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Abstract This paper embodies the design and development of a compact Coplanar Waveguide

(CPW) fed connected ground Multiple- Input-Multiple-Output (MIMO) antennas operating in

the sub-millimeter-wave 5G New Radio (NR) n257/n258/n261 bands. The planar geometry leads

to a small and compact structure while achieving a wide operating bandwidth, high gain, and better

radiation efficiency. The top surface of the antenna comprises a modified CPW in the form of two

circular structures that feeds the centrally slotted circular patch. The single antenna structure is

arranged in a rotational orthogonal manner forming a 4-port structure. The ground plane on the

bottom of a 4-port structure is connected using a circular ring which is carefully optimized for

achieving isolation levels>20 dB across the band of interest. The sub-mm-wave resonating 4-

port antenna achieves a compact size of 24 � 24 mm2, a wide bandwidth of 24.8–44.45 GHz

(79.35%), the maximum gain of 8.6dBi, and minimum efficiency of 85% across the bands of

interest. The proposed antenna element is fabricated over Rogers 5880 substrate and experimental

tests are carried out, where a good correlation between the scattering parameters, transmission
adford.
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parameters, gain, and MIMO diversity performance is achieved that makes the antenna a potential

candidate for its application in sub-millimeter wave 5G applications.

� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Due to high data rates, spectral efficiency, latency, cost, and
channel capacity demand for an advanced communication sys-

tem, lower frequencies of 5G NR sub-6 GHz have already been
utilized for large area coverage in the present time [1–3].
Hence, the need to address the new millimeter-wave frequency
band in 5G New radio (n257/n258/n260/n261) is in the devel-

opment stage for other applications which require multi-
gigabit per second data speeds [4,5]. Many countries include
the USA (28 GHz, 37 GHz, and 39 GHz), Japan (27.5–

28.8 GHz), China (24.25–27.5 GHz, 37–43.5 GHz), and Korea
(28 GHz) has proposed the frequency bands for 5G millimeter-
wave applications [6].

The modern communication system requirement of both
wide bandwidth and high gain are covered by using UWB
technology that plays a vital role in wireless communication.

However, UWB technology is mainly affected by multipath
fading degradation in cable-free communication. One of the
solutions for multipath fading is the use of MIMO antennas
which enhances the capabilities of wireless communication sys-

tems. The most challenging task in the MIMO antennas is the
isolation between the multiple antennas while achieving a con-
nected ground structure [7–8]. Many techniques such as decou-

pling stubs [9], Defected Ground Structure (DGS) [10],
Electronic Band Gap (EBG) [11–12], and Split Ring Resonator
(SRR) [13] have been proposed that improve the isolation

between antennas in MIMO applications. Another require-
ment of UWB technology is wide bandwidth which is not pos-
sible using regular patch antennas as they suffer from very
narrow bandwidth. For implementing MIMO antennas with

wide-bandwidth, different techniques are proposed like slotted
microstrip-fed [14], 4 steeped lines incorporated modified rect-
angle along with the corners [15], a dipole with a ground hav-

ing V-shaped branch [16], or monopole antenna with SRR and
ground with ring-shape [17] are used. In MIMO antennas, it is
also preferred to have common ground among the elements

that increase the practical applications of antennas [18].
2-port MIMO antennas working in an mm-wave single [19]

and dual [20] frequency band is proposed where [19] has con-

nected ground profile while [20] uses a separate ground struc-
ture. As 2 port structures are not sufficient to accomplish a
greater number of users, the need for 4 port antennas working
in the mm-wave band is in high demand. 4 port antennas are

proposed for mm-wave single [21–22], dual [23–24], and wide-
band [25–27] regime where all the antennas are having a con-
nected ground profile except [27]. Antennas proposed in [23]

and [24] span in a dual-frequency band where mm-wave appli-
cation band is achieved however it is not covering the entire
5G band thus 4 port MIMO antenna covering the entire 5G

band is desirable. Antennas proposed in [25–27] cover the
5G band, however the size of antennas in [25–26] is higher than
the proposed antenna. The antenna proposed in [27] has a

compact size and covers the mm-wave 5G band however it
has a separate ground which makes it impractical for real-
time applications.

Substrate mode suppression at mm-wave is very much impor-
tant to achieve satisfactory efficiency. Various techniques are

there using which these modes can be reduced where the first
technique is by maintaining the thickness of the substrate (T)
<0.01 times the operating wavelength (T < 0.01k0) where k0
is calculated at the lowest operating frequency to get the effi-
ciency>90% [28]. The second is by maintaining the spacing
between the elements equal to k0 in case of arrays and lastly using

the SIW (Substrate Integrated Waveguide) technique which
ground the surface modes through the metallic vias however
the problem with such antennas is they have narrow bandwidth
[29] while increasing the fabrication complexity and it also adds

to the overall weight due to the additional metallic contacts.
In the proposed work efficiency > 90% is achieved at 0.06

(for Rogers Substrate, thickness = 0.8 mm and f = 24.8 GHz,

dielectric constant 2.2) which meets the 1st criteria for surface
mode suppression. The second criteria for interelement spacing
are not meeting the k0/2 criteria although the MIMO antenna

connected ground structure is optimized in a manner to keep
the isolation levels well above the safe limit of 15 dB. The com-
parison of the proposed antenna performance with and without

the SIW is not carried out as the analysis of antenna after inclu-
sion of SIW will deviate from the idea of proposing a wideband
antenna resonating at sub-mm-wave since that was the main
motto and not about achieving antenna with high Q factor.

A compact 4 port circular-shaped antennas (24 � 24 mm2)
having an elliptical slot at the center with modified coplanar feed
and a partial ground-plane is proposed for wideband mm-wave

applications. The enhancement in bandwidth is achieved by care-
fully optimizing the ground plane and the central elliptical slot.
The proposed 4-port antenna operates in the frequency range

of 24.8 to 44.45 GHz and provides better than 20 dB isolation
between ports. The connected ground profile provides satisfac-
tory isolation and MIMO diversity performance. The simulation
and testing of the proposed design are carried out using Com-

puter Simulation Technology (CST), vector network analyzer,
and anechoic chamber, respectively. The proposed antenna pro-
vides omnidirectional radiation patterns, the maximum gain of

8.6 dBi, minimum efficiency value of 85%, Envelope Correlation
Coefficient (ECC) <0.0075, and Diversity Gain (DG) >9 dB
over the entire frequency span of interest. Simulated and mea-

sured results show good similarity that verifies and recommends
applicability of the proposed antenna in sub-millimeter-wave 5G
applications.
2. Antenna design Geometry

2.1. Single element

The proposed basic structure of the MIMO antenna is shown

in Fig. 1. Initially, the single element that is a part of a 4-port

http://creativecommons.org/licenses/by-nc-nd/4.0/
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MIMO antenna is proposed. The single element antenna
geometry comprises a modified CPW in the form of two circu-
lar structures that feed the centrally slotted circular patch.

The central circular patch has a diameter of 7.5 mm while the
two small circular patches that form the modified CPW feed have
a diameter of 1.5 mm. The two circles are placed at equidistance

on the left and right sides of the main circular patch as shown
in Fig. 1(a) that forms the CPW feed. An elliptical-shaped slot is
introduced in the central patch to further improve the performance

of the proposed antenna. The defected ground plane on the back-
side of the antenna is introduced for achieving the wideband per-
formance as shown in Fig. 1 b. The perspective view of the
antenna is depicted in Fig. 1 c where the conductive layers, sub-

strate, and oval slot on antenna geometry are easily visible. The
total area occupied by this antenna is 12 � 12 mm2 and is realized
on Rogers RT duroid 5880 substrates having a dielectric constant

of 2.2, loss tangent of 0.0009, and height of 0.8 mm. All the phys-
ical parameters like the radius of central and two small circular
structures (1.5 mm), the distance between patches, and width

(12 mm), as well as length (12 mm) of patch for top and bottom
planes, are annotated in Fig. 1. Fig. 1 d depicts the Sub-
Miniature Version A (SMA) connector position on the top and

back where it can be observed that on the front, the connector
is touching the central feedline and two conductive circles on the
left and right side that forms the CPW feed with additional con-
nection to the ground plane present on the bottom of the antenna.

2.2. Parametric variation of single element antenna

The proposed MIMO antenna has been simulated using CST

Microwave Studio Software. Design and performance opti-
Fig. 1 Single Element Antenna Geometry (a) Top view (b) botto

(Dimension in mm).
mization of the single element MIMO antenna is illustrated
by showing the effect on reflection coefficient by changing
the dimensions of the radius of the top center circle, secondly

the dimensions of the ground plane along the horizontal and
vertical direction, thirdly the modified CPW fed circles and
finally the central oval slot on the top circle for improving

the performance.
Fig. 2 illustrates that while increasing the radius from

3.5 mm to 4 mm, the bandwidth improvement while achieving

the satisfactory reflection coefficient levels is achieved at a
radius of 3.75 mm. So, the top circle radius dimension is
selected as 3.75 mm.

Secondly, the effect of the defected ground plane on the

reflection coefficient is analyzed as shown in Fig. 3 a-b where
the ground plane dimensions are varied along with horizontal
and vertical directions. To optimize the length of ground plane

dimensions, the length is varied from 8 mm to 10 mm. From
Fig. 3 a, it is clear that a single element MIMO antenna gives
wide bandwidth (24.6 GHz to 36.8 GHz) response for the

length of 9 mm. Similarly, the width was varied from
8.6 mm to 10.6 mm. The reflection coefficient plot for the same
is shown in Fig. 3 b. It can be observed that for 9.6 mm ground

plane width, reflection levels are below �10 dB which helps in
achieving the wideband performance. At two other widths, the
bandwidth is narrower while the reflection coefficient levels are
also not satisfactory.

Furthermore, the effect of modified CPW feed is also car-
ried out where reflection coefficient performance is checked
by using only left side circle, only right-side circle, and both

circles. Two small circles of radius 1.5 mm are present on the
sides of the central conductive patch as shown in Fig. 4 a.
m view and (c) Perspective view (d) SMA connector position



Fig. 2 Effect on reflection coefficient by varying central circle radius.

Fig. 3 Effect on reflection coefficient by varying ground (a) length (b) width.
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The individual circular CPW feed leads to reduced reflection
coefficient performance of an antenna whereas the mutual
effect improves the antenna performance significantly.

Finally, the effect of the elliptical slot at the center of the
top circle is shown in Fig. 4 b. The dimensions of an oval slot
are optimized in such a fashion that it improves the overall
performance of an antenna. Fig. 4 b shows the reflection coef-

ficient value for different sizes of an elliptical slot. It increases
the �10 dB impedance bandwidth performance operating from
24.4 to 37.2 GHz and reflection coefficient levels, especially at

lower frequency bands.

3. 4- port MIMO antenna

Followed by the analysis carried out on a single element
antenna, the same is arranged in a rotational orthogonal man-
ner with the separate ground as shown in Fig. 5. To achieve the

spatial diversity performance, the minimum distance between

MIMO elements is is kept k
2
for minimizing the mutual cou-

pling effects. Moreover, the beauty of the proposed design is
it avoids the limitations of the linear array in which the dis-
tance between array elements is to be selected based on the
connector spacing.

Four ports MIMO antenna structure has been simulated
using CST microwave studio software. The surface current dis-
tributions over different frequencies (26 GHz, 30 GHz,
32 GHz, 36 GHz, and 40 GHz) are analyzed by exciting single

port while keeping the other ports terminated with 50 X load
shown in Fig. 6. It shows that excitation of the antenna at dif-
ferent operating frequencies leads to minimizing leakage cur-

rent which is obvious due to spatial diversity and separate
ground profile. Moreover, the minimum coupled current from
one antenna to another antenna can also be justified using

scattering parameters which are shown in Fig. 7 where it is vis-
ible that the isolation between the ports is better than 20 dB.

Although the performance of the antenna shown in Fig. 5

gives very good results however the separate ground profile
brings limitations for its practical usage. However, to embed
in a commonly printed circuit board (PCB) layout, it needs
at least one common path between all the ground planes with-

out affecting the performance of the individual elements. To



Fig. 4 Effect on reflection coefficient by varying (a) Effect of two small circles (b) Effect of an elliptical slot.

Fig. 5 Four Element Antenna Geometry with separate ground.
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achieve a connected ground structure, a hollow circular ring
having a radius of 3.75 mm and thickness of 0.25 mm touching
the partial ground planes of all the 4 ports is added as shown in

Fig. 8b. Figs. 8a, b, and 9 c show the top, bottom, and perspec-
tive view of a 2 � 2 compact MIMO antenna.

To better understand the working and correlation of one
element to the other in the array of MIMO, the surface current

distribution has been analyzed at different frequencies
(26 GHz, 30 GHz, 32 GHz, 36 GHz, and 40 GHz), which is
shown in Fig. 9. It is visible that even with the addition of a

hollow circular ring that forms a connected ground structure,
the coupling of current in the operating bandwidth is very low,
which proves better isolation between elements.

The placement and the physical dimensions of the circular
ring are selected and optimized based on the performance
parameters of antenna-like reflection coefficient, isolation,

gain, radiation pattern, and efficiency. To achieve better isola-
tion between individual elements has attracted researchers and
many techniques have been proposed for the same. However,
in our design, the optimization of circular ring and ground

plane has been carried out in such a way that all the four ele-
ments give better than 20 dB (except the 24.5 GHz to 26.2 GHz
where it’s approximately 18 dB) transmission parameters,

along with wide bandwidth spanning from (79.35 %) 24.8–
44.45 GHz, which is shown in Fig. 10. It indicates that mutual
coupling is very low. Moreover, the reflection coefficient per-
formance of all the elements is the same.

4. Fabrication and measurement of 4-port connected ground

antenna

The proposed top and bottom view of the fabricated antenna
using Rogers RT duroid 5880 is shown in Fig. 11 a, b.

The experimental results of the reflection coefficient for the
proposed antenna are shown in Fig. 12. The measured reflec-
tion coefficient is better than 10 dB for the frequency range

of 24.8–44.45 GHz, which closely matches the simulated result.
The slight variation in performance is due to the interfacing of
the connector and fabrication limitations, although the

achieved performance is within the limits of 5G sub-
millimeter wave applications. Moreover, it covers the MIMO
antenna’s applications for target frequency bands like Europe
(24.25–27.5 GHz and 34–38 GHz), China (24.25–27.5 GHz

and 33–36 GHz), Japan (36–42 GHz), Korea (34–37 GHz),
USA (37–42 GHz), and Sweden (26.5–27.5 and 37.2–
38 GHz) [24].

The simulated and measured 2D co/cross-pol radiation pat-
tern of the MIMO antenna measured in an anechoic chamber
is illustrated in Fig. 13 concerning different operating

frequencies.
Fig. 14 depicts the radiation pattern measurement setup in

an anechoic chamber where one element was excited at a time

while keeping the other three elements connected with 50 O
matched load. The separation of co-polarization and cross-
polarization components is better than 10 dB in both the sim-
ulated and measured results.
4.1 MIMO diversity Analysis

It is important to carry out the diversity analysis in terms of

DG, ECC to understand the practical implementation of the
proposed MIMO antenna.

The MIMO diversity performance criteria in terms of ECC

is computed for the 4-element flexible MIMO antenna as
shown in Fig. 16 where the values are calculated referring to
equation (1) [30–32].



Fig. 6 The current distribution of four elements antenna geometry with the separate ground at (a) 26 GHz (b) 30 GHz (c) 32 GHz (d)

36 GHz and (e) 40 GHz.
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q12j j2 ¼ qe ECCð Þ ¼

ZZ
4p

E1 h;uð Þ � E2 h;uð Þ½ �dX
������

������
2

ZZ
4p

E1 h;uð Þj j2dX
ZZ
4p

E2 h;uð Þj j2dX
ð1Þ

where,E1 h;uð Þ and E2 h;uð Þ are the 3D radiated field pat-
tern of antenna 1 and antenna 2, respectively. It is valid for
an isotropic wireless medium. The channel quality is quantified
with the help of ECC where higher isolation is ensured by

lower ECC values. ECC values for any arrangement of
antenna elements are < 0.007 across the desired bands of

interest which is within the permitted limit of ECC < 0.1
[33–34]. Diversity gain and ECC are related using equation
(2) as shown below:

DG ¼ 10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ECCj j2

q
ð2Þ

Fig. 15 shows the ECC and diversity gain (DG) plot of the
antenna over the operating band where it is depicted that the

ECC and DG are better than 0.007 and 9.96, respectively
which ensures the use of the proposed antenna for MIMO
applications.



Fig. 7 S parameters of Four Element Antenna Geometry with separate ground.

Fig.8 Four Element Antenna Geometry with Connected ground(a) Top view (b) bottom view (c) Perspective View (All dimensions are

in mm).
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Fig. 9 Current Distribution of four-element antenna geometry with the connected ground at (a) 26 GHz (b) 30 GHz (c) 32 GHz (d)

36 GHz and (e) 40 GHz.
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Fig. 16 shows the simulated and measured results of the

gain along with the simulated efficiency of the proposed
antenna. It can be observed that the proposed mm-wave
MIMO antenna achieves an average gain and efficiency

of>5 dBi and 85% in the desired band that matches well with
the experimental results.

Here, the proposed mm-wave connected ground MIMO

antenna is compared with the other state of the art MIMO
antennas from the literature based on the performance param-
eters like material used, number of ports, connected ground

profile, area, operating bandwidth, gain, efficiency, isolation,
and ECC as depicted in Table 1. Based on the comparison in
Table 1, indicates that the proposed antenna is compact and

gives wider bandwidth, satisfactory gain, and efficiency with
high isolation and low ECC over the proposed bandwidth.

The proposed compact mm-wave 4 port MIMO antenna

stands out from formerly designed radiators in several points:
1- It investigates the sub-mm-wave frequency regime.
2- Compact structure having a size of only 24 � 24 mm2.

3. High value of isolation among ports even with the con-
nected ground profile.

4. Higher radiation efficiency by using substrate in the form

of RT Rogers 5880.
5. Planar and Simple design for ease in fabrication.



Fig. 10 Simulated S Parameters of Four Element Antenna Geometry with connected ground.

Fig. 11 Fabricated prototype of Four Port Antenna with Connected ground(a) Top view (b) bottom view.

Fig. 12 Measured S Parameters of Four Element Antenna Geometry with connected ground.
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(a) 26 GHz 

(b) 30 GHz 

(c) 32 GHz 

(d) 34.5 GHz 

Fig. 13 Simulated and measured co-pol and cross-pol patterns of the antenna at different frequencies. E Plane.
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(e) 40 GHz 
enalPHenalPE

Fig. 13 (continued)

Fig. 14 Radiation Pattern measurement setup inside an Anechoic Chamber.
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6. Antenna is investigated in terms of the radiation and

diversity performance using an anechoic chamber.

5. Conclusion

A compact (24 � 24 mm2) MIMO antenna with a connected
ground structure has been proposed for mm-wave 5G systems.
Design techniques, optimization based on performance param-

eters, fabrication of the proposed antenna, and MIMO diver-
sity analysis have been thoroughly covered in the article. To
achieve high bandwidth, the elliptical slot plays a vital role
in the design. 2x2 connected ground MIMO array antennas
give approximately 79.35% (24.8 GHz to 44.45 GHz) band-

width, isolation between the array elements is better than
20 dB, omnidirectional radiation patterns, ECC value < 0.008,
DG > 9.5 dB, average gain and efficiency > 5.68 dBi and

85%, respectively proves the adequate performance of the pro-
posed antenna for the 5G MIMO applications.
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Fig. 15 ECC and diversity gain performance over the operating band.

Table 1 Comparisons of the proposed antenna with already proposed antennas.

Ref Material Ports/Ground Size of unit

cell (mm
2
)

Frequency

(GHz)

Gain

(dBi)

Efficiency

(%)

Isolation

(dB)

ECC

[19] TLY-5 Two/Connected 33 � 27.5 28 6.9 – >30 –

[20] Rogers 5880 Two/Separate 26 � 11 26.65–29.2;

36–42

5 99.5, 98.6 >25 <0.002

[21] Neltec Four/Connected 48 � 31 28 10 – >21 <0.0015

[22] Rogers 5880 Four/Connected 30 x30 28 6.1 92 29 <0.16

[23] Rogers 5880 Four/Connected 20 � 24 27.6–28.6; 37.4–38.6 7.9 >85 >28 <0.001

[24] Plexiglass Four/Connected 24 � 20 24.10–27.18; 33–44.13 3 >80 >16 <0.1

[25] Rogers R04350B Four/Connected 30 � 35 25.5–29.6 8.3 – >15 <0.01

[26] Rogers 5880 Four/Connected 25 � 15 27.5–29 7.8 95 >17 <0.0001

[27] Rogers 5880 Four/Separate 12.7 � 12 25.1–37.5 5 80 >22 <0.1

Proposed Rogers 5880 Four/Connected 24 � 24 24.8–44.45 8.6 >85 >20 <0.008

Fig. 16 Gain and efficiency plot over the frequency band.
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