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ABSTRACT: This article introduces a quad-port Multiple Input Multiple Output (MIMO) staircase U-shaped wideband antenna for a
5G New Radio (NR) wireless. The miniaturization of the configuration is achieved with a staircase U-shaped radiating element, and
an I-shaped stub etched with rectangular strips between radiating elements provides enhanced isolation. The measured bandwidth of
4.5 GHz is obtained with an isolation, radiation efficiency, and gain above 17 dB, 80%, and 6.5 dB respectively. Certain parameters,
such as envelope correlation coefficient (ECC), diversity gain (DG), mean effective gain (MEG), channel capacity loss (CCL), and total
active reflection coefficient (TARC), are also evaluated to ensure that the designed MIMO system adheres to its requirements. Hence,

the suggested antenna suits the 5G New Radio applications.

1. INTRODUCTION

n today’s wireless networks, Multiple Input Multiple Output

(MIMO) antennas are essential for increasing data throughput
and resolving signal problems. MIMO systems enable more ef-
fective data transmission, improve signal quality, and suppress
interference and multipath fading. It also contributes to the pro-
gression of the efficiency and dependability of today’s wireless
communication networks. Further array configurations with
MIMO technology increase channel capacity without requir-
ing more bandwidth. Systems that demand low latency, high
performance, or increased capacity can all benefit from the 5G
network’s improved service quality. The current scenario re-
quirement is to develop a miniature MIMO antenna that can
support several bands to enable the independent use of SG NR
bands in indoor networks, ensuring smooth transitions. Main-
taining isolation between nearby deployed radiators is a signif-
icant difficulty for antenna designers since it adversely affects
the MIMO’s performance metric.

Improvements in the isolation between closely spaced an-
tenna radiators have been reported using various methods [1—
20]. In [1], with a dual-band capability antenna, the two-port
MIMO antenna with asymmetrical T-shaped monopole and in-
verted E-shaped radiators meets the bandwidth requirements
of the sub-6 GHz. In [2], it is stated that a linear array con-
struction with two basic patch antennas demonstrated superior
isolation and impedance matching without the need for tradi-
tional matching networks. In [3], at both lower and higher
frequency bands, isolation is improved by an I-shaped decou-
pling structure between the radiating parts, exceeding 15 and
17 dB, respectively. In [4], the parasitic structures between
the radiators efficiently minimized mutual coupling, increas-
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ing the isolation by 45dB. In [5], a 4-element crescent ring-
type slot and fractal geometry are utilized to create a notched
band and an impedance matching at 4.6 GHz with a profile di-
mension of 60 x 60 x 1.6 mm?. In [6], a patch and a ground
slot were combined to create a better antenna design [7], re-
sulting in enhanced isolation. But the CCL is relatively high
in 3.0-5.7 GHz and 7.0-8.3 GHz band due to insufficient ra-
diation efficiency. The operational range was increased using
the complimentary split ring resonator (CSRR) approaches, and
undesirable bands (3.5 and 5.5 GHz) were eliminated by us-
ing elliptical CSRR approach [8]. In [9], the operational band
and the coupling between components have been increased by
more than 22 dB by employing a substrate with a slotted edge.
In [10], more than 23 dB of isolation was found for a tiny
proximity-type microstrip antenna in isotropic radiation wire-
less applications. Moreover, antennas were positioned on both
levels using the Kraus technique to increase bandwidth [11].
A staircase-shaped modified ground structure and an arc on
the radiator followed the orthogonally positioned quad-element
MIMO antenna, which showed the isolation of S15 < —22dB
and S35 < —23dB [12]. A back-to-back slot with a twin port
for WLAN of 2.4/5 GHz was utilized to implement the me-
ander line design, which operates in dual bands for wireless
LAN. A pair of slits was utilized to increase isolation and de-
liver the necessary value up to 17dB [13]. In [14], using par-
asitic resonators and stub placement, a semi-elliptical structure
was used to construct a four-element ultra-wideband (UWB)
antenna isolated more than 20 dB. Additionally, different tech-
niques including an electromagnetic bandgap (EBG), neutral-
ization line (NL), and defective ground structure (DGS), are
often employed. However, the maximum isolation is mostly at-
tained in an EBG because of the increased capacitance, which
leads to high efficiency and diversity gain [15]. In [16], the
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FIGURE 1. (a) Front view, (b) back view, (c) layout of the suggested MIMO antenna, (d) modified I-shaped structure dimension. (unit: mm, L = 52,
W =31, W, =10,L, = 12, Wy = 18, Ly =9, Lg1o = 212, Ly = Ly3 = Lgo = 7, Wp1 = 4, Lp1 = 5, Wps = Lgs = Lgi10 = 6,
Lpz =2, Lp3 = Wpa = Wpr = Lgg = Lpa = 1, Wps = Wye = 2, Lg1 = 38, Wy1 =3, h = 1.6, Wp2 =8, Lga = Lgg = 5.5, Lgs = 10,

Ly = Wys = 4.5, Ly11 = 0.5, Wys = W3 = 0.3).

suggested hybrid strategy produced an adequate isolation value
of 25dB. In [17], high isolation was attained using the NL ap-
proach, which has a bandwidth variation of 3.52—10.08 and
23 dB of isolation [18].

However, the above structure has minimal isolation, poor
coupling, and covers only partial sub-6 GHz 5G band. The cou-
pling can be improved further by introducing metamaterial and
CSRR structures and the isolation can be improved by using nu-
merous tuning elements and the involvement of improved feed-
line which improves efficiency. Further, some array structures
have very narrow bandwidth coverage of 5.35% at 5.5 GHz.
Additionally, the gain is a major concern which can be im-
proved by using low loss material and diverse gain enhance-
ment techniques [14-28].

In this manuscript, we design and construct a quad-port
MIMO antenna with a modified ground plane. A captivating
feature of this structure is its miniaturization and high isola-
tion. The staircase U-shape radiating element and an I-shape
stub etched with rectangular strips between radiating elements
provide enhanced isolation. It limits the amount of current flow
from one element to another one to limit surface current. This
configuration covers the requisite bandwidth of 5G NR. Fig. 1.
shows the structure of the designed MIMO antenna.

2. ANTENNA CONFIGURATION AND ANALYSIS

2.1. Single Port Antenna

In this section, a single radiating element with an overall di-
mension of 26 x 14 x 1.6 mm? printed on an FR4 substrate is

presented. The development of a single-element antenna with
a modified ground plane, an L-shaped slot, and a U-type radi-
ating patch is explained. The development of single-port an-
tenna stages is illustrated in Fig. 2. Antenna 1 originates with
a basic rectangular patch radiator consisting of partial ground,
illustrated in Fig. 2. In antenna 2, the radiator is modified by
etching uniform steps on the lower side, due to which the band
occurs at a lower frequency of around 4.5 GHz. In antenna 3,
the radiator is designed with a partial ground and a U-type slot
on the upper side. It provides 4.7 to 9.46 GHz as its frequency
range. Further, the radiator center has an L-shaped slit etched
in it, and Fig. 2 shows a semi-circular slot in the partial ground.
With these transformations, the recommended MIMO achieves
the 5G band from 3.73 to 9.46 GHz at a 5.6 GHz resonant fre-
quency.

2.2. Mathematical Modelling
According to [30, 31], the slot dimensions are given by Equa-

tion (1)
1 [ 2
= 1
W 2><fr><\/ﬁ><eo>< € +1 (1)

The substrate’s constant is considered from Equation (2) as,

=1

er+1 -1 Hgl 2
€reffp = T2 + r2 X|:1—|—12XWS:| (2)
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FIGURE 2. Effect of S11 due to development steps of single-element antenna.
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FIGURE 3. Evolution of isolation structure (a) without I-shaped (b) with I-shaped and corner slit (¢) modified I-shaped.

Accordingly, Equation (3) calculates the antenna’s length L.

(€ressp +0.3) (F5 +0.264)

AL 412 x 3)
H w
s (ressp +0258) (4 +03)
C
L= —S  _9AL )
2f’l‘\/E7‘eff

where f, is the resonant frequency, €,. s, the substrate effec-
tive constant, ¢, the substrate material constant, AL the ex-
tended length, W the slot width, Hg the substrate height, ¢
free space permittivity, and c the speed of light (3 x 108 m/sec).

2.3. Quad Port MIMO Antenna

A single-port antenna may be transformed into a quad-port
MIMO antenna with an expanded substrate and connected
ground, as illustrated in Fig. 1. The size of the suggested MIMO
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antenna is 52 x 31 x 1.6 mm3. The feeding mechanism com-
prises a 50 Q2 microstrip-line feed in each radiator with a di-
mension of Ly and W;. Here, a symmetric feed line creates
four closely spaced, face-to-face, U-shaped rectangular radia-
tors with a partial ground to increase the gain and bandwidth.

2.4. Evolution of Isolation Structure

This section analyses the performance of three distinct ground
structures, as shown in Fig. 3. Fig. 3(c) shows how to achieve
high isolation by placing an enhanced I-type stub between ra-
diating components on the ground plane. The mutual coupling
is achieved by introducing an I-shaped isolation structure and
four rectangular strips on the ground plane between antenna
elements to enhance the isolation. An I-shaped stub impedes
the current flow between the adjoining elements of the antenna.
The implementation of this efficient structure produces the iso-
lation (S12 < —15dB, S13 < —20dB, S14 < —15dB) among
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FIGURE 4. Effect of S-parameters due to isolation structures.
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FIGURE 6. The photograph of fabricated suggested MIMO antenna. (a) Top view. (b) Bottom view, and (c) Measurement environment.

the antenna elements across the frequency band, as illustrated
in Fig. 4.

The current circulation on the patch surface at 3.4 and
5.2 GHz is illustrated in Fig. 5. As per observation, the sur-
face current occurs across the feeding line, and a small amount
of current exists on the radiating patch and ground at a 3.4 GHz
resonant frequency. A high surface current density occurs at
5.2 GHz because of the U-shaped slot etched on the radiating
patch. When Port 1 is excited, and the other ports are matched
with 50 €, no portion of the current is reached on the other ele-
ments. Hence, it shows that all the ports are isolated from each
other.

3. EXPERIMENTAL ANALYSIS OF MIMO ANTENNA

The quad-port MIMO antenna’s fabricated prototype is illus-
trated in Fig. 6. The measured and simulated S-parameters are
illustrated in Fig. 7. The suggested MIMO antenna operates in
the 5G NR bands range of 3.06 GHz to 7.56 GHz, with a band-
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width of 4.5 GHz, and the percentage of impedance bandwidth
is 84.75%. The achieved isolation is above 17 dB in the op-
erational band. The results obtained from the simulation and
measurement coincide well. The measured value exhibits slight
deviation, which is attributed to the cabling effect and SMA
connector. The radiation efficiency and gain of the suggested
antenna vary from 2 to 7dBi and 90% to 95%, respectively,
in the operational band, as illustrated in Fig. 8. The radiation
patterns in the H-plane and E-plane at 3.4 and 5.2 GHz, as il-
lustrated in Fig. 9, are observed to be directional. The H-plane
patterns show a 180° phase dissimilarity. The omnidirectional
and directional patterns are achieved at 3.4 and 5.2 GHz, re-
spectively.

Table 1 provides a comparison between the proposed work
and previous literature. The analysis shows that the fabricated
prototype has compact dimensions with wide bandwidth cov-
erage, sufficient isolation, and an excellent correlation coeffi-
cient useful for NR bands like n77, n78, and n79 as well as for
WLAN bands (Wi-Fi-5 and Wi-Fi-6) applications.
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TABLE 1. Comparison of the proposed work with other previously reported MIMO antennas.

Ref. Antenna Electrical Size | No. of Antenna elements | Bandwidth (GHz) | Isolation (dB) Gain ECC
[14] 0.679)4 x 0.730)g 4 3.1-10.6 20 4 < 0.2
[15] 0.617Xg x 0.617\g 4 3.2-5.75 —22 9 < 0.05
[18] 1.164\4 x 0.896 )\, 4 5.15-5.85 20 2.8 NG
3.4-3.6, 17.5, <0.14
[21] 2.85\, x 1.39), 4 NG
4.8-5.0 20 < 0.12
[22] 1.65Mg X 3.76)4 4 5.6-5.67 > 30 NG < 0.005
[23] 1.64)\g x 0.82)4 4 2.7-3.6 > 13 >3 < 0.009
[24] 2.87Ag x 1.44), 8 3.3-7.1 > 12 4.6-6.2 < 0.07
[25] 2.96), x 1.48)\, 8 33-39 > 18 3 < 0.001
3.6-3.8,
[26] 3.04), x 1.62), 8 > 15 >3 <0.2
5.15-5.92
[27] 1.08A4 X 1.08)\g 4 3.26-5.18 < -15 25&4.5 < 0.005
[28] 1.18\4 % 0.59)4 8 5.15-5.92 < —-10 12.6 < 0.005
[29] 1.94X X 0.97)y 4 34-38 > 20 5.21 0.005
Proposed 0.97A; X 0.58, 4 3.06-7.56 > 17 7 < 0.0015
As, Ay is guided wavelength.
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FIGURE 7. Measured and simulated S-parameters of the suggested
MIMO antenna.

4. DIVERSITY PERFORMANCE OF MIMO ANTENNA

The various diversity parameters of the MIMO antenna are
analyzed through total active reflection coefficient (TARC),
diversity gain (DG), channel capacity loss (CCL), mean
effective gain (MEG), and envelope correlation coefficient
(ECC) [5,32].

To understand the behaviour of MIMO antenna, it is al-
ways essential to first verify individual antenna element per-
formance for the parameter like correlation coefficient and di-
versity gain, determined from S-parameter. For higher antenna
efficiency, the appropriate correlation is obtained with the help
of S-parameters as shown in Fig. 10. The value of ECC in
the operational bands is less than 0.05. Further, in wireless
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Frequency (GHz)

FIGURE 8. Measured and simulated efficiencies and gains of the sug-
gested MIMO antenna.

antenna communication, signal travels through multiple paths
and results in the dissipation during power transmission through
MIMO element without compromising loss of performance and
thus, evaluated by diversity gain. The calculated DG from ECC
are shown in Fig. 10, and Equations (5) and (6) show the ex-
pressions for ECC and DG.

TARC defines the radiation band of quad element MIMO an-
tenna and is calculated through Equations (7) and (8) defined
using S-parameters as in [29] and is always < 10 dB. The result
shows the shifting of frequency due to the imperfection in mea-
sured and simulated results caused by fabrication errors. The
input signal to the port one is linear, and others are excited by
deviation in phase angle. The channel capacity loss (CCL) esti-
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FIGURE 10. Measured and simulated ECCs and DGs of the suggested
MIMO antenna.

mated in fading environment by considering appropriate signal
to noise power and calculated by admittance from port 1 to port
4 is well defined as [28, 29], and it is determined through Equa-
tions (9) to (15). For the simplicity, the analysis of port 1 and
2 is taken here. Figs. 10 and 11 illustrate the MIMO’s diversity
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FIGURE 11. Measured and simulated TARCs and CCLs of the suggested
MIMO antenna.

measurement metrics performance. The environmental effects
have impact on the overall gain of antenna. MEG is the ratio of
average power accepted to the power incident, has considerable
rage of < —3dB, and is shown in Fig. 12.

ECCpxn =

(1 — (IS11)* + 1821 + 131 ]” + [Sa1[*)) (X — (S12]? + |S22|* + |S32 [+ [Sa2/))

©)
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FIGURE 12. Measured and simulated MEGs of the suggested MIMO
antenna.

DGpxn = 104/1 - ECC2, ., (©6)
2 2
TARC pxn = \/ (S Sn) s Gntonn)” 7
2 2
TARCyy = \/ Gnton) ;(841““4) ®)
Closs = — log, det(Y'?) 9)
Y; Y;
YR _ 11 12 :| 10
s, () = | 31 e (10
Y =1- \511|2 - \«912|2 (11)
Yoo =1- \522|2 - \«921|2 (12)
Yip = —[S71512 — 951 512] (13)
Yo1r = —[935521 — S75521] (14)

As the expected value of ECC is below 0.5, in the proposed
structure the obtained value of ECC is below 0.05 which is
quite good. DG > 9.999, MEG < —3dB, TARC < 0.4, and
CCL < 0.2 bits/s/Hz indicate the superior MIMO performance
parameters used efficiently for the fifth-generation application.

5. CONCLUSION

This article has suggested a quad-port staircase MIMO antenna
for 5G-NR applications. High isolation and miniaturization,
which are the crucial constraints for the MIMO system, have
been attained only by the involvement of a staircase U-shaped
radiating element and an I-shaped stub etched with rectangular
strips in the ground plane. The beneficial part of this design
is its compact size, which has a dimension of 52 x 31 mm?2.
The design has progressed through fabrication accompanied by
a testing phase to estimate the uniformity of simulated and mea-
sured results. The stated design exhibits the results such as
the gain of 6.5 dBi, 84.74% impedance bandwidth, isolation <
—17dB, ECC < 0.05, DG > 9.999, MEG;/MEGy > 0.95,
TARC < —10dB, and CCL < 0.2 bits/sec/Hz. Hence, we can

49

simply claim that this design is a suitable candidate for 5G NR
(n77/n78/n79) application in the Sub-6 GHz band as well as for
WLAN (Wi-Fi 5 and Wi-Fi 6) band and imminent mobile com-
munication.
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