OPTIMIZED PLATINUM THERMOMETER
OPT1000/OPT4096 AMPLIFIER

	The OPT1000 and OPT4096 amplifiers use a Texas Instruments OPA388 precision, zero-drift, zero-crossover, true rail-to-rail input/output, Complementary Metal Oxide Semiconductor (CMOS) operational amplifier to provide gain and offset for a PT1000 platinum Resistance Temperature Detector (RTD). The OPA388 will typically drive a 50K ohm load to within 2.5 millivolts of either rail.
	The topology is a standard non-inverting gain stage, with offset applied to the amplifier’s inverting input. All discrete capacitors are 0603 surface mount ceramic devices. All discrete resistors are 0805 surface mount thin film devices. The OPA388 supply, reference, and signal are decoupled via distributed discrete capacitors and extensive dual sided ground planes, with generous vias, on a double sided 1 ounce copper, 0.062 inch thick FR-4 board. The OPA388 is in a SOT-23-5 package.
	The gain is fixed by negative feedback to the inverting input of the op-amp (R4+R5/R1). With the associated offset (R1,R2,R3), this provides an output of 0 to 3.3 volts over an RTD range of 0°C to 500°C (1000 to 2809.775 ohms) for the OPT1000. The output of the OPT4096 is 3.3 volts at an RTD temperature of 409.6°C, giving one count per 0.1°C with a 12 bit Analog to Digital Convertor (ADC). The OPT1000 is intended for very high extrusion temperature materials, such as Polyether Ether Ketone (PEEK).
	Due to component tolerances, there may be up to a 0.25°C “dead band” at either end of the temperature range (0°C, 409.6°C, or 500°C) as the operational amplifier reaches saturation. However, due to the repeatability and stability of the PT1000 RTD, in the normal extrusion range of 150°C to 400°C the resolution will be within 0.125°C for a 12 bit ADC when driven by the OPT1000, and within 0.1°C for the OPT4096. Over-sampling, averaging, and/or dithering of the ADC readings can improve this considerably. 
	The amplifier response is linearized over the full temperature range, with a maximum linearity error of +/- 0.75°C at the center of the temperature span. Linearization is accomplished through a small amount of positive feedback via R7.
	It is intended that the 3.3 volt supply for the amplifier is also the reference voltage for the ADC and the current source for the RTD, making all measurements ratiometric.
	Self-heating of the RTD is minimized by limiting the sensor current to less than 65 microamps (12 microwatts worst case) via the high resistance of R6, while maintaining superlative noise performance.
	If needed, capacitors C4 and C5 provide low pass filtering of the amplifier reference and input signals. Noise modeling of the output indicates a worst case noise voltage of 200 picovolts per root Hertz between 0 and 1000 Hertz, rolling off to 84 picovolts at the 10 MHz unity gain frequency of the OPA388. Note that C4 reduces phase margin, and may lead to instability.
	Resistors R3 and R4 provide design trim for offset and gain, respectively, without using failure and drift prone trim potentiometers.
	All resistors are 0.1% tolerance, with 25 parts per million temperature stability or better. 
	All capacitors are multi-layer ceramic, of 5% tolerance, with generous voltage de-rating and 125C temperature operational limits. No electrolytic capacitors are employed to decrease noise and enhance life-time.
	Gold plated Molex KK connectors are provided for all inputs and outputs to avoid thermoelectric and corrosion induced errors.
	The completed amplifier assembly is scrubbed with 91% isopropyl alcohol to remove flux residue, followed with a low ionic detergent scrub, rinsing with distilled water and then fresh isopropyl alcohol, and drying at 80C for 24 hours. Due to the very high input impedance of the OPA388 amplifier, removal of surface ionic contamination is critical.
	This circuit was extensively SPICE modeled using Texas Instruments TINA-TI, and reflects the best part selection regarding availability of all components. It is possible to improve the gain, offset, and linearity using available, but “non-stock, standard” resistor values, but the difference is microvolts. The physical circuit is within microvolts of the model. 
	The intent of this amplifier is to increase the resolution of the hot end sensor of a fused filament 3D printer with a 10 or 12 bit ADC within its microprocessor. As such, the actual temperature is not critical. Rather, it is important that the hot end be kept at a constant temperature, so resolution, linearity, and speed of measurement are paramount. 
Note that the printer will require a custom 10 bit sensor profile, and installation of the amplifier board. Marlin standard 1010 or 1047 PT1000 sensor settings in configuration.h will not work, and don’t anyway, due to an inherent error within the Marlin firmware algorithm for 10 bit RTD sensors.
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