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Abstract — This article presents a bandwidth enriched,
dual-band, compact, multiple-input-multiple-output
(MIMO) antenna with high isolation for UMTS and LTE
applications. The proposed coplanar waveguide (CPW)-
fed, hybrid fractal MIMO antenna was created by
integrating Koch fractal and Sierpinski fractal on a
rectangular patch radiator. The MIMO antenna uses a
rectangular shaped partial ground plane with a T-shaped
stub on the ground plane to improve the isolation
between radiators. The iterative technique, using the
Koch curve and the Sierpinski square slot fractal was
used on the rectangular patch to reduce the size of the
MIMO antenna and retain the electrical performance. By
using an amalgamated fractal configuration and a CPW
feed, a large impedance bandwidth was achieved:
80% wide bandwidth over the operating frequency of
1.81-3.17 GHz with a compact size of 25x35 mm?. The
prototype of the optimized MIMO configuration was
fabricated using the FR4 substrate, and its characteristics
were measured. The proposed antenna resonates at 2.1
and 2.6 GHz. The antenna parameters, including the
reflection coefficient (S11, S12, S21, and S22), surface
current distributions, realized gain and radiation patterns
were simulated and measured. Additionally, the diversity
performances of the MIMO antenna were analyzed in
terms of diversity gain (DG) and envelope correlation
coefficient (ECC). The proposed antenna retains high
isolation of less than -20 dB from 1.81-3.17 GHz band;
the DG and the ECC are greater than 9.5 dB and less
than 0.08, respectively. The peak gains of the proposed
antenna are 5.8 dBi and 6.9 dBi at 2.1 GHz and 2.6 GHz,
respectively. Hence, the proposed hybrid fractal MIMO
antenna is a good candidate for both UMTS and LTE
applications.

Index Terms — CPW-MIMO, Hybrid Fractal, LTE,
MIMO antenna, Mobile applications, UMTS.

I. INTRODUCTION
As multiple-input-multiple-output (MIMO) antenna
have improved tremendously in recent years, MIMO
antenna technology is playing a vital role in modern
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wireless communications systems, such as in UMTS,
LTE, and WLAN. The future generation of
communication systems requires a heterogeneous
network with an improved channel capacity and
reliability for modern mobile communications standards,
such as GSM, UMTS, and LTE. Therefore, multiband
and broadband MIMO antenna systems are significant to
current mobile handsets. MIMO antenna systems can
notably improve the reliability and data rate by using the
same spectrum and power level. However, in practical
situations electromagnetic mutual coupling will occur
among the radiators due to a limited amount of space.
Hence, isolation or a new decoupling structure is
essential to compact a MIMO antenna. Fractal antennas
provide multi-band, broadband, and compact antenna
designs for various mobile standards. The self-filling and
self-affine characteristics of the fractal reduce the size of
the antenna and resonate multiple frequencies with broad
bandwidth. An iterative structure can be obtained by
reducing the initial dimension of the fractal structure [1-
5]. In addition, a Koch fractal can be used to miniaturize
the antenna size and increase the electrical length [6].
The planar monopole MIMO antenna can be implemented
using the hybrid fractal shape by combining the
Minkowski island curve and the Koch curve fractal,
operating at 1.65 GHz to 1.9 GHz [7]. Isolation and
impedance of the antenna can be improved by the T-
shaped strip and etching at the top of the ground plane,
respectively. Two elements of a meander-line MIMO
antenna proposed that operates at 699-798 MHz and
1920-2170 MHz for PCS and LTE, respectively [8]. The
polarization diversity method can be utilized to decouple
the two antenna elements. By stimulating orthogonal
polarization between the two antenna elements,
polarization diversity can be achieved [9, 10]. In [11,
12], high isolation can be obtained by attaching parasitic
elements to the ground plane. Isolation between the two
elements can be enhanced and achieved through the use
of a metal strip and two bent slits [13]. To enhance the
port to-port isolation, a protruded ground may be utilized
[14]. Dual orthogonal polarization and parasitic elements
may be employed for cavity-backed bow tie MIMO
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antenna [15]. The MIMO antenna can be implemented
through the use of circular and annular slots, and a
varactor diode may be used inside its annular slot to
make it re-configurable [16-18]. Although many MIMO
antennas have been implemented in the past decade,
there is a need for high isolation with a high degree
of miniaturization [18]. Fractal configuration, having
space-filling and self-affine properties, can create a
significant electrical length in a small space. Hence,
this article proposes the CPW-fed composite fractal
MIMO system with high isolation for modern mobile
applications. This hybrid fractal antenna was created
through the amalgamation of the Koch fractal and
Sierpinski fractal with a miniaturized size of 25x35 mm?,
The antenna consists of two square-shaped hybrid fractal
radiators and a T-shaped stub, which is connected to
the ground to enhance isolation between the ports.
Comparison of existing MIMO antenna parameter with
proposed hybrid fractal MIMO antenna is shown in
Table 1.

Table 1: Comparison of existing MIMO antenna
parameter with proposed hybrid fractal MIMO antenna

Ref Size Operating | Isolation Peak
‘| (mm) |Bands(GHz)| (dB) |Gain (dBi)

[7] | 100x50 1.65-6.25 -15 2.5-7.8
[8] | 80 X 67 | 0.699-2.17 -22 5

[9] | 50 X 26 2.45 -30 -
[10]]120 X 140] 2.4 & 2.6 -15 5.5-6.4
[12]|50 X 100 | 1.79-3.77 -20 2-6
[13]| 78 X 40 | 2.4-6.55 -18 -

[16]| 60 X 120 1.8-2.45 -15 2.43
Pro | 25 X 35 21&26 <-20 7
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Fig. 1. (a) Development of decoupling structure, and (b)
Ow and 1y iteration structure of proposed hybrid fractal
MIMO system.

I1. ANTENNA DESIGN PROCEDURE

A. Fractal Iterative Function System (IFS)

The Iterative Function System (IFS) is a very
convenient technique for correctly generating various
fractal configurations. The utilization of the affine
transform sequence (v) is an essential character of IFS
[3]. The regeneration (v) is expressed as:
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V(X y)=(px+0qy+s,rx+dy+u)- (2)
Where, p, q, 1, s, t and u are real coefficients.

On the other hand, the movement of fractal elements
in the space based on these elements is a scaling factor,
are rotation factors, by 61, 62 and linear rendering it can
be represented as p =4, cos¢;,s=7,C0Sp,. Consider

V1, V2...,Vn aS a collection of successive transmutations,
and the fundamental structure is B. By using the
collection of transformations to the primary structure
geometry, a new configuration is formed. In addition to
that, accumulating the results from vi(B), v2(B),...,vn(B),
it can be exposed as q=4g;sing, r=0,sing,, and

N

Vi (B)=1_Nn(B) where "V is the Hutchinson vector.
n=1

The fractal configuration is achieved by reusing the

previous configuration. Using a fractal calculation, a
Sierpinski carpet and Koch fractals were obtained.

Fig. 2. Geometry of proposed second iteration hybrid
fractal MIMO system.

B. Koch and Sierpinski fractal formation

The Koch fractal configuration is determined by
applying the formulas [3, 4]. The IFS of Sierpinski
fractal and Koch fractal are as shown below,

Wq(xj: Sq1 c?seql —0g, SiNGy; [Xj+ ty e
y 0SNGy 9y, €08, \Y) |1y
The Scaling operator of Koch fractal is shown below, 64-
the angle of slope between the two-part of the initiators.
04i=60%nd tq are the movements of the parts on the
correlative surface.

Sierpinski fractal geometry can also be obtained

using fractal IFS. The calculation method is shown
below,
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Table 2: Iteration computation of fractal (for 2 iterations)
Length (In
Level Terms of | Boundary | Area (mm?)
Fraction)
Initial square 1 4. (1)=4 (1)?=1
St itarati (4).(1/2) = 2
1% iteration 1/2 (412) = 2 (1/2)“=1/4
2" jteration 1/4 4). (1/4)=1| (1/14)*=/16
I11. ANTENNA STRUCTURE

Figure 1 (a) development of decoupling structure,
zeroth and Fig.1 (b) illustrates the first iteration structure
of the proposed antenna, whereas Fig. 2 depicts the
configuration of the proposed hybrid fractal MIMO
antenna. The suggested MIMO system is printed on a
FR4 mater substrate with a thickness of 1.6 mm and
dielectric constant of 4.4. The objective of using a
hybrid fractal configuration is the development of the
characteristic of space-filling, in which the structure
converts into the reduced dimension of the antenna with
multi-band features. The proposed rectangular patch
configuration consists of a pair of fractals, such as a
Sierpinski carpet and a Koch fractal. Furthermore, the
rectangular patch antenna results in improved
performance [5].

The iteration techniques were used in the rectangle
shaped antenna to achieve the three repetitions for the
Koch and Sierpinski fractals. The 0-th iteration is the
fundamental configuration of the suggested antenna,
consisting of a rectangular patch radiator with two
rectangular ground planes, a CPW feed, and a small
current flowing in the middle of the rectangular patch.
The first iteration of the Sierpinski fractal configuration
was created through the insertion of square slots in the
center of a rectangular radiator. Since there is negligible
current in the center, this does not change the
performance characteristics of the antenna. Subsequently,
by contracting the rectangular slot of the first iteration at
a ratio of 0.33, a second iteration pattern was achieved
and cut out, comprising the central square shaped slot
of the first repetition structure. Similarly, the three
iterations of the Koch curve fractal were achieved using
the IFS method. The O-th iteration consists of a
rectangular-shaped radiator with rectangular slots at its
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upper and lower part. The first iteration was obtained by
splitting a small rectangular slot into three parts. The
length of the triangular slot formed in the center had a
slope of 60° between the two parts. The second iteration
of the Koch fractal was achieved by reproducing the
same method as the first iteration. The numerical
calculation of fractal iterations up to 2 iterations are
shown in Table 2. Since fractals have various patterns
such as squares and triangles, the surface current of the
radiator increased. Consequently, multiple frequencies
resonate without altering the dimension of the antenna.
The antenna was triggered by CPW feed with partial
rectangular ground plane. CPW feed technology was
utilized because of its advantages, including its wide
bandwidth, easy fabrication, and other beneficial
properties, such as the absence of loss. The antenna
consists of two rectangular-shaped partial ground planes
which produce a capacitive effect by canceling the
inductive effect of a square radiator and provide purely
resistive impedance to antenna configuration. Multiple
resonance frequencies and enhanced bandwidth coverage
can be achieved through the successive optimization
strategies: increasing the number of fractal repetitions,
regulating the width of the rectangular-shaped patch and
the height of the two grounds surface. The optimized
geometry of the proposed MIMO system is presented in
Table 3.

Table 3: Geometry of proposed hybrid fractal MIMO
antenna dimensions (all dimensions are in mm)
Wr| W | Wi | Wy | W3 | Wa | W5 | We | W7 | Ws
3513|101 |6 |3 |3 |20(6 |4
Lr | L | Li| L | Ls| La
25111119 | 3 |45|45

Using a decoupling structure reduces mutual
coupling, but the problem with this approach is that
a MIMO structure occupies considerable space. The
design put forward in this work features a T-shaped stub
decoupling structure, which effectively reduces the
mutual coupling of radiators. Figure 1 (a) shows the
development of the decoupling structure. MIMO antenna
1 is a compact device at 4.5 x 35 mm? and represents a
combination of two hybrid fractals that share the same
ground plane. Because of the diminutive size of the
antenna, the partial ground plane acts as a radiating
element and radiates energy normal to the radiating
element. Due to the current distribution on the ground
plane, there is influential coupling between the two
MIMO system elements. Therefore, the isolation of
MIMO antenna 1 is poor, as shown in Fig. 4 (a).

In MIMO antenna 2, the attachment of a rectangular-
shaped stub to the ground plane changes the surface
current on the partial ground, thereby improving
isolation. That is, S12 / S21 is < - 15 dB at 2 to 10 GHz.
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As shown in Fig. 4 (a), however, isolation is needed for
improvement at resonating frequencies. The size of the
T-shaped stub was optimized to improve isolation. The
results are shown in Fig. 4 (a). In MIMO antenna 3, a
rectangular stub is connected horizontally with a vertical
stub that is attached to the ground plane, thus enhancing
isolation in the operating frequencies. That is, S12 / S21
lessthan <-20dB at 1 to 10 GHz. In order to demonstrate
the performance of the suggested isolation configuration,
the surface current of the antenna at different frequencies
is shown in Figs. 5 (a)-(d).
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Fig. 4. (a) Simulated S12/S21 -parameters for the various
decoupling structures. (b) Simulated and measured S12/
S21-parameters of proposed MIMO antenna with T-Stub
decoupling structures.
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Fig. 5. Surface current of the hybrid fractal MIMO
system with and without an isolation structure with port
1 (energized) (a) 2.1 GHz, (b) 2.6 GHz, (c) and (d).

The surface current distributions of two resonant
frequencies were obtained. Without the stub isolation
structure, energizing port 1 causes a strong current to be
coupled at port 2. With the T-stub isolation structure,
energizing port 1 causes no coupling current at port 2,
and energizing port 2 causes no coupling current at port1.
Therefore, the coupling current from ports 1 to 2 and vice
versa is suppressed by the T-shaped stub decoupling
structure proposed in the partial ground plane. In order
to verify the effectiveness of the proposed MIMO
system, a simulation was carried out using Microwave
Studio and Advanced Design System (ADS).
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IV. RESULTS AND DISCUSSIONS

The proposed MIMO antenna was printed on the
FR4 substrate, after which the prototype was measured
using Keysight N9926A vector network analyzer to
verify the simulation results. Figure 8 shows the fabricated
antenna with a CPW feed. Three hybrid fractal iterations
were designed for the proposed MIMO antenna, and
because the second iteration has fractals of various
shapes, performance improves over that observed under
all other iterations. Also, the current distribution occurs
maximum at the corners of the fractals. The simulated
S-parameter for the different iterations (e.g., zeroth, first,
second iterations) is depicted in Fig. 6. It can be
perceived from Fig. 6, that the second iteration has better
performance compared to other iterations. The correlation
of the simulated results for various partial ground sizes
is presented in Fig. 7. Resonance is achieved at 2.1 and
2.6 GHz. Besides, the second iteration of a composite
fractal configuration with a partial ground plane having
the size of 35x4.5 mm? was fabricated on FR4 substrate
presents the optimal design. The simulated and measured
reflection coefficient (S11) of the proposed hybrid
fractal MIMO system for optimized dimensions are
shown in Fig. 8. The simulation and measured bandwidth
of the proposed MIMO antenna is 2 GHz (1.9-3 GHz).
MIMO antennas that resonate at 2.1 GHz (UMTS) and
2.62 GHz (LTE) have reflection of —48 and —47 dB,
respectively. This is according to the results mentioned
in [7].
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Fig. 6. Simulated Return Loss of Hybrid Fractal for
Zeroth Iteration, First Iteration, and Second lteration.

The comparison of simulated and measured S12/
S21 parameters of the proposed MIMO antenna with T-
stub isolation configuration is shown in Fig. 4 (b). From
the figure, it can be observed that the isolation between
two radiators in the proposed MIMO system is less than
—20 dB over the operating frequency band. It can be
inferred from these results that the simulated and
measured insertion loss are approximately the same,
implying the fact that it is suitable for MIMO systems.
The radiation aspects of the proposed composite fractal
MIMO antenna system were also investigated. The



composite structure of Koch’s and Sierpinski fractal
increases surface current distribution uniformly
throughout the rectangular patch and creates a radiation
pattern. Besides, CPW feed employed with two partial
ground planes that contributed to obtain better radiation
characteristics.
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Fig. 7. Simulated reflection coefficient of hybrid fractal
MIMO antenna with different ground size.
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Fig. 8. Simulation and Measured S11 for the Proposed
Hybrid Fractal MIMO System.
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Fig. 9. Simulated and Measured Radiation Pattern of the
proposed MIMO System at 2.1 and 2.6 GHz

The simulated and measured radiation patterns for
the proposed antenna in the x-y plane at 2.1and 2.6 GHz
are illustrated in Figs. 9 (a) and (b). From Figs. 9 (a) and
(b), it can be perceived that the radiation pattern is
approximately constant at the operating frequency band
and the composite fractal MIMO antenna radiates
uniformly in all directions. The peak gain of the MIMO
antenna is 5.8 and 6.9 dBi at 2.1 and 2.6 GHz,
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respectively. The antenna’s efficiency levels were 85%
and 90% at 2.1 and 2.6 GHz, respectively. Therefore, the
proposed MIMO structure is better in terms of size, peak
gain, isolation, ECC and DG when compared to existing
MIMO antennas mentioned Table 1. Hence, it is well
suited for UMTS and LTE applications.

V. MIMO PERFORMANCE

The MIMO characteristics of the proposed antenna
are assessed by diversity gain (DG) and envelope
correlation coefficient (ECC). Isolation between radiating
components can be investigated from the perspective of
ECC. ECC can be determined using either the scattering
parameter method or the fair field radiation pattern. The
scattering parameters based ECC calculation is preferred
because 3D far field measurement is difficult. The ECC
of the MIMO antenna system is calculated by the
following equation [4],

* * 2
‘511512 + S21522‘

C= .
(t-[s0f* - [82f" ) (2~ 8221 ~[5:2f")
The diversity gain of the MIMO antenna system is

evaluated using following equation DG :10\}1—ECC2.
Although the ECC ideally must be zero, the practical
limit of ECC is less than 0.5 for an isolated MIMO
diversity antenna. The ECC of the recommended
composite fractal MIMO antenna is estimated using both
S-parameter and radiation pattern method that is less
than 0.08. It is perceived from Fig. 10. The DG of
the proposed hybrid fractal MIMO antenna system can
be observed in Fig. 10 that shows the simulated and
measured DG that is greater than 9.5 dB.

V1. CONCLUSION

We have proposed a bandwidth-enriched, dual-
band, compact MIMO antenna with high isolation for
UMTS and LTE applications. By using an amalgamated
fractal configuration and CPW feed, a broad impedance
bandwidth of 80% is obtained at 1.81 to 3.17 GHz with
a miniature size of 25x35mm?2 . The proposed hybrid
fractal MIMO antenna provides good impedance
matching over the 1.81 to 3.17 GHz frequency band.
With the help of the T-shaped stub isolation configuration,
isolation between ports is enhanced; that is, less than —20
dB is attained throughout the operating frequency band.
The proposed hybrid fractal MIMO system is also a right
candidate for MIMO multi-polarized performance as the
DG, and the ECC is greater than 9.5 dB and less than
0.08, respectively, throughout the operating band. The
obtained peak gains of the proposed antenna are 5.8
and 6.9 dBi at 2.1GHz and 2.6 GHz, respectively. The
composite fractal MIMO antenna has omnidirectional
radiation pattern at 2.1 and 2.6 GHz. The simulation and
measurement results show that the proposed MIMO
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structure is better in terms of size, peak gain, isolation,
ECC and DG when compared to existing MIMO
antennas. Hence, the suggested hybrid fractal MIMO
antenna system is well suited for UMTS and LTE
applications.
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Fig. 10. Simulated and measured ECC and DG for
proposed MIMO antenna.
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