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ABSTRACT New wireless technologies significantly utilize the spectrum around 6 GHz with some of them,
like Wi-Fi®6E, using both the spectrum below and above 6 GHz. At these frequencies, the main challenge
for electromagnetic field (EMF) exposure assessments is due to the exposure metric changing from specific
absorption rate (SAR) to absorbed power density (APD). Moreover, due to current measurement limitations,
the incident power density (IPD) rather than APD is used in practice. In this context, the maximum allowed
output power to ensure exposure compliance is dependent on the metric used and can lead to a discontinuity
below and above 6 GHz even for different channels of the same technology. This paper studies such a
discontinuity at the transition frequency of 6 GHz using a dipole antenna and a Planar Inverted F Antenna
(PIFA). The study was performed at several exposure distances by means of numerical simulations as well as
experimental measurements. The assessment was based on the comparison between maximum power values
obtained while remaining compliant to the SAR and IPD limits for the same exposure conditions. The results
have shown that for a specific source there was a distance (between 5 and 10 mm) where the highest power
reduction for compliance switched from SAR to IPD. The difference or discontinuity level varied between
2 and 6 dB depending on the exposure distance and the source. In summary, SAR is more restrictive at closer
distances, while the IPD induces a higher back-off power with an increase in distance.

INDEX TERMS 5G, compliance assessment, EMF exposure, incident power density, specific absorption
rate, standardization, Wi-Fi®.

I. INTRODUCTION
New wireless technologies such as 5G and Wi-Fi®6E uti-
lize more and more radio-frequency (RF) spectrum around
6 GHz [1], [2], [3]. At these frequencies, the established
adverse effect on biological tissues is of thermal nature
and therefore the maximum allowed output power of these
devices must be limited to avoid localized heating. Com-
pliance assessment against international safety standards/
guidelines [4], [5] is hence an essential procedure to protect
from excessive RF electromagnetic field (EMF) exposures.

Around 6 GHz, one of the main challenges for RF-EMF
exposure assessments is due to the dosimetric exposure met-
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ric changing de facto1 from the specific absorption rate
(SAR), i.e., an internal quantity, to the incident power den-
sity (IPD), i.e., an external quantity [4], [5]. This yielded
in practice to a discontinuity in the maximum allowable
output power below and above 6 GHz even for different
channels used by the same technology, with inherent issues in
determining compliance with international safety standards/
guidelines [4], [5].

The first group assessing this issue was an Australian team
supported by the Mobile & Wireless Forum (MWF) with

1Despite the SAR is an internal quantity, while the IPD is an external
quantity, the assessment is related to practical aspects since above 6 GHz the
compliance limit of a device is generally defined using IPD metric, while
below 6 GHz the compliance limit is defined using SAR.
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their companion works related to determine the appropriate
RF exposure metric in the frequency range 1-10 GHz using
simple planar [6] and complex [7] human body models,
respectively. From their studies, it was highlighted as a likely
explanation for this discontinuity could be given to the fact
that the IPD values have not been formulated for localized
exposures but rather for whole-body heating effects.

A few years later, the Ericsson group led by Colombi et al.
[8] also pointed out as the large discontinuity in terms of max-
imum possible radiated power could have negatively affected
the deployment of 5G technology when assessing compliance
with the exposure limits available at that time.

In 2019 [4] and 2020 [5], the exposure limits at frequencies
above 6 GHz have been revised and hence many studies
focused on the implications of such revisions above 6 GHz
[9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20]. However, none of these studies investigated the power
level discontinuity at the transition frequency of 6 GHz using
the revised exposure limits. This paper is therefore the first
one addressing the latest power level discontinuity at the
transition frequency of 6 GHz using both a dipole antenna
and a Planar Inverted F Antenna (PIFA), which can be typ-
ically used for Wi-Fi®modular certification as well as host
systems.

II. COMPLIANCE ASSESSMENT
In this section, the exposure limits around 6 GHz are firstly
presented and the definition of different dosimetric metrics
are then provided.

A. EMF EXPOSURE LIMITS AROUND 6 GHz
International safety standards/guidelines have been recently
revised by the International Commission on Non-Ionizing
Radiation Protection (ICNIRP) [4] and the Technical Com-
mittee (TC) 95 of the International Commission on Elec-
tromagnetic Safety (ICES) of the Institute of Electrical and
Electronics Engineers (IEEE) [5]. The primary changes in
these revisions were a change in transition frequency between
SAR and PD to 6GHz, and the introduction of a new exposure
metric at frequencies greater than 6 GHz, where the absorbed
power density (APD) was defined as the basic restriction
(BR) for ICNIRP and the epithelial power density (EPD)
as dosimetric reference limit (DRL) for IEEE, respectively.
The equivalent incident power density (IPD) in free space is
conservatively defined as the reference level (RL) for ICNIRP
or exposure reference level (ERL) for IEEE. In the US, the
limits provided by the Federal Communication Commission
(FCC) also specify SAR below 6 GHz and IPD above [21],
but with different exposure limits (see Table 1). It should be
noted that no Absorbed/Epithelial PD is specified by FCC.

Even though the ICNIRP specifies that above 6 GHz
RLs should not be used to determine compliance, RL and
ERL are more practical to conduct compliance assess-
ments compared to the BR or DRL. This is the reason
why IPD is taken as a reference dosimetric quantity by
some product compliance safety standards established by the

TABLE 1. Exposure limits provided by ICNIRP, IEEE, and FCC for localized
exposures in the general public around 6 GHz.a

International Electro-technical Commission (IEC)-TC106
and IEEE-ICES-TC34. These dual-logo working groups
recently released two technical standards aimed to assess
exposure to IPD from 6 GHz to 300 GHz both experimen-
tally [22] and numerically [23]. From 6 to 10 GHz an IEC
Publicly Available Specification (PAS) has also been pub-
lished to provide a method to convert SAR to APD for the
assessment of human exposure to RF EMFs from wireless
devices in close proximity to the head and body [24].

B. DOSIMETRIC ASSESSMENT
Below 6 GHz, the SAR must be assessed. It is defined as:

SAR (r) =
σ (r)
2ρ (r)

∥E (r)∥2 (1)

where σ represents the tissue conductivity (S/m), ρ is the
mass density (kg/m3), r denotes the position vector (m), andE
denotes the complex electric field inside the body (V/m). The
SAR must be averaged over a tissue cubic mass of 1 g (FCC)
or 10 g (ICNIRP and IEEE). Among these, the FCC limits are
more restrictive, thus taken as reference in this study.

Above 6 GHz, the IPD is a more practical quantity to be
assessed, as above explained. Several definitions of IPD have
been provided in the literature [15], however only two of them
have been correlated to temperature increase [10]:

PDn =
1
2A

∫∫
A
Re

[
Ė × Ḣ∗

]
· dA (2)

PDtot =
1
2A

∫∫
A

∥∥Re [
Ė × Ḣ∗

]∥∥ · dA (3)

where Ė and Ḣ are the complex peak phasor fields, ∗ is the
complex conjugate operator, A is the averaging area for IPD
calculation, dA is a differential vector normal to the surface.
Both IPD definitions must be averaged over a squared area of
4 cm2 projected to the body surface.

III. MODELS AND METHODS
In this section, the exposure scenarios as well as simulation
and experimental assessment methods are presented.
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FIGURE 1. Body phantom-antenna exposure scenario.

A. EXPOSURE SCENARIOS
A flat body phantom with dimensions L ×W × D = 225 ×

150× 50mm3 placed at variable distances d from the antenna
is adopted as exposure scenario, as shown in Fig. 1. The
body phantom is made of a tissue-equivalent liquid material
at 6 GHz, i.e., with relative permittivity ε′

r = 35.1 and electric
conductivity σ = 5.48 S/m according to [25]. The power
levels were assessed at distances of d = 2, 5, 10, and 20 mm
between the antenna and the phantom plane.

Note that in this study, the output power reference is con-
sidered at the antenna input, i.e., any detuning or distortion
of the reflection coefficient due to body presence is already
reflected in the SAR values and considered as part of discon-
tinuities in final power levels.

B. NUMERICAL ASSESSMENT
Numerical simulations were performed using the commer-
cial software Ansys®HFSS, Release 2018.1. A canonical
half-wave dipole antenna made of perfect electric conductor
(PEC) and designed for 6 GHz (antenna length: 24.98 mm)
has been considered, as shown in Fig. 1. All simulations were
truncated with perfectly matched layers (PML) boundary
conditions. An adaptive meshing refinement with maximum
element length no greater than 5 mm and additional restric-
tions over all power density calculation planes was applied.
The electromagnetic field data was finally exported along a
rectilinear grid with 1 mm resolution in order to determine
compliance with SAR and IPD limits.

The SAR values were averaged over a 1 g mass and the
maximum allowed power levels were determined when the
SAR1g value reached the FCC limit of 1.6 W/kg. Meanwhile,
the maximum allowed powers were also determined using the
FCC IPD limit of 10 W/m2averaged over a square-shaped
area of 4 cm2. Both IPD definitions expressed by Eqs. (2)
and (3) were evaluated.

C. MEASURMENT ASSESSMENT
Both SAR and PD measurements were performed with the
Speag Dasy 6 system. SAR measurements were performed
using an isotropic E-field probe in a body phantom [26]. The
PD measurements were performed using a mmWave probe
(750 MHz - 110 GHz) in free space. In this case, the E-field

TABLE 2. Dipole antenna simulation: maximum incident power (dBm) to
be compliant with FCC SAR limit (1.6 W/kg) and IPD limit (10 W/m2).

TABLE 3. Dipole antenna measurement: maximum incident power (dBm)
to be compliant with FCC SAR limit (1.6 W/kg) and IPD limit (10 W/m2).

wasmeasured, and theH-fieldwas reconstructed to obtain PD
values [27]. Two types of algorithms are generally used for
the H-field reconstruction: the Plane-to-Plane (PP) method
and the Equivalent Source Reconstruction (ESR) [28].

The check of dielectric parameters is done prior to the use
of the tissue simulating liquid. The verification is made by
comparing the relative permittivity and conductivity to the
values recommended by the applicable standards [25].

The expanded uncertainty of SAR measurement system is
around 23% and for incident power density is around 2.68 dB.

IV. NUMERICAL RESULTS
Table 2 shows the simulated results for the half-wave dipole
antenna at 6 GHz. It lists the maximum allowed incident
power to be compliant with the FCC SAR and IPD limits,
respectively, for different distances from 2 mm to 20 mm.
The table is showing that at various distances, SAR AND
IPD limits allow different maximum antenna incident power.
At close distances, E.g., 2 mm AND 5 MM, SAR is more
restrictive leading TO lower power transmission compared
TO THE ipd restriction. However, at further distances, E.g.,
10 mm and 20 mm, IPD becomes more restrictive and defines
THE incident power level

V. MEASUREMENT RESULTS
Measurements results for the Dipole and PIFA antennas are
reported in Tables 3 and 4, respectively. As can be observed
a higher power can be allowed for the PIFA compared to the
dipole antenna, given the PIFA is less directional.

Fig. 2 shows the comparison between simulations andmea-
surements for SAR and IPD for the dipole antenna. This fig-
ure shows the same trends and behavior for maximum power
variation vs. distances between simulation and measurement

62176 VOLUME 11, 2023



W. El Hajj et al.: Investigation of Power Levels Related to Different EMF Exposure Metrics at 6 GHz

TABLE 4. PIFA antenna measurement: maximum incident power (dBm) to
be compliant with FCC SAR limit (1.6 W/kg) and IPD limit (10 W/m2).

FIGURE 2. Simulated (left) and measurement (right) of SAR (1 g mass
avg.) and IPD (4 cm2 area avg.) limited output power level (dBm) for the
dipole antenna at 6 GHz.

FIGURE 3. Measurement of SAR (1 g mass avg.) and IPD (4 cm2 area avg.)
limited output power level (dBm) for PIFA antenna at 6 GHz.

for all metrics. The difference in absolute values may be
related to the variability of body model, and to the differ-
ence between the canonical dipole antenna simulated model
and the manufactured model used in measurement as well
as numerical errors of simulations, specially in the reactive
near-field [10].

Fig. 3 shows the measurement results for SAR and IPD
using the PIFA. Both Figs. 2 and 3 show that the SAR metric

FIGURE 4. Normalized E-field (log scale) for dipole at (a) 2 mm (b) 5 mm
and (c) 10 mm. Ratios of E-field tangential component to the total
magnitude (linear scale) for dipole at (d) 2 mm (e) 5 mm and (f) 10 mm.

FIGURE 5. CDF of the E-field normal component to magnitude ratios.

is more conservative (transmitted power is limited) at close
distances, e.g., 2 mm. There is a flip between 5 and 10 mm,
where the IPD defines the incident power level.

In order to explain this behavior, the dipole antenna was
considered. The normalized E-field distributions at 2, 5 and
10 mm separation distances in the zone of the 6 dBmaximum
to minimum ratio are presented in Fig. 4(a-c). The distance
of 20 mm is not considered because the flip between the two
metrics is already occurred. The corresponding distributions
of ratios between the E-field tangential component to the
magnitude at the boundaries between the free space and body
model are showed in Fig. 4(d-f).

These figures show that going from 2 mm to 10 mm
the contribution of E-field tangential component tends to
decrease. This means that for further distances (within the
near field) the E-field has more contributors related to normal
components. According to the EMF boundaries conditions,
the normal component is attenuated by the presence of body,
which is not the case for tangential components. This may
explain why at a specific distance the PD metric (in free
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space) becomes more conservative compared to the SAR
metric (in body liquid).

The level of contributions of the normal component at each
distance planes presented in Fig. 4 is illustrated in Fig. 5
using the Cumulative Distribution Function (CDF) of the
normal component to magnitude ratios. This figure shows
that the normal component ratio at 10 mm is higher compared
to 2 and 5 mm confirming the previous assumptions.

VI. DISCUSSION AND CONCLUSION
International safety standards/guidelines have recently
revised the exposure limits around 6 GHz, where the dosimet-
ric exposure metric changes from the specific absorption rate
(SAR) to the epithelial/absorbed power density (E/A-PD).
Since the latter is still difficult to be measured, despite it is the
recommended metric in the reactive near-field, the incident
power density (IPD) is practically used as compliance metric
above 6 GHz creating a discontinuity with SAR limits (below
6 GHz) in the maximum allowable output power.

This paper therefore studies the power level discontinuity
produced by those RF sources, such as 5G and Wi-Fi®6E,
working around the transition frequency of 6 GHz. The study
was performed at several exposure distances using either
a dipole antenna and a Planar Inverted F Antenna (PIFA)
by means of numerical simulations as well as experimental
measurements. The assessment was based on the compari-
son between the maximum allowable power values obtained
while remaining compliant to the SAR and IPD limits for
the same exposure conditions. From this assessment, two key
points can be drawn:

1) At the 6 GHz transition frequency, the SAR metric is
more conservative at very close distances i.e., below
0.15 λ, then the conservativeness is flipped, and the IPD
becomes more conservative above 0.15 λ.

2) At a specific distance, there is a discontinuity in terms
of maximum allowed power related to EMF exposure
limits. This difference tends to become larger (up to
6 dB) at very close distances (≤ 0.1λ) and relatively
far distances (> 0.2λ).

With the growing interest for new wireless technologies uti-
lizing frequency bands around 6 GHz, it is important that
the inconsistencies at the transition frequency from SAR
to PD based limits are timely solved. If not, the observed
discrepancy might have a large impact on the development
of future mobile communication networks. Therefore, it is
strongly encouraged that relevant standardization bodies and
regulatory authorities responsible for defining EMF exposure
limits will address this issue in the next future.
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