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Abstract:



This paper presents the performance improvement of a circularly polarized (CP) retrodirective array (RDA) through the suppression of mutual coupling effects. The RDA is designed based on CP Koch-shaped patch antenna elements with an inter-element spacing as small as 0.4[image: ] for a compact size ([image: ] is the wavelength in free space at the designed frequency of 5.2 GHz). Electromagnetic band gap (EBG) structures are applied to reduce the mutual coupling between the antenna elements, thus improving the circular polarization characteristic of the RDA. Two CP RDAs with EBGs, in the case 5 × 5 and 10 × 10 arrays, are used as wireless power transmitters to transmit a total power of 50 W. A receiver is located at a distance of 1 m away from the transmitter to harvest the transmitted power. At the broadside direction, the simulated results demonstrate that the received powers are improved by approximately 11.32% and 12.45% when using the 5 × 5 and 10 × 10 CP RDAs with the EBGs, respectively, as the transmitters.
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1. Introduction


The retrodirective array (RDA), which has the unique ability to transmit a received signal back toward the source direction without any prior information about the source location, has been the competitive choice for possible wireless communication scenarios in which high-speed target tracking and high link gain levels are desired [1]. Applications that could benefit from the use of an RDA include solar power satellites [2,3], vehicle radars [4], and wireless power transmission systems [5].



The well-known techniques for realizing an RDA consist of a corner reflector, the Van Atta array [6], and a heterodyne RDA integrated with an RF circuit for phase conjugation [7]. Because compact and planar topologies are highly desired in modern wireless communications, most of the reported RDAs were based on Van Atta arrays and on heterodyne RDA arrays [8,9,10,11,12]. In these RDAs, radiating elements were designed with a linear polarization operation. Therefore, when the incident waves are also linearly polarized (LP) waves, the reflected or scattering waves retain the same polarization. Consequently, the scattering and retrodirective signals are mixed, making it difficult to extract the retrodirective signal from the total bistatic radar cross-section (BRCS) response. In order to overcome this problem, an RDA capable of polarization rotation was introduced [13]. However, with this technique, the transmitting and receiving antennas must be designed with different polarizations, thus increasing the cost and size of the overall system. Therefore, the RDA with circular polarization becomes a promising solution for use in an RDA system. In a circularly polarized (CP) RDA system, the reflected or scattering waves are orthogonal to the incident waves, while the polarization state of the retrodirective waves is identical to that of the incident waves. Consequently, the same antenna can be used as the transmitting and receiving antennas, hence improving the compactness and reducing the cost of the overall system. However, there are very limited works on the design of RDAs with circular polarization in the literature [14,15,16].



In this paper, we investigate a technique to enhance the performance of a CP RDA. The CP RDA is designed using an array of CP Koch-shaped patch antennas [17]. To achieve a compact size array, the inter-element spacing is decreased to 0.4[image: ] ([image: ] is the wavelength in free space at the designed frequency of 5.2 GHz). Because the inter-element spacing is small, the mutual coupling effects become critical and considerably affect the CP behavior of the RDA. EBG structures are then implemented between the antenna elements to reduce the mutual coupling. The performance of the CP RDA with the EBGs is verified through wireless power transmission scenarios. As a result, when the power receiver is at the broadside direction, a received power improvement of about 12.45% is achieved using the 10 × 10 CP RDA with the EBGs as a transmitter compared to the use of a CP RDA without the EBGs. The paper is arranged as follows. Section 2 introduces the design of the proposed CP RDA with the EBGs and its performance improvement. The performance of the CP RDA with the EBGs during a wireless power transmission assessment is presented in Section 3. Finally, the conclusion is given in Section 4.




2. Design of the Proposed RDA with the EBGs


Figure 1a demonstrates a wireless power transmission scenario of the type used in a typical indoor environment, such as an office or a living room. Inside the room, there are electronic devices, such as laptops and mobile devices, which serve as power receivers. They are located randomly at the different positions of the users and are assumed to be able to move freely. These electronic devices can be charged wirelessly from the transmitter by broadcasting pilot signals. In response to the pilot signals, the transmitter transmits power wirelessly back in the reverse direction to the electronic devices. The wireless power transmitter is a RDA which can be mounted on the ceiling or walls. In this work, the RDA is a CP microstrip patch antenna array incorporated with EBG structures, as illustrated in Figure 1b. The microstrip patch antenna is designed using the Koch fractal shape for circular polarization operation and to reduce the size. The mushroom-like EBGs are used to suppress the mutual coupling effects between antenna elements, therefore enhancing the performance of the proposed CP RDA.


Figure 1. (a) Depiction of the wireless power transmission scheme in a typical indoor environment; (b) Configuration of the proposed CP RDA. CP RDA: Circularly polarized retrodirective array.
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2.1. Mutual Coupling Reduction with the Presence of the EBGs


Figure 2a illustrates the configuration of a single CP Koch-shaped patch antenna surrounded with EBGs. The Koch fractal shape is applied into two edges along the x-direction of a rectangular patch. This Koch-shaped patch is excited through a feeding point located at distances of [image: ] and [image: ] from the center of the patch towards the [image: ]- and [image: ]-axes, respectively, to realize good circular polarization. The antenna is designed and optimized to operate at a frequency of 5.2 GHz using a previously published design process [17,18,19,20]. Both the patch and the EBGs are printed on the upper layer of a single Taconic dielectric substrate with a dielectric constant of 3.5, a thickness of 1.52 mm, and a loss tangent of 0.0019. Owing to the difference in the geometry of the Koch-shaped patch along x- and y-axes, two types of EBGs are used. A conventional mushroom-like EBG structure is located along the y-axis [21]. Meanwhile, a slot-loaded mushroom-like EBG structure, which has compact size to avoid overlapping of the patch, is placed along the x-axis [22]. By etching two rectangular slots on the metallic patch of the EBG cell, the series equivalent capacitance can be enlarged, resulting in a more compact EBG structure. Both of these EBGs are designed to suppress the mutual coupling at a frequency of 5.2 GHz. The proposed design is simulated and optimized using CST Microwave Studio software with conductor and dielectric losses taken into consideration.


Figure 2. (a) Single CP Koch-shaped patch antenna with EBGs; (b) Photograph of the fabricated prototype. [image: ] = 15.45 mm, [image: ] = 12.69 mm, [image: ] = 1.695 mm, [image: ] = 1.966 mm, [image: ] = 0.793 mm, [image: ] = 3.173 mm, [image: ] = 9.516 mm, [image: ] = 45°, [image: ] = 8.0 mm, [image: ] = 0.4 mm, [image: ] = 6.25 mm, [image: ] = 0.5 mm, [image: ] = 4.2 mm, [image: ] = 2.7 mm, [image: ] = 0.4 mm, [image: ] = 0.4 mm and [image: ] = 0.25 mm.
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The EBGs were optimized by placing one cell in the computation domain. Two perfect electric conductor (PEC) walls and two perfect magnetic conductor (PMC) walls were used to simulate the infinite-sized periodical structure [23], as shown in Figure 3a. We calculated the reflection phases of the EBGs. Simulated reflection phases are presented in Figure 3b for both the optimized conventional and slot-loaded mushroom-like EBGs with the optimized parameters listed in the caption of Figure 2. As observed in Figure 3b, the resonance frequencies for the 0° reflection phases are approximately 5.2 GHz.


Figure 3. (a) A simulation model of an EBG structure for the calculation of the reflection phase; (b) Simulated reflection phases of EBGs. EBG: Electromagnetic band gap.
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A prototype of the antenna with the EBGs is fabricated using the optimized parameters, as shown in the caption; a corresponding photograph is shown in Figure 2b. The measured and simulated results of the single CP Koch-shaped patch antenna with the EBGs are depicted in Figure 4. Note that the measured results are in good agreement with the simulated results. A −10 dB reflection bandwidth of 5.12–5.30 GHz was found during the measurement. The measured axial ratio (AR) value was 2.42 at the designed frequency of 5.2 GHz; meanwhile, a minimum AR value of 1.32 dB was obtained at 5.175 GHz. The measured 3 dB AR bandwidth was 5.16–5.21 GHz. An antenna without EBGs was also investigated, and these simulated results are included in Figure 4a,b. It can be seen that the 3 dB AR bandwidth of the proposed antenna with the EBGs was shifted slightly to a lower frequency range. Moreover, the minimum simulated AR value was reduced from 1.90 to 0.96 dB when using the EBGs, hence improving the CP purity. The radiation patterns at the designed frequency of 5.2 GHz on the two major cutting planes (the [image: ]- and [image: ]-planes) are shown in Figure 4c. It was found that the radiation patterns exhibit left-handed circular polarization (LHCP), in which the LHCP gain is approximately 17.1 dB higher than the right-handed circular polarization (RHCP) gain in the [image: ]-direction.


Figure 4. Measured and simulated results of the single CP Koch-shaped patch antenna with the EBGs: (a) reflection coefficients; (b) ARs; and (c) radiation patterns at 5.2 GHz. AR: Axial ratio.
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To examine the performance of the EBGs for the mutual coupling reduction, a 2 × 2 array configuration is studied. A prototype was fabricated and a photograph was taken, as shown in Figure 5a. The antenna elements are spaced at a distance of d = 0.4[image: ] along the x- and y-axes ([image: ] is the wavelength in free space at 5.2 GHz). Figure 5b plots the measured and simulated reflection coefficients of the 2 × 2 arrays with and without the EBGs when element #1 is excited. It can be observed that the −10 dB reflection bandwidths are centered at 5.2 GHz. The mutual coupling effects on three typical cutting planes, i.e., the horizontal, diagonal, and vertical planes, are investigated, as represented by the terms [image: ], [image: ] and [image: ], respectively. The results of a comparison of the measured and simulated results of [image: ], [image: ] and [image: ] are illustrated in Figure 6. Within the operating frequency band, maximum mutual coupling reductions of 9.47 dB, 12.78 dB and 1.38 dB were obtained by measurements on the horizontal, diagonal, and vertical planes, as shown in Figure 6a–c, respectively. Meanwhile, in the simulated results, the corresponding values were 10.78 dB, 17.1 dB and 6.62 dB. Note that due to the limited spacing between two patches, only one row of EBG cells was implemented. Therefore, the bandwidth for mutual coupling reduction was very narrow, but the designed frequency of 5.2 GHz was within this bandwidth. Reasonable agreement was also achieved between the measurement and the simulation. The discrepancy between the measurement and simulation results was mainly attributed to experimental tolerances and fabrication imperfections, especially the losses at the soldered joints between the coaxial cables and the patches.


Figure 5. (a) The 2 × 2 array configuration for consideration of the mutual coupling and a photograph of the fabricated prototype; (b) Measured and simulated reflection coefficients of the 2 × 2 array with and without the EBGs.
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Figure 6. Measured and simulated results of (a) [image: ]; (b) [image: ]; and (c) [image: ].
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2.2. Performance of RDA with the EBGs


In this section, the 5 × 5 array of Koch-shaped patch antenna with the EBGs is studied. The inter-element spacing is reduced to as small as 0.4[image: ] to realize a compact size. Figure 7a shows the configuration of the 5 × 5 Koch-shaped patch antenna array with the EBGs. For the simulation, a port was used for each antenna element, and all ports were simultaneously excited. Performance outcomes with regard to the active reflection coefficient and the AR of the center element were investigated and presented. A comparison of the reflection coefficients and ARs for the center element of the array with and without the EBGs was conducted, with the results illustrated in Figure 7b. Note that the AR values are observed in the [image: ]-direction. It is evident that the CP performance of the array without the EBGs was considerably deteriorated due to the strong mutual coupling effects. The minimum AR value was increased to 3.83 dB. In contrast, with the EBGs, the CP performance was significantly improved. Owing to the reduced mutual coupling, the minimum AR value was reduced to 0.31 dB. At the designed frequency of 5.2 GHz, an AR value of 1.20 dB was achieved. In addition, the −10 dB reflection bandwidth was enhanced with the presence of the EBGs. The radiation patterns, when all ports were simultaneously excited, at 5.2 GHz are depicted in Figure 8 for the two major cutting planes of the [image: ]- and [image: ]-planes. With the EBGs to reduce mutual coupling, an approximate gain enhancement of 0.4–0.8 dB was obtained as compared to the array without the EBGs when the radiation pattern is scanned from the broadside to 60° on each plane. Therefore, the simulated results demonstrated that the presence of the EBGs significantly enhances the CP performance of the RDA despite the fact that the inter-element spacing is reduced to as small as 0.4[image: ].


Figure 7. (a) 5 × 5 CP Koch-shaped patch array with the EBGs; (b) Simulated results of the reflection coefficients and ARs.
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Figure 8. Simulated radiation patterns of the 5 × 5 CP RDA arrays with EBGs (solid line curve) and without EBGs (dashed line curve) at 5.2 GHz: (a) [image: ]-plane and (b) [image: ]-plane.
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3. Performance in Wireless Power Transmission


The wireless power transmission performance capabilities of the proposed RDA with the EBGs are investigated. The simulation model, as shown in Figure 9, was performed using CST Microwave Studio. The receiver antenna is a single CP Koch-shaped patch antenna operating at 5.2 GHz and is located along the [image: ]-direction. Here, 5 × 5 Koch-shaped patch arrays with and without EBGs are used as wireless power transmitters, transmitting a total power of 50 W. The power transmitter and receiver are enclosed by a concrete box filled with air to approximate a practical indoor environment. The concrete box has overall dimensions of 2 × 1.2 × 1.2 m3. Approximately 400 million mesh cells are used for each simulation of the wireless power transmission. All simulations are run on a computer with an Intel Core i7-5960X 3.0 GHz CPU and 128 GB of RAM integrated with two NVIDIA Quadro P6000 GPUs. The average runtime is approximately four hours for each simulation. The wireless power transmission procedure involves two steps. In the first step, only the receiver antenna was excited, and the transmission coefficient phase from the receiver antenna to each of the antenna elements of the power transmitter were recorded. The phase profile was then analyzed through phase conjugation at each antenna element. In the second step, all of the antenna elements of the power transmitter were simultaneously excited with the conjugate-phase profile, forming a wireless power beam back in the reverse direction to the power receiver. The wireless power transmission performance is evaluated by analyzing the amount of received power at the receiver. To realize a far-field retrodirective scenario, the distance between the power transmitter and the power receiver is set to 1 m. Received power of 0.2685 W was harvested by the receiver when the power was transmitted by the RDA with the EBGs. Meanwhile, when the power was transmitted by the RDA without the EBGs, only 0.2412 W of power was received. Therefore, an improvement of 11.32% is achieved using the RDA with the EBGs.


Figure 9. Simulation model for wireless power transmission.
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For a further investigation, three 10 × 10 arrays, in this case two RDAs without the EBGs having an inter-element spacing of 0.5[image: ] and 0.4[image: ] and one RDA with the EBGs having an inter-element spacing of 0.4[image: ], are used as the wireless power transmitters. The total transmitted power is 50 W. The distance between the transmitter and receiver is kept at 1 m so that a near-field retrodirective scenario is realized. The simulated results of the received powers are summarized in Table 1. For the case without EBGs, 1.339 W of power was received when using the RDA with an inter-element spacing of 0.5[image: ], whereas when the inter-element spacing is reduced to 0.4[image: ], the received power was only 0.827 W, representing a significant decrease. This reduction in the received power was mainly caused by the reduced gain which resulted when the inter-element spacing was decreased from 0.5 to 0.4[image: ]. However, with an inter-element spacing as small as 0.4[image: ], the gain enhancement can be achieved by suppressing the mutual coupling effects, hence improving the received power. By using the EBGs to reduce mutual coupling, 0.930 W of power could be harvested, showing an improvement of 12.45% compared to the CP RDA without the EBGs.



Table 1. Comparison of the received power when using the 10 × 10 CP RDAs with and without the EBGs (where [image: ] is free space wavelength at the designed frequency of 5.2 GHz).



	

	
Without EBGs

	
With EBGs






	
Inter-element Spacing

	
0.5[image: ]

	
0.4[image: ]

	
0.4[image: ]




	
Received Power (W)

	
1.339

	
0.827

	
0.930










Finally, the wireless power transmission performance capabilities when the power receiver moves along the x- and y-directions were investigated. Here, 10 × 10 CP RDA arrays with and without EBGs and with an inter-element spacing of 0.4[image: ] are used as transmitters to transmit a total power of 50 W. The simulated electric field distribution at 5.2 GHz, when the power receiver is located off the broadside direction, is illustrated in Figure 10. It can be observed that the electromagnetic wave propagates in a direction toward the location of the power receiver. Table 2 summarizes the simulated results of the received power outputs, as harvested by the power receiver as a result of the power transmitted by the 10 × 10 CP RDA arrays with and without the EBGs. Clearly, the amount of received power was reduced as the power receiver was moved away from the broadside direction. However, as demonstrated in Table 2, the use of the EBGs resulted in a significant improvement in the received power due to the reduced mutual coupling. An improvement which ranged from 12.91 to 21.02% was obtained as compared to the case without EBGs when the power receiver moves along the x- and y-directions. This again validates the performance enhancement of the proposed CP RDA with EBGs during wireless power transmission.


Figure 10. Simulated electric field distribution at 5.2 GHz when moving the power receiver away from the broadside direction.
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Table 2. Comparison of the received power when moving the power receiver along the x- and y-directions.



	

	
Received Power (W)

	
Improvement (%)






	
Moving along x-direction

	
0.18 m

	
With EBGs

	
0.881

	
21.02




	
Without EBGs

	
0.728




	
0.36 m

	
With EBGs

	
0.649

	
20.41




	
Without EBGs

	
0.539




	
Moving along y-direction

	
0.18 m

	
With EBGs

	
0.879

	
16.58




	
Without EBGs

	
0.754




	
0.36 m

	
With EBGs

	
0.656

	
12.91




	
Without EBGs

	
0.581











4. Conclusions


In this paper, a technique to improve the performance of a CP RDA was investigated. The CP RDA consists of an array of CP Koch-shaped patch antennas with an inter-element spacing of 0.4[image: ] for a compact size. To reduce the mutual coupling effects between antenna elements, EBG structures are applied. The performance of the CP RDA with the EBGs is validated through a wireless power transmission scenario. Owing to the mutual coupling reduction, at the broadside direction, improvements of approximately 11.32% and 12.45% were realized using 5 × 5 and 10 × 10 CP RDAs with EBGs, respectively, as wireless power transmitters in comparison to the use of RDAs without the EBGs. Improvements of 12.91–21.02% were also achieved when the power receiver was moved away from the broadside direction. This validates the performance enhancement of the proposed CP RDA incorporating the EBGs. Future work will involve the fabrication of the proposed CP RDA with EBG structures and its implementation in a wireless power transmission system for experimental verification.
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