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Abstract—The travel time estimation of vehicles is a major
challenge in the area of dynamic traffic prognosis. Our approach
is to increase the number of considered sensor objects in the road
network. For this purpose Floating Car Data (FCD) including
travel time information of vehicles is transmitted to a server
via Long Term Evolution (LTE). In this paper, the benefit
of FCD on the accuracy of travel time estimation, depending
on the FCD penetration rate is analyzed by an enhanced
Nagel-Schreckenberg cellular automaton model. Furthermore,
the negative impact of the FCD transmission on the air interface
of the cellular communication system is evaluated for various
penetration rates and different transmission strategies, including
a channel sensitive transmission. Therefore, a close to reality
parameterized Markovian model is used.

The results show that a penetration rate of a few percent is
sufficient for a realistic travel time estimation. The respective
influence on the LTE network is tolerable, especially for channel
sensitive transmission.

I. I NTRODUCTION

Due to the booming oil price and the declining traffic
situation in many cities, innovative, high precision and real
time traffic prognosis became a major research topic in the
past years. Thereby, the accuracy of the prognosis depends on
the quantity, quality and reliability of the available information
within the traffic flow. Based on accurate travel time predic-
tions, an optimal occupancy rate on the respectively used street
segment can be realized by guiding individual vehicles on
alternative routes, if necessary. The accuracy of the acquired
data and a minimum delay of the data aggregation are essential
to assure a useful outcome for the traffic prognosis.

Within the Collaborative Research Center SFB 876 we use
automobile traffic prognosis as an example for an object flow
optimization, with the aim to relieve temporary traffic hot spots
created by accidents, car breakdowns or roadwork. In addition,
the project is facing with an innovative data aggregation
of the multitude of car-sensor data sources (for example
GPS position, velocity and brake pressure), data fusion and
communication methods with respect to the requirements set
by the prognosis. Fig. 1 clarifies our approach. The use of
Floating Car Data (FCD) for the traffic prognosis, especially
the travel time estimation, and the according impact on the
wireless cellular communication system (LTE) is analyzed.It

is obvious, that the communication aspects of such approaches
are as important as the actual prognosis. Transmitting ad-
ditional traffic information is a minor priority service, com-
pared to Internet access services using LTE technology (e.g.
video streaming applications). Moreover, the characteristics
of Vehicular to Infrastructure (V2I) traffic, which is part of
Machine-to-Machine (M2M) communication, is different to
conventional LTE Human-to-Human (H2H) communication
[1], in relation to the transmitted amount of data and data
rate. Hence, the negative impact on the existing infrastructure
has to be as small as possible. To ensure this, we use a
channel sensitive transmission for the FCD [2]. Furthermore,
the benefit of the additional data for the prognosis decreases
over time. So this paper deals with a comparative analysis of
required FCD penetration rates and their benefit to microscopic
traffic models, like the Nagel-Schreckenberg model [3], and
with the influence to the LTE infrastructure which is analyzed
by using a closed to reality Markovian model.
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Fig. 1: Highway scenario with V2I communication via LTE
for the transmission of Floating Car Data

The proceeding of this paper is organized as follows: After
a short related works summary in Sec. II, the paper proceeds
with a detailed description of the virtual FCD generation in
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Sec. III and a system overview of the used setup evaluating
the influences on an LTE cell in Sec. IV. To point out the capa-
bilities of our approach, Sec. V will depict the gained results
for the necessary FCD penetration rate and the corresponding
impact to the future LTE network. Finally, Sec. VI wraps up
the key points in a conclusion.

II. RELATED WORK

In [4], FCD is used for the traffic state identification.
Thereby, the quality of a small penetration rate of FCD
vehicles for the reconstruction of the actual travel times is
analyzed. In addition, the use of a micro simulation for FCD
and their influence on wireless communication systems is
shown in [5]. A study of necessary penetration rates based
on traffic volume and arrival probabilities can be found in [6].

The inclusion of M2M communication into conventional
traffic of cellular communication systems is one of the main
goals in the standardization process of LTE-Advanced [1], [7].
Hereby, the impact of hundreds of M2M devices on the normal
H2H communication should be as small as possible. Strategies
to keep the complexity of M2M application on different layers
as small as possible are shown in [8].

In [9] and [10] Markovian models are used to evaluate LTE
networks. Thereby, the different states represent different chan-
nel characteristics. Markovian models for resource allocation,
with one state representing a part of the shared resources, can
be found in [11]. In [12] a multiclass Erlang loss model is
introduced for Orthogonal Frequency-Division Multiplexing
(OFDM) systems. Every state in the model represents one
subcarrier. This Markovian model is adapted in this paper,
to make it even more practice-oriented for LTE systems by
using the Resource Blocks (RBs) as states. Furthermore, we
parameterize the model with measurements and ray tracing
simulations.

III. T RAFFIC SIMULATOR GENERATING V IRTUAL FCD

Our simulation is based on an enhanced Nagel-
Schreckenberg model with velocity depended randomization
[3], [13]. A one dimensional array of 1000 cells represents a
single lane track, whereas a cell length of 7.5 m is used (see
Fig. 2). Thereby, each cell can be occupied by at most one
vehicle. The velocityv of each vehicle is an integer with a
value between 0 andvm, in our case the maximum velocity
vm is set to 4.
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Fig. 2: Discrete vehicle positions according to the Nagel-
Schreckenberg model for generating virtual FCD travel times

The update rules of the model are performed in parallel
for all vehicles, with one time step set to 1 second. This
corresponds to velocity bins of 27 km/h and a maximal

velocity vm of 108 km/h. Open boundary conditions and two
bottleneck situations, one within the track (cells 500 to 550)
and one at the end (last 4 cells) are used. If the leftmost cellof
the array is empty, a vehicle will be inserted with a probability
γ and a velocity ofvm. If a vehicle is near the end of the
track and the velocity is high enough to reach it in the next
timestep,δ is the probability that it can leave the track. To
simulate the bottlenecks within and at the end of the track the
dawdling parameterp is increased, respectively the parameter
δ is smaller than 1 (δ = 0.5). To realize the velocity depended
randomization, the dawdling parameterp is a function of the
velocity (slow-to-start rule):

p(v) =

{
0.5 for v = 0
0.2 for v > 0

.

In the bottleneck situation within the track,p(v) is always set
to 0.5. In order to get a high flow situation, on average 1800
vehicles per hour are inserted onto the track andγ = 0.5 is
used.

After a sufficiently long relaxation time of 5000 time steps
the simulation runs for further 15000 steps. Every vehicle
which passes the track transmits its travel time as FCD. To
evaluate the benefit of the upcoming prognosis, we simulate
different penetration rates of FCD vehicles (5 %, 1 % and
0.1 %). Thereby, the corresponding vehicles are chosen ran-
domly.

IV. SYSTEM MODEL - LTE PERFORMANCE EVALUATION

FOR FCD TRANSMISSION

In order to evaluate the influence of the FCD transmission
on H2H communication, a system model consisting of labora-
tory measurements, ray tracing simulations and a Markovian
model is used (see Fig. 3).
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Fig. 3: System model for the evaluation of the influence of
FCD transmission on the utilization of the LTE radio interface

Here, the behavior for many users in an LTE cell is
described by a multidimensional Markovian model [14]. As-
signing the user request to different classes of resources,each
class is modeled by one dimension. We divide the users by
their individual requirements (250 kbit/s video streamingas
typical H2H application, number of Resource Blocks (RBs) are
channel dependent; 1 kByte FCD UDP data, 10 RBs fixed), the
Signal to Noise Ratio (SNR) and the user velocity. Hereby, the
utilization of the LTE RBs is the bottleneck in our scenario.
A detailed investigation of the signaling procedure and the



random access, which are often critical in M2M scenarios is
only necessary for thousands of devices in one cell [15]. In
our case, the number of devices is much smaller, because the
number of nodes is limited by the number of cars and the
penetration rate. We use a typical urban highway scenario:

• 500 m base station radius
• One highway with 2x4 lines
• High traffic flow with one car per line every 20 m

For this scenario and a penetration rate of 10 % there are
on average 40 device which send FCD per LTE cell.

A. Laboratory Measurement Setup

The Markovian model is parametrized by LTE data rate
measurement results. For the evaluation of the UDP uplink
data rate for different channel conditions, laboratory measure-
ments are performed. A base station emulator set up a 10 MHz
LTE cell in the band 7 (2.62 GHz). Hereby, the modulation
and coding schemes with the index 0, 3 and 6 and the
acknowledged Radio Link Control (RLC) Automatic Repeat
Request (ARQ) mode are used. The base station emulator is
connected via RF cable to a fading channel emulator. On this
equipment an ITU Vehicular A channel model [16] affects
realistically the LTE signal. In addition, an Additive White
Gaussian Noise (AWGN) with a fixed SNR can be added
to the RF connection. The category 3 LTE User Equipment
(UE) Samsung GT B3730 completes the setup. For the UDP
data rate measurements the LTE base station and the UE are
connected to two PCs with iPerf running. More details on the
used setup, especially the channel emulator can be found in
[17].

B. SNR Estimation by Ray Tracing Simulations

To evaluate the SNR for the urban scenario, we use a
realistic channel model with a 3D Intelligent Ray Tracing
(AWE Probsim [18]) and a detailed 3D CAD model of an
urban scenario. This enables an accurate determination of the
SNR. The base station antenna has an opening angle of120◦

with 16.7 dB gain and a downtilt of3◦. Furthermore, the UE
antenna gain is 1 dBi, the UE noise figure is set to 6 dB and
the transmission power of the UE is 23 dBm.

C. Analytical Markovian Model

For the evaluation of the performance of an LTE cell with
many users and different QoS requirements, a Markovian
model (multi-class Erlang loss model) is used [14]. In our
model, the states represent the LTE RBs. Hence, the different
traffic classes need a different number of states and each class
is represented by a dimension in this model. According to
the reduction of dimensions [19] a one dimensional model
with a different number of states per user can be developed.
The blocking probability for this model can be calculated for
the assumption that the interarrival time for the arrival rate
λs and services rateµs for every classs follows a negative
exponential distribution.

According to [19] the stationary distributionπc, which
characterizes the probability thatc RBs are allocated, can be
determined reclusively

πc =
π̃c

C∑
c=0

π̃c

with π̃c =





1 c = 0
S∑

s=1

ascs
c

π̃c−cs c > 0
,

whereC is the maximum number of RBs used by an LTE
base station (for 10 MHz: 50),as the offered traffic of class
s, cs the resources of classs and S the number of service
classes, i.e. dimension of the model. The blocking probability
pbs of s and the overall traffic loadY can now be calculated
as

pbs =

C∑

c=C−cs+1

πc and Y =

C∑

c=1

cπc .

The service rate for the H2H communication is set to 1 per
second and the service rate for the V2I users is calculated as
data rate, which is taken from the laboratory measurements,
divided by the transmitted FCD (1 kByte). Hereby, the ray
tracing simulation defines the SNR for the data rate measure-
ments.

D. Channel Sensitive Transmission Scheme

The FCD could be transmitted periodically. For this trans-
mission strategy, the FCD is sent very often under bad channel
conditions. Hence, we use a velocity and SNR sensitive FCD
transmission [2]. The characteristic of the sending procedure
is represented by an individual sending probabilitypi,j for
every class of the Markovian model. The indexi is used for
different SNRs andj for different velocities.

pi,j =

(
SNRi

SNRmax

)α

·
(

vmax

vj

)β

N∑
l=1

M∑
k=1

(
SNRl

SNRmax

)α

·
(

vmax

vk

)β
, i = 1...N, j = 1...M

Here,SNRmax is the SNR with the highest data rate and
vmax is the highest assumed velocity. We useSNRmax =
40 dB and vmax = 150 km/h. A method how to estimate
the SNR in an OFDM system is explained in [20]. The
parametersα andβ adjust the intensity of the channel sensitive
transmission. For the Markovian model, we divided the SNR
in N = 3 parts and the velocity inM = 2 parts. The values
for the SNRs are estimated by the ray tracing simulation and
the velocities 60 km/h and 120 km/h are used. The probability
is included into the arrival rate of the different FCD classes
of the Markovian model. The arrival rate for each class is
multiplied with pi,j .

V. RESULTS

A. Traffic Simulator

To evaluate the necessary penetration rate of FCD ve-
hicles providing their travel time to get a reliable traffic
state estimation, a Monte Carlo Simulation is used. Fig. 4



shows one representative result of the simulations out of 3000
iterations. In this simulation, we use 100 % FCD penetration
rate as reference. Thereby, every vehicle announces its travel
time after passing the track. The obtained data is grouped
into 5 minute intervals. To clarify the difference of varying
penetration rates, the figure also illustrates the estimated travel
time using 5 %, 1 % and 0.1 % penetration rate of FCD
vehicles in comparison to the ideal simulated travel time. If
no FCD vehicle announced its travel time within a 5 minute
interval the missing value is calculated by linear interpolation.
The 5 %-curve is quite similar to the reference. It is obvious,
that the shape of the 1 %-curve is still roughly the same but
it diverges in some cases significantly. A estimation based on
0.1 % FCD differs clearly from the ideal travel time. However,
the results suggest, that a reliable travel time estimationwith
a few percent FCD vehicles should be possible.
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Fig. 4: Traffic simulator: Travel time estimation of total track
for different FCD penetration rates

To validate these results, the empirical Cumulative Dis-
tribution Function (CDF) over all 3000 iterations illustrates
the quality of the travel time estimation for the different
penetration rates in the simulation. Therefore, the relative
deviation between the travel times measured at 5 %, 1 %
and 0.1 % and the reference was calculated (see Fig. 5). It
clearly indicates that a reliable travel time estimation with a
minor FCD penetration rate is possible. In 90 % the travel
time deviation at 5 % penetration rate is lower than 3.3 %,
respectively 6 % at a 1 % penetration rate. That means, only
a few percent penetration rate is sufficient for a reliable travel
time estimation.

B. Impact on the LTE System

The UDP uplink data rates vs. SNR for different Modulation
and Coding Schemes (MCS) are presented in Fig. 6. In order
to determine the number of needed RBs to offer the data rate
for the video streaming application, we also measured the
data rate for other numbers of RBs. Hence, we know how
many states in the Markovian model are required for different
channel conditions.

In Fig. 7 the map of the urban scenario with the position-
specific SNR is illustrated. These results are taken from the
ray tracing simulation. It can be seen that the SNR especially
on the highway is very high.
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Fig. 5: Traffic simulator: CDF of the travel time deviation
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Fig. 6: Lab. measurements: Uplink data rate vs. SNR for
10 RBs per user under Vehicular A channel model

From the measurements, we identified that the impact of
the SNR is stronger than the impact of the velocity on the
data rate (see Fig. 6). Hence, we differentiated the users for
the urban scenario according to the SNR into three fractions
with the same size

• SNR≤ 17.5 dB: represented by 14 dB SNR
• 17.5 dB< SNR≤ 26 dB: represented by 22 dB SNR
• 26 dB< SNR: represented by 30 dB SNR

and by the velocity into two parts

• v ≤ 90 km/h: represented by 60 km/h
• 90 km/h< v: represented by 120 km/h

The represented values are the weighted averages of the
intervals.

Hence, for the parameters of the Markovian model the
data rate for these three SNRs are taken from the laboratory
measurements.

The results from the LTE performance analysis via the
Markovian model can be found in Fig. 8. Here, the number of
H2H users, which can be served as a function of the number
of V2I devices and the penetration rate is presented. For a
typical QoS target of 10 % blocking probability for the H2H
users 4 H2H video applications can be served per second for a
FCD penetration rate of 5 %. By applying the channel sensitive
transmission the number of H2H applications can be increased
to 6 per second. This is an enhancement of 50 %. If the H2H
users are alone in the LTE cell (arrival rate for M2M is equal
to 0) 7 users can be handled. This means that the transmission



SNR [dB]

Ant. 1

Ant. 3Ant. 2

BS

1 km

Fig. 7: Ray tracing: SNR results in the urban environment

of the FCD with channel sensitive transmission decreases the
number of H2H devices by only 17 %. For 1 % penetration
rate the decrement is only 4 %.
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VI. CONCLUSION

In this paper, we analyzed the trade-off between the ac-
curacy of the travel time estimation of vehicles and the
negative impact on the LTE air interface. By using an extended
Nagel-Schreckenberg model the required penetration rate for
a reliable travel time prediction is estimated. Furthermore, a
close to reality parameterized Markovian model is used to
quantify the negative impact of the FCD transmission on the
H2H communication of the shared LTE network. We identified
that only a few percent FCD penetration rate is needed for a
significant travel time estimation.

By adopting our channel sensitive transmission approach,
the negative impact of the FCD transmission on the number
of servable human users per LTE cell decrease. Hence, the
FCD can be transmitted without imposing noteworthy impact
on the communication system.
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