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ABSTRACT In this paper, a low-profile, compact, quad-port super-wideband (SWB) multiple-input—
multiple-output (MIMO) antenna is presented for the internet of things (IoT) applications. The proposed
antenna comprises four identical sickle-shaped resonating elements, which are excited by tapered coplanar
waveguide (CPW) feed lines. The antenna elements are arranged in rotational symmetry (mutually
orthogonal to each other) to achieve high port isolation. A complementary slot, which matches the sickle-
shaped radiator, is etched from the ground of the proposed monopole antenna element to achieve massive
bandwidth. The MIMO antenna possesses a resonating bandwidth (|S1;| < —10 dB) of 1.3-40 GHz and a
bandwidth ratio of 31:1. In addition, an L-shaped slit and a complementary split-ring resonator (CSRR) are
introduced in the sickle-shaped radiator to reject Bluetooth (2.4 GHz), WLAN (5.5 GHz), and downlink of
X-band satellite communication (7.5 GHz) signals from the SWB. The proposed MIMO antenna is
fabricated and experimental results are found in agreement with the simulated results.

INDEX TERMS IoT, isolation, MIMO, monopole, spatial diversity, SWB

I. INTRODUCTION

The internet of things (IoT) is a widely used term across the
globe. In the coming years, billions of mobile devices and
base station terminals will be connected through the
internet to provide multiple IoT-based services. It is
expected that by the end of the year 2020 more than 10
billion devices will be linked through IoT, while this
number increases to 40 billion shortly. The IoT technology
is used for converging various heterogeneous devices like
wireless sensor networks, smart grids, control and
automation systems, smart devices, etc. [1-2]. The selection
of the antenna system being used in the IoT connected end-
devices plays an important role in their functioning.
Numerous factors, such as less design cost, low power
consumption, simple hardware configuration,
omnidirectional radiation patterns, need to be considered
for designing an efficient antenna for IoT devices.
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Moreover, the increasing demand for compact and portable
devices miniaturizes the sizes of IoT modules. However,
this poses a design challenge and compact-sized antennas
are needed that can fit within the small available space
while maintaining a reasonable performance under adverse
fading/interference conditions [3-5].

In complex IoT modules, a low-profile, compact-sized,
super-wideband (SWB) antenna could be the best option as
it covers multiple wireless standards and technologies,
which reduces the overall module size/weight [6-7].
Recently, several antenna designs have been investigated
for the SWB [8-13]. A coplanar waveguide (CPW)-fed
fractal antenna with dual iterations of the Sierpinski square
slots was presented in [8]. The antenna showed a bandwidth
ratio of 11:1. In [9], a microstrip line-fed modified star
triangular fractal-shaped antenna with the semi-ellipse
ground was reported. A CPW-fed octagonal-shaped antenna
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with the defected ground surface (DGS) and four fractal
iterations was investigated [10]. In [11], a fractal antenna
with a hexagonal-shaped radiating element and a triangular
slot was presented. In [12], a coaxial-fed antenna was
modified by the second iteration of the octagonal fractal.
An egg-shaped design was reported in [13], where the
ground plane of the antenna was etched with a
complementary slot. A comparatively larger area is
required to design the SWB antenna with iterative
combinations of the fractal geometries. Therefore, the
employment of such designs in the multi-antenna
configuration increases the overall dimensions of the
antenna. Also, the designing and manufacturing of fractal
antennas is a difficult process. Several other SWB antenna
designs with dual-branch feed, tapered feed, asymmetric
coplanar strip (ACS), asymmetric ground plane, self-
complementary, and curve boundaries were also reported
[14-18]. In [14], an antenna consisted of two parallelly
arranged loop patches, which were linked with the
triangular sectors and symmetry axis, was reported. A dual-
branch fed rectangular-shaped antenna with an asymmetric
trapezoidal-shaped ground plane was proposed [15]. In
[16], a compact ACS-fed antenna consisted of a
boomerang-shaped strip and a hexagonal-shaped loop was
reported. A microstrip balun-fed modified bowtie antenna
was presented for microwaves and millimeter-waves [17].
In [18], an antenna consisted of an elliptical-shaped radiator
and a trapezoidal ground surface was reported.

The next-generation mobile networks must support
simultaneous operation of low data rate, such as low power
sensors, and high data rate (for example, high-definition
live video streaming) systems. A system with multiple-
input-multiple-output (MIMO) array and super-wide
bandwidth seem to be a promising candidate to fulfill the
data rate requirements [19-20]. In [21], a two-port SWB
MIMO antenna consisted of diagonally placed quarter-
circular patches and orthogonally arranged ground surfaces
was investigated. The antenna bandwidth ratio was 26:1. A
two-port MIMO antenna consisted of tapered microstrip
line-fed semi-circular shaped antenna elements was
reported [22], where a corrugated T-shaped parasitic
element was employed for better port isolation. An antenna
consisted of two feather-shaped radiating elements was
designed [23], where a metal strip was introduced between
the antenna elements for isolation enhancement. A dual-
port antenna consisted of elliptical-shaped radiators was
reported [24], where WLAN and Wi-MAX bands were
notched from the SWB by etching split-ring resonator
(SRR) and spiral microstrip defected structure from the
patch and the feeding, respectively. A MIMO antenna
consisted of four spade-shaped radiators and a windmill-
shaped decoupling element was presented [25], where an
elliptical slot was etched on the antenna element to improve
its radiation performance. A MIMO antenna consisted of
four semi-elliptical resonating elements was reported in
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[26], where triple notched bands were achieved by etching
an L-shaped element and a complementary split-ring
resonator (CSRR) on the patch. However, the SWB MIMO
antenna configurations reported so far mainly comprised of
two antenna elements [21-24] and one or two notched
bands [24]. A few SWB antenna designs were presented
with four resonating elements [25-26] and triple notched-
band features [26], but their large sizes may limit their
applications in compact IoT modules. Also, the ground of
the antenna elements in [21], [23], [25] are not
interconnected, therefore, these antennas might not be used
for practical MIMO applications.

In this work, a compact-sized four-element MIMO
antenna is designed for the SWB frequency range. Each
resonator of the presented MIMO antenna consists of a
tapered feedline, a sickle-shaped resonator, and a modified
ground plane. A slot complementary to the sickle-shaped
element is carved from the ground of the monopole antenna
for achieving the SWB. Also, a CSRR and an L-shaped slit
are implanted in the sickle-shaped patch to obtain triple
notched bands. A CSRR is made up of two concentric
circular rings of the same width and different radii, and it
eliminates the WLAN and downlink of X-band satellite
communication from the SWB. The resonating elements are
located orthogonal to each other to obtain high isolation
between them. The connected ground planes [27] of the
antenna elements, and coplanar design [28], where the
radiators and the ground are printed on the same surface of
the dielectric substrate, offers simple integration of the
MIMO antenna into IoT modules.

Il. ANTENNA CONFIGURATION

A. SWB ANTENNA ELEMENT DESIGN

A schematic of the proposed SWB antenna element is
shown in Fig. 1. The antenna element consists of a sickle-
shaped resonating patch, a modified ground surface, and a
tapered feed line that offers efficient matching in a
wideband frequency range.
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FIGURE 1. Sickle-shaped antenna element: (a) layout, (b) expanded
view of the notched-band slits.

A complementary sickle-shaped slot is etched from the
ground surface of the monopole antenna to obtain the SWB.
A CSRR and an L-shaped slit are etched from the sickle-
shaped patch to obtain triple notched bands at 2.4 GHz, 5.5
GHz, and 7.5 GHz. A CSRR and an L-shaped slit are
etched from the sickle-shaped patch to obtain triple notched
bands at 2.4 GHz, 5.5 GHz, and 7.5 GHz. Rogers RO4003C
substrate material (of relative permittivity (e,) of 3.38, loss
tangent (tan ) of 0.0027, and thickness of 0.5 mm) is used
for the fabrication of the prototype antenna. The dimensions
of the triple notched-band sickle-shaped antenna element
are displayed in Table I. The development and optimization
of the antenna are performed using the simulation tool
ANSYS HFSS®. The designed SWB antenna element size
is 22 x 34 mm?>.

TABLE I
DESIGN DETAILS OF THE SICKLE-SHAPED ANTENNA ELEMENT AND MIMO
ANTENNA
Dimensions | Value (mm) | Dimensions | Value (mm)

L] 22 C 3.65

W] 34 (o) 265

W, 17 g1 0.6

W3 3 82 06

Wy 14 g 0.5

L, 9.5 1 0.4

L3 95 S2 04

L5 65 P2 3.9

Ws 2 P3 4.4

We 12.5 Ui 56

Ws 11.5 Vi 56

R, 7 Ws 16.9

Rz 55 C3 6

1) DESIGN PROCESS

In Fig. 2(a), a planar monopole antenna is chosen (step-1)
as it shows wide bandwidth and simple geometry. The
antenna element consists of a truncated heart-shaped
radiator, a feed line, and a rectangular ground plane. The
proposed monopole antenna displays wide operating
bandwidth as demonstrated in Fig. 3(a). In step-2, the
antenna element is modified to a sickle-shaped self-
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complementary structure to achieve an ultra-wide
frequency range. Mushiake’s relationship demonstrates that
the input impedance of a self-complementary antenna
(SCA) is constant [29]

Zp = % ~ 188.5Q (1)

where Z signifies the calculated impedance in free space.
The given relationship demonstrates that the input
impedance of a self-complementary design is not affected
by the antenna wavelength, bandwidth, and dimensions.
This approach is useful for designing antennas with large
bandwidth [30-31]. As shown in Fig. 2(b), a slot analogous
to the radiator is carved from the monopole antenna ground
surface to achieve a broader bandwidth.

(a) (b)

(c) (d)

(e) ()

FIGURE 2. Evolution of the sickle-shaped antenna element: (a) step-1,
(b) step-2, (c) step-3, (d) step-4, (e) step-5, (f) step-6.

In step-3, the smaller ground plane and feed line of the
SCA is modified to the tapered triangular (shown in Fig.
2(c)) to improve the impedance matching and obtain the
SWB frequency range. The Si; response of the SWB SCA
element is displayed in Fig. 3(a). It is observed that the
sickle-shaped antenna element exhibits a bandwidth of 1.3—
40 GHz.

In step-4, an SRR is etched on the sickle-shaped antenna
element as displayed in Fig. 2(d). The SRR removes the
interrupting 5.5 GHz band (WLAN) from the SWB
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spectrum. The effective length of SRR (S&,) is calculated as
[32]

Spo ={mQ2c; —s1) — g1} = 0-5/1gi )

c 1 .
Agi_E(Jﬁ):l—lvz;S 3)
Ererr = o @)

where A, and f; are guided wavelength and center frequency
of the notched band, respectively, c is the velocity of light
in free space, and ¢, .y is the effective relative permittivity
of the dielectric substrate.
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FIGURE 3. Simulated Si1 response of the evolution steps: (a) step-1, -2,
and -3, (b) step-4, -5, and -6.

In the next step (step-5), another SRR is etched on the
sickle-shaped patch to eliminate the interfering 7.5 GHz
band (downlink of X-band satellite communication) as

VOLUME XX, 2017

shown in Fig. 2(e). The effective length of inner SRR (S&:)
is calculated as [32]

Sgi ={m(2c; —53) — g2} = 0.544; )
As shown in Fig. 2(f), in step-6, an L-shaped slit is
engraved on the radiating patch (step-6) to remove 2.4 GHz

(Bluetooth) interfering signals. The effective length of the
L-shaped slit (Sz) is evaluated as [32]

S,=@1+p2+p3+93) = 0-25)&91' (6)

The Si1 response of the sickle-shaped antenna element
design steps (-4, -5, and -6) is shown in Fig. 3(b).

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

5801e+00a
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FIGURE 4. Simulated electric field in the sickle-shaped antenna
element: (a) 2.4 GHz, (b) 5.5 GHz, (c) 7.5 GHz.

The current distribution of the sickle-shaped antenna
element at frequencies 2.4 GHz, 5.5 GHz, and 7.5 GHz is
shown in Fig. 4. It is observed from Fig. 4(a) that current is
primarily present alongside the L-shaped slit, which is
responsible for notching the Bluetooth frequency from the
SWB. In Fig. 4(b), a stronger current magnitude is visible
around the outer SRR, which rejects the WLAN band.
Similarly, a strong current is found near to the inner SRR,
as shown in Fig. 4(c), which is responsible for rejecting the
X-band satellite communication signals. Hence, a triple
notched-band performance is achieved by etching a CSRR
and an L-shaped slit from the sickle-shaped antenna
element.

B. SWB MIMO ANTENNA

The dimensions of the antenna element must be kept small
for the smooth installation of the MIMO antenna in the IoT
modules [7]. But, designing a small-sized four-port MIMO
antenna is challenging due to the correlation between the
neighboring antenna elements. In this work, a small-sized
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four-port MIMO antenna is designed for the SWB spectrum
range. Fig. 6 displays the layout of the proposed MIMO
antenna. The resonator ground planes are attached to
achieve the same reference voltage. Also, the four antenna
elements are located in an orthogonal manner, and the
diagonal radiators are arranged in anti-parallel orientation
to decrease the inter-element coupling and achieve
polarization diversity. The total size of the designed four-
element SWB MIMO antenna is 56 x 56 x 0.5 mm?.

FIGURE 5. Layout of the four-element SWB MIMO antenna.

lll. RESULTS DISCUSSION

The Si1 response of the designed MIMO antenna is
displayed in Fig. 6. The (|Si1] < —10 dB) bandwidth of the
four-element MIMO antenna is 1.3-40 GHz with a
bandwidth ratio of 31:1. The CSRR and L-shaped slit
eliminates the Bluetooth (2.4 GHz), WLAN (5.5 GHz), and
downlink of X-band satellite communication (7.5 GHz)
signals from the SWB. The three notches can be varied by
altering the dimensions of the CSRR and L-shaped slit.

When the measurements are carried at one antenna port,
the other ports are terminated through the matching load of
50-Q. The availability of the ordinary SMA connectors and
limited resources limits the experimental results only up to
18 GHz. The mutual coupling between different sickle-
shaped antenna elements is shown in Figs. 7(a) and (b). At
lower frequencies, the inter-element isolation achieved is
larger than 22 dB, and it increases toward higher frequency
range.

The peak gain of the antenna is about 7 dBi as displayed
in Fig. 8. Satisfactory gain values are seen in the antenna
resonance band except for the three notched bands. A sharp
dip in the gain curve at 2.4 GHz, 5.5 GHz, and 7.5 GHz
validates that the antenna suppresses the Bluetooth, WLAN,
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and X-band satellite communication signals from the SWB.

S-Parameters (dB)
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FIGURE 6. Simulated and measured S11, S22, Ss3, and Sas of the four-
element SWB MIMO antenna.
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FIGURE 7. Simulated and measured S-parameters of the four-element
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SWB MIMO antenna: (a) Sz21, S31, and Sai, (b) Sa2, Si2, and Sas.
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FIGURE 8. Gain response of the four-element SWB MIMO antenna.
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FIGURE 9. ECC curves of the four-element SWB MIMO antenna.

The diversity performance of the MIMO system can be
predicted through the envelope correlation coefficient (ECC).
The ECC value between the element-1 and element-2 of the
MIMO antenna can be calculated as [33]

|f J[F5(0,0)F(6.9)] ag”
[ IIF @ aef [[E6.e)|

pe = )

where F is the radiated field, Q, 6, and ¢ are the solid,
elevation, and azimuthal angles, respectively. A similar
procedure is used to compute ECC values between other
antenna ports. For the proposed MIMO antenna, the ECC
between different ports is less than 0.03 for the entire SWB
frequency range.

The current distribution of the MIMO antenna is displayed
in Fig. 10, where all the sickle-shaped antenna elements are
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excited simultaneously. In Fig. 10(a), it is noticed that the
current concentrates around the L-shaped resonator at 2.4
GHz. Similarly, a strong current is seen around the outer and
inner SRRs, shown in Figs. 8(b) and (c), which are
accountable for eliminating the WLAN (5.5 GHz) and
downlink satellite communication X-band (7.5 GHz)
frequencies, respectively.

f
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FIGURE 10. Simulated electric field in the MIMO antenna: (a) 2.4 GHz,
(b) 5.5 GHz, (c) 7.5 GHz.
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FIGURE 11. Measured and simulated patterns of the antenna: (a) H-
plane, 6 GHz, (b) E-plane, 6 GHz, (c) H-plane, 11 GHz, (d) E-plane, 11
GHz, (e) H-plane, 16 GHz, (f E-plane, 16 GHz.

The measured and simulated patterns of the proposed
SWB MIMO antenna at 6 GHz, 11 GHz, and 16 GHz are
given in Fig. 11. The co-polar and cross-polar radiation
patterns display a difference of more than 15 dB in both E-
plane and H-plane, which shows the stable radiation
characteristics of the designed antenna. The omni-directional
pattern is observed in the H-plane and bi-directional patterns
in the E-plane.

A comparison of the proposed antenna and previously
designed SWB MIMO antennas is given in Table II. The
proposed MIMO antenna has numerous benefits over the
antennas reported previously [21-26], in terms of compact
size, bandwidth ratio, notched bands, isolation between
antenna ports, and the number of resonators. In the proposed

antenna, the signals (at 2.4 GHz, 5.5 GHz, and 7.5 GHz) are
rejected without using any active devices or filtering
circuitry. The use of filtering circuitry for the elimination of
interfering frequency bands makes the antenna integration
process difficult as it leads to a bulky design that requires
more space. The polarization diversity and better isolation
are achieved between the antenna elements by arranging
them in orthogonal and anti-parallel orientation. The coplanar
geometry of the proposed design is advantageous as it offers
simple integration of the MIMO antenna into IoT modules.
Stable performance is achieved due to the common or
interconnected ground planes of the proposed MIMO
antenna.

IV. CONCLUSION

A compact four-element SWB MIMO antenna is presented
with triple notched-band feature. The proposed MIMO
antenna contains four identical sickle-shaped resonating
elements and a common ground plane. SWB properties are
achieved by introducing a radiator matching slot
(complementary) in the ground of the monopole antenna
element. In the sickle-shaped antenna element, a CSRR and
an L-shaped slit are etched to eliminate the Bluetooth,
WLAN, and satellite communication X-band signals. The
operating range of the MIMO antenna varies from 3.1 to 40
GHz, and an agreement is seen between the experimental and
simulated data. The antenna performs well and shows omni-
directional radiation patterns, high isolation, and low ECC.
The coplanar profile and lightweight of the antenna allow its
easy integration into the IoT modules/devices.

TABLE I
COMPARISON OF THE DESIGNED SWB MIMO ANTENNA WITH THE EXISTING DESIGNS
. . Impedance Notched band .
Ref. 1;1;1 n:)l:_: Ant(emnnma:’)sme Bal:_gri,:)dth bandwidth Iij)ltlcmhl::n(:lfs central frequency IS(zilzgl)on ECC
P (GHz) (GHz)
[21] 2 130 x 120 x 0.787 26:1 1.04-27.2 --- --- >10 <-10dB
[22] 2 40x47x 1.5 31:1 1.3-40 >20 <0.02
[23] 2 31x31x1.6 14:1 3.8-51.5 --- --- >15 <-30dB
[24] 2 20 x 36 28:1 1.21-34 2 3.5,5.5 >15 <0.25
[25] 4 58 x58 x 1 14:1 2.9-40 >17 <0.04
[26] 4 63 x63 % 1.6 31:1 1.3-40 3 3.5,55,85 >16 <0.01
vfgi 4 56 x 56 X 0.5 31:1 1.3-40 3 24,55,75 >22 <0.03
[3] Jha, K.R.; Bukhari, B.; Singh, C.; Mishra, G.; Sharma, S.K. Compact
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