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[57) ABSTRACT

An analog signal is sampled in response to a sampling
command. Each time that the analog signal, or the dif-
ference between the analog signal and the previous
sample thereof, crosses a respective reference level, a
digital signal is produced. Each digital signal consists of
a code representing the level crossing or incremental
change in level which has occurred and a count repre-
senting the time which has elapsed since the last sample
command. A digital signal is also produced if the
elapsed time reaches a predetermined period. On pro-
duction of each digital signal, a sampling command is
produced and the elapsed time counting is recom-
menced. The digital signals constitute a digital represen-
tation of the analog signal. The converter is particularly
useful for converting analog signals having both very

“high and very low frequency portions, such as current

surges which occur on telephone lines affected by light-
ning (high frequency) and 60 Hz induction (low fre-

quency).
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ANALOG TO DIGITAL CONVERTER USING
TIMED LEVEL CHANGES

This invention relates to analog to digital (A-D) con-
verters. : :

Various types of A-D converters are known in which
an analog signal to be converted is periodically sampled
at a predetermined rate which is typically twice the
highest frequency of the analog signal. Each sampled
value is converted into a corresponding digital signal,
possibly in accordance with a desired companding law.

. Alternatively, only changes in the magnitude of the
analog signal are recorded as digital signals.

Such known A-D converters use a constant sampling
rate. To convert analog signals having high frequency
components, a higher sampling rate must be used. This
results in an increased amount of digital information per
unit time, requiring greater storage or transmission ca-
pacity for storage or transmission of the information.
The necessarily high sampling rate results in a large
amount of redundant digital information, and hence
wasted storage or transmission facilities, for portions of

the analog signals which have a relatively low: fre-
quency and for which a much lower sampling rate
would suffice.

Accordingly, in such known A-D converters the
selected sampling rate is a compromise between the
requirements of converting high frequency signal com-

" ponents and reducing the amount of digital information
to be handled. If the highest frequency component of an
analog signal to be converted is not known, it is difficult
to select an appropriate sampling rate.. Furthermore, if
an analog signal to be converted includes both very
high and very low (or zero) frequency portions, this
compromise is not acceptable because it results in loss of
high frequency signal components and/or production
“of an excessive amount of digital information.

The present invention, therefore, seeks to provide an
A-D converter which is particularly suitable for con-
verting analog signals which include both relatively
high and relatively low frequency portions. The inven-
tion is not, however, limited to the conversion of such
signals, but can equally be applied to converting any
form of analog signal. v ‘

It is observed that this invention has arisen from a
desire to record the waveforms of current surges which

" occur on telephone lines during lightning storms and
from power system faults; current surges may arise
from lightning striking the lines directly, or striking
nearby power lines, or producing local changes in
ground potential. While such current surges have gen-
erally been presumed to rise rapidly from zero to a peak
and then to fall more slowly back to zero, a more de-
tailed knowledge of the waveforms of the surges is
‘desirable for example in order to enable design of im-
proved protective devices. A waveform recorder con-
structed incorporating an embodiment of this invention
described hereinafter has enabled waveforms of such
current surges to be recorded without excessive loss of
high frequency components and without production of
large quantities of redundant information, either or both
of which would occur using conventional A-D.convert-
ers.

In accordance with an embodiment of this invention,
an analog signal to be converted is not sampled periodi-
cally at a constant rate, but is sampled each time that a
digital word representing a point of the signal is pro-
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duced. Whenever the analog signal itself, or the differ-
ence between the analog signal and its last preceding
sample, crosses various predetermined levels, this is
detected and .2 digital code, representing the particular
level which has been crossed, is produced. A priority
encoder prevents more than one code, or an incorrect
code, being produced at any instant. The digital code

forms a part of a digital word, the remainder of which
is constituted by a timing counter count which repre-
sents the time which has elapsed since the preceding
sample occurred. With the production of the digital
word the timing counter is reset and the analog signal is
sampled again. In the event that the analog signal has a
substantially constant level, the timing counter can
reach its maximum count before another level crossing
occurs. In this event a further digital word is produced,
and the timing counter is reset and the analog signal is
again sampled. This further digital word comprises

gither only a digital code representing that the timing

counter has reached its maximum count, or this code
together with the count of the counter.

Thus according to this invention there is provided an
analog to digital converter comprising: sampling means -
for sampling an analog signal in response to a sample

.command; timing means for providing a digital repre-

sentation of elapsed time following the last preceding
sample command; means, responsive to the analog sig-
nal, and responsive to the difference between the analog
signal and the last preceding sample thereof, crossing
respective predetermined levels, for producing respec-
tive digital signals each comprising a code representing
the particular level crossing and the digital representa-
tion of the elapsed time at which this level crossing
occurred; means responsive to elapse of a predeter-
mined period following the last preceding sample com-
mand, for producing a further digital signal comprising
a code representing the elapse of said period; and con-
trol means for supplying a sample command to the
sampling means, and for resetting the timing means, on
the production of any of the digital signals; whereby

said digital signals constitute a digital representation of

said analog signal.

A preferred form of analog to digital converter ac-
cording to this invention comprises:

a sampling circuit responsive to-a sample command
being supplied thereto to sample an analog input signal;
a subtracting circuit-arranged to subtract the last pre-
ceding sample of the analog input signal from the ana-
log input signal to produce a difference signal; means
including a plurality of first comparators each arranged
to compare the analog input signal with a respective
predetermined level for producing signals on respective
ones of first lines in response to the analog input signal
crossing said respective predetermined levels; means
including a plurality of second comparators each ar-
ranged to compare the difference signal with a respec-
tive predetermined level for producing signals on re-
spective ones of second lines in response to the differ-
ence signal crossing said respective predetermined lev-
els; a source of clock pulses; a counter for counting said
clock pulses; means for producing a signal on a third
line in response to the counter reaching a predetermined
count; means for detecting said signal(s) on any of said
first, second, and third lines and for producing a digital
code in dependence upon said signal(s); and control
means responsive to detection of said signal(s) by said
detecting means to supply a sample command to the
sampling circuit, to cause the count of the counter and
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said digital code to be supplied as a digital representa-
tion of the analog input signal, and to reset the counter.

Preferably the means including the plurality of sec-
ond comparators -includes means for preventing pro-
duction of said signals on at least one of said second
lines except when the analog input signal lies within a
predetermined range. This enables different voltage
changes, or difference signal levels, to be recorded in
different ranges of the input signal, providing for com-
panding which may be desirable for the same reasons as
in conventional analog to digital converters.

Signals may occur on more than one of the first,
second, and third lines in any clock period; for example
a difference signal level crossing may occur at the same
instant that the analog signal crosses one of the levels
with which it is compared. In order that in such a case
only the most important information is recorded, the
means for detecting the signal(s) and for producing the
digital code can comprise a priority encoder for pro-
ducing said digital code in accordance with priorities
assigned to the respective ones of said first, second, and
third lines.

The digital representations are preferably entered
into a memory before being otherwise stored or trans-
mitted. In order to enable detection of errors in subse-
quently processing information produced by the con-
verter, it is possible also to incorporate test words peri-
odically in the digital representations. This is particu-
larly desirable if the digital representations are trans-
ferred serially bit-by-bit from the memory onto a digital
recording tape, which may be subject to defects.

The invention also extends to a method of converting
an analog signal into a digital representation- thereof;
comprising the steps of:

comparing the analog signal with at least one refer-
ence level; sampling the analog signal in response to a
sample command; comparing the differenceé between
the analog signal and the last preceding sample thereof
with at least one reference level;

determining the elapsed time following the last pre-
ceding sample command; in response to one or more of
the results of the comparisons indicating that a refer-
ence level has been crossed by the analog signal or said
difference, producing a digital signal representative of
said level crossing(s) and the elapsed time, and produc-
ing said sample command; and in response ‘to said
elapsed time reaching a predetermined period, produc-
ing a digital signal representative of this and producing
said sample command; said digital signals constituting
said digital representation of the analog signal.

The invention will be further understood from the
following description with reference to the accompany-
ing drawings, in which:

FIG. 1 illustrates a block diagram of a signal wave-
form recorder including an A-D converter according to
a preferred embodiment of the invention;

FIGS. 2, 3, and 4 illustrate in detail parts of the re-
corder of FIG. 1;-and

FIG. 5 illustrates signals which occur in operation of
the recorder.

The signal waveform recorder shown in FIG. 1
serves to record digitally in a shift register memory 1
the waveform of an analog signal applied to an input 2
of the recorder. The waveform is recorded in the form
of 1024 digital words each of 16 bits. Each word repre-
sents a respective point of the waveform, and consists of
a 4-bit event code and a 12-bit time code, these codes
being further explained below.
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The recorder includes a sample-and-hold circuit 3, a
difference amplifier 4, detector circuits 5, monostables
6, flip-flops 7, latches 8, and a priority encoder 9 which
produces each 4-bit event code. The time code is pro-
duced by counting pulses of a 1 MHz clock 10 in a time
counter 11. Clear logic 12 serves for resetting the flip-
flops 7, and the operation of the recorder is controlled
by a control unit 13.

The control unit 13 supplies sample commands to the
sample-and-hold circuit 3 via a line 14. In response to
each sample command, the circuit 3 samples the signal
supplied from the input 2 to its input, and supplies the
sampled value via its output to the inverting input of the
difference amplifier 4. The signal at the input 2 is also
supplied directly to the non-inverting input of the dif-
ference amplifier 4, which has unity gain. Consequently
the difference amplifier 4 supplies to the detector cir-
cuits 5 via an output line 15 a signal which is equal to the
difference between the instantaneous value of the input
signal and the last preceding sampled value thereof. The
input signal is also supplied via a line 16 directly to the
detector circuits 5.

The detector circuits 5 are shown in detail in FIG. 2,

" and basically consist of comparators 17 and 18, all of
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which are similar to one another and accordingly only
one of which is shown in detail. As shown in FIG. 2,
each comparator consists of a differential amplifier,
type LHO032, to the inverting input of which one of the
lines 15 and 16 is connected, to the non-inverting input
of which a respective reference potential is coupled,
and an output of which is coupled to an output of the
comparator. Each comparator also includes circuitry to
limit the output voltage swing to TTL levels.

In the comparators 18, the signal supplied to the input
2 and present on the line 16 is compared with predeter-
mined levels of 43 volts, —0.6 volts, 0 volts, +0.6
volis, and +3 volts. The outputs of the former 3 com-
parators are normally high, and go low if the input

" signal level exceeds (i.e. is more positive than) +3 volts,
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+0.6 volts, and 0 volts respectively. The outputs of the
latter 2 comparators are normally low, and go high if
the input signal falls below (i.e. is more negative than)
—0.6 volts and —3 volts respectively. The outputs of
the comparators 18 are connected to output lines 19 of
the detector circuits 5.

In the comparators 17, the difference signal supplied
via the line 15 is compared with predetermined levels of
+0.1 volts, —0.1 volts, +0.3 volts, —0.3 volts, 1
volt, and —1 volt. The outputs of the comparators 17
are coupled to outputs 20 of the detector circuits 5,
which outputs are normally high. The output of the +1
volt comparator 17 is connected directly, and the out-
put of the —1 volt comparator 17 is connected via an
inverter 21, to the respective outputs 20 which accord-
ingly go low if the difference signal on the line 15 ex-
ceeds 41 volt or falls below —1 volt respectively. The
outputs of the +0.3 volts and —0.3 volts comparators
17 are coupled to the respective outputs 20 via NAND
gates 22 which are controlled in dependence upon the
outputs of the +3 volts and —3 volts comparators 18.
Only if the difference signal on the line 15 exceeds +0.3
volts or falls below —0.3 volts, and the input signal on
the line 16 lies between —3 and -3 volts, does the
output of one of the NAND gates 22 go low. Similarly,
the outputs of the 0.1 volt comparators 17 are cou-
pled to the respective outputs 20 via NAND gates 23
controlled by the outputs of the 0.6 volt comparators
18, so that only if the difference signal on the line 15
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exceeds 0.1 volt or falls below —0.1 volt, and the
input signal on the line 16 lies between —0.6 and +0.6
volts, does the output of one of the NAND gates 23 go
low.

The outputs 19 of the detector circuits 5, and a line 24
from the control unit 13, are each connected via the
monostables 6 and flip-flops 7 to the latches 8. FIG. 3
illustrates circuitry provided individually for each of
‘the lines 19 and 24. As shown in FIG. 3, the monosta-
bles 6 comprise 2 monostable circuits 25 and an AND
gate 26 for each line 19 or 24. The line is connected to
trigger inputs of the monostable circuits 25, one of
which is triggered on the rising edge and the other on
the falling edge of level changes on the line 19 or 24.
The Q outputs of the circuits 25 are connected to inputs
of the AND gate 26. Each monostable circuit 25 pro-
duces a 100 ns pulse when it is triggered. Consequently,
for each level change (from high to low or from low to
high) on the line 19 or 24 a 100 ns pulse is produced on
a respective output line 27 of the monostables 6.

The flip-flops 7 comprise a JX flip-flop 28, the latches
7 comprise a latch 29, and the clear logic 12 comprises
an OR gate 30, for each of the lines 27, as shown in FIG.
3. Each line 27 is connected to the clock input Clk of the
flip-flop 28, which is triggered on the falling edge of the
signal supplied to its clock input. The Q output of the
flip-flop 28 is connected via a line 31 to the data input D
of the latch 29, whose Q output is connected via a line
32 to a respective input of the priority encoder 9 and via
a line 33 to one input of the OR gate 30. The other input
of the OR gate 30 is connected to a line 34 from the
control unit 13, and the output of the OR gate 30 is
connected to a reset input of the flip-flop 28. A line 35
from the control unit 13 is connected to a latch enable
input of the latch 29. The monostable circuits 25, JK
flip-flops 28, and latches 29 are constituted by type
74123, 74103, and 7475 devices respectively.

The outputs 20 of the detector circuits 5, and a line 36
from the control unit 13, are each connected to the D
input of a respective latch 29 in the same manner as each
line 31. The Q outputs of these latches are similarly
connected via lines 32’ to respective inputs of the prior-
ity encoder 9.

It will be noted that a double stage of latching is
provided for signals on the lines 19 and 24 by the flip-
flops 28 and the latches 29. The flip-flops 28 ensure that
events, such as transitions of the input signal through
the various reference levels supplied to the comparators
18, are recorded even though they may occur at high

speed with a duration much less than one clock period. -

The latches 29 ensure that the inputs of the priority
encoder 9 do not change, and hence the outputs of the

10

20

25

30

35

40

45

50

priority encoder 9 do not change, during the entry of -

information of the memory 1, and thus prevent events
which may occur during this entry of information from
affecting the information entered. These events are
taken into account in the next following clock period.
. The double stage of latching also enables a flip-flop 28
which has been set, and whose information has been
latched in the relevant latch 29, to be quickly cleared
and hence re-enabled well before completion of the
priority encoding and entry of information into the
memory 1; this early clearing also ensures that events
which occur are not erroneously recorded in the mem-
ory 1 more than once.

From the foregoing description it should be appreci-
ated that signals on the lines 19 are associated with
transitions of the input signal through levels of 0, 0.6,

35

60
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and =3 volts, and signals on lines 20 are associated with
changes of the input signal, from the preceding sample,
of +0.1, 0.3, and =1 volt. A signal from the control
unit 13 on the line 24 is associated with a test word, and
a signal from the control unit 13 on the line 36 is associ-
ated with what is termed herein as a d.c. level of the
input signal. On the occurrence of any of these signals
associated with their respective events, a low level is
produced on the respective one or more of the lines 32
and 32'. On occurrence of such a low level the priority
encoder 9 supplies a signal to the control unit 13 via a
line 37, and produces on output lines 38 the 4-bit event
code which corresponds to the highest priority of the
low level signals which it has received via the lines 32
and 32'. The priority encoder 9, which comprises two
type 74148 devices and associated gating circuitry, ac-
cords the various events the following order of priority:

Test Word
D.C. Level

0 volt transition
—3 volt transition
+3 volt transition
—1 volt change
+1 volt change
~0.6 volt transition
+0.6 volt transition
—0.3 volt change
+0.3 volt change
—0.1 volt change
+0.1 volt change

Highest Priority

Lowest Priority

As already described, the time counter 11 counts
pulses of the clock 10, which pulses are also supplied via
a line 39 to the control unit 13. The time counter 11 has
a counting capacity of 212=4096, and has 12 counter
stage outputs connected via 12 lines 40 to the memory 1.
The most significant of these outputs is connected via a
line 41 to the control unit 13 to indicate when the
counter 11 reaches its maximum count and to instigate
production of a signal on the line 36, indicating a d.c.
level of the input signal at the input 2.

The control unit 13, as described more fully below, is
responsive to a signal on the line 37 to produce a pulse
on a line 42 which is connected to a shift pulse input of
the shift register memory 1, which consists of 16 1024-
bit shift registers the inputs of which are connected to
the lines 38 and 40. The control unit 13 also produces on
a line 43 a pulse which resets the time counter 11.

Referring to FIG. 4, the control unit 13 comprises a
falling-edge-triggered monostable circuit 44 to the trig-
ger input of which the line 39 is connected and the Q
output of which is connected via an inverter 45 to a line
46. The line 46 is connected to the clock input CIk, and
the line 37 is connected to the J input, of a JK flip-flop
47. The Q output of the flip-flop 47 is connected via an
inverter 48 to the line 35, and directly to the trigger
input of a rising-edge-triggered monostable circuit 49
whose Q output is connected to the line 14. The Q
output of the flip-flop 47 is connected via a line 50 to the
trigger input of a falling-edge-triggered .monostable
circuit 51 whose Q output is connected to the line 34
and to one input of a NAND gate 52. A second input of
the gate 52 is supplied with a signal “Tape Clock”
which is normally high. The output of the gate 52 is
connected to the line 42, to the trigger input of a falling-
edge-triggered monostable circuit 53, and to the clock
input Clk of a word counter 54. The output of the sev-



4,291,299

7

enth stage of the counter 54, which output changes state
every 64th word counted by the counter, is connected
to the line 24, and the counter 54 supplies a signal ““Start
Tape” on a line 55 when it reaches a count of 1024. The
-line 41 is connected to the clock input Clk of a JK
flip-flop 56 whose Q output is connected to the line 36.
The Q output of the monostable circuit 53 is connected
to a clear input Clr of the flip-flop 56, and the Q output
of the circuit 53 is connected to the line 43 and to one
input of a NOR gate 57. A second input of the gate 57
is supplied with a normally low signal “Tape Inhibit”,
and its output is connected via a line 58 to a clear input
of the flip-flop 47. The monostable circuits 44, 49, 51
and 53 are type 74121 devices, the JK flip-flops 47 and
56 are formed by a type 7473 device, and the word
counter 54 is formed by three type 7493 devices.

The operation of the waveform recorder is described
below with reference to FIG. 5 which illustrates signals
which can occur during one cycle of the clock 10. In
FIG. 5 the various signals are given the same references
as the lines on which they appear. The signals shown in
FIG. § are produced assuming that the various devices
of the recorder have typical propagation times, which
are shown hatched. As can be seen, these propagation
times occupy a significant part of the clock period, and
so can not be ignored. The system was designed to
operate regardless of any combination of propagatlon
times of the particular device types used.

On the falling edge of the clock on line 39, the time
counter 11 is incremented and the monostable circuit 44
is triggered to produce a pulse of 50 ns duration which
appears on the line 46. A change in the level of any of
the lines 19 occurring at the same instant as the falling
edge of the clock triggers the associated one of the
monostables 6 to produce a pulse of 100 ns duration on
the associated line 27. If a similar change occurs earlier
in relation to the clock signal, it is recorded in the same
manner as described below. If a similar change occurs
later in relation to the clock signal, it may still be re-
corded as described below depending on the propaga-
tion times of the devices, but otherwise it is recorded
during the next following clock period.

The falling edge of the 100 ns pulse on the line 27 sets
the associated flip-flop 28 so that the line 31 goes low.
This information is transferred through the respective
open latch 29 so that the respective line 32 also goes
low. The priority encoder 9 detects that at least one of
its inputs has gone low, and it consequently supplies a
high level on its output line 37. This high level is also
produced in the event of a level change on the line 24,
or a low level on any of the lines 20 and 36.

The falling edge at the end of the 50 ns pulse on the
line 46 sets the flip-flop 47 in accordance with the high
level on the line 37 (assuming that the “Tape Inhibit”
signal has its normally low level). Consequently the line
50 goes low as shown in FIG. 5. The line 35 carries a
similar signal to that on the line 50, but slightly delayed
in relation thereto: The low level produced on the line
35 closes the latches 8 so that the information then
present at the latch inputs is held at the latch outputs.
The rising edge at the Q output of the flip-flop 47 trig-
gers the monostable circuit 49 to produce a pulse of 150
ns duration on the line 14. This pulse constitutes a sam-
ple command and causes the sample-and-hold circuit 3
to sample and hold the instantaneous value of the input
signal.

The falling edge of the signal on the line 50 triggers
the monostable circuit 51 to produce a pulse of 300 ns

—

0

30

- 8

duration on the line 34. This pulse is gated, in the clear
logic 12, with the outputs of the latches 8 on the lines 32
in order to clear any flip-flops 28 which have been set
and whose information has been latched by the relevant
latch 29. If a flip-flop 28 has been set after the relevant
latch 29 has been closed, it is not cleared in this clock
period but remains set. Consequently, when the latches
29 are re-opened the information constituted by this set
flip-flop 28 is presented via the relevant latch 29 to the
priority encoder 9 so that it is taken into account in the
following clock period.

The 300 ns pulse at the Q output of the monostable
circuit 51 is inverted by the normally enabled NAND
gate 52 to produce a shift pulse on the line 42. On the
falling edge of this shift pulse the information present on
the lines 38 and 40 is shifted into the shift register mem-
ory 1. It should be noted that the 300 ns pulse not only
allows ample time for the counter 11 outputs to stabi-
lize, but also ensures that the priority encoder 9 has
sufficient time to encode correctly the highest priority
information supplied to its inputs, thereby avoiding
entry of erroneous information into the memory 1.

The falling edge of the signal at the output of the gate
52 also increments the word counter 54 and triggers the
monostable circuit 53 to produce a word pulse of 50 ns
duration on the line 43, which pulse resets the time
counter 11 to a count of zero. This pulse is also inverted
by the normally enabled NOR gate 57 to produce on the
line 58 a pulse which resets the flip-flop 47. Conse-
quently the line 50 returns to a high level, as does the
line 35 to re-open the latches 8. The relevant line 32
therefore returns to a high level, the associated flip-flop
28 having been reset, and if no further event has oc-
curred the output of the priority encoder on the line 37
returns to a low level. Thus the various devices are reset
to their original states.

The above sequence is repeated in subsequent clock

- periods for further events which occur, either in respect
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of the lines 19 and 24 with triggering of the monostables
6 and setting and resetting of the flip-flops 7, or in re-
spect of the lines 20 and 36. If no event has occurred so
that the line 37 remains at a low level, then the flip-flop
47 is not set and only the time counter 11 is incre-
mented.

If the input signal at the input 2 is substantlally con- .
stant, then the time counter 11 is successively incre-
mented until it reaches its maximum count. At the start
of the next clock period the time counter 11 is again
incremented (from its maximum count to zero) so that a
high-to-low transition is produced on the line 41 as
shown in FIG. 5. This falling edge sets the flip-flop 56
so that a low level is produced at its Q output and on the
line 36, and hence also on the relevant lines 31 and 32 so
that a high level is produced on the line 37. This high
level occurs after the occurrence of the falling edge on
the line 46 so that the flip-flop 47 is not set in this clock
period. In the following clock period, because the line
37 carries a high level, the falling edge on the line 46
sets the flip-flop 47 so that the latches 8 are closed and
the low level on the line 36 is latched in the same man-
ner as described above and the encoder 9 produces an
event code representing a d.c. level. This event code is
shifted into the memory 1 with the prevailing time
count of 1 (although this time count is obviously redun-
dant information), and the flip-flop 56 is subsequently
cleared when the Q output of the monostable circuit 53
goes low.
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The word counter 54 counts the shift pulses supplied

to the memory 1, and emits the “Start Tape” signal on-

the line 55 when a count of 1024 is reached, i.e. when
the memory 1 is full. The “Start Tape” signal initiates a
transfer of the information contained in the memory 1
onto a digital recording tape on which the bits and
words are recerded serially. To this end the “Tape
Inhibit” signal goes high to hold the flip-flop 47 in its
cleared or reset state, so that no further information can
be entered into the memory 1, and the “Tape Clock”
signal alternates between high and low levels to provide
shift pulses via the gate 52 and the line 42 to the memory
1, thereby shifting information word-by-word from the
memory 1 to a parallel-to-serial converter and thence to
the tape. As the entry of the information onto the tape
is known in itself, no further description of this is neces-
sary here.

The information recorded on the tape can be pro-
cessed or utilized in any desired manner, for example to
plot the recorded waveforms on a graphic display de-
vice. As a result of the serial recording of bits on the
tape, a single bit defect on the tape can cause a lack of
synchronization between the information recorded and
that processed, leading to errors. In order to enable
detection of such errors, a test word is produced and
recorded every 64 words. To this end, every 64 words,
or shift pulses, the word counter 54 produces a level
change on the line 24. This level change triggers the
associated one of the monostables 6 to set the respective
" flip-flop 7. Consequently, in the clock period immedi-
ately following one in which an-event occurs, resulting
in a shift pulse which produces a level change on the
line 24, a digital test word is recorded in the memory 1
which test word comprises a respective event code and
a time count of one. The presence of such test words,
every 64th word on the tape which is eventually pro-
duced, can be checked to ensure that the recorded in-
formation is correctly processed. Furthermore, the
presence of the test word in the recorded data provides
a continuous check on the correct functioning of the
recorder. Thus it serves as a check on the counting by
the word counter, the operation of the control unit and
the counting and clearing of the timing counter in that
the time count of the test word should be one, the en-
coding by the priority encoder, and the loading of infor-
mation to the memory and transfer to the tape. In the
event that an érror does occur the presence of the test
words enables the information on the tape to be re-syn-
chronized and enables valid information to be deter-
mined and used.

In:an embodiment of the invention as described above
and constructed for recording current surges on tele-
phone lines produced as a result of lightning, or power
system faults, a line to be monitored was coupled via an
input attenuator and protective device which also pro-
vided current to voltage conversion, then via a 20 milli-
.. second delay line having a high-frequency response,

and then via a 500 kHz low pass filter, to the input 2 of
the recorder. A threshold detector was coupled to the
.input attenuator and protective device to detect the
initial part of a current surge due to lightning, and upon
such detection set a latch to provide power to the wave-
form recorder. The delay line provided a sufficient
delay to enable the recorder to be switched on for re-
cording the whole of the current surge waveform. The
500 kHz cut-off frequency of the low pass filter, which
had a very gradual roll-off above this frequency, was
selected to be half the frequency of the 1 MHz clock 10.
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After recordal of 1024 digital words in the memory 1 as

described above, a transfer to a digital recording tape

was initiated as also described above, and after this

transfer the. power supply to the recorder was automati- .
cally switched off until detection of a subsequent cur-
rent surge. Thus between consecutively recorded cur-

rent surges only a relatively low power consumption

trigger .detector remained switched on.

Whilst a preferred embodiment of the invention has
been described above, it is obvious that this may be
modified, varied, and adapted in many different ways
without department from the scope of the invention as
defined in the claims. For example faster logic devices
could be utilized in order to simplify the control unit
and/or to enable recordal of higher-frequency wave-
forms. The lines 20 could be coupled to the latches 8 via
flip-flops arranged in the same manner as the flip-flips 7,
and different arrangements could be provided for set-
ting the flip-flops 7 to obviate the need for the monosta-
bles 6. In different applications the flip-flops 7 them-
selves could conceivably be dispensed with. Obviously,
other reference voltages and voltage ranges could be
employed in the detector circuits 5. In addition, the
information supplied to or recorded in the memory
could be utilized differently; for example it could be
transmitted over a data or telephone link rather than
being stored on tape. In the latter respect it should be
appreciated that the A-D converter of the invention can
be used not only in a waveform recorder as described,
but also in any other application in which A-D convert-
ers are conventionally used. . - - -

It is furthermore observed that the digital information
which is produced by the A-D converter of this inven-
tion can be further compressed to reduce the total
amount of digital information which must be stored or
transmitted. It has already been noted that the time
counter. count is redundant information in the case
where the event code represents a d.c. level of the ana-
log input signal. In this case, therefore, the time code
need not be stored or transmitted. When the analog
input signal has reached a d.c. level, it is quite likely that
it will remain a d.c. level for some time, so that a plural-
ity of event codes each representing the d.c. level will |
be produced consecutively by the converter. This infor-
mation can be compressed by storing or transmitting,
for example, only a single event code representing the
d.c. level together with a signal representing the num-
ber of times which this event code is repeated before
some other event code occurs.

What is claimed is:

1. An analog to digital converter comprising:

sampling means for sampling an analog signal in re-

sponse to a sample command;
timing means for providing a digital representation of
elapsed time following the last preceding sample
command; ,

means, responsive to the analog signal, and respon-
sive to the difference between the analog signal and
the last preceding sample thereof, crossing respec-
tive predetermined levels, for producing respective
digital signals each comprising a code representing
the particular level crossing and the digital repre-
sentation of the elapsed time at which this level
crossing occurred;

means, responsive to elapse of a predetermined per-

iod following the last preceding sample command,
for producing a further digital signal comprising a
code representing the elapse of said period; and
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control means. for supplying a sample command to
the sampling means, and for resetting the timing
means, on the production of any of the digital sig-
nals;

whereby said digital signals constitute a digital repre-
sentation of said analog signal.

2. A converter as claimed in claim 1 wherein the
means, responsive to the analog signal and said differ-
ence, comprises a plurality of first comparators each
arranged to compare the analog signal with a respective
predetermined level, means for subtracting the last pre-
ceding sample of the analog signal from the analog
signal to produce a difference signal, and a plurality of
second comparators each arranged to compare the dif-
ference signal with a respective predetermined level.

3. A converter as claimed in claim 2 and including
means for inhibiting output signals produced by se-
lected ones of said second comparators in dependence
upon output signals produced by selected ones of said
first comparators.

4. A converter as claimed in claim 2 or 3 wherein the
means, responsive to the analog signal and said differ-
ence, further comprises a plurality of bistable stages
each arranged to be changed in state in response to an
output signal from a respective one of the comparators
changing in response to occurrence of the respective
level crossing, and means responsive to a change in state
of any of said bistable stages for latching information
relating to the states of said bistable stages, producing a
respective digital signal in dependence upon the latched
information, resetting those bistable stages whose state
has been changed and whose information has been
latched, and causing the control means to supply said
sample command and reset the timing means.

5. A converter as claimed in claim 4 wherein the
means responsive to said change for producing a respec-
tive digital signal comprises a priority encoder for pro-
ducing the code in said digital signal in accordance with
priorities associated with the respective level crossings.

6. An analog to digital converter comprising:

a sampling circuit responsive to a sample command
being supplied thereto to sample an analog input
signal;

a subtracting circuit arranged to subtract the last
preceding sample of the analog input signal from
the analog input signal to produce a difference
signal;

means including a plurality of first comparators each
arranged to compare the analog input signal with a
respective predetermined level for producing sig-
nals on respective ones of first lines in response to
the analog input signal crossing said respective
predetermined levels; :

means including a' plurality of second comparators
each arranged to compare the difference signal
with a respective predetermined level for produc-
ing signals on respective ones of second lines in
response to the difference signal crossing said re-
spective predetermined levels; -

a source of clock pulses;

a counter for counting said clock pulses;

means for producing a signal on a third line in re-
sponse to the counter reaching a predetermined
count;

means for detecting said signal(s) on any of said first,
second, and third lines and for producing a digital
code in dependence upon said signal(s); and
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control means responsive to detection of said signal(s)
by said detecting means to supply a sample com-
mand to the sampling circuit, to cause the count of
the counter and said digital code to be supplied as
a digital representation of the analog input signal,
and to reset the counter.

7. A converter as claimed in claim 6 wherein the
means .including the plurality of second comparators
includes means for preventing production of said signals
on at least one. of said second lines except when the
analog input signal lies within a predetermined range.

8. A converter as claimed in claim 6 wherein said
means for producing said signals on said first, second,
and third lines comprise a latch in respect of each line,
the latches all being closed simultaneously to hold said
signal(s) at their outputs in response to detection of said
signal(s) by said detecting means, and being opened
after the supply of said digital representation.

9. A converter as claimed in claim 6 wherein the
means for detecting said signal(s) and for producing said
digital code comprises a priority encoder for producing
said digital code in accordance with priorities assigned
to the respective ones of said first, second, and third
lines.

10. A converter as claimed in claim 6 and including a
memory arranged to be supplied with each said digital
representation, the control means being responsive to
detection of said signal(s) by said detecting means to
supply a signal to enter the count of the counter and the
digital code constituting each digital representation into
the memory. )

11. A converter as claimed in claim 6 or 10 wherein
the control means includes means for counting the num-
ber of digital representations of the analog input signal
which have been produced, and for producing a signal
on the fourth line at predetermined counts of said count-
ing means, a signal on said fourth line being processed in
the same manner as signal(s) on said first, second, and

" third lines to produce a digital representation compris-
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ing a digital code which represents said signal on said
fourth line and can serve for detecting errors on pro-
cessing digital information produced by the converter.

12. A converter as claimed in claim 7 wherein said
predetermined range extends between two of the prede-
termined levels with which the first comparators com-

- pare the analog input signal, said means for preventing
production of said signal being responsive to output

signals of the associated two of the first comparators.
13. A converter as claimed in claim 8 wherein at least
one of said means for producing said signals on said
first, second, and third lines comprises a bistable stage in
respect of each line, each bistable stage being arranged.
to be set to produce said signal on the respective line,
and means for resetting each bistable stage which has
been set to produce the associated signal and which
signal has been latched and held at the respective output
of the latches.
14. A method of convertmg an analog signal into a
digital representatlon thereof, comprising the steps of:
comparing the analog signal with at least one refer-
ence level;
sampling the analog signal in response to a sample
command,; ’
comparing the difference between the analog signal
.and the last preceding sample thereof with at least
one reference level;
determining the elapsed time followmg the last pre-
ceding sample command,
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in response to one or more of the results of the com-
parisons indicating that a reference level has been
crossed by the analog signal or said difference,
producing a digital signal representative of said
level crossing(s) and the elapsed time, and produc-
ing said sample command; and

in response te said elapsed time reaching a predeter-
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14
mined period, producing a digital signal represen-
tative of this and producing said sample command;
said digital signals constituting said digital representa-

tion of the analog signal.
* ok X% k. X



FURTHER READING

Click any one of the following links to be taken to a website which contains
the following documents.

The following are some recent examples of Asynchronous ADC activity off the web.

6 bit Asynchronous December 2006

Asynchronous ADC In CAD Mentor Graphics

Asynchronous Data Processing System

ASYNCHRONOUS PARALLEL RESISTORLESS ADC

Flash Asynchronous Analog-to-Digital Converter

Novel Asynchronous ADC Architecture

LEVEL BASED SAMPLING FOR ENERGY CONSERVATION IN LARGE NETWORKS

A level-Crossing Flash Asynchronous Analog-to-Digital Converter

Weight functions for signal reconstruction based on level crossings

Adaptive Rate Filtering Technique Based on the Level Crossing Sampling

Adaptive Level—Crossing Sampling Based DSP Systems

A 0.8 V Asynchronous ADC for Energy Constrained Sensing Applications
Spline-based signal reconstruction algorithm from multiple level crossing samples
A New Class of Asynchronous Analog-to-Digital Converters

Effects of time quantization and noise in level crossing sampling stabilization

Here is some more background information on Analog to Digital converters.

A 1-GS/s 6-bit 6.7-mW ADC

A Study of Folding and Interpolating ADC
Folding_ ADCs_Tutorials

high speed ADC design

Investigation of a Parallel Resistorless ADC

Here are some patents on the subject.

4,291,299 Analog_to_digital_converter_using_timed
4,352,999_Zero_crossing_comparators_with_threshold

4,544,914 Asynchronously controllable_successive_approximation
4,558,348 Digital_video_signal_processing_system_using
5,001,364 _Threshold crossing detector

5,315,284 _Asynchronous_digital_threshold_detector_

5,945,934 Tracking_analog_to_digital_converter

6,020,840 _Method_and_apparatus_for_representing_waveform
6,492,929 Analogue_to_digital_ converter_ and_method

6,501,412 Analog_to_digital_converter_including_a_quantizers
6,667,707 _Analog_to_digital_ converter with_asynchronous_ability
6,720,901_Interpolation_circuit_having_a_conversio2
6,850,180_SelfTimed_ ADC

6,965,338_Cascade_A_ D_converter

7,133,791 Two_mean_level crossing_time_interval
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