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the wires can potentially provide part cost, assembly and
maintenance savings while also offering fuel efficiency and
an open architecture to accommodate new sensors.
The full adoption of a wireless sensor network within the
vehicle may not be feasible in the near future since the
experience on wireless sensor networks within the vehicle
is not mature enough to provide the same performance and
reliability as the wired communication that has been tested
for a long time with vehicles on the road. Wireless sensor
networks is therefore expected to be deployed in the vehicle
through either new sensor technologies that are not currently
implemented due to technical limitations such as Intelligent
Tire [2] and some sensor technologies for non-critical vehicle
applications either requiring a lot of cabling such as park
sensors or not functioning well enough due to cabling such
as steering wheel angle sensors. Once the robustness of these
wireless applications are proven, within the vehicle, it will be
possible to remove the cables between the existing sensors and
ECUs serving more critical vehicle applications [3].
Investigation of different modulation strategies including
RFID [4], narrowband [5], [6], spread spectrum [7] and ultrawideband (UWB) [8], [9], [10] in the literature demonstrated
that UWB is the most suitable technology satisfying high
reliability and strict energy efficiency requirements at short
distance and low cost in such a harsh environment. UWB is often defined to be a transmission from an antenna for which the
emitted signal bandwidth exceeds the lesser of 500MHz and
20% of the center frequency. This large bandwidth provides
resistance to multi-path fading, power loss due to lack of lineof-sight and intentional/ unintentional interference therefore
achieves robust performance at high data rate and very low
transmit power.
Before designing a UWB communication system, the appropriate channel model has to be extracted for the in-vehicle
environment. Most UWB measurement campaigns have been
performed in such environments as indoor [11], [12], outdoor [13] or industrial environments [14]. IEEE 802.15.3a
and IEEE 802.15.4a channel modeling subgroups developed
UWB channel models for high-rate and low-rate applications
respectively [15], [16]. The vehicular environment however is
very different from these environments due to short distances,
dense multipath and lack of line of sight from most sensors
to the corresponding ECU. The channel modeling efforts in
intra-vehicle environments on the other hand either concentrate
on passenger compartment [17], [18], [19], [20], [21] or near
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into vehicles, which would otherwise be impossible using wired
means, such as Intelligent Tire. The most suitable technology that
can meet high reliability, strict energy efficiency and robustness
requirements of these sensors in such a harsh environment at
short distance is Ultra-Wideband (UWB). However, there are
currently no detailed models describing the UWB radio channel
for intra-vehicular wireless sensor networks making it difficult to
design a suitable communication system. We analyze the smallscale and large-scale statistics of the UWB channel based on a
measurement campaign for a variety of sensor locations beneath
the chassis of a vehicle. The analysis for large-scale statistics
show that the characteristics of the channel around the tires
is very different from the other parts under the chassis. The
path loss exponents around the tires and under chassis are 4
and 2.2 respectively. The clustering phenomenon observed in
the averaged power delay profile can be well-modeled by SalehValenzuela model. The clusters decay exponentially with arrival
time but with a smaller decay constant after 30ms. The decay rate
of ray amplitudes is increasing with delay and can be modeled
using a dual slope linear model in logarithmic scale. The best fit
for inter-cluster arrival time is Weibull distribution. The analysis
for small-scale statistics on the other hand show that the best
fit for the received energies in each bin at 81 locations of the
measurement grid is lognormal distribution with decreasing µ
and almost constant σ parameters. Moreover, different bins of
the delay can be assumed to fade independently. This is the
first work to model small-scale channel characteristics for intravehicular wireless sensor networks.

I. I NTRODUCTION
The exponential increase in the number and sophistication
of electronic systems in vehicles as they are replacing those
that are purely mechanical or hydraulic arises the need for
more sensors to monitor various quantities inside them [1].
In the current vehicle architecture, each sensor is wired to an
electronic control unit (ECU), which samples and processes
the information from that particular sensor. The ECUs then
communicate with each other over a backbone network to
share this information. Besides, the ECUs are connected to the
battery of the car to supply power for both their own operation
and the operation of the sensors connected to them. A present
day wiring harness may have up to 4, 000 parts, weigh as
much as 40kg and contain up to 4km of wiring. Eliminating
This work is supported by Marie Curie Reintegration Grant on Intra
Vehicular Wireless Sensor Networks, PIRG06-GA-2009-256441.

978-1-4673-0437-5/12/$31.00 ©2012 IEEE

42

Fig. 2: Transmitters and Receiver Locations

The vehicle used for this study is a commercial vehicle, Fiat
Linea. The measurements are performed in an empty parking
lot. Figure 1 shows the locations of one receiver and multiple
sensor locations for which the measurements are performed.
For each transmitter and receiver pair, impulse response
measurements were made at 9 measurement locations arranged
in a fixed height 3 × 3 square grid with 5cm spacing corresponding to half the wavelength at the lowest frequency of
interest (3.1GHz) for both transmitter and receiver as shown
in Figure 2, resulting in 81 measurement points in order to
determine small-scale fading. Small-scale fading is defined as
the changes in power delay profile caused by small changes
in transmitter and receiver position while environment around
them does not change significantly in contrast to large-scale
fading that models the changes in received signal when the
position of the transmitter or receiver varies over a significant
fraction of distance between them and/or environment around
them changes. Experience shows that at least 50 measurement
points per area are required to determine small-scale fading
[25]. The measurement points must be spaced λl /2 or more
apart, where λl is the wavelength at the lower band-edge
and is equal to 10cm in our case, to allow the measurement
points to experience independent fading at all frequencies
of measurement. Most indoor measurement campaigns only
change the position of the receiver over 7 × 7 grid [11], [13],
[14] however we couldn’t do that in an area small enough that
large scale parameters do not change within the confined area
of the vehicle thus chose to move both transmitter and receiver
locations as would be acceptable [25].
The complex transfer function H(f ) obtained from the
network analyzer is processed in Matlab to model both smallscale and large-scale statistics. The frequency response is first
weighted through a Hamming window to reduce the sidelobes
at the cost of a decrease in measurement resolution. The
complex valued impulse response h(t) is then obtained by
inverse fast Fourier Transform (IFFT). For each of the 81
combinations of transmitter and receiver elements, a power
delay profile (PDP) was calculated as |h(t)|2 , which we denote
local PDP. All local PDPs are normalized with respect to a
reference measurement which is taken at the distance of 1m.
These local PDPs are then averaged over the 81 locations
for each transmitter and receiver pair to obtain the smallscale averaged PDP (SSA-PDP). The small-scale statistics are
derived by considering the deviations of the 81 local PDPs
around the respective SSA-PDP whereas the large scale fading

Fig. 1: Sensor Locations for a Transmitter

the vehicle [17], which is not the typical space where vehicle
sensors are located, or provide measurement results for a
limited sensor locations [8], [9], [10], [22], [23], which is not
enough to provide a detailed model for intra-vehicular sensors.
Besides, none of the channel measurement efforts for intravehicular sensor measurements considers small-scale fading
characteristics, which is essential for the analysis of UWB
channels [24].
The goal of this paper is to provide UWB channel model for
intra-vehicle wireless sensor networks based on measurements
for various sensor locations beneath the chassis considering
both large-scale and small-scale statistics. The original contributions of this paper are two: First, we derive small-scale
fading statistics and a more accurate representation of largescale fading characteristics by collecting data over 81 measurement points for each transmitter-receiver pair. Previous
studies only considered one measurement point for each such
transmitter-receiver pair without removing small-scale fading
effects. Second, the measurements are performed for a variety
of sensor locations beneath the chassis to provide large-scale
statistics for path loss. To the best of our knowledge, this is
the first work to model small-scale channel characteristics for
intra-vehicular wireless sensor networks.
The rest of the paper is organized as follows: Section II
describes the experiment setup and the data processing performed to obtain large-scale and small-scale statistics. Sections
III and IV provide the large-scale and small-scale statistics
based on channel measurements respectively. Main results are
summarized and future work is given in Section V.
II. E XPERIMENT S ETUP AND DATA P ROCESSING
The measurements are performed in frequency domain using
a vector network analyzer (Agilent VNA 8719ES). We covered
a frequency range of 3.1 to 10.6GHz using 1601 points (4.7
MHz between the samples). The UWB antennas used are
roughly the size of a playing card and display omnidirectional
pattern. The antennas are connected to the VNA via low-loss
coaxial cables. The VNA and the cables were calibrated for
each frequency band.
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Fig. 3: Normalized received power as a function of frequency

Fig. 5: Small scale averaged PDP for the left front tire (point
A)

are normalized by the corresponding total power to remove the
effect of the distance. Since the variation around the average is
small, the path loss as a function of the distance and frequency
can be written as a product of the terms that are only function
of distance and frequency so each function can be investigated
separately.
Figure 4 depicts the dependency of the path loss on the
distance between transmitter and receiver. The empirical data
show that the power decaying relationship can be represented
by the following equation
PdB = P0,dB + 10nlog(

d
)
d0

(1)

where PdB is the path loss from transmitter to receiver at
distance d and P0,dB is the path loss at reference distance
d0 = 1m. The shadowing effect is not modeled since this
requires more measurement points but will be investigated as
part of future work. Since the propagation environment around
the tires is very different from that under the chassis, the path
loss exponents for the tires and under the chassis are different,
n = 4 and n = 2.2 respectively.

Fig. 4: Path loss as a function of log of distance

is investigated by considering the variation of SSA-PDPs in
different areas of the vehicle. The analysis of PDPs follow the
same procedure summarized in [26]:
1) The delay axis of the measured multipath profiles for
each location is translated by its respective propagation
delay. This guarantees that the first bin corresponds to
the first multipath component.
2) The delay axis is quantized into bins and the received
power is integrated within each bin. The width of the
bins are chosen to make a good compromise between
high delay resolution and reduction of noise. The measurement resolution is approximated by the reciprocal
of the bandwidth swept, 0.13ns, multiplied by the additional window function bandwidth. The 6-dB bandwidth
of the Hamming window is 1.5 times wider than the
rectangular window. The bin width is therefore chosen
0.5ns.

B. General Shape of Impulse Response
The SSA-PDP at different locations beneath the chassis
consists of several random clusters. Figures 5 and 6 show the
examples of SSA-PDP for the left front tire (point A) and left
rear chassis (point G) respectively. These random clusters are
modeled using Saleh-Valenzuela (SV) model, which is used
commonly for UWB channel models [27]. SV model describes
the impulse response as
h(t) =

L X
K
X

ak,l ejθk,l σ(t − Tl − τk,l )

(2)

l=0 k=0

where ak,l and θk,l are the gain and phase of the kth
component in lth cluster, Tl is the delay of the lth cluster,
τl,k is the delay of the kth multipath component relative to
the lth cluster arrival time Tl . K is the number of the multipath components within a cluster whereas L is the number

III. L ARGE -S CALE S TATISTICS
A. Path Loss Model
Figure 3 shows the dependency of the normalized received
power on the frequency. The measured frequency responses
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Fig. 6: Small scale averaged PDP for the left rear chassis (point
G)

Fig. 8: Ray decay rate as a function of cluster arrival time
around the tires

Fig. 7: Cluster amplitudes as a function of cluster arrival time
Fig. 9: Cumulative density function of inter-arrival times of
the clusters
of clusters. We automatically identify the arrival time and
magnitude of individual clusters from each SSA-PDP using
the algorithm described in [28] and validate the correctness of
the algorithm by visual inspection. We assume that all changes
in slope correspond to the start of a new cluster. The algorithm
is based on identifying the changes in the slope of the impulse
response. We next analyze the statistics of the decay rate of the
cluster amplitude and the ray amplitudes within each cluster,
and interarrival times of clusters. Since it was not possible to
resolve the inter-path arrival times by inverse Fourier transform
of the measured data, we do not analyze the ray arrival rates
within each cluster.
Figure 7 shows the decay rate of the cluster amplitude for
different time of arrivals. The horizontal and vertical axes
represent the time of arrival and the magnitude of the first
bin of each cluster relative to the total energy respectively.
We observe that clusters decay exponentially with arrival time
but with a smaller decay constant after 30ns. A dual slope
linear model should therefore be used as shown in the Figure.
Figure 8 shows the decay rate of the ray amplitudes. We

assume that multipath components within a cluster k decay
approximately exponentially with slope γk . The vertical axis
shows the decay rate γk whereas the horizontal axis shows the
time of arrival for cluster k. We observe that the decay rate of
the ray amplitude increases as a linearly. Similar to the cluster
amplitudes case, there is a change in slope of this line around
30ns.
Figure 9 shows the cumulative density function for interarrival times of the clusters. The exponential distribution is
often associated with inter-cluster arrival times. However, we
observe that Weibull distribution provides a better fit to our
data. The main reason is expected to be the nonrandomness
of the local structure of the in-vehicle environment [12]. This
result is also validated by using Kolmogorov-Smirnov test
which is a a nonparametric test for the equality of continuous,
one-dimensional probability distributions comparing a sample
with a reference probability distribution. Kolmogorov-Smirnov
statistics for exponential and Weibull distributions are 0.3124
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Fig. 10: Kolmogorov Smirnov Test results for the left front
tire (point A)

Fig. 12: σ values for lognormal distributions

The average correlation coefficient of the small-scale fading
between bins separated by different values are also calculated.
The correlation is around 0.1 between adjacent bins and
decreases to 1.2 ∗ 10−5 for nonadjacent bins. We can therefore
simplify the model by assuming each bin fades independently.
V. C ONCLUSION
We analyze the small-scale and large-scale statistics of the
UWB channel based on a measurement campaign for a variety
of sensor locations beneath the chassis of the vehicle. Both
small-scale and large-scale statistics are derived by collecting
data over 81 measurement points corresponding to the transmitter and receivers located on a fixed height 3×3 square grid
with 5cm spacing for each transmitter-receiver pair.
Large scale fading is investigated by considering the variation of the power delay profile averaged over 81 measurement
points in different parts of the vehicle. The characteristics
of the channel around the tires has been found to be very
different from the other parts under the chassis. The path loss
exponent around the tires and under the chassis are 4 and
2.2 respectively. The clustering phenomenon observed in the
impulse response of all the links is well modeled by using
Saleh-Valenzuela model. The cluster amplitude is identified
to be decaying exponentially with arrival time. The rate of
exponential decay decreases at around 30ms. The rays within
each cluster are also observed to be decaying exponentially.
The exponential decay rate increases linearly with a change
in slope around 30ms similar to cluster amplitudes case.
Moreover, the best fit for the distribution of inter-arrival
times of the clusters is determined to be Weibull distribution
with shape and scale parameters estimated to be 2.35 and
1.33 ∗ 10−8 respectively.
The small-scale statistics are derived by fitting 81 amplitude
values |h(t)| obtained for each delay bin to many alternative
distributions. Lognormal distribution has been observed to be
the best fit for the amplitude variations with parameters µ
decreasing with time and σ which is almost independent of
time.

Fig. 11: µ values for lognormal distributions

and 0.1575 respectively. The two parameters of Weibull distribution, i.e. shape and scale, are found as 2.35 and 1.33 ∗ 10−8
respectively.
IV. S MALL -S CALE S TATISTICS
The small-scale statistics are characterized by fitting 81
amplitude values |h(t)| obtained for each delay bin to many
alternative distributions listed in [25], i.e. lognormal, Nakagami, normal, Rayleigh, Rician and Weibull distributions.
We compared the fits by using Kolmogorov-Smirnov test.
Lognormal distribution is the best model in almost every bin of
different sensor locations. Figure 10 shows the KolmogorovSmirnov test results for the left front tire.
Figure 11 shows the variation of the µ parameter of the
lognormal fit for each delay bin. We observe that µ values
range between −2 and −13 and decreases with increasing
delay. Figure 12 shows the values of the σ parameter of
lognormal distributions for each bin. The σ values are mostly
concentrated between 0.7 and 0.9 without any trend of decrease or increase with the increasing delay.
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We are currently collecting more data for different locations
of the car under the chassis and within the engine, and
building a statistical model based on the derived large-scale
and small-scale statistics. The relations between statistical
channel models for different parts of the vehicle will then be
analyzed to build a general model.
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