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Abstract—It has been suggested that the wireless network evo-
lution to smaller carrier wavelengths (from 2G to 5G) increases
radio-frequency electromagnetic field (RF-EMF) absorption in
Western Honey Bees (Apis mellifera). It is unknown whether
the radiation performance of antennas is stable when an insect
appears in their vicinity. In this research, the absorbed power
in a worker honey bee and the influence of the bee’s presence
on antennas’ radiation performance is investigated for the newly
used frequencies in 5G networks, from 6-240 GHz. To these aims,
numerical simulations using the finite-difference time-domain
method were performed, in which a bee model, obtained by
micro-CT scanning, was employed. These simulations showed
that in the near field, the absorbed power can increase by a
factor of 53, from 6-240 GHz. This is a factor of 7 higher
than the increase reported in the far field, in previous studies.
Furthermore, the simulations revealed that antennas’ radiation
efficiency can decrease by up to -40 % when a bee appears in the
near field. Likewise, it was found that the gain pattern depends
on the separation distance between the bee and the antenna, with
a stronger dependency for higher frequencies.

Index Terms—Radio-frequency electromagnetic fields, RF-
EMF exposure, near field, dipole antenna, western honey bees,
millimeter waves, finite-difference time-domain method.

I. INTRODUCTION

W IRELESS telecommunication base stations are the
dominant sources of outdoor radio-frequency elec-

tromagnetic fields (RF-EMFs) [1]. These RF-EMFs can be
absorbed in dielectric media, and can cause dielectric heating
[2]. Therefore, an RF-EMF exposure of sufficiently high
intensity can cause thermal effects in all living organisms.
These thermal effects of RF-EMF exposure have been shown
for insects in [3]–[9], and have lead to research on the RF-
EMF absorption in insects [10], on the dielectric properties of
insects [3], and on the use of RF-EMFs as an insect control
method [4]–[6].

As telecommunication networks become more advanced,
their frequency range is increasing from below 6 GHz (2G,
3G, 4G, and WiFi) up to 300 GHz (5G). Therefore, part
of their wavelengths of operation, the so-called millimeter-
wavelengths, have become more comparable to the size of
certain insects. It has been shown that this evolution to smaller
carrier wavelengths could increase RF-EMF absorption in
insects [10], [11].

RF-EMF absorption as a function of frequency was first
reported in insects in [10], from 2-120 GHz, covering present
and future telecomunication bands. This study showed that the
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far-field RF-EMF absorption in insects is frequency dependent,
and that it is maximized at wavelengths comparable to the
insects’s size. Research initiatives on RF-EMF exposure of
insects have been concentrating on Western Honey Bees (Apis
mellifera), because of their environmental and economical
importance. Furthermore, RF dosimetry at 0.6-120 GHz in
different developmental stages and castes of honey bees, and a
coupling of this absorption to real RF-EMF exposure situation
was investigated in [11]. This study confirmed the dependency
of the far-field absorbed power in honey bees on the frequency
and on the bee’s size. In particular, this study revealed that
the far-field absorbed power in honey bees increases with
frequency up to 6-12 GHz, and that this absorbed power
seems to maximize at a wavelength of about twice the longest
dimension of the bee. Comparable frequency trends have been
observed in humans [12], [13]. Moreover, in [11], it was shown
that a small shift of 10 % of the incident power density to
frequencies higher than 3 GHz could lead to an increase of
the RF-EMF absorbed power in honey bees by a factor of 3.
Such a shift is expected in future networks. The influence
of low frequency magnetic fields on honey bees has been
studied in [14], [15]. Potential effects of RF-EMF exposure
on reproduction and behavior of honey bees were investigated
in [16].

When an antenna is placed in the vicinity of a dielectric
medium, electromagnetic contrast at the air/medium interface
results in the appeareance of scattered field and near field
interactions, which modify the field in the medium [17], [18].
This coupling impacts the power absorption in the dielectric
medium, as well as the resulting heating [19]. Moreover, these
near field interactions, can significantly affect antenna charac-
teristics such as the antenna reflection coefficient, radiation
pattern and efficiency [20].

RF-EMF absorption by lossy media in the near field of
antennas, and the effect of the near field coupling in the
antenna characteristics have been investigated using human
phantoms, at microwave and millimeter waves [21]–[23]. Due
to the relatively small size of insects in comparison to the
used carrier wavelengths in the current telecommunication
networks, near field interactions between insects and antennas
have not been explored up to now. However, in 5G networks
with higher carrier frequencies, near field interactions might
become more significant. This manuscript aims to explore such
effects using Apis mellifera, as a model insect.

It would be relevant to investigate the RF-EMF expo-
sure near (phased) arrays, since the base stations and user
equipment of future telecom networks will contain antenna
arrays [24]. However, at the moment, the only available



literature on RF-EMF exposure of insects studies far-field
exposure [10], [11]. In order to make the transition to a study
of an antenna array, it is first necessary to study the RF-EMF
interactions near a single antenna element.

The goals of this paper are to study in the one hand, the
near field frequency dependency of the absorbed power in
a worker honey bee, for the newly used frequencies in 5G
networks, from 6-240 GHz. Additionally, the influence of
the bee’s presence on the antennas’ radiation performance is
investigated. To this aim, numerical simulations are executed
using standard dipole antennas that resonate in the targeted
frequency band and a worker honey bee 3D model, obtained
using micro-computerized tomography (CT) scanning. These
results are important for legislators that are interested in
environmental policy regarding RF-EMF exposure and for
network operators that might be faced with insects appearing
near their telecom antennas.

The main novelties and contributions of this paper are the
numerical study of the near field RF-EMF exposure of an
insect, for the first time. Moreover, this paper is the first to
investigate the influence of the appearance of an insect in front
of an antenna on its radiation characteristics.

II. METHODS

A. Studied honey bee, imaging technique and model develop-
ment

Western Honey Bees are the most spread honey bee world-
wide. A healthy honey bee colony can contain approximately
50,000 individuals. Most of these are sterile, female, worker
bees. Worker bees perform all the tasks within a colony to
keep it full of provisions and free from disease.

The worker bee used in this study is the same studied in
[11]. It was scanned at the Western Sydney University Na-
tional Imaging Facility (Sydney, Australia) using a bench-top
Micro-CT scanner (Quantum GX MicroCT Imaging System,
PerkinElmer, Hopkinton, MA, USA). No approval from a
review board was needed for the scanning of an invertebrate.
The bee had a full body length of approximately 11.0 mm
long, was 5.0 mm wide and had a mass of approximately 900
mg.

The development of the 3D model of the bee is described in
[11]. It involved the reconstruction of the projection images,
using the software running on the Quantum GX, bench-
top Micro-CT scanner. Then, the BeeView volume rendering
software (DISECT Systems Ltd, Suffolk, UK) was used to
acquire the bee’s volume data from the image stack. The
3D model of the bee was created using the software Tomo-
Mask (www.tomomask.com), which generated a 3D model
exported as an STL (STereo Lithography). The models were
also smoothed using the Taubin λ

µ smoothing scheme [25],
implemented in MeshLab [26]. The dimensions of the model
and mesh integrity were checked (and corrected if necessary)
before simulations using Netfabb (Autodesk, San Rafael, CA,
USA).

B. Numerical simulations
Numerical simulations were executed to estimate RF-EMFs

in and around a worker Western Honey Bee under near-

field exposure. These simulations were performed using the
finite-difference time-domain (FDTD) method implemented in
Sim4Life (ZMT, Zurich, Switzerland). This is a common tech-
nique used to determine RF-EMF in and near homogeneous
and heterogeneous dielectric objects [10], [12], [27]. In this
method, the simulation domain is divided in cubes using a
three-dimensional rectilinear grid.

This time-domain technique requires a predefined simula-
tion time (number of simulated periods), and a spatial grid
step in order to reach a steady-state solution. These settings
depend on the chosen spatial resolution, wavelength, size
of the simulation, and feature sizes of the objects in the
simulations. The FDTD algorithm requires a grid step smaller
than one tenth of the smallest wavelength (λ) in the simulation
domain in order to return stable solutions [28]. The smallest
wavelength in tissue ( λ√

εr
) is 1.1 mm at 120 GHz, and 0.56

mm at 240 GHz. Therefore, for frequencies in between 6-120
GHz, a grid step of 0.05 mm was used, whereas for 240 GHz,
a grid step of 0.025 mm was used, with εr being the relative
permittivity of the bee. Hence, in all simulations, a grid step
less or equal than 0.045× λ√

εr
, was used.

To investigate near field behavior as a function of frequency,
numerical simulations at seven harmonic frequencies from
6-240 GHz (sinusoidal waves at a single frequency) were
executed. The dielectric properties of the honey bee were
quantified as conductivity (σ) and relative permittivity (εr).
The dielectric properties of the honey bee were assigned
using the same literature database and interpolation presented
in [10]. The honey bee was modeled as an homogeneous
object. This is an approximation, since real insects have
heterogeneous tissue properties.

For the near-field exposure simulations, half wavelength
dipole antennas, were designed to operate at the frequencies
of interest, and with a power reflection coefficient (|S11|2)
lower than −10 dB. Dipoles were selected because they are
generic and relatively simple antennas that can, at a later
stage, be fabricated in a laboratory setup. Table I shows
the characteristics of these dipoles. The Fraunhofer far field
distance is calculated as:

2×Dim2

λ
(1)

where Dim represents either the largest dimension of the
antenna (5th row of Table I), or the longest diagonal of the
bounding box around the bee (6th row), see Fig. 1 for a
reference to the bounding box and its diagonal. Thus, the far
field distance for each antenna is the largest of the values in
the 5th row and the 6th row of Table I.

The frequencies, grid steps, and dielectric properties, used
in the simulations are listed in Table II. For each frequency,
one simulation was performed for each of the 10 different
relative separation distances (D), between the honey bee and
the dipole employed in this research, for assessing the near
field exposure of the honey bee. D ranged between 0.1−10λ.
D was limited to 10λ in order to keep simulations’ size under
dimensions supported by the simulation software.

Moreover, for each frequency studied, one far-field sim-
ulation was completed with a single-frequency sinusoidal



Characteristics 6 GHz 12 GHz 24 GHz 60 GHz 90 GHz 120 GHz 240 GHz
λ (mm) 50 25 12.5 5 3.3 2.5 1.3

d (mm) 1.6 0.8 0.4 0.2 0.1 0.03 0.03

L (mm) 10.6 5.3 2.6 1.05 0.8 0.5 0.3

g (mm) 0.12 0.6 0.3 0.01 0.008 0.003 0.003

Gain (dBi) 2.3 2.2 2.2 2.2 2.2 2.2 2.2

Fraunhofer distance (antenna) 0.4 λ 0.4 λ 0.4 λ 0.4 λ 0.4 λ 0.4 λ 0.4 λ

Fraunhofer distance (bee) 0.1 λ 0.5 λ 2 λ 12.3 λ 27.8 λ 49.4 λ 197.8 λ

Table I: Dipoles’ characteristics. “d” refers to the diameter of the antenna’s
arms. “L” refers to the length of the antenna’s arms. “g” refers to the gap
between the antenna’s arms. See Fig. 1 for a visual description of the antennas’
dimensions.

(harmonic) continuous plane wave with a root-mean-squared
electric field strength of 1 V/m, to compare between the far-
field and near-field exposure of the honey bee. Therefore,
the simulations’ data set resulted in 7 (frequencies) × 10
(separation distances) + 7 (plane waves) = 77 simulations.

Each simulation was implemented until a steady-state was
reached. In the simulations in which the separation distance
was between 0.1 − 3 λ, the simulation duration was set to
10 simulated periods, while in simulations with separation
distances of 7, 8 and 10 λ, the duration was set to 30, 31
and 33 simulated periods, respectively. To validate that the
simulations reached steady state in these number of simulated
periods, the electric field strength along a line in the simulation
domain was temporally monitored.

Properties 6 GHz 12 GHz 24 GHz 60 GHz 90 GHz 120 GHz 240 GHz

Maximum grid step 0.05 mm 0.05 mm 0.05 mm 0.05 mm 0.05 mm 0.05 mm 0.025 mm

εr 38 28.6 14.9 7 5.9 5.5 5

σ (S/m) 5.1 12 21.1 27.9 28.9 29.2 29.6

Table II: Simulations’ settings and dielectric properties of the worker honey
bee.

After each simulation, Sim4Life computes the internal elec-
tric field of the honey bee model, and uses it to calculate the
total absorbed RF-EMF power (P ′abs) in the honey bee. P ′abs is
calculated as the integrated product of the conductivity and the
squared internal electric field strength over the total volume
(V) of the honey bee:

P ′abs =

∫
V

σ × | ~Eint|
2
[W ] (2)

P ′abs is an important quantity since the dielectric heating of
an insect is proportional to its absorbed RF-EMF power [2].
Then, in order to take into account the mismatch effect of the
dipole due to the presence of the bee, P ′abs was normalized
to the dipoles’ accepted power. Thus, the results presented in
this research are based on this normalized absorbed RF-EMF
power (Pabs).

Also, in order to evaluate the incident power density due to
the dipoles’ radiation as an estimator of the bee’s Pabs in the
near field, the magnitude of the time-averaged Poynting vector
|< ~S >| was averaged over the frontal plane of the honey bee’s
bounding box. Sim4Life calculates the instantaneous Poynting
vector (~S) at every voxel in the simulation domain as:

~S =
1

2
( ~E × ~H∗) [

W

m2
] (3)

Therefore, < ~S > at every voxel was calculated from the
Sim4Life exported data as:

< ~S >= Re(~S) [
W

m2
] (4)

In the simulations in this research, the bee was placed in the
~z direction, as depicted in Fig.1. Hence, an uncertainty study
was conducted to quantify the influence on Pabs of placing the
bee in the ~x, ~y, and diagonal directions. Furthermore, in the
literature database of dielectric properties presented in [10], it
was found that the largest deviations in dielectric properties
between 6-240 GHz occur at 20 GHz, where εr can differ
by +58% from the interpolated value, and σ can deviate by
−32% from the interpolated value. Therefore, as part of the
uncertainty study, 4 harmonic simulations at 24 GHz and D
= 0.8 λ were conducted, in which the dielectric properties
assigned (see Table II) were altered in the following man-
ner: (1.6εr, 1.4σ), (1.6εr, 0.6σ), (0.4εr, 1.4σ), (0.4εr, 0.6σ),
therefore allowing for larger deviations than the estimated
uncertainty on the chosen dielectric parameters.

Additionally, the influence of uncertainties in grid step and
number of simulated periods on Pabs were evaluated. For this
purpose, since variations in the two grid steps used in our
simulations, 0.05 mm and 0.025 mm, should have the most
influence in Pabs at 120 GHz and 240 GHz, respectively, one
simulation at 120 GHz with a grid step of 0.025 mm, and
another at 240 GHz with a grid step of 0.0125 mm were
conducted, at D = 0.8 λ. Furthermore, 2 simulations at 240
GHz, one with D = 3λ and 40 simulated periods, and another
with D = 10 λ and 132 simulated periods were performed.
Thus, the number of simulated periods in these simulations
was 4 times higher than the originally assigned ones.

In order to assess the internal Pabs distribution in the
bee, the internal electric field intensities normalized to the
maximum internal electric field intensity ( |~E|

| ~Emax|
) in a slice

in the YZ plane at the center of the bee (x = 0 mm) was
calculated, at each D and frequency. Moreover, the average of
|~E|
| ~Emax|

in these slices as a function of D and frequency was
determined.

III. RESULTS AND DISCUSSION

A. Antenna parameters as a function of separation distance

Fig. 2 shows that the maximum isotropic gain of the radia-
tion pattern of each dipole decreases as the separation distance
increases. This is attributed to the fact that as the bee is
further away from the dipole, the near field coupling between
the bee and the dipole weakens, and therefore, the dipoles’
gain approaches their free space gain (2.2 dBi), as separation
distance increases. However, the rate of this decrease is slower
at higher frequencies (60 GHz, 90 GHz, 120 GHz, and 240
GHz) than at lower frequencies (6 GHz, 12 GHz, and 24 GHz).
This occurs because 7 λ is still not in the far field, when the
dipoles operate at these higher frequencies.

Fig. 3 shows that as separation distance increases, the
radiation efficiencies increase and approach a value of 1, at
7 λ, at every frequency. Additionally, Fig. 3 shows that as
frequency increases, the radiation efficiency decreases. This is



Figure 1: Dimensions and orientations of the dipoles and the bee. “D” is the
separation distance between the dipole and the bee. “Dbee” is the diagonal
of the smallest brick containing the bee phantom. “V” is the voltage source
of the dipole. “d” is the diameter of the dipole’s arms. “L” is the length of
the dipole’s arms. “g” is the gap between the dipole’s arms.

because the bee’s absorbed power decreases with increasing
separation distances, and increases with increasing frequency,
as will be demonstrated in Section III-C. Figs. 2 and 3 show
that the presence of an insect in the near field of an antenna can
influence the antenna’s radiation characteristics significantly.
This impact can be more severe at higher frequencies.

The simulations also showed small fluctuations of the ac-
cepted power, and of the mismatch efficiency of the dipoles
as a result of the near field coupling effects on the dipoles’
impedance. These coupling effects decrease as separation
distance increases and dissapear, in every frequency, once the
bee is at a separation distance of 3 λ. The maximal deviation
from the 3 λ stable value observed in accepted power and
mismatch efficiency, were of 4% and 5%, respectively, at 24
GHz, at 0.1 λ. Since the simulations showed highest deviations
from the 3 λ stable value at 12 and 24 GHz, it is assumed
that these deviations are maximized at wavelengths that are
most comparable with Dbee (see first row of Table III, see
also Section III-D).
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Figure 2: Maximum isotropic gain as a function of separation distance
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Figure 3: Radiation efficiency as a function of separation distance

6 GHz 12 GHz 24 GHz 60 GHz 90 GHz 120 GHz 240 GHz

Dbee
λ

0.3 0.5 1 2.5 3.8 5 9.6

P0,dB -20.2 -5.6 -5.5 -5.5 -4.8 -4.5 -4.5

n -2 -1.8 -1.5 -1 -0.8 -0.7 -0.6

δz (dB) 4.9 3.3 2.9 2.7 1.8 1.5 1.3

Table III: Dimension of bee in comparison to λ and path loss model
parameters.

B. Gain as a function of separation distance and frequency

Simulation results showed that the gain, in the direction
where the bee is located (φ = 90◦), becomes more dependent
on the separation distance as frequency increases. For instance,
Fig. 4 shows that, at 60 GHz, when the bee is closer to the
far field (D = 3 λ), the gain is similar to the free space gain,
however, as the bee approaches the dipole (D = 0.1 λ), the
gain in the direction that the bee approaches (φ = 90◦, θ =
90◦) decreases by a factor of 12 relative to the free space
gain. Furthermore, the simulations revealed that the gain at
φ = 90◦ and θ = 0◦ has a decreasing trend as D increases in
all frequencies studied. This is due to an increase of energy
reflection by the bee, in the θ = 0◦ direction, as the bee gets
closer to the dipole.

Figure 4: Dipole’s gain pattern as a function of D and θ, at φ = 90◦, at 60
GHz.

C. Absorbed power as a function of separation distance and
frequency

To model the bee’s absorbed power as a function of D, the
following semi-empirical formula, expressed in decibel and
based on the log-distance path loss model was used [29]:

PdB(D) = P0,dB + 10nlog
D

D0
+X(µ = 0, σX) (5)



where D is the separation distance between the bee and
the dipole, P0,dB is the bee’s absorbed power in dB at the
reference distance D0 = 0.1 λ, n is the path loss exponent
which equals -2 in free space, and X is a Gaussian variable
with zero mean and variance σ2

X . Table III lists the parameter
values of the fitted path loss model according to Equation (5),
and the mean deviation of the measured results from the model
(δz).

Fig. 5(a) shows that in the near field, the bee’s absorbed
power normalized to the accepted power (Pabs) decreases with
increasing D, and increases with increasing frequency, when
D is expressed as a factor of λ.

Figures 5(a) and 5(b) show that Pabs in the bee increases as
a function of frequency, while in the far field a local maximum
was found for Pabs as a function of frequency. This effect can
be explained by an interplay between two factors: on the one
hand, the power density that is incident on the bee increases
with frequency for a fixed separation distance in terms of
λ, which corresponds to a decreasing separation distance in
absolute values, and on the other hand, a resonance effect
that determines the efficiency of the aborption in the bee with
maximum around 12 GHz. These two effects taken together
result in the curves shown in Fig. 5(a) and the blue curve
shown in Fig. 5(b).

Also, Fig. 5(b) shows that in the near field, at 0.2 λ, Pabs
increases 17.2 dB (a factor of 53) as frequency increases from
6-240 GHz, while in the far field, Pabs increases 4.4 dB (a
factor of 2.77). Therefore, this figure shows that the near field
increase in Pabs can be a factor of 19 higher than its far field
increase, as a function of frequency. Additionally, this near
field increase in Pabs is a factor of 7 higher than the increase
in the far field, from 6-120 GHz, reported in [11]. The increase
in Pabs under real exposure conditions is expected to be even
more drastic, since currently most of the exposure is below 2
GHz, where Pabs should be even lower than at 6 GHz.

D. Comparison between near-field dipole and far-field plane
wave simulations

Fig. 6 shows that the bee’s Pabs normalized to |< ~S >|,
averaged over the frontal plane of the honey bee’s bounding
box due to the dipoles’ radiation approaches the normalized
Pabs due to the plane waves, in the range of 3 − 10 λ, at 6,
12 and 24 GHz.

Fig. 6 shows that, in contrast to the far field, in the near field,
|< ~S >| cannot be used as a proxy for the bee’s Pabs, since in
the near field, |< ~S >| decreases at a faster rate than Pabs with
increasing separation D, which explains the increasing trend of
the Pabs

|<~S>|
curve due to the dipoles’ radiation as a function of

D. For instance, it was found that when comparing the values
at 0.1 λ and 2 λ, the ratios |<~S(2 λ)>|

|<~S(0.1 λ)>|
were 3 dB, 0.8 dB,

and 0.5 dB lower than the ratios Pabs(2 λ)
Pabs(0.1 λ)

at 6, 12 and 24
GHz, respectively. Therefore, in the near field, |< ~S >| can
underestimate the bee’s Pabs. This is in agreement with the
results presented in [30].

It was found in [30] that using the modulus of the Poynting
vector reduces the underestimation of the transmitted power
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Figure 5: (a) Absorbed power as a function of D and frequency. Markers
represent the values extracted from the simulations. The solid lines represent
the fit according to the model of Equation (5). (b) Absorbed power in the
near field (D = 0.2 λ) and in the far field, normalized to the absorbed power
at 6 GHz, as a function of frequency.

density, in the near field of a planar body phantom. Hence,
it would be relevant in our future research to evaluate and
quantify if using the modulus of the Poynting vector can
also reduce the underestimation of the whole-body averaged
absorbed power, in the near field of insect phantoms.

Moreover, Fig. 6 shows that Pabs
|<~S>|

maximizes at 12 GHz,
and decreases as frequency increases beyond 12 GHz. This
is in agreement with the results presented in [11] where it
was observed that in the far field there is a resonance at
12 GHz, since at this frequency, the wavelength is about
twice the longest dimension of the bee. In addition, this
can be explained by a decrease in skin depth, driven by an
increase in conductivity as frequency increases (see Table II
and Section III-E).

E. Bee’s internal electric field

The simulation results in Fig. 7 show that |~E|
| ~Emax|

in the
bee are maximized at 12 GHz, and decrease with increasing
frequency beyond 12 GHz. For instance, it was found that
average |~E|

| ~Emax|
at 12 GHz are 14.6 dB higher than at 90 GHz,

and 28.9 dB higher than at 240 GHz, at 0.2 λ. In addition,
Fig. 7 shows that as frequency increases above 12 GHz, |~E|

| ~Emax|
becomes more confined to the surface of the bee. This is
attributed to the fact that the efficiency of RF-EMF coupling
into the models is maximized at 12 GHz (see Section III-D).
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Since there is a direct proportionality between |~E|
| ~Emax|

and
Pabs, it can be deduced that the fraction of incident power
density, internally absorbed, is maximized at 12 GHz. This is
the reason for the higher Pabs

|<~S>|
, at 12 GHz, in Fig. 6.

Furthermore, simulation results showed that for frequencies
below 12 GHz, the average |~E|

| ~Emax|
remains constant across

separation distances, whereas for frequencies higher than 12
GHz, the average |~E|

| ~Emax|
increases with increasing separation

distance (D). Table IV shows a comparison of the average
|~E|
| ~Emax|

at D = 0.2 λ and at D = 2 λ. From these results,
it can be concluded that the absorption cross section (ACS)
which is an effective area of the bee, quantifying its efficiency
in terms of power density absorption [31], increases with D,
in frequencies above 12 GHz. On the other hand, the ACS
remains constant for frequencies below 12 GHz. Hence, since
Pabs = ACS×|< ~S >|, the path loss exponent at frequencies
below 12 GHz is lower, and closer to the path loss exponent
of |< ~S >| in free space. In contrast, at frequencies above 12
GHz, the increasing ACS with increasing D leads to a higher
path loss exponent, as shown in Table III.

6 GHz 12 GHz 24 GHz 60 GHz 90 GHz 120 GHz 240 GHz

< |~E|0.2 λ
| ~Emax|0.2 λ

> (dB) -23.3 -23.1 -24 -31.7 -37.7 -40.4 -52

< |~E|2 λ
| ~Emax|2 λ

> (dB) -23.7 -23.9 -23.4 -21.2 -24.3 -25.8 -31.8

∆ < |~E|
| ~Emax|

> (dB) -0.4 -0.2 0.6 10.5 13.4 14.6 20.2

Table IV: Average |~E|
| ~Emax|

as a function of frequency and D. Second row:

average |~E|
| ~Emax|

, at D = 0.2 λ. Third row: average |~E|
| ~Emax|

, at D = 2 λ.
Fourth row: difference between third and second row.

F. Uncertainties

The percentage change in Pabs observed in the simulations,
at 24 GHz and D = 0.8 λ, with altered dielectric properties of
(1.6εr, 1.4σ), (1.6εr, 0.6σ), (0.4εr, 1.4σ), and (0.4εr, 0.6σ), is
of 3%, 7%, −2.2%, and −11.2%, respectively. Additionally,
it was noticed that changing the bee orientation to the ~x
direction, ~y direction, and diagonal direction contributes to a
maximal change in Pabs of −83.9%, as presented in Table V.
Also, reducing the grid step by half at 120 GHz (to 0.025mm),

(a) 0.2 λ at 12 GHz (b) 2 λ at 12 GHz

(c) 0.2 λ at 90 GHz (d) 2 λ at 90 GHz

(e) 0.2 λ at 240 GHz (f) 2 λ at 240 GHz

Figure 7: Bee’s internal electric field intensities

and at 240 GHz (to 0.0125mm), leads to a change in Pabs of
1.3 %, and 2.8 %, respectively. These deviations produced by
uncertainties in dielectric properties, bee orientation, and grid
step are significant, but are much smaller than the factor of 53
increase in Pabs noticed from increasing the frequency from
6-240 GHz. Moreover, increasing the amount of simulated
periods by a factor of 4, to 40 simulated periods, at 240
GHz and D = 3 λ, and to 132 periods, at 240 GHz and D
= 10 λ resulted in a change in Pabs of 0.01 % and < 0.01 %,
respectively, which shows that the amount of simulated periods
used in the simulations is sufficient.

Orientation 6 GHz 12 GHz 24 GHz 60 GHz 90 GHz 120 GHz 240 GHz

~x −82.8 % −74.5 % −34.2 % −1.1 % 20.3 % 23.6 % 31.9 %

~y −83.9 % −71.5 % −8.5 % −38.5 % −44.5 % −46.1 % −41.2 %

Diagonal −33.2 % −25.4 % −19.5 % −1.4 % 13.2 % 14.7 % 15.9 %

Table V: Percentage change in Pabs due to variation in bee orientation relative
to the Pabs when the bee is ~z oriented.



IV. CONCLUSION

Numerical simulations using finite-difference time-domain
analysis were executed to calculate the radio-frequency elec-
tromagnetic fields (RF-EMFs) in and around a worker Western
Honey Bee (Apis mellifera). This lead to the quantification
of the whole-body averaged absorbed radio-frequency power
Pabs, under near-field exposure, in the frequency range of 6-
240 GHz. The simulations showed that, in the near field, Pabs
decreases as the separation distance between the bee and the
dipole increases, and increases as frequency increases. The
frequency behavior of Pabs in the near field is thus different
to its far-field behavior, since, for a given accepted power and
distance, in the near field Pabs increases with frequency (an
average of 30.5 dB from 6-240 GHz), while in the far field
Pabs in the worker bee is maximized at 12 GHz. This near-
field increase in Pabs as a function of frequency, can be a
factor of 7 higher than the far-field increase.

Moreover, these simulations allowed the study of the influ-
ence of the bee’s position (0.1− 10λ from the dipoles) in the
radiation performance of the dipoles. In particular, it was found
that as the separation distance increases, the dipoles’ isotropic
gain decreases and approaches their free-space gain. Also, it
was noted that as a result of the near-field frequency behavior
of Pabs, the dipoles’ radiation efficiency decreases with in-
creasing frequency and increases with increasing separation
distance. Additionally, it was acknowledged that the gain
pattern in the direction where the bee approaches the antenna
depends on the separation distance between the bee and the
antenna, with a stronger dependency for higher frequencies.
This is important for 5G telecomunication networks, because
they rely on infrastructure (antennas) whose performance can
be influenced by the presence of free-flying insects.

Future directions of this research project will include the
experimental validation of the results from the simulations
presented in this paper, by completing near-field RF-EMF
exposure measurements of honey bees. Furthermore, the RF-
EMF interactions between honey bees and phased arrays will
be investigated, since these are the type of antennas being
deployed in high-frequency telecommunication networks. Ad-
ditionally, we aim to investigate the thermal increase in the
bee due to near field and far-field RF-EMF exposure, as
a function of frequency, for instance, by means of infrared
temperature measurements. Moreover, future work will also
consist of performing simulations with heterogeneous honey
bee phantoms, with tissue-specific dielectric properties.
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