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Abstract — This paper proposes a low-cost technique to
compensate for the temperature dependence of
piezoresistive pressure sensors configured in a Wheatstone
bridge. The sensor is treated as a resistive circuit and three
equivalent resistances are measured by setting appropriately
the bridge terminals. One of these equivalent resistances
depends on temperature but not on pressure and, hence, it
can be used to compensate for the temperature dependence
of the output parameter. In such a way, neither data of a
previous temperature calibration nor additional components
are required to compensate for the temperature dependence.
The proposed technique is applied to a commercial pressure
sensor, which is measured by means of a direct sensor-to-
microcontroller interface circuit. Experimental results show
that temperature effects on the pressure measurement
decrease more than ten times when the proposed technique
is applied.

Keywords: pressure sensor, piezoresistive sensor,
temperature compensation, sensor electronic interface,
microcontroller.

1. NOMENCLATURE
P Pressure applied to the sensor
P.m  Atmospheric pressure
T Actual temperature
Ty Reference temperature defined by the sensor
manufacturer

T,  Reference temperature defined by the sensor user

R-R4 The four piezoresistors of the bridge sensor

R, Nominal value of the piezoresistors at P =0

Ry Resistance value of R, at T= T,

Ry Resistance value of R, at T= T,

aR Temperature coefficient of R, using 7 as a reference

ar Temperature coefficient of R, using T o as a reference

S Piezoresistive sensitivity

So Piezoresistive sensitivity at 7= Ty

as Temperature coefficient of S using 7 as a reference

M Output parameter that combines the measurement of
the equivalent resistances without compensation

M Output parameter that combines the measurement of
the equivalent resistances with compensation
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2. INTRODUCTION

Semiconductor sensors are widely used in current
measurement systems because of their low cost, small size
and easy integration with electronic circuits [1]. In the
automotive  industry, for  example,  mechanical
semiconductor sensors have become very widespread,
especially those intended for the measurement of pressure
and acceleration [2]. Such mechanical sensors generally rely
on either piezoresistances or capacitances.

Semiconductor pressure Sensors based on
piezoresistances are usually configured in a Wheatstone
bridge with four active arms, as shown in Fig. 1. In the event
of a pressure change, two piezoresistors (R and R4) undergo
a resistance change that is equal but opposite to that of the
other two piezoresistors (R, and R3). In such a way, the
sensitivity of the bridge is higher than in bridges with only
one or two active arms [3].

Vi

Figure 1. Piezoresistive pressure sensor in a Wheatstone-bridge
configuration.

A remarkable drawback of piezoresistive pressure
sensors is their temperature dependence [1] and, for this
reason, several temperature compensation techniques have
been proposed. Generally, these techniques involve
additional components [4] (e.g. a thermistor) that increase
the effective voltage applied to the bridge when the
temperature increases so that the loss of sensitivity is
compensated [5]. The temperature dependence can also be
compensated by measuring the sensor temperature by means
of the sensor itself. For example, references [6, 7] propose a
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relaxation oscillator in which the frequency of the output
signal carries information about the bridge unbalance
whereas the duty cycle carries information about the bridge
resistance and, hence, the temperature. Reference [8]
proposes (for metallic strain gages, not for semiconductor
ones) a technique based on two current sources and two
differential voltage measurements, one with information
about the mechanical stress and the other with information
about the temperature.

This paper proposes a novel technique to compensate for
the temperature dependence of piezoresistive pressure
sensors by using a simple and low-cost microcontroller-
based interface circuit. The proposed technique uses the
same pressure sensor to measure the temperature and, hence,
it does not require either data of a previous temperature
calibration or additional components.

3. TEMPERATURE DEPENDENCE

The four piezoresistors of the pressure sensor (Fig. 1)
can be modelled by [9]

R =R, =R [1+5-P] (1a)
R,=R =R [1-5-P], (1b)

in which both R, and S depend on temperature.
Consequently, if we assume a first-order temperature
dependence and the same temperature coefficients for the
four piezoresistors, these can be modelled by

R =R, =R[1+ay (T-T,)][1+S,(1+a(T-T,)) P] ()
R, =R, =R,[1+a (T-T,)|[1-S,(1+ a5 (T ~T,)) P ] .(2b)

According to [1], ag is a positive temperature coefficient
(i.e. ar> 0) whereas s is a negative temperature coefficient
(i.e. as < 0). Data sheets of commercial pressure sensors
usually specify ar and ag by means of the “temperature
coefficient of input resistance” and the “temperature
coefficient of span”, respectively. These coefficients depend
on the temperature used as a reference by the manufacturer
(T, according to our nomenclature).

If a constant supply voltage (Vpp) is applied to the bridge
sensor and then the differential output voltage (v,) is read, as
shown in Fig. 1, the measurement result is

v, = VoS, (14 a5 (T-T,)) P, 3)

which depends on pressure but also on temperature. Since
as< 0, for a given value of P, the value of v, decreases with
temperature. Generally, this temperature dependence is
compensated by using additional components that increase
the effective voltage applied to the bridge when the
temperature increases [4, 5].

Bridge sensors can also be measured by determining
three equivalent resistances of the bridge [10]. To do so, the
bridge terminals are appropriately set to ground or in high-
impedance state (HZ), as shown in Fig. 2, and the resulting
equivalent resistances are:

_R4(R1+R2+R3)

= 4a
A R +R, +R, +R, (42)
_ (R +R)(R,+R,) (4b)

P R +R, +R,+R,
B R,(R +R,+R,) 4o

“C T R+R,+R+R,’

Replacing (2) in (4) yields
R
Ry, ~ 70[1 +a (T-T,)|[3+2S,(1+as (T~ T,))P] (5a)

R, =R, [1+aR (T—TO)] (5b)

RO
Ry =1+ e (T-1,)][3-28,(1+as(T-T,))P]. (5c)

Then, the measurand can be estimated by calculating the
parameter M that combines the measurement of the
equivalent resistances as follows [10]:

Req,A - Req,C

eq,B
Replacing now (5) in (6) yields
M=S,(1+a(T-T,))P, (7)

which, the same as in (3), depends on pressure but also on
temperature. Therefore, since as< 0, for a given value of P,
the value of M also decreases with temperature.

4. COMPENSATION TECHNIQUE

To compensate for the temperature dependence shown in
(7), we propose to estimate the sensor temperature by means
of the sensor itself. This can be done by using appropriately
the measurement of Reqp, which just depends on
temperature, as shown in (5b). Then, in order to achieve an
output independent of temperature (i.e. M" = SyP), we could
calculate the following parameter:

M
14 % Ran
aR RO
where M is calculated by (6), as and ag are specified by the
sensor manufacturer, Reqp is the measured equivalent
resistance at a given temperature 7, and R, is the value of
Reqp at T = Ty. Regrettably, the tolerance of R, is either very
large (say, 20 % or higher) or not specified at all in sensor
data sheets. Of course, R, could be measured at 7 = T, but

this involves time and specific temperature-calibration
instrumentation.

M= ®)
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(a) (b)

(c)

Figure 2. Bridge sensor treated as a resistive circuit and measurement of the equivalent resistances (a) Reqa, (b) Reqp and (c) Reqc.

To avoid the previous limitations, we propose to use 7T,
as a reference instead of Ty; T, can be, for example, room
temperature whenever it does not differ significantly from
To. In such conditions, we can assume g ~ o and, hence,
Req s can be expressed and approximated to

Rys =R [1+a (T-T) |~ R [1+a (T-T)]. 9
Then, instead of (8), we propose to calculate M" as follows:

M
—r V' (10)
4 % | Dap

o R,

where R, is the value of Reqp registered at T =T,.
Replacing now (7) in (10) yields

M =

M %S, (1+ay (1, - 7,)) P (11)

which just depends on pressure because the term (7, o — To) is
constant.

This compensation technique can also be applied to
conventional  conditioning  circuits based on the
measurement of the differential output voltage (Fig. 1). If
the circuit is able to measure both v, and Re.p, then the
information provided by the latter can be wused to
compensate for the temperature dependence of the former

(see (3)).
5. MATERIALS AND METHOD

The proposed temperature compensation technique has
been applied to a commercial pressure sensor (SX15AD2,
SensorTechnics), which is intended for absolute pressure
measurements. This sensor is internally configured in a
Wheatstone bridge with four active arms (Fig. 1) and does
not include either compensation electronics or conditioning
circuits inside. Table I summarises the main features of this
sensor.

Table 1. Features of the SX15AD2 sensor.

Feature Value

Operating pressure range [0, 103] kPa
Sensitivity 214 uV/V/kPa (typ)
Operating temperature range [-40, +85] °C

+690 ppm/°C (min)
+750 ppm/°C (typ)
+810 ppm/°C (max)
-2550 ppm/°C (min)
-2150 ppm/°C (typ)
-1900 ppm/°C (max)

Temperature coefficient of input
resistance (o) using 7= 25 °C
(not 100 % tested)

Temperature coefficient of span
() using Ty=25°C
(not 100 % tested)

The sensor was subjected to atmospheric pressure, which
was equal to 101 kPa according to the Croatian national
meteorological institute. The temperature applied to the
sensor was controlled by a climatic chamber (Weiss Technik
125 SB) from -40 °C to 70 °C. For each test condition, the
three equivalent resistances (Fig. 2) were measured using
the direct sensor-to-microcontroller interface circuit
proposed in [10], which was controlled by the
dsPIC30F3012 microcontroller (Microchip). For the
temperature compensation, we used T ) ~26°C as a
reference, which is near to 7= 25 °C.

6. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 3 (solid line and crosses) shows the normalized
value of M versus temperature at P = P,, when the
compensation technique was not applied (Eq. (6)). The
parameter M clearly depended on temperature, to be precise,
the temperature coefficient was -2700 ppm/°C. As predicted
by (7), the temperature coefficient of M is negative, however
its (absolute) value is slightly higher than the maximum one
expected (-2550 ppm/°C according to Table 1). In the worst
case (i.e. for T'= -40 °C), the relative error in M (and, hence,
in the pressure measurement) due to temperature was about
17 %.
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Fig.3 (dashed line and squares) also shows the
normalized value of M" versus temperature at P = P,,, when
the compensation technique was applied (Eq. (10)). The
parameter M was more insensitive to temperature, as
predicted by (11). The use of the typical values of ar and o
in (10) and/or the temperature dependence of the interface
circuit can explain why the response in Fig. 3 is not
completely flat. Even so, in the worst case (i.e. for
T=70°C), the relative error due to temperature was about
1.6 %, which is more than ten times smaller than that
obtained when the compensation technique was not applied.

Normalized output parameter

Temperature (°C)

Figure 3. Temperature dependence of the output parameter at
P =P, =101 kPa.

7. CONCLUSIONS

A novel and low-cost technique to compensate for the
temperature dependence of piezoresistive pressure sensors
has been proposed. This compensation technique relies on
estimating the temperature of the sensor by means of the
sensor itself, without using any additional component. Once
the temperature is known, the output parameter can easily be
corrected. This idea has been tested in a commercial
pressure sensor and the experimental results agree with the
theoretical predictions. Other semiconductor sensors (such
as acceleration sensors and magnetoresistive sensors) can
also benefit from the results of this work.

ACKNOWLEDGMENTS

This work has been funded by the Spanish Ministry of
Education and Science and the FEuropean Regional
Development Fund through Project DP12006-04017, and by
the Croatian Ministry of Science, Education and Sport
through Project 036-0361621-1625. Authors appreciate the
initial proposal provided by Prof. Ramon Pallas-Areny.

REFERENCES

[1T  S.M. Sze, Semiconductor Sensors, Wiley, New York, 1994.

[2] G.C. Meijer, Smart Sensor Systems, Wiley, Chichester (UK),
2008 (Chapter 3).

[3] R. Pallas-Areny and J.G. Webster, Sensors and Signal
Conditioning, John Wiley & Sons, New York, 2001, 2nd Ed.

[4] J. Fraden, Handbook of Modern Sensors. Physics, Designs,
and Applications, Springer, New York, 2004, 3rd Ed.

[5] D. Ramirez Muiioz, J. Sanchez Moreno, S. Casans Berga, E.
Castro Montero, C. Reig Escriva and A. Edith Navarro
Antén, “Temperature compensation of Wheatstone bridge
magnetoresistive sensors based on generalized impedance
converter with input reference current”, Rev. Sci. Instrum.,
vol. 77, 105102, 2006.

[6] V. Ferrari, D. Marioli and A. Taroni, “Oscillator-based
interface for measurand-plus-temperature readout from
resistive bridge sensors”, /IEEE Trans. Instrum. Meas., vol.
49 (3), pp- 585-590, 2000.

[71 V. Ferrari, A. Ghisla, Zs. Kovacs Vajna, D. Marioli and A.
Taroni, “ASIC front-end interface with frequency and duty
cycle output for resistive-bridge sensors”, Sensors and
Actuators A, vol. 138, pp. 112-119, 2007.

[8] A. Idzkowski, J. Makal and Z.L. Warsza, “Application of
double current bridge-circuit for simultaneous measurements
of strain and temperature”, Proceedings of the 24th IEEE
IMTC 2007, pp. 1-4, Warsaw, Poland, May 2007.

[91 S. Vlassis, S. Siskos and T. Laopoulos, “A piezoresistive
pressure sensor interfacing circuit”, Proceedings of the 16th
IEEE IMTC 1999, Volume 1, pp. 303 — 308, Venice, Italy,
May 1999.

[10] E. Sifuentes, 0. Casas, F. Reverter and R. Pallas-Areny,
“Direct interface circuit to linearise resistive sensor bridges”,
Sensors and Actuators A, vol. 147, pp. 210-215, 2008.

2087




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	PagNum2084: 2084
	ISBN2084: ISBN 978-963-88410-0-1 © 2009 IMEKO
	PagNum2085: 2085
	PagNum2086: 2086
	PagNum2087: 2087


