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ABSTRACT A low-profile printed six-port ultrawideband (UWB) antenna with a novel decoupling structure
for enhancing port-to-port isolation is analyzed in this paper. Six symmetrical pyramidal form UWB antennas
with defective ground structures interspersed with parasitic components served as a unique decoupling
structure in the proposed design. The grounded branches and modified rectangular stubs on the ground plane
generate closed and open current distribution channels, causing the uniform current flow to be disrupted
and the coupling effect to be neutralized. The projected six-port antenna has an electrical dimension of
0.68 x 0.89x0.01 A3 (A is computed using a lower frequency of 2.9 GHz), having a below -10 dB impedance
bandwidth of 116% from 2.9 to 11 GHz. Across the impedance bandwidth, the average port-to-port isolation
is better than 20 dB. The antenna design has acceptable radiation properties with a peak gain of 8.3 dBi ata
frequency of 7.5 GHz. Further, the projected design is also exposed to the time domain characteristics and
diversity metrics. Among the different ports, the values of the group delay and fidelity factors are less than
1.5 ns and more than 0.92, correspondingly. The values of the diversity parameters such as ECC < 0.075,
DG approximately 10 dB, MEG<—3dB, TARC<—10 dB, CCL < 0.3 bps/Hz, and ME<—2 dB ensure
that the projected design is appropriate for the MIMO applications. The designed antenna is fabricated and
measured, and the results are in line with the simulation.

INDEX TERMS Isolation, antenna, decoupling structure, time-domain, ECC, DGS.

I. INTRODUCTION radar applications [2], [3], [4]. The UWB provides various

The technological evolution makes electronic gadgets more
innovative, compact, and portable. Multiple features on these
devices require a wireless communication system with a high
data rate and channel capacity. Ultrawideband (UWB) sys-
tems offer higher bandwidth and data rates [1]. The allow-
able transmission power of the UWB system is confined
to 75 nW/MHz. The low power restricts the transmission
to short-range communication, tracking, positioning, and
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advantages; however, it suffers from multipath fading due
to the dispersion of short input pulses. To efficiently uti-
lize the UWB system’s broader bandwidth, the multipath
fading issue is resolved by incorporating the multiple input
and multiple output (MIMO) technology. The MIMO tech-
nology in wireless communication helps overcome multi-
path fading and utilizes a multi-scattering atmosphere with
no additional power and bandwidth. The monopole patch
antennas are the most desirable antenna in the UWB MIMO
system due to their nay advantages [5]. The aforementioned
MIMO technology characteristics may be attained only
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when the radiators of multiport antenna should have strong
isolation structures that effectively mitigate the near-field
coupling.

The literature divulges the different ways of designing
UWB monopole antenna structures using conventional rect-
angular and circular patches [5]. The conventional patches
are modified by carving or adding additional conducting
material on radiating and ground planes. The idea behind
increasing bandwidth is engraving slot, slit, stub structures
on the radiator, and full/partial plane correspondingly such
that these structures disturb the uniform current flow and
improve the bandwidth. Different approaches for improving
isolation in MIMO systems include embedding the matching
network between antennas, metamaterial loading, parasitic
element loading, neutralization line, and combining these
techniques as a hybrid approach [6], [7], [8], [9], [10], [11].
Polarization diversity techniques are exploited by placing the
antennas in orthogonal orientation with the parasitic elements
loaded on the defected ground structure (DGS), as demon-
strated in [12], to improve isolation. In [13], a low-pass filter
is included between the elements to filter out the coupling
effect. A compact UWB MIMO with spiral structure DGS
is used to achieve enhanced isolation [14]. A reflector of a
circular structure is loaded onto the radiator and connected to
the DGS using vias to enhance isolation, as illustrated in [15].
A circular with tapered feedline UWB monopole antenna
is duplicated to develop a two-port MIMO antenna [16].
The isolation is increased by inserting a stub between the
elements and the vertical branch in DGS. The isolation among
the fractal UWB antennas is achieved by positioning them
perpendicular to each other [17].

This communication presents a distinctive decoupling
structure to improve isolation among the six-port UWB
MIMO antenna having a common ground plane. For a
broader bandwidth, impedance matching is achieved by carv-
ing a pyramidal structure with a 1.8 mm vertical rectangle
on the radiator and partial ground plane. The six-port MIMO
antenna is formed by placing three UWB monopole antennas
side by side, and this configuration is mirrored with horizon-
tal reference. The inter-element separation is less than 1/4 A,
where the frequency of 2.9 GHz determines A. The projected
design exhibit S11 below -10 dB from 2.9 to 11.2 GHz and
average isolation better than 20 dB throughout the operating
frequency. The isolation is improved by employing para-
sitic elements on a defective ground structure (DGS), which
results in a one-of-a-kind decoupling structure. Further, the
projected design is exploited for analyzing time domain and
MIMO diversity characteristics. For experimental validation,
the proposed design is printed on an FR4 substrate (¢, =
4.4,tané = 0.02, and h = 1.6mm). The remaining work is
structured as follows- an antenna design is described in
section 2. Section 3 discusses the design and analysis of the
decoupling structure. The outcome of the presented six-port
antenna design and performance comparison with the pre-
vious work is portrayed in section 4. Section 5 depicts the
concluding remarks.
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II. SIX-PORT UWB MIMO ANTENNA DESIGN

A UWB monopole antenna with pyramidal and rectangular
hybrid geometry as a radiation patch, a microstrip feedline,
and a partial ground plane is presented in Figure 1, and geo-
metrical parameters are listed in Table 1. An FR4 substrate
having physical dimensions of 0.30 x 0.22x0.01 A3 (A is
computed using a lower frequency of 2.9 GHz) is employed
to simulate the UWB antenna. The ground plane alteration
influences the transmission line characteristics, resulting in
a lower quality factor and greater operational bandwidth.
The difference in ground plane length (gl) substantially
affects the reflection coefficient curve, particularly changing
the lower resonance frequency, as illustrated in Figure 2a.
The increase in width of the rectangle (a3) does not affect the
lower resonance frequency, but the higher resonance shifts
towards the lower frequency, as shown in Figure 2b.

ab

A J v

A J

FIGURE 1. Schematic of the UWB antenna: radiating plane (left) and
ground plane (right).

TABLE 1. Geometrical parameters of the UWB antenna (mm).

Ls Ws al a2 a3 a4 a5 a6 | gl
31.5 23 22.5 18.4 1 1.9 | 143 3 17

The simulated UWB antenna is replicated side by side
with the inter-element separation of 0.12A (s1=13mm) from
edge to edge. This configuration is parallelly mirrored at
a distance of 0.08A (s2=9mm) to construct a six-element
MIMO antenna operating in the UWB band, as represented
in Figure 3a. The optimal values of S1 and S2 are chosen by
performing the parametric analysis. The horizontal and verti-
cal inter-element spacing is less than a quarter wavelength,
resulting in strong coupling between the MIMO elements.
Figure 3b depicts the scattering parameter curves. Figure 3b
demonstrates the poor reflection and transmission coefficient
values caused by inappropriate impedance matching. The
close proximity among elements causes low isolation, and
the same can be witnessed by the current distribution plot,
as represented in Figure 3c. The coupling effect of the excited
antenna has a significant effect on the adjacent element.
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FIGURE 2. The effect of parameter variation on the reflection coefficient
curve (a) g1, and (b) a3.

The parasitic elements are embedded on the DGS to negate
the inter-element coupling effect, as shown in Figure 4. The
gap and conducting branches on the DGS attract the coupling
field, resulting in the formation of a new local current chan-
nel with essentially no current coupling to the neighbouring
elements. The projected six-port MIMO antenna has physical
dimensions of 0.68 x 0.89x0.01 A3 (A is computed using a
lower frequency of 2.9 GHz) with an impedance bandwidth
of 116 % of the center frequency ranging from 2.9 to 11 GHz.
The insertion of unique DGS as a decoupling structure pro-
vides the average isolation better than the 20 dB over the
operational frequency. The detailed physical dimensions are
listed in Table 2.

IIl. DESIGN AND ANALYSIS OF DECOUPLING STRUCTURE
In order to accomplish a compact six-port antenna, three
UWB monopole antennas are positioned next to each other
and mirrored horizontally with the shared ground plane,
as illustrated in Figure 4. The evolution of the decoupling
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FIGURE 3. The MIMO antenna (a) Schematic of the MIMO antenna
without decoupling structure, (b) S-parameters of the design, and
(c) current distribution plot at 5GHz, depicting the mutual coupling.

ﬂ#ﬂ

FIGURE 4. The Schematic of the projected six-port UWB MIMO antenna:
radiating plane (left) and ground plane (right) (dimensions in mm).

structure and their S12 is depicted in Figures 5 and 6. The
first step was initiated by extending a single element’s ground
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TABLE 2. Geometrical parameters of the UWB antenna (mm).

Ls | Ws | bl | b2 | b3 | b4 | bS | b6 | b7 b8 sl | s2

FIGURE 5. The evolution of decoupling structure to improve the isolation
of six-port UWB antenna.

-60 T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12
Frequency (GHz)

FIGURE 6. The simulated S21 of the ant_1, ant_2, ant_3, ant_4, ant_5.

plane, as in ant_1 of Figure 5. The inter-element coupling
influences the impedance matching and leads to poor isola-
tion, especially at high frequencies. A pair of rectangular slots
of 16.5 x 12 mm? is patterned in the ground plane as in ant_2
of Figure 5. In comparison to the previous step, the slots dis-
rupt the uniform current distribution and improve isolation.
Two verticles and horizontal branches are implanted consecu-
tively in the DGS, as indicated in ant_3 and ant_4 of Figure 5.
These branches combine to create an open and closed current
flow path, resulting in a local alternative current channel. This
local current path cancels out the coupling effect between
the neighboring components. Further isolation is enhanced
by embedding the parasitic elements into the modified DGS
as in ant_5 of Figure 5. This arrangement provides average
isolation better than the 20 dB among all ports by suppressing
the coupling effect. The total physical dimensions of the
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FIGURE 7. The simulated surface current flow plots at 9 GHz (a) ant_1,
(b) ant_2, (c) ant_3, (d) ant_4, and (e) ant_5.

FIGURE 8. The Photographs of the top (left) and bottom (right) of the
projected UWB MIMO antenna.

parasitic elements are less than the half-wavelength (1/2 1).
Adjusting the relative length and position of the grounded
branches and incorporating the modified rectangular stub and
slot combination on the DGS improves the overall isolation
throughout the operating bandwidth.

A. DECOUPLING MECHANISM

The decoupling process is investigated through the vector
surface current distribution plots, as portrayed in Figure 7.
One element is stimulated, and all other elements are termi-
nated in the UWB MIMO antenna. The surface current in
Figure 7a signifies the strong port-to-port coupling effect.
The current distribution on the ground plane is disturbed
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FIGURE 12. Plots of MIMO diversity parameters (a) ECC (s-parameters), (b) DG (s-parameters), (c) ECC and DG
(radiation pattern), (d) MEG, (e) TARC, (f) CCL, and (g) ME.
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FIGURE 13. Normalized input and output pulses (a) side-to-side,
(b) face-to-face configurations.

as represented in Figure 7b-e. Figure 7e signifies the direction
of current flow in the stimulated antenna is steady and neigh-
boring elements have opposite directions. The reverse current
creation is caused by the DGS decoupling structure, which
also reduces the coupling effect. Furthermore, the current on
the DGS is higher, minimizing mutual coupling caused by
ground surface oscillations. As a result, the decoupling struc-
ture shown here may effectively minimize antenna coupling.

IV. RESULTS AND DISCUSSION

Fabricating and testing the six-port UWB antenna (ant 5)
validates the presented decoupling arrangement for the
UWB MIMO antenna. Figure 8 illustrates a photo-
graph of the presented UWB MIMO. The horizontal
and verticle edge-to-edge spacings are 0.121 and 0.08A,
respectively.
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(b) side-to-side configurations.

A. SCATTERING PARAMETERS

The scattering parameter graphs for the intended six-port
antenna are illustrated in Figure 9. The data show that the
simulated and measured results are consistent, with an accept-
able margin of error owing to fabrication, soldering, and
testing equipment tolerance. Figure 9a signifies the measured
impedance bandwidth of 3 to 11.2 GHz. Figure 9b indi-
cates the port-to-port isolation of the projected design. The
modified ground plane, along with the insertion of ground
branches and parasitic elements, provides the isolation of bet-
ter than 20 dB throughout the impedance bandwidth (except
for lower frequency 2.9 to 4 GHz).

B. CURRENT DISTRIBUTION

Figure 10 depicts the surface current distribution with the
combination of DGS and parasitic elements as a decou-
pling structure at resonance frequencies of 5 GHz, 7 GHz,
and 9 GHz to better articulate the influence of the decoupling
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TABLE 3. Performance comparison of projected design with the existing designs.

ECC
Techniques Dimension No. of Impedance Peak Isolation (S-
Ref useg (mm) elerrients bandwidth ain (dB) parameter/ DG MEG | TARC | CCL | ME
(GHz) & 3D
pattern)
Low pass and
band pass filter 4.94 NA/
24 and Vertical 78x78%1.6 4 2.1-10 dBi >13 <017 >9.85 - - - -
polarization
DGS and Average
25 Polarization 40x40x1.6 4 3-13.5 &6 >15 NA /<04 | >9.95 - - <02 | <1
. . 4.5 dBi
diversity
Coplanar <0.02/
26 waveguide 80x80x1.6 4 2.1-20 5.8dB >25 NA =10 - <10 | <04 -
(CPW), DGS
DGS and 9.57 NA/
27 orthogonal | 04X64x1.6 4 2.08-10.4 R >20 015 >92 | -3 <3| -
Parasitic
28 element and 50x50x1.6 4 2.4-18 5 dBi >30 <0£202/ 9.9 - <10 | <0.2 -
orthogonal
asymmetric
29 coplanar strip | 48x52x1.6 4 2.7-11 Average >20 <0008/ 1 g 97 - - <04 | <1
3.5 dBi NA
and orthogonal
30 CPWand = ¢y 8716 | 4 3031074 | 79dBi | >20 | NA/<02 | - - - -] -
orthogonal
Vertical 3.15 NA/
31 polarization 30%30%1.6 4 12 dBi =17 <0.15 ) ) ) ) )
DGS and <0.075 /
Proposed Parasitic 71x95%1.6 6 2.9-11 8 dBi >20 0 4 =10 <3 <10 | <0.3 | <2
element )

*- NA--not available

structure. The decoupling structure blocks the coupling cur-
rent from port 1 to other ports.

C. RADIATION CHARACTERISTICS

The 2D radiation pattern is presented using simulated and
measured data for the resonant frequencies of SGHz, 7GHz,
and 9GHz, as shown in Figure 11a-c. The radiation pattern
of the designed antenna is determined by stimulating one
port and disconnecting all other ports with the matching
condition at the xz and yz planes. The antenna exhibits the
quasi omnidirectional pattern at the resonating frequencies.
The simulated and measured gain versus frequency plot of the
designed antenna is represented in Figure 11d. The minimum
and maximum gain of 4.2 dBi and 8.3 dBi are observed at
frequencies of 3.5 GHz and 7.5 GHz, respectively.

D. DIVERSITY CHARACTERISTICS

The envelope correlation coefficient (ECC), diversity gain
(DG), mean effective gain (MEG), total active reflection
coefficient (TARC), channel capacity loss (CCL), and mul-
tiplexing efficiency (ME) are tested on the projected six-port
UWB MIMO antenna. The aforementioned metrics are
determined using measured data and MATLAB to ensure
consistency with the simulated outcomes. The ECC charac-
terizes the amount of correlation among the antenna elements.
The ECC can be computed using a 3D radiation pattern
and as well using S-parameters for the antenna having high
efficiency. The signal to interference strength is defined by
the DG and is estimated using ECC. The MEG gives the
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antenna’s average power ratio radiated to incident relative
to the isotropic environment. TARC provides information on
the overall power radiated to the total incident power in the
multiport microwave devices. The CCL determines the losses
that occur during the transmission of data. It specifies the
maximum channel transmission rate required for unwavering
communication. To assess the performance of the MIMO
antenna, the ME is calculated by analyzing the correlation
between the elements and their efficiencies. For the two-
port antenna, diversity parameters are calculated using the
equations reported in [18], [19], [20], and [21].

The designed antenna exhibit ECC of 0.075 (s-parameter)
and 0.4 (radiation pattern), DG approximately 10 dB
(s-parameter) and >9 dB (radiation pattern), MEG <—3 dB,
TARC<—10 dB, CCL <0.3 bps/Hz, and ME <—2 dB as
illustrated in the Figure 12. These characteristics ensure that
the designed antenna is appropriate for MIMO applications.

E. TIME DOMAIN CHARACTERISTICS

The time-domain metrics group delay (GD) and fidelity fac-
tor (FF) are examined for the designed antenna. To per-
form time-domain analysis, identical antennas are arranged
100 mm apart in a face-to-face and side-to-side configura-
tion [22], [23]. The transmitted and received pulse qualities
can be studied in order to ensure seamless communication.
GD describes the phase linearity among the input and output
signals. Analytically GD is the derivative function of phase
response to the angular frequency as defined in the below

112971



IEEE Access

P. Kumar et al.: Design of a Six-Port Compact UWB MIMO Antenna With a Distinctive DGS

equation 1.

do (w)
dw

The phase difference between the ports is characterized
by ¢. The group delay of the designed antenna is less than
1.5 ns, as illustrated in Figure 13.

The FF is another important statistic that specifies the
level of correlation between the incoming and outgoing pulse
forms. The FF is calculated using the normalized transmitted
and received pulses as in equations 2-4 [12].

Ts(¢
" = __Lw )
S \Ts@)1 dt
Ry(t
R — @) o)
S22 IR dt

ey

Tg (W) = —

FF = max / T} () Ry (¢t + T)dt )

Normalization is performed to ensure that only the signal
pattern is examined instead of its amplitude. The normalized
input and output pulses are represented in Figure 14. The
consistency among transmitted and received impulses are
determined using the FF equation. In both configurations,
FF is found to be greater than 0.92. The estimated fidelity
factor values ensure that the pulse received at the receiver has
as little interference as possible.

F. COMPARATIVE ANALYSIS

The effectiveness of the projected design performance is
evaluated by comparing it to existing UWB MIMO antenna
designs in the literature, as illustrated in Table 3. The pro-
posed design outperforms the physical dimension, MIMO
diversity features, and time-domain characteristics.

V. CONCLUSION

This paper describes an innovative decoupling structure
design for identical six-port antennas with impedance band-
widths ranging from 2.9 to 11 GHz. The S11 curve, isola-
tion, radiation properties, MIMO diversity parameters, and
time-domain aspects of the designed antenna are all exam-
ined. The unique decoupling structure consisting of DGS with
grounded branches and rectangular pattern parasitic elements
minimizes the inter-element coupling effect. The impedance
discontinuity at the ground plane suppresses the coupling
effect. The average port-to-port decoupling of the six-port
UWB antenna is greater than 20 dB over the impedance band-
width of 2.9 to 11 GHz. Likewise, the proposed structure is
subjected to time-domain features and diversity metrics. The
group delay and fidelity factors values among the different
ports are less than 1.5 ns and greater than 0.92, respectively.
The MIMO diversity parameters ECC < 0.075, DG = 10 dB,
MEG<—-3dB, TARC<—10 dB, CCL < 0.3 bps/Hz, and
ME<—2 dB. Finally, the designed antenna structure is com-
pared to the prior UWB MIMO antennas. All performance
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metrics are acceptable, and the proposed antenna is a viable
contender for UWB communication systems.
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