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(549 ANALOGUE TO DIGITAL CONVERTERS

(71) We, THE SOLARTRON ELEC-
TRONIC GROUP LIMITED, a British
Company, of Victoria Road, Farnborough,
Hampshire, GU14 7PW, do hereby declare
the invention, for which we pray that a patent
may be granted to us, and the method by
which it is to be performed, to be particu-
larly described in and by the following state-
ment:—

This invention relates to analogue-to-digital
converters, and is more particularly concerned
with bipolar analogue-to-digital converters
adapted to operate on the mark-space conver-
sion principle.

In a known form of bipolar mark-space
analogue - to - digital  converter,  the
analogue input signal to be converted is con-
tinuously applied to an integrator, whose out-
put is applied to one input of a single two-
input level detector. The level detector com-
pares the output of the integrator with a
detector level applied to its other input, and
a periodic signal is superimposed either on
the output of the integrator or on the detector
level. Whenever the magnitude of the signal
at one input of the level detector exceeds the
magnitude of the signal at its other input,
the output of the level detector changes from
a first state to a second state, The output of
the level detector controls the application of
two reference signals, equal in magnitude but
opposite in polarity, to the input of the
integrator, the positive reference signal being
applied during the first state and the negative
reference signal being applied during the
second state. Equilibrium is reached when the
mean input to the integrator, due to the
analogue signal and the two reference signals,
is zero. At this point it can be shown that
the magnitude of a steady D.C, input current
Iin is given by

Iin+Iref 1

where I..;, and I..; ., are the aforementioned
equal magnitude, opposite polarity, reference
signals, T is the period of the periodic signal,

t; and t, are the respective durations of the
application of the two reference signals, and
t1+t2=T.

Since the magnitudes of the two reference
signals are supposed to be equal, this simplifies
to

tg‘—tl

Iin=

Tet=(t:—t;) X a constant

It is then possible to measure digitally the
time difference t,—t;, to provide a digital
representation of the magnitude of the ana-
logue input signal.

This known form of bipolar mark-space
analogue-to-digital converter suffers from the
disadvantage that it is difficult to ensure that
the two reference signals are precisely equal
in magnitude, But if the respective magnitudes
of the two reference signals are not precisely
equal, the converter will suffer from a zero-
offset problem. This is due to the fact that
the two reference signals should be alternately
applied to the integrator for precisely equal
durations in response to a zero-magnitude ana-
logue input signal, in order that the afore-
mentioned difference between the durations
should be zero. However, when the respective
magnitudes of the two reference signals are
slightly different, it is necessary for the smaller
one to be applied to the integrator for a
slightly longer duration than the larger one
in order that their mean, and therefore the
mean input to the integrator, should be zero;
thus when equilibrium is attained, the con-
verter does not produce a correct zero read-
ing.

It is an object of the present invention to
provide a bipolar mark-space - analogue-to~
digital converter in which this zero-offset pro-
blem is substantially eliminated.

According to the present invention, there-
fore, a bipolar mark-space analogue-to-digital
converter comprises:

integrating means for receiving an analogue
input signal to be converted; :

means for superimposing a periodic signal
on: the output signal produced by the integrat-
ing means;
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first and second level detectors connected to
compare the output signal from the integrating
means with first and second detector levels
respectively, whereby analogue input signals
of one polarity cause the magnitude of the
output signal from the integrating means to
exceed the first level by crossing it in a
direction away from the second level, while
analogue input signals of the other polarity
cause the magnitude of the output signal from
the integrating means to fall below the second
level by crossing it in a direction away from
the first level, the first and second level detec-
tors being arranged to produce first and second
control signals respectively when the magni-
tude of the output signal from the integrating
means exceeds the first level and falls below
the second level respectively;

first and second reference signal sources of
opposite polarity;

switch means responsive to the first control
signal to apply one of said reference signal
sources, opposite in polarity to said one polar-
ity of the analogue input signal, to the integrat-
ing means, said switch means being also res-
ponsive to the second control signal to apply
the other of said reference signal sources to
the integrating means;

means for defining a conversion interval
equal in duration to the duration of an integral
number of cycles of said period signal;

a source for clock pulses; and

counter means for counting the clock pulses
during the application of either of the refer-
ence signal sources to the integrating means,
whereby the count in the counter means at the
end of the conversion interval is a digital re-
presentation of the magnitude of the integral
of the analogue signal over the conversion
interval,

The first and second reference signal sources
are preferably equal in magnitude,

In this case, there may be provided logic
circuit means for operating the switch means,
independently of the first and second control
signals, to successively apply the positive and
negative reference signal sources to the
integrating means once per cycle of the
periodic signal for equal short durations, typic-
ally a small fraction, e.g. less than 5%, of
the duration of a cycle of the periodic signal.

In a preferred embodiment of the inven-
tion, the first and second detector levels are
also equal in magnitude but opposite in polar-
ity, in which case they may be derived from
the first and second reference signal sources,
for example by means of respective potential
dividers.

The separation of the first and second
detector levels may conveniently be such that
the peak-to-peak excursions of said periodic
signal, in the absence of an analogue input
signal, lie substantially wholly between the
levels,

The periodic signal is preferably of tri-

angular waveform, in which case the super-
imposing means preferably comprises a square
wave generator, and means for applying the
square wave produced by the square wave
generator to the integrating means to be
integrated thereby, whereby to produce said
triangular waveform at the output of the
integrating means, The means for applying the
square wave to the integrating means prefer-
ably includes an A.C. coupling.

Advantageously, the integrating means com-
prises a high gain inverting amplifier having
an input and an output, an input resistance
for receiving the analogue input signal connec-
ted to said input, and a feedback capacitor
connected between said output and said input.
In this case the means for applying the square
wave to the integrating means may further in-
clude a second resistance connected to said
input, and the output of the switching means
may be connected to said input via a third
resistance,

The counter means may comprise a rever-
sible counter, and means for causing the coun-
ter to initjally count in one direction during
the application of the first reference signal
source and in the other direction during the
application of the second reference signal
source. In this case, there may further be pro-
vided means for reversing the direction of
counting of the counter, irrespective of which
reference source is currently being applied
to the integrating means, whenever the count
in the counter reaches zero while counting in
one direction. Said one direction is con-
veniently the reverse direction.

The invention will now be described, by
way of non-limitative example only, with
reference to the accompanying drawings, of
which

Figure 1 is a simplified block circuit diagram
of a bipolar mark-space analogue-to-digital
converter in accordance with the present
invention;

Figure 2 is an explanatory diagram showing
the signal waveforms at various points in the
circuit of the converter of Figure 1;

Figures 3 and 4 are respective circuit dia-
grams of alternative embodiments of two dif-
ferent parts of the converter of Figure 1;
and

Figure 5 is an explanatory diagram showing
the signal waveforms at various points in the
circuit of Figure 4.

The converter shown in Figure 1 is indica-
ted generally at 10, and comprises a pair of
input terminals 12, 13 to which an analogue-
input signal to be converted is applied. The
input terminal 12 constitutes the input of an
integrating amplifier 14, which comprises a
high gain differential amplifier 16 having in-
verting and non-inverting inputs 18, 20 res-
pectively. An input resistor R1 is connected
between the input terminal 12 and the invert-
ing input 18, and an integrating capacitor C1
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is feedback-conmected from the output of the
amplifier 16 to the inverting input 18. The
input terminal 13 and the non-inverting input
20 of the amplifier 16 are both grounded.

The inverting input 18 of the amplifier 16
constitutes a summing junction, and the out-
put of a square wave generator 22 is A.C.
coupled thereto via the series combination; of
a capacitor C2 and a resistor R2. The square
wave generator produces a square wave output
at a typical frequency of 10kHz, and is con-
nected to be driven via a divide-by-1000 fre-
quency divider 24 by a clock pulse generator
26 having a typical operating frequency of
10MHz,

Also connected to the inverting input 18 of
the amplifier 16 is one end of a resistor R3,
whose other end is selectively connectable, via
three transistor switches FET1, FET2 and
FET3 in parallel, to a positive reference volt-
age source 28, ground, and a negative refer-
ence voltage source 30 respectively. Although
the sources 28, 30 are opposite in polarity,
their respective magnitudes, + Vygp, are sub-
stantially equal: typically they may be +10
volts and —10 volis respectively. Normally,
one of the sources 28, 30 comprises a highly
stable temperature-controlled zener diode (not
shown), and the other is derived therefrom by
inversion.

The output of the amplifier 16, which also
constitutes the output of the integrating ampli-
fier 14, is connected to the non-inverting input
32 of a differential amplifier 34 and to the
inverting input 36 of a differential amplifier
38. The differential amplifiers 34, 38 both
operate as level detectors, and for this pur-
pose the inverting input 40 of the amplifier 34
is connected to receive a positive detector
level voltage V1 while the non-inverting input
42 of the amplifier 38 is connected to receive
a negative detector level voltage V2. The
voltages V1 and V2, while opposite in polarity,
are equal in magnitude (typically +4 volts)
and are derived from the sources 28, 30 res-
pectively by means of respective similar poten-
tial dividers 44, 46.

The outputs of the level detectors 34, 38
are respectively connected to the respective
D inputs of two D-type bistable circuits 48,
50, whose respective clock inputs are both
connected to the output of the clock pulse
generator 26, The Q output of the bistable
circuit 48 is connected to the control input
(gate) of the switch FET1, and the Q output
of the bistable circuit 50 is connected to the

control input of the switch FET3, The Q
outputs of both bistable circuits 48, 50 are
connected to respective inputs of a two-input
AND gate 51, whose output is connected
to the control input of the switch FET2.
Additionally, the Q output of the bistable cir-
cuit 48 is connected to one input 52 of a two-
input AND gate 54, while Q output of the

bistable circuit 50 is connected to one input
56 of a two-input AND gate 58. The other
input 60 of each of the AND gates 54, 58 is
connected to the output of the clock pulse
generator 26, while the outputs of the AND
gates 54, 58 are respectively connected to the
forward and reverse count inputs 62, 64 res-
pectively of a reversible multi-decade BCD
counter 66,

The counter 66 has a count output 68 con-
nected via a set of transfer gates 69 to a static-
iser 70. The staticiser 70 in turn is connected
via a decoder 72 to a display unit 74, which
may be of the known seven-segment light-
emitting diode or liquid crystal type.

A sequence controller 76 has three control
inputs 78—80 respectively connected to
receive control input signals from the clock
pulse generator 26, the square wave generator
22, and a detect zero output of the counter
66. The sequence controller 76 comprises a
counter 75, which has a typical full house
count of eleven and which is connected to be
driven by the square wave applied to the
control input 79 of the sequence controller
76, a bistable circuit 77 connected to be alter-
nately set and reset by the signal applied to
the control input 80 of the sequence controller
76, and further logic circuitry (not shown)
such as gates and bistable circuits arranged
in a conventional manner. Additionally, the
sequence controller 76 has three control out-
puts 83—85, respectively constituted by the
count one and count eleven outputs of the
counter 75 and the set output of the bistable
circuit 77, at which control outputs it
produces respective control signals, as will
hereinafter be described, for application to a
reset input of the counter 66, the transfer
gates 69 and the decoder 72 respectively. The
control output 85 of the sequence controller
76 is also connected to a polarity display input
of the display unit 74, while the control output
83 is internally connected to reset the bi-
stable circuit 77.

In operation, and assuming the Q outputs
of the bistable circuits 48, 50 are initially in
their logic O states, the switches FET1 and
FET3 are open (non-conducting) and the
switch FET2 is held closed (conducting) via
the AND gate 51. The square wave produced
by the square wave generator 26 is integrated
by the integrating amplifier 14. Since the
square wave is A.C. coupled to the integrating
amplifier 14 via the capacitor C2, its mean
D.C. level at the input of the resistor R2 is
zero, and its waveform is as shown in Figure
2(a). In the absence of an analogue input signal
at the input terminals 12, 13 and ignoring the
effects of any drift at the input of the ampli-
fier 16, the integrating amplifier 14 therefore
produces an output signal of triangular wave-
form, symmetrically disposed between the volt-
ages V1 and V2, as shown in Figure 2(b). The
separation of the voltages V1 and V2 is prefes-
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ably chosen to be just greater than the peak-
to-peak amplitude of this triangular wave-
form.

When an analogue input signal in the form
of a negative input voltage —Viy is applied
to the input terminals 12, 13, the integrating
amplifier 14 integrates it to produce a positive
component in the triangular waveform out-
put signal produced thereby., This positive
component increases the slope of the positive-
going flanks of the triangular waveform out-
put signal and decreases the slope of the
negative-going flanks, thus causing the positive
peaks in the triangular waveform output signal
to exceed the voltage V1, as shown in Figure
2(c). Each time the voltage V1 is exceeded,
the level detector 34 produces a logic 1 output
signal, which is applied to the D input of the
bistable circuit 48, so that the first clock pulse
to occur after the voltage V1 is crossed in
the positive direction sets the Q output of
this bistable circuit to its logic 1 state.” Simil-
arly, when. the output voltage produced by the
integrating amplifier 14 falls below the volt-
age V1 (ie. during each negative-going flank
of the triangular waveform), the output signal
produced by the level detector 34 and applied
to the D input of the bistable circuit 48

reverts to its logic O state, so that the first
clock pulse to occur thereafter sets the Q out-

put of the bistable circuit back to its logic
0 state.

The logic 1 state at the Q ocutput of the
bistable circuit 48 is effective to close the
switch FET1, thus applying the positive refer-
ence voltage source 28 to the integrating ampli-
fier 14 in opposition to the input voltage at
the terminals 12, 13. At the same time, the
logic 1 state at the Q output of the bistable
circuit 48 is also effective to enable the AND
gate 54, thereby permitting clock pulses to be
applied to, and forwardly counted in, the
counter 66 throughout the duration of the
application of the voltage source 28 to the
integrating amplifier 14,

Equilibrium is reached, typically after a
few cycles of the square wave from the square
wave generator 26, when the mean input cur-
rent to the integrating amplifier 14 is zero.
Each cycle of the output signal from the
integrating amplifier 14 can be divided into
four successive periods, indicated by Roman
numerals I to IV in Figure 2(c), during which
the input current L. to the integrating

amplifier 14 is as follows:
Vix Vs
Lot (period I):-— —
R1 R2
Vix Vs Vegr
Lot (period ID)= €
R2 R3
VS me
Lot (pel'i()d III): + l
R1 R2 R3
Topen (petiod IV) Vix N Vs
ota1 (PEIIO _—
total - -

where 2Vy is the peak-to-peak amplitude of
the square wave from the square wave gener-
ator 26. The mean value of the components
of current due to the square wave is zero,
while the components due to Viy are present
for the whole period T, where T is the
period of the square wave, Thus, at equili-
briuns and assuming —Viy is constant,

R1 t

Vix= « Vzpr .

=constant Xt

where t is the duration of the application of
the source 28 to the integrating amplifier 14.

Thus in order to measure the magnitude of
the input voltage —Viy, the sequence con-
troller 76 produces a start signal at its output
83, which start signal is constituted by a

count one output signal from the counter 75
and is therefore co-incident with a predeter-
mined point in a cycle of the square wave
from the square wave generator 26. In the
embodiment of the invention shown in Figure
1, this predetermined point is the beginning
of a cycle: however this is not essential, This
start signal resets the count in the counter 66
to zero, and resets the bistable circuit 77 if
necessary. The counter 66 then counts clock
pulses from the AND gate 54 throughout the
duration of each application of the source 28,
over a conversion (or measurement) interval
whose duration is determined by the counter
75 in the sequence controller 76. The end
of the conversion interval is indicated when
the count eleven output of the counter 75
produces an output signal, which appears at
the control output 84 of the sequence con-
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troller 76. Since this output signal is also co-
incident with said predetermined point in,
Le. the beginning of, a cycle of the square
wave, the duration of the conversion interval is
equal to an integral number of cycles, ten in
the described embodiment, of the square wave.
This output signal enables the transfer gates
69, and is therefore effective to strobe the
count in the counter 66 into the staticiser 70,

During the conversion interval, the sequence
controller 76 receives no signal from the detect
zero output of the counter 66, since this
detect zero output is adapted to produce an
output signal when the count in the counter
66 either goes from all zeroes to all nines
in the reverse count direction or from all
nines to all zeroes in the forward count direc-
tion. The bistable circuit 77 in the sequence
controller 76 therefore remains in its reset
state, which is arranged to set the decoder 72
operate as a BCD to scven segment decimal
decoder. The decoder 72 thus decodes the
count held in the staticiser 70, and the de-
coded count is displayed by the display unit
74. The signal at control output 85 of the
sequence controller 76 additionally causes the
display unit 74 to display a negative polarity
indication.

The next count one output signal from the
counter 75 in the sequence controller 76 con-
stitutes a further start signal, which causes
the whole measurement cycle described above
to be repeated. However, the display unit 74
continues to display the decoded vaiue of the
count held in the staticiser 70 until the end
of the next conversion interval, when the new
value of the count in the counter 66 is strobed
into the staticiser.

When an analogue input signal in the form
of a positive input voltage +Viy is applied
to the input terminal 12, a negative com-
ponent is introduced into the triangular wave-
form output signal produced by the integrat-
ing amplifier 14. This negative component
increases the slope of the negative-going flanks
of the triangular waveform output signal, and
decreases the slope of the positive-going flanks,
thus causing the negative peaks of the tri-
angular waveform output signal to fall below
(i.e. become more negative than) the voltage
V2, as shown in Figure 2(¢). In a manner
analogous to that already described with refer-
ence 10 negative analogue input voltages, the
level detector 38 is tripped, thus causing the
bistable circuit 50 to produce a logic 1 output
signal at its Q output in response to an
immediately subsequent clock pulse. The bi-
stable circuit 50 in turn closes the switch
FET3 to apply the negative reference voltage
source 30 to the integrating amplifier 14 in
epposition to the input voltage at the terminals
12, 13, and enables the AND gates 58 to
permit clock pulses to be applied to the coun-
ter 66: the clock pulses are, however, counted
in the reverse direction.

Equilibrium is reached, as already described,
when the mean input current to the integrating
amplifier 14 is zero, and the measurement
is performed during the conversion interval,
also as already described. However, this time
the final count in the counter 66 is in nines
complement form. But when the count in
the counter 66 goes fromy all zeroes to all
nines, the sequence controller 76 receives a
signal from the detect zero output of the
counter. This signal sets the bistable circuit
77 in the sequence controlled 76, which in
turn sets the decoder 72 to operate as a nines
complement BCD to seven segment decimal
decoder. This can be accomplished, for
cxample, merely by complementing the signal
at the input of the decoder 72 by means of
switching circuitry, before its application to the
main_decoding circuitry. The correctly de-
coded output from the decoder is then dis-
played by the display unit 74, which addi-
tionally displays a positive polarity indication
in response to the set signal from the bistable
circuit 77, which appears at the control output
85 of the sequence controller 76.

The reason for employing a reversible coun-
ter as the counter 66 is as follows. Consider
the case of a very small input voltage having a
noise signal superimposed thereon. This noise
signal may cause occasional reversal of the
polarity of the input veltage during the con-
version interval, so that the triangular wave-
form output signal produced by the integrat-
ing amplifier effectively moves up and down
with respect to the voltages V1 and V2 and
successively trips both of the level detectors
34, 38. Each time the level detector 34 is
tripped, the counter 66 counts forwardly, each
time the level detector 38 is tripped the coun-
ter 66 counts in reverse, and each time the
count in the counter 66 goes from all zeroes to
all nines or vice versa, a signal is produced
at its detect zero output. The signals at the
detect zero output of the counter 66 alter-
nately set and reset the bistable circuit 77 in
the sequence controller 76, so that state of the
bistable circuit 77 indicates whether the net
count in the counter 66 at any instant during
the conversion interval is above zero, and
therefore representative of an anlogue input
voltage having 2 mean negative value up to
that instant, or below zero, and therefore
representative of an analogue input voltage
having a mean positive value up to that
instant, It will be appreciated that the state
of the bistable circuit 77 at the end of the
conversion: interval provides the signal at the
control output 85 of the sequence controller

Figure 3 shows an alternative embodiment
of part of the converter 10, which embodi-
ment avoids the necessity of providing the
decoder 72 with the capability of operating
in the nines complement BCD decoding mode.
Elements similar to those described with refer-
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ence to Figure 1 are given the same refer-
ence numerals, and only the points of differ-
ence will be described. Thus the respective
outputs of the AND gates 54, 58 are connec-
ted to the counter 66 via a switching circuit
86, which comprises two change-over switches
87 and 88 each having a first fixed contact
89 connected to the output of the AND gate
54 and a second fixed contact 90 con-
nected to the output of the AND gate 58.
Each of the switches 87, 88 has a movable
wiper 91, the wipers 91 being ganged together.
The wiper 91 of the switch 87 is normally
in contact with the fixed contact 89 thereof,
and is connected to the forward count input
62 of the counter 66, while the wiper 91
of the switch 88 is normally in contact with
the fixed contact 90 thereof and is connected
to the reverse count input 64 of the counter
66. Joint movement of the wipers 91 there~
fore interchanges the connection of the AND
gates 54, 58 to the inputs 62, 64 of the counter
66.

The switches 87, 88 are shown as mechani-
cal switches merely for simplicity: in practice
they would be implemented as solid state
switches.

The position of the wipers 91 is controlled
by the control signal at the control output 85
of the sequence controller 76, which control
signal is determined, as already described, by
the signal from the detect zero output of the
counter 66. However, in the Figure 3 em-
bodiment, the counter 66 is adapted to pro-
duce an output signal at its detect zero out-
put when the count in the counter changes
from a count of one to a count of zero.

Thus when the count in the counter 66
has initially increased from zero in response
clock pulses from the AND gate 54, due to a
small negative input voltage, and then
decreases again to zero in response to clock
pulses from the AND gate 58, due to a change
in polarity of the input voltage, as the count
reaches zero the output of the AND gate
58 is switched by the switching circuit 86 from
the reverse count input 64 of the counter
66 to the forward count input 62, and the
output of the AND gate 54 is correspondingly
switched to the reverse count input 64. The
counter 66 continues counting, but now counts
forwardly, either until the end of the conver-
sion interval, or until another polarity rever-
sal of the input voltage causes the count in
the counter 66 to again decrease to zero and
again operate the switching circuit 86. The
count in the counter 66 therefore cannot fall
below zero, ie. to a nines complement form.
As before, the state of the bistable circuit 77
at any instant is representative of the polarity
of the mean value of the analogue input volt-
age up to that instant,

Turning now to Figure 4, there is shown
a modification to the circuitty of Figure 1
for driving the bistable circuits 48, 50 from

the level detectors 34, 38, which modification
ensures that the switches FET1 and FET3 are
each closed for a short digitally-defined time
once per cycle of the square wave from the
square wave generator 22, even when a zero
amplitude analogue input signal is applied
to the input terminals 12, 13 of the con-
verter 10, so that neither of the level detec-
tors 34, 38 is tripped. This modification im-
proves the settling time of the converter 10 in
response to very small analogue input signals.
As before, elements sirnilar 1o those describad
with reference to Figure 1 are given the same
reference numerals, and only the points of dif-
ference will be described.

Thus the output of the level detector 34
is connected to one input of a four-input
NAND gate 100, and is also connected via
an inverter 102 to one input of a two-input
NAND gate 104. The other inputs of the
NAND gate 100 are respectively connected to

receive logic signals designated F, N1 and P2,
while the other input of the NAND gate 104
is connected to receive a logic signal designa-
ted F. The respective outputs of the NAND
gates 100, 104 are connected to respective
inputs of two further NAND gates 106, 108
respectively, whose respective outputs are
cross-coupled to another input of each of the
gates 108, 106, to form a latch. The NAND
gate 108 has a further input connected to
receive the logic signal designated P2, while
the NAND gate 106 has a further input con-
nected to receive a logic signal designated P1,
and its output is connected to the D input
of the bistable circuit 48.

Similarly, the output of the level detector
34 is connected to one input of a four-input
NAND gate 100a and is also connected via
an inverter 102a to one input of a two-input
NAND gate 104a. The other inputs of the
NAND gate 100a are respectively connected
to receive the logic signals designated F and
P1, and a logic signal designated N2, while
the other input of the NAND gate 104a is
connected to receive the logic signal designated

F. The outputs of the NAND gates 100a,
104a are connected to respective inputs of
two further NAND gates 1062, 108a respect-
ively, whose respective outputs are cross-
coupled to another input of each of the gates
108a, 106a. to form another latch. The NAMND
gate 108a has a further input connected to
receive the logic signal designated N2, while
the NAND gate 106a has a further input
connected to receive a logic signal designated
N1, and its output is connected to the D input
of the bistable circuit 50.

Additionally, the respective outputs of the
NAND gates 108, 108a are cross-coupled to
yet further inputs of the NAND gates 108a,
108 respectively.

Each NAND gate is arranged to produce
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a logic level 0 output signal if and only if
its inputs receive a logic level 1 signal,

The waveforms of the logic signals desig-
nated F, P1, P2, N1, N2, and their timing
relationship with square wave produced by
the square wave generator 22, are shown in
Figure 5, the square wave from the generator
22 being shown at (a), and the waveforms of
the logic signals F, P1, P2, N1, N2 being
shown. at (b), (c), (d), (¢) and (f) respectively.
These logic signals are derived from the
square wave produced by the generator 22
in sequence controller 76. Thus the signal F
is directly derived from the square wave, while

the signal F is derived from the signal F by
inversion. The signals P1, P2, N1, N2 are
typically derived by appropriately decoding the
outputs of a counter (not shown) which counts
the high frequency clock pulses at the input
81 of the sequence controller 76 throughout
each cycle of the square wave. For example,
this counter is typically preceded by a divide-
by-ten frequency divider (not shown) so that
it receives pulses at 1MHz, and has a full
house count of one hundred achieved over
precisely one cycle of the square wave, The
count outputs of the counter are then de-
coded in conventional manner to set and reset
latches to produce the signals P1, P2, N1, N2
in accordance with the following table:

Count in

Counter

From To
Signal P1 is at logic level 0 0 1

Signal P2 is at logic level 0 49 50
Signal N1 is at logiclevel 0 50 51
Signal N2 is at logic level 0 99 0

For the remainder of the time these signals
are at logic level 1.

In operation, if the level detector 34 is
tripped during a positive-going flank of the
triangular waveform at the output of the

integrating amplifier 14, i.e. while the signal F
is at logic level 1, then the output signal of
the NAND gate 100 goes to logic level 0.
This forces the output signal of the NAND
gate 106 to logic level 1, thus setting the
Q output of the bistable circuit 48 to its
logic level 1 state as described with reference
to Figure 1. At the same time the output
signal of the NAND gate 108, which had been
enabled via the inverter 102 and NAND gate
104, is forced to logic level 0, thus latching
the NAND gate 106.

At the end of the positive-going flank, the

signal F applied to the NAND gate 100 goes
to logic level 0, and the signal P1 applied to
the NAND gate 106 also goes to logic level
0 simultaneously therewith. The output signal
of the NAND gate 106 therefore remains at

logic level 1, until both the signal P1 and the
output of the level detector 34 revert to their
logic level O states, since it will be appreciated
that the reversion of the output of the level
detector 34 to its logic level 0 state is operative
via the inverter 102 and NAND gate 104 to
force the output signal of the NAND gate
108 to logic level 1.

If the level detector 34 is not tripped by the
end of a positive-going flank of the triangular
waveform, then the output signals of the
NAND gates 100 and 108 are both at logic
level 1. The output signal of the NAND gate
106 is therefore forced to logic level 1 during
the brief interval when the signal P1 goes to
logic level 0, and operates the bistable circuit
48 for this interval as already described.

It can clearly be seen in Figure 4 that the
arrangement and connection of the NAND
gates 100a, 104a, 106a, and 1082 and the
inverter 102a between the level detector 38
and bistable circuit 50 is symmetrical with
respect to the arrangement and connection
of the NAND gates 100, 104, 106 and 108
and the inverter 102 between the level detec-
tor 34 and bistable circuit 48. Further, it
can be seen in Figure 5 that the time relation-
ship of the signals N1, N2 to negative-going
flanks of the triangular waveform is identical
to the time relationship of the signals P1, P2
to the positive-going flanks of the triangular
waveform. It will therefore be appreciated that
the operation of the bistable circuit 50 by the
level detector 38 or the signal N1, in rela-
tion to negative-going flanks, is exactly ana-
logous to the operation of the bistable circuit
48 as already described.

The use of the signals P2, N2 forces a tim-
ing gap between the resetting of one of the
bistable circuits 48, 50 and the setting of the
other of these bistable circuits. Additionally,
the cross-coupling between the NAND gates
108, 108a serves to prevent lock-up of the
logic circuitry of Figure 4 in response to cer-
tain transient operating conditions of the con-
verter 10.

To sumarise the effect of the logic circuitry
of Figure 4 on the operation, of the converter
10, this circuitry ensures that the switches
FET1 and FET3 are each successively closed
once per cycle of the square wave from the
square wave generator 22 for equal minimum
periods, typically 1%, of the duration of one
cycle of the square wave, even if one or both
of the level detectors 34 or 38 is not tripped:
thus, if one of the level detectors 34, 38 is
tripped but not the other, the switch FET1
or FET3 corresponding to the non-tripped
level detector will still be closed for the
aforementioned minimum period. Since mini-
mum pericds for which the positive and nega-
tive reference signal sources are applied to the
integrating amplifier 14 are equal, the net
DC current supplied to the integrating ampli-
fier 14 during these minimum periods is zero,
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and the accuracy of the measurements is un-
affected.

The operation of the logic circuitry of
Figure 4 leads to a very important advantage,
Regardless of the magnitude of the anslogue
input signal applied to the converter 10, each
of the reference voltage sources 28, 30 is
applied to the integrating amplifier 14 the
same equal number of times during the mea-
surement interval, Thus any erors attributable
to the time taken for the switches FET1 and
FETS3 to switch on and off are constant irres-
pective of the input signal magnitude, and can,
be calibrated out. We have found that a con-
version linsarity of a few parts per million
over a very wide dynamic range of imput
signal magnitude can be achieved as a result
of employing the logic circuitry of Figure
4,

It can be shown that, in general, the dura-
tion of the period t is proportional to the
integral of the input voltage V.. over any
integral number of periods T of the square
wave, It will bs appreciated that the magni-
tude of the input current to the integrating
amplifier 14 due to Vy should be larger than
that of the respective currents due to full scale
negative input voltages.

H desired, the output of the square wave
generator 22 can be phase-locked to a line-
frequency signal, typically at 50 or 60 Hz. The
duration of the conversion interval can then
be made very closely equal to the duration
of an integral number of cycles eg. one, of
the linefrequency signal, so as to provide
excellent rejection of any series mode interfer-
ence at the line frequency which may be supes-
imposed on the input voltage.

It will be appreciated that by virtue of the
use of separate reference voltage sources such
as the sources 28, 30 for the measurement
of negative and positive analogue input volt-
ages respectively, the bipolar analogue-to-
digital converter of the present invention
avoids the zero offset problem mentioned
hereinbefore. In piactice, the result of any
slight difference batween the respective refer-
ence currents applied to the integrating ampli-
fier 14 from the sources 28, 30 is merely a
slight difference in scale factor between mea-
surements of pesitive and negative input volt-
ages. This is much more acceptable to a user
of the converter than is a zero offset, which
is particularly objectionable when it is desired
to use the converter in a measurement proce-
dure requiring adjustment of some parameter
to produce a null cutput signal measured by
the converter.,

Many meodifications can be made to the
described embodiment of the invention. In
particular, 2 non-reversible counter may be
used in place of the counter 66 in the basic
embodiment described with reference to
Figure 1 for measurements where the expec-
ted noise content of the analogue input signal

to be measured is low compared to the desired
resolution. of the mzasurements. Also, instead
of connecting the square wave generator 22
to the input of the integrating amplifier 14, a
summing circuit may be connected to receive
the output of the integrating amplifier 14
and arranged to sum this output with a tri-
angular waveform signal from a suitable wave-
form generator, the cutput of the summing
circuit being applied to the level detectors 34,
38. Further, the switch FET2 may be omitted
if desired, in view of the fact that the input
20 of the amplifier 16 is grounded. It will
be understood that the expression “grounded”
in this specification merely means connected
to a signal low line, or zero volt line, since it
is possible for the main circuitry of the con-
verter 10 to be fully flcating. Additionally,
if desired, the separation of the voltages V1
and V2 may be chosen to be smaller than the
peak-to-peak amplitude of the triangular wave-
form at the output of the integrating ampli-
fier 14. Thus the level detectors 34, 38 are
each tripped once per cycle of the triangular
waveforn, so that the logic circuitry of Figure
4 can be omitted. Finally, since the conver-
sion interval may be made as long as desired,
the counter 66 may be arranged to operate
in the floating point mode.

WHAT WE CLAIM IS:—

1. A bipolar mark-space analogue-to-digital
converter comprising :

integrating msans for receiving an anaelogue
input signal to be converted;

means for superimposing a periodic signal
on ocutput signal produced by the integrating
means;

first and second level detectors connected
to compare the output signal from the integrat-
ing means with first and second detector levels
respectively, whereby analogue input signals
of one pelarity cause the magnitude of the
output signal from the integrating means to
exceed the first level by crossing it in a direc-
tion away from the second level, while ana-
logue input signals of the other polarity cause
the magnitude of the output signal from the
integrating means to fall below the second
level by crossing it in 2 direction away from
the first level, the first and second level detec-
tors being arranged to produce first and second
control signals respectively when the magni-
tude of the output signal from the integrating
meang exceeds the first level and falls below
the second level respectively;

first and second reference signal sources of
opposite polarity;

switch means responsive to the first control
signal to apply one of said reference signal
sources, opposite in polarity to said one polar-
ity of the analogue input signal, to the integrat-
ing means, said switch means being also res-
ponsive to the second control signal to apply
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the other of said reference signal sources to
the integrating means;

means for defining a conversion interval
equal in duration to the duration of an
integral number of cycles of said periodic
signal;

a source of clock pulses; and

counter means for counting the clock pulses
during the application of either of the refer-
ence signal sources to the integrating means,
whereby the count in the counter means at the
end of the conversion interval is a digital repre-
sentation of the magnitude of the integral of
tI:la analogue signal over the conversion inter-
val.

2. A converter as claimed in claim 1, where-
in. the first and second reference signal sources
are equal in magnitude,

3. A converter as claimed in. claim 2, further
including logic circuit means for operating
the switch means, independently of the first
and second control signals, to successively
apply the positive and negative reference signal
sources to the integrating means once per
cycle of the periodic signal for equal short
durations.

4. A converter as claimed in claim 2 or claim
3, wherein the first and second detector levels
are also equal in magnitude but opposite in
polarity.

5. A converter as claimed in claim 4,
wherein the first and second detector levels
are derived from the first and second refer-
ence signal sources.

6. A converter as claimed in any preceding
claim, wherein: the separation of the first and
second detector levels is such that the peak-to-
peak excursions of said periodic signal, in the
absence of an analogue input signal, lie sub-
stantially wholly between the levels.

7. A converter as claimed in any preceding
claim, wherein the periodic signal is of tri-
angular waveform,

8. A converter as claimed in claim 7, where-
in the superimposing means comprises a
square wave generator, and means for apply-
ing the square wave produced by the square
wave generator to the integrating means to be
integrated thereby, whereby to produce said
triangular waveform at the output of the
integrating means.

9. A converter as claimed in claim 8, where-
in means for applying the square wave to the
integrating means includes an A.C. coupling.

10. A converter as claimed in any preceding
claim, wherein the integrating means com-
prises a high gain inverting amplifier having
an input and an output, an input resistance
for receiving the analogue input signal con-
nected to said input, and a feedback capacitor
connected between said output and said input.

11. A converter as claimed in claim 8 and
claim 10, wherein the means for applying the
square wave to the integrating means further
includes a second resistance connected to said
input, and the output of the switching means
is connected to said input via a third resist-
ance,

12. A converter as claimed in any preceding
claim, wherein the counter means comprises
a reversible counter, and means for causing
the counter to initially count in one direction
during the application of the first reference
signal source and in the other direction during
the application of the second reference signal
source.

13. A converter as claimed in claim 12,
wherein there is provided means for reversing
the direction of counting of the counter, irres-
pective of which reference source is currently
being applied to the integrating means, when-
ever the count in the counter reaches zero
while counting in one direction.

14, A converter as claimed in claim 13,
wherein said ene direction is the reverse direc-
tion.

15. A bipolar mark-space analogue-to-digital
converter substantially as herein described with
reference to Figures 1 and 2 of the accom-
panying drawings.

16. A bipolar mark-space analogue-to-digital
converter substantially as herein described
with reference to Figures 1 and 2 of the
accompanying drawings, modified substantially
as described with reference to Figure 3 of the
accompanying drawings.

17. A bipolar mark-space analogue-to-digital
converter substantially as herein described
with reference to Figures 1 and 2 of the
accompanying drawings, modified substantially
as described with reference to Figures 4 and
5 of the accompanying drawings.

B. D. STOOLE,
Chartered Patent Agent,
Agent for the Applicants.

Printed for Her Majesty’s Stationery Office, by the Courier Press, Leamington Spa, 1976.
Published by The Patent Office, 25 Southampton Buildings, London, WC2A 1AY, from
which copies may be obtained.
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