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ABSTRACT This paper studies the performance of a 14-element dual-band 5G MIMO antenna with body
effect and an antenna selection. The antenna operates in the lower frequency band from 3.10 to 3.85 GHz for
5G bands of LTE 42 and 43, whereas the upper band is from 5.60 to 7.20 GHz for the newly assigned 6 GHz
WiFi band. The antenna performance was evaluated in free space and under the effect of human body in three
scenarios, namely one-hand, two-hands, and call mode. All resulting envelope correlation coefficients are
less than 0.3. On the other hand, the free space efficiency of the antenna elements is between 41 % to 77 %
in the lower band and 61 % to 95 % in the upper band. Meanwhile, the efficiency of the elements varies
depending on the interaction between each element with the hands and the head, with the least obstructed
element efficiency degrading to 8 % relative to free space levels. Due to the body effect, multiplexing
efficiency loss varies from 2.68 dB to 5.93 dB and the capacity loss is from 14 % to 38 %. Finally, a selection
algorithm is used to assess the performance of the overall antenna when 12, 10 and 8 antenna elements are
selected for operation. In free space and with number of elements 12, 10 and 8, the system achieves 91.7 %,
80 % and 67 % from the capacity of the 14-element MIMO antenna, respectively. However, in the vicinity
of the body, these values increase to 96.3 %, 85.0 % and 72 % from the capacity of the 14-element MIMO
antenna, respectively. This signifies that the less-contributing elements as a result of body blockage can
be deselected in order to preserve system resources that these elements consume while contributing less
significantly to the performance.

INDEX TERMS Multiple-input-multiple-output antennas, antenna selection, channel capacity, user effects.

I. INTRODUCTION to achieve higher performance over single input single out-
Multiple input multiple output (MIMO) antennas are put (SISO) antennas without demanding higher bandwidth or
deployed on both sides of the wireless communication link transmit power [1]. Key advantages of MIMO antennas are

multiplexing, beamforming, and spatial diversity to increase
The associate editor coordinating the review of this manuscript and data rates, improving link reliability and achieve protection
approving it for publication was Luyu Zhao . against interference [2], [3].
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In the 3G and 4G mobile communication systems, the
number of MIMO antenna elements on a mobile terminal
was between two and four elements. This number of ele-
ments is adequate to fulfill the performance requirements of
these systems [4]. However, in 5G systems, more antenna
elements are required on the mobile terminal to achieve the
higher performance envisioned [5]. Nevertheless, the higher
number of antenna elements on the mobile terminal requires
more circuitry and signal processing [6]. Furthermore, the
limited space on the chassis may restrict the number of ele-
ments that can be installed. Researchers have proposed 5G
MIMO antennas for mobile terminals with different num-
ber of elements and different operating frequency bands.
For instance, [7]-[10] proposed 8-element MIMO antennas
for 5G mobile terminals, a 10-element MIMO antennas in
[11]-[13], a 12-element MIMO antenna in [4] and [14],
14-element and 16-element MIMO antennas in [15] and [16],
respectively. Even as high as 20-element MIMO antenna was
proposed in [17]. However, in practice, the performance of
MIMO antennas on mobile terminals is limited by aspects
such as the human body’s effect. This effect eventually will
result in a major degradation in the link-level performance of
the wireless system [18]. Therefore, the human body needs
to be considered when evaluating the performance of MIMO
antennas of mobile, and consequently, techniques to alleviate
this effect need to be proposed [19]-[21].

In this paper, a 14-element MIMO antenna for 5G applica-
tions is proposed. The performance of the antenna is evalu-
ated in free space and when the device is used in the vicinity
of human body in three interaction scenarios — one-hand
grip, two-hand grip, and call mode. Different metrics are
used to evaluate the antenna performance in the multipath
propagation environment.

Finally, an algorithm for antenna selection and removal of
elements with least contribution is used to evaluate antenna
capacity when the device is used in free space and under
the three scenarios of interaction with the human body. This
work’s contribution is the application of the antenna selec-
tion algorithm, in addition to the performance evaluation of
the antenna in various interactions scenarios with the user’s
body. This is done to identify and exclude low-contribution
antenna elements caused by body blockage, thereby sav-
ing system resources that these elements would otherwise
consume.

The organization of the paper is as follows. The next
section presents the antenna details and the selected sce-
narios of interaction with the human body. Then, the
radiation performance of the antenna is discussed in the
following section in terms of S-parameters, radiation pat-
tern, efficiency and specific absorption rate. Section 4 then
presents the envelope correlation coefficient (ECC) results,
followed by the multiplexing efficiency and ergodic capacity
results in sections 5 and 6, respectively. Section 7 presents
the antenna capacity results when the antenna selection
algorithm is applied, before the conclusion is presented
in section 8.
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Il. MIMO ANTENNA DESIGN

Fig. 1 shows the geometry of the proposed 14-element MIMO
antenna integrated on a mobile terminal chassis. All antenna
dimensions (length and height) are reasonably selected for
practical mobile phones. The proposed antenna consists of
a monopole with two branches, and is placed on a metallic
ground plane sized at 160 mm x 80 mm x 0.3 mm. The
antenna is fed from the first L-shaped arm using a discrete
port. Two unequal monopole arm lengths are stacked on top of
each other and optimized to obtain a dual band characteristic.
The longer monopole branch is designed to operate in the
lower 5G frequency band, whereas the shortest branch for
operation in the whole 6-GHz WiFi band. The thickness of the
metal is same for the whole monopole. The orientation of the
antennas is also optimized to get better reflection coefficient
and isolation.
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FIGURE 1. (a) Antenna elements on the chassis with the dimensions of
the element (in mm). (b) The antenna enclosed casing.

As mobile terminals are mostly used in the vicinity of
human body, the proposed antenna performance is evaluated
in the vicinity of the human body in three situations — one-
hand grip, tow-hand grip and finally in the call mode. Human
body phantoms in the CST software are used to evaluate the
performance of these three interactions, as shown Fig. 2.

Ill. RADIATION PERFORMANCE

A. S PARAMETERS

Fig. 3 shows the S-parameters of the antennas in operating
bands. The lower band (LB) has a frequency bandwidth of
0.75 GHz from 3.10 to 3.85 GHz. This range includes the
5G bands of LTE 42 and 43, from 3.4 to 3.8 GHz [22]. The
far-field radiation patterns of the antenna elements in this
band are simulated every 50 MHz, resulting in 16 frequency
points for every scenario among the four investigated sce-
narios (one free space and three scenarios with the human
body). In addition to that, the upper band (UB) covers a wider
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FIGURE 2. Scenarios of the performance evaluation under interaction
with human body. (a) One hand. (b) Two hands. (c) Call mode.

frequency bandwidth of 1.6 GHz from 5.60 GHz to 7.20 GHz.
This range contains the newly allocated 6-GHz WiFi band,
operating from 5.925 to 7.125 GHz. This WiFi band was
expanded by the Federal Communications Commission to
meet the growing bandwidth demands of WiFi channels [23].
The far-field radiation patterns of the antenna elements are
simulated every 100 MHz (with total of 18 frequency points)
in each evaluation scenario.

B. FAR-FIELD RADIATION PATTERN
The far-field radiation patterns of four selected antenna ele-
ments (elements 2, 6, 10 and 13) in the x-y plane are shown
in Fig. 4 at 3.5 GHz (LB). The radiation pattern is simulated
in free space and when the device is used in the vicinity of
the human body for the three cases. The selected antenna ele-
ments are located on each of the four sides of the chassis. Due
to this, the effects of the human body for the three on-body
cases is noticeable, as the radiation pattern of elements are in
direct contact with the hand and/or the head. For instance,
elements 2 and 6 are obstructed in the one-hand scenario,
thus their radiation patterns are more distorted compared
to the other two antenna elements which are further away
in this scenario. On the contrary, the patterns for elements
10 and 13 are obstructed by the two-hand grip compared to
elements 2 and 6. Finally, the performance of the elements in
the call mode is similar to the one-hand case, with more dete-
rioration. However, detailed quantitative results of interaction
effect between the human body and each antenna element will
be discussed in the next section.

In addition, the 3D realized gain of the same antenna
elements which are 2, 6, 10, 13 in free space are shown in
Fig. 5.

C. EFFICIENCY

The efficiency of the 14 antenna elements in both bands (in
free space and the three on-body cases) is illustrated in Fig. 6.
In free space, all elements show similar efficiency in terms
of values and increase/decrease behavior with frequency.
Another observation is that the efficiency of the antenna
elements is higher in the UB than in the LB. The free space
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FIGURE 3. S-parameters of the antennas in free space. (a) Reflection
coefficient. (b) Isolation.

efficiency in the LB ranges from 41 % to 77 %, whereas
the performance is higher in the UB with values from 61 %
up to 95 %. On the contrary, the efficiency of each antenna
element in the vicinity of the human body varies depending
on the interaction between the element and the hands and/or
the head. When the device is held by one hand, the elements
on the long sides of the chassis are more affected by the
hand, whereas the elements on the short sides of the chassis
remained free. Therefore, efficiencies of obstructed elements
degraded severely, whereas the unobstructed elements main-
tained higher efficiencies. In the LB, the best performing
antenna is element 9 with an efficiency ranging from 33 % to
55 %. On the other hand, the most affected antenna is element
number 6, which efficiency dropped to values between 10 %
and 28 %. Meanwhile, in the UB, elements 5 and 9 preserved
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FIGURE 4. Far-field radiation pattern of four selected elements in the x-y plane for both horizontal polarization component (Ey) and
vertical polarization component (E;). (a) In free space. (b) One-hand grip. (c) Two-hand grip. (d) Call mode.

their performance, producing the highest efficiency between
55 % and 74 %, whereas element 3 showed the low efficiency

from 14 % to 27 %.

An important observation is on the higher efficiency of
element 11, which is located on the top side of the chassis.
The index finger placed behind this element caused degraded
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its efficiency to be the smallest among elements on the short
sides of the chassis. The efficiency of element 11 is from 19 %
to 34 % in the LB and around 25 % in the UB.

Next, the antenna interaction when the device is held by

the two hands is studied. Generally, in this case the elements
located on the short sides of the chassis are covered by
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FIGURE 5. 3D realized gain of the antenna elements 2, 6, 10 and 13 in
free space. (a) at 3.5 GHz and (b) at 6 GHz.

hands, whereas elements on the long sides are free. Thus,
the efficiency behavior of elements when the chassis is held
using the two-hand grip is the opposite to the performance
of the one-hand grip. With the former, the highest efficiency
in the LB is seen on elements 2, 3, 6, 7, and the efficiency
of these elements increases with frequency from 30 % to
64 %. On the contrary, the most affected elements in the LB
with the two-hand grip are 9 and 12, with severe efficiency
degradation ranging from 12 % to 29%. Furthermore, the
efficiency of elements under the two-hand grip on the UB
behaves similarly with the LB in this interaction scenario.
Elements 1, 2, 3, 6, 7 sustained the highest efficiencies, from
60 % to 78 %, while the least efficiency is produced by the
obstructed elements 9 and 12 with efficiency between 17 %
and 20 %.

Finally, the third interaction scenario with the body is when
the device is evaluated in the call mode. Due to the direct
contact between the antenna elements and the larger body
tissue mass from hand and head, the resulting performance
in this case is the worst. Similar to the one-hand scenario
performance, the elements on the long sides of the chassis
deteriorated more severely compared to the elements on the
short sides of the chassis. In the LB, all elements exhibited
similar efficiency, with a maximum efficiency of 30 % shown
by element 9, and the worst efficiency of 8% by element 12.
Despite not being obstructed by the hand, the low perfor-
mance of element 12 is caused by the direct contact with the
head. On the other hand, the efficiency in the UB is up to
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51 % produced by element 9, and is as low as 10 % seen by
element 6.

The results from this section showed that up to 14 antenna
elements can be placed on the chassis with satisfactory per-
formance in free space. However, the interaction with human
hands and head is unavoidable and resulted in the efficiency
degradation, depending on the scenario of interaction. This
fact must be considered to ensure that the high number of
elements will improve the performance of MIMO antennas
in practice. One of the methods alleviate the effects of block-
age is by applying antenna selection algorithms aimed at
reducing resources consumed by the obstructed elements and
maximizing the contribution of the unobstructed elements to
optimize the overall system performance.

D. SPECIFIC ABSORPTION RATE (SAR)

The Specific Absorption Rate (SAR) is the amount of electro-
magnetic energy absorbed by a human body and is measured
in watts per kilogram (W/kg). To ensure that a wireless
communications device meets the requirements for radio
frequency (RF) exposure, wireless devices with radiating
parts that are close to the human body must undergo SAR
testing [24]. In this work, we show SAR analysis for only
call mode where the mobile phone is close to the human head
and if the SAR exceeds the maximum limit inside the head,
it causes health hazards to the human brain. The maximum
SAR over 10g of tissue is 1.92 W/kg. This value is below
the maximum allowed value of 2.0 W/kg over 10g [25]. SAR
results show that the proposed antenna is safe to use in its call
mode. The SAR values at 3.5 GHz and 6 GHz are shown in
Fig. 7 at frequencies of 3.5 GHz and 6 GHz.

IV. ENVELOPE CORRELATION COEFFICIENT

Envelope correlation coefficient (ECC) between two anten-
nas characterizes how independent are their far-field radi-
ation patterns. ECC is calculated from the relation given
in [26]. Ideally, two independent antennas will have null
ECC, whereas a set of fully correlated antennas have ECC
of unity. For an acceptable MIMO antenna performance in
practical systems, ECC value should be less than 0.5 [27] and
this value was revised to be below 0.3 in 4G systems [28].
However, the work in [29] showed that ECC is highly depen-
dent the distribution of the propagation environment. More
specifically, the ECC values below these two thresholds in
the uniform environment can be higher when narrow beam
incident waves are considered. Assuming a uniform environ-
ment, ECC is evaluated as follows [26]:

/[ E1 0. 9) % E2 0. ¢) A
[fon |EL 6, $)2d2 [[, |E2 (6, ¢)* d2

where E; (0, ¢) denotes the i antenna’s complex three-
dimensional (3-D) radiated far-field pattern.

The number of ECC values of an n-element MIMO antenna
is n(n — 1)/2 at every frequency point (simulated or mea-
sured). Thus, for the 14-port MIMO antenna proposed in his

ECC = ey
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FIGURE 6. Efficiency of the 14 elements. (a) Free space. (b) One-hand grip. (c) Two-hand grip. (d) Call mode.

work, there will be 91 values at every simulation frequency
point. For brevity reasons, ECC curves are omitted from this
work. Instead, the maximum ECC values in the lower and
higher bands in free space and with the different interaction
scenarios with the human body will be reported. Table 1 sum-
marizes these maximum ECC values assuming a uniformly
distributed incident signal. In both frequency bands the ECC
is below the 0.3 threshold. Furthermore, ECC values in the LB
are higher than in UB, due to LB’s longer wavelengths with
the same physical distance. Hence, the separation distance
in terms of wavelength between antenna elements become
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shorter in the LB. On the other hand, ECC increases when
the device is used in the vicinity of the human body, with
the highest ECC produced when the device is used in call
mode in both bands. These ECC values indicate that up to
14 antenna elements can be integrated onto a common mobile
terminal to operate in both frequency bands with acceptable
ECC performance.

V. MULTIPLEXING EFFICIENCY
Multiplexing efficiency (1,,,x) is a parameter related to the

signal to noise power ratio (SNR) of MIMO antennas on
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FIGURE 7. SAR values of antenna elements 2, 6, 10 and 13 at (a) 3.5 GHz,
(b) 6GHz.

mobile terminals. It is defined as the quotient of the SNR
of the MIMO antenna under test (SNR4qy7r) to the SNR
of an ideal MIMO antenna system (SNR;p). The ideal
SNR is obtained from an independent and identically dis-
tributed (IID) MIMO antenna. Both of antennas are assumed
to have the same number of elements, and they achieve the
same ergodic capacity at these SNRs [30]. Fig. 8 illustrates
the concept of the multiplexing efficiency.

VOLUME 10, 2022

TABLE 1. Maximum values of ECC of both bands in free space and in the
vicinity of the human body.

Frequency Free One Two Call
band space hand hands mode
LB 0.15 0.22 0.24 0.27
UB 0.02 0.10 0.08 0.14

Mathematically, 1, is defined as:

= — 2
Nmux SNRauT 2)

or when both SNRs are in decibels (dB):
Nmux[dB] = SNRyp[dB] — SNRayr[dB] 3

Capacity
a

SNR

FIGURE 8. Concept of multiplexing efficiency, where both MIMO
antennas have the same ergodic capacity at the respective SNRs.

Nmux can be calculated directly from the definition. However,
this direct approach is computationally complex, and does
not show a direct link between 7,,,, and the design metrics
of the MIMO antenna (such as ECC and efficiency). There-
fore, an approximate, closed-form 7,,,, formula was derived
in [31] and used to evaluate the performance of MIMO mobile
terminal antennas in [32]-[34], as follows:

M —_
(H m) det(R) )

i=1

M
Nmux =

where 7; is the efficiency of the i antenna element and det(R)
is the determinant of the complex correlation coefficient
matrix R, which is constructed as follows [35]:

1 Pe,12 Pe,1M
_ o 12 1 Pec,2M
R=| © . ®)
Peam Peom e 1

where p. ;i is the complex correlation coefficient between
ports i and j, and * is the conjugate operator. Besides the low
computation complexity of 7, from this closed-form equa-

tion, it consists of two main parts; a first part is (]_[?i 1 ni)
which the geometrical mean of individual efficiencies of
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the antenna elements. The second part is V/det(R) which
depends on the correlation between antenna elements. This
term gets close to 0 dB when all complex correlation coeftfi-
cient between the AEs are close to 0. Optimizing these two
parts enhances 1, of the MIMO antenna.

Fig. 9 presents the multiplexing efficiency of the
14-element MIMO antenna in free space and in the three
interaction scenarios with the human body. It observed that
the contribution of the V/det(R) term is insignificant in the
deterioration of 7, compared to the contribution from effi-
ciency term. This is especially evident in the UB, where the
ECC values are very low and resulting in a close-to-zero-dB
M\/ det(l_i) term. On the other hand, the drop in 7, is caused

mainly by the % (]—[i‘i 1 m) term, which gets closer to the

Nmux as the V/det(R) term gets closer to 0 dB, especially in
the UB.

The highest n,,,, is seen when the antenna is operated in
free space, where 1,,,,,x is between —4.07 dB and —2.17 dB in
the LB, and from —1.46 dB to —0.42 dB in the UB. However,
when the device is held by the user in different interaction
scenarios, power is absorbed by the body tissues, hence dete-
riorating 7n,,. In the one-hand mode, 7, is reduced by
around 3.05 dB and 3.81 dB in LB and UB, respectively
compared to in free space. In the two-hand mode, the 7«
values are 2.77 dB and 2.68 dB below the free space levels
in the LB and the UB, respectively. The highest 7,,,, loss
is observed when the device is used in call mode, where the
device is surrounded by more body tissues compared to the
two previous interaction scenarios. The reduction in the 7,,,,x
in this case is around 5.93 dB in the LB and around 5.69 in
the UB relative to free space.

VL. CAPACITY

Assuming that the channel state information (CSI) is avail-
able at the receiver only, and the transmitter power is allocated
uniformly cross transmit antennas, MIMO capacity can be
calculated from the following relation [36]:

c=E (log2 (det (1N, + SII\\;RHHT>>> (6)
t

where E is averaging operator, det is the determinant, I, is
the identity matrix of size N, where N, is the number of
receive antenna elements, SNR is the signal to noise ratio,
N, is the number of transmit antenna elements, H € CNr-*N
is the wireless channel matrix, and ()T is the transpose of the
complex conjugate.

The wireless channel matrix H in this work is constructed
based on the model used in [37], [38]. The transmit side in this
model assumes ideal antenna elements with 100 % efficiency
and null ECC. In addition, the number of transmit antenna
elements is fixed at 14 for all ergodic capacity calculations
in this work. The wireless channel matrix H in this model is
constructed as follows:

H =R'"’Hp @)
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FIGURE 9. Multiplexing efficiency of the 14-element MIMO antenna,
in free space and with the three interaction case with the human body.

where Hjjpe CN-*Ni ig the IID channel matrix which entries

are complex and normally-distributed, with zero mean and
unity variance specifically CN (0, 1). This matrix models the
uniform propagation environment between the transmitter
and the receiver. R € CNr*Nr i the receiver correlation
matrix which involves the effects of the AUT, as follows:

R = A'2RA'/? 8)
where A is the diagonal efficiency matrix written as:
m 0 .0
0 m 0
A=| . | . ) ©)
0 0 -

where 7; is the efficiency of the " antenna port, and R is
the complex correlation coefficient matrix in (5) of the multi-
plexing efficiency. Furthermore, all capacities are calculated
by averaging 300,000 channel realizations at every frequency
point to ensure their convergence to accurate values, con-
sidering the large number of antenna elements. In addition
to that, all capacity results are obtained at the SNR value
of 20 dB. Fig. 10 shows the ergodic capacity of the 14 x
14 MIMO antenna system in free space and in the three
interaction scenarios with human body. In Fig. 10(a), the
ergodic capacity performance is higher in the UB due to the
higher efficiency of antenna elements and the lower ECC
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in this band. Moreover, the capacity changes in frequency
in both bands behave similarly with the efficiency levels of
the elements presented in Fig. 6. This is another indication
that the wireless channel model is mainly determined by the
efficiency matrix A, with significantly lower contribution
from the complex ECC matrix R.

In free space, the LB capacity is between 60.6 and
68.3 bit/s/Hz, while the capacity in the UB is from 70.5
to 75.0 bit/s/Hz. The highest capacity value in the UB is
2 bit/s/Hz lower than the 14 x 14 IID capacity. Meanwhile,
the capacity reduction of the antenna in the presence of
the human body again depends on the interaction scenario
between the antenna and the body. Again, the least capacity
is obtained when the mobile is used in call mode. In one-hand
grip and compared to the free space performance, the LB
capacity is reduced by around 12 bit/s/Hz and UB capacity
is lowered by around 15 bit/s/Hz. Next and compared to
the free space, the two-hand grip capacity is decreased by
around 11 bit/s/Hz in both bands, and finally in the call
mode is decreased the most by about 22 bit/s/Hz in both
bands. Fig. 10(b) illustrates the capacity loss resulting from
the interaction with the human body in percentage, relative
to the free space capacity. The one-hand grip causes capacity
loss between 17 and 21 % in the LB, and around 21 % in
the UB. Secondly, the two-hand grip reduces the capacity
from 14 to 21 % relative to free space in the LB, and around
14% in the UB. Finally the highest loss observed is in the
call mode, which ranges between 31 and 38 % in the LB and
around 31 % in the UB.

Table 2 compares the performance of the proposed antenna
array with various 5G MIMO handset antennas operating in
the sub-6 GHz bands, ranging from 6 to 18 elements. It is
evident from the table that the MIMO antenna performance
degrades resulting from interactions with hands in various
modes, as indicated by the ECC and efficiency. Furthermore,
this table also highlights the number of antenna elements in
each design which efficiency fell below 20 % due to severe
hand blockage. Due to this, an antenna selection method
is proposed to alleviate the issue of human body blockage,
which will be explained in the following subsections. The fol-
lowing section suggests using an antenna selection to select
antenna elements in good condition while excluding those
that are severely obstructed by hand and head.

VII. ANTENNA SELECTION
The large number of antenna elements on the mobile terminal
requires more system resources (RF circuitry, signal process-
ing and channel estimation). Therefore, all antenna elements
must effectively contribute to the system performance while
consuming these resources. This section aims to understand
how the different interaction scenarios between the antenna
and human body can lower the contribution of selected ele-
ments in terms of capacity.

Finally, an antenna selection algorithm is used to opti-
mize the overall contribution of these antenna elements in
terms of capacity. In this section, the number of transmit
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FIGURE 10. (a) Ergodic capacity of the 14-element MIMO antenna.
(b) Ergodic capacity loss due to the interaction with the human body.

antennas V; is fixed at 14, and on the receiver side L antennas
are selected from the N, available antennas on the mobile
terminal. Furthermore, the wireless channel matrix with the
antenna selection H € CE*Vt is constructed by selecting L
rows from the available rows N, in the channel matrix H of
the full system. Hence, the set S which contains all possible
different H matrices with L rows (i.e. L receive antennas) has
N,
L

The optimal matrix H opr must be selected among all pos-
sible M matrices in S to maximize the system capacity as
follows [44]:

- SNR -~ -t
H ), = agr max {log, ( det | I + HH (10)
HeS Nt

a cardinality of M where M = <

Selection of the H opt can be conducted by an exhaustive
search method, where the capacity from all possible M matri-
ces in the set S is computed before the matrix with the highest
capacity is selected. However, computing the capacities from
all possible matrices in the set S is computationally complex
and resource-consuming, especially with increasing number
of antennas on the device. Therefore, several algorithms have
been proposed to select the optimal H opt With a balance of
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TABLE 2. Performance comparison of different 5G antenna arrays.

References Number of Frequency bands type of ECC Efficiency | Maximum efficiency | Number of elements
antenna interaction modes (free In free with body with efficiency <
elements with body space) space interaction 20% with body

interaction
[39] 6 3.4-3.6 GHz Data mode (one <0.30 45-57% Data Mode: -
hand). 54%
Read Mode:
Read mode (two 48%
hands).
[40] 8 Lower Band (LB): Right hand mode <0.10 LB: LB: 60%. 2
3.4-3.6 GHz (RHM) 41 -72%. UB: 73%
Upper Band (UB): UB:
4.8-5.1 GHz 40-85%.
[41] 10 Lower Band (LB): Data mode (one <0.15 LB: Data mode Data mode
3.4-3.8GHz hand). 42 — 65%. LB: 52%. LB: 4
UB: UB: 68% UB: 3
Upper Band (UB): Read mode (two 62 — 82%. Read mode
5.150 - 5.925 GHz hands). Read mode LB:2
LB: 58%. UB:2
UB: 67%
[4] 12 8 elements to operate Right Hand Mode <0.10 Bands Right Hand Mode RHM
on LTE bands 42/43 (RHM). 42/43: LTE bands 42/43: LTE bands 42/43:
3.4-3.8GHz Left Hand Mode 41 - 82%. 52%. 3 out of 8.
6 elements to operate (LHM). Band 46: LTE band 46: 60%. LTE band 46:
on LTE band Read Mode (RM, 47 —-79% Left Hand Mode LTE 3 out of 6.
46 5.150 -5.925 GHz two hands) bands 42/43: 55%. LHM
LTE band 46: 66%. LTE bands 42/43:
Read Mode 4 out of 8.
LTE bands 42/43: LTE band 46:
53%. 4 out of 6.
LTE band 46: 62%. RM
LTE bands 42/43:
2 out of 8.
LTE band 46:
2 out of 6.
This work 14 Lower Band (LB): Data mode (one <0.15 LB: Data mode: Data mode:
3.10 - 3.85 GHz hand). 41-77% LB: 55% LB:3
Upper Band (UB): Read mode (two UB: UB: 74% UB: 2
5.60 — 7.20 GHz hands). 61 -95% Read mode: Read mode:
Call mode (hand LB: 64% LB:3
and head) UB: 78% UB: 2
Call mode: Call mode:
LB: 30% LB: 8
UB: 51% UB: 6
[42] 16 5-6 GHz Data mode (one <0.31 51-76% 63% 5
hand)
[43] 18 LTE Bands 42/43 Data mode (one <0.10 87 -93% Data mode: Data mode:
3.4-3.8GHz hand). 83%. 7
Read mode (two Read mode: Read mode:
hands). 86% 4

computational complexity and losses in performance [45].
Practical implementation of antenna selection algorithms can
be hard when a set of switches is used to activate selected
antennas only, or a soft selection can be implemented when
all antennas are kept active and selection algorithm is imple-
mented in the RF domain upon the received signals from all
antennas [6]. In this work, an algorithm to select the L receive
antennas on the mobile terminal (and consequently the opti-
mal matrix H opr) is proposed based on the received power
from each receive antenna. The i row in the full system
channel H represents channel links from all transmitter anten-
nas to the i receiver antenna. Thus, the Frobenius norm I is
taken for each row as a measure of the received power through
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each receive antenna. Then, the L rows corresponding to the
highest / values are selected to build the channel matrix H opt-
The Frobenius norm I; of the i row for 1 < i < N, is
calculated as follows [46]:

Ny ,
L= |h]
j=1

)th

Y

where hy; is the (i,7)" entry of the full system channel
matrix H.

The capacity with the antenna selection algorithm is pre-
sented in Fig. 11. Besides the 14 x 14 system capacity,

the figure also shows the capacity of antenna selection
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algorithm with three different L values of receive antennas
(12, 10 and 8 elements). Results obtained in free space and
under the influence of the human body in the three interaction
scenarios are also presented.

When the two least-contributing elements are removed and
the remaining 12 elements considered, the free space capacity
is reduced by 5.4 bit/s/Hz in the LB and 6.2 bit/s/Hz in the UB
compared to the full system capacity. Despite that, a smaller
capacity reduction is observed with the 12 antenna elements
when the device is used in the vicinity of human body. The
capacity decreased from 2.3 to 2.7 bit/s/Hz below the full
system capacity in both frequency bands and in the three cases
of the interaction with the human body. Next, 10 antenna
elements are selected to be evaluated. The capacity reduction
in free space is from 12.4 to 14.5 bit/s/Hz in both frequency
bands. On the other hand, there is less reduction observed
when the device is used in the vicinity of the human body.
The capacity declined by 6.8 to 8.7 bit/s/Hz in the three
interaction cases over both frequency bands. Finally, when
only 8 antenna elements are selected, the free space capacity
is lowered by 20.8 to 24.2 bit/s/Hz in both bands. Moreover,
the capacity in the vicinity of the human body declines by up
to 12.0 bit/s/Hz in the call scenario and up to 16.8 bit/s/Hz
when the device is held by two hands. It is seen that the
excluded elements in all cases contributed minimally to the
capacity when the device is used in the vicinity of human
body compared to in the free space. This reduced contribution
is due to the low performance of these excluded elements
due to body blockage. However, note that the capacity drop
in Fig. 11 is discussed as the difference in bit/s/Hz unit
between the full system capacity and the capacity of different
L-element system. This is without considering the peak val-
ues of the full MIMO antennas’ capacity.

Fig. 12 shows the contribution of the L-element MIMO
antenna in terms of capacity compared to the capacity of the
full system. When L = 12, the free space capacity is up to
91.7 % relative to the 14-element free space capacity. This
is then increased from 94.0 % to 96.3 % when the mobile
terminal is evaluated in the vicinity of the human body for
each case. Next, with L = 10, the system achieves up to 80 %
of the 14-element antenna’s free space capacity, whereas this
increased to above 85 % in the vicinity of human body in
the three different interaction scenarios. Lastly, the §-element
MIMO antenna’s capacity achieved up to 67 % of the full
system capacity in free space. This capacity then increased to
above 72 % in the vicinity of the body.

From the results in Fig. 11 and Fig. 12, a selection algo-
rithm can be applied to exclude less-contributing elements,
especially when the device is used in the vicinity of the
human body. This is to avoid the consumption of the system
resources by these elements while they contribute less sig-
nificantly in the performance. Therefore, exclusion of these
elements enables the optimization of system resources with
acceptable deterioration in the system capacity. On the other
hand, the mobile terminal can be designed with extra antenna
elements on the device, and the algorithm can periodically
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FIGURE 11. Capacity with 14, 12, 10 and 8 antenna elements selected in
free space and the three interaction scenarios with the human body.

search for the best elements to be used especially when it is
used in the vicinity of the human body.
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FIGURE 12. Contribution of the L-element system capacity in the
14-element system capacity; in free space and the three interaction
scenarios with the human body.

It is understood from the results in the previous sections
that the least-performing elements (which are excluded from
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the channel matrix) change depending on the interaction
scenarios with human body. Fig. 13 shows the probability of
each element to be selected when 10 elements are considered.
In free space, it is observed that all elements are equally
likely to be selected due to the similar efficiency of antenna
elements in free space, as shown in Fig. 6. However, when the
device is used in the vicinity of the human body, the likelihood
of an element being selected depends mainly on its interaction
with the body, besides the quality of the propagation link of
the particular channel realization.
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FIGURE 13. Probability of each antenna selection in free space and under
the influence of the human body. (LB left, UB right).

VIIl. CONCLUSION

This work presented a study on a 14-element MIMO antenna
designed to operate for 5G applications. The antenna perfor-
mance is first evaluated in free space before being assessed
when used in three different near-human body cases. Despite
maintaining the ECC values of less than 0.3 in all evaluation
cases, the efficiency of the different antenna elements varies
considerably, subjected to the type of interaction scenario
with the body. The performance of the multiplexing effi-
ciency and ergodic capacity showed that the antenna effi-
ciency limitations are the main factor in the performance
degradation. In addition to that, the antenna selection results
indicated that the contribution of elements in the channel can
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be predicted from the antenna design stage. Further work is
needed to further quantify the tradeoff between the contribu-
tion of antenna elements under the influence of the human
body and the resources allocated to these elements.
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