systems but to vehicle telematics systems in general.
The results of this paper may be applied to a more widespread field of applications.
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Fig. 13. Updates complete after deadline Fig. 14. Channel utilisation

Fig. 15. Waiting time for channel access, histograms for different update sizes (200Kb, 500Kb, and 1000Kb)
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