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[57] ABSTRACT

A multi-channel electronic waveform recorder, for
storing waveform data and time of occurrence informa-
tion, i.e., a “time-tag”, for each stored value of an input
waveform, i1s disclosed. Specifically, each channel of
the waveform recorder compares a previously stored
value of a corresponding input signal to a current value
of that signal, and [ stores] is able to store the current
value whenever the difference between the mput signal
and the previously stored value is a predetermined
amount. Each or any selected sub-set of all the channels,
through an appropriate switch setting, can determine points
in time when, in response to the difference occurring for
that channel, all the channels will simultaneously store the
current value of these respective input signals.
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1
SIGNAL CONTROLLED WAVEFORM RECORDER

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

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a reissue of U.S. Pat. No. 4,631,697
which is a continuation-in-part of U.S. patent application
Ser. No. 522,356, filed Aug. 11, 1983, now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to electronic waveform record-
ers and, more particularly, to those that can record a
plurality of analog or digital signals and can be trig-
gered to record these signals in response to a change
occurring in any one of these signals.

2. Description of the Prior Art

The development and maintenance of any digital
system often requires initial and on-going analysis of a
variety of digital signals; some of which represent in-
puts to the system, some of which are internal signals,
and the remainder representing outputs generated by
the system. However, for a variety of reasons, such an
analysis can rarely be undertaken immediately upon the
occurrence of any of these signals. Chief among these
reasons 1s that any digital signal may exist for only a
relatively short period of time and/or may occur only
once or on an infrequent basis. In addition, some digital
signals, which are related in time may occur only at
widely varying times.

Consequently, a variety of electrical devices have
commercially appeared or at least have been proposed
in the art for recording digital signals, i.e., digital signal
patterns, for subsequent use in, for example, system
analysis. Generally, these devices fall into two broad
classes: oscilloscopes, and electronic recorders. Unfor-
tunately, each class possesses a unique drawback which
limits its utility.

Specifically, oscilloscopes rely on repetitive input
signals, 1.e., waveforms, to obtain a bright image. Re-
cent advances involving storage oscilloscopes involve
the incorporation of high speed memories for recording
high speed pulses and also for replaying [the] re-
corded waveforms so as to obviate the need for repeti-
tive application of these pulses to an input to the oscillo-
scope. However, the memory disadvantageously com-
plicates the use of the oscilloscope and, due to its re-
stricted capacity, limits the use of storage oscilloscopes
in applications involving the recording of multiple sig-
nals occurring at widely varying times.

Another limiting feature of an oscilloscope is its re-
stricted time base. In many current digital circuit de-
signs, pulse widths in the microsecond range are com-
monplace and pulse widths on the order of several
nanoseconds are often being increasingly used. Further-
more, mfrequently occurring widely spaced pulses,
having such an extremely narrow pulse width and
which may in fact have a pulse spacing as wide as sev-
eral seconds, are also quite common in current digital
circuits. However, whenever a storage oscilloscope is
set to record such a narrow pulse, the fastest usable total
sweep time might be on the order of 10 microseconds.
A longer sweep would make a nanosecond pulse so

5

10

15

20

235

30

35

45

30

55

65

2

narrow as to be unobservable. The use of presently
existing extremely high speed (100 171 nanosecond’}
nanoseconds) delayed sweeps is only partially able to
rectify this, since only one such sweep across the screen
of the oscilloscope is usually available upon the occur-
rence of an input pulse. Hence storage oscilloscopes are
only useful for examining and/or storing each separate
pulse and/or adjacent pulses closely occurring in time.
Consequently, storage oscilloscopes are generally dis-
advantageously unable to record pulses having a plural-
ity of widths in the microsecond to nanosecond region
with time delays between adjacent pulses extending
more than several orders of magnitude greater.

Electronic recorders, on the other hand, rely on stor-
ing data in a digital memory by [“‘clocking” the] sam-
pling an incoming signal at pre-selected time intervals
and storing each resulting sample. The stored [signal]
samples can be subsequently retrieved for processing
and/or display. Such a recorder, when used in conjunc-
tion with an oscilloscope allows the display of an infre-
quently occurring pulse by repetitively retrieving (re-
playing) [the recorded pulse waveshape] its srored
samples from the memory in order to produce a desired
trace of the waveform of the pulse. Unfortunately, these
digital memories, due to their limited capacities, can
only accommodate signals occurring over extremely
short time spans. Hence, a plurality of infrequently
occurring digital pulses having narrow pulse widths
cannot be recorded by such devices.

A single bit of information is represented by two
states, namely a 0 or a 1. When an analog signal is con-
verted to digital data a plurality of bits [are] is used to
represent the amplitude value of the analog signal.
L Electronic} As such, electronic memories are used
[ for the recording of both ] ro record a digital [signals]
signal, where only the state of each bit in the signal is
recorded, [and] or an analog [signals} signal where
Lthe] an analog waveform is [recorded using] first
converted in digital values having a plurality of bits ir
which each multi-bit value is then recorded. The deficien-
cies described are found in both types of recording.

To a certain extent, these deficiencies in electronic
recorders known to the art have been advantageously
eliminated in the analog waveform recorder disclosed
in my co-pending U.S. patent application entitled “Sig-
nal Controlled Waveform Recorder”, Ser. No. 494,322,
filed May 13, [1983now] 1983 now abandoned. Unfor-
tunately, the relatively slow speed at which the analog
comparison circuitry, used in the data taking process
contained therein, operates significantly and disadvan-
tageously limits the maximum speed of the input wave-
forms that can be recorded. Additionally, the analog
conversion circuit i1s slow in comparison to the times
encountered in many pulse measurements. The compar-
ison method of this invention eliminates the [defi-
ciences] deficiencies and allows the recording of digital
signals 1n the nanosecond range. Analog waveforms are
also recorded in the microsecond and nanosecond
ranges, limited only by the speed of [the] an analog
COnversion.

SUMMARY OF THE INVENTION

Accordingly, an object of the present invention is to
provide a simple and inexpensive multi-channel elec-
tronic analog or digital recorder that is capable of accu-
rately recording a plurality of either analog or digital
waveforms.
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Another object is to accurately record digital pulses
having pulse widths in the microsecond to nanosecond
region.

Another object is to substantially eliminate the need
for an operator to have any familiarity with the period
(or pulse width) of the waveform to be recorded.

A particular object is to accurately record a plurality
of waveforms, each of which can have a frequency or
[ pulse-width] puise width that widely varies from that
of any other.

Another particular object is to accurately record any
generally unknown and infrequently occurring wave-
form without requiring an excessive amount of mem-
ory.

Another object is to accurately record the time-of-
occurrence of any recorded value of any of the re-
corded waveforms.

A further object is to allow the operator to quickly
and easily vary any of the comparison criteria for any of
the channels while the recorder is operating.

Another object is to provide means for reconstruct-
ing waveforms from previously stored data or from
calculated time and amplitude data.

These and other objects are achieved in accordance
with the present invention by periodically latching a
digital input signal, providing a digital output signal
having substantially the same logical value as that of a
previously stored value of the digital input signal, com-
paring the logical values of the digital input signal and
the digital output signal, and, in response to any logical
difference therebetween, storing the latched value in a
memory.

One embodiment of the invention utilizes an analog
to digital converter to provide a plurality of bits repre-
sentative of the analog signal amplitude. The plurality
of corresponding bits are then identically compared
and, in response to any logical difference therebetween,
the latched values are stored 1n a memory.

The precision to which the amplitude of the analog
Famplitude] signal is represented by the digital signals
depends upon the number of bits compared. To store
data less frequently and thereby use less memory, only
the more significant bits are logically compared.

[In} The inventive waveform recorder contains N sub-
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stantially identical channels. Within any of these channels 45

and in accordance with a first specific embodiment
disclosed herein, [a} one-bit of @ multi-bit digital input
signal is clocked into a first latch within a corresponding
data channel. To determine whether this latched value
is to be stored in a memory, illustratively random ac-
cess, a selection circuit within this data channel com-
pares the most recently stored value, present at the
output of a second latch also contained within this data
channel, to the then current level of the input signal.
Specifically, the output of the second latch is continu-
ously applied to one input of an exclusive NOR gate,
and the current value of the input signal is applied to
another input of this gate. If the levels at both mnputs are
different, then the NOR gate generates a “TAKE”
return signal. The “TAKE” return signal is then applied
to system control circuitry, [both to cause] which, in
turn, causes the random access memory in this and all
other data channels to store the latched value present in
the first latch [and to transfer} contained in each corre-
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sponding data channel. Thereafter, the system control 65

circuitry also transfers this data from the first latch in each
data channel into the second latch in each data channel.
Alternatively, if the levels ar both inputs are the same,

4

then the latched value of the digital input signal 1s
[not] neither stored [or]} in the memory nor trans-
ferred into the second latch in any data channel.

To provide a “tag-time” for each stored value of the
input signal, a clock, which operates the first latch, 1s
used to increment a counter situated within the system
control circuitry. Whenever a latched value is stored in
memory, the total count occurring at that time 1s stored
in another memory also situated within the system control
circuitry at an address corresponding to the location
where that latched value is stored. As soon as the count
has been stored, the contents of the counter are reset, to
illustratively zero, such that the counter is able to accu-
rately count the appropriate interval [for the] of time
that elapses until a subsequent latched value is succes-
sively stored [value].

In accordance with a second embodiment disclosed
herein, specifically for use in recording analog signals,
each data channel also contains an analog-to-digital con-
verter and a digital-to-analog converter. Here, within any
channel an 8 bit analog to digital converter provides 8
bits of data which are clocked into a first latch. To
determine whether the 8 bits representing the amplitude
of the analog input signal are to be stored in memory,
illustratively random access, a selection circuit com-
pares the most recently stored values, present at the
output of a second latch, to the then current level of
corresponding input signals. Specifically, the outputs of
the second latch are continuously applied to one set of
inputs of an 8 bit [identity comparitor and the] com-
parator. The current values of the input signals from the
first latch are also applied to [the] a second set of
inputs of [the 8 bit identity comparitor} this compara-
tor. If the levels at both inputs for any bit are different,
then the [identity comparitor} comparator generates a
“TAKE” return signal. The “TAKE” return signal is
then applied to the system control circuitry [, both] to:
(@) cause the random access memory in each data chan-
nel to store the latched value present in the first latch, in
its associated data channel and [to] (b) transfer this data

from the first latch in each data channel into the second

latch in each associated data channel. Alternately, 1if the
levels are the same for all corresponding bits, then no
“TAKE?” signal is generated and the values latched 1n
the first latch are [not} neither stored [or]} in the
memory nor transferred into the second latch in any data
channel.

Both the “tag-time” and control circuitry are sumilar
to that described above in the first embodiment.

Advantageously, the operator need not have any
knowledge of the waveform to be recorded other than
to know that its effective pulse width is greater than a
very small value. As noted, each channel both continu-
ously latches its input signal and simultaneously records
each desired latched value and its “tag-time” all during
extremely short intervals of time, i.e., intervals which
are substantially shorter than the minimum period (or
pulse width) of the input signals that are likely to be
recorded. Consequently, the recorder can [accurat-
ley] accurately record any input signal having an ex-
tremely wide period (or pulse width) without any ad-
justment being made to the recorder.

[ Another] A feature of the invention is to permit
each or any selected subset of all of the channels 1n the
waveform recorder to determine the points in time
when all the channels will simultaneously record a value
for all their respective input signals. Specifically, the
“TAKE” return signal produced by data comparison in
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each channel 1s applied through a switch to the system
control circuitry. All the switched “TAKE” return
signals are effectively tied together. Within the system
control circuitry, a resultant “TAKE” data signal is
generated and applied to each channel to cause [it}
that channel to store the current value of its respective
input signal. Consequently, at the occurrence of any
switched “TAKE” return signal produced by any chan-
nel, all the channels will simultaneously record data. If,
however, the switch in any channel is appropriately
positioned to disconnect the “TAKE” return signal
generated by that channel from the system control cir-
cuitry, then that channel will record data only in re-
sponse to a “TAKE” return signal generated by any
other channel. Thus, all these switches can be appropri-
ately set such that any one or more of the channels will
determine when all the channels record data.

L1t is a] Another feature of this invention, in its sec-
ond embodiment, [to permit] permits the sensitivity of
the recording circuitry in each channel of the waveform
recorder to be set to match the expected perturbation in
the input signal applied thereto. Specifically, the sensi-
tivity of each channel is varied through the selection of
the number of bits applied to the [identity comparitor}
comparator. The least significant bits may be switchably
disregarded advantageously providing the operator
with complete flexibility in independently tailoring the
operation of each channel in the multi-channel recorder
to the particular input signal applied thereto.

Lastly, a further feature of this invention [is to pro-
vide] provides a2 multi-channel recorder that can be
readily expanded to accommodate any number of chan-
nels. This 1s readily accomplished by essentially con-
necting all the channels in parallel off various control
lines[,] and buses emanating from the system control

CIrcuitry.
BRIEF DESCRIPTION OF THE DRAWINGS
The invention may be clearly understood from a

6

lead 1a, data channel 2 records a corresponding input
signal appearing on lead 2a and so on. During both
recording and playback, each channel provides an out-
put signal equivalent to that which it is presently or has

5 just recorded; specifically, data channel 1 provides an
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consideration of the following detailed description and 40

accompanying drawings, in which:

FI1G. 1 1s an overall block diagram of the circuitry of
a multi-channel electronic digital waveform recorder
which embodies the teachings of the present invention;

FIG. 2 15 a block diagram of the circuitry of data 45

channel 1 shown in FIG. 1;

FIG. 3 1s a block diagram of the circuitry of system
control 20 shown in FIG. 1;

FIGS. 4A and 4B are waveform diagrams showing
typical timing relationships among various control sig-
nals occurring in the recorder during data recording
and replaying operations, respectively; and

FIG. § is a block diagram of a second embodiment of
the circuitry of data channel 1 shown in FIG. 1.

To facilitate easy understanding, identical reference
numerals are used to denote [identical] similar ele-
ments that are common to the figures.

DETAILED DESCRIPTION

FI1G. 1 depicts an overall block diagram of a multi-
channel electronic waveform recorder which embodies
the teachings of the present invention.

As shown, the waveform recorder is comprised of a
plurality of N substantially identical channels; specifi-
cally data channel 1, data channel 2, data channel 3, . .
. » data channel N. Each data channel records the wave-
form of a digital signal applied to its input, e.g. data
channel 1 records a corresponding input appearing on

50

35

65

output on lead Ic, data channel 2 provides an output on
lead 2c¢ and so on.

All the channels are connected in parallel to a plural-
ity of control lines and buses—specifically lines 101,
103-107, and 109 and 110, and buses 102 and 108—-
which together emanate from system control 20. As
will be discussed in detail later particularly in conjunc-
tion with the embodiment of data channel 1 shown in FIG.
2, each data channel [is] may be connected to a differ-
ent line 1in data bus 108. Within system control 20 as
shown in FIG. 1, each of these lines and buses is driven
by circuitry having a sufficiently high drive capability
such that a large number of data channels can be con-
nected in parallel without any significant [attentua-
tion ] attenuation occurring in any of the signals appear-
ing on any of these lines or buses.

System control 20 controls the operation of each of
the data channels. Specifically, for recording, each
channel independently monitors its associated input
signal and, based upon the result of a comparison in
logic level (as will be discussed shortly) between the
current value of the input signal and that of the most
recently stored value, the channel determines whether
the current value is to be recorded. In particular, all the
channels simultaneously latch respective digital input
signals whenever a clock pulse is applied to clock data
line 101. The frequency of these pulses is determined by
the frequency of the record clock pulses applied to
system control 20, via lead 127, from clock 14.

In the event any channel determines that the current
value of its input signal is to be recorded, [it] thar
channel provides an appropriate signal to system con-
trol 20, via “TAKE” return line 110. In response to this
signal, system control 20 applies appropriate pulses (as
will be discussed in detail shortly) to “TAKE” data line
109, and record data line 103. These pulses command
each channel to sismultaneously store the current value
of its associated input signal in a memory existing within
that data channel at, more specifically, an address (loca-
tion) specified by the address information then appear-
ing on address bus 102. This address is appropriately
incremented by system control 20 such that the next
recorded value of each input signal is stored at the next
successive location in the memory within each data
channel. Furthermore, the time-of-occurrence (com-
monly referred to as a “‘time-tag™) for each recorded
value is stored in a memory within system control 20 at,
more specifically, a location having an address corre-
sponding to that of the stored value. This is discussed in
greater detail below in conjunction with the discussion
of system control 20.

In addition to controlling recording, system control
20 (shown in FIG. 1) also controls playback by all of the
channels of the waveform stored in each. Specifically,
to replay, i.e,, read out the stored waveform to an out-
put of the associated channel, system control 20 applies
a train of clock pulses to replay [clock] line 106. The
frequency of these pulses is determined by the rate of
the replay clock pulses applied to system control 20, via
lead 129, from clock 14. The rate of the pulses can be
adjusted by the operator to one of many pre-determined
integral multiples or fractions of the recording rate, i.e.,
the frequency of the record clock pulses appearing on
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lead 127, depending upon the desired speed at which all
the recorded waveforms are to be read out of their
associated memories and whether that rate 15 to be
faster, the same as or slower than the rate at which will
the waveforms were recorded. By adjusting the replay
clock pulse rate accordingly, the operator can appropri-
ately expand or compress the time scale of all the re-
corded waveforms. For example, by appropnately ad-
justing the replay block pulse rate, a very narrow digital
input pulse may be replayed at a sufficiently slow rate to
allow an ordinary mechanical pen recorder to make a
permanent and accurate record of this pulse. Alter-
nately, where the recorded waveform contains wide
variations in frequency, several different replay clock
pulse rates can be used in succession in order to appro-
priately expand or compress the time scale along varn-
ous points in the recorded waveform.

Coincident with the application of the pulses to re-
play line 106, system control 20 also applies appropnate
address information, via address bus 102, to the memory
in every channel. The address information appearing on
address bus 102 is appropriately incremented by system
control 20 such that all the stored values for each wave-
form are read out in proper sequence from the respec-
tive memories Furthermore, system control 20 permits
the operator to set the starting address, at which replay
will occur, to correspond to any location 1n the respec-
tive memories. This advantageously permits the opera-
tor to replay any desired selected portion of the stored
waveforms. For example, if only one particular re-
corded digital input pulse is of interest and the wave-
form occurring prior thereto is not, then the address at
which replay will start can be set to correspond to the
beginning of the desired pulse. Each of the data chan-
nels (as discussed in detail shortly) uses a non-destruc-
tive random access memory (RAM) to store a recorded
waveform which, in turn, advantageously permits the
recorded waveform to be replayed as many [time]}
itmes as desired.

Address indicator 16, which is connected to address
bus 102, provides an indication of the current address
information present on this bus. Illustratively, address
indicator 16 may be comprised of simple well-known
combinatorial circuitry which feeds a plurality of dis-
play drivers and 7 segment digital displays for convert-
ing binary address information on address bus 102 into
any convenient desired digital form, such as octal, hex
or binary coded decimal (BCD), and then subsequently
displaying it. This provides an indication of the current
address and thus, by inference, the amount of each
memory that has been used (or conversely is available
for subsequent storage). A direct indication of the frac-
tional amount of consumed memory space is provided
by an alternate address indicator in which the address
information is first applied as input to a digital-to-analog
(D/A) converter which, in turn, applies its analog out-
put to one of many well-known digital panel meters. By
appropriately scaling the output analog voltage range
of the D/A to, for example, 0 to 4+ 1.6 V, so as to corre-
spond to the lowest and highest locations in memory
and appropriately energizing a2 decimal point on the
display such that the display reads 0 to 16.0, then the
digital panel meter directly displays the amount of used
memory in K that has been used up to that point for
waveform storage.

In addition, system control 20, in conjunction with
data transfer control 18, permits digital information to
be directly transferred between any memory in any data
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channel or the (“time-tag’) memory in system control
unit 20 and any external digital device, such as a com-
puter. Specifically, data transfer [unit] contro/ 18 is
connected to three standard bi-directional digital mput-
/output (1/0) ports: serial data line 24 which is prefera-
bly RS-232C compatible, parallel multi-bit bus 23, and
general purpose (input/output) interface bus 26 which
is preferably compatible with the I.LE.E.E. 488 standard.
Typically, data transfer control 18 is comprised of a
central processing unit (cpu), which is not shown but is
illustratively and preferably comprised of any one of a
number of presently available and well-known micro-
processors, which is connected through commercially
available and well-known bi-directional communication
circuits (also not shown) to the three 1/0 ports 24, 25
and 26. To transfer data bi-directionally between any of
these ports and the memory in any of the data channels,
the cpu is also connected to address and data buses 102
and 108; to system control 20 by control lines 124, 125
and 126; and to each data channel 1, 2,3 .. . N, by a
respective control line 1b, 2b, 3b, . . ., Nb, as well as by
write line 104, read line 105 and data direction line
107[,]) via leads 111, 112 and 113, respectively. All of
these separate control lines from data transfer control
18 form cable 120. All the control lines in cable 120 are
connected to standard digital outputs of the cpu. In the
present embodiment and within data transfer control 18,
the cpu is connected to address bus 102 through um-
directional buffers (not shown) which only permit data
transfer control 18 to apply address information onto
this bus rather than read address information from this
bus.

To transfer data to any of [these] ports 24, 25, or 26
from the memory{,] in either system control 20 or in
any of the data channels, data transfer control 18 first
applies an appropriate level change, via lead 124, to the
address enable (AE) input of system control 20. This
disables the address generation circuitry and effectively
disconnects it from address bus 102. Thereafter, data
transfer control 18 applies the appropriate starting ad-
dress to the address bus. It then applies an appropriate
voltage level to data direction line 107, via lead 113.
This control line is connected as shown in FIGS. 2 and
3, to various bi-directional bus transceivers, which pro-
vide a bi-directional interface between all the RAM
memories in all of the data channels and respective lines
comprising the data bus, and functions to control the
direction of data flow between any of these memories
and the respective line on this bus. The level is set such
as to permit data to be loaded into a respective line on
data bus 108 by any of the RAM memories, via its asso-
ciated bus transceiver. Once the appropnate level is set
on data direction line 107, then the bus transceiver en-
able (TE) and chip select (CS) lines, associated with the
desired RAM memory in either any of the data channels
or the system control, are set by data transfer [unit]
control 18, via the particular line in cable 120, so as to
select the desired RAM memory and enable the bus
transceiver to transfer data from the selected RAM to
the data bus. Since the system control contains two
separate [RAM’s J RAMs, as previously noted and
discussed in greater detail later, and each data channel
contains only one RAM, two separate TE (and CS)
lines, specifically lines 125 and 126, are each connected
to a separate RAM memory within system control 20,
and one TE (and CS) line, specifically 1b, 2b, 3b, . . .,
Nb is connected to the RAM memory within each of
the respective data channels 1, 2, 3, .. ., N.
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With the desired RAM selected and the appropriate
bus transceiver enabled, data transfer control 18 ener-
gizes read line 105, via line 112[,}J. Read line 105 and
write line 104 are both effectively connected, through
OR gates as shown in FIGS. 2 and 3, to each RAM
memory and thus control the read and write cycles for
all the RAM memories. Consequently, with the desired
starting address present on the address bus, the appro-
priate data direction set, the desired RAM selected and
the proper bus transceiver enabled, the occurrence of a
pulse on the read line initiates a read cycle which results
in the stored value in the desired RAM at the addressed
location being transferred to data bus 108 and from there
to data transfer control 18. This value is then either
stored locally within the data transfer control or applied
as output to one or more of the three 1/0 ports 24, 25 or
26 depending upon instructions provided to or previ-
ously stored within the cpu comprising data transfer
[unit} control 18. To access values stored at a plurality
of locations in the selected RAM, first the address infor-
mation is incremented and second the data transfer
cycle described above is repeated for each such location

The sequence for transferring data from any of the
1/0 ports of data transfer [unit] contro! 18 to any
location within a selected RAM memory, occurring
within either the system control or any data channel, 1s
very similar to that [describved] described above for
transferring data from a selected RAM to an 1/0 port.
Transferring information into RAM is particularly use-
ful if the digital waveform recorder is connected to one
or more analog recording instruments, e.g. chart re-
corders, plotters or oscilloscopes. With such a connec-
tion, the waveform recorder is converted into a simple
digital storage device which can take digital data from
any of the three 1/0 ports, store it and then repetitively
display the waveform of the data on the analog record-
ing instrument.

Specifically, to transfer data to a selected RAM mem-
ory, data transfer control 18, via lead 124, disables the
address generation circuitry within system control 20.
Thereafter, the data transfer control applies an appro-
priate level (opposite to that described above) to data
direction line 107, via line 113, to establish the proper
direction of data flow through the bus transceivers, i.e.,
from the data bus to RAM memory. Thereafter, data
transfer control 18 applies the appropriate initial ad-
dress information to address bus 102, and applies the
desired data to the appropriate line(s) of data bus 108.
Next, data transfer control 18 selects the appropnate
RAM memory and enables the appropriate bus trans-
ceiver through the assoctated bus transceiver enable
and chip select line. Thereafter, data transfer control 18
applies a pulse to write line 104, via line 111. This pulse
initiates a RAM write cycle which stores the desired
data in the selected RAM memory at the location speci-

fied by this initial address.
As previously noted, the waveform recorder is com-

prised of a number of independent data channels, each
of which records a digital waveform [applied to its
input } associated with a corresponding bit of an incoming
multi-bit digital signal. For the sake of brevity, only one
such data channel, specifically data channel 1, will now
be discussed. A block diagram of the circuitry compris-
ing this data channel is shown mn FIG. 2.

In essence and as noted, this data channel records
[an] the state of input waveform 171 as a sequence of
one-bit digital values] associated with a bit of the incom-
ing multi-bit digital signal. Specifically, the data channel
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periodically latches [the] this bit of the digital input
waveform at an extremely high speed, then compares
the current value of this [waveform]} bit to a previ-
ously (preferably the most recently) stored value and
determines if a logical difference exists therebetween. If
such a difference exists, then the data channel applies an
appropriate control signal to the system control which,
in turn, signals the data channel to store the current
(new) latched value within the random access memory
contained in [that] tAis channel.

In particular, an input waveform (signal) for the bit to
be recorded is applied over lead 1a to data channel 1.
Within the data channel, the input signal is periodically
latched at a rate determined by a sequence of clock
pulses generated by the system control (see FIG. 1) and
appearing on clock data line 101. Each clock pulse is
applied to the clock input of latch 135 and causes it to
latch the mmput signal. |

In the event the current value, of the input signal
applied to data channel 1, is to be recorded, then data
channel 1, in 2 manner to be described shortly, applies
an appropriate level change to “TAKE” return line 110.
This, in turn, causes the system control to apply an
appropriate address to address bus 102 and appropriate
pulses to be record data line 103 and *“TAKE” data line
109 which together (in a manner also t0 be described
shortly) cause the current value to be stored in RAM
memory 137 at a location specified by the address then
appearing on the address bus.

Specifically, to determine whether the current value
of the input signal on line 1a is t0 be recorded within
RAM memory 137, the logical level of this input signal
is continnously compared to the most recently stored
value of this signal. To accomplish this, the most recent
value stored within the RAM memory is temporarily
stored in latch 139. The output of this latch appearing
on lead 1c, is applied to one input (the “A” i1nput) to
exclusive NOR gate 182. The input signal, appearing on
lead 1a, is applied as the other input (the “B” 1nput) to
this gate. If any difference in logic levels appears be-
tween both inputs, then gate 182 pulls “TAKE” return
line 110 low, via switch 185. This low level on the
“TAKE” return line signals the system control to in-
struct each data channel to store the current latched
value of each corresponding input signal. Gate 182 is
preferably an open-collector type such that the outputs
of any reasonable number of these gates can be tied to
the “TAKE"” return line and any one of these outputs
can pull this line down to a low-level. An appropnate
“pull-up” resistor 261 is connected to the “TAKE”
return line within system control 20, as shown in FIG.
3.

However, if switch 185 is open (opposite position to
that shown in FIG. 2), then data channel 1 is not able to
select any values of all the input digital signals to be
stored but instead only stores the current latched value
associated with data channel 1 based upon selections
made by any of the other data channels.

At the point when “TAKE” return line 110 is pulled
low by the output of NOR gate 182, the system control
first applies a pulse to “TAKE” data line 109 ([As
shown inJsee FIG. 4a) followed at illustratively its
rising edge by a pulse on record data line 103. Specifi-
cally, the pulse on the “TAKE’ data line enables record
timer 145, shown in FIG. 2. Thereafter, the system
control increments the address for each of the RAM
memories to the next successive location and outputs
this address onto address bus 102. Thereafter, [the] «
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pulse is applied to record data line 103 by the system
control. Within the data channel, this pulse is also ap-
plied to record timer 145, which, having been enabled
by the pulse on “TAKE” data line 109, supplies a pulse,
via lead 144, to [ the] an enable pin of latch 135 in order
to enable the output of this latch [135]. As a result of
this pulse, latch 135 applies its currently latched
value[,] of the input signal[,] to the data inputs of
both RAM 137 and latch 139, via lead 136. After an
extremely short predefined interval of time has elapsed,
i.e., sufficiently long to allow the digital data [an] on
lead 136 to stabilize, record [time] timer 145 applies a
pulse via line 152, OR gate 153 and line 154, to both the
clock and enable inputs of latch 139. This pulse causes
latch 139 to temporarily store the digital data appearing
on line 136 and to apply it as output to lead 1c. Essen-
tially at the same time that a pulse is applied to lead 152,
record timer 145 also applies a pulse to lead 146. This
latter pulse is applied, via OR gate 147 and lead 148, to
the write enable (WE) terminal of RAM memory 137 to
initiate a write cycle, thereby storing the latched value
appearing on lead 136 in the RAM memory.

Display of all the recorded waveforms, as noted be-
fore, is effectuated by a series of pulses appearing on
replay line 106 which [occur] occurs in conjunction
with a sequence of incrementing addresses appearing on
address bus 102. Specifically, whenever a replay opera-
tion is initiated, the system control applies an appropri-
ate starting address to address bus 102. Each address is
followed by a pulse applied to replay line 106. Within
data channel 1, replay timer 150, in response to the pulse
[or] on replay line 106, first applies a pulse through
OR gate 151 to the read enable (RE) of RAM memory
137, followed a short time later (sufficiently long for the
read cycle to occur) by a pulse applied through OR gate
153 and via lead 154, to both the clock and enable mnputs
of latch 139. This latter pulse causes latch 139 to store
the value read from the RAM memory and apply it to
output lead 1c. OR gates 147 and 151 are used to supply
write and read enable pulses to RAM memory 137 from
either to two sources: from system control 20, via re-
cord [time] timer 145 or replay [time] timer 150, or
from data transfer control 18, via write line 104 and
read line 105. To provide sufficient waveform storage,
RAM memory 137 is preferably comprised of 16K loca-
tions. Since latch 13§ provides 1 bit of information, one
16K X1 bit RAM chip, illustratively model number
MBS8167A manufactured by Fujitsu Limited (Fujitsu) 1s
used for RAM memory 137. Since 14 bits is required to
access 16K locations, address bus 102 is 14 bits wide.

The MB8167A RAM chip which is fabricated using
static NMOS [RAM chip] technology is suitable for
clock rates up to 10 megahertz. With such a clock rate
used for the clock pulses appearing on clock data line
101, a pulse having a width of approximately one micro-
second can be stored with excellent resolution. To store
digital pulses having a shorter pulse width, e.g., on the
order of 50 nanoseconds, then the clock rate should be
increased to approximately 30 MHZ. For satisfactory
operation at this increased rate, RAM memory 137
should be fabricated from a suitable number of emitter-
coupled logic (ECL) RAM memory chips, such as
model number MCM 10146 manufactured by Motorola
Corporation. For extremely high speed operation,
latches 135 and 139 may be operated at clock rates of
200 MHz such that a logic level transition as short as 5
nanoseconds can be recorded. Since ECL RAM memo-
ries require clock rates much slower than 200 MHZ,
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pulses as short as 5 nanoseconds in width can advanta-
geously be stored within RAM memory 137 if well-
known rotary memory techniques are used to fabricate
memory 137. With such techniques, lead 136 1s tied in
parallel to the input of a number of separate RAM mem-
ory chips, and data is successively written into each
RAM memory chip in a predefined sequence.

If clock rates in excess of 30 MHZ are used, then
ECL type logic should also be used in each data channel
for latches 135 and 139, and exclusive NOR gate 182, as
well as for various circuits in system control 20 (shown
in FIG. 1). Even at these increased clock speeds, the
cpu and its associated circuitry[—] which are both
contained within data transfer control 18, bus trans-
ceiver 233 and 234[—13 (see FIG. 3) which are con-
tained within system control 20, and bus receiver
155[—1 which is contained within data channel
1[—]. all need only operate at the maximum speed of
the cpu and thus need not be fabricated from ECL
circuitry.

As previously discussed, write line 104, read line 105
and data direction line 107 are used to transfer data
between any of the three 1/0 ports, on data transfer
control 18 shown in FIG. 1, and RAM memory 137,
through initiation of an appropriate write or read cycle
involving the memory. Because the digital waveform
data stored within each data channel is one-bit wide,
only one-bit of information is transferred between the
memory and data transfer control 18 at a time. To sim-
plify circuit design and minimize transfer time, each
data channel is preferably connected to a respective one
of the illustrative twelve lines on data bus 108. With this
arrangement, each data channel transfers waveform
data to or from data transfer control 18 over only one of
the lines comprising data bus 108. Advantageously,
since each channel uses a separate line, data can be
simultaneously transferred, with appropriate selection
of the corresponding bus transceiver enable lines, from
any plurality of channels (from two channels to all of
them) to or from data transfer control 18.

By now, it is readily apparent that for, illustratively,
channel 1, a loop circuit has been described in which the
output signal on lead 1c (see FIG. 2) is continually com-
pared to the input signal on lead 1a to determine when
the latched value of the input signal is to be stored.
Whenever a logic level difference occurs between these
two signals, a “TAKE"” data signal causes the system
control to [putput] outpuz signals which store the
latched value and “update” the channel 1 output signal.
If, on the one hand, no such logical difference exists,
then the “TAKE” return signal from NOR gate 182
stays at a high-level (logical [371”] “I”) state, assum-
ing, of course, that no other channel has caused
“TAKE” return line 110 to assume a low-level state.
Hence, the one-bit data stored in latch 135 is merely
replaced by the next successive latched value. If on the
other hand, however, a logical difference occurs, then a
low-level signal appears on “TAKE” return 110. This
causes the latch 135 to latch 139 chain (in each data
channel) to continuously update at each successive
pulse on record data line 103 until the logical difference
disappears and the signal on “TAKE” return line 110
returns to a high level (logical “1”’) state.

A block diagram of system control 20 is shown In
FIG. 3. As previously discussed, the system control
provides several functions. First, it determines when
each data channel is to latch its associated input signal
[ and second]. Second, in response to a low-level signal
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on “TAKE” return line 110 caused by any of the data
channels, [it] system control 20 commands all the data
channels to record the latched value of all the input
signals. System control 20 also controls the replaying of
any or all of the waveform data stored within all of the
data channels.

To control recording, system control 20 provides a
stream of record clock pulses on clock data line 101
which, in turn, is connected to every data channel.
These pulses are [generatd] generated by clock 14
(shown in FIG. 1) and are first applied, via lead 127, to
the data input of gate 202 (see FIG. 3) within system
control 20. Both [the] gate 202 and record control 228
are turned on and off by operation of switch (push but-
ton) 270 connected to both units via lead 271. Once
enabled, gate 202 applies the record clock pulses to both
clock data line 101 and, via lead 206, to an input of OR
gate 207. From there, each record clock pulse is then
applied over lead 239 to time counter 216 to Increment
its count by one. This counter is illustratively 24 bits
long and is used to count the number of record clock
pulses occurring between successively stored values in
order fo generate the appropriate “time-tag’ informa-
tion for each stored value. Each “time-tag” is stored in
RAM memories 223 or 224 which together form a
16K x 24 bit RAM memory, preferably comprised of
24— 16K X 1 bit Fujitsu MB8167A RAM chips.

Whenever any data channel determines that the cur-
rent sample of each waveform should be recorded, that
channel, as previously discussed, causes “TAKE” re-
turn line 110, which is connected to all the data chan-
nels, to assume a low-level (logical “0”) state. In re-
sponse to this low-level state, record control 228 pro-
duces a pulse on line 259 to cause address register 230 to
increment the address information, appearing on ad-
dress bus 102, to point to the next successive location in
all the RAM memories both within [the] system con-
trol 20, as well as within each of the data channels. At
essentially the same time, record control 228 also ap-
plies another pulse to time counter 216, via lead 220, to
cause the counter to output its current contents in paral-
lel to the data input of RAM memories 223 and 224, via
bus 217. Since time counter 216 i1s 24 bits long, bus 217
is 24 bits wide. After a very short interval of time has
elapsed, i.e, long enough to allow the data from
counter 216 to stabilize on bus 217, record control 228
applies a pulse to the write enable (WE) input of RAM
memories 223 and 224, via lead 227, OR gate 225 and
lead 226. This OR gate is used to supply a write enable
pulse to the RAM, 1i.e., to initiate a write cycle, from
either of two sources: record control 228 or write line
104—the latter of which, as shown 1in FIG. 1, 1s con-
nected via cable 120 to data transfer control 18. After
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current latched value of its associated digital input
waveform by initiating, as previously discussed, a write
cycle involving the RAM memory existing within the
channel. To achieve the functions described above,
record control 228 is fabricated from illustratively well-
known combinatorial logic gates and flip-flops.
Illustrative waveforms of various internal control
signals which depict the sequence of operations in-
volved in recording are shown in FIG. 4A. All the wave-
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15

20

235

30

35

45

50

another short interval of time has elapsed, 1.e., sufficient

for the write cycle to be completed, reset 205 (shown in
FIG. 3) applies a pulse to counter 216 to reset its con-
tents to zero. Should the count 1n time counter 216
overflow prior to recording of any sample, then the
counter applies a carry pulse output, via lead 218, to
record control 228 which, in response thereto, initiates
a recording operation in the same manner as if any data
channel placed “TAKE” return line 110 in a low-level
state.

In addition, whenever “TAKE” return line 110 as-
sumes a low-level state, record control 228 also pro-
vides a low-level (logical “0”) signal on “TAKE” data
line 109 which 1s connected to every data channel. This
low-level signal causes each data channel to store the
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signal on lead 131 are applicable to the embodiment of
data channel 1 shown in FIG. 2; while all the waveforms
including that for the sample/convert signal are applicable
to the embodiment of data channel I shown in FIG. 5. As
illustratively shown, a latched value is recorded be-
tween the occurrence of the first and second, and fourth
and fifth [record] clock pulses.

At the conclusion of all recording, i.e., after all 16k
locations in each of the RAM memories have been filled
with stored data, the entire waveform recorder 1s auto-
matically reset by reset circuit 206. This circuit (as
shown in FIGS. 3 and 4A4) applies appropriate reset
pulses to both time counter 216 and address register 230
to reset their contents to zero, and to gates 202 and 203,
via lead 204, to disable their outputs thereby preventing
any further record clock pulses appearing on lead 127
from reaching any of the data channels, via clock data
line 101. To provide an indication that all the memory
locations have been filled, address register 230 applies
an appropriate carry out pulse to reset circuit 205, via
lead 297.

System control 20 also controls replaying of the
waveform values previously stored within the RAM
memory in each of the data channels. To replay previ-
ously stored values, clock 14[—], shown in FIG. 1
and previously discussed [ —J above, applies a stream of
replay clock pulses to lead 129. As previously noted, the
pulse rate of the replay clock pulses is previously set, by
manual controls (not shown) associated with clock 14,
to an integral multiple (or fraction) of the pulse rate of
the record clock pulses previously applied to lead 127,
depending upon the degree of time compression oOr
expansion desired in the replayed waveforms. If narrow
digital input pulse waveforms have been recorded, then
the replay clock pulse rate is usually chosen to be a
small fraction of the record pulse clock rate. In practice,
replay clock pulse rates as slow as 1/10,000,000th of the
record clock pulse rate can be advantageously selected.
Consequently, a recorded digital pulse having a pulse
width of 100 nanoseconds can, on playback, be ex-
panded to an illustrative pulse width of 0.1 seconds with
a time expansion of 1,000,000 or to an illustrative pulse
width of 1 second with a time expansion of 10,000,000.

L The] Within system control 20 shown in FIG. 3, the
replay clock pulses appearing on lead 129 are applied to
the input of gate 203 [within system control 20]. Both
[ this] gate 203 and replay control 210 are enabled by
start replay push button 273. Well-known (not shown)
electrical and/or mechanical interlocks exist between
start record push button 270 and start replay push but-
ton 273 to prevent the recording and replay circuits
from being simultaneously enabled. Once enabled, gate
203 applies the replay clock pulses, via lead 208, to an
input of OR gate 207 and from there to the clock input
of time counter 216, via lead 239. In addition, gate 203
applies these replay clock pulses via lead 211, to the
up/down input of counter 216, thereby causing the
counter to decrement its present count by one [of] ar
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the occurrence of every replay clock pulse. The replay
clock pulses are also applied by gate 203 to replay con-
trol 210, via lead 209, for purposes of clocking the logic
contained therein.

During replay, time counter 216 is loaded—in a man-
ner to be described shortly—with an appropriate “time-
tag”, associated with each previously stored value, from
RAM memories 223 and 224. Each pulse applied by
gate 207 to time counter 216, decrements the “time-tag”
in time counter 216 by one. Whenever the “time-tag”
contained within time counter 216 reaches zero [(indi-
cated by a pulse appearing at its carry in, CI, input)],
time counter 216 applies a signal (pulse), via lead 213, to
replay control 210. In response to this signal, replay
control 210 applies a pulse to replay data line 106,
which is connected to all the data channels. This causes
each data channel to read out of its respective RAM
memory the previously stored value located at the ad-
dress specified by the address information then appear-
ing on address bus 102, and to present this value to its
respective output line.

After a short finite period of time has elapsed—suffi-
cient to permit all the RAM memories within all the
data channels to complete their read cycles—replay
control 210 applies a pulse, via lead 214, to address
register 230 to cause it to increment its address to point
to the next successive location in the RAM memories.
Thereafter, the incremented address information is ap-
plied to address bus 102 and, in turn, to the address
input of RAM memories 223 and 224. Replay control
210 then applies an appropriate pulse, via lead 215 and
OR gate 221, to cause these RAM memories to read out
in parallel the “time-tag” stored at the incremented
address. After the read cycle is completed, the “time-
tag” information is present on bus 217. After the signals
on this bus have stabilized, replay control 210 applies a
pulse, via lead 212, to time counter 216 to load the
read-out “time-tag” information into the counter. This
“time-tag” is then counted down by subsequently oc-
curring replay clock pulses applied to replay clock lead
129. To achieve the functions described above, replay
control 210 is fabricated from illustratively well-known
combinational logic gates and flip-flops.

As is readily apparent, each value stored within any
data channel and its ““time-tag” are both recorded simul-
taneously. In order to replay each waveform in the
sequence in which it was recorded, the “time-tag™ must
first be loaded into time counter 216 and decremented
to zero prior to read out of its corresponding stored
value in each channel. Hence, to start replay, the first
stored value (which incidentally is usually zero) is read
out and applied to the output line of that data channel.
Thereafter, the “time-tag” associated with the second
value is then loaded into time counter 216 for subse-
quent decrementation. Replay of the remaining stored
values occurs according to the sequence described
above.

Oftentimes, it may be desirable to start replay at an
address which is not zero. To vary the starting address,
manual up/down control 201 is fed by the replay clock
pulses appearing on line 129. Through various manual
adjustments (not shown), manual up/down control 201
applies pulses via leads 236 and 237, to address register
230 to increment or decrement the address contained
therein at a rate and direction chosen by [the] an
operator A pulse on lead 236 changes the contents of
the address register, and the level of the voltage on lead
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237 species the direction (increment or decrement) of
this change.

Bus transceivers 233 and 234—in conjunction with
signals appearing on write line 104, read line 105, data
direction line 107, address enable line 124 and bus trans-
ceiver enable lines 125 and 126—are all used to transfer
24-bit “time-tag” wvalues between the RAM memory
within system control 20 (the “time-tag” memory), and
any of the three 1/0 ports associated with data transfer
control 18 (shown in FIG. 1). As previously noted, data
transfer control 18, prior to the occurrence of any data
transfer, applies an appropriate level to address enable
line 124, which within system control 20 shown in FIG.
3, is applied to address register 230. This level disables
the address register thereby permitting data transfer
control 18 to apply suitable address information to ad-
dress bus 102. Bus transceiver enable lines 125 and 126
are used to enable either one of the bi-directional bus
transceivers 233 or 234, respectively, and to select the
appropriate RAM memory in order to transfer data
between the desired RAM memory 223 or 224 and data
bus 108 in a direction determined by the signal then
appearing on data direction line 107. Write and read
lines 104 and 105, as previously discussed, route respec-
tive control pulses generated by data transfer [unit]}
control 18, via corresponding gates, illustratively OR
gates 221 or 225 locate within system control 20, to
initiate a write or read cycle involving any of these
RAM memories.

Illustrative waveforms of wvarious internal control
signals which depict the sequence of operations in-
volved in playback are shown in FIG. 4B. For purposes
of illustration, the replay clock pulse rate has been
chosen to be half that of the record clock pulse rate.

The embodiment of the waveform recorder just de-
scribed utilizes a data channel in which only one bit of
data is processed therein. This system applies to the
handling of multi-bit digital signals. FIG. 5 is a block
diagram of a second embodiment of a single channel,
e.g. data channel 1, as shown in system diagram of FIG.
1, which provides an analog data channel with a con-
version resolution of 8 bits.

Referring to FIG. 5, this channel [has an] contains
analog to digital converter 133 which converts input
analog signal 1a to an 8 bit word which is transferred to
[ first] latch 135 via bus 134. The signal is peniodically
converted and latched at a rate determined by a se-
quence of clock pulses generated by the system control
(see FIG. 1) and appearing on clock data line 101. Each
clock pulse is applied to data timer 130 which generates
two pulses for each clock pulse. One pulse is in tune
with the clock pulse and clocks [the]} latch 135 to
obtain the data at the output of [the] analog to digital
converter (A/D) 133. The second pulse 1s delayed
briefly to delay the initiation of the convert of the A/D
133 via line 131. This allows time for the data from the
last conversion to be clocked into latch 135 before the
A/D starts a new conversion.

In the event the current value of the input signal
applied to data channel 1 is to be recorded, then data
channel 1, in a manner to be described shortly, applies
an appropriate level change to “TAKE” return line 110.
This, in turn, causes the system control to apply an
appropriate address to address bus 102 and appropriate
pulses to record data line 103 and “TAKE” data line
109 which together, in a manner also to be described
shortly, cause the current value to be stored in RAM
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memory 137 at a location specified by the address then
appearing on the address bus.

Specifically, to determine whether the current value
of the input signal on line 1a i1s to be recorded within
RAM memory 137, the converted logic levels of this
signal are continuously compared to the most recently
stored corresponding values of this signal. To accom-
plish this, the most recent values stored within the
RAM memory are temporarily stored in latch 139. The

output of this latch appearing on bus 140, is applied as 10

one set of input signals to identity comparator 160 at bus
input [p] P. The input signal converted to digital in-
formation, appearing on bus 134, and held in latch 135
with output on bus 136 is applied to the other set of
mputs Q of identity comparator 160. If any difference in
logic levels appears between both sets of inputs, then
output P-Q pulls “TAKE” return line 110 low, via
switch 161. This low level on the “TAKE” return line
signals the system control to instruct each data channel
to store the current latched values of each correspond-
ing mput signal. Identity comparator 160 preferably has
an open collector type output such that the outputs of
any reasonable number of these comparators can be tied
to the “TAKE” return line and any one of these outputs
can pull this line down to a low-level. An appropriate
“pull-up” resistor 261 i1s connected to the “TAKE”
return hne within system control 20, as shown in FIG.
3.

However, if switch 161 is open (opposite position to
that shown in FIG. §), then data channel 1 is not able to
select any values of all the input signals to be stored but
instead only stores the current latched values associated
with data channel 1 based upon selections made by any
of the other data channels.

At the point when “TAKE” return line 110 is pulled
low by the output of comparator 160, the system con-
trol first applies a pulse to “TAKE” data line 109 (as
shown in FIG. 4A) followed by illustratively its rising
edge by a pulse on a record data line 103. Specifically,
the pulse on the “TAKE’ data line enables record timer
145, shown mm FIG. §. Thereafter, the system control
increments the address for each of the RAM memories
to the next successive location and outputs this address
onto address bus 102. Thereafter, the pulse is applied to
record data line 103 by the system control. Within the
data channel, this pulse is also applied to record timer
145, which, having been enabled by the pulse on
“TAKE” data line 109, supplies a pulse, via lead 144, to
the enable pin of latch 135 in order to enable the output
of this latch [135]. As a result of this[,] pulse, latch
135 applies its currently latched value, of the digital
value of the mnput signal, to the data inputs of both
RAM 136 and latch 139, via bus 136. After an extremely
short predefined interval of time has elapsed, i.e., suffi-
ciently long to allow the digital data on bus 136 to
stabilize, record [time] timer 145 applies a pulse via
line 152, OR gate 153 and line 154, to both the clock and
enable inputs of latch 139. This pulse causes latch 139 to
temporarily store the digital data appearing on bus 136
and to apply it to digital-to-analog converter (D/A)
141, which converts the digital signal to an analog sig-
nal. The analog signal appears as an output on line 1c.
Essentially at the same time that a pulse is applied to
lead 152, record timer 145 also applies a pulse to lead
146. This latter pulse is applied, via OR gate 147 and
lead 148, to write enable (WE) terminal to RAM mem-
ory 137 to initiate a write cycle, thereby storing the
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latched value appearing on lead 136 in the RAM mem-
ory.

Diasplay of all the recorded waveforms, as noted be-
fore, 1s effectuated by a series of pulses appearing on
replay line 106 which [occur] occurs in conjunction
with a sequence of incrementing addresses appearing on
address bus 102. Specifically, whenever a replay opera-
tion 1s initiated, the system control applies an appropni-
ate starting address to address bus 102. Each address is
followed by a pulse applied to replay line 106. Within
data channel 1, replay timer 150, in response to the pulse
on replay line 106, first applies a pulse through OR gate
151 to the read enable (RE) of RAM memory 137,
followed a short time later—sufficiently long for the
read cycle to [occurr] occur—by a pulse applied
through OR gate 153 and via lead 154, to both the clock
and enable inputs of latch 139. This latter pulse causes
latch 139 to store the value read form the RAM mem-
ory and apply 1t to the output D/A 141 which converts
the digital signal to an analog signal which is output on
lead 1c. OR gates 147 and 151 are used to supply write
and read enable pulses to RAM memory 137 from either
of two sources: from system control 20, via record timer
145 or replay [time] timer 150, or from data transfer
control 18, via write line 104 and read line 105. To
provide sufficient waveform storage, RAM memory
137 is preferably comprised of 16K locations. Since
latch 138 provides 8 bits of information in this second
embodiment, eight 16K X 1 bit RAM chips are used ro

30 fabricate RAM memory 137. Since 14 bits is required to
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access 16K locations, address bus 102 is 14 bits wide. To
handle the 8 bits of data, bus 108 is 8 bits wide. This
requires that the data being transferred on data bus 108
be handled one channel at a time. Control bus 120 pro-
vides individual control lines to provide individual con-
trol of bus transceiver [155] 156 when transferring
data on data bus 108.

In channel 1 of FIG. §, the loop circuit used to con-
trol the storing of data comprises [the latch 135—the
source of input data, the data} bus 134, latch 135, bus
136, [the] RAM 137, [the bus 136 connecting to the
second] latch 139, [and the data} bus 140 [connect-
ing to}, and identity comparator 160. The [inputs]
outputs from latch 139 are connected to the P inputs of
comparator 160, while the input data [from] to latch
135 [are] is connected, via bus 136, to the Q inputs of
comparator 160. The logic table 162 for the identity
comparator [chip] 160 requires that all corresponding
P and Q [corresponding] inputs be the same for an
output of logical “1” (high). If, on the one hand, no
difference berween the P and Q inputs exists, then the
“TAKE” return signal on line 110 stays at a high level
(logical “1”’) state—assuming, of course, that no other
channel has caused “TAKE” return line 110 to assume
a low-level state. Hence, the 8 bit data stored in latch
135 1s merely replaced by the next successive converted
and latched wvalue. If on the other hand, however, a
logical difference occurs in any of the 8 bit pairs {(corre-
sponding P and Q inputs), then a low-level signal appears
on “TAKE” return line 110. This low-level signal causes
the latch 135 to latch 139 chain (in each data channel) to
continuously update at each successive pulse on record
data line 103 until the logical difference disappears and
the signal on “TAKE” return line 110 returns to a high
level (logical “1”) state.

The input data on line 1a is clocked by [the] clock
data line 101 via data timer 130. The data timer 130
outputs a pulse on line 132 in time with the pulse on line
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101 to latch data already at the output of A/D 133. A
very short precise time after the data has been clocked
into latch 135, data timer 130 outputs a second pulse on
line 131 to start the conversion process of A/D 133.
When the conversion is complete, the output of A/D
133 is updated and held available until it is latched by
latch 135 on the next clock data pulse on line 101 and
the associated conversion begun via a pulse on line 131.

An important feature of this second embodiment 1s
the available selection of the difference level in analog
signals between input and output at which new data will
be stored in memory as digital information. Switches
163 through 166 in order connect the signals Q to the Q
inputs of the identity comparator 160 or in their alter-
nate position connect the Q inputs to their respective P
inputs. As shown, switch 163 has inputs P and Q shorted
together. In this position the inputs Po and Qo are al-
ways the same and this least significant bit does not
contribute to the data selection. The data is then se-
lected on the basis of the 7 most significant bits. Placing
all switches 163 through 166 in the P-Q shorting posi-
tion causes the identity comparator 160 to compare only
the 4 most significant data bits. Thus, the difference
which must exist before new data will be stored in
RAM 137 is controlled by switches 163 through 166.
Advantageously, each channel may be adjusted to oper-
ate at different sensitivities of data selection, since each
data channel has independent switch sets 163 through
166.

The operation of system control 20 with the second
embodiment of FIG. 5 is the same as described before
for the first embodiment of data channel 1 shown in F1G.
2.

As can be readily appreciated from the foregoing
description, an electronic waveform recorder embody-
ing the principles of the present invention is not only
readily able to accurately record a plurality of fre-
quently occurring waveforms having relatively wide
pulse widths or frequencies, but advantageously it can
also accurately and automatically record extremely
narrow digital pulses (having illustrative pulse widths
by the order of nanoseconds) that infrequently occur
over exceedingly wide intervals which can range over
many orders of magnitude. This recorder can advanta-

10

15

20

25

30

35

geously replay a recorded waveform any number of 45

times and at any speed that is a multiple or fraction of
the speed at which the waveform was originally re-
corded. The use of slowly frequency playback advanta-
geously permits any low speed mechanical waveform
recorder or other analog device, e.g., a chart recorder,
plotter or an oscilloscope, to be used as a graphic output
device. Moreover, by appropriately varying the replay
clock pulse rate, any desired amount of time compres-
sion or expansion can be achieved for playback. Thus,
an electronic waveform recorder embodying the teach-
ings of the present invention can effectively function as
an interface (and/or buffer) between a plurality of high
speed signals and[,] low speed mechanical recorders
by providing a vehicle through which these recorders
can mechanically record a plurality of signals having
pulse widths far shorter than that which can be accu-
rately recorded by these mechanical recorders.

In addition, the basic parallel interconnection of all
the data channels readily permits an electronic wave-
form recorder, embodying the teachings of the present
invention to be readily and inexpensively [expended}
expanded to record any number of input digital wave-
forms by the simple connection of an additional number
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of data channels and, in the first digital embodiment,
appropriate expansion of the data bus. The various cir-
cuits which supply signals to these data channels must,
of course, possess sufficient drive capability to handle
the desired number of interconnected data channels.

Furthermore, the electronic waveform recorder can
be implemented using microprocessor technology in
which the system control is embodied in one micro-
processor and its peripheral chips, and each data chan-
nel is comprised of a comparison and storage loop
formed from discrete digital circuitry and a micro-
processor to handle communications. Alternatively,
any one of a number of commercially available single
chip microprocessors could be used for the entire cir-
cuitry of each data channel provided that the micro-
processor can be operated at sufficient speed in view of
that of the input when digital data is to be recorded.

Although specific illustrative embodiments have been
shown and described herein, this merely illustrates the
principles of the present invention. Many varied ar-
rangements may be devised by those skilled in the art
without departing from the spirit and scope of the in-
vention.

What is claimed 1s:

[1. A signal controlled waveform recorder having a
plurality of data channels for recording selected por-
tions of the signals supplied to the data channels of said
recorder, said recorder comprising;

(a) Iatch means for each of said plural data channels,
each being respomsive to an assigned data input
signal and a clock pulse to provide latch values of
the assigned data input signals;

(b) means for producing digital output signals having
substantially the same logical values as those of
previously stored values of said input signals;

(c) means for comparing the logical values of said
input signals and said digital output signals and
producing control signals responsive to any logical
differences occurring therebetween; and

(d) means responsive to said control signals for stor-
ing in parallel the latched values of said input sig-
nals. }

I2. The invention of claim 1 wherein said recorder
further includes means for storing a time-tag value rep-
resenting the time of occurrence of an associated latch
value stored in said data channels.}

[ 3. The invention of claim 2 wherein said waveform
recorder further comprises means connected to each of
said data channels and responsive to the control signal
generated by any of such data channels for causing at
least one of said data channels to store the latch value
associated therewith.]

F4. The invention of claim 3 wherein said waveform
recorder is further comprised of means for reading any
of the latch values stored in any one of the data channels
and for providing a digital output signal in response
thereto. ]}

[5. The invention of claim 4 wherein said reading
means is further comprised of means for selectively
setting the rate at which any of the stored latch values
are read to a desired integral multiple or fraction of the
rate at which this latched value was stored. ]}

I'6. The invention of claim 5 wherein said reading
means is further comprised of means for accessing the
stored value representing the time of occurrence associ-
ated with a desired latch value stored within at least one
of the data channels, and means for counting the ac-
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cessed value to substantially zero prior to causing said
one data channel to read the desired latch value.}

[7. The invention of claim 6 wherein said reading
means 1s further comprised of a plurality of input/out-
put ports and means connected to said data channels 5
and to said ports for transferring information there be-
tween.

[8. The invention of claim 7 wherein said comparing
means comprised gating means responsive to said input
signal and said digital output signal for generating said
control signal.}

[9. A signal controlled waveform recorder in accor-
dance with any of claims 1-8 wherein the input signal is
digital. }

[10. A signal controlled waveform recorder in ac-
cordance with any of claims 1-8 wherein the input
signal 1s an analog signal. ]

[11. A signal controlled waveform recorder having a
plurality of data channels for recording selected posi-
tions of analog electrical input signals, said recorder
comprising:

(2) analog to digital converter means responsive to
said analog input signal to provide a plurality of
digital bits representative of the analog signal am-
plitudes;

(b) means responstve to said plurality of digital bits
and a clock pulse signal providing a latch value
substantially equivalent to the values of said analog
input signals at the time of the clock pulse signal;

(c) means for producing a digital output signal having 30
substantially the same logical value as those of
previously stored values of said analog input sig-
nals;

(d) means for comparing the logical values of said
latched digital signals and digital output signals and 35
producing control signals responsive to any logical
difference therebetween: and

() means responsive to said control signals for stor-
ing in parallel the latch values representative of
said analog input signals. ]

{ 12. The invention of claim 11 wherein said recorder
further mcludes means for storing in paralle! time-tag
values, representing the time of occurrence of an associ-
ated latched value stored in said data channels.}

[13. The invention of claim 12 wherein said wave-
form recorder further comprises means connected to
each of said data channels and responsive to the control
signal generated by any of such data channels for caus-
ing at least one of said data channels to store the latched
value associated therewith.}

L 14. The invention of claim 13 wherein means are
provided for playback of said recorded latch values.}

15. The signal controlied waveform recorder having a
plurality of data channels for recording selected portions of
a corresponding signal supplied to each one of the data 55
channels, said recorder comprising:

means, associated with each one of said data channels
and responsive 1o a corresponding one of a plurality of
input signals and a clock pulse, for providing a corre-
sponding one of a plurality of digital signals, wherein
each of said digital signals corresponds to an associ-
ated one of said input signals and has a value substan-
tially equal to a previously occurring value of said one
input signal;

means for comparing substantially current values of said 65
Input signals with the values of said digital signals and
producing a control signal in response to at least one
pre-defined logical difference, said difference occur-
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ring between one of said input signals and a corre-
sponding one of said digital signals; and

means, responsive o said control signal and to the digital
signals, for storing in parallel a set of simultaneously
occurring values of all of said digital signals, wherein
each value in said set is a current value of a different
corresponding one of said digital signals.

16. The waveform recorder of claim 15 further compris-
ing means, responsive to said control signal, for storing a
“time-tag” value which represents a time at which the
values of the digital signals that form said set simulta-
neously occurred.

17. The waveform recorder of claim 16 further compris-
ing means, connected to said storing means, for accessing a
desired set of the simultaneously occurring values of all the
digital signals that have been stored within all of said data
channels and routing each stored value in said accessed set
to an associated output lead as part of a corresponding
digital output signal.

18. The waveform recorder of claim 16 wherein each of
said data channels comprises:

a memory,

latch means, responsive to a corresponding one of said
input signals and to said clock pulse, for providing the
previously occurring value of said corresponding one
input signal as a corresponding one of said digital
signals;

means, responsive to said corresponding one of said input
signals and to said corresponding one of said digital
signals, for comparing the substantially current value
of said corresponding one input signal to said previ-
ously occurring value thereof to detect a difference
therebetween and for generating a first control signal
whenever said difference is detected;

means, connected to said memory and responsive to a
second control signal, for instructing the memory to
store the previously occurring value of said corre-
sponding one input signal therein; and

wherein said waveform recorder further comprises:

a control circuit, responsive to the first control signal
generated by any of said data channels, for producing
said second control signal to all of said data channels
so that each data channel will simultaneously store a
corresponding different one of said simultaneously
occurring values of said digital signals, whereby all of
said data channels will collectively store a next succes-
sive set of most recent simultaneously occurring values
of all of the digital signals.

19. The waveform recorder in claim 18, wherein each of
said data channels further comprises means, connected to
said comparing means, for selectably preventing said first
control signal generated by said comparing and generating
means situated within said data channel from reaching
said control circuit.

20. The waveform recorder of claim 18 wherein said
comparing and generating means in each of said data
channels comprises a gate, responsive to said corresponding
one of said input signals and to the corresponding digital
signal, for comparing the values thereof and generating
said first control signal.

21. The waveform recorder of claim 18 wherein said
latch means further comprises first and second serially
connected latches wherein an output of said first latch is
connected to said memory and an output of said second
latch is connected to said comparing and generating
means, and said instructing means comprises:

means for enabling said first laich to store a substan-
tially current value of said corresponding one input
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signal for a clock interval as said previously occurring
value of said corresponding one input signal; and
means for causing the previously occurring value of said
corresponding one input signal to be stored in said
second latch and said memory. 5
22. The waveform recorder of claim 18 wherein said
“time-tag” value storing means is contained within said
control circuit, and said control circuit further comprises:
means for accessing a stored “time tag” value from said
“time-tag’’ value storing means; and 10

means for counting the accessed “‘time-tag”’ value to
substantially zero prior to causing each one of all of
said data channels to access a corresponding value
within the desired set of said stored digital signal
values from the memory contained in each of said 15
data channels.

23, The waveform recorder of claim 22 wherein said
control circuit further comprises means, connected to each
of said data channels, for generating an address at which a
corresponding value of each one of said digital signal values 20
in said desired set Is stored within the memory in each of
the data channels and for applying said address to the
memory situated within each of said data channels.

24. The waveform recorder of claim 23 wherein said
control circuit further comprises means, connected to each 25
of said data channels, for providing a third control signal to
each of said data channels to access the desired set of the
values of the digital signals stored within all of said data
channels; and wherein each of said data channels further
comprises means, connected to the memory in said each 30
data channel and responsive to said third signal, for caus-
ing all of the memories in all of the data channels to sub-
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stantially simultaneously access said desired set of the
values of the digital signals.

25. The waveform recorder of claim 24 further compris-
ing means, connected to said control circuit, for selectively
setting a rate at which a plurality of sets of simultaneously
occurring values of the digital signals are accessed to a
desired integral multiple or fraction of a rate at which these
sets were stored.

26. The waveform recorder of claim 18 wherein said
control circuit means further comprises:

a plurality of input/output ports; and

means connected to each of said data channels and to

each of said ports for transferring information be-
tween any of said data channels and any of said ports.

27. The waveform recorder of claim 18 wherein each of
the input signals is a one-bit digital signal.

28. The waveform recorder of claim 18 wherein an ana-
log input signal is applied to a selected one of the data
channels, and the selected one of said data channels fur-
ther comprises an analog-to-digital converter for converting
said analog input signal to a substantially equivalent multi-
bit digital value and for providing said equivalent multi-bit
digital value as an input signal to the latch means con-
tained within said selected channel.

29. The waveform recorder of claim 28 wherein said
selected one of said data channels further comprises means,
responsive to the current value of said corresponding one
input signal and the previously occurring value thereof, for
specifying bits of both said corresponding one input signal
and the corresponding previously occurring value thereof

that are to be compared by said comparing means.
*x % % ¥ %
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