In-vehicle UWB Channel Measurement, Model and
Spatial Stationarity

Jiri Blumenstein, Tomas Mikulasek,
Roman Marsalek, Aniruddha Chandra, Ales Prokes

Thomas Zemen
FTW Forschungszentrum

Christoph Mecklenbriuker

Institute of Telecommunications,

The Faculty of Electrical Engineering and Communication Telekommunikation Wien, Vienna University of Technology,

Brno University of Technology
Brno, Czech Republic
Email: blumenstein@feec.vutbr.cz

Abstract—This contribution documents an ultra-wide band
(UWB) channel measurement performed in an in-vehicle envi-
ronment for the frequency range 3-11 GHz.

An emphasis is placed into an evaluation of a spatial consis-
tency of measured channel characteristics in terms of Pearson
correlation between measured channel impulse responses (CIRs).
Moreover, the measured CIRs are reproducible via a two-part
exponentially decaying envelope-delay profile (EDP). The small
scale variation of received signal is parametrized utilizing a
random process obeying the generalized extreme value (GEV)
distribution.

Validation of the channel model is demonstrated utilizing a
two sample Kolmogorov-Smirnov (K-S) test.

I. INTRODUCTION

The effort for the efficient personal mobility is unimagin-
able without wireless connectivity between vehicles, roadside
infrastructure and also inside of each individual vehicle. UWB
technology, with its 10 GHz of unlicensed bandwidth [1] and
beneficial short-range multipath characteristics [2], [3], can act
as wireless hub for connecting wireless personal devices of the
passengers with the vehicle.

Considering the average weight of wire harness in modern
vehicles exceeding several tents of kilograms [4], the UWB
technology can also be exploited as a wireless bus supporting
non-critical safety functionalities of the vehicle. This approach
will also lower the wire harness design dependency on a
specific vehicle platform thus enhances universality of the ve-
hicle’s communication systems. Connection of moving parts,
such as wheels for tyre pressure monitoring [5], or the rear seat
entertainment system is also beneficially realized wirelessly.

The UWB single-input single-output (SISO) link is exam-
ined in [6], [7] considering a frequency range 3-8 GHz and
without a spatial correlation study. In [8], [9], the spatial
distribution of path gains in the vertical and horizontal plane as
well as power-delay profiles are presented, however no channel
model for a reproduction of the measured data is provided.

A. Contribution of the Paper

o This paper presents results of an in-vehicle multiple input
single output (MISO) channel measurement campaign
performed in the 3-11 GHz frequency band.
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o« We study the spatial channel stationarity evaluated via
Pearson correlation coefficients between absolute values
of measured CIRs.

o The exponentially decaying EDP channel model validated
with the two-sample K-S test [10].

The rest of the paper is organized as follows: Firstly we pro-
vide a measurement setup description, secondly the correlation
coefficients measurement is presented, and then we present
our channel model and its validation. Conclusion rounds up
the paper.
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Fig. 1. Antennas layout, RED-three transmitting antennas, BLUE-receiving
antenna. We utilized one receiving antenna, which has been manually moved
over the depicted polystyrene grid ensuring defined antenna positions. The grid
distance in both directions is 3 cm, the grid allows to measure 10x 10 posi-
tions.

II. MEASUREMENT SETUP

Measurements are performed in a mid-sized passenger
car Skoda Octavia III with transmit and receive antennas
marked with red and blue colors in Figure 1 respectively.
The transmitting (TX) antennas are placed on the two top
corners of the front windshield and at the rear part of the
ceiling according to Figure 1 and Figure 2. The receiving
antenna is placed at 10x 10 spatial points using the polystyrene
rack which ensured defined location of the receiving antenna.
The polystyrene rack utilizes a 3 cm grid distance between
neighboring measurement locations.



Fig. 2.

From left to right: Two transmitting omni-directional conical monopole antennas mounted on the top corners of the front windshield; 10x 10

polystyrene rack for defined placement of the receiving antenna on the rear seat; Detail of the conical monopole antenna. (Note: The rear transmitting antenna

mounted on the ceiling is not depicted)

The 4-port vector network analyzer Agilent Technologies
E5071C (VNA) is used for measuring the transmission co-
efficient between two antennas in the frequency band 3-11
GHz. The omni-directional conical monopole antennas having
the radiation pattern depicted in Figure 3 are exploited as a
transmitting and receiving antennas.

Note that the measurement is performed in the frequency
domain with 100 MHz resolution bandwidth. Then we trans-
form the channel frequency response into the time domain
utilizing the fast Fourier Transform (FFT) with rectangular
window.
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Fig. 3. Simulated gain pattern of the conical monopole antennas.

III. CHANNEL DESCRIPTION
A. Channel Impulse Response (CIR)

The intra vehicle ambiance is described by its impulse
response:

N—-1
RE(T) =) A5el®no(r — 7)), (1)
n=0

where 7, is the propagation delay and y%e’ ®. is the complex
amplitude coefficient of the n-th multipath component belong-
ing to a-th wireless link. Since three transmitting antennas are
utilized in this measurement campaign, the index « marks
individual wireless links between the transmitting antennas

Fig. 4. Layout of the re-
ceiving antenna. Each specific
point is marked with k ac-

eeeo L cording to depicted logic. The
k=10 k=100 distance between grid neigh-
o0 boring positions is 3 cm.

and the receiving antenna. The superscript k& denotes the
position of the receiving antenna. As evident from Figure 1,
we have exploited the 10x10 grid which allows us to use
ke {1...100}.

The h(7) is a complex signal with uniformly distributed
phase in the interval [0, 27). In the following text, we use the
absolute value of the CIR, h%(7) =| h!*(7) |. Note that the
in-vehicle channel is considered as time invariant.

B. Spatial Stationarity of Channel Impulse Response

The spatial stationarity of the measured wireless channel
is examined via the evaluation of the Pearson correlation
coefficient p¥ of the measured CIR kX (7) which is given as:

— ) (a2 (1) — )]
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where 0% denotes the variance and ;¥ the mean of h¥ (7).
The operator E[—] denotes the expected value. The correla-
tions are calculated between positions & € {1...100} and
k = 45 which is located approximately in the middle of the
grid.

The results are plotted in Figure 5. Reflecting the square
geometry of our polystyrene rack, the map of correlation
coefficient p¥ shows that h¥(7) is spatially stationary with
a mean value of p; = 0.55. The coefficients p¥ slightly
decrease with the distance form the reference point k = 45.
This behavior is typical also for py 3. The histograms of p; 2 3
are visible in Figure 5. Let us note that for the following
processing we take into account only the CIRs with p, > 0.5.



N B Oy

o O © o o

0.3 0.4 0.5 0.6
p P

Fig. 5.
p1 for all spatial point k taking into account the square geometry of our
rack; Histograms of po for & € {1...3}. Let us note that for the following
processing we take into account only the CIRs with p, > 0.5.

From top left corner: The map of Pearson correlation coefficient

IV. CHANNEL MODEL

Let us assume that the CIR is composed of large-scale
variations (LSV) and small-scale variations (SSV) according
t0: ho(T) = @a(T)+Ea(T), where g, (7) and &, () stands for
the LSV and SSV respectively. According to our observations
and with the aim to provide a reproducible channel model,
we operate with the hypothesis that the SSV is simulated with
an appropriate random process while the LSV phenomena is
described by a two-part exponentially decaying EDP function
as: pi(1) = p1*(7) + p3* (1) describing the direct/dominant
component (DC) and reverberant diffuse tail (RDT) as de-
picted in [11]. Note that * marks modeled variables.

This approach is enabled by the possibility to decompose
the CIR into LSV and SSV by averaging the CIR over spatially
correlated area according to EDP (1) = E[|h.f(7)]].

As visible in Figure 6, where the comparison of measured
CIRs h} V p;. > 0.5, spatial average EDP; and accordingly
derived LSV model p1* and p?* is seen, the EDP still contains
residual influence of the SSV. Therefore, the exploitation
of the Hodrick-Prescott (H-P) detrending filter [12] which
operates with so called cyclical and trend components is
proposed in order to get rid of the residual SSV. If not used,
the channel model would not pass the K-S test. A similar
method is discussed in [13].

A. Large Scale Variations

For a randomly selected index k, the h%(7) is filtered
with the H-P de-trending filter according to (3), the cyclical
component &, (7) is then acquired [12] as:
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Fig. 6. [Top] Detail of measured h’f v p’f > 0.5 (gray) , spatial average
EDP; (blue) and accordingly derived EDP model p}* and go%* (red)
representing the DC and RDT respectively. [bottom] The whole perspective
of p}* with a time window of 4 ns and the p%* with duration of 80 ns.

where g, is a trend component and 7 € {1,...,T} denotes
time in the delay domain. Let us note that according to
the terminology utilized in [12] we consider the cyclical
component to represent the SSV and the LSV is modeled by
the trend component.

The heuristically chosen multiplier A adapts the filter in
order to filter out the LSV. In this paper we use A = 500,
nevertheless the set of possible values of A ranges from A = 10
up to A = 500, while the lower the A, the faster the g changes.
We have chosen the ) in the upper range of possible values in
order to provide the curve fit of the LSV of the lowest possible
order while still maintaining the two-sample K-S p-values in
the > 0.1 region ensuring “very significant match” according
to the ingrained interpretation of two-sample K-S test results.
More information regarding the adjustment of H-P filter is
elaborated in [14].

When compared with a moving average filter, the H-P does
not cause data loss, thus seems beneficial. In general however,
application of other filters is possible.

Next, to obtain the LSV component @, (7), the cycli-
cal component &,(7) is subtracted from the measured CIR,
9a(T) = hE () — £€4(7). Note that we take into consideration
only data starting from the first multipath component ~{*.

To model the measured LSV phenomena, we parametrize
the p,(7) utilizing two-part exponentially decaying func-
tion pursuant to:

(1) = Ay + 10B, exp(—Cy71), V7 € {0...4ns},
©2*(7) = Dy exp(E4T), V1 € {4...85ns}, (@)
with parameters listed in Table 1.

B. Small Scale Variations

Exploiting the maximum likelihood estimation (MLE), we
parametrize the superimposed SSV signal £, (7) using the



TABLE 1
PARAMETERS OF TWO-PIECE EXPONENTIAL APPROXIMATION OF EDP
MODEL pL*, 2* AND SSV MODEL ¢*

| oo | o2 [ & (1)

a=1 Ay =-45.760 Dy =-41.490 K= -0.1439

By = 1.420 FEq =0.003 T = 59778

Ch =0.830 I'=-2.8511
a=2 Ag = 665.600 Do = -42.410

Bg =-665.900 | E2 = 0.003

Ca =-0.7e-3
a=23 As = 55.260 D3 = -42.290

Bs = 3.800 Es = 3e-3

Cs3 =0.7¢-3

generalized extreme value (GEV) distribution [15]. The prob-
ability density function (PDF) of the GEV is given by:
-0
F )
&)
where K is the shape parameter, Y is the scale parameter and
T" the distribution location parameter. Presented in Table I, the
parameters are computed as a mean value * = E[¢,] for all
wireless links e making the SSV model spatially independent.
Due to a high flexibility and spatial universality of the SSV
model £*, which is given by three input parameters as opposed
to usual two parameters, the MLE metric recommends the
GEYV distribution. On other hand, authors in [16] claim that
there is no theoretical explanation for encountering this distri-
bution type. We may however add, that the GEV contains the
accepted log-Weibull distribution as a special case for K=0.

o | KT) = poxp| 5% |57k v = L

C. Validation of the Channel Model

To validate our in-vehicle channel model, we have per-
formed the two-sample K-S test. We have compared all h%
with corresponding sum of pl* + ©2* 4+ £* models while
resulting p-values are visible in Figure 7. Most of the p-values
for « = 1 and more then two third of calculated p-values for
o = 2 are in > 0.1 region. Thus, according to ingrained
interpretation of K-S test, computed p-values reports very
significant match of our modeling approach. The model is
less reliable for v = 3. Also, as visible in Figure 5, the spatial
correlations are significantly lower. This is probably due to the
radiation pattern of the conical monopole antennas showing
weak radiation in the direction of link o = 3.

V. CONCLUSION

This paper presents reproducible results of in-vehicle MISO
UWRB channel measurement campaign. Moreover, we evaluate
the Pearson correlations of CIRs over a specified area.

We have decomposed the CIR into large-scale variations
(LSV) and small-scale variations (SSV) by averaging the
spatially correlated CIRs. The resulting envelope-delay pro-
file was moreover deprived of residual SSV influence using
Hodrick-Prescott detrending filter. The measured LSV was
then approximated utilizing the two-part exponentially decay-
ing function. The SSV is parametrized with spatially invariable
generalized extreme value distributed random process.

Fig. 7. The spatial posi-
tions k' Vp > 0.5 are sorted
to plot the respective p-values
in ascending order comparing
the measured CIRs with expo-
nentially decaying EDP model
pr* and E2* of LSV (in-
put parameters according to
Table I) with superimposed
GEV distributed SSV model
£*(—0.1439,2.8511,5.9778).
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