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INTRODUCTION

Constantly increasing demands on mobile communications require continuous development of the
network and technologies. Therefore, many institutions are already working on the next mobile
network generation 6G, which is expected to work on the same frequency as 5G New Radio

(410 MHz to 7.125 GHz and 25.25 GHz to 71 GHz [1]) as well as the sub-THz frequencies (90 GHz —
300 GHz) [2]. For radiation protection it is important to obtain reliable data on the actual
electromagnetic exposure to ensure that the exposure safety limits according to the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) [3] are not exceeded. However, the
person performing the measurement can be a significant source of uncertainty on the assessment of
radio frequency (RF) exposure. Due to the presence of the person, the electric field can be distorted.
Furthermore, reflection occurring from the body can superimpose with the incident waves and lead to
a standing wave with constructive and deconstructive interferences. This may lead to a
misinterpretation of the actual exposure. The uncertainty caused by reflection from a body has been
estimated in [4] by simulations for the frequencies in the range from 0.3 MHz to 10 GHz. In [5] a
measurement-based investigation was performed for GSM, LTE and 5G in sub-6 GHz frequency
range and for 5G in frequency range 2 (FR2) at 27 GHz for an indoor and outdoor scenario. A
numerical follow-up and extension of these studies for higher frequencies and different incident
angles using ray tracing method in CST Studio Suite 2023 is presented here. The frequencies analysed
were 27 GHz, 60 GHz, 80 GHz and 100 GHz.

SIMULATION SETUP AND MODEL

In the ray tracing simulation, the Virtual Population V2.0 Duke body model [6] was used to represent
the body of the person performing the measurement. As in [4], the body model was standing on a
perfectly electric conducting ground and was exposed to a vertically polarised wave. Three different
scenarios for excitation angles were analysed. The first scenario is based on the same orientation as in
[4]: a frontal exposure without elevation. The second scenario had an elevation angle of 25° and the
third an additional lateral shift of 30°, as illustrated in Fig. 1(a) where the arrows only indicate the
direction of the plane wave.

As the analysis solely considered measurement uncertainties resulting from reflection of the body, and
the penetration depth is less than 1 mm at frequencies above 30 GHz [3], the simulation only
considered the model's surface. Therefore, the model was defined as a full solid object and the
material parameters were set to the electrical conductivity and permittivity of human skin, as provided
in [7], which are based on [8].

In analogy to the sweeping method used in exposure assessment, a 'sweeping volume' was defined to
evaluate the electric fields at different points within a volume, which was positioned 1 m above the
ground and 50 cm from the centre of the model’s chest. The volume has been adapted to the shoulder



width and height of the model and covered an area 64 cm wide, 80 cm high and 20 cm deep, which is
similar to a typical measured sweeping volume. However, the CST Field Monitor has limitations
when using the ray-tracing method, as it can only analyse 2D-planes. As a result, the volume was
divided into multiple planes. The number of planes had to be limited to 30 in order to keep
computational time and memory requirements to a reasonable level. The planes had a spacing of

0.66 cm, so that they were not multiples of half the wavelength of the chosen frequencies apart. The
simulation model with the excitation angle and three evaluation planes are shown in Fig. 1 (a) and the
“sweeping volume” in Fig. 1 (b).
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Figure 1: Simulation body model standing on a perfectly electric conducting ground with different
incident angle of the electromagnetic wave and three evaluation planes (a) and the defined "sweeping
volume" (b).

RESULTS

To gain insight into how the electric field can be distorted by reflection on the body model, a section
of the planes perpendicular to the front of the model was first examined. On a flat surface, a standing
wave would be expected. Figure 2(a) and (b) show the electric field distorted by the body model with
a representation of a standing wave in the bottom right corner. The images show a distorted, very
faintly pronounced standing wave pattern.

To estimate the uncertainty caused by the reflection of the measuring person, the field strength
obtained from the simulation with the body model was compared with the field strength without
reflections to calculate the electric field variation in dB, as done in [3]. As mentioned in [9], in
practice, the root mean square (RMS) values of three collocated orthogonal antennas are measured
and the isotropic value is calculated to ensure that the exposure estimate for a specific point in space
is independent of the polarisation and direction of propagation of the field. Therefore, the RMS for
each sampling point inside each plane was calculated with and without reflection and used to
determine the highest difference across all planes.



Table 1 shows the highest electric field variation in dB for different frequencies and incident angles.
The largest electric field variations were observed for the frontal exposure without elevation at

27 GHz, with 14.5 dB. By looking at the different frequencies, it can be seen that the variations are
lower at higher frequencies. However, comparing 80 GHz with 100 GHz, the differences for the
frontal exposure are the same. When looking at the different incident angles it can be seen that when
looking at the different excitation angles of 27 GHz and 60 GHz, the electric field variations differs
by up to 3.4 dB. At 80 GHz and 100 GHz, the differences between the chosen incident angles were
smaller, with a maximum of 1.3 dB.

Frequency Highest variation in the RMS values in
(GHz) dB
0=0° 0 =25° 0 =25°
¢ =0° 0=0° o =30°
27 14.5 12.7 11.6
60 13.4 11.8 10.1
80 10.4 10.6 9.7
100 10.4 9.8 9.1

Table 1: Highest field variation in dB at different frequencies and incident angles across all planes.
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Figure 2: Top view (a) and side view (b) perpendicular to the body showing a distorted very faintly
pronounced standing wave pattern caused by reflection of a frontal incident wave at 27 GHz. Electric
field variations in the plane 50 cm in front of the body at 27 GHz for excitation angle at 8 = 0° and

@ = 0° (¢) and the distribution of these variations with 249400 sampling points between -6.5 dB

and -6 dB (d).



Upon looking at the highest electric field variations for each frequency and excitation angle, these
were higher than 9 dB. However, at closer inspection of the single planes for each simulated
frequency and incident angles, it becomes apparent that these high variations occur only in very small
spots. Fig. 2 (c¢) illustrates the electric field variations in the plane 50 cm in front of the body model at
27 GHz for a frontal incident wave. By analysing the ray reflections in the simulations, it can be
observed that more reflected rays intersect at these spots than in the remaining plane. This
superpositions of multiple reflections with the incident wave are the cause of the high variations in the
electric field. In Fig. 2 (d) the distribution of electric field variations of all sampling points of the
plane is shown. In the sampled plane, the deviations mostly range from -7 dB to 2 dB.

CONCLUSIONS

To analyse the uncertainty due to the scattering of the field caused by the person performing a RF
exposure measurement in millimetre wave spectrum, simulations were done using the ray tracing
method in CST Studio. The simulations were conducted at different incident angles for frequencies of
27 GHz, 60 GHz, 80 GHz, and 100 GHz with a full body model standing on a perfect electric
conducting ground. Similar to [3], the simulated field strength with the body model and without were
compared for each frequency and incident angle to determine the highest possible field variation.

The results show that the field variation due to the presence of the measuring person can lead to a
misinterpretation of the actual exposure. These field variations were smaller at higher frequencies.
Also, the differences between the incident angles were smaller for the higher frequencies. But as only
four frequencies and three different incident angles were analysed up to now, it is not possible to
determine a frequency and angular dependence.

However, as the initial investigation had shown that the reflections from the body and the incident
wave superimpose forming a distorted very faintly pronounced standing wave pattern that can lead to
these high deviations, it is not accurate to extrapolate the calculated field variations to the actual
uncertainty due to the person performing a measurement. The standing wave effect can only be
observed in the case of coherent superposition, which was done here by using a mono-frequency-
observation. However, communication signals are multicarrier signals and the exposure is not
measured only at a single carrier frequency. As stated in [10], simulations may produce inaccurate
results when compared to measured data if only one frequency are considered. It was shown that a
combination of carrier frequencies reduces the deviation between simulation and measurement.

In the simulation, the planes were sampled pointwise to calculate the field strength. However, in
reality, measurements are not taken at a single spatial point. Therefore, the electric field would have to
be integrated over a spatial area, especially at high frequencies where the antennas are also large in
comparison to the wavelength, which could average out the minima and maxima resulting in a smaller
electric field variation.

Therefore, to obtain a more accurate simulation-based estimation of the uncertainty caused by the
presence of the measuring person, it is necessary to extend the simulation to a combined
multifrequency and volume-based analysis. Clothing, body movements, different ground properties
could also be considered. The simulation's accuracy can be estimated by comparing it with a
measurement-based analysis.
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