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UWB-MIMO DGS loaded patch antenna with
low profile for millimeter-wave applications

Ajay Kumar Dwivedi!, Nagesh Kallollu Narayaswamy!,
Vivek Singh?, Mallanna Sidramappa Darmanar?

A multiple-input multiple-output (MIMO) antenna with a defective ground surface (DGS) is proposed for next-generation
millimeter-wave communication. The designed antenna consists of a pair of mushroom shape radiating units with two square
ring-loaded defected common ground plane. The antenna is printed on duroid-5880 high-frequency laminates (loss tangent
0.0009, relative permittivity 2.2). Significant bandwidth ranges from 31.6 GHz to 48.8 GHz (impedance bandwidth of
43.17%) is obtained during the investigation of the antenna. The introduced MIMO antenna exhibits a low mutual coupling
(1521], |S12| < —20) dB with the incorporation of DGS. The antenna performance parameters defined as return loss,
radiation pattern, gain, the radiation efficiency is examined. Many diversity parameters are also discussed in terms of mutual
coupling, envelop correlation coefficient (ECC < 0.002), diversity gain (DG > 9.995), and channel capacity loss (CCL < 0.3
bits/sec/Hz) across the ultra-wide band (UWB) frequencies. Simulated results are verified by the measured results, and good
agreement is observed between them. These distinguishable attributes with the simple configuration model the propound

MIMO antenna suitable for millimeter-wave applications.
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1 Introduction

In the modern communication system, the transmitted
data and voice signals are affected by multipath fading
phenomena during transmission. To overcome the fading
issues, three techniques are evolved by the researchers
during studies of the higher generation of communica-
tion system, (i) — orthogonal frequency division multi-
plexing (OFDM), (ii) — adaptive modulation techniques,
(iii) — multiple-input multiple-output transceiver units,
[1]. In this work multiple-input, multiple-output (MIMO)
antenna system is considered and modelled. MIMO an-

square ring, MIMO antenna, defected ground surface, envelope correlation coefficient, diversity gain,

tenna system comprises of the number of transmitting
and receiving antennas to provide multiple channel paths
for data transmission and thus provide better channel
capacity with limited power requirements. The require-
ment for the designing of the MIMO antenna is to mit-
igate the mutual coupling between the different antenna
units present in a single entity. For the appropriate oper-
ation of the MIMO antenna, the isolation factor should
be less than —15 dB. Since the last decades, the patch
antenna-based UWB-MIMO technologies have attracted
the attention of many researchers due to their higher data
rates capabilities and ease of fabrication. Several poten-

Table 1. Dimensions of the suggested uwb-mimo antenna

Area Bandwidth  Isolation  Peak gain  Radiation

Ref. 9 . . ECC

(mm~) (GHz) (dB) (dBi) efficiency
4 126 x 126 24 — 36 > 20 7.8 > 70 < 0.005
5 30 %35 25.5 — 29.6 > 17 8.3 > 80 < 0.01
6 80 x 80 23 — 40 >20 11.45 >T70 < 0.0012
7 30 x 30 27 — 29 >29 6.1 >92 < 0.16
8 110 x 75 26.3 — 30 >21 9.53 >T73 < 0.2
This

44 x 22 31.6 — 48.8 > 20 10.23 > 93 <0.002
work
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Fig. 1. Geometrical configuration of the suggested antenna: (a) — top view, (b) — bottom view

tial bands are investigated by the researcher in millimeter-
wave spectra such as the 28 GHz (27.5—29.5 GHz) band,
38 GHz (3640 GHz) band, the 60 GHz (5764 GHz) band,
and the E-band (7176 and 8186 GHz), [2]. Any specific
regulations for the wireless system and technologies are
not been clearly defined for the mm-wave communica-
tion band till now. However, scientists and researchers
around the globe are working on two bands (28 GHz and
38 GHz sub-GHz) of 5G communications under the mm-
wave frequency range. These two bands are chosen as the
prominent bands for 5G communication because the ef-
fect of rain attenuation and atmospheric disturbance are
feeble on the aforementioned frequencies, [3]. Many tech-
niques have been projected by the researchers to obtain
the UWB-MIMO patch antennas for millimeter-wave ap-
plications, [4-8]. Many techniques have been suggested
by the researchers to improve isolation, [9-14]. However,
the incorporation of various irregular terrains for isola-
tion enhancement will increase the antenna footprint and
hence complexity. A 9x9 MIMO antenna is developed
for the operating band of 24 GHz to 39 GHz [4]. In
[4], isolation more than - 20 dB is achieved in absence
of any decoupling unit. In [5] a 4-port multiple-input-
multiple-output (MIMO) antenna array is presented in
the mm-wave range. To improve the antenna’s radiation
properties, the array components are rectangular-shaped
slotted patch antennas, while the ground plane is defec-
tive with rectangular, circular, and zigzag-shaped slot-
ted structures. For 5G communication in the millimeter-
wave range, a compact tree form planar quad element
Multiple Input Multiple Output (MIMO) antenna with
a broad bandwidth is suggested [6]. To accomplish the
broad bandwidth response, the suggested design includes
four distinct arcs in the radiating element. A 28 GHz
MIMO antenna is presented in [15] in which infinity-
shaped shell with circular circles surrounding it. In [8]
MIMO antenna for mm wave applications is proposed.
Goals of this work are to show an integrated antenna so-
lution for long term evolution (LTE) and millimeter wave
(mm-wave) 5G wireless services. Both an LTE and 5G
configuration are included in the suggested design, which
includes both an antenna and a ground plane that has
irregularly shaped holes.

Table 1 shows a comparison of the proposed antenna
with other previously published MIMO antennas for mm-
wave applications. When compared to other published
antennas, the suggested UWB-MIMO antenna has a
broader impedance bandwidth, higher gain, radiation effi-
ciency with outstanding isolation between antenna units,
and diversity performance.

In this communication, a compact UWB-MIMO patch
antenna for mm-wave scenarios is presented. The sug-
gested antenna is modelled, simulated, and optimized us-
ing the 3-D electromagnetic high-frequency structure sim-
ulator (HFSS-18), and the fabricated prototype is exper-
imentally verified. Between the simulated and measured
findings, a healthy agreement is obtained. Because of its
high diversity gain, low envelope correlation coefficient
(ECC), and limited mutual coupling between the inter-
element antenna units across the full UWB frequency
range, the proposed antenna is a good fit for MIMO
millimeter-wave applications.

Table 2. Dimensions of the suggested UWB-MIMO antenna

Value Value
Parameters Parameters

(mm) (mm)
L1 44 W2 7
L2 12 W3 5
L3 4.5 W4 8
L4 3 K1 5.65
L5 9.5 K2 4.24
L6 22 K3 2.82
W1 22 H 1.6

2 Antenna configuration

The geometrical arrangement of the suggested UWB-
MIMO antenna is depicted in Fig. 1. The designed an-
tenna is printed on commercially available high-frequency
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Finalize the antenna specification

l

Select appropriate dimensions of antenna
according to the frequency of operation and
decide feeding mechanism

l

Enhance the number of ports for MIMO
operation

l

Introduce the DGS for isolation and
bandwidth enhancement

l

Use parametric analysis to obtain the desired
results

Desired
result
achieved

Fabrication and measurement of the
proposed MIMO antenna

l

Calculation of MIMO performance
parameters and its experimental validation

Fig. 2. Design steps to obtain the suggested antenna

laminates duroid 5880 substrates with relative permittiv-
ity (e; = 2.2) and loss tangent (tand = .0009) of a thick-
ness of 1.6 mm. The upper conducting portion comprises
feed lines, and two radiating units of mushroom shape,
and the lower portion of substrate consist of a square ring-
loaded defected ground plane. Here, a single antenna unit
is obtained by adjoining the rectangle of the dimension of
Lo x W5 with a semi-circle of diameter Lo and coplanar
waveguide of length W3 and thickness of L, . The second
antenna unit is a mirror image of the first antenna unit,
formed at the same surface at the optimized distance of

Lg from unit 1. Ultra-wideband is obtained by incorpo-
rating the square ring of an optimized dimension on the
ground.

Table 2 lists the optimal dimensions of the proposed
MIMO antenna. Each of the antenna units is fed with
5092 CPW to obtain the perfect impedance matching.
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Fig. 3. |S11| variations for antenna 1 to 4 configurations

In order to show the stepwise growth, a flow chart is
included.
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Fig. 4. Effect of DGS on the mutual coupling between the antenna
units for the suggested antenna

3 Antenna analysis

Figure 2 represents the evolution stage to achieve the
single antenna element of the suggested MIMO antenna.
Figure 3 represents the variation in the |S11| characteris-
tic of these stages. In the primary phase, CPW fed rect-
angular shape antenna 1 is designed to obtain the UWB
characteristics in the millimeter-wave range, which fur-
ther converted into antenna 2 by adjoining a semi-circular
patch of diameter Lo on the top of the rectangular patch.
From the introspection of Figure 3, conversion from an-
tenna 1 to antenna 2 increases the impedance bandwidth,
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Fig. 5. Surface current distribution of suggested UWB-MIMO antenna at: (a) — 35 GHz at port 1, (b) — 35 GHz at port 2, (c) — 38.4
GHz at port 1, (d) — 38.4 GHz at port 2, (e) — 44.2 GHz at port 1, and (f) — 44.2 GHz at port 2
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Fig. 6. The simulated scattering parameters for the suggested
MIMO antenna

but still, it shows the dual-band behavior. Now for the en-
hancement of bandwidth, a square shape slot is incorpo-
rated on the ground plane depicted in antenna 3. Finally,
a square ring is introduced on the ground within the slot

Mutual coupling (dB)
0

measured

simulated

T T T T
30 35 40 Frequency (GHz) 50

to obtain the suggested configuration, ie antenna 4 with
optimum ultra-wide bandwidth. From the observation of
figure 3, antenna 4 has maximum impedance bandwidth
from 31.6 GHz to 48.8 GHz. In the subsequent design,
the orientation and positioning of the slot and rectangu-
lar ring made on the ground also play a crucial role in
achieving the ultra-wide bandwidth characteristics.

The effects of a defective ground surface on the mutual
coupling between antenna units are shown in Fig. 4. The
mutual coupling between the antenna units is (—15dB)
prior to the induction of DGS. After the incorporation of
DGS, the value of mutual coupling further mitigates to
(< —20dB) and restrains the surface wave on the ground
plane to couple to another antenna element.

Figure 5 depicts the surface current distribution on
the patch and DGS to better understand the isolation
phenomenon for the proposed MIMO antenna. At three
resonant frequencies of 35 GHz, 38. 4 GHz, and 44. 2
GHz, the current distribution for the intended antenna
is illustrated. From the inspection of Figure 5, the maxi-
mum current distribution is concentrated on port 1 when
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Fig. 7. Measured and simulated: (a) — reflection coefficient, (b) — mutual coupling of designed antenna
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Fig. 8. Variation in |S11| plot with and without defected ground
surface for suggested UWB-MIMO antenna.
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Fig. 9. Simulated and measured Gain and Radiation efficiency of
the suggested UWB-MIMO antenna

Fig. 10. Radiation pattern of the suggested UWB-MIMO antenna at: (a) — 35 GHz in E-plane, (b) — 35 GHz in H-plane, (c) — 38.4 GHz
in E-plane, (d) — 38.4 GHz in H-plane, (e) — 44.2 GHz in E-plane, and (f) — 44.2 GHz in H-plane.

it is exciting, and similar behavior is observed when port
2 is sourced. The basic requirements of isolation between
the ports can be easily understood by the current distri-
bution phenomena. DGS cancels out the fields between
adjacent antenna units, effectively stopping the current
passage between them. Hence the enhancement in terms
of isolation is achieved between the antenna units.

4 Results and discussion of MIMO antenna

The 2-port MIMO antenna is extended from the single-
port antenna unit. Fig. 6 shows the simulated scattering
parameters (|S11[, |S22], |S12],and |S21| for the proposed
MIMO antenna, while Fig. 7 shows the measured counter-
parts of the simulated outcome. The suggested antenna,
as shown in Fig. 6 and 7, operates throughout an ultra-
wideband of 31. 6 GHz to 48. 8 GHz, with isolation better

than 20 dB throughout the frequency range. The simu-
lated and measured findings exhibited inconsistencies at
higher frequencies due to a lack of measurement precision
and the influence of manufacturing tolerance.

Figure 8 depicts the |S11| plot for the proposed UWB-
MIMO antenna with and without DGS. The incorpora-
tion of DGS increases the impedance bandwidth from
33.2 —44.37 GHz to 31.6 — 48.8 GHz.

The measured and simulated gain and simulated radi-
ation efficiency of the suggested antenna are depicted in
Fig. 9. The maximum gain is 10. 23 dB, and the overall ra-
diation efficiency is better than 93 %. The perturbation in
the gain plot is observed because, at the millimeter-wave
frequency, the atmospheric disturbance becomes promi-
nent. However, in the suggested configuration, the gain
has significant values for the whole bandwidth.

Figure 10 shows simulated and measured co and cross-
polarization plots in the XZ and Y Z planes for three



Journal of ELECTRICAL ENGINEERING 73(2022), NO1

Envelope correlation coefficient

. simulated

30 35 40 50

Frequency (GHz)

Fig. 11. ECC comparison between the simulated and measured
value of the 2 port MIMO antenna
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Fig. 13. Simulated and measured variation curve of CCL of the
suggested MIMO antenna

resonant frequencies of 35 GHz, 38.4 GHz, and 44.2
GHz. The difference between the co-polarized and cross-
polarized levels is found to be considerable. The radiation
pattern is created by stimulating one port and stopping
the other with a 50 matched load. The measurements and
simulations’ results are found to be incoherent.

5 MIMO antenna diversity performances

The correlation coefficient function p, indicates how
isolated or correlated the communication channels are
from one another. Among the primary factors for cal-
culating diversity in MIMO antennas, the envelope cor-
relation coefficient is one of the most important, since
it reveals in great detail how the different ports are re-
lated to each other. The ECC is formulated in two ways:
(i) — by using (p) scattering parameter (ii) — by using a
3-dimensional far-field radiation pattern. To achieve the
best results, the upper limit of ECC should be < 0.5 [1]
[16]. When the antenna radiation efficiency is greater than
90%, the scattering parameters approach for calculating
ECC should be employed. The following equation can be
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Fig. 12. Simulated and measured value of diversity gain of the
MIMO antenna

used to compute the ECC for a two-unit MIMO system

|pnm|2 = Penm =

2
S Spm + S;;nSmm’

(1= 1Sl = Suunl?) (1 = [Suuml? = 1S0?) (1)

where pnm and penm is the correlation coefficient and en-
velope correlation coefficient respectively and Sym, Smn
shows the return loss and mutual coupling scattering fac-
tors between the antenna’s ports. Figure 11 shows the
variations in the simulated and measured value of ECC.
It can be seen from Figure 11 that the resulting value of
ECC is (< 0.002), which is significantly better than the
optimal value of (0.5), indicating that the ports on the
antenna element have a better correlation.

The alternative approach for computing ECC is more
efficient since it takes into account the details of the 3D
distant radiated field, despite the apparent port coupling.
The 3D far radiation pattern E;(f, ¢) is seen here when
power is applied to the ¢ th and j th ports at the same
time, and € is the solid angle. To calculate the ECC we
use, [16]

4ff Ei(9a¢)Ej(9,¢)dQ‘2
Pe = = 5
Iy |E0.0)| an iy

- (2)
Ej(e,qa)] a0

This is defensible when the isotropic environment is con-
sidered. When the transmitter gets data from multiple
channels, diversity is achieved. When transmissions are
significantly uncorrelated, the combined signals at the re-
ceiver end give an increase in SNR levels, resulting in in-
creased signal reception [14] [17]. The DG is computed

by
DG =+1-ECC. (3)

The correlation coefficient is related to the diversity gain.
The larger the diversity gain, the lower the coefficient



34 A. K. Dwivedi, N. K. Narayaswamy, V. Singh, M. S. Darmanar: UWB-MIMO DGS LOADED PATCH ANTENNA WITH LOW ...

value. The comparison of simulated and measured values
from Fig. 12 confirms that the suggested antenna has a
better diversity function in the operating range.
Suggested antenna CCL variation is shown in Fig. 13.
CCL gives the information regarding the maximum quan-
tity of data that may be sent continuously in the commu-
nication channel without any loss of data occurred. It can
be calculated by the use of the following equations, [1].

CCL = ~logdet [Zi Z;ﬂ
ai1 =1 — (|S11]* + |S12]?)
aze =1 — (|S22]* + [S21]?) (4)
a1z = — (57,512 + 55, 512)
a1 = —(SﬁSu + 551512)
as1 = — (532921 + S72591)

(4) For a better diversity function, the practical, accept-
able range of CCL ( < 0.4 bits/sec/Hz). From Fig. 13, it
is found the suggested antenna has the CCL level (< 0.3
bits/sec/Hz), which confirms the improved diversity func-
tion.

6 Conclusion

An ultra-wideband defected ground surface loaded 1 x
2 MIMO antenna is presented and discussed. Enormous
potential bandwidth of 17.2 GHz ranges from 31.6 —48.8
GHz is obtained for mm-wave applications. The use of
DGS not only improves bandwidth, but it also mitigates
mutual coupling between antenna parts significantly. The
effectiveness of the MIMO antenna is verified by calculat-
ing various parameters in terms of ECC, DG, and CCL,
with the results indicating that the suggested antenna
is adequate for MIMO next-generation wireless commu-
nication within the specified bands. Recently published
studies often offer comparative figures to substantiate the
originality of the suggested antenna design.
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