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Abstract: Car-mounted measurements of radiofrequency electromagnetic exposure levels were
carried out in a large area around Tokyo. Prior to the electric field (E-field) measurements using a
car, the effect of the car body was evaluated in an anechoic chamber. The measurements between
May 2021 and February 2022 were carried out within a radius of 100 km centering on Nihonbashi,
Tokyo, with a measurement distance of about 13,800 km. The measurement results were averaged
in the reference area mesh (1 km2). It was found that the E-field strengths of FM/TV frequency
bands are lower than that of mobile phone base stations. It was also found that the E-field strength of
only the 5G frequency band is approximately 20–30 dB lower than that of all mobile phone systems.
However, note that it is possible to depend on the data traffic of 5G. The E-field strength of all bands
is higher in Tokyo than in other prefectures. Additionally, repeated measurements were carried out to
investigate the reproducibility of the measured E-field. The standard deviation is less than 3 dB along
the same route, and a similar tendency of E-field strength by the car to the time-averaged results
of spot measurements in the past was confirmed. Finally, the relationship of E-field strength with
population density was investigated. It was found that the E-field strength from mobile phone base
stations has a positive relationship with population density.

Keywords: mobile phone base stations; car; 5G; RF exposure level; electric field strength; outdoor
environment; population density

1. Introduction

The authors have been conducting research for the purpose of quantitatively grasping
the actual conditions of radiofrequency (RF) electromagnetic field (EMF) exposure levels
in daily life and investigating the optimal way of risk communication using monitoring
data since 2019 [1–5]. Studies on monitoring RF EMF exposure levels have also been
conducted in other countries, especially those of the European Union [6–22]. In our spot
measurement, we measured the RF EMF exposure level from mobile phone base stations
and broadcast transmission stations in Tokyo suburbs and regional cities and compared
them with past measurement results [1–3]. It was confirmed that the RF EMF exposure
levels from mobile phone base stations are about three times higher than those obtained
from past measurements in both urban and suburban areas. However, they are sufficiently
low compared with the Japanese radio wave radiation protection guidelines [23], with
a median value of approximately 1/10,000 or less [1]. Additional spot measurements
in dwellings have confirmed that owing to the widespread use of wireless local area
networks (W-LANs), the RF EMF exposure levels from W-LANs are approximately 50% of
the exposure levels from mobile phone base stations [4].
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Measurements of RF EMF exposure levels in a wide area were also carried out in Japan
and overseas by installing measuring instruments in a car [24–30]. Unlike spot measure-
ments, the main advantage of measurements with a moving car is that RF EMF levels can
be easily measured in a wide area. It has been reported [24–27] that the transmitted power
from mobile phone terminals was measured in a car. In particular, in [24,26], the authors
used a head phantom, which simulates the electric properties of a human head, to measure
RF EMF levels in a situation similar to that during voice calls. In [25,28–30], the authors
measured RF EMF exposure levels from mobile phone base stations using an isotropic
E-field probe. Estenberg and Augustsson reported their car-mounted measurements in
Sweden at a frequency range of 30 MHz to 3 GHz using a three-axis antenna over a driving
distance of 115 km [28]. One of the concerns from the viewpoint of RF EMF exposure is
that it is difficult to obtain time-averaged exposure levels at the same point when driving.
However, extensive amounts of measurements ensure that the median value is robust, as
described in [28]. Aerts et al. investigated a method of predicting EMF exposure levels
based on car-measured results [29]. Wang et al. also studied the prediction using an artifi-
cial neural network (ANN) model with car measurements [30]. They carried out E-field
measurements along a 65 km route in Paris to evaluate the prediction using the ANN. In
Japan, Kurosaki et al. investigated the relationship between transmitted power from a
mobile phone and electric field (E-field) strength from mobile phone base stations for the
4th generation (4G) mobile phone system around Tokyo for about 8 h [25]. Since the power
transmitted from a phone was the focus, only the frequency bandwidths allocated for one
mobile operator were considered in the measurement of the E-field strength from the base
stations [25].

In this paper, E-field measurements from May 2021 to February 2022 using a car driven
within a radius of 100 km centered on Nihonbashi, Tokyo, which covers the entire areas
of metropolitan Tokyo, Kanagawa, Saitama, and Chiba prefectures, and partial areas of
Ibaraki, Tochigi, Gunma, Shizuoka, and Yamanashi prefectures are reported. The total
measurement distance was about 13,000 km. In our measurement, the whole frequency
range of mobile phone systems, including 5th generation (5G) systems, FM broadcasting,
and terrestrial digital TV broadcasting, was considered. Prior to the measurements, the
measurement system installed in the car was evaluated in a large anechoic chamber. In
addition to the above, there are three discussions, as follows. The first measurement is
to evaluate the effect of switching a three-axis isotropic probe on the measured E-field
strength. The second one is to investigate the relationship of E-field strength by the car with
the time-averaged E-field strength. Finally, the relationship between population density
and E-field strength is discussed.

2. Materials and Methods
2.1. E-Field Measurement Equipment Mounted on a Car

A commercial hybrid car was modified for measuring the E-field strength of RF EMF
(Figure 1). Two three-axis isotropic probes (Narda S.T.S. GmbH) for a low-frequency range
(low-frequency probe) of 27 MHz to 3 GHz and for a high-frequency range (high-frequency
probe) of 420 MHz to 6 GHz were installed in a radome on the roof of the car. The height of
the probe was about 2.2 m from the ground. It is reported that the E-field strength tends to
be slightly higher than that at the height of a person [2]. The E-field strengths detected by
the probes were recorded together with information, including global positioning system
(GPS) data through a spectrum analyzer (Narda S.T.S. GmbH) installed in the cabin. One of
the unique points is that no additional engine was installed since the power supply capacity
from the originally installed battery was sufficient to operate the measuring equipment.
This is a benefit that ensures workability without reducing the space in the cabin. Note that
it was confirmed that there was almost no difference in the noise level between when the
equipment was mounted in the car, including driving, and when it was not.
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Figure 1. E-field measuring equipment in a radome mounted on a car in an anechoic chamber. 

  

Figure 1. E-field measuring equipment in a radome mounted on a car in an anechoic chamber.

2.2. Evaluation in Anechoic Chamber

To evaluate the effect of the car body on the measurement of the E-field strength,
we placed the car in a large anechoic chamber prior to an actual measurement on the
road (Figure 1). The car was placed on a turntable, and the relative angle from the trans-
mitting antenna was changed by 90 degrees (front, rear, left, and right). A log periodic
antenna (UHALP 9108, Schwarzbeck) and a double-ridged guide antenna (Model 3117,
ETS-Lindgren) were used as transmitting antennas for the low- and high-frequency probes,
respectively. The antennas were inclined at 45 degrees. The height of the transmitting
antenna was adjusted to the height of the probe. Continuous waves (CWs) were input to
the transmitting antennas while the frequency was swept in 100 MHz steps. As a result,
variations in the horizontal plane were 2.2 dB and 2.1 dB, on average, for each of the probes
for the low and high frequencies, respectively. The measured results were compared with
the E-field strength calculated from the gain of the transmitting antennas (Figure 2). The
measured results were obtained by averaging the data of the angles in four directions at
each frequency. It was confirmed that they were within the range of ±2.5 dB from the
calculated value, although they differed depending on the frequency.
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2.3. Measurement Conditions

As shown in Table 1, measurements were performed in the frequency bands used
for FM/TV broadcasting, mobile phone base stations including 5G systems, broadband
wireless access (BWA) base stations, and wireless LANs. Note that some of the frequency
bands are allocated for time division duplex (TDD), which includes not only downlinks
but also uplinks in the same frequency band.

Table 1. Frequency ranges in this measurement.

Name Frequency Range [MHz]

FM 76–95
TV 470–710

700 MHz band 773–803
800 MHz band 860–890
900 MHz band 945–960

1500 MHz band 1475.9–1510.9
1700 MHz band 1805–1880

1900 MHz band (TDD) 1884.5–1916.6
2000 MHz band 2110–2170
2400 MHz band 2400–2497

2500 MHz band (TDD) 2545–2645
3500 MHz band (TDD) 3400–3600

3700 MHz band (5G; TDD) 3600–4100
4500 MHz band (5G; TDD) 4500–4600

4600 MHz band (L5G; TDD) 4600–4900
5200 MHz band 5150–5250
5300 MHz band 5250–5350
5600 MHz band 5470–5730

The low-frequency probe was used to measure the E-field at frequencies from 76 to
95 MHz and from 700 MHz to 2.7 GHz, and the high-frequency probe was used at frequen-
cies from 470 to 710 MHz and from 3.4 to 5.8 GHz. The time required for measurement
and recording for each probe was about 6 s. From the viewpoint of radio wave protection,
it is necessary to measure for 6 min and calculate the time average [23]. However, since
the measurement was carried out while driving, the time average was not used in this
study. The square root of the sum of the squares of the E-field (Eint) measured in each
band was calculated using Equation (1) [1]. In this measurement, the resolution bandwidth
(RBW) was set to 1 MHz (200 kHz for FM and TV). ∆f is a frequency resolution (Hz), and
f 1 and f 1 + (n − 1) × ∆f are the lowest and highest frequencies in a desired frequency
bandwidth, respectively. The E-field strength below the predetermined threshold (noise
floor) is excluded when integrating within the band.

Eint =

√√√√ ∆ f
1.0552RBW

n−1

∑
k=0

(E( f1 + k∆ f ))2 (1)

2.4. Wide Area Measurement

The measurement distance was about 13,800 km within a radius of 100 km centering
on Nihonbashi, Tokyo, and the measurements were conducted between May 2021 and
February 2022. The entire areas of metropolitan Tokyo, Kanagawa, Saitama, and Chiba
prefectures, and parts of Ibaraki, Tochigi, Gunma, Shizuoka, and Yamanashi prefectures
were included in the measurement range (Figure 3). Table 2 shows the information on the
area and population of each prefecture in 2020. The measurement route was chosen mainly
on national roads except for highways and covered all municipalities. The driving speed at
the time of measurement was set to a maximum of 50 km/h, within the legal speed limit.
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Table 2. Area and population of each prefecture in 2020.

Prefecture Area [km2] Population [k]

Tokyo 2104 14,048
Kanagawa 2416 9237

Saitama 3768 7345
Chiba 5082 6284
Ibaraki 6096 2867
Tochigi 6408 1933
Gunma 6362 1939

Shizuoka 7255 3633
Yamanashi 4201 810

3. Results

The driving distance in each prefecture is described in Table 3, together with the
average driving speed and two coverage ratios, as described below. We used the reference
area mesh provided by the Japanese government [31] to divide the measurement area into
a 1 km2 mesh. Information such as population density is linked to this mesh so that we can
estimate how many people live in the area mesh we measured. The population coverages
are shown in Table 3 as the ratio of the population summed over the meshes through which
the car was driven to the total population in each prefecture. The mesh area coverage is
the ratio of the measured number of meshes with the number of meshes in the prefecture
assumed to be 100%. The mesh area coverage is low, but the population coverage is high.
This is related to the existence of places where cars are not driven, such as mountains,
rivers, and narrow roads.
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Table 3. Driving distance and coverage ratios in each prefecture in the measurement.

Prefecture
Driving Distance
for Measurement

[km]

Average
Driving Speed

[km/h]

Mesh Area
Coverage [%]

Population
Coverage [%]

Tokyo 1580 19.3 31.3 84.1
Kanagawa 1689 22.5 40.1 85.4

Saitama 2624 25.3 33.5 77.5
Chiba 1801 30.2 33.4 62.2
Ibaraki 2315 33.3 28.8 60.6
Tochigi 1040 31.8 14.2 53.9
Gunma 1048 27.6 11.1 63.0

Shizuoka 902 30.0 5.8 17.4
Yamanashi 813 33.7 11.0 45.6

Figure 4a shows the E-field strength distribution in the whole band for the measure-
ment results in Tokyo as an example. The E-field strength at each measurement point is
indicated by a colored circle. It can be seen that there is a difference in the E-field strength
between the center of Tokyo and the suburbs. In particular, in the enlarged view around
Nihonbashi shown in Figure 4b, the E-field strength is more than 110 dBµV/m in most
cases, whereas it is less than 110 dBµV/m in rural areas (Figure 4c).

Figure 5 shows the box plot of the E-field strength from mobile phone base stations,
including 5G (a) and only 5G (b) and broadcast transmission towers of FM (c) and TV
(d) with the number of samples for each prefecture. The E-field strengths in the graphs
are levels averaged within the reference area mesh (1 km2 mesh) [31]. Note that 5G in
Yamanashi is omitted because the number of samples is only six.

It can be seen that the E-field strengths of FM/TV broadcast transmission towers
(Figure 5c,d) are lower than that of mobile phone base stations (Figure 5a). It is also clear
that the E-field strength of only 5G mobile phone base stations (Figure 5b) is approximately
20–30 dB lower than that of all mobile phone systems (Figure 5a). It has been reported that
the E-field strength and its frequency from the 5G mobile phone base station varies de-
pending on the data traffic [32]. In particular, when the downlink traffic increases, the time
occupancy of the downlink signal may increase. In this measurement, the communications
by terminals were not performed in the car. It is expected that the time-averaged E-field
strength will be much higher than the above results when data traffic, especially downlink,
exists. The E-field strength of all bands is higher in Tokyo than in other prefectures. The
E-field strengths of mobile phone base stations and FM bands in Kanagawa and Saitama
prefectures follow those of Tokyo. There is no clear trend in the E-field strength of TV
except for Tokyo, which seems to be affected by the location of transmission towers. There
are the Tokyo Skytree and the Tokyo tower, which are both broadcast transmission towers
in the center of Tokyo, but also covering other prefectures described in Table 2, except for
Yamanashi. The E-field strength of TV is relatively high in Yamanashi Prefecture because
most of the measurement routes are near broadcast transmission towers.

In 2014, Estenberg and Augustsson reported their car-mounted measurements in
Sweden at a frequency range of 30 MHz to 3 GHz using a three-axis antenna over a driving
distance of 115 km [28]. Their results showed that the median E-field strengths in rural and
urban areas and in Stockholm were 97.8, 110.1, and 119.9 dBµV/m, respectively. In addition,
the E-field strengths from mobile phone base stations were dominant. For comparison with
these results, similar areas were extracted in Tokyo, namely, the center area (23 wards),
cities (outside the 23 wards except for rural areas), and rural areas (mountains) in Tokyo.
The results showed that the median E-field strengths in rural areas, cities, and the center
area are 104.0, 113.1, and 119.2 dBµV/m, respectively. It was found that these are of the
same order as that shown in Ref. [28]. The interesting point is that in rural areas, our result
is higher than that in Ref. [28], whereas the others are almost at the same level.
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4. Discussion
4.1. Effect Due to Switching of the Three-Axis Probe

Since the measurement in SRM-3006 is performed while switching each axis of the
three-axis isotropic probe, it is not possible to measure all three axes simultaneously. This
is one of the concerns related to measurement while driving. Therefore, four different
measurements were repeated five times to investigate the effect due to switching of the
three-axis probe. One of the measurements is normal measurement with SRM-3006, which
automatically switches the three axes and combines the E-field strengths of the three
axes. For the remaining three measurements, one of the three axes is held during the
measurement. Then, the results are combined by the root sum of squares and compared
with the results of the normal measurement. Two routes (Routes 1 and 2) of approximately
2.5 km without any traffic signals, including line of sight (LOS) and non-LOS conditions,
were selected in Tokyo.

The measurements were conducted while recording the GPS position, but owing to
the accuracy of the GPS, it is not possible to obtain the same positional measurements.
To compare the results between the normal three-axis measurement and the combined
separate measurements of three axes, four types of measured results were first smoothed
using a median filter, which is a nonlinear digital filtering technique used to remove noise
from an image or signal. Then, interpolation was performed at 5 m intervals to obtain
data at the same point and averaged for every five repeated measurements under the
same conditions. Table 4 shows averaged differences between the normal three-axis and
separate measurements along the two routes. The results show that there are no large
differences compared with the results shown in Section 2.2, even though the measurement
was performed by switching three axes.

Table 4. Averaged differences between normal three-axis and separate measurements.

Route Averaged Difference [dB]

Route 1 0.6
Route 2 −0.1

4.2. Repeated Measurements in the Same Areas

To confirm the extent to which the measurement results vary depending on the driving
time and other factors, we repeated measurements in the range of 1 km2 at two urban
areas (Urban A and B) and two suburban areas around Tokyo (Suburban A and B) and
one metropolitan area between May 2021 and February 2022 using the conditions shown
in Table 5. For Urban area A, Suburban area A, and the metropolitan area, measurements
were performed five times during the day and night on both weekdays and holidays and
repeated four times during the period shown in Table 5 (80 times/area). Note that the
number of valid measurement data is 78 for Urban A. For Urban area B and Suburban area
B, measurements were repeated only during the day (40 times/area).

Table 5. Conditions of repeated measurements during May 2021 to February 2022.

Area

Combination
Number of

Combinations

Total Number
of Valid

MeasurementsDay Daytime/
Nighttime

Number of
Repetitions per
One Condition

Urban A

Weekdays/
Holidays

Day/Night
5 4

78
Suburban A 80
Metropolitan 80

Urban B Day 40
Suburban B 40
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Table 6 shows the average driving speed. It is clear that the average driving speeds
were less than about 25 km/h, similar to that in the wide-area measurement. The maximum,
minimum, 90th, 50th, and 10th percentile values were calculated for each area under all
the conditions shown in Table 5. Although the number of data obtained by one driving
measurement varied by area and time of day, it was approximately 200 to 400. The standard
deviation of the median (50th percentile) value in each area is shown in Table 7. Note
that there was no marked difference by period, day of the week, and time zone, and the
standard deviations were 3 dB or less, as shown in Table 7.

Table 6. Average speed in repeated measurement.

Area Average Driving Speed [km/h]

Urban A 16.8
Suburban A 25.4
Metropolitan 13.6

Urban B 16.2
Suburban B 21.9

Table 7. Standard deviation of median value [dB].

System Urban A Urban B Suburban A Suburban B Metropolitan

FM 0.73 0.76 1.6 1.6 0.5
TV 1.7 0.88 2.3 3.0 0.6

Mobile 1.6 1.1 2.3 0.74 1.3

Figure 6 shows the box plot of the integrated E-field strength distribution for the
mobile systems. The measurement results using the car show the average results of the
maximum, minimum, 90th, 50th, and 10th percentile values over all measurements per
area shown in Table 5. For comparison, the results of the past spot measurement [1] are
also shown. Note that no spot measurement in the metropolitan area had been performed
in the past. The spot measurements were carried out at the point of 10 × 10 (100 m2 per
one point) in the area of 1 km2, but the data at the points where a car cannot be driven were
removed and recalculated with the remaining measurement points. The E-field strength
in the spot measurement was averaged over 1 min. The results of the car measurement
show that the E-field strength is higher in the order of metropolitan areas, urban areas, and
suburban areas. This tendency is also consistent with the results of spot measurement [1].
In addition, when the results of spot and car measurements were compared at the median
value for the same area, it was found that the electric field strengths were almost at the
same level within 4 dB.
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4.3. Relationship with Population Density

The relationship between the data measured over a wide area and the population density
was discussed, referring to the literature [33]. Miura et al. measured the transmission power
level (dBm/MHz) from a mobile phone terminal while driving in order to investigate the
radio interference from the ground system to the satellite system in the development of a
shared system of land and satellite communication systems [33]. They reported that the
transmission power level is inversely proportional to the power of the population density.

In this work, a similar investigation was carried out using the results of the 2020 National
Census [34]. We used the reference area mesh provided by the Japanese government [31] to
divide the measurement area into a 1 km2 mesh. Information such as population density [34]
is linked to this mesh so that we can estimate how many people live in the area mesh we
measured. Figure 7 contains a scatter plot that shows the relationship between population
density and E-field strength for mobile phone base stations, including 5G (a), only 5G (b),
and for broadcast transmission towers of FM/TV (c) in metropolitan Tokyo and Chiba Prefec-
ture. The horizontal and vertical axes show the population density and the E-field strength,
respectively. For mobile phone base stations, including 5G (Figure 7a), there are proportional
relationships with the power of the population density, although there are large variations.
E-field strengths of only 5G (Figure 7b) are characterized by a small amount of data and
concentration in densely populated areas such as 10,000 per km2. On the other hand, there is
no significant relationship for broadcasting towers.
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For mobile phone base stations, there are cases where the E-field strength is high
in areas with low population density. For example, it has been confirmed that there are
commercial facilities where almost no people live, while many people work there during
the day. For broadcasting in Tokyo, the E-field strength is concentrated at 70 to 110 dBµV/m
with a population density near 10,000 1/km2, which can be considered to be due to the
existence of the Tokyo Skytree.

The regression line of the distribution for mobile phone base stations in Figure 7a was
calculated to have a slope of about 0.5 in all prefectures. On the other hand, according to
the literature [32], the transmission power from mobile phone terminals decreases with a
slope of −0.38 when the population density increases. In this measurement, it was found
that the E-field strength from mobile phone base stations increases with almost the same
absolute value of the slope against the population density. That is, although [32] shows the
results of the 3rd generation mobile phone system, the relationship between the two results
is confirmed. The main reason that the E-field strength from mobile phone base stations
has a positive relationship with population density seems to be that there are more mobile
phone base stations in densely populated areas.

5. Conclusions

To measure the RF EMF exposure level in a large area, we modified a commercial
car for E-field strength measurement. Prior to the E-field measurement using the car, the
effect of the car body was evaluated in an anechoic chamber. The measurements between
May 2021 and February 2022 were carried out within a radius of 100 km centering on
Nihonbashi, Tokyo, including the whole areas of metropolitan Tokyo, Kanagawa, Saitama,
and Chiba prefectures, and parts of Ibaraki, Tochigi, Gunma, Shizuoka, and Yamanashi
prefectures with the measurement distance of about 13,800 km. The measurement results
were averaged in a reference area mesh (1 km2). It was found that the E-field strengths of
FM/TV are lower than that of mobile phone base stations. It was also found that the E-field
strength of only 5G is approximately 20–30 dB lower than that of all mobile phone systems.
However, note that it is possible to depend on the data traffic of 5G. The E-field strength of
all bands is higher in Tokyo than in other prefectures.

The effect of switching a three-axis isotropic probe on the measured E-field strength
was investigated. The results suggested that the effect of switching a three-axis probe is
small. The results showed that there are no large differences compared with the results
shown in Section 2.2, even though the measurement is performed by switching the three
axes. From the repeated measurements in the same areas, the standard deviations in the
same routes were less than 3 dB, and a similar tendency of E-field strength by the car to
the time-averaged results of the spot measurements at the same locations in the past was
confirmed. In addition, the relationship of E-field strength with population density was
investigated. It was shown that the E-field strength from mobile phone base stations had
a positive relationship with population density. To the authors’ knowledge, this is the
first time that we have made a quantitative assessment of the relationship between E-field
strength and population density over a large area. In the future, the measurement area will
be expanded to all over Japan, and the measured frequency range will be higher, covering
the 5G FR2, such as 28 GHz.
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