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Chapter 1

Introduction

With the proliferation of personal wireless devices operating in data-intensive regimes,
the utilization of hitherto ill-suited parts of the radio spectrum have became neces-
sity. This is mainly due to the increasing demand for high data rates and more
reliable service connections [1]. Early network performance improvements were re-
flected through the increased channel capacity and reduced latency owing to the
emergence of the 5th generation (5G) wireless networks – a novel technology stan-
dard for broadband cellular networks [2]. The key novel features such as the carrier
aggregation, multiple input, multiple output (MIMO) technology, beam-forming,
etc., accompanied by the radio spectrum expansion to the high micro and millimeter
waves (MMW), the ever growing interest in, as well as concerns about, biological
safety due to exposure to radio-frequency (RF) electromagnetic (EM) fields have
come about [3].

To ensure safe use of such wireless devices commonly being active in close prox-
imity to the human body, various international bodies have determined exposure
limits derived upon peer-reviewed scientific literature that pertains to the EM field-
associated bioeffects classified as potentially harmful [4]. A well-established and
understood effect of EM fields on human tissue for exposure above 6GHz, which
is the primary interest of this work, is temperature rise at the surface of the ex-
posed tissue [5]. The International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) guidelines [6] and Institute of Electrical and Electronics Engineers
(IEEE) International Committee on Electromagnetic Safety C95.1 standard [7] have
both recently undergone a major revision to fill the gaps in knowledge and update
safety levels regarding the human exposure to EM fields up to 300GHz accordingly.
The most notable technical change is the introduction of the absorbed/epithelial
power density (APD) as the basic restriction (BR) [6] or dosimetric reference limit
(DRL) [7], respectively, for localized exposure above 6GHz. This dosimetric quan-
tity represents the spatially averaged power density absorbed at the tissue surface
and is derived from the levels of RF EM fields that correspond to the adverse health
effects in terms of temperature rise. Additionally, in order to provide practical means
of demonstrating compliance, the reference level (RL) [6] (or exposure reference level
(ERL) [7]) has been redefined in terms of the incident power density (IPD) spatially
averaged on the same area as the APD, but assuming conditions of free space.

According to aforementioned exposure limits, the APD and IPD are to be aver-
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aged over a square-shaped control plane of 4 cm2 to achieve continuity with volume-
averaged dosimetric quantities at lower frequencies [8], [9]. To account for narrow
beam patterns present above 30GHz, power densities should additionally be aver-
aged over 1 cm2 provided that the spatially averaged value is at most two times
the value for the corresponding 4 cm2 averaging area. Even though the validity of
the APD and IPD for compliance assessment has been established through numer-
ous computational and experimental studies [10], there are still ambiguities with
the following standing out in particular. Namely, the assessment of the APD and
IPD on non-planar body parts with the curvature radius comparable to the wave-
length of the impinging EM field. Thus, this work aims to provide a full overview
of the state-of-the-art (SotA) dosimetric and exposure assessment literature con-
cerning averaging schemes for the assessment of the APD and IPD numerically on
such non-planar body parts. It is of utmost importance to appropriately develop
morphologically-accurate EM models and corresponding averaging techniques to be
able to account for irregularities of the exposed tissue surface in cases where the
standard evaluation plane represents a crude approximation and potentially leads
to underestimation of extracted dosimetric quantities.

The outline of this work is as follows. In Chapter 2, the overview of the basics
of the interaction between EM fields at the 6–300GHz range with the human body
is given. From first principles within the framework of the Maxwell equations, to
the accurate description of non-ionizing radiation on which the principles of limiting
human exposure are based on, this chapter first and foremost serves to define, but
also to justify the use of the BR/DRL and RL/ERL, respectively.

A deep dive in mathematical formulations with the special emphasis on deriva-
tion of the APD and IPD from the Poynting theorem, which serves as a foundational
statement of conservation of energy within electrodynamics, is provided in Chap-
ter 3.

Finally, the state of the research is outlined in Chapter 4. Starting from the
tissue modelling above 6GHz to more nuanced subjects such as improving the rigor
of the sole definition, but also application methods of averaging techniques.



Chapter 2

Human Exposure to Electromagnetic
Fields

2.1 Introduction to Electromagnetic Fields
EM field, in a classical sense, i.e. non-quantum, is a concept denoting smooth
motions of charged particles through space. In classical electrodynamics, oscillating
charges produce variations in the electric, E , and magnetic, H, field in a continuous
manner where, in that case, energy is viewed as being transferred continuously
through a field between any two distinct points in space [11]. A simple visual
representation of a plane wave, whose value, at any moment, is constant through
any plane that is perpendicular to a fixed direction in space [12], is shown in Fig. 2.1.
The number of oscillations per unit time is referred to as the frequency, f , of the

x

y
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E

H

Figure 2.1: Visual representation of a propagating plane wave in classical electro-
dynamics with k⃗ being the wave vector dictating the direction in which the wave
propagates and is perpendicular to the wave-front [12].

field. The quantum picture of EM fields is somewhat different. Here, the moving
charged particles are treated as “quantum harmonic oscillators” described via EM
field tensors.

Mathematically, EM fields can be formulated within the Maxwell framework
originally consisted of twenty scalar equations and subsequently reduced to four
partial differential vector equations that encapsulate expressions for the relationship
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between fields and their sources in a symmetric form [13]

∇× E = −∂B
∂t

, (2.1)

∇×H = J +
∂D
∂t

, (2.2)

∇ · D = ρ, (2.3)
∇ · B = 0. (2.4)

Equation (2.1) represents the differential form of the Faraday law which states that
the time-varying magnetic flux density, B, is the source of the rotating electric
vector field, E . An extended differential formulation of the Ampere law is given in
Eq. (2.2). It states that electric current density, J , is the source of the rotating
magnetic vector field, H. Furthermore, with an addition of displacement currents –
given by the time-varying electric flux density, D, the consistency with the law of
conservation of electric charge is achieved. In Eq. (2.3), the Gauss law, outlining
the relationship between static electric fields and electric charges is given. A static
electric field points exclusively from positive towards negative charges with the net
field outflow being proportional to the charge in a bounded volume of space. On the
other hand, the Gauss law for magnetism, which excludes the existence of magnetic
monopoles – the magnetic field is always solenoidal, is given in Eq. (2.4).

As the field propagates away from a source, it transfers energy from its source
to the surrounding space. The general conservation of energy for a configuration
consisting of electric and magnetic fields acting on charges is given by the Poynting
theorem. This theorem represents an energy balance indicating the rate of energy
transfer (per unit volume) from a region of space is equal to the rate given by the
work done on a charge distribution within the volume and the energy flux leaving
that region reduced by the rate at which energy leaves the volume [14]. It is written
as [15]

∂

∂t

∫
V

(
Wc +

1

2
ε E⃗ · E⃗∗ +

1

2
µ H⃗ · H⃗∗) dV +

∮
S

(
E ×H

)
dS⃗ = 0. (2.5)

In Eq. (2.5), Wc represents energy of the charged particles (including both sources
and losses) at a given point in the bounded volume, V . Expressions 1

2
ε E⃗∗ · E⃗ and

1
2
µ H⃗∗ · H⃗ are respectively energy stored in the electric and magnetic field, where ε

is the absolute permittivity and µ is the magnetic permeability. The flow of energy
through the surface, S, bounding the observed volume in a unit of time is defined
as ∮

S

(
E ×H

)
dS⃗. (2.6)

Within Eq. (2.6), the time-varying vector field, i.e., the Ponyting vector,

P = E ×H, (2.7)

represents the power density flow which defines the direction and amount of energy
flow density at any point in space.
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2.2 Electromagnetic Radiation
EM radiation is created due to periodic changes of electric and/or magnetic fields.
Depending on the periodicity and the overall EM power, different wavelengths of the
EM spectrum are produced. The frequency and wavelength are inversely propor-
tional physical quantities whose proportionality constant is the propagation speed
of EM waves in space. In vacuum, where neither collisions nor any interaction with
scatterers are captured, EM waves travel at the speed of light. On the other hand, in
lossy medium, the field travels at lower speed and can impact upon material which
results in the interaction with atoms and molecules in that material. Resulting ef-
fects depend both upon the transferred power and frequency/wavelength of the field
as well as the physical properties and dimensions of the material which it interacts
with.

2.2.1 Non-Ionizing Electromagnetic Radiation

With photon energy up to 10 eV, EM radiation is classified as non-ionizing since a sin-
gle photon does not carry sufficient energy to ionize atoms or molecules by removing
the most loosely bound corresponding electron. It is grouped into different wave-
length/frequency bands: ultraviolet (UV) radiation (wavelengths of 100–400 nm),
visible light (wavelengths of 400–780 nm), infrared (IR) radiation (wavelengths of
780–1000 nm), RF EM fields (100 kHz to 300GHz), low frequency (LF) (1Hz to
100 kHz) and static electric and magnetic fields. On the other hand, even photons
are electrically neutral, they still can lead to ionization of the matter indirectly
through the photoelectric effect and the Compton effect. It is generally accepted
that indirectly ionizing radiation occurs for a photon’s energy greater than 10 eV
which is equivalent to the higher energy UV part of the EM spectrum (wavelength
of 124 nm or lower) [16], [17]. Thus, ionizing radiation falls into the high energy UV
spectrum, X-rays, and gamma rays. Refer to Fig. 2.2 for a full overview of the EM
spectrum.

By acting upon material in lossy space, non-ionizing EM waves transfer kinetic
energy to surrounding bounded atoms and molecules in the material causing them to
vibrate more rapidly. This effect is accompanied by an increase in the temperature of
the affected area, but it occurs only if wavelength of incident electromagnetic waves
are of the same order of magnitude as the dominant dimension of the material being
irradiated. To put it in a perspective, LF radiation has very long wavelengths (order
of a thousand kilometres or more), RF radiation have wavelengths of between 1 and
100m, with microwaves being about 1 cm long. Thus, heating of biological tissue is
the most prevalent in microwave spectrum and towards the lower energy part of UV
spectrum, see Fig. 2.2.

2.2.2 Foundational Principles of Non-Ionizing Electromag-
netic Radiation Effects on Tissue

Conditioned by the interaction of non-ionizing radiation and biological tissue, a
biological effect can be described as any biological, physical, or chemical change
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Figure 2.2: Diagram of the EM spectrum distribution as a function of wavelengths.

induced in this tissue [4]. Living organisms have repair and feedback mechanisms
intended primarily for preservation of homeostasis. Once upper threshold limits in
the capacity of these mechanisms are exceeded, adverse health effects may occur.
In some cases, the difference between the biological and adverse health effect is
not clear as it may vary significantly upon individual’s perception and sensitivity.
For this reason, adverse health effects are distinguished from other biological effects
based on the World Health Organization definition of health: “Health is a state
of complete physical, mental and social well-being and not merely the absence of
disease or infirmity” [18]. If a biological perception appears as a consequence of non-
ionizing radiation (e.g. tingling sensation [19], magnetophosphenes [20], microwave
hearing [21]), and it does not have consequences on the health of an individual, then
it is not considered an adverse health effect [4].

Interaction effects between non-ionizing radiation and biological tissue are roughly
classified into the thermal and non-thermal category. Low frequency RF radiation
up to 100 kHz usually pertains to non-thermal effects, e.g., nerve stimulation, while
RF radiation above 10MHz is exclusively associated with thermal effects by means
of tissue temperature rise. The overview of the non-ionizing EM spectrum and the
effects on biological tissue is outlined in Table 2.1. Exposure to EM fields induces
electric fields within tissue, which can stimulate any excitable cells of that tissue
up to 10MHz [19]. Low frequency, pulsed EM fields of sufficient intensity may
lead to the change in permeability of cell membranes and subsequent deformation
of intracellular structures if the duration is shorter than the charging time of the
outer membrane [22]. Increasing the frequency, heating effects predominate and the
likelihood of nerve stimulation drastically decreases. However, evidences on the ex-
istence of non-thermal effects above 100MHz exist [23] and are usually manifested
as changes in the activity of cell membranes and non-selective channels, transmem-
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Table 2.1: Summary of non-ionizing radiation effects on biological tissue.

exposure to frequency range effect of interaction
static magnetic fields 0Hz induced electric fields and current

LF radiation 1Hz to 100 kHz stimulation of excitable cells
100 kHz to 10MHz stimulation of excitable cells and tissue heatingRF radiation 100MHz to 300 GHz

IR radiation 300GHz to ∼ 400THz
visible light ∼ 400THz to ∼ 790THz

low energy UV above 790THz

tissue heating

brane potentials and the cell cycle. Since there is no scientific consensus of their
adverse health effects, they fall out of the scope of this work. It is nevertheless
important to note that in [24], theoretical predictions of the existence of megahertz
to terahertz oscillations in the living cells were postulated and have sparked great
interest in risks and potentials of the interaction of external EM fields and tissues.
Biological effects at physiological levels and at cellular and molecular levels have
been reviewed extensively in [3], [25]. Authors of the latter study argue that even
though there are some arguments in favor of possible interactions of high frequency
EM waves, especially at MMW, with living organisms that exclude direct and indi-
rect thermal effects, e.g., therapeutic applications [26], it is unclear if these effects
can be fully explained without placing them in the thermodynamics framework.

2.3 Radio-Frequency Electromagnetic Radiation Pro-
tection

With the development and widespread deployment of electronic systems, humans are
increasingly being exposed to artificial EM fields [27]. Most consumer electronics
fall into the RF portion of the EM spectrum as they are usually based on the
services of communication and wireless transmission of information and recently, on
a larger scale, on wireless power transfer. To ensure safe use of such devices, various
international bodies set guidelines or standards for limiting exposure to EM fields.
ICNIRP and IEEE International Commitee on EM Safety prescribe exposure limits
through guidelines [6] and standards [7], respectively, both for people in restricted
environments and for the general public.

A high degree of protection against adverse health effects is ensured by respecting
the frequency and exposure scenario dependent limits to both short- and long-term,
continuous and discontinuous RF EM fields [6], [7]. The limits are derived upon
published scientific literature pertaining to the effects of RF EM field exposure on
biological systems and tissues that is classified as potentially harmful. These lim-
its are subsequently identified as adverse health effect thresholds [6] (or exposure
limits [7]). Additionally, reduction factors [6] (or safety margins [7]) are applied to
the resultant thresholds/limits or operational threshold/limits if no direct thresh-
olds/limits can be explicitly obtained. Reduction factors (or safety margins) account
for feature variability of individuals as well as variations in the exposure setup, en-
vironment, etc.
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Now, the threshold values, incorporating reduction factors (or safety margins),
are expressed in terms of BRs [6] (or DRLs [7]). They relate to physical dosimetric
quantities, either peak or averaged in time and space, that are well correlated with
occurrence of harmful impact as a result of RF EM exposure. To facilitate the
assessment of exposure in situations where the aforementioned physical quantities
are difficult to measure, RLs [6] (or ERLs [7]) are derived upon BRs (or DRLs)
under worst-case exposure conditions to acquire high degree of conservatism and to
provide a more-practical means of demonstrating compliance with the guidelines (or
standards).

2.3.1 Brief Historical Overview

Ever since the first commercial radio station was put in operation and started broad-
casting, there has been a public interest in assessment of human exposure to RF
EM radiation. Serious endeavors in the scientific investigation of the interaction of
EM waves of RF spectrum and human tissue were initiated during the 20s of the
last century given the rapidly expanded use of RF diathermy for therapeutic tissue
heating [28].

In the early 50s, the US Department of Defense put in operation a large number of
high-power RF transmitters to enable the advanced use of wireless communications
and radar systems. As most of the transmitters were operated in close proximity
to personnel, there existed a concern about possible adverse health effects. The
Tri-Services Program (1956–1960) was put in operation and had the main goal to
examine the potential impact of radiated fields on the human body [29].

Although research in this area was brought to a higher level of quality [30]
during the 70s, there was a growing distrust within the general population due to
the increasing number of wireless electronic devices operating in the close proximity
of human body whose safety was questionable due the chronic lack of concrete limits
and regulations defined on the basis of rigorously verified scientific facts, but also the
growing number of controversies [31]. As a response, more and more computational
dosimetry studies were published, mostly considering far-field exposure to plane
wave radiation given the state of the technology at the time. This culminated with
publication of a series of dosimetry handbooks sponsored by the U.S. Air Force [15].

At the same time, comprehensive studies of environmental RF fields in urban
environments underwent proliferation [32], and, to date, numerous surveys have mea-
sured environmental RF fields from diverse technologies, e.g., RF transmitters, base
stations, mobile phones, etc., in different conditions and exposure scenarios [33]. The
first set of the formal RF safety standards in U.S. were published during the late 60s
from which the IEEE family of exposure standards, denoted C95.1-x, where x corre-
sponds to the year of publication, arose. This early limits were usually expressed in
terms of the power density incident to the body and were based on canonical mod-
els predicting whole-body heating. Subsequently, over the years, the development
of international, often independent, regulatory bodies, including American National
Standards Institute (ANSI), ICNIRP, IEEE, etc., has evolved. Refer to [34] for a
more comprehensive historical background.

ICNIRP, an independent international organization, introduced generally similar
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guidelines; a history of the development of the organization and its guidelines are
available elsewhere, e.g., in [35]. Although over the years there were significant
discrepancies between IEEE C.95.1-x standards and ICNIRP guidelines, with the
latest updates in 2019 and 2020, respectively, the harmonization between two sets
of limits has mostly been achieved. It is reported in [31] that “a great deal since the
days of the Tri-Services Program has been learned and major technical advances
in exposure assessment and dosimetry have been reached”. This includes the high-
fidelity EM simulation software for computational dosimetry, large-scale, image-
based libraries of 3-D human and animals models adapted to EM simulations, high-
quality, commercially available instruments for accurate RF exposure assessment,
etc.

During the last decade, research has at least doubled on all fronts: from exper-
imental to epidemiological to dosimetric/technical studies. However, the greatest
progress can be seen in the quality and number of published studies carried out
in computational dosimetry research, the main idea of which is the realization of
precise simulations at high frequencies in the near field [36]. In 2021, in total N =
375 studies related to computational dosimetry have been published concerning the
exposure to RF EM waves and/or mobile communications in general (see Fig. 2.3),
which is more than a double compared to the number of published experimental
studies (N = 140). The reason for this is the market breakthrough of new wireless
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Figure 2.3: Papers published in 2021 related to research on bioeffects of RF fields
and/or mobile communications. Compiled from the database of publications at
emf-portal.org.

communication devices, primarily based on the 5G cellular technology, which, in
addition to utilization of higher parts of the RF spectrum compared to preceding
generations, employs MIMO antennas and beam-steering [2]. Considering the hard-
to-maintain control conditions of the laboratory and expensive equipment, especially

emf-portal.org
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at MMW, there is a dearth of accurately assessed and adequate experimental data.
The available experimental studies do not provide sufficient information for a mean-
ingful safety assessment [37]. Additionally, the advent of numerical methods [38],
e.g., finite difference time-domain (FDTD), finite element method (FEM), boundary
element method (BEM), method of moments (MoM), etc., computing power and its
overall availability, facilitated by the publicly available, highly-accurate databases
on the dielectric properties of numerous human and animal tissues [39] has enabled
progress in computer dosimetry and computational bioelectromagnetics in general.
The evolution of research from 1950 to 2021 in the field of RF and/or mobile com-
munications exposure assessment and dosimetry is visualized in Fig. 2.4.
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Figure 2.4: Papers published over years from 1950 to 2021 related to research on
bioeffects of RF fields and/or mobile communications. Compiled from the database
of publications at emf-portal.org.

2.3.2 Scientific Basis for Limiting Radio-Frequency Exposure

As pointed out in the previous section, the main component of absorbed EM fields
inside the body is the electric field. Below 10MHz, induced electric fields may stim-
ulate nerves and, in rare occasions, cause dielectric breakdown of biological mem-
branes [40]. Such and similar effects are defined as non-thermal and can be classified
into four groups: resonance mechanisms, coupling with non linear systems, effects
due to the direct action of electric and magnetic fields, and cooperative mechanisms
due to interactions among several membrane components [41]. Above 100 kHz, the
result of the interaction between induced electric fields and polar molecules or free
charges within the exposed body is the kinetic energy. It makes the polar molecules
to rotate and oscillate around their center, while charges to form the electric cur-

emf-portal.org
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rent. Increased kinetic energy leads to more frequent interaction with other polar
molecules and charged particles, which ultimately causes conversion of kinetic into
thermal energy [42].

In order to evaluate the heating effects, it is important to quantify the absorbed
EM power within exposed tissue. It is generally considered that below 6GHz, EM
fields penetrate deep, whereas above this frequency, the power is dissipated mostly
across the surface of the exposed tissue [5]. The power transmission coefficient and
power penetration depth into the uniform half plane of tissue with dielectric prop-
erties of dry skin as frequency-dependent functions are shown in Fig. 2.5. Dielectric
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Figure 2.5: Power transmission coefficient and power penetration depth into dry
skin as functions of frequency.

properties of dry skin are taken from [39]. Power penetration depth into the tissue is
defined as the distance beneath the surface at which the power density has fallen to
a factor of 1/e below that at the surface – one-half of the more commonly reported
wave penetration depth [8].

Both guidelines and standards set (operational) threshold levels to restrict tem-
perature rise rather than absolute temperature as it is dependent on many factors
that are not conditioned by exposure to RF EM fields. Such factors, e.g., sex, age,
thermoregulation, that are subject to inter-individual features together with addi-
tional confounding variables as surrounding temperature, clothing, and work rate
are out of the scope of guidelines/standards.

Temperature rise can be further differentiated to steady-state and brief temper-
ature rise. Steady-state temperature rise allows time for heat to dissipate over a
larger tissue mass and for thermoregulatory processes to become active. Steady-
state rise of body core temperature is generally limited to 1 °C although there are
no scientific evidences of adverse health effects in the event of even greater tempera-
ture increase. Due to the limited literature available, steady-state temperature rise
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of 1 °C has been adopted in a conservative manner as it triggers significant physio-
logical changes, e.g., thermoregulatory responses [43] which are not represented as
adverse health effects.

Additionally, steady-state local temperature rise is defined to account for spe-
cific exposed body regions such as the head and torso, or limbs. It is accepted that
local temperature rise should be limited to 5 °C for regions containing tissue with
normothermal temperature in the 33–36 °C range. For regions with higher normoth-
ermal temperature in the 36–38.5 °C range, e.g., tissues in the head, eyes, abdomen,
thorax, pelvis, etc., local temperature rise should be limited to 2 °C. These limits are
based on the experimental human studies [44] given the fact that damage may occur
at tissue temperature of 41–43 °C [45] with the likelihood and severity of damage
increasing with the increase of exposure time [6].

Finally, rapid temperature rise can result in heterogeneous temperature distri-
bution over mass or surface of the exposed tissue before thermoregulatory responses
become active that allow heat dissipation within the tissue [8], [46]–[48]. This will
be discussed in more detail in the following sections.

2.3.3 Basic Restrictions

BRs/DRLs (from now on in the text only “BR” abbreviation will be used for the
sake of brevity and improved readibility) have been derived from the levels of RF
EM fields that correspond to the (operational) adverse health effects. Typically,
BRs concerning RF EM fields are frequency dependent dosimetric quantities that
are treated separately depending on the spatio-temporal scale of exposure.

For steady-state body core temperature rise, whole-body average specific absorp-
tion rate (SAR) is defined as the BR at 100 kHz to 300GHz. SAR represents the
rate at which energy is absorbed per unit mass by a human body when exposed to
RF EM fields. It is defined as the power absorbed per mass of tissue and has units of
W/kg. Theoretical modeling and generalization from experimental research across
a range of different species led both ICNIRP and IEEE to set whole-body average
SAR of 4W/kg, averaged over the entire body mass and a 30-minute interval as the
exposure level corresponding to the operational adverse health effect threshold for
an increase in body core temperature of 1 °C. Additional reduction/safety factor of
10 is applied subsequently to account for scientific uncertainty and inter-variability
in thermal physiology of exposed occupational workers. Furthermore, a reduction
factor of 50 is applied for general public.

SAR spatially averaged over 10 g provides an appropriate proxy for the local
steady-state temperature rise of the tissue exposed to RF EM waves at 100 kHz
to 6 GHz. A somewhat arbitrary mass of 10 g is used as heat diffusion rapidly
distributes the thermal energy to a much larger volume even though the distribution
of temperature can initially be heterogeneous [49]. For head and torso, SAR of
20W/kg averaged over 10 g and 6-min interval is identified to correspond well to
the (operational) adverse health effect threshold. Again, safety factor of 2 is applied
for occupational exposure and 10 for the general public. On the other hand, limbs
are composed of tissues with the generally lower normothermal temperatures. Thus,
SAR of 40W/kg averaged over 10 g and 6-min interval is set as the BR in this case.
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Reduction factors match those for the head and torso, again to account for scientific
uncertainty and inter-individual features of exposed individuals both in occupational
exposure and in the general public.

At higher frequencies, around 90 % of the total EM power is dissipated within
first (few) mm of the exposed tissue (8mm at 6GHz and 0.81mm at 30GHz [50]),
see Fig. 2.6. Thus, it is more appropriate to describe absorbed power over surface
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Figure 2.6: Specific absorption rate as a function of depth into the homogeneous
block of tissue with dielectric properties of dry skin. It is assumed that the model
is exposed by a plane wave with power density of 1000W/m2.

area. At 6GHz, BR for local exposure are expressed by means of the APD as the
most of the power is absorbed in the upper portion of a 10-g SAR cubic volume.
For dry skin of the average density of 1109 kg/m3, the cube volume corresponds
to 2.15 cm3. Recent thermal modeling [9] and analytical studies [46] suggest that
at the 6–30GHz range, the exposure over a square averaging area of 4 cm2, which
matches the area of the front surface of 10-g cube, provides a good correlation
for local maximum temperature rise. This is further supported by simulations of
realistic exposure scenarios [51]. To account for narrow beam formation at higher
frequencies, the APD should be computed on the most exposed area of 1 cm2 at the
30–300GHz range. This ensures that the operational adverse health effect thresholds
are not exceeded over smaller regions provided that it does not exceed 2 times the
value for the averaging area of 4 cm2 [8]. The APD of 200 W/m2 averaged over 6-min
interval and 4 cm2 surface area of the exposed region on the body corresponds to the
operational adverse health effect threshold for bot the head/torso and limb region.
As with SAR, a factor of either 2 or 10 is additionally applied as a precautionary
measure for occupational exposure or the general public, respectively.

BRs for rapid temperature rise after a brief exposure are defined by means of
the specific energy absorption (SA) at the 400MHz to 6GHz range as a function of
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time. Much like SAR, SA is spatially averaged over a 10-g cubic mass. Concrete
formulations and values are available elsewhere, e.g. in [6], [7]. An additional
safety factor of 2 or 10 is applied to SA for occupational exposure or the general
public, respectively, to account for scientific uncertainty as well as variability of
environmental conditions, physical activity levels, and thermal physiology across
the population.

Above 6 GHz, following the same reasoning as for the case of setting BRs for local
steady-state temperature rise, the absorbed energy density is averaged over a square
4 cm2 area of the most exposed body region of interest. To account for focal beam
exposure at the 30–300GHz range, averaging should be performed additionally over
a square 1 cm2 area whereas the absorbed energy density should be at most twice
the value for a square 1 cm2 averaging area. Again, safety factors of 2 and 10 are
respectively applied for occupational exposure and the general public, respectively.

2.3.4 Exposure Reference Levels

RLs/ERLs (from now on in the text only “RL” abbreviation will be used for the
sake of brevity and improved readability) have been derived from a combination of
computational and measurement studies to provide more practical means of demon-
strating compliance using physical quantities that are easy to assess without the need
of having a human body in the measurement loop. The measurement takes place in
free space, where instead of absorbed, incident values are taken into consideration.
In the relevant literature, the term “exposure assessment” refers to the evaluation of
the level of RF EM energy incident on the exposed body, while “dosimetry” refers
to determining the absorption of RF EM energy within that body [52]. As incident
fields do not undergo any losses caused by the interaction with the body, RLs are
always more conservative in practice than the corresponding BR.

The quantities used for specifying RL are the incident electric field strength
(Einc), incident magnetic field strength (Hinc), IPD, plane-wave equivalent IPD,
incident energy density (Hinc), and plane-wave equivalent incident energy density
(Heq), measured outside the body, and electric current inside the body. Important
to consider is to how well the aforementioned physical quantities serve to predict
the corresponding physical quantities used to assess compliance with the BRs. The
accuracy of predictions is strongly related to whether external EM fields can be
considered to be within the far-field, radiative near-field or reactive near-field zone.
Additional confounding variables are the frequency, physical dimensions of the source
of external EM fields, separation distance between the source and body, etc. Taking
all this into consideration, both the ICNIRP guidelines [6] and IEEE standard [7]
have more conservative, but slightly different rules for exposure in the reactive and
near-field than far-field zone [53].

In this work, the emphasis is the exposure to RF EM waves at the 6–300 GHz
range, details for determination of RLs out of this range can be found elsewhere,
e.g., in chapter “Reference levels” of ICNIRP’s 2020 guidelines [6] and chapter 4.3
“DRLs and ERLs for exposure to electromagnetic fields – Thermal effects (100 kHz
to 300GHz)” in the IEEE C95.1-2019 standard [7]. At the 6–300GHz range, the
IPD is defined as the RL averaged during 6-min interval for local exposure either
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as peak value (at 6 GHz) or spatially-averaged over any exposed 4 cm2 area in the
shape of square (above 6GHz). Additionally, at and above 30GHz, the IPD must be
averaged over a square 1 cm2 projected body surface with the restriction it cannot
be twice as large compared to the corresponding 4 cm2 area.

At 6GHz, within the far-field zone, compliance is demonstrated if the peak
spatial IPD does not exceed prescribed value. The plane-wave equivalent IPD can
be used to substitute the peak spatial IPD when appropriate. Within the radiative
near-field zone, compliance is assessed only by using thepeak spatial IPD. Finally,
in the reactive near-field zone, RLs cannot be used to demonstrate compliance –
BRs must be assessed in this case. The same logic applies above 6GHz and up to
300GHz where instead of the peak spatial value, the spatially averaged IPD is used
to demonstrate compliance with prescribed limits. A detailed overview of RL for
local exposure, averaged over 6-min interval at the 6–300GHz range can be found
in Table 2.2.

Table 2.2: (Exposure) reference levels averaged over 6-min interval at the 6–300GHz
range.

value∗ [W/m2]exposure
scenario frequency [GHz] (exposure)

reference levels ICNIRP [6] IEEE [7]
6 200 200

6–300 275 f−0.177
G 274.8 f−0.177

G

occupational
(restricted

environments) 300 100 100
6 40 40

6–300 55 f−0.177
G 55 f−0.177

G

general public
(unrestricted
environment) 300

IPD

20 20

∗fG stands for the frequency in GHz.

Furthermore, to put values in the visual frame of reference, in Fig. 2.7, the IPD
as a function of frequency is shown over the 6–300GHz range. RLr for whole-body
exposure are also shown both for occupational exposure and general public and are
set to constant values of 50 and 10W/m2, respectively. As for local exposure, at
6GHz within the far-field zone, compliance is demonstrated if the peak spatial IPD
does not exceed the prescribed value where, if appropriate, the plane-wave equivalent
IPD can be used instead of the IPD. In the radiative near-field zone, compliance
is demonstrate only if the IPD does not exceed the limits. Finally, within the
reactive near-field zone, compliance cannot be demonstrated by using the IPD and
the corresponding dosimetric value must be assessed.

In cases of simultaneous exposure to multiple frequency RF EM fields, it is
important to evaluate whether these exposures are additive in their effect. This
cumulative effect should be treated separately for the thermal and electrical stim-
ulation, and restrictions should be set accordingly. This issue is out of the scope
of this document. Details can be found elsewhere, e.g., in [6], [7]. However, it is
noteworthy that in [54], simultaneous exposure is evaluated at 2 and 28GHz by eval-
uating power absorption and skin temperature rise in the near-field zone of realistic
antenna models. It is demonstrated that the effect of superposition is marginal in



Doctoral Qualifying Exam 16

6 30 300

frequency [GHz]

10

20

40
50

100

200
in

ci
d

en
t

p
ow

er
d

en
si

ty
[W

/m
2
]

whole body exposure limit, occupational

whole body exposure limit, general public

ICNIRP, occupational

IEEE, occupational

ICNIRP, general public

IEEE, general public

Figure 2.7: Reference levels for occupational exposure and general public averaged
over 6-min interval at the 6–300 GHz range. Both ICNIRP and IEEE curves for the
IPD as a function of the frequency are shown to demonstrate harmonization between
prescribed limits. Additionally, black horizontal lines show (exposure) reference
levels for whole body exposure over 30-min interval at constant values of 10W/m2

and 50W/m2 for general public and occupational exposure, respectively.

all cases except when the patch antenna array and inverted-F antenna are separated
by less than 50mm at 5 mm antenna-body separation.



Chapter 3

Exposure Assessment and Dosimetry
in the Era of 5G

3.1 Specific Absorption Rate
Generally, heating effects are correlated well with the amount of EM field power
absorbed by biological tissue. The total power absorbed per unit mass is given in
terms of SAR which is measured in W/kg. According to [31], the first mention of
the term “SAR” is found in 1975 PhD dissertation by Chou [55].

Mathematically, SAR represents the rate of change at which EM energy is ab-
sorbed by or dissipated in a unit mass, contained in a volume element:

SAR =
∂

∂t

(∂W
∂m

)
. (3.1)

If exposed tissue has a constant density, ρ, the above expression can be written as

SAR =
∂

∂t

( ∂W

ρ ∂V

)
, (3.2)

where V is a volume element of interest. In dielectric sense, any biological tissue
can be described as lossy, magnetically transparent material characterized by the
frequency dependent relative complex dielectric permittivity, ε∗, and relative per-
meability, µr = 1 [56]. Therefore, in practical situations, SAR can be assessed by
using the following expression:

SAR =
σ |E|2

ρ
, (3.3)

where σ represents the conductivity of tissue measured in S/m, and E is the root-
mean-square (RMS) value of the electric field at a single point within tissue.

Temperature rise of the exposed tissue is shown to be strongly correlated with
the value of SAR, and in the case of brief EM exposure where heat loss is not
significant, it can be approximated as

SAR = C
∂T

∂t
, (3.4)

17
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where C is specific heat capacity expressed in J/(kg °C), and T is temperature in °C.
However, in realistic exposure scenarios that are neither brief nor can be treated by
homogeneous models, heat loss is significant as a large amount of heat rapidly dif-
fuses due to active thermoregulatory mechanism. For this reason, SAR, as a proxy
for temperature rise, must be averaged over either whole body, or, in the case of local
exposure, 10-g equivalent of tissue volume [57]. Spatially-averaged SAR over 10 g
has been shown to approximate temperature rise well up to 6GHz for both the ho-
mogeneous cubical and morphologically accurate body model [49]. Additionally, in
cases where simplistic tissue models are utilized, peak-spatial SAR can also be used
to correlate temperature rise at lower frequencies, concretely 150, 400 and 900 MHz
bands, which is confirmed by considering a 3-D realistic human body model [58].
At higher frequencies, especially above 6GHz, the same cannot be stated as the
correlation between peak-spatial SAR and maximum temperature rise is at most
modest for realistic exposure of morphologically accurate body models [59].

Whole-body exposure is accompanied with the assessment of whole-body average
SAR, which is dependent on the spatial distribution of the internal electric field,
electric conductivity of tissue, and tissue density. Taking all this into account,
whole-body averaged SAR is defined as the ratio of the total power absorbed in the
whole body and the whole body mass:

whole-body SAR =

∫
Vwb

σ |E|2 dV∫
Vwb

ρ dV
, (3.5)

where Vwb is the volume of the exposed body.
Different averaging schemes and masses have been numerically analyzed in terms

of how well they predict local temperature rise [49], [57]. It is generally accepted
that a cubic averaging mass of 10 g, including all tissues, serves as an appropriate
spatial averaging volume equivalent up to 6GHz. Furthermore, it is important to
note that 10-g volume corresponds to approximately 2.15 cm3 cube assuming that
the density of exposed tissue is the same as that of water, i.e., 1000 kg/m3.

On average, the time required to reach a steady state for the case of the whole
body exposure is 30 minutes or more, while for the local exposure an interval of 6
minutes is considered to be sufficient. The reasoning behind the temporal averaging
consideration in the case of the whole body is based on analytical approximations as
presented in “Appendix A” in the ICNIRP guidelines [6], but also on experimental
studies, e.g., [60], [61]. The time constant is governed by the rate of exchange of
heat between the core of the body and the surrounding environment [62]. On the
other hand, the matter of temporal averaging for local exposure is somewhat more
complex as it depends on two distinct factors which are as follows: the rate of
convective heat exchange by blood flow, and conduction of heat from the exposed
area [46]. Both simple analytical models [46] and detailed numerical analysis [63]
demonstrate that the overall rate of heat dissipation from an exposed region depends
mostly on thermal convection by blood flow. In turn, thermal convection depends on
multiple factors, but is generally accepted that the 6-min interval allows for reaching
steady-state in most exposure scenarios.
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3.2 Transition to Power Density
Previously, in 1998 version of the ICNIRP guidelines [64], SAR was used up to
10GHz, whereas the power density was used above this transition frequency. Con-
versely, in 2005 version of the IEEE standard [65], the transition frequency was set
to 3GHz. The said discrepancy caused a discontinuity in the exposure limits across
the transition frequency [66]. In recent literature, it has been shown that at 6GHz
and especially at MMW, SAR no longer represents an appropriate surrogate for
local temperature rise. This is mainly because at such high frequency, EM energy is
deposited predominantly in superficial tissues, i.e., cutaneous tissue [3], [5]. With an
increase in frequency, the penetration depth of the impinging EM wave decreases,
and it leads to more superficial distribution of EM energy which is additionally in-
fluenced by dielectric properties of tissue (also frequency-dependent). Therefore, the
power density absorbed in the skin provides a better approximation of maximum
temperature rise on the surface of the exposed body at the 6–300GHz range [67].
The break-point between volume-averaged SAR and surface-averaged power density
and the need of harmonization between the two sets of exposure limits date back
to 2011 [57]. In this paper, authors argue that even though combined results of
a simple planar and complex body modeling did not provide a clear indication of
which of the two metrics was better correlated with induced temperature rise from
RF heating between 3 and 10GHz, from a practical point of view, 6 GHz was shown
to result with the greater ease of the assessment of the spatially-averaged power
density compared to volume-averaged SAR. Considering this work, and more recent
analytical [5], [8], [46] and numerical studies [68], in recent updates of the ICNIRP
guidelines and IEEE standard, transition frequency is set to 6GHz which led to the
final harmonization between the two sets of limits.

3.3 Absorbed Power Density

3.3.1 Definitions

As stated in the previous section, the power density absorbed in the tissue undergoes
exponential decay from the surface to deeper regions:

Sab = S(z = 0)

∫ zmax

z=0

exp
(
− 2z

δ

)
dz, (3.6)

where Sab stands for the APD spatially averaged on the tissue surface, S(z = 0)
stands for the specific APD averaged on the exposed surface, i.e., at z = 0, δ is the
penetration depth perpendicular into the tissue (z-direction in this case), zmax is the
depth of the exposed tissue which must be sufficiently large to compensate for δ.
The specific APD at z = 0, averaged over an area A can be written as

S(z = 0) =
1

A

∫∫
A

ρ(x, y, 0) SAR(x, y, 0) dxdy. (3.7)

To demonstrate the exponential decay phenomenon, consider the following example.
For 1000 values sampled from a continuous uniform distribution bounded within
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the 0 W/m2 and the maximum permissible incident power density at 10, 30, 60 and
100GHz, the mean and standard deviation are calculated. The specific APD is then
approximated by using the following expression:

S(z = 0) = T · IPD, (3.8)

where T is transmittance defined as

T = 1− |Γ|2, (3.9)

and where Γ is the reflection coefficient derived from the dielectric properties of
the tissue, shape of the body surface, incident angle and polarization. In this case,
plane wave with normal incidence onto the planar homogeneous dry skin half-space
is considered. Dielectric properties are defined via relative complex permittivity [69],

ε∗ = ε′ + j ε′′, (3.10)

where

ε′′ =
σ

2πfε0
. (3.11)

and ε′ is extracted from [39] at corresponding f . This sampling procedure is then
repeated 1000 times to obtain the actual expected specific APD within the interval
of values that can be obtained given the range of IPDs. In Fig. 3.1, the intensity
of the power density at z = 0mm is shown with full line, whereas the value of the
power density absorbed at z = 1mm depth-wise into the dry skin is shown by using
dashed line. With an increase in frequency, for incident power density bounded
within the 0W/m2 to its maximum permissible value as prescribed in both the
ICNIRP guidelines [6] and IEEE standard [7], power density at the surface remains
a constant value of about 9W/m2. But already at a depth of 1mm perpendicular
into the skin, the APD drops by 40.98, 90.39, 98.48 and 99.59%, respectively at 10,
30, 60 and 100GHz considering the corresponding value at the surface.

In the updated version of the ICNIRP guidelines [6] and IEEE standard [7],
two definitions of the APD are adopted, both derived from the Poynting theorem
outlined previously in Eq. (2.5).

The first definition of the APD is defined as the transmitted power density
(TPD) [67]

TPD(x, y) =

∫ zmax

z=0

ρ(x, y, z) SAR(x, y, z) dz, (3.12)

spatially-averaged across the exposed surface of tissue, A

Sab, 1 =
1

A

∫∫
A

TPD(x, y) dA, (3.13)

where the tissue surface is positioned at z = 0, and zmax should be sufficiently larger
than the EM penetration depth.
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Figure 3.1: Power density as a function of frequency. At the skin surface (full line),
it stays constant with an increase in frequency given the incident power density is
bounded between 0W/m2 and maximum permissible value as prescribed in [6], [7].
At 1mm depth, power density undergoes steep exponential decay with an increase
in frequency.

The second, more rigorous formula is given as the spatially-averaged power den-
sity flux on the exposed surface

Sab, 2 =
1

2A

∫∫
A

ℜ
[
E(x, y)×H∗(x, y)

]
n̂ dA (3.14)

where E and H are the peak values of the complex phasor electric and magnetic
field on the surface of the model, respectively, ℜ denotes the real part of the vector
field, and ∗ is the complex conjugate operator. Integral variable vector, n̂ dA, is
set perpendicularly to the exposed surface, where n̂ corresponds to the unit normal
vector to the surface. Unlike in Eq. (3.13), where the RMS value of the electric field
is considered indirectly through expression for SAR outlined previously in Eq. (3.3),
the normalization factor of 1/2 appears as peak values of EM field components are
considered in this definition.

3.3.2 Equivalence of Definitions

In the second definition of the APD given in Eq. (3.14), the cross product between
peak values of the complex phasor electric and magnetic field represents the power
density vector field with the direction perpendicular to the plane in which individual
components of the EM field lie, i.e., the Poynting vector. The surface integral of
the normal component of the time-averaged Poynting vector over the exposed region
of the tissue is then interpreted as a scalar value, that is, the overall flux passing



Doctoral Qualifying Exam 22

through that surface. The divergence theorem, commonly also referred to as the
Gauss-Ostrogradsky theorem, relates the flux of a vector field through a closed
surface to the divergence of the field in the volume enclosed, or, in other words, it
states that the surface integral of a vector field over a closed surface is equal to the
volume integral of the divergence over the region inside the surface. Considering
this, both definitions of the APD should be equivalent if the surface surrounding
a given volume of the tissue is closed, provided there are no active sources in this
volume of interest by considering the Poynting theorem outlined in Eq. (2.5).

The Poynting vector in Eqs. (2.5) to (2.7) is described as the time varying vector
field, while in definitions of the APD, it is assumed that this vector field is averaged
in time and is given in its corresponding phasor notation. The Poynting vector
through the time-harmonic variation can be written as

P = E ×H
= ℜ

[
E exp (jωt)

]
×ℜ

[
H exp (jωt)

]
=

1

2

[
E exp (jωt) + E∗ exp (−jωt)

]
× 1

2

[
H exp (jωt) +H∗ exp (−jωt)

]
=

1

2
ℜ
[
E×H∗]+ 1

2
ℜ
[
E×H exp (2jωt)

]
, (3.15)

where t is the time domain, and the normalization factor 1/2 appears as EM field
components are given with their corresponding peak values. From Eq. (3.15), the
time-averaged Poynting vector can be written as follows

P =
1

2
ℜ
(
E×H∗). (3.16)

Following the above, the time average total power crossing a 2-D surface in 3-D
space can then be written as

Ptot =

∮
S

P dS

=
1

2

∮
S

ℜ
(
E×H∗) n̂ dS, (3.17)

and it can be additionally averaged across the exposed surface, which, in the case
of the closed surface of area A, can be written as

sPtot =
Ptot

A
. (3.18)

Physically, the resulting quantity of the above expression is equivalent to a radiated
power density uniformly distributed over the averaging area A and crossing this
surface.

Now, by enforcing the divergence theorem onto the Poynting flow given in
Eq. (3.17) through any closed surface, S, bounding an arbitrary volume, V , under
the assumption that there are no active sources inside that volume, this expression
can be rewritten as [13]

Ptot =
1

2

∫∫∫
V

∇
[
ℜ
(
E×H∗)] dV

= −1

2

∫∫∫
V

σ |E|2 dV. (3.19)
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By separating the total power loss in the expression above into the surface integration
of the line integral and, subsequently, averaging it spatially across the surface facing
the direction of the impinging EM wave as

Ptot

A
=

1

2A

∫∫∫
V

σ |E|2 dV

=
1

2

∫∫
A

∫
z

σ |E|2 dAdz, (3.20)

the above expression perfectly matches the first definition of the APD given in
Eq. (3.13).

Finally, it is clear that the two definitions of the APD as given in [6] are equivalent
if the averaging surface for Sab, 2 is closed and free of sources. This condition must
be met to account for the power deposited within the volume of interest. This
means that Sab, 2 given as the surface integral of the vector field in Eq. (3.14) should
take into account the entire closed surface surrounding the exposed volume and not
only on the directly exposed, i.e., the front surface facing only the direction of the
impinging EM wave, see Fig. 3.2. As this is not the case, it should be expected

Figure 3.2: Exposed 10-g cubic volume for the assessment of the local exposure to
EM fields.

that Sab, 1 will always yield values greater than Sab, 2. However, since above 6GHz,
power penetration depth is at most about 8mm, this difference is marginal and thus
may be disregarded as the overall contribution of absorption in deeper tissues is less
then 10% at most.

3.4 Incident Power Density
The IPD is used as the RL in the ICNIRP guidelines [6], that is the ERL in the IEEE
standard [7]. It is defined as the modulus of the time-averaged Poynting vector,

Sinc = |E×H∗|. (3.21)
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In the case of the far-field exposure, it can be simplified to

Sinc =
|E|2

Z0

= |H|2 Z0, (3.22)

where Z0 is the characteristic impedance of free space and it is about 377 Ω. The
above expression is a valid approximation whenever far-field conditions can be as-
sumed which is generally during the assessment of either whole-body exposure or
local exposure above 6GHz if the antenna-to-tissue separation distance is above
λ/(2π), where λ is the wavelength of the incident field. The said distance of λ/(2π)
serves well to predict the margin between the reactive and radiative-near field [70].
Because the plane wave reflection coefficient, Γ, can be used to correlate the incident
and absorbed EM fields only under far-field conditions

Sinc =
Sab

1− |Γ|2
, (3.23)

additional considerations are required for the near field.
In the far field, the Poynting vector is purely real, and the direction of the flux

does not change in time. In the near field of an antenna, this is no longer the case
as reactive components of the field may contribute to the overall absorption of EM
energy in the exposed body [71]. Thus, all components of the Poynting vector should
be considered to properly assess the IPD, and the simple correlation-based formula
as outlined in Eq. (3.23) is no longer accurate.

It is generally considered, and prescribed in both the ICNIRP guidelines [6] and
IEEE standard [7], that the RL/ERL cannot be used to determine compliance in
the reactive near-field region and BRs/DRLs should be assessed instead However, in
the recent IEEE Guide for the definition of the IPD to correlate surface temperature
rise [72], two distinct definitions of the IPD have been analyzed.

The first one is directly derived from the second definition of the APD – Sab, 2

in this document, given in Eq. (3.14), and it uses the normal components of the
time-averaged Poynting vector in free space as follows

Sinc, n =
1

2A

∫∫
A

ℜ
(
E×H∗) n̂ dA, (3.24)

where E and H are peak values of the complex phasor electric and magnetic field in
free space, respectively. The values of the EM field components are incident, rather
than absorbed compared to the definition of the APD.

The second definition considers all three components of the Poynting vector field
(not solely the normal component) and thus takes into account the norm, i.e., the
magnitude, of the power density vector. It is written as follows

Sinc, tot =
1

2A

∫∫
A

∣∣∣ℜ(E×H∗)∣∣∣ dA. (3.25)

Both equations for the assessment of the IPD given in Eqs. (3.24) and (3.25) are con-
cerning free space without any consideration of the interaction with the human body.
Because, in practice, the averaging area is often not a closed surface, the definition
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of the IPD via the normal component of the Poynting vector may underestimate
actual exposure. Additionally, when the power density is assessed in the near-field
region of a radiating source, where the tangential components of the Poynting vector
are not negligible compared to its surface-normal components – reactive-near field
at distance < λ

2π
, the definition of the IPD via its norm is shown to be slightly better

correlated with maximum temperature rise. However, this has been tested only con-
sidering several exposure scenarios in [72] and the overall analysis has shown that
the observed difference is marginal and can mainly be attributed to near-field condi-
tions as both definitions correlate well with temperature rise (correlation coefficients
> 0.7).



Chapter 4

The State of the Resarch

4.1 Tissue Models
The skin absorbs majority of incident RF EM energy, and the power penetration
depth is below about 8mm and well below 1mm at 6GHz and 30GHz, respectively.
Therefore, from the EM dosimetry point of view, tissue models should consist only
of skin but a detailed knowledge of the internal skin structure is necessary to pro-
duce accurate predictions of RF energy into tissue [5]. On the other hand, from the
thermal dosimetry point of view, it is necessary to include deeper tissues as well be-
cause the resulting surface temperature rise is determined by the thermal resistance
of subcutaneous tissues even though the bulk of the EM energy is absorbed right
at and slightly below the sole surface of the skin [5]. As thermal modeling is out of
the scope of this work, focus is put only on the tissue models for the EM dosimetry
above 6GHz.

The details description of the structure of the skin, together with variations
given age, sex and race, is outlined in [73]. The skin consists of two major layers
– the epidermis and dermis. The epidermis is composed of five layers: the stratum
corneum, stratum lucidum, stratum granulosum, stratum spinosum, and stratum
basale. Since the epidermis has no blood supply, but has a constant water content
across all sub-layers (except stratum corneum which is water-free), it can be treated
as the same layer when absorption of RF energy is considered at and above 6GHz.
The dermis consists of two layers: the papillary and reticular layer. Additionally, the
hypodermis, which is adipose tissue, lies beneath the dermis and has a much lower
water content compared to the dermis. Since fat has a low heat transfer coefficient,
in this configuration, the overall upper skin layer acts as the thermal barrier.

Most of exposure assessment and/or computational dosimetry studies for local
exposure above 6 GHz use planar tissue-equivalent single-, e.g., [74]–[76], or multi-
layer models, e.g., [1], [42], [51]. In the case of single-layer stratified models, typically
the dielectric parameters of “dry skin” are considered and no detailed thermal anlysis
is provided. In the case of multi-layer models, either three or four distinct layers are
considered as follows: the epidermis, dermis, hypodermis, and in some instances,
muscle layer. Dielectric properties are most often extracted by using the five-term
Cole-Cole model [39].

26
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4.2 Spatial Averaging Considerations
It is stated in the ICNIRP guidelines [6] and the IEEE standard [7] that a square
averaging area of 4 cm2 provides a close approximation to maximum temperature
rise due to RF heating above 6 GHz. This resolution is based mainly on thermal
modeling study [9] where it is suggested that planar control surface for averaging
with area of 2×2 cm2, shown in Fig. 4.1, is a good measure to correlate with the local
peak temperature elevation when the field distribution is close to uniform within the
area. The results from the study are based on the heating factor – a ratio between

(a) 3-D point of view. (b) Lateral point of view.

Figure 4.1: Control surface for averaging on the multi-layer tissue-equivalent block
model.

the power density averaged on the area and maximum temperature rise on the same
area, by considering a multi-layer tissue model exposed to three different sources of
EM fields – plane wave, a dipole antenna, and an antenna array. The area of 4 cm2

achieves consistency with the volume-averaged dosimetric quantities below 6GHz
as the front facing surface of 10-g cubic volume is about the same area (2.15× 2.15
cm2 assuming constant tissue density of 1000 kg/m3).

At higher frequencies (generally above 30GHz for most exposure scenarios), the
area of 4 cm2 is not suitable because of the non-uniformity of the field distribution
within such a large surface. Thus, it is proposed in [9], considering the results
from the analytical study [8], that the power density should be averaged on the
most exposed area of 1 cm2 for exposure above 30 GHz to better capture extremely
focused beams. An additional criterion is further imposed – the (maximum) power
density averaged over square 1 cm2 area must not exceed 2 times the value for the
corresponding averaging area of 4 cm2.

As the power density distribution, either incident or absorbed, on the front facing
surface of the exposed tissue is computed numerically, it is of utmost importance to
choose an appropriate averaging technique. According to [31], the FDTD method
was introduced to computational dosimetry and bioelectromagnetics in general in
1987 by Gandhi [77] as it was shown to be well adapted to EM computations at
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RF frequencies. Currently, the FDTD method is the standard method in numeri-
cal dosimetry owing mostly to the advent of well-polished commercial software [10].
However, to achieve high-fidelity values of power density on the surface of confor-
mal tissue-equivalent body models, especially at 5G frequencies, including MMW,
it is necessary to use methods that employ a structural instead of a grid-like spatial
domain discretiztaion. More details on this subject are available< elsewhere, e.g.,
in [38]. In cases of regular grid, the surface is computationally reconstructed im-
plicitly via cubical cells. The spatial averaging is then crudely approximated as the
averaged sum of contributions on each cell. On the other hand, in cases of structural
mesh, the surface is reconstructed by using the structural mesh composed of 2-D
simplices for which there is a large array of corresponding efficient and accurate
quadrature schemes, e.g., for disks [78], triangles [79] and quadrilaterals [80]. The
spatial averaging is then approximated by actually solving the surface integral of ei-
ther the scalar (the first definition of the APD, Sab, 1, outlined in Eq. (3.13) and the
norm definition of the IPD, Sinc, tot, given in Eq. (3.25)) or vector field by using a 2-D
quadrature technique of choice (the second definition of the APD, Sab, 2, outlined in
Eq. (3.13) and the normal definition of the IPD, Sinc, n, given in Eq. (3.24)).

4.3 Local Exposure Assessment and Dosimetry Lit-
erature Review

The current state of the literature is reviewed based upon the available studies
accessible through the EMF-portal platform – an internet information platform of
the RWTH Aachen University which systematically summarizes scientific research
data on the effects of EM fields on human body. The core of the EMF-Portal is
the literature database with 37,436 publications and 6,979 summaries of individual
scientific studies1.

The following query was used to extract relevant studies:

(power OR "power density")
AND (average OR averaged OR area OR spatially)
AND year=x
AND (topic=technical_dosimetric

OR topic=law_recommendation_guideline
OR topic=review_survey_summary)

AND (frequencyRange=radio_frequency
OR frequencyRange=mobile_communications)

where keywords are either “power” or “power density” together with either “aver-
age”, “averaged”, “area” or “spatially”. Keywords such as “incident”, “transmitted”,
“absorbed” or even “epithelial” have been deliberately omitted in order to include
both exposure assessment and computational dosimetry studies in the consideration
regardless of authors’ preference of terminology. Additionally, the selected topics are

1The total number of papers in the database was read on 2022, December 23rd at: https:
//www.emf-portal.org/en.

https://www.emf-portal.org/en
https://www.emf-portal.org/en


Doctoral Qualifying Exam 29

technical dosimetry studies, laws, recommendation documents or guidleines associ-
ated with the aforementioned keywords, and review studies. Finally, in the above
query, the selected frequency range includes all bands that are classified within RF
and mobile communications (f ≥ 10MHz). However, the purpose of this document
is to review only the studies that pertain to spatial averaging of power density on
the surface of the exposed tissue above 6GHz. Thus, additionally, only the studies
which refer to the 6–300GHz range are extracted manually. This extraction was
done per publication year of each research paper, from 1998 – the year of publica-
tion of the previous version of the ICNIRP guidelines [6], ending with 2022 – the
year when this document was written. A special emphasis is placed on the most re-
cent studies, written after 2019 and 2020, when a new dosimetric quantity by means
of the APD was introduced in international exposure limits, and which is used for
limiting local exposure to EM fields at the 6–300GHz range.

1998 – 2007

During the 1998 to 2007 period, only a few of published studies addressed the spatial
averaging of the power density on an exposed control surface, with only two studies
considered exposure above 6GHz. This can be attributed to the fact that most
wireless communication systems fell into the higher MHz range – the EM power
penetration depth is significant, thus SAR was considered a relevant dosimetric
quantity.

However, limits to approximate exposure above 10GHz in the far-field zone were
given in terms of the IPD spatially averaged on 20 cm2 planar control surface in
ICNIRP 1998 guidelines [64]. The IPD was set to 10W/m2 and 50W/m2 for general
public and occupational exposure, respectively. Furthermore, local exposure was
quantified by the spatially-averaged IPD over the most exposed region of 1 cm2

and was limited to 200W/m2 and 1000W/m2 for general public and occupational
exposure, respectively.

In the IEEE standard published in 1999 [81], recommendations have been stated
to prevent any potential adverse health effect by RF EM fields and are intended
to apply to exposures in both controlled (occupational exposure) and uncontrolled
environments (general public). Maximum permissible exposure is defined in terms
of either the RMS electric and magnetic field strength, equivalent plane-wave power
densities measured in free space, and currents induced within the human body to
which a person may be exposed without adverse health effects and with an acceptable
safety factor. Above 6GHz, the maximum permissible exposure in terms of the
spatially-averaged power density for local body parts is set to a constant value of
100W/m for occupational exposure, while it is defined as a function of frequency
(f/150) up to 15GHz, but again set to a constant value of 100W/m above 15GHz
for general public. These values have been derived upon the BRs given by means
of the stead-state volume-averaged SAR. Spatial averaging is defined as the RMS of
the power density over an area equivalent to the vertical cross section of the human
body (projected area) at a distance of at least 20 cm from any object.

Given the maximum permissible exposure as defined in the previous two exposure
limits [64], [81], in [82], the authors investigate temperature rise in the human eye for
plane wave exposures at 0.6–6GHz. The numerical results are obtained by solving
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the Pennes bioheat equation [83] with forcing term given by means of SAR given
the specific frequency of impinging EM fields. Maximum temperature rise due to
the IPD of 50W/m2 is 0.3 °C at 6GHz. The value of the IPD is chosen to match
the maximum permissible exposure limit for occupational exposure as per [84]. In
this document, spatial averaging is performed by taking the mean value of the power
density over an area approximately equivalent to the vertical cross-section (projected
area) of the exposed part of the human body.

In human study [44], thermal pain thresholds were measured in 10 subjects dur-
ing brief exposure at 94GHz with the IPD set to extremely high value of 18 kW/m2.
It is found that the pain threshold for pricking pain is 43.9 ± 0.7 °C (95% con-
fidence interval, which corresponds to the maximum surface temperature rise of
about 9.9 °C. The results are in a very good agreement with the simple 1-D ana-
lytical model based on the Pennes bioheat equation [83]. In this study, the IPD is
spatially averaged over the planar projection of the human back in 2-D. For pur-
poses of specifying the IPD, the spatial averaging is performed simply by computing
the mean power density within the most exposed region (where 90% of the total
incident power density was distributed).

Finally, in [85], a set of analytical formulas has been postulated to estimate
the averaged power density in the close proximity of base-station collinear array
antennas. Authors suggest that the IPD averaged over the whole body can be used
to verify compliance to maximum permissible exposure limits for antenna-to-body
separation distances larger than λ/2 where there is no significant coupling between
the antenna and body and where electrical properties of the antenna are constant
during exposure. Further, under the assumption of the cylindrical character of EM
fields in the immediate vicinity of the array, the average power density is given as:

P̄d(ρ) ≈
Prad

2L · 2πρ
, (4.1)

where

Prad ≈ 2πρ

∫ L

−L

ℜ
(1
2
Ez H

∗
Φ

)
, (4.2)

and where Prad represents the power radiated by the collinear array of half-wavelength
dipole antennas with 2N + 1 radiating elements, each excited by a time-harmonic
current, In. Other parameters are as follows: 2L is the overall length of the antenna
with each element separated from each other by the distance p ≤ λ, ρ is the distance
away from the antenna, Ez and HΦ are the amplitude of the z-component of the
electric and the Φ-component of the magnetic field, respectively. With an increase
in distance from the antenna, the above quantity undergoes transition from the
cylindrical decay in the near field, to the spherical in the far field (details available
in subsection B of section II in [85]). The main contribution of this paper is the
outlined set of formulas for the accurate prediction of the average exposure from
different sources, from collinear arrays to other directive antennas. These formulas
can be adjusted to take into account the partial exposure as:

P̄d(ρ, L;T,H) ≈ Pd(ρ, L) ·
T

H
, ρ << GA L, (4.3)
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where GA stands for the collinear array broadside gain, and where T and H repre-
sent the height of the person standing parallel in front of the antenna and t is the
intercepted portion. The advantage of using the concept of average power density
as presented in this work is the simplicity of evaluation of the exposure of humans
near cellular base-station antennas, but unfortunately it does not take into account
an actual local exposure and predicts only a single-point measure of the worst-case
IPD.

In the revised version of the IEEE 1999 standard [81], it was prescribed that the
exposure limit for general public given by means of the spatially-averaged IPD is
10W/m2 at 3–10GHz range. The power density should be spatially averaged over
any contiguous area corresponding to 100λ2. In addition, maximum spatial peak
power densities of 18.56 · f 0.699

G and 200W/m2 were defined at the 3–30GHz and
above 30 GHz, respectively, where fG is the frequency of the impinging EM field in
GHz. However, no averaging area or spatial sampling density was officially specified
to assess the spatial peak power density limits.

2008 – 2017

In two studies published by the same research group, the question of what is the
appropriate exposure metric at the 1–10GHz range – SAR or IPD, is discussed by
using the simple 1-D planar model [86] and complex human body models [87].

In the first study [86], the most appropriate transition frequency at which the
IPD should replace volume-averaged SAR as the BR is discussed. It is based on
Monte Carlo analysis with varying input parameters such as tissue thicknesses and
body sites. The results show that the peak SAR is better indicator of maximum
surface temperature rise across the entire examined spectrum compared to the IPD.
Furthermore, peak 10-g SAR achieves only marginally better predictive power than
its 1-g counterpart. As the tissue is represented by using the 1-D multi-layer model,
no spatial averaging is conducted to evaluate the IPD, which is addressed in the
subsequent study [87].

Instead of 1-D planar tissue models, in [87], complex human body models, i.e.,
heterogeneous head models of an adult and a 12-year-old, for a variety of exposure
scenarios have been utilized to assess the frequency at which the transition in BR
– from SAR to IPD, is appropriate. Numerical results show that the maximum
temperature rise on the surface correlate better with the peak 10-g SAR up to 6GHz
compared to the IPD. On the contrary to the previous analytical study [86], above
6GHz, the results show significantly better correlation of the IPD with maximum
temperature rise. Considering combined conclusions from both studies, authors
suggest that the transition frequency should be set to 6GHz.

Discussion on the transition frequency is conducted in [66] where the implication
of this transition is further addressed by means of the the maximum possible radiated
power from a device used in close proximity to the human body. The results of this
study have demonstrated the non-physical discontinuity in the maximum radiated
power as the transition is made from SAR to the IPD. This means that devices should
use significantly lower radiated power (in order of several dB) to achieve compliance
above 6 GHz. Two key observations of this study are as follows: (i) the necessity
of the harmonization of the transition frequency for BRs across all internationally
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defined exposure limits by standardization organizations and regulatory authorities,
and (ii) averaging areas in [64], [65] are not appropriate and lead to inconsistency
in defining exposure above the transition frequency.

Similar conclusions have been outlined in [88] where complex numerical simula-
tions of exposure to array antennas in 5G mobile communication equipment have
been conducted. Here, a systematic study varying parameters such as the frequency,
array size, array topology, antenna-to-body separation distance, and beam steering
range is considered and compared to the measured data. Overall conclusion is that
a global harmonization of the exposure limits above 6GHz is necessary to avoid
unjustified decrease of the maximum transmitted power of 5G user equipment com-
pared to preceding generations. The spatial averaging of the power density in this
paper is conducted as defined in Eq. (3.24).

Furthermore, as a sequel to results presented in [66], [88], in [89], the difference
between definitions of the maximum spatially-averaged power density and the influ-
ence of different interpretations on the maximum permissible transmitted power of
user equipment mock-ups employing a patch array operating at 15 GHz have beem
presented. First interpretation is taken from [88] where IPD is spatially averaged on
the square shaped control surface by following the formulation given in Eq. (3.24).
Surface integral of the vector field is approximated to obtain the total power flux
density that passes through the averaging area and subsequently normalized with
that area. The second interpretation is the maximum arithmetic mean value of the
power density over the averaging area, analogous to Eq. (3.25). The main differ-
ence is that in the first interpretation only the normal components of the power
density vector are considered, whereas in the second definition tangential compo-
nents are included. In the reactive near-field zone, there is always an antenna-body
coupling present due to the reflected EM power density flowing back inwards user
equipment, it is thus reasonable to expect that the second interpretation will yield
results that are greater than the values obtained by the first interpretation of the
spatially-averaged IPD. Numerical results demonstrate the overall dependence of the
difference of maximum permissible transmitted power to comply with the ICNIRP
1998 guidelines [64] are 1–2.6 dB depending on the antenna-to-body separation dis-
tance. Authors here again appeal that all regulatory organizations should not only
agree upon the transition frequency but also to explicitly state the definition of the
maximum spatially-averaged IPD to remove any exiting ambiguities.

Finally, the research outlined so far culminates in the publication of the seminal
work [9] where the authors discuss both the averaging area for the IPD and the
transition frequency. The relationship between the size of the area over which inci-
dent power density is averaged and the local peak temperature elevation in a tissue-
equivalent multi-layer model by means of the heating factor has been reported. This
relationship is based on the numerical data obtained by simulating exposure of the
model to different radiating sources (plane-wave, half-wavelength dipole, and dipole
array) at the 3–300GHz range. It has been shown that over 70% of the absorbed
power is located within the boundaries of the 4 cm2 region on the most exposed
surface which mostly determines maximum surface temperature increase. Thus, an
averaging area of 2 × 2 cm2 provides a good measure to correlate with local peak
temperature rise when the field distribution is nearly uniform across that area. Ad-
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ditionally, above 30GHz, the averaging should be performed on 1×1 cm2 averaging
surface to account for localized beam formation and to capture non-uniformities.
These findings have served exceptionally well for defining the revised version of the
IEEE standard and ICNIRP guidelines that followed in 2019 and 2020, respectively.

2018-present

In [90], the analysis of temperature rise on the surface of single- and multi-layer-
tissue-equivalent models positioned in close proximity to generic 5G wireless de-
vices with phased array antennas operating at 28 and 100GHz has been presented.
Temperature increase is quantified in relation to both the electric field amplitude to
take into account the possible impact of reactive components of the incident field in
the near-field zone, and the real part of the power density flux across 20 and 1 cm2

planar control area on the exposed surface of the model. Authors argue that the
size of the averaging area along with the layering structure of the tissue are two
most important parameters for exposure assessment and temperature increase on
the surface. For an averaging area of 1 cm2, normalization of surface temperature
rise to both the electric field and IPD yield similar results, whereas an averaging
area of 20 cm2 shows differences depending on the normalization for the smaller an-
tenna array at 100GHz. The overall conclusion is that the spatially-averagedIPD
represents an accurate proxy for temperature rise and can serve to assess compliance
provided the averaging surface is appropriately defined with regard to the exposure
scenario. Finally, authors call for the urgent need of additional analysis to establish
a robust correlation of the averaged power density values with the induced tem-
perature increase as well as to establish the most suitable shape of the surface for
averaging.

In line with [9], in [91], additional analysis of the IPD spatially-averaged on the
square surface of 1 and 4 cm2 at the 10–100GHz range has been performed. The
correlation with maximum temperature rise on the exposed surface is examined for
the case of patch antenna arrays with 4 by 1, 2 by 2, and 3 by 3 elements, and com-
pared with 1-D analysis [46]. It is confirmed that the 4 cm2 averaging area is suitable
up to 30GHz, but the smaller averaging area is needed above 30 GHz because the
non-uniform EM field distribution. Additionally, this study finds that the square
shaped averaging area of 4 cm2, characterized by the heat diffusion length, should
be the most appropriate by means of the shape and size considering it corresponds
to the face area of the SAR averaging 10-g volume under the assumption that the
mass density is 1000 kg/m3 [68]. This leads to preserved consistency in the ratio
of maximum temperature rise in the skin to the SAR averaged over 10 g of tissue,
which is confirmed to be a valid metric to assess compliance [49], [87], [92].

Authors of the same group as in [91] performed computations of the area-
averaged TPD at the skin as a new potential metric to estimate the steady-state skin
temperature elevation above the transition frequency. The results were obtained at
3–300GHz for the case of multi-layer homogeneous cube with dielectric and thermal
properties of the skin and additionally compared to the realistic human body model.
Numerical results have shown excellent agreement with 1-D analytical solution first
presented in [46] and confirm the area-averaged TPD as a potential surrogate of
surface temperature rise. The averaging area of 4 cm2 again have been shown as
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appropriate for frequencies up to 300GHz provided that they are supplemented by
limits on the intensity of very small beams. If not, the reduction of an averaging area
by a factor of 4 for small beamwidths should be a reasonable choice, and provides
continuity with far-infrared guidelines > 300GHz. A large contribution of this study
is the introduction of a new metric of the power density that is no longer measured
in free space but rather represents the internal/dosimetric quantity for estimating
surface temperature above transition frequency. During the time of writing [91], this
metric was discussed and mentioned in the ICNIRP public consultation document
and IEEE C95.1 draft for the 2019 version of the IEEE standard [7]. Mathemati-
cally, it is identical to Eq. (3.12) and, once averaged, should correspond to Eq. (3.13)
which is currently the official BR above 6 GHz in both the IEEE C95.1-2019 stan-
dard [7] and ICNIRP 2020 guidelines [6] for limiting local steady-state exposure.
Unfortunately, the spatial averaging in this work is not explicitly outlined. It is
stated, however, that the spatially-averaged TPD is approximated by multiplying a
transmission coefficient by the IPD, which is obtained beforehand as the magnitude
of the Poynting vector in free space averaged over an area of either 4 or 1 cm2 (in
square shape), depending on frequency, on the plane where the model surface exists.

Two studies [51], [54] have performed RF compliance analysis of surface temper-
ature elevation in human head model at 28GHz realistic sources, e.g., beam-steering
patch arrays, dipoles, etc., which was the expected frequency for the 5G commercial
products. In [51], authors confirm that the power density averaged over 1 cm2 in free
space, i.e., the spatially-averaged IPD, and the maximum surface temperature rise
have good correlation, which is further verified by performing 1-D analysis concern-
ing plane-wave exposure. In this study, authors discuss both definitions, i.e., the
norm and normal definition, of the IPD as given in Eqs. (3.24) and (3.25), respec-
tively, but adopt the norm definition as it results in higher power density values by
taking into account tangential components of the incident field, and thus represents
potentially more conservative value to treat the maximum permissible transmitted
power. In a latter study [54], authors investigate simultaneous near-field exposure at
2GHz in addition to 28GHz from the inverted-F and patch array antenna, respec-
tively. At 2 GHz, 10-g volume-averaged SAR is used a surrogate for temperature
rise, whereas at 28GHz, the spatially-averaged TPD, i.e., the first definition of the
APD as presented in this document in Eq. (3.13), is used. Overall, computational
results showed that the effect of superposition is marginal and can be attributable
to the heat diffusion length in biological tissues. Outlier is found for the case when
patch antenna array and inverted-F antenna were separated by less than 50mm at
the 5mm antenna-to-tissue separation distance where the effect of the superposition
was 15% greater.

The averaged area for IPD calculation is analyzed, and dependence on the inci-
dent angle and frequency is studied in [38]. The authors adopt the normal definition
of the IPD as presented in Eq. (3.24) but adjusted into the analytical expression that
pertains to field components of the half-wavelength dipole antenna operating in free
space at multiple frequencies within the 3–300GHz range. It has been shown that
the derived analytical expression is convenient for a rapid estimation of the IPD in
the equatorial plane of the half-wavelength dipole which simultaneously represents
a worst case scenario of local exposure.
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More complex numerical analysis regarding the effect of incidence angle on the
spatially-averaged IPD to correlate skin temperature rise at 30GHz rise for has
been provided in the intercomparisson study [36]. Both definitions of IPD spatially-
averaged across 1 cm2 have been compared for the exposure of a multi-layer tissue-
equivalent block model to 4 by 4 array antenna. The influence of multiple input
parameters such as the antenna type, antenna-to-tissue separation distance, and
overall skin model to the computed IPD have been discussed based on the results
that have shown both definitions are in good agreement and correlate well with
maximum temperature rise for small or moderate incidence angles. The normal
definition of IPD is shown to be less dependent of the incidence angle than the norm
definition which tends to decrease rather significantly for large incidence angles. For
exposure to the transverse-magnetic polarized incident waves at the Brewster angle,
heating factor regarding the norm definition is enhanced – the normal definition is
less conservative than the norm definition. This effect is observed for large antenna-
to-tissue separation distances. Overall, normal incidence has been shown to be
the worst case scenario generally across different exposure scenarios and should be
considered during compliance assessment, which is in line with the conclusion of the
aforementioned analytical study [38].

Until now, it is clear that for the spatially-averaged power density and associ-
ated surface temperature rise are functions of the angle of incident wave to that
surface [27]. It has been shown in [93] that the transmittance of the transverse-
magnetic incident wave increases with the increasing angle up to the maximum
transmittance angle owing to the Brewster effect. This study performed Monte
Carlo analysis to derive to this conclusion where, again in line with studies [36],
[38], it has been shown that the normal incidence corresponds to the worst case lo-
cal exposure scenario. Additionally, the results demonstrate that at the 6–1000 GHz
range, TPD strongly correlates with surface temperature rise and provides a suitable
quantity for evaluating EM dosimetry above 6GHz.

In [94], a quantitative comparison of both the spatially-averaged IPD and APD
related to near-field exposure at 6–100 GHz has been provided. This study took both
definitions of the IPD – the spatially-averaged magnitude of the complex Poynting
vector Eq. (3.25) and spatially-averaged norm of the real part of the complex Poynt-
ing vector Eq. (3.25), and assess their relationship with the APD and correlation
with maximum surface temperature rise. The analysis pertains to the normally in-
cident EM waves radiated by the single half-wavelength dipole, 1 by 4 and 4 by
1 dipole array antennas onto the multi-layer planar tissue-equivalent model at the
separation distance in the range of 2–10mm. Out of the reactive near-field zone
(approximately at the distance > λ/(2π)), there exists only a marginal difference
between the two definitions of the IPD (within 0.7 dB). Difference between the
norm and normal definition of the IPD compared to the spatially-averaged APD
are 0.9 and W1.4 dB, respectively. Within the near reactive near-field zone, IPD
is not appropriate metric do assess compliance and thus is not considered in such
cases. Overall, the results suggest that the definition of the IPD be that the norm or
normal definition is not significant factor that influences exposure assessment unlike
other factors such as the frequency, antenna-to-tissue separation distance, and the
size of the averaging area. Similar conclusions have been derived in [95]. Addition-
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ally, these conclusions have been verified in the intercomparisson study [96]. This
study clarifies the main causes of numerical errors in dosimetry analysis by having
computation results from six different organizations worldwide compared using their
own separate numerical methods with different various body and antenna models.
Details are omitted for the sake of brevity but, in general, the fair agreement among
research groups have shown that numerical calculation errors of dosimetry analysis
caused by the definition of spatially averaged incident power density are marginal.

Recently, the IEEE guide for the definition of the IPD to correlate maximum
surface temperature rise has been published [72] where the main goal is to clarify
all ambiguities related to the mathematical definition of the IPD, averaging surface,
usage, incident angle and other confounding variables. This guide includes differ-
ent exposure scenarios – exposure from different radiating source, incident angles
and frequencies within the 10–90 GHz range at separation distances of 2–150mm.
In addition to statistical analysis, results have been verified with thermographic
measurements. Three important general conclusions have been derived upon the
presented results: (i) the norm definition of the IPD results in highest correlation
coefficients with temperature, however, both definitions correlate strongly with tem-
perature rise for the scenario of quasi-perpendicular incidence (Pearson correlation
coefficients > 0.7), (ii) the norm definition yields a better estimate of the induced
temperature increase than the normal definition but this difference is marginal and
is present only when the near-field conditions are considered, and (iii) the heating
factor as a function of the angle of incidence shows that the normal definition of
the IPD correlates better with maximum surface temperature rise compared to the
norm definitions as it is less sensitive to the incidence angle variation, but the use
of the norm definition results in more conservative exposure estimates.

It is also important to note that in [97], an additional definition of the IPD has
been considered for local exposure assessment at multiple separation distances from
different simplistic and realistic antennas, e.g, the dipole, loop, slot, patch, and helix
antenna. Namely, to be able to evaluate the impact of the reactive near-field during
exposure assessment, it is important to considered imaginary components of the
Poynting vector as well. Thus, the third proposed definition is given as:

Sinc, im =
1

2A

∫∫
A

∣∣E×H∗∣∣ dA. (4.4)

Given the presented results, authors have concluded that above definition yields
a better proxy for the APD in the near-field zone in comparison to two standard
definitions as it takes into account losses that are induced by the reactive field
components which cannot be found in the real part of the Poynting vector. In addi-
tion to proposed surface areas of 4 and 1 cm2, the analysis also includes frequency-
dependent surface area of (λ/4)2. By spatially averaging the power density across
this frequency-dependent surface, it is possible to avoid underestimation of the APD
that otherwise could happen in cases when using fixed normalizing surface areas.
Since the authors based these conclusion without taking into consideration the rela-
tionship with maximum surface temperature rise whereas the exposure safety limits
pertain first and foremost to the issue of tissue heating, this definition has not been
considered in most of the subsequent literature.
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Future Directions

A working group 5 under Subcommittee 6 of IEEE International Committee on Elec-
tromagnetic Safety Technical Committee 95 has established two distinct definitions
of the IPD spatially averaged over an evaluation plane – a control surface on the
irradiated planar projection of human skin in free space, of area 4 or 1 cm2 depend-
ing on the operating frequency in [72]. To date, most of exposure assessment and
EM dosimetry studies above 6GHz, including MMW, use planar tissue-equivalent
single- [38], [74]–[76], [98] or multi-layer [1], [5], [36], [51], [69], [70], [94], [99] mod-
els. However, one issue in such approach is the assessment of power densities on
non-planar body parts with the curvature radius on the same scale as the wave-
length of the incident EM field [100]–[102]. This has been already addressed at the
900–3700MHz range considering the absorption of electromagnetic fields in human
hands [103]. The results comparing the absorption in the hand versus a standard-
ized flat phantom have shown enhancements of several dB, which is most likely due
to the fingers having their own resonance modalities for the absorption of RF EM
energy at such frequencies. Furthermore, the influence of the curvature of different
body parts modeled by using canonical geometries, e.g., cylinder or elongated cylin-
der, with radii of the order of several mm at MMW have been investigated in [100],
but due to the reduced model dimensions, no spatial averaging has been considered.

Currently, a working group 7 under Subcommittee 6 of IEEE International Com-
mittee on Electromagnetic Safety Technical Committee 95 has been establish with
the aim of defining new averaging schemes for the assessment of the APD. Other
than common evaluation plane, two different surfaces have been proposed: a spher-
ical and cylindrical surface. Examples of the spherical and cylindrical model with
radius set to 5 cm are shown in Figs. 4.2 and 4.3, respectively. In Figs. 4.2b and 4.3b,
the positional relationship of non-planar averaging surfaces with the control evalu-
ation plane is shown.

Some of the proposed averaging techniques, which are currently being discussed
within a working group 7 under Subcommittee 6 of IEEE International Committee
on Electromagnetic Safety Technical Committee 95, are directly motivated by the
schemes proposed in [104]. In this work, the assessment of the APD on non-planar
canonical surfaces at the 6–60GHz range for a realistic forearm model [104] have
been proposed. Given the body parts are represented as the voxelized models,
authors have adopted the definition of the APD as given in Eq. (3.13) for practical
reasons and for ease of computation. Four distinct schemes for the spatial averaging
of the APD have been presented and are shown in Fig. 4.4. The definition of the
integration volumes for different schemes are bounded by red polygons as follows.
The upper bound, L1, is parallel to the grid axis in Fig. 4.4(a) and Fig. 4.4(b) to
match the standard evaluation plane commonly encountered in literature. On the
other hand, the upper bound, L1, is bent along the surface to approximately match
the curvature of skin in Fig. 4.4(c) and Fig. 4.4(d). Side bounds, L2 and L3, are
parallel to the grid axis in Fig. 4.4(a) and Fig. 4.4(c), whereas in Fig. 4.4(b) and
Fig. 4.4(d), L2 and L3 are parallel to the internal electric field gradients at the model
surface. In all schemes, the lower bound, L4, is defined as the contour where the
electric field is at 1/1000 of the maximum value in the integration volume. As these
types of voxelized representations of the human body are known to suffer from stair-
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(a) Spherical model.
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(b) Spherical averaging surface.

Figure 4.2: Spherical model with radius set to 5 cm. Spherical averaging surface of
4 cm2 is represented with integration points that serve as an origin to unit vector
field distributed across that surface.

casing numerical errors [38], a novel local compensation method has been established
which allows for correcting the heat convection rate and is validated by the analytical
solution by using a simple spherical model and prolate ellipsoidal models. Overall,
authors conclude that for the model curvature radius > 30mm at and above 20GHz,
the heating factors agree well with those obtained in previous studies using planar
models, and the differences in the heating factors among different proposed schemes
for assessment of the spatially-averaged APD on non-planar surfaces are marginal.

EM exposure assessment of the IPD on spherical head model up to 100GHz
is provided in [105]. In this study, the radiating source was modelled as the half-
wavelength dipole antenna placed in close proximity of the spherical model with
radius corresponding to that of the average human male. It has been shown that
the spatial averaging of the incident power density at the 3.5–100GHz range yields
to up to 30% greater values compared to the common planar surface. Interestingly,
authors positioned the evaluation plane at three distinct locations with respect to
the spherical averaging surface which closely resembles the one shown in Fig. 4.2b.
Namely, the first planar averaging surface corresponding to the worst case expo-
sure scenario is placed onto a tangential plane of the nearest point on the spherical
averaging surface. The second planar averaging surface is located on a plane in-
tersecting the spherical averaging surface at 4 points in the middle – between the
nearest point and 4 farthest points on the surface of the spherical averaging sur-
face relative to the antenna position. Finally, the last considered planar averaging
surface intersects the spherical averaging surface at 4 farthest points relative to the
antenna position. Two definitions of the IPD as presented in [72] are used for the
EM analysis and are adjusted to the spherical coordinate system to enable to allow
the use of 2-D numerical integration over the parameterized averaging surface. The
2-D Gauss-Legendre quadrature is used to define a suitable choice of integration



Doctoral Qualifying Exam 39

x [mm]

-50
0

50 y [m
m]

-50

0

50

z
[m

m
]

-25

0

25

(a) Cylindrical model.

x [mm]

-10
0

10 y
[m

m
]

-0.5

0

0.5

z
[m

m
]

-10

0

10

control evaluation plane

integration grid

unit normal vector

(b) Cylindrical averaging surface.

Figure 4.3: Cylindrical model with radius and height both set to 5 cm. Cylindrical
averaging surface of 4 cm2 is represented with integration points that serve as an
origin to unit vector field distributed across that surface.

Figure 4.4: Figure 2. in [104]: “Definitions of the integration volumes for the different
absorbed power density calculation schemes. (a) Scheme 1, (b) Scheme 2, (c) Scheme
3, and (d) Scheme 4.”

nodes across this parameterized surface. Surface integrals is then approximated as a
sum of incremental contributions across the parametric surface at integration nodes
(see Fig. 4.2b), scaled with proper weights derived at each corresponding node.

Furthermore, in a very recent work [106], the APD is assessed in high-resolution
head models by varying structural parameters, e.g., the skin thickness and smooth-
ness of the surface, above 6GHz. The procedure of the assessment of the spatial
maximum APD on voxelized human head model by using the expression given in
Eq. (3.13) is as follows. The APD value of each surface voxel is projected onto a
plane perpendicular to the direction of the impinging wave. Then, the averaging
of the values obtained in the first step is performed over 4 or 1 cm2, depending on
the frequency, with the projected voxel as the center. The spatial maximum value
from the previous step is defined as the relevant APD. It is found that APD is be-
low the threshold prescribed by exposure limits in all cases except at 6GHz where
the dipole antenna is placed at the separation distance of 45mm from the pinna.
Authors hypothesize that this discrepancy occurs because of the power absorption
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being concentrated around the pinna owing to its complex morphology. Instead of
the actual surface area (which can be significantly larger than planar projections
in case of emphasized curvature), the normalization in this study is performed by
using the parametric projection fixed to 4 or 1 cm2 which can be the main reason of
this overestimation. Authors argue that this approach leads to more conservative
dosimetric predictions and thus preferred. Overall, the results of this study suggest
that the effect of varying parameters is marginal in the realistic range.

In [102], the problem of estimation of dosimetric quantities on non-planar body
parts is addressed by developing a novel strategy for the assessment of the APD on
the anatomical model of the human ear. Considering that the model is morpho-
logically accurate and defined by using the 3-D point cloud rather than by using
voxels, the estimation of the unit vector field normal to the surface of the model
itself – which is a key step during surface integration, is the greatest contribution
of this study. The proposed method in this work does not require constructed po-
sitional connections between points in 3-D space in which the absorbed EM field is
assessed. Reconstruction of the surface is performed functionally by enforcing 3-D
radial basis function interpolation and, at each point on the averaging surface, the
normal vector is estimated by using the principal component analysis. Details are
omitted for the sake of brevity, but are available in the appendix of this study. The
dosimetric analysis is performed in similar manner as in [106] where only the maxi-
mum value of the APD for the plane-wave exposure at 26 and 60GHz is reported.
Contrary to [106], the normalization of the averaged power density is not performed
by using the fixed parametric surface area (black empty square in Fig. 4.5) of either
4 or 1 cm2, rather the actual conformal surface area (red full square in Fig. 4.5) is
used. The conformal area is defined by projecting the contours of this parametric
surface onto the surface of the ear to mark the region where the power density dis-
tribution is computed. As the conformal surface is not planar, the overall area is
at least equal (for a perfectly planar interface) and generally larger than the area
of the corresponding parametric surface. The accuracy of the proposed method and
obtained results is verified with established commercial EM software. Additionally,
numerical comparison of the two definitions of APD (see Eqs. (3.13) and (3.14)) is
provided. The results suggest that only a marginal difference between the values
obtained from the two different definitions (within about 6%) is present regardless
of the exposure scenarios. However, by comparing the same results with common
flat tissue-equivalent models, the spatial maximum APD on the ear is up to about
20% larger regardless of definition.

In [107], the effect of two distinct averaging shapes of the evaluation of the APD
and IPD is investigated computationally. The main goal of this study is to bridge
the existing gap between exposure and product standards. Namely, in two current
international exposure limits, i.e., ICNIRP guidelines [6] and the IEEE standard [7],
the averaging area for the assessment of the APD and corresponding IPD is square
shaped and set to 4 cm2 at the 6–300GHz range. Additionally, above 30GHz, a
square-shaped averaging area of 1 cm2 should be considered as well to account for
the small beam formation at the exposed surface. On the other hand, international
standards for product assessment [108]–[110] prescribe an averaging scheme of a
circular shape in case of non-planar exposed surface for both computational and ex-
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(a) (b)

Figure 4.5: Figure 2. in [102]: “Conformal surface and its corresponding 2-D para-
metric projection of 4 cm2 area. (a) 3-D view, and (b) The plane-wave incidence
point of view.”

perimental evaluation of the IPD to account the uncertainty during the assessment.
For this inconsistency, authors argue that it is of utmost importance to appropri-
ately define the shape of the averaging surface following the exposure standard rather
than product standard as the latter is based on the limits prescribed in exposure
standards. Furthermore, in the ICNIRP guidelines on limits of exposure to laser ra-
diation [111] that pertains to frequencies above 300GHz, it is also a circular shape
that is suggested as probe aperture for measurements of the power density at the
surface of exposed tissue. For this reason also, authors argue again that the discon-
tinuation of the use of the averaging shape is of special interest. In this study, planar
homogeneous tissue-equivalent models and the human anatomical model are used to
assess compliance and compute the the difference in the spatially averaged dosimet-
ric quantities between square and circular averaging shapes by means of the heating
factor. Both models are irradiated by using dipole antennas and dipole arrays in
various configuration at different distances. The maximum differences in heating
factors of the APD and IPD for square and circular averaging areas are marginal (in
both cases about 4%) at the antenna-to-tissue separation distance > 5mm and are
pronounced mostly when the surface of the model is elliptical in shape. Overall, the
heating factors for both the APD and IPD averaged on a circular averaging shape
are conservative in comparison to those obtained for a square averaging shape up to
300GHz. The only exception is then the incident angle of the beam is within the
30–60° range.

This subject is further explored in a small scale study in [101] where the as-
sessment of the spatially-averaged APD on a realistic ear model is provided. The
EM analysis is performed computationally for plane wave exposure at 60GHz. The
effect of the averaging area shape by using the same shape types, i.e., the square and
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disk both with the area of 1 cm2, as in [107] on the APD is investigated. By compar-
ing the values of the APD with different polarization of the impinging plane wave,
a substantial relative difference of 14% between transverse electric and magnetic
polarization is present on a circular averaging area. On the other hand, negligible
differences (up to 2 %) exist between the APD on different averaging area shape.
Authors conclude that, according to the studied exposure scenarios, variations in
APD as a function of the averaging surface shape are less significant than those
related to the electric characteristics of the incident field.



Chapter 5

Conclusion

With ever increasing number of 5G personal wireless devices operating above 6GHz,
there is a growing public concern about biological safety. Thus, the ICNIRP guide-
lines and IEEE standard for limiting exposure to EM fields have recently undergone
major revisions. One prominent technical update is the introduction of the newly
defined physical quantity as the BR/DRL. Namely, the APD is now to be used for
compliance assessment above 6GHz. Because its use is limited for local exposure,
the APD should be spatially averaged over 4 cm2 control surface that lies on the
front face of the tissue equivalent block.

The APD and its free space counterpart IPD, that is to be used for exposure
assessment as the RL/ERL, are proven to be valid proxies for maximum temper-
ature rise on the exposed skin surface. However, if the curvature of the tissue is
pronounced, recent literature points to the fact that the extracted values can be
underestimated by using planar averaging surfaces. Still, most research in com-
putational dosimetry on which the international exposure limits are based use flat
tissue-equivalent models to simplify the problem geometry. Depending on the ra-
tio of the penetration depth and local curvature radius of the exposed tissue, this
approach may lead to inaccurate estimates of the power absorption. It is thus of
utmost importance to account for the geometrical complexity of the exposed models.

This work is the result of an effort to review the complete literature that deals
closely with the evaluation of area-averaged dosimetric quantities. Of special inter-
est are the averaging technique itself through the lens of numerical approximation
of the relevant surface integrals. The generation of the parametric surface on which
the integration points are distributed, the shape and dimensions of that surface, the
influence of curvature and other realistic morphological features during parametriza-
tion from 3-D to 2-D space, etc., are all topics that are also taken into account.
Before that, the general introduction to human exposure to EM fields, especially
in the era of 5G, is given. Loosely defined concepts of the derivation of the APD
from SAR used as the BR/DRL at lower frequencies, as well as the equivalence of
different prescribed definitions of both the APD and IPD are elaborated in detail
and supported by relevant literature. Advanced numerical approaches for the as-
sessment of the APD and IPD on conformal surfaces of anatomical human models
are addressed.

This work is in accordance with discussions currently held within the Working

43
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Group 7 of the IEEE international committee on EM safety (Technical Committee
95, Subcommittee 6). The goal of this working group is to resolve uncertainties
related to numerical models and integration methods, but also to the geometrical
shape of the averaging surface for the assessment of the APD and IPD at the 6–
300GHz range. Special emphasis is on the average schemes and assessment methods
of the APD on non-planar body parts. Motivated by previous topics, this work
finally starts the discussion of numerical approximation of surface integrals across
non-canonical surfaces of morphologically-accurate tissue models. This is left as an
open problem to be addressed through future work.
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Acronyms

5G 5th generation.

ANSI American National Standards Institute.

APD absorbed/epithelial power density.

BEM boundary element method.

BR basic restriction.

DRL dosimetric reference limit.

Einc incident electric field strength.

EM electromagnetic.

ERL exposure reference level.

FDTD finite difference time-domain.

FEM finite element method.

Heq plane-wave equivalent incident energy density.

Hinc incident magnetic field strength.

Hinc incident energy density.

ICNIRP International Commission on Non-Ionizing Radiation Protection.

IEEE Institute of Electrical and Electronics Engineers.

IPD incident power density.

IR infrared.

LF low frequency.

MIMO multiple input, multiple output.

MMW millimeter waves.
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MoM method of moments.

RF radio-frequency.

RL reference level.

RMS root-mean-square.

SA specific energy absorption.

SAR specific absorption rate.

SotA state-of-the-art.

TPD transmitted power density.

UV ultraviolet.



Abstract

With the increased use of 5G personal wireless devices in close proximity to the
human body, international exposure limits have been recently updated to take into
account exposure above 6GHz, including the entirety of the MMW spectrum. The
limits for local steady-state exposure are given in terms of the APD and its free
space counterpart – the IPD. Both quantities require spatial averaging on the control
evaluation plane whose surface area depends on the frequency of the incident EM
field. Spatially-averaged power densities have been proven to be valid proxies for
local temperature rise on exposed surfaces with no pronounced curvature. However,
when local curvature radii on the surface are of the same order of magnitude as the
wavelength of the incident wave, accuracy of the extracted dosimetric quantities is
compromised. This is most often manifested through the underestimation of actual
values, which leads to the inability to demonstrate compliance. This work presents
a literature review that pertains to the current approach in the spatial averaging
of power densities for local exposure above 6GHz. In addition, proposed potential
upgrades in terms of spatial averaging on non-planar surfaces are addressed with a
special emphasis on canonical geometries such as the sphere and cylinder.
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Sažetak

S povećanom upotrebom 5G osobnih bežičnih uređaja u neposrednoj blizini ljud-
skog tijela, međunarodna ograničenja izloženosti nedavno su ažurirana kako bi uzela
u obzir izloženost iznad 6GHz, uključujući i kompletni MMW spektar. Granice
za lokalnu izloženost u stacionarnom stanju definirane su kroz APD i pandan u
slobodnom prostoru – IPD. Obje veličine zahtijevaju prostorno usrednjavanje na
ravnoj kontrolnoj plohi čija je površina zadana s obzirom na frekvenciju upadnog
EM polja. Pokazano je da su prostorno usrednjene gustoće snage valjane zamjene
za lokalni porast temperature na izloženim površinama bez izražene zakrivljenosti.
Međutim, kada su lokalni polumjeri zakrivljenosti na površini istog reda veličine
kao i valna duljina upadnog vala, točnost ekstrahiranih dozimetrijskih veličina je
kompromitirana. Ovo se najčešće očituje kroz podcjenjivanje stvarnih vrijednosti,
što dovodi do nemogućnosti iskazivanja usklađenosti. Ovaj rad predstavlja pregled
literature koji se odnosi na trenutačni pristup u prostornom usrednjavanju gustoće
snage za lokalnu izloženost iznad 6GHz. Osim toga, predložene potencijalne nado-
gradnje u smislu prostornog usrednjavanja na neplanarnim površinama se obrađuju
s posebnim naglaskom na kanonske geometrije kao što su sfera i cilindar.
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