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A. Introduction Flanders, Belgium. The factory produces

In this paper, an analysis of the wireles@nd stores wooden flooring products. Raw
channel impulse response in industrial ef¥ooden materials are processed in work-
vironments is presented. Only limited liPlaces by semi-automated machinery used
terature exists which investigates the mufor sawing, breaking, impregnating, and
tipath profile in industrial channels, e.g.painting the wood. The buildings at the
[1]. In this work, measurements of thdactory site are one-storied, and have a
channel impulse response are fitted to tH&iling height of approximately 7 m. All
widely used Saleh-Valenzuela model [z]r_neagured mdustnal halls exhibited similar
Measurements have been performed to re0ysical properties: they have concrete
flect a specific kind of industrial commu-floors and metal ceilings supported by
nication, namely communication betweeft€€l truss work. Moreover, building walls
an access point located at considerabfé® made of thick, precast concrete. The
height in the factory hall (about 6 m)lndustrlal inventory at all measurement
and wireless nodes situated at machif@cations consists for the largest part of
height (about 2 m). Motivation for theSimilar metal machinery and piping. The
usefulness of these choices for transmif@chinery extends to heights between 2
ting and receiving antenna heights is give@nd 3 m above ground level. Fig. 1 pre-
in [3]. To our knowledge, no model for theSents & view of the measurement environ-
industrial channel impulse response fdnént.

communication between these two heights Méasurements of the channel impulse
has yet been reported. reponse were performed in the frequency

domain using a Rohde & Schwarz ZVR
B. Measurement procedure and data pro-  yector network analyzer. The frequency
cessing of the transmitted signal was swept from
Propagation measurements were co800 MHz to 4 GHz (time domain reso-
ducted in different production rooms oflution of 0.31 ns). The wireless channel
a wood processing facility located inwas probed at 801 points in the measured



Fig. 1. Measurement environment: production rool
a wood processing facility

frequency range (maximum resolvable
me delay of 250 ns). The swept-freque
signal is amplified by an amplifier of t
pe AR 5S1G4. Omnidirectional, vertica
polarized broadband antennas of type
ropean Antennas XPO2V-0.3-10.0/1:
were used for both the transmitting (°
and the receiving (Rx) antenna.

The channel impulse response was
asured by applying the virtual anter
array method. The Tx was shifted alon
uniform linear antenna array (ULA) cc
sisting of 4 elements, and the Rx was |
ved along a uniform rectangular ante
array (URA) made of 4x3 = 12 elemer

Thus, the virtual antenna array allows fogv
a total of 48 combinations of Tx and Rx
positions. To promote independent fadin

the minimum spacing between two arra

and 2 m above ground level. Fig. 2 shows
the measurement setup schematically.
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Fig. 2. Measurement setup

For each of the 48 combinations of
Tx and Rx positions in the virtual array,
the measured complex channel transfer
function is converted to the delay domain
using an inverse discrete Fourier trans-
form algorithm, resulting in the complex
channel impuls response. Then, the cor-
responding power delay profile (PDP) is
calculated as the squared magnitude of
the channel impuls response. Next, the
48 PDPs are linearly averaged to form an
eraged power delay profile (APDP).

. Modelling

elements was chosen equal to 18.8 cm (=1) Saleh-Valenzuela model: The main
half a wavelength at 800 MHz). In total,assumption of the Saleh-Valenzuela (S-
the virtual antenna array was moved t®&) model for the APDP is the arrival
10 locations in different industrial halls,of multipath components within several
and distances of 10 to 35 m betweedistinctly recognizable clusters [2]. In the
transmitter and receiver end were covere8-V model, the complex channel impulse
Measurements were conducted with Tresponsen(t) as a function of delay is
and Rx heights equal to respectively 6 rgiven as:



to the limited time resolution of our mea-
surements, the ray arrival rakecould not

h(t) = Z) Z Bue*d(t—T —1). (1) be determined.
I=0K=0

In (1), By and By are the amplitude

gain and phase of thk-th ray in thel-

th cluster, respectively. The parametéys
andty are the arrival times df-th cluster
and thek-th ray in thel-th cluster, respec-
tively, and &(-) denotes the Dirac delta
function. In the S-V model, the large-
scale fading power gaiﬁﬁl, i.e. the power
gain Bﬁ averaged over an area where
large-scale fading remains unchanged, is
modeled as a double exponential decay as

function of delay:

B_EI _ B_%le— 1/Te=Ta/Y, 2)

In (2), ' and y are the cluster and
ray power decay constants, respectively.
Furthermore, the model assumes that thee

interarrival times of clusters (i.e.]} —

Ti—1) and rays (i.e.Tk —T(k—1)) are expo-
nentially distributed with rate parameters

N\ andA, respectively.

Fig. 3 shows a measured APDP for a
separation of 20 m between the Tx and the
Rx. For all measured APDPs, the origin
of the delay axist is set to the delay
of the first arriving multipath component,
and the received power is normalized to

the power of the first component.

The onsetd of individual clusters are
determined through visual inspection of
the APDP. For example, seven clusters
can be identified in Fig. 3, for which
the onsets are pointed to by arrows. In
the following, the determination of and
some novel statistical models for the S-
V model parameters are discussed. Due

o Ray power decay constant y. For

each cluster separately, this parame-
ter is determined by performing li-
near regression of intra-cluster power
in dB as function of delay (shown
as solid straight lines in Fig. 3). In
Fig. 3, the decay constaryt seems
to increase with delay (slope of the
solid lines decreases). This is in con-
trast with the original S-V model,
whereiny is assumed constant [2].
We propose the following statistical
model fory in ns as function of delay
Tin ns:

In(y) = 1.78+0.02-1+0.76-Z (3)

In (3), In(-) denotes the natural lo-
garithm andZ is a standard normally
distributed random variable.

Cluster power decay constant I
The ' parameter can be determined
through linear regression of cluster
peak powersPyek in dB and their
associated delays in ns (shown as
a dashed line in Fig. 3). For all mea-
sured APDPs together, the following
relationship was obtained:

Pocak = —0.20-T+7.37-Z  (4)

A purely exponential decay of linear
peak power as in [2], with decay
constantl”, would only consider the
first term in the right-hand side of
(4). However, the random normally
distributed second term cannot be
easily neglected. Therefore, we pro-
pose to model cluster peak power as
in (4): an exponential decay of linear
power, however, with the inclusion
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Fig. 3. Averaged power delay profile for a 20 m measurement

of a statistical error term in order to
better fit empirical data.

Cluster arrival rate A: The cluster
interarrival timesT, — T,_1 are used
to calculate a maximum likelihood
estimator of their arrival raté. For
our measurements, the mean cluster
interarrival time equals 18.40 ns. A
chi-squared goodness-of-fit test retai-
ned the null hypothesis that the clus-
ter interarrival times are exponenti-
ally distributed at a 5% significance
level. For measurements in industrial
environments in [1], mean cluster in-
terarrival times between 13 and 16 ns
are found, which are comparable to
our obtained value of 18.40 ns. In
literature, when comparing industrial
environments to office environments,
clusters usually arrive further in bet-
ween in the latter: mean cluster in-
terarrival times of 60 ns for measure-
ments in a university building in [4]

tially well separated groups of reflec-
tive objects (where objects within a
group give rise to multipath reflecti-
ons within the same APDP cluster)
are found. Because the inventory in
industrial environments (machinery,
transport belts, steel piping) is more
irregularly shaped, more clusters in
rapid succession are expected to be
found in these environments. Also, in
contrast to office environments, the
inventory in industrial environments
largely consists of highly reflective
metal surfaces [1], [3]. In industrial
halls, more objects are therefore ex-
pected to actively participate in the
wave propagation while giving rise
to noticeable received powers at the
receiver’s end. This means that more
clusters could be detected in indu-
strial halls when compared to office
buildings.

and 27 to 40 ns for an office building 2) Small-scale fading: In addition to
in [5] were found. This would meanthe Saleh-Valenzuela model for the APDP,
that in office environments, less spaalso the properties of small-scale amplitu-



Delay bin 1

[

© o © o o o o
w » v o N » ©
-

Prob[amplitude gain < abscissa]

o
)

7

— — — CDF Nakagami-m |
Empirical CDF

0.1r

0.009 0.01 0.011

Amplitude gain

0 n
0.007  0.008 0.012

Fig. 4.
measurement at 15 m

de fading in the time domain are investifo

Delay bin 100

— — — CDF Rayleigh |
Empirical CDF

0.1f

0.001 0.002 0.003 0.004 0.005 0.006
Amplitude gain

0
0

Empirical CDFs and estimated theoretical CDFs for the amplitudes gaidelay bins 1 and 100 of a

r the first delay bin and Rayleigh for the

gated. For each time delay bin of widtthundredth delay bin.

0.31 ns, the most appropriate statistical
distribution for the amplitude gains of
the 48 small-scale PDPs (used to cal!
culate one large-scale APDP) is selected
from a number of candidate distributions
(Nakagamim, Rayleigh, or lognormal)

b ting likelihood ratio tests. TheS([EZ]

y executing

tests showed that, in general, Nakagami-
m fading applies to the amplitude gain?s]
in the first delay bin (containing the
first-arriving multipath component), while
Rayleigh fading seems to be fit for any
subsequent delay bins. For the first delay
bin of all measured APDPs, estimated va4]
lues of them parameter of the Nakagami-
m fading varied between 3 en 67. Fig. 4
shows the empirical cumulative distributi-
on functions (CDFs) of amplitude gains irIjs
the first and the hundredth delay bin (soli
lines) for a measurement at 15 m Tx-Rx
separation. These empirical CDFs show
good agreement with the estimated theo-
retical CDFs (dashed lines): Nakagami-
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