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Abstract: The main limitation of high-temperature piezoresistive pressure sensors is the variation
of output voltage with operating temperature, which seriously reduces their measurement
accuracy. This paper presents a passive resistor temperature compensation technique whose
parameters are calculated using differential equations. Unlike traditional experiential arithmetic, the
differential equations are independent of the parameter deviation among the piezoresistors of the
microelectromechanical pressure sensor and the residual stress caused by the fabrication process or a
mismatch in the thermal expansion coefficients. The differential equations are solved using calibration
data from uncompensated high-temperature piezoresistive pressure sensors. Tests conducted on
the calibrated equipment at various temperatures and pressures show that the passive resistor
temperature compensation produces a remarkable effect. Additionally, a high-temperature
signal-conditioning circuit is used to improve the output sensitivity of the sensor, which can be
reduced by the temperature compensation. Compared to traditional experiential arithmetic, the
proposed passive resistor temperature compensation technique exhibits less temperature drift and
is expected to be highly applicable for pressure measurements in harsh environments with large
temperature variations.
Keywords: high-temperature piezoresistive pressure sensor; passive resistor; temperature compensation

1. Introduction
In recent years, universal high-temperature piezoresistive pressure sensors have been extensively
applied in the fields of petrochemicals, energy and electric power, and aerospace. Thus, improving the
measurement accuracy is likely to play an increasingly important role in various industries, especially
those that encounter high-temperature environments [1]. Among the current applications, sensors are
expected to deliver consistent performance and accuracy under temperature increases of up to 220 ˝ C.
In such situations, however, a continuous drift in the sensor’s output voltage is inevitable, because the
piezoresistance increases with temperature, whereas the piezoresistive coefficient decreases [2], which
adversely affects testing precision. Hence, it is critical to achieve effective temperature compensation
for high-temperature piezoresistive pressure sensors.
The main measuring principle used by high-temperature piezoresistive pressure sensors is the
Wheatstone bridge. The output voltage of a Wheatstone bridge must be compensated in terms of the
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the temperature coefficient of the sensitivity is given in Equation (3).

R S  KR B

RS “ KRB
˘
p11+K
 `?1+K
1 ` K+1
`1
` Kq
4VOS
2R
2RBB
4V
,K
RP2
“
K “ OS
R
RR
，
B«
P2 
B
V
VBB
KK
KK
α
RP1 “ ´
 B RB
α`TCR





(1)
(1)
(2)
(2)

(3)
(3)
 +TCR
where RB is the bridge arm resistance, TCRB is the
temperature
coefficient of RB , VOS is the bridge zero
B
output voltage, and α is the temperature coefficient of the output voltage sensitivity [6].
where RB is the bridge arm resistance, TCRB is the temperature coefficient of RB, VOS is the bridge
These equations assume that the four bridge arm resistances and their temperature coefficients
zero output voltage, and α is the temperature coefficient of the output voltage sensitivity [6].
have almost the same initial values, and neglect the influence of residual stress caused by the fabrication
These equations assume that the four bridge arm resistances and their temperature coefficients
process. Otherwise, the compensation applied to the temperature coefficient of the offset and the
have almost the same initial values, and neglect the influence of residual stress caused by the
sensitivity would be invalid [7,8]. In contrast, the passive resistor temperature compensation algorithm
fabrication process. Otherwise, the compensation applied to the temperature coefficient of the offset
proposed in the next section uses actual sensor measurement data, and is independent of residual
and the sensitivity would be invalid [7,8]. In contrast, the passive resistor temperature compensation
algorithm proposed in the next section uses actual sensor measurement data, and is independent of
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The temperature of the bridge arm resistor Rt can be expressed as:
The temperature coefficient expression αR is given by:

R t =R 0 [1   R (t  t0 )]
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where the symbol ‘||’ represents that the two resistors are connected in a parallel relationship.
From the above analysis, we can infer that increasing the serial compensation resistance or
decreasing the shunt compensation resistance can reduce the temperature coefficient of the bridge arm
resistor with a compensation resistor and adjust the offset. This is the principle of compensation for
the offset voltage and the temperature coefficient of offset.
Figure 3. Parallel connection for compensation of the bridge offset output voltage.
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Figure 3 shows the shunt placement of resistor G. The total temperature coefficient of resistor G
and Rt is αR‖G, as shown in Equation (7). A comparison with Equation (5) shows that αR‖G is less than
αR, which means that the temperature coefficient of the bridge arm resistor with a shunt
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For the example illustrated in Figure 4a, the output voltage of the bridge is expressed by
For the example illustrated in Figure 4a, the output voltage of the bridge is expressed by
Equation (8), where VIN is the supply voltage, RB(T) is the equivalent bridge arm resistor, S(T) is the
Equation (8), where V is the supply voltage, RB (T) is the equivalent bridge arm resistor, S(T) is the
sensitivity, and P is theINload pressure. As the temperature
rises, RB(T) increases and S(T) decreases.
sensitivity, and P is the load pressure. As the temperature rises, RB (T) increases and S(T) decreases.
Obviously, the temperature drift of the sensitivity can be compensated
by selecting a suitable value
Obviously, the temperature drift of the sensitivity can be compensated by selecting a suitable value of
of RS according to Equation (8).
RS according to Equation (8).
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The sensor output voltage is:
The sensor output voltage is:
(9)
VOUT (T, P) = VB (T, P) × [K + (T, P) − K − (T, P)]
(9)
VOUT pT, Pq “ VB pT, Pq ˆ rK` pT, Pq ´ K_ pT, Pqs
where K+ (T, P) and K- (T, P) are the positive and negative voltage division factors, respectively, and
VB(T, P) is the supply voltage of the bridge, which can be written as:
where K+ (T, P) and K- (T, P) are the positive and negative voltage division factors, respectively,
R B (T, P)
and VB (T, P) is the supply voltage
of P)
the=bridge,
VB (T,
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(10)
R B (T, P) + R S
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R1
R2
R3
R4
(T0, P0)
R1(T0,
P0)
R2(T0,
P0)
R3(T0,
P0)
R4(T0,
P0)
Table 1. Measurement parameters for compensation model.
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The compensation model in Figure 5a can be analyzed as follows:
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Figure
4 pT, Pq5a can be described by substituting
K` pT, Pq “
(12)
pT, Pq `expression
R1 pT, Pq ||R
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K_ (T,
(13)
[R
2
32 pT, Pq ` R
Z3 pT, 4Pq
1
P
R
𝑉𝑂𝑈𝑇 (T, P) = 𝑉𝐼𝑁 ×
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The output voltage expression of the model in Figure 5a can be described by substituting
Equations (10)–(13) into Equation (9). The output voltage expression of the model in Figure 5b
can be described in a similar way. This gives:
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(14)

where RZ, RP, RS are the model
3, 4) are the known
measurement parameter values in Table 1.
where RZ , RP , RS are the model parameters to be determined, and Ri (T, P) (i = 1, 2, 3, 4) are the known
According to the demands of the bridge temperature compensation, the algorithm for passive
measurement parameter values in Table 1.
resistor temperature compensation can be written as:
According to the demands of the bridge temperature compensation, the algorithm for passive
VOUT T0 ,P0 =U0 Compensation of offset voltage U0
resistor temperature
compensation can be written as:

∂VOUT T,P0
$
=0 Compensation of temperature coefficient of offset
∂T
TOUT pT0 , P0 q “ U0 Compensation of offset voltage U0
’
&
∂VOUT T,P1 BVOUT pV,P0 q “ 0 Compensation of temperature coefficient of offset
B T Compensation of temperature coefficient of sensitivity
=0
% BVOUT
pV,P1 q
∂T’
“ 0 Compensation of temperature coefficient of sensitivity

(15)
(15)

BT

It can be seen from these equations that compensating for the temperature coefficient of offset
It can be seen from these equations that compensating for the temperature coefficient of offset
(sensitivity)
requires the sensor output voltage under the initial (higher) load pressure P0 (P1) to be
(sensitivity) requires the sensor output voltage under the initial (higher) load pressure P0 (P1 ) to be
independent of the temperature. This means that the partial derivatives of VOUT (T, P0) and VOUT (T,
independent of the temperature. This means that the partial derivatives of VOUT (T, P0 ) and VOUT (T, P1 )
P1) with respect to temperature T must remain equal to zero.
with respect to temperature T must remain equal to zero.
The values of RZ, RP, RS in the passive resistor temperature compensation model can be
The values of RZ , RP , RS in the passive resistor temperature compensation model can be
determined from Equation (15) using computer software such as MATLAB [10].
determined from Equation (15) using computer software such as MATLAB [10].
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The uncompensated high-temperature pressure sensor can be tested using the
The uncompensated high-temperature pressure sensor can be tested using the high-temperature
high-temperature and pressure calibration device shown in Figure 7. The sensor was calibrated
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or a mismatch in the thermal expansion coefficients, the sensor’s initial offset voltage is negative and
the output voltage decreases significantly as the temperature increases, as shown in Figure 8a. The
thermal zero shift and thermal sensitivity shift are shown in Figure 8b,c. Over the working
temperature range, the total accuracy is ±18%FS (full scale), the maximum thermal zero shift is
−11%FS, and the maximum thermal sensitivity shift is −25%. The uncompensated high-temperature
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in the thermal expansion coefficients, the sensor’s initial offset voltage is negative and the output
voltage decreases significantly as the temperature increases, as shown in Figure 8a. The thermal
zero shift and thermal sensitivity shift are shown in Figure 8b,c. Over the working temperature
range, the total accuracy is ˘18%FS (full scale), the maximum thermal zero shift is ´11%FS, and the
maximum thermal sensitivity shift is ´25%. The uncompensated high-temperature pressure sensor
exhibits significant parameter drift over the whole working temperature range, which greatly affects
the
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and Equations (1)–(3) were used to compensate for the output voltage temperature. The test results
for the compensated sensor are shown in Figure 9. Over the working temperature range, it can be
The traditional temperature compensation model and experiential arithmetic shown in Figure 1
seen that the total accuracy is ±12%FS, the maximum thermal zero shift is +8%FS, and the maximum
and Equations (1)–(3) were used to compensate for the output voltage temperature. The test results
thermal sensitivity shift is −20%. Thus, traditional temperature compensation is relatively
for the compensated sensor are shown in Figure 9. Over the working temperature range, it can be
ineffective.
seen that the total accuracy is ±12%FS, the maximum thermal zero shift is +8%FS, and the maximum
The passive resistor temperature compensation model and differential equations derived in this
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and Equations (1)–(3) were used to compensate for the output voltage temperature. The test results
for the compensated sensor are shown in Figure 9. Over the working temperature range, it can be
seen that the total accuracy is ˘12%FS, the maximum thermal zero shift is +8%FS, and the maximum
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Because of the negative initial offset output voltage, the compensation model circuit shown in
Figure 5a should be adopted. The algorithm for passive resistor temperature compensation shown
in Equation (15) can be solved by examining the diagram in Figure 10, which was constructed using
MATLAB from the test data in Table 2 (setting the offset output voltage U0 = 4 mV).

Figure 10. Solving equations by plotting the parameter space in MATLAB.
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The parameter values were varied within the following compensation resistance ranges:
The parameter values were varied within the following compensation resistance ranges:
RZ P r0, 200 Ωs , RP P r1 kΩ, 1000 kΩs , RS P r1 KΩ, 30 kΩs
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However, the sensor calibration curve compensated by the proposed passive resistor temperature
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obvious that passive resistor temperature compensation is more effective than the traditional
temperature compensation, as it resulted in higher measurement accuracy across the experimental
temperature range.

Figure 12. Over the working temperature range, the total accuracy is ±1.5%FS, the maximum thermal
zero shift is +1.8%FS, and the maximum thermal sensitivity shift is −4.6%.
From the above results, it is clear that the uncompensated sensor calibration curve (Figure 8)
shows significant variation over the temperature range. The sensor calibration curve compensated
by the2016,
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Figure 12. Test results for the compensated high-temperature pressure sensor with the passive
resistor temperature compensation model and experiential arithmetic: (a) output voltage calibration
curve in the temperature and pressure environment; (b) thermal zero shift; (c) thermal sensitivity
shift.
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In Figure 13, Vin+ and Vin- are the output voltages of the bridge, Vref is the output zero reference
voltage of the circuit, and R5 (the gain adjustment resistor) determines the output voltage of the
high-temperature signal-conditioning circuit, which can be expressed as:
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= 5.1 × 1 +
× V −V
R5
The test results for the high-temperature piezoresistive pressure sensor with passive resistor
temperature compensation and the high-temperature signal-conditioning circuit are shown in Figure 14,
and a performance comparison with the corresponding XTE-190 sensor (produced by KULITE) is
listed in Table 3.
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In Figure 13, Vin + and Vin - are the output voltages of the bridge, Vref is the output zero reference
voltage of the circuit, and R5 (the gain adjustment resistor) determines the output voltage of the
high-temperature signal-conditioning circuit, which can be expressed as:
˙
ˆ
20K
VOUT “ 5.1 ˆ 1 `
ˆ pVin` ´ Vin´ q ` Vref
R5

(16)

The test results for the high-temperature piezoresistive pressure sensor with passive resistor
temperature compensation and the high-temperature signal-conditioning circuit are shown in Figure 14,
and a performance comparison with the corresponding XTE-190 sensor (produced by KULITE) is
listed
in 2016,
Table
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5. Conclusions
In this paper, we have presented a broadly applicable method for passive resistor temperature
compensation for high-temperature piezoresistive pressure sensors. The proposed method uses
an algorithm based on the solution of differential equations. Our passive resistor temperature
compensation technique is not affected by the characteristic deviation between bridge arm resistors
or residual stress. Using only four bridge arm resistance measurements at different temperature
thresholds and different load pressures, the temperature compensation circuit and compensation
parameters can be determined computationally. Additionally, a high-temperature signal-conditioning
circuit can be used to improve the output sensitivity of the compensated sensor. The compensation
effect of the passive resistor temperature compensation on a high-temperature pressure sensor was
demonstrated to be significantly better than that of the conventional compensation technique across a
wide range of temperatures and pressures, suggesting that our method is worthy of popularization
and application in sensor fabrication.
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