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Abstract

Objective. Children’s exposure to radio-frequency electromagnetic fields above 6 GHz lacks
characterization. No study spans sub-GHz cellular bands to millimeter wave while including child
phantoms. This study quantifies the specific absorption rate (SAR) and absorbed power density

(APD) in two adult and two child anatomical phantoms across 15 frequencies from 450 MHz to 26
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GHz. Approach. We performed 550 finite-difference time-domain simulations covering
environmental (plane-wave) and auto-induced (beamforming) exposure. SAR and APD were
computed following IEC/IEEE 62 704—1 and IEC/IEEE 63 195-4, respectively. The simulations
included, for the first time, whole-body dosimetry at 26 GHz in child and adult phantoms, and child
APD across 7-15 GHz. Results were normalized to the international commission on non-ionizing
radiation protection 2020 reference levels for general public exposure. Main results. Children show
1.5-1.9 times higher whole-body SAR than adults at all sub-6 GHz frequencies. A 6 year-old
reaches 93% of the 80 mW kg~ ! whole-body SAR limit at 2140 MHz, averaged over 12 plane-wave
configurations, and 145% in the worst one. Whole-body SAR, not local SAR, determines
compliance margins below 6 GHz. Brain SAR decreases by 96% from 450 MHz to 5.8 GHz as
absorption shifts to the skin. Eye SAR drops 77-fold from 7 to 26 GHz as penetration depth falls
below eyelid thickness. Under simplified maximum ratio transmission (MRT) beamforming, psSAR
109 at 3500 MHz exceeds the 2 W kg™ " head/torso limit for all four phantoms (131%—158%). APD at
7 GHz exceeds 20 W m™2 for a 6 year-old by 2.5%. Worst-case whole-body SAR agrees with the
literature within 2%. Significance. The results identify frequency-phantom combinations where
compliance margins narrow: 3500 MHz and 7 GHz under beamforming, and children near 2 GHz
under environmental exposure. The organ-specific SAR data for brain, eyes, skin, and genitals
support epidemiological exposure assessment and dose modeling across current and prospective

wireless bands.
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1. Introduction

With the deployment of 5G wireless technology, the number of base stations and antennas per
base station has increased significantly compared to 4G (GSMA 2024). 5G networks now serve 2
billion subscribers across more than 100 countries. 6G targets commercial deployment by 2030
(GSMA 2024). These networks span three frequency ranges: FR1 (450 MHz—6 GHz), FR2 (24—
52.6 GHz for 5G mmWave), and the prospective FR3 (7—15 GHz for 6G) (Next G Alliance 2023,
Katwe et al 2024). When a massive MIMO (MaMIMO) base station beamforms toward an active
user, the resulting exposure is auto-induced (Velghe et al 2021), the user’s position induces the
exposure. For non-users or 4G users without beamforming, exposure is environmental. This
distinction matters because auto-induced exposure concentrates energy toward the user, while
environmental exposure arrives from all directions. Children’s developing tissues may respond
differently to radio frequency (RF)—electromagnetic field (EMF) than adults (Peyman et al 2009),

motivating age-specific exposure assessment.

Computational dosimetry quantifies specific absorption rate (SAR) and absorbed power density
(APD) induced in human tissues by external EMF (Hand 2008, Hirata et al 2021a). Previous far-
field studies characterized whole-body and localized SAR from plane-wave exposure using
anatomically realistic phantoms. Dimbylow (2002) established baseline SAR values for an adult
model (NORMAN) from 10 MHz to 3 GHz, including scaled child versions. Uusitupa et al (2010)
extended this to 15 voxel models (18—-105 kg) from 300 MHz to 5 GHz. Whole-body SAR at the
international commission on non-ionizing radiation protection (ICNIRP) reference level approached
basic restrictions for small children. Posture, polarization, and incidence direction significantly
affected results. Bakker et al (2010) compared induced SAR in child and adult models from 10
MHz to 5.6 GHz, finding that whole-body SAR exceeded the basic restriction by up to 45% in small

children at the reference level. Vermeeren et al (2008a), Kihn et al (2009)showed that reference

levels derived from simplified models are not always consistent with basic restrictions when
evaluated on detailed anatomical phantoms or realistic multipath environments. Vermeeren et al
(2008b) applied a stochastic method for assessing whole-body SAR in realistic multipath

environments by combining single plane-wave finite-difference time-domain (FDTD) simulations.

These studies focused on sub-6 GHz frequencies and isotropic (environmental) exposure from
uniformly distributed plane waves. The ICNIRP 2020 guidelines (ICNIRP 2020) introduced APD as
the basic restriction above 6 GHz, replacing volumetric SAR, with a surface metric averaged over 4

cm?. Hirata et al (2021b) reviewed computational dosimetry studies supporting this transition,



confirming that APD correlates with tissue temperature rise at millimeter-wave frequencies. Recent
APD studies above 6 GHz used simplified models: planar slabs (Nakae et al 2020), spherical
heads (Loji¢ Kapetanovi¢ and Poljak 2022), isolated ear structures (Loji¢ Kapetanovi¢ et al 2023),
typically at single frequencies without cross-phantom comparison. Whole-body average SAR has
been computed up to 100 GHz in adult models (Kodera et al 2024), but child phantoms have not
been included. No study has evaluated APD in realistic whole-body phantoms across the 6G upper
mid-band (7-15 GHz), and none has characterized the ‘auto-induced’ exposure that arises when a
MaMIMO base station beamforms toward a user’s device. Previous MaMIMO work coupled ray-
tracing with FDTD for specific indoor (Shikhantsov et al 2020, Wydaeghe et al 2022) and outdoor
(Wydaeghe et al 2026) environments, but these scenario-specific studies do not yield exposure

estimates directly comparable across phantoms, frequencies, and technologies.

Three gaps limit current understanding of far-field RF—-EMF exposure in the 5G/6G era: (1) No
single study spans the full spectral range from sub-GHz cellular bands through the 6G upper mid-
band and into millimeter wave (26 GHz) while including child phantoms, capturing how dosimetric
metrics evolve as penetration depth decreases from tens of millimeters to one millimeter. (2) Child
exposure remains under-characterized at higher frequencies. Existing studies typically include one
or two child models, making inter-individual variability difficult to assess. (3) Auto-induced
exposure, where beamforming creates localized hotspots near the body, has not been

systematically evaluated against ICNIRP 2020 basic restrictions across phantoms and frequencies.

This study addresses these gaps with FDTD simulations covering 15 frequencies (450 MHz—-26
GHz), four virtual population (ViP) phantoms (Gosselin et al 2014) (two adults, two children), and
two exposure scenarios: environmental (isotropic plane-wave illumination from 12 directions with
two polarizations each, as in Bakker et al (2010), Uusitupa et al (2010)) and auto-induced (four-
direction MRT beamforming toward a hypothetical user equipment (UE) location). We compute
psSAR, whole-body SAR, and organ-specific SAR following the IEC/IEEE 62 704—1 standard
(IEC/IEEE 2017) below 6 GHz, and APD following the IEC/IEEE 63 195—4 standard (IEC/IEEE
2022) at or above 6 GHz. To the best of the authors” knowledge, this is the first study to perform
whole-body dosimetry at 26 GHz in child phantoms and to characterize child APD across the 7-15
GHz band. The 550 simulations enable comparisons between phantoms and frequency bands
revealing how compliance margins with ICNIRP 2020 basic restrictions vary with body size,

frequency, and exposure scenario. The comparison reveals a result the reference levels do not



account for. At 3500 MHz and 7 GHz, auto-induced beamforming meets the ICNIRP reference
level yet exceeds the basic restriction. Below 6 GHz the compliance metric is whole-body SAR.

Above it, the metric is APD.

The results inform regulators by identifying frequency-phantom combinations where compliance
margins narrow (e.g. 7 GHz auto-induced exposure in child phantoms). The ICNIRP guidelines set
no organ-specific basic restriction. Epidemiological studies use organ-level dose to relate exposure
to long-term biological outcomes from surveyed usage patterns (Liorni et al 2020, Birks et al 2021,
van Wel et al 2021). Such dose modeling requires organ-specific SAR across many frequencies,
phantoms, and exposure scenarios. We report an open dataset of the compliance metrics and the

organ-specific SAR, for adults and children, from 450 MHz to 26 GHz (GOLIAT Consortium 2022).

2. Methods

Table 1 lists the complete simulation configuration used throughout this section.

Table 1. Comprehensive FDTD Simulation Parameters and Computational Requirements.

Parameter Description 5G FR1 / Sub-6 GHz 6G FI
and Unit

Frequencies and scenarios

Frequency  Sinusoidal 450 700 835 1450 2140 2450 3500 5200 5800 7000 9000 11
[MHz] 00!

Technology Wireless LTE 5G GSM- LTE LTE Wi-Fi 5G Wi- Wi- 6G 6G 6G
standard NR 850 NR Fi Fi

Environmental Plane wave, V v v v N4 v N4 v v N4 v v

isotropic

Auto-induced UE v v v v v
beamforming,
MRT

Basic quantities

SAR[Wkg™"] Norm.to1W psSAR, SAR, SAR, SAR (brain, skin, eyes, genitals), Thelonious fr

m=2 according to IEC/IEEE 62 704-1



Parameter Description 5G FR1 / Sub-6 GHz 6G Fl

and Unit

APD [Wm Norm.to 1 W X 4-cm averaged
m IEC/IEE

Spatial and temporal resolution

Cell size [mm] 25 25 25 25 1694 1482 10 10 1.0 06 05 0.5

Time step [ps] Courant limit 4.81 4.81 481 481 326 285 193 193 193 1.16 096 0.9

Perforation Skin mesh 13.1 13.1 131 131 1.0 0 0 0 0 0 0 0

[%] holes

Cells per [] Skin, /cell 24 21 19 15 17 18 19 11 10 13 10 8

Cellsper10g 21.5mm/ 9 9 9 9 13 15 22 22 22 36 43 43

cube side [] cell

90% power absorption depth

Eye (Vitreous) Bottleneck 36 33 32 28 23 21 15 88 75 56 37 27

[mm]

Skin [mm] Surface (0.5- — — — — — — — — — — — 3.8
4 mm)

Muscle [mm]  Bulk 59 53 50 39 29 26 17 10 87 66 45 33

Cells per wavelength (CPW)

Eye (Vitreous) :6931 32 21 17 10 10 10 10 7 6 9 9 7

[]

Muscle [] : 5726 35 23 19 11 11 11 12 8 7 10 10 9

Skin [] : 4618 39 26 22 13 13 13 14 10 9 12 12 10

Computational domain size in millions of cells (MCells)

Height factor 1 1 1 1 1 1 1 1 1 1.00 0.58 0.5

[]

Duke (M, 34y) Full: 5428181 28 28 28 28 83 121 376 376 376

[MCells] cm



Parameter Description 5G FR1 / Sub-6 GHz 6G Fl

and Unit

Reduced: /2 750 744

Ella (F, 26y) Full: 5028163 23 23 23 23 70 103 318 318 318
[MCells] cm

Reduced: /2 630 625

Eartha (F, 8y) Full: 4523139 16 16 16 16 47 69 210 210 210
[MCells] cm

Reduced: /2 408 404

Thelonious Full: 3721118 11 11 M 11 32 46 142 142 142

(M, 6y) cm

[MCells]
Reduced: /2 268 266
Half (for 241 411
SAR): /2

74

624

40¢

26¢

411

NOte:X indicates simulations not performed for that phantom-frequency combination.

2.1. Frequency selection and technology mapping
The 15 frequencies in table 1 span 450 MHz to 26 GHz, covering three spectral regions used by

current and future wireless communication systems.

The sub-6 GHz band (FR1) includes nine frequencies representing deployed cellular and Wi-Fi
technologies: 450 MHz (LTE Band 31, public safety), 700 MHz (5G NR n28, digital dividend

spectrum), 835 MHz (GSM-850), 1450 MHz (LTE Band 32, supplemental downlink), 2140 MHz
(LTE Band 1 downlink), 2450 MHz (Wi-Fi 2.4 GHz ISM band), 3500 MHz (5G NR n78, C-band),
and 5200/5800 MHz (Wi-Fi 5 GHz UNII bands). These frequencies were selected to sample the

most common wireless bands while providing uniform coverage of the RF spectrum up to 6 GHz.

The FR2 band is represented by 26 GHz (5G NR n258). Millimeter-wave bands offer wide

contiguous bandwidths (up to 400 MHz per channel), supporting multi-gigabit data rates. High path

loss limits practical deployment to short-range, line-of-sight scenarios (Rappaport et al 2019). In



FDTD simulations, computational cost scales with the fourth power of the frequency (): doubling
the frequency halves the cell size in all three dimensions and the time step, increasing workload
16-fold. A single full-body simulation at 26 GHz with 0.3 mm resolution requires several billion grid
cells. Therefore, the analysis at this frequency was limited to one phantom (Thelonious) from one

incidence direction.

The upper mid-band (7—15 GHz), also referred to as centimeter wave (cmWave) or part of the
prospective FR3 frequency range (Next G Alliance 2023), is sampled at five frequencies: 7, 9, 11,
13, and 15 GHz. This spectrum is under active investigation for 6G systems (Katwe et al 2024), as
it balances the bandwidth limitations of sub-6 GHz bands against the propagation challenges of
millimeter-wave frequencies. International regulatory processes are examining spectrum in this
range, with the 7.125-8.4 GHz band on the WRC-27 agenda for potential IMT identification (GSMA
2024). FR3 frequencies will become more important for APD compliance as this band will see

wider deployment.

2.2. Exposure metrics and normalization

The ICNIRP 2020 guidelines (ICNIRP 2020) define basic restrictions, which are limits on quantities
induced within the body (SAR, APD), and reference levels, which are limits on external field
quantities that ensure compliance with basic restrictions under typical conditions. This study

focuses on the former, with the latter as input power density to determine compliance.

For frequencies below 6 GHz, the relevant basic restriction is the peak spatial SAR over any 10 g
cubic mass of tissue (psSAR), computed following IEC/IEEE 62 704-1 (IEC/IEEE 2017). For
frequencies at or above 6 GHz, the basic restriction is the APD averaged over any 4 cm square
area, extracted from the skin surface in accordance with IEC/IEEE 63 195—4 (IEC/IEEE 2022).

All simulations were performed with an incident field amplitude of 1 V m. Results were
subsequently normalized to an incident power density of 1 W m, corresponding to an electric field
amplitude of V m in free space. Since SAR scales as , the normalization factor is . This
normalization convention differs from near-field dosimetry, where results are typically normalized to
1 W input power at the antenna feed. For far-field plane-wave illumination, power density is the

natural normalization quantity because it is measurable and independent of the source.



2.3. Environmental exposure scenario

Figure 1(a) shows the environmental exposure scenario setup. Environmental exposure occurs
when ambient EMF illuminate a subject from all directions. This scenario applies to non-users
exposed to base stations and to technologies like 4G LTE that employ omnidirectional transmission
rather than user-specific beamforming. In urban environments with multiple base stations and

reflections, incident fields arrive from many directions simultaneously.

Figure 1. Exposure scenarios. (a) Environmental exposure from 12 isotropic directions. (b)

Auto-induced exposure with beamforming from 4 directions.

To characterize this environmental exposure scenario, plane waves were launched from six
orthogonal directions aligned with the phantom’s anatomical axes: (left/right), (front/back), and
(above/below). For each direction, both and polarizations were simulated, yielding 12 independent

FDTD simulations per phantom-frequency combination.

These 12 simulations can be combined to approximate exposure from arbitrary incident directions

and polarizations.

2.4. Auto-induced exposure scenario

Figure 1(b) shows the auto-induced exposure scenario with user-specific beamforming. Auto-
induced exposure occurs when a MaMIMO base station beamforms toward a user’s device,
concentrating electromagnetic energy in a localized hotspot near the body. Unlike environmental
exposure, the incident field exhibits constructive interference at a focal point determined by the
beamforming algorithm. 5G NR and anticipated 6G systems use user-specific beamforming to

maximize link quality.

Previous work coupled MaMIMO beamforming with site-specific propagation environments. Hybrid
ray-tracing and FDTD methods enable realistic exposure assessment for indoor (Shikhantsov et al
2020, Wydaeghe et al 2022) and outdoor (Wydaeghe et al 2026) scenarios, including stochastic
channel models capturing real propagation statistics. These studies show that exposure depends

on environment, user position, and channel realization. We take a different approach: rather than



modeling specific environments and aggregating across channel realizations, we seek exposure
estimates comparable across phantoms and frequencies without statistical bootstrapping
(Vermeeren et al 2008b, Wydaeghe et al 2022).

To simulate this auto-induced exposure scenario, plane waves were launched from four azimuthal
directions () at a fixed co-elevation (), representing a half-space illumination from the phantom’s
right side. We chose (horizontal incidence) because base stations are typically mounted at or
above head height, making horizontal incidence common, and this geometry maximizes the
vertical electric field component . Only polarization was considered, as it produces the dominant

vertical field component relevant for handheld device coupling (Shikhantsov et al 2020).

2.4.1. Beamforming weights

In MaMIMO systems, MRT is a common precoding technique that causes beamforming (Bjoérnson
et al 2017). For a channel vector representing the complex gains from transmit directions to the

UE, the MRT precoding vector (Frobenius-normalized) is

which maximizes the received signal power (Bjornson et al 2017). Writing each channel element in

polar form, , the weight becomes

The phase term conjugates the channel phase so that all contributions arrive in-phase at the
receiver. This is the mechanism that produces constructive interference. The amplitude term

allocates more power to directions with stronger channel gains.

In our framework, we interpret each channel as proportional to the vertical electric field component
at the UE location due to the th incident direction: . We assume the UE antenna is vertically
polarized, as is typical for handheld devices. Because each is a per-direction channel in the
angular domain rather than a per-antenna channel, this is a beamspace formulation of MRT
precoding. The amplitude weighting in (2) would require knowledge of which directions have

stronger channels, information that depends on the propagation environment.

When simulating many environments using deterministic or stochastic channel models (e.g. ray-
tracing or QuaDRiGa (Wydaeghe et al 2026)) and averaging the resulting exposure over all
channel realizations, no single azimuthal direction consistently dominates. All amplitudes are

therefore set to , yielding



With this choice, (unit total power) while the phase conjugation of MRT is retained. The combined

field at any point is then

We assume perfect channel state information and independent control of each incident direction,
such that equation (4) provides an upper bound on the achievable field concentration for a given

total transmitted power.

The superposition in equation (4) is exact because the tissue is linear. Each is a full-wave FDTD
solution that already contains the scattering, diffraction, and penetration of wave into tissue.
Therefore, the combined field is defined throughout the body, on the surface and in the interior.
psSAR is then averaged over a 10 g cubic mass inside tissue (IEC/IEEE 62704—-1), and APD over
a 4 cm skin-surface area (IEC/IEEE 63 195—4). The components together carry the incident power
density of one plane wave. The ICNIRP reference level therefore applies directly. Detailed hotspot
field maps are reported in Shikhantsov et al (2020), Herssens and Thielens (2025) for the same

precoding family and phantoms.

Four azimuthal directions balance representativeness against computational cost. In multipath
propagation, effective channel rank is limited: singular value decomposition shows that a few
principal components capture most channel energy (Bjornson et al 2017, Wydaeghe et al 2022).
Four directions spanning the azimuthal half-space capture the dominant modes of typical non-line-

of-sight channels while keeping FDTD simulations manageable.

2.4.2. Focus point search

Figure 2 summarizes the worst-case APD search procedure. A MaMIMO base station beamforms
toward the UE antenna, held in hand or pocket, always in air, at some distance from skin.
Therefore, the beamforming focus point lies in the air near the body surface, not inside the body.

The beam converges at this air location and illuminates nearby skin, where absorption occurs.

Figure 2. Two-stage screening reduces computational cost 500 times. Phase 1 evaluates
10 000 candidates using an efficient hotspot score based on E-field intensity at nearby skin
voxels. Phase 2 performs full APD extraction following IEC/IEEE 63 195—4 only on the top

20 candidates.



The search space comprises air voxels within a 20 mm shell surrounding the phantom surface.
This thickness covers realistic UE-to-body distances while excluding voxels too far to produce
substantial skin exposure. From this space, 10 000 candidate focus points were randomly
sampled, yielding approximately 10 mm average spacing given the 1.8 m skin surface area of an

adult phantom.

For FR3 simulations computing only APD, additional padding of 20 mm (-direction) and 10 mm (-
direction) was added to accommodate focus points behind the phantom (e.g. near back or arms).
At FR1 frequencies (700 MHz and 3500 MHz), the search shell was widened to 50 mm (from 20
mm at FR3). At sub-GHz wavelengths, a beam focused further from the surface still produces a
meaningful hotspot on the skin. The minimum candidate separation was increased to 100 mm,
consistent with the 20 longer wavelength at 700 MHz ( mm) compared to FR3. The candidate pool
was doubled to 40 per phantom with a lower selection percentile (80% versus 95% at FR3),
because proxy correlation is weaker at these frequencies (see section 3.3). At 3500 MHz and at
FR3 frequencies, field combination was restricted to a 50 mm cube around each focus voxel. The
SAR peak at these frequencies occurs within millimeters of the focus on the skin surface. At 700
MHz, SAR peaks can appear far from the focus point (see section 3.3), so full-volume combination

over the entire body was used instead.

2.4.3. Hotspot score for efficient worst-case identification

Identifying the worst-case focus point requires evaluating APD for each candidate location. Full
APD extraction following IEC/IEEE 63 1954 (IEC/IEEE 2022) is computationally expensive:

surface integration over 4 cm averaging areas across the entire phantom surface.

We developed the hotspot score that approximates APD without full extraction, exploiting the
relationship between electric field intensity and APD. For a given air focus point , the hotspot score

is defined as:

where the sum is over all skin voxels within a 50 mm cube centered on , and is the weighted field

from equation (4) with weights computed for focus point via equation (3).

The hotspot score works because APD , where is the tissue conductivity. Computing the hotspot
score requires only reading pre-computed E-field values at skin voxel locations and performing the
weighted combination. No additional FDTD simulations or surface integrations are needed. This

enables rapid evaluation of all 10 000 candidate focus points. Candidates in the top 5% by hotspot



score were retained for full APD extraction. To avoid clustering, a minimum separation of 50 mm
was enforced: candidates were selected greedily in descending hotspot score order, skipping any

candidate within 50 mm of an already-selected point.

2.5. Numerical simulation framework

We performed all simulations using Sim4Life 8.2 (ZMT Zurich MedTech AG 2024), a GPU-
accelerated FDTD solver based on the Yee algorithm (Yee 1966, Taflove and Hagness 2005).
Uniaxial perfectly matched layer (PML) with 7 absorbing layers terminated the computational
domain. The Total-Field/Scattered-Field (TF/SF) formulation (Taflove and Hagness 2005) realized
far-field illumination. All sources were harmonic excitations at frequencies listed in table 1, with 1V
m incident amplitude. Simulation duration was three times the domain diagonal traversal time in
free space (6 cycles at 450 MHz, 500 cycles at 26 GHz).

Given the study scale (550 simulations across 15 frequencies, 4 phantoms, multiple directions and
polarizations), we developed an open-source Python framework automating the simulation

workflow. Each simulation is defined by a JSON configuration file for reproducibility.

2.6. Computational methodology

Spatial discretization used a frequency-dependent scheme: 2.5 mm cells at 450-1450 MHz (10-32
cells per wavelength (CPW) in vitreous humor), reducing to 1.0—-1.7 mm at 2140-5800 MHz, and
0.3-0.6 mm at FR3 frequencies. Time stepping followed the Courant—Friedrichs—Lewy stability limit
(Courant et al 1928) (), yielding 4.81 ps at 450 MHz to 0.58 ps at 26 GHz. Grid resolution was
chosen to balance numerical accuracy (targeting 10 CPW in high-permittivity tissues), skin mesh
perforation (minimized at mm), and computational cost (scaling with the fourth power of cell size
without domain reduction). The 90% power absorption depth () decreases from 60 mm in muscle at
450 MHz to 1.1 mm in skin at 26 GHz, justifying coarser grids at low frequencies where penetration
is deep. At sub-6 GHz frequencies, the absorption is not confined to the skin layer alone. Complete
details on discretization strategy, perforation analysis, and calculation are provided in the

supplementary information.

2.7. Anatomical phantoms

We used four anatomically realistic human body models from the ViP of the IT’IS Foundation
(Gosselin et al 2014): two adults and two children, one for each sex. The ViP models (version 3.1)
have 500 m isotropic native resolution throughout the body. Duke (adult male, 34y) and Ella (adult

female, 26y) represent adults. Thelonious (male, 6y) and Eartha (female, 8y) represent children.



Each phantom comprises over 300 anatomical structures with tissue-specific dielectric properties.
Frequency-dependent dielectric properties (, ) and mass density values came from the IT’IS tissue

properties database (version 5) (IT'IS Foundation 2024).

In addition to whole-body and peak spatial-average SAR, regional SAR was computed for four
anatomical groups relevant to RF exposure assessment: the brain, eyes, skin, and genitals. These
regions appear frequently in epidemiological studies and regulatory discussions. Regional SAR is
defined as the mass-weighted average of SAR values across all tissues in the group. The brain
group comprises gray matter, white matter, cerebellum, hippocampus, thalamus, hypothalamus,
midbrain, pons, medulla oblongata, hypophysis, pineal body, commissura anterior, commissura
posterior, and cerebrospinal fluid. The eyes group comprises the cornea, lens, sclera, and vitreous
humor. The skin group comprises, as defined by Sim4Life, the skin and ‘Ear skin’ entities. The
genitals group comprises sex-specific reproductive organs. For male phantoms (Duke, Thelonious)
it includes testis, epididymis, prostate, and penis. For female phantoms (Ella, Eartha) it includes

ovary, uterus, and vagina.

2.8. Computational efficiency strategies
At FR3 and FR2 frequencies, fine grid resolution produces computational domains with hundreds
of millions to billions of cells. Two domain reduction strategies and cloud infrastructure made these

simulations tractable.

2.8.1. Half-body symmetry

For incidence directions illuminating only one side of the body (e.g. illuminating the right side), the
domain was truncated to include only the illuminated half. The boundary was placed at the sagittal
midplane with PML termination. This works because high-frequency penetration depth is small
enough that fields on the illuminated side do not couple to the opposite side. The /2’ notation in
table 1 indicates this reduction. Tissues that straddle the midplane sit against this boundary, so

their metrics are excluded where the reduction is used (section 3.2).

2.8.2. Height factor reduction

Above 7 GHz, domain height was further reduced by a frequency-dependent height factor . We
chose 7 GHz as the reference because at this frequency the domain reaches approximately 800
million cells for adult phantoms, a practical limit beyond which GPUs struggle with memory even in
multi-GPU configurations. The height reduction starts by removing the lower body (feet and legs),

as peak absorption in the auto-induced scenario occurs in the head and upper torso region.



The height factor was computed as:

where is the cell size at frequency and mm is the reference cell size at 7 GHz. This cubic scaling
keeps the number of grid cells roughly constant as frequency increases: the cell counts for Duke,
Ella, Eartha, and Thelonious remain within 2% of their 7 GHz values across the entire FR3 band

(table 1). At 15 GHz, for example, , meaning only the top 30% of the phantom height is simulated.

We validated this reduction against full-body simulations (supplementary information). At 3.5 GHz,
removing the lower 70% of the body () changes the local peak metrics, psSAR and head-organ
SAR, by less than 4%. The reduction is applied only above 7 GHz, where the penetration depth is
shorter and the error smaller. The same sweep at 450 MHz moves the metrics by up to 53%, which

is why the full body is retained at all frequencies GHz.

Without this height reduction, simulations at 15 GHz would require approximately 2.8 billion cells
per phantom, over three times the 7 GHz baseline. The time step also decreases with frequency
(from 1.16 ps at 7 GHz to 0.77 ps at 15 GHz), adding to the computational cost. For the 26 GHz
simulation, the height factor approach was not applied () to compute SAR. Instead, only the
smallest phantom (Thelonious) was simulated from a single incidence direction, using half-body
symmetry reduction. The same single-direction approach was used for Thelonious at FR3
frequencies to allow SAR extraction for comparison with APD (‘Half (for SAR)’ entries in table 1).

Even with these simplifications, the 26 GHz simulation required 1.84 billion cells and multiple 48
GB GPUs.

2.8.3. Computational resources and campaign scale

We executed simulations on rented cloud GPU instances (TensorDock) with NVIDIA H100, RTX
5090, and RTX 6000 GPUs, sometimes in multi-GPU workstations, paired with 32—-256 GB RAM.
Cloud infrastructure was chosen over traditional high-performance computing (HPC) because our
HPC options impose quotas and queues, and Sim4Life requires Windows with licensing better

suited to workstations.

The campaign comprised 550 individual FDTD runs across all phantom-frequency-direction-
polarization combinations. Simulations ranged from 11 million cells (Thelonious at 450 MHz) to
1.84 billion cells (Thelonious at 26 GHz). Computational cost varied considerably due to scaling.
Duke at 450 MHz completes in under 5 min, at 5.8 GHz in 25 min, and at 26 GHz (Thelonious only,

half-body) in over 2 h, at which point I/O-bound setup and extraction phases took similar time.



3. Results

The simulations produced a large multi-dimensional dataset. This section summarizes the main
findings. Supplementary information contains more data: per-tissue SAR values for each frequency
and direction, frequency response curves for individual organs, spatial hotspot maps, and cross-

phantom comparisons.

For comparison with ICNIRP basic restrictions for general public exposure, the limits are 0.08 W kg

for whole-body average SAR, 2 W kg for local psSAR (head and trunk), and 20 W m for APD above
6 GHz (table 2).

Table 2. ICNIRP 2020 basic restrictions for general public exposure (ICNIRP 2020).

Quantity Frequency range  Limit Avg. time
psSAR 6 GHz (head/torso) 2 W kg 6 min
psSAR 6 GHz (limbs) 4 Wkg 6 min

SAR All frequencies 0.08 Wkg 30 min

APD 6 GHz 20Wm 6 min

3.1. FR1 environmental exposure
All SAR values in this section are normalized to an incident power density of 1 Wm. The ICNIRP
2020 reference levels for general public exposure are W m for frequencies below 2 GHz, and 10 W

m at 2 GHz and above. SAR values can be scaled by these factors to obtain values at the

reference level.

3.1.1. Penetration depth determines the frequency response

Figure 3 shows the normalized SAR as a function of frequency. The 90% power absorption depth
() on the body decreases from 60 mm at 450 MHz to 10 mm at 5800 MHz. This shift from

volumetric to superficial absorption drives all SAR metrics.



Figure 3. Skin SAR increases 3.2 times while brain SAR decreases 96% across FR1.
Mass-averaged SAR by tissue group for Thelonious, averaged across all 12 directions and

polarizations. Eyes show a non-monotonic response.

Figure 3 shows opposite trends for different tissue groups. Skin SAR increases by a factor 3.2
between 450 MHz and 5800 MHz, as energy concentrates superficially. Brain SAR decreases by
96% between 450 MHz and 5800 MHz, because skull and overlying tissues absorb most energy
before it reaches the brain. Whole-body SAR decreases by a factor 2.1 between 450 MHz and
5800 MHz, because total absorbed power decreases when absorption confines to a thin surface

layer.

Figure 4 shows the transition in the brain-to-skin SAR ratio across all phantoms. At 450 MHz, the
ratio ranges from 0.74 to 1.05, meaning brain and skin SAR are comparable. As frequency
increases, the ratio drops significantly for all phantoms. At 5800 MHz, the ratios decrease to
between 0.003 and 0.015. Child phantoms maintain higher relative penetration at high frequencies
compared to adults. This two-order-of-magnitude decrease across the FR1 band shows the shift

from penetrating to superficial absorption.

Figure 4. Brain-to-skin SAR ratio across phantoms. Brain exposure drops by orders of
magnitude relative to skin as frequency increases. Child phantoms show higher relative

brain exposure at high frequencies compared to adults.

3.1.2. Tissue-specific absorption

Figure 5 ranks the 20 tissues with highest mass-averaged SAR, averaged across all frequencies
and directions. Ear cartilage (36.9 mW kg) and ear skin (29.5 mW kg) absorb significantly more
power per unit mass than bulk skin (21.5 mW kg). Their peripheral position and thin geometry
explain this: the pinna is exposed from multiple directions and lacks underlying tissue to absorb

incident energy.



Figure 5. Ear tissues absorb twice as much power per unit mass as bulk skin. Top 20
tissues ranked by mass-averaged SAR for Thelonious, averaged across all frequencies in

FR1 and directions. Cornea, testis, and meniscus also rank in the top 10.

Cornea ranks fifth (16.8 mW kg), consistent with the eye’s exposed position. Testis ranks ninth
(12.2 mW kg), receiving substantial frontal exposure despite pelvic shielding from other angles.
Meniscus ranks tenth (11.5 mW kg). Inside the skull, cerebrospinal fluid (CSF) ranks eighth (12.5
mW kg), higher than gray matter (5.6 m\W kg) and white matter (3.2 mW kg), due to its high water

content and conductivity.

For psSAR, the 10 g averaging volume smooths tissue-specific variations. Skin dominates (83.5
mW kg), followed by subcutaneous fat (81.4 mW kg), muscle (75.7 mW kg), and bone (73.7 mW
kg). Small tissues like ear cartilage (7 g total mass) cannot fill a 10 g cube and thus do not appear

in the psSAR ranking.

3.1.3. Children have higher whole-body SAR than adults

Figure 6 compares whole-body SAR across phantoms. Child phantoms (Thelonious, 6y, and
Eartha, 8y) show 1.5-1.9 times higher SAR than adults (Duke, Ella) at all frequencies. At 700 MHz,
Thelonious reaches 10.1 mW kg versus Duke’s 5.5 mW kg (ratio 1.85).

Figure 6. Children show 1.5-1.9 times higher whole-body SAR than adults at all
frequencies. Error bars indicate standard deviation across the 12 direction-polarization

combinations.

The higher whole-body SAR in children follows from the relationship between SAR, absorption
cross section (ACS), and body mass (Bamba et al 2015):

where is the whole-body ACS (in m), is the incident power density, and is body mass. Although
children have smaller than adults (less body surface area), their mass is proportionally much

smaller. The ratio is approximately 50% higher in a 6 year-old than in an adult, meaning children



absorb more power per kilogram of body mass. At sub-GHz frequencies, body dimensions
approach fractions of the wavelength ( cm at 700 MHz), potentially producing quasi-resonance

effects that differ between body sizes.

3.1.4. Direction and polarization dependence

Table 3 summarizes directional variation for each SAR metric (Thelonious, frequency-averaged
values). Similar patterns are observed for the other phantoms: frequency-averaged whole-body
SAR varies 2.0-2.3 across phantoms, skin 4.5-6.4, eyes 20-36, and brain 3.6—6.0 (all phantoms,
see tables S3—-S6 in the supplementary information). Genitals show the largest inter-phantom
difference in directional variation, ranging from 9-10 for females (Ella, Eartha) to 46—67 for males
(Duke, Thelonious). For Thelonious, eyes show 20-fold variation: frontal exposure yields 28.9 mW
kg versus 1.4 mW kg from behind, as the cornea is exposed while the skull shields posteriorly.
Genitals show 44-fold variation between frontal and below directions. The body shields the pelvic
region from most angles. Brain shows only 4-fold variation: the skull shields from all directions.
Whole-body SAR varies 2-fold.

Table 3. Directional variation in SAR metrics (Thelonious, frequency-averaged values).

Metric Max Min Max/Min

(mMWkg)  (mWkg)

Eyes SAR 28.9 (front) 1.4 (back) 20
Genitals SAR 30.5 (front) 0.7 (below) 44
Brain SAR 6.5 (below) 1.8 (above) 4
Skin SAR 41.3 (front) 9.2 (above) 4

Whole-body SAR 10.3 (back) 5.3 (below) 2

Polarization generally has smaller effect than direction. Figure 7 shows the polarization ratio for
different tissue groups and incident directions. The / polarization ratio ranges from 0.8 to 1.6 for
skin and whole-body SAR. Genitals are an exception. From below, the ratio reaches 1.8, indicating
stronger coupling to vertically polarized fields. From above, it drops to 0.12. The results may be

underestimated because material properties from the IT’IS database are isotropic.



Figure 7. Polarization ratio () for different tissue groups and incident directions. Values
near 1 indicate insensitivity. Genitals show strong polarization sensitivity (ratio = 1.8 from

below). Whole-body SAR remains insensitive.

The IT’IS database also assigns age-independent dielectric properties. The child phantoms
therefore have child anatomy but adult tissue properties. Age-independent properties are standard
in numerical dosimetry (Kihn et al 2009, Bakker et al 2010, Gosselin et al 2014). A closed-form
Fresnel analysis shifts the APD and whole-body SAR conservatively, by 6%—10%. This shift is
comparable to the 4%—9% that a 10%—20% dielectric-parameter uncertainty propagates onto the
same metrics. Our compliance conclusions are therefore robust to a shift of this size, and the

supplementary information reports the full analysis.

We collect these effects into one uncertainty budget (supplementary information). The dominant
random contributions are the tissue-dielectric spread and the FDTD numerical error. Combined in
quadrature, they give an expanded uncertainty of about on the absorbed-power metrics, at a 95%

coverage probability. The age and domain-truncation effects act in one direction, conservatively.

3.1.5. Correlation between SAR metrics

The correlation matrix across all 432 simulation configurations shows that most metrics are
independent, with one protective effect. Skin SAR and brain SAR correlate negatively (, ): high skin
absorption reduces energy available for deeper penetration. Superficial absorption shields deep

tissues.

Whole-body SAR and skin SAR are nearly uncorrelated (). At low frequencies, deep tissues
(muscle, organs) dominate whole-body SAR. At high frequencies, whole-body SAR decreases
even as the skin fraction increases. These opposing trends cancel. psSAR values for different
organs are largely independent. Skin and genitals correlate at only . Brain and eyes correlate at
(both head-region metrics). Worst-case exposure for one organ does not predict worst-case for

others.



3.1.6. Compliance margins at reference levels

Table 4 compares direction-averaged SAR at the ICNIRP reference levels against the basic
restrictions. The reference level increases from 2.25 W m at 450 MHz to 10 Wm at 2 GHz and
above. The rightmost column shows the percentage of the basic restriction reached by the

maximum SAR value across all four phantoms.

Table 4. Direction-averaged whole-body SAR at ICNIRP reference levels (FR1). Bold text

refers to the maximum in the table.

Freq(MHz) (Wm) Duke Ella  Eartha Thelonious % of limit?

(M,34y) (F26y) (F8y)  (M.,6y)

Direction-averaged SAR (mW kg)

450 2.25 12.0 14.2 18.6 20.6 26%
700 3.50 19.2 22.7 30.3 35.5 44%
835 418 21.3 25.7 33.1 40.0 50%
1450 7.25 30.5 37.3 48.9 58.2 73%
2140 10.0 36.9 41.2 61.6 74.8 93%
2450 10.0 34.7 37.8 59.0 71.5 89%
3500 10.0 28.9 31.2 49.1 58.4 73%
5200 10.0 243 27.6 39.3 447 56%
5800 10.0 24.0 27.0 37.5 42.6 53%

@Maximum across all four phantoms. Basic restriction SAR = 80 mW kg.

Whole-body SAR peaks near 2140 MHz for all phantoms, giving the tightest compliance margin in
the FR1 band. Thelonious reaches 93% of the basic restriction at this frequency. Child phantoms
(Thelonious, Eartha) exceed adults by a factor of 1.7—-1.9 across all frequencies. Sex accounts for
less than 20% variation within each age group. Adult phantoms remain below 52% of the basic

restriction at all frequencies.



These values are averaged over the 12 directions. The worst single configuration (front or back
incidence) is 1.5—1.6 times higher. Under that configuration both child phantoms exceed the basic
restriction near 2140 MHz. Thelonious is at 145% of the limit and Eartha at 122%. Four of the
twelve configurations exceed the limit for each of them. Duke and Ella are below 82% in every

configuration.

These values occur at the ICNIRP reference level. A ten-country measurement campaign found
environmental power densities of 0.33—-1.72 mW m, three to four orders of magnitude below the 10
W m reference level (Veludo et al 2025). At the highest measured level, the worst configuration for

Thelonious is 4000 times below the basic restriction.

For psSAR, margins are substantially larger. Skin psSAR reaches 909 mW kg at 2140 MHz for
Duke at the reference level (45% of the 2000 mW kg limit). Brain and eyes psSAR reach 178 mW
kg and 137 mW kg, respectively (9% and 7% of the limit). These are direction-averaged values as
well. In the worst configuration, Eartha is at 129% of the 2 W kg head and torso restriction at 2140
MHz. The peak is located in the hand, where the limb restriction of 4 W kg applies instead. Against
that restriction, Eartha is at 65%. psSAR is therefore below its applicable restriction in every
environmental configuration. Whole-body SAR, not local SAR, is the limiting metric for FR1

environmental exposure, for the direction average and for the worst case.

3.2. SAR trends extended to FR3 and FR2

All SAR values in this section are normalized to 1 W m incident and cover Thelonious (M, 6y) under
right-side illumination ( polarization) at 7-26 GHz. Brain SAR is excluded: structures at the sagittal
cut face of the half-phantom show SAR increasing with frequency, opposite to the physical
expectation for deep tissue (PML boundary artifact). Genitals SAR is excluded by the same
mechanism: the penis and prostate run along the sagittal midplane and are cut and exposed to the
PML face.

3.2.1. Skin and eye SAR across the full band

Figure 8 shows skin SAR, eye SAR, and whole-body SAR from 450 MHz to 26 GHz. Skin SAR
continues to rise: 18.6 mW kg at 5800 MHz (FR1, right-side), 21.5 mW kg at 7 GHz, and 39.8 mW
kg at 26 GHz. The on the body falls from 10 mm at 5800 MHz to 1.1 mm in skin at 26 GHz,

concentrating absorption in a progressively thinner surface layer.



Figure 8. Eye SAR collapses 77-fold from 7 to 26 GHz as penetration depth falls below
eyelid thickness. Skin SAR rises through the full band. Mass-averaged SAR for
Thelonious. Solid lines: FR1. Dashed lines: FR3 and FR2. Skin and eye SAR: right-side
illumination throughout. Whole-body SAR: FR1 solid = 12-direction isotropic average,
FR3/FR2 dashed = single right-side direction. Brain and genitals SAR are excluded due to
PML boundary artifacts in the FR3 half-phantom.

Eye SAR falls from 4.92 mW kg at 5800 MHz to 3.62 mW kg at 7 GHz, then to 0.047 mW kg at 26
GHz, a 77-fold decrease across FR3 and FR2. The Thelonious phantom has closed eyes. The
eyelid skin covers the cornea. At 26 GHz, in skin falls to 1.1 mm, comparable to eyelid thickness,
and incident energy is absorbed in the eyelid before reaching the cornea. The FR1/FR3 boundary
is smooth for both skin and eye SAR. Whole-body SAR is normalized by the full-body mass. The
shadow half absorbs only the diffraction from the plane wave, limited at 7 GHz, so the illuminated
half carries the body’s absorbed power. The value is 4.0 mW kg at 7 GHz (single direction),
continuous with the 4.3 mW kg 12-direction average at 5800 MHz. The whole-body SAR stays flat
near 3.6—4.0 mW kg across FR3 and FR2.

3.2.2. psSARy¢q4 continuation

psSAR connects smoothly at the band boundary: 63.5 mW kg at 5800 MHz, 60.4 mW kg at 7 GHz,
and 50.3 mW kg at 26 GHz. The decrease is 21% from 5800 MHz to 26 GHz. Spatial averaging
over 10 g smooths the increasingly confined surface absorption. As energy concentrates in a
thinner layer, the peak spread over a fixed 10 g volume changes slowly. The 12-direction isotropic
psSAR at 5800 MHz is approximately 116 mW kg, roughly twice the single-direction value. FR3

and FR2 values likewise underestimate the isotropic worst case.

3.3. FR1 auto-induced exposure

All values are normalized to 1 W m incident and scale proportionally at the reference level ( W m at
700 MHz, 10 W m at 3500 MHz). ICNIRP (2020) basic restrictions for local SAR are psSAR W kg
(head/torso) and 4 W kg (limbs). For whole-body exposure, SAR mW kg.

3.3.1. psSARy, at 700 MHz and 3500 MHz
Table 5 compares auto-induced and environmental psSAR and SAR at both frequencies. At 3500
MHz, auto-induced psSAR exceeds the basic restriction for all four phantoms at the reference

level. Worst-case values reach 131%—158% of the 2 W kg head/torso limit, with the SAR peak



located in the torso, chest, or neck for all four phantoms. At 700 MHz, all phantoms comply. Duke
and Eartha peak in the lower leg, where the 4 W kg limb limit applies, reaching 22% and 30%
respectively. Ella and Thelonious peak in the torso (49% and 48% of the 2 W kg limit).

Table 5. Auto-induced psSAR and SAR compared to the environmental worst case. All values
at 1 Wm incident. The % limit column gives psSAR as a percentage of the applicable local-

SAR basic restriction at .

700 MHz (W m) 3500 MHz ( W m)

psSAR SAR psSAR

(mW kg) (mW kg) % limtat  (mMWKkg) % limit at

Phantom Env. Auto. Env. Auto. Env. Auto.

Duke (M, 34y) 129 253 6.7 6.5 22%2 156 266  133%:2
Eartha (F, 8y) 173 339 112 116 30%2 159 305  152%°P
Ella (F, 26y) 168 280 83 7.5 49% 135 316  158%"L

Thelonious (M, 6y) 132 275 124 11.7 48% 197 262 131%0

8Peak in lower leg. Limb limit (4 W kg) applies. bPeak in torso/chest/neck. Head/torso limit (2 W kg)

applies.See supplementary information for body-height distributions.

For 3500 MHz, the environmental value for Thelonious already reaches 98% of the basic restriction
at , and beamforming causes non-compliance for all four phantoms. This scenario uses simplified
MRT beamforming from four directions and is not an upper bound. Coherent array gain grows with
the number of antenna elements (Marzetta et al 2016). Richer propagation environments provide
more multipath components for constructive interference, so higher local SAR values are physically
feasible. Real deployments vary beam direction with user movement and channel dynamics (e.g.

with time division multiple access), which reduces time-averaged exposure.

These values occur at the ICNIRP reference level. A ten-country measurement campaign found
2.61-11.12 mW m at 3500 MHz under continuous worst-case downloading, three orders of
magnitude below that level (Veludo et al 2025). Realistic exposure is well below the basic

restrictions.



At 700 MHz, the environmental value is well within compliance, and beamforming roughly doubles
psSAR with ample margin to the limit. The weak proxy correlation at 700 MHz (section 3.3.2)
means the reported values may not represent the absolute worst case across all possible focus
points. The margin to the local-SAR basic restriction (at most 49% at ) is large enough that this

uncertainty does not affect the compliance conclusion.

SAR at 700 MHz is essentially unchanged by beamforming. Auto-induced SAR ranges 6.5-11.7
mW kg across phantoms at 1 W m, within the spread of environmental values (4.1-12.4 mW kg
across the 12 directions). Coherent focusing redistributes absorption spatially without increasing

total absorbed power.

3.3.2. Proxy reliability and candidate search
The hotspot-score proxy that reliably identifies worst-case APD at FR3 performs differently across

the two FR1 frequencies. At 3500 MHz, Spearman rank correlation between proxy score and
psSAR ranges from to () across phantoms. The worst-case candidate ranks within the top 8 for all

phantoms (top 2 for Duke and Ella, top 1 for Thelonious).

At 700 MHz, rank correlation drops to —. Duke’s worst case ranks 36th of 40 by proxy score. At this
frequency ( mm), body dimensions approach resonance, diffraction wraps fields around the body,
and the SAR peak location decouples from the beam focus point. Duke illustrates the effect: the
focus voxel lies in the head region, yet the SAR peak occurs in the lower leg (10% of body height).
The proxy predicts near-surface field concentration but not deep-tissue absorption at sub-GHz
wavelengths (see supplementary material for focus- vs. peak- scatter plots). A larger candidate

pool of 40 per phantom compensated for the proxy’s weak discriminating power at 700 MHz.

3.4. FR3 auto-induced exposure
All APD values in this section are normalized to an incident power density of 1 W m. At the ICNIRP
reference level of 10 W m (applicable above 2 GHz), values scale by a factor of 10. The basic

restriction is APD W m averaged over 4 cm.

3.4.1. ICNIRP limit exceeded at 7 GHz

Figure 9 shows each phantom’s APD as a percentage of the basic restriction across the FR3 band.
Thelonious (6y) reaches 103% of the basic restriction at 7 GHz, the only configuration exceeding
the ICNIRP limit. Worst-case APD at the reference level is 20.5 W m, exceeding the 20 W m limit
by 2.5%. Previous studies have reported exceedances of basic restrictions when reference levels

are met, particularly for small children at lower frequencies (Vermeeren et al 2008a).



Figure 9. Thelonious (6y) exceeds the ICNIRP basic restriction at 7 GHz (103%).
Percentage of the basic restriction versus frequency for auto-induced exposure at 10 W m
reference level. Shaded region above 100% indicates non-compliance. At 15 GHz, all

phantoms fall below 40%.

At 7 GHz, all phantoms reach 90% or more of the basic restriction: Duke (92%), Eartha (94%), Ella
(99%), and Thelonious (103%). Compliance margins improve at higher frequencies: at 15 GHz, all
phantoms fall below 40% of the basic restriction. The wavelength-to-averaging-area relationship
explains this: at 7 GHz ( mm), the MRT-focused beam forms a hotspot comparable to the 4 cm
averaging area, maximizing averaged power density. At 15 GHz ( mm), the smaller hotspot size

spreads power over less of the averaging region.

3.4.2. Peak APD decreases with frequency
Table 6 lists worst-case APD for each phantom-frequency combination. Peak APD decreases 3—4

from 7 GHz to 15 GHz for all phantoms. Thelonious shows the highest value at 7 GHz (2.05 W m at
1 W m incident). Duke shows the lowest (1.84 W m). The child-to-adult ratio is approximately 1.1 at
7 GHz, smaller than the 1.5-1.9 ratio for whole-body SAR in FR1.

Table 6. Worst-case APD by phantom and frequency (W m at 1 W m incident).

Phantom 7GHz 9GHz 11 GHz 13GHz 15 GHz

Duke 1.84 1.19 0.86 0.65 0.50
Ella 1.98 1.77 1.31 0.92 0.81
Eartha 1.88 1.40 1.00 0.65 0.74

Thelonious  2.05 1.31 0.86 0.57 0.61

3.4.3. MRT focuses the vertical field component

Four-direction MRT beamforming generates constructive interference along the vertical () axis.
Peak at the hotspot is approximately 1.8 V m at 1 Wm incident. and are 0.8—0.9 V m. The vertical

component is thus 2 stronger than horizontal components, as expected for vertical UE antenna



orientation.

Hotspot locations distribute across torso, neck, and head. Torso shows highest hotspot scores
(250-315 V m). Extremities (feet, hands) show 5 lower values (40-80 V m). All four phantoms
exhibit this pattern.

3.4.4. Hotspot score predicts APD
Figure 10 shows the relationship between hotspot score (equation (5)) and measured APD for all

candidate hotspots. Linear regression yields

where is the hotspot score in V. m and APD is in Wm.

Figure 10. Hotspot score predicts actual APD (). Points colored by frequency: 7 GHz
candidates (black) cluster at high hotspot score and high APD. 15 GHz candidates

(orange) cluster at low values.

The frequency-dependent clustering is evident: 7 GHz candidates (black) occupy the upper-right
region with high hotspot scores (200-350 V m) and high APD (1.5-2.0 W m). 15 GHz candidates
(orange) occupy the lower-left region. The efficient hotspot score reliably predicts actual APD,
confirming that the two-stage screening successfully identifies the candidates with the highest

values.

3.5. Comparison with literature
Studies in the literature report the worst single plane-wave configuration. Table 4 gives the average
over the 12 configurations, which is 1.5-1.6 times lower. We therefore compare with the per-

configuration values, listed in table 7.

Table 7. Comparison with whole-body SAR from the literature: Dimbylow (2002), Bakker et al
(2010), Uusitupa et al (2010), and the closed-form model of Kodera et al (2024). All values are
SAR in mW kg for a single plane-wave configuration at 1 W m incident. Ratio is this work

divided by the literature value.



Worst case near the 2 GHz peak Duke, front¢

Thelonious, s

Bakker (2010)2 Uusitupa (2010)P Dimbylow (2002) Kodera (202
Phantom Theirs Ours Ratio Theirs Ours Ratio MHz Theirs Ours Ratio GHz Theirs Oul
Duke 6.24 6.21 100 6.16 577 094 400 6.29 6.34 1.01 7 3.29 3.9
(450)
Ella 6.76 6.60 098 7.53 6.60 0.88 900 6.40 6.45 1.01 11 3.34 3.8
(835)
Eartha 9.68 9.76 1.01 — — — 1400 6.33 6.11 0.96 15 340 3.8
(1450)
Thelonious 11.60 11.61 1.00 12.32 11.61 0.94 2450 475 548 115 26 3.61 3.5
3000 3.99 455 1.14
(3500)

8Eartha and Thelonious from their text, Duke and Ella from their figure 4 with the corrigendum applied.

bSampled at 2100 MHz, at the polarization they report: vertical for Duke and Thelonious, horizontal for Ella.

Our value is the maximum over our directions at the same polarization. Their VF Male, VF Female and VF

Boy are the same subjects as Duke, Ella and Thelonious. They do not include Eartha. °NORMAN, 73 kg

against 72.6 kg for Duke. Our frequency in parentheses where it differs. dClosed-form model ACSwb = ApT,

with Ap = 0.132 m2 the lateral projected area of Thelonious and T the Fresnel power transmission coefficient

of skin.

Bakker et al (2010) simulate the same four phantoms and the same 12 plane-wave configurations.
They report 145% (Thelonious) and 121% (Eartha) of the basic restriction, against 145% and

122% in this work. The four worst-case whole-body SAR values differ by at most 2%. Uusitupa et

al (2010) simulate three of the same phantoms and report 154% for Thelonious. The three values

differ by at most 12%. Kuhn et al (2009) find the 6 year-old phantom above the restriction at 100

- T —— — — — v——— I - — — e — e

these differences are within the expanded uncertainty of % ().



Dimbylow (2002) simulate NORMAN, a different phantom. Its mass is 73 kg, against 72.6 kg for
Duke. The agreement is within 4% up to 1450 MHz. Above 2450 MHz Duke absorbs 14%—-15%
more. NORMAN is a 2.077 mm voxel model, under 7 CPW in muscle at 3 GHz. Coarse voxels

under-resolve the body surface, where absorption is concentrated at these frequencies.

No whole-body SAR for a child phantom has been reported above 6 GHz. For FR3 and FR2 we
therefore compare against the closed-form model of Kodera et al (2024). Above 10 GHz the
absorption cross section of equation (7) converges to to within 5%. Here is the projected area of
the body seen from the direction of incidence, and is the Fresnel power transmission coefficient at
the skin surface. For Thelonious under side illumination m. The model gives 3.61 mW kg at 26
GHz, against 3.57 mW kg in this work. The excess over the model falls monotonically from 20% at
7 GHz to 1% at 26 GHz, as expected in the geometric-optics limit. The model omits diffraction into

the shadow region. This contribution decreases as the body becomes electrically larger.

4. Conclusion

We characterized RF-EMF exposure from 450 MHz to 26 GHz using 550 FDTD simulations
across four phantoms, two exposure scenarios, and 15 frequencies. Environmental whole-body
SAR exceeds the basic restriction for both child phantoms near 2140 MHz, in four of the twelve
plane-wave configurations. The adult phantoms stay below the restriction in every configuration.
Under beamforming, basic restrictions are exceeded when the reference levels are met at 3500
MHz (psSAR: 131%—-158% of the head/torso limit for all four phantoms) and at 7 GHz (APD: 103%
for a 6-year-old). At 700 MHz, beamforming doubles psSAR with all phantoms remaining within
limits. SAR remains unchanged. Coherent focusing redistributes absorption spatially without
increasing total absorbed power. At 15 GHz, compliance margins widen to 25%—-40% of the basic
restriction. These results indicate that ICNIRP reference levels at 3500 MHz and 7 GHz do not
guarantee compliance with basic restrictions when beamforming concentrates energy on the body.
Reference levels were derived from uniform plane-wave exposure at a fixed incident power density
and do not account for this scenario. The equal-power components combine in phase at the focus
point, so local absorption concentrates while the incident power density stays at the reference
level. At 3500 MHz the volumetric 10 g psSAR in the torso exceeds the limit, and at 7 GHz the 4
cm surface APD exceeds it. Measured exposure in deployed 5G networks stays three to four
orders of magnitude below this reference level (Veludo et al 2025), so realistic exposure remains

well below the basic restrictions.



Children show 1.5-1.9 times higher whole-body SAR than adults at all sub-6 GHz frequencies.
Their higher ratio of absorption cross section to body mass (equation (7)) explains this difference.
At 2140 MHz, Thelonious reaches 93% of the 80 mW kg limit averaged over the 12 configurations,
and 145% in the worst one. This is the tightest FR1 margin. Whole-body SAR determines FR1
compliance margins. psSAR reaches only 45% of its limit when whole-body SAR reaches 93%,
and stays below its applicable restriction in every environmental configuration. Worst-case whole-
body SAR agrees with the literature within 2% for the same four phantoms, and with a closed-form

absorption-cross-section model within 1% at 26 GHz.

Penetration depth determines tissue-specific absorption. Lower frequencies lead to higher
absorption in deep tissues. Brain SAR decreases 96% from 450 MHz to 5.8 GHz. Skin SAR
increases 3.2-fold as drops from 60 mm to 10 mm. Skin and brain SAR correlate negatively (, )

because superficial absorption shields deep tissues such as the brain.

Four phantoms limit inter-individual variability assessment. More child models (ages 1-17) would
strengthen child-adult comparisons. The 26 GHz analysis includes only Thelonious from one
direction due to computational constraints. Auto-induced simulations use simplified MRT
beamforming from four directions, not environment-specific channel statistics. Actual exposure
depends on propagation conditions, antenna count, and scattering richness. All phantoms were

simulated in standing configuration. Seated and prone positions may differ in absorption levels.

The organ-specific SAR data for brain, eyes, skin, and genitals support epidemiological exposure
assessment across 15 frequencies. The 7.125-8.4 GHz band is on the WRC-27 agenda.

Compliance assessment at this band should include child phantoms.

Several extensions merit investigation. Posture variations (seated, prone, moving) would quantify
how absorption differs from the standing configuration used here. Coupling this framework with
realistic propagation channels (Shikhantsov et al 2020, Wydaeghe et al 2022, 2026) would quantify
how exposure scales with multipath components and antenna elements across environments. This
would extend the results beyond the simplified equal-gain scenario used here. Full characterization
of FR2 (24-52.6 GHz) and beyond across all phantoms would complete the 5G and 6G spectrum
coverage. As whole-body FDTD simulations become infeasible, other techniques such as those
based on the absorption cross section should be used Kodera et al (2024). Comparison with
temperature-rise measurements or in vivo exposure data would validate the computational

predictions and strengthen the link between dosimetric quantities and biological outcomes.
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