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A compact 4 × 4 UWB-MIMO antenna with rejectedWLAN band employing an electromagnetic bandgap (EBG) structure is pre-
sented in this paper.	eMIMOantenna is electrically small (60mm× 60mm), printed on a FR4 epoxy substrate with the dielectric
constant of 4.4 and a thickness of 1.6mm. A mushroom-like EBG structure is used to reject the WLAN frequency at 5.5 GHz. In
order to reduce the mutual coupling of the antenna elements, a stub structure acting as a bandstop �lter is inserted to suppress the
e�ect of the surface current between elements of the proposed antenna. 	e �nal design of the MIMO antenna satis�es the return
loss requirement of less than −10 dB in a bandwidth ranging from 2.73GHz to 10.68GHz, which entirely covers UWB frequency
band, which is allocated from 3.1 to 10.6GHz.	e antenna also exhibits aWLAN band-notched performance at the frequency band
of 5.36–6.34GHz while the values of all isolation coe�cients are below −15 dB and the correlation coe�cient of MIMO antenna is
less than −28 dB over the UWB range. A good agreement between simulation and measurement is shown in this context.

1. Introduction

Recently, a multi-input multi-output (MIMO) system has
been proposed [1, 2]. 	is system increases channel capacity
allowing several users to access to various services at the same
time. Since the approval by the Federal Communications
Commission (FCC) [3] that the ultrawideband (UWB) tech-
nology operates from 3.1 to 10.6GHz, the technology �nds
itself in a great number of wireless applications. Furthermore,
the UWB technology in combinationwithMIMO techniques
has proven to be a solution for the limitation of short-
range communications, which requires devices to transmit
extremely low power [4]. In such a system, its antennas are
designed to ensure that the isolation among their elements
should be less than −15 dB. One solution to this problem is
that antenna elements are placed apart from the others by
at least half a wavelength of the lowest operating frequency;
however, this leads to an increase in dimensions of MIMO
antennas. 	erefore, antenna dimensions and its isolation
coe�cients are two major criteria to consider in the MIMO
antenna design.

In order to reduce mutual coupling between MIMO
antennas while maintaining their small electrical length,
di�erent approaches have been introduced in numerous
design [4–8]. In [4], an inverted Y-shaped stub is inserted
into the ground plane between two elements of a UWB-
MIMO antenna. Two novel bent slits are etched into the
ground plane in [7]. At lower frequencies, the bent slits
reduce the mutual coupling and have a slight e�ect on the
re�ection coe�cient. At higher frequencies, the slits work as
slit antennas, widening the impedance bandwidth because
the two slits are coupled fed by two 50Ohmmicrostrip lines,
respectively. Two triangles are cut from the ground plane.
In this way, the re�ection coe�cient and isolation of the
two slit antennas can be improved. Moreover, in order to
enhance isolation and increase impedance bandwidth, two
long protruding ground stubs are added to the ground plane
on the other side and a short ground strip is used to connect
the ground planes of the two planar monopoles together to
form a common ground in [8].

	e majority of those antennas are 2 × 2 MIMO-UWB
antenna [4, 7, 8] which has not enhanced so much the quality
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Figure 1: Proposed UWB antenna (a) without EBG structures and (b) with EBG structures and (c) equivalent circuit of WLAN notched
based on EBG structures.
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Figure 2: Proposed MIMO antenna: (a) initial MIMO antenna and (b) �nal MIMO antenna with MMR stub structure. Detailed dimensions
in mm: �� = 12, �� = 0.5, �� = 6.5, �� = 5.5, and �� = 10.

of the communication channels. In addition, some designs
were not able to operate in the entire UWB band allocated by
the FCC [9–12]. On the other hand, a four-element MIMO
antenna with better isolation by introducing discontinuities
between elements and the systemground planewas presented
in [5]. 	e obtained results show isolation lower than 20 dB.
However, the system only works over the frequency range of
2.0–6.0GHz.

In this paper, a compact 4 × 4MIMO-UWB antenna with
WLAN-notched characteristic is presented. 	e proposed
antenna shows isolation less than −15 dB over its ultrawide
operating frequency band ranging from 2.73 to 10.68GHz
and a rejection at the WLAN band of 5.36–6.04GHz. 	e
unique feature of this design is that the mutual coupling can
be reduced by adjusting the length ofMMR stub correspond-
ing to a quarter wavelength of frequency which provides
the lowest coupling coe�cient. Moreover, the notched band
based onEBG structures helps tomaintain the same radiation
patterns at higher frequency rather than using slots cut on the
patches [13].

	e rest part of this paper is organized as follows. In
Section 2, detailed designs of the UWB antennas without and
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Figure 3: Simulated �11 of the single UWB antenna without EBG
structures for di�erent parameters of �patch.
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Table 1: Design speci�cations for UWB antennas.

Antenna type Design parameters (mm)

UWB antenna without EBGs � sub = 30,�sub = 30,�� = 3, �patch = 8, �� = 13, �gnd = 15

UWB antenna with EBGs � sub = 30,�sub = 30,�� = 3, �patch = 8, �� = 13, �gnd = 15, �ebg = 6.2, � = 0.7, 	 = 0.5

per m]Jsurf [A

3.0000e + 001
2.7911e + 001
2.5822e + 001
2.3734e + 001
2.1645e + 001
1.9556e + 001
1.7467e + 001
1.5379e + 001
1.3290e + 001
1.1201e + 001
9.1124e + 000
7.0237e + 000
4.9349e + 000
2.8461e + 000
7.5738e − 001

(a)

Jsurf [A per m]

2.7911e + 001
2.5822e + 001
2.3734e + 001
2.1645e + 001
1.9556e + 001
1.7467e + 001
1.5379e + 001
1.3290e + 001
1.1201e + 001
9.1124e + 000
7.0237e + 000
4.9349e + 000
2.8461e + 000

3.0000e + 001

7.5738e − 001

(b)

Figure 4: Current distribution on single UWB antenna without EBGs at (a) 4GHz and (b) 9GHz.

with EBGs are presented. 	e proposed MIMO antenna is
then introduced in both cases of initial and �nal design. 	e
simulated andmeasured results are shown in Section 3, while
some conclusions are provided in Section 4.

2. Design of 4 × 4 MIMO-UWB Antenna

In this work, the design of the antenna is divided into two
parts. In the �rst part, an antenna is designed for UWB
frequencies ranging from 3.1 GHz to 10.6GHz. A�erwards,
this antenna is integrated with the mushroom-like EBG
structure to provide WLAN band-notched characteristic. In
the second part, the four notched single antennas are utilized
as elements to form a 4 × 4 MIMO antenna. Finally, the stub
structure is implemented to diminish the mutual coupling of
the antennas.

2.1. Design ofUWBAntenna. 	etwo con�gurations ofUWB
antennawithout andwith EBG elements are shown in Figures
1(a) and 1(b), respectively. 	e antenna consists of a circular
radiating patch excited by a 50Ω microstrip feed line (�� =
3mm). On the other side of the substrate, the ground plane
with a length of �gnd covers the section of the microstrip fed
line.	e antennas are printed on a FR4 epoxy substrate with
the dielectric constant of 4.4 and a thickness of 1.6mm.

	e antenna integrated with EBG structures is shown in
Figure 1(b). Here, the microstrip feed line is placed between
two pairs of EBG cells, which are designed to act as stopband
�lters.With the intent of prohibitingWLAN frequency band,
a pair of EBG cells is inserted rather than only using one cell.
	e equivalent-circuit model of WLAN notched based on
EBG structures also is shown in Figure 1(c). 	e capacitance
�� denotes the coupling between EBG and microstrip line.
	e capacitance � is due to the voltage gradient between the

patch and ground plane, while the inductance � is generated
by the current �owing through the shorting via. 	erefore,

the center resonant frequency is �� = 1/2√�(� + ��) and
the width of the stopband increases with the rise of �� or
the decrease of the distance between feed line and EBG cells.
	e dimensions of the EBG cells, the gap between EBG cells
and the microstrip line, are optimized to have band rejection
from5 to 6GHz corresponding toWLAN frequencies. All the
dimensions of these antennas are summarized in Table 1.

2.2. Design of 4 × 4 MIMO-UWB Antenna. In this design,
the four UWB antennas with EBG structures are rotated
clockwise and placed orthogonally to each other to form the
4 × 4 MIMO antenna which has an overall size of 60mm
× 60mm. 	e layout of the MIMO antenna is shown in
Figure 2(a).

With the aim of reducing the mutual coupling in the
initial MIMO antenna, a stub structure is adopted to form
the �nal antenna depicted in Figure 2(b). 	e design of
this structure was based on the principle of the microstrip
multimode resonator (MMR) [14, 15]. 	ese stubs are placed
between the antennas and connected to each other by a
square placed at the center of theMIMOantenna.	emutual
coupling between the antennaswill be investigated for �nding
the range of frequency in which the isolation coe�cients are
not lower than −15 dB. 	e length �� of the MMR stub is
then set at a value that is approximately equal to a quarter
wavelength at the de�ned frequency.

3. Results and Discussions

	is part will discuss the performance of the proposed
antennas through both simulation and measurement results.
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Figure 5: Simulated radiation patterns of the UWB antenna without EBGs in ��-plane at (a) 4GHz and (b) 9GHz.
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Figure 6: Simulated peak gain of the single UWB antenna without
EBGs.

3.1. UWB Antenna. 	e simulated �11 results of the UWB
antenna without EBG structure with di�erent values of �patch
are shown in Figure 3. It can be seen that the bandwidth of
the antenna de�ned by the �11 less than−10 dB entirely covers
the UWB frequency range. 	e decrease of �patch causes the
increase of the impedance mismatching at lower frequency
range. 	e optimized bandwidth is obtained when the �patch
is chosen as 8mm.

Current distributions of the antenna at certain frequen-
cies are exhibited in Figure 4. As observed in Figure 4(a), the
current distribution at 4GHz proves that the antenna oper-
ates at its fundamental mode, while the current distribution

Jsurf [A per m]

8.3217e + 001
7.7275e + 001
7.1333e + 001
6.5390e + 001
5.9448e + 001
5.3505e + 001
4.7563e + 001
4.1621e + 001
3.5678e + 001
2.9736e + 001
2.3793e + 001
1.7851e + 001
1.1909e + 001
5.9663e + 000
2.3907e − 002

Figure 7: Surface current distribution on UWB antenna with EBG
structures at 5.5 GHz.

at 9GHz in Figure 4(b) indicates the higher resonant mode,
which is corresponding to the third order harmonic. Hence,
the antenna can work over the broad range of UWB.

Typical radiation patterns of the antenna at 4GHz and
9GHz in ��-plane are plotted in Figures 5(a) and 5(b),
respectively. 	e solid lines display the ��, and the dotted
lines represent �	. From Figure 5(a), the antenna possesses a
dipole-like radiation pattern con�rming its operation in the
fundamental resonantmode.	e pattern at higher frequency,
from Figure 5(b), corresponds to the harmonics of the fun-
damental resonant mode which are closely spaced [16]. 	e
simulated peak gain of the antenna is depicted in Figure 6,
in which the higher frequencies provide larger antenna gain.
	is is a good agreement with the theory.
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Figure 8: Simulated �11 of the single UWB antenna integrated with EBG structures for di�erent parameters of (a) � and (b) �ebg.

0

10
0

30

60

90

120

150

180

210

240

270

300

330

0

10

−40

−30

−20

−10

−30

−20

−10

E�

E�

(a)

0

10
0

30

60

90

120

150

180

210

240

270

300

330

0

10

−40

−30

−20

−10

−30

−20

−10

E�

E�

(b)

Figure 9: Simulated radiation patterns of the UWB antenna integrated with EBGs in ��-plane at (a) 4GHz and (b) 9GHz.

	ee�ect of EBG structures onUWBantenna is shown in
Figure 7. At the center frequency of WLAN band (5.5 GHz),
the current distribution on antenna mainly focuses on the
EBG structures, and therefore the patch antenna will not
radiate resulting in a notched frequency band.

In order to obtain the desired notched band, parametric
studies on the dimension of EBG cell �ebg and the distance �
between EBG cells and the feed line are investigated. Figure 8
shows the simulated �11 of antenna for di�erent values of the

gap �. In Figure 8(a), the width of the notched band reduced
when the value of gap � increases, while the simulated �11
of antenna for di�erent values of EBG size �ebg is also
depicted in Figure 8(b). It should be noticed in Figure 8(b)
that the frequency of the notched band also reduces with the
increasing value of �ebg. 	erefore, the notched-band tuning
requires a combination of both values.

Figures 9(a) and 9(b) show the radiation pattern of the
proposed UWB antenna at 4GHz and 9GHz, respectively.
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Figure 11: Fabricated UWB integrated EBGs antenna and �nal
MIMO antenna.
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Figure 12: Simulated and measured results of �11 of the UWB
integrated EBGs with WLAN band notched antenna.
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Figure 13: Simulated results of the initial MIMO antenna: (a) return
loss and (b) isolation coe�cient.

	e radiation patterns at high frequency of the antenna with
and without EBGs are of small variation due to the lack of
etching or cutting on the surface of the patch antenna.

	e simulated peak gain versus frequency is shown in
Figure 10. It reveals a signi�cant drop in the peak gain within
the rejected bands when the antenna employs the EBG
cells. A relatively stable peak gain remains over the UWB
bandwidth except a 5 dB gain drop in the notched band.

Finally, the fabrication of the proposed antenna is pre-
sented in Figure 11.	e simulated andmeasured results of �11
of the UWB antenna with EBG cells are shown in Figure 12.
From this �gure, it is observed that the antenna can operate
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per m]Jsurf [A

3.0000e + 001
2.7859e + 001
2.5718e + 001
2.3577e + 001
2.1435e + 001
1.9294e + 001
1.7153e + 001
1.5012e + 001
1.2871e + 001
1.0730e + 001
8.5885e + 000
6.4474e + 000
4.3062e + 000
2.1651e + 000
2.3907e − 002

(a)

per m]Jsurf [A

2.0000e + 001
1.8573e + 001
1.7145e + 001
1.5718e + 001
1.4291e + 001
1.2864e + 001
1.1436e + 001
1.0009e + 001
8.5817e + 000
7.1544e + 000
5.7271e + 000
4.2998e + 000
2.8726e + 000
1.4453e + 000
1.7976e − 002

(b)

Figure 14: Surface current distribution at 6.7 GHz on (a) initial MIMO antenna and (b) �nal MIMO antenna.
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Figure 15: (a) Bandstop �lter model and (b) simulated �-parameters of the �lter.

over the range spreading from 2.98GHz to 11.16GHz and
exhibits a good rejection at frequencies of WLAN from
4.71 GHz to 5.83GHz.

3.2. 4 × 4 MIMO-UWB Antenna. 	e simulated results
of re�ection coe�cients of the initial MIMO antenna are
shown in Figure 13(a). As can be seen from Figure 13(a),
the re�ection coe�cients of the antenna do not satisfy
impedance matching from 4 to 4.5GHz. On the other hand,
the isolation coe�cients between the elements of the initial
antenna (see Figure 13(b)) are very low at 6–8GHz (about
−10 dB). 	is fact is clearly demonstrated by the surface
current distribution on the initial antenna in Figure 14(a). As
can be observed from Figure 14(a), when the �rst element
is excited, the surface current is strongly induced on the
opposite element resulting in a rise of the mutual coupling
(�13 and �24). Actually, themutual coupling can be reduced by

increasing the distance between the elements. However, this
will lead to the larger size of the proposed MIMO antenna.

	ese drawbacks of the initial MIMO antenna can be
solved thanks to the use of stub structure in the �nal MIMO
design. It can be seen from Figure 13(b) that the mutual
coupling has a high value at about 6.7GHz. 	erefore, the
length �� of the stub structure is selected as 12mm, approx-
imately a quarter wavelength at 6.7 GHz. 	e con�guration
of this stub is designed based on the principle of MMR
structure. Actually, the stub structure acts as a bandstop �lter
which produced a stopband from6.35 to 6.87GHz.	erefore,
the �lter will suppress the induced currents caused by the
copolarization elements at the center frequency of 6.7GHz.
	e bandstop �lter model and simulated �-parameters of the
�lter are given in Figures 15(a) and 15(b), respectively.

In Figure 16(a), the bandwidth of the �nal antenna
entirely covers the UWB operating band, whereas the
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Figure 16: Simulated results of the �nal MIMO antenna: (a) return loss and (b) isolation coe�cient.
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Figure 17: Simulated radiation patterns of the initial MIMO antenna in ��-plane at (a) 4GHz and (b) 9GHz.

notched band appears in WLAN range (from 5.14 to
5.82GHz). Moreover, in Figure 16(b), the mutual coupling
between the opposite-side elements decreases to below
−15 dB. 	e current distribution of the �nal antenna at
6.7 GHz is focused on the stub structures shown in
Figure 14(b). 	erefore, the e�ect of the surface current on
the copolarization element is reduced.

Figures 17 and 18 show the simulated radiation patterns
of initial and �nal MIMO antenna, respectively. From these
�gures, the radiation patterns of both antennas at lower
frequency (4GHz) are directional, while nearly omnidirec-
tional patterns are observed at higher frequency (9GHz).	e
simulated peak gain of �nal MIMO antenna is presented in
Figure 19. 	e stable gain is maintained over the UWB range
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Figure 18: Simulated radiation patterns of the �nal MIMO antenna in ��-plane at (a) 4GHz and (b) 9GHz.
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Figure 19: Simulated peak gain of the �nal MIMO antenna.

while a gain drop of 4.5 dB is observed at theWLAN-notched
band.

Figure 20 presents the measured return loss of the fab-
ricated �nal MIMO antenna shown in Figure 11. It works
well over a broad range of frequenciesfrom 2.73 to 10.68GHz
and possesses a rejected band at the WLAN band from
5.36 to 6.04GHz. Meanwhile, Figure 21 shows the results of
mutual coupling of the cross- and copolarization elements
of the �nal MIMO antenna. 	e measured results show that
the mutual coupling between cross- (�12) and copolarization
elements (�13) is less than −17 dB and −16 dB over UWB
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Figure 20: Simulated andmeasured results of return loss of the �nal
MIMO antenna.

range, respectively. It should be noted that the measured
results are in a good agreement with the simulated results.

3.3. MIMO Characteristics. It is required that MIMO anten-
nas must be characterized for their diversity performance. In
a diversity system, the signals are usually correlated due to the
distance between the antenna elements [4]. 	e parameter
used to assess the correlation between radiation patterns is
the envelope correlation coe�cient. It is required tominimize
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Figure 21: Simulated and measured results of mutual coupling of the �nal MIMO antenna: (a) cross-polarization elements and (b)
copolarization elements.

the correlation because the relationship of the correlation
with diversity gain is that the lower is the correlation, the
higher will be the diversity gain and vice versa. Normally,
the value of the envelope correlation at a certain frequency
is small in case that the radiation patterns of one antenna
are di�erent from each other. Otherwise, the same patterns
of these antennas exhibit the larger value of the envelope
correlation.

	e correlation coe�cient can be calculated from radi-
ation patterns or scattering parameters. Assuming uniform
multipath environment, the envelope correlation (�
), simple
square of the correlation coe�cient (�), can be calculated
conveniently and quickly from �-parameters [17] as follows:

�
 (�, �,�) =
�����∑
�
�=1 �∗�,���,�

�����
2

∏�=(�,�) [1 − ∑
�
�=1 �∗�,���,�]

. (1)

Equation (1) depicts the envelope correlation between the
antennas � and � in the (�,�) MIMO system. In case of � =
1, � = 2, and � = 4, the envelope correlation of proposed
MIMO antenna can be de�ned as follows:

�
 (1, 2, 4)

= �����
∗
11�12 + �

∗
12�22 + �

∗
13�32 + �

∗
14�42
����
2

× ([1 − (�∗11�11 + �
∗
12�21 + �

∗
13�31 + �

∗
14�41)]

× [1 − (�∗11�12 + �
∗
12�22 + �

∗
13�32 + �

∗
14�42)])

−1.

(2)

	e simulated envelope correlation coe�cient is shown
in Figure 22. From this �gure, the proposed MIMO antenna
has a minimum correlation coe�cient of −56 dB and less
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Figure 22: Simulated proposed MIMO antenna’s envelope correla-
tion coe�cient.

than −28 dB over the UWB frequency range. It should be
noticed that a very low value of correlation coe�cient results
in ensured high diversity gain. 	erefore, the presented
correlation coe�cient is suitable for mobile communication
with aminimum acceptable correlation coe�cient of 0.5 [18].

	e simulated result of group delay of the proposed
MIMO antenna is shown in Figure 23. It can be seen that
a distortion (≥1 ns) occurred at 5.5 GHz while the other
part of operating band keeps relatively �at. 	e variation
of group delay is found to be less than 1 ns showing good
phase linearity and thus it ful�lls the requirement for UWB
operations.



International Journal of Antennas and Propagation 11

3 4 5 6 7 8 9 10 11

0

1

2

3

4

5

G
ro

u
p

 d
el

ay
 (

n
s)

Frequency (GHz)

−3

−4

−5

−2

−1

Figure 23: Simulated group delay of proposed MIMO antenna.

4. Conclusions

	ecompact 4× 4MIMO-UWB antenna is designed to oper-
ate in ultrawide frequency rangewith rejected band atWLAN
frequency based on EBG structures. 	e stub structures
acting as bandstop �lter are inserted to suppress the e�ect of
surface current on the elements of the proposed antenna for
reducing themutual coupling.	e fabricatedMIMOantenna
shows isolation less than −15 dB over its ultrawide operating
frequency band spreading from2.73–10.68GHz and rejection
at the WLAN band of 5.36–6.04GHz. 	e proposed MIMO
antenna has also aminimum correlation coe�cient of−56 dB
and less than −28 dB over the UWB frequency range, making
it a good candidate for UWB-MIMO applications.
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