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INTEGRATING ANALOG TO DIGITAL 
CONVERTER WITH IMPROVED 

RESOLUTION 

PRIORITY DATA 

This application claims bene?t of priority of Us. provi 
sional application Ser. No. 60/106,109 titled “Integrating 
Analog to Digital Converter With Improved Resolution” and 
?led Oct. 29, 1998, Whose inventor Was listed as Christopher 
G. Regier. 

FIELD OF THE INVENTION 

The invention relates to the art of analog-to-digital (A/D) 
converters, and more particularly, to integrating A/D con 
verters. 

DESCRIPTION OF THE RELATED ART 

Analog-to-digital converters (ADCs) are circuits used to 
convert signals from the analog domain, Where the signals 
are represented by continuous quantities such as voltage and 
current, to the digital domain. These circuits can be imple 
mented in a large number of Ways. Established A/D con 
version techniques include ?ash, sigma-delta, sub-ranging, 
successive approximation, and integrating. 

Integrating ADCs function by integrating or averaging the 
input signal over a ?xed time. This operates to reduce noise 
and eliminate interfering signals. Integrating ADCs are thus 
often used for digitiZing signals that are not changing rapidly 
With time, such as DC signals, or in applications Where the 
desired result is a time average of the input signal. Integrat 
ing ADCs are used in applications Where a very high 
resolution is required at a comparatively loW sample rate. 
A traditional integrating ADC is illustrated in FIG. 1. As 

shoWn, the integrating ADC in FIG. 1 comprises an 
integrator, a comparator, and control logic. The integrating 
ADC converts an unknoWn analog input voltage Vin into a 
digital signal, knoWn in the art as an “integrator count.” 
As shoWn in FIG. 1, the analog input voltage Vin is 

provided through a sWitch SW1 to an input of the integrator 
402. The integrator 402 comprises an operational ampli?er 
(op-amp) 404 and a parallel capacitor C1. The integrator 402 
receives the unknoWn analog input voltage Vin and provides 
an integrator output voltage Vint to a comparator 408. The 
comparator 408 compares Vint With a reference voltage, 
e.g., ground, and produces a comparator output voltage Vc. 
The comparator output Vc is a digital signal Which indicates 
Whether Vint Was greater or lesser than the reference volt 
age. 

The comparator 408 provides the output Vc to the control 
logic 410, Which in turn controls the sWitch SW1. The 
sWitch SW1 is controlled to selectively couple either the 
input voltage Vin or a reference voltage Vref to an input of 
the integrator at any given time. When the input voltage Vin 
is coupled to the integrator 402, the integrator 402 charges. 
When the reference voltage Vref is coupled to the integrator 
402, the reference voltage Vref operates to discharge the 
integrator 402. The reference voltage Vref may either be 
positive or negative and may be either a voltage or current 
source. The control logic 410 outputs the slope count or 
integrator count. 

FIG. 2 illustrates a technique knoWn as dual slope inte 
gration Which has been employed by traditional integrating 
ADCs, as shoWn in FIG. 1, in order to generate a digital 
output. The dual slope approach is a commonly used inte 
grating A/D architecture. The dual slope method uses two 
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2 
half cycles, referred to as the up slope, run-up interval, or 
ramp-up interval (RU) and the doWn slope, run-doWn 
interval, or ramp-doWn interval (RD). 

In the dual slope integrating ADC, the unknoWn input 
analog voltage, Vin, is applied to the integrator 402 for a 
ramp-up (RU) interval of duration T as depicted in FIG. 2. 
The control logic 410 then adjusts the sWitch SW1 to couple 
the reference voltage Vref to the input of the integrator. As 
a result, the analog input voltage Vin is disconnected and 
simultaneously the reference discharging voltage Vref is 
applied to the integrator 402 during a ramp-doWn (RD) 
interval for a duration t. When the capacitor C1 becomes 
completely discharged, the RD interval ends and hence the 
integrator output, Vint, is Zero. Thus the input signal is 
integrated during the up slope for a ?Xed time, and then a 
reference of opposite sign is integrated during the doWn 
slope to return the integrator output to Zero. 

The duration of the ramp-doWn time t in the RD interval 
is typically measured by counting (usually synchronously 
With a clock) during the RD interval. The value of the 
unknoWn analog input voltage Vin is then computed as 
folloWs: 

Thus the input voltage Vin can be calculated from the 
integrated voltage Vm divided by the ramp-up time period 
T, hence essentially computing the average value of Vin for 
the ramp-up time period T. The integrated voltage Vm can 
be computed as: 

Vm=Vref X t 

Thus the Voltage Vin can be calculated as: 

Vin=t X (Vref/T) 

For a given count or ramp-doWn time period t, the 
sensitivity of the ADC increases With a decrease in the rate 
at Which the capacitor C1 discharges. Therefore, sensitivity 
may be increased by decreasing the magnitude of Vref. 
HoWever, a decrease in the magnitude of Vref results in a 
sloWer response of the circuit. 
The sensitivity of the A/D can also be increased by 

increasing the maXimum voltage, Vm, of the integrator 
output voltage, Vint, during the RU interval. Vm can be 
increased by loWering the value of the input resistance prior 
to the integrator 402. HoWever, the integrator output voltage, 
Vint, must be Within the bounds of the op-amp 404 poWer 
supply voltage limits. 

In the dual slope method, the RU or up-slope integration 
time T can be set to an integer number of periods of the 
clock. HoWever, the time period t required to return the 
integrator output to Zero Will generally not be an eXact 
integer number of clock periods, since Vm can assume any 
value. Thus there Will be a possible error of plus or minus 
(+/—) 1 count in hoW Well the number of counts in the time 
period t describes Vin. 
One Way to improve the resolution of a dual slope 

integrating A/D converter is to increase the ?Xed number of 
clock periods in the RU or up slope, Which has the effect of 
linearly increasing the time required for both the up slope 
and the doWn slope. Another Way to improve the resolution 
of a dual slope integrating A/D converter is to loWer the 
reference voltage Vref, so that the RU or up slope time is 
constant but the doWn slope time is increased linearly. In 
either case, the increased resolution requires a linear 
increase in the number of clock periods in the conversion. 
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Thus the increased resolution comes at the direct expense of 
conversion time. 

Another technique to increase the speed of the dual-slope 
integrating ADC is to use a pair of resistors, one for ramp-up 
and the other for ramp-doWn. The ramp-doWn resistor has a 
much greater resistance value than the ramp-up resistor. 
Thus the ramp-up time is shortened, While the ramp-doWn 
time and hence the resolution remains the same. The cost of 
this technique is an additional resistor and sensitivity of the 
ADC to the ratio of the tWo resistors. 
A better method for improving the resolution of an 

integratingA/D converter With a lesser impact on conversion 
time is to use a multi-slope architecture. The “multisloping” 
technique maintains high sensitivity and, at the same time, 
increases the response time of the integrating ADC. US. Pat. 
No. 4,356,600 to Ressmeyer, Which is incorporated herein 
by reference, describes the use of multisloping for producing 
a digital representative of the unknoWn analog input voltage, 
Vin. 
A block diagram of a ?rst type of multislope ADC is 

shoWn in FIG. 3. The multislope ADC shoWn in FIG. 3 
utiliZes multislope ramp-doWn to reduce the time required to 
perform ramp-doWn. This multislope ADC differs from the 
dual slope approach in that there are separate up and doWn 
integration resistors, and furthermore, there are multiple 
values for the doWn slope integration resistors. Using dif 
ferent resistors for the up and doWn slope portions intro 
duces the possibility of errors due to resistor mismatch. The 
dual slope is immune to this problem since only one resistor 
is used. HoWever, high-quality resistor netWorks With good 
temperature tracking and linearity can overcome this disad 
vantage. 

The advantage of the multislope architecture is a decrease 
in conversion time or an increase in resolution. As shoWn in 
FIG. 4, the time required for the doWn slope at a given 
resolution can be reduced by operating multiple “doWn” 
slopes, each at successively loWer currents. In the example 
of FIG. 4, the ?rst doWn current is opposite in sign to the 
input, and suf?ciently large that the integrator Will cross Zero 
in less than 10 counts. When the integrator output crosses 
Zero, the current is turned off at the next clock transition. The 
amount by Which the integrator overshoots Zero depends on 
the exact input voltage. To digitiZe this “residue” accurately, 
a second, 10 times loWer, opposite sign doWn slope current 
is selected. Zero is crossed again but from the opposite 
direction, and With 10 times loWer slope. The overshoot is 
once again proportional to the exact input but Will noW be 10 
times loWer in amplitude oWing to the loWer slope. The 
counts accumulated in this doWn slope phase are accorded 
10 times loWer signi?cance. 
An inde?nite number of these doWn slopes can be suc 

cessively applied, each adding (in this example) a decade to 
the resolution but adding very little percentage increase to 
the overall conversion time. In summary the multislope 
ramp-doWn approach offers dramatic improvements in 
resolution-speed tradeoff compared With the simple dual 
slope architecture, at the expense of more complexity and 
the need for Well-matched resistors. 

Despite improvements in speed, the multislope ramp 
doWn technique has several disadvantages. First, the multi 
slope ramp-doWn technique is more expensive to 
implement, since the ADC noW requires a resistor netWork 
With precision resistors and precise ratios. Also, the multi 
slope ramp-doWn technique requires a more complex control 
circuit and is subject to the inaccuracies of the resistors. 

FIG. 5 illustrates a second type of multislope ADC Which 
utiliZes a multislope ramp-up technique to increase the 
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4 
resolution of the ADC. The multislope ramp-up technique 
involves periodically applying a positive reference voltage, 
+Vref, or a negative reference voltage, —Vref, to the inte 
grator input, Vint during the ramp-up period. The input 
voltage and the offsetting reference current are applied 
during the multislope ramp-up period so that the charge from 
the unknoWn analog input, Vin, plus the charge from the 
reference voltage, Vref, is never large enough to saturate the 
integrator 402. This alloWs for a much longer ramp-up 
period. 

The multislope ramp-up technique accounts for the total 
amount of reference charge transferred to the integrator 402, 
knoWn as slope count, during the RU and RD intervals. The 
total amount of reference charge transferred to the integrator 
402, the slope count, is the number of time intervals during 
Which the integrator 402 is ramping positive minus the 
number of time intervals during Which the integrator 402 is 
ramping negative. Thus the multislope ramp-up technique 
alloWs for a much greater ramp-up voltage, i.e., alloWs the 
integrating ADC to having a larger effective voltage sWing 
than alloWed by the physical limitations of the integrator 
circuit. Thus the digital output of an integrating ADC using 
the multislope ramp-up technique can be measured With 
higher accuracy and resolution than the dual slope con?gu 
ration. 

FIG. 6 illustrates three integrator output voltage Wave 
forms for different input voltages applied to an ADC using 
the multislope ramp-up technique. As shoWn, the integrator 
output voltage Waveforms are dependent on the sign and 
magnitude of the input voltage. The slope count is the 
number of time intervals of duration T during Which the 
integrator is ramping positive minus the number of time 
intervals of duration T during Which the integrator is ramp 
ing negative. 
The top Waveform (Waveform 1) of FIG. 6 illustrates the 

response for a positive input voltage Vin Whereby the 
integrator ramps negative at a faster rate then the integrator 
ramps positive, thereby producing a positive overall slope 
count. The middle Waveform (Waveform 2) of FIG. 6 
illustrates the response for a Zero input voltage Vin Whereby 
the integrator ramps negative and ramps positive at the same 
rate, thereby producing a Zero slope count. The bottom 
Waveform (Waveform 3) of FIG. 6 illustrates the response 
for a negative input voltage Vin Whereby the integrator 
ramps positive at a faster rate then the integrator ramps 
negative, thereby producing a negative overall slope count. 
As shoWn in FIG. 6, the multislope ramp-up technique 

results in a residual integrator voltage Which generally must 
be Zeroed With a ramp-doWn technique, such as a multislope 
ramp-doWn technique. As shoWn in the Waveforms of FIG. 
6, the integrator output voltage, Vint, Will not necessarily be 
at Zero volts at the end of the RU interval and Will ordinarily 
vary from Zero depending on the exact value of the input 
voltage, Vin. The remaining voltage is a residual voltage. 
Thus, as With the dual slope technique, the multislope 
ramp-up technique results in a residual integrator voltage 
Which generally must be Zeroed or otherWise accounted for 
With a ramp-doWn technique, such as a multislope ramp 
doWn technique. 

Although the multisloping technique improves resolution, 
the resulting time period required for a reading may still be 
too great for a high resolution output. This is especially true 
When the multislope ramp-up technique is used in combi 
nation With a ramp-doWn technique, such as the multislope 
ramp-doWn technique. In general, the multislope ramp 
doWn technique adds a signi?cant amount of time to the A/D 
conversion of a multislope A/D converter. 
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Aclass of ADCs called sigma-delta A/D converters oper 
ate Wherein an input signal to be converted is applied to an 
integrator, and an approximation of the input signal is 
applied in opposite polarity. In this case as Well, a signal 
remains on the integrator output Which represents the error 
of the approximation. Thus in dual slope and multislope 
integrating ADCs, as Well as sigma-delta ADCs, a signal 
remains on the integrator that represents the error of the 
approximation. 

Therefore, improved methods are desired to provide a 
more responsive ramp-doWn technique. 
US. Pat. No. 5,101,206 to Riedel titled “Integrating 

Analog to Digital Converter” issued on Mar. 31, 1992 
discloses a technique Which purports to reduce the RD 
interval of the multi-slope technique. The Riedel system 
includes the addition of a conventional ADC, referred to as 
a residue ADC, to the integrator. FIG. 7 illustrates a gener 
aliZed ADC including a residue ADC as taught by Riedel. 
The additional residue ADC measures the residual integrator 
output voltage Vint-res Which remains after the RU interval. 
The residual integrator output voltage Vint-res is then con 
verted into a fractional part of a slope count using a complex 
calibration equation, and the fractional slope count is added 
to the slope counts derived during the RU interval. The total 
slope count is equal to the sum of (1) the difference betWeen 
the positive and negative slope counts derived during the RU 
interval and (2) the fractional number of slope counts 
derived from the fractional integrator voltage. The least 
signi?cant bits of the digital output of the ADC are thus 
computed by measuring the residual integrator voltage at the 
end of the RU interval. 

The integrating A/D converter taught in Riedel is not 
required to proceed through the entire ramp-doWn interval 
and thus provides a higher speed operation. HoWever, 
although the A/D converter taught in Riedel is not required 
to proceed through the entire ramp-doWn interval, the A/D 
converter is required to use a ramp-doWn interval in order to 
measure the residual integrator voltage. Thus the Riedel 
method is not optimal in terms of speed. 
US. Pat. No. 5,117,227 to Goeke titled “Continuously 

Integrating High-Resolution Analog-to-Digital Converter” 
discloses an improved multislope integrating A/D converter. 
Goeke improves the ADC taught by Riedel by not requiring 
the integrator to be Zeroed or initialiZed at the beginning of 
each count by sWitch SW4, and also not requiring that the 
input voltage, Vin, be periodically sWitched off. In other 
Words, the integrating ADC in Goeke enables complete 
avoidance of the RD interval and thereby increases its speed. 

Goeke includes a residue ADC that measures the inte 
grated output at the beginning and end of a time interval 
corresponding to a reading. The integrated output sampled at 
the beginning of the time interval is the ?rst residue voltage, 
Whereas the integrated output sampled at the end of the time 
interval is the second residue voltage. The control/output 
logic then converts the ?rst and second residue voltages into 
a residue count. The difference betWeen the ?rst and second 
residue counts is required to be mathematically scaled by a 
calibration constant K in order to convert the difference into 
a fraction of a single slope count so that it can be added to 
the slope count from the integrator. The control/output logic 
then mathematically combines the residue count and the 
integrator count Within the time interval of the reading to 
derive the output digital signal. 

Thus, in Goeke, the residual integrator voltage or error is 
compensated by measuring the change in integrator voltage 
from conversion to conversion (or from reset phase to 
conversion in the dual-slope ADC case) With a higher-speed 
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ADC, such as a successive-approximation type. The change 
in integrator voltage represents error accumulated during a 
conversion and can be subtracted from the measurement in 
the digital domain using appropriate scaling factors. 
The major draWback of the Goeke method is that the 

scaling factor or calibration value depends on the relative 
gains of the integrator and the residue ADC. If this scaling 
factor is incorrect, for example if the passage of time or a 
change of temperature has caused some component values to 
drift, then the overall ADC becomes noisy at best, and 
non-monotonic at Worst. This limits this technique to adding 
about 6 bits of resolution to any sort of integrating ADC. 

Therefore, an improved A/D converter and method is 
desired Which improves the resolution and loWers the noise 
of integrating-type ADCs, including sigma-delta type A/D 
converters. An improved A/D converter is also desired 
Which does not require complex calibration equations or 
calibration values. 

SUMMARY OF THE INVENTION 

The present invention comprises an analog to digital 
(A/D) converter system and method. The present invention 
provides improved resolution and reduced noise for 
integrating-type ADCs, including dual slope, multi slope, 
and sigma-delta type A/D converters. 
The system comprises an integrator, a comparator, a 

residue ADC, and a control logic unit or processor. The 
integrator is con?gured to integrate an input analog signal 
combined With input reference signals. The comparator is 
connected to the integrator and is con?gured to detect 
polarity changes. The residue ADC is connected to the 
output of the integrator. The control logic unit or processor 
is connected to the outputs of the residue ADC and the 
comparator and operates to determine a fractional slope 
count during the ramp-doWn period. The processor extrapo 
lates or interpolates successive integrator measurements to 
detect Zero crossings, and uses this Zero crossing informa 
tion to determine the fractional slope count. The fractional 
slope count is then combined With the primary slope count 
to produce a digital value corresponding to the input voltage. 

For a dual slope integrating A/D converter, the method 
comprises integrating the input analog signal for a ?rst 
period of time, referred to as the ramp-up interval. For the 
multi slope integrating A/D converter, the input analog 
signal, selectively combined With a positive or negative 
reference voltage, is integrated over a plurality of time 
intervals (the ramp-up interval) to produce an integrated 
output signal. The positive reference voltage is applied to the 
integrator for a number of time intervals corresponding to a 
positive slope count and the negative reference voltage is 
applied to the integrator for a remaining number of time 
intervals corresponding to a negative slope count. 

After the ramp-up interval, a reference signal is then 
applied to the integrator to return the integrator to its original 
value, referred to as the ramp-doWn interval. In the multi 
slope case, the primary slope count value comprises the 
difference in positive and negative slope counts, coupled 
With any integer counts during the ramp-doWn interval. 
During the ramp-doWn interval, While the reference voltage 
is applied, tWo or more integrator voltages are measured. In 
one embodiment, a ?rst integrator voltage is measured 
before the original value and a second integrator voltage is 
measured after the original value, e.g., before and after the 
Zero crossing. 
The method then determines a fractional slope count 

occurring at the end of the ramp-doWn interval based on the 
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measured tWo or more integrator voltages, i.e., the fractional 
slope count occurring before the return of the integrator to 
its original value, referred to as y0. The fractional slope 
count is determined by extrapolating or interpolating the 
return of the integrator to its original value (yO) using the 
measured tWo or more integrator voltages. For example, 
Where a ?rst measured integrator voltage before the original 
value has value y1 and a second measured integrator voltage 
after the original value has value y2, the fractional slope 
count value is computed as (y1—y0)/(y1—y2); Where y0 is the 
original value and is presumably Zero. The fractional slope 
count may also be determined using line ?tting techniques or 
other extrapolation techniques. 

The method may also determine a fractional slope count 
occurring prior to the integration interval, also based on tWo 
or more measured integrator voltages, i.e., the fractional 
slope count occurring immediately prior to the ramp-up 
interval. The fractional slope count for the “prior interval” is 
determined in a similar manner as above. For example, 
Where a ?rst measured integrator voltage before the original 
value has value y1 and a second measured integrator voltage 
after the original value has value y2, the fractional slope 
count value for the “prior interval” is computed as (y2—y0)/ 
(y2-y1); Where y0 is the original value and is presumably 
Zero. 

The total slope count is then calculated using the primary 
slope count value and the fractional slope count value. In the 
dual slope type A/D converter, the total slope count is 
calculated by summing the primary slope count value and 
the fractional slope count value. In the multi slope type A/D 
converter, the total slope count is calculated as folloWs. 
Assuming “A” positive slope counts and “B” negative slope 
counts during ramp-up, and “a” positive (fractional) slope 
counts and “b” negative (fractional) slope counts during 
ramp-doWn, the result of the A/D conversion, referred to as 
a “slope count” or “slope ratio”, should be ((A+a)—(B+b))/ 
((A+a)+(B+b)). The positive fractional slope count “a” is the 
sum of the positive slope counts, if any, of the prior interval 
and/or the subsequent interval. In a similar manner, the 
negative fractional slope count “b” is the sum of the negative 
slope counts, if any, of the prior interval and/or the subse 
quent interval. 

The A/D converter then outputs the total slope count value 
or slope ratio value as the digital value corresponding to the 
input analog voltage. 

For a sigma delta type integrating A/D converter, the 
method comprises ?rst integrating the input analog signal 
for a current interval, and then applying a reference signal to 
the integrator to return the integrator to its original value. 
TWo or more integrator voltages are measured While the 
reference signal is applied. 

Here it is assumed that a ?rst fractional slope count Was 
determined in a prior interval immediately before the current 
interval. The ?rst fractional slope count indicates a deviation 
of the integrator from a reference value at the beginning of 
the current interval. The method then determines a second 
fractional slope count during a subsequent interval imme 
diately after the current interval. The second fractional slope 
count indicates a deviation of the integrator from a reference 
value at the end of the current interval. The method then 
determines a fractional slope count for the current interval 
based on the ?rst and second fractional slope counts. 

The above steps are repeated one or more times, as 
desired. After the above steps have been repeated, the 
method ?lters the fractional slope counts for a plurality of 
intervals to produce the output digital signal. 
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8 
BRIEF DESCRIPTION OF THE DRAWINGS 

A better understanding of the present invention can be 
obtained When the folloWing detailed description of the 
preferred embodiment is considered in conjunction With the 
folloWing draWings, in Which: 

FIG. 1 illustrates a prior art dual slope analog to digital 
converter (ADC); 

FIG. 2 illustrates a Waveform of a dual slope ADC in prior 
art; 

FIG. 3 illustrates a prior art multi slope ADC employing 
multi-slope ramp-doWn; 

FIG. 4 illustrates a Waveform of a multi-slope ramp-doWn 
performed by the prior art ADC of FIG. 3; 

FIG. 5 illustrates a prior art multi slope ADC employing 
multi-slope ramp-up; 

FIG. 6 illustrates a Waveform of a multi-slope ramp-up 
performed by the prior art ADC of FIG. 5; 

FIG. 7 is a block diagram of a prior art integrating ADC 
in Which the residual integrator voltage at the end of the 
ramp-up interval is measured using a conventional ADC 
(residue ADC) for the purpose of substantially eliminating 
the need for the ramp-doWn interval; 

FIG. 8 illustrates an instrumentation system Which 
includes the analog to digital converter employing the 
present invention; 

FIG. 9 is a block diagram illustrating the computer system 
in the instrumentation system of FIG. 8; 

FIG. 10 is a block diagram of the instrumentation device 
of FIG. 9; 

FIG. 11 illustrates a dual slope (or sigma delta type) A/D 
converter according to one embodiment of the present 
invention; 

FIG. 12 is a ?oWchart diagram illustrating operation of the 
dual slope A/D converter of FIG. 11; 

FIG. 13 shoWs a Waveform illustrating operation of the 
dual slope A/D converter according to one embodiment of 
the present invention; 

FIG. 14 illustrates calculation of the Zero-crossing using 
residual voltages measured before and after the Zero cross 
ing; 

FIG. 15 illustrates a multi-slope A/D converter according 
to one embodiment of the present invention; 

FIG. 16 is a ?oWchart diagram illustrating operation of the 
multi-slope A/D converter of FIG. 15; 

FIG. 17 shoWs a Waveform illustrating operation of the 
multi-slope A/D converter according to the present 
invention, including measurement of the Zero crossing; and 

FIG. 18 is a ?oWchart diagram illustrating operation of a 
sigma delta A/D converter according to one embodiment of 
the present invention. 

While the invention is susceptible to various modi?ca 
tions and alternative forms, speci?c embodiments thereof 
are shoWn by Way of example in the draWings and Will 
herein be described in detail. It should be understood, 
hoWever, that the draWings and detailed description thereto 
are not intended to limit the invention to the particular form 
disclosed, but on the contrary, the intention is to cover all 
modi?cations, equivalents and alternatives falling Within the 
spirit and scope of the present invention as de?ned by the 
appended claims. 




















