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This paper presents a design methodology focused on feeding networks that can improve the insertion loss and coverage efficiencies of millimeter-wave (mm-Wave) phased arrays in mobile terminals. This enhancement is accomplished by using a grounded coplanar waveguide (GCPW) transmission line (TL) with via fences fabricated on single-layer FR-4 PCB. The exemplified 8-element phased arrays incorporating a compact one-dimensional electromagnetic bandgap (1-D EBG) antenna are fed through a 1 × 8 T-junction power divider, which includes the predetermined phased delay lines. To achieve high radiation performance with minimum leakage power or spurious waves in the T-junction power divider, an island-shape GCPW TL topology with via fences featuring high-impedance surfaces (HIS) is devised and fabricated. For further investigation on the radiation performance and spherical coverage of the mm-Wave mobile antenna, a mobile device prototype equipped with two sets of the 8-element phased arrays is prepared and studied. Through extensive simulation and experimental studies, it can be ascertained that the proposed GCPW TL topology with via fences can improve the realized gain at a coverage efficiency of 50% by more than 3 dB, between 26 and 36 GHz.
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INTRODUCTION
Millimeter-wave (mm-Wave) 5G mobile communication promises to address the increasingly severe bandwidth shortage issues being driven by the exponential growth in global wireless data traffic (Rappaport et al., 2013; Roh et al., 2014). For each global region, the required communication quality of service (QoS) has mainly been established using spectrum classifications below 30 GHz (N257, N258, N261) and above 30 GHz (N260) (3GPP, 2019). The effective isotropic radiated power (EIRP) and coverage efficiency [or cumulative distribution function (CDF)] are key performance benchmarks for mm-Wave 5G devices (Zhao et al., 2019; Huo et al., 2019). Recently, to realize seamless global roaming services, mm-Wave antennas for user equipment (UE) have been investigated, which can provide spherical coverage characteristics across multi-band and broadband spectrums (Hong et al., 2017; Syrytsin et al., 2018; Huo et al., 2019; Zhao et al., 2019). The cost-effective UE design methodologies for implementing mm-Wave antenna modules, consisting of radio frequency integrated circuits (RFIC), have recently attracted interest (Hong et al., 2017; Hong et al., 2012; Hong et al., 2013). Despite their poor fabrication resolution and relatively high lossy media, mm-Wave antenna fabricated on multi-layer FR-4 substrates or single-layer printed circuit board (PCB) has emerged as promising candidates for low-cost mobile terminals.
Various antenna elements and feeding networks have been investigated to realize wideband mm-Wave UE phased arrays with spherical coverage (Hong et al., 2012; Hong et al., 2013; Lee and Nam, 2017; Moghaddam et al., 2020). In (Lee and Nam, 2017) and (Moghaddam et al., 2020), tightly coupled arrays are devised that used small antenna elements, with inter-element spacing below 0.5λ0. However, those antennas have been problematic to implement in large-scaled phased arrays due to the relatively high mutual coupling between antenna elements. In (Lee et al., 2019; Lee et al., 2021a; Lee et al., 2021b), low-coupled phased arrays incorporating one-dimensional (1-D) electromagnetic bandgap (EBG) antennas with via wall structures featuring high-impedance surfaces (HIS) have been considered.
Naturally, low-loss feeding networks are critical to achieve maximum coverage efficiencies with high threshold gain in phased arrays. Numerous feeding networks have been studied, including various transmission line types and low-loss transition structures (Hong et al., 2012; Hong et al., 2013; Haydl, 2002; Zhou and Melde, 2008; Sain and Melde, 2016). However, the fundamental research, such as power flow analysis and optimized structures, has still not been sufficient to establish low-loss feeding networks in mobile terminal antenna and to realize spherical coverage at low production cost.
This paper presents a methodology to reduce the insertion loss of feeding networks in single-layer FR-4 PCB based mm-Wave phased arrays and to increase coverage efficiency in mobile terminals. Despite the poor fabrication resolution and large loss materials, an island-shape grounded coplanar waveguide (GCPW) transmission line (TL) with via fences featuring HIS can suppress parallel-plate waveguide modes and surface-waves. The fundamental power flow has been analyzed by comparing the performance of various feeding networks, and it can be ascertained that the GCPW TL with via fences exhibits low-loss on single-layer FR-4 PCBs. Afterwards, to investigate the optimal feeding networks in the mobile terminal, three types of feeding networks, consisting of a 1 × 8 T-junction power divider with a predetermined phased delay, are combined with 8-elements incorporating 1-D EBG antennas. In the handset configuration, two sets of the phased arrays including three types of feeding networks have been mounted on the top and bottom for massive multiple-input multiple-output (MIMO) configurations. Then, using simulation and experimental studies, the performance and coverage characteristics of the three types of the fabricated phased arrays are compared and discussed. Finally, the performance of the proposed phased arrays, including GCPW TL with via fences mounted on the edge of the mobile terminals, are compared with state-of-the-art mm-Wave phased arrays.
DESIGN OF THREE TYPES OF FEEDING NETWORKS
Design Consideration and Configuration of Three Types of Feeding Networks
As illustrated in Figure 1, three types of TLs with symmetric connector landing pads are fabricated on the FR-4 PCB to investigate the optimized feeding networks within identical characteristic impedance, and to analyze the fundamental power flow (Zhou and Melde, 2008). At 28 GHz, the relative permittivity and dielectric loss tangent of the FR-4 substrate are 4.4 and 0.032, respectively (Lee et al., 2021b). In order to achieve same characteristic impedance, the CPW TL, the GCPW TL without via fences, and the GCPW TL with via fences are designed with the same signal width (W2), the same gap (S) between signal and top-sided ground planes, and the same TL length (L). Moreover, for a proper performance comparison, the identical characteristic impedance of the TLs within an almost identical electrical length should be close to 50-Ω, on the condition that meets PCB design rule with compact size (Lee et al., 2021b). Thus, the characteristic impedances of the three types of feeding networks are almost identical, ranging from 65 to 69-Ω. In order to remove the concerns on the parasitic effects of connector landing pads and impedance mismatch condition, identical connector landing pads with via fence embedded CPWG TL featuring 50–65-Ω characteristic impedance have been utilized in all cases (Lee et al., 2021b). The via fences are inserted into the GCPW TL to function as HIS that can suppress the parallel-plate waveguide modes and surface-waves.
[image: Figure 1]FIGURE 1 | Back-to-Back Configurations of three types of feeding networks with symmetric connector landing pads (h = 0.4 mm, W1 = 0.4 mm, W2 = 0.2 mm, W3 = 0.6 mm, S1 = 0.1 mm, S2 = 0.2 mm, L = 10 or 20 mm).
Fundamental Power Flow Analysis of the Three Types of Feeding Networks
Figures 2, 3 illustrate the simulated and measured fundamental power flow analysis, using the three types of fabricated feeding networks samples along their respective lengths (L = 10 or 20 mm). According to fundamental transmission line theory, the total loss in TLs is equal to the sum of the dielectric loss, conduction loss and leakage power. The total loss ratio can be obtained using the measured results of the two-port S-parameters, according to 1) (Haydl, 2002; Zhou and Melde, 2008; Sain and Melde, 2016). The total loss ratio (TL) is defined as
[image: image]
where internal loss is the sum of the dielectric loss and the conduction loss. Dielectric loss and conduction loss typically occur due to the FR-4 substrate and metal conductors, respectively. However, extracting and analyzing the total loss remains elusive. Hence, the simulated leakage power ratio can be achieved according to (2), as reported in (Mehdipour and Eleftheriades, 2014; ANSYS Electronics HFSS, 2021).
[image: image]
where leakage power is defined as the power flow escaping in the outward direction of the TL in the form of parallel-plate waveguide modes and surface-waves.
[image: Figure 2]FIGURE 2 | L = 10 mm. (A) Measured total loss ratio. (B) Simulated leakage power ratio.
[image: Figure 3]FIGURE 3 | L = 20 mm. (A) Measured total loss ratio. (B) Simulated leakage power ratio.
As depicted inFigures 2A, 3A, the measured total loss ratio of the GCPW TL with via fences is reduced more than that of the other feeding networks. Since the total loss at the mm-Wave spectrum depends on the dielectric material properties of the FR-4 substrate, the dielectric loss cannot be easily suppressed. Meanwhile, the GCPW TL without via fences can cause parallel-plate waveguide mode, but the signal of the CPW TL can propagate through lateral field distribution between air and dielectric layers. This means that the dielectric loss of the CPW TL can be reduced more than that of the GCPW TL without via fences due to relatively low effective permittivity. However, the coupled slotline mode between two unconnected ground planes in the CPW TL can occur leading to increase of the leakage power loss, as illustrated in Figures 2B, 3B (Deal, 2008). Thus, due to suppression of parallel-plate waveguide mode by via fences featuring HIS, the total loss can efficiently be reduced in comparison to the GCPW TL without via fences. In addition, the leakage power loss of the GCPW TL with via fences featuring identical potential of two connected ground planes be also reduced more than that of the CPW TL by mitigation of the coupled slotline mode.
MILLIMETER-WAVE PHASED ARRAY ANTENNA IN MOBILE TERMINALS
Millimeter-Wave Antenna Configuration and Experimental Setup for Mobile Terminals
To derive the optimized feeding network topology in mobile terminals, the electromagnetic characteristics and performance of the mm-Wave phased arrays containing various feeding networks are investigated and discussed. For realizing a reliable link budget and wide beam coverage in mm-Wave 5G UEs, the phased arrays have been designed consisting of 8-element linear arrays utilizing compact 1-D EBG antennas (Lee et al., 2021b). The inter-element spacing of the 1-D EBG antenna is 0.39λ0. In addition, T-junction power dividers including predetermined phase delays based on three types of feeding networks, are devised (Lee et al., 2021b). To achieve a 120° phased delay in T-junction power divider for ±60° beam steering at 28 GHz, the physical length difference of each adjacent antenna element in the predetermined phase delay part is 2 mm. For verification on wide angle scanning, three samples of phased arrays containing three types of feeding networks are fabricated at each beam steering direction (Sample A: boresight, Sample B: +maximum beam steering angle, Sample C: −maximum beam steering angle). Moreover, to realize the continuous scanning results and obtain the coverage efficiency, additional antennas are designed and utilized with predetermined phase delay lines, for ±15, ±30, and ±45° beam steering. For mm-Wave massive MIMO antenna systems featuring spherical coverage, two sets of 1 × 8 phased arrays are mounted onto the top and bottom polycarbonate carriers of the mobile mockup devices, as illustrated in Figure 4 (Wonbin Hong et al., 2014). The polycarbonate carriers exhibit a relative permittivity of 3.0 and a bulk conductivity of 0.075 S/m, respectively (Hong, 2017).
[image: Figure 4]FIGURE 4 | Phased arrays for mm-Wave mobile device. (A) 3-D Perspective view. (B) Photograph of the mm-Wave mobile device with various feeding networks (Antenna element: 1-D EBG antenna (2.1 mm × 3.6 mm), Detailed Dimensions: WA1 = 0.1 mm, WA2 = 0.1 mm, WA3 = 0.1 mm, WA4 = 0.3 mm, WA5 = 0.5 mm, LA1 = 1.8 mm, SA1 = 0.3 mm, SA2 = 0.25 mm, SA3 = 0.8 mm).
By using the PNA-X network analyzer N5247B, Figure 5 illustrates the experimental setup for measuring the far-field radiation performance in Radiation Performance of Phased Array Antennas in Mobile Terminals of the manuscript. A phased array mounted on the top carriers of the mobile mockup devices is activated, while the other phased array mounted on the bottom carriers of the mobile mockup devices is terminated with a 50-Ω load. To test the radiation performance of the proposed phased arrays in mobile terminals, the radiation patterns has been measured using standard gain horn antenna operating in the Ka-band.
[image: Figure 5]FIGURE 5 | Experimental setup for radiation pattern measurement of the fabricated phased arrays in mobile terminals.
Radiation Performance of Phased Array Antennas in Mobile Terminals
To investigate the proximity coupling effects between adjacent polycarbonate carriers and the phased arrays in mobile terminals, the end-fire gain is measured and compared with three types of in-phase T-junction power divider. Despite the existence of larger thickness polycarbonate carriers (2.5 mm thickness) than the FR-4 substrate (0.4 mm thickness), Figures 6A,B illustrates that the antenna containing GCPW TL with via fences exhibits a robust high end-fire gain at co-polarization (Etheta). In particular, as depicted in Figure 6A, the array with the GCPW topology with via fences in the mobile terminals exhibits more than a 3 dB enhancement of end-fire, compared to the arrays of other feeding network topologies at Ka-band. Thus, because via fences featuring HIS can mitigate leakage power or spurious waves, the end-fire radiation characteristic can be nearly realized as in free space without any radiation distortion due to polycarbonate carriers.
[image: Figure 6]FIGURE 6 | (A) Measured end-fire gain (+y) in free space. (B) Measured end-fire gain (+y) in handset mockup.
Figures 7–9 illustrate the measured radiation patterns of the phased arrays with three types of feeding networks in mobile terminals, using antenna samples with predetermined phase delays at 26, 30, and 36 GHz, respectively (Refer to Supplementary Figures 1−3 @ 28, 32, and 34 GHz). The radiation patterns of the antennas containing GCPW TL with via fences exhibit beam scanning coverage of more than 110° (±55°) within 3 dB scan loss. And the antennas containing GCPW TL with via fences are more highly directive than the antennas containing other feeding networks. In addition, since the via fences in GCPW TL can reduce the leakage power or spurious waves, the 3-dB beam width in the main beam becomes narrower, and the side lobe level is reduced. Thus, despite a little interaction with the polycarbonate carriers in the mobile terminals, high gain and wide-angle scanning capabilities within 10 GHz bandwidth and 3 dB scan loss are still preserved, due to the HIS properties of the via fences in GCPW TL.
[image: Figure 7]FIGURE 7 | Measured radiation patterns (Etheta-polarization and 26 GHz) of the fabricated arrays for the beam steering test in the handset mockup. (A) CPW TL. (B) GCPW TL without via fences. (C) GCPW TL with via fences.
[image: Figure 8]FIGURE 8 | Measured radiation patterns (Etheta-polarization and 30 GHz) of the fabricated arrays for the beam steering test in the handset mockup. (A) CPW TL. (B) GCPW TL without via fences. (C) GCPW TL with via fences.
[image: Figure 9]FIGURE 9 | Measured radiation patterns (Etheta-polarization and 36 GHz) of the fabricated arrays for the beam steering test in the handset mockup. (A) CPW TL. (B) GCPW TL without via fences. (C) GCPW TL with via fences.
Spherical Coverage Analysis of Phased Array Antennas in Mobile Terminals
To realize quasi-isotropic spherical coverage using mm-wave antennas in mobile terminals, the maximum realized gain, which depends on the dielectric loss tangent of the antenna substrate and mutual coupling between antenna elements, should be high (Zhao et al., 2019; Syrytsin et al., 2018; Lee et al., 2021b; Li et al., 2020; Kim and Nam, 2020). Above all, for reliable spherical coverage, the difference between the realized gain at 0% coverage efficiency (or 100% CDF) and the realized gain at 50% coverage efficiency (or 50% CDF) should be reduced (Zhao et al., 2019; Kim and Nam, 2020). In this paper, the phased array antennas based on single-layer FR-4 PCB technology in mobile terminals, featuring extremely low production cost and small form factor, have been evaluated using the simulated total scan pattern (TSP) and coverage efficiency. To investigate the optimized feeding networks in mobile terminals, the simulated TSP and coverage efficiency are compared using three types of feeding networks.
Figures 10–12 illustrates the simulated TSP of the phased array antennas using CPW TL, GCPW TL without via fences, and GCPW TL with via fences at 26, 30, and 36 GHz, respectively (Refer to Supplementary Figures 4–6 @ 28, 32, and 34 GHz). By extracting maximum realized gain value at all angular distribution points, the TSP is attained in all continuous beam steering scenarios (Boresight, ±15, ±30, ±45, and ±60° beam steering angles) as shown in Figures 10–12 (Syrytsin et al., 2018; Lee et al., 2021b). The simulated coverage efficiency is also calculated, using the simulated TSP of the phased array antennas containing three types of feeding networks for frequency ranges from 26 to 36 GHz, as depicted in Figures 13, 14 (Zhao et al., 2019; Syrytsin et al., 2018; Lee et al., 2021b; Li et al., 2020). The lowest coverage is observed at 36 GHz, since larger beam squint can occur due to the large internal loss in the T-junction power divider at 36 GHz (Lee et al., 2021b). Due to the low-loss and low-leakage characteristics of the feeding networks, the phased array antennas containing GCPW TL with via fences featuring HIS can achieve quasi-isotropic spherical coverage within the high realized gain.
[image: Figure 10]FIGURE 10 | Simulated total scan patterns (26 GHz) of the designed array antennas in the handset mockup. (A) CPW TL. (B) GCPW TL without via fences. (C) GCPW TL with via fences.
[image: Figure 11]FIGURE 11 | Simulated total scan patterns (30 GHz) of the designed array antennas in the handset mockup (A) CPW TL (B) GCPW TL without via fences (C) GCPW TL with via fences.
[image: Figure 12]FIGURE 12 | Simulated total scan patterns (36 GHz) of the designed array antennas in the handset mockup. (A) CPW TL. (B) GCPW TL without via fences. (C) GCPW TL with via fences.
[image: Figure 13]FIGURE 13 | Simulated coverage efficiency (26–36 GHz) of the designed array antennas in the handset mockup. (A) CPW TL. (B) GCPW TL without via fences. (C) GCPW TL with via fences.
[image: Figure 14]FIGURE 14 | Statistical investigation (Frequency ranges from 26 to 36 GHz) of the simulated coverage efficiency of the designed array antennas in the handset mockup. (A) Average value. (B) Standard deviation value.
To further study coverage efficiency and the beam squint affect in the phased array antennas containing three types of feeding networks, a statistical investigation is conducted, as illustrated in Figure 14. Despite adjacent polycarbonate carriers, the 50% coverage efficiency of the antennas containing GCPW TL with via fences is improved by more 3 dB, from 26 to 36 GHz, in terms of the realized gain, compared with that of the antennas containing other feeding networks, as depicted in Figure 14A. The standard deviation of coverage efficiency of the antennas containing GCPW TL with via fences is more than 20% at the realized gain of 2.5 dBi, in Figure 14B. These standard deviation values can be understood considering the large insertion loss of the feeding networks, and the impact of beam squint at 36 GHz, due to the highly lossy FR-4 PCB dielectric substrate (Lee et al., 2021b; Lee et al., 2021c).
PERFORMANCE COMPARISON
Table 1 lists a comparison of the performance of the designed phased array antennas containing three types of feeding networks. Due to HIS characteristics of the via fences, the GCPW TL with via fences can exhibit low insertion loss and low-leakage power during the back-to-back test. By suppressing both coupled slotline mode and parallel-plate waveguide mode by HIS characteristics of via fences in GCPW TL, the feeding networks containing the compressed power dividers can be reduced coupling or leakage power between adjacent feeding structures (Lee et al., 2021b). Eventually, the gain difference among the phased array antenna containing three types of feeding networks can be largely increased in the handset mockup test rather than in the back-to-back test. Moreover, in the handset mockup test, despite adjacent polycarbonate carriers, the antennas containing GCPW TL with via fences achieves robust radiation improvement compared with the antennas with other feeding networks, due to the unique electromagnetic property of the via fences. The antenna also provides high performance, including high end-fire gain, high radiation intensity between co-polarization and cross-polarization, and highly realized gain at 50% coverage efficiency.
TABLE 1 | Performance comparison (averaged value) of the phased array antennas containing three types of feeding networks.
[image: Table 1]Table 2 provides a comparison of these results and the state-of-the-art mm-Wave phased arrays mounted on the edge of mobile terminals. By using GCPW TL with via fences featuring HIS to reduce leakage power or spurious waves, the compact 1-D EBG array antennas based on a single-layer FR-4 PCB achieve wide-angle scanning capability in broadband for mm-Wave UE applications. Notably, the proposed antenna in this work exhibits quasi-isotropic spherical coverage with good radiation performance, while maintaining an extremely low production cost compared to state-of-the-art antennas presented (Hong et al., 2017; Syrytsin et al., 2018; Li et al., 2020; Kim and Nam, 2020).
TABLE 2 | Comparison of the state-of-the-art mm-wave phased arrays mounted on edge of mobile terminals.
[image: Table 2]CONCLUSION
This study proposes and characterizes a mm-Wave phased array containing GCPW TL with via fences based on single-layer FR-4 PCB for mobile UE applications. Using fundamental power flow analyses in back-to-back tests, and comparing the performance of various feeding networks, it is confirmed that the HIS unique property of the via fences in GCPW TL can improve the insertion loss of the feeding networks. Moreover, it can be ascertained that this feeding network can enable mm-Wave phased arrays with quasi-isotropic spherical coverage in mobile terminals. Due to its extremely low-cost fabrication, the presented phased array is a promising candidate for mm-Wave 5G global service in mobile devices.
By employing the preserved radiation performance of the GCPW TL topology with via fences against adjacent dielectric materials, this design and analysis methodology about fundamental power flow of feeding networks can be applied in sub-THz antenna-in-package (AiP) and antenna-on-chip (AoC) applications (Pan et al., 2014; Hagelauer et al., 2018).
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