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FLIP-FLOPS, COUNTERS,
: AND REGISTERS

For the clocked circuits discussed throughout the rest |

of this book, timing is very important. To analyze
clocked circuits, you use not only truth tables but also
timing diagrams. Timing diagrams are just drawings of
the input and ocutput waveforms such as you would see
if you looked at the circuit with a multichannel osciilo-
scope. Figure 4-1a and b shows the truth table and its
diagram equivalent for the familiar NOR gate.
Note in Figure 4-1c that a timing diagram can be drawn
to show risetimes and the propagation delays of the
gate. An example of why you need diagrams to analyze
clocked circuits is shown in Figure 4-2. The input wave-
forms are the same as in Figure 4-1b, but somehow the
B waveform has been delayed by 30 ns. The resultant
output of Y=A + B shows 30-ns-wide unwanted
pulses, comnionly called glitches, at points X and Y. Fig-
ure 4-2b shows a circuit that will produce this problem.
If inputs C and D are high, gates 1 and 2 simply act as
inverters for the B signal. Since two inversions cancel,
the propagation delays of gates 1 and 2 just delay the B
signal input to NOR gate 3, as shown in Figuré¢ 4-2a.
One solution is to add equal delay to the A signal path.
You can do this by adding two inverters or two NAND
gates used as inverters in series with the A signal.

The main point llustrated by this discussion is the
importance of using timing diagrams when you analyze
pulsed or clocked logic circuits. ’

Upon completing this chapter, you should be able to:

1. Write the truth tables for the D latch, D flip-flop, JK
flip-flop. and T flip-flop.

2. Show the output waveform produced when given
input waveforms are applied to D latches, D flip-

flops, and JK flip-flops.

3. Draw the output timing diagram for a 4-bit binary
or any modulo counter.

22

4. Draw a circuit to decode any state of a counter.

,B.Duwactrcmt}toconvu-taAl—bitblmrysynd:m
nous counter to any modulo between 2 and 15.

6. Use a schematic diagram to explain the operation of
a digital clock.

7. Use a schematic diagram to explain the operation of
an MSI or LSI frequency counter.

8. Draw the circuit for a D flip-flop register for tempo-
rary storage of parallel data.

8. Draw the aschematic for a shift register by using D
or JK flip-flops.

10. List the differences between static MOS and dy-
namic MOS shift registers.

11. Draw a circuit showing how UARTSs (universal asyn-
chronous receiver-transmitters) can be used to con-
vert parallel data to serial form or serial data to par-
allel.

12. Describe the operation of MOS bucket brigades and
CCDs (charge-coupled devices).

13. Explain the function of flip-flops, counters, and
shift registers from their dependency notation sym-
bols.

LATCHES AND FLIP-FLOPS

Latches and flip-flops are memory circuits that store ¢f-
ther a 1 or 0 on their outputs. For all but the simplest of
these circuits, the output can change only when a spe-
cial clock or enable input is pulsed.
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NAND LATCH

Figure 4-3 shows the schematic, truth table, and timing
dagram of a simple NAND latch. First note the input
and output labels. Q and Q represent complementary
outputs. S is the set or preset input, and R is the reset
or clear tnput. Now look at the truth table in Figure
43b.ForS = 0andR = 1 theQoutputisal.This 1 on
the Q output is described by saying the circuit is set. For
R=0and$S = 1, the Q output is a 0, which is referred
10 as a reset condition. Now try S = 0 and R = 0. If you
remember the NAND gate trick from Chap. 3 that any
low input on a NAND makes the output high, then you
can see that both Q and Q are high. This violates the
definition of Q and Q being complementary, so we call
this an indeterminate, or prohibited, state and repre-
sent this condition in the table as an asterisk (*}. In
other words, you don't get any useful information on the
outputs if both S and R are low. The Q entry in the table
for S = 1 and R = 1 tells you that the Q output is going

23
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(b) Circuit that can produce gliches.

to stay fixed at whatever state it is in until either Sor R
is made low. This is called the latched state.

The following example illustrates how the circuit is
used. If both inputs are initially high and Q s low, a low
pu]seappuedtotbeSinputuuhownlnmg\mmwm
drive the Q output high. Beyond a certain minimum,
the width of the pulse to S doesn't matter. The high on
the Q output is now held, or “latched,” there. The circuit
is said to be set. The only way to resct the circuit or
changemeooutputbmmnlowlstoapplyaluwpuhe
to the R input after the S friput goes back high, as
shown in Figure 4-3c. Review the switch debounce cir-
cuit in Figure 2-31b. Note that it is actually just a NAND
latch that takes advantage of the fact that once the out-
put is latched, it doesn't matter what that input does.

RS LATCH WITH ENABLE

The NAND latch circuit just discussed has two major
probkms.nmnyoubavemmkemmempuudon't
both go low at the same time. Second, the circuit i3
asynchmnous.whlchmumtha:ltdoamthmm
lnputtolctyoucmtmlyhmtheSoeruhemanges
theoutput.Anenablcmput(znbenddedushownm
thecircultofﬂgtm“a.lnthlsclmm.aslongutbe
enable input is low, the outputs of the input NAND gates
mhlghandmeaandomxtputsmhtched.omy
whentheeniblcmputlshighcantheRandSmputs
affect Q and Q. The states present on the S and R inputs
Jjust before the enable goes low will determine the states
latched on the Q and Q outputs. Note in the truth table
ot’FlgureMbmatt.hemputNANDgateemvertmepo-
hﬂtyofthcpdserequlredatSorRtoactorresettjn
latch.
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FIGURE 4-3 Cross-coupied NAND gate latch. (a) Sche-
matic. (b) Truth table. (c) Waveform showing effect of S and
R puless on outputs.

D LATCH

With the simpie RS circuit, there still is the problem of
one set of indeterminate input conditions when S = 1
and R = 1. For many applications you can employ a cir-
cuit that solves this problem by putting an inverter be-
tween the S and R inputs, as shown in Figure 4-5a. The
resulting circuit is called a D latch. and it is available as
the 7475 quad D latch or the CMOS 4042. As you can
see from the truth table in Figure 4-5b or from analyzing
this circuit, the Q output follows the D tnput as long as
the enable (G) input ts high. The logic state present on
the D input just before the enable goes low wtll be
latched on the output. For latches, the enable input is
sometimes called the strobe, or gate.

Figure 4-5¢c shows the schematic symbol, and Figure
4-5d gives several important timing parameters for a D
latch. Three of these are tpw gy, the minimum width for
the enable pulse; tsgryp, the mintmum time for which
the data must be valid before the enable goes low; and
tyorp. the minimum time for which the data must be

98
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FIGURE 44 Enabled RS laich. (a) intemal schemax
(b) Truth table. (c) Schematic symbol.

held constant after the enabie goes low. For the exampie
shown in Figure 4-5d, you can'’t be sure that the Qout-
put will catch the low on the D input uniess all these
times are long enough. For a 7475,

trwaaw = 2008 taxror = 2008 tpop =58,

Figure 4-5d also shows Tpyy 8nd Ty Note that these
times are measured from the 50 percent point of an
input change to the 50 percent point of the correspond:
ing output change. For a 7475, Tpy 18 @ maximum o
80-ns and Tpyy 18 a maximum of 50 ns.

For a brief exampie of how you might use a D latch.
Figure 4-5e shows the bouncing output of a switch 8
data input to a D latch. If you wait to enable the latch
until after the bouncing stops, as shown, then none ol.
the bouncing will appear at the Q output. This is an-
other way to “debounce™ switch signals. The enabie
pulse can be produced from the switch transition with
two 555 timers used as monostables. (Refer to Figur
2-35 to review the circuit.) A negative switch transition
triggers one 555 set for an output time of 10 to 15ms.
The falling edge of this cutput triggers a sccond 555
timer to produce an enable pulse of the desired width
Strobing is a term often used in place of enabling In
referring to latches.

D FLIP-FLOP
A device often confused with the D latch is the D 0ip-
flop. As you remember from the previous section, foraD
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FIGURE 4-5 D latch. (a) Intemal schematic. (b) Truth table.
{¢) Schematic symbol. (d) Timing diagram showing setup
and hold times. (e) Timing for debouncing switch contacts.

latch, the Q output follows the D input as long as the
¢nable input is high. A D flip-flop, however, transfers to
the Q output only data which is present on the D input
it the time of a positive transition on the clock input.

This is shown in Figure 4-6b, which is the truth table
for a 74175 quad edge-triggered D flip-flop. The two ar-
rows in the clock column of the table show that Q
changes to equal D only at the positive transition of the
clock.

The third line in the truth tabie shows that if the clock
is at a high state, the D input is a don't-care, as repre-
sented by the X in the D column. This means that a
change on D will have no effect on the Q or Q output.
The fourth line in the truth table shows that if the clock

~input 1s low, a change on D wiil have no effect on the Q
and Q outputs. The last line in the table shows that if
the RESET/CLEAR input is made low, the Q output will
go to a reset state regardless of the state on the clock and
D inputs. Some flip-flops have a direct PRESET input as
well as a direct RESET input. These inputs are called
asynchronous because they directly set or reset the out-
puts without regard for the state of the clock.

In the connection diagram for the 74175 in Figure
4-6a, note that the clock input of each of the four de-
vices in the IC has a small triangle and a small bubble
next to it. The triangle indicates that the actual fiip-flop
is clocked by an edge of the input ciock puise. The bub-
ble indicates that the flip-flop is clocked by the negattve
(high-to-low) edge of the clock signal. Since the four
clock inputs are all driven by an inverter, the positive
(low-to-high) edge of the externally applied clock signal

will actually clock the flip-flops. If you think of the bub-

ble on the output of the clock line inverter as canceling

-the bubbles on the flip-flop clock inputs, you can see

directly which edge of the clock is active.

Figure 4-6¢ shows the dependency notation logic sym-
bol for the 74175. The indented box at the top of the
symbol is a common control block. Control signals that
enter this block, unless otherwise indicated, affect all
the elements below the control block. If the CLR tnput 1s
asserted, for example, all the flip-flops will be reset. The
letter C stands for control dependency. Inputs which
have the same identifying number as that after the C
will be enabled by the control input. Since tn this case
the C is in the common control box, it affects all the D
inputs. Only one D input needs to be labeled with the 1D
label. As indicated by the triangle on the CLK input, data
on the D inputs will be transferred to the outputs when
the CLK input goes from low to high (positive edge of
CLK).

The setup time and hold time for a D flip-flop are
measured from the positive edge of the clock, as shown
in Figure 4-6d. To give you an idea of typical values, a
data book 1sts tseryp.aum as 20 ns, tyorn.aan as O ns, and
tewmv (tpwsan) as 20 ns. The minimum width for a
clear pulse is 20 ns, and the clear pulse must return
high at least 30 ns before the positive edge of a clock
pulse (tserup.cLear). You certainly don't need to memo-
rize these values, but you do need to understand these
parameters when you get them from a data book to help
you troubleshoot a flip-flop circuit with timing prob-
lems. A flip-flop or latch with marginal timing design
often shows the frustrating symptom of sometimes giv-
ing the corre~t data out, and sometimes not. A dual-

99
FLIP-FLOPS, COUNTERS, AND REGISTERS



’ INPUTS ourp
UTS
~ _ ]
Ve 40 43 . 3 3G 32 cLocx RESET/
l l l l CLEAR CK 0] a0 g
18 15 14 13 12 11 10 []
H t H H L
al Q a H t L] L H
CLR CLRp
cKX p p CK H H X Q a
L ] H L x|a @
L X X| L H
I
ck O D ck (33
CLR . CLR
a a la a
— et '
ll ,z 3 4 5 I ] I7 [l CLK c
_ {4 12 ,,
CLEAR 10 10 10 220 28 20 GND 10— p(_g. 10
TOP VIEW . 208 _L%,(o 2
(i)
(@) o] (_12]_ 11) gg'
{15)
(13) aQ
“— L1
(c}
Lwicream
CLEAR 30V
-\\1.5 v 711.5 v
- —_ ov
e Cgrup — .
fwez0000 - tezrocx
.CLOCK _.._......_.\ —— - 3.0V
315V 15V 15V /1.57\_
o N0 N/ ov
/_—° 7 froc 30V
; 1.5V 15v 15V
DATA == - ov
—tva. — tun — e
OUTPUT Q =t - Vo
15V 15v * 1.5V
Vo,
tmn — tva — s
Vow
OUTPUT G 15V 15V 15V
(DM54174/ A Vi
DM?4175)

NOTE: THE INPUT PULSES ARE SUPPLIED BY A GENERATOR HAVING THE FOLLOWING

CHARACTERISTICS: ty <10 ns, zp <10 ns, PRR < 1.0 MHz, DUTY CYCLE <50%

Zopyr ™ 50 . VARY PRA TO MEASURE fax,

(7]

FIGURE 4-6 D flip-flop. (a) Connection diagram of 74175 quad D flip-fiops. (b) Truth
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trace-triggered oscilloscope usually will expose the tim-
ing problems. /
The 4013 is an example of a CMOS quad D flip-flop.

D LATCH AND D FLIP-FLOP

OUTPUT WAVEFORMS

Figure 4-7 shows how the D latch and D flip-flop output
waveforms differ for the same input D and clock wave-
forms. On the rising edge of each clock pulse, the D flip-
flop updates the Q output to show the state present on
the D input at that time. Then this state is held on the Q
output until it is updated on the next positive clock
edge. The device essentially takes a snapshot of D at
each rising clock edge and displays it at Q.

When the clock or enable of a D latch 1s high, the Q
output follows the level on the D input as if D and Q were
connected by a piece of wire. When the clock goes low,
the state left on Q will be whatever state was on D just
before the clock went low.

JK FLIP-FLOP

Before we examine the many applications of flip-flops,
there is one more very important type to discuss. This is
the JK flip-flop, which eliminates the problem of a pro-
hibited input combination found in RS circuits but still
provides two inputs, J and K. There is no need to fill this
book or your mind with the many internal circuit varia-
tions used to accomplish this. The main points to un-
derstand are the truth table for the JK flip-flop and the
three types of clocking that it may have.

POSITIVE-EDGE-TRIGGERED JK FLIP-FLOP Fig-
ure 4-8a shows the truth table for a CMOS 4027 JK
flip-flop. The arrows indicate that the output changes to
the state determined by the J and K inputs on the post-
tive transition of the clock. Note that for the condition of
both inputs high, which is indeterminate in the simple
RS, the output of the JK flip-flop simply changes state or
toggies on each positive transition of the clock. The
other input combinations produce the same result as
they did in the simple RS latch. If both J and K are low,
the cutput will not change when a clock pulse occurs. If
J1s high and K low, Q will be high after a clock pulse;
and 1f J 1s low and K high, Q will be low after a clock
pulse. The direct set and reset inputs are independent of

| 1
GORCK [ ]—
o L

Q

FIGURE 4-7 Diagram comparing D latch and D flip-flop out-
put waveforms for same clock and D input signals.
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the clock, J, and K inputs. Using these, the Q output can_
be set to a high or reset to a low at any time. As you can’

see from Figure 4-8a, the set and reset inputs are active
high. Both of these cannot be high at the same time. For
this type of flip-flop, setup and hold times are measured
from the positive edge of the clock.

NEGATIVE-EDGE-TRIGGERED JK FLIP-FLOP  Fig-
ure 4-8d shows the truth table for a 74LS76 dual JK
flip-flop. The arrows indicate that this device responds
to the J and K inputs on the negative edge of the clock.
However, the J and K inputs still have the same effect on
the output as did those of the CMOS 4027. For example,
the output will toggle on each clock pulse if J and K are
both high. Note that the direct preset and clear (set and
reset) inputs for the 74LS78 are active low. Both should
not be made low at the same time. Setup and hold times
are measured from the negative edge of the clock. Other
examples of negative-edge-triggered JK flip-flops are the
74103, 74113, and 74114.

MASTER-SLAVE JK FLIP-FLOP  Still another type of
JK clocking s shown for a 7476 dual JK fitp-flop in Fig-
ure 4-8g. As with many other JK devices, each flip-flop
in the 7476 has two parts, a master and a slave. The
circuitry of the 7476 is designed such that when the
clock goes to a high level, the J and K data is gated into
the master, or input, portion. When the clock drops low
again, the J and K data is passed on to the slave, or
output, section and appears at the output. A problem
with this level-clocked type is that the J and K inputs
must not change while the clock is at a high level or
else the output will be unpredictable. To mintmize the
problem, the clock pulse should be kept as narrow
as possible. -

Note how the dependency notation differentiates be-
tween the negative-edge-triggered 74LS76 in Figure 4-8f
and the level-triggered 7476 in Figure 4-81.

JK FLIP-FLOP TIMING DIAGRAMS

For JK flip-flops it is important to predict the output Q
waveforms for given J and K input waveforms. Figure
4-9 shows the output waveforms produced by each of
the three types of JK flip-flop for some J and K input
waveforms. At first glance, it might seem difficult to pre-
dict these output waveforms, but if they are drawn out
one section at a time, they are quite easy.

For the positive-edge-triggered JK flip-flop output
waveform in Figure 4-9, assume that Q is low initially.
At the time of the first positive clock transition, the J
input is high and the K input is low. As indicated by the
JK truth table, this causes the Q output to go high. If we
assume no direct PRESET or CLEAR inputs, the Q out-
put cannot change again until the next positive transi-
tion of the clock input at 3. Therefore, the waveform can
be drawn as a high from clock edge 1 to clock edge 3. At
clock edge 3, J is low and K is high. As indicated in the
truth table, this causes the Q output to go low. and it
stays at this level at least until clock edge 5. At clock
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NOTES:

L= high-level pulse; dsta inputs should be held
constant while clock is high; data sre transferred
to output on the falling edge of the pulse.

Q0 = the level of Q before the indicated input condi-
tions were established.

TOGGLE: Each output changes to the plement
of its previous level on each active transition (pulse)
of the clock.

*This configuration is nonstable; that is, it will not
persist when presst and clear inputs return to their’
inactive (high) level.

FIGURE 4-8 JK flip-flope. (a) Positive-edge-triggered 4027 truth table. (b) 4027 schematic sym-
bol. (c) 4027 dependency notation symbol. (d) Negative-edge-triggered 74LS76 truth table.
(e) 74LS76 schematic symbol. (f) 74LS76
truth table. (h) 7476 schematic symbol. (i) 7476 dependency notation symbol.
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FIGURE 4-9 Output waveforms
produced by the three JK fiip-
fiop types for given input clock,

J, and K waveforms.
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edge 5 both J and K are low: therefore, the output will
not change. At clock edge 7 both J and K are high, so the
Q output will toggle, which in this case means change
from a low to a high. Again, at clock edge 9 both J and K
are high, so Q will toggle again, this time from high to
low. At clock edge 11 both J and K are low, 80 Q will stay
the same. Finally, at transition 13 the J input is high
and the K input is low, so the Q output will go to a high.
The device can be thought of as sampling the J and K
inputs on each positive transition of the clock and up-
dating the Q output according to the JK truth table
rules. This Q state is then held until the next positive
dock transition, when the output s updated again.
The waveform then is constructed in segments one
dock pulse long.

The waveform for the negative-edge-triggered flip-flop
in Figure 4-9 is constructed in the same way except that
the updating “snapshot” of the J and K inputs is taken
ou the falling edge (transition) of the input clock.

To draw the waveform for a JK master-slave flip-flop.
you must remember not only the truth table, but aiso
how the master-slave operation works. When the clock
ts high, data on the J and K inputs updates the output of
the master section. When the clock goes low, the state
on the output of the master section is transferred to the
output of the slave section. Therefore, changes of the
output Q will coincide with the falling edge of the clock.
The bottom waveform in Figure 4-9 shows how this
works. At clock edge 1, J is high and K is low, so the
master is set. At clock edge 2, the set state is transferred
to the output. At clock edge 3. J is low and K 1s high, so
the master is reset. At clock edge 4, the reset state is
transferred to the output. For the pulse from edge 5 to
edge 6, both J and K remain low. so the output is not
changed. However, at clock edge 7, both J and K are
high, 50 the master toggles high. While the clock is high,
both J and K go low, latching the high on the master. At
clock edge 8, the outpu reflects the toggle to a high.
Again, at clock edge 9, both J and K are high, so the
master toggles to a low. The output changes to a low at

edge 10. At clock edge 11, both J and K are low, which
should retain the reset state. Between clock edges 11
and 12, however, K is low and J pulses high. This combi-
nation sets the master section of the device. When the’
clock goes low at 12, this set state is transferred to the Q
output as shown. It does not matter that J went low
again before the clock went low because for J and K low
no change can take place. The unpredictable output
caused by J or K changing while the clock is high is
sometimes called I's catching. Between edges 13 and 14
in Figure 4-9, J is a high and K changes to a high. This
causes the output Q to toggle on the negative edge of the
clock as shown.

FLIP-FLOP PROBLEMS
Flip-flops and latches have three common types of prob-
lems:

1. The Q output does not change to the state predicted
by the D or by the J and K inputs when
clocked. Usually this is caused by a defective IC or
by the output being short-circuited to Vee, to
ground, or to another trace on the PC board.

2. The output sets or resets at random times. Often
this is caused by the set or reset input of the IC
being left open. When left open, these inputs may
pick up pulses from other lines. Unused set or reset
inputs should be tied to ground or to V¢, which-
ever voltage holds them in the inactive state.

3. The output is sometimes correct and sometimes
tncorrect. This may be caused by a defective IC or by
violations of the setup and/or hold time require-
ments of the device. If an input data change occurs
too close to a clock edge, the output may or may not
get the level you want. Since these time parameters
vary with temperature and from IC to IC, marginal
timing problems can be hard to trace. For example,
an instrument works fine with its cover off. but
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5 min after the cover is on, it shows wrong data on
its display. What you do, then, is connect an oscillo-
scope to look at the input and the clock of the sus-
pected IC to find out whether the timing is mar-
ginal. Next bring a heat source near the IC to sce
whether this causes a malfunction. If it produces a
malfunction, you can determine from the dscillo-
scope display whether the chip is faulty (setup or
hold time is longer than minimum value on data
sheet) or whether the circuit design is marginal. It
1s bad to just replace ICs in a case like this because
you may find an IC that will make the instrument
work fine until it gets to Phoenix.

Other problems are clock pulses or reset pulses that
are too narrow. Also, if a risetime of a reset or set pulse
is not fast enough, the output of the flip-flop may oscil-
late and give several pulses out.

ASYNCHRONOUS OR RIPPLE
COUNTERS

A JK flip-fiop with J and K inputs tied high, or a D flip-
flop with the Q output connected to the D input as
shown in Figure 4-10a, forms what is sometimes called
a T, or toggle. flip-flop. This name refers to the fact that
for either configuration the output state will change or
toggle for each clock pulse. Since it takes two input
clock pulses to produce one cutput cycle (Figure 4-10b).
the output frequency is half that of the input clock. Two
T fliipflops can be connected in series or cascaded to
give an additional output frequency equal to the input
frequency divided by 4. Adding a third T flip-flop in se-
ries gives an fin/8 output, and adding a fourth flip-flop
gives an _fpv/16 output. f
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FIGURE 4-10 T flip-fliops made from JK and D flip-flops.
(a) Circuits. (b) Waveforms for T flip-flops made from nega-
tive-edge-triggered JK.
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Figure 4-11a shows the 7493 four-stage binary di-
vider or 4-bit binary ripple counter, which is effectively
four T flip-flops in series. As a divider, one or more of the
outputs is used to get a frequency that is some fraction
of the input frequency. It is called a counter because, as
shown by the ideal waveforms in Figure 4-11c, all four
outputs together represent a binary number between (4]
and 15. The negative edge of each input clock pulse in-
crements the counter to the next-higher binary number.
When the counter reaches count 15, or binary 1111, the
outputs all roll back to O on the next negative clock edge.
The count sequence then starts over.

The dependency notation logic symbol for the 7493 in
Figure 4-11b shows that the device is made up of two
sections, a divide-by-2 section and a divide-by-8 section.
The plus symbols near the clock inputs indicate that the
counter sections increment (count up) by 1 on the fall-
ing edge of each clock pulse. If RO(1) and RO(2) are as-
serted (H), the output count will be forced to all 0's.

Counters can be cascaded (connected in series) to get
a higher count or more bits. The CMCS 4060, for exam-
ple. has 14 binary divider stages In a single IC package.

The term ripple indicates that the effect of a clock
pulse propagates sequentially or ripples down through
the chain of flip-fiops. For the circuit in Figure 4-11a,
the output of the last flip-flop will not change until four
fiip-flop propagation delays after a negative edge of the
nput clock. This means the counter is asynchronous
because the outputs are not directly in “sync” with the
clock. In a later section we discuss the problems caused
by this ripple delay in some circuits.

USING RIPPLE COUNTERS AS

MODULO-N DIVIDERS

Flip-flops may be cascaded to produce a counter that
gives output frequencies equal to f;w2", where N is the
number of flip-flops. For example, the CD4044 CMOS
l%mgebhxarydlvldcrwlnhaveaﬂnalstageoutputire-
quency of fp/2'*, or fiv/16.384.

The ratio of the input frequency to the output fre-
quepcy of a counter s called its modulo. A single fiip-
flop is a modulo-2 divider or counter because the tnput
frequency is 2 times the ocutput frequency. The 7493
counter in Figure 4-11a has a maximum modulo of 16
since the input frequency is 16 times the lowest output
frequency. For unmodified ripple counters, the modulo
always will be some integral power of 2, such as 2, 4, 8,
16, 32, etc. Many applications of counters as frequency
dividers (digital clocks, for example) require some other
modulo such as 6 or 10. To produce a modulo less than
the maximum for a given counter, you use digttal feed-
back to reset the counter to zero before it can reach its
maximum count.

Figure 4-" 2a shows how a 7493 can be convertedtoa
modulo-1f _ounter or frequency divider. Starting with
O's on all the outputs, the 7493 counts up in a binary
sequence similar to that of Figure 4-11c until the out-
puts reach the binary state 1010. The high on the Qs
output NANDed with the high on the Q2 output by the
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FIGURE 4-11 (a) Diagram for 7493 connected as a four-stage binary divider or
counter. (b) Dependency notation symbol for 7493. (c) Clock and output waveforms.

internal NAND gate quickly resets all the outputs to 0's.
Then the count sequence starts over. Figure 4-12b
shows the clock waveform and the resulting output
waveforms. As you can see from the waveforms, 10 clock
puises are required to produce one Q8 output pulse.
Using the clock as input and Q8 as the output, then,
makes this a modulo-10 frequency divider. Using the
clock as input and all four Q outputs together for your
output makes this a decade, or modulo-10, counter. The
outputs count through the 10 states—0 through 9—
much like the cylinders in a car odometer. Note that an
cleventh state is present but only for the 30 or 40 ns
necessary to reset the outputs to zero. For many applica-
tions, such as driving displays for a digital clock, this
extra state is too brief to be visible and so doesn’t
matter. In. any application in which the unwanted
pulse could cause a problem, synchronous counters are
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used. Synchronous counters are discussed later in this
chapter.

Actually you usually don't have to synthesize a decade
counter because it is available ready-made in TTL as the
7490. The 7490 has a divide-by-5 section and a T flip-
flop divide-by-2 section. If the input signal is routed
through the divide-by-2 section and then through the
divide-by-5 section, the outputs will count up in a BCD
sequence (same as binary 0 through 9). If an input sig-
nal is routed first through the divide-by-5 section and
then through the flip-flop, the final output will be a sym-
metric square wave with a frequency of one-tenth the
input frequency. A divide-by-12 circuit is available in
TTL as the 7492 ripple counter.

A scheme similar to that in Figure 4-12a can be used
with a 7493 to divide an input frequency by any integer
between 2 and 16. The trick is to decode the next-higher
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state and use this to reset the outputs to 0's. This trick
may not work with a counter made from discrete flip-
flops because a race condition is created. The decoded
output state tries to reset the counter outputs to 0's. As
soon as one output resets, the decoded output state may
disappear. If the decoded output state is not present at
the reset input long enough, then some flip-flops may
not get reset. This, then, is the race. Can all the flip-
flops get reset before the decoded output reset pulse
goes away? Integrated-circuit counters are designed so
that race problems are eliminated for the most part.

Figure 4-13 shows the circuit for a divide-by-11, or
modulo-11, counter using a 7493. Note that the mod-
ulo-11 circuit requires an external gate because 1's on
QA, OB, and QD must be detected.

For modulos above 16 you can cascade two or more
counters. You can perform the same trick of decoding
the state equal to the modulo you want and using this to
reset all the outputs to 0's. Two 7493s can be used to
divide an input frequency by any number up to 256.
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SOME APPLICATIONS OF RIPPLE
COUNTERS

ELECTRONIC ORGAN Western music is based on
an equally tempered chromatic scale of 12 notes per oc-
tave. Notes within an octave have a precise mathemati-
cal relationship to one another, and the frequency of a
note in one octave is exactly half the frequency of the
same note in the octave above. For example, a standard
“A" is 440 Hz, and the “A” in the next-lower octave is
220 Hz. The next-lower “A™ is 110 Hz, and the “A” below
that is 55 Hz. For an instrument such as an electronic
organ, all the required frequencies can be produced by
dividing down from a single reference frequency, as
shown in Figure 4-14a. The national MM5833 and
MMB5832 chromatic frequency generators produce the
12 notes for the top octave with 12 parallel divider
chains driven by a master clock of 2.00024 MHz. One of
these internal divider chains, for example, divides the
2.00024-MHz master frequency by 284 to give a fre-
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FIGURE 4-13 (a) Circuit for 7493 as modulo-11 counter.
(b) Clock and output D waveforms.

quency of 7043 Hz, which is very close to the high “A” of
7040 Hz. Figure 4-14b shows the divider modulos and
the output frequencies of the MM5832 and MM5833.
For comparison, the standard frequencies of the notes
in the equally tempered scale (ETS) are given. The fre-
quencies for lower octaves can be derived by dividing
each of the top octave frequencies down further with
simple binary divider chains. The National MM5824
contains a six-stage binary divider chain. Therefore, the
circuit shown in Figure 4-14a produces the frequencies
for seven complete octaves plus an extra “C,” C9. These
fourteen ICs give you all 85 frequencies—all you need to
build an electronic organ or a synthesizer. Note the non-
standard voltages—typical for PMOS devices—in the
circuit shown.

The outputs are all square waves which, if amplified
and played through a speaker, sound somewhat like
a clarinet. To produce other sounds, these notes are
mixed with their harmonics and passed through form-
ant filters. To avoid a monotonous tone, a slight vibrato
or frequency modulation is applied to the master
2.00024-MHz oscillator.

COUNTING UNITS AND DIGITAL CLOCKS Figure
4-15 shows how 7490 decade counters can be joined
with 7447 BCD-to-seven segment decoders and com-
mon-anode, seven-segment LED displays to form deci-
mal-counting units. Each display will show the decimal
number between 0 and 9 corresponding to the binary-
coded decimal (BCD) output of the counter. The counter
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output will show the number of clock pulses input. As
the least significant counter rolls over from 9 to O, the
falling edge of the QD outp.t increments the next
counter by one count. More -~unters can be added to
count to as high a number as you want. You might use a
light source and a phototransistor as a source of pulses
on the tnput of a circuit such as this to count the num-
ber of cans passing on a conveyor belt or the number of
people entering a baseball game. Note: The order of the
display in Figure 4-15 is reversed from the way numbers
usually are written.

If you apply a clock with a frequency of one pulse per
second, or 1 Hz, to the input of the circuit of Figure
4-15, the display will show elapsed time in seconds.
This is a digital readout clock, but not in the familiar
format of hours, minutes, and seconds. Figure 4-16
shows how, by changing the modulo of some of the
counters to 6 or 12, you can build a clock with digital
readouts of hours, minutes, and seconds. The only diffi-
culties with this clock are that it requires a large num-
ber of IC packages and dissipates considerable power.
Both problems are solved by using one of the many MOS
clock ICs such as the National MM53108. As shown by
the MM53108 biock diagram in Figure 4-17a, this IC
contains not only the counters and decoders necessary
for a basic clock, but also circuitry for am and pM, an
alarm, a snooze alarm, and a sleep timer to turn off a
radio after you go to sleep. Figure 4-17b shows the cir-
cuit for a complete digital alarm clock using the
MM53108. The only additional input needed is a 50- or
60-Hz pulse. This pulse is supplied to the chip through
a 100-k() resistor from a tap on the power transformer.
It can be produced also by dividing down the output
from a crystal osctllator. The clock IC of Figure 4-17a
does not display seconds unless the seconds button is
pushed, but other clock ICs such as the MM5309 do.

PROBLEMS OF RIPPLE OR
ASYNCHRONOUS COUNTERS

Most problems with ripple counters are caused by the
delay between the time at which the first flip-flop in a
chain changes its output state and the time at which a
later stage changes its output state. We use the familiar
7493 to illustrate two of these possible problems. The
first problem is errors in the output count. Figure 4-18
shows a timing diagram for a 7493 with a 12.5-MHz
input clock. Compare this timing diagram, which in-
cludes flip-flop propagation delays, with the ideal 7493
timing diagram in Figure 4-11c. Note the binary states
that the outputs show for the 12.5-MHz input. These
erroneous’ states are always produced by a ripple
counter, but for low-frequency applications such as
driving a clock display they are not visible because they
represent such a small part of a cycle. At 12.5 MHz the
time for one cycle of the input clock is 80 ns, as shown.
This is about the same order of magnitude as the propa-
gation delay of the flip-flops in the counter, so the error
states become overwhelming. The output count has
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little relation to the number of pulses. The device, there-

fore, 18 of no use in higher-frequency counter applica-
tions, but it is atill useful as a frequency divider. You can
see on the timing diagram that the frequency of QA is
exactly half the clock frequency. QB is Ygfc, QC 18 Yefc,
and QD 18 Yiefc.

The second problem with ripple counters is produced
by these error states or counts when you try to decode.
mdewdea‘wgneer(smdcwctagtvenstateqfthe
counter and an oufput pulse when that state
is detected. The four-input NOR gate in Figure 4-19 will
give a pulse out each time all the outputs of the counter
are 0's. Ideally, this should happen only once for each 16
input clock pulses. The timing diagram in Figure 4-18
shows that this counter goes through a state of all 0
outputs four times for each 16 clock pulses! This will be
true at any frequency of operation. The NOR gate will
give out one pulse representing the true zero and three
20-ns-wide unwanted pulses or glitches. The glitches
occur during the output 1-to-2 transition, the 3-to4
transition, and the 7-to-8 transition. The point to re-
member here {s that any asynchronous or ripple circuit

J ac
CcK

J J a8 4 QD

CcK

[% 9

CcK

+5v—
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almost always produces glitches when it i3 decoded. The
extra pulses or glitches may be only 20 or 30 na wide,
but they often cause problems. Watch for them. As dis-
cussed in Chap. 1, a delayed sweep-time base on an os-
cilloscope can help you spot them in the actual circutt.

Both these problems would be eliminated if the cir-
cuitry could be changed so that the outputs of all the

fitp-flops changed at the same time. This is exactly what
is done in the synchronous counters discussed next.

SYNCHRONOUS COUNTERS

A synchronous counter is one in which all the outputs
change at the same time because all the flip-flops are
directly clocked at the same time by the input clock. Fig-
ure 4-20a shows the schematic of a 4-bit synchronous
counter made with four JK master-alave flip-flops. Re-
member, when the J and K inputs are low on a JK flip-
flop, the output does not change when the flip-fiop is
clocked; and if J and K are high, the flip-flop toggles
when it is clocked. Now you can work your way through

FIGURE 4-19 Fourdnput NOR gate
used to decode O state for ripple
counter.

111
FLIP-FLOPS, COUNTERS, AND REGISTERS



+5V 0A aB ac Qb FIGURE 4-20 counters
? 1 ? made with JK fiip-flops. (a) Binary up
counter. (b) Binary down counter.
J I = —J ajl—e —{J a
cK A cK 8 K C cK D
|—'< al —K T} +—{K ap- —iK af
K
__ED:——_E_DJ
)
+5V QA QB ac Qp
ﬁ o [
s a— —4 o~ —s o~ —s o—-]
cK A K B K ¢ cK D
l———x a K a— |1k @ —ik Q
K o—
2
1

)

a count sequence to see how this circuit works. Starting
with a reset condition of all 0's on the outputs, you can
see that the J and K inputs of fiip-flops B, C, and D are all
low; therefore, a clock pulse at this time will not change
their outputs. Flip-flop A, however, has its J and K
inputs tied to a permanent high, so the first clock pulse
will toggle its output from a O to a 1 state. Since the J
and K inputs of flip-flop B are now high, the next clock
pulse will change QB toa 1 and QA back to a 0 to give an
output count of 2. With QA now low, only flip-flop A can
change on the next clock pulse. This gives an output
count of 0011, or 3. Since QA and QB are both high,
AND gate 1 will put a high on the J and K inputs of
flip-flop C so that it will change to 1 on the next clock
pulse. The rest of the count sequence follows a similar
pattern. At count 7 when QA, QB, and QC are all 1's, the
AND gates enable flip-flop D to toggle to a 1 for count 8.
At count 15 all the flip-flops are enabled, so their out-
puts will all toggle back to 0 on the next clock pulse.

MODULO-N DIVIDERS AND COUNTERS
The trick of synchronous counters is that the output
states are decoded and used to set up the J and K inputs.
Then the next clock pulse will toggle or not toggle each
fiip-flop to the desired output state. This very powertul
techhique can be used to produce counters of any mod-
ulo or output count sequence.

To analyze a JK flip-flop circuit with feedback. start
with known output states. Trace these states through
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the decoding logic (feedback gates) to determine the
states that are produced on the J and K inputs of the
flip-flops. Knowing the J and K inputs will allow you to
predict the output state of each fiip-flop after a clock
pulse. Then these outputs can be traced through the
decoding logic to the J and K inputs to predict what the
output states will be after the next clock pulse. Repeat
the process until, when the fitp-flops are clocked, thetr
outputs return to the starting states. In App. A we dis-
cuss logic state diagrams that are often used to show the
sequence of states in a circuit such as this one.

Figure 4-20b shows the circuit for another useful syn-
chronous counter. Try to trace its count sequence. To
start, observe that when the outputs are all 0's in this
circuit, the flip-flops are all enabled to toggle toa 1 on
the next clock pulse.

The counter in Figure 4-20b is, as you probably dis-
covered, a 4-bit binary down counter. Fortunately, you
do not need to synthesize a synchronous counter every
time you need one. Several types are readily available.
The TTL 74193 and the CMOS 74C193 and CD40193
are synchronous 4-bit up/down binary counters. The
TTL 74192 and the CMOS 74C192 and CD40192 are
synchronous 4-bit up/down decade coynters, respec-
tively. The 74161 is a synchronous binary up counter.
and the 74160 1s a synchronous decade up counter. All
the standard TTL versions of these counters can give a
proper count out with an tnput frequency of 20 MHz or
more. When decoded, they produce only very small



glitches that are caused by vartations in the propagation
delays of the flip-flops and the difference between the
time from a low to a high output and the time from a
high to a low output.

The pin diagram, dependency notation logic symbol,
and typical count-sequence diagram of a common 4-bit
binary synchronous counter, the 74193, are shown in
Figure 4-21. From these you can determine much about
its characteristics. This counter has the advantage that
it can count up {° the clock is routed to the count-up
input and count down if the clock is routed to the
count-down input. The counter increments or decre-
ments on the positive edge of the clock. The unused
fnput must be held high. When it is counting up, a ter-
minal count of 15 produces a low-going pulse on the
carry or terminal count-up output. This occurs on the
falling edge of the input clock. When it {s counting
down, a terminal count of O produces a low-going pulse
on the borrow or terminal count-down output. The bub-
bles on these outputs in Figure 4-21a indicate that the
output pulse is negative or active low. The bubble on the
load input indicates that a low state on this input loads
the counter. The clear input is asynchronous, which
means that when the clear input is made high, all the
outputs will be cleared or reset to 0 with no regard for
the state of the clock.

The counter is presettable, which means that a binary
number placed on the four data inputs will be loaded
onto the outputs as soon as the load input is made low.
The output count sequence will proceed upward or
downward from the loaded number. This feature can be
used to convert this counter to any modulo between 1
and the maximum number of states for the counter.
Figure 4-22 shows how this 1s done. The counter is con-
nected to count down, and the terminal count-down or
borrow output is connected to the parallel load input. If
you want a modulo-11 counter, for example, just hard-
wire a binary eleven (1011) on the data inputs as shown.
The counter will count down from eleven to 0. When the
output count reaches 0, a pulse will be put out on the
BORROW output. This pulse will load the 11 from the
data inputs onto the counter outputs. The next clock
pulses decrement the counter from 11 to O again, at
which point another terminal count-down pulse is pro-
duced to repeat the cycle. The circuit is a modulo-11
divider because it produces one output pulse on the
BORROW output for each 11 input pulses.

Figure 4-22b shows the timing waveforms for a 74193
used as a modulo-11 divider. There are three important
points to note in these waveforms. First, since BORROW
OUT ts connected to LOAD, as soon as BORROW OQUT
goes low, LOAD will go low. This will load 1011 onto the
Q outputs and immediately make BORROW OUT high
again. The resultant BORROW LOAD pulse will be only
30 to 40 ns wide.

Second, if you count the number of states that are
present on the Q outputs, you will find that there are 12
states, O through 11. However, since state O and state

11 are present for only one-half clock cycle each, the
total number of input clock cycles between BORROW
output pulses is 11. Because of the presence of these
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two halfcycle states the circuit cannot be used as a
counter in some applications, but it can be used as a
frequency divider.

Third, for this circuit the QC and QD outputs both
produce one output pulse for each 11 input clock cycles.
Since they have closer to a 50 percent duty cycle, often
they are more useful than the BORROW OUT pulse.

You can produce any other modulo by simply hard-
wiring the binary equivalent of the desired modulo onto
the data inputs. A modulo g~ ter than 15 can be pro-
duced by cascading two or m..re counters, as shown in
Figure 4-22c. When the terminal count is reached, the
BORROW OUT of the most significant counter produces
the LOAD pulse, which reloads all the counters.

Now that gates, latches, and counters have been dis-
cussed, we will show how these components can be
combined in a circuit to build a frequency counter giv-
ing a digital readout of the frequency of input pulses.

FREQUENCY COUNTERS: AN MSIi COUNTER
Figure 4-23 is a schematic for a frequency counter using
readily available TTL parts. Since this is a fairly large,
complex schematic with many ICs, the trick is to sim-
plify it by looking for famtiliar “landmarks,” or blocks of
circuitry whose function you recognize. In this fre-
quency counter, first you might recognize the 1-MHz
crystal oscillator and the chain of decade counters used
to divide this reference frequency down to the needed
output frequencies. Next you might notice the synchro-
nous divider chain of decade counters, each with a
74175 four-bit D flip-flop, a 7447 BCD-to-seven-seg-
ment decoder, and a seven-segment LED display. This
big block of cireuitry is simply a unit counter, to count
and display any number up to 999,999.

The 74160 counters, incidentally, are connected so
that all the counters after the first one on the left func-
tion as one large synchronous counter. This feature al-
lows the counter section to accurately count higher
input frequencies.

Now that you have figured out the large blocks of cir-
cuitry, you can start looking at the small pteces that tie
these together. Note that the unknown frequency is
gated into the counting section by a NAND gate. The
unknown frequency pulses can get in to be counted only
if the pin 1 input of this NAND gate is high. If this gate
input is made high for exactly 1 s, then the display will
read out the number of unknown input pulses counted
in 1 s. This is, of course, the frequency of the unknown
(in hertz). Now look to see how this 1-s count window is
produced. A square-wave pulse with a time high of 1 s
has a 0.5-Hz frequency. The divider chain on the crystal
oscillator has a 1-Hz output which goes to the clock
input of a JK flip-flop. The 7476 JK flip-flop with J and K
tied high will give a symmetric square wave out at half
the input frequency. The JK flip-flop then produces the
precise 1-s count window.

The next part of the circuitry to approach is the 74121
monostable. It is connected so that the negative edge of
the count window pulse triggers it to produce a positive
pulse. The leading edge of this positive pulse clocks the
output states of the counters onto the outputs of the
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FIGURE 4-21

(1) CLEAR OUTPUTS TO ZERO.

(2) LOAD (PRESET) TO BINARY THIRTEEN.

(3) COUNT UP TO FOURTEEN; FIFTEEN, CARRY, ZERO, ONE, AND TWO.

{4) COUNT DOWN TO ONE, ZERO, BORROW, FI—FTEEN, FOURTEEN, AND THIRTEEN.
NOTES:

(A) CLEAR OVERRIDES LOAD, DATA, AND COUNT INPUTS.

{B) WHEN COUNTING UP, COUNTDOWN INPUT MUST BE HIGH; WHEN COUNTING DOWN,
COUNT-UP INPUT MUST BE HIGH.

(3]
74193 binary up/down counter. (a) Connection diagram.

(b) Dependency notation logic diagram. (c) Typical clear, load, and count sequences.
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FIGURE 4-22 Modulo-N counter/divider made with the 74193. (a) Modulo-11 sche-
matic. (b) Modulo-11 waveforms. (¢) Circuit for modulos greater than 16.
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74175 D flip-flops. Then the flip-flops hold stable data
for the entire count cycle. Without the flip-flops the dis-
play would alternate between 1 s of garbage during a
count and 1 s of reading during the hold time of the
window pulse. This would make the display very hard to
read. The flip-flops hold the display data constant except
for the few nanoseconds every 2 s when the flip-flops are
clocked to update the display.

The Q pulse from ‘the 74121 is used to reset all the
cuunters to 0 so they are ready for the start of thé next
count sequence. Figure 4-24 shows the timing of these
pulses.

The counter with a 1-s count window and six digits,
asshown, can only measurea frequencyup to 999,999 Hz
before the counter overflows. By adding a decimal point
to the display, it can be made to read in kilohertz, with
the maximum frequency of 999,999 displayed as
999.999 kHz. The frequency range of the instrument
can be extended upward to about 10 MHz by shortening
the count-window time to 0.1 s and moving the decimal
point so that the display shows up to 9999.99 kHz.
Since the count window is only one-tenth as long, 10
times as high a frequency can be put in without over-
flowing the counters.

Another way to increase the range is to add another
decade counter, decoder, and display. To extend the
range to still higher input frequencies, you can use one
or more prescalers. A prescaler is simply a very high
speed decade counter, such as the 745196, which ts put
in series with the input signal to divide the input signal
frequency down to a frequency range that the counter
chain can count. A section of a switch used to switch in
the preacaler for high-frequency measurement also can
move the decimal point so the display reads correctly.
The prescalers do not have displays connected directly
to them.

For low-frequency measurement, a 1-s window gives
poor resolution. At 20 Hz, for example, a 1-s window
gives a resolution of only =1 Hz since the counters can-
not count fractions of hertz. This is an error of *+5 per-
cent. If you extend the count window to 10 s and move
the decimal point accordingly, the resolution is im-
proved to +0.1 Hz because it is now counting 200
cycles *1.

Another tmprovement you can make to the basic fre-
‘quency counter is input signal conditioning. The circuit

—1s—sf— s—
am VLA
WINDOW
74121 Q TO
O FLIP-FLOP n

741213 TO U

COUNTER CLEAR
Al

FIGURE 4-24 Timing waveforms for frequency counter con-
trol circuitry of Fig. 4-23.
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as shown requires TTL input levels. A high-speed com-
parator such as the AM 686 can be added in front of the
counters to convert small sine waves or other waveforms
to TTL levels. The threshold of the comparator tan be
made adjustable so that the trigger voltage level can be
set above noise pulses. -

This summarizes the operation of the circuit. Figure
4-23 shows component values and pin numbers, so you
can build the circuit and verify its operation if you wish.
Note: In the schematic, the least significant digit is on
the left.

MULTIPLEXED DISPLAYS The circuit in Figure
4-23 works well, but from a practical standpoint it has
two problems. It uses both a large number of IC pack-
ages and a fairly large amount of current. Both problems
can be solved quite easily. For the power problem, the
first place to look is the displays, since this is where the
most power is dissipated. Assuming 20 mA per segment
times a maximum of seven segments per digit gives
140 mA per digit. Six digits give a total maximum cur-
rent of 840 mA just for the displays. The six 7447s add
another 260 mA, for a total of 1.1 A. This total can be
cut drastically by multiplexing the display. Multiplex-
ing, as you may remember from Chap. 3, is interleaving
segments of several signals onto the same wire. The
trick used to produce a multiplexed display is the same
one used in Chap. 3 to produce eight oscilloscope traces
with a single beam. Only one input is displayed at any
given instant; but if you chop or alternate fast enough
between inputs, your eyes see the result as a continuous
display. With the LED displays only one digit is lighted
at a time. ’

Figure 4-25 shows the counter, flip-flop, and multi-
plexed display sections of a seven-digit frequency
counter. Here, four 74151 eight-input multiplexers
multiplex the outputs of the seven 74175 quad flip-flops
into a single 7447 BCD-to-seven-segment decoder. Then
each output of the 7447 goes to the corresponding seg-
ment inputs on all the seven-segment displays. Thus
when the seven-segment code for a 5 is on the outputs of
the 7447, it s bussed to all the displays. However, since
only one of the PNP transistors in series with each dis-
play is turned on at a time, only one display will show
this 5.

The outputs of a 3-bit binary counter select which
decade counter’s outputs the four 74151s will route to
the 7447. The same 3-bit counter outputs connect to a
74LS5138 one-of-eight low decoder, which selects which
driver transistor is turned on and therefore which dis-
play is lighted. The 74LS138 and the 74151s are syn-
chronized, so that, for example, when the 74151s are
sending data from the least significant digit counter to
the displays the 74LS138 turns on the digit driver tran-
sistor for the least significant digit of the display. Each
digtt should be refreshed or pulsed on at a rate of 50 to
200 Hz.

The power saving with this muitiplexing scheme is
about 600 mA. The saving would be greater except that
when you muitiplex LED displays, you have to at least
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double the current per scgment to increase display
brightness. The circuit uses as many ICs but saves 36
resistors and much wiring.

TROUBLESHOOTING AN MS! FREQUENCY
COUNTER The time base and control circuitry from
Figure 4-23 can be combined with the counter, flip-flop.
and display section of Figure 4-25 to make a functioning
MS! frequency counter. We refer to this circuit to dis-
cuss systematic troubleshooting of a digital system. The
detatls of every system are different, but the basic ap-
proach s the same. The major points are:

1. Analyze first.
2. Divide and conquer.

To prototype a circuit such as this one, begin by ana-
lyzing the schematic to find which sections can be built
separately and tested easily. For example, you might
start with the crystal oscillator. Then, when it is work-
ing correctly, add and test each counter of the time-base
divider chain. The next step would be to build and test
the 7476 window generator and the 74121 control-pulse
generator.

After this, you can build the display section and test it
as a separate module. To determine whether the seg-
ments are wired correctly, temporarily hard-wire the
BCD code for 2 or 5 on the inputs of the 7447. As the
end of each digit driver's base resistor i3 grounded or
made low, that digit should display the correct number.
When the 74LS138 and 7493 address counter are
added, all the displays should show this number.

Next, build the main counter chain as a module. The
count window input can be temporarily tied high in-
stead of to the 7476, and a 1-MHz signal applied to the
unknown frequency input. Then the counters will re-
ceive a signal continuously. Counters can be added one
at a time and checked just as those in the time-base
chain were.

Finally, add the flip-flops and multiplexers. Connect
the count window, latch strobe, and reset signals to the
correct points and see whether the counter functions as
awhoale. If it does, great! Take a coffee break. If not, this
final section can be traced on a static basis as follows.
Lift out the 7493, and temporarily hard-wire the QA,
G8, and QC output pins to ground. The least significant
digit of the display should be enabled now, and the mul-
tiplexer inputs all pointed to the least significant 74175
Qtp-flop on the left. Lift the strobe lead from the 74121
and coninect it to ground. Lift the reset lead from the

74121 and connect it to +5 V. Lift the count window
kad from the 7476, and apply a 1-MHz signal to the
count input to load a count into the counters. Then con-
nect the window input to ground. A count should be
present now on the outputs of the counters. This count
€an be transferred to the outputs of the 74175 flip-flops
by briefly lifting the clock input lead from ground. The
boglc states on the least significant counter now should
be present on the outputs of the leftmost 74175 and on
the outputs of the four 74151s. The major point here is

that since all these levels are held fixed. they can be
checked with a voltmeter or logic probe. This is much
easicr than trying to decipher the confusing array of
puises that would be seen if the circuit were operating
with normal clocks and pulses.

The 74151 multiplexers can be stepped to pick up the
outputs of the next 74175 by simply changing the jump-
ers you put in place of the 7493 to QA= +5V,
QB = ground, and QC = ground. In this way, the con-
nections from each counter to the 7447 inputs can be
checked on a dc basis with a logic probe.

TiiOUBLESHOOTING A PREVIOUSLY FUNCTION-
ING INSTRUMENT The procedure for troubleshoot-
ing a previously functioning instrument is somewhat
different because usually you can assume that the wir-
ing is correct. There is not space here to detail all the
pessible symptoms and cures, but a few will show you
how to go about it.

Start by analyzing the schematic and/or block dia-
gram of the system so that you understand the opera-
tion of the major parts. It is not_necessary to initially
determine the function of every IC. For most instru-
ments or systems, this would take far too much time.
Once you isolate a problem to a particular sectfon, you
can focus on the details of that section.

If the counter counts but shows erratic counts, one
thing to check is that the power-supply voltage is within
specifications. TTL devices function erratically with low
supply voltages.

If one digit of the display is brightly lit but the others
are dark, this is caused by faflure of the 74LS138 digit-
scanning circuitry. Either the 74LS138 is defective or
the 7493 is not supplying sequential addresses to it. An
oscilloscope will quickly show you whether the problem
is tn the 74LS138, the 7493, or the clock pulse coming
to the 7493. Since the clock signal to the 7493 comes
from the time-base divider chain, no signal here will
lead you back to the divider chain and possibly to the
nonfunctioning master oscillator. This {llustrates that
in a digital system, often the cause of a problem is far
removed from the section exhibiting it.

If all digits are lighted equally but the numbers do not
change when the input frequency is changed, the prob-
lem may be no count window or no clock puise to the
74175 flip-flops. If the digits are all lighted equally but
the count constantly changes to random numbers, the
counters may not be getting a reset pulse. The point
here is to check the control or timing signals. In this
system the strobe and reset pulses are very narrow com-
pared with the count window. Using the delayed sweep
function of an oscilloscope as described in Chap. 1 will
make these pulses clearly visible.

If there is a problem in the counter, flip-flop, and mul-
tiplexer section. remove the 7493, 74121, and 7476.
Then add jumpers as described earlier so that you can
check the levels through this section as static signals.

In summary, the point of systematic troubleshooting
is to analyze the symptoms and the schematic and then
devise tests you can perform to narrow the problem to a
small enough area that it is easily found.
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INPUT FUNCTION DIGIT
FUNCTION INPUT Frequency DO
PN 4 Period D7

Frequency ratio D1

Time interval D4

Unit Counter D3

Oscilistor Frequency D2
RANGE INPUT 0.018/1 cycle DO
PN 21 0.1 8/10 cycles D1

18/100 cycles . D2

108/ 1k cycles 03
EXTERNAL RANGE INPUT
N3 Enabled D4
CONTROL INPUT Blank display D3 & Hold
LY Display test D7

1 MHz select D1

E: { oscillator enabl DO

External decimal point

enable D2

Test D4
EXTERNAL DECIMAL Decimel point is output for same digit
POINT INPUT, PIN 20 that is connected to this input.

(e}
FIGURE 4-26 (continued) (b) Pinouts for the ICM7226A.
(c} Digit strobe connections for range, function, and control.
nouts of the ICM7226A.

AN LSI FREQUENCY COUNTER  The circuit shown
n Figure 4-25 works well, but it is a 1970s-style fre-
quency counter. Since most parts of the circuit operate
at relatively low frequency, CMOS and MOS LSI have
made 1t possible to put most of a frequency counter in
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one or two IC packages. Figure 4-26a shows the sche-
matic for a 100-MHz multifunction counter using the
Intersil ICM 7226A. The CMOS 7226 contains a 10-MHz
reference oscillator, time-base divider chain, input sig-
nal counter chains, latches, decoders, segment drivers,
digit drivers, control circuitry, and multiplex circuitry
for an eight-digit common-anode display counter sys-
tem. The NE529A comparators are for input signal con-
ditioning, and the 11C90 high-speed decade counters
are used as prescalers. The prescalers extend the fre-
quency range of the unit from the 10 MHz of the 7226A
up to 100 MHz.

The ICM7226A is a very versatile IC. Note that it has
two signal inputs, A and B. In addition to frequency, the
7226 can measure period, the ratio of two frequencies,
time intervals, or just total counts. For frequency, pe-
riod, or units, the signal is applfed to the A input. The A
input can count up to 10 MHz. For frequency ratio and
time interval measurement, one signal is applied to the
A input and the other to the B input. The B input can
count up to 2 MHz. For time interval measurement, the
7226 measures the time between a high-to-low transi-
tion on the A input and a high-to-low transition on the B
inptt with a resolution of 0.1 pus.

Figure 4-26b shows the compiete pinouts for the
ICM7226A. Note that the device has multiplexed BCD
outputs as well as the multiplexed seven-segment and
digit-driver outputs. Each segment driver can sink up to
25 mA, and each digit driver can source up to 170 mA.
With the displays off. however, the 7226A itself only
uses 5 mA from a +5-V supply.

Observe in the schematic of Figure 4-26a how the
eight digit-strobe lines and the eight segment-drive
lines are shown as single lines. This is often done when
the connections are obvious because it makes the sche-
matic much easier to read.

Another unique feature of the 7226A is the way In
which the function, range, and control signals are mul-
tiplexed into the device. As shown in Figure 4-26a,
digit-strobe lines are connected to the range, function,
and control switches. Internal circuitry detects which
digit-strobe line is connected to, for example, the range
input on pin 21. Then it sets the proper window and
decimal point position for that range. Figure 4-26¢
shows the digit-strobe connections for all the ranges,
functions, and controls. This scheme sharply reduces
the number of pins needed to get all these signals into
the device. Also, if the mechanical range and function
switches are replaced with an analog muitiplexer such
as the CD4051, the sclected range and function are de-
termined by the binary word on the address inputs of
the multiplexer. In other words, the measurement func-
tion and range are programmable with binary words
from, for example, a microcomputer or computer.

REGISTERS AND SH.-T REGISTERS
A register is a parallel group of flip-flops, usually D type,
that are used for the temporary storage of data bits. Reg-
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