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Abstract:



The elementary radiator of a planar array for next generation millimeter-wave (mm-wave) 5G base stations is described. The antenna is designed for high density interconnect (HDI) manufacturing for yielding a compact, densely-interconnected, and highly-integrable stacked structure. The layout of the single element is determined by directly optimizing key radiation features of the whole planar arrangement according to specific application-driven requirements. In addition, thanks to the exploitation of a spline-shaped modelling of the radiator, suitable performance in terms of impedance matching, realized gain, half-power beamwidth (HPBW), polarization purity, and inter-element isolation are achieved within the 28-GHz pass-band. Moreover, integrated out-of-band filtering capabilities are obtained in selected and wide non-contiguous stop-bands without additional circuitry.
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1. Introduction and Motivation


The rapid development of fifth-generation (5G) wireless communication systems involves unprecedented challenges to meet new and conflicting requirements including (but not limited to) extremely high data rates and traffic volume/density, low latency, enhanced energy and spectral efficiency, as well as reduced costs and sizes [1,2,3]. The use of millimeter-wave (mm-wave) bands in combination with highly directive and reconfigurable phased arrays is considered a key enabler towards the future 5G system requirements [4,5,6]. As a matter of fact, a reliable high-throughput coverage of multiple users in large urban areas can be yielded with compact new-generation base stations thanks to the small wavelength at mm-frequencies. More specifically, both the research and the technological scouting have been mainly concerned with the 28-GHz (25.25–29.5 GHz) and the 38-GHz (36.25–40.5 GHz) bands, the rain attenuation and oxygen absorption being lower than in the other portions of the spectrum announced by the Federal Communications Commission (FCC) for 5G services [7,8,9] (i.e., 6–300 GHz). Dealing with mm-waves, one of the most critical and challenging tasks in realizing high-performance 5G base stations is the design of innovative antennas able to simultaneously comply with several contrasting requirements on (i) size, (ii) impedance matching, (iii) half-power beamwidth (HPBW), (iv) cross-polarization, and (v) isolation [10]. Moreover, a very desirable feature is the integration of filtering capabilities directly into the radiating structure without dedicated circuitry [7,11]. Indeed, a wide stop-band is typically necessary to suppress harmonics originated by power amplifiers in transmission as well as to reject out-of-band signals that could affect the low noise amplifiers of the receiving chain. However, cascading broadband antennas and filters—as done in classical array designs—here would significantly increase the complexity and the overall size of the radiating system. Moreover, the unavoidable occurrence of insertion losses would reduce the radiation gain [12]. Therefore, alternative solutions, such as those based on the “co-design” approach, have been recently explored [7,8,9,10,11,12,13].



As for the increasing demand for compact layouts, high density interconnect (HDI) [13,14,15] is rapidly emerging as a promising manufacturing technology in the design process of advanced 5G devices since HDI-printed circuit boards (PCBs) support high-density attributes (e.g., laser drilled microvias) and they allow buried routing within multi-layered highly-interconnected structures. This opens the doors to the low cost system miniaturization and integration for mass production [15].



Starting from these considerations, the design of a novel HDI-manufactured mm-wave planar array for 5G base stations working in the 28-GHz band is proposed here. A spline-based shape modelling [16] is exploited to simply/efficiently describe a wide (also complex-shapes) set of possible geometries of the single radiator without recurring to a huge number of descriptors/degrees-of-freedom (DoFs). Unlike conventional design methods, the synthesis of the single array element is carried out by directly optimizing, with a customized Particle Swarm Optimization (PSO) algorithm [17,18,19,20,21,22,23,24], the radiation performance of the entire array layout to fit all the user-defined requirements in terms of in-band behavior and geometrical constraints, while exhibiting integrated filtering capabilities to yield the desired out-of-band rejection within wide and non-contiguous stop-bands.



The paper is organized as follows. Section 2 lists the user-defined design requirements and it describes the proposed HDI-based elementary radiator. The results of full-wave analyses are presented next (Section 3) to show the performance of the single embedded element as well as to assess its effectiveness in fitting the design objectives when integrated into the final planar array arrangement. Finally, some concluding remarks are drawn (Section 4).




2. HDI-Based 5G Filtering Antenna Design


The geometry of the planar array is depicted in Figure 1, while Table 1 summarizes the design requirements considered in the synthesis process imposed by the customer for the specific application.


Figure 1. Front view (a) of the 28-GHz planar array for 5G base stations and (b) reference coordinate system, showing the considered elements numbering for identifying the central embedded element ([image: ]) and the surrounding radiators ([image: ]).
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Table 1. 5G array design—Performance and geometric/mechanical design requirements.









	Parameter
	Requirement





	Pass-Band
	[image: ] (GHz)



	Reflection Coefficient
	[image: ] dB, [image: ]



	Stop-Bands
	1st Priority: [image: ] (GHz)



	
	2nd Priority: [image: ] (GHz)



	Out-of-Band
	1st Priority: [image: ] dB, [image: ]



	Rejection
	2nd Priority: [image: ] dB, [image: ]



	Array Size
	[image: ] mm, [image: ] mm



	Scan Cone
	[image: ] deg



	Realized Gain
	[image: ] dB



	Gain Ripple
	[image: ] dB



	Isolation
	[image: ] dB, [image: ], [image: ]



	Azimuthal HPBW
	[image: ] deg



	Elevation HPBW
	[image: ] deg



	Polarization
	Linear (Vertical)



	Axial Ratio
	[image: ] dB, [image: ] (deg) ∪ [image: ] (deg)



	Ellipticity Angle
	[image: ] deg









The antenna lies on the [image: ] plane (Figure 1) and it is designed to operate over a portion of the 28-GHz band [9] (defined by the customer) with a low input reflection (i.e., [image: ] dB) along the [image: ] (GHz) pass-band (Table 1). Furthermore, out-of-band filtering in wide non-contiguous stop-bands is required without recurring to an additional circuitry. More precisely, [image: ] dB is mandatory within the frequency range [image: ] (GHz) (1st priority stop-band—Table 1), while [image: ] dB is desirable over the [image: ] (GHz) band (2nd priority stop-band—Table 1). Concerning the overall extension of the aperture on the [image: ] plane, the length and width are limited by mechanical/geometrical constraints to [image: ] mm and [image: ] mm, respectively (Figure 1 and Table 1). Under such requirements, the array lattice has been chosen so that there are no grating lobes in the whole pass-band and within a scan cone of width [image: ] deg around the broadside (with reference to the coordinate system in Figure 1b, the direction [image: ] (deg) is the antenna broadside—Table 1). It turned out a planar arrangement of [image: ] elements uniformly-spaced by [image: ] mm, [image: ] being the free-space wavelength at the central operative frequency [image: ] ([image: ] GHz), whose superficial extension is [image: ] mm.



As for the radiation characteristics, the array must provide a maximum realized gain [image: ] dB with low ripple (i.e., [image: ] dB—Table 1) in the [image: ] band (the ripple [image: ] is defined as the maximum difference between adjacent peaks and valleys in the realized-gain vs. frequency diagram (i.e., [image: ]) within the working frequency range). Moreover, a high inter-element isolation is required with scattering coefficients [image: ] dB (Table 1) between the central embedded radiator (i.e., [image: ]—Figure 1) and its closest neighbors (i.e., [image: ]—Figure 1). Furthermore, the in-band azimuthal (i.e., [image: ] deg) and elevation (i.e., [image: ] deg) half-power beam-widths (HPBWs) must be smaller than the threshold value [image: ] deg (i.e., [image: ] (deg) and [image: ] (deg)). Finally, a vertically-polarized (i.e., y-oriented) field must be radiated within the angular region [image: ] (deg) ∪ [image: ] (deg), the axial ratio and the ellipticity angle being [image: ] dB and [image: ] deg, respectively (the axial ratio being defined as [image: ], while the (broadside) ellipticity angle is equal to [image: ], [image: ] and [image: ] being the major and the minor axes of the polarization ellipse in the [image: ] direction, respectively—Table 1).



In order to fit all these radiation requirements subject to the assigned geometrical constraints (Table 1), the geometry of the elementary radiator shown in Figure 2 has been properly synthesized by considering a two-layer structure and the HDI fabrication [15] as dictated by the customer. Accordingly, off-the-shelf HDI dielectric boards have been adopted. In more detail, the bottom feeding substrate is a ground-backed Laminate R-5785(N) with relative permittivity [image: ], dielectric loss tangent [image: ], and thickness [image: ] mm, while the top layer is Prepreg R-5680 with [image: ], [image: ], and [image: ] mm (Figure 2a). A microstrip line of length b and width a has been etched on top of the feed substrate and it is used to excite the overlying (solid) radiating patch. Concerning the latter, its shape has been modeled with a spline-based technique [16] to increase the set of possible patch shapes without recurring to complex or huge-number of DoF descriptors and allow an effective fitting of all performance requirements (Figure 2b). To force a geometrical/electric symmetry, only one half of the patch contour has been optimized by setting a set of [image: ] control points for the spline curve, [image: ], [image: ] (Figure 2b), points [image: ] being automatically mirrored with respect to the [image: ] symmetry plane (Figure 2b).


Figure 2. Geometry of the HDI-based 5G filtering patch radiator: (a) 3D and (b) top views.
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The geometrical descriptors of the single radiator, [image: ] (Figure 2), have been determined by means of a customized PSO devoted to minimize a cost function quantifying the mismatch between requirements and performance of the synthesized arrangement of trial radiating elements. It is worth pointing out that the PSO has been chosen because of its well-known effectiveness and computational efficiency in dealing with nonlinear/non-differentiable cost functions and real-valued search-spaces [17,18,19,20,21,22,23,24], making it more suitable for the design problem at hand with respect to, for instance, genetic algorithms (GAs), which are more effective to deal with discrete/binary search spaces [17]. In order to match all conflicting requirements of Table 1, the following cost function has been optimized through the PSO:


[image: ]



(1)




where [image: ], [image: ], are real weights. In (1), [image: ] is the impedance matching term, defined as


[image: ]



(2)




where [image: ] is the magnitude of the reflection coefficient at frequency f, [image: ] and [image: ], [image: ], are the desired thresholds in both pass- and stop-bands (i.e, [image: ] dB, [image: ] dB, and [image: ] dB—Table 1), while [image: ] if [image: ], [image: ] otherwise. Moreover, [image: ] is the gain term defined as follows:


[image: ]



(3)




where [image: ] and [image: ] are respectively the desired realized gain and gain ripple (i.e., [image: ] dB and [image: ] dB—Table 1). Furthermore, [image: ] is the beamwidth term defined as


[image: ]



(4)




(the threshold being set to [image: ] deg on both planes—Table 1), while [image: ] is the polarization term


[image: ]



(5)




where [image: ] and [image: ] are, respectively, the thresholds on the ellipticity angle and the axial ratio (i.e., [image: ] deg and [image: ] dB—Table 1), while [image: ] [deg] and [image: ] (Table 1). Finally, [image: ] is the isolation term defined as


[image: ]



(6)




where [image: ] is the magnitude of the transmission coefficient between the central radiator ([image: ]) and the n-th element in the array (Figure 1), while [image: ] is the desired inter-element isolation (i.e, [image: ] dB for [image: ]—Table 1). Table 2 reports the values of the descriptors of the single element, [image: ], as yielded at the convergence of the PSO-based optimization, considering a setting of all weight terms in (1) to [image: ], [image: ].


Table 2. HDI-based patch radiator ([image: ] (GHz), [image: ] (GHz), [image: ] [GHz])-[image: ]-optimized descriptors, [image: ].





	
Geometrical Descriptors (mm)






	
a

	
[image: ]

	
[image: ]

	
[image: ]




	
b

	
[image: ]

	
[image: ]

	
[image: ]




	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]




	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]




	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]




	
[image: ]
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[image: ]
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[image: ]

	
[image: ]




	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]




	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]











3. Full-Wave Validation


This section is aimed at illustrating the radiation/electrical features of the synthesized elementary radiator (Table 2) analyzed through full-wave time-domain simulations based on the finite integration technique (FIT). Unlike a quite common standard in the literature, the effectiveness of the designed layout is evaluated with the radiating element integrated within the array arrangement and not stand-alone. In more detail, Section 3.1 deals with the performance metrics of the single array element when embedded in the center of the aperture (i.e., the radiation features of the element [image: ] in Figure 1a have been analyzed while feeding such an element with unitary excitation and connecting all remaining elements ([image: ]) to matched loads). Later on, the radiation behaviour of the planar arrangement of the synthesized spline-shaped radiators is shown (Section 3.2) to confirm the compliance of the final layout with the application-driven performance requirements (Table 1).



3.1. Single Embedded Element Assessment


In order to prove that the synthesized antenna properly radiates in the selected pass-band, while it enables suitable out-of-band filtering performance, Figure 3 shows the magnitude of the reflection coefficient, [image: ], measured at the input port of the central embedded element matched to a reference input impedance of 50 [image: ] (i.e., [image: ]—Figure 1a) when connecting all [image: ] neighbors to matched loads.


Figure 3. Single embedded element assessment ([image: ] (GHz), [image: ] (GHz), [image: ] (GHz))—Magnitude of the input reflection coefficient, [image: ], versus the frequency, f.



[image: Technologies 06 00045 g003]






As it can be inferred, there is a good impedance matching in the whole operational bandwidth since [image: ] dB, [image: ]. Moreover, the required signal rejection in the 1st priority stop-band is properly yielded, being [image: ] dB, [image: ] (Table 1 and Figure 3). As for the desirable interference cancellation in the 2nd priority stop-band, it turns out that the reflection coefficient is very close to the desired threshold (Table 1) and its value turns out to be always [image: ] dB, [image: ] (Table 1 and Figure 3).



Moving from the electrical indexes to the radiation properties of the optimized radiator, the 3D realized gain patterns, [image: ], at the minimum ([image: ]—Figure 4a), central ([image: ]—Figure 4b), and maximum ([image: ]—Figure 4c) working frequencies are reported in Figure 4.


Figure 4. Single embedded element assessment ([image: ] (GHz))—3D plot of the realized gain pattern at (a) [image: ]; (b) [image: ]; and (c) [image: ].



[image: Technologies 06 00045 g004]






These results show a high stability of the far-field patterns along the entire pass-band. Such outcomes are further verified by looking at the polar patterns reported in Figure 5 for the azimuthal (i.e., [image: ] deg—Figure 5a) and the elevation (i.e., [image: ] deg—Figure 5b) planes where the maximum realized gain is equal to [image: ] dB (Figure 4a), [image: ] dB (Figure 4b), and [image: ] dB (Figure 4c).


Figure 5. Single embedded element assessment ([image: ] (GHz))—Polar plot realized gain pattern along the (a) azimuthal (i.e., [image: ] deg) and (b) the elevation (i.e., [image: ] deg) planes.



[image: Technologies 06 00045 g005]






Concerning the array scanning range, i.e., the angular region in which the element gain loss with respect to broadside is below 5 dB [25], the analysis of the beamwidth of the elementary radiator indicates that the scan cone of the array is fully supported both in azimuth ([image: ] deg >[image: ]—Table 3) and in elevation ([image: ] deg >[image: ]—Table 3). Moreover, the 5 dB beamwidth turns out to be almost constant/stable versus the in-band frequency (i.e., [image: ] (deg) and [image: ] (deg)).


Table 3. Single embedded element assessment ([image: ] (GHz), [image: ] (GHz), [image: ] (GHz))—Simulated 5 dB beamwidth, [image: ], values.





	f (GHz)
	[image: ] (deg)
	[image: ] (deg)





	[image: ]
	[image: ]
	[image: ]



	[image: ]
	[image: ]
	[image: ]



	[image: ]
	[image: ]
	[image: ]









These outcomes confirm that the synthesized element will not introduce significant array gain distortions at the edge of the field-of-view within the entire pass-band.



In order to have some insights into the inter-element isolation, Figure 6 shows the magnitude of the scattering coefficients between the central embedded element and its closest neighbors (i.e., [image: ], [image: ]—Figure 1a). As it can be observed, the coupling between adjacent radiators is always very limited and it is compliant with the project threshold (Table 1) since [image: ] dB, [image: ] (Figure 6).


Figure 6. Single embedded element assessment ([image: ] (GHz))—Magnitude of the inter-element scattering coefficients.



[image: Technologies 06 00045 g006]






Finally, to better understand the basic operation of the synthesized antenna, Figure 7 shows the surface currents induced on the array patches at the central frequency of the pass-band ([image: ]—Figure 7a) and of the first-priority ([image: ] GHz–Figure 7b) and second-priority ([image: ] GHz—Figure 7c) stop-bands. If, on the one hand, such results verify that the optimized spline shape properly resonates only within the required pass-band (the magnitude of the induced current on the active central element being significantly higher with respect to the out-of-band frequencies—Figure 7a vs. Figure 7b,c); on the other hand, it should be remarked that the current induced through mutual coupling on adjacent radiators is quite limited (Figure 7a).


Figure 7. Single embedded element assessment ([image: ] (GHz), [image: ] (GHz), [image: ] (GHz))—Surface current on the array patches when exciting the central embedded element ([image: ]—Figure 1) at (a) [image: ]; (b) [image: ]; and (c) [image: ].



[image: Technologies 06 00045 g007]







3.2. Planar Array Assessment


Although the single-element checks in Section 3.1 are fundamental for the final design, the decisive analysis is on the radiation performance of the final planar uniformly-spaced arrangement of [image: ] of those elementary radiators (Figure 1).



Towards this end, the 3D realized gain pattern of the fully excited array shown in Figure 8 has been computed at the minimum ([image: ]—Figure 8a), the central ([image: ]—Figure 8b), and the maximum ([image: ]—Figure 8c) operational frequencies. It turns out that the array behaves quite uniformly within the whole pass-band, with reduced back-radiations, and a single main beam properly directed towards broadside. By analyzing the corresponding polar plots in Figure 9 along the azimuthal (i.e., [image: ]—Figure 9a) and the elevation (i.e., [image: ]—Figure 9b) planes, one can notice that the sidelobe level (SLL) values are always low and suitable for a good suppression of potential interfering signals. In more detail, [image: ] dB, [image: ] dB, and [image: ] dB along the azimuth direction (Figure 9a) and, similarly, in elevation (i.e., [image: ] dB, [image: ] dB, and [image: ] dB) (Figure 9b). It is worth remarking that the array requirement related to the radiation gain (Table 1) is fully satisfied as pointed out by the plot of the maximum realized gain versus the frequency in Figure 10. Indeed, [image: ] is always greater than the desired threshold (i.e., [image: ] dB, [image: ]—Table 1). There is an increase of about [image: ] dB with respect to the realized gain of the single-element at the central frequency (i.e., [image: ] dB vs. [image: ] dB), which is in a good agreement with the rule-of-thumb experimentally assessed in [26] since an increment within 12 d and 15 dB is expected when displacing in an array configuration between [image: ] and [image: ] elements. As expected, such gain values are obtained only in the antenna pass-band with a maximum value of [image: ] dB and an adequate ripple (i.e., [image: ] dB—Figure 10 and Table 1). Otherwise, (i.e., [image: ]), there is a fast drop of [image: ] (Figure 10).


Figure 8. Planar array assessment ([image: ], [image: ] (GHz))—3D plot of realized gain pattern at (a) [image: ]; (b) [image: ]; and (c) [image: ].
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Figure 9. Planar array assessment ([image: ], [image: ] (GHz))—Polar plot of the realized gain pattern along the (a) azimuthal (i.e., [image: ] deg) and (b) the elevation (i.e., [image: ] deg) planes.
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Figure 10. Planar array assessment ([image: ], [image: ] (GHz))—Plot of the maximum realized gain, [image: ], versus the frequency.
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Dealing with the beam resolution of the array, the project requirements are also satisfied since the HPBW is always significantly below the desired threshold [image: ] on both azimuthal (Figure 11a—[image: ] deg, [image: ] deg, and [image: ] deg) and elevation (Figure 9b and Figure 11b—[image: ] deg [image: ] deg, and [image: ] deg) cuts.


Figure 11. Planar array assessment ([image: ], [image: ] [GHz])—Plot of the HPBW versus the frequency along the (a) azimuthal (i.e., [image: ] deg) and (b) the elevation (i.e., [image: ] deg) planes.
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Finally, let us analyze the polarization outcomes. The field radiated by the array is linearly (vertically) polarized with a high polarization purity as proved by the plot of the axial ratio in Figure 12 ([image: ] deg—Figure 12a and and [image: ] deg—Figure 12b). Indeed, there is a good control of the cross-polarization over the angular region [image: ] (deg) ∪ [image: ] (deg), where [image: ] dB according to the project guidelines (Table 1). Such an outcome on the polarization is further confirmed by the constant and almost ideal behavior of the ellipticity angle, [image: ], in Figure 13 (i.e., [image: ] deg all along the pass-band).


Figure 12. Planar array assessment ([image: ], [image: ] (GHz))—Plot of the axial ratio, [image: ], at [image: ], [image: ], and [image: ] along the (a) azimuthal (i.e., [image: ] deg and (b) the elevation (i.e., [image: ] deg) planes.



[image: Technologies 06 00045 g012]





Figure 13. Planar array assessment ([image: ], [image: ] (GHz))—Plot of the ellipticity angle, [image: ], versus the frequency.
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4. Conclusions


A planar array for future 5G mm-wave (28-GHz) base stations has been proposed. The antenna has been synthesized for HDI-based manufacturing technology with the objective of being compact/easy-to-integrate (the purpose of such a layered layout being the possibility to easily design buried routing and exploit high-density attributes) and having out-of-band filtering capabilities without using dedicated circuitry.



The layout of the single radiator has been determined by exploiting a spline-based shape modelling allowing to code, compared to other layouts, complex shapes through a limited number of DoFs (i.e., the spline control points) and enabling an easier fitting of the desired array performance [16] (Table 1), and a full-wave description of the interactions of the same element when embedded in the array. The results from an extensive analysis of both the embedded element and the full array (i.e., the arrangement of N elementary radiators) have proved that the arising antenna exhibits suitable (i) in-band impedance matching, (ii) signal rejection within wide non-contiguous stop-bands, (iii) inter-element isolation, (iv) HPBW, and (v) polarization purity. Besides the exploitation of an HDI-oriented layout, the main novelties of the presented work with respect to published works are



	
the exploitation of a spline modeling of the patch contour to easily fit both required in-band matching and out-of-band rejection;



	
the synthesis of the single radiator already embedded within the final array (rather than isolated in free-space), such that all mutual coupling effects are taken into account in the evaluation of the resulting array radiation features.






It should be noted that the design of the feeding network is out of the scope of the present work, and that the realization and later on the experimental assessment of a prototype are currently under investigation from an industrial partner for a future commercialization (besides the IPR issues and some contract constraints, please note that the realization of a provisional prototype is currently out-of-the-cost/technological possibilities of our university institution).
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