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Background
There exists a need for cryogenic and wide-temperature range electronics for a large number of upcoming NASA space exploration missions.  Operation in cryogenic temperature environments, in particular, are anticipated in missions such as polar craters of the moon (-223 °C), James Webb Space Telescope (-236 °C), Mars (-140 °C), Jupiter region (-150 °C) and Europa (-223 °C), Saturn region (-170 °C) and Titan (-178 °C), comets (wide range), and other space platforms deep in space away from the sun.  Presently, spacecraft and probes operating in the cold environment of deep space carry on board an accessory heating system to maintain an operating temperature for the electronics of approximately 20 °C.  Electronics capable of operation at cryogenic temperatures will eliminate the need for the thermal control elements, enhance efficiency of space electronic systems, improve their reliability, and simplify their design.
Commercial-off-the-shelf (COTS) electronics are generally limited to about -40 °C operation, and their military-grade counterparts are specified, in terms of low temperature operation, to -55 °C.  Some CMOS (Complementary-Metal-Oxide-Semiconductor) devices may continue to operate below their specified low temperature limit, and electronic parts based on silicon-on-insulator (SOI) technology may have the potential to operate over a wide temperature range.  Typically, SOI parts are designed for high temperature applications (> 200 °C) and improved radiation resistance.  Very little information, however, exist about their performance at very low temperature conditions.
Scope of Work
In this work, the performance of an SOI CMOS voltage regulator was evaluated under a wide temperature range.  The CHT-LD-033 prototype device is a 1A, 3.3V low-dropout linear voltage regulator that was designed and furnished by Cissoid Company.  The device is rated for operation between -30 (C and + 225 (C, has an input voltage span of 4.3V to 25V, and utilizes tungsten interconnects for long-term reliability [1].  Table 1 shows some of the device Manufacturer specifications [1].  The voltage regulator device was evaluated in the temperature range between +100 (C to –195 (C at the test temperatures of +100, +20, -30, -50, -100, -150 and ‑195 (C in a liquid nitrogen cooled environmental chamber.  The device was evaluated in terms of its output voltage and supply current at different input voltage levels as a function of temperature.  Line regulation was also established for ten different load levels between 0 and 750 mA over the temperature range of +100 (C to ‑195 (C. The effect of temperature on load regulation of the regulator was also determined.  Finally, the cold-restart capability of the SOI CMOS voltage regulator was investigated by first soaking the device for a period of 20 minutes at -195 (C with power off, followed then by applying power to the device and recording its output voltage and supply current data.
Table I.  Specifications of the CHT-LD-033 SOI CMOS high temperature voltage regulator [1].

	Parameter (Unit)
	CHT-LD-033

	Input Voltage, Vin (V)
	4.3 to 25

	Output Voltage, Vout (V)
	3.3

	Output Voltage Accuracy (%)
	±2

	Quiescent Supply Current, IS (mA)
	10

	Maximum Output Current, Iout (A)
	1

	Temperature Range, T (°C)
	-30 to +225

	Package
	TO-3

	Lot #
	LOT 153


Results and Discussion
Output Voltage
The output voltage of the voltage regulator at no load as a function of applied input voltage is shown in Figure 1 for various test temperatures between -195 (C and +100 (C.  It can be seen that the output voltage of the regulator remained relatively stable with change in input voltage between 6 and 22 volts throughout the test temperature range of +100 (C to -150 (C.  As test temperature was decreased to -195 (C, however, the regulator experienced a very slight decrease in its output voltage only when the input voltage level exceeded 18V.  When tested at 22V input voltage at test temperature of -195 (C, for example, the regulator output voltage dropped by about 1.3% of its value attained when the applied input voltage ranged between 6 and 14 volts. Figure 2 depicts the variation in the output voltage of the regulator as a function of temperature at three input voltage levels of 6, 14, and 22 volts.  It is quite obvious, again, that any noticeable reduction in the output voltage is mainly associated with the application of an input voltage of 22V at the cryogenic temperature of -195 (C.  At the high test temperature of 100 (C, the regulator exhibited an insignificant increase in its output amounting only to about 0.35% of its room temperature value.  In addition, variation in the input voltage levels at this temperature had no effect on the regulator output voltage.
Supply Current
The supply current of the SOI CMOS voltage regulator under no load is shown in Figure 3 as a function of temperature and at various input voltages.  It can be seen that while the supply current, at a given input voltage, remained almost steady between + 100 (C and -50 (C, it however exhibited gradual, slight increase as temperature was decreased to -100 (C and lower.  These effects of temperature on the supply current were more profound when high input levels of 18 and 22V were applied.  Nonetheless, it is important to note that all of these changes in the quiescent current were very minute as they ranged between 6 and 13 mA, and correlate to the manufacturer’s specified value of 10 mA.
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Figure 1. Regulator output voltage at no load versus input voltage at various temperatures.
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Figure 2. Regulator output voltage at no load as a function of temperature at various input voltages.
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Figure 3.  Supply current of voltage regulator at no load versus temperature.

Line Regulation
Line regulation characteristics of the CHT-LD-033 voltage regulator were determined at load current levels of 0, 10, 25, 50, 100, 200, 300, 400, 500, and 750 mA.  These characteristics were obtained over the test temperature range of -195 (C to +100 (C.  For simplicity, only selected data pertaining to a few load currents at specific test temperatures are presented here.  The dependence of the regulator output voltage on its input voltage at five load currents is depicted in Figures 4, 5, and 6 at the test temperatures of +20 (C, -195 (C, and +100 (C, respectively.  It can be seen that, regardless of the applied input voltage, the voltage regulator exhibited excellent line regulation with the exception of no-load condition at -195 (C (in Figure 5).  Under this condition, the regulator output voltage maintained good regulation until the applied input voltage level exceeded 18 volts.  Above such input voltage level, i.e. 22V, the output voltage of the regulator exhibited a decrease of about 1.3%.  It can be concluded that test temperature has had little effect on the ability of the regulator to maintain good line regulation.
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Fig 4. Line regulation of voltage regulator at +20 °C.
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Fig 5. Line regulation of voltage regulator at -195 °C.
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Fig 6. Line regulation of voltage regulator at +100 °C.

Load Regulation
The variation in the output voltage of the CHT-LD-033 voltage regulator device as a function of load current at the test temperatures of 20 °C, -100 °C, -195 °C, and +100 °C is depicted in Figure 7.  This data was recorded with an applied input voltage of 8 volts.  It can be clearly seen that the voltage regulator exhibited very slight, gradual decrease in its output with an increase in load current.  This behavior was similar at all temperatures, and its trend was linear in nature with a characteristic slope ranging between 0.024Ω at -100 (C, and 0.044Ω at -195 (C.
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Figure 7. Load regulation of voltage regulator at various temperatures (VIN= 8V).

Cold Re-Start

The device’s cold-restart capability was investigated by allowing it first to soak at -195 °C for at least 20 minutes without the application of an electrical bias.  Input voltage was then applied to the device, and measurements were taken on its output voltage and supply current.  The voltage regulator was able to successfully cold-restart at ‑195 °C, and the operational results were the same as those obtained earlier at that temperature.

Conclusions
Evaluation was carried out on the performance of an SOI CMOS voltage regulator under extreme temperatures.  This Cissoid 3.3V low-drop-out voltage regulator is mainly designed for high temperature applications, but no data exist on its performance at cryogenic temperatures. The device was characterized in terms of output voltage and supply current at different input voltage levels as a function of temperature between +100 (C and –195 (C.  Line and load regulation characteristics were also established at ten load levels and at different temperatures.  In general, the voltage regulator exhibited good stability in its output over the temperature range of +100 (C to –150 (C and at any input voltage.  As test temperature was decreased to -195 (C, however, the regulator experienced a very slight decrease in its output voltage only when the input voltage level exceeded 18V.  Such a negligible decrease amounted only to about 1.3% when an input voltage of 22V was applied.  The regulator quiescent supply current increased very slightly with temperature but remained close to its specified value.  In terms of line regulation, the device exhibited, in general, very good stability over the entire input voltage range and at all test temperatures.  The regulator also exhibited adequate load regulation as its output experienced gradual, but very slight, decrease as load level was increased over the entire test temperature range.  Exposure of the regulator to cryogenic temperatures produced no major changes in its characteristics, and it was able to cold re-start at -195 °C. Although this SOI CMOS device is specified for operation between -30 (C to +225 (C, it, nonetheless, exhibited good operation at cryogenic temperatures down to – 195 (C.  Additional testing under extended exposure to extreme temperatures and thermal cycling are highly recommended to establish reliability of such devices for use in space exploration missions.
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