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ABSTRACT This paper presents a dual-band split-ring structure that provides end-fire radiation characteris-
tics for multi-input multi-output (MIMO) mm-wave 5G applications. The proposed single antenna element
consists of a main split-ring resonator (SRR) directly fed using a high impedance microstrip transmission
line. A lamda/4 transformer is employed to match the high impedance transmission line with a 50-ohm line.
Two symmetric parasitic SRRs are used as directing elements to give end-fire radiation properties for the
introduced antenna at the first resonant frequency. The parasitic SRRs are also utilized to produce the second
resonant frequency by establishing a capacitive link with the main SRR. The single element antenna radiates
at 24.5 and 28.5 GHz. A cross-shaped MIMO structure composed of four elements of the proposed antenna
is introduced to improve the isolation of the MIMO system due to its orthogonal polarization characteristics.
The proposed MIMO demonstrates acceptable values of gain and radiation efficiency, reaching 9.8 dB and
93%, respectively, at the first resonant frequency, and 8.7 dB and 95%, respectively, at the second band.
MIMO performance is also studied, and the proposed MIMO system provides a very low envelope correlation
coefficient of lower than 10~ over the two operating frequency bands. A diversity gain is also calculated,
itis around 10 dB over the two operating bands. The proposed high-isolation dual-band cross-shaped MIMO
array is a promising candidate for millimeter-wave 5G applications.

INDEX TERMS Diversity gain (DG), envelope correlation coefficient (ECC), fifth generation (5G),
millimeter-wave (MMW), multiple-input-multiple-output (MIMO), polarization diversity, split ring
resonator (SRR).

I. INTRODUCTION

In recent years, fifth-generation (5G) wireless communica-
tion systems have received increasing attention due to the
continuous expansion of wireless communication systems,
such as smartphones, tablets, and telemedicine. 5G wire-
less communication systems help increasing the channel
capacity, data rate, improving system efficiency. One of
the key technologies driving 5G communication systems is
multiple-input multiple-output (MIMO) technology. MIMO
wireless technology can highly improve data transmission
rates, reception probability, and link reliability of wireless
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systems by utilizing multi-path data transmission and recep-
tion through multiple antenna elements at the transmitting
and receiving sides [1], [2], [3], [4], [5], [6], [7], [8], [9].
Recently, various MIMO antenna arrays have been intro-
duced [10], [11], [12], [13], [14], [15]. In [10], a dual-band
MIMO array using a multi-slot decoupling technique for sub-
6GHz fifth generation mobile communication applications is
presented. It uses a multi-slot structure to improve the isola-
tion between the MIMO antenna elements, achieving 15.5dB
and 19dB isolations over the two resonant frequency bands.
Chang et al. proposed a polarization-orthogonal dual antenna
pair for 5G MIMO smartphones at sub-6 GHz band, using
metallic bezels [11]. The antenna pair offers an isolation
of over 20.1dB. In [12], a dual-polarized eight-port MIMO
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antenna array for 5G communication is introduced, consist-
ing of two different four-antenna of L-shaped and C-shaped
coupled-fed monopole slot to exhibit orthogonal polariza-
tion. The isolation between antennas is better than 12.5 dB.
An eight-port/four-resonator slot antenna MIMO array with
dual-polarized function for SG mobile terminals is proposed
in [13]. Square-ring slot radiators, fed by pairs of microstrip
feed lines, are used to radiate at a frequency of 3.6GHz; a
pair of open-ended circular-ring parasitic structures is fixed
through each square-ring slot radiator to enhance the iso-
lation between the adjunct microstrip feed lines, achieving
an isolation of more than 25 dB. Z. Ren et. al. presented
a self-decoupled compact antenna design for SG MIMO in
mobile terminals at a frequency of 3.5 GHz with isolation
better than 17 dB [14]. A two-port same-polarized rectan-
gular patch antenna, based on generating two out-of-phase
TM;jp modes, provides an isolation higher than 15 dB, as dis-
cussed in [15]. In [16], a metasurface structure is used for
enhancing the bandwidth, gain, and isolation of a triple-band
MIMO system with minimum isolation of 17, 18, and 32 dB
at the three resonant frequencies. Ameen et al. introduced a
split-ring resonator loaded self-decoupled dual-band MIMO
antenna with a minimum isolation of 15 dB for the two
frequency bands [17]. A wideband circularly-polarized high-
gain diversity antenna is proposed in [18]. It uses a metasur-
face reflector to get a maximum antenna gain of 7.02 dBic
and isolation better than 14.5 dB.

In addition, many other MIMO antenna arrays are used
to improve the isolation between antenna elements [19],
[20], [21], [22], [23], [24], [25]. However, this paper pro-
poses a novel design of dual-band end-fire cross-shaped
MIMO antenna array, using split-ring resonators for mm-
wave 5G applications, with a minimum isolation of 33 dB and
a very low envelope correlation coefficient, it reaches 10~#
over the two operating frequency bands. Section II demon-
strates the antenna structure and its geometrical parame-
ters. The results of the antenna, including the reflection and
transmission coefficients, the parametric study of the main
antenna parameters, as well as the radiation characteristics
of the proposed antenna design, are illustrated in Section III.
The MIMO system is tested and discussed in section IV,
with results revealed in Section V. Finally, the conclusion is
presented in Section VI.

Il. PROPOSED ANTENNA DESIGN

The configuration of the proposed dual-band end-fire antenna
is illustrated in Fig. 1. The antenna is comprised of three sep-
arate split-ring resonators (SRRs). The primary SRR, known
as SRRy, is fed directly through a high-impedance microstrip
line as a result of its high input impedance. To achieve
impedance matching between the 50 €2 transmission line
and the high-impedance microstrip line, a /4 transformer is
utilized. SRR is designed to radiate at the first resonance
frequency (f1). PSRR| and PSRR; are two parasitic split ring
resonators that work as directors to direct the main beam
in the end-fire direction of the antenna. The two symmetric
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FIGURE 1. Antenna structure (a) front view, (b) back view, and

(c) prototype of the fabricated antenna design, L; =5 mm, L, = 1.5 mm,
Ly =2.8 mm, Lp =2.38 mm, Lg = 2.6 mm, W; = 0.8 mm, W, = 0.43 mm,
W5 = 0.2 mm, W, = 3.05 mm, W5 = 0.6 mm, Wg =3 mm, W; =

0.35 mm, Wg = 0.3 mm, Wp = 1.9 mm, Wg = 2.1 mm S = 2.14 mm,

S; =1.3mm, and g = 0.7 mm.

PSRRs (PSRR; and PSRR3), which are responsible for the
end-fire radiation characteristics, are also utilized to generate
the second resonant frequency (f>) by exciting them using
capacitive coupling through the main SRR with the coupling
patch and stub A, as demonstrated in Fig. 1(a). Stub A is
loaded with a capacitive load to improve the matching at the
second resonance frequency. Moreover, the pair of parasitic
resonators use a self-complementary structure for adjusting
the antenna matching and obtaining a broad bandwidth at the
second resonance frequency. As illustrated in Fig. 1(b), the
self-complementary structure comprises of a top-layer patch
and a bottom-layer slot. In the case of operation at f>, the
main SRR1 is used as a reflector to obtain end-fire radiation
at the second frequency band. The antenna design is printed
on Rogers RT/Duroid RO5880 material, utilizing a substrate
with a thickness (h) of 0.508 mm, a dielectric constant (&)
of 2.2, a copper thickness (t) of 35 um, and a dielectric loss
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tangent (tand) of 0.0009. The individual unit of the antenna
possesses a compact form factor with dimensions of 10 mm x
18 mm x 0.508 mm, resulting in a low profile. The caption
of Fig. 1 illustrates the fine-tuned geometric dimensions of
the single element of the proposed antenna, while Fig. 1(c)
showcases the physical prototype of the fabricated antenna.

IIl. ANTENNA RESULTS

A. ANTENNA REFLECTION COEFFICIENT

Starting with the single-element antenna, the fundamental
properties of the proposed dual-band antenna with various
design parameters have been studied, and the simulation,
as well as the measurement results, are presented. SRR is
designed to radiate at 24.5 GHz band (f;). While the two
parasitic PSRRs (PSRR; and PSRRj), are designed to pro-
vide a wide bandwidth at 28.5 GHz frequency band (f2). The
coupling patch, in addition to stub A, is used to excite PSRRs
by a capacitive coupling between SRR | and PSRRs. Employ-
ing the complementary structure, in addition to adjusting
the distance between the two parasitic SRRs, a wide band
operation can be obtained. Fig. 2 displays the simulated and
measured results of the reflection coefficient for the proposed
single-element antenna. The proposed antenna covers dual-
band operation, from 23.7 to 25.55 GHz and from 27.8 to
31.8 GHz, with an impedance bandwidth of 7.5%, and 11%,
respectively. There is a slight discrepancy between the numer-
ical and the measured results, which could be caused by
the fabrication tolerance and fixing the mm wave connector.
The measurement of the reflection coefficient was conducted
using a vector network analyzer manufactured by Rohde &
Schwarz (VNA) ZVA67.
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FIGURE 2. Numerical and experimental findings of reflection coefficient
for the proposed antenna.

Figs. 3(a)-(c) illustrate the effects of changing different
parameters of the proposed antenna configuration, such as
the separation distance (S) between SRR and the two sym-
metric PSRRs shown in Fig. 3(a), as well as the separa-
tion distance (S1) between the two PSRRs and the length
of the coupling patch (L;) located inside SRR, as shown
in Figs. 3(b) and 3(c), respectively. The matching at the
higher frequency band can be optimized using the proper
dimensions of (S, Si, and L,). To further demonstrate the
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FIGURE 3. Parametric study of antenna main parameters (a) Sq; at
various values of S, (b) S, at various values of S, and (c) S;; at various
values of L,.

operational concept of the suggested antenna design, the
surface current distribution of the proposed antenna at the
two resonant frequencies is presented in Fig. 4. It is clear
from Fig. 4 that SRR is responsible for the first frequency
band, where the current is concentrated on it. On the other
hand, the combination of PSRR; and PSRR;, with the help
of the complementary structure, is used to achieve wideband
operation at the second operating frequency band.

(@) (b)

FIGURE 4. Surface current distribution at (a) 24.5 GHz and (b) 28.5 GHz.

B. RADIATION CHARACTERISTICS

OF THE PROPOSED ANTENNA

The proposed antenna exhibits end-fire radiation characteris-
tics at the first band where the PSRRs are used as directors.
At the second band, the main SRR is utilized as a reflector to
achieve end-fire radiation when PSRRs radiate at the second
frequency band. At the first resonant frequency, Fig. 5 dis-
plays the shapes of the radiation patterns observed in the three
orthogonal planes (i.e., XY-plane at 6 = 90°, XZ-plane at
¢ =0°,and YZ-plane at ¢ = 90°) through 3D and normalized
2D polar plots. Fig. 6 likewise exhibits the 3D and normalized
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FIGURE 5. 3D and normalized 2D polar plots of the radiation patterns for
a single element at f; (a) 3D radiation pattern (b) 2D at 6 = 90°, (c) 2D at
¢ =0°, (d) 2D at ¢ = 90°.

2D radiation patterns of the suggested antenna at the second
resonant frequency. The radiation patterns shown in both
Figs. 5 and 6 clearly reveal that the antenna is capable of
end-fire radiation properties at the two bands of operation.
The gains of the antenna are measured at 7.9 and 7.5 dB with
radiation efficiencies of 92% and 95% at 24.5 and 28.5 GHz,
respectively. Ansys HFSS as well as measured results of
2D polar plot for radiation patterns are presented.
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FIGURE 6. 3D and normalized 2D polar plots of the radiation patterns for

single element at f, (a) 3D radiation pattern (b) 2D at 6 = 90°, (c) 2D at
¢ = 0°, (d) 2D at ¢ = 90°.
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FIGURE 7. Geometry of the MIMO system (a) planar MIMO structure, and
(b) proposed cross-shaped MIMO structure.

IV. MIMO SYSTEM

Firstly, we studied a planar MIMO array consisting of
four antenna elements placed on the same axis, as shown
in Fig. 7(a). The goal was to obtain radiation from each
antenna element in the same direction, taking advantage of
the end-fire radiation characteristics. However, the results
showed that the isolation between the antennas was insuffi-
cient for MIMO applications, with values of around —23 dB
and —22 dB at 24.5 GHz and 28.5 GHz, respectively. There-
fore, to improve the isolation between the antennas MIMO
system, a cross-shaped configuration revealed in Fig. 7(b)
is used and implemented to provide polarization diversity,
which in turn increases the isolation between antenna ele-
ments by getting two orthogonal linearly polarized modes.
Moreover, the proposed cross-shaped structure reduces the
coupling between antennas by employing the ground plane
for each element to act as a barrier. For example, as shown
in Fig. 7(b), antenna 1 has a maximum coupling with
antenna 3 because they have the same polarization. However,
after putting antenna 2 and antenna 4 in the path between
antenna | and antenna 3, the ground plane for two antennas
(antenna 2 and antenna 4) acts as a barrier to reduce the
mutual coupling between antenna 1 and antenna 3. Whereas
antenna 1 and antenna 2 have lower coupling due to their
different polarization. Similarly, antenna 3 and antenna 4
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have less mutual coupling because of their orthogonal polar-
ization. In addition, this structure preserves the end-fire
radiation characteristics, allowing all elements to radiate in
the longitudinal direction simultaneously. Also, all MIMO
elements’ ground planes are connected to get shared one
common ground plane for all antennas of the MIMO system
using copper-clad tape as shown in the fabricated prototype
in Fig. 7. K connector, which supports the operation up
to 40 GHz, is used in the MIMO system to facilitate the
combining of the four elements structure.

Different parameters are used to evaluate MIMO system
performance. Envelope correlation coefficient (ECC) and
diversity gain (DG) are the most common parameters to
estimate the isolation between the MIMO array elements.
ECC measures the separation of the radiation patterns of
the antenna array elements of MIMO systems. ECC is esti-
mated employing uniform wave using field-based method
depending on antennas radiation characteristics, which pro-
vides the most accurate results, as displayed by (1) [26].
Where F is the radiated field vector of the “‘mth” and “nth”
antenna array element. “m” and “n” represent the port
numbers. While DG defines the independence of the ele-
ments for the MIMO system and can be calculated from (2).
For totally uncorrelated antenna elements, which means
they have a zero value of ECC, the ideal diversity gain
is 10dB.

_ U [[Fu(©.¢)-F 6. 9)1d2I "
[N 1Fw @. )2 a2 [[F (0. ¢)1* d2

DG = 10,/1 — |[ECC|? )

V. RESULTS OF MIMO SYSTEM

The mutual coupling between planar four-element MIMO
array for the proposed antenna is calculated, as demonstrated
in Fig. 8. The planar MIMO array gives lower isolation at
the two operating bands, with —23 and —22 dB at 24.5
and 28.5 GHz, respectively. To verify the effectiveness of
using the cross-shaped structure to increase the isolation
between MIMO array elements, the S-parameters of the
cross-shaped structure are calculated, as illustrated in Fig. 9.
Due to the symmetry of the cross-shaped MIMO system,
we measured only the S11 for one port (Port 1), and the power
is sent from port 1, while the mutual coupling is measured at
the other three ports (Port 2, Port 3, and Port 4). The minimum
measured values of the isolation are —35, —33 dB at the lower
and higher frequency bands, respectively. The measured iso-
lation values reach up to in average —50 dB at the two res-
onant frequencies. Thus, the cross-shaped structure provides
about an 11 dB improvement in isolation between the MIMO
array elements. This enhancement can also be achieved by
a planar MIMO structure, but it requires a high isolation
distance between antennas, which can reach up to 60 mm. The
reflection coefficient results of the cross-shaped MIMO are
also shown in Fig. 9(a); the proposed MIMO system shows
good matching results at the two bands.
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FIGURE 8. Simulated S-parameters of the planar MOMO system (a) port 1
excitation, (b) port 2 excitation, (c) port 3 excitation, and (d) port 4
excitation.
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FIGURE 9. Measured and simulated results of the reflection coefficients
as well as isolations of the proposed cross-shaped MIMO system

(a) reflection coefficient, (b) simulated results of the isolation, and

(c) measured results of the isolation.

2D and 3D normalized radiation patterns of the
cross-shaped MIMO array at the two operating frequencies
are displayed in Figs. 10 and 11. The array gain and radiation
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TABLE 1. Comparison of the proposed mimo system with recently published mimo systems.

Frequency . Radiation Minimal isolation
Ref. Antenna type No. of ports (GHz) Antenna gain efficiency (%) (dB)
Metasurface- 2.43,3.46,and 5.49,4.57,and 32.2, 51, and

(16l based antenna 2 5.52 0.8 68.9 17,18, and 32
[17] f’g’sl:n;‘tif 2 3.54,and 6.33  3.25,and3.4  75.1, and 74.2 15

Monopole
[18] rff;i‘;‘s’;jfvav;h 2 2.6 7.02 82.3 14.5

reflector

[27] DRA 2 29.5-31 7 - 30
[28] DRA 4 5.15-5.35 49,and 7.2 89, and 81 22

Protrudent-
[29] shaped 2 2.87-17 <6 - 21
[19] Loop 10 3.5 42-59 >65 10
This ri‘;:)‘;;gfs 4 245and285  7.9,and 7.5 92, and 95 35, and 33

ey i —a—Simulated Co-pol [uec a7 | oantorn —=—Simulated Co-pol

Theta (deg) 0 — —Simulated X-pol heta (deg) 0l — — Simulated X pol
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(©)

FIGURE 10. 3D and normalized 2D polar plots of the radiation patterns
for MIMO system at f; (a) 3D radiation pattern (b) 2D at ¢ = 90°, (c) 2D at
¢ =0°,(d) 2D at ¢ = 90°.

efficiency at 24.5 GHz are 9.8dB and 93%, respectively.
While at 28.5 GHz, they are 8.7dB and 95%, respectively.
ECC and diversity gain are calculated for two antennas with
the same polarization (Antenna 1 and Antenna 3) as well as
for two antennas with orthogonal polarization (Antenna 1 and
Antenna 2). Fig. 12 illustrates the measured and simulated
results of the array gain and the radiation efficiency versus
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FIGURE 11. 3D and normalized 2D polar plots of the radiation patterns
for MIMO system at f2 (a) 3D radiation pattern (b) 2D at 6 = 90°, (c) 2D at
¢ = 0°, (d) 2D at ¢ = 90°.

the operating frequencies. The array gives measured gains
and radiation efficiencies of 9.7 dB, 8.59 dB and 92.3%,
94% at the two radiating frequencies, respectively. Fig. 13
shows ECC and DG performance. ECC values are less
than 0.0001 over the two operating bands of the proposed
cross-shaped MIMO antenna, which is much lower than the
accepted value of 0.5. The DG is approximately 10 over
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FIGURE 13. Envelope correlation coefficient in addition to diversity gain
results for the proposed cross-shaped MIMO system.
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FIGURE 14. Chanel capacity loss and multiplexing efficiency of the
proposed MIMO system versus the operating frequency.

the two operating bands. Furthermore, the presence of a
correlation factor in MIMO antennas leads to an increase in
channel capacity loss (CCL) and a decrease in multiplexing
efficiency. To ensure that CCL and multiplexing efficiency
remain within permissible values, they are estimated using
ANSYS HFSS, as shown in Fig 14. A comparison with the
state-of-the-art MIMO systems is summarized in Table 1.
The proposed cross-shaped MIMO system has high isolation.
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Furthermore, it has high gain and radiation efficiency at both
frequency bands.

VI. CONCLUSION

A cross-shaped MIMO system was proposed for millimeter-
wave 5G applications, which uses a dual-band antenna with
a split ring resonator as a single element. This antenna pro-
vides end-fire radiation characteristics that are compatible
with the MIMO system configuration. The MIMO system
operates at 24.5 and 28.5 GHz bands, with an average gain
of 9dB and a radiation efficiency reaches 95%. The MIMO
performance was studied, revealing a very low envelope cor-
relation of less than 10~ and diversity gain around 10 dB
over the two operating bands. Therefore, a high-isolation
dual-band cross-shaped MIMO array is proposed for mm-
wave 5G applications. The proposed design can be used with
various devices operating at the 24 GHz and 28 GHz bands,
including handheld devices that require higher data rates,
where spatial multiplexing can improve the signal quality of
these devices.
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