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Abstract—The increased exposure of insects to radio frequency
electromagnetic fields (RF-EMFs) may have an impact on their
health. The RF-EMF absorbed power in certain insects is
considerably higher in the range of 6-300 GHz, due to more
comparable wavelengths to their size. Likewise, in this range,
the near-field interactions between antennas’ and certain insects
can significantly affect antennas’ performance. Therefore, in this
work, the volume and frequency dependencies of the RF-EMF
absorbed power in various insects is evaluated in the range of
6-120 GHz, when placed at a fixed separation distance of 10 cm
between the insects and the dipole antenna. Moreover, the effect
of these insects on the dipoles’ performance is assesed. To this
aim, numerical simulations using finite-difference time-domain
(FDTD) were performed on insect models obtained through
micro-CT scanning. These simulation results showed an average
absorbed power of 3.1+ 2.7 % at 6 GHz and of 3.4+ 2.8 %
at 120 GHz. Additionally, they revealed that the absorbed power
increases with increasing insect volume at an approximate rate of
2.5 5" at 6 GHz, and of 1.2 at 120 GHz, and that this
rate of increase lowers with increasing frequency. Furthermore,
results showed that the dipoles’ gain pattern have a dependency
on the insects’ volume with a stronger dependency for higher
frequencies.

Index Terms—Radio frequency electromagnetic fields (RF-
EMFs), RF-EMF exposure, insects, dipole antenna, millimeter
waves.

I. INTRODUCTION

Insects, which are essential for ecosystem functions like
pollination, have been facing declining populations due to
factors such as pesticides and habitat loss [1]. Given that 87%
of food provisions from global food crop production depend
on pollination [2], the ecological and economical importance
of insects can’t be understated. Therefore, studies investigating
their decline have broadened to identifying additional factors
and stressors that potentially affect insect health [3], such as
their increasing exposure to radio-frequency electromagnetic
fields (RF-EMFs) [4]-[6] caused by a growing demand for
wireless telecommunication in society.

One of the changes in telecommunication networks, as they
evolve from 2G to 5@, is the introduction of smaller carrier
wavelengths ()\), comparable to the length of certain insects.
Therefore, as shown in [9]-[12], the RF-EMF absorbed power
in certain insects is frequency and size dependent and consid-
erably higher in the range of 6-300 GHz.

In [12], the volume dependency of power absorption in
insects was evaluated in the far field, and intriguinly, it
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was found that this power absorption strongly depends on
insect volume. In [11], the frequency dependency of power
absorption in a honey bee was evaluated in the near field
of a dipole antenna in the range of 6-240 GHz. Due to the
relatively small size of insects in comparison to the used
carrier wavelengths in sub-6GHz telecommunication networks,
near field interactions between insects and antennas have only
been marginally studied [11]. However, in 5G networks, with
higher carrier frequencies, these interactions have been shown
to alter antennas’ radiation efficiency, input impedance, and
gain patterns, significantly, see [11], [13].

While [11] provided important results for bees near RF
antennas, the question remains whether these results are rep-
resentative for other insects. Therefore, the work presented in
this manuscript aims to extend these results by evaluating the
volume and frequency dependencies of the RF-EMF absorbed
power in various insects in the frequency range of 6-120
GHz, in the vicinity of an emitting antenna. To this aim, this
absorption is studied at a fixed separation distance between
the insects and a dipole antenna of 10 cm, which can lay
in the near or far field depending on the insect volume and
the frequency studied. Moreover, the effect of the RF coupling
between the antennas and the insects on the antennas’ radiation
performance is assessed.

These results are relevant for environmental policy makers
that are tasked with protecting fauna and flora biodiversity.
Moreover, they are also relevant for telecommunication com-
panies that may need to take into account flying insects close
to their antennas, such as companies providing Fixed Wireless
Access services, which aim to provide internet to homes and
businesses using mm-waves [14].

II. METHODS
A. Studied insects

Table I shows the dimensions of the studied insects, which
are the same models as studies in [10]-[12], [15]-[17], and
their estimated resonance frequency range based on the longest
diagonal of the smallest cube containing the insects (Diag),
using the same prediction method as in [12]. According to this
method, this range can be estimated by m <f< #{fg,
where c is the speed of light.

B. Numerical simulations

Numerical simulations were performed using the finite-
difference time-domain (FDTD) method in Sim4Life (ZMT,
Zurich, Switzerland) to estimate RF-EMFs in and around the
insects. The spatial grid steps in the simulations were selected
to be equal or lower to one tenth of the smallest wavelength



TABLE I
DIMENSIONS OF STUDIED INSECTS.

Insect L (mm) | W (mm) | H (mm) | D (mm) | V (mm®) | Estimated resonance range (GHz)
Female yellow fever mosquito | 5.18 3.96 269 7.1 L1 213-85
Male yellow fever mosquito | 6.04 541 419 9.1 18 16.43 - 65.74
Granary weevil 444 2.39 219 55 32 27.29 - 109.14
Honeybee 1 423 3.66 123 546 12.1 - 48.7
Blue bottle fly 11.49 705 645 14.9 785 10.04 - 40.15
Sand wasp 19.62 15.50 10.56 27.1 242 553-22.11
Long homn beetle 23.68 2336 12.63 356 340 433-16.86
Asian hornet 2155 13.25 1121 217 4217 5.42-21.68
Eupholus beetle 41.63 30.18 16.15 539 1010 278- 113
Black field cricket 45 2349 15.67 53.1 1090 282-1129
Christmas beetle 30.05 19.82 1521 39.1 2430 384-1535
Amycterine ground weevil 36.96 1591 14.70 428 2520 35-14
Black palm weevil 4115 19.83 15.80 483 2850 3.1- 1241
Jewel beetle 45.09 19.89 13.43 511 4150 294- 1175

in the simulation domain (\/%), as required by the FDTD
algorithm to return stable solutions.

The dielectric properties of the insects were quantified as
conductivity (o) and relative permittivity (e,). The dielectric
properties of the male and the female mosquito (e,; and
01) are the same used in [10]. The dielectric properties of
the rest of the insects (¢.o and o5) were assigned using
the same literature database and interpolation used in [18].
The frequencies, grid steps, simulated periods and dielectric
properties used in the simulations are shown in Table II.

TABLE II
SIMULATION SETTINGS AND DIELECTRIC PROPERTIES

‘ 6 GHz ‘IZGHZ

24 GHz | 60 GHz | 90 GHz | 120 GHz
Maximal grid step (mm) / Simulated periods
Female mosquito 056/9 | 032/11 | 019/16 | 0.09/38 | 0.06/45 | 0.1/55
Male mosquito 0.56/10 | 0.32/11 | 0.19/16 | 0.09/28 | 0.06/45 | 0.1/55
Granary weevil 005/9 | 023/11 | 0.16/15 | 0.09/37 | 0.06/44 | 0.1/54
Honeybee 04/9 023/11 | 0.16/15 | 0.09/28 | 0.07/45 | 0.1/55
Fly 04/10 | 023712 | 0.16/16 | 0.09/28 | 0.1/48 0.1/59
Sand wasp 04/9 023/11 | 0.16/16 | 0.09/28 | 0.07/46 | 0.1/56
Long horn beetle 0479 023/12 | 0.16/15 | 0.09/29 | 0.13/49 | 0.1/56
Hornet 04/9 023/11 | 0.16/16 | 0.09/28 | 0.13/46 | 0.1/56
Eupholus beetle 04/9 023/11 | 0.16/15 | 0.09/28 | 0.13/38 | 0.1/68
Black field cricket 04/10 | 023/12 | 0.16/16 | 0.09/29 | 0.13/50 | 0.1/60
Christmas beetle 04/9 023/11 | 0.16/16 | 0.09/60 | 0.13/40 | 0.1/60
Amycterine ground weevil 0479 023/12 | 0.16/16 | 0.09/29 | 0.07/47 | 0.1/57
Black palm weevil 04/10 | 023/12 | 0.16/16 | 0.09/28 | 0.07/46 | 0.1/66
Jewel beetle 04/10 | 023712 | 0.16/16 | 0.09/29 | 0.13/50 | 0.1/60
Dielectric properties

€r1 19.6 15.1 10.7 6.8 5.7 53

o1 (S/m) 3.1 6.1 104 17.2 20.4 222

€r2 38 28.6 149 7 59 55

o2 (S/m) 5.1 12 21.1 27.9 28.9 29.2

The insects were modeled as homogeneous objects. For
these simulations, half wavelength dipoles were designed
to operate at the frequencies of interest and with a power

reflection coefficient (|S11|%) lower than —10 dB. The char-
acteristics of these dipoles are the same as in [11].

For each frequency, one simulation was performed with
each insect in the configuration presented in Fig. 1 with
the separation distance (D) set to 10 cm. Therefore, the
simulations’ data set resulted in 6 (frequencies) + 14 (insects)
= 98 simulations.
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Figure 1: Orientations of the dipoles and the insects (shown here is the blue

bottle fly). “D” is the separation distance between the dipole and the insects.

“V” is the voltage source of the dipole. ¢ (not shown) is the angle between
the x and y axes.

After each simulation, Sim4Life computes the internal elec-
tric field of the insects’ model and uses it to calculate the
whole-body absorbed RF-EMF power (P, ) in the insects.

s is calculated as the integrated product of the conductivity
and the squared internal electric field strength over the total

volume (V) of the insect

/ - 2
abs — g X |Elnt| [W] (1)
\%

P!, is an important quantity since the dielectric heating of
an insect is proportional to its absorbed RF-EMF power [19].

To validate the choice of grid step and simulation time, two
simulations were run at 120 GHz with the Granary Weevil,
where in one simulation the maximum grid step was set to
0.05 mm (half of the originally assigned, see Table II), and
in the other simulation, the simulation time was set to 108
periods (double of the originally assigned).

Also, to validate the choice of dielectric properties, 4
simulations with the Granary Weevil, and 4 simulations with
the female mosquito were performed at 24 GHz, in which their
assigned dielectric properties (see Table II) were altered by:
0.5-€¢.,05-0),05-€¢,1.5-0), (1.5 ¢, 0.5-0), (1.5 ¢,
1.5- o). Then, after each simulation, the percentage change in
P!, . due to these alterations was computed.

C. Analysis of simulation results

In order to take into account the mismatch effect of the
dipole due to the presence of each insect, P/, = was normalized
to the dipoles’ accepted power. Moreover, to better compare
the power absorption across the insects, this normalized ab-
sorbed power (P,ps) was normalized to the insects’ volume
(Sabs)-

Additionally, in order to assess the internal P, distribution
in the insects, the internal electric field intensities normalized
to the maximum electric field intensity (%) in a slice in
the YZ plane, at the center of each insect &Mz 0 mm), were
computed at each frequency.

Furthermore, to model P,;, as a function of volume (V') at
each frequency, the following model was used [12]:



10 - loglOPL{;S =a+b-10- long3 + x(u, std) (2)
137 1mm
where x is a Gaussian distributed error term with mean ()
and standard deviation (std).
Finally, to assess the precision of this model, its associated
logarithmic root-mean-square error (RMSE) was computed
according to the following equation:

AN
RMSE = \/Z?—l(lo -10g10(Pabs,i) — 10 - 10g1¢(Pabs,i))?
n
(3)

A
where P,y ; 1S Pyps for insect (i), Pgps,; is the estimated
P,ys of insect (i) according to the model in (2), and n is the
number of insects studied.

III. RESULTS AND DISCUSSION
A. Antenna parameters as a function of frequency

Fig. 2 shows that the maximum isotropic gain of the dipoles’
radiation pattern when placed at 10 cm from an insect is
higher than their theoretical free space gain of 2.15 dBi, and
generally increases with frequency maximizing at 60 GHz or
higher frequencies. Simulation results also showed that the
radiation and mismatch efficiencies as a function of frequency
only fluctuated slightly with a maximal deviation from their
values at 6 GHz of 0.02% and 0.05%, respectively.

Fig. 3 shows that the gain pattern in the direction where the
insects were located, ¢ = 90°, has a dependency on the insect
volume, showing larger deformations relative to the free space
gain pattern for larger insects.
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Figure 2: Maximum isotropic gain as a function of frequency.
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Figure 3: Gain as a function of 6, at ¢ = 90°, at 120 GHz, in free space,
for the Granary weevil, the Sand wasp and the Jewel Beetle.

B. Absorbed power as a function of frequency and insect
volume

Fig. 4 shows a distribution of P,;s as a function of fre-
quency with an average P,;s at 6 GHz of 3.1 + 2.7 W at
60 GHz of 3.7+ 3.2 4%, and at 120 GHz of 3.4+ 2.8 V.
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Figure 4: Absorbed power at D = 10 cm for an accepted power into the
emitting dipole of 1 W.

Fig. 5 shows that as frequency increases from 6-120 GHz,
Sabs for the honey bee, the fly, the male mosquito, and the
granary weevil have relatively higher variations. This occurs
because as shown in Table I, the estimated resonance fre-
quency range of these smaller insects lies in the range from 6-
120 GHz, and also because, when these insects are considered,
10 cm is in the far field region. This is in correspondence to the
results presented in [9], [10], [12], where higher variations in
P,s near the resonance frequency of the insects were observed
in the far field.
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Figure 5: Absorbed power density at D = 10 cm relative to 1 (W/m3) for
an accepted power into the emitting dipole of 1 W.

Table III lists the parameter values of the model fit according
to (2), and its associated RMSE according to (3). The values
listed for a and b in Table III are the 95% confidence bounds
of their fitted values.

TABLE III
MODEL FIT PARAMETERS
6 GHz 12 GHz 24 GHz 60 GHz 90 GHz 120 GHz

a (-58.33,-51.73) | (-54.65,-48.27) | (-53.13,-48.13) | (-57.06,-45.45) | (-58.66,-44.4) | (-56.61,-42.98)

b (0.89,1.15) (0.77,1.02) (0.77,0.97) (0.69,1.14) (0.63,1.18) (0.59,1.13)

RMSE 2.88 2.78 2.19 5.05 6.21 5.96

Fig. 6 shows that P,;s increases with increasing volume, at
an approximate rate of 2.5 2 at 6 GHz, and of 1.2 2%, at

mms3 mms3




120 GHz, for an accepted power into the emitting dipole of
1 W. In addition, it shows that the rate of increase of P,;s as
a function of insect volume lowers with increasing frequency,
when a and b are the upper and lower 95% confidence bounds
of their fitted values, respectively, similar to the far field results
obtained in [12]. This behavior is explained by the fact that
the upper bound for a increases and the lower bound for b
decreases as frequency increases, as shown in Table III.

Moreover, in Table III it is also seen that the RMSE is
higher for higher frequencies. This occurs because the smaller
insects resonate at higher frequencies, which leads to larger
discrepancies in their S,,s (see Fig. 5), and thus higher
variations in P, as a function of insect volume, at higher
frequencies.
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Figure 6: Absorbed power as a function of insect volume according to the
fit of the simulation results to the model in (2).

C. Insects’ internal electric field

Simulation results also showed that internal |E] ‘ in the

insects experience a larger decay in those insects whose
estimated resonance frequencies do not lie in the range of

6-120 GHz, which are also the larger insects (see Table I). As

an example, Fig. 7 shows a larger decay of internal 2L as

max ‘

a function of frequency in the amycterine ground weevil and
the long horn beetle than in the fly and the male mosquito.

D. Uncertainties

The percentage change in P.,  observed by altering the
dielectric properties by (0.5 - €., 0.5 - 0), (0.5 - €., 1.5 - 0),
1.5 €, 0.5-0), (1.5 €., 1.5-0) with the Granary Weevil
were: 27%, 36%, 47%, and 28%, respectively and with the
female mosquito were: 31%, 61%, 54%, 28%, respectively.
Moreover, the percentage change observed by reducing the
maximum grid step by half was of 16%, and by doubling
the simulation time was of 3%. These percentage changes are
significant but are still much smaller than the change in P,
of more than a factor of 900 as a function of volume.

IV. CONCLUSION

Numerical simulations using FDTD were executed to cal-
culate the whole-body absorbed radio frequency power Ppps
of various insects at 10 cm from a dipole antenna, in the
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Figure 7: Internal electric field intensities. (a), (b), and (c) Fly. (d), (e), and
(f) Male mosquito. (g), (h), and (i) Long horn beetle. (j), (k), and (1)
Amycterine ground weevil

frequency range of 6-120 GHz. Simulation results showed an
average P, at 6 GHz of 3.1 £ 2.7 %, and at 120 GHz of
3.4+ 28 % Additionally, they revealed that P, increases
with increasing insect volume at an approximate rate of 2.5
AiznVS at 6 GHz, and of 1.2 Tffmvlvg, at 120 GHz, for an accepted
power into the emitting dipole of 1 W. Moreover, it was found
that the rate of increase of P,;, as a function of insect volume

lowers with increasing frequency.

Additionally, results showed that S, for the smaller insects
has a higher frequency dependency in the studied frequency
range, and likewise, they showed that internal E] ‘
lower decay as a function of frequency in these insects. This

is due to a stronger RF-EMF coupling into these insects.

have a

Furthermore, a linear fit using the logarithm of P,;s and the
logarithm of the insect volume was modeled at each frequency,
with an RMSE of less than 7 d B, which is small in comparison
to the variations in P,,s of more than 30 dB.

Moreover, results showed that the dipoles’ gain pattern in
the direction where the insects are located has a dependency
on the insect volume with a stronger dependency for higher
frequencies.

Future directions of this research will consist on assessing
the RF-EMF interactions between heterogeneous insect mod-
els with tissue specific dielectric properties and phased arrays
which are the antennas used in high frequency telecommuni-
cation networks.
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