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Abstract—Currently, most state-of-the-art research in compu-
tational dosimetry utilizes flat-surface tissue models to simplify
the problem geometry and thus mitigate computational complex-
ity. However, depending on the ratio of the penetration depth and
the curvature radius, this may lead to a non-correct estimation of
the power absorbed by the tissues due to constructive/destructive
interference. In this study, we propose an accurate evaluation
of the area-average absorbed power density in curved tissue-
equivalent models by computing the surface integral of the
normal component of the absorbed power density vector field.
The numerical analysis is performed for plane wave exposure
of an ear model at 60 GHz. We also investigate the effect of
the averaging area shape on the absorbed power density by
considering 1 cm2 square- and disk-shaped averaging surfaces.
Results show a substantial relative difference of 14 % in the area-
averaged absorbed power density over a disk-shaped averaging
surface between transverse electric and magnetic polarization,
with the reference being the value of the area-averaged absorbed
power density for a planar homogeneous model and normal
incidence. By using the same reference value, negligible differ-
ences of 1.81 % and 0.92 % for transverse electric and magnetic
polarization, respectively, are present when the averaging area
shape changes. According to the studied exposure scenarios, the
area-averaged absorbed power density variations as a function
of the averaging surface geometry are less significant than those
related to the polarization of the incident field.

Index Terms—computational dosimetry, millimeter wave expo-
sure, ear model, absorbed power density

I. INTRODUCTION

With increasing need for higher data rates, more reliable
wireless connection and improved latency, millimeter waves
(mmW) spectrum represents a promising solution. Interna-
tional guidelines [1] and standards [2] for human exposure
to electromagnetic (EM) fields have recently undergone major
revisions given the massive breakthrough of the 5th generation
(5G) heterogeneous cellular network technology. One of the
most prominent updates is the introduction of a novel basic
restriction metric at frequencies above 6 GHz - the absorbed
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power density (APD), which represents the power per unit
area deposited over irradiated surface of the tissue.

Between 6 GHz and 30 GHz, the APD is averaged over
a square of 4 cm2 to account for the consistency with the
volume-average specific absorption rate (SAR) at lower fre-
quencies. The validity of such an approach has been estab-
lished in thermal modeling study by Hashimoto et al. [3]. As
the additional criterion imposed above 30 GHz (and less than
300 GHz), the APD averaged over 1 cm2 should not exceed
2 times the value for the square 4 cm2 averaging area.

At present, the majority of the computational dosimetry re-
search dealing with human exposure at mmW is using simpli-
fied, canonical, most often planar tissue-equivalent phantoms
[4]. Some efforts have been made to take into account more
realistic models with non-planar surfaces, e.g., in [5] where
simplified structures having a diameter equal or longer than the
side of the square typically used to average the APD (2 cm2)
have been considered. The effect of curvature in structures
with smaller radii (i.e., finger and ear) was investigated in [6].

As a continuation of this work, we propose a simple and
accurate method to evaluate the area-averaged absorbed power
density (APDav) over a curved, realistic surface at mmW. The
impact of the shape of the averaging surface is considered and
placed in the context of exposure guidelines and standards.

II. MATERIALS AND METHODS

A. Electromagnetic Simulation Setup

A realistic ear model, Fig. 1, is considered for the EM
simulation. The model dimensions are set to match the average
size of the ear of a middle-aged adult [7]. The electric and
magnetic field distribution over the model surface are com-
puted with the finite element method by using the Frequency
Domain Solver implemented in CST Studio Suite. A plane
wave oriented along the z-axis at 60 GHz of both transverse
electric (TE) and transverse magnetic (TM) polarization is
used as source. The complex permittivity of the ear is set to
7.98 - j10.90 corresponding to the dry skin of an adult [8]. The
model is discretized with a tetrahedral mesh, and the maximal
size of a mesh cell is set to λ/8 (15 million cells in total).
Perfectly matched layers are used as boundary conditions in
all directions to simulate the open space conditions.



Fig. 1: Computational model of an ear.

B. Assessment of Area-Average Absorbed Power Density

The APDav is defined as the spatial average of the normal
component of the time-averaged Poynting vector [1]:

APDav =
1

2A

∫∫
A

ℜ
[
E ×H∗] · n dA (1)

where E and H∗ are the complex electric field and complex
conjugate magnetic field, respectively, and n denotes the unit
normal vector field spatially distributed over the irradiated
surface of area A.

Components of the unit vector field normal to the surface of
a model are evaluated numerically by utilizing the principal
component analysis (PCA)-based method proposed in [9] at
each point in which the EM power density is computed. Firstly,
the local neighborhood of a point is located within some fixed,
predefined scale factor, e.g., a number of neighbors, k, for
k-nearest neighbors algorithm. A local tangent plane is then
estimated via PCA regression - by computing the eigenvectors
and eigenvalues of a covariance matrix created from the local
neighborhood of a query point. The components of the normal
vector thus defined are not consistently oriented over an entire
point cloud due to the nature of PCA. Therefore, the last step is
to propagate the orientation to adjacent planes in the Riemann
graph starting from a desired viewpoint, in this case, with
respect to the direction of a plane wave propagation.

The assessment of the APDav by approximating the surface
integral in Eq. (1) is obtained as the weighted dot product
between the corresponding components of the EM power
density vector field and the unit normal vector field. Two
integration schemes are considered, namely the 6th degree
2-dimensional Gaussian-Legendre quadrature for a squared
domain, and the 12th degree symmetric quadrature formula
for a unit disk [10]. Integration degree is chosen to obtain the
same level of spatial complexity, i.e., the number of sampled
nodes and associated weights, for both domains. For a squared
domain, nodes are selected as roots of the n = 6 degree
Legendre polynomial defined to allow the quadrature rule to
integrate degree 2n − 1 = 11 polynomials exactly, while
weights are derived for each corresponding node [11]. The

(a) Square-shaped domain. (b) Disk-shaped domain.

Fig. 2: Spatial distribution of integration nodes (dots) used for
the assessment of the APDav on the surface of the ear. Radii of
each small circle surrounding nodes represents corresponding
integration weights.

distribution of integration nodes is shown in Fig. 2 where
each black dot corresponds to an integration node position, and
radii of shaded circular regions surrounding nodes represent
(normalized) integration weights derived from the underlying
orthogonal polynomials.

III. RESULTS AND DISCUSSION

According to the specification in [1], the surface for spatial
averaging of the APD is set to 1 × 1 cm2 in addition to
2 × 2 cm2 for EM exposure above 30 GHz. In the following
example, we investigate how the shape of the averaging surface
and the polarization of a plane wave impacts the APDav. Two
geometries are considered: a square of 1 cm2, and a disk with a
radius of 0.56 cm resulting in the surface area of ~1 cm2. Given
the width of an ear model (x-axis) is slightly thicker than
1 cm and that the most exposed area (worst case scenario) is
approximately 1 cm2, averaging surfaces of 4 cm2 area are not
considered in the analysis. Both averaging surfaces considered
in this study have the same center point and are placed at the
most irradiated region of the ear, which is found by computing
the APDav for all points on the directly exposed surface.

The leftmost and the center view in Fig. 3 show the
distribution of the normal component of the real part of
the time-averaged Poynting vector in TE mode, while the
two scatter diagrams on the right zoom in to a square- and
disk-shaped parametrized surfaces for the computation of the
APDav. Identical analysis is also performed in TM mode. For
the sake of brevity, the APD distribution for TM polarization
is not shown in Fig. 3 but the results are summarized in Table I.
Even though the relative difference in APDav for different
surfaces and the same polarization is within 2 % (1.81 % for
TE and 0.92 % for TM), the comparison between TE and TM
mode indicates substantial deviations of 13.11 % and 14 % for
square- and disk-shaped parametrized surfaces, respectively.
The APDav reference is defined as the value for a planar
homogeneous model and normal incidence and it equals to
6.22 W m−2. The maximal value of the APDav is 5.73 W m−2

for the case of a TE polarized plane wave and disk-shaped
averaging surface.



plane wave incidence
point of view

Fig. 3: APD distribution over the surface of the ear exposed to a TE plane wave.

TABLE I: Results summary.

averaging surface shape
APDav [W m−2] square disk rel. % difference

TE 5.61 5.73 1.81polarization TM 4.80 4.85 0.92
rel. % difference 13.11 14

IV. CONCLUSION

We proposed a novel approach to assess the APDav over
irregular, non-planar tissue surfaces. As a validation example,
we evaluated the EM exposure of a realistic ear model illumi-
nated by a 60 GHz plane wave. The EM field distribution over
the entire ear was computed. By using a PCA regression, the
unit vector field distribution normal to a model was estimated.
The surface integral of time-averaged Poynting vector across
the oriented surface of a model was approximated over a
square- and a disk-shaped averaging surface of 1 cm2.

Relative differences of 1.81 % and 0.92 % for TE and TM
polarization, respectively, indicate that the APDav depends
only slightly on the shape of the averaging surface in the
studied scenarios. However, the polarization of the EM field
source has a more substantial impact (relative differences
between TE and TM polarization are 13.11 % and 14 % for
a square- and a disk-shaped averaging surface, respectively).
Future work will consider wider range of exposure scenarios
by extending the analysis to other frequency bands emerging
for 5G/6G and by employing realistic radiation sources.
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