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Abstract— A methodology of using five discrete mushroom-
like loadings to reduce the mutual coupling of a closely spaced
four-element multiple-input multiple-output antenna system is
presented in this paper. The occurrence of the loadings concen-
trates part of the near fields of the substrate integrated cavity-
backed slot (SICBS) antenna element and changes the near-field
distribution between each antenna elements, so that the mutual
coupling between the antenna elements can be greatly reduced.
The loaded four-element SICBS antenna system with an overall
size of 1.2λ0 × 1.2λ0 × 0.11λ0 (λ0 is the free-space wavelength at
the 2.4 GHz) realizes the mutual coupling reduction of 14 dB
between the antenna elements along the diagonal lines with
identical polarization, while keeping the mutual coupling of the
orthogonally placed adjacent elements unchanged over the band
of 2.4–2.485 GHz. With the mutual coupling lower than −35 dB
between each antenna element pair, the envelope correlation
coefficient is less than 0.005 across the operating bandwidth of
2.4–2.485 GHz.

Index Terms— Multiple input multiple output (MIMO),
mushroom loadings, mutual coupling, substrate integrated
waveguide (SIW), wireless local area network (WLAN).

I. INTRODUCTION

THE multiple-input multiple-output (MIMO) technology
can combat the fading and shadowing problems of the

modern wireless communication system within rich multipath
environment [1]. Lower envelope correlation coefficient (ECC)
is beneficial to better diversity performance of the MIMO
system [2]. The mutual coupling and reflection coefficient
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of the antenna system shows direct influence on the ECC.
In addition, the channel capacity and the data transfer rate
can be greatly increased with the acceleration of the antenna
number adopted in the MIMO system [3]. As examples,
4 × 4 and 8 × 8 MIMO techniques have been integrated
into the IEEE 802.11n [4] and IEEE 802.11ac [5] standards,
respectively. However, within limited size, the closely posi-
tioned multiple antenna elements lead to a higher mutual
coupling, which degrades the performance of the MIMO
system in terms of diversity, channel capacity, efficiency of
transmission, sensitivity of receiver, and so on [6]. Therefore,
it is a challenge to suppress the mutual coupling between the
closely placed antenna elements for a compact MIMO system.

Various technologies have been developed to suppress the
mutual coupling between two antenna elements, which can be
summarized as the usage of current canceling branches [7],
applying defected ground structures [8] and metamateri-
als [9], as well as the adoption of decoupling matching
networks [10]–[12]. Recently, the mutual coupling suppression
issue of four-element MIMO antenna system has attracted
more and more attention. Four-element dummy array is intro-
duced to decouple four-element MIMO antenna system [13].
The metamaterial-split ring resonators are applied to suppress
the mutual coupling of the four-element MIMO antenna sys-
tem [14], [15]. The planar electromagnetic bandgap (EBG)-
mushroom structure has also been adopted to enhance the
isolation of the four-element antenna system, which is mainly
utilized to reduce the surface-wave coupling according to the
bandgap EBG characteristics [16]. However, such a technology
is not suitable to achieve ultra-low mutual coupling in a
multielement MIMO antenna system when the radiated-field
coupling is dominant. In [17], a mushroom wall is proposed
to block and absorb the space field/near field from the antenna
elements and thus enhances the interelement isolation of the
four-element substrate integrated cavity-backed slot (SICBS)
antenna system, but the cost is increased due to the adoption of
the double-layer substrate, and the realized gain is decreased
because of the absorption of part of near fields.

One discrete mushroom-like loading is proposed to sup-
press the mutual coupling between two closely spaced SICBS
antennas recently [18]. To expand this technology, five discrete
mushroom-like loadings are proposed to reduce the interele-
ment mutual coupling of the closely spaced four-element
MIMO antenna system with the edge-to-edge distance of
5 mm (0.04λ0) to achieve ultra-low mutual coupling



Fig. 1. Geometry of the four-element SICBS antennas. W1 = 150 mm,
a1 = 22.25 mm, a2 = 17.03 mm, a3 = 24.73 mm, W2 = 49.46 mm,
l = 48.3 mm, w = 4.5 mm, d = 0.5 mm, p = 0.76 mm, and h1 = 1.524 mm.

(lower than −35 dB). The loadings introduce additional nodes
and change the near-field distribution between the antenna
elements, so that the mutual coupling between the diagonally
positioned elements with the same polarization is greatly
reduced, while the mutual coupling between the orthogonally
placed adjacent elements is kept unchanged.

This paper is organized as follows. In Section II, the
interelement coupling of the four-element SICBS antenna
system is discussed. Section III presents the methodology of
the mushroom-like loadings and the study of its effect on
the interelement mutual coupling of the four-element antenna
system. Section IV shows the simulated and measured results.
A conclusion is presented in Section V. The antenna system
is designed and optimized using CST Microwave Studio 15.0.

II. FOUR-ELEMENT SICBS MIMO ANTENNA SYSTEM

As discussed in [19], an orthogonal positioned MIMO
antenna system is able to achieve ultra-low mutual coupling
between the antenna elements along the diagonal line and then
offers higher capacity and more flexibility for the system.
The SICBS antenna elements with the same edge-to-edge
distance (g) between the adjacent elements are orthogonally
distributed, as shown in Fig. 1. Consider the antenna system as
a reciprocal and symmetrical four-port network, Z12 = Z14 =
Z23 = Z34 = Z21 = Z32 = Z43 = Z41, Z11 = Z22 =
Z33 = Z44, Z13 = Z24 = Z31 = Z42. The impedance matrix
is written as

Z =

⎡
⎢⎢⎣

Z11 Z12 Z13 Z12
Z12 Z11 Z12 Z13
Z13 Z12 Z11 Z12
Z12 Z13 Z12 Z11

⎤
⎥⎥⎦ (1)

where Z can be calculated according to the S-parameters of
the four-element MIMO antenna system as

Z = (I + S)−1)(I − S) (2)

where I is the unit matrix and S is the scatter matrix of the
four-element MIMO antenna system. Similar to Z matrix, the

Fig. 2. Mutual coupling of the four-element SICBS antennas with the
variation of g.

S-matrix can be written as

S =

⎡
⎢⎢⎣

S11 S12 S13 S12
S12 S11 S12 S13
S13 S12 S11 S12
S12 S13 S12 S11

⎤
⎥⎥⎦ (3)

where S12 is the mutual coupling between the adjacent ele-
ments and S13 is the mutual coupling between the diagonal
ones. Clearly, the lower the mutual coupling becomes, the
smaller the mutual impedance is achieved.

The four-element SICBS antenna system is designed on a
single-layer Rogers 5880 with a thickness of h1 = 2.5 mm,
εr of 2.2, and tanδ of 0.0009. For brevity, only |S11|, |S21|,
and |S31| are presented in the following discussion. The
parameter of g of 5 mm (0.04λ0) and 20 mm (0.16λ0) is
selected as an example for smaller and larger separation,
respectively. Its effect on the S-parameters of the four-element
antenna system is shown in Fig. 2. It is found that the
changing of g has slight effect on the reflection coefficient
over the 2.4-GHz wireless local area network (WLAN) band
of 2.4–2.485 GHz.

When g = 5 mm, it is observed that the orthogonally
positioned antenna pairs achieve the lower interelement mutual
coupling of |S21| < −40 dB while the parallel positioned
element pairs exhibit the larger one of |S31| < −21 dB within
the operating bandwidth. Meanwhile, |S31| is decreased by
about 3 dB, while |S21| remains unchanged as g increases
from 5 to 20 mm.

III. DECOUPLING TECHNIQUE WITH DUMMY LOADINGS

A. Decoupling Technique Using Discrete
Mushroom Loadings

In this paper, five discrete mushroom-like loadings are
proposed to reduce the mutual coupling of the four-element
MIMO antenna system as shown in Fig. 3, wherein each
loading comprises two metallic discs and a grounded post.
The post connects the discs and extends to the ground plane.
Five loadings are positioned in between the antenna elements
wherein one is positioned in the center and the other four are



Fig. 3. Geometry of the four-element SICBS antenna system with mushroom
loadings.

placed at the left/right and upper/lower sides symmetrically.
The four-element SICBS elements are symmetrically arranged
at the identical edge-to-edge distance of g, and separately
fed by the coaxial probes, respectively. Note that the labels
Ant. n (n = 1, 2, 3, 4) and Loa. m (m = 0, 1, 2, 3, 4) indicate
the antenna elements and the dummy loadings, respectively.

The circular metallic patches of the loadings are etched
on the opposite sides of the top substrate with a thickness
of h2. The grounded posts are with the same radius of d0 and
height of h3. The radii of the patches of the center mushroom
cell are d1 and d3, respectively. The radii of the patches of the
surrounding loadings are d2 and d4, respectively. Furthermore,
the surrounding loadings are with the same separation of
p1 from the center one. The four SICBS antenna elements
are implemented on the lower substrate with a thickness
of h1.

The planar EBG-mushroom structure has been widely
applied to suppress the mutual coupling of the multielement
antenna system, which is mainly utilized to reduce the surface-
wave coupling according to the bandgap EBG characteris-
tics [16]. However, such a technology is not suitable to achieve
ultra-low mutual coupling in multielement MIMO antenna
system when the radiated-field coupling is dominant. In this

paper, the proposed discrete mushroom loadings with the
height around 0.1λ0 will change the near-field distribution
and influence the inter-between mutual impedance of the
MIMO antenna system. Meanwhile, only five mushroom cells
are positioned in between the antenna elements wherein one
is positioned in the center and the other four are placed
sequentially inter-between adjacent elements.

B. Network Analysis

Considering the four-element MIMO SICBS antenna system
and the five-element discrete loadings as a night-element
antenna system, its impedance matrix can be written as

Z =
[

ZAA ZAL

ZLA ZLL

]
(4)

where ZAA and ZLL are the impedance matrices of the
four antenna element and five dummy loading elements,
ZAL and ZLA are the mutual impedance matrices between the
antenna elements and dummy loading elements, respectively.
ZAA is written as (1), and ZLL is written as

ZLL =

⎡
⎢⎢⎢⎢⎢⎣

Z55 Z56 Z57 Z58 Z59

Z65 Z66 Z67 Z68 Z69

Z75 Z76 Z77 Z78 Z79

Z85 Z86 Z87 Z88 Z89

Z95 Z96 Z97 Z98 Z99

⎤
⎥⎥⎥⎥⎥⎦

(5)

where Z ij is the mutual impedance between Loa. i and Loa. j ,
and Z ii is the self-impedance of the Loa. i . The surrounding
loadings of Loas. 6–9 are identical owing to the symmetrical
and reciprocal structure, so Z56 = Z57 = Z58 = Z59 = Z65 =
Z75 = Z85 = Z95, Z67 = Z78 = Z89 = Z96 = Z69 =
Z98 = Z87 = Z76, Z66 = Z77 = Z88 = Z99, Z68 = Z79 =
Z86 = Z97. The matrix of ZLL can be simplified as

ZLL =

⎡
⎢⎢⎢⎢⎢⎣

Z55 Z56 Z56 Z56 Z56

Z56 Z66 Z67 Z68 Z67

Z56 Z67 Z66 Z67 Z68

Z56 Z68 Z67 Z66 Z67

Z56 Z67 Z68 Z67 Z66

⎤
⎥⎥⎥⎥⎥⎦

. (6)

ZAL is written as

ZAL =

⎡
⎢⎢⎢⎣

Z15 Z16 Z17 Z18 Z19

Z25 Z26 Z27 Z28 Z29

Z35 Z36 Z37 Z38 Z39

Z45 Z46 Z47 Z48 Z49

⎤
⎥⎥⎥⎦ (7)

where Z ij is the mutual impedance between Ant. i and Loa. j .
Similar to the matrices of ZAA and ZLL, ZAL can be further
simplified according to the symmetrical characteristics of the
four-element antenna system with the dummy loadings. It is
rewritten as

ZAL =

⎡
⎢⎢⎢⎣

Z15 Z16 Z17 Z18 Z19

Z15 Z19 Z16 Z17 Z18

Z15 Z18 Z19 Z16 Z17

Z15 Z17 Z18 Z19 Z16

⎤
⎥⎥⎥⎦ . (8)



The matrix of ZLA is a transpose of ZAL, which means
that ZLA = ZT

AL as shown

ZLA =

⎡
⎢⎢⎢⎢⎣

Z15 Z15 Z15 Z15
Z16 Z19 Z18 Z17
Z17 Z16 Z19 Z18
Z18 Z17 Z16 Z19
Z19 Z18 Z17 Z16

⎤
⎥⎥⎥⎥⎦

. (9)

Each mushroom cell can be considered as an open ended
transmission line loaded with a capacitor, the impedances
of the surrounding four loadings (Loas. 6–9) and the center
one (Loa. 5) as ZL1 and ZL2, which can be defined as

Z L1 = Z0
Zc1 + j Z0 tan βl

Z0 + j Zc1 tan βl
(10)

Z L2 = Z0
Zc2 + j Z0 tan βl

Z0 + j Zc2 tan βl
(11)

where Z0, β, and l are the characteristic impedance, phase
constant, and length of the transmission line, respectively.
Zc1 and Zc2 are the equivalent impedance of the top double-
layer patches for Loas. 6–9 and Loa. 5, respectively. The
details of Zc1 and Zc2 calculation can be found in [20].

Considering the ports of the five discrete mushroom load-
ings as passive, then its impedance matrix is written as

Z′
LL =

⎡
⎢⎢⎢⎢⎣

Z L2 0 0 0 0
0 Z L1 0 0 0
0 0 Z L1 0 0
0 0 0 Z L1 0
0 0 0 0 Z L1

⎤
⎥⎥⎥⎥⎦

. (12)

The impedance matrix of the four-element SICBS MIMO
antenna system loaded with five-discrete mushroom-like load-
ings is written as

Z′
AA =

⎡
⎢⎢⎣

Z ′
11 Z ′

12 Z ′
13 Z ′

12
Z ′

12 Z ′
11 Z ′

12 Z ′
13

Z ′
13 Z ′

12 Z ′
11 Z ′

12
Z ′

12 Z ′
13 Z ′

12 Z ′
11

⎤
⎥⎥⎦ . (13)

According to the microwave network analysis
in [13] and [21], it can be calculated as

Z′
AA = ZAA + ZAL(Z′

LL − ZLL)−1ZLA. (14)

It is clear that the mutual impedance between the four-
element MIMO SICBS antenna system is determined by the
parameters of Z L1 and Z L2, which is related with the type,
distance, and height of the loadings. The network analysis
helps the understanding of the effect of the loading structures
on the mutual coupling between the antenna elements. The
initial value of the key parameters of the loadings, such
as h3, p1, and d0–d4, can be primarily set according to
the near-field distribution of the system with mushroom as
discussed in the following.

C. Fields Distribution

When Ant. 1 is excited at 2.44 GHz, the E-field distribution
in xy and xz planes is shown in Fig. 4. Owing to the
introduction of the mushroom cells, the majority of field is
concentrated between Ant. 1 and Loa. 9, and thus, very little

Fig. 4. Simulated E-field distribution at 2.44 GHz. (a) Layer 1 (xy plane,
z = 13.67 mm). (b) Cross-sectional view (xz plane, y = 0 mm) (excited
by Ant. 1).

field is coupled to other antenna elements. Meanwhile, the
orientation of the electric field around Ant. 3 is changed. First,
the direction of the electric field is no more completely parallel
to that of Ant. 1. There is an oblique angle between the E-field
and the slot of the Ant. 3. Second, the field distributed along
the two ends of the Ant. 3 is opposite because of the two adja-
cent electric nodes induced by Loa. 7 and Loa. 8, respectively.
In addition, the electric field around Ant. 2 and Ant. 4 shows
little change compared with that without mushroom cells
because of the major orthogonal role between the adjacent
antenna pair. Therefore, the mushroom loading disturbs the
distribution of the near field and leads to a change of the field
orientation. Thus, the mutual coupling between the antenna
elements along the diagonal lines is greatly suppressed.

As shown in Fig. 4(b), there are a few electric fields
between the upper disc and the lower one of a mushroom
cell, which provides a small capacitance. While there are a
lot of fields distributed between the center one with adjacent
one, which provide a large capacitance. The long conducting
path along posts links them together to form a loop, which
provides the inductance. Therefore, the operating frequency
of the mushroom loading can be evaluated as

2h3 + p1 = λ0/2 (15)

πd4 + 2h3 = λ0/2 (16)

p1 = p2 + g/2 ≈ (W2 + g)/2. (17)

Fig. 5 compares the E-fields magnitude distribution of
the antenna system with/without mushroom loading. The
3-D E-field distribution at 2.44 GHz is shown in Fig. 6.
Because Loa. 9 is positioned at one side of Ant. 1, induced
field is tightly concentrated around Loa. 9. It can be considered
as the extension of the field radiated from Ant. 1, and
thus serves as another half-wavelength radiator, which can



Fig. 5. Simulated E-filed magnitude distribution along the xy plane at
2.44 GHz (excited by Ant. 1, z = 13.67 mm). (a) With mushroom. (b) Without
mushroom.

Fig. 6. 3-D E-field distribution of the proposed four-element antenna system
with mushroom at 2.44 GHz (excited by Ant. 1).

be expressed as (16). In addition, the low Q-factor of the
mushroom loading benefits from the large electric distance
between mushroom cells and the length of the post, which
leads to very small losses induced by the mushroom structure.
Therefore, the variation of the antenna efficiency will be trivial.

The relation between the position of the mushroom and the
parameter of g is actually included in the description of the
parameter of p1. The distance between the adjacent SICBS
antennas can be preset according to (17), where p2 is close
to the half width of the substrate integrated waveguide (SIW)
cavity, namely, W2.

D. Parameter Optimization

For studying the effects of the loadings on Z ′
12 and Z ′

13,
three different cases of the antenna system with the mushroom
are defined as follows.

1) Case 1: d1 = 20 mm, d2 = 2 mm, d3 = 20 mm,
d4 = 14 mm, and h3 = 10.5 mm.

2) Case 2: d1 = d2 = d3 = d4 = 12 mm, and h3 = 8 mm.
3) Case 3: The antenna system without mushroom.

The other parameters of the antenna system with loadings
are constant as: d0 = 2 mm, w = 3.4 mm, p = 0.76 mm,
a1 = 21 mm, p1 = 35.32 mm, l = 51.4 mm, a2 = 29 mm,
g = 5 mm, W2 = 60.9 mm, and a3 = 30 mm. Fig. 7 shows
Z ′

12 and Z ′
13 of the three scenarios over the 2.4-GHz WLAN

band of 2.4–2.485 GHz. It can be seen that Z ′
12 of Case 2 vary

larger than that both of Cases 1 and 3, and Z ′
13 of Case 3

vary larger than that both of Cases 1 and 2. The real and
imaginary parts of Z ′

12 and Z ′
13 of Case 1 are around zero,

Fig. 7. (a) Z ′
12 with different parameters of mushroom loadings.

(b) Z ′
13 with different parameters of loadings.

which indicates that the goal of the minimum values both of
Z ′

12 and Z ′
13 can be achieved by adjusting the parameters of

loadings.
The height of the mushroom cell (h3) is first preset as

about 0.1λ0, and then, the periodic of the mushroom cell,
namely p1, is estimated according to (15). The radius of
the peripheral disc printed in the layer 2 (d4) is determined
by (16). The distance between the adjacent SIW cavities,
namely, g, is calculated according to (17). The parameters
of d0–d3 can be first equal to d4. Then, the relation between the
S-matrix of the four-element SICBS MIMO antenna system
with the physical parameters of h3, p1, and d0–d4 can be built
using full wave simulation software, CST, and the relation
between the mutual impedance of Z′

12 and Z′
13 with the

parameters of distribution and geometry of the loadings can
be calculated using (2) and (4)–(14). Finally, based on the
effect of the parameters of h3, p1, and d0–d4 on the mutual
impedance as discussed earlier, the dimensions of the posts and
discs are optimized to achieve the goal of both the real and
imagine parts of Z′

12/Z′
13 less than 1. The detailed parameters

of the optimized four-element antenna system with mushroom
are: d0 = 2 mm, d1 = 20 mm, d2 = 8 mm, d3 = 19.4 mm,
d4 = 13.68 mm, a1 = 21 mm, a2 = 29 mm, a3 = 30 mm,
p = 0.76 mm, p1 = 35.32 mm, d1 = 20 mm, W1 = 150 mm,
W2 = 60.9 mm, h3 = 10.5 mm, w = 3.4 mm, l = 51.4 mm,
and g = 5 mm.



Fig. 8. Comparison of the simulated S-parameters of the four-element
antenna system with/without mushroom.

Fig. 9. Comparison of the simulated S-parameters of the four-element
antenna system with/without mushroom.

The impedance matching and the interelement coupling
of the four-element SICBS antenna system with/without the
mushroom structure are compared in Fig. 8. It is observed that
without mushroom structure, the |S21| is less than −40.5 dB
and |S31| is around −22 dB from 2.4 to 2.485 GHz.
With the occurrence of the mushroom structure, the
|S21| is less than −37.5 dB, and the |S31| is less
than −36.5 dB from 2.4 to 2.485 GHz. Especially, |S21| is
less than −42.5 dB from 2.41 to 2.47 GHz. It can be seen
that |S31| of the four-element SICBS antenna system can be
improved 14.5 dB, while |S21| alters little crossing the band
of 2.4–2.485 GHz by loading with a mushroom structure.
Therefore, the mutual coupling of the close-spaced
four-element SICBS MIMO antenna system can be
reduced by 14.5 dB using five discrete mushroom
loadings.

The efficiency and the gain of the four-element SICBS
antenna system with/without the mushroom structure are com-
pared in Fig. 9. It is observed that the efficiency is just reduced
by 0.09 due to the losses of the substrate and ohmic losses
of the metallic discs of the mushroom loadings. However,
compared with that of the system without mushroom, the
realized gain of antenna is increased by 1.4 dB owing to
the enlargement of the efficient radiation aperture when the

Fig. 10. Photograph of the antenna system prototype. (a) Perspective view.
(b) Top view.

Fig. 11. Measured S-parameters of the four-element SICBS antenna system
with mushroom.

near fields are concentrated around the adjacent loading cell
positioned to the side of the radiated element.

IV. FABRICATION AND MEASUREMENT

The antenna system with five discrete loadings is fabricated
and measured. Two pieces of 1.57-/0.78-mm-thick
Rogers 5880 board glued together by a 0.15-mm-thick
RO3001 (εr = 2.28 and tanδ = 0.003) prepreg sheet
form the 2.5-mm-thick bottom SICBS antenna system. The
patches of the mushroom are printed on both sides of a
piece of 1.4-mm-thick Fr4 board. The edge-to-edge distance
between the adjacent elements is only 0.04λ0 (5 mm). The
antenna prototype shown in Fig. 10 is with an overall size of
1.2λ0 × 1.2λ0 × 0.11λ0 (150 × 150 × 14.4 mm3).

The simulated and measured S-parameters of the antenna
prototype are shown in Fig. 11. It can be seen that
the measured reflection coefficient agrees well with the



Fig. 12. Measured and simulated radiation patterns (2.44 GHz).

Fig. 13. Calculated ECC of the four-element antenna system.

simulated one. The measured impedance bandwidth for the
reflection coefficient of less than −10 dB ranges from
2.4 to 2.485 GHz. The measured |S21| and |S31| show good
agreement with the simulations as well. The little difference
between the simulated and measured mutual couplings may
be attributed to fabrication tolerance and in-house antenna
assembly. Note that both of |S21| and |S31| are less than
−35 dB in the range from 2.4 to 2.485 GHz. In addition,
for the four-element SICBS antenna system with discrete
mushroom loadings, the measured maximum realized gain of
7.1 dBi is achieved at 2.46 GHz, which is decreased by 0.5 dB
compared with that without wall.

The simulated and measured far-field radiation pattern of
Ant. 1 with the mushroom at 2.44 GHz is shown in Fig. 12.
Good agreement between the measurement and the simulation
can be observed. In both E- and H planes, the front-to-back
ratio is larger than 15 dB ranging from 2.4 to 2.485 GHz.

The ECC (ρij) shown in Fig. 13 can be calculated using (18)
with the simulated 3-D far fields [2] because of good agree-
ment between the simulated and measured patterns

ρi j = |∫∫4π [Fi (θ, φ) · F∗
j (θ, φ)]d
|2∫∫

4π |Fi (θ, φ)|2d

∫∫

4π |F j (θ, φ)|2d

(18)

where Fi(θ , ϕ) is a complex vector indicating the field
radiated from the i th element, and symbols · and ∗ denote

the Hermitian product and complex conjugate, respec-
tively [2]. Similar to the S-parameters of the antenna system,
ρ21 = ρ32 = ρ43 = ρ41, and ρ31 = ρ42. For brevity, only
ρ21 and ρ31 are presented. It can be seen that the ECC is
always below 0.005 over the whole impedance bandwidth,
indicating the good MIMO performance of the proposed
four-element antenna system.

V. CONCLUSION

The discrete mushroom-like loadings have been proposed to
enhance the interelement isolation of a four-element SICBS
antenna system for MIMO applications. The field radiated
from the antenna elements has been found tightly concen-
trated between the antenna element and adjacent mushrooms
so that ultra-low interelement coupling has been achieved.
The measured results have validated the simulation with the
interelement coupling of less than −36 dB and ECC lower
than 0.005 over the 2.4-GHz WLAN band of 2.4–2.485 GHz.
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