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ABSTRACT This article presents a planar four-port microstrip line-fed Multiple-Input Multiple-Output 
(MIMO) antenna operating at 5G millimeter-wave candidate bands of 28 GHz and 38 GHz. A rectangular-
shaped patch antenna is designed as a main radiator to obtain a resonance at 28 GHz. Etching of a single-
element split-ring resonator (SRR) metamaterial unit cell from the basic patch radiator introduces an 
additional resonance band at 38 GHz. The suggested MIMO antenna is built on Rogers RT5880 substrate 
material with a dimension of 14 mm × 14 mm, a thickness of 0.8 mm, and a relative permittivity of 2.2. The 
measured results show that the antenna achieves bandwidths of 26.6-29 GHz and 37.3-39.3 GHz, whereas 
greater than 25 dB of port isolation between antenna elements over both bands is obtained without applying 
any complex decoupling structure. The antenna’s equivalent circuit diagram is presented with the help of 
lumped elements to characterize its electrical responses. The investigated diversity performance parameters, 
which result in an envelope correlation coefficient below 0.005, diversity gain of almost 10 dB, and channel 
capacity loss of less than 0.35 bits/s/Hz, are all found within their conventional limits. The findings show 
the viability of the design for millimeter-wave 5G applications. 

INDEX TERMS Four-port, Metamaterial, Millimeter-wave, MIMO antenna, 5G. 

 

I. INTRODUCTION 
ITH wireless technologies rapid development, mobile 
communication has become linked to every aspect of 

life, resulting in bandwidth shortages and high data traffic. 
To avoid spectrum scarcity in microwave bands and to 
realize high data rate and bandwidth requirements, the FCC 
assigned the millimeter-wave frequency range of 25-70 GHz 
to fifth-generation (5G) technologies [1]. Allocation of this 
broad frequency range attracted considerable interest from 
5G antenna designers to develop compact and multiple 
antennas within a limited space. However, electromagnetic 
waves at millimeter-wave regions face substantial weather 
condition influences, such as patch loss attenuations, signal 
fading, and atmospheric absorptions. These effects become 
more prominent in systems with a single antenna [2], [3]. 
Assimilation of modern technologies, including multiple-
input-multiple-output (MIMO), has been among the 
encouraging methods for present and forthcoming wireless 
systems to improve the transmission quality [4]. In MIMO 
systems, several antenna radiators are positioned at the 
wireless system ends to obtain polarization and spatial 
diversity, which in turn helps to improve channel capacity 
and data rate without an extra spectral frequency [5]–[7].  

5G MIMO antennas having wider impedance bandwidth 
and high gain features are highly demanded for simultaneous 
operation of different services and to decrease atmospheric 
effects such as rain attenuation and absorption at millimeter-
wave frequencies [8]. In addition, such antennas should have 
small dimensions and minimal mutual coupling for better 
diversity performance. Numerous methods have been 
implemented for mutual coupling reduction in millimeter-
wave MIMO [9]–[18]. 

Recent studies in the area of 5G millimeter-wave show 
that wideband and multiband MIMO antennas receive 
significant attention [19].  A number of wideband MIMO 
antennas are presented in [20]–[29]. In recent research, more 
emphasis has been given to the development of dual-band 
MIMO antennas working in frequency bands extending from 
25-60 GHz, mostly at 28 GHz and 38 GHz, where rain 
attenuation and atmospheric absorption have little influence 
on electromagnetic wave propagation [30]. 

A review of existing literature shows that the research in 
these millimeter-wave frequency ranges is still reasonably 
new. However, several dual-band MIMO antennas have been 
proposed [19], [31]–[36]. A planar two-element MIMO 
antenna presented in [19] provides resonances at 27 GHz and 
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39 GHz. In [31] , the antenna working at 28 GHz and 38 
GHz is generated by two orthogonally placed and laterally 
tapered planar radiating elements. The MIMO antenna 
reported in [32] is designed by slotting two patches for 28 
GHz and 38 GHz operation. The work of [33]  also 
introduces two and four-element patch slotted MIMO 
antennas operating at these bands. The 2×2 MIMO antenna 
presented in [34]  operates at 24 GHz and 28.5 GHz 
millimeter-wave frequencies. Dual-band is achieved using 
half-slotted stack resonators. A two-port MIMO antenna is 
reported in [35] and operates at 28 GHz and 38 GHz 
frequencies. Round-shaped double-sided electromagnetic 
band-gap structures are integrated inside the substrate to 
decrease the mutual coupling as well as improve the gain. 
The four-element antenna with H-shaped slots on the patches 
is presented in [36] for dual-band operation. The antennas are 
printed on the substrate and arranged orthogonally to reduce 
mutual coupling without using conventional decoupling 
mechanisms.  

A four-port MIMO antenna working at both 28 GHz and 
38 GHz millimeter-wave spectrums is presented in this study. 
The presented antenna has multiple important features 
mentioned below, making it a possible candidate for the 5G 
RF antenna system. 

(1) Planar geometry, simple design, and easy to 
fabricate 

(2) Compact size to be integrated inside 5G devices 
(3) High isolation without applying any complex 

decoupling structure among the antenna elements 
(4) Printed on a common ground plane, which is a 

misused practice by many authors [37] 
(5) Equivalent circuit model to assess its electrical 

behaviour in response to an RF signal input 
This paper is organized into three main sections. The 

proposed MIMO antenna design stages and equivalent circuit 
model extraction are explained in Section 2. Section 3 
provides detailed discussions on the simulated and measured 
scattering parameters, radiation characteristics, and diversity 
performance results. Finally, Section 4 draws a conclusion. 
 

II. ANTENNA DESIGN AND GEOMETRY 
During the antenna design process, three main stages are 

accomplished. First, a single-element patch antenna has been 
developed for 28 GHz operation. Second, to get the second 
working band at 38 GHz, an SRR metamaterial unit cell is 
scraped from the patch. Thus, the resulting antenna works at 
28 GHz and 38 GHz frequencies. Finally, using the 
developed antenna in stage 2 as a constituting antenna, a 
four-element dual-band MIMO antenna is printed on Rogers 
RT 5880 substrate with a size of 14 mm × 14 mm, a relative 
permittivity of 2.2, a dielectric loss tangent of 0.0009, and 
thickness of 0.8 mm. Copper material of 0.035 mm thickness 
is utilized to construct the main radiator elements and ground 
plane. The three design stages are displayed in Fig. 1, and the 

antennas’ dimensional details are given in Table I. The 
suggested antenna is designed and simulated using the HFSS 
Software, which is commercially accessible. Also, a circuit 
model equivalent to the presented MIMO antenna is 
extracted. The next subsection provides a detailed 
explanation of the three design stages. 

A. SINGLE-ELEMENT ANTENNA 
1) PATCH ANTENNA 
At the first stage, the basic patch antenna having a microstrip 
feed line is considered as depicted in Fig. 1(a), with the aim 
of getting resonance at 28 GHz using the mathematical 
equations (1)-(4) established in [38]. 
  

       (1) 

                    (2) 

                   (3) 

                                                 (4) 

where  represents width and represents length of 
the patch, whereas , and are the substrate material 
height, relative permittivity, and effective permittivity, 
respectively. The other parameters like , , and  
correspondingly denote the effective length, speed of light, 
and resonance frequency. This initially designed 
conventional patch antenna generated a broad operational 
frequency range of 26.4-29.4 GHz, centered at 27.9 GHz. 
2) PATCH ANTENNA WITH CSRR 
The designed basic antenna is further upgraded to create 
additional resonance at 38 GHz millimeter-wave frequency. 
For this purpose, a rectangular-shaped singly-ring 
complementary SRR (CSRR) having high transmission and 
low reflection characteristics at the intended frequency is 
initially designed and then loaded onto the main radiating 
patch as depicted in Fig. 1(b). The simulation results of Fig. 
4(a) show the two resonance bands of this antenna, extending 
from 26.4-29 GHz and 36.9-39.1 GHz. 

B. MIMO ANTENNA 
After the achievement of the constituting antenna element, 
the design is evolved to obtain the dual-band MIMO antenna. 
As displayed in Fig. 1(c), the constituting four antennas are 
positioned orthogonally with a spacing of ‘d’ units. This 
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orthogonal arrangement would enable polarization diversity 
and could be utilized to further lessen the mutual coupling 
created between different antenna components [31] without 
applying any complex decoupling structure. The board has a 
14 mm × 14 mm total dimension. 

 
FIGURE 1.  The proposed MIMO antenna development stages: (a) patch 
antenna, (b) patch antenna with CSRR, and (c) final MIMO geometry. 

TABLE I.  The single and proposed MIMO antenna parameters and their 

values (unit: mm) 
Parameter Wp Lp Wf Lf a 

Value(mm) 4.23 2.94 0.9 1.5 2.55 
Parameter w g Ws Ls d 

Value(mm) 0.15 0.15 14 14 3.72 

C. EQUIVALENT CIRCUIT DIAGRAM 
This section highlights the proposed four-port MIMO 
antenna lumped-circuit model to evaluate its electrical 
behaviour in response to an input RF signal. The modelling, 
execution, and optimization of the corresponding circuit are 
performed using Advanced Design System (ADS) 
electromagnetic simulation tool. The complete circuit 
consists of five blocks representing the four antennas (A.1, 
A.2, A.3, and A.4) and the coupling section as presented in 
Fig. 2. During the circuit element extraction procedure, the 
input impedance is initially generated using the HFSS 
antenna design tool. From the input impedance graph, the 
lumped RLC components are extracted and then exported in 
ADS with the details mentioned in [11], [39]. In the dual-
band operation of antenna 1 (A.1), for example, the PRLC1 
and PRLC2 represent the lower and upper-frequency bands, 
whereas C12 and L12 represent the mutual coupling between 
A.1 and A.2. 

Parametric tuning is performed in ADS to obtain better 
component values whose responses match the HFSS 
simulated ones. The corresponding circuit element values are 
provided in Table II. The scattering parameters of the MIMO 
antenna obtained from HFSS simulation and ADS equivalent 
circuit model responses are displayed in Fig. 3. As can be 
observed, the results have a reasonable agreement between 
them for the two operation bands. 

 
 

TABLE II.  Lumped element parametric values of the equivalent circuit 

diagram 
Element Value Element Value Element Value 

Ri (i=1,2,3,4) 9.6 Ω C13 2.005pF C23 4.7pF 
Ci (i=1,2,3,4) 1.086 pF L13 1.87nH L23 11.6nH 
Li (i=1,2,3,4) 7.44 pH C14 4.7pF C24 2.46pF 

C12 3pF L14 11.6nH L24 2.075nH 
L12 1.665nH C34 11.4pF L34 1.8nH 

PRLC(1,3,6,7) PRLC(2,4,5,8) 
R 46.77Ω L 21.318pH R 45.896Ω L 24.96pH 
C 1.61 pF  C 0.7059pF  

 
FIGURE 2.  Equivalent circuit diagram of the MIMO antenna plotted using 

ADS. 

 

(a) 

26 28 30 32 34 36 38 40 42
-35

-30

-25

-20

-15

-10

-5

0

S-
pa

ra
m

et
er

 (d
B

)

Frequency (GHz)

 S11_HFSS
 S11_Circuit



  

VOL. 11, NO. 3, AUGUST 202 19 

 

(b) 
FIGURE 3. S-parameters comparison of HFSS and ADS circuit models: (a) 

reflection and (b) transmission coefficients. 

III. RESULTS AND DISCUSSION 
The MIMO antenna performances are analysed by means 

of scattering parameters, surface current distribution, 
radiation characteristics, and diversity performance metrics. 

A. S-PARAMETERS 
Fig.4 demonstrates the reflection and transmission 
parameters of the patch antenna without and with the 
application of CSRR. As presented in Fig. 4(a), prior to the 
introduction of the CSRR structure, the antenna resonates at 
28 GHz, whereas the CSRR loading creates additional 
resonance at 38 GHz. To verify that the 38 GHz band is 
created owing to CSRR loading, parametric analysis is 
performed on the length (a) of the CSRR structure by 
keeping its slit gap (g) and slot width (w) constant for 
simplicity purposes. The CSRR length is made to vary from 
2.4 mm to 2.6 mm, and resonance with better impedance 
matching is achieved at 38 GHz when the length becomes 
2.55 mm, as displayed in Fig. 4(b). As can be noted, the 
variation of CSRR length offers independent tunability at the 
higher band without any impact on the primary lower band. 

 

(a) 

 

(b) 
Figure 4. The single antenna reflection coefficient: (a) without/with CSRR 

and (b) variation of CSRR arm length (a). 

For the analysis of the CSRR structure in the HFSS tool, a 
conventional waveguide setup is applied [40]. The effective 
permittivity of CSRR is extracted from the reflection and 
transmission parameters using equations (5)-(7) as proposed 
by [41]. 

                    (5) 

                                                (6) 

                                                                               (7) 

where , , and are the refractive index, wave 
impedance, and effective permittivity of the CSRR 
respectively.  

Fig. 5 shows the CSRR scattering characteristics and its 
metamaterial property. Fig. 5(a) depicts the passband region, 
whereas Fig. 5(b) indicates the negative permittivity response 
of the CSRR structure for the creation of the second 
resonance at 38 GHz.  

The fabricated MIMO antenna is depicted in Fig. 6, and S-
parameters measurement is executed using the PNA-X 
network analyser. Since the four antenna elements are 
identical and symmetrically arranged, excitation is given to 
only one port during the measurement, whereas the others are 
terminated with 50Ω loads. 

Fig. 7 displays simulated and measured S-parameters of 
the MIMO antenna.  The antenna has resonances at 28 GHz 
and 38 GHz, as given in Fig. 7(a), with simulated impedance 
bandwidths of 9.42% (26.3-28.9 GHz) and 5.77% (37-39.2 
GHz), and measured bandwidths of 8.63% (26.6-29 GHz) 
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and 5.22% (37.3-39.3 GHz). Measured and simulated results 
correspond well with a slight shift in frequency that occurs as 
a result of losses in cables and fabrication faults. To further 
evaluate the coupling between elements, the MIMO antenna 
isolation results are presented in Fig. 7(b). As illustrated, a 
measured isolation value of more than 25 dB is realized at 
both bands. 

 

 
(a) 

 

(b) 

FIGURE 5.  The CSRR unit cell: (a) S-parameters and (b) permittivity 

parameter. 

                   

(a)                                               (b) 
FIGURE 6.  (a) Top view and (b) bottom view of the fabricated MIMO 

antenna. 

B. CURRENT DISTRIBUTION 
To further explore the MIMO antenna’s radiation 
mechanism, the current distributions on the surface of the 

patches at 28 GHz and 38 GHz frequencies are displayed in 
Fig. 8. As shown, the surface current predominantly 
distributes on the patch radiator at 28 GHz, whereas more 
current concentration is seen at the upper portion of the SRR 
unit at 38 GHz frequency. 

 
(a) 

 

(b) 

FIGURE 7.  The MIMO antenna (a) reflection and (b) transmission 

parameters.  
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(b) 
FIGURE 8.  The proposed MIMO antenna current distribution at (a) 28 GHz 

and (b) 38 GHz. 

C. RADIATION PATTERN 
The simulated 2D-far-field radiation patterns are shown in 
Fig. 9 to realize the radiation performance of the presented 
MIMO antenna. The E-plane (xz-plane) and Y-plane (yz-
plane) far-field radiation patterns are plotted at 28 GHz and 
38 GHz. 

 
(a) 

 
(b) 

FIGURE 9.  The proposed MIMO antenna radiation patterns at (a) 28 GHz 

and (b) 38 GHz. 

 

D. GAIN AND RADIATION EFFICIENCY 
Fig. 10 displays the MIMO antenna’s simulated gain and 
radiation efficiency. As depicted in the figure, the antenna 
has gains of 8.4 dB at 28 GHz and 6.02 dB at 38 GHz with 
respective efficiencies of 91.66% and 88.57%. The 3D 
radiation patterns at these operating frequencies are revealed 
in Fig. 11 to further validate the radiation characteristics and 
gain results.  
 

 
FIGURE 10.  The MIMO antenna gain and radiation efficiency.  

 
 

(a) 

 
(b) 

FIGURE 11.  The MIMO antenna 3D radiation patterns (a) 28 GHz and (b) 

38 GHz. 

E. MIMO PERFORMANCE PARAMETERS 
This section presents the envelope correlation coefficient 
(ECC), diversity gain (DG), mean effective gain (MEG), 
effective diversity gain (EDG) and channel capacity loss 
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(CCL) diversity performance results using a written 
MATLAB code. 
1) ECC AND DG 
ECC is among the important MIMO performance metrics 
associated with the correlation between two concurrently 
operating and closely positioned antenna elements. The 
parameter can be computed using far-field radiation patterns 
or S-parameters of the ith and jth antennas as mathematically 
given in equations (8) and (9) [5], [42]. 

  (8) 

where and are the ith and jth antennas’ 
far field radiation patterns. 

 (9) 

where  and denotes the reflection and transmission 
coefficients. 

DG is another parameter that defines the reduction in 
transmission power or signal-to-noise ratio improvement due 
to the diversity system. Mathematically, DG is computed 
from ECC values using equation (10)[43].  

                                               (10) 

The ECC and DG values between a set of antenna 
elements are presented in Fig. 12(a) and 12(b). The simulated 
(from simulated radiation patterns) and measured (from 
measured S-parameters) results show a very low ECC value 
below 0.005, satisfying the ECC < 0.5 criterion [44], along 
with DG values much closer to 10 dB for both working 
bands, providing good antenna diversity performance.  

 
(a) 

 
(b) 

FIGURE 12.  The proposed MIMO antenna (a) ECC and (b) DG. 

2) MEG AND EDG 
MEG is the ratio of the accepted mean power to the average 
incident power by the antenna in comparison to the isotropic 
antenna. It can be calculated using the relation given in 
[45].The simulated and measured results are shown in Fig. 
13.It can be seen that the antennas possess good values of 
MEG in the range from -0.4 dB to 0.4 dB. 

 
(a) 

 
(b) 

FIGURE 13. The proposed MIMO antenna MEG (a) Simulated and (b) 

measured. 

EDG of the multi-antenna system provides the lower 
bound for diversity gain performance. Mathematically, it can 
be computed from the radiation efficiency and diversity gain 
using the relation given in equation (11) [46]. For the 
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proposed MIMO antenna, the EDG is given in Fig. 14.The 
figure shows that the antenna achieves EDG values of greater 
than 9 dB and 8.7 dB at the two operating bands, 
respectively.  

 
                             (11) 

 
where  ƞrad and  DG represent the radiation efficiency and the 
diversity gain, respectively. 

 
FIGURE 14.  The EDG of the proposed MIMO antenna. 
 

3) CHANNEL CAPACITY LOSS 
CCL provides the system channel capacity losses caused by 
the correlation effect of the multiple antennas. 
Mathematically, it can be calculated using equation (12) and 
should be below 0.4 bits/s/Hz standard limit over the 
working bands [47]. 
 
                                   (12) 

   where 

      

      , and  

      

As depicted in Fig. 15, a CCL value of not more than 0.35 
bits/s/Hz is obtained for the two bands, indicating the MIMO 
channel reliability. 

 

 
FIGURE 15.  The CCL of the proposed MIMO antenna. 

TABLE III. Comparison between different dual-band MIMO antenna 

performances reviewed in literature 

TABLE IV. Comparison of MIMO performance parameters of the proposed 

MIMO antenna with the dual-band MIMO antenna mentioned in Table III 
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36.95-39.05 20 ü/û 

[32] 2 NP 28/38 NP 25/3
0 ü/þ 

[33] 4 55 x 110 
NP 28/38 NP 26 ü/û 

[34] 4 NP 24/28.5 23.47-25 
/27.2-31.7 30 ÿ/

þ 

[35] 2 15.3 x 8.5 
NP 28/38 27-29/ 

35-40 NP ý/þ 

[36] 4 20 x 24 
2.73λg x 3.28λg 28/38 27.6-28.6/ 

37.4-38.6 28 ü/þ 

This 
work 4 14 x 14 

1.82λg x 1.82λg 28/38 26.6-29/ 
37.3-39.3 25 ü/þ 

Ref. Gain 
(dBi) 

Efficiency 
(%) ECC DG 

(dB) 
MEG 
(dB) 

CCL 
(bits/s/

Hz) 

[19] 5/5.7 99.5/98.6 0.0001 Near 
10 NP NP 

[31] 1.27 /1.83 78/76 0.001 Near 
10 NP Below 

0.4 
[32] 5.2/5 84/91 0.001 NP NP NP 

[33] 7.95/8.27 89.9/88.3 7.65×1
0-5 NP NP NP 

[34] 3.5/4 92/95 NP NP NP NP 

[35] 6.19/ 7.16 87.6/ 90.1 0.01 Near 
10 

-0.29/ 
-0.21 NP 

[36] 7.9 85 0.001 NP NP NP 
This 
work 

8.4/ 
6.02 91.7/ 88.6 0.005 Near 

10 
-0.4 to 

0.4 0.35 
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Table III and IV compare the performances of this 
suggested MIMO antenna to recently reported dual-band 
MIMO antennas anticipated for potential 5G 
applications.The comparison with previous works reveals 
that the proposed antenna has a very small dimension and 
comparable isolation without deploying a decoupling 
structure.This planar geometry MIMO antenna is also backed 
with an inter-connected ground plane in contrast to the works 
in [19], [31], [33].Moreover, the antenna in [34] uses a 
substrate layer approach that poses difficulties for integration 
into wireless devices.The work also gives several MIMO 
performance parameter results for a more thorough 
investigation of the antenna's diversity performance, which 
the comparable works failed to provide.From the 
comparison, one can reach the conclusion that the proposed 
MIMO antenna delivers the above-mentioned antenna 
features and better performances required for the 
contemporary portable devices pointing towards 5G 
millimeter-wave wireless communications. 

IV. CONCLUSION  
A four-port dual-band metamaterial-inspired MIMO 

antenna is proposed in this work for applications at 28 GHz 
and 38 GHz millimeter-wave bands.The antenna achieves a 
measured port isolation of more than 25 dB without any 
decoupling structure in a shared ground plane configuration. 
It also attains acceptable antenna gains at both frequency 
bands with desirable ECC and CCL diversity performance 
values. Moreover, the presented planar and 14 mm × 14 mm 
sized compact MIMO antenna can be appropriate for 
integration into multiple 5G wireless devices. 
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