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Design of a Coplanar UWB-MIMO Ground Antenna Based
on the Theory of Characteristic Modes

Zhijun Tang1, 2, 3, *, Jie Zhan1, 2, Bin Zhong1, Long Chen1, and Guocai Zuo3

Abstract—A novel two-element UWB-MIMO ground antenna is designed by using the theory of
characteristic modes. The proposed antenna has a simple and compact coplanar structure, which
consists of a rectangular metal ground, a four-stage stepped patch, a double L-shaped patch with
a corner cut, and a rectangular substrate. By analyzing the most relevant characteristic modes of
the metal ground in UWB, the expected characteristic modes are excited by the capacitive coupling
elements and the hybrid loading of the capacitive and inductive coupling elements, so as to reduce the
size, broaden the bandwidth, and improve the isolation. The simulated and measured results show
that the proposed antenna obtains ultra-wide impedance bandwidths (2.7–12.6GHz for Port 1 and 3.0–
11.0GHz for Port 2). Furthermore, the proposed antenna also achieves high gains (3.1–7.3 dBi for Port 1
and 2.7–5.8 dBi for Port 2), stable radiation patterns, and good diversity characteristics (the minimum
isolation > 16 dB, the envelope correlation coefficient < 0.01, the channel capacity loss < 0.08 bps/Hz,
the total active reflection coefficient < −4.1 dB, etc.) in the whole impedance bandwidth. The research
results can provide a useful reference for the design of UWB-MIMO ground antennas based on the
theory of characteristic modes.

1. INTRODUCTION

With the rapid development of communication technology, large channel capacity and high frequency
spectral efficiency have become the urgent needs of the next generation mobile access technology. In
order to realize the development of wireless communication in the direction of large capacity, wide
bandwidth, and high-frequency spectrum utilization, it is necessary to break through the bottleneck of
traditional communication in these aspects. In recent years, ultra-wideband (UWB) technology based on
ultrashort pulse has increasingly shown its unique advantages and attracted extensive attention because
of its advantages such as high data rate, accurate positioning, low power spectral density, low power
consumption, low complexity and cost [1–3]. However, UWB technology also has several shortcomings.
Its upper limit radiated power spectral density is −41.3 dBm/MHz, which will cause UWB system to
be interfered by other narrowband wireless communications, resulting in low signal-to-noise ratio, poor
signal reliability, and bad communication quality. At the same time, when the power of a UWB system
is limited, the UWB system can only realize short-distance high-speed transmission, which is difficult to
realize long-distance transmission. In addition, a UWB channel belongs to the high frequency selective
fading channel, which is easy to produce very serious inter symbol crosstalk. The recently emerging
multi-input multi-output (MIMO) technology can effectively decompose a communication link into
multiple parallel sub communication channels, turn the multipath fading that is not conducive to wireless
communication into a favorable factor, and improve the reliability of system data transmission. On the
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other hand, MIMO technology can multiply the channel capacity and improve the spectrum efficiency by
using spatial multiplexing. Therefore, researchers suggest that UWB technology and MIMO technology
are organically combined into UWB-MIMO technology [4, 5], which can solve the shortcomings of UWB
technology and cater to the requirements of green communication concept rising all over the world in
recent years and future wireless access technology. As an indispensable device for the realization of this
technology, UWB-MIMO antenna is receiving extensive attention from scholars [6–9].

At present, the research on UWB-MIMO antennas mainly focuses on miniaturization, bandwidth
broadening, improving isolation, generating notches [10–14], etc. Among them, while considering
the application requirements of antenna geometry, broadening antenna bandwidth and improving the
isolation between antenna units are the top priorities in UWB-MIMO antenna design. At present,
bandwidth broadening methods mainly use multi-type monopole antennas [15–17], slot antennas [18],
gradient structure antennas [19], fractal antennas [20], meander technology [21], etc. On the other
hand, the methods or technologies to improve the isolation mainly include increasing resonant structure,
decoupling network [22], neutral line [23], orthogonal geometric arrangement [24, 25], defective ground
structure (DGS) [26] with the extended ground stubs [25], electromagnetic band gap (EBG) [27], mode
diversity [28], metamaterials and metasurfaces [29, 30]. The existing UWB-MIMO antennas are usually
designed with multi-layer plane or three-dimensional structure. Although coplanar waveguide (CPW)
UWB-MIMO antenna is a single-layer metal structure, its radiator and ground plane are independent
and separated, and the ground plane is not the main radiator. However, the compact application
scenarios of modern wireless mobile terminals or platforms require their antennas to have miniaturized,
low profile, conformal and other geometric structures. In such applications, the metal ground is the
main radiator, the radiation patch structure should be simple, and its function is to excite the metal
ground radiation efficiently. In particular, the housing or chassis of the mobile terminal acts not only
as a radiator, but also as a ground plane [31]. However, the current MIMO antennas with single-
layer shared structure have limited application fields due to its narrow bandwidth, low isolation, and
large size. Therefore, in order to solve the problems of the above single-layer shared structure ground
antennas, it is necessary to develop the UWB-MIMO antenna design principle or method into the ground
antenna. In recent years, there are more and more reports on the application of theory of characteristic
mode (TCM) in UWB antenna or MIMO antenna design, mainly focusing on impedance optimization,
bandwidth broadening, and reducing correlation [32–34]. However, there are relatively few reports on
the research and application of TCM in UWB-MIMO antenna [35], especially coplanar UWB-MIMO
antennas [36]. Most of the reported UWB-MIMO antennas designed based on TCM do not fully cover
the frequency band range (3.1–10.6GHz) specified by the Federal Communications Commission (FCC).

In this paper, a coplanar two elements UWB-MIMO ground antenna structure is proposed. Firstly,
based on the characteristic mode theory, the most relevant characteristic modes and characteristic
current distributions of a rectangular metal ground in UWB band are analyzed in order to determine
the feeding position and method of antenna unit 1, and a four-stage stepped radiation patch is introduced
to excite the desired characteristic modes by a capacitive loading. Then, using the same mechanism
and method, the feeding position and way of antenna unit 2 are determined. The metal ground with
a notch and the double L-shaped patch with a chamfer are introduced, and the expected characteristic
modes are excited by a capacitive and inductive mixed loading. Finally, multiple characteristic modes
and linear combinations of multiple characteristic modes are excited at different ports of the antenna,
so as to broaden the impedance bandwidth and improve the isolation.

2. DESIGN METHOD OF UWB-MIMO ANTENNA BASED ON TCM

Characteristic mode theory combines the advantages of analytical method and numerical method. It
can not only give a clear physical explanation to the solution results, but also be used to solve the
electromagnetic field problems of objects with arbitrary shapes. Because the radiation characteristics of
an antenna are determined by the current distribution on its surface, analyzing the current distribution
on the antenna surface based on TCM can study the main factors affecting the antenna performance
from the physical essence, and can provide valuable information for antenna design. The analysis of
radiation and scattering characteristics of arbitrary geometric structures based on characteristic mode
theory usually starts from solving the eigenvalue problem, and the solution of any electromagnetic field
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problem can be expressed as a linear combination of eigenmodes. These characteristic modes have
orthogonality and convergence, and express the inherent electromagnetic characteristics of the object.
The eigenvalue numerical calculation can be carried out by solving the eigenvalue equation in the matrix
form of Equation (1) [37].

[X(ω)][
⇀

Jn(ω)] = λn(ω)[R(ω)][
⇀

Jn(ω)] (1)

where [R(ω)] and [X(ω)] are the real and imaginary parts of impedance matrix [Z(ω)] respectively; λn(ω)

is the eigenvalue; [
⇀

Jn(ω)] is the characteristic current. It should be noted that it is very challenging to
calculate the eigenvalues of all modes in UWB. In addition to the eigenvalues, the characteristic mode
parameters also include characteristic angle (CA) and mode significance (MS), which can be calculated
by Equations (2) and (3), respectively:

θn = 180◦ − tan−1 λn (2)

MS =

∣∣∣∣ 1

1 + jλn

∣∣∣∣ (3)

It should be noted that the three parameters of eigenvalue, characteristic angle and mode significance
are equivalent, and one of them can be used in characteristic mode analysis (CMA). When the eigenvalue
of a mode is equal to 0, the mode produces resonance. The smaller the eigenvalue is, the easier the
mode is excited at this frequency point. When the characteristic angle of a mode is equal to 180◦, the
mode resonates. In other words, the closer the characteristic angle is to 180◦, the more likely it is to
produce resonance. If the CA of a mode is close to 180◦ in a certain frequency band, it indicates that
the mode may produce resonance in the whole frequency band and has a broadband potential. When
the mode significance of a mode is close to 1, the mode is more likely to produce resonance. For the
sake of intuition, the characteristic angle and mode significance parameters are usually selected in the
characteristic mode analysis. Isolation and envelope correlation coefficient are important parameters
to measure the mutual coupling between MIMO antenna elements. In order to use characteristic mode
theory analysis to guide MIMO antenna design, it is necessary to analyze the description of these two
parameters in characteristic mode theory. Using the orthogonality of the characteristic current, the total
current is expanded according to the mode of the characteristic current, and the mutual admittance
from the excitation port to other ports can be deduced [38], as shown in formula (4).

Yji =
∑
n

anJn(j)le =
∑
n

l2e
Jn(i)

1 + jλn
Jn(j) (4)

where an is the weighting coefficient of the nth mode, and le is the length of the common edge of the
basis function at the feed port. As can be seen from Equation (4), when each port of the antenna
matches well (the impedance is near 50Ohm), the smaller the current is generated by the coupling of
the excitation port at other ports, the smaller its mutual admittance is, and the higher the isolation
of the antenna is. Then, using the orthogonality of the characteristic electric field, expand the total
electric field generated by the excitation port and other ports according to the characteristic electric
field, and the envelope correlation coefficient can be deduced, shown in formula (5):

ρji =

∣∣∣∣∣
N∑

n=1

an,i · a∗n,j

∣∣∣∣∣
2/((

N∑
n=1

|an,i|2
)

·

(
N∑

n=1

|an,j |2
))

(5)

Equation (5) shows that the correlation coefficient between antenna elements can excite a specific
characteristic mode among all ports by adjusting the port excitation position, amplitude, and phase of
these ports, so as to realize the orthogonal characteristic.

The characteristic mode theory is used to guide MIMO antenna design. Ideally, different antenna
units are expected to work in different modes, and these modes are orthogonal to each other, so as
to improve the isolation between antenna units. However, if this single different characteristic mode
orthogonal method is adopted, it usually needs to design a complex antenna structure or feed network,
and the bandwidth broadening degree of the antenna is limited. Therefore, in order to reduce the
complexity of an antenna or a feed network design and to broaden the bandwidth, based on the physical
mechanism of Equations (4) and (5), the linear combination of multiple characteristic modes can be
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adopted to realize the low isolation characteristic: different ports realize the linear combination of
different characteristic modes; different ports realize the linear combination of the same characteristic
mode; the first two cases are mixed.

Based on the characteristic mode theory, the antenna can be fed by capacitive and inductive
methods. The excitation of inductive coupling element (ICE) is usually realized by cutting directly on
the radiator, and ICE is a direct inductive excitation [39]. The excitation of capacitive coupling element
(CCE) is achieved by adding a metal patch near the edge of the radiator, and ICE is a direct capacitive
excitation [40]. In general, the corresponding mode can be resonated by ICE at the position of the
maximum current distribution of the characteristic mode [41–43]. On the other hand, applying CCE
at the position where the characteristic mode current distribution is the minimum can also make the
corresponding mode resonate [44, 45]. It should be pointed out that ICE is usually easier to excite a pure
single characteristic mode than CCE for narrowband antennas. However, for UWB antenna design, it is
usually necessary to excite multiple characteristic modes in order to broaden the bandwidth. Therefore,
CCE or the hybrid excitation of CCE and ICE are usually used for UWB antenna design.

After loading the excitation source, the contribution of each characteristic mode to the overall
radiation of the antenna can be determined by calculating the mode weighting coefficient (MWC),
which plays a guiding role in the adjustment of the antenna structure. When the antenna has multiple
ports, the feed position of other ports can also be determined by the mode weighting coefficient, which
plays an important guiding role in dealing with the isolation between ports. The MWC can be calculated
by Equation (6).

MWC =
[V ]T [J ]n
1 + jλn

(6)

where [V ] is the excitation source vector.
It should be emphasized that compared with MIMO antenna, UWB-MIMO antenna design guided

by characteristic mode analysis should consider not only isolation requirements, but also bandwidth
requirements. Therefore, for UWB-MIMO antennas, in order to broaden the antenna bandwidth, it is
usually necessary to excite multiple characteristic modes in the UWB frequency band. Compared with
narrowband MIMO antenna, the broadband, especially UWB-MIMO antenna mode excitation is more
challenging.

3. ANTENNA DESIGN AND CHARACTERISTIC MODE ANALYSIS

As shown in Fig. 1(a), we analyzed the characteristic modes of a rectangular metal ground with a size
of 50mm× 40mm in UWB and determined the way to excite the corresponding characteristic mode by
observing the change of its characteristic mode and corresponding surface current with frequencies.
Electromagnetic simulation software CST 2019 and FEKO 2019 are used for antenna design and
simulation analysis.

The characteristic angle and mode significance of the first five most relevant characteristic modes
of the rectangular metal ground in the UWB band are shown in Fig. 2. As can be seen from Fig. 2(a),
the first five most relevant characteristic modes resonate at frequencies of 2.9GHz, 4.3GHz, 5.0GHz,

(a) (b) (c)

Figure 1. The design process of a radiator-ground shared antenna: (a) rectangular patch, (b) loading
a stepped patch, (c) loading a double L-shaped patch.
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(a) (b)

Figure 2. Prediction of the first five most relevant characteristic modes of the rectangular metal ground
in UWB, (a) characteristic angle, (b) mode significance.

7.0GHz, and 8.9GHz, respectively. Among them, the characteristic angle of mode 1 is close to 180◦

in the whole UWB, indicating that the mode has good resonance characteristics in the whole UWB.
The other four modes also have good resonance characteristics from their resonance point to UWB high
frequency band. The mode significance shown in Fig. 2(b) further confirms the resonant characteristics
of the five most relevant characteristic modes of the rectangular metal ground in UWB. Therefore, in
order to realize the UWB characteristics of the antenna, these resonant modes should be excited as
much as possible.

As mentioned above, in order to satisfy the UWB broadband requirements of the antenna, the
loaded antenna should excite as many resonant modes of the metal ground in the UWB as possible.
The loading method of the antenna mainly determines whether to feed the antenna in capacitive or
inductive mode by observing and analyzing the surface current distribution of the characteristic mode.
In view of this, the surface current distributions of the first five most relevant modes of the rectangular
metal ground at its corresponding resonance point are shown in Fig. 3. As can be seen from Fig. 3,
the strongest surface current distribution in mode 1 is in the middle of the long side, while mode 2,
mode 3, mode 4, and mode 5 are in the middle of the long and short sides, the middle of the short side,
both sides of the middle of the long side, and the center, respectively. Therefore, it is difficult to excite
more resonant modes by ICE excitation, which is not conducive to broadening the antenna bandwidth.
On the other hand, it is observed that these five modes have the weakest or weaker surface current
distribution at the metal ground corner. Therefore, loading CCE excitation near the metal ground
corner can excite more resonant modes of the metal ground, so as to broaden the antenna bandwidth.

According to the existing literature reports, circular, square, and stepped patches have broadband
potential. However, considering the miniaturization of the antenna and the actual physical structure
of the metal ground, a four-stage stepped metal patch is introduced near the diagonal of the metal
ground to load antenna 1 by the CCE, as shown in Fig. 1(b). It should be pointed out that considering
the symmetry of antenna geometry and loading position, only even-stage stepped patches are selected.
Although the two-stage structure is simple, some performances are difficult to meet the requirements.
The six or more stage structure will increase the geometric size of the antenna, and its main performance
is not better than the four stage structure. As described in Section 2, in order to verify whether the CCE
loading can successfully excite multiple resonant modes of the metal ground and the overall radiation
contribution of these modes to the antenna, it is necessary to calculate the mode weighting coefficient
of the antenna after loading excitation.

The mode weighting coefficient of the metal ground after loading antenna 1 is shown in Fig. 4. It
can be observed that in the low frequency band, mode 1 has a large weight, and mode 2 has a maximum
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(a)
(b)

(c) (d) (e)

Figure 3. Surface current distribution of the rectangular metal ground, (a) mode 1 at 2.9GHz, (b)
mode 2 at 4.3GHz, (c) mode 3 at 5.0GHz, (d) mode 4 at 7.0GHz, (e) mode 5 at 8.9GHz.

Figure 4. Mode weighting coefficient of the metal
ground after loading antenna 1.

Figure 5. Reflection characteristics of antenna 1
when antenna 2 is not loaded.

weight. In the lower and intermediate frequency bands, mode 3 has the largest weight, and mode 4 and
mode 5 have a larger weight. In the high frequency band, mode 5 has the largest weight, and mode 4 and
mode 1 also have large weight. Therefore, after loading the four-stage stepped patch, multiple resonant
modes of the metal ground in UWB are successfully excited. The reflection coefficient (S11) of antenna 1
after adding the substrate is shown in Fig. 5. It can be seen that the antenna generates resonance at
about 3.0GHz, 5.0GHz, 6.5GHz, 10.0GHz, and 12.0GHz, which is in good agreement with the above
characteristic mode analysis results. The bandwidth of antenna 1 is 9.9GHz (2.7–12.6GHz), which fully
covers the UWB (3.1–10.6GHz) specified by FCC.

In order to achieve the purpose of designing a MIMO antenna, after successfully loading the
antenna 1, another excitation needs to be added to complete the design of antenna 2. According
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(a) (b)

Figure 6. Prediction of the first five most relevant characteristic modes of the metal ground in UWB
after loading antenna 1, (a) characteristic angle, (b) mode significance.

to the above design principles and methods, in order to determine the position and way of excitation
loading, it is necessary to reanalyze the characteristic mode of the metal ground after loading antenna 1.
The prediction of the first five most relevant characteristic modes of the metal ground in UWB is shown
in Fig. 6. It can be seen that these modes produce resonances at 3.3GHz, 4.6GHz, 5.7GHz, 7.8GHz,
and 9.3GHz, respectively. Moreover, in the UWB, the characteristic angle and mode significance of
these modes are close to 180◦ and 1, respectively, indicating that they have UWB potential. How to
excite these modes requires the further observation of the current distribution of these characteristic
modes.

Figure 7 shows the characteristic mode current distribution of the metal ground after loading port 1.
It can be observed that mode 2 and mode 4 have the weakest current distribution at the lower left of
the metal ground. Mode 1 and mode 3 have stronger current distribution at the lower left of the metal
ground, while the characteristic currents of mode 5 have alternating strong and weak distribution in this
area. Therefore, in order to excite multiple mode resonances of the metal ground and make antenna 2
also obtain UWB characteristics, it is necessary to introduce a suitable loading patch structure. In
order to achieve the above purpose, a rectangular slit is introduced at the appropriate position at the
lower left of the metal ground, and a double L-shaped patch with a chamfer and a hybrid excitation of
CCE and ICE are introduce to design antenna 2, as shown in Fig. 1(c).

The mode weighting coefficient of the metal ground is shown in Fig. 8 after antenna 2 is loaded.
It can be observed that mode 1, mode 2, and mode 3 have large weight in UWB low frequency band.
In UWB medium frequency band, mode 3, mode 1, and mode 4 have large weight. In UWB high
frequency band, mode 5 and mode 4 have large weight. These show that the double L-shaped patch
can successfully excite multiple resonant modes of the metal ground in UWB.

The reflection coefficient (S22) of antenna 2 is shown in Fig. 9 after adding the substrate. It can
be observed that antenna 2 generates resonances at about 3.3GHz, 5.0GHz, 6.1GHz, 7.7GHz, and
10.0GHz, which are in good agreement with the above characteristic mode analysis results of the metal
ground after antenna 1 is loaded. Antenna 2 achieves a bandwidth of 8.0GHz (3.0–11.0GHz). In
addition, by comparing the reflection coefficient characteristics of antenna 1 before and after loading
antenna 2, it can be seen that the bandwidth of antenna 1 remains basically unchanged, and the
resonance characteristics of antenna 1 are further enhanced after loading antenna 2. The impedance
bandwidths of antenna 1 and antenna 2 completely cover the ultra-wideband specified by FCC.
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4. RESULTS AND DISCUSSIONS

4.1. Geometric Structure and Parameters

The geometric structure and parameters of the UWB-MIMO ground antenna are shown in Fig. 10.
The antenna is printed on a Rogers RO3003 substrate. The thickness of the substrate is 1.6mm; the
relative dielectric constant is 3.0; and the loss tangent is 0.001. The antenna has a simple and compact
single-layer metal structure, and antenna 1 (port 1) is formed by introducing a four-stage stepped patch
at the opposite corner of a rectangular metal ground. Antenna 2 (port 2) is designed by cutting a small
rectangle at the lower left of the opposite side of antenna 1 and introducing a double L-shaped patch
with a chamfer. Both port 1 and port 2 are connected by RF cables. The geometric parameters and
optimized dimensions of the designed antenna are shown in Table 1. The prototype and test scenario
of the antenna are shown in Fig. 11.

Table 1. The geometric parameters and optimized dimensions of the antenna (unit: mm).

Parm Dimension Parm Dimension Parm Dimension Parm Dimension

Ls 58 Ws 48 L1 50 W1 40

L2 16 W2 10 Lp 15 t1 3

t2 4 a1 7.1 a2 12.5 a3 2

S1 3.5 S2 4 S3 0.5 S4 1.5

4.2. Bandwidth and Isolation Characteristics

The reflection coefficient (S11 or S22) of S-parameters is an important parameter to characterize
the antenna bandwidth, and the transmission coefficient (S12 or S21) is an important parameter to

(a) (b)

(c) (d) (e)

Figure 7. Characteristic mode current distribution of the metal ground after loading port 1: (a) mode 1
is at 3.3GHz, (b) mode 2 at 4.6GHz, (c) mode 3 at 5.7GHz, (d) mode 4 at 7.8GHz, (e) mode 5 is at
9.3GHz.
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Figure 8. Mode weighting coefficient of the metal
ground after antenna 2 is loaded.

Figure 9. Reflection characteristics of the
proposed UWB-MIMO antenna.

Figure 10. Geometric structure and parameters of the designed antenna.

Figure 11. The prototype and test scenario of the proposed antenna.

characterize the isolation between multiple antenna units (|S21| or |S12|). Fig. 12 shows the variation
of S-parameters of the designed antenna with frequency. Antenna 1 can obtain 9.9GHz (2.7–12.6GHz)
bandwidth or a fractional bandwidth of 129.4%. Antenna 2 can finally obtain 8.0GHz (3.0–11.0GHz)
bandwidth or a fractional bandwidth of 114.3%. The transmission coefficient S21 is large only in the
narrow band (3.2–4.3GHz) of the impedance bandwidth, but it is also less than −16 dB, and less than
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Figure 12. S-parameters of the proposed
antenna.

Figure 13. Peak realized gains of the proposed
antenna.

−20 dB in other frequency bands of the impedance bandwidth. Therefore, the bandwidth of the designed
UWB-MIMO ground antenna fully covers the UWB frequency, and its minimum isolation |S21| is greater
than 16.0 dB. Furthermore, its isolation is greater than 20.0 dB in nearly 90% of the bandwidth.

4.3. Gain and Radiation Characteristics

The peak gains of the designed antenna are measured in three-dimensional domain by using a comparison
method. When the peak gains of a single port is measured, the other port is in a matching state. In
the process of the measurement, the standard antenna (horn antenna) needs to be placed in the quiet
area of the anechoic chamber together with the antenna support and feeding device. In general, the
non-uniformity of the support, feeding device, and static area field in the environment of the anechoic
chamber interfere with the measurement results of the received power of the standard antenna, and

(a) (b)

Figure 14. Radiation patterns of the proposed antenna in the E-plane, (a) port 1, (b) port 2.
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then affect the measuring accuracy of the peak gains. Therefore, the influence of the above factors
should be minimized in the process of the peak gain measurements. The variation of the peak realized
gain of the antenna with frequency is shown in Fig. 13. It can be observed that the peak realized
gain of antenna 1 varies from 3.1 to 7.3 dBi within its impedance bandwidth. The gain of low and
intermediate frequency band is stable at about 3.1–5.0 dBi, while the gain of high frequency band is
increased from 5.0 to 7.3 dBi, which is mainly due to the partial orientation of excitation and radiation
modes of high-order modes at higher frequencies. In the whole impedance bandwidth, the variation
range of the peak realized gain of antenna 2 is 2.7–5.8 dBi. The small fluctuation of the peak gain in
some frequency bands is mainly caused by the non-resonant characteristics of the antenna. Considering
the UWB characteristics of the antenna, the designed UWB-MIMO ground antenna has stable gains.

The coplanar polarization and cross polarization performance measurements of E-plane and H-
plane at 3.5GHz, 6.5GHz, and 10GHz are shown in Fig. 14 and Fig. 15, respectively. It can be observed
that the antenna has stable radiation characteristics in the whole UWB. The further observation shows
that the radiation patterns in the low frequency band are better than those in the high frequency band,
and have quasi-omnidirectional characteristics. The high frequency band mainly excites the high-order
modes of the metal ground. Therefore, the omnidirectivity of its radiation is not as good as that of
the low-frequency band. In general, considering the trade-off requirements of the main performance
parameters of the designed antenna, it has relatively stable radiation characteristics in the whole UWB.

(a) (b)

Figure 15. Radiation patterns of the proposed antenna in the H-plane, (a) port 1, (b) port 2.

4.4. Diversity Characteristics

Envelope correlation coefficient (ECC), diversity gain (DG), multiplexing efficiency (ME), channel
capacity loss (CCL), and total active reflection coefficient (TARC) are important parameters to
characterize the diversity performance of MIMO antennas. ECC is mainly used to measure the
correlation between MIMO antenna units. In order to obtain better diversity characteristics between
MIMO antenna units, ECC should be as low as possible. Generally, the acceptable range of ECC
shall be less than 0.5. For MIMO antennas, the envelope correlation coefficient can be calculated by
the formula in [46]. The diversity gain and multiplexing efficiency can be calculated by formulas (7)
and (8) [47].

DG = 10
√

1− ECC2 (7)

ηmux =
√

ηiηj(1− |ρc|2) (8)
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Generally, the channel capacity of MIMO system changes linearly with the increase of the number
of antenna units used. However, the correlation between antenna elements in MIMO channel system
will cause capacity loss. Therefore, CCL is an important parameter to characterize the channel capacity
of a MIMO system. Generally, the expected value of CCL is less than 0.4 bps/Hz. For two port MIMO
antennas, the CCL can be calculated by the formula in [48]. TARC is defined as the square root of the
ratio of total reflected power to total incident power. For MIMO systems, the expected value of TARC
is less than 0 dB. For two port MIMO antennas, TARC can be calculated by formula (9).

TARC =

√
(S11 + S12)2 + (S21 + S22)2

2
(9)

The envelope correlation coefficient and diversity gain performance of the antenna are shown in
Fig. 16, from which it can be observed that the ECC of the antenna is less than 0.01 in the whole UWB.
The DG of the antenna is greater than 9.8 dB. In particular, ECC and DG have small fluctuations in
the frequency bands of 6.2–7.8GHz and 10.6–11.8GHz, which is mainly caused by the non-resonant
characteristics of the antenna in these two frequency bands.

Figure 16. Envelope correlation coefficient and diversity gain of the proposed antenna.

Figure 17. Multiplexing efficiency of the proposed antenna.
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Figure 18. The CCL and TARC of the proposed antenna.

The multiplexing efficiency of the antenna is shown in Fig. 17. It can be seen that the multiplexing
efficiency of the antenna is less than −1.0 dB in the 3.1–10.9GHz band. In the 10.9–12.6GHz frequency
band, the multiplexing efficiency is less than −1.7 dB. The maximum multiplexing efficiency is −0.12 dB.
Therefore, the antenna achieves high multiplexing efficiency in the whole impedance bandwidth,
especially in the UWB.

The CCL and TARC characteristics of the antenna are shown in Fig. 18. It can be observed that
in the whole impedance bandwidth, the CCL values are less than 0.08 bps/Hz and TARC values less
than −4.1 dB. In UWB, CCL value is less than 0.03 bps/Hz and TARC value less than −8.5 dB.

Table 2. Performance comparison with some representative published literatures.

Ref.
Size

(mm2)

Electrical

dimensions

Bandwidth

(GHz)

Gain

(dBi)

Isolation

(dB)
ECC

Diversity

Gain (dB)
Structure

[49] 24× 30 0.6λ× 0.8λ 3–12.6 2–4.8 > 16.3 < 0.05 > 9.8
Fractal Monopole

and DGS

[50] 23× 40 0.5λ× 0.9λ 2–11 2.0–6.0 > 17 < 0.15 > 9.7
Monopole

and DGS

[51] 50× 40 1.2λ× 1.0λ 2.7–12.0 2.0–5.7 > 17 < 0.03 NA
Monopole

and DGS

[52] 35× 35 0.9λ× 0.9λ 3.0–12.0 3.0 stable > 15 < 0.07 NA
Monopole

and DGS

[53] 19× 30 0.4λ× 0.7λ 3.1–10.6 1.2–2.91 > 18 < 0.03 > 9.7
Monopole

and DGS

[35] 50× 85 1.0λ× 1.7λ 2–9.5 1.5–4.0 > 20 < 0.03 NA Partially shared

[31] 40× 100 0.5λ× 1.2λ
GSM-LTE

bands
NA > 20 NA NA

Radiator-ground

shared

This

work
48× 58 1.1λ× 1.3λ

2.7–12.6

3.0–11.0
3.1–7.3

90% bandwidth > 20

10% bandwidth > 16
< 0.01 > 9.8

Radiator-ground

shared
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4.5. Performance Comparison

As mentioned above, there are some reports on UWB-MIMO ground antenna at present. In view of
this, the performance comparison among the UWB-MIMO coplanar ground antenna designed in this
paper and some representative published literatures in recent years is shown in Table 2, where λ is the
wavelength corresponding to the center frequency of the antenna bandwidth. It is observed that the
designed antenna has achieved a good trade-off in performance characteristics, such as geometric size,
impedance bandwidth, gain, isolation, and diversity.

5. CONCLUSION

Based on the design method of UWB-MIMO antenna by using characteristic mode theory, multistage
stepped and double L-shaped patches are introduced for designing the proposed antenna. By introducing
capacitive and capacitive-inductive loading, multiple different characteristic modes combinations of
metal ground in UWB are successfully excited at different ports of the antenna, so as to realize the
bandwidth broadening, isolation improvement, and geometric size reduction of the coplanar ground
antenna. The designed antenna structure is simple and compact, and there is no additional isolation and
decoupling structure. The simulated and measured results show that the designed antenna achieves a
good trade-off in geometric size, impedance bandwidth, isolation, and diversity. Therefore, the designed
antenna can meet the practical application requirements of new mobile terminals or platforms in space
constraints, broadband, and high data rate.
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