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A Study on EMF Exposure Assessments With
Different Metrics for User Equipment Antennas at
6 and 10 GHz

Stanislav Stefanov Zhekov, Ming Yao, Carla Di Paola, Bo Xu, and Shuai Zhang

Abstract—User equipment (UE) needs to comply with reg-
ulations limiting the exposure of the human body to electro-
magnetic fields (EMFs). In this paper, three exposure metrics
including specific absorption rate (SAR), incident power den-
sity (IPD), and absorbed power density (APD) are quantified
for different UE antenna designs. The exposure ratios of the
metrics are quantified according to the relevant EMF limit
values. The investigations are performed at or close to the
transition frequency between different exposure metrics -
the range 6-10 GHz being of research interest and currently
attracting attention for emerging mobile technologies. The
study demonstrates that the IPD does not correlate well with
the APD, within the investigated frequency region, when the
reactive near-field of the antenna is of interest. This is in
accordance with the ICNIRP 2020 guidelines meaning that
the absorbed power density should be used for compliance
purposes. For validation purposes, prototypes are fabricated,
and SAR and incident power density are measured. The
average difference between the numerical and experimental
results is 0.4 dB for SAR and 0.9 dB for the incident power
density, meaning that good agreement between simulations
and measurements is obtained.

Index Terms—absorbed power density, antenna, electro-
magnetic field exposure, incident power density, specific
absorption rate, user equipment.

I. INTRODUCTION

SER equipment (UE) has become an integral part of
Upeople’s everyday life. The constant desire for better
quality-of-service has been the driving force behind the
development from the first (1G) to the fifth generation
(5G) mobile communication systems. The 5G spectra are
divided into two frequency ranges (FRs) including FR1 (sub-7
GHz) [1] and FR2 (from 24.25 to 71.0 GHz) [2]. Discussions
regarding the sixth generation (6G) mobile communication
systems have already started [3]. The spectrum around 10
GHz is seen as potential bands for future cellular networks, as
the industry and the International Telecommunication Union
(ITU) have begun to look into possibilities to use them [4].

There are two aspects to be considered when studying
the interaction between antennas and the human body - the
antenna performance and the human exposure. On one side,
the vicinity of the lossy human tissue to the UE deterio-
rates its antenna operation. For example, the antenna input
impedance changes and therefore the matching and operating
bandwidth. A fraction of the radiated power is absorbed
in the human tissue leading to reduction in the antenna
radiation efficiency. Furthermore, the radiation pattern is
distorted due to the human body blockage. There are multiple

studies in the literature on the influence of the human body
on the UE antenna performance, and some of them can be
found in [5]-[12]. All mentioned effects of the human body
on the antenna have negative impact on the performance of
the mobile communication system [13]-[16].

The other aspect of the interaction between the UE antenna
and the human body is related to the electromagnetic field
(EMF) exposure. EMF exposure limits are set in international
guidelines, e.g., [17], [18], and by national authorities, e.g.,
[19]. Compliance of UE with the set limits [20]-[23] is
demonstrated by means of methods and procedures specified
by standards, e.g., [24].

The International Commission on Non-Ionizing Radiation
Protection (ICNIRP) and the IEEE have published guidelines
defining basic restrictions (ICNIRP) or dosimetric reference
limits (IEEE), [17], [18]. Below 6 GHz, the 6-minute averaged
basic restrictions (dosimetric reference limits) applicable for
local exposure are specified in terms of specific absorption
rate (SAR). SAR is to be averaged over a volume of tissue
in the shape of a cube with a mass of 10 g. Evaluating
EMF compliance of UE with SAR is a well-established prac-
tice. Above 6 GHz, the corresponding basic restrictions are
expressed in terms of absorbed power density (APD). The
APD should be averaged over a square surface of 4 cm?.
Above 30 GHz, twice the limit value with an averaging
square area of 1 cm? should not be exceeded either [17]. The
basic restrictions refer to quantities inside an exposed body
which can be difficult to evaluate. Therefore, reference levels
(ICNIRP) or exposure reference levels (IEEE) are derived
from the basic restrictions under worst-case conditions, to
demonstrate compliance using free-space quantities that are
more easily evaluated. Above 6 GHz, the reference levels are
specified in terms of incident power density (IPD) which is
intended to be averaged in the same manner as the APD;
however since the IPD, above 6 GHz, does not appropriately
correlate with the APD in the reactive near-field region,
the reference levels cannot be used to determine compliance
in the reactive near-field, and so basic restrictions must be
assessed [17]. The APD and IPD assessments for UE antennas
above 6 GHz have been conducted, e.g., in [25]-[30] but a
comparative analysis between the two metrics when used
to assess compliance of portable devices is not available.
A way to evaluate APD between 6 and 10 GHz based on
measurements of SAR has been proposed in [31] and it is part
of the IEC Publicly Available Specification (PAS) 63446 [32].
The same methodology is investigated here for the considered
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Fig. 1: Studied antennas: (a) planar dipole, front view and back view; (b) IFA, front view and back view; and (c) PIFA, front view, top
view, and side view. The antenna placed inside the mobile phone case (semi-transparent for better visualization) is presented in (d). With
yellow color is presented metal, while the other colors mark different dielectric materials.

UE antennas.

In the US, below 6 GHz, the Federal Communications Com-
mission (FCC) sets different SAR limit values and averaging
mass from those of ICNIRP and IEEE. The averaging is over
a cubic volume of tissue with mass of 1 g. Above 6 GHz, the
FCC limits are defined in terms of IPD to be averaged over a
4 cm? square area [33]. In the frequency range between 6-7
GHz, for the highest SAR test configurations also the IPD is
to be measured for portable devices operating according to
interim requirement [34].

This paper aims to verify ICNIRP requirement [17] de-
manding APD, rather than IPD, to be used in the reactive
near-field of a source by comparing the exposure ratio
obtained using these two metrics for realistic UE antenna
designs and for operating frequencies between 6 and 10
GHz. Then, a similar comparison is done with respect to
IPD and SAR averaged over 1-g, as both metrics need to
be considered between 6 and 7 GHz when testing EMF
compliance according to the FCC interim requirements [34].
At last, the APD approximation formulae proposed recently
in [31] are examined with the used antennas.

The paper is organized as follows. In Section II the designs
of the antennas, phantom, and exposure metrics used for
the investigation are introduced. The numerical results for
the exposure levels and exposure ratios are presented in
Section III. Measurement results for the different metrics are
presented in Section V. Finally, the conclusion is given in
Section VI.

II. STUDY SCENARIOS
A. Antennas

Three types of antennas were used in the study - planar
dipole (labeled as “dipole” in the rest of the paper), inverted-F
antenna (IFA), and planar inverted-F antenna (PIFA). These
antennas were selected because they are representative for
radiators used in UE, e.g., [5], [8], [9], [15], [35]-[38]. The
geometry of each radiator is shown in Fig. 1(a)-(c). The metal
used for making the antennas and the ground plane (and
the shorting plane for the PIFA antenna) was copper with
electrical conductivity of ¢ = 5.8 x 107 S/m and thickness of
0.035 mm. The antenna and the ground plane were printed on
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Fig. 2: Phantom and shell used in the study. The top view and the
side view are given.

the opposite sides of a FR4 substrate with size of 150 mm x
70 mm x 0.8 mm, relative permittivity ¢, = 4.3, and loss
tangent tan(d) = 0.025. The PIFA antenna was placed on
a carrier made of polypropylene (PP) plastic with €, = 2.2
and tan(d) = 0.0015 [39]. The antennas were fed by using a
standard coaxial cable. Each printed circuit board (PCB) was
enclosed by a hollow plastic housing, made from acrylonitrile
butadiene styrene (ABS) plastic with e, = 2.55, tan(d) =
0.005. The size of the plastic housing was 154 mm x 74 mm X
10 mm, as shown in Fig. 1(d), and the thickness was 1 mm.
The distance between the top surface of the antenna to the
corresponding inner wall of the plastic housing was 1 mm.
This plastic housing mimicked a mobile phone case. For each
antenna type, two radiators were developed - one operating
at 6 and one at 10 GHz, as these are the lower and upper
bound of the frequency range of interest.

B. Phantom

A homogeneous phantom was used in the study. The
phantom had €, = 35.10 and ¢ = 5.48 S/m at 6 GHz, and
€ = 30.40 and o = 10.40 S/m at 10 GHz, as specified in [24].
The size of the phantom was 220 mm x 360 mm x 40 mm.



A layer of lossless material with ¢, = 3.7 [31] and size
220 mm x 360 mm x 2 mm was used to mimic the phantom
shell (labeled as “shell” in the rest of the paper) as specified
n [24]. Fig. 2 shows the phantom with the shell and the
antenna. d is the distance between the antenna surface and
the phantom surface along z-axis (the distance between the
mobile phone case and the phantom shell is 4 mm smaller
than d). In order to suppress undesired back reflection, the
side and back walls of the phantom and the side walls of
the shell were touching the perfectly matched layer (PML)
boundaries in the computational domain. Thus, infinitely
large phantom and shell were mimicked.

C. Exposure Metrics

Three exposure metrics were considered:

e SAR (W/kg) is defined as [17]:

(1)

where p is the mass density (kg/m?) of the tissue. |E|
is the magnitude of the electric field in the human
tissue (V/m). Two spatial averaging schemes for SAR are
adopted: 1) in [17], [18], SAR is averaged over a volume
containing a mass of 10 g of tissue, and the peak 10-
g averaged value, SAR1og, should not exceed the limit
SAR10g 1imit = 2 W/kg applicable below 6 GHz; and 2)
for the FCC requirements, SAR is averaged over 1 g of
tissue, and the peak 1-g averaged SAR, SAR;,, should
not exceed the limit SAR 4 1imit = 1.6 W/kg [19].
e APD - S,, (W/m?) is defined as [17]:

Zmax
Sap = %// dx dy/ plx,y,2)SAR(z,y, z) dz
A
' 2)
where the body surface is at z = 0, and 2zyax is the
depth of the body at the corresponding region, and A
is the averaging area (m?). A square surface with size
2 cm x 2 cm (4 cm?) was used for spatial averaging for
APD. The averaging space was oriented such that the
xy-plane was parallel to the phantom surface (same as
the coordinate system shown in Fig. 2). The limit value
for the APD is Sap, 1imit = 20 W/m?, applicable above 6
GHz, according to ICNIRP [17].

o IPD - Sinc (W/m?) - the original definition of IPD is
the amount of power flow through a unit area, i.e., only
the normal component of the Poynting vector across the
surface is used [40]:

Sine1 = 1 // Re(E x H*) -@.dedy  (3.1)
' 2A /)4

where E and H are the complex electric and magnetic
field on the surface of interest, respectively; (*) indicates
complex conjugate, i, is the unit vector normal to the
surface, and A is the averaging area (m?) - the same as
for APD. In [40], all three components (magnitude of
the real part) of the Poynting vector are considered in
the IPD calculation:
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Fig. 3: Simulated peak value for: (a) SAR1g, (b) Sab, (¢) Sinc,1, and
(d) Sinc,2 at 6 and 10 GHz for different evaluation distance d.
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For the ICNIRP guidelines, the IPD limits above 6 GHz
is given by Sinclimit = 55/f8'177, where fg is the
frequency of interest in GHz [17]. Then, Sinc limit = 40.1
W/m? at 6 GHz and Sinc 1imit = 36.6 W/m? at 10 GHz.
The FCC limit value above 6 GHz is Siyc limit = 10 W/m?,
regardless of the frequency [19].

III. SIMULATION RESULTS

All numerical studies were performed by using CST Studio
Suite 2021. The size of the mesh cells used for the phantom
and the shell was smaller than 0.25 mm at both 6 and 10
GHz. This cell size should ensure good sampling of the fields.
The IPD is evaluated in free space, so for its evaluation, the
dielectric properties of the flat phantom were replaced by
those for vacuum but the same mesh cell sizes were kept.
Thus, it was ensured that no difference in the results for the
exposure metrics raises due to the change in the meshing.

All exposure metrics were normalized with regard to
accepted power of 7 dBm. Normalization to the accepted
power was used to ensure that all antennas are matched
regardless of whether they operate in free space or close to
the phantom. It can be mentioned that the difference in the
simulated radiation efficiency between the different antennas
is less than 0.5 dB. Thus, this metric is not so critical if the
results for different antennas are compared with each other.

A. Exposure Levels

To get an insight about the behavior of the exposure,
simulations for multiple distances between the antenna and
the phantom were conducted. The selected distances d (see
Fig. 2) were from 4 mm (the mobile phone case touches
the shell of the phantom) to 10 mm (this corresponds to



6 mm distance between the phone case and phantom shell)
with a 1-mm step. Such distances are normally selected for
EMF compliance testing of small wireless devices [41]. For
the three studied antennas, the peak values of all exposure
metrics at the two frequencies and for all investigated d are
given in Fig. 3. These results show that: 1) the peak values of
different exposure metrics decrease with increasing d; and 2)
whether the exposure is larger at 6 or at 10 GHz depends
on the antenna design, frequency. However, it should be
kept in mind that the study is limited in terms of antennas,
frequencies, and distances.

B. Exposure Ratios

To compare different exposure metrics, the quantity expo-
sure ratio is defined as the ratio between the peak value for
a certain exposure metric and the corresponding limit value
for that metric:

ERsarig = SAR1g/S AR limit (4.1)
ERs,, = Sab/Sab limit (4.2)
ERs,,., = Sinc,1/Sinc,1,limit (4.3)
ERs,,., = Sinc,2/Sinc,2,limit (4.4)

TABLE I: Peak exposure ratios (ER) for Sab, Sinc,1, and Sinc,2,
when the ICNIRP and IEEE guidelines are considered, at 6 GHz for
different distances d obtained by simulations.

Antenna d Exposure ratio
(mm) ERSab ERSinc.l ERSinuz

4 0.33 0.09 0.13

5 0.26 0.08 0.11

Dipole 6 0.21 0.07 0.10
7 0.16 0.07 0.09

8 0.13 0.06 0.08

9 0.10 0.05 0.07

10 0.09 0.05 0.06

4 0.13 0.10 0.15

5 0.11 0.09 0.12

6 0.09 0.08 0.10

PIFA 7 0.08 0.07 0.08
8 0.07 0.06 0.07

9 0.06 0.05 0.06

10 0.05 0.05 0.06

4 0.20 0.07 0.14

5 0.15 0.06 0.11

6 0.11 0.05 0.09

IFA 7 0.09 0.04 0.07
8 0.07 0.04 0.06

9 0.05 0.03 0.05

10 0.05 0.03 0.04

The results for the exposure ratio of each metric for the
three antennas are sorted in two groups:

1) ICNIRP and IEEE guidelines: The first group includes
Sab, and the two definitions of the IPD - Sinc1 and Sine,2
with regard to the respective ICNIRP limit values. The expo-
sure ratio results of this group are presented in Tables I and
IT at 6 and 10 GHz, respectively.

When all studied cases are considered together, the follow-
ing can be observed from the data:

o The exposure ratios of Sinc,1 (IPD when the normal

component of the Poynting vector across the surface

TABLE II: Peak exposure ratios (F'R) for Sab, Sinc,1, Sinc,2, When
the ICNIRP and IEEE guidelines are considered, at 10 GHz for
different distances d obtained by simulations.

Antenna d FEzxposure ratio
(mm) | ERs,, ERg,,. ERg,,.

4 0.23 0.11 0.17

5 0.18 0.10 0.14

Dipole 6 0.15 0.09 0.12
7 0.12 0.08 0.11

8 0.11 0.07 0.10

9 0.09 0.07 0.09

10 0.09 0.06 0.08

4 0.24 0.13 0.20

5 0.19 0.11 0.16

6 0.17 0.10 0.13

PIFA 7 0.15 0.08 0.11
8 0.14 0.07 0.09

9 0.14 0.07 0.08

10 0.14 0.06 0.07

4 0.19 0.06 0.12

5 0.13 0.05 0.09

6 0.09 0.04 0.07

IFA 7 0.07 0.04 0.06
8 0.06 0.03 0.05

9 0.05 0.03 0.04

10 0.04 0.03 0.03

is considered) are lower than those of S,;, with the
mean difference of 2.6 dB at both studied frequencies.
The range within which FRg,, is higher than FRg,
is from 0.5 to 5.8 dB.

o The exposure ratios of Sinc2 (IPD when the magnitude
of the real part of the Poynting vector is used) is on
average 1.1 dB and 1.2 dB lower than those of Sy, at 6
and 10 GHz. Taking all study cases together, it is found
that the exposure ratios of S,}, are between 0.6 dB lower
and 4.0 dB higher than those of Sj;c 2. Only for PIFA
antenna at 6 GHz, ERg, , is observed to be larger
(within the range from 0.1 to 0.6 dB) than ERg,,. In
total, S, has higher exposure ratio in 14 out of 21 cases
(3 antennas x 7 distances) at 6 GHz and in all 21 cases
at 10 GHz.

It is to be emphasized that according to ICNIRP, the IPD
limits are not applicable in the reactive near-field of an
antenna such as for the distances and frequencies considered
in this work. The reason is that the IPD (reference levels) does
not appropriately correlate with the APD (basic restrictions)
in the reactive near-field [17]. Therefore, the comparison
between the APD and IPD is provided here for research
purposes and the observations from this comparison are in
accordance with the ICNIRP guideline.

If the two IPD expressions are compared, it can be seen
that on average Sinc2 is 1.4 dB larger than Sinc1 at both
6 and 10 GHz. For the studied distances to the antenna, a
decrease in the difference between these expressions when
moving away from the antenna is observed.

2) FCC requirements: The second group includes SAR;,
and Sjyc,2 with regard to the respective FCC limit values;
the FCC requires IPD assessment using Sinc,2 [34]. The FCC
SAR;, limit only applies up to 7 GHz at present, but we
hypothetically use the same limit value at 10 GHz in this
study. The exposure ratio results of the second group are
presented in Tables III and IV at 6 and 10 GHz, respectively.



TABLE III: Peak exposure ratios (FR) for SARiz and Sinc,2,
when the FCC requirements are considered, at 6 GHz for different
distances d obtained by simulations.

Antenna d Ezxposure ratio
(mm) | ERsarig | FRs,. .

4 0.94 0.53

5 0.70 0.45

. 6 0.51 0.39

Dipole 7 037 034

8 0.28 0.30

9 0.21 0.27

10 0.17 0.24

4 0.21 0.60

5 0.16 0.49

6 0.13 0.40

PIFA 7 0.11 0.34

8 0.10 0.29

9 0.08 0.25

10 0.08 0.22

4 0.39 0.58

5 0.27 0.44

6 0.20 0.34

IFA 7 0.15 0.28

8 0.12 0.23

9 0.09 0.19

10 0.07 0.16

TABLE IV: Peak exposure ratios (ER) for SARi; and Sinc,2,
when the FCC requirements are considered, at 10 GHz for different
distances d obtained by simulations.

Antenna d FExposure ratio
(mm) [ EFRsarig | FRs,,. .

4 0.75 0.61

5 0.54 0.52

. 6 0.39 0.45

Dipole 7 030 0.40

8 0.24 0.35

9 0.20 0.31

10 0.17 0.28

4 0.45 0.72

5 0.34 0.58

6 0.28 0.47

PIFA 7 0.24 0.40

8 0.22 0.34

9 0.21 0.29

10 0.21 0.26

4 0.40 0.45

5 0.25 0.33

6 0.18 0.26

TFA 7 0.13 0.20

8 0.10 0.17

9 0.08 0.14

10 0.07 0.12

The data show that if considering all antennas and dis-
tances d, the exposure ratios of Siyc o are 2.3 and 1.5 dB
larger than those of SAR;, at 6 and 10 GHz on average,
respectively. Exception is observed for the dipole antenna
where SAR; has higher exposure ratios than Sinc o in 4
out of 7 cases (for d in the range 4 - 7 mm) at 6 GHz and in
2 out of 7 cases (for d = 4 and 5 mm) at 10 GHz. Nonetheless,
in majority of the study cases, the exposure ratio of 1-g SAR
is lower than that of Sipc,2.

IV. EsTimATION OF APD BASED ON SAR

A way to evaluate the peak spatial-average APD by using
the peak spatial-average SAR has been introduced in [31].
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Fig. 4: Peak values of the spatial-average APD calculated by using
Eq. (2) (solid line), Eq. (5.1) (dashed line), and Eq. (5.2) (circles) for
different distance d antenna-phantom at: (a) 6, and (b) 10 GHz.

More precisely, two estimation formulae relating the two
metrics have been proposed [31]:

Sap1 = 20 SARg,
Sabia = 25 SARy0,

(5.1)
(5.2)

where SARg, is the peak spatial-average SAR in a cube of
tissue of mass 8 g, and 20 and 25 are conversion factors given
in kg/m?. The above equations are for APD averaged over a
square area of 4 cm?; in a similar way, the APD averaged
over 1 cm? can be estimated via SAR;, [31].

This method for evaluation of the peak spatial-average Sap
has been validated for a Hertzian dipole, half-wavelength
dipole, pyramidal horn antenna with slotted array source,
and cavity-fed dipole array [31]. In this paper, the same
formulae were applied to the used realistic UE antennas.
Fig. 4 shows the peak S, calculated by using Eq. (2), peak
Sab,1 by Eq. (5.1), and peak S,p2 by Eq. (5.2). The results
from the two approximations S,p 1 and S,p 2 match well
with the simulated peak Sy},. The absolute value of the mean
difference (considering all antennas and distances d together)
between peak S,p, and peak S,y 1 is around 0.2 dB at 6 GHz
and around 0.3 dB at 10 GHz, while between peak S,;, and
peak S,p 2 is around 0.2 dB (this is actually the only case
where the mean Sy}, is lower than the mean S,y 2) at 6
GHz and 0.03 dB at 10 GHz. According to these results, the
peak spatial-average SAR might be used to estimate the peak
spatial-average APD for UE antennas operating at frequency
between 6 and 10 GHz.

V. EXPERIMENTAL VERIFICATION

The dipole and PIFA antenna models were manufactured,
and photographs of the prototypes are shown in Fig. 5(a) and
(b), respectively. The completed mockup (the antenna was
placed inside the plastic case) is shown in Fig. 5(c). A coaxial
cable, the same as the one employed in the simulations,
was used for feeding the antenna. The distance of 1 mm
between the antenna surface and the inner wall of the mobile
phone case was ensured by placing a layer of styrofoam,
whose dielectric properties are close to those of air, with
such thickness.



Fig. 5: Photographs of the fabricated antennas: (a) dipole, and (b)
PIFA. The final mockup is shown in (c).

Fig. 6: Test setup for measuring: (a) SAR, and (b) IPD.

A. SAR measurements

The SAR levels generated by the fabricated antennas
were evaluated in a semi-anechoic chamber using the SAR
measurements system presented in Fig. 6(a). It consisted of
a DASY6 professional dosimetric system together with an
isotropic E-field probe EX3DV4 and a flat phantom (Schmid
& Partner Engineering AG (SPEAG), Switzerland). The shell
was an elliptical open-top container with length 600 mm,
width 400 mm, and thickness 2 mm; it was filled to a depth
of 150 mm with the HBBL-600-6000v5 head tissue simulating
liquid. The liquid with density p = 1000 kg/m? was kept
at a temperature between 22.5° and 23.0° C. The DAK-3.5
Dielectric Probe Kit was used to measure the liquid dielectric
properties and the medium had €. = 33.93 and o = 5.07
S/m at 6 GHz, which were within 10% of the target values
specified in [24]. The SAR evaluation was conducted through
measurements of the E-field magnitude inside the phantom
exposed to the EMFs produced by the antennas placed
underneath (in Fig. 6(a) the mockup is indicated; the probe
was lifted up from the phantom for better visualization).
The measurements were performed for two distances d of
4 and 9 mm (same to the distances defined previously).
The scanned volume was 30 mm X 30 mm x 30 mm, with
a sampling step of 2 mm. The accepted power, evaluated
with an Agilent N1911A power meter, a Keysight N8488A
average power sensor, and a Pulsar Microwave CS20-55-
435/4 1451 directional coupler, was normalized to 7 dBm,
as mentioned in Section IIl. According to the manufacturer
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Fig. 7: Normalized distribution (on the phantom top-plane) of the
local SAR: (a) simulated and (b) measured at 6 GHz for dipole
antenna for distance d = 4 mm.

of the measurement equipment, the expanded uncertainty of
this type of test at 6 GHz, being the frequency of interest,
is £23.3% (corresponds to 0.91 dB) for SAR;, and £23.1%
(corresponds to 3:0.90 dB) for SARo. [42].

Comparison between the measured and simulated peak
SAR (averaged over both 1 g and 10 g; the data for SAR o,
is presented to get better idea about the similarity between
simulation and measurement results as well as to validate the
numerical results for SAR o, because this metric was used
for the conversion to APD in Section V) is presented in Table
V. If all antennas, distances, and averaging volumes are taken
together, the mean difference between the simulation and
measurement data is 0.4 dB. This is a small discrepancy which
is due to the difference between the simulated antennas and
manufactured prototypes, and because of the measurement
uncertainty (the difference between the simulation and mea-
surement results is lower than the measurement uncertainty).
Therefore, the numerical and experimental results match well.

Comparison between the simulated and measured normal-
ized (with respect to the corresponding peak value) distribu-
tion, on the phantom top-plane, of the local SAR for dipole
antenna at 6 GHz for distance antenna-phantom d = 4 mm,
is presented in Fig. 7. Partly the difference in the position
of the peaks between simulation and measurement is due to
the uncertainty in the placement of the prototype antenna
in the experiment. Good matching between the simulated
and measured SAR distribution is obtained. In the rest of the
cases, relatively good matching between the numerical and
experimental results is observed.

TABLE V: Comparison between simulated (labeled as “Sim” ) and
measured (“Meas.”) peak spatial-average SAR - SAR1; and SAR10g
at 6 GHz for distance d antenna-phantom of 4 and 9 mm.

d SAR (W/kg)
Antenna (mm) SARg SAR10g
Sim. | Meas. | Sim. | Meas.
Dipole 4 1.50 1.36 0.26 0.24
9 0.34 0.30 0.09 0.08
4 0.34 0.33 0.11 0.10
PIFA 9 0.13 0.15 0.05 0.06

The measurement data for SAR(, can be used to evaluate
the APD through Eq. (5.2). Table VI shows a comparison
between the simulated peak APD - Sy, the calculated peak
- Sab2 (evaluated by using the simulated peak SAR;gg),
and the calculated peak - Sap meas (evaluated by using the



measured peak SAR;o;). As shown in Fig. 4, the peak
Sab,2 approximates well the peak S,p, ie. Eq. (5.2) gives
good approximation. This together with the good matching
between the simulated and measured peak spatial-average
SAR leads to that Sap, meas gives good approximation of Sy
for the studied cases.

TABLE VI: Comparison between the simulated peak APD - Sy,
calculated peak - Sab,2 based on the simulated peak SAR0g, and
calculated peak - Sab,meas based on the measured peak SAR1og
at 6 GHz for distance d antenna-phantom of 4 and 9 mm. For the
calculations, Eq. (5.2) is used as SAR1og is either the simulated or
measured one depending on the case.

Antenna d APD (W/m?)
(mm) Sab Sab.2 ab,meas
Divole 1 6.60 | 6.46 6.03
P 9 210 | 213 1.89
1 2.65 | 278 259
PIFA 9 120 | 1.28 141

B. IPD Measurements

The IPD values were obtained from the measurements of
the E—field in free space using the test setup in Fig. 6(b).
The antenna under test (AUT) was placed above the SPEAG
mmWave free-space phantom consisting of a 40 mm thick
Rohacell plate with tan(d) < 0.05 and relative permittivity
€, < 1.2, which approximates free-space conditions, without
distorting the field. The measurements were performed with
DASY6 mmWave module and the EUmmWV3 probe along
three planes parallel to the AUT and at 6 GHz and for
distances d of 4, 7, and 10 mm. The size of the measured
planes was 200mm x 200 mm with a sampling step of
A/8. Then the E— and H—field for the evaluation of the
IPD were reconstructed through the equivalent source re-
construction (ESR) algorithm presented in [43]. The accepted
power was normalized to 7 dBm, as discussed above. The
expanded uncertainty of the IPD measurement, according to
the manufacturer of the test equipment, is +1.51 dB at 6 GHz
[44].

A comparison between the simulated and measured peak
average IPD, defined by each of the two ways, is shown in
Table VII. The same reasons for the discrepancy between the
simulation and measurement results, as the ones mentioned
above, are valid. If all antennas, distances, and definitions
of Sinc are considered together, the mean difference between
the numerical and experimental data is 0.8 dB, which is lower
than the measurement uncertainty. Therefore, simulation and
measurement results generally agree well. The difference
between the experimental and numerical IPD results is higher
than that in the case of SAR. The reason for that can be
attributed to the higher measurement uncertainty for the IPD
test compared to that for the SAR.

Fig. 8 shows comparison between the simulated and mea-
sured normalized (with respect to the corresponding peak
value) distribution of the averaged over a square surface with
4 cm? area Sinc,1 and Sinc 2 at 6 GHz for dipole antenna for
distance d = 4 mm. Part of the difference in the position
of the peaks in the measurement, compared to that in the
simulation, is due to the uncertainty in the placement of

TABLE VII: Comparison between simulated (labeled as “Sim.” ) and
measured (“Meas”) peak spatially-averaged IPD Siyc,1, and Sinc,2
at 6 GHz for distances d of 4, 7, and 10 mm.

d Sinc (W/m2)
Antenna (mm) Sinc,1 Sine,2
Sim. | Meas. | Sim. | Meas.
4 3.50 2.75 5.29 4.45
Dipole 7 2.63 2.10 3.44 2.63
10 2.00 1.50 2.43 1.81
4 4.01 3.58 6.00 7.83
PIFA 7 2.69 2.07 3.39 3.83
10 1.93 1.90 2.23 2.38
1 1
0.8 0.8
) 06 E 0.6
£ £
g 04 I 0.4
i 0.2 i 0.2
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(c) (d)

Fig. 8: Normalized distribution of simulated and measured averaged
over a square surface with 4 cm? area: (a) simulated Sinc,1, (b)
measured Sinc,1, (¢) simulated Sinc,2, and (d) measured Sinc,2 at 6
GHz for dipole antenna for distance d = 4 mm.

the prototype antenna in the experiment. The distribution
of both numerical Sinc,1 and Sipc2 is similar to that of
the experimental ones. Relatively good matching between
the simulated and measured IPD distributions in the other
studied cases is also observed.

VI. CONCLUDING REMARKS

In this paper, a study comparing different exposure metrics
for portable devices has been presented. The metrics of
interest have been SAR averaged over 1 g, APD, and two
expressions of IPD (considering the normal component or the
magnitude of the real part of the Poynitng vector) averaged
over a square surface with 4 cm? area. Two different frequen-
cies - 6 and 10 GHz have been used in the investigation, and
the evaluation distance for the exposure from the antennas
has been varied from 4 to 10 mm, which is close (physically
and electrically) to the antenna.

Both the ICNIRP guidelines and the FCC requirements
for general public have been considered for quantifying
the exposure ratios in this paper. The following has been
observed (keeping in mind that the study is limited):

o If all studied cases are considered together, the exposure

ratios of APD are on average some 1.2 dB higher than
the exposure ratios of IPD (calculated by using the



magnitude of the real part of the Poynting vector),
and in the range between 0.6 dB lower and 4.0 dB
higher. These findings are in accordance with what
prescribed by the ICNIRP guidelines, specifying that the
IPD (reference levels) above 6 GHz does not correlate ap-
propriately with APD (basic restrictions) in the reactive
near-field of the antenna and that IPD cannot be used to
determine compliance in that region. The results cannot
be generalized to frequencies above 10 GHz since the
ratio between IPD and APD limits is decreasing with
the frequency while the electrical distance between the
phantom and the source scales up with frequency.

o Considering the exposure ratios of SAR;, and the
magnitude of the real part of the Poynting vector as
IPD with regard to the respective FCC limit values (the
S AR limit value is hypothetically applied at 10 GHz),
it has been observed that Si,c2 has higher exposure
ratio than SAR;, in the majority of the cases (17 out
of 21 cases at 6 GHz and 19 out of 21 cases at 10 GHz);
this has always been the case for IFA and PIFA antennas
which are typical UE antennas.

e A method proposed in the literature to estimate the
peak spatial-average APD from the peak spatial-average
SAR has been checked with the used UE antennas. For
the studied scenarios, it has been found that the peak
spatial-average APD is well estimated by using the peak
SAR averaged over either 8 g or 10 g tissue.

The simulation results have been verified through mea-
surements of the SAR and IPD. Good matching between
the numerical and experimental results has been observed.
The findings in the paper are useful for the future EMF
standardization activities related to compliance assessments
of portable devices operating between 6 and 10 GHz.
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