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[57] ABSTRACT 
A multislope continuously integrating analog-to-digital 
converter for converting an analog input signal into a 
digital output signal where the converter employs an 
integrator for continuously integrating the input signal 
in relation to a series of reference voltages of increasing 
magnitude and a zero crossing detector to determine 
when the reference voltage has completely discharged 
the integrator. A counter or the like is employed for 
timing the duration of the discharge which corresponds 
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MULTISLOPE CONTINUOUSLY INTEGRATING 
ANALOG TO DIGITAL CONVERTER 

BACKGROUND OF THE INVENTION 

The disclosed invention relates generally to the digi‘ 
tal measurement of unknown input signals such as volt 
age or current, and more particularly to an improved 
method for multislope continuously integrating Ana 
log-to-Digital (A/D) conversion. 
A conventional dual slope A/D converter is illus 

trated in FIG. 1 in which an input signal Vinpu, is only 
applied to the non-inverting input of the integrator for 
the run-up interval (T up, as illustrated in FIG. 2). This 
input is then disconnected and a reference discharging 
voltage Emfis then applied to discharge the integrator 
during a run-down interval which ends when the inte 
grator is totally discharged. The duration of the run 
down interval is measured and is employed for calculat 
ing the value of Vim” which equals Tdown X VNf/TUP. 
The value of T4," is typically measured by counting 

clock pulses contained in the run-down interval. For a 
given clock rate, the resolution of the A/D converter 
increases with an increase in the interval Tdown. There 
fore, resolution can be increased by decreasing the run 
down voltage V’gf However, an instrument user typi 
cally needs or wants a short measurement time so that 
large run-down intervals are impractical. 

Multislope A/D converters are similar to dual slope 
A/D converters with the exception that reference volt-_ 
ages of varying magnitudes are employed for decreas 
ing the measurement time without decreasing resolu 
tion. The output of a multislope A/D converter is illus 
trated on FIG. 3. By the end of the run-up period, the 
integrator’s output is proportional to Tup‘Vinpm. At a 
time Tap, the input signal is disconnected from the input 
of the integrator, and replaced with a reference voltage. 
This indicates the beginning of the run-down period of 
the conversion cycle. The run-down lasts for the time 
period Tdown which equals Tf0]g]'—Tup, and consists of 
several sub-slopes resulting from different reference 
voltages. The ?rst reference is applied to the integrator 
until the integrator output crosses the zero level. After 
crossing the zero level, another reference of a smaller 
magnitude and of the opposite direction relative to the 
?rst one is applied to the integrator’s input. The process 
continues until the allocated number of the run-down 
sub-slopes has expired. The durations of all run-down 
sub-slopes are measured by the clock system, and added 
with weights and signs appropriate to the relative val 
ues and signs of each reference voltage. As a result, a 
resolution much higher than that available from a dual 
slope conversion (a single run-down slope) is achieved. 
Many different multislope conversion schemes are 
know, but their stability depends on the absence of an 
input signal during their run-down period. All such 
schemes utilize no larger than the Tup/T ma] fraction of 
the total signal energy, thus reducing the theoretical 
limit for their resolution. 

Continuously integrating A/D converters is another 
class of A/D converters characterized by maintaining 
the connection between the input signal and the integra 
tor throughout the run-up and run-down intervals. This 
type of converter does not lose any part of the input 
signal, and as a result, has a better potential for low 
noise, high resolution and wide dynamic range. Known 
multislope techniques which employ step-by-step re 
duction of the magnitude of the reference voltage be 
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2 
come unstable if the input signal is not disconnected. In 
particular, if a signal is always connected to the integra 
tor’s input, the zero crossing of its output will not occur 
once the magnitude of a reference voltage is reduced 
below the magnitude of the input signal. This prevents 
a meaningful reduction in the reference voltage and 
enhancement of converter resolution. 
Although continuously integrating A/D converters 

are potentially better than the conventional ones, con 
ventional A/D converters outperform the former in 
many practical implementations. In particular, conven~ 
tional . A/D converters utilize multislope techniques 
while all known continuously integrating A/D convert 
ers utilize dual slope techniques. Until this invention, all 
known conventional multislope techniques were incom 
patible with continuous integration. 

SUMMARY OF THE INVENTION 

This invention provides for a new method and appa 
ratus for continuously integrating multislope analog to 
digital conversion and employs a step-wise increasing 
reference voltage rather than a reference voltage reduc 
tion scheme. This technique does not rely on zero cross 
ings of the integrator output for termination of interme 
diate run-down sub-slopes. 

Unlike prior multislope A/D converters, the input 
signal always remains connected to the input of the 
integrator. The conversion process consists of a series 
of conversion cycles each Tum/long. The end of a given 
conversion cycle will also be the beginning of the fol 
lowing one. 

In particular, the invention includes an integrator in 
which multiple reference voltages of increasing magni 
tude are applied to discharge the input signal. The inte 
grator output corresponds to the difference between the 
input signal and the reference voltages. A zero crossing 
detector is employed for producing a zero integrator 
output signal when the integrator output is equal to zero 
such that the reference voltages can be sequentially 
applied to the integrator for predetermined time periods 
or until occurrence of the zero integrator output signal. 
A timing circuit is employed for timing the duration in 
which each reference voltage is applied and for apply 
ing a weighting factor, corresponding to the magnitude 
of the applied reference voltage, to the time for which 
the reference voltage was applied. A digital output 
signal is then generated which corresponds to the 
weighted value of the total time in which the reference 
voltages were applied. _ 
A factor of four (4) increase in the magnitude of the 

reference voltages provides a reasonable tradeoff be 
tween minimizing the count time and converterresolu 
tion. However, it is certainly possible to increase the 
reference voltage to a lesser or a greater degree. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of the prior art dual 
slope A/D converter. 
FIG. 2 is a diagram illustrating the integrator output 

of the dual slope.A/D converter set forth in FIG. 1. 
FIG. 3 is a diagram illustrating the integrator output 

of a multislope A/D converter. 7 
FIG. 4 is a schematic diagram of a continuously inte 

grating multislope A/D converter in accordance with 
the preferred embodiment. 
FIG. 5(a), 5(b) and 5(0) are diagrams illustrating the 

integrator output of a continuously integrating multis 
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lope A/D converter in accordance with the preferred 
embodiment. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The disclosed invention presents a continuously inte 
grating, multislope A/D conversion technique and an 
A/D converter for implementing the conversion tech 
nique. As illustrated in FIG. 4, the A/D converter in 
cludes an integrator 10 comprising an operational am 
pli?er 11 having a non-inverting input 12 and an invert 
ing input 14 and an output 16. The inverting input is 
coupled to the output 16 through a feedback capacitor 
18 and to ground, Enfor 4Emfthrough a resistor 19 and 
a three position switch 50. Control logic 30, coupled to 
the output of the comparator 20 and a clock 40 actuates 
the switch 50 such that the voltage Enfis coupled to the 
inverting input 14 through resistor 19. The switch 50 
can be actuated further such that the voltage ‘ER; is 
applied to the input 14. The application of this voltage 
will ensure rapid discharge of the capacitor 18. 
As set forth in FIG. 5 (a), FIG. 5(b) and FIG. 5(c) the 

conversion cycle starts at a time (T 0) at which time, the 
reference voltage V,,f is connected to the inverting 
input 14 of the integrator 10. The integrator output 16 
(V0) is controlled by two opposing inputs. If the input 
signal is larger than the reference voltage, the output 
will initially go up, FIG. 5 (a). If input signal is smaller 
than the reference voltage the output will initially go 
down, FIG. 5 (b), FIG. 5 (c). This sub-cycle will last 
until a ?xed time T1, Fig. 5 (a), 5 (b), or until a zero 
crossing event, FIG. 5 (c), whichever 'comes ?rst. The 
latter occurs only for the smallest input signals and 
indicates the end of the run-down sub-cycle and the 
beginning of the run-up sub-cycle. For larger input 
signals zero-crossing will not take place before T1. At 
T1 the reference current increases to become large 
enough to reverse the slope to the downward direction. 
On FIG. 5 (a), 5 (b), the discharge lasts until the zero 
crossing at the time Tdown, indicating the end or run 
down sub-cycle and the beginning of the run-up. In all 
cases, the run-up begins by disconnecting the reference 
voltage from the integrator’s input and lasts until the 
start of the next run-down sub-cycle. The duration of all 
run-down sub-slopes are measured by the clock system, 
and added with weights appropriate to the relative 
values of each reference voltage. As a result, a resolu 
tion much higher than that available from a dual slope 
continuously integrating conversion, which only has a 
single run-down slope. Since the signal is always con 
nected to the integrator’s input, its total energy is inte 
grated, and resolution improvement could go much 
further than in a conventional (not continuously inte 
grating) multislope conversion case. 

It is well known that the input signal voltage can be 
quanti?ed by counting the time it takes to discharge the 
capacitor with a known reference voltage. The compar 
ator 20, has one input coupled to the output of integrat 
ing circuit 10 and another connected to ground, such 
that an output signal is generated which indicates when 
the capacitor 18 has been discharged. A two stage bi 
nary counter 80 is employed for timing the duration of 
the discharge. The ?rst stage, or the ?rst two least sig 
ni?cant bits of binary counter 80, is coupled to the clock 
40 through a second three position switch 60. The sec 
ond stage of the counter 80, or the third through “N” 
signi?cant bits, are coupled to the two least signi?cant 
bits of the clock through the null position and the ?rst 
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4 
position of a third three position switch 70, and directly 
to the clock 40 through position two of switch 70. Con 
trol logic 30, coupled to the output of the comparator 
20 is employed for simultaneously actuating the three 
switches 50, 60 and 70. 
An input signal of up to 1 Volt is constantly applied 

to the non-inverting input 12 of the operational ampli 
?er 11. The invention attempts to determine the magni 
tude of this input signal at a rate of 2400 measurements 
per second (samples/sec). The second input 14 is se 
quentially coupled to ground, EN] and ?nally 4E"; 
When coupled to ground (the run-up period), the capac 
itor 18 is charged with the rate proportional to the input 
signal by the integrating action of the operational ampli 
?er. Unlike the prior art technique in which the input 
signal is disconnected from the non-inverting input at 
the end of run-up, the input signal is never disconnected 
from this input, and at the end of the run-up a relatively 
small discharge voltage of approximately 0.625 volts is 
first applied for a period of 100 microseconds, at which 
point the control logic 30 switches the three switches 
from position one to position two, thus increasing the 
discharge voltage by a factor of 4 to 2.5 volts and mov 
ing the second switch to position two (the null position) 
and the third switch to position two such that the clock 
is coupled directly to the third signi?cant bit of the 
binary counter. Thus, the count rate is effectively multi 
plied by a factor of 4 at the same time as the discharge 
rate. This second voltage insures that the capacitor is 
completely discharged within another 220 microsec 
onds. Upon an indication that the capacitor is com 
pletely discharged, the control logic actuates all three 
switches such that they are all switched back to position 
"0”, whereupon, the capacitor begins to be recharged. 
Assuming that the capacitor is completely discharged 

while coupled to the ?rst discharge voltage, the inven~ 
tion provides for increased resolution as the duration of 
the run-down is longer than for prior art devices. For 
simplicity, only two run-down sub-slopes were illus 
trated in the block diagram of FIGS. 5(a)-5(c). The 
invention contemplates that many more run-down sub 
slopes can be employed with a corresponding number 
of binary sub-counters. The invention is stable as the last 
run-down voltage is the largest, thus insuring complete 
discharge. 
While the invention has described and illustrated 

with reference to speci?c embodiments, those skilled in 
the art will recognize that modi?cations and variations 
may be made without departing from the principles of 
the invention as described herein above and set forth in 
the following claims. 
What is claimed is: 
1. A multislope continuously integrating analog-to 

digital converter for converting an analog input signal 
into a digital output signal, comprising: 

reference voltage generating means for sequentially 
generating a plurality of reference voltages of in 
creasing magnitude; and 

integrating means having a ?rst input coupled to said 
generating means and a second input coupled to 
said analog input signal, said integrating means 
generating an output corresponding to the differ 
ence between said input signal and said sequentially 
generated reference voltages; and 

zero crossing detector means for producing a zero 
integrator output signal when said integrator out 
put equals zero, wherein said reference voltages 
are sequentially applied to said input circuit for 
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predetermined time periods until the occurrence of 
said zero integrator output signal; and 

timing means for generating a plurality of count sig 
nals corresponding to the duration in which each of 
said reference voltages are applied to said input 
circuit, wherein, a weighting factor, corresponding 
to the magnitude of said applied reference voltage, 
is employed for weighting the magnitude of the 
count signal, and wherein, said digital output signal 
corresponds to the weighted value of said count 
signal. 

2. The apparatus as claimed in claim 1, wherein said 
reference voltage generating means ?rst provides a 
reference voltage of Enffor a predetermined time per 
iod and then provides a second reference voltage of 
4Emfuntil the occurrence of a zero crossing signal. 

3. The apparatus of claim 1, wherein said integrating 
means further comprises an operational ampli?er hav 
ing a non-inverting input and an inverting input and an 
output with a feedback capacitor coupling said output 
to said inverting input, and further comprises switching 
means to selectively switch said inverting input to ei 
ther ground, Emfor 4Eref, and wherein a charge will be 
formed on the capacitor with the rate of growth pro 
portional to the difference between the signal on the 
inverting and non-inverting inputs. 

4. The apparatus of claim 3, wherein, the capacitor is 
charged when said inverting input is coupled to ground, 
charged or discharged depending on the relative magni 
tude of Erefand the input signal, when said inverting 
input is coupled to ER] and wherein said capacitor is 
discharged when said inverting input is coupled to the 
4Erefsignal. 

5. The apparatus of claim 1, wherein said zero cross 
ing detector means further comprises comparator 
means having one input coupled to said integrating 
means and a second input coupled to ground, wherein, 
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6 
said zero integrator output signal is generated when said 
capacitor is completely discharged. 

6. The apparatus of claim 1, wherein said timing 
means further comprises a clock having an output cou 
pled to a multi-stage binary counter through a multi 
stage switch in which the ?rst stage of said switch cou 
ples the clock output to the least signi?cant bits of said 
counter and each succeeding stage is coupled to increas 
ing signi?cant bits of said counter. 

7. A method for employing a multislope A/D con 
verter, which includes an integrator having both an 
inverting and a non-inverting input and a charging ca 
pacitor, to convert on a continuously integrating basis 
an analog input signal into a digital output signal, com 
prising the method steps of:, 

inputting said analog input signal into said non-invert 
ing input, wherein, said capacitor is charged in 
proportion to the value of said input signals; and 

inputting a series of reference signals of increasing 
magnitude into said inverting input, wherein, said 
capacitor is discharged in proportion to the value 
of said reference signal; and 

generating a zero integrator output signal when said 
capacitor is completely discharged; and 

counting the time between the start of the input cycle 
and the generation of the zero integrator output 
cycle; and 

weighting the total time in accordance to the magni 
tude and duration of each inputted reference signal, 
wherein, said digital output signal corresponds to 
said weighted total time. 

8. The method in accordance to claim 7, wherein, the 
step of inputting a series of reference signals further 
comprises the steps of; applying a ?rst reference signal 
of Emffor between 50 and 150 microseconds and then a 
second reference signal of 4E,efis applied to completely 
discharge the capacitor within 250 microseconds. 
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