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1. INTRODUCTION

Antennas play a crucial role in wireless communication by radiating guided waves into free space,
enabling global connectivity. To achieve the desired coverage for long-distance transmission, a single
omnidirectional antenna is often insufficient [1]. Multiple directional antennas and arrays are required to obtain
the appropriate radiation pattern and gain. Antenna arrays offer advantages such as increased overall gain,
diversity reception, interference elimination, and improved Signal Noise Ratio (SINR) [2]. However, the
practical implementation of many antenna elements in base stations and mobile terminals is limited by physical
space constraints. Moreover, complex antenna configurations with multiple resonances pose challenges in
developing accurate equivalent circuit models [3], [4], [5]. Equivalent circuit models can be used to understand
antenna performance better. An electrical model like this can simulate the circuits required to analyze planar
antennas. It isn't easy, however, to develop equivalent circuits for complex antenna configurations with many
resonances [6]. Equivalent circuit models, such as transmission lines and lumped circuits, have been widely
used to improve antenna design capabilities. Researchers have explored various techniques, such as using
metamaterials [7]. Split-ring resonators (SRR), meandered lines, and different configurations of radiating
elements address issues like electromagnetic suppression, isolation improvement, and mutual coupling
reduction in MIMO antennas [8], [9]. The authors in [10] reported a MIMO antenna in which the elements
were placed perpendicular to reduce the electromagnetic interaction, but the antenna design is complex. In
[11], a MIMO antenna was configured using split-ring resonators (SRR) and meandered lines for isolation
improvement. The reported antenna has a good isolation characteristic, but it is bulky. [12] reported a two-port
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MIMO antenna with low mutual coupling and pattern diversity; however, the antenna is a single-band MIMO
antenna but has excellent performance. In [13], a researcher presented a monopole antenna with a partial ground
plane and metamaterials for 5G sub 6GHz applications, the antenna has good results in terms of impedance
width and MIMO metric performances, but it is not a self-decoupled antenna. [14], proposed an orthogonal
arrangement of radiated elements to increase isolation. The design technique is complex. Authors in [15] used
an electromagnetic band gap structure to reduce the mutual coupling. The electromagnetic suppression
technique used is complex. The author in [16] employed a protruded ground structure to improve the isolation
of the antenna, but the antenna is not compact. An RFID parasitic antenna was modeled as a parallel RLC
circuit in [17]. The disadvantage of this antenna is its single configuration and single band. A study in [18]
shows that a series of parallel RLC circuits can be used to construct an equivalent circuit model of a small
multiband antenna. The antenna has a multiband characteristic but is not a MIMO antenna. In [19], researchers
present a new method to determine the ultra-wideband lumped equivalent circuit of a four-port circular
monopole antenna using the gradient optimization method in ADS. The mutual coupling technique was not
self-decoupled. [20], provides a method for generating a super wideband electrical model of frequency
reconfigurability. The authors used PIN-Diodes to configure in either the ON or OFF state, with an additional
rejected band. A single antenna was used instead of MIMO. [21] proposed an equivalent circuit modeling using
frequency domain data from simulation or measurements. The authors used a single antenna, not MIMO.

This paper aims to design and realize L-shaped dual-band frequencies for LTE and X-Band applications.
The proposed antenna's frequency domain response is rationally optimized based on antenna design and
substrate characteristics, leading to the development of an accurate circuit model. The derived circuit is
simulated using ADS software, and its accuracy is verified by comparing it with the antenna's simulation
results. A self-decoupled technique was used for mutual coupling reduction. This article outlines the MIMO
antenna configuration and working principles in Section 2, then presents an equivalent circuit model and
antenna analysis. Section 3 discusses the experimental results and MIMO metric performance, and finally,
Section 4 concludes the paper. By addressing the specific challenges of dual-band frequencies and considering
rational optimization techniques, this research contributes to advancing antenna design for LTE and X-Band
applications.

2. MIMO ANTENNA CONFIGURATION

The geometry of the proposed MIMO antenna for dual-band applications, including LTE and X band, is
shown in Fig. 1. The antenna consists of four L-shape radiators arranged in an orthogonal manner, as evident
in Fig. 1. The MIMO antenna is excited via a 50Q microstrip feedlines. Cutting slots of various shapes in the
ground plane can change the surface current distribution. Such slotted geometry is known as defected ground
structure (DGS). The DGS technique is employed in this work to achieve dual band frequency responses and
improve low mutual coupling between the MIMO antenna. The proposed antenna is etched on top of an FR4
substrate with a loss tangent of 0.025, a relative permittivity of 4.4, and a thickness of 1.6mm. Computer
simulation technology (CST) and advanced design system (ADS) were used to optimize the antenna's
performance, and Table 1 lists the optimized parameters.
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Fig. 1. Schematic view of the MIMO system; (a) Front view, (b) Back view, (c) Side view.
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Table 1. Dimensions of the proposed MIMO antenna

Parameter Size (mm) Parameter Size (mm)
D 4 L, 10
L 60 Py 3
L; 11.05 P> 10
L2 3 W 60

2.1. Equivalent Circuit Model Analysis

The proposed dual-band MIMO antenna's equivalent circuit was optimized using the ADS software, as
evident in Fig. 2. The analysis was to validate the simulated results from CST. The analysis used the four-port
impedance termination, four series inductors, and four parallel RLC components. Each of the parallel RLCs
represents a single monopole antenna. Three control engines were also set up: the s-parameter for a range of
frequencies from 1 — 12GHz, the optimization engine where a type of optimization can be selected and finally,
the goal engine where the limit of values for each component can be set. In this work, the simulation variable
setup for all the components was from minimum to maximum. The gradient optimization method was chosen
because of its computational efficiency and produced a stable error gradient and convergence [21]. A dual
frequency response is achieved after the circuit simulation, which produces the LTE and X band applications
compared to CST full wave simulation. It is evident in Fig. 3. The optimized circuit components are R1 =
36.22Q, R2 = 314844Q, R3 = 242040€2, R4 = 43498Q, L1 = 28.1nH, L2 = 3.09nH, L3 = 1466.9nH, L4 =

1467.5nH, C1 = 18.60pF, C2 = 1.42pF, C3 = 1.5960pF, C4 = 2.3188pF, La = 220.6nH, Lb = 33820nH, Lc =
1.00nH, Ld = 129.34nH.
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Fig. 2. The circuit model for the MIMO antenna.
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Fig. 3. S11 of the equivalent circuit model.

2.2. Circuit model parametric analysis

A parametric optimization was performed on several circuit components to see their effect on the antenna
response. Varying the value of the input inductance 'La' affects the antenna at the highest frequencies above 6
GHz. The “La” values of 292.6pH, 300.4pH, 353.6pH and 399.0pH are visualized in Fig. 4(a). Decreasing 'La’
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yields the S11 dual-band range, with an optimal value of 220.6 pH. The second component examined is "C4".
The effect is shown in Fig. 4(b). This affects the higher frequencies of 7GHz. The value of resistor "R1" is also

examined, as depicted in Fig. 4(c); the effect is on the two resonant frequencies. Note that increasing the
resistance increases the frequency response accordingly.
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Fig. 4. Optimization of the circuit components (a) inductance, (b) capacitance, (c) resistance.

3.  RESULTS AND DISCUSSION
3.1. Scattering parameters

The suggested MIMO antenna's simulated and measured results are presented in this section. Fig. 5a
depicts the experimental setup, while Fig. 5b depicts the MIMO antenna prototype. A vector network analyzer
was used to test and measure the S11 spectra and isolation performance of the MIMO antenna (Agilent network
analyzer N3242C). An anechoic chamber was used to measure the far-field pattern after some calibrations. The
reception antenna used was a common horn antenna, with a 1m gap between the test antenna and the reference
antenna. Fig. 6-Fig. 8 shows the proposed MIMO antenna's S11, S21 spectra, gain, and radiation efficiency.
The measured and simulated S11 spectra are at 3.5GH z and 7GHz. The measured and simulated S21 spectra

are < -20dB, with a peak realized gain of 5.9dBi and radiation efficiency of 87%. The results from simulation
and measurement are in good agreement.

e

(b)

Fig. 5. (a) Prototype, (b) The measurement setup.
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Fig. 6. The contrast of simulated and measured S11.
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Fig. 7. The contrast of simulated and measured S21.
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Fig. 8. The contrast of simulated and measured results (a) peak gain (b) efficiency.

3.2. Far-field pattern and surface current

The MIMO antenna was measured in a calibrated anechoic chamber to validate the simulated far-fields.
The fabricated prototype was placed on a turntable in front of a broadband horn antenna at a distance of 1m
apart. Fig. 9(a-b) displays measurements and simulations of the far-field pattern at 3.5GHz and 7GHz,
respectively. The pattern shows an omnidirectional behavior at a lower frequency of 3.5GHz (receiving signals
equally from all directions), while a near-omnidirectional pattern is depicted at a higher frequency of 7GHz.
There are some distortions in measured results due to soldering and other technical issues during the
measurement. The surface current density for the proposed MIMO antenna has been investigated when both
ports 1 to 4 are excited. Fig. 10-Fig. 11 depicts the current distribution at 3.5GHz and 7GHz, respectively. An

exciting port has a higher concentration of currents. Much of the currents were concentrated at the feedline and
the main radiator.
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Fig. 9. The simulated and measured 2D far-field pattern (a) 3.5GHz, (b) 7GHz.
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Fig. 10. Current distribution at 3.5GHz when a different port is excited (a) port 1, (b) port 2, (c) port 3, (d)
port 4.
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Fig. 11. Current distribution at 7GHz when a different port is excited (a) port 1, (b) port 2, (c) port 3, (d) port
4.

3.3. MIMO Metric Performance

The diversity performance of the proposed antenna has been analyzed and discussed in this section. The
proposed MIMO antenna's total active reflection coefficient (TARC), Channel capacity loss (CCL), correlation
coefficient, diversity gain, and the MIMO antenna's mean effective gain. The parameter that quantifies signal
interference between MIMO channels (TARC) is computed using the following expression [22], [23], [24],
[25], [26].
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2 2
TARC = n=1lb;|? _ (Sii +Si;)" + (Sj; + S;1) ()
N 2 n
n=1 | ai |

In MIMO, ai denotes the incident wave from one port to another, bi denotes the reflected wave from one
port to another, and n refers to the number of MIMO elements at both ends. TARC also gives information about
the perceptible return loss of the MIMO antenna. The simulated and measured TARC is depicted in Fig. 12,
which is less than -10 dB.
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Fig. 12. Measured and simulated total active reflection coefficient.

The envelope correlation coefficient determines how well an antenna's elements correlate. It affects the
channel capacity of the MIMO system. According to the standard, ECC should be less than 0.1 [27] [28]. The
ECC variation is shown in Fig. 13, with a value of less than 0.0012. It can be evaluated using (2) [29].

_ lR0.9) x F(6,9)d0]”
TR 6. @) a0l [T, R 9] a0

The 131-(9, @) stands as the far-field property of the MIMO when port 1 or 2 is excited. The diversity gain
is another performance metric for verifying the degree of power reduction that is transmitted; it is computed
from the ECC by using the following (3) [30], [31]. The proposed antenna's DG is 9.994dB, as illustrated in

Fig. 14.
DG = 10 x 1= p.2 3)

2

1.0
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Fig. 13. Variation of ECC with frequency.

Circuit Modeling of Dual Band MIMO Diversity Antenna for LTE and X-Band Applications (Aminu Gambo A)


http://issn.lipi.go.id/issn.cgi?daftar&1368096553&1&&

518 Jurnal Ilmiah Teknik Elektro Komputer dan Informatika (JITEKI) ISSN: 2338-3070
Vol. 9, No. 3, September 2023, pp. 511-521

10+

Diversity gain (dB)
(o243

5 ' 1 L L L 1 ' 1 '
2 4 6 8 10 12

Freq (GHz)
Fig. 14. Variation of DG with frequency.

A linear channel capacity loss results from an increase in antenna elements. Increased antenna
components offer improved channel capacity, and a lower CCL is a crucial need for MIMO systems to manage
actual data rates well. As shown in Fig. 15, the measured and simulated CCL can be calculated using (4)—(5)
[32], [33], 34].

CCL = —log,(AP) (€]
P11 P12
P =
A P21 P22| )

An effective gain is a parameter that measures how much power is received through the diversity antenna
compared to the sum of the average power received through the isotropic antenna [35],[36]. Mean effective
gain is calculated from (6) [37], [38], [39], [40]. Fig. 16 shows the plotted result of the MEG. Table 2 compares
various aspects of the proposed MIMO antenna with other relevant studies available in the literature. In
comparison to [2], [3], [9], [10], [23], [27], and [29], the proposed work is compact, has high gain, high
efficiency, and is highly isolated.

N 2
Mean Effective gain = 0.5|1 — leij| (6)
=1
6 )
\ —— Simulated CCL
sLy — = Mecasured CCL

CCL (Bits/Sec/Hz)
)

Freq (GHz)
Fig. 15. Measured and simulated antenna's CCL.
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Fig. 16. Variation of MEG with frequency.

Table 2. Comparison of the proposed design with prior literature

Ref. Dimensions (mm) Substrate Peak gain (dBi) Efficiency (%) ECC
[2] 6666 FR-4 >3 85 <0.01
[3] 67%139 FR-4 - - <0.001
[9] 43%26 FR-4 4.21 - <0.1
[10] 150%75 FR-4 4.6 80 <0.07
Rogers
[14] 30%35 R04350B 8.3 82 <0.01
[23] 40%40 TM.M4 3.5 89 <0.4
Laminate
[27] 39x30 Rogers 5880 5.8 - <0.02
[29] 85%85 FR-4 2.9 70 <0.0006
This work 60x60 FR-4 5.9 87 <0.001
4. CONCLUSION

The dual-band MIMO antenna has been successfully demonstrated for LTE and X-band applications. The

dual-band can be configured using an L-shape radiator and a defective ground structure. To validate the MIMO
antenna, an equivalent circuit model has been introduced. The diversity performance has been experimentally
verified, and it is excellent in terms of TARC, ECC, DG, CCL and MEG. The proposed MIMO antenna has an
efficiency of 87% and an overall gain of 5.9dBi. The dual-band performance of the antenna makes it a suitable
candidate for wireless communication devices. Future work will employ another technique to achieve more
multiband frequencies for 5G sub 6GHz applications.
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