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ABSTRACT: The purpose of this paper is to teach the senior students how to integrate the knowledge 
learning from the courses such as: electric circuits, electronics, microprocessor, semiconductor as well 
as MEMS fabrication process and package. The special topic of the experiment is to design a smart 
pressure sensor. Firstly, the smart sensor module architecture defined by IEEE 1451 Standard is 
introduced, which is obtained by using a single-chip 8051 microprocessor to calibrate the pressure 
sensor temperature biases and drift coefficients, and then store them to the on-chip memory for 
compensation. Thus the user can make the calibration and compensation through the command bus, 
which will make the sensor development much more easier, reliable and accurate. 

The second part is to fabricate the MEMS pressure sensor by the E-gun evaporator to deposit 
pressure-resistive film on a deformable membrane, and then using the photolithography processes to 
pattern it into a form of Wheatstone bridge. Thirdly, a pulsed-current source is introduced for the 
students to drive the bridge circuit, such that the temperature effects due to the power supply and the 
sensor can be reduced and compensated. Finally are the sensor module circuit design, layout and 
experiment. The output voltage of the pressure sensor is filtered first and then amplified by an 
instrumentation amplifier, an A/D converter is applied to convert the conditioned signal to a digital one, 
such that both the temperature bias and drift can be easily corrected by the microprocessor. The 
experiment results showed that the aforementioned designing and circuit processing are available and 
affordable. 

1 INTRODUCTION 
There are several methods for making the pressure sensor by using the effects such as piezo-resistive, 

magneto-resistive, pressure-capacitive, and pressure-resistive. Among these methods silicon is the most 
commonly used substrate material, and the MEMS technology is applied to make the diaphragm or 
membrane. The purpose of this teaching and research is to design a smart MEMS pressure sensor module. 
The pressure-resistive material of poly-Si is applied, and the resistors are arranged in a form of 
Wheatstone bridge on a deformable membrane. It is shown that the current source is better than voltage 
one to drive the bridged circuit for temperature and bias compensation. The differential output voltage is 
amplified first by an instrumentation amplifier and then convert it to a digital signal by a A/D converter, 
such that both the temperature effect and the bias can be compensated digitally by a 8051 microcomputer 
according to the IEEE  1451 standard. 

2 PRINCIPLE OF WHEATSTONE BRIDGE PRESSURE SENSOR 
The pressure-resistive bridged-type pressure sensor is shown in Fig.1, in which there are two p-type 

resistors R1 and R3 arranged in parallel to the two opposite-sides of the membrane as shown in Fig. 2, and 
the other two resistors R2 and R4 are arranged in perpendicular to the other sides of the membrane. 

  
Figure 1 – Pressure-resistive bridged-type pressure 

sensor. 
Figure 2 – Directions of tensile forces on the 

resistors  for  the applied pressure. 
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If there is pressure on the membrane, then both the length of R1 and R3 become larger, and so do the 

resistances of which. One the contrary, the width of R2 and R4 are increased, so that the resistances of 
which become smaller. By this way the output voltage of the bridged-circuit is as follows: 
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By equations (1) and (2), one has: 
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where P  –means the pressure, 
  K  –means the Gauge Factor, 
  ε   –means the strain. 

Thus one can obtain the pressure by detecting the voltage output. 

3 PRESSURE SENSOR TESTER DESIGN 
3.1 Driver circuit design 

If one use a constant voltage source driver as shown in Fig. 3, and only R3 becomes larger, i.e., 
RRR ∆+=3 , then, the output voltage is 
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Figure 3 – Constant voltage source driver. Figure 4 – Constant current source driver. 

 
On the contrary if one use a constant current source driver as shown in Fig. 4, then similar to the 

above derivation, one has: 
RIIRIRIVo ×−=−= )( 122132 , where 
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From the above derivation, one can see that the condition defined by the inequality equation 
( RR ∆>>4 ) is stronger than that defined by RR ∆>>2 , so that not only the accuracy, but also the 
linearity of the tester are better by using the current source as the driver. 

In general, the output voltage of the pressure sensor can be expressed as: 
OSBo VVPSV ±××=  (10) 
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where oV  –means the output voltage  (mV), 
 S  –means the sensitivity (mV/V/psi), 
 P  –means the applied pressure (psi), 
 

BV  –means the voltage across the bridge circuit, 
 OSV  –means the offset voltage with P=0. 
 

3.2 Temperature error effects 

In general, there are three types of temperature errors: 
(1) TCS (Temperature Coefficient of Span): typical values -2000~-3000 PPM/°C 
(2) TCO (Temperature Coefficient of Offset): typical values 0~10 µV/V/°C 
(3) TCR (Temperature Coefficient of Resistor): typical values +500 ~ +1000 PPM/°C, 
These variables are defined as: 

eTemperaturinChange
SpaninChangeS

S
STCS ==

•
•  

eTemperaturinChange
sistorinChangeR

R
RTCR Re

==
•

•

 

where S –means the pressure span, 
 R –means the bridge resistor ( BR ). 
 
3.3 Temperature compensation method 

According to the presence of the applied pressure, there are two types of error sources: 
(1) Temperature Errors of Span (with pressure applied) 
(2) Temperature Errors of Bias OSV  (without pressure applied) 

In order to eliminate these errors, it’s necessary to compensate the errors one by one, firstly for the 
span temperature compensation as follows: 

By equation (10) one has OSBo VVPSV ±××= if OSV =0, then Bo VPSV ××=  
Followings are the trade-offs of voltage or current source driver: 

(1) Voltage Source Driver 
In this case the bridge drive-voltage VB is Vs. Since Vs is a constant voltage source, i. e., 
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Thus in this case the temperature coefficient of output voltage is TCS. 
(2) Current Source Driver 

In this case the current source I is a constant, then the bridge drive voltage VB is 
BB RIV ×=  

Bo RISPV ×××=  (12) 
Since I is a constant, only BR  and S are functions of temperature, by equation (12) one has 
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Thus in this case the temperature coefficient of output voltage is the sum of TCS and TCR. For ideal 
case of compensation one has: 
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or   TCS = -TCR  (15) 
Thus this is the guide of our choice, e. g., if TCS = -2000 PPM/°C, then one should use  

TCR = +2000 PPM/°C, and  020002000 =+−=+=
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Should one use voltage source as the driver, then a thermistor is needed as shown in Fig. 5. By 
equation (10) if one let OSV =0, then Bo VPSV ××=  and )(
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Figure 5 – A thermistor is needed by using voltage source driver. 
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By equations (16) and (18) one has 
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For ideal case of compensation one has:    0=
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If RZ EX = , then equation (20) can be re-written as: 
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and if R is with positive coefficient, and in general case, TCS is a negative value, thus one has the 
following condition for ideal compensation: TCSTCRB >  

But in general case, TCRB is less than TCS, thus it’s not practical to use a positive coefficient resister 
for temperature compensation. Thus one should use a negative coefficient one, 

 i. e., a thermistor, with RZ EX = , then one yield )(
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If TCS = -2800 PPM/°C, and 800=BTCR  PPM/°C, by equation (22) one has 
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4 SMART PRESSURE SENSOR MODULE REALIZATION 
According to the smart sensor module architecture defined by IEEE 1451 Standard as shown in Fig. 6, 

in which there are two parts as follows: 
(1) Smart Transducer Interface Module, STIM (IEEE 1451.1) 
(2) Network Capable Application Processor, NCAP (IEEE 1451.2) 

In the first part, there are A/D, D/A, digital I/O as well as addressing circuits, but in this special 
experiment topic, one need A/D and addressing circuits. While in the second part, there are micro-
processor as well as transceiver for network interconnection, which can be accomplished by using a 8051 
micro-computer. Thus the resulting smart pressure sensor module is shown in Fig. 7, in which the 
differential inputs of the low drift instrumentation amplifier (IA, TL074) as shown in Fig. 7, is used to 
match up with the bridge differential outputs. The other benefits are the impedance match, offset 
compensation as well as gain control. The output voltage of IA is derived as follows 
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Following IA, a twelve bits A/D (AD574A) is used to convert the analog signal into a digital one. 
Finally, the block diagram as well as circuit layout of the pressure sensor module are shown in Figures 8 
and 9. 

 
Figure 6 – Architecture of IEEE 1451 standard for smart sensor module. 

 

  
Figure 7 – The block diagram of instrumentation 

amplifier. 
Figure. 8 – The block diagram of the pressure 

sensor module. 
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Figure 9 – Circuit layout diagram of the whole module 

 

  
Figure 10 –  (a) Practice- board of the experiment and, (b) Digital pressure readings on a LCD display. 

 
It should be noted that in order to avoid the sensor heating effect, the current source (1.5 mA) in Fig. 

9 is a pulsed-type with the duration of stabilization time as 1ms. The practice-board of the experiment as 
well as the final readings on a LCD display are shown in Fig. 10 (a) and (b). 

5 EXPERIMENT RESULTS AND DISCUSSIONS 
The pressure is supplied by a source named Digital Pressure Indicator (Druck DPI601). The 

temperature of the oven is from –20 °C to 100 °C. The output voltage in mV for various temperatures and 
pressures are shown in Table 1 and Figs.11 and 12. The scale factors for various temperatures are also 
shown in Table 2 and Figure 13. 
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Table 1. Output-voltage in mV for various temperatures and pressures.                 

 
 

 
Figure 11 – Output-voltage in mV vs. pressure for various temperatures. 

 

 
Figure 12 – Output-voltage in mV vs. temperature for various pressures. 

 
By using the values such as biases and scale factors, one has the compensated results as well as the 

percentage errors are also shown in Tables 3 and 4. It can be seen that the maximal error is 1,64 %, which 
is less than 2 %, that is the acceptable tolerance of the commercial specification. 

 
Table 2. Scale factors for various temperatures. 
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Scale Factors 

 
Figure 13 – Scale factors for various temperatures. 

 
Table 3. Compensated results for various pressures and temperatures. 

 
 

Table 4. The ﹪error of the compensated results for various pressure and temperature. 
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