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Preface

Encouraged by the success last year of our publication, Semiconductor Circuit Design, I have compiled,
under the same title, this second volume of additional circuit designs using a wide range of semi-
conductor devices.

The book is divided into three sections, Digital Integrated Circuits, Operational Amplifiers and
Optoelectronics, and each one is preceded by an introductory chapter.

The first section, Digital 1.C.s, describes in its second chapter Schottky transistor-transistor logic
considered to be of future major importance especially in its Low Power form. The section continues
by adequately covering interface devices, counters, selectors, decoders, converters etc. and concludes
with a chapter describing a means of performing high speed multiplication using read-only memories.

The second section, Operational Amplifiers, continues the pattern of introductory chapter followed
by applications and ends with a chapter on Stereo Amplifiers—in response to the enthusiasm with
which the audio section in Volume One was received.

The introductory chapter to the third section, Optoelectronics, attempts to illuminate the theory
and practical considerations that apply when making these new and interesting semiconductor devices.

I wish to thank all my colleagues for their help and especially David Bonham and Bob Parsons,
who not only wrote a number of the chapters, but acted as my technical specialist consultants through-
out the preparation of this book.

Also, I thank the editors of Practical Wireless for their kind permission to use articles from the
May, June, July and August 1972 issues, as a basis for Chapter XVI.
BRYAN NORRIS

Applications Manager
Texas Instruments Limited
April 1973
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SECTION 1.
DIGITAL INTEGRATED CIRCUITS



I INTRODUCTION TO TTL

by David A Bonham

Modern TTL is the result of more than a decade of
evolution from early attempts to produce integrated cir-
cuits instead of discrete component circuits. It is interesting
to look back at the history of digital integrated circuits and
examine the ways that they evolved to appreciate the
virtues of TTL.

The first commercially available integrated circuits
Texas Instruments produced in 1959 were the SN502
series. They featured mesa construction and wire inter-
connections as shown in Figure 1. This approach is feasible
where a limited number of circuits are required; but it is
not economic where one wishes to attain volume pro-
duction. The first true catalogue lines of integrated circuits
were resistor-transistor logic, RTL, and Series 51 resistor-
capacitor-transistor logic, RCTL shown in Figure 2. These
were now monolithic in construction and planar diffused.
However, from a circuit point of view, they suffered by
having poor fan-out, about three or four, and a low dc noise
margin. They did feature low power, about 2 to 7 mW/gate,
depending upon the supply rail chosen.

640 Q
OUTPUT
A 8 Cc
450 450 450 2
)

5kQ
50 pF 50 pF 50 pF OUTPUT
A B C
20 k2 20 k2 20 k2

(b)

FIGURE 2. Basic Schematics of: (a) RTL Integrated
Circuit, and (b) Series 51 RCTL Integrated Circuit

GND T
t

INPUT

FIGURE 1. SN502 Series Integrated Circuit, Mesa Construction



The next advance was diode-transistor logic, DTL, as
shown in Figure 3(a). This had a good fan-out and a good
noise immunity. However, it suffered from poor yields, due
to the design allowing only a small variation of component
values. Another disadvantage was the requirement of a
negative supply which in turn took an extra pin on the
package. So far the designs had been a mere translation of
discrete circuits into a monolithic form. To keep down the
cost of logic, cheap components are used where possible.

Vee Vee

A
INPUTS B

(a)

A
INPUTS B
C.

(b)

FIGURE 3. Basic Schematics of: (a) DTL and
(b) Modified DTL Integrated Circuits

However, when one turns to making monolithic devices, the
cost also depends upon the yields obtained. It costs very
little more to make a transistor in an integrated circuit than
it does to make a diode, and yet by incorporating the
transistor one can probably obtain better performance. This
was the philosophy that led to the introduction of modified
DTL. A transistor is used in place of one of the diodes. If
one compares Figures 3(a) and 3(b) one will see that
transistor Q1 provides more current for transistor Q2 than
the original diode arrangement. Because more current is
now available, one can both use a smaller pull-down resistor
on the base of transistor Q2 and have a wide range of
current gain, hgg and still get a correctly operating gate.
This gives a higher production yield and a lower cost per
gate.

Next, instead of replacing just one diode, transistors
were used in place of all the diodes. This logic family, the
basic NAND gate of which is shown in Figure 4(a) was
called Series 53/73. A pnp transistor has replaced each
input diode so that the input current is divided by the hpp
of the transistor. Because the substrate is p type material, it
is only necessary to diffuse an n region as the base, or input

terminal, and a p region within this as the emitter as shown
in Figure 4(b). There is another advantage that is gained
from monolithic construction on a p type substrate.

INPUTS

(a)

INPUT

TRANSISTOR “DIODE”
K |£:N'él i B
e -lp .
N N

P-TYPE SUBSTRATE

(b)

N N
1P P I o
SN o
P

{c)

P-TYPE SUBSTRATE

FIGURE 4. Series 53/73 Integrated Circuits: {a) Basic
NAND Gate, (b) Cross-Section of Transistor and
Input “Diode”, (¢) Formation of an npn Transistor
in the Substrate Also Produces a pnp Transistor

Forming a npn transistor in the substrate also
produces a pnp as shown in Figure 4(c). When the npn
transistor would normally be driven hard into saturation
the pnp comes into conduction and shunts excess base
current into the substrate. This reduces stored base charge
and thus improves the switching time of the npn transistor.
The Series 53/73 devices have a fan out of 10, thanks to the
pnp input transistors, a low impedance output in both
logical states, and are easy to use. However, they require
seven transistors to a basic gate occupying a large area sc
that the cost could never be really low, and the nois¢
margin could be rather small. Notice the output circui
arrangement, with its one transistor above another. This i



known as a totem-pole configuration and can provide
i.e. ‘source’, or accept, i.e. sink, current.

The next circuit advance was to use a multi-
emitter transistor, instead of diodes or transistors, form-
ing a gate at the input. This resulted in the transistor-
transistor logic circuit shown in Figure S with its planar
construction as shown in Figure 6. The advantages of the
multi-emitter transistor are that it takes less area than the
equivalent number of diodes and that it has a faster speed.
The speed of TTL is in fact about twice that of DTL.

]
]
1
T

4
o

GND

FIGURE 5. Typical TTL Circuit

Another advantage of TTL lies in its totem-pole
output. This gives low impedance drive in both high and
low output states providing high speed with the ability to
drive capacitive loads. In general, the totem pole cutputs
cannot be wired together (Wire-OR). So to allow Wire-OR,
open collector gates are made, which are the same as the
totem pole gate but without the upper output transistor.

COLLECTOR EMITTER 2
EMITTER 1| P-TYPE
N-TYPE
EPITAXIAL
LAYER

-

L

NNNSZ 25T

Totem poles and Wire-OR (or, more correctly,
Wire-AND) will be described in greater detail.in later
sections. Although it is not usually shown on the circuit
diagram, there is a diode from a point on the 4 k$2 resistor
to the collector of the input transistor. The purpose of this
diode is to limit the base current into the multi-emitter
transistor so that it only just saturates when the input is
low. It also limits the base current when the inputs are high.
This has the effect of keeping stored charge in the transistor
down to a minimum thereby giving optimum switching
times for this input transistor.

To the standard range of TTL, which was introduced
in 1964, have been added Low Power, High Speed,
Schottky and Low Power Schottky ranges. All have the
same basic circuit configuraticn and are compatible with
each other in such things as supply and logic voltages.
However, there is a compromise between speed and power,
This is because to achieve higher speed and lower propaga-
tion delays the circuit resistor values have to be reduced.
This reduces all the time constants with base capacitances,
stored charge, stray and load capacitances, thus giving a
faster propagation of the signal through the gate. Of course,
reducing the resistor values means a higher power con-
sumption. Thus it happens that the product of power and
speed for a family is approximately constant. So if one
plots Low Power, Standard TTL and High Speed, as in
Figure 7, they lie on the same hyperbolic curve. Adding
Schottky clamp diodes improves the speed of the family
without increasing power, so the two Schottky families lie
on a better curve. One could design a family to lie
anywhere along the curves. The different powers and speeds
of the families are shown in Table 1.
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FIGURE 6. Cross Section Showing Planar Construction of Typical TTL Circuit
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FIGURE 7. Power-Speed Compromise cf the
Various Types of TTL Circuits
Table 1.
Type Of TTL Speed ns | Power mW Product pJ
Low Power 33 1 33
Low Power Schottky 10 2 20
Standard 10 10 100
High Speed 6 23 138
Schottky 3 19 57
THE DATA SHEET

Before studying the data sheet it is useful to examine
the philosophy behind it.

Worst-Case Worst-Case Philosophy

The data sheet limits are not all given for a typical
value of supply voltage and room temperature. Each
maximum or minimum parameter meets the data sheet
value at the worst supply voltage for that parameter. Thus
two different parameters may be measured at different
supply voltages: one with the maximum positive tolerance
and the other with the maximum negative tolerance.
Additionally, both parameters are guaranteed over the
whole of the temperature range. Therefore, every data sheet
limit is for the worst combination of supply and tempera-
ture. The advantage of this is that any device will connect
correctly to another device, which may be in another part
of an equipment, with a different supply voltage and
ambient temperature.

This worst-case worst-case method of specifying
device characteristics is most important as it removes from
the designer the need to check, either mathematically or
physically, if devices will interconnect correctly. Apart
from observing voltage, temperature and fan out ranges,
there is normally no need to study the data sheet. However,
the data sheet does tell one how to interface the logic with
external inputs and outputs.

There are two further points which should be
examined here. The first is that, in general, Positive Logic is
used. This means that a logical 1’ is a high voltage and
logical ‘0’ is a low voltage. On the data sheet, high and low
voltage conditions are often abbreviated to H and L.

The second point is concerned with device number-
ing. Each integrated circuit is known by perhaps seven or
eight characters, such as SN7400N. The device is listed
under this name rather than its logic function which is, in
this case, a quad two input NAND gate. How the group of
characters is made up and their relevance, is explained in
the next section on symbolization.

Symbolization (Device Recognition)

SN54H102N

The above is a typical TTL device symbolization. It
can be divided into distinct parts each of which tell us
something about the device.

SN/54/H/102/N

SN This is the standard prefix for a Semiconductor
Network. There are variations such as: RSN; BL; and
SNX; which indicate a Radiation Hardened Circuit, a
Beam Lead constructed device, or an Experimental
Circuit respectively.

54 TTL is available to meet three temperature ranges.
Prefixes 54, 64, and 74 distinguish them

Series 54 = —55to+ 125°C Military
Series 64 = —40to+ 85°C
Series 74 = Oto+ 70°C Industrial

There is also a difference in the supply voltage range.

Series 54 = 45 V toS55V
Series 64 and 74 = 475V to525V

H  Indicates a High Speed device.

The letter(s) might have been:

L : Low Power

orS : Schottky

or LS: Low Power Schottky.
or there might have been no letter which would
indicate a Standard family device.

102 The next two or three numbers show the device
function (102 = JK Flip Flop).

N  This letter is the package type. There are 11
possibilities shown in the data book but N is the most
widely used.

N =14, 16 or 24 pin dual-in-line plastic.

SN54H102N. It should now be apparent that the
above exainple is a High Speed J-K Flip Flop meeting the
military temperature range.

Absolute Maximum Ratings

Supply Voltage, Ve 7.0V
Input Voltage, VN 55V



There may be electrical breakdown and irreversible
damage if the V¢( is raised above 7.0 V. This does not
imply that one gets correct logical operation for all voltages
below 7.0 V.

The Input Voltage with respect to ground (or the
most negative input) must not be greater than 5.5 V. The
input will tolerate a maximum current into the gate of
about 2 mA. Thus where inputs do not go to an output but
to the supply rail, then a current limiting resistor should be
included if it is possible that there may be transients on the
rail, or negative undershoots on other inputs to that input
transistor.

Basic Data Sheet

A line-by-line examination of the data sheet for the
basic gate shown in Figure 8 will show what relevance the
parameters have for the user.

1. Title. Data sheets are usually for both
Series 54 and 74 devices. Apart from pin connections, data
sheet parameters are the same regardless of the package.

2. Schematic. Resistor values are nominal and
may vary by * 20%.

Pin Configuration. Note that the pin con-
nections for flat package are not necessarily the same as
dual in line.

The logic symbols, which are used in both
data sheets and application reports, are shown with their
meaning in Figure 9 (positive logic).

3. Although the devices will operate outside
the stated limits of voltage and temperature, some of the
parameters may then be outside the data sheet limits.

4.and 5. Voltage ranges over which the series are
specified. Series 64 is the same as Series 74.

6. Fan-Out is the number of standard loads
(standard inputs) that the circuit outputs will drive cor-
rectly, i.e., with full noise margin. See section on Fan-Out.

7.and 8. Temperature ranges over which the series are
specified. Series €4 is specified for the temperature range of
~40 to +85°C. In all other respects however, it is identical
to Series 74.

9. The table following is of typical and worst-
case worst-case characteristics.
10.and 13.  When the input voltage is greater than 2.0 V,

the output will be less than 0.4 V even when sinking
16 mA, and even when Vo is the minimum applicable
value asin 4 and 5.

I1.and 12. When the input voltage is less than 0.8 V,
the output will be greater than 2.4 V even when sourcing
400 uA, and even when Ve is the minimum applicable
value as in 4 and 5.

14. When the input is taken down to 0.4 V the
input will source a maximum of 1.6 mA even at the
maximum supply. This is due to current flowing from the
Vg rail via the base resistor of the input transistor as
shown in Figure 10.
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FIGURE 9. Logic Symbols (Positive Logic)
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FIGURE 10. Input Current (Logical ‘0’)



CIRCUIT TYPES SN5400, SN7400
QUADRUPLE 2-INPUT POSITIVE NAND GATES

schematic (each gate)

1Y) [y 130 0

outeut ¥

A
INPUTSY {
L]

GNO

NOTE Coumponent values shown are nominal.

w FLAT PACKAGE
(TOP VIEW)

(TOP VIEW)

J OR N DUAL-IN-LINE PACKAGE

Qo

it

T
® O

W Ve

positive fogic: ¥ = AB

recommended operating conditions MIN NOM MAX | UNIT
Supply Voltage Vec:  SN5400 Circuits 45 5 55| V
SN7400 Circuits 475 5 525| V
Normalized Fan-Out From Each Output, N e e e 10
Operating Free-Air Temperature Range, Ta:  SN5400 Circuits -56 25 125 | °C
SN7400 Circuits 0 25 70| °C
electrical characteristics over recommended operating free-air temperature (unless otherwise noted)
TEST
PARAMETER TEST CONDITIONS? MIN TYPI mAX|UNIT
FIGURE
Logical 1 input voltage required
Vin(1) at both input terminals to ensure 1 2 A
logical O ievel at output
Logical O input voltage required
Vin(0) 3t either input terminal to ensure 2 0.8 Vv
logical 1 level at output
Vee = MIN, Vin=08V,
Vout{1) Logical 1 output voltage 2 24 33 \Y
lijoad = —400 uA
Vouti0) Logical 0 output voltage 1 | Vec=MIN, Vin=2V. 022 04| v
lank = 16 mA
| Logical O level input current (each _ _
1n{0) input) 3 Ve = MAX, Vin=04V -16] mA
Logical 1 level input current {each Ve = MAX, Vin=24V 40 A
AL Y [Nec-WMAX, Vin-55v 1 | mA
N SN5400 -20 -55
lOS Short-circuit output currents 5 VCC =MAX SN7400 " 5 mA
lcclo) Logical O level supply current 6 Vee = MAX, Vin=5V 12 22 | mA
Icc(1)  Logical 1 level supply current 6 Vee = MAX, Vin=0 4 g ]| ma
switching characteristics, Vecc =5V, TA=25°C,N= 10
TEST
PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
FIGURE -
15d0 Propagation delay time to logical O level 65 CL = 15pF, R = 400 ©2 7 15 ns
tpd1 Propagation delay time to logical 1 level 65 Cp = 15pF, R =400 $2 1 22 ns

T For conditions shown as MIN or MA X, use the appropriate value specified under recommended operating conditions for the applicable

device type.
1 ANl typical values are at Vee =5V, Ta = 25°C.

% Not more than one output should be shorted at a time.

FIGURE 8. Data Sheet for TTL Circuit Types SN5400 and SN7400
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15. When the input is taken up to 2.4 V it will
sink up to 40 uA even when the supply is the maximum.
(14 and 15 define the standard load)

16. If the input is taken to 5.5 V, it will sink a
maximum of 1 mA even at the maximum supply. This is a
breakdown condition.

17.and 18. If the output terminal is taken down to
ground when the gate output is in the logical ‘I’ state, this is
the current which will flow out of the output terminal.

19.and 20. This is the total current taken by the
package at typical and worst case supply and inputs.

21.and 22.  Propagation delays measured using a circuit
as in Figure 11 to simulate 10 standard loads.

OUTPUT Ve

- - - -y

e CL
'/.;;; LOAD CIRCUIT 1

'
{
|
I
|
|
e e = d
FIGURE 11. Circuit Used to Measure
Propagation Delays

For thoroughness, a test figure is given for each of the
lines 10 to 20 showing the configuration in which the
parameter is measured.

The user should not allow himself to be intimidated
by the above explanation of the data sheet. All that one
needs to remember is the following:

A gate (or any other function) can adequately drive
up to 10 inputs, be they to gates or complex
functions.

This statement is the basis of the following section on
Fan-Out.

Fan-Out

As stated previously, in line 6, fan-out is the number
of standard (or normalized) loads that can be driven by an
output. For each load an output may have to sink 1.6mA
when it is low and source 40uA when it is high. As lines
13 and 12 respectively state in the example of the SN7400,
the output of the gate can sink 16 mA before the saturation
voltage of the output transistor exceeds 04 V and it can
source 400 uA before the output voltage drops below
24V.

logical, ‘0’ = 16/1.6 = 10, logical T’ = 400/40 = 10.
fan-out fan-out
Therefore, the SN7400 has a fan-out of 10 in both logical
states.

All new devices are being tested at 800 uA at logical
T’ instead of the 400 uA. This gives a fan-out of 20 in the
logical ‘I’ state.

When an unused input is paralleled with a used one, it
is necessary to sink a maximum of 1.6 mA from the input
transistor, or source 40 #A maximum into each of the
inputs. Thus, two inputs of the same gate paralleled
presents a load of 1 in the logical ‘O’ state and 2 in the
logical ‘I’ state.

Thus, a total of 10 unused inputs can be paralleled
with used inputs, without exceeding the fan-out capability
of the output. Eventually all devices will be specified at
800 uA. Actually the difference between 400 uA and
800 nA, with an output impedance of 150 £, represents a
drop in output voltage of only 60 mV anyway.

DC Characteristics

The Transfer Characteristics of the gates of all the
families are very similar in terms of voltage. They look like
the curve in Figure 12.

The input and output characteristics of standard TTL
will now be examined with reference to the data sheet
limits. They are shown in Figures 13 and 14. The impor-
tance of various parts of the characteristics is given on the
figure. The circled numbers correspond to the relevant line
of the data sheet.

The input and output characteristics of the other
TTL families are all contained in the Bergeron diagrams in a
later section. Although to differing scales of current, they
are all the same basic shape.
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FIGURE 12. Transfer Characteristics of a Gate
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FIGURE 13. Input Characteristics of Standard TTL
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FIGURE 14. Output Characteristics of Standard TTL

LOGIC GATES AND FLIP FLOPS

Standard Input and Qutput

Each input to a function is one standard TTL load.
There are occasional exceptions: for example, clock inputs
are sometimes two loads. Each output of a function is one
standard output.

The standard input is usually of the configuration
shown in Figure 15 and the standard output is as in

Figure 16,
J%‘l

FIGURE 15. Standard Input

%

FIGURE 16. Standard Output

Combining Figures 15 and 16 gives the basic NAND
gate.

NAND Logic and Karnaugh Maps

As the logic is of the NAND form, it facilitates the
realization of Karnaugh maps. The latter provide a dia-
gramatic view of all the logical terms (Yes, No and “don’t
care” terms) required in an expression. They allow one to
obtain the simplest and most economical expression
necessary. An example is shown in Figure 17. The
expression can then be realized using NAND gates as in
Figure 18. Karnaugh maps are explained in many books on
logic and Boolean algebra.!

CD

00 01 11 10

AB 00 { X X X O

FIGURE 17. A Karnaugh Map

o —,
S ake

F=AC+BD

(=1

FIGURE 18. Redlization of the Expression
With NAND Gates

Flip-Flops

Flip-flop is a term which has come to mean a
function which can be triggered into either of two stable
states, i.e., a bistable element. The simplest of these is the
bistable latch. This is usually made from cross coupled
NAND gates but other variations are possible as shown in
Figure 19. Latches can be used as memory elements.

The NAND gate version has the truth table shown in
Table 2.

Table 2.
R S Q Q
1 1 Q Q
o] 1 1 o}
1 o) o} 1
0 o] 1 1

In line 1 of Table 2 the outputs are as they were
before the R and S inputs changed. Lines two and three
show the new output states which occur immediately either
R or S is taken to a zero. The new state is remembered
when R or S returns to a logical ‘1’. Line 4 can occur, but it



R

FIGURE 19. Variations of Latch Possible

is not remembered, as either R or S changes before the
other, and it is this intermediate state that is remembered.

Any change in the output of a latch occurs at the
same time as the input data change. This is known as
‘asynchronous’ operation. A ‘synchronous’ flip-flop is one
in which the outputs change in accordance with the input
data but at a time determined by a separate ‘clock’ input.
The simple latch shown above operates asynchronously.
More complex logic is required to turn a latch into a
synchronous flip-flop or bistable.

There are various configurations of clocked bistable
and various clock mechanisms. The three clock mechanisms
will be considered first.

Ac Coupled. The clock pulse is capacitively coupled
into the bistable. A fast rise is necessary to ensure
propagation of this pulse. Currently none of the TTL
flip-flops has this type of clock.

Dc or Edge-Triggered. Edge triggered should not be
confused with ac coupled. Edge triggered is the same as
level triggered. It is this, the change in dc level, that triggers
the flip-flop. Either a positive or a negative transistion will
clock, but not both. Although clocking is relatively
independent of rise and fall times, noise immunity
decreases if they are longer than about 50 ns.

Master-Slave. In this type of input the data is not
immediately transferred from the data inputs to the output.
It is first put into a master latch. This occurs when the
clock goes high. When the clock comes low again the inputs
are first disconnected from the master and then the state of
the master sets a slave latch which gives the output.

Theoretically any of these three types of clocking can
beused in the following bistable forms.

D-type Bistable. The data present at the input just
before the clock edge is transferred to the outputs on the
same edge. The SN7474 is an example of a dual D-type
bistable that is positive edge triggered.

There is a variation usually called a D-type latch. With
this function the data at the D input is transferred to the Q
output while the clock is high and, if the data changes, Q is
changed in sympathy, However, while the clock is low, the
Q output retains the state it had prior to the negative edge.
They are useful for data storage. The SN7475 is a quad D
type latch.

T-type flip-flop. The T-type flip-flop has two inputs
clock and T. It changes state (or toggles) when clocked, if
the data input, T, is a logical ‘1°. If it is a logical ‘O’ there is
no change. When cascaded, these devices divide by two,
and, although they are not available as separate entities,
they are used within such things as binary counters.

R-S Flip-flop. The outputs follow a similar truth
table, shown in Table 3 to the set-reset latch. The notation
used is that Q, represents the state of the Q output before
the ciock pulse and Qp4; after the clock pulse. The
disadvantage of the R-S latch is that the output state is not
predictable if R=S =1 at clocking. From the truth table
one can see that it is not always necessary to control both
R and S to get the desired output. For instance if Q=0
and one wishes it to remain at logical ‘O’ then, providing
S=0, R may be a logical ‘1’ or ‘Q’. It will make no
difference. This is useful as it simplifies the logic design and
implementation of such things as counters.

Table 3

R| S Qn+1

0|0 Q,

1j0 0

of1 1

1| 1 |Indeterminate

J-K Flip-flop. This is similar to the R-S except that
the indeterminate state has been removed, and both data
inputs, now called J and K, are logical ‘1’. The truth table,
shown in Table 4, is now defined for all four combinations

Table 4
J[K [Qn+q
o{o| o,
110 1
01 0
111] q,

of J and K and it is no longer necessary to avoid the
J=K =1 input condition. Again, like the R-S flip-flop, one
can get the desired output change by using only one of the
data inputs. These are tabulated in Table 5. (Note X is the
symbol used to represent a ‘don’t care’ i.e., ‘O’ or ‘1’).

Table 5
Qn|Qn+ |J K
0 0 0X
0 1 1 X
1 0 X0
1 1 X1




In the case of a master slave J-K flip-flop, it is
generally understood that the J and K inputs should not be
changed while the clock is high. However, if one studies the
flip-flop in gate form, as shown in Figure 20, one can
anticipate the result of such action.

Figure 20 shows that the J and K data inputs go into
the master latch via NAND gates which are enabled by the
clock when it is high. In addition, Q and Q are fed back to
the K and J input gates respectively. This feedback is the
difference between an R-S and a J-K flip-flop.

Consider when Q =1 (and thus Q = O) the output of
Gl =0, and G2 = 1. It will not matter what state Jis in as
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FIGURE 20. SN7473 J-K Master-Slave Flip-Flop

it will be locked out by Q and the output of G8 = 1. Let K
be low as the clock goes high. While the clock is still high, K
goes high, and the output of G7 = O and therefore G5 = 1.
Thus with two ones on its input, G6 goes to a'0O'and the
master latch changes state. If K reverts to a ‘O’ while the
clock is still high, then the master latch will remain with
G5 =1 and G6 = O as there is still a‘O'input to GS5. In other
words, it remembers that K went to a ‘1’. Now, when the
clock goes low again, the transfer gates will pass the
condition of the master latch to the slave. So the slave latch
will change to Q = O as though K were still high.

The action will be different if, instead of the circuit
being as in Figure 20, it is realized as in Figure 21,,
Specifying J =0 and the rest of the conditions as before,
the master latch will still change state when K goes to a ‘I’
Now, however, the new state will be transferred to the
outputs immediately K returns to a ‘O’ as the transfer gates
do not have to wait for the clock to go low in this circuit
configuration. The clock going low will have no effect. In
the second case when J = 1, the Q output will again change
to a ‘0’ on the negative edge of the K data, only to be
toggled back to a ‘1’ when the clock goes low. This is
because G8 is no longer inhibited once Q has changed to'l’

10

o
© Q|

CLOCK

FIGURE 21. SN74H73 J-K Master-Slave Flip-Flop

Most flip-flops have a Clear or Preset terminal or
both. The Clear input clears Q to a logical ‘O’ and the
Preset input puts Q to a ‘1’ If only a Clear is available on a
package then it can become a Preset by reassigning the
input and output terminals. For instance with a J-K
flip-flop, J becomes K and K becomes J and Q and Q are
interchanged. What was the Clear input can now be used as
a Preset. Obviously, with a dual device this could be done
for both halves or only one half.

Noise
What is noise? It can be expressed in one simple
sentence: Noise is some signal other than that signal which

is intended to be at that point. Noise immunity is a measure
of the susceptability of a systeni to noise.

Noise Margins. These show how much noise TTL can
tolerate before giving false outputs.

The dc noise margin is the difference between the
output voltage and the input threshold. Typically, the
threshold of a TTL gate is at about 1.4 V. The output of a
gate will be 0.2V or 3.3V in the ‘O’ and ‘I’ states
respectively. There, as illustrated in Figure 22,

Noise Margin in the ‘O’ state = 1.4 -0.2
=12V

Noise Margin in the ‘1’ state = 3.3-1.4
=19V

3)“_2" 14V ): .
‘0’ STATE
33v 14v j)_ o
‘1 STATE

FIGURE 22. Typical DC Noise Margin




The output of a gate is guaranteed to be less than
0.4 V or greater than 2.4 V in the logical ‘O’ and ‘1’ states
respectively. Similarly, the threshold is guaranteed to lie
between 0.8 and 2.0V. Therefore, as illustrated in
Figure 23, the guaranteed noise margin for worst devices
will be (0.8 — 0.4) and (2.4 — 2.0). So for both states, the
guaranteed noise margin is 400 mV.

D =D
-

‘0’ STATE

24V ‘
} 2'0 v

‘1" STATE

0’

FIGURE 23. Guaranteed DC Noise Margin

Causes of Noise

Noise may come from a radiating source such as a
relay, crosstalk from other gates, reflections caused by
driving long lines, spikes on the supply rail caused by
switching or coupling from the mains input, or spurious
signals brought into the equipment along the input or
output connections. Each of these possibilities will be
considered in turn.

Radiated. Consider a source, such as a relay or motor.
There will be a stray capacity between this source and an
intergate connection, as represented in Figure 24. The
impedance level at this point will be defined by the driving
gate output impedance, R.

SOURCE

I Cg
.
|

FIGURE 24. Stray Capacitance Coupling
Noise Source Into Logic

Consider a transient voltage source appearing across
the stray capacitance C and impedance R as shown in
Figure 25. The rate of rise is dV/dt.

The current that flows through the capacity and
output impedance is given approximately by CdV/dt =i. If
there is a noise margin of 400 mV there can be a
A Vi, <400 mV before the transient will cause the logic to
give an incorrect output.

AVj, = iR ~dV/dt = AV;/RC

substituting typical values (e.g. R=25Q C =2 pF) gives:

transient tolerance, dV/dt < 8000 V/us .

- LT
Y

FIGURE 25. A Transient Voltage Source Appearing
Across Stray Capacitance C and Impedance R

Crosstalk. Crosstalk occurs when a signal being
transmitted between two gates causes a perturbation of the
logic level between two other gates. The amplitude of the
perturbation will depend upon the impedance level at the
interconnection between these two gates. If they are close
the impedance will be the same as the output impedance of
the first gate.

They can be considered to be close together if the
propagation delay along the path between them is less than
half the propagation delay of the logic used. If they are
close, then it can be considered as in the paragraph above;
but unless the coupling is high the crosstalk amplitude does
not threaten the noise margin. If they are not close then the
formula below gives an approximate value for the
perturbation.

[t can be shown that:2

1
S(s+z,X1+2))
L, I
where Vi, is the induced voltage between two lines running
in parallel and Vg is the voltage swing of the logic.

Vin=V

Zy is the output impedance of gate 1
Z,, is the line impedance

and Zy, is the mutual coupling impedance.

The arrangement is as in Figure 26. If the impedance
of the lines is less than 75 2 and the mutual impedance
between the lines is 400 Q or less, then Vip = <400 mV.
The most strigent case of crosstalk occurs when the paths

are in opposite directions.
ZO %7

D"

FIGURE 26. Crosstalk



Line driving. A gate at the input of the line (the
driving gate) switches and a new voltage level is transmitted
down the line to a gate at the output (the receiving gate).
The new level arrives at the receiver after a transition time
along the line. This transition time depends upon the length
of the line, and the velocity of propagation (often about
4-5 ns/m). Reflections of the step will be produced if there
is a mismatch at the ends of the line. Whether or not critical
reflections are produced in the line depends upon the gate
output impedance characteristic, the impedance of the line
and input impedance characteristic of the receiving gate.
The waveform at the receiver (and at the driver if this point
is also driving local inputs) can be at fault in several ways.
Some of the possibilities are shown in Figure 27.

At point A in Figure 27, the receiver does not see the
new logic level until after 3 transitions along the line
(instead of one).

At point B in Figure 27, the first step only goes down
to the threshold. It is, therefore, not possible to be certain
what the receiver output will be. Furthermore, and more
important, the receiver is prone to noise for two transition
times. The cases at A and B are more likely to occur at the
drive output than at the receiver input and will cause delay
or false clocking if driving gates at the local end as well as
the far end of the line.

At point C in Figure 27 is the sort of waveform that
can occur at the receiver if there are no clamp diodes. It can
cause damage in the form of inter-emitter breakdown i.e., if
one emitter of a multiemitter input transistor is at the
logical one, say 5V, and the line takes another input
negative by one volt then the inputs may breakdown
because the voltage (5 + 1) exceeds the maximum of 5.5 V.
The undershoot is reduced by the inclusion of clamp diode
at the gate inputs. The high level logic voltage is at least two
transistor base-emitter voltages, 2Vpggs, below the supply
rail, i.e., (3.7 V for a 5 V rail typically it will be 3.3 V). If
one requires to be absolutely certain, in cases where there
may be transients on the rail or overshoot on the second
input, one should use single input gates (or gates with all
inputs together) as receivers and then perform the logic.

Point D in Figure 27 shows overshoot and it is 5
transition times before the logic level is finally correct. This
makes the system slow, even if precautions such as strobing
are taken to allow the output to settle. The line output still
cannot be used directly into any sequential logic as it would
cause false clocking. The amplitude of any overshoot can be
controlled by the output characteristic of the driving gate.

One can anticipate with very good accuracy the
waveform that will be produced by line driving by using a
Bergeron diagram.3 This is the two impedance character-
istics of a driver and receiver superimposed on voltage
current axes. By drawing on load lines the same as the
characteristic impedance of the transmission line the
successive voltage steps can be found. Figure 28 shows the
Bergeron diagrams for the various families. With them are
given waveforms at both driver and receiver showing what
useful waveforms can be obtained. They do not contain the
faults of Figure 27 A, B, C and D, except that the sender
output often has a fault similar to 27B on the ‘O’ to ‘1’
transition. The waveform at the receiver however is
satisfactory and would give perfect results. If one requires
to use the sender output locally as well as driving the line,
as in Figure 29, then there are several alternatives one can
take.

FIGURE 29. Output Used Locally as Well as
Driving the Line

The first alternative is to wait. That is,one does not
use the logic signal until it has been allowed to settle which
will take two propagation times along the line. The second
alternative is to put in an extra gate especially to drive the

4 A B c D E-IDEAL WAVEFORM
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] 2
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P mas
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s 1
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(AT DRIVER) 0 2 4 0 2 4 0 2 4 0 2 4 6 0 2
(AT RECEIVER) 13 5 1 3 5 1 3 5 1 3 5 7 1 3

DELAY AFTER INPUT SIGNAL (LINE TRANSITION TIMES)

FIGURE 27. Line Driving Waveforms
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FIGURE 30. An Additional Gate Can be
Added to Drive the Line

D=0
s

FIGURE 31. Reverse Termination of the Line
Using a Single Resistor

line, as shown in Figure 30. Then the input to the local gate
will switch between logic levels normally. The new driving
gate adds an extra gate propagation delay to the time taken
for the data to reach the receiver. The third alternative is to
reverse terminate the line with a single resistor as shown in
Figure 31. This has the effect of producing the waveforms
of Figure 28f,

Supply Current Spike. The two transistors in the
totem pole do not switch at the same instant due to stored
charge effects. The result is that at the ‘O’ to ‘1’ transistion
both transistors are on together for a few nanoseconds. This
causes the gate to take a spike of current.

With standard TTL it will be about 3 mA for 15 ns
whereas for Schottky TTL it will be about 13 mA but only
for 5ns. The amount of charge involved is small and
1000 pF capacity at the supply terminal is sufficient to
hold the supply voltage within 100 mV. In practice, 0.1 uF
every 5 to 10 packages will give adequate smoothing and
decoupling provided that the power and earth lines are a
reasonably low impedance. Note that the capacitor and its
connection must conform to reasonable rf practice due to
the high frequencies involved.

SYSTEM CONSIDERATIONS

System Construction

There are certain things that should be done as a
matter of course. The earth and supply system is the most
important. All of the printed circuit board (pcb} tracks
should be as broad as possible and above or alongside each
other to make a low impedance transmission system.
Ideally, one plane of the board should be devoted to an
earth plane. The supply track may also be on the same
plane provided it is regularly decoupled. The whole plane
will then still act as an ac ground. All interconnections now

FIGURE 32. Joggled Construction

have a lower characteristic impedance and so the possibility
of crosstalk is reduced.

This arrangement is facilitated by using ‘joggled’ leads
to dual-in-line packages. Figure 32 shows what ‘oggled’
leads look like and how the package and the majority of its
connections can ali be on the same side of the board.

Whether a complete ground plane is used or not the
supply rail and earth should be decoupled. 0.1 to 0.01 uF
capacitors distributed every 5 packages are sufficient
provided the capacitors are good at high frequencies
(e.g., ceramic types). The important thing to remember is
that even if the pulse rate is not high, the edge speed always
is; each board should also have one high value capacitor to
supply the differences in current required for gates in
different states.

Isolation of the supply rail between boards can be
obtained by feeding each board through a choke. However,
it is important to beware of resonances between the choke
and the large smoothing capacitor.

Note that the impedance of a very narrow line is not
changed appreciably by doubling its width. It is, therefore,
preferable in these circumstances to put two paths in
parallel. Even for the wide tracks for the supply it is
advantageous to have two paths and effectively make a ‘ring
main’.
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If a high current (ac or dc) is being passed through an
edge connector more than one contact should be used if
possible, especially where the board is being removed often
and contacts may deteriorate.

The use of joggled packages is not very widespread
and a few words might help in explanation. As already men-
tioned a dual-in-line package with joggled leads looks like
Figure 32. Reflow soldering to the large pad area gives a
connection which can be inspected very easily, and is
compatible with military e.g., MIL, or high reliability
requirements. Mechanically it is strong both because of the
area and because the peel strength of the copper has not
been reduced by drilling,

Less holes have to be drilled than where the package
leads are inserted through the board. (Accuracy of better
than 1 thou is required when drilling for a dual-in-line
package, both in position and size of the hold, to ensure a
good solder joint, although this is no problem if using a
Numerically Controlled drill). The advantage as far as the
designer is concerned, is the comparative ease of layout.
Although the pads are long they are thinner than the
rounded type and it is possible to pass a reasonable size
track between them. An equal or greater advantage to the
user is the ease of removing packages. This means both
easier maintenance and rework of faulty assemblies.

Extreme Environment

If one wishes to use the logic in an extreme noise
environment, then certain precautions should be taken.#
The whole of the logic, including the power supply should
be enclosed by a screened box. All leads into and out of the
box should be filtered as they pass through the wall of the
box. For instance, it is useless to buy a mains filter and
then put it in the mains lead two feet from where it enters
the system.

The system should be as in Figure 33: the mains
filter on the outside of the screened box with the filtered
output going directly through the two adjacent walls.

All inputs and outputs must also be filtered as they
enter the system. Interfacing of the logic with controls in
and drives out can be included in these filters.

The use of low impedance interconnections in the
logic reduces crosstalk and coupling. These can be obtained
by devoting the reverse side of the printed circuit board to
a ground plane.

The supply line can also be on the same side as the
ground plane provided it is broad and regularly decoupled.
The whole side then becomes an ac ground.

Output Interfacing

The output of TTL can drive small loads of up to
5V, 16 mA directly as in Figure 34(a). Current flows
through the load when the output is low. Figure 34(b) is an
example of a gate driving a light emitting diode (LED).

In Figure 35(a) the LED is on when the output is
high. Figure 35(b) shows how to use the TTL output
characteristic in conjunction with the load characteristic
(the LED) to determine the current in the load.
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FIGURE 37. Typical TTL Input Interface

For high power loads, variations of Figure 36(a) and
36(b) or one of the series of interface devices, such as the
SN75451, can be used.

Input Interfacing

A typical interface circuit is shown in Figure 37. The
logical ‘1’ state is obtained at the gate input when the
transistor is off, the resistor taking the input to the rail.

A logical ‘O’ is at the input when the transistor is
sinking the input current from the gate and a current from
the pull-up resistor — in total about 2.6 mA in Figure 37(a)
(when driving a low power gate it may be 350 uA).

A TTL gate is like a high gain amplifier at the point
when the input voltage is on the threshold. There can be
sufficient stray capacitive feedback between input and
output to allow oscillation if the input risetime is long.
Therefore, a Schmitt gate should be used to interface with
slow edges if oscillations would cause false conditions
within the logic. These include:

SN7414  Hex Schmitt inverter

SN74132 Quad 2 input Schmitt NAND

SN7413  Dual Schmitt 4 input NAND

SN72560 Threshold Detector (Schmitt Trigger)
The use of a Schmitt also removes the problem of noise
sensitivity while the input is near the threshold.

Wire AND. Most Series 74 outputs are standard totem
poles. However, certain devices have Open Collector out-
puts where the upper transistor, the diode and resistor are
removed from the totem pole arrangement, as shown in
Figure 38.

The feature of these devices is that outputs of several
may be wired together to form a multiple AND gate by
using only one resistor as shown in Figure 39.

FIGURE 38. TTL Open Collector Gate

It is an AND in terms of Positive logic in that
D=AB.C.

The overall function from the NAND inputs is an
AND-OR-INVERT. The middle term often causes the
method to be called WIRE-OR.

The value of the resistor R depends upon the
numbers of gates fanning-in and fanning-out. Two equa-
tions have to be satisfied which give maximum and
minimum values in a particular configuration. Table 6
below shows the values possible. Lower values give higher
speed, higher values lower power.

More than seven outputs can be Wire-AND
connected, although there may be a limit to the number of
inputs at this point depending upon the configuration. The
minimum possible value of resistor is determined by the
number of inputs, each contributing a maximum of
1.6 mA, and by the current through the resistor. The total
current must be not greater than 16 mA.

Rpmin Vee — Vop) + (1.6) n< 16.
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Table 6 Power Supply
Fan-Out The requirement of the power supply is that its
ToTTL WIRE AND OUTPUTS (m) output should be 5V with a tolerance of 5 or 10%
Loads 1 2 3 4 5 6 7 |1t07 depending upon the logic range industrial or military. The
1 8965 | 4814 | 3291 | 2500 | 2015 | 1688 [ 1452 | 319 requirement is to ensure correct operation. To avoid
2 7878 (4482 {3132 | 2407 | 1954 | 1645 | 1420 | 369 catastrophic failure there must be no overshoot (at switch-
3 7027 {4193 {2988 | 2321 | 1897 | 1604 | 1390 | 410 on for example) because the logic has a breakdown voltage
4 6341 | 3939 | 2857 | 2241 | 1843 | 1566 | 1361 | 479 of 7V.
5 5777 {3714 | 2736 | 2166 | 1793 [ 1529 | 1333 | 575 The low output impedance of the supply may not be
6 5306 | 3513 {2626 [ 2096 | 1744 | 1494 {1306 | 718 maintained at high frequencies, however good its nominal
7 4905 | 3333 | 2524 | 2031 | 1699 | 1460 | 1280 | 958 stability or output impedance. Thus, one will still need
8 4561 {3170 | 2429 | 1969 | 16566 | X X |1437 decoupling for high frequencies.
9 4262|3023 | X X X X X | 2875 A design for a typical SV supply is shown in
10 4000 | X X X X X X | 4000 Figure 40. It includes a Zener diode and fuse. With the
Maximum Min normal five volt output from the supply the zener does not

Load Resistor Value in OChms
JAH values shown in the table are based on:

Logical 1 conditions: Vgc =5 V, Vgyut(1) required = 2.4 V
L.ogical O conditions: Vg =5 V, Vout() required = 0.4 V

The value of Ry thus obtained is independent of
the number of outputs connected (m), and will be as in
Table 6. The maximum possible resistor value is found by
examining the high condition. The current through the
resistor has to supply the leakage current to the outputs
(250 uA max each) and the input currents (40 A max
each). This gives the second equation:

VCC — VOH)/Rmax =m (250) + n (40)
Ripax = (VCC — VOH)/[m(250) +n (40)]
VoL = Low-level output voltage

Von = High-level output voltage

Using the above formulae one can select a pull-up resistor
for use with up to 25 gate outputs.
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conduct. If the supply is momentarily shorted or there is an
overvoltage at the input and the series regulator transistor
becomes a short circuit then the zener diode will stop the
output voltage rising before the fuse blows. This avoids the
destruction of the logic in the event of a fault being
induced in the power supply.

An Example of TTL In a Control System

Figure 41 shows a gas boiler controller which is
typical of the sort of simple system that can be made
with TTL.

It is designed to turn on a pilot gas valve and an
ignition circuit. Then provided a flame has been established
within four seconds of this the main gas valve is turned on
and heat is produced. When the required temperature is
reached, the counter is reset by the thermostat. (If a flame
had not been produced within four seconds of the ignition
being switched on, the counter would have been reset,
switching off the gas valves and ignition. The system would
then be ‘locked out’ and could only be restarted by manual
intervention). When heat is required again there is a
prepurge with ignition and pilot valve being turned on. The
system is built around an oscillator and a counter. The
oscillator has a frequency of about 4 Hz.
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FIGURE 41. Gas Boiler Controller Using TTL
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FIGURE 42. Timing Waveforms of Gas Boiler Controller Circuit

With a 4-Hz input, the counter outputs will change at
the times shown in Table 7. This is shown diagramatically
in Figure 42. The outputs start from the reset condition,
i.e., A=B=C=D=E=F=G=H= ‘0.

Table 7
A output every 0.25 seconds
B output every 0.5 seconds
o} output every 1.0 seconds
D output every 2.0 seconds
E output every 4.0 seconds
F output every 8.0 seconds
G output every 16.0 seconds
H output changes after 32 seconds

A combination of the outputs can be selected by
gating so that a signal is obtained at a predetermined time
after the start of the count. Care must be taken that there is
no ambiguity in the combination. For example if a delay of
12 seconds is required, E and F are suggested. However, the
condition EF, besides lasting from 12seconds to
16 seconds, also re-occurs at 28 seconds, 44 seconds and
60 seconds. If only the first interval is required then the
gated inputs must be E and F with G and H, so that the
output only occurs when G and H are low.

Y = EFGH
If the interval 12 to 14 seconds is required then
Y = EFGHD

In the Gas Controller example ambiguities do not
occur as the count is not allowed to proceed far enough for
output combinations to occur more than once. A NAND
gate detects when both G and H are high (‘1”) and controls
the pilot gas valve and initiates ignition. G, H and E are
used to operate the main gas valve 4 seconds later. This
delay need not be 4 seconds. It could be programmed to
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some other value by choosing a different combination of
counter outputs. Some examples are given in Table 8.

Table 8
HGEC occurs 5 seconds after HG
HGE occurs 4 seconds after HG
HGDC occurs 3 seconds after HG
HGD occurs 2 seconds after HG

The oscillator is made from a Schmitt trigger gate
with feedback. Two or four input Schmitt trigger oscillators
can be inhibited by taking an input low. This feature is used
to stop the clock while the main gas valve is open and the
boiler is heating, so that the heating time can be as long as
necessary to satisfy the thermostat. When the system goes
into lockout due to flame failure and the main gas valve is
open, a latch is set. This latch can only be reset manually,
i.e., human intervention is required after a fault. The latch
can be used to drive a LED to indicate lock out. The
arrangement of gates as in Figure 41 shows the external
inputs from the thermostat and flame sensor going into
Schmitt trigger gates. The advantages are that there can be
time constants on these inputs to improve noise immunity
as the inputs switch, These time constants in conjunction
with that on the lock out latch ensure that the event of
supply return after failure, the system is not locked out but
restarts the timing sequence with the prepurge.

REFERENCES
1.  D.J. Walker, Integrated Circuit Systems, lliffe Books.

2. B.L. Norris, Semiconductor Circuit Design, Texas
Instruments Ltd., p265, April 1972.

3. Appendix of Chapter 1I.

4. B.L. Norris, Semiconductor Circuit Design, Texas
Instruments Ltd., Chapter XVI pp254-264, April 1972.






Typical D-C Characteristics 548/74S | 54H/74H | 54/74 |54LS/74LS| 54L/74L DTL
Supply Voltage \Y% 5 5 S 5 5 5
High level input voltage min. A% 2 2 2 2 2 1.8
Low Level input voltage max. v 8 8 8 8 7 1.1
High level output voltage min. A% 2.7 24 24 2.7 24 2.5
Low level output voltage max. v S 4 4 S5 3 0.5
High level noise margin min. mV 700 400 400 700 400 500
Low level noise margin max. mV 300 400 400 300 400 450
Fan out 10 10 10 10 10 8
Av. Power dissipation/gate* mW 19 23 10 2 1 8

* Duty cycle 50% Vee=5V  Ta =25°C

Typical A-C Characteristics 548/74S | 54H/74H | 54/74 |54LS/74LS| 541/74L DTL
Delay time high to low level ns 3 6 8 10 31 20
Delay time low to high level ns 3 6 12 9 35 60
Average delay time ns 3 6 10 10 33 25
Rise time ns 3 9 18 22 70

Fall time ns 3 5 6 9 20

Speedpower product pJ 57 138 100 20 33 200

FIGURE 4. System 74 Characteristics showing Compatibility.

DEVICE CHARACTERISTICS OF SERIES 74S

Compatibility

The 548/74S family is directly compatible with the
other TTL 54/74 series families and with D.T.L. This means
that Schottky, High Speed, normal, Low Power, and Low
Power Schottky TTL, and DTL can all be used together
with just one power supply and without the need for
interfacing.

Noise Immunity

Min Typ Max
VoH 2.7 3.3
VoL 0.2 0.5
ViH 2.0 1.4
VIiL 1.3 0.8

FIGURE 5. Input and Output Voltages

By taking the differences between the input and out-
put voltages in Figure 5, the following noise margins are

obtained: .
‘1’ state typical : 1.9V, guaranteed: 0.7V

‘0’ state typical : 1.1V, guaranteed: 0.3V
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These figures are enhanced by circuit and geometry
alterations, which have reduced the output impedances of
the gate to 5082 in the ‘1’ state and to the order of 1082 in
the ‘0’ state. (As gates are usually driven by other TTL gates
it is the output impedances, being lower, which are import-
ant for noise considerations. If an input is driven by a high
impedance non-TTL output, although the noise margin will
be the same, less charge will be required to exceed it). Con-
sider a situation as in Figure 6, where a noise source of volt-
age V1 is coupled by 10pF stray capacity, say, to the line
between a gate output and a gate input. The output imped-
ance of the gate is Z and the voltage induced into the line is
V2.

V2=VI1. Z(Z +X,)

where X, is the reactance of the capacitor.

If the noise immunity of the gates is 0.7V, then the
maximum noise source voltage which can be tolerated is
given by:

V1=V2.(Z+X:)/Z where V2 =0.7V

At 80MHz for a gate with an output impedance of
50€2. V1 = 3.5V, but for a gate with an output imped-
ance of 200082, such as D.T.L., V1= 0.8V.
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At 1IMHz for 5092 output impedance V1 = 220V,
whereas for 200052 output impedance V1 = 6.3V.

In the above example (i.e. with 10pF stray capacity),
it means that because of the low output impedance a noise
source voltage of 220V at 1MHz is needed to exceed the
guaranteed noise margin of a gate, whereas the same noise
margin is exceeded by 6.3V if output impedance is 2000£2.
Thus the lower output impedance gives better protection
from a capacitively coupled noise source.

A_C. noise immunity is a function of frequency, imm-
unity rising as the noise pulse width decreases towards the
propagation delay of the gate. Figure 7 shows noise immun-
ity against pulse width for a typical gate in either state.
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FIGURE 7, Noise Immunity
Temperature Stability

The only parameter which is affected to any extent
by temperature is the input threshold which is typically
1.30V at 70°C and 1.45V at 0°C. Other parameters such as
the output voltages are stabilised by the compensating temp-
erature coefficients of the transistors and their diodes. Prop-
agation delays are constant over the temperature range as
shown in Figure 8.
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It should be noted that the guaranteed noise immunity
is for the whole temperature range and the whole supply
voltage range of the device. This means that a device in one
environment will be compatible with a device elsewhere,
even though it may be at a different temperature and VC(C.
On the other hand, ECL has a noise margin guaranteed for
one temperature and one VEE. Thus all devices in an ECL
system must be held at equal temperatures and have equal
VEE to maintain the guaranteed noise margins. A large TTL
system, however, merely requires ventilation and a V¢C
supply regulated within 5% for 74S or 10% for 548.

Tolerance to Supply Variation
Input

The current sourced by the input increases slightly with
Vce. The threshold, however, is unaffected (Figure 9).

Output — Logical ‘1’ (VOR)

VOH follows changes in V. Thus, if V¢ changes from
4.75 volts to 5.25 volts, Voy will also increase by 0.5 volts.

Output — Logical ‘0’ (VOL)

VoL is independent of V. However, the knee of the
typical characteristic moves from 70mA to 80mA as V¢C
is increased from 4.75 to 5.25 (see Figure 10).

Speed

There is a negligible change in switching times (see Figure
11).
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FIGURE 9. Input Characteristic

Vee
5.25
Y ——
t—a7s5
15 20

OUTPUT VOLTAGE Vg —V

FIGURE 10. Output Characteristic (Logical ‘0’
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FIGURE 11. Propagation Delay Against Supply Voltage for Various Loads
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FIGURE 17. Transfer Characteristic

An extra transistor (VT6) has been added to the drive
circuit for the lower half of the totem pole output. This
gives several improvements, the most apparent being the
‘squaring up’ of the transfer characteristic (see Figure 17).
The latter increases the typical ‘1’ state noise immunity.
Also, due to the addition of transistor VI6 and the use of
Schottky transistors, the supply current spike at the ‘0’ to
‘1’ transition has been reduced. Stored charge in transistor
VTS5 is now negligible and any capacitance on its base is dis-
charged by transistor VT6. Thus, VTS5 is turned off sooner
and the overlap between the top and bottom of the totem
pole switching is diminished, reducing the current spike.
Figure 18 shows the height and width of the spikes for
Schottky TTL.
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FIGURE 18. Supply Current During a Pulse.

These spikes contain very little charge and theoretically
a few pFs of capacitance are enough to supply the current
required. [t is important, however, to realise that the pulse
widths are small and high frequency techniques should be
employed. The lower overlap current means that the average
power dissipation against frequency plot is improved (see
Figure 19). Therefore the power supply design is eased as
the current requirement is more constant.
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FIGURE 19. Current and Power Dissipation against Frequency
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FIGURE 20. Bergeron Diagram SN74S00N.

The photographs in Figures 21 and 22, show the cross-
talk induced into lines in the logical ‘0’ and ‘1’ states. The
line configuration is as in Figure 23. Values of C;/C and
M/L are given for other line spacings in Figure 24.

The circuit arrangement is as in Figure 26 of Chapter
1. In Figure 21 the output of gate 3 is at a logical ‘0’ and in
Figure 22 at a logical ‘1’. In both cases the lower trace
shows that the voltage transient at the input of gate 4, even
for lines so closely coupled, does not exceed the noise
immunity.

1.5mm !
35um

FIGURE 23. Striplines.

Figure 25 shows the value of stripline impedance for differ-

ing widths of line; thicknésses of board and dielectric
constants.
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If the line lengths are short so that the signal propag-
ation times are small compared with the rise times of the
input pulse, the low output impedances form a short time
constant with the line. Further, since the noise immunity
increases as the pulse width decreases, the narrow induced
pulses will not propagate through the gate.

The case of long lines will now be considered. An
approximate value for the induced voltage due to crosstalk
is as follows!:-

Vinduced/Vswing = 1/ (1.5 + Z/Zo). (1 + Z1/Zo).

where Vgwing is the value of the logic swing, Vinduced is
the crosstalk amplitude at the affected input, and Z is the
output impedance of the interferring gate.

Consider 1mm stripline conductors on lmm board
spaced 1.5mm with no ground plane. Z, the impedance of
either line to earth, will be of the order of 20082. Zy,, the
impedance of one line to the other, will be about 80%2 (Z}
is=10%).

Vinduced/Vswing = 1/ (1.5 + 80/200). (1 + 10/200) = 0.5

This would be unsatisfactory using any logic family. If a
ground plane is introduced under both lines, Z, is reduced
to about 5082 and Zy, rises to 125Q.

Vinduced/Vswing = 1/ (1.5 + 125/50). (1 + 10/50) = 0.21



1 Vinduced/Vswing = 1/ (1.5 + 400/80). (1 + 10/80) =0.13

Crosstalk is even further reduced by this configuration
and TTL, with its high noise margin, can be used successfully

0.3 ¥ in such a system.
M/L N \ Y
N

Line Driving

Line driving is very easy due to the shape of the out-
put characteristic and the input clamping diodes. These
diodes are again Schottky barrier diodes and have negligible
stored charge and a low forward voltage. This gives immed-
iate clamping with a smaller undershoot. Termination is
0.03 n not necessary when driving lines with an impedance between
50 and 120€ where the receiving gates are in a cluster at the
\ far end of the line (as in Figure 26).

0

0.06

0.01

03 06 1 2 3 456 810

d {mm)

FIGURE 24. Capacitive and Inductive Coupling
Between Two Striplines Spaced by d.

With TTL having typical noise margins of more than . >°

one volt and a typical logic swing of 3 volts, crosstalk will
not be a problem although the safety margin will be reduced.
Itis seen from the above that a ground plane greatly reduces
crosstalk. Using twisted pairs side by side, Z, changes to

11

8012, say, and Z, goes up to 400€2. FIGURE 26. Receivers at Far End Only.
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FIGURE 25. Stripline Width-Board Thickness Ratio.

29






44—

40V

3.6

3.2

24 1~

20

1.6

08

04+

5002

7582 10082 15002

Fr———————— =

-08

-1.2

a4

40

36

32

28

24

20

B

| |
103 o

A =SENDING GATE QUTPUT 0

B = RECEIVING GATE OUTPUT

)
a
]

FIGURE 28. Line Reflections for ‘1’ to ‘0’ Transition (using 50, 75, 100, and 1500hm Line Impedances).

—
|
|
|
|
|
1
[
|
|
|
L

Z=700
R=0Q

Z2=708 - Z=708Q

l L-
I
|
R =300 - R = 500
I It
I
l
|
|
J

[
e L LE— Y il

b |

A =SENDING GATE OUTPUT
B = RECEIVING GATE INPUT

FIGURE 29. Reverse Termination for SN74S00 gates.

31



APPENDIX
Bergeron Diagram

The Bergeron diagram is a current/voltage plot (see
Figure 20). The input and output characteristics of the
device are drawn on the same graph, but with the convent-
ion such that the current sourced by the input is in the same
sense as the current sunk by the output.

The points where the characteristics cross represent
the usual ‘0’ and ‘1’ state conditions for one TTL gate driv-
ing another.

Other load lines can be drawn on the graph to show
the output or input voltages when TTL is driving, or being
driven by other circuits.

Apart from showing the static conditions described
above, the diagram can be used to predict the voltage and
current waveforms produced in a transmission line by a
logic transition.

In the simple case of one gate driving another via a
long line, the waveforms at the extreme ends of the line, i.e.
at the first gate’s output and the other’s input, are of princ-
iple interest. They will consist of a series of steps of various
amplitudes, but all of time equal to twice the propagation
delay of the line.

Figures 31 and 32 show how these amplitudes are
determined for ‘1’ to ‘0’ and ‘0’ to ‘1’ transitions respect-
ively. Start at the point representing the logic state before
the transition. From this point (Point A) draw a load line,
whose slope is determined by the transmission line imped-
ance, until it meets the new output characteristic (Point B).
Point B is the new output voltage V1, and it will be seen
that its value depends upon the line impedance and the out-
put impedance of the sending gate. The current at this
point discharges or charges the line, BC is drawn with a
slope equivalent to the line impedance. C gives the value of
the first step at the receiver. Continuing the procedure from
C to D, D to E, etc. gives the voltages of further steps alter-
nately at the input and output of the line.

If the logic state of the sending gate is changed at
t=0, further steps at the sender will occur at t = 2T, 4T, 6T,
etc. and steps will occur at the receiving gate at t = T, 3T,
ST, etc. (where T is the propagation time for the line).

Reverse termination can also be examined. There are
two methods of considering it. In one, the line is driven by
a gate with a resistor in series with the output, i.e. the out-
put is modified and calculations are with an unmodified
line. The second involves the normal gate output driving the
resistor and line. Note, however, that only the line is conn-
ected to the gate input in both cases. Figures 33 and 34 illus-
trate reverse termination. It will be seen that by increasing
the terminating resistor the waveform at the sender is
improved while that at the receiver may get worse. Due to
the deliberate shaping of the gate characteristics, however,
it is possible to get very acceptable waveforms at both ends.
Figures 33 and 34 show the use of line impedance as low
as 5082 with a 409 resistor giving waveforms better than
the minimum noise margins.
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APPLICATIONS

One of the most direct applications of the Schmitt
trigger is as a pulse-shaper interface between slow rise and
fall input signals and a fast TTL gate.

Pulse Shaper

There are many instances where available irput
signals are not compatible with TTL. For example, a data
waveform might have rise and fall times greater than lus,
but TTL requires edges less than 150 ns for good noise
immunity. The circuit shown below, Figure 8, enables TTL
to be driven from such sources.

Vee
o

L)oo

SN7413

Es

FIGURE 8. Schmitt Trigger SN7413 Used in a Circuit
That Shapes Input Pulses to Make them
Compatible with TTL Device Requirements

The maximum permissible value of source resistance
R is determined by the maximum current that flows out of
the input, when the input is at a logical * 0, i.e., below the
minimum lower threshold voltage and the required noise
margin. This logical ‘0’ input may be derived from a TTL
output or from an external input.

The circuit ‘ noise margin > when in the logical “0”
state is dzfined as the difference between the logical 0™
voltage present at the input to the Schmitt and the minimum
value of the upper threshold. To ensure a noise margin of
1.1V when the input is at 400mV the minimum upper
threshold is guaranteed to be >1.5V. The minimum value of
the lower threshold is specified as 0.6V on all devices, and
the input current is-1.6mA and - 1.2mA maximum for the
SN7413 and SN74132/14 respectively, at an input voltage
of 0.4V.

Calculation of the maximum value of Rg
Referring to Figure 9, the maximum value of Rg for a
noise margin of 1.1V is given by

Rs(max) = (VT+(min) -~ VNM)/lin(max)

where VT+(min) = the minimum upper threshold
value,

Vee

R1

Rs

FIGURE 9. Variables Used in the Determination of the
Maximum Value of R§ for a Given Noise Margin

VNM = the required noise margin
and  lin(max) is measured at a voltage of

VT+(min) -~ VNM

. For an SN7413 Rg(max)= (1.5-1.1)/1.6x 107>
= 2500

For an SN7414/132 Ry(max)= (1.5-1.1)/1.2x 107
= 333Q

For noise margins other than 1.1V, the minimum value
of the internal base resistor R1, with reference to Figure 10,
must be determined from the data sheet in order to calculate
the maximum input current at any voltage. As illustrated in
Figure 10, the minimum value of resistor R1 is given by

Rlmin = (VCC(max) - VBE(min) - Vin)/Imax

Vee

R1

FIGURE 10. Variables That Determine the Minimum
Value of Internal Base Resistor R1
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FIGURFE 25. Graph of Timing Capacitance versus
Pulse-Width for the Circuit in Figure 23

1/4 SN7400 R SN7413

FIGURE 26. A Simple Edge Detector

A simple circuit, but of lower noise immunity is
shown in Figure 26. This circuit operates on a logical'l’ to
logical'Q’transition.

The input Schmitt tiigger is biased at the upper
threshold voltage by resistor R. The input current at the
upper threshold is =-0.65mA giving a minimum value of
resistor R = 2.6 k& for an upper threshold voltage of 1.7 V.

REFERENCE

1. Information on using Schmitt trigger integrated circuits
as filters/interface elements is given in the next chapter
and B.L.Norris ‘Semiconductor Circuit Design’, Texas
Instruments Limited pp256—258 April 1972.
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IV THRESHOLD DETECTOR

by Odin van Woerdekom

The Schmitt trigger integrated circuits described in the
previous chapter have input currents similar to that of
standard TTL. This preciudes their use in high impedance
low current circuits such as timers and low frequency
oscillators. The SN52/72560 is a precision level detector
intended for applications which also requires a Schmitt
trigger function,and uses standard analogue techniques to
obtain its low current high impedance input. It also features
excellent voltage and temperature stability, an internal
reference for the threshold level, and is an ideal interface
between high impedance sources and logic systems. The
logic function is non-inverting and has a wide hysteresis in
the positive and negative threshold voltage levels (see Figure

.

CIRCUIT DESCRIPTION

The device consists of 4 parts (see Figure 2):

. a differential input amplifier

L] a hysteresis circuit

L] a reference circuit
and e an output stage.

The input stage is a differential amplifier composed of
transistors VT1, VT2, VT3 and VT4. The input signal is
applied at the base of transistor VT1, while the base of
transistor VT2 is connected to an internal reference voltage
whose value is determined by resistors R4, and R5 and
voltage Vo, 1.

If the base of VT1 isless positive than the base of VT2,
VT2 conducts and causes VT4, VT5, VT7, VT8 and the
output transistor, VT9, to conduct. Transistors VI2 and
VT35 share the current in emitter resistor R1. Since VT1
does not conduct, VT3 and VT6 do not conduct. As there
is no base current in VT1, and therefore no current is requi-
red from the input source, a very high input impedance exists.
Since transistor VT2 is conducting, a small voltage drop
exists across resistor R3 due to its base current.

If the input voltage is increased, transistor VI1 does
not conduct until the input voltage (its base voltage)
approaches the base voltage of transistor VT2. Current is
then switched from the emitters of VI2 and VTS5 to the
emitter of VT 1. Conduction in VT1 causes current to flow
in VT3 and VT6 which results in additional voltage drop in
resistor R3 and therefore a reduction in the base voltage of
VT2. This positive feedback accelerates the switching action
and causes transistors VT2, VT4, VT5, VI7, VT8 and the
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FIGURE 1. Transfer Functions of the
SN52/72560.
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DIFFERENTIAL AMPLIFIER HYSTERESIS REF OUTPUT CIRCUIT
SECTION
FIGURE 2. Schematic Diagram.
+ Vee
Ry
output transistor, VI9 to turn ‘off’ rapidly. Conduction in OUTPUT
VT6 causes the base of VI2 to assume a voltage (approx-
imately 0.6V), which is much lower than the original INPUT
reference voltage (approximately 3.0V). This results in 0 SN72560 TiIP2g

hysteresis between the positive-going and negative-going
threshold levels.

After switching occurs, the base current of VT1
increases to a value greater than just below the threshold
level because of the higher operating current of transistor
VT1. Once the positive-going threshold level (= + 3V) has
been reached, the input must be reduced to the negative-
going threshold level (= + 0.6V) before switching back to
the original state will occur (Figure 1 illustrates the thres-
hold levels). If the source impedance is relatively high, a
reduction in the input voltage will result. If the input
voltage is not reduced below the lower threshold level, a
stable state will exist. If the impedance is too high oscillation
or periodic switching may occur.

The data sheet guarantees a positive-going threshold
level (V) of +3 + 0.20V at a Voo of +5V. It is also
approximately 60 + 4 percent of the supply voltage over
supply voltages of +2.5 to +7V.

The output is capable of sinking up to a maximum of
160mA and is guaranteed at a TTL — compatible output
‘on” voltage of 0.4V maximum, to sink a current of 48mA.
With the appropriate output pull-up resistor (R = 2.0k(2),
a fan-out of 30 TTL loads can be accommodated. Figure 3
shows how to increase the output (sink or source) current.
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FIGURE 3. Increasing the Output Current Capability



RANGE OF OPERATION The change of Vp_ is actually not a function of the
frequency but of the fall time (see Figure 4). This means

As stated, the input impedance is limited, due to the that the minimum fall time for correct operation has to be
fact that the input current Iy, is typically 2nA and the longer than 0.5ms.
holding current Iy is 1.2uA. The maximum value for the T.he variation threshold voltage with temperature is
source resistance, R; max, for stable operation is: shown in Figure 5 for a value of V= 5V. The change is

less than 4mV/°C for V14 and about 1.4mV/°C for Vi,

Vee- Vo over a temperature range of 0 to +70°C.
Ry L
I —— v
il
but for safe operation, it is better to take a 0.5V noise oA ouTPUT "1 '2
margin above the negative threshold value Vep_. This makes: 2‘ 6
Vee - (Vi +0.5) i 2‘ g
R, max = ~—~——1— c | A Z
n I > o
H > 24
5 4 2
Example: 5 4 £
e | 2 Z
: Z
_ . : | A Z
r ! OUTPUT 0" |§
Vo = 06V = L
A T
z C
A disadvantage of this device is that for frequencies é -
above 1kHz, the V_ level suddenly changes to the same 1 i | i { | { i
value as V. This makes the in*egrated circuit useful only 0 10 20 30 40 50 60 70
when TEMPERATURE °C
FIGURE 5. Vo, and V_ as a Function of
T+ T-
fnax S 1kHz Temperature.

l | l
| | |
| 0.6V l
Vin | ' l 0.6V l 0.6V
| | . ||
e =
| t; > 500ns [ 200nsl< t¢ <500ns | tr < 200ns
I
| | | |
| | |
—————— w S a— e —
/
|, :
Vout I// y
I I_ ‘_/_;__
HYSTERESIS DEPENDENT ON t4 NO HYSTERESIS

FIGURE 4. Influence of Fall Time tr
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CONTACTS

APPLICATIONS

Bounceless switch

The circuit diagram in Figure 6(a) shows the SN72560
connected to provide a ‘bounceless’ switch. As soon as the
switch Sw is opened, capacitor C will be charged through
resistor R, and when the threshold voltage VT + is reached,
the output goes ‘high’. If, during the charge time, switch
Sw bounces and closes, capacitor C will discharge and
nothing will be seen on the output until bouncing ceases.
When the switch is closed, the output changes directly to
zero. When a bounce occurs, nothing is seen on the output,
if C is not charged far enough. This is shown in Figure 6(b).

p

Vce

& SN72560 O
OUTPUT

717

(@)

OPEN
CLOSEDJ._LI-L-I

I
|
|
I

UL

VT4
zzl—L/’/1_—/1_J/)</—_—--_--l__//’1__/’L__

Vout

(b)

FIGURE 6. Bouncefree Switch Interface.
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Note: 1.

Delay switch

As an extension of the previous application, it is easy
to see that by increasing the value of components CR, the
delay between the opening of the contact and the reaction
at the output becomes longer (see Figure 7). This time is
given by t = 0.9CR.

SN72560 O OUTPUT

' 7

Vigfp—m — — —

Vout

N——

~+

FIGURE 7. Delay Circuit.

High values (3M2) of resistor R are not possible
as previously stated.

2. High values of capacitor C have leakage
currents which modify the input equivalent
circuit to that shown in Figure 8. The time t
will change also, therefore, to:

t=23CR x k xlog;o(1 - Vpy/kVee)™

where k = R'/(R + R")



Vee Vee-k » °. Vece

R R.k R RL
D Re
Vee-k -0 __—-I<_—M_"’
C o - o C
2 g SN72560 ’e)
OUTPUT
) i
—— C
t~0.9RC
FIGURE 8. Equivalent Circuit with a ‘Leaky’
Capacitor. /7 57

, FIGURE 9. Long Delay Timer.
Example: R =1IMQ;R = 10MQ; C = 100uF; Voo = 5V

6
t=23x(1x 106)x(}(1)—§%6)x(100x 10°)

X 10g10(1/1—3 x11/10x 5)
t=96s

IfR =oo, t=92s

-~ ~—V

Long delay time ce
In this application (see Figure 9), resistor R can be

made much higher than 1M£, because, if the output is low, A RL

diode D is reversed biased and the delay time is determined

only by the values of components C and R. As soon as

voltage V is reached, the output goes ‘high’; diode D will
be forward biased and will deliver the extra input current SN72560
necessary to keep the input ‘high’. The upper limitation of 2N2907 OUTPUT
the value of resistor R is now:

1. The leakage resistance of capacitor C.
2. The reverse resistance of the diode and the
resistance RF'

. . R.(Rgp+Rp)
Note: in this application, Ry <Rp, and m <BMQ

Another way of obtaining long delay periods is given ﬂh
in Figure 10. As soon as the contact is opened, the capacitor
C is charged up by the base current of the transistor. This
means that the time is t = hppCR where hpp is the current
gain of the transistor. The timing period is hgp dependent,
but the advantage is that one does not need such a large
resistor or capacitor as in the previous circuit. FIGURE 10. Alternative Long Delay Timer.
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Bistable switch (Figure 11)

On depressing the OFF switch, the input is kept ‘high’
via feedback resistor RF' When the ON switch is pushed,
the input is held low via resistor Rp. If both are pushed at

the same time, there is a short circuit. Therefore, it is better
to add a resistor R as shown in Figures 11 and 12. In Figure

11, the output will be ‘on’ and in Figure 12 ‘off’, if both
switches are pushed at the same time.

) Vce
R RL
RF
M
1 o]
OFF
(o]
SN72560 e
OUTPUT
* ON
FIGURE 11. Bistable Switch.
Vce

gm

RF

OQUTPUT

I SN72560 ¥e)
o

FIGURE 12. Alternative Bistable Switch.
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Thermostatic trip

A possible configuration is shown in Figure 13.
Assume a thermistor with a negative temperature coefficient
is being used. When the thermistor is cold, the input of the
integrated circuit will be below V4 and the output at ‘O’
As the temperature rises, so does the input voltage. If the
temperature reaches the critical point, V4 the output goes
to 1" and is latched there via diode D, regardless now of
the resistance of the thermistor. In this case, there is the
following relation between R and R;:

R Vs
ReRy ~ Voo = 06
L CcC
or 2R
Rp <3—

The system can be reset by pushing the button for a
short time, (ie opening the contact).

9 +Vee
B
: |THERM$TOR RL
|
Ly J
ﬂ_o
SN72560 OUTPUT
RESET
R D
RESET
ol e . = —_—
o)
& |
Z
|
] -
| | t
|
| I
] I
] |
I {
i |
| |
- |
=)
o
‘_
)
15

FIGURE 13. Thermostatic Switch.



Monostable multivibrator (one shot) (Figure 14)

Requirements:

(a) output independent of input pulse width

(b) output independent of Vo
and (¢) outputindependent of temperature.

On the input an AND gate is made with 2 diodes (D1
and D2). (Diode D1 is not required if the input is driven by
an open collector transistor.) The input signal is connected
to D1, while D2 holds the input low during the output pulse.
During the timing period, the voltage at point a must be
greater than that at point b, so that the voltage at c is
determined by b. The voltage swing on the input necessary
to trigger the multivibrator must be greater than Vg (which
depends upon VCC). This input step must swing down to a
voltage between Vo - Vpy - Vp and earth. This is because
any portion of a swing above V~( has no effect.

To have a pulse width time independent of the input
amplitude (within above mentioned limits), point d is
clamped at VR + V3. This has the advantage that as soon
as V, is reached, point d is stable and the next trigger
pulse can occur soon after the circuit pulse width time.
This reset time is determined by components R1 and C.
The negative-going input pulse is clamped by diode D4 at
~Vpg4.- This makes point d always swing between Vg + V3
to -Vpy. The negative output pulse starts on the negative
edge of the input pulse. The time is about 0.9 RC since
capacitor C is charged from about 0 volt to V.

Vee

R2 R3
R1

_l_l'—\ )

o—-I l——n O
D1 OUTPUT

SN72560 —8 t2R2C

D2 'lV

D3

—
DIODES Da
IN914/1544

REF

/m

FIGURE 14. Monostable Circuit.

Temperature stability

Because Vo, rises with temperature and Vpg de-
creases, the system compensates itself. This also happens
with Vp, because-Vp, rises with temperature and Viy, lowers.

To obtain a very long time, C must be large if one
uses the circuit in Figure 14. Resistor R2 cannot have a
value greater than 1M£2,but, by applying the method used for
the long delay timer shown in Figure 9, one gets the circuit
in Figure 15.

In this case, resistor R2 can be 30MQ, and its value
is only limited by the leakage current of diode D5 and
capacitor C.

Vce
R2 <30MS2 R3
R1
D5 RS
—H——vW—
c
-O
D1 1 1
OUTPUT
O--l‘—*i SN72560 —4
VREF

D2

:

FIGURE 15. Long Period Monostable.
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Astable multivibrator

To make an astable multivibrator with this integrated
circuit, it is necessary to add an invertor in the system. The
simplest possibility is shown in Figure 16. If point S is low,
capacitor C can be charged via resistors R1 and R2. If S is
high, capacitor C is discharged via resistor R1.

This means that times t; and t, (see Figure 17) are
easy to calculate:

Vee - Vo
ty=(R1+R2)C. In VQ’C"T/T_
cC™ T+
\%
and )= RIC. in ot
Vi

In this application, the following condition is required
for a clean output:

R1 >» R2

If the following values are used:

VCC = 5V R3 = 8.2kQ2
R1 = 150k82 R4 = 10k$2
R2 = 2.2kQ C = 22nF
one gets:
t = 0.8(R1 + R2)C = 2.7ms
ty= 1.6.R1.C = 5.3ms
Vce
A AYAY;
R1
R3 R2
scies P2
*~— SN72560 4
|
R4
——
s
O

FIGURE 16. Astable Multivibrator.
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'_ ~ R3+Ra
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FIGURE 17. Astable Multivibrator Waveforms.

The previous formulae are valid only if Iy, and Iy 14
are small in comparison with the charge and discharge
current of the capacitor.

According to the data sheet, Iyy ;4 is typically 1.2uA.
The saturation voltage of the transistor is about 0.2V.

The current in resistor R1 must be higher than the
Ii1o1d- In other words:

0.6- 0.2 _
T > IHOld— 12,U.A

or Rl < 330k$2

In practise, to allow for worst case values, resistor R1
must be less than 200k2.

The system is subject to variations of supply voltage
Ve and temperature, but has the advantage of being very
simple and it is easy to vary the frequency over a wide range.

The circuit in Figure 18 can be used for low frequen-
cies. The charge path for the capacitor from Vp_ to Ve is
through resistor R2. The resistor is limited to 3M£2 because
it is equivalent to R; max which was calculated earlier. The
value of resistor R1 must be such that the capacitor can be
discharged to a voltage Vg which is less than the negative
threshold Vp_. The discharge path, as drawn in Figure 19
shows that:

~ R1
Vo= Vereat TR+ 3 - Vee ™ Vegat) < V-

Vee - Vo
or R2 >Rl V‘C_C—V“L
T- CE(sat)
IfVee=5Vand Vp_ =04 R2>23R1
. 3000 _
or : Rl <——23 130kQ



In this condition:

Vee - Vi
S O
cc™ Y1+
V.
t,2RILC.In  —o
2 V-

or: t;=08 R2.C
only valid for Voo = 5V
ty=1.6 R1.C

Vee

R1

§ R2 R3

*— SN72560 —e

il

R4

O
OUTPUT

FIGURE 18. Low Frequency Astable

Multivibrator.

Vce

R2

R1

Vo

VCE(sat)

Yy

FIGURE 19. Circuit Discharge Path.

mn

It will be noticed that frequency and pulse width can

be adjusted independently.

Of course, it is possible to include one of the tech-
niques discussed previously. This is shown in Figure 20.
In this case, it is possible, if R2 > RS, to use the same
calculation as before, but instead of R2 one has to calculate

with R3 + RS and (Ve - V).

T‘“.

Vee
R2 R3
D1
1N914/1S44
-0
- SN72660 OuTPUT
R4
BC183

mn

FIGURE 20. Alternative Low Frequency
Astable Multivibrator.

Practical example:

R1

R2

R3

R4

RS

1.8k
10MS2
100Q
10k
100k
15u4F

5V

1 pulse in 184s
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Optical receiver

The low input currents of the integrated circuit can
be used to advantage in optical receivers working over long
distances.

Two possible circuit arrangements are shown in
Figure 21(a) and (b). When light falls on the phototransistor
PQ the output of Figure 21(a) would go high, whereas the
output in Figure 21(b) would go low.

If Iy is the maximum dark current of PQ, the calcu-
lation for resistor Rgy value is:

V. Vee™ VR

T- . .
Rg <i— 7~ inFigure 21(a),and Rg < —/——
0 Ip+lp I

Vee - V-
and ——=— , whichever is the smaller, in Figure 21(b).
ID + VT—

Py o VCC

N
~ PO

SN72560 -
OUTPUT
Ro
o
Ro
ouTPUT
SN72560
“a
I PQ

(b) /7;7

FIGURE 21. Optical Receiver.
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V SYNCHRONOUS COUNTERS

by Gene Cavanaugh

The SN74160 through SN74163 series of 4 bit TTL
synchronous counters are designed to eliminate certain
drawbacks associated with ripple counters. For instance, all
storage elements are clocked simultaneously to provide
synchronous operation, minimizing output overlaps or
“skew”. In addition, these counters are capable of being
loaded to any number synchronously with the clock, and
cascading circuitry has been provided on the chip to make
it easier for the system designer to build longer counters. As
versatile as the SN74160,-161, -162, -163 counters are,
problems sometimes arise when they are cascaded for high
speed applications. However, there are techniques which
can be used with these counters to ensure that their full
potential is realized.

Before we look at the details of cascading these
counters, it is important to be familiar with the carry
circuitry that has been incorporated on the chip.

CARRY CIRCUITRY OPERATION

Figure 1 shows the logic diagram of the SN74163
synchronous binary counters. There are three pins asso-
ciated with the carry operation: count enable P input
(CEP), count enable T input (CET), and the ripple carry
output (RC). The RC output is normally at a logic 0 and
remains there until the counter reaches maximum
count (1111) and the CET is at a logic 1. RC then produces
a logicl. The carry operation is similar on the
SN74160, -161, and -162 versions.

Referring to Figure 2, a logic 1 on CEP allows the
counter to count when clocked, it has nothing to do with
carries between counters. CET not only enables its own
counter but also controls the RC output to subsequent
counters. Both CEP and CET must be high before the
counter is enabled, i.e., allowed to follow the clock. Also
note when cascading these counters, the first counter must
count at maximum input clock frequency, but it divides
down the frequency at which the next counter must
operate. For a binary counter such as the SN74163
operated at 25°MHz, for example, the first counter must
accept 25-MHz inputs but the second counter need only
accept counts at about 1.6 MHz or 16 times as slow.

Refer to the interconnection diagram shown in
Figure 3. In the example given, the RC1 output (of the first
counter) is available for 40 ns (one clock pulse period)
only, but RC2 is available for 640 ns. It is also true that
when the cascaded counters are required to propagate a
carry, the most significant counter comes to a maximum
count condition first, the next most significant counter
comes to a maximum next, and so forth.

LOAD

E J aj49a
DATA 1 LCLK
A - T«
-~ O
DATA -/ CLK
: ek
cLOCK
= D 3_alq8e
DATA 1/ J bCLK
c : T
Gp
B B
DATA == _ CLK
D = K
cusAFf{>
ENABLE
CEP RIPPLE
CET — CARRY

(RC)

FIGURE 1. SN74163 Logic Diagram

TO INTERNAL
ENABLE CIRCUITRY

!

\ FROM !
CEP —— FLIP-FLOPS I

: | @outeuts) |

=

| | L ; (RC)
cET i D_ RIPPLE

N I cARRY

1

INTERNAL CHIP CIRCUITRY

-

SERIES PATH

FIGURE 2. Carry Circuitry of the SN74163

As Figure 3 shows, the least significant counter drives
the CEP inputs to all other counters in a chain. It is also the
last counter to come to a maximum count and, since the Q
outputs of the counter drive the RC gate, the RC1 output
involves a clock-to-flip-flop output-to-carry delay as shown
in Figure 4. By the time that RCI1 is valid, all other
counters have been at a maximum count long enough for all
CET connections to be valid, so the only signal required by
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LEAST SIGNIFICANT COUNTER

!

v

I— CEP4

H —JCEP1 CEP2 CEP3
H CETT 1 RC1 H CcET2 2 Re2 CET3 3 RC3 CET4 4 RC4 |—
SN74163 SN74163 SN74163 SN74163
25 MHz CLOCK L L J

FIGURE 3. SN74163 Interconnection for a 16-Bit Counter

CET-TO-RCOR
Q-OUTPUT-TO-RC DELAY (10 ns TYP)

CETi g/

CEP -i—l

v

CLOCK TO |
Q OUTPUT
DELAY | COUNTING SECTION

(23 ns TYP.)

CLOCK

SN74163

FIGURE 4. RC Delay from Clock

Table 1. Frequency Capabilities of the
SN74160 Family

Parameter | Counting Units

Typ | Max

Programming
Typ Max

Clock to
RC output 23} 35 23 35 ns

CET or
CEP setup
time 15| 20 ns

Load
setup time 15 25 ns

External
NAND
Gate
{SN74S00) 3 5 ns

Totais 38| 55 41 65 ns

Maximum
Clock
Frequency
(excluding
wiring
delays) 18.2 MHz

244 |15.4
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the other counters is the CEP signal from RC1. Therefore,
it follows that the critical path for the chain is clock-to-
RC1-to-CEP plus counter setup time as shown in Table 1.
Since this path is slower than the internal counter delays, it
limits the frequency of the chain to less than the frequency
of a single counter (also shown in Table I).

All the other counters have their flip-flop outputs at a
maximum, so the critical path for them is CET-to-RC
(typically 10 ns). Therefore, ripple carry techniques may be
used through all counters except the first, and as long as it
isn’t necessary to wait for the carry from the first counter,
count frequency will not be affected. These criteria are
easily met by forcing CET1, CEP1 and CET2 to a logic 1
(enabled), rippling RC2 into CET3, and RC3 into CET4.
RC1 is then connected to the CEP of all subsequent
counters.

This interconnection scheme is a modified “carry-
look-ahead” system. Only RC1 is carried forward to all
subsequent stages. As discussed later, the ripple mode carry
system used for all other counters in the chain causes some
carry signal phase shifting which can be a problem in some
applications.

Ripple Carry Signal Phase Shifting

In Figure 5 the carry circuitry of the counters is as
discussed in the previous application. When the SN74163
counter reaches max count (1111) the RC output does not
appear for 10 ns (typically) due to the inherent propagation
delay in the carry circuitry.

Suppose that Counter 2 is making the step from a
maximum count (1111) to a minimum count (0000). As
shown in Figure 6, RC2 remains for 10 ns after the
Counter 2 flip-flop outputs have changed to 0000. Now
suppose further that Counter 3 is at 1110 and changes to
1111 at the same time Counter 2 goes to 0000. Also assume
that the subsequent counters are at maximum
count (1111). Because the Ripple Carry from Counter 2 is
applied for 10 ns after Counter 3 changes, the RC3 output
will put out a 10-ns-wide pulse. Since the flip-flop outputs
of Counter 4 are at 1111, this 10-ns “carry glitch” will also
appear at RC4.

The RC glitch does not cause problems with the
counter enabling or cascading system because the CEP
input of each counter beyond the first is driven by the RC
output of the first counter, and this signal is phased
correctly to prevent improper operation. If the RC glitch is



COUNTER 3 COUNTER 2 COUNTER 3 COUNTER 4
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FIGURE 5. Carry ‘Glitches’ in the SN74160 Family
not gated out, it can be a problem where the enable signal is
T=0 used for other purposes such as maximum count indicator
| to other logic. Fortunately, there’s one thing operating in
COUNTER 1 \ the system designer’s favour: this family of devices is
FLIP-FLOP OUTPUTS : guaranteed to operate up to 25 MHz (any one counter).
'I:his means all gates and flip-flops on the chip are very
RC1 (CEPs) : \__ tightly controlled — large deviations from the norm simply
| don’t exist. As a result, the delays will be highly predictable
ZOUNTER S | , and can be dealt with.
FLIP-FLOP OUTPUTS "_-'| The easiest way to remove the RC °glitch’ for
-, 10 ns ¢ external use is to NAND RC1 with RC4 (or the highest
RC2 : \' | order counter). Since RC1 occurs 10 ns after the Q outputs
5D | -’: 10 nslq of the counters change, but the “carry glitch™ never occurs
‘e ! - | earlier than 20 ns after the Q outputs change, they do not
OUTPUTS 4 T
A ouTpuT COUNTER 3 /, | | occur simultaneously. A common application for the
FLIP-FLOP OUTPUTS _’: 10nsle I SN74160 family of counters is to utilize the RC output for
: | programming (parallel loading). This signal is fed back to
| : the counter * LOAD ’ input through an inverter in order to
| | parallel load in new data after the counter chain reaches
maximum count. On the next clock pulse, the counter
RC3 OUTPUT [ p
| | 10nse chain will synchronously jump to the state of the data
COUNTER 4@ | ] ] inputs. This application is shown in Figure 7 with the RC
FLIP-FLOP OUTPUTS (H) 1 10 ns:" | outputs NANDed together to eliminate the RC glitch and

RC4 QUTPUT

FIGURE 6. Timing Relations with the Carry ‘Glitch’
in the SN74160 Family

to provide the programming pulse. This approach does limit
the frequency of cascaded counters. Referring to Table I,
the minimum count frequency of the SN74160 family is
only slightly greater than 18 MHz when cascaded, with a
typical of about 26 MHz. When programming, however, the
delay in the external NAND gate drops the frequency
response of the chain down to about 15 MHz, with a
typical of about 24 MHz.

I T_
H— CEP CEP —4 CEP CEP
H_§ CET RC1 H-4CET RC2 CET RC3 CET RC4 RC1
1 2 3 4
LOAD SN74163 SN74163 —o SN74163 SN74163 18/3
74500
ENABLE OUTPUT
cL
ock - - - P

FIGURE 7. Programming the SN74160 Family with a NAND Gate
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Carry Anticipate Circuits

Fortunately, where maximum clock frequency is the
overriding consideration, external circuitry can be added to
bring the chain frequency back to the frequency capability
of an individual counter, 32 MHz typically or 25-MHz
minimum. This is accomplished by a carry-anticipate circuit
which is so called because it detects the count immediately
preceding a maximum count (“anticipates” the carry
output) and ANDs this condition with the next clock pulse
(usually in a flip-flop so the information will be stored for a
full clock period) to provide a * fast carry ’ to replace RC1.
With the carry anticipate circuit shown in Figure 8, it is also
necessary to provide a clock inversion to the flip-flop,
because the SN74S112 triggers on the negative clock edge
while the SN74160 family triggers on the positive clock
edge. This is no problem because the gating element used to

Q OUTPUTS

detect the count preceding maximum count has an addi-
tional path used for clock inversion. This also offers the
benefit of having the clock delay path matched to the
carry-anticipate path; i.e., since both are on one chip (the
SN74S182), they will be simultaneously slow or fast,
keeping the same relative delays. Note that the other half of
the SN74S112 can be used to program the chain, also, if
desired.

Of course, a SN74S11 could be used to detect the
count preceding a maximum, and to delay the clock, and a
SN74S74 could be used to generate the chain CEP and to
program. This is shown in Figure 9. Note, however, the
worst case numbers for the components used slightly limit
programming frequency as shown in Table 2. It should also
be pointed out that these are only two of many variations
of circuits which could be used for carry-anticipate circuits.

—

v ceﬁo BoCoDo ?—JCEP CEP CEP
- SN74163 SN74163 SN74163 sN74163 RC |
—{CET ‘1 CET RC CET R CET
CLOCK LOAD CLK LOAD CLK  LOAD CLK LOAD

—e
cLoc .

: 3 7

1

Go G1G2G3
SN745182

—+olcLk

o K

_q CLK

/N

P
N
—/
.

PROGRAM PATH

COUNT PATH

SN74S5112

FIGURE 8. Carry Anticipate Circuitry Using the SN74S112, with Programming
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CLK aQ \
CLEAR PROGRAM
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FIGURE 9. Carry Anticipate Circuitry Using the SN74S74 with Programming
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Table 2. Frequency Capabilities of the SN74160 Family

Using Carry-Anticipate

Parameter Counting Programming | Units
Typ | Max Typ | Max
Clock to Q LH | 13 20 13 20 ns
outputs HL | 15 23 15 23 ns
SN74S182 G LH 5 75 5 75 ns
output HL 7 105 7 10.5 ns
SN74S182Cn+x LH 4.5 7 45 7 ns
output HL 4.5 7 45 7 ns
SN74S112 setup 2 3 2 3 ns
SN74S112clock LH 4 7 4 7 ns
to output HL 5 7 5 7 ns
N741 t
S 60 coun 15 2 ns
setup
SN74160 load
18 20 ns

setup

LH 45 7 45 7 ns
SN74S11

HL 5 75 5 75| ns
SN74S74 set el s 3 A

u|
P | 3 5 3 5 | ns

SN74S74 clock LH 6 9 6 9 ns
to output HL 6 9 6 9 ns
Circuit 1 Delays 245 34 275| 39 ns
Circuit 2 Delays 26 36 29 41 ns
Circuit 1 Frequency 32* 25* 32* 25* MHz
Circuit 2 Frequency 32* 25* 32* 244 | MHz

*Circuit delay times are short enough to permit the counter to be
operated without limitations.



VI REVERSIBLE COUNTERS

by Bob Parsons

Increasing use is being made of reversible counters in indus-
trial control systems, machine tooling, laser ranging and
digital differential analysers. In the past, the design of
reversible counters has nearly always been a compromise.
Serial or ‘Ripple Mode’ counters restrict the conditions
under which the count direction may be changed, have long
settling times, but can be fabricated from a minimal number
of components.

Parallel or synchronous versions can be very fast but
their complexity increases rapidly as the number of stages
is increased if the speed is to be maintained.

This chapter describes two versatile forms of MSI
reversible counters that may be interconnected in different
ways to suit a variety of applications. All devices may
be parallel loaded making them ideal for machine tool
operations. The basic difference between the two types
is in the method of controlling the count direction. One
pair has a single control line separate from the clock input
and is ideal for close tolerance high speed systems. The
other pair has two clock inputs, one for count up, the other
for count down, and is more suited to less critical industrial
applications.

SINGLE CLOCK COUNTERS
Description
The SN54/74190 and SN54/74191 are synchronous
four-bit reversible counters with a direction control and
parallel carry. The SN54/74191 is connected for normal
binary counting, the SN54/74190 has modified steering logic

to enable a B.C.D. count to be obtained. Logic schematics
for both devices are shown in Figures 1 and 2.

Table 1

-

Synchronous operation is provided by clocking all
bistables simultaneously so that the outputs change coinci-
dent with one another, when thus instructed by the steering
logic. This logic allows a particular stage to change state
when all preceding stages are at a logical ‘1’ with the
counter counting up, or if all preceding stages are at a
logical ‘0’ with the counter counting down.

The outputs of the four master slave bistables change
state on a low to high logic level transition at the clock in-
put if the enable input is low. A logical ‘1’ at the enable
input inhibits the counter.

The counters are fully programmable, i.e., the out-
puts may be set to any state by applying parallel data to the
data inputs and taking the load control to a logical ‘0’
Loading is asynchronous and may be carried out indepen-
dently of the state of other inputs. The SN54/74190 decimal
counter may be set to states that are not included in the
BCD count sequence. The state diagrams of the SN54/74190
and SN54/74191 are shown in Tables 1 and 2.

Counter Cascading

This series of counters has been carefully designed so
as to minimise the amount of additional logic required be-
tween stages when cascading. There are two outputs that
are used when cascading:- the ripple clock and the max/min
output.

For the decade counter the max/min line is only at
a logical ‘1’ if the counter contains 9 and is counting up or
if it contains zero and is counting down.

The ripple clock output is at a logical ‘0’ if the
counter is enabled, the clock input is ‘zero’ and if the max/
min output is at a ‘1’. Similar statements also apply to the
binary counter.

State Diagram for SN54/74190 Decade Counter

Count up

(',—>1 —>9->3>4>5>>7>8>

10->11 12>13 14->15

1

I —

YY S

]

Y

Count down

| 1
9>8>7>6>5>4>3>2>1>0
L

15>14>13>12>11>10
1

Table 2

-t

State Diagram for SN54/74191 Binary Counter

-}

Count up

-t

I 1
0>1>2>3>4>5>6>7>8>9>10>11>13>14>15

Count down

I ]
15>14>13>12>11>10>9>8>7>6>5>4>3>2>12>0
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The SN54/74190 and SN54/74191 can be cascaded
in three ways:-
Ripple

In this mode each decade is synchronous with ripple
carry between decades, as shown in Figure 3. Each ripple
output is connected to the input of the next stage. The
following points should be noted with this method of
connection.

1.  The up/down control line must not be changed
when the clock input is low, since the ripple
output is gated by the up/down control input.
This could result in spurious clock pulses to the
next counter.

2. Do not change the up/down input until the
clock input has rippled through to the last stage.

3. The minimum clock width is limited by the
gating action of the ripple clock enable gate.
The clock input pulse should be wide enough
to strobe out any spurious outputs from the
max/min line due to differential propagation
delays from clock to output of the four count
bistables.

4.  Changes at the enable input should be made only
when the clock input is high, for reasons similar
to 1.

Fully Synchronous Counter with Ripple Carry Gating

The logic schematic for this mode of operation is
shown in Figure 4. The enable input is grounded on the
first stage and the ripple clock output of each stage taken
to the enable input of the succeeding stage. All count inputs
are driven synchronously. The entire counter is synchronous
but the steering logic must propagate through each stage
reducing the maximum clock frequency for each additional
stage.

Carry Look Ahead

This mode of operation is the fastest and is shown in
Figure 5. The entire counter is synchronous and the look
ahead carry allows additional stages to be added without
reducing the maximum clock frequency. The only restric-
tion on the number of stages that may be cascaded in this
way is that due to loading of the max/min outputs by the
external carry gating.

Figures 6 and 7 show the timing waveforms associated
with the SN54/74191 binary counter. Figure 6 shows the
output sequence for up counting and Figure 7 for down
counting.

UP/DOWN CONTROL 4 4

QA. Qg Q¢ Qp Qa Qa TO
DN/UP RIPPLEP D— FOLLOWING
cLOCK SN54/74191 | STAGES
COUNT INPUT cLock L — -
G MAX/MIN
COUNT ENABLE ———T i o I'o'
FIGURE 3. Ripple Carry Mode
UP/DOWN CONTROL
COUNT INPUT
] Tt 1 ] 1 1 I A A 10
QA Qg Qc Q@ Q Q OLLOWING
ATe BePo A A STAGES
— RC L L < S
SN54/74191
— e

M/M T

cL
G

FIGURE 4. Synchronous Mode

61









Figure 13 shows an example of an excess 3 counter.
The load input is derived from the output of a D type latch
whose D input is the function up (4.8) + down (4.8). When
the counter is counting up and contains binary 12, the D
input and CLEAR of the latch change to a logical ‘1°. The
next clock pulse transfers the logical ‘1’ on D, to Q causing
the SN54/74191 to load parallel data, binary 3.

As soon as this data has been loaded the D bistable is
asynchronously cleared by the ‘AND OR’ logic, releasing the
Joad input of the SN54/74191 and allowing it to count
normally.

EXCESS 3 OUTPUT
SN54/7409

SN54/7410

___,<}

Qa Qg Qc Op

o—
DN/UP
SN54/74191
CL
G DA Dg DC Dp
JERER
g ¢ 4
1 O b
Preset
* b ap— SN54/7404
Clock
Q
Clear
% SN54/7474

FIGURE 13. Excess 3 Synchronous Counter

Table 3

A similar sequence occurs if the counter is counting
down and binary 3 is detected. In this case binary 12 is
loaded into the SN54/74191, The number loaded is deter-
mined by the logical state of the up/down control line.

DUAL CLOCK COUNTERS

Description

The SN54/74192 and SN54/74193 are four bit rever-
sible ripple counters with parallel carry. The SN54/74193 is
connected for normal binary counting, and the SN54/74192
has modified logic to enable a BCD count to be obtained.
Logic schematics are shown for both devices in Figure 14
and 15.

These counters differ from those previously described
in the method they use for determining count direction.
This is controlled by two clock lines, one for count up, the
other for count down. The outputs of the four master
slave bistables change state when either of the two clock
inputs change from a logical ‘0’ to a logical ‘1.

The unpulsed clock input must be at a logical ‘0’
when the other input is being used. The steering logic in the
SN54/74193 up/down binary counter allows a particular
bistable to receive an ‘up’ clock pulse when all preceding
stages are logical ‘1’ and receive a ‘down’ clock when all
preceding stages are logical ‘0’. The SN54/74192 has modi-
fied steering logic to produce a decade count.

State diagrams of both of the Dual Clock Counters
are shown in Tables 3 and 4.

Both counters can be parallel loaded, data applied to
the data input D, to Dpy is loaded into the counter when
the load input is at a logical ‘0’. The load operation is inde-
pendent of the clock or counter state. The CLEAR input
operates on a logical ‘1’ level. It is independent of the state
of the load input or the up/down count inputs.

State Diagram for the SN54/74192 Decade Counter

v <

Count up

7

0>1>2>3>4>6>6>7>8>9

10>11 12>13 14—>15

|
- |

=

d
|

v

Countdown 9>8>72>6>5—>4>3>2->1—>0

*

1

15> 14>13>12>11->10

< I

Table 4

State Diagram for the SN54/74193 Binary Counter

\

Count up

0>1>2>3>4>5>6>7>82>9>10>11>12>13>14>15

v

Countdown 15>14>13>12>11>10>92>8>7>6>6>4>3>2>1—>0
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VIl PROGRAMMABLE SYNCHRONOUS FREQUENCY DIVIDER

by Richard Mann

There are numerous digital counter circuits which are based
either on binary dividing stages or shift registers. All these
counters can be used as frequency dividers by detecting one
of the unique output conditions in the counting sequence
with a multi-input gate. The frequency at which this state
occurs is then a constant sub-multiple of the input
frequency and can be taken directly from the gate output.
This chapter describes a novel method of Producing
synchronous counters with variable cycle lengths.

PROPERTIES OF SHIFT
REGISTER GENERATORS

A typical counter circuit which uses 5 flip-flops
connected in ‘ripple-through’ mode is shown in Figure 1.

This circuit has a basic count of 32, but the count is
reduced to 30 by the action of gate G1. The gate detects
binary 30 (11110) and resets all the flip-flops to ‘0’ by
means of their Clear Inputs. This type of circuit is
economical in that, unlike a ring counter or Johnson
counter, it makes nearly full use of all the possible flip-flop
states, but it is not very suitable for high speed operation.
Each of the flip-flops may have a propagation delay of
approximately 40ns, which, with the delay of the gate and

low counts, up to 5 or 6 bits, say, it is quite simple to design
a synchronous counter using binary divider stages, similar
to Figure 1. However, for maximum speed, fully parallel
steering logic is required and this then becomes rather
complex for a large number of bits. The frequency divider
described in this report is based on a Shift Register
Generator. This circuit has the advantages of fast, syn-
chronous operation, simplicity and good package economy,
since the maximum count of the circuit is 2™ — 1 where n
is the number of bits in the shift register. The sequence
generated by this type of counter does not have any simple
arithmetic relationship between successive states as does a
binary counter, but is of an apparently random nature. For
this reason these counters are more often known as Pseudo-
Random Number Generators (P.N.G.)2'3'

The circuit of an 8 bit P.N.G. is shown in Figure 2
with the connections necessary to give its maximum count,
i.e. 255. To do this the serial input of the shift register
must be connected to the output of a modulo-2 adder,
whose inputs are driven from various stages in the register,
the particular stages being dependent on its length. For
the 8 bit circuit shown, the modulo-2 sum of outputs D,
E, F and H is required and this is equal to the function:

the required set up time, will limit the maximum frequency DEFA+DEFH+DEFH+DEFH
of operation to something less than 3MHz. In order to go = = == _ = =
+ + + +
faster than this, a synchronous counter, in which all the DEFH+DEFH+DEFH+DEFH
flip-flops are clocked simultaneously, is needed. For fairly =D@E@®FOH
L L 'l L. ! ']
Preset ‘ Preset Preset Preset I Preset
D Qp— D Q bt D Q —q D Q D Q
Clock Clock Clock Clock Clock
INPUT a s al— ab— &b
Clear Clear Clear Clear Clear
G1
OUTPUT

FIGURE 1. Five Bit Ripple Counter with Feedback.
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SERIAL INPUT

fin

8 BIT SHIFT REGISTER
SHIFT INPUT

fa g ¢

FIGURE 2. Eight Bit Counter — Cycle Length 255.

This function may be obtained very conveniently
using a type SN54/7486 quad two input exclusive-OR gate,
whose truth table is shown in Figure 3.

Inputs Output
w X Y
0 0 0
0 1 1
1 0 1
1 1 0

FIGURE 3. Truth Table for SN54/7486.

Each exclusive-OR gate produces the modulo-2 sum
of 2 variables and it is possible to extend this to any
number of variables simply by cascading a number of these
gates.

Table 1 shows which outputs of the shift register
should be connected to the modulo-2 adder in order to give
maximum length counts for PN.G.s constructed from
registers 3 to 18 stages long. The feedback arrangements
shown are not, in all cases, unique. It is also possible to
obtain maximum counting length by feeding back the
inverted output from the modulo-2 adder, but in this case
the output states of each flip-flop will be inverted. If the
true modulo-2 sum is fed back then the PN.G. would ‘stick’
if it should accidentally get in to the all ‘0’ state, since the
register would constantly shift ‘0’s into the input. If the
inverted sum is fed back then the P.N.G. would ‘stick’ if
it should get into the all ‘1’s conditions. These ‘stick’
conditions would be likely to occur only at switch on.

One useful property of shift register generators is that
they have a counting sequence in which there are always
two numbers differing only in the state of the first bit and
which are separated by m steps where m is any number
less than 2™ — 1. Therefore, by detecting the first of this
pair of states and inverting the feedback term at this point,
it is possible to jump through m states on the next input
pulse, thereby generating a cycle length anywhere between
2 and 2% — 1. Here again, the SN54/7486 is very useful
because it can be used as a controlled inverter. A logical
‘0’ at the X input would give Y=W and a ‘1’ at the X input
will give Y =W,

Table 1.
Feedback Stages Max.
Cycle

No. of stages | 1 2 3 4 5 6 7 8 9 |10 |11 }{12{13 114115} 16| 17 | 18 | Length
in shift regis-
ter (n) A B Cc D E F G H I J K L M| N (0] P Q R 2"

3 * 7
4 * 15
5 31
6 63
7 * * 127
8 * * * 255
9 * 511
10 * * 1023
11 * * 2047
12 * * * 4095
13 * * * * 8191
14 * * * * 16383
15 * * 32767
16 * * * 65535
17 * 131071
18 * * 262143
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FREQUENCY DIVIDER CIRCUIT

The complete circuit of the programmable syn-
chronous frequency divider is shown in Figure 4. The shift
register used comprises four dual-D flip-flops, type
SN54/7474, although any type of shift register could be
used provided parallel outputs are available. Exclusive-OR
gates N1, N2 and N3 are three gates from an SN54/7486
and give the feedback function D@ E® F @ H. This
function is normally inverted by gate N4 since the output
of 8 input NAND gate, N13, is a logical ‘1’ for a large
proportion of the count cycle.

An exclusive-OR gate can also be used as a digital
comparator, since its output will be a logical ‘1’ only if one
of its inputs is the inverse of the other input. Therefore, by
connecting one input of each of the gates NS — N12 to the
Q outputs of the shift register flip-flops, it is possible to
compare an input address, a to h with the outputs of the
shift register; thus gate N13 will be enabled only when
A =a, B =0, etc. When a state corresponding to the input

address is detected, the output of N13 falls to a logical
‘0’ and the true modulo-2 sum will be fed back from N3 via
N4, which is the cont.olled inverter, causing the counter to
jump m states, m being determined by the input address,
a.b.c.d.e.f.g.h.

Since the counting sequence of the shift register is
pseudo-random, it is rather difficult to determine the
address required for a particular division ratio, therefore
table 2 is included to show all input addresses for ratios
between 2 and 254,

As mentioned previously, the PN.G. with inverted
feedback will stick in the all ‘1’s state, therefore an 8 input
gate, N14, is used to detect this state, should it occur, and
put the generator back into its normal cycle by clearing
some of the flip-flops asynchronously.

The output frequency is obtained from gate N13 and
will be in the form of a single pulse whose width will be
equal to that of one input clock pulse period.

OUTPUT
N
[+ E F G H
[o] (o) Q [o] Q Q
Preset Preset Preset Preset Preset Preset
D Q D Q D Qe D Qp—t D Q -t D Q
—q Clock Clock Clock Clock Ciock Clock
N17 al- N18 G N19 &l N20 ak N21 gj- N22 a_ﬁ
Clear Clear Clear Clear Clear Clear
O [} Q O

INPUT

| —w
—
—— 0O
L—m
——]
e )
—— T

Connect unused preset and clear inputs to logical ‘1’

N1 -N12 % of SN54/7486
N13 & N14 SN54/7430
N15 — N22 % of SN54/7474

FIGURE 4. Programmable Frequency Divider.
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The synchronous frequency divider described was
built on a patch board and worked satisfactorily at SMHz.
However, if the circuit is tidily constructed the typical
propagation delays of the devices should allow the divider
to work satisfactorily at 10MHz. If higher frequency
operation is required, a monolithic shift register with
parallel outputs, such as the SN54/74164 could be used in
place of the SN54/7474s, but in this case the address would
have to be applied to the comparator in 1’s complement

form as the Q outputs are not available from the shift
registers.

A particular advantage of this type of frequency
divider is that division ratios which are prime numbers can
very easily be obtained with a minimum number of devices.
The circuit also demonstrates the versatility of the

exclusive-OR gate as a modulo-2 adder, digital comparator
and inverter.

Table 2.

Division Address
Ratio

Exooo\lo\m-hww

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

—, O OO, O RO R R RO R OROROO=OO~, 0000 —O == =P
»—v—‘Or—-'—-O»—‘Ob—»—l'—H—OOOOOOv—‘r—-—-O»—-Ov—ﬂOOO'—»—OOr—'»—OOc‘
'-—O'—‘>—‘»-'OHOOOOOOO*-"—'OP—‘OOOOO*—"—'—‘OOO)—‘O'—‘OOO»—O
»—‘OOK—-OO)—-»—-O»—‘O'—‘OOH»—Ob—-OOv—‘OOOOO'—‘»—‘OO»—‘HO»—»—‘OQ
O»—‘OO»—-HOOOO»—H—'OOO'—H—‘-"—'HOHOO—‘O)—‘—-b—‘r—-OO»—-b—‘OHG
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Division Address
Ratio
a b c d e f g h
38 0 0 0 1 0 0 1 1
39 0 0 1 0 1 0 1 1
40 1 1 1 1 1 0 1 0
41 0 1 0 0 0 1 0 0
42 0 0 0 0 1 1 1 0
43 1 0 0 1 0 1 1 1
44 1 1 1 0 1 1 0 1
45 1 0 0 1 0 0 0 1
.46 1 1 1 0 0 1 1 0
47 1 0 1 1 1 0 0 0
48 0 1 0 0 0 0 0 1
49 0 1 1 0 1 1 0 0
50 0 0 0 0 0 1 0 0
51 1 1 0 1 0 0 1 1
52 0 1 1 1 1 0 0 1
53 0 0 1 1 0 1 1 1
54 0 0 0 0 1 0 0 0
55 0 1 1 0 0 0 1 1
56 0 0 1 1 0 0 1 0
57 1 1 1 1 1 1 0 0
58 0 1 0 1 0 1 0 1
59 0 1 1 1 1 1 1 1
60 0 1 1 0 0 1 1 0
61 0 1 1 0 1 0 0 0
62 1 1 1 1 0 0 1 0
63 0 1 1 1 0 0 0 1
64 0 1 0 1 1 0 0 0
65 1 0 1 1 1 0 1 1
66 1 1 0 0 1 0 0 1
67 1 1 0 1 1 0 0 0
68 1 0 1 0 0 0 0 0
69 0 0 0 1 1 0 0 0
70 1 1 0 0 0 1 0 0
71 0 1 0 1 0 0 1 1
72 0 1 0 1 1 0 1 0
73 0 1 1 1 0 1 0 1



Address

Division

Ratio

130
131

74
75

132

76
77

78

133

134
135

79

136
137

80
81

138

82
83

139

140

141

84
85

142
143

86
87
88

144
145
146
147
148
149
150
151

89
90

91

92

93

94
95

152
153

96
97

154
155

98

99
100

101

156
157
158
159

102

103
104
105

160
161
162
163
164
165
166

106
107
108
109

110
111

167
168
169
170
171

112

113

114
115

172
173
174
175
176
177
178
179
180
181

116

117

118

119

120

121

122

123

124
125

182
183

126
127

184
185

128
129
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Address

Division

Ratio

242
243
244
245
246
247
248
249
250
251

186
187

188
189

190

191

192

193

194
195

252
253
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196

197
198

199
200
201
202
203
204
205
206
207
208
209
210
211
212
213

1
1

214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

234
235

236
237

238

-

239
240
241
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VIl DATA SELECTORS

by Sverre Wolff

In digital systems, where information from multiple sources

must be processed, stored, transferred, etc, it is necessary to

have circuits that provide selective access to information

sources. Formally, such selection circuits had to be imple-

mented with separate logic gates which required several

integrated circuit packages. Three types of circuit are

available in the TTL series to act as data selectors or multi-

plexers. Using these obviously gives greater reliability due

to the reduction in package count, number of interconnect-

ions, and wiring complexity.

The circuits discussed here are:

SN54/74150 16-bit data selector with strobed inputs and
inverted output. (Figure 1)

SN54/74151 8-bit data selector with strobed inputs and
complementary outputs. (Figure 2)

SN54/74152 8-bit data selector with inverted output.
(Figure 3)

All statements about the 74-series also apply to the 54-series.

DESCRIPTION AND CIRCUIT OPERATION

General

As shown in Figures 1, 2 and 3, the TTL data
selector circuit is basically an AND-OR-INVERT gate with
a multiple number of OR branches. The SN74150 has 16
branches and the SN74151/152 have 8 branches each. Each
AND-gate has its individual data input. Eq through Ej 5 are
the inputs for the SN74150 and Dg through D7 are the
inputs for SN74151/152. Any one of these inputs can be
selected by applying the appropriate binary-coded address
to the data-select terminals (A,B,C,D). The SN74150 and
SN74151 have a strobe input (S), where a strobe signal can
be applied concurrently with the address signal. A logical
‘0’ at the strobe input enables the data present at the
selected data-input to be coupled through to the output.

OUTPUT W

~ : vty iy @i @i @iie
i =
H - L B
c
41 =
I - B—I
*F —— «rb B
—r J% o & —
6 & & 8 <L & & & & b 6 & o6 &
stRose Fo E1 E» E3 E4 E5 Eg E; Eg Eg Eyg Eqq Eypy Eq3 Eyy B4y A B C D
{ENABLE)
/ \
DATA INPUTS DATA SELECT (BINARY)

FIGURE 1. Functional Block Diagram of Data Selectors SN54/74150
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OUTPUT Y OUTPUT W Logic Equations : Logic operation of the data selector
is characterized by the following logic equations:

SN74150:
W =S (ABCDEg + ABCDE + ABCDE} + ABCDE3 +
ave avYs == == —= =
I - n% ,Fq ABCDE4 + ABCDE;5 + ABCDEg + ABCDE7 +
T T )y — — —_— -
= ABCDEg + ABCDEg + ABCDE|( + ABCDE{] +
B
a° ABCDE () + ABCDE|3 + ABCDE 4 + ABCDE{5)
A
SN74151:
Y=W= S(ABCD, + ABCD; + ABCD, + ABCD,
(glr;c;ﬁ)oo Dy D D3 Dy Dg Dg Dy A B C
DATA INPUTS DATA SELECT (BINARY)

+ ABCD, + ABCDg + ABCDg + ABCD-)
FIGURE 2. Functional Block Diagram of Data

Selectors SN54/74151
SN74152;
OUTPUT W
W = ABCDjy + ABCD; + ABCD, + ABCD3 + ABCD,
+ ABCDg + ABCD¢ + ABCD-)
22 " 1 r 1l 1 21
i — =€ . Circuit Features: The following features have been
B incorporated in the data selectors:
N 1) The output NOR-gate is implemented
A with high-speed TTL (Series 54H/74H)
circuitry which minimizes the capacitive
effects of the paralleled phase-splitter
transistors of the OR-branches, and thus
oo o 0, Dy o'4 Ds Dg Dy A B ¢ reduces propagation delay time.
2) The data selectors with strobed inputs
DATA INPUTS DATA SELECT (SN74150 and SN74151) are provided
(BINARY)

with internal strobe-pulse inverters. This
reduces the loading of the external
strobe—signal from eight or sixteen inputs
to one input.

3)  Each dataselect input is connected with
the appropriate AND-gate through two
internal inverters in cascade. These
inverters reduce external signal loading to
one input and allow single—rail signal
input.

4) The SN74151 has complementary
outputs, which makes it extremely
suitable for double— rail signal sourcing.

FIGURE 3. Functional Block Diagram of
Data Selectors SN54/74152

On the other hand, logical ‘1’ at the strobe input
inhibits data transmission.

The SN74152 has no strobe-input terminal. It
cannot be inhibited internally, with the result that there
is always one data input coupled through to the output.

If the use of the SN74152 together with a strobe
facility is mandatory, additional external logic circuitry
must be used to create the enable/inhibit function.
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Random Data Selection

Data selectors can select at random one source
out of a multitude of information sources, and couple
the output of this source through to a single information
channel or input. Data input can be selected by applying
the appropriate binary-coded address to the data-select
inputs (A, B, C or D).

The number of data inputs can be increased by using
additional data selectors. A system using two data selectors
is shown in Figure 4, When a strobed system is required, the
control network of Figure 4a should be used with the
network in Figure 4c. Use of the networks of Figures 4b
and 4c results in a non-strobed system,

STROBE
PULSE

Sequential Data Selection

Sequential data selection can be performed with data
selectors if the data-select address is taken from the outputs
of a binary counter (SN7493), as in Figure 5. Operation of
such a system resembles that of an electromechanical
stepping switch. With each clock pulse, the binary counter
switches to the next state, causing the data selector to
select in sequence the information sources connected to its
data inputs.

CLEAR = -
Ro(1) O p—p
BINARY ¢ | d¢ DATA
R COUNTER SELECTOR S |—o
02} "gn7a93 B 1B  snsa/74150
INP A INP B A A
cLocK Eg Eqs

PULSE

FIGURE 5. Block Diagram Using a Data Selector to
Sequentially Select 1 Out of 16 Information Sources

% —¢

(a)

&

STROBE
puLse | Sa DSy DSz
0 10r0 | Inhibited | Inhibited
1 0 | Enabled | Inhibited
1 1__| Inhibited | Enabled

R
’ {><>
() sg | 08 | DS
0 | Enabled | Inhibited
or da 1| Inhibited | Enabled OR

QP Qa

par
OUTPUT

{c)

S4 o
S30 l— D w
S ¢
20- ¢ DATA s -
S0 < B SELECTOR 1
Soo0—& A SN54/74150
Eo Eis

L

D
c
DATA s
B SELECTOR 2
A SN54/74150
Ep Eis

Figure 4. Block Diagram of Data Selectors Being Used to Select 1 out of 32 Information Sources
Control Circuit (b} + Circuit (c) Gives a Non-Strobed System
Control Circuit (a) + Circuit (c) Gives a Strobed System
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The number of data-inputs can be expanded by
cascading data selectors and using appropriate control
networks. A sequential data selection system with two data
selectors and two alternative control networks is shown in
Figure 6. A system with ‘n’ data selectors is shown in
Figure 7.

In both the systems in Figures 6 and 7, two counters
are used. Counter I supplies the binary-coded address.
Counter II, followed by a decoding network, sequentially
enables the data selectors.

In Figure 6, Counter II is a single flip-flop because
only two data selectors are used.

If in the system of Figure 7, n is not an integral
power of 2, conditioned resetting of Counter II is
necessary. When the system is to be operated with a
hold-off period, resetting of both Counter I and II is
necessary. This mode of operation is described later.

In Figure 7, when hold-off signal H is a logical ‘ 1°,
conditioned reset is achieved in the following sequence:

STROBE

1)  The first updesired state of Counter I is
decoded with NAND-gate a’.

2) Output of NAND-gate ‘@’ sets the
reset-latch (cross-coupled NAND-gates b
and c) in the ‘ 1’ state.

3)  Latch-signal Q resets Counter II (and if
desired, also Counter I) to the all-zero
state.

4) Counter II (and if applicable, also
Counter I) remains in the all-zero state
until a negative-going pulse appears at
input H.

The inverted clock-pulse for Counter I may be used as
signal H if the system is to repeat the selection cycles
continuously. Such a mode of operation is possible if the
change of incoming information for a data selector is made
during the time that the following data selector is being
sampled. Change of incoming information for a data
selector may then be triggered by the control (strobe) signal
of the following data selector.

o—
PULSE

EDS

vO0—
O

20—
Z0

(b) g
o
P L
P L
o
[+ Q
COUNTER Il

CLEAR

K CLOCK J

| L |

—0z3 0
0zz0-

{c)

B

OUTPUT

:

A

|

W
o3 Ro1 D D D
CLEAR BINARY c c s c DATA s
OR COUNTER SELECTOR SELECTOR
HOLD-OFF SN7493 B 8 SN54/74150 8 SN54/74150
A A A
R
0z INP B
cLock ] [ ) & S o
3
PULSE £p Eig o 15
DATA INPUTS DATA INPUTS

Figure 6. Block Diagram of Data Selector Being Used to Sequentially Select 1 out of 32 Information Sources
Control Circuit (a) + Circuit (¢} Gives a Strobed System
Control Circuit (b)+ Circuit (c) Gives a Non-Strobed System
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VE
INHIBIT/ENABLE
o—

If an interim period is necessary to simultaneously
change incoming information of all data selectors, Counter
I as well as Counter II must be reset by the reset-latch, but
the inverted incoming clock-pulse should not be used as
signal H. In this operation mode, signal H functions as

———— hold-off signal. As long as hold-off signal H is high, the
|3 e - reset-latch is not cleared and Counters I and I remain in
la (c-. u ====n the all-zero state. During the hold-off period, Inhibit-Enable

n(>->w : | _;_:—[":‘: ! :: BINARY T LINE DECODER Zignal 1I/E must be taken to a logical ¢ 0” to inhibit the
| | | countern Ly Hig ata selectors.
o__# I’_ ctean 'i ++ J'_e ED”— conTRoL n If control circuit * ¢’ of Figure 7 is used, the inverter
; l I; . . . . . .
uoworl : . He 1@__Commo in the I/E signal line may be fnmt‘ted,, m‘wh.lc.h case I/E
B COUNTER A input must be taken to a logical * 1’ to inhibit the data
I | P éé D CONTROL 1 seleCtors.
| : The hold-off period can be terminated and a new
$ ¢ % cycle initiated by applying a negative-going pulse to the H

IVE
INHIBIT/ENABLE
O

input to clear the reset-latch, and taking the I/E input to a
logical ‘1’ to enable the data selectors (logical “0’ in
Figure 7c without I/E inverter).

™ | 0 - -
n< 10 b —]| P
| ] [
| 0 P :D—_D 8co
| oy % I o w
HH LE L ¢ DECIMAL
RO. B .
HOLD OFF | 2 A D g DECODER
| [ DECADE SN5442/7442
; COUNTER A [}
| SN54/7490
| | NP A INP BD)
be b
& -
e ©° t M N O
INHIBIT/ENABLE
o
|
!
‘ I~ 31
| 11
L NN
(e} | I | [} 7
| l 8CD
n<8g RO, c } |-& TO
{4 DECIMAL
o4 RO, 1 4 SN54/7442
HOLD OFF | | DECADE B — B
| COUNTER
| SNS4/7490 A A °
[ INP A INP BD
I |
L
44 6 6
P a L ™ N o
P Q L " N 0
v 3 i §
I
| | : .
L . :
L
(d} |
|
— e
I W ] ]
L o o s s
crearmoro | | RO, c c L—o D s
RO, ] 8 c c
r® | snsamarso 8 8
A A I A
232’33553' SN54/74150 SN54/74150
INP A INP B o E1s Eg €15 Eg E1s
o—e J L é i (L J’ cL <L
CLOCK

PULSE

Figure 7. Block Diagram of Data Selectors Being Used for Sequential Selection of 1 out of n X 16 Information Sources
Circuit (a) + Circuit (d) is Used for n = 10. Circuit (c¢) + Circuit (d) is Used for n < 8
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PARALLEL-TO-SERIAL CONVERSION

Data selectors may be used to serialize parallel
information. The circuits of Figures 5, 6, and 7 may be
used for parallel-to-serial conversion.

The circuit of Figure 5 is capable of serializing one
word of 16 bits or m words of 16/m bits.

The circuit of Figure 6 is capable of serializing one
word of 32 bits or m words of 32/m bits.

Similarly, with the system of Figure 7, it is possible
to serialize a word of 16n bits; or m words of 16n/m
bits.

Multiplexing to One Line

The operations described in the previous sections are
multiplexing to one line. The multiplexing capabilities of
the circuits of Figures S through 7 can be enlarged by using
shift registers as information sources. Thus, with a single
data selector 16 words can be serially multiplexed onto one
line by either shifting out or circulating (if the data must be
preserved) the contents of the shift registers (Figure 8). The
word length is determined by the number of stages of the
shift registers. Very long words may be stored in adjacent
shift registers. However the word capacity of the system
will then be reduced.

A low-going loading signal (LS) indicates the shift
register that is selected. The mode of operation of the shift
registers is controlled by appropriate signals on the Register
Control (RC) terminal.

The signals are,

A complete cycle of either data shift-out/serial
loading or data circulation is performed during each
count cycle of the register counter. Consequently, the
R-counter must have as many states as the shift registers
have stages. Loading of a shift register may take place
during the cycle in which it is selected. In this case ,
LS-and RC-terminals with the same number must be
connected. If the loading must occur in the following
selection cycle, RC-terminals must be connected to the LS
terminals with the next higher number. Any loading
sequence may be obtained by connecting the RC-terminals
to the appropriate LS-signals.

The data selector is strobed by the incoming
clock-pulse while the shift registers and counters are
operated by the inverted incoming clock-pulse. This is done
to inhibit the data selector during the transition periods of
the counters, shift registers and data inputs.

In Figure 9, a system similar to that of Figure 8 is
shown. Here, shift registers for parallel loading are used.
Loading of the registers takes place during the last
clock-pulse of a selection cycle. If a register is to be loaded
at the end of its selection cycle, LS-and RC-terminals with
the same numbers must be connected together. As with the
previous system, any loading sequence can be obtained by
connecting the appropriate LS-and RC-terminals. As in
Figure 8, the data selector is inhibited during counter, shift
register and data input transition periods.

RC = 0 for shift-out/serial-load .
RC = 1 for data circulation r o N " INPla —
DATA
DATA
s SELECTOR ° B SELECTOR
SN54/74150 C —ic :353?713’;
Eie €y EOD D INP A
Al
DCB A DC B A DC B A
SHIFT SHIFT SHIFT BCD-TO-DECIMAL | | BCD-TO-DECIMAL ggﬁmg& Al
REGISTER REGISTER CP REGISTER CP DECODER DECODER SN7493 cL
SN7491AN SN7491AN SN7491AN SN7442 SN7442
7 0 7 0 INP B
)
bR
Lisyg Lis, A
cLocK
PULSE
LS = LOADING SIGNAL .t
RC = REGISTER CONTROL ol .
!
1
&4
RCts Rt RCo CLOCK CLEAR
PULSE
315 41 do,
NV
INPUTS

FIGURE 8. Block Diagram Showing Data Selectors Connected to Multiplex to a Single Output

78



If the information on the output of the data selector
is to appear in phase with the incoming clock pulse, an
additional inverter (dashed in Figures 8 and 9) may be used
in the incoming clock-pulse line.

Multiplexing to Multiple Lines

In general, multiplexing means transmitting a large
number of information units over a smaller number of
channels or lines. Consequently, the number of outgoing

lines of a multiplexing system is not necessarily restricted
to one. Multiplexing to multiple lines is necessary for
instance when a multitude of words have to be transferred,
a whole word at a time. For multiplexing n-bit words, n

data selectors are necessary.

A system for multiplexing up to 16 words of n bits
onto n parallel lines is shown in Figure 10. This system can
be used either for random word selection, or with a binary
counter (SN7493) for sequential word selection.

‘ A DS-COUNTER
g SN54/7493
DATA SELECTOR CLEAR
SN54/74150 c
E15 E1 Eg D INP. A
¥
4
3 b q
D CB A DCB A D CB A DCB A DCBA DCBA
SERIAL Inp M€ SERIAL INp MC SERIAL INp MC BCD-TO-DECIMAL BCD TO-DECIMAL SHIFT
SHIFT  CP2 SHIFT  CP2 SHIFT  CP2 DECODER DECODER COUNTER
REGISTER REGISTER REGISTER SN7442 SN7442 SN54/7493
cp cPif—¢ cp
SN7495 ! SN7495 1 SN7495 e 76543210fj765432 10 INP. B
by
C
) 6 o
LS5 Lsg LS, LSg
RCy5 an, L“Co
lL $ J) J) o (<) 9 o
X CLEAR
/ SN
— Lot
PARALLEL DATA INPUT I
LS = LOADING SIGNAL CLOCK
RC = REGISTER CONTROL PULSE

Figure 9. Block Diagram Using Data Selectors to Multiplex Parallel Inputs to a Single Output
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Figure 10. Block Diagram Showing Data Selectors Used to Multiplex Up to 16 Words of n Bits Onto n Parallel Lines
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The word capacity of the circuit of Figure 10 can be
expanded by using shift registers, in each of which are
stored equally numbered bits of the words to be multi-
plexed. Shift registers with a length of m bits expand the
word capacity of the system to m X 16 words of n bits.

Such a system is shown in Figure 11, where shift
registers for serial loading are used. This system may be
considered an expanded version of the system shown in
Figure 8. Instead of one combination of shift registers and a
data selector, n such combinations are used in parallel.
Operation and control of this system is similar to that of
the system of Figure 8. A low-going LS signal indicates
which rank of shift registers have been selected. Shift
register operation is controlled by the appropriate signals
on the RC terminals,

These signals are,

RC
RC

Again, the shift registers perform a complete cycle of
either shift-out/serial-loading or data circulation during
each count cycle of the register (R) counter, which has as
many states as the shift registers have stages.

As in the system of Figure 8, any shift register
loading sequence may be obtained by connecting the
RC-terminals to the appropriate LS-terminals. For instance,
loading of a rank of shift registers occurs during the cycle in
which the rank is selected, when equally numbered LS- and
RC-terminals are connected together. The R-counter and
the shift registers are operated with the inverse of the clock
pulse which strobes the data selectors. This inhibits the data
selectors during transition periods of the counters, shift
registers and data inputs. In order to compensate for the
high fan-out, power inverters are used in the clock-pulse
lines.

If the enabling pulse of the data selectors must be in
phase with the incoming clock pulse, an additional inverter
(dashed in Figure 11) is used in the incoming clock-pulse
line.

0 for shift-out/serial-load
1 for data circulation

"

A system as in Figure 11 is also possible with shift
registers for parallel loading. Such a system may be
considered an expanded version of the system shown in
Figure 9. Instead of one combination of shift registers and a
data selector, n such combinations are used in parallel.

CHARACTER GENERATORS

Data selectors with a binary counter for sequential
selection can be used as character generators. The
characters to be generated may be either fixed (wired-in),
or manually changeable (switches). Further, they may be
controlled and/or determined by a logic system.

In Figure 12 a character generator for manually
changeable characters using an SN74151 is shown. In fact,
every data selector circuit with sequential selection can be
used as a character generator. The circuits shown in Figures
5,6, 7, 8, and 9 can be used as character generators with
each character appearing in serial form at the output.
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FIGURE 12. Block Diagram of a 8-Bit Character
Generator for Manually Changeable Characters

The circuits of Figures 10 and 11 are capable of
generating characters in parallel form or multiple characters
in serial form.

BINARY WORD COMPARISON

Data selectors may be used with 4-line to decimal
decoders to determine the equality of binary words.

In Figure 13, a comparator for two 3-bit words is
shown. It uses a BCD-to-decimal decoder, SN7442N, and
the eight-bit data selector, SN74151, which has
complementary outputs. The SN7442N is used as a 3-ine
binary-to-octal decoder with an enable/inhibit input D
(outputs 8 and 9 are not used). The comparator is enabled
when the D-input of the SN7442N is taken to a logical “ 0°.
A logical * 1’ on the D-input inhibits the comparator. The

ENABLE INPUT

o o S
! Dy ENABLE OUTPUT
o 2 Dy y}b——70
B‘ls:o 3 D3 para
A2 ¢ 4 Dy SELECTOR
O—1" opecimaL
A DECODER 5 Dg SN54/74151
10——1B sN54/7442 6 Dg COMPARE OUTPUT
7 D, whk—5
Ag 0—A a
9 cC B A
50 ]
Bio——
Bpo——

FIGURE 13. Block Diagram of a Data Selector Used
as a Comparator for 2 Words of 3 Bits
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comparator has two outputs: a compare output, W and
an enable output, Y. The output signals in the enabled
and inhibited states are as follows:

D = 0 (Comparator Enabled):
W=1and Y = 0 if, word A = word B
W=0and Y =1 if, word A # word B
D =1 (Comparator Inhibited):

W =0 and Y = 1 regardless whether words

Aand B are equal or not.

If a logical <0’ output signal is required to indicate
equality, then the enable-output Y may be used as the
enable as well as the compare output.

The comparator shown in Figure 13 may be cascaded
to compare longer words, as is shown in Figure 14, If
equality is to be indicated by a logical ‘ 1" an additional
inverter (dashed in Figure 14) is necessary.

The data selector, SN74151, in the circuits of Figures
13 and 14 may be replaced by the SN74152 if the enable
output-signal Y is an external inversion of output-signal W.
This inversion is not necessary when the SN74152 is used in
conjunction with the excess-3-Gray-to-deciinal decoder,
SN7444, as is shown in Figures 15 and 16.

In these figures, the decoder is used as a
3-line-binary-to-octal decoder (outputs O and 9 are not
used) with input C as the enable/inhibit conirol. Input C
must be a logical ‘1’ to enable the comparator and a
logical ‘0’ to inhibit it. Output signal W in the enabled
and inhibited states is as follows:

C = 1 (Comparator Enabled):
W=1if, word A = word B
W= 0 if, word A # word B
C = 0 (Comparator Inhibited):

W = 0 regardless whether words A and B

are equal or not.

As a consequence, output W is the compare-output
as well as enable-output, and no external inversions are
necessary.

In Figure 17, a comparator for two 4-bit words
using two BCD-to-Decimal decoders, SN7442, and one
16-bit data selector, SN74150, is shown. The decoders are
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FIGURE 15. Block Diagram of a Comparator Used to
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FIGURE 16. Block Diagram of Comparators from
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again used as 3-line binary-to-octal decoders with input D as
enable/inhibit input. The decoder enable/inhibit inputs are
controlled through NAND gates by the comparator
enable-input and the most significant bit of word A. In fact,
the combination of the two decoders form a 4-line
binary-to-hexadecimal decoder. A logical ‘1’ on the
enable input enables the comparator, whereas a logical 0’
inhibits it.
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FIGURE 17. Data Selector Used as a 4 Bit
Word Comparator

Output signals in the enabled and inhibited states
are as follows:

Enable input = 1 (Comparator Enabled):

w 1 if word A = word B

W =0 if word A # word B

1}

1}

Enable input = 0 (Comparator Inhibited):

W = 0 regardless whether words

A and B are equal or not.

Consequently, output W can be used as the
compare-output as well as the enable-output.

Also, the comparator of Figure 17 may be
cascaded to compare longer words, as is shown in Figure
18. If a logical ¢ 1’ output signal is required to indicate
equality, an additional inverter (dashed in Figure 18) is
necessary.

é
A
£, compare ouTPUT
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1311 311
B < LCqC g

ENABLE
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FIGURE 18. Block Diagram of Cascaded Comparators
from Figure 17 Used to Compare 2 Words of n Bits

IMPLEMENTING LOGIC FUNCTIONS

Almost any logic function can be implemented
with data selectors. The simplest implementation is
obtained when the logic function can be written eijther as a
true or an inverted sum of products of its logic variables,
because the characteristic logic expression of data selectors
is an inverted sum of products.

To implement a given logic function it is necessary
to select a data selector which is able to satisfy all (min)
terms of the function, directly or through conditioning.

The logic function of the data selector SN74150
is

Y =W= S(ABCDE, + ABCDE, + ABCDE,
+ ABCDE3 + ABCDE, + ABCDE
+ ABCDE + ABCDE, + ABCDEg
+ ABCDEg + ABCDE,, + ABCDE,,
+ ABCDE |, + ABCDE,; + ABCDE,,

+ ABCDE5)

When S = 0, the data selector is enabled and, the
%ogic expression for the SN74150, with an external inverter,
15
F = ABCDE, + ABCDE; + ABCDE, + ABCDE;
+ ABCDE, + ABCDEg + ABCDE¢ + ABCDE,
+ ABCDEg + ABCDEg + ABCDE,, + ABCDE,,
+ ABCDE,, + ABCDE;3 + ABCDE,,

+ ABCDE (1)
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Similarly, for the SN74151 and SN74152, the following
expression is valid.

F = ABCD( + ABCD; + ABCD, + ABCDj + ABCD4

+ ABCDg + ABCDg + ABCD, )

The logic function to be implemented can be obtained from
expressions (1) or (2) by conditioning the desired
minterms, and eliminating unused minterms. A minterm is
conditioned by applying the appropriate logic signal to its
corresponding data input. Such a conditioning signal can
vary from a simple logical “1” to the output signal of a
complex gate array of combinational logic. Minterms are
eliminated by applying a logical “0” to the appropriate data
inputs.

If more minterms than are available in expressions
(1) and (2) are required, they may be created by
appropriate conditioning of one or more data inputs and/or
using more than one data selector connected as in Figure
19. Use of n data selectors with m data inputs provide a
total of mn minterms.

nm MINTERMS
Y

—

w w w
DATA DATA DATA
s SELECTOR 1 S SELECTOR 2 s SELECTOR n

[TTTTTT VP TTTTTTTT | O

m DATA“INPUTS m DATA INPUTS m DATA INPUTS
ENABLE/INHIBIT ENABLE/INHIBIT ENABLE/INHIBIT

FIGURE 19. Block Diagram Showing How Minterms
Can Be Expanded By Cascading Data Selectors
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Karnaugh Maps

There are several ways by which it is possible to
determine, for a given logic function, which minterms are
to be eliminated or conditioned. One such method is the
use of Karnaugh maps.

A Karnaugh map is an orderly arrangement of all
possible combinations of its variables. Each cell represents a
unique combination of these variables. In other words, each
cell represents a minterm.

Numerical values can be assigned to the cells of a
Karnaugh map by considering the minterms as binary
numbers.

When the logic expression of a data selector is
represented by a Karnaugh map, the numerical value
assigned to a cell corresponds with the number of the data
input which governs the minterm represented by that cell.
This means that the cell with numerical value n represents
the minterm governed by Ep, in the case of the SN74150,
and by Dpn when the SN74151 or SN64152 is considered.

Three- and four-variable Karnaugh maps with
numerical and data-input designations are shown in Figures
20 and 21. A is the least significant variable.

When the number of variables in the logic function
to be implemented is equal to or less than the number of
data select inputs of the data selector, a single map
representation of the desired logic function is used to
determine data input conditioning. The data inputs
governing cells marked ‘ 0’ must be made logical ‘ 0’ and
those governing cells marked ° 1’ must be made a logical
‘1,

. When the number of variables in the desired logic
function is greater than the number of data select inputs of
the data selector, it is easier to use multiple map
representation of the logic function rather than an

B
A
c 00 01 11 10
0 1 3 2
0
Do D, D3 0,
4 5 7 6
1
D, Dy D, Dg

FIGURE 20. Three-Variable Karnaugh Map With
Numerical and Data Input Designations for
SN54/74151 and SN54/74152
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c 00 01 11 10
0 1 3 2

00
Ey E, Ey E,
4 5 7 6

01
E, Eg E, Eq
12 13 15 14

11
Eq2 Ei3 Eis Eia
8 9 1 10

10
Eg Eg 1 E1o

FIGURE 21. Four-Variable Karnaugh Map With
Numerical and Data Input Designations
for SN54/74150

expanded single Karnaugh map. In most cases, data-input
conditioning can be determined more rapidly with a
multiple map representation where the number of variables
in each map is equal to the number of data select inputs of
the data selector.

The multiple mapping method is illustrated by the
following examples.

Example 1 o _
Logic function: F = ABC + ABC + ABC
Data Selector: SN54/74151 or SN54/74152

B
A
(o} 00 01 11 10
0 1 3 2
0
1 0 0 1
4 5 7 6
1
0 1 0 0

The conditioning signals to be used are

D°=D2=D =1

Example 2 _
Logic function: F=B + AC + AC
Data Selector: SN54/74151 or SN54/74152

A
00 01 11 10
0 1 3 2
0 1 1 1 0
4 5 7 6
1
1 1 o 1
The conditioning signals to be used are
Dy=D;=D3=D4=Dg=Dg=1
D2==D7==0
Example 3 o L
Logic function: F = AC+ ACD + BD
Data Selector: SN54/74150
A
00 01 11 10
0 1 3 2
00 1 1 1 0
4 5 7 6
o1 1 1 0 0
12 13 15 14
1
1 0 0 1
8 9 11 10
1
0 0 1 1 0

The conditioning signals to be used are
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Example 4 _ L
Logic Function: F= AC+ ACN + BN
Data Selector: SN54/74151 or SN54/74152

The number of available data select inputs is 3.
Therefore, 3-variable Karnaugh maps will be used. The
number of variables in the desired logic function exceeds
the number of available data select inputs by one
excess-variable (N),

The logic function must be expanded to obtain an
expression in which @/l minterms contain the excess-variable
N. The minterm AC in the desired logic function does not
contain the excess-variable N, and must be expanded as
follows:

AC (N + N) = ACN + ACN
The expanded logic function is then

F=ACN + ACN + BN + ACN

The excess-variable N may appear in either one of
two different states. Therefore, two maps are necessary to
account for all possible combinations of the variables. The
first map is valid for N = 0 or N = 1. Therefore, the
conditioning signals derived from this map have to be
AND-ed with N,

The second map is valid for N = 1 and the
conditioning signals derived from this map must be AND-ed
with N,

The total conditioning signal for the data-inputs is
obtained by OR-ing the conditioning signals derived from
identically numbered cells of both maps shown

B
A
(of 00 01 11 10
1} 1 3 2
0 1 1 1 0
4 5 7 6
1
1 1 0 0
N=1
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A
00 01 11 10
0 1 2
0
] 1 1 0
4 5 6
1
1 0 o 1
N=1
DATA— | MAPN=1 | MAPN=1 TOTAL
INPUT
Do 1"N=N 0°N=0 N+0=N
D4 1*N =N 1"N=N N+N=1
D2 0-N=0 0N =0 0+0=0
D3 1*N=N 1°"N=N N+N=1
D4 1*N=N 1*N=N N+N=1
Ds 1*N=N 0°N=0 N+0=N
Dg oN=0 1N =N 0+N=N
Dy oN=0 0°N=0 0+0=0

Do=05=ﬁ

Dq1=D3=Dg=1

D2=D7=0

Dg

=N

The conditioning signals to be used are




Example 5

Logic Function: F= ACNM + ABDM + AC
+ ADNM + BDNM

Data Selector: SN54/74150

The number of data select inputs is 4 and
consequently 4-variable Karnaugh maps must be used. The
number of variables (6) in the desired logic function
exceeds the number of available data select inputs by 2.
The 2 excess-variables M and N may appear in 4 different
combinations, which means that 4 Karnaugh maps are
necessary to account for all possible combinations of the
variables.

Map 1 is valid for: MN = 1
Map 2 is valid for: MN = 1
Map 3 is valid for: MN = 1
Map 4 is valid for; MN = 1

The conditioning signals derived from a map must be
AND-ed with the combination of the excess-variables for
which that map is valid. The total conditioning signals for
the data inputs is obtained by OR-ing the separate
conditioning signals derived from equally numbered cells of
the 4 maps.

B
D A
(o] 00 01 11 10
0 1 3 2
00
0 0 0 0
4 5 7 6
01
1 0 0 1
12 13 15 14
1
1 1 0 1
8 9 11 10
10
1 1 0 0
MAP 1; MN =1

Again, the logic expression must be expanded to
obtain an expression in which all minterms contain all
excess-variables.

The minterms are expanded as follows:

ABDM = ABDM (N + N) = ABDMN + ABDMN
AC (MN + MN + MN + MN) = ACMN + ACMN + ACMN
+ACMN

The resulting expanded logic function is

F = ACMN + ABDMN + ABDMN + ACMN + ACMN
+ ACMN + ACMN + ADMN + BDMN

B
D A
c 00 01 11 10
0 1 3 2
00
0 0 1 0
4 5 7 6
01
1 0 1 1
12 13 15 14
1
1 1 1 1
8 9 1 10
10
0 1 1 0
MAP 2; MN = 1
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D
A
A c
00 01 11 10 00 01 1 10
0 1 3 2 ) 1 3 2
00 00
0 0 0 0 0 1 1 0
4 5 7 6 4 5 7 6
o1 01
1 0 0 1 1 0 1 1
12 13 16 14 12 13 15 14
1 "
1 0 0 1 1 ] o 1
8 9 1" 10 8 9 1" 10
10 10
0 0 0 0 0 1 1 0
MAP 3; MN = 1 MAP 4; MN =1
DATA— MAP 1 MAP 2 MAP 3 MAP 4
—_ — TOTAL
INPUT MN = 1 MN = MN =1 MN =1
Eo 0'MN =0 0°MN =0 0°MN =0 0°MN = 0 0
Eq 0*MN =0 0°MN =0 0*MN =0 1°*MN = MN MN
E2 0*MN =0 0°'MN =0 0*MN =.0 O*MN =0 _ ]
E3 0°MN =0 1*MN = MN 0°MN =0 1°MN = MN MN + MN =M
Eq 1*MN = MN 1*MN = MN 1*MN = MN 1*MN = MN MN + MN + MN + MN = 1
5 0°MN =0 0-MN =0 0°*MN =0 O°*MN =0 . _ o
Eg 1°*MN = MN 1°MN = MN 1°MN = MN 1*MN = MN MN + MN + MN + MN = 1
€7 0-MN = 0 1°MN = MN 0°MN=0 1*MN = MN MN+MN=M _
Eg 1*MN = MN 0-MN =0 0"MN =0 0*MN =0 __ _ MmN _
Eg 1*MN = MN 1*MN = MN 0*MN =0 1°*MN = MN MN +MN+MN=M+N
€10 0°MN =0 0°MN =0 0°MN =0 O*MN =0 _ 0
E19 0°MN =0 1*MN = MN 0*MN =0 1°MN = MN MN +MN =M
Eq2 1°MN = MN 1*MN = MN 1-MN = NN 1°MN = MN MN +MN + MN + MN =1
Eq3 1*MN = MN 1*MN = MN 0°MN =0 0*MN =0 MN +MN =N
Eqq 1°MN = MN 1°MN = MN 1*MN = MN 1*MN = MN MN + MN + MN + MN = 1
E1g O*MN =0 1*MN = MN 0*MN =0 O*MN =0 MN
The conditioning signals to be used are: —
Ej3=N
E;5=MN

E,=MN

E3=E7=E11=M

Eg=Eg=E|3=Ej4=1

Eg=M+N

Eg =MN

Examples 4 and 5 show that if a ‘1’ appears in equally
numbered cells of 4/l maps, that particular conditioning
signal is independent of all the excess-variables and is a
logical ‘ 1°. Similarly, if a * 0 appears in equally numbered
cells of gll maps, that particular conditioning signal is
independent of the excess-variables and is a logical < 0.




IX DECODERS/ DEMULTIPLEXERS

by Arden Douce

This chapter discusses decoders/demultiplexers with partic-
ular reference to the SN54/74154 ie. a 4-line to 16-line
decoder or a 1-line to 16-ine demultiplexer. A 24-pin
device, the MSI  SNS54/74154 has four inputs which are
decoded internally to address one of sixteen outputs.
Enable and Data inputs permit input data to be transferred
to the addressed output upon application of an enable
signal. Use of this device leads to increased reliability due to
reduction in package count, number of interconnections
and wiring complexity.

Applications of the SN54/74154 as a decoder, min-
term generator, code decoder and demultiplexer are also
discussed.

CHARACTERISTICS

Logic Description

A block diagram of the SN54/74154 is shown in
Figure 1. Figure 2 is a SN54/74154 logic diagram. In
Figure 2, four binary-coded address inputs A, B, C, and D
are decoded internally to address only one of sixteen
mutually exclusive outputs. Qutputs with decimal names 0,
1,2, ..., 15 correspond to the binary-weighted input code at
the address inputs for A = 20, B= 21, C= 22, and D =23,
For example, if A=D=1 and B=C=0, gate9 is
addressed.

From the truth table, Figure 3, it can be seen that all
16 outputs will be at logical * 1’ unless both Enable and
Data inputs are at logical * 0’. When Enable and Data
inputs are 0, the SN54/74154 operates as a mutually
exclusive sixteen-line NAND-gate decoder of the four input
address lines. The addressed output gate will be at
logical * 0 ° while all other outputs are at logical “ 1°.

The SN54/74154 can be used as a one-line to
sixteen-line demultiplexer by setting Enable =0 and con-
necting binary information to the Data input. This infor-
mation at the Data input will be routed unchanged to the
output selected by the address inputs. For example, if
A=D=1, B=C=0 and Enable =0, then OQutput9=
Data. All other outputs are logical “ 1°.

If Enable = 1 when the address inputs are changed,
the possibility of decoding spikes and/or more than one
output being momentarily logical ‘ 0 is eliminated. Since
the internal strobe line (See Figure 2) is logical © 0, address
data is locked out causing all outputs to be logical ‘ 1°.
After switching transients have subsided, the Enable input
can be returned to logical‘ 0’ to return control to the
address inputs and the Data input.

@
9
cc b 0® N
ENASLE to——O0
:DDAYA 7°——0®
30—0@
sp—o®
50—0@
SNS4/74154 6‘*—0@
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ao—O@
NG N P—®
® o—0 @
ADDRESS °®—‘—‘5 " @
INPUTS @ 12 p———0 (3
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FIGURE 1. Block Diagram of SN54/74154
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FIGURE 2. Logic Diagram of SN54/74154
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FIGURE 3. Truth Table For SN54/74154

Due to the symmetry of the positive AND gate with
inverted inputs (positive NOR gate) used, Enable and Data
functions are interchangeable. The names Enable and Data
given these functions are arbitrary. Likewise, the four
address inputs may be interchanged and the SN74154 will
still produce the correct output when the output pins are
relabelled. This may be convenient for printed circuit board
layouts.

DC Characteristics

The SN54/74154 MSI device consists of several
interconnected SN54/74 type gates and has Series 54/74
input and output characteristics. Each address input (A,B,
C,D) as well as, the Enable and Data inputs are buffered to
present one normalized (N=1) TTL load to a driving gate.
(See Figure 2).

Switching Characteristics

Propagation delay times between input and the
appropriate output at data sheet test conditions are
tabulated in Figure 4. The maximum propagation delay
time through the device is 37 ns (25 ns typical) for an
output going to logical‘ 1°. For an output going to
logical ¢ 0°, the maximum propagation delay time is 33 ns
(22 ns typical).

If the Enable input is not used and the address inputs
do not change simultaneously (Tskew #* 0), logical ‘0’
decoding spikes may occur. For instance, Figure 5(a)
illustrates a spike occurring at output 3 as the inputs switch
from A=1, B=0 (output 1) to A=0, B=1 (output 2).
Skewing of these edges causes A = 1, B = 1 (output 3) to be
decoded momentarily. It was determined experimentally
when Tgkew is 5 ns or less, no logical € 0’ spikes occur on
an SN54/74154 output. Figure 5 defines Tgkew.

PARAMETER MIN|{TYP[MAX|UNITS

Propagation delay time to logical O

. level at output from A, B, C,or D 20| 30 ns
pdo(L) nouts through two logic levels.

[Input(s) going fow] -

Propagation delay time to logical 0
level at output from A C,orD
thdO(H) Vel at outpu mA.B.C. 22| 33 ns
inputs through three logic levels

{1nput(s) going highl

Propagation delay time to logical 1

level at output from A, B, C,orD

tod 1(L) 25| 37| ns

mnputs thraugh three logic levels
[tnput(s) going low]

Propagation delay time to logical 1

level at output from A B, C,or C
thd 1(H) 17} 26} ns
inputs through two logic levels.

{tnput(s) going high]

Propagation delay time to logical 0

| | f
t5d0(E) evel at output from Data or 19 8 s
Enable inputs

{Input(s} going low]

Propagation delay time to logical 1
tpd1(E) level at output from Data or 20 30 ns
Enable inputs.

[input(s) going high)

Test Conditions Vee =5V, T, = 25°C, N =10, R =400 Q
CL =15pF

FIGURE 4. Switching Characteristics For SN54/74154
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FIGURE 5. Typical Switching Waveforms Showing
Effects Of Input Skew

Differences in propagation delay time are inherent in
a gating system of this type. Signals may propagate through
either two or three logic levels from an input (See Figure 2)
to an output. Also, tpdp and tpd1 are not generally equal
for a given gate. As shown in Figure 5(a), these differences
in propagation delay time may cause more than one output
of an SN54/74154 to be at logical ‘ 0’ simultaneously
(logical “ 0” overlap). This overlap condition is typically
S ns under data sheet test conditions.



Logical ‘0’ spikes or logical ‘0’ overlap at the
outputs of an SN54/74154 may be detrimental to the
performance of a logic system., If the Enable is used as
shown in Figure 5(b), the spikes and overlap are eliminated.
Taking the Enable line to logical ‘ 1” prior to changing an
address input and holding it at logical ‘1’ for 6 ns
(Z[tpd1(L)—tpdO(E)}) after the change of an address input
will eliminate overlap problems for a typical device.

Propagation delay time from Enable or Data inputs to
a logical “ 0’ output is typically 19 ns (28 ns maximum).
Propagation delay time from Enable or Data inputs to a
logical 1’ output is typically 20 ns (30 ns maximum).

APPLICATIONS

The following section outlines several functions the
SN54/74154 can perform.

For purposes of simplicity, reference will be made
only to the Series 74 devices. All statements in this section
about Series 74 devices also apply to the Series 54 devices.

Decoder

The use of the SN74154 as a 4-line to 16-line decoder
is illustrated in Figure 6. Since Enable and Data are at
logical “ 0°, the addressed output will be logical ¢ 9°. This
type of circuit is often referred to as a 1-of-16 decoder.

b—— 00 )

ﬂD o
J DATA

SN74154

o——Q7 OUTPUTS

A———— A

BINARY
INPUTS

oO—————0

FIGURE 6. The 4-Line-to-16-Line Decoder

Figure 7 illustrates four SN74154 decoders used to
decode 6 variables to 1 of 64 lines. Both Enable and Data
inputs are used on the four devices to determine which
device is activated. Since Enable and Data must .be
logical “ 0’ to activate a device, proper decoding of the
signals at these inputs is necessary to activate only one
device at a time.

The above method can be extended to any number of
variables with additional SN74154 devices. For instance an
8-line to 256-line (1-of-256) decoder can be constructed
with seventeen SN74154 devices. As shown in Figure 8, one
SN74154 decoder controls the Data inputs of sixteen
others. By controlling the Enable line of device-16, all 256
outputs can be disabled simultaneously.

The 1-of-24 line decoder shown in Figure 9, demon-
strates the use of the SN7442 4-to-10 line decoder with the
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FIGURE 7. The 6-Line-To-64-Line Decoder
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FIGURE 8, The 8-Line-to-Line Decoder with
Inhibit Capability

SN74154. The full decoding capability of a second
SN74154 is not necessary and a simpler decoder can be
inserted in its place.

By using a SN7493 binary counter to drive the
address inputs, a ‘ Clock Time Generator ’ can be construc-
ted. To obtain positive pulses from a particular output of
the SN74154, an inverter must be inserted as shown in
Figure 10. By using cross-coupled NAND gate latches,
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pulses can be extended over several clock pulse periods such
as Tg.13, shown in Figure 10, The latch sets when output 9
goes low and resets when output 14 goes low. If the Data
input is used as a strobe, decoding spikes may be eliminated
from the output. This is especially important when an
asynchronous counter such as the SN7493 is used on the
address inputs.
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FIGURE 9. The 5-Line-to-24-Line Decoder
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Minterm Generator

When operated as a decoder, the SN74154 can
function as a low active-output minterm generator produc-
ing 16 possible minterms from four variables. The desired
minterms can be summed by a positive NAND (negative
NOR) gate as illustrated for functions F T F2’ F3, F4, and
F in Figure 11.

" Although limited to 10 outputs, the SN7442 4-line to
10-line decoder can be used in decoding applications similar
to the SN74154 4-line to 16-line decoder. By use of NOR
gates, an ANDing of input variables can be obtained from
the outputs of the decoders as pictured for functions Fo,
Fg, F{, and F;,. The SN74854 AND-OR-INVERT gate is
used as a 4-input NOR gate in Figure 11. Since H and I can
be any variable, the outputs of other decoders can be used.
Therefore, the number of variables ANDed together could
far exceed the 9 variables listed for F17.

By wusing the SN7442 and SN74154 shown in
Figure 11, any combination of the seven input variables A,
B, C, D, E, F, and G can be obtained as an AND function
by programming with only a two input NOR gate (F9).

FIGURE 10. Clock Time Generator
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FIGURE 11. Minterm Generator

To illustrate the method used to obtain function F3,
refer to the Karnaugh maps in Figure 12. The function is
mapped in Figure 12(a). As shown in Figure 12(b), the 1’s
are grouped to obtain the following minimal expression:

Fs = BCD + ACD + ABD
As illustrated in Figure 12(c), another method of
grouping 1’s is to encircle the group whose D is 1” and

inhibit those individual cells within the group containing
“0’, i.e. ABCD and ABCD.

F=D:- (ABCD): (ABCD)
F =BCD + ACD + ABD = F5
Note that F illustrated in Figure 12(c) is identical to

F5 when simplified. Since the inverted output exists for all
16 possible combinations of inputs, the latter method lends
itself quite readily to use with the SN74154 decoder. A
single three-input AND gate (SN74H11) or a NAND gate
and an inverter will decode the complete expression from
the SN74154 decoder. Figure 11 is only one example of
how very complex logic operations can be implemented
with only a few packages by using the SN74154 in
combination with other MSI circuits (such as SN74150, -1,
-2, -3, multiplexers and SN7442, -3, -4, and SN74155
decoders),

D A D A
c\ 00 o 11 10 c\ o0 01 11 10
owo|o| olo]|] of ool of ojol o
ot | ol o|lo| of o1| of 0] o} o
nlal v lol il vl o] [
10| 0ol 1 1 11 10| of 1) lll

a) Mapped Function for Fg b} Fg = BCD + ACD + ABD

D\ A
Cc 00 n 1 10

0

00 0 0 0
01 0 0 0 0
0 1

11 1 1

10 0 1 1 1

c) F5 =D * (ABCD) * {ABCD)

FIGURE 12. Mapping For Function
Fg Of Figure 11

Code Decoders

Several special purpose 4-line to 10-line MSI decoders
are available in the SN74 series. An SN7442 BCD-to-Dec-
imal decoder is used for 8421 decoding. An SN7443 Excess
3-to-Decimal decoder decodes Excess-3 inputs directly. It
also can decode the 2421 code if the D input is inverted
and the outputs rearranged. Excess-3 Gray inputs are
decoded by an SN7444 Excess-3 Gray-to-Decimal decoder.

Each special-purpose decoder above accepts only one
specific four-bit code. But the SN74154 with strobe
capability can decode any four-bit code if the appropriate
outputs are selected in the desired sequence. For example,
Figure 13(a) illustrates the output selection sequence nec-
essary to completely decode the four-bit Gray code. And
Figure 13(b) shows an output selection matrix by which
the SN74154 can decode each of the four-bit decimal codes
described above.

Demultiplexer

A typical application of the SN74154 used as a
demultiplexer is illustrated in Figure 14. Parallel input data
is converted to serial form by an SN74150 16-line to 1-line
multiplexer. This serial information is then transmitted to
the Data input of an SN74154. By operating the address
inputs of the SN74150 and SN74154 synchronously,
parallel information is transferred bit-by-bit from the
parallel inputs of the SN74150 to the parallel outputs of
the SN74154, Latches may then be used to store this data
in parallel form.

Multiple bits of data may be transmitted from one
parallel input of the SN74150 to the corresponding parallel
output of the SN74154. When the system illustratéd in
Figure 14 is used in this manner, parallel storage latches at
the output of the SN74154 are not necessary. Since the
SN74150 inverts information, an inverter has been used at
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its output to re-invert the serial output data. No inversion
occurs at the SN74154,

Often the digital data transmission system illustrated
in Figure 14 is entirely adequate, However, transmission of
error-free data over long lines in a noisy environment may

ENABLE ° o
1
smone L] HD =3
3 2
| S DATA . &
[ 7
SN74154 & 5
7 a
AQ—1A 8 12
9 13
FOUR BIT 8O—1s 0 15 DECODED
GRAY CODE n 14 GRAY CODE
INPUTS cO—c¢ 12 1'0 OUTPUTS
13 1
oO—po 9
8

a) Four-Bit Gray Code Decoder

Decimal SN74154 Output Selection
Digit 8421 Excess 3 2421 Excess 3 Gray
0 0 3 0 2
1 1 4 1 6
2 2 5 2 7
3 3 6 3 5
4 4 7 4 4
5 5 8 1 12
6 6 9 12 13
7 7 10 13 15
8 8 11 14 14
9 9 12 15 10

b) Output Selection for Decoding Four-Bit Decimal Codes

FIGURE 13. Using An SN54/74154 To Decode
Any Four-Bit Codes By Selecting
Appropriate Outputs

require special transmission-line drivers and receivers and
careful selection of a suitable transmission line. If
necessary, the SN55107 series of Line Drivers and Line
Receivers should be used to interface between transmission
lines and TTL devices.

Figure 15 illustrates a method of obtaining a 32-line
demultiplexer using two SN74154 devices. Since only two
devices are involved, the complementary outputs of a
flip-flop are used to select which device is activated. A
strobe is gated with serial data to eliminate decoding spikes.

An SN74154 can be used for more complex demul-
tiplexers than those illustrated above. For instance, the
circuit illustrated in Figure 8 can be used as a 256-line
demultiplexer simply by applying binary data to the Data
input of device-16 and sequencing the address inputs.

SN7a04

SERIAL O- ENABLE o
DATA

INPUT

Neo

1

DATA

2k SN74154

) SNTAT3 g
CLOCK

o 0 @ B

CLEAR

1€

ENABLE 7
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»p @ 0 O

foiz)
|nru' A INPUT B
cLocK

FIGURE 15, The 32-Line Demultiplexer
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FIGURE 14. The 16 Line Parallel-To-Serial and Serial-To-Parallel Data Transmission System
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X SIMPLE BINARY TO BCD & BCD TO BINARY CONVERTERS

by Bob Parsons

Converting from binary to binary coded decimal (BCD), or
vice versa, is necessary for a number of practical applications
such as display systems, tape readers, keyboard decoders
and computer interfaces. Complex function integrated
circuits together with a suitable set of control algorithms
allow simple, easily implemented, conversions to be made,
without the need for the usual comparators, reversible
counters or decoding matrices.

Using this method the conversions can be very fast
since only one clock pulse is required for each bit to be
converted, unlike methods based on counting. Each decade
is complete in itself, and additional decades may be added
without modification to previous stages. The complexity
increases linearly with the number of decades to be
converted and not in a 2 manner as with methods using
gates only.

MATHEMATICAL MANIPULATION

The conversion processes are based on a modification
of a method described in 19581,

Binary to BCD conversion
A binary number Np is usually expressed in the
following form:—

NB = bn_l, .. bl, bo,
where n is the number of bits and is either 1 or 0.
Example: decimal 45 in binary notation is 101101.
The powers of 2 are assumed in a similar manner in

ascending order from right to left, as are the powers of 10
in any decimal number.

The equivalent decimal number, ND, is given by:—

= n-1 1
Np = b 200+ L +b 2l 4520 (1)

A six bit binary number, for example would be:—
Np = b5.2% +by 2% 45323 45,22 + b 21 420
e.g.. 45= 132+0.16+1.8+14+02+1.1=32+8+4+1

This can be written in an alternative form as:—

Np =([<(b5.2 + b2 ¥ b3>.2 + b2].2 + b]).z + by

eg. 45= ([((1.2 +02+D 2+ 1] 2+0) 2+1

This form is known as ‘nested multiplication by 2°,
and the effective repeated multiplication by two can be
carried out by shifting Np into a register, most significant
bit (MSB) first. Each shift pulse multiplies the digits by
two since each bit is moved to the next MSB position. The
register is grouped to form decades as shown in the example
below.

Here, when b is a 1, and cross the boundary between
decades, it only increases from 8 to 10, since the register is
grouped into decades, instead of doubling from 8 to 16.
This deficiency of 6 is corrected by adding 6 to the units
decade when a 1 crosses the units-tens boundary. Similarly
a 6 must be added to the tens decade when a 1 crosses the
tens-hundreds boundary, and likewise for the other decades.

10 10! 100 Binary Number
8 4 2 1 8 4 2 1 4 2 1
be bs by b3 by b, b,
b bs b, by b, b, by
Shift Direction b 5 by b3 by b; b,
6 Y5 by b3 by by by
\ 5 4 b3J b2 b1 b0
~~

Register Grouped into Decades.
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However, a decade must have contained a number equal to
or greater than 8 before shifting for such a transition to
ofcur. If a number equal to or greater than 8 is detected
before shifting, 3, which doubles to the required 6 upon
shifting, is added to the decade as a correction. Correction
is also required if, after shifting, a decade contains a number
greater than or equal to 10. Since by definition a decade
cannot contain a number greater than 9, 10 must be
subtracted from this decade and a 1 added to the next most
significant decade. To produce a number greater than or
equal to 10, a decade must have contained a number greater
than or equal to 5 before shifting. If this condition is
detected, 5 is subtracted from the decade before shifting;
this being equivalent to subtracting 10 after shifting.
Provision for entering a 1 into the next decade can be made
by entering a 1 into the 8’s position of the previous decade
before shifting. Note that if before shifting a decade con-
tains a number greater than or equal to 5, 8 is added and 5
subtracted. This is accomplished simply by adding 3 to the
decade.

In the process described, it can be seen that any
decade requires the addition of 3 before shifting if it
contains 5, 6, 7, 8 or 9. States 10 to 15 inclusive never
occur in a decade after adding 3 and shifting if the above
corrections are applied.

The logic required to implement this correction is
derived as follows. From the Karnaugh map in Figure 1, it
can be deduced that 3 is added to the contents of a decade
if the function ¢ = (8 + 2.4 + 1-4) is detected, i.e. numbers
=5.

48
12 00 01 11 10

0|0 {1 X} o
e

o1fo xi xI 1]
PRrERa|

n o (XX D
1, '

ofo ‘1 ix] L

FIGURE 1. Minimisation of the Correction Function ¢

BCD to Binary Conversion

An integral decimal number, Np, is usually written as
an n digit binary number in the form of equation 1. If
both sides of this equation are divided by 2, a quotient Q 1
which is an integer, and a remainder b, are produced.
Thus,

N
D _ -1
- = Q1 + b0.2 "
- n-2 0
where Q1 = bn_1.2 + ...+ b1.2

The remainder term containing b, is important as it
is the least significant binary digit in the binary equivalent
of the BCD number.

Q, is next divided by 2 giving a new quotient Q, and
a remainder b; .

Q

= -1

5 = Q2 +b1.2 s
where Q, = b 23 + .. b,.20

The remainder containing b; thus obtained is the
desired next binary digit. This process is continued until
Qn =0. The repeated division of Qn by 2 can be carried out
by shifting Q out from a binary weighted register, least
significant digit first.

The decimal integer that is loaded into the shift
register is in BCD form and repeated shifting will not
always result in correct division by 2 when a 1 crosses the
boundaries between decades and so corrections are
fequired.

The BCD register is grouped to form 1248 decades
as shown in the example below.

When a 1 crosses the boundary between decades, it
only decreases from 1 x 10" to 8 x 10™! instead of
1 x 10™ to 5 x 10™1. This excess of 3 can be corrected by
subtracting 3 from the 10™1 decade when a 1 crosses the
10" to 10" boundary. To require this correction a decade
must have contained a 1 in the 1 x 10" column before
shifting. The presence of this 1 can be used to control the
subtraction of 3 from the decade. This subtraction is
accomplished by the addition of the 2’s complement of 3,
1101, to the contents of the decade.

102 10! 100
8 4 2 1 8 4 2 1 8 4 2 1
b; bg by b, by b, b b
b; bg by by by b, by 0
Shift Direction b, be by by, 3 by b, b,
' b, by b b, b3l b, b, b,
\'s v
BCD Register Serial Binary
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Two practical worked examples for the conversion of
BCD 29 and 56 to binary are now given.

29
BCD
2 9
BCD Input 0010 1001
001 0100 1
00 0111 01
0 0011 101
0001 110
000 111
00 01 1
0 001
Converted Result 000
56
5 6
BCD Input 0101 0110
010 100 0 0
01 0100 00
0 0111 00
0011 10
001 11
00 11
0 01
Converted Result 00

PRACTICAL CIRCUITS

Binary to BCD Converter

A 4 decade Binary to BCD converter is shown in
Figure 2. The operating mode of the SN54/74199 8 bit
shift register is controlled by the logic level at the Mode
input: a high input gives Right Shift and a low input gives
Parallel Load. In the Binary to BCD converter the
SN54/4199 is used only as a parallel register therefore the
Mode input can be tied to ground. Both the Clear and the
Clock Enabie inputs are ‘low active’ so the latter is tied to
ground and the former is taken to a logical ‘1’ while
conversion is taking place.

To carry out a conversion the Binary number is
applied serially to input A of the register, most significant
bit (MSB) first and the register is clocked as each new bit is
applied. If no correction is required to the contents of a
decade the binary number is shifted right since each bit is
connected to the next stage via an SN54/7483 four bit
adder.

L S o B
— O =
—_ O =

(o]

0
0
0
1
1
1

—— 000
- O O O
(o= I el )
oo

o

Serial Binary Output

(correction of -3)

O -
—

(correction of -3)

orrection of -3)

The four outputs of each decade are connected to an
SN54/74H52 gate as shown. This device performs the
following logic function:—

Y = (AB)+(CD) + (EF) + (GHI) + X

where Y is the output and X the expander input (not used
in this application). It will therefore give the required
function ¢:

¢ = QaQc + QgQc *+ Qp

as specified by the Karnaugh map in Figure 1. When the
number in a decade is 2 5, Y is high and a logical ‘1’ is
applied to the B, and B, inputs of the SN54/7483 four bit
adder so that an extra 3 is added to the inputs A, to A,
etc. The corrected sum is then transfered into the shift
register on the next clock pulse.

No addition or correction circuits are required on the
final decade since the contents of the final register will
always be a valid B.C.D. number. The Right shift is given
by connecting each output directly to the succeeding input.
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An N bit binary number will always be converted
after N clock pulses and appear in parallel BCD form at the
output of the register. The BCD capacity of the register
must, of course, always be as great as the binary number to
be converted. The number of decades (D) required for N
bits is as follows:—

N D N D
1 -3 1 34 — 36 11
4 -6 2 37 — 39 12
7 -9 3 40 — 43 13
10 — 13 4 44 — 46 14
14 — 16 5 47 — 49 15
17 — 19 6 50 — 53 16
20 — 23 7 54 — 56 17
24 — 26 8 57 - 59 18
27 — 29 9 60 — 63 19
30 - 33 10

The maximum clock frequency for this converter
assuming maximum delays in all devices is 7.7MHz or 130ns
per bit. This is made up as follows:

t(ns) O
| Qp to Y (H52 propagation)
15
B, to &, (add and carry propagation)
75
register set up time
95
register propagation delay
130

A more typical delay would be in the order of 100ns.
Note that there is no carry between decades so the carry
propagation time shown will not increase as the magnitude
of the number to be converted increases. It would also be
possible to perform the decade corrections with a straight
forward combinational circuit using SSI gates, However it
would take at least 7 gates per decade and the delays would
be as great. Another approach 2,3,4,5, 6 yould be to use
a Read Only Memory such as the SN54/7488 for the
correction logic. This is a 256 bit ROM having a 5 bit
input and giving out 32 words of 8 bits. Thus only a quarter
of its capacity would be used but approximately 25ns
would be saved in propagation delay.
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BCD to Binary Converter

The BCD to Binary converter does not need an
SN54/74H52 to control the correction logic since, as stated
before, it is only necessary to know if there is a ‘1’ in the
1 x 10™ column prior to shifting.

The schematic of the converter is shown in Figure 3.
The Right shift mode of operation in the SN54/74199 now
becomes very useful. Since a BCD number, unlike a
Binary number, does not have a common ratio between the
weights of successive bits it is necessary to have a complete
BCD number in parallel form prior to conversion. This is
easily achieved by taking the Mode control to a High level
which allows the BCD number to be shifted in serially
via the JK. inputs — these two inputs can be wired
together to give a D type of input function.

Once the BCD number has been loaded into the regis-
ter with the MSB of the most significant digit in the first bit
on the right of the shift register, the Mode control is changed
to a Low level. Each clock pulse to the shift register will
now shift the number to the left and the Binary number
will be available at the left hand end of the register in
serial form, LSB first.

Every time a correction is necessary, that is when
there is a ‘1” at the Qpy (or Q) output of the previous
decade, binary 13 (1011) is applied to the B, to B, inputs
of the adder. This is the 2’s complement of 3 so 3 is
subtracted from the number at the inputs A, to A,.

The operating speed of this converter is similar to that
of the Binary to BCD version but 15ns is saved by the
omission of the AND—OR gate.

There will, of course, be a period of approximately
30ns per bit required to shift the BCD number into the
register initially. However, this will probably coincide with
some slow operation such as manual entry from a key-
board which will make this period insignificant.
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Xl FAST BCD TO BINARY & BINARY TO BCD CONVERTERS

by Denis Spicer

The converters discussed in the previous chapter were
economical both in power consumption and package count,
but do not give an optimurn solution where speed is essential
or where data has to be handled in parallel form. Also
various control inputs must be provided. The circuits
described in this chapter use TTL code converters, i.e. the
SN54/74184/5A, which are specially derived from the
SN54/7488 custom MSI 256 bit Read Only Memory. These
devices enable very high speed parallel converters to be
produced without the need for any external control logic.

DESCRIPTION

BCD to Binary Converters

As stated the SN54/74184 BCD to binary converters
are based on the SN54/7488 Read Only Memories which
are programmed with the truth table as shown in Table 1.
Code conversion is performed on a direct look up basis.

The least significant bits of the BCD and binary codes
are logically equal so that this bit bypasses the converter as
in Figure 1.

6-BIT CONVERTER

MSD LSD
—N— — e
F E D C B A
[
E D C B A
SN54184 OR SN74184
Y5 Y4 Y3 Y2 Y1
IEEEE
25 24 23 2 1 20

/

Y
6-BIT BINARY OUTPUT

FIGURE 1. Six Bit BCD to Binary Converter.

The SN54/7488 Read Only Memories have 32 words
of 8 bits storage capacity. The SN54/74184 code converters
use 20 words of five bits for BCD to binary conversion of
numbers from 0 — 39. The storage of the SN54/7488 Read
Only Memory is sufficient to convert BCD numbers up to
63.However,the SN54/74184 converters have been restricted
to BCD numbers up to 39 in order that they may be
cascaded for converting BCD numbers of several decades.

Table I.
TRUTH TABLE
INPUTS OUTPUTS

BCD (SEE NOTE A) (SEE NOTE B)
WORDS |[E D C B A (G|Y5 Y4 Y3 Y2 Vi
01 L L L L L|L}JL L L L L
2-3 L LLLHILIL L L L H
4-5 L LLLHILIL L L H H
6-7 L LLHHILIL L L H H
8-9 L LHL LILIL L H L L
1011 |L H L L LILIL L H L H
1213 |[L H L L HiL|L L H H L
415 |L HL HLILIL L H H H
16-177 |L H L H HI|L|L H L L L
1819 |L HH L LIJ|L[L H L L H
2021 |H L L L LjL| Lt H L H L
22223 'H L L L HiL|]L H L H H
2425 'H L L HLILIL H H L L
2627 |H L L HHILIL H H L H
2829 |H L HLL|LIL H H H L
3031 |/HHL L LI|LIL H H H H
3233 H H L L HILJH L L L L
34356 ([H H L HLiILIH L L L H
3637 HHL HHILIH L L H L
3839 |HHHL LI|LIH L €L H H
ANY [ X X X X X|[HIH H H H H

H=HIGH LEVEL, L = LOW LEVEL, X = IRRELEVANT
NOTES: A INPUT CONDITIONS OTHER THAN THOSE SHOWN
PRODUCE HIGHS AT OUTPUTS Y1 TO YS.
B. OUTPUTS Y6, Y7, AND Y8 ARE NOT USED FOR
BCD-to-BINARY CONVERSION .

An over-riding enable input (G) is provided on each
converter which, when taken high, inhibits the function,
causing all outputs to go high. For this reason, and to mini-
mise power consumption, all unused and ‘don’t care’
conditions of the code converters are programmed high.
The outputs are of the open-collector type.

In addition to BCD-to-binary conversion, the SN54/
74184 is programmed to generate BCD 9°s complement or
BCD 10’s complement. Again, in each case, one bit of the
complement code is logically equal to one of the BCD bits;
therefore, these complements can be produced on three
lines. As outputs Y6, Y7 and Y8 are not required in the
BCD-to-binary conversion, they are utilized to provide these
complement codes as specified in the truth table, given in
Table 2, when the devices are connected as shown in
Figure 2.
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Table 2. Table 3
INPUTS OUTPUTS INPUTS OUTPUTS
BCD (SEE NOTE C) {SEE NOTE D) BINARY| BINARY

WORD [ D c B A G 7 Y7 Y6 WORDS| SELECT |ENABLE
0 L L L L L L H L H EDCBA G Y8 Y7 Y6 Y5 Y4 Y3 Y2 Y1
1 L L L L Hlvlmn L L 01 |[LtLLLL L H H L L L L L L
2 | L L L H LjLPL HoL pl el R P
i :: t :; : :'_' t t : : 67 |LLLHH| L H HtEt L LLHH
5 T R T HlT L H T 89 |LLHLL C H H L L L HLL
o L L onom il L y 10411 [LLHLH| L H HLLHLTLL
7 L L H on nltle L L 1213 [LLHHL L H HLLUHLLH
8 A R L iy 1415 [LLHHH| L H H L L HLHL
%17 |[L HL L L L H HLLHLMHH
9 L H L L HJL} L L L 819 [LHLLH| L |[HHLLHHLL
o H L L L L}|LfL L L 2021 [LHLHL| HHLHLTLTLL
1 H L Lt L HIL| H L L 2223 [LHLHH| H HLHLLLH
2 H L L H LiL|H L L 2425 [LHHL L] L H HL HULLHL
3 H L L H H|L}|L H H 2627 [LHHLH| L H HL HLHHH
4 H L H L tiL] L H H 2829 {[LHHHL L H HLHLMHLIL
5 H L H L H]|L L H L 3031 [LHHHH L H HLHBHBLLL
6 H L H H L |L L H L 3233 |JHLLLL L H HL HHLLH
7 H L H H H|L]| L L H 3435 |[HLLLH| L H HLHHLHL
8 #H H L L bv|lvr}ouo L H 3637 |[HLLHL L H HLHHLHH
9 H H L t H|L]| L L L 3839 |[HLLHH| L H HLHHHL.L
ANY X X X X X|H|H H a 4041 [HL HL L L H HHLLLLL
4243 |[HLHLH| L H HHLLTULTLH
4445 |HLHHL L H# HHLLLUHL
NOTES: C. INPUT CONDITIONS OTHER THAN THOSE SHOWN 4647 |[HLHHRB| L e
PRODUCE HIGHS AT OUTPUTS Y6, Y7, AND Y8. 2849 [HHL L L L HH H L L AL L
D. OUTPUTS Y1 THROUGH Y5 ARE NOT USED FOR 5051 ([HHLLH L H HH L HULUL L
BCD 9's or BCD 10’s COMPLEMENT CONVERSION. 5253 |[HHLHL L H H HL H L L H
tWHEN THESE DEVICES ARE USED AS COMPLEMENT CON- 54556 |[HHL HH L H HHL HL HL
VERTERS, INPUT E IS USED, AS A MODE CONTROL. WHEN 5657 |[HHHLL L HHHLHLHH
THIS INPUT LOW, THE BCD 9's COMPLEMENT IS 5869 |HHHLHl L HHHLHHLL
GENERATED; WHEN IT IS HIGH, THE BCD 10's COMPLE- g‘z":; : : : : :-‘ :: : : : : t ": t :
MENT IS GENERATED. ALL |[X X X X X| H H HHHHHHH

BCD 10's BCD 9's
COMPLEMENT CONVERTER COMPLEMENT CONVERTER
BCD BCD
D —— T

L+

SN54184 OR SN74134

oF—0
O p—— O

A
|
]
B A

Y8 Y7 Y6

Np Nc Ng Np

BCD 10’s COMPLEMENT B8CD 9's COMPLEMENT

FIGURE 2. Complement Converters (BCD’s
9 and BCD’s 10).

SN54/74185A Binary to BCD Converters

The SN54/74185A binary to BCD converters are also
based on the SN54/7488 Read Only Memories. The Read
Only Memories are programmed with the truth table as given
in Table 3 and code conversion is performed on a direct
look up basis. The least significant bits of the binary and
BCD codes are logically equal so that this bit bypasses the
converter as in Figure 3.
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6-BIT BINI}\RY INPUT

I's \

25 24 23 22 2 20

| 11|

E D C 8 A

SN74185A

Y6 Y5 Y4 Y3 Y2 Yi

EEREE:

D C B A
— \ - /
MSD LSD

6-BIT BCO OUTPUT

FIGURE 3. Six Bit Binary to BCD Converter.

The SN54/74185A uses all 32 words of the SN54/
7488 Read Only Memory storage capacity. The 6 bit BCD
output appears on outputs Y1 to Y6 and has a BCD range
of 0 — 63. Outputs Y7 to Y8 from the Read Only Memory
are unused and programmed high. An over-riding enable
input (G) is provided on each converter which when taken
high inhibits the function, causing all outputs to go high.
The outputs are of the open collector type.



CASCADING SN74/54184 CONVERTERS FOR
BCD TO BINARY CONVERSION OF
MULTIDECADE NUMBERS

Two Decade Converter

Two SN54/74184 devices are required to perform two
decade BCD to binary conversion. The devices are connected
as in Figure 4. Since all the BCD to binary converters for
more than two decades use the two decade converter as a
‘building block’ this converter will be described first.

BCD
~ — \
MSD LSD
{3 A
1c1
11T
E A
IC2
5 1
oeiy 26 20
BINARY

FIGURE 4. BCD to Binary Converter for
Two Decades

A two decade B.C.D. number, N, may be written:—
1
N=d110 +do

writing d in BCD form, N becomes

3 2 1 1
+b22 +b12 +b°)10 +d0

N = (bg2
rearranging the bracket gives:—

3 2 1 1 1
= + +d
N (b32 + b22 )10 + (\b12 bo) 10 o/

Step 1 Carry out BCD to binary conversion with 1.C.1 (See Note 1)

1,5 1,4 1,3 1
b52+b42+b32+b 2+b 2+b°

N L \
3 1.6, 1.4, 1.3 2 1
(b2+b2 )10 +b52+b42+b32 +b212 +b 2 +by

rearranging and removing a factor of 22
1.3, 1.2 1 1,0, 1

21
= (b, +
[(b,2 +b2)1o +t:.5 27 +b, 2 +b3 2 +b 1]2 +b1 2 +bg,

Step 2 Carry out BCD to binary conversion with [.C.2 (See Notes 1

2,5,, 2,4, 2,3 2,1,,2 ad2
b52+b42 2+l:22+b1 2 o
i

l
r T .
= Ibg 2 +b4224+b3223+b 22 +b, 25%p 2‘]2 +b, Y2'4by

multiplying out the bracket:—

ey 27,26, 25 24 23 22
N b52+b42+b32+b22+b12+b02+b1121+b0

1

which is the required binary result,

Note 1, The superscript ‘m’ in bnm

is used to denote the resuit of
the m’th conversion,

Note 2. Since the maximum value of d_l is 9, the maximum value of

(b 21+ b, ) at step 2 has bz =1, b, = 0 corresponding to a decimal

number for conversion <29, Hence b is always zero and may be

left disconnected. This condition does not apply when the two de-

cade converter is used as a ‘building block’ to construct the higher
decade converters.

Multi Decade Converters

BCD to Binary converters for more than two decades
may be constructed by cascading the basic ‘building block’
of the two decade converter. The resulting circuit arrange-
ments for converters of 4, 5 and 6 decades are given later in
Figures 7 to 10 and a 3 decade converter is explained below.
Mathematically the cascading procedure is as follows: —

A decimal number N is generally written in the form:—

_ n—1 n—2.... 1 o ., .
N=d _,10 +d, _ 5,10 d; 10" +d,107.(1)

where n = numbers of decades.

This number may also be written in nested multipli-
cation form,

Le. N=(..(d, _,)10+d _ )10

2 . d1) 10+d0) .. (i)

Equation (ii) shows that successive products by 10 of
the previous result and addition of a new decade (most
significant decades first) gives the binary result desired if
performed in binary.

e.g. 324 = ({(3)10+2) 10+ 4

Ly

SV

11110

s —

100000

\ 101000000 ‘,

101000100 = 324

This method of conversion may be implemented using
the two decade converter since multiplication by 10 can be
achieved by feeding the number to be multiplied into the
‘tens’ input and addition of the new decade by loading it
into the ‘units’ input of the two decade converter. The
result at each stage appears at the output of the two decade
converter in binary as required. The following example
explains the procedure in detail.
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3 Decade BCD to Binary Converter

The circuit arrangement of the three decade converter Note 3
and the way in which it is built up from the two decade
‘building block’ can be seen in Figure 5.

Hexadecimal representation of binary numbers has been
used to simplify the length of the expressions obtained.

BCD input
/‘1005’ ‘tens’ ‘units’ \
~JLLLL
|
BL(l)CKl 7 [ I J :
I
EREE Y ERISE R
: ] BLO(:‘.KZ
S
:—Btoc;:x— T e 1
| 177 ||
' l
L 77 | 4
T

YeYYy
\E:.VJ \_H"—/\—H"—j/
BIxARY

FIGURE 5. Three Decade Converter.

The three decade number may be written:—
N= (((d2) 10 + d1) 10+ do)
multiplying out the first nested bracket:—

N=({10d,+dq}10+dg

s

Note 5 The two most significant bits of H

Step 1 Perform BCD to Binary Conversion using block 1

6 5 - 1.1 1,.0
b62 +b52 ""bO :H1 16 +H0 16~ See Notes3 & 4

N=((H11161 + H_1160) 10+d)

0

Multipiying out the next nested bracket

1+10.H 1160+d

_ 1
N=(10.H, 16 o o)

Step 2 Perform BCD to binary conversion on decades of weight
16° with block 2:
2,1 2. .0

H1 16 +H0 16

l_'—l—zo—\

_ 1,1 2 .1
N=(10.H,"16 +H,“16 +H “16

Step 3 Perform BCD to binary conversion on decades of weight
16" with block 3
1

3,.2 3
H2 16 +H1 16

3 2

_ 3.2
N=H, 16%+H,
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Note 4 The superscript “‘m’* in Hnm has been used to denote the

resuit of the “mth’’ conversion.

23 are zero since 999 is

1111100111 in binary

CASCADING SN54/74185A CONVERTERS
FOR BINARY TO BCD CONVERSION OF
> 6 BIT BINARY NUMBERS

A binary number N is usually written.

N=b 2"y

n—1 l,‘_22n—2.

1
..b12 +b0

where n = number of bits
It may also be written in nested multiplication form:

N=((... ((bn . 1)2 + bn = 2) 2... b1) 2+ bo) .. (i)

Equation (iii) shows that successive products by 2 of
the previous result and the addition of a new bit will perform
binary to BCD conversion if the result is expressed in deci-
mal. Various Binary to BCD converters based on this principle
have been described in the preceding chapter.

Implementation of equation (iii) may be carried out
using the SN54/74185A converters. Multiplication by two
and addition of a new bit may be achieved by shifting the
binary word to be multiplied, one bit to the left before
entering the SN54/74185A and entering the new bit into
the least significant input. Multiplication by four and
addition of two new bits i.e. two steps in multiplying out
(iii) may be achieved by shifting the binary word to be
multiplied two bits to the left before entering the SN54/
74185A and entering the two new bits into the least and
the next least significant inputs. The required result appears
at the output of the SN54/74185A in BCD.

Circuit arrangements for O to 20 bit Binary to BCD
converters are given later in Figures 11to 23 and the 12 bit
converter, shown in Figure 6, is used to explain the con-
version procedure in detail. As can be seen the mathematical
description of the cascading process is more complicated
for binary to BCD conversion because the binary expressions
have very many terms.

161+H0 160 = required binary number in hex, See Note §



PRACTICAL CONSIDERATIONS

All outputs from the SN54/74185A code converter
shouid be loaded with pull-up resistors connected to the
+5V rail. To achieve the propagation delays quoted in the
data sheet these pull up resistors should be 3302. To
economise on power consumption the resistors may be
increased to a maximum of 56k on those outputs which
connect to a subsequent code converter input. There will be
a consequent increase in propagation delay. The maximum
value of the pull up resistors on the final outputs from the
converters will be determined by the load the converter is
required to drive into.

The output from the converters will not be correct
until all information has propagated through the last device
in the cascaded chain. Typical and maximum propagation
delay times for the converters are listed in table4. Allo-
wance for this propagation delay must be made when
using the SN54/74184 and SN54/74185A code conver-
ters in systems.

The open collector pull-up resistors described above
can represent a very severe power supply load in large
converters. For example, the six decade BCD to binary
converter requires 133 pull up resistors. If these were all
33092 for minimum propagation delay, currents above 2A
could be drawn from the +5V supply by the resistors alone
for some conditions of the converter input. To overcome
this problem the enable (G) input to the SN54/74184 and
SN54/74185A devices may be used to strobe the converters.
All outputs from the converters would be high until the
enable input was taken low. Valid outputs from the con-
verter would be obtained after the maximum propagation
delay. For a large converter it would be necessary to use a
buffer gate, e.g. an SN54/7437 Quad 2-input positive NAND
buffer to drive the enable (G) input to all the SN54/74184
or SN54/74185A devices in parallel.

The BCD to binary converters of Figure 7 -10 have a
number of outputs which are left open. For example, the
dotted link in Figure 5 is logically correct, but since the
output from Y5 block 1 in Figure 5 is always zero (see

Table 4 . Code Converter Propagation Delays,
V¢e = 5 Volts, TA = 25°C, R (Arrays Outputs) = 1K

Propagation Deiays (Nanoseconds)
2k Ohm 400 Ohm
No Pullup Resistors Resistors
Binary BCD Package Cy =5pF C_=5pF C_=15pF Package
Bits Decades Levels Typ Typ Typ Max Count

6 1 60 28 25 40 2

7 2 2 120 56 50 80 3

8 2 120 56 50 80 3

9 3 180 74 75 120 4
10 3 4 240 112 100 160 6
11 5 300 140 125 200 7
12 5 300 140 125 200 8
13 6 360 168 150 240 10

11 (BCD)

14 4 7 420 196 175 280 12 (BIN)
15 7 420 196 175 280 14
16 7 420 196 175 280 16
17 8 480 224 200 320 19
18 5 9 540 252 225 360 21
19 9 540 252 225 360 24
20 10 600 280 250 400 27
21 6 11 660 308 275 440 30
22 12 720 336 300 480 33
23 12 720 336 300 480 36
24 7 13 780 364 325 520 40
25 14 840 392 350 560 44
26 14 840 392 350 560 46
27 8 15 900 420 375 600 51
28 16 960 478 400 640 55
29 16 960 478 400 640 58
30 9 17 1020 534 425 680 63
31 18 1080 562 450 720 68
32 18 1080 562 450 720 72
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Note 2) it is better to leave Y5 open and connect the E
input of block 3 directly to ground to reduce power dissi-
pation. Considerations of this kind apply to all the BCD to
binary converters.

12 Bit Binary to BCD Converter

Eight SN54/74185A code converters are required to
construct the 12 bit binary to BCD Converter. The circuit
arrangement can be seen in Figure 6.

The 12 bit binary number N may be written:—

N=((..... + + +b)2+b )2+.............
« (0 b,y 2+b10)2+b9)2 bg) 2 b7)2+b6}2+ ......... b1)2+b0
i
. 1 1 1 (¢] . R n n
Step 1 Perform Binary to BCD d1 10 + dO 10 where the superscript n in d.‘ and d0 denotes
conversion on 1st 6 bits the result of the nth conversion
N=((((Wd, " 10" +a.' 100 2+b)2+b,)2+b)2+b,)2+b,)2+b
1 4] 5 4 3 2 1 [+]
Multiplying out the next two nested brackets:-
N=((((ad, 10" +4ad "10%+2b_+b,)2+b)2+b)2+b,)2+b
1 Lo 5" "4, 3 2 1 0
Step 2 Perform Binary to BCD d1 2 1 ()1 + d02 100 note, multiplying factors of 4 and 2 are introduced
conversion on bits of weight 10° / by shifting data to feft
7
(range 0 — 39)
N=(((8d 10"+ éd 207420 214 b )2+b)2+b)2+b After multiplying out the next nested bracket.
.o 1 '9 o 3 2 1 0 ply
Step 3 d23 102 + d13 101 Perform Binary to BCD conversion on bits| note. multiplying factors of 8 and 2 are introduced by
of weight 10 shifting data to left.

3 2,.,0

_ 3,2 1
N=(((d,” 107 +d,” 10"+ 2d 10" +bg) 2+ b,) 2+ b)) 2+ by

Multiplying out the next nested bracket:-

3 2,.0

_ 2 3.1
N-—((2d2 10 +2d,7 10 +éd0 10 +.2b3+b2)12+b1)2+b0

4_.0

Step 4 | {asStep 2) d14101+d0 10

(range 0 — 39)

I o\
N= (4.::!23 102 + ‘[4d13 101 + 2d14 103 + 2d04 100 + b1) 2+ bo After mulitiplying out the next nested bracket

Step 5 | (as Step 2) a,%10%2+4,5 10!

2 1

I
310%+2 d25 102)l+ 24,5 10" % Cdo"' 10%+ 2b 15 After multiplying out the final nested bracket

N=(8.d
.

2 1

Step6 | (as Step 3) d36 10:”+‘:261o2 Step 7 I {as Step 2) d17101+d07100

o\

f'6,3 6,2\ 5.1, 0 7.1
N=d,” 10°+ d,% 10 ¥2d,°10' +a 710"+ dg

7 10

Step 8 Perform Binary to BCD d28 102 + d18 10‘I

on bits of weight 10

‘ (range 0 — 19)

_ . 6.3 6 8, .2 8. .1 7,0
N=d,° 10" +(d, +d,7) 10°+ d,% 10 +d," 10

o

(Note, Full addition of d26 and d 8 is not necessary since d & has least sig. bit missing (by-passes converter) and d28 is either ‘0’ or *1’)

2 2

106



212 50
|
Y6 Y1
!
E A
Y5 Y1
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FIGURE 6. Twelve Bit Binary to BCD
Converter.

MSD — MOST SIGNIFICANT DECADE

LSD — LEAST SIGNIFICANT DECADE

EACH RECTANGLE REPRESENTS A
SN54184 OR SN74184

MSD LSD

"

I3 A
Y§ v1|
]

E A
Y5 Y1

Y1

Y5

111
€ A
Y5

Y1
R
27

FIGURE 7. 2% Decade BCD to Binary Converter.

Circuit Using SN54184/SN74184

[11]
E A
Y5 v1
[ [ ]
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v4 Y1 v5 Y1
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¥5 Y1 ) v
[ 1 | ]
E A A
¥5 4 Y5 Y1
nj;_l HEREEREE
€ al i [e A
v3 _v1 ¥s Y1
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Y5 Y1
[ [ ]
3
Y5 Y1
R
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FIGURE 8. 4 Decade BCD to Binary Converter
Circuit Using SN54184/SN74184
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FIGURE 9. 5 Decade BCD to Binary Converter
Circuit Using SN54184/SN74184



EACH RECTANGLE REPRESENTS A SN54184 OR SN74184

BCD
7\
4 \
MSD LSD
N /\ 7\ N\ 7\ A
/ \ / \/ \/ A\ %4 \ / \
D5 C5 85 A5 D4 C4 B4 A4 D3 C3 B3 A3 D2 C2 B2 A2 Dt Ct BT A1 DO CO BO A0
E D C 8 A
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©
-
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E D A = cC B A
Y5 _YV4_Y3 Y2 Yi YS Y4 Y3 Y2 Y1
I | | |
OPEN E D C B A E D C B A
Y5_Y4_Y3 Y5 Y4 Y3 Y2 Yi
| L LT 11 |
E D C B A E DC B A E D C 8 A
YS Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1
| | 1 P LU IERR
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Y5 Y& Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1
|1 | 111 ] L I I ] I
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Y5 Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y
L 11 [ [ 1 | 11
E D C E DC B A E D C B A
YS Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1
| 1 | 1]
E D C B A E D C B A
Y5 Y4 Y3 Y2 Y1 Y5 Y4 Y3 Y2 Y1
N [ 11
E D C B A E DC B A
Y5 Y4 Y3 Y2 Y1 YS Y4 Y3 Y2 Y1
| [ 1 | [ 11
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FIGURE 10. 6 Decade BCD to Binary Converter Circuit Using SN54184/SN74184
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EACH RECTANGLE REPRESENTS AN SN54185A OR AN SN74185A

26 20
E A
Y6 Y1
D A
Y4 Y1
”[; E D C A
Y4 Y1
l Ll / \e /
\/ A\ \'d
MSD LSD

FIGURE 11. 7-bit Binary to BCD Converter Circuit
Using SN54185A/SN741854
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FIGURE 12. 8-bit Binary to BCD Converter Circuit
Using SN54185A/SN74185A
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FIGURE 13. 9-bit Binary to BCD Converter Circuit
Using SN54185A/SN741854 ’
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FIGURE 14. 10-bit Binary to BCD Converter Circuit
Using SN54185A/SN741854
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EACH RECTANGLE REPRESENTS AN SN54185A OR AN SN74185A

| 11|
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FIGURE 15. 11-bit Binary to BCD Converter Circuit

Using SN54185A/SN741854
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FIGURE 16. 13-bit Binary to BCD Converter Circuit
Using SN54185A4/SN74185A
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FIGURE 17. 14-bit Binary to BCD Converter Circuit
Using SN54185A/SN74185A
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FIGURE 18. 15-bit Binary to BCD Converter Circuit
Using SN54185A/SN74185A



EACH RECTANGLE REPRESENTS AN SN54185A OR AN SN74185A
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FIGURE 19. 16-bit Binary to BCD Converter Circuit
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FIGURE 20. 17-bit Binary to BCD Converter Circuit
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FIGURE 21. 18-bit Binary to BCD Converter Circuit
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FIGURE 22. 19-bit Binary to BCD Converter Circuit

111



EACH RECTANGLE REPRESENTS AN
SN54185A OR AN SN74185A
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FIGURE 23. 20-bit Binary to BCD Converter Circuit
Using SN54185A/SN741854
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XlI FAST MULTIPLIERS

by Gene Cavanaugh

One of the most common and at the same time slowest
operations in a computing machine is multiplication. Even
in those cases where multiplications are made to cover
many machine cycles, the number of multiplications
required often imposes drastic limitations on machine
throughput.

This chapter describes a means of performing high
speed multiplication using TTL Read-Only Memory and
MSI products to allow a high performance and economical
solution to binary multiplication.

However, before exploring the multiplication method
with TTL ROMs, it is important to understand the
fundamental algorithm of binary multiplication and discus-
sion begins with a review of those fundamentais.

BASICS OF BINARY MULTIPLICATION

Binary multiplication can be expressed as a two step
operation: ANDing the multiplicand with the multiplier
one bit at a time, and adding. Furthermore, since adding is
commutative (not dependent on the order in which made)
the ANDed subproducts can be combined in any order that
observes the binary weight of each bit.

Another fact, not so obvious, is that groups of
multiplier and multiplicand bits can also be ANDed,
summed, and combined. As Figure 1 shows, the effect is
the same whether the bits are ANDed and summed in
complete groups, or whether they are ANDed, summed in

1111
1111
1111
1111
1111
1111
BINARY 15 X 15 171100001
{a)
INPUTS OUTPUTS
A B
(1] 0 1)
0 1 (1]
1 0 0
1 1 1
(b)

subgroups, and then the subgroups added. The only
difference is in the way the subproducts are added, due to
the difference in the weight accorded the binary bits in
each method. ‘ Weight * means the exponent or power of
each bit; for example, if the MSB in a 4 bit multiplicand
(23) is ANDed with the 2nd bit (21) in a multiplier, the
result is a (23 X 21 = 23+1 = 24) 24 bit (or 4th power
bit).

For example, consider the binary multiplication of
15 x 15 as illustrated in Figure 1. First it is noticable
that the process is identical with decimal multiplication;
that is, one integer is multiplied by another to obtain a
‘ subproduct,” and the result is added to other sub-
products’ to obtain the product. As discussed before,
integer multiplication of binary numbers results in the
ANDing process; that is,0 X 0is 0,0X 1 or 1 X 0is 0, and
1 X1 is 1, which is the truth table for an AND function.
Multiplication is often accomplished by developing an array
of AND functions and adding them with the proper binary
 weight ° (more significant bits to the left of less significant
bits). However, as decimal multiplication shows, the multi-
plication process can be accomplished just as well by
summing subproducts. We can multiply binary integers and
get a single bit subproduct, or we can multiply larger values
(for example, 9 times 9) to obtain more complex subprod-
ucts. Of course, in binary multiplication, the basis of the
entire operation is still binary integer ANDing followed by
weighted additions.

15 MULTIPLICAND

15 MULTIPLICAND

MULTIPLIER LSB ANDED WITH MULTIPLICAND
MULTIPLIER 2ND SB ANDED WITH MULTIPLICAND
MULTIPLIER 3RD SB ANDED WITH MULTIPLICAND
MULTIPLIER MSB ANDED WITH MULTIPLICAND
255

r \ ‘|
b—» 11 1,1 1, ¢—b1

1 ! |
az——bl_‘l_1,1 1J<—-a1

1 0 0 1 SUBPRODUCT aj bq
SUBPRODUCT aq by
SUBPRODUCT ap bq
SUBPRODUCT ap b

-

10000 1 PRODUCT

11

(c}

FIGURE 1. Binary Multiplication: (a) An Example Showing Binary 15 Multiplied by Binary 15;
(b) Truth Table for AND Gate; (c) Binary 15 Multiplied by Binary 15 Two Bits at a Time
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MULTIPLICATION USING ROMS

TTL Read Only Memories can be used effectively to
perform high speed multiplications. For example, by
programming two 1024 bit ROMs such as the SN74187, a
binary 4 bit X 4 bit multiplier can be fabricated as shown in
Figure 2. Figure 3 shows propagation delays versus mul-
tiplier size,

BINARY INPUTS
WORD 2 WORD 1

23222120 23222120

]

[202C 282A 1D1C 1B 1A 2D2C282A 1D 1C1B 1A
e SN54284/SN74284 GA  SNs4285/5N74285
GB GB
Y7 Y6 VY5 Y4 Y3 Y2 Y1 YO
BEE BEE
\27 26 26 24 2 2 2‘0/

A
BINARY OUTPUTS

FIGURE 2. 4 Bit X 4 Bit Multiplier Using

TYPICAL
MULTIPLIER SIZE PACKAGES* REQUIRED PROPAGATION DELAY
26 PIN 16 PiN (NANOSECONDS)
a4xX4 2 40*
8x8 3 13 70
16 X 16 5 74 103
24X 24 6 143 119
36 X 36 10 270 119
PACKAGES USED SN74284, SN74285, SN74283, SN745181, SN74S04 (1 ONLY ON

16 X 16 AND LARGER), SN745182

*OPEN COLLECTOR OUTPUT, A PULL-UP RESISTOR 1S NEEDED TO ACHIEVE THIS,
SEE DATA SHEETS ON SN74284 AND SN74285. ALL DELAYS SHOWN
ARE COMPONENT DELAYS ONLY, AND NEGLECT SYSTEM DELAYS.

FIGURE 3. Propagation Delays Versus Package Counts

Consider multiplications using ROMs, in which
4 bit X 4 bit products will be considered as subproducts for
larger numbers. After the subproducts are developed,
attaining high speed multiplication requires that a fast
addition scheme be used to sum these subproducts. The
carry save tree can be used here and is best accomplished
with the Wallacel adder scheme. When using ROMs, almost
any TTL adder can be used to combine subproducts, such
as the SN74283 four bit full adder, which will give
minimum package counts, or carry save trees in which the
SN74H183 carry save adder is employed to give the best
propagation delays.

The basic concept of the Wallace adder scheme is to
consider carry outputs as sum bits of a higher order; that is,
a carry in the 2N column of binary bits is treated as a 2N+1
binary sum bit. This results in the generation of two groups

SN74284 or SN74285 of outputs; a carry group and a sum group. Figure 4 shows
a section of a Wallace adder or ‘ tree.” The SN74H183 is
DATA INPUTS
/\
IR
A B C A B C
C 2 C >
] )
CARRIES TO CARRIES
SUBSEQUENT A B C > FROM G
TREE ﬁ 22EE(EEDIN
c >
~ A 3 C P
SN74H183
(TYP}
C b2
I
\ Co zy
W

TO HIGH SPEED CARRY
LOOK AHEAD ADDER

FIGURE 4. A Section of a Wallace Adder or ‘ Tree’
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ideal for this application since the carry and sum propa-
gation delays are identical. Because the carry and sum
groups must be combined, Figure 5 shows a high speed
adder using the SN74S181 ALU and 748182 look-ahead
carry generator that will accumulate the groups.

SN54181 or SN74181
'\
/o \
Cn Cn cn cn cn+4"""
GP G P l— G P [— G P
go POCp+x G1P1Cnty G2P2Cns2 G3 P3
n SN54182 or SN74182 G P
Yy

16-BIT ALU, TWO-LEVEL LOOK-AHEAD

FIGURE 5. A High Speed Adder Using the SN745181

Figure 6 shows a 16 bit X 16 bit multiplier with a
SN74H183 Wallace tree network, SN74S181, SN748182
carry lookahead adder, SN74284 and SN74285 multiplier
chips, and featuring a 32bit product in (typically)
103 nanoseconds.

2'S COMPLEMENT
POSITIVE NUMBERS NEGATIVE NUMBERS
SIGN DATA SIGN DATA
000 000 000 000
000 001 1 111
000 010 111 110
000 on 1mnm 101
000 100 11 100
000 101 111 011
000 110 11 010
000 111 1 001

TWO’S COMPLEMENT MULTIPLICATION

Multiplications involving two positive numbers are
always the simplest possible multiplications to make and
involve the minimum number of components. As a result,
multiplication in the other quadrants (plus minus, minus
plus, and minus minus) can be best evaluated in terms of
the complexity compared to absolute value multiplication.
Consequently, the first step in developing a 2’s complement
multiplier is to compare positive numbers with negative
numbers in order to determine what differences there are.

For example when the positive numbers nought to
seven (inclusive) are compared with the negative
numbers nought to seven, as illustrated in Figure 7, a
6 bit number is used, even though 3 bits are sufficient to
show the data. This is because when multiplying two
three-bit numbers, a 6 bit product is obtained, and all 6 bits
of the product can be influenced by the multiplicand or the
multiplier as illustrated in Figure 8. Note that for both
numbers positive (+7 X +7), the Xs shown are all zeroes,
and can be disregarded. For positive multiplier and negative
multiplicand, the A group of Xs is all ones (for this specific
example), but the Bgroup is all zeroes and can be
disregarded. For positive multiplicand and negative multi-
plier, the B group is all ones and the A group is all zeroes.
For both negative numbers, groups A and B are all ones.
The Xs not in the A or the B groups can be ignored in all
cases as they develop the product sign and the product sign
bit can be developed more efficiently by an alternate
means.

1'S COMPLEMENT
NEGATIVE NUMBERS

SIGN DATA NUMBER
m 11 0
111 110 1
m 101 2
1m 100 3
11 on 4
m 010 5
m 001 6
m 000 7

FIGURE 7, Positive and Negative Numbers, Zero To Seven

SIGN
ONES FOR NEGATIVE NUMBERS, 1

ZEROES FOR POSITIVE NUMBERS

1
\
AN
\
><><\_
X ><><I><><
\x x| -\x x| I x
ANl -

]
I
o
|
X!
N
»]

AN

><><><
N\
X\><

x
X X
N X %
EsS

[P

Kx

TRUNCATE AT 6 BITS

DATA

1
1

1

—1 OR +7 MULTIPLICAND
—1 OR +7 MULTIPLIER

MULTIPLIER DATA LSB ANDED WITH MULTIPLICAND

MULTIPLIER DATA MSB ANDED WITH MULTIPLICAND
MULTIPLIER SIGN LSB ANDED WITH MULTIPLICAND

X X X 0 0 1 PRODUCT

FIGURE 8. Multiplying Two 3-Bit Numbers in 2’s Complement Arithmetic
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FIGURE 6. 4 16 X 16 Multiplier with a SN74H183 Wallace Tree Network



Oninspecting the A and B groups it is found that in all
cases, they are formed by multiplying the data bits of either
the multiplier or the multiplicand with the sign bits of the
other. But the sign bits are always all zeroes or all ones. If
all zeros, the group can be ignored, but if all ones, the
result is exactly the same as if the data bits had been
multipliedby minus one. Note further that multiplying a
number by minus one has the effect of inverting the
number bit by bit and adding one, that is, of obtaining the
two’s complement of the number as shown in Figure 9.

0oco01t1t11 +7
111111 -1
000111
c00111%
000111
000111
000111
000111
00100111001

PRODUCT = —7 (2's COMPLEMENT)
FIGURE 9. Multiplying By Minus One

Note that the way the A and B groups are positioned in
Figure 8 makes only the least significant three bits of the
above operation significant. These least significant three
bits are easily generated, however, by merely inverting all
data bits in the operation and adding one. A simple way to
do this is shown in Figure 10. Note that for positive
numbers this results in an output of 111 plus 001, but 111
plus 001 is equal to 000, in the least significant three bits,
so no error occurs. This method can be expanded by
analogy to an N bit by N bit multiplier, in which case N bit
correctors are required. This method is based on a
suggestion by Phister.2

DATA BITS OF
MULTIPLICAND (MULTIPLIER)
A
/ \ SIGN BIT OF
MULTIPLIER
(MULTIPLICAND)
LOGIC ONE
(CARRY OUT
[_ FROM PREVIOUS
\ '/ STAGE)
\/

TO WALLACE TREE OR SIMILAR
SUMMING NETWORK

FIGURE 10. Two’s Complement Corrector for 3-Bit

Note that this method obscures the sign information,
but since the sign can be readily determined by simply
passing the multiplier and multiplicand sign bits through an
exclusive OR (Oplus0=0, 1plus0=1, Oplusl=1,
1 plus 1=0), this is of very little consequence. This is

shown in Figure 11.

SIGNED DATA

111111
111111 -1
111111
111111
111111
111111
111111
111111
111110000001 +1
SIGN BITS DATA
1 111 1
l —_ 1 111
111
111
111
CORRECTION
;:gOO1FACTOR
070 (peEveLoPED
0 1000000 ASDISCUSSED
Z - ZNSCARD ABOVE)
SIGN (POSITIVE)

FIGURE 11. Developing the Sign Bit

In order to prevent a buildup of correction bits, the
resulting corrections may be combined as shown in
Figure 12. Note that the additional circuitry does not
necessarily add any delay to the overall multiplier, as it is in
parallel with the SN74284 and SN74285 chips. It may
make additional levels necessary in the Wallace tree
networks that follow, but normally there will be a design
technique that will avoid this problem. It is believed that
the method described represents a minimum component
method of performing two’s complement binary arithmetic.

MULTIPLICAND

S\

T T T MULTIPLIER

7 N (MR)
4 SIGN
+—<1 SIGN

— (MD)

Ap Bn Ao Bo
ADDER
1 ‘ Zn Zo
‘ —
_ —

TO WALLACE TREES

FIGURE 12. 2’s Complement Correction Circuit
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TRUNCATED MULTIPLICATIONS

Often a truncated multiplier is adequate; in such a
case considerably more savings can be had. For example, if
an 8 bit product of two 8 bit numbers is required, we find
(see Figure 13) that only one SN74284 and 3 SN74285s are
needed, and the associated adder count is also roughly
halved. Truncating the product to the same size number as
the inputs can result in about a 2 to 1 savings in packages.

Truncating a product does lead to a truncation error.
This arises because in the truncation we effectively cut the
carry leads from the portion of the adder tree discarded by
the truncation. Referring to Figure 14, a 8 bit X 8
bit multiplier, or Figure 6, a 16 X 16 multiplier, we can
deduce that reducing the products to the 8 (or 16) most
significant bits (one half size) causes 2 carry lines on the
8 bit X 8 bit and 6 carry lines on the 16 bit X 16 bit to be
left unterminated. Since any or all of these carry lines could
have carries on them, depending on the numbers being
multiplied, the absolute value of the truncation error is
obviously equal to the number of carry lines left dis-
connected. This turns out to be (n/2 — 2) lines, where n is
the size of the multiplier or multiplicand for a ‘square’
multiplication. Note that we can cut the maximum value of
this error in half by forcing logical zeroes on one half of
these carry lines and logical ones on the other half. This

amounts to forcing (n/4 — 1) carries onto the multiplier as
indicated in Figure 15. Of course, this error can always be
reduced by moving the truncation back in the LSB
direction and discarding the least significant bits of the
result; as Figure 15 indicates, even on a 32 bit X 32 bit
multiplier, an extra three bits of Wallace Tree (and the
associated multipliers) will reduce the Wallace Tree error to
zero, and the total truncation error becomes an

MULTIPLIER SIZE

(MULTIPLIER AND ERROR ERROR WITH

MULTIPLICAND (WITH NO N/4 - 1 ADDED

EQUAL) CORRECTION) TO PRODUCT
4X4 0 0
8X8 2 +1
12X 12 4 +2
16 X 16 6 +3
20 X 20 8 +4
24 X 24 10 5
28 X 28 12 6
32 X 32 14 +7

FIGURE 15. Truncation Errors

MD* MR mD* mat MD* MR
27 26 25 24 27 26 5 24 27 62524 23 2221 20 23 22 2t 20 27 26 5 24
[ 11 111 pi1d it I I O I
4X 4 MULTIPLIER
SN74284 AND SN74285 SN74285 SN74285
rerr i ITT1T 1111
215214213212 211210 29 28 211210 28 28 2111929
) 4 4

215 214 213 212 211 211 210 210 29 29 28 28
B84 A4 B3 A3 B2 A2 B1 Al
Ca SN74283 Co —71'
L4 3 2 L1
Bl A 8| A B|A B
A
(7] [*] [* I [
B4 A4 83 A3 82 A2 81 Al
NC — Cq SN74283 Co Ca SN74283 Cof W
Y} 33 22 31 24 13 22 21
L15 lzﬂ 213 lzu ] M 210 29 |za

FIGURE 13. A Truncated 8 X 8 Multiplier
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FIGURE 14. An 8 X 8 Multiplier with a SN74H183 Wallace Tree Network
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(irreducible) * 1 bit. The number of bits to be added to
reduce the Wallace Tree error to zero is simply the number
of binary bits required to represent the value of the error;
therefore, a 20 X 20 up to a 32 X 32 (5 to 7 bits of error)
are contained in the binary numbers 100 to 111 and require
three additional Wallace Tree bits, the error in a 12 X 12
and a 16 X 16 are contained in binary numbers 10 and 11,
so require two, etc. As indicated before truncation will
always result in a round-off error of * 1 bit which is
exclusive of the Wallace Tree carry error.
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SECTION 2.
OPERATIONAL AMPLIFIERS
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INTRODUCTION TO OPERATIONAL AMPLIFIERS

by Richard Mann

Early generations of integrated circuit operational ampli-
fiers were quite expensive and frequently required a fair
amount of expertise on the part of the user. The introduc-
tion of plastic encapsulated devices with greatly improved
input and output parameters and the need for little or no
external frequency compensation, coupled with drastic
price reductions has opened the way for the use of
operational amplifiers in a limitless variety of applications.

[f we consider an internally compensated operational
amplifier, such as the SN72741, it can be compared to the
simple, single transistor amplifier shown in Figure 1.

Both of the amplifiers require only five connections
for inputs, output and power supplies, but, as the figure
shows, the operational amplifier (op amp) has marked

Vce

TRANSISTOR AMPLIFIER

advantages in every point listed. Even in price, the op amp
may have the advantage if one considers the cost of wiring
extra components, reliability and savings in printed board
area, and cabinet size. This is, of course, a generalization.
There are obviously many instances where it is essential to
use discrete devices, in very fast switching circuits, for
example, but the versatility and overall circuit simplicity
that can be achieved when the op amp is treated as just a
very sophisticated transistor will be shown.

Tables 1 and 2 list Series 52 and Series 72 devices
separately. The former devices are characterized for opera-
tion over the full military temperature range of —55°C to
125°C and the latter for operation from 0°C to 70°C.

——— Ve

777
OPERATIONAL AMPLIFIER

PARAMETERS
dc Gain About 100 dc Gain 200,000
Voltage offset, input to output No voltage offset, input to output
Ve ripple rejection None Vg ripple rejection 30,000

Output Active sink only
Quiescent Icc - load current

RN about 20 k§2

RoyT about 10 k$2

Low impedance at + terminal

Common mode rejection Very little

Output

Active sink and source
Quiescent lgc < load current

Ry about 2 MQ2

RouyT about 100 2

Both inputs identical

Common mode rejection 90 dB

FIGURE 1. Single Amplifier
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Table 1. Military Grade Operational Amplifiers

x
s
x x
s | 2 | % < s 2 g El «
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=4 c V] 5 z @ o 4 2 2 =
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G 5 o g £ 3 | = « > 28| 58 cEle| |8
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< s 8 (] c I3 a = 2 - 2 - 3 8 Sy ‘5 9
5 5 a E s 5 ala| g € el 82| sl <l&als
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5|1 5| 5| E z | = [ x| |3 | €| °e|%e| s|2|5|¢8
=% a Q < ] c o < = = [N 5 o g 21« 2| 5
£ £ £ = 7] > S b= £ a) = - = - flo}l &£| o
Type Vio| ho | s | AvD SR BW | VeelVee!l Vi aVio alio Features
mV) | (nA) | (nA) [(V/mV) ] (V/us) | (MHZ) | (V) | (V) | (V) (V) | (uv/°C) [ (pAasec)
i +14 +6 +15
SN52702 2 500 5000 3.6 35 30 2 3 6 +5 10 — No | No |No |No | Note 1
SN52709 5 200 500 | 25 03 5 +18 | t9 |10 | 5 10 - No | No |No |No | Note 2
SN52741 5 200 500 | 50 0.5 1 +22 | t5 [#15 +30 7 - Yes| Yes| Yes | Yes [ Note 3
SN52747 5 200 500 | 50 0.5 1 +22 | +5 |x15 +30 7 — Yes| Yes | Yes | Yes | Note 4
SN52558 5 200 500} 50 0.5 1 +22 | t5 |15 +30 7 - Yes|No | Yes | Yes | Note 5
SN52748 5 200 500 | 50 0.5 1 +22 | t5 115 +30 7 - No | Yes| Yes [ Yes | Note 6
SN52101A | 3 20 100 | 50 05 1 +22 | £3 |£15 +30 3 200 No | Yes | Yes [ Yes | Note 7
SN52107 3 20 100 | 50 0.5 1 £22 | ¥3 |15 +30 3 200 Yes | Yes|Yes | Yes | Note 8
SN52770 4 2 15| 50 25 1.3 | £22 | £+3 |£12 +30 10 — No [ Yes|Yes [ Yes | Note9
SN52771 4 2 15| 50 25 1.3 | £22 | +3 112 +130 10 - Yes | Yes | Yes | Yes | Note 10
SN52108 | 2 0.2 2| 50 - - +20 | 6 |+13.5] 15 15 2.5 | No [No {Yes |Yes | Note 11
SN52108A | 0.5 0.2 2| 80 - — +20 | +5 |+13.5] 15 5 25 | No | No | Yes |[Yes|Note 11
i
Table 2. Commercial Grade Operational Amplifiers
Type Vio | ho | B AvpD SR BW |Vee |[Vee | Vi aVyo aljo Features
{mV) [ (nA) [{nA) [(V/ImV) | (V/us) | (MHZ) | (V) | (V) [ (V) | (V) [(uVFC) [(pA/C)
+14 | +6 |+1.56
SN72702 5 2000 [7500 3.4 3.5 30 . 3 6 +5 10 — No {No {No [No [Note 1
SN72709 7.5 | 500 |1500| 15 03 50 | +18 ] +9 |#1 +5 10 - No [{No [|No |[No |Note2
SN72741 6 200 | 500 | 20 0.5 1 +18 1 +5 |15 | +30 7 — Yes | Yes| Yes [Yes | Note 3
SN72747 6 200 | 500} 20 0.5 1 +18 | ¥5 |+15 | +30 7 — Yes | Yes| Yes | Yes |Note 4
SN72558 6 200 | 500} 20 0.5 1 +18 | +5 [+15 | +£30 7 - Yes ! No | Yes [Yes | Note 5
SN72748 6 200 | 500} 20 0.5 1 +18 | b |+156 | +30 7 — No |Yes| Yes |Yes | Note 6
SN72301A | 75 50 260| 25 0.5 1 +18 | £3 [+12 | +30 6 — No |Yes| Yes |Yes | Note 7
SN72307 7.5 50| 250} 25 0.5 1 +18 | +3 [+12 | +30 6 - Yes|Yes| Yes [Yes | Note 8
SN72770 10 10 30} 35 25 13 £18 ] £3 [+11 | +30 10 - No | Yes{ Yes | Yes | Note 9
SN72771 10 10 30} 35 25 1.3 +18 | +3 |+11 | +30 10 — Yes|{Yes|Yes | Yes | Note 10
SN72308 7.5 1 7 25 - - +18 | t6 {+14 [ £15 30 10 No |[No | Yes |Yes | Note 11
SN72308A | 05 1 7 80 — — +18 | +5 |14 | = 5 10 No [No | Yes | Yes | Note 11
NOTES
1. Wide bandwidth, general purpose 7. Precision operational amplifier
2. General purpose 8. Internal compensation precision operational amplifier
3. Internal compensation, general purpose 9. Super beta
4. Dual 741 10. Internal compensation super beta
5. Dual 741 1n 8-pin package 11. Very low input in current operational amplifiers
6
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TYPICAL OPERATIONAL AMPLIFIER CIRCUIT *

Although it is not the most sophisticated of present
day amplifiers, the SN72741 does embody many of the
design features which are responsible for the superior
performance of modern devices. It is also easy to
understand.

The biasing conditions of the SN72741 rely heavily
on the application of ‘current mirror’ techniques. This
technique assumes that identical monolithic transistors will
have identical collector current versus emitter-base voltage
relationships. A circuit for a SN72741 type of amplifier is
shown in Figure 2.

In Figure 2, transistors Q11 and Q12 are shorted
between collector and base so that their collector current is
almost solely dependent on the supply voltage and the
resistance of R5. The emitter-base voltage of Q13 is the

same as that of Q12, therefore the collector currents of
these two transistors will be equal. Transistor Q13 now
provides a very high impedance load for the driver
transistor Q16 giving high gain in this stage. It also provides
a standing current in the driver which is high when the
supply voltages, and hence the probable required output
swing, are high and which is low, giving economical power
consumption, when the supplies are low.

In order to keep the input characteristics of the
amplifier constant, it is necessary to keep a relatively
constant current in the first stage. This is realized by
placing resistor R4 in the emtter of Q10 and by a
common-mode feedback loop around the input stage. Due
to the logarithmic relationship between a transistor’s
collector current and its emitter-base voltage, the VBE of
Q11 will remain fairly constant over a wide range of
collector current. This constant voltage is applied to the
base of the current generator, Q10, and its collector current
110, will vary by only 20% for a 100% variation in the
collector current of Q11, I11. Now the input stage current,
I1 +12 is derived from the collector of Q8 which has a
“ mirror’ transistor, Q9, so that Ig =17 + 1. Since the base
currents of Q3 and Q4 are negligible compared with I9, Ig
will be approximately equal to the stabilized current g
and the input stage current is held reasonably constant for
large variations in supply voltage. Transistors Q3 and Q4 are
lateral PNP devices but are used in common base configura-
tion so that their limited frequency response does not
significantly affect the overall response of the amplifier.
They serve merely as level shifters so that the input
terminals are isolated from the V¢ — rail by the collector-
base diodes of Q3 and Q4 and from the V¢( + rail by the
collector-base diodes of Q1 and Q2. This means that the

Vee+

FIGURE 2. SN72741 Circuit Schematic
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common mode input voltage can swing over a wide range
from (-Vec+ 2V) to (Vcc— 1V) approximately.
Furthermore, the high breakdown voltage of the lateral
PNP transistors gives the amplifier a high maximum
differential input voltage capability.

Transistors Q5 and Q6 form another current mirror.
The emitter follower, Q7, ensures that Q5 does not become
saturated, but provides a low impedance source of base
current so that the collector current of Q5 (I5) is
approximately equal to that of Q1 and is in turn reflected
by the collector current of Q6. Thus, if a differential input
is applied to the amplifier which causes an increase in I
and a decrease in I1, then there will be a corresponding
decrease in lg so that the full differential current swing
flows into the base of transistor Q16.

Transistors Q16 and Q17 form a Darlington pair
giving high current gain and this, in conjunction with the
high impedance load provided by Q13, gives a voltage gain
of approximately 60 dB in this stage. A further 45 dB is
provided by the input stage so that the nominal overall gain
of the SN72741 is 105 dB.

A constant bias voltage is generated across transistor
Q18, which maintains a quiescent current of about 100 uA
flowing through the output transistors Q14 and Q20,
thereby minimizing crossover distortion.

The SN72741 has built-in short-circuit protection on
the output circuit. This is achieved by monitoring the
output current which flows either through R9 or R10. If
the current through R9 exceeds 24 mA then transistor Q15
turns on and diverts base current out of Ql14, thereby
limiting the output current. Similar action occurs for
negative output currents via diodes D1 and D2 and
transistor Q19.

The circuit shown in Figure 2 has now been super-
seded by an improved version with a number of modifica-
tions giving improved overall performance.

In order to provide frequency compensation in the
SN72741, a 30 pF MOS capacitor is fabricated on the
amplifier chip. This capacitance is multiplied by the high
voltage gain of the second stage and in combination with
the high resistance at the collector of Q13 gives a dominant
pole in the open loop gain function at approximately 6 Hz.
This is sufficient to ensure that the amplifier is stable when
100% feedback is applied around the amplifier, as is the
case with a voltage follower and similar simple applications.

As well as internally compensated devices, such as the
SN72741, SN72307, and SN72771, there is an equivalent
range of uncompensated devices— the SN72748,
SN72301A, and SN72770 respectively. These are used in
applications where full feedback is not required, but higher
gain-bandwidth or slew rate is required. They are identical
to the corresponding compensated device except for their
‘offset null’ connections. In the SN72741 circuit in
Figure 2, the offset null is obtained by bridging resistors R1
and R2 with an external potentiometer as shown in
Figure 3. This causes a slight imbalance in the circuit which
can be adjusted to compensate for the small (typically
1 mV) input offset voltage which occurs almost inevitably
even in an integrated circuit amplifier.
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OFFSET ADJUST

FIGURE 3. SN72741 with External Potentiometer

With the SN72748, an extra package pin is required
for the external compensation capacitor. This would make
the device unsuitable for inclusion in a standard, low cost,
8 pin package, so one of the compensation pins doubles up
as an offset null pin. The correction, therefore, has to be
applied at the collectors of Q5 and Q6 as shown in
Figure 4, instead of at the emitters.

Ccomp.

5 MQ2

OFFSET
ADJUST

-Vee

FIGURE 4. SN72748 with External
Compensation Capacitor

From this description of the SN72741 circuitry, it
can be seen that this amplifier has a number of advantages
when compared with earlier devices such as the SN72709,
These can be summarized as follows:

1) Wider ranges on common mode input voltage,
differential input voltage and power supply
voltages

2)  Lower input bias current

3)  Lower power consumption

4)  Freedom from latch up

5)  Short circuit protection

6) Internal offset correction

7)  Reduced crossover distortion

8)  Full internal frequency compensation or ex-
ternal compensation with a single capacitor.



DESIGNING WITH OP AMPS

The applications described in the next chapter illus-
trate the simplicity of designing with the op amp. Neverthe-
less there are some limits and restrictions which must be
adhered to and which are discussed below.

The simplest op amp circuit conceivable is the buffer
shown in Figure 5. If we assume that the amplifier is
perfect, that is its gain and bandwidth are both infinity and
the input current and offset are both zero, then there will
be zero potential difference between the two input termi-
nals. Therefore the output voltage, Vi, must be exactly
equal to the input voltage Vj,. Hence the closed loop gain
of the circuit is unity and the power gain is infinite.

Vin o——+

Vout

FIGURE 5. Operational Amplifier Buffer Circuit

The corresponding inverting circuit is shown in
Figure 6 and a perfect amplifier is again assumed. There-
fore, since the noninverting terminal is grounded, the
potential on the inverting terminal must also be zero.
Consequently, the input current Iy equals Vip/R1. All this
current must flow through the feedback resistor R2,
therefore Vgyt = (=Vin) R2/R1.  As with the buffer
circuit, the output impedance will be zero, but the input
impedance, which is infinite in the case of the buffer is now
equal to R1 due to the virtual ground at the inverting
terminal of the op amp.

FIGURE 6. Operational Amplifier Inverting Circuit

A more realistic operational amplifier is illustrated in
Figure 7.

Most amplifiers have an input stage consisting of a
pair of bipolar transistors in some form of long tailed pair.
These will, of course, require a finite base current, Ip, to
keep them biased on and although the input transistors are
very well matched, it is not possible to match them
perfectly. Therefore, there will be a small input voltage

b —»

Vio Zo

b *lio —»—T——
Vm

FIGURE 7. Realistic Operational Amplifier Design

offset and input current offset, ViQ and IjQ. Similarly, the
differential input impedance between the input bases will
be less than infinity and the output impedance of the
amplifier will be greater than zero. Other practical features
to be considered are input voltage range, output swing, slew
rate, CMRR, etc. For those not familiar with these terms,
their definitions are listed in Table 3.

For dc amplifiers, the most important parameters are
usually the input offset voltage and current. To reduce the
effect of the input bias current Ip, a resistor R3 (see
Figure 8) is included so that both amplifier terminals see
exactly the same resistance to ground.

Vin

R2
Vout=—Vin —

R1

R1 + R2

FIGURE 8. Reduction of Input Bias Current

As the bias current to each terminal is sourced by the
same impedance, there will be no voltage offset produced at
the inputs due to this current. There will, however, be an
output offset due to ViQ and I[Q. Assuming the loop gain
of the amplifier is high, the offset is approximately equal to

R1 + R2
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Table 3 . Definition of Terms

Input Offset Voltage (V) The dc voltage which must be applied between the input terminals to force the quiescent dc output
voltage to zero. The input offset voltage may also be defined for the case where two equal resistances (Rg) are inserted in series
with the input leads.

Input Offset Current (1) The difference between the currents into the two input terminals with the output at zero volts.
Input Bias Current (I)g) The average of the currents into the two input terminals with the output at zero volts.

Input Voltage Range (V) The range of voltage which, if exceeded at either input terminal, will cause the amplifier to cease
functioning properly.

Maximum Peak-to-Peak Output Voltage Swing (Vopp) The maximum peak-to-peak output voltage which can be obtained
without waveform clipping when the quiescent dc output voltage is zero.

Large-Signal Differential Voltage Amplification (Ayp) The ratio of the peak-to-peak output voltage swing to the change in
differential input voltage required to drive the output.

Input Resistance (r,) The resistance between the input terminals with either input grounded.
Output Resistance (r,) The resistance between the output terminal and ground.
Input Capacitance (C,) The capacitance between the input terminals with either input grounded.

Common-Mode Rejection Ratio (CMRR) The ratio of differential voltage ampiification to common-mode amphfication. This 1s
measured by determining the ratio of a change in input common-mode voltage to the resulting change in output offset voltage
referred to the input.

Power Supply Sensitivity (AV|g/AV ) The ratio of the change in input offset voltage to the change n supply voltages
producing it. For these devices, both supply voltages are varied symmetrically.

Short-Circuit Qutput Current {19g} The maximum output current available from the amplifier with the output shorted to ground
or to either supply.

Total Power Dissipation (Pz) The total dc power supplied to the device less any power delivered from the device to a load. At no
load: Pp = Voot Icec+ + Vee— Ice—-

Rise Time (1) The time required for an output voltage step to change from 10% to 90% of its final value

Overshoot The quotient of: (1) the largest deviation of the output signal value from its steady-state value after a step-function
change of the input signal, and (2) the difference between the output signal values in the steady state before and after the
step-function change of the input signal.

Slew Rate (SR) The average time rate of change of the closed-loop amplifier output voitage for a step-signal input. Slew rate 1s

measured between specified output levels (0 and 10 volts for this device) with feedback adjusted for unity gain.
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The design procedure for the majority of amplifiers
can usually be broken down into the following sequence:

figures are only a rough guide, of course, and
are frequently exceeded by a factor of ten or

1. Check that a Vg is much less than Vg (the more. Having selected the input resistor R1, the
input signal) over the anticipated temperature feedback resistor R2 can be calculated from the
range. If it is not, then choose a more tightly closed loop gain, ACL, where ACL =R2/R1
specified op amp. (for the inverting amplifier).

2. Check that Iy (R1+ Rg) is much less than Vg Now check that a Ijg X R2 does not give

(where Rg is the source resistance). For an
inverting amplifier, Ry is usually much less than
R1 (which determines the input impedance of

unacceptable drift over the anticipated temper-
ature range. If it does, reduce R1.

the amplifier). If this is not the case, then the Rl R2
inverting amplifier should usually be preceded Calculate R3 from R3 =
by a noninverting buffer having a high input R1 +R2

impedance. Alternatively, a super beta ampli-
fier, such as the SN72770 or SN72308, could
be used. Super beta amplifiers have very low
input bias currents which allow much higher
input resistances to be used. As a guide, the
maximum value of R1 would be 10 k€ for the
SN52/72709 and SN52/72741, 100 k2 for the
SN52101A and SN72301A and 1 MS for the
SN52/72770, SN52108, and SN72308. These

Check the frequency compensation

The subject of frequency compensation is
covered in more detail in a separate paragraph.
However, for the majority of applications
where the amplifier input frequency is in the
range dc to approximately 20 kHz, the inter-
nally compensated amplifier, such as the



SN72741, SN72307 and SN72771, can be used
and no brain-racking is required. One point to
watch is that these amplifiers are often referred
to as ““‘unconditionally stable”. This means that
100% feedback can be applied turning the
system into a unity gain amplifier. However, if
the feedback components are active or reactive,
they may add extra loop gain or loop phase
shift and it is possible that the system will be a
little unstable. If this is the case, the circuit

designer must go back to first principles.

5. Check slew rate
For a sinusoidal output voltage Vpax sin wt,
the maximum rate of change of voltage is
wVinax. If this figure exceeds the slew rate
quoted for the amplifier, then the waveform
will be distorted. For most op amps, the slew
rate is inversely proportional to the value of the
frequency compensating capacitor. Thus ampli-
fiers usually have the lowest slew rate when
they are compensated for unity gain. Typically
the SN72741 and SN72307 have slew rates of
0.5V per us and the SN72771 has a slew rate
of 2.5V per us. If the slew rates are not high
enough, then amplifiers such as the SN72748,
SN72301 A, or SN72770 which do not have
internal compensation should be used. It is then
possible to choose the minimum value of
frequency compensation capacitor required for
a particular gain configuration. If still more
slew rate is required and all else fails, input
frequency compensation can be used or tech-
niques which bypass some of the input stages of
the op amp and effectively shift one of the
poles in the transfer function of the amplifier.
The noninverting amplifier, Figure9, has a very
similar design procedure but the input impedance is now
very high, approximately

AyD

AcL

where 1 is the input resistance of the op amp

l'i]+

Vin Vout = Vin
R1R2 R1 + R2
R1 + R2
R2 R1
R1

FIGURE 9. Noninverting Amplifier

For minimum drift, of course, the positive input terminal
must still see a dc resistance to ground equal to (R1,
R2)/(R1 + R2). A point to remember about the noninvert-

ing amplifier is that although its output drift is exactly the
same as for the inverting amplifier, i.e.,

R2 + R1

tlip R2

the closed loop gain fo the amplifier for an input signal is
now (R1 +R2)/(R1) compared with R2/R1. Therefore, for
very low gain configurations, the signal-to-noise ratio is
better for the noninverting than for the inverting amplifier.

True AcL for Different Config urations

The expressions for closed loop gain, ACL, given
above assume a loop gain of infinity. For most applications,
this is nearly true. However, where very high values of ACL
(in excess of 70 dB) are required, the loop gain will be
correspondingly reduced since loop gain, ALG is equal to
AyD/ACL. It may then be necessary to use the full
expressions which are shown in Figure 10. Using these
expressions and the Ayp spread, the ACL, spread can be
calculated. Since a decrease in negative loop gain has an
adverse effect on gain stability, distortion, and other
parameters, it should be noted that the loop gain may be
very much less for fairly high signal frequencies than it is at
dc due to the 6 dB per octave roll-off introduced into the
open loop frequency response. For this reason, systems
such as high gain audio amplifiers should have their
frequency compensation components chosen specifically
for the circuit rather than relying on the fully compensated
devices.

Frequency Compensatiof

The elements of frequency compensation are com-
mon to any sort of feedback system. The necessity for it is
demonstrated by the gain versus frequency plot shown in
Figure 11 for a typical amplifier. The graph is plotted with

LOG Ayp 6 dB/OC

(P
L/
|

T MAX LOOP GAIN

FOR STABILITY
dB

MIN STABLE CLOSED
LOOP GAIN (Acy)

L

fo1  foz fo3 —
LOG FREQUENCY

FIGURE 11. Frequency Compensation
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Ayp (R1+R2)

AcL =

—Avyp R2

Vout

R1=R3
R2 = R4

R1 ‘
Vi
R3
v2 ‘
R4

Ayp R2

AcL =
R2 + R1 (1 + Ayp)

R2 + R1 (1 + Ayp)

Vout = le2 — eq)
R2 + R1 {1+ Ayp)

FIGURE 10. Closed Loop Gain

logarithmic scales in the conventional way. At dc¢ and
midband frequencies the gain of the amplifier is constant,
but at the first break frequency fg1 which corresponds to a
pole in the amplifier transfer function, the gain starts to roll
off at a rate tending towards 6 dB per octave. This
continues until the second break frequency fgy is reached
where the roll-off starts increasing towards 12 dB per
octave. These poles or break frequencies are caused by
various time constants within the amplifier, usually a
capacitance shunting a collector load as shown in Figure 12.

FIGURE 12. Break Frequency Caused by Capacitance
Shunting a Collector Load

The gain will be proportional to the impedance of R¢ in
parallel with C¢ so the break frequency

1
fb=

m R, C,

C¢ not only causes the gain to fall off in inverse proportion
to frequency but introduces a 90° phase shift into the
amplifier response and this is added to by all subsequent
time constants in the amplifier. Thus at point 0 where the
true gain curve and the asymptotic curve are tangential, the
phase shift is 180° (i.e., a complete phase reversal). For the
system shown in Figure 13:
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Vin 0——+
Avp Vin AcL
B

FIGURE 13. Complete Phase Shift Reversal

_ Avp
AcL =
(1+Ayp B
. 1

1
When the log—B curve intersects the log Ayg curve
1
log Ay — log E =0

therefore log (AypB) =0
therefore (AVD B=1

But when Ayp falls at 12 dB/octave, the phase shift is
180° (i.e., Ay is negative) and if

_ _Avp
lAypBl=1 Acp = Y

the system is unstable.

Therefore the log 1/8 curve must intersect the log
AvyD curve at a slope less than 12 dB per octave. If the
system is such that this condition does not obtain this slope
(and it usually doesn’t), then some tailoring of the
frequency response, i.e., frequency compensation, is re-
quired. One of the simplest methods, and the method



which is employed in the SN72741, is the * single capacitor
approach . A single capacitor is added to some part of the
circuit, which is usually a high impedance point as in
Figure 12 and a pole is introduced at a frequency f} from
which point the open loop gain rolls off at 6 dB per octave
as shown in Figure 14(a). Frequency, f] is chosen such that
the frequency f¢ (at which the loop gain of the system is
unity) is lower than any of the break frequencies fQ1,
fo2, etc. This means that the amplifier must be stable since
there is a phase shift of only 90° at fc. A point to note is
that the node to which the compensation capacitor was
added is usually associated with one of the natural break
frequencies fQ1, f072, etc. and the extra capacitor is merely
shunting an internal stray capacitance. This means that one
of these poles may be shifted to f], thereby removing the
natural break frequency. If it is fg1 which shifts to f1, f¢
needs only to be less than fo) rather than fp] so that an
increase in gain bandwidth can be obtained.

For ¢ unconditionally * stable amplifiers, such as the
SN72741, f1 <f(y,so that the entire mid-band gain of the
amplifier is rolled off before the second pole is reached.
This means that f1 must be very low, less than 10 Hz, but it
does allow 100% feedback to be applied around the circuit.

As stated before, this method of frequency compen-
sation usually causes a reduction in the maximum slew rate
obtainable from the amplifier. A resistor/capacitor compen-
sation technique gives higher slew rate and increased gain
bandwidth, although it is more difficult to apply. Also to
be used efficiently, it relies on a knowledge of the poles in
the natural open loop transfer function of the amplifier.
The effect of this method is shown in Figure 14(b). A
resistor and capacitor in series are added to the compensa-
tion point so that a break frequency f1 is again produced at
f1= 1/2 7R C¢ where C¢ is the value of compensating
capacitor and R is the output resistance at the compensa-
tion point. It has been assumed that for this particular
amplifier that the time constant associated with the
compensation point gives rise to fgp. Therefore, g3 is
shifted to the new frequency f1. The action of the series
resistor R1 in the compensation network is to remove the
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effect of C¢ at a frequency equal to (1)/(2 # C¢ R1). If R1
is now chosen such that

1

- =7
21rCC R1 01

then the roll-off introduced by C; will be removed and the
natural roll-off of the amplifier will be utilized from fg] to
f03. The zero loop gain frequency f¢ must be less than fg3
and for a required value of ACL or 1/§ the total roll-off in
dB is calculated. The frequency f{ can be determined
remembering that there is a constant slope of 6 dB per
octave or 20 dB per decade between f] and f¢. Once f] has
been calculated and assuming that R¢ and fg1 are known,
C¢ and R1 can be calculated.

Another frequency compensation technique which
can be employed in conjunction with either of the two
methods mentioned is that of a phase advance capacitor.
This is most easily employed with purely resistive feedback
configurations such as shown in Figure 15. Here, without
the phase advance capacitorC, the closed loop gain
is — R2/R1, and the transfer function of the feedback
element 8is R1/R1+R2.

R1

R3

FIGURE 15. Phase Advance Capacitor —
Resistive Feedback

1 fg2 NOW REMOVED
TO f1 BY ADDING C

27 RcCe < 6 dB/OCT
NATURAL™ < e
ROLL OFF 12 dB/
B OCT
CLOSED LOOP GAIN \{
\
\
Ay
LOG f —»

{b) RESISTOR-CAPACITOR FREQUENCY COMPENSATION

FIGURE 14. Two Methods of Frequency Compensation
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If C is added, a ‘roll-off’ is introduced to the
closed loop response at a frequency (1)/(2 7 CR2). The
feedback transfer function now becomes

(=)

S+ —m——

— CRa/_ where s is the Laplace operator.
1 (R1+R2)

s+ f— 7
C RIR

A cero has been introduced into the loop gain at a
frequ.ency (1)/(2 mCR2) which can be used to nullify a
pole in the open loop gain. There is also an extra pole at

1 where R = R1 Ri R2
s ——— €re =
27 CR, P R1 +R2

the parallel combination of R1 and R2. However, this is at
a higher frequency and can usually be ignored. Phase
advance compensation is often very useful when a system
has been built up and is found to be unstable. The
frequency of oscillation is measured and C chosen such that

1

2nCR2

is equal to this frequency. It is also useful where extra
active components have been introduced inside the feed-
back loop of the system — perhaps a discrete transistor
added at the output of an op amp in order to provide extra
voltage swing. This will often produce an extra pole which
could be an embarrassment, but whose effect can be
removed by the addition of the phase advance capacitor.

A final method is input frequency compensation.
This is normally used only where maximum slew rate is
required or where no convenient roll-off point is available.
The method is shown in Figure 16 for a noninverting
amplifier.

It can either use an R¢C. combination, as shown,
which makes it equivalent to the R¢C; compensation
method described or it can use a single capacitor which is
equivalent to the first method described. Input frequency
compensation does not have any effect on the open loop
gain of the op amp, but it does affect the loop gain. This is
modified in such a way that a pole is produced at a

R1
>
Rg Re
CC
AN~
/ R2
R3

FIGURE 16. Input Frequency Compensation
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frequency 1
2 (2 Rp + Rc) C.

R2 R3
where Rp = —_— = Rg + Rl
R2 + R3
Rg is the source resistance and R1 is chosen to satisfy the
equivalence. This form of compensation also produces a
zero at 1

2n Cc Rc

These are manipulated in exactly the same way as for the
R¢ Cc frequency compensation method. Since the extra
capacitive loading is now placed on the generator or source
and not on the op amp, the slew rate of the op amp is not
reduced at all by the compensating capacitor. However, the
signal-to-noise ratio of the system is degraded and for this
reason input frequency compensation is normally used only
in the situations mentioned above.

SYSTEM STABILITY

In the previous paragraph on Frequency
Compensation, a rather empirical approach to system
stability was adopted and it should be emphasized that this
is usually very satisfactory in the majority of applications.
There are, however, some circumstances where a more
mathematical approach is required, notably where reactive
components are used in the input and feedback paths of the
system. To cover the subject in detail requires the complete
text book rather than a chapter. However, one method of
stability analysis can be summarized as follows:

The circuit of Figure 13 can be redrawn in a more
generalized canonical form, as shown in Figure 17.

FIGURE 17. One Method of Stability Analysis

where R is the reference input

C is the controlled output

G is the forward transfer function

H is the feedback transfer function

then C/R represents the closed gain of the amplifier
(Acv)
G represents the open loop gain (AvS)

and, GH represents the open loop transfer function
(Avs )
R, C, G, and H are now Laplace Transformed
quantities and are functions of the complex
frequency variable, s.



For the canonical system, the closed loop transfer
function

G
1+GH

L.
R

but GH can be represented by
KN (s+zl)(s+z2)(s+2z3)...

p- K (s+ pl)(s +p2)(s +p3) . . .

Thus C G GD

R I+KN/D D+KN
and the poles of the closed locp system are given by the
roots of the “characteristic equation”: D + KN = 0. The
characteristic equation can be written in the form:

ansrl + an~lsn_1 +...a;sta =0
The Routh Stability Criterion can be applied to this by

means of a Routh table which is constructed as follows:

Cl C2 C3

where a,,a,_|,etc., are the coefficients of the character-
istic equation and

4h—1 -2~ %%n-3

b, =
1
ah-1
441 44 "33
b2 = etc.
a1
_ bl 43 7% b2
Cl =
b
bya 5 —a,.1b;3
c2 = etc.

b

The table is continued in this fashion until only zeroes are
obtained in the rows and columns.

If all elements of the first column of the Routh table
have the same sign, all the roots have negative real parts and
the system is stable. The system may still be underdamped
so that a peaky response and overshoot are produced but it
will not oscillate continuously.

As an example, consider the circuit shown in
Figure 18.

FIGURE 18. Stable System Circuit

Assume that an amplifier has a dc gain of K and a
single break frequency, f1, in its response

K wl
then G=s —
(stwp)
where w| = 2nfl.
1 i
sC CR Wy
Now H= = 1 =
+
R+ — s+ — S 0)2
sC CR
i
where Wy = ——
CR
Wy Wy

therefore GH=K—mmMmM
s+ wstw,y)

and the characteristic equation is

(s+w|)(s+w2)+l{w1 wy = 0
or

32+s(wl twy) + (W w2+Kw] wy)=0

Constructing the Routh table from this equation :

s l,(w]w2+lew2), 0
S ((AJI+(.A)2) ) 0 1y 0

<o —

s (w1w2+lew2),0, 0

Thus the system is stable for all positive values of w and K.
This criterion does not imply that the system will be
adequately damped. In the example above, the damping
ratio is practically zero. To test the stability of the system
further, it is advisable to include the second pole in the
amplifier response G and recalculate the Routh table.

When calculating the loop transfer function for a
system using the inverting or virtual ground configuration,
such as the integrator system in Figure 19, the system must
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FIGURE 19. Integrator System

be converted to canonical form by referring the input
voltage to the noninverting input terminal. For the integra-
tor, the reference input becomes:

SCi v (:Jl
o~ or —
Vin ; in\ ¢4 w;
R+ —
sC.
i
1
where W= ——
CiR;

If the operational amplifier itself has a single pole response
Gl

Wo
where G'= K
s+w0
then
“o Wi Rl
GH = |K
STAREEY | W
sCl
a)owi S

twNstw) +tw)

and the characteristic equation 1s

(stwys+ wi)z-g- sKwg w =0.

Step Response of a 2-Pole Amplifier

If a system has a loop transfer function containing
only one pole and no zeroes, then the gain — frequency
characteristic of the closed loop amplifier will be com-
pletely flat until the break frequency is reached when the
gain starts to roll off at a rate tending to 6 dB/octave.

Many systems, however, have a two-pole transfer
function or can be approximated to a two-pole function
[Figure 20(a)]. The closed loop response now has a certain
amount of peaking in its gain characteristic [Figure 20(b)]
if the system damping factor

1

(<
T
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FIGURE 20. Closed Loop Step Response of
Two-Pole Amplifier

If wq and w1 are known then the damping factor can
be calculated from
Wyt wy

2\/Ayp B w, @

where AyD B is the mid-band loop gain. The natural
frequency of the systemis wp [/(27)

where
wy =/AypBwgw

The full expression for output voltage as a function of time
is

§

= wpt
Vo(t) = ACL Vm u(t) +ke

sin [wn\/(l — (2)t + q>]
For step input: u(t)=1,¢ = cos‘lg'

_Vin ACL
Vi-¢?

which is effectively the overshoot of the system.

and k=

Figure 20 shows peaking plotted as a function of
damping factor for values of { less than 0.7.



XIV APPLICATIONS OF OPERATIONAL AMPLIFIERS

by Richard Mann

In this chapter a large number of practical circuits are given
and briefly described, to demonstrate the ease with which
systems can be assembled using op. amps. The applications
fall into the following categories: Arithmetic, Filters, Non-
linear Circuits, Oscillators, Audio, and Control. Only
Commercial grade devices, i.e. SN72 series, are specified but
military grade amplifiers, i.e. SN52 series, could also, of
course, be used.

Some of the circuits shown are original but many of
them have been taken from standard sources. Most of the
circuits are capable of improvement or refinement to meet
a specific need. Systems such as the Voltage Controlled
Oscillator demonstrate, however, that these basic circuits
can often be used as the building block of a much more
complex overall system while still retaining the basic
simplicity of designing with integrated operational
amplifiers.

ARITHMETIC

Practical Voltage or Current Adder

In the previous chapter the operation of an inverting
amplifier was described showing that the inverting input
terminal of the op. amp. was a ‘virtual earth’ point. This
feature means that a number of other inputs can be applied
to the same point, as shown in Figure 1, without any inter-
action between the inputs. Thus the current flowing through
R1 is V1/R1, the current through R2 is V2/R2 and so on.
Since the currents flow into a ‘virtual earth’ there can be no
return current flowing out of an input resistor. Therefore,
the sum of all the currents flows through RE, the feedback
resistor. To satisfy this condition the output voltage V5 must
be

refEVIoE V2 s w3
FI R1 R2 R3

the minus sign indicating an overall negative gain.

In order to keep the errors due to the input bias current, I,
to a minimum as previously described, Rp is made equal to
the parallel resistance of R1, R2, R3 and RFf.

Any remaining offset when V1 =V2= V3 =0 can be nulled
out by adjusting potentiometer VR1.

The oscillogram, Figure 2, shows the circuit operating with
sine wave on one input, a square wave on the second and the
third input grounded. The bottom trace is the sum of the
three inputs. In this case R was equal to R1, R2 and R3

RF

4

R
B OFFSET

VR1 ADJUST

—Vce

FIGURE 1 Voltage or Current Adder
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ST TR
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INPUT

D —————

““MM MAM‘MH

Vv

SUM OUTPUT
AYN YR YD

TERRREER

2v/DIv A

200 ys/DIV—>

FIGURE 2 Example of Adder Waveforms

giving unity gain. Under these conditions the bandwidth of
the adder using an SN72307 is approximately IMHz and the
output drift with temperature would typically be 24 uV/
degree cent. since the drift is

RF + Rp
VIO'( Rp )
where Rp is the parallel resistance of the input resistors, i.e.
RE/3.
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Voltage Subtractor

The Adder of Figure 1 can be converted into a Subtractor or
Differential Amplifier by adding an extra resistor to the non-
inverting input terminal as shown in Figure 3. Since there is
negligible current flow into this terminal

RF

@ =Vi RT+RF

and since the minimum mid-band AyQ of the SN72307 is
25,000 the difference in voltage between e, and e, can be
ignored, i.e. e; = e;. Therefore the current flowing in the
inverting input arm is V2~ e2

R1

Q _ V1l Rfr
R1 Rl (Rl + Rp)

V2 (R1 + RF) - VIRF

R1(R1 + RF)
Rg
A A
R2
v2 o——AANAN— -
e2
SN72307 LO
R1 e Vo
V1 1 +

-Vce

FIGURE 3 Voltage Subtractor

All this current flows through the feedback resistor, RF,
therefore the output voltage

V2(R1 +RF) - VIRF
R1(R1 + Rp)

VIRE

Vo= “RF RT+ RF

_RF [V2(R1+RF) - VI(RF) ] + VIRIRF
R1 (R1+Rp)

_RF [V2(R1+Rp) - VI(R1+Rp)]
Rl (R1+Rp)

. _Rp _
= & (V2- VD)

Thus the output voltage is directly proportional to the
difference between the two input voltages and the closed
loop gain of the subtractor is again ~-Rp/R1 and, as with the
adder, any offset voltage can be trimmed at, at a given
temperature, by adjusting potentiometer VR1.
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With the maximum values of Voc+ and V- the common
mode input voltage range is + 15 V. A point to watch in this
circuit is the difference between the input impedances of
the positive and negative input terminals. V1 sees an imped-
ance of R1 + RF but V2 sees an impedance which may be
less than R1 and is dependent on V1. Therefore the source
impedances for VI and V2 must be much less than R1 or
they must be taken into account so that the input resistance
in each arm includes the respective source impedances. The
combined resistances must, of course, be equal to each other.

The Differential Amplifier is frequently used to convert
balanced signals to an unbalanced, or single-ended, line and
a Balun circuit is described in the Audio Circuits, in which
the two input impedances can be made equal provided V1
=V2.

Integrator

Op. amps. are very commonly used in active integrating
circuits such as that shown in Figure 4. Like the Adder
there is a virtual earth at the inverting input terminal so
the input current is V/R1, and all this current flows into the
feedback capacitor, C1. Therefore the voltage across the
capacitor is

t
1 \"
Ci® ) ﬁ.dt

assuming that the capacitor is fully discharged at t = 0. The
output voltage Vg is therefore

1 t
_— V.dt.
C1.R1
0
c1

F———’\l\/\c——'ﬁ'

R3
Vo— A\ -

A1

—O0
Vo=—1 ('vdt
R2=R1 + CRYo
R2
FIGURE 4 Integrator

If V is constant then Vo will change linearly until the
amplifier saturates. The lower traces in-the oscillogram,
Figure 5, shows a square wave applied to the input. The
voltage switches equally above and below ground potential
giving a triangular output wave with equal slopes.












NON-LINEAR CIRCUITS

All the circuits described so far have had different transfer
functions and applications but they have all been linear. By
incorporating in the feedback path a device such as a diode
or transistor it is possible to tailor the closed loop response
of an op. amp. so that its transfer function will be
dependent on the level of the input voltage or current and
thus be non-linear.

Half Wave Rectifier

The most commonly used non-linear circuit is the
rectifier, either half wave or full wave. By putting a diode in
the feedback path of an op. amp., as shown in Figure 13, its
forward voltage, Vps of about .7V (for silicon) is
effectively divided by the open loop again of the amplifier
giving an equivalent forward voltage of typically 50 uV. It
thus becomes, within the limits of frequency and slew rate,
almost a perfect rectifier.

—

FIGURE 13 Half Wave Rectifier

In the circuit shown, if V,, is negative, the output of
the op. amp. will start to go positive turning off diode DI
and forward biasing diode D2. Current then flows through
resistor R3 and the circuit operates like a normal inverting
amplifier and has a gain equal to R3/R1. Pin 6 on the op.
amp. will be offset above V, by an amount equal to Vb
but this is immaterial since V is taken from the cathode of
D2 and not the anode.

When Vin goes positive, diode D2 is reverse biased
and current flows instead through resistor R2 and diode
D1. The value of R2 is not critical since it merely serves to
give the system some finite gain and prevent the output
stage of the op. amp. from saturating.

V,, is now derived, via resistor R3, from the anode of
D1 which is connected to the inverting input of the op.
amp. and since this is a ‘virtual earth’ point then Vv, must
also be zero-assuming that Vip is negligible.

The main limitation with this circuit is the slew rate
of the op. amp. As the input voltage goes through zero
there must be a very rapid transition at Pin 6 from +VD to
—VD, or vice versa, in order to get the appropriate diode
forward biased. Since the transition will be nearly 1.5V the
transition, when using an SN72741, will be approximately
3 us. The point at which this becomes a significant part of
the total cycle time sets an upper limit to the operating
frequency of the system.
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Full Wave Rectifier

There are numerous circuits for full wave rectification
using op. amp. but a very elegant version is shown in Figure
14. The chief attraction of this circuit is that it uses
identical resistors throughout which wusually makes
matching and hence accuracy, somewhat easier. It also has
the advantage of a ‘virtual earth’ input node so that the
rectifier can provide voltage gain or attenuation simply by
varying the value of input resistor R1. Both half cycles will
be affected identically and the full wave rectified output
will be symmetrical.

The operation of the circuit is easily appreciated if its
two modes of operation are split as shown in Figures 15
and 16 which represent V. ~—positive and V, negative
respectively. The nodes of the circuit are labelled for
identification.

Point a is grounded so b is a ‘virtual earth’. No
current flows into ¢ so this point and hence d are also at
ground potential. All the input current, Vin/Rin’ therefore
flows towards e so the voltage at e is -V, R/R, . The
voltage at f is zero so a current flows towards £, equal to

-V. R 1
mn . o
R. R
m
The voltage at f must therefore be

o (Vi R\LR
R, /R

mn

which equals V, . —13-, proportional to and the same phase
in
as the input voltage, Vi

In the second mode with Vi negative diode D1 is
reverse biased and diode D2 forward biased as shown in
Figure 16. Again point b is a virtual earth but current can
now flow through diode D2 so ¢ will have a hypothetical
potential, v, above earth and this will also be the potential
at d.

An input current of Vin/ R,, now flows in the
opposite direction through the input resistor and a current
of v/R flows through diode D2. The current flowing from
point ¢ (and hence from point ) must be the difference
between the input current and the diode current.

ie. Vin _ _V__
R. R

n
The output voltage at f must therefore be

pH(Vin 7 .R
R, R
n
R
in
is the same as for negative input voltages but the phase has
reversed.

which equals Vi, . Thus the modulus of the gain












the gate of the FET its drain is effectively shorted to earth.
The non-inverting input of the amplifier is therefore held at
ground potential and the gain of the amplifier is defined by
resistors R1 and R2 as in a normal inverting amplifier. With
R1 = R2 and OV at the control input the closed loop gain
of the system is therefore minus unity.

When the control voltage is reduced below the pinch off
voltage of the FET then the transistor is virtually open
circuit. If Vip is applied to the Input terminal, then Vjp also
is applied to the non-inverting input of the Op. Amp. Since
the negative feedback ensures that the inverting input
terminal is also at Vjp, no current flows through resistor R2
and the output terminal must also sit at a potential of Vip.
Thus the closed loop gain is now plus unity. The variable
resistor can be used to null the input offset voltage of the
Op. Amp. to zero for greater accuracy.

Almost any internally compensated Op. Amp. can be used
but it should have a very low input bias current if fairly
high resistor values are used. A high slew rate is also de-
sirable if the output is to settle quickly after the control
voltage has been changed and these two factors make the
SN72771 a very suitable device.

A Voltage Controlled Oscillator (V.C.0.)

The V.C.O. whose circuit is given in Figure23makes use of
the Positive-Negative gain amplifier previously described.
The output of the positive-negative gain amplifier is applied
to a standard integrator using an SN72741 whose output, in
turn, is applied to a Schmitt Trigger comprising an SN72748
and two zener diodes.

R2
R1 AVAYA%:
100k R5
—AAN 2
100k 2.2k
OA1 6
10k
VR1
Vee-

47k

R6

Assuming that the input voltage is +Vj and that the output
of the Schmitt Trigger is limited in the negative direction,
then the FET will be ‘pinched off” and the output of the first
stage will be +Vij,. The output of the integrator will there-
fore start to go negative as capacitor C1 is charged up. The
non-inverting input of the Schmitt Trigger is clamped at
approximately -6V (Vz + VE for the two diodes ZD1 and
ZD2) and when the integrator output reaches this potential
the output of the third stage will rapidly change to become
limited in the positive direction. Because a high slew rate is
required here due to the large voltage swing involved an un-
compensated SN72748 is used. Operated under these con-
ditions this device has a typical slew rate in excess of 50V/us.
When this output goes positive, it returns to the gate of the
FET but clamped to ground by diode D1 in order to pre-
vent the FET from drawing gate current. The action of the
circuit now reverses. The integrator is fed from a potential
of -Vip and its output rises linearly from -6V to the new
aiming potential of approximately +6V. When this is reached
the action again reverses. The output of the integrator is
therefore a very linear and symmetrical triangular wave and
since the charging current of capacitor C1 is directly pro-
portional to Vijp the linearity of the voltage/frequency is
maintained over more than three decades — the limiting
factor being primarily the slew rates of the first and third
stages when Vjp is high (>2V) and the input offset voltage
of the first stage when Vjp is low (<10mV). By adjusting
potentiometer VR1 to compensate for Vpi very good
linearity is obtained between 2mV and 2V and reasonable
linearity between 1mV and 10V as shown in the graph
(Figure 24).

C1

|-

10nF

& [

OUTPUT
—)

0OA2 6

5V
ZD2
a7k
R7
D1 oA1 SN72771
1544 Vee+ = +15V 0A2 SN72741
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cc—=—15V zp1 | 1s2050A
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FIGURE 23 A Voltage Controlled Oscillator
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FIGURE 27 Quadrature Oscillator
AUDIO CIRCUITS

The values of R3 and C3 do not affect the frequency
since the integrator gives the same phase shift to all
frequencies within its practical limits of operation. How-
ever, the values of R3 and C3 do affect the loop gain of the
system and they therefore control the ability of the
oscillator to start up and sustain oscillations. The zener
diodes, ZD1 and ZD2, control the level of oscillation
because, as they start to turn ‘on’ at the peaks of the cosine
wave, they attenuate the feedback signal such that the
output of OA2 is not overdriven. The distortion produced
by the zener diodes is effectively removed by the low pass
filter so that the quadrature outputs are both sinusoidal. It
should be noted that there is also a d.c. negative feedback
path around the oscillator so that any drift in the integrator
is corrected and the cosine output is symmetrical about
ground potential.
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The integrated circuit op. amp. was originally
designed for use in analogue computing systems but their
characteristics make them almost ideal as the gain block in
numerous audio applications. Their high gain, stability,
toleration of widely varying power supplies, common mode
rejection are all very desirable features. Futhermore, they
have a high input impedance, low output impedance, small
size and low cost. Their only drawback compared with
small signal discrete components is that they tend to have a
higher noise level. However, the modern 1.C. op. amp.
compares favourably with all but the specially designed low
noise discrete device. Typically they have equivalent input
noise voltages in the region of 1 uV to 3uV rms for a
bandwidth of 10 Hz to 20 kHz and this is sufficient to give
signal to noise ratios of 60 dB or 70 dB for most magnetic
gramophone pick-up cartridges.

Circuits which together comprise a complete stereo
amplifier are given and explained in detail in Chapter XVII.

An Equaliser—Preamplifier

The first stage of a Hi-Fi amplifier is usually an
equaliser which accepts signals from a number of sources;
gramophone pick-up, radio tuner, tape recorder, etc., and
provides the necessary gain and frequency response to
ensure that the output has a ‘flat’ frequency response and
similar level for any of the inputs selected. The circuit in
Figure 28 accepts a magnetic cartridge input and two high
level ‘flat’ inputs and gives an output of a nominal 100 mV.

There are two feedback paths around the op. amp. A
d.c. feedback via resistors R3 and R2 which is isolated from
earth by the a.c. bypass capacitor, C2. Since there is no d.c.
attenuation in this feedback path the d.c. gain is unity and
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FIGURE 28 Equaliser-Preamplifier Circuit

C2

the output will not drift more than a few millivolts from
ground potential. For a.c. signals however, the feedback is
determined by the impedance of the feedback network
selected by SiB and the resistance of R2. If the impedance
is Z then the a.c. gain of the stage is approximately
(Z + R2)/R2. Because the open loop gain of the op. amp. is
so high this approximation is very close and it is possible to
control the frequency response more accurately than with
most discrete amplifiers. In order to keep the open loop
gain high an SN72748 is used with an external compen-
sation capacitor of 10 pF, rather than an SN72741, since
this gives about three times the gain bandwidth of the
internally compensated device.

The signal source is connected to the non-inverting
input of the amplifier. This has an inherently high
impedance and the negative feedback makes it even
higher—in the region of several megohms so that the only
significant load on the source is resistor R1. The value
shown is 47 k2. Since this is a typical value of load resistor
for magnetic cartridges, however, the value is not critical
and can be changed to suit any particular requirement. It
should not be increased much above 100 k2 as this will
tend to introduce d.c. offset and some noise due to the
input bias current of the amplifier.

When S1 is in position 1 or 3 the gain of the circuit is
about 2.8 and the frequency response is flat from d.c. to
greater than 500 kHz. When the magnetic pick-up position
is selected then the response closely follows the R.1.A.A.
correction curve as shown in the plotted response, Figure
13 of Chapter XVII.

The output impedance of the circuit is low—less than
200 —therefore the stage is relatively unaffected by
loading and it can drive a long capacitive cable if it is used
as a head amplifier. The stage is also very tolerant of input
overload and will accept signals as much as 35dB above
nominal without distorting.

R1 100k R
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3.3k VR1 I

C1 560pF

T

O—e¢ SN72741
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R3
10k

FIGURE 29 Tone Control Stage

Tone Control Stage

The most commonly used tone control stages now-
adays are feedback types such as that shown in Figure 29.
These have the advantage that they can provide a wide
range of boost and cut either of bass or treble frequencies
and there is very little interaction between the two
controls. Here again the op. amp. with its high gain, high
input impedance and low output impedance is very suitable
for this application.

Potentiometer VR1 acts as a Treble control and, as
with a normal inverting amplifier, the gain decreases as the
wiper is taken nearer to the op. amp. output and increases
as it is taken nearer to the signal source. Resistors Rl and
R2 act as ‘end stops’ to ensure that the maximum values of
gain and attenuation do not exceed the normal limits of
approximately * 20 dB. The value of capacitor, Cl, is
chosen such that it passes significant current only at
frequencies above 1kHz. It therefore has negligible affect
on the low frequency response of the stage and does not
interact with the setting of the Bass control, VR2. The Bass
network is similar in form to the Treble section with the
feedback ratio being controlled by VR2 and ‘end stop’
resistors, R3 and R4. In this section, however, the wiper of
VRI1 is connected to either end by two equal capacitors, C2
and C3. At frequencies above 1 kHz their impedance is less
than the total value of VR1 which is effectively shorted
out. The gain is now determined by the ratio of resistors R4
to R3 and since these are equal the gain is unity. There is a
certain amount of interaction of the Bass circuit on the
Treble circuit but it is minimised by the inclusion of
resistor, RS.

The total range of the Bass and Treble controls is
shown in the measured frequency plot, Figure S of Chapter
XVII. It is necessary to use an op. amp. which is
compensated for unity gain in this application. Therefore
the SN72741 is very suitable for single channel operation.
Where stereophonic operation is required the SN72558P
provides the two gain blocks in a single 8 pin package and
although the two amplifiers are on a single chip the
crosstalk between them is practically immeasurable.
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FIGURE 33 Peak Detector

output of the amplifier is driven very positive, the diode is
forward-biased and the amplifier output provides sufficient
current rapidly to charge C towards the input voltage peak.
If the input is less positive then the diode is strongly
reverse-biased and the capacitor stays charged for a
relatively long period provided the input bias current of the
amplifier and the load current are kept to a minimum,

In the actual circuit, Figure 31, capacitor C3 acts as
the storage capacitor. The meter drive amplifier, OA3, acts
as the load and an SN72307 is used here for its lower input
current. However, instead of taking the inverting inputs of
OAl and OA2 direcily to capacitor C3 these points are
returned via resistors R4 and RS, to the inverting input of
OA3. Since this amplifier has feedback around it, the

voltage on C3. Therefore this supplies the reference voltage
to OA1 and OA2 but their input currents do not discharge
C3 directly. A further refinement is added by clamping the
gain in the reverse direction by diodes D1 and D2. Without
these diodes the outputs of OAl and OA2 would be driven
into their negative saturated condition if the peak input
voltages were less than that already across capacitor
C3—there would consequently be a delay while the
amplifiers came out of saturation and large positive peaks
which would affect the performance. The diodes therefore
provide unity gain feedback in the negative direction and
the op. amps. cannot saturate. Resistors R4 and RS5 limit
any current flowing into the junction of resistors R6 and
R7 to a negligible amount.

The gain of the meter drive circuit can be adjusted to
allow for different types of meter. The voltage gain is given
by the standard expression (R7 + R6)/R7. The voltage is
then attenuated again via R8 and VRI1-—the attenuator
resistance values being kept quite low so that the meter is
sufficiently damped. The P.P.M. described here will operate
satisfactorily for inputs in the range —22 dBm to +2 dBm
(relative to 600 ). A wider range can be obtained but 24
dB is probably the most that will normally be required. The
meter is set up by inserting a steady input of —22 dBm and
setting the zero of the meter with the offset potentiometer,
VR2. A new signal level of +2 dBm is now inserted and the
maximum deflection set up with variable resistor, VRI.
This procedure is repeated several times until the
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volts. This can be used to provide base current for a power
transistor or to trigger a triac. Alternatively, the output
current is sufficient to operate some small 12V relays.

The accuracy of the circuit depends on the linear charging
of capacitor C1 and on the very low input current of the Op.
Amp. For this reason a super-beta device such as the
SN72771 is recommended since its input current is much
less than the 300 nA which, typically, will be used to charge
the capacitor.

Capacitor C2 is merely an a.c. shunt which reduces the
possibility of spurious positive feedback which may occur
due to the high impedances and large voltage swings existing
in the circuit.

The delay time td can be calculated as follows:-

td = R1.CL. VREF /(VCC — VREF)

The diode forward voltage does not come into the equation
since the drop across diode D1 effectively offsets the
forward voltage of diode D2.

Voltage Input Firing Circuit

A voltage input firing circuit is shown in Figure 36. A
1BO8TO5 bridge circuit used with two 10-V zener diodes
and 250-uF capacitors provides a fairly stable £10-V supply
to both the sawtooth generator and firing circuit(s). The
operational amplifier N1 acts as a conventional integrator
giving a linear ramp voltage at its output. The maximum
output voltage can be varied by adjusting the 300-k2

resistor R2. Diode D1 isolates the base drive of transistor
QI from the smoothed voltage supplies and the full-wave
rectified voltage across resistor R1 causes the transistor Q1
to be saturated except at the cusps which occur at 100 Hz
in synchronism with the mains voltage. During these cusps,
which switch ‘off” Q1 for about 10°, transistor Q2 is
saturated, rapidly dissipating the charge in capacitor C1.
Since the inverting input of network N1 is a good virtual
earth’ point, its output will be clamped so that there is no
cumulative output drift.

As the output impedance of the operational amplifier
N1 is very low, from this point the sawtooth waveform
[shown in Figure 37(a)] can be used to drive a number of
firing circuits.

In the firing segment of the circuit, a +3-V sawtooth
voltage is added to a O to —3 V control voltage at the
inverting input (pin 2) of the operational amplifier N2. At
the start of the sawtooth, the control voltage will drive the
output of N2 to its positive saturated condition (V1) so
that transistor Q3 is turned ‘off’ and there is no gate
current to the triac. The noninverting input (pin 3) of the
N2 is initially at zero potential.

The sawtooth is locked to twice the mains frequency
and, as it rises, the voltage at pin 2 will reach zero volt and
the output of network N2 will start to become negative.
The negative swing is returned to the noninverting (pin 3)
input via capacitor C2, causing regeneration, and the output
rapidly saturates to its negative limit (V7). As the output
approaches this point, diode D2 conducts and resistor R3
passes sufficient current to forward-bias diode D3 and
clamp the input voltage to —Vp. Transistor Q3 turns ‘ on’
and its emitter current fires the triac for either polarity of
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+0v
100ks2
[%3
R1 av
100k $2
A a ct
100nF o
1N4001 2200 +10v v
12v +10v
Lto—4n¢e D1 ~
> 250uF v g N1 .
> l SN72741
o 1808T20 1521004 0_; TO FIRING
2201240 r ® s CIRCUITS
< [ o
~ 50Hz < - —10v
2v 152100A S 300k e 144 a0
250uF oV 10 k82 ;;
TIC205D
ANA ~1ov o2 "
N O—o¢ s 1oV . .
N CONTROL VOLTAGE  10k§2 ©) 22082
O—ANA———t a3
Q1,02, 2N3708 OV FOR 180" ®
Q3 2N4059 -3V FORO
1544 D3 —~10V
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FIGURE 36 Voltage Input Firing Circuit
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XV LOGARITHMVIC AND EXPONENTIAL AMPLIFIERS

by Denis Spicer and Richard Mann

Using simple circuitry and a high performance operational
amplifier such as the SN52/72709,it is possible to produce
logarithmic and exponential amplifiers having good
linearity over at least three decades. These amplifiers may
be connected together to form powerlaw or multiplier
systems. The low cost of plastic encapsulated dual
operational amplifiers such as the SN72709DN, makes
these systems particularly attractive. The fact that the
systems can be made almost independent of ambient
temperature gives them a considerable advantage when
compared with diode function generators and other forms
of non-linear circuit.

This chapter describes two circuits which have log-
arithmic and antilogarithmic or exponential characteristics
respectively. Both circuits rely on the exponential relation-
ship between a transistor’s collector current and its base-
emitter voltage. In each case a transistor is used as the
feedback element of an integrated circuit operational
amplifier. The chapter also describes a method for producing
an amplifier having a power-law characteristic for powers
between 4 and 1/4.

LOGARITHMIC AMPLIFIER

Theory

The basic equation for the current Ip through a
semiconductor diode is given by:

Ip=Ts - {exp (qV/KT)—1}

where  Ig is the saturation current of the diode
V is the forward voltage across the diode
q is the electronic charge
k is Boltzmann’s constant

and T is the absolute temperature

In practice this relationship does not hold over a very wide
range largely due to finite resistances in the diode.
However, by using the emitter-base diode action of a
transistor coupled with transistor action the following

relationship is obtained and is valid over seven or more
decades:

Ics =10 {exp(q VEB/KT) -1} (1)

where ICS is the collector current with zero
collector-base bias
VEB is the emitter-base voltage

and Io is a constant, usually in the region of
10—15A for a silicon planar transistor.
It is constant for all transistors of a

given type.
For Ics 2 1nA, Equation (1) may be modified to

Ics=10 - {exp (qVEB/KD} )

For two transistors having collector currents Icg1 and Ics2
the ratio of these currents is given by

I 101
L5 [exp {q(vEm—vEBz)/kT}] Q)
Icso 02

For a closely matched pair of transistors as in a dual
transistor, VEB]1 = VEB2, 101 approximates 102

and Icsi/Ics2 = exp (qV/kT) €3]

where for a temperature of 25°C, kT/q = 25.7 mV.

From Equation (4) it is apparent that if Icg2 is held
constant, there is an exponential relationship between Icg]
and V. Taking natural logarithms of both sides of
Equation (4)

KT
V= — - loge [Ics1/ics2] ©)
q

If Ics2 is held constant there is a logarithmic relationship
between V and Icg1. By using a dual silicon-planar transis-
tor in conjunction with high performance operational
amplifiers Equations (4) and (5) can be realized very
accurately.

Practical Circuit Considerations

The SN72709 operational amplifier’s schematic dia-
gram is shown in Figure 1. In the package of the dual ver-
sion, the SN72709DN, are two separate amplifier chips
which are electrically isolated except for their power
supplies. Since the two amplifiers are not on the same
substrate, there is no possibility of thermal coupling as in
monolithic dual amplifiers.
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FIGURE 1. Schematic Configuration
of the SN72709

The circuit of the logarithmic amplifier is shown in
Figure 2. Operational amplifiers OA1 and OA2 are the two
halves of a SN72709DN. The first half OAl is used to

define the collector current Iogy of transistor Q1. When
OALl is connected as shown in Figure 2, making the usual
assumptions of infinite gain and negligible input current for
the amplifier, we obtain

Ics1 = Vin/R4 (6)

The second amplifier OA2, is used in non-inverting config-
uration to provide a high input impedance at the base of
transistor Q2 and to give a voltage gain of 30. The collector
current [ gy of transistor Q2, is defined by the stable
reference voltage Vief and by resistor R3, It is assumed that
the base voltage of Q2 which is between —30 mV and
+400 mV is negligible compared with the Vief and there-
fore

ICS2 = Vref/R3 )

Since Ics1 and Ics2 are now defined it is possible to
evaluate V according to Equation (5). As the base of Q1 is
grounded, V is also the input to OA2. The expression for
Vout is:

KT (RI+R2) Vi, R3
o=—" —__.—-—loge—. —_—

(8)
q R2 R4 Vief

+#15V 15V

+15V
RS i0M
100 k R7
-15V
V.
m R4
10 k

1/2 SN72709DN
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>
R8 1 gRg
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E

1/2 SN72709DN Vout
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FIGURE 2. Circuit Diagram Showing Two SN72709DNs Connected as a Logarithmic Amplifier
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XVI ASTEREO AMPLIFIER

by Richard Mann

An interesting and useful application of the operational
amplifier, which, perhaps, would not normally occur to the
engineer, is presented in this chapter. It is an unwritten law
of electronics that whenever a group of them are gathered
together then sooner or later a HiFi amplifier will be
designed. Usually they, the amplifiers, that is, are assembled
in such a way that even if they work well at the time they
are quite impossible to reproduce. The design described is
one which the average home constructor, armed with little
more than a soldering iron, should be able to build success-
fully in a time which will allow him to remain on speaking
terms with his wife.

The features which make the operational amplifier
ideal for an audio amplifier are:
(1) A very high mid-band gain which allows accurate
equalization while retaining sufficient loop gain to reduce
distortion to very low levels.
(2) Inherently high input impedance and low output
impedance which make feedback networks simple to design
and minimise the effect of loading.
(3) Large potential output swing giving good overload
ability.
(4) Balanced design with d.c. coupling and very low offset
voltages. This greatly reduces the number of electrolytic
capacitors required in the amplifier and allows the output to
operate without the need for manual setting up of the d.c.
output conditions.
(5) High supply ripple voltage rejection which means that
the operational amplifiers will work on poorly regulated
supplies and reduces the likelihood of low frequency
instability, one of the most common faults in many
amplifier designs.
(6) Good common-mode rejection ratio of about 90dB.
This describes the ability of the operational amplifier to see
only the differential input and ignore voltages which are
common to both input terminals so that spurious voltages
appearing along a length of printed track, for example, can
be almost totally rejected provided both inputs are referred
to the same point on the track.

CIRCUIT DESCRIPTION

Choice of L.C.

The popular ‘741 operational amplifier was designed
to improve on the equally popular ‘709’ which in turn was a
vast improvement on earlier integrated circuits which were
essentially monolithic versions of discrete component
designs. Although the 741 now has competitors from the
new range of ‘superbeta’ amplifiers it is likely to remain an

industry standard for a long time mainly because it offers
very good all round performance at a very low price.

The SN72748P and SN72741P are fairly typical scions
of the 741 family. The difference between them is merely
that the SN72741P has internal frequency compensation
which allows 100% negative feedback to be applied without
the circuit becoming unstable. The SN72748P requires one
small capacitor (about 10pF) to be added externally and
gives a higher gain-bandwidth than the 741. Physically, they
are identical in 8 pin dual-in-line plastic packages.

Typical parameters for the SN72748P when operated
at £15V supplies are:

Input resistance: 2MQ (higher with feedback).

Output resistance: 258 (much lower with feedback).

Gain: 200,000.

Input offset voltage (Vio): 1mV (this represents the
matching error of the input transistors).

Maximum output current: 15mA r.m.s.

Maximum output voltage: 9V r.m.s.

Input bias current (I;g): 0.080nA (this is the current
necessary to turn on the input transistors).

Supply ripple rejection: 20,000: 1

Input Stage

The complete amplifier circuit is given in Figure 1,
but components are referred to below for only one channel.
In the components list, items for the other channel are + 100
(ie. R1, R101).

The input stage amplifies the various input signals to
approximately 50mV, provides whatever equalization is
required and gives the loop gain necessary for an active
rumble filter. The feedback may look rather complex, but
it breaks down into three parts as shown below.

(1) At d.c. the output is returned to the inverting input
via R (Figure 2a) which comprises R4 in parallel with RS,
R6 or R9.

C3 blocks the path to ground so substituting in the
R + oo

equation for an inverting amplifier a d.c. gain of

(i.e. unity).

Since R2 refers the +ve input to ground, the —ve input
will sit at a potential of Vo (approx * 1mV) and the output
will also take this d.c. level. This offset is so low that there
is no need for a coupling capacitor into the next stage.
(2) At mid band a.c. the gain of the input stage becomes
Z + R3

R3
selected feedback network.

where Z (Figure 2b) is the impedance of the
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FIGURE 2. Input Circuit Arrangement,

R4 has no effect on Z since the current through R4 is
shunted to ground by C3. The feedback networks shown are
designed to handle radio, magnetic pickup and auxiliary
inputs and are discussed in more detail later.

The input impedance of the stage is inherently very
high (>2MQ) but is shunted by the 47k tesistor R2 which
provides the damping necessary for magnetic pickups and
supplies the minute input bias current for the operational
amplifier.
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(3) A classic form of second order, high-pass active filter
is shown in Figure 3.

The amplifier is ideally a unity gain buffer. Being a
second order filter the low frequency response tends to roll
off at 40dB/decade and the transitional region is a function
of the damping factor ({) of the filter. The effect of { is shown
in Figure 4a and has optimum cut-off without peaking when

_ L . ; - [
¢= \/T.The damping factor is evaluated from ¢ R and

cut-off frequency (fo) from f, = a v RI R; R




COMPONENTS LIST

Resistors:
R1 RI101 22k 5% %W
R2 R102 47k 5% %W
R3 R103 1kQ 5% %W
R4 R104 100k
R5 RI105 1.2k 5% %W
R6 R106 270k$2 5% %W R27 R127 4.7k
R7 R107 22kS2 5% %W R28R128 228 5% %W
R8 R108 -~ 5% %W }

see text

R9 R109 1.2k 5% %W
R10R110 4.7k2 R29R129 22Q 5% %W
R30R130 15082

RI1RI111 1.8k

R12R112 3.3k R31 R131 2200 5% %W

RI3 R113 10kQ2 R32 R132 22082 5% %W
R33 R133 15082

R14 R114 33kQ

R15R115 3.3kQ R34 R134 2222 10% 5W
R16 R116 10k2 wire wound.
RI17R117 1k R35 R135 4.7 10% %W
R18 R118 2.2k$2 R36 R136 479

R19 R119 22k 5% %W R37 68052 10% %W
R20 R120 22k 5% %W R38 6802 10% %W
R21 R121 680%2 5% %W

All resistors 10% %W high stability carbon film unless

otherwise specified.

R22 R122 82k 5% %W
R23 R123 10052
R24 R124 330Q0 5% %W
R25 R125 4702 5% %W
R26 R126 4.7kQ2

Potentiometers:

VR1 VR101 100kS2 twin-gang carbon linear

VR2 VR102 100k€2 twin-gang carbon linear

VR3 5kQ2 single-gang carbon linear

VR4 VR104 10k§2 twin-gang carbon log

VR5 VR105  5k€2 carbon preset.

All pots have p.c. terminations e.g. AB Metals type D45.

Capacitors

Ci C101 O.1uF

C2 C102 0.1uF

C3 C103 100uF 3V tantalum

C4 C104 0.1uF

C5 C105 10pF 10% 30V polystyrene
C6 C106 0.1uF

C7 C107 3900pF

C8 C108 0.01uF

C9 C109 not normally required (see text)
C10C110 0.05uF

C11 C111 560pF 5% 30V polystyrene or ceramic
C12 C112 0.05uF

C13C113 10uF 16V tantalum

C14 C114 1500pF 5% 30V polystyrene
C15 C115 1000pF 5% 30V polystyrene
C16 C116 100uF 3V tantalum

C17 C117 10pF 10% 30V polystyrene
C18 C118 47pF 10% 30V polystyrene
C19C119 O.1uF

C20 1000uF 25V electrolytic Daly

C21 1000uF 25V electrolytic Daly

C22 3500uF 50V electrolytic Daly

C23 3500uF 50V electrolytic Daly

All capacitors 10% 30V polyester or mylar, unless otherwise
specified.

Switches:

S1 4 pole 2 way
S2 2 pole 2 way
S3 4 pole 3 way make-before-break rotary
S4 4 pole 2 way push-on—push-off

S5 2 pole 2 way slide

S6  single pole mains on-off rocker

S1, S2 and S4 are for p.c. termination.

} push-on—push-off

Integrated Circuits & Semiconductors:
N1 NI101 SN72748P
N2 N102 SN72741P
N3 N103 SN72748P

VT1 VTi01 BCi182

VT2 VT102 BC182

VT3 VT103 BC212

VT4 VT104 TIP42A

VT5 VT105 TiP41A

D1 1N4002
D2 1N4002
D3 1N4002
D4 1N4002
ZD1 1S2150A
ZD2 1S2150A
Transformer:

T1 Mains transformer primary 240V secondary 20-0-20V
1A. (special design) Gardners SL20.

Sockets:

SK1 5 way DIN socket
SK?2 5 way DIN socket
SK3 5 way DIN socket
SK4 Speaker DIN socket
SK5 Speaker DIN socket

n 3 pole stereo jack socket
Fuses:

F1F101 2A 1.25in. cartridge
F2 F4 2A  1.25in. cartridge
F3 1A 20mm anti-surge
Miscellaneous:

2 off twin fuseholders (1.25in fuses); 1 off panel mounting
20mm fuseholder.
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FIGURE 5. The Control Range of the Bass and Treble Circuit.

The balance control is an active circuit giving a control
range of £12dB for one channel relative to the other. This is
a personal preference as there is not much point in having
100% control range and it usually involves a waste of gain.
However, anyone feeling strongly about it could cut out the
relevant components and insert a dual gang pot between
capacitor C13 and the volume control. The 10uF capacitor
C13,incidentally, is the only d.c. block in the forward signal
path which accounts for the good low frequency response
and phase shift of the amplifier. A tantalum ‘bead’ capacitor
is used in this position partly for its small size and partly
because they will withstand a reverse polarizing voltage of
0.5V. Because the output voltage of N2 depends mainly on
its input offset it could be of either polarity but its magni-
tude will not exceed 200mV for any setting of the bass
control (which determines the d.c. gain of the stage). A
minor point here is that if the bass control is moved rapidly,
a transient level shift may be heard from the loudspeaker.
This effect can be removed by inserting a blocking capacitor
of about 1uF between resistor R13 and the junction of
capacitor C10 and potentiometer VR2, thereby fixing the
d.c. gain of the stage at unity.

The Scratch Filter

The scratch filter is again based on a classic second
order configuration as shown in Figure 7. This low-pass
circuit is the dual of the high-pass circuit used for the rumble

9—1 and the cut-off

filter (Figure 3). The damping factor is &

-1
frequency , TG RIRD

As with the rumble filter, its response is modified
dightly by the feedback impedance of the output stage
which provides its loop gain. The response of the scratch
filter is given in Figure 8 and shows that the circuit is again
critically damped and reaches a roll off of nearly 40dB/
decade (12dB/octave).
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FIGURE 7. The Scratch Filter — Classic 2nd.
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FIGURE 8. Scratch Filter Characteristic.
The Output Stage

The configuration of the output stage is almost
identical to that of the input stage with a few extra watts
thrown in. The midband gain of the stage is R22 + R21 and

R21
the reactance of capacitor C16 reduces this to unity at d.c.
so that the final offset of the power stage is only 3 or 4mV.
This feature is of importance first because it removes the
need for a level setting adjustment and secondly because it
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Equalisation

The input selector switch has three positions—for
radio, magnetic pickup and an auxiliary position. The radio
position gives a flat response to the input stage from <5Hz
to 500 kHz and the input sensitivity is 30mV for 20 watts
output into 8%2. This is probably over sensitive for some
tuners but the amplifier has a good overload margin of some
38dB so that even 500mV from the tuner could be handled
comfortably.

The pickup equalisation characteristic is shown in
Figure 13. In this position the overall gain of the amplifier
is 74dB at 1kHz giving a sensitivity of 2.5mV for full output.
Also plotted is the theoretical RIAA curve which is formed
from three time constants—3180us, 318us and 75us.
Assuming that R6 is 270Q(exactly!) this gives the following
values for R7, C7 and C8 respectively: 21.76866390kS2,
3.730376467nF and 10.87777777nF. The values in Figure
1 are the nearest standard values and in the prototype gave
a maximum error of about 1dB in the audible range.

ABSOLUTE GAIN 74 dB AT 1kHz
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FIGURE 13. Magnetic Pickup Characteristic

The beauty of operational amplifiers, of course, is that
given the near-perfect component value you will get a near-
perfect response.

This brings up the question of crystal and ceramic
pickups which many people will undoubtedly wish to use.

For the cheaper cartridge giving an output of several
hundred millivolts a high impedance attenuator such as
shown in Figure 14 could be used. With such a high signal
there will be little lost in signal/noise performance and the
IMQ load will give a fairly flat output without further
correction. This means that components R7, C7 and C8
should be omitted and resistor R6 changed to about 10kS2.

Cartridges giving outputs of tens of millivolts cannot
be treated this way as the signal would be attenuated too
heavily since it is necessary to keep the ‘earthy’ resistance
down to about S5k§2 to avoid damping the rumble filter.
The rumble filter could be omitted leaving only resistor R2
which would be returned to pin 2 of ICI instead of ground.
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FIGURE 14. Equalisation Circuitry for High
Output Crystal/Ceramic Pickup Cartridges.

It would then be bootstrapped so that the input impedance
would rise to several megohms. Again components R7, C7
and C8 would be omitted and resistor R6 reduced to
approximately 1k§2. However it seems a pity to lose the
rumble filter especially as ceramic cartridges are more likely
to be used with the sort of turntables which require a rumble
filter most.

Therefore, the best approach is to use a low impedance
loading circuit on the ceramic cartridge such as shown in
Figure 15. This will give a characteristic which approximates
to the velocity characteristic of a magnetic cartridge and the
output level will also be similar so that the amplifier can be
used without modification to its feedback components.
This circuit allows some variation of the shunt capacitor to
improve the linearity of the response and some manufacturers
will quote the circuit values which give the best “magnetic”
characteristic from their particular cartridge. If this approach
is adopted the constructor can wire the attenuator quite
neatly across the pins of the DIN pickup socket.

INPUT OUTPUT

22k

10k 82nF

FIGURE 15. Equalisation Circuitry for Low
Output Crystal/Ceramic Cartridges.

Input Impedance

In the specification the input impedance of the
amplifier is quoted as 47k at 1kHz. This nominal figure is
modified when the rumble filter is inserted in circuit partly
due to the shunting effect of R1 and partly to the series
reactance of C1 and C2. This will not normally have any
effect on a magnetic pickup cartridge but it may have some
loading effect if a ceramic/magnetic conversion network is
used so the variation of input impedance is plotted in
Figure 16.
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FIGURE 16. Variation of Input Impedance with
Frequency (Rumble Filter in).

Auxiliary

The amplifier was originally designed to give an
equalized output directly from a tape head without external
amplifiers. For this reason the circuit shows components
R8, R9 and C9 and the printed circuit board: is laid out to
take these components. However, the present day tendency
is for a separate tape unit, having internal amplifiers. If it is
intended to use such a unit, R8 and C9 should be omitted
and R9 reduced to approximately 1.2kQ2 giving a flat
characteristic and sensitivity similar to that of the radio
position.
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Table 1

Standard

R8 R9 Cc9 time constants

(39 k2 nF us
DAN. 12 ips | 33 390 | 39 1590 120
D.AN.33ips | 33 820 | 39 3180 120
D.AN.73ips | 22 - 33 - 70
N.AB.73ips | 15 1000 | 33 3180 50
N.AB.33ips | 27 1000 | 33 3180 90
N.A.B. 13 ips As for 33 ips N.A.B.

Nevertheless many people may be interested in a
tape head facility so Table 1 gives the appropriate values
for a few of the standard replay characteristics.

The overall response of the amplifier when using
components for DIN 334 ip.s. is shown in Figure 17. The
sensitivity of the amplifier with this characteristic was ImV
approx. Once more the very high loop gain of the operational
amplifier is valuable for producing the large amount of bass
boost which is required.

PERFORMANCE

Specification

The amplifier’s specification is given in Table 2.

Distortion

Harmonic distortion was measured using a Radford
Low Distortion Oscillator and a Hewlett Packard 3590A
Wave Analyzer with a 3593 A Sweeper.

This measurement technique is far more accurate and
gives more useful information due to the subjective nature

of harmonic distortion. The harmonics are therefore tabu-
lated in some detail in Table 3, along with total harmonic

N Lol o Lol Ll Lt 1
10 100 1k 10k 100k

FREQUENCY Hz

FIGURE 17. Tape Relay Characteristic ( Direct from Head)
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Table 2

Sensitivity to give 20 watts into 8Q2
Radio 30mV
Magnetic pickup 2-5mV
Auxiliary (see text)

Input impedance 47kS2 1kHz

Tape output (low level output) 130mV via 4.7kQ un-
affected by tone or volume controls

Tone controls
Treble +10 —12dB at 15kHz
Bass *16dB at 30Hz

Balance +8dB one channel relative to other

Filters
Rumble—critically damped 2nd order corner frequency
50Hz, 12dB per octave roll-off
Scratch—critically damped 2nd order corner frequency
5-5kHz, 12dB per octave roll-off

Interchannel crosstalk
—65dB at 1kHz
—48dB at 10kHz

Unweighted signal-to-noise of complete amplifier with full
amplifier bandwidth
—60dB magnetic pickup
—72dB radio

Dynamic range (equalisation and tone control stages)
+38dB before clipping (above nominal input level)

Power Output (both channels)
20 +20 watts into 82 intermittent sine wave
16 +16 watts into 882 continuous sine wave
15 +15 watts into 1582 continuous sine wave

Harmonic distortion
15 watts into 158 0-05% at 1kHz
20 watts into 82 0-09% at 1kHz

Low level distortion
0-16% at 1kHz 50mW into 15Q
0-07% at 1kHz 50mW into 8Q2

intermodulation distortion—wave analyser plots are shown
in Figures 18 and 19.

Frequency response (16 + 16 watts into 882)
—1dB 7Hz to 22kHz
—3dB less than 5Hz to 35kHz
Stability—will drive electrostatic loudspeakers

Output impedance less than 1 milliohm
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Table 3
Fundamental| Power Harmonic output
Load | frequency | output (d8) T.H.D.
Q kHz W |2nd 3rd  4th %

15 1 15 76 67 - 0-047
10 74 | 80 86 | 0-023
5 74 | 80 80 | 0-024
05 71 77 80 | 0-033
0-05 59 61 62 0-164
10 15 51 48 80 0-488
10 54 53 70 | 0-302
5 56 57 64 0-221
05 57 57 67 0-205
0-05 61 70 75 | 0-096
8 1 25 63 | 61 69 0-114

20 65 | 63 - 0-09
15 66 | 65 - 0-075

5 69 75 - 0-04
0-5 75 75 - 0-025
0-05 65 | 68 69 0-077
10 25 50 | 43 63 | 0779
20 52 46 69 0562
15 54 50 70 | 0-375
5 60 56 65 0-196
05 60 77 - 0-101

0-05 60 - - 0-10
4 1 25 61 50 75 | 0329
20 63 50 - 0-324
15 65 52 - 0-267
10 67 55 90 | 0-183
5 68 61 81 0-098
0.5 66 70 71 0-066
0-05 55 58 59 0-245

distortion figures. The harmonics are quoted in dB below
the fundamental. The total harmonic figures are given as a
percentage and calculated from

THD.=/V,2 +V,2 +V, 2 .

where V,, V3, V, etc are the percentage values of the
harmonic components.

It can be seen that the percentage T.H.D. does not
leap up at the levels where crossover distortion would be
appdrent so the amplifier has a good clean sound.

The amplifier is primarily designed to work into 15Q
or 8§2 speakers but, for interest, some distortion figures are
also quoted for 482 loads.

All the measurements were made on the complete
amplifiers so they include any distortion due to the
preamplifier.

The following equipment was used to obtain the measure-
ments:-

Low Distortion Oscillator—Radford. Wave Analyser—
Hewlett Packard 3590A/3593A. True R.M.S. Voltmeter—
Hewlett Packard. Function Generator—Hewlett Packard
3300A/3305A. A.C. Digital Voltmeter—Pacific Measure-
ments 1010. Oscilloscope—Hewlett Packard 181A. Test
Oscillators (two)—Hewlett Packard 652A (intermodulation
tests). X Y Recorder—Hewlett Packard 136A.









5 =
[13]
T
5

0 _—
T
o
w
-5
+
<
)
w
18
-0t

1111 1 L1t | ll¢jllll i 1 lllllll } llllllll
10 100 10k 100k
FREQUENCY Hz
FIGURE 23. Power Response (20W into 8S2 Resistive Load).

Setting Up

Before switching on, resistor R24 should be turned
down to minimum resistance. A few precautions are worth
while:

(1) First the obvious—check all joints and component
positions with particular care in the output stage.

(2) To be on the safe side temporarily replace F2 and
F4 with 250mA fuses and turn the volume control to
minimum and selector to Radjo.

(3) Switch S5 to the loudspeaker position but do not
connect the loudspeakers.

(4) Check the power supply voltages. Across C22 and
(23 there should be +32V and -32V respectively and across
C20and C21 there should be +15V and - 15V. These voltages
could well vary by about 10% due to the tolerance on the
quiescent current. Also check the output voltage at the
collectors of VT4 and VTS5 which should be less than 10mV.
(5) Then break the wire link to the emitter of VT4 and
insert a milliameter. The variable resistance can then be
turned up (clockwise) until the current is set to 20mA.
This procedure is then repeated for the second channel. The
wire links must of course be replaced when the meter is
removed.

(6) If all is well so far, disconnect fuse F2 and measure
the current flowing into the output stages. This should be
in the region of 30 to 100mA.

(7) Assuming this checks correctly the loudspeakers can
now be connected and a few tests made of the volume and
tone controls. Even with the amplifier input circuit open the
output should be completely stable at all frequencies and
all settings of the controls.

(8) Assuming no problems are encountered up to this
point then it is safe to put back the 2A fuses and do some
full power listening tests.

NB. If elaborate testing of the amplifier is undertaken
using mains operated equipment, care should be taken with
the earthing arrangement. It is quite easy to introduce an
extraneous earth loop into the system by connecting an
oscilloscope probe across the load and an audio generator
across the input resulting in a proportion of the load current
flowing through the input stage earth track on the P.C.B.
This will not damage the board itself, but it may well
introduce low frequency instability, causing some compo-
nents to overheat.

Loudspeaker Impedance

Basically the amplifier is suitable for use with 49, 8
or 1582 loudspeakers. If 1552 speakers are used there will be
a reduction in the maximum continuous sine wave output
power from 16 + 16W to 15 + 15W (see Specification,
Table 2). However, on speech and music there is virtually
no audible difference between 82 and 152 power outputs
since the voltage of the unregulated power supply tends to
risg with 1582 loads, due to the smaller peak load currents
thereby giving a higher power capability on intermittent
inputs, There is an added bonus in that the total harmonic
distortion is reduced. With 15§ loads it is a good idea to
drop the rating of fuses F1 and F10T1 to 1A.

At the other end of the scale, the higher currents
required by 4€ loads do tend to push up the distortion
(see Table 3) but not to a level which would be objection-
able or, indeed, audible to the great majority of listeners.
It is possible to obtain full output power (i.e. equivalent to
8Q loading) when using 42 loudspeakers. It may be
necessary to increase F1 and F101 to 3A rating, but it is
better to leave in the 2A fuses.
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SECTION 3.
OPTOELECTRONICS



XVil

INTRODUCTION TO OPTOELECTRONICS

by Millis Miller

This chapter will present semiconductor optoelectronic
device theory tailored for the engineer/designer who desires
or needs to use an optoelectronic device in his system or

equipment. An optoelectronic device is defined as one
which:

1. detects and/or is responsive to ‘light’, or
emits or modifies coherent or non-coherent
‘light’, or
3. utilises ‘light’ for its internal operation,

Within the scope of the chapter, ‘light’ will be defined
as radiant energy transmitted by wave motion with wave-
lengths from about 0.3 micrometers to 30 micrometers.
Included in this range are the visible (to the human eye)
wavelengths 0.38um to 0.78um, and the sections of the
ultraviolet and infrared spectrum which can be handled by
optical techniques used for the visible region, see Figure 1.

While man has used his eyes to sense light, and flames
to produce light for thousands of years, it has only been
within recent times that he has combined electrical and
light functions. In 1839 Becquerel first observed the
photoelectric effect when light shone on one of a pair of
electrodes in an electrolyte. Willoughby Smith observed in
1873 a decrease in the resistance of a selenium bar when it
was exposed to sunlight. The filament light bulb was the
first device to convert electrical energy into light via the
heating of a conductor, The emission of yellow light from
a silicon carbide crystal, when a potential of 10 volts was
applied between two contacts, was reported in 1907 by
Henry J. Round, and again by O. W. Lossevin 1923. These
initial observations of sensing and generating light were

largely disregarded at the time because the mechanisms
causing these phenomena were not theoretically understood.
Also the technology to produce high-purity materials was
not available to the early optoelectronic investigators.
The advent of the semiconductor diode and transistor and
their commercial exploitation gave the foundation for present
day semiconductor optoelectronic devices.

Early semiconductor investigators and theorists noted
that diodes and transistors were sensitive to light and had
to be encapsulated in opaque materials to operate properly,
and also that some devices would emit visible light under
certain conditions.  Silicon light sensors were made
commercially in the 1950s and by the early 1960s commer-
cial light emitting diodes were available. Initially high
prices limited semiconductor optoelectronic devices to
specialised applications where no other approach was
economic. It is only recently that improved production
techniques andsmaterial preparation have lowered device
costs to the point where opto devices are now the most
economic solution to numerous industrial and consumer
applications.

Two sections are considered, i.e. Sensor and Emitters.
(Coupled Devices are effectively just a sensor-emitter
combination.) Each section will present the theory of
operation, a brief description of device construction, and
guidelines for the selection of devices types. Emphasis will
be placed on the practical aspects of device operation
and theory, rather than a rigorous presentation of device
physics. The references provide a good starting point for
further study of this emerging technology. A glossary of
optoelectronic terms is included for those engineers who
may not have worked with light.

OPTOELECTRONIC SPECTRUM

X-RAY!  ULTRA-VIOLET Vis- INFRARED RADIO
- ABLE ——
0-01 01 4 8 1 10 100
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1 ) )
3x10!6 ax101? 3x10'2

FREQUENCY Hz

FIGURE 1. Radiant Energy Spectrum
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SENSORS

Theory

In the simplest terms a light sensor is a device which
undergoes a reversible electrical change when exposed to
light of the correct energy. Vacuum, gas filled and photo-
multiplier tubes rely on photoemission wherein an electron
is emitted when a photon, with sufficient energy, strikes
the active surface. Semiconductor light sensors undergo an
electrical change when an absorbed photon frees charge
carriers within the material, thereby causing a change in its
conductivity. In either case the light (photons) striking
the sensor must have the proper energy spectrum to effect
the change. The energy E of a photon is related ot its
wavelength by:

E = hf = hc/A

where h is Planck’s constant, f is the frequency, A is
the wavelength, and c is the velocity of light. The light
incident on a light sensor must be absorbed within the
material — if the wavelength is too long (energy low) it will
pass completely through the material causing no change;
on the other hand if the wavelength is too short (energy
high) it will be absorbed at the surface and cause no
effective conductivity change (due to the surface recom-
bination velocity).

To understand what happens when a photon is
absorbed by a semiconductor material it is necessary to
briefly review energy band gap theory. Each electron in
orbit in an atom has a certain allowable discrete energy
level. Values other than these specific levels are not per-
mitted (forbidden energy levels). When atoms are bound
together in a solid, these discrete levels become somewhat
extended because of interaction between electrons of
adjacent atoms; thus the levels become permitted energy
bands. However, these permitted bands are still separated
by forbidden bands or energy gaps where no electrons
can exist. The two bands of interest in a semiconductor
material, are the valence band and the conduction band
which are separated by the forbidden gap, as shown in
Figure 2. The valence band is the highest energy band that
is filled by electrons. At absolute zero the valence band
would be completely filled and there would be no free
carriers in the conduction band (above the forbidden energy
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gap). In this case conduction would not occur because any
electrons moving in the valence band would interchange
with other electrons in the valence band yielding no net
flow of charge or current. If, however, the conduction band
is partially filled with electrons, then conduction can take
place as electrons are moved across the forbidden gap from
one band to another. Light, of an energy equal to or greater
than the energy gap between the valence and conduction
bands incident upon a semiconductor material,can force
electrons from the valence to the conduction band and
thereby change the conductivity. This movement of
electrons from the valence band results in a hole in that
band and a free electron in the conduction band. Thus,
it is said that light generates a free hole-electron pair when
it is absorbed (i.e. of the necessary energy to overcome the
energy band gap of the material). In reality practical
semiconductors are doped with impurity atoms which
provide free electrons in the conduction band (n-type) or
holes in the valence band (p-type).

PhotoconductorsPhotoresistors

This type of light sensor changes its conductivity
when exposed to light. Any semiconductor material will
exhibit this property when irradiated with light of the proper
wavelength. The absorbed light creates hole-electron pairs
in proportion to its intensity and thereby the electrical
conductivity of the material increases.

For photoconduction to occur in a semiconductor
the following conditions must be met:

1. Incident light must be absorbed by the active
region — reflected light does not generate useful
hole-electron pairs.

2. Once generated,the holes and/or electrons must
have sufficient mobility and lifetime to carry
charge to a collection region.

3.  Electrodes and a field must be provided to
move the charge carriers within the material.

In a practical photoconductive device there are many
competing processes which effect the overall performance of
the device, namely trapping, recombination and thermal
creation of free holes or electrons. Also, absorption can

SOOI

ENERGY FORBIDDEN GAP
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(HOLES IN VALENCE BAND)

FIGURE 2. Energy Band Model
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Photovoltaic Devices

A photovoltaic light sensor is a pn junction device
which generates a voltage when light is absorbed, rather than
changing conductivity as does the photoresistor. When a semi-
conductor material is doped p-type in one region'and n-type
in another region the interface forms a junction barrier
between the two regions (see Figure 5). When the junction
is at equilibrium (no external bias) there is an excess of
electrons in the p-type region and an excess of holes in the
n-type region due to carrier diffusion across the barrier.
This creates an electric field which becomes a barrier to
further charge diffusion.

JUNCTION
P N
o o oldD|- - -
o 0o o|d>| - — —
o 0 oG- — —
o 0o o|dA|—- - —

-

DEPLETION REGION
—O0 (o

+ -
V=0

A) PN JUNCTION AT EQUILIBRIUM. ELECTRONS NEAR
JUNCTION ON N SIDE DIFFUSE ACROSS TO COMBINE
WITH HOLES CAUSING EXCESS OF ELECTRONS IN P
REGION. AS HOLES ALSO DIFFUSE ACROSS JUNCTION
THERE 1S ALSO EXCESS OF HOLES IN N REGION.

A
JUNCTION
P N
o o o, - - -
oo o - - -
o 0o o - - -
oo oy [— — —

—_
DEPLETION REGION
O O-
+ -
v>0

B) PN JUNCTION WITH LIGHT. HOLE-ELECTRON PAIRS
GENERATED IN OR NEAR DEPLETION REGION ARE

SEPARATED — ELECTRONS TO N-SIDE, HOLES TO
P-SIDE CAUSING A NET FLOW OF CURRENT IN
FORWARD DIRECTION.

FIGURE 5. pn Junction Model

If a photon is absorbed within the region over which
this field acts (variousty named barrier, space-charge region,
or depletion layer) the generated hole-electron pair will be
separated with the electron going to the n-type region and
the hole into the p-type region. When this charging of the
two regions occurs there is an emf produced at the contacts
of the device. The photons need not be absorbed only
within the barrier, if they are absorbed in the n-region or
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p-region then the holes or electrons produced may diffuse
to the barrier and be collected; provided of course that they
do not recombine or become trapped. This separation of
charge (n-region minus, p-region positive) causes the pn
junction to be forward biased and if no current is drawn
by an external circuit then the open circuit voltage (VQ(C)
increases until the junction is sufficiently biased to pass
forward current proportional to the light absorbed.
However, if an external load resistor is present then the
generated photocurrent is divided between the external
circuit and the internal junction shunt resistance. Figure 6
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ls = A CURRENT GENERATOR

IJ = JUNCTION CURRENT

R,= JUNCTION RESISTANCE

Rg= SERIES RESISTANCE

RL= EXTERNAL LOAD RESISTANCE

FIGURE 6. Photovoltaic Equivalent Circuit

shows the equivalent circuit of a photovoltaic device where
the external load resistor has a value Ry, when the cell is
used in the short circuit current mode, and is infinite for
the open circuit voltage mode. Figure 7 illustrates the
V-1 characteristics of such a cell in both modes of
operation. For practical Si photovoltaic devices the Vg at
high intensities is 0.4-0.5V, while for the short circuited
current mode the load line dictates best power transfer con-
ditions. The short circuit current mode is very useful when
linearity with light intensity is required or when the cell is
used as a solar battery: while the open circuit voltage mode
with its logarithmic response at high intensities make it
useful for light meter type applications.

While theoretically any semiconductor pn junction
will operate as a photovoltaic device when irradiated with
light of the correct wavelength, silicon pn junctions are of
the greatest practical importance. Silicon has been widely
used because of its response in the visible and near infrared
region and the vast experience accumulated by manu-
facturers in processing silicon diodes. Silicon pn junction
photovoltaic power conversion efficiencies in sunlight
approach ten percent, which is about an order of magnitude
better than other means of conversion. For the fabrication
of such a silicon photocell a p-type boron diffusion is
made into n-type silicon to form the pn junction, careful
control of doping levels and penetrations are required to
optimise performance. If the pn junction is too deep, the
hole-electron pairs generated near the surface will re-
combine before they can reach the depletion layer and if
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FIGURE 7. Voltage vs Current Plot of a Photovoltaic Device

the junction is too shallow the lateral resistance will prevent
efficient collection. Minority carrier lifetime must also be
preserved throughout processing to give the carriers the
longest possible lifetime. An opaque ohmic metallic con-
tact is made to the n-type back surface and a grid pattern
(maximum exposed area) ohmic contact is made to the
p-type side where the incident light will enter. An anti-
reflective (A/4) coating is usually applied to the p-type
entrance surface to minimise reflection losses.

Typical commercial silicon photovoltaic devices pro-
vide about 0.55V open circuit and about 30mA at 0.4V
per cm? area in normal sunlight. They are available in a
variety of configurations from small active areas in TO-18/
TO-5 size units to several square cm of active area mounted
on plastic or metal panels. The important selection criteria
are much the same as photoresistors, i.e.

1. Sensitivity with respect to light intensity.

2. Spectral response — typical silicon response.

3. Time constant if chopped operation necessary
— this tends to be long, especially as the light is
absorbed some distance from the space charge
region.

Photodiode Devices

A photodiode light sensor, like the photovoltaic
device, is a pn junction; but the photodiode is designed to
operate with a reverse bias applied across the junction. It
will be remembered that a pn junction at equilibrium has
an excess of electrons in the p-region and an excess of
holes ins the n-region. The application of an external
voltage, in the direction to make the p-region more
negative (and the n-region more positive), will increase the
field about the junction and thereby expand the space
charge (depletion) region by sweeping out more carriers.
This increased depletion region further impedes the flow
of carriers and therefore virtually no current flows across
the barrier. In fact the resistivity of the depletion region
may be several orders of magnitude greater than the resis-
tivity of the semiconductor material. The width of this
space charge region will continue to increase as the applied
voltage is increased until breakdown of the junction occurs.
Now if a photonis absorbed in this depletion region, thereby
generating a hole-electron pair, the electron will be swept
into the n-region and the hole into the p-region, thus
causing a current to flow in the external circuit. The
photodiode then acts as a current generator and the current
is directly proportional to the light intensity. In such a
device

ot =1 + Ip

where Iy is the load current in the light and Ipis the
saturation (leakage) current of the diode in the dark. In
this type of device made with silicon a typical I, would be
InA while IL would be 10uA for a Smm? active area at
normal room light. A photon absorbed in the depletion
region or within a diffusion length of it will produce one
hole electron pair, i.e. 100 percent efficiency. Figure 8
shows the complete V-1 characteristics of a silicon pn
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FIGURE 8. Voltage vs Current Plot of a pn Junction as a
Function of Light Intensity
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Phototransistors and Other Multijunction Light Sensors

As might be expected from the previous section on
photodiodes, there is also a class of light sensors which are
phototransistors. The phototransistor operates exactly like
a transistor except rather than supplying an external base
current to drive the transistor, the collector base diode is
used as a current source. Figure 11 is the equivalent circuit
for an npn phototransistor. Again the light generates hole-

A ) 1 BlL
— L

(1+B)|L

NOTE: THE DIODE IS COINCIDENT WITH THE TRANSISTOR
COLLECTOR-BASE

FIGURE 11. Phototransistor Equivalent Circuit

electron pairs in the collector base diode which can be con-
sidered to be in parallel with the transistor collector-base
although in fact they are identical and operating at the
same reverse bias. Thus the transistor effectively multiplies
the photodiode current by its current gain hgpp.

IC = IE = (1 + hFE)IL

Of course the dark current of the photodiode is also
multiplied by the hgpg which results in higher leakage
currents than associated with a diode. Light absorbed in the
forward biased emitter-base diode has no appreciable effect
on the operation of the phototransistor. Figure 12 shows
the Vg versus I characteristic for various light intensities
of a typical silicon phototransistor, while Figure 13 shows
the typical spectral response. By careful control of the life-
time of the bulk material it is possible to affect the overall
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FIGURE 12. Typical Silicon Phototransistor V gvs$icat
Various Light Intensities

spectral response — the longer lifetime enhances the long
wavelength response, while shorter lifetimes reduce the
overall response as well as shifting it towards the shorter
wavelengths. The total response of a phototransistor (at
a given wavelength and intensity) is a function of the
collector base diode area and the hgp of the transistor.

Other multijunction light sensors include the photo
thyristor which is similar to a normal silicon pnpn thyristor
except that one collector junction area is expanded to
enable triggering by light. Photo-Darlington sensors are the
combination of a light sensitive photo-transistor driving the
base of another transistor to achieve a very large collector
current for a low level light input. The photo-Darlington is
a much slower switching device than the photo-transistor
and the dark current of the light sensitive collector base
diode is also multiplied by the following transistor.

The JFET (junction field effect transistor) structure
can be utilised to produce a photo FET light sensor. In an
n-channel FET the drain-to-gate junction is normally reverse
biased and therefore this pn junction can be used to generate
a photocurrent via the basic principle of generating a hole-
electron pair for an absorbed photon. If a resistor (Rg) is
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FIGURE 13. Typical Spectral Response of a Silicon Phototransistor
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Selection Criteria

Unfortunately there are no easy ‘rules of thumb’
to guide the engineer in the selection of the best light sensor
for his particular application since not only do the electrical
circuit parameters have to be considered as in any other
semiconductor component but also the optical parameters
of the device and its relationship with the light source. One
must always bear in mind the wavelength, or more properly
the spectral distribution, of the light to be sensed, the
medium through which the light will pass before it enters
the light sensor and, of course, what part the sensor will
play in the overall circuit. Table 2 provides the general
guidelines for a selection from which the engineer can then
proceed to a final selection of the best solution for his
application.

Table 2. Light Sensor Selection Guide

Device Type Advantages/Uses

Limitations

Photo-resistors Response in visibie spectrum.

Large light to dark ratio.
Large sensitive areas available.
Zero offset voltage.

Photo-voltaic

Large areas available.

Efficient conversion of solar energy.
circuit mode.

Photo-diodes

Low noise.

Photo-transistors Integral current gain, can drive TTL.

of packages.

Photo-thyristors Highest output current.

Photo-Darlington

Photo-FET Sensitivity adjustable by RG selection.

High gain — bandwidth product
Good low temperature operation.

Voltage generator — no external bias required.

Very linear with respect to radiation in short

High speed operation — 106 to 10°9 seconds.
Good linearity with light levels and temperature.

Wide range of spectral responses,visible to infrared.

Small sizes available for close spacing, wide variety

Light used only to trigger — will remain ‘on’
after light removed.
Can be used to switch high voltage with isolation.

High current output at very low light levels.

Memory or hysteresis effect.
Limited temperature range.
Slow response — milliseconds.

Slow speed of response.
Low level outputs.

Low level outputs,

Limited frequency response, 500kHz.
Non-inear with respect to light levels.

Highly temperature sensitive.
Poor dV/dT performance.

Long response time.

Higher leakage current due to gain multiplication.
Non linear with intensity and temperature.

Non linear.

Poor high temperature characteristics.
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LIGHT EMITTERS

Theory

A semiconductor light emitter is a pn junction device,
which when forward biased, emits light; hence they are
commonly called LEDs (light emitting diodes), VLEDs
(visible light emitting diodes), solid state lamps or photo-
luminescent diodes. Since LEDs are a pn junction diode,
they have the normal electrical properties of any diode;
i.e. they conduct current when electrons are injected into
the n-region and block the flow of current when electrons
are injected into the p-region; but they also produce light
in an efficient manner. A LED produces light by an
injection-recombination mechanism wherein electrons and
holes are injected and then recombine in such a manner as
to release energy in the form of a photon, in the broad
sense this is opposite to the pn junction light sensor in
which a hole-electron pair is generated by the absorption of
a photon. Figure 16 is a pictorial representation of a pn
junction without bias (16a) and the same junction when an
external forward bias is applied (16b). Sufficient external
bias reduces the step between the adjacent valence and
conduction bands and if the bias voltage closely approxi-
mates the energy gap then holes will flow from the p-side
of the valence band (where they are in excess) to the n-side
and electrons will flow from the n-side of the conduction
band (where they are in excess) to the p-side. Since the
holes and electrons are flowing or being injected into
regions where they are normally in the minority this
process is called minority carrier injection. This injection
process creates a non-equilibrium condition which is main-
tained by the external bias. The minority carriers must
disappear by crossing the energy gap, where the electron
can combine with a free hole in the valence band, and thus
both they and the holes disappear, which is recombination
of holes and electrons. When the excess electrons drop from
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ENERGY

CONDUCTION BAND

VALENCE BAND

the conduction band to the valence band, in order to
recombine, they release the energy which was originally
supplied to them by the external bias source. This energy
released by the electrons is proportional to the band gap
energy and may be in the form of heat (phonons) or light
(photons). If the electrons pass directly from the conduc-
tion to the valence band and recombine this is known as
band-to-band recombination which is the mechanism for
light generation in direct-gap semiconductors (Gallium
Arsenide GaAs is such a material). Here the wavelength of
emitted light is:

he _ 1.24
A (microns) =g~ = T
Eg Eg

where Eg is the energy gap in electron volts. In this type of
recombination, momentum is conserved and potentially ail
of the energy is converted to photons. For direct gap
material it is also possible to introduce impurity atoms
which provide acceptor states just above the valence band
and donor states just below the conduction band. Thus
the band-to-band recombination proceeds from donor to
acceptor at energies less than the band gap, see Figure 17.
(Gallium Arsenide Phosphide and Gallium Aluminium
Arsenide are materials wherein this recombination process
takes place.)

In an indirect gap semiconductor, whose energy band
model is shown in Figure 18, the holes and electrons have
different momentum and the electrons cannot make a direct
transition across the band gap. Momentum is not con-
served during recombination and thus thermal energy
(phonons) is emitted or absorbed to provide overall con-
servation of momentum. Since this type of effective
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NOTE: THE ENERGY STEP IS LESS ON B THAN ON A.

FIGURE 16. (a) pnJunction at Zero Bias

184

(b) pn Junction Forward Biased
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recombination requires a three-body collision, for which
the probability is relatively low, the indirect gap emitters
are not as efficient as the direct gap devices. (Gallium
Phosphide GaP is the most common example of an indirect
gap emitter.)

Previous discussion relates to the generation of pho-
tons within the semiconductor material or its internal
quantum efficiency, i.e. the ratio of the number of photons
generated to the number of carriers injected. While this
internal efficiency may be very high for a direct gap
material and considerably lower for an indirect gap emitter,
it is really the external quantum efficiency which is of
concern to the device user (the ratio of the number of
photons emitted from the structure to the number of
carriers injected). The external quantum efficiency is
primarily a function of:

1.  Internal quantum efficiency — itself a function
of the radiative recombination process (direct or
indirect gap, etc.)

2.  Absorption of the photon within the material
itself.

3. Reflection of the photon at the exit surface.

4.  Electrical efficiency — contact resistance, heat-
ing, voltage drop and bulk and spreading resis-
tance.

5.  Opticalloss due to lens materials, apertures, and
geometry of the overall package.

The designer of a practical light emitting diode must
take all of these factors into consideration and make com-
promises to produce an efficient device for the intended
application. Table 3 summarises those materials generally
used for commercial LEDs and their respective wavelengths
of emission and range of efficiencies. Commercial LEDs
are presently made from GaAs, GaP or GaAsP and each will
be discussed in turn.

Table 3. LED Material Guide

Approximate Typical Emission Wavelength
Material Bandgap eV nm
Ap —
GaP, N doped 2.18 530 - 595 565
GaP, Zn doped 2.24 530 — 575 553
SiC 1.97 430 — 700 590
GaAs 6 P 4 1.92 630 - 660 645
GaP, ZnO doped 1.76 615 — 730 700
GaAlAs, red 1.78 660 — 720 690
GaAs, Zn doped 1.37 890 — 920 905
GaAs: Si 1.33 890 — 980 930

Gallium Arsenide Emitters

Gallium Arsenide is a direct gap material and due to
its bandgap of approximately 1.37eV its emission is in the
near infrared at 0.9um. As previously discussed the photons
are generated by band-to-band recombination and have an
energy very nearly that of the band gap. While this at first
appears very desirable, at the emission wavelength corres-
ponding to this band gap the semiconductor material has a
high index of refraction and photons tend to be absorbed
within the GaAs rather than leave the bulk. The photons are
generated near the p-type region but this region is almost
completely absorbent while the n-region only permits about
2 percent of the photons to escape due to high absorption
near the band edges. If the photons have a lower energy
then the absorption is less (since they are further from the
band edges) and they are more likely to escape. A method
of reducing the photon energy below the band gap energy
is to introduce donors and acceptors into the forbidden gap
such that the recombination takes place through inter-
mediate levels (of course generating heat) and the resultant
photon is of an energy less than the band gap. In GaAs,
silicon acts as both a p and n type dopant (amphoteric)
providing both the acceptors and the donors, and is there-
fore frequently used to produce high efficiency GaAs LEDs.

Another very important consideration is the reflec-
tion of the photon at the exit surface with the result that
many generated photons are reflected back from the device
surface into the material and never produce effective light.
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Gallium Phosphide Emitters

Gallium Phosphide is an indirect gap material with a
band gap energy of approximately 2.24 eV which as expected
emits green light of .55um wavelength. Additional donor-
acceptor sites within the forbidden band can again, as in
GaAs, alter the energy of the photon, and often produce a
more efficient emitter. This is done in GaP by the con-
trolled addition of nitrogen which lowers the energy gap to
about 2.18Ev. GaP can be used to provide red light by
doping with Zinc Oxide ZnO, which will provide deep level
states inrthe gap. The Zinc provides an acceptor level just
above the valence band and the Oxygen a donor level con-
siderably below the valence band; the result is an effective
gap of about 1.8eV which corresponds to a wavelength of
.69um (deep red). While this indirect process generates heat
it is still quite efficient and indeed better efficiencies are
obtained from GaP in the red rather than green at low
current densities.

Green GaP, while not being as efficient, does have
the benefit of higher visual stimulation than does the red
GaP. Figure 20 shows the eye response as a function of
wavelength, wherein the human eye is considerably more
responsive at .55um that at .69um. Therefore a green
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FIGURE 20. Eye Response vs Wavelength

emitter need not be as efficient as a red emitter to provide
the same visual effect.

GaP emitters differ from GaAs emitters in another
significant manner, GaP material is largely transparent to
red light while much less so to green. Thus the photons
generated near the pn junction can travel through the
adjacent p and n material with very little absorption and
exit from the device at all faces. The consideration of
0 (critical angles) still holds true and steps are taken to
provide a dome-like structure. Due to the transparency of
red emitting GaP a reflector is generally used to collect the
side radiation and re-direct it towards the viewer and the
ohmic contact area is reduced as much as possible to reduce
reflections.

Gallium Arsenide Phosphide Emitters

Gallium Arsenide Phosphide LEDs are an example of
homogenous mixed crystal devices. In this type of material
GaP (an indirect gap material) is mixed with GaAs (a direct
gap material) to produce a composite crystal which when
formed in a pn junction emits light of a wavelength be-
tween the 55um of GaP and the 9um of GaAs. Figure 21
shows the relationship between the wavelength of emission
and alloy composition. Ga As; xPx is a direct gap when x is
< 0.45. Above this value it becomes indirect and the
efficiency rapidly decreases. At the crossover point the
band gap is approximately 1.96eV which corresponds to
.63um wavelength. Increasing the phosphorous concentra-
tion of GaAsP would at first seem to be a convenient method
of obtaining green and red light or intermediate colours from
the same material. However, the efficiency becomes very
low and the junction current saturation makes it impractical
to build a workable device below about .6um wavelength.

GaAsP light emitters are commercially fabricated
from n-type GaAsP epitaxial deposited on a GaAs substrate
and then the pn junction is formed by the thermal diffusion
of Zn. Normally the pn junction is formed via the planar
process, but mesa junctions have also been used (especially
for laser diodes). Metallic ohmic contacts are provided
to both sides of the junction with the n-side (GaAs sub-
strate) typically completely covered by contact and the
p-side having a contact pattern optimised for maximum
current distribution with minimum masking of the emitting
area. The chip itself takes the form of a small square for
discrete LEDs or a long rectangle for use in numeric
displays. Packaging is similar to that used in other emitters
with particular attention to the visual requirements. Figure
22 illustrates a few of the GaAsP emitters produced both
as discrete emitters.
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GLOSSARY

Brightness
The luminous intensity of a surface in a given direc-

tion per unit of projected area of the surface as viewed from
that direction.

Typical Units:
cd/ft> = 3.4263 cd/m?

fL, cd/ft®, cd/m?. 1fL = (1/n)

Colour Temperature

The temperature of a blackbody whose radiation has
the same visible colour as that of a given non-blackbody
radiator.

Typical Unit: K (formerly °K).

Conversion Efficiency (of a Photoemissive Device)

The ratio of maximum available luminous or radiant
flux output to total input power.

Dark Current (Ipy)

The current that flows through a photosensitive
device in the dark condition. It is the same as leakage
current.

Note: The dark condition is attained when the
electrical parameter under consideration approaches a value
which cannot be altered by further irradiation shielding.

D-C Transfer Ratio (of an Optically Coupled Isolator)

The ratio of the dc output current to the dc input
current,

Electroluminescence
The direct conversion of electrical energy into light.

Emission Beam Angle Between Half-Power Points (6yp)

The angle centred on the optical axis of a light-
emitting diode within which the relative radiant power
output or photon intensity is not less than half of the
maximum output or intensity.

Forward V oltage (V )

The voltage across a semiconductor diode associated
with the flow of forward current. The p-region is at a
positive potential with respect to the n-region.

Hole-Electron Pair

A positive (hole) and negative (electron) charge carrier
considered together as an entity.

Illumination (E,)
The luminous flux density incident on a surface; the
ratio of flux to area of illuminated surface.

Typical Units: 1m/ft?, Ix =!lm/m?
1 Im/ft? = 10,764 Ix.

Infrared Emission

Radiant energy which is characterised by wavelengths
longer than visible red, viz 0.78um to 100um.

Infrared Light-Emitting Diode

An optoelectronic device containing a semiconductor
p-n junction which emits radiant energy in the 0.78um to
100um wavelength region when forward-biased.

Irradiance (H or E,)
The radiant flux density incident on a surface; the
ratio of flux to area of irradiated surface.

Typical Units: W/ft*, W/m?. IW/ft? = 10.764 W/m?

Light Current aIp
The current that flows through a photosensitive

device, such as a phototransistor or a photodiode, when it
is exposed to illumination or irradiance.

Luminance (L) (Photometric Brightness)
See Brightness.

Luminous Flux (®,)
The time rate of flow of light.

Typical Unit; 1m

Note: Luminous flux is related to radiant flux by the
eye-response curve of the International Commission on
Illumination (CIE). At the peak response (A = 555nm),
1W =680 Im,

Luminous Intensity &)

Luminous flux per unit
tion.

solid angle in a given direc-

Typical Unit: cd. lcd = 11m/sr

Off-State Collector Current (of an Optically Coupled
lsolator) (IC( Off))
The output current when the input current is zero.

On-State Collector Current (of an Optically Coupled
Isolator) (lC(on))

The output current when the input current is above a
threshold level.

Note: An increase in the input current will usually
result in a corresponding increase in the on-state collector
current.

Optical Axis
A line about which the radiant-energy pattern is
centred; usually perpendicular to the active area,
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Photocurrent Gain (of an Avalanche Photodiode)

The ratio of photocurrent at high bias voltage to that
at low bias voltage.

Photometric Axis

The direction from the source of radiant energy in
which the measurement of photometric parameters is
performed.

Photometric Brightness
See Brightness.

Photon

A quantum (the smallest possible unit) of radiant
energy; a photon carries a quantity of energy equal to
Planck’s constant times the frequency.

Quantum Efficiency (of a Photosensitive Device)

The ratio of the number of carriers generated to the
number of photons incident upon the active region.

Radiant Flux (®,)
The time rate of flow of radiant energy.

Typical Unit: W

Radiant Pulse Fall Time (tg)

The time required for a photometric quantity to
change from 90 percent to 10 percent of its peak value for
a step change in electrical input,

Radiant Pulse Rise Time (t,)

The time required for a photometric quantity to
change from 10 percent to 90 percent of its peak value for
a step change in electrical input.

Responsitivity (N, R )

The quotient of the rms value of the fundamental
component of the electrical output of the detector to the
rms value of the fundamental component of the input
radiation power density when the radiation is incident
normally on the detector surface.

Typical Units: VIW, A/W

Spectral Bandwidth (between Half-Power Points) (B)

The wavelength interval in which a photometric or
radiometric spectral quantity is not less than half of its
maximum value.

Spectral Output (of a Light-Emitting Diode)
A description of the radiant-energy or light-emission
characteristic versus wavelength.

Note: This information is usually given by stating

the wavelength at peak emission and the bandwidth between
half-power points or by means of a curve.
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Visible Emission,V isible Light
Radiation which is characterised by wavelengths of
about 0.38um to 0.78um.

Wavelength at Peak Emission (Ap)

The wavelength at which the power output from a
light-emitting diode is maximum,

Typical Units: A, pm, nm. 1A = 10" um=0.1nm.
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XVl APPLICATIONS OF OPTOELECTRONICS

by Bob Parsons and David A Bonham

A broad range of optoelectronic devices is applied in this
chapter—sensors and emitters, both visible and infrared,
couplers, and numeric displays.

The sensors specifically mentioned are the TIL78 and
the TIL63 family of phototransistors. Their characteristics
are explained and some examples of their application are
given. However other phototransistors could be used, dif-
ferences mainly being in sensitivity and/or packaging.
TIL81 has, as well as high sensitivity, a connection to the
base. This can be used for biasing the transistor, etc.

The emitters for infrared and for visible light are
examined along with typical circuit configurations.

Couplers come in two basic forms. In the first the
emitter and sensor are aligned' and sealed in the same
package. Here the object is to produce a network in which
the input and the output are isolated from each other but
the coupling is fixed. Isolation of 2.5kV and more can be
obtained, although most data sheets specify 1.5kV.

The second form of coupler is an emitter and sensor
mounted on an assembly so that they are aligned. The light
coupling however can be interrupted or modified by an
opaque or translucent object passing between the emitter
and sensor.

The Numeric Displays discussed are all light emitting
diodes arranged as seven segment digits. There are dif-
ferences in complexity of the rest of the package however.
The TIL302 is just a solid state seven segment character
display. It may be driven by an external decoder such as the
SN7447 Integrated Circuit. The TIL308, as well as having

12

the seven segment character, contains a decoder and a latch
all within the same package. Thus a Binary Coded Decimal
(BCD) code, when set into the latch, will display the
appropriate digit. The TIL306 is one stage further advanced
in that it also includes within the package a decade counter.
In both the TIL306 and 308 the decoders have the usual
facilities of ‘blanking’, and ‘ripple blanking’ as with the
SN7447.

In order to facilitate the selection of suitable pro-
ducts for a particular application the spectral characteristics
of the various types of devices are shown in Figure 1. These
are also compared with a tungsten lamp and the response of
the human eye.

SENSORS

General

The most common semiconductor sensers are photo-
transistors and photodiodes. Applications include industrial
counting, tape and card readers, velocity indication, optical
encoders and communication links.

The TIL63 series are packaged such that accurate
mechanical alignment can be easily obtained. They are
grouped into 5 gain bands. This allows device selection for
linear applications where the difference between two light
levels, such as would be obtained from semi opaque objects,
is being detected. The TIL78 is packaged with an integral
lens, giving a narrower acceptance angle than the TIL63
series. See Figures 2a and 2b.
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Figure 2b shows that the TIL63 series is non critical
with respect to axial alignment and ideally suited for use
with external lenses. By using a single transistor the need
for external lenses can be eliminated in the majority of
applications.

The following simple practical circuits indicate what
can be achieved with a minimum number of components.

Light Operated Relay

Figure 3 shows how a relay can be controlled by a
lamp. A low cost transistor is used to increase the
sensitivity and range. This has the advantages over a lens of
not requiring mounting or aligning and of not getting dirty.
Table 1 shows the relay current obtained with various lamp
voltages and distances.

+12v

45° DIFFUSE
CORNER REFLECTOR

BC184C

WRATTEN 88A
FILTER ov

FIGURE 3. Relay Switched by a Lamp
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Table 1

Lamp Voltage Distance Relay Current
v cm mA
28 30 25
28 30 10 (No Reflector)
20 40 10

As was seen in Figure 1 phototransistors have the
peak of their sensitivity in the infrared region although they
do have some response to daylight. The Wratten 88A filter
limits the cell response to infrared removing ambient
daylight. Filter transmission at 0.95 um is approximately
88%.

If the lamp is focused with a 50mm f.2 lens then the
above distances may be increased to 150 c¢m for the same
relay current values.

Light Controlled Oscillator

Frequency range 1000:1. With component values as
shown in Figure 4 the range is 50 Hz to 50 kHz for 0.02 to
20 mW cm—? of radiant energy. (Unfiltered tungsten lamp
operating at a colour temperature of 2870°K).

The photo transistor acts as a current generator
whose current is proportional to light intensity. The
operational amplifier is arranged as a high input impedance
Schmitt trigger, whose hysteresis is determined by output
swing (approximately + V¢) and the ratio of the feedback
resistors. The diode bridge allows bi-directional feedback
current to flow whilst maintaining correct voltage polarity
across the photo-transistor.

-
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FIGURE 4. Oscillator using Phototransistor
in Diode Bridge Feedback



Receiver for Optical Communications Link

A simple circuit that will give high gain and tolerance
to high levels of ambient illumination can be produced, as
shown in Figure 5, by using operational amplifier tech-
niques.

The operational amplifier operates in the ‘virtual
earth’ mode giving a very low impedance at the inverting
input. If the reactance of capacitor C, at the signal
frequency, is low compared to load resistor R, then the
signal component of the diode current will flow through
the feedback resistor RF, producing an output voltage of
IDRF.

The phototransistor can be prevented from saturating
under high levels of ambient illumination by suitable choice
of load resistor R.

Such a system has operated over a distance of 16m
with a TIL32—TIL78 transmitter receiver pair with a signal
to noise ratio in excess of 40 dB.

T RF

AAA—

47k I 47k

R /; 10uF
I

’_lc
=@

TIL63
or
TIL78

SN72741P

OUTPUT LOAD

100k

1—Vee

FIGURE 5. Optical Receiver

Slave Cell for Operating Electronic Flash

There are many instances in photography when it is
necessary to use more than one electronic flash unit.
Usually this involves long cables interconnecting the units.
The circuit shown in Figure 6 enables several remote flash
units to be triggered by a single flash unit, without the need
for cables.

The circuit obtains power from the flash unit to
which it is connected. In many cases a voltage of 200V or
more is present across the trigger socket. This supply has an
impedance of several megaohms, and in normal use is
shorted by the shutter contacts to fire the flash. The
voltage is divided down to give a suitable collector voltage
(20V) for the TIL65 photo transistor. This supply has a low
dynamic impedance due to the 0.1 uF decoupling capac-
itor. When the mainflash fires, this capacitor is discharged
through the TIL65 and gate cathode junction of the TIC47

TRIGGER SOCKET OF FLASH GUN

oM

TICA47

R o4
- 0.05uF A
TILBS
|o.1m=
1M§ _[_ 47k 10k'S

FIGURE 6. Remote Flash Triggering Circuit

thyristor. The thyristor, which is connected directly across
the trigger terminals of the gun, fires triggering the flash.

Window Detector

For many applications it is necessary to determine if
the transmission of an object lies between two preset levels.
An example being counting of opaque and translucent
bottles which may occur in random order. A suitable circuit
is shown in Figure 7. It comprises two Schmitt triggers
whose triggering levels can be independently adjusted. Their
input signals are derived from a photo transistor and its
associated load resistor. The outputs of the two amplifiers
are resistively ORed together to give the exclusive OR
function. A single transistor inverter converts this to voltage
levels suitable for driving TTL. Schmitt triggers are used to
give a positive change when the input is near either of the
edges of the window.

+Veer

+Vee2

SN72741P

OUTPUT

SN72741P

TIL&3

-Veeo

FIGURE 7. Window Detector
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VISIBLE EMITTERS

General

Solid state light sources, both visible and infrared,
have the following advantages compared with incandescent
sources.

Vibration resistant.

No surge current.

Highly visible (bright). (VLEDs).

Efficient—low current,.

Low heat generation, may be used in explosive
atmospheres.

Low voltage—long life.

7.  Fast response time.

nwhwn -

o

Uses.
1. Panel displays. (VLEDs).
2.  Logic and fault indicators (VLEDs).
3.  Calibration of optical systems.
4.  Alpha numeric displays (VLEDs).
5.  Film marking and identification.
6. Toys.

Logic Indicators

Visible light emitting diodes (VLEDs) are ideally
suited for use as system logic state indicators. Since power
requirements are minimal they may be easily interfaced
with standard logic elements (TTL, DTL) with the mini-
mum of components.

Figure 8 shows how TTL may drive VLEDs with no
external components. The circuit is inverting i.e. when the
gate input is at a logical zero the lamp is on. Figure 9 shows
the VLED diode forward characteristic and the gate output
characteristic, when in the logical 1 stage, plotted on the
same graph. The intersection of the two characteristics gives
the diode current. In the example this is 17 mA. This
circuit does not allow ‘fan out’ to other TTL devices.

Figure 10 shows a circuit that is non inverting and
with suitable choice of resistor value, fan out to other TTL
circuits can be obtained.

If no fan out is required then the diode current can
be equal to the sink current of the gate, 16 mA for standard
TTL. At this current level the diode is easily visible from 6
metres in normal ambient lighting. In this case R may be
calculated from:-

V.-V

cC out 0" — VF

Ip

= 3
= (5-04-16).10° (
16

= 1802
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FIGURE 8. TTL-Driven VLED
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FIGURE 9. Superimposed TTL and Diode Characteristics

+5V R
A~
SN7400 ——
N
LOGIC INPUTS : -
TO OTHER ICs

FIGURE 10. TTL-Driven VLED with Possible Fan-Out

Table 2 gives values for R for other values of diode
current and fan out to standard TTL inputs.

Table 2
Ip mA 511 2 4 6 8 10 {14
RkQ 65 32| 16 | 0.8} 0.51]0.39 ] 0.30 | 0.22

Fan-Out 9 9 8 7 6 5 3 1

It should be noted that the TIL209 is easily visible
under average daylight illumination with I = 10mA.
Increasing the forward current beyond 20mA gives very
little increase in visible brightness. The relationship between
light output and forward current is nearly linear. Since the
eye response is logarithmic an indication of variation of
visual brightness against forward current can be obtained by
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plotting log luminance against forward current as shown in
figure 11.

If a high current buffer such as the SN7440N or
SN7437N is used then 48mA of current is available to drive
the diode.

Table 3 may be used to determine the series resistar
R and fan out for a given diode current ID.

Table 3
ID mA 10 15 20 25 30 40 45
R 309 200 160 125 100 73 62
Fan-Out 33 20 17 14 1 5 1

A Temperature Stable Light Source

Both the luminance and diode forward voltage of an
LED change with temperature. The luminance also changes
with forward current. It is possible, by driving the LED
from a suitable source impedance to make these factors
cancel and to obtain an output which is independent of
temperature.

The following calculations show what value of series
resistor is needed with the TIL209. The curves in Figure 12
and Figure 13 may be expressed by the following equa-
tions.

POUt/st = 0.56 IF — 0.026 and

-0.0091T
Poui/Pys = 126 €

where P)s is the radiant pawer at 25°C
Ig is the forward current in mA,

and T is the temperature in degrees C.

Ig = 20 mA
'_
E 2
=
5 —
O 1 o ——
14 S—
w ooy
2
2
o 04
>
’?x
] 02
w
2 of
o1
—40 —20 o 20 40 60 80

FREE AIR TEMPERATURE

FIGURE 12. Power v Temperature for TIL209
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The temperature coefficient of forward voltage VF is
approximately —5.4mV/deg.C. There is a particular value of
series limiting resistor that will stablise diode output. As the
VF drops with increasing temperature, IF increases and
compensates for the fall in diode output. For the TIL209
the value of this resistor is 3782 at 25°C.

ALPHA NUMERIC DISPLAYS

Character Generation and Display

The TIL209 visible emitter may be used in alpha
numeric displays. A typical applicationis shown in Figure
14 where the diodes form a 5 x 7 character matrix. The 6
bit character address is applied to a TMS2501NC, 2560 bit
read only memory to select any one of 64 characters. The 5
column memory outputs drive the matrix via SN74H11
gates. Row strobing is achieved by a SN74145N ten line
decoder. The decoder address and ROM row select inputs
are driven from a SN7493N binary counter.

Each diode operates with a peak forward current of
35mA and a duty cycle of 12%. The visual brightness is
considerably higher than what would be expected from a
mean diode current of 3mA. This is due to the eye
responding to the peak rather than the mean diode
emission. If a smaller sized character will suffice then a
single TIL305 display could be used instead of the thirty
five TIL209s.
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Switching mode
”L—Ej In this mode the photo transistor operates under
sN7as3N saturated conditions and switches between saturation and

Ro 6 BIT CHARACTER ADDRESS
the off state.

N H l J In many industrial applications of digital equipment
s wp Mkl it is necessary to interface between sensors (such as
/1; $——"3{ 0,0 0304 0505 075 79019 micro-switches) that are situated in electrically noisy
environments, and the digital control equipment. The
2 circuit shown in Figure 16 enables this to be carried out
s without injecting ground noise into the equipment.
/ - ™~
% +12V © +5V

s L a|

SN74145N

-7: OUTPUT
TIL209
MATRIX

SN7413N

re et rare
il aslasliastnsingl

§ ws
¥
¥

j Py \ Al

FIGURE 14. Character Generation and Display

e} ) P M e P e

OPTICALLY COUPLED ISOLATORS /7’7 GROUND 1 TIL111 COUPLER GROUND 2 /7}7
General

An optical coupler consists of a gallium arsenide
infrared emitting diode and a silicon photo transistor
mounted in close proximity, i.e. optically coupled, but

FIGURE 16. Switch Input with Noise Pickup Isolated

electrically isolated from each other, see Figure 15. i ITex =025°C
L - SeeNote6
PHOTO TRANSISTOR ? -
Anope O / —-O § i e
COLLECTOR § -1, \\o%;,/ 2
$ W/V/\ "~ Qssi 4
9 >>J oy =]
I.R. EMITTING - BASE < =
—
DIODE A
10 15 20
O -Q VcEg~—Collector-Emitter Voltage—V
CATHODE  COUPLING MEDIUM. EMITTER FIGURE 17. Collector Current v Voltage of TIL111
FIGURE 15. Optical Coupler
The characteristics of the TIL111 opto coupler are
Optical couplers have the following advantages: shown in Figure 17. Its collector emitter saturation voltage
is less than 400mV (typically 250mV) at Ic = 2mA for a
1. Excellent isolation, —10"'§ in parallel with 1 diode forward current of 16mA. This condition guarantees
pF at £ 1.5kV. compatibility with standard TTL. For interfacing with low
2. Good linearity between input and output power TTL the TIL112 may be used.
current. The TIL111 may be used to couple signals between
3.  Compatible with transistor and logic circuits. TTL systems where a large ground-voltage differential exists
4.  High speed. between systems. This is shown in Figure 18&. Here the
5. Longlife. diode current is limited to 16mA, the maximum sink
6.  Vibration resistant. capability of the SN7405N. Typical maximum data rates
7.  High current transfer ratio. would be 150 kHz with the circuit as shown. For faster
rates the photo transistor must be prevented from saturat-
They have two modes of operation, switching and ing by clamping the base collector junction of the photo-
linear. transistor, as given in Figure 19. The phototransistor will no
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1/6 SN7405N

FIGURE 18. Isolation of Two TTL System Grounds
+ Vee1 g +Vee2
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% SN7S6107AN
——
—
>

1/6 SN7405N

FIGURE 19. Circuit for Improved Data Rate

longer saturate and interface correctly with TTL. It will
interface with a line receiver, whose output is compatible
with TTL and operate up to approximately S00kHz. The
TIL112 would also be satisfactory for use in this circuit.

Switching Bipolar Signals: In order to obtain bi-
directional current flow two couplers can be mounted back
to back as shown in Figure 20. The maximum voltage that
can be applied in the ‘off’ state is limited to 7V by the
reverse base emitter diode breakdown of the photo-
transistors.

An array of cells, as in Figure 20, can be arranged in
an X—Y matrix to form a cross-point exchange, Figure 21.
The cross point matrix allows bidirectional signal flow
between any selected X line and any selected Y line. The
line selection is carried out by means of SN7442N four to

BIDIRECTIONAL

— -
g CURRENT FLOW

— -
GATING PULSE

FIGURE 20. Diodes in Series — Transistors in Parallel

SN7442N

T AMMAARARAAT

—
ADDRESS ——

SN7442N
——

—]

FIGURE 21. Switching of Isolated Loads

ten line decoders. SN7405 invertors allow one out of the
ten X lines to source diode current. This current is then
sunk by the selected Y line. For a diode forward current of
16mA the signal current may typically be + 7mA (TIL111).
Figure 22 shows the signal current path in detail.

Xy

S

f OUTPUT LOAD

!
'
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FIGURE 22. Two of the Matrix Nodes
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Linear Mode

In this mode the linear relationship between diode
forward current and phototransistor collector current is
used. Typical transfer curves for the TIL111, TIL112 and
TIXL113 are shown in Figure 23.

The devices are ideally suited for transferring
analogue signals representing for example, voltage and
current, from high voltage circuits to low level control
circuits. A typical application is shown in Figure 24. In this
Switching Mode Power Supply it is necessary to control the
pulse width modulator from the output of the error

FILTER oUTPUT
2 VOLTAGE
/7;7 °

FILTER
1
MAINS

o——oI

CURRENT/VOLTAGE]
SENSE

PULSE WIDTH
MODULATOR

I

FIGURE 24. Switching Mode Power Supply

TILIN

In many applications system linearity can be
improved by a secondary feedback loop utilising a separate
coupler with similar characteristics to that employed in the
main loop.

Another method is to bias the phototransistor with
external base drive until its quiescent collector current
is comparitively high when compared with that caused by
the signal.

OPTICALLY COUPLED MODULES

General

An optically coupled module consists of a transmitter
sensor pair mounted in close proximity. Such a device, the
SDA20 is shown in Figure 25. There are other modules
physically more complex containing multi-element arrays,
but all have the same basic electrical characteristics.

The devices have several advantages compared with
filament lamp/phototransistor arrangements.

Low power requirements for emitter.
Mechanically prealigned.

Narrow well defined IR beam.

Very long emitter life.

No filament sag.

Vibration resistant.

Small size.

Can be modulated and switched.

The SDA20 series are classified into 3 types. SDA20,
SDA20/1 and SDA20/2. The SDA20/1 is guaranteed to
interface with low power TTL and the SDA20/2 with
normal TTL. The SDA20 is intended for use where an
additional single stage amplifier can be used, e.g. to replace
the lamp and phototransistor in Figure 3.

® NN

Emitter board marked E

~

sensor  —f '3_6 emitter
I
b

0.089" * 002
DiA .000

amplifier. A coupler provides isolation between these

i . . . . . . . Lens side Lens side
circuit elements. The isolation is required since the emitters Emitter {Cathode)
{Negative)

of the switching transistors are alternately switched

between line and neutral by the input diode bridge. FIGURE 25. Drawing of SDA/20
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Tachometer Circuit

A typical application of the SDA20/1, in conjunction
with a tachometer, is shown in Figure 26. Here the
phototransistor of the SDA20/1 feeds directly into the
SN76810P monostable/tacho. The 100k emitter load
satisfies the low level input conditions of the SN76810P.
Resistor R defines the SDA20/1 diode current of 35mA for
a particular supply voltage Vcc.For Vee = 12V its value
should be 290%2.

é +12
Rg .
290
- = g8 7 §
— 4
L
-— ——
SDA20/1 3 ':
2 6
100k SN76310P %
FIGURE 26. SDA/20 as Input to Rev Counter
INFRARED SOURCES
General

As stated in the previous chapter these devices are
commonly Gallium Arsenide pn diodes. Their applications
include industrial counting, tape and card readers optical
encoders and communication links.

The TIL26 is packaged such that accurate mechanical
alignment can be easily obtained. The TIL32 is similar but
is packaged with an integral lens. Both devices have the
advantages outlined previously in the section on visible
emitters. Both emitters are spectrally matched to silicon
sensors such as the TIL78 and TIL63 series. Their angular
emission characteristics are shown in Figures 27 and 28 and
Figure 29 shows the variation in coupling characteristics
between a TIL32 source and TIL78 photo transistor as the
distance between the source and receiver is varied.

Communications Link

A simple optical communications link using an
infrared emitter and sensor is shown in Figure 30. (To
obtain improved performance the TIL32 and TIL67 should
be replaced by a TIL31 and a TIL81 respectively). The
transmitter diode is biased at a quiescent forward current of
20mA. Full modulation represents a variation of +20mA.
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FIGURE 27. Emission v Angular Displacement for TIL32
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FIGURE 28. Emission v Angular Displacement for TIL26
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FIGURE 29. Coupling Characteristic of TIL32 with TIL78

This is achieved with a 20mV rms signal input to the
operational amplifier. The modulator has sufficient sen-
sitivity to be driven from a dynamic microphone.

The receiver uses an operational amplifier operating
in the ‘virtual earth’ mode as outlined previously in the
section on sensors. There is sufficient gain to enable the
system to operate over distances in excess of 50 metres
with 50mm f2 lenses. Signal to noise ratios of 30dB for
500mV rms at the receiver output can easily be obtained.
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FIGURE 30. Opto Transmitter and Receiver

NUMERIC DISPLAYS

General

Gallium Arsenide Light Emitting Diode Seven Seg-
ment Numeric Displays have many advantages over dis-
charge tubes. The most obvious is that they will operate
from 5V, and are compatible with TTL and DTL. Also they
are more robust and they do not sputter and darken with
age like discharge tubes, this effect being especially notice-
able at low temperatures.

There is no R.F. instability problem with these solid
state displays and they have a wide viewing angle.

The current surge which occurs with incandescent
devices at switch on, due to the low cold resistance, is not
exhibited by solid state displays.

The displays are very visible at 10 or 15mA diode
current although their contrast can be improved by using a
filter (a piece of red plastic or glass). The diode current in
the latch-decoder-display packages is set by a constant
current drive circuit within the I.C. but the intensity of the
display can be modulated if need be by blanking circuitry.
In the individual seven segment displays the diode current is

200

set by a series resistor, as shown in Figure 31. A 150
series resistor between the TTL outputs and the diode
segments gives about 10mA of diode current.

Vg=3.2V
R -

—/

T Vit =02V

VCC =5V

R=16
le

FIGURE 31. Driving a Segment of the TIL302



Counting and Digital Display

There are a number of basic functions which may or
may not be needed according to the requirements of the
situation.

In the straightforward system each digit is derived
from a decade counter (i.e. 4 bits of BCD). It is interfaced
to a decoder via 4 bit latch and thence to a seven segment
light emitting diode display.

One possible variation is that the counter output may
be needed, for example to compare the count as it
proceeds, with a preset number.

Another variation is that the latch may not be
required where flicker is not a problem or it is not
necessary to display only the final counter reading.

A third possible variation is that it may be necessary
to load the counter at the beginning of a count. This occurs

LATCH

MOST SIGNIFICANT OUTPUTS LEAST SIGNIFICANT
OIGIT DIGIT

LATCH STROBE L‘
INPUT

]

TO NEXT

]

SIGNIFICANT
DIGIT —

o
BLANKING
INPUT

CLEARINPUT R

DECIMAL POINT
INPUTS

RIPPLE BLANKING
INPUT

FIGURE 32. Frequency Counter

for instance in a calendar clock where days begin with day
1 not day O.

The straightforward system is shown below in Figure
32 as a frequency counter. The Batch counter in Figure 33
shows how to obtain a circuit with the counter output
available, while the third circuit (Figure 34) does not have
the latch facility.

Frequency Counter

The Frequency Counter is an example of a counter
where only the final value is displayed, and it is retained
while the next count is being made. The sequence begins
with the counter being cleared and the timing period being
started. The counter counts with a typical maximum
frequency of 18 MHz. At the end of the timing period the
counter value is transferred to the latch outputs and
displayed. The sequence is then begun again.

I
—
'
\l
~—
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- I 1

_ 4:——*-—— T1L308 | TiL308 Tt
CHE el >+
o P P -

- >4 >t
; —»t

SN7490 sn7ag0 SN7490

|

H

CLEAR

COUNT
INPUT

FIGURE 33. Batch Counter

Batch Counter

Objects are counted, the instantaneous count being
compared with a number preset on thumbwheel decade
switches. When the count reaches the preset value the
counter is reset and the count is repeated. In the case of
tablets being counted into bottles for example, the reset
signal can be used to step forward the next bottle. With a
slow count rate the display could show how complete the
batch was, whereas with a fast rate only the final number
would be required with the ability to again see the state of
the batch, for example in an emergency, by enabling the
latch.

The arrangement, as shown in Figure 33, has the
diodes being used in conjunction with the expander input
of a TTL gate. Any number of diodes can be ‘fanned in’ to
this expander. If only three decades are required thena 12
input TTL NAND gate (i.e. the SN54/745133) could be
used instead of the SN15830 and the diodes.

Counter-Decoder-Display
Where a latch is not required it may be more
economic to use an individual counter with a separate

* decoder and separate display.

TiL302 TiLaoz

SN7447 SN74a7

BN

SN7490 SN74%0 —

A ]

FIGURE 34. Simple Counter Display
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Index

Acceptor, 184-187 Code:
A.c. coupled clocking, 9 binary-coded decimal (BCD), 95-112
A.c. noise immunity, 23 Communications link, 199-200
Adder, current or voltage, 135 Comparator, binary word, 80-83
Alpha numeric displays, 195-196 Compensation, frequency, 129-132, 164-165
Amplifier: Compressor, volume or level, 148
logarithmic and exponential, 153-158 Conduction band, 176-185
operational, 123-172, 192, 193, 199-200 Control circuits, 150-152
positive-negative gain, 143-144 Control system, 18-20
stereo, 159-172 Conversion:
step response two pole, 134 parallel to serial, 78-80
Arithmetic operational amplifier applications, 135-138 sine to square wave, 39
Assembly techniques, 172 Converter:
Audio circuits, 146-150, 159-172 BCD-to-binary, fast, 101-109
Augxiliary (to stereo amplifier), 167 BCD-to-binary, simple, 96-100

binary-to-BCD, fast, 102-112
binary-to-BCD, simple, 95-99

ggﬁtin-’ 10 triangular to sine wave, 142-143
conduction, 176-185 Col;rglelrzzm
gap, 176-187 )

cascading, 59, 66
dual clock, 64-66
frequency, 201
programmable, 62-63
single clock, 59-61

valence, 176-187
Bandpass filter, 139
BCD to binary converter, 96-100, 101-108
Bergeron diagram, 12-14, 32-34

Blggfl);l}er(s) 9 synchronous, 61-67
to BCD converters, 95-99, 102-112 gfosstalk’ 11, 27, 170
i urrent:
word comparison, 80-83 adder. 135

Bistable multivibrator: 8-10
a-c coupled, 9
d.c. or edge triggered, 9

D-type, 9 Data selectors, 73-88

setting quiescent, 164
spike, 15

frli,tegr sll(:we 9-10 Data sheet, 4_-7 .
R.S. 4 D.c. charapterlstlcs, 7, 22
T-tve. 9 D.c. clocking, 9
Bi ype, 7 D.c. noise margin, 10-11, 22
istable switch, 48
Bounceless switch, 46 Decoders, 89-94
’ Decoupling, 15-16, 27
Delay switch, 46
Carry: Demultiplexers, 93-94
anticipate, 56-57 Depletion:
circuitry operation, 53-57 layer, 178
look ahead, 61-62 region, 178-180
ripple, 53-55, 61 Detector, window, 193
Cascading, counters, 59, 66 Diode-transistor-logic (DTL), 2
Character generator, 80, 195-196 Display:
Clock skew, 53 counter decoder, 201
Clocking: numeric, 191-201
a.c. coupled, 9 Distortion, intermodulation, 166
d.c. or edge triggered, 9 Divider:
synchronous, 53, 59 programmable, 62-63

types of, 9 synchronous frequency, 67-72



Donor, 184187
Double integrator, 137-138
Driving, line, 12-15, 29-34

Edge:
detector, 41-52
triggering, 9
Electronic flash slave cell circuit, 193
Emitters: 184-189
gallium arsenide, 185-188
gallium arsenide phosphide, 187-188
gallium phosphide, 187-188
infrared, 199-200
visable, 194-196
Energy gap, 176-187
Environment, extreme, 16
Equaliser/preamplifier, 146-147, 159-162
Equalisation, 166
Exponential amplifier, 156-158

Fan-out, 7, 194
Firing circuit, voltage input, 151-152
Filters:
bandpass, 139
high pass, 138, 160-162
low pass, 138-139
rumble, 160, 162
scratch, 163
Flip-flop: 8-10
a.c. coupled, 9
d.c. or edge triggered, 9
D-type, 9
JK, 9-10
master slave, 9-10
R-S, 9
T type, 9
Forbidden gap, 176187
Frequency:
break point, 130
compensation, 129-132, 164-165
counter, 201
divider programmable, 62-63
divider synchronous, 67-72
Full-wave rectifier, 140-141

Gain, closed loop, 129
Gallium arsenide emitters, 185-188

Gallium arsenide phosphide emitters, 187-188

Gallium phosphide emitters, 187-188
Gap:

energy, 176-187

forbidden, 176-187
Gates: 1-9, 17, 21-34

improvements to, 25

logic, 8

NAND, 2, 4, 8-9

open-collector, 17
Generator:

character, 80, 195-196

minterm, 92-93
Glossary, optoectronic terms, 189-190
Guaranteed parameters, 4-8

Half-wave rectifier, 140

Headphone output, 165

High speed transistor-transistor logic, 3, 4
High pass filter, 138, 160-162

Indicators, logic, 194-195
Infrared emitters, 199-200
Injection, minority carrier, 184
Impedance, loudspeaker, 171
Input:
characteristics, 5-8, 23-24, 36, 43
impedance, 45, 166167
interfacing, 17-18
stage stereo amplifier, 159-162
Integrator, 136-137
Integrator, double, 137-138
Intermodulation distortion, 169

Junction, pn, 178-180
Karnaugh maps, 8, 84-88

Latch, 8-9
Level compressor, 148
Light:
controlled oscillator, 192
emitters, 184-189
emitting diodes (LEDs), 16, 184-188
operated relay, 192
sensor selection guide, 183
Line driving, 12-15, 29-34
Logarithmic amplifier, 153-156
Logarithmic peak pulse meter, 148-150
Logic:-
functions, implementing, 83-88
gates, 8
indicators, 194-195
NAND, 8
symbols, 5-7
Loop gain, closed, 129
Loudspeaker impedance, 171
Low-pass filter, 138-139
Low power transistor-transistor logic, 3—4

Master slave counters, 10-11
Meter, peak programme, 148-150
Minimisation, 83-89
Minterm, 84-89

generator, 92-93
Monostable multivibrator, 49
Multijunction light sensors, 181-183
Multiple-emitter input transistor, 3
Multiplexing:

to one line, 78-79

to multiple lines, 79-80
Multiplication:

basics to binary, 113

nested, 95-96, 103-106

truncated, 118-120

2’s complement, 115-117

using read-only memories, 114-115
Multiplier fast binary, 113-120



Multivibrator:
astable, 39, 50-51, 145
bistable, 8-10
monostable, 49
Mutual coupling/inductance, 11, 27-29

NAND gate, 2, 4, 8-9
Nested multiplication, 95-96, 103-106
Nine’s complement, 101-102
Noise: 10-11
causes, 11
immunity, 22-23
margins, 2, 10-11
Non-linear circuits, 140-146
N-type material, 176-187
Numeric displays, 200-201

Open-collector gate, 17
Operational amplifiers: 123-172, 192, 193, 199-200
circuit, 125-126
designing with, 127-131
range, 124
Optical receiver, 52, 193, 200
Optically coupled:
isolators, 196-198
modules, 198-199
Optoelectronics: 52, 175-201
glossary, 189-190
spectrum, 175
Oscillator:
gated, 41
light operated, 192
quadrature, 145-146
voltage controlled, 144
Output:
characteristics, 5-8, 24-26
headphone, 165
interfacing, 25
load change, 25
stage, stereo, 163-164
Overload protection, 165

Parameters, guaranteed, 4-8
Peak programme meter, logarithmic, 148-150
Performance, stereo amplifier, 167-172
Photoconductors-photoresistors, 176-177
Photoconductive material, 177
Photodiodes, 179-180
Photon, 176-185
Phototransistors, 52, 181-183
Photovoltaic devices, 178-179
Positive logic defined, 4
Positive negative gain amplifier, 143-144
Power:

law, 158

response, 170-171

supply, 18-19, 27, 165
Pn junction, 178-180
Preamplifier, 146-147, 159-162
Printed circuit boards, 15
Programmable synchronous frequency divider, 67-72
Propagation delay, 3-6, 21-22
Protection, overload, 165

P-type material, 176-187
Pulse:

shaper, 37

stretcher, 38
Pull-up resistor, 17

Quadrature oscillator, 145-146
Quiescent current setting, 164

Receiver optical, 52, 193, 200
Rectifier:
full wave, 140-141
half wave, 140
Relay, light operated, 192
Resistor-capacitor transistor logic (RCTL), 1
Resistor-transistor-logic (RTL), |
Ripple carry, 53-55, 61
Rumble filter, 160, 162

Schmitt-input gate, 17
Schmitt triggers, 35-42, 142
Schottky barrier diode, 3, 21
Schottky clamped transistor-transistor logic, 3, 21-34
Scratch filter, 163
Selectors:
data, 73-88
random data, 75
sequential data, 75-76
Sensors, 176-183, 191-193
Series 502, 1
Series 53/73, 2
Setting-up time (stereo amplifier), 171
Seven segment displays, driving, 200-201
Sine to square wave conversion, 39
Slave, flash cell, 193
Sources, infrared, 199-200
Specification, stereo amplifier, 167-168
Spectral characteristics, 177, 181, 191
Speed-power product, 4, 22
Stability, system, 132-134
Step response, 2 pole amplifier, 134
Subtractor, voltage, 136
Supply current spike, 15
Switch:
bistable, 48
bounceless, 46
delay, 46
long delay, 47
Switching edge speeds, 24, 30-32
Switching mode:
isolators, 196
power supply, 198
Symbolisation, 4
System:
considerations, 15-16, 27-30
stability (operational amplifiers), 132-134

Tachometer circuit, 199
Temperature:

stability, 23

stable light source, 195
Ten’s complement, 101-102
Thermostatic trip, 48



Threshold:

detector, 43-52

level, 37-38, 44-45
Timer, long interval delay, 150-151
Tolerance to supply variation, 24
Tone control stage, 147, 162-163
Totem-pole output, 34
Transfer characteristics, 7, 26, 35-36, 43-44
Transistor-transistor logic (TTL), 3—continuous
Transmission lines, 12-15, 29-34
Transmitter, optical, 199-200
T-type bistable, 9
Two’s complement multiplication, 115-117

Unused inputs, 7

Valance band, 176-187
Visible emitters, 194-196
Voltage:
adder, 135
controlled oscillator, 144
input firing circuit, 151-152
subtractor, 136
Volume compressor, 148

Wallace adder (tree), 114-115, 118~120
Window detector, 193

Wire-AND logic, 17

Wire-OR, 3, 17

Word comparison binary, 80-83
Worst case philosophy, 4
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