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Abstract: A reflectarray antenna consisting of asymmetrical patch elements is proposed, which is capable of producing dual linear and dual circular polarized operation at 26 GHz frequency. The main purpose of this design is to support four different polarizations using the same patch element. The proposed reflectarray has a single layer configuration with a linearly polarized feed and circular ring slots in the ground plane. Asymmetric patch element is designed from a square patch element by tilting its one vertical side to some optimized inclination. A wide reflection phase range of 600° is obtained with the asymmetric patch element during unit cell measurements. A 332 element circular aperture reflectarray is designed with the proposed configuration and experimentally validated with a linearly polarized prime feed configuration. Two different orientations of mirror and non-mirror asymmetric patch elements on the surface of reflectarray are analyzed. Dual linear polarization is obtained with the mirror orientation of the asymmetric patch elements on the surface of reflectarray. Alternatively, asymmetric patch elements without mirror orientation are demonstrated to produce dual circular polarization with the same linearly polarized feed. A maximum measured gain of 24.4 dB and 26.1 dB is achieved for dual linear and dual circular polarization, respectively. Their respective measured efficiencies are 28% and 41.3%, which are supported by a maximum −3 dB gain bandwidth of 13.8% and 11.5%. The circular polarization operation of the reflectarray is also supported by a 6 dB axial ratio bandwidth of 9.2%. The proposed asymmetric patch reflectarray antenna with polarization diversity, wide bandwidth and high gain is suitable to be used in many high frequency applications of 5G communication.
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1  Introduction

An array of microstrip patches printed on a flat dielectric substrate and illuminated by an appropriately distant feed is known as a reflectarray antenna [1]. Its operating principle can be related to a parabolic reflector with a similar design architecture to a phased array antenna. However, the flat surface of the reflectarray with a simple power dividing mechanism for array elements differentiates it from a curvy parabolic reflector and a complicated designed phased array [2]. These features of the reflectarray antenna help in its smooth advancement to a higher frequency operation [3]. However, keeping a simple design architecture with advanced requirements for high frequency operation is a challenging task to acquire [4].

The performance of a reflectarray antenna depends on how well its reflected signals are collimated to form a parallel wavefront. High gain performance is guaranteed if the reflected signals are properly collimated off the reflected surface, which is usually complementary to a wide bandwidth performance [5]. These performance parameters of the reflectarray antenna are directly or indirectly related to the optimized design of its patch element. A wide phase range of the unit cell patch element ensures an enhanced bandwidth performance [4]. The effect of differential spatial phase delay, which is the main reason behind the narrow bandwidth of reflectarrays, is reduced when a wide reflection phase range is utilized for progressive phase distribution on the reflectarray surface [1,6]. The wide progressive phase span also eliminates the chances of phase error generation and helps in getting the proper collimation of reflected signals from a wide range of frequencies [7]. In general, both gain and bandwidth performance of reflectarray can be improved with a wide reflection phase range of its unit cell patch element.

Apart from its gain and bandwidth, the diversity in its polarization operation is also a crucial parameter to consider for its good performance. Polarization diversity is useful in acquiring a wider bandwidth by re-using the same frequency with different polarizations for high frequency applications [8]. A reflectarray antenna can be designed to offer dual linear polarization (LP) or dual circular polarization (CP) operation. Dual LP can be further categorized as vertical polarization (VL) and horizontal polarization (HP), whereas dual CP can be divided into right hand circular polarization (RHCP) and left hand circular polarization (LHCP). The physical shape of the unit cell patch element has much importance to either producing dual LP or dual CP reflected signals. Geometrically symmetric patch designs such as square and circular elements can easily support dual LP operation. On the other hand, a dual CP operation comes with much more design effort to produce reliable results [8]. Basic design specifications needed in dual LP and dual CP reflectarray operation are summarized in Tab. 1. Both dual LP and dual CP designs can offer single band or dual band frequency operation. Single band designs need single layer reflectarrays, whereas dual band designs can be produced with a single or dual layer reflectarrays. Dual band designs with a single layer contain two different patch elements supporting their respective band of frequency operation. Alternatively, two different layers support two different bands of frequency operation respectively. Dual LP reflectarrays need an LP feed, however, in some cases, two feeds are also used to produce simultaneous dual LP operation. Otherwise, two feeds are only selected in case, if dual band frequency operation is required. Dual CP reflectarray designs are normally produced with dual CP feed. An extra polarizer layer is also used sometimes in front of an LP reflectarray to convert CP signals into LP signals, and vice versa, coming from a dual CP feed. An LP feed can also be used to produce dual CP operation, but in this case, the reflectarray itself has to work as a polarization transform unit to convert incoming LP signals into reflected CP signals. These types of designs are the most complex and usually take a lot of design effort with dual or even multi-layer reflectarrays.
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Dual LP operation can easily be obtained with some conventional types of elements like square loops, circular loops, and crossed dipoles. The chances of rising mutual coupling issues are higher if two or more elements are used in the same unit cell of reflectarray [8]. This effect can be reduced by selecting a single element, but with chances of relatively higher cross polarization and weaker dual polarization operation. Some common types of elements of CP used in the literature are split rings [9], rotated crossed dipoles [10], aperture coupled patches [11] and circular patches [12]. Mechanical angular rotation of the elements can also help to produce CP operation [13]. A polarization transform unit for CP operation with a linear feed can be comprised of a double layer T-shaped element [14] or a circular patch with two elliptical cross slots [15]. Dual LP and dual CP are used for many applications, including mobile communications, wearable applications and 5G communications [16–18].

In general, the dual polarized operation of the reflectarray antenna comes with increased design complexity [8]. Additionally, it is also a complex task to acquire dual LP and dual CP operation from the same type of reflectarray antenna. Therefore, in this work, an asymmetric patch reflectarray antenna is introduced to achieve dual LP and dual CP operation from the same patch element with low design complexity. The asymmetric design of the patch element is selected to get a wideband dual resonant response, its detailed parametric studies are already discussed in [19]. On the other hand, this work purely focuses on the dual LP and CP operation of the asymmetric patch element. Cross polarization generated due to asymmetry of the patch elements is suppressed by mirroring the element orientation in dual LP operation. On the other hand, a dual CP operation is achieved without mirroring the element orientation. This paper is organized as; Section 2 describes the development, results and analysis of the asymmetric patch element. Dual LP and dual CP operation of an asymmetric patch reflectarray antenna are experimentally discussed in Section 3 and Section 4, respectively. In the end, a comparative analysis of the proposed asymmetric patch reflectarray antenna with other related works is presented in Section 5.

2  Asymmetric Patch Unit Cell Element

The proposed asymmetric patch element has been constructed from a square patch element. A 0.254 mm thick Rogers Rt/D 5880 material is selected for this design that offers a dielectric constant of 2.2. The inter element spacing has been set as λ/2 (5.77 mm) at 26 GHz frequency which also defines the dimensions of the substrate. The process of development of an asymmetric patch element from a square patch element is illustrated in Fig. 1a. As depicted in Fig. 1a, a side of the square patch has been titled to form some inclined angle (θ). This inclination on one side is responsible to generate two different lengths (L1 and L2) in the same patch element. Consequently, two different resonances can be acquired with this single asymmetric patch element of two different lengths. As stated in [20], the resonance of a patch element is linked to the dimension of its electrical length.
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Figure 1: (a) Transformation of a square patch element into an asymmetric patch element (with full ground L1 = 3.59 mm, L2 = 3.61 mm, W = 3.77 mm, θ = 83.5°) (with ground ring slot L1 = 3.15 mm, L2 = 3.18 mm, W = 3.33 mm, θ = 82.6°) (b) Ground ring slot

The asymmetric patch element has been designed with a full ground and with a circular ring slot in the ground plane. To maintain the same resonance with different ground structures, the dimensions of the asymmetric patch element are modified accordingly. These optimized dimensions are indicated in the caption of Fig. 1. Fig. 1b shows the ground ring slot that is used to control the progressive phase distribution with a variable ring radius. This is because it is difficult to vary the overall size of the asymmetric patch element due to its design asymmetry. The ring slot in the ground plane could generate back radiations, which can be minimized by fixing the narrowest possible width of the ring slot. As depicted in Fig. 1b, a constant ring slot width of 0.15 mm is selected based on the available laboratory facilities for fabrication. Alternatively, only the slotted ring radius (r), with a fixed ring width, is varied to control the progressive phase range of the asymmetric unit cell element.

The optimized dimensions have been used to fabricate various samples of unit cell elements with variable ring radius, but the same patch size, as indicated in Fig. 2a. These fabricated unit cells are used for experimental verification. The unit cells are composed of two patch elements to spot any possibility of generating mutual coupling. Moreover, it makes a suitable dimension of the unit cell sample to properly fix it with the open face of the waveguide simulator [21]. As shown in Fig. 2b, a standard WR-34 adaptor is used to connect the waveguide simulator with the Vector Network Analyzer (VNA) for unit cell measurements. The waveguide simulator shares the same operating frequency range of 22 to 33 GHz with the WR-34 adaptor. However, the unit cell measurements are performed within the frequency range of 24 to 28 GHz.
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Figure 2: (a) Asymmetric patch unit cell elements with the variable radius of ground ring slots (b) measurement setup for unit cell elements

Measured and simulated reflection parameters of asymmetric patch unit cell element having full ground and slotted ground are plotted in Figs. 3a and 3b respectively. Fig. 3 confirms the attainment of dual resonance response of asymmetric patch element for both mentioned cases. However, a higher reflection loss is observed for the asymmetric patch element with the slotted ground as compared to the same element with the full ground. Leakage currents in the ground ring slot are responsible for this higher reflection loss. Moreover, higher measured losses are due to the connectors, cables and waveguide used during the measurements. Fig. 3 also shows that a measured linear reflection phase range of 480° is achieved with an asymmetric patch element of full ground. This value increased up to 510° when the ring slot is embedded in the ground plane. The wideband performance of the reflectarray antenna is linked with this wide reflection phase range.
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Figure 3: Reflection loss and reflection phase of the asymmetric patch element with (a) Full solid ground (b) Ground ring slot of r = 1 mm

Fig. 4 depicts the graphs of the progressive phase range of asymmetric patch element at 26 GHz frequency for both full ground and slotted ground cases. Fig. 4a shows that frequencies other than 26 GHz do not attain a smooth reflection phase curve when a full ground plane is used with an asymmetric patch element. A high design sensitivity of asymmetric patch element restricts it to offer a wideband performance. A full reflection phase span comes with a change of just 0.2 mm in length. This small change in size is practically difficult to achieve.
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Figure 4: Reflection phase plots of asymmetric patch element (a) Measured with the full ground (b) Measured with ground ring slot (c) Simulated with the different incident angles at 26 GHz

On the other hand, an asymmetric patch element with a ground ring slot is comparably less design sensitive to offer a wide progressive phase range. It can be confirmed from Fig. 4b when a full reflection phase swing is attained with a 0.9 mm change in ring radius. A simulated reflection response of various incident angles to the surface of the asymmetric patch element with ground ring slot is shown in Fig. 4c. Fig. 4c illustrates that a wideband performance can be obtained with incident angles up to 32°. This value is carefully considered when the full reflectarray of asymmetric patch elements is designed.

3  Reflectarray Antenna with Dual Linear Polarization

The proposed asymmetric unit cell elements have been used to create a 332 element planar surface reflectarray. The full reflectarray is fed by a 10 dB horn antenna with an f/D of 0.8. Fig. 5 depicts the fabricated reflectarray antenna of different element orientations and the design of its ground plane. The progressive phase distribution over the surface of reflectarray is governed by the variable size of ground ring slots [1]. It allows keeping the same size of all the patch elements of reflectarray. Reflectarray with patch elements of mirror and non-mirror orientations have been shown in Figs. 5a and 5b, respectively. The reflection phase distribution over the surface of reflectarray to produce a plane wave is also depicted in Fig. 5b. The measurement setup of the reflectarray antenna in an anechoic chamber is shown in Fig. 5c. The reflectarray and its feed have been held up using a dielectric frame during the measurements. The dielectric frame poses negligible effects on the experimental outcomes.
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Figure 5: Reflectarray antenna of asymmetric patch elements (a) Elements with non-mirror orientation and ground ring slots (b) Elements with mirror orientation (c) Experimental setup

3.1 Radiation Parameters and Results of Dual Linear Polarization Operation

The mirror orientation of the asymmetric patch elements on the surface of the reflectarray is selected to suppress the cross polarization during its linear polarization operation [22]. The generation of the cross polarization in linearly polarized operation is otherwise inevitable due to the physically asymmetrical design of the patch elements. The asymmetric patch reflectarray is tested for a vertical polarization operation when the orientation of reflectarray is aligned with the direction of the incident electric field, as shown in Fig. 6a. To get the horizontal polarization results, the reflectarray orientation has been rotated 90° with the same original direction of the incident electric field, as depicted in Fig. 6b. Measured radiation pattern results of asymmetric patch reflectarray antenna with linear polarization have been compared with its simulated counterpart in Fig. 7.
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Figure 6: Different orientations of fabricated asymmetric patch reflectarray for dual linear polarization operation (a) for vertical polarization (b) for horizontal polarization
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Figure 7: Radiation pattern plots of the reflectarray antenna of asymmetric patch elements with mirror orientation and embedded ground slots for (a) Vertical polarization at 26 GHz (b) Horizontal polarization at 26 GHz (c) Measured E-plane radiation curves at different frequencies

Plots of radiation patterns with vertical and horizontal polarization along with their respective cross polarizations are generated as shown in Figs. 7a and 7b, respectively. It is observed that the cross polarization is 19 and 20 dB below its co-pol counterparts in the broadside direction in Figs. 7a and 7b, respectively. Simulated cross polarization is omitted here for graph clarity. The overall trend of the simulated and measured radiation patterns is identical with minor discrepancies. Various radiation patterns are plotted at different frequencies in Fig. 7c, to validate the reliability of linear polarized results. These results have been obtained using a vertically polarized incident electric field on the surface of the reflectarray antenna with the mirror orientation of patch elements. The gain of the proposed reflectarray antenna with dual linear polarization is plotted against frequency in Fig. 8. Vertical polarization acquires a maximum measured gain of 24.4 dB that produces an aperture efficiency of 28%. A measured −3 dB gain bandwidth of 3 GHz is also attained which is equivalent to 11.5% at 26 GHz. The gain value has been observed to reduce slightly when the polarization of the reflectarray is changed from vertical to horizontal. This reduction is 0.5 dB, which forces horizontal polarization to achieve a measured gain of 23.9 dB with 25% aperture efficiency. However, the reduction in the gain produces a wider −3 dB gain bandwidth of 3.6 GHz, which is 13.8% of 26 GHz. Additionally, this gain reduction is also associated with a reduced measured side lobe level (SLL) as noticed in Fig. 7b.
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Figure 8: Gain vs. frequency response of asymmetric patch reflectarray antenna with (a) Vertical polarization (b) Horizontal polarization

3.2 Comparison of Vertically and Horizontally Polarized Asymmetric Patch Reflectarray Antenna

It is necessary to compare the performance of asymmetric patch reflectarray antenna when it operates in both vertical and horizontal polarization. The main reason for this comparison is to see the difference between the results of two different linear polarizations of asymmetric patch reflectarray.

Simulated and measured results of asymmetric patch reflectarray with dual linear polarization are listed in Tab. 2. It can be observed that there is not much difference between the measured quantities of beamwidth, SLL and cross polarization of both polarizations. Instead, SLL is improved from −10.4 to −16 dB. On the other hand, a reduction of 0.5 dB in the measured maximum gain performance has been noticed, which also reduces the efficiency by 3%. The gain is slightly reduced because the reflectarray is initially designed for vertical polarization operation. Therefore, a horizontal polarization operation of the same reflectarray would result in a marginally lower gain performance. Alternatively, the measured bandwidth has been noticed to improve from 11.5% to 13.8%, which is mainly because of a slight reduction in the gain performance.
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4  Reflectarray Antenna with Dual Circular Polarization

The primary purpose of designing asymmetric patch reflectarray is to attain a wider bandwidth performance. However, the high cross-polarization associated with the asymmetric patch reflectarray, when its elements are not in mirror orientation, is a major drawback. The high cross polarization performance of asymmetric patch reflectarray can be utilized progressively if it is considered to offer a circular polarization operation. Co-polarization and cross polarization components of the reflected electric field can be taken as the major and minor axis of the circular polarization respectively.

4.1 Right Hand Circular Polarization (RHCP)

The asymmetric design of the patch element generates two orthogonal components of reflected electric fields (Er), which can be represented as a major and minor axis for circular polarization operation. As shown in Fig. 9, the major axis that is directed from the lower right corner to the upper left corner of the asymmetric patch is slightly longer than the minor axis, which is pointed in an orthogonal direction. The major axis is the one that decides the type of circular polarization. It can be seen that the major axis is tilted from right to left direction and that is why it generates RHCP in a counter-clockwise direction as depicted in Fig. 9. Additionally, this RHCP operation can only be achieved if the incident electric field and asymmetric patch reflectarray are aligned vertically to each other.
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Figure 9: Asymmetric patch reflectarray with vertical orientation to attain RHCP

Asymmetric patch reflectarray with described settings has been measured for its circular polarization operation. Its simulated and measured radiation graphs are plotted in Fig. 10. It can be observed that a low cross polarization level of the asymmetric patch reflectarray has been obtained by testing it for circular polarization. It is because the co-polarization has appeared as RHCP and that is why LHCP serves as cross polarization. A decent agreement has been found between the measured and simulated co-polarized graph of the vertical cut of the radiation pattern, as shown in Fig. 10a. The measured cross polarization has also been plotted here, along with the co-polarized graph. A quite low level of cross polarization has been observed in the broadside direction, which is a sign of good performance of asymmetric patch reflectarray antenna with circular polarization operation.
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Figure 10: RHCP response of asymmetric patch reflectarray (a) Radiation pattern at 26 GHz (b) Gain and AR vs. frequency

The RHCP gain and axial ratio (AR) have also been measured and compared with the simulated results, as depicted in Fig. 10b. The measured gain shows very good reliability with the simulated gain. A low value of the AR is essential to get circular polarization. The benchmark could be drawn at 6 or 3 dB level, depending on the application, to see how much frequency band is operating under circular polarization. Fig. 10b shows that some portions of simulated and measured axial ratio curves are below the 3 dB level, but a 6 dB level is selected here to perform a fair and clear comparison between them [23]. The tabulated numerical values of simulated and measured radiation parameters of asymmetric patch reflectarray with RHCP operation are presented in Tab. 3. A good comparison can be observed between the simulated and measured quantities. As described earlier, the SLL is even better in measurements than the simulations. The maximum gain has been measured as just 0.3 dB less than the maximum simulated gain and it holds a total efficiency of 41.3%. Simulated and measured −3 dB bandwidths are also comparable with values of 11.5% and 10%, respectively. The AR bandwidth is taken at the 6 dB level of the axial ratio curve plotted in Fig. 10b. The measured AR bandwidth is observed to be 9.2%, which is slightly wider than its simulated counterpart, which is 7%. The better measured results are because of the slight shift in the resonant frequency of the reflectarray due to the fabrication tolerance.
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4.2 Left Hand Circular Polarization (LHCP)

The asymmetric patch reflectarray without mirror orientation of its elements which has circular ring slots in the ground plane is now rotated 90° to hold a horizontal position with a vertically aligned incident electric field, as shown in Fig. 11. This horizontal orientation of the reflectarray also changes the interaction between the incident electric field and the asymmetric patch element. The major axis of the reflected electric field is now generated from the lower left corner to the upper right corner of the asymmetric patch element. It makes the major axis tilt from the left to the right direction and generates LHCP in the reflected electric field. As shown in Fig. 11, LHCP makes the reflected electric field rotate in a clockwise direction. It shows that the LHCP can be obtained by asymmetric patch reflectarray if it is held in a horizontal position with the vertically aligned electric field. The simulated and measured radiation pattern results of asymmetric patch reflectarray for LHCP are given in Fig. 12. It can be seen from Fig. 12a that the trend of LHCP results is somehow similar to the previously obtained RHCP results. The difference between them is the opposite direction of circular polarization for their co-polar and cross-polar components.
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Figure 11: Asymmetric patch reflectarray with horizontal orientation to attain LHCP

It shows good stability in the reflectarray operation, even though its orientation has been changed from vertical to horizontal. It can be observed from Fig. 12a that the co-polar components of radiation patterns are plotted in LHCP, whereas RHCP is considered the cross-polar component. The simulated and measured graphs are well matched with each other. The gain has also been measured and compared with its simulated counterpart, as depicted in Fig. 12b. A good similarity has been found between the simulated and measured gain curves. The measured and simulated axial ratio, as plotted in Fig. 12b, also holds a low level to prove the LHCP operation of asymmetric patch reflectarray. The simulated and measured radiation pattern parameters of asymmetric patch reflectarray with LHCP operation are also compared in Tab. 3. A good match between the simulated and measured results can also be noticed in Tab. 3. The difference between measured and simulated gain has been just 0.4 dB, which brings an almost 4% difference in efficiency. Both types of bandwidths are also almost the same, except for a slight difference of 0.7% in simulated and measured AR bandwidth.
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Figure 12: LHCP response of asymmetric patch reflectarray (a) Radiation pattern at 26 GHz (b) Gain and AR vs. frequency

4.3 Comparison Between RHCP and LHCP Response of the Asymmetric Patch Reflectarray Antenna

This analysis shows that dual circular polarization operation can be obtained by an asymmetric patch reflectarray with its two different angular orientations. The measured response of asymmetric patch reflectarray with RHCP and LHCP operation is almost similar to each other, as summarized in Tab. 3. The horizontal cuts of RHCP and LHCP radiation patterns have been plotted in Fig. 13 to show the reliability of the results in the orthogonal plane. The maximum measured gain only drops by 0.1 dB, when the reflectarray is used for LHCP instead of RHCP. Therefore, the measured efficiency of both circular polarization is also observed to be almost similar. It should be noted here that, the asymmetric patch reflectarray is comprised of circular ring slots in the ground plane. Circular ring slots, due to their angular symmetry, do not affect the circular polarization generated by the asymmetric patch element. The measured bandwidth of both circular polarizations is also comparable with a slight difference of 1.5% in −3 dB bandwidth. This percent difference is also the same for the AR bandwidth of both circular polarization, which is taken at a 6 dB level [24]. Moreover, the asymmetric patch reflectarray acts as a polarization transform unit, which converts linear polarization of the feed into reflecting circular polarization.
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Figure 13: Measured horizontal cuts of radiation patterns of RHCP and LHCP at 26 GHz

5  Comparison with Other Related Works

The main contribution of this proposed work is to produce a reflectarray element that could support dual linear and dual circular polarization operation with the least possible design complexity. The design complexity increases with the addition of layers or by using an extra polarizer surface, especially in dual circular polarized designs. A fair comparison of this proposed work is made with other related works in Tab. 4. A design reported in [25] converts CP signals to LP and then LP signals back to CP using a polarizer layer in front of an LP reflectarray. This requires a dual CP feed and a lot of design efforts, which increases its design complexity. The inclusion of the air gap in the substrate is normally considered for bandwidth improvement. A stacked layered element reported in [26] utilizes 3 layers to reflect the incoming dual CP signals simultaneously. The design complexity restricts this design to working at lower frequencies with two different feeds for dual CP operation. Two pairs of three coplanar dipoles, reported in [27], were used for dual CP operation with a tactic of angular rotation. A dual CP feed is needed for that purpose, which can generate the required signal to reflect from the reflectarray. Three layers used in this design increase its design complexity due to the shorter wavelengths of 19.7 GHz frequency. All dual LP designs, as reported in [28–30], work to offer dual band operations at different frequencies. They possess low to moderate design complexity due to their single or just two layers of design configurations. On the other hand, they all require two different feeds for each selected band of frequency operation.
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Regardless of a selected design, the gain of a reflectarray can be improved by a large electrical aperture and its bandwidth can be increased using multiple stacked layers (including an air gap). The improvement of gain and bandwidth are not under the scope of this proposed work that relies only on low design complexity for the generation of four different polarizations from the same patch element with a linearly polarized incident field. In comparison to all these reported works, this proposed design has a lower design complexity with a single patch, single layer and single linearly polarized feed to offer dual LP and dual CP operation.

6  Conclusion

A new asymmetric patch element has been proposed to create four different types of polarization with a linearly polarized center feed configuration. Asymmetry in the design of the reflectarray patch element is used to create the dual resonant response at 26 GHz frequency for a total phase span of more than 600°. Circular ring slots with variable radius are embedded in the ground plane of the reflectarray of 332 same sized asymmetric patch elements to smoothly attain the progressive phase distribution for a good gain and bandwidth performance. Cross polarization generated due to the asymmetric patch design is suppressed by mirroring the orientation of the elements on the reflectarray surface. This mirror configuration of the asymmetric patch elements supports dual linear polarization with a maximum gain and −3 dB bandwidth of 24.4 dB and 13.8%, respectively. On the other hand, without mirror orientation of the asymmetric patch elements on the surface of reflectarray produces a dual circular polarization with the same linearly polarized feed. A maximum gain, in this case, is 26.1 dB, which offers a maximum −3 dB bandwidth of 11.5%. A maximum value of measured cross polarization of around −20 dB is achieved for all four polarizations at their respective broadside directions. This limitation of slightly high cross polarization is due to the selection of a single layered patch element for dual polarization operation at a single frequency. However, this value of cross polarization is still quite low to affect the operation of its respective co-polar reflection. The usefulness of low design complexity with polarization diversity, as in this design, can be easily utilized for high frequency operation, which is a need of time.
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Table 1: Summary of the basic characteristics of dual LP and dual CP reflectarray antenna

Dual LP Dual CP
Parameter
Single band Dual band Single band Dual band
Layers 1 172 1 172
Polarizer layer No No/Yes
No. of feeds 1 2 1/2 2
Feed polarization LP LP/CP
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Table 3: Radiation parameters of asymmetric patch reflectarray with embedded ground ring slots for
dual circular polarization

RHCP LHCP

Parameter
Simulated Measured Simulated Measured

Beamwidth 6° 6° 6° 6°
Max SLL —16dB —16.5dB —16dB —-22dB
Co-pol cross pol diff. at 0° —32 dB —20dB —31dB —21dB
Max. gain 26.4 dB 26.1 dB 26.4 dB 26 dB
Efficiency 44.2% 41.3% 44.2% 40.4%
—3dB bandwidth (GHz) 3 2.6 3 3
—3dB bandwidth (%) 11.5 10 11.5 11.5
AR bandwidth (GHz) 1.8 2.4 1.8 2

AR bandwidth (%) 7 9.2 7 7.7
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Table 4: Performance comparison of proposed asymmetric patch reflectarray antenna with other

related works

Reference This work [27] [30]

Frequency (GHz) 26 19.7 11.7/13.7 9.7/19.2  35.5/94.5

Technique Asymmetric Dual band 3 parallel Dual band Dual band Dual
patch dipoles band

Layers 1 3 2

Air gap No No No

Patches inunit 1 3 3

cell

Phase span (°) 650 400 550

Array 332/10A 25 % 25 N.A

elements/Max.

dimension

No. of feeds 1 1 2

Feed polarization Linear Dual CP Linear

Max. gain (dB)  26.1 29.5 44.1/49.6

Max. efficiency  41.3 66 40.6/20.5

(7o)

Bandwidth (%)  11.5(3dB) 5(1.5dB) N.A

Complexity Low High Moderate

Dual LP Yes No Yes

Dual CP Yes Yes No
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Table 2: Radiation parameters of asymmetric patch reflectarray with embedded ground ring slots for
dual linear polarization

Parameter Vertically polarized Horizontally polarized
Simulated Measured Simulated Measured
Beamwidth 6° 7° 6° 7°
Max SLL —14 dB —10.4 dB —19dB —16 dB
Co-pol cross pol diff. at 0° —32 dB —20dB —31dB —19dB
Max. gain 24.7 dB 24.4 dB 24.3 dB 23.9dB
Efficiency 30% 28% 27.3% 25%
—3dB bandwidth (GHz) 34 3 24 3.6

—3dB bandwidth (%) 13 11.5 9.2 13.8
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