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APPARATUS FOR METHOD AND A HIGH
PRECISION ANALOG-TO-DIGITAL CONVERTER

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to analog-to-digital
converters and, more particularly, to analog-to-digital
converters that are to be used in applications requiring
a high degree of accuracy.

2. Description of the Related Art

In order to achieve high accuracy in the analog-to-
digital conversion of a signal, the use of the standard

successive approximation technique has proven to be

inadequate. As the additional elements are added for
improving the accuracy of the measurement, the errors
become cumulative and provide a limit on the accuracy
of the components of the system that can not be over-
come without excessive effort. Therefore, a somewhat
different technique has been used in high precision mea-
surements of the signal. The method consists of provid-
ing two slopes, for example, charging and discharging a
capacitor, on which the input signal acts. The input
signal determines the difference in the two measure-
ments. Therefore, because the relationship of the slopes
of the charging current depend on the input signal, the
times to reach a predetermined upper and return to a
predetermined lower level can be used to provide an
accurate measurement of the input signal. This tech-
nique is shown in FIG. 1. The T1 time indicates the
time, for example, for charging a reference capacitor
while the T2 time determines the time for discharging
the reference capacitor. A constant frequency signal
source can be counted during the charging and dis-
charging periods to determine the effect of the input
While this technique has proven to be effective in
determining with precision the value of an input signal,
the limitation on the accuracy results from the use of
separate apparatus for charging the capacitor and for
discharging the capacitor. This difference in apparatus
has provided a problem in matching components that
has proven to provide an upper limit on the accuracy
available by this technique in determining a value for an
input signal.

A need has therefore been felt for apparatus that
permits positive and a negative slope measurement of
high precision using a common capacitor charging and
discharging circuit. This apparatus can be used as a
precision digital measuring circuit. In addition, because
of the problems associated with temperature depen-
dence of components, and particularly the semiconduc-
tor components, a need has also been felt to provide
temperature stability for the charging and discharging
circuit.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to
provide an improved analog-to-digital converter.

It is another object of the present invention to pro-
vide an analog-to-digital converter utilizing the differ-
ence in the slopes of charging and discharging a capaci-
tor to determine the value of an input signal.

It is yet another object of the present invention to
provide an improved analog-to-digital converter by
providing a single activation source for achieving the
negative and positive slope in the measurement of dif-
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2

ferences of capacitor charging cycles resulting from the
presence of an input signal.

It is yet a more particular object of the present inven-
tion to provide an improved analog-to-digital converter
that provides a single activation source for charging and
discharging a capacitor, the difference in the charging
and discharging time being related to the value of that
input signal.

It is yet another more particular object of the present
invention to provide a single temperature compensated
activation source for charging and discharging a capaci-
tor, the difference in the capacitor charging and dis-
charging rate being proportional to an input signal.

The aforementioned and other objects are accom-
plished, according to the present invention, by a current
source that charges the capacitor until a first voltage
level is achieved and then discharges that capacitor
until a second voltage level is achieved. The period of
the charging and the period of the discharging of the
capacitor are measured relative to a clock source and
the difference between the charging and discharging
values can provide a value for the input signal. The
clock signals measure the time to reach the limits of the
voltage in charging and discharging the capacitor. The
signal measurements are provided to a microprocessor
that processes the signals and provides a value for the
input signal.

These and other features of the present invention will
be understood upon reading of the following descrip-
tion along with the drawings. ,

BRIEF DESCRIPTION OF THE FIGURE

FIG. 1is a diagram of the technique used in determin-
ing a digital value related to an analog input signal.

FIG. 2 is a block diagram of the circuit according to
the present invention used to implement the technique
shown in FIG. 1.

FIG. 3 is a expanded block diagram of the circuit
used by the present invention to provide a digital signal
related to the amplitude of an input signal.

FIG. 4 is a circuit diagram of the circuit used to
implement the measurement of a digital output signal
derived from an analog input signal.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Detailed Description of the Figures

Referring now to FIG. 1, the amplitude of the volt-
age across the capacitor as a function of time is shown.
The amplitude of the voltage across the capacitor will
rise until a first predetermined level is reached, and then
the capacitor will discharge causing a following voltage
until a second predetermined level is reached. Then the
cycle will be repeated. T is the period of time measur-
ing the discharging time between the two predeter-
mined levels and T is the period of time measuring the
charging time between the two levels.

Referring next to FIG. 2, a capacitor C has a first

- terminal coupled to ground and a second terminal cou-

pled to both a cathode terminal of diode D2 and an
anode terminal of diode D2. The anode terminal of
diode D1 is coupled to one terminal of current source
20 and to a switch 21 that can couple the terminal to the
negative reference voltage —V ggr. The cathode termi-
nal of diode D2 is coupled to a second terminal of cur-
rent source 20 and to a second set of terminals associ-
ated with switch 21 that can couple the terminal to
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reference voltage + Vrgr. Switch 21 is arranged so that
either voltage reference -+ VR®rgr or reference voltage
—VREF is coupled to the associated terminal but not
both simultaneously.

Referring next to FIG. 3, a block diagram of the
circuit according to the instant invention is shown. The
- input voltage is the voltage for which a digital signal
equivalent is desired. The input voltage is applied to an
input terminal of buffer circuit 31 while the output
terminal of buffer circuit 31 is coupled to one terminal
of R14. The second terminal of R14 is coupled to an
input terminal of operational amplifier 39 and is coupled
through capacitor C to an output terminal of opera-
tional amplifier 39 and is coupled to a anode terminal of
diode D2 and to a cathode terminal of diode D1. The
output terminal of operational amplifier 39 is coupled to
comparator circuit 33 while the output terminal of com-
parator circuit 33 is coupled to an input terminal of
bistable multivibrator circuit 34. The multivibrator cir-
cuit 34 also has a clock signal input. One output terminal
of bistable multivibrator 34 controls the switch 21. A
cathode terminal of diode D2 is coupled to a first termi-
nal of current source 20 and to a first terminal of switch
21. When switch 21 is in an appropriate position, then
the current source 20 is coupled to +Vggr. The anode
terminal of diode D1 is coupled to a second terminal of
current source 20 and to a second input terminal of
switch 21. When the switch 21 is in the appropriate
position, then the second terminal of current source 20
is coupled to —Vggr. A second output terminal of
bistable multivibrator 34 and clock signals are coupled
to input terminals of counter 35. Counter 35 is coupled
to a latch circuit 36 and the latch circuit is in turn cou-
pled to the microprocessor 37.

Referring next to FIG. 4, a detailed circuit diagram of
the analog-to-digital converter of the present invention
is shown. Terminal 1, to which an input signal is ap-
plied, is coupled to a first terminal of operational ampli-
fier A3. A second terminal of operation amplifier A3 is
coupled to the output terminal of operational amplifier
A3 and to a first terminal of resistance R14. A second
terminal of resistance R14 is coupled to an input termi-
nal of operational amplifier A4, is coupled through
capacitor C to an output terminal of operational ampli-
fier A4, is coupled to an anode terminal of diode D2 and
is coupled to a cathode terminal of D1. A second input
terminal of operational amplifier A4 is coupled to the
ground potential. The output terminal of operational
amplifier A4 is coupled to an input terminal of opera-
tional amplifier A5. A second input terminal of opera-
tional amplifier AS is coupled through resistor R1S to
an output terminal of operational amplifier AS and to a
cathode terminal of zener diode CR11. The anode ter-
minal of diode CR11 is coupled to an anode terminal of
zener diode CR12 while the cathode terminal of zener
diode CR12 is coupled to ground potential. The output
terminal of operational amplifier A5 is coupled to an
anode terminal of diode CR10 while a cathode terminal
of diode CR10 is coupled to a first terminal of resistor
R16 and to a first terminal of R23. A second terminal of
resistor R16 is coupled through resistor R17 to the
ground potential and is coupled to a first input terminal
of exclusive OR gate G1. A second terminal of resistor
R23 is coupled through resistor R24 to the ground po-
tential and is coupled to a terminal of IC1. An anode
terminal of D1 is coupled to a first terminal of resistor
R10, to a first terminal of resistor R13, to a anode termi-
nal of zener diode CR9 and to an anode terminal of
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4
diode CR8. A second terminal of resistor R10 is coupled
to a first terminal of resistor R27. A second terminal of
resistor R27 is coupled to a first terminal of resistor R2S,
is coupled to a first terminal of R31, and is coupled to a
first terminal of resistor R33. A second terminal of resis-
tor R31 is coupled to a first terminal of resistor R30. A
second terminal of R33 is coupled to a first terminal of
R32, to a first terminal of R29, to a second terminal of
R30, to a second terminal of R2S, to a first terminal of
resistor R26, to a first terminal of capacitor C3, and to
a gate terminal of transistor Q51. A second terminal of
resistor R29 is coupled to a first terminal of R28. A
second terminal of resistor R32 is coupled to a second
terminal of R28, to a second terminal of R26, and to a
first terminal of R9. A second terminal of R9 is coupled
to a emitter terminal of PNP transistor Q8, to a source
terminal of transistor Q8, to an emitter terminal of PNP
transistor Q7, and to a first terminal of resistor R11. A
collector terminal of transistor Q8 is coupled to a drain
terminal of transistor 51, to a gate terminal of transistor
Q8 and through resistor R12 to a second terminal of
capacitor C3. A source terminal with transistor Q51 is
coupled to a second terminal of resistor R13 and to a
source terminal Q52. A gate terminal of transistor Q8 is
coupled to a gate terminal of transistor Q7, to a collec-
tor terminal of transistor Q7, and to a drain terminal of
transistor Q52. A gate terminal of transistor Q52 is cou-
pled to a cathode terminal of zener diode CR9 and to a
second terminal of resistor R11. A cathode terminal of
diode D2 is coupled to a drain terminal of transistor Q8
and to a cathode terminal of diode CR7. An anode
terminal of diode CR7 is coupied to a first terminal of
resistor R7 to an anode terminal of diode CR1and to a
collector terminal of PNP transistor Q3. An emitter
terminal of PNP transistor Q3 is coupled to a 15 volt
supply terminal, to a second input terminal of exclusive
OR gate G1, and to a first terminal of resistor R20. A
second terminal of resistor R20 is coupled to a base
terminal of transistor Q3, to a first terminal of capacitor
C1, and to a anode terminal of diode CR2. A cathode
terminal of diode CR1 is coupled to a first terminal of
resistor RS and to a cathode terminal of diode CR2. A
second terminal of resistor RS is coupled to a collector
terminal of NPN transistor Q1. An emitter terminal of
transistor Q1 is coupled to ground potential, is coupled
to an emitter terminal of PNP transistor Q2, to a first
terminal of resistor R8 and to a second terminal of resis-
tor R1. A cathode terminal of diode CRS is coupled to
a second terminal of RS to a cathode terminal of diode
CR3 and to a collector terminal of NPN transistor Q4.
An emitter of transistor Q2 is coupled to a first terminal
of resistor R6, while a second terminal of resistor R6 is
coupled to a cathode terminal of diode CR4 and to a
cathode diode of CR3. A cathode terminal of diode
CR4 is coupled to a base terminal of transistor Q4 to a
first terminal of capacitor C2 and to a first terminal of
resistor R21. The emitter terminal of transistor Q4 is
coupled to the negative potential, to a second terminal
of R21 and to a first terminal of R22. The base terminal
of transistor Q2 is coupled to a first terminal of resistor
R3 and to a first terminal of resistor R4 and to a first
terminal of resistor R22. The base terminal of transistor
Q1 is coupled to a first terminal of resistor R2 and to a
first terminal of resistor R1. A second terminal of resis-
tor R4 and a second terminal of resistor R1 are coupled
to integrated multivibrator circuit IC1. A second termi-
nal of capacitor C2 is coupled to a second terminal of
capacitor C1, to an input terminal of IC1 and to an input
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terminal of integrated circuit IC1 and to a first counter
terminal, an output terminal of IC1 is coupled to the
counter input terminal and an output terminal of exclu-
sive OR gate is coupled to the counter. A first input
terminal of exclusive OR gate G2 is coupled to an out-
put terminal of integrated multivibrator circuit IC2. A
third input terminal of counter 41 is coupled to an out-
put terminal of exclusive OR gate G3 and to a first input
terminal of exclusive OR gate G4. A first input terminal
of exclusive OR gate G3 is coupled to the ground po-
tential, while a second input terminal of exclusive OR
gate G5 is coupled through capacitor C5 to the output
terminal of exclusive OR gate G3 and through resistor
R18 to an output terminal of exclusive OR gate G4. A
second input terminal of exclusive OR gate G4, is cou-
pled to the ground potential.

Operation of the Preferred Embodiment

The input signal is applied to terminal 1 and conse-
quently through buffer circuit 31 to an integrating cir-
cuit 32. The integrating circuit 32 ‘has the capacitor
which is charged and discharged at a rate determined
by the input signal. The use of the capacitor in the inte-
grating circuit increases the linearity of the slope of the
output voltage as the capacitor is charged and dis-
charged. The reference voltages provided by Zener
diodes CR11 and CR12 are the voltage levels used by
the comparator 33 which determine at what voltage
output levels of integrating circuit 32 the state of switch
21is changed. The current source 20 charges the capac-
itor C through diode D1 and discharges the capacitor C
through diode D2 depending on the state of switch 21.
The buffer circuit 31 provides a voltage level to the
input terminal of circuit 32 that causes the difference in
the slopes of the output voltage of the integrating cir-
cuit 32 during the charging and discharging of capacitor
.C. The network 20 of FIG. 4 is the preferred -embodi-
ment implementation of the single current source 20
shown in FIG. 2 and FIG. 3 that charges and discharges
capacitor C. The resistance network is comprised of
several resistors and thermistors appropriately adjusted
to provide temperature compensation for the Zener
diode CR9 used as a reference for the current source.
Referring to the resistor network of FIG. 4 including
resistors R9, R10 and R25-R33, by replacing selected
resistors with thermistors and variable resistors (e.g.,
trimmable resistive elements), compensation for the
temperature dependence of the constant current source
20 can be provided. This technique is described in U.S.
Pat. No. 4,668,903 entitled APPARATUS AND
METHOD FOR A TEMPERATURE COMPEN-
SATED REFERENCE VOLTAGE SUPPLY, in-
vented by Hubert F. Elbert, issued on May 27, 1987 and
assigned to the assignee of the present invention. The
state of switch 21 is determined by the state of bistable
multivibrator 34 and which has two leads coupled to
switch 21. The state of bistable multivibrator 34 is deter-
mined by the state of comparator 33, the state of the
comparator being determined by whether capacitor C is
being charged or discharged. One terminal of bistable
multivibrator 34 is coupled to the enable terminal of
counter 35, enabling the counter 35 to count (clock)
pulses from the oscillator comprised of exclusive OR
gates G3 and G5 and associated elements. The clock
counts stored in counter 35 identify the duration of the
activation signal from bistable multivibrator 34. The
multivibrator IC2 and exclusive OR gate G2 provide
the reset signals for the counter 35. The clock count in
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counter 35 is transferred to latch 36 when switch 21
changes state by means of a signal from the exclusive
OR gate G1. Latch 36 then applies the clock count to
the microprocessor 37. The microprocessor 37 can
compare the clock count from counter 35 determined
during a charging of capacitor C with the clock count
from counter 35 determined during a discharge of ca-
pacitor C. The comparison can provide a quantity that
is related to the magnitude of the input signal, i.e., be-
cause the charging and discharging current for capaci-
tor C are equal by definition of a current source, then
the difference in the rates of charging and discharging
capacitor C (and hence the slope of the integrating
circuit 32 output voltage) is the result of current flow-
ing into or from capacitor C from the buffer circuit 31.
This current flowing to or from the buffer circuit 31 is
proportional to the input signal. As will be clear, the use
of clock signals from an internal oscillator will require
calibration.

The foregoing description is included to illustrate the
operation of the preferred embodiment and is not meant
to limit the scope of the invention. The scope of the
invention is to be limited only by the following claims.
From the foregoing description, many variations will be
apparent to one skilled in the art that would yet be
encompassed by the spirit and scope of the present
invention.

What is claimed is:

1. Apparatus for controllably charging and discharg-
ing a capacitor comprising;

capacitor means including a reference capacitor, said

reference capacitor having a first terminal coupled
to a reference potential;

a first diode having a cathode terminal coupled to a

second terminal of said reference capacitor;

a second diode having an anode terminal coupled to

said reference capacitor second terminal;

a current source having a current input terminal cou-

pled to a cathode terminal of said second diode and
a current output terminal coupled to an anode ter-
minal of said first diode; and

switching means coupled to said current source, said

switching means applying a first potential to said
current source input terminal for charging said
reference capacitor in a first switching means
mode, said switching means applying a second
potential to said current source output terminal for
discharging said reference capacitor in a second
switching means mode.

2. The capacitor charging and discharging apparatus
of claim 1 wherein a rate of charging said reference
capacitor and a rate of discharging said reference capac-
itor is determined by an input signal applied to said
second reference capacitor terminal.

3. Apparatus for controllably charging and discharg-
ing a capacitor, said apparatus comprising:

capacitor means including a reference capacitor, said

reference capacitor having a first terminal coupled
to a reference potential;

a first diode having a cathode terminal coupled to a

second terminal of said reference capacitor;

a second diode having an anode terminal coupled to

said reference capacitor second terminal

current source means having a current input terminal

coupled to a cathode terminal of said second diode
and a current output terminal coupled to an anode
terminal of said first diode; and
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switching means coupled to said current source
means, said switching means applying a first poten-
tial to said current source input terminal for charg-
ing said reference capacitor in a first switching
means mode, said switching means applying a sec-
ond potential to said current source output terminal
for discharging said reference capacitor in a second
switching means mode, wherein a rate of charging
said reference capacitor and a rate of discharging
said reference capacitor is determined by an input
signal applied to said second reference capacitor
terminal, wherein said current source means has
power supplied thereto by a difference in potential
between said second capacitor terminal and said
second potential in said second switching means
mode and a difference in potential between said
first potential and said second capacitor terminal in
said first switching means mode.

4. The capacitor charging and discharging apparatus
of claim 3 further including comparison means respon-
sive to a second capacitor terminal potential and cou-
pled to said switching means for establishing said first or
said second switching means mode.

5. The capacitor charging and discharging apparatus
of claim 4 wherein said current source means includes a
temperature-compensation network. :

6. The capacitor charging and discharging apparatus
of claim 4 wherein said capacitor means includes an
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8
integrating circuit, said reference capacitor being an
integrating capacitor with respect to said integrating
circuit.

7. The capacitor charging and discharging apparatus
of claim 6 further including timing means for measuring
a discharging time and a charging time for said refer-
ence capacitor.

8. The capacitor charging and discharging apparatus
of claim 7 further including processing means for com-
paring said charging and discharging times, said com-
paring providing a value proportional to said input
signal.

9. The capacitor charging and discharging apparatus
of claim 2 further comprising a resistor having a first
terminal coupled to said second reference capacitor
terminal, wherein said input signal is applied to a second
terminal of said resistor.

10. The capacitor charging and discharging apparatus
of claim 3 further comprising a resistor having a first
terminal coupled to said second reference capacitor
terminal, wherein said input signal is applied to a second
terminal of said resistor.

11. The capacitor charging and discharging apparatus
of claim 6 further comprising a resistor having a first
terminal coupled to said second reference capacitor
terminal, wherein said input signal is applied to a second
terminal of said resistor.
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