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User Shadowing Suppression for SG mm-wave
Mobile Terminal Antennas

Igor Syrytsin, Shuai Zhang, Senior Member IEEE, Gert Frglund Pedersen, Senior Member IEEE, and Art Morris,
Fellow, IEEE

Abstract—In 5G mm-wave mobile terminal applications, the
user’s body has a very high chance of creating blockage or
shadow in the radiation patterns of handset antenna arrays. In
this paper, we find that the corner positions of a handset chassis
yield the best performance for the 5G mm-wave array system in
terms of spatial coverage when user effects are considered. To
prove that claim, a prototype of a 5G mm-wave antenna system
was constructed using the SIW lens and MMPX connectors and
was compared to the more general case. The lens is simulated
and measured with the user in talk, data and dual-hand modes.
It has been shown that the method proposed in this paper can be
used as general guideline for the 5G phased array construction.
Finally, two configurations of sub-arrays placed diagonally on
the opposite corners of the mobile device were investigated to
compare them to each other and to the setup with sub-arrays in
all the corners.

Index Terms—Mobile terminal antenna, antenna array, 5G,
cm-wave, diversity, user impact.

I. INTRODUCTION

ATELY the topic of beamforming at a mobile terminal

for the 5th generation communication systems has been
heavily studied. In [1], it has been proposed to use mm-wave
frequencies for the 5G to achieve higher data rates. Already in
2017, eleven candidate bands in the frequency range between
24.25 GHz and 86 GHz have been discussed at the World
Radiocommunication Conference [2]. To compensate for the
path loss at the higher frequencies, high gain phased antenna
arrays can be applied [3]. Furthermore, not only the peak
gain but also the spatial coverage of the antenna have been
recognized as important parameters. Spatial coverage perfor-
mance is extremely important because the orientation of the
mobile device is usually unknown. To characterize the spatial
coverage, a metric of coverage efficiency has been introduced
in [4] and then applied in [5] to characterize the performance
of 5G mm-wave mobile devices.

Multiple mobile phased antenna array solutions already
exist in the academic literature. Multi-polarized antenna arrays
for the 5G mm-wave were constructed in [6]. A low-profile
beam-steerable antenna for 5G mobile terminals was designed
and analyzed in [7], and an even smaller antenna array with
a clearance of 1.2 mm was proposed in [8]. To increase
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the 3D coverage of the 5G mobile antenna system, two
different methods were proposed in [9] and [10]: folding the
antenna structure and surface wave excitation, respectively. By
increasing the scan angle, the higher coverage efficiency per-
formance was obtained in [11] and [12]. Circularly polarized
antennas for the 5G mobile terminals were developed in [13]-
[15], which can improve the BER by always matching the
polarization of the antenna and the channel. Then, to steer
the beams with low loss and to reduce the system complexity,
two passive parasitic elements were applied to scatter the main
beam in [16]. Finally, in [17], it has been shown how a 4G
MIMO antenna can be integrated with a 5G mm-wave array
on the typical ground plane.

However, the user will also have a significant impact on the
coverage performance of a mobile phased antenna array. Good
coverage with a peak gain of at least 7 dBi is expected from the
mobile antenna arrays. However, when the array is subjected
to the user effects, the spatial coverage will drop significantly
due to the blockage induced by the user, but the body loss is
considerably lower than the body loss of sub 5 GHz mobile
antennas [18]. However, body blockage at the 28 GHz is not as
severe at 60 GHz, which has been investigated in [19]. At the
resonant frequency of 15 GHz, the loss due to user effects
has been evaluated in [20]. Similar or even greater losses
would be expected for the mobile antenna arrays designed at
the resonant frequency of 28 GHz, as shown in [18]. Effects
of the full metal case and user’s hand were also studied in
[21], where the gain of at least 6.9 dBi has been achieved
even with user effects considered. In [22], the user impact on
switch diversity and phased antenna arrays for mobile devices
was researched, and it has been found that beamforming is
not always advantageous when user effects are considered.
However, in the switch diversity case, only a single element
on the short edge was studied, but the best array positions on
the whole ground plane had not yet been assessed. Finally, in
[23], a dual sub-array antenna system for 5G mobile terminals
with SAR reduction capabilities was proposed, but it must be
noted that in cm-mm-wave bands, power density should be
used to evaluate a phantom electromagnetic wave absorption
instead of SAR as given in [24]. Switchable phased antenna
arrays had already been proposed in [10], but the optimal
positions for the antenna array have not yet been found when
user effects are considered. In this paper, a method of finding
the most suitable locations on the whole ground plane for the
5G mobile terminal phased array is proposed at the frequency
of 28 GHz. Then, the antenna array is constructed, based
on the proposed guidelines and both measured and simulated
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with the user. In Section II, the optimal positions for a 5G
antenna array of four elements in a handset are obtained with
the presence of the user effects. Then, in Section III, several
planar sub-arrays are placed in the chosen locations on the
ground plane. Furthermore, a substrate integrated waveguide
(SIW) beamforming lens is applied for each sub-array. Later,
the free space measured results of the two sub-arrays with two
lenses in one corner are compared to the simulations in the
CST Microwave studio. In Section IV, the proposed array is
simulated and measured with the user in the talk, data and
dual-hand mode, and in Section V, the two common array
configurations are investigated. Finally, the effectiveness of the
proposed method is assessed in section VI.

II. OPTIMAL ARRAY POSITION INVESTIGATION

In this section, the optimal antenna array positions where the
lowest user impact is observed are determined. Here, the array
coverage performance losses due to user blockage are the main
contributor. The body loss is very low at mm-wave frequencies
[18], so it is not an important factor for the investigation.
Three setups using the homogeneous phantom as shown in
Fig. 1 are considered. The phantom is made of skin tissue
with & = 19+ 19 at 28 GHz. The antenna is simulated in
three setups: talk mode in Fig. 1(a), data mode in Fig. 1(b),
and dual hand mode in Fig. 1(c). The chosen phantom was
first proposed in [25], based on the typical average physical
dimensions of a male human being. The left-handed phantom
is used in talk and data mode simulations. However, if the
right-handed phantom is used, then the radiation patterns will
be mirrored along the horizontal axis because of the phantom
and antenna array symmetry.

(a) (b) (c)
Fig. 1. Simulation setup with the user in (a) talk mode, (b) data mode,
and (c) dual hand mode.

A. Simulation Setup

To investigate the user impact for the different array loca-
tions, we considered as many positions as physically possible
on a typical ground plane with a size of 63mm x 132mm.
Furthermore, the performance of the antennas with endfire and
broadside radiation was compared at 28 GHz. For the purpose
of the study, the antenna structure consisting of 120 antenna
elements (64 Vivaldi and 56 slot antenna elements), as shown
in Fig. 2, was constructed. The zoomed view of the antenna

elements is also demonstrated in Fig. 2. The center-to-center
distance between elements is A /2 at 28 GHz.

To simplify the investigation, only 4 elements were com-
bined into an array at a time. Each array is a phased array
with the maximum scan angle of +40 degrees. In this study, a
sliding array principle was adopted, where each array can be
composed of any four neighboring elements, but only linear
arrays can be constructed. In Fig. 2, all of the positions of the
sliding array are illustrated. A total of 40 Vivaldi (endfire)
array positions and 32 of slot (broadside) positions were
considered. All antennas were simulated one by one; then, the
phased arrays were constructed in post-processing. The phase
shifter and feeding network losses have not been accounted
for in this work. However, in application these losses will be
significant.

The total scan pattern (TSP) and coverage efficiency (CE)
were calculated for each position of the sliding arrays. The
TSP is extracted from all of the possible radiation patterns
produced by the phased array with all the possible phase shifts.
At each spatial point, the best possible gain value is chosen.
The CE is then calculated from the TSP and describes the
spatial coverage of the phased antenna array system. CE is
defined as [5]:
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Fig. 2. Antenna structure used for the purpose of the optimal array
investigation when user effects are considered. Vivaldi array positions
are marked on the inside of the ground plane and the slot array
positions are marked on the outside of the ground plane.

B. Best Possible Antenna Performance

In this subsection, the combined endfire array performance
is compared to the combined broadside antenna performance.
For this purpose, the TSP is calculated for all the possible
sliding array positions. The TSP of all possible Vivaldi arrays
is shown in Fig. 3. In free space in Fig. 3(a), the endfire
arrays cover the region from 6 = 20° to 6 = 160° with high
gain of 10 dBi. In contrast, regions where 6 =0 to 20° and
0 = 160 to 180° are only covered with a gain of 3 dBi.
Next, the TSP for the talk mode is displayed in Fig. 3(b).
The shadow from the user’s head is visible at ¢ = 300° and
spans from 40 to 120° in 8, which is much smaller than the
shadowing areas measured/simulated in [10], [18], [20], [22].
This already showed that using more sub-arrays distributed
around the phone chassis has a beneficial effect on reducing
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the user blockage. In Fig. 3(c), the TSP for the data mode
is illustrated. The shadowing area at ¢ = 270° is also much
narrower than the shadowing areas discussed in [10], [18],
[20], [22]. Finally, in Fig. 3(d) the shadowing area for dual-
hand mode is at least 20° wider in ¢ direction than that
observed in the data mode, as shown in in Fig. 3(c). These
results are expected because both user’s hands are on the
mobile device at the same time; thus, more antenna elements
are covered.
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Fig. 3. TSP for all possible sliding Vivaldi arrays in (a) free space,
(b) talk mode, (c) data mode, and (d) dual-hand mode.

The TSPs of all possible sliding slot arrays with broadside
radiation patterns are shown in Fig. 4. In free space, the slot
arrays cover the space opposite to the space of the Vivaldi
arrays in Fig. 4(a). However, the gain of slot arrays is lower
than the gain of Vivaldi arrays. The shadowing area in total
scan patterns of slot arrays is very similar to one of Vivaldi
arrays, but the maximum gain in all of the setups with a
user is lower. As seen both in Fig. 3 and Fig. 4, the blind
spots appear behind the user’s body in data and dual-hand
modes and behind the head in talk mode. In these blind spots,
bad wireless connections at 28 GHz are expected. However,
in the indoor scenario, the reflections from the walls, floor
and ceiling and diffractions from the corners will contribute
to the radiated power in the shadowing region. However, in
the outdoor scenario, mostly line of sight components will be
dominant, and the number of the scatterers close to the user
will be very small.

Next, the CE performance is calculated from the TSPs in
Fig. 3 and Fig. 4 and shown in Fig. 5. The CE of the Vivaldi
arrays is shown in Fig. 5(a). The 100 % coverage for the
threshold gain of 3 dBi can be achieved by these arrays. If
the 1. = 0.8 is considered, the threshold gain in free space
is then 7.5 dBi, in talk mode is O dBi, in data mode is 6
dBi, and in dual-hand mode is 2.5 dBi. However, in Fig. 5(b),
the performance of slot arrays in free space is at least 2 dB
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Fig. 4. TSP for all possible sliding slot arrays in (a) free space, (b)
talk mode, (c) data mode, and (d) dual-hand mode.

worse for 100 % coverage. At the 7, = 0.8, the threshold
gain of 5 dBi is expected in free space, 0 dBi in talk and
dual-hand modes, and 2.5 dBi in data mode. In the region of
coverage 1. < 0.3 the threshold gain for the setups with the
user is truly higher because the user’s body/head becomes an
efficient scatterer. From this study, we can conclude that if all
the possible sliding array positions are used, then the endfire
arrays show better performance both in free space and in user
cases.

—— Free space

0.5

0.4 —— Free space
03 Talk mode

0.2

0.1

g 0.3 Talk mode
‘2] —— Data mode égi —— Data mode
ool — Dual-hand mode 0ol — Dual-hand mode
-20 -15 -10 -5 0 5 10 15 -20 -15 -10 -5 0 5 10 15
Threshold gain [dBi] Threshold gain [dBi]
(a) (b)

Fig. 5. CE of all possible sliding (a) Vivaldi arrays and (b) slot arrays.
C. Best Position Evaluation

In this subsection, the performance of the sliding 4-element
phased array is inspected in each of the positions on the ground
plane. The CE is calculated for each sliding array position for
both slot and Vivaldi arrays. Hence, four CE curves, like the
CE curves displayed in Fig. 5, are obtained for each sliding
array position.

To quantify the performance of the sliding array at the
specific position, we decided to use metrics of mean threshold
gain and coverage efficiency variance (CEV) at the mean
threshold gain. These two metrics are calculated at the CE
values of 1, = 0.8, 1. = 0.5 and 1, = 0.2. The mean of
the threshold gain is calculated from the results in the free
space, talk, data, and dual hand modes at the specific coverage
efficiency value. The CEV is obtained between the results of
talk, data, and dual hand modes at the specific mean gain value
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for each curve. The mean gain and variance values are shown
for all of the sliding array positions at three specific CE values

in Fig. 6.
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Fig. 6. Mean threshold gain and CEV between the free space, talk,
data and dual-hand modes for (a) Vivaldi arrays, and (b) Slot arrays.

In this investigation, the positions where the mean gain is
high and variance is low are considered to be optimal for
good array performance because when the variance is low, the
difference between the array performance in free space, talk,
data, and dual hand modes is smaller. Thus, the antenna is not
affected significantly by a user at these positions. In Fig. 6,
an interesting trend can be observed. At the positions where
the mean gain is high, the variance is low, which ias also true
for all chosen values of coverage efficiency 1. = 0.8, 1. = 0.5
and 1. = 0.2. Generally, positions 1 to 15 and positions 35 to
40 are quite good for the endfire (Vivaldi) array placement in

Fig. 6(a). Positions 1 to 12 and 25 to 32 are also good for the
broadside (slot) array placement in Fig. 6(b).

Next, we investigated how much the mean gain and variance
are correlated between the endfire and broadside arrays. The
correlation coefficient was calculated between the endfire and
broadside arrays in all the positions for all possible coverage
efficiency values. The correlations in the mean and variance
values are shown in Fig. 7. In all cases, the correlation
coefficient is higher than 0.75. In conclusion, the performance
of the antenna array does not depend so much on antenna type
but mostly on the position of the array on the ground plane.
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Fig. 7. Correlation coefficient between the broadside and endfire
antenna elements.

To illustrate where the best positions of the arrays are
located, only the mean gain of the endfire arrays is considered.
The endfire array is chosen because it is the array with the
most positions on the ground plane. Furthermore, it does not
matter which array to choose because of the high correlation
between endfire and slot arrays. At 1. = 0.5, the highest CEV
value is observed. The high variance means large performance
variation across the data, talk, and dual- hand modes, so the
value of 1. = 0.5 could be considered the worst scenario.
The hypothesis is that if the proposed method works for the
1. = 0.5, then it should work for the other coverage efficiency
values as well. The normalized mean gain is shown at 17, = 0.5
for different positions around the ground plane. The gain alone
can be the indicator of a good position because when the gain
is high, the variance is low, as shown in Fig. 6. Each position
of the 4-element array has been marked by the color of the
corresponding normalized mean gain value and is shown in
Fig. 8 on a typical mobile phone ground plane. The positions
where the mean gain values equal 0 dBi are very suitable for
the array placement and represent the best possible gain for
the chosen array. At the positions where the color bar value is
-3.5 dBi, the mean gain will be at least 3.5 dBi lower than the
best possible mean gain with the same coverage. Fig. 8 clearly
shows that the best positions are located around the corners
of the mobile device. However, if the right-handed phantom
is used for the talk and data simulations, then the picture in
Fig. 8 will be mirrored along the horizontal axis because of
the phantom and antenna array symmetry.

III. ARRAY IMPLEMENTATION WITH THE LENS

Based on the guidelines from Section II, the antenna array
was constructed and tested with a real human in the anechoic
chamber to verify the effectiveness of the method proposed
in Section II. Usually, the phased array prototype is measured
element by element and then, the results are combined in post-
processing where the beamforming patterns are computed. To
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Fig. 8. Normalized mean gain at all of different 4-element sliding
array positions around the mobile device ground plane.

00

obtain the correct beamforming patterns, both the phase and
the magnitude of each element should be measured without
errors. However, the phase stability is impossible to achieve
because fixing a user in a perfect static position during the
long measurement is not possible.

Any user will involuntarily make small movements that
could be neglected when measuring at the LTE frequencies,
but at 28 GHz, even small deviations of 2.5 mm of the antenna
position will induce a 90-degree phase error. Applying a full
body phantom could be a solution to eliminating the small
movements during the measurements. However, at the current
time, the full body phantoms at frequencies higher than 3.5
GHz are extremely expensive. Therefore, in this work, the
array beamforming is achieved by a lens by switching between
the input ports, so no phase shifters or extra post processing
steps are required.

In addition, endfire radiation patterns are more preferred in
practical applications, which are single directional instead of
bi-directional such as broadside radiation patterns. The Vivaldi
antenna in Section II has endfire radiation patterns, but the
clearance is relatively large. To make the final design more
suitable for applications, H-plane horn antennas will be used
in the following, which have much smaller clearance and the
endfire radiation patterns.

A. Lens Geometry

The four-port SIW lens utilized in this work has a structure
similar to the structure described in [26]. However, the angles
of SIW and the antenna element type were altered to reduce the
total size. The geometry of the SIW lens is shown in Fig. 9.
The structure is made on a single layer substrate of Rogers
RO3550B with the height of 0.762 mm. Then, four MMPX
connectors were used to feed the SIW in Fig. Fig. 9(a). The
vias for the lens have a diameter of 1.5 mm, and vias used
to feed the SIW have the diameter of 0.4 mm. The distance
between vias is 2 mm.

A simple H-plane horn [27] that can be directly excited
by SIW is chosen. However, contrary to [27], only two strips
are used for the horn to reduce the ground plane clearance.
In Fig. 9(b), the ground plane clearance of 2.2 mm has been
obtained. The radiating element length is 5.5 mm, and the gap
between elements is 0.2 mm.

5

Inner connector

5

Isolator. ﬂ ﬂ ﬂ
~
SMD Connector [l ﬂ H B

Outer connector ﬂ

i

Substrate

_0.20mm

! b

200 mm
220mm

1 I
020mm
Ty

(b) (©)
Fig. 9. Antenna array with the lens (a) 3D view and (b) dimensions.

B. Operation Principle

To understand the operating principle of the lens, the
maximum surface currents inside the lens are shown in Fig. 10.
The purpose of the lens is to convert the TM10 mode of SIW
to the TM40 mode inside the lens. Then, TM40 is used to feed
the antenna elements at the end of the lens. The lens bends the
wave inside the substrate in the clockwise direction when port
1 is excited in Fig. 10(a) and in the counterclockwise direction
in Fig. 10(b). The surface current strength on the element 4
in Fig. 10(a) is approximately 4 dB weaker than the surface
currents on the other three elements. A similar tendency can
be observed for the elements 3 and 4 in Fig. 10(b). As a
consequence, the beamwidth of a combined radiation pattern
will be slightly larger than ideal. The isolation S32 and S14
are over 10 dB, and the isolation S12 and S34 are higher than
7.7 dB. Furthermore, because of the lens size, the loss in the
dielectric is significant at 29.5 GHz. Thus, the efficiency of
the proposed lens is -3 dB for ports 2 and 3 and -4 dB for the
ports 1 and 4.

(b)

Surface current [dBA/m]
40 36 32 2B 24 20 16 12

Fig. 10. Surface currents inside the SIW lens observed when (a) port
1 is excited and (b) port 2 is excited.

To investigate how the proposed lens compares to the
conventional array of 4 elements, the performance of the
array with and without the lens is compared in Fig. 11. In
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the array without a lens, the antenna elements are excited
directly by the waveguide ports. The phase shift steps used
for the beamforming setup are (-100, -50, 50, 100 degrees),
which means that the maximum phase shift needed for the
four-element array is £300°. The performance of the phased
array is comparable to the implementation with the lens in
Fig. 11, but the sidelobes are higher for the lens. Nonetheless,
to implement this 4-element phased array, a maximum phase
shift of +300° is required. In the application, phase shifters
with such requirements will make the array more lossy than
the lens, which only requires a switch.

Sub-array -phase =-50deg | @ [eeees Sub-array - port 1

=== Sub-array - phase = -100 deg =+=+ Sub-array - port 2

------ Sub-array - phase = 50 deg — Sub-array - port 3

==+ Sub-array - phase = 100 deg === Sub-array -port4
(@ (b)

Fig. 11. Performance comparison of (a) phased array implementation
and (b) lens implementation.

C. lens Integration

In this subsection, the lens proposed in Subsection III-A
is integrated on a big ground plane. The ground plane size
corresponds to the size of a typical mobile device and is shown
in Fig. 12(a). The two sub-arrays are placed on the corner of
the ground plane. Three layers of copper with 2 layers of the
substrate are used in the design in Fig. 12(a). Furthermore,
to reduce the ground plane influence on the antenna elements,
the small reflectors with the height of 3 mm are added on each
side of the ground plane.

The reflection coefficients for both sub-arrays are shown
in Fig. 13. Reflection coefficients of the measured lens are
generally shifted towards lower frequencies. Furthermore, for
ports 1 and 4, two resonances are obtained from the measure-
ments, but only one is obtained in the simulations in Fig. 13(a)
and Fig. 13(b). The two lenses are identical, but because
connectors have not been mounted perfectly, the difference in
matching between the lenses can be observed. Notice here that
the lens is operating optimally at the frequency of 29.5 GHz.
This frequency is different from the one used for investigation
in Section II. However, the difference in the user impact at 28
and 29.5 GHz is insignificant.

Next, the proposed dual sub-array system is measured in the
anechoic chamber as shown in Fig. 12(b). In this investigation,
we propose to use the antenna system with two sub-arrays
on each corner, according to the suggestions from Section II.
However, to simplify the manufacturing process, we chose

73.4mm
-

146,5 mm

Sub-array A

Reflectors

(a) (b)
Fig. 12. (a) two prototype PCBs with one sub-array on each and (b)
prototype measured in the anechoic chamber.

to make a prototype with only two sub-arrays. However, in
the investigation, the ground plane is rotated around the X-
axis and Y-axis to obtain radiation patterns in all the desired
directions, as shown in Fig. 14.

The calculated TSP from the simulations and the measure-
ments of the total combined system of 8 sub-arrays are shown
in Fig. 15. The directions of the radiation for each sub-array
are similar. In the simulations, the radiation patterns obtained
by exciting ports 1 and 4 of each SIW lens have a higher
maximum gain than the radiation patterns obtained by exciting
ports 2 and 3. However, in the measurements, the radiation
patterns of ports 2 and 3 have the highest maximum gain.
Finally, the CE of the proposed system is calculated and shown
in Fig. 18. The CE curve for the measurements is steeper.

IV. USER IMPACT

First, in Section II, we proposed to put antenna arrays in the
corners of the mobile phone ground plane. To account for the
left-handed and right-handed users, we chose to place a lens
in all the corners of the ground plane, as shown in Fig. 14. To
verify the proposal of Section II, the prototype was simulated
and measured in free space, talk, data, and dual-hand modes,
as shown in Fig. 1. In measurements, the phantom is replaced
by a user with dimensions like a phantom, as shown in Fig. 16.
The same user was participating in the measurements and in
the phantom accuracy verification in [25]. The rope has been
used in all three setups to secure the user. The foam stand
is added to the measurement setup to ensure that the height,
angle, and distance to the body remain constant and similar
to the simulations.

The radiation patterns at each lens port are measured, and
the prototype is rotated to replicate the similar setup, as
described in Fig. 14. A TSP is calculated for each of the
setups and is shown in Fig. 17. In the talk mode depicted
in Fig. 17(a), the shadow from the head appears bigger than
the shadow from the head in the measurement in Fig. 17(b).
In Fig. 17(c), the shadow looks similar to the measurement
of the prototype in the data mode in Fig. 17(d). However,
the power behind the user is stronger in the measurement
of data mode. Similar conclusions can be drawn from the
comparison between simulated and measured results for the
dual-hand mode in Fig. 17(e) and Fig. 17(f). However, the
shadowing from the head is smaller in the simulations. In all

0018-926X (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2019.2905685, IEEE

Transactions on Antennas and Propagation

Magnitude [dB]
"
o

)

i

—-257 — Meas - port 1 ".
—30+4+ —— Meas - port 4 '5
---- Sim-port1l i
=337 ——— sim-port4 y

]

40 T T T T - T T
27.0 27.5 28.0 28.5 29.0 29.5 30.0 30.5 31.0
Frequency [GHz]

(@)
0
_5 4
_ —10-
[an]
D 15
[ i
S —20 {
= I
2 f
g 257 — Meas-port 1 | 1
2 30l — Meas-port4 :'H'
.
-==- Sim - port 1 i
=337 o=~ sim - port 4 W
-40 !
27.027.5 28.0 28.5 29.0 29.5 30.0 30.5 31.0
Frequency [GHz]
(b)
0
—51
_ -10
m
D 151
] I
S 20
-
c
2 =251 —— Meas - port 2
= _39] — Meas- port 3
--—- Sim - port 2
—351 .
---- Sim - port 3

27.0 27.5 28.0 28.5 29.0 29.5 30.0 30.5 31.0
Frequency [GHz]

—10 1

— Méas - port 2

Magnitude [dB]
N Ill =
w o w

—30 —— Meas - port 3
-==- Sim - port 2
—351 .
---- Sim - port 3

27.0 27.5 28.0 28.5 29.0 29.5 30.0 30.5 31.0
Frequency [GHz]

(d)
Fig. 13. Reflection coefficients of the (a) Sub-array A at ports 1 and
4, (b) Sub-array B at ports 1 and 4, (c) Sub-array A at ports 2 and
3, and (d) Sub-array B at ports 2 and 3.

Fig. 14. Antenna arrEy positions considered for the investigation and
corresponding radiation pattern directions. The hand has been added
to illustrate the erip example with the left hand.
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Fig. 15. Total scan pattern of the (a) simulated and (b) measured SIW
lens antenna system.

the measurements, the user appears to be able to redirect a
considerable amount into the shadow.

(@) (b) (©)
Fig. 16. Measurement setups with the user in (a) talk mode, (b) data
mode, and (c) dual-hand mode.

Finally, the coverage performance results from the measure-
ments and simulations are compared for the four setups in
Fig. 18. First, the spread between the data mode, talk mode,
and free space curves is larger in the measurements. For the CE
of 0.5, the value of threshold gain of 2.5 dBi can be observed
in simulations for data and dual-hand modes and 3 dBi for
the talk mode in Fig. 18(a). However, in measurements, the
gain value of 2.5 dBi at 1, = 0.5 is obtained in dual-hand
mode. Then, the gain of 1.5 dBi and 0.5 dBi is achieved for
the data and talk modes, respectively. The performance of the
prototype in talk mode is quite different from simulations to
measurements, which can be explained by the grip of the user.
In talk mode, the user’s grip is a very important parameter for
the antenna performance, but it is very difficult to replicate
the simulated CTIA grip with the actual user.

In [25], a loss of 8.5 dB from free space to talk and data
mode curves at 1. = 0.5 is observed. In [20], a loss of 7.5 to 10
dB is observed for the talk mode, and a loss of approximately
3 dB is observed for the data mode. However, the results in
[20] cannot be directly compared to the design proposed in this
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Fig. 17. Total scan patterns of the user (a) simulated in talk mode,
(b) measured in talk mode, (c) simulated in data mode, (d) measured
in data mode, (e) simulated in dual-hand mode, and (f) measured in
dual-hand mode.

paper, because the frequency in [20] is 12 GHz lower; thus,
an actual user will affect the waves differently. In this work,
a loss of 2.5 dB for the dual-hand mode, 3 dB for the data
mode, and 4.5 dB for the talk mode is observed for 1. = 0.5.
These values are lower than the loss observed in the previous
works. Furthermore, the talk mode could be considered not
as important because an actual user will usually use GSM in
talk mode and the fast data rate 5G mm-wave in data and
dual-hands modes.

V. INVESTIGATION OF OTHER ARRAY CONFIGURATIONS

Next, we chose to investigate how the popular [28] alterna-
tive array configurations will affect the coverage performance.
We investigated how the performance of the sub-array arrange-
ment in positions 1 and 3 (configuration A) compares to the
performance of sub-array arrangement in positions 2 and 4
(configuration B), as shown in Fig. 14. Here, we show only the
measured results because they represent the actual scenario.

The TSP for free space, talk, data, and dual-hand modes
is depicted in Fig. 19. The free space TSPs for both config-
urations will be the same but shifted by 90° in ¢ direction,
which we have chosen not to show here, as user effects are
the main purpose of this investigation. However, in the talk
mode, the position of the shadow is different because of the
different antenna positions with respect to the user’s head, as
shown in Fig. 19(a) and Fig. 19(b). An interesting observation
can be made for results in a data mode in Fig. 19(d), where

‘= | —— Free space
Talk mode
1 —— Data mode
SRR Dual-hand mode

Coverage efficiency [.]
000000000 H
OFNWAUIONDDWO

230 -25 —20 -15 -10 -5 0
Threshold gain [dBi]

()
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T e Dual-hand mode

Coverage efficiency [.]
CO0O0O00O000oOH
OHNWAUONOWLO

~30 -25 -20 -15-10 -5 0 5 10 15
Threshold gain [dBi]

(b)
Fig. 18. Coverage efficiency of the (a) simulated and (b) measured
antenna system.

the power inside the shadowing area is much stronger than the
power inside the shadowing area in Fig. 19(c). We speculate
that the antenna array proximity to the skin in configuration B
will excite a surface wave on the user’s hand and thus transfer
more power behind the user. Finally, in the dual-hand mode
in Fig. 19(e) and Fig. 19(f), the TSPs look very similar, as
expected from the setup symmetry.

Next, the CE is calculated for both configurations and shown
in Fig. 20. Instantly, we notice that configuration A is the best
to use in the data mode. At a CE level of 0.5, the value of the
threshold gain of -2 dBi is observed for configuration B and
2.5 dBi for configuration A, which yields an improvement of
4.5 dB. The CE curves for dual-hand mode are very similar, as
expected from the setup symmetry. Finally, only a very small
improvement in talk mode only could be seen for the high
coverage region < 0.7, where the configuration B is better.
However, we can conclude that to account for both right-
and left-handed users, the final setup used in the applications
should include arrays in all four corners of the device, as
shown in Fig. 14.

VI. ASSESSMENT OF METHOD’S EFFECTIVENESS

In this section, the effectiveness of the method that helps
to find the best possible position for the array discussed in
Section II will be verified. First, to make a fair comparison, the
elements in Fig. 2 are arranged into the same configuration as
shown in Fig. 14, as has been demonstrated to be advantageous
in Section V. In Section II, it has already been established that
the user effects on the antenna depend strongly on the antenna
locations and not the antenna type. Thus, we chose to consider
only endfire (Vivaldi) arrays from Section II.

To verify if the method proposed in Section II works,
the mean and variance of the coverage efficiency have been
computed for all possible sliding Vivaldi array positions cor-
responding to Fig. 5(a). If the method proposed in this paper
is valid, then both CE mean and variance should be similar for
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Fig. 19. Measured total scan patterns of the user (a) conf. A — free
space, (b) conf. — free space, (c) conf. A — talk mode, (d) conf. B
— talk mode, (e) conf. A — data mode, (f) conf. B — data mode, (g)
conf. A — dual-hand mode, and (h) conf. B — dual-hand mode.

the case with the sliding Vivaldi array (best possible scenario)
and the corner Vivaldi array in the configuration, as presented
in Fig. 14. As seen here, both CE mean and variance are indeed
similar for these two cases as shown in Fig. 21.

Finally, the Vivaldi antenna arrays are compared to the STW
lens arrays in a similar way. Notice that the loss of the lens is
on average approximately 4 dB, which does not occur in the
Vivaldi arrays, so the curves for the Vivaldi arrays are moved
4 dB to the right to obtain the fair comparison, as shown in
Fig. 21. All the mean coverage efficiency curves have a very
similar shape, but the curves for the variance in Fig. 21(b)
have a slight difference, especially at the part with the peak
variance. Endfire arrays have 2 dB lower peak variance than
the results of the simulated SIW lens system. Additionally, the
measured SIW lens system has 5 dB higher maximum variance
than the endfire arrays. However, the measured results show
lower variance for the threshold gain below -10 dBi. From
this assessment, we can conclude that the method proposed
in Section II, as expected, can be used for determining the
best location for any antenna type, as the user impact depends
strongly on the antenna location instead of the antenna type.

VII. CONCLUSION

In this paper, the guidelines for the best possible positions
of the 4-element phased 5G mobile array are presented. In
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Fig. 20. Total scan pattern of the sub-arrays arranged in (a) configu-
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this paper, simulations and measurements were performed in
three different user-antenna setups: data mode, talk mode and
dual-hand mode. The user shadowing effects can be efficiently
suppressed with arrays in all four corners of the mobile phone
chassis. Then, based on these guidelines, the antenna array was
constructed and tested with the real humans in the anechoic
chamber to verify the effectiveness of the guidelines. To obtain
the correct beamforming patterns with the user and avoid phase
errors, the SIW lens sub-array implementation was chosen.
The proposed setup is compared to the one with the Vivaldi
arrays in two different configurations. A very small difference
in the mean and variance of coverage efficiency was found.
Thus, the proposed guidelines in this paper are general and
can be used for any 5G mm-wave antenna type.
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