
 

  

 

Aalborg Universitet

Test Reduction for Power Density Emitted by Handset mmWave Antenna Arrays

Zhekov, Stanislav Stefanov; Zhao, Kun; Franek, Ondrej; Zhang, Shuai

Published in:
IEEE Access

DOI (link to publication from Publisher):
10.1109/ACCESS.2021.3055420

Creative Commons License
CC BY 4.0

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Zhekov, S. S., Zhao, K., Franek, O., & Zhang, S. (2021). Test Reduction for Power Density Emitted by Handset
mmWave Antenna Arrays. IEEE Access, 9, 23127-23138. [9337880].
https://doi.org/10.1109/ACCESS.2021.3055420

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: August 24, 2021

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by VBN

https://core.ac.uk/display/389255969?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1109/ACCESS.2021.3055420
https://vbn.aau.dk/en/publications/0090fccd-dc6c-4d9b-9760-26aa53e7a719
https://doi.org/10.1109/ACCESS.2021.3055420


Received January 8, 2021, accepted January 23, 2021, date of publication January 28, 2021, date of current version February 9, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3055420

Test Reduction for Power Density Emitted by
Handset mmWave Antenna Arrays
STANISLAV STEFANOV ZHEKOV 1, KUN ZHAO 1,2, ONDREJ FRANEK 1, (Member, IEEE),
AND SHUAI ZHANG 1, (Senior Member, IEEE)
1Department of Electronic Systems, Technical Faculty of IT and Design, Aalborg University, 9220 Aalborg, Denmark
2R&D Center Europe Lund Laboratory, Sony Corporation, SE-221 88 Lund, Sweden

Corresponding author: Shuai Zhang (sz@es.aau.dk)

This work was supported in part by the Mobile and Wireless Forum project of Test Reductions for 5G UE.

ABSTRACT The exposure to electromagnetic field (EMF) from phased antenna arrays integrated into
wireless devices operating at the millimeter-wave (mmWave) part of the spectrum should be evaluated in
terms of power density (PD). Two aspects related to test reduction when evaluating the radiation from handset
antenna arrays are considered. First, the peak PD decay with the distance from 4-elements antenna arrays
is analyzed. The focus is on finding the size of the volume around the handset beyond which the PD is so
low that its measurement can be omitted. By limiting the measurements to the inside of the exposed volume,
the total test time is reduced. Antenna configurations that are representative for current trends in handset
technology are chosen: arrays of half-wavelength dipoles and patches operating at 26 GHz, 28 GHz, and
39 GHz, and having inter-element spacing either 0.5λ or 0.9λ. The second investigation aims to determine
the critical distance between two 4-elements phased arrays for which the peak PD when the two arrays
operate simultaneously is similar to the peak PD when only one array operates at the time. The study shows
the configurations for which the number of tests can be reduced while having sufficiently accurate results.

INDEX TERMS Antenna array, decoupling, dipole, exposed volume, handset, mmWave, patch, power
density, test reduction.

I. INTRODUCTION
The fifth-generation (5G) mobile communication systems
targets to satisfy, among others, multi gigabit-per-second data
rates, lower latency, and lower energy consumption [1]–[3].
The need for wide frequency bandwidths for achieving the
high data rate of 5G cellular systems has pushed towards
the employment of the mmWave part of the electromagnetic
spectrum (above 24 GHz [4]), where large amount of raw
bandwidth is available [1]. The small wavelengths in this
part of the spectrum enable miniaturizing the size of the
antennas and integration of phased antenna arrays into the
user equipment (UE) [1], [5]. However, due to the limited
space for deployment of antennas in mobile devices and need
of having radio frequency (RF) chains for all mobile tech-
nologies (due to their coexistence) in them, likely a mmWave
UE will have a few antenna panels and each panel will be
composed of multiple antenna elements (four elements are
currently considered [6]).

The associate editor coordinating the review of this manuscript and

approving it for publication was Ahmed Mohamed Ahmed Almradi .

The maximum transmit power by mobile device, affecting
the capacity of the system and the radio coverage [7], [8],
is limited by the relevant RF EMF exposure safety regulations
[9], [10]. That is, the devices need to be tested in order to
ensure limited human exposure to EMF. Exposure limits, for
the protection of humans from excessive temperature eleva-
tion at the body surface, have been defined by the: 1) Inter-
national Commission on Non-Ionizing Radiation (ICNIRP)
[11]; 2) Federal Communications Commission (FCC) [12]
(proposed changes in [13], [14]); and 3) IEEE [15]. At low
frequencies the restrictions on the EMF exposure for UE are
specified through the metric specific absorption rate (SAR)
in W/kg. At high frequencies, the penetration depth of EMF
into the human body is smaller and therefore absorption in
the human tissue is more superficial and the PDmetric is used
for restricting the exposure [9], [10], [16]–[18] More specif-
ically, the epithelial (IEEE) or the transmitted (ICNIRP) PD
is used as new basic restriction/dosimetric reference limit for
local exposure instead of SAR at frequencies above 6 GHz
[17], [18]. Incident PD (IPD) is used as a exposure refer-
ence level, where the spatial averaging area of IPD over
6 GHz is needed to correlate with resultant skin temperature
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elevation [16], [17]. Due to practical difficulties in assessing
the transmitted PD in the superficial tissue (evaluation of
transmitted PD bymeans of measurements in a very thin layer
of skin is not feasible), limits on reference levels in terms of
incident PD in free space can be used [18].

A literature review regarding the existing knowledge of
the effects of non-ionizing mmWave radiation on the human
body can be found in [19]. The implication of the move from
SAR to PD at higher frequencies has been investigated in
[7]. Various studies at mmWave frequncies can be found in
the literature: 1) EMF exposure of patch antenna arrays has
been discussed in [9]; 2) maximum equivalent isotropically
radiated power (EIRP) in [5], [10]; and 3) the relationship
between incident power density and skin temperature eleva-
tion have been presented in [16], [17], [20]. However, the
exposed volume around antenna array has not been thor-
oughly discussed in any of theses studies.

Regarding PD testing at high frequency, in the open lit-
erature one can find: 1) description of the state-of-the-art
measurement techniques and test approaches for evaluating
the incident PD have been given in [21]; 2) scalar- and
vector-based measurement systems for RF EMF compliance
assessment have been discussed in [22], while techniques
for evaluation of the PD in the vicinity of the antenna in
[23]–[25]; 3) accuracy of a method for assessing the PD in
a close proximity to a wireless device has been discussed
in [26]; and 4) investigation on the the distance from the
RF source at which meaningful free space PD assessments
can be performed has been shown in [18]. Also, in [18] has
been shown that at frequencies around 30 GHz, free space
PD assessments should be enough to ensure safety limits
compliance. Free space PD is also considered in this paper,
however, our focus is on its decay with the distance (over
several wavelengths) from the antenna array.

Mobile terminals need to be tested in order to ensure that
people health is not in risk. Taking into account that the
measurements of PD are time-consuming [22], [26] together
with necessity to measure large amount of phones means
that the excessive amount of time will be spend for testing.
Shortening the test time can be achieved simply by limiting
the test volume, i.e. reducing the number of measurements.
Due to that, systematic studying the size of the volume, out
of which the local EMF exposure of antenna array is below
certain threshold, is performed in this paper.

Another study conducted in this paper is on determining
the critical distance between two antenna arrays, integrated
into UE. The critical distance is the distance ensuring that the
combined incident PD (when the two arrays operate simulta-
neously) is similar to the individual incident PD (when only
one array operate at the time). To the authors’ best knowledge
no such study has previously been presented. The importance
of the investigation follows from the fact that if it is known in
advance that the distance between two arrays is large enough
to be decoupled then the test of the PD when they operate
simultaneously can be omitted. Thus, resources and test time
can be saved.

The aim of the paper is that - providing information that
can be used for speeding-up the test of PD radiated from
phased antenna arrays intended to be deployed in UE oper-
ating at mmWave frequencies. Antenna arrays containing
4-elements (this is expected typical numbers of radiators at
the studied frequency for handheld UE and portable devices
[6], [18]) are employed in the study and several parameters
(type of radiator, frequency, inter-element distance, beam-
forming precodes, and position of the antenna array along
the edge of the ground plane) are varied for the sake of
having a large number of study cases. All investigations were
conducted by using CST Microwave Studio 2019.

The paper is organized as follows. Section II gives infor-
mation about the evaluation of the PD. The methodology
employed for investigating the size of the exposed volume
is described in Section III while in Section IV are presented
the results from the study. Details about the investigation
focused on finding the critical distance between two antenna
arrays are provided in Section V while results from the study
are given in Section VI. Finally, conclusions are provided in
Section VII.

II. POWER DENSITY CALCULATION
The PD ES throughout this paper is defined as time-average
Poynting vector. The equation for calculating the PD is:

ES =
1
2
Re[EE × EH∗] (1)

where EE and EH are the complex electric and magnetic field,
respectively; (*) indicates complex conjugate. In order to
remove the direction dependent sign of ES, the absolute value
of each component (|Sx |, |Sy|, and |Sz|) of the vector is used
in the rest of the paper. Each of the three components of the
power density |Sx |, |Sy|, and |Sz| as well as the norm ||S||were
considered in the studies.

The antenna elements building the arrays were designed
in such a way that they have return loss better than 10 dB
at the frequency of interest, when feeding them with signals
with the same amplitude and phase of 0◦. All presented PD
results are normalized to 23 dBm (0.2 W) of radiated power
from the antenna arrays; 23 dBm was taken because this
is the maximum allowed transmitted power for 5G UE [4].
The normalization was conducted just by multiplying |S|
with 23 dBm and diving the results to the simulated radiated
power for each studied beamforming separately. Through the
normalization the effect of return loss, mutual coupling and
ohmic losses for each array on the PD is removed. Thus, it was
possible to compare the PD from different arrays. It should be
mentioned that the exact number used for normalization is not
important for the study, since we are interested in the relative
value as discussed in the next section.

III. METHODOLOGY FOR THE EXPOSED VOLUME STUDY
This study aims to analyze the power density distribution of
different array configurations in order to delimit the volume
out of which the PD is beneath −13 dB with respect to
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FIGURE 1. Example for an on-ground antenna array (presented as one
monolithic structure with yellow color) located symmetrically with
respect to the ground plane along x−axis: (a) front view, and
(b) perspective view.

the maximum. In this way, the measurements can be avoided
outside this box (exposed volume).

A. PHASED ANTENNA ARRAYS
Linear phased antenna arrays consisting of 4-radiating ele-
ments were used in the study. The arrays can be separated into
two categories: 1) on-ground array - an array having ground
plane under the antenna elements (Fig. 1 and Fig. 2(a), (b));
and 2) off-ground array - an array having no ground plane
under the antenna elements (Fig. 2(c)). On-ground arrays
were built from half-wavelength dipoles or square patches
(Fig. 2(a), (b)), while the off-ground phased arrays contained
half-wavelength dipoles (Fig. 2(c) - the array and the ground
plane lie on the same XY plane). The labels for the antenna
arrays used in the rest of the paper are given in Fig. 2. Two dif-
ferent types of antennas were employed in order to investigate

the change in the size of the exposed volume with the change
of the radiator. Also two inter-element distances − 0.5λ and
0.9λ (λ is the free space wavelength) were considered in the
study.

Patch and dipole antennas were selected because they are
simple and well known antennas. More importantly, they
are expected to be used for building 5G arrays for mobile
terminals and portable wireless devices [18]. Both antennas
and ground plane were made of copper. In all simulation
models air was used for substrate (no dielectric loss). This
is considered the worst case scenario for the exposure area
since there is no confining of the transmitted power density
from the antenna array in the substrate.

For the on-ground dipoles and patches both linear polar-
izations were considered in the study (Fig. 2(a), (b)). For
the off-ground dipoles only one polarization was investigated
(Fig. 2(c)); for the other polarization, larger part of the ground
plane would need to be cut out in order to fit the dipoles
and since the ground plane is a limited resource in mobile
terminals this case is considered unlikely to occur.

B. MOCK-UP
As shown in Fig. 1, no matter on- or off-ground array is
considered, the width of the entire structure is of 70 mm
and the length is of 130 mm (see also Fig. 2). For dipole
arrays - the distance between the dipole and the ground plane,
in z−direction, was of λ/4 to maximize the field radiated
from the antenna (not shown). For off-ground array also
distance of λ/4 was used between the dipoles and the ground
plane (in y−direction; in this case the dipole are beyond the
ground plane), as shown in Fig. 3(c). For the off-ground array
the length of the ground plane is trimmed individually at each

FIGURE 2. Studied on-ground arrays are given in (a), (b), while off-ground in (c). The antenna array contains four
patches in (a)(1) and (2), and (b)(1) and (2), and four dipoles in (a)(3) and (4), and (b)(3) and (4), and (c). The
following notation is used thought the paper: in (a) are given on-ground arrays along the short edge of the ground
plane (x−axis), as (1) is named Patch1, (2) Patch2, (3) Dipole1, and (4) Dipole2; in (b) are given on-ground arrays
along the long edge of the ground plane (y−axis), as (1) is named Patch3, (2) Patch4, (3) Dipole3, and (4) Dipole4;
and in (c) is given off-ground array (along x−axis), named Dipole5 - for off-ground arrays (the array and the ground
plane lie on the same XY plane) only placements along the short edge of the ground plane are considered. In this
figure only the placements (Position1) in the center of the short and long edge of the ground plane are presented.
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FIGURE 3. Studied positions of the antenna arrays (presented as one
monolithic structure with yellow color): (a) on-ground array along the
short edge of the ground plane and (b) along the long edge;
(c) off-ground array along the short edge. On the left-hand side in each
subfigure is presented Position1, while on the right-hand side - Position2.
For on-ground cases, the array is above the ground plane in z−direction,
while for off-ground case the array and ground plane lie in the same XY
plane.

frequency in order to keep the length of the entire structure
(ground plane and antenna array) of 130 mm.

Two different positions of the on-ground antenna arrays
along both short (the antenna arrays in Fig. 2(a)) and long
edge (the antenna arrays from Fig. 2(b)) of the ground plane
and two different placements of the off-ground arrays along
the short edge (the antenna arrays from Fig. 2(c)) were con-
sidered in the study. Scheme of the positions of the antenna
array along the edge of the ground plane is shown in Fig. 3.
The positions of the array are as follows:
• Position1 - on-ground array is in the center of
short/long edge along x−/y−axis regardless whether the
inter-element distance is of 0.5λ or of 0.9λ (Fig. 3(a),
(b), left-hand side in each subfigure). For off-ground
array the same position is studied but only along the
short edge (Fig. 3(c), left-hand side).

• Position2: 1) on-/off-ground array along the short edge
of the ground plane - the distance from the right
edge of the right most antenna in the array, when the
inter-element distance is of 0.9λ, to the long edge of the
ground plane is of λ/4 (Fig. 3(a), (c), right-hand side in
each subfigure); 2) on-ground array along the long edge
of the ground plane - the distance from the top edge of
the top most antenna in the array, when the inter-element
distance is of 0.9λ, to the short edge of the ground plane
is of λ/4 (Fig. 3(b), right-hand side). For this position,
in all cases, for 0.5λ inter-element distance the array has
the same center as for 0.9λ.

As shown in Fig. 3: 1) for on-ground array along the
short edge of the ground plane - the distance (y−direction)
between the edge of the ground plane and the edge of the
antenna elements is of λ/4; for on-ground array along the
long edge of the ground plane - the distance (x−direction)

between the right edge of the ground plane and the right
edge of the antenna elements is of λ/4; and 2) for off-ground
array - the distance (y−direction) between the edge of the
ground plane and the edge of the antenna elements is of λ/4
(the array and the ground plane lie on the same XY plane).
Thus, the electrical distance between the edge of antenna
elements and the edge of ground plane was kept the same
for all frequencies of interest and the same among all antenna
arrays.

C. PARAMETERS IN THE INVESTIGATION
So far it has been mentioned that antenna elements,
inter-element distance and position of the array along the
edge of the ground plane were parameters varied for the sake
of the study. There are two more parameters involved in the
investigation as follows:

1) frequency: 26 GHz, 28 GHz, and 39 GHz.
2) beam-forming precoding - the emitted power density

was evaluated for multiple different excitations of the array.
The amplitude of the signal feeding each antenna element was
kept 1 (i.e. the same) but the phase was progressively changed
from one antenna element to the next one. That is, feeding
the antenna elements with wi = [1, 1e−jφ, 1e−2jφ, 1e−3jφ]
where the phase shift φ takes value of 0◦,±30◦,±60◦,±90◦,
±120◦, ±150◦. All these excitations were used in order to
find the worst case scenario.

D. EXPOSED VOLUME
The origin of the coordinate system, used for presenting the
results in the paper, is given in Fig. 1. The x and y coordinates
of the origin match with the center of the structure in XY
plane; z = 0 match with the position of the top surface of
the antenna elements (regardless whether it is dipole or patch)
along z-axis (see Fig. 1 where z = 0 is also marked on the top
surface of the array).

In order to determine the size of the exposed volume
(parallelepiped encompassing the antenna array), it is needed
to find the x, y, z-coordinate at which |Sx |, |Sy|, |Sz| values
along x−, y−, z-axis (and ||S|| along all axis), respectively,
are 13 dB below the (5% of) global peak |Sx |, |Sy|, |Sz| and
||S|| values regardless of the beam-forming precoding. The
selection for using −13 dB for finding the boundary is due
to the fact that this is considered sufficiently low level, i.e.
out of the exposed volume there is no need to conduct PD
tests. This number is related to the test exclusion criteria for
SAR from multiple-sources. If one source contributes less
than 5% (−13 dB) to the radiation of other source, then
the measurement can only be applied to the second source
while the first source (having less than 5%) contribution is
neglected [27].

The global peak value for each component and for the norm
of the PD was sought on the planes located 1 mm away from
the tight bounding box enclosing the structure. During the
test, the field probe should not be in contact with the antenna
array and therefore certain minimum distance should be kept.
However, if the minimum distance is large then the global
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FIGURE 4. Planes on which the global peak PD is sought: (a) YZ plane,
(b) XZ plane, and (c) XY plane. The example is for on-ground array
(presented as one monolithic structure with yellow color) placed in the
middle of the short edge of the ground plane, but the same planes are
used in all other scenarios, i.e. no matter the type of the array and its
position. The origin of the coordinate system is given in Fig. 1.

peak PD will be low. This together with the fact that away
from the antenna the field decays slower, than close to it,
will lead to a very large exposed volume (in the way it is
defined). That is, we wanted to include the fast decay of the
field without starting the sampling too close to the antenna
array. Due to that, we considered that distance of 1 mm is
acceptable.

The planes along with their coordinates are shown in Fig. 4
(only one on-ground case is presented). They are 1 mm away:
1) from the ground plane in x−direction - YZ plane; 2) from
the ground plane in y−direction for on- and from the antenna
array for off-ground cases (in order to be able to use the
same XZ plane, as for on-ground array, the length of the
structure in the off-ground case is kept 130 mm by trimming
the ground plane) - XZ plane; and 3) from the antenna array
in z−direction (z = 0 match with the antenna top surface) -
XY plane. The global peak value for each |Sx |, |Sy|, |Sz|, and
||S|| is the highest value found on these three planes. Then
the global peak values were used for finding the boundary
for the corresponding component (normal component) of the
power density along the corresponding coordinate axis; for
the norm, the same global peak value was used for finding
the boundary along each coordinate axis.

IV. RESULTS FOR THE EXPOSED VOLUME
A. ON-GROUND ANTENNA ARRAYS
The peak value of each component |Sx |, |Sy|, and |Sz| found
on the planes normal to the corresponding component of
the PD/coordinate axis for Patch1 and Dipole1 with 0.5λ
inter-element distance, operating at 28 GHz, placed in Posi-
tion1, for each studied beam-forming precoding is shown
in Fig. 5. Also, the peak value of the norm ||S|| found on
each plane is presented. The coordinates of the edges of the

structure in each direction are given with purple solid lines.
The gray solid line passes at the value corresponding to 13-dB
below the global peak value for each of the components and
norm of the PD. The PD at points located within a box with
coordinates: 1) x from−35 mm to 35 mm; 2) y from−65 mm
to 65 mm; and 3) z from −3 mm to 0 mm was not taken into
account. In this way PD around the ground plane and between
the array and the ground plane is excluded. It is assumed that
tests can be conducted 1 mm away from this box. This means
that the data between the purple solid lines (and in general in
the entire study) do not take into account the PD within the
above mentioned box.

From Fig. 5, one can see how the peak value of the PD
decays with the distance from the antenna array and how this
decay depends on the used beam-forming precoding. For the
two presented examples: 1) for Patch1 array the value in the
peak position varies - for |Sx | between 596 W/m2 (obtained
for 0◦ phase difference between the array elements) and
2855W/m2 (for±120◦), for |Sy| between 1250W/m2 (for 0◦)
and 3403 W/m2 (for ±150◦), for |Sz| between 2023 W/m2

(for 0◦) and 3400 W/m2 (for ±150◦), and for ||S|| between
2184 W/m2 (for 0◦) and 4435 W/m2 (for ±150◦); and 2)
for Dipole1 array - for |Sx | between 1275 W/m2 (for 0◦)
and 2709 W/m2 (for ±150◦), for |Sy| between 755 W/m2

(for ±120◦) and 1098 W/m2 (for ±30◦), for |Sz| between
3649 W/m2 (for ±150◦) and 3785 W/m2 (for ±60◦), and
for ||S|| between 3725 W/m2 (for 0◦) and 4092 W/m2

(for ±150◦). Difference in the positions of the boundaries
between the two presented antenna arrays can be seen. |Sz|
and ||S|| in -z-direction are very weak, i.e. the back radiation
is insignificant since the ground plane under the array acts as
a shield. This is the case, as one can expect, for all on-ground
arrays.

Table 1 shows the worst case scenario for the coordinates
of the boundary found for each component of |S| as well as for
the norm ||S|| of the PD among all on-ground antenna arrays
and among all beam-forming precodings.

1) |Sx | AND ||S|| ALONG x-AXIS
For antenna array along the short edge of the ground plane,
due to its moving (along x-axis) one can see in Table 1
significant difference in the coordinate of the boundary for
Position1 and Position2. For antenna array along the long
edge of the ground plane the move (it is along y-axis) between
the two positions has almost no impact on the coordinate of
this boundary. As expected the width (i.e. distance between
the boundaries along x-axis) of the exposed volume decreases
with increasing the operation frequency. One can see that the
width decreases with decreasing the inter-element distance.
It is observed that the exposed volume has a smaller width
when the norm of PD is considered than when |Sx | (the
normal component in this case).

2) |Sy | AND ||S|| ALONG y -AXIS
As one can see in Table 1 the length (i.e. distance between the
boundaries along y-axis) of the exposed volume for antenna
array along the short edge of the ground plane is similar

VOLUME 9, 2021 23131
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FIGURE 5. Decay of the maximum value of each components of |S| (top graphs) and norm ||S|| (bottom graphs) with the
distance for antenna array with 0.5λ inter-element distance, operating at 28 GHz, placed in Position1, for each studied
beam-forming precoding: (a) Patch1, and (b) Dipole1.

to the width (when comparing the corresponding positions)
for antenna array along the long edge and vice versa. The
length of the exposed volume decreases with increasing the
operation frequency and with decreasing the inter-element
distance. The exposed volume has a smaller length when
the norm of PD is considered than when |Sy| (the normal
component in this case).

3) |Sz | AND ||S|| ALONG z-AXIS
Table 1 shows data only for the coordinate of the boundary
in positive z-direction since the PD behind the ground plane
is much lower than 5% of the global peak value of the PD.

The height of the exposed volume decrease with increas-
ing the frequency. Also it decreases with decreasing the
inter-element spacing. Regardless whether the array is along
short or long edge of the ground plane and whether is at
Position1 or at Position2 the coordinate of the boundary is
not affected. The exposed volume has smaller height when
||S|| is considered than when |Sz|.

4) SIZE OF THE EXPOSED VOLUME
The coordinates from Table 1 define the exposed volume
with parallelepiped shape and size given in Table 2. Out
of the parallelepiped (its position is defined through the
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TABLE 1. Coordinates of the boundary of the exposed volume found for each components and norm of the PD among all studied on-ground arrays and
beam-forming precodings. For |Sx |, |Sy | as well as ||S|| along x-axis and y-axis two numbers are presented giving the coordinate of the boundary on each
side of the array along the corresponding axis. For |Sz | and ||S|| along z-axis there is only one number showing the coordinate of the boundary in
+z-direction (the back radiation, i.e. the one in −z-direction is negligible and the boundary in that direction can be consider located right behind the
ground plane).

TABLE 2. Size of the exposed volume for the components (top part) and for norm (bottom) of the PD.

position of the array and the coordinates of the boundaries):
1) with dimensions shown in the top part in Table 2, each
component |Sx |, |Sy|, and |Sz| is at least 13-dB lower than the
corresponding global peak values regardless of the studied
beam-forming precoding; and 2) with dimensions shown in
the bottom part in Table 2, ||S|| is at least 13-dB lower than
the corresponding global peak values regardless of the studied
beam-forming precoding. Out of these volumes no tests are
needed because the PD has a low enough value. It should be
kept in mind that the global peak value and the position of the
boundary (in the paper the worst case scenario is presented)
depends on the phase shift assigned to the antenna elements.
However, general discussion onwhich progressive phase shift
(beam-forming precoding) leads to the global peak value and
which progressive phase shift defines the coordinate of the
boundaries of the exposed volume is omitted for the sake of
brevity.

5) SYMMETRY AND POSITION DEPENDENCE OF THE
BOUNDARIES
In order to further investigate the possibility for test reduc-
tion, we checked whether: 1) the distances between the array
boundaries and exposed volume boundaries along certain
axis are equal - symmetry of the boundaries (there is no
symmetry along z-axis for on-ground arrays); and 2) whether

the width/length (and height for the off-ground array) of the
exposed volume varies with the position of the antenna array
along the ground plane - position dependence of the bound-
aries. The following criteria were applied: 1) symmetry: 1.1)
whether the difference between the distance from the left
edge of the array to the left boundary of the exposed volume
and the distance from the right edge of the array to the right
boundary of the exposed volume is less than or equal to 3 mm
- symmetry along x-axis; 1.2) whether the difference between
the distance from the top edge of the array to the top boundary
of the exposed volume and the distance from the bottom
edge of the array to the bottom boundary of the exposed
volume is less than or equal to 3 mm - symmetry along
y-axis; and 2) position dependence: whether the difference in
the width/length (and height for the off-ground array) of the
exposed volume between Position1 and Position2 is less than
or equal to 3 mm - for this can be judged also from Table 2.
The presence of symmetry in the results along a certain

axis means that the power density only in half of the space
needs to be measured (in the other half it is the same) which,
in turn, will lead to 50% reduction in the number of needed
tests. The position independence means that width/length
(and height for the off-ground array) of the exposed volume
is similar regardless of the location of the antenna array along
the ground plane.
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FIGURE 6. Decay of the maximum value of each components of |S| (top graphs) and of ||S|| (bottom graphs) with the
distance for Dipole5 array with 0.5λ inter-element distance, operating at 28 GHz, placed in Position1, for each studied
beam-forming precoding.

In most of the studied cases, for |Sx | and ||S|| along
x-axis symmetry of the boundaries with respect to the
antenna array, positioned along the short edge of the ground
plane, is observed. This is expectable for Position1 (Patch1,
Dipole1, and Dipole2 are symmetrical in terms of structure
and feeding - the names of the antenna arrays are given
in Fig. 2) but the finding that the boundaries are symmetri-
cally positioned is important for Position2 where the antenna
array is asymmetrical with respect to the edge of the ground
plane along x−axis. Exceptions are found for Patch2 for both
|Sx | and ||S|| in x-direction for 0.9λ inter-element distance.
Some position dependence (i.e. greater than 3 mm) for the
width of the exposed volume is observed for Patch2 and for
Dipole2 for |Sx | for 0.9λ inter-element distance.
There is no symmetry between the two boundaries along

y-axis for |Sy| and ||S|| for Patch1 (in y-direction the feeding
is not symmetrical placed with respect to the side of the
antenna), while Patch2 exhibits symmetry. For Dipole1 no
symmetry for |Sy| (and for ||S|| in one case) is observed
while for Dipole2 symmetrical results are seen (except for
|Sy| in some cases). Position independence of the length of
the exposed volume in all cases is observed (some excep-
tion is seen for Dipole1). The discussion for symmetry and
position dependence of the boundaries for antenna arrays
along the long edge of the ground plane is inverted to
that for the arrays along the short edge of the ground
plane. It should just be kept in mind that the analysis for
Patch3/Patch4/Dipole3/Dipole4 for long edge placements
correspond to that for Patch1/Patch2/Dipole1/Dipole2 for
short edge placements.

B. OFF-GROUND ANTENNA ARRAYS
Example of the decay with distance of the peak value
of each component of the PD and the norm along the

corresponding axes for Dipole5 at 28 GHz for Position1 for
0.5λ inter-element spacing, for each studied beam-forming
precoding is shown in Fig. 6. Regarding the figure, all
descriptions are the same as the ones explained when dis-
cussing Fig. 5. The only difference is that a plane, within
which the power density is excluded, is used (the same
x- and y-coordinates as for the box for the on-ground array
and the z-coordinate is 0 mm) instead of a box.
For the presented example the value in the peak position

varies - for |Sx | between 922 W/m2 (obtained for 0◦ phase
difference between the array elements) and 2299 W/m2 (for
±120◦), for |Sy| between 3023W/m2 (for 0◦) and 4423W/m2

(for ±150◦), for |Sz| between 2890 W/m2 (for 0◦) and
3974 W/m2 (for ±150◦), and for ||S|| between 3041 W/m2

(for 0◦) and 4751 W/m2 (for ±150◦). Due to the fact that
there is no ground plane under the antenna array, the radiation
in -z-direction (back radiation) is the same as the radiation in
z-direction.

1) BOUNDARIES OF THE EXPOSED VOLUME
Table 3 shows the positions of the boundary for each com-
ponent of |S| as well as for ||S||. The difference between the
results for the 0.5λ and 0.9λ inter-element distance is some
millimeters. The position of the antenna array has negligible
impact on the position of the boundary in y-direction. Due
to almost perfect symmetry of the antenna array along z-axis
the results in+z- and –z-direction are similar. The coordinate
of the 13-dB boundary along z-axis does not vary with the
position of the antenna array.

The coordinates from Table 3 define two parallelepipeds
with size: 1) 52 × 20 × 36 mm3 out of it each component
|Sx |, |Sy|, and |Sz|, and 2) 44 × 22 × 32 mm3 out of it ||S||
are at least 13-dB lower than the corresponding global peak
values regardless of the frequency, inter-element distance,
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TABLE 3. Coordinates of the boundary of the exposed volume found for
each components and norm of the PD for Dipole5 array and among all
studied beam-forming precodings. The two numbers in the cells give the
coordinate of the boundary on each side of the array in the
corresponding direction.

and beam-forming precoding, i.e. out of these volumes no
tests are needed because the PD has a low enough value.

The volume along x− and z−axes is larger when the com-
ponents of the PD are considered rather than the norm, while
along y−axes the size of the two volumes is similar. As for the
on-ground arrays, general discussion on which progressive
phase shift (beam-forming precoding) leads to the global
peak value and which progressive phase shift defines the
coordinate of the boundaries of the exposed volume is omitted
for the sake of brevity.

2) SYMMETRY AND POSITION DEPENDENCE OF THE
BOUNDARIES
For Dipole5 symmetrical boundaries, with respect to the
antenna array, along x- and z-axis are observed, while
the boundaries are non-symmetrical for |Sy| and ||S|| in
y-direction. This means that the measurements along x- and
z-axis can be halved, i.e. the tests can be reduced by 4-times.
In all cases, position independence of the length, width, and
height of the exposed volume is observed.

V. METHODOLOGY FOR THE ARRAY DECOUPLING
STUDY
A frequency range 2 (FR2; this notation is used for referring
to the frequency range 24250 MHz – 52600 MHz) UE likely
will be equipped with multiple antenna arrays located in the
different locations within the phones in order to provide a
good spherical coverage and avoid sever blockage loss from
the user’s hands. However, testing multiple antenna arrays
when they are transmitting simultaneously will increase the

FIGURE 7. Studied two on-ground arrays: (a) Patch1, (b) Patch2,
(c) Dipole1, and (d) Dipole2. In each subfigure on the left-hand side is
presented the parallel case and on the right-hand side the perpendicular
case.

test time. The goal of this study is to find the distance between
different array configurations at which the two arrays are
decoupled, so that it is sufficient to consider the maximum
PD when only one array operates at the time.

A. PARAMETERS IN THE STUDY
Two phased antenna arrays with 4-elements each (the same
on-ground dipoles and patches discussed before) were used
in this study. The inter-element distance between the antenna
elements for each arrays is of 0.5λ. The antenna arrays used
in the study, along with their labels, are shown in Fig. 7.
Two different orientations of the antenna arrays with respect
to each other were considered: 1) parallel arrays - the two
antenna arrays were placed along the short edge of the ground
plane (Fig. 7 on the left-hand side of each subfigure) as λ/4
distance (x−direction) between the short edge of the ground
plane and the top edge of the antenna elements is kept; and
2) perpendicular arrays - one array was placed along the short
edge and the other array was placed along the long edge
of the ground plane (Fig. 7 on the right-hand side of each
subfigure) - for Array 1, λ/4 distance (x−direction) between
the short edge of the ground plane and the top edge of the
antenna elements is kept, while for Array 2, λ/4 distance
(y−direction) is kept between the right edge of the antennas
and the long edge of the ground plane. With d in Fig. 7
is labeled the distance between the two antenna arrays. In
the parallel case, the two antennas were moved away from
each other simultaneously, while in the perpendicular case
Array 1 was kept at the same position (this position matches
with Position2 for 0.5λ inter-element distance discussed in
Section III) while Array2 was moved.
As one can see in Fig. 7, arrays built from the same

type of on-ground antennas (i.e. dipole - dipole and
patch - patch) with the same orientation/position of the feed-
ing point with respect to the closest edge of the ground plane
are considered.
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Other parameters varied in the study were:
1) frequency: 26 GHz, 28 GHz, and 39 GHz.
2) beam-forming precoding - for single array case (one

array transmits at the time) the antenna elements are fed with
signals with the same magnitude but with progressive phase
shift between antenna elements of 0◦, ±30◦, ±60◦, ±90◦,
±120◦, ±150◦; for dual array case (both arrays transmit
simultaneously) all combinations of signals with the same
magnitude but progressive phase shifts 0◦, ±30◦, ±60◦,
±90◦, ±120◦, ±150◦ (having the same sign for Array1 and
Array2 or opposite) were used for feeding the antenna ele-
ments of the two arrays. All these excitations were used in
order to find the worst case scenario.

B. CRITERION FOR CONSIDERING THE ARRAYS
DECOUPLED
The same as discussed before, the maximum value of |Sx |,
|Sy|, |Sz|, and ||S|| was simultaneously sought on the three
planes shown in Fig. 4 and from the three found values only
the highest one (for each component and the norm for each
array) was used in the study. The distance d between the
two antenna arrays was increased with step of 0.5λ until the
maximum value for |Sx |, |Sy|, |Sz|, and ||S|| obtained when
the two arrays are operating simultaneously differs less than
5% from the maximum value for |Sx |, |Sy|, |Sz|, and ||S||
when the two arrays are operating separately, respectively.
The minimum distance, for which the latter is achieved, is the
critical distance and it is considered that the antenna arrays
influence each other insignificantly, i.e. they are decoupled.
The reason to select 5% (−13 dB) is the same as when
discussing the exposed volume (test exclusion criteria for
SAR from multiple-sources).

VI. RESULTS FOR ARRAY DECOUPLING
Example for decoupling of Dipole2 arrays in parallel case at
28 GHz is presented in Fig. 8, as the purple contour shows
the position of the ground plane. More specifically, Fig. 8(a)
shows the distribution of |Sz| on XY plane (located at z =
1 mm) for d = 1.5λ, while Fig. 8(b) for d = 2λ. Array1 ele-
ments are fed with progressive phase shift of −150◦, while
Array2 elements are fed with progressive phase shift of 150◦.
By using such progressive phase shifts, the main beam of
each array is pointing towards the half of the space where
the other array is located. The peak PD, when the two arrays
operate simultaneously, decreases with increasing the dis-
tance d between them (see Fig. 8 right-hand side). In other
words, by increasing d peak PD, when the two arrays operate
simultaneously, approaches the peak PD, when only one array
radiates at the time.

Table 4 shows the results for the critical distance d at which
the two antenna arrays are decoupled. The data are presented
in terms of wavelengths. As one can see the critical distance is
antenna dependent. The maximum physical distance between
the two arrays found needed for decoupling: 1) for parallel
oriented arrays is around 32 mm (3λ at 28 GHz found for
Dipole1); and 2) perpendicular oriented arrays is around

FIGURE 8. Distribution of |Sz | (in W/m2) for Dipole2 in parallel case at
28 GHz (left-hand side - only Array1 transmits, center - only
Array2 transmits, and right-hand side - both Array1 and Array2 transmit
simultaneously; elements of Array1 are fed with progressive phase shift
of −150◦ while of Array2 of 150◦). The arrays are separated at:
(a) d = 1.5λ, and (b) d = 2λ.

TABLE 4. Critical distance needed for decoupling of two antenna arrays
in parallel and perpendicular case.

27 mm (similar between 2.5λ at 28 GHz found for Patch2 and
3.5λ at 39 GHz found for Patch1). It should be kept in mind
that these results are approximate since the step used for
finding the critical distance was of 0.5λ in order to limit the
number of studies.

VII. CONCLUSION
This paper has presented two studies related to test reduc-
tion for handset mmWave antenna arrays. The findings in
the paper are for patch and dipole antenna arrays as these
antennas have been chosen since they are expected to be used
for 5G mmWave mobile terminal. Each array has been made
of 4-antennas, as this is the number of antennas currently
considered to be deployed in an UE.

The first study has dealt with determining the size of the
exposed volume around phased antenna arrays out of which
the value of the PD is 13 dB below the global peak PD. The
exposed volume defined through the components of the PD
is larger than the volume found when the norm of the PD
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is considered. Criterion for considering the PD distribution
symmetrical has been introduced. Following this definition,
even when the array is not symmetrically placed with respect
to the width/length of the edge of the ground plane, the results
in more than a half of the cases are symmetrical. The latter
means 50% less test time will be needed. The size of the
volume in many cases is independent on the position of the
array along the edge of the ground plane. Future work will
deal with finding the boundary when averaging over a certain
area is employed.

The second study has been focused on determining the
critical distance between two 4-element arrays. This is the
distance for which the peak PD emitted by any of the arrays
(when only one operates at the time) is similar to the peak
PD emitted when the two arrays operate simultaneously.
If the distance between two arrays is known and by using the
provided information, it can be judged whether the test when
the two arrays transmitting simultaneously can be omitted.
That is, the finding in this study can be used for reducing the
number of PD measurements.

ACKNOWLEDGMENT
The authors would like to thank K. H. Joyner at Mobile and
Wireless Forum, Kai Niskala at Samsung Electronics Co.
Ltd., B. Xu and D. Colombi at Ericsson AB, and Z. Ying at
Sony Corporation for helpful discussion.

REFERENCES
[1] W. Hong, K.-H. Baek, Y. Lee, Y. Kim, and S.-T. Ko, ‘‘Study and proto-

typing of practically large-scale mmWave antenna systems for 5G cellular
devices,’’ IEEE Commun. Mag., vol. 52, no. 9, pp. 63–69, Sep. 2014.

[2] W. Roh, J.-Y. Seol, J. Park, B. Lee, J. Lee, Y. Kim, J. Cho, K. Cheun, and
F. Aryanfar, ‘‘Millimeter-wave beamforming as an enabling technology for
5G cellular communications: Theoretical feasibility and prototype results,’’
IEEE Commun. Mag., vol. 52, no. 2, pp. 106–113, Feb. 2014.

[3] The 5G Infrastructure Public Private Partnership: The Next Generation
of Communication Networks and Services. Accessed: May 16, 2020.
[Online]. Available: https://5g-ppp.eu/wp-content/uploads/2015/02/5G-
Vision-Brochure-v1.pdf accessed: 2020-05-16.

[4] User Equipment (UE) radio transmission and reception; Part 2: Range 2
Standalone, Standard TS 38.101-2, 3GPP, Rev. 16.0.0, Jun. 2019.

[5] B. Xu, K. Zhao, Z. Ying, D. Sjöberg, W. He, and S. He, ‘‘Analysis of
impacts of expected RF EMF exposure restrictions on peak EIRP of 5G
user equipment at 28 GHz and 39 GHz bands,’’ IEEE Access, vol. 7,
pp. 20996–21005, 2019.

[6] General aspects for User Equipment (UE) Radio Frequency (RF) for NR,
Standard TR 38.817-01, 3GPP, Rev. 16.1.0, Sep. 2019.

[7] D. Colombi, B. Thors, and C. Törnevik, ‘‘Implications of EMF exposure
limits on output power levels for 5G devices above 6GHz,’’ IEEEAntennas
Wireless Propag. Lett., vol. 14, pp. 1247–1249, 2015.

[8] S. S. Zhekov and G. F. Pedersen, ‘‘Over-the-air evaluation of the
antenna performance of popular mobile phones,’’ IEEE Access, vol. 7,
pp. 123195–123201, 2019.

[9] K. Zhao, Z. Ying, and S. He, ‘‘EMF exposure study concerning mmWave
phased array in mobile devices for 5G communication,’’ IEEE Antennas
Wireless Propag. Lett., vol. 15, pp. 1132–1135, 2016.

[10] B. Thors, D. Colombi, Z. Ying, T. Bolin, and C. Törnevik, ‘‘Exposure to
RF EMF from array antennas in 5G mobile communication equipment,’’
IEEE Access, vol. 4, pp. 7469–7478, 2016.

[11] International Commission on Non-Ionizing Radiation Protection
(ICNIRP), ‘‘Guidelines for limiting exposure to electromagnetic fields
(100 kHz to 300 GHz),’’ Health Phys., vol. 118, no. 5, pp. 483–524,
May 2020.

[12] Radiofrequency Radiation Exposure Limits, FCC, Washington, DC, USA,
2013.

[13] Notice of Proposed Rulemaking, FCC, Washington, DC, USA, 2015.

[14] Technical Analysis Branch, Office of Engineering and Technology, FCC.
(Oct. 2018). RF Exposure: Order/NPRM Issues. Accessed: May 16, 2020.
[Online]. Available: https://transition.fcc.gov/oet/ea/presentations/
files/oct18/5.1-TCB-RF-%Exposure-OrderNPRM-Issues-MD.PDF

[15] IEEE Standard for Safety Levels with Respect to Human Exposure to
Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz, Stan-
dard C95.1-2019, 2019.

[16] Y. Hashimoto, A. Hirata, R. Morimoto, S. Aonuma, I. Laakso, K. Jokela,
and K. R. Foster, ‘‘On the averaging area for incident power density for
human exposure limits at frequencies over 6 GHz,’’ Phys. Med. Biol.,
vol. 62, pp. 3124–3138, 2017.

[17] T. Nakae, D. Funahashi, J. Higashiyama, T. Onishi, and A. Hirata, ‘‘Skin
temperature elevation for incident power densities from dipole arrays at 28
ghz,’’ IEEE Access, vol. 8, pp. 26863–26871, 2020.

[18] E. Carrasco, D. Colombi, K. R. Foster, M. Ziskin, and Q. Balzano, ‘‘Expo-
sure assessment of portable wireless devices above 6 GHz,’’ Radiat. Prot.
Dosim., vol. 183, no. 4, pp. 489–496, Jun. 2019.

[19] T. Wu, T. S. Rappaport, and C. M. Collins, ‘‘Safe for generations to come:
Considerations of safety for millimeter waves in wireless communica-
tions,’’ IEEE Microw. Mag., vol. 16, no. 2, pp. 65–84, Mar. 2015.

[20] W. He, B. Xu, M. Gustafsson, Z. Ying, and S. He, ‘‘RF compliance study
of temperature elevation in human head model around 28 GHz for 5G
user equipment application: Simulation analysis,’’ IEEE Access, vol. 6,
pp. 830–838, 2018.

[21] Measurement Procedure for the Evaluation of Power Density Related to
Human Exposure to Radio Frequency Fields From Wireless Communica-
tion Devices Operating Between 6 GHz and 100 GHz, document IEC TR
63170, Aug. 2018.

[22] B. Xu, K. Zhao, B. Thors, D. Colombi, O. Lundberg, Z. Ying, and S. He,
‘‘Power density measurements at 15 GHz for RF EMF compliance assess-
ments of 5G user equipment,’’ IEEE Trans. Antennas Propag., vol. 65,
no. 12, pp. 6584–6595, Dec. 2017.

[23] S. Pfeifer, E. Carrasco, P. Crespo-Valero, E. Neufeld, S. Kuhn, T. Samaras,
A. Christ, M. H. Capstick, and N. Kuster, ‘‘Total field reconstruction in
the near field using pseudo-vector E-field measurements,’’ IEEE Trans.
Electromagn. Compat., vol. 61, no. 2, pp. 476–486, Apr. 2019.

[24] J. Lundgren, J. Helander, M. Gustafsson, D. Sjöberg, B. Xu, and
D. Colombi, ‘‘Near-field measurement and calibration technique for RF
EMF exposure assessment of mm-wave 5G devices,’’ Electromagn. The-
ory Dept. Elect. Inf. Technol. Lund Univ. Sweden, Lund, Sweden,
Tech. Rep. 7267, 2019. [Online]. Available: https://lup.lub.lu.se/search/
ws/files/68771039/TEAT_7267.pdf

[25] M. Nesterova, S. Nicol, and Y. Nesterova, ‘‘Evaluating power density for
5G applications,’’ in Proc. IEEE 5G World Forum (5GWF), Jul. 2018,
pp. 347–350.

[26] K. Sasaki, K. Li, J. Chakarothai, T. Iyama, T. Onishi, and S. Watanabe,
‘‘Error analysis of a near-field reconstruction technique based on plane
wave spectrum expansion for power density assessment above 6 GHz,’’
IEEE Access, vol. 7, pp. 11591–11598, 2019.

[27] Measurement Procedure for the Assessment of Specific Absorption Rate of
Human Exposure to Radio Frequency Fields From Hand-Held and Body-
mounted Wireless Communication Devices—Part 1528: Human Models,
Instrumentation, and Procedures (Frequency range of 4 MHz to 10 GHz),
Standard IEC/IEEE 62209-1528, 2020.

STANISLAV STEFANOV ZHEKOV received the
B.Sc. degree in engineering physics and the M.Sc.
degree (Hons.) in wireless communications from
Sofia University ‘‘St. Kliment Ohridski’’, Sofia,
Bulgaria, in 2013 and 2015, respectively, and
the Ph.D. degree from Aalborg University, Aal-
borg, Denmark, in 2018. He is currently a Post-
doctoral Researcher with Aalborg University. His
research interests include ultrawideband anten-
nas, MIMO antennas, antenna–user interactions,

computational electromagnetics (with a focus on the finite-difference
time-domain method), over-the-air testing of wireless devices, radiowave
propagation, and measurements of dielectric properties of materials and
biological tissues.

VOLUME 9, 2021 23137



S. S. Zhekov et al.: Test Reduction for Power Density Emitted by Handset mmWave Antenna Arrays

KUN ZHAO received the B.S. degree in communi-
cation engineering from the Beijing University of
Posts and Telecommunications (BUPT), Beijing,
China, in 2010, and the M.S. and Ph.D. degrees
from the Royal Institute of Technology (KTH),
Stockholm, Sweden, in 2012 and 2017, respec-
tively. He is currently a Researcher of antenna
technology and a 3GPP RAN 4 delegate in the
Sony R&D Center, Lund Sweden. He also works
as an industrial postdoc in antennas, propagation

and radio networking at AalborgUniversity, Denmark. He has been aVisiting
Researcher with the Department of Electrical and Information Technology,
Lund University, Sweden. His current research interests include mm-wave
antenna and propagation, MIMO antenna systems, user body interactions,
and body centric wireless communications.

ONDREJ FRANEK (Member, IEEE) was born
in 1977. He received the M.Sc.-Ing. (Hons.) and
Ph.D. degrees in electronics and communication
from the Brno University of Technology, Brno,
Czech Republic, in 2001 and 2006, respectively.
He is currently an Associate Research Professor
with the Department of Electronic Systems, Aal-
borg University, Aalborg, Denmark. His research
interests include computational electromagnetics
with a focus on fast and efficient numerical meth-

ods, especially the finite-difference time-domain method. He is also involved
in research on biological effects of nonionizing electromagnetic radiation,
indoor radiowave propagation, and electromagnetic compatibility. He was a
recipient of the Seventh Annual SIEMENS Award for outstanding scientific
publication.

SHUAI ZHANG (Senior Member, IEEE) received
the B.E. degree from the University of Elec-
tronic Science and Technology of China, Chengdu,
China, in 2007, and the Ph.D. degree in electro-
magnetic engineering from the Royal Institute of
Technology (KTH), Stockholm, Sweden, in 2013.
After his Ph.D. studies, he was a Research Fellow
at KTH. In April 2014, he joined Aalborg Uni-
versity, Denmark, where he currently works as an
Associate Professor. In 2010 and 2011, he was

a Visiting Researcher at Lund University, Sweden and at Sony Mobile
Communications AB, Sweden, respectively. He was also an external antenna
specialist at Bang & Olufsen, Denmark, from 2016 to 2017. He has coau-
thored over 80 articles in well-reputed international journals and over 16
(US or WO) patents. His current research interests include: mobile terminal
mmwave antennas, biological effects, CubeSat antennas, Massive MIMO
antenna arrays, UWB wind turbine blade deflection sensing, and RFID
antennas.

23138 VOLUME 9, 2021


