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Abstract

Four port MIMO microstrip antenna is proposed for C-band wireless applications. Proposed antenna is embedded with
metasurface after achieving the compactness of 17.25%. Analysis of metasurface including double negative characteristics,
dispersion curve, and zeroth order frequency is presented. Furthermore, techniques for suppression of mutual coupling,
suppression of cross-polarization, and enhancement of antenna gain are also described. Moreover, proposed antenna is
fabricated and simulated results are validated through experimental results of fabricated prototypes.

1 Introduction

Antenna is an essential component of any wireless system
because no signal can be transmitted wirelessly from any
system without having an antenna. Microstrip antennas
have become the first choice of researchers now-a-days for
single-chip devices. Compact antennas which can be used
for than one device/system are in demand now-a-days. For
the same, multi input and multi output (MIMO) antennas
are popular because of their ability to transmit or receive
the signals from more than one device simultaneously.
Various MIMO antennas have been proposed for different
wireless applications (Saxena et al. 2017, 2018). Two-port
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MIMO antenna has been proposed with polarization
diversity for ultrawide band (UWB) applications (Saxena
et al. 2017).

Suppression of mutual coupling between different ports
of MIMO antenna is the main challenge for researchers.
Several works have been reported for the suppression of
mutual coupling of MIMO antennas (Saxena et al.
2017, 2018; Jha and Sharma 2018; Khandelwal et al.
2018a). In Saxena et al. (2018); a built-in circular isolator
was embedded within the structure of two-port MIMO
antenna to suppress the mutual coupling between both
ports. Whereas in Jha and Sharma (2018), a quasi-elliptical
planar monopole antenna was proposed with minimum
mutual coupling. Defected Ground Structure (DGS) also
has been used to reduce the amount of mutual coupling in
two-port antenna as demonstrated in Khandelwal et al.
(2018a). Envelope correlation coefficient (ECC) is the
factor for scaling the mutual coupling among multiple ports
of MIMO antenna (Jha and Sharma 2018).

When a microstrip antenna is operated in its funda-
mental mode, its major radiations are polarized in a prin-
ciple plane and referred as co-polarized radiations (CP)
however few radiations are also polarized in the orthogonal
plane to the principle plane which degrade the radiation
properties of that antenna and known as cross-polar radi-
ations (XP) (Ludwig 1973; Lee et al. 1992). XP radiations
below the value of — 20 dB and proper isolation between
CP and XP radiations are the most desirable requirements
of an efficient system. Many researchers have reported
their research work for the suppression of XP radiations
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and the enhancement of isolation level between CP and XP
radiations (Khandelwal et al. 2014a, b, 2015, 2016, 2018a;
Keshri et al. 2017; Sharma et al. 2018). XP radiations are
defined properly in (Ludwig 1973) on the other hand these
radiations were studied for the conventional circular patch
antenna in (Lee et al. 1992) which gave the understanding
aspects of XP radiations of a microstrip patch antenna
structure. In (Khandelwal et al.
2014a, b, 2015, 2016, 2018a; Keshri et al. 2017; Sharma
et al. 2018), it is noticed that DGS is the most suitable and
widely used technique for the suppression of XP radiations
(Khandelwal et al. 2014a, b, 2015, 2016, 2018a; Keshri
et al. 2017; Sharma et al. 2018). Arc shaped DGS has been
used to reduce the amount of mutual coupling as well as
XP radiations (Khandelwal et al. 2018a). Circular DGS was
used underneath the open end of the microstrip line in
single (Khandelwal et al. 2014) and double layer (Khan-
delwal et al. 2015) microstrip antennas to reduce the XP
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Fig. 1 Schematic of proposed antenna

Fig. 2 Photographs of the
prototype: a top view of Ant_4,
b bottom view of ground plane
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Fig. 3 Simulated and measured S;; variation with frequency of
Ant_1, Ant_2, Ant_3, and Ant_4

radiations. Random shaped DGS also have been used to
reduce the XP radiations in UWB (Khandelwal et al. 2014)
and triple band antennas (Khandelwal et al. 2016). More-
over, DGS has been used to suppress the XP radiations of
omnidirectional microstrip antenna (Keshri et al. 2017). In
Sharma et al. (2018), DGS was introduced to enhance the
gain and to suppress the XP radiations of four element
antenna array.

In the earlier studies, the focus was mainly on the sup-
pression of the XP radiations. In order to overcome the
shortcomings of the previous studies (Khandelwal et al.
2014a, b, 2015, 2016, 2018a; Ludwig 1973; Lee et al.
1992; Keshri et al. 2017; Sharma et al. 2018), new geom-
etry of defects in the ground plane with improved perfor-
mance is proposed in the present communication which not
only suppress the XP level of antenna but also improves the
mutual coupling of MIMO antenna.

In this work, a slotted circular microstrip patch antenna
(CMPA) is proposed with DGS for C-band wireless
applications. C-Band contains a very wide range of
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Fig. 4 Current distribution of a Anz_I at 5.8 GHz, b Ant_2 at 5.05 GHz, ¢ Ant_3 at 4.97 GHz, and d Ant_4 at 4.8 GHz

applications including satellite communication transmis-
sion, surveillance radar, whether radar, cordless telephones
and some WiFi systems. The functionality of proposed
CMPA is further enhanced by introducing a rectangular
slot along with U-slot in the circular patch which improves
the compactness of the structure. XP radiations of the
structure are suppressed by embedding the array of rect-
angular slots in the ground plane. Then, 4-port MIMO
antenna is designed and its mutual coupling is suppressed
further through DGS. Furthermore, a metasurface is

designed and its analysis is presented. Double negative
characteristics, dispersion curve and zeroth order frequency
(ZOR) of metasurface are analyzed. Then, designed
metasurface is embedded with proposed antenna to
enhance the antenna gain. The analysis is carried out by
finite element method (FEM) using Ansoft HFSS v.15. The
simulated results are verified by measured results of fab-
ricated prototypes.

@ Springer



4724

Microsystem Technologies (2019) 25:4721-4730

4.0~
7 eeeees Ant_2 Simulated
3.5 ++-0+ Ant_3 Simulated [ 700+
1 ==+ Ant_4 Simulated j'ﬂ
3.0 4 —*— Ant_2 Measured
{ —e— Ant_3 Measured
~ 251 —8— Ant 4 Measured |__
g F
= 2.0 K
g d
= ] ;
O 15 ;
1.0
0.5+
0.0 T
4.2 4.6 4.8 5.4
Freq (GHz)

Fig. 5 Simulated and measured antenna gain variation with frequency
of Ant_I, Ant_2, Ant_3, and Ant_4

2 Antenna geometry

The schematic of the proposed structure is shown in Fig. 1.
A microstrip circular patch antenna of radius r supported
by a regular ground plane is used as reference antenna and
same is referred as Anf_I in present study. Radius r of
circular patch is calculated as 6.5 mm corresponding to
5.8 GHz frequency (Balanis 1997). A 50 Q coaxial feed is
provided through SMA connector at a distance
d = 1.81 mm from the center of patch. Further, a U-shaped
slot and a rectangular slot of dimensions [; x w; are
embedded in the circular patch. After integrating these
slots, resonant frequency is shifted towards its left (lower
value), which implies for the compactness of antenna. The
current path on the circular patch is increased (current
starts to flow around the periphery of the slots) and results
in the increased electrical length (lamda) corresponding to
lower frequency. The dimensions of the U-slot are deter-
mined by its length [, width w,, and thickness w;. The
values of /5, w, and w3 are taken as 7 mm, 6 mm and 2 mm
respectively. Only U-slot loaded circular microstrip patch
antenna with regular ground plane is referred as Ant 2
whereas antenna with both slots (U as well as rectangular
slot) is referred as Ant_3. The length /; and width w; of
rectangular slot is taken as 7 mm and 2 mm, respectively.
Furthermore, two identical rectangular slots are embedded
symmetrically in the ground plane which results in the
suppressed XP radiations. The dimensions of the defects
are determined by its length /; and width w, and location
b. The values of length /3 and width w, are chosen as
18 mm and 2 mm, respectively. The location b is taken in
such a way that the distance between inner boundaries of
the both defects should be 8 mm apart from the center of
the patch. This proposed structure with rectangular DGS is
referred as Ant_4 for this study. Figure 2 shows the
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photograph of the fabricated prototypes of the proposed
antenna.

3 Single port antenna

Proposed antenna is designed on FR-4 epoxy substrate of
thickness 4 = 1.6 mm and dimensions of 40 mm x 40 mm
with dielectric constant &= 4.4 and loss tangent tand =
0.02. Fabrication is done by standard photolithography
process and measurement of fabricated antennas is done on
Agilent Vector Network Analyzer (VNA) N5230A and
Agilent Spectrum Analyzer in anechoic chamber. Figure 3
shows the simulated and measured S;; variation with fre-
quency of Ant_I, Ant_2, Ant_3, and Ant_4. It is observed
from Fig. 3 that reference antenna Ant_I is resonating at
5.8 GHz.

Current path (electrical length) is increased by embed-
ding the U-shaped slot on the circular patch thus 12.93% of
compactness is achieved in Ant_2 and it starts to resonate at
5.05 GHz. Compactness is further improved to the value of
14.31% by embedding a rectangular slot along with
U-shaped slot on the circular patch in the case of Anz_3 and
it starts to resonates at 4.97 GHz. Further, two rectangular
defects are introduced on the ground plane of the proposed
structure and response is achieved at 4.8 GHz with further
compactness of 17.25% as shown in Fig. 3.

Current distributions of all the four proposed antennas
are shown in Fig. 4 at their respective resonant frequencies.
It is clear from the Fig. 4, slots are contributing to improve
the radiation characteristics of the proposed antennas. It is
observed that current is concentrated around the slots and
results in increased current patch which is responsible for
miniaturization. When a slot is introduced on a conducting
surface, current is started to flow around the periphery of
that slot thus total electrical length (length covered by
wave) is increased. Increased electrical length corre-
sponding to the decreased (lower) frequency represents the
miniaturization. After observing the current distribution of
proposed structures at different frequencies it is concluded
that antennas are showing better characteristics only at
their respective resonant frequencies. At other than the
resonant frequencies antennas are not showing satisfactory
results.

Figure 5 shows the simulated and measured gain char-
acteristics of all the proposed antennas. Ant_2, Ant_3 and
Ant_4 show their peak gain of the values of 3.49, 3.1 and
3.501 dBi at their respective resonant frequencies 5.05,
4.97, and 4.8 GHz, respectively. Measured results of gain
of fabricated antennas are in good agreement with simu-
lated results of the proposed antennas.

Figures 6 and 7 show the radiation characteristics of the
proposed antennas. The simulated and measured polar
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Fig. 6 Normalized radiation pattern of a E-plane of Anz_I at
5.8 GHz, b H-plane of Ant I at 5.8 GHz, ¢ E-plane of Ant_2 at
5.05 GHz, d H-plane of Ant_2 at 5.05 GHz, e E-plane of Ant_3 at

radiation pattern of CP and XP in both major orthogonal
E and H planes are shown in Fig. 6 whereas a comparison
of simulated radiation pattern in both E and H planes of all
the antennas at their respective resonance frequencies in
rectangular format is presented in Fig. 7a, b, respectively.
It is observed that CP characteristics are almost same of all
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4.97 GHz, f H-plane of Ant_3 at 4.97 GHz, g E-plane of Ant_4 at
4.8 GHz, and h H-plane of Ant_4 at 4.8 GHz

antennas in both £ and H planes. Cross-polarization level
of Ant_4 is lowest among all the antennas and about 8 dB
of suppression is obtained in comparison with other
antennas. XP level of Ant_4 is maintained below 28 dB and
36 dB in E and H planes, respectively.
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Fig. 6 continued
4 Analysis of MIMO antenna

Further, four element MIMO antenna is designed with four
ports. Each element is spaced at quarter wavelength to each
other and port numbers are assigned as shown in Fig. 8.
Vertical rectangular defects contribute to suppress the
mutual coupling between port#1 and port#2, port#3 and
port#4 and vice versa. A horizontal rectangular slot is
embedded in the ground plane which minimize the mutual
coupling between port#1 and port#4, port#2 and port#3,

@ Springer

port#l and port#3, port#2 and port#4 and vice versa
respectively. Defects in the ground plane perturbs the
surface waves which are moving from one port to another
port and results in suppressed mutual coupling. Return loss
characteristics of individual port remain same as shown in
Fig. 3 for Ant_4. Mutual coupling among all the four ports
are shown in Fig. 9 through S-parameters.

Moreover, a metallic reflector and a metasurface is
embedded with proposed MIMO antenna to enhance its
radiation characteristics as shown in Fig. 10. A metallic
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Slot on Ground~

Cutouts on reflector for
SMA connector

(b)

Fig. 10 Schematic of proposed antenna with metallic reflector and
metasurface, a side view, b prototype

plate of 1 mm thickness is used as a reflector below the
lower surface of the MIMO antenna at a distance
hy= 3 mm. This metallic reflector reflects back the back-
ward radiations in forward direction which contribute to
enhance the gain of the structure. Proposed metallic
reflector has four circular cutouts for connecting the probes
to SMA connector and four cylindrical Teflon rods are used
at all four corners of this metallic reflector to support the
MIMO antenna. The effects of metallic reflector-height /,
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Fig. 12 Schematic of metasurface, a metasurface, b unit cell,
¢ analysis setup in HFSS

on antenna gain is shown in Fig. 11. At the height of 3 mm,
best results are obtained. Approximately, same results are
obtained above 3 mm distance.

Further, a metasurface of same outer dimensions is
placed at A/8 height above the upper surface of the antenna.
An array of 5 x 5 of unit cell is placed on the lower sur-
face of FR-4 epoxy substrate of thickness A, = 0.8 mm.
Unit cells are spaced at diagonal angle of 45° and A/8
distance to each other.
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Fig. 14 Dispersion diagram of proposed metasurface

Schematic of metasurface and unit cell is shown in
Fig. 12a, b respectively. Analysis setup for metasurface in
HFSS is depicted in Fig. 12c. Metasurface is analyzed in
waveguide environment for which left and back surfaces
are assigned as perfect-H whereas front and back surfaces
are assigned as perfect-E. Port_1 and Port_2 are considered
on lower and upper face of the waveguide. Magnitude and
phase of the S-parameters are extracted from HFSS and
their complex values are calculated and referred as S;; ..
and S;, .. The impedance Z of the structure is calculated as
(Khandelwal et al. 2017, 2018b)

74 (14811,)*=S1_2 ()
(1 *511)2*512_3

where S;; . and S;, . are the complex S-parameters and
expressed as
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Sti_e = St1_m x {cos(S11_p) +j.sin(S11_p) } (2)
S12 =S, X {COS(S]ZF) +J. Sin(Slzp)} (3)

where S;; ,, and S, , are the magnitude and phase of the
S-parameters of the metasurface and obtained from HFSS.
The refractive index n is calculated from Eq. 4

Table 1 Comparative analysis of the proposed antennas

Si2_ec

Z—1
- S”—"Z+1

ejnk()l —

(4)

where ky is the wave number in the free space and [/ is the
largest dimension of the unit cell.

The effective permittivity E,, and effective permeability
M, are calculated as

Eng,MM:nZ (5)

Effective permittivity, effective permeability and
refractive index is shown in Fig. 13 and it is observed that
at antenna resonant frequency 4.8 GHz, proposed meta-
surface shows double negative (DNG) characteristics.
Thus, metasurface affects the field radiated by antenna at
4.8 GHz. Dispersion diagram of the metasurface is depic-
ted in Fig. 14 and zeroth order resonance (ZOR) frequency
is observed at 4.8 GHz as the value of dispersion coeffi-
cient beta (f) is zero at 4.8 GHz. Left-handed and right-
handed regions can be visualized by the ZOR frequency at
dispersion diagram.

Figure 15 shows the simulated and measured gain of
proposed antenna with and without metasurface and
reflector. Gain of about 8.8 dBi is achieved when meta-
surface is placed at the height of A/8. Metallic reflector and
metasurface are placed in the near-reactive region of the
antenna thus they perturbed the field radiated from the
antenna and contribute in enhanced gain. ECC of MIMO
antenna is shown in Fig. 16 which can be obtained from
Jha and Sharma (2018). ECC should be less than 0.5 for
MIMO antenna which shows that multiple elements of
MIMO antenna have minimum overlapping region and
better isolation (Jha and Sharma 2018). A comparative
study of all the four antennas are given in Table 1. Proto-
types of proposed fabricated antennas are demonstrated in
Fig. 17.

5 Conclusion

Compact microstrip antenna with suppressed cross-polar-
ization level is designed, analyzed and fabricated. 17.25%
of miniaturization is achieved by the proposed technique
with better radiation characteristics. Proposed antenna

Structure name Resonant Compactness (%) S11 (dB) Gain (dBi) E-plane XP H-plane XP
frequency (GHz) level (dB) level (dB)

Ant_1 5.8 - — 18 34 - 21 —28

Ant 2 5.05 12.93 — 195 3.49 - 21 — 28

Ant_3 4.97 14.31 — 19.6 3.1 — 26 - 32

Ant_4 4.8 17.25 - 179 3.501 — 28 — 36
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Fig. 17 Fabricated prototypes of proposed a metasurface, b top view
of 4-port antenna without stacking, ¢ bottom view of 4-port antenna
without stacking, d side view of proposed antenna

shows satisfactory gain within operating band and main-
tained cross polarization level below 28 dB and 36 dB in
E and H planes respectively. Further, 4-port MIMO
antenna is designed and analyzed which is further
embedded with metallic reflector and metasurface for
enhancing the antenna gain. Design and analysis of meta-
surface is also presented. DNG characteristics, dispersion
curve and ZOR frequency of metasurface is analyzed and
presented. ECC of 4-port MIMO antenna is achieved below
the value of 0.1. The measured results of fabricated

@ Springer

antennas are validating the simulated results successfully.
The proposed antenna may be a nice candidate for wireless
application in C-band with low cross-polarized radiation
level.
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