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Abstract: Due to the limited space and large mutual coupling levels, the design
of sub-6 GHz massive Multi-Input Multi-Output (m-MIMO) smartphone
antenna system attracts antennas’ designers and engineers worldwide. There-
fore, this paper presents 18-element m-MIMO antenna system that covers the
long-term evolution 42 (LTE42) frequency band (3.4–3.6 GHz) for the fifth
generation (5G) applications in metallic frame smartphones. The proposed
array system is etched on the long sides of a metal rim of the mobile chassis
symmetrically, which is electrically connected to the system ground plane
with zero ground clearance. A low-profile frame of height 7 mm (λ/12.3)
is symmetrically placed below & above the ground system level. The two
frame parts (above/ below the ground level) are utilized separately for the
implantation of the antenna elements to achieve good space exploitation
and perfect pattern diversity between elements. Orthogonal feeds are used to
further increase the level of the isolation where each antenna element above
the ground level is fed by a 50-ohm microstrip line, and each antenna element
below the ground level is fed by a 50-ohm coplanar waveguide (CPW). The
proposed antenna structure is a capacitive coupled-fed open-slot antenna with
a small footprint area of 12 × 3.5 mm2 (λ/7.2 × λ/24.5, where λ represents the
free space wavelength at 3.5 GHz). A small coupling L-shaped strip provides
a capacitive coupling for the proposed 5G antenna structure. To establish the
contribution of the proposed 18-element m-MIMO, the prototype of the pro-
posed system was manufactured and successfully measured. Both measured
and simulated results are shown to be in good agreement. This proves that
the proposed antenna provides coverage for the LTE42 band (3.4–3.6 GHz)
with acceptable isolation and efficiency. Moreover, the performance of the
proposed m-MIMO were further verified via channel capacity calculation and
the envelope correlation coefficient (ECC) measurement. Based on that, the
proposed m-MIMO is shown to provide a desirable performance for all m-
MIMO parameters while it owns the largest MIMO order in mobile terminals
in the open literature.
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1 Introduction

After the huge success of using the MIMO technology in fourth-generation (4G) mobile com-
munications, the fifth generation (5G) moves toward the deployment of massive MIMO (m-MIMO)
technology. m-MIMO technology can further increase the channel capacity while mitigating the
unfavorable effects of multi-path problems. Thus, it represents a key solution to meet the requirements
of 5G technology [1]. This new technology adds an extra challenge to antennas’ designers/engineers,
especially, of hand-portable wireless devices. The integration of a huge number of independent
antennas (>4 elements) over a small and compact size represents a big challenge. This is due to the
increase of mutual coupling level as the separation distance between antenna elements decreases [2].

Unlike previous generations, 5G suggests taking the advantage of deploying both microwave
bands and millimetre wave bands. The former one is called frequency range 1 (FR1), which includes
sub-6 GHz bands. The latter one is called frequency range 2 (FR2), which includes selected frequency
bands above 24 GHz. In light of this, many works focused on producing massive MIMO antenna
systems for sub-6 GHz smartphone applications [3–30]. LTE 42 band (3.4–3.6 GHz) represents one
of the well-known 5G bands, in which most of the published works proposed antenna solutions for
the LTE42 band [13–30]. Several MIMO orders have been designed for sub-6 GHz applications. Fig. 1
shows that the number of publications decreases, in the current-state of-the-art, with the increase of
MIMO order. To be specific, only one work has been published with a MIMO order of 16 elements
[13]. The reason behind this is the limited space inside the smartphone device, in which installing a
huge number of antenna elements in the smartphone will increase mutual coupling level between array
elements. Therefore, isolation circuits are highly needed to decouple antenna elements.

Figure 1: Survey of number of antenna elements in previous works

The open literature includes several isolation techniques, external isolation structures like pro-
truding ground branch [3], etched slot in the ground [4,5], parasitic elements [6,7], neutralization line
[5,13], have been adopted to decouple MIMO antenna elements inside mobile phones. However, they
have a negative impact on the level of total efficiency. Also, the complexity of the design is normally
increased. Therefore, some works have managed to overcome the aforementioned shortcoming of
external isolation structures via other techniques that influence radiation mechanisms. Diversity
domains like pattern diversity and polarization diversity have enabled the achievement of an acceptable
level of isolation without compromising efficiency while improving channel capacity [14–16]. For the
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purpose of decreasing the level of mutual coupling, sometimes space diversity is used in conjunction
with pattern and polarization diversities. However, this increases the occupied space of the antenna
array (large array).

Recently, various researches found that self-isolated MIMO antennas can alleviate the coupling
problem. Such techniques achieve acceptable levels of total efficiency without increasing the overall
size and system complexity [17–21]. This has already been proven in [20,21], as a pair of very closely
spaced compact antennas (separation distance = 1.2 mm) are self-isolated by sharing a common
grounding branch coupled with the two-element.

The race of sub-6 GHz massive MIMO antenna design has been started since 2015. It started
with 4 × 4 MIMO antenna systems [16,20–22]. Despite these low-order arrays are effective in terms
of isolation level, their channel capacity is relatively low, especially in the 5G system where the high
transmission rate is extremely needed. Knowing that the ideal value of the channel capacity for a 4 ×
4 MIMO array in a Rayleigh-fading channel with a 20-dB signal-to-noise ratio (SNR) is 22 bps/Hz
which is almost twice the value limitation of the conventional 2 × 2 MIMO system (11.5 bps/Hz).
Quadruples of the conventional state value can be obtained in an eight-element MIMO array, where
the capacity upper-limit reaches 46 bps/Hz. Therefore, various published works have presented 8 × 8
MIMO arrays to operate in the long-term evolution (LTE) band 42 (3.4–3.6 GHz) [5–7,15–19,23–27].
However, one of the common drawbacks in all published works, is that they have a large modified
ground plane area, which makes the integration of other smartphone components (battery, camera,
and display) very difficult. Additionally, some of them like the one in [5] utilized external decoupling
circuits, which degrades the total antenna efficiency as stated earlier.

Higher-order MIMO antenna systems like the 10 × 10 array have been also investigated in [9–
11,29,30]. In [11], a 3.6 GHz 10 × 10 antenna MIMO array is produced. Despite the channel capacity
of this array may grow up to 47 bps/Hz, the array elements are open slot radiators etched directly
on the ground plane, thus the cleared ground area is substantial. The same drawback also prevails in
[10,29] despite the proposed 10 × 10 antenna MIMO systems are dual-mode structures. Decoupling
distributed circuits have been used between the adjacent elements in 10 × 10 antenna MIMO systems
proposed in [9,29]. However, the addition of a decoupling circuit increased the complexity of the
designs.

A 12-port antenna array was introduced for a dual-band 5G massive MIMO smartphone
operation in [8]. The design has an acceptable diversity performance but not all elements are able
to cover the lower and upper band simultaneously, in which only two-element are able to cover both
frequency bands. The other 6 antenna elements are able to operate in a MIMO array at the 3.6 GHz
band only, while the rest of the elements provide coverage for just the upper band (LTE 46). This
justifies the reason for the low channel capacity values in both bands, which are only 34 and 26.5
bps/Hz, respectively. These rates lie below the ideal ones for an 8 × 8 MIMO system (46 bps/Hz)
by about 12 and 19.5 bps/Hz in both frequency bands, respectively. In addition, the ground plane is
modified on both sides such that the width of the clearance area for each element became as narrow
as 3 mm. Another 12-antenna MIMO array was presented for the LTE42 band (3.4–3.6 GHz) in [14].
Despite the desirable channel capacity achieved by the array system, which is about 57 bps/Hz, the
massive MIMO array is built on the upper and lower edges of the system PCB board, and the ground
plane clearance is quite large of a size about 17 × 17 × 6 mm3.

In [13], a sixteen antenna MIMO array operating in the 3.5 GHz LTE42 band was proposed. The
array system has been achieved using four quad-antenna linear (QAL) arrays. The achieved channel
capacity for the covered band (3.4–3.6 GHz) was very attractive reaching about 66–70 bps/Hz with a
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20 dB SNR ratio. However, the massive MIMO array system utilizes a 3 mm ground plane clearance on
both sides. In addition, the design has relatively low total efficiency values, ranged from 30% to 52%.

According to the aforementioned state-of-the-art, it is quite clear that the current research gaps
in designing massive MIMO antenna system at 3.5 GHz smartphone 5G application are: (1) There
are very few works having MIMO order above 12 × 12; only the designs reported in [8,14] represent
MIMO order of 12 × 12, while the work in [13] represents 16 × 16 MIMO antenna system. (2)
Some massive MIMO array systems utilize at least 3 mm ground plane clearance on both long sides
[8,10,13,15,23,24,28]. This reduces the allocated space for other components of the Smartphone (LCD
display, battery, etc). (3) Some designs utilize parts of the upper and lower chassis edges in 5G array
design [8–10,15,25,28], normally, these spaces are reserved to accommodate the LTE/WWAN antennas
(2G/3G/4G antennas). (4) In [5–7,9,13,14] the reported array structures are relatively complex due to
the use of external isolation circuits. To the best of our knowledge, there is no work that presents a
self-isolated MIMO antenna at LTE42 band and has a mMIMO order exceeding 16 × 16 array. Thus,
it is still very challenging to find a huge antenna array in a limited space for current Smartphones.

The most important contributions of this work can be summarized as follows: (1) The proposed
antenna-element has a very small footprint area due to the feeding method that utilizes capacitive
coupling to elements implanted on the metal rim of the smartphone. The proposed antenna structure
is a coupled-fed open-slot element having many attractive characteristics; zero clearance area, low
profile element (the total frame height is λ/12.3), and small footprint area (the longest dimension is
λ/7). (2) the utilization of both pattern diversity (elements above and below the ground plane) and
orthogonal feeds allows the installation of closely spaced elements up to nine elements on each long
side of the metal rim. This allows obtaining a MIMO order of up to 18 × 18, which is not achieved
yet for 5G 3.5 GHz smartphone applications.

Section 2 of the paper introduces the proposed 18 × 18 array system including its element geometry
and array configuration. Section 3 presents an evolutionary process of the design and a parametric
study of the effects of some vital design parameters. In Section 4, all the antennas’ and MIMO
performance parameters results are introduced (scattering parameters, far-field 3D radiation patterns,
total radiation efficiency, channel capacity, and envelope correlation coefficient). Then the state-of-
the-art comparison is introduced in Section 5. Finally, a conclusion is attached in Section 6.

2 The Proposed 18-Element Antenna System
2.1 Array Configuration

The overall geometry of the proposed 18-element MIMO antenna system is shown in Fig. 2a. A
double-sided copper FR4 dielectric substrate of a 0.8 mm thickness (permittivity 4.4 and loss tangent
0.025) is used as a printed circuit board (PCB). It has overall dimensions of 80 × 150 × 0.8 mm3,
which is typical for 6-inches smartphone devices. Two rectangular cleared-ground areas (80 × 5 mm)
are located on the lower and upper shorter edges of the PCB. These areas are typically reserved for
installing LTE/WWAN antennas (2G/3G/4G antennas). A metallic frame of 0.1 mm thickness and 7
mm height is utilized to embrace the PCB. The 7 mm height metallic frame is electrically shorted to
the system’s ground plane. This represents one important promising feature of this proposed design,
in which the design utilizes a zero-ground plane clearance on both long sides of the PCB. Thus, the
entire space is totally allocated for the LCD display and other Smartphone equipment. Such a feature
is highly demanded as it is rarely achieved in the current state-of-the-art. [31]. The metallic frame
height is divided into two halves: 3.5 mm below the ground plane level and 3.5 mm above the ground
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plane level (the metallic frame height is symmetrical around the ground plane). This is to ensure that
the overall height is about 7 mm, which is typical in real smartphones [30,31].

Figure 2: Configuration of the proposed antennas modules: (a) general view, Detailed dimensions of
the proposed 5G antenna structure (b) fed by microstrip feed line, (c) fed by CPW. [Units in mm]

Due to the symmetric height of the metallic frame below & above the ground plane, the two
spaces (below and above the ground plane level) are used for building two antenna groups. Pattern
diversity is achieved from the existence of the system ground plane that inverts the radiation patterns in
both elevation planes. Additionally, the elements of each antenna group are excited through a feeding
scheme orthogonal to the feeding scheme of the other group. The etched elements on the upper portion
form Group 1 (A1, A3, Ant 5, Ant 7, Ant 9 & Ant 10, Ant 12, Ant 14, Ant 16, and Ant 18) are fed
by a 50-ohm microstrip feeding line each, while the etched elements on the lower portion form Group
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2 (Ant 2, Ant 4, Ant 6, Ant 8 & Ant 11, Ant 13, Ant 15, and Ant 17) are fed by a 50-ohm coplanar
waveguide (CPW) feeding line each. The microstrip feed line is excited through a vertically-placed 50
Ω SMA connector from the backside of the system PCB board (port Y). While in the CPW feeding
method, a connector is connected horizontally (port X). For brevity, the models of connectors are
hidden in Fig. 2. In light of the above information, the use of both the orthogonal feeding techniques
and pattern diversity make the separation distance between any two consecutive cross-group feeds is
about 15 mm, while it is about 30 mm between any two consecutive co-group feeds. This will play an
important role in mutual coupling reduction as will be demonstrated later.

2.2 Antenna-Element Structure

All the proposed antenna elements (Ant 1–Ant 18) are etched on the metallic frame along the two
longer sides of the system PCB. Each side has nine elements identical to the arrangement of other side’s
elements and distributed as follows: five elements are etched on the upper half of the frame (Group 1),
while the remaining four elements are installed on the lower half of the frame (Group 2). The elements
of these two groups are distributed in an alternate fashion. Figs. 2b and 2c illustrate all the details of
the proposed antenna element geometry and dimensions. It can be seen that the proposed antenna
structure is a compact capacitive coupled-fed open-slot antenna of area 12 × 3.5 mm2 (λ/7.2 × λ/24.5,
where λ represents the free space wavelength at 3.5 GHz). A 0.5 mm gap is created next to the top
corner of the proposed open-slot radiator structure. A matching stub is placed inside the open slot.
Both the gap and the stub act as distributed capacitances. Each antenna element is coupled with an
L-shaped strip. Each coupling strip for the first group is linked to a 50 � microstrip line, while the
coupling strip for each element of the Group 2 is attached to a 50 � CPW feed.

3 Evolution Process and Parametric Study

This section aims to provide a detailed explanation of the design evolution process, and the effects
of vital design parameters of the proposed antenna element.

3.1 Evolution Process

As shown in Figs. 3 and 4, the design process of the proposed antenna element will be illustrated
by the structure evolutionary steps, and their corresponding results; reflection coefficient (S11) and
input impedance, respectively.

REF1 represents an Inverted-L-shaped feeding strip that excites a small rectangular notch that
is created on the metallic frame as shown in Fig. 3a. Due to the very small length of the feeding
strip, its resonant frequency is above the frequency band of interest (3.5 GHz). In order to shift down
the resonant frequency without increasing the modified area, an open slot is formed on the notch
by creating a small gap located on the top left corner as shown in REF2. This configuration shifts
resonant frequency down to 3.6 GHz (the dashed blue line in Fig. 3b). Nevertheless, REF2 impedance
bandwidth is not aligned to the frequency band of interest, and even the matching level is not good
at 3.5 GHz as shown in Fig. 4 (the input impedance at 3.488 GHz is: Zin = 21.5 + j 71). In order to
manage this mismatching problem, an inner stub is added inside the rectangular loop to form the
proposed antenna-element structure. This addition enhances the real part of the input impedance
and adds capacitive impedance that equates to the inductive impedance in REF2. Thus, the proposed
antenna element covers the whole band between 3.4 and 3.6 GHz (about 200 MHz bandwidth) as in
Fig. 3b.
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Figure 3: Antenna structure evolution steps and related reflection parameters for each; (a) Evolution
of reflection parameters, (b) Antenna structure evolution

Figure 4: Simulated input impedance of REF2 and proposed antenna (Ant 5)

Fig. 5a shows the simulated current distribution resulting when Port 5 is excited, while the others
are terminated with a 50 Ohms matched load each. It can be seen that due to the use of orthogonal feeds
and pattern diversity among the adjacent elements of the different groups, a small coupling current
reaches at Port 4 and Port 6 although their separation distances (edge to edge) from Ant 5 are very
small. It can also be observed that a very small coupling current reaches the nearest antenna elements
(which are Ant 3 and Ant 7), that are from the same group of Ant 5. Accordingly, the proposed MIMO
antenna array does not need decoupling circuits.

Fig. 5b gives a clear view of the excited radiated mode from each antenna element. The main
radiation is contributed by a quarter wavelength open-end slot. This is confirmed from the overall
length of the open slot, it is about 11.5 mm, which is very near to the quarter wavelength of 3.5 GHz
(free space wavelength at 3.5 GHz).
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Figure 5: (a) Surface current distribution on both the system ground plane and the metal rim at 3.5
GHz, when Ant 5 is excited and others are terminated by 50 �, (b) Vector electric current distribution
on antenna element at 3.5 GHz

3.2 Parametric Study

For an extra explanation of the working mechanism of the presented antenna, the effects of some
vital structure parameters are investigated in this section. As it was clearly shown that both the gap
and the stub have the main contribution to the operation of the proposed antenna-element structure,
their locations and dimensions were taken into consideration very carefully to tune the results. These
parameters are as follows: the position of the gap, the gap length (Lg) and finally, the stub length
(Ls). It is worth noting that the other design parameters are all kept constant during the study of the
effect of each aforementioned dimension separately. As the effect of these dimensions is mainly on
the reflection coefficient, only the reflection coefficient results are presented. Ant 5 is chosen for this
study due to the symmetry.

Fig. 6a illustrates the effect of the gap location; it has the master role in getting the desired
operational band as well as a better matching level. Specifically, the resonant frequency is shifted
down when the gap is located at the middle or to the right side. Also, these locations deteriorate the
level matching at 3.5 GHz. Accordingly, the top left corner is selected to place the gap. This way we
can obtain the desired result in terms of the best matching to cover the −6 dB bandwidth at the 3.5
GHz band.

The gap length (Lg) effect is attached in Fig.6b. it is clearly shown that the tuning of Lg affects
the resonant frequency. As Lg increases the overall length of the slot decreases, and thus the resonant
frequency is shifted up. Lg = 0.5 mm is chosen as the frequency band of interest is totally covered
(LTE42 band 3.4–3.6 GHz) in this case. Finally, Fig.6c shows that stub length (Ls) has a similar effect
as of the gap length.
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Figure 6: Parametric study results on the reflection coefficient (a) Effect of gap location, (b) effect of
the gap length (Lg), and (c) effect of the stub length (Ls)

4 Simulated and Measured Results
4.1 Scattering Parameters

The proposed 18-element m-MIMO antenna has been fabricated to validate simulation results.
The manufactured prototype is shown in Fig. 7. The measurement of the scattering parameter was
conducted inside an anechoic chamber. The simulated and measured results of scattering parameters
are shown in Figs. 8–10, in which reflection parameters results are shown in Fig. 8, while mutual
coupling coefficients are shown in Fig. 9 (Co-group elements), and Fig. 10 for (cross-group). Due to
the available symmetry between elements on both sides, and for the purposes of brevity, the reflection
parameters result of symmetrical elements are presented in one curve. A similar trend is conducted for
the mutual coupling coefficients results.
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Figure 7: Fabricated Antenna prototype (a) Top view, (b) Bottom view
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Figure 9: Worst coupling coefficients between co-group antennas pairs (a) Simulated (b) Measured
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Figure 10: Worst coupling coefficients between cross-group antennas pairs (a) Simulated (b) Measured

The simulated results of the proposed massive MIMO antenna are achieved using CST Microwave
Studio [32]. Fig. 8a shows the simulated reflection coefficient of each antenna element, while Fig. 8b
presents the corresponding measured ones. For the purpose of brevity, the reflection parameters of
antenna elements having symmetric locations are presented in single curves. It can be noticed from both
figures that both results are in good agreement. The general pattern of the curves has deep nulls around
3.5 GHz. The reflection coefficient levels of different elements are quite different from each other due
to the effect of elements’ location over the finite ground plane. It can be seen that the proposed antenna
array has 200 MHz impedance bandwidth based on the 6 dB return loss (RL) criterion, which is the
least acceptable level of RL for free space mobile phone antennas [5–10,30,31].

The simulated and the measured isolation parameters among antennas of the same group (co-
group elements) are shown on Figs. 9a and 9b, respectively. Figs. 10a and 10b show the results
among antenna elements of different groups (cross group elements). As the total number of isolation
parameters is huge (about 289), only the results having the highest level of mutual coupling are
presented in this paper to exhibit the worst case scenarios. Despite this, the mutual coupling levels are
lower than −10 dB. The highest level occurs among adjacent cross-group elements like (Ant 1 & Ant
3, Ant 3 & Ant 5. etc.). The mutual coupling levels among adjacent co-group elements are below than
−11 dB as the separation distance is larger than the case of adjacent cross-group elements. Overall,
the measured results validate the simulated ones. This proves that the proposed MIMO antenna meets
the mutual coupling criterion.

4.2 Total Radiation Efficiency

Figs. 11a and 11b show the simulated and measured results of the total radiation efficiency
of the proposed 18-element m-MIMO antenna. Both results are in good correlations despite small
discrepancies in some curves due to fabrication tolerances. It can be seen from both figures that the
total efficiency (in free space) of the proposed antenna ranges between 45% to 70% over the entire
frequency band of interest (3.4–3.6 GHz). Therefore, the proposed antenna has an acceptable total
efficiency for 5G operation.
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Figure 11: Total radiation antenna efficiency (a) simulated and (b) measured

4.3 Far-Field Radiation Patterns

In order to show the achieved pattern diversity among adjacent elements (Group 1 and Group 2),
the simulated 3D radiation patterns at the center frequency (3.5 GHz) are shown in Fig. 12. Only the
results of Antennas (Ant 1, Ant 2, Ant 3, Ant 4, Ant 5, Ant 6, Ant 7, Ant 8, Ant 9) are presented due to
the limited space in this paper. The results show that the pattern diversity is clearly achieved between
any two consecutive elements. As an example, Antenna 1 has complementary patterns of Antenna 2,
the same can be reflected to the rest of the array’s consecutive elements. This relationship gives a clear
answer for the good isolation levels that are achieved in the proposed array system. Also, it ensures
low levels of envelope correlation coefficient results as they will be explained in the next sub-section.

In order to validate the simulation results, the normalized far-field radiation patterns in principal
planes were measured inside an anechoic chamber as shown in Fig. 13. Fig. 14 shows the simulated
and measured results at 3.5 GHz of the co-polarized and the cross-polarized patterns of elements 5 in
the three principal planes. Both simulated and measured results are in good agreement.

4.4 MIMO Performance Parameters

The envelope correlation coefficient (ECC) and the ergodic channel capacity represent the most
important MIMO performance parameters. Therefore, this section evaluates them in free space.

The ECC represents a measure of how much received diversity signals, by two MIMO antenna
elements, are different. Thus, ECC needs to be as low as possible to ensure excellent diversity
performance. Practically, ECC values of below 0.5 are acceptable in recent 4G and 5G MIMO systems
[30,33]. Figs. 15a and 15b show the simulated and measured ECC in free space, respectively. The
calculation of both simulated and measured results is based on the 3D far-field radiation patterns,
more details are available in [33]. It is worth mentioning that only the results of ECC among adjacent
elements are presented, while the results of non-adjacent elements are very low so that they are not
presented. It can be seen that both results are in good agreement and are below 0.15 over the frequency
band of interest (3.4–3.6 GHz). Thus, the resulted diversity gain from the proposed massive MIMO
antenna array will be very high and very effective in severe multipath fading channels.
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Figure 12: 3D simulated far-field patterns at 3.5 GHz

Figure 13: Radiation patterns measurement inside Anechoic chamber
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Figure 14: 2D simulated far-field patterns at 3.5 GHz. (a) XY plane, (b) XZ plane, and (c) YZ plane
(Simulated Eθ in solid blue, Measured Eθ in dotted blue, Simulated E� in dashed red, and Measured
E� in dashed-dotted red)
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Figure 15: Envelope correlation coefficient at 3.5 GHz of (a) Simulated (b) Measured

The ergodic channel capacity (CC) is evaluated using (1) and its related equations in (2)–(4) in as
in the below [30]:

CC = E
{

log2

[
det

(
I + SNR

n
HHT

)]}
(1)

The channel matric H is evaluated using

H = √
∅rHi i d

√
∅t (2)

The received and transmit antenna ECC matrices are calculated as follows:

∅r = √
ηtot,rECCr

√
ηtot,r (3)

∅t = √
ηtot,tECCt

√
ηtot,t (4)
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where: E in (1) denotes the expectation relating to dissimilar channel realizations. I is an 18 × 18
identity matrix. SNR is the mean signal to noise ratio at the receiving-end array (proposed antenna
array). N is the number of antennas in transmitter side, which is equal to the number of receiving
antennas (N = 18). (.)T denotes the Hermitian conjugate transpose. During the channel capacity
calculation, the transmitting antennas were assumed to be ideal radiators (ηT = 0) and uncorrelated
(ECCt = 0). The H_(i,i,d) is an 18 × 18 matrix, in which its entries are independent identically
distributed complex Gaussian random variables.

The calculated ergodic channel capacity of the 18 × 18 MIMO antenna system, which is described
above, is calculated from the collected measured results by averaging 20,000 independent identically
distributed fading channel realization with SNR equals 20 dB [31]. As illustrated in Fig. 16, the
calculated measured peak channel capacity in free space is varied between 73.2 to 82.3 bps/Hz over the
whole LTE 42 frequency band. The resulting maximum channel capacity (82.3 bps/Hz) is about 79.5%
of the theoretical upper limit of 18 × 18 MIMO antenna system in free space. With respect to SISO, it
has 1431% of the upper limit of the channel capacity in SISO. Therefore, the proposed massive MIMO
antenna has an excellent multiplexing performance.
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Figure 16: Measured ergodic channel capacity

5 State-of-the-Art Comparison

This section aims to introduce and summarize the values of the proposed design in comparison
with other antenna solutions for Smartphone sub-6 GHz 5G massive MIMO antennas. Tab. 1 shows
that the proposed design has the highest MIMO order among all published works on massive MIMO
antennas; it has an order of 18 elements. Additionally, the proposed design does not consume ground
plane clearance between the metal rim and the system PCB board (ground clear 0 mm). This feature
simplifies the installation of other internal components (LCD display, battery, and cameras) of the
smartphone without scarifying antenna performance [33]. The proposed design has an acceptable free
space total radiation efficiency (greater than 45%), which is higher than half of the reported works in
this paper [5,11,12,13,19]. Furthermore, the design utilizes the available space for the array in a very
efficient way; this can be seen from the value of edge-to-edge spacing distance. The proposed design
has the highest MIMO order as it has a very small inter-elements’ edge spacing (about 3 mm) without
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utilizing decoupling circuits. Finally, the design has the highest channel capacity among others (about
82.3 bps/Hz).

Table 1: Comparison between the proposed design and previous research

Ref Bandwidth
(GHz), dB

MIMO
order

Ground
clear (mm)

Elements
edges spacing
(mm)

Channel
capacity
(bps/Hz)

Isolation
(dB)

Total
efficiency
(%)

[5] 3.3–3.6, −6 8 4.5 17 35 >15 >40
[10] 3.4–3.8, −6

5.1–5.9, −6
10 3 18 43.3 >11 >55

[11] 3.4–3.8, −6 10 3 20 47 >10 >42
[12] 3.4–3.6, −6 8 2 19.4 37.9 >10 >45
[13] 3.4–3.6, −6 16 3 20 70 >10 >30
[15] 2.5–2.6,

−10
8 4 13.6 40 >12 >48

[17] 3.4–3.6,
−10

8 0 11.2 35 >20 >60

[18] 3.4–3.6,
−10

8 0 20.8 34 >19 >60

[19] 3.4–3.6,
−10

8 0 15 35 >10 >40

[20] 3.4–3.6,
−10

4 1 1.2 18.3 >17 >50

[21] 3.4–3.6,
−10

4 1 1.2 19 >17 >55

[23] 3.4–3.6,
−10

8 3 17 40 >10 >56

[28] 3.4–3.8, −6
5.1–5.9, −6

10 3 30.2 51.4 >10 >42

[This Work] 3.4–3.6, −6 18 0 3 82.3 >10 >45

6 Conclusion

An 18-antennas m-MIMO array operating in the LTE42 band has been presented for a 5G metal-
rimmed smartphone. The proposed system has the highest MIMO order over the open literature. The
MIMO array utilizes zero ground plane clearance between the metal rim and the system PCB board.
One more added and selling feature of the proposed design, is a self-isolated MIMO antenna design
as both patterns diversity and orthogonal feeds are used. The proposed antenna-element structure is
made of a small footprint area (the longest dimension is λ/7) and a low profile (each element height
is λ/24.5). It is an open-end slot excited through a capacitive L-shaped strip. Additionally, the main
merit is that it’s a system that introduces the array with the largest number of antennas in m-MIMO
technology for the smartphone. The results show that the LTE42 band is covered under the −6 dB
criterion of impedance matching, isolation level better than 10 dB without using external decoupling



CMC, 2022, vol.73, no.2 3197

circuitry, and total efficiencies are about 45%–68%. furthermore, a good MIMO performance is proven
by the results of the channel capacity and ECC. Consequently, the results prove that the proposed array
system is a promising solution for large channel capacity 5G massive MIMO array in metallic frame
smartphones.
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