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Abstract

This summary paper provides an overview of our recent
work on  quantifying far-field radio-frequency
electromagnetic field exposure of insects using numerical
simulations. To this aim, we have developed a series of 3D
digital insect models with associated dielectric parameters.
These have been inserted into finite-difference time-
domain simulations where they are exposed to incident
plane waves from 0.6-240 GHz. This enables one to
determine dependencies on frequency and insect type of the
RF absorptions in insects.

1. Introduction

Wireless communication is a widespread and growing
technology that is enabled by radio-frequency
electromagnetic fields (RF-EMFs). Insects are exposed to
these fields, which are scattered by their bodies but can also
penetrate them [1], [2]. These internal EMFs can have
biological effects [3], including dielectric heating [4]. The
key to understanding and studying such effects lies in
accurate dosimetry, i.e. quantifying EMFs in and around
living organisms through measurement or numerical
calculation of Maxwell’s equations.
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Figure 1. State of the art prior to 2017 in numerical models
used in electromagnetic simulations for invertebrates (a)
dielectric slab model, (b) spheroidal model, and (c)
cylindrical model.

Numerical dosimetry has been very successful for
vertebrates [5], [6] for which several highly-detailed
models exist [7], [8]. In contrast, studies that focus on
numerical dosimetry of insects are nearly non-existent. Up

to very recently (prior to 2017), the state-of-the-art in this
field consisted out of studies that modelled invertebrates as
simplified geometric shapes (spheroids, cylinders) or using
one-dimensional approximations such as a dielectric slab
[9]-[11], see Figure 1. Hence, there is little known on how
EMFs are distributed in and around invertebrates [10].

In order to partially close this knowledge gap, our recent
work has been focused on quantifying far-field exposure of
insects. We study far-field exposure, because our
measurements have shown that far-field exposure is the
dominant source of insect exposure in [2] and have been
able to show that absorption of RF-EMFs in insects depend
on the frequency of exposure. However, up to now it is
unclear how this frequency-dependency varies from one
insect species to another. This publication tries to answer
this question, by synthesizing our prior results.

2. Materials and Methods

Subsection 2.1 outlines the methods we used to develop
insect models and their dielectric properties. These models
and dielectric properties can be combined into numerical
simulations where far-field RF-EMF exposure can be
modeled, as described in Subsection 2.2.

2.1 Insect Model Development

A series of insects in different developmental stages have
been scanned using micro-computerized tomography (CT)
scanners [12]. Scanning of the insects resulted in a stack of
images for each specimen. These images were analyzed in
order to identify those pixels that are part of the insect in
each slice. The slices are then combined in specialized
imaging processing software in order to obtain 3D models.
The spatial resolution of the models is preferential of the
order of tens to hundreds of um, because this leads to a
more accurate representation of the insect and avoids
losing interconnects in the model, which can lead to losses
of currents within the model. This is illustrated in Fig. 2.
Additionally, some numerical techniques require a
frequency-dependent minimal spatial resolution in the
simulation domain.

The distribution of EMFs inside and around the 3D insect
models depends on their dielectric parameters, i.e. the
relative permittivity (&,) and conductivity (o). In order to
estimate these parameters for insects, we have executed



and a literature review of previous studies that measured of
dielectric properties of insects in the RF range [13]-[16].
Additionally, we have also performed our own
measurements of dielectric properties of the Yellow Fever
Mosquito (Aedes aegypti) with a dielectric assessment kit
for thin layers, using a methodology described in [17].

Figure 2. 3D model of a Western Honey Bee Worker (Apis
mellifera), voxelled with (a) 1 mm, (b) 0.5 mm, (c) 100
um, and (d) 20 pm resolution. Transverse slices of the
same model with (e) 100 um, and (f) 20 um resolution,
demonstrating loss of interconnection in the bee’s antennae
(indicated by the white, dashed circle).

2.2 Numerical Simulations of Far-Field RF-
EMF Exposure of Insects

The insect models are used in finite-difference time-
domain (FDTD) simulations in the commercial software
Simdlife (ZMT, Zirich, Switzerland). In the far-field
regime, the RF source (antenna) and the exposed insect are
decoupled, which allows one to model the exposure as a set
of plane waves [18]. In these insect simulations, far-field
exposure is modelled as plane waves incident from the top
and bottom of the insect’s main longitudinal axis, and two
directions on two orthogonal axes in the mid-transverse
plane orthogonal to this axis. In each direction we
simulated 2 orthogonal polarizations, leading to twelve
simulations per frequency per insect. This approach of
using a set of omnidirectional plane waves has been used
previously for humans [18], [19] to model far-field
exposure with unknown angle of incidence.

All insects were simulated at 2, 3, 6, 12, 24, 60, and 120
GHz. The honey bees, see Table I, were also simulated at
0.6 and 1.2 GHz, while the mosquitoes, see Table I, were
also simulated at 90, 180, and 240 GHz. We used dielectric
properties from literature (see Table II) for all studied
insects, except for the mosquitoes for which we used our
own measurements. More information on the precise

simulation settings can be found in [1], [2], [17]. All these
simulations lead to a distribution of internal electric fields
(Eine) within the studied insect. From these electric fields,
the absorbed power (Paps) can be determined using:

o ).
Paps = 0. |Eine|*dV
14

with V the volume of the insect and o its conductivity. The
Pabs 1s then averaged over all 12 plane waves.

3. Results and Discussion

3.1 Insect Models

Table I. Insect models with resolution and volume

Insect Name Lossy Reso | Ref.
Volume | Ilution
(mm*) | (um)
Australian Stingless Bee 6.2 5 [1]
Beetle 21 10 [1]
Desert locust 1859 10 [1]
Honey Bee Worker 1 55 20 [1]
Honey Bee Worker 2 162 100 [2]
Honey Bee Drone 368 100 [2]
Honey Bee Queen 310 250 [2]
Honey Bee Larva 512 20 [2]
Female Y-F Mosquito (3) | 1.1-1.4 4 [17]
Male Y-F Mosquito (3) 0.7-0.9 4 [17]

Table II. Dielectric properties of insects (taken from [1])

Frequency ()
(GHz) e
2 39.9 1.35
3 38.8 2.05
6 38 5.05
12 26 11.5
24 14.9 21.1
60 7.02 27.9
120 5.46 29.2

Up to now, we developed 14 insect models of the following
species: one Australian Stingless Bee (Tetragonula
carbonaria), five models of Western Honey bees (Apis
mellifera) in different developmental stages, one Desert
Locust (Schistocerca gregaria), one Beetle (Geotrupes
stercorarius), and six models of Yellow Fever Mosquito
(Aedes aegypti). The volumes and spatial resolutions of
these models are listed in Table I and Figure 3 (a) shows an
example of one of the models developed for a Honey Bee
Worker (nr. 1). Given the relatively broad range in these
insects’ volumes, 0.7-1859 mm?, one can expect a large
variation in absorbed power at a given frequency and
strong differences in frequency dependency. Our literature
review showed that most studies investigate insect
dielectric properties using the coaxial-line probe method
[13]-[16]. We found similar trends as function of
frequency for different insects and averaged dielectric



parameter values found in literature to obtain those shown
in Table IT [1].

3.2 Far-Field RF-EMF absorption in Insects

Numerical simulation using an insect model will
commonly result in a distribution of EMFs fields inside and
around the insect. Fig. 3 (b) shows an example of such a
field distribution inside and around a honey bee worker at
12 GHz under single plane wave exposure. The Paps can be
determined from these fields using Eq. 1.
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Figure 3. (a)Micro-CT-model of a Honey Bee Worker, and
(b) Relative E-field distribution at 12 GHz around the same
model for a plane wave incident from below.

When considering far-field exposure, all of the studied
insects show a similar trend in average Py as function of
frequency. There is a strong increase in Paps from sub-GHz
frequencies up to a maximum located at 6 GHz or higher,
after that there is a stabilization or a slight decrease in Paps
[1], [2], [17]. Fig. 4 shows an example of Py as function
of frequency for one of the studied honey bee workers.
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Figure 4. P, in the Honey Bee worker 1 as function of
frequency, normalized to an incident plane-wave field
strength of 1 V/m at each frequency. The curves indicate
the mean values over the twelve plane wave simulations,
while the whiskers indicate the maximum and minimum
values found at each frequency.

Our simulations show that the mean absorbed RF power
within an insect increases from 0.6 — 6 GHz for a constant
incident power density for all of the studied insects. The
two largest studied insects, i.e. the honey bee larva and
desert locust, have their peak absorption at 6 GHz, while
the other insects have their peak absorption at higher
frequencies. Fig. 5 shows the simulated frequency where
we found the maximal average far-field Pays as function of
the insect volume. We found that in general the frequency
of maximal absorption decreases with insect volume.
These results are in line with what was found for
vertebrates in [20] and what was found for the smaller
subsets studied in [1], [2], [17].
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Figure 5. Frequency of maximal RF-EMF absorption in
insects as function of insect volume. The markers indicate
the simulated frequency where max P,,s was found, while

the whiskers show the resolution in simulated frequencies.

When considering a constant incident field strength, the
maximal, average Pas found for a particular insect
increases with volume. The maximal average absorbed
power for an incident field strength of 1 V/m found in any
of the studied insects was 1.2 ulW for the Desert Locust at
6 GHz. On the other hand of the spectrum, we found a
maximal aveage Pa for the smallest male mosquito of
30 nW for the same incident field strength, at 180 GHz. A
similar decrease of maximal, average Pa,s with volume was
found for humans at lower RF frequencies [18]-[20].

4. Conclusions and Future Research

We have developed 14 insect models with associated
dielectric properties. These have been used in FDTD
simulations of plane wave exposure at frequencies from
0.6-240 GHz to study far-field RF-EMF exposure. These
simulations have demonstrated that for all studied insects
the far-field absorbed power increases up to 6 GHz. Insects
have a frequency of maximal absorption that depends on
their volume. The maximal average absorbed power for an
incident field strength of 1 V/m found in any of the studied
insects was 1.2 uW. In our future research, we will develop
heterogeneous insect models, which should be more
accurate representations of reality than the currently used
homogeneous models. We will also extend our work to
modelling exposure near (realistic) antennas, for which the
first steps have been taken in [21].
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