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(57) A voltage-to-digital converter comprising a storage circuit for providing a storage capacitance with a plurality of
selectable magnitudes. The storage circuit provides a charge output representative of applied voltage input signals and
the selected capacitive magnitude. A charge accumulation circuit 1s coupled to the charge output. The total charge
accumulated 1s proportional to the integral of the amount of charge discharged from the storage circuit. The charge
accumulation circuit provides a balance output representative of a comparison of the accumulated charge and a
reference charge. A control circuit 1s coupled to the balance output for providing feedback signals as functions of the
balance output for periodically charging and discharging the storage capacitance, whereby a first sequence of charge
packets 1s provided on the charge output for driving the accumulation of charge toward the reference within a first set
of limits when a first capacitive magnitude 1s selected 1n the storage circuit, and whereby a second sequence of charge
packets 1s provided on the charge output for driving the accumulation of charge toward the reference charge within a
second set of limits when a second capacitive magnitude 1s selected 1n the storage circuit. A calculation circuit 1s
coupled to the feedback circuit for counting the number of charged packets generated 1n a measurement cycle. An
output circuit provides an output indicative of the voltage mput signals as a function of the number of packets counted.

I*I Industrie Canada  Industry Canada



CA 02065843 1999-04-22

ABSTRACT

A voltage-to-digital converter comprising a storage
circuit for providing a storage capacitance with a

plurality of selectable magnitudes. The storage circuit

provides a charge output representative of applied voltage
input signals and the selected capacitive magnitude. A
charge accumulation circult 1s coupled to the charge
output. The total charge accumulated is proportional to
the integral of the amount of charge discharged from the
storage circuit. The charge accumulation circuit provides
a balance output representative of a comparison of the
accumulated charge and a reference charge. A control
circuit 1s coupled to the balance output for providing
feedback signals as functions of the balance output for
periodically charging and discharging the storage
capacitance, whereby a first sequence of charge packets 1is
provided on the charge output for driving the accumulation
of charge toward the reference within a first set of limits
when a first capacitive magnitude 1is selected in the
storage circuit, and whereby a second sequence 0f charge
packets 1s provided on the charge output for driving the
accumulafion of charge toward the reference charge within a
second set of limits when a second capacitive magnitude 1is
selected in the storage circuit. A calculation circuit 1s
coupled to the feedback circuit for counting the number of
charged packets generated 1n a measurement cycle. An
output circuit provides an output indicative of the voltage
input signals as a function of the number of packets

counted.
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VERNIER VOLTAGE-TO-DIGITAL CONVERTER

This invention relates to a voltage-to-digital
converter for providing a digital representation of a
voltage input signal. In particular, this invention
relates to a vernier adjustment that changes the
resolution of the voltage-to-digital converters.

Voltage-to-digital converters are commonly used
to convert a sensed parameter to a digital representation
of the sensed parameter for immediate analysis or for
transmission to a remote location. In control systems,
a sensed parameter is measured and evaluated to determine
appropriate control loop adjustments.

Typically, speed and accuracy are critical to
effective operation of the control loop. Whenever speed
and accuracy c¢an be imprbved, the benefits are
significant. Frick et al U.S. Patent 4,791,352 entitled
"Transmitter with Vernier Measurement" and United States
Patent 5,083,091 entitled "Charged Balanced Feedback
Measurement Circuit" provide significant
improvements to the speed and resolution of parameter-
to-digital converters by performing conversions with a
plurality of charge packets which are accumulated in an
integrator. The amount of charge 1in each packet 1is
representative of a sensed parameter. The accumulated
charge 1s compared to a reference level and the resulting
output 1s used as a feedback signal to control the
accumulation of charge packets in the integrator. The
number of charge packets generated during a measurement
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Cycle 1is representative of the sensed parameter. A

digital representation of the sensed parameter 1is
determined from the counted numbers.

Improved accuracy is accomplished in the Frick
et al patent by adding a vernier adjustment to each
measurement cycle. A vernier adjustment is an adjustment
that changes the resolution of the voltage-to~digital
converter. During a first part of the measurement cycle,
a plurality of first charge packets are generated by a
first excitation potential and provide a ‘"coarse"
adjustment of charge accumulated in the integrator.
During a second part of the measurement cycle, a
plurality of second charge packets are generated by a
second excilitation potential, smaller than the first. The
amount of charge in each charge packet is varied with the
exclitation potential and therefore the plurality of
second charge packets provide a "fine" adjustment of
charge on the integrator. The fine adjustment provides
a significantly more accurate digital result than the
"coarse" adjustment.

The vernier arrangement of the Frick et al.
patent provides an improved combination of speed and
resolution, however, generating coarse and fine
excitation potentials (using either resistive or
capacitive voltage dividers, programmable gain
operational amplifiers, or other voltage dividers) add
considerable complexity and need for adjustments to the
Circuit. In order to provide convenient counting of
charge packets, resistive voltage divider ratios must be
adjusted to an integer number N and further match one
another with the same number N in both dividers. There
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ls thus a need to provide a vernier arrangement which has
desirable speed and resolution features but does not
require complex circuitry generating coarse and fine
excitation potentials.

SUMMARY OF THE INVENTION

A transmitter senses a parameter, such as
pressure, and provides an output representative of the
sensed parameter. The transmitter includes a voltage-
to-digital converter having a vernier adjustment to
increase the speed and resolution of a conversion. The
conversion includes one or more measurement cycles which
generate digital outputs representative of voltage input
signals. The voltage input signals are representative
of the sensed parameter.

The voltage-to~digital converter comprises a
storage circuit coupled to the voltage input signals for
providing a storage capacitance with a plurality of
selectable magnitudes. The voltage input signals are
selectively applied to the storage capacitance for
periodically charging and discharging the storage
capacitance and for ©providing a charge output
representative of the applied input voltage signals and
the selected capacitive wmagnitude.

A charge accumulation circuit is coupled to the
Charge output for accumulating charge from the storage
circuit. The total charge accumulated is proportional
to the integral of the amount of charge discharged from
the storage circuit. The charge accumulation circuit
provides a balance output representative of a comparison
of the accumulated charge and a reference charge.
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A timing circuit is coupled to the balance
output for providing feedback signals as functions of the
balance output which control the charging and discharging
of the storage capacitance to generate sequences of
charge packets on the charge output. A first sequence
of charge packets drive the accumulation of charge toward
the reference charge within a first set of limits when
a first capacitive magnitude is selected in the storage
circuit. A second seguence of charge packets drives the
accumulation of charge toward the reference charge within
a second set of limits when a second capacitive magnitude
is selected.

A calculation circuit is coupled to the timing
circuit for counting numbers of charge packets generated
in a measurement cycle. The calculation circuit provides
digital outputs coupled to an output circuit which
generates output signals indicative of the voltage input
signals as a function of the counted numbers.

In one embodiment, a strain gauge transducer
circuit includes first and second voltage~to-digital
converters 1in accordance with the present invention
described above. The transducer circuit also includes
a resistive bridge and at least one precision resistor
connected in series with the resistive bridge. The
resistive Dbridge is responsive to pressure and
temperature. The precision resistor, however, has a
resistance. which is less responsive to temperature than
1s the resistive bridge. The first voltage-to-digital
converter provides an output representative of a voltage
drop across the precision resistor and indicative of the
temperature of the resistive bridge. The second voltage-
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to-dlgital converter provides an output representative
of the pressure applied to and the temperature of the
resistive bridge. A calculation circuit combines the
output of the first voltage-to~digital converter with the
output of the second voltage-to-digital converter to
generate a digital representation of the applied pressure
being corrected for temperature.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 1s a diagram of a transmitter
comprising a voltage-to-digital converter according to
the present invention.

Figure 2 1is a diagram of a strain gauge
pressure sensor and a sensor processor comprising first
and second voltage~to-digital converters in accordance
with the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 illustrates a transmitter 10 which
includes a voltage-to~digital converter in accordance
with the present invention. The voltage-to-digital
converter performs a series of successive measurement
cycles to convert a parameter sensor output to a
transmitter output which is representative of a sensed
parameter.

In +the embodiment shown in Figure 1,
transmitter 10 includes strain gauge circuit 12, which
is responsive to an applied pressure P. Strain gauge
circuit 12 includes resistor bridge 14 and preamplifier
16. Resistor bridge 14 includes resistors 18, 20, 22 and
24 having resistances which are sensitive to the applied
pressure P. A junction between resistors 18 and 24 is

SU o
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connected to supply voltage Veuppty 1N output circuit 28,

Resistor bridge 14 is electrically excited by V and

suppl
1s connected to systemn "ground" 30 at a junction ;:gween
resistors 20 and 22. A sensor output voltage potential
representative of the applied pressure P is coupled to
preamplifier 16 at its inverting (-) and noninverting (+)
inputs. The 1nverting (-) input is connected to a
junction between resistors 22 and 24. The noninverting
(+) input is connected to a junction between resistors
18 and 20. Preamplifier 16 provides strain gauge output
signal V, representative of the pressure P as a
transmitter input. Transmitter input signal Vv, is
connected to V_;,,'_',pply which provides a reference voltage
signal to transmitter 10. Transnmitter input signal Vv, is
connected to the junction between resistors 20 and 22 and
to system ground 30. The voltage input signals Ver Vigr
and V, connected as described above generate voltage
potentials V, and V, which are representative of the
pressure P applied to resistor bridge 14. Voltage
potential V, is the difference between V, and V,,.
Voltage potential V, is the difference between Viy and V,.

Transmitter 10 includes switch network 32,
storage cilrcuit 34, charge accumulation circuit 36,
control circuit 38, and output circuit 28. Control
circuit 38 includes storage switch control 40, switch
network control 42, calculation circuit 44, and timing
circuit 46. Timing circuit 46 controls the measurement
cycles by controlling the operation of storage switch
control 40, switch network control 42, and calculation
circuit 44. Timing circuit 46 also closes a feedback

loop between charge accumulation circuit 36 and switch
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controls 40 and 42. Calculation circuit 44 determines

digital values D representative of the pressure P applied
to resistor bridge 14.

Transmitter input voltages Ver Vi, and V, are
coupled to switches 48, 50 and 52, respectively, in
switch network 32. Switch network control 42 operates
switches 48, 50 and 52 to selectively apply voltages Ve,
Viyr @nd V, to storage circuit 34. Switch network control
42 also operates switches 54, 542 and 56, 56A while
applying the selected voltage inputs to storage circuit
34, and while connecting storage circuit 34 to ground 30.

Storage circuit 34 comprises a storage
Capacitance created by capacitors C1 and C2. Switches
54, 54A and 26, 56A enable the storage capacitance to
have a selectable magnitude. Capacitor Cl1l, having a
smaller capacitive magnitude, is selected by switches 54A
and 56A. Alternatively, a larger capacitive magnitude
ls selected by also closing switches 54 and 56 to create
a parallel combination of capacitors C1 and C2. In one
embodiment, capacitor Cl1 has a capacitive magnitude of
C and capacitor C2 has a capacitive magnitude of (2%-1)c,
where C 1is a measure of capacitance and N is a
preselected number which defines a ratio of C1 to 2.
Therefore, a parallel combination of Cl1 and C2 has a
capacitive magnitude of 2C.

During a measurement cycle, switch network
control 42 controls switches 48, 50, 52, 54, 54A and 56,
56A 1in switch network 32 for repetitively charging and
discharging the storage capacitance in storage circuit
34, Switch network control 42 first closes selected
switches in switch network 32 to connect the storage
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capacltance between system ground 30 and a selected one
of the transmitter input voltages V,, Vv, or V,. A

selected charge is stored on the storage capacitance when
the selected switches are opened. Next, switch network
control 42 closes other selected switches in switch
network 32 to discharge the storage capacitance and
generate a charge packet on charge output 62 through
switch 56. The term "packet" refers to a discrete amount
of electrical charge which flows to or from a capacitance
when it is charged from a first voltage potential to a
second voltage potential, different from the first
potential. The amount of the charge in a charge packet
is a function of the storage capacitance, the voltage
potential applied when the storage capacitance was
charged, and the voltage potential applied when the
storage capacitance is discharged.

In one embodiment, voltage potentials V, and
V, are selectively applied to storage circuit 34 to
charge the storage capacitance to either a first stored
charge having a first polarity or a second storage charge
having a second polarity, opposite the first polarity.
Additive and subtractive charge packets are generated by
discharging the first and second storage charges,
respectively.

During a first part of the measurement cycle,
control circuit 38 operates storage switch control 40 to
control switch network control 42 to select the larger
capacitive magnitude 2"C by closing switches 54, 54A and
56, 56A in storage circuit 34. Switch network control
42 operates selected switches in switch network 32 to
repetitively charge and discharge the storage capacitance

SUBSTITUTE SHEET
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for generating a first sequence of additive and
subtractive charge packets on charge output 62. The
number of 1individual additive and subtractive charge
packets can vary, but the total number of charge packets
(N, + N,) in the first sequence is fixed to a preselected
number, where:

N, = the count of charge packets providing a charge

with magnitude (2" C v1) to inteqrator 64;

N, = the count of charge packets providing a charge

with magnitude (2" ¢ Vv2) to integrator 64.
The individual numbers N, and N, of charge packets in the
first sequence can correspond to either the additive or
the subtractive charge packets depending upon the
polarities of V, and V, as they are applied to the
storage circuit.

Charge accumulation circuit 36 1is coupled to
charge output 62 and comprises integrator 64 which
accumulates the additive and subtractive charge packets
from charge output 62. Integrator 64 comprises amplifier
66 and capacitor é68. A noninverting (+) input of
amplifier 66 1is connected to system ground 30. An
inverting (=) input of amplifier 66 is connected to
charge output 62. Capacitor 68 is connected between the
inverting input and an output of amplifier 66.
Integrator 64 accumulates the charge packets generated
on charge output 62 by performing a time integration of
the current generated by the charge packets. Additive
and subtractive charge packets add to and subtract from
the charge accumulated. Output potential V, is generated
by amplifier 66 and is representative of the amount of
charge accumulated on integrator 64. Output VvV, is

SUBSTITUTE SHEET
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coupled to an inverting (-) input of comparator 70. A
noninverting (+) input of comparator 70 is connected to
system ground 30 and represents a reference. Comparator
70 provides a balance output 72 indicative of a
comparison between the accumulated charge and a reference
charge.

Timing circuit 46 monitors balance output 72,
determines whether the accumulated charge is above or
below the reference charge, and then operates switch
network control 42 to selectively generate additive and
subtractive charge packets to direct the accumulated
charge toward the reference charge within a first set of
limits. The first set of limits is deternined during the
first part of the measurement cycle by the selected
larger storage capacitance 2"C and the magnitude of the
applied voltages V, and V,.

The first set of limits define a coarse
adjustment of the accumulated charge on integrator 64
with respect to the reference charge. The balance of
charge on integrator 64 after the first part of the
measurement cycle approaches a balance shown by Ecquation 1 below:

N cvy =, 2N ey, Equation 1

During a second part of the measurement cycle,
storage switch control 40 controls switch network control
42 to select the smaller capacitive magnitude C in
storage circuit 34 by opening switches 54 and S56. Switch
network control 42 then operates selected switches in
switch network 32 to generate a second sequence of
additive and subtractive charge packets. The total
number of charge packets (N; + N,) in the second sequence
1s also fixed to a preselected number. Where:

wah
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Ny = the count of charge packets providing a charge

wilith magnitude (CV,) to integrator 64;

<z
&~
il

the count of charg? packets providing a charge
with magnitude (CV,) to integrator 64.
Calculation circuit 44 maintains the count of
individual charge packets Ny, N,, Ny, and N, during the
first and second parts of the measurement cycle.

The amount of charge in each charge packet is
smaller in the second part of the measurement cycle than
in the first since each packet in the second sequence 1is
generated by discharging the smaller capacitive magnitude
C rather than 2%c. Each charge packet in the second
sequence is accumulated by integrator 64. Switch network
control 42 selectively generates additive and subtractive
charge packets for directing the accumulated charge on
lntegrator 64 toward the reference charge within a second
set of limits. The second set of limits are smaller than
the first set of 1limits (which results in greater
resolution) since the amount of charge in each charge
packet is smaller in the second part of the measurement
cycle than in the first. The smaller charge packets
provide a fine adjustment of charge accumulated on
integrator 64. The accumulated charge is balanced over
the first and second parts of the measurement cycle

approaching Equation 2:

Nevp e g evp sy 2N ey e i covy Equation 2

(M, 2
The terms in Equation 2 can be rearranged to

.provide an expression for the ratio vVi/va:

Ecquation 3
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The  transmitter input voltage V,, is
substantially proportional to the sensed parameter and
the reference voltage V,. The quantity (V, - V) /(Vy + V,)
is thus representative of the sensed parameter but
independent of the reference voltage V,. Equation 3 is
substituted into Equation 4 below to provide Equation 5
which expresses (V, - V,)/(V, + V,) 1n terms of the ratio

2" and the counts N,, N,, N, and N,.

b B T W S Equation &
Vi *+ v, (V{ / V) + 1
V, -V 2N My - Ny 4 (N, - Ha)
1 2 2 1 4 3 ]
» Equation 5

Under the control constraints fixing (N, + N,)
and (N, + N;) to be preselected numbers, the denominator
of the right-hand side of Equation 5 is a quantity fixed
by the control circuit 38 and the ratio 2" of the larger

and smaller storage capacitances. This eliminates a need for
division each time a measurement is updated. The left-hand side of

Equation 5 can be rewritten in terms of transmitter input voltage

‘Vr“ and reference voltage Vp as shown in Equation 6:

> -

Wwhen V, = 0, Equations 5 and 6 can be combined to give
Equation 7:

SUBSTITUTE SHEET



WO 21/08267 PCT/US906/04921

“13“ G") ‘F% Y Poonrt
v 2V (Mg = Ny) & (N, = Na)
IN 1 2 1 4 3 ,
— P = Equation 7

Ve 2027 Ny + W) > (Hy + Ng))

The left-hand side of Equation 7 is proportional to the
lnput voltage V,, and the right-hand side of Equation 7
is a function of the numbers of charge packets counted
during a measurement cycle. The arrangement thus
performs a conversion from an input voltage to a digital
number representing the input voltage. The input voltage
V.. 1S proportional to Ve since V, is the potential which
energizes resistor bridge 14. The ratio ViW/Vy, is thus
independent of V,.

In Equation 7 above, all of the guantities- on
the right-hand side of the equation are whole numbers or
integers, thus simplifying digital calculation. The
calculation of the right-hand side of Equation 7 can be
further simplified in a further preferred embodiment to
eliminate the need for subtraction each time the output is
updated. The numbers N and (Ny + N;) = K1 and (N; + N,)
= K2 1in the denominator of Equation 7 can be all.
predetermined or fixed by the design, and therefore the
denominator itself becomes a constant fixed by design.
Substituting constants K1 and K2 into Equation 7 and
simplifying provides Equation 8:

oN

v Ny + N
IN

- 2 : 3 - Equation 8
Ve 2™ X1+ K2

In Equation 8, the denominator is fixed and the
only variables in the equation are N1 and N3. The
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denominator thus becomes a scaling factor, and the
calculation of the output can be performed using only two
variables N, and Ny. Alternatively, Equation 7 can be
manipulated to result in an equation that depends on only
variables N, and N,. Computation in calculation circuit
44 1s.thus simplified.

Through Equations 7 and 8, calculation circuit
44 can determine digital values D from the counted
numbers of charge packets. The digital values D are
representative of the pressure P applied to resistor
bridge 14. Each Subsequent measurement cycle updates

current for transmission to a remote location through
transmission loop 76. Transmission loop 76 can be a two-
wire 4-20 milliamp transmission loop. Control circuit
38 Jgenerates each Updated value D at a constant rate

measurement cycle. Charge packets are provided at fixed repetition
rate. This simplifies the digital-to-analog conversion performed

by output circuit 28 since updates arrive at a predictable time.

Calculation circuit 44 controls storage of the final

counts Ny, N,, Nj, and N, of the individual additive and
subtractive charge packets during each part of ¢the

Any charge imbalance still remaining on
integrator 64 after coarse and fine adjustment is carried
over to the next measurement cycle, Errors 1in the
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sequence of digital values D tend to average to zero or
cancel over time. The transmitter output on loop 76,
integrated over time, is thus substantially free of
errors due to charge remaining on integrator 64 at the
end of each measurement cycle. The use of the smaller
and larger «capacitive magnitudes provide vernier
adjustment with a desired combination of increased speed
and resolution.

In an alternative embodiment (not shown),
storage circuit 34 comprises more than two capacitors to
provide a storage capacitance having a greater number of
selectable magnitudes. The measurement cycle is divided
accordingly to provide additional resolution levels
beyond the "coarse" and "fine" adjustments described
above. At each resolution level, additional charge
packets are generated to balance the accumulated charge
with respect to the reference charge. The numbers of
additional charge packets generated are counted and are
added as new terms in Equation 2. Calculation circuit
44 1s adjﬁsted to accommodate the additional counted
numbers and to thereby increase the accuracy of the
digital values D.

A blas circuit 90 can be provided to zero or
null the output of bridge 14 at the time of manufacture.
The bilas circuit 90 can comprise a R - 2R ladder
connected to tristate switches 92 as shown, or other bias
circuitry such as various digital-to-analog converters
may be used. At the time of manufacture, switches 92 are
adjusted while observing the electrical output of bridge
14 until the output of bridge 14 is adjusted to a desired
level.

SUBSTITUTE SHEET
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Figure 2 illustrates a sensor processor having
two voltage-to-digital converters in accordance with the
present invention as described above. The two converters
simultaneously convert voltages to digital values
representative of the pressure and the temperature
applied to a strain gauge. The converters are combined
to generate digital representation of the pressure

corrected for temperature, and the temperature corrected for pressure.

Strain gauge circuit 110 includes resistor
bridge 112 and preamplifier 114. Resistor bridge 112
includes resistors 116, 118, 120, and 122. Preamplifier
114 includes an inverting (=) and a non—inverting (+)
input which are coupled to resistor bridge 112 at
Junctions between resistors 116 and 118 and between
resistors 120 and 122, respectively. Preamplifier 114

1s also coupled between supply voltage V and system

suppl
ground 124. Resistor bridge 112 is connezéd to system
ground 124, at a junction between resistors 118 and 120.
Precision resistor 126 is connected between supply
voltage Vegply and resistor bridge 112 at a junction
between resistors 116 and 122.

Sensor processor 100 comprises first and second
voltage-to-digital converters 130 and 132 which are
combined to share common circuitry. The first and second
voltage-tao-digital converters 130 and 132 are each in
accordance with the present invention as described above.

- The first voltage-to-digital converter 130 comprises
switch network 134, storage circuit 136, storage switch
control 138, charge accumulation circuit 140, switch
network control 142, timing circuit 144, and calculation

circuit 146. Switch network 134 comprises voltage inputs
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Ver Vi, and V,. Voltage input V. 1s coupled to the supply

voltage V for providing a reference voltage

suppl
indicative omify the voltage potential applied to bridge
1l2. Voltage input V, is connected to system ground 124.
An output of preamplifier 114 is coupled to voltage input
Viy to provide voltage input signals representative of
the pressure P and temperature T applied to resistor
bridge 112. Switch network control 142 operates switch
network 134 to selectively apply input voltages Ver Vi,
and V, to storage circuit 136 while the first voltage-
to-digital converter performs measurement cycles to
obtain digital values representative of the pressure P
and temperature T applied to resistor bridge 112.

The resistances of resistor bridge 112 are
temperature sensitive, which causes its voltage output
to vary undesirably with temperature. To overcome this
problem, bridge 112 is electrically excited by supply
voltage Veuppty through precision resistor 126 which is
relatively insensitive to temperature with respect to
bridge 112. Voltage potential V,, across resistor 126,
1s thereby a function of the temperature T of resistor
bridge 112. Voltage potential V, 1s applied to switch
network 150 of the second voltage-to-digital converter
132 across voltage inputs V, and V,,. Voltage input V, of
switch network 150 is connected to system ground 124.
The second voltage-to-digital converter 132 comprises
switch network 150, storage circuit 152, storage switch
control 154, charge accumulation circuit 156, switch
network control 142, timing circuit 144, and calculation
circuit 146. The voltage potential V, is converted by

the second voltage-to-digital converter 132 to a digital
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representation indicative of the temperature T applied
to resistor bridge 112 of strain gauge circuit 110.

The first and second voltage-~-to-digital
converters 130 and 132 share switch network control 142,
timing circuit 144, and calculation circuit 146. This
reduces the amount of circuitry comprising sensor
processor 100. Since timing circuit 144 is common to the
first and second voltage-to-digital converters 130 and
132, the operation of both converters is preferably
synchronized so that the two converters start and
complete measurement cycles at the same time. The
digital representations of the pressure P and the
temperature T are thereby time correlated to one another,
allowing a simple calculation by calculation circuit 146
of a digital representation of the pressure P applied to
strain gauge circuit 112 corrected for temperature T
using only the most recent values of obtained for
pressure P and temperature T.

Sensor processor 100, strain gauge circuit 112,
and precision resistor 126 can be included in a
transmitter where substantially all of the capacitance
to digital conversion circuitry is included in a single
complementary-metal-oxide-semiconductor (CMOS)
application specific integrated circuit (ASIC). This
provides a preferred compact, low power transmitter.

Although the present invention has been
described with reference to preferred embodiments,
workers skilled in the art will recognize that changes
may be made 1in form and detail without departing from the
spirit and scope of the invention.
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The embodiments of the invention in which an exclusive

property or privilege 1is claimed are defined as follows:

1. A measurement circult for providing a measurement
output as a function of a sensed parameter, the circuit
comprising:
means for providing a storage capacitance having a
capacitive magnitude which varies as a function of a
control signal;
means for forming a plurality of charge packets having a
first polarity and a plurality of charge packets having a
second polarity opposite the first polarity, each of such
packets comprising a quantity of charge, the quantity of
charge in at least some of the packets being a function of
the sensed parameter and the capacitive magnitude;
means for receiving the charge packets and providilng an
integrator output representative of an accumulated quantity
of charge;
means for controlling numbers of charge packets formed as a
function of the integrator output such that thé accumulated
quantity of charge tends to be balanced;
means for providing the control signal to vary the
capacitive magnitude and thereby vary sensitivity of the
circuit to the sensed parameter;
means for providing an output representative of the sensed
parameter as a function of numbers of charge packets
formed; and
a two-wire 4 milliamp to 20 milliamp transmission loop

coupled to the output.
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2 . A measurement circuit for providing a measurement
output as a function of a sensed parameter, the circuit
comprising:
means for providing a storage capacitance with a plurality
of capacitors selectively connected through storage switch
means to provide a capacitive magnitude which varies as a
function of a control signal applied to the switch means;
means for forming a plurality of charge packets having a
first polarity and a plurality of charge packets having a
second polarity opposite the first polarity, each of such
packets comprising a quantity of charge, the quantity of
charge in at least some of the packets being a function of
the sensed parameter and the capacitive magnitude;
means for receiving the charge packets and providing an

integrator output representative of an accumulated quantity

of charge;

means for controlling numbers of charge packets formed as a

function of the integrator output such that the accumulated

quantity of charge tends to be balanced;
means for providing the control signal to vary the

capacitive magnitude and thereby vary sensitivity of the

circuit to the sensed parameter; and

means for providing an output representative of the sensed

parameter as a function of numbers of charge packets

formed.
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3. A measurement circuit for providing a measurement
output as a function of a sensed parameter, the circuilt
comprising:
means for providing a storage capacitance having a
capacitive magnitude which varilies as a function of a
control signal;
switch network means coupled to the means for providing a
storage capacitance for repetitively charging and
discharging the storage capacitance to form a plurality of

charge packets having a first polarity and a plurality of
charge packets having a second polarity opposite the first
polarity, each of such packets comprising a quantity of
charge, the quantity of charge in at least some of the
packets being a function of the sensed parameter and the
capacitive magnitude;

means for receiving the charge packets and providing an
integrator output representative of an accumulatead quantity
of charge;

means for controlling numbers of charge packets formed as a
function of the integrator output such that thé accumulated
quantity of charge tends to be balanced;

means for providing the control signal to vary the
capacitive magnitude and thereby vary sensitivity of the
circuit to the sensed parameter; and

means for providing an output representative of the sensed
parameter as a function of numbers of charge packets

formed.
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4 . A measurement circuit for providing a measurement
output as a function of a sensed parameter, the circuit
comprising:
means for providing a storage capacitance having a

capacitive magnitude which varies as a function of a

control signal;

means for forming a plurality of charge packets having a
first polarity and a plurality of charge packets having a
second polarity opposite the first polarity, each of such
packets comprising a quantity of charge, the quantity of
charge in at least some of the packets being a function of
the sensed parameter and the capacitive magnitude;

means for receiving the charge packets and providing an
integrator output representative of an accumulated quantity
of charge;

means for controlling numbers of charge packets formed as a
function of the integrator output, the means for
controlling including selecting means for selecting between
the first and second polarities to direct the accumulated
quantity of charge toward a reference'charge;

means for providing the control signal to vary the
capacitive magnitude and thereby vary sensitivity of the
circuit to the sensed parameter; and

means for providing an output representative of the sensed
parameter as a function of numbers of charge packets

formed.

5. The measurement circuit of claim 4, wherein the

means for controlling numbers of charge packets formed
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further includes charge measuring means for measuring the
accumulated quantity of charge with respect to the

reference charge for controlling the selecting means.

6. The measurement circuit of claim 5, wherein the
charge measuring means includes an operational amplifier

coupled to a capacitor in a negative feedback loop for

forming an integrator providing the i1ntegrator output.

7. The measurement circuit of claim 6, wherein the
charge measurement means further comprise a voltage
comparator for comparing the integrator output to the

reference charge.

8. A method of providing an output signal which 1s a
function of a sensed parameter, the method comprising:
during each of a plurality of measurement cycles:

forming first charge packets of first polarity, having
a charge which 1s a function of the sensed parameter
and a first capacitive magnitude;

forming second charge packets of second polarity,
opposite the first polarity, having a charge which 1s a
function of the sensed parameter and the first
capacitive magnitude;

selectively transferring the first and second charge
packets to a charge accumulator for directing

accumulating charge toward a reference charge;
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forming third charge packets of first polarity, having
a charge which is a function of the sensed parameter

and a second, different capacitive magnitude;

forming fourth charge packets of a second polarity
having a charge which is a function of the sensed
parameter and the second capacitive magnitude; and
selectively transferring the third and fourth charge
packets to the charge accumulator for directing

accumulating charge toward the reference charge;

counting numbers of at least first and third charge packets
which are transferred to the charge accumulator during a
plurality of measurement cycles;

providing the output signal based on the counted numbers;
and

generating an analog signal representative of the output

signal for transmission through a two-wire 4 milliamp to 20

milliamp transmission loop.

9. A method of providing an output signal which 1s a
function of a sensed parameter, the method comprising:
during each of a plurality of measurement cycles:

forming first charge packets of first polarity, having
a charge which is a function of the sensed parameter
and a first capacitive magnitude;

forming second charge packets of second polarity,
opposite the first polarity, having a charge which 1s a
function of the sensed parameter and the first

capacitive magnitude;
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selectively transferring the first and second charge

packets to a charge accumulator for directing

accumulating charge toward a reference charge;

forming third charge packets of first polarity having a

charge which 1s a function of the sensed parameter and

a second, different capacitive magnitude;

forming fourth charge packets of second polarity having

a charge which is a function of the sensed parameter

and the second capacitive magnitude; and

selectively transferring the third and fourth charge

packets to the charge accumulator for directing

accumulating charge toward the reference charge;
counting numbers of at least first and third charge packets
which are transferred to the charge accumulator during a
plurality of measurement cycles;
switching from the first to the second capacitive magnitude
after the number of first charge packets counted plus a
number of second charge packets counted equals a first

preselected number; and

providing the output signal based on the counted numbers.

10. The method of claim 9, wherein the step of
switching from the first to the second capacitive magnitude
further comprises the step of selectively connecting a
plurality of capacitors in parallel for varyiling a storage

capacitance between the first and the second capacitive

magnitudes.
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11. The method of claim 9 or 10, and further
comprising a step of beginning a new measurement cycle
after the number of third charge packets counted plus a
number of fourth charge packets counted equal a second

preselected number.

12. A voltage-to-digital converter for providing a
digital representation of voltage input signals, the
converter comprising:

a storage circuit coupled to the voltage input signals for
providing a storage capacitance with a plurality of
selectable capacitive magnitudes and for providing a charge

output representative of applied voltage input signals and

the selected capacitive magnitude;

switch means for selectively charging and discharging the
storage capacitance;

charge accumulation means coupled to the charge output for
accumulating charge from the storage circuit whereby the
total charge accumulated is proportional to the integral of
the amount of charge discharged from the storage circuit,
the charge accumulation means also providing a balance
output representative of a comparison of the accumulated
charge and a reference charge;

feedback means coupled to the balance output for providing
feedback signals to the switch means as a function of the
balance output for periodically charging and discharging
the storage capacitance, whereby a first sequence of charge
packets is provided on the charge output for driving the

accumulation of charge toward the reference charge within a
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first set of limits when a first capacitive magnitude 1is
selected in the storage circuit, and whereby a second
sequence of charge packets is provided on the charge output
for driving the accumulation of charge toward the reference
charge within a second set of limits when a second
capacitive magnitude is selected 1in the storage circuit;
counting means coupled to the feedback means for counting
numbers of charged packets generated in a measurement
cycle; and

output means for providing an output indicative of the

voltage input signals as a function of the counted numbers.

13. The voltage-to-digital converter of claim 12,

wherein the feedback means comprises switch control means

for controlling the switch means.

14. The voltage-to-digital converter of claim 13,
wherein the feedback means further comprises timing means
for operating the switch control means in response to the

)

balance output.

15. A voltage-to-digital converter for providing a
digital representation of voltage 1input signals, the
converter comprising:

a storage circuit coupled to the voltage 1input signals for

providing a storage capacitance with a plurality of

selectable capacitive magnitudes and for providing a charge

output representative of applied voltage input signals and

the selected capacitive magnitude;
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charge accumulation means coupled to the charge output and
comprising an integrator and a comparator, the integrator
accumulating charge from the charge output whereby the
total charge accumulated 1s proportional to the integral of

the amount of charge discharged from the storage circuit,

the comparator comparing the accumulated charge to a
reference charge and providing a balance output
representative of a comparison;

feedback means coupled to the balance output for providing
feedback signals as a function of the balance output for
periodically charging and discharging the storage

- capacitance, whereby a first sequence of charge packets is
provided on the charge output for driving the accumulation
of charge toward the reference charge within a first set of
limits when a first capacitive magnitude 1s selected in the
storage circuit, and whereby a second sequence of charge
packets 1s provided on the charge output for driving the
accumulation of charge toward the reference charge within a
second set of limits when a second capacitive magnitude is
selected 1n the storage circuit;

counting means coupled to the feedback means for counting
numbers of charged packets generated in a measurement
cycle; and

output means for providing an output indicative of the

voltage 1input signals as a function of the counted numbers.

l16. A voltage-to-digital converter for providing a
digital representation of voltage 1nput signals, the

converter comprising:
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a storage circult coupled to the voltage 1nput signals for
providing a storage capacitance with a plurality of

selectable capacitive magnitudes and for providing a charge
output representative of applied voltage input signals and

the selected capacitive magnitude;

charge accumulation means coupled to the charge output for
accumulating charge from the storage circult whereby the
total charge accumulated is proportional to the 1ntegral of
the amount of charge discharged from the storage circuit,
the charge accumulation means also providing a balance
output representative of a comparison of the accumulated
charge and a reference charge;

feedback means coupled to the balance output for providing
feedback signals as a function of the balance output for
periodically charging and discharging the storage
capacitance, whereby a first sequency of charge packets 1is
provided on the charge output for driving the accumulation
of charge toward the reference charge within a first set of
limits when a first capacitive magnitude 1is selected 1n the
storage circuit, and whereby a second sequence of charge
packets-is provided on the charge output for driving the
accumulation of charge toward the reference charge within a
second set of limits when a second capacitive magnitude 1s
selected n the storage circult;

counting means coupled to the feedback means for counting

numbers of charged packets generated 1n a measurement

cycle;
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output means for providing an output indicative of the
voltage input signals as a function of the counted numbers;

and
a two-wire 4 milliamp to 20 milliamp transmission loop

coupled to the output.

17. A strain-gauge transducer circuit comprising:
a resistive bridge responsive to pressure and temperature;
at least one precision resistor connected in series with
the resistive bridge, the precision resistor having a
resistance less sensitive to temperature than 1s the
resistive bridge;
first and second voltage-to-digital converters each
comprising:
means for providing a storage capacitance having a
capacitive magnitude which varies as a function of a
control signal;
means for forming a plurality of charge packets having
a first polarity and a plurality of charge packets
having a second polarity opposite the first polarity,
each of such packets comprising a quantity of charge,
the quantity of charge in at least some of the packets
being a function of applied input voltages and the
capacitive magnitude;
means for receiving the charge packets and providing an

integrator output representative of an accumulated

quantity of charge;
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means for controlling numbers of charge packets formed
as a function of the integrator output such that the

accumulated quantity of charge tends to be balanced;

means for providing the control signal to vary the
capacitive magnitude and thereby vary sensitivity of

the circuit to the input voltages; and

means for providing an output representative of the
input voltages as a function of the numbers of charge
packets formed;

the first voltage-to-digital converter having input

voltages representative of a voltage drop across the

precision resistor and indicative of the temperature of

the resistive bridge, and the second voltage-to-digital

converter having input voltages representative of a
pressure applied to and the temperature of the
resistive bridge; and
calculating means for combining the output of the first
voltage-to-digital converter with the output of the second
voltage-to-digital converter and generating a digital
representation of the applied pressure being coOrrected for

the temperature.

18. The strain-gauge transducer circuit of claim 17,

and further comprising timing means controlling the first

and second voltage-to-digital converters.

19. The strain-gauge transducer circuit of claim 18,

wherein the timing means synchronizes the first and second
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voltage-to-digital converters for starting and completing

conversion cycles concurrently.

20. The strain-gauge transducer of claim 17, 18 or
19, wherein the means for controlling numbers of charge
packets 1s substantially shared by the first and second

voltage-to-digital converters.

21. A strain—-gauge transducer circult comprising:
a resistive bridge responsive to pressure and temperature;
at least one precision resistor connected in series with
the resistive bridge, the precision resistor having a
resistance less sensitive to temperature than 1is the
resistive bridge;
first and second voltage-to-digital converters each
comprising:
means for providing a storage capacitance;
means for forming a plurality of charge packets having
a first polarity and a plurality of charge packets
having a second polarity opposite the first polarity,
each of such packets comprising a quantity of charge,
the quantity of charge i1n at least some of the packets
being a function of applied input voltages and the
storage capacitance;
means for receiving the charge packets and providing an
integrator output representative of an accumulated

quantity of charge;
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means for controlling numbers of charge packets formed
as a function of the integrator output such that the
accumulated quantity of charge tends to be balanced;
means for providing an output representative of the
input voltages as a function of the numbers of charge
packets formed;
the first voltage-to-digital converter having input
voltages representative of a voltage drop across the
precision resistor and indicative of the temperature of
the resistive bridge, and the second voltage-to-digital
converter having input voltages representative of a
pressure applied to and the temperature of the
resistive bridge; and
calculating means for combining the output of the first
voltage-to-digital converter with the output of the second
voltage-to-digital converter and generating a digital
representation of the applied pressure being corrected for
the temperature; and
timing means controlling and synchronizing the first and
second voltage-to-digital converters for starting and

completing conversion cycles concurrently.
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