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Abstract

:

A very low noise figure radio frequency (RF) front-end for the cellular realm is presented. The front-end is composed of two planar YBCO high critical temperature superconductor (HTSC) bandpass filters (BPFs) and a low temperature, low noise amplifier. Using advanced HTSC growth techniques, 8-pole hairpin BPFs are implemented in a YBCO thin film grown on both sides of a sapphire substrate. The front-end is designed and implemented based on the optimal configuration of the filters derived from advanced electromagnetic simulations. Measured performance at 77 K shows a high-frequency response and very low losses, with an insertion loss of 0.15 dB and a rejection ratio of −93 dBc. The integration of HTSC filters with the low noise amplifier results in a system with superior performance, with a low noise figure of around 0.5 dB. Low insertion loss and the compact dimensions of the filter, along with low total system noise, make the designed superconducting RF front-end highly attractive for radio receivers.
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1. Introduction


There is an ever-increasing demand for a larger number of simultaneous users of wireless communication resources. Therefore, extensive effort is directed towards improving the technology of communication components [1,2] and digital elements algorithm methods [3,4]. High critical temperature superconductor (HTSC) devices for radio and communications have been extensively investigated for these applications due to their low loss characteristics, as well as ease of operation, as compared with low critical temperature superconductors [5,6,7,8,9,10,11]. High-performance bandpass filters (BPFs) can be implemented in HTSCs [12,13]. At frequencies of up to ~100 GHz, the surface resistance of the superconducting material is much smaller than that of conventional conductors, such as copper [14]. Previous studies have shown that HTSC filters enable minimizing filter dimensions without compromising the quality of the devices [15,16].



Recent advances in radio frequency (RF) communication have introduced state-of-the-art, high-performance front-end receivers [17,18,19,20,21]. However, to transmit high-power signals with low losses and high-frequency selectivity, the development of a specific dedicated communication system is required. HTSC RF front-ends have been demonstrated as frequency selective systems, with a high stopband rejection and a low noise figure (NF) [22,23,24,25].



Du et al. presented an MMIC X-band HTSC front-end, operating on a commercial mini cryocooler [22]. Although their reported results show relatively high system losses, they demonstrate the potential of producing a portable receiver front-end for application in wireless communications with all components implemented in HTSCs. Akasegawa et al. reported the development of YBCO 9-pole and 15-pole microstrip hairpin S-band BPFs, yielding noise figure values of 0.6–0.8 dB at 70 K [23]. Bian et al. introduced a miniaturized HTSC 10-poles S-band receiver front-end, with a 0.8 dB NF value at 71 K [25].



We present a low-noise superconducting RF front-end. It consists of a low-temperature, low-noise amplifier (LNA) and two 8-pole HTSC filters, designed for 2 GHz. These devices are assembled in a cascade chain connection. The selected frequency is commonly used for cellular devices and is particularly suitable for modern telecommunication networks, such as 5G, New Radio (5 GNR), and Long-Term Evolution (LTE). The front-end was designed using advanced electromagnetic simulations, as detailed in Section 2. The front-end was implemented based on the optimal dimensions obtained from the simulations. The experimental results of the front-end, measured at 77 K, are presented in Section 3.




2. Filter Design, Simulations, Implementation, and Packaging Optimization


The critical components of front-ends are filters. Since HTSCs have the advantage of very low resistivity, we chose to implement the filters in an HTSC material, YBa2Cu3O7-x, to obtain a high-performance front-end. YBa2Cu3O7-x, also known as YBCO or Y-123, is a ceramic layer of Yttrium and Barium combined with copper-oxide. The YBCO critical temperature, i.e., the temperature in which it enters the superconducting state, is around 92 K. The high critical current density of YBCO, i.e., the maximum current allowed in the superconducting phase, around 3 MA/cm2, enables handling high-transmission power in relatively narrow lines [26].



The geometry and dimensions of the filter were investigated by simulations using the ANSYS HFSS software. We compared two types of filters: a conventional one made out of copper (Cu), and a superconducting filter, based on YBCO thin films. Both types of filters were implemented on sapphire substrates. For the ground plane, the other side of the substrates was fully coated with uniform layers of 1 µm-thick Cu (for the conventional filter) and 330 nm-thick perfect conductor (for the superconducting filter). Increasing the number of poles narrows the transition realm of both types of filters. Clearly, the losses of conventional filters increase significantly with the increased number of poles, whereas the losses of superconducting filters remain unchanged. However, we chose a rather small number of poles, an 8-order filter geometry, to produce a compact configuration.



To obtain high-quality coupling, along with a high Q factor, we selected the hairpin microstrip structure for the filters of the RF front-end. Figure 1 shows the geometry of the 8-order filter. For the substrate, we used a sapphire with a dielectric constant of 11.6 and a tan loss (tan δ) of 2∙10−8 [27]. The substrate was 0.43 mm-thick and had lateral dimensions of 71.4 × 25.4 mm2. Low dielectric loss and high permittivity of the sapphire substrate make it attractive for RF applications. In addition, this substrate is very suitable for YBCO thin layers deposition. In order to achieve a uniform critical current density, the surface of the sapphire dielectric substrate was polished to a roughness of 0.5 nm, and the R-plane was cut with a tolerance of ±2° and a flatness of 4–5 waves per inch. As a result, the minimal critical current density was 3.23 MA/cm2. This result should be compared to a minimal critical current density of ~1 MA/cm2 and a larger non-uniformity of the critical current density for a roughness of 2 nm [28]. The physical parameters of the filter are summarized in Table 1.



We performed extensive electromagnetic simulations of the filter’s performance to obtain the optimal dimensions of the microstrip. Figure 2 shows the transmission coefficient, S21, as a function of frequency, as derived from the simulations for the superconducting YBCO filter. The transmission coefficient is defined as the ratio of the square root of the output power to the input power. We set conductor selection as “perfect conductor” (PEC) to imitate the resistance superconductor. The filter characteristic shows a mid-frequency of ~2 GHz and a bandwidth of around 0.3 GHz. According to the results presented in Figure 2, we estimate a transmission coefficient of around 0.13 dB.



Based on the results of the optimized configuration derived from the simulations, we implemented two filters: a conventional Cu filter and a superconducting YBCO filter. The fabrication process was performed by Ceraco GmbH, Germany. It includes a wet etching and the deposition of Cu and YBCO on the wafers. In addition, the fabrication process includes growing layers on both sides of the substrate, a 330 nm-thin layer of YBCO (superconducting filter), and a 1 um-thick Cu layer (conventional filter). In both configurations, the upper-side conductors were implemented as the hairpin filters’ geometry, and the bottom side served as a uniform layer for the filters’ ground plane. Both filters were placed inside an aluminum package (Figure 3). To form high-quality contacts, the tips of the filter feedlines were coated with gold (Figure 1) [29]. The SMA connectors were attached to these tips using an indium–silver alloy and silver paint.



Following preliminary measurements, filter packaging was optimized to improve integration between the filters and the LNA. The package optimization includes three main steps: adding a packaging top cover, introducing silver paint between the filter ground plane and packaging, and mechanical reinforcement of the filter to the substrate. The reinforcement was conducted by screwing aluminum pieces placed on the filter (Figure 3), thus strengthening coupling between the filter and the package. Figure 4 shows the measured transmission coefficients S21 of the filter before and after repackaging. At the center frequency, the value of S21 remains unchanged, around 0.15 dB throughout the filter bandwidth. After package optimization, the out-of-band frequency rejection was improved by up to 28 dB. One can see that the mid-frequency of the fabricated filter is shifted by ~0.1 GHz as compared with the simulated filter module, for both packages. This ~5% difference can be attributed to production tolerances and to the fact that the material defined in simulations was PEC and not YBCO [30]. With the copper-based filter, we measured a maximum transmission coefficient of around 1.7 dB only.




3. RF Front-End Experimental Results


To experimentally evaluate the performance of the radio head under real temperature conditions, we measured its transmission coefficient. The experimental investigation was performed with the front-end cooled to liquid nitrogen temperature (~77 K). We calibrated the measurement setup for the low-temperature operation. The cryogenic measurement setup is described in Appendix A. We used the Cosmic Microwave Technology CITLF4 amplifier as the LNA, intended for operation at low temperatures. Its specified NF is less than 1.5 dB at 300 K, and down to ~0.12 dB at 20 K.



A block diagram of the RF front-end, consisting of two HTSC BPFs and the CITLF4 LNA, is shown in Figure 5. We added the first HTSC BPF, located in front of the LNA, to improve stopband rejection.



Figure 6 presents the measured transmission coefficient of the superconducting RF head. The measured central frequency is around 2 GHz. The RF head rejection capability, for a channel 100 MHz away from the central channel, at m2, is at least −93 dBc. High rejection improves the operation of farther frequency channels.



A comparison between the measured NFs of the RF heads, with filters implemented in YBCO (thin red line) and copper (thick blue line), is presented in Figure 7. In the band of 1.8 GHz to 2.1 GHz, the measured NF for the YBCO-based system is 0.5 dB. For the copper-based system, NF = 2 dB is obtained. Moreover, in the copper head, the noise is large at the edges of the domain due to high ohmic losses leading to a low Q factor.




4. Conclusions


We have implemented an RF front-end incorporating very high-performance HTSC BPF. The implementation of the filters in superconducting materials renders superior results due to extremely low impedance. We used advanced growth techniques of the YBCO filters, replacing the gold coating with a dielectric coating. Gold coating is frequently used to protect the superconducting layer. However, electromagnetic interaction between the gold and the propagating microwaves may cause losses.



We implemented the two filters on either side of the substrate, thus obtaining superior performance in a compact configuration with superconducting 8-pole filters. As a result of the optimal design, based on extensive simulations, we measured losses of only 0.15 dB at around 2 GHz, a frequency range used extensively for cellular communication. The transmission coefficient drops very rapidly outside the central frequency range. Moreover, the front-end size is compact, using a relatively small number of poles, making its applicability more attractive despite the cryogenic requirements. Combining two optimized HTSC filters, one at the input of the LNA and one at the output, we were able to obtain excellent performance of around 2 GHz, with a low noise figure of 0.5 dB.
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Appendix A


The cryogenic measurement system is illustrated in Figure A1. The system is composed of three main elements: a Vector Network Analyzer (VNA), a computing system, and a polystyrene liquid-nitrogen container [30,31]. The S-Parameters were measured using the VNA, and the Device Under Test (DUT) was immersed in liquid nitrogen. The VNA was calibrated using a standard calibration procedure, using through connections and three loads: open (high impedance), short, and 50 Ohms (matched), eliminating the effects of all components beside the DUT from the measured data. Since the VNA has two inputs and the device has three ports, several measurements are required to obtain all the S-Parameters. While testing the scattering coefficients of two out of three ports, the third was connected to a matching impedance, which was a load of 50 Ohms.
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Figure A1. Illustration of the S-Parameter measurement setup. 
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Figure 1. The 8-order hairpin line microstrip geometry of YBCO filter. 
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Figure 2. Simulation results of the transmission coefficient, S21, vs. frequency, of YBCO filter. 
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Figure 3. Two packaged filters: (a) conventional Cu; (b) superconducting YBCO thin film. 
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Figure 4. Measured S21 for the preliminary package (thick blue) and improved packaging (thin red) vs. frequency. 
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Figure 5. RF front-end block diagram with HTSC filters. 
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Figure 6. Transmission coefficient of the HTSC radio head. 
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Figure 7. Comparison of noise figures of a superconductor-based (thin red) and a copper-based (thick blue) RF head. 
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Table 1. Geometric dimensions of the HTSC filter.






Table 1. Geometric dimensions of the HTSC filter.





	Parameter
	Value





	Sapphire width (substrate)
	0.43 mm



	YBCO width
	0.625 mm



	YBCO thickness
	330 nm



	Pole width
	8.25 mm



	Pole length
	10.125 mm
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