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Abstract— In recent years, the demand for smart factories
capable of wirelessly transmitting information and power has
grown. Understanding the wireless environment within these
factories is crucial for this transmission. As a fundamental
investigation, we generated a radio map for the local fifth
generation (L5G) using the 4.8-GHz band. This map was gen-
erated using the free-space propagation loss formula and the
directivity measurement results of the transmitting antenna.
We then measured the received power at four locations using
a spectrum monitor. By comparing the radio map with these
measurements, we found that it is possible to estimate the received
power in the line-of-sight environments.

Index Terms—radio map, smart factory, spectrum monitor,
local fifth generation

I. INTRODUCTION

In recent years, the realization of smart factories [1] that
utilize technologies such as artificial intelligence (AI) and
Internet of things (IoT) has been desired. In traditional pro-
duction sites, information and power are transmitted by wires
mainly from the perspective of reliability. In contrast, in smart
factories, information and power are transmitted wirelessly
to facilitate layout changes within the factory and to employ
automated guided robots. In order to transmit information and
power wirelessly, it is necessary to understand the wireless
environment in the factory. Fig. 1 shows how a smart factory
is designed. The wireless environment and the manufactur-
ing process within the factory are digitally replicated in
cyberspace, creating a digital twin [2] that mirrors the real-
world conditions. Subsequently, wireless resource allocation,
wireless power transmission (WPT), and wireless informa-
tion transmission (WIT) are then simulated in cyberspace
based on the real-world information. Finally, the results of
the cyberspace simulation are then reflected in the physical
space. By estimating the wireless environment during power
transmission, it is possible to prevent radio interference.

In this paper, for the ultimate goal of estimating the wireless
environment within smart factories, we will investigate the
characterization of this environment using mathematical for-
mulations and generate a highly accurate radio map of the local
fifth generation (L5G) using the 4.8-GHz band. Our future
work includes refining these formulations and performing
parameter tuning, which will be carried out using simultane-

979-8-3503-6463-7/24/$31.00 ©2024 IEEE

(gAg)

Transmission
antenna

(tp)

Robot
(tp)
feam] R

Base station
(a) Physical space

1

(CR)

Robot
(ey)
o
Controller @

Real-world details
are modeled
in cyberspace

Simulation results
are reflected
in physical space

™
A

(b) Cyberspace

Fig. 1. Concept of smart factory. WPT, wireless power transmission; WIT,
wireless information transmission.

ous multi-location measurements at different frequencies with
spectrum monitors.

The contents of this paper are as follows. In Sect. II,
we modeled one-dimensional radio wave propagation profile
based on the free-space propagation loss formula and the
measurement results of the antenna directivity of the radio
unit (RU) . In Sect. III, we measured the received power up to
a distance of 14m away from the origin, and confirmed that
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Fig. 2. Parameters for this calculation based on the measurement setup.

the one-dimensional radio wave propagation profile and the
measurement results were approximately the same. In Sect. IV,
we present how to generate the local 5G radio map and show
the verification results of the radio map using the measured
data of received power at four locations. Finally, in Sect. V,
we conclude this paper.

II. ONE-DIMENSIONAL RADIO WAVE
PROPAGATION PROFILE

A. Free-space propagation loss

In this section, one-dimensional radio wave propagation
profile is modeled by the free-space propagation loss formula.
Fig. 2 shows the parameters for this calculation based on the
measurement setup. The origin is defined to be at the same
height as the desk, directly below the RU. The z-axis was
then set by the orange arrow from the origin. The distance
from the origin to the reception antenna is denoted as x [m].
The distance between the origin and the RU is z = 2.7 [m].
The propagation distance between the antennas is denoted
as d = Vx2+ z2[m], applying the Pythagorean theorem.
According to the Friis transmission formula [3], the free-space
propagation loss can be calculated by

L = 10log,o(4md/N\)?. (1)

Eq. (1) is rewritten with x as

L(z) = 10logy, (471'\/ x? 4+ 22/)\)2 (2)

where the wavelength A = 6.181 x 1072 [m] corresponds to
the center frequency f = 4.850 [GHz] of the L5G system used
in this paper.

Based on the measurement setup, a one-dimensional radio
wave propagation profile is calculated, as demonstrated in
Fig. 3. Here, the negative value of L(z) in Eq. (2) is plotted
as a function of the distance z from Om to 14m. The
horizontal axis represents the distance x from the origin to
the reception antenna. The vertical axis represents the received
power ratio compared to the received power at the origin.
The black line shows the results of the free-space propagation
loss calculation. It is observed that the received power ratio
decreases by 14.5dB at the position 14m away from the
origin.

received power ratio [dB]

) 1D radiq wave propagation plyroﬁle : -L(Ix) *
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Fig. 3. Calculated one-dimensional radio wave propagation profile based on
the measurement setup.

B. Directivity of the transmitting antenna (Experiment 1)

The environment in which radio waves propagate differs
greatly between free space and the measurement environment.
It is necessary to consider the effects of obstacles, reflections
from metals, and the antenna directivity of both the transmis-
sion and reception antennas. In this subsection, the antenna
directivity of the RU is examined. This is due to the fact that
the angle of the reception antenna relative to the RU changes
significantly depending on the reception antenna’s position. As
a result, the antenna gain of the RU also varies considerably.
Therefore, we measured the antenna directivity of the RU
(Experiment 1). This measurement was conducted on the
third floor of the J-Innovation HUB building at the Research
Institute for Semiconductor Engineering (RISE) Hiroshima
University, where the RU of the L5G is installed. Fig. 4 shows
the measurement environment for Experiment 1. The RU and
the reception antenna were connected by a 2.5-m-long string
so that the angle of the reception antenna relative to the RU
could be changed while maintaining a constant distance. The
angle of the reception antenna to the RU is donated as 6 °,
and the angle when the reception antenna is below the RU
is defined as 0°. The received power was measured while
increasing the angle 6. In the measurement, the reception
antenna with a directivity of 37° at half-maximum width was
used, and it was constantly directed towards the RU. The
method for plotting the measured values was shown below.
We extrapolated the line connecting the RU and the reception
antenna. Then, we determined the length = from the origin to
the intersection of this extrapolated line with the orange arrow.
We obtained x by calculating x = z tan € and used this value
when plotting the measured data in the next subsection.

Fig. 5 shows measurement results of the directivity of the
RU. The horizontal axis represents the distance x from the
origin to the reception antenna. The vertical axis represents the
received power. The green plots shows the raw measurement
data Pexp1 raw (). The green line shows the approximate line
Pexp1(x) derived from the raw data.

C. Proposed method

In this paper, we modeled the one-dimensional radio wave
propagation profile by the free-space propagation loss formula
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Fig. 4. Measurement setup for Experiment 1.

A
o

received power [dBm]
&
o

&
3]

>

measurement point : Pgyoq raw(X) 4
approximate line : Peyp1(X) =

2 4 6 8 10 12 14
distance from origin to reception antenna x [m]

-60
0

Fig. 5. Measurement results of the directivity of the RU, overlaid with its
approximated line.

and the measurement results of the antenna directivity of the
RU. Fig. 6 shows the results of the free-space propagation
loss calculation with correction by the antenna directivity of
the RU. The horizontal axis represents the distance = from the
origin to the reception antenna. The vertical axis represents the
received power ratio compared to the received power at the
origin. The green line shows the antenna gain of the RU, de-
noted as Pexp1 (@) — Pexp1(0). Pexp1 () represents the received
power at x, while Peyp1(0) corresponds to the received power
at the origin, measured at —53.77 dBm. The black line shows
the one-dimensional radio wave propagation profile denoted
as —L(x) shown in Subsect. II-A. The orange line shows the
proposed method —L(x) + Pexp1(2) — Pexp1(0). The results
show that the antenna directivity of the RU had a significant
effect on the one-dimensional radio wave propagation profile.

III. VERIFICATION RESULTS IN ONE-DIMENSIONAL
PROFILE

A. Overview of spectrum monitor

We aim to generate an indoor radio map, the accuracy of
which can be enhanced through parameter tuning using the
measurement results as a reference. This will be facilitated by
spectrum monitors [4]-[6] that allow for simultaneous multi-
location measurements even at different frequencies when their
internal clocks are synchronized. In contrast, in this paper,
we used the measurement results by the spectrum monitor as
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Fig. 6. Updated one-dimensional radio wave propagation profile with the
antenna gain of the RU (shown with squares), overlaid with the antenna gain
(with triangles) and with the plot in Fig. 5 (with diamonds).
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Fig. 7. Spectrum monitor with antennas and a PC.

a reference for verification of the radio map. Fig. 7 shows
the spectrum monitor used for Experiment 2 in Subsect. III-
A and for Experiment 3 in Subsect. IV-B. The spectrum
monitor is connected to a 920-MHz band reception antenna
and a 2.4-GHz and 4.8-GHz band reception antenna. It can
simultaneously measure the spectrum in the 920-MHz, 2.4-
GHz, and 4.8-GHz bands. In this paper, the max-hold value
displayed by the spectrum monitor was used as the received
power. Spectrum monitors can be time-synchronized with a
pulse per second (PPS) signal output from an external device
such as a Global Positioning System (GPS).

B. Measurements of one-dimensional radio signal strength
(Experiment 2)

Fig. 8 shows the measurement setup for Experiment 2. The
RU was installed at a height of 3.4m above the floor. The
height of the desk was 0.7m above the floor. Measurement
points were placed at intervals of 0.1 m along a straight
line up to 14m from the origin. The measurement system
shown in Fig. 7 was used in this experiment. The surrounding
environment remained unchanged to conduct measurements in
a quasi-stationary environment.

Fig. 9 shows the measurement results of Experiment 2. The
horizontal axis represents the distance = from the origin to the
reception antenna. The vertical axis represents the received
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Fig. 9. Measured one-dimensional radio signal strength profile (Experiment
2), overlaid with its approximated curve.

power. The black plots indicate the raw measurement data
Pexp2,raw (). The blue line represents the approximate curve
Pexp2(x), which was derived from the raw data using the
method of least squares. It is observed that the magnitude
of the variation of the raw data from the approximate curve
was about 10dB at its maximum. This is considered to
be largely due to the effect of frequency-selective fading.
The environment in which the measurements were conducted
can be described as prone to reflection. This is because the
ceiling and the walls are made of metal. In other words, it
is considered that the spectrum monitor receives composite
waves consisting of direct wave and multiple reflected waves,
resulting in significant variations in received power regardless
of the distance from the origin.

C. Verification of the proposed method

Fig. 10 shows the verification result of the proposed method
(orange line) with the measurement results (blue line). The
horizontal axis represents the distance x from the origin to
the reception antenna. The vertical axis represents the received
power ratio compared to the received power at the origin.
The blue line shows the measured curve Poxpa(z) — Pexp2(0)
described in Subsect. III-A. The black line shows the one-
dimensional radio wave propagation profile —L(z) shown in
Subsect. II-A. The orange line shows the proposed method
—L(x) 4+ Pexp1(x) — Pexp1(0) described in Subsect. II-C. In
the case of measurement results, the received power ratio
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Fig. 10. Comparison between the measured curve in Fig. 9 (shown here by
a line with dots) and the calculated result with the proposed method in Fig. 6
(with squares), also overlaid with the initial result in Fig. 5 (with diamonds).

compared to the received power at the origin decreases by
5.4dB at a position 14 m away from the origin. On the other
hand, in the case of the proposed method, it decreases by
5.3 dB, which is much better than 14.5 dB calculated only with
the propagation loss described in Subsect. II-A. Therefore, it
is confirmed that the proposed method and the measurement
results are approximately the same.

IV. EXTENTION TO 2D MAP
A. L5G radio map generation

Fig. 11 shows a floor map of the experiment site (the third
floor of the J-Innovation HUB building at Research Institute
for Semiconductor Engineering (RISE), Hiroshima University.
The RU installation is represented by the gray square. The
dimensions of the experiment site are 21.6m in length and
25.8m in width, while the area covered by the radio map
are 16 m in length and 18 m in width. Certain sections of the
experiment site were excluded from the radio map generation
due to the presence of the anechoic chamber and the pillars.
The dimensions of the pillar is 0.82 m in length and 0.92m in
width. The received power is calculated based on the proposed
method as

PMAP (IL‘) = Pexp2,raw(0) - L((E) + Pexpl(ir) (3)

where Pexpo raw (0) is the received power at the origin. It was
measured to be —73.25dBm in Experiment 2. In Eq. (3),
by substituting = with r and incorporating the angle ¢ to
utilize polar coordinates, the model can be extended to two
dimensions, centered at the origin. Furthermore, by rotating ¢
through 360 degrees, a two-dimensional radio map based on
Eq. (3) can be generated.

Fig. 12 presents the radio map, based on the proposed
method, rendered on a grid with a resolution of 1 m2. The
RU of the L5G is installed at the open gray square. Black
squares indicate pillars. The area enclosed by the blue line is
the non line-of-sight due to either the pillars or the anechoic
chamber. The color bar indicates the radio wave strength. As
the value approaches the maximum, the shade of red becomes
darker, while as it nears the minimum, the shade of green
deepens. It is important to note that the radio map generated
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Fig. 11. Floor map of the experiment site (the third floor of the J-Innovation
HUB, Hiroshima University).
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Fig. 12. L5G radio map generated with the extended proposed method. The
open gray square represents the origin.

by this method assume that all locations are in the line-of-sight
environments, however, in reality, there are locations that are
in the non line-of-sight environment.

B. Verification with measured data (Experiment 3)

We measured the received power at the four locations
shown with blue squares in Fig. 13 using a spectrum monitor
(Experiment 3). The measurement locations are labeled as
No. 1 to No. 4. No. 1, No. 3, and No. 4 are located in the
line-of-sight environments, while No. 2 is located in the non-
line-of-sight environment. We used the measurement system
shown in Fig. 7. When measuring the received power, the
operation status of the RU has to be considered. The L5G RU
usually transmits signals using a part of the frequency band,
and the transmission power constantly fluctuates. Therefore, in
this measurement, we aimed to keep the transmission power
of the RU constant by using a speed test in which the used
bandwidth and the transmission power get at their maximum.
The device conducting the speed test was positioned at the
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Fig. 13. Measurement setup for Experiment 3. The 4 squares show where
the spectrum monitor (shown in Fig. 7) is placed.
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Fig. 14. Comparison of measurement results at each measurement location
and estimated values from the radio map.

location indicated by the yellow star in Fig. 13. We used the
downlink signals emitted from the RU during the speed test
to measure the received power because they have a broader
bandwidth that can mitigate the effects of fading.

Fig. 14 shows a comparison between the measured and
estimated results for each measurement location. The blue,
green, and gray plots represent the received power values at the
first, second, and third measurement results respectively, while
the orange plots represent the estimated received power values
based on the radio map at each measurement location. The
estimated received power in the non-line-of-sight environment
(No. 2) showed an error of more than 10dB compared to
the actual measured received power. This discrepancy arose
because the radio map assumes all locations are in the line-
of-sight environments, whereas in reality, the pillars and the
anechoic chamber obstructed direct wave reception, resulting
in lower measured received power than estimated. In contrast,
the error in the line-of-sight environments (No. 1, No. 3, and
No. 4) was within 3.0 dB. In other words, it was found that the
radio map generated by the proposed method can accurately
estimate the received power in the line-of-sight environments.
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V. CONCLUSIONS

This paper aims to generate a highly accurate radio map
of the L5G using the 4.8-GHz band as a foundational study
for modeling indoor wireless environment. The radio map was
generated based on the free space propagation loss formula and
the measurement results of the antenna directivity of the RU.
As a result, the estimated received power in the line-of-sight
environments showed an error of within 3.0dB compared to
the measured results. Conversely, in the non-line-of-sight case,
the error was over 10 dB. From these results, it was found that
in the line-of-sight environments, the proposed method allows
for highly accurate estimation of received power.
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