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ABSTRACT
In this study, a comprehensive approach for the experimental assessment of the absorbed power density (APD) is developed.

The method includes several novel components: (i) a specialized probe, (ii) a composite phantom, (iii) a reconstruction

technique, (iv) a calibration method, and (v) a validation process. The described solution has been developed for the frequency

range from 24 to 30 GHz, but can be extended to all frequency bands between 10 and 45 GHz. A novel composite phantom

emulates the reflection and transmission coefficients of human skin for propagating and evanescent modes, while its increased

penetration depth, in comparison to dermis tissue, enables the measurement of the induced electromagnetic fields (EMFs) with

a new miniaturized dosimetric broadband probe. The implementation has a wide dynamic range and sufficient spatial reso-

lution to use it for type approval of mobile devices. Its probe is calibrated with low uncertainty in a novel, traceable setup. A set

of reference antennas with known numerical target values for the APD has been compiled to validate the measurement system.

The validation demonstrates that the deviation is within the expanded uncertainty of 1.6 dB for pAPD and < 1.5 dB for psAPD.

1 | Introduction

To protect humans from the potential adverse health effects of
electromagnetic fields (EMFs), the International Commission
on Nonionizing Radiation Protection (ICNIRP) (ICNIRP 2020)
and the IEEE International Committee on Electromagnetic
Safety (IEEE ICES) (IEEE C95.1 2019) issue exposure safety
guidelines. The guidelines define basic restrictions, or dosi-
metric reference limits on the induced fields, as well as ex-
posure reference levels, which the incident fields must not
exceed. The specific absorption rate (SAR), the power absorbed

per unit tissue mass, has been defined as the dosimetric basic
restriction for exposure in the radio frequency (RF) range up to
6 GHz (ICNIRP 2020) or 10 GHz (IEEE C95.1 2019) to limit
tissue heating to ∘1 C since the early 1970s (Kuster and
Balzano 1997). Product standards were developed for assessing
compliance with SAR limits for transmitters operating at dis-
tances up to 200 mm from the exposed user (IEC/IEEE
62209‐1528 2020). The testing equipment typically applies head
phantoms filled with a tissue‐simulating liquid. The RF EMFs
penetrate into the liquid as they would into human tissue, and
their spatial distribution is measured using dosimetric probes.

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited and is not used for commercial purposes.

© 2025 The Author(s). Bioelectromagnetics published by Wiley Periodicals LLC on behalf of Bioelectromagnetics Society.

Ninad Chitnis and Fariba Karimi equally to this work.

1 of 20Bioelectromagnetics, 2025; 46:e70018
https://doi.org/10.1002/bem.70018

https://doi.org/10.1002/bem.70018
https://orcid.org/0009-0007-1661-273X
https://orcid.org/0000-0002-2209-7590
https://orcid.org/0000-0002-1363-4681
https://orcid.org/0000-0002-5827-3728
mailto:chitnis@itis.swiss
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1002/bem.70018
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbem.70018&domain=pdf&date_stamp=2025-08-13


Assessing RF exposure in terms of SAR was sufficient until new
frequency bands above 10 GHz were allocated for the fifth‐
generation (5G) of cellular network technology. The reduced
penetration depth at these frequencies gives rise to new chal-
lenges to dosimetric measurements because the EMFs in a
conventional tissue simulant soon drop below the sensitivity
level of dosimetric field probes. Originally, incident power
density (IPD) (ICNIRP 1998) was proposed as a pseudo‐
dosimetric limit for exposure assessment. However, IPD
neglects the effects of near‐field coupling and back‐scattering
with the human body, making it a poor metric for compliance
testing (Christ et al. 2020). In the most recent safety guidelines,
absorbed power density (APD) (ICNIRP 2020) or epithelial PD
(IEEE C95.1 2019) averaged over a square area of 4 cm 2 for

frequencies of 6–30 GHz and 1 cm 2 for frequencies above 30
GHz have been introduced as basic restrictions (Table 1).

At present, experimental evaluation of the APD is described in
(IEC 63446 PAS 2022) for frequencies up to 10 GHz, which is
still possible with the SAR measurement systems specified in
(IEC/IEEE 62209‐1528 2020) by applying a simple conversion
factor. The uncertainty of this procedure was assessed as 0.55
dB (Samaras et al. 2021). However, for frequencies above 10
GHz, there are no standardized dosimetric testing systems
available for APD assessment.

Several concepts have been developed in the last few years to
close this gap. The dosimetric probe method was first presented
by Karimi et. al (Karimi et al. 2022), on which the implemen-
tation presented here is based. Among other methods are
spherical near‐field scanning methods combined with inverse
source techniques (Baharin et al. 2023), planar free space
scanning methods based on a skin simulating phantom com-
bined with backward transformation of the measured fields
(Ziane et al. 2023a), simulation‐augmented over‐the‐air mea-
surements (Derat et al. 2024), inverse source methods (Omi
et al. 2021), and thermal imaging methods (Ziane et al. 2021).

TABLE 1 | Absorbed power density (APD) exposure limits averaged over 6 min and a square geometry based on (ICNIRP 2020).

Tier Frequency range (GHz) Averaging area (cm 2) APD limit (W/m 2)

Occupational 6–30 4 100

30–300 1 200

General public 6–30 4 20

30–300 1 40

FIGURE 1 | Cross section of (a) the model derived in (Christ et al. 2021) consisting of the Layer SC of 60 μm thickness and of the infinite Layer

D, and (b) the composite phantom emulating the reflection coefficient and APD of the skin model.

TABLE 2 | Parameters of the Cole‐Cole model according to Eqn.

(2) of Layer D (Christ et al. 2021). Note that the parameters were

relabeled for consistency.

∞ϵ r ϵ rstatic σ [Sm ]−1 τ [ns] α

12.4 459 0.256 86.1 0.55

Summary

• First traceable, broadband absorbed power density
(APD) assessment method and procedures covering
10–45 GHz with a validated implementation for 24–30
GHz, having low uncertainty of < 1.6 dB for peak APD
and < 1.5 dB for peak spatial‐averaged APD (psAPD),
enabling type approval of wireless devices.

• Composite phantom design that emulates reflection and
APD of skin across propagating and evanescent modes.

• Reference‐antenna‐based validation that is instrumen-
tation agnostic and covers realistic spatial gradients,
spectral domain (k‐space), and modulated signals in
conformance with standard requirements for product
test system qualification.
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The dosimetric probe method offers high dynamic range and
resolution at the cost of slower measurement speeds com-
pared to, for example, the use of thermal imaging (Ziane
et al. 2021). Thermal imaging, however, only offers a sensi-
tivity of the order of 10 W/m 2 (Ziane et al. 2023b). Other
methods involving measurements in air (Omi et al. 2021;
Derat et al. 2024) are limited by uncertainties due to the
required subsequent modeling of the DUT and computational
reconstruction of its impact.

In this paper, we present a system based on the dosimetric probe
method (Karimi et al. 2022). The following key components are
developed: (i) composite phantom, (ii) dosimetric probe, (iii) field
reconstruction, (iv) calibration, and (v) validation system.

2 | Methods

2.1 | Absorbed Power Density

The basic restrictions on the APD as given in Table 1 are
specified as the APD averaged over a square area of 1 cm 2 or
4 cm 2. In the remainder of this manuscript, it will be referred
to as the spatial‐averaged APD (sAPD). It is defined as:

R ⋅ { }
A

dE H SsAPD=
1

2
× *

s
t t (1)

TABLE 3 | Dielectric parameters of Layer D of Table 2 and of Layer SC (Christ et al. 2021).

Tissue Frequency ϵ r σ [Sm ]−1 Thickness μ[ m]

Layer SC all 3.5 0 60

Layer D 24 GHz 17.2 5.60 ∞

Layer D 27 GHz 16.9 5.96 ∞

Layer D 30 GHz 16.7 6.31 ∞
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FIGURE 2 | Spectral distribution normalized to the total power of

different sources operating in the 24–30 GHz range in air at 2 mm from the

source, corresponding to λ0.18 to λ0.2 . The direction of propagation of all

antennas is the z‐axis. The spectral distribution is plotted for the z‐normal

plane for the dipole, WG, slotted horn, open horn, and CDA. For the endfire

array, the spectral distribution is plotted for the y‐normal plane; due to the

array design, the x ‐normal plane contains negligible spectral power.

TABLE 4 | Properties of the optimized composite phantom emu-

lating APD of the layered model of Table 3 at frequencies of

24–30 GHz.

Layer Thickness (mm) ϵ r σ (Sm )−1

Foam 2 1.05 0

Shell 1.08 11.9 0

SSL ≥ 20 6.9 1.95
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FIGURE 3 | APD in the composite phantom and the layered model

of Table 3 with plane‐wave excitation versus normalized k r for (a) TE

and (b) TM polarization at 27 GHz.
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where Et and Ht are the complex transmitted electric (E‐) and
magnetic (H‐)field vectors, dS is the surface element on the plane
where the APD is evaluated, and A is the averaging area. The
asterisk marks the complex conjugate. The maximum of the local
APD distribution is referred to as the peak APD (pAPD). The
maxima of the sAPD over 1 cm 2 and 4 cm 2 are referred to as

peak sAPD (psAPD)1 cm 2 and psAPD 4 cm 2. The sAPD provides
a measure of the power absorbed in a section of the superficial
tissue layers and is a good proxy for the tissue temperature rise
(Funahashi et al. 2018; Neufeld et al. 2018).

2.2 | Measurement Concept

The developed dosimetric assessment system measures the induced
E‐field inside a tissue‐simulating liquid. While tissue simulants for
SAR measurement (IEC/IEEE 62209‐1528 2020) reproduce both
the transmission of the EMFs into and their spatial distribution
inside the human tissue, the tissue‐simulating liquid proposed here
has significantly reduced losses in comparison to human tissue in
the millimeter wave frequency range. Only reflection and trans-
mission coefficients of the skin are reproduced with the help of a
particularly developed impedance transformation layer at the
phantom surface. The impedance transformation layer is referred
to as the shell. An additional low permittivity foam layer is required
for mechanical stability. This multi‐layer phantom is referred to as
a composite phantom in the remainder of the paper.

The reduced losses of the tissue‐simulating liquid lead to an
increased penetration depth such that the EMF can be mea-
sured with a dosimetric probe. As the liquid, together with the
phantom shell, only reproduces the reflection and transmission
of human skin, it is referred to as skin‐simulating liquid (SSL).

The dosimetric probe can measure with a spatial resolution of
≥ 0.5 mm and operates as close as 1 mm from the surface of the
phantom. The APD at its surface is reconstructed from the EMF
measured in the SSL and is equivalent to the APD at the surface
of human skin.

2.3 | Composite Phantom

2.3.1 | Skin Model

The reflection and transmission properties of the two‐layer
model proposed by (Christ et al. 2021) are used as the target for
human skin in the frequency range from 27 to 30 GHz. The
model was derived from measured reflections of the skin in the
regions with thin SC between 40 and 110 GHz of 37 volunteers
and represents the most comprehensive data set available of the
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FIGURE 4 | Field reflection coefficient (as defined in (A5)) in the

composite phantom and the layered model of Table 3 with plane‐wave

excitation vs. normalized k r for (a) TE and (b) TM polarization at

27 GHz.

TABLE 5 | Composite phantom uncertainty assessment: variations in the mean value of the ratio of APD in the composite phantom and the

layered model of Table 3 across the incidence angles of the PW spectrum considered in the phantom design (i.e., corresponding to normalized k r

from 0 to 2). Spatial averaging need not be considered for PW exposure.

Parameter Tolerance (%) Unc TE (dB) Unc TM (dB)

Shell thickness 5 0.02 0.09

Shell permittivity 5 0.22 0.05

Liquid permittivity 10 0.20 0.05

Liquid conductivity 10 0.01 0.02

Frequency 10 0.12 0.24

Combined
uncertainty (k = 1)

0.32 0.27
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reflection properties of the human skin in the GHz range. The
model (Figure 1a) consists of a lossless low permittivity layer of
constant permittivity ϵ = 3.5r . The layer has a thickness of 60
μm and is referred to as Layer SC. It is followed by a second,
infinite Layer D, the dielectric parameters of which are given by
a Cole‐Cole dispersion model. The 2 mm air layer in both the
model and the phantom represents the minimal assessment
distance between the DUT and the skin, i.e., d + 2 mm is the
assessment distance i.e. specified in the standards (IEC/IEEE
63195‐1 2022). The Cole‐Cole parameters of the Layer D and its
dielectric properties at 24, 27, and 30 GHz are given in Tables 2
and 3. The complex permittivity ϵ CC of the Cole‐Cole model can
be calculated with the following expression:

∞

∞( )jσ
ω jωτ

ϵ = ϵ ϵ − −
ϵ ϵ − ϵ

1 + ( )

r

αCC 0 r

0 r

1−

static (2)

where ϵ0 is the permittivity of free space, and ω is the angular
frequency. The remaining parameters are given in Table 2. This
model is used as the reference for phantom design.

2.3.2 | Phantom Requirements and Design

Due to the limited penetration depth in dermis tissue (Hasgall
et al. 2022) or in the second layer of the skin model of
approximately 1 mm at 20 GHz, a phantom that replicates
the dielectric characteristics of the human skin model is

unsuitable for APD measurements of low‐power handheld
devices because the field amplitudes would be too low for a
sufficient signal‐to‐noise ratio (SNR).

The composite phantom reproduces only the dielectric load of
the human skin model on the DUT over the entire range of
propagating modes and a sufficiently large portion of the
reactive range, i.e., of the evanescent modes.

Hence, a structure consisting of a lossless high‐permittivity shell
and an SSL with increased penetration depth has been developed
(see Figure 1b). The SSL allows the fields of the DUT to be
measured within the volume of the phantom with a dosimetric
probe. Additionally, the composite phantom includes a 2 mm
foam spacer with a relative permittivity of 1.05. The spacer helps
place the DUT at the evaluation distance of 2 mm for IPD
measurement as defined in (IEC/IEEE 63195‐1 2022). A sche-
matic of the composite phantom is presented in Figure 1 in
comparison to the layered model of (Christ et al. 2021).

A practical upper limit for the evanescent modes is determined
by analyzing the near‐field of the following sources in the
spectral domain (k‐space):

• λ/2‐dipole resonating at 27 GHz

• Open horn antenna: a broadband pyramidal horn with a
WR28 waveguide feed operated at 27 GHz

• Slotted horn antenna: a pyramidal horn antenna with a
rectangular slot array on the aperture as specified in (IEC/
IEEE 63195‐1 2022); the slots are resonant at 30 GHz and
are arranged symmetrically over the aperture

• Endfire Yagi array (Di Paola et al. 2019): an end‐fire array with
dipoles printed on a dielectric substrate resonating at 28 GHz

• Open‐ended WR28 waveguide (WG) operated at 27 GHz

• Cavity‐fed dipole array (CDA) (IEC/IEEE 63195‐1 2022): an
array of dipoles printed onto a dielectric substrate operated at

(a) (b)

FIGURE 5 | Photograph of the probe tip (a) and its numerical model showing the inner structure of the tip (b); blue: substrate, magenta: dipole

sensors.

TABLE 6 | Overview of the geometric dimensions of the probe.

Dimension Value

Outer diameter of the probe tip 1.6 mm

Tip‐to‐sensor distance 0.8 mm

Sensing volume 0.5 mm 3

5 of 20

 1521186x, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bem

.70018 by E
T

H
 Z

ürich, W
iley O

nline L
ibrary on [03/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



30 GHz, arranged in an offset lattice according to the modes
generated in the cavity and excited by nonresonant slots located
on the opposite face of the substrate as the dipoles

The near‐field is analyzed at the standardized assessment distance
defined in (IEC/IEEE 63195‐1 2022) of 2 mm from the source,
which corresponds to ∕d λ= 15 to ∕λ 5 depending on the fre-
quency of operation. The direction of propagation of all sources is
assumed to be the z‐axis, and planes with their normals along y‐
and z‐axes are considered as displayed in Figure 2, which shows
the magnitude of the spectral power,  S , normalized to the total
spectral power. In the k‐space, propagating modes correspond to

∕k k < 1r 0 and evanescent modes correspond to ≥∕k k 1r 0 . The
sources operating in the 24–30 GHz range show a spectral power
of < 0.05% of the total spectral power for ∕k k > 2r 0 at 2 mm,
which corresponds to 0.18– λ0.2 (see Figure 2). More than 99% of
the spectral power is captured by ∕k k = 2r 0 . Some sources oper-
ating at 10 GHz, where 2 mm corresponds to ∕λ 15, were also
investigated. The spectral power for such sources is < 0.5% for

∕k k > 2r 0 . Even as close as ∕λ 15 from the source and the y‐
normal plane, where higher evanescent modes are expected, more
than 90% of the power is captured by ∕k k = 2r 0 . Hence, an upper
limit of ∕k k = 2r 0 is regarded as a sufficiently high upper limit for
evanescent modes to be considered in the phantom design.

The thickness and permittivity of the shell and the permittivity
and conductivity of the SSL are optimized to reproduce the
reflection and absorption characteristics of the layered model of
Table 3 according to the following constraints:

• spectral range of ≤k k2r 0 for transverse electric (TE) and
transverse magnetic (TM) polarization, thus considering
significant evanescent modes as well

• penetration depth of the SSL ≥ 4 mm

• lossless shell

The dielectric parameters of the SSL and the shell, and the shell
thickness obtained by means of constrained nonlinear optimiza-
tion in Matlab R2022b (The MathWorks Inc., USA) are summa-
rized in Table 4. The optimization aimed to minimize the mean
difference of the analytically computed surface APD between the
layered model of Table 3 and the composite phantom. The ana-
lytical formulation of the APD was conducted for TE and TM
modes with the transfer matrix method to compute APD in the

layered model and the composite phantom (see Appendix A, B).
The comparison of the APD and the reflection coefficient for the
layered model (Christ et al. 2021) and the composite phantom is
shown in Figures 3 and 4, respectively. From the figures, the TE
mode shows a mean error of 0.08 dB with a standard deviation of
0.14 dB in the reflection coefficient and a mean error of 0.06 dB
with a standard deviation of 0.11 dB in the APD. The TM mode
shows a mean error of 0.98 dB with a standard deviation of 1.08 dB
in the reflection coefficient and a mean error of 0.22 dB with a
standard deviation of 0.2 dB in the APD.

As the fields are measured in the SSL, the distance between the
DUT and the APD measurement plane in the composite
phantom, devaluation, is equivalent to,

d d d d= + + ,evaluation foam shell (3)

where dshell is the shell thickness, dfoam is the thickness of the
foam spacer and d is the distance between DUT and the com-
posite phantom as defined in Figure 1.

Although this distance between DUT and SSL is larger than that
between the DUT and the skin by d shell , i.e., 1.08 mm, the effect
of the shell can be neglected for the limited k‐space as long it is
lossless. This is confirmed analytically in Appendix C.

The composite phantom was verified by comparing the
response to that of the layered model of Table 3 with the
following sources: a ∕λ 2‐dipole antenna, an open horn
antenna, a slotted horn antenna, and a cavity‐fed dipole
array (IEC/IEEE 63195‐1 2022).

We conducted an uncertainty analysis to evaluate the impact of the
manufacturing tolerances of the phantom. The mean APD ratio was
calculated for both the composite phantom and the layered model
of Table 3 across all angles of incidence. Tolerances of 5% in the
thickness and the permittivity of the shell and 10% in the permit-
tivity and conductivity of the SSL were assumed in this analysis.
The overall effective uncertainty of the composite phantom for
realistic devices is found to be 0.32 dB, as presented in Table 5.

2.4 | Dosimetric Probe

The dosimetric probe must satisfy the following criteria for the
APD measurement in mmW mobile communication applications:

TABLE 7 | Overview of the required and the achieved probe specifications.

Specification Required Achieved

Spatial resolution ≪ δp = 4 mm 0.8 mm

Frequency range 24–30 GHz 24–30 GHz

Signal bandwidth > 800 MHz > 1 GHz

Sensitivity flatness < 0.2 dB/GHz 0.14 dB/GHz

Dynamic range 0.4 − −400 W/m 2 0.1 − 1000 W/m 2

Isotropy error < 1 dB < 0.1 dB

Linearity error < 0.4 dB < 0.2 dB

Modulation error < 0.4 dB < 0.2 dB

6 of 20 Bioelectromagnetics, 2025
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• The spatial aperture should be smaller than λ/4 of the
incident field and the penetration depth in SSL, δp,
to achieve the resolution required for reconstruction of
the APD.

• The bandwidth should exceed 400 MHz to cover all 5G New
Radio Frequency Range 2 (5G NR FR2) signal bandwidths
(ETSI 3GPP TS 38.101‐2 version 17.5.0 Release 17 2022).

• The isotropy error should be below 1 dB, and the linearity
error should be less than 0.4 dB across a dynamic range of
0.01 to 10 times the APD exposure limit for the general
public (ICNIRP 2020) to ensure a measurement uncertainty
of < 2 dB.

• The field scattering of the probe should be small to mini-
mize distortions due to coupling with the shell, i.e., the so‐
called boundary effect (Pozar 2011).

The probe, which was designed on the basis of the pseudo‐
vector probe concept proposed in (Pfeifer et al. 2019), consists of
two orthogonal, electrically small resistive dipole sensors with

SSL

Probe

Matching dielectric

Rectangular waveguide

Coax to waveguide
adapter

x

z

y

(a)

(b)

(c)

FIGURE 6 | The calibration setup consists of an open‐ended waveguide radiating into SSL: (a) top view, (b) side view, and (c) schematic

representation.

TABLE 8 | Summary of the envelope of exposure conditions used for system validation. The sources used are as explained in Section 2.3.2. The

distance d is defined as relative to the skin surface.

Source Signal
f P in d

Δ to APD limit (dB) pAPD 3 dB width (λ)

(GHz) (dBm) (mm)
psAPD
1 cm 2

psAPD
4 cm 2 Min. Max. Median

No. of
peaks

Slotted horn antenna CW 30 15 2 3.0 3.3 0.3 0.4 0.4 16

5 −1.1 0.3 0.7 1.9 1.1 4

Cavity‐fed dipole array CW 30 15 2 −1.1 0.5 0.3 0.5 0.3 9

5 0.6 1.1 0.6 0.7 0.7 3

Open‐ended waveguide CW 27 7 2 −2.3 −3.4 0.4 0.5 0.4 1

BPSK −2.3 −3.4 0.4 0.5 0.4 1

Open horn antenna CW 27 15 2 1.4 1.9 0.5 1.2 0.7 3

0 −13.5 −13.0 0.5 1.2 0.7 3

TABLE 9 | Modulated 5G NR FR2 signal parameters used with the

waveguide.

Parameter Value

Modulation π/2‐BPSK

Duplexing TDD

Channel bandwidth 100 MHz

Subcarrier spacing 60 kHz

No. of resource blocks 64

7 of 20

 1521186x, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bem

.70018 by E
T

H
 Z

ürich, W
iley O

nline L
ibrary on [03/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



diode detectors. These sensors are thin‐film‐deposited and as-
sembled on a quartz substrate enclosed in a quartz cylinder
(probe tip) with an outer diameter of 1.6 mm (see Figure 5). The
sensor center is located at a distance of 0.8 mm from the probe
tip. An overview of the geometric dimensions of the probe is
summarized in Table 6, and a summary of the required and
achieved probe specifications is provided in Table 7.

Rotating the probe around its axis allows reconstruction of the
local polarization ellipse based on the pseudo‐vector principle
introduced in (Pokovic et al. 2000). This probe design results in
a compact sensing volume of ≤0.5 mm 3, enabling the required
high‐resolution scans. To enhance the linear range of the diode
detectors, the sensor output voltage needs to be linearized for
the various modulations (Meyer et al. 2015; Fasse et al. 2024).

The probe tip was optimized by dielectric matching and geometric
shaping for minimal scattering in SSL. This optimization was

carried out using the finite‐difference time‐domain (FDTD) solver
in Sim4Life 7.2 (ZMT ZurichMedTech, Zurich, Switzerland).

2.5 | APD Reconstruction

To obtain the sAPD, the orthogonal component of the Poynting
vector (S n or local APD) at the phantom surface is required.
This needs to be determined from the scanned E‐field in the
SSL. Reconstruction methods calculate the surface APD from
the measured E‐field. We follow two distinct strategies for APD
reconstruction:

• The first approach is based on the assumption of attenuated
plane‐wave propagation along the z‐axis in the phantom.

• The second method makes use of the plane‐to‐plane (PTP)
reconstruction algorithm described in (Pfeifer et al. 2019).

The phantom surface is defined to be the z z= 0 plane. The first
method uses E‐field measurements in the xy‐plane at z z= 1,
where z z− = 11 0 mm. The field decay is measured along z at the
location of the averaging area that includes the maximum E‐field,
and the decay rate, α, is estimated using a least‐squares fit.

The measured E‐field is propagated back to the phantom sur-
face z z= 0. Subsequently, the time‐averaged Poynting vector
Savg along the propagation direction at z z= 0 is obtained from
the expression,

TABLE 10 | Measured dielectric properties of the experimentally

achieved SSL across the 24–30 GHz frequency range.

Frequency (GHz) ϵ r σ (S/m)

24 5.42 2.98

27 5.33 3.15

30 5.25 3.33

(a) (b)

10
 c

m

5 cm

FIGURE 7 | CAD model of the composite phantom (a) and prototype filled with SSL (b). The red arrows in (a) indicate the measurement area.

TABLE 11 | Numerical verification of the composite phantom: maximum, average, and standard deviation (std) for the difference between

psAPD in the phantom and the skin.

Source
Maximum (dB)

Average (dB)
Std (dB) Maximum (dB)

Average (dB)
Std (dB)Averaging area 1 cm 2 4 cm 2

∕λ 2‐dipole antenna 0.23 −0.05 0.15 0.33 0.02 0.16

Waveguide 0.22 −0.06 0.16 0.26 0.01 0.15

Slotted horn antenna 0.33 0.01 0.15 0.40 0.03 0.15

Open horn antenna 0.37 −0.04 0.18 0.21 −0.01 0.13

Cavity‐fed dipole array 0.54 0.10 0.26 0.60 0.08 0.23

8 of 20 Bioelectromagnetics, 2025
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 
 

S z z
E z z

η
ψ( = ) =

1

2

( = )
cos ,avg

c

0
0

2

(4)

where E z z( = )0 is the calculated peak E‐field on the surface,
 ηc is the magnitude of the wave impedance of the SSL, and ψ is
its phase angle (Pozar 2011). Because of the propagation as-
sumptions of this approach, the calculated Savg is the local APD.

In the PTP reconstruction approach, the E‐fields are measured in
xy‐planes at two distances from the phantom surface, z z− = 11 0

mm and z z λ− = 0.22 1 . The complex E‐ and H‐fields are then
reconstructed from the measured E‐field magnitude and the
polarization ellipse. In typical PTP approaches, only the mea-
sured amplitude distribution is used. Here, the phase is re-
constructed such that the polarization ellipse is maintained
(Pfeifer et al. 2019). The main difference from the first method is
that, instead of one plane wave, a series of plane waves is used to
decompose the measured fields into base functions with known
propagation across space. After obtaining the complex fields on
the measurement surface, plane‐wave expansion is used to
propagate the fields back to the phantom surface. The complex
fields on the surface are then used to calculate the S, from which
the local APD can be obtained by taking the normal component.

The reconstruction methods thus allow us to calculate
the local APD from phaseless E‐field measurements. One
approach uses the amplitude measured on one plane and
the decay along the z‐axis, while the other uses the ampli-
tude and polarization ellipses measured on two planes. The
local APD is then spatially averaged as defined in
(ICNIRP 2020; IEC/IEEE 63195‐2 2022).

2.6 | Probe Calibration System

The calibration setup is based on an open‐ended rectangular
waveguide radiating into an infinite lossy dielectric half‐space
(see Figure 6) (Bois et al. 1999). The probe axis is along the z

direction, and the SSL depth is > 20 mm (5δ) to mimic infinite
half‐space. A matching dielectric layer between the waveguide
and SSL ensures that maximum power is transferred to the SSL.

To accurately compute the reflection coefficient and the
E‐field, the contribution of higher‐order modes needs to
be taken into account at higher frequencies in addition to
the dominant mode (Bois et al. 1999). This was achieved by
means of a semi‐analytical solution for the E‐field
distribution in the SSL, derived according to the approach
outlined in (Teodoridis et al. 1985). For an in‐depth ex-
planation of the reflection coefficient and E‐field computa-
tion, refer to Appendix D. In the center of the waveguide,
the E‐field as a function of z E z, ( ), is linearly polarized
along y (or x based on the axis definition) and decays ex-
ponentially along z.

The probe calibration factor, PFE, is obtained by project-
ing the E y (or E x) component on the dipole and then matching
the analytically calculated decay in the liquid to E z( ). The PFE

converts the uncalibrated probe response to the E‐field and has
units of μ V/(V/m) 2. The traceability of the technique is en-
sured by the traceability of the input power, frequency, and
dielectric parameter of the SSL, combined with the semi‐
analytical calculation of the E‐field in the SSL.

To verify the calibration source, we measured the reflection
coefficient across the 24–30 GHz frequency range and compared
the results with both the analytical solution and the simula-
tions. The reflection coefficient was < −15 dB in the 24–30 GHz
range. The difference between simulated and experimental
reflection coefficients was accounted for in the calibration sys-
tem power budget.

2.7 | Validation System

The objective of the validation is to ensure that the APD
measurement system performs within the measurement
uncertainty specified by the manufacturer for any near‐field
source. The requirements for the validation system to achieve
this objective are:

• The validation procedure should be universally applicable to
any APD measurement system and be agnostic to mea-
surement methodology, implementation, and system.

• The validation tests shall be comprehensive, i.e., covering all
potential exposure conditions that are required to be evaluated:

– Exposure pattern having broad to very localized peaks
with 3 dB‐width of fractions to multiple λ free‐space as
well as multiple pAPD peaks

– psAPD values covering the required dynamic range
from < −10 dB to > +3 dB of the applicable limits

– Signals suited for testing bandwidths and modulation
variations

• All metrics shall be tested, i.e., pAPD, psAPD 1 cm 2 and
psAPD 4 cm 2.

• Validation should be simple, i.e., any user trained on the
system should be able to perform it.

• The target values of the measurement system should have
an uncertainty lower than that achievable with APD mea-
surement systems.

0 5 10 15 20
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20
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40
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E
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FIGURE 8 | Analytical, simulated, and measured E‐field profiles at

27 GHz with 15 dBm accepted power.
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We propose the validation system listed in Table 8 as the mini-
mal system to meet these criteria. It tests the measurement sys-
tem's ability to (i) resolve field patterns with strong spatial
gradients, (ii) cover the dynamic range requirement for exposure
assessment, (iii) measure modulated signals, and (iv) correctly
determine the APD of sources in the k‐space up to ≤∕k k 2r 0 .

The 3dB‐width of the pAPD varies from 0.3λ to 1.9/λ (λ in free
space), and some patterns exhibit multiple pAPDs. A dynamic
range of −13.5 dB to +3 dB of the psAPD 1 cm 2 limit and −13 dB
to +3.3 dB of the psAPD 4 cm 2 limit is covered, which is

sufficient for compliance testing against the public limits. Higher
power needs to be applied to test systems for compliance against
occupational limits. For testing the ability to measure modulated
signals, a 5G NR FR2 (ETSI 3GPP TS 38.101‐2 version 17.5.0
Release 17 2022) signal with π/2‐BPSK modulation scheme with
a bandwidth of 100 MHz, with 90% duty‐cycle Time‐Division‐
Duplex (TDD), is applied (see Table 9 for signal parameters).

The target values were determined by the FDTD solver in
Sim4Life 7.2, validated according to (IEC/IEEE 62704‐1 2017).
The psAPD was calculated for the rotating square averaging

TABLE 12 | Quantification of deviations from the mean values in system parameters.

Error description

Uncertainty (dB) Standard uncertainty (dB)

pAPD
psAPD psAPD

Dist. Div. c i pAPD
psAPD psAPD

1 cm 2 4 cm 2 1 cm 2 4 cm 2

Calibration

Power meter (PM) absolute 0.15 0.15 0.15 N (k = 2) 2 1 0.08 0.08 0.08

Mismatch PM and cable 0.15 0.15 0.15 U 1.41 1 0.11 0.11 0.11

Source mismatch (after correction) 0.33 0.33 0.33 U 1.41 1 0.23 0.23 0.23

Coupler mismatch 0.15 0.15 0.15 U 1.41 1 0.11 0.11 0.11

Coupler directivity 0.05 0.05 0.05 U 1.41 1 0.04 0.04 0.04

Liquid permittivity 0.2 0.2 0.2 R 1.73 1 0.12 0.12 0.12

Liquid conductivity 0.05 0.05 0.05 R 1.73 1 0.03 0.03 0.03

Probe positioning 0.17 0.17 0.17 R 1.73 1 0.10 0.10 0.10

Probe

Linearity (P) 0.2 0.2 0.2 R 1.73 1 0.12 0.12 0.12

Flatness (f) 0.2 0.2 0.2 R 1.73 1 0.12 0.12 0.12

Isotropy 0.2 0.2 0.2 R 1.73 1 0.12 0.12 0.12

Phantom

Shell thickness 0.1 0.1 0.1 R 1.73 1 0.06 0.06 0.06

Shell permittivity (5%) 0.22 0.22 0.22 R 1.73 1 0.13 0.13 0.13

Liquid permittivity (10%) 0.2 0.2 0.2 R 1.73 1 0.12 0.12 0.12

Liquid conductivity (10%) 0.02 0.02 0.02 R 1.73 1 0.01 0.01 0.01

Flatness (f) 0.24 0.24 0.24 R 1.73 1 0.14 0.14 0.14

Emulation of APD w.r.t layered model 1.08 0.69 0.61 R 1.73 1 0.62 0.40 0.35

Scanning

Probe positioning 0.3 0.3 0.3 R 1.73 1 0.17 0.17 0.17

Post‐processing

APD reconstruction 0.31 0.48 0.56 R 1.73 1 0.18 0.28 0.32

DUT

DUT holder 0 0 0 R 1.73 0 0.00 0.00 0.00

DUT positioning 0.45 0.58 0.32 R 1.73 1 0.26 0.34 0.18

Modulation response 0.4 0.4 0.4 R 1.73 1 0.23 0.23 0.23

DUT power drift 0.2 0.2 0.2 R 1.73 1 0.12 0.12 0.12

Combined Standard Uncertainty 0.89 0.80 0.75

Expanded Standard Uncertainty 1.57 1.44 1.34

Note: The coverage factor used for the expanded uncertainty is 1.77 for pAPD and 1.79 for psAPD, calculated based on the approach outlined in UKAS M3003 (UKAS
M3003 2024), taking into account the distributions.
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area with an area of 1 cm 2 and 4 cm 2 as specified in (IEC/IEEE
63195‐2 2022). The uncertainty of the target values is explained
in Appendix F, and an overview is provided in Table F1.

The input power is applied to the source with an SMW200A vector
signal generator (Rohde & Schwarz, Germany). Two NRP40S
power sensors (Rohde & Schwarz, Germany) are used to monitor

the forward and reverse power via a ZDDC20‐K0244+ dual‐
directional coupler (Mini‐Circuits, USA). A 40 mm × 40 mm grid
centered over the source is scanned with grid points spaced 0.2λ
apart. The APD at the surface is obtained by means of the
reconstruction techniques described in Section 2.5.

As commonly required, the normalized error En of all tests and
all test metrics (pAPD, psAPD 1 cm 2, psAPD 4 cm 2) must be
smaller than 1 to pass the validation. The En is calculated with
the expression,

∕
   E

u u
=

psAPD psAPD − 1

+
n

meas sim

meas
2

sim
2

(5)

where psAPDmeas is the measured, psAPDsim the simulated
APD value, u meas the expanded measurement uncertainty, and
u sim the expanded numerical target or simulation uncertainty.

3 | Results

3.1 | Composite Phantom Design and
Implementation

The shell is made of PREPERM (PPE1200) with a relative
permittivity of 12 ± 0.5 and a conductivity of 0.018 S/m. The
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FIGURE 9 | Similarity matrix calculated for the open horn antenna.

FIGURE 10 | (a) Simulated and (b) measured APD magnitude for the slotted horn antenna with a CW signal at P = 15in dBm and d = 2 mm

from the skin.

FIGURE 11 | (a) Simulated and (b) measured APD magnitude for the slotted horn antenna with a CW signal at P = 15in dBm and d = 5 mm

from the skin.
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dielectric properties of the SSL are measured using the
Dielectric Assessment Kit (DAK) 1.2E (Schmid & Partner
Engineering AG, Switzerland). The analytically obtained SSL
target of Table 4 could not be achieved with the available
materials. A mixture of glycerin and dimethyl sulfoxide

(DMSO) was found to be closest to the target values.
The penetration depth, δp, was the limiting factor, since the
dosimetric probe requires ≥δp 4 mm. This results in a con-
ductivity limit of σ< 3.5 S/m. The measured dielectric
properties at frequencies of 24–30 GHz of the experimentally

FIGURE 12 | (a) Simulated and (b) measured APD magnitude for the cavity‐fed dipole array with a CW signal at P = 15in dBm and d = 2 mm

from the skin.

FIGURE 13 | (a) Simulated and (b) measured APD magnitude for the cavity‐fed dipole array with a CW signal at P = 15in dBm and d = 5 mm

from the skin.

FIGURE 14 | (a) Simulated and (b) measured APD magnitude for the open‐ended waveguide with a CW signal at P = 7in dBm and d = 2 mm

from the skin.
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achievable SSL under these constraints are shown in
Table 10. The deviation from the SSL target values adds an
uncertainty of 0.69 dB for psAPD 1 cm 2 and 0.61 dB for
psAPD 4 cm 2. This has been included in the uncertainty
budget of Table 12 as “Emulation of APD w.r.t layered
model”. The prototype version of the implemented

composite phantom filled with SSL is presented in Figure 7.
The phantom is fabricated with a smaller measurement area
for additional mechanical stability.

The results of the numerical verification of the composite
phantom versus the layered model of Table 3 are summarized

FIGURE 15 | (a) Simulated and (b) measured APD magnitude for the open‐ended waveguide with a BPSK modulated signal at P = 7in dBm and

d = 2 mm from the skin.

FIGURE 16 | (a) Simulated and (b) measured APD magnitude for the open horn antenna with a CW signal at P = 15in dBm and d = 2 mm from

the skin.

FIGURE 17 | (a) Simulated and (b) measured APD magnitude for the open horn antenna with a CW signal at P = 0in dBm and d = 2 mm from

the skin.
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in Table 11 (see Figure E1 for the difference between psAPD
1 cm 2 for the composite phantom and the skin model for dif-
ferent values of d). The results indicate errors below 0.6 dB,
validating that the composite phantom reproduces the APD of
the layered model of Table 3. Table 11.

3.2 | Probe Calibration

Given the broadband nature of the probe, the calibration is
conducted at 24, 27, and 30 GHz. The E‐field decay is measured
along the z‐direction in steps of 0.1 mm. The measurements for
27 GHz are shown in Figure 8. The field profiles were also
obtained for the other calibration frequencies at 24 and 30 GHz
where similar responses were observed. Based on these mea-
surements, the calculated probe calibration factors PFE as ex-
plained in Section 2.6 are 0.30, 0.32, and 0.33 μ V/(V/m) 2 at 24,
27, and 30 GHz respectively. This results in a frequency flatness
of 0.14 dB/GHz. The average noise level of 0.1 W/m 2 in terms
of the S rms was obtained from the E‐field with (4). The differ-
ence between the simulated and analytical decay profile is
<0.05 dB. This difference can be explained by discretization
errors in the FDTD implementation.

The isotropy error, u iso , was calculated according to the defi-
nition provided in (IEC/IEEE 62209‐1528 2020). The deter-
mined isotropy error was 0.04 dB. An overview of the required
and achieved specifications of the dosimetric probe is displayed
in Table 7. Table 12

3.3 | Measurement System Uncertainty

The uncertainty analysis encompassed contributions from six
primary sources: the calibration process, the dosimetric probe,
the composite phantom, scanning in the SSL, the influence of
the post‐processing algorithm, and the DUT itself. Since the
contribution of the DUT holder strongly depends on the DUT,
this contribution needs to be assessed individually for each
DUT. Factors such as probe linearity and flatness of the fre-
quency response of the probe were taken into consideration, as

were phantom uncertainties and deviations of the dielectric
properties of the phantom from their specifications. Detailed
results of the uncertainty analysis are given in Table 12. Most of
the uncertainty contributors are assumed to have a rectangular
distribution. The coverage factor for the expanded uncertainty
is calculated on the basis of the approach outlined in UKAS
M3003 (UKAS M3003 2024), i.e., 1.77 for pAPD and 1.79 for
psAPD, for the presence of dominant rectangular error distri-
butions. The expanded uncertainty for the APD measurement
system is 1.57 dB for pAPD, 1.44 dB for psAPD 1 cm 2, and 1.34
dB for psAPD 4 cm 2.

3.4 | Experimental Validation

3.4.1 | Composite Phantom Reflection Validation

A similarity matrix, SC, for the open horn antenna, based on
cosine similarity (van Dongen and Enright 2012), is given in
Figure 9. The open horn is considered since it is a broadband
source. Each entry of the similarity matrix, sCi j, represents the
cosine similarity for the measurement taken at d i= and the
simulation conducted at d j= . The composite phantom is re-
garded as validated if the highest sCi j, in each row and column

occurs for i j= ( ± )
λ
4

. The similarity matrix in Figure 9 meets

the validation criterion, which demonstrates that the composite
phantom corresponds to its design parameters.

3.4.2 | APD Measurement System Validation

The surface APD distributions determined from measurements
and the numerically obtained distributions for the four sources for
different test conditions are visualized in Figures 10, 11, 12,
13, 14, 15, 16, and 17. These results provide a comprehensive
perspective on the experimental validation of the APD system
when different power levels and distances are used.

Table 13 summarizes the comparison between the evaluated
psAPD and the corresponding numerical target values for the

TABLE 13 | Validation results comparing the surface pAPD and psAPD determined from measurements with the numerical target values for

sources at different distances from the skin model. The distance d is defined as relative to the skin surface.

Source Signal
f P in d

Target Measured E n

APD (W/m 2) APD (W/m 2) APD

(GHz) (dBm) (mm) p
ps ps

p
ps ps

p
ps ps

1 cm 2 4 cm 2 1 cm 2 4 cm 2 1 cm 2 4 cm 2

Slotted horn CW 30 15 2 156.9 80.8 43.0 161.0 86.7 53.8 0.1 0.2 0.7

Antenna 5 49.5 30.7 21.4 47.9 31.9 22.3 0.1 0.1 0.1

Cavity‐fed CW 30 15 2 94.2 30.9 22.4 95.6 35.0 26.3 0.0 0.3 0.4

Dipole array 5 93.7 45.7 25.7 83.6 44.5 24.0 0.1 0.1 0.2

Open‐ended CW 27 7 2 71.2 23.7 9.2 54.7 22.9 10.0 0.5 0.1 0.2

Waveguide BPSK 71.2 23.7 9.2 55.5 22.3 9.9 0.5 0.1 0.2

Open horn CW 27 15 2 92.5 55.7 30.8 83.7 53.0 29.7 0.2 0.1 0.1

Antenna 0 2.9 1.8 1.0 2.7 1.7 1.0 0.2 0.1 0.1
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validation. The validation is considered as successful since the
E <n 1 for all sources.

4 | Discussion & Conclusion

We present a novel APD assessment system that is capable of
measuring APD within a dynamic range of < 0.01 to 500 times
the exposure limits for the general public according to
(ICNIRP 2020) and a spatial resolution of better than 0.5 mm 3.
The narrow‐band composite phantom covers the frequency
range of 24–30 GHz, i.e., the 5G FR2 bands n25, 258. The
measurements are traceable with uncertainties of better than
1.57 dB for pAPD, 1.44 dB for the psAPD 1 cm 2, and 1.34 dB for
the psAPD 4 cm 2. The system has been fully validated.

The presented validation system meets the minimum
requirements specified in Section 2.7, but for the upcoming
IEC standard for APD assessment (IEC/IEEE 63195‐3 2024)
broadening the coverage of test conditions might be con-
sidered: (1) the dynamic range is currently biased towards
high APD levels, which may not be sufficient to demonstrate
adequate sensitivity; (2) the sources radiate directly into
the phantom; thus additional radial propagating plane‐wave
components, such as those from the parallel end‐fire
antenna, could be incorporated; and (3) the modulation
test set should be extended to include varied duty‐cycle
pulsed signals, addressing lower duty‐cycle signals and
higher‐order modulation schemes (e.g., QAM), which would
account for higher peak‐to‐average ratios and larger band-
widths, potentially reaching up to 800 MHz (ETSI 3GPP TS
38.101‐2 version 17.5.0 Release 17 2022).

As a next step, it is planned to extend the developed APD
assessment system to other frequency bands between 10 GHz
and 45 GHz by developing the corresponding composite
phantom and SSL.
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Figure 1: Simulated and measured reflection coefficient, for validating
the APD phantom using (a) an open horn antenna, (b) a slotted horn
antenna, (c) an open‐ended waveguide, and (d) a cavity‐fed dipole array
antenna for d = 0 mm.

Appendix A

Transfer Matrix Method for TE Mode

To compute the APD in a multi‐layer structure, the analytical formula-
tion was conducted separately for TE and TM modes using the transfer
matrix method. In the TE mode, the E‐field in the i th layer is assumed as:

E A e y

B e y

= ˆ

+ ˆ,

i i
jk x jk z z

i
jk x jk z z

− − ( − )

− + ( − )

x zi i

x zi i

−1

−1
(A1)

where kx and kzi are the wave numbers in x and z directions, respectively.
The continuity of the tangential component of the E‐field between two
subsequent layers implies that all layers must have the same wave number
in the x direction. However, this is not the case for kz, which is related to
the normal component of the E‐field. The H‐field is computed as:

H
Ek

η
=

ˆ ×
,i

i

i

(A2)

where k̂ is the unit wave vector and ηi is the characteristic impedance of
ith layer. Using the continuity of E‐ and H‐field between two subsequent
layers, the relationship between E‐field amplitude in the z and z−
direction for subsequent layers is obtained as:











































































A

B

k

k
e

k

k
e

k

k
e

k

k
e

A

B

=

1

2

1 + 1 −

1 − 1 +

,

i

i

z

z

jk d z

z

jk d

z

z

jk d z

z

jk d

i

i

+1

+1

−

−

i

i

zi i i

i

zi i

i

i

zi i i

i

zi i

+1 +1

+1 +1

(A3)

16 of 20 Bioelectromagnetics, 2025

 1521186x, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bem

.70018 by E
T

H
 Z

ürich, W
iley O

nline L
ibrary on [03/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1109/IMBioC52515.2022.9790128
https://doi.org/10.1109/IMBioC52515.2022.9790128
https://doi.org/10.1007/978-1-4613-1205-5_2
https://doi.org/10.1007/978-1-4613-1205-5_2
https://doi.org/10.1109/CPEM.2000.851101
https://doi.org/10.1109/CPEM.2000.851101
https://books.google.ch/books?id=JegbAAAAQBAJ
https://books.google.ch/books?id=JegbAAAAQBAJ
https://doi.org/10.1109/TMTT.2023.3336798
https://doi.org/10.1109/TMTT.2023.3336798
https://doi.org/10.1109/LAWP.2023.3286944
https://doi.org/10.1109/LAWP.2021.3087019
https://doi.org/10.1109/LAWP.2021.3087019


where di is the thickness of ith layer. Multiplying the transfer matrix for
subsequent layers yields:
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where n is the number of layers, A0 is 1 (unit excitation assumption), B0

and An+1 are the reflection (R) and transmission (T ) coefficients,
respectively and Bn+1 is zero. Therefore,
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(A5)

We employed the transfer matrix to determine Ai and Bi in all layers
using the computed R and T . Subsequently, the surface APD was
computed for each layer using (1). The APD in the SC layer is the target
value, which should match the APD in the phantom. The same pro-
cedure was employed for the TM mode (see Appendix B).

Appendix B

Transfer Matrix Method for TM Mode

The general shape for the magnetic field in ith layer for the TM mode is
as follows:
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The corresponding electric field is then determined as:
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Using the continuity of the tangential components of the electric and
magnetic field in subsequent layers, we derived the following relationship
between the amplitude of the magnetic field in z and z− direction:
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where ϵ̃i is the complex permittivity of ith layer. The computation of
reflection and transmission coefficients, along with subsequent calcu-
lations of A B,i i, and APD in each layer, followed a similar procedure as
for the TE mode (as explained in Section 2.3).

Appendix C

Effects of a Lossless Shell on APD

Let's consider propagation of the TE mode with plane wave excitation in
a z‐normal phantom shell as follows:
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subsequently, the z‐component of the Poynting vector is given by:
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which is independent of kx as it is always real.

Since the shell is lossless, kz can be either a purely real or purely
imaginary number, and each case was investigated separately:

• As a first assumption, let's consider real kz . In this case Pz is as
follows:

I
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which results in the following APD:
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The obtained APD is z‐independent and remains constant within the
shell.

• In the second scenario, when kz is imaginary, Pz is given by:
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therefore,

 
APD Re P

k η
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2
{ } = − 1

2
(− * + * ).z z z (C6)

As Eqs. (C5) and (C6) show, the APD is z‐independent whether kz is real
or imaginary. This proves that APD remains constant within the shell.

Appendix D

Analytic Solution for the Reflection and Electric Field
Distribution of an Open‐Ended Rectangular Waveguide

To compute the electric field distribution in a dielectric half‐space in
front of an open‐ended waveguide analytically, it is essential to compute
the reflection coefficient. Considering Higher‐order modes is crucial, as
relying on the dominant mode can introduce significant errors (Bois
et al. 1999). To achieve this goal, the approach involves formulating the
field in both the rectangular waveguide and the sampling medium. By
matching the fields at the intersection, the reflection coefficient of the
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propagating mode can be derived. The field inside the rectangular
waveguide can be written as:

























( )

( )

( )

( )

E A S A C e

B S B C e

κ x κ y

E A C A S e

B C B S e

κ x κ y

= +

+ +

cos sin

= − +

+ − +

sin cos

x

m n
mn mn mn mn

jβ z

mn mn mn mn
jβ z

x y

y

m n
mn mn mn mn

jβ z

mn mn mn mn
jβ z

x y

,

TE TM −

TE TM

,

TE TM −

TE TM

mn

mn

mn

mn

(D1)



















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


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


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








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Z
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Z
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Z
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Z
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Z
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Z
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(D2)

where κ κ C S β= , = , = , = , =x
mπ
a y

nπ
b mn

κ

κ κ
mn

κ

κ κ mn
+ +

x

x y

y

x y
2 2 2 2

k μ κ κ Zϵ − − , =r
w

r
w

x y
mn k η μ

β0
2 2 2

TE
r
w

mn

0 0 , and Z =mn η β
kTM ϵ

mn

r
w

0

0
.

Similarly, the fields in the sample can be written as:

∞

∞

∞

∞

∞

∞

∞

∞

∞

∞

∞

∞

∞

∞

∞

∞

 

 

 

 




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


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
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H
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+

=
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− +

=
1
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+
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1
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x xy xy

jβz jk x jk y
x y

y xy xy

jβz jk x jk y
x y

y
xy xy
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x y

x
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2 −

+

−

+
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2 −

+

−

+
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x y
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(D3)

where ≡ ≡T T k k T T k k C S( , ), ( , ), = , =x y x y xy
k

k k
xy

TE TE TM TM

+

x

x y
2 2

β k μ k k Z, = ϵ − − , =
k

k k
r
s

r
s

x y
k η μ

β+
0
2 2 2

TE
y

x y

r
s

2 2

0 0 , and Z =
η β
kTM ϵr

s
0

0
.

The solution to the problem is determined by matching the fields at
z = 0. Matching Ex leads to:

∞

∞

∞

∞

 





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
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e e dk dk

+ + +
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x y

xy xy

jk x jk y
x y

,

TE TE TM TM

2 −

+

−

+
TE TM

− −x y

(D4)

By multiplying both sides by e ejk x jk yx y and integrating over x and y
results in:










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+ + + Φ Ψ
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TE TE TM TM
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(D5)

where
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j k κ b y y
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(D6)

The same procedure is done for Ey which gives rise to the following
equation:










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(D7)
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(D8)

(D5) and (D7) lead to the following equation for T TE and T TM :

















T S S C C A

S S C C B

C S S C A

C S S C B

T S C C S A

S C C S B

C C S S A

C C S S B

= ( Φ Ψ + Ψ Φ )

+ ( Φ Ψ + Ψ Φ )

+ ( Φ Ψ − Ψ Φ )

+ ( Φ Ψ − Ψ Φ )
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,

TE

,

TE
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,
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,

TE

,
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,
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(D9)

Having obtained the transmission coefficients in terms of ampli-
tudes in the waveguide, the next step is to match the magnetic fields
at the z = 0 boundary. Matching Hx and Hy fields leads to
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
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To transform D10 to a matrix equation, we define the following
matrices:

  
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We define the following vector of unknowns



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(D16)

Based on the above definitions, we can rewrite the obtained solution as
the following matrix equation:

         
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(D17)

where  and  are the matrices of Cxy and Sxy.

To obtain the correct reflection matrix, the modes that do not
propagate in the waveguide should be removed from each matrix in
(D17). After this modification, the reflection matrix will be com-
puted as follows:

 
 

 
 




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


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


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[Γ] = 11 12

21 22

−1
11 12

21 22

(D18)

It should be noted that we only consider the finite number of modes in
the waveguide to calculate the reflection coefficient, and it was taken
into account in making unknown vectors D16.

Upon obtaining the reflection matrix, the next step is computing he
electric field profile in the sample material. Using the determined
Amn

TE and Amn
TM along with the computed reflection coefficient, Bmn

TE

and Bmn
TM were calculated D17. Subsequently, T TE and T TM were

calculated using (D9). Therefore, the distribution of the electric
field in the sample material was obtained based on (D3).

Appendix E

Numerical Verification of the APD Phantom

To validate the designed phantom, we subjected it, along with the
dermis layered model, to various antennas, including a ∕λ 2‐dipole
antenna, slotted horn antenna, open horn antenna, cavity‐fed
dipole array, and open‐ended rectangular waveguide. We computed
the psAPD 1 cm 2 normalized to incident power for the minimum,
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center, and maximum frequencies of interest (i.e., 24, 27, and 30 GHz).
The difference between the APD in the composite phantom and the
layered model for d from 0 to 10 mm (the distance between the
phantom and the DUT) is depicted in Figure E1. It should be noted that
as the cavity‐fed dipole array was designed for 30 GHz and is a very
narrow band source, we omitted 24 GHz from the analysis.

Appendix F

Uncertainty of the Numerical Target Values

The uncertainty of the numerical target values is summarized in
Table F1. The combined uncertainty of the target values is obtained by
taking the root sum squared (RSS) uncertainty of the numerical and
model uncertainties. The numerical uncertainty includes simulation
tool parameters such as the effect of the absorbing boundary condition,
mesh resolution, power budget, truncation of the feedline to the
antenna, solution convergence, positioning, and the effect of lossy
conductors.

The model uncertainty evaluates the effect of varying the model prop-
erties within manufacturing tolerances. For the slotted horn antenna,
these include the geometric properties of the slot array, the horn, and
the waveguide feed. Considering a worst‐case scenario, the model
uncertainty of the slotted horn is applied to the open horn antenna and
the open‐ended waveguide. For the cavity‐fed dipole array, parameters
such as PCB fabrication tolerances, substrate dielectric properties, and
the geometric properties of the substrate and the cavity are considered.

FIGURE E1 | Box plot illustration of the difference between the psAPD 1 cm 2 for the phantom and the skin exposed to the radiation from

different sources for different d. The boxes represent the 25th and 75th percentiles with the median marked by the centerline.

TABLE F1 | Summary of the uncertainty of the numerical target values for different distances.

Source

Unc. numerical (k=2) (dB) Unc. model (k=2) (dB) Unc. simulation (k=2) (dB)
APD APD APD

d
(mm)

p
1 cm 2

ps
4 cm 2

ps p

ps
1 cm 2

ps
4 cm 2

p

ps
1 cm 2 ps 4 cm 2

Slotted horn antenna 2 0.49 0.42 0.36 0.19 0.17 0.14 0.53 0.46 0.39

5 0.41 0.24 0.34 0.19 0.17 0.14 0.45 0.30 0.37

Cavity‐fed dipole array 2 0.54 0.35 0.54 2.00 0.95 0.77 2.07 1.01 0.94

5 0.56 0.71 0.43 2.00 0.95 0.77 2.08 1.19 0.88

Open‐ended waveguide 2 0.30 0.26 0.24 0.19 0.17 0.14 0.36 0.31 0.27

Open horn antenna 2 0.28 0.27 0.23 0.19 0.17 0.14 0.34 0.32 0.27

Note: The combined uncertainty, denoted as simulation uncertainty, is the RSS uncertainty of the numerical and model uncertainties.
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