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ABSTRACT This paper presents a stepped electromagnetic bandgap(EBG) hosted on the T-shaped stepped
stub with an inverted H-shaped slot etched on the ground to enhance bandwidth and improve isolation for a
compact UWB-MIMO antenna developed from our previous design. The characteristic mode analysis is used
to offer physical insight into the operation phenomena taking place in the evolution of antenna. The proposed
antenna has a compact size of 27×22×0.8 mm and realize bandwidth from 3.07 GHz to 11.1 GHz, keeping
the isolation more than 20 dB. Key parameters evaluating the antenna performance like radiation pattern,
gain, radiation efficiency above 75% and envelope correlation coefficient below 0.05 are investigated. The
simulated and measured results agree well, testifying the proposed MIMO antenna is a suitable candidate
for UWB applications.

INDEX TERMS UWB antenna, MIMO antenna, CMA, isolation, bandwidth enhancement, stepped EBG.

I. INTRODUCTION
The combination of UWB and MIMO technology has
become one of the most promising solution for short range
wireless communication systems, which can offer wide
bandwidth, high-data rate, reduced multipath fading effects
and increased capacity simultaneously [1]. As the indispens-
able component of UWB-MIMO systems, various kinds of
UWB-MIMO antennas are designed in the literature. For
UWB-MIMO antenna systems applied in portable devices,
the main concerns are compact size, operating bandwidth,
isolation and so on [2], [3].
Until now, many approaches have been taken to enhance

bandwidth and/or improve isolation in compact UWB-MIMO
antennas [4], [5], [6], [7]. Some but not limited of there
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are quasi-self-complementary structure [8], L-shaped ground
stub [9], ground isolation stub [10], stepped ground stub [11],
T-shaped stub [12], fence-type decoupling structure [13],
degenerated ground [14], EBG structure [15], [16], defected
ground structure (DGS) [6], [7] and mesh-like decouple
structure [17]. To the best of the author’s understanding,
a hybrid approach combining these methods can be regarded
as an effective strategy. In [18], the fractal radiators with
diametrically feeding are used to obtain good impedance
bandwidth, while the end-connected ground thin neutral-
ization lines on the ground plane truncated by rectangular
slots via ellipsoid slot to improve isolation. The fractal
radiators with contorted feed and recessed ground structure
are introduced to achieve UWB bandwidth and enhance
isolation [19]. In [20], the UWB MIMO antenna realizes
UWB operational bandwidth and high isolation using the
fork-shaped stub with vias based coupling current steering.
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As a matter of fact, all the above-presented techniques are
really available for the design of the UWB MIMO antenna,
more often than not there is the challenge of achieving good
operation band and high isolation particular for the UWB
band’s lower frequency region [20].

In our previous work [12], only the T-shape stepped
stub helps the resonance at the lower frequencies along
with improved isolation and compact size. Even though
the UWB-MIMO antenna was designed according to our
own trial and error, it is noted that an exhaustive physical
significance is lack. In fact, characteristic mode analysis
(CMA) has been proposed to provide a proper systematic
designing process and has given a clear physical insight
into the UWB-MIMO antenna [18], [19], [20]. With the
help of CMA, novel antenna structures can be successfully
explored [21], while the antenna optimization tends to obtain
satisfactory performance in an efficient manner [22], [23].
In this paper, based on our prior research, a UWB-MIMO

antenna fed by microstrip line is proposed. As in the previous
design, two identical half-rectangle monopoles cut off a bevel
edge are radiators for each antenna element, collaborating
with a T-shaped stepped stub on the back common ground
for practical. What is new is that an inverted H-shaped slot
is etched on the ground, while a stepped EBG composed
of two EBG cells with different dimensions on the other
side of the T-shaped stepped stub. In order to focus on
the performance of bandwidth and isolation, the structures
which contribute to notched bands are removed, differing
from our earlier work. To the best of our knowledge,
there is no existing work in which it uses a stepped EBG
hosted on the T-shaped stepped stub along with an inverted
H-shaped slot printed on the ground to enhance bandwidth
and improve isolation. The stepped EBG is a novel structure
with smaller size and better performance by studying the
reflection phase characteristics and evaluating the effect of
applying it in the proposed UWB-MIMO antenna, comparing
to those of the EBG element. With the application of
the stepped EBG mounted on the stub and the inverted
H-shaped slot, the proposed UWB-MIMO antenna obtain
higher isolation and better impedance bandwidth, main-
taining the same size as our previous design in [12].
Moreover, the design process is completed assisted by CMA.
Through analyzing the modal significance and modal current
distribution of the evolution of the antenna design, it offers
systematical operation mechanism to further understand
the physical properties and improve parameters of the
structures for the better antenna design. The design process
is summarized as follows:

(1) Based on the CMA results of the initial UWB-MIMO
antenna, the mode 4 is identified by analyzing the mode
significance and characteristic current distribution, which is
the primary reason for no resonating at low frequency band.

(2) By observing the characteristic current distribution, the
inverted H-shaped slot and the stub with EBG are placed on
the proper position to cause impact as much as possible for
tuning the modes.

TABLE 1. Optimized antenna parameters.

(3) The stepped EBG structure is determined as the best,
by comparison with three other EBG structures.

II. CHARACTERISTIC MODE ANALYSIS
As an appropriate tool for antenna designers, the CMA
is introduced to provide physical understanding of antenna
operation mechanism in term of resonant characteristics and
radiation properties. In the implementation of CMA, mode
significance(MS) and characteristic angle(CA) are the two
key parameters worthy of remark [24]. The MS is defined
as

MSn = |
1

1 + jλn
|, (1)

where n is the index of the order of each mode, λn and MSn
are the eigenvalues and mode significance of the nth mode,
respectively. In general, if MSn is greater than 0.707, the nth
mode could be regarded as resonance. Meanwhile, the more
approximately the MSn equals to 1, the easier the mode can
be excited effectively.

The CA is calculated as

αn = 180◦
− tan−1 λn, (2)

where αn is the CA of the nth mode. Likewise, the closer the
CA of a mode is to 180◦, the stronger the radiation of the
corresponding mode is.

III. ANTENNA DESIGN
A. ANTENNA CONFIGURATION
Fig.1 shows the geometry of the proposed UWB-MIMO
antenna labeled with the design parameters. The proposed
antenna is fabricated on low-cost FR4 substrate with dimen-
sions of 27× 22× 0.8 mm, dielectric constant of 4.4 and loss
tangent of 0.02. Two half-rectangle monopoles with a bevel
trim are fed by microstrip lines. Between them, a T-shaped
stepped stub in combinationwith a stepped EBG composed of
two cells protrudes from the common ground with an inverted
H-shaped slot. Such antenna structure originates from our
own previous work [12] and the design of multiple EBG
elements in [15]. Under the guidance of CMA, the CST
microwave studio suite is used to perform simulation. The
optimized dimensions of the proposed UWB-MIMO antenna
are listed in Table 1.
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FIGURE 1. Geometry of the proposed UWB-MIMO antenna. (a) Top view, (b)Side view, (c)Bottom view.

FIGURE 2. Evolution of the UWB-MIMO antenna. (a) MIMO-A, (b)MIMO-B, (c)MIMO-C, (d) MIMO-D, (e) MIMO-E.

B. INITIAL UWB-MIMO ANTENNA
For the proposed UWB-MIMO antenna, the evolving pro-
cess, MS of the first ten modes and S-parameters at different
stages are showed in Figs. 2, 3 and 4, respectively. For
symmetry, only simulated S-parameters of Port 1 are given.

From Fig2(a) to 2(e), all of the MIMO antennas are printed
on low-cost FR4 substrate with dimensions of 27 × 22 ×

0.8 mm, dielectric constant of 4.4 and loss tangent of 0.02.
As seen in Fig2(a), two identical half-rectangle patches
with a quadrilateral cut off at the corner are placed side
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FIGURE 3. MS of the first ten modes for antennas at different stages. (a) MIMO-A, (b) MIMO-B, (c) MIMO-C, (d) MIMO-D, (e) MIMO-E.

by side to form the initial microstrip-fed MIMO system,
named MIMO-A. The corresponding MS of the first ten
modes for MIMO-A is illustrated in Fig3(a), in which
the combined contribution of mode1,2,3,4,5, and 6 attains
the wide bandwidth. According to Fig4, it is noted that
the operation band with the isolation more than 15 dB for
MIMO-A is in the range of 5.18-11.37 GHz, not entirely
covering 3.1-10.6 GHz to meet the requirement of UWB
communications. The characteristic modes working in the
corresponding frequency band are the main impact for
generating impedance bandwidth. This means that themode 4
of MIMO-A is resonating at 3.2 GHz but has negligible
significance at the lower frequency range of the UWB.

To help realize adequate impedance bandwidth at the
lower frequency for UWB communications, the characteristic
current distribution of the characteristic modes resonating
around 3 GHz for antennas at different stages is displayed
in Fig5. The characteristic current distribution of the mode
4 of MIMO-A at 3.2 GHz is shown in Fig5(a), where the
current has week density and mainly concentrates around the
microstrip-fed junctions. That is the reasonwhy theMIMO-A
cannot obtain the operation band about from 3 GHz to 5 GHz
frequency range.Meanwhile, mode 4 presented in Fig5(a) has
a little current distribution on the upper and lower edges of

the common ground between two fed lines. Thus, an inverted
H-shaped slot etched on the lower edge of the common
ground can help give disturbance as much as possible to
mode 4 for providing a possibility.

C. EFFECT OF THE INVERTED H-SHAPED SLOT
Compared to MIMO-A, an inverted H-shaped slot is intro-
duced on the ground to formMIMO-B as depicted in Fig2(b),
which deteriorates the isolation in spite of limited effect on
the impedance matching as shown in Fig4. However, the
MS of the modes are changed because of the using of the
inverted H-shaped slot, except mode 4 and mode 6 with
slight variation, as observed from Fig3(b). On one hand the
wideband feature of mode 1 and 3 is suppressed; on the other
hand, the narrowband property of mode 2 is translated to
wideband. Moreover, mode 3 and mode 5 are shifted towards
the lower frequency spectrum, while mode 2 towards the
higher. Last but not least, mode 7 begins to contribute to the
high region of UWB. It is noted that, as the dominant mode of
the lower frequency band, mode 4 of MIMO-B cannot realize
the operation bandwidth in the anticipated lower frequency
region. Thus, the adjustment of mode 4 is required.

Observing the characteristic current distribution of the
mode 4 of MIMO-B in Fig5(b), the inverted H-shaped slot
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FIGURE 4. The simulated S-parameters for antennas at different stages.
(a) S11, (b) S21.

makes the current be dominant on the upper edge of the
ground between two monopoles, which leads to the degraded
isolation. However, it is helpful for the T-shaped stepped stub
to generate the greatest influence on mode 4.

D. EFFECT OF THE T-SHAPED STEPPED STUB WITH A EBG
CELL
To improve the impedance bandwidth and isolation,
a T-shaped stepped stub with a higher EBG protrudes from
the ground as shown in MIMO-C(Fig3(c)). As plotted
in Fig4(a), the MIMO-C has operation bandwidth from
3.03 GHz to 10.98 GHz with S11<-10 dB basically,
corresponding to UWB, keeping the isolation between
monopoles more than 15 dB. As shown in Fig3(c), now
mode 4 and mode 5 of MIMO-C have similar characteristics
as mode 5 and mode 4 of MIMO-B, respectively, which
represents that mode 4 has been changed thoroughly and
mode 5 give enough impact to make MIMO-C have
impedance bandwidth in the lower frequency region. The
modes 2, 6 and 7 are adjusted towards the lower frequency.
Instead, the mode 1 is transformed into higher spectrum.

Note that the modes 8, 9 and 10 are starting to offering a
contribution to high frequency.

As observed from MIMO-D(Fig2(d)), a lower EBG is
hosted on the T-shaped stepped stub to further understand the
effect of the EBG. It can be seen from Fig4 that the MIMO-D
has better impedance bandwidth than the MIMO-C in the
desired UWB spectrum, maintaining the isolation between
ports more than 17 dB. Comparing Fig3(d) and (c), the
modes 1, 2, 3, 4, 5, 7 and 8 of MIMO-D have almost identical
features as those of MIMO-C. The higher EBG mainly tunes
the mode 6 and mode 9 and shift them to the lower frequency.
In contrast to that, mode 10 is transformed into the higher
spectrum to give more contributions in the UWB frequency
range. Moreover, the wideband feature property of mode 6 is
inhibited.

In brief, the introduction of the T-shaped stepped stub with
a EBG cell can help MIMO-C and MIMO-D improve the
desired band lower frequency region and keep good isolation,
by tuningmode 5 towards near 3 GHz and transformingmode
4 into higher spectrum.

E. EFFECT OF THE T-SHAPED STEPPED STUB WITH A
STEPPED EBG
Inspired by the application of accommodating multiple EBG
cells and an isolation stub [15], the combined approach of
the lower and the higher EBGs to form a stepped EBG is
introduced as presented in MIMO-E(Fig.2(e)). As shown in
Fig4, the MIMO-E has impedance bandwidth from 3.07 GHz
to 11.14 GHz and isolation greater than -20 dB, achieving
better behavior than those of the others. Compared to the
lower or the higher EBG, the stepped one offers significant
improvement in both impedance bandwidth and isolation in
the lower range of the operating band. That is because the
stepped EBG leads to the alteration of modes 5 and 6 as
plotted in Fig3(e). The mode 6 of MIMO-E has similar nature
as mode 5 of MIMO-D or MIMO-C, while the mode 5 is
translated to the higher frequency spectrum.

As expected, it is evident from Fig5(c-e) that all of the
three T-shaped stepped stubs with various EBGs can lead to
the shifting of characteristic modes resonating around 3 GHz
significantly. Especially forMIMO-E, since the characteristic
current of the mode 6 concentrating around the stepped
EBG hosted on the T-shaped stepped stub is the strongest,
the impedance bandwidth and isolation are the best at low
frequency band.

F. ANALYSIS OF EBG STRUCTURES
To better investigate the mechanism of EBG structures,
the optimum choice of dimensions is obtained by studying
the reflection phase characteristics [15]. As shown in Fig6,
the configuration of various EBG structures consist of
square patches of size ai (i=1, 2 and 3 for different EBG
structures) and via of radius rt placed on the same substrate
as the proposed antennas. The EBG1, EBG2 and EBG4
are used in MIMO-C, MIMO-D and MIMO-E, respectively.
The simulated reflection phase characteristics of such four
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FIGURE 5. The characteristic current distribution around 3 GHz for antennas at different stages. (a) mode 4 of MIMO-A at
3.2 GHz, (b) mode 4 of MIMO-B at 3.0 GHz, (c) mode 5 of MIMO-C at 3.1 GHz, (d) mode 5 of MIMO-D at 3.1 GHz, (e) mode 6 of
MIMO-E at 3.1 GHz.

FIGURE 6. The configuration of various EBG structures. (a) EBG1, (b) EBG2, (c) EBG3
(a3=10.2mm), (4) EBG4-the proposed.

EBG structures is plotted in Fig7, where the reflection
phase crossing zero degrees indicates resonant behavior,
exhibiting band-stop properties. Fig 7 shows the resonance
frequencies of the EBG1 and EBG2 are 6.8 GHz and 5.8 GHz,
respectively. According to Fig4(b), compared to MIMO-B,
the MIMO-C and MIMO-D has achieved high isolation
with S21<-20 dB at the middle frequency between 4.5 GHz
and 8 GHz. However, the isolation is still lower than 20 dB at
low frequency band.

Using the structure like the EBG1 or EBG2 to fulfill the
resonance frequency at 3.7 GHz, the size of square patch
should be 10.2 mm, namely EBG3. Due to the novel structure

consisting of two EBG cells, the resonance frequencies of the
EBG4 and EBG3 are both 3.7GHz, which helps the MIMO-E
realize high isolation greater than 20 dB at low frequency
region as presented in Fig4(b). However, the area of EBG4
is 94.09 mm2, which is smaller than that of the EBG3 with
104.04 mm2. Moreover, when the EBG3 is hosted on the
stub of the UWB-MIMO antenna, the isolation between the
two monopoles deteriorates as shown in Fig8, particularly
near 6.3 GHz. At the same time, the surface current strongly
increases the interaction between monopoles at 6.3 GHz,
as shown in Fig9(a). The reason is that the distance between
the EBG3 and the monopole is close enough to interfere
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FIGURE 7. The configuration of various EBG structures. (a) EBG1,
(b) EBG2, (c) EBG3 (a3=10.2mm), (4) EBG4-the proposed.

FIGURE 8. The simulated S-parameters when the EBG3 is hosted on the
stub of the UWB-MIMO antenna.

FIGURE 9. Surface current distribution at 6.3 GHz. (a) EBG3 hosted on the
stub of the UWB-MIMO antenna, (b) MIMO-E.

with each other easily. In contrast to that, the EBG4 used
in MIMO-E reduces the surface current density between the
monopoles significantly as observable from Fig9(b). Thus,
the EBG4 is a type of novel structure with smaller size and
better performance than that of the EBG3.

G. ISOLATION MECHANISM BETWEEN ANTENNA
ELEMENTS
By analyzing the simulated surface current distribution at
3.7 GHz in the evolution of the MIMO antenna design, the

FIGURE 10. Surface current distribution at 3.7 GHz in the evolution of the
MIMO antenna design. (a) MIMO-C, (b) MIMO-D, (c)MIMO-E. When Port 1
excited, Port2 is match-terminated.

isolation mechanism can be further verified. When Port 1
excited, Port2 is match-terminated with 50�. Due to the
T-shaped stepped stub with a stepped EBG of the MIMO-E,
current flowing across to the other port is the weakest with
Port 1 excited as shown in Fig. 10, comparing to MIMO-C
and MIMO-D. This phenomenon is consistent with the
previous characteristic mode analysis and the S-parameters.

H. PARAMETRIC STUDY FOR THE EFFECT OF THE
INVERTED H-SHAPED SLOT
The effect of dimensional changes of H3, H4 and W4 in
the inverted H-shaped slot on S21 is shown in Fig11(a)-(c),
respectively. When the values of H3, H4 and W4 are 0.6 mm,
3 mm and 4 mm, respectively, it provides better performance
as seen in Fig11.

IV. RESULTS AND DISCUSSION
The MIMO-E is the proposed UWB MIMO antenna, which
is fabricated and measured by an Agilent’s E8362B PNA
network analyzer. Fig.12 plots simulated and measured
S-parameters of the MIMO-E. The simulated result is from
3.07 GHz to 11.14 GHz, while the measured impedance
bandwidth from 3.09 GHz to 11.0 GHz with S11<-10dB
and S21<-20dB. There are slight discrepancies and shifts
between simulated and measured results, mainly due to
SMA connectors loss, soldering, variations in thickness of
substrate, fabrication inaccuracy andmeasuring environment.

Fig. 13 shows the fabricated UWB-MIMO antenna placed
inside the anechoic chamber for testing. For comparison,
the simulated and measured 2-D radiation patterns of
E-plane and H-plane at resonant frequencies of 3.37 GHz,
5.54 GHz, 7.64 GHz and 9.0 GHz are shown in Fig. 14
with Port 1 excited. Since the current flowing on the
protuberant T-shaped stepped stub with a stepped EBG leads
to the null drift [12], [25], the radiation patterns in yoz-
plane(E-plane) are quasi-omnidirectional instead of dipole
or figure-of-eight like in both simulation and measurement
cases as shown in Fig. 14. The phenomenon can be observed
in the 3-D radiation patterns in Fig. 15, where the null
is moved away from the yoz-plane. While in H-plane
(xoz-plane), as displayed in Fig.14, the radiation pattern
is quasi-omnidirectional. Note that the radiation pattern of
Port 2 is similar to Port1. Besides that, the two-dimensional
and three-dimensional radiation patterns are consistent.
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FIGURE 11. Simulated S21 for the effect of the inverted H-shaped slot.
(a) with parameter variation of H3 in steps of 0.2 mm, (b) with parameter
variation of H4 in steps of 1 mm, (c) with parameter variation of W4 in
steps of 2 mm.

The simulated and measured gain and efficiency of the
MIMO-E versus frequency are depicted in Fig16, in which
the trend of the measurement is consistent with the simu-
lation. It is noted that the gain is low at lower frequency
for the reason of small size for one element. As frequency

FIGURE 12. Simulated and measured S-parameters of the proposed
UWB-MIMO antenna.

FIGURE 13. Fabricated UWB-MIMO antenna placed in anechoic chamber
for measurement.

increases, the gain increases gradually because the excitation
and radiation modes of higher order modes become partially
oriented at higher frequencies. However, the variation in gain
with respect to frequency is reasonable, considering the wide
bandwidth for theMIMO-E [26].The efficiency is above 75%
and relatively stable in the entire operation frequency band.

The evaluation of MIMO diversity performance is ana-
lyzed in terms of envelope correlation coefficient (ECC),
diversity gain (DG) and total active reflection coefficient
(TARC), respectively. According to [15], the simulated ECC
using far-field parameters is calculated as

ECC =
|
∫∫

4π
−→
F1(θ, ϕ) ∗

−→
F2(θ, ϕ)dω|

2∫∫
4π |

−→
F1(θ, ϕ)|2dω

∫∫
4π |

−→
F2(θ, ϕ)|2dω

, (3)

where
−→
Fi (θ, ϕ) is the three-dimensional radiation pattern of

the antenna when the ith port is excited, with the other ports
are terminated to 50�.

The measured ECC using measured S-parameters is
carried out by

ECC =
|S∗

11S12 + S∗

21S22|
2

(1 − |S11|2 − |S21|2)(1 − |S22|2 − |S12|2)
. (4)
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FIGURE 14. Simulated and measured (left) E-plane and (right) H-plane radiation
patterns of the proposed UWB-MIMO antenna at (a) 3.37 GHz, (b) 5.54 GHz, (c) 7.64 GHz
and (d) 9.0 GHz.

The DG is estimated as

DG = 10 ×

√
1 − ECC2. (5)

The simulated and measured ECC and DG are plotted in
Fig17, where the simulated and measured ECC are below
0.014 and 0.05, while the simulated and measured DG are
greater than 9.993 and 9.986, respectively.

The total active reflection coefficient (TARC) is evaluated
using

TARC =

√
|(S11 + S12ejθ )|2 + |(S21 + S22ejθ )|2

√
2

, (6)

where θ is the input feeding phase. As depicted in Fig18,
the TARC has limited variation at different phase excitations
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FIGURE 15. Simulated 3D radiation pattern of the proposed UWB-MIMO antenna at (a) 3.37 GHz,
(b) 5.54 GHz, (c) 7.64GHz, (d) 9.00 GHz.

FIGURE 16. Gain and efficiency of the proposed UWB-MIMO antenna.

swept from 0◦ to 180◦ in a step size of 30◦. These results show
that the MIMO-E has good diversity performance.

The comparison between our design with some related
work is listed in Table 2. The analysis shows that a new
hybrid approach is introduced in our proposed antenna with
the help of the stepped EBG mounted on the T-shaped

FIGURE 17. Envelope correlation coefficient (ECC) and diversity gain (DG)
characteristics of the proposed UWB-MIMO antenna.

stub and the inverted H-shaped slot. Some of the exiting
designs [13], [16], [17] have better isolation at cost of
large sizes. Compared to our previously designed work
[12], this design improves the isolation between two ports
from 15 dB to 20 dB with the same dimension, due to a
novel stepped EBG structure. Meanwhile, the entire design
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TABLE 2. The comparison between our design with related work.

FIGURE 18. Total active reflection coefficient (TARC) of the proposed
UWB-MIMO antenna.

process accompanying with the application of CMA gives
a systematic explanation for bandwidth enhancement and
isolation improvement. By means of studying the model
significance and model current distribution, the reason for
adding inverted H-shaped slot and the stepped EBG is clear.
Additionally, the development of the stepped EBG structure
is essential, because it can’t achieve the high isolation greater
20 dB in the whole operating band using the traditional
structure like the EBG3.

V. CONCLUSION
A novel stepped EBG hosted on the T-shaped stepped stub
is presented to enhance bandwidth and improve isolation
in a compact UWB-MIMO antenna, collaborating with an
inverted H-shaped slot printed on the ground. Furthermore,
by analyzing model significance and model current distri-
bution, CMA is employed to carry out the evolving process
of the proposed antenna in detail. The stepped EBG on the
T-shaped stepped stub and inverted H-shaped slot with their
corresponding physical significance are clearly observed
using modal significance result, which helps to perform an
effective design of developing the proposed UWB MIMO
antennas. Analysis results confirm that the UWB MIMO
antenna exhibits some performance in terms of small size,
good isolation, relatively stable radiation patterns and gain as

well as low ECC, which proves it is a promising candidate for
modern wireless communication systems.
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