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A B S T R A C T   

Proposed in this paper is the design of an innovative and compact antenna array which based on four radiating 
elements for multi-input multi-output (MIMO) antenna applications used in 5G communication systems. The 
radiating elements are fractal curves excited using an open-circuited feedline through a coplanar waveguide 
(CPW). The feedline is electromagnetically coupled to the inside edge of the radiating element. The array’s 
impedance bandwidth is enhanced by inserting a ground structure composed of low–high-low impedance be
tween the radiating elements. The low-impedance section of the ground is a staircase structure that is inclined at 
an angle to follow the input feedline. This inter-radiating element essentially suppresses near-field radiation 
between adjacent radiators. A band reject filter based on a composite right/left hand (CRLH) structure is 
mounted at the back side of the antenna array to reduce mutual coupling between the antenna elements by 
choking surface wave propagations that can otherwise degrade the radiation performance of the array antenna. 
The CRLH structure is based on the Hilbert fractal geometry, and it was designed to act like a stop band filter over 
the desired frequency bands. The proposed antenna array was fabricated and tested. It covers the frequency 
bands in the range from 2 to 3 GHz, 3.4–3.9 GHz, and 4.4–5.2 GHz. The array has a maximum gain of 6. 2dBi at 
3.8 GHz and coupling isolation better than − 20 dB. The envelope correlation coefficient of the antenna array is 
within the acceptable limit. There is good agreement between the simulated and measured results.   

1. Introduction 

The use of antenna arrays at sub-6 GHz frequency bands are now 
needed to implement multi-input multi-output (MIMO) systems 
required for 5G wireless communication systems [1]. MIMO is a highly 
effective technique for increasing the channel capacity. The challenge 
remains in developing compact antenna arrays necessary to reduce the 
form factor MIMO systems. A smaller form factor is needed to realize 
inconspicuous 5G base-stations [2] and to use 5G systems inside public 
spaces like arenas and sports ground as well as to improve inbuilding 
wireless mobile coverage and enhance streaming speeds [3,4]. By 
reducing the spacing of the antennas in an array result in stronger 
mutual coupling between the radiating elements that adversely affects 

the orthogonality between different data streams and deteriorates the 
systems channel capacity [5,6].Therefore, to ensure the high perfor
mance of MIMO systems is a significant challenge. 

Numerous decoupling methods have been proposed to reduce 
mutual coupling. This includes space diversity [7], neutralization-line 
[8], parasitic resonance decoupling [9], self-isolation [10], polariza
tion diversity [11], and high-order mode decoupling [12]. Although in 
these MIMO antennas high isolation is achievable, however they require 
a large space. To save the system space, antennas using a shared radiator 
have attracted much interest [13–20]. Designs with multiport antenna 
pairs have been reported and investigated using polarization orthogo
nality methods [12–15], self-decoupling [16], and lumped elements 
[17]. A self-decoupled antenna pair has been reported recently in [18] to 
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Fig. 1. Geometry of the proposed two-element MIMO antenna array (units in millimeter), (a) Front view, and (b) Back view.  

Fig. 2. Sierpiński fractals of order 0 to 2.  

Fig. 3. Performance of Sierpiński fractal antenna of order 1 to 4: (a) reflection coefficient (S11), and (b) antenna gain.  
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Fig. 4. Antenna array’s performance with different coupling gap (g) size: (a) reflection coefficient (S11), and (b) antenna gain.  

Fig. 5. Antenna array’s performance as a function of staircase step number: (a) reflection coefficient (S11), and (b) antenna gain.  
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achieve an inter-antenna isolation of better than 11.5 dB with shared 
radiator based common mode and the differential mode. Common and 
differential mode technique has been also used to reduce the mutual 
coupling in [19] by incorporating an inductive strip into two closely 
placed patch antennas. This method is a good solution to decouple an
tennas in MIMO systems. Mutual coupling in [20] was reduced by 
inserting an electromagnetic bandgap (EBG) structure between the an
tenna elements. With this technique the EBG structures must be inserted 
away from the antenna’s edge to achieve an acceptable reflection co
efficient. Inter-element spacing with this technique is made greater than 
0.5λo. This results in a larger array size and limits the scan angle for 
beam steering arrays. It has been shown in [21] the use of metamaterial 
(MTMs) structures in antenna arrays can help to enhance the reduction 
of mutual coupling effects. Examination of prior work shows the design 
of a MIMO antenna with concurrent characteristics of broadband, high 
isolation, and compact size is still a challenge. 

In this work, a design of a 2D antenna array is proposed for sub-6 GHz 
MIMO wireless systems. Individual monopole patch antennas in the array 
are based on a Sierpiński fractal geometry [22]. The purpose of using 
fractal curves was to achieve an array that exhibits gain-bandwidth 

enhancement. Incorporated in the array is filtering functionality that is 
contributed by a 2D composite right/left hand (CRLH) structure which is 
located immediately underneath the antenna array. The CRLH structure is 
based on Hilbert fractal geometry and designed to mitigate surface wave 
propagation to reduce mutual coupling between the antenna elements in 
the array. The antenna array prototype design radiates energy over the 
frequency bands of 2 – 3 GHz, 3.4–3.9 GHz, and 4.4–5.2 GHz. The antenna 
array has an average gain of 5.5 dBi in the specified frequency bands. Size 
of the overall antenna array 40 × 30 × 1.67 mm3 suitable for mobile 
wireless devices. 

This work is organized as followings: Discussed in section 2 is the 
geometry of the proposed antenna array including the CRLH filtering 
structure and presented are the array’s simulation performance in terms 
of reflection coefficient, antenna gain and inter-radiating element 
insolation. In section 3 discussed is the array’s radiation patterns, cor
relation and diversity properties. Antenna array of matrix size 4 × 4 
design is discussed in section 4. In section 5 the measured results of the 
fabricated 4 × 4 antenna array are given. The paper is concluded in 
section 6. 

Fig. 6. CRLH filter structure: (a) numerical model, and (b) equivalent circuit model.  
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2. Structure of antenna array 

Geometry of the proposed antenna array of matrix size 2 × 2 is 
shown in Fig. 1. The radiation patch element is represented by a 
repeating pattern of inverted triangles that repeat at a different scale. 
The repeating pattern is also known as Sierpiński triangle fractal where 
the number of k triangles remaining after the n-th iteration in the process 
of recursively removing triangles is given by 

k = 3n− 1 (1) 

Let Nn be the number of black triangles after iteration n, Ln the length 
of a side of a triangle, and An the fractional area which is black after the 
n-th iteration. Then 

Nn = 3n (2a)  

Ln =

(
1
2

)n

= 2− n (2b) 

In relation to the original triangle, after the n-th iteration, the area of 
the Sierpiński triangle is given by 

An = L2
nNn =

(
3
4

)n

(3) 

The reason for using the fractal-based patch antenna was to increase 
the impedance bandwidth of the array. The fractal antenna is 

electromagnetically excited through an open-circuited microstrip line 
through a coplanar waveguide. The coplanar waveguide was used to 
reduce dispersion effects and for broadband performance. The feedline 
of characteristic 50 Ω impedance is electromagnetically coupled to the 
inside edge of the radiating element. The technique used here to 
enhance the array’s impedance bandwidth is achieved by coupling the 
adjacent radiating elements through a transmission line structure which 
is composed of low–high-low impedance. The low-impedance section is 
electromagnetically coupled to one side of the input feedline and has a 
three-step staircase shape. The length of the interconnect is such that 
there is phase coherency at the two radiating elements. On the backside 
of the antenna array immediately below it is located a structure that 
exhibits composite right/left hand characteristics. The structure consists 
of inter-digitally coupled microstrip lines with high impedance open- 
circuited stubs located at both ends, as shown in Fig. 1(b). Located 
approximately mid-way are short T-shaped open-circuited lines that are 
electromagnetically coupled to Hilbert fractal shaped curves. The 
function of the CRLH structure is to mitigated surface wave propagation 
and thus reduce unwanted mutual coupling between the two radiating 
elements. Unwanted coupling can undermine the radiation performance 
of the array which can adversely impact on the wireless systems channel 
capacity. The proposal two-element antenna array is fabricated on an 
FR4 substrate with a dielectric constant is 4.3, thickness of 1.67 mm and 
loss-tangent of 0.025. The overall size of the antenna array is 
40 × 30 × 1.67 mm3. Dimensions of the antenna structure are annotated 
in Fig. 1. 

2.1. Simulation results 

The Sierpiński triangle is created through an iterative algorithm 
defined by Eqn.(1)-(3). Starting with an equilateral inverted triangle, the 
midpoints of each side are found and connected to form a smaller tri
angle which is then removed. The same process is then applied to the 
remaining triangles at each stage. The reflection coefficient and gain 
performance of Sierpiński fractal of iteration order 1 to 4 were studied 
using CST Microwave Studio. Sierpiński fractal of iteration order 

Fig. 7. The S-parameter response under Case-1 to Case-3 on the CRLH structure’s performace: (a) reflection coefficient (S11), and (b) transmission coefficient (S12).  

Table 1 
Lumped values of the equivalent circuit of the CRLH filter.  

Lumped element value Lumped element value 

LT.L 0.1 nH LT_stub 0.09 nH 
RT.L 50 Ω Cm 1.9 pF 
CT_stub 40 pF Cgap 2.2 pF 
L/2 1.1 nH Rp 22 Ω 
C 35 pF Cp 3.1 pF 
Rm 70 Ω Lm 0.2 nH  
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Fig. 8. Comparison between the simulated (using CST Microwave Studio) and equivalent circuit model of the filter structure on the array’s performace: (a) reflection 
coefficient (S11), and (b) transmission coefficient (S12). 

Fig. 9. Effect of the gap (s) between the two-element antenna array’s performace: (a) reflection coefficient (S11), and (b) transmission coefficient (S12).  
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Fig. 10. Effect of the CRLH band stop structure on the antenna array’s performance: (a) reflection coefficient (S11), and (b) transmission coefficient (S12).  

Fig. 11. Effect of CPW ground connection on the antenna array’s performance: (a) reflection coefficient (S11), and (b) transmission coefficient (S12).  
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0 antenna is a regular patch antenna resembling an inverted triangle. In 
iteration order 1 fractal the single inverted triangle of order 0 is replaced 
by three inverted triangles occupying the same area as order 0. In iter
ation order 2, each of the three triangles of order 1 are replaced by three 
smaller triangles, etc. as shown in Fig. 2. The simulated results in Fig. 3 
shows the antenna is a triband resonator. Fig. 3(a) shows the increase in 
fractal order improves the impedance bandwidth of the first and last 
band. However, Fig. 3(b) shows the increase in fractal order can un
dermine the antenna’s gain. The gain is optimum for fractal of order 3, 

which provides a peak gain of 5.5 dBi at the three bands. In the proposed 
antenna design fractal of order 3 was chosen. 

The parametric study of the coupling gap (g) between the fractal 
antenna and the microstrip feedline was carried out to gain more insight 
of its affect. The coupling gap was varied from 0.1 mm to 0.4 mm and the 
corresponding change in the reflection coefficient response and gain are 
shown in Fig. 4. From Fig. 4(a) it is evident that the coupling gap of 
0.3 mm significantly improves the impedance matching. However, 
further increase in the coupling gap degrades the reflection coefficient. 

Fig. 12. Surface current distributions over the two-element array: (a) 2.5 GHz, (b) 3.85 GHz, and (c) 4.5 GHz.  
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Fig. 4(b) shows optimum gain is achieved with coupling gap size of 
0.3 mm at the three bands of the antenna. Therefore, a coupling gap size 
of 0.3 mm was used in the design of the proposed antenna. 

The effect the inclusion of the staircase structure that interconnects 
the two coplanar waveguide feedlines was investigated. Fig. 5 shows 
how the reflection coefficient and gain response of the 2 × 2 antenna 
array is affected when the number of steps of the staircase is increased 
from 1 to 4. It is evident from Fig. 5(a) the response shown the optimum 
number of steps is 3 as any more steps deteriorate the reflection 

coefficient response. The impedance bandwidth of the 3 and 4 steps are 
roughly comparable. Fig. 5(b) shows at the lower band a 4-step structure 
provides comparable gain as a 3-step structure however a higher gain is 
achieved in the middle and upper bands of the array with a 3-step 
staircase structure. 

2.2. Filter design 

The proposed antenna array was backed with a planar structure that 

Fig. 13. Simulated far-field radiation patterns at 2.5 GHz, 3.85 GHz, and 4.5 GHz. Note: Black long dash is for the antenna array with no filter and no CPW ground, 
the red sold line is for the antenna array with filter and no CPW ground, green dotted line is for CPW grounded antenna array with no filter, and the black dotted line 
is for CPW grounded antenna array with filter. 
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had band stop characteristics over the array’s operational frequency 
band. The proposed filtering structure shown in Fig. 6(a) is a composite 
right/left hand (CRLH) structure whose function is to mitigate unwanted 
mutual coupling between the antenna elements by choking surface wave 
propagation. Unwanted coupling can degrade the radiation performance 
of the array antenna. The filtering structure comprises inter-digitally 
coupled microstrip lines. Located at both ends of the coupled lines are 
high impedance open-circuited stubs, as shown in Fig. 6(a). Short T- 
shaped open-circuited lines are placed approximately mid-way of the 
coupled lines that are electromagnetically coupled to Hilbert fractal 
shaped curves. The equivalent circuit model of the CRLH filter is shown 
in Fig. 6(b). 

The three sections of the filtering structure are, namely Case-1 the 
open-circuited stub, Case-2 the interdigital capacitor, and Case-3 the 
Hilbert curve coupled to the open-circuited T-shaped stub. Fig. 7 shows 
the reflection coefficient (S11) and transmission coefficient (S12) 
response of the three sections constituting the proposed filter. The 
transmission coefficient indicates the isolation between the two ports 
(p1 & p2) indicated in Fig. 6. Fig. 7(a) shows the reflection coefficient 
for Case-1 is better than − 20 dB except between 2.1 and 2.7 GHz and 
4.7–4.85 GHz. With reference to Case-2, the reflection coefficient is 
better than − 20 dB except between 1.8 and 2.8 GHz and 4.2–5.3 GHz. 
For Case-3, the reflection coefficient is better than − 20 dB except be
tween 1.75 and 3.7 GHz, 4.15–4.3 and 4.6–4.85 GHz. Fig. 7(b) shows for 
Case-1 the isolation is greater than 10 dB between 2.3 and 2.45 GHz and 
4.7–4.8 GHz. The isolation for Case-2 is greater than 10 dB between 1.95 
and 2.7 GHz and 4.2–4.3 GHz. For Case-3, the isolation is greater than 
10 dB between 2 and 2.75 GHz, 3.7–3.8 GHz and 4.6–4.8 GHz. 

The values of the equivalent circuit model in Fig. 6(b) was deter
mined by parameter extraction method as decribed in [23] using by 
genetic algorithm. Table 1 shows the parameter values obtained of the 
equivalent circuit model. Fig. 8 compares the simulated reflection co
efficient and transmission coefficient response of the filter with the 
circuit model. It can be observed there is excellent agreement between 
the two responses. 

3. Two-Port MIMO array system design 

A parametric study was carried out to determine how the antenna 
array’s performance including radiation pattern is affected by the gap 
between the antennas, inclusion of CRLH filtering structure, and 
coplanar waveguide ground. 

3.1. Effect of antenna gap 

The effect of the gap (s), shown in Fig. 1(a), between the two an
tenna’s was studied to determine the impact of the coupling and the 
fringing fields on the overall antenna array’s performance. In this study 
CRLH filter was not applied on the backside of the array. The results of 
varying the gap (s) in step size of 5 mm from 1 mm to 16 mm is shown in 
Fig. 9. The results of the study shows the gap (s) has a significant effect 
on the reflection coefficient and transmission coefficient in terms of 
magnitide and resonance freuency. Fig. 9(a) shows the reflection coef
ficient worsens with increasing gap above 11 mm. The reflection coef
ficient are similar with a gap size of 1 mm and 6 mm. This outcome is 
reflected in the isolation results in Fig. 9(b). The isolation is optimum 
with a gap size of 1 mm which is equivalent to 0.15λ at free-space fre
quency of 2 GHz. 

3.2. Effect of the CRLH filter 

Mutual coupling in antenna arrays is attributed to near-field effects 

Fig. 14. Antenna array’s envelope correction coefficient (ECC).  

Fig. 15. Four-element antenna array based on the proposed antenna: (a) front 
and back view, and (b) isometric view of the front and backside of the array. 
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and surface waves which can adversely affect the far-field radiation 
characteristics of the antenna array. Unwanted mutual coupling is se
vere when the antennas in the array are closely spaced to reduce the 
form factor of the array. Under these conditions it becomes imperative to 
suppress the unwanted mutual coupling. The approach taken here to do 
this was to apply a CRLH band stop structure at the backside of the two- 
element antenna array. The results without and with the CRLH filtering 
structure is shown in Fig. 10. With no CRLH structure the reflection 
coefficient exhibits four narrow resonance responses and the isolation 
between the two antennas is minimal. However, with the CRLH struc
ture a broader impedance bandwidth is realized and the isolation be
tween the radiators is significantly improved by approximately 20 dB. 

3.3. Effect of coplanar waveguide ground 

The effect of grounding the coplanar waveguide was investigated. 
Fig. 11 shows how the reflection coefficient and isolation are affected 
with and without the CPW ground. With the ground connection the 

reflection coefficient of the first band is improved however the imped
ance bandwidth of the middle band reduced. Although the impedance 
bandwidth of the third band is maintained however the impedance 
match across this band is reduced but it’s acceptable (<-10 dB). With the 
ground connection the isolation is moderately reduced across each band. 
Grounding is important to stop the buildup charge that can build up to 
dangerous levels and result in electrostatic discharge. The surface cur
rent distribution in Fig. 12 shows a better understanding of the isolation 
mechanism. The current distribution is shown at 2.5 GHz, 3.85 GHz, and 
4.5 GHz when one of the ports is excited. It is evident that staircase 
ground essentially blocks energy interacting with the adjacent radiating 
element. 

3.4. Effect CPW and CRLH on antenna radiation patterns 

The antenna array’s simulated radiation patterns in the E-plane 
(ϕ = 0◦) and H-plane (ϕ = 90◦) with and without filter structure, and 
with and without CPW ground connection at 2.5 GHz, 3.5 GHz and 

Fig. 16. S-parameters of the proposed 4 × 4 antenna array: (a) reflection coefficient (S11), and (b) transmission coefficient (S12).  

Fig. 17. Fabricated prototype of the proposed antenna array: (a) front view of 2 × 2 array, (b) back view 2 × 2 array, (c) isometric view of 4 × 4 array.  
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4.5 GHz are shown in Fig. 13. At 2.5 GHz the antenna radiates energy 
directionally. At 3.85 GHz and 4.5 GHz in the E-plane the antenna pre
dominately omnidirectionally. In the H-plane at 3.85 GHz the antenna 
radiates directionally. However, at the three spot frequencies when the 
CPW is grounded and with the CRLH filter it radiates omnidirectionally. 

3.5. Correlation and diversity properties 

To fully characterize antenna arrays the parameters namely envelope 
correlation coefficient (ECC) and mean effective gain (MEG) needs to be 
evaluated. ECC is determined using Eq. (4) [24]. 

ρe =

⃒
⃒
⃒
∫∫

4π

[
F→1(θ,φ)* F→2(θ,φ)

]
dΩ

⃒
⃒
⃒

2

∫∫

4π

⃒
⃒
⃒F→1(θ,φ)

⃒
⃒
⃒

2
dΩ

∫∫

4π

⃒
⃒
⃒F→2(θ,φ)

⃒
⃒
⃒

2
dΩ

(4) 

where F1
→
(θ,φ) and F2

→
(θ,φ) is the three-dimensional far-field radia

tion of the two antennas. There are two techniques to calculate ECC, i.e., 
from the 3-D radiation pattern or from S-parameters. The ECC here was 
calculated from the 3-D radiation pattern. The mean effective gain 

(MEG) of the antenna array was calculated using Eq. (5) [4] 

MEG=

∫ 2π

0

×

∫ π

0

(
XPR

1+XPR
Gθ(θ,φ)Pθ(θ,φ)+

1
1+XPR

Gφ(θ,φ)Pφ(θ,φ)
)

sinθdθdφ

(5) 

where XPR is the cross-polarization power ratio, the theta and phi 
components of the incoming signal powers are represented by as Pθ and 
Pφ, respectively. The antenna gains in the theta and phi directions are 
described by Gθ and Gφ. Fig. 14 shows ECC under three conditions, 
namely the antenna array without CRLH filter, with CRLH filter and with 
CPW ground connection. It is evident that without the magnitude of ECC 
is poor between 1 GHz and 4 GHz. The mean effective gain for the array 
with CRLH filter and grounded CPW was approximately 0 dBi. 

4. Four-Element antenna array 

A four-element antenna array was designed based on the proposed 
two-element array described in the above sections. The front and 

Fig. 18. Measured results of the four-element antenna array: (a) reflection coefficient (S11), (b) transmission coefficient (S12), and (c) antenna gain.  
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backside of the antenna array are shown in Fig. 15. The two-element 
antenna arrays face each other to form a mirror image. The separation 
between the pair of antennas is 20 mm. All other dimensions remain the 
same as before as shown in Fig. 1. It should be noted that the CRLH 
filtering structure are conjoined as illustrated in Fig. 15, and the phase of 
the excitation signal at the four ports is identical. The reflection coeffi
cient and isolation at all four ports of the 4 × 4 antenna array is shown in 
Fig. 16. It can be observed that the four-element array exhibits high 
isolation that is greater than 20 dB between adjacent radiating elements 
over its three bands. Also, the reflection coefficient across the triband is 
better than − 18 dB at all ports. Compared to the responses of the 2 × 2 
array in Fig. 11 with the CPW grounded, the 4 × 4 array has a better 
reflection coefficient response. 

5. Experimental validation 

The 2 × 2 and 4 × 4 antenna arrays were fabricated on standard FR4 
substrate, which was specified earlier. The antenna array pattern was 
etched on the substrate using standard photolithography, also called 
optical lithography or UV lithography. This involves using light to 
transfer the geometric pattern of the array pattern from a photomask to a 
photosensitive chemical photoresist that had been applied on the 

substrate. Chemical treatment was then applied to etch the UV exposed 
pattern into the substrate. The two fabricated prototype arrays are 
shown in Fig. 17. 

The S-parameters and gain of the antenna arrays was measured using 
a Network Analyzer (Agilent PNA 8720). The measured results of the 
four-element reflection coefficient, the isolation between the ports and 
the antenna gain are shown in Fig. 18. The reflection coefficient is better 
than − 10 dB across the three bands and the isolation between the ports 
is greater than 20 dB. Also, the array has a gain of ~ 5 dB across its 
bands. The results of the two-element array are very similar. The radi
ation patterns of the two-element and four-element antenna array were 
measured in an anechoic chamber. The radiation pattern at spot fre
quencies of at 2.5 GHz, 3.85 GHz, and 4.5 GHz are shown in Fig. 19. The 
results show very good agreement between the measured and simulated 
results. 

Other important parameters characterizing the antenna array for 
MIMO applications are ECC, DG, Channel Capacity, and TRAC. Envelop 
correlation coefficient indicates the behavior of MIMO antennas. The 
simulated and measured ECC for the adjacent antennas in the 4 × 4 
array is shown in Fig. 20 to be less than 0.08, which is acceptable for 
effective MIMO systems. The diversity gain indicates the loss that occurs 
in transmission power when the diversity scheme is performed using a 

Fig. 19. Simulated and measured radiation patterns of the two-element and four-element antenna array at 2.5 GHz, 3.85 GHz, and 4.5 GHz.  
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MIMO antenna array. Ideally, the DG should be 10 dB; however, in the 
case of the proposed 4 × 4 array it is 9.8 dB, which is acceptable for 
MIMO applications. The mean effective gain indicates the received 
power by a wireless system in a fading environment. The acceptable 
range of MEG should be < -6 dB, which is the case here. Channel ca
pacity loss occurs in a communication system due to correlation effects. 
The formula provided in [25] can be utilized to estimate the CCL of a 
MIMO antenna array. Fig. 20 shows that measured value of CCL 
is < 0.05 (bits/s/Hz), which is acceptable for antenna arrays. Total 
Active Reflection Coefficient (TARC) is used to describe the coupling 
degree and channel independence between ports, in addition to the S- 

parameters of individual ports. It can be calculated using the expression 
given in [26]. TARC between the antenna ports is less than − 20 dB, 
which ensures low coupling effects and channel independence between 
receiver and transmitter in MIMO systems. 

The proposed antenna is compared with antenna arrays recently 
reported in literature. Table 2 shows that compared to the other cited 
arrays is substantially smaller in size, offers higher gain, and the 
coupling between the ports is much smaller. It has comparable diversity 
gain (DG) as [32]. These features make it viable for MIMO applications 
in 5G wireless communications systems. 

Fig. 20. Performance of the four-element antenna array in terms of envelope correlation coefficient (ECC), Diversity gain (DG), mean effective gain (MEG), and 
Channel capacity loss (CCL). 
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6. Conclusion 

We have demonstrated the design of a novel antenna array for sub- 
6 GHz 5G MIMO systems. The antennas in the array are based on Sier
piński triangle fractals that is backed with a composite right/left struc
ture that effectively suppresses unwanted mutual coupling between the 
antennas. The antennas in the array are excited via an open-circuited 
feedline through a coplanar waveguide. The impedance bandwidth of 
the array is extended by embedding an inter-radiating element ground 
structure of low–high-low impedance. The low-impedance section is a 
staircase structure that closely follows the angled feedline to block near- 
field interaction between adjacent antennas. The performance of the 
antenna array was characterized practically to show it meets the MIMO 
systems requirements in terms of ECC, DG, channel capacity, and TRAC. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgment 

Dr. Mohammad Alibakhshikenari acknowledges support from the 
CONEX-Plus programme funded by Universidad Carlos III de Madrid 
and the European Union’s Horizon 2020 research and innovation pro
gramme under the Marie Sklodowska-Curie grant agreement No. 
801538. 

Funding for APC: Universidad Carlos III de Madrid (Read & Publish 
Agreement CRUE-CSIC 2022). 

References 

[1] Desai A, Palandoken M, Byun JK, Nguyen TK. Wideband flexible/transparent 
connected-ground MIMO antennas for sub-6 GHz 5G and WLAN applications. IEEE 
Access 2021;9:147003–15. 

[2] Ismail MM, Elwi TA, Salim AJ. A miniaturized printed circuit CRLH antenna-based 
Hilbert metamaterial array. J Commun Software Syst 2022;18(3):236–43. 

[3] Al-Khaylani HH, Elwi TA, Ibrahim AA. Novel miniaturized reconfigurable 
microstrip antenna based printed metamaterial circuitries for 5G applications. 
Progr Electromagn Res C 2022;120:1–10. 

[4] Neeta PK, Bahadure NB, Patil PD, Kulkarni JS. Flexible interconnected 4-port 
MIMO antenna for sub-6 GHz 5G and X band applications. AEU-Int J Electron C 
2022;152:11–9. 

[5] Kumar A, Mishra K, Mukherjee A, Chaudhary AK. Channel capacity enhancement 
using MIMO technology. In: Proc. IEEE Int. Conf. Adv. Eng., Sci. Manage. 
(ICAESM), Nagapattinam, India; 2012. p. 10–5. 

[6] Zhang Z. Antenna Design for Mobile Devices, 2nd ed. Hoboken, NJ, USA: Wiley; 
2017. 

[7] Li Y, Sim C-Y-D, Luo Y, Yang G. 12-port 5G massive MIMO antenna array in sub-6 
GHz mobile handset for LTE bands 42/43/46 applications. IEEE Access 2017;6: 
344–54. 

[8] Hu W, et al. Dual-band ten-element MIMO array based on dual mode IFAs for 5G 
terminal applications. IEEE Access 2019;7:178476–85. 

[9] Cui L, Guo J, Liu Y, Sim C-Y-D. An 8-element dual-band MIMO antenna with 
decoupling stub for 5G smartphone applications. IEEE Antennas Wireless Propag 
Lett Oct. 2019;18(10):2095–9. 

[10] Zhao A, Ren Z. Size reduction of self-isolated MIMO antenna system for 5G mobile 
phone applications. IEEE Antennas Wireless Propag Lett Jan. 2019;18(1):152–6. 

[11] Li Y, Sim C-Y-D, Luo Y, Yang G. High-isolation 3.5 GHz eight-antenna MIMO array 
using balanced open-slot antenna element for 5G smartphones. IEEE Trans 
Antennas Propag Jun. 2019;67(6):3820–30. 

[12] Zhao X, Yeo SP, Ong LC. Decoupling of inverted-F antennas with high-order modes 
of ground plane for 5G mobile MIMO platform. IEEE Trans Antennas Propag Sep. 
2018;66(9):4485–95. 

[13] Chang L, Yu Y, Wei K, Wang H. Orthogonally polarized dual antenna pair with high 
isolation and balanced high performance for 5G MIMO smartphone. IEEE Trans 
Antennas Propag May 2020;68(5):3487–95. 

[14] Chang L, Yu Y, Wei K, Wang H. Polarization-orthogonal co-frequency dual antenna 
pair suitable for 5G MIMO smartphone with metallic bezels. IEEE Trans Antennas 
Propag Aug. 2019;67(8):5212–20. 

[15] Sun L, Li Y, Zhang Z, Feng Z. Wideband 5G MIMO antenna with integrated 
orthogonal-mode dual-antenna pairs for metal rimmed smartphones. IEEE Trans 
Antennas Propag Apr. 2020;68(4):2494–503. 

[16] Ren Z, Zhao A, Wu S. MIMO antenna with compact decoupled antenna pairs for 5G 
mobile terminals. IEEE Antennas Wireless Propag Lett Jul. 2019;18(7):1367–71. 

[17] Barani IRR, Wong K-L, Zhang Y-X, Li W-L. Low profile wideband conjoined open- 
slot antennas fed by grounded coplanar waveguides for 4×4 5G MIMO operation. 
IEEE Trans Antennas Propag Apr. 2020;68(4):2646–57. 

[18] Sun L, Li Y, Zhang Z, Wang H. Self-decoupled MIMO antenna pair with shared 
radiator for 5G smartphones. IEEE Trans Antennas Propag May 2020;68(5): 
3423–32. 

[19] Sun L, Li Y, Zhang Z. Decoupling between extremely closely spaced patch antennas 
by mode cancellation method. IEEE Trans Antennas Propag Jun. 2021;69(6): 
3074–83. 

[20] Farahani HS, Veysi M, Kamyab M, Tadjalli A. Mutual coupling reduction in patch 
antenna arrays using a UC-EBG superstrate. IEEE Antennas Wireless Propag Lett 
2010;9:57–9. 

[21] Tang MC, et al. Mutual coupling reduction using meta-structures for wideband, 
dual-polarized, and high-density patch arrays. IEEE Trans Antennas Propag Aug. 
2017;65(8):3986–98. 

[22] Karmakar A. Fractal antennas and arrays: a review and recent developments. Int J 
Microw Wirel Technol 2020;13:173–97. 

[23] Alnaiemy Y, Elwi TA, Nagy L. Mutual coupling reduction in patch antenna array 
based on EBG structure for MIMO applications. Periodica Polytechnica Electrical 
Engineering and Computer Science 2019;4:1–11. 

[24] Guan Z, Zhao P, Lao Q, Wang X, Wang G. Parameter Extraction for Equivalent 
Circuit Model of RF Devices Based on a Hybrid Optimization Method. Electronics 
2019;8:1–14. 

[25] Zahra H, Awan WA, Ali WAE, Hussain N, Abbas SM, Mukhopadhyay S. A 28 GHz 
broadband helical inspired end-fire antenna and its MIMO configuration for 5G 
pattern diversity applications. Electronics 2021;10:405. 

[26] Hen Z, Jin J. Compact quad-port MIMO antenna with ultra-wideband and high 
isolation. Electronics 2022;11(3408):1–22. 

[27] Ren Z, Wu S, Zhao A. Triple band MIMO antenna system for 5G mobile terminals. 
In: Proceedings of the IEEE International Workshop on Antenna Technology 
(iWAT), 2019, pp. 163–165. 

[28] Sim C, Liu H, Huang C. Wideband MIMO antenna array design for future mobile 
devices operating in the 5G NR frequency bands n77/n78/n79 and LTE band 46. 
IEEE Antennas Wirel Propag Lett 2020;19:74–8. 

[29] Li Y, Sim CYD, Luo Y, Yang G. 12-Port 5G Massive MIMO antenna array in sub- 
6GHz mobile handset for LTE bands 42/43/46 applications. IEEE Access 2017;6: 
344–54. 

[30] Guo J, Cui L, Li C, Sun B. Side-edge frame printed eight-port dual-band antenna 
array for 5G smartphone applications. IEEE Trans Antennas Propag 2018;66: 
7412–7. 

[31] Abdulkawi WM, et al. Design of a compact dual-band MIMO antenna system with 
high-diversity gain performance in both frequency bands. Micromachines 2021;12 
(4):383. 

[32] J.S.U. et al. A sub-6 GHz MIMO antenna array for 5G wireless terminals. 
Electronics, 2021, vol. 10, no. 24, pp. 12-18.  

Table 2 
Comparison of the proposed antenna array with recent works.  

References Antenna size 
(mm2) 

Number of 
ports 

Frequency bandwidth 
(GHz) 

Maximum Gain 
(dBi) 

Mutual coupling 
(dB) 

DG 
(dB) 
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[31] 133 × 133 4 3.3–5.8 1.1 − 15 9.3 0.10 λ/2.1 
[32] 160 × 70 2 5.6–5.67 12 − 30 10 0.06 λ/1.4 
This work 30 × 40 4 2–3, 3.4–3.9, 4.4–5.2 6.3 − 20 10 0.01 λ/15  
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versité du Québec, Montreal, QC, Canada, in 2015. From 2013 
to 2014, he was with Planets Inc., San Francisco, CA, USA. In 
May 2015, he joined Concordia University, Montreal, Canada, 
as a Post-Doctoral Fellowship. He is currently an Assistant 
Professor with Al Ain University, Al Ain, United Arab Emirates. 
His current research interests include antenna design at 
millimeter-wave and terahertz, channel measurements in 

multiple-input and multiple-output (MIMO) systems, and machine learning and artificial 
intelligence in antenna design. 

S. Hassan Ghadeer et al.                                                                                                                                                                                                                      


	An innovative fractal monopole MIMO antenna for modern 5G applications
	1 Introduction
	2 Structure of antenna array
	2.1 Simulation results
	2.2 Filter design

	3 Two-Port MIMO array system design
	3.1 Effect of antenna gap
	3.2 Effect of the CRLH filter
	3.3 Effect of coplanar waveguide ground
	3.4 Effect CPW and CRLH on antenna radiation patterns
	3.5 Correlation and diversity properties

	4 Four-Element antenna array
	5 Experimental validation
	6 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	References


