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[57] ABSTRACT

An integrating analog-to-digital converter (ADC)
which calculates the coarse portion of its output by
integrating an input analog signal over a predetermined
number of time intervals during runup using & known
technique to define the analog signal in terms of a slope
count. The invention is particularly characterized in
that an ADC is used in lieu of rundown of the integrator
voltage to calculate the fine portion of the ADC output
also in terms of slope count. This is accomplished by
converting the residual analog signal remaining at the
end of runup into a fractional slope count which can be
added to the slope count determined during runup so
that the resulting total slope count is directly propor-
tional to the input voltage. To maintain linearity, cali-
bration of the circuit is necessary and is accomplished
by calculating a calibration constant which relates the
ADC reading to slope count. The resulting calibration
constant is then multiplied by the ADC output repre-
sentative of the residual integrator voltage in order to
determine the slope count representative of the residual
integrator voltage. Such calibration is performed peri-
odically in order to account for time and temperature
fluctuations caused by ambient conditions.

38 Claims, 6 Drawing Sheets
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INTEGRATING ANALOG TO DIGITAL
CONVERTER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an integrating analog
to digital converter (ADC), and more particularly, to an
integrating ADC in which the residual integrator volt-
age at the end of “runup” is determined using a conven-
tional ADC in lieu of “rundown™.

2. Description of the Prior Art

Integrating ADCs having up to 8 } digit (28-bit) reso-
Jution and 7 § digit (25-bit) integral linearity are known..
Integrating ADCs have been used in the prior art be-
cause of their ability to make high-resolution measure-
ments; however, integrating ADCs have previously
been relatively slow. Numerous attempts have been
made to increase the speed of such integrating ADCs
without adversely affecting the resolution of the output.
However, such efforts have met with limited success
since the speed of the integrating ADC is generally
inversely proportional to the resolution of the output. In
other words, in integrating ADCs, speed has generally
been traded off for resolution.

Such ADC:s of the prior art now will be described in
detail with reference to FIGS. 1-8.

FIG. 1 illustrates a prior art dual-slope type integrat-
ing ADC, while FIG. 2 shows a waveform diagram
illustrating the principle of operation of the circuit of
FIG. 1. A dual-slope type integrating ADC of the type
shown operates by first shorting the integrator capaci-
tor C by closing switch SW3 so that the integrator is at
zero volts. Then, at time tg, an unknown input voltage
(the voltage to be measured), V,,, is applied to resistor
R by closing switch SW1 for a fixed length of time t,.
The unknown input voltage Vi is then integrated for
the duration t,, a period of time which is generally
known as “runup”. At the end of runup (i.e., when
switch SW1 is opened), the output of the integrator, Vo,
can be shown to be:

- . m
Vet = — -R-a-_( Vi),
[

When V;, is time invariant, Equation (1) reduces to:

&)

Vintu

RC ~

Vlty) = ~

At the end of runup, a known reference voltage, Vs,
with a polarity opposite to that of V;, is connected to
the same resistor R by closing switch SW2. A counter is
started at this time and is stopped when the output of
the integrator crosses through zero volts as shown in
FIG. 2. This period of capacitor discharge is generally
known as “rundown”. The counter contents at the time
the integrator crosses through zero volts can be shown
to be proportional to the unknown input V), as:

G)

=0,

¥V,
Vdr) = Vry) — —p

R

where t;is the time required to complete rundown (i.e.
t4=12 — t, in FIG. 2). Then, by substituting Equation
(2) into Equation (3) and solving for Vu:
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1d
Vin = —Vm/("u_)-

Finally, if N, is defined as the number of clock periods
Tex during runup and Ny is defined as the number of
clock periods during rundown, time cancels from Equa-
tion (4) so that:

&)
Ng

b e v 32°)

Thus, in accordance with the prior art dual-slope
type integrating ADC technique, the output is insensi-
tive to the value of most of the circuit parameters be-
cause the values of R, C, and T all cancel from Equa-
tion (5). Moreover, in accordance with the prior art
dual-slope type integrating ADC technique a single
circuit can be designed to trade speed for resolution so
that if the runup time is shortened the resolution will be
reduced, as will the time required to make the measure-
ment.

However, the prior art dual-slope type integrating
ADC technique is disadvantageous in that the resolu-
tion and the speed are limited. In particular, the time
Tm required for a dual-slope type integrating ADC to
make a measurement is determined by:

Tm=2TaM, 6
where T, is the minimum theoretical time to make a
full-scale measurement, Tex is the period of the ADC
clock, and M is the number of counts of resolution in the
full-scale measurement. Thus, as is apparent from Equa-
tion (6), for a clock frequency of 20 MHz measuring a
signal with a resolution of 10,000 counts requires at least
1 millisecond. In addition, the resolution of the dual-
slope type integrating ADC is limited by the wide band
circuit noise and the maximum voltage swing of the
integrator, for the wideband circuit noise has been
found to limit how precisely the zero crossing can be
determined. Since determining the zero crossing to an
accuracy of greater than a millivolt is very difficult, the
dual-slope technique generally only can provide four or
five digits of resolution. For example, if the maximum
voltage swing of the integrator is 10V and the accuracy
is =1mV, the resolution is 10V/1 mV =10,000 counts,
which is approximately 4 to 5 digits of resolution (i.e.,
13 bits or 213 counts). :

The speed of the dual-slope type integrating ADC
shown in FIG. 1 has been nearly doubled by using a pair
of resistors, one for runup and the other for rundown, as
shown in FIG. 3. In the ADC circuit of FIG. 3, the
unknown voltage V, is connected through switch SW1
to resistor R,. Similarly, reference voltage V ris con-
nected through switch SW2 to resistor Ry, which is
much greater than the resistor R, used during runup. As
a result, the runup time is shortened by the ratio of the
two resistors while the same resolution is maintained
during rundown, as shown in FIG. 4. The cost of the
added speed is an additional resistor and a sensitivity to
the ratio of the two resistors. In other words:



5,101,206

3

(3%

The time required for runup can be correspondingly
reduced.

Another prior art integrating type ADC is shown in
FIG. S. FIG. 5 shows an integrating type ADC which
utilizes multislope rundown to reduce the time to per-
form rundown. In other words, instead of using a single
resistor for rundown (i.e., a single slope) as in the prior
art embodiments of FIGS. 14, the multislope rundown
circuit uses several resistors (i.e.,, multiple slopes) and
seeks zero several times, each time more precisely as
shown in FIG. 6. The ratio of one slope to another is the
power of some number base, which for purposes of
description is base 10.

As shown, four slopes are used having weights of
1000, 100, 10 and 1, and each slope is given a name
denoting its weight and polarity. For example, —Ris a
positive slope with 1000 counts per clock period while
R»/10 is a negative slope with 100 counts per clock
period. A slope is considered to be positive if it transfers
charge to the integrator, and since the integrator is an
inverting circuit, it moves in a negative direction during
a positive slope and vice-versa.

Runup occurs across resistor R, when switch SW3 is
closed in the same manner as in either FIG. 1 or FIG. 3.
However, multisiope rundown begins at time t, by
switching on the steepest slope, — R, by closing switch
SWS5 and opening switch SW3. This slope remains on
until the integrator output crosses zero as shown in
FIG. 6, at which time SWS5 is opened and the next slope,
+Rb/10, is turned on by closing switch SW2 until the
output V, crosses back through zero. The slope
—Rb/100 follows next by closing switch SW4, and
when the output V, crosses back through zero, switch
SW1 is then closed so that siope +Rb/1000 follows.
Each slope thus determines the integrator’s zero cross-
ing ten times more precisely than the previous slope. In
other words, each slope adds another digit of resolution
to the rundown.

In the prior art embodiment of FIG. §, if each slope is
turned off within one clock period of crossing zero,
each subsequent slope would require ten or fewer clock
periods to cross zero. Thus, the theoretical time 14 to
complete a multislope rundown is:

Q)

'll‘l

12<NBT, ®
where N is the number of slopes and B is the number
base of the slope ratios. However, in practice the neces-
sary time to complete rundown is higher because it is
not always possible to turn off each slope within a clock
period of its zero crossing. Delays in detecting the zero
crossing and delays in responding by turning off the
slopes cause the actual time for multislope rundown to
be:

rd <kNBT4, 9)
where k is a factor greater than one. Thus, any delay in
turning off a slope results in the integrator’s output
overshooting zero. As a result, for each clock period of
overshoot, the following slope must take B clock peri-
ods to overcome the overshoot. Nevertheless, the mul-
tislope rundown technique shown in FIGS. 5 and 6 has
resulted in an ADC which is 125 times faster than the
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4
equivalent dual-slope type integrating ADC of the type
shown in FIGS. 1-4.

This multislope rundown technique has been opti-
mized for even faster measurements by choosing the
optimum base. In other words, by writing the number of
slopes N as logg(M), where M is the number of counts
of resolution required from rundown, then

tg<kBlog s(M)Tx. (10)
From Equation (10) it can be seen that base e is the
optimum base for any required resolution. In fact, using
base e in Equation (10) results in a rundown time which
is 60% faster than the rundown time for a base of 10.

However, despite the significant improvement in
speed, multislope rundown is more expensive to imple-
ment since a resistor network having several precision
resistors and precise ratios must be provided. In particu-
lar, the tightest ratio tolerance is the reciprocal of the
weight of the steepest slope and must be maintained to
ensure linear ADC operation. Moreover, multislope
rundown requires a more complex control circuit to
contro} and accumulate the measurement. It is thus
desirable to develop a rundown technique which can be
implemented less expensively without sacrificing speed
or simplicity.

On the other hand, the resolution of the ADC con-
version also has been improved by modifying the runup
technique. For example, multislope runup may be used
for increasing the resolution of the ADC. Multislope
runup is a modification of dual-slope runup whereby the
ADC is allowed to have an effective voltage swing
much larger than the physical limitations of the integra-
tor circuit hardware. This technique involves periodi-
cally adding and subtracting a reference charge to or
from the integrator input during runup such that the
charge from the unknown input Vj, plus the reference
charge V,eris never large enough to saturate the inte-
grator. By accounting for the total amount of reference
charge transferred to the integrator during runup and
adding this number to the result of rundown, the result-
ing measurement can have much higher resolution. A .
circuit for implementing multislope runup is shown by
way of example in FIG. 7.

As shown in FIG. 7, a precise amount of reference
charge is generated by applying either a positive refer-
ence voltage +Vrto resistor R, via switch SW,or a
negative reference voltage —Vpr to resistor Rp via
switch SW;, for a fixed amount of time. As a result, like
multislope rundown, the positive voltage Vpr adds
charge to the integrator while the negative voltage
— Vpgrsubtracts charge from the integrator. If the cir-
cuit is designed such that currents across resistors Ry
and Ry have equal magnitudes that are slightly greater
than that of the current generated by a full-scale input
signal, then the reference currents will always be able to
remove the charge accumulating as a result of the input
signal. Therefore, the integrator can be kept from being
saturated by periodically sensing the polarity of the
integrator output using a comparator, for example, and
appropriately closing either switch SW, or SWj such
that the integrator output is forced to move towards or
across zero.

FIG. 8 shows a typical multislope runup waveform
where the dashed line shows the effective voltage swing
(without reference charge being put into the integra-
tor). As can be seen from FIG. 8, the integrator output
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stays within the limits of the circuit while the effective
voltage swing ramps far beyond the limit. Such a mul-
tislope runup technique thus has two distinct advan-
tages over a dual-slope runup as shown in FIGS. 1-6.
Namely, (1) the runup can be continued through any
length of time without saturating the integrator, and (2)
increased resolution can be achieved during runup as
well as during rundown.

Although the muitislope runup technique allows for
improved resolution, when used with multislope run-
down the resulting time period for a reading may be
quite great for a high resolution output. For example,
gbout 150 microseconds are required to perform multis-
lope rundown alone for a resolution of about 6 digits.
Moreover, dedicated high speed logic must be used for
this purpose as well as custom integrated circuitry
which is quite expensive. It is thus desirable to shorten
the time period for rundown so that speed can be im-
proved and to make the ADC more cost effective with-
out sacrificing resolution and linearity. The present
invention achieves these goals.

SUMMARY OF THE INVENTION

According to the invention, there is provided a high
speed, high resolution and highly linear yet inexpensive
analog-to-digital converter (ADC). The ADC of the
invention comprises means for integrating an input ana-
log signal over a predetermined number of time inter-
vals, means for converting a residual analog signal re-
maining at the end of the predetermined number of time
intervals into a residual digital signal, and means for
calibrating the residual digital signal so as to represent a
fractional number of slope counts. The integrating
means provides an output signal that is positive for a
number of the predetermined time intervals that corre-
sponds o a positive slope count, and is negative for the
remaining number of the predetermined time intervals
that corresponds to a negative slope count. An output
digital signal representing the digital equivalent of the
analog input is then determined from a total slope count
which has a magnitude substantially equal to the sum of
(1) the fractional number of slope counts and (2) the
difference between the positive and negative slope
counts.

The ADC of the invention may also be used in a
digital multimeter which measures and displays the
voltage of an input analog signal. An apparatus accord-
ing to this aspect of the invention comprises a multis-
lope runup circuit for integrating the input analog signal
over a predetermined number of time intervals, the
multislope runup circuit ramping positive for a first
number of the predetermined number of time intervals
and ramping negative for a second number of the prede-
termined number of time intervals. The multimeter
further comprises rundown circuitry including an ana-
log-to-digital converter for converting a residual analog
voltage output of the multislope runup circuit into a
residual digital signal and calibrating means for repre-
senting the residual digital signal as at least one HPCO-
29 fractional time interval of the multislope runup cir-
cuit, whereby the sum of (1) the at least one fractional
time interval and (2) the difference between the first and
second number of time intervals is substantially linearly
proportional to the magnitude of the voltage of the
input analog signal.

An analog-to-digital conversion method in accor-
dance with the invention includes calibrating the resid-
ual ADC output so that it can be expressed in terms of
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6

slope counts. In particular, the method of converting an
input analog signal into an output digital signal in accor-
dance with this aspect of the invention comprises the
steps of:

(1) integrating the input analog signal with an integra-
tor over a predetermined number of time intervals,
the integrated output being positive for a number
of the predetermined time intervals corresponding
to a positive slope count and negative for the re-
maining number of the predetermined time inter-
vals corresponding to a negative slope count;

(2) converting, with a residual analog-to-digital con-
verter, a residual analog signal remaining at the end
of the predetermined number of time intervals into
a residual digital signal;

(3) zeroing the integrator;

(4) removing all external inputs from the integrator to
allow the integrator to ramp positive for a duration
of one of the predetermined time intervals;

(5) after the duration of one predetermined time inter-
val, sampling and storing the integrator output V1,

(6) rezeroing the integrator;

(7) removing all external inputs from the integrator to
allow the integrator to ramp negative for a dura-
tion of one of the predetermined time intervals;

(8) after the duration of one predetermined time inter-
val, sampling and storing the integrator output V2;

(9) calculating a calibration constant as the quotient
of the magnitude of the full voltage range of the
residual analog-to-digital converter divided by the
sum of the absolute values of V1 and V2;

(10) calibrating the residual digital signal by effec-
tively multiplying the residual digital signal by the
calibration constant so as to represent a fractional
number of slope counts; and

(11) calculating the output digital signal from a total
slope count substantially equal to the sum of (1) the
fractional number of siope counts and (2) the differ-
ence between the positive and negative slope
counts.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects and advantages of the invention will
become more apparent and more readily appreciated
from the following detailed description of the presently
preferred exemplary embodiment of the invention taken
in conjunction with the accompany drawings of which:

FIG. 1 schematically depicts a prior art dual slope
integrating ADC.

FIG. 2 illustrates a typical waveform of a dual-slope
integrating ADC of the type shown in FIG. 1.

FIG. 3 schematically depicts a prior art enhanced
dual-slope integrating ADC which uses two resistors,
one for runup and one for rundown.

FIG. 4 iliustrates a typical waveform for an enhanced
dual-slope integrating ADC of the type shown in FIG.
3

FIG. 5 schematically depicts a prior art integrating
ADC which uses a multislope rundown technique.

FIG. 6 illustrates a typical multislope rundown wave-
form of an integrating ADC of the type shown in FIG.
5.

FIG. 7 schematically depicts a prior art integrating
ADC which uses a multislope runup technique.

F1G. 8 illustrates a typical multislope runup wave-
form of an integrating ADC of the type shown in FIG.
7.
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FIG. 9 schematically depicts an integrating ADC in
accordance with a preferred embodiment of the present
invention.

FIGS. 10{a)-(c) illustrate sample multislope runup
waveforms for an input voltage V;, greater than zero,
equal to zero and less than zero, respectively.

FIG. 11 illustrates a technique for the calibration of
the ADC of FIG. 9, whereby the amount of residual
charge left on the integrator after runup is converted to
a fractional slope count by finding the amount of resid-
ual charge left on the integrator due to a change of one
in the slope count in the positive and negative direc-
tions.

DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EMBODIMENT

An integrating ADC in accordance with the pre-
ferred embodiment of the invention will be discussed
with reference to FIGS. 9 through I1. The invention is
described generally as an integrating ADC; however, it
should be recognized by those of ordinary skill in the art
that the ADC of the invention may be used in a digital
voltmeter or multimeter, whereby the digital output
voltage of the ADC of the invention is displayed to the
user. Moreover, the description given herein is for ex-
emplary purposes only and is not intended in any way to
limit the scope of the invention. All questions regarding
the scope of the invention may be resolved by referring
to the appended claims.

As in the prior art integrating ADCs described in the
background portion of the specification, the ADC of
the present invention operates in two phases, namely,
runup and rundown. Runup may be performed in any
known manner, including any of the techniques de-
scribed in detail in the background portion of the speci-
fication; however, for purposes of description only, the
multislope runup technique described with reference to
FIGS. 7 and 8 will be used as the runup circuit in the
embodiment of FIG. 9. Accordingly, although the
runup phase of the ADC of the invention will be de-
scribed as a multislope technique, it will be appreciated
by those of ordinary skill in the art that any known
runup integrating techniques such as dual-slope (which
is one extreme of the multislope technique, i.e., one
slope) may be used.

Runup in accordance with the invention will now be
described with reference to FIGS. 9 and 10(a)-(c).

As shown in FIG. 9, the ADC of the invention is
comprised of an integrator 10 (as in prior art multislope
runup circuits), a comparator 20, a residual ADC 30,
and a logic and control circuit 40. Integrator 10 is gen-
erally of the type described with respect to FIG. 7,
while comparator 20 may be any device which can
determine whether the integrator 10 output is greater
than or less than zero. ADC 30 may be any commer-
cially available fast ADC of a sufficient resolution, such
as an Analog Devices AD7572 or a Burr-Brown
PCM78. An ADC having 12-14 bits is shown in FIG. 9.
Finally, logic and control circuit 40 may be a micro-
processor or a comparable circuit capable of sampling
and analyzing the outputs of comparator 20 and ADC
30 so as to provide controt signals to switches S1-S4 in
accordance with the method to be described below.

During operation of the embodiment of FIG. 9,
switch S4 is initially closed and switch S3 is open, and
the output of the integrator 10 is at zero. At the start of
a measurement, switch $4 is then opened and switch S3
is closed, and switches S1 and S2 are opened by logic
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and control circuit 40. The output of the integrator 10
then begins to ramp positive as shown in Waveforms
1-3 in FIGS. 10{a)-10(c) due to the input V;,in combi-
nation with current source 13. The integrator 10 is in-
structed by logic and control circuit 40 to ramp positive
for a duration T/2 as shown so that runup always starts
in the same direction for improved accuracy (this time
period must be accounted for in the calibration equa-
tions as will be described below). After a time period
T/2, switches Sy and S; are closed, and the integrator 10
then begins to ramp negative at a rate determined by the
relative values of input voltage Vn, resistance R;y, and
the current sources 11, 12 and 13 (where 11=I1=I3).

After another time period T, the state of the compara-
tor 20 is tested. If the output is negative, switches S1
and S2 are opened, and the integrator 10 again begins to
ramp positive, as shown in Waveform 1 of FIG. 10(a).
On the other hand, if the comparator 20 output is posi-
tive, switches S1 and S2 remain closed, and the integra-
tor 10 continues to ramp negative, as shown in Wave-
form 3 of FIG. 10(c). This process continues for as
many time periods T as desired for the required resolu-
tion (the more time periods T used, the greater the
resolution).

The number and duration of time periods T are de-
pendent upon the AC power line noise. In particular, it
is desirable to eliminate the effects of the 60Hz AC
power line noise by setting the time period T to be an
integral fraction of the power line cycle. For example, a
60Hz power line has a cycle period of 1/60 sec, which
will have minimal effect on the ADC reading if the
integration period is NT=X/60 sec, where N and X are
integers and T is the duration of each sample period. In
this manner, any unnecessary AC power line noise
spikes will be rejected.

As is apparent from FIGS. 10(a)—(c), the waveforms
from the integrator 10, as well as the comparator 20
output, are dependent upon the sign and magnitude of
the input voltage. For example, FIG. 10(a) shows the
waveform for a positive input voltage V;, whereby the
integrator 10 slopes negative at a faster rate than it
ramps positive (due to the inverting effect of the inte-
grator). As a result, the overall slope count is positive,
where the slope count during runup corresponds to the
number of time intervals of length T during which the
integrator 10 is ramping positive minus the number of
intervals of length T during which integrator 10 is
ramping negative. In FIG. 10(b), on the other hand, for
an input voltage V, of zero the resulting slope count is
equal to zero since the integrator 10 ramps at the same
rate in the positive and negative directions. Finally, in
FIG. 10(c), for a negative input voltage the integrator
10 ramps positive at a greater rate than it ramps nega-
tive so that a negative slope count resuits. Thus,. the
integrator 10 output has a steeper slope in a given direc-
tion in accordance with the magnitude of the input
voltage, while the direction is determined at compara-
tor 20 in accordance with the sign of the input voltage.

Thus, as just described, a measure of the magnitude of
the input voltage Vinmay be obtained by computing the
number of time periods T during which the comparator
20 output is negative (or, equivalently, the integrator is
ramping positive) minus the number of time periods T
during which the comparator 20 output is positive (inte-
grator is ramping negative). Logic and control unit 40
then samples the output of comparator 20 and computes
the slope count. The slope count is then used as the most
significant part of the total ADC reading. The input
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voltage is measured in this manner during runup to a
resolution determined by the number of time periods T
in the measurement cycle. For example, 100 time peri-
ods T would imply a resolution of one part in 100, and
of course, as the number of time periods T during runup
is increased, the output resolution is correspondingly
increased. 7

An arbitrarily high resolution may be theoretically
obtained using the above-described technique by wait-
ing the necessary number of time periods T for integrat-
ing during runup. However, the reading rate must not
be too slow to be practical. For example, to get a six-
digit (1,000,000 counts) reading, one million time peri-
ods T would be necessary. Thus, if T has a duration of
8 microseconds, one reading would take eight seconds,
an unacceptably long time. Accordingly, to get extra
resolution in less time, the runup portion is usually
stopped after about 2,000 periods of duration T (about
16 milliseconds). This gives a resolution of 2,000 counts
(about 1] bits). The additional required bits of resolu-
tion required for 64 digit output, for example, are ob-
tained through rundown, as will be described below
with reference to FIGS. 9 through 11.

During rundown, the present invention functions as a
successive approximation converter for calculating the
residual voltage remaining after runup. Also, the run-
down calibration technique used in accordance with the
invention functions to eliminate error introduced into
the system due to changes in the capacitor voltage
caused by time and temperature variations. Such inac-
curacies are accounted for in the equations K and K1 as
described below. The invention thus functions to use
successive approximation conversion to measure the
residual integrator voltage in lieu of rundown.

In particular, at the end of runup, switches 83 and S1
arc opened (FIG. 9). The integrator 10 is thus in a bal-
anced state of input, and the output remains constant, at
least for a short period of time, as shown at the right-
hand portions of FIGS. 10(g)-(c). As shown, the output
voltage of the integrator 10 will not necessarily be at
zero volts at the end of runup and will ordinarily vary
from zero depending on the exact value of the input
voltage. The remaining voltage is shown in FIGS. 10(a-
)-(¢) as residual integrator voltage V,,, and the extra
bits of the ADC resolution can be computed by pre-
cisely measuring the residual charge left on the integra-
tor 10 at the end of runup.

As noted in the background portion of the specifica-
tion, prior art circuits perform rundown with a complex
set of precision resistor networks or fractional current
sources of value 1710, I/100 and 171000, all carefully
matched to each other and to I, 12 and 13. By switching
these currents into the integrator 10 in turn and moni-
toring the comparator 10 output, the output of the inte-
grator 10 could be forced to zero. Also, by counting
how long each current source was enabled, a measure
of the charge left on the integrator 10 could be obtained,
and the extra bits of resolution computed. As noted
above, this process of zeroing, or multislope rundown

- of the integrator 10 to zero volts can be precise and
accurate, but it is also quite slow. Moreover, such a
technique requires precision components which are
expensive.

Accordingly, the present invention instead uses in
lieu of rundown a technique of directly measuring the
residual integrator output voltage using a commercial
off-the-self ADC 30 such as an Analog Devices
AD7572 or a Burr-Brown PCM78. Since the integrator
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10 output voltage need only be measured to a resolution
of about 11 bytes to provide the 9 or 10 extra bits neces-
sary to make a 6-digit ADC (the last couple of bits are
dropped off due to noise), any ADCs for 11 or more bits
and which are sufficiently fast may be used for this
purpose. When such an ADC is used, the value of the
residual integrator voltage may be measured and mathe-
matically combined with the slope count obtained dur-
ing runup to provide the full 6-digit answer. As will be
described below, for this technique to work, the inte-
grator 10 output during rundown must be converted to
a fractional slope count and calibrated so that an accu-
rate reading will result.

In accordance with the invention, the slope count and
residual integrator voltage during rundown are com-
bined to represent the actual applied input voltage V,t
in accordance with the following basic equation:

GXK*C®Viny — T*I(slope count + 1/2)
Tend — Tsian

an

in

where:
Vin =unknown input voltage to be measured;
G =overall gain constant, nominally equal to 1/R;x;
K =a proportionality constant calculated as discussed
below;
C=nominal value of the integrator capacitor;
Vinr=residual integrator voltage after runup;
T =time duration of each slope period;
I=N1=12=13, the value of the current sources;
slope count=number of intervals T the integrator is
ramping positive minus the number of intervals T
the integrator is ramping negative; and
Tend~Rsiar=total time length of the integration.
Equation (11) can be written as:

(12)
Vin*K*C

Vin = 747

T + (slope count + 1/2

Tend — Tswan

Equation (12} as so written consists of two terms, one
proportional to the residual integrator voltage Vx; and
the other proportional to the slope count during runup.
The slope count term can change only by integer values
of slope count and thus represents the most significant
or “coarse” part of the ADC reading. The term propor-
tional to Vi, on the other hand, represents a fractional
part of a slope count and thus provides the least signifi-
cant or “fine” part of the ADC reading.

All of the parameters of Equation (12) are easily
measured and understood with the exception of con-
stant K. As is clear from Equation (12), the term
K*C/(T*I) relates the value of the residual integrator
voltage Vx,to an equivalent fraction of a slope count so
that the two terms in Equation (12) can be added to-
gether properly. Theoretically, K has the value:

22 T*/C
I+ )(C+0)

K= a3

where:

C=nominal value of integrator capacitor;

c=signed value of error in value of C;

I=nominal value of current sources; and

i==signed value of error in value of L.

Thus, to accurately calculate K, the circuit of the
invention must have means for accurately measuring
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the error values ¢ and i. Since these values change with
temperature and time, the ADC of the invention must
be able to measure these values, directly or indirectly, in
order to derive the value for K. Unless this is properly
done, the ADC output will change calibration and be-
come nonlinear, possibly even nonmonotonic as envi-
ronmental conditions change.

Accordingly, an algorithm has been developed in
accordance with the invention for automatically finding
the value of K. This is accomplished by calibrating the
ADC so that the value of K is indirectly found, and this
process will be described in further detail below with
respect 10 Waveform 4 of FIG. 11.

In order to calibrate the ADC of the invention,
switches S1, S2 and S3 are opened and switch S4 is
closed, thereby zeroing the integrator 10. Then, switch
S4is opened so that the integrator 10 is allowed to ramp
positive with no external input for a time T as shown in
FIG. 11. Then, at time T, a sample of the integrator 10
output is taken and measured by the ADC 30. This
reading is stored as V1 as shown in FIG. 11. Then,
switch S4 is closed so as to rezero the integrator, and
switches S1 and S2 are also closed. Switch S4 is then
opened, and integrator 10 is allowed to ramp negative
with no external input for time T as shown in FIG. 11
Then, after another interval T, a second sample of the
integrator 10 output is taken and measured by the ADC
30. This reading is stored as V2 as shown in FIG. 11.
The difference between the stored values, V1 —V2,
thus represents the amount of residual charge left on the
integrator due to a change of one in the slope count in
the positive and negative directions.

A second constant, K1, which is defined as K1=
K*C/(T*I), is then computed as K1=FS/(V1-V2),
where FS is the full scale range from a maximum posi-
tive value to a maximum negative value convertible by
ADC 30. In other words, using this definition of con-
stant K1, the expression V;,,*KI directly converts the
output voltage of the ADC 30 reading of V,;into frac-
tions of a slope count. For example, if the full scale
range of the ADC 30 is =3V, the full scale range
FS=6V. Then, for a calibration reading of V1=2.5V
and V2=-23V, V1-V2=48 volts. Thus,
K1=6V/4.8V=1.25. Accordingly, the fractional part
of the ADC reading (i.e., the output of ADC 30) is
multiplied by calibration constant 1.25 in order to deter-
mine the corresponding number of fractional slope
counts for a given ADC 30 reading.

Thus, in accordance with the invention, actual mea-
surements are computed by logic and control circuit 40
with the following formula:

Total Siope Count = (14)

Slope count (runup) + K1 (4/D converter 20 reading)

Then, to get the final reading of the ADC of the
invention, the total slope count is multiplied by a global
calibration constant C1 which is derived when the
ADC is calibrated to an external standard. In other
words:

Vin (measured) = C1*(Total Slope Count) (15)

G/
where Cl = Tond = Toonr -
Accordingly, the effect of the reading by ADC 30 of
the residual integrator voltage is to extend the total
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ADC resolution by adding a fractional part of a slope
count to the integer number of slope counts obtained
during runup. For example, if ADC 30 is chosen to have
12 to 14 bits as shown in FIG. 9, approximately 11 bits
of resolution may be added to the ADC output (allow-
ing for a couple of bits of noise).
The above-described calibration algorithm for find-
ing values for K1 and K must be executed periodically
during measurements in order to keep the ADC linear
and calibrated. Moreover, the calibration particularly
needs to be performed if environmental conditions
change so as to significantly affect the values of ¢ and i.
During normal execution of this calibration algorithm
by logic and control circuit 40, only approximately one
millisecond is required. Consequently, 6-digit resolution
as well as linearity for a reading rate of greater than 25
readings per second is made possible in accordance with
the invention using only commercially available off-the-
shelf parts and the above-described calibration method.
The present invention has the beneficial features that
only about 15 microseconds are required to perform
rundown since a dedicated high speed logic circuit need
not be used for rundown, a ten time speed improvement
over the multislope rundown technique of the prior art.
Moreover, the circuit of the invention is less expensive
than those of the prior art in that a commercially avail-
able 12-14 bit ADC may be used as ADC 30, thereby
lowering cost.
Although a single exemplary embodiment of the in-
vention was described in detail above, those skilled in
the art will readily appreciate the many additional mod-
ifications are possible in the exemplary embodiment
without materially departing from the novel teachings
and advantages of this invention. For example, logic
and control circuit 40 need not be a microprocessor
programmed to perform the indicated calculations but
instead may be a programmable logic array. Accord-
ingly, all such modifications are intended to be included
within the scope of this invention as defined in the fol-
lowing claims.
I claim:
1. An analog-to-digital converter for converting an
input analog signal into an output digital signal, com-
prising:
means for integrating said input analog signal over a
predetermined number of time intervals, the inte-
grated output being positive for a number of said
predetermined time intervals corresponding to a
positive slope count and negative for the remaining
number of said predetermined time intervals corre-
sponding to a negative slope count;
means for converting a residual analog signal remain-
ing at the end of said predetermined number of
time intervals into a residual digital signal; and

means for calibrating said residual digital signal so as
to represent a fractional number of slope counts,
whereby the output digital signal is determined
from a total slope count substantially equal to the
sum of (1) said fractional number of slope counts
and (2) the difference between said positive and
negative slope counts.

2. An analog-to-digital converter as in claim 1,
wherein said integrating means comprises a multislope
runup circuit.

3. An analog-to-digital converter as in claim 2,
wherein said converting means comprises a residual
analog-to-digital converter.
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4. An analog-to-digital converter as in claim 3,
wherein said calibrating means calibrates said residual
digital signal by effectively multiplying said residual
digital signal by a calibration constant.

§. An analog-to-digital converter as in claim 4,
wherein said calibration constant has a magnitude sub-
stantially equal to a magnitude of a full scale voltage of
said residual analog-to-digital converter divided by a
sum of a absolute values of respective residual voltages
left on said multislope runup circuit due to a change of
one in the positive slope count and a change of one in
the negative slope count when no external input is ap-
plied to said multisiope runup circuit.

6. An analog-to-digital converter as in claim 5,
wherein a magnitude of said total slope count substan-
tially equals a sum of (1) a difference between said posi-
tive and negative slope counts and (2) a product of said
calibration constant with said residual digital signal.

7. An analog-to-digital converter as in claim 6,
wherein said calibrating means determines said output
digital signal from a product of said total slope count
with a global gain calibration constant.

8. An analog-to-digital converter as in claim 6,
wherein said total slope count is substantially linearly
proportional to a voltage magnitude of said input analog
signal.

9. An analog-to-digital converter as in claim 6,
wherein the difference between said positive and nega-
tive slope counts corresponds to most significant bits of
said output digital signal and said product of said cali-
bration constant with said residual digital signal corre-
sponds to least significant bits of said output digital
signal.

10. An analog-to-digital converter as in claim 1,
wherein said integrating means comprises a dual-slope
integrator having a single runup slope such that one of
said positive and said negative slope counts is zero.

11. A digital multimeter for measuring the voltage of
an input analog signal, comprising:

means for integrating said input analog signal over a

predetermined number of time intervals and
thereby producing an integrated output, the inte-
grated output being positive for a number of said
predetermined time intervals corresponding to a
positive slope count and negative for the remaining
number of said predetermined time intervals corre-
sponding to a negative slope count;

means for converting a residual analog signal remain-

ing at an end of said predetermined number of time
intervals into a residual digital signal; and

means for calibrating said residual digital signal so as

to represent a fractional number of slope counts,
whereby the voltage of said input analog signal is
determined from a total slope count substantially
equal to a sum of (1) said fractional number of slope
counts and (2) a difference between said positive
and negative slope counts.

12. A digital multimeter as in claim 11, wherein said
integrating means comprises a multislope runup circuit.

13. A digital multimeter as in claim 12, wherein said
converting means comprises a residual analog-to-digital
converter.

14. A digital multimeter as in claim 13, wherein said
calibrating means calibrates said residual digital signal
by effectively multiplying said residual digital signal by
a calibration constant.

15. A digital multimeter as in claim 14, wherein said
calibration constant has a magnitude substantially equal
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to a magmtude of a full scale voltage of said residual
analog-to-digital converter divided by a sum of absolute
values of respective residual voltages left on said multis-
lope runup circuit due to a change of one in the positive
slope count and a change of one in the negative slope
count when no external input is applied to said multis-
lope runup circuit.

16. A digital multimeter as in claim 15, wherein a
magnitude of said total slope count substantially equals
a sum of (1) a difference between said positive and nega-
tive slope counts and (2) a product of said calibration
constant with said residual digital signal.

17. A digital multimeter as in claim 16, wherein said
calibrating means determines the voltage of said input
analog signal from a product of said total slope count
with a global gain calibration constant.

18. A digital multimeter as in claim 16, wherein said
total slope count is substantially linearly proportional to
a magnitude of the voltage of said input analog signal.

19. A digital multimeter as in claim 16, wherein the
difference between said positive and negative slope
counts corresponds to most significant bits of the volt-
age of said input analog signal and said product of said
calibration constant with said residual digital signal
corresponds to least significant bits of the voltage of
said input analog signal.

20. A digital multimeter for measuring the voltage of
an input analog signal, comprising:

a multislope runup circuit for integrating said input
analog signal over a predetermined number of time
intervals, said multislope runup circuit ramping
positive for a first number of said predetermined
number of time intervals and ramping negative for
a second number of said predetermined number of
time intervals;

an analog-to-digital converter for converting a resid-
ual analog voltage output of said multislope runup
circuit into a residual digital signal; and

calibrating means for representing said residual digi-
tal signal as at least one fractional time interval of -
said multislope runup circuit, whereby a sum of (1)
said at least one fractional time interval and (2) a
difference between said first and second number of
time intervals is substantially linearly proportional
to a magnitude of the voltage of said input analog
signal.

21. A method of converting an input analog signal

into an output digital signal, comprising the steps of:

integrating said input analog signal over a predeter-
mined number of time intervals and thereby pro-
ducing an integrated output, the integrated output
being positive for a number of said predetermined
time intervals corresponding to a positive .slope
count and negative for a remaining number of said
predetermined time intervals corresponding to a
negative slope count;

converting a residual analog signal remaining at an
end of said predetermined number of time intervals
into a residual digital signal using a residual analog-
to-digital converter; and

calibrating said residual digital signal so as to repre-
sent a fractional number of slope counts, whereby
the output digital signal is determined from a total
slope count substantially equal to a sum of (1) said
fractional number of slope counts and (2) a differ-
ence between said positive and negative slope
counts.
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22. A method as in claim 21, wherein said integrating
step is performed by a multislope runup circuit.

23. A method as in claim 22, wherein said calibrating
step includes the step of effectively multiplying said
residual digital signal by a calibration constant.

24. A method as in claim 23, wherein said calibrating
step further includes a step of calculating the magnitude
of said calibration constant by dividing a magnitude of
a full scale voltage of said residual analog-to-digital
converter by a sum of absolute values of respective
residual voltages left on said multislope runup circuit
due to a change of one in the positive slope count and a
change of one in the negative slope count when no
external input is applied to said multislope runup circuit.

25. A method as in claim 24, including the further
step of calculating a magnitude of said total slope count
as the sum of (1) a product of said calibration constant
with said residual digital signal and (2) a difference
between said positive and negative slope counts.

26. A method as in claim 25, including a further step
of determining said output digital signal from the prod-
uct of said total slope count with a global gain calibra-
tion constant.

27. A method as in claim 25, including the further
step of outputting the difference between said positive
and negative slope counts as the most significant bits of
said output digital signal and said product of said cali-
bration constant with said residual digital signal as the
least significant bits of said output digital signal.

28. A method of measuring the voltage of an input
analog signal, comprising the steps of: v

integrating said input analog signal over a predeter-

mined number of time intervals thereby producing
an integrated output, the integrated output being
positive for a number of said predetermined time
intervals corresponding to a positive slope count
and negative for a remaining number of said prede-
termined time intervals corresponding to a nega-
tive slope count;

converting a residua! analog signal remaining at an

end of said predetermined number of time intervals
into a residual digital signal using a residual analog-
to-digital converter;
calibrating said residual digital signal so as to repre-
sent a fractional number of slope counts; and

calculating the voltage of said input analog signal
from a total slope count substantially equal to a sum
of (1) said fractional number of slope counts and (2)
a difference between said positive and negative
slope counts.

29. A method as in claim 28, wherein said integrating
step is performed by a multislope runup circuit.

30. A method as in claim 29, wherein said calibrating
step includes the step of effectively multiplying said
residual digital signal by a calibration constant.

31. A method as in claim 30, wherein said calibrating
step further includes a step of calculating the magnitude
of said calibration constant by dividing a magnitude of
a full scale voltage of said residual analog-to-digital
converter by a sum of absolute values of respective
residual voltages left on said multislope runup circuit
due to a change of one in the positive slope count and a
change of one in the negative slope count when no
external input is applied to said multislope runup circuit.

32. A method as in claim 31, wherein said calculating
step includes the step of calculating a magnitude of said
total slope count as a sum of (1) a product of said cali-
bration constant with said residual digital signal and (2)

16
a difference between said positive and negative slope
counts.
33. A method as in claim 32, wherein said calculating

- step includes the step of determining the voltage of said
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input analog signal from a product of said total slope
count with a global gain calibration constant.

34. A method as in claim 32, wherein said calculating
step includes the step of representing the difference
between said positive and negative slope counts as most
significant bits of the voltage of said input analog signal
and said product of said calibration constant with said
residual digital signal as least significant bits of the volt-
age of said input analog signal.

35. A method of converting an input analog signal
into an output digital signal, comprising the steps of:

(1) integrating said input analog signal with an inte-
grator over a predetermined number of time inter-
vals thereby producing an integrated output, the
integrated output being positive for a number of
satd predetermined time intervals corresponding to
a positive slope count and negative for a remaining
number of said predetermined time intervals corre-
sponding to a negative slope count;

(2) converting, with a residual analog-to-digital con-
verter, a residual analog signal remaining at an end
of said predetermined number of time intervals into
a residual digital signal;

(3) zeroing said integrator;

(4) removing all external inputs from said integrator
to allow said integrator to ramp positive for a dura-
tion of one of said predetermined time intervals;

(5) after said duration of one predetermined time
interval, sampling and storing an integrator output
Vi1, '

(6) rezeroing said integrator;

(7) removing all external inputs from said integrator
to allow said integrator to ramp negative for a
duration of one of said predetermined time inter-
vals;

(8) after said duration of one predetermined time
interval, sampling and storing an integrator output
V2,

(9) calculating a calibration constant as a quotient of
a magnitude of a full voltage range of said residual
analog-to-digital converter divided by a sum of a
absolute values of V1 and V2;

(10) calibrating said residual digital signal by effec-
tively multiplying said residual digital signal by
said calibration constant so as to represent a frac-
tional number of slope counts; and

(11) calculating a output digital signal from a magni-
tude of a total slope count substantially equal to a
sum of (1) said fractional number of slope counts
and (2), a difference between said positive and
negative slope counts.

36. A method as in claim 35, wherein said steps (3)-
(10) are periodically executed to keep said output digital
signal substantially linear and calibrated.

37. A method as in claim 36, wherein said calculating
step (11) includes the step of calculating said total slope
count as a sum of (1) a product of said calibration con-
stant with said residual digital signal and (2) a difference
between said positive and negative slope counts.

38. A method as in claim 37, wherein said calculating
step includes a further step of determining said output
digital signal from the product of said total slope count-

with a global gain calibration constant.
* - * x =
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