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Abstract

:

In this paper, we report the use of additive manufacturing methods to fabricate a high aspect ratio, low noise amplifier (LNA) for a handheld active sensor device operating at up to 1 GHz. The new form factor LNA incorporates a modification of a square-shaped commercial off-the-shelf (COTS) LNA into a 5:1 aspect ratio device without a loss in RF performance. For rapid prototyping, we employ both subtractive and additive manufacturing technologies, such as milling, extrusion-based syringe printing, and aerosol jet printing techniques to fabricate both small form factor and high aspect ratio devices. The 5:1 aspect ratio LNA demonstrated a 20% smaller form factor, a gain of 25 dB, and an NF less than 3 dB over an operating frequency range up to 1 GHz, comparable to the COTS LNA. Design, simulation, and experimental results are given to highlight the advantages of 3D printed hybrid electronic technology over the conventional PCB fabrication method for rapid prototyping of RF electronic devices.
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1. Introduction


Rapid prototyping has become a crucial engineering technology for creating and improving parts directly from a design concept [1,2,3]. Over the past few decades, rapid prototyping, as it applies to 3D manufacturing technologies, has been demonstrated to reduce design/production times and cost tremendously, at least for small volume production, and has become an integral aspect of 3D additive manufacturing [4,5,6]. The conventional method for the fabrication of circuitization is limited to 2D planar structures, while 3D manufacturing technologies include more flexible capability in terms of design and materials [7,8,9]. There has been a growing interest in the use of 3D printing technology for the fabrication of printed electronics. Various studies have explored the use of 3D printing for the creation of conductive traces, capacitors, and RF electronic components, such as transmission lines and antennas. There are several different 3D printing methods, each with their unique strengths and weaknesses, such as fused deposition modeling (FDM), stereolithography (SLA), inkjet, aerosol jet printing (AJP), selective laser sintering (SLS), direct energy deposition (DED), and electrohydrodynamic (EHD) printing. Previous works on RF devices using various 3D printing technologies are given in Table 1.



Handheld devices encompass a broad range of portable electronic devices that have numerous practical applications in our daily lives, such as smart phones, tablets, and GPS location sensors. Electronic circuits can be printed utilizing various materials to fulfill the specific requirements of applications, such as probes and sensors, even without the use of conventional PCB manufacturing equipment. With advancements in technology, handheld electronic sensors/probes can now be easily and affordably created using 3D printing, which has the potential to greatly improve the way we measure and monitor. A commercial off-the-shelf (COTS) handheld probing device, such as a thermal or electro-magnetic (EM) near-field sensor, has been widely used for debugging, fault detection, electromagnetic interference (EMI)/electromagnetic compatibility (EMC), and compliance testing of RF devices [18,19]. Among these sensors, handheld devices are mostly passive or connected to an external desktop amplifier module via a coaxial cable. Because the signal from such sensors used for near-field detection is typically extremely small, a low noise amplifier (LNA) for preamplification is commonly used as a receiver to boost the signal of interest above the noise floor [20,21]. RF amplification can be achieved simply by using a single transistor, multi-stage monolithic amplifier [22,23]. However, the rapid prototyping of an LNA requiring a low noise figure (NF) and a high gain using additive and subtractive manufacturing method has yet to be explored.



In this paper, we report design and fabrication methods for rapid prototyping of a high aspect ratio LNA that can be used as a compact, active, handheld sensor device. Based on the 2.54 cm (1 in) square COTS LNA (ZFL-1000LN+) from Mini-Circuits® [24] as a reference, we redesigned and fabricated 1:1, 3:1, and 5:1 aspect ratio LNAs with careful consideration of printing parameters and circuit performance. We discuss the 5:1 aspect ratio LNA showing a 20% smaller form factor, a gain of 25 dB, and an NF less than 3 dB over an operating frequency range up to 1 GHz, comparable to the COTS LNA.




2. Design and Methods


Figure 1a shows an example of a 0.5 mm (20 mil) thick triangle-shaped (Rogers® RO4350B substrate) active probing sensor device connected to a COTS LNA. Various sensing elements could be substituted in the probing section, as needed. The size and geometry of this 1:1 ratio LNA inhibits the customization of a device for a handheld active sensor—particularly for a cascade structure, such as the integration of multiple sensors with single or multiple LNAs. Figure 1b illustrates an alternative form factor for such an LNA-based active sensor design that has an aspect ratio of 5:1, where the aspect ratio is defined by the ratio of length to width of a substrate. The probe and the LNA are integrated into a single substrate without the need for additional assembly of an SMA M-M adaptor to connect the sensor to the amplifier (as shown in Figure 1a). Figure 1c shows a proposed LNA without a probe, where length (L) and width (W) can vary for different aspect ratios. Special care was taken in the design for the proposed LNA device to obtain comparable performance to the COTS LNA. We will discuss circuit design, low loss microstrip line, and fabrication in the following paragraphs.



2.1. Circuit Simulation of Redistributed Circuit Layout


The reference COTS LNA is a wide band LNA operating from 0.1 MHz to 1 GHz [24]. It has an NF of 3 dB and a gain of 23 dB with a feed voltage of VDC = 15 V. Using the Keysight® Advanced Design System (ADS) circuit simulator software, the circuit components were rearranged to model 1:1, 3:1, and 5:1 aspect ratio LNAs. The modified circuit layouts were then converted to distributed circuit models in order to simulate gain and NF. This was carried out using the PC board (PCB) layout tool in the ADS simulator. Figure 2a shows an example of the AUTOCAD® schematic for the 3:1 circuit design and fabrication, and Figure 2b–e show the COTS LNA (1:1) and the fabricated LNAs with aspect ratios of 1:1, 3:1, and 5:1, respectively. Simulations of these three versions (c–e) showed that a 5 cm (2 in) long LNA for a 5:1 aspect ratio was the largest possible aspect ratio that would result in RF loss comparable with the other two aspect ratio LNAs because of the dependence on the size of the transmission lines, line-to-line spacing, field effect transistors (FET), resistor, capacitor, and inductor surface mount devices (SMDs).




2.2. Microstrip Lines


The microstrip circuitization lines were carefully designed based on substrate properties to avoid unwanted reflections caused by impedance mismatch. Rogers® RO4350B was used as the substrate, reported to have a nominal dielectric constant of 3.66 and a loss tangent (tanδ) around 0.003 [25]. In order to obtain a characteristic impedance of 50 Ω, an optimal printed line width of 1.1 mm was simulated on a 0.5 mm thick substrate [26]. The size of the LNA is, however, relatively small compared to the operating wavelength of 30 cm (at the frequency of 1 GHz). The propagation loss is less than 1 dB for the application, as shown in Figure 3; therefore, the microstrip lines were accordingly designed to minimize reflections when printed on the RO4350B substrate. Based on the reflection coefficient of S21 in the scattering matrix, the transmitted power in the RF waveguide is expressed as follows:


    P   S 21   = exp ⁡   − 2 (   α   d   +   α   c   )   z ,  



(1)




where z is the length of the microstrip line and the two propagation coefficients, αd (dielectric attenuation) and αc (conductive loss), are related to the substrate loss and the skin depth of the microstrip lines, respectively [26]. The dielectric attenuation constant is linearly proportional to the loss tangent of the substrate, and the conductive loss coefficient is proportional to the square root of the resistivity of the conductor used for the microstrip lines. While the propagation loss of copper trace made by the conventional fabrication method is 0.03 dB/cm caused by high conductivity, the propagation loss of silver ink trace was simulated to be about 0.05 dB/cm, assuming that the resistivity of a commercially available nanoparticle-based silver ink is 5 times higher than that of bulk silver (ρAg = 1.6 × 10−8 Ω∙m) at 1 GHz, as shown in Figure 3 [27]. Note that the conductive loss is dominant over the dielectric attenuation, because of the use of a low loss substrate whose loss tangent is around 0.003. If the more popular FR-4 (a composite material composed of woven fiberglass with an epoxy resin binder) substrate material were used, the higher loss tangent of 0.03 would have resulted in a 10 times higher dielectric attenuation [28] due to the dielectric attenuation constant being linearly proportional to the loss tangent. Therefore, the use of an FR-4 substrate rather than the RO4350B would have resulted in a propagation loss larger than 0.1 dB/cm and the substrate loss from the dielectric attenuation would have dominated over the conductive loss caused by the finite resistivity of the silver ink.





3. Results and Discussion


As illustrated in Figure 4, both additive and subtractive manufacturing techniques were used for the fabrication of the proposed, high aspect ratio, LNA devices. First, the subtractive manufacturing steps were performed with an LPKF® S103 to cut the substrate to the correct size and drill the via holes. The LPKF machine has widely been used to make a PCB circuitization of Cu-plated substrates. In our case, a single-sided Cu-plated RO4350B substrate was used, where the Cu layer was used as a ground plane, so the LPKF has not been used for circuitization. The via holes were fabricated around the circuitization lines and unused substrate area to provide a stable ground connection and avoid RF leaks/interference from the signal lines [29]. The additive manufacturing steps were performed with a custom system fitted onto a HAAS® OM 2 computer numeric control (CNC) machine to fill the via holes. Subsequently, an Optomec® AJ200 was used to print the microstrip circuitization lines. The overall process steps for fabricating a single LNA device are highlighted in Figure 4, including: (1) substrate cut to size, (2) via holes drilled, (3) via holes filled with a silver paste using a syringe dispensing system, (4) two layers of conductive circuitization lines aerosol jet printed onto the substrate, (5) components mounted in their appropriate places using chip bonder (Loctite® 3621) as the adhesive, (6) components electrically connected to the circuitization lines using a syringe dispensed silver paste, and (7) connection of SMA connector to the fabricated LNA that is then mounted into an aluminum shielding enclosure. Post-processing occurred after every step except for steps (1) and (2). The post-processing recipes, such as curing temperature and duration, were carried out as recommended by the ink manufacturers. The total fabrication time from step (1) to step (7), excluding post-process, was ~7 h.



3.1. Via Holes and Extrusion-Based Syringe Printing


Initial prototyping and testing proved that using via hole fences was necessary to avoid RF leaks and interference. The same approach of via holes was used across all the three samples presented here. To create a via fence, an array of 0.7 mm diameter holes with a 1 mm center-to-center spacing was placed in open area sections of the substrate and along the ground circuitization lines. For the 5:1 aspect ratio LNA, close to 150 through-holes were drilled using the LPKF® ProtoMat S103 fitted with a 0.7 mm spiral drill. These holes were then filled with ACI FE3124 silver conductive paste (ACI Materials, Goleta, CA, USA) using a custom syringe printing attachment (Nordson EFD ValveMateTM 8000) on a HAAS® OM 2 vertical mill CNC machine [30]. A syringe tip with a 0.5 mm hole was placed directly over each via hole and pneumatic pressure applied for 1.5 s such that the extruded ink filled each hole. A dispensing pressure of around 60 psi was used, but varied slightly to ensure that the holes were adequately filled. The ground plane of the substrate was mounted face down for this process. Each hole was slightly overfilled in order to compensate for the shrinkage of the conductive paste due to solvent loss during post-process curing.




3.2. AJP Trace Printing


A direct write (DW) technology, aerosol jet printing (AJP) is well suited to print conductive and dielectric traces for RF applications [31,32] because it can be used to print a wide range of inks with viscosities from 1 to 1000 cps. Moreover, the relatively large stand-off distance (3–5 mm) offers advantages for conformal surface and complicated devices [33]. Stand-off distance and overlap of traces can have a significant impact on the quality and accuracy of the printed traces. A smaller stand-off distance can result in higher resolution and better control over the printed trace, but it can also decrease the overlap percentage between adjacent traces and increase the risk of clogging or damage to the nozzle. On the other hand, a larger stand-off distance can make it easier to print wider lines or cover a larger area with a higher overlap percentage, but it may result in lower resolution and less precise control. We optimize stand-off distance and overlap percentage for the specific requirements of the printing application, such as the desired resolution, thickness, and uniformity of the printed layer. Figure 5 shows the configuration of the AJP direct-write system used here. The circuit layout was designed using AUTOCAD® software and exported using an add-on software (VMtools) to create AJP toolpaths. DOWA (DOWA, Tokyo, Japan) conductive silver ink was used. Printed trace widths were set at 75 μm with a 50 μm serpentine fill pitch related to a 33% overlap of these printed traces with a serpentine pattern used to produce 1.1 mm wide printed circuitization lines. Two passes of the toolpath were used to decrease printing defects and achieve post-processed feature thicknesses of 10 μm. The build plate was heated to 50 °C to ensure solvents within the ink evaporated properly. Studies related to reliability, physics-of-failure, and adhesion with FR4 substrate have shown that high quality conductive traces can be obtained by controlling ink concentration and curing temperature [34,35,36]. The thermal procedure includes heating up in an oven from room temperature to 150 °C with a ramp rate of 2 °C/min, setting for 3 h, and subsequently cooling down in air. The substrate surface was further cleaned with isopropyl alcohol (IPA) prior to printing to improve adhesion. The printing nozzle diameter was 150 μm, and the print speed was 1–2 mm/s. In order to establish a printed trace width of 75 μm and an ink stream deposition rate of 0.0005 mm3/s, gas flows varied, but were typically set at 1100, 1070, and 15 sccm for the atomizer, exhaust, and sheath, respectively. The via holes that were previously filled with conductive paste were also over-printed in order to ensure that each via fence was properly connected between top and bottom substrate surfaces.



All the LNA circuitization lines were printed using a standard, commercially available nanoparticle-based silver ink (DOWA). The resistivity of the printed silver ink was measured using a four-point probe and found to be about five times bulk silver resistivity after post-processing at 150 °C for 3 h [27,37,38]. To control the layer thickness precisely, the inkwell method was used to establish desired deposition rates [37]. The target post-processed thickness of printed silver lines was set to be 10 µm, and a corresponding ink stream deposition rate of 0.0005 mm3/sec was used during printing. The surface roughnesses of the printed trace and the substrate were less than 1.5 μm and 3 μm, respectively. The printing and fabrication parameters are listed in Table 2. While these specific prototype parts have not undergone reliability testing, the materials used to fabricate these parts have undergone materials physics-of-failure testing [35,36] and other related additively fabricated circuits have been through [39] and are currently undergoing comprehensive reliability testing.




3.3. AJP Trace Printing Shielding and Assembly


Due to the focus on rapid production and the unavailability of an automated pick-and-place (PnP) tool, components were placed on the board by hand with tweezers. A small amount of chip bonder was used to secure these components in place. After the chip bonder was cured, each component was electrically connected to the printed circuitization using ACI FE3124 silver conductive paste. This paste was applied with a syringe by hand. The manual method for both the component placement and electrical connection to circuitization lines can easily be replaced by a programmed PnP process and syringe printing for higher precision placement and mass production. The fully fabricated LNA was placed in an aluminum shielding mount where the ground plane was in contact with the mount. The shielding structure not only provides a stable ground plane, but also secure connections between the input/output traces and SMA connectors in order to avoid electrical disconnection caused by any torque exerted while attaching the SMA connectors.




3.4. Experimental Results


Gain and NF measurements were performed to confirm the feasibility of low noise amplification from the fabricated high aspect ratio LNAs. The DC power supply was set at 15.31 volts to LNA and the signal of the RF input was fixed to −60 dBm from an Agilent® 4420B signal generator. The amplified spectrum was measured by an Anritsu MS2690A signal analyzer. The signal analyzer was calibrated with the amplitude, and the phase error was less than 0.5 dB. The high frequency SMA cables were used for input and output connection, where the insertion loss is expected to be less than 1 dB at 1 GHz. Figure 6 shows measured gain and NF as a function of frequency with data from the commercial LNA (gray line) for comparison. A simple gain method is used to measure NF by comparing the noise floor with the Johnson–Nyquist noise at room temperature [40].



The measured gain for the highest ratio (5:1) printed LNA was around 25 dB, ~2 dB higher than the COTS LNA [24], where the gain of the COTS LNA has separately been measured for comparison. The lower aspect ratio (1:1) LNA shows a slight roll-off in gain at the higher frequency, whereas the higher aspect ratio (5:1 printed prototype) LNA has a relatively flat gain profile with a broadband frequency up to 1 GHz, which is ideal for most broadband amplifier operations. The slight decrease in the gain is believed to result from the relatively long traces but could also be related to micro-cracking in the silver traces that are potential known defects that can form as a result of multiple cures for silver ink and chip bonder. Note that the simulated gain from ADS (green line) shows a good agreement with the experimental result over the frequency range of interest. The measured NF of the 5:1 aspect ratio LNA was around 3 dB, which is lower than that of the COTS LNA, over most of the measured frequency range. We expect that the low NF will help to increase the sensitivity of active handheld sensor devices. Using a vector network analyzer (Rohde & Schwarz ZVA67A), a reverse isolation, equivalent to S12, was separately measured to be less than −40 dB within all frequencies up to 1 GHz.



Figure 7 shows the full S-parameters of the 3:1 and 5:1 aspect ratio LNAs and COTS devices as measured using an Agilent N5230A Vector Network Analyzer. The forward and backward transmission coefficients (S21 and S12) were about 20–23 dB and −50 dB, respectively. The S12 of −50 dB represented very high isolation/rejection in the output port, which is crucial for amplifier design. The forward and backward reflection coefficients (S11 and S22) ranged from −30 dB to −10 dB up to a frequency of 1 GHz.





4. Conclusions


We have successfully demonstrated rapid prototyping of a high aspect ratio LNA for an active handheld sensor device operating up to 1 GHz using additive and subtractive manufacturing technologies. Both high gain and a low NF are important factors to secure high signal integrity in all sensor applications without a large increase in noise level. The gain and NF obtained from the fabricated prototype LNAs were comparable with the COTS LNA products. The integration of sensors with the proposed small form factor LNA will be expected to be useful for active handheld probing devices. We believe our approach can be applied to other types of RF passive electronic or bio-sensors by simple modification and integration of the LNA as presented in this paper, not only to show a proof of concept, but also to create a novel active handheld sensor device where signals of very low strength need to be amplified.
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Figure 1. (a) Example of EMC probing sensor with a COTS LNA from Mini-Circuits®. (b) Schematic of a high aspect ratio (5:1) active near-field probing sensor (LNA + probe). (c) Schematic of a proposed LNA with two SMA connections for input and output. Length (L) and width (W) are varied for different aspect ratios. 
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Figure 2. (a) 3:1 circuit schematic for simulation and fabrication. FET3 and FET6 are Mini-Circuits® MAR-3SM+ and MAR-6SM+, respectively. (b) Mini-Circuits® ZFL-1000LN+. (c) 1:1, (d) 3:1, and (e) 5:1 aspect ratio printed LNAs and packaged with shielding and SMA connectors. 
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Figure 3. Transmitted power with varying length of transmission line. The dotted, dashed, and solid lines are transmitted powers caused by dielectric attenuation (substrate loss), conductive loss (skin depth), and both effects, respectively, at 1 GHz, assuming that the silver ink has 5 times higher resistivity than bulk silver. The red data point with the error bar is from separate S21 measurement of the 2.5 cm long AJP transmission line at 1 GHz. Inset shows S21 of the 2.5 cm long AJP transmission line as a function of frequency up to 1 GHz. At 1 GHz, the S21 was around −0.17 dB. 
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Figure 4. Schematic illustrations of the fabrication procedure for the LNA. (1) Cutting the bulk RO4350B substrate and (2) making via holes using the LPKF® ProtoMat S103, (3) filling the holes with extrusion of silver paste, (4) AJP for conductive circuitization lines, (5) chip bonder dispensing for SMD placement, (6) components placement, and (7) shielding assembly for RF test. 
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Figure 5. AJP system (OPTOMEC 200) used for the high aspect ratio LNA, and (top) an example of a tool path generated in AUTOCAD®. 
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Figure 6. Gain and NF vs. frequency. The gray line and dashed line are the gain and NF of the COTS LNA, respectively. The green line and dashed gray lines are the gain and NF from the ADS circuit simulation, respectively. 
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Figure 7. S-parameters of COTS (dashed), 3:1 aspect ratio LNA (red line), and 5:1 aspect ratio LNA (blue line) with the bias voltage of 15 V, 15 V, and 16 V, respectively. The bias currents for all the measurement were ~50 mA. 
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Table 1. Examples of 3D printed RF devices.
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	Type
	AM 1

Method
	Performance/Information
	Frequency (GHz)





	LNA [10]
	AJP 1
	G = 12 dB
	2.4



	Oscillator [11,12]
	AJP
	BW = 0.3 GHz
	10



	T-line resonator [13]
	SLA 1
	Varactor used
	4.5–6.5



	Phased array antenna [14]
	FDM 1
	G = −11 dBi
	2.45



	Patch antenna [15]
	Inkjet
	BW = 0.8 GHz
	24.5



	RF lens [16]
	FDM
	Broadband
	60



	Transmission line [17]
	Syringe
	Broadband
	10







1 AM (additive manufacturing), AJP (aerosol jet printing), SLA (stereolithography), FDM (fused deposition method).
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Table 2. Important parameters for printing and fabrication.
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	Parameters
	Unit
	Value





	Thickness of substrate
	mm
	0.5



	Circuitization width
	mm
	1.1



	Diameter of via
	μm
	700



	Deposition rate of ink stream
	mm3/s
	0.0005



	Print speed
	mm/s
	1–2



	Fill pitch between printed traces
	μm
	50



	Printed trace width
	μm
	75



	Thickness of circuitization
	μm
	10



	Stand-off distance (AJP)
	mm
	3–5



	Curing temp. of DOWA
	°C
	150



	Curing time of DOWA
	hours
	3



	Curing temp. of chip bonder
	°C
	100



	Curing time of chip bonder
	hours
	1
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