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Abstract

A new wideband multiple-input/multiple-output (MIMO) antenna system able to operate in a
frequency band ranging between 3.3 and 7.1 GHz is proposed for fifth-generation (5G) new
radio applications for future smartphones. The design structure contains four pairs of com-
pact microstrip-fed slot antennas, located at the corners of an FR-4 printed circuit board.
Each pair of antennas consists of a radiator with two concentric annular slots, fed by two
L-shaped microstrip-feeding lines and provides polarization and radiation pattern diversity
function due to the orthogonal placement of their feed-line. In order to reduce the mutual
coupling characteristic, we have inserted a rectangular slot under each microstrip feed-line.
Besides, we have coupled and linked the two rings by a small gap to combine and move
the resonant modes so as to achieve wideband coverage. The measured and simulated results
show that the proposed design achieves the desired performance, such as isolation >12 dB, a
total efficiency >48%, and an envelope correlation coefficient <0.07. In addition, the radiation
pattern, the total efficiency, the realized gain, and the channel capacity are also studied.
According to the reached results, the proposed MIMO antenna may be a suitable applica-
tion-oriented design for 5G mobile communication.

Introduction

The fifth-generation (5G) communication technology has created many challenges in recent
years for the design of mobile communication equipment, in particular the design of antennas
[1, 2]. These challenges are all the more topical as market demand continues to expand. The
need created by new applications in this field, imposes on operators a significant capacity in
terms of bandwidth in their networks, a higher transmission rate, and a shorter latency than
the current 4G system [3-8]. In order to provide multimedia services in particular, these
operators now offer multi-antenna systems with multiple frequency bands (multiple-input/
multiple-output (MIMO) antenna systems).

Recently, many MIMO 5G antenna systems have been proposed [9-23]. However, these
designs only work for narrow-band operations (either single-band [9-13], dual-band
[14-17], or triple-band [18, 19]). Very recently, the new radio containing the bands N77
(3.3-4.2 GHz), N78 (3.3-3.8 GHz), and N79 (4.4-5.0 GHz) and the new unlicensed radio con-
taining the LTE46 band (5.15-5.925 GHz) have been recognized as essential components of
the 5G spectrum below 6 GHz [24-28]. However, each country will have the option of select-
ing its band from the three above. For example, the European Union (EU) had selected the
N78 band; China had selected the N77 and N79 bands. It makes sense to work on a wide
band that allows covering the whole band of the 5G spectrum. Some researchers have started
working on this concept, such as Sim et al. [20] and Biswas et al. [21], however, they have not
taken into account the initiatives launched by the Federal Communications Commission
(FCC) to study the potential deployment of International Mobile Telecommunications
(IMT) in the 5.9-7.1 GHz frequency band, considering making this band available for
unlicensed operation. Cai et al. [22] and Ojaroudi et al. [23] worked on these antennas as
recommended by the FCC, they designed ring-slot MIMO ultra-wideband antennas dedicated
to future smartphones. Ojaroudi et al. [23] had designed an antenna of dimensions 34 x 34 x
1.6 mm® composed of a circular slot radiator with open ends of outer and inner radii r; and r,,
fed differently by a pair of symmetrical microstrips in the shape of a semi-arched arc in an
orthogonal line, the results of this topology gave good results in terms of radiation efficiency
and envelope correlation coefficient (ECC) over a frequency band 2.5-10.2 (—6 dB). However,
the proposed design has drawbacks in terms of insulation and antenna size. Cai et al. [22] have
designed an antenna in the band 3.3-7.1 (—6 dB) using a narrow rectangular slot engraved on
the ground and a space engraved on the side edge, could produce two modes, namely the
inverted F antenna (IFA) mode and the slot mode, at the same time. The metallic side edge
is directly powered by the microstrip feed line, so it could operate as a radiator (IFA section).
By using a meander impedance transformer and an adapter, both modes can be moved and
merged, thus allowing a wide bandwidth.
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Fig. 1. Dual-polarized wideband slot antenna geom-

etry: (a) transparent view, (b) back view, and (c) front
view.

Table 1. Dimensions of the proposed structure

Parameters Value (mm) Parameters Value (mm)
Ls=Ws 22 Ds 11.2
Hs 1.6 Ts 2
Li 8.05 Tp 0.8
Le 11.05 G 0.8
Wi 3.6 w 2
We 6.6 L 3.3
P =

7 o
(1= ot | ( =
-/ \

S — =

[ [

(a) (b) (c)

Fig. 2. Various configurations for the antenna design (a) with a two concentric annu-
lar slots, (b) without a rectangular slot, and (c) the proposed slot radiator.

The design of the proposed antenna is inspired by leaky wave
antennas [29]. Due to the orthogonal arrangement of the feed
lines, a function of polarization and diversity of the radiation pat-
tern is provided [30-35]. In order to reduce the mutual coupling
characteristic of the antenna ports, we have inserted a rectangular
slot under each microstrip feed line [24-28]. The reflection coef-
ficients of the proposed antenna array are less than (—6 dB) in the
3.3-7.1 GHz band, with isolation >12 dB, radiation performance
(radiation pattern, total efficiency, and realized gain) and
MIMO performance (ECC and channel capacity (CC)) are also
studied. The measured results of this study are compared with
previous study, in order to highlight the novelty of the proposed
antenna. CST microwave studio software is used to obtain the
simulated results. This paper is organized as follows: Section
‘Dual-polarized wideband slot antenna’ highlights the geometry
and design characteristics of a dual-polarized wideband slot
antenna. The simulation and measured results of the proposed
MIMO 5G antennas are presented in Section ‘Wideband
MIMO antenna design for 5G smartphone’. In Section
‘Conclusion’, the characteristics of the smartphone antenna in
proximity to the user are studied.
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Fig. 3. Simulated

S-parameter of Ant2a, Ant2b, and Ant2c.
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Fig. 4. Surface current distributions for the Antl at (a) 3.5 GHz, (b) 4.5 GHz, (c) 5.5 GHz, and (d) 6.5 GHz.

Dual-polarized wideband slot antenna

Figure 1 shows the geometry of the proposed antenna. A pair of
symmetrical L-shaped microstrip lines in orthogonal positions are
printed on the front side of an FR4 substrate of total dimensions
Ws x Ls (22 mm x 22 mm) and (height ks of 1.6 mm, er =4.4, and
tangential loss tan 6 = 0.025), for feeding the antenna structure set
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to achieve an input impedance of 50 Q. The antenna consists of a
main radiator and two concentric annular slots, and they are
etched on the back side of the substrate. Besides, we have coupled
and linked the two rings by a small gap to combine and move the
resonant modes so as to achieve wideband coverage. To reduce the
mutual coupling characteristic of the antenna ports, a rectangular
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Fig. 5. Simulated return loss of antenna for different values (a) Ds, (b) Tp, (c) g, and (d) Li.

slot of (Lx W) dimensions is inserted under each feed-line.
Table 1 provides the dimensions of the proposed structure. The
antenna is operating in the frequency range of 3.3-7.1 GHz.
The impedance matching band of the proposed antenna is gov-
erned by several parameters, such as the dimensions of the slots
and feed lines. All these parameters have been optimized to provide
an operating frequency band with a mutual coupling of <10 dB.

Figure 2 presents the iterations made to find the best com-
promise/solution for the design of the final antenna shape.
Simulated S-parameters of the antenna design with a two concen-
tric annular slots (Fig. 2(a)), without a rectangular slot (Fig. 2(b)),
and the presented design (Fig. 2(c)) are shown in Figs 3(a)-3(c),
respectively.

As illustrated, the resonance frequencies of the antenna with
two concentric annular slots are mainly fixed according to the
length of the slots used. The first resonant frequency (3.5 GHz
for the low band) depends mainly on the size of the outer slot
(diameter, width, etc.). The second resonant frequency (6.5 GHz
for the high band) is determined by the inner ring. Wideband
coverage has been obtained after inserting a small gap between
the two rings. Finally, by adding pairs of rectangular slot under
each feed line, the antenna provides a good match with improved

https://doi.org/10.1017/51759078721000659 Published online by Cambridge University Press

bandwidth and well-insulated characteristics at the desired fre-
quency band (3.3-7.1 GHz).

In order to better understand the wideband characteristic, sur-
face current densities of the Antl at 3.5, 4.5, 5.5, and 6.5 GHz are
shown in Fig. 4.

As shown in Fig. 4, the maximum surface current distributions
were mainly concentrated around the slots created in the ground
plane, because they are the main resonators of the design, which
provides the different resonances of the antenna. The first resonance
(at 3.5 GHz) is mainly determined by the circumference of the outer
slot of the ring while the second resonance (at 5.5 GHz) depends on
the inner ring. In addition, the current of the L-shaped microstrip
feed-lines is very active at different frequencies. The aperture
inserted between the two rings allows the improvement of the adap-
tation of the antenna and consequently the antenna becomes a wide
band antenna but with poor insulation. At this stage, we thought of
improving the insulation by using two notches under the feed.

The results of varying fundamental design parameters Ds, Tp,
g and Li are shown in Figs 5(a)-5(d).

Figure 5(a) shows the effects of diameter Ds of two rings on the
operating band under the following conditions: when the diameter
increases from 11.2 to 13.2 mm, the frequency band increases and
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Fig. 6. 3D transparent views of the radiation patterns at (a) 3.5 GHz, (b) 4.5 GHz, (c) 5.5 GHz, and (d) 6.5 GHz.

shifts toward the lower frequencies. However, for a diameter >13.2

mm the frequency band decreases. Figure 5(b) shows the variation
of the return loss as a function of Tp which represents the thickness
of the ring. Without a metal slot (which mean Tp = 0), the antenna
has two resonant frequencies with poor adaptation. When the
thickness increases from 0.2 to 1.0 mm with a step of 0.2 mm,
the antenna’s adaptation is improved and reaches its optimal values
for a value of Tp equal to 0.8 mm. Therefore, it is clear that the add-
ition of an adequate metallic ring leads to the creation of a wide
band antenna and improves the adaptation of this antenna along
the whole frequency range. Figure 5(c) shows the return loss char-
acteristics for different values of g (gap width) by increasing the gap
width, thus improving and increasing the bandwidth of the
antenna. The length of the feed lines also has a very important
effect on the adaptation and the width of the frequency band.
For certain values of Li the antenna deviates multi-band as
shown in Fig. 5(d). In this study, we have used the technique of
inserting slots at the ground plane which generally allows us to
miniaturize the size of the antennas: in fact it allows extending
the path of the surface of currents and thus to decrease the resonant
frequency of the antenna. It is even possible within a small area or
dimension. The slots thus made on the antenna structure will also
induce capacitive and inductive effects modifying the input imped-
ance of the antennas. Moreover, the use of a slot not only allows the
current paths to be extended but also the generation of new
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resonances. Afterward, the optimization of the dimensions and
locations of the slots, the desired results are achieved.

Figure 6 shows the radiation patterns of the antenna at reson-
ant frequencies (3.5, 4.5, 5.5, and 6.5 GHz). As shown, the radi-
ation patterns are omnidirectional. The maximum gain and
efficiency of the antenna in the operating bands are shown in
Fig. 7. More than 50% of the total efficiencies with maximum
gains of more than 2.8 dBi have been achieved over the frequency
band. In general, the antenna offers high efficiencies with suffi-
cient maximum gain levels, even if it has been implemented on
a high loss FR-4 dielectric.

From the simulation results obtained in Fig. 3(a) of the starting
structure of the antenna which is composed of two concentric
rings (Fig. 2(a)), we have found that the antenna has generated
two frequency bands. The first band is between 3.1 and 4.2
GHz and the second band is between 4.6 and 7.2 GHz.
According to these results, the antenna is not adapted in the fre-
quency range 4.2-4.6 GHz. By creating a gap between the two
slots, we have improved the adaptation of the antenna which
allows us to have a wide band antenna. However, it is necessary
to emphasize that the values of S-parameter in the frequency
range 4.2-4.6 GHz are very close to the limit value (—6 dB), as
presented in Fig. 3(c), and this is what explains the cause of hav-
ing the minimum values of gain and efficiency in this range (4.2-
4.6 GHz as shown in Fig. 7).
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Fig. 7. Maximum gain and efficiencies of the dual-polarized wideband slot antenna.

Fig. 8. Fabricated antenna: (a) front view and (b) back view.

To appreciate the validity of the attained results, a prototype of
the designed antenna is manufactured and measured. Photographs
of the fabricated prototype and its simulated and measured reflec-
tion coefficients for the criteria (—6 dB) are shown in Figs 8 and 9,
respectively.

The measured and simulated S-parameters of the design are
compared and illustrated in Fig. 8. A good agreement between
simulation and measurement results is achieved. It is seen from
Fig. 9 that the antenna covers the band 3.3-7.1 GHz.

Wideband MIMO antenna design for 5G smartphones
S parameters

Figure 10 depicts the front and back views of the wideband
MIMO antenna design. The design structure contains four pairs
of compact microstrip-fed slot antennas, located at the corners
of an FR-4 printed circuit board. The FR-4 substrate, with a
height of hs = 1.6 mm, is used as a low-cost material with standard
size dimensions of 150 x 75 mm? for the smartphone mainboard.
Each pair of antennas consists of a radiator with two concentric
annular slots, fed by two L-shaped microstrip-feeding lines and
provides polarization and radiation pattern diversity function
due to the orthogonal placement of their feed-line.

In order to compare the simulation results, we have manufac-
tured the wideband MIMO antenna. The top and bottom views of
the prototype are shown in Figs 11(a) and 11(b) respectively.

Its properties in terms of S parameters, radiation patterns, and
gain levels have been correctly measured. Figure 12(a) shows the
simulated/measured S-parameters (S;;-Sgs and S,;-Sg;) of
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Fig. 10. Wideband MIMO antenna design for 5G smartphone: (a) back view and (b)
front view.

diversity antenna radiators. It can be observed that at —6dB
each antenna element can completely cover the 3.3-7.1 GHz
bandwidth. In Fig. 12(b), the isolation of a few typical antenna
pairs is plotted. For the adjacent antennas (Antl and Ant2), the
results show that the isolation is >12 dB.

As soon as the separation distance between the antennas
increases, the isolation increases. For example, if we take the
case of Antl and Ant8, the isolation between them exceeds 18
dB. For other cases, the isolation exceeds 25dB. It should be
remembered that there is a good agreement between the simulated
and measured results.

Radiation performance

The total measured and simulated antenna efficiencies and rea-
lized antenna gains are illustrated in Fig. 13. Note that we have
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(a) (b)

Fig. 11. Fabricated wideband MIMO antenna design for 5G smartphone: (a) back view
and (b) front view.

selected the performances of Antl and Ant2; this is the most
critical case due to the short separation distance between them.
It can be seen in Fig. 13 that the measured total antenna efficiency
and antenna gain agree well with the simulation. In the whole
band 3.3-7.2 GHz, the total measured antenna efficiency is
above 50%; and the measured and simulated antenna gains are
in the range of 4.6-6.2 dBi. The above measured results confirm,
once again, that the proposed wideband 8-antenna MIMO system
has not only good isolation, but also good total antenna efficiency.

In addition, the two-dimensional radiation patterns of the
manufactured antenna were measured. Figure 14 shows the
measured/simulated radiation patterns of antennas 1 and 2
for the frequencies 3.5, 4.5, 5.5, and 6.5 GHz. In this design,
the xz plane is the H plane (®=0°) and the yz plane is the
E plane (®=90°) for the proposed antenna. In Fig. 15, it
can be seen that the antenna can give dumbbell-shaped
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Fig. 13. Simulated (a) realized gain, (b) total efficiency of the proposed antenna array
while holding a smartphone in one hand.

radiation characteristics in the E plane and almost unidirec-
tional patterns in the H plane. It has been found that the radi-
ation patterns of the wideband MIMO antenna deteriorate
more or less with increasing frequency. However, the radiation
properties are almost stable.

The three-dimensional (3D) radiation patterns of antennas 1
and 2 for the frequencies 3.5, 4.5, 5.5, and 6.5 GHz are plotted
in Fig. 16. Observing Fig. 16, it can be seen that each side of
the motherboard is covered with vertically and horizontally polar-
ized radiation patterns. Thus, the smartphone antenna has good
radiation coverage and the polarization diversity validates its
potential for future smartphone applications.

MIMO performance

In order to evaluate the MIMO performance of the antenna pro-
posed, ECC and Total Active Reflection Coefficient (TARC) are
two important parameters to be studied. The ECC and TARC
characteristics can be calculated from the complex measured
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Fig. 12. Measured and simulated S parameter results: (a) Sn, (S11-Sgs) and (b) Sy (S21-Ss1)-
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and simulated results [36-39] of each antenna element using the
below equations:

1S5 Smn & Sy Snn

ECC = = (D
(1 - |Smm|2 - |Smn|2) - (1 - |Snm|2 - |Srm|2)
2 2
ARG \/(smm S+ S Su) o

Figures 17(a) and 17(b) show the calculated TARC and ECC.
As illustrated in Fig. 17, the calculated TARC and ECC results are
very low over the entire bandwidth. The ECC is <0.07 over the
entire frequency band. This result proves that adjacent elements
are not relevant. Furthermore, its TARC function is <12. Based
on the results, the design is very suitable for MIMO applications.
The design of MIMO antennas also requires the evaluation of the
channel capacity loss (CCL). This parameter can be calculated as
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a function of S-parameters [36-39] using the below formulas:

CCL = —Log, det (*) (3)

Pg1 -+ Pgg

wR:(Pu P18> (4)

where
pi=1-— |Sii|2 - |Sij|2

pi =SS+ 858 for i,j=1,...8

The last parameter to be studied to evaluate MIMO performance
is the ergodic CC [38, 39] which can be calculated by the
following formulas:

SNR
cC= E(Log2 [det([ + —) HsmzeHsTmzeD ®)
Nr
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Fig. 17. Calculated MIMO performance of the antenna from measured and simulated S-parameters: (a) TARC and (b) ECC.
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Figure 18 depicts the loss of CC calculated from the measured and
¥ l simulated results of the proposed wideband MIMO antenna. The
maximum value of CCL in the band 3.3-7.1 GHz is around 0.28
bps/Hz, whereas the accepted limit value is 0.4 bps/Hz. However,
the calculated CC over the entire operating band is about 40 bps/
Hz, whereas in the ideal case it is about 46 bps/Hz [38, 39]. From
the calculated results of CCL and CC, it can be confirmed that the
proposed wideband MIMO antenna has provided largely suffi-
cient performance for mobile applications.

Performance comparison

In this section, we will highlight the novelty of the proposed design.

| Table 2 compares our design with the current MIMO 5G smart-

phone antennas. The antennas proposed in [9-13] can only cover

a single band of the 5th generation, with poor results in terms of

efficiency and isolation except for the antenna design [12] which

has a very acceptable isolation around 20. The antennas proposed

in [14-19] are practically better than the designs described above

i i as they allow to cover two bands and even three bands, however

they cannot cover the unlicensed bands (LTE46/IMT) required by

the FCC. For the same reasons, the studies [20, 21] despite the

fact that they could design a wideband antenna but are unsatisfac-

tory as they did not meet the five bands required for 5G. The studies

[22, 23] are practically much better placed than the previously men-

tioned antenna designs, as they could meet the FCC specifications.

The antenna presented in [22] covers practically the same band

studied in this paper but with a lower performance than the one

achieved by our design in all aspects and especially in terms of

gain, isolation, efficiency, and ECC. The antenna presented in

[23] has worked on a very wide band at 121%, however this concept

Fig. 18. Calculated MIMO performance of the antenna from measured and simulated ~ Presented a much larger size and lower performance compared to
S-parameters: (a) CCL and (b) CC. our antenna in terms of gain and isolation.
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Table 2. Comprehensive comparison between the proposed study and other studies
Dielectric Size of Efficiency, Isolation, P. Ch. capacity Gain
References Bandwidth, GHz constant Ant., mm? % dB ECC (bps/Hz) (dBi)
[9] 3.3-4.2 (-6 dB) 44 30x7.5 63.1-85.1 10.5 <0.08 NA NA
[10] 3.4-3.6 (—10dB) 4.4 21.5x3 62-76 17.5 <0.05 40.8 (8x8 NA
MIMO)
[11] 3.4-3.6 (—6dB) 4.4 25x7 35.2-64.7 12.7 <0.13 NA 3.79
[12] 3.4-3.6 (—6dB) 4.4 15x7 49 20 <0.04 NA 3.17
[13] 3.3-3.9 (-10dB) 44 2525 60-80 18 <0.005 35 (8 x 8 MIMO) 5
[14] 3.4-3.6; 4.8-5.1 4.4 13.9x7 40-85 115 <0.05 38 (8 x 8 MIMO) NA
(—6dB)
[15] 3.6-3.8; 5.15-5.925 4.3 15.7x13 54-74 12 <0.05 NA 2.24-
(-6 dB) 2.85
[16] 3.4-3.6; 5.725-5.875 NA 15x7 55-70 11 <0.15 37 (8 x8 MIMO) NA
(-10dB)
[17] 2.4-2.484; 5.15-5.875 4.4 25x7 44-84 15 <0.15 10.8 (2x2 NA
(-10dB) MIMO)
[18] 3.3-4.2; 4.4-5; 4.4 15%x3 40-71 11 <0.1 40 (8 x 8 MIMO) NA
5.15-5.925 (—6 dB)
[19] 3.4-3.8; 4.8-5; 5.15- 4.4 15%x3 43.73 10.5 <0.12 39 (10x 10 2.1-4.8
5.925 (—6 dB) MIMO)
[20] 3.25-5.93 (-6 dB) NA 13.9x7 41-69 10 <0.1 39 (8 x 8 MIMO) NA
[21] 3.3-5 (-6 dB) 4.4 10x5 NA 18.8 <0.018 NA 2-4.71
[22] 3.3-7.1 (-6 dB) 4.4 124x1.5 47-70 11 <0.09 39.8 (8x8 2-4
MIMO)
[23] 2.5-10.2 (—6 dB) 4.4 34 x34 60-80 10 <0.01 40 (8 x8 MIMO) 2.8-5.8
Proposed 3.3-7.1 (-6 dB) 4.4 22x22 48-89 12 <0.07 40 (8 x 8 MIMO) 4.6-6.2
0 0
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Fig. 19. Typical case of holding a smartphone in one hand.

Effects of users’ hand

The effect of the hand on the performance of the proposed
8-antenna MIMO system will be studied. Figure 19 illustrates a
typical case of a user holding a cell phone in one hand [40-42].
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Referring to [43], the electrical properties of the hand phantom
are modeled on the desired frequency band (from 2.8 to 6
GHz). These properties mainly depend on the frequency. The
real part of permittivity ranges between 18 and 30 whereas the
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Fig. 20. Simulated (a) return loss, (b) isolation of the proposed antenna array while holding a smartphone in one hand.

conductivity varies between 1 and 4.4 S/m. The return loss, isola-
tion, gain, and total efficiency of the antenna are discussed in this
section. The return loss and isolation of the proposed 8-antenna
MIMO system with a phantom hand are shown in Figs 20(a) and
20(b), respectively. It can be seen in Fig. 20(a) that the return
losses for all other antennas are well below —6 dB. And the results
in Fig. 20(b) show that with the exception of S;, which is above
15 dB in the whole frequency range, all other isolations are better
than 15 dB. The results of the above S parameters certainly indi-
cate that the proposed 8 x 8 antenna MIMO system works well
when held by the hand of the phantom. On the other hand, the
way in which the gain and the total efficiency of the antenna
are influenced by the ghost’s hand is also studied.

Figures 13(a) and 13(b) show the gain and the total efficiencies
of all the different antennas. Compared to the free space case, the
gain and the total efficiency of the antenna decrease for the hand-
held case. In particular, the antenna with the most phantom man-
ual coverage suffers a greater degradation of efficiency, as
expected. However, it can be seen from the above results that
when the proposed 8-antenna MIMO system is held by the phan-
tom hand, its overall performance is still acceptable.

Conclusion

A new 8-antenna wideband MIMO array has been proposed for
future 5G smartphones to cover the 3.3-7.1 GHz band. The
design structure contains four pairs of compact microstrip-fed
slot antennas, located at the corners of an FR-4 printed circuit
board. Each pair of antennas consists of a radiator with two con-
centric annular slots, fed by two L-shaped microstrip-feeding
lines and provides polarization and radiation pattern diversity
function due to the orthogonal placement of their feed-line. In
order to reduce the mutual coupling characteristic, we have
inserted a rectangular slot under each microstrip feed-line.
Besides, we have coupled and linked the two rings by a small
gap to combine and move the resonant modes so as to achieve
wideband coverage. Measured and simulated results show that
the proposed design achieves the desired performance, such as
an isolation >12 dB, a total efficiency >48%, and an ECC <0.07.
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In addition, the radiation pattern, the total efficiency, the realized
gain, and the CC are also studied. According to the obtained
results, the proposed MIMO antenna may be a suitable
application-oriented design for 5G mobile communication.
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