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Impact of Users’ Finger on the Amount and Direction of Radiated
Power from a 28 GHz 4-Element MIMO Antenna Mobile Terminal
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Mohd Fais Mansor?, Rizwan Khan?3, and Prayoot Akkaraekthalin

Abstract—This paper investigates the effect of index finger position and distance on the radiated
power of 4-element MIMO antenna, operating at 28 GHz. The antenna elements (AEs) are located at
the top corner of the user terminal and separated at a distance of half a wavelength. Four different
finger placements were investigated, one placement over each AE with six interaction distances between
the AEs and the finger at each position starting from 0 up to 2.5 mm. When the finger is placed on an
edge AE, the other edge AE maintained above 85% of its free space radiated power irrespective of the
interaction distance. However, the radiated power of each AE was severely affected when the finger was
placed on it or on the AE adjacent to it. This effect ranged from total blockage at direct interaction
with the element (with a distance of 0 mm) to maintaining more than around 60% of free space radiated
power after the interaction distance is increased to more than 2.0 mm. Besides the effects of the index
finger on the amount of radiated power, this work also investigated the direction of radiated power
resulting from the influence of this finger.

1. INTRODUCTION

The fifth-generation (5G) mobile communication networks aim to support massive number of devices
with higher capacity, data rate, less latency, improved spectral energy, and cost considerations [1,2].
However, the sub-6 GHz frequency bands in mobile communication systems are insufficient to meet the
increasing data rate demand in the upcoming 5G communication system [3]. Therefore, investigating
frequency bands in the millimeter range is one of the solutions and has intensified in recent years, both
in the industrial and academic research fields [4-7]. Different millimeter bands were proposed during
the World Radio Conference in 2015 (WRC-15) for 5G mobile communication systems, i.e., from 24.25
to 27.5 GHz, 31.8 to 33.4 GHz, 37 to 43.5 GHz, 45.5 to 50.2 GHz, 50.4 to 52.6 GHz, 66 to 76 GHz, and 81
to 86 GHz [8-10]. However, millimeter-wave signals are expected to experience much higher path losses
than sub-6 GHz waves, potentially resulting in significant reduction of the link’s signal-to-interference-
plus-noise ratio [11,12]. Thus, beamforming is proposed as one of the solutions to alleviate the problem
of path loss, and this technique is proposed to be applied at both ends of the link of the base station
and mobile terminal [13]. Phased arrays on the mobile terminal are used to steer the beam, and they
can provide gain up to 10dBi and are therefore an efficient solution to compensate the high path loss
when operating at millimeter waves [14, 15].
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On the other hand, due to the short wavelength in millimeter bands, MIMO antennas on the user
terminal can be closely packed in small areas on the mobile terminal with high performance [16, 17].
However, millimeter-wave signals are very sensitive to physical blockage by the user’s body [18-20].
The energy of the wireless signals at 15 GHz can penetrate less than 2mm into the body tissues, and
this penetration distance is reduced by half at 30 GHz [21]. Moreover, direct blockage of the antenna
elements by the user’s body in mm-wave bands may cause link losses up to 30dB [22]. Thus, the
performance of MIMO antennas on mobile terminal needs to be investigated under the influence of
human body effects, so that solutions can be proposed to mitigate this impact and to improve the
performance.

Many researchers have investigated the human body effects on millimeter-wave MIMO antennas
on mobile terminal from different perspectives. For examples, an analytical study has been conducted
in [23] to explore the impact of the human body on the propagation of millimeter-waves. In [24],
the effects of the user’s body on a 10-element MIMO antenna from a Sony mobile terminal prototype
operating at 28 GHz has been statistically studied using measurements from twelve volunteers in an
anechoic chamber, and the mobile terminal was evaluated both in data and talk modes. On the other
hand, two other studies reported results from real human body measurements inside anechoic chambers
for phased arrays working at 15 GHz [19] and 28 GHz [25], and radiation patterns of the mobile terminal
operating in talk and data modes were analyzed using different metrics such as coverage efficiency and
probability of detection. Meanwhile, a different approach to study user’s body impact on millimeter-
wave MIMO antenna has been presented in [26] and [27]. The effects of hand blockage on 5G millimeter
MIMO antenna in a mobile terminal were studied by using the combination of different handgrips
and different antenna placements using a beamforming codebook, and the aim of these two studies
is to find the optimal combination of antenna elements placement on the chassis and beamforming
codebook. Next in [28], the radiation performance of a 10-element MIMO antenna operating at 28 GHz
was studied. The effect of the fingertip was investigated on a one antenna terminal element only. Two
positions of the fingertip were considered; when the fingertip is positioned directly on the element and
when the fingertip is 10 mm away from the same terminal element. Despite that, this research did not
study the effects of the fingertip on other elements with 0 and 10 mm distances, and did not consider
the effects when the finger is placed over other adjacent elements. Moreover, the interaction distance
between the fingertip and antenna elements was also not investigated. On the contrary, the work in [29]
experimentally studied the effect of the finger on the matching and beamforming ability of a four-element
MIMO antenna operating at 26 GHz. Despite these interesting features, the effect of the antenna when
placed at different distances from the finger was not investigated in detail.

In this work, the effects of the user’s hand grip, particularly the index finger, are investigated
via simulations at 28 GHz in terms of radiated power and direction of radiation from a four-element
MIMO antenna. The user’s index finger is positioned on the top of each antenna element (AE) and is
studied by assessing the radiated power of all AEs, including those in its vicinity. Besides that, this
study also includes the effects of six different distances (d) between the finger and AEs when being
positioned over a specific AE. It is worth mentioning that there are a total of 29 simulated scenarios
in this research, which include cases with and without casing in free space, and with the index finger
considered. Moreover, the index finger used in this work is a custom-designed model which is yet to be
available in any standard human hand phantoms.

2. MIMO ANTENNA DESIGN AND FINGER MODEL

The MIMO antenna used in this paper is based on the design in [30] which is a planar four-element
MIMO antenna operating at 28 GHz. In this design, a four-element MIMO antenna is placed on the
top right corner of the chassis, and the AEs are separated from each other by half a wavelength. Two
operating cases are considered; when the mobile terminal is assessed in free space and when the user’s
index finger is placed on top of four different antenna elements located at different positions P1, P2,
P3, and P4. At each position, investigation was performed with six different distances (d) between the
finger and the AE, i.e., 0.0, 0.5, 1.0, 1.5, 2.0, and 2.5 mm. In wavelength (\) at 28 GHz, the value of d
is OA, 0.05X, 0.09\, 0.14X, 0.19), 0.23\, respectively. The d = O mm spacing is impractical due to the
existence of the casing between antenna and index finger in real devices. However, this was considered
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Table 1. Dimensions and material properties of the substrate, AEs and finger phantom.

Dimensions: 110 x 55 x 0.13 mm?
Chassis substrate Relative permittivity: €, = 3

Loss tangent: 0.0013
Slotted area of each AE: 2.2 x 5.3 mm?
Antenna elements (AEs) | Separation distance between adjacent AEs: % = 5.35mm
Feeding mechanism: 50 €2 transmission line

Dimensions: 78 x 17 x 12 mm?
Finger phantom model Tissue relative permittivity: ¢, = 3

Tissue conductivity: p = 31.91S/m

in this research as the hypothetical worst case scenario. A casing was then added over the antenna,
and the radiated power was investigated in free space and when finger index is placed at position P1.
Unlike in sub-6 GHz frequency bands where standard CTIA body parts (hand and head) are available
for simulations and measurements, there is yet to be any standard phantoms available for use in the
frequency bands above 10 GHz [11]. Therefore, a custom-designed finger with dimensions and material
properties is introduced in this work for use in simulations, as listed in Table 1. In addition to that, the
values of finger tissue properties are obtained from [23]. Besides the finger, the dimensions and material
properties of the chassis and AEs are also summarized in this table. A major challenge when studying
the user’s body effects in the mm-wave range is the resource-intensive and time-consuming simulations
due to the short wavelengths. To optimize this in practice while maintaining satisfactory accuracy, the
full hand grip is truncated to consider only the fingertip modeled in proximity of the mobile terminal.

Figure 1(a) shows the detailed geometry of the MIMO antenna, whereas the four finger positions
are illustrated in Figure 1(b). To investigate the performance with casing, the antenna is confined to a
bounding box dimensioned at 115 x 60 x 5mm?. The thickness of the casing is 1 mm, modeled using a
material with e, = 3.5 [28], as shown in Figures 1(c) and (d). For a fair comparison and to emulate the
worst case interaction, the antenna was positioned within the box so that a minimal separation to the

Antenna-4 Antepna-3 Antenna-1

5,35 €

- Finger Tip
Bottom view ¢ I

User’s
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. R -
Ly < '+ E ~— !
Chassis Chassis
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Figure 1. (a) Detailed geometry of the chassis and AEs [30]. (b) Positions of the finger over the
AEs [30]. (c) Dimensions of the casing. (d) Finger index placed with casing.
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Figure 2. S-parameters of AE1: (a) In free space without casing [30]. (b) With finger located at P1

and d = 2.5 mm and without casing [30]. (c) Free space with casing. (d) With finger located at P1 and
with casing.

user finger was achieved. The resulting S-parameters with and without the casing in free spacing and
with the index finger located at P1 are shown in Figure 2.

3. RADIATED POWER RESULTS AND DISCUSSION

This work assesses the radiated power from the AEs as the main performance metric. The radiated
power (P,) of the antenna is calculated as follows [31]:

2T

P = / / U sin (0) dodo (1)
0 0

where U is the radiation intensity of the antenna calculated from the far-field radiation pattern data as
follows:

1 2 2
U= 5o (1B + 1BP) (2)
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where 79 is the free space intrinsic impedance, and Ey and Ey are the electric fields in the vertical and
horizontal polarization, respectively. However, the radiation pattern of an antenna is either simulated
or measured at discrete elevation and azimuth directions, i.e., [0o,01,...0n_1] and [pg,P1, .. .¢rr—1]. The
radiated power P, can then be calculated numerically from the discretized values in Equations (1) and
(2) using:

ON_1dM—1

b= % > > (|E9 (6:, 7)1 + | By (9¢,¢j)|2) sin (6;) - A8 - Ag 3)

i=0 j=0

where Af and A¢ are the simulation step sizes

Figure 3 shows the radiation intensity of AE1 in free space. In this figure, the radiation intensity
from the AE is divided into 45° windows along the elevation direction. These windows will be used to
study how the presence of the user finger affects the amount of radiated power in each window compared
to free space. The radiated power in each window is calculated from Eq. (1) by replacing the overall
limits of integration of the ¢ variable (i.e., from 0 to 27) by the limits of the 45° window.
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Figure 3. Radiation intensity of AE1 in free space and its division into the 45° windows for analysis.

The radiation intensity resulting from each AE accounting for the effects of the index finger is
shown in Figures 4 and 5. Radiation intensity resulted in the highest radiated power from each AE
when d = 2.5 mm which is illustrated in Figure 4. AE1 and AE2 radiated their highest power when
the index finger is placed furthest from them, which is at P4. Similarly, AE3 and AE4 radiated their
highest power when the finger is placed on their far side, at P1. On the contrary, the radiation intensity
that leads to the least radiated power is shown in Figure 5, caused by the direct contact between AEs
and the index finger (d = 0mm). All AEs are severely blocked when the finger is placed directly over
them, except for AE3 which radiates the least power when finger is placed next to it at P4.

Next, the amount of radiated power from each AE in free space and under the influence of the
index finger is shown in Figure 6. All four positions and six distances are plotted separately for clarity.

It is observed that in free space the AEs have similar radiated power, with values of —3.38, —3.46,
—3.42, and —3.41dB for AE1, AE2, AE3, and AE4, respectively. However, the AEs radiate differently
under the influence of the index finger, depending on the position and the distance. In general, each AE
is severely affected when the finger is positioned over it, besides on the adjacent AE. More deterioration
can be seen as the distances between the AE and index finger is decreased, with the worst case (of nearly
complete blockage) at 0.0 mm. From the same figure, it is also seen that AE1 is severely affected by the
finger in positions P1 and P2 with shorter d. At P1 the radiated power of AE1 increased from 16.82 dB
when d = 0.0 mm to around —5.27 dB when d = 2.5 mm. Similar radiated power from AE1 with a small
amount of improvement is noticed when the finger is positioned at P2. On the other hand, the radiated
power of AE1 is much improved as the finger is positioned further over P3 and P4. The radiated power
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Figure 4. Radiation intensity from each AE which resulted in the highest radiated power in the
presence of the index finger, with d = 2.5 mm.
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Figure 5. Radiation intensity from each AE that resulted in the least radiated power in the presence
of an index finger with 0 mm distance.

from AE1 when the finger is positioned at P3 is gradually increased from —6.17dB to —4.49dB as d
is increased from 0.0 to 2.5 mm. However, the radiated power of AE1 becomes independent of d when
the finger is positioned at P4 with values around —3.91 dB. In general, it is also observed that AE2 is
affected most significantly by the placement of the finger among the four AEs at all finger positions.
When the finger is placed at P1, P2, and P3 with d of 0.0 mm, the radiated power of this element is
less than —17.00dB, with about 4.00 dB improvements when the finger is placed at P4. Performance
of this element improved with an increasing d, with radiated power ranging from —5.65dB to —4.71dB
(with d = 2.5 mm) when the finger is placed at P1 and P4, respectively. The next most affected element
by the placement of the finger is AE3. This is especially obvious when the finger is located at P3 and
P4. At d = 0.0mm, the radiated power from AE3 is as low as —17.34dB, —14.84 dB, —9.10dB, and
—6.56 dB at finger P4, P3, P2, and P1, respectively. On the other hand, these values increased to —5.63,
—5.43, —4.96, and —4.71dB with d = 2.5 mm when the same finger is positioned at P4, P3, P2, and
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Figure 6. Amount of radiated power of different AEs with different finger positions and distances.

P1, respectively.

Finally, AE4 is the least affected element by the finger placement over the AEs. The radiated
power from this element showed stable performance when the finger is located at P1, P2, and P3 with
values of around —4 dB irrespective of d. However, the finger positioned at P4 relatively caused more
degradation in radiated power. Its power ranged from —8.36 dB to —4.90 dB with an increasing d, from
0.0 to 2.5 mm, respectively.

Next, Figure 7 shows the radiated power efficiency (np,) of the AEs at different finger positions
and distances, with np. defined in this work as:

P .
np, = é‘ tot, with finger (4)
r tot, free space
where P i1 with finger a0d Py 4ot free space are the total radiated powers under the influence of the finger
and in free space, respectively.
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Figure 7. Radiated power efficiency np, from each AE with different finger positions and distances.
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Generally, it is observed that the antennas located at the edges (AE1 and AE4) maintained the
highest radiated power efficiency under the influence of the finger. This is particularly evident when
the finger is positioned over the furthest AE located on its opposite side. AE1 preserved around 88%
of its free space radiated power efficiency when the finger is placed at P4, irrespective of the value of d.
When varying the separation distance, the performance of AE1 degraded between 53% and 77% with
an increasing d from 0.0 mm to 2.5 mm with the finger at P3. However, AE1 radiated only less than
7% compared to its free space power at P1 and P2 and d = 0.0 mm. Nonetheless, this radiated power
efficiency improved with an increasing d about 70% at d = 2.5 mm.

Besides AE1, the other edge element (AE4) also exhibited higher radiated power efficiency. This
element preserved above 91% and 85% of its free space radiated power when the finger is located at P1
and P2, irrespective of the value of d. However, less power is observed when the finger is placed at P3,
with values between 69% and 83% at d of 0.0 mm and 2.5 mm, respectively. Besides that, this element
is affected most when the finger is placed over it at P4 in direct contact (with d = 0.0 mm). In this
case, AE4 radiated only 32% of its free space power. However, this efficiency improved with a larger d
about 70% at d of 2.5 mm.

On the contrary, the AEs located in between AE1 and AE4 suffer from the highest radiated power
loss under the influence of the user’s finger in the same way. For instance, AE2 is severely blocked by
the finger at distance d = 0 mm, and its radiated power efficiency is less than 10%, irrespective of the
finger position. The radiated power of AE2 gradually improved as the finger is located over AEs located
further away, with a maximum efficiency of around 75% at d = 2.5 mm in P4. This efficiency is degraded
to about 65% at distance of 2.0 mm when the finger is located over the other three positions. Finally,
the performance of AE3 is similar to AE2 in general, with slightly higher values. At d = 0.0 mm, this
element radiates at 48% and 27% of its free space power when the finger is placed over P1 and P2.
However, the radiation from this AE is significantly degraded when the finger is located at P3 and P4,
with a radiated efficiency less than 7% in comparison to free space. Meanwhile, when placed in these
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Figure 8. Window radiated power efficiency np, .:n of different finger positions at d = 0.0 mm in free
space (solid) and with finger (dashed).
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locations, the performance in terms of radiation efficiency improved as d is increased, with a maximum
of 74% at d = 2.5mm (and finger located at P1).

It can also be summarized that the radiated power efficiency is heavily influenced by d, as illustrated
in Figure 7. A d of around 2.0 mm is needed to guarantee that more than 60% of free space power
radiated irrespective of the finger position.

Besides the consideration of power blockage, the existence of the finger in proximity of the antenna
elements may potentially alter the amount of radiated power in specific directions. Despite being an
expected occurrence, this should to be minimized, especially in phased array implementations. To study
this, the same concept in Eq. (4) is used to analyze window radiated power efficiency (np, win). This is
defined as the ratio of the radiated power in the windows illustrated in Figure 3 to the total free space
radiated power as follows:

(5)

where P, i, is the radiated power in the window in free space and under the influence of the finger,
and Py ¢o1, free space 1 the total radiated power in free space. Besides the amount of power, np, win also
indicates the directions in which the maximum power is radiated and how finger affects these directions.

Figure 8 and Figure 9 show the results of window radiated power efficiency np, win with d = 0.0
and 2.5mm, respectively. In both figures, the free space 1p, win of the four AEs featured the same
patterns, with the maximum radiated power directed towards the third and fourth windows, i.e., ¢
from 90° to 180°. In Figure 8 when d = 0.0 mm, the small amount of radiated power from the blocked
AEFEs is distributed in many different directions. In this figure, the less affected AEs radiated a high
portion of power with a shift towards two to three adjacent windows compared with their free space
directions. Besides the improved radiated power amount in Figure 9 with d = 2.5 mm, it is clear that
the AEs maximum power is radiated with shifts towards the right between 90° and 135° compared to
the maximum free space radiated directions.

. Pr win
NP, win = P

r tot, free space
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Figure 9. Window radiated power efficiency np, win of different finger positions at d= 2.5 mm in free
space (solid) and with finger (dashed).
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The next part of this investigation aims to study the effect of the casing. This is performed by
assessing the radiated power and radiation efficiency for the cases of with and without casing, both
in free space and with the finger index located at position P1. As aforementioned, the combined
thickness of the air gap and the casing is 2.5 mm, as illustrated in Figure 1(c). Thus to ensure a fair
comparison, the gaps between the finger placed at P1 for the antenna with and without casing are
both set at d = 2.5 mm. These results are presented in Figure 10. Comparison of both cases in free
space and with the index finger indicated slightly higher radiated power with casing. More specifically,
in free space with casing, all AEs radiated with about same level of power at —3.15dB. This value is
only approximately 0.20dB higher than the radiated power in free space radiated power from the AEs
without casing. This is due to the scattering of waves on the casing, as also reported in [29]. Such
scattering causes more fluctuations in the fields, resulting in the slightly higher summed values from all

I Free space (with casing)
I With finger (with casing) I With casing

[ |Free space (without casing) [ |Without casing
I With finger (without casing)

100 (b)
75 — —
) =
= 2 50l - |
& &
25 — |

0

Figure 10. Performance of different AEs with and without casing in free space and with finger located
at position P1 and d = 2.5 mm in terms of; (a) Radiated power, and (b) Radiation efficiency.
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-14.40

(d)

Figure 11. Combined gain of the MIMO antenna in zy plane (left) and yz plane (right) for; (a)
Without casing in free space. (b) Without casing with finger at P1 and d = 2.5 mm. (c) With casing in
free space. (d) With casing and finger.
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components in Eq. (3). On the other hand, the radiated powers with finger for AE1, AE2, AE3, and AE4
are —4.81dB, —4.81dB, —4.72dB, and —3.94 dB, respectively. This indicates that the element located
furthest away for AE1 is least affected by the finger, which is the same observation with the antenna
without casing. Meanwhile, the radiation efficiencies with and without casing indicated similarly, as
shown in Figure 10(b). The radiation efficiencies of AE1 are 68% and 65% with and without casing,
respectively, whereas the efficiency of AE2 improved from 60% without casing to 67% with casing. On
the contrary, the radiation efficiencies of AE3 and AE4 degraded to 68% and 85%, respectively, when
the casing is considered. This is a decrease of about 7% for both AEs in comparison to the values
without casing.

Finally, the radiation pattern of the MIMO antenna is studied when all AEs are simultaneously
excited. The previous scenarios with and without casing are repeated, this time, considering the index
finger positioned at P1. This configuration is aimed at evaluating unlike any other cases in this work,
where each antenna element is separately excited. The combined gain is shown in Figure 11.

The radiated power and radiated power efficiency are presented in Figures 12(a) and (b),
respectively. The radiated power levels in free space are similar, with values of 2.32dB (without
casing) and 2.55dB (with casing). The placement of the finger reduces these values to comparable
levels of 0.55dB and 0.60 dB for the cases of with and without casing, respectively. The radiated power
efficiencies are also similar for both without and with casing, at 66% and 64%, respectively.

I Free space (with casing)

I With finger (with casing) I With casing
[ ]Free space (without casing) [ Without casing
I With finger (without casing)
4 () 100 (b)
Bl —— — — — — — — — —
Xoso-——— |
Ry
=
25— —— — . —
0

Figure 12. Combined radiation pattern performance (array performance) with and without casing in
free space and with finger at position P1 and d = 2.5 mm in terms of; (a) Radiated power. (b) Radiation
efficiency.

4. CONCLUSION

This work studied the amount and direction of radiated power from millimeter wave MIMO antennas
located on a mobile terminal in free space and in the vicinity of a user’s finger. Millimeter wave
MIMO antenna elements can be designed in a compact area with satisfactory free space performance.
However, upon the placement of a user’s finger, the performance is significantly dependent on the
separation distance between AEs and the distance between the finger and these AEs. Total blockage of
the radiated power from the AE may occur, especially when the finger is placed directly onto the antenna
element or onto the adjacent element. It is also found that the inter-element separation distance of \/2
at 28 GHz (i.e., 5.35 mm) is insufficient to isolate the effects of the finger when it is placed on adjacent
AEs. Thus, further investigation was conducted to study the required inter-element separation distance
due to this effect. It is then found from this study that a minimum of 2 mm distance between the finger
and antenna element is needed to achieve at least 60% of the amount of radiation in free space. This
investigation also indicated that more separation is needed for more radiated power from the MIMO
antennas and ultimately bounds the allowable thickness of mobile devices. Besides its amount, the
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direction of radiated power is also affected by the finger. Results indicate that when the finger is placed
at a distance of 2.5 mm from the AE, the adjacent AEs featured closer performance to free space with
a direction-shift of between 90° and 135°. Thus, it can be concluded that MIMO antenna designed for
millimeter-wave mobile terminals must sufficiently space their AEs to reduce the influence of the user’s
finger located over the adjacent AEs.
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