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I. INTRODUCTION 
 

The rapid growth of the Internet of Things (IoT) demands 

a wide variety of sensors including acoustic, automotive and 

navigation, chemical, electric, humidity, optical, pressure, 

temperature, and proximity sensors that are digitized with 

high accuracy. The output signals of the sensors are usually 

analog signals; hence, their analog signals must be digitized 

for use in the digital world. 

Microelectromechanical systems (MEMS) technologies 

provides many of the newest sensors. For example, MEMS 

accelerometers and gyroscopes enable the automatic screen 

orientation of smartphones and tablet computers [1]. 

MEMS pressure sensors are a major application for MEMS 

devices. MEMS pressure sensors have been developed in 

several forms depending on their respective applications. A 

CMOS-compatible absolute pressure sensor with a silicon 

nitride membrane was introduced in 1995 for an aqueous 

ultrasonic application [2]. A touch mode capacitive pressure 

sensor was proposed to measure the pressure inside the 

urinary bladder for monitoring patients with urinary 

incontinence [3]. A MEMS piezoresistive device was 

suggested to realize accelerometers and a pressure sensor 

for a tire pressure monitoring system [4]. 

For a vacuum pressure sensor, the Pirani gauge, invented 

in 1906 by M. Pirani, has been widely used. A schematic of 

the Pirani gauge is shown in Fig. 1. It is well known that the 

operating principle of the Pirani gauge involves heat transfer 

from a heater to heatsink(s) through a gas. Therefore, the 

Pirani gauge consists of a heater and heatsink(s). A ladder-

shaped Pirani gauge [5], tube-shaped Pirani gauge [6], and a 

Pirani gauge with a membrane structure [7] have been  
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Abstract 

A digital vacuum pressure sensor is designed, fabricated, and characterized using a packaged MEMS analog Pirani gauge. The 

packaged MEMS analog Pirani gauge requires a current source to heat up a heater in the Pirani gauge. To investigate the 

feasibility of digitization for the analog Pirani gauge, its implementation is performed with a zero-temperature coefficient 

current source and microcontroller that are commercially available. The measurement results using the digital vacuum 

pressure sensor showed that its operating range is 0.05–760 Torr, which is the same as the measurement results of the 

packaged MEMS analog pressure sensor. The results confirm that it is feasible to integrate the analog Pirani gauge with a 

commercially available current source and microcontroller. The successful hybrid integration of the analog Pirani gauge and 

digital circuits is an encouraging result for monolithic integration with a precision current source and ADCs in the state of 

CMOS dies. 
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Fig. 1. Conceptual schematic of the Pirani gauge. 

 

 

 

Fig. 2. A schematic of the digital pressure sensor developed in this work. 

 

 

reported. 

Recently, a silicon-on-insulator (SOI) wafer was used to 

develop a micro-Pirani gauge using a bulk silicon 

micromachining technique. A micro-Pirani gauge operating 

at 0.08–200 Torr [8] and a Pirani gauge for sensing 

atmospheric pressure with a gap distance of 250 nm 

between the heater and heatsinks [9] were reported in the 

literature. The personal area network for health care systems 

[10] require these kinds of very small MEMS digital sensors. 

To measure the performance of the analog Pirani gauge in 

unpackaged silicon die within a laboratory environment, 

however, a current–voltage measurement equipment and a 

data acquisition system are required. For the analog Pirani 

gauge in unpackaged silicon die to operate independently, it 

must be packaged and integrated with external analog and 

digital circuits. 

In this work, a digital vacuum pressure sensor, as shown 

in Fig. 2, is designed and fabricated, and its performance is 

measured using the MEMS analog Pirani gauge shown in 

Fig. 3. A direct current (DC) source and the microcontroller 

are integrated with the MEMS analog Pirani gauge to 

implement the digital vacuum pressure sensor. In Section II, 

the design methodology of the DC source and interface 

between the sensor and analog-to-digital converters (ADCs) 

in the microcontroller is described. In Section III, the 

measurement results are shown. The overall results of this 

work are summarized in Section IV. 

 

           (a)                               (b) 

 

        (c)                                (d) 

Fig. 3. (a) Top view of the analog Pirani gauge, (b) cross sectional view 

of A-A’ in (a). (c) Packaged MEMS analogue Pirani gauge in TO-8 
standard package using wire-bond and (d) SEM image of the MEMS 
analogue Pirani gauge in (a). 

 

 

II. IMPLEMENTATION OF ANALOG PIRANI 
GAUGE WITH MICROCONTROLLER 

 

The output signal of the analog Pirani gauge shown in Fig. 

3(c) is the analog voltage variation over the pressures in the 

range of vacuum to atmospheric pressure. This analog 

voltage signal must be digitized using ADCs, which is part 

of the microcontroller. The microcontroller, CC2650, 

manufactured by Texas Instruments (TI), is used in this 

 

 

 

Fig. 4. A detailed schematic of the implementation of the analog Pirani 

gauge with a DC source and microcontroller. 
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Fig. 5. The schematic of the zero-temperature coefficient DC current 

source for ISET. 
 

 

work. A detailed schematic of the implementation of the 

analog Pirani gauge with a DC source and the microcontroller 

is shown in Fig. 4. 

 

A. Direct Current Source Design 
 

As shown in Fig. 4, a DC source for ISET is needed to heat 

the heater in the analog Pirani gauge. Because the heater in 

this work is made of an extremely thin (1.5 m thick) 

single-crystal silicon layer, the amount of DC must be 

carefully controlled to avoid burning the thin silicon layer. 

An adjustable DC source, LM234 manufactured by TI, is 

adopted to implement the precision DC source. The output 

current, ISET can be determined by a single resistor (R1 in Fig. 

5) for the adjustable current source using the following 

equation [11]. 

 

.

               

 (1) 

 

However, the ISET has a temperature coefficient of 

approximately 0.33%/C. To compensate for the 

temperature coefficient, a diode and a resistor are added to 

realize a “zero-temperature coefficient” current source as 

shown in Fig. 5. When using a diode, 1N457 manufactured 

by TI with R2 = 10 R1, the error in ISET is within 5% [11]. In 

this work, ISET is designed to be 670 A with R1 = 100  

and R2 = 1 k, respectively. 

A step-up voltage regulator, S10V3F9 manufactured by 

Pololu Corporation, is used to boost the 5 V (=VIN in Fig. 5) 

from a battery to 9 V (=VOUT in Fig. 5) required for the 

stability of the current source. It has a “SHDN” pin that 

enables the voltage regulator to be ON or OFF by an 

external high or low digital logic signal, respectively. 

Because the DC current flowing into the heater in the analog 

Pirani gauge must be ON and OFF periodically, the “SHDN” 

pin in the step-up voltage regulator is an essential feature for 

this design. 

 

B. Analog Pirani Gauge Interfacing with the 
Microcontroller 

 

As mentioned previously, the output signals of the analog 

Pirani gauge are analog voltages. When applying DC to the 

analog Pirani gauge and adjusting the pressures in the 

vacuum chamber, the voltage difference (V = |V1-V2|) is 

measured owing to the temperature variation of the heater. 

These analog output signals from the analog Pirani gauge 

must to be digitized for further data manipulations by the 

microcontroller and data transmission through a wireless 

sensor network. To this end, two ADCs in the CC2650 

microcontroller are used. The ADCs in the CC2650 offer 

12-bit resolution, so it follows that by using a 3.0-V power 

supply, the voltage resolution (VR) is given as follows: 

 

.

              
(2)

 
 

The input voltage range of the ADCs is from 0 V to 

power supply voltage (VDDS), 3.0 V in this work. To 

ensure the input voltage range, there are two voltage 

dividers using two identical resistors (R in Fig. 4) between 

the analog Pirani gauge and the ADC input terminals. The 

resistance of R is 1 M. 

 

 

Table 1. Major components and their manufacturers 

Component Manufacturer Part number 

Microcontroller Texas Instruments CC2650 

Current source Texas Instruments LM234 

Diode Texas Instruments 1N457 

Voltage regulator Pololu Corporation S10V3F9 

 

 

  
(a)                             (b) 

Fig. 6. Photographs of the implemented digital vacuum pressure sensor: 

(a) front-side and (b) back-side of the digital vacuum pressure sensor. 
 

ISET =
227mV °K

R1

VR =
3.0

212 -1
» 0.733 mV
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Fig. 7. Photograph of the installed digital vacuum sensor in a vacuum 

chamber. 
 

 

The major components used in this work are summarized 

in Table 1. The digital vacuum pressure sensor fabricated in 

this work is shown in Fig. 6. To reduce the PCB design time 

for the CC2650 chip, a development kit, CC2650 Lauchpad 

manufactured by TI, is utilized. The zero-temperature 

coefficient current source is fabricated on a prepatterned 

circuit board and integrated with the Lauchpad as shown in 

Fig. 6. 

 

 

III. RESULTS 
 

A. Installation of Digital Vacuum Pressure 
Sensor in Vacuum Chamber 
 

To evaluate the performance of the digital vacuum 

pressure sensor, it was installed in a vacuum chamber as 

shown in Fig. 7. The vacuum chamber featured a digital 

pressure gauge, 4-channel probe station, and a current–

voltage measurement equipment (Keithley 4200-SCS). 

The measurement procedure for the performance of the 

digital vacuum sensor is as follows: first, the vacuum 

chamber was pumped down to a vacuum level less than 0.05 

Torr after the digital vacuum sensor was placed in the 

chamber. The power of the digital vacuum sensor was on 

before being placed in the chamber. The zero-temperature 

coefficient current source was turned on for only 1 s to 

supply a constant DC (ISET in Fig. 4) of 670 A to heat up 

the heater of the Pirani gauge over every 1 minute interval. 

During the 1 minute interval, the values of ADC 1 and 

ADC 2 were displayed on the LCD screen. During the 

measurements, when the pressure was changed, a time 

interval of 30 seconds was set to stabilize the ambient gas in 

the vacuum chamber. 

 

 

Fig. 8. Comparison of normalized resistance variation of the measures 

results among three different cases: digital vacuum sensor, unpackaged 
analog Pirani gauge, and packaged analog Pirani gauge. 

 

 

B. Measurement Results 
 

The performance of the Pirani gauge is usually shown by 

the normalized thermal resistance variation with respect to 

the variation of pressures, as shown in Fig. 8. The thermal 

resistance of the Pirani gauge can be calculated by V/ISET, 

which is a measure of the temperature variation of the heater 

and a measure for the pressure in the chamber. The thermal 

resistance at each pressure level is normalized with the 

difference between maximum and minimum thermal 

resistances. 

First, the performance of the analog Pirani gauge, as 

shown in Fig. 8, confirms that the analog Pirani gauge in 

unpackaged silicon die status can perform measurements in 

the range of vacuum to atmospheric pressure (0.05–760 Torr, 

760 Torr = 1 atm). After the unpackaged analog Pirani 

gauge was packaged on a TO-8 standard package as shown 

in Fig. 3(c), its performance was evaluated and compared in 

Fig. 8. As shown in Fig. 8, there was no difference between 

the performance of the unpackaged and packaged analog 

Pirani gauge. The current–voltage measurement equipment 

equipped in the vacuum chamber was used to measure their 

performances. 

Second, the performance of the digital pressure sensor 

was compared to that of the unpackaged and packaged 

analog Pirani gauge in Fig. 8. With a sufficient resolution of 

the ADCs in the microcontroller to convert the analog 

voltage signal to a digital signal, there should be no 

difference in the performance of the digital pressure sensor 

and analog Pirani gauge. As expected, there was no 

difference in the performance among the digital vacuum 

sensor, unpackaged analog Pirani gauge, and packaged 

analog Pirani gauge. 
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IV. CONCLUSIONS 
 

A digital vacuum pressure sensor that can perform 

measurements in the range of vacuum to atmospheric 

pressure (0.05–760 Torr) has been presented. A packaged 

analog Pirani gauge on a standard package, TO-8, was 

integrated with a zero-temperature constant DC source and a 

microcontroller. This successful implementation of an 

unpackaged analog Pirani gauge on a standard package, TO-

8, and analog and digital circuits is very encouraging for 

monolithic integration with a precision current source and 

ADCs in the state of CMOS silicon dies.  
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