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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 R/ 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.
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Figure 1 — Pressure-resistive bridged-type pressure Figure 2 — Directions of tensile forces on the
sensor. resistors for the applied pressure.
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If there is pressure on the membrane, then both the length of R/ 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:
R3 R2

Vum :( - ) 0 (1)
R,+R, R +R,
where
R =R, =R, +AR, 2
R, =R, =R, +AR,

By equations (1) and (2), one has:
Vo B R RMW (3)
VR+HRAB+R RHR+RR R+R+R

V
In general, Ry>> AR, (=R=-AR,), then VL“’ = AR _ keP ,

R 4)

0
where P —means the pressure,

K —means the Gauge Factor,
& —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.,
R, = R+AR, then, the output voltage is

0o = e XV — R XV,
R, +R, R +R,
__ R+AR R, )
(R+AR)+R ™ R+R "
_ R+AR 1 AR

o ref o Vfﬁ?/' TP LoAR er/'
2R+ AR 2 4R +2AR

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:

V. =1,R,—I,R, =(I,—1,)x R, where
R+R) ., _ 2R

2= ref = X1, (7)
R+AR)+R+R) 7 4R+AR
__ (R+R) . _2R+AR (8)
"R AR)HF(Ry+R) Y AR+AR T

then v, =1, - 1)xr =

AR xRx1,, 9)
AR + AR

From the above derivation, one can see that the condition defined by the inequality equation
(4R >> AR) is stronger than that defined by 2R >> AR, 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:
V, =SxPxV, 2V,

(10)
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where

v, —means the output voltage (mV),

s —means the sensitivity (mV/V/psi),

p —means the applied pressure (psi),

v, —means the voltage across the bridge circuit,
v, —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 pV/V/°C
(3) TCR (Temperature Coefficient of Resistor): typical values +500 ~ +1000 PPM/°C,
These variables are defined as:

7Cs = N S _ Change in Span
S Change in Temperature
TCR = R R Change in Resistor
R Change in Temperature

where S  —means the pressure span,
R —means the bridge resistor (R, ).

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 V¢ (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¥v, = Sx PxV, £V, if v, =0, then y = §xPxV,
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.,
V. =SxPxV, (Vi =Const)

then V.0=P><st5',and£:w:§ (E:TCS) (11)
Vv, PxSxVy S 'S

Thus in this case the temperature coefficient of output voltage is 7CS.
(2) Current Source Driver

In this case the current source / is a constant, then the bridge drive voltage VB is
V,=IxR,
V. =PxSxIxR, (12)

Since I is a constant, only R, and S are functions of temperature, by equation (12) one has
V,=PxIxSxRy

V. =PxI(R,S+SR,)

o

V PxIxSxR,

o

or 7 _§ A, (13)
V, S R,
Thus in this case the temperature coefficient of output voltage is the sum of 7CS and TCR. For ideal

case of compensation one has:

V, PxI(R,S+SR,)
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ie, S R, (14)
S R,
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/OC, and %:%_’_%:_20004_2000:0

o

Should one use voltage source as the driver, then a thermistor is needed as shown in Fig. 5. By
equation (10) if one let 7, =0, then 1, = sx Px¥, and ¥, = Px (¥, S+ SV,)

Figure 5 — A thermistor is needed by using voltage source driver.

Thus one has 5:PX(VB§+SV.B)_Q+§ (16)
14 PxSxV, V, S
Since y - Vs, p (17)
R, +Z,,
thenonehas Vs - Ze Ry Zu (18)

VB RB + ZEX RB ZEX
By equations (16) and (18) one has
v, S . Zo (19)

Vo S R + ZFX (R73 - ZEX

For ideal case of compensation one has:

:Y ‘:\,‘ *
g

which yield 5___ Z. R _z, (20)
S Ry +Z, R, Z.

IfZ., =R, then equation (20) can be re-written as:
O ) @21)
S R,+R R,
and if R is with positive coefficient, and in general case, 7CS is a negative value, thus one has the

following condition for ideal compensation:|7CRr,| > |7Cs|

But in general case, TCRp is less than 7CS, thus it’s not practical to use a positive coefficient resister
for temperature compensation. Thus one should use a negatlve coefficient one,

S R,+R, R, R,

i. e., a thermistor, with 7, = g, then one yleldS R, (RB R, (22)

If TCS = -2800 PPM/°C, and 7CR , = 800 PPM/°C, by equation (22) one has

2800 = ~(0.5)(800 21
Ry

thus in order for ideal compensation V. _ o »one has rcg  --4800PPM/°C
4

o
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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 /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

2R, R
Voy = (Vy = V(1 + =2y (=2
03 =, Vi) R\)(R,z)
2R, R
=V (1+ =) (%
s ( Rl)(R_‘l,)

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.
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Figure 6 — Architecture of IEEE 1451 standard for smart sensor module.
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print and, (b) Digital pessre 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.

Opsi |bpsi |LOpsi |lbpsi |20ps1 (2bpsi |30ps1 [3bpsi |40psi |4bps1 |BOpsiL
—20°C [13.5 [27.2 [4l.1 [|54.7 [B8.5 [82.4 [@5.1 [LLo.1|Ll24 [L37.7[L5L.8
—loc lz.8 [z26.7 |40.8 |54 57.1 [8L.5 |94.7 [Los.8|lz2. 7136, 4(L50.1
oc  [l2.5 [26.7 [89.3 [B2.7 [BB.2 [79.9 [93.5 [L07.1|L20.T[L34.3[147. 9
1o [Ll.s [25.1 [38.5 |5L.9 [B5.5 [78.8 |22.3 [Los.8[Llo. 2{132. 8|145. 5
20°C |LL.Ll |24.5 [37.9 |5L.3 [B4.8 [78.3 |9l.9 [los.8|Ll9 |[L32.7|lL45.4
30°C [Lo.3 [23.8 [37.2 [50.7 [Ba 77.3 (3l 104, afLis  [13L.3[L45
40°Cc |L0.3 [23.8 |37 0.4 [B3.7 [78.9 [90.4 [103. &[L17.2[L30.8](144. 3
B0°C [L0.3 [23.7 [38.9 [60.3 [B3.8 [78.7 [80.9 [L03. 3|Lls.T[L30 [L43.5
60°C [Lo.L [23.5 [36.7 [49.9 [63.2 [76.8 [83.8 [Loz. 7|Lls [L29.3[L42.7
T0°C [9.9 [23.3 [35.4 |49.5 [Bz.8 |18 89.2 [loz.5|Ll6.6(L28. 8|14, 2
g0°C 9.7 |[28.1 [88.2 [49.4 [B2. 4 [75.8 [83.8 [L0z. z|L15.2[L28.3[141.8
ap°c 9.6 [22.8 [35.9 [|49.1 [B2.3 [75.4 [®s.5 [Lol.7|Ll4.9|L27.8|141.3
lon°c [3.8 [22.5 [35.8 [|48.8 [Bl.9 [75.2 [ss.2 [Lol.s5[Ll4.8]127. 8140, 9
—— =201
|75 —a— -0
150 ne
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Figure 11 — Output-voltage in mV vs. pressure for various temperatures.
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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

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

is less than 2 %, that is the acceptable tolerance of the commercial specification.

Table 2. Scale factors for various temperatures.

Temperatures

20C

-10°C

0C

10°C

e

nc

40°C

60T

80cC

100°C

Scale factors

0.363

0.366

0.370

0372

0.373

0374

0.375

0.377

0.379

0.332
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Scale Factors
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Figure 13 — Scale factors for various temperatures.

Table 3. Compensated results for various pressures and temperatures.

Opsi spsi| 10psi 15psi| 20psi 25psi| 30psi]| 35ps| 40psi| 45pa] sS0ps
-20°C 0 |4994 10060 (15017420084 (25114 [301077(35 210740277 |452708 (50414
-10°C 0 [51013 [10276 [151204 |19 9281 |25 2129 |30 0573 (35 1586 |40 3333 [45 3612 |50 3891
0°C 0 |49513 |2.94 14891 (19879 (24941 (29966 (34992 [400169 (45042 |500673
10°C 0 [5022 [10007 [14.9916|20.0508 |24 9984 |30 0204 |25 0424 [40 0272 |45 0864 [50 22
20°C 0 |4.9982 [9.996 |14.9946|20.0301|25.0656 |30 1384 [35 2485 |40.2467 [45 2568 |50 4669
30°C 0 |5.04% [10.061 |151096|20.0838|25058 (301818 (35 1934 |402798[45 254 |s0.3778
40°C 0 [so06zs [10013 [150375|20025 [24.975 [300375(35 082540087545 1125 [s0.25
s0°C 0 [5.0384 [10.002 [1504 200408 |24 9664 |29 9296 34 968 400064 [45 0072 |50.0832
£0°C 0 [50518 [1003 [150046 |20 0187 |250705 |29 9715 [34 9102 |39 9243 [44 9384 |49 9302
70 0 [50652 [10.017 [14.5688|19.9962 |24 9858 299754 [35 0028 |35 9546 [44 5442 |50 0094
B0°C 0 |5.0786 [10.044 [15.0463|19.9733 (24,9761 |29 9789 (350575399845 [44 9494 |49 9301
50°C 0 |5016 |[9994 [1501 |20026 (25004 |29982 [34.992 [40014 |44.916 [s0046
100°C 0 49149 |9906 [14.9352|19.9263|24.9935 |29 9466 (350139 40,005 [44 958 |s0.0253

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

Opsi | Spsi | 10psi | 15psi | 20psi | 25psi | 30psi | 35psi | 40psi | 45psi | 508
20 0 1.64%)| 0.138%| 0.296%| 0.007%4 0.043%4| 0.054%:| 0.188%4| 0.279%4| 0.138%] 1.84%
-10°C 0 1.016%| 0.65%)| 0.528%| 0.631%| 0.577%)| 0.082%| 0.179%| 0.559%| 0.528%| 1.016%
0°C 0 0.84%| 0.47%)| 0.59%| 0.47%| 0.1%)| 0.023%| 0.111%| 0.178%)| 0.229%| 0.84%
10°C 0 0.44%| 0.068%)| 0.056%| 0.254%| 0.006%)| 0.068%| 0.121%| 0.068%| 0.192%| 0.44%
20°C 0 | 0.036%| 0.036%)| 0.036%| 0.151%| 0.262%)| 0.461%| 0.71%| 0.617%| 0.793%| 0.036%
30°C 0 | 0.232%| 0.606%)| 0.731%| 0.419%| 0.232%)| 0.606%| 0.553%|  0.7%)| 0.564%| 0.232%
40°C 0 0.5%)| 0.125%)| 0.25%| 0.125%| 0194 0.125%| 0.179%] 0.219%4] 0259 05%
S0°C 0 | 0768%| 0.016%| 0.267%| 0.204%| 0.134%)| 0.235%| 0.091%| 0.016%)| 0.016%| 0.768%
£0°C 0 | 0.282%| 0.2829)| 0.031%| 0.094%| 0.282%)| 0.095%| 0.257%| 0.189%| 0.137%| 0.282%
70°C 0 | 0s48%| 0179 0.208%| 0.019%] 0.057%)| 0.082%6| 0.008%| 0.114%4] 0.124%4| 0.548%
80°C 0 | 0.814%| 0.435%)| 0.309%| 0.134%| 0.096%)| 0.070%| 0.164%| 0.039%| 0.112%| 0.814%
90°C 0 0.32%| 0.06%| 0.067%| 0.13%| 0.016%)| 0.06%| 0.006%| 0.035%| 0.187%| 0.32%
100°C 0 | 0.734%| 0.784%)| 0.275%| 0.212%] 0.132%)| 0.021%| 0.197%| 0.17%)| 0.064%| 0.784%
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