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INTEGRATING RAMP ANALOG TO DIGITAL
CONVERTER

CROSS-REFERENCE TO RELATED APPLICATIONS

“Triple Integrating Ramp Analog to Digital Converter” by
Hans Bent Aasnaes filed June 27, 1967, Ser. No. 649,161.

BACKGROUND OF THE INVENTION

This invention relates to analog to digital converters and
more particularly to analog to digital converters (ADC’s) of
the multiple integrating ramp type.

There are many applications which require the conversion
of an analog signal to digital form and in many of these appli-
cations a plurality of analog signals are present representing a
wide dynamic range in signal amplitude. To obtain precision
in conversion over the dynamic range of the signals in prior art
converters, it has been necessary to provide a multirange
capability usually by including a gain changing amplifier. The
prior art converters suitable for such use are generally expen-
sive due to the complex circuits required. The prior art in-
tegrating ramp converters provide low cost for the precision
obtained as well as the capability of readily producing a
tradeoff of speed vs. resolution. In addition, these converters
provide error cancellation and less sensitivity to noise.

It is therefore an object of this invention to provide an im-
proved analog to digital converter of the integrating ramp type
having precision of conversion for input signals over a wide
dynamic range.

It is another object of this invention to provide an improved
multiple integrating ramp ADC having a variable integration
time. :

It is a further object of this invention to provide an im-
proved multiple integrating ramp ADC having a programma-
ble gain.

It is a further object of this invention to provide an im-
proved multiple integrating ramp ADC having an automatic
gain feature. .

SUMMARY OF THE INVENTION

Briefly, according to the invention there is provided an in-
tegrating ramp analog to digital converter wherein an unk-
nown analog input signal is coupled to an integrating means
starting at an initial level for a variable number of cycles of a
means for generating digital representations. A reference
signal of opposite polarity to the unknown signal is then in-
tegrated until the output voltage from the integrating means
again reaches its initial level so that the means for generating
digital representations then provides a digital representation
of the unknown analog signal.

The foregoing and other objects, features and advantages of
the invention will be apparent from the following, more par-
ticular description of a preferred embodiment of the invention
as illustrated in the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block diagram of a preferred embodi-
ment of a dual-ramp integrating analog to digital converter
embodying the invention;

FIG. 2 is a schematic block diagram of a preferred embodi-
ment of a triple-ramp integrating analog to digital converter
embodying the invention;

FIG. 3 shows an alternate embodiment of a part of the range
select circuit of the analog to digital converters shown in
FIGS. 1 and 2;

FIG. 4 shows another embodiment of a part of the range
select circuit of the analog to digital converters shown in
FIGS. 1 and 2.

FIG. 5 is a voltage-time diagram showing the ramp voltages
generated by the ADC circuits of FIG. 2;

FIG. 6 is a voltage-time diagram useful in explaining the au-
tomatic gain embodiment of the invention shown in FIG. 7;
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FIG. 7 is a schematic block diagram of the control circuits
for an analog to digital converter utilizing the automatic gain
embodiment of the invention;

FIG. 8 is a voltage-time diagram showing the ramp voltages
generated by the ADC circuits of FIG. 1;

FIG. 9 is a voltage-time diagram showing the relationship
between the threshold voltage and the integrator output volt-
age for the automatic gain embodiment of the ADC shown in
FIG.7.

DESCRIPTION OF PREFERRED EMBODIMENTS

An integrating ramp-type analog to digital converter is
shown in the drawings. Referring particularly to FIG. 1, in this
ADC an integrating means 14 is connected to an unknown
analog voltage source 10 for a length of time determined by a
control means 18. A means for generating digital representa-
tions of the analog signal is operated while the integrating
means is connected to unknown voltage source 10. The unk-
nown voltage source is coupled to integrating means for the
time sufficient for the generating means to proceed through a
variable number of cycles under control of control means 18.
During this time the output voltage of integrating means goes
from an initiai level to a second level (such as from Ty to T, in
FIG. 8) which depends on the magnitude of the unknown
input voltage.

At this time unknown voltage source 10 is disconnected
from integrating means 14 and a reference voltage source 12
having a polarity opposite to the unknown voltage source 10 is,
coupled to integrating means 14. The reference voltage is in-
tegrated with the output voltage of the integrating means start-
ing at the second level, and the generating means is stepped at
the same rate as before until sensing means 20 detects that the
output voltage of integrating means 14 has reached its initial
level. At this time the conversion is completed and a digital
representation of the magnitude of the unknown analog signal
is now in the generating means.

Assuming that the input analog signal is a DC signal, the
output of the integrating means is a linear ramp. The value of
the ramp after some time T depends upon the magnitude of
the input signal and on the time. Thus, if the input signal is in-
tegrated for a period NT, the output of the integrator is the
same as it would be if the input signal were amplified by a gain
of N and only integrated for a time T. An important feature of
the analog to digital converter comprising the invention is the
provision of a variable integration time for the unknown volt-
age. Since this is equivalent to variable amplification of the
input signal, no amplifier is required in the system.

The variable integration time can be controlled in two ways.
In the case where the relative amplitudes of the input signals
are known, the gain can be programmed by utilizing the con-
trol means to run the generating means through a predeter-
mined number of cycles N. This embodiment for obtaining
variable integration time is relatively simple to accomplish,
and few additional circuits are required in addition to the nor-
mal integrating ramp ADC circuits.

In some cases, it may be desirable to have operation on an
automatic gain basis. In this case it is necessary to provide a
detector to sense the amplitude of the output voltage of the in-
tegrating means at particular instants of time to determine if
an additional integration period is required. If at the chosen
time the output has not reached a predetermined threshold
value, the integration is continued for an additional period of
time until a sensing operation indicates that a further period of
integration would result in an overload condition.

Embodiments are described below for both the pro-
grammed gain and the automatic gain operations applied to a
dual-ramp integrating ADC and to a triple-ramp integrating
ADC. It is clear from these descriptions that the invention is
applicable to any multiple ramp integrating ADC.

In the embodiment of the invention shown in FIG. 1, pro-
grammed gain operation is shown for a dual integrating ramp
ADC.
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A conversion operation is commenced by first storing a gain
factor for a particular unknown analog signal from source 10
in range register 24. The gain factor is supplied from a suitable
storage means such as in an associated processor in a data
processing system to terminal 25. Logic circuits within control
means 18 then activate gate 26 to couple the unknown signal
to integrating means 14. Integrating means 14 is of conven-
tional construction and in the embodiment shown comprises
operational amplifier 28 shunted by capacitor 30 and having
series resistor 32 coupled to the input of amplifier 28. Simul-
taneously with the beginning of integration of the unknown
signal, there is started a digital representation generating
means comprising oscillator 34 feeding pulses through control
means 18 to step counter 16. The count in counter 16 begins
at zero at the start of the integration and continues at a rate
determined by the oscillator as the unknown signal is being in-
tegrated. When counter 16 reaches its capacity, an overflow
signal is generated on line 36 and this signal is coupled to a
sensing means comprising counter 38, digital compare circuit
40 and range register 24. The overflow signal on line 36 is
operable to increment counter 38 by one count, and the status
of counter 38 is coupled to a digital compare circuit 40
wherein the count in counter 38 is compared with the count
stored in range register 24. In the event that an equal compare
results, a signal is generated on line 42 which is coupled to
control means 18. In the event that no équal compare results,
the integration proceeds through further cycles of counter 16
until an equal compare signal is generated which designates
that the designated gain factor has been achieved.

At this time control means 18 is operable to deactivate gate
26 to stop the integration of the unknown signal. At the same
time a signal from control means 18 opens gate 44 so that the
reference voltage 12-of opposite polarity to the unknown volt-
age is coupled to the input of integrating means 14. Voltage
sensing means 20, comprising a comparator is provided to
determine when the output voltage of integrating means 14
reaches the initial or reference level. The reference level is the
level existing at the input of the integrating means just prior to
the start of integration of the unknown signal. In the embodi-
ment shown, the reference level is essentially ground poten-
tial. When the output voltage of integrating means 14 reaches
the reference level, a signal generated on line 46 is coupled to
control means 18 to deactivate gate 44 and thereby stop the
integration of the reference voltage. At this time the gating of
oscillator pulses to- step counter 16 is also stopped and the
count in the counter at this time is a digital representation of
the unknown analog voltage.

The apparatus shown in FIG. 2 comprises a programmed
gain embodiment of the invention related to a triple integrat-
ing ramp ADC. Counter 110 ultimately contains a digital
representation of unknown analog voltage V; shown emanat-
ing from a source 111. In this example, binary counter 110 is
partitioned into two equal sections. A voltage source 116
generates a first reference voltage Vg, and a second reference
voltage Vp, is derived by means of resistors 119 and 120. A
plurality of switches 122, 124, 126 selectively gate voltages
V., Vi, and Vg, into integrator circuit 128. The output volt-
age V, of integrator 128, a ramp voltage, is supplied to com-
parator circuits 130, 132. The outputs of comparators 130,
132 are provided on lines 134 and 136 respectively to control
circuit 138 which, among other functions, gates clock pulses
from clock pulse generator 140 into counter groups 112, 114
on lines 141 and 143 respectively. An additional function of
control circuitry 138 is to control the operation of switches
122, 124 and 126 by signals on line 144.

The conversion operation starts at a given initial time T,. At
time T, both groups 112 and 114 of counter 110 are in the
zero state and switches 124 and 126 are open. Switch 122 is
closed by a signal generated by control circuitry 138 on line
144. An unknown analog input voltage V, applied at terminal
121 is then integrated by integrator 128 for a fixed period of
time which for convenience may be equal to the time required
to fill counter group 112. Clock pulses from clock puise
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generator 140 are gated into counter group 112 by control cir-
cuitry 138 on line 141. A signal on line 145 represents an
overflow signal for counter group 112. This signal increments
counter 142 and the output of counter 142 is compared in
digital compare circuit 148 with the value stored in range re-
gister 149. The range value was supplied to terminal 150 by a
suitable storage means such as an associated data processing
machine. The integration is continued until an equal compare
signal is generated on line 147.

To halt the integration of V. control circuitry 138 receives
the signal on line 147 indicating that group 112 of counter 110
has been filled to capacity the number of times indicated by
the predetermined amount stored in range register 149. The
signal on line 147 is operative to generate signals on line 144
for opening switch 122 and closing switch 124. The time in-
tegral of V,. over the chosen interval is now stored in the in-
tegrator circuit 128. This voltage corresponds to the voltage
V, at time T, in FIG. 5. The remainder of the operation com-
prises the use of the two reference voltages to complete the
conversion so that the digital representation of the unknown
analog voltage appears in counter 110. The integration of the
two reference voltages produces voltage ramps corresponding
to the voltage between times T, and T, in FIG. 5 and between
times T, and T; in FIG. 5, respectively. This operation is con-
ventional in triple integrating ramp ADC’s and is fully
described in the above-mentioned Aasnaes application.

A simpler circuit applicable to the sensing means for both
the dual and triple ramp embodiments shown in FIGS. 1 and 2
respectively is shown in FIG. 3. In this embodiment the range
input from an associated data processing machine, for exam-
ple, is coupled to terminal 50 and stored in counter 48. In this
case the complement of the gain number is used. The overflow
from the ADC counter is coupled to line 52 to step counter
48. Line 54 is activated when counter 48 reaches zero and a
signal on this line terminates the unknown signal integration in
the same manner as a signal on line 42 in FIG. 1 or line 147 in
FIG. 2. '

Another embodiment for the sensing means which is also
applicable to both embodiments of the ADC is shown in FIG.
4. In this case the range factor is coupled from a data
processing machine, for example, to terminal 56 to load the
range factor into countdown counter 58. The overflow signal
from the ADC counter is coupled on line 60 to step counter 58
down one step and line 62 senses when the counter reaches
zero. This signal then functions in the same manner as a signal
on line 42 of FIG. 1 or line 147 of FIG. 2 to end integration of
the unknown signal.

The control circuit for the automatic gain embodiment of °
the invention is shown in FIG. 7. In this embodiment the over-
flow signal from the counter associated with the ADC is cou-
pled to a counter 70. The integrator output voltage V, is also
sampled and compared with a reference voltage Vr in com-
pare circuit 72. The digital outputs from counter 70 are cou-
pled to a decode network 74 which converts the count to
decimal values. The occurrence of an amplitude of voltage V,
equal to Vy produces a signal from compare circuit 72 which
is utilized to start single shot multivibrator 76. As an aid to
resolution, the period of single shot multivibrator 76 is chosen
to be short. The output of single shot multivibrator 76 is cou-
pled on line 78 to a plurality of AND circuits 84. Depending
on the count in counter 70 at that time, one of the AND cir-
cuits 84 is energized and a signal is coupled through flip-flop
95, AND circuit 97 and OR circuit 80 to produce a signal on
line 82 to stop the integration. The signal on line 82 is utilized
as a reset signal for the counters and flip-flops. One or more of
AND circuits 86 are energized to produce a digital representa-
tion of the gain factor which is coupled back to the control
means such as a central processing unit of a data processing
system.

A diagram showing the output of the integrator during the
integration of the unknown for gains of 1,2, 4, 6,. ... and full
scale inputs is shown in FIG. 6.
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The gains 1, 2, 4, 6, . . .. selected for this example result in
the simplest gain control logic. Other gains can be provided in
a similar manner. Integer gainsof 1, 2, 4, 6, . . .. are preferable
since the integration interval is then an integer multiple of T
which is easily detected by monitoring the overflow pulses
from the counter. Noninteger gains can be provided with an
appropriate decoding network coupled to the counter.

A control circuit for the case in which reference voltage V,
is Vomaz/2 is shown in FIG. 7. It is note by reference to FIG. 6
that the occurrence of the compare signal before the ADC
counter reaches half-capacity (at time T/2) results in an over-
flow. The overflow sensing means in the circuit comprises an
output from the ADC counter 92 when it reaches half-capaci-
ty which is coupled to reset flip-flop 88 to the OFF condition.
Flip-flop 88 is set ON in response to the reset pulse on line 82.
The output of flip-flop 88 is coupled through invertor 90 to
start single shot multivibrator 91. The output of single-shot
multivibrator extends for one-half an ADC counter period and
this output is coupled through inverter 94 to AND circuit 96
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of averaging or filtering, the low level range has a lower effec-
tive bandwidth. Since the low level signals generally have a
lower signal to noise ratio, the additional filtering action is
beneficial in terms of repeatability of measurement.

Thus, it can be seen that there is provided the capability of a
wide dynamic-multiranged system without the requirement
for amplifiers. For example, a particular system may include
inputs from thermocouples having a magnitude from 0 to 60
millivolts. The same system may have inputs from thermal
converters having a magnitude from 0 to 120 millivolts. An
ADC embodying the applicant’s invention can be used to get
maximum resolution for all of these signals by providing
operation equivalent to gains of say 4, 2, and 1 for 30, 60 and
120 millivolts.

While the invention has been particularly shown and
described with reference to a preferred embodiment thereof,
it will be understood by those skilled in the art that various
changes in the form and details may be made therein without
departing from the spirit and scope of the invention.

and to AND circuit b. The zero output line of counter 70 is 20 What I claim is:

also coupled to AND circuit 96 to condition this circuit when 1. In a analog to digital converter, the combination compris-
single-shot 91 is not on. In the event that an equal compare ing:

signal is generated on line 78 during this time, AND circuit means for receiving said analog signal of unknown mag-
84a is conditioned to produce an overflow signal at terminal 25  pjtude;

98. When an equal compare is generated between one-half reference signal-generating means for generating a
and one cycle of operation of ADC counter 92, AND circuit reference signal of known magnitude;

84b is conditioned to set flip-flop 95b. When the one output integrating means responsive to said analog signal-generat-
line of the decoder is then active AND circuit 97b is condi- ing means and to said reference signa]-generating means
tioned to stop the integration at the end of the first cycle. 30 for selectively integrating said analog signal and said
Likewise if the equal compare occurs between one and two reference signal;

cycles, AND circuit 84c is conditioned to set flip-flop 95¢ and indicating means for producing an output indicative of the
AND circuit 97¢ is then conditioned at two cycles to terminate time that has elapsed since initiation of integration of said
the integration. The circuits to detect other ranges work in a analog signal;

similar manner with AND circuits 84, flip-flops 95 and AND 35  means for generating a signal corresponding to a selected
circuits 97 being provided for each range to be detected. A range of integration time;

‘chart showing the control algorithm implemented in FIG. 7 for comparator means responsive to said range selecting signal
V7=%Vomas is shown below where V= integrator output volt- for producing an output signal whenever the output of
age and Vyuq,= max V¥, which occurs for full-scale input on said indicating means indicates that an integration time
any range. corresponding to said range signal has elapsed; and con-
Time ¢ T 2T 3T 4T aT(n>8)

If comp. fired....... Integrate only to T...... Integrate only to 2T..._. Integrate only to 4T..... Integrate only 6T ... . .. Integr?te 1%nrll‘y

If comp. not fired. .. Integrate at least to 2T.. Integrate at least to 4T.. Integrate at least to 6T.. Integrate atleast to 8T.. . . . I%egz?ge at least

If ¥ 75Y2V o mar the top line of the table (Time ¢) need only
be altered by substituting the time at which a full scale input
on G =1 intersects the comparator threshold. For example,
if Vy=VYaVyuwu. substitute T/2 for T. In general, for

: VT= VU max

P . . .
parison may not be made at every multiple of the basic time
VO WX

substitute 7/2”-! for T. In these cases, a com-

period; for example, when using V=

are made at T/4, T/2, T. 3T/2. 5T/3. . . . corresponding to
gams of G=1,2.4.6.8,...Forany other V7. the time can
be found from the diagram shown as FIG. 9. The equatlon
for the line is Vo wae(t/T). The equation for the intercept is
VTV"QT“f or 7=V,T/Vumer Where 7
substituted for T in the first line of the algorithm.
7

The condition Vx> °"‘“
is required since the dec15|on to stop integrating at =T
must be made before t me 7.

is the time to be

is not acceptable if a gain G=1

To provide maximum precision over the range of am-
plitudes of unknown voltage, it is desirable that the unknown
signal be integrated for the maximum time without generating
an overload condition. This means that low level signals are in-
tegrated for a number of cycles of the ADC counter. This
produces a disadvantage in that the conversion speed varies
with the level «of the input signal; however, the same factor
also provides an advantage. Since the lower range signals are
integrated for a longer period of time and integration is a form
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trol means responsive to said comparator means output
for decoupling said unknown signal and for coupling said
reference signal to said integrating means.

2. A device as set forth in claim 1 wherein sequential gains
of said integrator circuit correspond to predefined sequential
segments of integrator time, and

wherein said range selecting means includes means for

establishing a threshold level, and

said comparator means includes logic circuit means respon-

sive to the analog signal integrator output attaining said
threshold level for causing said comparator means output
signal to be produced at the end of the said sequential
time segment during which said threshold attainment oc-
curs.

3. In a analog to digital converter for producing a dlgltal
representation of the magnitude of an analog signal of unk-
nown magnitude, the combination comprising:

means for receiving said analog signal of unknown mag-

nitude;

reference signal-generating means for generating a

reference signal of known magnitude;

integrating means responsive to said analog signal-generat-

ing means and to said reference signal-generating means
for selectively integrating said analog signal and said
reference signal;

means responsive to said integrating means for generating a

ssignal indicative of the elapsed time of the integration of
said analog signal;
_storage means;
means for loading said storage means with a signal cor--
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responding to a selected integration time;

means for sensing the contents of said storage means and
said elapsed time indicating signal for producing a signal
when a comparison exists therebetween;

control means responsive to said sensing means signal for

coupling said reference signal to said integrating means.

4. A device as set forth in claim 3 wherein said elapsed time
‘indicating means comprises a counter and means for selective-
ly gating a series of pulses to said counter.

§. A device as set forth in claim 4 wherein said storage
means is a digital register; and

said sensing means produces said output signal whenever at

least a portion of said counter contains a count cor-
responding to the contents of said digital register.

6. A device as set forth in claim 1 wherein said comparator
means includes a counter coupled for storing said range
selecting signal, means for coupling count pulses to said
counter during integration of said analog signal, and means for
producing said comparator means output signal whenever the
content said counter reaches a preselected level.

7. A device as set forth in claim 6 wherein said count pulses
decrement said counter; and

" means for sensing when the count in said counter reaches
zero.

8. In a analog to dlgltal converter for producing a digital
representation of the magnitude of an analog signal of unk-
nown magnitude the combination comprising:

means for receiving said analog signal of unknown mag-

_ nitude;

reference signal-generating means for generating a

reference signal of known magnitude;
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integrating means responsive to said analog signal-generat-
ing means and to said reference signal-generating means
for selectively integrating said analog signal and said said
reference signal;

pulse-producing means;

means responsive to said integrating means for counting
pulses from said pulse-producing means and for produc-
ing a multiplicity of carry signals durmg mtegratxon of
said analog signal;

means for generating a signal corresponding to selected
range of time of integration of said analog sngnal

sensing means for producing an output whenever a number
of said carry signals has occurred corresponding to said
range signal; and

control means responsive to said sensing means output for
stopping the integration of said analog signal and
coupling said reference signal to said integrating means.

9. A device as set forth in claim 8 wherein said means for

20 sensing the integration of said analog signal comprises:
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means for detecting when the output of said integrating
means reaches a threshold level; and

means responsive to said detecting means and said carry
signals for selectively determining the remaining length of
time of integration before producing the output signal for
said control means.

10. A device as set forth in claim 9 which further includes:

means responsive to said pulse-producing means and said
remaining integration time determining means for storing
a digital count corresponding to the length of time said
analog signal was integrated.



