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Abstract — This paper presents a compact dual-band-notched super wide band (SWB)
multiple-input multiple-output (MIMO) antenna for UWB applications. The bandwidth of
the antenna is near 38 GHz from 2.3 to 40 GHz, which covers L, S, C, X, Ku, K, and Ka
bands and has two notched frequencies around 3.1-3.7 GHz for WiMAX and 5.1-5.8 GHz
for WLAN. This antenna comprises two identical elements, fed by two 50 Q microstrip
lines and placed adjacent on a low-cost FR-4 substrate. The total size of the antenna is
about 31 x 65 x 1.6 mm?. To suppress the interferences of WiMAX and WLAN bands, two
elliptic single complementary split-ring resonators (ESCSRRs) were etched out of the
radiating patch and to achieve a good isolation between the two elements a long vertical
open-ended slot is etched out of the shared ground plane and an isolation of more than 17
dB is achieved. In addition, the Envelope Correlation Coefficient (ECC) value is less than
0.01.
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1. Introduction

Multiple-input multiple-output (MIMO) technology has
been developed over many years and has become very
popular due to its special characteristics, like a significant
increase in capacity of UWB systems without the need for
additional frequency range and data transmission efficiency.
In addition, MIMO systems can mitigate signal fading due to
the multipath that occurs during a wireless transmission.
Therefore, the reception's quality and reliability are
improved [1]. UWB technology has also drawn much
attention since the Federal Communications Commission
(FCC) allocated the unlicensed frequency spectrum from 3.1
to 10.6 GHz [2]. Besides lots of interesting characteristics of
UWB technology, such as high precision ranging and low
power spectral density, it also has some problems, such as
multipath fading and reliability limitations, which the
convergence of MIMO and UWB technology can overcome
these issues [3]. However, the UWB frequency range
interferes with existing narrowband communication systems
such as worldwide interoperability for microwave access
(WIMAX), C-band, wireless local area network (WLAN),
and X-band satellite communication. As regards this point,
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antennas with band-notched characteristics need to cancel
the mentioned interfering frequency bands, and several
investigations have been conducted in this field over many
years. For instance, in [4] and [5], two UWB antennae are
proposed with single-notched bands at WiMAX and WLAN,
respectively. To suppress these frequency bands, an inverted-
n model slot and an open stub have been reduced from the
radiating patches. Antennas with dual and triple band-
notched characteristics are also introduced in [6], [7], and
[8], respectively. In [9] and [10], different types of split-ring
resonators are etched on the radiating patch, and in [11],
three open-ended slots are introduced into the radiating patch
to filter WiMAX, WLAN, and X-band interferences. In [12],
a monopole antenna with six band-notched characteristics is
presented based on SRRs and U-shaped parasitic strips, and
notched bands around 2.96-3.33 GHz, 3.73-3.88 GHz, 4.43-
4.53 GHz, 5.37-5.57 GHz, 7.02-7.30 GHz, and 7.56-8.06
GHz have been obtained.

Portable devices with limited space require compact
MIMO antennas, and by placing the elements near each
other, mutual coupling will increase extremely; therefore,
designing compact MIMO antennas with low mutual
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coupling has become a challenging issue. For example, in
[13-15], elements of the MIMO antennas are placed
orthogonal to each other, and the diversity causes high
isolation of more than 15 dB, 20 dB, and 20 dB for each
antenna. In [16] and [17], the mutual coupling is reduced by
placing two inverted L-shaped stubs into the shared ground
plane, and an isolation of more than 20 dB and 17 dB is
obtained in each case. In [18] and [19], substrate integrated
waveguide (SIW) structures have been utilized to reduce
mutual coupling, and in [20] and [21], an electromagnetic
band gap (EBG) structure has been utilized to reduce mutual
coupling to less than -25 dB and to enhance impedance
bandwidth, respectively. Furthermore, in [22], a quad-
element band-notched UWB MIMO antenna is proposed
with an overall size of 60 x 60 mm? and covers a bandwidth
ranging from 2.73 to 10.68 GHz. A mushroom-like EBG
structure is used to reduce the interference of WLAN, also
the mutual coupling between the elements is less than -15
dB. In [23], a dual band-notched MIMO antenna is proposed
with a total size of 25%39 mm? and impedance bandwidth
from 2.6 to 12.5 GHz. In this work, to reduce mutual
coupling to less than -20 dB, the elements are placed
perpendicular to each other, and to filter the interferences of
WLAN and X-band, two L-shaped slots are etched on each
radiating patch. Among different kinds of metamaterials,
near zero-index metamaterial (NZIM), is of special interest.
NZIM can collimate the diverging waves into plane waves.
This collimation property increases the directivity and gain
of the antenna [10]. So, it is worth combining the concept of
fractal structures with the linear antenna array, while using
the benefits of NZIM configurations.

This research investigates a compact SWB 2-element
MIMO antenna with band-notched characteristics. The total
size of this design is 31 x 65 x 1.6 mm* which is small
compared to some previous research [24] and consists of two
identical monopole antennas with circular patches placed
next to each other at a distance of 21 mm and fed by two 50
Q microstrip lines. To enhance the bandwidth of the antenna,
two large elliptic slots are etched out of the shared ground
plane, and a bandwidth of more than 178% is achieved from
2.3 t0 40 GHz, which covers L, S, C, X, Ku, K, and Ka bands
for each port. Mutual coupling between two ports is reduced
by introducing a long rectangular open-ended slot into the
shared ground plane between the two similar elements, and
an isolation of more than 17 dB is achieved. Each element
separately is a single-input single SWB antenna with dual
band-notched characteristics, having the size of 31 x 31 x 1.6
mm?>. To reduce the interference of WiMAX and WLAN
frequency bands, two ESCSRRs of different dimensions are
etched on each radiating patch, and their location is
optimized using the HFSS simulator package. The designed
MIMO antenna provides an omnidirectional radiating
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pattern at the xoz plane and nearly 6 dBi of peak gain. Also,
the value of ECC is less than 0.01.

2. Antenna Design Procedure
2.1 Single Element

Reference antenna with a total size 0f 31 x 31 x 1.6 mm?
consists of a circular patch fed by a 50 Q microstrip line and
placed on the top side of the substrate with a defected ground
plane, which is placed on the bottom side of the substrate, is
designed in iteration 1 as given in Figure 1 (a). A large
elliptic slot having a major radius of D1 =30 mm and a minor
radius of D2 =23 mm is introduced into the ground plane to
enhance the bandwidth of the antenna by about 30 GHz. This
slot is a key point of having a super wide impedance
bandwidth from 2 to 40 GHz.

Two quarter-wavelength ESCSRRs of different
dimensions are etched on the radiating patch to filter the
interferences of WiMAX and WLAN bands. The proper
length of the ESCSRRSs can be obtained from the following
equation, and their location has been optimized [10].

2
L =Kn(0.5Dpn —w) — g = Tg - W M

Where L is the total length of the elliptic slots, which should
be approximately equal to a quarter wavelength at the desired
notch frequencies. K is equal to the ratio of D, /Dpin and
w is the thickness of each ESCSRRs, fyoten 1S the central
frequency of the notched bands and c is the speed of light in
free space, also &.55 can obtain from the following equation
[10].

1
g1 | g1 12h) 2
Eeff = rz + rT<1 + W_f> 2)

Where ¢, is the relative permittivity of substrate that is 4.4 for
FR-4, h is the thickness of the substrate which is 1.6 mm in
this case, and wy is the width of the microstrip feed line which
is about 2.8 mm, respectively. By introducing the designed
ESCSRRs on the radiating patch of the designed antenna in
Iteration 1, a monopole SWB antenna is designed in iteration
2 ,having a super wide impedance bandwidth of about 178%
from 2.3 to 40 GHz except at the two notched frequency
bands. The larger ESCSRR having a total length of 10.34 mm
reduces the interferences of WiMAX from 2.89 to 3.84 GHz,
and the smaller ESCSRR ,having a total length of 7.59 mm,
filters the WLAN frequency range at center frequencies of 3.6
GHz and 5.7 GHz respectively. Figure 1 (b) shows the
configuration of the SISO ddual-band-notchedantenna and
Figure 1 (c) shows the ESCSRRs in detail. S;; characteristics
of iterations 1 and 2 are compared in the following section.

2.2 MIMO Antenna

The two designed elements MIMO antenna are shown
in Figure 2. The total dimensions of the antenna are about 31
x 65 x 1.6 mm?® using the SWB band-notched elements
presented in the previous section. Each element consists of a
circular patch having a radius of 7 mm and a defected ground
plane. The identical SWB monopoles are placed next to each
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Dmin

Figure 1. Geometry of the designed SISO antenna. (a)
iteration 1, (b) iteration 2, (c) ESCSRRs on the patch

other, and the distance between the centers of the two patches
is about 27 mm. Therefore, a super-wide impedance
matching can be achieved. To reduce the mutual coupling
between the elements of the antenna, an open-ended

> <
Wre

Figure 2. Geometry of the designed MIMO antenna
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rectangular slot having the size of W; X L is etched out of
the shared ground plane. The final optimum dimensions are
given in Table 1. It is worth noting that the parameters of
ESCSRRs on the antenna patch have the greatest impact on
the antenna characteristics.

Table 1. Final optimum dimensions of the designed
MIMO antenna

Parameters Dimension Parameters Dimension
(mm) (mm)
w 31 wf 3
L 66 Lf 5
D1 30 S1 0.6
D2 23 S2 0.5
ws 1.5 S3 1.75
LS 27.8 gl 6.2
Dmax 11.4 g2 0.84
Dmin 8.4 r 7

To elaborate on the role of ESCSRRs on radiating
patches, the simulated surface current distribution of the
designed MIMO antenna is shown in Figure 3 at notched
central frequencies when port 1 is exited and port 2 is
terminated by a 50 Q matched load and as is clear in this
figure, current distribution perturbed by the presence of
ESCSRRs. Figure 3 (a) depicts the current distribution at 3.6
GHz. In this figure, the concentration of surface currents is
around the larger ESCSRR, which filters the WiMAX
frequency band, and Figure 3 (b), shows surface currents at
5.7 GHz. similarly, the concentration of surface currents is
around the smaller ESCSRR. Also, it is evident from this
figure that the mutual coupling among the elements is small,
and hence, the proposed MIMO antenna has good isolation.
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Figure 3. Surface current distribution of the designed
MIMO antenna at (a) 3.6 GHz, (b) 5.8 GHz
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3. Full-Wave Simulation Results

S-parameters of the designed antennas named iterations 1
and 2 are compared in Figure 4. It is clear from this figure
that the single-element designed antenna in iteration 1 can
provide a super wide impedance bandwidth (|S;] less than -
10 dB) from 2.4 to 40 GHz and covers L, S, C, X, Ku, K, and
Ka bands. Also, iteration 2 covers the entire bandwidth from
2.3 to 40 GHz with two notches around 2.89 to 3.84 GHz for
WiMAX and 5.16 to 6.1 GHz for WLAN. Figure 5 indicates
the magnitudes of the simulated S-parameters S;, S,,, and
S1, for the designed MIMO antenna. Each port can cover the
impedance bandwidth from 2.3 to 40 GHz with two notches
from 2.9 to 3.9 GHz and 5 to 6.1 GHz for port 1 and from
2.9 to 4.2 GHz and 5.1 to 6.3 GHz for port 2 for WiIMAX
and WLAN, respectively. Also, S;,, which represents the
mutual coupling between two elements, is less than -17 dB
in the entire operating band, and isolation is very high at 17
and 37.7 GHz.
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Figure 4. Simulated reflection coefficient of the SISO-
designed antennas
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Figure 5. S-Parameters of the designed MIMO antenna

The antenna radiation patterns at 3, 10, and 18 GHz have
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been observed in Figure 6 in both x0z and yoz planes when
port 1 is excited and port 2 is terminated by a 50 (0 matched
load and vice versa. As shown in this figure, the proposed
MIMO antenna radiates omnidirectional and bidirectional
patterns in the xoz and yoz planes, respectively. Achieving a
pure omnidirectional radiation pattern over the complete
SWB band is a challenging task however, the antenna
provides a quasi-omnidirectional pattern in the xoz plane at
the mentioned frequencies. The simulated peak gain for ports
1 and 2 is shown in Figure 7. It can be observed that the peak
gain decreases sharply at notch frequencies. A peak gain of
8.8 dBi is achieved for each port.

(b)

©

xoz plane
VOZ Plane

Figure 6. Radiation patterns of the designed MIMO
antenna for each port when port 1 is exited and port 2 is
matched (left) and when port 2 is exited and port 1 is
matched (right) at (a) 3 GHz, (b) 10 GHz, (c¢) 18 GHz

MIMO performance characteristics such as Envelope
Correlation Coefficient (ECC) and multiplexing efficiency
(Mmux) of the suggested MIMO antenna can be obtained
from equations 3, [25] and 4, [26] respectively.
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Figure 7. Simulated peak gain of the designed MIMO
antenna for each port

S11521+5315221% 3)

(1=(IS111%+15211%) (1= (IS2212+1S2112))

Where S;; and S,, are the reflection coefficients of the two

ports and S;, and S,; are the couplings between the two

ports.

Nmux = /M1M2(1 — [712) (4)
Where n, and n, are the total efficiencies of port 1 and port
2, respectively, and |r|? is the square root of the magnitude
of the complex correlation between the two elements of the
MIMO antenna, and it is almost equal to ECC. Simulated
multiplexing efficiency and ECC of the MIMO antenna are
plotted in Figure 8. To have an uncorrelated MIMO antenna,
the ECC value should be less than 0.5, and as it is clear from
Figure 8, the ECC value of the proposed MIMO antenna is
less than 0.01, which is significant. Also, multiplexing

efficiency is above -4 dB throughout the whole operating
bandwidth.
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Figure 8. Simulated multiplexing efficiency and ECC
versus frequency

Table 2 shows the comparison of the characteristics of the
antenna proposed in this paper with some similar antennas.
In this table, parameters such as dimensions, bandwidth,
multiplexing efficiency, isolation and Envelope Correlation
Coefficient are compared. It is observed that the antenna
proposed in this paper is superior to other antennas in every
aspect.

Table 2. Comparison of the proposed antenna with some
similar antennas

ECC | Isolation | Multiplexing Band | Dimension | Ref.
(dB) Efficiency Width (mm?)
(GHz)
>0.02 >16 - 2.8- 26x26 [4]
11.6
>0.18 >15 >9.9 2.73- 60 x60 [22]
10.68
>0.15 >16 >8.5 2.8- 3925 [23]
11.2
>0.01 >17 >4 2.340 6531 This
work

4. Conclusion

In this paper, a dual-band-notched SWB MIMO antenna
is presented. The total size of the antenna is 31x 65 x 1.6
3 covering 28.7 GHz impedance bandwidth from 2.3 to
40 GHz at each port except at the two notched bands from
2.9 to 3.9 GHz for WiMAX (3.3-3.7GHz) and 5 to 6.1 GHz
for WLAN (5.1-5.825GHz) which appears in the existence
of two ESCSRRs on the two radiating patches. To reduce the
mutual coupling between two adjacent elements, an open-
ended rectangular slot is etched on the shared ground plane,
and an isolation of more than 17 dB is obtained. The
presented antenna provides a peak gain of about 8.8 dBi,
ECC of less than 0.01, multiplexing efficiency above -4 dB,
and a nearly omnidirectional radiating pattern in the entire
working band.
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