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[57] ABSTRACT 
An analog-to-digital converter of the ramp-integrator 
type utilizing a special technique to reduce errors due to 
offset voltages. The integrator ?rst is ramped up and 
then back to a reference level, by sequential application 
of opposite-polarity reference signals. A digital determi 
nation of net offset error then is made by comparing the 
total time of ramp-up-and-back with a fixed time period 
set by a clock generator. During the subsequent conver 
sion operation, integration of the analog signal is con 
trolled in accordance with the amount of net offset 
error so as to provide a feed-forward error correction. 
Integration is always in the same direction away from 
zero for analog signals of either polarity, thus avoiding 
the effects of discontinuity around zero input. 

43 Claims, 6 Drawing Figures 
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INTEGRATING ANALOG-TO-DIGITAL 
CONVERTER HAVING DIGITALLY-DERIVED 

OFFSET ERROR COMPENSATION AND 
BIPOLAR OPERATION WITHOUT ZERO 

DISCONTINUITY 

Matterenelosedinheavybraekets [ ] appearsinthe 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions made 
by reissue. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to analog-to-digital converters. 

More particularly, this invention relates to electronic 
converter circuitry which is adapted to provide very 
accurate conversions and which is particularly suited 
for economical manufacture utilizing integrated-circuit 
(IC) techniques. 

2. Description of the Prior Art 
Analog-to-digital converters of various types have 

been in use for many years, for exmple, to convert ana 
log measurements and the like into corresponding digi 
tal signals appropriate for processing by high-speed 
digital computers, for activating digital display devices, 
and so on. Converters of the so-called successive ap 
proximation type have found extensive use, particularly 
in interfacing with digital computers. There also has 
been considerable use of converters using electronic 
ramp-signal integrators with clockpulse timing devices 
for producing a digital count corresponding to the mag 
nitude of an analog signal. In one such integrator-type 
converter, sometimes referred to as a single-ramp con~ 
verter, a known reference voltage is integrated, while a 
counter counts clock pulses, until the integrator output 
equals the analog signal; the number of counts is pro 
portional to the ratio of the analog signal to the known 
reference voltage, and the analog signal thus can readily 
be determined. 
There are still other integrator-type converters 

which carry out multiple (successive) integration ramps 
during each conversion. In one converter, as shown for 
example in 11.8. Pat. No. 3,051,939, the unknown analog 
signal is connected continuously to the integrator input, 
and a known reference signal of opposite polarity is 
connected intermittently to the integrator input so as to 
produce a saw-tooth wave (i.e. ramp-up, ramp-down) at 
the integrator output; by properly controlling the appli 
cation of the reference signal, the ratio of the ramp-up 
to ramp-down times can be used to determine the mag 
nitude of the unknown analog signal from the known 
reference signal. 

In another such converter, as shown for example in 
US. Pat. No. 3,316,547, the unknown analog signal is 
applied, without any reference signal, to the integrator 
input and the integrator is activated for a ?xed time 
determined by operating a clock counter to full-scale; 
the analog signal then is disconnected from the integra 
tor input and replaced with a reference signal of oppo 
site polarity to ramp the integrator back to the zero or 
start level; the counter reading when the zero level is 
reached indicates the time required to return to the zero 
level and thereby represents the ratio of the unknown 
analog signal to the reference signal. Still another multi 
ramp converter, shown in US. Pat. No. 3,678,506, oper 
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2 
ates through three successive ramp-slope phases, so as 
to obtain a particular ramp-rate when passing through 
the zero level at the end of the conversion cycle. 
There are still other types of converters in general 

use. For additional information, reference may be made 
to “Electronic Analog/Digital Conversions,” by H. A. 
Schmid (Van Nostrand Reinhold, 1970). 

Prior analog-to-digital converters are known to have 
a variety of signi?cant disadvantages. For example, 
converters with relatively high accuracy are too costly 
for many applications. Other less-costly converters 
provide inferior performance capabilities, particularly 
error drift with changes in ambient temperature. Cer— 
tain converter designs also are inappropriate for inte 
grated-circuit manufacture, in part because they require 
substantial proportions of certain analog-type circuitry 
which cannot be produced so readily in IC chip format 
as can digital-type circuitry. Typical commercially 
available converters also are not well suited for han 
dling bi-polar input signals because they require the 
integrator to be able to ramp both in the positive as well 
as the negative direction with respect to the start level, 
depending upon the polarity of the analog input signal; 
this discontinuity at zero level tends to create additional 
errors and involves the use of special circuitry adding to 
the cost of the converter. 

SUMMARY OF THE INVENTION 

In one exemplary embodiment of the present inven 
tion, to be described in detail hereinbelow, there is pro 
vided an analog-to-digital converter of the electronic 
integrator type having a number of desirable features. A 
particularly advantageous feature is that of providing a 
very accurate conversion from a voltage (or current) to 
a digital count in the presence of a signi?cant net offset 
voltage error in the converter circuitry. 

In accordance with one aspect of the invention, the 
integrator ?rst is operated through a preliminary condi 
tioning cycle, comprising successive up-and-down inte 
grations of a reference signal, in order to derive a timed 
digital measure of the net offset voltage. The results of 
this preliminary conditioning cycle are then employed 
to control the integrating action during the subsequent 
signal-integrating cycle, illustratively by controlling the 
time of integration of the unknown analog signal. It has 
been found that application of this principle can reduce 
substantially the errors normally encountered in con 
ventional integrator-type converters, both with respect 
to zero stability and, where required, with respect to 
gain stability. 

In accordance with another aspect of the invention, 
the integrator is operated so as to carry out integration 
only on one side of a predetermined datum voltage 
level, e.g., circuit ground. The functioning of the con 
verter is the same for input analog signals of either 
polarity, and no special means need be provided for 
sensing the input polarity and switching the converter 
circuitry accordingly, as in conventional bipolar con 
verters of the dual-slope type. This single-sided integra 
tion operation is carried out in such a way that the ramp 
approach to, and intersection with, the datum level 
always is from the same direction (i.e., polarity), and 
always at the same slope. The conversion operation is 
started in response to the detection of the integrator 
output crossing the zero line, or datum level, from that 
same direction and slope. This arrangement reduces 
errors resulting from variations in response time to the 
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converter components, especially that of the compara 
tor used as a zero-crossing detector. 

In general terms, the present invention proceeds on 
the principle of compensating for potential conversion 
errors by controlling the "timing" of certain events, 
rather than by use of the typical analog-type compensa 
tion techniques of conventional converters. This timing 
of events is determined digitally, and, as is well known, 
high precision is inherently achievable by the use of 
digital techniques, as compared with analog techniques. 
The disclosed embodiment particularly provides signi? 
cantly superior freedom from the effects of comparator 
response time and integrator response time, i.e. the time 
required for the integrator to change from a linear ramp 
in one direction to a linear ramp in the opposite direc 
tion. 

Accordingly, it is a general object of the present 
invention to avoid or certain disadvantages of 
prior art analog-to-digital converters such as described 
above. A speci?c object of this invention is to provide 
converters having high performance capabilities and 
which can be manufactured at reasonable cost. Other 
objects, aspects and advantages of the invention will in 
part be pointed out in and in part apparent from, the 
following description considered together with the 
accompanying drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram showing the overall ar 
rangement of a converter in accordance with this inven 
tion; 

FIG. 2 is a timing diagram showing the time relation 
ships between various events and signals occurring 
during a typical conversion operation; 
FIG. 3 is a schematic diagram showing details of the 

Sequence Control Logic Unit; 
FIG. 4 is a schematic diagram showing details of the 

Control Timer Unit; 
FIGS. 5 and 6 are timing diagrams illustrating the 

manner in which the output count is developed. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring now to FIG. 1, the exemplary converter 
embodying this invention comprises three principal 
operating components. At the top is an Integrator Unit 
generally indicated by the dashed-line box 10 and in 
cluding suitable switching means for directing signals to 
an electronic integrating circuit as will be described. 
The various switches are operated by signals from a 
Sequence Control Logic Unit 12, which cooperates 
with a Control Timer Unit 14. Both of these control 
units receive clock pulses from a conventional clock 
oscillator 16. 
The unknown analog signal X is applied to an input 

terminal 20 at the Integrator Unit 10. The output digital 
signal is developed at the Sequence Control Logic Unit 
on an output terminal 22, as a series of clock pulses 
corresponding in number to the magnitude of the ana 
log signal. The polarity of the analog signal is indicated 
by a binary signal on an adjacent output terminal 24. 
The Integrator Unit 10 includes two operational am 

pli?ers A1, A2, with the latter serving as an integrating 
circuit 26 by virtue of its negative feedback circuit com 
prising a capacitor C1 which cooperates with an input 
resistor R3 to provide a desired RC integrating time 
constant. 
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4 
Ampli?er A2 delivers on output line 28 a ramp signal 

having ramp rate (slope) proportional to the ampli?er 
input signal, and a ramp direction determined by the 
effective input polarity. 
The overall operation of the converter can perhaps 

best be understood by reference ?rst to the timing dia 
gram of FIG. 2. At the top of the diagram is a graphical 
representation 30 of the output voltage of the integrat 
ing circuit 26 during conversion of positive and nega 
tive analog signal to corresponding digital numbers. 

Prior to the beginning of the conversion cycle, the 
integrator output 28 is held at a positive voltage of 
arbitrary level Es. Various means can be used for this 
purpose, and, as one example, there is shown a resistor 
R4 which is connected by a switch 32 between the am 
pli?er output and a series network of resistors R|, R2, 
R 3 leading to circuit ground. With a ?xed positive refer 
ence voltage E connected to the non-inverting input 
terminal of ampli?er A2, and the inverting-input termi 
nal connected to the junction betwen R3 and R4, the 
ampli?er output will be held ?xed at a positive value of 
Es which is less than B. 
To begin a conversion cycle, conventional means 

(not shown) are activated to apply a starting pulse SP to 
a start-control line 40 (FIG. 1). Referring also to FIG. 3, 
this pulse activates initializing means to reset (or set) the 
pertinent control circuit ?ip-?ops (hereinafter referred 
to as FFs) to predetermined initialized states, and to 
activate the conversion cycle. The detailed initializing 
functions of pulse SP include resetting ?ip-?ops FF2 
through FF8, setting FF9 and FF10, and resetting the 
FFs formed by gates G17/G18 and 624/625. 
With G17/G18 reset, the output line HS goes LOW 

to open switch 32 and release the integrator circuit 26 
for ramp action. Since FFS and FF6 also are reset, gate 
G13 produces a HIGH signal RS to close one of the 
integrator input switches 42 to connect the reference 
voltage E to the non-inverting input of buffer ampli?er 
Al (FIG. 1). With the inverting input of the ampli?er 
connected to the junction between R] and R1, having 
equal ohmic resistances, the buffer output voltage will 
be 2B. This voltage is directed through input resistor 
R3 to the inverting input of ampli?er Al (the non 
inverting input of which remains held at E). Thus, as 
shown in FIG. 2, the output of A2 ramps down (i.e., in 
a negative direction) from Es at a rate proportional to 
(—E+e), where e is the net offset voltage for the inte 
grating circuitry. This ramp-down is referred to as 
“phase 0." 

Referring again to FIG. 3, the integrator output sig 
nal on line 28 is directed to the non-inverting input of an 
ampli?er A3 arranged as a comparator, with its invert 
ing input grounded. When the integrator ramp-down 
signal reaches ground potential (Er in FIG. 2), the com 
parator develops a “compare” signal to serve as a “start 
signal” SS to begin the conversion cycle at the start 
time To. 
The ?rst part of the conversion cycle comprises a 

pre-conditioning sequence wherein the integrator cir 
cuit 26 is operated through two successive time periods, 
without the analog signal as an input, for the purpose of 
establishing the total offset error then present in the 
integrator circuitry. In more detail, the start signal SS is 
applied to gate G12 the HIGH output of which is di 
rected through gate G14 to set FF6. (Note: The outputs 
of G9 and G16 do not go high at this time, because 
control signals A and C are both low.) The setting of 
FFS produces a HIGH signal ZS which closes input 
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switch 50 so as to ground the positive input terminal of 
ampli?er A1. Thus the ampli?er output goes to zero, 
and integrator ampli?er A2 thereby receives a net posi 
tive input voltage E producing a positive (up) ramp as 
indicated in FIG. 2. 
The slope of this up-ramp is proportional to (E+e), 

where e is the het offset voltage for the integrating 
circuitry. This up-ramp is continued for a predeter 
mined, ?xed period of time established by K clock 
pulses. As indicated on the graph 30 (FIG. 2), this ?rst 
conditioning time period is referred to as phase 1. 
When the clock oscillator 16 has produced K pulses 

following time To, the Control Timer Unit 14 develops 
(by means to be described below) a timing control pulse 
TCPl, signifying the end of phase at a time identi?ed as 
T1. TCP! is directed through line 52 (FIG. 3) to FF2, 
causing its output A to go high. (The outputs of FF3 
and F F4, i.e., control signals B and C, remain low at this 
time.) The LOW-to-HIGH transition of control signal 
A resets FF6, making ZS go LOW and RS go HIGH. 
Thus, integrator input switch 50 now opens, and input 
switch 42 closes to apply the reference voltage E to the 
positive terminal of ampli?er A1. The circuit conditions 
thus are like those during phase O, and the integrator 
output on line 28 ramps back towards the original 
datum level Er. This ramping occurs at a slope propor 
tional to (—E+e), and the ramp-down time period is 
referred to as phase 2. 
The Control Timer 14 produces a second control 

pulse TCP2 at a time T2 corresponding to 2K clock 
pulses after the start time To. If the offset error e is 
negative, the integrator output on line 28 would already 
have reached the reference voltage Er at this time T1, if 
e is positive, the down-ramp would still be above the 
datum level at T1, as shown in FIG. 2, and would con 
tinue until the datum level is reached at T3. The time 
difference between T2 and T3 (referred to as n clock 
pulses) is an indicator of the magnitude of the net offset 
voltage. If T; is before T3, n is positive, and if T; is after 
T3, n is negative. 
During phase 2, the output of gate G8 will be LOW 

and the output of gate G10 will be HIGH. Thus, when 
the integrator output reaches the reference level Er, the 
resulting “compare” signal causes the output of gate G9 
to go HIGH (the outputs of gates G12 and G16 remain 
ing LOW). The HIGH output of G9 sets FFS, making 
switch signal XS HIGH and switch signal RS LOW. 
This opens switch 42 and closes switch 60 to connect 
the unknown analog signal X to the positive input of the 
buffer ampli?er A1. The ampli?er output will be 2X 
and this voltage is directed to ampli?er A2 (through 
input resistor R3) along with the reference voltage E. 
Since E is chosen to be larger than 2X, for full-scale 
input, the integrator 26 will now ramp up, at a rate 
proportional to (El-2X +e). 

This up-ramp time period for integrating the analog 
signal X is referred to as phase 3, and continues until the 
occurrence of timing pulse TCP3 at T4. The level of 
integrator output at time T4 re?ects the magnitude of 
the signal. If X is zero, the integrator output level at T4 
will be some intermediate value L0 (see graph 30, FIG. 
2) determined by the magnitude of the reference volt 
age E. If X is positive, the integrator output level will be 
some lower value L1, and if X is negative, the integrator 
output level will be some higher value L2. In any case, 
the integrator output level L always will be positive 
with respect to the datum level Er. It is this characteris 
tic which provides a bipolar input capability without 
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6 
requiring integration in both directions away from the 
datum level. 

In certain popular prior art converters of the so 
called dual-slope type, an integrator is arranged to se 
lectively integrate in either direction away from a 
datum level, in order to handle input signals of either 
polarity, i.e., bipolar inputs. In such converters, the 
integrator output at the end of integration directly cor 
responds to the magnitude of the input signal, and a 
digital output can be derived by counting the time 
(clock pulses) required to integrate back to the datum 
level while using a known reference signal (of selected 
polarity) as the integrator input. 

It will be apparent from the above discussion of the 
new converter described herein that it functions in a 
distinctly different manner. It should particularly be 
noted that in this new converter the integrator output 
level L does not correspond directly to the magnitude 
of X, as a consequence of the special arrangement pro 
viding for single-polarity (single-direction) integration 
for input signals of either polarity. Although the inte 
grator output level L does not correspond directly to X, 
it nevertheless does contain a signal component repre 
senting the magnitude (and polarity) of X, and it has 
been found that this signal component can readily be 
extracted from the integral output level L to develop 
the desired digital output, in a manner now to be de 
scribed. 
For this purpose, the integrator circuit 26 is activated 

at time T4 to ramp back (phase 4) to the datum level, at 
a ramp rate proportional to (—E+e), i.e., at the same 
rate as during phase 0 and 2. Simply measuring the 
number of clock pulses during ramp back, or digitally 
determining the ratio of the ramp-back time to ramp-up 
time, as in conventional converters, will not provide the 
desired digital output number. Instead, in accordance 
with a further aspect of the present invention, a time 
period T4-T5 is established, equal to period Tz-T4, and 
the digital output is derived by counting the number of 
clock pulses N occurring between the time (T6) that the 
integrator output crosses Er, and the time of occurrence 
of the last timing control pulse TCP4 at T5. The polar 
ity of N (i.e., the polarity of X) is indicated by which of 
these two events occurs ?rst. If T6 occurs before T5, N 
is positive; if T5 occurs after T6, N is positive. 

In accordance with particularly signi?cant aspects of 
the present invention, the converter is operated in such 
a way that this digital number N will always provide a 
highly accurate representation of the magnitude of the 
analog signal X, even in the face of a signi?cant offset 
error voltage e. In general terms, this result is achieved 
by controlling the integration action to which X is sub 
jected (phase 3), in accordance with the error signal n 
determined in phases 1 and 2. Speci?cally, in the dis 
closed embodiment, this is effected by automatically 
adjusting the length of the phase 3 integration time 
period in accordance with the immediately preceding 
determination of n.' 

In one version of the embodiment described herein, 
the phase 3 integration time period is controlled in a 
simple fashion by presetting the Control] Timer Unit 14 
so as to produce TCP3 at a time (T4) which is 3K clock 
pulses after To, and to produce TCP4 at a time (T5) 
which is 4L clock pulses after To. Thus, with such an 
arrangement, the complete conversion operation can be 
viewed as comprising four equal-duration time periods 
(I, II, III, IV) following the start time To. (However, it 
should be noted that the conversion operation actually 
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may not be completed until after the end of the last time 
period IV, i.e., with a negative input signal X.) These 
four equal-spaced time periods can be developed quite 
readily by using as the TCP pulse generator a straight 
forward divide-by-K counter to produce a control pulse 
every K clock pulses. 

Since with such an arrangement, all of the time peri 
ods I, II, III and IV are pre-set (?xed), it will be appar 
ent that the time of integration of X, during phase 3, is 
a simple subtractive function of n. That is, X will be 
integrated (along with E) for a time period equal to 
(K-n), thereby automatically adjusting the period of X 
integration in accordance with n. It can be shown that 
automatically adjusting the integration action in such 
fashion compensates with exceptional precision for zero 
offset errors, and also compensates quite well for gain 
offset errors. 
A still further improvement in performance, particu 

larly with respect to gain stability, can be achieved by 
automatically controlling the durations of time periods 
III and IV in accordance with the number n, while 
leaving the time periods I and II ?xed. More speci? 
cally, this improvement can be achieved by controlling 
the occurrence of TCP3 and TCP4 such that the peri 
ods III and IV are equal in duration to (K+n2) clock 
pulses, instead of K as in the ?rst-described version. It 
can be shown that such a control action reduces sub 
stantially any variation in output number N caused by a 
change in the effective offset errors of the converter. 
Illustrative means for so controlling the respective third 
and fourth time periods III and IV will be described 
hereinbelow, together with a description of exemplary 
circuit means used to carry out the ?nal phases of the 
conversion and produce the digital count N. 

Returning now to the detailed description of the 
preferred embodiment, and referring again to FIG. 3, 
the TCP2 pulse (at T2) causes control signal B to go 
HIGH, and the subsequent TCP3 pulse (at T4) causes C 
also to go HIGH, so that signals A, B and C are all 
HIGH at the end of phase 3. Thus, the output of gate 
G11 goes LOW, resetting FFS to turn OFF switch 
signal XS and turn ON switch signal RS. Accordingly, 
the integrator again reverses direction and starts a 
down-ramp (phase 4) with a slope (e-E). 

With control signal C HIGH, the output of gate G8 is 
HIGH and the output of gate G10 is LOW. Therefore, 
when the integrator output reaches the datum level 
(Er), the outputs of gates G17 and G16 both will go 
HIGH. This will set FF6 via gate 14 and will also set 
the FF formed by G17/G18, thus turning on both ZS 
and HS to restore the integrator output to its initial 
state, Es. 
The output of G19 goes HIGH when TCP4 occurs at 

time T5, and the output of gate G17 goes HIGH when 
the comparator produces its compare signal when the 
integrator signal crosses the datum level Er. Whichever 
comes ?rst will cause the output of gate G20 to go 
LOW. When both G17 and G19 go HIGH, the output 
of gate G21 goes LOW. 
The output of G20 is directed to the D-input of FF9 

which is clocked on the HIGH-to-LOW transition of 
the clock pulse. Thus the Q output of FF9 goes HIGH 
on the ?rst negative clock pulse transition after G20 
goes LOW, thereby enabling gate G23 so as to produce 
on output terminal 22 a series of clock pulses represent 
ing the desired digital number. These clock pulses will 
continue until the ?rst negative clock transition after 
both TCP4 and the zero-crossing compare signal (at T6) 
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have occurred. At this instant, O output of FF10 goes 
HIGH, thus resetting FF9 via gate G22, and terminat 
ing the output count. The number of clock pulses N 
delivered to output terminal 22 during this period corre 
sponds to the magnitude of X. 
The polarity of the analog signal X is indicated on 

output terminal 24, in accordance with whether the 
integrator output crossed Er before or after TCP4. The 
compare signal activates gate G16, and its HIGH out 
put clocks FF7 which thereupon samples the state of 
control signal A (at the time T6). If TCP4 has not yet 
occurred, control signal A will still be HIGH, and the 
output of FF7 will be HIGH, indicating a positive po 
larity. If TCP4 has already occurred, control signal A 
will have gone LOW, and the output of FF7 corre 
spondingly will be LOW, indicating negative polarity. 

It may be noted that F F9 and FF10 serve to synchro 
nize the asynchronous ?ring of the comparator A3. For 
all inputs, positive or negative, this circuit provides 
round-up at the half-digit level. For example, for inputs 
of magnitude less than I LSB, no output count will 
result. If the input is just greater than I LSB, one com 
plete output pulse will occur. FIGS. 5 and 6 are timing 
diagrams illustrating the behavior of the circuit for 
positive and negative inputs. The “conversion com~ 
plete” STATUS signal from FF10 in all cases occurs 
after a complete output-count pulse-train has been is 
sued. 
To avoid jitter in the LS8 of the conversion, the 

clock phase should advantageously be synchronized 
with the start of the conversion. To this end, the FF of 
G25/G26 is set by the output of gate G12, thus restart 
ing the clock oscillator in phase with the conversion 
cycle. The clock FF is reset by the STATUS signal at 
the end of conversion. 

FIG. 4 shows the circuit details of the Control Timer 
Unit 14 arranged to develop the timing control pulses 
TCP1, etc., as previously described. This unit includes 
two cascaded counters 70 and 72. The ?rst is a conven 
tional binary counter, here shown as consisting arbitrar 
ily of 6 bits. The following counter 72, which may 
count in any convenient code, is provided with a corre 
sponding decoder 74 to produce HIGH outputs when 
ever the count is either the number R or the number 
R-l. 

Starting with both counters cleared, the second 
counter 72 receives an input pulse from the ?rst counter 
70 every 26 clock pulses. Thus “Count=R” goes HIGH 
every 26><R clock pulses. When “Count-=R” goes 
HIGH, the output of gate G3 goes HIGH to cause the 
output of gate G4 also to go HIGH. This occurs on a 
HIGH-to-LOW clock pulse transition, as indicated by 
the symbols at the clock input of counter 70. 
On the next LOW-to-HIGH clock transition, the Q 

output of FF1 goes HIGH to produce the TCP1 pulse 
and reset both counters 70 and 72 via gate G7. This in 
turn removes the “Count: R" signal from gates G3, G4 
and the D input of FF1. 
On the next LOW-to-HIGH clock pulse transition, 

the Q output of FF1 again will go LOW, allowing the 
count to resume. Thus, after a further R X 26 pulses, FF1 
will produce TCP2. 

It will be apparent that, in this mode, the counters 70 
and 72 operate as a simple divide-by-K counter, with 
K=26X R, so as to de?ne equal-duration time periods I 
and II, referred to previously. If the counters were 
allowed to continue in this mode, two further identical 
time periods III and IV would be de?ned by TCP3 and 
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TCP4. As noted hereinabove, the error correction pro 
vided by such uniform-time-period operation is quite 
good, and this approach has the advantage of needing 
only relatively simple counter circuitry. 
However, to achieve even superior error correction, 

the time durations of period III and IV advantageously 
are controlled in accordance with the error count de 
veloped during periods I and II. To this end, and refer 
ring again to FIGS. 2 and 3, at the time T3 (i.e., the time 
when the integrator output returns to Er), the compare 
signal from comparator A3 causes gate G9 to develop a 
“Load Error" signal on a line 78 leading to.the Control 
Timer Unit 14. Now, returning to FIG. 4, it may be seen 
that this signal, on its LOW-to-HIGH transition, acti 
vates an Error Register 00 to load into that register the 
number then contained in the binary counter 70. The 
Register 80 also receives at P an additional binary bit 
indicating the error polarity at T3, as indicated by the 
condition of control signal B on line 82. 

If the control signal B is HIGH at this time (T 3), the 
error is positive, and the number loaded from the 
counter 70 will be the number n. This number is loaded 
into Error Register 80 shifted one bit towards the LSB, 
i.e., the 21 bit of the counter becomes the 20 bit of Regis 
ter 80, and so on. Accordingly, the number in the 
counter is divided by two, so that Error Register 80 
contains the number n/2. 

Because at this time the control signal B is HIGH, 
gate G3 is disabled by the output of gate G6, and gate 
G1 is also disabled by the output of Gate 5. Thus neither 
of gates G1 or G3 can be activated under these condi 
tions to control FFl for producing TCP3 and TCP4. 
Instead, control of FF] is exercised by gate G2, in re 
sponse to the output of an Equality Comparator 84 and 
the “Count=R” line from decoder 74. 

Equality Comparator 84 compares the contents of the 
Error Register 80 (i.e., the number 11/2) with a digital 
number comprising the five least significant bits of the 
number in binary counter 70. After the “Load Error” 
signal previously referred to, the counter 70 will con 
tinue counting through its normal range of 26XR clock 
pulses. An “equality” HIGH signal will be produced by 
Comparator 84 each time the number n/2 is passed 
during this counting, but gate G2 will not turn on be 
cause “Oount=R" is not also HIGH at these times. 

Ultimately, at 26XR clock pulses, “Count=R" will 
go HIGH. The contents of the binary counter 70 will at 
this instant be zero, since a carry from this counter just 
occurred, so that the equality signal from Comparator 
84 will be LOW. A?er a further n/2 clock pulses, the 
number in counter 70 will be n/2, and the “equality" 
signal will go HIGH. This HIGH signal, together with 
the HIGH “Count: R" signal, turns gate G2 on. This in 
turn causes the output of gate G4 to go HIGH, so as to 
produce TCP3 from FFl, and reset the counters 70 and 
72 which thereupon operate through an identical se 
quence to produce TCP4. Accordingly, it will be appar 
ent that in this mode of operation, the counters 70 and 
72 effectively divide the clock frequency by (K+n/2), 
thus producing time periods III and IV in accordance 
with the requirements speci?ed hereinabove. 

In the event that phase 2 is completed before the 
occurrence of TCP2, i.e., if the integrator output 
reaches Er prior to the end of time period II, the error 
signal It will be negative. Under these conditions, the 
durations of the third and fourth time periods III and IV 
should be shortened, rather than lengthened. For such a 
negative error correction, the logic circuitry is arranged 
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10 
to use gate G1 to turn on FF! and produce TCP3 and 
TCP4, gates G2 and G3 being deactivated in this 
mode. 

Since in this case, the control signal B will still be 
LOW when the Load Error signal is developed on line 
78, the P bit loaded into the Error Register 80 will be 
LOW, and the output of gate G5 will be HIGH to 
activate one of the inputs to gate G1. Another of the 
inputs to gate G1 is connected to the MSB (25) of the 
binary counter 70, and thus this lead will go HIGH after 
32 clock pulses during each count cycle of 64 pulses. A 
third input to gate G1 is the “Count=R-l” line from 
decoder 74, which goes HIGH during the last 64 clock 
pulses before counter 72 reaches a count of R. A fourth 
input to gate G1 is the control signal B, which will go 
HIGH upon the occurrence of TCP2, as described 
above, terminating the second time period II. The ?nal 
input to gate G1 is the “equality” signal from Compara 
tor 84. 
The number loaded from the counter 70 by the Load 

Error signal is the actual binary count at that instant. 
For a negative error, this number, in normal binary 
notation is not the actual error. However, it should be 
noted that the number loaded into the Error Register 
80, if considered as a binary 2's complement number, 
does represent the desired error signal. Taking advan 
tage of that fact, the control circuitry is so arranged 
that, when a negative error has been indicated by the 
control signal B being LOW at the time of Load Error 
signal, it will develop the timing control pulse TCP3 at 
a time which is prior to the completion of the full count 
of 2‘X R by an amount equal to the difference between 
the number loaded into Register 80 and the full count 
number. That is, as will be apparent from the discussion 
below, the circuits function as a divide-by-(K —n/2), 
counter. 
To provide an illustrative example, consider that the 

Error Register 80 is loaded with binary number 11011 
(as shown in parenthesis in FIG. 4). This number, con 
sidered as 2's complement, is —5 (thus indicating that 
five additional counts are needed to reach zero). After 
loading this number, the counters continue to operate, 
passing through 26XR (whereupon TCP2 is produced 
and control signal B goes HIGH), and starting over 
again so as to count into the next time period III. After 
26 (R-l) clock pulses, the “Count=R-1” lead will go 
HIGH at the input to gate GI. After a further 32 clock 
pulses, the MSB lead (25) will go HIGH. Thus, at this 
point in time, all of the gate G1 inputs are HIGH except 
for the "equality" lead from Comparator 84. This equal 
ity signal goes HIGH 27 clock pulses after the MSB 
lead goes HIGH, i.e., 5 clock pulses prior to the full 
Z‘XR count. Stated somewhat differently, gate G1 
output goes HIGH after a total number of clock pulses 
(beyond TCP2) equal to: 

When the output of gate G1 goes HIGH, FFl is 
activated in the usual way to produce TCP3. The 
counters 70 and 72 then are reset, and proceed through 
an identical sequence to produce TCP4 such that time 
period IV is equal in duration to the (shortened) time 
period III. 

In summary, the Control Timer Unit 14, as shown in 
FIG. 4, operates to lengthen or shorten the intervals 
T2-T4, T4-T5 (and T5—T6) such as to reduce to minimal 
levels the effects of drift of ampli?ers Al, A2, the com 
parator A3, and ifesistors R}, R2. This is achieved in an 
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implicitly digital manner, without the problems of con 
ventional analog-type drift correct circuitry. In addition 
to correcting for dc errors, the arrangement described 
also minimizes errors due to response characteristics in 
the comparator and ampli?ers, as previously discussed 
hereinabove. 
The digital output on terminal 22 consists of a train of 

clock pulses corresponding in number to the analog 
input signal. This output signal can be used with any 
convenient counter to totalize the number of pulses. By 
using the start pulse SP to reset the totalizing counter, 
the number reached by that counter when the STATUS 
output goes HIGH is a correct representation of the 
analog signal, independently of whether the counter 
counts on positive or negative count transitions, as indi 
cated by FIGS. 5 and 6. 

DETAILED THEORY OF OPERATION 

Set forth below, as an aid to understanding certain 
features of the present invention, is a mathematical 
analysis presently believed to be representative of the 
relations between the various important elements and 
parameters of the disclosed apparatus. This analysis 
refers to the various instants of time (T 0, T|, etc.) and 
time periods identi?ed hereinabove, with particular 
reference to graph 30 of FIG. 2. To summarize the 
pertinent instants of time: 

= 0: The instant of time when actual 
conversion starts. 
The instant of time de?ned by a 
Timing Counter having counted 
Kl clock pulses of period *t. 
starting at t = 0. 
The instant of time de?ned by the 
Timing Counter having counted 
2Kl clock pulses since starting at 
t = 0. 

The instant of time when the 
Comparator signals that reference 
level Er has (again) been reached. 
The instant of time when the 
Timing Counter signals that 2K1 
+ K2 clock pulses have been 
counted. 
The instant of time when the 
Timing Counter signals that 2K1 
+ 2K2 clock pulses have been 
counted since t = 0. 

The instant of time signaled by the 

T0 at t 

T| at t KlAt: 

T1 at t = ZKlAt: 

Téatt = (2K1 + 2K2 - 

N)At: 
Comparator having reached the 
reference level for the third and 
?nal time. 

Note: T3 may occur before or after T4, similarly T6 may 
occur before or after T5. N and n, which therefore may 
be positive or negative are shown as positive in the 
above listing and on FIG. 2. 
The conversion consists of the sequential integration 

of 3 separate signals, which are: 

Where E is a reference voltage (or current), X is the 
unknown voltage (or current) to be converted, and e 
represents the unavoidable circuit offset voltage (cur 
rent). 

THE CONVERSION SEQUENCE 

Phase 1 
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Phase 1 consists of integration of signal U over the 

interval To-T1. 
Phase 2 

Phase 2 consists of integration of signal V over the 
interval T|-T3. At the end of Phase 2 we can write the 
following equation: 

7'1 
I Udr + 
To 

Er+ 

which by substitution for previously de?ned parameters 
becomes: 

Phase 3 consists of integration of signal W over the 
interval T3-T4. Phase 4 

Phase 4 consists of integration of signal V over the 
interval T4-T5. At the end of Phase 4 we write the 
following equation: 

T4 T6 
Er+ j Wdr+ fVdt=Er 

T3 T4, 

which by substitution for previously defined parameters 
becomes: 

I (E - X - e) dt + 

(2K1 + n)At 
(2K1 + 2K2 — MA! 

I (-E + e)dt = 0 

Integrating, substituting for n from Eq. 1, and solving 
for N, we get: 

Eq. 2 

For the simplest implementation we make Kl =K2=K. 
i.e., the Timer Counter is a simple divide-by-K counter. 
Eq. 2 becomes: 

+4K(a2+2a3=3rr4+. . .) Eq. 4 

Now a=e/E can by adjustment be made equal to zero 
at room temperature. Also by proper design the error 
term can be bounded over all normal operating temper 
atures such as to keep e/E sufficiently small. Then a 
term a2 would be very much smaller than a term a, and 
a term a3 would be much smaller than a term (12, and we 
might as a very good approximation write: 
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Thus, we have a linear transformation from voltage X 
to count N with gain and offset errors as shown. 

This performance of the Converter, although excel 
lent, can be greatly improved as will be shown below: 

First, by series expansion of Eq. 1, we have 

n=(a+a"+a’+. . .)2Kl when a=e/E 

which, by the arguments given previously, we can write 

nzZKla 

or 
nllzKle/E Eq. 6 

Thus, we see that at the beginning of Phase 3 of the 
conversion, we have a very good measurement of the 
error term 11, and it becomes possible to compensate for 
the gain error due to a (see Eq. 5). Now, by developing 
Eq. 2, we have: 

above; we then get: 

Using the notation a=e/E, this becomes 

which, by series expansion, becomes 

And since as previously argued we can make a very 
small, we has as a very good approximation: 

N=X/El(l(l—2a')+l(l2a’ Eq. 7 

We achieve this superior result by making 
K2=Kl(l +e/E)=Kl +Kle/E Returning to Eq. 6, we 
see that this becomes 

K2=Kl+nl2 Eq. 8 

Thus, by having an estimate of n at the end of Phase 2, 
we can modify that Timer Counter Division ratio ac 
cording to Eq. 8 for the rest of the conversion. This will 
reduce the previous gain error factor to the same level 
as the zero offset error factor. 

It should be understood that the above mathematical 
analysis presents a strictly theoretical treatment of the 
pertinent factors, and that it is necessarily based upon 
certain approximations and assumptions such as are 
noted in the analysis. Thus, although the results are 
believed to provide a validly realistic presentation of 
the converter characteristics, it must be recognized that 
in any practical embodiment of the invention actual 
performance may deviate from theoretical perfor 
mance. Accordingly, no representation is made herein 
that the above mathematical analysis is necessarily fully 
descriptive of all aspects of all types of apparatus em~ 
bodying this invention. Rather, this analysis is intended 
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to provide supplemental information to enable a better 
understanding of the manner in which the disclosed 
embodiment operates. 

It also is desired to stress that the detailed description 
hereinabove of a presently preferred embodiment is 
presented for the purpose of illustrating the invention, 
and is not to be construed or understood as limiting the 
scope of the invention to the particular circuits, devices 
and/or combinations of elements disclosed herein. To 
the contrary, it is clear that there are many different 
possible ways of carrying out or embodying the inven 
tion, and those skilled in this art are readily capable of 
selecting any of a variety of arrangements which best 
suits a speci?c application, based upon an understanding 
of the inventive concepts as disclosed above and 
claimed hereinafter. 

I claim: 
1. An analog-to-digital converter comprising: 
an integrator arranged to produce ramp signals at 

rates corresponding to the magnitude of signals 
applied to the input thereof, the ramp direction 
being determined by the polarity of the applied 
signal; 

means to condition said integrator to start integrating 
from a predetermined output datum level at a start 
time; 

means to supply reference signals of opposite effec 
tive polarity for application to the input of said 
integrator; 

clock means for producing clock pulses and succes 
sive timing control pulses following said start time; 

switch means for applying signals to the input of said 
integrator; 

?rst means to operate said switch means at said start 
time to apply to said integrator one of said refer 
ence signals in a given polarity to cause said inte 
grator to ramp away from said datum level for a 
first time period as measured by said clock means; 

second means to operate said switch means subse 
quent to said ?rst time period to apply to the input 
of the integrator one of said reference signals of 
polarity opposite to said given polarity to cause 
said integrator to ramp back towards said datum 
level during a second time period; 

a comparator coupled to the output of said integrator 
for producing a compare signal when said integra 
tor output returns to said datum level, thereby 
signalling the end of said second time period; 

third means responsive to the development of said 
compare signal at the end of said second time per 
iod for activating said switch means to apply to 
said integrator input for a third time period a com 
posite signal including one of said reference signals 
and the unknown analog signal which is to be con 
verted to a digital signal, said third time period 
being terminated upon the occurrence of a ?rst one 
of said timing control pulses; 

means operable at the termination of said third time 
period for applying to the input of said integrator 
one of said reference signals of polarity opposite to 
that of said composite signal, thereby to ramp said 
integrator output back towards said datum level 
during a fourth time period; and 

digitizing means coupled to the output of said com 
parator and to said clock means for producing an 
output digital signal representing the number of 
clock pulses occurring between the appearance of a 
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second one of said timing control pulses and the 
development by said comparator of a compare 
signal signalling the end of said fourth time period. 

2. Apparatus as claimed in claim 1, wherein said refer 
ence signals are of equal magnitude. 5 

3. Apparatus as claimed in claim 1, including means 
to produce an error signal indicating the difference in 
time between the end of said second time period and the 
occurrence of a third timing control pulse preceding 
said ?rst timing control pulse; and 
means responsive to said error signal for controlling 

the timing of occurrence of said ?rst timing control 
pulse so as to minimize the output error due to 
changes in effective gain of the converter. 

4. Apparatus as claimed in claim 3, wherein the time 5 

duration of said ?rst time period is equal to the time 
between the beginning of said second time period and 
the occurrence of said third timing control pulse. 

5. An analog-to-digital converter comprising: 
an integrator arranged to produce ramp signals at 
ramp rates corresponding to the magnitude of sig 
nals applied to the input thereof, the ramp direction 
being determined by the polarity of the applied 
signal; 

means to condition said integrator to start integrating 
from a predetermined datum level; 

means to supply reference signals of opposite effec 
tive polarities for application to the input of said 
integrator; 

clock means for producing clock pulses; 
switch means for applying signals to the input of said 

integrator; 
?rst means to operate said switch means to aply to 

said integrator one of said reference signals in a 
given polarity for a ?rst time period as measured by 
said clock means; 

second means to operate said switch means subse 
quent to said ?rst time period to apply to the input 
of said integrator one of said reference signals of 
polarity opposite to said given polarity to cause 
said integrator to ramp back towards said datum 
level during a second time period; 

a comparator coupled to the output of said integrator 
for producing a compare signal when said integra~ 
tor output returns to said datum level, thereby 
signalling the end of said second time period; 

third means to operate said switch means to apply 
signals to the input of said integrator for two addi 
tional successive time periods with the signals ap 
plied thereto being of different polarity; 

said third means including means to apply the un 
known analog signal to said integrator input during 
one of said additional time periods, and to apply a 
reference signal to said integrator input during the 
other time period; 

said third means further including means to adjust the 
duration of said one additional time period in ac 
cordance with the amount of time between the 
occurrence of said compare signal, at the end of 
said second time period, and the occurrence of a 
predetermined clock produced by said clock 
means; and 

digitizing means coupled to the output of said com 
parator and to said clock means for producing an 
output digital signal representing the magnitude of 65 
said unknown analog signal in accordance with the 
integral signal developed by said integrator during 
said one additional time period. 
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6. Apparatus as claimed in claim 5, wherein said refer 

ence signals are of equal magnitude; 
said ?rst time period being equal in duration to the 

time between the beginning of said second time 
period and the occurrence of said predetermined 
clock pulse. 

7. In an analog-to-digital converter wherein an elec 
tronic integrator is operated through a cycle of two 
successive time periods so as to ramp in one direction 
away from a datum level and then return to the datum 
level, the unknown analog signal being applied as an 
input to the integrator during at least one of said time 
periods so that the integration action during that one 
period is responsive to the magnitude of the unknown 
signal; there further being included clock means for 
determining time durations and for developing digital 
output signals responsive to the magnitude of integrated 
output produced by the integrator with the unknown 
analog signal applied thereto for a particular period of 
time; 

that improvement, for minimizing the effects of offset 
errors and the like occurring in the integrator and 
for associated circuitry, which comprises: 

means to condition said integrator to start integrating 
from a predetermined datum level at a start time; 

a source of reference signals of opposite polarities for 
application to said integrator; 

switch means for applying signals to the input of said 
integrator; 

?rst means to operate said switch means to apply a 
reference signal to said integrator in a given polar 
ity for a ?rst predetermined ?xed time period; 

second means to operate said switch means subse 
quent to said ?rst time period to apply to the input 
of said integrator a reference signal of polarity 
oposite to said given polarity to cause said integra 
tor to ramp back towards said datum level during a 
second time period; 

a comparator coupled to the output of said integrator 
for producing a compare signal when said integra 
tor output returns to said datum level, thereby 
signalling the end of said second time period; 

means operable thereafter to cycle said converter 
through said two successive time periods for pro 
ducing a digital output; and 

means for adjusting the integration action of said 
integrator during said one of said two successive 
time periods in accordance with changes in the 
length of time between the development of said 
compare signal and the end of a second predeter 
mined ?xed time period following said ?rst ?xed 
time period. 

8. Apparatus as claimed in claim 7, wherein said ad 
justing means comprises means to alter the time dura 
tion of said one of said two successive time periods. 

9. Apparatus as claimed in claim 8, wherein said un 
known analog signal is applied to said integrator during 
the ?rst of said two successive time periods; 

said adjusting means comprising means responsive to 
said compare signal for starting said ?rst of said 
successive time periods; and 

means responsive to said clock means for ending said 
?rst of said successive time periods. 

10. Apparatus as claimed in claim 9, including means 
responsive to said length of time between the develop 
ment of said compare signal and the end of said second 
?xed time period for selecting a particular clock pulse 
for ending said ?rst of said successive time periods. 
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11. Apparatus as claimed in claim 7, wherein said 
adjusting means comprising means responsive to the 
number of clock pulse occurring between said compare 
signal and the end of said second ?xed time period, 
whereby to provide a digital adjustment of the integra 
tion action. 

12. An analog-to-digital converter comprising: 
an integrator; ~ 

means to operate said integrator from a start time 
through an operating cycle comprising two succes 
sive time periods where the integrator is caused to 
ramp ?rst in one direction for a predetermined time 
duration, and then to ramp in the opposite direc 
tion; 

means to apply to the integrator input during the ?rst 
period, of predetermined duration, a reference 
signal of one polarity together with an unknown 
analog signal for a predetermined time duration; 

means to apply to the integrator during the second 
period a reference signal of polarity opposite to 
said one polarity, thereby to ramp said integrator in 
the opposite direction back towards said datum 
level; _ 

a comparator coupled to the output of said integrator 
to produce a compare signal when the output of the 
integrator returns to said datum level; 

clock means for developing a timing control pulse at 
a predetermined time subsequent to the end of said 
?rst time period; and 

digitizing means coupled to said clock means and 
controlled by said comparator output to produce a 
digital output signal representing the number of 
clock pulses between said timing control pulse and 
the occurrence of said compare signal. 

13. Apparatus as claimed in claim 12, including; 
initializing circuit means operable prior to said start 

time to set the output of said integrator at a level 
which is offset from said datum in said one direc 

tion; 
said initializing means including means to ramp said 

integrator in said opposite direction, towards said 
datum level; 

signal-producing means responsive to the output of 
said comparator when said integrator output 
reaches said datum level in response to the opera 
tion of said initializing means, to produce a start 
signal to signify the start time for said converter; 
and 

means operable by said start signal for activating said 
converter through said operating cycle. 

14. Apparatus as claimed in claim 13, including; 
pre-conditioning means responsive to said start signal 

to operate said integrator through a conditioning 
cycle preceeding said operating cycle; 

said pre-conditioning means including means to apply 
a reference signal of one polarity to said integrator 
to cause it to ramp in said one direction away from 
said datum level for one conditioning time period 
and thereafter to apply a reference signal of oppo 
site polarity to cause it to ramp back to said datum 
level in said opposite direction for a second condi 
tioning time period; and 

means responsive to the output of said comparator, 
when said integrator output reaches said datum 
level, for initiating said operating cycle. 

15. Apparatus as claimed in claim 14, wherein said 
pre-conditioning means includes means to activate the 
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function of said clock means at the beginning of said 
conditioning cycle; and 
means responsive to a particular clock pulse from said 

clock means for terminating said ?rst operating 
time period, whereby the time duration of said ?rst 
operating time period is affected by the length of 
time between said start signal and the time of said 
compare signal at the end of the second condition 
ing time period. 

16. Apparatus as claimed in claim 15, including means 
for developing an error signal responsive to the time 
difference between the occurrence of said compare 
signal, at the end of said second conditioning time per 
iod, and the end of a ?xed time period following the 
start of said second conditioning time period; and 

control means responsive to said error signal for se 
lecting the time of said particular clock pulse 
which terminates said first operating time period. 

17. Apparatus as claimed in claim 16, wherein said 
?rst conditioning-time period encompasses K1 clock 
pulses, said fixed time period thereafter also encom 
passes K1 clock pulses, and there are n clock pulses 
between the occurrence of said compare signal and the 
end of said ?xed time period; 

said control means serving to set at K1+n/2 clock 
pulses the length of said ?rst operating time period 
and the length of the period between the start of 
said second operating time period and the occur 
rence of said timing control pulse following the 
start of said second operating time period. 

18. In the art of transforming an unknown analog 
signal into a corresponding digital signal wherein a 
converter is operated through a measurement cycle 
comprising a measurement time period during which 
the unknown analog signal is applied to an integrating 
circuit to cause the integrating circuit to ramp away 
from a datum level at a ramp rate related to the analog 
signal magnitude and a clock generator is operated to 
produce a digital signal responsive to the amount of 
accumulated integration during that time period; 

the improvement for minimizing the amount of error 
resulting from offset, and the like, in the integrating 
circuit, comprising the method of operating the 
integrating circuit prior to the application of said 
unknown analog signal by: 

applying a reference signal having a given polarity to 
said integrating circuit for a ?rst preliminary time 
period to cause said integrating circuit output to 
ramp away from a datum level; 

applying to said integrating circuit during a second 
preliminary time period, following said ?rst time 
period, a second reference signal having a polarity 
opposite to said given polarity to return the said 
integrating circuit output back to said datum level; 
and 

thereafter operating said integrating circuit through 
said measurement cycle with the integration action 
thereof controlled in accordance with the length of 
time between said return of said integrating circuit 
output to said datum level and the end of a prede 
termined time period following the end of said ?rst 
time period to compensate for changes in offset 
error and the like evidenced by said length of time. 

19. The method of claim 18, wherein said integration 
action during said measurement cycle is controlled by 
adjusting the length of time of said measurement time 
period. ‘ 
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20. The method of claim 18, wherein said ?rst and 
second time periods are of pre-set (fixed) duration; 

said integration action being controlled by starting 
said measurement time period in response to the 
return of said integration circuit output to said 
datum level, and ending said measurement time 
period at a predetermined time duration following 
the end of said second preliminary time period. 

21. The method of claim 20, wherein said predeter 
mined time duration is automatically controlled in ac 
cordance with the length of time between said return of 
said integrating circuitry to said datum level and the 
end of said predetermined time period following the 
end of said ?rst time period. 

22. In an analog-to-digital converter of the type hav 
ing an integrator adapted to be ramped up-and~back in 
one polarity region with respect to a datum level by 
applying to said integrator successive signals including 
at least one reference signal and the unknown analog 
signal; comparator means coupled to the integrator 
output to detect when the output signal has returned to 
datum level; clock-pulse means for measuring time in 
tervals and developing the desired digital number; con 
trol circuit means for controlling the functioning of the 
integrator and the clock-pulse means; and means cou 
pling the output of said comparator means to said con 
trol circuit means for applying thereto a controlling 
logic signal when said integrator output reaches datum 
level at the end of said down-ramp during the conver 
sion operation; 

that improvment in said converter comprising: 
?rst means operable prior to a conversion operation 

to set the integrator output at a predetermined level 
which is offset from said datum level in the same 
polarity region as said up-and-back ramp; 

second means responsive to a start signal for causing 
said integrator output to ramp from said predeter 
mined level towards said datum level; and 

third means responsive to the output of said compara 
tor means when said integrator output reaches 
datum level while under control of said second 
means, said third means including means for initiat 
ing a conversion operation. 

23. Apparatus as claimed in claim 22, wherein said 
third means includes means to initiate a count of clock 
pulses from said clock-pulse means. 

24. Apparatus as claimed in claim 22, wherein means 
are included to produce said up-ramp by applying 
thereto said unknown analog signal and to produce said 
down-ramp by applying said reference signal to said 
integrator. 

25. Apparatus as claimed in claim 24, wherein said 
second means comprises means for applying said refer 
ence signal to said integrator to ramp the integrator 
output towards said datum level at the same ramp-rate 
as the down-ramp during the conversion operation. 

26. Apparatus as claimed in claim 22, wherein said 
third means comprises means to operate said integrator 
?rst through a pre-conversion cycle in which the inte 
grator is ramped up-and-back by successive, opposite 
polarity reference signals for the purpose of determin 
ing the net error in the system, and then to operate said 
integrator through a conversion cycle in which the 
integrator is ramped up by the unknown analog signal 
and then back to datum by the same reference signal 
applied to the integrator for producing ramp-back dur 
ing said pre-conversion cycle. 
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27. Apparatus as claimed in claim 26, wherein said 

second means includes means to apply said same refer 
ence signal to said integrator to cause it to ramp 
towards datum, whereby the ramp-back towards datum 
is always at the same rate for all functions of said inte 
grator, so as to minimize errors due to response time of 
the comparator means. 

28. In the art of transforming an unknown analog 
signal into a corresponding digital signal wherein dur 
ing a measurement cycle the unknown analog signal and 
a reference signal are eontrollably applied to an integra 
tor to cause its output to ramp ?rst in one direction 
away from a datum level and then to ramp back 
towards said datum level, there being also included 
clock-pulse means for timing the operation of the inte 
grator and for producing a digital output signal accord 
ing to time measurements indicating the magnitude of 
said unknown analog signal as reflected by the amount 
of accummulated integral during the period said inte 
grator is operated under control of said unknown ana 
log signal; 

the improved technique for reducing the amount of 
error in said output signal resulting from system 
offsets and the like comprising the method of oper 
ating said integrator through a pre-conversion 
cycle prior to said measurement cycle wherein 
reference signal means without said unknown ana 
log signal are applied to said integrator so as to 
cause the output thereof to ramp away from datum 
level and then to ramp back to said datum level to 
develop a digital measure of offset error as indi 
cated by the clock-pulse time between (1) the time 
of return to said datum level and (2) a predeter 
mined time following start of said pre-conversion 
cycle; and 

thereafter operating said integrator through said mea 
surement cycle with the integration action thereof 
controlled in accordance with said clock-pulse 
time developed during said pre-conversion cycle so 
as to alter the digital output signal in correspon 
dence to the amount of offset error. 

29. The method of claim 28, wherein said integration 
action during said measurement cycle is controlled by 
adjusting the length of time said unknown analog signal 
is applied to said integrator. 

30. The method of claim 28, wherein during said 
measurement cycle the ramp-up of said integrator is 
produced by applying said unknown analog signal to 
said integrator and said ramp-back is effected by apply 
ing a reference signal to the integrator, the digital out 
put signal being developed in accordance with the num 
ber of clock pulses between (1) the return to datum 
during said measurement cycle and (2) a reference time 
following the start of said measurement cycle; 

said integration action being controlled at least in part 
by starting said measurement cycle in response to 
the return of said integrator output to datum level 
at the end of said pre-conversion cycle, and ending 
said measurement time period at a predetermined 
time duration following the end of said pre-conver 
sion cycle. 

31. The method of claim 30, wherein said time dura 
tion is determined by said clock-pulse time developed 
during said pre-conversion cycle, whereby the integra 
tion action is controlled by adjusting both the start and 
ending times of integration of said analog signal in ac 
cordance with the digitally measured offset error. 
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32. The method of claim 30, including the step of 
automatically controlling the time duration between the 
end of said ramp-up during the measurement cycle and 
the occurrence of said reference time, in response to the 
clock-pulse time, previously determined during said 
pre-conversion cycle. 

33. The method of claim 30, wherein the ramp-up 
during said pre-conversion cycle is produced by apply 
ing a reference signal to said integrator for a ?xed per 
iod of time. 

34. A method of transforming an unknown analog 
signal into a corresponding digital signal wherein dur 
ing a measurement cycle the unknown analog signal and 
a reference signal are controllably applied to an inte 
grator to cause its output to ramp ?rst in one direction 
away from a datum level and then to ramp back to said 
datum level, there being also included clock-pulse means 
for timing the operation of the integrator and for producing 
a digital output signal according to measurements by said 
clock-pulse means of the time dt?'erence between (a) the 
time said integrator output returns to datum level and (b) 
a re?erence time, said time difference indicating the magni 
tude of said unknown analog signal as re?ected by the 
amount of accummulated integral during the period said 
integrator is operated under control of said unknown ana 
log signal, and wherein, for reducing the amount of error in 
said output signal resulting from system o?‘sets, said inte 
grator?rst is operated through a pre-conversion cycle prior 
to said measurement cycle wherein reference signal means 
without said unknown analog signal are applied to said 
integrator so as to cause the output thereof to ramp away 
from the datum level and then to ramp back to said datum 
level todevelopadigital measureofojfseterrorasindicated by 
the clock-pulse time between (I) the time of return to said 
datum level and (2) a predetermined time following start 
of said pre-conversion cycle; and said integrator thereafter 
is operated through said measurement cycle with said time 
difference being determined not only in accordance with 
the value of said analog signal applied to said integrator 
but also in accordance with said clock-pulse time devel 
oped during said pre-conversion cycle so as to alter the 
digital output signal in correspondence to the amount of 
o?'set error. 

35. The method claimed in claim 34, wherein said time 
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di?’erence is controlled by varying the integration action of 45 
said integrator during said measurement cycle in accor 
dance with the clock-pulse time developed during said 
pre-conversion cycle. 

36. The method claimed in claim 35, wherein said inte 
gration action during said measurement cycle is controlled 
by adjusting the length of time said unknown analog signal 
is applied to said integrator. 

37. Apparatus for transforming an unknown analog 
signal into a corresponding digital signal wherein during a 
measurement cycle the unknown analog signal and a refer 
ence signal are controllably applied to an integrator to 
cause its output to rampfirst in one direction away from a 
datum level and then to ramp back to said datum level, 
there being also included clock-pulse means for timing the 
operation of the integrator and ?tr producing a digital 
output signal according to time measurements by said 
clock-pulse means of the time difference between (a) the 
time said integrator output returns to datum level, and (b) 
a reference time, said time difference indicating the magni 
tude of said unknown analog signal as re?ected by the 
amount of accumulated integral during the period said 
integrator is operated under control of said unknown ana 
log signal; said apparatus comprising: 
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first means for operating said integrator through a pre 

conversion cycle prior to said measurement cycle 
wherein reference signal means without said unknown 
analog signal are applied to said integrator so as to 
cause the output thereof to ramp away from datum 
level and then to ramp back to said datum level to 
develop a digital measure indicated by the clock-pulse 
time between (1) the time of return to said datum 
level and (2) a predetermined time following start of 
said pre-conversion cycle; and 

second means for operating said integrator through said 
measurement cycle while controlling said time differ 
ence both in accordance with the value of said analog 
signal applied to said integrator and in accordance 
with said clock-pulse time developed during said pre 
conversion cycle so as to automatically adjust the 
digital output signal in correspondence thereto. 

38. In an analog-to-digital converter of the type having 
an integrator adapted to be ramped up-and-back in one 
polarigr region with respect to a datum level by applying to 
said integrator successive signals including at least one 
reference signal and an unknown analog signal; compara 
tor means coupled to the integrator output to detect when 
the output signal has returned to datum level; clock-pulse 
means for measuring time intervals.‘ control circuit means 
for controlling the functioning of the integrator and the 
clock-pulse means; and means coupling the output of said 
comparator means to said control circuit means for apply 
ing thereto a controlling logic signal when said integrator 
output reaches datum level at the end of said down-ramp 
during the conversion operation; 

that improvement in said converter comprising: 
?rst means operable prior to a conversion operation to 

o?set the integrator output from said datum level in 
the same polarity region as said up-and-back ramp; 

second means responsive to a start signal for causing said 
integrator output to ramp from its offset value towards 
said datum level,‘ and 

third means responsive to the output of said comparator 
means when said integrator output reaches datum 
level while romping from said offset value, said third 
means including means for initiating a conversion 
operation. 

39. Apparatus as claimed in claim 38, wherein the slope 
of the ramp from said offset value towards said datum level 
is equal to the slope of said down-ramp during said can ver 
sion operation. 

40. In an analog-to-digital converter of the type having 
an integrator adapted to be ramped up-and-back in one 
polarity region with respect to a datum level by applying to 
said integrator successive signals including at least one 
reference signal and an unknown analog signal; means to 
produce a start signal to initiate operation of the converter 
including such up-and-back ramp; comparator means 
coupled to the integrator output to detect when the output 
signal has returned to datum level; clock-pulse means for 
measuring time intervals; con trol circuit means for control 
ling the functioning of the integrator and the clock-pulse 
means; and means coupling the output of said comparator 
means to said control circuit means for applying thereto a 
controlling logic signal when said integrator output reaches 
datum level at the end of said down-ramp during the con 
version operation; 

that improvement in said converter comprising: 
first means operable prior to a conversion operation to 

offset the integrator output from said datum level to 
an arbitrary predetermined value in the some polarity 
region as said up-and-back ramp; 
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second means operable after said first means and respon- ror-correction function preceding said conversion opera 
sive to said start signal while said integrator output is "'0"; 
0175'" to Said predetermined value for causing said said error-correction means including means to ramp 
integrator amp“! to ramp from said "met value said integrator up-and-back in a predetermined fash 
towards said datum level; and S [on in said one polarity region; and 

third means responsive to the output of said comparator 
means when said integrator output reaches datum 
level while romping back from said offset value in 
response to said start signal, said third means includ 
ing means for initiating operation of said converter to 10 , _ _ _ 
“my out a conversion operation 43. Apparatus as claimed m claim 42. wherein the slope 

41. Apparatus as claimed in claim 40, wherein the slope ofthe down'mmp'ofsaid integrator rem‘fins ‘h? Same?’" 
of the ramp from said offset value towards said datum level (I) ‘he P'e'OPQ'a'w" down'mmpfmm said 0’ b11700’ 0195‘?! 
is equal to the slope of said down-ramp during said conver- Value- (2) the down-ramp during Said ermr-cafrection 
sion operation. 15 

42. Apparatus as claimed in claim 40, wherein said third operation 
means includes error-correction means to perform an er- ' * " v * 

means responsive to the output of said comparator when 
said integrator reaches datum level while romping 
back while performing said error-correction function. 
to initiate said conversion operation. 
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function, and (3) the down-ramp during said conversion‘ 


