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Performances and Potentialities of a Very Simple
Self-Compensated Pressure Sensor Demonstrator

P. Ménini, G. Blasquez, P. Pons, X. Chauffleur, P. Dondon, and C. Zardini

Abstract—A pressure sensor demonstrator has been designedwhich were fabricated with a 2m BiCMOS technology in

and mounted using a simple analog-digital BICMOS converter order to obtain a fast response and an excellent matching of
and a capacitive Silicon—Pyrex sensing cell. The measurementsyyair electrical and thermal characteristics
as a function of pressure and temperature have enabled to )

evaluate the efficiency of a ratiometric scheme to self-compensate

thermal drifts and nonlinearities. The best demonstrator is char- [l. SENSOR DESCRIPTION
acterized by a thermal coefficient of the offset smaller than 20
ppm/K and a nonlinearity lower than or equal to +1.2% FS. . .
The essential features of the sensor have been modeled by aA Sensing Capacitor [3], [4]

simple analytical expression. The model specifies the potential  Basically it is a miniature variable capacitor [1], [2]. Its
gains in pressure sensitivity and nonlinearity. The best design ,3in constituents are a silicon diaphragm and a metal plate

is based on a quasisymmetrical architecture in which stray . . -
capacitors are minimized. This study demonstrates the feasibility deposited on a rigid Pyrex 7740 substrate. The Silicon and

of self-compensated capacitive sensors characterized by an overallPyrex are bonded by means of anodic welding. This type of

accuracy in the order of a few percents of the measurement scale cells presents a high pressure sensitivity, an excellent long term

over a temperature range of 100 K at very low cost. stability and can withstand elevated overpressures [5]-[8]. The
Index Terms—Capacitance measurement, capacitance trans- SPecimen used to implement the sensor demonstrator has a

ducers, circuit modeling, compensation, nonlinearities, pressure capacitance in the order of 34 pF at rest.

measurement, thermal factors, sensors. The normalized pressure responsé€’,,/C,, for pressures

P between 0.1 and 0.6 MPa and for temperatdfegarying

from 293 K to 363 K is shown in Fig. 1. Clearly, the behavior

) o _in this operating range is almost linear. With respect to a

T HE development of cost effective digital systems requirgear model computed using the least squares curve fitting,

the concomitant development of digital sensors. A simplge ponlinearities expressed in percentage of the measurement

solution consists in using variable oscillators coupled With.gie are in thek2.5% range.

counters. In addition, this solution allows the use of sens-The thermal behavior of the sensing cell from 293 K to

ing capacitors that are almost insensitive to temperature aggh K is detailed in Fig. 2. The incremental thermal coeffi-

relatively easy to produce. _ cient TC[C,,] decreases as the temperature or the pressure

~In accurate sensors, the thermal drift [1] and the Nofkcreases. Nevertheless its magnitude remains in the interval

linearities [2] are compensated. Conventional techniques [0_f30 ppm/K, +40 ppm/K].

compensation turn out to be efficient but expensive. Their useyncertainties (due to the finite accuracy of the measurement

should be limited to the cases in which a very high level Qfy¢ up) in Figs. 1and 2 are lower or equaHt8 ppm and2
accuracy along with an excellent thermal stability are requireﬁlpm/K respectively.

In all other cases, it is very often preferable to favor
cqllegtlve compensgtlon teqhnlques and in particular, operatlgg Analog-Digital BICMOS Converter [9]
principles and sensing architectures offering self-compensation_ i o
capabilities. Of course, both approaches are not mutually ex-This converter has been designed to generate a digital output
clusive but rather complementary because self-compensatiym (F) inversely proportional t&,, (P). This transformation
can only be partial. aims to obtain a response more linear than those of the sensing
In what follows, a capacitive pressure sensor demonstraf§t! [2], [5]- Physically, it is an integrated circuit which
based on a digital ratiometric principle is presented. Thessentially includes an oscillator and a digital counter. The
mock-up has been designed to yield a high value of seftscillator generates a triangular waveform. It operates on the
compensation for physical and thermal drifts. It has bediinciple of the charge and the discharge of capacitors, with

mounted using a pair of oscillators and integrated countétonstant currenk, between two constant voltage thresholds
[9], [10] defined by two fast comparators.

_ The periodr,, of an oscillator of this type connected €9,,
&n be described by the following expression:

I. INTRODUCTION
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if the delay dueto the comparatorss negligible.
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Fig. 1. Normalized response
at 263 KA) and 363 K(0).
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Fig. 4. Block diagram of the pressure sensor: triangular oscillator (T.O.),
digital counter (D.C.), and control logic (C.L.).
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If both digital counters are triggered at the same time and if
the counting duration is sufficient, it may be admitted that

NrnTrn ~ N’I‘T’I‘ (3)

where N, and 7,. are the digital output and the period of
the converter connected @, respectively. The logic block
interrupts the counting operations as soon/gsreaches a
preset value which has to be sufficiently large to filter possible
random fluctuations of,,, and7,.. These fluctuations include
circuit noises and electromagnetic interferences between the
analog and digital blocks of the converters.

In the ideal case where both converters are identical, the

Fig. 2. Incremental thermal coefficient of the sensing cell in the range oresponse derived from (1) and (3) is given by
t0 0.6 MPaTC[Cyn] = OCyn/(CrnOT).
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coefficient of the oscillator frequenc

Ny % NyCy [Cp. (4)

This relationship being independent 6fand U/, their drifts

(if any) have no impact on the response. In the more realistic
case of circuits exhibiting slightly different characteristics, the
variations of ¥V, should be very small.

I1l. SENSOR CHARACTERIZATION

In order to identify the primary parameters determining the
sensor behavior, several versions of the demonstrator were
implemented and tested. The basic platform is shown in Fig. 5.
In what follows, the most instructive results are reported. They

yvill be interpreted in Section IV.

(Fmm = 7,,'); measurements carried out with a ceramic capacitor of 34 pF.

By design,! ~ 20 pA and the peak-to-peak amplitudé

of the oscillations is equal to 1.2 V. - r . . .
Within any time intervalr > 7,,,, the digital counter output ® V» {pp = 2.25 mA) implemented with a 2:m BiICMOS

N,, is given by

Ny &= 7/ T

Fig. 3 shows the incremental thermal coefficient of the og-
cillator frequencyF,,. It is rather significant. Complementary
tests have indicated that the most part of the thermal dr

arises from current sources.

C. Ratiometric Implementation
The block diagram shown in Fig. 4 includes two A/D conis situated in the range-1.2% FS. As expected, it is signifi-

A. Four-Chip Implementation

This mock-up results from the assembly of two sensing ca-
pacitors and two distinct converters (biasing conditidhg =

process (STKM 2000 technology, Comparator switching delay
90 ns). Pressure is only applied to one of the sensing cells, the
other being used as a reference capacitor. This implementation
ermits a thorough insulation of both oscillators, thereby
voiding the risks of synchronization. In addition, as the
evices are matched, they should offer a high level of self-

mpensation.

Fig. 6 shows the ratidk = N,,/N,. between 0.1 and 0.6
MPa for temperatures between 263 K and 363 K. Irrespective
of temperature, the response is almost linear. The nonlinearity

verters connected to the capacitars, and C,., respectively. cantly less than that of the sensing cell. Nevertheless, it is not
C,, stands for the sensing cell afdl for a constant reference as low as computed in [5]. This observation will be discussed
capacitor. in Section V.
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In agreement with (4), it is also observed in Fig. 6 that
the normalized responsE displays a small dependence on
temperature even though the thermal drift of oscillators is
substantial. The attenuation given by the ratiometric design
is specified in Fig. 7. Its maximum value reaches 60 at
363 K. Consequently, the ratiometric design implemented
with the BICMOS technology procures a high level of self-
compensation of the offset thermal drift.

Finally these features were achieved wit¥). = 1024.
Assuming an error oft1 bit the resolution onR is in the
order of 2 x 1073,

B. Semi-Integrated Sensor

This mock-up has been mounted using two convertefg. 5. Evaluation platform composed of integrated analog—digital BICMOS
integrated into the same chip, a Silicon—Pyrex sensing cell affgverters, ceramic capacitors, and a sensing cell on a ceramic substrate.
a ceramic capacitor. It has been assembled in order to obtain
the best possible “matching” of converters and to assess the g ; e
feasibility of integration. Tests have shown a very high level I

. o - 0.98 .
of noise due to a random synchronization of the triangular |
oscillators whenC,. and C,,, are similar. This problem has 0.96 -
been solved by increasing... A g
The results presented in the Fig. 8 have been obtained 0.94 i
with C;. = 265 pF, and measured in the same pressure and 0.92 | |
temperature conditions as in Section IlI-A. Their analysis leads L
to the following observations. First, the normalized response 0-901 : 0*2 : 0*3 : 0"4 : 0‘5 o6
is lower than expected from (4). Secondly the influence of ' " Pressure (MPa) i

temperature on the offset is greater than the evaluation carr'i:ed 6 Normalized fthe f h D .
out from the data in Flg 6 and (4) 1g. ©. ormalized response O € Tour chips mOcCK-up; measurements

carried out at 263 K+) and 363 K(0). An inactive sensing cell is used
as a reference capacitor.

IV. DISCUSSION

60 —— i T T
A. Modeling 40
The triangular oscillators of the converters include current % 20
sources, comparators, MOST switches and their intercon- S
nections. Their physical capacitors are equivalent to a stray w20
capacitorC, connected in parallel t6',. andC,,,. The simplest 4 40|
model for the demonstrator normalized response, including the 601
effects of C,, is therefore given by ol oo
270 290 310 330 350
R~ M (5) T )
Crn + CS

Fig. 7. Ratio of the incremental thermal coefficients of the oscillator and the
The evaluation ofC, from (5) and the data in Figs. 6 and 8sensor output fo? = 0 versus temperature.
yields C, = 10 pF.

the decrease of pressure sensitivity reported in Sections I1I-A
B. Influence of”, on Pressure Sensitivity and Linearity and B. The loss of sensitivity defined by

Let S,,, and.Sg be the respective sensitivities of the sensing

cell and the sensor. Differentiating (5) with respect®tpwe _ |SR(Cs = 0)| = |Sr(Cs # 0)]

%) =
obtain LP5(%) Sn(Co = O)] x 100 (7)
—(Cr +Cs) o . .
Sr = msrn (6) is given in Fig. 9 as a function of the ratid, /C,, and for
e C, ~ C,,. In our case ag’,, > 34 pF andC, ~ 10 pF,
where S,,, = 8C,,,/0P and Sg = JR/IP. Fig. 9 indicates a loss of pressure sensitivity close to 25%.

If Cs > (C,, — 2C,.) the derivative ofSr with respect This estimation is consistent with data in Figs. 1 and 6 since
to C; is positive. This impliegSr(Cs # 0)| < |Sr(Cs = AC,,/C,, = 13% andAR/R ~ 10%.
0)]. In Sections Ill-A and B, the condition€’s; # 0 and Fig. 10 illustrates the influence a@f, on the nonlinearity.
Cs > (C,, — 2C,.) are fulfilled. Consequently’; provokes For C; =~ 10 pF, this evaluation derived from (5) gives
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Fig. 8. Normalized response of the semi-integrated demonstrator. MeasWgy. 11. Incremental thermal coefficient of stray capacitors.
ments carried out at 263(K-) and 363 K(0). A ceramic capacitof€'f = 265
pF) is used as a reference capacitor.

predicts an offset drift proportional to the thermal drift of

0 , , , stray capacitors.
. Figs. 6 and 8 respectively validate the model €gr= C,,
40 - 7 and reveal a strong dependence @f on temperature. The

estimation of the incremental thermal coefficient@f from
L i the experimental data yields the curve shown in Fig. 11. These
20 - . high values can only originate from the comparators input
admittances and, to a lesser degree, from the PN junction ca-
I | pacitances associated with the transistors of the current sources
oV 1 and analog switches. The comparators used to fabricate the
0 02 04 06 08 1 demonstrator have NPN bipolar transistors at the input. This
choice has been made in order to minimize the nonlinearity
[9] due to finite switching times.

For completeness, let us analyze the effectCghfon the
thermal drift of Sg. By differentiating (6) with respect t&@’

(%)

30 - i

LPS

10 - -

Fig. 9. Loss in pressure sensitivity versts/Cp, .

1.7

16 we obtain
A TC[|Sg] = TC[S,] + TC[(C, + C,)] = 2TC[(Cr + C5)].
2131 ©)
z 12f If for any 7', C,. a C,,, (9) is reduced to
1.1
i C
1 ~ _ m
A TC[Sal] » TCISw] ~ 5= TCICH]
0 02 04 06 08 1 C
cr/c, - e g Tl (10)
Fig. 10. Maximum nonlinearity versus'. /C'. Recalling thatTC[C;] > TC[C,,] and TC[S,,], (10) shows

that C, gives a significant contribution to the thermal drift of
a nonlinearity lower than 1.25%. Measurements reported time pressure sensitivity of the demonstrator. In addition, (10)
Section IlI-A lead to a nonlinearity of 1.2%. specifies that there is no self-compensation@pr= C,,,.

C. Analysis of the Thermal Behavior D. Potential Developments

In what follows, it is assumed that, depends on tempera- From the previous considerations, it appears that this
ture. To begin with, let us derive from (5) the expression of tféemonstrator can be improved. To do so, one has to minimize
incremental thermal coefficient of the offset. By differentiatingtray capacitors and more particularly those of the converter.
(5) with respect tdl’, for P = 0, and by neglecting for clarity The easiestimprovement consists in replacing the comparators
the dependence af, andC,, on T, we get using NPN bipolar transistors at the input by NMOS input
comparators. This change should divide by two or even by
three the present value @f, and dramatically reduce the
value of TC[C,]. In this case, the last term of (10) would
become marginal and the thermal sensitivitysof would be
whereTC[R]| = dR/(RIT), and'TC[C;] = 9C,/(C,0T). almost fully determined by that of the sensing cell. As an

If C. = C,, the incremental temperature coefficient isdditional benefit, the pressure sensitivity would be increased
almost equal to zero. In this case, the model predicts a Idwy more than 10% and nonlinearity would be decreased in
offset drift. On the other hand, fof,. # C,,, the model similar proportions as shown in Figs. 9 and 10.

oA Le AN

TC[R(P = 0)] ~ (Cr+ CH(Chy + Cs) '
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Moreover the implementation of the converter with submi-
cron technologies such as the STKM 4000 process (or anm
equivalent and validated technology) should approximately
divide by 3 the switching delay of the comparators. Demon-
strators fabricated from converters of this type, should offer
operating frequencies equal or greater than 10 MHz. [2]

(3]
V. CONCLUSION

A capacitive pressure sensor demonstrator has been det
signed, implemented and characterized in order to evaluate
the feasibility of inexpensive, versatile and accurate sensors
that could be easily produced. By design, this sensor featuregs;
simple architecture and delivers a digital output. The lineariza-
tion of the response and the thermal compensation rely on a
ratiometric principle. Finally, through numerical integration, it [6
can filter pressure fluctuations and electric noise. 7]

Two implementations of the demonstrator have been done
using a BICMOS converter and sensing cells whose de-
formable plates are made of silicon. Evaluation tests have bedf
carried out with a biasing voltage of 5 V from 263 K to 363
K. The best demonstrator features a nonlinearity-¢f2% of
the measurement scale and an offset drift of 20 ppm/K.

The analysis of the influence of stray capacitors has enab
us to specify the loss of pressure sensitivity and linearity.
Additionally, it has shown that the fast BICMOS comparators
determine, to a great extent, the magnitude of the thernmi&t
drift of the pressure sensitivity. By replacing these device&z]
by NMOS input comparators, the pressure sensitivity thermal
drift should reduce to that of the sensing cell and improve
linearity and pressure sensitivity.

This study demonstrates the feasibility of sensors charac-
terized by an accuracy in the order of a few percents of the
measurement scale without thermal compensation and using
a BiCMOS technology. The implementation of the converter
with a MOS technology seems to be possible. Submicrer
technologies should offer in addition operating frequencit
equal or greater than 10 MHz. From (1) it is obvious that hig
operating frequencies allow the use of subminiature sensi
cells characterized by capacitances of a few picofarads. |
sensing cells having capacitances smaller than a few pF at r
more refined converters are required. The capacitive sen _
interface described in [11] seems to be well adapted to t
cases.

The modular architecture of the demonstrator allows the
development of a family of pressure sensors using a common

(9]

converter and a series of sensing cells. The pressure operating

range can be simply determined by adjusting the diaphragm
thickness. The feasibility of sensing cell demonstrators in the
pressure ranggx 10~ Mpa, 2.7 Mpa has been demonstrated.
Finally the potential application domain of these sensors is
therefore very diversified as stated in [12].
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