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Foreword

The intention with these digital exercises is primarily to give
the teacher, in the time tabled education, access to thor-
oughly worked out exercises in digital technique.

The exercises are written in such a way that they preferably
can be used also for home studies. The book starts with
measurements of fundamental pulse parameters and estima-
tions of the oscilloscope influence on the measuring result.
After that, there is a row of exercises intended to create a
good understanding of TTL and MOS logic. The differences
between these logics are the subject of some exercises.

A few more demanding exercises are included to stimulate
the student to further, own developments.

Each exercise starts with a list of equipment used and a
short explanation of the objective. The measuring results
are verified by means of photographs taken from the oscillo-
scope screen.

As well as this book gives a good training in digital techni-
que, it also demands preinformation to the student. Basic
theoretical knowledge of pulse and digital technique is es-
sential for a good understanding of the exercises.

A suitable introduction to basic binary theory and logic cir-

cuits is Philips Digital Instrument Course, Part I, by A. J.
Bouwens.
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Pulse Generator Principles

The block diagram figure 2.1 shows the most important
stages of the pulse generators PM 5704 and PM 5705.

Astable multivibrator

The astable multivibrator generates square wave pulses
from which all internal pulses are derived. Switch SK1,
REP.TIME, and its vernier, R1, enable adjustment of the
repetition time between 10 s and 100 ns.

The multivibrator is inoperative when switch SK1 is set to
position EXT 4+ or EXT—.

Trigger circuit

In the EXT4+ and the EXT— modes the generator can be
triggered by the positive or negative slope of an external
signal, applied at connector TRIGG/GATE IN, BU1.

The triggering signal is fed to a Schmitt trigger, producing
an appropriate signal for the remaining circuits of the gen-
erator. With no triggering signal applied, a single pulse is
generated by the Schmitt trigger when push-button SK3,
SINGLE SHOT, is depressed. With switch REPETITION TIME
set to one of the time positions, the astable multivibrator
can be gated by a signal applied at input TRIGG/GATE IN.
Bursts of pulses which are synchronized with the gating
signal are then obtained.

Duration circuit, TTL amplifiers and switch SQUARE WAVE
The duration circuit produces pulses whose duration is set
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with the DURATION control, SK2, and its vernier R2. When
the SQUARE WAVE switch SK4 is released the output from
the duration circuit is fed to the two TTL amplifiers providing
TTL outputs with variable duration. When the SQUARE
WAVE switch is depressed the duration circuit is discon-
nected from the TTL amplifiers. The signal produced by the
internal multivibrator ,or the Schmitt trigger, is fed directly
to the TTL amplifiers.

In the PM 5705 the PULSE OUT output, however, still pro-
vides the signal with variable duration. In the EXT4 or
EXT— positions of switch REPETITION TIME and with switch
SQUARE WAVE depressed a triggering signal applied at
TRIGG/GATE in determines the TTL pulse duration. When
the REPETITION TIME switch is set to one of the time posi-
tions and no triggering signal is applied at TRIGG/GATE IN,
the TTL OUT is a fixed square wave.

Output stage, baseline offset

In the PM 5705, the pulses, normal or complementary, are
fed from pushbutton switch SK6, COMPL. via a driver stage
to the output amplifier in which the pulse amplitude can be
continuously set with AMPLITUDE control R3.

Control BASELINE OFFSET, R4, controls a clipping-diode in
the baseline stage thus providing a baseline shift.

The setting of the BASELINE OFFSET control does not in-
fluence the pulse top. The sum of baseline voltage and the
pulse amplitude is equal to the preset pulse amplitude.

SK3

BU1

TRIGG/GATE IN

SKI, R1

Fig. 2.1. Block diagram PM 5705 (PM 5704)
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The LF Oscilloscope in Practice

3.1. Measuring fast edges

When an ideal pulse, i.e. the rise time is zero, is applied to
the oscilloscope input, one can still observe a certain tran-
sition time on the display. This means that the rise and fall
times have increased from zero to a measurable value deter-
mined by the bandwidth of the Y amplifier of the oscillo-
scope used.

Suppose that the bandwidth is determined by an equivalent
R and C at the input of the amplifier (see figure 3.1.).

Fig. 3.1.

The bandwidth of this low-pass network will be

f, = ] c ( to the —3 dB point).

2z R

If we now apply an ideal pulse to the network, the output
will be an exponential charging curve having the rise time
. =ty (90%) — t; (10%) as illustrated in figure 3.2.

Fig. 3.2.

We can calculate t. using the formula

t. = RCin —RClIn = RCIn9,
which gives t. = 2.2 RC.
; : 1 . 2.2
By replacing RC with we obtain t. x f; = = 10.35.
2z fg 27
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The rise time of an oscilloscope with the bandwidth 10 MHz
(Philips PM 3232) will then be 0.35x 1077 = 35 ns.

An ideal step applied to this oscilloscope will thus be pre-
sented with the rise time 35 ns.

However, when measuring very fast edges one must also
calculate with the rise time of cables, filters and attenuators
used. The rise times of these devices are added according
to the square-law rule.

Thus, the measured rise time t... will be

t2rm = t2r generator + tzr cable + t2r oscllloscope

The Philips pulse generator PM 5705 has a specified rise
time of less than 10 ns and a 1 m piece of a highquality
coaxial cable has a rise time of less than 1 ns; from these
facts we can conclude that it is the oscilloscope that has
the major influence on the reliability of the measurement.

Assuming t. x f, = 0.35 and t2,, = t2 gn + t2 ose,

the influence of the oscilloscope on the measured rise time
is illustrated in the following table:

Pulse Oscilloscope Measured | Error
rise time Bandwidth rise time | rise time v

ns MHz ns ns ¥
10 10 35 36.4 260
10 25 14 17.2 72
10 35 10 14.2 42
10 50 7 12.2 22
10 100 35 10.6 6
10 350 1 10.05 0.5
10 1000 0.35 10.01 0.1
Table 3.1.



3.2. Measurements at the upper
frequency limit

The relations given in section 3.1. for the rise-time/band-
width product and the square-law rule addition of rise times
should be applied very restrictively when measuring a rise
time much faster than that of the oscilloscope.

This will appear clearly from section 4.1., exercises 2 and 3,
in which the rise and fall times are measured first with the
output unloaded, then with a capacitive load to increase the
rise and fall times. A low-frequency oscilloscope, the
PM 3232, is compared with a high-frequency sampling oscil-
loscope, the PM 3400:

The calculated transition time t. = Vt2im — t2; o5e OF te = Vt2m — t% osc

We can see that the fast sampling oscilloscope displays
the real transition times. The calculated transition times are
misleading because of the 35 ns rise time of the low-
frequency oscilloscope. One exception is the fall time at
1000 pF load, which is 45 ns measured with the sampling
oscilloscope and is calculated to 48.7 ns, i.e. an error of
about 8 percent, which may be acceptable in some applica-
tions.

Consequently, when the rise and fall times of the pulse are
increasing, the calculated rise time of the 10 MHz oscillo-
scope is approaching the real transition time measured with
the sampling oscilloscope.

PM 3232 (10 MHz, tr, ... 35 ns) PM 3400 (1.7 GHz, t. ... 0.2 ns)
rise time ns fall time ns rise time ns|fall time ns
Load
measured | calculated | measured | calculated| measured |measured
trm tr tfm tf tr tf
unloaded | 40 194 40 19.4 8 13
470 pF 40 194 50 375 18 25
1000 pF 40 194 60 48.7 25 45

Table 3.2. Measuring the main pulse of PM 5705, 5 V into 50 ohm.










Applied Measurements
4.1. Pulse parameters

The definition of each parameter appears from figure 4.1.
Particularly note the levels between which the measurements
should be made. Note also that pulse droop and overshoot
are stated as a percentage of the total amplitude.

The pulse spacing or the pulse repetition time is given in
a suitable time unit. The inverted value of the pulse spacing
is the pulse repetition frequency (PRF).

The duty factor is the relation between pulse duration and
pulse spacing.

RISE
TIME \ RINGING PULSE DROOP
|
| =
i
100% | - ~— 4~ F A A — = — L m ——— T -
0% ———+-f—~—————=
|
|
|
o o SR & e AMPLITUDE
T R A, (i PR S

| i
I FALLTIME | !

| == ." "
PRESHOOT / | PULSE REPETITION TIME
(PULSE SPACING)

) B

Fig.4.1. Pulse parameters

Exercise 1
Preparatory measurement of pulse parameters
Equipment required:

1 pulse generator PM 5705 (PM 5704)
1 oscilloscope PM 3232

1 capacitor 15 nF

1 capacitor 47 pF

1 resistor 680 ohm

A majority of the pulse parameters can be visualized directly
by measurements on the outputs of the pulse generator. If
the outputs are loaded, certain pulse characteristics will be
yet more emphasized and can be measured with a 10 MHz
oscilloscope.
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PM 5705 (PM 5704) PM 3232
o
TTL

NORM @ O © Y

o Ao O
D
+: Cy 15nF *3
O |= o o
(A J_ R

47pF 68002
Fig. 4.2. Test set-up

Set the pulse generator:

DURATION 0.5 us

REP.TIME 2.6 us

Measure: pulse separation, duty factor, rise and fall time,
overshoot and pulse droop.

Compare your result with the oscillogram fig. 4.3. Series
capacitor C1 provides a pulse droop. Ringings are generated
by parallel capacitor C2 together with stray inductances in
the cables and the mismatch provided by the 680 ohm re-
sistor.

Duration 0.5 ps

Pulse separation 2.1 ps

Duty factor 0.19

Rise and fall time 38 ns
Overshoot 149,

Pulse droop 49, 9

Fig. 4.3. Upper trace: 0.5 us/cm.

Lower trace: 100 ns/cm.



Exercise 2
Measuring the rise time of the main pulse of PM 5705
Equipment required:

pulse generator PM 5705

oscilloscope PM 3232

sampling oscilloscope PM 3400

termination 50 ohm, 1 W, PM 9585

BNC T-piece

capacitor 470 pF

capacitor 1000 pF

coaxial attenuator, 10 x (used in the sampling oscilloscope
measurement)

PM 5705 PM 3232
o @ <f> Y a
A
o
PULSE J@1
| ouT PM 9585
|
x gz T-PIECE i Fig. 4.5. PM 3232 Qutput unloaded :
f | measured rise time t,, = 36 ns
| C(470pF, 1000pF) § |
——
i
L Rise time ns
T measured calculated
Fig. 4.4. Test set-up Load t t
Set the pulse generator: Set the oscilloscope: unloaded 40 19.4
470 pF 40 19.4
AMPLITUDE 5V TIME/cm 40 ns 1000 pF 40 19.4
DURATION 1 us
REP.TIME 2 us
INT.LOAD 50 ohm Change the test set-up (see fig. 4.6.)
Measure the rise time first with the generator output un- i | pms705 PM 3400
loaded, then with 470 pF and 1000 pF capacitive load. -
| (T) e o TRIGG OUT
Calculate the rise time using the formula TRIGG PULSE o)
IN
B, = P — % cme ®
©
:é: C(470pF, 1000pF)
=5

Fig. 4.6. Test set-up
10



Exercise 3

Set oscilloscope controls: Set pulse generator: Measuring the fall time of the main pulse of PM 5705.
TIME/cm 20 ns REP TIME EXT +
mV/cm 100 mV AMPL 5V
MAGNIFIER 5 DURATION 1 us
INT LOAD 50 ohm Use the same equipment, set-up and procedure as in exer-
cise 2, fig. 4.4. and 4.6. However, depress the COMPL.
Measure the rise time first with the generator output un- button of the PM 5705.

loaded, then with 470 pF and 1000 pF capacitive load.

Fig. 4.7. PM 3400 Output unloaded : Fig. 4.8. PM 3232 Generator output unloaded
measured rise time Measured fall time 40 ns
t.m = 8ns
il Rise time ns Fall time ns
oa measured Load measured calculated
uzl;(;)ad;zd 13 unloaded 40 13.4
i pF 5 470 pF 50 375
P 1000 pF 60 48.7
Table 4.2.

Table 4.3.



Exercise 4

Measuring the rise time of the TTL pulse of PM 5705
(or PM 5704)

Equipment required:

1 pulse generator PM 5705 (PM 5704)

1 oscilloscope PM 3232

1 sampling oscilloscope PM 3400

1 termination 50 ohm, 1 W, PM 9585

1 coaxial attenuator, 10 x

1 coaxial T-piece

PM 5705 (PM 5704) D PM 3232
TIL O
NORM. (? o O

e o

% jﬁ'M 9585

Fig. 4.9. PM 3400 Generator output unloaded Fig. 4.10. Test set-up
Measured fall time 13 ns

Set the pulse generator: Set the oscilloscope PM 3232:
Fall time REP.TIME 2 us Ampl.A 0.2 V/cm

Load measured DURATION 500 ns TIME/cm 40 ns

unloaded 13

470 pF 25

1000 SF 45 ::\(16848[:1;6 the risetime and compare with the oscillogram
ig. 4.11.

Table 4.4.
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Set the pulse generator: Set the sampling oscilloscope:

REP.TIME EXT — TIME/cm 0.1 us
DURATION 500 ns MAGNIFIER 20
mV/cm 50

Measure the risetime and compare with the oscillogram
fig. 4.13.

Fig. 4.11. PM 3232 Measured rise time 44 ns

Change the test set-up (see fig. 4.12.).

PM 5705 (PM 5704)

E PM 3400
@_.

» ® O O v CALéTJ{}GG.
& Fig. 4.13. PM 3400 Measured rise time 13 ns
TRIGG. TTL O
IN NORM.

o
o
S

Fig. 4.12. Test set-up
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Exercise 5
Measuring the fall time of the TTL pulse

Use the same equipment, test set-ups and procedure as in
exercise 4.

Connect the measuring cable to the TTL COMPL. output.
Measure with oscilloscopes PM 3232 and PM 3400 and com-
pare your results with the oscillograms figure 4.14. and
figure 4.15.

Fig. 4.15. PM 3400 : measured fall time 9 ns

Fig. 4.14. PM 3232: measured fall time 36 ns

14



Exercise 6

Measuring the preshoot of a TTL pulse
Equipment required:

1 pulse generator PM 5705 (PM 5704)

1 oscilloscope PM 3232

1 DC power supply + 5V (PM 5704 can be used)
1 1C SN 7400 with datasheet

1 capacitor 100 pF

1 resistor 680 ohm

PM 5705 (PM 5704)

D PM 3232
+5V

& o
@
(? vA (e}
TTL

NORM.

C 680102 kD

100pF

"

1
2] & p
1/6 SN7400

Fig. 4.16. Test set-up

Set the pulse generator:

REP.TIME 50 us
DURATION 1 us

Set the oscilloscope:
TIME/cm 100 ns

Preshoot is caused by capacitive coupling between the in-
put and the output of an inverting stage.

Example: The output of a NAND gate is LOW and a nega-
tive step is applied to the input. This step will be partly
transferred to the output via the stray capacitances before
the output goes HIGH.

Measure the preshoot both with and without the shunting

capacitor C;. Compare your results with the oscillogram
fig. 4.17.

Fig. 4.17. Upper trace : without C, a small preshoot can be observed
Lower trace: with C, connected the preshoot is 109, be-
cause the capacitance between input and output is in-
creased.

15



4.2. Time Domain Reflectometry
(TDR)

TDR can be used to study the properties of a transmission
line e.g. a coaxial cable.

When a voltage step, Vi, is applied to a line, the source
(the generator) sees in the first moment only the charac-
teristic impedance Z, of the line.

After a short period of time the leading edge of the step
reaches the far end of the line, i.e. the load Z.. If Z, differs
from Z, there is a mismatch causing part of the incoming
signal to reflect back to the source. The reflection V. is
determined by

r =

ZL—Z()
-V
Z.+ Zo

The velocity of a signal in a coaxial cable with small losses
is in the order of 0.7c, where c is the velocity of light,
3x 108 m/s.

seconds

L
Assuming a cable length of L m, it will take 027 S

before the signal returns as a reflection to the source. The
reflected signal “tells” the generator which type of im-
pedance at the load end that can be expected when the
transients have decayed. If the source impedance differs
from the characteristic impedance, yet more reflections will
occur before the generator adapts to its stationary value.
Reflectometry can also be used to match the load impedance
to an unknown cable or to trace a short-circuit or other dis-
continuity of a transmission line.

Exercise 7
TDR measurement
Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

1 resistor 50 ohm | may be replaced by a 100 x

1 resistor 5 kohm [ oscilloscope probe PM 9358

1 BNC T-piece

1 measuring cable, length > 10 m, 50 ohm, coaxial
2 resistors 50 ohm

1 capacitor 15 nF

1 inductance 0.1 mH
Connection cables, 50 ohm, coaxial.

Termination devices

16

PM 5705

500 T-PIECE MEASURING CABLE L > 10m

TERMINATION
ZL

o Ysp
KD 5KQ*
J i

* MAY BE REPLACED BY
100 x OSCILLOSCOPE PROBE PM 9358

Fig. 4.18. Test set-up

Connect the pulse generator and the oscilloscope as illus-
trated in the set-up diagram fig. 4.18.

The output impedance of the pulse generator is 50 ohm
(INT.LOAD depressed), but when the output transistor of
the generator is on, the impedance is reduced. To ensure
a permanent impedance of 50 ohm, which is particularly
important at TDR measurements, an additional 50 ohm re-
sistor is connected in series with the PULSE OUT output.

The connection of the oscilloscope must be high-ohmic (at-
tenuation 100 x) to prevent interference in the measuring
system. Furthermore, because the delay of the coaxial cable
is about 5 ns/m, the length of the measuring cable should
exceed 10 m. In the oscillograms figures 4.21., 424, 4.27,,
the measuring cable was 50 m.

Set the pulse generator: Set the oscilloscope:

AMPLITUDE 5V TIME/cm 02 us
DURATION 5 us AMPL. 20 mV/cm
REP.TIME 10 us

INT.LOAD 50 ohm



a. Measure the reflections when the line is open. b. Measure the reflections when the line is terminated with
a 50 ohm resistor.

—— —— ——
G o 25V - — - - ; 25V ——-— -———————————
ZL = 00 '
e ov ov
Fig. 4.19. Open line Fig. 4.22. 50 ohm termination
Then compare with the result obtained when the far end of Next, terminate with two 50 ohm resistors connected in
the line is shorted. series.

10002

ov

Fig. 4.20 Far end shorted

P rrrrrt T retes

Fig. 4.21. Upper trace: open line Fig. 4.24. Upper trace: 50 ohm termination
Lower trace: far end shorted Lower trace: 100 ohm termination



c. Measure the reflections caused by an RC termination, 50
ohm in parallel with 15 nF.

2.5V —————— 1
oV |

!

i

1 = (Zol[Ro)C

Fig. 4.25. RC termination

Terminate with an RL network, 50 ohm in series with 0.1 mH.

4.3. Line equivalents

When measuring fast pulse events it is important to know
the fault sources that can affect the measuring result. The
device under test should not be judged on the basis of an
oscilloscope representation until it has been carefully ana-
lysed how the test set-up is influencing the waveforms.
Long and unsuitable test cables are one of the most common
reasons for false measuring results.

Each cable has a certain resistance, inductance and capa-
citance per meter, which can easily be verified using an
impedance bridge. Note that the significant inductance
originates from a current loop, i.e. both from the forward
and the back (earth) conductor in the set-up. See fig. 4.28.

Fig. 4.27. Upper trace: RC termination

Lower trace: RL termination
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Fig. 4.28.

The simplest equivalent for a line consists of R, L and C.
The component values are varying considerably depending
on conductor area, the dielectric properties of the insulation,
the physical construction, the location in the measuring
room etc.

The following values have been measured for a common,
plastic insulated laboratory cable, 1.5 m of length, area
2 mm2, and a coaxial cable type RG58C/U of equal length:

Parallel conductors Twisted approx.

approx. 1 cm distance 2 turns/10 cm RGS8C/U
R* 0.13 ohm 0.13 ohm 0.11 ohm
L 23 uH 1.3 uH 06 uH
C 20 pF 100 pF 199 pF

* Remote end shorted



Exercise 8
Measuring the influence of the cables on the waveform
Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

1 termination 50 ohm, PM 9585

2 BNC to banana plug adapters

2 wires, length 1.5 m (exercise 8a)

2 twisted wires, length 1.5 m (exercise 8b)

1 coaxial cable, BNC terminated, 50 ohm (exercise 8c)
2 wires, length about 20 cm (exercise 8d)

1 resistor 0.1 ohm (to be constructed,

1 inductance 1.2 /:H}

1 capacitor 100 pF

% (exercise
see below) 8e)

Set the pulse generator: Set the oscilloscope:

AMPLITUDE 2V AMPL. A 2 V/cm
REP.TIME 3 us TIME/cm 0.2 us
DURATION 0.75 us
INT.LOAD 50 ohm

Make the following measurements test set-ups 4.29., 4.31,,
4.33., 4.35. and 4.37. Note the influence of 50 ohm termina-
tion. Compare with the oscillograms.

a) Parallel measuring cables

PM 5705 ‘ PM 3232
i ol |
f (ole} PULSE » i
out A o | |
TERMINATION
PM 9585
o
: 1cm ¥
Vo Y |

Fig. 4.29. Test set-up

Fig. 4.30. Upper trace: Unterminated cables
Lower trace: Cable is terminated with 50 ohm at oscillo-
scope end. Note that ringings are damped.



b) Twisted measuring cables

Fig. 4.31. Test set-up

Fig. 4.32. Upper trace:
Lower trace: 50 ohm terminated cables. Ringings are
damped.
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PM 5705

O

[:] PM 3232
@]
O ® |PULSE Y,
- & °
TERMINATION
PM 9585

Unterminated cables

¢) Coaxial cable RG58C/U

PM 5705 [:I PM 3232
(@]

O O ® |puLse Va
ouT ® o)

TERMINATION
PM 9585
ral

COAXIAL CABLE RG 58, LENGTH 1.5 m_\J_

Fig. 4.33. Test set-up

Jododfondidinkid

Fig. 4.34. Upper trace: Still overshoots without termination. Match-
ing improved at negative step.
Lower trace: Terminated with 50 ohm.



d) Short measuring cables e) Artificial line

The inductance and the resistance is about 25 turns of a
S — 0.4 mm wire around a common pencil. Use as short con-

nection cables as possible.
PM 5705 PM 3232
PULSE

out e}

. - PR ——
A 5 |
== PM 3232
TERMINATION ‘ RMEI0) o D Mz
PM 9585 COMPL. TRIGG.
-

O ¥ 9

| ©] d} PULSE v
y P | Ap_©
L——-—J
SHORTEST POSSIBLE

Fig. 4.35. Test set-up

Fig. 4.37. Test set-up

Fig. 4.36. Upper trace : Unterminated cables.
Lower trace: Cables terminated with 50 ohm at oscillo-
scope.

Fig. 4.38. Upper trace: Unterminated
Lower trace: Terminated with 50 ohm

Conclusion: As short measuring cables as possible gives
the best result.
Note that ringings are damped by the 50 ohm termination!
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4.4, Recovery time of a power
diode

In a dc voltage source for high power the chopper technique
is often used to increase the frequency at the primary side
of the transformer. With this approach, the size of the iron
core of the transformer is reduced, because the size is
proportional to 1/f.

Thus the voltamperes per weight unit of transformer can be
increased. See fig. 4.39.

Exercise 9

Determining the recovery time of a power diode
Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

1 capacitor 2.2 uF

2 resistors 50 ohm
1 power diode IR 10D4

CHOPPER TRAFO WITH
F = 25kHz FERRITE CORE RECTIFIER
H—pp—e—o0
RECTIFIER
MAINS LL .
220V, 50Hz
Fig. 4.39.

When the frequency is increased the recovery time of the
diode may be troublesome. The diode does not turn off
immediately, but reverse current is flowing during a certain
period of time causing ripple on the voltage across the
capacitor.

The recovery time of the diode when the voltage is reversed
depends on the charge distribution in the PN junction. The
diode current in the forward direction will also provide a
certain amount of stored excess charge in the PN junction.

When the voltage across the diode is reversed, this charge
must be removed before the diode can cease conducting.

Then the reverse current is decreasing exponentially when
the PN junction is reversed and the minority carriers are
depleted.

22

PM 5705 [ PM 3232
I
sl Yap VB
|
="z
2.2.F IR10D4
™
500 500
Fig. 4.40. Test set-up
Set the pulse generator: Set the oscilloscope:
AMPLITUDE 75V AMPL. A 2 V/cm
DURATION 5 us TIME/cm 2 us
REP.TIME 10 us
INT.LOAD 50 ohm

To obtain a square wave symmetrical around the zero level,
a capacitor should be series connected with the pulse gen-
erator. The current through the diode is measured across a
50 ohm resistor. Measure the recovery time.

Compare your result with the oscillogram fig. 4.41.



= 2cro level

Fig. 4.41. Upper trace, ch. B: diode current. Forward current
approx. 35 mA.

Lower trace, ch. A: voltage across load.

The recovery time is about 5 us.

The current-time area above the zero level corresponds to
the charge that must be removed before the diode can
cease conducting.

4.5, Transients on the TTL supply
voltage

When a TTL circuit is switching from LOW to HIGH, tran-
sients are occuring on the supply voltage because the TTL
totem pole output, when going HIGH, is short-circuiting the
supply voltage during a short moment. See fig. 4.42.

out

Fig. 4.42. Circuit diagram of a TTL output

When the TTL output goes from the LOW to the HIGH state,
transistor T, is turned off and Ty goes on.

Since the recovery time of a saturated transistor is longer
than its switch-on delay, both Ty and T, will conduct simul-
taneously during a short moment. The current will then be
limited only by the 130 ohm resistor.

The current spike can be maximum

Vcc —2X VSAT = VDXOI)E
130

in which Vsir is the voltage across the saturated transistor.

5—2x05—0.7

=~ 25 mA
130

Thus, the current spike is:

If several gates switch simultaneously, the current spike on
the supply line is increased linearly with the number of
gates. These spikes can easily trigger fast TTL circuits and
be quite fatal, e.g. destroy the information stored in a
memory (refer to exercise 11).
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Exercise 10

Transients on the TTL supply voltage

Equipment required:

D.C. POWER
SUPPLY

?

pulse generator PM 5705 (PM 5704)
oscilloscope PM 3232

d.c. power supply

IC SN 7400 with datasheet
capacitor 0.1 uF

resistor 600 ohm
capacitor 15 pF

BNC T-piece

50 ohm termination PM 9585

PM 3232

O
Y, Y,

[ ]
Ar@] BD

PMoses | | b

60002 +5V

T
NORM ® ©

PM 5705 (PM 5704)

O

1/6 SN 7400

Fig. 4.43 Test set-up

T-PIECE

Set the pulse generator:

DURATION
REP.TIME

24

0.5 us
1 us

ey

Set the oscilloscope:

TIME/cm
AC coupled
AMPL. A
AMPL. B

0.2 us

2 V/em
1 V/ecm

Fig. 4.44. Upper trace: Channel A, input signal
Middle trace: Channel B, supply voltage, without C,
Lower trace: Channel B, supply voltage, with C,

The 600 ohm resistor is series connected with the power
source to make the supply high-ohmic. This will emphasize
the different currents at HIGH and LOW input. Note that the
current spike is obtained only when the input goes LOW.
The capacitive load C. will increase the amplitude of the
current spike. The decoupling capacitor Cx should be cho-
sen to 0.1 uF for each group of 5 TTL packages.

Possibly, two capacitors of different types can be parallel
connected: one ceramic type which can provide much cur-
rent, and one electrolytic type having relatively great loss
and being capable of damping the ringings which otherwise
can occur in the LC circuit formed by the supply line.



Exercise 11

Faults in a memory caused by interfering transients

An RS flip-flop (see section 4.6. exercise 14 and fig. 4.45.)
can be regarded as a memory. Its stored information, 1 or 0,
can be destroyed by an interfering pulse applied via the
supply voltage.

+5V

SET

Fig. 4.45. RS flip-flop

If a flip-flop is connected to the supply voltage it will be set
to either of its both states 1 or 0.

Theoretically this will occur quite randomly, but in practice
the two inputs are not identical because of stray capaci-
tances. Therefore, the flip-flop will always be set to the
same state each time it is connected to the supply voltage.

Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

1 1C SN 7400 with datasheet
1 resistor 7.5 kohm

PM 5705

PM3232] |
\ TTL PULSE OUT D TRIGG. I
1 NORM  COMPL. ® 5
ﬁ Y ‘1
? .
ok |
| |

o

Fig. 4.46. Test set-up
Set the pulse generator: Set the oscilloscope:
AMPL. 5V TIME/cm 1 us
DURATION 2us AMPL. 1 V/em
REP.TIME 1to5s EXT. TRIGG +
NORMAL/COMPL. COMPL. DC-coupled
DC OFFSET +2V

Set the RS flip-flop to the state opposite to its normal one
at the connection to the supply voltage.

R. corresponds to the maximum load for TTL circuits with
fan-out = 10.

The supply voltage with superimposed transients is now
represented by the complementary pulse train from the gen-
erator. By varying the baseline offset the amplitude of the
negative-going interference pulses can be set between 5 V
and 3 V. Vary also the duration and note the influence.

After each interference pulse the flip-flop must be manually
set to “1".
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4.6. Contact bounces

When a relay is used to switch TTL circuits the contact
bounces must be taken into consideration.

The TTL circuits are fast enough to count the bounces just
as if they were a pulse train.

If one wants to count the number of switchings of a relay,
the result would be completely false unless the contact
bounces are eliminated.

Exercise 12
Contact bounces

A common micro-relay can be used up to about 300—400
Hz and requires about 100 mW to switch. The PM 5705 pulse
generator supplies max. 15 V, 300 mA at the main pulse
output and can very well be used as the driving source.

Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

1 micro-relay without diode across the winding
1 BNC T-piece

PM 5705 PM 3232

]

PULSE O
O o

out vA(? qu
T-PIECE = 4‘£

+5V>—O_v
*—

—o—a|

MICRORELAY

Fig. 4.47. Test set-up
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Set the pulse generator: Set the oscilloscope:

AMPL. 5V TRIGG YA B
DURATION 20 ms TIME/cm 200 us
REP.TIME 30 ms AMPL. A 1 V/em

Fig. 4.48. The micro-relay turns on. Spacing between contact boun-
ces is about 0.1 ms i.e. a frequency of 10 kHz.



Exercise 13

This exercise will verify that contact bounces are easily
triggering a TTL circuit.

Use the same equipment as in exercise 12, but add one
resistor 680 ohm, one IC SN 7400 and a d.c. power supply
45V (PM 5704 can be used).

PM 5705 PM 3232
Pgb?.E D TRI(%E@
00 @ A
e TUL
ri < 4sv
I
4a—| 6800
P
g
Gl
MICRORELAY
1/6 SN 7400
Fig. 4.49. Test set-up
Set the pulse generator: Set the oscilloscope:
AMPL. 5V TRIGG. EXT +
DURATION 20 ms COUPL. AC
REP.TIME 30 ms TIME/cm 200 us
AMPL. 2 V/em

Compare the contact bounces with the output of the TTL-
gate (see fig. 4.50.).

Fig. 4.50. Upper trace, channel B: The gate registers three pulses
Lower trace, channel A: Contact bounces. The voltage at
point P in the set-up diagram fig. 4.49. is switching be-
tween 5 and OV
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Exercise 14

With the aid of an RS flip-flop, consisting of two NAND
gates, the contact bounces can be eliminated and the result
is a clean pulse.

Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

1 micro-relay without diode across the winding
2 resistors 680 ohm

1 resistor 10 ohm

1 1C SN 7400 with datasheet

1 power supply 45V (PM 5704 can be used)

1 BNC T-piece

PM 5705 PM 3232
TRIGG.
=

OO(P

Fig. 4.52. Upper trace: (channel A) the output signal of the RS flip-
flop
Lower trace: (channel B) the voltage across the 10 ohm
resistor. The negative pulses correspond to the movement

T-PIECE
MICRORELAY

4 @ of the relay reed between positions 1 and 2 in the circuit
10 Ty =2 diagram fig. 4.51. (approx. 3 ms)
®@
6800 | |6800 e . _

+5V
=
Fig. 4.51. Test set-up
’ MOVEMENT : '

Set the pulse generator: Set the oscilloscope: OF RELAY REED | i \| CONTACT BOUNGES /
AMPL. 5V TIME/cm 5 ms
DURATION 20 ms AMPL. A 2 V/cm i ' ' ) ——
REP.TIME 30 ms AMFL. B 20 mV/em Fig. 4.53. Notice how the RS flip-flop is triggering on the very first

EXT TlRlGG P contact at position 1T and 2T respectively.

AC coupled
Compare the contact bounces with the output of the RS

flip-flop.
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4.7. The ""current sink’’ concept

A TTL gate being connected to a pulse generator will con-
sume a certain amount of current, whose direction and
magnitude depend on the logic state of the gate. The spe-
cified current consumption for each input of one of the
inverters in SN 7404 is 40 uA when the logical level at the
input is HIGH (Lix = input HIGH). If the input is connected
to a logical “0" the gate provides maximum 1.6 mA, that is,
(lIL = input LOW) — 1.6 mA.

Consequently, the pulse generator used must accept this
current to be able to decrease the input of the gate to the
LOW level. This means that the output impedance of the
generator or the gate must be low enough to permit the
product R.u x i being lower or equal to the transition level
of a subsequent gate.

This is referred to as the current sink concept.

The average transition level is 1.4 V but may vary between
0.8 Vand 20 V.

. = — 1.6 mA, being specified in the data sheets, is the
absolute maximum value. An average value is about

— 1mA.

5V
PMB708 "7 40uA
I 1
: ———
“0": 1.6mA

INT. LOAD

Fig. 4.54.

We can verify how a TTL gate is dependent of a low gen-
erator impedance by means of the PM 5705. The main out-
put (pulse out) is arranged as indicated in figure 4.54. The
generator impedance can be selected to 330 ohm or 50 ohm
by means of button INTERNAL LOAD.

Exercise 15
Preparatory measurement of fanout.
Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

2 IC’s SN 7404 with datasheet

1 d.c. power supply +5 V (PM 5704 can be used)
1 BNC T-piece

PM 5705

D PM 3232

PULSE " A
out A B®
I

T

T-PIECE

Fig. 4.55. Test set-up

Set the pulse generator: Set the oscilloscope:

AMPL. 3V AMPL. 1 V/em
REP.TIME 15 us TIME/cm 5 us
DURATION 5 us TRIGG B
INT.LOAD 330 ohm

Connect the pulse generator as shown in the set-up diagram
fig. 4.55. and load the output with a number of parallel in-
verters of the SN 7404 type. Notice on the B channel of the
oscilloscope how the logical “0" level of the generator volt-
age is increasing proportionally to the number of connected
inverters.

When 9 to 10 parallel inverters are used, the “0" level ex-
ceeds about 1.4 V and the inverters cease triggering. This
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can be observed on channel A of the oscilloscope.
Measure the low level threshold with the baseline offset.

Assuming that the logical “0" level is 1.5 V, and 10 inver-

ters are used, |, for each inverter can be calculated:
15V
10)( Iu, = —W l]L — 045 mA

Next, depress button INTERNAL LOAD to 50 ohm. Note
that the inverters are triggering again, because of the low
impedance (current sink!).

Exercise 16

Verify importance of low source impedance for TTL-drivers
due to current sink.

Use the same equipment and set-up as in exercise 15, but
replace the two IC's SN 7404 by one decade counter
SN 7490.

T-PIECE

]

1

[ [Pms10s I pM3232| |
g PULSE [
| ouT o |
, e e Y, Y i
A? B® }

i

+5Vv

Fig. 4.56. Test set-up
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Set the pulse generator: Set the oscilloscope:

AMPL. 3V TIME/cm 5 us
DURATION 5 us AMPL. A 1 V/em
REP.TIME 15 us AMPL. B 1 V/em
INT.LOAD 330 ohm

Fig. 4.57.

Upper trace; Ch. B: input signal 1V/cm 5 us/em

Generator impedance for logical “0" is 330 ohm.

Lower trace; Ch. A: Qq is permanently logical “1". Fast transients
at the moment of transition are disregarded.

Depress INT.LOAD to 50 ohm and notice that Qy is trig-
gering properly. Measure the low level threshold with the
baseline offset.



li. = 3.2 mA specified in the datasheet of the SN 7490, is
an absolute maximum value. As the increase of the “0" level
can be measured on the oscilloscope, we can calculate I
to 0.4 V/330 ohm = 1 mA.

With the aid of the calculated i, values it is possible to
state fan-out, see table 4.5. Complete the table 4.5.

LOW state generator fan-out

pulse out |Pulse out [Pulse out 50 Q
IC type (load) 3300 [00Q |+ext.50Q |IT-out
SN 7404 Meas.u.red 5—7
Specified |1 10 20 30
Measured|0—1
N 7490
& Specified [0 5 10 15
Table 4.5.

Measure the low level threshold with the baseline offset.

One can immediately see a big discrepancy between spe-
cified and measured values. This is mainly due to noise-
margin and production tolerances for IC’s.

It is of less importance how many gates the pulse generator
can drive in the HIGH state. As we have shown, the limiting
factor is the current sink capability of the driving source in
the LOW state.

4. 8. Delaying pulses |

Hazard pulse

In the pulse technique there is often a need for delaying a
pulse during a certain period of time. In a gate network,
a pulse may have two possible parallel paths, one of these
consisting of more gates than the other one, see fig. 4.58.

Fig. 4.58.

The internal time delay (ts = propagation delay) of the gates
may introduce a malfunction of the circuit. In figure 4.58,
for example, an unintentional so-called hazard pulse may
trigger a flip-flop or a counter and cause faults further in
the circuitry, whose origin may be difficult to trace.

For SN 7404 the propagation delay ts is 10 ns which in the
set-up fig. 4.58 should provide a 50 ns hazard pulse.
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Exercise 17

Verify existence of hazard pulse.

Equipment required:

pulse generator PM 5705 (PM 5704)

oscilloscope PM 3232

IC SN 7400 with datasheet
d.c. power supply +5V (PM 5704 can be used)

1
1
1 IC SN 7404 with datasheet
1
1
1

resistor 50 ohm

PM 5705 (PM 5704) D PM 3232
TIL
NORM o
@ O
L +5V Ya ® ©
asog Ar

.....-.

14 8
& SN 7404
1 7
O O—0—C

SN 7400

Fig. 4.59. Test set-up

Set the pulse generator:

DURATION 300 ns
REP.TIME 1 us

32

Set the oscilloscope:

TIME/em 40 ns
AMPL. A 2 V/em

Connect the TTL output of the pulse generator to the IC's
as shown in the set-up diagram fig. 4.59. Connect the oscil-
loscope to points A, B, and C in the diagram.

Fig. 4.60. shows a typical measurement result.

Fig. 4.60.

A. input pulse TTL

B. Delayed pulse

C. Hazard pulse approx 45 ns = delay in 5 inverters



4. 9. Delaying pulses Il

Known delay using RC network

With the purpose to eliminate malfunctions due to propaga-
tion delays in gates and to ensure that the pulses arrive in
the proper sequence, one can introduce known delays in
the suitable signal paths.

The simplest delay is achieved by connecting an RC net-
work between two gates, as shown in the following exercise.

Exercise 18

Equipment required:

pulse generator PM 5705 (PM 5704)
oscilloscope PM 3232

IC SN 7404 with datasheet

resistor 100 ohm

resistor 50 ohm

capacitor 220 nF

d.c. power supply +5V (PM 5704 can be used)

i N

PM 5705 (PM 5705)
TTL

NORM @)
YA? o

PM 3232

Fig. 4.61. Test set-up

Set the pulse generator:
REP.TIME 600 us
SQUARE WAVE depressed

Set the oscilloscope:
TIME/cm 100 us
AMPL, 2 V/em

If the oscilloscope is connected progressively to points A,
B and C, the diagram fig. 4.62. is obtained. See also fig. 4.63.

Fig. 4.62.

It appears from figure 4.62. that the edges of the delayed
pulse C are non-linear. This, however, can be improved by
connecting additional inverters.

Moreover, the trailing edge is more delayed than the leading
edge, which makes that the duty factor of the delayed signal
is changed. The delay of the trailing edge can be reduced by
decreasing the value of capacitor C. However, the delay
cannot be increased significantly with this set-up because
the edge (the RC charging) which is triggering inverter 2 is
too flack. This implies a risk for self-oscillation in the tran-
sition region.

The practical value of this set-up as a delay network is
limited, but it provides an example of many of the para-
meters characterizing the TTL family.

An analysis of the waveform gives the following result
(refer to the numbers of the waveform portions in figure
4.62. waveform B).

Portion 1—2

The delay of the leading edge is about 20 us. The capacitor
is discharged through R = 100 ohm plus the output im-
pedance of inverter 1. A TTL output at LOW level has an
impedance R,.. of 12 ohm which is much lower than the
R = 100 ohm used in this set-up. The time constant is
7 = (R+R.u) C, which gives 7 = 1004+12) 0.22x 1076 ~ 24
us. To increase the delay of the leading edge, resistor R can
in our case be increased to maximum 250 ohm according to
the relation R x ;. <C 0.4 V, in which we assume |,z = 1.6 mA.
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Portion 2—3

The input voltage to inverter 2 reaches the threshold voltage
Vu = 1.3V and the transition is initiated. At point 3 the in-
put voltage equals Vo. (output LOW) = 0.4V which gives
a maximum HIGH level for the next inverter.

In the first fraction of portion 2—3 the transistors are in
their linear region, i.e. they act as common amplifiers. This
region should be passed as fast as possible to avoid self-
oscillation caused by capacitive feedback in the circuit.

Fig. 4.63.

A. Input pulse TTL 2 V/cm
B. Capacitor voltage 1 V/cm
C. Delayed pulse 2 V/em
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Portion 6—7

The transition starts when the input voltage is 0.4 V. At this
level the transistors become gradually less saturated until
the input voltage is about 1 V. Now the inverter is in its
linear region until the input voltage is 1.3 V where the tran-
sition is completed.

We can estimate the time constant ¢ to about 55 us. Since
7 = (R+R..) C, we can calculate Ro.. to be about 150 ohm,
which approximately equals the collector resistor of 130 ohm
indicated in the circuit diagram of SN 7404 (refer to the data
sheet).

Fig. 4.64.
Close-up 50 us/cm
A. 1V/em

C. 1V/em



4.10. Delaying pulses llI

Known delay using one-shots

There are many different varieties of pulse delays having
more or less complicated set-ups. A simple circuit is
achieved with two monostable multivibrators and a few gates
as illustrated in figure 4.65.

©

ONE SHOT 2 '

—0
OUTPUT

Fig. 4.65.

The gates are actually redundant because the one-shots are
triggered on the positive edge, which means that the Q-
output of one-shot 1 can be connected directly to the input
of one-shot 2. However, exactly this configuration is con-
tained in one single TTL package, the SN 74123. The dura-
tion of the mono-pulse is determined by the choice of the
external R and C and can be varied between 45 ns and
infinity.

The delay is set with one-shot 1 and will be approximately
0.35 R,C; and the duration of the output pulse will be about

0.35 R,C,.

The factor 0.35 originates from the threshold voltage and
swing of the TTL circuit.

There is, however, a major drawback with this method, viz.
the input and output signals have the same duty factor only
for one particular frequency unless R,C, are changed.

Exercise 19
Equipment required:

oscilloscope PM 3232

resistor 50 ohm

e e N

pulse generator PM 5705 (PM 5704)

IC SN 74123 with datasheet
d.c. power supply (PM 5704 can be used)
resistors 22 kohm = R1, R2

capacitor 10 nF = C1
capacitor 33 nF = C2
Set the pulse generator: Set the oscilloscope:
REP.TIME 500 us TIME/cm 100 us
DURATION 200 us EXT. TRIGG +
1
PM 5705 (PM 5704) PM 3232 i
\:] TRIGG. | |
T ® ® O i
NORM . YAg VB o | |
COMPL 7
+5V -
& e
(= O—C
SN 74123 o
|

5002

o

Fig. 4.66. Test set-up
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Measure delay and duration and compare with the calcu-
lated values.

With R1 = 22 kohm, C1 = 10 nF, the delay will be about
0.35x220 = 75 ps.

If R2 = 22 kohm, C2 = 33 nF, the duration of the output
signal will be 0.35x 700 = 250 us.

Notice that the pulse duration for Q; and Q, are indepen-
dent of the pulse duration of the input signal. See fig. 4.67.

Fig. 4.67. Upper trace: Input signal
Middle trace: Q,, delay is proportional to Ry x C;
Lower trace: Q,, output signal, duration is proportional
to Rz X Cz
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4. 1. TTL flip-flops and counters |

Ripple 4-bit counter

The JK Master-Slave flip-flop is the most frequently used
memory device in the TTL family.

In the 74 series, the flip-flop is available in a great number
of packages having different configurations. By connecting
the data and trigger inputs in different ways, one can obtain
a virtually unlimited variation of the function.

As an example we may select the SN 7476N containing two
JK flip-flops (see fig. 4.68.).

FUNCTION TABLE

INPUTS OUTPUTS
PRESET CLEAR CLOCK J K [ a @
CLEAR L H X X X [ H £
! Q H L X X X |t H
CLOCK — —1 L L X X X | HT H*
kK —§ 6 H H i L L |Q Qg
PRESET H H i H oL H L
H H b5 8 L H L H
H H i 8 H H TOGGLE

H = high level (steady state) L =
low level ((steady state). X = ir-
relevant

Qi = the 'evel of Q before the in
dicated input condtions were estab-
Iished.

TOGGLE - Each output changes to
the complement of its previous level
on each active transition (pulse) of
the clock

* This configuration is nonstable; that
is. it will not persist when preset and
clear inputs return to their inactive
(high) state

Fig. 4.68. Schematic symbol, truth table and data sheet drawing
of SN 7476N

The data from the JK inputs are stored in the flip-flop when
the clock pulse occurs and will be available at the Q output
when the clock pulse ceases (Master-Slave flip-flop).

The “Clear"” input sets Q = 0 and the “Preset” input sets
Q = 1 when they are connected to LOW level. These inputs
are independent of the clock pulse.

If the JK inputs are connected to Q and Q respectively the
flip-flop will change its state after each clock pulse and the
frequency of the output signal will be half of the frequency
of the input signal (see fig. 4.69.).



If four JK flip-flops are cascade connected, i.e. the clock
input is connected to the Q output of the foregoing flip-flop,
a ripple binary counter is obtained which can count to 16
(see fig. 4.70).

nn .

" OUTPUT

INPUT

Fig. 4.70.

The result can be read in binary form if a lamp or a light-
emitting diode is connected to each Q output. At every
16th pulse, all lamps will be off and the counting cycle
starts again.

Exercise 20
Equipment required:

pulse generator PM 5705 (PM 5704)
oscilloscope PM 3232

IC’'s SN 7476 with datasheet

resistors 100 ohm

resistor 50 ohm

light-emitting diodes

d.c. power supply +5V (PM 5704 can be used)
BNC T-piece

SENEN S SRR O NP

PM 5705 (PM 5704) T PM3232
TRIGG.
TTL Can
NORM o O Vo ¥ 1
‘ B ‘
i |
—

T-PIECE ‘

Fig. 4.71. Test set-up

Connect the flip-flops with the aid of the datasheet and the
diagram fig. 4.71. First set the pulse generator to EXT+ and
generate pulses manually to check the function of the set-up
by depressing the button SINGLE SHOT.

Set the rep.time to 10 us and connect the oscilloscope to
the input signal and the outputs of the flip-flops in sequence.
Trigger the oscilloscope externaily as shown in the set-up
diagram fig. 4.71.
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The time base of the oscilloscope is set in such a way that
precisely 16 pulses cover the screen. See fig. 4.72.

T e e T i

Fig. 4.72. 5 V/cm, 10 us/cm, uncalibrated. Upper trace: A input
signal.

Remaining traces (from top) channel B,
Qo Q;, Qo Q3.

Note that the counting result is 1000 after the 8th pulse.
Compare with the result obtained in exercise 21.
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4.12. TTL flip-flops and counters Il

Ripple decade counter

There is a frequent need for a counting cycle which has not
the radix 2 (16 = 24), for example, 10 in a decade system.
This can be achieved by forcing the flip-flops to leave out 6
states in a binary counter employing 4 flip-flops. After 7
pulses the state is 0111. Assuming that the 8th pulse would
give the result 1110 instead of 1000, pulses 9 and 10 would
give 1111 and 0000 respectively at the Q outputs.

The discontinuity after pulse 7 can be accomplished by
setting Q; and Q, to “1" via their preset inputs. These in-
puts require a logical “0" during at least 20 ns, and this
pulse can be achieved by means of Q3 which is set to “1"
after pulse 8. See fig. 4.73.

BN ’

B Y
% {

Qs

Fig. 4.73. Timing diagram for a ripple decade counter

The preset pulse is achieved in a simple way by a delay
caused by a few inverters (refer to section 4.8. Delaying
pulse 1). See fig. 4.74.

PRESET Q,
>

SN 7404

PRESET Q2 |

Fig. 4.74.




Exercise 21

Use the same equipment and set-up as in exercise 20, but add one SN 7404 and one SN 7400.

PM 5705 (PM 5704)

E PM 3232

o

Yao YBod
i

T-PIECE

'

'+5V

SN 7476

|
i e Se—
SN 7400 }
2 ——O—O—O——L——-Z.’ \

PRESET TO Q1, Q;

—

|  Fig.4.75. Test set-up
-

The pulse generator is connected as in exercise 20. Using
the SINGLE SHOT function, we can verify that the counter
now has a cycle of 10 pulses.

LAl I AR R R I B N B N N N

Fig. 4.76. 10 us/cm uncalibrated. Upper trace, ch. A, input signal
Lower traces, ch. B (from top): Qq, Q;, Qz, Qs
Note that Q; and Q, are set to “1"" after the 8th pulse

— J

The result read on the lamps or LED's however, does not
correspond anymore to the number of counted pulses in
the binary form.

Fig. 4.77. Close-up of the “preset” event. PM 5705: Rep time 1 us
PM 3232: 1 us/cm, calibrated

Traces from top: Q;, Qz, Qa. 39



4.13. TTL flip-flops and counters lli

Modified ripple counter

Very often it is desirable to have the result of a decade
counter directly in binary form, i.e. pulses 8, 9 and 10 should
be presented as 1000, 1001, and 0000 respectively. The
ripple decade counter can be modified to such a binary
counter by inhibiting the sequence after 10 pulses, e.g. by
means of a “Clear” pulse to all flip-flops.

Exercise 22

Use the same equipment as in exercise 20, but add a NAND
gate (SN 7400) as illustrated in the test set-up diagram fig.
4.78.

PM 5705 (PM 5704) PM 3232
!t [:l TRIGG.

NORM o1
0o -
f\ A o
i @ @ #
1/2 SN 7476 1/2 SN 7476 1/2 SN 7476 1/2SN 747ﬁl ‘
|
l \ =
- ’J 1/4 SN 7400
‘CLEAR™—»
I A
‘ —0—0—
500 1002 10002 10002 10002

23 VN VS VS ¥

F/g 4.78. Test set-up
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Set the oscilloscope:
TIME/cm 1 us

Set the pulse generator:

REP.TIME 1 us
SOQOUARE WAVE depressed

The “Clear” pulse is obtained from a NAND gate whose
inputs are controlled by outputs Q; and Q. After pulse 10,
these outputs are set to “1" and the gate provides a “0"
to the flip-flops. Q; and Q3 go “1” again, the NAND gate
provides a “1" to the flip-flops, and the cycle is repeated.

.~~~
\ﬁr &-rh.h.:v,.

[r— p—

W

Fig. 4.79. Upper trace: input signal

Lower traces (from top): Qo Q;, Q, Qs
Note that Q; first goes to “1
flip-flops to “0".

" before the "Clear” pulse can set all



There are two major drawbacks with the circuit described
above:

1. There is a spike pulse occurring at the Q; output when
the flip-flops are set to zero after each cycle.

2. There is some uncertainty in the function because of
different time delay between the Clear input and the Q
output in the various flip-flops.

If, for example, Q3 has a longer time delay than Q;, the Q,
may switch over to LOW output before Q5. The NAND gate
and the Clear signal will then go HIGH causing that Q5 will
not switch over before the next cycle starts.

This problem can, however, be solved by introducing a
latch flip-flops between point A and B in figure 4.78.
A suitable circuit for this purpose is SN 7400, see fig. 4.80.

B
cLock ﬂ ?

3/4 SN 7400
Fig. 4.80.
The spikes at the output of Q; can be eliminated by using

another type of counter, e.g. a synchronous counter, which
is described in section 4.14.

4.14. TTL flip-flops and counters IV

Synchronous counter

The major characteristic of a synchronous counter is that
all inputs are triggered simultaneously, and the transition
condition is determined by the logical level at the data in-
put ] and K. From the truth table of the JK flip-flop it appears
that the state 11 initiates a transition, but the 00 state does
not involve any change of the output levels.

Exercise 23
Equipment required:

pulse generator PM 5705 (PM 5704)
oscilloscope PM 3232

IC SN 7476 with datasheet

IC SN 7400 with datasheet

IC SN 7410 with datasheet

d.c. power supply +5V (PM 5704 can be used)
resistor 50 ohm
resistor 7,5 kohm

aiay s e ) i, B A oS

PM 5705 (PM 5704) ’:] PM 3232
@ o0 YA 7
T S~ %% 0

1/2 SN 7476 1/2 SN 7476

+5V

J1/4 1/6 [1/4 1/6 1/2 1/6
SN 7400 SN 7404 SN 7404 SN 7404 SN 7410 SN 7404

|

Fig. 4.81. Test set-up

Set the oscilloscope:

TIME/cm 20 us
EXT. TRIGG =

Set the pulse generator:

REP.TIME 15 us
DURATION 50 ns
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Decade counters employing the BCD code are available in
several executions in the 74 series, for example the
SN 7490 (see fig. 4.83.).

This counter can handle frequencies exceeding 10 MHz. The
minimum pulse duration is specified to 50 ns which can be
verified by using the PM 5705 (PM 5704).

Fig. 4.82. Upper trace: input signal
Lower traces (from top): Qo, Q1, Qz, Qs.

j ‘90A, ‘L90
T D BCD COUNT SEQUENCE '90A, ‘L0
R (See Note A) RESET/COUNT FUNCTION TABLE
COUNT OUTPUT RESET INPUTS OuUTPUT
Qp Qc Qg Qa Ro(1) Ro(2) Ra(1) Rg(2)| Qp Qc Qg Qa
- ! Oﬂﬂ% 0 L L L L H H L X |t L L L
T iy 1 L L L H H H % L L L L L
2 L L H L X X H H|H L L H
3 L L H H X L X L COUNT
ook o a L B L L L X L X COUNT
| fen 5 L H L H [ X X L COUNT
j 6 L H H L X L L X COUNT
7 L H H H
8 H L L L
oy 9 H L L H
R Q
:3:;'@"‘ NOTE : A. Output Qp is connected to input B for BCD count.

Fig. 4.83. Truth tables, diagram of SN 7490
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Exercise 24
Equipment required:

1 pulse generator PM 5705 (PM 5704)

1 oscilloscope PM 3232

1 1C SN 7490 with datasheet

1 resistor 50 ohm

4 resistors 100 ohm

4 light-emitting diodes

1 d.c. power supply 45V (PM 5704 can be used)

4.15. CMOS vs TTL:
power consumption

CMOS circuits are characterized by a very low power con-
sumption which is dependent of the supply voltage, the
magnitude of the capacitive load and how often the gate
is changing its state, i.e. the pulse frequency.

Exercise 25
Equipment required:

1 pulse generator PM 5705
1 oscilloscope PM 3232

1 d.c. power supply +5Vto +15V
1 DC/AC amp.meter 50 nA

1 1C CD 4011A with datasheet
1 IC SN 7400 with datasheet

1 resistor 50 ohm

4 capacitors 15 pF = CL
1 capacitor 2.2 uF

PM 5705 (PM 5704)
TTL D TRIGG.
NORM o
LA e
™
500
Q Q
Qo O Q2 TQ; ‘
[
| i1
O—O0—0O0——0—0 O
14 A D B C
1 7 i
O—O—O—O—O—O—O 10002 1000 10002 10002
sl
- VD 7/ Y/ ¥4
i Sl JkQu .Q] ‘Qz Qs
Fig. 4.84. Test set-up
Set the pulse generator: Set the oscilloscope:
REP.TIME 15 us TIME/cm 20 us
DURATION 100 ns AMPL. A 5 V/em
EXT. TRIGG —

Connect the oscilloscope to Q.

Decrease the pulse duration successively and note if the
SN 7490 stops counting below 50 ns.

PM 5705

TTL  PULSE
NORM OUT

® O @&

500

Cc

|FE

=
i

D.C. POWER PM 3232
suppLy | L ———
99 o Yoy ||
. A(& B
mA
2.20F o ‘ ‘
il [ Clte .LCL
T i
i ’ 14 8 1 ‘
1000 ‘ A " ‘
‘ ‘ CD4011A ‘ \ \
e L |
| | L = | \ |
— | \ |
I [ }

ety

|
|

¥

Fig. 4.85. Test set-up

WARNING:

The amplitude of the pulse generator may not exceed the
supply voltage of +10 V! Otherwise the CMOS circuit may
be damaged.
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Set the pulse generator: Set the oscilloscope:

REP.TIME 10 us TIME/cm 2 us
DURATION 5 us
AMPL. max. 10 V

The current from the power supply is measured with a com-
mon DC/AC amp.meter having a sensitivity down to about
50 uA at full deflection. The ampmeter will show an ap-
proximate mean value of the current, which is, however,
sufficient for indicating the differences between TTL and
CMOS. The current shape can be observed on the oscillo-
scope if a 100 ohm resistor is connected as shown in the
diagram fig. 4.85.

The oscillogram fig. 4.86. shows a typical measurement
result.

Fig. 4.85. Upper trace (A): voltage across the 100 ohm resistor
200 mV/em 2 us/em
Vop = 10V

Lower trace (B): CMOS pulse
5V/em 2 uslem
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If the current through the amp.meter is measured both for
a logical “1" and a logical “0” at the output, and in addition,
for some different frequencies and supply voltages, an esti-
mation of the power consumption of the CMOS circuit can
be made.

CMOS (4 NAND gates)

EXT. + REP.TIME
Norm. Compl. (Duration = 0.5 x REP.TIME)
PM 5705 “0" 1 1 ms 100 us 10 us 1 us
Vpp | AMPL. (1 kHz) (10 kHz) (100 kHz (1 MHz)
5V | 4V 0 |<0.5¢A | 3 9 70 700 nA
v |]| 9V 0 |<05#A | 5 9 100 1100 pA
15V | 14V 0 |<<0.5uA |10 20 130 2500 uA
Note:

When measuring at logical “0” and “1"”, set the pulse
generator to EXT.4 and set the main output to NORMAL
and COMPL. respectively.

Calculate the power consumption for each value of Vpy!

Exercise 26

Use the same equipment as in exercise 25, but replace the
CMOS circuit by a TTL circuit SN 7400 and the 100 ohm
resistor at the power supply by a 10 ohm resistor. Note
that a PM 5704 can be used instead of the power supply.



D.C. POWER PM 3232
SUPPLY | . ; Tr
- @——-—ﬁ
(PMsT04) @ @ v Y
| A B(?
20F I | ‘ T \
. 5 2” . Ic i . ‘
- e \ T & ®
13 8
100 . "
SN 7400 1
a Ma \
‘ 1 . \
) | I
4
PM 5705 (PM 5704) JSO-’-‘ 'LC'- Cu
L TIL .|_- I
NORM COMPL.
g R N

I —

Fig. 4.87. Test set-up

Measure the current consumption as in exercise 25:

TTL (4 NAND gates)
Vee | PM 5705 EXT. + REP.TIME
(PM 5704) | Norm.|Compl. (Duration = 0.5 x REP.TIME)
S 1 ms 100 us 10 us 1 us
(1 kHz) (10 kHz) (100 kHz) (1 MHz)
5V | TTL Out 17 5 il 1155 11.6 14 mA
Note:

When measuring at logical “0" and “1", set the pulse gen-
erator to EXT.+ and connect the TTL OUT NORMAL and
COMPL. respectively to the SN 7400.

Calculate the power consumption and compare with the
calculated consumption of the two CMOS gates!

4.16. CMOS vs TTL: speed

To compare the speed between CMOS and TTL circuits
one can measure the rise and fall times of two gate net-

works with identical configuration.

CD 4011A and SN 7400 each contain four dual input NAND

gates.

Exercise 27

Equipment required:

pulse generator PM 5705
oscilloscope PM 3232
d.c. supply +10V

IC CD 4011A with datasheet
IC SN 7400 with datasheet

BNC T-piece

1
1
1
1
1
1
1
1 resistor 50 ohm

PM 5705

coaxial cable, 50 ohm, length about 50 cm

PM 3232
| S

O O PULSE -

® Y ¥
out Y Ap By
T
| | 1
| Y
—-— c L

‘ 1/2 CD 4011A

Fig. 4.88. Test set-up

The capacitive load C, is a 50 cm piece of coaxial cable
plus the inherent capacitance of the oscilloscope.

WARNING!

The amplitude of the pulse generator may not exceed the

supply voltage Vpp ! Otherwise the CMOS circuit may be

damaged.
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Set the pulse generator: Set the oscilloscope:

REP.TIME 10 us TIME/em 100 ns
DURATION 5 us AMPL. A 1.25 V/cm
AMPL. 10V AMPL. B 1.25 V/em

Fig. 4.89. Low-to-high transition

Fig. 4.89. illustrates the input and output signals at low to
high transition.

The rise time is somewhat decreased if both inputs of the
gates are driven in parallel.
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The bold waveform represents the rise time of the CMOS
circuit, which is about 150 ns.

Since the propagation time delay for 2 gates is approxi-
mately 80 ns, the propagation time delay LOW to HIGH,
torm, will be 40 ns.

g

1
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@
o
H
-
1

\

°
o
i
%
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N
Nl

e 3” =l

I8 B |
J[_l

T
1
T
15T T
T

o
o

T T
I L et 1 It i
P~ al = T I T] 1 H
AMBIENT TEMPERATURE (Tp) =25°C
11 I L-TYPICAL TEMPERATURE COEFFICIENT
- FOR ALL VALUES OF Vpp=0.3%/°C
1T

TRANSITION TIME (11 y)—ns

SESEN

(] 10 20 30 40 50 60 70 80
LOAD CAPACITANCE (C| ) —pF
92C8-17797

Typ. low-to-high transition time vs. Cy .

Fig. 4.90. shows the input and output signals at high-to-low
transition.

The bold waveform represents the fall time of the CMOS
circuit which is about 150 ns. The propagation time delay
tems, can be calculated to 50 ns.

If the SN 7400N is used in the set-up instead of the
CD 4011A, and is driven by the TTL output of the pulse
generator, the times measured will be significantly shorter.

To make the measurement, connect all four gates of the IC
in series and divide the measured propagation time delay
by 4.



4.17.CMOS vs TTL: Supply voltage
influence on rise time

Typical values are for the rise and fall times 5 ns, and pro- TTL and CMOS exhibit a significant rise time difference if
pagation time delay 10 ns. they are connected to the same supply voltage and are
driven from the same signal source.

Exercise 28

Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

1 DC power source +5V

1 IC SN 7400 with datasheet

1 1C CD 4011A with datasheet

1 resistor 50 ohm

2 coaxial cables length 30 cm (forms load capacitance
C. together with inherent capacitance of oscilloscope).

PM 5705

0 0 ® |ruLse
out

Fig. 4.90. High-to-low transition

90
AMBIENT TEMPERATURE (Tj) = 25°c T
TYPICAL TEMPERATURE COEFFICIENT Iy
300| FOR ALL VALUES OF Vpp =0.3%/°C 0
2 b T T TTT H EREEEE"a
| T 1 T T BEwERD S aan
~ e me T oy ESEEESeEEBEEE
2 S S Ba TTTT 8~ g =i
2 T ! T T ! 1
& P o B
& 200 R~ JEaEEEESmEEEENS!
w -
g : = SUPPLY VOLTS (Vo) =5 Do HHHH-HAHH &L i
z I Y efusmssamEEEEmmul e 500 ==
z SESNGEENE S RN RS RN i ]
: BEIREp g nsec o
= frt P oiSEIRpEES RSN A
7 ImEaE A iE 10 T I N
2 00 7 ! = =
< ! ISP S NN PR s NN T T — . — b -
& I as> T P 5 : mEEEnE;
882 : mma: 0T Fig. 4.91. Test set-up
B Tt A
S essaiiaisiosdasesticassssssasasensts:
1 i NS EEE RSS! IS EEEEEESS AN
) i0 20 30 40 50 60 70 80 1
LOAD CAPACITANCE (C ) — pF WARNING!
92CS- 17798

The amplitude of the pulse generator may not exceed the
supply voltage Vpp Otherwise the CMOS circuit may be
damaged.

Typ. high-to-low level transition time vs. C| —
CD4011A & CD4023A.
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Set the pulse generator: Set the oscilloscope:

REP.TIME 10 us TIME/cm 1 us
DURATION 5 us AMPL. A 2 V/em
AMPL. 5V AMPL. B 2 V/em
INT.LOAD 50 ohm

Fig. 4.92. Upper trace: Channel A, TTL pulse
Lower trace: Channel B, CMOS pulse

Fig. 4.92. shows the difference between the TTL and CMOS
pulses.

This deviation of rise time is caused by the fact that the
circuits have different output impedances, for TTL about
100 ohm and for CMOS as high as 1 kohm. The capacitance
C. which is permanently present at the output, forms to-
gether with the output impedance an RC network having
a varying time constant. See fig. 4.93.
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TTL: Ryue = 100 ohm — 13
=8 ns

CMOS: R,,; = 1 kohm
cL — 1 =50 ns

: B0pF t, =4ns
| I 80% =r”"?‘*{tz=40ns

Fig. 4.93.

In the CMOS circuits, the output impedance is changed
with the supply voltage. This phenomenon occurs because
the conductivity of the conductor channel is increasing, i.e.
the resistance is decreasing when the voltage Vps is in-
creasing. The current supposed to charge and discharge in-
ternal and external capacitance is increasing which implies
a reduced time constant and a faster transition.

Exercise 29

Verify the relation between supply voltage and risetime of
a CMOS circuit.

Use the same equipment as in exercise 28, but leave out
the TTL circuit SN 7400.

PM 5705 PM 3232
PULSE

out
C Q " YA? 2
+*Voo
|
b
+: CD 4011A *?
‘7 14 8 cL
] & & H
1 7 80 pF
-
500 J L]
H |

Fig. 4.94. Test set-up



Set the pulse generator: Set the oscilloscope:

REP.TIME 10 us TIME/em 100 ns
DURATION 5 us
AMPL. 5V

Change the supply voltage Vi, progressively to +5 V,
+10 V and +15 V. Note that the CMOS circuits should
be driven with the same voltage as the supply voltage.

Therefore, the amplitude of the generator's PULSE OUT
should be changed simultaneously with Vyp. The transition
level of CMOS equals approximately half the Vopp.

Fig. 4.95. CMOS risetime at 100 ns/cm

Refer to fig. 4.95. and read approximately the following rise
times of the CMOS circuit (from left to right) at varying
supply voltages:

VI)I] tr
15V 120 ns
10V 180 ns
5V 400 ns

4 .18. CMOS analogue amplifier

In TTL circuits it is important that the transition level is
passed with an edge which is as fast as possible. Other-
wise self-oscillations may occur, caused by the input tran-
sistors which are in their linear region during the transition
interval.

A fast passage of the transition level is also desirable for
CMOS circuits in digital applications. CMOS, however, of-
fers a possibility to use the MOS transistors included in
the circuit as linear amplifiers by biasing the input with
approximately half the supply voltage. See figure 4.96.

Fig. 4.96.

The bias can be adjusted in several ways. In general it is
quite sufficient to place a resistor of 1 to 10 Mohm between
input and output to reach a supply voltage of 0.5x Vip,
see fig. 4.97.



Fig. 4.98. shows another alternative; feed-back via a variable
resistor R; and a resistor R, to ground. Ry sets the working
point to the desired level.

With this arrangement the amplifier has an inverting function
and a gain of 10 to 30 times.

INO 1 F . °Vour

|

i

Rz [

| vV = L v |

| IN Ri+Rz oOuT ‘
|

| |

| |

|

Exercise 30
Equipment required:

pulse generator PM 5705

oscilloscope PM 3232

CMOS circuit CD 4007A with datasheet
DC power supply +10 V

resistor 100 kohm

resistor 10 Mohm

variable resistor 10 kohm

capacitor 1 uF

The circuit CD 4007A contains six MOS transistors, which
can be interconnected to perform various functions, for
example, three inverters.
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PM 5705 PM 3232
PULSE \:]
out o
il s +10v Yap YB
[ oI o)
| 10 1uF 10MQ2
Fig. 4.99. Test set-up
Set the pulse generator: Set the oscilloscope:
REP.TIME 100 us TIME/cm 20 us
DURATION 50 us AMPL. A 2V/em
AMPL. B 0.2 V/em



The working point will be adjusted to about 5 V. The
input voltage Vi, is adjusted partly with the pulse gen-
erator's amplitude control, partly with the variable resistor
10 K. Fig. 4.100. shows a typical measurements result.

The gain can be calculated to 15 times.

Fig. 4.100. Upper trace: channel A, 2 V/cm. Amplitude 6 V,_,

Lower trace: channel B, 0.2 V/em
Amplitude of V,, 04 V,_,

4.19. CMOS Schmitt trigger

A Schmitt trigger is used to convert slow edges into dis-
tinct pulses, for instance, in trigger circuits.

To eliminate noise and interference on the input signal the
Schmitt trigger has different threshold levels for increasing
and decreasing input signal. In other words, there is a cer-
tain hysteresis in the transfer functions. See fig. 4.101.

Vour

Fig. 4.101. Diagram transfer function

With the aid of CMOS NAND gates a Schmitt trigger with
variable hysteresis can be designed.

The variable hysteresis is obtained because the MOS cir-
cuits can provide other output values than the logical “1"
or “0". The inputs of a NAND gate can be fed with two
different voltages and will then provide a varying output
voltage depending on the combinations at the inputs, see
fig. 4.102.
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The output voltage is passing the transition level Vpp/2 for
different values of V... The output can be set to trigger a
flip-flop at a certain preset level ov V..

If Voo, for example, is 10 V, the hysteresis range can vary
between 5 V and about 9 V, i.e. approximately 40% of Voo
at a maximum.

v
X
:I F v
VIN ouT
Vour
10v
N
5V \\\\ —Vx =43v
TN e
43v
N =2 s50v
———— =" 6oV
P— = o 100V
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Exercise 31

Equipment required:

pulse generator PM 5705

oscilloscope PM 3232

DC power supply +10V

CMOS circuit CD 4011A with datasheet
resistor 6.8 kohm

resistor 1 kohm

variable resistor 10 kohm

capacitor 0.1 uF

[P T R S G W QS

| | pms705 Vob= B PM 3232
+10V
O O @ PULSE v o |
ouT Ag o
6.8k 1k CD4011A o |
v —l |
X : ’ |
H v
0.1,F 'm ourt

10k LI

The RC network connected to the pulse generator output
provides a pulse with slow edges. The voltage divider 1
kohm and 10 kohm sets V. between 0 V and approx. 10 V.

Set the pulse generator: Set the oscilloscope:

REP.TIME 6 ms TIME/cm 400 us
DURATION 1 ms AMPL. A 5 V/em
AMPL. 8V

WARNING!

The amplitude of the pulse generator may not exceed the
supply voltage Vpp Otherwise the CMOS circuit may be
damaged.




Fig. 4.104.

output voltage V,,, minimum hysteresis V, = 6.5V
input voltage V.,
output voltage V,,; maximum hysteresis V, = 5V

Upper trace:
Middle trace:
Lower trace:

Fig. 4.104. shows a typical measurement result.

Note that the transition caused by the trailing edge of the
input pulse always occurs at the same level because of the
latch configuration formed by two of the NAND gates. Refer
to exercise 14.

4.20. Phase-lock circuit using
CMOS Exclusive-OR gate

An Exclusive-OR gate has the following truth table

A B | €
A |
B 1 0 1
0 1 1
Fig. 4.105.
- : 1 | o

The CMOS package CD 4030A contains four dual-input
Exclusive-OR gates. If such a gate is powered with Vpp
5V it can be controlled by two different signals: one square
wave signal from the TTL output (Normal or Complemen-
tary), and from the main pulse output, 4 V amplitude and
variable duration.

Exercise 32
Preparatory verification of truth table for Exclusive-OR gate.
Equipment required:

1 pulse generator PM 5705

1 oscilloscope PM 3232

1 CMOS circuit CD 4030A with datasheet
1 DC power supply +5 V (PM 5704)

PM 5705 PM 3232

TTL PULSE
norm? © @ out +5V YA?

@ O

Fig. 4.106. Test set-up

WARNING!

The amplitude of the pulse generator may not exceed the
supply voltage +5 V. Otherwise the CMOS circuit may be
damaged.
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Set the oscilloscope:

TIME/cm 50 us
AMPL. A 2 V/em

Set the pulse generator:

REP.TIME 400 us
DURATION 100 us ..
SQUARE WAVE
NORMAL

AMPL. 4V

. (variable)

Fig. 4.107.

A. Main pulse from pulse generator
B. TTL pulse from pulse generator
C. Output pulse from the Excl. OR gate

Fig. 4.107. shows a typical measurement result.

The Exclusive-OR gate is used in phase-locked loops (PLL)
in which one wants to synchronize two different signals to
each other, e.g. two signal generators.

If the frequency of one of the signal generators can be
controlled by an external voltage, this voltage can be taken
from the Exclusive-OR gate via a low-pass filter which
provides the mean value of the difference signal obtained
from the gate.
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Exercise 33

The phase-locking principle can be illustrated with the
PM 5705 using the same technique as in exercise 32.

Use the same equipment, but add:

1 resistor 22 kohm
1 capacitor 0.68 uF

1 voltmeter
PM 5705 D PM 3232
Vies =
TL @ O @ PULSE e ©
NORM T - i ouT +5V ~ YA? o

Fig. 4.108. Test set-up

Set the oscilloscope:

Set the pulse generator:

REP.TIME 600 us TIME/cm 50 us
DURATION 300 us AMPL. A 2 V/em
AMPL. 4V

SQUARE WAVE

NORMAL

WARNING!

The amplitude of the pulse generator may not exceed the
supply voltage +5 V. Otherwise the CMOS circuit may be
damaged.

First case (fig. 4.109.)

Note that the input signals are almost in phase which makes
that the Exclusive-OR gate provides very short pulses. This
implies a very small correction of the frequency.
The voltmeter shows virtually no voltage (V = 0).



Fig. 4.109. B. TTL pulse from pulse generator
A. Main pulse from pulse generator
C. Output signal from the Exclusive-OR gate

Second case (fig. 4.110.)
The input signals are about 50% out of phase. The Ex-
clusive-OR gate (C) provides a pulse train with duty factor

0.5 which implies a correction of the frequency. V = 0.5x
Vmax-

Third case (fig. 4.111.)

The input signals are almost completely out of phase. The
Exclusive-OR gate provides a high level which implies a
correction of the frequency. V = Vi

In the diagram fig. 4.112. a practical set-up is outlined.

\‘ PHASE DETECTOR LOW-PASS FILTER AMPLIFIER

|
| e = o I o 1
| |
g ;

|
| [fo |
{ AFTER LOCKING : — |
—1 & |

| fo=fg
\ (Fo=n+fy)

vco

Fig. 4.112.

Fig.4.110. B. TTL pulse COMPL from pulse generator

A. Main pulse from pulse generator
C. Output signal from the Exclusive-OR gate

Fig.4.111. B. TTL pulse COMPL from pulse generator
A. Main pulse from pulse generator
C. Output signal from the Exclusive-OR gate
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4.21. Reducing the power
consumption of a LED display

1. Light sensitivity and inertia of the human eye

To extend the lifetime of the batteries in pocket calculators
and similar battery powered apparatuses, the digital display
can be fed with pulses instead of a dc voltage. Such an
approach will reduce the power consumption considerably.

The requirements, however, are that the intensity of light
is sufficient and that the light is constant without flicker.
To this end the inertia of the human eye is utilized. The
eye acts namely as an oscilloscope having a very fast
risetime and a considerably slower fall time. This means
that a light spot is registered on the retina in a very short
time and is maintained there a long time after that the light
pulse actually has disappeared. This phenomenon can be
investigated by means of a pulse generator and a light-
emitting diode.

Exercise 34
Equipment required:

1 pulse generator PM 5705 (PM 5704)

1 d.c. power supply +5 V (can be replaced by PM 5704)
1 TTL circuit SN 7400 with datasheet

1 light-emitting diode

1 resistor 680 ohm

1 resistor 100 ohm

The shortest noticeable light pulse can now be measured
by varying the pulse duration. Also the influence of the
repetition frequency can be observed.

The shortest noticeable light pulse at decreasing repetition
time is listed in the following table:

REP.TIME DURATION
1 ms < 50ns
10 ms ~ 150 ns
100 ms ~ 500 ns
1s ~ 600 ns
10s ~ 600 ns

2. Power consumption of LED display

Exercise 35
Equipment required:

1 pulse generator PM 5705

1 d.c. power supply +5 V (PM 5704 can be used)
1 TTL circuit SN 7400 with datasheet

3 light-emitting diodes

2 resistors 680 ohm

3 resistors 100 ohm

+5V

PM 5705 (PM 5704)

T
NnorRM® O O

68002 10002

Va

5002

[ &
| 1/4 SN 7400

L

Fig. 4.113. Test set-up

The pulse amplitude is kept at a constant level because the
light-emitting diode is fed with pulses from the NAND gate.
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PM 5705
TTL )
NORM out

10002

1/4 SN 7400

1/4 SN 7400
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Fig. 4.114. Test set-up



Set the pulse generator:

AMPL. 15V
NORMAL

Proceed as follows:

Adjust the pulse duration. Set the pulse generator until the
light intensity of diode 1 (pulsed) approximately equals that
of diode 2 (dc-powered).

Conclusion: An acceptable light intensity of diode 1 is
achieved with duty factor 0.5 and independent of the pulse
spacing as long as the flickering frequency is exceeded.

duration
—u—,——= 0,5) gives an equivalent d.c.
rep.time

A duty factor of 0.5 (
level of —[25— Volts. This means that the load, i.e. the diode,
consumes 509, of the power needed at dc voltage supply.

If the amplitude of the pulses is increased, it can be seen
that the voltage drop across the diode is constant (Vo
=15V).

The diode power is Vi x |», where I; is the amplitude of the
current pulse (E—Vy)/R. This current pulse can be replaced
by an equivalent dc current

Duration

T =lpX —m4m8M8—
8 . Rep.time

Vo x I then corresponds to the average power in the diode
which can be compared to the power at a dc supplied diode.

Set the pulse amplitude to 15 V and compare the light in-
tensity of diode 2 with that of diode 3 at some different
pulse duration and repetition time settings. Calculate the
average power developed in the diode as a percentage of
the power developed in a dc supplied diode.

Rep.time Duration Average power
10 ms 2 ms 77%
1 ms 0.2 ms 77%
100 us 15 us 58%
10 us 1 us 39%
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List of exercises

Preparatory measurement of pulse parameters
Measuring the rise time of the main pulse of PM 5705
Measuring the fall time of the main pulse of PM 5705

Measuring the rise time of the TTL pulse of PM 5705
(PM 5704)

Measuring the fall time of the TTL pulse of PM 5705
(PM 5704)

Measuring the preshoot of a TTL pulse

TDR measurement

Measuring the influence of the cables on the waveform
Determining the recovery time of a power diode
Transients on the TTL supply voltage

Faults in a memory caused by interfering transients
Contact bounces

Contact bounces triggering a TTL circuit

Eliminating influence of contact bounces using RS
flip-flop

Influence of pulse generator impedance on a TTL gate

Influence of pulse generator impedance on a decade
counter

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Delaying pulses |:  hazard pulses

Delaying pulses Il: known delay using RC network
Delaying pulses Ill: known delay using one-shots
Ripple 4-bit counter

Ripple decade counter

Modified ripple counter

Synchronous counter using JK flip-flops

Decade counter

CMOS power consumption

TTL power consumption

CMOS vs TTL: speed

CMOS vs TTL: supply voltage influence on rise time
CMOS risetime variation with changed supply voltage
CMOS analog amplifier

Measuring hysteresis of CMOS Schmitt trigger
Phaselock circuit using CMOS Exclusive-OR gate
Phaselock circuit using CMOS Exclusive-OR gate
Inertia of human eye: experiment with LED’s
Reducing power consumption of a LED display.
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