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The Industrial Internet of Things (IloT), a typical use case of the Internet of Things, has
been a great prospect for development in the near future. In the developing fifth generation
mobile communications, the IloT is an extremely important application case. In this paper,
the channel propagation properties are researched and modeled based on the measurement
data in an automobile welding factory. The results of the path loss exponent values are
around 2.5 and 3.3 in line of sight propagation (LOS) and obstructed line of sight (OLOS)
propagation scenarios, respectively. In LOS and OLOS propagation scenarios, K factor
values are around 5 dB and 4 dB, respectively. Meanwhile, in these two-propagation
environment, the amount of multipath components (MPCs) and the root mean squared
(RMS) delay are extracted and compared. Particularly, a special case is considered that
the sensor/actuator is placed inside the metallic body of a machine, which affects the path
loss exponent values and K factor values. These measurement results are of great

significance to the development of IloT.

1. Introduction

In recent years, the Internet of things has become a hot research
topic in industry and academia. In the developing fifth generation
wireless mobile communications, the IIoT is an extremely
important application case. The IIoT is particularly important in
the application of the fifth generation of wireless communications.
In the IIoT wireless communications, there are two different types
of radio signals: narrow band (NB) and wide band (WB). In the
industrial environment, there are a great quantity of mobile
equipments work at WB to transmit surveillance video. Basically,
there are an enormous amount of sensors work at NB to obtain all
kinds of temperature, humidity or pressure information These
signals also have different central frequencies. This paper mainly
investigates the wireless channel of industrial environment and it
is an extension of work originally presented in 2018 20th
International ~Conference on Advanced Communication
Technology [1].

The IIoT generally includes three different layers: application
layer, perception layer and network layer. The first layer is to be
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used intelligent sensing technology, such as various sensors, to
collect industrial data anytime and anywhere; the second layer is
to be used communication technology, such as the Zig-bee, the
Narrow Band Internet of Things (NB-IoT), and so on, to build a
communication network. The third layers is to be used data
processing and analysis technology, such as cloud computing, and
so on, to make deep mining and utilization of these data, and then
to realize the management and optimization of the industrial
process [2]. At the IIoT network layer, huge amounts of sensors
connect to the access point by wireless communication
technologies. Wireless communication links will be obstructed and
shadowed by industrial equipment or metallic materials in the
industrial propagation environments. The propagation of electro-
magnetic waves will generate strong reflection due to the role of
these obstructions. However, in the industrial propagation case,
wireless communication technology has not been completely
researched. There are many differences between IloT and cell
communication systems. It is important to get a thorough
knowledge of the IloT wireless channel characteristics.

At present, researches on the influence of modern industrial
environment on electromagnetic wave propagation are relatively
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limited. Reference [3] extracted wireless channel parameters of
path loss and time delay power based on the measured data of five
factories. Reference [4] studied the characteristics of the typical
industrial environment by channel measurement based on
manufacturing plant. The related parameters obtained from the
average time delay and RMS delay obtained from the 2.4GHz
center frequency were found to be dependent on the LOS condition
and related to the distribution of metal hindrance. Reference [5]
measured four typical factory environments (corridors, offices,
laboratories and large industrial manufacturing halls) at 1.9GHz
center frequency, and analyzed shadow fading, K factor and delay
spread which according with log-normal distribution. Reference [6]
considered the large-scale characteristics based on measurement
data in several factory buildings. Reference [7] researched NB
propagation at 900 MHz, 2400 MHz and 5200 MHz. Reference [§]
studied the effects of two important industrial environments on
electromagnetic wave propagation, including channel path loss
and multipath component (MPCs). One is high absorption
environment, the other is high reflection environment. In the same
year, reference [9] proposed a broad-band channel model for
industrial wireless networks. This model takes into account the
influence of noise in the harsh factory environment and uses the
first order two state Markov process to describe the characteristics
of the typical burst pulse noise in the industrial environment.
Authors in reference [ 10] modelled the industrial wireless channels
using Saleh-Valenzuela models. In 2017, reference [11] conducted
seven scene measurements at three locations, studied the LOS and
OLOS scenarios with a frequency of 5.8GHz, and analyzed the
wireless channels.

The main contribution of this paper is to employ a vector signal
generator and spectrum analyzer as a channel sounding system to
probe realistic automobile factory environments. Three frequency
bands, 1.1GHz, 2.55GHz, and 5.8 GHz are considered in this paper.
The frequency bands of 1.1GHz and 2.55GHz are corresponding
to narrow band (NB) (0.8MHz) and 5.8GHz is corresponding to
wide band (WB) (8MHz). In the NB case, we consider a special
condition that the sensor/actuator (receiver antenna of the channel
sounder in our channel measurements) is placed inside the metallic
body of a machine, an industrial computer box with the thickness
of 2 mm in the measurement. The channel parameters of time
dispersion including RMS delay spread, number of MPCs, power
difference and the K factor in different scenarios are extracted from
the measurement data.

The paper is organized as follows. In Section 2, the system
model and measurement system are described. Then raw data are
analyzed to show the results of measurement and give the
reasonable explanation in Section 3 . In Section 4 the conclusion
is given.

2. System model and measurements description

As shown in Figure 1, a vector signal generator (Rhodes
&Schwartz SMBV100A) and a spectrum analyzer (Agilent
N9010B) are employed as a channel sounder. Two local rubidium
clocks are employed to ensure efficiency and accuracy synchro-
nization between the Tx and Rx. In Table 1 channel measurement
parameters are listed.

As shown in Figure 3, two different propagation types of LOS
(100 measurement spots) and OLOS (100 measurement spots) are
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considered in this measurement. In OLOS propagation case, the
wireless links are semi-blocked (shadowed) by metal machines
and buildings. And as mentioned in the previous part, a special
case is considered that the sensor/actuator (receiver antenna of the
channel sounder in our channel measurements) is placed inside the
metallic body of a machine, as shown in Figure 2. The dimension
of the measurement factory is 120 m X 59 m X 8 m, the Tx antenna
height is 5 m and the Rx antenna height is 1.4m.

Table 1: Measurement Parameters.

Bal%(i]\gidth Frequency Bandwidth Power Ar(l}t:irgla
NB 1.1GHz 0.8 MHz 33dBm 0dBi
NB 2.55GHz 0.8MHz 33dBm 0dBi
WB 5.8 GHz 8MHz 33dBm 16dBi

TX antenna RX antenna
Rubidium clock

Rubidium clock

i;

Spectrum analyser

—~

‘l"
11—

Vector signal generator  Power amplifier

Figure 1: Channel sounding system

(a) Receiver inside (b) Receiver outside
Figure 2: Measurement setup
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Figure 3: Environment map of the automobile factory

In the measurement, in order to extract the channel impulse
response (CIRs), the frequency-domain method (OFDM signal) is
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used. There are N subcarriers in one OFDM symbol with
transmitted. X[m] denotes the excitation signal on the m-th

subcarrier. The discrete time excitation signal x(n) can be given
after N-point IFFT

x(n)=—ﬁx[m]exp(jzﬂ%j )

m=0

The convolved output between the excitation signal and the
time-variant CIRs denoted as a function of the discrete time
variable (n) and the time delay (z) can be expressed as

y(n) =h(n , r)*x(n)+w(n)

:ih(n,r)x(n—r)_,_w(n) 2)

where w(n) is the additive white Gaussian noise (AWGN), L
denotes the amount of MPCs. In the duration of one OFDM signal,
the channel is assumed as constant, i.e., #(n,7)=h(t). The received
signals can be obtained as follows after removing the CP and FFT
operation:

= (Sh (e ol o]

:H[m]X[m]+W[m]

€)

Then the frequency domain correlation processing is performed
as

_ Y [m] X [m]
lx [m]l

Finally, the extracted CIR can be obtained from (4) via the
Fourier series as

H[m] = H[m]+w'[m] €

R(r)= Y Am]e™" 5)

Finally, the real MPCs from };(1) can be extracted. And then

the method in reference [12] is used to the noise threshold
determination and path searching.

3. Results and Analysis of Measurement Data
3.1. Path Loss Characteristics

Path loss is an important parameter, which reflects the energy
loss of electromagnetic wave in the environment. Usually,
previous researchs and results show that the path loss power is
mainly related to the distance between the receiver and the
transmitter. And when acquiring the propagation loss power and
the distance between the receiver and the transmitter, path loss
prediction can be described with the empirical path loss model
which can be written as

PL(d)=A4+10-n-logl0(d)+ X, (6)
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where n represents the path loss coefficient, d denotes the distance
in meters between the receiver and the transmitter, X, is the
shadowing term, and A represents the intercept. The least square
(LS) method is adopted to the linear fitting and estimate # in the
measurement data processing. In TABLE 2, the results are listed.

Table 2: Path Loss Parameters

LOS OLOS
Frequency
n()u.\' nlns nOus nlns
1.1GHz 2.5 2.6 3.1 34
2.55GHz 2.4 25 3.4 3.7
5.8 GHz 2.6 - 32 -

The superscript Ous and Ins represent cases that the receiver antenna of the channel
sounder is outside and inside of the metallic box respectively.
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Figure 4: Path Loss Exponent Extraction

Different frequency bands are measured in the same route (LOS
and OLOS). The LS method is used to fit the path loss model, as
shown in Figure 4, which is the situation of LOS and OLOS
outside of metallic body respectively. The estimated path loss
coefficient is around 2.6 in LOS, and the value in OLOS is
relatively larger, around 3.2 as showed in Table 2. This is due to
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the fact the propagation link is semi-blocked by the metal machines
and other objects. Path loss coefficient in the industrial scenarios

exhibits a higher value compared to the path loss coefficient (n=2.0)

in the free space model. In contrast, path loss exponent value inside
metallic box is a little bit larger than the value extracted outside.
This is mainly because of the energy loss of electromagnetic waves
penetrating metal boxes. Moreover, it can be found that there is no
clear relationship between frequency band and path loss
coefficient. In reference [13] there is also similar conclusion that
path loss coefficient is independent of the frequency band.
Furthermore, the results in Table 2 change significantly with the
path loss coefficient acquired from different industrial wireless
channel measurements summarized in [14] (Table I). It can be
assumed that the path loss coefficient varies with the environment
(the position, the size, the height, and density of Metallic materials
or machines in the industrial factory), links configuration and
frequency. In a consequence, when planning wireless
communication systems in the industrial factories, it is suggested
that a larger path loss coefficient should be used.

And what’s more, according to the characteristics of the
workshop in the industrial environment, under the same
propagation conditions, if the receiver exists inside the large
machine or inside the metallic body, a greater path loss coefficient
should be selected compared to the external. Therefore, receiver
location and environmental conditions in the workshop should be
investigated before selecting the appropriate path loss coefficient.

3.2. K Factor

Two different types propagation LOS and OLOS scenarios are
considered in the industrial environment. The envelope of the
received signal is according with Rician distribution which varies
with the probability density function written as

P(r)=%-exp(—r = )In(—r—ij )
o 20 o

where 5? represents the variance of the diffuse components,

1,(0) is the nth-order modified Bessel function of the first kind,

and §° represents the power of the LOS path. A moment-based K-
factor estimator is used to extract the K-factor [14]
> _21&22-1_/&4_1&2\1[122_[14
K,.= - ®)

where the closed forms of the even moment are fi, = E [rz:l
and i, = E [r4] , respectively.

In Table 3, K factor values of LOS and OLOS scenarios are
shown. In LOS scenario, K factor values are about 5 dB, and due
to metallic materials or equipments, the values in OLOS are little
smaller than that in LOS scenario. Moreover, it is expected that
when the center frequency increasing, the wavelength decreasing
and more objects playing a role as reflectors, the K factor value
decrease. Besides, K factor inside metallic body is smaller than
outside. That is due to the metallic body generates additional
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penetration loss, so the dominant signal is attenuated. Meanwhile,
the reflection scattering in the metallic body may be enhanced.
This give rise to the occurrence of deep fades and yield small
Rician factors.

(c)OLOS Inside

(d)OLOS Outside

Figure 5: The change of channel envelope values

Table 3: K-Factor

LOS (dB) OLOS(dB)
Frequency
K{)u.\' Klns K{)u.\' Klns
1.1GHz 4.8 42 3.8 32
2.55GHz 52 4.5 4.6 2.8
5.8 GHz 7.3 - 43 -

The superscript Ous and Ins represent cases that the receiver antenna of the channel
sounder is outside and inside of the metallic box respectively.

Figure 5 shows the channel envelope which represents the
fluctuation degree of the receiving signals at different propagation
scenarios (Figure 5 a, b, ¢, d) and the variances ¢ of channel
envelope in all scenarios are extracted in Table 4, which are 5.5,
3.7,6.5,5.6. It can be seen that when the Rx antenna is in the same
environment, for example, inside of the metallic body under LOS
propagation case of Figure 5(a), the envelope fluctuation of the
received signals of different frequencies is basically the same. And
in the same scenarios (LOS or OLOS), ¢° inside metallic body is
larger than outside. That means the fluctuation of signals envelope
is more serious. This is because reflected and scattered waves in
the metallic body are much more those outside of the metallic body.
More MPCs give rise to significant fluctuation of the channel
envelope and cause larger variance ¢°. Furthermore, it also can be
found that variance ¢° in OLOS scenarios is larger than that in LOS
environments. This is due to the rich MPCs. These MPCs give rise
to the severe fluctuation of the channel envelope.

Table 4: Variances ¢° of Channel Envelope

LOS OLOS
Ins Ous Ins Ous
5.5 37 6.5 5.6

3.3. Time Delay Characteristics

The time delay spread is important to digital communication
system. It reflects the delay time of a multipath channel and can

257


http://www.astesj.com/

K. Zhang et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 3, No. 4, 254-259 (2018)

represent the time dispersion characteristic parameters of the
channel. The statistical results are mainly the multipaths delay
spread to estimate the small-scale fading of wireless channel. The
RMS delay is used to quantify the parameters of the multipath
channel, the following definition of RMS delay parameters is
given by

|, -0 p@dr
= =\ -’ p()dr ©)

[ p(e)dz

where 7 is time delay, p(z) is power delay profile (PDP), T is
average time delay which can be expressed as

_ J.oo tp(r)dr w
r=——— = rp(r)dr (10)
JO p(r)dr
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Figure 6: The amount of MPCs of 5.8GHz in LOS and OLOS

In this section, the RMS delay spread values and the number of
MPCs of LOS and OLOS scenarios are researched with 8 MHz
bandwidth, whether it is LOS or OLOS scenario, Out or Ins
condition, there is only one main path can be obtained when the
excitation signal bandwidth is 0.8 MHz (corresponding to 1.1 GHz
and 2.55 GHz). And more echo waves can be obtained when the
excitation signal bandwidth is 8 MHz. The main reason is that
when the bandwidth is 0.8 MHz, the resolvable distance of the
excitation signal is 375 m, whereas, when the bandwidth is 8 MHz,
the resolvable distance is 37.5 m. So, it’s much easier to make
detecting MPCs when the bandwidth wider. For this reason, time
delay parameters are extracted with the bandwidth in 8MHz,
however, the channel envelope (not resolvable MPCs and the time
delay spread) is the primary parameter extracted when the
bandwidth is 0.8MHz.

Figure 6 shows the amount of MPCs of 5.8GHz in LOS and
OLOS propagation conditions. It can be seen that the number of
MPCs in the OLOS propagation condition is obviously more than
that under the LOS propagation condition, which is mainly due to
the scattered around the OLOS propagation is more abundant, and
the electromagnetic waves mainly arrive at the receiving antenna
by the way of reflection and diffraction. In addition, it can be seen
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that the number of MPCs increases slightly with the increase of
distance in both LOS and OLOS propagation conditions, which is
mainly due to the greater density of metal or equipment in the
actual factory environment, far from the receiving end of the
transmitting antenna. Meanwhile, when the bandwidth of the
excitation signal is 8 MHz, the RMS results are shown in Table 5.
RMS in OLOS propagation condition is larger than that in LOS,
which also shows that the phenomenon of multipaths is more
serious in OLOS propagation condition.

Table 5: RMS Delay Spread

OLOS
153 us

Frequency LOS
5.8 GHz 9.37 us

4. Conclusions

Measurement results and analysis of the propagation fading
behaviour in industrial factory environments has been presented in
this paper. And two propagation types LOS and OLOS cases are
considered. Particularly, special industrial propagation cases,
sensors/actuators are equipped in metallic machine bodies. The
results of the path loss exponent values have been reported. The
estimated values are around 2.5 and 3.3 in LOS and OLOS
propagation scenarios, relatively, which are larger than that of the
free space model. In the research, K factor is used to described the
power ratio between the direct ray and the sum of the powers of
other rays. As the results shown, in LOS and OLOS scenarios, the
K factor values are around 5 dB and 4 dB, respectively. And when
the receiver antenna is equipped in metallic machine bodies, the
path loss exponent is larger and K factor values are smaller. These
are due to the metallic body generates additional penetration loss,
so the dominant signal is attenuated. Further-more, channel
envelope fluctuation in OLOS is more serious than LOS, and the
channel envelope fluctuation inside the metallic body is more
serious than outside. These are mainly because of MPCs in LOS
and inside of metallic body are more abundant. What’s more, in
this paper time delay parameter and the number of MPCs are
researched. The RMS delay spread are 9.37us and 15.3us in LOS
and OLOS scenarios. The research results are important to the
design of the IToT for industrial scenarios.
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