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DELTA-SIGMA PULSE MODULATOR WITH
OFFSET COMPENSATION

BACKGROUND OF THE INVENTION

This invention relates generally to modulators and
modulation methods of the type which convert an ana-
log input to an output pulse train having an average
amplitude over time proportional to the analog input.

Circuits for producing modulated pulse train outputs
proportional to an analog input have numerous applica-
tions. Where high accuracy and a wide dynamic range
are required, such as in electrical power metering, it is
desirable to employ delta-minus-sigma modulation. Del-
ta-minus-sigma modulation has long been known; see,
for example Inose et al., “A Unit Bit Coding Method By
Negative Feedback”, Proceedings of the IEEE, No-
vember, 1963, page 1524. Such modulation employs
feedback of the output pulse train, or reference voltages
or currents controlled by the output pulse train, to a
summing node to which the input signal is also supplied.
The difference between the two signals is. integrated
and compared to a predetermined reference level.
When the reference level is crossed, a gate is opened or
closed, either beginning or terminating an output pulse
and simultaneously changing the signal being fed back
to the summing node. The integrated signal is thus al-
ways maintained in the vicinity of the reference level
and, assuming an input signal varying sufficiently
slower than the output pulses, the output pulse train will
carry information reflecting the input amplitude to a
high degree of accuracy.

For the above system to operate over a wide dynamic
range, particularly at low input amplitudes, the measur-
ing circuit internal components must be relatively free
of errors. One specific problem is that amplifier cir-
cuitry generally has internal voltage offsets which must
be compensated. The term voltage offset is generally
defined as the voltage difference between the inputs of
an active circuit element, such as an operational ampli-
fier, when the output is at zero. Ideally, the voltage
offset will be zero. When it is not, offset can easily be
corrected for, once its value is known. Offset measure-
ment and corrective calibration are expensive, how-
ever, as is the use of low error components, so manufac-
turers of equipment requiring high accuracy analog
modulators generally resort to ‘“‘zeroing out” strate-
gems.

It would be advantageous to provide a modulator for
converting an input signal to a pulse train which has an
average amplitude proportional to the magnitude of the
input signal, and which has both high accuracy, and a
wide dynamic range. It would be particularly advanta-
geous if such a circuit would automatically compensate
for internal voltage offsets without the need for expen-
sive calibration or the use of error-free components.

SUMMARY OF THE INVENTION

The present invention provides a modulator for con-
verting an input signal to an output pulse train which
varies between two levels and which has an average
level over time proportional to the input signal. The
modulator includes a summing node and means for
supplying the input signal to the summing node. A
switch means selects between at least two different
reference signals having predetermined magnitudes to
provide a second signal to the summing node. The dif-
ference at any time between the input signal and the
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second signal is defined as a difference signal. The dif-
ference signal is measured by a measuring means which
integrates the difference signal at the summing node and
determines when the integrated difference signal
reaches a threshold level. The measuring means in-
cludes an amplifier element and also includes offset
compensation means for substantially eliminating any
offset errors resulting from a voltage offset existing
between the amplifier inputs. The compensation means
includes a first storage element connected to one of the
amplifier inputs and means for transferring an offsetting
voltage to the first storage element, to compensate for
the voltage offset. A clock is provided for producing
clock pulses at predetermined clock intervals. A bista-
ble circuit, responsive to the measuring means and the
clock, produces a first output signal which is change-
able at each clock pulse between first and second levels,
whenever the integrated difference signal has crossed
the threshold level during a clock interval. The switch
means for selecting between the at least two different
reference signals is responsive to the bistable circuit,
such that one of the reference signals is supplied to the
summing node when the first output signal is at its first
level and another reference signal is supplied to the
summing node when the first output signal is at its sec-
ond level. The average level of the reference signals
supplied by the switch means over time balances the
input signal at the summing node. The average level
over time of the first output signal, which represents the
output of the modulator, is, likewise, proportional to the
input signal.

In the preferred embodiment of the invention, de-
scribed below, several alternative techniques are sug-
gested for storing the offsetting voltage on a capacitor,
or other storage element, connected to one of the ampli-
fier inputs to produce offset compensation. Alternative
forms of the measuring means are also set forth.

The present invention further encompasses a method
of converting an input signal to an output pulse train
which varies between two levels and which has an
average level over time proportional to the input signal.
A first step in the method is to supply the input signal to
a summing node. A second signal is then supplied to the
summing node, the second signal being selected from at
least two different reference signals, having predeter-
mined magnitudes: The difference at any time between
the input signal and the second signal is defined as a
difference signal. The difference signal is measured in a
measuring step, which includes integrating the differ-
ence signal and comparing the integrated difference
signal against a threshold level. The measuring step
includes the use of at least one amplifier element, and
includes the step of compensating for any voltage offset
between the inputs of the amplifier element by transfer-
ring an offsetting voltage to a first storage element con-
nected to one input of the amplifier element. The com-
pensating step assures that the measurement of the dif-
ference signal at the summing node is highly accurate.
The method outputs a first output signal changeable at
predetermined clock intervals between first and second
levels whenever the integrated difference signal crosses
the threshold, in the measuring step, during a clock
interval. The step of selecting the second signal is ac-
complished in response to the first output signal, such
that one of the reference signals is supplied to the sum-
ming node when the first output signal is at its first level
and another reference signal is supplied to the summing
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node when the first output signal is at its second level.
In the method, the average value of the reference sig-
nals over time balances the input signal at the summing
node. As a result, the average level over time of the first
output signal is proportional to the input signal.

Several embodiments of the method are set forth
below, including various embodiments of the measuring
step and the compensating step for compensating for
voltage offset in the amplifier element.

A BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a schematic block diagram of 2 modulator as
used in the present invention.

FIG. 2 is a schematic diagram showing one form of
the measuring circuit of the present invention.

FIG. 3 is a set of graphic traces representing various
waveforms associated with the modulator of the present
invention.

FIG. 4 is a schematic circuit diagram of the embodi-
ment of the modulator of the present invention shown
in FIG. 2, showing one embodiment of the offset com-
pensation system of the present invention.

FIG. 5 is a timing diagram showing the control sig-
nals for operating the offset compensation system
shown in FIG. 4.

FIG. 6 is a diagram of the steps in the method of the
present invention.

FIG. 7 is a schematic circuit diagram of another alter-
native embodiment of the modulator circuit of the pres-
ent invention as shown in FIGS. 1 and 2.

FIG. 8 is a timing diagram showing the control sig-
nals for operating the offset compensation system in the
circuit of FIG. 7.

FIG. 9 is an alternative embodiment of the measuring
circuit shown in FIGS. 1 and 2.

FIG. 10 is a schematic circuit diagram showing an-
other alternative embodiment as in FIGS. 1 and 9 of the
modulator with offset compensation according to the
present invention.

FIG. 11 is-a timing diagram showing the control
signals for operating the offset compensation system of
the circuit shown in FIG. 10.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, a modulator according to the
present invention is schematically illustrated. An analog
input signal, as represented by input voltage Vi, is
supplied through an input point 10 and input resistor 12
to a summing node 14. The signal to summing node 14
from input 10 can be conveniently represented by the
current Ij, which either moves into or out of summing
node 14 through resistor 12, depending on the polarity
of V,',,.

The second signal supplied to summing node 14 is
represented by I;, which is provided by one of two
reference voltages through resistor 16. In the preferred
embodiment, the reference voltages are substantially
equal in value and opposite in polarity and are repre-
sented by VR + and VR —. As will be explained more
fully below, either VR 4~ or VR — is connected to sum-
ming node 14 through resistance 16 at all times. The
present invention provides that I and I, into summing
node 14, must balance over time. Instantaneous differ-
ences between I; and I are represented by Iz Since
the total charge entering and leaving summing node 14
must always balance, the relationship between Iy, Iy and
L4y can be represented by the equation [y =0+ Iyyy
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Box 20 represents a measuring means or circuit for
both integrating the difference signal Iy at summing
node 14 and for determining when the integrated differ-
ence signal reaches a threshold level. In general, mea-
suring circuit 20 can be described as an integrator and
comparator. The output of measuring circuit 20 is a first
control signal changeable between two different levels
in response to a crossing of a threshold in measuring
circuit 20 by the integrated difference signal. For exam-
ple, the first control signal on line 22 will be low when
the integrated difference signal is above the threshold
level and high when the integrated difference signal is
below the threshold level.

The output of measuring circuit 20 is supplied on line
22 to the D input of bistable circuit 24. The output of
bistable circuit 24 ‘includes a Q output, referred to
herein as the first output signal. Q is changeable be-
tween first and second levels upon receipt of clock
pulses which occur at predetermined clock intervals
supplied by clock 26, which can be a conventional oscil-
lator. In addition to the Q output, bistable circuit 24
supplies a Q output which is low when Q is high, and
vice versa. The Q and Q outputs of bistable circuit 24
together control switch means 30 for selecting the refer-
ence signal to be supplied to summing node 14. In the
preferred embodiment, a pair of switches 32 and 34
connect negative and positive reference voltages, VR —
and VR +, respectively, to point 36. When Q is high,
VR + is connected to point 36 and a positive reference
signal supplies current to summing node 14. When Q is
low, Q is high and a negative reference signal is sup-
plied, and current is drawn from summing node 14.

Several embodiments of measuring circuit 20, which
include different types of integrators and comparators
suitable for use with the present invention, will be de-
scribed below. Each embodiment functions broadly as a
delta-minus-sigma convertor. In each example, the inte-
gration and comparison of Iyyrto produce the first con-
trol signal on line 22 must be relatively error-free. In
particular, ‘that requires elimination or correction for
any voltage offset existing between the input terminals
of the operational amplifiers in measuring circuit 20.
Examples of the offset compensation system of the pres-
ent invention are set forth below, and all include at least
one input to an active circuit element, such as an opera-
tional amplifier, at which the offset error is eliminated.
Input 37 to measuring circuit 20 schematically repre-
sents the offset compensated input to an active circuit
element.

One example of an integrator/comparator circuit
which serves as measuring circuit 20 is shown in FIG. 2.
For simplicity, the circuit and its operation will first be
described without reference to offset compensation,
other than to indicate, in FIG. 2, where offset compen-
sation is necessary to achieve wide dynamic range. In
this example, measuring circuit 20 consists of a storage
element such as capacitor 42 connected between sum-
ming node 14 and a common ground. Together with
impedances 12 and 16, capacitor 42 forms a conven-
tional RC circuit, with the voltage at summing node 14
being the integrated difference signal which is supplied
to comparator 44. The voltage at summing node 14 is
supplied to the inverting input 46 of comparator 44. The
non-inverting input 48 is connected to ground.

FIG. 3 illustrates several of the signals produced by
the circuit of FIGS. 1 and 2, assuming a zero or fully
compensated voltage offset in comparator 44. Input
signal V, is represented by line 50. Initially, switch 32 is
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assumed to be closed, and a negative reference current
is applied to summing node 14 through resistor 16. The
values of VR — and resistor 16 are chosen to produce a
current I which is large relative to input signal Iy. Ly
will therefore have a net negative value, with current
being drawn from capacitor 42. Consequently, the inte-
grated difference signal Ly;initially decreases, as shown
in line 52.

Clock 26 outputs signal 53. Bistable circuit 24 clocks
on the leading edge of each upwardly-moving pulse. At
clock pulse a, [ Iyrhas not yet crossed the threshold of
comparator 44, so Q remains low and Q high and Ly
continues to integrate downward. Since [ Igyris sup-
plied to the inverting input of comparator 44, when [
Igjycrosses the threshold, at 54, the comparator output
switches from low to high. First control signal 55 repre-
sents the output of comparator 44. Consequently, at
clock pulse b, bistable circuit 24 will change states and
Q will go from low to high (line 56). When Q goes high
Q goes low and switch 34 is closed and switch 32 is
open. A positive reference signal is then supplied to
summing node 14, causing integrated lyy to increase
until the next clock pulse at ¢. Between clock pulses b
and c, integrated 1;ragain crosses the threshold level of
comparator 44, causing first control signal 55 to go low.
Q then goes low at the next clock pulse, causing the
reference signal supplied to summing node 14 to again
go negative. As V), increases, at 57, the slope of Iz
changes and its value decreases until again crossing the
threshold level. Q remains low until detecting a change
is the first control signal at clock pulse f. Q then goes
high, again switching the reference signal from negative
to positive.

The above-described circuit and method operates as a
delta minus sigma convertor in which only the differ-
ence between the input and reference signals is inte-
grated and measured. The circuit always maintains the
integrated difference signal [ lgyraround the threshold
level of comparator 44. The Q output of bistable circuit
24 is chosen as the first output signal, having an average
level or amplitude over time which is equal in magni-
tude to V.

FIG. 4 shows a modulator circuit as in FIGS. 1 and 2
which incorporates one embodiment of an offset com-
pensation system according to the present invention.
Reference numbers used in FIG. 4, and subsequent
figures, are the same as in FIGS. 1 and 2, for identical
elements. In this embodiment, comparator 44, which is
an operational amplifier element, is provided with com-
pensating means for substantially eliminating any offset
error resulting from a voltage offset existing between
the amplifier inputs 60 and 62. As described above, a
voltage offset is generally defined as the voltage re-
quired between inputs of an amplifier to produce a zero
output. Ideally, voltage offset is zero, but in most real-
world operational amplifiers an offset of unknown value
is usually present. With the present invention, a first
storage element, such as capacitor 64, is connected to
one of the amplifier inputs, and an offsetting voltage
substantially equal to the voltage offset of the amplifier
is stored on the storage element to compensate for the
voltage offset. In the example shown in FIG. 4, capaci-
tor 64 is located in the electrical path between summing
node 14 and inverting amplifier input 60. It should be
understood that capacitor 64, like capacitor 42 and the
other storage elements used in the embodiments de-
scribed below, represent one type of storage element
which can be used, and that other types of circuit ele-
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ments, such as registers with D to A convertors and the
like, could be used for the various storage elements of
the present invention.

The offset compensation system also includes a feed-
back loop 66, which is-intermittently connected around
amplifier 44, between inverting input 60 and the ampli-
fier output through a switch, C. When switch C is
closed, the voltage offset appears at a low impedance at
input 60. In order to store the voltage produced by the
feedback loop on capacitor 64, switches A and B are
provided to disconnect one end of the capacitor from
summing node 14 and connect it to common ground 68.

The means for controlling the offset compensation
system shown in FIG. 4 is clock 26, and FIG. 5 illus-
trates the control function. Bistable circuit 24 clocks at
the leading edge of each clock cycle, as indicated by
arrows 69. Each upward moving pulse represents one
clock pulse. Just as the clock signal begins to go from
low to high, switches B and C are off and switch A is
on, meaning that the feedback loop around amplifier 44
is disconnected and capacitor 64 is connected to sum-
ming node 14. As soon as the clock pulse begins,
switches B and C turn on and switch A turns off, con-
necting the feedback loop around amplifier 44 and con-
necting one terminal of capacitor 64 to ground. During
this period, called the nulling period, the voltage offset
+ Vospser of amplifier 44 appears at input 60. Since capac-
itor 64 is connected between input 60 and ground, the
voltage + Ve is stored on the capacitor. During the
last half of each clock cycle, called the measuring per-
iod, switches B and C again turn off and switch A turns
on. With non-inverting input 62 tied to ground, the
error at inverting input 60 is the negative value of the
voltage offset — V.. Consequently, the signal being
compared to the threshold level by comparator 44,
when A is closed and B and C are open, is the voltage
at summing node 14, [ Ly plus + Vg plus 31 Vg
The voltage offset of comparator 44 is therefore can-
celled, and the error it would otherwise produce in the
threshold measurement is essentially eliminated.

The operation of the embodiment of FIG. 4, as well
as that of the other embodiments described herein, can
be described in connection with the method of the pres-
ent invention, the steps of which are illustrated in FIG.
6. The method is used to convert an analog input signal
to an output pulse train, and begins with an analog
signal such as a voltage, V;,. The first step 70 in the
method is to supply the input signal to a summing node,
such as node 14. The next step 71 is to supply a second
signal to the summing node which is selected from at
least two different reference signals having predeter-
mined magnitudes. The method provides that the sec-
ond signal will balance the input signal at the summing
node, over time. Any instantaneous difference between
the input signal and the second signal is referred to
herein as a difference signal. The next step 72 is to mea-
sure the difference signal by integrating the difference
signal and comparing the integrated difference signal
against a threshold level. At least one amplifier element
is used in the method of the present invention to accom-
plish the measuring step. Another step 73 is termed a
compensating step, in which any voltage offset of the
amplifier element employed in the measuring step is
compensated for by transferring to a first storage ele-
ment connected to one input of the amplifier element an
offsetting voltage compensating for the offset. The next
step 74, shown in FIG. 6, is a preferred method of trans-
mitting the information that the integrated difference
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signal measured in measuring step 72 has crossed the
threshold level, and includes outputting a first control
signal which changes levels when the integrated differ-
ence signal crosses the threshold. In the embodiment of
FIG. 4, the first control signal is output on line 22. The
next step 75 is to produce an output signal, termed the
first output signal, which is changeable at predeter-
mined clock .intervals in response to crossing of the
threshold by the integrated difference signal produced
in measuring step 72. The output pulse train, which is
the output of bistable circuit 24, is then used in another
step 76 to select the second signal which is supplied to
summing node 14 through switches 32 and 34. In this
step, one reference signal is supplied to the summing
node when the output pulse train of step 75 is at its first
level and another reference signal is supplied to the
summing node when the output pulse train is at its sec-
ond level, such that the average value of the reference
signals over time balances the input signal at the sum-
ming node. The result is that the average level over time
of the output signal from bistable circuit 24, the output
pulse train, is proportional to the input signal.

The specific method for the embodiment of FIG. 4
includes several additional steps which are generally
included in the description of the operation of the em-
bodiment. For example, the compensating step includes
interconnecting the inverting input and output of the
amplifier element during an intermittent nulling period
to form a negative feedback loop around amplifier ele-
ment 44. The voltage offset thus appears at low impe-
dance at the inverting input 60 during the nulling per-
iod. Simultaneously, during the nulling period, one
terminal of capacitor 64 is disconnected from the sum-
ming node and connected to ground, such that the volt-
age offset is stored on capacitor 64. The method further
includes alternating the nulling periods with measuring
periods in which the feedback loop around the amplifier
is disconnected and the capacitor is reconnected to the
summing node. In this way, the voltage stored on ca-
pacitor 64 during the nulling period becomes the offset-
ting voltage which compensates for the voltage offset of
the amplifier element as it measures the integrated dif-
ference signal appearing at summing node 14. As noted
above, the nulling periods occur during a portion of
each clock interval.

The output and signal curves shown in FIG. 3 are
reproduced essentially unchanged for the circuit shown
in FIG. 4. In other words, the circuit of FIG. 4 pro-
duces almost idealized results. Any voltage offset in
comparator 44 would tend to move the threshold in
curve 52 (FIG. 3) either up or down, with respect to [
I¢ifr: That, in turn, would produce errors in the compar-
ator output, line 55, and Q, line 56. Since the offset
compensation system of the embodiment of FIG. 4
compensates during each clock cycle, the offset error is
continuously eliminated and the modulator is accurate
over a wide dynamic range.

Another embodiment of the modulator of the present
invention is shown in FIG. 7. In this embodiment, mea-

“suring means 20 has first and second amplifier elements
77 and 78, respectively, which serve as comparators and
are alternately connected between summing node 14
and bistable circuit 24. As in the previous embodiment,
the ‘embodiment of FIG. 7 includes compensating
means for substantially eliminating any offset error
which exists in amps 77 and 78.

First amp 77 is provided with a switchable feedback
loop 79 connecting output 8¢ with inverting input 81
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through switch D. A first storage element in the form of
capacitor 82 is connected in the electrical path between
summing node 14 and inverting input 81 through switch
E. A path is provided between one terminal 83 of capac-
itor 82 and ground, through switch F. Second amplifier
element 78 also includes a switchable feedback loop 84
connected between output 86 and inverting input 88
through switch G, and a storage element such as capaci-
tor 90 is in the electrical path between inverting input 88
and summing node 14, through switch H. A path be-
tween one terminal 92 of capacitor 90 and ground is
provided, through switch J.

The embodiment of FIG. 7 is designed to provide
two parallel offset compensated comparator circuits for
measuring the integrated difference signal at summing
node 14. When switches E and K are closed, first ampli-
fier element 77 supplies the first control signal to bista-
ble circuit 24 and when switches H and L are closed,
second amplifier element 78 supplies the first control
signal to bistable circuit 24. By closing switches E, G, J
and K and opening switches D, F, H and L, first ampli-
fier element 77 is in a measuring mode supplying the
control signal to bistable circuit 24, and second ampli-
fier element 78 is in a nulling mode in which the voltage
offset of amplifier element 78 is stored on capacitor 90.
Storage of Ve on capacitors 82 and 90 is accom-
plished in exactly the same manner as with amplifier
element 44 and capacitor 64 in the embodiment of FIG.
4. By reversing all the switches, i.e., closing switches D,
F, H and L and opening switches E, G, H and K, ampli-
fier 77 is in the nuiling mode and amplifier 78 is in the
measuring mode in which the integrated difference
signal at summing node 14 is supplied to inverting input
88 through capacitor 90, compensating for the voltage
offset of amplifier 78 and providing an error-free first
control signal to the D input of bistable circuit 24.

One advantage of the embodiment shown in FIG. 7
over that shown in FIG. 4 is that one offset compen-
sated amplifier is available at all times in its measuring
mode. Furthermore, switching between measuring and
nulling modes in the embodiment of FIG. 4 occurred at
the clock frequency of clock 26. If the sampling fre-
quency, as determined by the frequency of clock 26, is
sufficiently high, the amplifier elements which serve as
comparators will be unable to stabilize after each nul-
ling period, and errors will be introduced. The embodi-
ment of FIG. 7, which uses conventional control logic
for operating switches D through L, represented by box
95, can be operated at a frequency different from clock
26. A conventional frequency divider can be used to
reduce the frequency of the control operations, for
example.

In order to insure that adequate time is provided for
the amplifiers in the embodiment of FIG. 7 to stabilize
after each nulling period, control logic 95, which serves
as control means for operating switches D through L,
extends the measuring period for each amplifier element
to allow time for stabilization. FIG. 8 shows the timing
diagram for the operation of switches D through L by
control logic 95. Switches K and L, which connect the
outputs of the first and second amplifier elements, re-
spectively, to bistable circuit 24, are operated out of
phase with one another. Switch K is on half the time,
and off half the time and switch L being off when K is
on, and vice versa. In addition to controlling the
switches which connect the amplifiers to bistable circuit
24, control logic 95 also controls the switches which
determine the nulling and measuring periods of amplifi-
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ers 77 and 78. Switches D, E and F serve to connect a
feedback loop around amplifier 77 and connect the one
terminal 83 of capacitor 82 to ground, in exactly the
same manner as the embodiment of FIG. 4. Switches G,
H and J perform the same function for amplifier 78. As
can be seen from FIG. 8, the amplifier nulling and mea-
suring periods of each amplifier element are not of the
same duration. The nulling period for first amplifier 77,
for example, begins when switch K turns off and ends
before switch K again is turned on. Similarly, the nul-
ling period of second amp 78 begins when switch L
turns off and ends before switch L turns on again. Con-
sequently, the nulling period of each amplifier is shorter
than the measuring period by a predetermined interval.
This is done to allow time for the amplifiers to stabilize
before being connected to bistable circuit 24.

It should be noted that, in addition to allowing extra
time for amplifier stabilization before connecting either
the first or second amp to the bistable circuit, control
logic 95 operates inherently slower than clock 26. As
can be seen from FIG. 8, the clock signal, which is not
drawn to scale, operates at a substantially higher fre-
quency than any of the switches in FIG. 7. Control
logic 95 preferably includes a frequency divider for this
purpose. The embodiment shown in FIG. 7 can thus
employ a relatively high frequency clock, for example
10 KHz, to provide frequent sampling and relatively
high resolution, while nulling and offset compensating
the amplifier elements at a low enough frequency to
minimize errors due to slow amplifier response.

The embodiment of the method of the present inven-
tion performed by the embodiment of FIG. 7 includes
an additional step in the measuring step, for switching
between the first and second amplifier elements 77 and
78, respectively. The compensating step includes mea-
suring with the first amplifier element and nulling the
second amplifier element and then measuring with the
second amplifier element and nulling the first amplifier
element, in a continuous cycle, such that at least one of
the offset compensated amplifier elements is connected
to the summing node at all times. In the preferred em-
bodiment of the method, the nulling periods and mea-
suring periods are different, and preferably slower than
the clock intervals. Further, the nulling periods are
shorter than the measuring periods for each amplifier
element, in accordance with the timing diagram of FIG.
8. The measuring period of one amplifier element is
begun prior to ending the measuring period of the other
amplifier element such that any errors due to stow com-
parator response of the first of the amplifier elements as
it is initially switched from nulling to measuring is elimi-
nated.

Operation of the embodiment of FIG. 7 will produce
the results illustrated in FIG. 3. Assuming Vj, is as
shown on line 50, the integrated difference signal ap-
pearing at summing node 14 will be that shown on line
52. Both the first control signal 55 and Q output 56 will
be unaffected by the intermittent operation and cyclical
nulling and measuring periods of amplifiers 77 and 78.
This is because the function performed by measuring
means 20 in the embodiments of FIGS. 2, 4 and 6 are
exactly the same. The embodiment of FIG. 7 provides
greater accuracy at higher clock frequencies, but is
otherwise functionally identical to the embodiment of
FIG. 4.

Another embodiment of a generalized measureing
circuit 20 is shown in FIG. 9 and includes an active
integrator, incorporating highgain operational amplifier
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100, connected in a negative feedback loop between its
output 102 and inverting input 104. A capacitor 106 in
the feedback loop serves as a storage element. The
voltage which appears at amplifier output 102 repre-
sents the integrated difference signal at summing node
14. A conventional comparator 108 compares the volt-
age at point 102 against a threshold level, and outputs a
first control signal which is high when the integrated
difference signal is above the threshold and low when
the integrated difference signal is below the threshold.
In this configuration, the voltage at summing node 14
remains a virtual earth, with the difference signal ap-
pearing as a voltage cross capacitor 106. Any voltage
offset which might be present between the inputs of
amplifier 100 must be compensated for in order to elimi-
nate measurement errors. An actual implementation of
an offset compensation system in accordance with the
present invention is shown in FIG. 10.

Referring to FIG. 10, and using the reference num-
bers of FIG. 9 for identical elements, the illustrated
embodiment of measuring circuit 20 includes control
logic 110 for operating a series of switches which serve
to transfer in steps the entire voltage offset appearing
between the inputs of amplifier 100 to a first storage
element, such as capacitor 112. Unlike the previous
embodiments, the first storage element on which the
offsetting voltage is stored is not in the electrical path
between the summing node and inverting input of the
amplifier, but is instead connected between the non-
inverting input 111 and ground. If capacitor 112 is
charged to Vg, of amplifier 100, input 104 of amp 100
will be a zero or virtual earth. The offset compensation
means of the embodiment of FIG. 10 determines, by the
steps -set forth below, if any voltage exists between
inverting input 104 and ground, termed herein the error
voltage, Veror, and adds a corresponding offsetting
voltage to capacitor 112 until V., is eliminated.

The system for determining the error voltage at input
104 of amplifier 100 and for transferring it to capacitor
112 includes a switch M for intermittently connecting
input 104 to a voltage storage means, indicated gener-
ally at 113. Switch M, as well as the other switches in
the system, N through R, are all controlled by control
logic 110, which serves as part of the offset compensa-
tion means of this.embodiment. FIG. 11 shows the tim-
ing diagram for operating switches M through R, as
controlled by control logic 110. switches M, N and O
are closed when switches P, Q and R are open during
what is termed a transfer period, t1, and switches P, Q
and R are closed when M, N and O are open, during
what is termed a charging period, t2. During the trans-
fer period the error voltage appearing at input 104 is
supplied to the non-inverting input of a second amplifier
element 114, which forms a part of the voltage storage
means 113. Simultaneously, switch N is closed, to inter-
mittently connect second amplifier output 116 with
inverting input 118 to form a negative feedback loop.

Thus, amplifier 114, which is configured as a unity-
gain amplifier, transmits Vppr from 104, together with
any internal voltage offset from amplifier 114, to its
output 116. Because of the feedback connection
through switch N, and the closure of switch O, the
error voltage, together with the voltage offset of ampli-
fier 114, is temporarily stored on capacitor 120 during
t1. Capacitor 120, which serves as a temporary storage
element, has a first terminal 122 connected to output 116
and inverting input 118 of amplifier 114, and a second
terminal 124 connected to the common ground through
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switch O. When control logic 110 opens switches M, N
and O and closes switches P, Q and R during t3, second
terminal 124 of capacitor 120 is connected to output 116
of amplifier 114. Storage capacitor 120 is then in a feed-
back loop between inverting input 118 and output 116
of amplifier 114. The voltage on capacitor 120, V..
ror+Voger (Amp 114) is now supplied to the inverting
input 118 of amplifier 114, where the V. (Amp 114)
component cancels the internal voltage offset of the
amplifier. The output 116 is thus at — Vp, relative to
its own positive input. With the voltage on first capaci-
tor 112, Veonp, supplied to the non-inverting input of
amplifier 114 through switch R, the output at 116 is
Vcomp— Verror- A current — L, is supplied to capacitor
112 through impedance 126 and corrects V mp for dif-
ferences between V., and the voltage offset of ampli-
fier 100.

The method of the present invention performed by
the embodiment of FIG. 10 includes a measuring step in
which the integration of the difference signal is accom-
plished using active circuit elements, including ampli-
fier 100. The integrated difference signal is thereby
produced at the output of amplifier 100, which is then
compared against a threshold level by a separate com-
parator 108. In the compensating step of the method,
the voltage at the inverting input of amplifier 100 is
connected intermittently, during a transfer period, to
the non-inverting input of second amplifier 114. Simul-
taneously, the output of amplifier 114 is connected to
capacitor 120 such that the difference voltage from
inverting input 104 is stored temporarily on capacitor
120. During a subsequent charging period, a current is
supplied to capacitor 112 through an impedance such as
resistor 126. The current is proportional to the differ-
ence between the voltage on capacitor 112 and the
voltage offset of amplifier 100. The method includes
alternately repeating the transfer and charging periods
such that the difference between the voltage on capaci-
tor 112 and the voltage offset of the amplifier element is
reduced to a minimum. The transfer and charging peri-
ods are preferably longer than the intervals of clock 26.
The method allows amplifier 1060 to be continuously
integrating the difference signal at summing node 14,
while being fulling offset compensated.

Line 130 in FIG. 11 shows the variations in Vemor
during initial start-up of the modulator of FIG. 10.
During the first transfer period t;, the voltage on capac-
itor 112, Veomp, is zero and the full voltage offset of
amplifier 100 appears as Verror. Verror is transferred to
amplifier 114 through switch M, where the voltage is
stored on capacitor 120 together with Ve (tmp 114).
During the charging period t2, V comp— Verror appears at

output 116, and since Veump is zero, a current — Iepop is-

supplied to capacitor 112 through impedance 126 and
switch Q. The values of capacitor 112 and impedance
126 are chosen to produce a current — lepnr which will
not excessively change the voltage on capacitor 112 and
overcompensate for the voltage offset of amplifier 100,
during any given charging period ta. Current —Iopor
will charge capacitor 112, which is supplied to the non-
inverting input of amplifier 100, to the opposite polarity
of Vipoer, which is at the inverting input. During the
next transfer period, t|, Vmoer will be reduced, as shown
at 132 of FIG. 11. V., will again be stored on capaci-
tor 120 with Vofier (4mp 114). During the period tz, Ve
(4mp 114)is cancelled and the output 116 of amplifier 114
is Veomp— Verror. The voltage accross impedance 126 is
—Verror and —1Iepror flows to capacitor 112, further in-
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creasing the magnitude of Vgmp. During subsequent
cycles, Veomp approaches the voltage offset of amplifier
100, and Vo is reduced to approximately zero. If,
during a period t2, Veomp exceeds the offset voltage, the
system will produce a negative V., during the next ty,
as shown at 133. This condition will occur when the
magnitude of —V e at 116 is sufficiently large to pro-
duce a current —I.,,, during a charging period that
overcharges capacitor 112 above the offset voitage of
amplifier 100. As V¢, on capacitor 112 gets closer to
the voltage offset, — Vpror gets smaller, as does — Ioqron
and the slope of the segments of line 130 during periods
t2 tend to become smaller. Eventually Vp,, will ap-
proach zero.

The operation of the embodiment of FIG. 10 can be
described with respect to the traces shown in FIG. 3. If
the input voltage V;, is as shown on line 50, an inte-
grated difference signal appears across capacitor 106 as
shown on line 52. The signal represented by line 52 is
compared against a threshold by comparator 108,
which outputs a first control signal on line 22 to bistable
circuit 24. The output Q from the embodiment of FIG.
10, assuming V, as shown in FIG. 3, will be that shown
on line 56 of FIG. 3. As in the previous embodiments,
the Q and Q outputs of bistable circuit 24 control
switches 32 and 34, which connect reference voltages to
summing node 14 through resistance 16. The current
supply to summing node 14 through resistance 12 from
Vin is balanced by the average current supplied to sum-
ming node 14 from the reference sources through
switches 32 and 34. Consequently, the average level of
Q, representing the overall pulse modulated output of
the circuit, is exactly proportional to V.

The embodiments of the invention described above
represent pulse modulators and modulation methods for
producing an output pulse train having an average level
proportional to an analog input signal. If, for example,
the input signal V;, is zero, Q of bistable circuit 24 will
be high exactly the same amount of time it is low, pro-
ducing an average level exactly midway between the
high and low levels of Q. If V;,, is a positive voltage, the
positive current into summing node 14 must be balanced
by a larger negative current supplied to summing node
14 by the negative reference voltage source VR —.
Consequently, switch 32 will be closed and switch 34
opened a greater amount of time than will switch 32 be
open and switch 34 closed. The output Q will be low
more than it is high by an amount proportional to the
magnitude of V. If Vi, is negative, the positive refer-
ence -current supplied to summing node 14 through
switch 34 will predominate, and Q will be high more
than it is low.

Q can remain high or low for however long it takes
the reference signals to balance the input signal at the
summing node. Input voltage measurements therefore
can be made over the widest possible range. The input
current to summing node 14 through resistance 12 can
be accurately measured up to a value which exactly
equals the reference current I, supplied by either refer-
ence voltage source through resistance 16.' Because all
the embodiments described above for measuring circuit
20 include an active circuit element which has virtually
no offset error, the modulator is highly accurate even
for low values of V;,, which means a wide dynamic
range. The modulator of the present invention can be
readily fabricated using conventional CMOS circuitry,
without the need for costly calibration or the use of
high-cost components.
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What is claimed is: 3. A modulator as in claim 1 wherein said mode
1. A modulator for converting an input signal to an switch means is synchronized with said clock pulses
output pulse train which varies between two levels and such that said measuring means is in said nulling mode
which has an average level over time proportional to during a portion. of each of said clock intervals and

the input signal comprising: 5 switches to said measuring mode when said first output

means for supplying said input signal to a summing signal from said bistable circuit is changeable in re-
node; sponse to said measuring means.

switch means for supplying a second signal to said 4. A modulator for converting an input signal to an

summing node selected from at least two different
reference signals, wherein the difference at any
time between said input signal and said second
signal is a difference signal;

measuring means for integrating the difference signal
at said summing node and for determining when

the integrated difference signal reaches a threshold 15

level, said measuring means including an amplifier
element having inverting and non-inverting inputs
and an output, with said non-inverting input cou-
pled to a common ground and said inverting input
coupled to said summing node and offset compen-
sation means for substantially eliminating any offset
error resulting from a voltage offset existing be-
tween said amplifier inputs, said compensation
means including a first storage element having one
terminal coupled to said inverting input and trans-
fer means for transferring an offsetting voltage to
said first storage element to compensate for said
voltage offset;

a clock for producing clock pulses at predetermined
clock intervals; and

a bistable circuit coupled to said amplifier element
output and responsive to said clock pulses and
which produces a first output signal changeable at
each said clock pulse between first and second
levels whenever said integrated difference signal
has crossed said threshold level during a clock
interval, said switch means being responsive to said
bistable circuit such that one of said reference sig-
nals is supplied to said summing node when said
first output signal is at said first level and another
reference signal is supplied to said summing node
when said first output signal is at said second level,
wherein the average value of the reference signals
over time balances said input signal at said sum-
ming node and the average level ofer time of said
first output signal is proportional to said input sig-
nal and wherein said measuring means includes a
second storage element coupled between said sum-
ming node and said common ground for providing
part of a passive integration means for integrating
said difference signal, with the voltage on said
summing node being said integrated difference
signal and said transfer means includes control
means for alternately switching said amplifier ele-
ment between a nulling mode wherein a second
terminal of said first storage element is coupled to
said common ground and a feedback path is pro-
vided between said inverting input and said output
of said amplifier element such that any voltage
offset is stored in said first storage element and a
measuring mode wherein said second terminal of
said first storage element is coupled to said sum-
ming node such that said stored voltage offset is in
series with said inverting input.
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output pulse train which varies between two levels and
which has an average level over time proportional to
the input signal comprising:
means for supplying said input signal to a summing
node;
switch means for supplying a second signal to said
summing node selected from at least two different
reference signals wherein the difference at any time
between said input signal and said second signal is
a difference signal;
measuring means for integrating the difference signal
at said summing node and for determining when
the integrated difference signal reaches a threshold
level, said measuring means including first and
second amplifier elements, with each of said ele-
ments having a pair of inputs and an output, and
offset compensation means for substantially elimi-
nating any offset error resulting from a voltage
offset existing between said inputs of said amplifier
elements, said compensation means including a first
storage element associated with each of said ampli-
fier elements having one terminal coupled to a first
input of said associated amplifier element, a trans-
fer means for transferring an offsetting voltage to
said first storage element to compensate for said
voltage offsets;
a clock for producing clock pulses at predetermined
clock intervals; and
a bistable circuit responsive to said measuring means
and said clock and which produces a first output
signal changeable at each said clock pulse between
first and second levels whenever said integrated
difference signal has crossed said threshold during
a clock interval, said switch means being respon-
sive to said bistable circuit such that one of said
reference signals is supplied to said summing node
when said first output signal is at said first level and
another reference signal is supplied to said sum-
ming node when said output signal is at said second
level, wherein the average value of the reference
signals over time balance said input signal at said
summing node and the average level over time of
said first output signal is proportional to said input
signal and wherein said measuring means includes a
second storage element coupled between said sum-
ming node and a common ground for providing
part of a passive integration means for integrating
said difference signal, with the voltage on said
summing node being said integrated difference
signal and said transfer means includes control
means for alternately switching said amplifier ele-
ments between a nulling mode wherein said first
storage element is charged with said offset voltage
of said associated amplifier element and a measur-
ing mode wherein said first storage element is cou-

2. A modulator as in claim 1 in which said second 65 pled to said summing node with one of said ampli-
signal is selected from two said reference signals which fier elements being in said measuring mode when
are substantially equal in magnitude and opposite in said remaining amplifier element is in said nulling

polarity. mode.
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5."A modulator as in claim 4 in which said first inputs
of said amplifier elements are inverting and non-invert-
ing inputs and, in said nulling mode, said transfer means
causes a feedback path to be coupled between said in-
verting input and said output of said associated ampli-
fier element such that a voltage offset is produced at
said inverting input which is stored on said first storage
element.

6. A modulator as in claim 5 wherein said control
means causes said amplifier elements to be in said nul-
ling mode for a shorter time period than in said measur-
ing mode, with the nulling period of one amplifier ele-
ment ending a predetermined interval before the com-
mencement of the subsequent measuring period of the
other amplifier element.

7. A modulator for converting an input signal to an
output pulse train which varies between two levels and
which has an average level over time proportional to
the input signal comprising:

means for supplying said input signal to a summing

node;

switch means for supplying a second signal to said

summing node selected from at least two different
reference signals, wherein the difference at any
time between said input signal and said second
signal is a difference signal;

measuring means for integrating the difference signal

at said summing node and for determining when
the integrated difference signal reaches a threshold
level, said measuring means including a first ampli-
fier element having inverting and non-inverting
inputs and an output, a comparator element having
an input .coupled to said output of said first ampli-
fier element and offset compensation means for
substantially eliminating any offset error resulting
from a voltage offset existing between said inputs
of said first amplifier element, said compensation
means including a first storage element coupled
between said non-inverting input and a common
ground to compensate for said voltage offset;

a clock for producing clock pulses at predetermined

clock intervals; and

a bistable circuit responsive to an output of said com-

parator element and to said clock and which pro-
duces a first output signal changeable at each said
clock pulse between first and second levels when-
ever said integrated difference signal has crossed
said threshold level during a clock interval, said
switch means being responsive to said bistable cir-
cuit such that one of said reference signals is sup-
plied to said summing node when said first output
signal is at said first level and another reference
signal is supplied to said summing node when said
first output signal is at said second level, wherein
the average value of the reference signals over time
balances said input signal at said summing node and
the average level over time of said first output
signal is proportional to said input signal and
wherein said inverting input of said ampilifier is
coupled to said summing node and said non-invert-
ing input is coupled to said first storage element
and a second storage element is coupled between
said inverting input and said output of said ampli-
fier means, with said comparator element determin-
ing when said integrated difference signal on said
second storage element reaches a threshold level
and said transfer means further include a second
amplifier element having inverting and non-invert-
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ing inputs and an output and a third storage ele-
ment and control means for alternately switching
said second amplifier element between a transfer
mode wherein said inverting ‘and non-inverting .
inputs of said first and second amplifier elements,
respectively, are coupled together, said third stor-
age element is coupled between said inverting
input of said second amplifier and said common
ground, and a feedback path is provided between
said inverting input and said output of said second
amplifier element so as to store said offset voltage
on said third storage element and a charging mode
wherein said non-inverting inputs of said first and
second amplifier elements are coupled together,
said third storage element is coupled between said
inverting input and said output of said second am-
plifier element and said output of said second am-
plifier element is coupled to said non-inverting
input of said first amplifier element through a
charging impedence so as to charge said first stor-
age element, thereby compensating for said offset
voltage.
8. A method of converting an input signal to an out-
put pulse ‘train which varies between two levels and
which has an average level over time proportional to
the input signal comprising the steps of:
supplying said input signal to a summing node;
supplying a second signal selected from at least two
different reference signals having predetermined
magnitudes, wherein the difference at any time
between said input signal and said second signal is
a difference signal;

measuring said difference signal by integrating the
difference signal and comparing the integrated
difference signal against a threshold ‘level, said
measuring step including the use of at least one
amplifier element and including the step of com-
pensating for any voltage offset between inverting
and non-inverting inputs of said amplifier element
by transferring to a first storage element having a
first terminal coupled to said non-inverting input an
offsetting voltage which compensates for the volt-
age offset of said amplifier element such that the
measurement . of said difference signal is highly
accurate;

outputting a first output signal changeable at prede-

termined clock intervals between first and second
levels whenever said integrated difference signal
crosses said threshold level in said measuring step
during a clock interval, said second signal being
selected in response to said first output signal such
that one said reference signal is supplied to said
summing node when said first output signal is at
said first level and another said reference signal is
supplied to said summing node when said first out-
put signal is at said second level such that the aver-
age value of the reference signals over time bal-
ances said input signal at said summing node and
the average level over time of said first output
signal is proportional to said input signal; and
with said measuring step further including the step of
integrating said difference signal utilizing a second
storage - element coupled between said summing
node and a common ground and with said compen-
sating step including the step of alternately switch-
ing said amplifier element between a nulling mode,
wherein a second terminal of said first storage ele-
ment is coupled to said common ground and a
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feedback path is provided between said inverting
input and said output of said amplifier element such
that any voltage offset is stored on said first storage
element and a measuring mode wherein said sec-
ond terminal of said first storage element is coupled
to said summing node such that said stored voltage
offset is in series with said inverting input.
9. A method as in claim 8 in which the reference
signals supplied in said step of supplying a second signal
to said summing node are substantially equal in magni-
tude and opposite in polarity.
10. A method as in claim 8 in which said amplifier
element is switched to said nulling mode during a por-
tion of each said clock interval.
11. A method of converting an input signal to an
output pulse train which varies between two levels and
which has an average level over time proportional to
the input signal comprising the steps of:
supplying said input signal to a summing node;
supplying a second signal selected from at least two
different reference signals having predetermined
magnitudes, wherein the difference at any time
between said input signal and said second signal is
a difference signal;

measuring said difference signal by integrating the
difference signal and comparing the integrated
difference signal against a threshold level, said
measuring step including the use of first and second
amplifier elements, with each of said elements hav-
ing a pair of inputs and an output and including the
step of compensating for any voltage offset be-
tween said inputs of said amplifier elements by
transferring to a first storage element associated
with each said amplifier element an offsetting volt-
age which compensates for the voltage offset of
said associated amplifier element such that the mea-
surement of said difference signal is highly accu-
rate;

outputting a first output signal changeable at prede-

termined clock intervals between first and second
levels whenever said integrated difference signal
crosses said threshold level in said measuring step
during a clock interval, said second signal being
selected in response to said first output signal such
that one said reference signal is supplied to said
summing node when said first output signal is at
said first level and another said reference signal is
supplied to said summing node when said first out-
put signal is at said second level such that the aver-
age value of the reference signals over time bal-
ances said input signal at said summing node and
the average level over time of said first output
signal is proportional to said input signal; and
with said measuring step further including the step of
integrating said difference signal utilizing a second
storage element coupled between said summing
node and a common ground and with said compen-
sating step including the step of alternately switch-
ing said amplifier elements between a nulling mode,
wherein a second terminal of said first storage ele-
ment is coupled to said common ground and a
feedback path is provided between said inverting
input and said output of said associated amplifier
element such that any voltage offset of said associ-
ated amplifier element is stored in said first storage
element and a measuring mode wherein said sec-
ond terminal of said first storage element is coupled
to said summing node such that said stored voltage
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offset is in series with said inverting input, with one
of said amplifier elements being in said measuring
mode when said remaining amplifier element is in
said nulling mode.
12. A method as in claim 11 in which the time periods
in which said amplifier elements are in said nulling
mode and in said measuring mode are different from
said clock intervals.
13. A method as in claim 11 in which said nulling
mode time period is shorter than said measuring mode
time period.
14. A method as in claim 13 in which said measuring
mode time period of one said amplifier element overlaps
the subsequent measuring mode time period of the other
said amplifier element. ‘
15. A method of converting an input signal to an
output pulse train which varies between two levels and
which has an average level over time proportional to
the input signal comprising the steps of:
supplying said input signal to a summing node;
supplying a second signal selected from at least two
different reference signals having predetermined
magnitudes, wherein the difference at any time
between said input signal and said second signal is
a difference signal;

measuring said difference signal by integrating the
difference signal and comparing the integrated
difference signal against a threshold level, said
measuring step including the use of a first amplifier
element having inverting and non-inverting inputs,
with said inverting input coupled to said summing
node and a comparator element having an input
coupled to an output of said first amplifier element
and further including the step of compensating for
any voltage offset between said inputs of said first
amplifier element utilizing a first storage element
coupled between said non-inverting input and a
common ground to compensate for said voltage
offset;

outputting a first output signal changeable at prede-

termined clock intervals between first and second
levels whenever said integrated difference signal
crosses said threshold level in said measuring step
during a clock interval, said second signal being
selected in response to said first output signal such
that one said reference signal is supplied to said
summing node when said first output signal is at
said first level and another said reference signal is
supplied to said summing node when said first out-
put signal is at said second level such that the aver-
age value of the reference signal over time balances
said input signal at said summing node and the
average level over time of said first output signal is
proportional to said input signal; and

with said measuring step further including the step of

integrating said difference signal utilizing a second
storage element coupled between said inverting
input and said output of said first amplifier element
and with said compensating step including the use
of a second amplifier element having inverting and
non-inverting inputs and an output and a third
storage element and alternately switching said sec-
ond amplifier element between a transfer mode
wherein said inverting and non-inverting inputs of
said first and second amplifier elements, respec-
tively, are coupled together, said third storage
element is coupled between said inverting input of
said second amplifier element and said common



4,542,354

19 20

ground, and a feedback path is coupled between fier element is coupled to said non-inverting input
said inverting input and said output of said second of said first amplifier element through a charging
amplifier element so as to store said offset voltage impedence so as to charge said first storage ele-
on said third storage element and a charging mode ment, thereby compensating for said offset voltage.
wherein said non-inverting inputs of said first and 5 16. A method as in claim 15 in which said second
second amplifier elements are coupled together, amplifier element is switched between said transfer and
said third storage element is coupled between said said charging mode at intervals which are longer than
inverting input and said output of said second am- said clock intervals.
plifier element and the output of said second ampli- o ox XX
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