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571 ABSTRACT

A bipolar analog voltage is converted into a digital
signal by sensing the polarity of the voltage and selec-
tively supplying a bias voltage to an analog-to-digital
converter, which can preferably be a charge balanced
voltage to frequency converter, as a function of the
sensed polarity. The voltage to frequency converter has

a double valued variable frequency output with a dis-
continuity at zero volt such that the converter derives a

- maximum output frequency for a maximum positive

voltage and also for a negative value slightly displaced
from zero; the voltage to the frequency converter mini-
mum output frequency is derived from positive voltages
slightly greater than zero and for maximum negative
voltages. The converter output frequency and the
sensed polarity are supplied to a frequency to digital
converter which derives an output signal having a bit
representing the polarity of the analog voltage and
additional bits indicative of the magnitude of the analog
voltage.

13 Claims, 4 Drawing Sheets

:Frequenc:glf'eand Polarity

to Digital Converter

l

I -appp— L] L L L —-——



Re. 34,899

Sheet 1 of 4

Apr. 11, 1995

U.S. Patent

_ _ JOUOAUOD [ 8ain
mmomegy T | lombns e
\fyrejod pue Kouenbes 0l 6DBIOA Iuresuogy kb

eBIByD peoueeg 7o Tl

| ol |

RIS
eBejoA

rejodig



Re. 34,899

Sheet 2 of 4

Apr. 11, 1995

U.S. Patent




Re. 34,899

Sheet 3 of 4

Apr, 11, 1995

U.S. Patent

e Old

M _

L _
|
>‘I""

(..._.__

4

N
LLl



Re. 34,899

Sheet 4 of 4

Apr. 11, 1995

U.S. Patent

|
|
|
|
€

J_

<_____..

N
N

LL




Re. 34,899

1

ANALOG TO DIGITAL CONVERSION WITH
CHARGE BALANCED VOLTAGE TO FREQUENCY
CONVERTER HAVING POLARITY RESPONSIVE

OFFSET

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

FIELD OF INVENTION

The present invention relates generally to analog to
digital converters and more particularly to an analog to
digital converter that is made to be responsive to bipo-
lar input voltages by means of a bias voltage coupled to
the input of the converter. The invention has particular

application to charge balanced voltage-to-frequency
converters.

BACKGROUND ART
Among the useful attributes of charge balanced volt-

age-to-frequency converters is the fact that they can be

used to implement analog-to-digital converters. Charge
balanced voltage-to-frequency converters generally
include a capacitor, connected with an operational am-
plifier to form a current integrator, that is cyclically
charged, first, in one direction and, second, in the oppo-
site direction (i.e., charged and discharged). This 1s
done at a frequency which changes linearly with the

input voltage applied. The net charge applied to the
capacitor during each cycle is zero, a result achieved by
charging the capacitor in the first direction for a prede-

termined time. In response to the end of that time, the
capacitor is charged in the second (opposite) direction
until a predetermined level is reached. The rate at
which the capacitor is charged in the first direction 1s
controlled by the sum of a current derived from the
input voltage and|a fixed current source. The rate at
which the capacitor is charged in the second direction is
determined by a current derived from the input voltage.
Therefore, the frequency of the charge and discharge
cycles is a direct function of the input voltage magni-
tude.

Among the well known advantages of charge bal-
anced voltage-to-frequency converters are: (1) the i1n-
herent filtering provided by the capacitor which 1s con-
nected to and responsive to the input during the entire
charge/discharge cycle, and (2) the fact that this elimi-
nates the need for an anti-aliassing filter in systems
where one is digitizing the input mn discrete samples.

Several different techniques have been employed for
enabling charge balanced voltage-to-frequency con-
verters to handle bipolar input voltages. One prior art
bipolar charge balanced voltage-to-frequency con-
verter includes an absolute value circuit connected
between the voltage source and the charge balanced
converter circuit. In an idealized situation a converter
with an absolute value circuit responds to input volt-
ages of — 10 volts, 0 volt and + 10 volts to derive fre-
quencies of (for example) 100 kHz, 10 kHz and 100 kHz,
respectively The negative voltage levels are detected to
control a polarity bit which is combined with the
counted frequency, containing the magnitude informa-
tion, to determine the complete reading. However, the
absolute value circuit has a tendency to have slightly
different gain factors for positive voltages relative to
negative voltages. The different gain factors of the ab-
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solute value circuit introduce errors in the voltage ver-
sus frequency relationship of the converter so that, in
the above example, the derived frequencies may be 100
kHz, 10 kHz and 99 kHz. Further, absolute value cir-
cuits with even the above inaccuracy generally require
the use of high accuracy operational amplifiers which
are slow to settle. The settling time required for a circuit
combined with the preamplifier ahead of the voltage to
frequency converter can easily be 100 microseconds.
This could be shortened greatly by implementing the
absolute value circuit after the preamplifier, but at the
expense of added parts, hence added cost and error.

Another bipolar charge balanced voltage-to-fre-
quency converter provides a bias to the converter, such
that a zero voltage input 1s offset to a predetermined
value at the input of the converter. The maximum nega-
tive and positive voltages applied to such converters
result in the converter deriving minimum and maximum
frequencies, respectively, while a zero mput voltage
results in the converter deriving a median output fre-
quency. For example, the bias applied to such a con-
verter causes the converter response to be 10 kHz, 55
kHz and 100 kHz, respectively, for input voltages of
— 10 volts, volt and 4 10 volts. Such converters have
the advantage of simplicity over converters which use
an absolute value circuit, but they sacrifice one bit of
resolution when compared to unipolar converters or
those which use an absolute value circuit. This lost bit
of resolution means that such converters have only
one-half the resolution that the other converters have.
Thus, the accuracy of prior art converters using a built
in bias is reduced considerably.

A third prior art bipolar charge balanced converter
includes a pair of converters, one for positive voltages
and a second for negative voltages. Such a construction
is disadvantageous because of the doubled cost of two
converters and the difficulties in obtaining two convert-
ers having exactly the same responses to voltages of the
same amplitude but of opposite polarity.

It is, accordingly, an object of the present invention
to provide a new and improved bipolar charge balanced
voltage-to-frequency converter.

Another object of the invention is to provide a new
and improved, high accuracy, high resolution charge
balanced voltage-to-frequency converter.

Another object of the present invention is to provide
a new and improved, relatively inexpensive and highly
accurate charge balanced voltage-to-frequency con-
VErter.

DISCLOSURE OF THE INVENTION
In accordance with the present invention a charge

- balanced voltage-to-frequency converter responsive to

23

bipolar voltages senses the polarity of the input voltage
and selectively connects a bias current derived from a
bias voltage to an input of the charge balanced con-
verter as a function of the sensed polarity. The bias
current which is selectively applied as a function of the
polarity of the input voltage being converted has a
polarity opposite that of a constant current source ap-

~ plied to the converter periodically to balance the

65

charge applied to a capacitor.

In a preferred embodiment of the invention, a circuit
for converting a voltage having positive and negative
(opposite) polarities to an output frequency that is re-
lated to the value of the voltage and wherein the volt-
age magnitude can include zero, comprises a capacitor
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connected to the inverting input of an operational am-
plifier to implement an integrator. The input voltage,
‘and all other voltages used, are applied to the integrator
through resistors which effectively turn them into cur-
rent sources charging or discharging the capacitor
while the operational amplifier holds the voltage of its
inverting input terminal at a constant voltage that is
very near ground potential. In response to the input
voltage having a positive polarity the capacittor is cycli-
cally charged and discharged, i.e., charged in a first
direction and then in a second, opposite, direction at a
first rate determined by a constant current source and a
current derived from the input voltage and at a second
rate determined by a current derived from the input
voltage, so that zero net charge is applied to the capaci-
tor during each cycle. While the input voltage has a
negative polarity, the capacitor is charged at a third
rate, determined by the sum of a current derived from
the input voltage and a current derived from an offset-
ting voltage source and a constant current source, and
discharged at a fourth rate, determined by a current
derived from the input voltage, and a current derived
from the offsetting voltage. The variable capacitor
charge rates determine the frequency of a triangular-
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hke wave derived from the converter. The frequency of 25

the triangular-like wave is counted and used in combi-
nation with the sensed polarity to derive an accurate
indication of the voltage magnitude and polarity.

The mput voltage magnitude versus output fre-
quency relationship of the converter is monotonic for
each polarity. However, the input voltage magnitude
versus output frequency is double valued when both
polarities are considered, i.e., the output frequency has
the same value for one positive voltage as for one nega-
tive voltage. This increases the input voltage to output
frequency resolution of the converter by a factor of
two. Accordingly, greater accuracy is achieved with-
out the inherent disadvantage of an absolute value cir-
cuit and without the need for duplicated converters for
the two polarities, merely by properly setting the mag-
nitude of a bias voltage which is applied to the con-
verter as a function of input voltage polarity.

In the preferred embodiment, there is a step function
change in output frequency for input voltage in the
vicinity of zero volt. This is achieved by simply switch-
ing an offsetting current derived from an offsetting
voltage source in or out of the circuit. This is highly
advantageous because the percentage error in the vicin-
ity of zero volt is kept small, which is not the case in
other implementations of bipolar voltage-to-frequency
converters. In the preferred embodiment, for voltages
varying between zero and -+ Vmax the converter out-
put frequency varies from F1 to F2, where F1 is less
than F2 and is preferably not zero because of the need
- to obtain an accurate count of it within a short time, i.e.
in practice less than 500 microseconds. For input volt-
age between zero and — V, the output frequency varies
from F2 to F1.

In accordance with another invention a bipolar ana-
log to digital converter comprises a polarity sensor
responsive to the analog voltage and a voltage-to-fre-
quency converter responsive to the sensed polarity and
the analog signal for deriving a variable frequency sig-
nal having two frequency values as a function of the
polarity of the analog signal. There is a discontinuity in
the frequency derived by the voltage-to-frequency con-
verter as the analog signal changes polarity A fre-
quency to digital converter responds to the variable
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frequency output of the voltage-to-frequency converter
and to the polarity sensor for deriving a binary repre-
sentation having a polarity bit indicative of the sensed
polarity and remaining bits controlled by the frequency
derived by the voltage to frequency converter and the
sensed polarity.

It 1s, accordingly, still another objective of the inven-
tion to provide a new and improved analog-to-digital
converter employing a charge balanced voltage-to-fre-
quency converter responsive to bipolar input voltages.

A further objective of the invention is to provide a
new and improved bipolar analog-to-digital converter
that is highly accurate and sensitive to voltage varia-
tions in the vicinity of zero volt. |

A further objective of the present invention is to
implement an analog-to-digital converter which can
maintain a high level of accuracy and resolution while
requiring only a short time to sample the input.

The above and still further objects, features and ad-
vantages of the present invention will become apparent
upon consideration of the following detailed description
of one specific embodiment thereof, especially when
taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a circuit diagram of an analog-to-digital
converter employing a charge balanced voltage-to-fre-
quency converter in accordance with the present inven-
tion;

FIG. 2 is a drawing of the input voltage-output fre-
quency response of the charge balanced voltage-to-fre-
quency converter employed in the analog-to-digital
converter of FIG. 1: and

FIGS. 3(a) and 3(b) are a series of waveforms helpful
in analyzing the operation of the circuit of FIG. 1.

DETAILED DISCLOSURE OF THE INVENTION

Reference is now made to FIG. 1, wherein bipolar
analog voltage source 11 generates an output that is
connected to an input of an analog-to-digital converter
12 including charge balanced voltage-to-frequency con-
verter 13, polarity detector 14, control logic network 15
and frequency and polarity to digital converter 16. Po-
larity detector 14 is connected directly to the output of
source 11 to derive a binary signal indicative of the
polarity of the voltage present at the input. |

Charge balanced voltage-to-frequency converter 13
responds directly to the output of the source 11 and to
the polarity indicating signal derived from the detector
14 to denive a triangular wave output having linear
variations such that in response to the voltage of source
11 having a positive polarity the converter derives a
waveform the frequency of which increases linearly
with increasing input voltage from source 11; in re-
sponse to negative polarity voltages from source 11 the
converter derives a waveform the frequency of which
decreases linearly with increasing magnitude of input
voltage from source 11. Reference voltage source 28
and resistor 120 provide a constant bias current to the
input of the converter which ensures that the minimum
slope of the waveforms, and hence the minimum fre-
quency of the converter, is always greater than zero,
preferably, near 10 kHz. Comparator 24 and one-shot
multivibrator 23 respond to the triangular wave to gen-
erate output pulses having a frequency equal to the
triangular wave frequency. Frequency and polarity to
digital converter 16 responds to variable frequency and
polarity input signals to derive a digital representation
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having a polarity bit representing the polarity of source
11 and additional bits representing the magnitude of the
voltage of the source 11. Control logic circuit 62
supplies signals to polarity detector 14 and converter 16
to control the operation thereof. |

Charge balanced voltage-to—frequency converter 13
includes an analog integrator comprising resistor 21,
operational amplifier 22 and feedback capacitor 23.

Resistor 21 is connected between an output terminal of

S

voltage source 11 and the inverting input terminal of 10

amplifier 22, while capacitor 23 is connected between
an output terminal of the amplifier and the inverting
input terminal of the amplifier. The output of opera-
tional amplifier 22 is applied to an mput of comparator
24, having a second, grounded input whereby the com-
parator derives a positive voltage signal 1n response to
the output of amplifier 22 being equal to or less than
zero. At all other tlmes comparator 24 derives a zero
output voltage.

The signal derived by comparator 24 is applied to the
input of a monostable multivibrator (one-shot flip-flop)
25, whereby the one-shot derives a bilevel output signal
having a binary one positive level for a predetermined
interval of time after comparator 24 supplies it with a
positive transition. At all other times, the output of

one-shot 25 is a binary zero, ground level. The output of
one-shot 25 is supplied as a control input to switch 26 so

that the switch is opened and closed while binary zero
and one levels are respectively derived from one-shot
25. Switch 26 is connected in series between the output

of a negative constant current source 27 and the invert-

ing input terminal of operational amplifier 22.

In response to a positive output voltage from voltage
source 11, capacitor 23 is cyclically charged and dis-
charged at first and second predetermined rates, where
the first rate is determined by the sum of the currents
caused by the voltage from source 11, applied across
resistor 21, and the constant current from source 27
(while switch 26 1s closed). The second rate i1s deter-
mined only by the voltage from source 11 applied
across resistor 21. While switch 26 is closed, the net
current applied to the inverting input of amplifier 22 1s
negative based on the selection of constant current
source 27 to have a magnitude greater than or equal to
the maximum current from source 11 applied across
resistor 21.

In response to the net negative current supplied to the
inverting input terminal of amplifier 22 from sources 11
and 27, the amplifier derives a positive going, linear
ramp output voltage by virtue of capacitor 23 being
charged by the output of amplifier 22. The positive
going linear ramp is maintained for a predetermined
time interval, determined by the duration of the binary
one output of one-shot 25, which in turn determines the
length of time switch 26 1s closed.

In response to the output of one-shot 25 returning to
the binary zero level, switch 26 is opened, causing a
positive net current to be supplied by source 11 through
resistor 21 to the inverting input of amplifier 22. The net
positive current applied to the inverting input of amph-
fier 22 is inverted by the amplifier into a negative volt-
age ramp at its output that decreases linearly by virtue
of capacitor 23 being discharged. In response to the
negative going voltage at the output of amplifier 22
reaching a zero level, comparator 24 derives a positive
output transition which triggers one-shot 25, causing
the one-shot to derive a binary one level for the previ-
ously mentioned predetermined interval to define the
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next cycle. The triangular wave voltage at the output of
amplifier 22 thus has a variable frequency determined
by the magnitude of voltage source 11.

From the foregoing, the charge applied to and re-
moved from capacitor 23 during each operating cycle
has a net value of zero, leading to the name “charge
balanced voltage-to-frequency converter”. While
switch 26 is open, the only input current supplied to the
inverting input terminal of amplifier 22 is from source
11, through resistor 21. Thus the only variable affecting
the charge and discharge rates of capacitor 23 and
thereby the slopes of the output of amplifier 22 during
the charge and discharge times of the capacitor are
indicative of the voltage of source 11 while source 11
has a positive value.

The previously described elements of charge bal-
anced voltage-to-frequency converter 13 are well
known, as is the operation thereof. In accordance with

' the present invention, the charging rate of capacitor 23

is modified by connecting a positive reference voltage
source 28 to the inverting input of amplifier 22 through
resistor 121 when the voltage from source 11 1s nega-
tive. Such a modification enables charge balanced volt-
age-to-frequency converter 13 to operate over the same
range as if it were responding to voltages of only posi-
tive polarity from source 11. The magnitude of the
current supplied to the inverting input terminal of am-
plifier 22 while the polarity of source 11 is negative is
determined by setting the value of resistor 121 to equal
the value of resistor 21 and the voltage magnitude of
reference voltage source 28 to equal Vmax, where
Vmax equals the maximum voltage of source 11. Setting
R121=R21 and Vref=Vmax is not fundamental to the
invention, although implementation is simplified
thereby. Selection of the magnitude of the current sup-
plied by the reference voltage source 28 while the volt-

age of source 11 is negative to correspond t0 Vmax
ensures that capacitor 23 is cyclically charged and dis-
charged in the same manner and at the same rates for
negative voltages from source 11 as it would be for
positive voltages from the source 11.

To these ends, charge balanced voltage-to-frequency
converter 13 is in circuit with reference voltage source
28, resistor 121 and switch 29 connected between the
output of source 28 and one end of resistor 121. The
other end of resistor 121 is connected to the inverting
input terminal of amplifier 22. Source 28 provides a

~ constant current output through resistor R121 based on

S0

35

65

the ability of amplifier 22 to hold its inverting input
terminal at a constant voltage, very near ground poten-
tial, by supplying current to that terminal through ca-
pacitor 23. The sum of the currents from source 11 and
reference voltage source 28 never exceeds Vmax/R21
because voltage source 28 is applied only when voltage
source 11 derives a negative value. Therefore the opera-
tion of the voltage-to-frequency converter with nega-
tive voltages applied from source 11 and with reference
voltage source 28 applied through resistor 121 is sub-
stantially the same as its operation with positive volt-
ages applied from voltage source 11 without reference
voltage source 28 applied. However, 1t 1s important to
recall that the application of reference voltage source

28 does not attempt to invert the voltage-to-frequency
characteristic as an absolute value circuit would, but
rather offsets the characteristic. It 1s also important to
note that applying offsetting reference voltage source
28 does not cause the amplifier 22 input voltage or
output voltage to change, which would require signifi-
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cant settling time, e.g., up to 100 microseconds for a 1
MHz amplifier. Rather, it causes a change in the rate at
which the output voltage of the amplifier 22 changes,
which takes place in a much shorter time, e.g., on the
order of 1 microsecond for a 1 MHz amplifier.

- While switch 29 is closed in response to a negative
output voltage from source 11, and while switch 26 is
closed in response to a binary one output level of one-
shot 25, capacitor 23 is charged, resulting in a positive

gomg linear voltage ramp being derived at the output of 10

operational amplifier 22. In response to switch 26 being
opened at the end of the predetermined time interval for
the bmary one output of one-shot 25 being completed,
only the negative current supplied from source 11
through resistor 21 and the positive current of source
28, coupled through switch 29 and resistor 121, flow
into the inverting input terminal of amplifier 22, result-
Ing in a negative going output linear voltage ramp at the
output terminal of the amplifier 22. When the negative
going output voltage reaches a zero level, comparator
24 triggers one-shot 25, completing the cycle.

For a given magnitude of voltage source 11, the
charge and discharge rates of capacitor 23 may differ.
They combine to form a triangular wave form which
has a frequency that corresponds to that voltage value
from source 11 and causes one-shot 25 to output pulses
at that same frequency. The relationship between the
output frequency of voltage-to-frequency converter 13
and the magnitude and polarity of the voltage from
source 11 1s illustrated in FIG. 2. Therein, as the voltage
of source 11 increases from zero volt in a positive direc-
tion to the maximum value of +Vmax, the frequency
derived from wvoltage-to-frequency converter 13 in-
creases in a linear, monotonic manner from fmin to
fmax, as indicated by straight line 31. In response to the
voltage of source 11 increasing from zero volt to
— Vmax, the output frequency of voltage-to-frequency
converter 13 decreases in a linear, monotonic manner
from fmax to fmin, as indicated by straight line 32. In a
typical example, the values of fmin and fmax are respec-
tively 10 kHz and 100 kHz, while the value of Vmax is
10 volts. In any event, the value of fmin is deliberately
maintained greater than zero by the offset current that
flows from reference voltage source 28 through resistor
120 into the inverting input of the operational amplifier
22. -
From the foregoing, it is apparent that there is a sig-
nificant, finite jump in the output frequency of voltage-
to-frequency converter 13 in the vicinity of zero volt, as
a function of the polarity of the voltage derived by
source 11, sensed by polarity detector 14.

The triangular waveforms derived by amplifier 22
within voltage-to-frequency converter 13 in response to
output voltages from source 11 being equal to Vmax/4
and — Vmax/4 are illustrated in FIGS. 3(a) and 3(b),
respectively. While switch 26 is closed, capacitor 23 is
linearly charged as indicated by wave segment 33 in
FIG. 3(a) at a rate determined by the value of (127—-
Vmax/4R21—Vmax/R120), where 127 is the current
from source 27 and the output of amplifier 22 increases
for a predetermined time T1 equal to the time interval
while the one-shot 25 is deriving a binary one output
After time T1 has expired, the output voltage of ampli-
fier 22 linearly decreases from V1 to zero, as indicated
by waveform segment 34. The slope of waveform seg-
ment 34 15 determined solely by the wvalue of
(—Vmax/4R21—Vmax/R120). From the foregoing, it
is appreciated that the duration of waveform segment
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34 is variable, and is the primary determinant of the
frequency of the triangular wave output derived by
amplifier 22 and the frequency of pulses derived from
one-shot 25.

If the voltage of source 11 changes while the polarity
of the source remains positive, the maximum voltage of
the triangular wave and the frequency of the triangular
wave also change. As the magnitude of the positive
voltage of source 11 decreases, the maximum voltage of
the triangular wave increases, accompanied by a slight
increase in the slope of the positive going wave segment
33 and a significant decrease in the slope of the negative
going wave segment 34. Thus, segment 34 requires a
greater time to reach zero volt, reducing the frequency
of the triangular waveform shown. Because the time
interval spanned by wave segment 33 is constant and
determined by one-shot 25, the slope of segment 33 does
not affect the frequency of the waveform directly.
However, the less steep slope of segment 34 causes it to
reach the predetermined level of its completion later,
resulting in a longer period of the waveform and a
lower frequency. Therefore, as the magnitude of the
positive voltage of source 11 decreases, the frequency
of the triangular wave decreases, despite the constant
interval of positive going wave segment 33.

Now consider the triangular wave output of amplifier
22 1n response to source 11 deriving a negative output
voltage having a magnitude Vmax/4, as illustrated in
FIG. 3(b). During the charge portion of each cycle, as

indicated by straight line waveform segment 35,

switches 26 and 29 are closed, whereby the net current
flowing to the inverting input terminal of amplifier 22
from sources 11, 27 and 28 is (—Vmax/4R21—127+-
Vmax/R120+ Vmax/R121), where Vmax/R121 is the
current that flows from reference voltage source 28
through resistor 121 and switch 29. Since 127 is much
greater than all the other currents together, the output
voltage of amplifier 22 increases linearly from zero
value for a predetermined length of time determined by
one-shot 25 at a slope determined by the net current, as
indicated by wave segment 35. In response to switch 26
being opened in response to the expiration of time inter-
val T1, the capacitor 23 is discharged to zero volt at a
Iinear rate determined by (—Vmax/4R21+-
Vmax/R1204- Vmax/R121), whereby the slope of neg-
ative going linear discharge segment 36 in FIG. 3(b) is
greater than the slope of waveform segment waveform
34 in FIG. 3(a). Waveform segment 36 continues until a
zero level is detected by comparator 24, causing trig-
gering of one-shot 25 to close switch 26, completing the
cycle. Because of the larger slope of waveforin segment
36 than waveform segment 34, the frequency of the
triangular wave output of amplifier 22 and of pulses
derived by one-shot 25 is greater for the voltage of
source 11 being —Vmax/4 than for the voltage of
source 11 being + Vmax/4.

Polarity detector 14 includes a voltage comparator 41
having a signal mput terminal connected to be respon-
sive to the output of bipolar analog voltage source 11
and a second, grounded input terminal. In response to
the input voltage to comparator 41 from source 11
being equal to or greater than zero, the comparator
derives a binary zero output level; in response to the
voltage of source 11 being negative, comparator 41
derives a binary one output level.

‘The binary level derived by comparator 41 is sampled
by D flip flop 42 once, shortly after the voltage from
source 11 has been applied but before the frequency-to-
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digital converter 16 has begun counting the output
frequency of the converter 13. The Q output of flip-flop
42 is supplied as a control signal for switch 29 and asa
polarity bit to frequency-to-digital converter 16.
Frequency to digital converter 16 includes a counter 5
50 which counts the frequency of a local oscillator 61
that operates at a much higher frequency than the maxi-

mum frequency from the voltage-to-frequency con-
verter 13, e.g., 40 MHz and counter 51 which counts the
pulses from one-shot 25. Counter 50 begins counting
high frequency clock pulses immediately after a high-
to-low transition of the output of one-shot 25, respond-
ing to a predetermined number of clock pulses to estab-
lish 2 minimum sample time. During that sample time,
counter S1 counts subsequent high-to-low transitions of 15
one-shot 25. At the end of the predetermined sample
time, counter 50 is reset to zero, or simply “rolls over”,
and begins counting up again. The counter 50 continues
counting until the next high-to-low transition of the
output of one-shot 25, which stops both counters 50 and 20
51. At this time, counter 51 contains a number which
corresponds to an exact number of frequency cycles of
the voltage-to-frequency converter, while counter 50
contains a number which will be added to the predeter-
mined number at which counter 50 was reset to zero, to
determine the length of time required for the whole
number of voltage-to-frequency cycles to occur. By
dividing the number of cycles from counter 51 by the
length of time required for those cycles from counter
50, the frequency of the voltage-to-frequency converter
is determined with a high degree of resolution within a
few cycles. This method could be used with very high
local oscillator frequency to obtain the desired fre-
quency data within one-cycle of the voltage-to-fre-
quency converter. In practice, this is limited by phase
noise of the voltage-to-frequency converter 13 and the
maximum clock frequency at which counter 50 oper-

ates.
Division of the number of cycles from counter 51 by

the length of time derived by counter 50 may be per- 40
formed either in hardware or in software. The polarity
bit is then mathematically combined with the result of
the division to map the frequency into the correct posi-
tive or negative number corresponding to the voltage
provided by source 11. Again, this mapping may be 45
done in either hardware or software. Once this mapping

1S done, the polarity bit and the number corresponding

to the voltage magnitude are available as a reading of
the input voltage from source 11.

While there has been described one specific embodi- 50
ment of the invention, it will be clear that variations in
the details of the embodiment specifically illustrated
and described may be made without departing from the
true spirit and scope of the invention as defined in the
appended claims.

We claim:

1. A circuit for converting an input voltage having
first and second opposite polarities 10 an output fre-
quency wherein the output frequency is related to the
value of the mput voltage, the input voltage value in-
cluding zero, the output frequency having a non-zero
value for a zero input value, comprising

a capacitor;

means responsive to the mput voltage for cyclically

charging the capacitor in first and second opposite
directions so that zero net charge is applied to the
capacitor during each cycle, the means for charg-
ing including means for charging the capacitor (a)
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in the first direction at a first rate determined by the
value of the input voltage and a predetermined
current while the input voltage has the first polar-
ity, (b) in the second direction at a second rate
determined by the value of the input voltage while
the input voltage has the first polarity, (c) in the
first direction at a third rate determined by the
value of the input voltage, a predetermined voltage
and the predetermined current while the input
voltage has the second polarity and (d) in the sec-
ond direction at a fourth rate determined by the
value of the input voltage, the predetermined volt-
age while the input voltage has the second polarity,
the predetermined voltage and predetermined cur-
rent being of opposite polarity; and
means responsive to the charging and discharging of
the capacitor for deriving the output frequency.
2. The circuit of claim 1 wherein the means for cycli-
cally charging includes: means for supplying a predeter-
mined constant current having the second polarity to
the capacitor while the capacitor is being charged in the
second direction for a predetermined interval during
each cycle and means for supplying a preset constant
current having the first polarity to the capacitor
throughout each cycle while the input voltage has the
second polarity, the magnitude of the predetermined
current being equal to the maximum current flowing
from the source of the input voltage to the capacitor,
the magnitude of the predetermined current exceeding
the magnitude of a maximum current derived from the

predetermined voltage.

3. The circuit of claim 1 further including means for
sensing the polarity of the input voltage at a predeter-
mined tune, said voltage polarity sensing means being -
connected to said charging means to control whether
the capacitor i1s charged at the first and second rates or
at the third and fourth rates.

4. A circuit for converting an input voltage having
first and second opposite polarities to an output fre-
quency wherein the output frequency is related to the
value of the input voltage, the input voltage value in-
cluding zero, the output frequency having a non-zero
value for a zero input voltage value, comprising a
charge balanced voltage to frequency converter respon-
sive to the input voltage, and means responsive to the
input voltage having the first and second polarities for
supplying a predetermined bias voltage having the first
polarity only when the nput voltage is at the second
polarity. -

3. An analog to digital converter responsive to an
input voltage source having first and second polarities
and a predetermined amplitude range, comprising
means for converting the input voltage into an output
frequency, the output frequency varying as a function
of the amplitude and polarity of the input voltage such
that there is a step function change in the output fre-
quency with changes in polarity of the input voltage,
the output frequency having the same value for two
different magmtudes and polarities of the input voltage,
and means responsive to the polarity of the input volt-
age and the output frequency for deriving a digital
signal having different values for different voltages
throughout the range.

6. The converter of claim § wherein the means for
converting includes a charge balanced voltage to fre-
quency converter responstve to the input voltage, and
means responsive to the input voltage having the first
and second polarities respectively causing {irst and sec-
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ond polarity currents to flow to the converter and for

selectively supplying a predetermined bias current hav-

ing a first polarity to the converter.

7. The converter of claim 5 wherein the means for
converting includes
- a capacitor;
means responsive to the input voltage for cyclically

charging the capacitor in first and second opposite
directions so that zero net charge is applied to the
capacitor during each cycle, the means for charg-
ing including means for charging the capacitor (a)
in the first direction at a first rate determined by the
value of the input voltage and a predetermined
current while the input voltage has the first polar-
ity, (b) in the second direction at a second rate
determined by the value of the input voltage while
the input voltage has the first polarity, (c) in the
first direction at a third rate determined by the
value of the input voltage, a predetermined voltage
and the predetermined current while the input
voltage has the second polarity and (d) in the sec-
ond direction at a fourth rate determined by the
value of the input voltage, the predetermined volt-
age while the input voltage has the second polarity,
the predetermined voltage and predetermined cur-
rent being of opposite polarity; and

means responsive to the charging and discharging of

the capacitor for deriving the output frequency.

8. The converter of claim 7 wherein the means for
cychcally charging includes: means for supplying a
predetermined constant current having the second po-
lanity to the capacitor while the capacitor is being
charged m the second direction for a predetermined
interval during each cycle and means for supplying a
preset constant voltage having the first polarity to the
capacitor throughout each cycle while the input volt-
age has the second polarity, the magnitude of the prede-
termined voltage being equal to the maximum current
flowing from the source of the input voltage to the
capacitor, the magnitude of the predetermined current
exceeding the magnitude of a maximum current derived
from the predetermined voltage.

9. The converter of claim 7 further including means
for sensing the polarity of the input voltage, said volt-
age polarity sensing means being connected to said
charging means to control whether the capacitor is
charged at the first and second rates or at the third and
fourth rates and means for controlling the digital signal
deriving means so that the output frequency is sampled
at a predetermined rate.

-10. Apparatus for converting a bipolar analog input
voltage into a digital signal, comprising a polarity sen-
sor responsive to the analog input voltage, a voltage-to-
frequency converter responsive to the polarity sensed
by the polarity sensor and the analog input signal for
deriving a variable frequency signal having double val-
ues of frequency as a function of the magnitude of the
analog mput signal and its polarity and a discontinuity
in the frequency derived thereby as the analog input
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signal changes polarity, a frequency-to-digital con-
verter responsive to the variable frequency output of
the voltage-to-frequency converter and of the polarity
sensor for deriving a digital signal having a polarity bit
indicative of the semsed polarity and additional bits
controlled by the frequency derived by the voltage-to-
frequency converter and the sensed polarity.

11. The apparatus of claim 10 wherein the voltage-to-
frequency converter comprises a charge balanced volt-
age-to-frequency converter, a reference voltage source,
and means responsive to the sensed polarity for selec-

tively supplying current derived from the reference

voltage source to the charge balanced voltage-to-fre-
quency converter as a function of the sensed polarity.

12. The apparatus of claim 11 wherein the charge
balanced voltage-to-frequency converter includes a
constant current source selectively connected to an
integrating capacitor of the voltage-to-frequency con-
verter during a portion of each cycle of the converter,
the voltage-to-frequency converter including impe-
dance means connected to a source of the analog input
voltage and the analog input voltage having a maximum
magnitude such that a maximum predetermined current
derived from the analog input voltage is supplied to the
voltage-to-frequency converter, the polarity of the cur-
rent supplied to the converter by the reference voltage
source being different from the polarity of the current
supplied to the voltage-to-frequency converter derived
from the constant current source, the magnitude of the
current supplied to the voltage-to-frequency converter
by the constant current source being greater than the
sum of the current supplied to the voltage-to-frequency
converter by the reference voltage source plus the cur-
rent derived by the analog input voltage source.

13. A circuit for converting an input voltage having
first and second opposite polarities to a digital represen-
tation of the input voltage, the input voltage having
positive and negative values as well as zero, the digital
representation being double valued such that (a) said
representation increases from a low value to a high
value as the input voltage of the first polarity increases
from zero to a full scale value, (b) the digital representa- -
tion decreases from said high value to said low value as
the input voltage of the second polarity increases from
zero to said full scale value and (c) a polarity signal is
generated indicating which state (a) or (b) applies, said
circuit comprising:

means for converting input voltages of the first polar-

ity to corresponding digital representations;

a plurality of sensing elements responsive to said

input voltage for generating said polarity signal;

a source of a bias voltage equal to said full scale input

voltage of the first polarity; and

means for summing (1) a signal derived from the bias

voltage with (2) a signal derived from the input
voltage, when the input voltage is of the second

polarity.
* % X * X
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