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Abstract —In this paper a multi-band/Ultra-
Wideband (UWB) Multiple Input Multiple Output
(MIMO) antenna, which is composed of two
identical microstrip fed triple notch band UWB
antennas and a Radial Stub Loaded Resonator
(RSLR), is proposed and verified numerically and
experimentally. The antenna is designed to meet
the requirement of multi-band/UWB
communication  applications. A  Defected
Microstrip Structure (DMS) Band-Stop Filter
(BSF) and an invert n-shaped slot are employed to
design the triple notch band UWB antenna. The
resonance characteristics of the DMS-BSF and the
band notch functions are presented to realize the
proposed triple notch band UWB antenna. The
isolation of the multi-band/UWB-MIMO antenna
has been enhanced by inserting an RSLR loaded
T-shaped stub between two identical triple notch
band antennas. Both simulation and measurement
results are presented to illustrate the performances
of the proposed multi-band/UWB-MIMO antenna.

Index Terms-—Band notch antenna, diversity
antenna, MIMO antenna, multi-band antenna, and
UWRB antenna.

I. INTRODUCTION
With the rapid development of wireless
communication, the high performance modern
communication systems with low cost and high
data rate have been becoming an urgent
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requirement. The UWB technology is one of the
potential candidates in the race of wireless
communication since the Federal Communications
Commission (FCC) approved the commercial use
of the bandwidth from 3.1 GHz to 10.6 GHz [1]. It
is a well-known fact that UWB antenna is one of
the key parts in the UWB systems, and many types
of UWB antennas have been proposed to meet this
application [2-9], such as microstrip fed UWB
antenna [2, 4-8] and coplanar waveguide (CPW)
fed UWB antenna [3]. However, in contrast to the
wide bandwidth of the UWB systems, there exist
some Narrow Band (NB) wireless systems that
have been licensed and used for a long time. It is
necessary to design UWB antenna with notch band
characteristic to mitigate the potential interference
between NB and UWB systems. Therefore, a
practical UWB antenna can not only be satisfying
the wide bandwidth, covering the whole UWB
band, but also has the low interference with the
NB systems. Recently, numbers of UWB antennas
including the notch bands have been proposed to
reduce the potential interference level [10-16].
However, most of proposed notch band
characteristics are obtained by etching various
slots on either the radiation patch or the ground
plane, which will leak electromagnetic wave, in
turn; they will deteriorate the system radiation
patterns. In addition, the transmitted power of the
UWRB systems is limited to a relatively low level (-
41.3 dBm/MHz). In order to overcome this
limitation, the MIMO technology using multipath
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has been combined with the UWB technology to
find an alternative solution for solving the issues
above [17-18]. Another challenge in the
implementation of the MIMO technique for
compact devices arises from the strong mutual
coupling between the closely packed antenna
elements. Mutual coupling can be usually
improved by increasing the distance between the
antenna elements but the compact size of the
wireless devices makes it impossible in most
practical cases [19-27]. A possible approach
appears to enhance the isolation or to reduce the
mutual coupling by using some other techniques,
such as slots and stubs in the antenna structure
[19-22]. Furthermore, the DMS structure has been
recently widely studied and used for coupling
reduction, filter design, and compact antenna
design [28-37].

In this paper, a multi-band/UWB-MIMO
antenna with anenhanced isolation is proposed and
verified numerically and experimentally. The
proposed UWB antenna with three notch bands
can cover the entire UWB band and also reduce
the potential interference from the NB systems.
The proposed antenna exploits the approach by
using a stub on the ground plane to enhance the
isolation. A modified DMS-BSF [31] and an invert
n-shaped slot are employed to provide three notch
bands for reducing the interference from the NB
systems. The mutual coupling between the two
multi-band/UWB antennas is reduced by using the
RSLR loaded T-shaped stub. The proposed multi-
band/UWB-MIMO antenna shows that the
isolation level is better than 15 dB over the entire
operation band.

Section 2 in this paper presents a triple band
notched UWB antenna integrated with the DMS-
BSF and the invert n-shaped slot. The resonance
characteristic of the DMS-BSF and the notch band
functions are analyzed. Moreover, the multi-
band/UWB-MIMO antenna with a radial stub
loaded resonator loaded T-shaped stub on the
ground plane is also proposed. Section 3 illustrates
the parametric investigation of the proposed multi-
band/UWB-MIMO antenna. The experimental
results including the reflection and transmission
coefficients, radiation patterns, and the correlation
coefficient are presented in section 4. A brief
conclusion is presented in section 5.
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II. ANTENNA DESIGN

A. Design of the notch band UWB antenna

Figure 1 illustrates the configuration of the
proposed triple notch band UWB antenna, which
is printed on the substrate surface whose relative
dielectric constant, loss tangent, and thickness are
2.65, 0.002, and 1.6 mm, respectively. The UWB
antenna consists of a rectangular radiation patch,
two square tapped corners at the bottom of
rectangular radiation patch, an inverted m-shaped
slot embedded in the rectangular radiation patch, a
DMS-BSF etched in a microstrip feed line, a
partial ground plane, and a 50 Q microstrip feed
line. The radiation patch and the microstrip feed
line are printed on the top surface of the substrate
while the partial ground plane is printed on the
bottom surface. The DMS-BSF embedded in the
microstrip feed line is a dual mode resonator, as
shown in Fig. 2.

The resonance and phase characteristics of the
50 Q microstrip line with a meander slot DMS-
BSF are shown in Figs. 3 and 4, respectively, in
which the parameters L1, g and gl of proposed
DMS-BSF are selected to be 6.6 mm, 0.5 mm, and
0.4 mm, respectively. Figure 3 shows the effects
of L1 on the S-parameters of the microstrip feed
line with DMS-BSF. It can be observed from Fig.
3 that the DMS-BSF shows dual stop band
characteristic in the operation band. As LI
increases, the first resonant frequency shifts down
slowly to a lower band while the second resonant
frequency moves fast toward a lower band, which
means that the length of the meander slot DMS-
BSF changes its capacitance characteristic. The
first resonant frequency has a tuning stop band
from 3.5 GHz to 6 GHz while the second resonant
frequency can be adjusted from 7.4 GHz to 12.9
GHz. Therefore, the stop band of the DMS-BSF
can be tuned easily. Figure 4 shows the phase
characteristic of the microstrip feed line with and
without the DMS. A 90° phase jumping for the
case with the DMS-BSF is shown in Fig. 4. At
frequencies 4.2 GHz and 10.9 GHz, the inductance
characteristic changes to be a capacitance in the
S21 phase diagram. The discontinuous phase
characteristic makes the microstrip line a group
delay and two mnotch bands in the two
discontinuous phase points.
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Fig. 1. Geometry of the proposed band notched
UWB antenna.
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Fig. 2. Structure of the DMS-BSF in the microstrip
feed line.

)

T-15

5

5 20

£

@

g-25

c

2 30

8 ]

=

@ 35 -
880 o W RECC L

- (e i i s i pa i e —a—|1=7 6mm
| H ] | H ] 1 —v—L1=10mm

Bttt F 1T

3 4 5 6 7 8 9 10 11 12 13 14
Frequency (GHz)

(a)

ACES JOURNAL, VOL. 28, NO. 1, JANUARY 2013

A
=1
-

-
o
1

(%)
o
L

Transmission coefficient (dB)

—a— L 1=7.6mm|

25—+

—v— L1=10mm
L ;’ é é T 1 | S L 1
Frequency (GHz)
(b)
Fig. 3. Simulated (a) reflection and (b)

transmission coefficients of the microstrip feed
with DMS-BSF.
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Fig. 4. Phase characteristics of the microstrip feed
with DMS-BSF.

Based on the investigation of the microstrip
feed line with or without DMS-BSF, another notch
band is introduced by using an inverted m-shaped
slot etched in the radiation patch. The inverted nt-
shaped slot is a quarter-wavelength resonant filter.
The resonant frequency of the inverted m-shaped
slot, for the given dimensions of the notch band
function at 6.8 GHz, can also be postulated as,

1 _ C _ c (1)




where Anoien 1s the wave length of the notch band,
footeh 1S the center resonant frequency of the notch
band, & 1s the effective dielectric constant, & is
the relative dielectric constant, and C is the speed
of light in free space. We take equation (1) in to
consideration to achieve the original dimensions of
the inverted m-shaped slot in the design. The
inverted m-shaped slot is also integrated in the
proposed antenna shown in Fig. 1. In order to
achieve the ideal simulation results, the proposed
tri-notch band UWB antenna is printed on the
same substrate with a dielectric constant of 2.65, a
loss tangent of 0.002, and a thickness h = 1.6 mm.
The simulation results of the tri-notch band
functions are shown in Fig. 5.
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Fig. 5. Reflection characteristics of the proposed

tri-notch band UWB antenna.

It can be seen from Fig. 5 that the proposed
tri-notch band UWB antenna without the DMS-
BSF and the inverted m-shaped slot is an UWB
antenna covering the entire band from 3.1 GHz to
14 GHz. When the proposed antenna has only an
inverted m-shaped slot, the antenna is an UWB
antenna with a notch band near 6.8 GHz, which
can reduce the potential interference from RFID
systems. As for the proposed UWB antenna with
DMS-BSF only, the antenna has two notch bands
near 5.5 GHz and 11.5 GHz, respectively. The two
notch bands can reduce the potential interference
from WLAN, WiMAX, and X-band. The proposed
antenna with both DMS-BSF and inverted =-
shaped slot has three notch bands. This is also a
four band antenna in the frequency bands 3.1 GHz
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- 4.2 GHz, 6.2 GHz - 6.6 GHz, 7.0 GHz — 10 GHz
and 12.2 GHz — 14 GHz. It is observed that the
notch band around 6.8 GHz is generated by the
inverted m-shaped slot while the other notch bands
near the 5.5 GHz and the 11.5 GHz are caused by
the DMS-BSF. It is worthwhile to mention that the
three notch bands can be designed independently.

The tri-notch band UWB antenna is optimized and
fabricated to further verify the proposed design. The
optimized dimensions of the proposed tri-notch
band antenna are as follow (all units are in mm): L
=15 W=16,W1 =2, W2=30,W3=47, W4=09,
W5=32,12=162,13=3.7,L4=22,15=4.1,
L6 = 6.2, and g2 = 0.8. The parameters L1, g, and
gl of the DMS-BSF are selected to be 6 mm, 0.5
mm and 0.4 mm, respectively. The fabricated tri-
notch band UWB antenna is shown in Fig. 6. The
measured reflection coefficient, using Anritsu

37347D vector network analyzer, is shown in Fig. 7.

It can be observed from Fig. 7 that the measurement
results in the low frequency band agree well with
the simulated one. The slight discrepancy between
the simulated and measured curves in the high
frequency band may be caused by the coarse mesh
in the numerical simulation using the FDTD
method and the fabrication errors.

Fig. 6. Photograph of the fabricated tri-notch band
antenna.

B. Multi-band/UWB MIMO antenna

In this section, a multi-band/UWB-MIMO
antenna is proposed using two identical tri-notch
band antennas, as shown in Fig. 8 (a). Based on the
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investigation of the proposed tri-notch band UWB
antenna, the multi-band/UWB-MIMO antenna
integrated with an RSLR loaded T-shaped stub is
shown in Fig. 8 (c). The RSLR loaded T-shaped
stub is illustrated in Fig. 8 (b). The RSLR loaded T-
shaped stub is inserted between the two identical
tri-notch band UWB antennas in Fig. 8 (a) to form
the multi-band/UWB diversity/MIMO antenna
shown in Fig. 8 (c).
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Fig. 7. Measured results of the fabricated tri-notch
band antenna.

For the sake of comparison, the multi-
band/UWB-MIMO antenna without RSLR loaded
T-shaped stub is also investigated to evaluate the
performance of multi-band/UWB-MIMO antenna.

(©)
Fig. 8. Geometry of the proposed multi-band/UWB-MIMO antenna.

The multi-band/UWB-MIMO antenna is adjusted to
be a smaller size compared with other UWB-
MIMO antennas [17-18]. The substrate parameters
in the proposed MIMO antennas are selected to be
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& =2.65, 0= 0.002, and h = 1.6 mm. The antenna

dimensions are optimized to be (all units are in mm):

L=15W=16,W1=2, W2=30, W3=47 W4 =
9, W5=3212=162,13=37,14=22,1L5=
4.1,L6=6.2,g2=0.8, W6 =8, W7 =14, Rl =3,
L9=1,L8=9.8, and 8 = 60°. The dimensions of
the DMS-BSF are selected to be L1 = 6mm, g =0.5
mm, and gl = 0.4 mm, respectively.

It is worthwhile to mention that the RLSR
loaded T-shaped stub plays a key role in the
isolation enhancement. The effects of the RLSR
loaded T-shaped parameters on the antenna
performance are investigated in the next section.
Compared with the stub used in [22], the proposed
RSLR loaded T-shaped stub has simple structure
and is easy to design.

III. PARAMETRIC STUDY

The proposed RLSR loaded T-shaped stub
will be investigated in this section. The reflection
and transmission coefficients S;; and S,;, of the
proposed multi-band/UWBMIMO antenna with
various parameters are investigated. For the sake
of comparison, the multi-band/UWBMIMO
antenna without RLSR loaded T-shaped stub is
also presented. In the simulation of the multi-
band/UWBMIMO antenna, when one parameter
changes, the rest of the parameters are kept the
same as the optimization parameters listed in
section 2. Since the structure is symmetric, it is
sufficient to show the S;; and S,; only. It is
observed from the parametric study that the
variations of the dimensions of RSLR loaded T-
shaped stub are not a linear relationship to S;; and
S,1. The aim of the parametric study is to obtain
the variation trend of the S;; and S,; with the
dimension of the RSLR loaded T-shaped stub. The
effects of R1, W6, and & on the antenna
performance are presented to investigate S;; and
S,1. The effects of R1 on the antenna performance
are demonstrated in Fig. 9. It is found that the
impedance bandwidth of the multi-band/UWB
MIMO antenna has been improved in the lower
frequency band with the increase in the radius R1
of RLSR. The impedance bandwidth between 7
GHz and 9 GHz is deteriorated at a larger radius of
RLSR because of the effects on the notch band
UWB antennas. The isolation in the lower
frequency band has been enhanced significantly
with the increase of the radius R1 of RLSR. The

isolation between 7 GHz and 9 GHz is a little
deteriorated with the increase of R1. This is
caused by the increase of R1 near the notch band
UWB antenna. Moreover, it also effects the
radiation of the proposed multi-band/UWB MIMO
antenna elements.
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Fig. 9. Variation of the (a) reflection and (b)
transmission coefficients with the parameter R1.

The variation of the S-parameter with 6 is
presented in Fig. 10. It can be seen from Fig. 10 (a)
that the impedance bandwidth at the lower
frequency band has been widened with the
increase in 8 of RLSR. The impedance bandwidth
between 8 GHz and 9.3 GHz is getting worse
compared with the multi-band/UWB MIMO
antenna without RSLR loaded T-shaped stub. It is
noticed from Fig. 10 that the bandwidth of the
higher notch band near the 11.5 GHz becomes
narrower. The isolation shown in Fig. 10 (b) is
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improved in the lower frequency band. Inside the  loaded T-shaped stub. It is evident that the
lower notch band, the isolation at WLAN and  isolation of the proposed multi-band/MIMO
WiMAX bands is higher than 25 dB. However, the  antenna has been improved. The isolation over the
isolation at the X-band is deteriorated with the  entire operation band is better than the MIMO
increase of parameter 8 in RLSR. This is caused  antenna without RSLR loaded T-shaped stub.
by the increase in 6 of RLSR near the notch band  Especially, in the lower frequency band, the
UWB antenna and the T-shaped stub. isolation is improved from 5 dB to 10 dB. At 7
GHz, the mutual coupling is reduced about 7 dB
‘ ‘ for W6 = 6mm. In the high frequency band, the
. bbb b N isolation is deteriorated with increasing W6.

v 0 R e : However, the isolation is improved compared to
the MIMO antenna without the RSLR loaded T-
shaped stub.
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The results with W6 variations are ®)
summarized in Fig. 11. We can observe from Fig.  Fig. 11. Variation of the (a) reflection and (b)
11 (a) that the impedance bandwidth of the  transmission coefficients with parameter W6.
proposed multi-band/MIMO antenna is increased
with W6 while the impedance bandwidth between The correlation coefficient, which represents
7.6 GHz and 8.3 GHz is exacerbated with W6. The  the coupling between the antenna elements, is an
bandwidth of the higher notch band is narrower  important parameter in the design of the MIMO
than the proposed MIMO antenna without RSLR  antenna. The lower the correlation coefficient is,

2 3 4 5




the better the diversity gain is. The correlation
coefficient can be usually calculated from the 3-D
radiation patterns generated by exciting different
antenna ports or S-parameters. Here, we use the S-
parameters to calculate the correlation coefficient
based on equation (2), which represents the
average correlation between the total powers
radiated by the antenna within a 3D space [18],

_ S1*1812 + S;Szz ’ .
(1_|Sll|2 _|821|2)(1 _|822|2 _|812|2)

There exists an approximate relationship between
the diversity gain Ggp and the correlation
coefficient p that can be described mathematically
[18] as given in equation (3),

Gapp=10*,/1—|p|. (3)

According to the investigation aforementioned, the
correlation coefficient of the MIMO antenna is
shown in Fig. 12. The correlation coefficients are
calculated from the S-parameters of the
investigated results above. It is found that the
correlation coefficient is less than -30 dB except
the 6.8 GHz band, as shown in Fig. 12, which
corresponds to a high diversity gain. This is due to
the proposed RLSR, which can provide a good
isolation and thus improves the correlation
coefficient. In the RFID band, 6.8 GHz, the
correlation coefficient may be attributed to the
weak response of the inverted n-shaped slot.

2
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Fig. 12. Correlation coefficient of the proposed
multi-band/UWB MIMO antenna.
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IV. RESULTS AND DISCUSSIONS

To evaluate the proposed multi-band/UWB
MIMO antenna, the designed MIMO antenna is
fabricated and measured. The multi-band/UWB
MIMO antenna is optimized based on the
parametric studies. The geometric parameters are
listed as follows (all units are in mm): L = 15, W =
16, W1 =2, W2 =30, W3 =47, W4 =9, W5 =
32,12=162,13=3714=22,1L5=4.1,L6=
6.2,22=08 W6=8, W7=14,R1 =3,L9=1,
L8 = 9.8, and & = 60°. The dimensions of the
DMS-BSF are L1 = 6mm, g = 0.5mm, and gl =
0.4 mm. The proposed multi-band/UWB MIMO
antenna with the RSLR loaded T-shaped stub is
fabricated, as shown in Fig. 13. The measured
results are shown in Fig. 14. It can be seen from
Fig. 14 that the measured results agree well with
the simulated ones. The slight mismatch between
the simulated and measured results might be due
to the fabrication errors. The measured radiation
patterns of the proposed multi-band/UWB MIMO
antenna at 3.5 GHz, 6.2 GHz and 9.5 GHz are
shown in Fig. 15. In the measurement of the
radiation patterns, port 1 is excited while port 2 is
terminated with a 50 Q load. It can be seen from
Fig. 15 that the radiation patterns of the proposed
multi-band/UWB MIMO antenna are reliable in
the operation bands. The patterns in the y-z plane
are similar to those in Fig. 15 (a), but not true in
the x-z and x-y planes. The difference in the
radiation pattern in the x-y plane is useful for
pattern diversity as shown in Fig. 15 (a) and (b). In
addition, the proposed multi-band/UWB MIMO
antenna consists of two identical and symmetric
band notched UWB antennas. Therefore, when
port 2 is excited and port 1 is matched by a 50 Q
load, the radiation patterns are similar to those
shown in Fig. 15.
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Fig. 13. Photograph of the (a) front view and (b)
back view of the fabricated MIMO antenna.
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Fig. 14. S-parameters of the proposed multi-band/
UWB MIMO antenna.
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Fig. 15. Radiation patterns of the proposed multi-
band/UWB  MIMO antenna at different
frequencies for the three plane cuts.

The simulated total efficiencies and the
maximum absolute gains of the proposed multi-
band/UWB MIMO antenna with or without
the RSLR loaded T-shaped stub are shown in
Figs. 16 and 17, respectively. The proposed
antenna has over 80 % efficiency in the
operation bands except the notch bands, which
are designed for reducing the potential
interference between UWB and NB systems
[38]. It is evident from Fig. 17 that the
efficiency is improved in the lower frequency



band. This is caused by the enhanced isolation
in the lower frequency band, which reduces
the coupling between the two antennas. It can
be noticed from Fig. 17 that the gain is
reduced in the lower frequency band and that
it is similar to that of the design without the
RSLR loaded T-shaped stub in the higher
frequency band. The variation of the gain is
within 2 dBi in the entire frequency band,
which is very good for wideband and multi-
band systems.

Efficiency

0.2 || —=—Efficiency of multi-band/UWB MIMO antenna without |

RSLR loaded T-shaped stub

0.1 4 —e— Efficiency of multi-band/UWB MIMQO antenna with

1 RSLR loaded T-shaped stub

W+ F—FF—F—F
2 3 4 5 6 7 8 98 10 11 12 13 14

Freguency (GHz)

Fig. 16. Efficiency of the proposed MIMO antenna
versus frequencies.

o || —=— Gain of multi-band/UWB MIMO antenna without |
| | RSLR loaded T-shaped stub \

8 | —#— Gain of multi-band/UWB MIMO antenna with RSLR

| loaded T-shaped stub |

Frequency (GHz)

Fig. 17. Gain comparison of the proposed MIMO
antenna with and without RSLR loaded T-shaped
stub.

LL ET. AL.: A MULTI-BAND/UWB MIMO/DIVERSITY ANTENNA WITH AN ENHANCED ISOLATION

V. CONCLUSION

In this paper, a multi-band/UWB MIMO
antenna with an RSLR loaded T-shaped stub is
investigated numerically and experimentally. The
design procedure of the MIMO antenna consists of
DMS-BSF, multi-band antenna and RSLR loaded
T-shaped stub. The DMS-BSF and RSLR loaded T-
shaped stub are employed to generate the band
notch characteristics and to increase the isolation of
the MIMO antenna, respectively. By adjusting the
parameters of the RSLR loaded T-shaped stub, the
coupling between the two multi-band/UWB
antennas has been reduced. The numerical and
experimental results of the impedance bandwidth,
isolation level, and radiation patterns demonstrate
that the proposed multi-band/UWB MIMO antenna
is suitable for multi-band MIMO and UWB MIMO
antenna system and other future communication
devices. In the future, we will focus on the
improvement of the isolation and the design of the
reconfigurable MIMO antenna. Such a model of
multi-band/UWB MIMO antenna might be
constructive for developing universal ultra-
wideband MIMO antenna and multi-band MIMO.
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