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This paper suggests a compact linear and circular polarization MIMO antenna for sub-6 GHz 5G smartphones. The 
proposed design can be divided into three parts: Firstly, a linear polarized dipole antenna is presented with dimensions of 

1×33.7×32.5mm3 and exhibits an impedance bandwidth (IBW) of 3.24GHz ranging from 3.3GHz to 6.6GHz at S11˂-

10dB. The second part includes a circular polarization CPW-Fed antenna with dimensions of 1×23.2×30mm3. The IBW 
of the CPW antenna is more than 4GHz, starting from 3.9GHz to more than 8GHz at an S11˂-10dB. The 3-dB axial ratio 

for the CP CPW antenna ranges from 4GHz to 7.38GHz. Finally, a combination of LP and CP antennas is presented to 

form a dual polarization MIMO system. A MIMO system consists of 5 elements; 4 elements are LP and 1 element is a CP 
antenna. The size of the MIMO system is 1×82.5×150mm3 printed on an FR-4 substrate. Two impedance bandwidths are 

found due to the use of two antenna types. The first one (S11, S22, S44, S55) equals 3.44GHz while the second (S33) 
equals 4.33GHz. HFSS is used for designing and simulating the proposed structures, while CST is used for verifying the 

results. 
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1. Introduction 

Fifth-generation (5G) technology has been developed to enhance the network's data rate, energy efficiency, capacity, and dependability with a 

fast growth rate and a huge number of devices requiring wideband operating frequencies [1]. The band spectrum of the 5G network is divided 

into two frequency bands: Sub-6GHz and Millimeter wave (mm-waves). The first frequency band is around 3.5 GHz, which is also used in 4G 

Long Term Evolution (LTE) networks [2]. While the second frequency band is the millimeter wave that starts from 24 GHz, which was approved 

in 2016 by the Federal U.S. Communications Commission (FCC). 

Due to this expansion in the wireless network, the need for antennas with reliable radiation and excellent characteristics that are compact in 

size, lightweight, and have a low profile is increased [3, 4]. Due to the characteristics of printed circuit antennas, including lightweight, 

simplicity of fabrication, low profile, and cheap cost, printed circuit antennas are commonly and frequently employed in wireless 

communication systems. Moreover, such antenna types can easily be embedded and integrated with device boards [5]. However, many types 

of conventional printed antennas may not satisfy such requirements as high-speed data rate, wideband; stable unidirectional radiation over a 

wideband of frequencies, and high gain [6-8]. 

Conventional Yagi antennas are employed frequently in wireless communication networks owing to their unidirectional radiating patterns and 

high gain [9]. Yagi antenna includes three parts; reflector, driver elements, and director [10]. Densmore and Huang suggested a planar microstrip 

Yagi antenna in 1991 as a combination of microstrip and Yagi antennas with the same Yagi antenna properties as high gain, cheap cost, steady 

radiation, and ease of manufacture and integration with circuit boards [11]. Many approaches are employed for developing and improving the 

performance of the planar Yagi structure. A Microstrip to Slotline feeding technique is proposed to achieve a wide impedance bandwidth, and 

the evaluated result is approximately 46% [12]. 

Next, the Microstrip antenna concept was first suggested by Deschamps in 1953. However, in the 1970s, both Howell and Munson developed 

practical antennas. The Microstrip Antenna's advantages, including; lightweight, low-profile, small-size, and easy to fabricate led to the use of 

such antennas for many wireless applications [13].  

In 1990, the coplanar waveguide (CPW) Fed antennas were suggested. The CPW-Fed antenna is a printed circuit antenna type considered the 

most straightforward technique to achieve wide bandwidth [14-17]. Due to the narrow bandwidth with the microstrip antenna [18], researchers 

have worked to overcome the narrow bandwidth issue.  
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Many microstrip antenna configurations have been introduced to increase the antenna  bandwidth by adding slots [19-23]. Moreover, it has 

been found that slot antennas based on coplanar waveguide (CPW) feedlines have a lot of advantages over microstrip antennas, such as broader 

bandwidth and lower dispersion and radiation loss [24]. 

The dual polarization antenna structure is frequently utilized in the mobile communication system to enhance the performance of the mobile 

communication system by utilizing polarization diversity (PD). Furthermore, dual polarization antennas are utilized for various communication 

purposes, such as satellite communication, due to the different uses and different applications of such structures [25]. 

A multi-input-multi-output (MIMO) antenna system has many advantages, such as the highest data rate, capacity, and the ability to minimize 

high fading in frequency and time-variant wireless channels [26]. In addition, the MIMO antenna has good radiation patterns with the required 

diversity, which may be analyzed using polarization, beam, and spatial diversity [27]. 

The mutual coupling problem is the main challenge in the MIMO antenna systems due to the separation distance between antenna elements. 

Many techniques are employed to mitigate the mutual coupling between the components of the MIMO system. The decoupling structures can 

be employed to mitigate the mutual coupling, such as a transmission line with a stub that leads to more signal paths between the elements [28]. 

Moreover, the Electromagnetic Bandgap structures (EBG) can be utilized to reduce the mutual coupling between the components of the MMO 

system [29]. Also, modifying the antenna structure's ground layer can be utilized to mitigate the mutual coupling between the MMO antenna 

components [30]. Furthermore, meta-surface walls between antenna elements can mitigate the mutual coupling by eliminating the surface waves 

[31]. 

This study suggests a MIMO antenna system with linear and circular polarizations for sub-6 GHz 5G smartphones. The overall size of the 

MIMO structure is 150×82.5 ×1mm3. The proposed MIMO system consists of 5 elements. 4 elements are placed on the corners of the rectangular 

substrate and give linear polarization. The other element is placed in the center of the substrate between two linearly polarized antennas and 

gives circular polarization. The fifth element is a CPW-Fed antenna, while the other four elements are planar dipole antennas. The proposed 

antennas have a good performance and bandwidth, encompassing the 5 G sub-6GHz applications. The Meander Line Resonator is added 

between MIMO elements to mitigate mutual coupling between them. The HFSS software is used for designing and simulating the suggested 

structures, while the CST is used for validating the results.  

2. Related Works  

Several studies use multiple techniques to design MIMO antenna systems. In [32], the authors present a 10 MIMO antenna system for 

smartphone applications. The proposed MIMO array total size is 140 × 70 mm2 printed on 0.8mm thick FR-4 dielectric substrate with a loss 

tangent of 0.02 and a relative permittivity equal to 4.4. Each antenna element in the MIMO structure is a type of microstrip line fed-open-slot 

antenna. The antenna array is operating at 3.6-GHz as a resonant frequency with a band starting from 3.4GHz to 3.8GHz for smartphone 

applications. In [33], the authors present a Dual Polarized 4×4 MIMO antenna structure for future wireless applications. The single microstrip 

antenna element size equals 55×55 mm2, while the overall MIMO structure dimensions are 165 × 165 mm2 printed on the FR-4 dielectric 

substrate of 1.6mm thick. MIMO antenna structure is found in operation at GSM (1.71GHz-1.88GHz), WLAN (5.15GHz-5.35GHz), and 

WiMAX (3.3GHz-3.7GHz) frequency bands. An axial ratio gives circular polarization bands equal to 94 MHz from (3.56-3.67) MHz for 

WiMAX and 203 MHz from (5.16-5.29) MHz for the WALN band. The GSM band gives linear polarization with an AR greater than 3 dB. In 

[34], investigates the design of three elements of MIMO antenna structure for linear and circular polarized Systems. Two antennas are used in 

the MIMO structure; a microstrip patch antenna and two printed dipole antennas. The MIMO antenna has a dimension of 29×48 mm2 and is 

printed on a 1.6mm dielectric substrate. The patch antenna is circularly polarized with a broadside radiation pattern while the printed dipole 

antenna has a linear polarized with end-fire radiation. The impedance bandwidth is found at 16.28 % at a resonant of 5.71 GHz for printed 

dipole, while it is found at 4.14 % at a resonant of 5.79 GHz for patch antenna. Finally, the 3dB axial ratio bandwidth is found from 5.61 to 

5.70GHz. 

In [35], the MIMO antenna design relies on Y-shaped antenna elements for Ultra-Wide Band applications. The MIMO antenna's total size is 

150× 79 mm2 printed on Rogers RO3003 dielectric substrate of thickness equal to 1.6mm and permittivity of 3. MIMO antenna system 

bandwidth is found to be 2.06 GHz, starting from 8.13GHz to 10.19GHz with a resonance frequency of 8.73GHz. Moreover, high isolation is 

achieved. In [36], the authors present a MIMO antenna structure for circularity and linearity polarization applications. The MIMO antenna size 

is 110×47×1.57 mm3 printed on Rogers RT-droid 5880 substrate with a loss tangent of 0.0009 and a permittivity of 2.2. The MIMO antenna 

operates at a resonance frequency of 3.5GHz. In [37], designs an eight elements MIMO Antenna System for 5G future Mobiles. An inverted L-

shaped monopole antenna element is used in the proposed design structure. The total size of the MIMO system is equal to 136 × 68 mm2 printed 

on an FR4 dielectric substrate that has 0.8mm thick. The proposed structure resonates at 3.5GHz (- 6dB) with an IBW 450MHz. In [38], the 

authors present a MIMO antenna system for 5G sub-6GHz applications. The MIMO antenna system is characterized by a total size of 115 × 65 

mm2 printed on an FR4 dielectric substrate of 1.6mm thickness. The operating bandwidth is found to be equal to 2.4GHz, from 3.6GHz to 

5.8GHz, with a resonant frequency of 5.55GHz. The axial ratio (AR) is equal to 0.37 dB. In [39], the authors present a dual-polarized MIMO 

system for mobile applications. The total MIMO size is 150 × 80 × 1.6 mm3 printed on an FR4 dielectric substrate. The MIMO antenna is 

resonating at 3.5GHz with an impedance bandwidth ranging from 3.4GHz to 3.6GHz.  

 

Nomenclature & Symbols   

4G fourth generation 5G fifth generation 

LP linear polarization CP circular polarization 

FR-4 flame retardant MIMO multiple input multiple output 

FCC federal communications commission CST computer simulation technology 

CPW coplanar waveguide HFSS high-frequency structure simulator 

EBG electromagnetic bandgap AR axial ratio 

ARBW axial ratio bandwidth Sij S-parameters 
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3. Single-ELEMENT Linear Polarization Antenna 

Fig. 1, shows the suggested antenna relying on the printed dipole antenna. The designed antenna is printed on an FR-4 dielectric substrate with 

a size of 32.5×33.7mm2 (L×W) and 1mm thick. The feedline employed for the suggested structure is a microstrip to slot-line transition with an 

impedance of 50ohm. The feed line is printed on the bottom face of the FR-4 dielectric substrate with a length of (Lf =18.3 mm). At the end of 

the transmission line, a square stub with dimensions of 4×4 mm2 (S1×S2) is inserted to increase impedance matching. The suggested antenna's 

patch layer is printed on the top surface of the dielectric substrate material. As shown in Fig. 1, the construction of the patch layer includes a 

reflector, flare-shaped drivers, and a single director. The driver is featured by having a flared shape and a tapered slotted curve. The length of 

each wing (L3) is 8.4mm and the width (W3) is 12mm. This curve is employed in the suggested structure because it has many advantages, such 

as wide IBW, symmetrical radiation pattern, and high gain. Adding the director to the antenna structure enhances the antenna's performance. 

The director has a size of 12×1.5 mm2 (Ld ×Wd). The antenna is featured by its given end-fire radiation pattern. Finally, the geometrical 

information of the suggested antenna is given in Table 1. 

 

Fig. 1. Geometry of the linearly polarized dipole antenna (a) top view, and (b) bottom view 

Table 1. The Parameter values of the linearly polarized dipole antenna 

Parameter Value (mm) Parameter Value (mm) 

WS 1 Lf 18.3 

W2 6.7 S2 4 

W1 6.7 S1 4 

W 33.7 W3 12 

R 1 Wd 1.5 

LS 3 Wf2 0.8 

Lrf 13.5 Ld 12 

L2 3 S 0.8 

L1 7 Wf1 1.9 

L 32.5 L3 8.4 

4. Single-Element Circular Polarization Antenna 

The suggested antenna structure relies on the CPW-Fed antenna and is depicted in Fig. 2. The proposed antenna structure is printed on a cheap 

FR-4 substrate. The dimension of the printed antenna is 30×23.2 mm2 (L×W) with a 1mm substrate thickness. The feedline used in the suggested 

design is the coplanar waveguide (CPW), and it is printed on the top face of the dielectric substrate and has an impedance of 50ohm. The CPW 

waveguide consists of three parts: a stripline and two ground planes. Asymmetrical ground planes are used in the proposed antenna to give 

more IBW and more axial ratio bandwidth (ARBW). The gap between the feedline and the ground planes is evaluated and optimized, equaling 

0.3mm. 

The antenna is characterized by a single layer printed on one face of the substrate. As depicted in Fig. 2, the suggested antenna includes a 

radiating structure and asymmetrical rectangular grounds with a Corner Truncated Square Aperture. The radiating structure of the suggested 

antenna is characterized by a square shape with a size of 7.5×8 mm2 (Lp×Wp), while the full ground planes are characterized by a size of 30×23.2 

mm2. The other geometrical details of the proposed CPW-Fed printed antenna are presented in Table 2. 

The radiator of the antenna and the feedline are shifted to the right side of the ground layer as seen in Fig. 2. This shift is helpful to improve the 

antenna's performance and the axial ratio. The right ground plane is featured by a size of 6×6.725 mm2 (LG1×WG1), while the left ground plane 

is featured by a size of 9×13.45 mm2 (LG2×WG2). The length of the CPW-Fed is 9.5mm while the width (Wf) is 2.5 mm. 

As seen in Fig. 2, a straight line is used to improve the antenna performance where it surrounds the radiator of the antenna and is connected to 

the left ground only, while an open slot is on the right. The opened slot is useful to generate circular polarization by providing a perturbation 

with current distribution. Also, adding an inverted strip with a tangent line/triangular in both the upper right corner and lower left-corner of the 

proposed antenna slotted ground can enhance the ARBW by providing perturbation for the current distribution. 

(a) (b) 
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Fig. 2. The geometry of the circular polarization CPW-Fed printed antenna 

Table 2. The Parameter values of the circular polarization CPW-Fed antenna 

Parameter Value (mm) Parameter Value (mm) 

Wt 7 Wp 8 

WS1 13.775 LS1 12.75 

WG2 13.45 Wr 1.25 

WG1 6.725 Wins 0.625 

W 23.275 Wf 2.5 

Lt 7 Lp 7.5 

LG2 9 Lr 4.75 

LG1 6 Lins 1.687 

L 30   

5. MIMO Antenna System 

After finishing the design process for both linear and circular polarization proposed antennas, and the optimum design is achieved, a combination 

between both antennas is made as a MIMO antenna system to achieve both polarization types in one structure, as depicted in Fig. 3. The optimal 

design includes five antenna element structures. The suggested optimal MIMO antenna construction is printed on a dielectric FR-4 material 

that has tanδ = 0.02 and εr = 4.4. The overall size of the MIMO antenna structure is 150×82 mm2 (Lm×Wm) with a thickness of 1mm for the 

substrate material. Due to the characteristics and properties of both the antenna types, the planar dipole antenna, and the CPW-Fed printed 

antenna, that is used in the MIMO structure, the five elements are arranged in some way to produce an omni-directional radiating pattern. The 

planner dipole antenna that has end-fire radiation is placed in the corners of the FR4 substrate each one is directed toward one of the four 

directions, while the CPW-Fed printed antenna of the quise omni-directional radiation pattern is placed in the center of the substrate so that the 

omni-directional radiation pattern will be achieved. This configuration is utilized to cover the whole four directions and obtain omni-directional-

radiation. The geometrical information of the MIMO system is given in Table 3. In Fig. 4, A Meander Line Resonator technique between the 

antennas of the MIMO structure is presented with a size of 33.73 ×9 mm2 (LM×WM). Such resonator technique is used and added between the 

MIMO components to mitigate the mutual coupling between the antennas and achieve good isolation. The geometrical details of the resonator 

are presented in Table 3. 

 

 
  

Fig. 3. The geometry of the dual polarization MIMO system (a) top layer and (b) bottom layer 

LSe 

WSe 

Wm 

Lm 

LDM 

LMC 

(a) (b) 

1 2 

3 

4 5 
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Fig. 4. (a) MIMO Antenna structure based on decoupling elements, and (b) Decoupling element (Meander line resonator) 

Table 3. The Parameter values of the dual polarization MIMO system 

Parameter Value (mm) Parameter Value (mm) 

Lm 150 LMC 12.612 

Wm 82 LM 33.737 

LSe 83.7 WM 9 

WSe 15.7 WMS 1 

LDM 12.612 WMSL 1 

6. Results and Discussion 

After finishing the design process of the suggested antenna structures, the proposed antennas are simulated and analyzed by the use of the HFSS 

software. The results of all proposed antennas will be expressed in terms of reflection coefficient (sii), gain, axial ratio, and radiation pattern. 

6.1. Linear Polarization Antenna 

Fig. 5 shows the evaluation of the linearly polarized antenna's reflection coefficient (S11). Fig. 5 found that the simulated results show an IBW 

equal to 3.24GHz ranging from 3.3GHz to 6.6GHz at (-10 dB) which covers the whole 5G sub-6GHz band applications.  

 

 
Fig. 5. The reflection coefficient (S11) in dB for the LP printed dipole antenna 

In Fig. 6, the gain for a linearly polarized printed antenna is displayed. As seen in Fig. 6, the gain varies from 5.2dB to 7.05dB in the whole 

operational frequency band. 

(b) 

WM 

LM 

WMS 

WMSL 

(a) 
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Fig. 6. The gain in dB for the LP printed dipole antenna 

Next, the axial ratio is evaluated and presented in Fig. 7. The AR is a significant parameter to determine whether the antenna has linear or 

circular polarization. When the AR is smaller than 3dB then the antenna has circular polarization otherwise the antenna has linear polarization 

according to [40]. As depicted in Fig. 7, the antenna shows a linear polarization where the value of the AR is more than 3 dB in the whole band. 

 
 

Fig. 7. AR of the LP printed dipole antenna 

To validate the results, the CST software is employed for designing and simulating the suggested printed dipole antenna. As depicted in Fig. 8, 

an excellent agreement between the two software is founded in terms of S11, where the results from both software cover the entire frequency 

band of the 5G applications. 

The 3D-radiation pattern for the linearly polarized dipole antenna has been evaluated and presented in Fig. 9 at various operational frequencies. 

As depicted in Fig. 9, the antenna has a steady endfire-type radiation pattern over the whole frequency band. 
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Fig. 8. Comparison of S11 for LP printed dipole antenna from both HFSS and CST softwares 

 

   

3.4GHz 5GHz 6.6GHz 

 Fig. 9. 3D-radiation pattern of the LP printed dipole antenna 

6.2. Circular Polarization Antenna 

Fig. 10 depicts the evaluation of the circularly polarized antenna's reflection coefficient (S11). Fig. 10 found that the simulated results show a 

good IBW of more than 4GHz ranging from 3.9GHz to more than 8GHz at (-10 dB) which covers the whole sub-6 band for 5G.  

 

Fig. 10. The reflection coefficient (S11) in dB for the CP CPW-Fed antenna 

In Fig. 11, the gain of the circular polarization CPW-Fed printed antenna is displayed. As seen in Fig. 11, the gain varies from 2.8 dB to 4.18 

dB over the whole operational frequency band. 
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Fig. 11. The gain in dB for the CP CPW-Fed antenna 

The axial ratio is evaluated and presented in Fig. 12. As depicted in Fig. 12, the axial ratio varies from 4.2GHz to 7GHz with AR of less than 3 

dB so the antenna gives a circular polarization in this band. 

 

 Fig. 12. AR for the CP CPW-Fed antenna 

To validate the results, the CST software is employed for designing and simulating the suggested CPW-Fed printed antenna. As depicted in 

Fig. 13, an excellent agreement between the two software is founded in terms of AR where the results from both software cover the entire 

frequency band of the 5G applications. 

 
 

Fig. 13. Comparison of AR for CP CPW-Fed printed antenna from both HFSS and CST softwares 
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The 3D-radiation pattern of the circular polarization CPW-Fed printed antenna is evaluated and presented in Fig. 14 at different operating 

frequencies. As seen in Fig. 14, the antenna shows a quise omni-direction stable radiation pattern. 

 

 

  
4GHz 6GHz 

 
8GHz 

 

Fig. 14. 3D-radiation-pattern of the CP CPW printed antenna 

6.3. Dual Polarizations MIMO Antenna System 

The reflection coefficients (Sii) of the suggested MIMO antenna structure in terms of S11, S22, S33, S44, and S55 are measured and presented in 

Fig. 15. The simulation results demonstrate great agreement and give a broad impedance bandwidth. Two impedance bandwidths are found. 

The first bandwidth is equal to 3.44 GHz, ranging from 3.3GHz to 6.7GHz at (-10 dB). While the second impedance bandwidth is found equal 

to more than 4.33 GHz, starting from 3.6 GHz to more than 8 GHz at (-10 dB). Both bandwidths cover the whole sub-6GHz frequency bands 

of the 5 G applications.  

 

 

Fig. 15. S11, S22, S33, S44, and S55 for the suggested MIMO antenna elements 
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The transmission coefficients (Sij) for each subsequent pair of MIMO antenna components are measured and shown in Fig. 16 in terms of S21 

(isolation between the first and second antennas), S32 (isolation between the second and third antennas), S43 (isolation between the third and 

fourth antennas), S54 (isolation between the fourth and fifth antennas), and S15 (isolation between the fifth and first antennas). Because of the 

very low surface waves inside the substrate of the MIMO antenna, it is seen that excellent isolation exists between MIMO components where 

all values are greater than the standard value (-20dB) according to [33]. 

 

 

Fig. 16. Mutual coupling (S15, S21, S32, S43, and S54) between the MIMO antenna elements 

The 3D radiation-patterns for the MIMO antenna system-based decoupling elements are evaluated for all ports and presented in Fig. 17. Also, 

Fig. 18 shows the 2Dradiation-pattern of the MIMO system based on decoupling elements for all ports in terms of E-Plane and H-Plane. From 

the measured radiation-patterns of the MIMO antenna system-based decoupling elements, it's found that many types of radiation-patterns can 

be achieved from such a structure. The CPW-Fed antenna can give a broadside radiation pattern, while the planar dipoles can give omni-

radiation or directed radiation. This is because you can change the number of planar dipole antennas, so you can make different types of beams. 

 

 

  

Fig. 17. 3D-radiation patterns of the MIMO antenna system-based decoupling elements for all ports; (a) 3D View, (b) front View, and (c) side 

View 

 

 

 

 

(a) 

(b) (c) 
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E-Plane H-Plane 

  
 

Fig. 18. 2D-radiation pattern of the MIMO Antenna system-based decoupling elements for all ports 

7. Conclusion 

This study suggests designing a dual polarization MIMO antenna structure based on decoupling elements for sub-6 5G band applications. The 

MIMO antenna system includes 5 elements with a total size of 150×82.5×1 mm3. Four elements of the planar dipole antenna and one of CPW-

Fed antenna are used to form a MIMO antenna structure and are arranged in some way to produce an Omni-directional radiation-pattern. The 

planner dipole antenna that has an end-fire radiation is placed in the corners of the substrate and each one is directed toward one of the four 

directions, while the CPW-Fed printed antenna of the quasi-Omni-directional radiation pattern is placed in the center to produce the Omni-

directional radiation pattern. A Meander Line Resonator technique is used and added between the MIMO antenna components to mitigate the 

mutual coupling between the antennas and to achieve good isolation. Two impedance bandwidths are found. The first one (S11, S22, S44, S55) is 

equal to 3.44GHz, ranging from 3.3GHz to 6.6GHz at (-10 dB) and gives linear polarization, while the second bandwidth (S33) is equal to 

4.33GHz, starting from 3.6GHz to more than 8GHz at (-10 dB) and gives circular polarization from 4.2GHz to 7GHz. The HFSS software 

environment is utilized for designing and simulating the proposed antennas, and for verifying the results, the CST software is used. 
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