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Abstract— In this paper, we present the (to our knowledge) first
measurement results for ultra-wideband channels in industrial
environments, i.e., a factory hall. The measurements are done
with virtual arrays, which allows analysis of the small-scale fading
statistics, as well as a directional analysis. We find that there is
dense multipath scattering due to the abundance of metallic scat-
terers in the considered environment. Multiple scatterer clusters
can be identified both in the delay and the angular domain. Typical
rms delay spreads lie between 30 ns for LOS scenarios and 40 ns
for NLOS scenarios. For non-LOS scenarios at large distances,
the maximum of the power delay profile is observed some 40 ns
after the arrival of the first multipath components. We also draw
conclusions about the behavior of typical UWB system designs in
the measured channels.

[. INTRODUCTION

In recent years, ultra-wideband (UWB) spread spectrum
techniques have gained increasing interest [1], [2], [3], [4].
UWRB systems are often defined as systems that have a relative
bandwidth larger than 20% and/or absolute bandwidth of more
than 500 MHz [5]. There are several qualities of an UWB
channel that can be of interest in the area of wireless com-
munications. The large relative bandwidth, as well as the large
absolute bandwidth, ensures resistance to frequency-selective
fading, which implies more reliable communications [6]. Also,
the spreading of the information over a very large frequency
range decreases the spectral density. This decreases interference
to existing systems (which is important for commercial applica-
tions) and makes interception of communication more difficult
(which is of interest for military communications). Finally, the
concept of impulse radio allows the construction of modems
without RF components, which allows simpler and cheaper
transceivers [3], [6].

For the planning of any wireless system, channel mea-
surements and modelling are a basic necessity. It has been
shown by theoretical as well as practical investigations that
the UWB channel has properties that can be fundamentally
different than those of narrowband channels [7], [8], [9], [10].
Therefore, the rich literature on “conventional” (narrowband)
channel modelling (for an overview, see e.g., [11], [12], [13])
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cannot be used. Rather, new measurements and models have to
be derived.

UWB communications are envisioned for at least two types
of applications. The first is high-data rate communications, with
data rates in excess of 100 Mbit/s. High-definition TV pictures
are one typical application for such a high-rate system. The
other application concentrates on data rates below 1 Mbit/s,
usually in the context of sensor networks, and in conjunction
with UWB positioning systems. A considerable part of these
systems will be deployed in industrial environments. Interesting
applications include machine-to-machine communications in
e.g., process control systems, or supervision of storage halls - a
fact that also has been recognized by the IEEE 802.15.4a group
that will develop a standard for these systems. Furthermore,
industrial environments have unique propagation properties
(large number of metallic objects, dimensions of halls and
objects). Thus, it is vital to understand the behaviour of UWB
channels in industrial environments.

A number of UWB channel measurements have been pub-
lished in the literature. However, all of them treated office [8],
[91, [10], [14], [15], [16], [17], [18], [19] or residential [10],
[20], [21] environments. To our knowledge, no UWB measure-
ments in industrial environments have been published yet. This
problem is remedied in the current paper. We present results
from an extensive measurement campaign in an industrial hall
(incinerator hall) that covers the FCC-approved frequency band
(3.1 — 10.6 GHz) [5], and also provides angular information
about the propagation paths. We will present typical power
delay profiles and angular spectra as measured in this hall, and
discuss the impact of the propagation conditions on system
design and performance.

The remainder of the paper is organized the following way:
Section II gives the details of the data acquisition and process-
ing. In Section III, we describe the measurement environment
and transmitter and receiver locations. Section IV presents re-
sults for the multipath propagation, clustering, angular spectra,
and delay spreads. A summary and conclusions about UWB
system behaviour in the measured channels wrap up the paper
in Section V.



II. DATA ACQUISITION AND PROCESSING
A. Measurement Setup

The measurements were performed in the frequency domain
using a vector network analyzer (HP 8720C), determining
the complex channel transfer function H(f). The measured
frequency range was 3.1 to 10.6 GHz which implies a delay
resolution of approximately 0.13 ns. The spectrum was divided
into 1251 frequency points, i.e., 6 MHz between the frequency
samples and thus a maximum resolvable delay of 170 ns (cor-
responding to 50 m path delay). Hence, the impulse response
can be divided into 1251 delay bins of width 0.13 ns.

At transmitter as well as receiver end, an omnidirectional
conical monopole antenna was used, having a reflection co-
efficient of less than —20dB over the considered frequency
range. Using stepper motors, allowing a speed of 1 cm/s, the
monopoles could be moved to different positions along rails,
thus creating a virtual uniform linear antenna array (ULA) at
each end. The separation between the array elements was set to
5 c¢m, which corresponds to A/2 at 3.1 GHz. By moving each
antenna over a total distance of 35 cm, a virtual MIMO system
of 7 by 7 antennas was created. Each rail (virtual antenna
array) was mounted on a tripod, with a height of 1 m above
the floor, and moved to various locations in the building. The
measurement time for one full frequency sweep, i.e., for only
one transmitter-receiver combination, was a little more than a
minute, hence the measurement over all of the 49 channels took
approximately one hour. The antenna coaxial cables used in
the measurements had to be carefully chosen. The cable length
from the network analyzer to each end had to be 10 m. The
attenuation of most commercial cables was found to be much
too high; thus special cables from MEDAV [22] were used.

Some care has to be applied when choosing the antenna sep-
aration. For UWB measurements, two conflicting requirements
occur: (i) the antenna separation should be large enough so that
the fading at the different antenna elements is independent in
all frequency bands of interest.! This implies that the minimum
antenna spacing is determined by the lowest frequency of
interest. For a uniform angular spectrum, a spacing of \/2
results in independent fading at the antenna elements. (ii) on
the other hand, the antennas should be spaced close enough
so that an evaluation of the angular distribution is possible.
A spacing that corresponds to A/2 at the lowest frequency
results in angular ambiguities at the higher frequencies. As our
interest was mainly in the extraction of the fading statistics, we
chose an antenna separation of 5 cm. Angularly resolved data
presented later in the paper are thus limited to the frequency
range 3.1 — 4.0 GHz.

B. Measurement Data Processing

The measured transfer functions were processed the follow-
ing way: the transfer function between the m-th transmit and

'Some systems subdivide the 3.1-10.6 band into subbands, and signal
independently in each subband.

n-th receive antenna position within the virtual arrays was
Fourier transformed (without any further windowing) to the
delay domain, resulting in the impulse responses h(7,m,n).?
This was done for all of the 8 different combinations of TX
and RX array locations, resulting in a total of 8 x 49 impulse
responses. From those, we can easily obtain the 8 x 49 different
instantaneous power delay profiles (PDPs), which are defined
as the square magnitudes of the impulse responses h (t)

PDP(r,m,n) = | (r,m,n)|* ()

For each of the transmitter-receiver combinations, the 49
PDPs were averaged to obtain 8 averaged PDPs (APDPs) as

APDP(7) = By, n{PDP(1,m,n)} 2)

where I, ,, denotes expectation over the measurement points.

Based on the PDP and the APDP, we can define two different
kinds of delay spreads. The rms delay spread is defined as the
second central moment of the APDP

[ APDP(r)r2dr [ [ APDP(r)rdr
[ _APDP(r)dr  \ [~ APDP(r)dr

S(r) =

3
while the instantaneous” delay spread replaces the APDP by
the PDP in Eq. 3. For one measurement (array) location, the
rms delay spread is a single number, while the instantaneous
rms delay spread takes on 49 different values, and can be
characterized by its histogram or (approximate) cumulative
distribution function cdf. More detailed discussions about the
meaning and interpretation of those quantities can be found in
[23] and [24].

When investigating the angular distribution of the radiation,
we could not use the whole frequency spectrum, as the sepa-
ration of the antenna array elements is not sufficiently large to
imply a unique relationship between the observed phase shift
between the array elements and the direction of the waves.
Therefore, we bandpass-filtered the transfer function, retaining
only the values between 3.1 and 4 GHz. While there still
remains a small “angular aliasing”, it is now limited to angles
very close to endfire position, and had no noticeable effect
on our analysis. The angles of arrival and angles of departure
were obtained by a simple Fourier analysis.> Furthermore, we
stress that this filtering was only done for the joint delay-angle
analysis. All other results presented in Section IV use the full
bandwidth, and thus delay resolution.

It is well-know that in general, angular and delay information
allows a unique reconstruction of propagation paths when
only single-reflection processes occur, but not for higher-order
reflections. For higher-order reflections, the propagation paths

2Note that a small amount of aliasing is present in some of our measure-
ments, see, e.g., Fig. 6.

3While high-resolution algorithms like SAGE can be modified to work also
for UWB measurements, practical issues like estimation of the number of
multipath components, are even more difficult in heavy multipath environments
like our factory hall.



Fig. 1. The incinerator hall as seen from above. The numbers indicate different
antenna positions and the dashed lines show between which positions the
measurements were made.

can be reconstructed with the additional help of a map of
the environment, which allows the identification of scattering
(reflection) points [25]. We use this approach in Section IV in
order to gain important insights into the physical propagation
mechanisms.

III. MEASUREMENT ENVIRONMENT

Our measurements were performed in a factory hall in
Landskrona, Skane, Sweden. The hall was the incinerator hall
of DSM Resins Scandinavia, a chemical company. The hall has
a floor area of 13.6 x 9.1 m and a height of 8.2 m (see Fig.
1). Comparing this with the maximum path delay (see Section
II-A) it can be noted that the latter is about four times the
largest dimension of the building. The walls consist mostly of
metal (corrugated iron) and the building is packed with metallic
equipment, e.g., pumps, tanks and pipes (see Fig. 2). At one
end of the building, there is a balcony (D to E in Fig. 1) of 3
m height. From the balcony, a metal grate bridge stretches into
the room, covering positions over the reaction chamber.

Inside the building, positions were selected to obtain three
different scenarios, as well as three different transmitter -
receiver separations. The different scenarios were: line-of-sight
(LOS), non-line-of-sight (NLOS) and base station (BS) NLOS.
In the BS NLOS scenario, the transmitter array tripod was
placed on top of the balcony while the receiver array remained
on floor level. For the LOS and NLOS scenarios, three different
antenna separations were measured, 2 m, 4 m and 8 m, whereas
for the BS NLOS only two separations, 4 m and 8 m, could
be used. The LOS measurements were all performed along the
same line, alongside the reaction chamber, and in the NLOS
measurements, transmitter and receiver were separated by the
reaction chamber and/or the parts of the incinerator.

The antenna arrays were aimed to be aligned broadside to
broadside, and hence parallel. However, for practical reasons
this could not be checked exactly, escpecially for the NLOS
measurements when often no points of reference could be
used to assure a proper alignment. Thus, small deviations from

Fig. 2. Aninside view of the incinerator hall. The photograph is taken from the
position corresponding to the lower left corner of Fig. 1, showing the cyclone
next to antenna position 5 at the rightmost of the picture.

the parallelism may have been present during some of the
measurements. This would imply some influence on the results
of the angle-of-arrival (AOA) and angle-of-departure (AOD)
analysis.

There were no moving machinery inside the incinerator hall
during the measurements, and no moving personnel.* Thus,
the measurement environment was stationary, which is a basic
requirement for the measurement technique we use.

IV. RESULTS

In this section, we analyze the measurement results, and
draw conclusions about propagation effects. We will pay special
attention to those effects that are specifically caused either by
the industrial environment (multiple metallic reflectors) and/or
the very large bandwidth of the measurements.

A first effect we can observe is that the PDP consists of
several distinct clusters, which are clearly identificable even for
the naked eye (see Figs. 3 to 7). This clustering of multipath
components (MPCs) has been observed also in indoor office
environments (both for the narrowband and the ultra-wideband
case). It can be well modelled by the the Saleh-Valenzuela
(SV) model, which is also used for the UWB channel models
of IEEE 802.15.3a [26].

However, inspection of Figs. 3 to 7 reveals two important
differences to the conventional SV model:

1) The decay time constants of the different clusters are
different. Typically, clusters with a longer delay exhibit
a larger decay time constant.

2) The clusters do not necessarily show a single-exponential
decay. Often, they can be better described as the sum of
a discrete (specular) component and a “diffuse” cluster
with a longer decay time constant (see, e.g., the third
cluster in Fig. 3).

4One of the measurements had to be terminated, and the results disregarded,
due to a maintainance worker moving through the factory hall. For further two
measurements, no observation was possible whether personnel was entering
the hall during the measurements.
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Fig. 3. Averaged power delay profile for 2 m LOS (points 5 to 4).
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Fig. 4. Averaged power delay profile for 2 m NLOS (points 20 to 12).

For the LOS components, as well as most NLOS situations,
the first component is strong and followed by a pronounced
minimum in the PDP. A similar effect has also been observed
in office environments [9]. A possible interpretation for this
minimum is that the Fresnel ellipsoid that corresponds to a
delay of one bin (130 ps) is free of scatterers.

Another important observation in that context is that the first
arriving component is very strong even in NLOS situations
when the distance between TX and RX is small (see Figs. 4 and
5). The 4 m NLOS measurement (between points 19 and 16)
was performed with the antennas separated by the large reaction
chamber, i.e., LOS was definitely blocked. But even for this
location that was so clearly NLOS, the effective behaviour of
the impulse response resembles the LOS measurements more.
Also, the mean rms delay value, 34 ns, of this measurement
resembles the LOS results (e.g., the 4 m LOS has a mean
rms delay spread of 31 ns) rather than the other NLOS
measurements. In fact, even the 2 m NLOS has a mean rms
delay spread of 39 ns, which is larger than the 4 m NLOS.
Angular analysis of the two main peaks of the APDP in Fig.
5 shows that the AOA as well as the AOD in both cases are
almost broadside. Considering the delay times of these bins,
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Fig. 5. Averaged power delay profile for 4 m NLOS (points 19 to 16).

one can by inspection of the map identify these paths. The first
peak belongs to the path below the reaction chamber, reflected
only by the floor, and the second is the path above the chamber,
reflected by the metal grate on the balcony.

In the 2m NLOS measurement, between points 20 and 12,
the antennas are separated by a 1 m diameter vertical pipe.
Extraction of the AOAs and AODs for several delay bins shows
that there are several paths leading from the transmitter to the
receiver. Reflections from the off gas incinerator to the left (as
seen from the transmitter at point 20) as well as from various
pumps to the right, give rise to clutter arriving at the same time
delay.

The measurements discussed above show a behaviour which
is somewhat similar to the classical exponential decay, i.e.,
the first arriving component is the strongest, and the APDP
(or at least the envelopes of the multiple clusters) decays
more or less monotonically. However, this situation changes
drastically for NLOS situations with larger TX-RX separations,
as depicted in Fig. 6. Rather, we observe that the maximum of
the APDP occurs some 30-40 ns after the arrival of the first
MPC,; the decay after this maximum follows approximately an
exponential law. This different shape of the APDP can have
significant impact on the system performance, as discussed in
Section V.

Fig. 6 had shown the channel in a pier-to-pier scenario, with
TX and RX both at 1 m height. For comparison, Fig. 7 shows a
scenario where the TX is a base station or access point; located
on the balcony, i.e., 4 m above the factory floor. The resulting
APDP lies in the middle between a LOS scenario and a pier-
to-pier NLOS scenario.

Further insights can be obtained from an analysis of the
angular spectra. One example of a joint delay-AOA spectrum
is shown in Fig. 8. For the smaller delays, distinct peaks can
be observed, whereas for the larger delays the angular spread
has increased considerably. These results are consistent with
physical intuition, as well as the measurements of [14] in
an office environment. This also implies that the delay-AOA
spectrum cannot be factorized into independent delay and angle
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Fig. 6. Averaged power delay profile for 8 m NLOS (points 5 to 12). The
vertical dashed line indicates the delay when a LOS component would have
arrived.
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Fig. 7. Averaged power delay profile for 8 m BS NLOS (points 22 to 21).
The vertical dashed line indicates the delay when a LOS component would
have arrived.

spectra, which has important consequences for the design of
smart-antenna systems for UWB.

As a further step, we analyze the rms delay spread in our
measurements. While physical meaning of the rms delay spread
in a multi-cluster, non-Rayleigh environment is under some
discussion [27], it is a widely used parameter. The average
rms delay spread, as defined in Eq. 3, ranges from 28 ns to 31
ns for the LOS measurements, and from 34 ns to 40 ns for the
NLOS measurement (the BS NLOS included). For comparison,
consider the narrowband measurements of [28] in an industrial
environment: here, the rms delay spreads vary between 25 and
150 ns for both LOS and NLOS (there called OBS; obstructed);
however, we note that the physical dimensions of some of those
factory halls were larger than in our case.

We next analyze the variance of the instantaneous rms delay
spread (for one location of the TX and RX arrays). We find
that the delay spreads for the 49 realizations vary by only a few
percent (between 38 and 42 ns). This is caused by two effects:
(1) the high delay resolution. Even if two adjacent delay bins

Power [dB]
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S
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Fig. 8. Joint delay—AOA spectrum of 2 m LOS measurement, for transmission
from the 1st position in the virtual transmit array. Measurement band is 3.1 —
4.0 GHz.
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Fig. 9. Cdf plots of the rms delay spread for the 8m NLOS measuremenst
(between points 5 and 12). The cdfs has been determined for the whole
frequency band, as well as for smaller bands of width B.

are in completely different fading states, the effect on the delay
spread is very small, due to the small difference in 7. (ii) the
shorter the delay bins, the smaller the amplitude variations per
bin [8]. Therefore, we can also conclude that the variations
of the local delay spread should increase with decreasing
bandwidth. We thus investigated the rms delay spread when
bandpass-filtering the transfer functions with a filter of width
0.75 GHz and 0.072 GHz, respectively. The result, shown in
Fig. 9, confirms our intuition.

V. SUMMARY AND CONCLUSIONS

We presented measurements of the ultra-wideband channel
in a factory hall. The measurements cover a bandwidth from
3.1 to 10.6 GHz, and thus give very fine delay resolution. By
using a virtual array technique, also angular resolution could
be provided.

The main results can be summarized as follows:

e Due to the presence of multiple metallic reflectors, the

multipath environments is dense; in other words, almost



all resolvable delay bins contain significant energy - espe-
cially for NLOS situations at larger distances. This is in
contrast to UWB office environments, as described, e.g.,
in [26].

For shorter distances, a strong first component exists,
irrespective of whether there is LOS or not.

For larger distances (8 m) and NLOS scenarios, the
maximum of the power delay profile is several tens of
nanoseconds after the arrival of the first component. The
common approximation of a single-exponential PDP does
not hold at all in those cases.

In all measurements, multiple clusters of MPCs can be
observed.

The angular spread increases with increasing delay.
Delay spreads range from 30 ns for LOS scenarios at
shorter distances to 40 ns for NLOS at larger distances.
The variance of the local delay spreads around their mean
is very small.

These results have important consequences for the behaviour
of wireless systems in these channels:

Systems designed for the IEEE 802.15.3a channel models
cannot be expected to work well in factory environments.
These systems anticipate a maximum rms delay spread of
25 ns (channel model 4 of the 802.15.3a models), while
rms delay spreads in the factory hall was up to 40 ns
Partial Rake receivers, which match their fingers to the
first arriving multipath components, cannot be expected to
work well in our measured NLOS scenarios, especially at
larger distances. This is due to the fact that the maximum
of the PDP occurs some 250 taps after the arrival of the
first MPC. Furthermore, the pronouned minimum between
the LOS component and the subsequent components also
reduces the effectiveness of the partial Rake.
Beamforming can enhance the LOS component, but not
later-arriving components, due to their large angular
spread. Similarly, techniques that rely on the factorization
of angular and delay power spectra cannot be expected to
work well.

Our measurement results thus allow a better understanding
of UWB factory channels, and provide guidelines for robust
system design in such environments.
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