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Abstract—In this paper, power delay profile (PDP) measure-
ments of three different industrial indoor environments are
presented. The measurements were performed in the frequency
range of 800 MHz to 2.7 GHz using a vector network analyzer
(VNA) and the virtual antenna array method. Dense multipath
scattering with multipath components arriving in clusters was
observed. This is due to the abundance of highly reflective
scatterers present in the measured industrial environments. The
measurement results reveal two different shapes of PDP, neither
of which fully fits the well known Saleh-Valenzuela (S-V) model
or power-law model. Thus, modifications were made on the
conventional S-V model and power-law model to better represent
the measurement results. Furthermore, Weibull distribution was
found to fit the measured small-scale fading.

Index Terms—Channel measurement, power delay profile,
multipath propagation, statistical model, industrial environment.

I. INTRODUCTION

Wireless technologies have gained increasing attention from
manufacturing factories due to their potential in enabling
remote control, data collection and automation to improve the
efficiency and productivity of industrial facilities. However,
industrial environments often feature harsh propagation char-
acteristics (e.g., high noise level, intensive interferences,
etc), which can possibly cause considerable impairments to
mission-critical signals. Thus, understanding the behavior of
industrial channel is vital for the design and evaluation of
robust wireless systems for industrial applications [1]–[3].

In this work, we present wideband measurement results of
industrial environments from 0.8 to 2.7 GHz which covers the
frequency bands allocated for industrial wireless communica-
tion systems [4]. An analysis of the channel impulse response
is presented. Based on our analysis, we find that the trend of
cluster power decay is not in accordance with the assumption
of Saleh-Valenzuela (S-V) model [5] and the ray power decay
reveals two different power delay profile (PDP) shapes. Thus,
modifications on the S-V model and power-law model were
made to accurately model the measurements.

The remainder of the paper is organized as follows:
Section II illustrates the measurement setup and environments
followed by a description of data processing. Measurement
results and discussions are presented in Section III. A detailed
description of the models and the extraction of model parame-
ters based on our measurements is given in Section IV. Finally,
summary and conclusion are drawn in Section V.

II. WIDEBAND MEASUREMENT

A. Environment Description
Observations from a large number of modern factories show

that there are some physical characteristics common to most
industrial environments. The industrial buildings are generally
taller than ordinary office buildings and are sectioned into
several working areas. Between the working areas, there are
usually straight aisles for passing people or materials. Modern
factories usually have perimeter walls made of concrete or
steel and the ceilings are often made of metal and supported
with intricate metal supporting trusses. In addition to above
common characteristics, the object type and density within
specific industrial environment may vary and play an impor-
tant role in characterizing the channel.

Measurements presented in this paper were performed in
the assembly shop, electronics room and mechanical room of
an electronics manufacturing factory in Gjøvik, Norway. All
three rooms share the aforementioned physical characteristics.
The assembly shop covers an area of about 15 × 17 m2 with a
height of around 5 meters. It houses two long work desks with
three aisles along the longer dimension. Several big racks are
placed along the aisle to put assembly components and a big
metallic shelf holding manufacturing items is placed against
the wall (see Fig. 1a). The electronics room is slightly bigger
with an area of 18 × 27 m2 and a height of around 5 meters.
It houses two rows of medium-size machinery with a lot of
metallic valves present (see Fig. 1b). The mechanical room
is about 20×30 m2 in size and around 6 meters in height. It
has several big metallic machines but is less occupied than the
electronics room. Several pipes are placed off the roof and a
big shelf holding manufacturing components is placed against
one wall (see Fig. 1c).

B. Measurement Setup
The vector network analyzer (VNA) measures S21 param-

eter, which allows the extraction of the complex channel
transfer function H(f) for the measured frequency range (800
MHz to 2.7 GHz in our measurements). 600 points were taken
within the measured frequency band, i.e, about 3.21 MHz
between two adjacent frequency points. This configuration
results in a delay resolution of about 0.526 ns and a maximum
resolvable delay of around 320 ns. The swept-frequency signal
generated by the VNA was transmitted by an omnidirection-
al, vertically polarized broadband transmitting antenna (Tx)



(a) Assembly room (b) Electronics room (c) Mechanical room

Fig. 1: Industrial measurement environments.

placed 1.8 meters above the ground and received by a receiving
antenna (Rx) of the same type and height. The Rx was placed
10-18 meters away from the Tx for different measurements.

The virtual uniform linear antenna array (ULA) method was
used in the channel transfer function measurement. The Tx
was moved along a linear array of M = 5 elements and the
Rx was move along an uniform rectangular array consisting
of N = 3 × 6 elements (see Fig. 2). With such a setup,
a virtual multiple-input-multiple-output (MIMO) system of 5
by 18 antennas was created. In order to obtain independent
fading for different elements of the virtual array, the separation
between adjacent elements was set to 18.75 cm, corresponding
to half a wavelength at 800 MHz. Altogether, four ULA
measurements were conducted in the three rooms (line-of-sight
(LOS) measurement in all rooms as well as a non-line-of-sight
(NLOS) measurement in the electronics room).
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Fig. 2: Measurement setup.

C. Measurement Data Processing

After obtaining the frequency-domain channel transfer func-
tion between m-th element of the Tx array and n-th element
of the Rx array, H(f,m, n), the channel transfer function is
filtered by a Hanning window hw to reduce aliasing. Next
it is converted to the delay domain using Inverse Discrete
Fourier Transform (IDFT) and leads to an instantaneous PDP,
PDP(τ,m, n), which we will refer to as local PDP hereinafter.
This process is mathematically expressed as

PDP(τ,m, n) =

∣∣∣∣ 1

Nf

Nf∑
n=1

[H(f,m, n)× hw] exp(j2πfnτ)

∣∣∣∣2,
(1)

where Nf is the number of frequency bins.
Finally, all local PDPs are linearly averaged to generate the

averaged power delay profile APDP(τ):

APDP(τ) = E[PDP(τ,m, n)], (2)

where E{·} denotes the ensemble average taken over all
measured M ×N snapshots.

Prior to averaging, the delay axis of each local PDP is
shifted such that the first arriving multipath component (MPC)
corresponds to the same delay bin for all local PDPs. This
shift facilitates a more accurate extraction of the statistical
parameters of the first arriving MPCs from the ensemble
average [6].

III. MEASUREMENT RESULTS

A. Shapes of the PDPs
Figure 3a and 3b show the APDP of the assembly room

and mechanical room measurements under LOS scenario,
respectively. Figure 3c and 3d display the APDP of the LOS
and NLOS measurements in the electronics room, respectively.
We can see that all measured APDPs consist of several clearly
identifiable clusters. For the assembly and mechanical room
measurements, the ray decay within each cluster follows an
exponential relationship with delay, which translates into a
linear dependence when the received power is in dB scale.
However, for the electronics room measurements, it is seen
that the exponential decay assumed by the S-V model cannot
fit the ray decay well and power-law decay seems a better
representation. Power-law ray decay has also been reported
in previous measurements of various environments, e.g., a
hospital room in [7], an industrial facility in [8], etc.

In terms of cluster decay, the original S-V model also
assumes a linear dependence between the power in dB versus
delay. However, that is not the case in our measurements. The
cluster decay in our measurements shows a power decrease
at a rate inversely proportional to the delay. Thus, a different
approach needs to be used to model the cluster decay.

B. Cluster Identification
Currently, there is no formal way of identifying clusters

since different researchers can even have different definition
or criteria on cluster. In our analysis, we use the ‘visual
inspection’ approach by finding the local maximum and pro-
nounced steps in received power. This approach is sufficient
and accurate enough when the clusters are well-separated in
the delay domain, which is the case in our measurements and
is also widely used by others [8]–[10].
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(a) Assembly room, LOS
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(b) Mechanical room, LOS
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(c) Electronics room, LOS
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(d) Electronics room, NLOS

Fig. 3: Measured APDPs in different environments and scenarios.

IV. MODELING

A. The Saleh-Valenzuela Approach

The channel impulse response of S-V model is given by [5]

h(τ) =

L∑
l=1

Kl∑
k=1

gkle
jθklδ(τ − Tl − τkl)

=

L∑
l=1

Kl∑
k=1

(
g2

11e
−Tl/Γe−τkl/γ

) 1
2

ejθklδ(τ − Tl − τkl),

(3)

where L is the number of clusters, Kl is the number of MPCs
in cluster l, gkl and θkl are the multipath gain coefficient and
phase of the kth component in cluster l, respectively. Time
instant Tl is the time of arrival (TOA) of the lth cluster and
τkl is the delay of the kth component relative to the time Tl.

With the channel impulse response in (3), the PDP of the
S-V model in dB can be expressed as:

PDP(τ) =

L∑
l=1

Kl∑
k=1

[
10 log10 g

2
11 −

Tl
Γ

(10 log10 e)︸ ︷︷ ︸
P(Tl) [dB]

−

τkl
γ

(10 log10 e)︸ ︷︷ ︸
P(τkl) [dB]

]
· δ(τ − Tl − τkl).

(4)

where the parameters are defined in (3). In (4), the first term is
a constant while P(Tl) and P(τkl) represent the cluster decay
and ray decay, respectively. A schematic representation of (4)
is shown in Fig. 4.

t

PDP
[dB]

Fig. 4: Schematic representation of the S-V model given in (4).
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Fig. 5: Distribution of inter-cluster intervals with exponential fitting.

1) Cluster and Ray Arrival Modeling:
The S-V model assumes that clusters arrive according to

stochastic Poisson process, which leads to the exponential
distributions of inter-cluster duration (∆Tl,l−1 = Tl − Tl−1):

Pr(∆Tl,l−1) = Λ · exp[−Λ · (∆Tl,l−1 − x0)], (5)

where Λ is the cluster arrival rate and x0 is an offset.
Figure 5 shows the cumulative distribution functions (CDF)

of measured inter-cluster durations, which show a good fitness
between the measurements and exponential distributions. With
the assumption of ∆Tl,l−1 following exponential distribution,
the maximum likelihood (ML) estimation of the cluster arrival
rate, Λ, can be obtained from: Λ̂ = 1

∆T
, where ∆T is the

sample mean of all measured inter-cluster durations ∆Tl,l−1.
In the S-V model, the arrival of rays is also assumed to be

a stochastic Poisson process. But the limited delay resolution
of 0.526 ns does not enable us to resolve the inter-path arrival
times by an inverse FFT of the measured data, which means
that every resolvable delay bin contains non-negligible amount
of energy. So we resort to interpreting the S-V model as
a classical tapped delay line model: delay taps (rays) are
assumed to arrive every 0.526 ns, thus the ray arrival rate
being 1.9 GHz.

2) Ray Decay Modeling:
It has been observed and proposed in [8] that the ray

power decay constant increases linearly with delay. This is
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Fig. 6: Ray power decay rates versus cluster delays in assembly room
and mechanical room.
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Fig. 7: QQ plot of the random variable Nσ1 in (6) versus a Normal
distribution.

also the case for our measurements in the assembly shop
and mechanical room (see Fig. 6). We extend the model by
appending a random variable Nσ1

:

γ(Tl) = a · Tl + b+Nσ1 , (6)

where γ(Tl) denotes the ray power decay coefficient for the
l-th cluster starting at time instant Tl. Parameter a and b are
constants and Nσ1

follows a zero-mean Gaussian distribution
with standard deviation σ1 (see Fig. 7). Then we can write the
ray power decay P(τkl) in (4) as

P(τkl) [dB] =
τkl
γ(Tl)

=
τkl

a · Tl + b+Nσ1

. (7)

3) Cluster Decay Modeling:
As discussed in Section III-A, the assumption of the S-V

model on cluster decay does not hold for our measurements.
By fitting the measurements with various models, it is found
that the measured cluster decaying power in dB versus delay
can fit well to an exponential decay (see Fig. 3). Similar cluster
power decay profiles have also been observed in other reported
measurements, e.g., in [7]. Thus, the cluster power decay for
the normalized APDP is modeled as

P(Tl) [dB] = c · exp
(
−Tl
d

)
+ e, (8)

where c, d and e are model constants. From Fig. 3, we can see
that (8) provides a much better fit to the measurements than
exponential decay assumed by the conventional S-V model.
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Fig. 8: CDFs of ray power decay rate measurements and Normal
distribution in electronics room.

The extracted parameters for the assembly shop and me-
chanical room using the modified S-V model are listed in
Table I.

B. The Power-Law Approach

In the power-law approach, the PDP is modeled as a set of
power-law decreases with varying decay factors separated by
spectral components (the dominant components determined by
cluster power decay). The PDP in dB is given by [6]

PDP(τ) =

L∑
l=1

Kl∑
k=1

[
10 log10 g

2
11 − P(Tl)− 10nl log10(τkl)︸ ︷︷ ︸

P(τkl) [dB]

]
· δ(τ − Tl − τkl),

(9)

where the first term is a constant, nl is the ray decay exponent
of the l-th cluster and other parameters are defined in (3). The
term P(Tl) represents the cluster power decay in dB and is
given in (8).

The cluster and ray arrival rates, Tl and τl have already been
discussed in Section IV-A1. The ray decay exponent, nl, in (9)
is determined by finding the least-square fit to the PDP in dB
for each cluster. Unlike the ray decay factors from the assem-
bly and mechanical room measurements, where it increases
linearly with delay (see (6)), it is found that the parameter nl
for l > 1 from the electronics room measurements is hardly
a function of delay but can be modeled as a Normal random
variable (see Fig. 8), i.e.

nl v N (u, σ2) l ∈ [2, L] . (10)

The ray decay factor for the first cluster, n1, is excluded
because it is associated with the LOS or first dominant path,
and the factor is significantly greater than other components.

The extracted parameters for the electronics room using the
power-law approach are summarized in Table I.

C. Small-scale Fading Statistics

The small-scale fading characteristic was evaluated with
the measurement data from bins at specific excess delays,



TABLE I: Parameters for the Modified S-V Model and Power-law Model
Parameters Clusters No. Cluster Arrivals, eq. (5) Ray Decays, eq. (6) or (10) Cluster Decays, eq. (8)
Scenarios L 1/Λ [ns] x0 a b σ1 n1 u σ2 c d e
Assembly, LOS 10 4.51 3.7 0.36 -0.51 1.11 - - - 18.14 16.05 -18.29
Mechanical, LOS 8 14.14 3.0 0.09 1.79 2.78 - - - 33.79 72.27 -34.22
Electronics, LOS 6 13.68 5.0 - - - 1.89 0.67 0.15 29.23 29.77 -29.29
Electronics, NLOS 8 8.50 2.2 - - - 1.48 0.39 0.17 14.28 14.64 -14.40

which were matched to some typical theoretical amplitude
fading distributions such as Log-normal, Nakagami, Rician,
and Weibull distributions. Hypothesis testing was applied with
the chi-squared (χ2) test at the significance level of 0.05
to elaborate the goodness-of-fit of these distributions [10]–
[12]. We characterize the small-scale statistics by fitting the
observed amplitudes in each delay bin of all 90 measurements
to each of the aforementioned distributions. The variations are
treated as stochastic. It was found that the Weibull distribution
turns out to have the highest passing rate and is the best fit
for the small-scale amplitude statistics (see Table II). Figure 9
shows the comparison between CDFs of various distributions
and the measured small-scale fading from the electronics
room under LOS scenario at 20 ns and 60 ns path delays.
Measurements from the other rooms show similar results.
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Fig. 9: Small-scale fading CDFs fitted with different distributions at
different excess delays in electronics room.

V. CONCLUSION

In this paper, power delay profile measurements of three
different industrial indoor environments were presented. The
measurements were performed in the frequency range of 0.8
to 2.7 GHz using frequency-domain channel sounding and
virtual antenna array technique.

It was observed that the PDPs clearly exhibited several
clustering of the received power as a function of delay. The
measurement results revealed two different shapes of the PDP.
It was found that the cluster decay in dB scale followed an
exponential decay for all measured PDPs. The ray power decay
constant γ was found to increase linearly with delay for PDP
measurements from the assembly shop and the mechanical
room, and an exponential ray power decay with delay was
observed for these locations. However, for the electronics

TABLE II: Passing Rates of χ2 Test at 5% Significance Level
Distributions Weibull Lognormal Nakagami Ricean

Assembly, LOS 89.8% 52.2% 60.3% 64.2%
Mechanical, LOS 91.3% 47.0% 54.0% 58.5%
Electronics, LOS 93.0% 50.2% 56.8% 58.5%
Electronics, NLOS 92.5% 62.7% 70.7% 74.0%

room, the ray decay within each cluster can be modeled as
a power-law decrease with the ray decay factors γ described
by a Normal random variable. The cluster inter-arrival times
following the exponential distribution was verified from our
measurements. The Weibull distribution was found to fit the
small-scale fading of MPCs at different delay taps.
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