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Abstract

:

With the development of 5G, Internet of Things, and smart home technologies, miniaturized and compact multi-antenna systems and multiple-input multiple-output (MIMO) antenna arrays have attracted increasing attention. Reducing the coupling between antenna elements is essential to improving the performance of such MIMO antenna system. In this work, we proposed a graphene-assembled, as an alternative material rather than metal, film-based MIMO antenna array with high isolation for 5G application. The isolation of the antenna element is improved by a graphene assembly film (GAF) frequency selective surface and isolation strip. It is shown that the GAF antenna element operated at 3.5 GHz has the realized gain of 2.87 dBi. The addition of the decoupling structure improves the isolation of the MIMO antenna array to more than 10 dB and corrects the antenna radiation pattern and operating frequency. The isolation between antenna elements with an interval of 0.4λ is above 25 dB. All experimental results show that the GAF antenna and decoupling structure are efficient devices for 5G mobile communication.
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1. Introduction


In recent years, due to the rapid development of modern wireless communication systems [1,2] and radar technology [3], multi-antenna systems and multiple-input multiple-output (MIMO) antenna arrays have attracted much attention. At the same time, with the requirements of emerging technologies such as 5G (mobile terminals and base stations), the Internet of Things (IoT), and unmanned driving, the trend of miniaturization and integration of microwave systems has also made the physical distance between antennas smaller and smaller. Therefore, for a MIMO antenna system, decoupling between antennas to improve isolation is essential to promote the overall system performance [4]. The coupling of the MIMO antenna system can be expressed by the transmission coefficient between antenna elements, which is essentially the mutual interference of the spatial electric field or surface waves between the antennas. The coupling between antennas is usually reduced by the main polarization configuration and path cancellation. The main polarization configuration method uses the spatial electric field distribution of the antenna, that is, the adjacent antenna adopts different polarization methods to achieve high isolation, such as directional antennas [5,6] and dipole antennas [7]. Path cancellation technology can add a coupling structure to introduce a new coupling path to cancel the original coupling [8,9]. The frequency selective surface (FSS) is a commonly used technique in the path cancellation method. FSS is a periodic structure with the same two-dimensional array elements arranged on a dielectric substrate [10]. As a spatial filter, FSS can pass or block electromagnetic waves in a specific frequency range in free space. Therefore, it is possible to design a compact multi-antenna system (such as a multiple-input multiple-output (MIMO) system) that works in different frequency bands at the same time by using the frequency selection characteristics of FSS. Moreover, FSS is also widely used in the decoupling of multi-antenna systems to obtain better system performance in a compact antenna configuration [11,12,13,14]. In the context of the explosive growth of 5G electronic devices, more properties such as light weight, high thermal conduction, low cost, and easy e-waste disposal are required. Although traditional metals that are applied in current electronic devices can bring good electronic properties, their characteristics of high specific gravity, strong rigidity, and easy oxidation, as well as the significant chemical pollution caused by the preparation process and the process of fabricating electronic devices, are not desirable [15,16,17]. Thus, the development of metal alternative materials has attracted much research attention.



Graphene, as an outstanding carbon-based material, has excellent electrical, mechanical, thermal, and optical properties [18,19]. Compared with traditional metal materials, graphene has high chemical stability and environmental affinity [20]. In the potential applications of future wireless communication systems, graphene is very suitable to being an alternative material rather than metal, such as antennas, attenuator [21,22,23,24,25]. However, single-layer or few-layer graphene sheets need to be deposited on substrate and thus challenging to be uniformly prepared in large sizes. In addition, the post-processing of micro-graphene to obtain a patterned shape requires sophisticated equipment. More importantly, the surface resistance of micro-graphene in the microwave frequency band is as high as hundreds of ohms, which will seriously damage the efficiency of electronic devices [26,27]. The macroscopic graphene assembly film (GAF) formed by stacking graphene nanosheets is another approach of applying graphene material. GAF has inherited the excellent properties of carbon-based materials and can be prepared industrially, which has received extensive research attention [28,29,30]. In this respect, we have investigated a high-conductivity GAF and used it as an antenna design in our recent work. In addition, we designed a miniaturized GAF FSS, which has the advantages of lightweight, low profile and good flexibility [31,32,33,34].



In this work, we designed a 5G MIMO antenna array based on GAF and employed GAF FSS and isolation strips to improve the isolation between MIMO antenna elements. The GAF has a high conductivity of 1.1 × 106 S/m and low density of 1.48 g/cm3. Moreover, the thermal conductive ability of GAF is much higher than copper foil. The GAF MIMO antenna array consists of four identical antenna elements arranged horizontally with an interval of 0.4λ. The GAF antenna element working at 3.5 GHz has a good radiation capability with a maximum realized gain of 2.87 dBi. After deploying the decoupling structure of GAF FSS and isolation strips, the isolation between MIMO antenna elements is increased by more than 10 dB, and the reflection coefficient and radiation pattern are corrected. All results prove that GAF and its electronics are in line with the development requirements of 5G wireless communication.




2. Preparation and Characterization of GAF


The GAF is fabricated by a high temperature annealing graphene oxide (GO) film method. Firstly, the GO suspension was diluted to 15 mg/mL by ultrapure water. Then, the GO suspension was coated on the polyethylene terephthalate (PET) substrate and evaporated at room temperature to prepare GO assembled film. The thickness and area of GO-assembled film are controllable. After that, the GO assembled film was annealed to carbonization at 1300 °C for 2 h and graphitization at 2850 °C for 1 h in argon gas (Ar) atmosphere. Finally, the GAF obtained after rolling compression with the pressure of 200 MPa. Figure 1a shows the transmission electron microscope (TEM) image of GO sheet. Figure 1b is the digital photo of GAF showing that GAF has good flexibility and does not need any substrate. GAF has comparable electrical conductivity to metals measured by four probe method (1.1 × 106 S/m) [32], which lays the foundation for the design of high-performance antennas and other electronics. Furthermore, the density of GAF is only 1.48 g/cm3. Figure 1c illustrates the X-ray diffraction (XRD) pattern of GAF. The extremely graphitic peak (002) located at 26.5° indicates that the GAF has a regular stacking of graphene sheets and the interlayer spacing of 0.34 nm. Moreover, the characteristic peak (004) proves the GAF has high degree of graphitization. Figure 1d shows that the weak D peak and strong G peak in the Raman spectrum demonstrated the GAF has few defects. All the characterization results elucidate that GAF has high conductivity. The cross-section image in Figure 1e shows that the GAF with a thickness of 21 μm is composed of regular stacks of graphene nanosheets.



Additionally, compared with copper, the temperature of GAF increases rapidly under the same heating condition, as shown in Figure 1f. GAF has better thermal conductivity, which is more suitable for the design of miniaturization and high integration electronics.




3. The Design of GAF MIMO Antenna Array


3.1. The Structure and Dimension of GAF Antenna Element


The proposed GAF MIMO antenna array is microstrip antenna with the advantages of low profile, miniaturization and easy integration. Figure 2a is the schematic diagram of the GAF antenna element geometry structure. The GAF antenna is designed on FR-4 PCB substrate with relative permittivity of 4.3 and dielectric loss tangent of 0.03. The thickness (h) of PCB is 1.6 mm. Unlike traditional antennas, the radiator material of the antenna is highly conductive GAF. The length and width of the dielectric substrate and the radiator are L = 60 mm, W = 50 mm, L1 = 19.8 mm, W1 = 24.5 mm, respectively. A 50 ohms microstrip feed line with width of 2.98 mm is utilized to feed for the GAF antenna. The antenna patch and microstrip line can achieve impedance matching by changing the insertion depth (g). The optimized g is 5.65 mm.



The GAF antenna element model is simulated in CST electromagnetic simulation software to analyze the performance. Figure 2b depicts the simulated return loss of GAF antenna element. The GAF antenna element operates at 3.5 GHz, which is the Sub-6 GHz frequency band of 5G mobile communications. The −10 dB impedance bandwidth is 3.42–3.57 GHz, which indicates that above 90% energy in this frequency band is radiated to free space via the antenna. The 3D radiation pattern of GAF antenna element is shown in Figure 2c. The simulated realized gain is 2.87 dBi.




3.2. The Configuration of GAF MIMO Antenna Array


The proposed GAF MIMO antenna has four independent and identical antenna elements. The distance (d) between the four antennas is 0.4λ (λ is the free space wavelength of 3.5 GHz), and the configuration is shown in Figure 3a.



Due to symmetry, the performances of Antenna 1 and Antenna 2 can represent the entire GAF MIMO antenna array. The simulated S-parameters of Antenna 1 and Antenna 2 are depicted in Figure 3b,c. The operating frequency of the MIMO antenna array is slightly deflected due to the influence of mutual coupling. Moreover, the isolation of adjacent antennas is less than 20 dB at 3.5 GHz (|S21|, |S12|, |S32| > −20 dB), which will seriously affect the antenna’s radiation pattern and efficiency.



As analyzed above, the mutual coupling between antennas will affect the radiation pattern. The four antennas are arranged along the H-plane direction, so the H-plane radiation pattern has a greater impact but has no effect on the E-plane radiation pattern, which is proved in Figure 4. The E-plane radiation patterns of Antenna 1 and Antenna 2 are not deflected, while the H-plane patterns deviated by 9° and 26°, respectively.





4. Reduce the Coupling of GAF MIMO Antenna Array


We propose two ways to reduce the coupling between MIMO antenna elements. One way is to use GAF FSS to isolate spatial electromagnetic waves, and the other is to set two GAF isolation strips (ISs) between antenna elements to suppress the influence of surface electromagnetic waves. The isolation of the antenna elements can be effectively improved by adjusting the width and the spacing of the two GAF ISs. The optimized width of the GAF IS is 0.5 mm, and the length is consistent with the length of the dielectric substrate. The gap between the two GAFS is 3 mm. In addition, the GAF FSS is placed in the middle of two ISs. The substrate of GAF FSS is PET film with a thickness of 0.06 mm, dielectric constant of 3.5 and loss tangent of 0.003. The dimension of the GAF FSS element is 16 mm × 16 mm. The width and total length are 0.5 mm and 39.8 mm, respectively, as shown in Figure 5. In practice, FSS can be integrated into the device by means of a card slot. Additionally, for high-power devices, the hollow structure is more benefiting to heat dissipate management.



Figure 6 shows the isolation between Antenna 1/Antenna 2 and adjacent antenna elements in the four cases of no decoupling structure, only GAF IS, only FAF FSS, and both GAF IS and FSS. It can be clearly seen from the results that both GAF IS and FSS have significant benefits in improving isolation, and both can be increased to more than 20 dB. The dual decoupling structure of GAF IS and FSS is the superposition of the effects when the two structures exist separately.



As shown in Figure 7a,b, the isolation between GAF MIMO antenna elements is significantly improved, after adding an isolation structure of GAF FSSs and isolation strips. When Antenna 1 is used as a radiation source, the transmission coefficients between Antenna 1 and each antenna are |S21| = −28.82 dB, |S31| = −44.86 dB, |S41| = −51.83 dB. When Antenna 2 is used as a radiation source, the isolation from each antenna is |S12| = −28.57 dB, |S32| = −25.41 dB, |S42| = −43.95 dB. Compared with the initial GAF MIMO antenna array, the isolation is improved by more than 10 dB.



The surface current can deeply analyze the working mode of the antenna. Figure 7c–f show the surface current of the entire MIMO antenna array when Antenna 1 and Antenna 2 are used as radiation sources, respectively. When Antenna 1 is used as a radiation source and no decoupling structure is added, there are strongly induced surface currents on Antenna 2, Antenna 3 and Antenna 4, which are caused by the coupling field, as shown in Figure 7c. On the other hand, when GAF FSS and IS are added, there is almost no induced current on the non-radiating antenna, which proves that the decoupling structure suppresses the coupling effect, as shown in Figure 7d. Analogous to the Antenna 2 as the radiation source, the decoupling structure also suppresses the coupling between the antenna elements, as shown in Figure 7e,f.



Compared with the initial MIMO antenna array, the radiation patterns of the GAF MIMO antenna array with the decoupling structure is modified to normal phase radiation, as shown in Figure 8.




5. Measurement of GAF MIMO Antenna Array


5.1. Measurement of GAF Antenna Element


The GAF antenna, FSS and isolation strip are fabricated by laser engraving method with the accuracy of 25 μm. The illustration of Figure 9a shows the digital photo of GAF antenna element. GAF is as the radiator. The performances of GAF antenna element are measured. Figure 9a depicts the reflection coefficient and gain of the GAF antenna element measured by vector network analyzer (Keysight N5247A PNA) in microwave anechoic chamber. In the 3.41–3.58 GHz frequency band, |S11| is lower than −10 dB and the gain is greater than 2 dBi, which is consistent with the simulation results. The radiation patterns at 3.5 GHz are displayed in Figure 8b. The GAF antenna element is used as the receiving antenna, and the standard gain horn antenna is used as the transmitting antenna. Both the transmitting antenna and the receiving antenna are placed in a microwave anechoic chamber and connected with the vector network analyzer. As shown in Figure 9b, the maximum radiation directions of the E-plane and H-plane of the GAF antenna element are both in the normal phase.




5.2. Measurement of GAF MIMO Antenna Array


The proposed GAF MIMO antenna array with the decoupling structure of GAF FSS and isolation strip is shown in Figure 10a. Figure 10b,c show the measured reflection coefficients of Antenna 1 and Antenna 2, respectively.



Compared with the initial antenna, the operating frequency of the GAF MIMO antenna array with the decoupling structure has been corrected and returned to the initial designed of 3.5 GHz.



Furthermore, the transmission coefficients of Antenna 1 and non-radiation antenna are measured. The decoupling structure obviously suppresses the coupling between MIMO antenna elements. The transmission coefficients of MIMO antenna array with GAF FSS and IS have dropped by more than −10 dB compared with that initial MIMO antenna array, and both are below −25 dB, as shown in Figure 11. In addition, the radiation patterns of GAF MIMO antenna array with and without decoupling structure are measured, as is illustrated in Figure 12. The results are recorded every 10° in microwave anechoic chamber by vector network analyzer. In agreement with the simulated results, the decoupling structure corrected the radiation patterns of the MIMO antenna array. The H-plane radiation patterns of Antenna 1 (Figure 12b) and Antenna 2 (Figure 12d) without decoupling structure are deflected by 20°. On the other hand, the radiation patterns of MIMO antenna array with GAF FSS and IS return to normal phase direction.





6. Conclusions


In conclusion, a lightweight graphene-assembled film with high flexibility is presented. For the first time, we designed a 5G MIMO antenna array based on GAF and employed GAF FSS and isolation strips to improve the isolation between MIMO antenna elements. GAF-based microstrip antenna element working at 3.5 GHz has good radiation ability and high realized gain of 2.87 dBi. GAF FSS and isolation strips can effectively suppress the coupling between MIMO antenna elements and increase the isolation by more than 10 dB. In addition, GAF FSS and isolation strips correct the working frequency and radiation pattern of the MIMO antenna array due to coupling. All results prove that GAF and its electronics are in line with the development requirements of 5G wireless communication and can be a strong candidate as a metal alternative material in next generation wireless communication systems.
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Figure 1. (a) TEM image of graphene oxide (GO) sheet, (b) digital photo, (c) XRD pattern and (d) Raman spectrum of graphene assembly film (GAF), (e) the cross-section SEM image of GAF, (f) thermal conduction comparison of GAF and copper. 






Figure 1. (a) TEM image of graphene oxide (GO) sheet, (b) digital photo, (c) XRD pattern and (d) Raman spectrum of graphene assembly film (GAF), (e) the cross-section SEM image of GAF, (f) thermal conduction comparison of GAF and copper.



[image: Applsci 11 02382 g001]







[image: Applsci 11 02382 g002 550] 





Figure 2. (a) The schematic diagram of the GAF antenna element geometry structure, (b) the simulated reflection coefficient of GAF antenna element, (c) 3D radiation pattern of GAF antenna element. 
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Figure 3. (a) The geometry structure of GAF multiple-input multiple-output (MIMO) antenna, (b,c) the simulated S-parameters of GAF MIMO antenna array. (b) Antenna 1, (c) Antenna 2. 
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Figure 4. The simulated radiation patterns of GAF MIMO antenna array. (a,b) The E-plane and H-plane radiation patterns of Antenna 1, respectively, (c,d) The E-plane and H-plane radiation patterns of Antenna 2, respectively. 
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Figure 5. The geometry structure of GAF MIMO antenna array with GAF frequency selective surface (FSS) and isolation strips (ISs). 
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Figure 6. Isolation comparison with/without GAF IS and FSS. (a) |S21|, (b) |S12|, (c) |S32|. 
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Figure 7. (a,b) The simulated S-parameters of GAF MIMO antenna array with GAF FSS and IS. (a) Antenna 1, (b) Antenna 2, (c,d) electric field distribution comparison of Antenna 1 without (c)/with (d) GAF FSS and IS; (e,f) surface current distribution comparison of Antenna 2 without (e)/with (f) GAF FSS and IS. 
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Figure 8. (a,b) Radiation pattern of Antenna 1 without (a)/with (b) GAF FSS and IS; (c,d) radiation pattern of Antenna 2 without (c)/with (d) GAF FSS and IS. 






Figure 8. (a,b) Radiation pattern of Antenna 1 without (a)/with (b) GAF FSS and IS; (c,d) radiation pattern of Antenna 2 without (c)/with (d) GAF FSS and IS.
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Figure 9. The digital photo and measured reflection coefficient (red line) and gain (green line) (a) and radiation patterns (b) of GAF antenna element. 
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Figure 10. (a) Digital photo of GAF MIMO antenna arrays with FSS and IS; (a,b) the measured reflection coefficient of GAF antenna 1 (a) and antenna 2 (b). 
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Figure 11. The measured isolation comparison of MIMO antenna array. (a) |S21|, (b) |S31|, (c) |S41|. 
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Figure 12. The measured radiation patterns of MIMO antenna array. (a,b) The E-plane and H-plane radiation patterns with/without FSS and IS of Antenna 1, respectively, (c,d) The E-plane and H-plane radiation patterns with/without FSS and IS of Antenna 2, respectively. 
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