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Converts any scope with external trigger input

into a digital storage unit

—AVE you ever wished you owned a

——storage oscilloscope to see those
transient waveforms and random events
that escape you? Now you can savor
these signals without spending thou-
sands of dollars. Moreover, you can
enjoy the advantages of digital storage
as compared to analog (CRT) storage,
all for about $228.

Called the “Wavesaver,” this black
box can convert virtually any conven-
tional oscilloscope that has an external
trigger input into a digital storage scope.
Its 1K x 8 memory stores random or
repetitive analog waveforms with a ver-
tical resolution of 256 discrete steps
(8 bits), sampling to a 500-kHz rate. It
features pretriggering to capture signals
before the trigger occurs, as well as post-
trigger viewing. In conjunction with an
ordinary oscilloscope, you can view sig-
nals as they occur or save them for later
examination. Furthermore, the Wave-
saver can save waveforms to obtain hard
copy when used in its plot mode since
interfacing is built in for use with a
chart recorder.

How It Works. The Wavesaver com-
bines A/D (analog-to-digital) and D/A
(digital-to-analog) converters with
RAM (random access memory) to sig-
nificantly enhance a conventional sin-
gle-trace oscilloscope. It also has digital
storage features that provide “‘sam-
pling” and ‘‘quantizing.” Sampling in-
volves obtaining voltage levels repre-
senting an analog input signal at dis-
crete points in time and quantizing is the
transformation of these values into bina-
ry numbers by an A/D converter. You
determine how often this process occurs
by using a very precise digital clock.
Once the data is in the digital memory,
it can be read out at a fixed rate and
reconstructed for displaying. (See box.)

In the Wavesaver, sampling and
quantizing are performed so that every
voltage sample derived from a series of
very narrow contiguous time slots is con-
verted to a binary number using an A/D
converter. The binary data is then stored
in a 1024 by 8-bit RAM with each time-
slot’s value stored as one 8-bit byte. The
process continues until all 1024 bytes in
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the RAM are filled. The digital data can
then be read out of the memory and
passed through a D/A converter, which
reconstructs the original analog wave-
form for application to the conventional
single-trace oscilloscope. Since the
RAM can be nondestructively read out
indefinitely, the reconstructed display
will remain on the CRT screen as long
as the user desires.

Besides the previously mentioned
A/D, D/A, and RAM features, the
Wavesaver, shown in block diagram
form in Fig. 1, also has provisions for
driving an external plotter or other digi-
tal system.

Three operating controls—TIME PER
POINT, *+VOLTS, and TRIG LEVEL—can
be compared to the scope sweep speed,
vertical gain, and sweep trigger controls
respectively. Signals can be sampled up
to 500 kHz (2 us) producing 256 data
points, enough to make a very smooth
waveform. This sampling can be select-
ed in 1-2-5 steps from 2 us to 100 ms, via
the crystal-controlled internal clock or
an external clock. Input sensitivity is
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Fig. 1. Block diagram of the
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Fig. 3. The analog/digital
converter is an 8-bit
successive-approximation circuit
formed by IC36 and IC36.
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from 50 mV to 10 volts at one-megohm
input impedance and is overload pro-
tected. The analog output is 8 volts full
scale, trigger output (for external de-
vices) is at TTL level, and the digital
output for the external digital system is
8-bit parallel, TTL, word serial.

The Wavesaver has three different
triggering modes. The first uses the set-
ting of the front-panel TRIG LEVEL con-
trol to preset an input level and polarity
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that, when the viewed signal exceeds
se parameters, the system starts stor-

=g data. In this mode the system can

monitor (“babysit’’) a signal line, allow-
ing you to leave the equipment and go
about other business. If the event occurs
during your absence, it will be recorded.
At your convenience you can “‘see’’ what
went on before the event, the event
itself, and a short period after the event.
This is great for observing “glitches.”

The second trigger mode, AUTO, up-
dates the stored data every two seconds.
The stored image can be “frozen™ on
screen as long as the user desires. In the
third trigger mode, the system is oper-
ated manually via a front-panel push-
button. The data remains on screen until
the manual pushbutton is depressed.
This is ideal for detailed study of a
waveform of interest.

The digital storage technique used in
the Wavesaver allows direct connection
to a computer for further signal process-
ing, or storage on a diskette. The data

can also be passed to a plotter that can
generate permanent records for later
study.

Circuit Description. As shown in Fig.
2, the signal to be observed is applied via

ac/dc input selector switch S/ to dual
FET Q! that provides input buffering
and a high input impedance (1 meg-
ohm). Potentiometer R4 determines the
zero offset, while diodes D/6 and DI7
protect the input stage against excessive
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Fig. 4. The digitized signal
is converted back to analog
form by IC3.

SCOPE

4 +5v
_,_—Szo/' Rig
| 10K
— rchY
2l 1ci? 3

= 10pS
-! »

20ms
(‘f'_(\

F[G Y

S(h)

FIG
9

Fig. 5. The control logic
is shown here and in

D8
P EXT INGIAS
TRIG

FROM
FIG3
L 5
|
ICI2 3 \?
272808 A
1 <B)
L
ICl2 1
RIO 12f74L808 i
g 5N [1
Casg
e
{C)

Fig. 6 on the next page.
The combination of IC 18
and IC19 supplies the
actual start and stop

signals of the recording mode.
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Fig. 6. Random-access memory is
conlained in IC4 and ICS5,

with IC8, IC9, and IC10 serving
as address counters.

signal levels. The network consisting of
R48 and a resistance selected by the
+voLTs switch (59) provides the de-
sired signal input range. Diodes D14 and
D15 protect the IC38 input against
damage from high-level signals. The sig-
nal is amplified in IC38 to provide the
A /D converter (Fig. 3) with the correct
levels, while diodes D/! through DI3
act as level clamps to protect the A/D
converter. The output of /C38 also
drives half of /C37, to provide the trig-
ger signal for the control logic (Fig. 5).

The A/D converter of Fig. 3 is
an 8-bit successive-approximation type
formed by successive-approximation
register /C35, current-sensing A /D con-
verter IC36, and half of 1C37. It takes
nine clock cycles for each conversion,
with /C21 and IC20 acting as a start/
stop enabling circuit. On completion of
each conversion, the data at the output
of IC35 and latched into IC! 3 on the ris-
ing edge of the signal and then passed to
the memory (IC4, ICS5, Fig. 6) on the
trailing edge of the waveform. Inte-
grated circuit JCI and its associated
components develop the reference cur-
rent-required by both D/A converters
(IC36 and IC3). In Fig. 6, IC8, 1C9 and
IC10 serve as the address counters for
RAMSs IC4 and ICS, and are “clocked”
by ICI11. Pin 12 of ICI0 generates a
“memory full” signal for the system,
and after inversion by a portion of /C21,

%

Ci9

14
33uF

supplies the “‘sync” signal for the oscillo-
scope.

Selection of the Wavesaver’s display
or record mode is determined by the
state of ICI11 (Fig. 6). An element with-
in ICI7 (Fig. S) selects either the
SCOPE or PLOT mode via S2, while
another element within /C/7 operates in
conjunction with TRIGGER switch §3 to
determine whether INT or EXT triggering
was selected. The combination of ICI8
and /CI9 supplies the actual start and
stop signals of the recording mode. A
dual-decade counter (/CI16) provides the
auto-arm function and disables the
manual-arm feature (Fig. 5).

The crystal-controlled clock oscillator
is formed by elements of JC28 and its
5-MHz output is used to clock the A/D
converter (Fig. 7). It also drives a chain
of eight decade counters (/C23 through
IC26, and I1C29 through 1C32) arranged
in a 1-2-5 sequence to produce time
pulses from 2 us to 100 ms. Multiplexers
I1C27 and IC33 of Fig. 8 accept these
timing signals while the 16-position
TIME PER POINT switch (S10) determines
the sampling rate.

To display the stored waveform on a
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Fig. 7. The crystal-controlled
clock circuit and time

pulse generators.
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T © ' INSIGHTS TO DIGITAL

- There are two digitizing techniques that
you shouldn’t confuse: real-time sampling
“and equivalent-time sampling. Digital stor-
‘age scopes use real-time sampling 8o that
thay can capture both repetitive and single-

_ shot signals. Sampling scopes use equiva-
lent-time sampling and are limited to cap-
turing repetitive signals. Equivaient time
- sampling—random or sequential—builds
up a picture of the input waveform by cap-
turing a little bit of information during each

~ signal repetition. Eventually enough infor-
mation is available to reconstruct the entire
waveform. Among the drawbacks of ana-
log-type storage is fading or blooming of
the recorded waveform, which does not

- exist with digital storage.

Accuracy vs. Resolution. The digital
. storage scope's A/D converter must be
able to "resolve” (discriminate between)
_different input signal levels. Here, resaolu-
~ tion is determined by the number of “'bits’"

e

Fig. A. In an A/D converter, the analog input
is sampled at the midpoint of each
quantization level, the distance between
levels being danoted by Q, the bit size.

(binary digits) that will be used to approxi-
mate the analog input signal. For example,
a 2-bit number that forms all combinations
of 1 and O produces 11, 10, 01, and Q0. If
the analog input range to be measured is
10 volts, as shown in (A), the four possible

- sub ranges must be 0-2Vz, 2V2-5, 5-715,
and 7%2-10 volts (each bit will switch half
way up its input level—not very smooth).
Thus, the more bits, the better the resolu-

tion. In the Wavesaver's 8-bit converter
there are 256 levels with each level repre-
senting 0.3908% of the input voltage, or
3906 parts per million.

- Accuracy and resolution are not the
same thing. Resolution is the distinguishing
of individual elements, while accuracy is
another term for repeatability—conformity

. 1o an indicated value with repeated mea-

_surements. For example, assume your

DMM has just 3 digits (2V2 digits if you're

15072 volts dc to it and the display always

_indicates 150 V, the resolution of this par-

_ ticular DMM is 1 volt. It cannot distinguish
between smaller voltage differentials.

‘ fussy). If you apply any level from 1492
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Accuracy, on the other hand, means that

if you apply exactly 150 volts to the instru-
ment, it should display 150 and nothing
alse. If you do apply exactly 150 voits, and
the display indicates 147, the accuracy of
the instrument is 2% (3 divided by 150) at
150 volts. Accuracy cannot be better than
the resolution.

A Unique Error. Puaﬁhg a digital slémqe
scope past its upper frequency limit results

in an error different from that encountered

with an analog scope used under similar
conditions. The error is called aliasing, as
illustrated in (B) and there is only one way
to avoid it: always digitize more than twice
as fast as the highest frequency in the ana-
log input signal. If a suitable digitizing rate
is not available, you can use an anti-alias-
ing filter to eliminate frequencies above the
Nyquist limit. That avoids aliasing, but it
also removes any indication that higher-fre-
quencies are present in your input signal.

ORIGINAL SIGNAL

ALIASED SIGNAL

Fig. B. It a signal is digitized less
often than necessary, aliasing results.
Here a 120-Hz signal digitized at 160 Hz;
gives an aliased waveform at 40 Hz.

Anti-aliasing filtars have at least 12-dB/

octave rolloff, while bandwidth-limiting fil-
ters are 6 dB/octave.

- Once you know the maximum digitizing

rate of a digital storage scope, you can
determine if the instrument will meet your
needs by applying sampling theory. Appli-
cation of the theory shows that any signal
with a frequency denoted by fmust be digi-
tized more than 2f times to be fully recov-
ered (exactly two times won't do).
Another way of stating the same rule
uses the Nyquist frequency (half the digitiz-
ing frequency). Nofrequoncyatorabowt
can be recoveraed without érror. :
Remember, a digital storage scope is
not the same as a sampling scope. A digi-
tal storage scope captures the entire sig-
nal—be it repstitive or single occur-
rence—in one shot, while a sampling
scope requires many ‘‘shots" at a repeti-
tive signal before it can build up a usable
image. Thus, a sampling scope cannot be
used to observe non-repetitive random
events, but it is not constrained by aliasing
when examining high-frequency inputs. ¢

scope, requires that the digitized signal
be converted back into analog form.
This is the purpose of IC3 in Fig. 4. This
chip accepts an 8-bit digital data stream
from the RAM and, using a fixed refer-
ence voltage, generates the analog
equivalent at its output. (Since the D/A
converter is a ‘“‘current” device, IC34 is
used as a current-to-voltage converter.)
A simple active filter (/C2) smooths the
reconstructed waveform. The digitized
signal, as well as certain ‘“‘handshake”
signals, are also available from connect-
or P! (Fig. 9). The digitized signal is
buffered by 1C6 and /C7, with the hand-
shake signals available for flexibility
when direct interfacing with external
digital devices is involved. The power
supply is shown in Fig. 10.

Construction. It is recommended that
the Wavesaver be constructed using the
dual-sided pc board shown in Figs. 11
and 12. Component installation is shown
in Fig. 13, and external elements are
connected as shown in Fig. 14.

To avoid possible static damage,
mount Q/ only after its associated com-
ponents are installed. Rectifier diodes
D3 through D6 are mounted on the
underside of the board so that trans-
former T/ can be properly installed. The
dot on 717 specified in the Parts List
indicates pin 1, and sockets should be
used for all semiconductors. After com-
pletion, the board can be mounted with-
in a selected metal enclosure.

Other than S9 (the *+VvOLTS rotary
switch mounted on the pc board to pro-
trude through the front panel), switches
$3 through S7 along with LEDI (TRIG),
LED?2 (POWER), and INPUT connector J/
are mounted on the front panel of the
selected enclosure. Each front-panel ele-
ment should be identified with press-on
type.

The three BNC output connectors—
J2 (NORM), J3 (LIN), and J4 (TRIG),
along with S2 (scopg/pLOT), fuse FI,
and the power line cord should be on the
rear panel of the enclosure. The 15-pin
external connector P! should be
mounted on the pc board to protrude
through a slot cut in the rear panel.

Calibration. A high-input-resistance
dc voltmeter (preferably a 31/2-digit
DMM), an oscilloscope, and an audio
signal generator should be used to cali-
brate the Wavesaver. When power is
applied, the POWER indicator (LED2)
should glow. Check that 5-, 15-, and
— 15-volt supplies are delivering the cor-
rect voltages.

To set the reference level, connect the
dc voltmeter between test point A (Fig.
13) and ground. Adjust R2 for 9.92 volts
(given as 9.98 on the schematics to com-
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pensate for drifting due to heat). To zero
offset QI connect the dc voltmeter
between test point B and ground. Adjust
R4 for zero. To adjust the A/D convert-
er offset, connect the dc voltmeter be-
tween test point C and ground. Adjust
potentiometer RJ to obtain exactly 0.49
volt.
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To set up the front panel, turn 54 to
POST TRIG, set ARM switch S5 to auTo,
set TRIGGER switch $3 to INT, and turn
the INPUT selector switch 5/ to OFF (cen-
ter) position. Now when TRIG LEVEL
potentiometer R52 is rotated, the TRIG
LED indicator should blink on and off
every two seconds.

Fig. 10. Schematic of the power supply for the Wavesaver.

With this LED blinking, set the TRIG
LEVEL potentiometer to the center of its
most sensitive area (where the LE[—
blinks). Once this point is located, loos-
en the knob, place the knob index at the
*0” scale marker, and then tighten the
knob. Be careful not to disturb the
potentiometer setting.
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Next, use the scope to set the audio
signal generator for a 50-mV peak-to-
peak output at 1-kHz using either a sine
or a triangle waveform. Connect NOR
OUTPUT (J2) to the scope’s vertical
input, and connect the TRIG OUTPUT (J4)
to the scope’s external trigger input. Set
the scope on external trigger with the
vertical attenuator for 2V /division, and
the sweep selector to 1 ms/div.

On the Wavesaver, adjust the
* voLTs switch to 50 mV and the TIME
PER POINT to 2 ms. Connect the audio
signal generator to input J! and place
input selector switch S/ in the ac posi-
tion. A signal trace should appear on the
scope. Use the scope’s vertical and hori-
zontal controls to center the trace. Ad-
just RI (Fig. 11) on the Wavesaver’s pc
board for exactly four divisions on the
scope graticule.

Display Interpretation. The Wave-
saver’s controls provide adjustments
that are similar but not identical to
those found on a conventional oscillo-
scope. For example, the TIME PER POINT
selector is somewhat like the conven-
tional scope’s sweep selector. This new
control name is used because the Wave-
saver samples the input waveform at
intervals selected by the TIME PER POINT
selector switch, disregarding the time
between sample intervals. The digital
data is then stored within the internal
1K by 8-bit RAM. However, in every
display, the full 1K bytes of RAM will
be displayed.

Reading the regenecrated display is
similar to reading a conventional scope,
screen. For example, assume that one
period (T) of a regenerated waveform
occupies the full screen width. If the
TIME PER POINT SWITCH is set to 5 us,
then one full sweep is 1024 x S us or 5.12
ms (essentially 5 ms). Since f = 1/T,
the displayed waveform’s frequency is
1/5 ms or 200 Hz.

Operation. The Wavesaver has two
basic modes of operation—pre-trigger
and post-trigger. In the former, what-
ever digitized data is in the RAM is cap-
tured when the trigger signal is applied.
In the post-trigger mode, the RAM cap-
tures data after the trigger is applied.
Pre-Trigger Mode:

1. Place the ARM toggle switch (S5) in
the MAN position.

2. Place the TRIGGER toggle switch
(S3) for either INT or EXT.

3. Select the desired TIME PER POINT
(S10), =voLts (S9), INPUT coupling
(S1) for either ac or dc, and adjust TRIG
LEVEL (R52) if INT triggering is select-
ed. Potentiometer R52 works in con-
junction with the + voOLTS selector with
the O position approximating ground.
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Fig. 11. Reduced pattern for foil side of the double-sided pc board. Note correct size.

4. Use either the ARM pushbutton
switch (87) or pin 13 of the rear panel
Pl. LED! above the TRIG LEVEL control
should glow if arming is successful.

S. After arming, the data recording
process will begin instantly and can be
stopped only by triggering the system.

6. If INT trigger was selected, after the
correct signal level (determined by the
TRIG LEVEL control) is detected, the sys-
tem will trigger automatically. If EXT
trigger was selected, the system has to
be triggered either manually with the
TRIG pushbutton (S6), or via pin 15 of
P1l. After detecting the trigger, the data
recording will stop immediately.

50

7. If the ARM toggle switch is in the
AUTO position, the system will be auto-
matically armed after two seconds of
display time elapses. If it is desired to
“hold™ a waveform, flip the ARM toggle
switch to the MAN position before the
two-second interval has elapsed.

8. During pre-trigger recording, if the
trigger occurs before the entire sweep of
the memory has elapsed, the display
might include a portion of the previously
recorded waveform if not erased. To
erase the memory, place the TRIGGER
toggle switch in the EXT position before
arming and after the time interval deter-
mined by 1024 times the setting of the

TIME PER POINT switch. After erasing,
place the TRIGGER switch back to the
desired position.

Post-Trigger Mode:

1. Select the desired TIME PER POINT,
+ VOLTS, TRIG LEVEL (if INT trigger is
selected), INPUT coupling, and either
MAN oOr AUTO arm (as required).

2. If MAN arm is selected, use either
the front-panel ARM pushbutton or pin
13 of P1.

3. After detecting the trigger, the
recording will begin, and after the RAM
has accepted one full sweep, the system
will go to the display mode. Until a new
ARM signal is applied, the data just

POPULAR ELECTRONICS
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Fig. 12. Reduced foil pattern for component side of pc board. Note correct size.

stored in the RAM will be continuously
displayed.

4. In the AUTO arm mode, the system
arms itself after displaying the data
stored in the RAM for two seconds.
After two seconds, any new trigger will
automatically initiate updating the
RAM with new data.

5. To retain a waveform when operat-

ing in the AUTO mode, place the ArRM
%ggle switch in the MAN position.
T Waveform Voltage Level:

1. Although the £ voLTS switch can
be set as desired, the analog output level
of the Wavesaver is always 8 volts for a
full-scale display.

APRIL 1982

2. If the recorded waveform measures
two graticule divisions, the scope verti-
cal sensitivity is set at 2 V /division, and
the ®VOLTS switch is set at 0.5 volt, the
recorded signal has an amplitude of 0.5
volt.

Plotter Use:

1. When ScopPg/PLOT switch S2 is
placed in the PLOT position, this enables
connector P/.

2.0On PI, pins 1 through 8 are digital
data with pin 1 the most significant bit
and pin 8 the least significant bit. Pin 9
is ground, pin 10 is sync (or data valid),
pin 11 is the input for an external clock,
and pin 12 is a 50-Hz pulse that can be

used as the “write™ pulse to an external
computer. If the Wavesaver’s internal
clock is used, pin 11 and pin 12 must be
shorted together. Pins 13 through 15 are
external inputs for remote arming, trig-
gering, and then clocking data into
memory. All signals to P/ must be TTL,
and pins 1 through 8 can drive three
74LS (low-power Schottky) loads.

Applications. Uses for a storage oscil-
loscope are many. The test instrument
presented here, for example, enables the
user to see events before triggering. This
is useful in solving a variety of problems
before they would normally occur, such
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as witnessing a glitch that blows a fuse.
With post-trigger only, it would be too
late. You can record events while you're
out having a cup of coffee, since the
instrument has an automatic mode. In
the manual mode, you can catch those
fleeting one-shots. And the digital out-
put interface enables you to plug in the
stored information to a computer for
analysis.

Here’s a sampling of applications:
switch-bounce testing, microphone per-
formance, speech synthesis, loudspeaker
analysis, television servicing, audio sys-
tem testing, automotive engine perfor-
mance, logic-circuit testing, capacitor
characteristics, and so on. Clearly, the
Wavesaver can open up new horizons on
your test bench. ¢
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