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Test Reduction for Power Density Emitted by
Handset mmWave Antenna Arrays

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

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 cho-
sen: arrays of half-wavelength dipoles and patches operating at
26 GHz, 28 GHz, and 39 GHz, and having inter-element spacing
either 0.5\ or 0.9)\. 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 technologies
(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 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 EMFE. Exposure limits, for
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the protection of humans from excessive temperature elevation
at the body surface, have been defined by the: 1) International
Commission on Non-lonizing 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 PD metric is used for restricting the
exposure [9], [10], [16]-[18] More specifically, 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 reference level, where the spatial
averaging area of IPD over 6 GHz is needed to correlate
with resultant skin temperature elevation [16], [17]. Due to
practical difficulties in assessing the transmitted PD in the
superficial tissue (evaluation of transmitted PD by means 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 inci-
dent power density and skin temperature elevation have been
presented in [16], [17], [20]. However, the exposed volume
around antenna array has not been thoroughly 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
simultaneously) 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 operating 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, beamforming 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 in-
formation 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 S throughout this paper is defined as time-average
Poynting vector. The equation for calculating the PD is:

S = %Re[E x H*] (1)

where E and H are the complex electric and magnetic
field, respectively; (*) indicates complex conjugate. In order to
remove the direction dependent sign of S, the absolute value
of each component (|.S;|, |\S,|, and |S,|) of the vector is used
in the rest of the paper. Each of the three components of the
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Fig. 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.

power density |S;|, |Sy|, and |S,| 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 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 different
types of antennas were employed in order to investigate the
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Fig. 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 (z—axis), as (1) is named Patchl, (2) Patch2, (3) Dipolel, 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.

change in the size of the exposed volume with the change of
the radiator. Also two inter-element distances - 0.5\ and 0.9\
(A 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 A/4 to maximize the field radiated from
the antenna (not shown). For off-ground array also distance
of A/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
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 considered
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:

« Positionl - on-ground array is in the center of short/long
edge along x—/y—axis regardless whether the inter-
element distance is of 0.5\ or of 0.9\ (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 0.9, to the long edge of the ground plane is
of A\/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
0.9, to the short edge of the ground plane is of /4 (Fig.
3(b), right-hand side). For this position, in all cases, for
0.5 inter-element distance the array has the same center
as for 0.9\

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 \/4; for on-ground array along the long edge
of the ground plane - the distance (z—direction) between the
right edge of the ground plane and the right edge of the antenna
elements is of \/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 A\/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 w; = [1,1e 7% 1e=2/%? 1e=379]
where the phase shift ¢ 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 z,y, z-coordinate at which |Sy|,|Sy|,|S-| values
along x—,y—, z-axis (and ||S|| along all axis), respectively,
are 13 dB below the (5% of) global peak |S|,|Sy|, |S-| 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 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
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Fig. 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 Positionl, 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.

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 z—direction - Y Z 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 X Z 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) - X Z plane; and 3) from the antenna array
in z—direction (¢ = 0 match with the antenna top surface) -
XY plane. The global peak value for each |S;|, |Sy|, |S:|, 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.

s

IV. RESULTS FOR THE EXPOSED VOLUME
A. On-ground antenna arrays

The peak value of each component |Sg|, |Sy|, and |S.|
found on the planes normal to the corresponding component of
the PD/coordinate axis for Patchl and Dipolel with 0.5\ inter-
element distance, operating at 28 GHz, placed in Positionl,
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)
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Fig. 4: Planes on which the global peak PD is sought: (a) Y Z plane,
(b) X Z 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.
L.

z 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 Patchl array the value in the
peak position varies - for |S,| between 596 W/m? (obtained
for 0° phase difference between the array elements) and 2855
W/m? (for £120°), for |S,| between 1250 W/m? (for 0°) and
3403 W/m? (for £150°), for |S,| between 2023 W/m? (for
0°) and 3400 W/m? (for £150°), and for ||S|| between 2184
W/m? (for 0°) and 4435 W/m? (for £150°); and 2) for Dipolel
array - for |S,| between 1275 W/m? (for 0°) and 2709 W/m?
(for £150°), for |S,| between 755 W/m? (for £120°) and
1098 W/m? (for £30°), for |S,| between 3649 W/m? (for
+150°) and 3785 W/m? (for £60°), and for ||S|| between
3725 W/m? (for 0°) and 4092 W/m? (for £150°). Difference
in the positions of the boundaries between the two presented
antenna arrays can be seen. |S.| 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 I 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) |S;| and ||S|| along x-axis: For antenna array along
the short edge of the ground plane, due to its moving (along
z-axis) one can see in Table I significant difference in the
coordinate of the boundary for Positionl 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 z-
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 |S;| (the normal component in this
case).

2) |Sy| and ||S|| along y-axis: As one can see in Table I 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 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 |.S,| (the
normal component in this case).

3) |S.| and ||S|| along z-axis: Table I 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 increasing 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 Positionl or at Position2 the coordinate of the
boundary is not affected. The exposed volume has smaller
height when ||S]| is considered than when |S,|.

4) Size of the exposed volume: The coordinates from Table
I define the exposed volume with parallelepiped shape and
size given in Table II. Out of the parallelepiped (its position
is defined through the position of the array and the coordinates
of the boundaries): 1) with dimensions shown in the top part in
Table II, each component |S,|, |:Sy|, and |S,| 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 II, ||.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 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.

5) Symmetry and position dependence of the boundaries:
In order to further investigate the possibility for test reduction,
we checked whether: 1) the distances between the array
boundaries and exposed volume boundaries along certain
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Fig. 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 0.5\ inter-element distance, operating at 28 GHz, placed in Positionl, for each studied beam-forming precoding: (a) Patchl, and

(b) Dipolel.

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
boundaries. 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 Position] and Position2 is less than
or equal to 3 mm - for this can be judged also from Table II.

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



TABLE I: 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 |S;|, |\Sy| as well as ||.S|| along z-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 |S.| 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).

Array along short edge Array along long edge
PD Array 26 GHz 28 GHz 39 GHz 26 GHz 28 GHz 39 GHz
Position 05X [ 09X 052 T 09X 052 T 09X 05X T 09X 05X T 09X 05X T 09X
Coordinates of the boundaries (mm)

[Se| along 1 -3535 | 4040 | -3333 | -3838 | -2626 | -29 29 354 -7 63 554 -4 61 1151 456
T-axis 2 -1851 | -26 54 | -1550 | -22 53 -3 48 -850 354 -8 64 554 562 1151 457
[TS][ along 1 3131 | 3131 | -3030 | -2929 | -2424 | -2525 13 46 544 14 46 6 45 19 44 945
T-axis 2 1548 | -1745 | -1248 | -1345 -1 46 -4°45 13 46 545 14 46 6 46 19 44 10 46
[Sy| along 1 33 84 2393 35 84 26 92 41 81 348 | -3535 | 4040 | -3333 | -3838 | -2626 | -2929
y-axis 2 33 84 22 94 3584 2593 41 81 34 87 12 81 484 15 81 8 83 2778 22 80
[TS][ along 1 4376 3574 43 76 36 75 49 74 39 75 31310 | 3131 | -3030 | -2929 | -2424 | -2424
y-axis 2 4376 3575 4476 36 76 49 74 40 76 1578 1375 1878 1775 29 76 26 75

[S.] along 1 47 72 45 71 42 69 46 73 44 70 41 70

z-axis 2 46 73 45 71 42 70 46 73 44 71 42 70

[TS][ along 1 41 67 38 65 32 59 40 67 38 64 32 59

z-axis 2 40 68 38 65 32 60 40 67 38 64 32 60

TABLE II: Size of the exposed volume for the components (top part) and for norm (bottom) of the PD.
Array along short edge Array along long edge
Position 26 GHz 28 GHz 39 GHz 26 GHz 28 GHz 39 GHz
052 [ 09X 05X T 09X 035X [ 09X 05X T 09X 035X ] 09X 05X T 09X
Size (X x Y x Z) of the exposed volume for the components of |S| (mm?)

1 70x51 | 80x70 | 66 x49 | 76 x66 | 52 x40 | 58 x52 | 51x70 | 70x 80 | 499x66 | 65x76 | 40x 52 | 52 x 58

x 47 x 72 x 45 x 71 X 42 X 69 x 46 x 73 X 44 x 70 x 41 x 70
5 69 x51 | 80x72 | 65x49 | 75x68 | 51 x40 | 58 x53 | 51 x69 | 72x80 | 499x66 | 67x75 | 40x 51 | 53 x 58

X 46 x 73 x 45 x 71 x 42 x 70 x 46 x 73 X 44 x 71 x 42 x 70

Size (X x Y x Z) of the exposed volume for the norm ||.S|| (mm?)

1 62x33 | 62x39 | 60x33 | 58x39 | 48x25 | 50x36 | 33x62 | 39x62 | 32x60 | 39x58 | 25x48 | 36 x 48

x 41 X 67 x 38 x 65 x 32 x 59 x 40 x 67 x 38 X 64 x 32 x 59
N 63 x33 | 62x40 | 60x32 | 58x40 | 47x25 | 49x36 | 33x63 | 40x62 | 32x60 | 40x58 | 25x47 | 36 x 49

x 40 x 68 x 38 x 65 x 32 x 60 x 40 x 67 x 38 X 64 x 32 x 60

height for the off-ground array) of the exposed volume is
similar regardless of the location of the antenna array along
the ground plane.

In most of the studied cases, for |S;| and ||S]|| along z-
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 Positionl (Patchl, Dipolel,
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 symmetrically positioned is im-
portant for Position2 where the antenna array is asymmetrical
with respect to the edge of the ground plane along z—axis.
Exceptions are found for Patch2 for both |S,| and ||S|| in
z-direction for 0.9\ 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
|S:| for 0.9\ inter-element distance.

There is no symmetry between the two boundaries along
y-axis for |.S,| and ||.S|| for Patchl (in y-direction the feeding
is not symmetrical placed with respect to the side of the
antenna), while Patch2 exhibits symmetry. For Dipolel no
symmetry for |S,| (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 ex-

ception is seen for Dipolel). The discussion for symmetry
and position dependence of the boundaries for antenna ar-
rays 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 cor-
respond to that for Patchl/Patch2/Dipolel/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 correspond-
ing axes for Dipole5 at 28 GHz for Position] for 0.5\ 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 discussing 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 | S| between 922 W/m? (obtained for 0° phase
difference between the array elements) and 2299 W/m? (for
+120°), for | S, | between 3023 W/m? (for 0°) and 4423 W/m?
(for £150°), for |S.| between 2890 W/m? (for 0°) and 3974
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Fig. 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 0.5\ inter-element distance, operating at 28 GHz, placed in Positionl, for each studied beam-forming precoding.

W/m? (for £150°), and for ||S|| between 3041 W/m? (for
0°) and 4751 W/m? (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 III shows the
positions of the boundary for each component of |.S| as well as
for ||S]|. The difference between the results for the 0.5\ and
0.9 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 III define two parallelepipeds
with size: 1) 52 x 20 x 36 mm3 out of it each component
ISz, |Syl, and |S.|, and 2) 44 x 22 x 32 mm? out of it ||S]]
are at least 13-dB lower than the corresponding global peak
values regardless of the beam-forming precoding, i.e. out of
these volumes no tests are needed because the PD has a low
enough value. The volume along z— and z—axes is larger
when the components 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 z- and z-axis are observed, while the
boundaries are non-symmetrical for |S,| 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.

bl

In all cases, position independence of the length, width, and
height of the exposed volume is observed.

TABLE III: 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.

Array 26 GHz 28 GHz 39 GHz
PD Position 0.5A T 09X [ 0.5A T 09X [ 05X [ 09X
Coordinates of the boundaries (mm)
S| 1 -23 -26 -23 -25 -18 221
along 23 26 23 25 18 21
roaxis N 9 -11 -7 -8 3 I
38 39 38 40 39 41
I1S|| | -19 21 -18 -20 -16 -16
along 19 21 18 20 16 16
x-axis 2 > -7 3 4 > >
33 35 34 35 37 37
1S, | 1 61 61 61 61 61 62
alozrjlg 81 78 81 78 80 79
y-axis 5 61 61 61 61 61 62
81 78 81 78 80 79
I1S|| 1 59 60 59 60 60 60
along 81 78 80 78 80 79
y-axis 2 59 60 59 60 60 60
81 78 81 78 80 79
1S | 1 -17 -13 -18 -13 -17 -15
along 18 13 17 13 17 15
eaxis N -18 -13 -18 -13 -17 -15
18 13 18 13 17 15
I1S|| | -16 -13 -15 -13 -15 -14
along 16 12 16 13 15 14
-axis 9 -16 -13 -16 -13 -15 -14
16 13 16 13 15 14

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 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 0.5\. 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 A\/4
distance (z—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, \/4 distance (z—direction) between the short edge
of the ground plane and the top edge of the antenna elements
is kept, while for Array 2, A/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 0.5\ 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 feeding point with
respect to the closest edge of the ground plane are considered.

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 Arrayl and Array2
or opposite) were used for feeding the antenna elements 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 |S,|,
|Syl, |S-], and ||S|| was simultaneously sought on the three
planes shown in Fig. 4 and from the three found values only

4
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Fig. 7: Studied two on-ground arrays: (a) Patchl, (b) Patch2, (c)
Dipolel, and (d) Dipole2. In each subfigure on the left-hand side is

presented the parallel case and on the right-hand side the perpendic-
ular case.

AMi
(b)
M.
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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 0.5\ until the
maximum value for |S;|, |\Sy|, |S.|, and ||S|| obtained when
the two arrays are operating simultaneously differs less than
5% from the maximum value for |S;|, |Sy|, |S.|, 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 |S,| on XY plane (located
at z = 1 mm) for d = 1.5\, while Fig. 8(b) for d = 2.
Array] elements 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
distance 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 IV 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
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Fig. 8: Distribution of |S,| (in W/m?) for Dipole2 in parallel case at
28 GHz (left-hand side - only Arrayl transmits, center - only Array2
transmits, and right-hand side - both Arrayl and Array2 transmit
simultaneously; elements of Arrayl are fed with progressive phase
shift of —150° while of Array2 of 150°). The arrays are separated
at: (a) d = 1.5\, and (b) d = 2.

distance between the two arrays found needed for decoupling:
1) for parallel oriented arrays is around 32 mm (3\ at 28
GHz found for Dipolel); and 2) perpendicular oriented arrays
is around 27 mm (similar between 2.5\ at 28 GHz found for
Patch2 and 3.5\ at 39 GHz found for Patchl). It should be
kept in mind that these results are approximate since the step
used for finding the critical distance was of 0.5\ in order to
limit the number of studies.

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

Antenna array Critical distapce d Of) for_
parallel/perpendicular orientation
26 GHz | 28 GHz 39 GHz
Patchl 1.5/1.5 1.5/1.5 3.5/3.5
Patch2 172 172.5 1/1.5
Dipolel 2.5/1.5 3/1.5 3/1.5
Dipole2 1.5/1.5 2/1.5 2/1.5

VII. CONCLUSION

This paper has presented two studies related to test reduction
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
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.
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