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ABSTRACT In this paper, a design to reduce the mutual coupling between two closely MIMO antennas is
presented. A metasurface superstrate consisting of periodic circular split ring resonator (CSRR) elements is
placed above the coupled two-element patch antennas to improve the isolation performance. The propagation
of the electromagnetic wave from antenna 1 to antenna 2 causing mutual coupling will be blocked since
the loading of metasurface, which can be considered as a negative-permeability medium. First, the size of
the CSRR element is determined by properly designing the range of negative permeability in the desire
band. Thereafter, a decoupled MIMO array with a high isolation performance is realized with an intolerable
matching curve. Then, some measures are employed on each patch to enhance the matching performance,
such as etching slots and loading short probes on the patches. Next, two prototypes for the coupled and
decoupled arrays are fabricated and measured to verify the improvement of the isolation performance.
Measured results show that the value of |S21| for the decoupled array has been greatly improved from−8 dB
to less than −20 dB within the entire working band of 5.58-6.0 GHz. Meanwhile, the match bandwidth of
|S11| < −15 dB for the decoupled array is approximately 420 MHz, which has also been improved in the
desire band compared with the coupled array. In addition, the measured gains for the decoupled array are
improved by approximately 1.8 dB as compared to the coupled array, whereas the efficiencies are increased
by 16% which is higher than the coupled array. Moreover, the envelope correlation coefficient (ECC) for
the decoupled array is reduced from 0.17 to 0.06 within the entire band of interest. Therefore, all measured
results demonstrate that the proposed MAAD design is a good candidate for the improvement of MIMO
antenna arrays.

INDEX TERMS MIMO, metasurface antenna array decoupling (MAAD), split ring resonators (SRRs).

I. INTRODUCTION
There is unprecedented growth in the demand for high data
rates and wide spectrum resources for wireless communi-
cation, especially the fifth generation mobile communica-
tion [1], which has greatly promoted the development of
wireless technologies and mobile electronic devices. It is
both an opportunity and a challenge for antenna designers.
In recent years, several advanced technologies were emerged
for the design of antennas and arrays, such as MIMO array,
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massive MIMO, millimeter wave and full-duplex. The
multiple-input multiple-output (MIMO) technology provides
an effective method by using multiple paths to enhance the
data throughput [2]. Therefore, MIMO/Massive MIMO, act-
ing as a core technology of wireless communication, has
attracted widespread attention for the enhancement of the
spectrum efficiency and data rate of transmission. However,
a practical MIMO antenna array must be compact because
of limited space to satisfy the demand for antenna wide
band miniaturization in either a mobile terminal or a base
station. That is to say, the distance between two adjacent
antenna elements is very short approximately a fraction of
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the wavelength in a vacuum. Hence, strong mutual coupling
occurs and drastically increases with the decreasing of the
distance between the two closely elements. Meanwhile, the
performance of the MIMO antenna array will rapidly dete-
riorate in terms of the side-lobes [3], [4], efficiencies [5],
the envelop correlation [6], [7] and signal-to-noise ratio [5].
Channel capacity for the MIMO system will also be greatly
reduced since ofmutual coupling. Therefore, it is necessary to
study the array coupling reduction technology used in MIMO
antenna systems.

Currently, many articles on the decoupling design of
MIMO antenna are reported, which can be divided into the
following categories.

(1) Ground modification design: By loading branch struc-
tures or etching defected ground structures (DGS) on the
ground plane, the induced current that causes the mutual
coupling decreases, and the common ground is modified.

The published methods also vary and describe methods
involving etching of S-shaped periodic structure [8], embed-
ding of tree-shape structure [9] and insertion of T-shaped
branches.

(2) Neutralization line design: Connected lines with differ-
ent shapes [10], [11] are introduced between two antennas
to cancel out the reactive coupling. This has been used in
practical applications for mobile phone antenna. In addi-
tion, relevant reports can be extended to single-frequency
WLAN [12], dual bands [13] and UWB antenna [14].

(3) Parasitic element design: A coupled or parasitic struc-
ture [15] is loaded between two antennas [16]. Hence,
the structure is not connected with the radiation antenna and
the ground [17].

(4) Network decoupling technology: The coupling
between two antennas is greatly reduced by circuit theory.
Examples include the characteristic modes [18], multi-ports
conjugate (MC) match [19] as well as coupling resonator
decoupling network (CRDN) [20], [21]. CRDN as a decou-
pling method first appeared in mobile terminals [20]; subse-
quently, a dual band CRDN decoupling technology was also
presented in [21].

Because of its novel electromagnetic characteristics, arti-
ficial electromagnet material has become a hot academic
research topic for which novel electromagnetic phenomena
have been discovered [22]. In particular, the emergence of the
metasurface has greatly promoted the development of electro-
magnetic materials. Various new electromagnetic devices and
microwave applications have been developed. For example,
for the production of high gains, Fabry-Perot cavity antennas,
reflectarray antennas [23] and transmitarray antennas [24]
are proposed; for the reduction of the radar cross section
(RCS) [25], the low-RCS antenna is realized; for the modula-
tion of polarization, polar covers and OAM antennas [26] are
presented. In addition, themetamaterial-based ormetasurface
can also be utilized for decoupling in MIMO antennas array.

Based on theworkingmechanism of decouplingwithmeta-
materials, this decoupling methods can be divided into three
types as follows:

a) Electromagnetic band gap (EBG) and waveguide meta-
materials: these can inhibit the surface wave to some
extent. Waveguide metamaterials have been designed
and presented [27], [28]. In addition, the EBG structure
can be used to decouple the array antennas in [29].
Moreover, many deformed structures of EBG are pre-
sented, such as a two-layer EBG structure [30], a tun-
able EBG using the biasing technique, as well as the
combination of the action of EBG and SRRs [31] to
improve the isolation. Furthermore, EBG for decou-
pling can be applied in UWB antennas [32] and even
millimeter wave fields [33].

b) Meta-cloak and metamaterial insulators: some mea-
sures have been adapted to reduce the near-field cou-
pling. In [34], metamaterial EM insulator technology
is introduced to reduce the antenna coupling in the
E-plane, which has been realized in a five-element
array. In [35], a metamaterial isolation wall is utilized
between two dielectric resonator antennas (DRAs) for
decoupling at 60 GHz. This type of decoupling method
has been realized in terahertz (THz) applications using
graphene metasurfaces [36].

c) Metasurface decoupling design: a certain decoupling
space is required between two coupled antennas by
using the two metamaterial-based methods mentioned
above. To compensate for the shortcomings of the small
space in a compact array, the proposed metasurface
decoupling technology emerged. Moreover, the used of
an array-antenna decoupling surface for the improve-
ment of isolation is first presented in two practical
examples [37]. Then, a modified array decoupling
surface is utilized for the decoupling of a dual band
antenna [38]. Next, an EBG surface [39] is adapted as
a ground for decoupling in the millimeter wave band
which is different from the metasurface.

In this paper, a design for metasurface array antenna
decoupling (MAAD) is presented for a compact coupled
two-element array. The proposed decoupling method has the
following advantages. First, the isolation performance and
bandwidth for the decoupled antenna array have been signif-
icantly improved than before. Next, the space between the
two elements is less than 0.02 wavelength which is quite
compact comparing with other published papers. Then, the
radiation performances in far-field, such as gains, efficiencies
and ECC, have also been greatly improved. In addition, it is
easily expanded for use in massiveMIMO arrays, which have
hundreds of cells. The theory and analysis for decoupling are
developed in Section II, and the results of measurements and
simulations are presented in Section III. Finally, a summary
is given in section IV.

II. ANTENNA DESIGN AND ANALYSIS
A. METAMATERIAL UNIT
A network theory model for an isotropic homogenous mate-
rial is used to compute the permittivity and permeability of the
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proposed metamaterial element. Then, the composite terms
V1 and V2 are introduced to compute the effective permit-
tivity εr and the effective permeability µr of the medium by
using the following formulas (1-5).

V1 = S21 + S11 (1)

V2 = S21 − S11 (2)

k0 = w/c (3)

µr ≈
2

jk0d
1− V2
1+ V2

(4)

εr ≈
2

jk0d
1− V1
1+ V1

(5)

B. DECOUPLING PRINCIPLE FOR A NEGATIVE
PERMEABLITY MEDIUM
Let us consider a metasurface consisting of CSSR ele-
ments as shown in Fig. 1 (a). The effective permeability
frequency bands of the CSSR cells are determined by the
physical dimensions, especially the size of the ring, as shown
in Fig. 1 (b). A desirable effective negative permeability
region is realized by modifying the element size. To ana-
lyze the decoupling mechanism of the proposed method, a
coupled two-element array is utilized as shown in Fig. 2.
The undesired coupled component A0ejkx will be introduced
to antenna 2 from antenna 1 with antenna 1 in an excited
state, while the waves propagate along the minus X-direction.
Then, a metasurface is placed above the coupled array. Let’s
analyze the following four cases corresponding to different
characteristics of the loading metasurface in detail based on
the formula (6).

k = w
√
µε (6)

FIGURE 1. Layout of the SRRs elements, (b) the frequency response of
effective permeability corresponding to different element sizes.

TABLE 1. Optimized geometric parameters for the proposed element.

Case 1: whenµr>0, εr>0; k is a real number (k>0) accord-
ing to formula (7), such as is observed in a conventional
medium plane. The coupled energy can be calculated by
formula (8). As shown in formula (8), the undesired coupled
antenna will propagate along the minus X-direction as time

goes on. Therefore, the mutual coupling cannot be reduced
by the metasurface of this features.

k = w
√
µrεrµ0ε0 = k0

√
|µr ||εr | (7)

A0ejkxejwt = A0ej(k0
√
|µr ||εr |)xejwt (8)

Case 2: when µr>0, εr<0; k is a complex number, which
can be calculated with formula (9), such as in the case of neg-
ative permittivity materials (NPM) with an effective negative
permittivity. Moreover, the energy that causes the coupling
can also be calculated based on formula (10). The undesired
coupled energy becomes a huge attenuation component due
to the use of the medium for effective negative permittivity.
Furthermore, the coupled energy will be greatly reduced as
the distance increases in the X-direction according to for-
mula (10). Consequently, the propagation of the electromag-
netic wave coupling to the adjacent element will be rejected
by using the proposed metasurface of this characteristic.

k = w
√
µrεrµ0ε0 = jk0

√
|µr ||εr | (9)

A0ejkxejwt = A0ej(jk0
√
|µr ||εr |)xejwt

= A0e−(k0
√
|µr ||εr |)xejwt (10)

Case 3: when µr<0, εr>0; k is a complex number, which
can be computed with formula (9), such as in the case of
negative magnetic permeability materials (NMPM) with the
characteristic of effective negative permeability. The cou-
pling energy also becomes an attenuation component with
the increasing of distance in X-direction, which is identical
to case 2. Therefore, the electromagnetic wave coupling to
antenna 2 from antenna 1 also can’t be propagated because
of this novel feature.

Case 4: when µr<0, εr<0; k is a real number (k>0),
such as the case of a double negative index (DNG) medium.
The analysis method is identical to that presented in case 1.
The electromagnetic wave will transmit to antenna 2 from
antenna 1 and cause strong mutual coupling; therefore,
the coupling can’t be reduced by using the metasurface with
this characteristic.

Overall, the propagation of the electromagnetic wave caus-
ing the coupling will be suppressed by covering a single
negativemetasurface of effective permittivity or permeability.
In this paper, a metasurface superstrate is introduced with an
effective negative permeability in a certain frequency band
for decoupling as shown in Fig. 1 (b), which can be analyzed
based on case 3. In addition, it is understandable that the
reflected waves from the metasurface mitigate the mutual
coupling energy to improve the isolation performance of
array.

C. TWO-ELEMENT ANTENNA ARRAY WITH A
META-SURFACE COVERING
The geometries of the proposed MIMO antenna pair with-
out/with a metasurface are shown in Fig. 2 and Fig. 3,
respectively. As shown in Fig. 2, the coupled antenna pair is
fabricated and printed on the FR4 substrate with a dielectric
contains of 4.4, a loss tangent of 0.02 and a thickness of 3mm.
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FIGURE 2. Structure diagram of a strongly coupled two-element array
without a metasurface.

FIGURE 3. Principle of the decoupled array with a metasurface.

However, the isolation performance of this coupled MIMO
antennas pair is poor which will seriously affect its radiation
performance. Then, a metasurface consisting of CSRRs with
a certain characteristic is placed above the coupled antenna
pair. Thereafter, the isolation performance for the coupled
MIMO antenna has been improved by a large margin. Next,
somematching measures are introduced into the design of the
decouplingMIMO antenna. Via simulation with the commer-
cial software HFSS 16, the proposed decoupled MIMO array
is optimized and designed. The detailed dimensions of this
decoupled MIMO antenna are listed in Table. 2.

TABLE 2. Optimized parameters for the proposed decoupled array.

1) DESIGN SCHEME OF THE PROPOSED DECOUPLED
ANTENNA
To further explore the realization of the decoupled array,
the design of scheme is presented. The structure of the cou-
pled two-element array named Array 1 is shown in Fig. 4 (a).
The strong coupling between the two antennas emerges, since
the distance between the two elements is 1 mm, which is
approximately 0.02 λ at the working frequency of 5.8 GHz.

FIGURE 4. (a) Top view (left) and side view (right) for Array 1;
(b) Top view (left) and side view (right) for Array 2; (c) Top view (left) and
side view (right) for Array 3; (d) Simulated S-parameters of Array 1,
Array 2 and Array 3.

The corresponding S parameter values of both |S11| and |S21|
are shown in Fig. 4 (d). The value of |S11| is acceptable in
the working frequency band, while that of |S21| is intoler-
able. In other words, the ability of the MIMO antennas to
separately receive or transmit is seriously affected. Based
on the above requirements, a metasurface with an effective
negative permeability is placed above the coupled MIMO
array named Array 2, as shown in Fig. 4 (b). In addition,
the values of the corresponding S-parameter are presented
in Fig. 4 (d). The isolation of Array 2 is greatly improved,
while the matching of Array 2 cannot be tolerated. Thereafter,
etching slot and loading probe technologies are both used to
improve the matching as shown in Fig. 4 (c), which shows
Array 3. It is exciting that both the matching and isolation
performance of Array 3 can satisfy our requirements for the
desired bands for the MIMO antenna.

2) DESIGN SCHEME OF MATCHING FOR THE DECOUPLED
ARRAY
To analyze the matching process of Array 3 in detail,
the matching techniques used for the loading probe and
grooving are separately studied. In Fig. 5, different values
of the S parameters for the three arrays are presented. For
the first array (Array 2) with a decoupling metasurface,
the isolation performance is perfect, but the matching perfor-
mance is unavailable because there is no matching measure.
Thereafter, two short pins are loaded in both patch antennas.
As shown by the red lines in Fig. 5, the matching performance
of Array 2’ has been improved, meanwhile the isolation
performance is not significantly attenuated. For Array 2’, the
matching bandwidth is narrow, especially it is poor in the
high-frequency band. Next, a pair of rectangular grooves are
etched on the two decoupled patch antennas, which causes
to a great improvement for the matching performance in the
desired band of 5.57-5.98 GHz with |S11| less than -15 dB.
Moreover, there is almost no change on the isolation curve.
Therefore, the metasurface-based antenna array with high
performance has been realized.
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FIGURE 5. Different metasurface arrays for (a) decoupled metasurface
Array 2 without matching measures, (b) decoupled metasurface Array 2’
with two short pins, and (c) decoupled metasurface Array 3 with two
short pins and two rectangular grooves.

D. PARAMETRIC STUDIES
To investigate the working principle of the proposed meta-
surface antenna, especially the decoupling mechanism, all
aspects of the MIMO array are discussed in detail as follows.

1) RESEARCH ON EFFECTS OF CSRRs ON ISOLATION
To study the effect of CSRRs on the isolation performance of
the decoupled array, important parameters have been investi-
gated for the following aspects: the size of the circular rings,
size of the gap on the ring, rotation angle of the split and
the height of the surface. As shown in Fig. 6, the simulated
S parameter values of |S11| and |S21| are presented for
different lengths of the circular rings, which is represented
by ‘‘a’’. When the lengths of the circular rings decrease,
the isolation band will shift to the high-frequency band, since
the negative permeability bandwidth range of the proposed
CSRR elements is shifted to a high frequency. It logically
shifts to a low frequency with the increasing to the size of the
circular rings. The matching bandwidth with the changing of

FIGURE 6. Simulated S parameter of Array 3 with different a values.

the circular ring is also affected to some extent. In addition,
the performance of isolation and matching will be affected by
the gap in the ring as shown in Fig. 7. When the gap becomes
large, the resonant frequency of |S11| and |S21| shifts to high
frequency as shown in Fig. 7. Otherwise, it moves to low
frequency in Fig. 7. Then, the rotation angle of the CSRRs
is also investigated in this section, while the response curves
for matching and isolation show almost no change when the
range of the rotation angle covers 20◦ from -10◦ to 10◦,
as shown in Fig. 8. Generally, there is no significant change in
the equivalent length with the changing of the rotation angle.
Next, the height of the proposed surface as a key parameter is
also investigated, and the performance regularly changes as
shown in Fig. 9. The performance of the antenna with a high
profile will be better than a low one, but a surface placing
at a high position will increase the size of the proposed
metasurface MIMO antenna array.

FIGURE 7. Simulated S parameter of Array 3 with different g values.

FIGURE 8. Simulated S parameter of Array 3 with different ang values.

2) RESEARCH OF MATCHING CHARACTERISTICS
For the matching characteristics, the key parameters are also
analyzed in detail, such as the lengths of the slot lines and the
positions of the probes. As shown in Fig. 10, the length of
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FIGURE 9. Simulated S parameter of Array 3 with different h2 values.

FIGURE 10. Simulated S parameter of Array 3 with different values of l2.

two slot lines, which is represented by ‘‘l2’’, are investigated.
Moreover, the high-frequency resonance point of |S11| is sub-
ject to violent fluctuation, while the low frequency resonance
point has a small change. Meanwhile, the isolation curves
have no change in the working frequency band, although
the length of the slot line changes from 5.0 mm to 6.0 mm.
Next, the position of the two probes is analyzed as shown
in Fig. 11. The impact of two probes at the high frequency
band is enormous, either on the matching or isolation curves.
However, there is no changing at the low frequency working
band about the curves of |S21| and |S11| with the shifting of
the position for two probes.

3) ANALYSIS OF THE NUMBER OF SRRS AND THE SPACING
BETWEEN TWO ELEMENTS
In Fig. 12, the number of CSRR elements for increas-
ing matching and isolation performance are investigated
in Fig. 12. It is clear that the set of 5 × 7 CSRR units has
a better performance than the others sets.

Moreover, to quantify the effectiveness of the proposed
decoupling method using a metasurface cover, the isolation

FIGURE 11. Simulated S parameter of Array 3 with different values of p1.

FIGURE 12. Simulated S parameter of Array 3 with different CSRR
numbers.

FIGURE 13. Simulated isolation curves for arrays with different values of
ad comparing with the proposed MAAD technology.

between two elements with different edge-to-edge dis-
tances ‘‘ad’’ are analyzed. Meanwhile, the isolation curve for
the decoupled array is also presented with a close unit dis-
tance approximately 0.02 λ as shown in Fig. 13. In the desired
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working band, the isolation of the proposed decoupled array
with a metasurface is equivalent to that of the array without a
metasurface, in which the element distance is approximately
30-fold greater.

4) CURRENT DISTRIBUTIONS ON THE SURFACE OF TWO
PATCHES
As shown in Fig. 14, the current distributions on
the two patches with and without a metasurface are
presented, respectively. The coupled currents on the array
without a metasurface are obvious when antenna 1 is excited.
However, the coupled currents on antenna 2 have been
greatly decreased on the decoupled array with a metasurface,
as shown in Fig. 14 (b). Therefore, the metasurface decou-
pling method is effective for antennas array.

FIGURE 14. Surface current distributions for the two arrays (a) with and
(b) without a metasurface when antenna 1 is excited.

III. RESULTS AND ANALYSIS
A. S-PARAMETERS
To verify the effects of the loaded and unloaded decoupled
metasurface, both Array 1 and Array 3 are manufactured
and measured. And the prototypes for coupled and decou-
pled array are shown in Figs. 15 and 16, respectively. Then,
the S parameters for two arrays are tested by using Keysight
E5080A vector network analyzer. Moreover, the simulated
and measured data for the coupled and decoupled array are
presented in Figs. 15 and 16. It is obvious that the mutual
coupling has been greatly reduced by more than 20 dB in the
desired band of 5.58-6.0 GHz. Furthermore, the test data are
highly consistent with simulation data.

B. RADIATION PARAMETERS
The co-polar and cross-polar 2D patterns for the coupled and
decoupled arrays with antenna 1 in an excited state in differ-
ent planes are presented in Fig. 17. The values of the patterns
in the XOZ plane are shown in Fig. 17 (a), and those setting
in the YOZ plane are in presented Fig. 17 (b). Next, the data
for antenna 2 excited are shown in Figs. 17 (c) and (d).
Then, measured peak gains and efficiencies for the cou-
pled and decoupled arrays at different frequencies are pre-
sented in Figs. 17 (e) and (f), respectively. The gains for
the decoupled antenna have been improved by approximately
1.8 dB compared to those of the coupled antenna.Meanwhile,

FIGURE 15. Simulated and measured S parameter of Array 1 without a
metasurface.

FIGURE 16. Simulated and measured S parameter of Array 3 with the
metasurface.

TABLE 3. Comparisons of the proposed method with referenced
antennas.

the efficiencies for the proposed decoupled antenna have also
been enhanced by about 16 % in the desired bands.

C. ENVELOPE CORRELATION COEFFIEICENT (ECC)
The envelope correlation coefficient (ECC) as an important
indicator for MIMO systems is also investigated. The value
of ECC can be obtained with Formula. 11.

−→
Ei (θ, φ) is the
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FIGURE 17. (a) 2D radiation patterns of co-polar and cross-polar for
coupled and decoupled arrays with antenna 1 excited in XOZ plane,
(b) 2D radiation patterns of co-polar and cross-polar for coupled and
decoupled arrays with antenna 1 excited in YOZ plane, (c) 2D radiation
patterns of co-polar and cross-polar for coupled and decoupled arrays
with antenna 2 excited in XOZ plane, (d) 2D radiation patterns of co-polar
and cross-polar for coupled and decoupled arrays with antenna 2 excited
in YOZ plane, (e) measured peak gains of the coupled and decoupled
arrays with respects to different frequencies, (f) measured total
efficiencies of the coupled and decoupled arrays with respects to
different frequencies, (g) measured values of ECC for the arrays with and
without metasurface, (h) test environment.

measured electric field vector radiated by antenna i, while
another port is terminated by 50 �. Then, the calculated
ECCs for the arrays with and without a metasurface are given
in Fig. 17 (g). It is obvious that the ECC has been improved
from 0.18 to less than 0.07 by using the proposed MAAD
method.

ρe =

∣∣∣∣∣∫∫4π [
−→
E1(θ, φ) ·

−→
E2(θ, φ)]d�

∣∣∣∣∣
2

∫∫
4π
|
−→
E1(θ, φ)|2d�

∫∫
4π
|
−→
E2(θ, φ)|2d�

(11)

−→
E1(θ, φ) ·

−→
E2(θ, φ)

=
−→
E θ1(θ, φ)

−→
E ∗θ2(θ, φ)+

−→
E φ1(θ, φ)

−→
E ∗φ2(θ, φ) (12)

D. COMPARISON WITH THE REFERENCED ANTENNA
Table 3 shows the comparisons between the proposedMAAD
with other decoupling technologies, such as DGS, neutral-
ization line, parasitic element, EBG and meta-clock. More-
over, the value of |S21|, the distance of edge-to-edge and
the height of the metasurface are presented in this table.
As shown in Table 3, an obvious advantage is the achievement
of the decoupling in a compact space between two coupled
antennas, and the profile of the proposed decoupled array is
acceptable.

IV. CONCLUSION
In this paper, a metasurface antenna array decoupling
(MAAD) method is proposed. Firstly, the detailed design
of the CSRR element, working principle of decoupling and
design process are presented. Then, some key parameters
for matching and isolation performance are studied. Next,
two prototypes for the coupled and decoupled arrays are
fabricated and measured, test data show that the isolation
performance is greatly improved from -8dB to -20dB in the
entire working band of 5.58-6.0 GHz by using this proposed
MAAD technology. Meanwhile, the gains for the decoupled
array have been increased by approximately 1.8 dB which
is higher than the coupled array, and the efficiencies have
been improved about 16% compared with the coupled array.
In addition, the value of ECC has also been improved from
0.17 to 0.06. Therefore, the signs suggest that the proposed
MAAD technique has great potential to be used in improving
the performance of MIMO antennas.
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