Memory @

13.35 Design the logic circuits, to provide a read and b. Setup time, address to write-enable
a write cycle for a 7489, ¢. Hold time, data from write-enable

13.36 Refer to the 745201 information in Fig. 13.26 1337 Draw the logic diagram for a 256-word 8-bit
and determine the following: memory using "201s.

a. Minimum write-enable pulse width

. ADRAM must be refreshed periodicgliy, " { 7" 12, It refers to a ROM whose contents are

1
2. EPROM stands fo:mble—pmgmumme =57 *-egtablished during the manufacturing
read-only memory. process. ;
3. Cache memory is a small h:ghw . The triangle is the symbol for a three-state
SRAMusedmsxdeacompMerto' ; output.
' operation. = S It can be corrected by simply programming

4. Even

: S (adding) a 1 at word position Q,. Note that
5. Tapeaccwst:memtookmg‘ T

you can add a 1 by programming (this is

6.Bmarymformanonlsmomdonas_ destroying a fuse link), but you cannot
magneucﬁhnbymagnemmgspotsmth_ 'remcveaprogrammedl since this would

two different mentanons
780mm. . | yie .
61024 4-b:t words,

. DRAM stands for dypamic rapdom-actess
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+ Explain how diodes and transistors can be used as electronic switches

4+ Demonstrate an understanding of TTL devices, their parameters, how to drive them,
and how to use them to drive external loads

+ Be familiar with CMOS-devices and characteristics

4+ Understand TTL-to-CMOS and CMOS-to-TTL interfacing

In 1964 Texas Instruments introduced transistor-transistor logic (TTL), a widely used family of digital
devices, TTL is fast, inexpensive, and easy to use. In this chapter we discuss several types of TTL: standard,
high-speed, low-power, Schottky, and low-power Schottky. You will learn about open-collector and tri-
state devices because these are used to build buses, the backbone of modem computers and digital systems.
Since TTL uses active-low as well as active-high signals, negative logic may be used as well as positive
logic. Complementary metal-oxide semiconductor (CMOS) devices are chips that combine p-channel and
n-channel MOSFETS in a push-pull arrangement. Because the input current of a MOSFET is much smaller
than that of a bipolar transistor, cascaded CMOS devices have very low power dissipation compared with
TTL devices. This low dissipation explains why CMOS circuits are used in battery-powered equipment such
as pocket calculators, digital wristwatches, and portable computers.

Since a knowledge of the subjects covered here is not prerequisite to any other chapter in this text, the
material can be studied in part or in whole, at any time. An understanding of Ohm’s law and familiarity with
basic dc circuits are the only background needed.
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. 14.1 SWITCHING CIRCUITS '

The semiconductor devices used in digital integrated circuits (ICs) include diodes, bipolar function transistors
(BJTs) and metal-oxide-semiconductor field-effect transistors (MOSFETs). The most popular transistor-
transistor logic (TTL) in use includes the 7400 and the 74LS00 familics; resistors, diodes, and BJTs are the
elements used to construct these circuits. The 74C00 and the 74HCO00 are the most widely used families
constructed using MOSFETs, These two families of circuits are referred to as CMOS, since they use two
different types of MOSFETs. In Chapter 1, we used the term electronic switch (see Fig. 1.7). Virtually all digital
ICs in use today are silicon, so let’s see how a silicon diode or transistor is used as an electronic switch.

The Semiconductor Diode

The symbol for a semiconductor diode (sometimes called a pr junction) is shown in Fig. 14.1a. The diode
behaves like a ore-way switch. That is, it will allow an electric current in one direction but not the other.
We will use conventional current flow rather than electron flow. Figure 14.1b shows the direction of current
through a diode-this is the forward direction. When conducting current, a silicon (Si) diode will have a
nominal voltage of 0.7 V across its terminals as shown in Fig. 14.1b. In this condition, the diode is said to
be forward-biased. Notice that the triangle in the diode symbol points in the direction of forward current—
an easy memory crutch! It is not possible to pass current through the diode in the other direction—the
reverse direction. When reverse-biased, the diode will act as an open switch as illustrated in Fig. 14.1c. To
summarize:

(a) Symbol (b) Forward bias (¢) Reverse bias

Semiconductor diode

1. When forward-biased, the diode conducts current, and the voltage across the diode terminals is about
0.7 Vdc. _

2. When reverse-biased, the diode will not conduct current. The voltage across the diode terminals
depends on the external circuit.

For each diode in Fig. 14.2, determine whether the

¥ diode is forward- or reverse-biased. Determine the +5 Ve +12 Vde
diede current [ in each case.
Solution 1 l 1k f \ 10 k€
{a) The current direction is from +5 Vdc to ground, and thus the diode is M +
forward-biased. The voltage across the diode terminals is 0.7 Vdc, and the 0.7V 12 Vde

diode current is found as- : - -
I=(5-0.7/1k0 w4.31'1 k2=43mA

(b) The current direction is from +12 Vdc to ground, thus the diode is reverse-
biased. The diode current is then /= 0.0 mA. Thaelsnovaltageacmssthe
10-k$2 resistor, and thus the voltage across the&ode lscnmmls is 12 Vde.
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LEDs N

The symbol for a light-emitting diode (LED) is shown r _ | Red | Yellow | Green
in Fig. 14.3a. The arrows indicate light emission VeV )I 1.6 ’ 2.2 ’ 24
capability. The operation of an LED is similar to
that of an ordinary diode. When forward-biased, it
emits light in the visible spectrum and is thus used as
an indicator. However, the voltage across the diode
terminals when forward-biased (V) is somewhat greater than 0.7 Vdc. Typical LED forward voltages given
in Fig. 14.3b show that V, varies with the color of the emitted light. The color of the emitted light depends on
the elements added to the semiconductor material during manufacturing.

(a) Symbol (b) Typical forward voltages

‘ : W The diode in Fig. 14.2a is replaced with a red LED. What is the diode current?
Salw:au 'I'hz dwdc is ibrward—hwscd, and the voltage across its terminals is about 1.6 Vdc (Fig. 14.3b). The diode
mrmm tbeu

I (5-*16)1!“2 3M1kﬂ 34mA

B)Ts

The bipolar junction transistor (BJT) is available in two polarities (npn and pnp), as shown by the symbols
in Fig. 14.4a. The BIT terminals are named collector, emitter, and base, as indicated. In Fig. 14.4b the BJT
behaves as an electronic switch. The switch is activated by applying a voltage between base and emitter.
Here’s how it works:

1. The voltage between base and emitter is zero. The switch is open, and no current is aliowed between
collector and emitter. The transistor is off.

2. Avoltage is applied between base and emitter. The switch is closed and a current is allowed between
collector and emitter. The transistor is on. The voltage between emitter and collector (across a closed
switch) is zero!

Since the BIT is available in two polarities—npn and pnp—the polarity of the applied base-emitter voltage
must be as shown in Fig. 14.4c. For the npn, the base must be more positive than the emitter, The opposite is
true for the pnp. This base-emitter voltage is applied across a forward-biased pn junction (a diede) and is thus
limited to about 0.7 Vdc. Care must be taken not to exceed 0.7 Vdc, or the BJT may be destroyed.

The current through the npn transistor must be from collector to emitter as shown in Fig. 14.4¢. For the
pnp, current must be from emitter to collector. Notice that the current is in the direction of the arrow on the

Collector Collector
Base Base Collector
Base i I
_.. - - + —_—
(‘ ! y !
Emitter Emitter !
npn pnp Emitter npn’ pnp

(2) BIT symbols {b) Electronic switch {c)
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emitter —a good memory crutch! These polarities and current directions are important—jyou should make
every effort to commit them to memory!

a. Determine the current [ and the voltage ¥, for the circuit in Fig. 14.5a if (i) ¥, = 0 Vdc, and (ii) ¥, = +5 Vdc.
b. Repeat part (a) for the circuit in Fig. 14.5b.

+5 Vdc

+5 Vde

1kQ

10 k&2

Ve, There ) -
(swm:hasopm) TthJT __mmntmdtheqmntmﬂ;e 1€} resistor is 210, Thevehagef’ m+$V&:
thantiwemauer——theB}Ttscu{swmhrsclosed). v, ;szcro TheBJ'i‘

Let’s look carefully at the results from Example 14.3. For both circuits, when ¥, = 0 Vdc, ¥, =+5 Vdc.
Also, when V, = +5Vde, ¥, =0 Vde. Clearly V, is always the inverse of ¥ —in other words, each circuit
in Fig. 14.5 is an inverter! E]ther of these c1rcu1ts can be used to implement the basic inverter introduced in
Chapter 1 (Fig. 1.10).

MOSFETs

MOSFETs are available in two polarities (n-channel and p-channel) as shown by the symbols in
Fig. 14.6a. MOSFETs operate as “depletion” or “enhancement” mode devices; the transistors in Fig. 14.6 are
enhancement types. The MOSFET terminals are named gate, source, drain, and body as indicated. When the
body is connected to the source, as is often the case with 1Cs, the simplified symbols are used. The MOSFET
also behaves as the electronic switch in Fig. 14.6b. The switch is activated by applying a voltage between
gate and source. Here's how it works:

1. The voltage between gate and source is zero. The switch is open, and no current is allowed between
source and drain. The transistor is off.
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Drain Drain Drain Drain
Gate Gate
' Body ——‘ Body _'
Gate Gate
Drain
Source Source Source Source l
Gate —e- -4
Complete Simplified Complete Simplified
n-channel p-channel Source
(a) MOSFET symbols (b) Electronic switch

2. A voltage is applicd between gate and source. The switch is closed, and a current is allowed between
source and drain. The transistor is on. The voltage between source and drain (across a closed switch)
is zero!

Since the MOSFET is available in two polarities—n»-channel and p-channel—the polarity of the applied
gate-source voltage must be as shown in Fig. 14.6c. For the n-channel transistor, the gate must be more
positive than the source. The opposite is true for the p-channel transistor. The current through the #-channet
transistor must be from drain to source as shown in Fig. 14.6c. For the p-channel transistor, current must
be from source to drain. Notice that the current is in the direction of the small arrow on the drain—a good
memory crutch! These polarities and current directions are important—you should make every effort to
commit them to memory!

(@9 Example 14.4) An n-channel MOSFET can be used to construct a simple inverter as shown in Fig. 14.7.
Determine the current / and the output voltage V, if (a) ¥, =0Vdc, and {b) ¥, = +5 Vdc.

Solution

(a) ¥,=0Vdc. There is no current in the 100-k(2 resistor. Thus the gate-gource valtage is zero, The MOSFET is off
(thz switch is open). The MOSFET current and the current in ﬂw 10—1:{1 :esnstof are zcro. Thc voitage V,is+5
Vdc.

®) V,=+5 Vdc The gabe is more pmmve thax the source—the MOSFET is on (thc sw1tch is closed) ¥, is zero.
'I'he MOSFET cutrent is /= 0.5 mA. This circuit could alsobetxsedm mplemen‘t thebamc mverter mt'oduced
in Chapter 1 (Fig. 1.10).

The small size of a MOSFET on an IC is one of the great advantages of ICs constructed using MOSFETS.
The 10-k€2 resistor in Fig. 14.7 requires a large area on an IC compared to a MOSFET. A second MOSFET
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can be used in place of this resistor, as shown in Fig. 14.8. In this case, transistor O, has its gate connected
directly to its drain. When it is connected in this fashion, its behavior is similar to a resistor but shows little
non-linearity compared to passive load, 0, is called an active load, and this circuit is a simple inverter.

+5 Vde

+5 Vdc

A
10kQ
£ ' +
100 k€2
v, o—/\A/\,—l ! qu V2
! T

Complementary Metal-Oxide-Semiconductor (CMOS) FETs

ICs constructed entirely with #-channel MOSFETs are called NMOS ICs. 1Cs constructed entirely with
p-channel MOSFETs are called PMOS ICs. The 74C00 and 74HCO0 families are constructed using both
n-channel and p-channel MOSFETs, Since n-channel and p-channel MOSFETs are considered complementary
devices, these ICs are referred to as CMOS ICs. .

A CMOS inverter is shown in Fig. 14.9. Ideally, the characteristics of the » channel are closely matched
with the p channel. This circuit is the basis for the 74C00 and 74HC00 families. Here’s how it works:

l. V,=0Vdc. Q isoffand O, ison. ¥,=+5 Vdc.
2. ¥ =+5Vdc.Q, isonand @ isoff. V,=0 Vde.

Note that in the steady state (while not switching), one
of the transistors is always off. As a result, the current / =
0 mA. When switching between states, both transistors are
on for a very short time because of the rise or fall time of
V. This is the only time the current ] is nonzero. This is the
reason CMOS is used in applications where dc power sup-
ply current must be held to a minimum—watches, pocket
calculators, etc. 4 word of warning: If the input ¥, is held -
at +5 Vde/2 = 2.5 Vdc, both transistors will be on. This is
an almost direct short between +5 Vdc and ground, and
it won’t be long before both transistors expire! So don’t - T
impose this condition on a CMOS IC, =

=

A CMOS inverter
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1. How does an LED differ from ai ordinary silicon diode? _

2. What are the'two types of BJTs? What is the complement of an n-chaanel MOSFET?
3. An npn BIT is on when its base is more (positive, negative) than its emitter.

4. What is an active load in an NMOS 1C?

.~ 14.2 7400 TTL. .

Standard TTL

Figure 14.10 shows a TTL NAND gate. The multiple-
emittey mput transistor is typical of the gates and other
devices in the 7400 series. Each emitter acts like a
diode; therefore, 0, and the 4-kQ resistor act like a
2-input AND gate. The rest of the circuit inverts the
signal so that the overall circuit acts like a 2-input
NAND gate, The output transistors (@, and Q) form
a totem-pole connection {one npn in series with
another); this kind of output stage is typical of most
TTL devices. With a totem-pole output stage, either
the upper or lower transistor is on, When Q, is on, the
output is high; when @, is on, the output is low.

The input voltages 4 and B are either low (ideally
grounded) or high (ideally +5 V). If 4 or B is low,
the base of (0, is pulled down to approximately 0.7 V. This reduces the base voltage of 0, to almost zero.
Therefore, O, cuts off. With (, open, 0, is off, and the Q, base is pulled high. The emitter of 0, is only 0.7

4

V below the base, and thus the ¥ output is pulled up to a high voltage.

On the other hand, when 4 and B are both high volt-
ages, the emitter diodes of Q, stop conducting, and

Two-input TTL NAND gate

Two-Input NAND Gate

the collector diode goes into forward conduction. This A B C

forces @, to turn on. In tum, @, goes on and Q, turns s

off, producing a low output. Table 14.1 summarizes all e 0 1

input and output conditions. f ? ' (1) ) :
Without diode D, in the circuit, @, will conduct 1. 1 0

slightly when the output is low. To prevent this, the di-
ode is inserted; its voltage drop keeps the base-emitter diode of Q, reverse-biased. In this way, only 0, con-
ducts when the output is low.

Totem-Pole Output

Totem-pole transistors are used because they produce a Jow output impedance. Either ), acts as an emitter
follower (high output), or O | is on (low output). When 0, is conducting, the output impedance is approximately
70 ohms (£2); when (, is on, the output impedance is only 12 Q (this can be calculated from information on
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the data sheet). Either way, the output impedance is low. This means the output voltage can change quickly
from one state to the other because any stray output capacitance is rapidly charged or discharged through the
low output impedance.

Propagation Delay Time and Power Dissipation

Two quantities needed for later discussion are power dissipation and propagation delay time. A standard TTL
pate has a power dissipation of about 10 milliwatts (mW). It may vary from this value because of signal
levels, tolerances, ete. but on the average it is 10 mW per gate. The propagation delay time is the time it takes
for the output of a gate to change after the inputs have changed. The propagation delay time of a TTL gate is
approximately 10 nanoseconds (ns).

Device Numbers

By varying the design of Fig. 14.10 manufacturers

can alter the number of inputs and the logic func- Standard TTL

tion. With only few exceptions, the multiple-emit- Deévice Number Description
:;r inputs and the.totcm-pole outpl.lts are used for 7400 - Quad 2-input NAND gates
ifferent TTL devices. Table 14.2 lists some of the 7402 Quad 2-input NOR gates
7400 series TTL gates. For instance, the 7400 is a 7404 : Hex inverter
chip with four 2-input NAND gatesinone package. |- =~ 9408 Quad 2-input AND gates
Similarly, the 7402 has four 2-input NOR gates, the | L R Triple 3-input NAND gates
7404 has six inverters, and so on. - 7411 : Triple 3-input AND gates
. 7420 Dual 4-input NAND gates
5400 Series ... 742t Dual 4-input AND gates
1428 Dual 4-input NOR gates
Any device in the 7400 serics works over a AR 7 % S Triple 3-input NOR gates
temperature range of 0 to 70°C and over a |- ' 7430 * 8-input NAND gate
supply range of 4.75 to 5.25 V. This is adequate |-+ - 7486 . 71" Quad 2-input XOR gates

for commercial applications. The 5400 series,
developed for the military applications, has the same logic functions as the 7400 series, except that it works
over a temperature range of —55 to 125°C and over a supply range of 4.5 to 5.5 V. Although 5400 series
devices can replace 7400 series devices, they are rarely used commercially because of their much higher
cost.

High-Speed TTL

The circuit of Fig. 14.10 is called standard TTL. By decreasing the resistances a manufacturer can lower the
internal time constants; this decreases the propagation delay time. The smaller resistances, however, increase
the power dissipation. This design variation is known as high-speed TTL. Devices of this type are numbered
74H00, 74H01, 74H02, and so on. A high-speed TTL gate has a power dissipating around 22 mW and a
propagation delay time of approximately 6 ns.

Low-Power TTL

By increasing the internal resistances a manufacturer can reduce the power dissipation of TTL gates. Devices
of this type are called Jow-power TTL and are numbered 74L00, 74L01, 74102, etc. These devices are
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slower than standard TTL because of the larger internal time constants. A low-power TTL gate has a power
dissipation of ! mW and a propagation delay time of about 35 ns.

Schottky TTL

With standard TTL, high-speed TTL, and low-

power TTL, the transistors are switched on with

excessive current, causing a surplus of carriers to

be stored in the base. When you switch a transistor

from on to off, you have to wait for the extra ::>
carriers to flow out of the base. The delay is known

as saturation delay time.

One way to reduce saturation delay time is with
Schottky TTL. The idea is to fabricate a Schottky
diode along with each bipolar transistor of a
TTL circuit, as shown in Fig. 14.11. Because the
Schottky diode has a forward voltage of only 0.25 to 0.4 V, it prevents the transistor from saturating fully.

This virtually eliminates saturation delay time, which means better switching speed. These devices are
numbered 74500, 74801, 74502, and so forth.

Schottky TTL devices are very fast, capable of operating reliably at 100 megahertz (MHz). The 74500 has
a power dissipation around 20 mW per pate and a propagation delay time of approximately 3 ns.

Schottky diode prevents
transistor saturation

Low-Power Schottky TTL

By increasing internal resistances as well as using Schottky diodes, manufacturers have come up with a com-
promise between low power and high speed: low-power Schottky TTL. Devices of this type are numbered
7ALS00, 7ALS01, 741802, etc. A low-power Schottky gate has a power dissipation of around 2 mW and a
propagation delay time of approximately 10 ns, as shown in Table 14.3,

The Winner

Low-power Schottky TTL is the best compromise between power dissipation and saturation delay time. In
other words, of the five TTL types listed in Table 14,3, low-power Schottky TTL has emerged as the favorite
of digital designers. It is used for almost everything. When you must have more output current, you can fall
back on standard TTL. Or, if your application requires faster switching speed, then Schottky TTL is useful.
Low-power and high-speed TTL are rarely used. if at all.

5 Draw the. symbol fora Scho%tky transzstox _
6. Which TTL family offers the lowest power -and the fastest wuon'?

. 14.3 TTL PARAMETERS '

7400 series devices are guaranteed to work reliably over a temperature range of 0 to 70°C and over a supply
range of 4.75 to 5.25 V. In the discussion that follows, worst case means that the parameters (input current,
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output voltage, and so on) are measured under the worst conditions of temperature and voltage. This means
maximum temperature and minimum voltage for some parameters, minimum temperature and maximum
voltage for others, or whatever combination produces the worst values.

Floating Inputs

When a TTL input is high (ideally +5 V), the emitter current is approximately zero (Fig. 14.12a). When aTTL
input is floating (unconnected, as shown in Fig. 14.12b}, no emitter current is possible because of the open
circuit. Therefore, a floating TTL input is equivalent to a high output. Because of this, you sometimes see
unused TTL inputs left unconnected; an open input allows the rest of the gate to function properly.

There is a disadvantage to floating inputs. When you leave an input open, it acts as a small antenna.
Therefore, it will pick up stray electromagnetic noise voltages. In some environments, the noise pickup is
large enough to cause erratic operation of logic circuits. For this reason, most designers prefer to connect
unused TTL inputs to the supply voltage.

HV——— - AV +5V +5V
4kQ 4kQ L 1kQ
A—1 Y A Y
TN N = Bi_jn—
(@ (b) (©) (@

(@8 Frg. 14.12 ) (a) High input, (b) Open is equivalent to high input, (c) Direct connection
to supply voltage, (d) High input through a pull-up resistor

For instance, Fig. 14.12c shows a 3-input NAND gate. The top input is unused, so it is connected to +5 V.
A direct connection like this is all right with most Schottky devices (74S and 74LS) because their inputs can
withstand supply overvoltages caused by switching transients. Since the top input is always high, it has no
effect on the output. (Note: You don’t ground the unused TTL input of Fig. 14.12¢ because then the output
would remain stuck high, no matter what the values of 4 and B.)

Figure 14.12d shows an indirect connection to the supply through a resistor. This type of connection is
used with standard, low-power, and high-speed TTL devices (74, 741, and 74H). These older TTL devices
have an absolute maximum input rating of +5.5 V. Beyond this level, the ICs may be damaged. The resistor
is called a pull-up resistor because it serves to pull the input voltage up to a high. Most transients on the
supply voltage are too short to charge the input capacitance through the pull-up resistor. Therefore, the input
is protected against temporary overvoltages.

Worst-Case Input Voltages

Figure 14.13a shows a TTL inverter with an input voltage of ¥ and an output voltage of V. When ¥, is0V
(grounded), it is in the low state and is designated V. With TTL devices, we can increase ¥, to 0.8 V and still
have a low-state input because the output remains in the high state. In other words, the low-state input voltage
¥, can have any value from 0 to 0.8 V. TTL data sheets list the worst-case low input as

V =08V

I, max
If the input voltage is greater than this, the output state is unpredictable.

However, suppose ¥ is 5 Vin Fig. 14.13a. This isa high input and can be designated V. This voltage can
decrease all the way down to 2 V without changing the output state. In other words, the high-stage input V',
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is from 2 to 5 V; any input voltage in this range produces a low output voltage. Data sheets list the worst-case
high input as
I VAY

[H

When the input voltage is less than this, the output state is again unpredictabie.

Figure 14.13b summarizes these ideas. As you see, any input voltage less than 0.8 V is a valid low-state
input. Any input greater than 2 V is a valid high-state input. Any input between 0.8 and 2 V is indeterminate
because there is no guarantee that it will produce the correct output voltage.

Worst-Case Output Voltages

Ideally, the low output state is 0 V, and the high output state is 5 V. We cannot attain these ideal values because
of internal voltage drops inside TTL devices. For instance, when the output voltage is low in Fig. 14.13a, o,
is saturated and has a small voltage drop across it. With TTL devices, any output voltage from 0 to 0.4 V is
considered a low output and is designated ¥,. This means the low-state output ¥, o, 0F a TTL device may have
any value between 0 and 0.4 V. Data sheets list the worst-case low output as

Voo mx =04V
* + o +5V
1300
5V 5V
Valid high input Valid high input
v v
I ? 24V
Indetemunam . Indeterminate
0.8V L ’
i i 04V
= = Valid low input Valid low output
(b) (©)

(a) TTL inverter, (b) TTL input profile, (c} TTL output profile

When the output is high, 0, acts as an emitter follower. Because of the voltage drop across @,, D, and the
130-2 resistor, the output voltage will be less than supply voltage. With TTL devices, the high- state output
voltage is designated ¥,; it has a value between 2.4 and 3.9 V, depending on the supply voltage, temperature,
and load. TTL data sheets list the worst-case high output as

=24V

OH min
Figure 14.13¢ summarizes the output states. As shown, any output voltage less than 0.4 V is a valid low-
state output, any output voltage greater than 2.4 V is a valid high-state output, and any output between 0.4
and 2.4 V is indeterminate under worst-case conditions,
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The input characteristics of Fig. 14.13b are called the TTL input profile. Furthermore, each rectangular area
in Fig. 14.13b can be thought of as a window. There is a low window (0 to 0.8 V), an indeterminate window
(0.8 t0 2.0 V), and a high window (2.0 to 5 V),

Similarly, Fig. 14.13c is the TTL output profile. Here you see a low window from 0 to 0.4 V, an indeterminate
window from 0.4 to 2.4 V, and a high window from 2.4 to 5 V.

Profiles and Windows

Values to Remember

We have discussed the low and high states for the input and output voltages. Here they are again as a refer-
ence for future discussions:

Vif,,mnx = 08 v
VIH.rnin = 2 v

Vorms =04V
Votrmin =24V

These are the worst-case values shown in Fig. 14.13b and c. On the input side, a voltage has to be less
than 0.8 V to qualify as a low-state input, and it must be more than 2 V to be considered a high-state input.
On the output side, the voltage has to be less than 0.4 V to be a low-state output and more than 2.4 Vio be a
high-state output.

Compatibility

TTL devices are compatible because the low and high output windows fit inside the low and high input
windows. Therefore the output of any TTL device is suitable for driving the input of another TTL device.
For instance, Fig. 14.14a shows one TTL device driving another. The first device is called a driver and
the second a Joad.

Figure 14.14b shows the output stage of the TTL driver connected to the input stage of the TTL load.
The driver output is shown in the low state. Since any input less than 0.8 V is a low-state input, the
driver output (0 to 0.4 V) is compatible with the load input requirements.

Similarly, Fig. 14.14c shows high TTL ocutput. The driver output (2.4 to 3.9 V) is compatible with the
load input requirements (greater than 2 V),

Sourcing and Sinking

When a standard TTL output is low {Fig. 14.14b}, an emitter current of approximately 1.6 milliamperes
(mA) (worst case) exists in the direction shown. The conventional flow is from the emitter of O, to the
collector of Q,. Because it is saturated, Q, acts as a current sink; conventional current flows through Q,
to ground like water flowing down a sink.

However, when the standard TTL output is high (Fig. 14.14c), a reverse emitter current of 40
microamperes (4A) (worst-case) exists in the direction shown. Conventional current flows out of 0, to
the emitter of . In this case, Q, is acting as a source.

Data sheets list the worst-case input currents:

I =-1.6mA [ =40 uA

If max TH max
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--—- +5V
130 Q
+5V ----
- 0;
4%Q
1.6 mA
0t004V 0 T
L Yo il TIL o 0
driver load 4 . .
Less than 0.8 V is low input
(a) (b}
- +5V
130 Q
+5V ----
05
4%kQ
40 pA
241039V & o
R 0,
More than 2 V is high input

(c)

Sourcing and sinking current

The minus sign indicates that the conventional current is out of the device; a plus sign means the
conventional current is into the device. All data sheets use this notation, so do not be surprised when you see
minus currents. The previous data tells us the maximum input current is 1.6 mA (outward) when an input is
low and 40 pA (inward) when an input is high.

Noise Immunity
In the worst case, there is a difference of 0.4 V between the driver output voltages and required load input
voltages. For instance, the worst-case low values are

Voram = 04V driver output

OL,

Vime = 08V load input
Similarly, the worst-case high values are

Votmin = 24V driver output

Vioin =2V load input
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In either case, the difference is 0.4 V. This 7400 104V 0.4V [ 7400
difference is called noise immunity. It represents driver load
built-in protection against noise. Note that the (a)
concept of noise margin has been introduced in
section 1.8 of Chapter 1. 7400 |04V +O;E\V_ 08V /[ 7400

Why do we need protection against noise? The driver 'S load
connecting wire between a TTL driver and load is N‘Ese
equivalent to a small antenna that picks up stray ()
noise signals. In the worst case, the low input to 7400 |24V +0',4\V_ 2V 7400
the TTL load 1s driver 1 load

Noise
VH’. = VOL + Vnolse = 04 V+ Vnuisc (C)

and the high-stage input is (a) TTL driver and load, (b) False

V=V, -V =24V-V__ triggeri.ng iptn. high state, (c)
False triggering into low state

In most environments, the induced noise volt-
age is less than 0.4 V, and we get no false triggering of the TTL load.

For instance, Fig. 14.15a shows a low output from the TTL driver. If no noise voltage is induced on the
connecting wire, the input voltage to the TTL load is 0.4 V, as shown. In a noisy environment, however, it is
possible to have 0.4 V of induced noise on the connecting wire for either the low state (Fig. 14.15b) or the
high state (Fig. 14.15c). Either way, the TTL load has an input that is on the verge of being unpredictable. The
slightest additional noise voltage may produce a false change in the output state of the TTL load.

Standard Loading

A TTL device can source current (high output) or sink current (low output). Data sheets of standard TTL
devices indicate that any 7400 series device can sink up to 16 mA, designated

1, =16mA

OL.m

and can source up to 400 pA, designated
! =400 uA

OH_max

(Again, a minus sign means that the conventional current is out of the device, and a plus sign means that it is
into the device.) As discussed earlier, the worst-case TTL input currents are

I =_16mA I, =40pA

iL, max #H, max
Since the maximum output currents are 10 times larger than the input currents, we can connect up to 10 TTL
emitters to any TTL output.

As an example, Fig. 14.16a shows a low output voltage (worst case). Notice that a single TTL driver
is connected to [0 TTL loads (only the input emitters are shown). Here you see the TTL driver sinking 16
mA, the sum of the 10 TTL load currents. In the low state, the output voltage is guaranteed to be 0.4 V ar
less. If you try connecting more than 10 emitters, the output voltage may rise above 0.4 V under worst-case
conditions. If this happens, the low-state operation is no longer reliable. Therefore, 10 TTL loads are the
maximum that a manufacturer allows for guaranteed low-state operation.

Figure 14.16b shows a high output voltage (worst case) with the driver sourcing 400 yA for 10 TTL loads
of 40 A each. For this source current, the output voltage is guaranteed to be 2.4 V or greater under worst-
case conditions. If you try to connect more than 10 TTL loads, you will exceed / and high-state operation
becomes unreliable.

{31 max
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- 4+ o + VCC o » o+ Ve
llémA llémA l6mA
16 mA 400p‘.A

() 4V 10 emitters 2 AV 10 emitters

o Y 2 o GND c + —o GND
(b}

(a) Low-state fanout, (b) High-state fanout

Loading Rules

Figure 14.17 shows the output-input profiles for different types of TTL. The output profiles are on the left,
and the input profiles are on the right. These profiles are a concise summary of the voltages and currents for
each TTL type. Start with the profiles of Fig, 14.17a; these are for standard TTL. On the left, you see the pro-
file of output characteristics. The high output window is from 2.4 to 5 V with up to 400 uA of source current;
the low output window is from 0 to 0.4 V with up to 16 mA of sink current. On the right, you see the input
profile of a standard TTL device. The high window is from 2 to 5 V with an input current of 40 yA, while
the low window is from 0 to 0.8 V with an input current of 1.6 mA.

5V 5V 5V 5V
400 ptA 40 uA 200 pA | 10 A
24V 24V
‘ 20V 20V
Invalid Invalid Invalid Invalid
08V 08V
04V 1.6 mA 04V 0.18 mA
oV 16 mA 0V oV 3.6 mA 0V
(a) (b)
5V SV 5V 5V
1 mA 50 uA 400 pA 20 uA
24V 24V
20V , 20V .
Invatid Invalid Invalid Invalid
0.8V 08V
04V 2 mA 04V 0.36 mA
oy 20mA ov ovl2ma 1RY
(c) (d)

(&9 Fiz. 14.17 ) TTL output-input profiles: (a) Standard TTL, (b) Low-power TTL,
(c) Schottky TTL, (d) Low-power Schottky TTL
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Standard TTL devices are compatible because the low and high output windows fit inside the corresponding
input window. In other words, 2.4 V is always large enough to be a high input to a TTL load, and 0.4 V is
always small enough to be a low input. Furthermore, you can see at a glance that the available source current
is 10 times the required high-state input current, and the available sink current is 10 times the required
low-state input current. The maximum number of TTL loads that can be reliably driven under worst-case
conditions is called the fanout. With standard TTL, the fanout is 10 because one TTL driver can drive 10 TTL
leads.

The remaining figures all have identical voltage windows. The output states are always 0 to 0.4 and 2.4
to 5V, while the input states are 0 to 0.8 and 2 to 5 V. For this reason, all the TTL types are compatible; this
means you can use one type of TTL as a driver and another type as a load.

The only differences in the TTL types are the currents. You can see in Fig. 14.17a to d that the input and
output currents differ for each TTL type. For instance, a low-power Schottky TTL driver (see Fig. 14.17d) can
source 400 UA and sink 8 mA; a low-power Schottky load requires input currents of 20 gA (high state) and
0.36 mA (low state). These numbers are different from standard TTL (Fig. 14.17a) with its output currents of
400 yA and 16 mA and its input currents of 40 A and 1.6 mA.

Incidentally, notice that the profiles of high-speed TTL are omitted in Fig. 14.17 because Schottky
TTL has replaced high-speed TTL, in virtually all applications. If you need high-speed TTL data, consult
manufacturers’ catalogs.

By analyzing Fig. 14.17a to d (plus the data sheets for high-speed TTL), we can calculate the fanout for
all possible combinations. Table 14.4 summarizes these fanouts, which are useful if you ever have to mix
TTL types.

Read Table 14.3 as follows. The TTL types have been abbreviated; 74 stands for 7400 scries (standard),
74H for 74HO0 series (high speed), and so forth. Drivers are on the left, and loads are on the right. Pick the
driver, pick the load, and read the fanout at the intersection of the two. For instance, the fanout of a standard
device (74} driving low-power Schottky devices (74LS) is 20. As another example, the fanout of a low-power
device (74L) driving high-speed devices (74H) is only 1.

able 14, Fanouts
TTL TTL Load
Driver 74 . T4H 74L 748 74LS
74 10 8 40 8 20
T4H 12 10 50 10 25
T4L 2 1 20 I 10
74S 12 10 100 10 50
7415 5 4 40 4 20

7. Why should TTL gate inputs never be left floating?
8. What is a TTL input profile?
9. What is the delay time for a 74L.804?
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. 14.4 TTL OVERVIEW '

Let’s take a look at the logic functions available in the 7400 series. This overview will give vou an idea of
the variety of gates and circuits found in the TTL family. As a guide, Appendix 3 lists some of the 7400 series
devices.

NAND Gates

The NAND gate is the backbone of the 7400 series. All devices in this series are derived from the 2-input
NAND gate shown in Fig. 14.10. To produce 3-, 4-, and 8-input NAND gates, the manufacturer uses 3-, 4-,
and 8-emitter transistors. Because they are so basic, NAND gates are the least expensive devices in the 7400
series.

NOR Gates
To get other logic functions the manufacturer modifies * » — +5V
4%Q T4k§2 1.6k9§ 130 &

the basic NAND-gate design. For instance. Fig. 14.18
shows a 2-input NOR gate. Herg Q, and (), have been
added to basic NAND-gate design. Since 0, and Q, are
in parallel, we get the OR function, which is followed
by inversion to get the NOR function.

When 4 and B are both low, the bases of ¢, and Q. 2 I
s

/ \
©

are pulled low; this cuts off 0, and Q.. Then O, acts as
an emitter-follower, and we get a high output.

If A or B is high, O, and Q. are cut off, forcing 0, or
Q, to turn on. When this happens, (, saturates and pulls
the output down to a low voltage.

o

iAW E

With more transistors, a manufacturer can produce
3- and 4-input NOR pates. (Note: A TTL 8-input NOR
gate is not available.)

TTL NOR gate

AND and OR Gates

To produce the AND function, another inverting stage is inserted in the basic NAND-gate design. The extra
inversion converts the NAND gate to an AND gate. The available TTL AND gates are the 7408 (quad
2-input), 7411 {triple 3-input), and 7421 {dual 4-input).

Similarly, another inverting stage can be inserted in the NOR gate of Fig. 14.18; this converts the NOR
gate to an OR gate. The only available TTL OR gate is the 7432 (quad 2-input).

Buifer Drivers

All IC buffer can source and sink more current than a standard TTL gate. As an example, the 7437 is a quad
2-input NAND buffer, meaning four 2-input NAND gates optimized to get high output currents. Each gate
has the following worst-case currents:

I, =-1.6mA [,=40uA
1, =48 mA =-12mA

10.‘ 7
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The input currents are the same as those
of a 7400 (standard TTL NAND gate), but
the output currents are 3 times as high. This
means that a 7437 can drive heavier loads. In
other words, the fanout of a 7437 is 3 times
that of a 7400. Appendix 3 includes several
other buffer-drivers.

Hex schmitt-trigger (discussed in Chapter
7) inverter 1C 7414 is shown in Fig. 14.19a.

AND-or-INVERT Gates

Figure 14.20 shows the schematic diagram
of an AND-OR-INVERT circuit. Here, @,
Q,, @, and Q, form the basic 2-input NAND
gate of the 7400 series. By adding O, and 0,
we convert the basic NAND gate to an AND-
OR-INVERT gate. Both O, and (; act as 2-

Vec [14] [13] [12] Nu] fio] fo] [s]

(@% Fig. 14.19 ) (a) Hex Schmitt-trigger inverters,

(b) 4-input NAND Schmitt trigger,
{c) 2-input NAND Schmitt trigger

input AND gates; 0, and Q, produce ORing and inversion. Because of this, the circuit is logically equivalent
1o Fig. 14.20b. This circuit represents 2-input, 2-wide AND-OR-INVERT gate. It is 2-input as each AND gate
has 2 inputs and it is 2-wide because there are 2 AND gates at input stage. Figure 14.21a shows the schematic
diagram of an expandable AND-OR-INVERT gate. As the name suggests, many such gates put together can
expand the width at the input side. The difference between this and preceding AND-OR-INVERT gate (Fig.
14.20) is the collector and emitter pin brought outside the package.

Since @, and O, are the key to the ORing operation, we are being given access to the internal ORing
function. By connecting other gates to these new inputs, we can expand the width of the AND-OR-INVERT

gate.

U w o

A_....—l
B..._..-._

C‘.._J

D —

(b)

(a) AND-OR-INVERT schematic diagram, (b) Circuit
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Bubble
(collector)
- * 5V
4kQ é 4kQ 1.6k9% 130 €
4
A —T
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D 5 ' Bubble
Arrow
%1 kQ (b)
Arrow = =
(emitter)

(a)
(a) Expandable AND-OR-INVERT gate, (b) Logic symbol

Figure 14.21b shows the logic symbol for an expandable AND-OR-INVERT gate. The arrow input
represents the emitter and the bubble stands for the collector. Table 14.4 lists the expandable AND-OR-
INVERT gates in the 7400 series.

Expandable AND-OR—INVERT Gates

Description

Dual 2-input 2-wide
2-input 4-wide
4-input 2-wide

PRSELF-TEST)

10. What is the value of a buffer-driver?
11. What is an application for a Schmitt trigger?
12. What is the “width” of an AND-OR-INVERT gate?

. 14.5 OPEN-COLLECTOR GATES .

Instead of a totem-pole output, some TTL devices have an open-collector output. This means they use only
the lower transistor of a totem-pole pair. Figure 14.22a shows a 2-input NAND gate with an open-collector
output. Because the collector of (, is open, a gate like this will not work properly until you connect an
external pull-up resistor, shown in Fig. 14.22b.
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Pull-up resistor é

—o Y

+5V

Pull-up
resistor

(b} (©)

(@9 Fig. 14.22 ) Open-collector TTL: (a) Circuit, (b) Pull-up resistor, (c) Open-collector
outputs connected to a pull-up resistor

The outputs of open-collector gates can be wired together and connected to a common pull-up resistor.
For instance, Fig. 14.22¢ shows three TTL devices connected to the pull-up resistor. This is known as wire-
OR (some called it wire-AND). A connection like this has the advantage of combining the output of three
devices without using a final OR gate (or AND gate). The combining is done by a direct connection of the
three outputs to the lower end of the common pull-up resistor. This is very useful when many devices are
wire-ORed together. For instance, in some systems the outputs of 16 open-collector devices are connected
to a pull-up resistor.

The big disadvantage of open-collector gates is their slow switching speed. Why is it slow? Because the
pull-up resistance is a few kilohms, which results in a relatively long time constant when it is multiplied
by the stray output capacitance, The slow switching speed of open-collector TTL devices is worst when
the output goes from low to high. Imagine all three transistors going into cutoff in Fig. 14.22c. Then any
capacitance across the output has to charge through the pull-up resistor. This charging produces a relatively
slow exponential rise between the low and high state.

" 13. What must be connected to the output of an open-collector TTL gate?
14. Open-collector gates have (slower, faster) switching times.
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. 14.6 THREE-STATE TTL DEVICES '

Using a common pull-up resistor with open-collector devices is called passive pull-up because the supply
voltage pulls the output voltage up to a high level when all the transistors of Fig. 14.22¢ are cut off. There
is another approach known as active puli-up. It uses a modified totem-pole output to speed up the charging
of stray output capacitance. The effect is to dramatically lower the charging time constant, which means the
output voltage can rapidly change from its low to its high stage.

Why Standard TTL Will Not Work

If you try to wire-OR standard TTL gates, you will destroy one or more of the devices. Why? Look at
Fig.14.23 for an example of bad design. Notice that the output pins of two standard TTL devices are
connected. If the output of the second device is . - 5V

low, O, is on and appears approximately like a

short circuit. If, at the same time, the output of

the first device is in the high state, then ), acts

as an emitter follower that tries to pull the output High
voltage to a high level. Since Q. and Q, are both

conducting heavily, only 130 Q remains between

the supply voltage and ground. The final result

is an excessive current that destroys one of the

TTL devices,

130 Q

¥

Excessive

Low current

Low DISABLE Input :
. - GND

As you have seen, wire-ORing standard TTL First device . Second device
devices will not work because of destructive
currents in the output stages. This inability to
wire-OR ordinary totem-pole devices is what
led to three-state (tri-state) TTL, a new breed of totem-pole devices introduced in the early 1970s. With
three-state gates, we can connect totem-pole outputs directly without destroying any devices. The reason for
wanting to use totem-pole outputs is to avoid the loss of speed that occurs with open-collector devices.

Direct connection of TTL outputs
produces excessive current

Figure 14.24 shows a simplified drawing for a three-
state inverter. When DISABLE is low, the base and collec-
tor of ¢J, are pulled low. This cuts off Q, and Q,. Therefore,
the second emitter of Q, and the cathode of D, are floating.
For this condition, the rest of the circuit acts as an inverter;
a low 4 input forces Q, and @, to cut off, while ¢, and Q,
turn on, producing a high output. On the other hand, a high
4 input forces (J, to turn on, which drives Q. on and pro-
duces a low output. Table 14.5 summarizes the operation for low DISABLE.

High DISABLE Input

When DISABLE is high, the base and collector of Q, go high, which turns on (. and Q. Ideally, the collector
of O, is pulled down to ground. This causes the base and collector of ), to go low, cutting off 0, and Q..
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Also Q, is off because of the clamping action of D,.
In other words, the base of 0, is only 0.7 V above
ground, which is insufficient to turn on 0, and Q,.
With both 0, and Q, off, the ¥ output is floating.
Ideally, this means that the Thévenin impedance look-
ing back into the ¥ output approaches infinity. Table
14.5 summarizes the action for this high-impedance =
state. As shown, when DISABLE is high, input A is *
a don’t care because it has no effect on the Y output. %
Furthermore, because of the high output impedance, L
the output line appears to be disconnected from the
rest of the gate. In effect, the output line is floating. DISABLE Os &

In conclusion, the output of Fig. 14.24 can be in O
one of three states: low, high, or floating.

Logic Symbol

Three-state inverter

Figure 14.25a is an equivalent circuit for the three-
state inverter. When DISABLE is low, the switch is closed and the circuit acts as an ordinary inverter. When
DISABLE is high, the switch is open and the ¥ output is floating or disconnected.

Figure 14.25b shows the logic symbol for a three-state inverter. When you see this symbol, remember that
a low DISABLE results in normal inverter action, but a high DISABLE floats the Y output.

Three-State Buffer

By modifying the design, we can produce a three-state buffer, whose logic symbol is shown in Fig. 14.25¢.
When DISABLE is low, the circuit acts as a noninverting buffer, so that ¥ = 4. But when DISABLE is high,
the output floats. The three-state buffer is equivalent to an ordinary switch. When DISABLE is low, the
switch is closed. When DISABLE is high, the switch is open.

A Dc o Y A AIK— Y 4 4[?}'
DISABLE DISABLE
(b) (©)

(a)

Three-state logic diagrams: (a) Equivalent circuit of inverter, (b) Logic
symbol of inverter, {c) Logic symbol of buffer

The 74365 is an example of a commercially available three-state hex noninverting buffer. This IC contains
six buffers with three-state outputs. It is ideal for organizing digital components around a bus, a group of
wires that transmits binary numbers between registers.

Bus Organization

Figure 14.26 shows some registers connected to a common bus. The three-state buffers control the flow of
binary data between the registers. For instance, if we want the contents of register 4 to appear on the bus, ali
we have to do is make DISABLE low for register 4 but high for registers B and C. Then all the three-state
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Bus

Register 4

DISABLE X -] Register B
[ [ I/qlz\
DISABLE

{

L >

Register C

DISABLE - i i

Three-state bus control

switches on register 4 are closed, while all other three-state switches are open. As a result, only the contents
of register 4 appear on the bus.

The idea in any bus-organized system is to make DISABLE high for all registers except the
register whose contents are to appear on the bus. In this way, dozens of registers can time-share the
same transmission path. Not only does this reduce the amount of wiring, but also it has simplified
the architecture and design of computers and other digital systems. Refer to simple computer design
discussed in Chapter 16.

15. Why are three-state gates used in conjunction with computer buses?

14.7. EXTERNAL DRIVE FOR TTL LOADS.

To drive a TTL load with an external source, you need to satisfy the TTL input requirements for voltage and
current. For standard TTL in the low state, this means an input voltage between 0 and 0.8 V with a current of
approximately 1.6 mA. In the high state, the voitage has to be from 2 to 5 V with a current of approximately
40 pA. Let us take a brief look at some of the ways to drive a TTL load.

Switch Drive

Figure 14.27 shows the preferred method for driving a TTL input from a switch. With the switch open,
the input is pulled up to +5 V. In the worst case, only 40 yA of input current exists. Therefore, the voltage
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appearing at the input pin is slightly less than the supply voltage because of the small voltage drop across the
pull-up resistor:

V=5V -(40puA)X1kQ)=496V
This is well above the minimum requirement of 2 V, which is fine because it means that the noise immunity

is excellent.

When the switch is closed, the input is pulled down to ground. In the worst case, the input current is 1.6
mA. This sink current creates no problem because it flows through the closed switch to ground. The noise
immunity is fine because the input voltage is 0 V, well below the maximum allowable value of 0.8 V.

Size of Pull-Up Resistance

A pull-up resistance of 1 k£ is nominal. You can use 5V
other values. Here are some of the factors to consider
when you are selecting a pull-up resistor. In Fig. 14.27, 1kQ

the current drain with a closed switch is

LA =
AN

The smaller the pull-up resistance, the larger the
current drain. At some point, too much current drain
becomes a problem for the power supply, so you have
to use a resistance that is large enough to keep the
current drain to tolerable levels.

On the other hand, too large a pull-up resistance causes speed problems. The worst case occurs when the
switch is opened. For instance, if the input capacitance is 10 picofarads (pF) in Fig. 14.27, the time constant
is

i

Switch drive for TTL input

RC={1k&)(10 pF) = 10 ns
The larger the pull-up resistance, the larger the time constant. A larger time constant means a slower
switching speed because the input capacitance has to charge through the pull-up resistance.
Pull-up resistances between 1 and 10 kQ are typical. They result in current drains and time constants that
are acceptable in most applications.

Transistor Drive

Figure 14.28a shows another way to drive a TTL laid. This time, we are using a transistor switch to control
the state of the TTL input. When ¥, is low, the transistor is off and is equivalent to an open switch. Then
the TTL input is pulled up to +5 V through a resistance of 1 kQ. When ¥, is high, the transistor is on and is
equivalent to a closed switch. In this case, it easily sinks the 1.6 mA of input current.

The transistor inverts the control signal ¥. If this is objectionable, you can insert an inverter as shown in
Fig. 14.28b. Now, the double inversion produces an in-phase control signal at the TTL input.

Operational Amplifier Drive

Sometimes, you want to use the output of an operational amplifier (OA) to control a TTL input. Because OAs
typically-use split-supply voltages of +15 and —15 V, you have to be careful how you connect to the TTL
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+5V +5V
1kQ 1 kQ
SIS =
10 k2 B 10kQ B
7 7
(@) b

(a) Transistor drive for TTL input, (b) Inverter eliminates transistor inversion

load. Figure 14.29 shows one way to use the output +5V
of'a 741 to control a TTL input. The output of the OA
ideally swings from +15 to —15V. The positive swing
closes the transistor switch, producing a TTL input
of approximately 0 V. The negative swing drives the
transistor into cutoff, producing a TTL input of +5V.

Notice the diode in the base circuit. It protects
the base against excessive reverse voltage. The data
sheet of a 2N3904 indicates an absolute maximum
base-emitter voltage rating of ) Fig. 14, Op amp and transistor drive

Vv, =-6V for TTL input

BE,max

Since the negative output of the OA approaches ~15 V, we need to use a protective diode as shown between
the base and ground. This diode clamps the base voltage at approximately —0.7 V on the negative swing.

Comparator Drive

Figure 14.30a shows the schematic diagram for a typical comparator, an IC that detects when the input voltage
is positive or negative. Notice two things. First, a supply voltage of +15 V is typically used with this kind
of device. Second, the comparator has an open-collector output transistor, Q.. This sink transistor can be
connected to any supply voltage.

Figure 14.30b shows how to connect an LM339 (typical comparator) to a TTL load. Because of the
open-collector output, we can connect the output pin of the comparator to a supply voltage of +5 V through a
pull-up resistance of 1 k§2. When ¥ is positive, the sink transistor goes off and the TTL input is pulled high.
When ¥, is negative, the sink transistor goes on and the TTL output is pulled low.

T

16. What factors influence the size of the resistor in Fig. 14.297
17. What is the purpose of the diode in Fig. 14.31? '
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(a) Schematic diagram of comparator, (b) Interfacing an LM339 to a TTL input

14.8 TTL DRIVING EXTERNAL LOADS

Because standard TTL can sink up to 16 mA, you can use a TTL driver to control an external load such as a
relay, an LED, etc. Figure 14.31a illustrates the idea. When the TTL output is high, there is no load current.
But when the TTL output is low, the lower end of R, is ideally grounded. This sets up a load current of
approximately
5V
R,

b Since standard TTL can sink a maximum of 16 mA, the load resistance is limited to a minimum value of

about

i,

Driving an LED
Figure 14.31b is another example. Here a TTL circuit drives an LED. When the TTL output is high, the LED
is dark. When the TTL output is low, the LED lights up. If the LED voltage drop is 2 V, the LED current for
a low TTL output is approximately

_5V-2V

L= =11l1mA
270Q

Supply Voltage Different from +5 V

If you need to use a supply voltage different from +5 V, you can use an open-collector TTL device. For
instance, Fig. 14.32a on the next page shows an open-collector gate driving a load resistor that is returned
to +15 V. Since an open-collector device can sink a maximum of 16 mA, the minimum load resistance in
Fig. 14.32a is slightly less than 1 k€2.

If you want more than 16 mA of load current, you can use an external transistor, as shown in Fig. 14.32b.
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+5V +5V +5V
. o

L 270 Q -

(b)

(a) TTL output drives load ]
resistor, (b) TTL output ™ Fig. 1 » ) (a) Open-collector device
drives I:ED allows a higher supply voltage,

(b) Transistor increases current
drive

(b)

When the open-collector device has a low output, the external transistor goes off and the load current is zero.
When the device has a high output, the external transistor goes on and the load current is maximum.

8. Could the resistor R, in Fig. 14.34 be replaced with a red LED? -

14.9 74C00 CMOS

National Semiconductor Corporation pioneered the
74C00 series, a line of CMOS circuits that are pin-for-pin
and function-for-function compatible with TTL devices
of similar numbers. For instance, the 74C00 is a quad
2-input NAND gate, the 74C02 is a quad 2-input NOR,
gate, and so on. This CMOS family contains a variety of  4-—4¢
small-scale integration (SSI) and medium-scale integra-
tion (MSI) chips that aew you to replace many TTL de-
signs by the comparable CMOS designs. This is useful if
you are trying to build battery-powered equipment. The
7T4HCOO0 series is the high-speed CMOS family.

_
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NAND Gate

Figure 14.33 shows a CMOS NAND gate. The comple-
mentary design of input and output stages is typical of
CMOS devices. Notice that (, and (9, form one comple-
mentary connection; (0, and (, form another. Visualize
these transistors as switches. Then a low 4 input will
close O, and open Q,; a high 4 input will open @, and close Q,. Similarly, a low B input will open Q,, and
close {),; a high B input will close 0, and open g,

CMOS NAND gate
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In Fig. 14.33, the Y output is pulled up to the supply
voltage when either Q, or O, is conducting. The output is
pulled down to ground only when @, and @, are conduct-
ing. If you keep this in mind, it simplifies the following
discussion.

Case 1 Here A is low and B is low. Because 4 is low,
Q, is closed. Therefore, Y is pulled high through the small
resistance of {J,.

Case 2 Now A is low and B is high. Since 4 is still low,
Q, remains closed and Y stays in the high state.

Case 3 The A4 input is high and the B is low. Because B
is low, (2, is closed. This pulls Y up to the supply voltage
through the small resistance of Q,.

Case 4 The 4 is high, and the B is high. When both
inputs are high, @, and Q, are closed, pulling the output
down to ground.

Table 14.6 summarizes all input-output possibilities. As
you can see, this is the truth table of a positive NAND
gate. The output is low only when all inputs are high. To
produce the positive AND function, we can connect the
output of Fig. 14.33 to a CMOS invertet.

NOR Gate

Figure 14.34 shows a CMOS NOR gate. The output goes
high only when Q, and Q, are closed. The output goes low
if either 0, or Q, is closed. There are four possible cases:

Case 1 The A is low, and the B is low. For both inputs low,
Q, and Q, are closed. Therefore, Y is pulled high though the
small series resistance of O, and (),

Case 2 The A is low, and the B is high. Because B is high,
Q, is closed, pulling the output down to ground.

Case 3 The 4 is high, and the B is low. With 4 high, 0, is
closed. The closed Q, pulls the output low.

@

CMOS NAND Gate

B 4
Low Low High
Low High : Highi
High Low High
High High Low
o +Vp,

oo Low: s Low coeor: Highe

cooLow High Do Low

. High. . . Low . Low
High::. .. High ., Low

Case 4 The A4 is high, and the B is high. Since 4 is still high, , is still closed and the output remains

low.

Table 14.7 summarizes these possibilities. As you can see, this is the truth table of a positive NOR gate.

The output is low when any input is high.

Propagation Delay Time

A standard CMOS gate has a propagation delay time 7 of approximately 25 to 100 ns, with the exact value

depending on the power supply voltage and other factors. As you recall, 7 is the time it takes for the output
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of a gate to change after its inputs have changed. When two or more CMOS gates are cascaded, you have to

add the propagation delay times to get the total. For instance, if you cascade three CMOS gates each with a
¢, of 50 ns, then the total propagation delay time is 150 ns.

Power Dissipation

The static power dissipation of a device is its average power dissipation when the output is constant, The
static power dissipation of a CMOS gate is in nanowatts. For instance, a 74C00 has a power dissipation of
approximately 10 nanowatts (nW) per gate. This dissipation equals the product of supply voltage and leakage
current, both of which are dc quantities.

When a CMOS output changes from 10 mW
the low state to the high state (or vice
versa), the average power dissipation
increases. Why? The reason is that
during a transition between states, there
is a brief period when both MOSFETs
are conducting. This produces a spike
(quick rise and fall} in the supply current.
Furthermore, during a transition, any
stray capacitance across the output has
to be charged before the output voltage Vec=5V
can change. This capacitive charging
draws additional current from the power T T Y
supply. Since power equals the product 10° 16° 108 10t
of supply voltage and device current, Frequency, Hz
the instantaneous power dissipation p—— . ...
increases, which means the average (@R I3 ) Active power dissipation of a 74C00
power dissipation is higher.

The average power dissipation of a CMOS device whose output is continuously changing is called the
active power dissipation. How large is the active power dissipation? This depends on the frequency at which
the output is switching states. When the operating frequency increases, the current spikes occur more ofien
and active power dissipation increases. Figure 14.35 shows the active power dissipation of a 74C00 versus
frequency for a load capacitance of 50 pF. As you see, the power dissipation per gate increases with frequency
and supply voltage. For frequencies in the megahertz region, the gate dissipation approaches or exceeds 10
mW (TTL gate dissipation). For CMOS to have an advantage over TTL, you operate CMOS devices at lower
frequencies.

Another way to reduce power dissipation is to decrease the supply voltage. But this has adverse effects
because it increases propagation time and decreases noise immunity. Although CMOS devices can work over
a range of 3 to 15 V, the best compromise for speed, noise immunity, and overall performance is a supply
voltage from 9 to 12 V. From now on, we assume z supply voltage of 10 V, unless otherwise specified.

Incidentally, notice the use of ¥_. rather than V,p for the supply voltage. This is a carryover from TTL
circuits. You will find ¥, on the data sheets for 74C00 devices.

T T TTTTIT T T TTTTII T T II/T 1T TTATT
74C00
C, =50 pF

F-T TTTI00
1 111l

1 mW /]

T TTTITT
i1 LE1))l

0.1 mW 4 /

Power dissipation, mW
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54C00 Series

Any device in the 74C00 series works over a temperature range of —40 to +85°C. This is adequate for most
commercial applications. The 54C00 series (for military applications) works over a temperature range of -55
to +125°C. Although 54C00 devices can be substituted for 74C00 devices, they are rarely used commercially
because of their much higher cost.

74HC00 Devices

The main disadvantage of CMOS devices is their relatively long propagation delay times. This places a limit
on the maximum operating frequency of system. The 74HCO0 series is a CMOS series of devices that are pin-
for-pin and function-for-function compatible with TTL devices. These devices have the advantage of higher
speed (less propagation delay time).

74HCT00 Devices

These are also high-speed CMOS circuits designed to be directly compatible with TTL devices. That is, they
can be connected directly to any TTL circuit. Interfacing TTL and CMOS devices is discussed in Secs. 14.11
and 14.12.

CD4000 Series

RCA was the first to introduce CMOS devices. The original devices were numbered from CD4000 upward.
This 4000 series was soon replaced by the 4000A series (called conventional) and the 4000B series (called
the buffered type). The 4000A and B series are widely used; they have many functions not available in the
74C00 series. The main disadvantage of 4000 devices is their lack of pin-for-pin and function-for-function
compatibility with TTL.

B : 11an 8]
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74C00 series devices are guaranteed to work reliably over a temperature range of —40 to +85°C and over a
supply range of 3 to 15 V. In the discussion that follows, worst case means the parameters are measured under
the worst conditions of temperature and voltage.

Floating Inputs

When a TTL input is floating, it is equivalent to a high input. You can use a floating TTL input to simulate a
high input; but as already pointed out, it is better to connect unused TTL inputs to the supply voltage. This
prevents the floating leads from picking up stray noise in the environment.
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If you try to float a CMOS input, however, not only do you set up a possible noise problem, but, much
worse, you produce excessive power dissipation. Because of the insulated gates, a floating input allows the
gate voltage to drift into the linear region. When this happens, excessive current can flow through push-puil
stages.

The absolute rule with CMOS devices, therefore, is to connect all input pins. Most of or all the inputs are
normally connected to signal lines. If you happen to have an input that is unused, connect it to ground or the
supply voltage, whichever prevents a stuck output state. For instance, with a positive NOR gate you should
ground an unused input. Why? Because returning the unused NOR input to the supply voltage forces the
output into a stuck low state. On the other hand, grounding an unused NOR input allows the other inputs to
control the output.

With a positive NAND gate, you should connect an unused input to the supply voltage. If you try grounding
an unused NAND input, you disable the gate because its output will stick in the high state. Therefore, the
best thing to do with an unused NAND input is to tie it to the supply voltage. A direct connection is all right:
CMOS inputs can withstand the full supply voltage.

Easily Damaged

Because of the thin layer of silicon dioxide between the gate and the substrate, CMOS devices have a very
high input resistance, approximately infinite. The insulating layer is kept as thin as possible to give the gate
more control over the drain current. Because this layer is so thin, it is casily destroyed by excessive gate
voltage.

Aside from directly applying an excessive gate voltage, you can destroy the thin insulating layer in more
subtle ways. If you remove or insert a CMOS device into circuit while the power is on, transient voltages
caused by inductive kickback and other effects may exceed the gate voltage rating. Even picking up a CMOS
IC may deposit enough charge to exceed its gate voltage rating.

One way to protect against overvoltages is to include zener diodes across the input. By setting the zener
voltage below the breakdown voltage of the insulating layer, manufacturers can prevent the gate voltage from
becoming destructively high. Most CMOS ICs include this form of zener protection.

Figure 14.36 shows a typical transfer characteristic (input-output graph) of a CMOS inverter. When the
input voltage is in the low state, the output voltage is in the high state. As the input voltage increases, the
output remains in the high state until a threshold is reached. Somewhere near an input voltage of ¥, /2, the
output will switch to the low state, Then any input
voltage greater than ¥, /2 holds the output in the out
low state.

This transfer characteristic is an improvement Vee
over TTL. Why? Because the indeterminate region is
much smaller. As you can see, the input voltage has
to be nearly equal to V_/2 before the CMOS output
switches states. This implies that the noise immunity
of CMOS devices ideally approaches v, /2. Typi- v,
cally, noise immunity is 45 percent of V.. Yec

Alse netice how much better defined the low and 2
high output states are. When CMOS loads are used,
the CMOS source and sink transistors have almost
no voltage drop because there is almost no input

Typical transfer characteristic
of a CMOS gate
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current to a CMOS load. Therefore, the static currents are extremely small. For this reason, the high output
voltage is approximately equal to ¥, and the low output voltage is approximately at ground. Stated another
way, the logic swing between the low and high output states approximately equals the supply voltage, a con-

siderable advantage for CMOS over TTL.

Compatibility

CMOS devices are compatible with one another because the output of ary CMOS device can be used as the
input to another CMOS device, as shown in Fig. 14.37a. For instance, Fig. 14.37b shows the output stage of
a CMOS driver connected to the input stage of a CMOS load. The supply voltage is +10 V. Ideally, the input
switching level is +5 V. Since the CMOS driver has a low output, the CMOS load has a high input.

Similarly, Fig. 14.37c shows a high CMOS driver output. This is more than enough voltage to drive the
CMOS load with a high-state input. In fact, the neise immunity typically approaches 4.5 V (from 45 percent
of ¥,..). Any noise picked up on the connecting line between devices would need a peak value of more than
4.5 V to cause unwanted switching action.

CMOS CMOS
device Ve v, device

73 5 TJ j:} e I

(b) (©)

(@9 Fig. 14.37 ) (a) Output of CMOS device can drive input of another CMOS device,
(b) Sink current, (c) Source current

Sourcing and Sinking

When a standard CMOS driver output is low (Fig. 14.37b), the input current to the CMOS load is only 1
microampere (A) (worst case shown on data sheet). The input current is so low because of the insulated
gates, This means that the CMOS driver has to sink only 1 gA. Similarly, when the driver output is high
(Fig. 14.37¢), the CMOS driver is sourcing 1 (LA,

In symbols, here are the worst-case input currents for CMOS devices:
IIL.max = —l I'LA [.'H,max = 1 'UA
We use these values to calculate the fanout.
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Fanout

The fancut of CMOS devices depends on the kind of load being driven. In Sec. 14.11, we discuss CMOS
devices driving TTL devices. Now we want to concentrate on CMOS driving CMOS, Data sheets for 74C00
series devices give the following output currents for CMOS driving CMOS:

Iy =10pA I, =—10pA

OF. max

Since the worst-case input current of a CMOS device is only 1 A, a CMOS device can drive up to 10
CMOS loads. Therefore, you can use a fanout of 10 for CMOS-to-CMOS connections. This value is reliable
under all operating conditions.

PR L P Y T P
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-+ 21 Why must care be taken when using CMOS devices?
©22. What is the transfer characteristic of a CMOS inverter? .

14,11 TTL-TO-CMOS INTERFACE

The word interface refers to the way a driving device is connected to a loading device. In this section, we
discuss methods for interfacing CMOS devices to TTL devices. Recall that TTL devices need a supply voltage
of 5 V, while CMOS devices can use any supply voltage from 3 to 15 V. Because the supply requirements
differ, several interfacing schemes may be used. Here are a few of the more popular methods.

Supply Voltage at 5 V

One approach to TTL/CMOS interfacing is to 5V 5V
use +5 V as the supply voltage for both the TTL
driver and the CMOS load. In this case, the ' CMOS high
worst-case TTL output voltages (Fig. 14.38a) TTL high
are almost compatible with the worst-case
CMOS input voltages (Fig. 14.38b). Almost, 24V — _ - Tndéterniinate
but not quite. There is no problem with the TTL BRSNS - ’
low-state window (0 to 0.4 V) because it fits in- Indeterminate 15V
side the CMOS low-state window (0 to 1.5 V). 04V CMOS low
This means the CMOS load always interprets ) TTL low

the TTL low-state drive as a low, oV @ (1R% =

The problem is in the TTL high state, which
can be as low as 2.4 V (see Fig. 14.38a). If you rig.: 14.38 ) (a) TTL output profile, (b) CMOS
try using a TTL high-state output as the input to input profile
a CMOS device, you get indeterminate action.

The CMOS device needs at least 3.5 V for a high-state input (Fig. 14.38b). Because of this, you cannot get
reliable operation by connecting a TTL output directiy to a CMOS input. You have to do something extra to
make the two different devices compatible.

What do you do? The standard solution is to use a pull-up resistor between the TTL driver and the CMOS
load, as shown in Fig. 14.39. What effect does the pull-up resistor have? It has almost no effect on the low

5V
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state, but it does raise the high state to approximately +5 V. For instance, when the TTL output is low, the
lower end of the 3.3 k€2 is grounded (approximately). Therefore, the TTL driver sinks a current of roughly

o5V
33kQ

When the TTL output is in the high state, however, the output voltage is pulled up to +5 V. Here is how
it happens. As before, the upper totem-pole transistor actively pulls the output up to +2.4 V (worst case).
Because of the pull-up resistor, however, the output rises above +2.4 V, which forces the upper totem-pole
transistor into cutoff. The pull-up action is now passive because the supply voltage is pulling the output
voltage up to +5 V through the pull-up resistor.

The gate capacitance of the CMOS load has to be charged through the pull-up resistor. This slows down
the switching action. If speed is important, you can decrease the pull-up resistance, The minimum resistance
is determined by the maximum sink current of the TTL device: /, =16 mA. In the worst case the supply
voltage may be as high as 5.25 V, so the minimum resistance is

325V
16 mA
The nearest standard value is 330 €, which you
should consider the absolute minimum value for
the pull-up resistor. And you would use this only if 33kQ
switching speed were critical. In many applications, a —
pull-up resistance of 3.3 k&2 is fine. — } i
Incidentally, the other inputs of the TTL driver and TTL o CMOS
CMOS load (Fig. 14.39) are connected to signal lines

=152 mA

=3280

;

+5V

not shown. Also, the use of 3-input gates is arbitrary.
You can interface gates with any number of inputs.
If more than one TTL chip is being interfaced to the
CMOS load, connect each TTL driver to a separate puli-up resistor and CMOS input.

TTL driver and CMOS load

Different Supply Voltages

CMOS performance deteriorates at lower voltages 5V — +12V
because the propagation delay time increases and the

noise immunity decreases. Therefore, it is better to 6.8 kQ

run CMOS devices with a supply voltage between 9 — }

and 12 V. One way to use a higher supply voltage is — - —]

with an open-collector TTL driver (Fig. 14.40). Re- %Zin—collectm CMOS

call that the output stage of an open collector TTL
device consists only of a sink transistor with a float- .
ing collector. In Fig. 14.40. this open collector is con- Open—co_llector TTL driver
nected to a supply voltage of +12 V through a pull-up allows higher CMOS supply
resistance of 6.8 kQ. Likewise, the CMOS device voltage

now has a supply voltage of +12 V.

When the TTL output is low, we can visualize a ground on the lower end of the pull-up resistor. Therefore,
the TTL device has to sink approximately

i
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T G RKO =176 mA

When the TTL output is high, the open-collector output rises passively to +12 V. In either case, the TTL
outputs are compatible with the CMOS input states.
The passive pull-up in Fig. 14.40 produces slower switching action than before. For instance, with a gate
input capacitance of 10 pF, the pull-up time constant is
RC=(68kQ)10pF)=68ns
If this is a problem, reduce the pull-up resistance to its minimum allowable value of

_ 12V =750 Q)
mn 16 mA

Then the pull-up time constant decreases to
RC= (750 ) {10 pF)="7.5 ns

CMOS Level Shifter
Figure 14.41 shows a 40109, called a level  +5V—e % ’\u 2V

shifier. The input stage of the chip uses a sup-
ply voltage of +5 V, while the output stage uses

1]

+12 V. In other words, the input stage interfaces
with TTL, and the output stage interfaces with
® g TTL| 40109 CMOS | Jemos

CMOS. level shifter

In Fig. 14.41, a standard TTL device drives
the level shifter. This produces active TTL pull-
up to at least +2.4 V. Beyond this level, the pull-
up resistor takes over and raises the voltage to
+5 V, which ensures a valid high-state input to the level shifter. The output side of the level shifter connects
to +12V (this can be changed to any voltage from 3 to 15 V). Since the CMOS load runs off of +12 V, it has
better propagation delay time and noise immunity.

In summary, TTL has to run off of +5 V, but CMOS does better with a supply voltage of +12 V. This is the
reason for using a level shifter between the TTL driver and the CMOS load.

CMOS level shiﬂer allows the use
of 5-V and 12-V supplies

23. What is the purpose of the 3.3-k{) resistor mﬁg 14. 4i? _
24. Where is a CMOS level shifter used? G

1412 . CMOS-TO-TTL INTERFACE

In this section, we discuss methods for interfacing CMOS devices to TTL devices, Again, the problem is to
shift voltage levels until the CMOS output states fall inside the TTL input windows. Specifically, we have to
make sure that the CMOS low-state output is always less than 0.8 V, the maximum allowable TTL low-state
input voltage. Also, the CMOS high-state output must always be greater than 2 V, the minimum allowable

TTL high-state input voltage.
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One approach is to use +5 V as the supply voltage +5V
for the driver and the load, as shown in Fig. 14.42.
A direct interface like this forces you to use a low-

Supply Voltage at 5 V

power Schottky TTL load (or two low-power TTL —
loads). Why? Because a low-power Schottky device — } —
has these worst-case input currents:
Ill_,max =-360 uA IIH,max =20 uA = =
: . CMOS Low-power
Data sheets for 74C00 devices list these worst- Schottky
case output currents for CMOS driving TTL:

(@9 Fig. 14.42 ) CMOS driver and low-power

I =360 A I =-360 uA
K K Schottky TTL load

OL, max OH, max

This tells us that a CMOS drive can sink 360 uA _
in the low state, exactly the input current for a low-power Schottky TTL devices. On the other hand, the
CMOS driver can source 360 uA, which is more than enough to handle the high-state input current (only 20
HA). So the sink current limits the CMOS/74LS fanout to 1.

CMOS can also drive low-power TTL devices. The limiting factor again is the sink current. Low-power
TTL has a worst-case low-state input current of 180 yA. Since a CMQOS driver can sink 360 yA, it can drive
two low-power TTL devices. Briefly stated, the CMOS/74L fanout is 2.

CMOS cannot drive standard TTL directly because the latter requires a low-state input current of —1.6
mA, for too much current for a CMOS device to sink without entering the TTL indeterminate region. The
problem is that the sink transistor of a CMOS device is equivalent to a resistance of approximately 1.11 k€2
(worst case). The CMOS output voltage equals the product of 1.6 mA and 1.11 k€2, which is 1.78 V. This is
too large to be low-state TTL input,

Using a CMOS Buffer
Figure 14.43 shows how to get around the fanout J 5V

limitation just discussed. The CMOS driver now
connects directly to a CMOS buffer, a chip with larger
output currents. For instance, a 74C902 is a hex buffer,

or six CMOS buffers in a single package. Each buffer ~ TT¢Mos CMOS —
has these worst-case output currents: driver | buffer 1 }2;1&
I =36mA I, . =800uA

OL,max
Since a standard TTL load has a low-state input
current of 1.6 mA and a high-state input current of 40
HA, a 74C902 can drive two standard TTL loads. If you use one-sixth of a 74C902 in Fig. 14.43, the CMOS/
TTL fanout is 2. Other available buffers are the CD4049A (inverting), CD4050A (noninverting), 74C901
(inverting), etc.

|]||

CMOS buffer can drive
standard TTL load

Different Supply Voltages

CMOS buffers like the 74C902 can use a supply voltage of 3 to 15V and an input voltage of -0.3 to 15 V.
The input voltage can be greater than the supply voltage without damaging the device. For instance, you can
use a high-state input of +12 V even though the supply voltage is only +5 V.
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Figure 14.44 shows how to use the previous idea to our advantage. Here, the supply pin of the CMOS
driver is connected to +12 V. On the other hand, the supply pin of the CMOS buffer is connected to +5 V
to produce the TTL interface. Therefore, the input to the CMOS buffer will be as much as +12 V, even if its
supply voltage is only +5 V. The fanout of this interface is still two standard TTL loads.

Open-Drain Interface

consists of a sink transistor with a floating collector.
Similar devices exist in the CMOS family. Known
as open-drain devices, these have an output stage — }
consisting only of a sink MOSFET. An example is the o CMOS —
74C906, a hex open-drain buffer, i buffer i|)T);
Figure 14.45 shows how an open-drain CMOS =
buffer can be used as an interface between a CMOS
driver and a TTL load. The supply voltage for most
of the buffer is +12 V. The open drain, however, is

connected to a supply voltage of +-5 V through a pull-up resistance of 3.3 k€. This has the advantage that
both the CMOS driver and the CMOS buffer run off of +12 V, except for the open-drain output which

provides the TTL interface.
+H2V BV
: % 33kQ

CMOS Open-drain TTL
driver CMOS buffer load

(@9 Fig. 14.45 ) Open-drain CMOS buffer increases sink current

Recall open-collector TTL devices. The output stage +12V [\] +5V

= load

CMOS driver runs better
with 12-V supply

25, Cana CMOS circuit drive a 741504 directly? What about a 74047
26. CMOS output voltage levels are well within the profile of TTL input- voltage levels. Why
canttheCMOSdnveﬂlemduecﬂy? :

. 14.13 - CURRENT TRACERS .

Figure 14.46a shows a solder bridge shorting a node to ground. When you trigger the logic pulser, the logic
probe remains dark because the node is stuck in the low state. A logic pulser and logic probe will help you
locate stuck nodes, but they cannot tell you the exact location of the short.

Figure 14.46b shows a current tracer, a troubleshooting tool than can detect current in a wire or circuit-
board trace. Although it touches the wire, the current tracer does not make electric contract. Inside its
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(@ Fig. 14.46 ) (a) Solder bridge shorts node to ground, (b) Current tracer will not
detect any current, (c) Current tracer will detect current

blunt insulated tip is a small pick-up coil than can detect the magnetic field around a wire carrying current.
Therefore, if there is any current through the wire, the current tracer lights up.

In Fig. 14.46b, each time you trigger the logic pulser, a conventional current flows through its tip to ground
along the path shown. The current tracer will not detect this current because it is touching another part of the
wire.

If you move the current tracer between the ground and the logic pulser as shown in Fig. 14.46¢, the current
tracer will light up. The critical position for the current tracer is directly over the short. Move left, and the
current tracer goes out. Move right, and it turns on. When this happens, you know the current tracer is directly
over the trouble. During troubleshooting, a visual check at this critical location usually reveals the nature of
the trouble (a solder bridge, in this discussion).

That’s the basic idea behind a current tracer. You use the logic pulser and logic probe to find stuck nodes.
Then you use the current tracer to locate the exact position along a trace where the short is.
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A chip is a small piece of semiconductor material with microminiature circuits on its surface. Small-scale
integration (SSI) refers to chips with less than 12 gates. Medium-scale integration (MSI) means 12 to 100
gates per chip. Large-scale integration (LSI) refers to more than 100 gates on a chip.

The 7400 series is a line of standard TTL chips. This bipolar family contains a variety of compatible SSI
and MSI devices. One way to recognize TTL design is the multiple-emitter input transistors and the totem-
pole output transistors. The standard TTL chip has a power dissipation of about 10 mW per gate and a
propagation delay time of around 10 ns.

By including a Schottky diode in parallel with the collector-base terminals, manufacturers produce
Schottky TTL. This eliminates saturation delay time because it prevents the transistors from saturating on.
Numbered from 74500, these devices have a power dissipation of 20 mW per gate and a propagation delay
time of approximately 3 ns. R ' : ,

By increasing internal resistances and including Schottky diodes, manufacturers ¢an produce low-power
Schottky TTL devices (numbered from 74L500). A low-power Schottky TTL gate has a power dissipation of
around 2 mW per gate and a propagation delay time of approximately 10 ns. Low-power Schottky TTL is

the most widely used of the TTL types.

A floating TTL input is equivalent to a high input. Do not use floating TTL inputs when you are
operating in an electrically noisy environment. Floating inputs may pick up enough noise voltage to
produce unwanted changes in the output states. S

A standard TTL gate can sink 16 mA and source 400.mA. Since the maximum input currents are 1.6 mA
(low state) and 40 pA (high state), standard TTL has a fanout of 10, meaning that one standard TTL gate can
drive 10 others. Fanout has different vahies when you mix TTL types. _

Open-collector devices have only the pull-down transistor; the pull-up transistor is omitted. Because
of this, open-collector devices.can be wire—ORed through a common pull-up resistor. This connection is
inherently slow because the time constant is relatively long. - . L

Three-state devices have replaced open-collector devices in most applications because they are much

faster. These newer devices have a control input that can turn off the device. When this happens, the output
floats and presents a high impedance to whatever it is connected to. Three-state devices are widely used
for connecting to buses. ' .

A CMOS inverter uses complementary MOSFET in a push-pull arrangement. The key advantage of
CMOS devices is the low power dissipation. The main disadvantage is the slow switching speed. .

The 74C00 series is a line of CMOS circuits that are pin-for-pin and function-for-function compatible
-with TTL devices. The static power dissipation of 74C00 devices is approximately 10 nanowatts (nW) per
gate. Active power dissipation is higher because of the current, spikes during transitions. Lower supply .
voltages increase the propagation delay time and noise immunity. Higher supply voltages increase the
power dissipation. The best compromise is a supply voltage from 9 to 12 V. The 74HCO0 series is a line of
high-speed CMOS devices. The CD4000 series is another line of CMOS devices with many functions not

available in the 74C00 series. - :

CMOS devices are guaranteed to work reliably aver a temperature range of -40 to +85°C and a supply
range of 3 to 15 V. Unused inputs should be returned to the'supply voltage or to ground, depending on

- which connection prevents a stuck output. A floating CMOS input is poor-design because it produces large
power dissipation. CMOS devices have a fanout of 10 when driving other CMOS devices. By using level

shifting, CMOS devices can be interfaced with TTL devices. L :
. The 74HCTO0.series is completely TTL-compatible, and special interfacing is not required.
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= active load A transistor that acts as a load for
another transistor,

" activepower dissipation The power dissipation
of a device under switching conditions. It
differs from static power dissipation because
of the large current spikes during output
transitions.

= bipolar Having two types of charge carriers:
free electrons and holes.

= bus A group of wires that transmits binary
data. The data bus of a first-generation
microcomputer has eight wires, each carrying
1 bit, This means that the data bus can transmit
1 byte at a time. Typically, the byte represents
an instructicn or data word that is moved from
one register to another.

= chip A small piece of semiconductor material.
Sometimes chip refers to an IC device
including its pins.

» CMOS inverter A push-pull connection of p-
and n-channel MOSFETs.

v compatibility Ability of the output of one
device to drive the input of another device.

* jnterface The way a driving device is
connected to a loading device. All the circuitry
between the output of a device and the input
of another device.

* fanout The maximum number of TTL loads
that a TTL device can reliably drive.

v low-power Schonky TTL A modification
of standard TTL in which larger resistances
and Schottky diodes are used. The larger
resistances decrease the power dissipation,
and the Schottky diodes increase the speed.

® noise immunify The amount of noise voltage
that causes unreliable operation. With TTL it

@

is 0.4 V. As long as the noise voltages induced
on connecting lines are less than 0.4 V, the
TTI. devices will work reliably.

saturation delay time The time delay
encountered when a transistor tries to come
out of the saturation region. When the base
drive switches from high to low, a transistor
cannot instantaneously come out of hard
saturation; extra carriers must first flow out of
the base region.

Schmitt trigger A digital circuit that produces
a rectangular output. The input waveform may
be sinusoidal, triangular, distorted, and so on.
The output is always rectangular.

sink A place where something is absorbed.
When saturated, the lower transistor in a
totem-pole output acts as a current sink
because conventional charges flow through
the transistor 1o ground.

source The upper transistor of a totem-pole
output acts as a source because conventional
flow is out of the emitter into the load.
standard TTL The basic TTL design. It has a
power of dissipation of 10 mW per gate and a
propagation delay time of 10 ns.

three-state TTL A modified TTL design that
allows us to connect outputs directly. Earlier
computers used open-collector devices with
their buses, but the passive pull-up severely
limited the operating speed. By replacing
open-collector devices with three-state
devices, we can significantly reduce the
switching tire needed to change from the
low state and the output state. The result
is faster data changes on the bus, which is
equivalent to speeding up the operation of a
computer.
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. PROBLEMS '

14.1 For each assigned circuit in Fig. 14.47, deter-
mine the indicated current / and/or voltage V.

+10 Vde =1 Vde

+5 Vde +5 Vdc
fzsiw 1fZsike [ Red i
+ + *
v " Y 25.1ke 11 51k0
= = -5 Ve =5 Vde
o 0] te) (@
+5 Vde
1k Lk
+10 Vdc
14.2 From memory, draw the symbols for: diode,
LED, npr BIT, pnp BIT.
14.3 Make a truth table for the circuit in Fig. 14.5a.
144 From memory, draw the simplified symbols
for an n-chanpel MOSFET and a p-channel
MOSFET.
14.5

For each assigned circuit in Fig. 14.48, deter-
mine the indicated current 7 and/or voltage V.

+5 Vde +5 Vde
39 kQ 3.9k 3.9kQ
39 kQ2
g g
(a)
+5 Vdc

‘1
39k ;/L 3.9kQ
= o

14.6 Draw the circuit for a CMOS inverter.
14.7 For each assigned circuit in Fig. 14.49 on the

next page, determine the indicated current /
and/or voltage V.

b o St

14.8 Figure 14.10 shows typical resistance values
at room temperature. Here A4 is high, and B is
grounded. Allowing 0.7 V for the base-emitter

+10 Vde
+10 Vde
e
+12 Vde
10 kO I! +
+—— _
V,=+10 Vde 9 ¥,

.

V,—+12Vdc‘ -

T

When ON, (| has a resistance of 10 kQ
When ON, 0, has a resistance of 1 kQ

)

(@)

When ON, both transistors
have a resistance of 2.5 kQ
Casea. ¥, =0Vdc

Caseb. ¥, = +10 Vdc

(c)
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voltage, how much current is there through
the 4k€2?

14.9 Suppose you need a TTL device with a power
dissipation of less than 5 mW per gate and a
delay time of less than 20 ns. What TTL type
would you choose?

14.10 Use the values of Table 4.3 to calculate the
total propagation delay time of three cascaded
gates for each of the following TTL types:

a. Low-power

¢. Standard
d. High-speed

b. Low-power

Schottky
e. Schottky

(2 Section 14.3

14.11 What is the fanout of a 74500 device when it
drives low-power TTL loads?

14.12 What is the fanout of a low-power Schottky
device driving standard TTL devices?

14.13 What is the fanout of & standard TTL device
driving a 74LS device?

14.14 The output of a 74L804 is connected to the
inputs of two 7404s, one 7400, and three
7410s. It seems to malfunction occasionally.
What might be the problem?

14.15 What would be a simple “fix” for the circuit in
Prob. 14.14?

14,16 A zero-rise-time pulse is applied to the input
of a 74L.804. [ts output drives a 74L.S10. What
is the delay time from the rising edge of the
input pulse to the rising edge of the 74LS10
output?

14.17 What is the fanout of a 7437 buffer when it
drives standard TTL loads?

14.18 The input to a 7414 hex Schmitt trigger is a
2-V-peak sinewave. Sketch both the input and

output voltages,
14.19 What is the output in Fig. 14.20 for these
inputs?
a. ABCD = 0000 b. ABCD = 0101
c. ABCD=1100 d. ABCD=1111

@

14.20 Is the output Y of Fig. 14.50 low or high for
these conditions?
a. Both switches open, 4 is low
b. Both switches closed, 4 is high
¢. Left switch open, right switch closed, 4

is low
d. Left switch closed, right switch open, 4
is high
— o+5 YV
IOkSZé%IORSZ ) 7451

Hjf—e"

14.21 What is the value of ¥in Fig. 14.51 for each of

these?
a. ABCD = 0000 b. ABCD =0101
¢. ABCD = 1000 d. ABCD=1111
+5V

7450

14.22 In Fig. 14.22a, 1, =16 mA. If three open-
collector gates like these are wire-ORed
together as shown in Fig. 14.22¢c, what is the
minimum value of pull-up resistance needed

to avoid destroying any device?
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14.23 Suppose the total output capacitance is 20 pF
in Fig. 14.22¢. If the pull-up resistance equals
3.6 kQ, what does the charging time constant
equal?

14.24 You want the contents of register Bto appearon
the bus of Fig. 14.28. What are the necessary
disable values?

14.25 What are the three output conditions of a
three-state gate?

14.26 Draw the logic symbol for a three-state
inverter.

14.27 In Fig. 14.52, what does output ¥ equal when
each switch is open? When either switch is
closed?

What is the current drain through the pull-up
resistors when both switches are closed in
Fig. 14.52? What is the time constant for each
input when the switches are open?

=
IA 2 v

14.28

YV

- A

14.29 In Fig. 14.53, what does the output Y equal
when either switch is open? When both
are closed? This is not a preferred method
of driving TTL loads. Try to figure out two
reasons why this circuit is not as good as the
circuit shown in Fig, 14.52,

14.30 In Fig. 14.54a, the TTL output voltage is 0.4
V., and the LED voltage is 2 V. What is the sink
current when the LED is lighted?

(1
100 £ %1009

1]

+12V
T
180 Q 2.2k
4 A
; :

(a) (b)

7 rih.

14.31 What is the LED current in Fig. 14.54b if the
LED voltage drop is 2 V and the TTL output
is high? If the TTL output is 0.4 V, what is the
LED current?

14.32 When switch B of Fig. 14.55 is closed, is the
LED on or off? For this condition, what is the
current in the LED?

1 k2 %!kﬂ

ACLOSED |

B CLOSED

)
ESwitch B

7400

7404

Switch A

o o———AA—

14.33 Three CMOS devices are cascaded. If each
has a propagation delay time of 100 ns, what
is the total propagation delay time?

14.34 A 74C00 has a load capacitance of 50 pF. If
the supply voltage is 10 V, what is the active
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14.40 Pin 1 is an unused input in Fig. 14.56¢c. As

you see, it is returned to the supply voltage

through a pull-up resistor. Is the output low or

high for each of these conditions?
a. 4 and B both low
b. 4 low and B high
¢. A high and B low

d. 4 and B both high
14.41 If pin 1 is grounded instead of returned to the

supply voltage in Fig. 14.56¢, the circuit is
useless as a NAND gate, Why?

power dissipation per gate at each of the

following frequencies?
a. kHz

¢. 100 kHz

14.35 Explain the difference between 74C00,
74HCO0, and 74HCTOO devices.

14.36 What are CD4000 series ICs?

b. 10kHz

14.37 Figure 14.56a shows how to drive a CMOS
device from a switch. As you see, the input

does not float in either state, Is the output low

or high when the switch is open? Is it low or

high when the switch is closed?

14.42 If the CMOS input is low in Fig. 14.57, what
is the sink current in the TTL driver? If the
CMOS input is high, how much voltage drop
is there across the 1.5 k) if the gate current is
1 uA (worst case)?

+H12V

10 k2

+5V

14.43 Ideally, how much current does the open-
collector driver of Fig. 14.58 have to sink
when its output is Jow?

1

-collector —
Open-collector CMOS

TTL 1

r——+12V

+5V

14.38 Pin 13 is an unused input in Fig, 14.56b. As

you see, it is grounded. Is the output low or

high for each of these conditions?

a. A and 8 both low

b. A low and B high

¢. A high and B low

d. 4 and B both high

14.39 If pin 13 is returned to the supply voltage

instead of grounded in Fig, 14.56b, the circuit

is useless as a NOR gate. Why?

EIH

o

14.44 What is the smallest acceptable value for
the 3.3-kQ resistor in Fig. 14.39 if the TTL.
device is a 7410 (look at maximum sink
current)? What if the 7410 were replaced with
a 74LS10?
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14.45 The TTL in Fig. 14.40 is a 74LS810. Could a
second CMOS circuit be added at the output
of the 741510 without violating any loading
rules? How many could be added?

14.46 Ideally, what is the sink current f in Fig. 14.59?
If the TTL lead has a high-state input current
of 40 pA, what is the voltage drop across the
22kQ?

14.47 If the input capacitance of the TTL load is 10
pF, what does the pull-up time constant equal
in Fig. 14.59?

14.48 What is the maximum sink current for the
74C906 in Fig. 14.59?

+12V . 4 +5V
! l 2.2kQ
CMOS 1 TTL
driver § 74006 load

- L. The voltage 8C7OSS 2 forwafd-bmsed LED
is larger.

2. npnand pnp. A p—chamei MOSFET is the

. complement ofvgm n-channel MOSFET.

3. Positive:

4. The active load in an NMOS IC is an n-
channel MOSFET used m place of a
Tesistor.

5. See Fig. 14:11.

6. 7ALS00—low-power Schottky

7. They are subject to unwanted noise that
may switch the circuit. -

. 8. It specifies acceptable high and low input
7 voltage levels. '
" 9. From Table 14.3, it is 10 s,
10. Tt can sink or source more current than a
. standard gate.

14.49 In Fig. 14.57, a logic probe indicates that the
lower end of the pull-up resistor is stuck in
the low state, Using a logic pulser and current
tracer, you detect a current in the wire between
this resistor and the TTL output. Which of the
following is a possible trouble?

a. 1.5 kQ shorted

b. 1.5 k&2 open

c. Open trace between the TTL output and
the resistor

d. TTL sink transistor shorted

14.50 The lower end of the pull-up resistor (Fig.
14.57) is stuck in the high state. With a
Jogic pulser and current tracer, you detect a
current in the wire between this resistor and
the CMOS input. Which of the following is a
possible source of the trouble?

a. CMOS input trace shorted to supply volt-
age

b. CMOS input grounded

¢. TTL output trace open

d. TTL output shorted to ground

11. 1t will produce an output waveform with
very fast rise and fall times.

12." The “width” refers to the number of AND
gates.

13. Aresistorto +5 Vdc -

14, Slower oo i el

15. They are uséd to fac‘lltate connecting two

*or more gate cutputs in parallel.

16, The factors are dc power supply current
and swrtchmg time. .

17. Its purpose is to protect the base-emitter of
the transistor from excessive voltage.

18. No, you must also have a resistor in series
with the LED to limit current; otherwise,
when the transistor is on, the diode and/or
the transistor will bum out.
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19,

20.

21.

@, and Q4 are p-channel MOSFETs. 0, and

Q,are .
boths- ﬁhchannei transistors, .
The thin oxide layer connected to the gate

is casily damaged by static electricity.

The transfer characteristic of'a CMOS . 25,
26.

inverter is a plot of input: voltage versus
output voltage (Fig. 14.38).

23.

24

Its purpose is to raise the minimum
TTL high output level above the lowest

allowable CMOS high inputlevel. > .-

A level shifter is used between a TTL gate
driving a CMOS gate; it is used to make

their high and low levels compatible.

Yes, no
Thé CMOS has current sink and source

limitations.
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Applications

Understand the multiplexing techniques used with LED displays

List and describe the main sections of a frequency counter

Explain how a time measurement circuit can be designed

Be familiar with the basic features of the ADC0804 A/D converter

Be familiar with the basic features of the ADC3511 microprocessor compatible A/D
converter

Discuss how to construct a digitai voltmeter using the National Semi-conductor
ADD3501 chip

+ee e

+

This chapter is intended to tie together many of the fundamental ideas presented previously by considering
some of the more common digital circuit design encountered in industry. The multiplexing of digital LED
displays is considered first since it requires the use of a number of different TTL circuits studied in detail in
prior chapters. Digital instruments that can be used to measure time and frequency are considered next, and
the concept of display multiplexing is applied here.

A number of applications using the popular ADCO804 are presented. An intergrating-type converter, the
microprocessor-compatible ADC3511, is studied in detail. Then a similar converter, the ADC3501, is used
to construct a digital voltmeter. In most of the applications considered, specific TTL part numbers have
been specified, but in the interest of clarity, detailed designs including pin numbers have not been provided.
However, it is a simple matter to consult the appropriate data sheets for this information.

In some cases, a specific part number has not been assigned; an example of this is the 1-MHz clock:
oscillator shown in Fig. 15.14, or a divide-by-10 counter in the same figure. In such cases, it is left to you



Applications @

to select any one of a number of divide-by-10 circuits, or to choose an oscillator circuit such as discussed in
a previous chapter, on the basis of availability, cost, ease of use, compatibility with the overall system, and
other factors.

. 15.1 MULTIPLEXING DISPI.AYS'

The decimal outputs of digital instruments such as digital voltmeters (DVMs) and frequency counters are
often displayed using seven-segment indicators. Such indicators are constructed by using a fluorescent bar,
a liquid crystal bar, or a LED bar for each segment, LED-type indicators are convenient because they are
directly compatible with TTL circuits, do not require the higher voltages used with fluorescents, and are
generally brighter than liquid crystals. On the other hand, LEDs do generally require more power than either
of the other two types, and multiplexing is a technique used to reduce indicator power requirements.

The circuit in Fig. 15.1a is a common-anode LED-type seven-segment indicator used to display a single
decimal digit. The 7447 BCD to seven-segment decoder is used to drive the indicator, and the four inputs to
the 7447 are the four-flip-flop outputs of the 7490 decade counter. Remember that the 7447 has active low
outputs, so the equivalent circuit of an illuminated segment appears as in Fig. 15.1b. A 1-Hz square wave
applied at the clock input of the 7490 will cause the counter to count upward, advancing one count each
second, and the equivalent decimal number will appear on the display.

A similar single decimal digit display using a common-cathode-type LED indicator is shown in Fig.
15.2a. The seven-segment decoder used here is the 7448; its outputs are active high, and they are intended to
drive butfer amplifiers since their output current capabilities are too smali to drive LEDs directly. The seven
npn transistors simply act as switches to connect +V_ to a segment. When an output of the 7448 is high, a
transistor is on, and current is supplied to a LED segment. The equivalent circuit for an illuminated segment
is shown in Fig. 15.2b. When an output of the 7448 is low, the transistor is off, and there is no segment current
and thus no illumination.

Let’s take a look at the power required for the single-digit display in Fig. 15.1a. A segment is illuminated
whenever an output of the 7447 goes low (essentially to ground). If we assume a 2-Vdc drop across an
illuminated segment (LED), a current / = (5 — 2)/150 = 20 mA is required to illuminate each segment. The
largest current is required when the number 8 is displayed, since this requires all segments to be illuminated.
Under this condition, the indicator will require 7 x 20 = 140 mA. The 7447 will also require about 64 mA,
so a maximum of around 200 mA is required for this single digit display. An analysis of the display circuit in
Fig. 15.2 will yield similar results.

A digital instrument that has a four-digit decimal display will require four of the circuits in Fig. 15.1 and
thus has a current requirement of 4 X 200 = 800 mA. A six-digit instrument would require 1200 mA, or 1.2 A,
just for the displays! Clearly these current requirements are much too large for small instruments, but they
can be greatly reduced using multiplexing technique.

Basically, multiplexing is accomplished by applying current to each display digit in short, repeated pulses
rather than continuously. If the pulse repetition rate is sufficiently high, your eye will perceive a steady
illumination without any flicker. (For instance, hardly any flicker is noticeable with indicators illuminated
using 60 Hz.) The single-digit display in Fig. 15.3a has +5 Vdc (and thus current) applied through a pnp
transistor that acts as a switch. When DIGIT is high, the transistor (switch) is off, and the indicator current
1s zero. When DIGIT is low, the transistor is on, and a number is displayed. If the waveform in Fig. 15.3b is
used as DIGIT, the transistor will be on and the segment will display a number for only 1 out of every 4 ms.
Even though the display is not illuminated for 3 out of 4 ms, the illumination will appear to your eye as if it
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cC
7490
T Clock —=1 Decade counter
—_ ABCD
l _I lo— Common
,' [ anode type
LED display A B C D
abcdelfg 7448
T-segment decoder
abcde fg
R{150 Q, typical)
ter
a b cde fg
7447
7-segment decoder
A8 CD R (150 Q, typical)
ABCD
Clock —+] 7490 Common
o Decade counter anode type
LED display

(a) Single decimal-digit display

Ve e
LED scgment R=(150  typical)
R=1500Q 4
LED segment
(b) Equivalent circuit for an illuminated segment (b) Equivalent circuit for an illuminated segment

@EETD

were continuous. Since the display is illuminated with a pulse that occurs once every 4 ms, the repetition rate
(RR) is given as RR = 1/0.004 = 250 Hz. As a guideline, any RR greater than around 50 or 60 Hz will provide
steady illumination without any perceptible flicker. The great advantage here is that this single-digit display
requires only one-fourth the current of a continuously illuminated display. This then is the great advantage
of multiplexing!

Let’s see how to multiplex the four-digit display in Fig. 15.4a. Assume that the four BCD inputs to each
digit are unchanging. If the four waveforms in Fig. 15.4b are used as the four DIGIT inputs, each digit will
be illuminated for one-fourth of the time and extinguished for three-fourths of the time. Looking at the time
line, we see that digit | is illuminated during time ¢, digit 2 during time ¢,, and so on. Clearly, ¢, =1,=1, =1,
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+Vpp=+5 Vde
1k
DIGIT
I — l | .— Common anode
I ’ type LED f— 4 ms —|
—_ Yoo
C € ---

abcdelfg
Ims— be—3ms—
R (150 Q, typical) (b) DIGIT waveform
a b d fg
7447

7-segment decoder
ABCD

(a) Multiplexed display

C e

= T/4. The repetition rate is given as RR = 1/T, and if the rate is sufficient, no flicker will appear. For instance,
if 1, = 1 ms, then 7 = 4 ms, and RR = 1/0.004 = 250 Hz.

Now, here is an important concept; an illuminated digit requires 200 mA, and since only one digit is
illuminated at a time, the current required from the +V, . supply is always 200 mA. Therefore, we are
illuminating four indicators but using the current required of only a single indicator. In fact, in multiplexing
displays in this way, the power supply current is simply the current required of a single display, no matter how
many displays are being multiplexed!

(& W Explain the timing for a six-digit display that has a repetition rate of 125 Hz.

Solution An RR of 125 Hz means that all digits must bg serviced once eyery T%E = § ms. Dividing the time equally
among the six digits means that each digit willbe on for ¢ =1.33 ms and off for 6.67 ms. Note that as the pulse width
is decreased, the display brightness will also decrease. It may thus become necessary to increase the peak current
through each segment by reducing the size of the resistors R in Figs. 15.1 and 15.2.

(@ ) Example 15.2) The circuit in Fig. 15.3 show how to multiplex a common-anode-type display. Show how to
multiplex a common-cathede-type display.

Solution The npn transistor in Fig. 15.5 is used as a switch between the cathode of the display and ground. When
the transistor is on, current is allowed to pass through & segment for illumination. When the transistor is off, no current
is allowed, and the segment cannot illuminate. The DIGIT waveform is shown in Fig. 15.5b. Notice that a positive
pulse is required to turn the transistor on,-and the display will be illuminated for | outof every 4 ms.
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DIGIT 1 DIGIT 2 DIGIT 3 DIGIT 4
N S S
| I Il |1
I_1 I_| I_1 i1
abede fg abcecde fg abcecde fg abecde fg
I I I I I T T F T T 011 1 T I O | N O I I
{(a) A multiplexed 4-digit display
T
_ l‘1|’2|‘3[‘4'
Time + + + + +
a b ¢ d e
DIGIT 1 ' [
DIGIT 2 L
DIGIT 3
DIGIT4 | |
{b) Control waveforms
Lty
abecdefg
— Common cathode
’_I - type LED
I_1
1k ]
DIGIT L 2 | 4 ms
= 0 1 ms —mf la— 3 mg =—-]
(2) (b)

The flip-flop outpuis of a 7490 decade counter are used to drive the seven-segment decoder-driver in
Figs.15.1 and 15.2, and as long as the counter is counting, the displays will be changing states. It is often
more desirable to periodically strobe the contents of the counter into a four-flip-flop latch and use these
latches to drive the seven-segment decoder-driver. Then the four BCD inputs to the decoder-driver as well
as the display will be steady all of the time except when new data is being strobed in. The circuit shown
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in Fig. 15.6 is a complete single-digit display that Ve

will indicate the decimal equivalent of the binary

number stored in the 7475 quad D-type latch by the 1k

positive STROBE puise. It is also capable of being DIGIT

multiplexed by use of the DIGIT input.

What are some possible Common anod
. |.— Common anode
methods for generating the type LED

DIGIT control waveforms

shown in Fig. 15.4b? abcdelt g
Solution Reflecting back on topics covered in previ- .
ous chapters, a number of different methods come to R(130 . typical)
mind—for instance:
1. A two-flip-flop counter with four decoding gates auhcdefg
2. A four-flip-flop ring cousiter . , 7447
3. Atwo-flip-flop shift counter with four decoding 7-segment decoder
gates ' ABCD
4. Al-of-4 low-output multiplexer
Can you think of any others?
10203040
The four-digit display in Fig. 15.7a on the STROBE — 7475
next page uses four of the decimal digit displays quad D-type laiches
in Fig. 15.6, and they are multiplexed to reduce JL 1D2D3D4D

power supply requirements. Notice that DIGIT 1 0T
controls the LED on the left and this is the most- —
.. . . 4 . BCD inputs from
significant digit (MSD). The right display is con- decade counter
trolled by DIGIT 4, and this 1s the ieast-significant
digit counter (LSD). If we assume that the decimal
point for this display to be at the right, the 1.ST is
the units digit, and the MSD is the thousands digit. This circuit is capable of displaying decimal numbers
from 0000 up to 9999. The 54/74155 is a dual 2-line to 4-line decoder-demultiplexer, and it is driven by a
two-flip-flop binary counter called the multiplexing counter. As this multiplexing counter progresses through
its four states, one and only one of the 54/74155 output lines will go low for each counter state. As a result,
the DIGIT control waveforms exactly like those shown in Fig. 15.4b will be developed. You might like to

review the operation of decoder-demultiplexers as discussed in Chapter 4.

A savings in components as well as power can often be realized if the four inputs (4BCD) to the seven-
segment decoder in Fig. 15.6 are multiplexed along with the DIGIT control. The four-digit display in Fig. 15.8
uses two 54/74153 dual 4- to 1-line multiplexers to apply the four outputs of each 7475 sequentially to a
single seven-segment decoder. Here’s how it works.

The BCD input data is stored in four 7475 D-type latches labeled 1, 2, 3, and 4. Latch 1 stores the MSD,
and latch 4 stores the LSD. The 4-bit binary number representing the MSD is labeled 1 1,1 1, For instance,
ifthe MSD =7, then 1 1,11 =0111.

Each 74153 contains two multiplexers, and the four multiplexers are labeled 4, B, C, and D. The A and B
SELECT lines of the two multiplexers are connected in parallel and are driven by the multiplexing counter
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(exactly as in Fig. 15.7). When the SELECT inputs are 4B = 00, the number 1 line of each multiplexer will
be connected to its output. So, the multiplexer outputs connected to the 7447 decoder willbe 1,1 1.1 , which
is the binary number for the MSD. This binary number is decoded by the 7447 and applied to all the LED
displays in parallel. However, at this same time, DIGIT 1 is selected by the 74155 decoder, so the MSD will

be displayed in the leftimost LLED display. All the other d*splays will be turmed off.

Now, when the multiplexing cou..ter advances to count 4B = 01, the number 2 line of each multiplexer
will be selected, and the binary number applied to the 7447 will be 2 2.2 2 . which is the next MSD (the
hundreds digit}. The decoded output of the 7447 is again applied to all the displays in parallel, but DIGIT 2
is the only LOW DIGIT line, so the “hundreds” digit is now displayed. (Again, all other displays are tumed
off during this time.)

In a similar fashion, the tens digit will be displayed when the SELECT inputs are A8 = 10, and the units
digit will be displayed when the SELECT inputs are 48 = 11. Notice that only one digit is displayed at a
time, and the RR = 250 Hz, so no flicker will be apparent. Again, we are illuminating four digits but the
power supply current is the same as for a single, continuously illuminated digit. At the same time, there is
a modest saving of two chips. The savings in components increases as the number of decimal digits in the
display increases.

The techniques used to multiplex the four-digit display in Fig. 15.8 on the next page are easily expanded to
displays that have more than four decimal digits. 1t is necessary only to increase the size of the multiplexing
counter and to replace the 74153 multiplexer with one that has a greater number of inputs. It is also a simple
matter to alter the design to accommodate common-cathode-type LEDs instead of the commaon-anode types
used here. (See the problems at the end of this chapter.)

All the display circuits discussed here are frequently constructed and used, but you should be aware that
there are LSI chips available that have all the multiplexing accomplished on a single chip; examples of this
are the National Semiconductor MM74C925, 926, 927, and 928. The MM74C925 shown in Fig. 15.9 is a
four-digit counter with multiplexed seven-segment output drivers. The only external components needed
are the seven-segment indicators and seven current-limiting resistors. In fact, a four-digit counter is even in-
cluded on the chip! A positive pulse on the RESET input will reset the 4-bit counter, and then the counter will
advance once with each negative transition of CLOCK. A negative pulse on LATCH ENABLE will then laich
the contents of the counter into the four 4-bit latches. The four numbers stored are then multiplexed, decoded,
and displayed on the four external seven-segment indicators. A simplified diagram is given in Fig. 15.9b.
Notice that this is a common-cathode-type display.

15.2 FREQUENCY COUNTERS

A frequency counter is a digital instrument that can be used to measure the frequency of any periodic
waveform. The fundamental concepts involved are illustrated in the block diagram in Fig. 15.10. The counter
and display unit are exactly as described in Sec. 15.1. A GATE ENABLE signal that has a known period ¢ is
generated with a clock oscillator and a divider circuit and is applied to one leg of an AND gate. The unknown
signal is applied to the other leg of the AND gate and acts as the clock for the counter. The counter will
advance one count for each transition of the unknown signal, and at the end of the known time period, the
contents of the counter will equal the number of periods of the unknown signal that have occurred during ¢. In
other words, the counter contents will be proportional to the frequency of the unknown signal. For instance,
suppose that the gate signal is exactly 1 s and the unknown input signal is a 750-Hz square wave. At the end
of 1 s, the counter will have counted up to 750, which is exactly the frequency of the input signal.
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Note: For clarity, only the connections for the MSD are shown
(14, 18, 1C, 1.D), but the other 12 connections must be made
between the input latches and the 74153s.

(4 : } Example 15.4 ) Suppose that the unknown input signal in Fig. 15.10 is a 7.50-kHz square wave. What will the
display indicate if the GATE ENABLE time is £= 0.1 s? What if = 1, and then 10 s?

Solution  When = 0.1 s, the counter will count up to 7500 {tranisitions per second) % 0.1 {second) = 750. When
#= 1 s, the counter will display 7500 (transitions per second) X _I'(second) = 7500: Whin 1 = 10 5, the counter will
display 7500 {transitions per second) x 10 (secouds) = 75,000, Far thig. last £ase, we: wou‘d ‘have to have & five-
decimal-digit display. . _ N o .
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In Example 15.4, the contents of the counter are always a number that is propertional to the unknown input
frequency. In this case, the proportionality constant is either 10, 1, or % So, it is a simple matter to insert
a decimal point between the indicators such that the unknown frequency is displayed directly. Figure 15.11
shows how the decimal point moves in a five-decimal-digit display as the gate width is changed. In the top
display, the unknown frequency is the display contents multiplied by 10, so the decimal point is moved one
place to the right. The middle display provides the actual unknown frequency directly. In the bottom display,
the contents must be divided by 10 to obtain the unknown frequency, so the decimal point is moved one place
to the left.

Olo | 715|010
- I
Decimal point

(a)

_“E —]tl— 0153

o]

Decimal point

®

fe7=10s+

70s|ofofo Nl
!

Decimal point

()
(@ Fig. 15.11 ) Decimal point movement for Example 15.4

The logic diagram in Fig. 15.12 on the next page shows one way to construct a four-decimal-digit frequency
counter. The AMPLIFIER block is intended to condition the unknown input signal such that INPUT is a TTL-
compatible signal—a series of positive pulses going from 0 to +5 V dc. When allowed to pass through the
COUNT gate, INPUT will act as the clock for the COUNTER. The COUNTER can be constructed from
four decade counters such as 54/74160s, and it can then be connected to a multiplexed LED DISPLAY such
as the one shown in Fig. 15.8. Or, COUNTER and DISPLAY can be combined in a single chip such as the
MM74C925 shown in Fig. 15.9.

The DIVIDER is composed of six decade counters (such as 54/74160s) connected in series. Its input is a
100-kHz square wave from OSC CLOCK, and it provides 10-, 1-, and 0.1-Hz square wave outputs that are
used to generate the ENABLE-gate signal.

When the 1-Hz square wave is used to drive the GATE flip-flop, its output, 0, is a 0.5-Hz square wave.
Output ¢ will be high for exactly 1s and low for 1s, and it will thus be used for the ENABLE-gate signal.
Notice that the 10-Hz signal will generate a 0.1-s gate and the 0.1-Hz signal will generate a 10-s gate. Let’s
use the waveforms in Fig. 15.12 1o see exactly how the circuit functions.

A measurement period begins when the GATE flip-flop is toggled high—labeled START on the time line.
INPUT now passes through the COUNT gate and advances the COUNTER. (Let's assume that the counter
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is initially at 0000.) At the end of the ENABLE-gate time ¢, the GATE flip-flop toggles low, the COUNTER
ceases to advance, and this negative transition of Q triggers the 74121 one-shot. Simultaneously, 0 goes
high, and this will strobe the contents of COUNTER into the DISPLAY latches. There is a propagation delay
time of 30 ns minimum through the 74121, and then a negative RESET pulse appears at its output, X . This
propagation delay assures that the contents of COUNTER are strobed into DISPLAY before COUNTER is
reset. The RESET pulse from the *121 has an arbitrary width of 1 s, as set by its R and C timing components.
The end of the RESET pulse is the end of one measurement period, labeled END on the time line.

For a 1.0-s gate, the decimal point will be at the right of the units digit, and the counter will be capable of
counting up to 9999 full scale, with an accuracy of plus or minus one count (i.e. I part in 10%). With a 10-s
gate, the decimal point is between the units and the tens digits, and with a 0.1-s gate, the decimal point is one
place to the right of the units digit.
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The CLOCK oscillator is set at 100 kHz, and this provides an accuracy on the ENABLE-gate time of 1
part in 10* with the 0.1-s gate. Thus the accuracy here is compatible with that of the COUNTER.

Explain what would happen if the instrument in Fig. 15.12 were set on a 1-s gate time and the
input signal were 12 kHz.

Solution  Assuming that the counter began at 0000, the display would read 200 at the end of the first measurement
period. It would then read 400, then 600, and so on at the end of succeeding periods. This is because the counter
capacity is exceeded each time, and it simply recycles through 0000,

The design in Fig. 15.12 shows one method for constructing a frequency counter using readily available
TTL chips, but you should be aware that there are numerous chips available that have all, or nearly all, of this
design on a single chip, for instance, the Intersil ICM7226A. You will be asked to do a complete design of a
frequency counter based on Fig. 15.12 in one of the problems at the end of this chapter.

. 15.3 TIME MEASUREMENT .

With only slight modifications, the frequency counter in Fig. 15.10 can be converted into an instrument for
measuring time. The logic block diagram in Fig. 15.13 illustrates the fundamental ideas used to construct an
instrument that can be used to measure the period of any periodic waveform. The unknown voltage is passed
through a conditioning amplifier to produce a periodic waveform that is compatible with TTL circuits and is
then applied to a JK flip-flop. The output of this fiip-flop is used as the ENABLE-gate signal, since it is high
for a time 7 that is exactly equal to the time period of the unknown input voltage. The oscillator and divider
provide a series of pulses that are passed through the count gate and serve as the clock for the counter. The
contents of the counter and display unit will then be proportional to the time period of the unknown input
signal,

For instance, if the unknown input signal is a 5-kHz sine wave and the clock pulses from the divider are
0.1 us in width and are spaced every 1.0 us, the counter and display will read 200. Clearly this means 200
s, since 200 of these 0.1-us pulses will pass through the COUNT gate during the 200 us that ENABLE-gate
signal is high. Naturally the counter and the display have an accuracy of plus or minus one count.

+ V('C l'"t"l
Gate flip-flop _]

ENABLE gate
Unknown input 4 ¢ CLK Counter
AMPL O>K Clock pulses COiJNT .
T e T
LED
T T T T display unit
C!OCk Divider
oscillator

Instrument to measure time period
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Suppose that the counter and the display unit in Fig. 15.13 have five-decimal-digit capacity
and the divider switch is set to provide a 100-kHz square wave that will be used as clock
pulses. What will the display read after one ENABLE-gate time ¢, if the unknown input is a
200-Hz square wave?

Solution  Assume that the cou::iger and. the display are initially at 00000. A 200-Hz input signal ;vill ptoduce
an ENABLE-gate time of 1 = 35 = 5000 ps. The 100-kHz square wave used as the clock is essentially a
series of positive pulses spaced by 10 pus. Therefere, during the gate time ¢, the counter will advance by,

E%;ﬂ = 500 counts; and this is what will be viewed-in the displays. Smceeachclockpulserepxesenm lO#s,the

display should be read as 500 x 10 = 5000 tis—this is-the time period of the unknown input.

') Explain the meaning of an accuracy of plus or minus one count applied to the measurement in
Example 15.6.

Solution  An accuracy of plus or minus one count means that the display could read 499, 500, or 501 after the
measurement period. This means that the period as measured could be 4999, 5000, or 5010 us—in other words,
5000 plus or minus 10 ys. Since a single count mpresents a clock period of 10 ps, this instrument can be used for
measurement only within this limit. For more precsse measuremett, say, 1o wnhm 1 ps, the clock pulses would have
to be changed from 10- to 1-s spacing.

The circuit in Fig. 15.14 is a four-decimal-digit instrument for measuring the time period of a periodic
waveform. It is essentially the same as the frequency instrument in Fig. 15.12 with only slight modifications.
First, the CLOCK has been increased to I MHz, and DIVIDER is composed of a buffer amplifier and three
decade counters. This will provide clock pulses for COUNTER with 1-, 10-, and 100-ps as well as 1-ms
spacing. The unknown input is conditioned by AMPLIFIER and is then applied to the GATE flip-flop to
generate the ENABLE-gate signal. STROBE and RESET are generated and applied as before. Notice that a
single instrument for measuring both frequency and period could be easily designed by using a 1-MHz clock
with a divider that has seven decade counters and some simple mechanical switches.

) Explain the DISPLAY ranges for the four-decimal-digit period measurement instrument in
Fig. 15.14.

Solution - With CLOCK pulses switched to the 1-ps position, each-count of COUNTBRmpremtslps Therefore;
it has a full scale of 9999 % 1 ps. On 10 ys, it has a full scale of 9999 x 10 = 9999{}:1:10;13_&111%05&5(}%
position is 9999 x 0.1 =999.9 + 0.1 ms. Full scale on the 1-ms position is 9999+ 1 ms. .

An interesting variation on the instrument in Fig. 15.14 is to use it to measure the time elapsed between
two events. There will be two input signals, the first of which sets the ENABLE gate high and begins the
count period. The second signal (or event) resets the ENABLE gate low and compietes the time period. One
method for handling this problem is to use the first event to set a flip-flop and then use the second event to
reset it. Of course, both input signals must be first conditioned such that they are TTL-compatible. You are
given the opportunity to design such an instrument in one of the problems at the end of the chapter.

. 15.4 USING THE ADC0804 '

Stand-Alone Operation

The ADC0804 was briefly introduced in Sec. 12.8. Figure 12.29 shows how to connect the ADC0804 for
stand-alone operation, and it is repeated here for convenience. The recommended supply voltageis V.= +5
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Vdc. The external resistor R and capacitor C establish the frequency of the internal clock according to

f= 1/(1.1 RC) (15.1)

Pin 9 is an input for an external reference voltage ¥ If pin 9 is left open, the reference voltage is set
internally at ¥ /2. The analog input voltage is applied between pins 6 and 7. With pin 7 connected to ground,
the allowable input voltage range is from 0.0 to +5.0 V.

This ADC is designed for use with the 8080A CPU (central processing unit) chip set, composed of the
8080A microprocessor, the 8228 system controller, and the 8224 clock. It can also be used directly with the
8048 MPU (microprocessor unit). The inputs WR, INTR, CS and RD are microprocessor control signals,
In the stand-alone mode of operation, WR and INTR are connected directly to ground. CS and RD are
momentarily grounded with a push-button switch to initiate a conversion. The converter will digitize the
analog voltage present at the input at the instant the push button is depressed. It will then continue to convert
additional analog input voltage levels at approximately 100-us intervals. .

The digitized valuve of an input voltage is presented as an 8-bit binary nurnber on pins 11 through 18, with
pin 11 the most significant bit (MSB). An input voltage of 0.0 V has a digitized output of G000 0000 (OOH).
The digital output 1111 1111 (FFH) represents a full-scale input of +5.0 V. The digitized output is accurate to
+1 LSB. Since the full-scale input of 5.0 V is represented by 2% = 256 bits, 1 bit (the LSB) is equivalent to an
analog voltage of 5.0 V/256 = 19.53 mV.
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") Refer to the ADC0804 in Fig. 12.29, repeated below for your reference.

(a) What is the digital output for an analog input of 2.5 V?
(b) The digital output is 0010 0010 (22H). What is the analog input?

Solution
() 2.5V is one-half full scale. The digital output is then 1000 0000 1 bit (27 = 128). As a check, 128 x 19.53
mV=25vV Co ) o ‘
() (+29x1953mV=(32+2)x 19.53=0.664 V.

Span Adjust

As shown in Fig. 12.29, the ADC0804 functions nicely for analog input voltages between 0.0 and +5.0 V. But
what if the input voltage range is only from 0.0 to 2.0 V? In this case, we would like the full-scale input to be
2.0 V rather than 5.0 V. Fortunately, this is quite easy to do with the ADC0804! Simply connect an external
reference voltage ¥_ to pin 9 that is one-half the desired full-scale input voltage. Another term for the full-
scale input voltage range is span. In this case, set V= 2.0 V/2 = 1.0 Vdc. In general terms,

V.= full-scale analog input voltage/2 = span/2 (15.2)

In Fig. 15.15, a simple resistive divider is used to generate the reference voltage V. Here’s an expression
to use with this divider:

R+ Ri2
A e (15.3)
ref e R} + R2 + R
As an example, let’s apply Eq. (15.3) using the circuit values given in Fig. 15.15.
vV =+5Vd LK +0.25 k&) 1.01 Vd
= c =1. c
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In this case, V= 1.0 Vdc. The 500-Q potentiometer will allow fine adjustment. So the full-scale analog
input voltage is then 0.0 to 2.0 V. An input voltage of 2.0 V will convert to a digital output 1111 1111 (FF H).
The LSB is equivalent to 2.0 V/256 = 7.8 mV,

Zero Shift

The ADC0804 can also accommodate analog input voltages that are offset from zero. For instance, suppose
we wish to digitize an analog signal that is always between the limits +1.5 V and +4.0 V, as illustrated in
Fig. 15.16a. The span of this signal is (4.0 — 1.5) V =2.5 V. So we would use Eq. (15.2) to find
_ span _ 2.5 volts
ref 2 =

This reference voltage (1.25 Vdc) is applied to pin 9.

. Now we connect pin 7 to the lower limit of the input voltage. This lower limit is cafled the OFFSET, In
general terms,

=1.25Vdc

OFFSET at V; = analog input lower limit (15.4)

In Fig. 15.16b, we have used two voltage dividers, one for V_,=1.25 Vdc and one for V._=1.5 Vdc. For

this circuit an analog input voltage of 1.5 V will be digitized as 0000 0000. An input of 4.0 V will convert to
1111 1111. This LSB is then equivalent to 2.5 V/256 =2 9.77 mV.

¥ ee=+5 Vde
R C
10kg 150pF
MSB — 11 20 19 (—_l
N 4 CLKR L
— 13 CLK IN
Digital — 14
output — 15
— 16 -
—1 17 ADCo804 d log i
LSB — 18 6—7—0Anaogmput
= To + 1.50 Vdc

v
—— o To+1.25 Vde

Start

Positive and Negative Input Voltages

Up to now, we have only considered positive analog voltage levels. How can we handle both positive and
negative input signals? For instance, suppose we wish to digitize analog voltages that vary from —5 to +5
Vdc. One solution is given in Fig. 15.17. The technique is to use a resistive voltage divider (R and R) at the
input pin 6. Pin 7 is connected to ground.
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¥ oe=+5 Vdc

MSB—{ 11 20 19

A little thought will reveal the following:

1. ¥,=-5V.Then V,_=0.0 V. The digitized output is 0000 0000 (00H).
2. ¥,=0.0 V. Then ¥, = +2.5 V. The digitized output is 1000 0000 (80H). This is mid scale.
3. ¥V,=+5V.Then V_=+5.0 V. The digitized output is 1111 1111 (FFH). This is full scale.

The span at V,_ is clearly 5.0 V. OFFSET is not required, since the voltage at ¥ varies between 0.0 V and
+5.0 V. Notice that a negative input voltage, ¥, always produces a 0 for the MSB of the digital output (with
the possible exception of 0.0). A positive input voltage, ¥, always produces a 1. for the MSB of the digital
output (again, with the possible exception of 0.0). In this case, the LSB is equivalent to 10 V/256 = 39.01
mV.

Testing

When using an ADC0804, it may become necessary to test it for proper operation, for example, before
initial installation or perhaps to troubleshoot a suspected malfunction. There are many different testing
procedures for A/D converters, some of which are quite complex and computer-controlled. However, a
rapid and simpte test is to apply a known analog input voltage while monitoring the digital cutputs. The test
circuit in Fig. 15.18 on the next page can be used for this purpose. Notice that the dc supply voltage has been
adjusted carefully to a value V.= 5.120 Vdc. Also, V', has been set at V,/2 = 2.560 Vdc. These values have
been chosen so that the LSB has a weight of 5.120 V/256 = 20 mV. This eliminates any round off error and
makes the arithmetic easier!

A checkerboard-type test is used to activate each output. Here’s how to do it:

1. Apply an input voltage to produce the digital output 1010 1010 (AAH). The required input is
(128 +32+8+2)20mV =3.400 V.

2. Apply an input voltage to produce the digital output 0101 0101 (55H). The required input is
64+16+4+1)20mV=1700V.
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These two tests will activate all eight outputs in both states. This is not a comprehensive test, but it will
detect any faults in the outputs, and it will thus give a reasonable degree of confidence in the operation of the
A/D converter. Note carefully that a digital output 1 (high) will extinguish the LED. A low ouput (a 0) will
illuminate an LED. So,

[lluminated LED = low =10
Extinguished LED = high =1

For example, the output 1011 0010 is “seen” as

OXY 00 XXy oXx

& 4

: 1. “Why are the exteral R and C in Fig; 12.29 needed?

2. What is the purpose of the START button in Fig, 12.297 <:=
-3. ‘The digitaf output or an ADC0804 is.1100 0011. Wkatmﬂnsmhcxm:nal?
4. Forthe ADC0O804 what do the terms span and OFFSETmm’?
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15.5  MICROPROCESSOR-COMPATIBLE A/D CONVERTERS

A fundamental requirement in many digital data acquisition systems is an A/D converter that is simple,
reliable, accurate, inexpensive, and readily usable with a minicomputer or microprocessor. The National
S?miconductor ADC3511 is a single-chip A/D converter constructed with CMOS technology that has
373 -digit BCD outputs designed specifically for use with a microprocessor, and it is available for less than $9!
The 3511 uses an integrating-type conversion technique and is considerably slower than flash-type or SAR-
type A/D converters. It is quite useful in digitizing quantities such as temperature, pressure, or displacement,
where fewer than five conversions per second are adequate. The pinout and logic block diagram for an
ADC3511 are shown in Fig. 15.19,

Only a single +5-Vdc power supply is required, and the 3511 is completely TTL-compatible. This A/D
converter is a very high precision analog device, and great care must be taken to ensure good grounding,
power supply regulation, and decoupling. It is important that a single GROUND point be eatablished at
pin 13, to eliminate any ground loop currents. Voltage /. .on pin 1 is used to apply +5-Vdc power. A 10-uF
10-Vdc capacitor is connected between pin 2 and GROUND; this capacitor, and the internal 100-£ resistor
shown on the logic biock diagram are used to decouple the dc power used for the analog and digital circuits.

Voltage F_ on pin 22 should also be connected directly to GROUND.

The conversion rate of the chip is established by a resistor R connected between pins 17 and 18 and
a capacitor C connected between pin 17 and GROUND. The clock frequency developed by these two
components is given by /= 0.6/RC and should be set between 100 and 640 kHz. This is the clock signal used
to advance the internal counters thal finally store the digitized value of the analog input voltage.

The analog signal to be digitized is applied between +¥ and -V, pins 11 and 10, respectively. Negative
signals are handled automatically by the converter through the switching network at the input to the comparator.
A conversion is initiated with a low-to-high transition of START CONVERSION on pin 7, The waveform,
'CONVERSION COMPLETE, on pin 6 will go low at the beginning of a conversion cycle and then return
high at the end of a conversion cycle. Connecting pin 7 to +¥__ will cause the chip to continuously convert
the analog input signal. The using edge of the waveform on pin 6 indicates that new digital information has
been transferred to the digit latches and is available for output.

The digitized analog signal is contained in the converter as four BCD digits. The LSD, or units digit, is
D C B A, the tens digit is D,C,B_4_, the hundreds digit is D,C,B 4,, and the MSD is C B,A,. All digits can

| It Gl Rt B 272y R Bl i 1

store the BCD equivalent of decimal 0, 1, 2, ... , 9, except the MSD. The MSD can have values of only

decimal 0 or decimal 1. It is for this reason that the 3511 is called a 3% digit device—the MSD is referred to
as a half-digit. The 16 x 4 MUX is used to multiplex one digit (4 bits) at a time to the outputs according to
the input signals D, and D, as given in Fig. 15.20. For instance, when D, D, = 00, the LSD appears on the four
output lines 23, 22, 21, and 20. A low-to-high transition on DIGIT LATCH ENABLE (DLE), pin 19, will
latch the inputs D D,, and the selected digit will remain on the four output pins until DLE returns low. The
polarity of the digitized input analog signal will also appear on pin 8, SIGN. The 3511 has a full-scale count
of 1999, and if this count is exceeded, an overflow condition occurs and the four digit outputs will indicate
FEEE.

The heart of the analog-to-digital conversion consists of the comparator, the D-type flip-flop, and an RC
network that is periodically switched between a reference voltage ¥ and ground. When the output of the
D-type flip-flop, O, is high, the transistor designated as SW | is on, and the other transistor designated as Sw,
is off. Under this condition, the capacitor C charges through R toward the reference voltage (usually +2.00



Digital Principles and Applications

Dual-ir-line package

y

e

4 2
e — ==
Analog ¥ 2] 123 o
“3 = 2
-7 = =
) e
r— ; D
Overflow — — 1,
. 19 Order Number ADCIS1ICCN
Comversion complete — Topricn s DLE o ADC AT ECN
Sian conversion — I fow Sce NS Package N24A
Sign —1 —
R 16 ';',"
Fitier T 15 ALF
Fog . — — si,
. 11 14 -
*.nm 5 -1—1 S,
Vi~ |— Analog GNG

{a) Connecrion diagram
ADCIST 2 12 dign AT ADCITT 3 Adadigit AT

SI1aTt COMVErsion ==jism—

Frequency in =i

Frequency out ———tp

Digital timing and conirol

(IND VSS
Digital P

Analog Ve

Feiter

"

A ]
8y ]
¢ b= LsD -—-DO————h 2¢
o |l
Ay |
a8, |—] .
Ty e D
D, | ROM BCD
4| 16:4 MIIX decoder
By frael )
€ ] > v
0, ]
A
By b MEBD -—-D)_——D 2
€ = 4
3120 54> |

n, d1g|(t |3|'Ch) i ;-
1, 1 ] Dy
1D, i 14 Decoder ——]  Latch  [— 0,
1D, : — [t DILE

1

) |

l Overflow

hdl ROM

V Overflow
C ion complewe
Sign

b1 Block diagram

(@® Fig. 15.19 ) National Semiconductor ADC3511 (3711)

Vdc), and the capacitor voltage ¥, is fed back to the negative input terminal of the comparator. When ¥,
exceeds the analog input voltage, the comparator output switches low, and the next clock pulse will set O low,
When @ is low, SW | is off and SW, is on. The capacitor now discharges through resistor R toward 0.0 Vdc,
As soon as ¥, discharges below the analog input voltage, the comparator output will switch back to a high
state, and this process will repeat.
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These components form a closed-loop system that will
oscillate—that is, a rectangular waveform as shown in Fig.
15.21 will be produced at SW and SW, (pins 15 and 14).

The duty cycle of this waveform is given as

!

Puty cycle =
uty cycle t.+ty

and its dc value is given as
¥, =V  xduty cycle

ret
This dc voltage will appear at F, and the closed-loop sys-
tem will adjust itself such that

V.=V, =V Xdutycycle

or

i I

= duty cycle =
Vref I.+1i,

The maximum allowable value for the analog input voltage
is V. When the input is equal to V_, the duty cycle must be
equal to 1.0 (¢, = 0) and Q is always high. If the input analog
signal is 0.0. the duty cycle must be zero (¢, = 0), and Q is al-
ways low. For an analog input voltage between 0.0 and +V _,
the duty cycle is some value between 0.0 and 1.0.

The waveform O at the output of the D-type flip-flop has
exactly the same duty cycle as ¥, and it is used to gate a
counter in the converter. The counter can only advance when
Q is high, and the gating is arranged such that for a duty cycle
of 1.0, the counter will count full scale (1999), and for a duty

@

DIGIT SELECT
Inputs
DLE| D | Dy | Selected DIGIT
L | L | L |DIGITO(LSD)
L 1L| H|DIGITI
L | H| L |DIGIT2
L | | H | DIGIT 3 (MSD)
H ] X | X | Nochange

L =Low logic level

H = High logic level

X = Irrelevent-logic level

The value of the selected digit is

presented at the 23, 22, 2‘, and
2° outputs in BCD format.

ADC 3511 (3711)
control levels

g et

0

i
Dty cycle = ——
ty cy iy

(@9 hg. 15.21 ) Waveforms at SW,
and SW, (pins 15

and 14 respectively)
for the ADC3511

cycle of 0, the counter will count 0000. For any duty cycle between 0.0 and 1.0, the counter will count a pro-
portional amount between 0000 and 1999. In fact, the exact COUNT relationship is given as

COUNT=Nx

ref

where N is the full-scale count of 2000.

(4 :W An ADC3511 is connected with a reference voltage of +2.0 Vdc. What will be the count

held in the counter for an analog input voltage of 1.25 Vdc? What must be the duty

cycle?

Solution: Using the expression given above, we obtain
' - 125

- Count = 2000 x == = 1250
: 2.00

The duty cycle must be |
' 1.25

Duty cycle = Y125 0.625
Veet

2.00
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The circuit in Fig. 15.22a shows an ADC3511 (or an ADC3711) connected to convert 0.0 to +2.00 Vdc
into an equivalent digital signal in BCD form. The 3511 converts to 1999 counts full scale and thus has a
1-bit resolution of 1 mV. The 3711 converts to 3999 counts full scale and has a 1-bit resolution of 0.5 mV.
The circuit in Fig. 15.22b utilizes an isolated power supply such that the converter can automatically handle
input voltages of both polarities—from +2.0 to -2.0 Vdc.

For both circuits, the reference voltage is derived from a National Semiconductor LM336, indicated by
dotted lines. This is an active circuit that will provide 2.000 Vdc with a very low thermal drift of around 20
ppm/° C.

A complete circuit used to interface the ADC3511 with an 8080A microprocessor is shown in
Fig. 15.23 below. Three-state bus drivers (DMB80LS95) are used between the 3511 digital outputs and the
microprocessor data bus, and the OR-gate-NOR-gate combination is used for control. The analog input is
balanced with 51-k€Q resistors, and the 200-} resistor connected to SW, is chosen to equal the source resis-
tance of the voltage reference; this will provide equal time constants for charging or discharging the 0.47-uF
capacitor.

232 28 1k

240V
A/D ref
Full-scale DMBOLS95
adjust v OFL °DB 7

[~
ref lzf
Sign % ,\J oDB 6
e 2 . IJ LT, ©DB 3
]
- MF 75k - - oDB2
Digital L out LT/ I\]
ground 250 FT ‘ :
P F, 2! > oDB 1
Vinr o_m_ Vins) 20 ‘J ©DB 0
) "M ADC3s1 le—4¢
51k ADC3711 OF
Viny 0—AM— Viniy ) DLE OF
AD
Virr START e
200 ,
SW, cCcp———ecCC
0.47[1F 100 k SW1 D[ —°D1
Ven Dy——=D,
0.47 uF
Analog
ground A GND D GND L Digital

ground
(a) Dual polarity A/D requires that inputs are isolated from the supply. Input range is + 1.999 V

(8 Fig. 15.23 ) (From National Semiconductor Data Acquisition Handbook; continued
on next page)
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A/D port

OE T7OR
st —
v, 5C Tow
o0— -
DB 7 [DB7 D7
DB 6 DB 6 D6
ADC3511 - D6228 D3
v
2|DB 4 4
=l pB 3
DB 3 < D3
DB?2 4PB2 D2
DB 1 DB | DI
DB 0 y Riu DO
DO ADO 4{ 4
DI AD 1 <J1 4
C80B0A
4
AD AD2|m 1
AD b—o< }——— a—<] 4y
AD3
AD 4 E —< “
A/D ref CC Unified bus g L& 4,
comparator |AD 5= 1 y
‘\I 5
AD 6 ey
v ~ 6
ref AD 7/ <] p
170 7
INT
8080A lower
order address bus

{b) Sihgle channel A/D interface with peripheral mapped I/O
(@8 Fig. 15.23 ) (Continued)

In this application, the 3511 is a peripheral mapped device, which means that it is selected by an address
placed on the address bus by the 8080A. The unified bus comparator is used to decode the proper address bits
and select the ADC3511 with a low level at the A D input of the two control gates.

The CONVERSION COMPLETE output from the 3511 is used as an INTERRUPT signal to the 80804,
telling it that a digitized value is available to be read into the microprocessor. The receipt of an INTERRUPT
signal causes the 8080A to read in the MSD (4 bits), the overflow (OFL), and the SIGN. If an overflow
condition exists (OFL is high), an error signal is generated and the 8080A returns to its prior duties: Otherwise,
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the SIGN bit is examined and stored in the MSB of digit 4 (the LSD); a negative value is denoted by a | in
this position. The 4 bits of the LSD, that now contains the sign bit, are shifted into the upper half of the 8080A
data byte. (Note that the 8080A works with 1 byte, i.e. 8 bits, of data at a time on the data bus.) The 4 bits of
digit 3 are then shifted into the lower half of this byte. In a similar fashion, digits 2 and 1 are shifted into the
second byte, and the four digits are now stored in the 8080A memory,

It is beyond the intent and scope of this text to include the programming required on the 8080A to
interface with the ADC3511, but the flow chart and service routine given in the National Semiconductor Data
Acquisition Handbook are included in Fig. 15.24 for the convenience of those who might presently utilize the
circuit. Additional information is available in the National Semiconductor handbook.

Input MSD with sign and
OFL clear carry, rotate
OFL through carry
Rotate through Y(OFL) Overflow
carry condition Q?
I Input digit 1 )
N(PLUS) Sealing and pack into C register
error flag load printer to memory
Y Return i
€ Store C, then B into
Or 1 into memory space for
MSB of MSD A/D restore status
Rotate twice, clear lower Return
4 bits save in register B
Decrement pointer
load MSD-1
mask and pack into B
Rotate 4 times
input digit 2
mask and save in C
é) (a) Flow chart

(@3 hig. 15.24 ) (From National Semiconductor Data Acquisition Handbook; continued
on next page)
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Label Opcode Operand Comment Label Opcede Operand Comment
ADIS: PUSH PSW :A/D imterrupt IN ADD 2 :delay
service :
PUSH H :save RAL :‘rotate
RAL into
PUSH B current status RAL ‘upper
IN ADD4  :input A/D digit 4 RAL -4 bits
IN ADD 4  delay ANI FO :mask lower bits
ORA RESET carry MOV C, A :save in C
RAL gf)artar;e OFL through IN ADD1  :indigit
IC OFL :overflow condition IN ADD | delay .
RAL rotate sign through ANI OF :mask upper bits
carry CR C ‘pack
Ic PLUS  :positive input MOV C A ssave in C
ORI 20H :OR 1 into MSB LXI H. ADMS :load printer to A/D
negative input memory space
PLUS: RAL :shift MOV M, C :save C in memory
RAL :into position INX H :point next
ANI FO :make lower bits MOV M,B :save B in memory
MOV BA :save in B OuUT ADDI1 :start new
IN ADD 3 :input digit 3 conversion
N ADD 3  delay POP B ‘restore
ANI OF :mask higher bits POP H ‘previous
OR B :pack into B POP  PSW status
MOV B, A -save in B El :ENABLE interrupts
IN ADD 2  input digit 2 RET ‘refurn to main program

(b) Routine 1, single channel interrupt service routine

(@9 Fig. 15.24 ) (Continued)

Explain why it is acceptable to place the sign bit of a voltage digitized by the ADC3511 {or
3711} in the MSB of the MSD.

Solution " The full-scale count for the 3511 is 1999 and for the 3711, is 3999, So, the largest value possible for the
MSD in either case is 3 = 0011. Cleardy the MSB is not needed for the magnitude of the MSD. It is thus convenmnt to
specify a positive number when this bit is 2 0 and a negative number when this bitisa 1.

.415.6' DIGITAL VOLTMETERS .

The ADC3511 (or 3711) discussed in the previous section can be used as a digital voltmeter, but it is
usually more convenient to have a circuit that will drive seven-segment LED displays directly. The National
Semiconductor ADD3501 isa 3 % -digit DVM constructed using CMOS technology and available in 2 single
dual in-line package (DIP). It operates from a single +5-Vdc power supply and will drive seven-segment
indicators directly. The ADD3501 is widely used as a digital panel meter (DPM) as well as the basis for
constructing a digital multimeter (DMM) capable of measuring voltage, current, and resistance, and it is
available at a nominal price.

The connection and logic block diagrams for an ADD3501 are shown in Fig. 15.25. The only difference
between this device and the ADC3511 are the outputs. There are seven segment outputs , 5, S, ..., Sg, and
the four digit outputs, DIGIT 1, ... , DIGIT 4. These outputs are fully multiplexed and are designed to drive a
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common-cathode-type LED display directly. All the other inputs and controls are identical to the previously
discussed ADC3511. The 3501 has a full-scale count of 1999 for a full-scale analog input voltage of +2.00
Vdc. A resolution of 1 bit thus corresponds to 1 mV of input voltage.

The circuit shown in Fig. 15.26 on next page shows how to use an ADD3501 as a digital voltmeter that has
a full-scale analog input voltage of +2.00 Vdc. The LM309 is a voltage reguiator used to reduce jitter prob-
lems caused by switching. The NSB5388 is a 3%—digit 0.5-in common-cathode LED display. The LM336 is
an active circuit which is used to provide the 2.00-Vdc reference voltage. When using this configuration, it is
important to keep all ground leads connected to a single, central point as shown in Fig. 15.26, and care must
be taken to prevent high currents from flowing in the analog V.. and ground wires. National Semiconductor
has carefully designed the circuit to synchronize the multiplexing and the A/D conversion operations in an
effort to eliminate switching noise due to power supply transients.

What is the purpose of the 7.5-k{2 resistor and the 250-pF capacitor connected to pins 19
and 20 of the ADD3501 in Fig. 15.267

Solution These two components:e_stéblish the internal oscillator frequency used as the clock frequency in the
converter according to the relationship £ = 0.6/RC. In this case, f = 320 kHz.

The DVM in Fig. 15.27 on page 589 is modified slightly in order to accommodate analog input voltages
of either polarity, and also of different magnitudes. Power for the circuit is obtained from the 115-Vac power
line through an isolation transformer, and the analog input is now applied at ¥ (+) and ¥, ().

Scaling the analog input voltage for different ranges is accomplished by changing the feedback resistor
between SW, on pin 17 and ¥, on pin 14, or using a simple resistance divider across the analog input. First
look at the 2.00-Vdc range, since this is the normal full-scale range for the 3501. In this position, the range
switch connects 100 k€ as the feedback resistor, and the analog input goes directly to pin 13 [V ]. Also notice
that the decimal point is between the 1 and the 8, giving 1.999 Vdc as a full-scale reading.

On the 0.2-Vdc scale, the range switch stilt applies the analog input voltage directly to pin 13. but the
reference voltage at SW/ is reduced by a factor of 10 by a resistive voltage divider before being used as a
feedback voltage. The resistive ‘divider is composed of a 90-k€2 resistor R, and a 10-k£2 resistor R, The
voltage developed at the node connecting these two resistors is 0.1 V_, and so the full-scale voltage is also
reduced by a factor of 10. The 90-k€2 resistor R, is used to keep the charging time constant essentially the
same on all ranges. The time constant is given as RC = 100 kQ x 0.47 uF. Notice that the decimal-point
position has moved to pin 7 on the NSB5388 to give a full-scale reading of 199.9 mV.

On the 200-Vdc position, the range switch pute back the original feedback resistor, but the analog input
voltage is reduced by a factor of 100 with a resistive voltage divider composed of 9.9-M(2 and a 100-kQ
resistor. The analog input to the 3501 is thus still 2.00 Vdc full scale even though the actual input signal is
200 Vdc full scale. The decimal point will be placed on pin 7 of the NSB35388 to give a full-scale reading of
199.9 Vdc.

On the 20-Vdc full-scale position, the range switch still uses the input voltage divider to reduce the input
signal by a factor of 100, but the feedback resistor is also used to effectively increase the full scale by a factor
of 10. The net result is that the 3501 will count full scale when the analog input voltage is 20 Vdc. Notice that
the decimal point is now applied to pin 6 of the NSB5388 to give a full-scale reading of 19.99 Vdc.

The circuit shown in Fig. 15.28 on page 590 is a complete DMM taken from the National Semiconductor
Data Acquisition Handbook. It utilizes the ADD3501 and is capable of measuring both dc and ac currents and
voltages as well as resistances. The ranges and accuracies of the instrument are given in Fig. 15.29.
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Applications @

The different dc and ac voltage ranges are accommodated by a resistive voltage divider at the analog input.
Alternating-current voltages are measured by using the three operational amplifiers 4,, 4,, and 4, 10 develop
a dc voltage that is proportional to the root-mean-square (RMS) value of the ac input voltage.

Measurement Range Frequency |, ... Overrange
mode 0.2 2.0 20 200 2000 response Y| display
DC volts - v v V4 v - < 1% FS| = OFLO
AC volts — VeMs Vems | Vems | Vrwvs |40 Hz to 5 kHz{ < 1% FS| + OFLO
DC amps mA mA mA mA mA - < 1% FS| £+ OFLO
AC amps mARMS| mARMS | mARMS| mARMS imARMS40 Hz to 5 kHz{ < 1% FS| + OFLO
Ohms kQ kQ kQ kE2 kQ — < 1% FS| + OFLO

m Performance of the DMM in Fig. 15.28

A series of current-sensing resistors are used to measure either dc or ac current. The current to be measured
is passed through one of the sensing resistors, and the DMM digitizes the voltage developed across the
resistor.

The DMM measures resistance by applying a known current from an internal current source (operational
amplifiers 4, and 4,) to the unknown resistance and then digitizing the resulting voltage developed.

For those interested in pursuing this subject, complete details for the construction and calibration of this
DMM are given in the National Semiconductor Data Acquisition Handbook.

The primary objective of this chapter is to demonstrate the use of many of the most fundamental principles
. discugsed: throughout the. text by considering some of the mere common digital circuit configurations
encountered: in industry. Multiplexing of LED displays, time and frequency measurement, and use of
digital voltmeters of all types are widely used throughout industry. Altheugh our coverage is by no means
comprehensive, it will serve as an excellent introduction to industrial practices. .

The problems at the end of this chapter will also provide a good transition into industry. They are in
general longer than previously assigned problems. All the necessary information required to work a given
problem may not be given—this is intentional since it will require you to seek information from industrial
data sheets. However, the problems are more of a design nature, and usually deal with a practical, functional
circuit that can be used to accomplish a given task; as such, they are much more interesting and satisfying
to solve.

. PROBLEMS '

In order to solve some of these problems, you may  15.2 Design a four-decimal-digit multiplexed dis-

have to consult product data sheets that are not in- play like the one in Fig. 15.7, but use com-
cluded in this text. It is intended that you discover a mon-cathode-type LEDs. Use a basic circuit
source for such information. like the one in Fig. 15.2, but you will now

need to generate DIGIT waveforms that have

15.1 Pick one of'the solutions suggested in Example ¢
positive pulses.

15.3 and do a detailed design, including part
numbers and pin numbers.
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15.3 How often is each digit in Fig. 15.7 serviced,
and for what period of time is it illuminated?
Extinguished?
Design a multiplexed display like the one in
Fig. 15.8 having eight decimal digits. Use a
three-flip-flop multiplexing counter and four
74151 multipiexers.
Specity a ROM that could be used in place of
the 7447 in Fig. 15.8. Draw a circuit, showing
exactly how to connect it.
Design a four-decimal-digit display using
54/74143 and common-anode LEDs.
Using Fig. 15.12 as a pattern, design a four-
digit frequency counter using 54/74143s
and 54/74160s. Use a 1.0-MHz clock, and
provide 0.1-, 1.0-, and 10.0-s gates. Specify
the frequency range for each gate.
Following Fig. 15.12 as a guide, design a
four-digit frequency counter using National
Semiconductor MM74C925.
Design a circuit to measure “clapsed time”
between two events in time—for instance, the
time difference between a pulse occurring on
one signal followed by a pulse occurring on
another signal. Use as much of Fig. 15.14 as
possible, but consider using a set-reset flip-flop
in conjunction with the two input signals.

15.10 Combine the circuits in Figs. 15.12 and 15.14
into a single instrument, Use a 1.0-MHz clock
and seven decade counters, define the scales
and readouts carefully.

15.11 What is the internal clock frequency of the
ADCO804 in Fig. 12.29 if the capacitor C is
changed to 100 pF?

15.12 In stand-alone operation, how often does the
ADC0804 do an A/D conversion?
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15.5

15.6

15.7

15.8

15.9

1. R and C are needed to set the intemnal clock
frequency. 4

2. Depressing the START button begins the A/D
CONVETsion Process.

15.13 Assuming that VCC = +5.0 Vdc, determine
the digital outputs of an ADC0804 for analog
inputs of:

a. 125V, b.
c. 44V

15.14 Assuming that V=150 Vde, in Fig. 12.29,
determine the analog input voltages that will
produce a digital output of:

a. 1000 1100
c. 0001 10007

15.15 The ADCO0804 in Fig. 12.29 is to be used with
an analog signal that varies between 0.0 and
+3.3 V. Determine a new value for V,__

15.16 The ADCO0804 in Fig. 15.16b is to be used
with an analog signal that varies between +2.2
and +3.3 V. Determine a new value for V_ and
V.

15.17 Use the ADCO0804 and design a stand-alone
citcuit to digitize an analog voltage that ranges
between +0.25 and +5.0 V.

15.18 Use the ADC0804 and design a stand-alone
circuit to digitize an analog voltage that ranges
between —2.5 and +2.5 V.

15.19 Design a resistive voltage divider to use
with the ADC3511 such that it will digitize
an analog input voltage of 20 Vdc as full-
scale voltage input. What is the resolution in
millivolts for this design?

15.20 Design a voltage divider such that the DVM
in Fig. 15.27 will measure full-scale voltages
of 2.0, 20.0 and 200.0 Vdc without changing
the feedback resistor. Leave the feedback
resistor at 100 kQ. Draw the complete design.
Is it possible to achieve a full scale of 0.2 Vdc
for this circuit without changing the feedback
resistor?

1.0V

b. 25H

e
4. Span is the range of input voltage. OFFSET
is the lowest value of analog input voltage.



