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(57) ABSTRACT 
There is provided according to the invention a method 
and apparatus for eliminating or minimizing the error 
due to ampliáier offset or drift error in an integrating 
dual slope analog-to-digital converter. The converter is 
provided with a switching and control arrangement 
whereby the integrating capacitor is charged for one 
half of the predetermined charging time as a function of 
the sum of the levels of the unknown signal and the 
error signal. The integrating capacitor is charged for 
the remaining half of the predetermined time period as 
a function of the difference of the levels of the unknown 
signal and the error signal so that the capacitor reaches 
a level of charge which is a function of the level of the 
unknown signal substantially unaffected by the level of 
the error signal. During deintegration of the capacitor 
by a reference signal the polarity of the error signal is 
inverted during successive or consecutive deintegration 
cycles so that the error voltage is self-cancelling in two 
successive deintegrations and is eliminated from the 
sumned digital output. 

17 Claims, 5 Drawing Sheets 
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1. 

ANALOG-TO-DIGITAL CONVERTER WITH 
OFFSET VOLTAGE POLARITY INVERSION 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions made 
by reissue. 

TECHNICAL FIELD 

This invention is directed to integrating analog-to 
digital (A/D) converters and more particularly to dual 
slope A/D converters having an improved arrangement 
for offset or correction and to methods of corrected 
A/D conversion by integration. 

BACKGROUND ART 

Dual slope A/D converters designed to achieve opti 
mum conversion accuracy have required and have in 
corporated arrangements for providing offset and drift 
voltage correction. A representative drift compensated 
circuit is described in U.S. Pat. No. 3,654,560 issued 
Apr. 4, 1972 to Cath et al. That patent describes a 
"rezero" or autozero state during which a feedback 
loop is closed around a storage capacitor provided for 
correction purposes. Considerable care is required to 
properly charge the storage capacitor to an accurate 
offset level since noise, loop instability, settling time 
effects, leakage, and capacitor anomalies can all detri 
mentally affect conversion accuracy. 

DISCLOSURE OF THE INVENTION 

The invention may be utilized with an integrating 
resistor and capacitor and high gain integrating ampli 
fier arranged to integrate an unknown analog signal for 
a predetermined period of time. As is customary with 
such arrangements there is an offset error signal associ 
ated with the amplifier. According to the invention a 
switching and control means is provided so that the 
integrating capacitor is charged for substantially one 
half of the predetermined time period with a current 
which is a function of the level of the analog signal and 
the level of the error signal. The capacitor is then 
charged for the remainder of such predetermined time 
period with a current which is a function of the level of 
the analog signal and the invert of the level of the error 
signal so that the capacitor reaches a level of charge 
which is a function of the level of the analog signal 
substantially unaffected by the level of the error signal. 
The net effect of integrating over the cumulative prede 
termined time period comprised of the two halves is 
that the total charge placed on the integrating capacitor 
is identical to the charge which would be present if the 
offset or error voltage had been zero. That is, the net 
effect of the offset or error voltage is self-cancelling and 
the need for the previously conventional corrective 
storage capacitor is eliminated. 

In the conventional dual slope analog-to-digital con 
verter the integrated charge on the capacitor is gener 
ally converted to a digital signal by generating a digital 
output which is a function of the time required to de 
integrate the capacitor in response to the application of 
a reference signal or voltage. This reference integration 
or de-integration is also subject to error as a result of the 
existence of the offset or error voltage associated with 
the amplifier. According to another feature of the pres 
ent invention this error is eliminated in a digital fashion 
through a switching and control arrangement which 
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2 
inverts the polarity of the error signal during successive 
or consecutive de-integration cycles so that the error 
voltage is self-cancelling in two consecutive de-integra 
tions of the capacitor and is eliminated from the 
summed digital output count. While a summed digital 
output signal is preferred according to the invention the 
error is also eliminated with respect to the average of 
two consecutive counts. 
The unique features of the invention may be imple 

mented by various circuitry arrangements. Thus ac 
cording to one embodiment of the invention the polar 
ity of the error signal during the charge cycle may be 
inverted by inverting the inputs of the integrator ampli 
fier while simultaneously inverting its output. This re 
versal of polarity occurs at the midpoint of the capaci 
tor charging time period. The reversed polarity may be 
allowed to remain through de-integration and the first 
half of the next charge cycle. Re-reversal then occurs to 
return the polarity to the initial status through the sec 
ond half of the second charging cycle and through the 
second de-integration. The error voltage thus cancels 
itself during both integration cycles and cancels itself 
from the sum or the average of the de-integration cy 
cles. 
The inventive arrangement may also be implemented 

in a circuit such as previously described but wherein a 
high impedance buffer amplifier is connected between 
the analog signal input and the input to the integration 
amplifier. According to this second embodiment of the 
invention the desired cancelling reversal is achieved by 
a switching and control arrangement which has the 
effect of interchanging the integrating and buffer ampli 
fiers at the time of reversal as above described. Still a 
further circuit arrangement for implementing the inven 
tion involves switching and control circuitry for revers 
ing the connections between the integration amplifier 
and the integration capacitor. 

It is accordingly an object of the invention to provide 
an improved method and apparatus for performing dual 
slope analog-to-digital conversion with self-cancella 
tion of amplifier offset error. 

It is another object of the invention to provide an 
improved method and apparatus for performing dual 
slope analog-to-digital conversion wherein error signals 
are eliminated or minimized in a digital fashion. 

BRIEF DESCRIPTION OF DRAWINGS 

The foregoing objects and advantages of the inven 
tion will become more readily apparent upon reference 
to the following specifications claims and drawings 
wherein: 
FIG. 1 is a simplified schematic diagram of a dual 

slope analog to digital converter having conventional 
offset correction circuitry; 

FIG. 2 is a schematic diagram of one embodiment of 
an A/D converter having an offset correction circuit 
constructed according to the invention; 

FIG. 3 is a graphic representation of waveforms 
showing operation of the improved converter; 

FIG. 4 is a schematic diagram of another preferred 
embodiment of an A/D converter constructed accord 
ing to the invention; 

FIG. 5 is a schematic diagram of a further preferred 
embodiment of an A/D converter constructed accord 
ing to the invention; and 
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FIG. 6 is a simplified diagram of an A/D converter 
constructed according to the invention in an application 
wherein it produces a numeric digital display. 

BEST MODE FOR CARRYING OUR THE 
INVENTION 

The improved offset corrected dual slope A/D con 
verter of the invention is better understood in compari 
son to the construction and operation and limitation of 
conventional dual slope A/D converters with offset 
correction. Accordingly a brief description of such a 
conventional converter or sensor is first provided. At 
tention is directed to FIG. 1 which illustrates in basic 
schematic form a known dual slope A/D offset cor 
rected convertor of the general type disclosed in afore 
mentioned U.S. Pat. No. 3,654,560. 
- Referring to FIG. 1 there is shown a dual slope A/D 
converter comprising an integrator operational ampli 
fier ("Op-Amp') 10 having an integrating capacitor 
CINT connected between the output of the amplifier 10 
and the Summing Point P located at the inverting input 
of the amplifier. The Summing Point P is connected 
through the integrating resistor RINT and through inte 
grate switch 12 to an input terminal 14 for connection to 
an unknown voltage VIN to be measured. The switch 12 
is shown for purposes of simplicity as a simple electro 
mechanical switch. It will be understood that in a com 
mercial embodiment it would normally take the form of 
an electronic switch controllable by a suitable control 
source such as the control logic and clock indicated at 
16. The integrate resistor RINT is also connected 
through a suitable reference voltage integrate switch 18 
to a reference voltage source indicated VREF. The ref. 
erence integrate switch 18 is also controlled by the 
control logic 16. The junction of the connection to the 
integrate resistor RINT and the reference integrate 
switch 18 is connected to a comparator zero or autoZero 
switch indicated at 20. This switch also is under control 
of the control logic 16. 
The output of the integrator Op-Amp 10 is fed to the 

inverting input of a comparator or level crossing detec 
tor 22 which has a non-inverting input connecting to 
ground. The output of the comparator 22 is fed to the 
control logic 16 for controlling the production of a 
digital output signal such as by a digital display or read 
out in a conventional manner not shown in FIG. 1. The 
output of the comparator is further connected through 
a zeroing resistor R2ERo and a zero switch 24 to a zero 
ing capacitor CZERO. The capacitor CZERo is con 
nected between the non-inverting input of the integra 
tor amplifier 10 and common or ground. The zero 
switch 24 is controlled by the control logic 16 as will be 
understood. 
The zeroing capacitor CZERO, zero switch 24 and 

zero resistor R2ERO is utilized to correct for zero offset 
voltages of the integrator amplifier 10 and any buffer 
amplifier (not shown) during autoZeroing. During such 
action the zeroing capacitor CZERO is placed in a closed 
loop around the integrator amplifier and comparator 
and charges to the appropriate offset voltage. During 
the autozero operation the two zeroing switches 20 and 
24 are closed. The input to the integrator resistor RINT 
is grounded through switch 20. The offset voltage to 
compensate for the offset of the comparator amplifier 
22 is stored on the integrating capacitor CINT, and the 
offset voltage to compensate for the offset of the inte 
grator amplifier is stored on the zeroing capacitor 
CZERO. The result is that the summing point P is 
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4. 
brought to zero or ground potential during an ideal 
autozeroing operation. 

In practice it is difficult to achieve this ideal situation. 
It generally takes an appreciable time to store the cor 
rect integrator offset voltage because (a) it must be 
established to be within an error band less than the 
resolution of the system, and (b) it is subject to the noise 
in the operational amplifier which conventionally has a 
high DC gain. Thus, any noise at the input of the device 
may also be stored on the zeroing capacitor CZERo so 
that erroneous storage is possible. This offset correction 
system is essentially analog in nature and depends on the 
absolute charge stored on two capacitors. With this 
arrangement autozero is implemented with two time 
constants in series, charging the zeroing capacitor 
CZERo and the integrate capacitor CINT to store the 
integrator amplifier offset and comparator offset respec 
tively. Such a use of multiple time constants in series is 
well recognized as requiring compromises in settling 
time in order to guarantee loop stability. 
The foregoing problems are inherent in the conven 

tional autozeroing arrangement for dual slope A/D 
converters but are very significantly minimized accord 
ing to the present invention. 

Pursuant to the invention the analog charging of an 
offset capacitor is eliminated through use of a unique 
digital type error cancellation arrangement. Referring 
to FIG. 2 one embodiment of the new converter is 
shown in simplified form in order to illustrate the basic 
difference from the analog approach illustrated in FIG. 
1 as used in the prior art. 

Referring to FIG. 2 an integrator amplifier indicated 
at A1 is arranged to receive input from an unknown 
voltage terminal 14 through an integrate switch 12 and 
integrate resistor RINT. A reference voltage indicated at 
VREF is arranged to be connected to the integrator 
amplifier A1 through a reference integrate switch S3 
corresponding to the switch 18 in FIG.1. The output of 
the integrator amplifier A1 is connected to a compara 
tor Op-Amp A2 whose output is connected to a control 
logic and clock circuit indicated at 16 in the same man 
ner as the arrangement of FIG. 1. An integrate capaci 
tor CINT is connected to the integrator resistor RINT, 
The basic differences in circuitry from the conventional 
arrangement of FIG. 1 are now described. 
The converter of the invention shown in FIG. 2 is 

provided with an offset reverse switch shown for con 
venience as an electromechanical multiple pole switch 
S1A through S1F. The switch is controlled by the con 
trol logic 16 and is arranged to effectively reverse the 
polarity of offset which can be attributed to integrator 
amplifier A1. The switches S1A and S1B are connected 
to the inverting input of the integrator amplifier A1 
while the switches S1C and S1D are connected to the 
non-inverting input of the amplifier A1. The other side 
(movable contact) of switch S1A is connected to the 
integrate resistor RINT. The movable contacts of 
switches S1B and S1C are connected together and to 
common or ground. The other terminal (movable 
contact) of switch S1D is connected to the integrate 
resistor RINT. Switch S1E is connected between the 
output of the integrator amplifier A1 and the inverting 
input of the comparator Op-Amp A2. Switch S1F has 
its stationary contact connected to the non-inverting 
input of comparator A2. The other movable contact of 
switch S1F is connected to the output of the integrator 
amplifier A1 through an inverter or Gain -i operator 
26 which serves to invert the output of the integrator 



Re. 34,428 
5 

amplifier A1. A comparator zeroing loop is shown con 
nected from the output of the comparator A2 through 
the zeroing resistor RZERO, through comparator zero 
ing switch S2 and integrate resistor RINT. The zeroing 
switch S2 is controlled by the control logic 16. As it is 
closed switches 12 and 18 are opened to isolate the 
comparator zeroing loop from the unknown and refer 
ence inputs. 

Referring to the offset reverse switch S1, it will be 
seen that as it is shown in FIG. 2 switch S1A is in its 
normally closed position, switch S1B is in its normally 
open position, switch S1C is in its normally closed posi 
tion and switch S1D is in its normally open position. 
Referring to switches S1E and S1F, switch S1E is in its 
normally closed position while switch S1F is in its nor 
mally open position. Upon actuation of switch S1 the 
positions are reversed. In the actuated position switch 
S1A is open, S1B is closed, S1C is open, S1D is closed, 
S1E is open and S1F is closed. 
The effect of actuating the offset reverse switch S1 is 

to reverse the connections to the inverting and non 
inverting input of the integrator amplifier A1 and to 
re-route the output of that amplifier through the in 
verter or Gain -1 stage 26. The purpose of the inverter 
or Gain - 1 stage 26 is to provide a compensating phase 
inversion at the output of the integrator amplifier A1 to 
permit its input to be reversed. 

Referring to FIG. 3 there is an illustration of the 
waveforms which result from the unique operation of 
the A/D converter according to the invention. In this 
Figure the voltage across the integrate capacitor CINT is 
plotted against time. The time scale is divided into eight 
segments indicated as T1 through Ts illustrating two 
cycles or samples. In the timing sequence illustrated in 
FIG. 3 time period T1 is an initialization period which 
establishes the comparator zero crossing level. This 
time period is somewhat analogous to the prior au 
tozero state except that one offset storage capacitor has 
been eliminated. This time period is used to permit the 
integrate capacitor CINT to acquire an initial charge 
equal to the comparator offset through switch S2 which 
is closed at this time by the control logic 16. The settling 
time necessary to establish a comparator zero is an 
order of magnitude shorter than is the settling time of 
the prior art which relied on a two time constant au 
tozero loop involving an integrator zeroing capacitor in 
addition to the integrate capacitor. Such conventional 
operation has been discussed herein in relation to FIG. 
1. 

Referring to FIG. 3 the first integrate interval T2 
starts from the comparator initialization level. During 
T2 the input VIN applied to the integration resistor 
RINT through switch 12 is effectively added to the offset 
Eos of the integrator amplifier A1. For the following 
discussions of FIGS. 2 and 3, it is assumed that during 
time interval T2, the closed contacts of switch S1 are as 
shown in FIG. 2. For the purpose of understanding the 
slope changes shown in FIG. 3, it is also assumed that 
Eos causes the A1(-) terminal to be more positive than 
the A1(--) terminal. During the time period T3 S1 is 
caused to switch and the offset Eos of amplifier A1 is 
reversed in polarity effectively causing Eos to be sub 
tracted from VIN. The net effect of integrating over the 
cumulative time periods T2 plus T3 where T2 is equal to 
T3 is that the total charge placed on the integrating 
capacitor CINT is identical to that charge which would 
be present if the offset Eos had been zero. That is, the 
net effect of the offset potential Eos is zero because it is 

10 

15 

20 

25 

30 

35 

45 

50 

55 

65 

6 
self-cancelling. The average charging current of the 
integrate capacitor CINT over periods T2 and T3 is a 
function of the level of the analog signal VIN substan 
tially unaffected by the level of the offset voltage Eos. 
This addition and subtraction of the integrator amplifier 
offset voltage EOS to the integrated VIN is illustrated in 
FIG. 3 by an exaggerated change in slope of the inte 
grated signal for purposes of clarity. 
The offset reverse point which occurs at the transi 

tion from time period T2 to time period T3 is indicated 
at REV. As stated, the control is designed so that the 
reverse point occurs exactly halfway through the pre 
determined integrate cycle established by the controller 
16. Thus the integrate capacitor CINT is charged for 
one-half of the predetermined time period with a cur 
rent which is a function of the level of the analog signal 
VIN and the level of the error signal Eos. The capacitor 
CINT is charged for the remainder of the predetermined 
period with a current which is a function of the level of 
the analog signal and the invert of the error signal Eos 
so that the capacitor reaches a level of charge which is 
a function of the level of the analog signal VIN substan 
tially unaffected by the level of the error signal Eos. As 
is customary with conventional A/D converters, the 
total integrate time is chosen as a multiple of both 50 
and 60 Hz line cycle periods to eliminate power line 
frequency interference. 

Following the conclusion of the integrate time peri 
ods T2.--T3 the integration or de-integration of the ref. 
erence signal VREF occurs as indicated at time period 
T4. During this reference integrate period the time 
count of T4 will be in error by the ratio of EOS to EREF. 
At this time the reference integrate switch 18 is closed, 
the integrate switch 12 is open, and the switches S1B 
and S1D are closed. Switches S1A and S1C are open. 
The reverse switch S1 is reversed at the mid cycle of 
T2.--T3 but is not reversed at the transition between T3 
and T4. Thus the same offset Eosis applied during both 
T3 and T4. This creates the effect of rotating the slope of 
both the T3 and T4 ramps in a clockwise direction. The 
change in slope of the T3 ramp is offset by the opposite 
change in the slope of the ramp during T2. The error 
which would be caused by this change in the ramp 
during T4 is eliminated according to the invention as 
follows. 
Following T4 there is an optional hold indicated by 

Ts to permit maintaining a synchronous system relative 
to the 50 or 60 Hz line. At the end of the hold period Ts 
a second sample cycle of integration of VIN commences 
as indicated at time period T6. During this time the 
offset voltage Eos is applied in the same direction as 
during time periods T3 and T4. This is opposite to its 
polarity during the initial integration time period T2 in 
the first cycle. At the end of time period T6 the revers 
ing switches S1 are reversed to again reverse the polar 
ity of application of EOS. During time period Ts 
switches S1A, S1C and S1E are open while switches 
S1B, S1D and S1F are closed. At the commencement of 
time period T7 and continuing through T8 the switch is 
reversed so that switches S1A, S1C and S1E are closed 
and switches S1B, S1D and S1F are open. The slope of 
the integrate and de-integrate ramps during T7 and Ts 
are modified accordingly in a counter clockwise direc 
tion. The slope of the de-integrate ramp representing 
the integration of the VREF now defines a time period 
T8 which is in error by exactly the same amount as 
previously occurred during T4 but in the opposite direc 
tion. As a result the error is cancelled. 
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The preferred form of analog-to-digital converter of 
the invention utilizes two minor cycles to provide maxi 
mum correction for offset error. This involves summing 
of at least two cycles and may be advantageously incor 
porated in the type of summing circuit disclosed in 
assignee's U.S. Pat. No. 4,556,867 issued Dec. 3, 1985. It 
will be obvious that cycles in addition to two may be 
summed and that the resolution of the digital indication 
will be improved in proportion to the number of cycles 
summed. Means may be provided for correcting the 
accumulated total from multiple counts as described in 
detail in said U.S. Pat. No. 4,556,867. 
The effect of this novel methodology and arrange 

ment according to the invention is illustrated in the 
following mathematical analysis: 

T - VIN Eq. 1 
T2 + T3 VREF -- EOS 

-- VIN Eq. 2 
T6 - T, T V REF -- EOS 

Ts -- VIN 

Ts--T, VREF-Eos 

Solving for (T4--T8), where K = (T2.--T3)=(T6--T7) 

3 2 KVN Eq 
--- WREF 

1-(fi) 
In many practical dual slope converter designs the 

offset voltage Eos is on the order of 10 millivolts and 
the reference voltage VREF is one volt. From equation 
3 it can be calculated that the resulting measurement 
error from these typical values is only 0.01% of reading. 
Further, that error can nearly always be corrected by 
an initial scale factor calibration adjustment which is 
needed in any event to account for other component 
tolerance effects. A still further advantage of the 
method and apparatus is that troublesome low fre 
quency semiconductor noise of the integrator amplifier 
is reduced due to translation of the noise spectrum to a 
higher frequency band than that utilized in prior dual 
slope implementations. The noise is moved to a higher 
frequency due to effectively chopping each signal inte 
grate phase at its midpoint. 

Referring to FIG. 4 there is shown a second and 
preferred embodiment of the invention. In that Figure 
there is shown a first amplifier A1 in an integrator Op 
Amp circuit which includes an integrate capacitor 
CINT and integrate resistor RINT. A comparator Op 
Amp A2 is connected across the integrate capacitor 
CIN rand has its output connected to control logic and 
clock 28. A comparator zeroing loop comprising resis 
tor 30 and switch 32 are connected from the output of 
the comparator amplifier A2 to its inverting input. A 
high impedance buffer amplifier A3 is connected be 
tween the input of the integrator amplifier A1 and the 
unknown voltage input terminal 14 to which the volt 
age VIN is connected for measurement. It will be under 
stood by those skilled in the art that it is desirable to 
utilize a high impedance buffer at the input of the inte 
grator amplifier to avoid undesirable loading. The prior 
art circuit of FIG. 1 is shown without such an amplifier 
for simplicity of illustration and description. However, 
it will be understood that in normal practice such a 
buffer amplifier would be utilized. 

(T4 - Ts) = 
Eos 
VREF 
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In FIG. 2 there was described an embodiment of the 
invention wherein a digital type cancellation of integra 
tor offset was achieved in a digital manner. According 
to the arrangement and method of that embodiment of 
the invention this was achieved by in effect reversing 
the input connections to the integrator amplifier while 
inverting its output. The embodiment of the invention 
illustrated in FIG. 4 provides for digital type cancella 
tion of integrator and buffer amplifier offsets in a modi 
fied manner which permits elimination of the inverter 
or Gain - 1 Op-Amp 26 used in the embodiment of the 
invention illustrated in FIG. 2. 

According to the preferred embodiment of the inven 
tion illustrated in FIG. 4 there is provided in conjunc 
tion with the amplifier A1 and amplifier A3 an array of 
switches to achieve what may be termed an amplifier 
interchange or swap. According to this embodiment of 
the invention the switching array is actuated by the 
control logic 28 to affect a chopping of the integration 
ramp during the integration of the unknown voltage as 
is illustrated in FIG.3 and was described in conjunction 
with the embodiment of the invention of FIG. 2. This 
switching has the effect of reversing or interchanging 
the positions of the amplifiers A1 and A3 at the time of 
the reversal shown in FIG. 3 at REV. 

Referring to FIG. 4 it will be seen that amplifier A1 
is provided with a three pole double throw switch S4A, 
B and C. The amplifier A1 and its switches S4A, B and 
C constitute switching array 34. Similarly amplifier A3 
is provided with a three pole double throw switch S5A, 
B and C. This switch with amplifier A3 comprises the 
switching array 36. The movable contact of the switch 
S4A is connected to the inverting input of the amplifier 
A1 while the movable contact of the switch S4B is 
connected to the non-inverting input of amplifier A1. 
The output of amplifier A1 is connected to the movable 
contact of switch S4C. The amplifier A3 and its switch 
S5 are similarly connected. Thus switch S5A has its 
movable contact connected to the non-inverting input 
of amplifier A3 while the switch S5B has its movable 
contact connected to the inverting input of amplifier 
A3. The output of amplifier A3 is connected to the 
movable contact of switch S5C. The normally closed 
contact of switch S5C as shown in FIG. 4 is connected 
to the integrate resistor RINTwhich in turn is connected 
to the normally closed contact of switch S4A feeding 
the inverting input of amplifier A1. The integration 
resistor RINT is connected to the integration capacitor 
CINT at the summing point indicated at P. The normally 
closed contact of switch S4C is connected to the other 
terminal of the integration capacitor CINT and to the 
non-inverting input of the comparator A2. 
The various fixed contacts of the switches S4 and S5 

are interconnected by leads or connections 38, 40, 42, 
44, 46 and 48 through a suitable interchange or swap bus 
indicated at 50. It will be seen that with the switches S4 
and S5 in the positions indicated in FIG. 4 the input of 
amplifier A3 is connected through SSA and the inte 
grate switch 12 to the input terminal 14. The inverting 
input of amplifier A3 is connected through switch SSB 
and feedback switch 52 to the output of amplifier A3 
through switch S5C. This output is connected to the 
integrating resistor RINT through the hold switch 54 
which is in a closed position. These switch positions 
effectively configure A3 as a unity gain, high impe 
dance, buffer amplifier. 

Similarly, the switch positions indicated in FIG. 4 
effectively configure A1 as an integrating amplifier 
whose time constant equals (RINTXCINT). 
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The integration resistor RINT is connected to the 
inverting input of amplifier A1 through switch S4A. 
The non-inverting input of the amplifier A1 is con 
nected to common or ground through switch S4B. The 
output of amplifier A1 is connected through switch S4C 
to the integrate capacitor CINT and to the non-inverting 
input of the comparator Op-Amp A2. In this configura 
tion the integrating capacitor CINT will charge during 
the time period T2 illustrated in FIG. 3 with the offset 
voltages of amplifiers A1 and A3 being applied in a first 
direction. This will continue at the ramp slope indicated 
during T2 until the reversal REV. At the time of rever 
sal and transition from time period T2 to time period T3 
the switches S4 and S5 reverse and integrate switch 12 
remains closed. The effect of actuation of the reverse 
switches S4 and S5 is to effectively interchange or swap 
the positions of the amplifiers A1 and A3. 

Integrating capacitor CINT will continue charging 
through a circuit extending from the input terminal 14 
through integrate switch 12, lead 38, interchange bus 
50, switch S4A, non-inverting input of amplifier A1 
(now acting as a buffer amplifier), output of amplifier 
A1, switch S4C, lead 48, interchange bus 50, lead 48, 
hold switch 54, integrate resistor RINT, summing point 
P and integrate capacitor CINT. The amplifier A3 at this 
time is connected as an integrate amplifier with its non 
inverting input connected through switch S5A to lead 
44, interchange bus 50, and lead 44 to input common or 
ground. Its inverting input is connected through switch 
S5B, lead 42, interchange bus 50 and lead 42 to summing 
point P so that the amplifier is in a high gain state to act 
as the integration amplifier. Conversely the amplifier 
A1 has its non-inverting input connected through 
switch S4B, lead 38, interchange bus 50 and lead 38 so 
that it now performs as a unity gain high impedance 
buffer. 
With this interchange of amplifiers A1 and A3 at 

REV the charging of the integration capacitor CINT 
continues but at a different ramp slope. The interchange 
of the amplifiers A1 and A3 has placed their offset 
voltages on opposite sides of the integration resistor 
RINT and summing point P. As a result their effect on 
the rate of charge of the integration capacitor in time 
frame T3 is opposite with respect to each amplifier to 
that which it had during the time period T2. The result 
is a digital type cancellation of the effect of the offset 
error voltage of the amplifiers A1 and A3. 
At time period T4 the integrate switch 12 opens, the 

reference integrate switch 18 closes and the amplifier 
switches S4 and S5 remain in the position opposite to 
that shown in FIG. 4. Application of the VREF voltage 
now causes de-integration as shown by the downward 
ramp in time period T4 in FIG. 3. During this time 
period the amplifier A1 is still acting as a buffer ampli 
fier while amplifier A3 is in the integration amplifier 
configuration. Cross-over or completion of the de-inte 
gration is detected by the comparator A2 and the previ 
ously described hold period of Ts occurs as switches 18 
and 54 are opened. 
At the commencement of time period T6the amplifier 

switches S4 and S5 remain in the same position which is 
opposite to that shown in FIG. 4. Switches 12 and 54 
close to institute a new charge cycle for the integration 
capacitor CINT. The charge occurs through the amplifi 
ers A2 and A3 in the same interchanged position just 
described for time periods T3 and T4. This results in 
creation of the ramp shown in time period Tsin FIG. 3. 
The net system offset (due to amplifiers A1 and A3) at 
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10 
this time is the same as it was during time periods T3 and 
T4 in the first cycle. 
At the reversal point REV the amplifiers A1 and A3 

are again interchanged through actuation of the ampli 
fier switches S4 and S5 so that those switches return to 
the position indicated in FIG. 4. The amplifier A3 is 
now again acting as a unity gain high impedance buffer 
amplifier and amplifier A1 is acting as a high gain inte 
gration amplifier. The respective offset voltages of the 
two amplifiers have now again been moved to opposite 
sides of the summing point P so that the effect on the 
slope of the charging ramp is reversed as shown in the 
time period T7 in FIG. 3. This state continues until 
transition between time periods T1 and T8 whereupon 
switch-over to reference integration or de-integration 
occurs as indicated in time period Ts in FIG. 3. The 
amplifier switches S4 and S5 remain unchanged during 
this transition from T7 to T8 and the slope of the de-inte 
grate ramp as seen in FIG. 3 is different than the corre 
sponding ramp during time period T4. 
The offset voltages act in exactly opposite and can 

celling polarities in time frames T4 and Ts to effect 
substantial cancellation of the reference de-integration 
offset voltages during the occurrence of two cycles. 
The operation of this embodiment is accordingly pursu 
ant to equations 1 through 3. The embodiment of the 
invention illustrated in FIG. 4 thus achieves the same 
digital type cancellation of amplifier offset as the em 
bodiment of FIG. 1 but eliminates the necessity for the 
inverter Op-Amp 26. It will be understood that the 
actuation of the various switches is performed under 
control of the control logic 28 via a switch drive line 
bus 56. 

Referring to FIG. 5 there is shown a further pre 
ferred embodiment of the invention capable of perform 
ing the same offset cancellation of the embodiments of 
FIGS. 2 and 4 but with simplified switching circuitry. 
According to the embodiment of the invention illus 
trated in FIG. 5 switching is provided to interchange or 
reverse connection of the integrating capacitor without 
the necessity for electrical interchange of the buffer and 
integrator amplifiers. This requires somewhat less 
switching circuitry and is advantageous in that regard. 

Referring to FIG. 5 there is shown an A/D converter 
comprising an integrator amplifier A1, comparator A2 
and buffer amplifier A3. The buffer amplifier A3 has its 
non-inverting input connectible to the unknown voltage 
input terminal 12 through switch S6 and is connectible 
to common or ground through switch S7. The output of 
buffer amplifier A3 is connectible to the integration 
resistor RINT and into a feedback loop through switches 
S8A and B respectively. The feedback loop from the 
output of buffer amplifier A3 to its inverting input may 
also be closed through switch S16. 
The integrator amplifier A1 has its inverting input 

connected to the integrating resistor RINT and has its 
non-inverting input connectible through switch S9 to 
unknown voltage input terminal 12. The non-inverting 
input of amplifier A1 is also connectible through switch 
S10 to common or ground. The reference voltage 
VREF is connectible to the non-inverting inputs of the 
buffer and integrator amplifiers A3 and A1 through 
switches S11 and S12 respectively. 
The integrating capacitor CINT is connectible across 

the inverting input and the output of the integrating 
amplifier A1 in a first direction through switches S13A 
and B and in an opposite direction through switches 
S14A and B. The terminals of the integrating capacitor 
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CINT are directly connected to the inputs of comparator 
A2. The output of comparator A2 is connected to a 
zeroing circuit comprising switch S15 and resistor 
RZERO. The output of the comparator is also connected 
to the control logic in the manner described in connec 
tion with the preceding embodiments of the invention. 
The operation of this embodiment of the invention 

effectuates integration and de-integration and chopping 
of the integrate phase to achieve the error cancellation 
in the manner illustrated by the wave forms in FIG. 3. 
Referring to FIGS. 3 and 5, the integration period T2 is 
initiated with switches S6, S13 A and B, S10 and S8A 
and B closed. All other switches are open. In this con 
figuration the unknown voltage is inputted to the non 
inverting input of buffer amplifier A3 and then con 
nected through switch S8A to the integrating resistor 
RINT and integrating capacitor CINT through switches 
S13A and B. The integrating capacitor in turn is con 
nected from the inverting input of the integrating ampli 
fier A1 to its output through switches S13A and S13B. 
The integrating capacitor CINT charges as shown in 
FIG. 3 during period T2. At this time the signal or 
unknown voltage causes current to flow through the 
integrating resistor RINT into the integrating capacitor 
CINTin a first direction. Also the offset voltages of the 
integrating and buffer amplifiers A1 and A3 cause cur 
rent flow in a first direction. The total current flow 
caused by the signal to be determined and the offset 
voltages determines the slope of the ramp during the 
time period T2 in FIG. 3. At the mid point REV of the 
capacitor charging cycle the previously closed switches 
S6, S10 and S13A and B are opened and switches S9, S7 
and S14A and B are closed. 
With the circuit disposed in this configuration the 

unknown voltage at terminal 12 is inputted directly to 
the non-inverting input of amplifier A1 and causes a 
reversal of the unknown signal current flow in integrate 
resistor RINT. However this reversal is not seen by the 
integrate capacitor CINT with respect to the unknown 
signal current because the connection of the capacitor is 
reversed with respect to the amplifier A1. On the other 
hand the current flow due to the amplifier offset volt 
ages is reversed at the summing point P so that the 
effect of such offset voltages is cancelled during the 
integrate cycle occurring during time periods T2 and T3 
and T6 and T7. The reversal of the current flow due to 
the offset voltages during periods T4 and T8 is cancelled 
by totalling the result of two cycles as discussed previ 
ously and as analyzed in the foregoing equations 1-3. 
Comparator zeroing is accomplished during the time 

period T by closing the switch S15 while switches 
S13A and B are closed and switches S8A and B are 
open. Similarly the hold time period Ts is effected by 
opening switches S8A and B and simultaneously closing 
S16 in order that A3 by maintained in a closed-loop 
configuration. 
The method and apparatus of the invention may be 

used in a wide variety of applications as will be apparent 
to those skilled in the art. FIG. 6 illustrates in simplified 
diagrammatic form a digital indicating instrument utiliz 
ing the improved A/D converter of the invention. Re 
ferring to that Figure there is seen a dual slope integra 
tor and switching array 60 having connections for an 
analog voltage VIN to be measured and a reference 
voltage VREF. The integrator provides an output to a 
comparator 62 which is connected to a control logic 
and clock unit 64 in the manner described in connection 
with the preceding embodiments of the invention. The 
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12 
clock pulses occurring during the de-integrate cycles 
for at least two consecutive cycles are counted and 
stored in the sample counter and these are then accumu 
lated or summed in accumulator 68 as described for 
example in assignee's U.S. Pat. No. 4,556,867. The accu 
mulator 68 provides an input to a decoder and numeric 
display 70 which produces a visible digital indication of 
the analog input VIN. 

It will be apparent from the foregoing that there is 
provided by the invention an improved integrating 
A/D converter and method of conversion wherein 
error signal is eliminated or minimized in digital fashion. 
The invention may be embodied in other specific 

forms without departing from the spirit or essential 
characteristics thereto. The present embodiments are 
therefore to be considered in all respects as illustrative 
and not restrictive, the scope of the invention being 
indicated by the appended claims rather than by the 
foregoing description, and all changes which come 
within the meaning and range of equivalency of the 
claims are therefore intended to be embraced therein. 

I claim: 
1. An integrating analog-to-digital converter com 

prising amplifier means for integrating coupled to im 
pedance means for providing an impedance; means for 
connecting an analog signal to said amplifier means to 
cause current flow to said impedance means for 
providing impedance for a predetermined time period to 
cause the potential across said impedance means for 
providing impedance to vary between a first level and a 
second level dependent on the value of said analog 
signal; means to provide a digital output signal which is 
a function of the difference between said first and sec 
ond levels; said amplifier means having associated 
therewith amplifier offset potential which affects the 
difference between said first and second levels for a 
given predetermined time period; switching means for 
reversing the a relative polarity of said amplifier 
offset potential with respect to said impedance 
means for providing impedance during a portion of said 
predetermined time period; said amplifier offset poten 
tial during said portion of time during which it is re 
versed affecting said difference between said first and 
second levels in a direction opposite to which said an 
plifier offset potential affects said difference between 
said first and second levels when it is not reversed, 
whereby the net affect of said amplifier offset potential 
on said difference in said first and second levels over a 
given predetermined time period is substantially can 
celled. 

2. An integrating analog-to-digital converter accord 
ing to claim 1 wherein said means to provide a digital 
output signal comprises means to reduce the potential 
across said impedance means for providing impedance 
from said second level to said first level and provide a 
digital signal representative of the time required to re 
duce said potential from said second level to said first 
level; said amplifier offset potential affecting said time 
to reduce said potential from said second to said first 
level; said switching means including means to reverse 
the relative polarity of said amplifier offset potential 
with respect to said impedance means for providing 
impedance during consecutive cycles of decreasing the 
potential across said impedance means for providing 
impedance from said second level to said first level 
whereby the effect of said amplifier offset potential on 
said time to reduce said potential from said second to 
said first level is substantially self-cancelling in a sum 
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mation of said digital signal provided from two said con 
secutive cycles of decreasing the potential across said 
means for providing impedance, 

3. A converter according to claim 2 wherein the 
potential across said impedance means for providing 
impedance is decreased from said second level to said 
first level at a first rate during a first cycle and is re 
duced at a second different rate during a second cycle 
during which said relative polarity of said offset poten 
tial with respect to impedance is reversed during the 
reduction of said potential from said second to said first 
level. 

4. A converter according to claim 2 including means 
for summing said digital signal provided from consecu 
tive cycles of decreasing the potential across said im 
pedance means for providing impedance from said sec 
ond to said first level to provide said digital output 
signal. 

5. A converter according to claim 1 wherein the 
portion of said predetermined time period during which 
the relative polarity of said amplifier offset potential is 
reversed with respect to said impedance means for 
providing impedance is equal to substantially one-half 
said predetermined time period. 

6. A converter according to claim 1 wherein the 
potential across said impedance means for providing 
impedance increases at a first rate during a first portion 
of said predetermined time period and at a second dif 
ferent rate during the remainder of said predetermined 
time period. 

7. A device according to claim 1 wherein said means 
to reverse the relative polarity of said amplifier offset 
potential with respect to said impedance means for 
providing impedance comprises switching means to re 
verse the input connections to said amplifier means, and 
means to invert the output of said amplifier means dur 
ing said portion of said predetermined time period. 

8. A converter according to claim 1 wherein said 
amplifier means comprises a buffer amplifier means 
and an integrator amplifier means; said impe 
dance means for providing impedance being connected 
across an input of said integrator amplifier means 
and its output; and a resistor means connected be 
tween said input of said integrator amplifier means 
and the output of said buffer amplifier means; said 
switching means including means for interchanging said 
buffer amplifier means and said integrator amplifier 
means during said portion of said predetermined 

time period. 
9. A converter according to claim 1 wherein said 

amplifier means includes buffer amplifier means and 
integrator amplifier means; said impedance 
means for providing impedance being connected from an 
input to said integrator amplifier means and to the 
output of said integrator amplifier means; and a 
resistor means connected between the output of said 
buffer amplifier means and said impedance 
means for providing impedance; said switching means 
including means for reversing the connections of said 
impedance means for providing impedance to said 

input and output of said integrator amplifier means 
during said portion of said predetermined time period. 

10. A converter according to claim 1 including com 
parator means connected to said impedance means 
for providing impedance for providing an output signal 
when the potential across said impedance means for 
providing impedance is reduced from said second level to 
a predetermined level, and means for zeroing said com 
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14 
parator means prior to the commencement of a said 
predetermined time period. 

11. An integrating analog-to-digital converter con 
prising: amplifier means for integrating coupled to ca 
pacitor means for providing capacitance; analog signal 
input means for inputting an analog signal; control 
means for: (a) connecting said analog signal input 
means for inputting an analog signal to said capacitor 
means for providing capacitance for a first predetermined 
period of time to cause a first current to charge said 
capacitor means for providing capacitance, said first 

current being a function of the level of said analog 
signal and the level of error signal in said amplifier 
means, and (b) connecting said analog signal input 
means for inputting an analog signal to said capacitor 
means for providing capacitance for a second predeter 
mined period of time to cause a second different current 
to charge said capacitor means for providing capaci 
tance, said second current being a function of the level 
of said analog signal and an invert of the level of error 
signal in said amplifier means, whereby the average 
charging current over the first and second predeter 
mined periods of time is a function of the level of said 
analog signal substantially unaffected by the level of 
said error signal; and means to provide a digital output 
signal which is a function of said average charging 
Current. 

12. An integrating analog-to-digital converter ac 
cording to claim 11 wherein said means to provide a 
digital output signal includes means responsive to said 
control means to discharge said capacitor means for 
providing capacitance at the termination of said first and 
second predetermined time periods of time; said 
capacitor means for providing capacitance discharg 

ing at a rate which is a function of the charge in said 
capacitor means for providing capacitance and said 

level of error signal; and said control means being effec 
tive to cause at least two cycles of charge and discharge 
of said capacitor means for providing capacitance and 
to cause said capacitor means for providing capaci 
tance to discharge at a first current in a first of two 
consecutive cycles and at a second different current in a 
second cycle following said first of two consecutive 
cycles, the first current being a function of the charge of 
said capacitor means for providing capacitance and 
the level of said error signal and the second current 
being a function of the charge of said capacitor 
means for providing capacitance and an invert of the 
level of said error signal, and said digital output means 
providing a digital signal which is being a function 
of the charge of said capacitor means for providing 
capacitance substantially unaffected by the level of said 
error signal. 

13. A dual slope analog to digital converter compris 
ing amplifier means for integrating coupled to capaci 
tor means for providing capacitance; means for connect 
ing an analog signal to said amplifier means to cause a 
current which is a function of the level of said analog 
signal to charge said capacitor means for providing 
capacitance for a predetermined time period; means for 
connecting a reference signal to said amplifier means to 
cause a constant current to discharge said capacitor 
means for providing capacitance for a time period which 
is a function of the charge stored by said capacitor 
means for providing capacitance during said predeter 
mined time period; said amplifier means having offset 
potential associated therewith, said offset potential af 
fecting said charging current and said discharging cur 
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rent; and switching means to reverse the direction of 
effect of said offset potential on the charging current 
during the charging of said capacitor means for pro 
viding capacitance so that the capacitor means for 
providing capacitance is charged at a first higher rate 
during one portion of said time period and at a second 
lower rate during a second portion of said time period 
such that the average charging current is substantially 
unaffected by said offset potential, and means for 
providing a digital output signal which is a function of 
said charge by said capacitor means for providing 
capacitance during said predetermined period of time. 

14. A dual slope analog-to-digital converter accord 
ing to claim 13 wherein said switching means includes 
means to reverse the direction of effect of said offset 
potential on the discharge current of said capacitor 
means for providing capacitance during consecutive cy 
cles of discharge such that the average discharge cur 
rent for consecutive discharge cycles of said capaci 
tor means for providing capacitance is substantially 
unaffected by said offset potential. 

15. A dual slope analog-to-digital converter accord 
ing to claim 13 wherein said switching means includes 
means to reverse the direction of effect of said offset 
potential on the sum of the time periods to discharge 
said capacitor means for providing capacitance during 
consecutive discharge cycles. 

16. A method of analog-to-digital conversion com 
prising the steps of: 

charging a capacitor for substantially one-half of a 
predetermined time period with a current which is 
a function of the level of an analog signal and the 
level of an error signal; 

charging said capacitor for the remainder of said 
predetermined time period with a current which is 
a function of said level of said analog signal and the 
invert of the level of said error signal so that said 
capacitor reaches a level of charge which is a func 
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tion of said level of said analog signal substantially 
unaffected by the level of said error signal; 

discharging said capacitor at a rate which is a func 
tion of a reference voltage; and 

producing a digital signal which is a function of the 
time required to discharge said capacitor. 

17. A method of analog-to-digital conversion com 
prising the steps of: 

charging a capacitor for substantially one half of a 
first predetermined time period with a current 
which is a function of the level of an analog signal 
and the level of an error signal; 

charging said capacitor for the remainder of said 
predetermined first time period with a current 
which is a function of said level of said analog 
signal and the invert of the level of said error signal 
so that said capacitor reaches a level of charge 
which is a function of said level of said analog 
signal substantially unaffected by the level of said 
error signal; 

discharging said capacitor at a first rate of discharge 
which is a function of a reference voltage and the 
level of said error signal; 

charging said capacitor for substantially one-half of a 
predetermined second time period with a current 
which is a function of the level of said analog signal 
and the level of said error signal; 

charging said capacitor for the remainder of said 
predetermined second time period with a current 
which is a function of said level of said analog 
signal and the invert of the level of said error signal 
so that said capacitor reaches a level of charge 
which is a function of said level of said analog 
signal substantially unaffected by said error signal; 

discharging said capacitor at a second rate of dis 
charge which is a function of said reference voltage 
and the invert of the level of said error signal; and 

producing a digital signal which is a function of the 
time required to discharge said capacitor said first 
and second times. 

k k k t 


