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ABSTRACT OF THE DISCLOSURE 

Analog to digital conversion is effected by integrating 
an analog input potential for an interval of time deter
mined by a preselected count of a counter, then removing 
the input potential and applying a reference potential of 
polarity opposite to the input potential polarity and inte
grating this reference potential until the integral is equal 
to zero. The time required to bring the integral to zero is 
measured by the counter which is reset and re-started 
upon application of the reference potential and stopped at 
the time of zero integral. The ratio of counter count at 
zero crossing to the preselected count is a digital repre
sentation of the analog input potential. 

This invention relates to information processing and, 
more particularly, to the conversion of information in 
analog form to digital form. 

In servo and other systems, information such as posi
tion, temperature, pressure, acceleration, and other types 
is most effectively derived by analog equipment such as 
by a resolver or synchro. As an example, the particular 
orientation of a shaft may be detected by a synchro or 
resolver connected to and driven by the shaft and the out
put of such synchro or resolver is an electrical potential, 
the magnitude of which is analogous to, or proportional 
to, the position of the shaft. Depending upon the particu
lar adaptation, the analog signal may be of relatively 
constant direct potential or alternatively, it may ·be a 
potential which varies over a relatively wide range and 
be of both polarities at different times. In systems wherein 
this information requires further processing or is used in 
computations, it is often most effectively and expedi
tiously handled in digital form. Accordingly, for process
ing the analog information derived as described above, this 
requires an analog-to-digital converter. 

Many types of analog-to-digital converters are well 
known. In the most effective of these converters, costly 
ladder networks of precision resistors, expensive switches 
and relatively complex logic circuitry for controlling the 
switching and other functions, is required. Thus, the en
tire converter is too expensive for many applications. 

Accordingly, it is a principal object of this invention 
to facilitate the conversion of information in analog form 
to digital form with simple, inexpensive, effective apparatus 
and without the necessity of ladder networks, expensive 
switches, and complicated logic circuitry. 

It is another object of this invention to facilitate the 
conversion of electrical potentials to digital values cor
responding to the magnitudes of the electrical potentials. 

The novel features believed characteristic of the in
vention are set forth in the appended claims. The inven
tion itself, together with further objects and advantages 
thereof, may best be understood with reference to the 
drawings in which: 

FIGURE 1 is a block diagram illustrating the principal 
components of an analog-to-digital converter according to 
the invention, 

FIGURE 2 is a graph illustrating timing relationships 
in the circuit of FIGURE 1, and 

2 
FIGURES 3 and 3a are detailed schematic diagrams 

of the analog-to-digital converter shown in FIGURE 1. 
In accordance with this invention, an analog-to-digital 

converter is provided which includes a potential integrator 

5 to which an incoming analog potential is applied and a 
digital counting circuit. The analog potential is applied 
to the integrator for an interval of time as determined by 
the counter, preferably a full condition, that is, a maxi
mum count of the counter at which time the line of the 

10 input signal is interrupted. The counter is reset and is 
again started counting as a reference potential of a polar
ity opposite to the polarity of the input signal, as deter
mined by a polarity detector circuit, is applied to the in
put of the integrator. Thus, the absolute value of the 

15 potential of the integrator is reduced. At some instant of 
time, the absolute value of the potential of the integrator 
is reduced to zero and the polarity is reversed. A zero 
crossing detector is provided to sense the zero crossing 
and to provide an output potential in response thereto. 

20 Such a signal is effective to stop the advance of the counter 
and thus, the count of the counter in relation to the full 
count represents in digital form the analog input to the 
converter. For providing a continuous digital representa
tion of analog values, this cycle of events is caused to 

25 repeat in relatively rapid succession 
For a general description of the invention, reference 

is made to the drawings. In FIGURE 1, the construction 
of the converter is shown •generally in block form and 
includes a potential integrator in the form of an opera-

3o tional amplifier 1 with a capacitor, C, connected across its 
input and output. The integrator has three input lines con
trolled by respective switches SWl, SW2, and SW3 and 
to which are applied, respectively, the input potential, a 
positive reference potential and a negative reference po-

35 tential. A counter circuit and a logic circuit are provided 
and in the operation of the invention, switch SWl is closed 
by the logic circuitry, the counter is started and the input 
potential is integrated for a full count of the counter re-

40 quiring some time, T. This is shown in FIGURE 2 of the 
drawings for the two different polarities of input repre
sented by ErnPuT 1 and ErNPUT 2• A zero crossing detector 
is coupled to the output of the integrator to detect the 
·change in polarity of such output and a polarity detector 

45 is coupled to the output of the zero crossing detector to 
detect the polarity of the input potential. 

After the full count is reached in the counter, the 
counter full circuit senses this condition and produces a 
counter reset signal, resetting the counter. AJ.so, the logic 

50 circuitry opens switch SWl, and closes either switch 
SW2 or SW3, depending on the polarity of the incom
ing potential as determined by the polarity detector, 
to which the logic circuitry responds. That is, an input 
line having a reference potential of polarity opposite 

55 to the input polarity is applied to the integrator. Simul
taneuosly with the application of such reference poten
tial, the counter is again started. The output potential 
of the integrator therefore progressively decreases in 
absolute value as indicated by the lines indicated -EREF 

60 or +EmF in FIGURE 2 and when zero potential is 
reached, the zero crossing detector produces an output 
potential that causes the logic to stop the counter and 
open the switch in the reference line. The time required 
for this zero crossing to be reached is indicated in FIG-

65 URE 3 by times ! 1 and t2• 

Accordingly, the ratio of time t1 to T or t2 to T is a 
digital indication of the analog input potential Em. 

Referring now to FIGURE 3 of the drawings for a 
more detailed description of the invention, 10 repre-

70 sents schematically the circuit diagram of the analog- to
digital converter of this invention and includes as princi
pal components the integrator 12, the zero crossing and 
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polarity detector 14, the logic component 16, the count
er 18, the counter full detector 20, and a remote read
out unit 22. These separate components are delineated 
by dotted lines enclosing the same for clarity. 

The integrator 12 includes an operational amplifier 5 
24 having a capacitor 26 interconnecting its input and 
output terminals in a conventional manner and has three 
separate input lines 28, 30, and 32 controlled by respec
tive switches 34, 36 and 38 and being serially connected 
with. respective re·sistors 40, 42, and 44. The switches 34, 10 
36, and 38 are responsive to positive potentials to close 
and to zero potential to open. The line 28 serves as the 
input line to the analog-to-digital converter 10 and such 
input potential may be many different kinds and may 
b.e the output of units such as resolvers, synchros, and 15 
other transducers producing potentials representative of 
physical qualities of pressure temperature and others. 
It is presumed that if the transducer output is sinusoidal 
that it has already been processed to yield direct poten
tials at the input to the converter. These potentials may 20 
be of either polarity. 

The input line 30 has applied thereto a negative direct 
reference potential designated -EREF and the line 32 
has applied thereto from an external source, a potential 
designated + EREF designating a positive direct reference 25 
potential. 

The operational amplifier 24 and capacitor 26 are 
operative in a well-known manner to provide at its out
put a potential which is an integral of the potential ap
plied to its input and thus is capable of producing at 30 
its output a value which is equal to the respective in
tegrals of positive and/or negative values applied to 
the input thereof over different periods of time. 

The zero crossing and polarity detector 14 includes a 
35 zero crossing detector unit 46 which may be any one 

of various well-known kinds and as such is capable of 
producing at its output terminal a potential pulse in 
response to a change of polarity applied to the input 
thereof. For purposes of this invention, the zero cross- 40 
ing detector 46 is chosen so as to produce a positive 
output potential at times when a continuous potential 
of negative polarity is applied to its input and to drop 
to zero potential output, in response to a change from 
negative to positive polarity at its input. Also, positive 
input potential to the detector 46 results in zero output 45 

and a change of input polarity causes the output to 
become positive. 

Unit 14 also includes a trigger circuit 48 having re· 
spective outputs Q and Q, which outputs are comple· 50 
ments of each other at any instant of time. The trigger 
48 is provided with inputs Sd and Rd and is responsive 
to a zero potential at these respective gates to place the 
trjgger in respective set and reset conditions, respectively. 
The nature of this trigger is such that it remains in its 55 
set or reset state until caused to change by a zero poten
tial input at its alternate input and the application of a 
positive potential at either of these inputs causes no 
change in state thereof. In the set condition of the trig
ger, the Q output is true, that is, of a positive potential 60 
and in the reset condition, the Q output is true, that is, 
at a positive potential. The complement condition is a 
zero potential at either one of the outputs. A NAND 
circuit 50 is provided in the unit 14 and has a pair of 
inputs, one of which is connected to the output of the 65 
tzero crossing and polatity detector 46. The NAND 
circuit is of a well-known type which is responsive to 
a coincidence of positive potentials applied to its inputs 
to produce a zero potential output and is also responsive 
to a zero potential applied to either one of its inputs 70 
to produce a positive output potential. 

The logic unit l(l include~ a pair of triggers 52 and 
54 which have eomplementary oµtputs Q and Q and also 
have inputs clesignated S arid (:. Another input desig
nate~ CL for cl99k line, n:q;ive~ clock pµlses from a 75 

4 
source of any suitable type. The triggers 52 and 54 are 
responsive to positive potentials applied at either one 
of the inputs S or C to assume a particular condition of 
set or reset equilibrium in response to a coincident clock 
pulse applied when the appropriate input is conditioned. 
Thus, in response to a positive pulse applied to the S 
input of the trigger, a clock pulse occurring during 
such input causes the trigger to assume a condition 
wherein the Q output is positive and the Q output is 
substantially zero. The C inputs are grounded to pre
vent the possibility of reset potential at these inputs. 
Each of these triggers also has an Rd input responsive 
to zero potentials for resetting the trigger without the 
necessity of a clock pulse. That is to say, a zero potential 
applied to either one of the inputs Rd of these triggers 
is effective to reset the trigger whereby the Q output 
is zero and the Q output in the case of trigger 52, is 
high. A start ·signal derived from remote readout unit 
22 is applied to the S input of trigger 52 and initiating 
the operation of the circuit, a start pulse of positive 
potential is applied to this line. The Q output terminal 
of trigger 52 is connected to control switch 34. Another 
trigger 56, of the type shown at 48, is providde and has 
its resetting terminal Rd connected to a signal desig
nated master reset derived from remote readout unit 
22 and which is applied just prior to the initiation of a 
conversion operation. A NAND circuit 58 is provided 
and has its two inputs connected respectively to the Q 
outputs of triggers 52 and 56 and the output of NAND 
circuit 58 is applied to the S input of trigger 54. Thus, 
the trigger sets in response to a coincidence of a positive 
potential at this S input and a clock pulse applied at its 
CL input. The output of trigger 54 is applied to one 
input of a NAND circuit 60, the other input being 
connected to an output of another NAND circuit 62 
which, in turn, has a single input receiving clock pulses, 
designated CL. The NAND circuit 62 thus serves purely 
a·s an inverter and in circumstances wherein the output 
of trigger 54 is a positive potential, the output of NAND 
circuit 60 follows the clock pulses applied to the input 
of 62. The output of the NAND circuit 60 is applied 
to the input of the counter 18 and causes the stepping 
of the counter. 

The Q and Q outputs of trigger 56 are applied to re
spective S and C inputs of a trigger 57. The Q output of 
this trigger is applied to one of the three inputs of each 
of the NAND circuits 64 and 66 each of which has a sec
ond input connected to respective outputs Q and Q of trig
ger circuit 48 in the zero crossing and polarity detector 
unit 14 and designated CLOSE +EREF and CLOSE 
-EREF• 

The output of zero crossing detector 46 is applied to the 
single input of a NAND circuit 68 serving as an inverter 
and is also applied to one input of a NAND circuit 70. 
The output of NAND circuit 68 is applied as one of the 
two inputs of NAND circuit 72, the other being connected 
to the output Q of trigger 48. The second input to NAND 
circuit 70 is connected to the Q output of trigger 48. The 
outputs of NAND circuits 70 and 72 are joined and are 
applied to the third inputs of each of the NAND circuits 
64 and 66, to the clock line of a trigger circuit 79 and to 
the single input of a NAND circuit 76. The outputs of 
NAND circuits 64 and 66 are applied to the single inputs 
of respective NAND circuits 86 and 80 serving purely as 
inverters and the outputs of these inverters are applied to 
respective switches 38 and 36. The output of NAND cir
cuit 76 and the Q output of trigger 57 are applied to the 
two respective inputs of a NAND circuit 82 the output of 
which is connected to the line serving as the input to the 
counter 18. 

The trigger 79 is of the type commonly known as thi;; 
J-K type and has its Q output connected to its S input, it~ 
Q oµtpµt connect~d to its C input and its Ra input con, 
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nected to a signal designated START which Is a negative 
potential pulse serving to reset the trigger. This trigger 79 
thus is responsive to a negative going leading edge of a 
potential pulse applied to its clock line input to change 
state. 

The counter 18 is comprised of 10 bistable triggers of 
the J-K type at 79 and the output of the first through 
ninth of the triggers is connected to the clock line input 
of the following trigger. Thus the counter is of the binary 
type serving to count to 210. The output of each individual 
stage of the counter is connected through a cable desig
nated 84 and applied to the remote readout unit 22. This 
readout unit 22 may be of the type having provisions for 
storing the count delivered by the counter at any particu
lar instant of time and also to provide a start signal after 
such storing operation is performed. The start signal is 
applied to a start line indicated by the legend "Start" in 
FIGURES 3 and 3a. The remote readout unit 22 is also 
capable of producing a reset pulse on a reset output line 
after a storing operation is performed. 

The outputs of each of the individual stages of the 
counter 18 are also applied to the respective inputs of a 
NAND gate 190 in counter full unit 20. The NAND gate 
90 may take the form of combined NAND gates or other 
logic circuitry performing the equivalent function. The 
counter full unit 20 also includes three additional NAND 
gates 92, 94, and 96 connected in a latch type circuit 
wherein the output of NAND gate 90 is connected to one 
of the inputs of gate 92, having its other input connected 
to the output of NAND gate 94. The output of NAND 
gate 92. is connected to one of the inputs of NAND gate 
94 and the other input of this 1gate is connected to the out
put of NAND gate 96. Pulses from the clock line desig
nated OL are applied to the input of the NAND gate 96 
as indicated. The counter full unit produces a zero poten
tial, counter-full pulse at the output of NAND gate 94 
which is applied to the resetting inputs Rd of all of the 
triggers of the counter 18 and is also applied to the reset
ting inputs Rd of triggers 52 and 54 and to the setting in
puts Sd of trigger 56. The output of NAND gate 92 is 
applied as a second input to the NAND gate 50 in the zero 
crossing and polarity detector unit 14. 

A better understanding of the invention may be had 
from the following description of the operation of the cir
cuit 10. It is assumed that all electrical power is supplied 
to the respective circuits involved in the converter 10 and 
that the remote readout unit 22 is caused to supply a reset 
pulse which is applied to the counter cir-euit 18 to reset all 
of the individual stages of the counter, to trigger 48 and 

6 
comes a logical 1 and is applied to one input of NAND 
gate 60. Thus, the clock pulses applied to the input of 
NAND gate 62 are repeated at the output of NAND gate 
60 and applied to the incoming stage of the counter 18, 
causing the counter to progressively register the incoming 

5 pulses of the clock. 
The situation just described hereinabove prevails until 

the counter 18 progresses to a full count, that is, wherein 
each one of the individual stages of the counter becomes 

10 set. In such a condition, the Q outputs are all logical 1 
and being applied to the inputs of NAND gate 90 cause 
the output of this gate to assume a logical zero con
dition. It is noted that prior to the counter full condition, 
one or more of the inputs to the NAND gate 90 were 

15 at logical zero, producing a logical 1 at its output. Also, 
the clock pulses applied to the input of NAND gate 96 
cause the output of this NAND gate to alternate between 
logical zero and logical one conditions and thus also caus
ing the output of NAND gate 94 at some time to become 

20 logical one. Thus, both inputs to the NAND gate 92 
would be logical 1 causing a logical zero output and 
assuring therefore the output of NAND gate 94 to be 
logical 1. Once this condition is established, the circuit 
including the three NAND gates 92, 94, and 96 remains 

25 in this condition until a logical zero signal is applied from 
the output of NAND gate 90. Thus, as the counter full 
condition causes this logical zero output condition to 
occur, the output of NAND gate 92 causes a positive 
potential pulse to be applied to one input of NAND gate 

30 50. This pulse together with the positive potential pro
duced at the output of the zero crossing detector 46 
causes the output of NAND gate 50 to assume a logical 
zero condition causing the trigger circuit 48 to become 
set whereby its Q output becomes positive or logical 1 

35 and its Q output becomes zero or logical zero. The Q out
put of trigger 48 is also designated "CLOSE -EREF" 
indicating that a positive signal on this line is effective 
to close switch 36 applying a -EREF potential to the 
input to integrator 12. To achieve this result, all of the 

40 inputs to NAND gate 66 must be conditioned or in other 
words, at logical one conditions. The positive potential 
applied to the input of NAND gate 68 is inverted to a 
zero potential at its output and, thus, the output of 
NAND gate 72 becomes positive or a logical one. Also, 

45 the logical zero condition at Q of trigger 48 causes the 
output of NAND gate 70 to be at a positive or logical 1 
condition, thus, conditioning one of the inputs of NAND 
gates 64 and 66. 

to trigger 56· resetting each of these triggers. A suitable 50 
clock pulse such as a square wave is applied on the line 
designated CL from a source not shown and a start pulse 
from unit 22 is applied to triggers 52 and 79. The start 
pulse causes the trigger 52 to be set in response to the 
first incoming clock pulse signal after the start potential 55 
is applied and the Q output of the trigger 52 in a set con
dition of the trigger becomes positive or in terms of logic, 

The previously described positive output pulse of 
NAND gate 92 is also applied to the input of NAND 
gate 94 and together with the next inverted clock pulse 
applied to the other input of NAND gate 94 causes the 
output of this NAND gate to become logical zero and, 
thus, resetting each of the triggers 52, 54, and setting of 
the trigger 56. The set condition of trigger 56 causes 
its Q output to become logical 1, setting trigger 57. Its 
Q output becomes logical 1 to condition the second input 
of the NAND gate 66. The third input of the NAND 
gate 66 has applied thereto the "CLOSE -EREF" signal 
derived from the Q output of the trigger 48 and, thus, 

a logical 1. This causes the switch 34 to close. The start 
pulse is also effective to cause the end of conversion trig-
ger 79 to reset. The circuit 10 is effective to produce a 60 
digital output in response to either polarity of input poten
tials however, it is arbitrarily assumed that a positive di
rect potential is applied on input line 28 to be converted 
to its digital equivalent. In response to the closure of 
switch 34 and the application of a positive input potential 65 
on line 28; the integrator 12 produces a negative potential 
at the output of amplifier 24 which is applied to the input 
of the zero crossing detector 46. By the nature of the zero 
crossing detector 46, a negative potential applied at its 
input produces a positive potential at its output. 70 

The output Q of trigger circuit 52 is applied to one of 
the inputs of NAND gate 58 and because the potential Q 
is zero or logical zero, the output of NAND gate 58 is a 
logical one causing the trigger 54 to set in response to the 
next incoming clock pulse. The output Q of trigger 54 be- 75 

all three inputs to this NAND gate are conditioned where
by its output becomes logical zero and the output of 
NAND gate 80 becomes logical 1, closing the switch 36. 
The -E potential applied to input line 30 is applied to 
the input of amplifier 24 through the resistor 42. In this 
condition, the output potential of the amplifier 24 gradu
ally diminishes in absolute value towards zero and ulti
mately reaches a zero condition and crosses the zero ref
erence line. The zero crossing detector 46 senses this con
dition and its output drops suddenly from a positive value 
to a zero or logical zero value. The output of NAND 
gate 50 becomes logical 1, however, this has no effect 
on the trigger 48 which requires a zero potential at input 
Rd to reset. The logical zero output of zero crossing 
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detector 46, however, is inverted and applied to one 
input of NAND gate 72. Accordingly, both inputs to 
this NAND gate are logical 1 and its output becomes 
logical zero. This zero potential has several effects. As 
applied to trigger 79, it causes this trigger to change to 

5 the set state, producing an "end of conversion" signal at 
its Q output. Also this zero potential applied to one 
of the inputs of NAND gate 66 causes switch 36 to be 
opened to terminate the application of reference potential 
to the input amplifier 24. Still further, this zero potential 10 
is inverted by NAND gate 76 whereby both inputs to 
NAND gate 82 are logical 1 since trigger 57 is set, the 
output of NAND gate 82 is zero, applying ground to 
the input to counter 18 terminating its counting pro
gression. The count value of the counter indicates the 15 
time during which the negative direct reference potential 
was applied to the input of the integrating amplifier 24. 
Because this length of time is an indication of the time 
required for the application of this negative reference 
potential to bring the previously integrated positive input 20 
potential back to zero, it is also an indication therefore 
of the magnitude of the previous positive Input potential. 
The conditions of the individual stages of the counter 18 
are sensed by connections to the Q outputs thereof and 
applied along a cable 84 to the remote readout unit 22 25 
which may have a visual display or other recording 
device for recording the count of the counter. The end 
of conversion signal is applied to the remote readout unit 
22 to appropriately condition the circuitry of unit 22 to 
record the count of the counter 18 and to thereafter 30 
produce a reset pulse and a start pulse to again cause 
a cycle of events to occur whereby the digital equivalent 
of the incoming applied potential at another time is 
determined. Necessarily, this cycle is repeated rapidly 
a large number of times in a unit of time whereby a more 35 
accurate indication of incoming potential is determined. 

It is to be noted that the circuit 10 is also responsive 
to negative incoming potentials applied to the input line 
28 to produce a digital equivalent in the counter 18. In 
this circumstance, the output of the integrating amplifier 40 
24 would be positive, the output of the zero crossing 
detector 46 would be zero until a zero crossing point is 
achieved and at the counter full condition in this cir
cumstance, the trigger 48 is not caused to change state. 
The trigger 48 remaining reset has a positive potential 45 

at output Q and a "CLOSE + EREF" signal is derived 
whereby the switch 38 becomes closed to apply the appro
priate positive reference potential. The zero crossing of 
integrated input in this case produces a logical 1 input 50 
to NAND gate 70 and the Q output of trigger 48 produces 
the second logical input to this NAND gate whereby its 
output becomes zero. This potential has the same effect 
as described hereinabove in stopping the counter, open-
ing switch 38 and producing an end of conversion signal 55 
from trigger 79. 

What is claimed is: 
1. An analog-to-digital converter compnsmg an inte

grator having a plurality of input lines selectively con
nectable thereto, counter means for counting time in- 60 
tervals at a uniform rate, means for connecting only one 
of said lines to said integrator for the time interval re-

8 
quired for said counter to reach a predetermined count, 
zero crossing detector means coupled to the output of 
said integrator and being responsive thereto for produc
ing an output signal of predetermined polarity, said de
tector means being further responsive to a change in 
the polarity of its input signal to chahge the polarity of 
its output signal, and means responsive to said predeter
mined count for disconnecting said one line and for con
necting only one of the other of said lines to said inte
grator and for operating said counter from the time of 
said connection and during the absence of a change in 
the polarity of the output signal from said zero crossing 
detector means, said means responsive to said predeter
mined count including: trigger circuit means having a 
pair of output terminals and being capable of assuming 
two different states of equilibrium in each of which the 
potentials at said output terminals are complementary 
and in which the outputs of the same terminal in differ
ent states are complementary, means for producing a 
potential pulse of said predetermined polarity in response 
to said predetermined count of said counter, coincident 
circuit means having inputs coupled to said zero crossing 
detector and said pulse producing means and having an 
output coupled to an input of said trigger circuit, said 
coincident circuit means being responsive to a coinci
dence of potentials of said predetermined polarity ap
plied to its inputs to produce an output potential of a 
specific polarity, said trigger circuit being responsive to 
potential of said specific polarity applied to its input to 
assume a first condition of equilibrium and means for 
establishing a second condition of equilibrium of said 
trigger circuit prior to initiating count of said counter 
whereby the potentials at the two outputs of said trigger 
are representative of the polarity of potential applied 
along said others of said lines to said integrator, respec
tively; wherein said means for producing said potential 
pulse of predetermined polarity in response to said 
counter comprises: a first gate means responsive to said 
counter and being coupled to a second gate means, said 
second gate means having an output coupled to the 
input of a third gate means, and a fourth gate means 
having an input responsive to a series of periodic clock 
pulses and an output also being coupled to the input of 
said third gate means, said third gate means output being 
applied as a second input to said second gate means 
whereby said second gate means produces said pulse of 
predetermined polarity only when said counter has 
reached said predetermined count and said third gate 
means output produces a pulse of opposite polarity ef
fective to disconnect said one line from said integrator. 

3,316,547 
3,368,149 
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