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Abstract. This study presents the first attempt to investigate electromagnetic field (EMF) exposure in birds,
specifically the sparrow, using numerical dosimetry. The objective was to evaluate the specific absorption
rate (SAR) in sparrow tissues from 0.9 to 60 GHz. Numerical simulations were performed using the
Sim4Life software based on the finite-difference time-domain (FDTD) method. The sparrow was modeled
as a six-tissue heterogeneous dielectric object, including feathers, beak, eyes, skin, inner tissue, and brain.
Far-field EMF exposure was simulated using sinusoidal plane waves at a single frequency. The tissue-
averaged, whole-body averaged (WBA), 1 g and 10 g SAR values were evaluated in bird tissues for all
considered frequencies for all 10 incident plane wave polarizations. The results showed that EMF energy
absorption in birds highly depends on frequency, polarization, and bird body dimensions and peculiarities.
Significant EMF penetration inside the sparrow's body was observed within the 1.8-6 GHz range, with
maximum volumetric absorption at 1.8 GHz. The peak SAR for the brain was observed at 3.7 GHz, whereas
for the eyes, the maximum occurred at 25 GHz. © 2026 Bull. Georg. Natl. Acad. Sci.
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Introduction body or partial-body resonance during exposure.
Biological organisms, including birds, are increa- Addressing this issue represents a significant and
. . . relevant research area today, as birds are the essen-
singly exposed to radio-frequency electromagnetic

fields (RF-EMFs), which are absorbed by their
bodies and can induce dielectric heating (ICNIRP,

2020). The wavelengths used in current and future

tial components of ecosystems and biodiversity.
Existing studies have primarily focused on experi-
mental investigations of the biological effects of
. L EMF exposure on birds at frequencies below 6
wireless communication networks are comparable

GHz. In this context, a comprehensive review by
Levitt et al. (2025) indicates that RF-EMF exposure

may interfere with magnetoreception in birds, po-

to the body dimensions of some small biological

organisms, such as birds, which can trigger whole-
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tentially disrupting navigation and orientation, and
may also affect behaviour, reproduction, and phy-
siological processes; however, the evidence rema-
ins heterogeneous and context-dependent. An alter-
native and widely used approach for investigating
the effects of EMF exposure on biological systems
is numerical simulation using computational mod-
els or phantoms, in which EMF absorption is quan-
tified in terms of the Specific Absorption Rate
(SAR) [W/kg] (ICNIRP, 2020). Notably, numerical
simulation-based studies of EMF exposure in birds
have not yet been conducted. To partially address
this gap, this study presents an initial step towards
investigating RF-EMF exposure in birds using nu-
merical dosimetry to evaluate the SAR values and
to develop a realistic heterogeneous bird model. For
this study, the house sparrow (Passer domesticus)
was selected as a model organism, as it is among
the most prevalent bird species in urban environ-
ments worldwide and, importantly, is a sedentary
(non-migratory) species that leads to chronic, long-
term exposure to RF-EMFs from multiple sources.

The assessment of SAR for the house sparrow
(and other bird species) is important not only for
understanding the direct impacts of RF-EMFs on
this species, but also for evaluating broader
environmental consequences and informing safety

standards and environmental policies.

Materials and Methods

To study the influence of RF -EMF exposure on
birds, quantified by the SAR, we used the EM-
FDTD solver of the Sim4Life (ZMT, Zurich, Swit-

Fig. 1. Sparrow 3D models in STL format: a) sparrow model,

b) brain model.

Bull. Georg. Natl. Acad. Sci., 20(194), no. 3, 2026

zerland) software, which is based on the Finite-
Difference Time-Domain (FDTD) method. In
Sim4Life, the EM solver is based on the numerical
solution of the Maxwell Equations by the FDTD
method and the Yee Algorithm (Taflove and Hag-
ness, 2005). The FDTD method is the most suitable
numerical technique for analyzing EMF absorption
in complex-shaped and inhomogeneous biological
structures (such as birds) and evaluating the SAR
values in biological tissues. Sim4Life provides the
capability for a precise evaluation of local, tissue-
specific, and whole-body averaged SAR (WBA-
SAR), as well as SAR averaging over different
tissue masses.

Achieving these objectives required the follo-
wing steps: (1) the development and discretization
of a realistic 3D heterogeneous bird model; (2) the
selection and assignment of dielectric properties to
each specific tissue; and (3) the execution of EM
simulations to evaluate the SAR inside the bird

tissues.

Bird model and tissue parameters. As a bird
model, we used the house sparrow model (Fig. 1a),
which we developed based on an initial sparrow
model obtained from the open-access repository
3Dmag (http://3dmag.org). The sparrow was mo-
deled as a heterogeneous body using 6 different
tissues: feathers, skin, inner tissue, brain, eyes
and beak (Fig. 2). The sparrow brain model
(Fig. 1b) was
(https://www.tripo3d.ai) based on the brain model
from Olkowicz et al. (2016) by converting 2D

images into a 3D representation.

generated using Tripo Al

brain

beak ' skin

inner tissue

feathers

Fig. 2. Mid-sagittal cross-section of the 6-tissue
discrete heterogeneous model of the sparrow.
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For further processing of the sparrow model, we
used the graphics software Blender (Stichting
Blender Foundation, Amsterdam, Netherlands).
The 3D surface (model) for skin tissue (Fig. 2) was
created by removing limbs and other bulging areas
from the sparrow model (Fig. 1a). This obtained 3D
surface was then compressed within the primary
model and smoothed. The 3D surface for the inner
tissue was derived from the skin surface by
compressing it to a depth of 0.5 mm inward. All
parts of the sparrow model were exported in STL
format. The physical dimensions of the sparrow

model and body parts are presented in Table 1.

Table 1. Dimensions of the various body parts of the
sparrow model

Bird Length | Width |Height|Volume | Mass
Dimensions | (cm) | (cm) | (em) | (em®) | (g)
Sparrow 1047 |3.46 |4.28 |43.81 |27.77
with feathers
Sparrow 7.48 291 |3.55 |24.53 |26.55
without
feathers
Feathers 10.12 (346 428 |19.28 |1.25
Skin 7.16 291 [3.55 [3.19 3.54
Inner tissue |7.01 276 1341 |20.86 [224
Brain 1.17 1094 ]0.82 ]0.35 0.37
Eye 0.27 [0.16 ]0.27 ]0.02 0.02
Beak 0.85 0.64 10.69 |0.12 0.22

The frequency-dependent EM parameters (per-
mittivity and conductivity) of sparrow tissues and
mass densities, excluding feathers, were selected
from the IT'IS database of tissue properties (Has-

Table 2. Tissue parameters used for the sparrow model

gall et al., 2022). While the properties for the skin
and brain were directly obtained from the IT'IS
database, the beak was modeled using cortical bone
parameters. The tissue properties of the eyes were
calculated by averaging the properties of their pri-
mary constituent structures, including the choroid,
ciliary body, cornea, iris, lens, retina, sclera, and
vitreous humor. Similarly, the properties of the
inner tissue were derived by averaging the para-
meters of several key internal components, inclu-
ding the muscle, stomach, large and small intesti-
nes, cortical bone, blood, heart muscle, lung, and
liver. The mass density of the feathers was calcu-
lated based on the difference between the body
density of the bird with and without feathers, using
the data provided by Hamershock et al. (1993). The
permittivity and conductivity of the feathers were
determined by analyzing various literature sources,
as well as specifically considering the dielectric
properties of keratin, the primary structural
component of feathers. The obtained values of
tissue parameters are given in Table 2.

The influence of variations in permittivity, con-
ductivity, and mass density on SAR results was
investigated in Jeladze et al. (2025), where the rela-
tive change in the results was found not to exceed
20%. Since the EM parameters of bird feathers are
not characterized with high precision in the litera-
ture, the present study specifically examines seve-

ral cases of permittivity and conductivity variations

. Skin Inner tissue Brain Eye Beak Feathers
Tissue
(g () (g () () ()
parameters| & | om)| ¢ |ismp| % lismp| % |smp| ¥ |ismp| % | [sim
09GHz [414 087 [529 [1.07 [458 077 [549 [1.13 [125 Jo.14 [3.5  [0.001
1.8GHz [389 [1.18 [508 [15 [436 [1.15 [533 [1.55 [11.8 [0.28 [3.2  [0.003
25GHz 380 [149 [497 |19 [447 [213 523 [2.05 [114 040 [3.0  [0.004
37GHz [368 [2.15 [483 |27 [429 [3.03 508 [3.01 [107 o6 [2.85 [0.005
6 GHz 349 389 [447 |54 [397 520 476 558 (959 [1.20 [2.55  0.007
12GHz [293 [103 365 [133 322 [122 [389 [142 [756 [2.56 [2.0 |0.010
25 GHz 183 [236 [237 [285 [209 253 [248 [31.0 [544 |460 [1.92 0.022
40 GHz 117 [31.8 [162 [394 [145 345 [165 [426 [443 601 [1.88 [0.042
60GHz [798 [364 [115 |475 [105 413 [11.5 [50.8 [3.81 [721 [1.85 0.065
density p [kg/m?]
1109 11073 [1045.5 [1055 [1908 [65
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using a sparrow-tissue-filled sphere model. This is
crucial for understanding how the dielectric proper-
ties of feathers influence the absorption of EMFs
within the bird's body. The considered 4-tissue
sphere, with a 20 mm radius, is presented in Fig. 3.
The outer layer (feathers) has a thickness of
2.5 mm, while the skin tissue thickness is 0.5 mm.
The inner tissue is modeled using a sphere with a
17 mm radius, and the brain tissue is represented by
a smaller sphere (radius =5 mm) with a 10 mm off-
set from the main center. This model was exposed
to an incident plane wave at 6 GHz (the configu-
ration is shown in Fig. 3), and the corresponding

findings are presented in the Results section.

EMF exposure modeling. To evaluate the influ-
ence of RF-EMF exposure on birds, we selected 9
representative frequencies: 0.9, 1.8, 2.5, 3.7, 6, 12,
25, 40 and 60 [GHz], which correspond to the
frequency bands currently used in 2G-5G networks,
as well as those planned for future implementation
in next-generation (6G) systems. The EMF expo-
sure was modeled using sinusoidal plane waves
with an amplitude of 1 V/m at a harmonic freque-
ncy. We directed 10 incident plane waves onto the
sparrow model for each frequency from 6 direc-
tions (top, bottom, front, back, and left) defined in
the Cartesian coordinate system. Two orthogonal
E-field polarizations were considered for each

direction, as illustrated in Fig. 4.

feathers

EI skin
- .» brain
k

—— inner tissue

Fig. 3. Sphere with 4 main tissues of the considered bird
(rad = 3 cm).
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In the next step, we determined the grid resolu-
tion (cubic voxels) for the EM-FDTD simulations.
According to the FDTD technique, the grid step (4)
depends on the wavelength, the object's dimens-
ions, and the required spatial accuracy. To obtain a
stable and accurate solution, the grid step must
satisfy the following criterion 4 < 0.14, /\/le—;l,
where 4, is the free-space wavelength and €, -
complex relative permittivity of the dielectric tissues
within the simulation domain. Considering these
requirements, the grid steps ranged from 250 pum
(0.25 mm) to 120 pm (0.12 mm) across the fre-
quency range of 0.9 to 60 GHz along all axes for all
calculations.

After developing the bird model and defining
the input parameters, the next step was conducting
EM simulations using Sim4Life to estimate the
SAR within the sparrow’s body tissues. In accorda-
nce with the established SAR standards (ICNIRP,
2020) for human exposure, SAR is typically ave-
raged over a specific tissue mass, such as 1g or
10 g. We extrapolated it to birds to enable stan-
dardized dosimetrist evaluation and comparison,
and calculate 1 g and 10g SARs for the spar-
row. Numerical dosimetry has not previously been
applied to investigate RF-EMF exposure in birds;
therefore, this study represents a pioneering effort
in the fields of bioelectromagnetics and RF-EMF

environmental impact assessment.

Es ¢ Es
v ksys

k12 I
E, « El

Fig. 4. Considered E-field polarizations and
incidence directions.
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Discussion and Results

We have conducted 90 EM simulations (9 frequ-
encies x 10 incident E-field polarizations) for the
sparrow using Sim4Life Software. With these
simulations, the peak values of local SAR, 1 g SAR,
and 10 g SAR in the whole body of the sparrow,
tissue-averaged SARs, and whole-body averaged
SAR (WBA SAR) were determined at frequencies
from 0.9 to 100 GHz. The results are presented in
Fig. 5-7. The reference level of the incident power
density for 30 min exposure is 10 W/m? (1mW/cm?)
(IEEE, 1999; ICNIRP, 2020). Therefore, all the
SAR values are normalized to an incident power
density of 1 mW/cm? in this paper.

Figure 5 shows the peak local SAR values over
the whole body of the sparrow for each E-field
polarization at all considered frequencies. It seems
that peak SAR values vary depending on incident
E-field polarization, highlighting the sensitivity of
SAR to exposure orientation. The results also show
strong frequency dependence, with significantly
higher peak SAR values observed at millimeter-
wave frequencies 25, 40 and 60 GHz. In these
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12 GHz
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25 GHz
[0B(0.001 W/kg)]

0
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a)

(0-00028 Wrkg)]
0

I8 -30

cases, most of the absorbed power is localized in

the superficial tissues of the sparrow (Fig. 6).
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Fig. 5. Peak local SAR values in the sparrow’s whole

body for an incident power density of 1 mW/cm?.

Figure 6 illustrates the local SAR distributions
for the sparrow model in the ZY plane when a plane
wave is incident from above with the E-field
polarized horizontally along the sparrow’s length
(pol. E8), and when the plane wave is incident from
the front to the sparrow with the vertical E-field
polarization (pol. E1). It seems that EMFs penetrate
deeper into the sparrow tissues at frequencies from
0.9 to 12 GHz. Therefore, the peak local SAR

values are localized deeply inside the sparrow’s

0.9 GHz

25GHz

Z

El E
X ) 4

b)

Fig. 6. Local SAR distribution inside the sparrow model as a function of frequency for a) the mid-sagittal section of
the bird, when the E-vector is directed along the Y-axis (Pol. E8), and b) when the E-vector is directed along the Z-
axis. Local SAR values on the ruler are given in W/kg using a logarithmic (dB) scale.
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body (in the brain and main body parts), while at
other frequencies from 25 to 60 GHz, the EMF
absorption is mainly distributed in the superficial
tissues of the bird, and therefore, the peak SAR
values are located in the same areas.

Figuere 7 shows the tissue-averaged SARs, 1 g
and 10 g SARs, and WBA SAR values all averaged
over ten polarization states at each frequency, for
an incident power density of 1 mW/cm?. It should
be noted that the feathers were excluded from the
averaging process for WBA, 1g, and 10g SAR
calculations because feathers are non-living tissues
and do not significantly absorb EMF energy,
whereas SAR in biological tissues is critical for

assessing thermal and bio-effects.
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Fig. 7. Tissue-averaged SARs for sparrow tissues, 1g
SAR, 10g SAR, and WBA SAR. The SAR values
averaged for all 10 polarizations of incident E-field for
an incident power density of 1 mW/cm?.mW/cm?.

It can be seen from Fig. 7 that SAR values for
the skin and eyes exhibit a consistent upward trend,
particularly within the 12-60 GHz frequency range,
contrasting with the behavior of internal organs.
However, their peak absorption points differ, while
the SAR in the eyes reaches a maximum of 1.6
W/kg at 25 GHz, the skin continues to show inc-
reasing absorption, peaking at 3.0 W/kg at 40 GHz.
The sparrow has the highest brain SARs in the 1.1-
1.9 W/kg range from 2.5 to 6 GHz. The peak value
of brain SAR of 1.85 W/kg was observed at 3.7
GHz; The frequency range where the eye tissue
exhibits its highest SAR levels is between 12 GHz
and 60 GHz, with an absolute maximum observed

Bull. Georg. Natl. Acad. Sci., 20(194), no. 3, 2026

at 25 GHz (approx. 1.6 W/kg). The SAR value in
the inner tissue reaches its maximum of 0.9 W/kg
at a frequency of 1.8 GHz (1800 MHz). The inner
tissue SAR, WBA SAR, 1 g SAR, and 10 g SARs
show a consistent trend across the studied frequen-
cy spectrum. All four metrics reach their maximum
peak at 1.8 GHz, followed by a gradual reduction
as the frequency increases. The peak 1 g, 10 g, and
WBA SAR values are 2.7 W/kg, 1.2 W/kg, and 0.8
W/kg, respectively. A comparison of the calculated
SAR values with IEEE C95.1 and ICNIRP safety
standards reveals significant findings. For an inci-
dent power density of 1 mW/cm? the WBA SARs
for all frequencies exceed the general public limit
of 0.08 W/kg. Furthermore, the localized 1 g SAR
values exceed the 1.6 W/kg public exposure limit,
except at 0.9 GHz (900 MHz). However, the 10 g
SAR remains below the 2 W/kg safety limit. At
high frequencies, EMF absorption is strictly locali-
zed, and spatial averaging over 1 g or 10 g volumes
effectively masks localized hotspots. Due to the
bird’s small body mass, these volumes are dispro-
portionately large, resulting in a true peak local
SAR that is significantly higher than averaged
values (see Fig. 5).

Changing feather properties. Table 3 compares
the tissue-averaged SAR and WBA SAR values in
W/kg for the 4-tissue sphere (Fig. 3) when the fea-
ther’s permittivity and conductivity vary at 6 GHz.
&, &5, &, & and ay, ag, 0, 0, denote permittivities
and conductivities of the feather, skin, inner tissue,
and brain from Table 2 (used in our simulations) at
6 GHz. The results demonstrate how variations in
the EM parameters of feathers influence EMF
absorption in the sub-feather tissues. If & changed
by 1 and g5 increase tenfold or set to 0, either sepa-
rately or simultaneously, the SAR values in feathers
vary sharply due to the known relationship: SAR =
oE? / (2p). However, the relative changes in tis-
sue-specific SARs and WBA SARs (feathers
excluded from this averaging) in the sub-feather
tissues range from 0.1% to 19%.
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Table 3. Comparison of the tissue-specific and WBA SARs for the 4-tissue sphere for the different EM
parameters of feathers at 6 GHz. The SARs are normalized to the incident power density of 1 mW/cm?

Feather SAR | Skin SAR | Inner tissue | Brain SAR | WBA SAR
(W/kg) (W/kg) SAR (W/kg) (W/kg) (W/kg)
&f, &s, &, Eb; Of; Os, Oi, Ob 0.141 0.653 0.519 0.521 0.531
1 |¢; & & eb; 6r=0, 05, 0i, Ob 0.000 0.657 0.522 0.522 0.534
Relative change % -100.00 0.55 0.55 0.17 0.51
&f, &s, &, €, Tf; Os, O, Ob 0.141 0.653 0.519 0.521 0.531
2 | & &5, & e 100y, 05, 01, Ob 1.350 0.623 0.495 0.513 0.507
Relative change % 856.71 -4.65 -4.69 -1.61 -4.61
&f, &s, &i, Eb; O, Ts, Oi, Ob 0.14 0.65 0.52 0.52 1.4
3 |&r-1, &, i, b, 0y, 05, Oi, Ob 0.23 0.53 0.42 0.50 1.28
Relative change % 65.15 -18.39 -18.36 -4.70 9.37
&f, &s, &i, Eb; O, Ts, Oi, Ob 0.14 0.65 0.52 0.52 0.53
4 &+l &5, €, €v; 0f, 05, 0, Ob 0.11 0.76 0.61 0.58 0.62
Relative change % -21.65 16.65 16.52 10.38 16.38
&f, &s, &, €b, Of, Os, O, Ob 0.14 0.65 0.52 0.52 0.53
5 &l & &, e 100y, o5, 0i, Ob 1.07 0.73 0.58 0.57 0.59
Relative change % 656.81 11.72 11.63 8.39 11.54
&f, &s, &i, Eb; O, Os, Oi, Ob 0.14 0.65 0.52 0.52 0.53
6 |grt2, & € e, 1000y, 05, 01, Ob 6.99 0.58 0.46 0.50 0.47
Relative change % 4852.97 -10.81 -11.02 -3.66 -10.81

Conclusion

This paper investigated the impact of RF-EMF
exposure on birds by estimating SAR values within
sparrow tissues across the 0.9—-60 GHz frequency
range using FDTD-based numerical dosimetry. For
FDTD simulations, a discrete, heterogeneous spa-
rrow model consisting of six tissues (feathers, skin,
inner tissue, brain, eyes, and beak) was developed
and assigned specific dielectric properties. The
tissue-averaged, WBA SAR, 1g, and 10g SAR
values were evaluated in bird tissues for all
considered frequencies and 10 plane wave
polarizations. The obtained SAR values depend on
the plane-wave polarization, frequency, and the
bird’s body size and shape. Significant EMF
penetration inside the sparrow's body was observed
in the 1.8 - 6 GHz range, with maximum volumetric
absorption at 1.8 GHz for inner tissue. The WBA

SAR, 1g SAR, and 10g SAR values also show

Bull. Georg. Natl. Acad. Sci., vol. 20(194), no. 3, 2026

peaks at 1.8 GHz. The peak SAR for the brain was
observed at 3.7 GHz, whereas for the eyes, the
maximum occurred at 25 GHz. The impact of
varying feather parameters on EMF absorption in
the underlying tissues was evaluated using a
spherical model filled with bird tissues. The
variation of the results (relative change) did not
exceed 19% at 6 GHz. However, it is desirable to
study this issue more thoroughly. Future studies
will investigate the impact of RF-EMFs on birds of

different sizes and shapes.
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33930l 30%sbo ogm gHobggmols Jumgomgddo 80sbamgdol 3mmo 3mgaosogb@ol (SAR) dgxs-
1gds 0,9-60 233 LobJoOME Os35BMBT0. MoEbgzomo LodMrsEogdo Bs@sMs Sim4Life 3GmyMs-
deo MBOHbzgmmymeuoll EM sdmdblibgaols gsdmygbgdom, Gmdgmos siwdbgdwyemos tmemols
30930 LsbGwo bgsmdol (FDTD) 9gomm@by. gMobzgwo (d90mMs) sdm©amomes, Gmam®3
6-Jumgowmgsbo 393 gMHmagbeo ©ogwgdBHHMEo Md0YdEHO, 350 FmMol dvyddMEo, BoligsMEo,
035¢ngd0, 3960, Gos Jumgowmo s GHzobo. ImMo EM ggmol bgdmddgwogds sdm@gerots
LobYLMOEMBHO dMEGHYIO BHoEXIdOL Fsdmygbgdom 3o 3gme Lobdomgby. BMOb3zgwol Jumgo-
9030 3b6oLsBM3Ms (33em3gNe Jumgomls @s, SBY3g, dmgew UbgwyeDy gsLsdwsEMYdvYEo
(WBA) SAR s 19 5 10g 3565%g gobisdwgsemgdeyemo SAR 36033690mdgdo gzgms gsbbogrremo
Lbob3oMmobmzol 10 BbgzsEslibgs EYIMNWO dMEHYJEO BSNOL 3,EsMHODIEooLmZ0L. 9gag0as
3B396s, Gm3 gMobzgmwgddo gamgdBOMIsabodmeo 3guol 9600l 8msbomgds 9608369 mgbsss
0530300980 LobdoMmybg, 302EsMHOBIGOLS S HOB3GEOL LbgEol BrMBYRLS s BMMISBY.
390Msls Bbgmedo EM ggeol 3608369¢rmgsbo 9gmfiggs wsgodiots 1,8-6 333 Lobdo®wen
05350680, Jsgdubodserry®o dmgemdomo dmsbomgdoo 1,8 333-bg. H30bolmzol SAR-oL 3o-
39900 3608369 mds ©sx0JLOM©S 3,7 333-bg, bergrm MmZsgdolimzgol 25 333 LobdoMgby.
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	Abstract. This study presents the first attempt to investigate electromagnetic field (EMF) exposure in birds, specifically the sparrow, using numerical dosimetry. The objective was to evaluate the specific absorption rate (SAR) in sparrow tissues from 0.9 to 60 GHz. Numerical simulations were performed using the Sim4Life software based on the finite-difference time-domain (FDTD) method. The sparrow was modeled as a six-tissue heterogeneous dielectric object, including feathers, beak, eyes, skin, inner tissue, and brain. Far-field EMF exposure was simulated using sinusoidal plane waves at a single frequency. The tissue-averaged, whole-body averaged (WBA), 1g and 10g SAR values were evaluated in bird tissues for all considered frequencies for all 10 incident plane wave polarizations. The results showed that EMF energy absorption in birds highly depends on frequency, polarization, and bird body dimensions and peculiarities. Significant EMF penetration inside the sparrow's body was observed within the 1.8-6 GHz range, with maximum volumetric absorption at 1.8 GHz. The peak SAR for the brain was observed at 3.7 GHz, whereas for the eyes, the maximum occurred at 25 GHz. © 2026 Bull. Georg. Natl. Acad. Sci.
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	Introduction
	Biological organisms, including birds, are increa-singly exposed to radio-frequency electromagnetic fields (RF-EMFs), which are absorbed by their bodies and can induce dielectric heating (ICNIRP, 2020). The wavelengths used in current and future wireless communication networks are comparable to the body dimensions of some small biological organisms, such as birds, which can trigger whole-body or partial-body resonance during exposure. Addressing this issue represents a significant and relevant research area today, as birds are the essen-tial components of ecosystems and biodiversity. Existing studies have primarily focused on experi-mental investigations of the biological effects of EMF exposure on birds at frequencies below 6 GHz. In this context, a comprehensive review by Levitt et al. (2025) indicates that RF-EMF exposure may interfere with magnetoreception in birds, po-tentially disrupting navigation and orientation, and may also affect behaviour, reproduction, and phy-siological processes; however, the evidence rema-ins heterogeneous and context-dependent. An alter-native and widely used approach for investigating the effects of EMF exposure on biological systems is numerical simulation using computational mod-els or phantoms, in which EMF absorption is quan-tified in terms of the Specific Absorption Rate (SAR) [W/kg] (ICNIRP, 2020). Notably, numerical simulation-based studies of EMF exposure in birds have not yet been conducted. To partially address this gap, this study presents an initial step towards investigating RF-EMF exposure in birds using nu-merical dosimetry to evaluate the SAR values and to develop a realistic heterogeneous bird model. For this study, the house sparrow (Passer domesticus) was selected as a model organism, as it is among the most prevalent bird species in urban environ-ments worldwide and, importantly, is a sedentary (non-migratory) species that leads to chronic, long-term exposure to RF-EMFs from multiple sources. 
	The assessment of SAR for the house sparrow (and other bird species) is important not only for understanding the direct impacts of RF-EMFs on this species, but also for evaluating broader environmental consequences and informing safety standards and environmental policies.
	Materials and Methods
	To study the influence of RF -EMF exposure on birds, quantified by the SAR, we used the EM-FDTD solver of the Sim4Life (ZMT, Zurich, Swit-zerland) software, which is based on the Finite-Difference Time-Domain (FDTD) method. In Sim4Life, the EM solver is based on the numerical solution of the Maxwell Equations by the FDTD method and the Yee Algorithm (Taflove and Hag-ness, 2005). The FDTD method is the most suitable numerical technique for analyzing EMF absorption in complex-shaped and inhomogeneous biological structures (such as birds) and evaluating the SAR values in biological tissues. Sim4Life provides the capability for a precise evaluation of local, tissue-specific, and whole-body averaged SAR (WBA-SAR), as well as SAR averaging over different tissue masses. 
	Achieving these objectives required the follo-wing steps: (1) the development and discretization of a realistic 3D heterogeneous bird model; (2) the selection and assignment of dielectric properties to each specific tissue; and (3) the execution of EM simulations to evaluate the SAR inside the bird tissues.
	Bird model and tissue parameters. As a bird model, we used the house sparrow model (Fig. 1a), which we developed based on an initial sparrow model obtained from the open-access repository 3Dmag (http://3dmag.org). The sparrow was mo-deled as a heterogeneous body using 6 different tissues: feathers, skin, inner tissue, brain, eyes and beak (Fig. 2). The sparrow brain model (Fig. 1b) was generated using Tripo AI (https://www.tripo3d.ai) based on the brain model from Olkowicz et al. (2016) by converting 2D images into a 3D representation. 
	For further processing of the sparrow model, we used the graphics software Blender (Stichting Blender Foundation, Amsterdam, Netherlands). The 3D surface (model) for skin tissue (Fig. 2) was created by removing limbs and other bulging areas from the sparrow model (Fig. 1a). This obtained 3D surface was then compressed within the primary model and smoothed. The 3D surface for the inner tissue was derived from the skin surface by compressing it to a depth of 0.5 mm inward. All parts of the sparrow model were exported in STL format. The physical dimensions of the sparrow model and body parts are presented in Table 1.
	Table 1. Dimensions of the various body parts of the sparrow model
	Bird Dimensions
	Length
	(cm)
	Width
	(cm)
	Height
	(cm)
	Volume (cm³)
	Mass
	(g)
	Sparrow with feathers
	10.47
	3.46
	4.28
	43.81
	27.77
	Sparrow without feathers
	7.48
	2.91
	3.55
	24.53
	26.55
	Feathers
	10.12
	3.46
	4.28
	19.28
	1.25
	Skin
	7.16
	2.91
	3.55
	3.19
	3.54
	Inner tissue
	7.01
	2.76
	3.41
	20.86
	22.4
	Brain
	1.17
	0.94
	0.82
	0.35
	0.37
	Eye
	0.27
	0.16
	0.27
	0.02
	0.02
	Beak
	0.85
	0.64
	0.69
	0.12
	0.22
	The frequency-dependent EM parameters (per-mittivity and conductivity) of sparrow tissues and mass densities, excluding feathers, were selected from the IT'IS database of tissue properties (Has-gall et al., 2022). While the properties for the skin and brain were directly obtained from the IT'IS database, the beak was modeled using cortical bone parameters. The tissue properties of the eyes were calculated by averaging the properties of their pri-mary constituent structures, including the choroid, ciliary body, cornea, iris, lens, retina, sclera, and vitreous humor. Similarly, the properties of the inner tissue were derived by averaging the para-meters of several key internal components, inclu-ding the muscle, stomach, large and small intesti-nes, cortical bone, blood, heart muscle, lung, and liver. The mass density of the feathers was calcu-lated based on the difference between the body density of the bird with and without feathers, using the data provided by Hamershock et al. (1993). The permittivity and conductivity of the feathers were determined by analyzing various literature sources, as well as specifically considering the dielectric properties of keratin, the primary structural component of feathers. The obtained values of tissue parameters are given in Table 2.
	The influence of variations in permittivity, con-ductivity, and mass density on SAR results was investigated in Jeladze et al. (2025), where the rela-tive change in the results was found not to exceed 20%. Since the EM parameters of bird feathers are not characterized with high precision in the litera-ture, the present study specifically examines seve-ral cases of permittivity and conductivity variations using a sparrow-tissue-filled sphere model. This is crucial for understanding how the dielectric proper-ties of feathers influence the absorption of EMFs within the bird's body. The considered 4-tissue sphere, with a 20 mm radius, is presented in Fig. 3. The outer layer (feathers) has a thickness of 2.5mm, while the skin tissue thickness is 0.5mm. The inner tissue is modeled using a sphere with a 17 mm radius, and the brain tissue is represented by a smaller sphere (radius=5mm) with a 10mm off-set from the main center. This model was exposed to an incident plane wave at 6 GHz (the configu-ration is shown in Fig. 3), and the corresponding findings are presented in the Results section. 
	EMF exposure modeling. To evaluate the influ-ence of RF-EMF exposure on birds, we selected 9 representative frequencies: 0.9, 1.8, 2.5, 3.7, 6, 12, 25, 40 and 60 [GHz], which correspond to the frequency bands currently used in 2G-5G networks, as well as those planned for future implementation in next-generation (6G) systems. The EMF expo-sure was modeled using sinusoidal plane waves with an amplitude of 1 V/m at a harmonic freque-ncy. We directed 10 incident plane waves onto the sparrow model for each frequency from 6 direc-tions (top, bottom, front, back, and left) defined in the Cartesian coordinate system. Two orthogonal E-field polarizations were considered for each direction, as illustrated in Fig. 4.
	In the next step, we determined the grid resolu-tion (cubic voxels) for the EM-FDTD simulations. According to the FDTD technique, the grid step (𝛥) depends on the wavelength, the object's dimens-ions, and the required spatial accuracy. To obtain a stable and accurate solution, the grid step must satisfy the following criterion 𝛥<0.1𝜆0/𝜖𝑟∗, where 𝜆0 is the free-space wavelength and 𝜖𝑟∗ - complex relative permittivity of the dielectric tissues within the simulation domain. Considering these requirements, the grid steps ranged from 250 μm (0.25 mm) to 120 μm (0.12 mm) across the fre-quency range of 0.9 to 60 GHz along all axes for all calculations.
	After developing the bird model and defining the input parameters, the next step was conducting EM simulations using Sim4Life to estimate the SAR within the sparrow’s body tissues. In accorda-nce with the established SAR standards (ICNIRP, 2020) for human exposure, SAR is typically ave-raged over a specific tissue mass, such as 1g or 10g. We extrapolated it to birds to enable stan-dardized dosimetrist evaluation and comparison, and calculate 1g and 10g SARs for the spar-row. Numerical dosimetry has not previously been applied to investigate RF-EMF exposure in birds; therefore, this study represents a pioneering effort in the fields of bioelectromagnetics and RF-EMF environmental impact assessment. 
	Discussion and Results
	We have conducted 90 EM simulations (9 frequ-encies × 10 incident E-field polarizations) for the sparrow using Sim4Life Software. With these simulations, the peak values of local SAR, 1g SAR, and 10g SAR in the whole body of the sparrow, tissue-averaged SARs, and whole-body averaged SAR (WBA SAR) were determined at frequencies from 0.9 to 100 GHz. The results are presented in Fig. 5-7. The reference level of the incident power density for 30 min exposure is 10 W/m² (1mW/cm²) (IEEE, 1999; ICNIRP, 2020). Therefore, all the SAR values are normalized to an incident power density of 1 mW/cm2 in this paper.
	Figure 5 shows the peak local SAR values over the whole body of the sparrow for each E-field polarization at all considered frequencies. It seems that peak SAR values vary depending on incident E-field polarization, highlighting the sensitivity of SAR to exposure orientation. The results also show strong frequency dependence, with significantly higher peak SAR values observed at millimeter-wave frequencies 25, 40 and 60 GHz. In these cases, most of the absorbed power is localized in the superficial tissues of the sparrow (Fig. 6).
	/
	Fig. 5. Peak local SAR values in the sparrow’s whole body for an incident power density of 1 mW/cm².
	Figure 6 illustrates the local SAR distributions for the sparrow model in the ZY plane when a plane wave is incident from above with the E-field polarized horizontally along the sparrow’s length (pol. E8), and when the plane wave is incident from the front to the sparrow with the vertical E-field polarization (pol. E1). It seems that EMFs penetrate deeper into the sparrow tissues at frequencies from 0.9 to 12 GHz. Therefore, the peak local SAR values are localized deeply inside the sparrow’s body (in the brain and main body parts), while at other frequencies from 25 to 60 GHz, the EMF absorption is mainly distributed in the superficial tissues of the bird, and therefore, the peak SAR values are located in the same areas.
	Figuere 7 shows the tissue-averaged SARs, 1g and 10g SARs, and WBA SAR values all averaged over ten polarization states at each frequency, for an incident power density of 1 mW/cm². It should be noted that the feathers were excluded from the averaging process for WBA, 1g, and 10g SAR calculations because feathers are non-living tissues and do not significantly absorb EMF energy, whereas SAR in biological tissues is critical for assessing thermal and bio-effects.
	/
	Fig. 7. Tissue-averaged SARs for sparrow tissues, 1g SAR, 10g SAR, and WBA SAR. The SAR values averaged for all 10 polarizations of incident E-field for an incident power density of 1 mW/cm2.mW/cm².
	It can be seen from Fig. 7 that SAR values for the skin and eyes exhibit a consistent upward trend, particularly within the 12-60 GHz frequency range, contrasting with the behavior of internal organs. However, their peak absorption points differ, while the SAR in the eyes reaches a maximum of 1.6 W/kg at 25 GHz, the skin continues to show inc-reasing absorption, peaking at 3.0 W/kg at 40 GHz. The sparrow has the highest brain SARs in the 1.1-1.9 W/kg range from 2.5 to 6 GHz. The peak value of brain SAR of 1.85 W/kg was observed at 3.7 GHz; The frequency range where the eye tissue exhibits its highest SAR levels is between 12 GHz and 60 GHz, with an absolute maximum observed at 25 GHz (approx. 1.6 W/kg). The SAR value in  the inner tissue reaches its maximum of 0.9 W/kg at a frequency of 1.8 GHz (1800 MHz). The inner tissue SAR, WBA SAR, 1g SAR, and 10g SARs show a consistent trend across the studied frequen-cy spectrum. All four metrics reach their maximum peak at 1.8 GHz, followed by a gradual reduction as the frequency increases. The peak 1g, 10g, and WBA SAR values are 2.7 W/kg, 1.2 W/kg, and 0.8 W/kg, respectively. A comparison of the calculated SAR values with IEEE C95.1 and ICNIRP safety standards reveals significant findings. For an inci-dent power density of 1mW/cm², the WBA SARs for all frequencies exceed the general public limit of 0.08W/kg. Furthermore, the localized 1g SAR values exceed the 1.6 W/kg public exposure limit, except at 0.9 GHz (900 MHz). However, the 10 g SAR remains below the 2 W/kg safety limit. At high frequencies, EMF absorption is strictly locali-zed, and spatial averaging over 1g or 10g volumes effectively masks localized hotspots. Due to the bird’s small body mass, these volumes are dispro-portionately large, resulting in a true peak local SAR that is significantly higher than averaged values (see Fig. 5).
	Changing feather properties. Table 3 compares the tissue-averaged SAR and WBA SAR values in W/kg for the 4-tissue sphere (Fig. 3) when the fea-ther’s permittivity and conductivity vary at 6 GHz. 𝜀𝑓,𝜀𝑠, 𝜀𝑖, 𝜀𝑏 and 𝜎𝑓,𝜎𝑠, 𝜎𝑖, 𝜎𝑏 denote permittivities and conductivities of the feather, skin, inner tissue, and brain from Table 2 (used in our simulations) at 6 GHz. The results demonstrate how variations in the EM parameters of feathers influence EMF absorption in the sub-feather tissues. If 𝜀𝑓 changed by 1 and 𝜎𝑓 increase tenfold or set to 0, either sepa-rately or simultaneously, the SAR values in feathers vary sharply due to the known relationship: 𝑆𝐴𝑅=σE² / (2ρ). However, the relative changes in tis-sue-specific SARs and WBA SARs (feathers excluded from this averaging) in the sub-feather tissues range from 0.1% to 19%. 
	Conclusion
	This paper investigated the impact of RF-EMF exposure on birds by estimating SAR values within sparrow tissues across the 0.9–60 GHz frequency range using FDTD-based numerical dosimetry. For FDTD simulations, a discrete, heterogeneous spa-rrow model consisting of six tissues (feathers, skin, inner tissue, brain, eyes, and beak) was developed and assigned specific dielectric properties. The tissue-averaged, WBA SAR, 1g, and 10g SAR values were evaluated in bird tissues for all considered frequencies and 10 plane wave polarizations. The obtained SAR values depend on the plane-wave polarization, frequency, and the bird’s body size and shape. Significant EMF penetration inside the sparrow's body was observed in the 1.8 - 6 GHz range, with maximum volumetric absorption at 1.8 GHz for inner tissue. The WBA SAR, 1g SAR, and 10g SAR values also show peaks at 1.8 GHz. The peak SAR for the brain was observed at 3.7 GHz, whereas for the eyes, the maximum occurred at 25 GHz. The impact of varying feather parameters on EMF absorption in the underlying tissues was evaluated using a spherical model filled with bird tissues. The variation of the results (relative change) did not exceed 19% at 6 GHz. However, it is desirable to study this issue more thoroughly. Future studies will investigate the impact of RF-EMFs on birds of different sizes and shapes.
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[bookmark: OLE_LINK1]Abstract. This study presents the first attempt to investigate electromagnetic field (EMF) exposure in birds, specifically the sparrow, using numerical dosimetry. The objective was to evaluate the specific absorption rate (SAR) in sparrow tissues from 0.9 to 60 GHz. Numerical simulations were performed using the Sim4Life software based on the finite-difference time-domain (FDTD) method. The sparrow was modeled as a six-tissue heterogeneous dielectric object, including feathers, beak, eyes, skin, inner tissue, and brain. Far-field EMF exposure was simulated using sinusoidal plane waves at a single frequency. The tissue-averaged, whole-body averaged (WBA), 1g and 10g SAR values were evaluated in bird tissues for all considered frequencies for all 10 incident plane wave polarizations. The results showed that EMF energy absorption in birds highly depends on frequency, polarization, and bird body dimensions and peculiarities. Significant EMF penetration inside the sparrow's body was observed within the 1.8-6 GHz range, with maximum volumetric absorption at 1.8 GHz. The peak SAR for the brain was observed at 3.7 GHz, whereas for the eyes, the maximum occurred at 25 GHz. © 2026 Bull. Georg. Natl. Acad. Sci.
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Introduction

Biological organisms, including birds, are increa-
singly exposed to radio-frequency electromagnetic fields (RF-EMFs), which are absorbed by their bodies and can induce dielectric heating (ICNIRP, 2020). The wavelengths used in current and future wireless communication networks are comparable to the body dimensions of some small biological organisms, such as birds, which can trigger whole-body or partial-body resonance during exposure. Addressing this issue represents a significant and relevant research area today, as birds are the essen-
tial components of ecosystems and biodiversity. Existing studies have primarily focused on experi-
mental investigations of the biological effects of EMF exposure on birds at frequencies below 6 GHz. In this context, a comprehensive review by Levitt et al. (2025) indicates that RF-EMF exposure may interfere with magnetoreception in birds, po-
tentially disrupting navigation and orientation, and may also affect behaviour, reproduction, and phy-
siological processes; however, the evidence rema-
ins heterogeneous and context-dependent. An alter-
native and widely used approach for investigating the effects of EMF exposure on biological systems is numerical simulation using computational mod-
els or phantoms, in which EMF absorption is quan-
tified in terms of the Specific Absorption Rate (SAR) [W/kg] (ICNIRP, 2020). Notably, numerical simulation-based studies of EMF exposure in birds have not yet been conducted. To partially address this gap, this study presents an initial step towards investigating RF-EMF exposure in birds using nu-
merical dosimetry to evaluate the SAR values and to develop a realistic heterogeneous bird model. For this study, the house sparrow (Passer domesticus) was selected as a model organism, as it is among the most prevalent bird species in urban environ-
ments worldwide and, importantly, is a sedentary (non-migratory) species that leads to chronic, long-term exposure to RF-EMFs from multiple sources. 

The assessment of SAR for the house sparrow (and other bird species) is important not only for understanding the direct impacts of RF-EMFs on this species, but also for evaluating broader environmental consequences and informing safety standards and environmental policies.



Materials and Methods

To study the influence of RF -EMF exposure on birds, quantified by the SAR, we used the EM-FDTD solver of the Sim4Life (ZMT, Zurich, Swit-
zerland) software, which is based on the Finite-Difference Time-Domain (FDTD) method. In Sim4Life, the EM solver is based on the numerical solution of the Maxwell Equations by the FDTD method and the Yee Algorithm (Taflove and Hag-
ness, 2005). The FDTD method is the most suitable numerical technique for analyzing EMF absorption in complex-shaped and inhomogeneous biological structures (such as birds) and evaluating the SAR values in biological tissues. Sim4Life provides the capability for a precise evaluation of local, tissue-specific, and whole-body averaged SAR (WBA-SAR), as well as SAR averaging over different tissue masses. [image: ]   [image: ]                  [image: ]

a)                                                 b)

Fig. 1. Sparrow 3D models in STL format: a) sparrow model, 	Fig. 2. Mid-sagittal cross-section of the 6-tissue

b) brain model.						discrete heterogeneous model of the sparrow.



Achieving these objectives required the follo-
wing steps: (1) the development and discretization of a realistic 3D heterogeneous bird model; (2) the selection and assignment of dielectric properties to each specific tissue; and (3) the execution of EM simulations to evaluate the SAR inside the bird tissues.

Bird model and tissue parameters. As a bird model, we used the house sparrow model (Fig. 1a), which we developed based on an initial sparrow model obtained from the open-access repository 3Dmag (http://3dmag.org). The sparrow was mo-
deled as a heterogeneous body using 6 different tissues: feathers, skin, inner tissue, brain, eyes 
and beak (Fig. 2). The sparrow brain model 
(Fig. 1b) was generated using Tripo AI (https://www.tripo3d.ai) based on the brain model from Olkowicz et al. (2016) by converting 2D images into a 3D representation. 

For further processing of the sparrow model, we used the graphics software Blender (Stichting Blender Foundation, Amsterdam, Netherlands). The 3D surface (model) for skin tissue (Fig. 2) was created by removing limbs and other bulging areas from the sparrow model (Fig. 1a). This obtained 3D surface was then compressed within the primary model and smoothed. The 3D surface for the inner tissue was derived from the skin surface by compressing it to a depth of 0.5 mm inward. All parts of the sparrow model were exported in STL format. The physical dimensions of the sparrow model and body parts are presented in Table 1.



Table 1. Dimensions of the various body parts of the sparrow model

		Bird Dimensions

		Length

(cm)

		Width

(cm)

		Height

(cm)

		Volume (cm³)

		Mass

(g)



		Sparrow with feathers

		10.47

		3.46

		4.28

		43.81

		27.77



		Sparrow without feathers

		7.48

		2.91

		3.55

		24.53

		26.55



		Feathers

		10.12

		3.46

		4.28

		19.28

		1.25



		Skin

		7.16

		2.91

		3.55

		3.19

		3.54



		Inner tissue

		7.01

		2.76

		3.41

		20.86

		22.4



		Brain

		1.17

		0.94

		0.82

		0.35

		0.37



		Eye

		0.27

		0.16

		0.27

		0.02

		0.02



		Beak

		0.85

		0.64

		0.69

		0.12

		0.22







The frequency-dependent EM parameters (per-
mittivity and conductivity) of sparrow tissues and mass densities, excluding feathers, were selected from the IT'IS database of tissue properties (Has-
gall et al., 2022). While the properties for the skin and brain were directly obtained from the IT'IS database, the beak was modeled using cortical bone parameters. The tissue properties of the eyes were calculated by averaging the properties of their pri-
mary constituent structures, including the choroid, ciliary body, cornea, iris, lens, retina, sclera, and vitreous humor. Similarly, the properties of the inner tissue were derived by averaging the para-
meters of several key internal components, inclu-
ding the muscle, stomach, large and small intesti-
nes, cortical bone, blood, heart muscle, lung, and liver. The mass density of the feathers was calcu-
lated based on the difference between the body density of the bird with and without feathers, using the data provided by Hamershock et al. (1993). The permittivity and conductivity of the feathers were determined by analyzing various literature sources, as well as specifically considering the dielectric properties of keratin, the primary structural component of feathers. The obtained values of tissue parameters are given in Table 2.Table 2. Tissue parameters used for the sparrow model

[bookmark: _Hlk218645357]Tissue

parameters



Skin

Inner tissue

Brain

Eye

Beak

Feathers



ε

σ

[S/m]

ε

σ

[S/m]

ε

σ

[S/m]

ε

σ

[S/m]

ε

σ

[S/m]

ε

σ

[S/m]

0.9 GHz

41.4

0.87

52.9

1.07

45.8

0.77

54.9

1.13

12.5

0.14

3.5

0.001

1.8 GHz

38.9

1.18

50.8

1.5

43.6

1.15

53.3

1.55

11.8

0.28

3.2

0.003

2.5 GHz

38.0

1.49

49.7

1.9

44.7

2.13

52.3

2.05

11.4

0.40

3.0

0.004

3.7 GHz

36.8

2.15

48.3

2.7

42.9

3.03

50.8

3.01

10.7

0.66

2.85

0.005

6 GHz

34.9

3.89

44.7

5.4

39.7

5.20

47.6

5.58

9.59

1.20

2.55

0.007

12 GHz

29.3

10.3

36.5

13.3

32.2

12.2

38.9

14.2

7.56

2.56

2.0

0.010

25 GHz

18.3

23.6

23.7

28.5

20.9

25.3

24.8

31.0

5.44

4.60

1.92

0.022

40 GHz

11.7

31.8

16.2

39.4

14.5

34.5

16.5

42.6

4.43

6.01

1.88

0.042

60 GHz

7.98

36.4

11.5

47.5

10.5

41.3

11.5

50.8

3.81

7.21

1.85

0.065



density ρ [kg/m³]



1109

1073

1045.5

1055

1908

65





The influence of variations in permittivity, con-
ductivity, and mass density on SAR results was investigated in Jeladze et al. (2025), where the rela-
tive change in the results was found not to exceed 20%. Since the EM parameters of bird feathers are not characterized with high precision in the litera-
ture, the present study specifically examines seve-
ral cases of permittivity and conductivity variations using a sparrow-tissue-filled sphere model. This is crucial for understanding how the dielectric proper-
ties of feathers influence the absorption of EMFs within the bird's body. The considered 4-tissue sphere, with a 20 mm radius, is presented in Fig. 3. The outer layer (feathers) has a thickness of 2.5mm, while the skin tissue thickness is 0.5mm. The inner tissue is modeled using a sphere with a 17 mm radius, and the brain tissue is represented by a smaller sphere (radius=5mm) with a 10mm off-
set from the main center. This model was exposed to an incident plane wave at 6 GHz (the configu-
ration is shown in Fig. 3), and the corresponding findings are presented in the Results section. 

EMF exposure modeling. To evaluate the influ-
ence of RF-EMF exposure on birds, we selected 9 representative frequencies: 0.9, 1.8, 2.5, 3.7, 6, 12, 25, 40 and 60 [GHz], which correspond to the frequency bands currently used in 2G-5G networks, as well as those planned for future implementation in next-generation (6G) systems. The EMF expo-
sure was modeled using sinusoidal plane waves with an amplitude of 1 V/m at a harmonic freque-
ncy. We directed 10 incident plane waves onto the sparrow model for each frequency from 6 direc-
tions (top, bottom, front, back, and left) defined in the Cartesian coordinate system. Two orthogonal E-field polarizations were considered for each direction, as illustrated in Fig. 4.[image: ]			[image: ]

Fig. 3. Sphere with 4 main tissues of the considered bird		Fig. 4. Considered E-field polarizations and 

 (rad = 3 cm).						incidence directions.





In the next step, we determined the grid resolu-
tion (cubic voxels) for the EM-FDTD simulations. According to the FDTD technique, the grid step () depends on the wavelength, the object's dimens-
ions, and the required spatial accuracy. To obtain a stable and accurate solution, the grid step must satisfy the following criterion , where  is the free-space wavelength and  - complex relative permittivity of the dielectric tissues within the simulation domain. Considering these requirements, the grid steps ranged from 250 μm (0.25 mm) to 120 μm (0.12 mm) across the fre-
quency range of 0.9 to 60 GHz along all axes for all calculations.

After developing the bird model and defining the input parameters, the next step was conducting EM simulations using Sim4Life to estimate the SAR within the sparrow’s body tissues. In accorda-
nce with the established SAR standards (ICNIRP, 2020) for human exposure, SAR is typically ave-
raged over a specific tissue mass, such as 1g or 10g. We extrapolated it to birds to enable stan-
dardized dosimetrist evaluation and comparison, and calculate 1g and 10g SARs for the spar-
row. Numerical dosimetry has not previously been applied to investigate RF-EMF exposure in birds; therefore, this study represents a pioneering effort in the fields of bioelectromagnetics and RF-EMF environmental impact assessment. 

Discussion and Results

We have conducted 90 EM simulations (9 frequ-
encies × 10 incident E-field polarizations) for the sparrow using Sim4Life Software. With these simulations, the peak values of local SAR, 1g SAR, and 10g SAR in the whole body of the sparrow, tissue-averaged SARs, and whole-body averaged SAR (WBA SAR) were determined at frequencies from 0.9 to 100 GHz. The results are presented in Fig. 5-7. The reference level of the incident power density for 30 min exposure is 10 W/m² (1mW/cm²) (IEEE, 1999; ICNIRP, 2020). Therefore, all the SAR values are normalized to an incident power density of 1 mW/cm2 in this paper.

Figure 5 shows the peak local SAR values over the whole body of the sparrow for each E-field polarization at all considered frequencies. It seems that peak SAR values vary depending on incident E-field polarization, highlighting the sensitivity of SAR to exposure orientation. The results also show strong frequency dependence, with significantly higher peak SAR values observed at millimeter-wave frequencies 25, 40 and 60 GHz. In these cases, most of the absorbed power is localized in the superficial tissues of the sparrow (Fig. 6).[image: ]                  [image: ]

a)                                                                                    b)

Fig. 6. Local SAR distribution inside the sparrow model as a function of frequency for a) the mid-sagittal section of the bird, when the E-vector is directed along the Y-axis (Pol. E8), and b) when the E-vector is directed along the Z-axis. Local SAR values on the ruler are given in W/kg using a logarithmic (dB) scale.





[image: ]

Fig. 5. Peak local SAR values in the sparrow’s whole body for an incident power density of 1 mW/cm².



Figure 6 illustrates the local SAR distributions for the sparrow model in the ZY plane when a plane wave is incident from above with the E-field polarized horizontally along the sparrow’s length (pol. E8), and when the plane wave is incident from the front to the sparrow with the vertical E-field polarization (pol. E1). It seems that EMFs penetrate deeper into the sparrow tissues at frequencies from 0.9 to 12 GHz. Therefore, the peak local SAR values are localized deeply inside the sparrow’s body (in the brain and main body parts), while at other frequencies from 25 to 60 GHz, the EMF absorption is mainly distributed in the superficial tissues of the bird, and therefore, the peak SAR values are located in the same areas.

Figuere 7 shows the tissue-averaged SARs, 1g and 10g SARs, and WBA SAR values all averaged over ten polarization states at each frequency, for an incident power density of 1 mW/cm². It should be noted that the feathers were excluded from the averaging process for WBA, 1g, and 10g SAR calculations because feathers are non-living tissues and do not significantly absorb EMF energy, whereas SAR in biological tissues is critical for assessing thermal and bio-effects.



[image: ]

Fig. 7. Tissue-averaged SARs for sparrow tissues, 1g SAR, 10g SAR, and WBA SAR. The SAR values averaged for all 10 polarizations of incident E-field for an incident power density of 1 mW/cm2.mW/cm².



It can be seen from Fig. 7 that SAR values for the skin and eyes exhibit a consistent upward trend, particularly within the 12-60 GHz frequency range, contrasting with the behavior of internal organs. However, their peak absorption points differ, while the SAR in the eyes reaches a maximum of 1.6 W/kg at 25 GHz, the skin continues to show inc-
reasing absorption, peaking at 3.0 W/kg at 40 GHz. The sparrow has the highest brain SARs in the 1.1-1.9 W/kg range from 2.5 to 6 GHz. The peak value of brain SAR of 1.85 W/kg was observed at 3.7 GHz; The frequency range where the eye tissue exhibits its highest SAR levels is between 12 GHz and 60 GHz, with an absolute maximum observed at 25 GHz (approx. 1.6 W/kg). The SAR value in  the inner tissue reaches its maximum of 0.9 W/kg at a frequency of 1.8 GHz (1800 MHz). The inner tissue SAR, WBA SAR, 1g SAR, and 10g SARs show a consistent trend across the studied frequen-
cy spectrum. All four metrics reach their maximum peak at 1.8 GHz, followed by a gradual reduction as the frequency increases. The peak 1g, 10g, and WBA SAR values are 2.7 W/kg, 1.2 W/kg, and 0.8 W/kg, respectively. A comparison of the calculated SAR values with IEEE C95.1 and ICNIRP safety standards reveals significant findings. For an inci-
dent power density of 1mW/cm², the WBA SARs for all frequencies exceed the general public limit of 0.08W/kg. Furthermore, the localized 1g SAR values exceed the 1.6 W/kg public exposure limit, except at 0.9 GHz (900 MHz). However, the 10 g SAR remains below the 2 W/kg safety limit. At high frequencies, EMF absorption is strictly locali-
zed, and spatial averaging over 1g or 10g volumes effectively masks localized hotspots. Due to the bird’s small body mass, these volumes are dispro-
portionately large, resulting in a true peak local SAR that is significantly higher than averaged values (see Fig. 5).

Changing feather properties. Table 3 compares the tissue-averaged SAR and WBA SAR values in W/kg for the 4-tissue sphere (Fig. 3) when the fea-
ther’s permittivity and conductivity vary at 6 GHz.  and  denote permittivities and conductivities of the feather, skin, inner tissue, and brain from Table 2 (used in our simulations) at 6 GHz. The results demonstrate how variations in the EM parameters of feathers influence EMF absorption in the sub-feather tissues. If  changed by 1 and  increase tenfold or set to 0, either sepa-
rately or simultaneously, the SAR values in feathers vary sharply due to the known relationship: However, the relative changes in tis-
sue-specific SARs and WBA SARs (feathers excluded from this averaging) in the sub-feather tissues range from 0.1% to 19%. 




ConclusionTable 3. Comparison of the tissue-specific and WBA SARs for the 4-tissue sphere for the different EM parameters of feathers at 6 GHz. The SARs are normalized to the incident power density of 1 mW/cm2



Feather SAR (W/kg)

Skin SAR (W/kg)

Inner tissue

SAR (W/kg)

Brain SAR (W/kg)

WBA SAR (W/kg)

1

εf, εs, εi, εb; σf, σs, σi, σb

0.141

0.653

0.519

0.521

0.531



εf, εs, εi, εb; σf = 0, σs, σi, σb

0.000

0.657

0.522

0.522

0.534



Relative change %

-100.00

0.55

0.55

0.17

0.51

2

εf, εs, εi, εb; σf, σs, σi, σb

0.141

0.653

0.519

0.521

0.531



εf, εs, εi, εb; 10σf, σs, σi, σb

1.350

0.623

0.495

0.513

0.507



Relative change %

856.71

-4.65

-4.69

-1.61

-4.61

3

εf, εs, εi, εb; σf, σs, σi, σb

0.14

0.65

0.52

0.52

1.4



εf -1, εs, εi, εb; σf, σs, σi, σb

0.23

0.53

0.42

0.50

1.28



Relative change %

65.15

-18.39

-18.36

-4.70

9.37



4

εf, εs, εi, εb; σf, σs, σi, σb

0.14

0.65

0.52

0.52

0.53



εf +1, εs, εi, εb; σf, σs, σi, σb

0.11

0.76

0.61

0.58

0.62



Relative change %

-21.65

16.65

16.52

10.38

16.38

5

εf, εs, εi, εb; σf, σs, σi, σb

0.14

0.65

0.52

0.52

0.53



εf +1, εs, εi, εb; 10σf, σs, σi, σb

1.07

0.73

0.58

0.57

0.59



Relative change %

656.81

11.72

11.63

8.39

11.54

6

εf, εs, εi, εb;  σf, σs, σi, σb

0.14

0.65

0.52

0.52

0.53



εf +2, εs, εi, εb;  100σf, σs, σi, σb

6.99

0.58

0.46

0.50

0.47



Relative change %

4852.97

-10.81

-11.02

-3.66

-10.81





This paper investigated the impact of RF-EMF exposure on birds by estimating SAR values within sparrow tissues across the 0.9–60 GHz frequency range using FDTD-based numerical dosimetry. For FDTD simulations, a discrete, heterogeneous spa-
rrow model consisting of six tissues (feathers, skin, inner tissue, brain, eyes, and beak) was developed and assigned specific dielectric properties. The tissue-averaged, WBA SAR, 1g, and 10g SAR values were evaluated in bird tissues for all considered frequencies and 10 plane wave polarizations. The obtained SAR values depend on the plane-wave polarization, frequency, and the bird’s body size and shape. Significant EMF penetration inside the sparrow's body was observed in the 1.8 - 6 GHz range, with maximum volumetric absorption at 1.8 GHz for inner tissue. The WBA SAR, 1g SAR, and 10g SAR values also show peaks at 1.8 GHz. The peak SAR for the brain was observed at 3.7 GHz, whereas for the eyes, the maximum occurred at 25 GHz. The impact of varying feather parameters on EMF absorption in the underlying tissues was evaluated using a spherical model filled with bird tissues. The variation of the results (relative change) did not exceed 19% at 6 GHz. However, it is desirable to study this issue more thoroughly. Future studies will investigate the impact of RF-EMFs on birds of different sizes and shapes.
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ლებში განისაზღვრა ცალკეულ ქსოვილსა და, ასევე, მთელ სხეულზე გასაშუალოებული (WBA) SAR და 1გ და 10გ მასაზე გასაშუალოებული SAR მნიშვნელობები ყველა განხილული სიხშირისთვის 10 სხვადასხვა დაცემული ბრტყელი ტალღის პოლარიზაციისთვის. შედეგებმა აჩვენა, რომ ფრინველებში ელექტრომაგნიტური ველის ენერგიის შთანთქმა მნიშვნელოვნადაა დამოკიდებული სიხშირეზე, პოლარიზაციასა და ფრინველის სხეულის ზომებსა და ფორმაზე. ბეღურას სხეულში EM ველის მნიშვნელოვანი შეღწევა დაფიქსირდა 1,8-6 გჰც სიხშირულ დიაპაზონში, მაქსიმალური მოცულობითი შთანთქმით 1,8 გჰც-ზე. ტვინისთვის SAR-ის პი-
კური მნიშვნელობა დაფიქსირდა 3,7 გჰც-ზე, ხოლო თვალებისთვის 25 გჰც სიხშირეზე.
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