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Abstract: This article presents a four-port multiple-input multiple-output (MIMO) antenna using
double-sided decoupling techniques. The size of the quad-element MIMO antenna is 36 mm x 36 mm
x 1.6 mm. The reflection coefficient is <—10 dB and the transmittance is <—27 dB in the range of 14
to 18 GHz, with a total impedance bandwidth of 4 GHz. Parasitic elements and a defected ground
structure (DGS) are used to reduce the inter-radiator transmittance. Parasitic elements are used on the
top side of the antenna to minimize transmittance between neighboring elements. DGS is used on the
back side to minimize transmittance in both neighboring elements and diagonal elements. The
envelope correlation coefficient (ECC) is <0.0075, the diversity gain (DG) is >9.96 dB, and the peak
gain is 5.75 dBi. The presented antenna was analyzed in terms of the reflection coefficients (Sij € i =
J), transmittance (Sij € i #j), ECC, multiplexing efficiency, DG, and peak gain. Additionally, the design
was tested in an anechoic chamber. The proposed design is an acceptable candidate for Ku-band
applications after experimental investigations.
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1. Introduction

In today’s high data rate with low latency, minimal multipath fading, an improved channel
capacity, and an enhanced transmission quality with low transmitting power are needed for modern
communication systems [1]. MIMO antennas have recently gained more attention. The single antenna
is replaced with printed MIMO antennas to increase the data rate, improve the channel capacity,
enhance the transmission quality, and reduce multipath fading without consuming more bandwidth and
transmitting power [2]. Commonly, satellite communication is line-of-sight, and MIMO antennas are
installed on both the transmitting and receiving sides to enhance the transmission quality and channel
capacity. The MIMO antenna system has a significant contribution to the aforementioned challenges,
though there are also some limitations. For example, placing multiple antennas in close proximity can
lead to strong mutual coupling, while deploying antennas with large distances between them increases
the circuit size. Tackling these challenges is the main goal of the proposed design.

Various techniques have been used in MIMO antennas for decoupling, such as decoupling stub [3],
a self-isolating MIMO arrangement [4], a split-ring resonator (SRR) [5], meta-material [6], a dielectric
resonator [7], parasitic elements [8], neutralizing lines [9], complementary SRR [10], and a DGS [11].
The authors of [8] presented a trapezoidal-shaped quad-port antenna, with a volume of 50 mm x 50
mm X 1.6 mm, an isolation of >25 dB, and an ECC of <0.04. In [9], the authors presented a dual-port
design with a neutralizing line; the size of the prototype was 21 mm x 34 mm x 1.6 mm, the isolation
was >22 dB, and the ECC was <0.005. The authors of [10] suggested a MIMO antenna with a
complementary SRR, a volume of 60 mm x 60 mm X 1.6 mm, an ECC <0.4, and a transmittance of
—22 dB. In [11], the authors reported a quad-port antenna with a very large size of 74 mm x 74 mm x
1.524 mm, an isolation of >34 dB, and an ECC of <0.001. In [12], the authors suggested a quad ports
antenna with an overall size of 50 mm % 50 mm x 0.8 mm; inter digital capacitors and SRR were used
to isolate elements, with a transmittance <—20 dB and an ECC below 0.01. In [13], the authors
suggested a two element circular shape MIMO antenna with reflectors for X and Ku band applications,
a volume of 28 mm X 16 mm x 1.6 mm, an isolation >26 dB, and an ECC <0.04. In [14], the authors
suggested a quad port MIMO antenna with dimensions of 65.8 mm x 45 mm x 1.68 mm; meandering
techniques were used for decoupling, with an isolation of >35 dB and an ECC of <0.005. In [15], the
authors suggested a two-port MIMO antenna with horn shape radiating elements; the size of the design
was 15 mm X 25 mm X 1.6 mm, the transmission coefficient was <—20 dB, and the ECC was <0.02.
In [16], the authors suggested a dendritic meandered shape quad-port MIMO antenna with slot lines;
the size of antenna was 84 mm % 26 mm x 1.6 mm, with isolations of 15, 28, and 16 dB on the presented
bands. In [17], the authors suggested a tri-bands quad-port Minkowiski-modified Fractal shape MIMO
antenna with a large size of 68.4 mm X 52 mm x 1.6 mm, an ECC <0.07, a DG >9.96 dB, and an
isolation >26 dB. In [18], the presented fractal shape two-port MIMO antenna had a volume of 25 mm
x 35 mm X% 1.6 mm, DGS was used for isolation, had an ECC <0.052 and a DG >9.98. In [19], the
authors designed a two-port MIMO antenna with a T-shape decoupling stub, a volume of 18 mm x 36
mm X 1.6 mm, mutual coupling <—20 dB, and an ECC <0.05. The authors of [20], presented two-port
CPW-fed antenna, with a volume of 18 mm % 22 mm x 1.6 mm, an ECC <0.07, isolation >20 dB, and
a DG >9.97 dB. In [21], the authors suggested a two-port MIMO antenna with large size of 45 mm x
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70 mm % 1.6 mm, an ECC <0.004, a DG >9.15, and isolation >22 dB. In [22], the authors reported a
two-port MIMO antenna with a very large size of 33.5 mm x 25 mm X 3.5 mm, an isolation of >20
dB, and an ECC of <0.015. In [23], the authors presented a quad-port design with a parasitic element
and a DGS; the size of the prototype was 30 mm x 30 mm X 0.8 mm, with an isolation of >27 dB, and
an ECC of <0.001. The authors of [24] suggested a MIMO antenna with a loop parasitic element; the
volume of the design was 55 mm % 55 mm x 1.6 mm, with an ECC <0.022 and a transmittance of —22
dB. The authors of [25] reported a quad-element MIMO antenna with a DGS for isolation, an overall
size of 110 um % 110 um, a DG of almost 10 and an ECC of almost zero. The authors of [26] reported
a quad-element design for various bands communication; the size of the antenna was 60 mmx 60 mm,
with an isolation of about 50 dB, a DG of almost 10 dB, and an ECC near to zero. In [27], the authors
reported a quad-port terahertz design with an isolation of 30 dB, a size of 130 um % 130 um % 1.6 pm,
an ECC <0.2, and a DG >8.2 dB. In [28], the authors reported two-port design with I-shape ground for
isolation, a DG greater than 9.90 dB, and an ECC <0.05 in given band. In [29], the authors reported a
two-port meta-material base MIMO antenna for 6 G and WiMAX applications; the size of the antenna
was 112 mm x 26.5 mm, the CCL was <0.35, a DG >9.97 dB, an ECC was less than 0.18, and the
TARC was less than —9.97 dB.

The stop-band filters and metasurface-based absorbers are also used for decoupling. The authors
of [30] reported a dual-port ring-shaped antenna with a band-stop filter; the volume of the design was
31 mm x 31 mm x 0.8 mm, with an isolation >25 dB and an ECC <0.05. The authors of [31] presented
a two-port design with a size of 100 mm x 50 mm % 0.8 mm. Absorbers are used for isolation, with
ECC <0.5 and isolation >23 dB. The authors of [32] reported a dual-port MIMO design with a volume
of 18 mm X 36 mm X 1.6 mm, with an ECC <0.1, a DG >9.95 dB, and an isolation >18 dB. The authors
of [33] suggested a four-port tapered CPW-fed MIMO antenna with a volume of 63 mm x 63 mm X
1.6 mm, with ECC <0.01 and isolation >17 dB. The authors suggested a simple square-shaped MIMO
antenna with an Electromagnetic Soft Surface. The overall size of the suggested antenna was 41.05
mm % 24.55 mm X 1.6 mm, with an isolation >17 dB [34]. In [35], the authors suggested a two-port
square-shaped antenna with square parasitic elements. The volume of the design was 55 mm x 41 mm,
with an isolation >26 dB. In [36], the authors presented a two-port ring-shaped antenna with a volume
of 25 mm % 32 mm X 0.8 mm, mutual coupling <—15 dB, an ECC of <0.04, and a peak gain of >1.23
dBi. In [37], the authors reported a quad-port MIMO antenna, DGS is used for decoupling, ECC <0.006,
and DG >9.99 dB. Similarly, in [38], the authors also presented a four-port design for various band
communications with DGS for isolation, with an ECC equal to 0.11 and a DG >8.87 dB. A comparison
of the presented design for Ku-band applications with most relevant articles are presented in Table 1.

In the above literature, mostly two-port antennas with large sizes, low isolation, and complex
structures due to the decoupling techniques are presented. The authors mostly calculated the DG and
ECC from S-parameters, which is a less precise method compared to the far-field radiation pattern.
Furthermore, some authors presented multi-port MIMO antennas without connected grounds. Keeping
the above-mentioned issues in mind, the authors suggested a MIMO antenna with quad elements, a
connected ground, and novel decoupling techniques for satellite communication. The radiating patches
are placed orthogonal to each other and fed with inset feeding. The parasitic elements and DGS are
introduced to increase the isolation. The parasitic elements are designed on the front side to isolate
neighboring elements, and DGS are used on the back side to isolate diagonal elements.
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Table 1. Comparison of MIMO antenna for Ku-band application with cited literature.

Ref. Size (mm x Ports  Isolation ECC Peak Gain DG (dB) CCL MEG

mm) (dB) (dBi) (bits/sec/Hz) (dB)
[8] 50 x50 4 >25 <0.04 3 >9.96 -
[9] 21 x 34 2 >22 <0.005 5.22 >9.99 0.26 -6
[10] 60 x 60 4 >22 <0.4 --- --- --- ---
[12] 50 x50 4 >20 <0.01 --- --- ---
[13] 28 x 16 2 >26 <0.04 5.8 >9.99 0.2 -3
[14] 65.8 x 45 4 >35 <0.005 5.35 - - -
[15] 15 % 25 2 >20 <0.02 3 >9.99 - -
[16] 84 x 26 4 >15 --- --- --- ---
[17] 68.4 x 52 4 >26 <0.07 --- >9.96 -—- ---
[18] 25 x 35 2 >69 <0.052 -—- >9.98 0.00015 0.9
[19] 18 x 36 2 >20 <0.05 4 9.8 -- --
[20] 18 x 22 2 >20 <0.07 5 9.97 - -
[21] 45 %70 2 >22 <0.004 7.37 >9.15 0.25 8.1
[22] 33.5 %25 2 >20 <0.015 --- --- ---
This 36 x 36 4 >27 <0.0075 5.75 9.96 0.2 -3
work

2. Antenna design and configuration

The proposed MIMO antenna for Ku-band applications is designed on a 1.6 mm thick FR4
material. The overall dimensions of the quad-element MIMO antenna is 36 mm x 36 mm x 1.6 mm.
The presented MIMO antenna consists of four radiating elements, four slots of DGS, and parasitic
elements. Furthermore, each radiating element is designed from half circular and rectangular patches.
The dimensions of single element antenna is 14 mm x 14 mm x 1.6 mm, the radius ‘7’ is equal to 5
mm, the dimensions of the rectangular patch ‘/, x wp " is equal to 3.6 mm x 7 mm, and the dimensions
of the feed line ‘Ir x wy’ is equal to 5.25 mm X% 1.6 mm. The dimension of the slot ‘/sior X Wsior”1s 1.8
mm X 5.6 mm; the remaining dimensions are given in Table 2. The evaluation mechanism and their
results of the radiating patch are depicted in Figures 1 and 2, respectively. The lower frequency of the
impedance bandwidth is adjusted by using rectangular patch, and a slot is used to widen the impedance
bandwidth, which is justified from Figure 2. The radius is calculated from Eqs (1) and (2) [39], where
‘a’ is the radius of the circular patch, 'f," is the resonance frequency, 'e,’ is the relative permittivity,
and ‘h’ is the height of the substrate:

a = . (1)
[1+nz’:F[ln(’;—D+1.7726]}1/2’
8791 x10°
F = e (2)

The single radiating element is expanded to the quad-elements and placed orthogonally to each
other. The quad-elements antenna without a decoupling structure is shown in Figure 3(a). The S11 is
almost the same, and the transmittance is —16 dB, as shown in Figure 3(b). Parasitic elements and the

Networks and Heterogeneous Media Volume 20, Issue 3, 782-797.



786

DGS are added to minimize the transmittance and to increase isolation. Decoupling structures are used
to disturb the field distribution. Parasitic elements are introduced to the center of each side on the top
layer of the design to minimize the transmittance between neighboring elements. All the parasitic
elements are similar in structure, and their size is ‘/s X ws’13 mm x 1 mm. The design of a quad-port
MIMO antenna for Ku-band application with parasitic elements is depicted in Figure 4(a). The
transmittance of neighboring elements is minimized from —16 to —22 dB, as clearly shown in Figure
4(b). The DGS is introduced to the center of each side on the bottom to form a flower-shaped ground
plane. The DGS minimizes the transmittance for both neighboring elements and diagonal elements.
The size of each DGS is ‘/z X wa’ 13 mm x 4 mm. The quad-port antenna with a DGS and their results
are depicted in Figure 5. The overall transmittance is minimized from —16 to —24 dB. The presented
quad-port MIMO antenna for Ku-band communication is achieved by merging parasitic elements and
a DGS, as depicted in Figure 6. The Si1 is almost the same in all designs, and the transmittance is
minimized to —27 dB in the presented design, as justified from Figure 7.

Additionally the isolation mechanism is analyzed in terms of the current distribution, as illustrated
in Figure 8. For a better understanding, element-2 and element-4 are excited both with and without
decoupling techniques. It is clearly shown in Figure 8(a) that the current is transferred to the remaining
three ports, such as port-1, port-3, and port-4, without decoupling techniques; in this situation, isolation
is minimal, and the transmittance is very high from port-2 to the other ports. In Figure 8(b), the current
is concentrated on radiating element-2, parasitic elements, and the DGS. In this situation, the current
is coupled to the parasitic elements and the DGS, and the transmittance is low among the ports.
Similarly, in Figure 8(c), the density of the current is found on non-excited elements such as port-1,
port-2, and port-3. In this situation, isolation is minimal, and the transmittance is very high from port-
4 to the other ports. In Figure 8(d), the current is concentrated on element-4, parasitic elements, and
the DGS. In this situation, the current is coupled to the parasitic elements and the DGS: thus, the
transmittance is minimal, and isolation is high among the ports. The radiating patches have the same
shape, size, and symmetry, so some of the S-parameters are same (e.g., S12 = S21, S13 = S31, S23 = S32,
S24 = Sa2, S34 = Sa43, S14 = Sa1, S11 = S22 = S33 = S44).

PrP

(a) (b) (c) (d)

Figure 1. Design evaluation of radiating element: (a) Stage-1; (b) Stage-2; (c) Stage-3;
(d) Proposed.
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S-Parameters (dB
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Figure 3. Proposed MIMO antenna without decoupling techniques: (a) Design; (b) S-Parameters.

S-Parameters (dB)

l} o
10 12 14 16 18 20

Frequency (GHz)

(a) (b)

Figure 4. MIMO antenna with parasitic elements: (a) Design; (b) S-Parameters.
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S-Parameters (dB)

10 12 14 16 18 20
Frequency (GHz)
(a) (b)

Figure 5. MIMO antenna with a DGS: (a) Design; (b) S-Parameters.

Wp ro

Lprﬁ

(a) (b) (©)

Figure 6. Presented MIMO antenna for Ku-band applications: (a) Single element Design;
(b) Front side; (¢) Back side.

S-Parameters (dB)

10 12 14 16 18 20
Frequency (GHz)

Figure 7. S-Parameters of the presented design for Ku-band applications.
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Figure. 8. Surface current distribution of the presented MIMO antenna for Ku-band
applications at 16 GHz: (a) without decoupling structure (element-2 excited); (b) with
parasitic element and DGS (element-2 excited); (c) without decoupling techniques
(element-4 excited); (d) with parasitic element and DGS (element-4 excited)

Table 2. Dimensions parameters of presented MIMO antenna for Ku-band application.

Parameters Value (mm) Parameters Value (mm)
Woro 36 Lyro 36
Winset 0.6 Linset 2.25
Wy 1 I 13
Wa 4 la 13
We 1.5 p 5
3. Results

The proposed MIMO antenna for satellite communication is optimized in the Computer
Simulation Technology (CST) Studio and fabricated using a 1.6 mm thick FR4 material. The top and
bottom views of the presented design are depicted in Figure 9. The experimentally tested and simulated
results are illustrated in Figure 10. The experimentally tested and simulated reflection coefficient was
<—10 dB and the transmittance was <—27 dB in the range of 14 to 18 GHz with a bandwidth of
4 GHz. The tested and simulated XZ-plane (¢ = 0, E-plane) and YZ-plane (¢ = 90, H-plane) radiation
pattern at 15 and 16.5 GHz frequencies are shown in Figure 11. The main lobe radiation in the XZ-
plane at 15 GHz is observed at 300° to 330° and 30° to 60°, and the minimum radiation occurred at
135° and 200°. Similarly in YZ-plane, the main lobe radiation is observed at 30° and the minimum
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radiation occurred at 170°, as shown in Figure 11(a). The main lobe radiation in both the XZ-plane and
the YZ-plane at 16.5 GHz are noted at 330°. In the XZ-plane, minimum radiation is noted at 150° and
180°; similarly, in the YZ-plane, minimum radiation is noted at 120°, which is clearly justified from
Figure 11(b). Additionally, the co-polar and cross-polar components are shown in Figure 12: The
cross-polar components are <—20 dB and the co-polar components are much higher than the cross-
polar components.

The diversity performance is characterized in terms of the ECC, DG, and multiplexing efficiency;
for an uncorrelated MIMO antenna, with values of ECC = 0 and DG = 10 dB, the ECC must be <0.5.
Similarly, the DG is greater than 8.66 dB in a practical design. The ECC and DG are calculated from
Egs (3) and (4) [40]:

A TACEN
ECC = A ————,
[ym IF0.0)|a0 [, |F;(6,8)]" aq

3)

DG = 10,/1 — (ECC)?, 4)

where F.(6,¢) and F;(G, ¢) are the far-field radiation due to the i port and j* port, respectively,
and m is the Hermitian product. The ECC <0.0075 and DG >9.96 dB, as clearly shown in Figure 13.
Generally, the multiplexing efficiency is considered as the total efficiency, but practically, it consists
of a correlation and efficiency imbalance. The multiplexing efficiency is <—2 dB, which is lower than
the radiation efficiency, as shown in Figure 14. The simulated and measured peak gain, which are
nearly the same and equal to 5.75 dBi, are also illustrated in Figure 13. Moreover, the diversity
performance is investigated in terms of the total active reflection coefficient (TARC). The TARC is
investigated at various angles from Eq (5) [41], and illustrated in Figure 15. The TARC is <10 dB in
the given Ku-band bandwidth for all angles. Additionally, the diversity performance is characterized
in terms of the channel capacity loss (CCL) and the mean effective gain (MEG) in MIMO antennas.
For good communication, the satisfactory value of the CCL is 0.5 bits/sec/Hz, and the MEG should be
less than —3 dB. The MEG and CCL are calculated from Eqgs (6) and (7) [42]: The CCL is <0.2
bits/sec/Hz and the MEG <—3 dB in the given Ku-band, as illustrated in Figure 16.

DPRERD
TARC = ——, (5)
IS (axl?)

CCL = —log, det(¢R), (6)

MEGi = 05(1-3%4|s;]), (7

where |b| and |ax| are exciting and scattering vectors, respectively, and @R is the correlation matrix.
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(a) (b)

Figure 9. Prototype of the presented MIMO antenna for Ku-band applications: (a) Top
view; (b) bottom view.
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Figure 10. S-parameters of the presented MIMO antenna for Ku-band applications.
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Figure 11. Radiation pattern of the presented MIMO antenna: (a) 15 GHz; (b) 16.5 GHz.
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Figure 12. Co and cross polarization of the presented MIMO antenna: (a) 15 GHz; (b) 16.5 GHz.
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Figure 13. ECC and DG of the presented MIMO antenna for Ku-band applications.
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Figure 14. Peak gain and Multiplexing efficiency of the MIMO antenna for Ku-band applications.
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Figure 15. TARC of the MIMO antenna for Ku-band applications.
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Figure 16. CCL and MEG of the MIMO antenna for Ku-band applications.

4. Conclusions

In this article, an MIMO Antenna for Ku-band applications was proposed. The antenna was
designed on a 1.6 mm thick FR4 material. Parasitic elements were printed on the front side to minimize
the transmittance between neighbor elements, and the DGS was used on the back side to minimize the
transmittance for both neighbor elements and diagonal elements. The reflection coefficient was <—10
dB and the transmittance was <—27 dB in the range of 14 to 18 GHz, with a total impedance
bandwidth of 4 GHz. The ECC <0.0075, DG >9.96 dB, and Peak gain was 5.75 dBi. The presented
design is an acceptable candidate for Ku-band applications after experimental investigations of the
multiplexing efficiency, ECC, S-parameters, DG, and peak gain.
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