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The impact of the substrate dielectric material on the performance of a wideband magneto-electric dipole (MED) phased array antenna is systematically studied in this article. Four commercially available dielectric substrates for mmWave applications, i.e., Rogers RO 5880, RO 3003, RO 4350B, and Panasonic Megtron-6, are considered in the design investigation of the proposed MED phased array antenna. First, the influence of the dielectric constant on the operating frequency of the unit cell MED antenna is explored in the broadside direction (θ = 0°). Second, the scanning impedance is assessed at various scanning angles for both E- and H-plane scanning. Finally, the radiation performance of the proposed design of a finite 8 × 8 MED phased array antenna is examined. This study gives a foundational understanding of the impact of dielectric characteristics on the performance of MED phased arrays. The analysis revealed that the MED phased array antenna based on substrates with a higher dielectric constant exhibited a smaller scanning angle than the substrate with a lower dielectric constant. The findings may serve as practical guidelines for selecting the dielectric substrates for the 5G mmWave phased array antenna in order to adapt their design to an application’s specifications.
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1 INTRODUCTION
Fifth generation (5G) communication systems aim to provide enhanced mobile broadband communication, ultra-reliability, and low latency communications, allowing numerous end-users to access multi-Gigabit-per-second (Gbps) data speeds while utilizing moderate power Rangan et al. (2014); Chen et al. (2022). In order to reach this ambitious goal, the millimeter-wave (mmWave) band has sparked considerable interest because of the broadly available spectrum Rangan et al. (2014); Sadhu et al. (2019). However, mmWave transmissions suffer from increased propagation losses, which can be mitigated by employing array antennas and beamforming technologies Rangan et al. (2014). To this end, numerous array antennas have been proposed for the 5G mmWave band, utilizing transmission line technologies such as conventional waveguides Kim et al. (2014), gap waveguides Yong et al. (2020), and substrate integrated waveguides Wu et al. (2012). Compared to conventional substrate-based antennas, these antennas have demonstrated lower losses. Nonetheless, they typically have a large form factor and are costly to manufacture.
On the other hand, the telecom industry has maintained its preference for substrate-based antennas due to established and cost-effective manufacturing technologies. In addition, designing microwave antennas and other components on dielectric substrates offer miniaturization properties by choosing the proper dielectric constant. On the one hand, the miniaturization feature is vital, particularly for antenna design, as it will greatly lower the design complexity of phased array antennas. For example, phased arrays require an inter-element spacing of approximately 0.5λh Kildal (2015), where λh is the wavelength of the highest desired operating frequency. On the other hand, the use of substrate-based antennas in the mmWave band urges the reduction of dielectric losses. Recently, the review on the development concept of antenna-in-package (AiP) has been presented in order to minimize the losses of dielectric substrate-based antennas operating in the mmWave band Zhang and Mao (2019). The AiP technology allows the transmission lines between the antenna and RF components to be greatly shortened, which in turn decreases the antenna and RF components’ overall losses Zhang and Mao (2019). In addition, active and passive RF components and antennas are integrated into a single PCB to operate simultaneously. It is worthwhile to mention here that in the early stages of AiP development, the low-temperature co-fired ceramics (LTCC) technique was frequently utilized because it provides a low-loss substrate, superior thermal conductivity, and a high level of passive integration Zhang and Mao (2019); Li et al. (2004); Cao et al. (2014). However, LTCC is relatively expensive, making it impractical for many consumer electronics applications. On the contrary, a substantially more cost-effective manufacturing technology known as High density interconnect (HDI) has been proposed in Zhang and Mao (2019). Indeed, HDI enables the AiP to be realized by stacking industry-standard dielectric substrates of different thicknesses, such as FR-4 and Rogers, into single packages.
With the advent of the HDI manufacturing technology, multiple AiP designs have been realized for various applications Kibaroglu et al. (2018a,b); Gu et al. (2021). Most of the reported studies are concerned with implementing AiP for specific functionalities, such as phased array AiP for mmWave 5G communication Kibaroglu et al. (2018a,b); Gu et al. (2021), AiP with circular polarisation for satellite communication (SATCOM) applications Low et al. (2022) or AiP for automotive radar applications Ku et al. (2014). The majority of these works focus on AiP design with the corresponding system performance analysis. The HDI fabrication technology offers indeed a wider range of substrate options. However, a number of constraints, such as mechanical strength and the complexity of antenna design may limit the substrate options in practice Watanabe et al. (2020). Moreover, due to the multilayer stack-up, the dielectric substrate properties are typically variable, with the prepreg dielectric layer and the core dielectric layer having typically different dielectric properties Watanabe et al. (2020). Consequently, antenna and RF engineers need to understand how to adjust the dielectric characteristics of an antenna in order to meet fabrication specifications. Patch antennas are frequently used in phased array designs Kibaroglu et al. (2018b; a). However, patch antennas typically exhibited narrow bandwidth, covering just a part of the 5G mmWave range. To improve the bandwidth performance, a multilayer stack patch antenna can be fed by a modified feeding structure, which will significantly complicate the design Low et al. (2022); Li et al. (2004). On the other hand, a wideband antenna known as the magneto-electric dipole (MED) has been proposed for wireless communication applications Luk and Wong (2006). The MED has been widely employed for LTE 4G applications Zhai et al. (2014) as well as mmWave applications Dai et al. (2021). The MED antenna’s wideband performance can be achieved by a simple L-probe feeding utilizing vias holes and microstrip patches. Hence, the MED is a potentially cost-efficient alternative for designing the mmWave phased array antenna.
Therefore, in this study, we investigate the effects of dielectric substrates on the performance of magneto-electric dipole (MED) phased array antennas. The MED is chosen due to its demonstrated wideband capabilities and identical E- and H-plane radiation patterns, which makes it appropriate for the antenna design of a phased array. In this paper, we focus on the effect of different, commercially available dielectric substrates on the scanning impedance performance of the MED phased array antenna. We consider four commercially available substrates, i.e., the Rogers RO 5880, RO 3003, RO 4350B, and the Panasonic Megtron-6. The present study is completely based on numerical computations with the CST Microwave Studio, by first employing the infinite periodic unit cell boundary condition, where we focus on the design of the unit cell. Next, in order to evaluate the scanning beam performance of the finite array antenna, the open boundary condition is applied to analyze the performance of the 8 × 8 MED phased array. The main contributions of this paper are summarized below.
• The impact of varying the dielectric constant ɛr on the broadside performance of the unit cell MED is evaluated. Our study demonstrated that as the ϵr of the substrates is increased, the overall operating frequency of the antenna will be shifted toward lower frequency band.
• The scanning capability of a MED phased array antenna is evaluated for various dielectric constants ɛr of the four commercially available substrates. First, the scanned impedance of the unit cell MED with infinite periodic boundary conditions in the CST was evaluated. Second, the radiation performance of the infinite 8 × 8 phased array antenna was evaluated using the open boundary condition. From our analysis, the dielectric substrate with lower ϵr offered better scanning performance than the one with higher ϵr, particularly for the H-plane scanning.
• The obtained results offer the antenna designer a foundation for understanding how the dielectric properties of the substrate may affect the phased array antenna performance. We believe that this will in turn considerably facilitate the phased array antenna performance optimization process throughout the design phase.
The remainder of the paper is organized as follows. In Section 2, the scanning performance of an 8 × 8 MED array antenna is presented. In Section 2.1, the MED antenna design and the substrate parameters are provided. Section 2.2 presents the evaluation of the fixed-beam broadside performance of a MED array by varying the dielectric constant while other antenna parameters are fixed. In Section 2.3, the MED antenna is optimized for the considered substrates, and their scanned impedance performance is evaluated. In Section 2.4, the radiation performance of the 8 × 8 finite MED array antenna is presented. Moreover, the discussion of the performance and the fabrication consideration of the MED as well as the method used in the study of this paper are presented in Section 2.5 and Section 2.6, respectively. Lastly, the conclusion of this study is presented in Section 3.
2 SCANNING PERFORMANCE OF AN 8 × 8 MED ARRAY ANTENNA
2.1 MED antenna element design and substrate parameters
Let’s first consider the magneto-electric dipole (MED) antenna design focusing on the antenna element of an array radiating at broadside only, i.e., a fixed-beam array. This is also the starting point for the scanning phased array antenna element design. The considered MED antenna is based on the design approach outlined in Li and Luk (2015). The proposed MED antenna element is shown in Figure 1 and consists of four metallic square patches that function as the electric dipoles and the space between the metallic vias that function as the equivalent magnetic dipole. The excitation of the antenna is achieved by an L-probe feed. The design dimension parameters are shown in Figure 1 and their numerical values are tabulated in Table 1. The width and the length are denoted by WMED, and LMED, respectively. The substrate thickness is denoted by Hsub. The width and the length of the dipole patches are given by W1, L1, respectively. L2 denotes the length of the L-probe foot, while g1 and g2 denote the separation distance between the dipole patches as illustrated in Figure 1. The diameter of vias is dvias and the minimum pad size is denoted by gvias.
[image: Figure 1]FIGURE 1 | An artist of the proposed MED (A) Top View (B) Perspective Top View (C) Perspective Back View.
TABLE 1 | The optimized dimensions of the proposed fixed MED antenna based on Rogers RO 5880. All dimensions are in mm.
[image: Table 1]The unit cell size of the considered MED antenna element is WMED = λcf, where λcf is the wavelength of the center operating frequency considered here, i.e., fcf ≈ 28 GHz. Since the unit cell dimension is large, it thus can only be used for fixed-beam applications where broadside radiation is of interest. Otherwise, grating lobes will appear while scanning.
2.2 Fixed-beam broadside performance with primary MED design
We now investigate the impact of the substrate dielectric constant ɛr on the |S11| ≤ −10 dB bandwidth of the MED antenna element for fixed-beam applications. The considered substrates in this study are the Rogers RO 5880, RO 3003, RO 4350B, and the Panasonic Megtron-6, which electrical and dimensional characteristics are summarized in Table 2. More specifically, we consider 2.2 ≤ ɛr ≤ 3.6, where 2.2 and 3.6 are the dielectric constants of the Rogers 5880 and Rogers 4350 B, respectively. It is worthwhile to note that the dielectric constants of the most commonly used substrates for mmWave applications with low-loss performance typically fall within this range. The computations are done by first optimizing the MED dimensions for the Rogers RO 5880 substrate, which values are shown in Table 1. These values were then kept constant, while ɛr was increased.
TABLE 2 | Properties of the considered dielectric substrates.
[image: Table 2]Figure 2 shows a comparison of the computed reflection coefficient |S11| for the MED antenna element as a function of different dielectric constant values ɛr. As can be seen from Figure 2, increasing the ɛr results in the shift of |S11| toward lower frequencies. This is expected, as the basic theory of microstrip antennas predicts that when the ɛr of the substrates increases, the effective wavelength of the antenna will decrease accordingly, e.g., see Kildal (2015). Another important observation is that increasing ɛr can be exploited to reduce the size of the antenna unit cell with is in line with the study presented in Schaubert et al. (1989). In addition, it is worthwhile to note that increasing or decreasing ɛr by 10%, or about 0.2 in absolute value, will shift the entire operating frequency by approximately 3%, down or up, respectively. Finally, the fractional bandwidth also varies from 43% to 45% as ɛr changes within the considered interval.
[image: Figure 2]FIGURE 2 | Computed reflection coefficient, |S11| as a function of frequency for single element MED operating at broadside direction. Results are shown for various substrates with 2.2≤ ɛr ≤3.6.
2.3 Optimized unit-cell MED antenna element of phased array
Our next step is to use the MED antenna element described above to design a phased array antenna. However, as stated above, the MED antenna dimensions are too large for this purpose. Therefore, the dimensions of the proposed MED are firstly altered by choosing the dimensions satisfying the non-radiating grating lobes condition. Hence, the unit cell dimension of the MED antenna must satisfy the well-known relationship for the inter-element spacing Kildal (2015)
[image: image]
where the λh is the wavelength of the highest operating frequency of interest, i.e., fh ≈ 30 GHz for the targeted design, and θscanning is the scanning angle. Assuming that the non-grating lobes condition for scanning shall be satisfied for θscanning ≤ 60° we use 1 to arrive at the unit cell dimension of WMED = LMED ≈ 0.52λh for all the cases that will be discussed from this point on. In choosing this value we also considered that sufficient room will be left for optimizing the MED unit cell dimension. In addition, we fix the thickness of the MED to Hsub = 1.52 mm in order to give a sufficient fair comparison for all different substrates given in Table 2. Excluding the aforementioned parameters, all the other parameters, i.e., W1, L1, L2, g1 and g2 (see Figure 1) have been optimized to ensure the scanning impedance bandwidth, also known as active impedance. Table 3 tabulated the optimized parameters of the MED antenna for phased array based on different dielectric substrates. The optimization is done to maintain the bandwidth at the broadside to cover the 24–30 GHz band. These values are sufficiently good to provide the adequate scanning performance of the phased array. Nonetheless, optimization of the parameters did also take into account the fabrication tolerances/limitations such as the minimum diameter of vias within dvias ≥ 0.3 mm and a pad size within gpad ≥ 0.1 mm.
TABLE 3 | The optimized dimensions of the proposed MED antenna based on four different substrates for phased array antenna. All dimensions are in mm.
[image: Table 3]The computed scanning impedances for both E- and H-planes scanning of the proposed unit cell MED antenna are depicted in Figure 3, for Roger 5880, Roger 3003, Roger 4350 B, and Panasonic Megtron-6. The proposed MED phased array antenna is intended to operate from 24–30 GHz with acceptable degradation of the scanning impedance from −10 dB to −7 dB, which is equivalent to an additional 0.5 dB gain drop due to the mismatching caused by beam scanning Hansen (2009). For instance, with scanned impedance of −10 dB, the power loss due to the mismatch is approximately 0.5 dB and is increased to 1 dB when the scanned impedance has deteriorated to −7 dB. The power loss due to the beam scanning mismatching can be computed using mismatch loss, Lmismatch = 1 − |Γ|2, where Γ is the reflection coefficient Pozar (2011). There are several observations regarding the impact of the dielectric substrate on the scanning impedance as follows next. The scanning performance of the MED based on RO 5880 and RO 3003 is generally better than for RO 4350B and Megtron-6. For instance, considering the operating frequency of 24–30 GHz, in the E-plane scanning, the MED based on RO 5880 and RO 3003 can scan up to 60° at S11,scanned ≤ −7 dB, while the MED based on RO 4350B and Megtron-6 can only scan up to 50°. Similar performance is observed for H-plane scanning where MED based on RO 5880 and RO 3003 can scan up to 50°, whereas the MED based on RO 4350B and Megtron-6 can only scan up to 40°. In addition, it is also worthwhile to note that as the dielectric constant of the substrate increases, the lower-end operating frequency (24 GHz) provides better active matching while scanning. This is mainly due to the shifting in the operating frequency which is in line with the earlier observation of the fixed beam MED antenna. For example, considering the −7 dB scanned impedance at scanning angle θ = 40°, the lowest operating frequency is approximately 23.8 GHz for MED based on RO 5880, whereas this lowest frequency for MED based on RO 3003, RO 4350 B and Megtron-6 is approximately 22 GHz. Nevertheless, this shifting is not as significant as it is in broadside, as the mismatching due to the mutual coupling and surface waves will also impact the overall performance of the phased array when the beam is scanned away from the broadside Hansen (2009).
[image: Figure 3]FIGURE 3 | Computed scanning impedance S11,scanning of the proposed unit cell MED antenna fed by L-probe as a function of the frequency for different scanning angles θ. Results are depicted for various substrates: Rogers 5880 at the E-plane in (A) and the H-plane in (B), Rogers 3003 at the E-plane in (C) and the H-plane in (D), Rogers 4350B at the E-plane in (E) and the H-plane in (F), and Panasonic Megtron-6 at the E-plane in (G) and the H-plane in (H).
2.4 8 × 8 finite MED array antenna
As well known, the performance of the center elements can be approximated fairly well by an infinite array model. However, in realistic array antennas with a finite number of antenna elements, the edge element patterns, and active reflection coefficients will suffer from inaccuracies due to the asymmetric environment. Therefore, to further investigate the beam scanning performance of the proposed MED phased array antenna based on various dielectric materials, an 8 × 8 finite array antenna, as seen in Figure 4, is simulated in CST Microwave Studio with an open boundary condition. Since the proposed MED antenna was evaluated using the unit cell boundary condition in the previous investigation, for finite array antenna, to minimize the undesirable edge effects, an additional row/column of dummy elements is added to each side of the 8 × 8 array layout.
[image: Figure 4]FIGURE 4 | An artist representation of the proposed 8×8 MED array antenna. The MED antennas inside the black dotted box are the radiating elements, i.e., the active antenna elements, while those outside the black dotted box are the dummy antenna elements or passive antenna elements.
Figure 5 shows the computed radiation pattern of the proposed 8 × 8 MED phased array antennas at 24 GHz (lower end of the targeted operating frequency) and 30 GHz (higher end of the targeted operating frequency) based on various types of dielectric substrates as explained in the figure caption. Results are provided for scanning in the E- and the H-plane. There are several relevant observations that can be drawn from the computed radiation patterns. First, taking into account a 3 dB loss in gain when the radiation beam is scanned away from the broadside direction, the considered MED phased array exhibits better scanning performance at the E-plane than at the H-plane for all substrates. It is worthwhile noting that this effect is more significant at the 30 GHz than at 24 GHz. This is explained by the fact that the wavelength at 30 GHz is closer to the maximum allowed inter-element distance avoiding the appearance of grating lobes given by 1. This results in a more significant mismatching of the phased array antenna impedance. This finding is consistent with the conclusion based on the computed scanning impedance of the MED unit cell phased array shown in Figure 3. Indeed, a better scanning impedance matching is achieved for the E-plane scanning as compared to the H-plane scanning of the proposed MED phased array antenna. Second, the scanning performance of the MED phased array antennas based on the RO 5880 and the RO 3003 are comparable. The MED phased array antenna based on these substrates could typically deliver full scanning, i.e., up to ±60°, for the E-plane and up to approximately ±50° for the H-plane. It is important to note that, for the H-plane scanning when the beam is scanned up to ±60°, although the gain drop is larger than 3 dB in both cases, the MED phased array antenna based on RO 3003 exhibits a more substantial drop in gain compared to the one based on RO 5880. This is due to the more significant mismatching in the scanning impedance of the RO 3003 MED phased array antenna, as demonstrated in the unit cell evaluation in Figure 3. On the other hand, the scanning performances of the MED phased array based on RO 4350 B and Megtron-6 are comparable. Scanning up to ±50° and ±40° are possible for the E- and H-planes, respectively, with a gain drop of less than 3 dB. This observation of the scanning performance is consistent with the assessment of the scanning impedance of the MED phased array antenna unit cell evaluated with the infinite boundary condition.
[image: Figure 5]FIGURE 5 | Computed normalized radiation patterns for E- and H-planes scanning at 24 GHz and 30 GHz for the 8×8 MED array antenna based on various substrates. Rogers 5880 at 24 GHz for the E-plane in (A) and the H-plane in (B), Rogers 5880 at 30 GHz for the E-plane in (C) and the H-plane in (D), Rogers 3003 at 24 GHz for the E-plane in (E) and the H-plane in (F), Rogers 3003 at 30 GHz for the E-plane in (G) and the H-plane in (H), Rogers 4350B at 24 GHz for the E-plane in (I) and the H-plane in (J), Rogers 4350B at 30 GHz for the E-plane in (K) and the H-plane in (L), and Panasonic Megtron-6 at 24 GHz for the E-plane in (M) and the H-plane in (N), and Panasonic Megtron-6 at 30 GHz for the E-plane in (O) and the H-plane in (P).
In addition, another key parameter of the radiation performance of the phased array antenna is the side lobe levels (SLLs). To attempt a fair comparison for all the considered substrates, we fixed the larger scanning angle to 50° and 40° for E- and H-planes, respectively. It is worth noting that, in the broadside direction, the SLLs of the proposed MED antenna for all considered substrates are as low as −13 dB. Nevertheless, when the beam is scanned away from the broadside, an intriguing observation can be made. Firstly, at the lower-end frequency (24 GHz), the SLLs for the MED based on RO 4350B and Megtron-6 are approximately equal to −11.3dB, which are generally better than the MED based on RO 5880 and RO 3003, with SLLs approximately −11 dB. This effect can be explained by the better matching at the lower-end frequency due to the shifting of operating frequency as the result of the increase of dielectric constant as aforementioned. On the other hand, at the higher-end operating frequency (30 GHz), the SLLs for the MED based on RO 5880 and RO 3003 are generally better than the MED based on RO 4350B and Megtron-6. The SLLs for E-plane scanning are approximately −11.0 dB, −10.9 dB, −10.5 dB and −10.6 dB for RO 5880, RO 3003, RO 4350B, and Megtron-6, respectively. Moreover, the SLLs for H-plane scanning are approximately −12.0dB, −11.8 dB, −10.6 dB, and −11.1 dB for RO 5880, RO 3003, RO 4350B, and Megtron-6, respectively. This result can be explained by the surface waves in the dielectric materials. The cutoff frequency of the excitation of the surface wave shifts toward lower frequencies as the dielectric permittivity increases Horsfield and Ball (2000). Therefore, for a fixed dimension of the unit cell MED antenna, the surface wave propagating in a dielectric substrate with a higher dielectric permittivity value will appear at a smaller scanning angle as compared to the MED antenna based on lower dielectric permittivity, reducing the beam scanning capability of the MED phased array antenna.
Figure 6 shows the computed gain and the maximum cross-polarization level X − Pol based on different dielectric substrates for broadside and scanning angle θ = 60° degrees at E- and H-planes, respectively. As can be seen from Fig.- 6, the array antenna gains of the proposed MED phased array based on the various dielectric substrates are comparable to each other. The minor difference observed is primarily caused by the different dielectric losses of the materials. Nonetheless, when the antenna beam is scanned away from the broadside to θ = 60° in both the E- and H-planes, the computed gain performance varies significantly at the higher end of the operating frequencies depending on the dielectric substrate. This fluctuation in the computed gain at the higher operating frequencies of the proposed MED phased array is mainly caused by mismatching in the scanning impedances, as discussed above. Furthermore, the relative cross-polarization level is sufficiently low in the broadside direction and E-plane scanning for all substrates. However, the level of cross-polarization for H-planes at θ = 60° is high. This is primarily due to the fact that the proposed MED does not perform properly at θ = 60° for the H-plane, as revealed in the scanning impedance study presented above.
[image: Figure 6]FIGURE 6 | Computed G0 and maximum relative cross-polarisation level X − Pol level at broadide (A) as well as θ =60° for the E-planne scanning (B) and the H-plane (C) scanning for the proposed 8×8 MED phased array antenna based on various dielectric substrates.
2.5 Discussion
The performance evaluation of the MED phased array antenna based on the considered dielectric substrates discussed earlier is summarized in Table 4. In addition to the scanning performance, the manufacturability of the proposed MED antenna for the mmWave band is a significant factor. As previously stated, the AiP is preferable for minimizing transmission line losses because it allows both active and passive RF components to be incorporated into a single package with minimal transmission line lengths. Although designing the AiP is not the primary objective of this research, the manufacturability of the proposed MED antenna as an AiP integration solution should be investigated in the future. Despite RO 5880 providing the most promising overall performance, in theory, this substrate type is generally unsuitable for AiP development. This is mostly due to the fact that the RO 5880 is composed of glass microfibre reinforced PTFE composites ro5 (2022). The fundamental issue with these substrates is that they are very flexible and can be easily bent when multilayer stack-up designs such as AiP are considered, causing them to break effortlessly ro5 (2022); Chou et al. (2021). Although this sort of substrate has been extensively proposed in academic research for mmWave applications due to its exceptional performance, it is too expensive for large-scale fabrication, making it unfavorable to industry applications Chou et al. (2021). On the other hand, dielectric substrates with strong mechanical properties, such as the RO 3003, RO 4350, and Panasonic Megtron-6 are being examined. RO 3003 is a low-loss low-dielectric constant substrate and, as demonstrated here, a scanning performance close to that of RO 5880; however, it is typically a more expensive one. Apart from that, the RO 4350 and Panasonic Megtron-6 substrates, which can be manufactured at a lower cost, are considered the most favorable solutions by the majority of the industry Chou et al. (2021). Nonetheless, future research should address improving the scanning performance of the MED phased array developed on these substrates.
TABLE 4 | Comparison of the Scanning Capability of the proposed Unit Cell MED with various dielectric substrates with scanning impedance, S11,scanning ≤−7 dB.
[image: Table 4]2.6 Method
The Computer Simulation Technology (CST) Microwave Studio was utilized for all computations of the proposed MED phased array antenna. There were two distinct boundary conditions that were applied. Firstly, the infinite unit cell with periodic boundary conditions is utilized to simulate the unit cell MED phased array. The scanning impedance at various scanning angles for the E- and H-planes was obtained from frequency domain simulations in CST. To analyze the scanning performance of the finite 8 × 8 MED phased array antenna, the open boundary condition of the CST is utilized with the time domain simulation. Moreover, to speed up the simulation, the acceleration token in the CST was employed for finite array simulation. It is worth noting that this acceleration token is only applicable for time domain simulation.
All the simulations were completed using the radio system group server at the University of Twente. The server is installed with the NVIDIA-Tesla-P100-16 GB which is one of the essential components to activate the acceleration token.
3 CONCLUSION
Phased array antennas are becoming a fundamental enabling component of the 5G millimeter wave (mmWave) communication infrastructure. However, the selection of the dielectric substrate will have a substantial effect on the performance of the phased array antenna. The presented study provides guidelines for evaluating the impact of dielectric characteristics on the performances of phased array antennas, which we have performed on the example of magneto-electric dipole (MED) antenna elements. The following is a summary of the key findings of the presented studies.
1. For the considered unit cell MED antenna operating at broadside direction (θ = 0°), it was observed that a 10% variation of the dielectric permittivity ϵr will result in the shifting of the entire operating frequencies by a factor of approximately 3%. The resulting fractional bandwidth also varies from 43–45%.
2. Increasing the dielectric permittivity ϵr resulted in a shift of the operating frequency of the MED antenna toward lower frequencies. Hence, using substrates with a higher dielectric permittivity facilitates miniaturization.
3. The achievable antenna gain G0 at the broadside radiation is comparable for all the considered substrates. However, a minor variance is still found as the loss performance of these dielectric substrates varies. However, as the beam is scanned away from the broadside, the achievable G0 depends on the scanning impedance of the MED phased array antenna.
4. The side lobe levels (SLLs), at broadside direction, are comparable for all the considered substrates. However, when the beam is scanned away from the broadside, at a lower end frequency, the SLLs for the MED phased array with higher dielectric constant performance are slightly better than the MED phased array antenna with a lower dielectric constant. This can be explained with a better matching due to the shifting of the operating frequency toward the lower frequency as the dielectric constant increased. However, as for the higher-end frequency, the SLLs for the RO 5880 and RO 3003 substrates are significantly better than for the phased arrays based on RO 4350B and Megtron-6 MED. This can be explained by the mismatching in the scanned impedance and propagation of surface waves for the substrates with higher dielectric constant.
5. The scanning performance, i.e., the computed scanning impedance and computed radiation patterns, of the MED phased arrays employing the RO5880 and RO 3003 are rather close to each other. Scanning angles up to θ = 60° and θ = 50° for E- and H-planes can be achieved, respectively. In contrast, the scanning performance of the MEDs based on the RO 4350B and Megtron-6 are identical to each other, with the E-plane scanning up to θ = 50° and H-plane scanning up θ = 40°. Therefore, it can be concluded that the MED phased array antenna based on the substrates with a lower dielectric constant generally could provide a better scanning performance than the one with a higher dielectric constant. Nevertheless, this performance improvement also comes with higher fabrication costs. Therefore, depending on the requirements of the application, there is a need for a trade-off between the cost and the performance that need to be considered in the design process.
Future work will focus on merging the considered MED antenna with the active beamformer to develop the phased array antenna for an antenna-in-package (AiP) design. In addition, the realization of the phased array AiP will necessitate further examination of the mechanical factors only briefly described in this paper, such as bending effects and manufacturing faults, to determine how these would impact the performance of the phased array AiP.
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