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ABSTRACT To simulate radio propagation in a dynamic indoor environment such as a factory operating
with moving people and automated guided vehicles (AGV), we devised a technique to determine shielding
losses by moving objects based on ray tracing. For a moving object environment, conventional ray-tracing
methods require simulation of each snapshot of a moving object. This conventional technique requires
too much time for real-time predictions. The proposed method first calculates the static environment
using the ray-tracing method without the moving object, and then the shielding loss caused by a moving
object is included through post-processing. To enhance efficiency, 3D path clustering was employed, which
significantly reduced the total number of paths and computation time. For comparison, we measured the
radio-propagation environment of an existing Japanese factory. The root-mean-square errors (RMSEs) and
correlation coefficients of the proposed and conventional methods were compared based on the experimental
results, wherein the indicators of the proposed method were comparable to those of the conventional method
even though the number of paths was reduced. Furthermore, the proposed method reduces the computation
time to approximately 5% of that of the conventional method.

INDEX TERMS Ray tracing, clustering methods, indoor environment, radiowave propagation.

I. INTRODUCTION
For 5G and 6G, various applications have been explored
using wireless communications between numerous devices.
This could lead to a shortage of the spectrum and a seri-
ous decline in spectrum efficiency. For efficient and rapid
implementation of a new system in an existing environ-
ment, it is appropriate to evaluate the wireless environment
with the help of emulation [1], [2]. We conducted research
on radio-propagation models of a new wireless emulation
system [3]. The ray tracingmethod is a widely used technique
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for predicting indoor and outdoor propagation environments
and various frequency bands [4], [5], [6], [7], [8], [9].
However, because of the long computation time required
for ray-tracing calculations, more efficient computation is
required to predict propagation environments considering
moving objects, as repeated simulations are necessary [10],
[11], [12], [13].

Some studies introduced methods for extracting data
from a preprocessed database for ray-tracing accelera-
tion [14], [15], [16]. 3GPP Technical Report Release 14
is a hybrid channel model that combines a stochastic
model with a ray tracing model [17]. Hybrid models have
been proposed in various studies to reduce computation
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times [18], [19], [20], [21]. The GPU acceleration tech-
nique contributes to reducing the computational cost of
ray-tracing [22], [23], [24], [25]. Some studies have
attempted to kinetically reflect the motion of objects on
ray-traced paths [10], [26]. Recently, there have been
reports on the application of machine learning and arti-
ficial intelligence in the prediction of mobile radio prop-
agation [27], [28], [29], [30], [31]. Notably, studies
have been conducted on quantum algorithms for radio
propagation [32].
In this study, we present a technique for simulating a

dynamic propagation environment involving mobile objects.
Our approach incorporates the impact of moving objects
based on the outcomes obtained through a ray tracing
methodology designed for a static propagation environment.
To reduce computational cost, we created a method for clus-
tering ray-traced paths with similar 3D routes. We further
calculated the path loss and delay spread for clustered ray-
traced paths. The concept of this approach was introduced in
a previous study [33].
In this letter, we describe the details of our approach, which

were not mentioned in the previous letter owing to space
limitations. Subsequently, we present experimental results
conducted in a factory in operation and ray-tracing results
using the proposed method and the conventional method,
referred to as the sequential ray-tracing method [10].
To utilize the proposedmethod, it is necessary to determine

two parameters, which are discussed in a later section. These
parameters were optimized tominimize the root-mean-square
error (RMSE) between the calculated and experimental
results. In the previous letter [33], we determined the param-
eters for RMSE, which were derived from the proposed
and conventional methods. In this study, we compared the
simulation performance of these methods based on the exper-
imental results. Our findings demonstrate that the proposed
method’s shielding loss is more accurate to the experimental
results compared to the conventional method. Furthermore,
the computation time of the proposed method was consider-
ably shorter than that of the conventional method.

In the following sections, we present the details of the
proposed method and the experiments conducted in an indoor
factory environment. Subsequently, we present and compare
the proposed method with the conventional method based on
experimental results.

II. PROPOSED METHOD
The conventional method of simulating a radio-propagation
environment with mobile objects requires performing
ray-trace calculations sequentially, using multiple 3D models
that place moving objects at varying locations. However,
owing to its long computation time, the ray-tracing method
is not efficient in predicting dynamic radio propagation
in real time. In our proposed method, we first simulated
radio propagation in a static indoor environment in advance,
thereby improving efficiency. We then computed the impact
of mobile objects, such as the human body and an automated

FIGURE 1. The flowchart of the proposed method.

guided vehicle (AGV), on radio propagation. Fig. 1 shows the
flowchart of the proposed method. This section presents the
specifications of the proposed method.

We analyzed their interactions with ray-traced paths to
compute the impact of moving objects. However, as both the
number of mobile objects and ray-traced paths increased, the
computation time of this approach also increased. We intro-
duce the concept of trajectory clustering to minimize the
number of paths and computation time [34], [35]. This
involves defining parameters, such as the trajectory of clus-
tered paths, their width, and the received power of the
clustered paths. The impact of the moving objects was cal-
culated based on these parameters.

A. 3D PATH CLUSTERING
In the field of radio propagation, the distance between paths is
typically determined using multipath components, including
arrival angle, departure angle, and delay time [36], [37].
However, in such cases, this method may not properly esti-
mate the impact of moving objects, because these parameters
do not account for the intermediate trajectory of ray-traced
paths. To address this issue, we used the discrete Frechet
distance [38] to estimate the similarity between ray-traced
paths and cluster them (see Fig. 2). To calculate the discrete
Frechet distance, we measured the distance between interac-
tion points on ray-traced paths based on the Euclidean metric.

FIGURE 2. Description of the discrete frechet distance.

During calculation the discrete Frechet distance, pairs of
points can move on two polylines without going backwards.
The discrete Frechet distance measures the shortest distance
sufficient to traverse two polylines, as shown in Figure 2.
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Fig. 3 shows a schematic of the proposed 3D path-
clustering algorithm.

FIGURE 3. Description of 3D path clustering.

A clustering threshold value was used to cluster the
ray-traced paths (Fig. 3 (a)). The paths are classified as
part of the same cluster if the Frechet distance from the
path with the highest received power is below this threshold
(Fig. 3 (b) and (c)). This process was repeated until all paths
were clustered (Fig. 3 d).

B. PARAMETERS OF CLUSTERED PATHS
To estimate the shielding effect on the clustered paths
determined in the previous section, we established various
parameters for the clustered paths, as illustrated in Fig. 4.

FIGURE 4. The concept of a path cluster’s route.

The route of the clustered paths is determined by the
path with the highest received power among clustered paths.
Interaction points without Tx and Rx were allocated to the
nearest interaction point of the highest-power path, although
the number of interaction points on each path was different.
The route of the clustered path is determined by the centroids
of the allocated interaction points and is weighted by the
received power of the ray-traced path to which each interac-
tion point belongs. Hence, the number of points on the route
of the clustered path is the same as the number of interaction
points on the highest-power path. Thewidth of the route of the
clustered path is determined by the variances, and weighted
by the received power of the ray-traced path to which
each interaction point belongs. The total received power is

determined by the complex summation of the received powers
of the clustered paths.

C. PATH LOSS ON CLUSTERED PATHS
To calculate the path loss on clustered paths, we considered
moving objects such as the human body and AGV as screens.
The screen size of the human body and AGV defined refer to
the 3D models used in our ray-trace simulation. Screen size
is described in the next section. We estimated the shielding
effect on the received power of a path for each segment
of clustered paths. Fig. 5 (a)–(c) show the flowchart of the
shielding effect estimation.

FIGURE 5. The flowchart of shielding effect estimation.

The shielding effect of the i-th segment Ci, is calculated
when the intersection of a straight line along that segment
and a perpendicular line from the center of the moving object
fell within the segment. This calculation is performed on the
cross-section perpendicular to the x-y plane, where the center
of the moving object is located. Ci was determined using
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Eq. (2), as follows:

S = min
{∑

i
Ci, 1

}
(1)

Ci =
1

2π (εri)2

∫∫
A
exp

(
−
r2 + z2

2 (εri)2

)
drdz (2)

where x and y represent the axes on the cross-section and
ri denotes the path width that is linearly interpolated along
the i-th segment of the route. A is the area occupied by the
moving object’s screen and ε is the width coefficient used to
tune the shielding loss. Ci indicates the proportion of overlap
between the screen and clustered paths. The shielding effect S
in Equation (1) represents the addition ofCi from all segments
in a clustered path route.

III. EXPERIMENT AND SIMULATION CONDITIONS
We compared the proposed method with the conventional
method based on the measurement results of the radio prop-
agation environment in an active manufacturing field in
an existing factory owned by the YAZAKI Corporation.
The following section describes the measurement campaign
conducted in the factory and the ray-tracing simulation con-
ditions for the conventional and proposed methods.

A. EXPERIMENTAL CONDITIONS IN AN INDOOR FACTORY
IN OPERATION
The experimental setup is shown in Fig. 6. Table 1 lists
the transmitter and receiver configurations used in these
experiments.

FIGURE 6. Schematic diagram of experiment in the active manufacturing
field.

TABLE 1. The transmitter and receiver settings.

The transmitter and receiver were placed 5 m apart. For
the human-body shielding experiment (Fig. 5(b)), the antenna
height was 1.4 m, and for the AGV shielding experiment
(Fig. 5(c)), it was 1.5 m. In the human-body shielding exper-
iment, the person stood between the transmitter and receiver
and moved every 20 cm, and an obstruction occurred in the
line-of-sight (LOS)when the personmoved 2m. The received
power was averaged over a period of 30 seconds for each
location where the participant stood.

During the AGV shielding experiment, the transmitter and
receiver were placed at the site of AGV operation, obstructing
the LOS. The AGV was moving at a speed of 0.75 m/s
within the factory. The AGV-shielding experiment was con-
ducted at 28 GHz band. The experimental data were aligned
according to the time slots to match and average the peaks of
shielding loss for each slot.

B. SIMULATION CONDITIONS
A3D factorymodel was created for the ray-tracing simulation
using the factory drawings. Fig. 7 shows the exterior and
interior of the factory 3Dmodel. Owing to confidentiality, the
manufacturing line equipment was modeled as rectangular
solids, as shown in Fig. 7.

FIGURE 7. 3D model of the active manufacturing field.

For themoving object, we created a 3Dmodel of the human
body and AGV, as shown in Fig. 7. The human body model
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was an octagonal prism measuring 1.7 m height and 0.3 m
width. The AGV model is a rectangular solid that measures
1.67 m in height, 1.44 m in length, and 1.128 m in width,
as indicated in the AGV drawing.

FIGURE 8. The human body model and AGV model.

As mentioned in the previous section, we defined the
screen size from the 3D model of the human body and AGV.
The human body screen measures 1.7 m in height and 0.3 m
in width [39], while the AGV measures 1.67 m in height and
1.284 m in width, as per the drawing of the AGV used in the
factory where the experiment was conducted. The width of
the AGV screen was derived from the average value of the
length and width of the AGV 3D model (Fig. 8 (b)).

Table 2 presents the parameters used in the ray tracing sim-
ulations. Wireless InSite [40] software was used to perform
ray-tracing simulations.

TABLE 2. Raytracing conditions.

To determine the radio propagation parameters, several
materials were applied to both 3D factory models and 3D
models of moving objects. Factory walls, floors, and ceilings
are made of concrete, windows are made of glass, and manu-
facturing lines consist of metals. The electrical parameters for
both concrete and glass were calculated based on the trans-
mission frequency, as per ITU-R Recommendation P.2040-1
[41] (Table 3). The human body is assumed to consist of a
saline solution with a concentration of 9 ppt, whereas AGV is
assumed to be composed of metals. The electrical parameters
of the saline solution were calculated based on the transmis-
sion frequency, as per ITU-R recommendation P.527-6 [42].
The metallic material is assumed to be a perfect conductor.

Experiments on the human body and AGV shielding were
conducted in separate areas of the factory, both of which are
indicated in Fig. 6 (b) by the red squares. The calculations

TABLE 3. Material properties for raytracing simulation.

were based on the coordinates of the transmitter/receiver, and
the experiment was performed, as shown in Table 4.

TABLE 4. Locations of transmitters and receivers.

To conduct a human body shielding simulation using the
conventional method, we prepared 21 models, each with a
different location of the human body model in accordance
with the conditions of the human body shielding experiment.
Subsequently, calculations were performed for each model.
For the AGV shielding simulation using the conventional
method, we prepared 48 models, each with a different loca-
tion of the AGVmodel at 25 cm steps along the route of AGV
operation. The average received power at each of the three
points was compared to the measured results.

IV. COMPARISON BETWEEN PROPOSED METHOD AND
SEQUENTIAL RAY TRACING
In this section, we compare the proposed method with the
conventional method. We first present the path loss and delay
spread results of both the experiment and simulation and then
move on to the computation time.

A. COMPARISON IN PATH LOSS
We present both experimental and simulation results obtained
using the proposed and conventional methods with path
loss. To employ the proposed method, the clustering thresh-
old and width coefficient were tuned to minimize the
RMSE between the measured and computed results for each
experiment (Fig. 9).

For each result presented in Fig. 9, the RMSEs relative to
the measured results were minimized using the parameters
(red points in Fig. 9) provided in Table 5. When different
parameters resulted in the same RMSE value, a smaller
clustering threshold or width coefficient was used. The
parameters listed in Table 5 were used for 3D path clustering
and estimation of the shielding effect of the proposedmethod.

The results for human body shielding are presented in
Fig. 10. The experimental results showed that the path loss
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FIGURE 9. RMSE color map for clustering parameters.

TABLE 5. Clustering parameters.

increased by approximately 5 dB when the LOS path was
obstructed by the human body at both the frequencies. For
the results at 5 GHz band (Fig. 10 (a)), a similar trend was
observed in the results of the proposed method. However,
the results of the proposed method were smaller than the
experimental results when the LOS path was not obstructed
by the human body. The manufacturing lines in the factory
were modeled as rectangular solids (Fig. 7). Therefore, the
path reflected by the manufacturing line might have been
overestimated at 5 GHz band. For the conventional method,
the path loss fluctuates significantly owing to the passing of

FIGURE 10. Path loss by human body passing through LOS.

the human body compared with the other results. Further-
more, in the results at 5 GHz band and 200 cm, the path
loss was significantly smaller than that of the experiment and
proposed method. The diffraction paths from the human body
compensate for the reduction in the received power owing to
LOS obstruction in the results of the conventional method.
At 28 GHz band, the results of the proposed method were
larger than the experimental results, where the human body
did not obstruct the LOS path. This tendency is completely
different from the results obtained at 5 GHz. The scattering
paths from the surroundings, such as the manufacturing lines,
are underestimated in the proposed method because of the
roughly modeled manufacturing lines. In the results of the
conventional method at 28 GHz band, a high fluctuation
appeared, similar to that at 5 GHz band. Hence, the conven-
tional method tends to overestimate the paths from the human
body.

Table 6 presents the RMSEs and correlation coefficients
obtained from the experimental results for each method.

The RMSEs for each method are sufficiently small for
ray-trace simulation because a prediction error within a few
decibels is acceptable [43]. Both indicators demonstrate that
the proposed method is superior to conventional methods.
For the conventional method, the highly fluctuating path loss
caused an increase in the RMSE and a weak correlation
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TABLE 6. Comparison indicator against experiment results.

with. However, for the proposed method, the RMSE and
correlation coefficient at 28 GHz band are better than those
at 5 GHz band. This result suggests that the proposed method
is effective at high frequencies.

Fig. 11 displays the results of the AGV shielding at 28 GHz
band. The horizontal axis was converted to the travel distance
using an AGV speed of 0.75 m/s. The path loss peak in the
experimental results is plotted at a travel distance of 200 cm.

FIGURE 11. Path loss by AGV at 28 GHz band.

The proposed method yielded better results in terms of
RMSE and correlation coefficient than the conventional
method. The path-loss peak calculated using the conventional
method varied from approximately 20 to 30 dB compared
with the experimental results. In this case, the ray-traced
path is diffracted 2 times in the AGV 3D model. Generally,
ray-trace simulations based on the Geometrical Theory of
Diffraction have difficulty in calculating the multiple diffrac-
tion loss; [44] therefore, multiple diffraction on the AGV
could cause an extremely high path loss against the measure-
ment results.

In conclusion, the proposed method provides more accu-
rate results than the conventional method for path-loss
estimation.

B. COMPARISON IN DELAY SPREAD
In this section, we present the simulation and experimental
results for delay spread and compare them. The clustering
parameters for the proposed method are the same as those
described in the previous section.

The delay spread change by human body shielding is
shown in Fig. 12.

FIGURE 12. Delay spread by human body passing through LOS.

For all results in Fig. 12, the delay spread increases at
200 cm when the human body obstructs the LOS path.
The results of the proposed method are larger than those
of the experimental and conventional methods for almost
all the travel distances. The proposed method does not con-
sider paths that interact with obstructions such as the human
body. In this study, a human body was placed near the LOS
path. Therefore, the delay spreads of the conventional method
and experiment were smaller than those of the proposed
method. For the results at 28 GHz band, the delay spread
of the conventional method became larger than that of the
experiment from 0 cm to 100 cm and from 300 cm to 400 cm
in travel distance. In general, propagation loss increases at
higher frequencies. This can result in a smaller received
power of the paths from the human body and a larger delay
spread in an area far from the LOS path.

The RMSE and correlation coefficient from the experiment
results are shown in Table 7.

The conventional method performed better than the pro-
posed method in terms of the RMSE values. This is because
the delay spread of the proposed method is shifted from the
experimental results, which do not consider the paths from
the obstructions. However, the correlation coefficients of both
the methods are weak. For the results at 5 GHz band, the
delay spread of the experimental results became significantly
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TABLE 7. Comparison indicator against experiment results.

TABLE 8. Comparison indicator against experiment results.

larger than those of both methods at 180 cm. This caused
the correlation coefficient to become weaker than that of the
proposed method, and suggests that both methods failed to
estimate the effect of the human body placed by the side of
the LOS path. For the results at 28 GHz band, the differences
between the experiment and conventional method increased
in the area far from the LOS path, as mentioned above. This
caused the proposed method to have a smaller correlation
coefficient than that of the proposed method.

Fig. 13 shows the delay spread of AGV shielding at 28GHz
band. The horizontal axis is shown in Fig. 11.

FIGURE 13. Delay spread by AGV at 28 GHz band.

For all the results, the delay spread becomes larger when
the AGV in operation obstructs the LOS path. However,
the delay spread of the proposed method was smaller than
that in the experiment, and the proposed method before
the AGV obstructed the LOS path. The delay spread of the
conventional method at 125 cm was higher than that of the
experiment and proposed method. The AGV is roughly mod-
eled as a rectangle, similar to the manufacturing line. This
likely caused an overestimation of the paths from the AGV
and an obstruction by the AGV. Furthermore, the AGV 3D
model overlapped with the manufacturing line after the AGV

passed the LOS path. This causes the difference between the
conventional method and the proposed method to become
smaller than other travel distances.

The RMSE and correlation coefficient from the experiment
results are shown in Table 9.

TABLE 9. Comparison indicator against experiment results.

For both indicators, the proposed method performed better
than the conventional one. As mentioned above, the rough-
ness of the 3D models likely caused higher fluctuations in
the results of the conventional method. However, the details
of the 3D model and the computation time of ray tracing
simulations exhibit a trade-off relationship.

In conclusion, the proposed method is better than the
conventional method, except for the RMSE for human-body
obstruction. However, the correlation coefficient at 5GHz
band was weak, even for the proposed methods. This indi-
cates that the proposed method is more effective at 28 GHz
band than at 5 GHz band.

C. COMPARISON IN COMPUTATION TIME
The computation times of the proposed and conventional
methods were compared through simulation of human body
experiments within a factory. Python version 3.11 was used
to post-process the proposed method for creating clustered
paths and calculating the effects of the moving object. The
machine specifications for the ray-tracing calculations are
listed in Table 7.

TABLE 10. Machine specifications.

The path losses of the proposed and conventional methods
were calculated 21 times for each location of the human
body model under the experimental conditions in the factory.
In addition, a static propagation environment simulation was
conducted as a pre-calculation step for the proposed method.
The average computation times at 5 GHz band and 28 GHz
band were compared between the proposed and conventional
methods, as listed in Table 8.

The proposed method significantly reduces the total com-
putation time required to simulate the experiment in a
factory. Compared to the conventional method, it achieves
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TABLE 11. Computation time.

a 20x reduction. Moreover, the average total computa-
tion time for simulating the human body shielding was
only 0.90 seconds compared to the conventional method’s
20,202.03 seconds. Except for the case in which the indoor
factory layout changes, the precomputation step of the
proposed method requires no recalculation. Thus, if the
parameters of the proposed method can be reused, it will be
more efficient than the conventional method in calculating the
dynamic propagation environment.

V. CONCLUSION
In this paper, we present a more efficient method for calcu-
lating dynamic propagation environments, specifically within
a factory in operation, using the ray-tracing method. The
proposed method pre-computes the static propagation envi-
ronment through ray tracing, and then post-processes the
effects of moving objects. We used the three-dimensional
Fréchet distance between paths to cluster the ray-tracing
paths during post-processing.

The RMSEs and correlation coefficients of the experimen-
tal results for the path loss of the human body and AGV were
compared between the proposed and conventional methods.
Consequently, the RMSEs and correlation coefficients of the
proposed method were better than those of the conventional
method, except for the RMSE of human body obstruction,
even though the proposed method reduced the number of
paths. In particular, at 28 GHz band, the proposed method
yielded better results in terms of the correlation coefficient
than the conventional method. However, ignoring the paths
from the human body and AGV causes a difference between
the results of the experiment and the proposedmethod. There-
fore, to improve the proposed method, we have to consider
the paths from the human body and AGV. With respect to
computation time, the proposed method is approximately
20 times faster than the conventional method. These results
demonstrate the superiority of the proposed method over the
conventional method for simulating a dynamic propagation
environment.
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