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Abstract

:

In this paper, a high-gain and low-mutual-coupling four-port Multiple Input Multiple Output (MIMO) antenna based on a Partially Reflective Surface (PRS) for 28 GHz applications is proposed. The antenna radiator is a circular-shaped patch with a circular slot and a pair of vias to secure a wide bandwidth ranging from 24.29 GHz to 28.45 GHz (15.77%). The targeted band has been allocated for several countries such as Korea, Europe, the United States, China, and Japan. The optimized antenna offers a peak gain of 8.77 dBi at 24.29 GHz with a gain of 6.78 dBi. A novel PRS is designed and loaded on the antenna for broadband and high-gain characteristics. With the PRS, the antenna offers a wide bandwidth from 23.67 GHz to 29 GHz (21%), and the gain is improved up to 11.4 dBi, showing an overall increase of about 3 dBi. A 2 × 2 MIMO system is designed using the single-element antenna, which offers a bandwidth of 23.5 to 29 GHz (20%), and a maximum gain of 11.4 dBi. The MIMO antenna also exhibits a low mutual coupling of −35 dB along with a low Envelope Correlation Coefficient and Channel Capacity Loss, making it a suitable candidate for future compact-sized mmWave MIMO systems.
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1. Introduction


Mobile communication data traffic has shown a rapid surge soon after the introduction of Long-Term Evolution (LTE) to the public, thanks to a significant increase in communication device numbers. To meet the present requirements, the popularity of 5G mobile communication technology has risen. Research and development for advanced mobile communication technologies are currently in progress under the 5G umbrella, primarily due to its ability to offer higher data transmission rates per user in comparison to 4G technology. The 5G frequency spectrum consists of two main frequency bands: sub-6 GHz (3.5 GHz) and millimeter wave (mmWave) [1]. Among these, the mmWave frequency bands, which include representative bands like 28 GHz, 39 GHz, and 60 GHz within the 24 GHz to 100 GHz range, offer better reliability, lower delay rates, and faster communication speeds compared to sub-6 GHz [2]. Notably, the 28 GHz frequency has garnered significant attention due to its exceptional performance in comparison to other spectrum bands. This has led to South Korea allocating the range from 26.5 GHz to 28.9 GHz for mobile connectivity, while the European Union has been assigned frequencies ranging from 24.5 GHz to 27.5 GHz by ITU. Additionally, the 3GPP standard designates 24.25 GHz to 27.5 GHz for use in the United States, while the range reserved for mobile communication is 27.5 GHz to 28.35 GHz [3], as shown in Figure 1.



Conversely, the trend towards smaller sizes for 5G devices has led to limited space for antenna systems. This is where millimeter-wave antennas have an edge over traditional sub-6 GHz antennas, as they do not require as much space. However, the mmWaves are not very resilient to the surrounding environment and have poor performance in non-line-of-sight scenarios [4]. Researchers have found that this limitation of the mmWave band spectrum can be overcome by designing higher gain antennas along with Multiple-Input–Multiple-Output (MIMO) capabilities. The MIMO systems offer numerous advantages over Single-Input-Single-Output (SISO) that are not limited to lower power consumption, improved signal range, reduced bit errors that result in reduced interference and enhanced NLOS connectivity [5]. Moreover, an effective MIMO antenna system should not only provide a compact size and high gain, but also excel in terms of factors like mutual coupling, efficiency, Envelop Correlation Coefficient (ECC), Channel Capacity Loss (CLL), and various diversity parameters including Diversity Gain [6,7,8,9,10]. As a result, numerous recent articles in the literature have explored different techniques to meet the growing demands for 5G millimeter-wave MIMO antenna systems.



As an example, a researcher developed an MIMO antenna enhanced with a ground stub to diminish mutual coupling [9]. They also employed a metasurface to mitigate mutual coupling between closely positioned elements. However, this approach led to increased dimensions of 31 mm × 48 mm. Another notable study is documented in [11], where researchers designed a series array antenna in a rectangular patch shape for 28 GHz applications. This antenna covers a broad frequency range of 27.6~29.1 GHz, boasting a high gain of 10.2 dBi and minimal mutual coupling of >−40 dB. Nevertheless, the utilization of a slot array technique makes the antenna larger in size.



A different approach involves the design of a low-mutual-coupling MIMO antenna employing orthogonally positioned elements in the infinity shell shape [12]. While this proposed antenna benefits from its compact size, it still faces various challenges, including low gain, limited bandwidth, and the absence of a common ground plane in its design, rendering it less suitable for practical applications. Similarly, [13] introduces an MIMO antenna based on a dielectric resonator. This design achieves a mutual coupling of >−24 dB within the frequency range of 25.2~28 GHz. However, the gain remains low for 5G applications.



In contrast to the works mentioned earlier, a flat-lens antenna is developed using an ultrathin Huygens’ metasurface, aiming to achieve a high gain of 30 dBi [14]. However, the limitation of such antennas lies in their exceptionally large size, which confines their application to either measurement setups or military purposes where size constraints are not a concern.



On the other hand, a four-element MIMO antenna designed for a 28 GHz application employs a two-element array configuration as a single element [15]. This approach of using a two-element array aims to achieve a higher gain and broader bandwidth compared to a single-element design. Additionally, the antenna employs a defected ground structure technique along with orthogonal placement to achieve reduced mutual coupling between adjacent elements. The resulting antenna covers a wide frequency range of 25.5–29.6 GHz, exhibiting a moderate coupling of >−18 dB and a gain of 8.3 dBi.



Research efforts by [10,16] concentrate on enhancing the MIMO antenna by adding an extra layer of metasurface. For the four-element MIMO antenna with an orthogonal placement, introducing a metasurface at the back of the antenna enhances the gain from 6 dBi to 10 dBi [10]. However, the bandwidth and mutual coupling among elements remain consistent with the MIMO antenna lacking a metasurface. Conversely, [16] fully exploits the metasurface-loading technique to achieve both a wide bandwidth and high gain. This leads to a bandwidth improvement of 5.5 GHz, spanning 23.3–28.8 GHz and a gain increase of 4 dBi, resulting in a peak gain of 10.21 dBi. It is noteworthy that a maximum mutual coupling of −22.5 dB is observed at the operational frequency.



Another intriguing study is documented in [17], where a multilayered antenna based on a chiral metasurface is devised. This antenna offers the advantage of improved performance in terms of bandwidth, high gain, and reduced mutual coupling. However, it does face certain challenges, including structural complexity due to its multiple layers and elevated profile.



Based on the aforementioned considerations, it becomes evident that a pressing need exists for a mmWave MIMO antenna capable of delivering a superior performance across all parameters, while still maintaining a compact size, structural simplicity, and strong diversity performance. Therefore, this paper presents the design of an MIMO antenna characterized by its compact dimensions, low mutual coupling, high gain, and robust MIMO performance metrics.



The manuscript is organized as follows: Section 2 outlines the design process and outcomes for both the single antenna element and the MIMO antenna, along with their respective performance parameters. Section 3 details the design procedure for the metasurface and its integration with the antenna, along with an examination of various performance metrics. The concluding section, Section 4, provides a comparison between the proposed work and existing literature.




2. Antenna Design


The geometric representation of the proposed MIMO antenna system is depicted in Figure 2. This MIMO antenna comprises four circular patch antennas, each featuring a semi-circular slot and a pair of vias. In order to achieve minimal mutual coupling, these elements are positioned orthogonally to each other, as illustrated in Figure 2a. The MIMO antenna is backed by a full copper ground plane, as displayed in Figure 2b. For the simulation setup, the antenna is made using copper and the ROGERS 5880 substrate. The exact properties are assigned to all materials. The radiation box is placed at a quarter wavelength in all directions from the antenna system, where a central frequency of 28 GHz is chosen for the wavelength calculation. Air is assigned as a material for the radiation box.



For an additional enhancement of the proposed MIMO system’s performance, a partially reflecting surface is incorporated. This surface consists of a 6 × 6 array of meta cells, where each meta cell is designed with a staircase-like structure on the upper side, as seen in Figure 2c, and a square loop on the reverse side, as depicted in Figure 2d. Placed atop the antenna with an airgap of G, this metasurface is shown in Figure 2e. Maintaining uniform dimensions of 24 × 24 mm2 for both the antenna and metasurface facilitates the measurement setup.



2.1. Single-Element Antenna Design


The proposed approach involves four sequential steps, commencing with the design of a circular patch antenna, followed by the creation of two distinct models utilizing a slot and a pair of vias. These models are subsequently merged and optimized to yield the ultimate broadband antenna.



The selection of the circular patch antenna stems from its numerous advantages, including its compact size, compatibility with array structures, and microwave monolithic integrated circuits. Furthermore, circular patch antennas can be seamlessly integrated into both planar and non-planar configurations.



The resonant frequency of the circular patch is determined by its radius (r), while impedance matching can be managed by optimizing the positioning of the feeding pin. The radius at the desired frequency can be extracted using the following formula [18]:


  r =   F   1 +   2 h   π   ε   r   F    [ ln      π F   2 h   + 1.7726 ]     1   2          



(1)







Here, the εr refers to the dielectric constant of the substrate, h denotes the substrate thickness, while F is the constant, which can be estimated in terms of the resonating frequency by the mean of the following expression [18]:


  F =   8.791 ×   10   9       f   r      ε   r       



(2)







The antenna is designed using RT5880 by ROGERS corp., having low dielectric value and low loss. The pin position is optimized for good impedance matching at a center frequency of 26 GHz, as shown in Figure 3. The circular patch offers bandwidth ranges 25.6–27.25 GHz, as depicted in Figure 4a.



In order to extend the bandwidth to encompass the entire globally allocated 5G frequency spectrum, the technique of etching slots and employing loading vias is employed. In the first scenario, a semi-circular slot is etched from the radius, as demonstrated in Figure 3. This leads to a redistribution of surface currents, resulting in a broader bandwidth of 25.37–27.05 GHz, as depicted in Figure 4.



In the second scenario, a pair of vias is loaded to reduce the length of the radiating structure in connection with the ground. This introduces added resistance to the radiator, which in turn facilitates impedance matching across a wider frequency range of 25.3–28.5 GHz, as displayed in Figure 4a. However, while both antenna-2 and antenna-3 exhibit a wider bandwidth compared to antenna-1, neither covers the desired frequency band. Consequently, both antennas were integrated, as presented in Figure 3.



This integrated antenna results in the generation of a broad frequency range spanning 24.29–28.45 GHz, featuring two resonances at 25 GHz and 27 GHz. The occurrence of these resonances is attributed to the interplay of the slot and the via, resulting in distinct electrical lengths with respect to the feeding point. Furthermore, Figure 4b illustrates a comparison between the basic antenna and the final integrated antenna, confirming a marginal enhancement in the peak gain of the antenna. To further understand the broad impedance bandwidth mechanism, the surface current distribution is illustrated in Figure 5. The current is distributed along the inner patch as well as the outer patch with respect to the slot for the 25 GHz band, which refers to a bigger electrical length. On the other hand, for 27 GHz, the current is mainly distributed along the inner patch while the small amount of current at the outer patch also shows that it takes part in achieving higher resonance. The antenna configuration is shown in Figure 6, while the values of various optimized parameters are listed in Table 1.




2.2. Partial Reflective Surface Design


Despite the antenna demonstrating commendable performance in terms of bandwidth and gain, there remains a need for performance enhancement due to the relatively low energy possessed by mmWave. This is particularly crucial to counteract the atmospheric absorption losses. To address this, the gain must be enhanced to mitigate such losses. In pursuit of this objective, metamaterials with unique attributes not commonly found in other materials are designed and integrated alongside the antenna.



Metamaterials are categorized into several types based on their working principles and behaviors, including frequency selective surfaces (FSSs), electronic bandgaps (EBGs), and partial reflective surfaces (PRSs). FSSs are typically paired with monopole antennas, positioned at the rear side to reduce rearward radiation. However, an FSS has limitations, such as its larger volume and constraints when applied in compact devices. Conversely, EBG structures find their use between MIMO antenna elements to diminish mutual coupling, thus enhancing the signal strength.



PRS refers to a reflecting surface with varying reflection characteristics based on the incident frequency angle, polarization, or radio wave band. It is often chosen for its significant impact on gain improvement. When employed in this manner, it is mainly positioned in front of the antenna, functioning as a resonator along with the antenna’s ground surface, forming a Fabry–Perot (FP) resonator. For the antenna with a PRS antenna, a substantial gain can be achieved in the direction of propagation. An advantageous aspect of the FP resonance antenna is its relatively uncomplicated structure, offering the potential for high gains. However, the FP resonator also has its downside, featuring a narrow impedance and radiated bandwidth due to resonance conditions being met at a single frequency.



In light of these considerations, research has been directed toward maximizing the high-gain advantage of PRS while addressing the limitation of bandwidth narrowness.



Thus, instead of designing the PRS structure on the single side of the substrate, a dual sided structure is utilized to achieve a wideband operation. The back side of the PRS unit cell contains a square loop structure, while the front side is modified using various steps, as shown in Figure 7. Initially, a full copper-covered side is used, which is then converted to a marble-like structure by etching four rectangular slots from it. Afterwards, more structural changes are carried out by etching slots from the corner patches, and rotating the middle structure after etching slots from the middle patch. Finally, small square slots are extracted from the corner patches, while small rectangular patches are added at the corner of the middle structure.



In the electromagnetic theory, the metasurface modifies electromagnetic waves through specific boundary conditions as opposed to the three-dimensional (3D) space’s construction parameters, which are frequently used in meta-materials and follow similar PRS principles. Using CST Studio’s unit cell designing tool, the reflection coefficient and phase are analyzed considering general incidence and by using the open boundary condition on the xy plane of the cell.



Figure 8 shows the reflection coefficient and phase results of the optimized PRS. The reflection coefficient and phase are crucial key parameters in designing a wideband with a high-gain mmWave antenna. A higher reflective PRS leads to a higher gain, but narrower −3 dB bandwidth; to broaden this, a PRS with a positive phase gradient is used. The resulting reflection coefficient and phase of the optimized PRS have a positive gradient and almost exactly resemble the ideal phase of the PRS over a wide-bandwidth spectrum range.



Figure 9 presents the design of the proposed PRS unit cell, along with optimized parameters for various dimensions.




2.3. PRS-Loaded Single-Element Antenna


The PRS is loaded on the top side of the antenna, as shown in Figure 10. The Ray theory explains that the vector sum of the partially transmitted electromagnetic waves results in an electric field which is given by the following relation [19]:


  T E =    ∑  j = − ∞   ∞     f   θ     E   j      



(3)




where f (θ) denotes the radiated field pattern generated by the source having an angle (θ), while Ej denotes the reflected field as the collective sum of the vector field by the reflector and metasurface. To obtain the maximum power transmitted towards the broadside, the following resonance condition must be met.


  ψ − π −   4 π   G   3       λ   0     = 2 N π  



(4)




where λ0 denotes the free-space wavelength at the central frequency of the antenna; N will be an integer, while the G3 represents the gap among the antenna and PRS, which must satisfy the following relation:


  G 3 =     ψ   360   − 0.5       λ   0     2   − N     λ   0     2    



(5)







However, due to a loss of materials, the gap between the PRS and antenna needs optimization. For said purpose, the parametric analysis is carried out and based upon the return loss, and the gain performance of the optimized gap is found to be 5.8 mm. Figure 11a shows the |S11| results of the antenna before and after loading PRS; the impedance bandwidth is improved from 4.16 GHz to 5.27 GHz with a range of 23.63–28.9 GHz. Similarly, the gain of the antenna significantly improved when loaded with the metasurface; an average gain improvement of 3 dBi is observed for the operational bandwidth, as shown in Figure 11b.




2.4. PRS-Loaded MIMO Antenna


MIMO antennas leverage spatial diversity and spatial multiplexing techniques and offer multipath propagation through multiple antennas, resulting in elevated transmission rates; robust signals are less susceptible to attenuation or loss, ensuring stable communication [20]. However, the mutual coupling among MIMO antenna elements can disrupt system performance. As a result, MIMO antennas require minimal mutual coupling among elements to function effectively.



The fundamental antenna design from the preceding section serves as the foundation for constructing a four-element MIMO antenna. Orthogonal placement is employed to achieve low coupling among the elements, eliminating the need for additional decoupling structures. It is important to note that, due to measurement constraints and the size limitations of mmWave connectors, inter-spacing cannot be reduced.



Figure 12 shows the geometrical configuration of the MIMO antenna with interspace among adjacent antennas of w = 7 mm, referring to λ/2 at the lowest resonance. The total size of the antenna is 24 × 24 mm2, which is twice the size of a single-element antenna. As stated earlier, the PRS is loaded to achieve a high gain; so, a 9 × 9 array of meta-cells is loaded on the topside of the MIMO antenna while keeping the same gap as that utilized for a single element, as shown in Figure 10.



Figure 13 shows the s-parameter performance of the proposed PRS-loaded MIMO antenna.



It is observed that the antenna offers an |S11| > −10 dB impedance bandwidth of 5.5 GHz, starting from 23.5 GHz to 29 GHz. Moreover, the mutual coupling of > −33 dB is achieved throughout the operational region.





3. Results and Discussion


3.1. Fabrication and Measurment


To validate the findings presented in the preceding section, a prototype of the antenna and metasurface was fabricated and subjected to testing. In Figure 14a, the different components of the PRS-loaded antenna and its MIMO configuration are depicted, while the complete setup, including the use of polyurethane foam to create a gap between the PRS and the antenna, is illustrated in Figure 14b.



The evaluation of radiation patterns and gain measurements was conducted within a newly established circular chamber, as shown in Figure 15. Further details regarding the functioning of the circular chamber and its superior efficiency compared to traditional mmWave far-field chambers can be found in [21].




3.2. S-Parameter


The comparison among simulated and measured s-parameters is shown in Figure 16. The |S11| results of the single-element antenna loaded with PRS and that of MIMO remain changed; thus, they included are not included separately. The measured results offer wideband ranges 23.5 GHz to 30 GHz, while the simulation results have the operational band of 23.5 GHz to 29 GHz, as shown in Figure 16a. On the other hand, Figure 16b shows mutual coupling among the MIMO elements where both simulated and measured results offer a low mutual coupling of >−30 dB. A strong performance in terms of comparison is obtained; however, the discrepancy between the results may be due to fabrication and measurement setup tolerance [22].




3.3. Radiation Pattern


The radiation patterns of the proposed PRS-loaded MIMO antenna are measured; the comparison with simulated results is shown in Figure 17. Since measurement was conducted from 26.5 GHz due to the limitation of the measuring equipment, the result value of 26.5 GHz was attached, not the center frequency of 26 GHz. In both principal E- and H-planes, the antenna exhibits a broadside radiation pattern. At 26 GHz, the antenna exhibits a slightly titled radiation pattern in E-plane, which has the maximum value of radiation at θ = 15°, as shown in Figure 17a. Likewise, in H-plane, the antenna offers peak radiation at θ = 25° for 26 GHz, as shown in Figure 17b. On the other hand, the PRS-loaded antenna offers peak radiation toward θ = 0° for both E- and H-planes at the resonating frequency of 28 GHz, as shown in Figure 17a,b.




3.4. ECC


The Envelope Correlation Coefficient (ρeij) determines whether each individual antenna element phase is independent for the MIMO system. Ideally, the ECC must be zero for a perfect MIMO antenna system; however, due to the losses in materials and nature, an ECC value of less than 0.5 is acceptable. The ECC is determined by the means of S-parameters, so it is a unitless quantity. For any MIMO antenna system, the ECC can be calculated using the following expression, as explained in [23]:


    ρ   e i j   =     |   S   12     S   11   *   +   S   22     S   21   *   |   2     [ 1 −       | S   11   |   2   +       S   21   |   2       1 −   (     S   22       2   +       S   21       2     ]    



(6)







The simulated and measured values of s-parameters are used to evaluate the ECC; the comparison of both results is shown in Figure 18. Both results offer a very low ECC value, which is close to 0 and less than 0.004.




3.5. Diversity Gain


Diversity gain is the loss of transmission power when diversity schemes are performed on modules for MIMO configurations; this is calculated from the above formula, as cited in the reference. The graph shown as ECC shows that DG is 9.99 dB over the entire communication band of the antenna, as shown in Figure 19. This shows that the antenna has excellent diversity performance.


  D G = 10  1 −     | ρ   e i j   |   2     



(7)








3.6. CCL (Channel Capacity Loss)


CCL stands for Channel Capacity Loss, which occurs when a wireless communication system’s receiver receives a signal. In an MIMO system, the receiver, equipped with multiple antennas, captures signals from various paths simultaneously. The presence of interference between antennas becomes evident through variations in the CCL. An antenna’s performance directly influences CCL, with better antenna performance leading to lower CCL values. As the distance between the receiver and antenna decreases, CCL tends to increase. Additionally, the characteristics of the channel can also impact CCL. Consequently, CCL serves as a performance metric for evaluating MIMO antenna efficiency and should ideally be minimal to mitigate errors stemming from other factors. Mathematically, CCL is computed using the following expressions [24]:


  C   l o s s   = −     log   2     d e t ( a )    



(8)






  a =        σ   11       σ   12         σ   21       σ   22         



(9)






    σ   i i   = 1 − ( |     S   i i   |   2   −       S   i j       2   )  



(10)






    σ   i j   = − (   S   i i   *     S   i j   +   S   j i     S   j j   *   )  



(11)







For the operational band, the proposed antenna offers a low CCL of <0.4 bits/s/Hz for both simulated and measured results, as shown in Figure 20.




3.7. Comparison with Related Work


The performance comparison of the proposed work in terms of size, bandwidth, mutual coupling, −3 dB bandwidth and efficiency is performed with the recently reported work. Except from the work reported in [7,11], the proposed work overperformed in comparison with the other work in terms of size. Moreover, the work reported in [7,11] offers a narrow bandwidth, high mutual coupling and low gain as compared to the proposed work. Only the work reported in [8] offers the peak high-gain value of around 18 dBi, at the cost of twice the size of the proposed antenna. Thus, it can be concluded that the proposed PRS-loaded MIMO antenna system offers a good combination of various performance parameters by exhibiting a compact size, wideband and high gain, making it a potential candidate for future 5G devices operating using a 28 GHz band spectrum, as shown in Table 2.





4. Conclusions


This paper introduces the design of a high-gain antenna based on PRS and its MIMO configuration, intended for 28 GHz applications. The basic radiator is derived from a conventional circular patch antenna through the incorporation of a pair of vias and a semi-circular slot. Subsequently, a PRS is developed for a similar operational band and positioned on the top side of the antenna with an air gap to enhance radiation characteristics.



The performance enhancement of the PRS-loaded antenna improves the bandwidth from 24.29–28.45 GHz to 23.6~28.8 GHz, accompanied by an elevation in peak gain from 8.3 to 11.4 dBi. To fulfill the requisites of contemporary and future devices utilizing MIMO systems, an MIMO antenna is constructed utilizing four-unit elements, strategically positioned orthogonally. The PRS is also extended to cover the MIMO antenna, maintaining the same distance as that of a unit element. The optimized PRS-loaded MIMO antenna offers a broad frequency range of 23.5–29 GHz and a peak gain of 11.4 dBi. A comprehensive exploration of various MIMO parameters reveals that the proposed work provides low-mutual-coupling and ECC values of less than −33 dB and 0.005, respectively.



Furthermore, a comparative analysis with related works highlights that the proposed PRS-loaded antenna outperforms other alternatives, positioning itself as a robust contender for future mmWave devices requiring high-gain MIMO antenna systems.
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Figure 1. Current status of mmWave frequency allocation in major countries [3]. 
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Figure 2. The proposed MIMO antenna with PRS. (a) Front view of MIMO antenna, (b) side view of MIMO antenna, (c) front view of PRS, (d) back view of PRS, (e) side view of MIMO antenna with PRS. 
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Figure 3. Design evolution of proposed circular patch antenna. 






Figure 3. Design evolution of proposed circular patch antenna.



[image: Electronics 12 04286 g003]







[image: Electronics 12 04286 g004] 





Figure 4. Performance comparison of the various antenna designs (a) |S11| and (b) gain. 
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Figure 5. Current distribution of the optimized antenna at (a) 25 GHz and (b) 27 GHz. 
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Figure 6. Geometrical illustration of proposed mmWave wideband single-element antenna. (a) Top view and (b) side view. 
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Figure 7. Design evolution of proposed PRS. 
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Figure 8. Reflection coefficient’s magnitude and phase of the optimized PRS unit cell. 
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Figure 9. Proposed PRS unit cell: (a) top view, (b) side view, (c) bottom view. Parameter: B = 12; T = 3.2; G2 = 0.1; h = 0.787; x1 = 1.22; x2 = 0.73; x3 = 0.73; x4 = 0.4; x5 = 0.73 (units are in mm). 
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Figure 10. Single antenna with PRS: (a) top view, (b) side view. 
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Figure 11. Single-element antenna with PRS performance; (a) S11 parameter, (b) gain. 
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Figure 12. PRS-loaded MIMO antenna: (a) top view (b) side view. 
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Figure 13. S-parameters of the proposed PRS-loaded MIMO antenna. 
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Figure 14. Manufactured 2 × 2 MIMO antenna photographs: (a) parts of each MIMO, (b) manufactured prototype. 
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Figure 15. Snaps of the proposed MIMO antenna with PRS in the anechoic chamber. 
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Figure 16. Comparison of simulation and measurement data of fabricated prototypes; (a) is |S11| and (b) is |S12|. 
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Figure 17. Comparison of measured and simulated results of the MIMO system: (a) 26.5 GHz and (b) 28 GHz at E-plane, and (c) 26.5 GHz and (d) 28 GHz at H-plane. 
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Figure 18. Simulated and measured ECC of the proposed PRS-loaded MIMO antenna. 
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Figure 19. Simulated and measured DG of proposed PRS-loaded MIMO antenna. 
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Figure 20. Simulated and measured CCL of proposed PRS-loaded MIMO antenna. 
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Table 1. Optimized parameters of proposed antenna.
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	Parameter
	A
	Pin x
	G
	R
	h





	Length (mm)
	12
	3.2
	0.1
	2.5
	0.787










 





Table 2. Comparison of proposed PRS-loaded MIMO antenna with related works.
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	Ref. No.
	No. of Ports
	Antenna Size (mm × mm)
	|S11| BW
	Isolation

(dB)
	Max Gain (dBi)
	−3 dB Gain BW
	Efficiency (%)





	[9]
	4 (2 × 2)
	31 × 48
	26~31 GHz
	−21
	10
	26~31 GHz
	-



	[11]
	4 (2 × 2)
	32 × 32
	27.6~29.1 GHz
	−40
	10.6
	27.6~29.1 GHz
	85



	[12]
	4 (2 × 2)
	30 × 30
	27~29 GHz
	−29
	6.1
	27~29 GHz
	90



	[13]
	4 (2 × 2)
	25 × 25
	25.2~28 GHz
	−23.2
	8.72
	-
	-



	[15]
	4 (2 × 2)
	30 × 35
	25.5~29.6 GHz
	−10
	8.1
	26~29.6 GHz
	82



	[16]
	4 (2 × 2)
	22 × 22
	23.3~28.8 GHz
	−23
	10.44
	-
	80



	[25]
	4 (2 × 2)
	30 × 43
	24.5~26.5 GHz
	−45
	10.27
	24.5~26.5 GHz
	-



	This Antenna
	4 (2 × 2)
	24 × 24
	23.5~29 GHz
	−33
	11.4
	23.6~28.8 GHz
	84
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