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ABSTRACT In this paper, a reconfigurable Multiple-Input Multiple-Output (MIMO) antenna array is presented for 

5G portable devices. The proposed array consists of four radiating elements and an Electromagnetic Band Gap (EBG) 

structure. Planar monopole radiating elements are employed in the array with Coplanar Waveguide Ports (CWPs). 

Each CWP is grounded on one side to a reflecting L-shaped structure that has an effect of improving the antenna’s 

directivity. It is shown that by inductively connecting Minkowski fractal structure of 1st order to the radiating element, 

the impedance matching is improved that results in enhancement in the array’s bandwidth performance. The EBG 

structure is used to provide the isolation between antenna elements in the MIMO array. The fractal structure is 

connected to the L-shaped reflector through four photosensitive light dependent resistor (LDR) switches. The effect 

of various LDR switching configurations on the performance of the antenna is investigated. The proposed array 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3392368

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

mailto:taelwi82@gmail.com
mailto:fatma.taher@zu.ac.ae
mailto:b.virdee@londonmet.ac.uk
mailto:i.garciazuazola@londonmet.ac.uk
mailto:a.krasniqi@londonmet.ac.uk
mailto:mohammad.alibakhshikenari@uc3m.es
mailto:amna.shibib@ieee.org
mailto:nturker@yildiz.edu.tr
mailto:drskhan@ksu.edu.sa
mailto:n.ojaroudiparchin@napier.ac.uk
mailto:patrizia.livreri@unipa.it
mailto:iyad.dayoub@uphf.fr
mailto:giovanni.pau@unikore.it
mailto:sonia.aissa@inrs.ca
mailto:limiti@ing.uniroma2.it
mailto:mohamed.fathy@aast.edu
mailto:Corresponding%20authors:%20taelwi82@gmail.com
mailto:mohammad.alibakhshikenari@uc3m.es
mailto:giovanni.pau@unikore.it


                                                                                                                                                     
 
provides a novel performance in terms of S-parameters with enhancements in the radiation properties. Such 

enhancements are achieved with low separation gaps between antenna elements (about λo/16 at 3.5 GHz). It is shown 

that the array’s operational bands centered at 3.5 GHz and 4.65 GHz can be selected by activating certain LDR 

switches. The electromagnetic exposure of the array on the human body is investigated by determining the specific 

absorption rate (SAR). It is found that the proposed antenna shows lower SAR values compared to other antennas 

reported in literature. With the proposed EBG structure, the gain of the array is increased 7.5 dB (from -3.5 dBi to +4 

dBi) at 3.5 GHz and by 14.3 dB (from -8.7 dBi to + 5.6 dBi) at 4.65 GHz. The average radiation efficiency between 

3.5 GHz and 5.5 GHz increased by 42% from 20% to 62%. Excellent radiation characteristics of the EBG the array 

makes it suitable for 5G portable devices such as tablets.  

 

INDEX TERMS Electromagnetic Band Gap (EBG), multiple-input multiple-output (MIMO), 5G system, antenna 

arrays, specific absorption rate (SAR), photosensitive light dependent resistor (LDR). 

 
1. INTRODUCTION 

Over the last decade, wireless communication 

technology has undergone rapid advancements, leading 

to increased demand for higher channel capacity and 

lower bit error rates [1]. Multiple-Input Multiple-Output 

(MIMO) is a crucial technology that has significantly 

contributed to address these demands [2]. These 

developments have improved various aspects of wireless 

communications including signal quality, enhanced 

throughputs, quality of service (QoS), minimizing fading 

effects, reduced latency, improved coverage, and energy 

efficiency [3-4]. The reconfiguration mechanism applied 

to the MIMO antenna permits wireless systems to 

dynamically adjust and adapt to different communication 

scenarios, frequencies, or conditions [5]. This flexibility 

offers several benefits and advantages in terms of 

frequency agility, spectrum efficiency, interference 

mitigation, and adaptive beamforming [6]. It should be 

noted that the surrounding environment of a MIMO 

antenna system plays a crucial role in determining its 

gain characteristics, particularly in the context of 

reconfigurable antennas [7].  

Coplanar waveguide (CPW) antennas have the 

advantages of easy fabrication, low cost, compact size, 

and multiband operation [8]. Synthetic metamaterial 

surfaces such as soft and hard surface defects, frequency 

selective surfaces, artificial magnetic conductors, and 

Electromagnetic Band Gap (EBG) structures have been 

widely used to replace traditional conductors in most 

microwave structures [9]. These technologies are widely 

used for suppressing surface waves between antenna 

elements [10].  

EBG structures are engineered periodic arrays of 

dielectrics or metals that exhibit photonic band gap 

ranges where electromagnetic waves are prohibited from 

propagating through the material. These structures are 

designed to control the behavior of electromagnetic 

waves by creating stopbands in the frequency spectrum 

[11-12]. EBG structures have been utilized for a variety 

of applications. Enhancing antenna gain and bandwidth 

are among the significant benefits they offer [13]. 

In 5G networks, 3GPP classifies the two main 

communication bands as FR1 (below 7.125 GHz) and 

FR2 (above 24.25 GHz) [14]. The use of millimeter-

wave (mmW) spectrum results in significant reduction of 

antenna size because of the shorter wavelength and 

increase in bandwidth [15]. However, the propagation of 

mmW through buildings becomes extremely difficult 

since the skin depth and attenuation increase with 

increasing frequency [16-17]. Sub-6 GHz frequencies 

remain crucial for achieving reliable coverage, while 

higher-frequency millimeter waves offer high-capacity 

solutions for open areas [18,19].  

In this paper, a reconfigurable MIMO antenna array 

with LDR switches is designed for 5G Applications. 

Isolation between the radiating elements of the MIMO 

array is enhanced by embedding EBG strips. The 

radiating elements consist of a monopole that is fed 

through a CPW structure, and the RF energy is launched 

through a matching load circuit and L-shaped reflector. 

By controlling the operation of LDR switches on the 

antenna, the proposed MIMO array provides 

reconfigurability and excellent radiation patterns. 

 
2. ANTENNA ARRAY STRUCTURE 

The proposed MIMO antenna array, which is shown in 

Fig.1, is designed to operate at sub-6GHz frequencies. 

Each antenna element consists of a monopole fed by a 

CPW port. The antenna ground-plane, which is an L-

shaped reflector, is used to direct the radiation in a 

specific direction. An impedance matching structure, 

which is constructed from the first order Minkowski 

fractal, is inductively coupled to the radiating element to 

improve the array’s bandwidth performance. The 

matching structure is attached to the L-shaped reflecting 

structure via four LDR switches that control the antenna 

surface current distribution and thereby its 

reconfigurability. All antenna elements were fabricated 

on an FR4 substrate having dielectric constant (𝜀𝑟) of 4.3 

and loss-tangent (tan𝛿) of 0.025.   

The physical size of the array is 64×64×1.6 mm3 which 

is suitable for tablets and laptops. With LDR switches, 

the issues associated with wiring complexity are avoided. 

These switches do not require DC biasing circuitry. 

However, it is important to note that LDR switches have 

limitations too, such as slower response times compared 
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to electronic switches, and sensitivity to ambient light 

conditions. 

An EBG structure is printed on the upper surface of the 

antenna array to reduce the mutual coupling effects 

between the radiating elements and improve the  

radiation characteristics of the array. The proposed EBG 

structure consists of five elliptically shaped slots, as 

illustrated in Fig.2. Physical parameters defining the 

EBG strip are given in Table 1.   

 

 
Fig. 1. Geometrical details of the MIMO antenna. 
 

 
Fig. 2. Proposed EBG structure. 

 

Table 1. Parameters of the EBG structure.  

Parameter Magnitude (mm) 

LEBG 38.0 

WEBG 3.0 

DL 1.5 

SL 6.0 

Sw 2.6 

 
3. CHARACTERIZATION OF EBG STRUCTURE 

The defects on the copper strip of the EBG structure 

will have an influence on the array performance. 

Therefore, it is necessary to carry out a parametric study 

using numerical and analytical circuit modelling 

techniques to characterize the EBG structure.  

 
A) NUMBER OF SLOTS 

The number of slots on the EBG structure will have an 

impact on the resonance characteristics of the structure. 

The EBG structure was numerically analyzed using a 

commercially available full-wave analysis tool. The 

effect on the reflection and transmission coefficient 

responses is observed. An analysis is carried out by 

implementing the EBG on a 50- microstrip 

transmission line, as shown in Fig.3. The transmission 

line is constructed on FR4 substrate. The propagating 

mode over the transmission line used is a quasi-

Transverse Electromagnetic Mode (TEM) which is one 

of the primary modes of propagation in microstrip 

transmission lines. 

 

 

Fig. 3. Performance analysis scenario for the EBG structure. EBG 

defects are loaded to a transmission line structure. 
 

The reflection coefficient (S11) and transmission 

coefficient (S21) responses as the function of frequency 

and number of slots (N) are given in Fig.4. It is observed 

that the EBG structure with N slots provides multiple 

resonances at sub-6 GHz band. The S11 response defines 

the resonance bands in the EM spectrum that are prone 

to mutual coupling effects.  

 

 

 
Fig. 4. Scattering parameters of the EBG structure with different 

number of slots, (a) S11, and (b) S21. 
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The S21 response in Fig.4(b) indicates regions in the 

EM spectrum where rejection is the strongest. The EBG 

structure with five elliptically shaped slots impedes the 

propagation of surface waves, and this effect is observed 

in the transmission coefficient response with distinct 

attenuations at 2.45 GHz, 3.5 GHz, 4.65 GHz, and 5.8 

GHz. The attenuation at 3.5 GHz and 4.65 GHz is 

instrumental in isolating EM interaction between the 

neighboring antennas in the proposed antenna array. 

EBG with 5 slots is considered in the proposed antenna 

array. 
 

B) GEOMETRY OF THE SLOTS 

An analysis for the slot geometry is carried out, 

considering various slot shapes, including elliptical, 

rectangular, and circular. The effects of slot shape on 

transmission and reflection characteristics are shown in 

Fig. 5. The analysis results reveal that the elliptical slot 

exhibits exemplary matching performance compared to 

circular and rectangular-shaped slots. This is attributed 

to the motion of the currents at the edges of the elliptical 

slot, which effectively reduces reactance of the structure 

in comparison to the other geometries. 

 

 

 
Fig. 5. Scattering parameters of the EBG structure with different slot 

shapes, (a) S11, and (b) S21. 

 
C) CIRCUIT MODEL 

The performance of the proposed EBG is validated  by 

analyzing its equivalent circuit model. The model is 

verified with two commercially software, Advanced 

Design System (ADS) by Keysight Technologies and 

High Frequency Structure Simulator (HFSS), which is a 

full-wave 3D electromagnetic (EM) simulation software 

by Ansys. Fig.6 shows the electrical circuit model of the 

transmission line EBG structure. The microstrip stub of 

the T-shaped structure consists of parallel CTLT circuit in 

series with parallel LCR circuit that represent the slots 

embedded in the stub. The coupling effect between the 

slots in the stub is represented by reactive elements CT 

and LT. The values of the circuit elements are determined 

using ADS and are listed in Table 2. S-parameter 

responses of the equivalent circuit model along with the 

responses from ADS and HFSS are shown in Fig.7. The 

excellent correlation in the S-parameter responses of the 

circuit model with ADS and HFSS confirms the accuracy 

of the electrical model.  
 

 
 

Fig. 6. Equivalent circuit model of the five slot EBG structure. 

 

Table 2. Circuit elements of the equivalent circuit model. 

Lumped 

element 
Value 

 Lumped 

element 
Value 

R 50 Ω  CT3 0.64 pF 

L 0.1 nH  LT3 2.06 nH 

LT 42.6 nH  CT4 1.04 pF 

RT 50 Ω  LT4 0.64 nH 

CT1 0.45 pF  CT5 2.04 pF 

LT1 1.94 nH  LT5 0.2 nH 

CT2 1.54 pF  C 0.08 pF 

LT2 1.42 nH  CF 0.2 pF 
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Fig. 7. Equivalent circuit model analysis results, (a) S11, and (b) S21. 

 
4. ANTENNA PERFORMANCE 

The EBG structure, which is located at the center of 

the 2×2 MIMO antenna array, has a great impact on the 

antenna performance. In this section, firstly, the effect of 

the EBG structure on the radiation characteristics is 

investigated. Then, a beam switching implementation is 

demonstrated using LDR switches.  
 
A) PERFORMANCE WITHOUT EBG 

This section presents the numerical analysis results of 

the antenna array without the EBG structure obtained 

using CST Studio Suite [15], which is a high-

performance 3D electromagnetic analysis software. The 

reflection coefficient response of the antenna array and 

radiation patterns in the E and H orthogonal planes are 

given in Fig.8. The reflection coefficient response shows 

that the proposed antenna array resonates more strongly 

at 3.5 GHz and 4.8 GHz. It is lower than -10 dB within 

the range of 3.4-3.6 GHz and 4.25-5.2 GHz. Moreover, 

at 3.5 GHz the radiation patterns in both E- and H-planes 

can be approximated to an oval shape, and at 4.65 GHz 

the array in the E-plane radiates approximately 

omnidirectionally whereas in the H-plane it is 

bidirectional firing at angles of 25 and 155 degrees, as 

shown in Fig.8(b) and (c), respectively.  

The transmission coefficient response of the antenna 

array is given in Fig.9(a). The isolation between the ports 

is better than 15 dB in the 1-6 GHz frequency range. 

Antenna gain and radiation efficiency of the array are 

shown in Fig.9(b) and (c), respectively. Fig.9(b) shows 

that the gain of the array over 3-6 GHz varies between -

8.7 dBi and -2.5 dBi. Fig.9(c) shows that the radiation 

efficiency of the array without EBG varies between 15% 

and 21%. The poor gain and radiation efficiency is due 

to the detrimental effects of mutual coupling between the 

radiating elements of the array. Effective design and 

mitigation strategies are therefore essential to counteract 

these effects and achieve the desired array performance. 

 

 

 
 

 
Fig. 8: (a) Reflection coefficient response without EBG structure, (b) 

far-field radiation patterns of the antenna array without EBG structure 

in the E-plane and H-plane at 3.5 GHz, and (c) far-field radiation 

patterns of the antenna array without EBG structure in the E-plane and 

H-plane at 4.65 GHz. 
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Fig. 9. Transmission coefficient response of the antenna array without 
EBG structure, (b) antenna gain without EBG structure, and (c) 

radiation efficiency without EBG structure. 

 

B) PERFORMANCE WITH EBG 

EBG structure is implemented between the radiating 

elements to prevent the electromagnetic interference 

between adjacent antenna elements in an array. The 

proposed EBG structure also prevents propagation of the 

surface waves which are generated by reflections and 

interactions with the ground plane. These surface waves 

can also degrade the performance of the antenna system 

by interfering with the desired radiation pattern and 

causing scattering. Fig.10 shows that by inserting the 

EBG between the radiating elements, significant 

improvement in the reflection coefficient response and 

radiation patterns is obtained. The reflection coefficient 

is lower than -10 dB in the range of 3.4-3.6 GHz and 

4.25-5.2 GHz. At 3.5 GHz, the reflection coefficient is -

27 dB, and at 4.65 GHz it is -22 dB. The proposed EBG 

structure creates a more conducive electromagnetic 

environment around the antenna elements, which in turn 

contributes to mitigating factors that improve impedance 

matching. The radiation patterns at 3.5 GHz in E- and H-

planes are approximately oval shaped, and at 4.5 GHz the 

radiation in the E- and H-planes is approximately 

omnidirectional but with a pinch off at 90o.  

 

 
 

 
 

Fig. 10. Antenna performance: (a) Return loss with EBG structure, (b) 
Far-field radiation patterns in the E- and H-planes at 3.5 GHz, and (c) 

Far-field radiation patterns in the E- and H-planes at 4.65 GHz. 

 

The transmission coefficient response of the antenna 

array with EBG structure is given in Fig.11(a). It shows 

that the isolation between the ports is better than 21 dB 

in the 1-6 GHz frequency range. Fig.11(b) shows gain of 

the array over 3-6 GHz varies between 1 dBi and 5.6 dBi. 

The radiation efficiency of the array, shown in Fig.11(c), 

varies between 37.5% and 61% over the 3-6 GHz band. 

The significant characteristics of the antenna array 

without and with EBG structure at 3.5 GHz and 4.65 

GHz are summarized in Table 3. 

 

 

 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3392368

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



                                                                                                                                                     
 
Table 3. Comparison of performance parameters of the array 

with and without EBG. 

 S11 

(dB) 

Gain 

(dBi) 

Eff. 

(%) 

Without EBG @3.5 GHz -20 -3.5 20 

Without EBG @4.65 GHz -12 -8.7 20 

With EBG @3.5 GHz -27 4 63 

With EBG @4.65 GHz -22 5.6 61 

 

 
 

 

 

Fig. 11. Antenna array performance with EBG structure, (a) 
Transmission coefficient response, (b) Antenna gain, and (c) Radiation 

efficiency. 

 

C) EFFECTS OF LDR SWITCHING 

Four light dependent resistor switches are added to 

each fractal structure as shown in Fig.12(a). In this 

application the LDR was either fully activated or 

deactivated. In this scenario the LDR were not used in a 

quasi-ON/OFF mode. By activating or deactivating the 

LDR switches, each radiating element in the array can be 

controlled. The simulated reflection and transmission 

coefficient responses when LDR switches are activated 

(ON status) are shown in Fig.12(a) and (b), respectively. 

The reflection coefficient is better than -10 dB across 

3.3-3.5 GHz and 4.3-5.1 GHz. At 3.5 GHz, the reflection 

coefficient is -14 dB, and at 4.65 GHz it is -25 dB. The 

isolation between the ports is better than 21 dB within 1-

6 GHz frequency range.  The radiation patterns in the E- 

and H-planes are shown in Fig.12(c) at 3.5 GHz and 4.65 

GHz. The array radiates over 0o to -180o in both the E- 

and H-planes at 3.5 GHz. At 4.65 GHz, it radiates in the 

opposite direction over 0o to +180o in both the E- and H-

planes. When the LDR switches are deactivated (OFF 

state) the performance of the antenna array is identical to 

those shown in Fig.10.  

 

 

 

 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3392368

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



                                                                                                                                                     
 

 

 

Fig. 12. Performance of the reconfigurable MIMO antenna, (a) 
Reflection coefficient response, (b) Transmission coefficient response, 

(c) Radiation patterns at 3.5 GHz, and (d) Radiation patterns at 4.65 

GHz. 

 

By turning certain elements ON or OFF using the LDR 

switches, the overall radiation pattern of the antenna 

array can be controlled. This enables the ability to 

electronically steer the direction of the main beam, which 

is very useful for applications like radar, wireless 

communication, and satellite communication. 

Traditional mechanical steering mechanisms require 

moving parts, which can be bulky and have limitations in 

terms of speed and accuracy. LDR-based beamforming 

eliminates the need for such mechanisms, reducing the 

complexity and maintenance requirements of the antenna 

system. 

Envelope Correlation Coefficient (ECC) is a 

parameter used to characterize the performance of 

MIMO antenna arrays [14]. It measures the correlation 

between the envelope of the signals received by the 

various antennas in a MIMO system. ECC values close 

to zero indicate that the signals received by different 

antennas are relatively uncorrelated, which is beneficial 

for achieving the full potential of MIMO technology, 

including improved spatial diversity and higher data 

rates. Fig.13(a) shows the magnitude of the ECC of the 

proposed MIMO antenna array over the frequency span 

of interest is less than 0.2. These results can be explained 

by studying the surface current density distribution over 

the antenna array at 3.5 GHz and 4.65 GHz. The surface 

current distribution of the antenna array at these 

frequencies is shown in Fig.13(b) and (c). It shows the 

effectiveness of the EBG structure in blocking mutual 

coupling between the radiating elements. The EBG 

structure induces a phase difference in the propagation of 

electromagnetic waves between neighboring radiating 

elements, leading to an amplification of current intensity 

along the edges of the substrate.  
 

5. MEASURED RESULTS AND DISCUSSION 

The prototype of the MIMO antenna array shown in 

Fig.14 is  fabricated on FR4 substrate. Its S-parameters 

and radiation patterns are measured using Agilent PNA 

8720 Network Analyzer. The measured results are 

compared with the results obtained by CST Studio Suite 

to verify the accuracy and effectiveness of the simulation 

tool. The LDR switches were covered with an opaque lid 

so that they were inactive during the measurements. The 

radiation patterns were measured inside an RF anechoic 

chamber in the two principal planes.  

The reflection and transmission coefficient responses 

of the antenna array with LDR switches OFF are shown 

in Fig.15(a) and (b), respectively. The measured 

reflection coefficient is better than -10 dB across 3.3-3.6 

GHz and 4.2-5.1 GHz. At 3.5 GHz, the reflection 

coefficient is -25 dB, and at 4.65 GHz it is -25 dB. The 

isolation between the radiating elements is better than 35 

dB within 1-6 GHz range.  The radiation patterns in the 

E- and H-planes at 3.5 GHz and 4.65 GHz are shown in 

Fig.15(c) and (d). At 3.5 GHz, the array radiates over 0o 

to -180o in the E-plane and in the H-plane the array 

radiates over 0o to +180o. At 4.65 GHz the array radiates 

bidirectionally at 27o and 158o in the E-plane, and at over 

0o to +180o in the H-plane. There is excellent agreement 

between simulated and measured results. The 

discrepancies between simulated and measured results 

are attributed to manufacturing tolerances and 

environmental conditions. 
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Fig. 13. Performance of the proposed reconfigurable MIMO array, (a) 

ECC response, (b) Current density distribution over the antenna array 

at 3.5 GHz, and (c) Current density distribution over the antenna array 
at 4.65 GHz. 

 

 
 

(a) 

 

(b) 

Fig. 14. Fabricated prototype of the reconfigurable MIMO antenna (a) 
Top and bottom view, (b) Prototype in the measurement setup. 

 

The MIMO antenna array’s performance was 

evaluated when all LDR switches were activated ON. 

Fig.16 shows the measured reflection and transmission 

responses of the array. S11 is lower than -10 dB between 

3.25-3.5 GHz and 4.2-5.1 GHz. At 3.4 GHz, S11 is -15 

dB, and at 4.65 GHz it is -30 dB. The S21 between the 

radiating elements is greater than 38 dB over 1-6 GHz. 

At 3.5 GHz, the array radiates over 0o to -180o in the E-

plane and bidirectionally at angles of -30o and -160o in 

the H-plane. At 4.65 GHz the array radiates over 0 o to 

+180o in the E-plane, and in the H-plane it radiates over 

0 o to +180o.  

 

 

 

Fig. 15. Antenna performance when all LDR switches are switched 
‘OFF’, (a) Reflection coefficient, (b) Transmission coefficient, (c) 

Radiation patterns at 3.5 GHz, and (d) Radiation patterns at 4.65 GHz. 
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Fig. 16. Antenna performance when all LDRs switches are switched 
‘ON’, (a) Reflection coefficient, (b) Transmission coefficient, (c) 

Radiation patterns at 3.5 GHz, and (d) Radiation patterns at 4.65 GHz. 

 

 The reflection and transmission coefficients of the 

antenna array with all LDR switches either activated or 

deactivated are compared in Table 4. In the ‘ON’ 

condition the antenna is receptive to 4.65 GHz and in the 

‘OFF’ state it is receptive to both 3.5 GHz and 4.65 GHz.   
 

Table 4. Comparison of antenna array parameters with LDR 

in the ‘ON’ and ‘OFF’ states. 

 S11 

(dB) 

S21 & S12 

(dB) 

LDR switched OFF @3.5 GHz -25 -38 

LDR switched OFF @4.65 GHz -25 -42 

LDR switched ON @3.5 GHz -15 -42 

LDR switched ON @4.65 GHz -30 -40 

 
A) SAR ANALYSIS 

Specific Absorption Rate (SAR) quantifies the pace at 

which body tissues absorb electromagnetic energy. It is 

quantified in terms of watts per kilogram (W/kg). SAR 

analysis is carried out on the proposed MIMO antenna 

array. Radiation effects are numerically evaluated by 

analyzing the SAR using HUGO which is standardized 

anatomical model of the head in CST Studio Suite. 

HUGO represents the human head and its internal 

structures with high anatomical accuracy. Radiation 

absorption  from the proposed antenna array is evaluated 

on HUGO in the ON/OFF state at 3.5 GHz and 4.65 GHz. 

In the proposed simulation scenario, the antenna array is 

located 10 mm away from HUGO’s face. The power 

transmitted from the antenna array is 20 dBm, which falls 

within the Federal Communications Commission's 

(FCC) maximum permissible limit. The results of this 

simulation are shown in Fig.17.  

 

 
Fig. 17. Problem definition for the SAR analysis. Far-field radiation 

and SAR values at (a) 3.5 GHz, and (b) 4.65 GHz. 
 

When the LDR switches are in the ‘OFF’ state the peak 

value of the SAR is computed to be 0.15 W/kg at 3.5 

GHz and 0.21 W/kg at 4.65 GHz. In the ‘ON’ state the 

SAR peak value is 1.25 W/kg at 3.5 GHz and 0.94 W/kg 

at 4.65 GHz. The magnitude of SAR is well below the 

limit permitted by the FCC in United States, which is 1.6 

W/kg averaged over 1 gram of tissue for both head and 

body exposure. In the European Union, the limit is 
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generally 2.0 W/kg averaged over 10 grams of tissue for 

head exposure and 2.0 W/kg averaged over 10 grams of 

tissue for body exposure. 

 
B) COMPARISON WITH OTHER MIMO ANTENNA 
ARRAYS 

The performance of the proposed antenna array is 

compared with the other MIMO antenna arrays reported 

in literature in Table 5. Compared to the other antenna 

arrays, the proposed antenna array exhibits better 

performance in terms of antenna gain, inter-radiating 

element isolation, and ECC. Moreover, the gap between 

the radiating elements and the overall array size is 

significantly smaller. Unlike other antenna arrays, the 

performance of the proposed array can be reconfigured 

with LDR switches without the need for DC biasing.  
 

6. CONCLUSION 

The proposed sub-6 GHz MIMO antenna array with 

EBG structure is shown to provide high element 

isolation. The reconfigurability property of the antenna 

array is also demonstrated using LDR switches. With the 

proposed EBG structure, the antenna gain of the array is 

increased by 7.5 dB to +4 dBi at 3.5 GHz and by 14.3 dB 

to + 5.6 dBi at 4.65 GHz. The radiation efficiency at 3.5 

GHz and 4.65 GHz are increased to 63% to 61%. This 

demonstrates the effectiveness of the proposed EBG 

structure. Moreover, the array exhibits excellent 

radiation characteristics with EBG. SAR of the antenna 

array was evaluated on HUGO which is standardized 

anatomical model of the head in CST Studio Suite. When 

the LDR switches on the antenna array were either 

switched ‘ON’ or ‘OFF’, the SAR peak value was well 

below 1.6 W/kg, which is the limit set by the FCC in 

United States.  

 
Table 5. Comparison with other MIMO antenna arrays 

published in literature. 

Ref. 
Size 

(o
2) 

No. 
radiating 

elements 

Freq. 

(GHz) 

Gain 

(dBi) 

Isolation 

(dB) 
ECC Gap 

[20] 2.4×1.8 8 5.15/5.95 2.1 15 0.05 λ/1.9 

[21] 2.75×1.4 4 5.15/5.85 1.9 16 0.06 λ/2 

[22] 2.5×1.1 8 5.15/5.95 1.9 10 0.09 λ/2 

[23] 2.5×1.2 12 4.8/5.1 2.6 12 --- λ/2.1 

[24] 2.78×1.5 8 5.17/5.95 2.2 10 0.11 λ/2.3 

[25] 2×2 4 3.3/5.8 1.1 15 0.10 λ/2.1 

[26] 3×1.3 2 5.6/5.67 12 30 0.06 λ/1.4 

This 

work 
0.87×0.87 4 3.5/4.65 5.6 42 0.01 λ/8 
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