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n s one of the world’s largest manufacturers of integrated
circuits, Signetics designs, develops, manufactures and sells
over 1600 different types of integrated circuits. Signetics pro-
duces linear circuits, utilizing both bipolar and metal-oxide-
semiconductor (MOS) manufacturing processes.

The Analog division is a major broad line supplier of both
Signetics’ original designs and industry standard devices. The
NES35 High Performance Operational Amplifier, the NE554 Dual
Tracking Regulator and the ST100 Codec (Telecommunications)
are among Signetics’ original products. The breadth of the Ana-
log product line offers the designer, the component engineer,
and the purchasing agent a varied approach to linear circuits.

This broad analog circuit product line is backed by Signetics’
industry image as a quality manufacturer to whom the servicing
of the customer’s needs is paramount.

The 1979 Analog Application Manual is intended to serve as a
single technical reference for designing with linear circuits by
presenting applications information necessary to implement
properly Signetics’ analog products. The Applications portion is
updated and rewritten to reflect data on new products issued.

Additions and erratta will be generated at periodic intervals.

Your inputs to improve our publications will be greatly appreciat-
ed.

Ira Zingmond,
Manager, Linear
Applications
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Linear IC Processing

INTRODUCTION

Integrated circuits are divided into three
general categories: (1) linear, (2) digital,
and (3) MOS. Distinctly differentdesign and
process techniques are used for each type.
The main difference between linear proc-
esses and other IC processes is their diver-
sity. While digital circuits are commonly
restricted to low voltage switching, linear
circuits may be fabricated with anything
from switching to linear characteristics,
high or low voltages, high or low frequency,
or any combination of these properties. To
cope with this range of applications, the
following processes are frequently used:

Epitaxial— 0.25 ohm-cm gold doped and
non-gold doped
0.5 ohm-cm gold doped
1.0 ohm-cm Schottky and non-
Schottky
2.5 ohm-cm
5.0 ohm-cm

Dielectric— 2 to 15 ohm-cm

All epitaxial processes are similar. The
main difference is the resistivity of the
deposited epitaxial layer in which the com-
ponents are formed. This provides the me-
ans of selecting higher breakdown voltages
or lower saturations by merely selecting an
epitaxial resistivity.

For instance, the 5 ohm-cm process is used
for operational amplifiers and regulators
because it gives the 50V LVceo transistor
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breakdowns required. Since the phase lock SUBSTRATE
loops need only 20V, and lower saturation
voltages are desirable, the 2.5 ohm-cm Figure 1-1b
process is used for their fabrication.
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Linear IC Processing

Transistor breakdown is not the only con-
sideration in choosing a process. In prod-
ucts where fast switching is required, eith-
er the gold doped or Schottky processes are
used. Gold doping is used where medium
and high current operation is involved.
Schottky technology is desired where lower
currents or high transistor breakdowns are
needed in addition to speed. Dielectric iso-
lation is used where breakdown voltages
must be in excess of 50 volts.-

COMPONENTS

The components commonly formed in line-
ar integrated circuits by junction isolation
are drawn in cross section in Figure 1-1.
Parasitic components are also shown in the
equivalent schematics. These parasitics can
occasionally cause “sneak” paths or fault
conditions in the circuit.

TRANSISTORS

It is instructive to compare, in a general
manner, discrete transistors with those
manufactured in integrated circuits. The
most important differences for npn transis-
tors are the parasitic substrate transistor
and the top contact collector, as seen in
Figure 1-2.

The magnitude of the parasitic pnp beta
depends upon the process and geometry
used, but it ranges from about five for high-
resistivity processes to very much less than
one for gold doped processes. The parasitic
pnp only becomes active when the npn
transistor goes into saturation. Normally
such effects are not important, but in some
circuit configurations latching effects may
be observed. That is, a positive feedback
path may be established which is self-
sustaining. Alternately, or perhaps coinci-
dentally, this path may cause high currents
to flow. These potential problems are easily
avoided with judicious layout procedures.

The effect of the top contact is to increase
the saturation resistance. In small signal
devices this is not significant, but at higher
currents (around 50. mA) this becomes an
economic factor as the die arc must be
increased andyields drop. This resistance is
lowered by means of the N+ buried layer
seen in the cross sections of Figure 1-1.

The normal npn transistor beta for linear
devices ranges up to 250. Occasionally
“super beta” transistors are needed with
betas as high as 2000. The processing steps
involved are the same as for regular transis-
tors except for a longer emitter diffusion
time which gives a very narrow base width
and high beta. Care must be exercised in
this sequence to make super beta and regu-
lar npn devices at the same time.
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p N-CHANNEL J-FET
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Figure 1-1h

The pnptransistors in monolithic form, both
lateral and vertical, differ from discrete
pnps. The names ‘lateral’ and ‘vertical’ are
derived from the mode of transistor action
that occurs in the two components. Refer-
ring to Figure 1-1B it can be seen that
current flows laterally from emitter to col-
lector through the N-epitaxial area. The
presence of the buried layer diffusion re-
duces to a comparatively low level, the
collection by the isolation area. It is not
eliminated entirely, however, which gives

Eifnotics

rise to the parasitic diode shown in Figure
1-3.

The vertical pnp is similarly constructed but
in -this case the buried layer diffusion is
omitted resulting in the isolation diffusion
acting as the collector. The vertical current
flow in this device gives rise to its name.

Frequency response is the primary differ-
ence between these devices. The lateral pnp
is restricted to frequencies below 1to 2 MHz
while the vertical pnp upper range is around
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10 to 20 MHz. Another important feature of
the lateral pnp is its comparatively low beta
range and the low current at which beta
peaks. In addition, the lateral pnp collector
can be split to give multiple collector de-
vices as shown in Figure 1-4.

This configuration can be used to give
fairly precise values of beta by tying one of
the collectors to the base. Figure 1-5 illus-
trates the tie back method used.

Recent process development allows the
addition of Schottky barrier devices to mon-
olithic design (see Figure 1-6). The advan-
tage is very fast switching circuits without
gold doping. With this technique, the prop-
erties of non-gold doped devices are main-

tained while switching speeds are greatly
improved. This is very desirable in devices
containing both analog and digital circuitry
such as voltage comparators.

RESISTORS

Resistors can be made from any ofthenorp
type layers. In practice the base and emitter
diffusions are generally used. At times the
“epilayer” (the bulk material) in the dielec-
tric isolation process is also used. The re-
quired characteristics of the resistor deter-
mine the material or processes used. The
most commonly used is the base diffused
resistor. Size is scaled for the value desired.
Base pinch resistors are used where high
values are required and the limitations of
accuracy and breakdown are nota problem.

SiNOtES

LATERAL PNP WITH
COLLECTOR TIE—BACK

EMITTER

BASE

TIE-BACK COLLECTOR
COLLECTOR

Figure 1-5

Emitter resistors are useful where low value,
temperature insensitive resistors are
needed. This diffusion is also often used as
a “cross-under,” that is, a low resistance
connecting path. This can simplify layout
design considerably.

A new development in resistors that will
offer great flexibility in design is the use of
ion implantation. With this technique, resis-
tivities orders of magnitude higher and tem-
perature coefficients orders of magnitude
lower than base diffused resistors are possi-
ble. We can expect to see this technology
used extensively in high voltage circuits,
low power circuits and in complex linear
functions where die areas would otherwise
be excessive.

JUNCTION FIELD EFFECT
TRANSISTORS

The n-channel FET is fabricated in the ep-
itaxial layers and is obtained by pinching-
off the epi with isolation diffusion. Because
of this construction, the nomenclature FET
is something of amisnomer since the gate is
not available as an input. Its usefulnessis as
a bias circuit starting element. It is much
smaller in area than an equivalent value
resistor and has a sufficiently high break-
down voltage for this purpose.

The p-channel FET is a more useful general
purpose device. Its most important limita-
tion is the breakdown voltage which is re-
stricted to about 5 volts. Processing of both
field effect and super beta transistors is
similar. Changes in the regular process
flows is necessary for both devices.

CAPACITORS

Capacitors are made by using the capaci-
tance associated with the various junctions
or by forming a thin silicon dioxide layer
between two plates. The plates are formed
by aluminum metalization and low resistivi-
ty emitter diffusion.

A number of problems are associated with
junction capacitors.. They have low break-
downs for reasonable capacitance per unit
area, the capacitors formed are polarized,
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SCHOTTKY DIODE

SCHEMATIC

Figure 1-6a

and they have high leakage currents. Oxide
capacitors are free from these problems but
the capacitance per unit area is compara-
tively .low. Junction capacitors are .used
primarily where decoupling capacitors are
needed, while oxide capacitors are used
where high quality is needed.

OTHER DEVICES

There are a number of other components
such as SCR, SCS and Zener diodes thatare
available coincidentally with the compo-
nents discussed above. The Zener diodes
available are the emitter base junction and
the emitter-isolation junction. Other junc-
tions have breakdowns that are high and
variable so they are seldom used.

ION IMPLANTATION

The ion implantation process is a room
temperature process.This process permits
the fabrication of very large value resistors,
otherwise economically unobtainable with
the standard diffusion process. The cost of
using implantation to fabricate resistors is
essentially that of one additional masking
step in the conventional monolithic pro-
cess. The masking is done following the last
high-temperature diffusion—the emitter
diffusion. This is necessary since exposure
of the implanted wafers to high diffusion
temperatures will result in changes to the
implanted characteristics.

Figure 1-8 illustrates the compatible ion
implantation resistor process as applied to
otherwise conventional monolithic devices.
The implantation is done into the “N” type
epitaxial material whigh is normally covered
by about 8 to 10kA of silicon  dioxide.
Through the use of standard photomasking
techniques, this field oxide is opened to
permit the penetration of the charged ions
into the semiconductor material. The base
diffused regions serve to provide low-
resistance contact terminations for the im-
planted resistors. The resistivity of the im-
planted region is precisely controlled by
varying the dose of ions which is accurately
known by measurement of the beam cur-
rent.
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Base Diffused lon Implant
Sheet Resistivity 1500/02 200 - 10K (v/O2
Maximum Resistance 50K 5MQ
TCR 2000 ppm/°C Note 1
Initial Accuracy 20 - 30% 5-10%
Matching < 3% <1%
TABLE 1-1
NOTE

1. Dependent upon sheet resistivity & processing 2. /0 = ohms per square

It is also interesting to note that the lateral
component of conventional diffused resis-
tors, known as out-diffusion or side diffu-
sion, is essentially zero with implantation
duetoitsinherent low temperature process-
ing. Hence, the accuracy and matching of
the resistors is primarily determined by
photomasking tolerances. Table 1-1 sum-
marizes a comparison of ion-implanted vs
diffused resistor components.

The use of ion implanted resistors can actto
improve designs in several ways.

Sifnotics

First, in a conventional integrated circuit
design with a significant amount of resist-
ance, the use of ionimplantation can signifi-
cantly reduce chip area, improve yields, and
hence significantly lower the cost of manu-
facturing the device. Thisis true particularly
in the newer more complex circuits where
chip area exceeds 5000 sq. mils. Chip size
can be reduced by savings amounting to 20
to 30%. This is done at the modest cost of
one additional masking and subsequent
room temperature processing.
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Linear IC Design Techniques

INTRODUCTION

The components available for linear ICs
were reviewed in the previous section. From
that discussion it was clear that many differ-
ences exist between IC components and
those available to discrete circuit design.
These differences may be conveniently
summarized as follows:

A. Limited resistor accuracy and values
B. Lack of integrated inductance
C.Small integrated capacitance values
D. Poor PNP transistor performance

E. Limited power dissipation

On the other hand, linear IC designs have
the advantages of excellent component
matching, both active and passive; and the
accessibility of a great number of active
components.

To cope with the limitations of monolithic
circuitry, designers have evolved special
techniques and practices, a number of
which are detailed in this section.

BIAS CIRCUITRY

In discrete designs the bias circuitry is
accomplished by high value resistor net-
works. In linear designs this is impractical
because of the die area required. The alter-
native is to use an n-channel FET as shown
in Figure 2-1.

SIMPLE BIAS CIRCUIT

+Vee
al

>
S R1

vz ¢—oOvg
|
>
>

AAA,
\%

R2

AAA

Figure 2-1

Zener Vz is fed current by FET Q1. The
required bias voltage is then developed by
the resistor divider R1 and R2. This simple
technique can be elaborated upon if tem-
perature compensation is required. By add-
ing transistor Q2 shown in Figure 2-2, the
positive temperature coefficient of the zener
diode is offset by the negative one of the
forward biased emitter-base diode.

More elaborate schemes, which include the
maintenance of constant currents in the

TEMPERATURE COMPENSATED BIAS
NETWORK
+Vee
Qi
R1
VB
R2
Figure 2-2

diodes, buffering the load from the source,
and adjusting the composite temperature
coefficient to zero, are commonly found
where accurate references are required.

Current sources as well as voltage sources
can be easily obtained using similar cir-
cuitry. Both npn and pnp type current
sources are depicted by Figure 2-3.

NPN AND PNP CURRENT SOURCES

+Vee
o

Figure 2-3

Assuming Q1-Q2 and Q4-Q5 are well
matched and of the same geometries it can
be shown that :

Equations
Ve - VBE
= d (2-1)
INPN 2 an
Vg -Vee | R3
= — (2-2)
IPNP [ R ] R4

These equations demonstrate that the cir-
cuit currents can be made independent of
external supply voltages and temperature
fluctuations. Circuits such as these are used
extensively in modern operational amplifi-

Sifnetics

ers such as the NE531 and NE 536, where
their presence assures that such parame-
ters as coltage gain and offset voltage re-
main constant with temperature supply vol-
tage variations.

The preceding circuits are valuable for high
and medium values of current. Low current
values are better developed by the popular
circuit of Figure 2-4.

LOW VALUE CURRENT SOURCE

g In

Figure 2-4

If the geometries of Q1 and Q2 are identical,
the following equations hold:

Vee1 = Vee2 + INR (2-2a)
vee: = <L |n( ) (2-20)
VBE2 = — |n ( ) (2-2¢)
wa="T 1, ( ) (2-2a)

Where the subscripts refer to their respec-
tive transistors, beta is high, and other sym-
bols have their standard meaning.

This is a transcendental equation which is
represented graphically by Figure 2-5.

CURRENT SOURCE FAMILY CURVES

I

| Ll

100 uA

)4

v

»
m

I

[
$

T
|

81
3

10pA

Figure 2-5
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As can be seen, it becomes possible to
obtain very low currents with reasonable
values of resistance. This circuit is used in
the NE592 where Ibias is set by a single
resistor and the value of theoperating power
supplies.

This principle may be extended to provide a
particularly useful voltage reference. The
circuit of Figure 2-6 illustrates how this is
done.

NON ZENER VOLTAGE REFERENCE
" Kl ayo=2
VREF
Figure 2-6

From the same considerations as before,
the reference voltage can be shown to be:

VRer =Ky L 1K, (2-3)
q

There are anumber of interesting and useful
properties of this circuit. Compared with a
zener reference, it is much less noisy and
can be used at lower supply voltages. With
judicious circuit implementation, the volt-
age can be controlled to about +10% and
low temperature coefficients can be
achieved.

CURRENT SOURCE LOADS

Using current sources for load resistors is
another technique exploited in linear inte-
grated circuit designs. The schematics of
Figure 2-7 show how this may be done. The
circuit shown is the simple differential am-
plifier. Figure 2-7a gives a conventional
circuit while Figure 2-7b is an IC imple-
mentation using pnp current sources.

The value of the current source as a collec-
torload lies in its equivaiency of an extreme-
ly high resistance while occupying a very
small die area. High stage gains are thus
obtained in a minimum of space. Other
advantages of the current source include
linearity of gain versus output swing (be-
cause gain is independent of current), and
large output swing capabilities. The active
load circuit also has the feature of summing

the gain from both output sides. The disad-
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AA
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Figure 2-7a

DIFFERENTIAL AMPLIFIER

Conventional Design Current Source Loads

Figure 2-7b

vantages of the circuit in Figure 2-7b are
that the noise in the pnps is summed into
the npn input noise, and the self-biasing
scheme used in Figure 2-7b can introduce
some added offset current if the pnp betas
are low because pnps run at different cur-
rent levels.. A change in the circuit which
avoids this problem is shown in Figure 2-8.

IMPROVED DIFFERENTIAL AMPLIFIER

Figure 2-8

The current imbalance between Q1 and Q2
is now only:

(2-4)

Where Igzis Q3 base currentIciis Q1collec-
tor currentand g1 and Bz are betas of Q1 and
Q3 respectively. This imbalance is now
negligible. Resistors have also been added

Sifnotics

to the pnp emitters to increase the output
impedance and, therefore, the gain.

Use of the pnp as a collector load can be
extended by using multiple collector pnps
as indicated in Figure 2-9.

MULTIPLE COLLECTOR
TRANSISTOR LOADS

v+
o)

1B1AS O——4

Figure 2-9

This circuit could give a voltage gain of
many millions, which for linear amplifica-
tion would be generally impractical due to
clipping. A practical realization would in-
corporate feedback to define gain, as shown
in Figure 2-10, where the voltage gain is
given by the ratio:

(2-5)

LEVEL SHIFTING

The necessity for level shifting arises from
two general requirements:

A. Level interfacing from input to output

B. Maintaining voltages across transistor
collector-base junctions to avoid clip-
ping.
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The latter situation can be seen in the circuit
of Figure 2-10, where the voltage across Q1
is limited to a Ve minus an IR drop which
limits the voltage swing at the output. Dis-
crete designers overcome this problem with
a liberal use of coupling and decoupling
capacitators which are not available to line-
ar IC designers, unless incorporated exter-
nally.

AMPLIFIER STAGE WITH FIXED GAIN

Isias O—9

V+
O
\w- 0
02

Figure 2-10

Resistive level shifting is one method used
in integrated circuitry. Figure 2-11 illus-
trates the actual and equivalent networks.

The DC voltage is level shifted down from
point A to point B through resistor R1 by the
current of Q2. The circuit AC performance
can be analyzed by the equivalent circuit of
Figure 2-11b with the gain of the circuit
being given by:

A= =22
1 Z425 (2-6)
Where
Zy=—'_ angze= — P2 __
1+ jwR1C1 1+ juR2C2

Maximum gain and broad bandwidth are
dependent upon the following relation-
ships:

R2 >>R1 and C1>>C2

These conditions can generally be met
since the output can be fed into an emitter
follower with high input resistance and low
input capacitance. R2 and C2 values would
be in the 5M and 0.5pF range respectively.
These values place workable values of R1
and C1at 10-20K ohms and 15-30pF respec-
tively. Lower values of R1 consume excess-
ive current while lower values of C1 degrade
the 50MHz frequency performance.

INPUT Q4

OUTPUT

Actual Circuit

Figure 2-11a

RESISTIVE LEVEL SHIFTING

INPUT O—
[ :1- c1

SR1
‘P
< OUTPUT

Equivalent Circuit

Figure 2-11b

The disadvantages of this circuit include:

A.Large die area for R1 and C1
B. Limited voltage range
C. Power consumption without gain

A level shifter which overcomes these prob-
lems is the zener diode. A reverse biased
transistor emitter base junction, giving a
voltage drop of 6 to 7 volts, is commonly
used for the zener since the voltage is in the
range generally required.

ZENER DIODE LEVEL
SHIFTING
V+
INPUT
OUTPUT
Veias
Figure 2-12

Multiples of this value can be gained by
cascading more diodes. The benefits of this
method are speed and small die area, while
disadvantages include inflexibility to power
supplies and high noise. These drawbacks
restrict the use of this method to switching
circuits such as comparators and sense am-
plifiers.

A combination of these two methods pro-
vides a circuit which provides a variable
level shift. The zener of Figure 2-13 pro-
duces a constant voltage drop which is
modified by resistors R1 and R2. Input to
output voltage is given by:

SinOtiEs

V= (1 + R1 ) (Vo — VBE) 2-7)
R2

VARIABLE LEVEL SHIFT

INPUT O
V2

a1l

¢

Figure 2-13

The most universally used level shifting
technique, however, uses the pnp transis-
tor. The circuit of Figure 2-10 has been
redrawn to include pnp level shifters in
Figure 2-14.

LEVEL SHIFT WITH PNP TRANSISTORS

v+

Figure 2-14
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Transistors Q3 and Q4 are current source
loads as described earlier. With the addition
of Q2 the level shifting has been accom-
plished across the gain stage itself. The
primary advantages are a large voltage
range and power supply insensitivity. Volt-
age ranges up to the breakdown of the
transistor are available with the additional
advantage of voltage gain for the current
consumed. Although nota problem in audio
and low frequency systems, the disadvan-
tage of the pnp level shifter is lack of fre-
quency response above 1MHz.

OUTPUT STAGES

The design techniques for driven stages
used in linear integrated circuits differ little
from those of conventional designs. In
cases where the power required is small, the
conventional class A emitter follower is
generally used as shown in Figure 2-15a.

The integrated form may vary in that Rg is
generally replaced by a current source in
the interest of smaller die size, as shown in
Figure 2-15b. Where both sink and source
drive capabilities are required, the npn-pnp
arrangement is used. As shown in Figure 2-
16a driver Q1 feeds output transistors Q2
and Q3. :

Diodes D1 and D2 are used to bias the
output transistors into slight quiescent con-
duction. Temperature variations make cur-
rent control difficult with this method and
thermal runaway can result. The circuit of
Figure 2-16b is much better from this stand-
point since the current through Q4 and,
therefore, the voltage across Q4 and Q5can
be controlled fairly well. By adjusting the
value of R2, the current flowing through Q2
and Q3 is likewise controlled. A further
advantage of this scheme is that Q4, Q5and

COMPLEMENTARY OUTPUT
STRUCTURE

v+

——0O OUTPUT

INPUT! a1l

V-

With Diode Biasing
Figure 2-16a
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INPUT Q1

OUTPUT

Figure 2-15a

. CLASS A EMITTER FOLLOWER

INPUT Q1
ouTPUT
BIAS Q2
R
Figure 2-15b

R2 can be placed in the same isolation tub.

An alternative to the use of the vertical pnp
is the compound npn-pnp circuit of Figure
2-17. Keeping in mind the poor frequency
and phase response of the lateral pnp, the
loop formed from Q3 and Q6 has the poten-
tial danger of instability, however.

—O0<

5
>R1
S
Vo
LN
Q4
as
p—O OUTPUT
R2
e
INPUT Qa5

V-

Transistor Biasing

Figure 2-16b

OUTPUT PROTECTION

Output stages are commonly protected so
that the maximum current available does
not damage the device. A circuit achieving
this is shown in Figure 2-18.

As the output current increases, the voltage
drop across R1 rises sufficiently to turn on
Q1, which in turn removes some base drive
from Q3. The output current is thus limited
to the value specified by the IR drop of R1.
Currents in the negative direction are like-
wise limited by R2 and Q2 acting upon Q4.

Sifnotics

LATERAL PNP COMPLEMENTARY
OUTPUT STAGE

L O v+
SR1
‘>
b3
K&
(7
as p——CO OUTPUT
R2
a6
a3
INPUT Qi
A —O V-

Figure 2-17

COMPLEMENTARY OUTPUT STAGE
WITH SHORT CIRCUIT PROTECTION

v+

Figure 2-18
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Often times the current handled by Q4 is
large. If this is the case, the base drive at Q4
must be large to overcome low beta in the
pnp. Hence Q2 must handle large currents
to effect output protection. For this reason
negative current limiting is often installed at
earlier stages of a design so that smaller Q2
collector currents are required to control
the output.

REACTIVE COMPONENT
SIMULATION

Earlier in this chapter component limita-
tions of linear IC design were discussed.
These limitations restricted the values of
resistance and capacitance in addition to
the non-existence of the indicator for linear
design. Techniques circumventing the re-
sistor limitations, such as current source
loads, have been covered. Methods of multi-
plying capacitance and simulating induc-
tance have also been developed for use in
linear IC design.

In both cases the general method is to
incorporate the oxide capacitors available
into an active feedback configuration to
synthesize the desired impedance.

Capacitive multiplication is done using the
circuit of Figure 2-19. The effective capaci-
tance is given by the relationship:

Ceft =C1 ( Bl)
R3

Values of resistance for R1 should be as
high as possible since the impedance ap-
pears in series with the effective capaci-
tance.

(2-8)

CAPACITANCE MULTIPLIER

R2

VW —&-

b
—AAA

Im ?T

. Figure 2-19

Virtual inductors can be synthesized from
active devices as well. With a constant cur-
rent excitation, the voltage dropped across
an inductance increases with frequency.
Thus an active device whose output in-
creases with frequency can be character-
ized as an inductance. The circuit of Figure
2-20 yields such a response with the effec-
tive inductance being equal to:

L =R1R2C1 (2-9)

SIMULATED INDUCTOR

Ry

Rt = Rin

— ¢

]

Figure 2-20

The Q of this inductance depends upon R1
being equal to R2. At this point the Q of the
inductor is maximum. At the.same time,
however, the positive and negative feed-
back paths of the amplifier are equal leading
to the distinct possibility of oscillation at
high frequencies. R1 should therefore al-
ways be slightly smaller than R2 to assure
stable operation.

LAYOUT CONSIDERATIONS

Of paramount importance to the layout of a
linear circuit is the chip size. Every possible
effort is made to reduce chip size for eco-
nomic reasons.

In general, the transition of a circuit design
to a layout of its monolithic form is by way of
design rules which give the minimum and
maximum spacing between oxide openings
of both the same and other diffusions.
These rules take into account various proc-
ess parameters and tolerances. Besides
these general rules there are some particu-
lar considerations.

First is opfimization of matching between
similar components. This is accomplished
by placing components as close as possible

variations are minimized. In the case of
transistors this means placing them in adja-
cent isolation tubs. For resistors this means
running them parallel with identical num-
bers of corners and with identical end-
contacts.

Another consideration is component
matching in the presence of thermal tran-
sients. This is a common problem with
operational amplifiers where thermal tran-
sients of the output transistors can reflect
back to the input transistors. A layout that
could exhibit this effect is shown in Figure
2-21.

As the output drives the load, the power
dissipation from output transistors Q3 and
Q4 cause thermal gradients across the die.
Transistors Q1 and Q2 receive a thermally
generated voltage difference of 2mV per
degree centigrade. Since operational ampli-
fiers such as the NE531 have voltage gains
in excess of 100dB, the voltage need only be
20-200 pV to produce output saturation.

The layout example of Figure 2-21 would
generate large offset voltages as well as
make accurate gain measurements impos-
sible. The modifications required to elimi-
nate temperature variations have been illus-
trated in Figure 2-22. Here the power
dissipating elements are situated on the die
center line. All temperature sensitive ele-
ments, such as Q1 and Q2, are placed sym-
metrically about the center line.

CHIP LAYOUT WITH
THERMAL SYMMETRY

! ; Figure 2-22
so that the differences due to micro-
POOR THERMAL LAYOUT
INPUT
OUTPUT

Figure 2-21

Sinotics
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Die layout is also important with respect to
ground current feedback. A good example
occurs when both digital and linear circuitry
appear on the same chip, as with sense
amplifiers.

A functional block diagram of the sense
amplifier with parasitic resistances R1 and
R2is shownin Figure 2-23. Resistors R1 and
R2 represent the impedance of the die met-
alization.

PARASITIC RESISTANCE IN
GROUND LINES

ANALOG

Figure 2-23

When the TTL gate output switches large
ground currents occur on the gate ground
leads. This transient current flows through
R1-and R2, raising the voltage at points A
and B. These potentials can cause positive
(or negative) feedback which can alter the
ideal transfer curve of Figure 2-24a to that of
Figure 2-24b. Both discontinuities and hys-
teresis are evident.

The improved method of grounding is illus-
trated in Figure 2-25. Ground paths have
been arranged so-that currents sum only at
the common ground pad of the die. in addi-
tion, ground metalization has been widened
to reduce metal resistance.

As stated earlier, minimizing die area is
important. One of the ways this can be done
is by placing many components in a single
isolation area. There are dangers in doing
this, however, due to the presence of para-
sitic components. To illustrate, the emitter
follower circuit of Figure 2-26 will be used.

To save space both components are dif-
fused in the same isolation tub as shown by
Figure 2-27. The transistor collector contact
serves the dual role of collector contactand
reverse biasing of the resistor as required.
Danger arises as the transistor current in-
creases.

The voltage drop in the N-epi region be-
comes larger, eventually forward biasing
part of the resistor. The circuit of Figure 2-
28 applies should forward biasing occur,
adding a parasitic pnp transistor between
the resistor and the npn transistor base. If
the beta is high enough a regenerative loop
occurs causing latch up. The solution liesin
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SENSE AMPLIFIER TRANSFER HYSTERESIS DUE TO GROUND
CURVE CURRENTS
<+
Vout
Vour
—>
- VIN +
T v n
Ideal ™
Figure 2-24a Figure 2-24b
IMPROVED SENSE AMPLIFIER EMITTER FOLLOWER CIRCUIT
LAYOUT v
o
4
ﬁ Rt
L o} ]
I
| I
| |
Figure 2-25 Figure 2-26

CROSS SECTIONAL OF
EMITTER FOLLOWER CIRCUIT

Q1 COLLECTOR R1 Q1EMITTER Q1 BASE

TRANSISTOR

1)

CURRENT FLOW

|/

Figure 2-27

locating the resistor out of the transistor
current path. EMITTER WITH PARASITIC

PNP TRANSISTOR
Summary: v
The preceding two chapters have been de-
voted to a basic treatise of linear design and
processing techniques. Although severely
limited in depth, the knowledge presented
should provide a great deal of insight into
understanding linear circuits, their capabili-
ties and limitations.

Figure 2-28
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Operational Amplifiers

INTRODUCTION

The operational amplifier was first intro-
duced in the early 1940’s. Primary usage of
these vacuum tube forerunners of the ideal
gain block was in computational circuits.
They were fed back in such a way as to
accomplish addition, subtraction, and other
mathematical functions.

Expensive and extremely bulky, the opera-
tional amplifier found limited use until new
technology brought about the integrated
version, solving both size and cost draw-
backs.

Volumes upon volumes have been and
could be written on the subject of op amps.
In the interest of brevity this chapter will
cover the basic op amp as itis defined along
with test methods and suggestive applica-
tions. Also, included is a basic coverage of
the feedback theory from which all configu-
rations can be analyzed.

THE PERFECT AMPLIFIER

The ideal operational amplifier possesses
several unique characteristics. Since the
device will be used as a gain block, the ideal
amplifier should have infinite gain. By
definition also, the gain block should have
an infinite input impedance in order not to
draw any power from the driving source.
Additionally, the output impedance would
be zero in order to supply infinite current to
the load being driven. These ideal defini-
tions are illustrated by the ideal amplifier
model of Figure 3-1.

IDEAL OPERATIONAL AMPLIFIER

Figure 3-1

Further desirable attributes would include
infinite bandwidth, zero offset voltage, and
complete insensitivity to temperature, pow-
er supply variations, and common mode
input signals. )

Keeping these parameters in mind, further
contemplation produces two very powerful
analysis tools. Since the input impedance is
infinite, there will be no current flowing at
the amplifier input nodes. In addition, when
feedback is employed the differential input
voltage reduces to zero. These two state-
ments are used universally as beginning
points for any network analysis and will be
explored in detail later on.

THE PRACTICAL AMPLIFIER

Tremendous strides have been made by
modern technology with respect to the ideal
amplifier. Integrated circuits are coming
closer and closer to the ideal gain block.
Input bias currents for instance are in the
pA range for FET input amplifiers while
offset voltages have been reduced to less
than 1mV in many cases, in Bipolar devices.

Any device has limitations however, and the
integrated circuit is no exception. Modern
op amps have both voltage and current
limitations. Peak to peak output voltage, for
instance, is generally limited to one or two
base-emitter voitage drops below the sup-
ply voltage while output currentis internally
limited to approximately 25mA. Other
limitations such as bandwidth and slew
rates are also present, although each
generation of devices improves over the
previous one.

DEFINITION OF TERMS

Earlier the ideal operational amplifier was
defined. No circuit is ideal of course so
practical realizations contain some sources
of error. Most sources of error are very small
and therefore can usually be ignored. It
should be noted that some applications
require special attention to specific sources
of error.

Before the internal circuitry of theopampis
further explored it would be beneficial to
define those parameters commonly refer-
enced.

INPUT OFFSET VOLTAGE

Ideal amplifiers produce 0 volts out for 0
volts input. But, since the practical case is
not perfect, there will appear a small.dc
voltage at the output even though no
differential voltage is applied. This dc
voltage is called the input offset voltage,
with the majority of its magnitude being
generated by the differential input stage
pictured in Figure 3-2.

An operational amplifier’s performanceisin
large part dependent upon the first stage. It
is the very high gain of the first stage that
amplifies small signal levels to drive remain-
ing circuitry. Coincidentally, the input
current, a function of beta, must be as small
as possible. Collector current levels are thus
made very low in the input stage in order to
gain low bias currents. It is this input stage
also which determines dc parameters such
as offset voltage since the amplified output
of this stage is of sufficient voltage levels to
eclipse most subsequent error terms added
by the remaining circuitry. Under balanced
conditions the collector currents of Q1 and
Q2 are perfectly matched, hence we may
say:

Siljnotics

DIFFERENTIAL INPUT STAGE

v-

Figure 3-2

Eos = Ic2RL - Ic1iRL =0 3-1"

In practice small differences in geometries
of the base emitter regions of Q1 and Q2 will
cause Eos not to equal 0. Thus, for balance
to be restored a small dc voltage must be
added to one Vge or

Vos = Vge1 - VBE2 (3-2)
where the Vge of the transistor is found by

VBE = E In (IE)
Q Is

Reference is made to the input when talking
of offset voltage. Thus, the classic definition
of input offset voltage is ‘that differential dc
voltage required between inputs of an
amplifier to force its output to zero volts.’

(3-3)

Offset voltage becomes a very useful
quantity for the designer because many
other sources of error can be expressed in
terms of Vops. For instance, the error
contribution of input bias current can be
expressed as offset voltages appearing
across the-input resistors.

INPUT OFFSET VOLTAGE DRIFT

Another related parameter to offset voltage
is Vos drift with temperature. Present day
amplifiers usually possess Vos driftlevelsin
the range of 5uV to 40uV per degree C. The
magnitude of Vos drift is directly related to
the initial offset voltage at room tempera-
ture. Amplifiers exhibiting larger initial
offset voltages will also possess higher drift
rates with temperature. A rule of thumb
often applied is that the drift per degree C
will be 3.3uV for each millivolt of initial
offset. Thus, for tighter control of thermal
drift, a low offset amplifier would be se-
lected.
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INPUT BIAS CURRENT

Figure 3-3

INPUT BIAS CURRENT

Again referring to Figure 3-2, it is apparent
that the input pins of this op amp are base
inputs. They must, therefore, possess a dc
current path to ground in order for the input
to function. Input bias current, then is ‘the
dc current required by the inputs of the
amplifier to properly drive the first stage.’

The magnitude of Ipias is calculated as the
average of both currents flowing into the
inputs and is calculated from

= li+l2 (3-4)

2

Bias current requirements are made as
small as possible by using high beta input
transistors and very low collector currents
in the first stage. The trade-off for bias
current is lower stage gain due to low
collector current levels and lower slew
rates. The effect upon slew rate is covered
in detail under the compensation section.

INPUT OFFSET CURRENT

The ideal case of the differential amplifier
and its associated bias current does not
possess an input offset current. Circuit
realizations always have a small difference
in bias currents from one input to the other,
however. This difference is called the input
offset current. Actual magnitudes of offset
current are usually at least an order of
magnitude below the bias current. For many
applications this offset may be ignored but
very high gain, high input impedance
amplifiers should possess as little los as
possible because the difference in currents
flowing across large impedances develops
substantial offset voltages. Output voltage
offset due to los can be calculated by

Vout = Acl(losRs) (3-5)

Hence, high gain and high input imped-
ances magnify directly to the output, the
error created by offset current. Circuits
capable of nulling the input voltage and
current errors are available and will be
covered later in this chapter.

INPUT OFFSET CURRENT
DRIFT

Of considerable importance is the temper-
ature coefficient of input offset current.
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Even though the effects of offset are nulled
at room temperature, the output will drift
due to changes in offset current over
temperature. Many popular models now
include a typical specification for los drift
with values ranging in the .5nA per degree
C area. Obviously those applications requir-
ing low input offset currents also require
low drift with temperature.

INPUT IMPEDANCE

Differential and common mode impedances
looking into the input are often specified for
integrated op amps. The differential imped-
ance is the total resistance looking from one
input to the other while common mode is the
common impedance as measured to
ground. Differential impedances are calcu-
lated by measuring the change of bias
current caused by achange in the input volit-
age.

COMMON MODE RANGE

Allinputstructures have limitations as to the
range of voltages over which they will
operate properly. This range of voltages
impressed upon both inputs which will not
cause the output to misbehave is called the
common mode range. Most amplifiers
possess common mode ranges of 12 volts
with supplies of £15 volts.

COMMON MODE REJECTION
RATIO

The ideal operational amplifier should have
no gain for an input signal common to both
inputs. Practical amplifiers do have some
gain to common mode signals. The classic
definition for common mode rejection ratio
of an amplifier is the ratio the differential
signal gain to the common mode signal gain
expressed in dB as shown in equation 3-6a.

CMRR(dB) = 20 log _8/€1_ (3-6a)

€o/€cm
The measurement CMRR as in 3-6arequires
2 sets of measurements. However, note that
if eo in equation 3-6a is held constant,
CMRR becomes:

CMRR(dB) = 20 log e:_f" (3-6b)
1

A new alternate definition of CMRR based
on 3-6b is the ratio of the change of input

EFFECTS OF CMRR ON
VOLTAGE FOLLOWER

Figure 3-4

S{notics

offset voltage to the input common mode
voltage change producing it.

Figure 3-4 illustrates the application of the
equivalent common mode error generator
to the voltage follower circuit. The gain of
the voltage follower with error contributions
caused by both finite gain and finite
common mode rejection ratio is shown in

equation 3-7
€o +
o _ 1% 1/CMRR @
€in 1+1/A

where A equals open loop gain and is fre-
quency dependent.

AC PARAMETERS

Parameter definition has up to this point,
been dealing primarily with dc quantities of
voltages, currents, etc. Several importantac
or frequency dependent parameters will
now be discussed.

An ideal gain block was defined earlier as
one which would provide infinite gain and
bandwidth. Real circuits approximate infi-
nite open loop gain with low frequency
gains in excess of 100dB. The very high
gains achieved with present designs are
possible only by cascading stages. Al-
though providing very high open loop gain
the cascading of stages results in the need
for frequency compensation in closed loop
configurations and reduces the open loop.

LARGE SIGNAL BANDWIDTH

The large signal or power bandwidth of an
amplifier refers to its ability to provide its
maximum output voltage swing with in-
creasing frequency. At some frequency the
output will become slew rate limited and the
output will begin to degrade. This point is
defined by

_ Slew Rate

v (3-8)

where FpL is the upper power bandwidth
frequency and Eout is the peak output swing
of the amplifier.

SLEW RATE

The maximum rate of change of the output
in response to a step input signal is termed
slew rate. Deviation from the ideal is caused
by the limitation in frequency response of
the amplifier stages and the phase compen-
sation technique used. Summing node and
amplifier output capacitances must be kept
to a minimum to guarantee getting the
maximum slew rate of the operational
amplifier. Circuit board layout must also be
of high frequency quality. Power supplies
should be adequately bypassed at the pins,
with both low and high frequency compo-
nents to avoid possible ringing. A selection
of a proper capacitor in parallel with the
feedback resistor may be necessary. Too
small a value could -result in excessive
ringing and too large a value will decrease
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frequency response. In general, the worst
case slew rate is in the unity gain non-invert-
ing mode (see Figure 3-5a). Specifications
of slew rate should always reflect this worst
case condition with the maximum required
compensation network.

AMPLIFIER SLEW RATE
LIMITATIONS

—0OEout
ENO

Figure 3-5a

Figure 3-5b

OPEN LOOP VOLTAGE GAIN AS
A FUNCTION OF FREQUENCY

120 T
Vg=:15V

100 ~

LN

LN
. AN
) Cy30pF \

VOLTAGE GAIN-dB

1 10 100 1® 10K 100K ™ 10M

FREQUENCY - Hz

Figure 3-6

FREQUENCY RESPONSE

Distributed capacitances and transit times
in semiconductors cause an upper frequen-
cy limit or pole for each and every gain
stage. Monolithic pnp transistors used for
level shifting possess poor upper frequency
characteristics and cascaded gain stages,
used to approach the highest gain, subtract
from the maximum frequency response. As
shown in Figure 3-6 the openloop frequen-
cy response of the op amps shown crosses
unity gain at approximately 10MHz. Closed
loop response is unstable without compen-
sation, however, so typical unity gain fre-
quencies are readjusted by the effects of
phase compensation, in this case 1TMHz.

From Figure 3-6 it is also apparent that an
amplifier has a trade off between gain and
bandwidth. Higher gains are achieved atthe
expense of bandwidth. This trade off is a
constant figure called the gain bandwidth
product.

TEST METHODS

Product testing of integrated circuits uses

automatic test equipment. Large computer
controlled test decks test all data sheet
limits in a matter of milliseconds. Each
parameter is tested in a specific circuit
configuration defined by the test hardware.

A typical simplified op amp test configura-

tion is depicted by Figure 3-9. Units may be
classed in several categories according to
selected parameters. Even failures may be
classified categorically depending upon
their mode of failure.

Figures 3-7, 3-8, 3-10, and 3-11illustrate the
general test set ups commonly used to
measure CMRR, average bias current, offset
voltage and current and open loop gain
respectively. In general the following pa-
rameters are tested under the following
conditions.

COMMON MODE REJECTION
The test set-up for CMRR is given in Figure
3-7. Resistor values are chosen to provide
sufficient sensitivity and accuracy for the
device type being tested and the voltage
measuring equipment being used.

The positive common mode input voltage
within the range Vcmi is algebraically sub-
tracted from all supplv voltages and from
Vo. Then V1 is measured (V11). The most
negative common mode voltage within the
range, Vcmz, is then subtracted from all the
supply voltages and Vo, and V4 is again
measured (V12).
Then
CMRR = (R1 + R2) /R1|(Vcm1-Vem2)/ Vi1 -Vi2
(3-9)

Ra

CIRCUIT DIAGRAM USED
FOR CMRR MEASUREMENT

50K

AAA

\AAS

O
-Vee

All resistor values are in ohms.

Figure 3-7

CIRCUIT DIAGRAM USED FOR
AVERAGE BIAS CURRENT
MEASUREMENT

All resistor values are in ohms.

Figure 3-8

ov)
MEASURED
FUNCTION

Ip AVG. = % (Ip1 + Ib2)

SAMPLE & HOLD

1. SWITCH 1S THROWN AT POSITION 1
2. SWITCH IS THROWN AT POSITION 2

Sifnotics
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A TYPICAL OP AMP TEST CIRCUIT

5K, A =50

O AAA———
10K, A =100

/ 1060 0—AAA——
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REF O————AMW—0 1000

Figure 3-9

CIRCUIT DIAGRAM USED FOR OFFSET
VOLTAGE AND OFFSET CURRENT

——O V)
MEASURED
FUNCTION

RS =1000) SWITCH AT POSITION 1
RS = 10KQ SWITCH AT POSITION 2

R
Vos 31—:“—1 vy

. Vos @ 10K - Vos @ 1000
los 0K

All resistor values are in ohms.

Figure 3-10 ..~

MEASUREMENT

Ry
. 50K

AAA

CIRCUIT DIAGRAM USED FOR
LARGE-SIGNAL OPEN LOOP GAIN

VWV

*Vee

= Vo, Vo,

Figure 3-11

All resistor values are in ohms.

SAMPLE & HOLD
—OV,

A-AVdo

AVIN
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This operation is equivalent to swinging
both inputs over the full common mode
range, and holding the output voltage
constant, but it makes the V| measurement
much simpler.

BIAS CURRENT

Bias current is measured in the configura-
tion of Figure 3-8.

With switches at position 1 and Vo = 0 volts,
measure V1. Move switches to position 2
and again measure Vjo. Calculate Igias

(average), by
lor= T \ﬂ) (3-10a)
R1+ R2
= -10b)
'e2 R1+R2 ( ) (3-10b
g1+ 182 B
lias (avg) = il _ Rt vi1-Vi2
2 R1+R2 2R3
(3-10¢)
OFFSET VOLTAGE

Figure 3-10 is used for both offset voltage
and current. With Vo, at 0 volts and the
switches selecting the source impedance of
100 ohms, the offset voltage is measured at
V) and is equal to

R1V1
R1+R2

Vos = 3-11)

OFFSET CURRENT

Offset current is measured by calculation of
offset voltage change with a change in
source impedance. With switches in posi-
tion 1, measure V2. Calculate the contribu-
tion of los by

Viz-V1
R3

(3-12)

los =

SIGNAL GAIN

The signal gain of operational amplifiers is
most commonly specified for the full output
swing.

This is referred to as large signal voltage
gain and can be measured by the circuit of
Figure 3-11. Usually specified under a
specific load determined by RL, a signal
equal to the maximum swing of the output
voltage is applied to Vo in both positive and
negative directions. Vi1 and Vj2 are meas-
ured values of V| and and Vo = maximum
positive and maximum negative signals
respectively. The gain of the device under
test then becomes

Avo = (R1 +R2) (Vo1 Vo2 ) (3-13)
Vit - Vi

SLEW RATE

Many other parameters are checked auto-
matically by similar means. Only the most

important ones have been covered here. Of
great interest to the designer are other
parameters which do not necessarily carry
minimum or maximum limits. One such
parameter is slew rate. The configuration
used to measure slew rate depends upon
the intended application. Worst case condi-
tions arise in the unity gain non-inverting
mode.

MEASURING SLEW RATE

FROM PULSE
GENERATOR TO
OSCILLOSCOPE

>

Figure 3-12a

+10V

ov

=4V
SLEW RATE = 2

-10v

Figure 3-12b

Figure 3-12 shows a typical bench set up for
measuring the response of the output to a
step input. The input step frequency should
be of a frequency low enough for the output
of the op amp to have sufficient time to slew
from limit to limit. In addition, Vin must be
less than absolute maximum input voltage
and the wave form should have good rise
and fall times. The slew rate is then
calculated from the slope of the output
voltage versus time or

AVout
AT

OP AMP CURVE TRACER

Two of the most important parameters of
linear integrated circuits having differential
inputs are voltage gain and input offset
voltage. These parameters may be read
directly from a plot of the transfer character-
istic of the device. This memo will describe a
very simple curve tracer which, when used
with an oscilloscope, will display the
transfer characteristic of most Signetics
linear devices.

SR= in volts/ps @-14)

Figure 3-13 shows the transfer characteris-
tic of a typical linear device, the Signetics
NES531. Note that the unit saturates at ap-
proximately +12 and -12 volts and exhibits a
linear transfer characteristic between -10

sinotics

and +10 volts.

From the slope of this linear portion of the
transfer characteristic, and from the point

TRANSFER CURVE OF 531

+15V

Figure 3-13a

EoyT (VOLTS)
16T

124

Ein
-4 -3 -2 -1 3 4 (MILLIVOLTS)

VOS = 1mV

20V
AVO = Zqy = 90K

Figure 3-13b

and +10 volts where it crosses the Ejn axis,
the voltage gain and offset voltage may be
determined. It can be seen that the voltage
gain of the device under test, (D.U.T.), is
50,000 and its input offset voltage is 1.0mV.

A simple circuit to display the curves of
Figure 3-13 on an oscilloscope is shown in
Figure 3-14. A 60Hz, 44Vp-p sinewave is
applied to the horizontal input of oscillo-
scope and an attenuated version of the
sinewave is applied to the input of the D.U.T.

The output of the D.U.T. drives the vertical
input of the scope. For providing V+and V-
to the D.U.T., the tester uses two simple
adjustable regulators, both current limited
at 25mA. Input drive to the D.U.T. may be
selected by means of S-2 as shown.

To use the curve tracer, first preset the V+
and V- supplies with an accurate meter. The
supply voltages are somewhat dependent
on ac line regulation and should be
checked periodically. The horizontal gain of
the scope may be set to give a convenient
readout of the peak-to-peak D.U.T. input
signal corresponding to the setting of S-2.
As some devices have two outputs, asecond
output line (vertical 2) has been provided
for these devices. The transfer function of
such devices will be inverted to that of
Figure 3-13 of course.
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CURVE TRACER SCHEMATIC

o SCOPE
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Figure 3-14

Simplicity and low cost are the two major
attributes of this tester. It is not intended to
perform highly rigorous tests for all devices.
Itis, however, a reasonably accurate means
of determining the gains and offset voltages
of most amplifiers. It will in addition,
indicate the transfer curves of comparators
and sense amplifiers with equivalent accu-
racies.

AMPLIFIER DESIGN

Linear operational amplifier IC’s were
introduced soon after the appearance of the
first digital integrated circuits. The perform-
ance of these early devices, however, left
much to be desired until the introduction of
the 709 device. Even with its lack of short
circuit protection and its' complicated
compensation requirements, the 709 gained
real acceptance for the IC op amp. The 709
was designed using a three stage approach
requiring both input and output stage com-
pensation. In addition the output stage was
not short circuit proof and the input stage
latched up under certain conditions, requir-
ing external protection.
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Much better designs soon were introduced.
Among the contenders were the 741, 748,
101, and 107 devices. All were general
purpose devices with single capacitor
compensation, (some were internally com-
pensated), and all heralded input and output
overstress protection. The basic design has
two gain stages. By rolling off the frequency
response of one of these, (the second stage),
so that the overall gain is unity at a
frequency below the point where excess
phase becomes significant, the device can
be stabilized for all feedback configura-
tions. Further, by making the first stage a
voltage to current converter, with a small
gmand the second stage a current to voltage
converter with a high rm, the second stage
can be rolled off at 6dB octave with a small
value capacitor in the order of 30pF, which
can then be built into the device itself. This
concept is shown in Figure 3-15.

The frequency and phase response of the
pnp devices in the first stage dictate a roll off
in the second stage to give a loop gain of
unity at about 1.0MHz. For the unity gain
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BASIC TWO STAGE OP
AMP DESIGN

it
1r

Figure 3-15

feedback configuration, this implies an
open loop gain of unity at this frequency.
The capacitor C¢ controls this parameter by
looking much smaller than rm at frequencies
above a few cycles, giving a clean 6dB/oc-
tave roll off over 5 decades.

The overall gain at frequencies where the
impedance of Cc dominates rm is given by
qls1 1

—_
4KT ~ @Ce

Substituting the value given above, we find
that a capacitancee of Cc =30pF gives a unity

Avlw) = (3-15)
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SCHEMATIC OF 536
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Figure 3-16

gain frequency of about 1.0MHz.

First stage large signal current also defines
the slew rate for a specific compensation
technique. It is this current which must
charge and discharge the C¢ by the expres-
sion

dv _ s

R= ¥ = =

dT  Cc

(3-16)

where I_s is the largest signal current of the
input stage. Obviously, the slew rate can be
improved by increasing the first stage
collector current. This would, however,
reflect directly upon the bias current by
increasing it.

Two serious limitations, then, of these
devices for diverse applications are input
bias current and slew rate. Both may be
overcome with small changes of the input
structure to vyield higher performance
devices.

Reducing the input bias current becomes a
matter of raising the transistor beta of the
first stage. Several current designs boasting
very low input currents use what is termed
super beta input devices. These transistors
have betas of 1,500 to 7,000. Bias currents
under 2nA can be achieved in this way. Even

though the Byceo of such transistors can be
as low as 1 volt, the lower breakdowns are
accounted for in the input stage by rear-
ranging the bias technique. Bandwidths and
slew rates suffer only slightly as a result of
the lower current levels.

Further reduction in room temperature
input bias current can be achieved by the
use of FET input devices. A, (slightly
simplified), schematic of the NE536 FET
input op amp is given in Figure 3-16.

The majority of the 741 circuitry is pre-
served with the appropriate input and bias
structural changes made to incorporate the
junction FETs. The biasing of Q1 and Q2is
chosen to minimize offset voltage and drift.
The voltage across Q1 is controlled by Q28,
Q32, and R8 which is the same as that
across R6 via Q42 and Q43. The operating
points of Q1 and Q2 are closely controlled
by the Ipss of Q42 via their respective
current sources. Offset adjustment is ac-
complished by trimming the values of R1
and R2 externally to equalize the currents
through Q1 and Q2. Figure 3-17 illustrates
the technique required.

FET input structures of this type can provide
input bias, (gate leakage), currents on the

Sinotics

OFFSET VOLTAGE ADJUSTMENT
OF THE NES536

All resistor values are in ohms.

Figure 3-17

order of 5pA at room temperature. However,
unlike the input bias currents of bipolar
devices, the input bias current changes
rapidly with temperature, doubling in value
for every 10°C rise in temperature. For high
temperatures the bias current of FETs
becomes only about 4 times lower than
super beta structures.

29




Operational Amplifiers

The NE536 offers the advantages of very
high input impedance and higher slew rate.
The increase in slew rates for the NE536 is
about 6 times that of a 741.

The second limitation of 741 devices is slew
rate. As previously mentioned, the rate of
change is dictated by the compensation ca-
pacitance as charged by the large signal
current of the first stage. By altering the
large signal gm of the first stage as depicted
by Figure 3-18, the slew rate can be dramati-
cally increased.

The additional current supplied during
large signal swings by current source Il
causes the first stage transfer function to
change as shown in Figure 3-19. The com-
pensation capacitor is returned to the out-
put of the NE531 structure because the
output driving source must be capable of
supplying the increased current to charge
the capacitor.

Large signal bandwidths with this input
structure will be essentially the same as the
small signal response. Full bandwidth
possibilities of this configuration are still
limited by the beta and f; of the lateral pnp
devices used for collector loads in the first
stage. Even so, the slew rate of the NE531
and NE538 is a factor of 40 better than
general purpose devices.

VOLTAGE/CURRENT CURVES OF
FIRST STAGE
lout
“NES31
r——
/
741
Vin
/
)
Figure 3-19

BASIC FEEDBACK
THEORY

At the beginning of this chapter the ideal op
amp was defined. The ideal parameters are
never fully realized but they present a very
convenient method for the preliminary
analysis of circuitry. So important are these
ideal definitions that they are repeated here.
The ideal amplifier possesses: "

1. Infinite gain

2. Infinite input impedance
3. Infinite bandwidth

4. Zero output impedance
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INPUT STRUCTURE OF 531
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Figure 3-18
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From these definitions two important theo-
rems are developed:

1. No current flows into or out of the input
terminals.

© 2. When negative feedback is applied the

differential input voltage is reduced to
zero. )

Keeping these rules in mind, the basic
concept of feedback can be explored.

VOLTAGE FOLLOWER

Perhaps the most often used and simplest
circuit is that of a voltage foliower. The cir-
cuit of Figure 3-20 illustrates the simplicity.

VOLTAGE FOLLOWER

—O
Eout

= EouT = Es

Figure 3-20

Applying the zero differential input theorem
the voltages of pins 2 and 3 are equal and
since pins 2 and 6 are tied together, their
voltage is equal; hence, Eout = Ein. Trivial to
analyze, the circuit nevertheless does
illustrate the power of the zero differential
voltage theorem. Because the input imped-
ance is multiplied and the output imped-
ance divided by the loop gain the voltage
follower is extremely useful for buffering

SiNOtiCs

voltage sources and for impedance trans-
formation.

NON-INVERTING AMPLIFIER

Only slightly more complicated is the non-
inverting amplifier of Figure 3-21.

NON-INVERTING AMPLIFIER

Eout

RiN|| Re RIN

Wp——--—0

Figure 3-21

The voltage appearing at the inverting input
is defined by

Eout ® Rin
RF + Rin

E2 = (3-17a)

Since the differential voltage is zero, Eo=Es,

and the output voltage becomes

R
Eout = Es (1 + 2

Rin

(3-17b)

It should be noted that as long as the gain of
the closed loop is small compared to open
loop gain, the output will be accurate, but as
the closed loop gain approaches the open
loop value more error will be introduced.

The signal source is shown in Figure 3-21in
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series with a resistor equal in size to the
parallel combination of Rin and Rr. This is
desirable because the voltage drops due to
bias currents to the inputs are equal and
cancel out even over temperature. Thus
overall performance is much improved.

INVERTING AMPLIFIER

By slightly rearranging the circuit of Figure
3-21, the non-inverting amplifier is changed
to an inverting amplifier. The circuit gain is
found by applying both theorems; hence,
the voltage at the inverting input is 0 and no
current flows into the input. Thus the follow-
ing relationships hold.

Es Eo

2+ = =0 (3-18a)
Rin  RF
Solving for the output Eo
Eo=-Es NF (3-18b)
Rin

INVERTING AMPLIFIER

—O
Eout
RE
RinlIRe Rin
S
Figure 3-22

As opposed to the non-inverting circuits the
input impedance of the inverting amplifier is
not infinite but becomes essentially equal to
Rin. This circuit has found widespread
acceptance because of the ease with which
input impedance and gaincan be controlled
to advantage, as in the case of the summing
amplifier.

COMPENSATION

Present day operational amplifiers are
comprised of multiple stages, each of which
has a 3dB point or pole associated with it.
Referring to Figure 3-23, the 3dB break
points of a two stage amplifier are approxi-
mated by the Bode plot.

As with any feedback loop, the op amp must
be protected from phase shifts in excess of
360°. A steady 180° phase shift is developed
by the amplifier from output to inverting
input. In addition the sum of all additional
shifts due to amplifier poles or feedback
component poles will cause the necessary
additional 180° to sustain oscillation if the

FREQUENCY COMPENSATION

SINGLE POLE AMPLITUDE AND
PHASE RESPONSE

FREQUENCY (Hz)

Figure 3-23

gain of the amplifier is greater than one for
the frequency at which the 180° phase shift
is reached. By adding poles and zeros to the
amplifier response externally, the phase
shift can be controlled to insure. stability.

Many op amps now include internal com-
pensation. These are single capacitors of
30pF typically and the ampilifier will remain
stable for all gains. However, since they are
unconditionally stable, the compensation is
larger than required for most applications.
The resultant loss of bandwidth and slew
rate may be acceptable in the general case
but selection of an externally compensated
device can add a great deal to the amplifier
response if the compensation is handled
properly.

In order to fully develop the point at which
instability occurs a fuller understanding of
phase response is necessary.

The diagram of Figure 3-24 depicts the
phase shift of a single pole. Note that at the
pole position the phase shift is 45° and that
phase shift becomes 0° for a decade below
the pole and -90° for a decade above the
pole location. This is a Bode approximation
which possesses a 5.7° error at 0° and 90°
but this error is usually considered small
enough to be ignored. The single pole
produces a maximum of 90° phase shiftand
also produces a frequency roll off of 20dB
per decade. The addition of the second pole
of Figure 3-25 produces an additional 90°
phase shift and increases the role off slope
to -40dB per decade.

At this point phase shift could exceed 180°
because unity gain is reached causing
instability. For gain levels equal to A1 or
|1/B], the phase shift is only 90° and the
amplifier is stable. However, the gain of A2
the phase shift is 180° and the loop is
unstable. Gains in between A1 and A2 are
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marginally stable. However, ‘as shown in
Figure 3-26 the phase shift as it approaches
180° causes increasing frequency peaking
and overshoot until sustained oscillations
occur.
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FREQUENCY PEAKING DUE TO
INSUFFICIENT PHASE MARGIN
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Figure 3-26

tion to do the job assures the maximum
bandwidths and slew rates of the amplifier.
Additional in-depth information on com-
pensation can be found in the reference
material.

FEED FORWARD
COMPENSATION

External compensation has been shown to
improve amplifier bandwidth over internal
compensation in the preceding section.
Additional bandwidth can be realized if feed
forward compensation is used. Bandwidth
is limited in monolithic design by the poor
frequency response of the pnp level shifters
of the first stage.

It is generally accepted in the interest of
minimized frequency peaking to limit the
phase shift of the amplifier to 135° or a
phase margin of 45°. At this margin the sec-
ond order response of the system is crit-
ically damped and oscillation is prevented.

Referring to Figure 3-27, the required com-
pensation can be determined. Given the
open loop response of the amplifier, the
desired gain is plotted until it intercepts the
open loop curve as shown.

TECHNIQUE OF FEED
FORWARD AROUND 1st STAGE

Cc

—

Figure 3-28a
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Figure 3-28b

The phase shift for minimum peaking is
135°. Remembering that phase shift is 45°
at the frequency pole the example of Figure
3-27 will be unstable at gains less than 20dB
where phase shift exceeds 180°, and will
possess excessive overshoot and ringing at
gains less than 60dB where phase shift
exceeds 135°. Thus, the desired compensa-
tion will move the second pole of the
amplifier out in frequency until the closed
loop gain intersects the open loop response
before the second break of the amplifier
occurs. Selecting only enough compensa-
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FEED FORWARD COMPENSATION
OF LM301
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All resistor values are in ohms.

Figure 3-28c

The concept of feed forward compensation
bypasses the input stage at high frequen-
cies driving the higher frequency second
stage directly as pictured by Figure 3-28a.
The Bode plot of Figure 3-28b shows the
additional response added by the feed
forward technique used in Figure 3-28¢c. The
response of the original amplifier requires
less compensation at lower frequencies
allowing an order of magnitude improve-
ment in bandwidth. The typical feed forward
network for the LM301 is shown in Figure 3-
28c with its Bode plot in Figure 3-28b.
Standard compensation and feed forward
are both plotted to illustrate the bandwidth
improvement. Unfortunately, the use of feed
forward compensation is restricted to the
inverting amplifier mode.

REFERENCES

1. OPERATIONAL AMPLIFIERS-Design &
Applications, Jerald Graeme and Gene
Tobey, McGraw Hill Book Company.

APPLICATIONS

Volumes upon volumes have been written
describing circuits based on the operational
amplifier. Space prohibits a lengthy discus-
sion of each application. Rather the follow-
ing pages are intended as a reference point
from which one can digress to achieve a
specific response. The most important
things to remember were brought out in the
basic feedback theory section. No applica-
tion of op amps need be terribly difficult if
the summing point restraints are remem-
bered and applied.

VOLTAGE FOLLOWER

The basic configuration in Figure 3-29 has a
gain of 1 with extremely high input imped-
ance. Setting the feedback resistor equal to
the source impedance will cancel the effects
of bias current if desired.

VOLTAGE FOLLOWER

——OVout = VIn
ViNO

Figure 3-29
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However, for most applications a direct
connection from output to input will suffice.
Errors arise from offset voltage, common
mode rejection ratio and gain. The circuit
can be used with any op amp with the
required- unity gain compensation, if it is
required.
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INVERTING AMPLIFIER

With the inverting amplifier of Figure 3-30
the gain can be set to any desired value
defined by R2 divided by R1. Input imped-
ance is defined by the value of R1, and R3
should equal the parallel combination of R1
and R2 to cancel the effect of bias current.
Offset voltage, offset current, and gain
contribute most of the errors. The ground
may be set anywhere within the common
mode range and any op amp will provide
satisfactory response.

NON-INVERTING AMPLIFIER

Gain for the non-inverting amplifier is de-
fined by the sum of R1 and R2 divided by R1.

The amplifier does not phase invert and
possesses high input impedance. Again the
impedances of the two inputs should be
equal to reduce offsets due to bias currents.

INVERTING AMPLIFIER

ViN —O0 vour - vin(f7)

Figure 3-30

NON-INVERTING AMPLIFIER

R1+R2
—O VOUT"’IN( A )

ViN

Figure 3-31

CURRENT TO VOLTAGE
CONVERTER

R1

AAA
VWA

——OVouT = linR1
YN

Figure 3-32

DIFFERENTIAL AMPLIFIER
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Figure 3-33
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Fig‘ure 3-34

CURRENT TO VOLTAGE
CONVERTER

The transfer function of the current to volt-
age converter is

Vout = InR1 (3-19)

Evaluation of the circuit depends upon the
virtual ground theorem developed earlier.
The current flowing into the input must be
the same as that flowing across R1, hence,
the output voltage is the IR drop of R1.

Limitations, of course, are output saturation
voltage and output current capability. The
inputs may be biased anywhere within the
common mode range.

DIFFERENTIAL AMPLIFIER

This circuit of Figure 3-33 has a gain with
respect to differential signals of R2/R1.

The common mode rejection is dominated
by the accuracy of the resistors. Other
errors arise from the offset voltage, input
offset current, gain and common mode
rejection. The circuit can be used with any
op amp discussed in this chapter with the
proper compensation.

SUMMING AMPLIFIER

The summing amplifier is a variation of the
inverting amplifier. The output is the sum of
the input voltages, each being weighed by—
RF/Rin.

The value of R4 may be chosen to cancel the
effects of bias current and is selected equal
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to the parallel combination of Rf and all the
input resistors.

INTEGRATOR

Integration can be performed with a varia-
tion of the inverting ampilifier by replacing
the feedback resistor with a capacitance.
The transfer funtt:tion is defined by

1
V t:‘——fV' o dt
ou’ RCO mn

The gain of the circuit falls at 6dB per octave
over the range in which strays and leakages
are small.

(3-20)

INTEGRATOR

s1
—o0

R1

Fi-gure 3-35

Since the gain atdc is very high a method for
resetting initial conditions is necessary.
Switch S1 removes the charge on the ca-
pacitor. A relay or FET may be used in the
practical circuit. Bias and offset currents
and offset voltage of the switch should be
low in such an application.
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DIFFERENTIATOR

The differentiator of Figure 3-36 is another
variation of the inverting amplifier. The gain
increases at 6dB per octave until it inter-
sects the amplifier open loop gain, then
decreases because of the amplifier band-
width. This characteristic can lead to
instability and high frequency noise sensi-
tivity.

DIFFERENTIATOR

R1

c1

Figure 3-36

A more practical circuit is shown in Figure
3-37. The gain has been reduced by R3 and
the high frequency gain reduced by C2
allowing better phase control and less high
frequency noise. Compensation should be
for unity gain.

PRACTICAL DIFFERENTIATOR
R1
M
c2
Il
r
R3 c1
O—AM—]{ |
—0O
R2
Figure 3-37

AUDIO CIRCUITS

More detailed information is available in the
consumer section of this manual.

Many audio circuits involve carefully tai-
lored frequency responses. Pre-emphasis is
used in all recording mediums to reduce
noise and produce flat frequency response.
The most often used de-emphasis curves
for broadcast and home entertainment
systems are shown in Figure 3-38. Opera-
tional amplifiers are well suited to these
applications because of their high gain and
easily tailored frequency response.

RIAA PREAMP

The preamplifier for phono equalization is
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shown in Figure 3-39, along with the

theoretical and actual circuit response.

Low frequency boost is provided by the
inductance of the magnetic cartridge with
the RC network providing the necessary
break points to approximate the theoretical
RIAA curve.

RUMBLE FILTER

Following the amplifier stage, rumble and
scratch filters are often used to improve
overall quality. Such a filter designed with
op amps uses the 2 pole Butterworth
approach and features switchable break
points. With the circuit of Figure 3-40 any
degree of filtering from fairly sharp to none
at all is switch selectable.

TONE CONTROL

Tone control of audio systems involves
altering the flat response in order to attain
more low frequencies or more high ones
dependent upon listener preference. The
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PREAMPLIFIER—RIAA/NAB
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Figure 3-39a
70 70
BODE PLOT

[ ~— \
N
BODE PLOT | VT/'ACTUAL RESPONSE
40

2 4
2 3 \
]
z ACTUAL RESPONSE
H H N
G 3 9 30
20 20

FREQUENCY — Hz FREQUENCY — Hz

Bode Plot of RIAA Equalization and the

Bode Plot of NAB Equalization and the
response realized in an actual circuit using response realized in the actual circuit using
the 531. the 531,

Figure 3-39b Figure 3-39c

RUMBLE/SCRATCH FILTER
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Figure 3-40
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TONE CONTROL CIRCUIT
FOR OPERATIONAL AMPLIFIERS

10K 100K 10K

1.6
INpUTO—— |-

ouTPUT

PEAK TO PEAK

All resistor values are in ohms.

NOTES

1.

2.
3.

Amplifier A may be a NE531 or 301. Frequency compensation, as for unity gain non-
inverting amplifiers, must be used.

Turn-over frequency—1kHz.

Bass boost +20dB at 20Hz, bass cut -20dB at 20Hz, treble boost +19dB at 20kHz, treble

cut ~19dB at 20kHz.
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Figure 3-41

BALANCE AMPLIFIER WITH LOUDNESS
CONTROL

All resistor values are in ohms.

Figure 3-42
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circuit of Figure 3-41 provides 20dB of bass
or treble boost or cut as set by the variable
resistance. The actual response of the
circuit is shown also.

BALANCE AND LOUDNESS
AMPLIFIER

Figure 3-42 shows a combination of balance
and loudness controls. Due to the non-
linearity of the human hearing system the
low frequencies must be boosted at low
listening levels. Balance, level, and loud-
ness controls provide all the listening con-
trols to produce the desired music re-
sponse.

VOLTMETER

Figure 3-43 shows a high impedance
voltmeter, using the NE536 op amp as a
non-inverting amplifier. The ranges, up to
10V full scale, have extremely high input
impedance, (up to 5x108()), with a guard
terminal available. The 30V and 100V scales
have 30 and 100MQ input impedance. The
input is protected against input overvoltage
by the diodes, but the meter cannot be
subjected to more than 50% overload.

CAPACITANCE MULTIPLIER

The circuit in Figure 3-44 can be used to
simulate large capacitances using small
value components. With the values shown
and C = 10uF, and effective capacitance of
10,000uF was obtained. The Q available is
limited by the effective series resistance. So
R1 should be as large as practical.

SIMULATED INDUCTOR

With a. constant current exitation, the
voltage dropped across an inductance
increases with frequency. Thus, an active
device whose output increases with fre-
quency can be characterized as an induct-
ance. The circuit of Figure 3-45 yields such
a response with the effective inductance
being equal to:

L =R1R2C (3-21)

The Q of this inductance depends upon R1
being equal to R2. At the same time,
however, the positive and negative feed-
back paths of the amplifier are equal leading
to the distinct possibility of instability at
high frequencies. R1 should therefore
always be slightly smaller than R2 to assure
stable operation.

POWER AMPLIFIER

For most applications, the available power
from op amps is sufficient. There are times
when more power handling capability is
necessary. A simple power booster capable
of driving moderate loads is offered in Fig-
ure 3-46.

The circuit as shown uses a 741 device.
Other amplifiers may be substituted only if
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POINT A"

GUARD O-

VOLTMETER
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15K
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All resistor values are in ohms. o ©
Figure 3-43

R1 values are changed because of the ICC
current required by the amplifier. R1should
be calculated from the expression

R1= 600mV
ICC

VOLTAGE-TO-CURRENT
CONVERTERS

A simple voltage-to-current converter is
shown in Figure 3-47. The current out is lout
=Vin/R. For negative currents, a pnp can be
used and for better accuracy, a Darlington
pair can be substituted for the transistor.
With careful design, this circuit can be used
to control currents of many amps. Unity
gain compensation is necessary.

(3-22)

The circuit in Figure 3-48 has a different
input and will produce either polarity of
output current. The main disadvantages are
the error current flowing in R2, and the
limited current available.

ACTIVE CLAMP LIMITING
AMPLIFIER

The modified inverting amplifier in Figure 3-
49 uses an active clamp to limit the output
swing with precision. Allowance must be
made for the Vbe of the transistors. The

swing is limited by the base-emitter break-
down of the transistors. A simple circuit
uses two back-to-back zener diodes across
the feedback resistor, but tends to give less
precise limiting and cannot be easily con-
trolled.

ABSOLUTE VALUE AMPLIFIER

The circuit in Figure 3-50 generates a
positive output voltage for either polarity of
input. For positive signals, it acts as an non-
inverting amplifier and for negative signals,
as an inverting amplifier. The accuracy is
poor forinput voltages under 1V, but for less
stringent applications, it can be effective.

HALF WAVE RECTIFIER

Figure 3-51 provides a circuit for accurate
half wave rectification of the incoming
signal. For positive signals, the gain is 0, for
negative signals, the gain is-1. By reversing
both diodes, the polarity can be inverted.
This circuit provides an accurate output, but
the output impedance differs for the two
input polarities and buffering may be
needed. The output must slew through two
diode drops when the input polarity re-

Sinotics

CAPACITANCE MULTIPLIER
Ry
™

. Ry
Cetf = R3°C1

Rs=R3
R3
K

101

All resistor values are in ohms,

Figure 3-44

VIRTUAL INDUCTOR

RE
- Re=Rin
L—> NE535
O + Cq
T

> 5

3R 3R
1 1

Figure 3-45

verses. The NE535 device will work up to
10kHz with less than 5% distortion.

PRECISION FULL WAVE
RECTIFIER

The circuit in Figure 3-52 provides accurate
full wave rectification. The output imped-
ance is low for both input polarities, and the
errors are small at all signal levels. Note that
the output will not sink heavy currents,
except a small amount through the 10k
resistors. Therefore, the load applied
should be referenced to ground or a
negative voltage. Reversal of all diode
polarities will reverse the polarity of the
output. Since the outputs of the amplifiers
must slew through two diode drops when
the input polarity changes, 741 type devices
give 5% distortion at about 300Hz.

CYCLIC A TO D CONVERTER

One interesting, but, much ignored A/D
converter is the cyclic converter. This
consists of a chain of identical stages, each
of which senses the polarity of the input.
The stage then subtracts Vref from the input
and doubles the remainder if the polarity
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POWER BOOSTER

O*v
L
sm
S35
2N3638
100K
\-
A
L o
I —O
51K 1K
—K 2NB97
<R1
>
S35
All resistor values are in ohms. O-v
Figure 3-46

VOLTAGE TO CURRENT CONVERTERS

Figure 3-47

VOLTAGE TO CURRENT

CONVERTER
R4
_.__NW_
R3
—\—¢—O R2_R4
R1 R3
Vin-R2 2
Figure 3-48

ACTIVE CLAMP LIMITING
AMPLIFIER

F—O {(VCLAMP -06) = -2.4V
\L~O+ (V CLAMP-0.6) = +2.4 V

——O Vout
1 IC = 531 or 535
Figure 3-49
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was correct. In Figure 3-53 the signal is full
wave rectified and the remainder of Vin - Vet
is doubled. A chain of these stages gives the
gray code equivalent of the input voltage in
digitized form related to the magnitude of
Vret. Possessing high potential accuracy,
the circuit using NE531 devices settles in
5us.

LOGARITHMIC AMPLIFIER

Converting an input voltage to its log
equivalent is very useful in computational
circuits since two inputs can be multiplied
simply by adding their logarithms. The log
transfer curve of a VBg junction is used in
Figure 3-54 to achieve the transfer function.
The 15.7kohm resistor and 1kohm thermis-
tor provide a temperature compensated
scale factor of 1 volt per decade of input
voltage. Low input current devices such as
the LF356 should be used for best results.

TRIANGLE AND SQUARE
WAVE GENERATOR
The circuit in Figure 3-55 will generate
precision triangle and square waves. The
output amplitude of the square wave is set
by the output swing of the op amp A -1 and
R1/R2 sets the triangle amplitude. The
frequency of oscillation in either case is
-1 R (3-23)
4RC R1
The square wave will maintain 50% duty
cycle even if the amplitude of the oscillation
is not symmetrical.

The use of the NE531 in'this circuit will allow
good square waves to be generated to quite
high frequencies. Since the amplifier A1
runs open loop, there is no need for com-
pensation. The triangle-generating amplifi-
er must be compensated.The NE5535device
can be used as well, except for the lower
frequency response

TWO-PHASE SINE WAVE
OSCILLATOR

This circuit (referring to Figure 3-56), uses a_
2-pole pass Butterworth filter, followed by a
phase shifting single pole stage, fed back
through a voltage limiter to achieve sine and
cosine outputs. The values shown using 741
amplifiers give about 1.5% distortion at the
sine output and about 3% distortion at the
cosine output. By careful trimming of Ca
and/or the limiting network, better distor-
tion figures are possible. The component
values shown give a frequency of oscillation
of about 2kHz. The values can be readily
selected for other frequencies. The NE535
should be used at higher frequencies to
reduce distortion due to slew limiting.
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ABSOLUTE VALUE VOLTAGE COMPARATOR

AMPLIFIER Inexpensive voltage comparators with only

modest parameters are often needed. The

10K op amp is often used in this configuration

. v because the high gain provides good
2 a0k ) 01 selectivity. Figure 3-57 shows a circuit us-
o3 Y NES3s able with most any op amp. The zener is
VoS . selected for the output voltage required (5.1

volt for TTL), and the resistor provides some

<

< current protection to the op amp out
:;wx 10K P p p output

structure. Vref can be any voltage within the
be. wide common ~mode range of the
4 . amplifier—another advantage of using op

amps for comparators. If the LM101A de-
vices is used as depicted by Figure 3-58, the
clamp diode may be connected to the

All resistor values are in ohms.

Figure 3-50 compensation point directly. Clamping the
voltage at this point does not require a
series resistor because of the internal cir-

HALF WAVE RECTIFIER cuitry of the LM101A.

VOLTAGE AND CURRENT
OFFSET ADJUSTMENTS

Many IC amplifiers include the necessary
pin connections to provide external offset
adjustments. Many times, however, it be-
comes necessary to select a device not
possessing external adjustments. Figures 3-
59, 3-60, and 3-61 suggest some possible
arrangements for offset voltage adjust and
bias current nulling circuitry. The circuitry
of Figure 3-61 provides sufficient current
into the input to cancel the bias current
requirement. Although more simplified
arrangements are possible the addition of

All resistor values are in ohms.

Figure 3-51

Q2 and Q3 provide a fixed current level to

Q1, thus, bias cancellation can be provided
PRECISION FULL WAVE without regard to input voltage level.
RECTIFIER

THE LF 156, IMPROVED
FET OP AMP
10K

A o Introduction

Advanced analog processing at Signetics
L has led to the improved JFET input op
amp. The LF156 incorporates well-matched,
ok | NS Pt higﬁ-voltage JFET's on the same chip with

: bipolar transistors. The design gives low
10K voltage and current noise and a low I/ noise
——WWA———¢ corner. Specific applications which can
+—D—— utilize the advanced characteristics of the
10K LF156 follow:

T s> Applications

A change in capacitance must cause a
5.1K change in charge, and that charge is

: displaced into the summing point, which
= must be balanced by an equivalent dis-
placement of charge across the feedback
capacitor, C1, caused in turn by a changein
the output voltage e. This circuit has the
Figure 3-52 desirable property of being virtually inde-

pendent of shunt capacitance across the

Siqnetics 39
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CYCLIC A TO D CONVERTER

40 Sifnotics

O *Vee
10K
O LogIic ouT VREF.
Vout
| o VF:ER
o— “VREF. . vin'
x [ VREF
3; 20K
10K =
VoS . S
Vin
20K
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Figure 3-53a Figure 3-53b
LOGARITHMIC AMPLIFIER TRIANGLE AND SQUARE
WAVE GENERATOR
¥ % Vi Eroaw, i <
ot p T T e vree TRIANGLE WAVE
! out
CD"‘ VREF. = ©
= oureur = = $m
All resistor values are in ohms.
Figure 3-54 Figure 3-55
TWO-PHASE SINE WAVE
OSCILLATOR
SINE cg
OUTPUT 1700 pF
B
:L :t Rg
< 6000
All resistor values are in ohms. 6V
6V
Figure 3-56
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VOLTAGE COMPARATOR VOLTAGE COMPARATOR UNIVERSAL OFFSET NULL
FOR INVERTING AMPLIFIERS

O OUTPUT

R5
50K RANGE = +V (2—%)
All resistor values are in ohms. I
All resistor values are in ohms.
Figure 3-57 Figure 3-58 Figure 3-59
UNIVERSAL OFFSET NULL FOR . BIAS CURRENT
NONINVERTING AMPLIFIERS & COMPENSATION

v

R5

OUTPUT

R
RANGE = :V (—L>
Ry

-v
O _ Rg
= INPUT CAIN= 1+ Ry h
All resistor values are in ohms. NE5534 ——O Eout
E
ING ) SELECT Ry & R3 FOR
DESIRED CURRENT
Figure 3-60 v - Figure 3-61
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PIEZOELECTRIC CHARGE

AMPLIFIER
R
AAA
PIEZOELECTRIC =
ACCELEROMETER 11
€i-1C 1t
E
Cy
R
 AAA h
VWA
LF156 ——Oe
r | +
Figure 3-62

input, since such capacitance is connected
from the summing point to ground, and has
across it only the residual null voltage,
which should be negligibly low. This
independence of input capacitance permits
the use of long shielded cables between the
transducer and the amp, without signifi-
cantly affecting accuracy. Leakage resist-
ance in parallel with Cs must be deliberately
sustained, in order to prevent the amplifier
output from drifting to saturation. The
sensitivity is inversely proportional to the
value of Ct.

The smallest value of Ct that will be large
compared to “strays” will yield the highest
predictable sensitivity. At the lowest fre-
quency, Xc must be small compared to RL
and the op amp’s offset current is sufficient-
ly small to prevent saturation with the
required value of R.

Another application for which the LF156 is
well suited is the high frequency, high
impedance active filter. An example follows:

Other applications for the LF156 include:
high impedance buffers, wideband low
noise low drift amplifiers, precision high
speed integrators, sample and hold circuits
and fast D/A and A/D converters.

DESIGNING A SAMPLE & HOLD
CIRCUIT

Ideally, a sample and hold circuit is de-
signed to operate in two basic states. In the
first, or sample, state, an input signal is
applied to the circuit. The output will follow
the input. In the second, or hold, state, the
output will remain constant at a value equal
to the input when it went to the hold state.
The output will stay at that value for an
indefinite period of time, independent of
any change on the input.

Generally the sample and hold circuit con-
sists of adriver (A1), aswitch (S1), a capacitor
(CH) and an output buffer (A2). The basic
operation of such a circuitis shown in Figure
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3-64. With S closed, the output will follow.
10KHz BAND-PASS FILTER the input. Note that the capacitor also fol-
. lows the input. When S is open, the output
will equal the charged value of the capaci-
c2 tor. If we were using a perfect op amp, the
0.001,F capacitor would always stay at thatcharged
300K value. (Since the ideal op amp has infinite
o impedance, there is no discharge path).
0.0014F —O
b Perfection does not exist, so we must con-
cern ourselves with the sources of error in
(S -0 the circuit.
Figure 3-63a
FREQUENCY RESPONSE Output Buffer
5r To begin, let's examine the effects of a non-
or perfect output op amp (A2). As stated earlier,
& 5F 020 when the switch (S1) is open, the only dis-
c of charge path for the capacitor is into the
2 5k output buffer. The input bias current for A2
2 b should be zero. The effects of a non-zero
H input bias current results in the output drop-
-5 P
ol ping (sag) at a rate
-35 L 1 4
1000 10K 100K 1000K
FREQUENCY (Hz) ﬂ = E (3-24)
dT C =
Figure 3-63b "
where Ig = Input bias current
PHASE RESPONSE CH = Holding capacitor
100 = .
By way of comparison, Table 3-1 demon-
1 strates the effects of Ig on the output sag for
g various types of op amps.
w a5l
-.;.' o} As you can see by Table 3-1, the FET input
g s op amps are far superior in sample and hold
ook applications. Another observation is that
135 the Ig for a FET input op amp increases
) \ , , considerably with an increase in tempera-
"Moo 10K 100K 1000K ture. As a rule of thumb, the input bias of a
FREQUENCY (Hz) FET input op amp doubles for every 10°C
. temperature rise. To minimize the effect of
Figure 3-63c temperature variations, it is recommended
Worst
Operational Type Case dv/dT dv/dT
Amplifier Input iB CH = .IuF CH = 1.0uF
LF155A FET 50pA 500uV/s 50uV/s
LF355A FET 50pA 500uV/s 50uV/s
LF155/255 FET 100pA 1000uV/s 100uV/s
UA740C FET 2nA 20mV/s 2mV/s
LF355A
at 70°C FET 5nA 50mV/s 5mV/s
LF155A
at 125°C FET 25nA 250mV/s 25mV/s
LM107 Bipolar 75nA 750mV/s 750mV/s
LM101A Bipolar 500nA 500mV/s 5V/s
‘Table 3-1

SiNOLES
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TYPICAL SAMPLE AND HOLD CIRCUIT

Figure 3-64

that the FET input op amp be used with a
heat sink. This will reduce the function
temperature change and minimize Ig in-
creases.

Even with this increasing Ig with tempera-
ture, the FETs are better than most bipolar
types. Compare the Ig values of the LF155A
at 125°C with the LM107 at 25°C. It can be
seen by Table 3-1 that as the value of capac-
itance is increased, the sag during the hold-
ing time is decreased. Thus the holding cap
should be as large as possible. The limiting
factors for the size of CH is physical size,
cost, leakage,and,probably most important,
sample time. The ability of the driving
source also limits the maximum value of
capacitance. The qualities of the holding
capacitor that are most important are mini-
mum leakage and no dielectric polarization.
For large capacitors teflon, polyethylene
and polycarbonate dielectrics should be
used. With small capacitor values, glass or
silvered mica capacitors work well.

Leakages

Any leakage path for the holding cap will
have the same effect as Ig and add to the
dVv/dT of the output. The board layout for
the circuit should keep a minimum distance
from the switch to the holding cap and input
to the buffer amp. Drain to source leakage
current in a FET switch is another source of
possible droop in the output. For D-MOS
FET switches (SD210-215 and SD5000 ser-
ies) this leakage is typically *1nA. The total
droop or dV/dT then becomes

Ig + I
CH+Cs

dv/dT =
(3-25)

where Ig = Input bias current
IL = Leakage currents

CH = Holding capacitor

Cs = Stray capacitance

Inreality, Cs is usually $o small compared to
CH that its effects are negligible. The lea-
kage currents generally do not total more
than 1nA and can be minimized.

Switching Errors:

The leakage of the switch is not the only
source of error generated by the FET. The
drain to gate capacitance of the FET canin

some cases cause more than 100% of the
total output error. The switch, generally, is
connected with the drain toward the holding
capacitor and the source to the driver. This
drain to gate capacitance (Cpg) is a function
of the voltage difference between source
and drain and the voltage on the gate.

Figure 3-65 shows the capacitance model of
the FET with the holding capacitor.

When the FET switch is on, the gate is

positive with respect to the source. The .

higher the potential, the lower the resist-
ance path (i.e., with Vgs in excess of +10
volts, Ron is typically 30 ohms with the
SD5000 series of switch.) By way of example
(see Figure 3-65), assume that Cpg is 3pF
and CH is .001uF. CH is holding acharge of 3
volts. With the switch on, and +15 volts on

the gate, the potential across Cpg is (15-3)

12V. When the switch turns off, the voltage
on the gate changes 15V. Thus the capaci-
tance takes a charge (AQ). This charge

AQ = CpaAV =3 x 1072 x 15

Q=45x10" (3-26)
This charge must come from CH. The volt-
age change on CH (AV) then can be calculat-
ed.

AV = AQ/CH = 45 X 1072/.001 x 1078 = 45mV
(3-27)

The voltage output drops 45 mV immediate-
ly after the FET is turned off.

This offset can be compensated to a large
extent by injecting a charge from another
capacitance and voltage so that the net
effect of the charges cancel. Such a circuit
is shown in Figure 3-66.

Ccin Figure 3-66 is selected to be larger than
the Cpa. This allows the step voltage to be
lower than the step voltage on the FET
switch. Note that when the FET switch gate
voltage goes from high to low, the charge
cap voltage goes from low to high. Since
CbaG changes considerably (from 3 to 1pF)
as the difference voltage between the gate
and drain increases, the compensating net-
work can completely cancel the charge

FET CAPACITANCE IN A SAMPLE AND HOLD CIRCUIT

-4 ===
= |sus :Cos
— oy
R R S I
Cse-,‘l‘- G = Coe CH
T W T
Figure 3-65

FET CAPACITANCE OFFSET CANCELLATION

14 ] '
— 1
e 1
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r._____: == Cc Cpg AVG = AQ = C¢ aVe
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o o1
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Figure 3-66
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OUTPUT OF SAMPLE AND HOLD SHOWING EFFECT OF AQcc

HOLD

SAMPLE I—

FET GATE VOLTAGE

B —7\'
_aQ I\I
AV = CH

OUTPUT VOLTAGE
—\I—\r—\’\l 100G = Ace

OUTPUT VOLTAGE
(UNCOMPENSATED)
[l

B
AG = d = —
SAG = dv/ot ch

OUTPUT VOLTAGE
AQpgG > AQce

C~d

Figure 3-67

OUTPUT VOLTAGE
'\I \ AQpg > AAce

error for only one set of conditions. Figure
3-67 shows the comparative effects of C for
different hold voltages. Because of this
charge effect, the holding capacitor should
be as large as possible for the desired sam-
pling time. With a holding capacitor of .1uF
this error is only .45mV.

Sampling Time

The sampling time depends on how long the
circuit takes for the holding capacitor to
reach a full charge. This time is a minimum
of 5 RC time constants but can be consider-
ably longer. Since the absolute minimum
sampling time is 5 RC time constants, it is
important to keep the series charge path
resistance at a minimum. Figure 3-68 shows
the charge path of the holding capacitor,
with Rs equal to the ON resistance of the
FET switch. Let’s assume, for the moment,
that the slew rate of the driver ampilifier is
not a factor. Since Ig is only 50pA, we can
ignore its effect on the charge time. Typical
resistance of an ON FET is 30 ohms. With a
holding capacitor of 1uF we would expect
the minimum charge time to be:

5RC =5 (30) 1 X 107 = 150 s (3-28)

But the 5 RC time is based on an unlimited
current source. The current required is:

I1 = ViN/Rs (3-29)
for a 10 volt step;
Iy = 10V/30 ohm = 333mA (3-29a)

Since the NE535 cannot drive 333mA, it will
take considerably longer to charge. The
short circuit current of the NE535 is 25mA
(typical).

When l1alsc, the voltage across Rs is

VR =IscRs =25 X 1030 = .75 volt  (3-30)
The voltage across the capacitor
Ve = VIN - VR = 9.25V (3-31)

The charge rate will be current limited until
the capacitor charges to 9.25V. Using the
relationship;

=lsc=25%10"%/1 x 107°

dv/dT= i
c ¢C

(3-32)

Isc = Imax = 25mA Rg

CHARGE PATH OF SAMPLE AND HOLD CIRCUIT

—>Ig

MV
300
f]

1uF

Figure 3-68

I3=1c+1g

SINCE 1B IS SMALL COMPARED TO
14 IT CAN USUALLY BE NEGLECTED
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The charge rate for the capacitor is
25mV/us. The time for the .capacitor to
charge to 9.25 volts is

9.25/25 X 107 = 370ps (3-32a)

This, added to the time to charge 5 RC time
constants of 150us, brings the total sample
time to 520us minimum. The fact that cur-
rent limiting occurs more than triples the
minimum sample time.

Note that the charge rate is a function of the
size of the capacitor and the short circuit
current of the driver. Since the size of the
holding capacitor affects output accuracy,
it would be more desirable to provide more
current to shorten the sampletime. If we use
the NE5534, we can shorten the minimum
sampling time. The output current (Isc) of
the NE5534 is rated as typically 38mA. The
charge rate now becomes:

dV/dT = 38 X 10-3/1 X 10-6 = 38mV/us

Thus, the time to reach 9.25 volts is 243us.
The total charge time and thus minimum
sample time is reduced to 393us. When
large holding capacitors are used, slew rate
of the op amp will not improve performance
significantly. The performance of a uA741C
in the circuit discussed above is about the
same as the NE535 since the Isc is typically
the same.

As the size of the holding capacitor is re-
duced, the slew rate of the op amp becomes
afactor. The 1uF holding capacitor example
above had a charge rate of 28mV/us. Since
the pA741 has a slew rate of 600mV/us, it
was not a factor. If the holding capacitor is
.01uF, the charge rate is 2.8V/us. It is obvi-
ous in this case that the .6V/us of the uA741
would become a limiting factor.

Other Considerations

Some op amps used as a driver may present
problems of instability when driving the
capacitive load of the holding capacitor.
Figure 3-69 shows a method of compensat-
ing an op amp for large capacitive loads.
The capacitive load is isolated by Rourt
which is typically 50 ohms. Cr should yield a
capacitative reactance of one tenth Rr at the
unity gain crossover frequency of the driver.
It is important to note that Rourt will affect
the RC charge path and lengthen the sam-
ple time requirements. This is usually of no
concern for large holding capacitor circuits
which have long sample time requirements
anyway.
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DRIVER COMPENSATED FOR LARGE
CAPACITIVE LOADS

RiN Cg

A AAA
1 YVy

+ Rout

Figure 3-69

With large holding capacitors, an isolation
resistor should be used between the input to
the FET amplifier and the hoiding capacitor.
This resistor prevents excessive input cur-
rents to the amplifier during power shut
downs with a full charge on the capacitor.

Signetics also provides high-performance
Sample and Hold circuits which require a
minimum of external components. See the
data sheets for the NE5537 and LF398 series
devices.

SE/NE535, OP AMP
APPLICATIONS

Introduction

The NE535 is a new generation monolithic
op amp which features improved input
characteristics. The device is compensated
to unity gain and has a minimum guaran-
teed unity gain slew rate of 10V/us. This is
achieved by employing a clamped super
beta input stage which has lower input bias
current.

Applications

These improved parameters can be put to
good use in applications such as sample
and hold circuits which require low input
current and in voltage follower circuits
which require high slew rates. The circuit
that follows will yield maximum small signal
transient response and slew rate for the
NE535 at unity gain.

It is always good practice in designing a
system to use dual tracking regulators such
as the Signetics NE5554 to power the dual
supply op amps. This will guarantee the
positive and negative supply voltage will be
equal during power up. With the NE535, itis
possible to degrade the input circuit charac-
teristics by not applying the power supplies
simultaneously. The NE535 is capable of di-
rectly replacing the uA741 with higher input
resistance which will -improve such de-
signed as active filters, sample and hold, as
well as voltage followers.

The NE535 can be used either with single or
split power suplies.

VOLTAGE FOLLOWER WITH
SINGLE POWER SOURCE

Vee

Figure 3-70

INVERTING AMP WITH
SINGLE POWER SUPPLY

Rt

AAA
\AAS

Vee

Figure 3-71
NE538
Introduction
The Signetics NE538 is the under-

compensated version of the NE535. The
NES538 has a typical slew rate of 50V/us and
a gain bandwidth product of 6MHz.

The internal frequency compensation is
designed for a minimum inverting gain of 4
and a minimum non-inverting gain of 5.
Below these gains the NE538 will be un-

" stable and the NE535 should be used.

OFFSET ADJUST CIRCUIT

v+

NES538

100K

V-

Figure 3-72

Silptics

The higher slew rate of the NE538 has made
this device quite appealing for high speed
designs and the fact that it has a standard
pinout will allow it to be used to upgrade
existing systems that now use the pA741 or
wAT748.
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INTRODUCTION TO NOISE

Since fabrication techniques in the integrat-
ed circuit industry have improved so tre-
mendously in the past few years, input
offset voltages and bias currents are being
minimized and noise parameters (whether
measured at the output or referred to the
input) have become a major source of con-
cern. Reducing noise by improved process
techniques and by use of peripheral compo-
nent control will be the thrust of this appli-
cation as a secondary effort, in understand-
ing the noise components themselves.

An inspection of industry specifications
show several methods of rating amplifier
noise performance.

1. Output signal to noise ratio.

2. Output noise level (with specified loads
and bandwidth).

3. Output noise level referenced to normal
operating level. .

4. Equivalent input noise (at a specified
gain, source impedance and bandwidth).

5. Noise figure.

BASIC NOISE PROPERTIES
Noise, for purposes of this discussion, is
defined as any signal appearing in an op
amp’s output that could not have been pre-
dicted by DC and AC input error analysis.
Noise can be random or repetitive, internal-
ly or externally generated, current or volt-
age type, narrowband or wideband, high
frequency or low frequency; whatever its
nature, it can be minimized.

The first step in minimizing noise is source
identification in terms of bandwidth and
location in the frequency spectrum; some of
the more common sources are shown in
Figure 3-73. Some observations to be made
from Figure 3-73 are that noise is present
from DC to VHF from sources which may be
identified in terms of bandwidth and fre-
quency, noise source bandwidths overlap,
making noise a composite quantity at any
given frequency. Most externally caused
noise is repetitive rather than random and
can be found at a definite frequency. Noise
effects from external sources must be re-
duced to insignificant levels to realize the
full performance available from a low noise
op amp.

EXTERNAL NOISE SOURCES
Since noise is a composite signal, the indi-
vidual sources must be indentified to mini-
mize their effects. For example, 60Hz power
line pickup is a common interference noise
appearing at an op amp’s output as a 16ms
sine wave. In this and most other situations,
the basic tool for external noise source
frequency characterization is the oscillo-
scope sweep rate setting. Recognizing the
oscilloscope’s potential in this area, there
are available several preamplifiers with vari-
able bandwidth and frequency which allow
quick noise source frequency identification.
Another basic identification tool is the sim-
ple low pass filter as shown in Figure 3-74
where the bandpass is calculated by:

Dfo= (3-34)

27RC

With such a filter, measurement bandpass
can be changed from 10Hz to' 100kHz (C =
4.7uF to 470pF), attenuating higher frequen-
cy components while passing frequencies
of interest. Once identified, noise from an
external source may be minimized by the
methods outlined in Table 3-2, the external
noise chart.

POWER SUPPLY RIPPLE

Power supply ripple at 120Hz is not usually
thought of as noise, but it should be. In an
actual op amp application, it is quite possi-
ble to have a 120Hz noise component that is
equal in magnitude to all other noise
sources combined, and, for this reason, it
deserves a special discussion.

To be negligible, 120Hz ripple noise should
be between 10nV and 100nV referred to the
input of an op amp. Achieving these low
levels requires consideration of three fac-
tors: the op amp’s 120Hz power supply

NOISE FREQUENCY ANALYSIS
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rejection ratio (PSRR), the regulator’s ripple
rejection ratio, and, finally, the regulator’s
input capacitor size.

PSRR at 120Hz for a given op amp may be
found in the manufacturer's data sheet
curves of PSRR versus frequency as shown
in Figure 3-75. For the amplifier shown,
120Hz PSRR is about 74dB, and to attain a
goal of 100nV referred to the input, ripple at
the power terminals must be less than 5mV.
Today’s IC regulators provide about 60dB of
ripple rejection; in this case the regulator
input capacitor must be made large enough
to limit input ripple to .5V.

Externally compensated low noise op amps
can provide improved 120Hz PSRR in high

closed-loop gain configurations. The PSRR-

versus frequency curves of such an op amp
are shown in Figure 3-76. When compensat-
ed for a closed loop gain of 1000, 120Hz
PSRR is 115dB. PSRR is still excellent at
much higher frequencies, allowing low rip-
ple noise operation in exceptionally severe
environment.

POWER SUPPLY DECOUPLING

Usually, 120Hz ripple is not the only power
supply associated noise. Series regulator
outputs typically contain at least 150uV of
noise in the 100Hz to 10kHz range, switch-
ing types contain even more. Unpredictable
amounts of induced noise can also be pres-
ent on power leads from many sources.
Since high frequency PSRR decreases at
20dB/decade, these higher frequency sup-
ply noise components must not be allowed
to reach the op amp’s power terminals. RC
decoupling, as shown in Figure 3-77, will
adequately filter most wideband noise.
Some caution must be exercised with this
type of decoupling, as load current changes
will modulate the voltage as the op amp’s
supply pins.

POWER SUPPLY REGULATION
Any change in power supply voltage will
have a resultant effect referred to an-op
amp’s inputs. For the op amp of Figure 3-75,
PSRR at DC is 110dB (3uV/V) which may be
considered as a potential low frequency
noise source. Power supplies for low noise
op amp applications should, therefore, be
both lowin ripple and well-regulated. Inade-
quate supply regulation is often mistaken to
be low frequency op amp noise.

When noise from external sources has been
effectively minimized, further improve-
ments in low noise performance are ob-
tained by specifying the right op amp, and
through careful selection and application of
the peripheral components.
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NOISE VOLTAGE, en, or more properly,
EQUIVALENT SHORT-CIRCUIT INPUT
RMS NOISE VOLTAGE is simply that noise
voltage which would appear to originate at
the input of a noiseless amplifier (referring
to Figure 3-78) if the input terminals were
shorted. It is expressed in nanovolts per root
Hertz nV/\/Hz at a specified frequency, orin
microvolts for a given frequency band. It is
determined, or measured, by shorting the
input terminals, measuring the output rms
noise, dividing by amplifier gain, and refer-
encing to the input. Hence the term, equiva-
lent noise voltage. An output bandpass filter
of known characteristic is used in measure-
ments, and the measured value is divided by
the square root of the bandwidth /B, if data
is to be expressed per unit bandwidth or per
root Hertz. The level of &, is not constant
over the frequency band; typically it in-

creases at lower frequencies as shown in.

Figure 3-79. This increase is 1/f NOISE
(flicker).

NOISE CURRENT, in, or more properly,
EQUIVALENT OPEN-CIRCUIT RMS
NOISE CURRENT is that noise which oc-
curs apparently at the input of a noiseless
amplifier due only to noise currents. It is
expressed in picoamps per root Hertz
pA/+/Hz at a specified frequency or in nan-
oamps in a given frequency band. It is
measured by shunting a capacitor or resis-
tor across the input terminals such that the
noise current will give rise to an additional

SiljnotiEs
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noise voltage which is in X Rin (or Xcin). The
output is measured, divided by amplifier
gain, referenced to input, and that contribu-
tion known to be due to €y and resistor noise
is appropriately subtracted from the total
measured noise. If a capacitor is used at the
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EXTERNAL NOISE CHART

Source Nature Causes Minimization Methods
60Hz Power Repetitive Interference Powerlines physically close to Reorientation of power wiring.
op amp inputs. Poor CMRR Shielded transformers.
at 60Hz.
120HzRipple Repetitive Inadequate ripple consider- Thorough design to minimize ripple.
ation. Poor RSRR at 120Hz RC decoupling at the op amp.
180Hz Repetitive EMI 180Hz radiated from saturated Physical reorientation of components.

60Hz transformers.

Shielding. Battery power.

Radio stations
through FM

Standard AM broadcast

Antenna action anyplace in
system.

Shielding. Output filtering. Limited
circuit bandwidth.

Relay & switch

arcing switching rate.

High frequency burst at

Proximity to amplifier inputs,
power lines, compensation ter-
minals, or nulling terminals.

Filtering of HF components. Shielding.
Avoidance of ground loops. Arc sup-
pressors at switching source.

Printed circuit board
contamination

Random low frequency

Dirty boards or sockets.

Thorough cleaning and humidity
sealant.

Radar transmitters

High frequency gated at
radar pulse repetition rate.

Radar transmitters from long
range surface search to short
range navigational especially
near airports.

Shielding. Output filtering of fre-
quencies >> PRR.

Mechanical vibration

Random < 100Hz

Loose connections, intermittent
metallic contact in mobile
equipment.

Attention to connectors and cable
conditions. Shock mounting in severe
environments.

‘Chopper frequency
noise

Common mode input current
at chopping frequency

Abnormally high noise chop-
per amplifier in system

Balanced source resistors. Use bi-

polar input op amps instead.

input, there is only en and in XcIN. The in is
measured with a bandpass filter and con-
verted to pA/\/Hz if appropriate; typically it
increases at lower frequencies for bipolar
op amps and transistors, but it increases at
higher frequencies for field-effect transis-
tors and Bi-Fet/Bi MOS opamps.

NOISE FIGURE, NF, is the logarithm of the
ratio of input signal-to-noise and output
signal-to-noise.

NF =10 log SN in
(S/N) out . (3'35)
where: S and N are power or (voltage)?

levels

This is measured by determining the S/N at
the input with no amplifier present, and then
dividing by the measured S/N at the output
with signal source present.

The values of Rgen and any Xgen as well as
frequency must be known to properly ex-
press NF in meaningxul terms. This is be-
cause the amplifier in X Zgen as well as Rgen
itself produces input noise. The signal
source in Figure 3-73 contains some noise.
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where:

Table 3-2

However, esjg is generally considered to be
noise free and input noise is present as the
THERMAL NOISE of the resistive compo-
nent of the signal generator impedance
Rgen. This thermal noise is WHITE in nature
as it contains constant NOISE POWER
DENSITY per unit bandwidth. It is easily
seen from Equation 2 that the en2 has the
units V2/Hz and that (en) has the units
V/\/Hz

€2 = 4kTRB (3-36)

T is temperature in °K

R is resistor value in ohms
B is bandwidth in Hz

k is Boltzman’'s constant

OPERATIONAL AMPLIFIER
INTERNAL NOISE

OP AMP NOISE
SPECIFICATIONS

Most completely specified low noise opamp
data sheets specify current and voltage
noises in a-1Hz bandwidth and low frequen-
cy noise over a range of .1Hz to 10Hz. To
minimize total noise, a knowledge of the

sifntics

derivation of these specifications is useful.
In this section, the reader is provided with
an explanation of basic op amp associated
random noise mechanisms and introduced
to a simplified method for calculating total
input-referred noise in typical applications.

RANDOM NOiSE CHARACTER-
ISTICS

Op amp associated noise currents and volt-
ages are random. They are aperiodic and
uncorrelated to each other and have Gaus-
sian amplitude distributions, the highest
noise amplitudes having the lowest proba-
bility. Gaussian amplitude distribution al-
lows random noises to be expressed as rms
quantities; multiplying a Gaussian rms
quantity by six, results in a peak to peak
value that will not be exceeded 99.73% of the
time.

The two basic types of op amp associated
noises are white noise and flicker noise (I/f).
White noise contains equal amounts of
power in each Hertz of bandwidth. Flicker
noise is different-in that it contains equal
amounts of power in each decade of band-
width. This is best illustrated by spectral
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NOISE VOLTAGE
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noise density plots such as in Figure 3-80
and 3-81. Above a certain corner frequency,
white noise dominates; below that frequen-
cy, flicker (I/f) noise is dominant. Low noise
corner frequencies distinguish low noise op
amps from general purpose devices.

SPECTRAL NOISE DENSITY

To utilize Figures 3-80 and 3-81, let us con-
sider the definition of spectral noise density:
the square root of the rate of change of
mean-square noise voltage (or current) with
frequency Eq. 3-37A

d

en2=_"_(En2
dF (3-37A)
in2=_9 (g2
T (3378
/%
=/ en2aF
i (3-38A)

fH
h=+/ indF
fiL (3-38B)
where  en, in = Spectral noise density

En, In = Total rms noise
fH = Upper frequency limit
fL = Lower frequency limit

Conversely, the rms noise value within a
given frequency band is the square root of
the definite integral of the spectral noise
density over the frequency band (Equation
3-38 A, B). This means that three things
must be known to evaluate total voltage
noise (En) or current noise (In): f, fL, and a
knowledge of noise behavior over frequen-
cy.

WHITE NOISE

White noise sources are defined to have a
noise content that is equal in each Hertz of
bandwidth, and Equation 3-38AB may be
rewritten for white noise sources as:

Enlw) =en Vfu - fL inVfH - fL
(3-39)

Inlw) =

It is therefore convenient to express spec-
tral noise density in V/v/Hz or A/\/Hz where
fH - fL=1Hz. When f4 =10 f_, the white noise
expressions may be further reduced to:

(3-40)

Enlw) = enV/TH Inlw) = inv/fH

FLICKER NOISE & WHITE NOISE
Since flicker noise content is equal in each
decade of bandwidth, total flicker noise may
be calculated if noise in one decade is
known. The .1Hz to 1Hz decade noise con-
tent (K) is widely used for this purpose
because the white noise contribution below
10Hz is usually negligible.

En(f)EK\/T , ln(f)EK\/T
f

f (3-41 aand b)

When substituted in Equation 3-36, the ex-
pressions may be rewritten to:
e ()

Entf) = K VIn (f"') In(h =
(3-42a and b)

When corner frequencies are known, sim-
plified expressions for total voltage and
current noise, (En and IN), may be written:

En(f - fU = en Vice In (f“_) + (- )

fL (3-43)

IN(fH = U = in Vfeiln (f ) + (f1 - L)

fL (3-44)

Sil[notics

where: en= White noise voltage in a 1Hz
bandwidth
in = White noise current in a 1Hz
bandwidth
fce = Voltage noise corner frequency
fci = Current noise corner frequency
fu = Upper frequency limit
fL = Lower frequency limit

The two most important internally generat-
ed noise minimization rules are: limit the
circuit bandwidth and use operational am-
plifiers with low corner frequencies.

NOISE SUMMATION

In the spectral density discussions, the con-
cepts of white noise and flicker noise were
introduced. In Figure 3-82, the complete
input-referred op amp noise model, internal
white and flicker noise sources are com-
bined into three equivalent input noise gen-
erators, EN, IN1 and IN2. The noise current
generators produce noise voltage drops
across their respective source resistors, Rs1
and Rs2. The source resistors themselves
generate thermal noise voltages, Et1 and Et2.
Total rms input referred voltage noise, over
a given bandwidth, is the square root of the
sum of the squares of the five noise voltage
sources over that bandwidth.

EnTif - f) = (3-45)

VEN2 + (Int - Rs1)2 +(In2 - Rg2)2 + Et12 + Eg22

THERMAL NOISE

Thermal (Johnson) noise is a white noise
voltage generated by random movement of
thermally-charged carriers in a resistance;
in op amp circuits this is the type of noise
produced by the source resistances in se-
ries with each input. Its rms value over a
given bandwidth is calculated by:

Et =+ 4kTR (fn - fL)
Where: k =

(3-46)

Boltzman’s constant = 1.38 x
10-28 joules/°K

T = Absolute temperature, °Kelvin
R = Resistance in ohms

fH = Upper frequency limit in Hertz
fu = Lower frequency limit in Hertz

At room temperature Equation 3-46 5|mph-
fies to:

Et = 1.28 X 10-10 \/R(fyy - f) (3-47)

To minimize thermal noise (Et1 and Et2) from
Rs1 and Rsp, large source resistors and
excessive system bandwidth should be
avoided.

Thermal noise is also generated inside the
op amp, principally from rpp, the base-
spreading resistances in the input stage
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OP AMP NOISE MODEL
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Figure 3-82

transistors. These noises are included in En,
the total equivalent input voltage noise gen-
erator.

SHOT NOISE

Shot noise (Shottky noise) is a white noise
current associated with the fact that current
flow is actually a movement of discrete
charged particles (electrons). In figure 3-82
IN1 and In2, above the 1/f frequency, are
shot noise currents which are related to the
amplifier's DC input bias currents:

Ish =/ 2qlBIas (fH - f)

where: Ish =RMS shot noise value in amps
q = Charge of an electron = 1.59 x
10-19
IBias = Bias current in amps
fu = Upper frequency limit in Hertz
fL = Lower frequency limit in Hertz

(3-48)

At room temperature Equation 3-48 simpli-
fies to:

Ish = 5.64 X 10-10 \/lgias (fH - L)

Shot noise currents also flow in the input
stage emitter dynamic resistances, (re), pro-
ducing input noise voltages. These volt-
ages, along with the rpp, thermal noise,
make up the white noise portion of En, the
total equivalent input noise voltage genera-
tor.

(3-49)

FLICKER NOISE

In limited bandwidth applications, flicker
(1/f) noise is the most critical noise source.
An op amp designer minimizes flicker noise
by keeping current noise components in the
input and second stages from contributing
to input voltage noise. Equation 3-50 illus-
trates this relationship:

in second stage _ en input

gm first stage (3-50)
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Another critical factor is corner frequency.
For minimum noise the current and voltage
noise corner frequencies must be low; this is
crucial. As shown in Figure 3-83 low noise
corner frequencies distinguish low noise op
amps from ordinary industry standard 741
types.

POPCORN NOISE

Popcorn noise (burst noise) is a momentary
change in input bias current usually occur-
ring below 100HZ, and is caused by imper-
fect semiconductor surface conditions
incurred during wafer processing. Minimi-
zation of this problem can be accomplished
through careful surface treatment, general
cleanliness, and a special three-step pro-
cess known as “Triple Passivation”.

Op amp manufacturers face a difficult deci-
sion in dealing with popcorn noise. Through
careful low noise processing, it can be sig-
nificantly reduced in almost ‘all devices;
alternatively, the processing may -be re-
laxed, and finished devices must be individ-
ually tested for this parameter. Special
noise testing takes valuable labor time, adds
significant amounts to manufacturing cost,
and ultimately increases the price a custom-
er has to pay.

TOTAL NOISE CALCULATION

With data sheet curves and specifications,
and a knowledge of source resistance val-
ues, total input-referred noise may be calcu-
lated for a given application. To illustrate
the method, noise information from a data
sheet is reproduced in Figure 3-84. The first
step is to determine the current and voltage
noise corner frequencies so that the En and
IN terms of Equation 3-45 may be calculated
using Equations 3-43 and 3-44.

CORNER FREQUENCY DETER-
MINATION

In the input shot noise versus frequency
curves of Figure 3-84, it may be seen that
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voltage noise (Rs = 0) begins to rise atabout
10Hz. Lines projected from the horizontal
(white noise) portion and sloped (flicker
noise) portion intersect at 6Hz, the voltage
noise corner frequency (fce). In the center
curve, excluding thermal noise from the
source resistance, current noise multiplied
by 200Q) is plotted as a voltage noise. Lines
projected from the horizontal portion and
sloped portions intersect at 60Hz, the cur-
rent noise corner frequency (fci). Equations
3-43 and 3-44 also require en and in for
calculation of En and IN. To find en and in,
use the data sheet specification a decade or
more above the respective corner frequen-
cies; in this case en is 9.6 nV/y/Hz (1000Hz),
and in is 0.12 pA/y/Hz (1000H2).

BANDWIDTH OF INTEREST

To be summed correctly, each of the five
noise quantities must be expressed over the
same bandwidth, (fy - fL). At this time, as-
sume fH to be the highest frequency compo-
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nent that must be amplified without distor-
tion. Note thaten, in, corner frequencies and
bandwidth are independent of actual circuit
component values. When doing noise cal-
culations for a large number of circuits
using the same op amp, these numbers only
have to be calculated once.

TYPICAL APPLICATION EXAM-
PLE

Figure 3-85A shows a typical X10 gain stage
with a 10k(} source resistance. In Figure 3-
85B, the circuit is redrawn to show five noise
voltage sources. To evaluate total input-
referred noise, the values of each of the five
sources must be determined.

en = 9.6 nV/A\/Hz

In = .12 pA/\/Hz
fce = 6Hz
fei = 60Hz

Using Equation 3-47: Ex =/ 4KTR (1 - f)
Et1 = 1.28 x 1010 1/ (900€)) (100Hz) =0.4uV rms
Et2=1.28 x 10-10 \/ (10KQ) (100Hz) =.128uV rms

Next, calculate IN using Equation 3-44

i =in v/ fei In (E) + (- 0

fL

— 12pA /60 1n {1972\ (100 0,01
0.01 Hz,

= 3.066pA rms

and:
INt - Rs1 = 3.066pA (9000) = .0027uV rms
In2 - Rs2 = 3.066pA (10k)) = .0306uV rms

Finally, EN from Equation 3-43

En=en v/ feeln (‘1) + -0

fL

=9.6nV \/6 In (ﬁ +(100 - 0.01)
0.01Hz

=0.120pV rms
Substituting in. Equation 3-45

Ent (fy - fU) =
 EN2 + IN12 Rg12 ¥ (In2 Rs2)2 + Eni2 + Eg2

=/ (120pV)2 +(.0027,V)2 + (.0306V)2
+ (.04uV)2 + (128uV)2

=0.183uVrms

Using the factor of 6, total input-referred
noise = 1.1uV peak to peak (0.01Hz to
100H2z).

741 CALCULATION EXAMPLE

The preceeding calculation determined to-
tal noise in a given bandwidth using a low
noise op amp. To place this level of perform-
ance into perspective, a calculation using
the industry-standard 741 op amp in the
circuit of Figure 3-85 is useful. Once again
the starting point is corner frequency deter-
mination, using the data sheet curves:

fce = 200Hz; fci = 2kHz; en = 20nV/\/Hz; in =
S5pA/\/Hz.

Using these corner frequencies and noise
magnitudes, En and In are calculated to be
0.88uV rms and 68pA rms respectively. Mul-
tiplying this noise current by the source
resistance gives terms 2 and 3 of Equation 3-
45 as shown below.

ENT (f - fL)=
EN2+IN12Rs12+IN22 Rs22 + E+12 + Et22

(3-45)
Substituting in Equation 3-45

=/ 0.884V)2 T (061 4V2 + (.68uVI2 + (0.4uV)2
+(128pV)2

=1.12uV rms

Total input-referred noise = 6.7uV peak to
peak (0.01Hz to 100Hz)

This is 5.9 times that of the low noise op amp
example.

The calculation examples illustrate three
rules for minimizing noise in operational
amplifier applications:

RULE 1. Use an op amp with low corner
frequencies.

RULE 2. Keep source resistances as low as
possible.

RULE 3. Limit circuit bandwidth to signal
bandwidth.

NOISE PERFORMANCE

This segment shall be concerned with de-
termining the signal to noise characteristics
and the noise figure of amplifiers.

The amplifier noise is composed of thermal
noise generated in the base resistance shot
noise caused by the arrival of discrete
charges at diode junction and 1/f noise.

For simplification these noise sources can
be combined and the amplifier modeled by a
noise source and a noiseless amplifier asin
Figure 3-86.

en = Amplifier's equivalent mean square
noise voltage /v/Hz '

iN = Amplifier’s equivalent mean square
noise current/\/Hz

SinOtiEs
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The total output noise can now be comput-
ed by Equation 3-41.

e = (en? + in2 Rs2 + 4KTRs)2BY2 A rms volts
(3-41)

*assuming Rs small compared to amplifier
input.

If we now compare the total output noise to
the output signal, A-Es, we find the output
signal to noise ratio.

Es
(en2 + in2 Rs2 + 4KTRs)12B12

S/N =

(3-46)

The denominator of the S/N ratio is the total
output noise divided by the midband gain or
the equivalent input noise as shown on
NES542 specification sheet.

EIN = (en2 + in2Rs2 + 4KTRs)V2BV2 rms volts
(3-47)

The S/N ratio may now be computed inde-
pendent of the amplifier gain. However, the
gain should be chosen to maintain linear
operation of the amplifier. For example: If
the input signal to the NE542 is 400uV rms
from a source resistance of 680 ohm with a
bandwidth of 100Hz to 10kHz, the S/N ratio
becomes, in dB:

S/N = 20 log 400 #V

0.77uV

=54.3dB
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An amplifier gain of 68dB yields an output
signal voltage of 1V rms. )

For an input signal of 10mV rms, 40dB of
gain, and 1V rms output, the NE542 gives a
S/N ratio:

S/N = 20 log = 82.3dB

10,000
0.77

Another popular figure of merit for measur-
ing the noise performance of an amplifier is
noise figure. We first define noise factor (F)
as

F= Noise power input( Tot.)

Thermal noise power

in terms of voltage this can be expressed as:

4KTRs+(en2 + in2Rs2)
= "= 534, Rs = 6800

4KTRs (3-48)
The noise figure is now defined as:
N.F. =10 log F (dB)
or
N.F. =10 log 4KTRs + en2 + i"ZRsz(dR)
4KTRs (3-49)

A noiseless amplifier will, therefore, have a
noise figure of “0” dB. Although the band-
width has been eliminated from this calcula-
tion, it is still an influencing factor on the
noise figure since the value of en and in will
be dependent on the bandwidth of interest.
This isespecially true if I/f or high frequency
noise is in this bandwidth.

From Figures 3-87 and 3-88 we can calculate
the noise figure. For the NE542 the noise
figure for 100Hz to 10kHz, 3dB bandwidth
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(15.7 kHz equivalent noise bandwidth) and a
source resistance of 5K ohms is:

N.F. =10 log (1 +en2 + in2Rs2>

4KTRS (3-50)

operational amplifiers and low noise pream-
plifiers.

where In = total current noise over a speci-
fied bandwidth.
ENn = total voltage noise over a speci-
fied bandwidth.
Eti = thermal (Johnson) noise of the
source resistance.
*Rs = equivalent input source (or gen-
erator) resistance.
NOTE
* IfRsis acomplex function, Zs, then this function must
be calculated for the Rss mean of each bandwidth
considered. For example the input is a capacitor in
parallel with a resistor, the input impedance is there-
fore:

R
Zin= — .
1+ jwCR

Therefore as the frequency varies the abso-
lute value of Zin will vary and will affect the
INRs*, input noise value.

GENERAL EQUATIONS
Total Spectral Voltage Noise

™
EN (- fU) = env/foe | (_)+ i - 10
" "\% (3-51)

NF =10log (1 412X 10-18 +(.25)2 X 10-24 X HSZ) Total Spectral Noise Current

75 X 10-18
4X1.38x 1523 X 300° K XRs
=10 log X

=7.27@ Rs = 6800
=2.07@ Rs = 5KQ
=1.25@ Rs = 10KQ

To this point, the discussion has been limit-
ed to flat band response and no mention of
the effect of equalization networks has been
made. In instances where the gain of the
amplifier is changing significantly across
the frequency band of interest, as is the case
for NAB and RIAA equalization, the noise
performance is significantly improved.

The following table lists the spectral voltage
and current noise densities and the respec-
tive corner frequencies for several different

In - 0 = inv/forIn (f_H +(fy - fU
fL

(3-52)
Thermal
Et=4 KTR (fq - fL)
K =1.38 X 10-23 joules/°K (3-53)
T = abs. temp in °K
k = ohms
fy=1.28 X 10-10 \/R(fn - fu) at Room Temp.
(3-54)

Shot at Room
IsH = 5.64 X 10-10 \/Ibias (fH - fL)
Total Noise*

fH
= /En2+(In Rs1)2+IN2 Rs22+Et12+Ep?
fL (3-55)

ENT

SPECTRAL VOLTAGE AND CURRENT NOISE DENSITIES

wAT41 NE535 5534 LF357 | NE542 | LM387
en (nv/\/H2) 40 15 4 | 12 7 9
in (pa/r/H2) 25 15 6 .01 25 0.7
en fce (Hz) 200 15 90 50 800 850
in fci (Hz) 1.5k 90 200 1 700 2
TABLE 3-3
NOTES

1. The current spectral noise is omitted for the LF series since current noise levels in J-FET devicesare

insignificant.

2. The spectral current noise for the LM387 is relatively linear over the frequency spectrum of 100Hz to

10 kHz and is not specified below 100Hz.

SinotiEs



Operational Amplifiers

INPUT NOISE CURRENT VS. FREQUENCY INPUT NOISE VOLTAGE VS. FREQUENCY
10 T
|
Vce 1av
Vc'c = 1'v
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g 2
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1
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.01
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Figure 3-87 Figure 3-88

TOTAL NOISE CONFIGURATION

IN Rs1

EnT

Figure 3-89

Example:

In order to determine the total noise of any
device the following basic procedures can
be used.

1.

Determine the spectral voltage noise
value €n and the 3dB corner frequency.
(If the value is not listed, but a curve
given, the spectral noise value will be
that value above the 3dB corner frequen-
cy on the flat portion of the curve.)

. Determine the spectral current noise

value in and the 3dB corner frequency.
(The same note holds true as for the
spectral voltage noise, except that the
corner frequencies are generally not the
same).

. Determine the thermal noise of the input

port source resistances by using the
basic equal at room temperature of

ET=1.28 X 10-10 /R /v/Hz

4. Using Equation 1, 2, and 4 and using
Figure 3-73 as a basic block, we then
can determine the total current and
voltage noise at the input ports.

5. Employing Equation 5 we can then de-
termine the total RSS voltage noise re-
ferred to the input of the amplifier.

6. If the closed loop gain of the system is
known, then the total output noise is
then

ENout = ENin X AcL

Given: From Table 3-3: the NE5534 operat-
ing over the range of 10Hz to 1TkHzand 1kHz
to 10kHz, with Rg = 10k(): determine total
input noise over each bandwidth.

En (i - 10 = en Ve In TH_ + (fn - fU)

fL (3-51)

IN =0 = in et In TP+ n - f0

fL (3-52)
ET =1.28 X 10-10 \/R(f4 - fL) (3-54)
H
EnT =/ (EN2 + (In1Rs1)2 + (Ep2
fL (3-55)

For the first band (10Hz to 1kHz)

En=4X10-9+/90 1n (100) + (990) = .15,V rms

INRs = .6 X 10~-12,/200 1n (100) + (990) X (104) =
26pV rms

Et =1.28 X 10-8 v/ 990 = 0.4uV rms

1000

ETtH =+/ (EN)2+ (INRs)2 + ET2=0.50uV rms
10

sifnotics

Using the factor of 6

fnoise p—p = 3.00uV p-p will never be exceeded in
99.73% of all cases.

For the second band (1kHz to 10kHz)

*EN =4 X 10-9 \/ 9000 = .38uV rms
*INRs = .6 X 10-12 1/ 9000 X (104) = .58,V rms
Et = 1.28 X10-10 \/ 104 (9000) = 1.21,V rms

NOTE
* For frequencies above 1kHz only white noise is a
consideration.

10kHz
ETH =4/(.38)2+(.57)2+(1.21)2uV rms
1kHz
10kHz
ETH =/1.39uV rms
RSS 1kHz
ETH =8.34uV p-p
max
CONCLUSION

The designer should look at the previous
application note as a reasonable approach
to determine system noise levels. The varia-
tions of parameters, such as resistance
values, temperature, bandwidth are control-
lable by design procedure; however, the
parametric variations of the monolithic op
amps are controlled by the IC manufacturer.
Signetics manufactures a wide variety of
operational amplifiers designed to meet all
contingencies.
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NE5534 NOISE CHARACTERISTICS

102 NES534 102
Vn (rms) In (rms)
(nV//H2) | - (pA/\/Hz)
10 10
Typ
1 y \
NP
10-1 10»1
10-2 10-2
10 102 103 y(yz) 109 108 108 10 102 103 f(Hz) 104 105 108
INPUT NOISE VOLTAGE DENSITY INPUT NOISE CURRENT DENSITY
108 102
vn (rms) SE/NE5534 Vn(rms) NES534
("V/VHz) 105 TYPICAL (V) TYPICAL
VALUES VALUES /
104 10
10Hy /
103 /r v /
102 1 /
~ >
10 /
THERMAL NOISE OF
1 SOURCE RESISTANCE ~ —| 10-1
10-1
102 10-2
10 102 103 10% 105 106 107 108 10? 102 103 104 105 106 107 108
TOTAL INPUT NOISE DENSITY  RS() BROADBAND INPUT NOISE VOLTAGERS()

Figure 3-90
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Voltage Regulators

INTRODUCTION

The wide use of integrated circuits in sys-
tems has frequently led to the power supply
and regulator portions taking a dispropor-
tionate share of the volume of the system.
The introduction of flexible, high perform-
ance regulator I1Cs such as the NE550 has
made it possible for a designer to producea
highly regulated power supply in a small
space with greatly reduced design effort.

The objective of a voltage regulator is to
provide a constant output voltage inde-
pendent of input supply voltage, outputload
current, and temperature. In general, it is
desirable that the regulator should limit its
own dissipation and its output current so
that fault conditions and overload will not
damage the regulator or the load.

Supply regulators contain four basic ele-
ments: a reference source, an error detec-
tor, a control device, and protection circuit-
ry. For the devices discussed here, the
reference source is a constant voltage, the
control device is a pass transistor, and the
protection is primarily by current limiting.

Because the application of voltage regula-
tors depends a great deal upon the internal
workings of the integrated circuit, a brief
discussion of the design is included before
actual applications are presented.

A schematic of the NE550 is present in Fig-
ure 4-1. For the sake of brevity this discus-
sion will deal with the NE550 but in most
cases will apply also to the uA723 device.

THE REFERENCE SOURCE

The NE550 reference voltage is developed
across the zener diode D2. The voltage is
temperature compensated by the base-
emitter drops in Q4, Q5 and Q6, in combi-
nation with the resistance divider R2—R6.
The voltage appearing at the emitter of Q5
has a temperature coefficient of approxi-
mately +7mV/° C while that at the base of Q6
is approximately -2.3mV/°C. Thus, by
choosingy\e appropriate tap on the resistor
R2—RS6, it is possible to obtain a zero
temperature coeffient. Naturally, the actual
value of the temperature coefficient will
fluctuate from unit to unit, but accurate
compensation is easier to achieve here than
with other methods. The effective imped-
ance at this point is predominantly the par-
allel impedance of R2 and R6, increased by
the diode impedances, and is typically 2k
ohms.

The reference circuit as it stands is not self
starting, necessitating the addition of FET
Q1, D1, D4, and D5. When there is no cur-
rent in D2, Q1 will feed current through D4
and D5 into the base of Q4, thus starting the

current sources. When these are operating,
D1 drops approximately the same voltage as
D2,so0 D5 has no voltage across it and it no
longer affects the reference circuit. The
current through Q1 drives the base of Q17,
with D1 and D4 providing the correct bias
point for the proper operation of Q4 and Q5.

ERROR AMPLIFIER

The error amplifier in the NE550 is a differ-
ential amplifier composed of Q11 and Q12,
with biasing provided by Q7, Q8, Q9, Q10
and Q13. Q7 and Q8 act as equal current
sources, driven by Q2, with R4 and R5
improving the balance and output imped-
ance characteristics. The current from Q7 is
inverted in Q10 and Q13. Q13 has twice the
area of Q10, so the current sink of Q13 is
twice the value of the source Q7 and Q8. Q9
eliminates the error term caused by the
basic currents of Q12 and Q13. Thus, the
sum of the emitter currents of Q4 and Q12is
twice the current in source Q8. In balance,
the current flow into the base of Q14 can be
neglected, so the collector current of Q12is
equal to the current from Q8. Ignoring the
base current of Q12, the emitter current of
Q12 is half the collector current of Q13, so
Q11 must carry the remainder. Hence, the
currents in Q11 and Q12 are equally
matched at balance, or no error condition.
An unbalanced condition where the base of

550 REGULATOR SCHEMATIC

R3 R Ry
10K K 2K
—AC
a Q2 Q7
3
A N
D4

Ve

Vout

—O NON-INV

-O VREer

Figure 4-1

Sifnptics
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Q11 is ' more positive (negative) than that of
Q12 will lead to an increase (decrease) of
current in Q11, a decrease (increase) of
current in Q12, and a rise (fall) of the volt-
age at the base of Q14 and Q15. Thus, a
positive voltage change on the base of Q11
will lead to a higher current from Vour, the
emitter of Q15. The effect of voltage
changes onthe base of Q12is, of course, the
opposite. The voltage gain of the error am-
plifier is given by

Rc12/ /Rcs

Tc12/ /hce (4-1)
2KT/qle

Av=RC
2y
e

This is typically 5000 at room temperature,
rising a little at low temperature, and falling
slightly at high temperature. High frequen-
cy stability is ensured by connecting a
capacitor from the compensation pin to the
inverting input, giving the amplifier a
6dB/octave roll off. In this manner, external
pass elements with arbitrary phase charac-
teristics at high frequency can still be com-
pensated for by rolling off the amplifier.

The error voltage is derived by resistor
division of the output voltage. Since the
error amplifier inputs will seek a balance
between them, the output voltage will attain
a value equal to the reference voltage multi-
plied by the amplifier gain.

The collector voltage of Q12 is set by the
nearly constant output voltage. Power sup-
ply rejection of the amplifier may be im-
proved by taking the collector of Q11 to the
constant voltage of Q14 also.

The availability of both the inverting and
non-inverting inputs to the error amplifier
allows the regulator to be used in a wide
variety of applications.
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In some applications where the output is fed
back to the non-inverting input, a non-
destructive latch-up can occur in Q11. By
feeding current into the compensation pin
through a diode this phenomenon can be
avoided. Those applications requiring the
additional diode are shown with the neces-
sary connections.

CONTROL DEVICE

The control element is formed by the pass
transistor Darlington pair Q14—Q15. The
ultimate current capability of this pair is very
high, but the usable current is restricted by
packaging and assembly limitations to
about 200mA. In general, power dissipation
factors lead to more severe limitations, and
applications requiring currents in excess of
50mA are best handled with external pass
transistors. To this end, the collector of Q15
is brought out separately, allowing an ex-
tended range of pass transistor connections
to be utilized. These are discussed in the
applications sections.

PROTECTION CIRCUITRY

Up to this point the design discussions have
applied both to the 550 and nA723 devices.
The short circuit protection sections differ
slightly. Therefore, the following discussion
will not necessarily apply to the uA723.

Isolating the regulator from the load during
periods of overload is the function of Q16
and Q18. These two transistors are ar-
ranged to form a 5CR device.

Figure 4-2 shows the basic positive voltage
regulator configuration. The sense resistor
Rsc is connected between emitter and base
of Q16. When load currentincreases to such

a value as to turn on Q16 the 5CR device .

Sinotics

turns on removing the 120uA base drive
provided by Q8 to Q14, thus isolating the
load.

After the SCS turns on, Q16 need only
provide the small base current required by
Q18 to sustain current limiting. The cur-
rentatwhich currentlimiting occurs is given
by:

Vsense
Rsc
where Isc is the short circuit current and
Vsense is the Vee of Q16.

Since the Ve of Q16 falls with increasing
temperature the short circuit also falls, a
desirable trait.

Isc = (4-2)

The advantage of incorporating the 5CR
device: for current limiting lies in foldback
limiting the output. That is, the output cur-
rent under overioad conditions drops to a
value far below the peak load current capa-
bility. This is essential in high current regu-
lators to protect the regulator from exces-
sive power dissipation. The technique of
foldback limiting and the resultant locus are
illustrated by Figure 4-3. In normal opera-
tion of the circuit no current is sourced, but
when shut down, a current

IcL = las © hreL / (1+hreL) 4-3)
issourced. Bypassing this currentthrough a
resistor RrFs as in Figure 4-3, a portion,
(IcLRFB), of the Vsense shutdown voltage can
be generated regardless of current in Rsc,
once the device is shut down.

Thus, when Q16 — Q18 are conducting the
major portion of 1Q8, the shutdown condi-
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tion changes from equation 4-3 to, (ignoring
small terms),

(4-4)

IscRsc + IcL » RFB = Vsense

Thus, the actual short circuit current can be
much less than the peak load current given
by equation 4-2. The load current-voltage
characteristics of Figure 4-3 are shown in
the curve for various values of Rrs.

Since the input impedance of the CL termi-
nal is negative over some range of voltages,
itis normally necessary to by-pass Rrg with
a capacitor to maintain stability if operation
in this range is desired. A value of 0.014F is
generally satisfactory.

By increasing Rrs to such a value that Rrg ®
IcL > Vsense, the circuit will shut down com-
pletely under overload, and not come back
into operation unless the voltage between
the CL and Cs terminals is reduced below
Vsense by some external means. In general,
this is most useful in remote shutdown
applications discussed later.

The final feature available in the dual in-line
package versions of the NE550 and the
uA723 is the zener diode D3 between Vout
and Vz, (the Vz output is not available in the
L package since there are insufficient pins).
This diode is useful in certain applications
such as negative regulators, where it is
desirable for the output of the amplifier to be
level shifted to a point more negative that
Vour is permitted to go (+2V referred to V-).
The Zener voltage is typically 6.4V. The use
of this feature is discussed in the next sec-
tion.

APPLICATIONS

Designing basic voltage regulators with
‘high performance IC regulators is relatively

straightforward. Each functional block of
the regulator should be considered as to its
contribution to the system. Basic regulation
of an output voltage is achieved by multiply-
ing a reference voltage by the gain of an
amplifier. Thus, the error amplifier may be
treated as an operational amplifier where
the ‘virtual ground’ and ‘zero differential
voltage' statements developed in section
three apply. The reference voltage is ap-
plied to the positive input and a sample of
the output voltage is fed back to the nega-
tive input_via a resistor divider network.
Since the junction of R1and R2in Figure 4-3
will equal the reference voltage (zero differ-
ential rule), the output will be set by the ratio
of the resistors. Specifically the output volt-
age becomes:

R1+R2
Vout = VReF Ro

(4-5)

Each input to the error amplifier requires a
small bias current of typically 1uA. Since
these currents will be flowing through the
input impedances to the amplifier itis possi-
ble to generate an error voltage if the imped-
ances to the amplifier are not equal. In
addition temperature changes will cause
fluctuations in bias current causing the
output voltage to drift. Thus, the final design
should provide a match of the input imped-
ances both to improve accuracy and
temperature stability of the output voltage.
The effective impedance of the internal
reference voltage of the NE550 is. 2kohm.
Therefore for best temperature stability the
parallel combination of R1and R2 should be
2kohm.

_R1eR2

RS=2k_H1+R2 (4-6)

Sinotics

The design of the regulator should satisfy
both equation 4-5 and equation 4-6 simul-
taneously. Solving both leads to equations
4-7 and 4-8 which express the resistor val-
ues as a function of output voltage.

Rz = 2000Vour  oymg @-7
VouTt-VREF
R1 = 2000Vour ymg -8

Having determined the required resistor
values, the designer may find that they are
not readily available in standard values and
some adjustments are necessary. Such
changes should maintain the ratio:

Vour _ R1+R2
VIN R2

The reference voltage of the NE550 is 1.63
volts typically, with a spread of 1.53 volts
minimum to 1.73 volts maximum. This varia-
tion from unit to unit may require that some
portion of R1 or R2 be made adjustable for:
exact output voltage trimming.

PASS TRANSISTOR CIRCUITS

The next major subject concerns the use of
external pass transistor options. These can
readily extend the usable output current
range of the regulator to many amps and
reduce power dissipation in the IC as well.
In this way, thermal effects, (discussed later
in detail), are minimized.

The simplest circuit is that shown in Figure
4-4. Here, the internal Darlington pass tran-
sistor configuration is extended to a triplet
by the external npn transistor. For further
extension, this external device can be a
Darlington, extending the string to a quad.

(4-9)
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This arrangement has the merit of economy,
since npn power transistors are generally
cheaper than pnp, but has the disadvantage
that the minimum differential voltage be-
tween input and output is increased by the
VBes of the external transistors. The load
regulation is also somewhat degraded since
the error amplifier gain is finite and the Vge
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drops of the external transistors is a func-
tion of load current.

An alternative circuitavoiding the disadvan-
tages mentioned above is shown in Figure
4-5. This circuit uses the pnp transistor
whose base drive is obtained from the V¢
terminal.

S{notics

The resistor R3 is used to ensure Q1 turns
off under no load conditions, avoiding the
excessive buildup of leakage current that
can sometimes occur at high temperature.
The effect of Q1 is to multiply the hre of the
output transistor in the IC, without increas-
ing the VBE, hence this circuit optimizes the
load regulation also. Once again, this device
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can be replaced by a Darlington pair, but the
VgEe buildup begins to affect the differential
voltage limit. The best arrangement is that
shown in Figure 4-6. The npn pass transistor
is driven from a pnp device to enhance beta.
Thus, large output currents are gained with-
out sacrificing minimum input to output
voltage differential.

The short circuit and overload protection
techniques discussed later can all be ap-
plied to these pass transistor circuits. The
currents can be scaled by altering the value
of Rsc.

This will protect the entire regulator against
overload but will not protect the IC from
pass transistor failure. The limit is set at
several amperes — enough to destroy the IC
— should the transistor fail. Protection from
such failure can be provided by the circuit of
Figure 4-7.

Rsc1 performs the main short circuit protec-
tion, but Rscz2 limits the IC output currentto
a safe value if the pass transistors fail. The
normal voltage drop in Rsc2 should be small
compared with the voltage drop in Rsc1.
This circuit may be modified to include all
the protection techniques discussed next.

OVERLOAD PROTECTION

The simple short circuit protection arrange-
ment of Figure 4-2A gives the typical output
characteristic illustrated in 4-2B. This
shows the variation of limit current with
temperature and the sharp knee between
the constant voltage and constant current
regions. Adequate for most applications,

this method has the benefit of simplicity.
The value of the short circuit resistor Rsc is
given by:

Vsense

(4-10)
Rsc

Isc =
Many variations of the basic circuit exist.
Since the regulator is shut down when the
voltage difference between CL and Cs
reaches Vsense, a set of resistors to achieve
limiting or a locus other than that given by
equation 4-10 can be chosen. For instance,
it might be beneficial to limitone supply toa
lower current level than another.

The arrangement of Figure 4-8 produces a
limit relationship

IL1Rsc1 + 12 (Rsc1 + Rsc2) < Vsense  (4-11)

This allows a higher limit on output 1
[Vsense/Rsc1 if 1L.2=0] than on output 2
[Vsense/Rsc1 + Rsc2) if IL1 = 0], but protects
both outputs to less than these limits if the
other is carrying current. The price paid is
that only one output can be well regulated.
The other output has an effective outputim-
pedance derived from the Rsc’s. If output 1
is stabilized (by tying R1 to it), then the
output impedance of output 2 will be Rsc2
higher; if output 2 is stabilized, then output 1
has a low output impedance, but a high
mutual impedance from the load current I 2.

In general, any linear combination of load
currents and input or output voltages can be

used to set the overload operating condi-
tions. In extreme cases the use of an op-amp
summing amplifier to drive Cr or Cs could
be considered. However, the simple limit
scheme depicted in Figures 4-2 and 4-3 is
adequate to cover most cases.

FOLD BACK CURRENT LIMITING

The primary limitation on the use of the
simple protection of Figure 4-2 arises from
the power dissipation under short circuit
conditions. The power dissipation allowed
depends on the package type. For sim-
plicity, we will discuss the L package (10
lead T05) values, but the other package
limits can be substituted readily. Atambient
temperatures below 30°C, this limit is
800mW, giving a junction-to-ambient
temperature difference in the neighborhood
of 120°C. Above this temperature, derating
at 6.8mW/°C, we find atan ambient of 50° C,
680mW, at 75°C, 510mW, at 100° C, 300mW,
and at 125°C, 1770mW.

Clearly, under short circuit output condi-
tions, the dissipation becomes the product
of the full input voltage and the short circuit
current. Consider a device with 20V|n,
15Vour, and 60mA current limit, operating
at ambient temperature of Ta = 25°C. The
standby current will be assumed to be 2mA
or a dissipation of 40mW. The pass transis-
tor dissipation just before overload is 5V at
60mA, or 300mW, for a total of 340mW, well
within ratings. But under short circuit con-
ditions, the initial pass transistor dissipation
is 20V at 60mA, or 1.2W (a total of 1.24W), in
excess of the allowed ratings. If the 340mW
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dissipation is maintained to reach equilibri-
um, the junction temperature will rise to
about 75°C, and the short circuit current
will fall to about 52mA, so the short circuit
dissipation is then 1.08W, still in excess of
ratings. Eventually, the junction tempera-
ture will reach 150° C, where the short circuit
current will be about 37mA, and the total
dissipation about 800mW, just acceptable at
an ambient temperature of 25°C. High am-
bient temperature will degrade the situa-
tion. Taking a worst case situation, with ViN
= 40V, Ta = 125°C, and | standby=2.0mA,
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the allowable package dissipation is
170mW, of which 80mW is taken by standby
current, leaving 90mW for the pass device.
Thus, the short circuit current must not
exceed 2.2mA. However, with VouT at 35V,
the allowable output current is 18mA. The
same problem arises in circuits using pass
transistors, except that the dissipation is
transferred to the pass transistor itself.

The solution to this problem is found in

foldback current limiting circuits. The
NES550 device is particularly well suited to

S{NOtCs

this type of circuit. The basic NE550 fold-
back circuit is shown in Figure 4-3. The
internal operation of this circuit was de-
scribed earlier and will not be repeated here.
The current that can be drawn without sig-
nificant drop in Vour called the knee cur-
rent, (lknee), can be considerably greater
than the short-circuited output current, Isc.
The equations controlling the currents are,
for |knee, !

lknee = Vsense/Rsc (4-12)
and for lIsc,
Isc = (Vsense — ICLRFB)/Rsc
= (Vsense — RFB » 125A)/Rsc (4-13)

where IcL is 125uA.

The primary disadvantage of this scheme is
that for certain load lines the circuit will not
start. Large capacitive loads may trigger the
fold back circuit causing the regulator to
prematurely shut down. Momentary over-
loads such as start up may have to be
tolerated in this case by shorting out Rsc
until the capacitance has charged. The ad-
vantage of this circuit is that the dissipation
under all types of overload is markedly
reduced and by careful design, the knee
current can be set at the dissipation limit
value without exceeding this limit under
overload.

An alternative circuit, with advantages and
disadvantages of its own, is shown in Figure
4-9. This circuit can be used with the 550
and the uA723 devices, and is basically a
variant of the “linear combination of voltage
and current” type. :
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Here, the combination is of load current and
output voltage, such that

(4-14)
Vsense = [VOUT + lknee © RSC] [ Rd :I
R3+R4

-Vourt + lcR3
(where lc| = 125uA for the NE550)

Solving for lknee we find

(4-15)
| _ (R3 + R4) (Vsense - 1ciR3) + VouTR3
knee RscR4
The short circuit current is less than the full
load or “knee” current and is described by

_ (R3 + R4) (Vsense - 1cIR3)
RscR4

The parallel combination of R3 and R4 form
a feedback resistor so the impedance
should be less than 1 kohm. Values larger
than 1 kohm cause the inherent foldback
characteristic of the NE550 to latch back
before assuming the linear load line of Fig-
ure 4-9.

Isc (4-16)

Ignoring small quantities the resistor values
of R3 and R4 are selected from the ratio

R4 _ Voutisd)
R3  Vsense (Iknee - Isc)

A design example is included here to illus-
trate the design procedure.

1 (4-17)

Design Example
18 Volt Input
10 Volts Output @ 1 Amp
Foldback Current Limiting
Step 1 Compute minimum | short circuit
with lknee = 1 amp by
lsc S 2Vsense - 1.2
lknee Vsense + Vour  10.6
Step 2 Select Isc at 150mA
Step 3 Calculate R3/R4 ratio using equation
4-17 )

> 113mA

R4 _ _(10) (150)
R3 .6 (.850)

-1=294

Step 4 Because R3 in parallel with R4 must
be less than 1 kohm select R3 at 1k. Thus, R4
becomes 2.94K. Rounding to standard val-
ues select R3 = 1K and R4 = 3K.

Step 5 Using equation 4-16 and solving for
Rsc by

_ 4475+ 10

sc = 3.96Q

Step 6 Select standard value of Rsc =4 ohms

Step 7 Recalculate Iknee using the selected
standard values by equation 4-15

(4) (.475) + 10

23 =.991 amp

lknee =

Step 8 Recalculate Isc using selected values
by equation 4-16

_ {4 (475)

I
P

= 158mA

Figure 4-9a illustrates the final regulator
arrangement with the shut down locus given
by Figure 4-9b. Excellent alignment of cal-
culated and measured results was obtained.
The foldback characteristic is of the type
shown in Figure 4-9b and should be con-
trasted with that of Figure 4-3.

Two distinct disadvantages of this circuit
are readily apparent. First, the voltage drop
across Rsc becomes large and adds directly
to the minimum differential voltage required
between ViN and Vour. This in turn causes
excessive power consumption in the regula-
tor since the power dissipated by the pass
transistor is equal to the input-output volt-
age differential multiplied by the peak load
current.

Secondly, since Rsc is larger than normal,
and must handle all load current, its wattage
must be increased. It should be noted that
load regulation will be adversely affected as
well.

With these disadvantages in mind, large
peak current regulators are usually best
protected by the foldback characteristic
shown by Figure 4-3. This circuit is advan-
tageous because Rsc is small and therefore
affects load regulation to a smaller degree
and the latch back characteristic instantly
switches the regulator from an overload
condition back into one of safe power dissi-
pation.

REMOTE SHUTDOWN

Quite often, especially in large systems, a

circuit failure or alarm may be required to
remove power from the main system. Re-
mote control of the NE550 is relatively easy
as shown in Figure 4-10. A current injected
into Rx sufficient to develop Vsense across Rx
will shut down the regulator.

Note that for the NE550 if Ici ® Rx is greater
than Vsense (Ici = 125uA), the regulator will
latch in the shut down mode until Rx is
sufficiently reduced. This action can be
beneficial in avoiding the requirement foran
external latch should the initial remote com-
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mand be removed when the supply shuts
down. Use of this technique will be dis-
cussed in more detail later.

A remote control circuit which retains any of
the current limiting protection schemes so
far discussed and adds control via a stand-
ard TTL logic level is shown in Figure 4-11.
The gate listed in the figure is a suitable
open collector gate with high voltage break-
down.

Selection of any other open collector gate
should be based upon a breakdown at least
2 volts higher than the maximum Vout and
with output leakage well below 50uA.

Naturally, no gate inputs or other loads
should be tied to the line, butany number of
gates meeting the above needs in total may
be used in a wired-OR configuration. Tri-
state outputs may not be used. Note that if
the normal Vour is high, the load capaci-
tance may be discharged through the re-
verse emitter base diodes of the pass tran-
sistors and the gate. This current can be
limited by a series resistor not to exceed 2
kohms. Remote shut down is especially
useful to ensure turn off of multiple supplies
if any one supply becomes overioaded.

A schematic showing one possible tech-
nique for doing this is shown in Figure 4-12,
where the use of open collector AND gates
gives a simple logic structure. The diodes
are not needed for supplies not exceeding
the Vcc logic level, and it has been assumed
that each supply has aload adequate to turn
on the gate input.

The string may be reset by shutting down
the Vcc supply to the gates, which must be
separate from the string of controlled sup-
plies.

Another circuit technique giving linked
shutdown of regulators is given in the Non-
Basic Configurations Section, (Figures 4-17
and 4-18).

Figure 4-13 shows another use of the latch
capability of the NE550 regulator in a re-
mote latching shutdown regulator. The cir-
cuitis operated by TTL gates, with separate
inputs for shutdown and unlatch (or reset).
In normal operation, the shutdown line is
high, so the output of the shutdown gate is
low, and regardless of the state of the un-
latch gate, Vour is set at the normal level.

If the unlatch input is low, and the shutdown
input goes low, the CL input will be pulled
up by R3 (and R4 if needed), the regulator
willshutdown, and the current sourced from
the CL terminal will latch the regulator
shutdown, even after the shutdown line
goes high again, while the unlatch input
remains low. When the unlatch line goes
high, the sourced current is taken through
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the unlatched gate, the CL terminal drops
below Vsense, and the regulator resets. The
figure lists some suitable gates, but any
open collector gate can be used for the
unlatch gate, and any gate at all for the
shutdown gate. If an active pullup gate is
used in the latter position, R4 may be omit-
ted. Using 8T90 gates, a pulse width into the
shutdown input of 50ns was found adequate
to ensure latched shutdown, although the
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regulator output in the configuration tested
did not decay fully until more than 1us after
the pulse. Since this circuit uses the internal
shutdown components, additional short cir-
cuit protection would require an external
transistor, connected to the compensation
terminal. This basic arrangement can also
be used with MOS logic driving the CL input,
although diode gating will normally be
needed to ensure correct operation.
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NON-BASIC CONFIGURATIONS

All the circuits discussed so far have been
variations on the basic positive voltage reg-
ulator. There are many other circuit config-
urations that can be used, however, includ-
ing negative voltage regulators, floating
regulators (for voltages exceeding the maxi-
mum voltage ratings) and switching regula-
tors for highly efficient regulation. Many of
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the pass transistor and overload protection
circuits discussed in the previous section
are applicable to these configurations also.

NEGATIVE REGULATORS

The basic negative voltage regulator cir-
cuits are shown in Figure 4-14.

Note that for units not having the Vz termi-
nal (those in 10 pin packages) an external
6.2V Zener can be used.

The inverting and non-inverting input con-
nections are reversed, and the pass transis-
tor Q1 acts as a level shifted emitter follower
from Vour to drive the output. The regulator
is driven from its own output, so the line
regulation is excellent, the load regulationis
controlled by the hre of Q1 and the load

regulation of the IC. R3 must be of sufficient
value to drive the maximum load current
through Q1 at the minimum input voltage,
and large enough not to draw more than
10mA through the internal Zener (the Vz
terminal) at minimum load and maximum
ViN. This places a lower limit on the hrg of
Q1, which for large currents may need to be
a Darlington pair or equivalent.

The supply voltage for the regulator is de-
rived from the output voltage. For this rea-
son the output voltage available is limited to
values more negative than -8.5 volts.

A circuit such as in Figure 4-15 overcomes
this limitation but assumes the presenceofa
positive supply. This is usually acceptable
since the majority of negative regulator
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requirements arise from the need for sym-
metrical positive and negative voltages.

The diode and resistor frequently shown in
negative regulator applications is necessary
to avoid a possible forward base-collector
bias on Q12 of Figure 4-1. Should forward
base-collector bias occur, the regulator will
latch up preventing regulation at initial pow-
er up. The diode can be a small signal type
with a forward current of 100uA. Diode
current flows only during initial turn on and
sees approximately two volts reverse bias
under normal operation. The resistor
should be of sufficient value to allow ap-
proximately 100uA to flow into the Vout
terminal.

Short circuit protection of negative regula-
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tors cannot be implemented with the cir-
cuits previously described because of the
inversion of the error amplifier inputs.

Protection can be provided with the addi-
tion of a transistor asillustrated by Figure 4-
16. Note that the saturation voltage of Q2 at
the maximum current through R5 must be
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less than the Vge of Q1. Other components
are not critical.

FLOATING REGULATORS

So far only output voltages less than the 40
volt maximum ratings of the NE550 have
been covered. The maximum voltage limita-
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tion can be overcome by using floating
regulator techniques.

The limits on ViN can be overcome by using
a preregulator to feed the V+ and V¢ lines,
but the Vour limitation requires greater
sophistication. The circuits of Figures 4-18
and 4-19 show two techniques that can be
used to give output voltages well outside the
range of the IC device.

In both circuits, R3 and CR1 provide a low
voltage supply to preregulate the input volt-
age to a level within the IC ratings. The
circuits of Figure 4-18 connects the internal
pass transistor in the grounded emitter con-
figuration through the 6.2 volt zener Vz with
overload protection provided by R5. Cas-
caded into the pass transistor is the high
voltage transistor Q1 which provides level
translation and voltage control to Q2, the
pass transistor.

Short circuit protection can be arranged by
removing base drive from Q2 is desired.

NOISE, TEMPERATURE
EFFECTS, AND TRANSIENT
RESPONSE

An almost inherent property of reverse bi-
ased junctions of the emitter base type is
voltage noise at breakdown as a result of so-
called microplasmas. The noise arises as a
result of space-charge induced instability of

- the breakdown of localized minor imperfec-

tions and irregularities. The inherently
clean and defect free processing used for
integrated circuits reduces this effect to a
minimum, but the statistical inevitabilities of
diffusion processes have sufficient irregu-
larity to lead to some small noise genera-
tion. The characteristic noise pattern is
displayed as step-function current change
as each microplasma switches on and off.
Each microplasma switches at roughly con=
stant voltages, leading to approximately
constant voltage transitions.

Since the reference voltage for the NE5S50 is
derived from the breakdown of the emitter-
base junction, this noise will appear at the
reference terminal. Transformed by the in-
ternal network between the zener diode and
the reference terminal, this is the major
component of noise in the regulator. For
applications where the noise level could be
troublesome, it can be reduced by putting a
low pass filter between the zener and the
amplifier input. The low frequency compo-
nent of the noise is quite small. Since the
internal reference impedance of the NE550
is 2KQ, placing a capacitor between VRer
and ground will generally be all that is re-
quired.

In circuits where the reference is divided
down, the divider impedance provides some
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effective series resistance, but in other ap-
plications better results may be obtained by
the use of a simple series RC network.
Suitable circuits are shown in Figures 4-86A
and 4-86B.

The line and load regulation performance
discussed in previous sections and present-
ed in the data sheets are all values defined
and measured under such conditions that
the die temperature is constant. The circuit
dissipation is changed by changes in input
line voltage and load current. Therefore, the
consequent changes in die temperature,
which primarily affects the reference volt-
age, must be accounted for separately. The
temperature effects are certainly not negli-
gible in many applications.

A regulator operating at 10Vin and 5Vout
with a load current that steps from 1mA to
50mA will have a short time (1-10msec)
output voltage change of typically under
3mV. The dissipation increases, however,
by 250mW, leading to a temperature rise of
about 25°C at the die. With temperature
coefficient of 0.005%/°C, this leads to an
output voltage change of 6mV, twice the
short time value. If the input voltage had
been higher, say 15V, the same load step
would eventually result in about four times
the voltage change, though the short term
change would not be affected significantly.

The effects of transient line and load
changes are primarily concerned with the
impulse response of the amplifier, which in
turn depends on the compensation and
external connections involved in the partic-
ular circuit being used. Typical transient
responses for simple configurations are
given for the NE550 in Figure 4-20.

There are three effects to be considered,
then, upon imposition of a line or load step
to a regulator circuit; the initial reaction is
controlled by the transientresponse. Aftera
few microseconds, the transient dies away
and the response becomes the data sheet
defined regulation. After a time of many tens
of milliseconds, the changing die tempera-
ture begins to take effect. After perhapsone
minute, the die temperature stabilizes and
no further changes occur. As mentioned
above, each of these effects is effectively
separate, and should be allowed for sepa-
rately.

3 TERMINAL REGULATORS

Introduction

The 78HV00 series regulators are monolith-
ic three terminal devices intended for fixed
voltage outputs. Since no external elements
are required they are excellent candidates
for PC card and subsystem regulation. With
the use of these devices much system cros-
stalk and power supply distributed noise
can be eliminated. These devices are avail-
ablein 5, 6,8,12,15, 18 and 24 volts, positive
or negative, with 3 output current ratings.

The wA78HV00 has a unique process which
gives an input breakdown voltage greater
than 60 volts. Transients and momentary
inputs may be as high as 60 volts without
damaging the regulator. Under these high
input conditions, the regulator may go into
current limiting or thermal shutdown.

Applications
As with any voltage distribution system,
effort should be expended to keep the out-

put impedance of three terminal regulators
as low as possible.

Possessing 20 to 30 milliohms output im-
pedance at low frequencies, the regulator’s
output impedance will increase with fre-
quency. This becomes significant, especial-
ly in TTL systems, where current impulses
from the logic are in the Megahertz regions.
Thus it becomes necessary to bypass the
supply lines for high frequencies to insure
stability and error free operation. The best
technique for achieving low impedance at
all frequencies is to use a large tantalum (10-
47ufd) in parallel with small (0.01ufd) disc
ceramics. In systems where fairly large
printed circuit boards are used, the disc
ceramics should be disbursed upon the
board to neutralize the trace inductance. No
other stabilization techniques should be re-
quired.

Thermal Limitations

The maximum allowable junction tempera-
ture and the ambient temperature expected
determine whether a heat sink will be re-
quired for a particular regulator application.

As seen from the derating curves of Figure
4-32 the maximum no heat sink power dissi-
pation allowable for the TO-3 is 3 watts and
for the TO-220 is 2 watts. Above 25°C this
must be derated according to the relation-
ship

TJ (MAX) - Ta

Oua

Figure 4-21 summarizes the maximum junc-
tion temperature and thermal resistivities of
the TO-3 and TO-220 packages. The power
dissipation qualities of heat sinks are usual-
ly well established by the manufacturer.

(4-18)
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Since the common terminal of these devices
is common they may be bolted directly to
the chassis, using the surface area as the
heat sink.

Figure 4-22 provides a selection chart which
relates surface area of the chassis material
to the thermal resistivity. It should be noted
that the surface area refers to both sides of
the material.

In order to find a thermal resistivity scribe a
vertical line from the surface area across the
appropriate material.

Heat Sinks

As a further aid in determining which pack-
age/heat sink combination is best suited to
a given application, the following nomo-
graph (Figure 4-24) solves for ©ja from basic
current, input/output voltage differential
and ambient temperature information. The
package thermal resistances have been su-
perimposed on the ©ya line E. If the required
®ua is less than @yc for a package, then that
package cannot be considered. Even if an

infinite heat sink were possible, the junction
temperature would exceed 125°C. If the
required ©a is greater than ©ya for a pack-
age, that package may be used without a
heat sink. In all other cases a package/heat
sink combination is necessary. Subtract
@yc for the preferred package from the
required OJa to arrive at the necessary heat
sink thermal resistance @Hs.

To use the nomograph, select the maximum
load current on Line A and the maximum
input/output voltage differential on Line D.
The line joining these points intersects Line
B at a point representing the maximum
power dissipation. Join this Line B intersec-
tion to a point on Line C representing the
maximum expected ambient temperature.
Extend this line so it intersects Line E. The
Line E intersection represents the total
junction-to-ambient thermal resistance re-
quired for the particular application. If the
Line E intersection falls above the junction-
to-ambient thermal resistance, @Ja, no heat
sink is required.
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SERIES 78HV00 78HV00C  78HV00C 78MHV00 78MHV00C 78MHV00C

PACKAGE TO-3 TO-3 TO-220 TO-39 TO-39 TO-220 UNIT

Maximum junction temperature,

TJMAX) 150 125 125 175 175 125 °C

Minimum ambient temperature,

TyMIN) -55 0 0 -55 0 0 °C

Thermal resistance

junction-to-case, 04c 4 4 4 20 20 5 °C/W

Thermal resistance

junction-to-case, 0Ja 35 35 50 150 150 50 °C/W

Maximum allowable dissipation,

Pp(MAX) 15 15 15 5 5 w
Figure 4-21

To determine the thermal resistance of a
heat sink, subtract the junction-to-case
thermal resistance, ©4c, of the selected
package from the Line E intersection.

e For TO-39, subtract 20°C/W

e For TO-3, subtract 4°C/W

e For TO-220, subtract 4°C/W

Example:

Choose a regulator to supply 275mA (max)

with an input/output voltage differential of

6V (max) at an ambient temperature of 50°C

(max). Join the 275mA point on Line Ato the

6V point on Line D. The intersection with

Line B gives a power dissipation of 1.7W.

Join 1.7W to the 50°C point on Line C and

extrapolate to an intersection with Line E.

This gives a total junction-to-ambient ther-

mal resistance requirement of 45°C/W. The

regulator package choices are

e A TO-39 package with a heat sink of
25°C/W thermal resistance (subtract
20°C/W 0yo).

e A TO-220 package with a heat sink of
41°C/W thermal resistance (subtract
4°C/W 0y0).

e A TO-3 package with no heat sink
(45°C/W falls above ©ya for the TO-3).

Additional Applications Ideas

The versatility of the uA78HV00 family of
regulators may be increased beyond the
basic 3-terminal use by the addition of ex-
ternal components. The following applica-
tions contain circuits which cover the range
of 0.5V to 30V output, and output currents in
excess of 10A. Note that apart from power
considerations the uA78HV00 and
wA78MHVO00 devices are interchangeable in
all applications.

Fixed Output Regulator

In this basic application of Figure 4-24, the
last two digits of the device code specify the
nominal output voltage. The insulating
washer normally used when heat-sinking a
power transistor may be omitted when
mounting the regulator since the case of the
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device is at ground potential. This is true
unless circulating ground currents are a
problem.

Current Regulator

The circuit shown in Figure 4-25 supplies a
regulated current to a load, its value being
determined by an external resistor. The
minimum input/output differential in this
application is (minimum regulator input/
output differential voltage) + (maximum
regulator output voltage). For currents up to
1A 0°C to 70°C, this voltage is typically 2.2V
+ 5.25V, or 7.45V.

High Current Voltage Regulators

Currents in excess of the output capabilities
of the basic regulator can be obtained with
the circuit shown in Figure 4-26. The value
of R1 determines the point at which Q1
begins to conduct and hence bypasses the
regulator. This supply can be protected
against ashortcircuitload by adding ashort

circuit sense resistor, R2, and a pnp transis-
tor Q2. In this circuit Q2 must be able to
handle the short circuit current of the
regulator, since when Q1 is bypassed, the
regulator goes into its short-circuit mode.

Variable Output Voltage
Regulators

In Figure 4-27 a voltage pedestal is devel-
oped across R2, which is then added to the
normal regulated output Vxx, such that

_ R2
Vo = Vxx (1+ R1)+'qR2

The current through R1 should be set much
higher than the quiescent current lq to
minimize the effects of the change in Iq
which occurs with a change in V|,

Switching Regulators
A switching regulator may be used in those
cases where the dissipation of a linear

Siljnotics

regulator is excessive. Figure 4-28 shows
that when power is first applied, current
flows through R3 and the uA78HV00 device
to the output. As soon as the current gener-
ates a voltage drop sufficient to forward bias
Q1’s base-emitter junction, Q1 is driven
toward saturation. The increase in voltage
at the collector applies power through L1 to
the load and provides positive feedback
through R1 and R2 to assure a full switching
action. As the output voltage approaches
the sum of uA78HV0O regulated output plus
the voltage developed across R2, current
flow through the uA78HV00 decreases.

Input voltages in excess of the maximum
input voltage rating of the regulator may be
accommodated by the inclusion of a voitage
dropping Zener (D1). This reduces the volt-
age appearing across leads 1 and 3 of the
wAT8HVO0O0 to an acceptable level.

When the base current drops below the level
required to keep Q1 in saturation, the
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Figure 4-24
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HIGH CURRENT REGULATORS

VARIABLE OUTPUT REGULATOR
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Figure 4-26 Figure 4-28

collector voltage starts to decrease and the
positive feedback loop completes the
switching action.

uA78HV14

There is a sufficient requirement for a power
supply output voltage of 13.8 volts. There-
fore, Signetics Analog now offers the
wA7814 type 1 amp three terminal regulator
with 13.8 volts nominal output.

One of the main requirements for this 13.8
volt regulator is for AC line operation of
automotive type equipment. With the in-
crease in the number of CB sets and the
servicing required on CB, AM/FM stereo
radio, the battery substitution power supply
is becoming more prevalent. Another major
need for battery substitution power supplies
is in the home operation of the portable
automotive equipment. The portable CB
can be removed from the vehicle to prevent
theft and also utilized in the home with a
battery substitution power supply using the
nA78HV14.
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Introduction

The uA79 series regulators are monolithic
three terminal devices intended for negative
fixed voltage outputs. They are an excellent
choice for PC card and subsystem regula-
tion due to their self-contained simplicity.
These devices are available in negative 5, 6,
8, 12, 15, 18 and 24 volts. The voltage and
power output ranges are designated as fol-
lows: .

7905
1 Amp
500mA 79M 05 5 Volt Output
Output
Current T T 5 Volt Output

Voltages other than those listed are also
available upon special order.

Applications

As with the uAT78 voltage regulators, effort
should be made to: keep the output imped-
ance as low as possible. This is accom-

s{fntics

plished with bypass on the supply lines for
high frequencies to insure stability and
error-free operation. Use a large tantalum
(10-47ufd) in parallel with a small (.01ufd)
disc ceramic. Output bypass capacitors will
improve the transient response of the
regulator. A good high frequency ceramic
or tantalum of 1uf will generally suffice.
Keep lead lengths as short as possible.

All of the applications for Signetics positive
regulators .can be used with the negative
regulators. The polarities are inversed, the
sense diode is reversed and the pnp’s are
replaced with NPN transistors. Specific cir-
cuit configurations are shown in figures 4-
29 and 4-39. :

PROGRAMMABLE
REGULATORS

Introduction

The wA78GHV and pA79G are positive and
negative programmable regulators respec-
tively. They -are identical .to ‘their uA78HV
and uA79 counterparts with the exception
to the reference to the error amplifier being
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BATTERY SUBSTITUTION FIXED OUTPUT REGULATOR
POWER SUPPLY

l ‘ g (18v) R1 VouTt = 13.8V
AC . O @3A
3 Figure 4-30

BASIC CURRENT REGULATOR

Figure 4-29
Vour
5.0V
Output current =—F—“— +la
brought out and the voltage determining TYPICAL APPLICATIONS Fi 431
L . . Lo P igure 4-
divider being s.upplled by the circuit design uA79XX SERIES 9
er rather than internal to the regulator. The
voltage may be adjusted over the range of 5
to 30V for the uA78GHV and uA79G from VARIABLE OUTPUT HIGH CURRENT
-30 to -2.2 volts. They have the same inher- VOLTAGE REGULATOR ](‘)’PLTAGE REGULA.‘:OOU'j
Egtééature that other devices in the series - i 2 0 Vour T P oVour
mﬂ UAT900 !
Applications o w L o1 R Theg -uAm:ano
The basic programmable voltage regulator 024F I '01 T 0-1uF
circuits and design considerations follow. & = = =
e V@) BVeE @1)

DESIGN CONSIDERATIONS IVour| =Vxx€ +53)+ 1aR2 RIS " = [aMAX) (B + 1) - TouTMAX)
The pA78GHV and pA79G adjustable vol- R1 lo1 = BQY lrea
tage regulators have an output voltage Figure 4-32 Figure 4-33

which varies from VconTroL to typically
VIN-2V by VouT = VconTROL(R1 + R2). The

R2 HIGH OUTPUT CURRENT,
nominal reference in the uA78GHYV is 5.0V SHORT CIRCUIT PROTECTED
and pA79G is -2.23V. If we allow 1.0mA to Vo o oV
flow in the control string to eliminate bias ™ w our
current effects, we can make R2=5k{lin the LA7900
uA78GHV. The output voltage is then:Vour s Sl
=(R1+ R2) V, where R1 and R2 are in KQs. 0.1uF
Example:  If R2 = 5k and R1 = 10kQ then Toavee@n

Vout = 15V nominal, for the uA78G: R1= TREQMAX) (B + 1) — TouTMAX)
R2 = 2.2k and R1 = 12.8kQ) then ~ VBE@2)
Vout = -for the uA79G. i

Figure 4-34

By proper wiring of the feedback resistors,
load regulation of the devices can be im-
proved significantly.

HIGH OUTPUT CURRENT, FELDBACK
Both uA78G and uwA79G regulators have CURRENT LIMITED

thermal overload protection from excessive
power, internal short circuit protection
which limits each circuit’s maximum cur-
rent, and output transistor safe area protec-

tion for reducing the output current as the

voltage across each pass transistor is in- 0.2uF S 3 L oovr

creased. BVeE (Q1) Py
Rlmryreryy——— =

Although the internal power dissipation is

limited, the junction temperature must be Figure 4-35
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-30V TO -7V

VARIABLE OUTPUT VOLTAGE,

NEGATIVE OUTPUT VOLTAGE CIRCUIT

ViN O 3l| uA79M05Il2

>-33V

J—
LAY
o
nN
i
-
)
£
w |~

O Vour

14

p——0 Vour

10,0 L1 ouF

MF-‘

== 0.1uF

: HEg

Figure 4-37

-0.5V TO -10V

UAT900
MATIMOS

Figure 4-38

VARIABLE OUTPUT VOLTAGE,

“ViN

COMMONi

POSITIVE AND NEGATIVE TRACKING
VOLTAGE REGULATOR

L
T

LA79MOO —O -VouT

L iCOMMON

FVINO—

]

+V
2N6121 O *Vour

Figure 4-39

kept below the maximum specified temper-
ature in order to meet data sheet specifica-
tions. To calculate the maximum junction
temperature or heat sink required, the fol-
lowing thermal resistance values should be
used:

TYP MAX TYP MAX
Package (AT} duc AT A7
POWER  75°C/W 11°C/W 75°C/W 80°C/W
TO-3  40°C/W 6°C/W 44°C/W 47°C/W
Ty(MAX) - T -
Po (MAX) = J X) - Ta or (MAX) - Ta .
6uc + 6ca (A7

(Without a heat sink)
fca = 6cs + Osa

Solving for Ty: Ty = Ta + Pp (duc + 6ca) or Ta +
Ppbya (Without heat sink)

Where Ty = Junction Temperature
Ta = Ambient Temperature
Pp = Power Dissipation
6J-A = Junction to ambient thermal
resistance
6Jc = Junction to case thermal
resistance
fca = Case to ambient thermal
resistance
fcs = Case to heat sink resistance
fOsa = Heat sink to ambient thermal
resistance
72

TYPICAL APPLICATIONS FOR
uA78GHV

In many uA78GHYV applications, compensa-
tion capacitors may not be required. How-
ever, for stable operation of the regulator
over all input voltage and output current
ranges, bypassing of the input and output
(0.33uF and 0.1uF, respectively) is recom-

mended. Input bypassing is necessary if the
regulator is located far from the filter capa-
citor of the power supply. Bypassing the
output will improve the transient response
of the regulator.

wAT8GHV AND ,A79G
POWER TAB (U1) PACKAGE
WORST CASE POWER DISSIPATION
AS A FUNCTION OF
AMBIENT TEMPERATURE

100 -

LIMIT 78G/79G 1
= INF
1 INiTg H
Z 10 4y, Eay
o S50 S/
> S0 N
< IHg < W N
o =I5 ¢ N
] il \
o N N
« s T YN \
H 1.0 AL Sing \\
a -
1 - \‘7
6dc = 7°Crw N\
- 6Jp = 80°C/W N
PpMAX = 15W N
01 A
25 50 75 100 125 150

AMBIENT TEMPERATURE— °C

Figure 4-40

uA78GHV AND yA79G TO-3 PACKAGE
WORST CASE POWER DISSIPATION
vs
AMBIENT TEMPERATURE

100 T
LIMIT 78G/79G —+—>

INFINITE HEqy
Hs < 3 oL SiNic

il

OHS T
70 9 W s U AN

—— D b
N

C/iy NG
NN

1.0 l

— o, o\
6JC = 6°C/W NN
[~ 6JA=47°C/W
[~Pp MAX = 15W Y
P I
25 50 75 100 125 150

AMBIENT TEMPERATURE ~°C

POWER DISSIPATION —~ W

Figure 4-41
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TEST LOAD CIRCUITS
wA78GHV TEST CIRCUIT 1 POSITIVE HIGH CURRENT POSITIVE 5 TO 30V ADJUSTABLE
Vour SHORT CIRCUIT REGULATOR Igyt > 5.0A
out O PROTECTED REGULATOR
VN O IN  LA7BGHV R1 Rsc 1> 40A —
CONTROL 1
COMM =R} 0.1uF v
0.33uF == W out
l, R2 out our
Q w out 0 a0 HATBGHV L
COMM O 1 ey IN Avi!viv ':‘AHZGHV 25 + 3sz 00N - ::NONTROL 25k
= 1 CONTROL == 04uF 0.33uF 2R COMMON SN 0.1uF
( R1+R2 ) ST | ommon i sk
Voutr = ——— ) VconTtroL S5k
R2
VconTroL Nominal = 5V T 1
Recommended R2 current ~ 1mA Ve [Q1] = = - =
~R2 = 5kQ (78G) Rsc = —Bf— NOTE: External series pass device is
R2 = 2.2kQ) (79G) Sc not short circuit protected.
Figure 4-42 Figure 4-45 Figure 4-48
nA79G TEST CIRCUIT 2 10V, 1.0A POSITIVE HIGH CURRENT SHORT
v DUAL TRACKING REGULATOR CIRCUIT PROTECTED REGULATOR
~Vour .
out ° out O +10v ViNO—¢
-ViNO- IN  UHAT9G R1 o I;Ancnv N
CONTROL == 0.1,F i out
0.2uF == coum 0.33uF A= gg:mg: IR 0.1uF N
T 19 R2 J33uF LATBGHV
COMM O o 7.23k ;
-l— -_r COMMON = —_l_-
- = ZAX0.2uF | CONTROL = 0.1uF = 2N6121 OR
Vour = ( R1R+2R2 ) VCconTROL HATOG 777k FAUIVALENT
VconTroL Nominal = -2.23V S5V O IN - our O -10v
Recommended R2 current ~ 1mA i
~R2 = 5k(} (78G) If load is not ground referenced, connect reverse biased
R2 = 2.2k() (79G) diodes from outputs to ground
Figure 4-43 Figure 4-46 Figure 4-49
BASIC POSITIVE REGULATOR POSITIVE 5 TO 30V OUTPUT WAVEFORM
ADJUSTABLE REGULATOR
out —O +V oyt 3ov
uATBGHV out “Vour
NG N " uAT8GHV 1 ,
0.33uF == CONTROL = 04uF +ViNO- IN 25k Va
- SomHON ) CONTROL s/
R2 0.33uF =R Common R 0.1uF 4 STEPS
5k
al R
- = Y
Vourt = VconT (Elgz—ﬂz-) = = o
Figure 4-44 Figure 4-47 Figure 4-50
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NE/SE5554 DUAL TRACKING
REGULATOR

The Signetics NE/SE5554 is a monolithic
dual tracking regulator designed for use
where dual supplies must track with close
tolerances. It was designed with ease of
production and high performance in mind.
The intent was to supply a product which
has performance surpassing its intended
need and no additional features.

The device is composed of a negative, zener
referenced regulator with an inverting
amplifier-follower. The zener regulator has
a zener controlled current source and a
forward biased diode for temp. compensa-
tion. This classical reference was used for
one main reason . . . simplicity. The main
justification to use this is the devices in-
tended use. Considering 4 basic contribu-
tors to output voltage change, (1) Line regu-
lation, (2) Load regulation, (3) Temperature
Coefficient, (4) Popcorn noise, all of these,
and combinations of them, are small con-
“sidering the uses this device is intended for:

1. Op-Amp Supplies

2. Sense-Amp Supplies

3. Analog Signal Processors (Driver-Gates,
Mpx, etc.) :

4. MOS-LSI Systems

5. Communications Circuits

These applications all have excellent power
supply rejection or limited need for very
close control of slight variations on supply
lines. In short, it is an attempt to supply a
customer with a device designed for his
uses, but not costing money for features he
doesn’t need.

Both actual regulators are differential am-
plifiers followed by a gain stage followed by
a Darlington with current limit. The negative
regulator is the complement of the positive
with the exception that the output stage is a
compound PNP. The uA 5554 is essentially
a dual uA78M regulator.

The voltage dividers around the zener set
the actual reference at 5 volts and allow
positive and negative output voltages to be
programmed conveniently. The various re-
sistor values available with metal mask op-
tions, allow many different output voltage
options as well as externally controlling
output voltages by programming resistors
to +Vout, -Vout, control and null.

The output current limit of 200mA was chos-
en as a compromise. The 100mA limit of the
pA78LXX Family is only marginally useful
for many systems, where 0.5 amp is too
much dissipation for two regulatorsina TO-
5 package thus, the 200mA limit.

The regulators were designed to be on-chip
compensated so external capacitors are not
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needed. This is agreat advantage as most of
the currently available devices require 10uf
output capacitors or other cumbersome
externally compensation.

The performance expectations reflect the
intended use:

Vour Tolerance 5%
Voutr Regulation 1%
(Load & Line)
Voutr Temp. Coefficient: 65PPM/°C
Vout Noise 100uVRMS
10Hz - 10kHz

The intended use being power supplies, not
reference supplies. Most devices these re-
gulators would be driving have excellent
power supply rejection, such as operational
amplifiers, Analog switches, MOS logic,
communication circuits, and will not be
adversely affected by the output voltage
tolerances, including noise and tempera-
ture coefficient.

The initial output voltages of the NE5554
will track exactly but'the absolute pos volt-
age will be different from the absolute neg
voltage. This is due to small process varia-
tions in the internal balance resistors.

NE/SE5554 DUAL TRACKING
REGULATOR APPLICATION
NOTE

For most applications, this difference is of
no concern. For those applications where

exact positive and negative voltages are
necessary external balance potentiometer
may be added as shown.

BALANCED DUAL TRACKING
REGULATOR

+VIN 1 14

O+Vour
01 BALANCE ¢
<

- > 50K
nese B3
3 5554 controt |
L 12 —o0

0.1

‘Vmo——I—— 4 "

Figure 4-52

-O~Vour

This output balance control may be used to
change the positive regulated voltage from
about 0.2 volts to = 16 volts without chang-
ing the negative regulated voltage.

To change the negative regulator voltage
from its fixed value it is necessary to use the
control function. With zero resistance be-
tween the control pin and -Vour, the output
will be 5.0 volts. Increasing the resistance
to 50K will give full output. This control, in
conjunction with the balance, can give out-
put voltage of 5V to about £V|N - 3 volts.

In order to prevent instability in this circuit
when the control resistance approaches
zero ohms, it is necessary to use a filter
capacitor on -Vout of 0.1uf or larger to

NE/SE5554 DUAL TRACKING
REGULATOR EQUIVALENT CIRCUIT

+INO-

+0UuT
14

|
rR5< |
15K ::

O BALANCE
13

R6 <
15K

VVvv

GND O
3

RiQ
\ S
+

-INO-

O CONTROL
12

-0 -ouT
1

Figure 4-51
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ground. A 10uf from +VouTt and -Vour to
ground will improve transient response, I;ISHKCU:R::T E:Acl)-n
where this is of concern. TRACKING REGULAT
Increasing output above o 24306 o rsvoLTs
115 volts on NE/SE5554 o o
To increase the regulated output above +15 270
volts, it is necessary to trim the op amp 1 1
. . . . R1
negative input reference resistor (R1 in the 01 NE/SE
NE/SES5554 equivalent circuit). 3 5554
2.70 = o1 . »
VARIABLE OUTPUT TRACKING R2
REGULATOR Q2
VIN(z} ® 2N3055 O -15 VOLTS
*VINO‘T 1 14 O+Vour -20 VOLTS
. L louT(MAX)
0.1 NE/SE13 BALANCE E:SUK £Q) = A
8 s 12 JeonTroL pvee
= I o 50K %.] R1=R2= e (B + 1) -loUT(MAX)
-ViN 4 " ‘ O~Vour
Figure 4-55
Figure 4-53

DUAL TRACKING REGULATOR
WITH +V oyt > 15 VOLTS

14 O*+Vout

*VING _]_ 1

01
NE/SE
3 5554 CONTROL 10K
12
= ot ™ML

_VIN(J_ 4 " p————0+Vour

Figure 4-54
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SWITCHED MODE
POWER SUPPLY

Introduction

From the designer's concept, there exist
three basic approaches to obtaining regu-
lated dc votages from raw ac power sources.
The three basic sources have a common
denominator; they require a rectification
media when operating from an ac line, in
order to obtain raw unregulated dc voltage.
The three sources of obtaining dc regulated
voltages are:

e Shunt regulators
e Series linear regulators
e Series switched mode regulators

(The series switched mode regulators will
be referred to as switched mode power
supplies (or SMPS) during the course of this
article.)

Briefly stated, if all three types of regulation
can perform the same function, following
are some of the key parameters to be ad-
dressed:

e From an economical point of view, cost
of the system is paramount.

e From an operations point of view, weight
of the system is critical.

e Fromadesign criteria, system efficiency
is the first order of business.

The series and shunt regulators operate on
the same principle of sensing the DC output
voltage, comparing to an internal reference
level and varying a resistor (active device) to
maintain the output levels within pre-
specified limits.

Switched mode power supplies (SMPS) are
basically DC to DC converters, operating at
frequencies in the 20kHz and higher region.
Basically the SMPS is a power source which
utilizes the energy stored during one por-
tion of its operating cycle to supply power

during the remaining segment of its operat-
ing cycle.

Linear regulators, both shunt and series,
suffer when required to supply large cur-
rents with resultant high dissipation across
the regulating device. Efficiency suffers
tremendously. (Efficiencies less than 40%
are typical.)

Switched mode power supplies operate at
much higher levels of efficiency (generally
in the order of 75% to 80%) thereby reducing
significantly the energy wasted in the regu-
lated supply. The SMPS does, however,
suffer significantly in the ripple regulation it
is able to maintain as opposed to a much
higher degree of regulation available in
series (or shunt) linear regulators.

The linear regulators obtain improved regu-
lation by virtue of the series pass elements
always conducting, as opposed to SMPS
devices having their active devices operat-
ive only during a portion of the overall
operating period.

This section is designed primarily to intro-
duce the Signetics NE5560 Switched Mode
Power Supply and its features; however,
before discussing this particular device,
NE5560, the author feels that some defini-
tions and comparisons between linear regu-
lators and switched mode power supplies
should be stated.

REGULATION

Line Regulation:

(Sometimes referred to as static regulation)
refers to the changes in the output (as a
percent of nominal or actual value) as the
input AC is varied slowly from its rated
minimum value to its rated maximum value
(i.e., from 105VACRwms to 125VACRMS).

Load Regulation:
(Sometimes referred to as dynamic regula-
tion) refers to the changesinthe output(asa

percent of nominal or actual value) when the
load conditions are suddenly changed (i. e.,
no load to full load.)

NOTE

The combination of static and dynamic regulationare
cumulative; care should be taken when referring to

the regulation characteristics of a power supply.

Thermal Regulation:
Referred to as changes due to ambient
variations or thermal drift.

TRANSIENT RESPONSE

The ability of the regulator to respond to
rapid changes in either line variations, load
variations, or intermittent transient input
conditions. (This parameter can often be
referred to as “recovery time.”)

AC PARAMETERS

Voltage Limiting:

The regulator’s ability to “shut down” in the
event that the internal control elements fail
to function properly.

Current Limiting:

Often referred to'as “fold-back” where the
amplifier segment of the regulator folds
back the output current of the device when
safe operating limits are exceeded.

Thermal Shutdown:

The regulator’s ability to shut itself down
when the maximum die temperature is ex-
ceeded.

GENERAL PARAMETERS

Power Dissipation:

The maximum power the regulator can tol-
erate and still maintain its operation within
the safe operating area of its active devices.

Efficiency:

The ratio (in percent) of the usable versus
total power being dissipated in a regulated
supply. (The losses can be ac as well as dc
losses.)

|
|
~ |
|
|
}

== fo-

LOSSES IN REGULATED POWER SUPPLIES

(a) CONVENTIONAL SUPPLY - 45% EFFICIENCY

LINEAR OUTPUT
REGULATOR

Figure 4-56

0.9 0.85
P P Po=085P
MAINS
Y + ISOLAT- +
o ING AND
T e ENERGY
a STORAGE
| OUTPUT | ELEMENT
]
T o o—t .
| REGULATING |
SWITCH

|(TRANSISTOR))|

(b)SWITCHED-MODE SUPPLY - 80% EFFICIENCY
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EMI/RFI:

Generation of radio frequency interference
signals and magnetic field disturbance
especially in SMPS devices. (Transformer
and choke design available which reduced
both RFI & EMI to safe acceptable regions.)

The balance of this section will be dedicated
to the discussion of the general operation of
Switched Mode Power Supplies (SMPS)
with emphasis on the Signetics NE5560
Control and Protection Module.

Switched-mode power supplies (SMPSs)
have gained much popularity in recent
years because of the benefits they offer.
They are used now on a large scale in desk
calculators, computers, as instrumentation
supplies, etc., and it is confidently expected
that the market for this type of supply will
grow.

The advantages of SMPSs are low weight
and small size, high efficiency, wide AC
input voltage range, and low cost.

® Low weight and small size are possible
because operation occurs at a frequency
beyond the audible range; the inductive
elements are small.

e High efficiency because, for output reg-
ulation, the power transistor is switched
rapidly between saturation and cut-off
and therefore has little dissipation; this
eases heatsink requirements, which also
contributes to weight and volume reduc-
tion. Conventional linear-regulator sup-
plies may have efficiencies as low as
50%, or less, but efficiencies of 80% are
readily achievable with SMPSs; see fig-
ure 4-56.

e Wide AC input voltage range because of
the flexibility of varying the switching
frequency in addition to the change in
transistor duty cycle makes voltage ad-
aptation unnecessary.

e Low overall cost, due to the reduced
volume and dissipation, means that less
material is required and smaller semi-
conductor devices suffice.

Switched-mode power supplies also have
slight disadvantages in comparison with
linear regulators, namely, somewhat great-
er circuit complexity, tendency to r.f.i. radi-
ation, slower response to rapid load
changes, and less ability to remove output
ripple.

HOW SWITCHED-MODE POWER
SUPPLIES OPERATE

The switched-mode power supply is amod-
ern version of its forerunner, the electrome-
chanical vibrator, used in the past to supply
car radios. But the new concept is much
more reliable because of the far greater

BLOCK DIAGRAM OF SWITCHED-MODE
POWER SUPPLY
DRIVE CONTROL
CIRCUIT CIRCUIT
RECTIFIER
DC TO DC CONVERTER
- - LYY
; : I o -
! ! H. F. SWITCH T !
| | |
! 1
1’ 1 !
* ]
D.C.
60Hz D.C.
NOTE
Switching frequency is between 20kHz and 50kHz.
Figure 4-57

lifetime of the transistor switch. Figure 4-57
shows the principle of the ac fed SMPS. In
this system the ac voltage is rectified,
smoothed, and supplied to the electronic
chopper, which operates at a frequency
above the audible range to prevent noise.
The chopped dc voltage is applied to the
primary of atransformer, and the secondary
voltage is rectified and smoothed to give the
required dc output. The transformer is ne-
cessary to isolate the output from the input.
Output voltage is sensed by a control cir-
cuit, which adjusts the duty cycle of the
switching transistor, via the drive circuit, to
keep the output voltage constant irrespec-
tive of load and line voltage changes. With-
out the input rectifier, this system can oper-
ate from a battery of other dc source.

Depending on the requirements of the
application, the dc-to-dc converter can be
one of the three basic types: flyback convert-
er, forward converter, or push-pull (bal-
anced) converter.

The Flyback Converter

Figure 4-58 shows the flyback converter
circuit, and the waveforms of transistor
voltage, Vce, and choke current, i, reflect-
ed to the primary (choke double-wound for
line isolation). Cycle time and transistor
duty cycle aredenoted T and §, respectively.
While Q1 conducts, energy is accumulated
in the choke magnetic field (i_ rising and D1
reversed biased), and it is discharged into
the output capacitor and the load during the
flyback period, that is, while Q1 is off (iL
falling and D1 forward biased). During Q1
conduction, Co continues delivering energy
to the load so providing smoothing action. It
will be noted that only one inductive ele-
ment is needed, in distinction to the
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converter types discussed below, which
require two. As the Vce waveform shows,
the peak collector voltage is twice the input
voltage, Vi, for & equal to 0.5.

The Forward Converter

A major advantage of the forward converter,
particularly for low output voltage applica-
tions, is that the high-frequency output
ripple is limited by the choke in series with
the output. Figure 4-59 illustrates the cir-
cuit. During the transistor-on (or forward)
period, energy is simultaneously stored in
the choke Lo and passed via D1 to the load.
While Q1 is off, part of the energy accumu-
lated in Lo is transferred to the load through
free-wheeling diode D2. Output capacitor
Co smoothes the ripple due to transistor
switching. After transistor turn-off, the mag-
netic energy built up in the transformer core
is returned to the dc input via the demagnet-
izing winding (closely coupled with the pri-
mary) and D3, so limiting the peak collector
voltage to twice the input voltage Vi.

The Push-Pull Converter

This converter type, given in Figure 4-60,
consists of two forward converters operat-
ing in push-pull. Diodes D1 and D2 rectify
the rectangular secondary voltage generat-
ed by Q1 and Q2 being turned on during
alternate half cycles. Push-pull operation
doubles the frequency of the ripple current
in output filter LoCo and so reduces the
output ripple voltage. The peak transistor
voltage is 2V;.

MAKING THE BEST CONVERTER
CHOICE

There exist several versions of the three
fundamental circuits described earlier.
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NOTES

FLYBACK CONVERTER CIRCUIT
DIAGRAM AND WAVEFORMS
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1. & is the duty cycle of Q1; T is the cycle time
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These are shown in Figure 4-61. Circuits IA,
1A and IlIA are the basic types. In the two-
transistor circuits, IB and 11B, transistors Q1
and Q2 conduct simultaneously and diodes
D4 Ds limit the peak collector voltage to the
level of DC input voltage Vi. Similarly in the
push-pull circuits 1IB and I1IC, the collector
voltage does not exceed Vi. In circuit 1lIB,
Q1 and Q2 are turned on during alternate
half cycles; in circuit 1IC, Q1 and Q4 are
turned on in one half cycle and Q2 Q3in the
next.

Converter choice depends on application
and performance requirements. The flyback
converter is the simplest and least expen-
sive; it'is recommended for multi-output
supplies because each output requires only
one diode and one capacitor. However,
smoothing may be a problem where ripple
requirements are severe. The push-pull type
has the most complex base drive circuit but
it produces the lowest output ripple with
given values of Lo and Co.

Figure 4-62 is a general guide for the choice
of converter type, based on output voltage
and power. In the case of the flyback con-
verter, it becomes more and more difficult to
keep the percentage output ripple below an
acceptable level as the output power in-
creases and the output voltage decreases;
for reasons of circuit economy, however,
the flyback converter is the best proposition
if the output power does not exceed about
10W. For output 'powers higher than about
1kW, the push-pull converter is preferable.

THE CONTROL AND PROTEC-
TION MODULE ’

In addition to providing adequate output
voltage stabilization against line voltage
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and load changes, the control module must
give fast protection against overload, equip-
ment malfunction, and the effects of switch-
on immediately following switch-off. In ad-
dition the following features are desirable:

® Soft Start: that is, a gradual increase of
the transistor duty cycle after switch-on
causing a slow rise of the output voltage,
which prevents an excessive inrush cur-
rent due to a capacitive load or charging
of the output capacitor.

e Synchronization: to prevent interference
due to the difference in free-running
frequencies (for example, in a system in
which a low-power SMPS supplies the
base drive circuit of the output switching
transistor in a high-power SMPS).

® Remote switch-on and switch-off: es-
sential for sequential switching of supply
units in, for instance, a computer-supply
system.

The control and protection circuitry of a
switched-mode power supply (SMPS) is a
crucial and complicated part of the whole
supply. Integration of this circuitry on achip
will therefore ease the design of an SMPS
considerably.

SMPS CONTROL-LOOP

Figure 4-63 shows the principal control-
loop of a regulated SMPS. The output volt-
age Vo is sensed and, via a feedback net
work, fed to the input of an error amplifier,
where it is compared with a reference volt-
age.

The output of this amplifier is connected to
an input of the pulse-width modulator
(PWM).
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The other input of this modulator is used for
an oscillator signal, which can be a saw-
tooth or a triangle.

As a result, a rectangular waveform with the
frequency of the oscillator is emerging at
the output of the PWM.

The width of this pulse is dictated by the
output voltage of the error amplifier.

After passing through an output stage, the
pulse can be used to drive the power transis-
tor of the SMPS.

When the width of the pulse is varied, also
the on-time of this transistor will vary and
consequently the amount of energy taken
from the input voltage V.

So, by controlling the duty cycle 6 of the
power transistor, one can stabilize the out-
put of the SMPS against line and load varia-
tions. The duty cycle §is defined as ton/T for
the power transistor. Protections for over-
voltage, overcurrent, etc, can be realized
with additional inputs on the PWM or the
output stage.

DESCRIPTION OF THE NE5560
Block Diagram

A simplified block diagram of the NE5560 is
shown in Figure 4-64.

The following functions are incorporated:

- A temperature compensated reference
source.

- Anerroramplifier with pin 3asinput. The
output is connected to pin 4 so that the
gain is adjustable with external resistors.

- A sawtooth generator with a TTL-
compatible synchronization input (pins
7,8,9).
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A pulse-width modulator with a duty-
cycle range from 0 to 95%.

The PWM has two additional inputs:
Pin 6 can be used for a precise setting of
8 max.

Pin 5 gives adirect access to the modula-
tor, allowing for real constant current
operation.

A gate at the output of the PWM provides
a simple dynamic current limit.

A latch that is set by the flyback of the
sawtooth and reset by the output pulse
of the above mentioned gate prohibits
double pulsing.

Another latch functions as a start-stop
circuit; it provides a fast switch-off and a
slow start.

A current protection circuit that operates
via the start-stop circuit. This is a com-
bined function with the current limit
circuit, therefore pin 11 has two trip-on
levels; the lower one for cycle-by-cycle
current limiting, the upper one for cur-
rent protection by means of switch-off
and slow-start.

A TTL compatible remote on/off input at
pin 10, also operating via the start-stop °
circuit.

An inhibit input at pin 13. The output
pulse can be inhibited immediately.

An output gate that is commanded by the
latches and the inhibit circuit.

An output transistor of which both the
collector (pin 15) and the emitter (pin 14)
are externally available. This allows for
normal or inverse output pulses.

A power supply that can be either vol-
tage or current driven (pins 1 and 12).
The internally generated stabilized out-
put voltage Vz is connected to pin 2.

A special function is the so-called feed-
forward at pin 16. The amplitude of the
sawtooth generatoris modulated in such
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BLOCK DIAGRAM OF THE NE5560
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a way that the duty cycle becomes in-
versely proportional to the voltage on
this pin: 6 ~C .
V16

- Loop fault protection circuits assure that
the duty-cycle is reduced to zero or alow
value for open or short-circuited feed-
back loops.

Stabilized Power Supply (Pins 1, 2,
12)

The power supply of the NE5560 is of the
well known series regulation type and pro-
vides a stabilized output voltage of typically
8.5 volts.

This voltage Vz is also present at pin 2 and
can be used for precise setting of 6 max and
to supply external circuitry. Its maximum
current capability is SmA.

The circuit can be fed directly from a DC
voltage source between 10.5V and 18V or
can be current driven via a limiting resistor.
Inthe latter case, internal pinch-off resistors
will limit the maximum supply voltage; typi-
cal 23V for 10mA and maximum 30V for
30mA.

The low supply voltage protection is active
when V(1-12) is below 10.5V and inhibits the
output pulse.

When the supply voltage surpasses the
10.5V level the IC starts delivering output
pulses via the slow start function.

The current consumption at 12V is less than
10mA, provided that no current is drawn
from Vz and R(7-12) = 20k Q.

The Sawtooth Generator

Figure 4-65A shows the principal circuitry
of the oscillator. A resistor between pin 7
and pin 12 (ground) determines the constant
current that charges the timing capacitor
C8-12.

This causes a linear increasing voltage on
pin 8 until the upper level of 5.6V is reached.
Comparator H sets the RS bistable and Q1
discharges C8-12downto 1.1V, where com-
parator L resets the bistable. During this
flyback time, Q2 inhibits the output.

Synchronization at a frequency lower than
the free-running frequency is accomplished
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via the TTL gate on pin 9. By activating this
gate (Vg < 0.8V), the setting of the sawtooth
is prevented. This is indicated in figure 4-65
B.

Figure 4-66 shows a typical plot of the
oscillator frequency against the timing cap-
acitor. The frequency range of the NE5560
goes from <50Hz up to > 100kHz.

Reference Voltage Source

The internal reference voltage source is
based on the bandgap voltage of silicon.
Good design practice assures a tempera-
ture dependency <+100 ppm/°C. The refer-
ence voltage is connected to the positive
input of the error amplifier and has a typical
value of 3.72V.

Error Amplifier with Loop-Fault
Protection Circuits

This operational amplifier is of a generally
used concept and has an open loop gain of
typically 60dB. As can be seen in Figure 4-
67, the inverting input is connected to pin 3
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for a feedback information proportional to
Vo.

The output goes to the PWM circuit, but is
also connected to pin 4, so that the required
gain can be set with Rs and R(3-4). This is
indicated in Figure 4-68, showing the relat-
ive change of the feedback voltage as a
function of the duty cycle. Additionally, pin
4 can be used for phase shift networks that
improve the loop stability.

When the SMPS feedback loop is interrupt-
ed, the error amplifier would settle in the
middle of its active region because of the
feedback via R(3-4). This would result in a
large duty cycle. A current source on pin 3
prevents this by pushing the input voltage
high via the voltage drop over R(3-4). As a
result, the duty cycle will become zero,
provided that R(3-4) > 100k. When the feed-
back loop is shortcircuited, the duty cycle
would jump to the adjusted maximum duty
cycle. Therefore, an additional comparator
is active for feedback voltages at pin 3 below
0.6V.

Now an internal resistor of typically 1k is
shunted to the impedance on the 6&max-
setting pin 6. Depending on this impedance,
& will be reduced to a value §o. This will be
discussed further.

The Pulse-Width Modulator

The function of the PWM circuit is to trans-
late a feedback vqltage into a periodical
pulse of which the duty cycle depends on
that feedback voltage. As can be seen in
Figure 4-69A, the PWM circuitin the NE5560
is a long-tailed pair in which the sawtooth
on pin 8 is compared with the LOWEST
voltage on either pin 4 (error amplifier), pin
5, or pin 6 (dmaxand slow-start). The transfer



Voltage Regulators

DUTY CYCLE -5 - % REGULATION

AVo /V ret (%)

N owacoN

T T T Ry
[ 44 a2
I R2 1
BN
ax: >
Vret (3.72V) A
2
)/ — = - 100
y
y
7 R
yd g R, D500
y4
/- 7
/ )

10 20 30 40 50 60 70 80 90

Figure 4-68

—K

PULSE WIDTH MODULATION

i START/STOP

ERROR
AMPLIFIER
—_— e - N
o ) o
4 5 6
Figure 4-69A

TRANSFER CURVE OF PULSE WIDTH MODULATOR

100

90

80

70

60

50

40

6 (%)

DUTY CYCLE VS INPUT VOLTAGE

/

/

/

Va,5,6(v)

1 2 3 4 5 6

Figure 4-69B

Sifetics

graphis givenin Figure 4-69B. The output of
the PWM causes the resetting of the output
bistable.

Limitation of the Maximum Duty
Cycle

With pins 5 and 6 not connected and with a
rather low feedback voltage on pin 3, the
NES5560 will deliver output pulses with a
duty cycle of = 95%. In many SMPS applica-
tions, however, this high 6 will cause prob-
lems. Especially in forward converters,
where the transformer will saturate when 6
exceeds 50%, a limitation of the maximum
duty-cycle is a must.

A dc voltage applied to pin 6 (PWM input)
will set dmax at a value in accordance with
figure 4-69B. For low tolerances on &max,
this voltage on pin 6 should be set with a
resistor divider from Vz (pin 2). The upper
and lower sawtooth level are also set by
means of an internal resistor divider from
Vz, so forming a bridge configuration with
the 6max setting on pin 6. The resulting
accuracy of dmax is low because tolerances
in Vz are compensated and the sawtooth
levels are determined by internal resistor
matching rather than by absolute resistor
tolerances. Figure 4-70A can be used for
determining the tap on the bleeder for a
certain dmax setting.

As already mentioned, the duty cycle will be
reduced to a value §o for low feedback
voltages on pin 3. This 60 depends on the
impedance of the émax bleeder and on the
value of dmax.

Figure 4-70B gives a graphical representa-
tion of this. The value 8o is limited to the
lower and the higher side;

e |t must be large enough to ensure that at
maximum load and minimum input volt-
age the resulting feedback voltage on
pin 3 exceeds 0.6V.

e It must be small enough to limit the
amount of energy in the SMPS when a
loop-fault occurs. In practice a value of
10-15% will be a good compromise.

Extra PWM Input (Pin 5)

The PWM has an additional inverting input:
pin 5. It allows for attacking the duty cycle
via the PWM circuit, independently from the
feedback and the dmax information. This is
necessary when the SMPS must have a real
constant current behavior, possibly with a
fold-back characteristic. However, the reali-
zation of this feature must be done with
additional external components.
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Dynamic Current Limit and Cur-
rent Protection (Pin Il)

In many applications, it is not necessary to
have a real constant. current output of the
SMPS.

Protection of the power transistor will be the
prime goal. This can be realized with the
NE5560 in a simple and cheap way. A resis-
tor (or a current transformer) in the emitter
of the power transistor gives areplica of the
collector current. This signal must be con-
nected to pin 11. As can be seenin Figure 4-
71A, this input has two comparators with
different reference levels. The output of the
comparator with the lower 0.48V reference
is connected to the same gate as the output
of the PWM. -

When activated, it will inhmediately reset the
output bistable, so reducing the duty cycle.
The effectiveness of this so-called cycle-by-

cycle current limit diminishes at low duty

cycle values. When & becomes very small,
the storage time of the power transistor
becomes dominant. The current will now
increase again, until it surpasses the refer-
ence of the second comparator. The output
of this comparator acitvates the start/stop
circuit and causes an immediate inhibit of
the output pulses. After a certain dead-time
the circuit starts again with very narrow
output pulses. The effect of this two-level
current protection circuit is visualized in
Figure 4-71B.

The Start/Stop Circuit

The function of this protection circuit is to
stop the output pulses as soon as a fault
occurs and to keep the output stopped for
several periods. After this dead time, the
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output starts with a very small, gradually
increasing duty cycle. When the fault is
persistent, this will cause a cyclic switch-
off/switch-on condition. This “hiccup”
mode limits effectively the energy during
fault conditions. The realization and the
working of the circuit is indicated in the
Figures 4-72A and 4-72B. The dead-time and
the soft-start are determined by an external
capacitor that is connected to pin 6. (dmax
setting).

A RS bistable can be set by three different
functions:

1. Remote on/off on pin 10.

2. Overcurrent protection on pin 11.

3. Low supply voltage protection (internal).
As soon as one of these functions cause a
setting of the bistable, the output pulses are
blocked via the output gate. In the same
time transistor Q1 is forward-biased, result-
ing in a discharge of the capacitor on pin 6.

The discharging current is limited by an
internal 1500 resistor in the emitter of Q1.
The voltage at pin 6 decreases to below the
lower level of the sawtooth. When V6 has
dropped to 0.6V, this will activate acompar-
ator and the bistable is reset. The output
stage is no longer blocked and Q1 is cut-off.
Now Vz will charge the capacitor via R1 to
the normal dmax voltage. The output starts
delivering very narrow pulses as soon as V6
exceeds the lower sawtooth level. The duty-
cycle of the output pulse now gradually
increases to a value determined by the
feedback on pin 3, or by the static dmax
setting on pin 6.

Remote On/Off Circuit (Pin 10)

In systems where two or more power sup-
plies are used, it is often necessary to switch
these supplies on and off in a sequential
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way. Furthermore, there are many applica-
tions in which a supply must be switched by
a logical signal. This can be done via the
TTL-compatible remote on/off input on pin
10. The output pulse is inhibited for levels
below 0.8V. The output of the IC isno longer
blocked when the romote on/off input is left
floating or when a voltage > 2V is applied.
Starting up occurs via the slow-start circuit.

The Output Stage
The output stage of the NE5560 contains a
bistable, a push-pull driven output transis-
tor, and a gate, as indicated in Figure 4-73.
The bistable is set by the flyback of the
sawtooth. Resetting occurs by a signal eith-
er from the PWM or the current limit circuit.
With this configuration, itis assured that the
output is switched only once per period,
thus prohibiting double pulsing. The collec-
tor and emitter of the output transistor are
connected to respectively pin 15 and pini4,
allowing for normal or inverted output
" pulses. An internally grounded emitter
would cause untolerable voltage spikes
over the bonding wire, especially at high
output currents. .

This current capability of the output transis-
tor is 40mA peak for Vce a 0.4V. An internal
clamping diode to the supply voltage pro-
tects the collector against over-voltages.
The maximum voltage at the emitter (pin 14)
must not exceed +5V. A gate, activated by
one of the set or reset pulses, or by a com-
mand from the start-stop circuit will imme-
diately switch-off the output transistor by
short-circuiting its base. The external inhi-
bitor (pin 13) operates also via this base.

Inhibitor
As indicated in Figure 4-73A, the output of
this NPN comparator will block the output
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pulse, when a voltage above 0.6V is applied
to pin 13. A specific application for this
function is to prevent saturation of forward
converter transformers. This is indicated in
Figure 4-73B.

Feed-forward (Pin 16)
The basic formula for a forward converteris

8 Vin

Vout = (n = transformer ratio)

n

This means that in order to keep Vout at a
constant value, the duty cycle 6 must be
made inversely proportional to the input
voltage. A preregulation (feed-forward) with
the function o~ 1_can ease the feedback-

loop design.  Vin

This loop now only has to regulate for load
variations, which require only a low feed-
back gain in the normal operation area. The
transformer of a forward converter must be
designed in such a way that it does not
saturate, even under transient conditions,
where the maximum inductance is deter-
mined by dmax X VIN max. A regulation of
8 max ~_1  will allow for a considerable
VIN
reduction or simplification of the transfor-
mer. The function of o~ 1 canberealized

VIN
by using pin 16 of the NE5560.

Figure 4-74A shows the electrical realiza-
tion. When the voltage at pin 16 exceeds the
stablilized voltage Vz (pin 2), it will increase
the charging current for the timing capaci-
tor on pin 8.

The operating frequency is not affected,
because the upper trip level for sawtooth
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OUTPUT éTAGE

Vi

FLYBACK

OUTPUT STAGE INHIBIT

Figure 4-74A

WORKING
8 LEVEL

T

Figure 4-74B

V3 e
Vis —
v‘J ‘
o1 o1 n2 (50%) .02 b3 23
: T T T
NOTE: FROM START/STOP
The signal V13 can be derived from the demagnetizing winding in a forward converter.
Figure 4-73A Figure 4-73B
EXTERNAL & MAXIMUM CONTROL FEED FORWARD CIRCUITRY
16 :
o | >
|
| -2xv,
|
5 il >
' &
|
L |
3 |
| vz
. |
6 »
——O0——— ‘Max SMAX ¢ SMAX 3
||

increases also. Note that the Smax voltage on
pin 6 remains constant because it is set via
Vz. Figure 4-74B visualizes the effect on
dmax and the normal operating duty cycle é.
For V16 = 2xVz these duty cycles have
halved. The graph for § = f(V16) is given in
Figure 4-75.

DUTY CYCLE

FEED-FORWARD REGULATION

13

1 112 2

- Figure 4-75

2172
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Interface Circuits

INTRODUCTION

Large systems are comprised of many dif-
ferent subsystems, all of which must inter-
face to complete the system. All types of
circuits, including linear, digital and dis-
crete are often used in the subsystems.

Interface circuits provide the necessary
function of tying the parts of a system to-
gether. These circuits are usually not purely
linear or digital but contain both types of
circuit functions. For instance, sense ampli-
fiers are designed for interface between low
level memory outputs and bipolar levels,
while differential comparators are designed
for interface between analog systems and
TTL/DTL systems. In general, this section
will cover such devices as comparators,
sense amplifiers, line drivers/receivers, and
display drivers.

CONVERTERS

Digital communications, digital instruments
and displays have created a demand for low
cost reliable converters. Key factors in this
demand are:

e The need to communicate with digital
computers for processing and storage of
analog signals.

e Severe limitations encountered in reli-
able analog data transmission over any
considerable distance.

e The need for more easily readable dis-
plays.

General application areas for converters
include: Data processing, data trans-
mission, graphics and displays, audio sys-
tems, control systems and arithmetic opera-
tions.

Specific Applications

Test Systems

Transistor tester (Force Ig and Ic)
Resistor matching

Programmable power supplies
Programmable pulse generators
Programmable current source
Function generators (ROM drive)

Arithmetic Operations

® Analog division by a digital word

® Analog quotient of 2 digital words

e Analog product of 2 digital words—
squaring

e Addition and subtraction with analog
output

e Magnitude comparison of 2 digital words

e Digital quotient of 2 analog variables

e Arithmetic operations with words from
different logic families

Graphics and Displays

® Polar to rectangular conversion
e CRT character generation

e Chart recorder driver

e CRT display driver

Data Transmission

e Modern transmitter

e Differential line driver

e Party line multiplexing of analog signals

e Multi-level 2-wire data transmission

e Secure communications (constant power
dissipation)

Control Systems

e Reference level generator for setpoint
controllers

e Positive peak detector

® Negative peak detector

e Disc drive head positioner

e Microfilm head positioner

Audio Systems

e Digital AVC and reverberation

e Music distribution

e Organ tone generator

e Audio tracking A/D

e Speech compression and expansion
e Audio digitizing and decoding

D/A CONVERTERS

D/A converters perform the function of
converting a digitally coded signal input
into an analog signal output (See Figure 5-
1). D/A converters are useful in systems
requiring analog signals derived from digi-
tal data.

DAC Building Blocks
The actual implementation of a D/A system
contains four separate parts: A reference

CONVERSION OF A DIGITALLY
CODED SIGNAL INPUT INTO AN
ANALOG SIGNAL OUTPUT

0—
o—
piGITAL O—]

WORD
INPOT  O—— oA
o—
Oo——
o—

REF.

ANALOG
O OUTPUT

Output = Ref. x digital word
B2 Bn

B4
Output = Ref. X (—+—+. . . +—)
P 2 4 2N

Figure 5-1

quantity; a set of binary switches to simulate
binary coefficients B1 . . . Bn; a weighting
network; and an output summing means.

Binary-Weighted Ladder Employ-
ing Voltage Switching

The disadvantages of a binary-weighted
ladder employing voltage switching in-
clude: A wide range of resistor values which
are used in weighting the network; and
nodal capacitances which-are charged/dis-
charged during conversion. See Figure 5-2.

R-2R Ladder Network Employing
Current Switching

The advantages of this type of network
include: No need for a wide range of resistor

BINARY-WEIGHTED LADDER
EMPLOYING VOLTAGE SWITCHING

o

Re b2  bs  bs
V =—VRep X (b1 + 2+ -+
out =& VRer >t 7'3

Figure 5-2

Vour
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values; and current switching eliminates
transients in nodal parasite capacitances.
See Figure 5-3.

KEY SPECIFICATIONS
Speed

The conversion process should represent
the input signal with the highest fidelity and
minimal lag in time (Real time applications).

Settling Time

Settling time is a measure of a converter’s
speed and is defined as the elapsed time
after a code transition for DAC output to
reach final value within specified limits,
usually £1/2 L.S.B. See Figure 5-4.

Errors

Offset Error —The output voltage of DAC
with zero code input. Offset

R-2R LADDER NETWORK
EMPLOYING CURRENT SWITCHING

b1+ b2 + b3 + bs

can and usually is trimmed to four = lher x( 2 4 8
zero with an offset zero ad- i
just potentiometer. See Fig- Figure 5-3
ure 5-5.
DAC PRODUCTS OVERVIEW
MC1408
6.7-8 SE/NE5007/8/9 | SE/NE5018/19 | SE/NE5118/19| NE5020 NE5120 NE5022
Resolution 8 bit 8 bit 8 bit 8 bit 10 bit 10 bit 10 bit
Relative Accuracy ~78/1 5’9/ 39/ 1-19/ 19/ .1 19/ 1 .05 05 05
Settling Time 300ns 60ns 2us 200ns 4us 500ns 4us
Output A 1&T v I v I +V
Features Standard Complementary Bus High 8 bit 10 bit 10V
Current Compatible speed bus accuracy | bipolar
Outputs input current compatible output
latches out version
ref of NE5018
voltage
Table 5-1
Gain Error — Deviation in output voltage output change when the Temperature

from correct level when the
input calls for a full scale
output. This error may be
trimmed to zero. See Figure
5-6.

Relative Accuracy — The maximum devia-
tion of the DAC output
relative to an ideal
straight line drawn
from zero to full scale
-1 L.S.B. See Figure
5-7.

Ditferential

Non-Linearity — Incremental error from

any ideal L.S.B. analog

90

digital input is changed 1

L.S.B.. See Figure 5-8.

Coefficient —The effects of temperature

changes of the output. Spec-
ified as %F.S. change.

Monotonicity — As the input code is incre-
mented from one code to
the next in sequence, the
analog output will either
increase or remain con-
stant. See Figure 5-9.

Stability

Stability is a measure of the independence
of converter parameters with respect to
variations in external conditions such as
temperature and supply voltage.

Sinotics

Supply

Rejection —Ability to resist changes in
the output with supply
changes, specified as % full
scale change.

Long Term )

Stability —Measure of how stable the

output is over a long period
of time.
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SETTLING TIME

+1/2 lL_"_ ——————————
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110 111 INPUT
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GAIN ERROR

Eo
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DIGITAL
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ERROR
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INPUT
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t
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1
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I
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0
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Figure 5-7

TIME E
¢ 4 ,_,,_._.,,IIIIIIIIIIIII/////////////
LTI,
Figure 5-4 Figure 5-6
RELATIVE ACCURACY DIFFERENTIAL NON-MONOTONIC
NON-LINEARITY (Must be > +1/2 LSB Non-Linear)

ANALOG
OuTPUT

STEP SIZE ERROR
DIFFERENTIAL NON-LINEARITY

1 1 1
0 0 0 0 1 1 1 1 DIGITAL
0 0 1 1 0o 0 1 1 INPUT
0 1 [ ] 0o 1 [ 1
Figure 5-8

7
1/2 LSB DIFF
NON-LINEAR
)
7/
1/2 11/2LSB
SB|

12])| /
LsB

ANALOG OUTPUT

11/2 LSB DIFF
7
7

000 001 010 011 100 101 110 111
DIGITAL CODE

Figure 5-9

NE5007/5008 DAC

Reference Amplifier Setup

The NE5007/5008 is a multiplying D-to-A
converter in which the output current is the
product of a digital number and the input
reference current. The reference current
may be fixed or may vary from nearly zero to
+4.0mA. The full scale output current is a
linear function of the reference current and
is given by this equation where IRer = l14.

255
IFs =
256

*IRer 5-1

In positive reference applications shown in
Figure 5-10, an external positive reference
voltage forces current through R14 into the
VRer (+) terminal (pin 14) of the reference
amplifier. Alternatively, a negative refer-
ence may be applied to VRer (-) at pin 15,
shown in Figure 5-11. Reference current
flows from ground through R14 into VRer (+)
as in the positive reference case. This nega-

tive reference connection has the advantage
of a very high impedance presented at pin
15. The voltage at pin 14 is equal to and
tracks the voltage at pin 15 due to the high
gain of the internal reference amplifier. R15
(nominally equal to R14) is used to cancel
bias current errors. R15 may be eliminated
with only a minor increase in error.

Bipolar references may be accommodated
by offsetting VRer or pin 15 as shown in
Figure 5-12. The negative common mode
range of the reference amplifier is given by
the following equation.

Vem- = V- + (IReF ® 1kQ) + 2.5V 5-2

When a dc reference is used, a reference
bypass capacitor is recommended. A 5.0V
TTL logic supply is not recommended as a
reference. If a regulated power supply is
used as a reference R14 should be splitinto
2 resistors with the junction bypassed to
ground with a 0.1uF capacitor.

Sinotics

For mostapplications, a+ 10.0V reference is
recommended for optimum full scale
temperature coefficient performance. This
will minimize the contributions of reference
amplifier Vos and TCVos. For most applica-
tions the tight relationship between |Irgr and
IFs will eliminate the need for trimming IReF.
If required, full scale trimming may be ac-
complished by adjusting the value of R14, or
by using a potentiometer for R14. An im-
proved method of full scale trimming which
eliminates potentiometer T.C. effects is
shown in Figure 5-13.

Using lower values of reference current
reduces negative power supply current and
increases reference amplifier negative com-
mon’mode range. The recommended range
for operation with a dc reference current is
+0.2mA to +4.0mA.

The reference amplifier must be compen-
sated by using a capacitor from pin 16to V-.
For fixed reference operation, a 0.01uF ca-
pacitor is recommended. For variable refer-
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ence applications, see section entitled Ref-
erence Amplifier Compensation for
Multiplying Applications.

Multiplying Operation

The NE5007/5008 provides excellent
multiplying performance with an extremely
linear relationship between Irs and IRer
over a range of 4mA to 4uA. Monotonic
operation is maintained over a typical range
of Irer from 100uA to 4.0mA. Consult the
factory for devices selected for monotonic
operation over wider IRer ranges. For better
multiplying accuracy see the SE/NE5009
data sheet.

Reference Amplifier
Compensation for Multiplying
Applications

AC reference applications will require the
reference amplifier to be compensated us-
ing a capacitor from pin 16 to V-. The value
of this capacitor depends on the impedance
presented to pin 14. For R1svalues 0f 1.0,2.5
and 5.0KQ, minimum values of Cc are 15,37
and 75pF. Larger values of R14 require pro-
portionately increased values of Cc for
proper phase margin.

For fastest multiplying response, low values
of R14 enabling small Cc values should be
used. If pin 14 isdriven by a high impedance
such as a transistor current source, none of
the preceding values will suffice and the
amplifier must be heavily compensated,

which will decrease overall bandwidth and
slew rate. For R14=1kQ and CC=15pF, the
reference amplifier slews at 4mA/us en-
abling a transition from Irer = 0 to IReF =
2mA in 500ns.

Operation with pulse inputs to the reference
amplifier may be accommodated by an al-
ternate compensation scheme shown in
Figure 5-14. This technique provides lowest
full scale transition times. An internal clamp
allows quick recovery of the reference am-
plifier from a cutoff (Irer = 0) condition. Full
scale transition (0 to 2mA) occurs in 120ns
when the equivalent impedance at pin 14 is
2000 and Cc¢ = 0. This yields a reference
‘slew rate of 16mA/us, which is relatively
independent of RiN and VN values.

Logic Inputs
The NE5007/5008 design incorporates a
logic input circuit which enables direct in-
terface to all popular logic families and
provides maximum noise immunity. This
feature is made possible by the large input
swing capability, 2uA logic input current
and completely adjustable logic threshold
voltage. For V-=-15V, the logic inputs may
swing between -11V and+18V. This enables
direct interface with +15V CMOS logic, even
" when the 5000/5008 is powered from a +5V
supply. Minimum input logic swing is given
by following the equation.

V- + (IrerF ® 1kQ) + 2.5V 5-4

BASIC NEGATIVE
REFERENCE OPERATION

_ VRer 255
RRer 256

IFs

RREer sets IFs, R15 is for bias current cancellation.

Figure 5-11

B,

T

BASIC POSITIVE REFERENCE
OPERATION

MSB

LSB
B, B; B, By By B, B,

EERAANI

6 7 8 9 10 11 12
4

SE/NES5007/5008

IREF
- VREF 5
+VRer —MW——o0——{ 14
RREF
(R14) VREF ()
15
- 3
Ris
.1uF:_E M
VRer 255 — . .
Irs = +—— x——Io + lo = Irs for all logic states
RRer 256

For fixed reference, TTL operation typical values are:
VRer = +10,000V, RgeF = 5,0000 R15 =~ RReF,
Cc = 0.01uF, ViLc = 0V (ground)

AuF I v

Figure 5-10

Cc

b3

ACCOMMODATING
BIPOLAR REFERENCES

SE/NES5007/5008
15

Irer = Peak Negative Swing of Iin

*VREF

14

RREF
SE/NES5007/5008

15

ViN— o—MAN——
= R15(0PTIONAL)
HIGH INPUT
IMPEDANCE

+VRerF must be above Peak Positive Swing of Vin

Figure 5-12

RECOMMENDED FULL SCALE
ADJUSTMENT CIRCUIT

LOWT.C.
4.5K0

14

IREF (+) =
SE/NE5007/5008

2mA
=
15

>
50K
= APPROX
POT. 5Kn
'
Figure 5-13
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The logic threshold may be adjusted over a
wide range by placing an appropriate volt-
age at the logic threshold control in (pin 1,
VLc). Figure 5-15 shows the relationship
between V¢ and VtH over the temperature
range, with VT4 nominally 1.4 above Vi.c.
For TTL and DTL interface, simply ground
pin 1. When interfacing ECL, an IrRer = TmA
is recommended. For interfacing other logic
families, see Figure 5-16. For general setup
of the logic control circuit, it should be
noted that pin 1 may source up to 200uA.
External circuitry should be designed to
accommodate this current.

Fastest settling times are obtained when pin
1 sees a low impedance. If pin 1 is connect-
ed to a 1k(1 divider, forexample, it should be
bypassed to ground by a 0.01uF capacitor.

Analog Output Currents

Both true and complemented output sink
currents are provided, where lo +To = IFs.
Current appears at the true output when a 1
is applied to each logic input. As the binary
count increases, the sink current at pin 4
increases proportionally, in the fashion of a
positive logic D-to-A converter. When a0 is
applied to any input bit, that current is
turned off at pin 4 and turned on at pin2. A
decreasing logic count increases o as in a
negative or inverted logic D-to-A converter.
Both outputs may be used simultaneously.
If one of the outputs is not required it must
still be connected to ground or to a point
capable of sourcing Irs. Do not leave an
unused output pin open.

Both outputs have an extremely wide volt-
age compliance enabling fast direct
current-to-voltage conversion through a
resistor tied to ground or other voltage
source. Positive complianceis 36V above V-
and is independent of the positive supply.
Negative compliance is given by equation
5-5.

V- + (IRer ® 1kQ) + 2.5V 5-5

Note that lower values of Irer will allow a
greater output compliance.

The dual outputs enable double the usual
peak-to-peak load swing when driving loads
in quasi-differential fashion. This feature is
especially useful in cable driving, CRT de-
flection and in other balanced applications
such as balanced bridge A/D circuits as well
as driving center-tapped coils and trans-
formers.

Power Supplies

The NE5007/5008 operate over a wide range
of power supply voltages from a total supply
of 9V to 36V. When operating at supplies of
15V or less, IRer < 1mA is recommended.

PULSED REFERENCE OPERATION

*VREF

'. | OPTIONAL RESISTOR
.: FOR OFFSET INPUTS

Figure 5-14

VTH - VLc vs TEMPERATURE
2.0
1.8
1.6— g
- 1.4
>
Bz \“
S ™
E o.
>
06
0.4
0.2
[
-50 [v] +50 +100 +150
TEMPERATURE (°C)
Figure 5-15

Low reference current operation decreases
power consumption and increases negative
compliance, reference amplifier negative
common mode range, negative logic input
range, and negative logic threshold range.
Consult the various figures for guidance.
For example, operation at -4.5V with IrRer =
2mA is not recommended because negative
output compliance would be reduced to
near zero. Operation from lower supplies is
possible; however, at least 8V total must be
applied to insure turn-on of the internal bias
network.

Symmetrical supplies are not required, as
the NE5007/5008 is quite insensitive to vari-
ations in supply voltage. Battery operation
is feasible as no ground connection is re-
quired; however, an artificial ground may be
useful to insure logic swings, etc., remain
between acceptable limits.

Power consumption may be calculated by
this equation.

Pp = (I(V4H) + (H)V-) + (2IRerF)(V-) 5-6

A useful feature of the NE5007/5008 design
is that supply current is constant and inde-
pendent of input logic states. This is useful
in cryptographic applications and further
serves to reduce the size of the power sup-
ply bypass capacitors.

Temperature Performance

The linearity and monotonicity specifica-
tions of the NE5007/5008 are guaranteed to
apply over the entire rated operating
temperature range. Full scale output cur-
rent drift is low, typically £10ppm/°C, with
zero scale output current and drift essential-
ly negligible compared to 1/2 LSB.

Full scale output drift performance will be
best with +10.0V references, as Vos and
TCVos of the reference amplifier will be
very small compared to 10.0V. The temper-

Sinotics

ature coefficient of the reference resistor
R14 should match and track that of the
output resistor for minimum overall fuil
scale drift. Settling times of the
NE5007/5008 decrease approximately 10%
at -55° C and an increase of about 15% at
+125°C is typical.

Settling Time

The NE5007/5008 is capable of extremely
fast settling times (typically 85ns at IRerF =
2.0mA). Judicious circuit design and careful
board layout must be employed to obtain
full performance potential during testing
and application. The logic switch design
enables propagation delays of only 35ns for
each of the 8 bits. Settling time to within 1/2
LSB of the LSB is therefore 35ns, with each
progressively larger bit taking successively
longer. The MSB settles in 85ns, thus deter-
mining the overall settling time of 85ns.
Settling to 6-bit accuracy requires about 65
to 70ns. The output capacitance of the
5007/5008 including the package is approx-
imately 15pF. Therefore the output RC time
constant dominates settling time if RL >
500Q).

Settling time and propagation delay are
relatively insensitive to logic input ampli-
tude and rise and fall times due to the high
gain of the logic switches. Settling time also
remains essentially constant for IrRer values
down to 1.0mA, with gradual increases for
lower IgerF values. The principal advantage
of higher Irer values lies in the ability to
attain a given output level with lower load
resistors, thus reducing the output RC time
constant.

Measurement of settling time requires the
ability to accurately resolve +4uA. There-
fore a 1kQ load is needed to provide ade-
quate drive for most oscilloscopes. The
settling time fixture of Figure 5-17 uses a
cascode design to permit driving a 1k(} load
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with less than 5pF of parasitic capacitance
at the measurement node. At Irer values of
less than 1.0mA, excessive RC damping of
the output is difficult to prevent while main-
taining adequate sensitivity. However, the
major carry from 01111111 to 10000000
provides an accurate indicator of settling
time. This code change does not require the
normal 6.2 time constants to settle to within
10.2% of the final value; thus, settling time
may be observed at lower values of IRer.

The NE5007/5008 switching transients or
glitches are very low and may be further
reduced by small capacitive loads at the
output at a minor sacrifice in settling time.

Fastest operation can be obtained by using
short leads, minimizing output capacitance
and load resistor values, and by adequate
bypassing at the supply, reference and Vi.c
terminals. Supplies do not require large
electrolytic bypass capacitors as the supply
current drain is dependent of input logic
states. 0.1uF capacitors at the supply pins
provide full transient performance. o
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INTERFACING WITH VARIOUS LOGIC FAMILIES

| VIH=Vic* 1.4V

TILDTL +15V CMOS, HTL, HNIL | PMOS
VTH = +1.4V VTH = +7.6V | VTH =0V
+12V TO +16V EY |
| = IN4148
10K 0 91K« |
SE/NE5007/5008 vic |
1 Vic | Vie
6.2v 6.2K0 0.14F | 10K
Vic ZENER |
= | -6V TO -10V
= - = = |
U,
+6V CMOS +10V CMOS 10K ECL
VTH = +2.8V VTH = +5.0V Vin -1.29V
+10V
1.3K
SE/NE5007/5008 "
1

' 2N3904

IN4148
Vic

3.6Kn
°
=
X
S

IN4148
1K

<
=
(2]

NOTE
Do not exceed negative logic input range of DAC

Figure 5-16

SETTLING TIME MEASUREMENT

FOR TURN-ON, V| = 2.7V
FOR TURN-OFF, Vi = 0.7V

MINIMUM
CAPACITANCE

+.4V
. Vour - ov
Vel 4 D 1xPROBE— OV
0.7v > .4V
> 15K 0

RREF 5 7
*VREF o—‘\Mﬁ 14
SE/NE5007/5008
15
| A 13 3
— R =
L01uF
1uF [
AuF
[
:TE +16V -15V :TE
Figure 5-17
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TYPICAL APPLICATIONS
BASIC UNIPOLAR NEGATIVE OPERATION
MsB LsB
B, B. B, B, B, By B, By
| lo
REF a
2.000mA
O] 14 SE/NE5007/5008
- 5.000::
T2
E
By| B2 | B3| Ba| Bs|Bg|B7|Bg| IgmA| TgmA Eg Eo
Full scale 1 1 1 1 1 1 1.992 000 -9.960 .000
Full scale - LSB 1 1 1 1 1 0 1.984 .008 -9.920 -.040
Half scale + LSB 1 0 0 0 0 0 0 1 1.008 .984 -5.040 -4.920
Half scale 1 0 0 0 0 0 0 (] 1.000 .992 -5.000 -4.960
Half scale - LSB 0 1 1 1 1 1 1 1 .992 1.000 -4.960 -5.000
Zero scale +LSB 0 0 0 0 0 0 0 1 .008 1.984 -.040 -9.920
Zero scale 0 0 0 0 0 0 0 0 .000 1.992 .000 -9.960
Figure 5-18
BASIC BIPOLAR OUTPUT OPERATION
+10.000V
10.000k ¢! 10.000k 2
IREF (*)
= 2.000mA
o0——{ 14 SE/NE5007/5008
B1| B2| B3| Ba| Bs| Be| B7 | Bg Eg )
POS full scale 1 1 1 1 1 1 1 -9.920 +10.000
POS full scale - LSB 1 1 1 1 1 1 0 -9.840 +9.920
Zero scale + LSB 1 0 0 0 0 0 0 1 -0.080 +0.160
Zero scale 1 0 0 0 0 0 0 0 0.000 +0.080
Zero scale - LSB 0 1 1 1 1 1 1 1 +0.080 0.000
Neg full scale + LSB 0 0 0 0 0 0 0 1 +9.920 -9.840
Neg full scale 0 0 [¢] 0 0 0 0 ] +10.000 -9.920
Figure 5-19
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TYPICAL APPLICATIONS (Contd)

SYMMETRICAL OFFSET BINARY OPERATION

5.0k

5.000k

VREF
=+10.000V

I, 4

SE/NES5007/5008

IAM— o2
5.0k 0

NE535 —O E,

-

5.0k 1

By | B2 | B3 |Bg | Bs | Bg | B7 | Bg Eo
POS full scale 1 1 1 1 1 1 1 +9.920
POS full scale - LSB 1 1 1 1 1 1 1 0 +9.840
(+) Zero scale 1 0 0 0 0 0 0 0 +0.040
(~) Zero scale ] 1 1 1 1 1 1 1 -0.040
Neg full scale + LSB 0 0 0 0 0 0 0 1 -9.840
Neg full scale 0 0 0 0 0 [ ] 0 -9.920
Figure 5-20
POSITIVE LOW IMPEDANCE OUTPUT OPERATION NEGATIVE LOW IMPEDANCE OUTPUT OPERATION
Ry
E,
E
NE5007/5008 NE5007/5008 <
‘[?L
0TO+Ifs ® Ry = 0TO -IFs® RL ==
255 Ips= 255
'Fs 222 IReF FS= 556 REF
For complementary output (operation as negative logic DAC), connect inverting For complementary output (operation as a negative logic DAC), connect non-
input of OP-amp to lo (pin 2), connect To (pin 4) to ground. inverting input of OP-amp to Io (pin 2); connect Io (pin 4) to ground.
Figure 5-21 Figure 5-22
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LOW COST 8-BIT 1 MICROSECOND A-TO-D CONVERTER

START
SCHOTTKY
™
END-OF-ENCODE LoGIC
o]
8-8IT <:
ANALOG
OUTPUT 1 INPUT
NE5007/5008
L FAST
= COMPARATOR
Figure 5-23
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3 IC LOW COST A-TO-D CONVERTER

ANALOG
A5V .15V INPUT
“10v
REFERENCE O14F 0TO -0V
5.000K 0
e 30

14
5K NES007/5008
rM/V—l 15 4
7891011121

Bio—q =

SERIAL 141312116543 7

OUTPUT
SAR

START 10
2 9

CONVERSION T
COMPLETE
TTL CLOCK INPUT

2.25MHz

NOTE

Connect “start” to “conversion complete” for continuous conversions.

Figure 5-24

LOW COST 2-DIGIT BCD DAC

56789101112

v-
3
NE5007/5008
|—0—1 8K
01uF /-
Vic T +15V
15V 2] 7
0—¢ +15V 6
3] NES3S —o
= A4 oT09.9v
Vic = IN 0.1V STEPS
O1uF + I -15V
16 VES =+9.9V FOR
v NES007/5008 ) (1001 1001) CODE
3 i
56789101112
8
4
LSD Y 55
1
NOTE

Output is directly proportional to positive power supply.

Figure 5-25

DC-COUPLED DIGITAL ATTENUATOR/
PROGRAMMABLE GAIN AMPLIFIER

+15V -15V

13 16 3 4

14
INPUT \ NE5007/5008
15

2
6 7891011121

-4

101112
NE5007/5008
5

16

Performs 2 quadrant NOTES
multiplications—AC input 1. R1=R2=R3
controls output polarity. 2‘ R4 =R5
3. Eo DC to 20KHz = 5V
4. Eo DC to 10KHz = £10V

Bipolar input offset
binary output

Figure 5-26

HIGH SPEED WAVEFORM GENERATOR

OUTPUT SWITCH | CONDITIONS
TYPE (EO) S(+) S(-)
Unipolar positive + GND
Unipolar negative|] GND -
Bipolar + -
CLOCK INPUT

I

8-BIT UP/DOWN
COUNTER
74191N

10V
REFERENCE

AMPLITUDE
CONTROL

5Kn R1=R2
+.05%
MISMATCH

5678 9101112

NE5007/5008
Eo

5Kn

o)
-15V

T wr T wF

o
+15V

NOTES

1. Bipolar output is symmetrical around zero, adjustable peak to peak amplitude.
2. For triangle wave, count up to full, reverse and count down.

3. For positive-going sawtooth, count up to full, clear, repeat.

4. For negative-going sawtooth, count down, clear, repeat.

5. For other waveforms, use a ROM programmed with the desired function.

Figure 5-27
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MICROPROCESSOR COMPATIBLE
DACS

DAC products are designed to convert a
digital code to an analog signal. Since a
common source of digital signals is the data
bus of a u processor, DAC circuits that are
bus compatible ease the design engineer’s
interface problems.

WHAT FEATURES MAKE A DEVICE

BUS COMPATIBLE?
The five conditions which determine pro-
cessor bus compatibility are:

® inputs must be low loading

® Addressing must be provided

® Inputs must be latched

® | ogic thresholds must be compatible

® Timing requirements should be ade-
quate (<1 u sec)

Signetics microprocessor compatible
DACs, the NE5018 series, meet these re-
quirements. In addition, they provide an in-
ternal reference source. The NE5018 pro-
vides a scaled voltage output, eliminating
the need for an external op amp. The
NES5118 is identical to the NE5018, except it
provides the user with a current output. Fig-
ure 5-28 shows a typical microprocessor
system with analog I/ 0 using the NE5018 to
provide a programmable voltage and an
NES5118 to provide a programmable current.

The following discussions detail the oper-

INTERFACING TO A uPROCESSOR

Data Bus

IRV IRNR Y

NE5118

M
Processor RAM ROM NE5018
ADDRESS BUS i
LE
CONTROL LINES 170
LOGIC iE
SELECT

ANALOG VOLTAGE OUT ANALOG CURRENT OUT

Figure 5-28

ation of the NE5018 and NE5118 series
DAC's.

LATCH CIRCUIT

The latch circuits of the NE5018 and
NES5118 are identical. Both the data inputs
and latch enable (LE) input feature ultra-low
loading for ease of inierfacing. The eight bit-
data latch, controlled by the latch enable
input, is static and level sensitive. When
(CE) is low, all the latches become transpar-
ent and the output changes as the bit pat-
tern changes on the data bus. When the
latch enable returns to its high state, the

last set of inputs are held by the latch and a
unique output corresponding to the binary
word in the latch is produced. While the
latch enable is high, the latch inputs repre-
sent a high impedance load on the data bus
and changes on the data bus have no effect
on the DAC output.

The digital logic input for the NE5018 and
NE5118 series DAC's utilize a differential
input logic system with a threshold level of
+1.4 volts with respect to the voltage level
on the digital ground pin (Pin 1). Figure 5-29
details several bias schemes used to pro-
vide the proper threshold voltage levels for
various logic families.

TTL, DTL
VIH = +1.4V

NE5018

+5V CMOS
VTH = +2.8V
+5v

3.6KQ

Vic

IN4148

VIH = VLC + 1.4V
+15V CMOs, HTL, HNIL

VTH = +7.6V
5.
+12V TO +15v +15v
10KQ 9.1K¢!
vic vic
6.2V 0.14F
ZENER 6.2k I “
+10V CMOS
VIH = +5.0V

3.6KQ

Figure 5-29

PMOS
VIH =0V

IN4148

10K
~5V TO —~10V

NOTE DO NOT EXCEED NEGATIVE
LOGIC INPUT RANGE OF DAC

10K ECL
VTH = —-1.20V

<
1.3k
b3

IN4148

e
3.9KQ :} vVic
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To be compatible with microprocessors, the
DAC should respond in as short a period as
possible to insure full utilization of the uP
and |/ O data bus lines. Figure 5-30 gives the
typical timing requirements of the latch cir-
cuits in the NE5018 and NE5118.

The voltage levels on the data bus should be
stable for approximately 150ns before latch
enable returns to high level. The timing dia-
gram shows 100ns is required for set-up
time and the information on the data lines
should remain valid for another 50ns.

REFERENCE INTERFACE

The NE5018 and NES118 contain an internal
bandgap voltage reference which is de-
signed to have a very low temperature coef-
ficient and excellent long term stability char-
acteristics.

The internal bandgap reference (1.23V) is
buffered and amplified to provide the 5 volt
reference output. Providing a V REF (ADJ)
(pin 12) allows easy trimming of the refer-
ence output (pin 13). Use of a 10K pot and
series resistor, as shown in figure 5-31, ad-
justs the gain of the buffer amplifier there-
fore varying the output reference voltage
level.

This network can then be used as a full scale
output adjust. A variation in the VRgF OUT of
~.8V, results in a corresponding 1.6V vari-
ation in the full scale output. This is more
than adequate since the untrimmed VREF
OUT is typically within 200mv of the nominal
5 volts. The VRerF OUT will provide a maxi-
mum of 5mA drive and can be used as a
reference voltage for other system compo-
nents, if required.

Since a potential need exists in using the
NE5018 and NE5118 as multiplying DAC'’s,
the VREF is not connected internally, allow-
ing the use of external reference sources.
To utilize the internal reference, the VRgF
OUT (pin 13) must be jumper connected to
the VRef IN (pin 14). This also makes it
possible to use a common reference for oth-
er D/A or A/D circuits in a system.

INPUT AMPLIFIER OF THE NE5018

The DAC reference amplifier has been de-
signed to eliminate the need for compensa-
tion when operating from the internal refer-
ence or from an external reference which is
buffered by an op amp or low impedance

LATCH ENABLE (LE) TIMING DIAGRAM
for the NES018 and NE5118

lo—— tpw = 100ns——->‘

100ns

Data

th
50ns

Figure 5-30

REFERENCE ADJUST CIRCUIT

+ INT
VREF Out REF
VRef -~ °
Out (13)
15K
82K VREF ADJ
10K -
(12)
5K
Figure 5-31

source. Compensation is required, when op-
erating from a high impedance source. The
addition of an external resistance reduces
the phase margin of the amplifier making it
less stable. Compensation, when required,
is a single capacitor from pin 16 to ground.

Figure 5-32 details the input reference am-
plifier and current ladder. The voltage to cur-
rent converter of the DAC amp will generate
a 1mA reference current through Qr witha &
volt VREF. This current sets the input bias to
the ladder network. Data bit 7 (DB7) Q7,
when turned on, will mirror this current and
will contribute 1mA to the output. DBg (Qg)
will contribute % of that value or .6mA, and
so on. If all bits are on, the output current will
be 2mA - 1 LSB. The full scale Voyt will be

Sifuntics

(louTRs) or (2mA - 1 LSB x 5K) = (10V - 1
LSB) = 9.961V. The overall input/output ex-
pression for the NE5018 is:

DB7 ., DB6 , DBS
VouT = 2VREF X (—3‘ + el + =8 +.

DB4 , DB3 , DB2 . DB1 , DBO,

6 *a2 * 64 t128 * 256

The minimum current for the ladder network
to be operative in the linear region is 100uA.
Therefore the minimum VREgF input is
500mV. The slew rate of the reference am-
plifier is typically .7V /us without compensa-
tion. The input structure of the NE5118 is
slightly different and will be discussed in
greater detail later. QT provides a termina-
tion for the R-2R ladder network and does
not contribute to loyT.
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R - 2R LADDER NETWORK DEVELOPS A SCALED REFERENCE CURRENT
VALUE INTO THE DAC SWITCHING NETWORK
lout l

DAC SWITCHES

IREF
-~
VREF 5K

(14) w © AMA—

5K

J )

MININES

BIPOLAR

OFFSET

(16) an

NOTE

-Vee

DAC compensation may be required if VRgp resistance exceeds 10K ohm.

Figure 5-32

B

OUTPUT INTERFACE OF THE
NE5018

The NE5S018 has an internal op amp which
provides a voltage output, while the NE5118
is a current output device. The NE5018 out-
put op amp is a two stage design with feed-
forward compensation. Having a slew rate
10V /us, it provides a voltage output from O
to 10V (% .2%) typically within 2 us (the time
allowed for the output voltage to settle to
within %2 LSB). Compensation must be pro-
vided externally as shown in figure 5-33.

The addition of the optional diode between
the summing node (Pin 20) and ground pre-
vents the DAC current switches from driving
the op amp into saturation during large sig-
nal transitions which would increase the set-
tling time.

Zero adjust circuits such as the one shown
in figure 6 may also be connected to the

50K
Ve —AMW— +vee

50K
RIN

|
sum| (20

NODE
(OPTIONAL)

Il

(18) CrF

5K
DAC
~a— CURRENT OUTPUT
- Vour
+

AMP
COMP
21

ZERO SCALE OFFSET

5K

(22) =

Figure 5-33

summing node to provide a means to zero
the output when all zeros are present on the
input. Not all applications require a zero ad-
just circuit since the untrimmed zero scale is
typically less than 5mV. Excess stray ca-
pacitance at the sum node of the output op
amp may necessitate the use of a feedback
capacitor from Voyt to the sum node (Cgf)
to insure stability of the op amp. Typical
values of Cgp range from 15 to 50pF. The
rated load of the op amp is ~ 2Kohm. For
stability, the load capacitance should be
minimized (50pF max).

100

MODES OF OPERATION OF THE
NE5018

The NE5018 has two basic modes of oper-
ation: unipolar and bipolar. When operating

in the unipolar mode the output range is 0 to
+10 volts. To change from unipolar to bi-

SilnOtiES

polar operation the bi-polar offset pin is con-
nected to the summing node. This provides
the 5 volt offset required for this mode of
operation. The output now will have a range
from —5 to +5 volts. Figure 5-34 details the
connection of the NE5018 in the bi-polar
mode of operation.
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With the bi-polar offset pin (15) connected
to the sum node pin (20), it forms a unity gain
inverter with an input of +VRgE. The bi-polar
offset develops an IRgF current across the
internal 5K resistor. This current is then fed
to the sum node of the output amplifier
where it is summed with the current output of
the DAC ladder network. Assume for the mo-
ment that the current output of the ladder
network is OmA. With a VRgF equal to +5
volts, IReF is 1mA and the output of the op
amp is converted to —5V. If the DAC switch-
es are now set to full scale, the current from
the DAC ladder is 2mA. This is summed
against the 1mA IRgF and causes the output
of the op amp to swing from —5V to +5 volts.

(Ipac - IRep) 5K = (2mA - 1mA) 5K = +5 volts

Since the bi-polar offset resistor is monolith-
ic, tracking with the 5K feedback resistor of
the output amplifier is excellent.

Note that the bi-polar offset pin could not be
used when using the DAC in a multiplier ap-
plication since the VoyT would reflect an
inverted input signal.

NOTES ON THE NE5118 CURRENT
OUTPUT DAC

The basic operation of the NE5118 current
output DAC is the same as the NE5018. The

BIPOLAR OUTPUT
VREF N 5K
REF A
(14) VWV
IREF 5K To R-2R Ladder
l BIPOLAR DAC
[/ OFFSET (15) Am
p
| JUMPER FOR
\  BIPOLAR OPERATION =
\_ Sum
NODE (20) —Vee
~<—(Ip - IREF)
5K
AAA
W
Ip DAC
~&— CURRENT

FROM
CURRENT
SWITCHES

Figure 5-34

o Vour

+ Output
Amp

current output structure allows the user to
provide a programmable current sink (IloyT
max of 2mA). Several jumper options pro-
vide a variety of operational modes. Figure

5-35 is a block diagram of the NE5118. The
input logic and VRgF portions are identical
to the NE5018.

(1)
(10) @ @ @ © 6 4 @ (@ DIGITAL
E DS7 DS6 DS5 DS4 DS3 DS2 DS1 DSO GND/VLC
? MSDT T T T T Tj TLSD
(18)
(19) Rout 2
Veet
LATCHES AND R
SWITCH
¢ RouT 1(20)
INT.
VRE VREF
3
12 gur Oﬁ —O lour (21)
15K S
< DAC CURRENT
VREF ouTPUT
an oy © l
<>
5K
(22)
ANALOG
GND L DAC SWITCHES
s -
(15) REF R O—AAA,—
o—
(14) + VRgf IN
DAC
COoMP.
(o) (16)
(13) - VREF IN
vee-
7
All R values equal 5k and are thermally matched Figure 5-35
. -
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REFERENCE INPUT AMPLIFIER

The characteristics of the reference input
amplifier are identical to the NE5018; how-
ever, extended versatility of the input struc-
ture allows for both current (via pin 14) or
voltage (via pin 15) reference inputs.

The maximum DAC output current is 2mA.
The DAC has an internal gain of 2, limiting
the maximum usable input current to 1mA.
(Note: The absolute maximum input current
should be limited to 5mA to prevent damage
to the input reference amplifier). Figure 5-36
shows the basic operating mode of the
NES5118 using an external current reference
resistor (R{) and a positive reference volt-
age.

This voltage can be provided by either an
internal or external reference voltage. Fig-
ure 5-37 shows a typical connection using a
voltage input directly via pin 15.

Besides a reduced parts count, use of the
internal RRgF provides excellent tracking
characteristics with the RoyT resistor (pin
20) when developing a high slew rate volt-
age output. The negative VRgF input must
be returned to ground directly or through Ro.
R2 is optional and is used to cancel minor
errors developed by the input bias currents
of the reference amplifier (Ro = R1). A neg-
ative voltage can be the reference by using
the —VREgF input pin as shown in figure 5-38.

The positive VREF is returned to ground via
RN (pin 15). As with the NE5018, a compen-
sation capacitor on Pin 16 is not required if
the VREF is supplied by a low impedance
source.

OUTPUT STRUCTURE

The output of the NE5118 is a current sink
with a capacity of 2mA (full scale) capable
of settling to .2% in 200ns. Internal bias and
feedback resistors are also made available
to ease the designer’s task of interfacing.

102

POSITIVE IRgp

12 Vour

> 1
External VREF ———e AN e = Ve
R1 13 Ry
R2
*
NOTE - 0
DAC compensation
Figure 5-36
POSITIVE VRgF
12) _
L .
82K 3
2 13
10K AN
1)
<
<)
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—_— e
INTERNAL (14)
O
Q
\c VREF (15) R
AN
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———————QO EXTERNAL -
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Figure 5-37
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<
s
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e = ~Vaer
R2 43 R2
—VREF ——AAA,

—
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Figure 5-38
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Figure 5-39 shows the NE5118 using a cur-
rent to voltage converter on the output to
provide a high slew rate voltage output.
Using the NE538 as shown can provide
60V/us slew rate output. The diode on the
inverting node of the op amp improves the
response time by preventing saturation of
the op amp during large signal transitions.
The feedback resistor (RoyT1pin 20) is pro-
vided internally; this provides excelient ther-
mal tracking characteristics with the RRgF
on the input.

Bi-polar operation can be accomplished by
connecting the VRer oyt (Pin 12) to the
RouT resistor (Pin 20) (Figure 5-40a). The
principal is the same as the NE 5018 bipolar
operation. The internal resistors exhibit ex-
cellent thermal tracking characteristics.

An alternate method of bipolar output oper-
ation is shown in Figure 5-40b. The RRgF
and RoyrT, set up a current to voltage con-
verter while two (2) external resistors pro-
vide a bipolar offset. RExT, and REXT,
should have similar thermal tracking charac-
teristics.

The NE5118 can provide a voltage output
directly when driving a high impedance load
as shown in figure 5-41a. With a full scale
current of 2mA, pin 20 tied to +10V and a
digital input of zero, the high impedance
load will see +10V. For a full scale digital
input, the load will see O volts. Since the
load and the internal resistor form a voltage
divider, their ratio determines full scale ac-
curacy.

By connecting the RoyT resistor (pin 20) to
ground (figure 5-41b), the output voltage
seen by the load ranges from O volts as zero
scale to —10 volts as full scale. Only a few
of the many possible output configurations
have been shown to demonstrate the
NE5118 flexibility.

CIRCUIT EXAMPLES

Now that the basics of the NE5018 and the
NES5118 have been discussed, let’s examine
some specific circuits. Figure 5-42 is a
microprocessor controlled programmable
gain amplifier, using the NE5018. The VRgF
output is fed to the non-inverting input to a
differential amplifier. Ry + Ry set the differ-
ential gain to 0.5. This places 2.5V DC bias
on the VRgF input. Rp can be made adjust-
able to precisely control the DC reference
input. The analog input is fed to the inverting
input of the differential amplifier with a gain
of unity. An input of =2V will provide a +4
volt output full scale. With a maximum input
of +2 volts, VRgF IN will vary from .5 volts
to 4.5 volts. The current ladder is always
kept in the linear operating range and the
output will not become distorted.

HIGH SLEW RATE VOLTAGE OUTPUTS

LE DATA IN +Vee
VREF OUT

12 \20
150 AAA \
VREF IN
14 100 21 -
———
3 q NES38
NE5118

10
| +
RL 6 0 1 ljvzz

Figure 5-39

BG

)

BIPOLAR OPTIONS OF THE NE 5118

!
<« TEF Rout
R (20)
——AAA-

-0 louT = IDAC - IREF
- 21 —
Ibac

3)

~VREFIN
Figure 5-40a
VREF
(15) N
~“MWA
R (20) REXTy
REXT{ (14) Rout M
21 lout
o L PN 2
> - O
b3 REXT4 NE538 Vour
+

Figure 5-40b

a) +10 TO 0 VOLTS

+V
* (20) (20) X 1:

b) 0 TO —10 VOLTS

RouT
lbac Ipac (21)
(21
2z Z
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Figure 5-41
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The NE5554 dual tracking regulator supplies
the *+ 15V dc required by the NE5018 and
the NE535. No compensation is required for
the DAC reference amplifier since the VRgf
IN is fed from a low impedance source. With
a compensation cap of 30pF on the output
amplifier, the frequency response of the out-
put is linear to at least 20kHz with less than
.1% distortion. Input amplitude was 1V p.p.
The NE5018 is seen by the u-processor as
an I/0 device.

In figure 5-43, the NE5018 and NE5118 pro-
vide a method of summing two digital words
of equal weight and generating a voltage
output. The latch enable feature of both de-
vices direct connection to a data bus, using
address decoding. These devices greatly
reduced the total component count required
to perform this operation.

The reference voltage is common to both
DAC’s, being provided by the NE5018. The
bi-polar offset resistor of the NE5018 pro-
vides the 1mA current reference for the
NES5118. Using the internal resistor of the
NES5018 to develop the reference current en-
hances the thermal tracking since the cur-
rent to voltage resistor of the output op amp
is also in the NE5018. Both DAC’s can be
addressed by a u-processor using an ad-
dress decoder to select DAC A or DAC B.

Figure 5-44 is a schematic of the NE5118
and NE527 as a high speed programmable
limit sensor (or A/D converter). A 4.8 volt
zener diode is used on the comparator input
to insure the input voltage range of the com-
parator is not exceeded. The outputs of the
NE527 comparator are complementary,
easing the logic interface requirement. If the
strobe function is not used, the strobe inputs
should be tied high.

104

PROGRAMMABLE GAIN AMPLIFIER
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PROGRAMMABLE LIMIT COMPARATOR

@ ANALOG IN

D7-Dg

STROBE A

LATCHES AND
SWITCH DRIVERS

DAC CURRENT
OuTPUT

DAC SWITCHES

Figure 5-44
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A/D CONVERTER CIRCUITS

Conversion schemes usually fall into one of
three categories:

1. D/A Feedback A/D Converters

a. Digital ramp (Counting)
b. Tracking (Up-down)
c. Successive approximation*

2, Integrating A/D Converters
a. Single slope

b. Double slope

c. Triple slope*

3. Indirect Schemes

a. Multiple comparator
b. Disc encoders

Feedback Methods

e Very fast
e Accurate
e Good differential linearity
e Constant conversion time

Integrating Methods

e Slow conversion time

e Accurate

e Excellent differential linearity

e Excellent rejection of high frequency
noise

e Fixed averaging period, but variable con-
version time

* Converter schemes used at Signetics

INTEGRATING A/D
CONVERTERS

In order to explain the principles and advan-
tages of triple slope integration consider the
following integrating techniques.

Single Slope System
Figure 5-45 shows a circuit using a single
slope integration.

VIN is the analog signal which is to be
converted to a digital output. Initially, S1is
closed, Sz is open, and the 8 bit counter is
set to zero. When a start pulse is applied to
the counter, S1 opens, S2 closes and the
counter starts counting. Notice that when
S2 closes, the reference current source
starts charging Cext. The voltage on Cext
increases at a linear rate until the charge on
CexTtreaches V|N. At that time, the compara-
tor changes state which stops the counter,
opens Sz and closes S1. The counter now
contains a digital value which is related to
the amplitude of the input signal. The ca-
pacitor charges at a fixed rate. The length of
time is variable dependent on the analog
input value. This system is very simple to
build and only requires a single supply but

106
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: B —o0
s2 + & }b—o
. — S
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Figure 5-45

has several drawbacks when it comes to
accuracy.

The capacitor must be a precision value in
order to determine the charge rate. Accura-
cy is subject to leakage and aging of the cap
as well as other losses. In addition, the
capacitor must be fully discharged so S1
offset values must be minimum. IRer must
be accurate in order to determine di/dt. The
comparator offset becomes a problem and
limits the accuracy and the clock must be
stable and accurate.

In summary, the single slope system
possesses the following:
ADVANTAGES

e Simple to build
e Single supply

DISADVANTAGES

e Poor accuracy

Capacitor (leakage, losses, aging)
Clock (stability, accuracy)
Capacitor switch offset
Comparator offset

IREF accuracy

Dual Slope System

To improve accuracy, the dual slope tech-
nique was developed. Figure 5-46 shows a
dual slope system.

Initially, CexT is discharged and the counter
is at 0. The analog input is converted to a
current (IiN). When the start pulse is applied,
the clock and control circuit closes S2 for a
fixed period of time. The input signal
charges Cext to some value. At the end of
this fixed charge period, the control circuit

sifnotics

opens Sz and closes Si. The clock now
feeds a counter which records the amount
of time it takes IReF to discharge the capaci-
tor to zero. When the capacitor charge
reaches 0, the counter stops. The digital
output is now a function of the ratio of the
input current (unknown) and a reference
current. Thus the outputis a function of how
large the input was.

Since the output is determined by a ratio of
the fixed to variable time, the exact clock
frequency is unimportant, eliminating any
error from the clock. The capacitor leakage,
aging, and other losses are no longer a
factor because the effects are constant and
cancel in a ratio based system.

The comparator and capacitor offsets are
still a problem and dual supplies are now
required since Cext must discharge to be-
low ground.

In summary, the dual
possesses the following:

slope system

ADVANTAGES
e Eliminates errors due to errors in clock
and capacitor aging

DISADVANTAGES

e Accuracy limited by capacitor and com-
parator offsets

e Dual supplies required

Triple Slope System

The triple slope method, shown in Figure 5-
47, eliminates the capacitor and comparator
offset effects on accuracy.
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Notice that in the triple slope method, the
capacitor Cexr is initially charged to some
clamp voltage and the comparator starts the
integration. Since the comparator starts and
stops the conversion, the offset effects of
the comparator are eliminated and the ca-
pacitor offset error is eliminated as well.
The comparator is nolongerreferenced to
ground, so IRer can now discharge to
ground. This means single supply operation
is possible. The accuracy of the conversion
scheme is now limited only by the accuracy
of the IRer.

In summary, the features of triple slope

integration are as follow:

® The conversion accuracy is independent
of capacitor value, clock frequency, and
voltage and current offsets of the com-
parator

e The V to | converters for input and refer-
ence allow single supply operation.

e Conversion speed is limited by the clock
frequency

e Excellent for noise rejection. This is due
to averaging of changes during the sam-
pling period.
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CONSIDERATIONS FOR QUANTIZING ERRORS AN ERROR
A/D CONVERTERS
e Analog input signal range and resolution
required 11 [ IDEAL TRANSFER FUNCTION
® Linearity requirement and stability ‘;0 10V-V (LSB) ik /<—IDEAL
: H DIGITAL 101 - PERFECT -
. Conversu:')r} speed required o OUTPUT 190 - Y . —hbe o
® Monotonicity requirement: Can missing o1 b ol —>] 5
codes be tolerated? 010 |- £
. . N . 001 100 p > LOW GAIN
e Character of input signal: Is it noisy, 000 r Em gl&l:s; 7
sampled, filtered, slowly varying? yRPyE— 6'25 7'5 3175 L o =
e Transfer characteristics (Type of coding) VQzLse) 1 25 315 5008 12 % o0} pd”
ANALOG INPUT 00t = INPUT VOLTAGE EIN
A/D CONVERTER TERMS el e ool L T
FUNCTION WN“— 172 3 4 5 6 7 8 9 10

Resolution -12188

Resolution is the input change required to Fi 5-48 ANALOG INPUT
increment the output between the two adja- gure -

cent codes. This term also refers to the £ po— HIGH GAIN
number of bits in the output word and;
hence, the number of discrete output codes OFFSET ERROR LS8
the input analog signal can be broken into. o ON
Expressed in “bits” resolution. ., -1Lse
/7

Transfer Characteristic e

The Transfer Characteristic is the relation- o b OFFSET

ship of the output digital word (code) to the ERROR

. . N . 101
input analog signal, i.e., Binary, BCD. DIGITAL PERFECT
OUTPUT 400 | ADC

Conversion Speed on | ADC WITH OFFSET

Figure 5-50

The Conversion Speed is the speed at which oto |

an ADC. can make repetitive data conver- 001 | %
sions. Lo EIN RELATIVE ACCURACY

Quantizing Error
Quantizn:ng Error is an inhergqt error in Fhe ANALOG INPUT oiGTAL IDEAL
conversion process due to finite resolution e NON-IDEAL
(discrete output). See Figure 5-48. I‘

+1LSB 110

ERROR EiN 101

Offset Error FUNCTION W- oo
An Offset Error is shown in Figure 5-49. s

on

FS-LSB

010

Gain Error
A Gain Error is shown in Figure 5-50. Figure 5-49

001

000

Relative Accuracy r2iss.
Relative Accuracy is the deviation of an
actual bit transition from the ideal transition
value at any level over the range of the ADC
(% F.S.). See Figure 5-51. TLSB.F

Hysteresis Error i -
A Hysteresis Error is the code transition INPUT
-LS.B. [~

voltage dependence relative to the direction

from which the transition is approached. - LINEARITY PLUS
Lss. b QUANTIZATION
<+~ ERRORS
Monotonicity A
Monotonicity is when the output code either ) >q N AL NV ineuT
increases or remains the same for increas- \ ' LINEARITY
ing analog input signals. The opposite is . -Lss. ERROR

true in the reverse direction.

Missing Codes

A Missing Code is a code combination that Figure 5-51
is skipped. See Figure 5-52.
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INTRODUCTION

The advent of MSI digital logic has made
feasible the digital display at a reasonable
cost with virtually all instrumentation now
taking that course. The key features of
digital displays are ease of readability and
high reliability.

The most popular and commonly used of
the various display technologies are:

® Liquid crystal displays (LCD)
® Light-emitting diodes (LED)

e Gas-discharge
e Fluorescent
e |ncandescent

The choice of which technology to be used
is often dictated by the system constraints,
such as:

Cost

Size

Readability (ambient light)
Operating temperature range
Reliability

Power and supply limitations
Ability to be multiplexed

LIGHT-EMITTING DIODES
(LEDSs)

LED displays have taken over an appreci-
able part of the display market, primarily
due to:

e High reliability

e Long life

e Fast response time

e Low operating voltage
e Ease in interfacing

GAS DISCHARGE DISPLAYS

Gas discharge displays have several advan-
tages over LEDs, LCDs and other displays in
the applications area. These advantages are

Sifnotics

generally in products where performance,
rather than cost, is of prime importance.
These advantages include:

e Larger digits

e Increased readability in bright, ambient
light

e High reliability

e Operation in wide temperature extremes

Applications for Gas Discharge
Displays

Automotive Industry

e QOperating temperature range (-40°F to
+120°F)

e | CDs—Freeze at lower temperature

e | EDs—Poor efficiencies at high temper-
ature

Avionics

® Visibility

e [ CDs—Difficult to multiplex (poor re-
sponse)
Poor operating temperature range
Need direct light

e |EDs—Poor visibility in bright light

Games

e Size and brightness

e LCDs—Poor viewing angle
e LEDs—Not bright enough
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NE580 BARGRAPH DRIVER
Although the gas discharge bargraph is not
a new type of display device, it has not been
widely used so far, partly because of cost of
the associated drive circuitry it required.

Signetics Corporation has developed a
single IC(NE580) which comprises most of
the electronics necessary to interface an
analog voltage level to a bargraph display.
This will dramatically reduce the cost of
using bargraph displays, thus opening a
new wide range of possible applications for
them.

Because the bargraph display has not found
wide applications yet, the principles of op-
eration and drive requirements may not be
fully understood.

A gasdischarge bargraph display is a device
where the cathodes form the visible part of
the display. The cathodes are in the form of
short bars, or segments, and are arranged in
a column to give the effect of athermometer
when lit. The cathodes are printed in con-
ductive ink on a substrate, which is usually
blackened to enhance contrast. The anode
is a continuous transparent bar printed
behind the front glass. The front glass and
the substrate are sandwiched together, the
space between them being filled with neon
gas. This is shown in Figure 5-53.

Glow transfer principle

When an electrical pulse of sufficient mag-
nitude is applied between the anode and
any cathode segment, ionization of the gas
takes place and a visibleglow is produced in
the region of the cathode. Once ionization
has taken place, charged particles around
the glowing cathode diffuse outwards to the
adjacent cathode and put it into a state
where it will now require a lower firing
voltage for ionization to occur.

In Figure 5-53 it can be seen that there is a
“keep alive” anode and cathode at the bot-
tom end of the tube, normally hidden from
view. This cathode is permanently ignited
and acts as a source of charged particles for
the tub. These particles leak across to the
first cathode segment and lower its firing
voltage.

After the first cathode has been ignited, it
will supply charged particles to the next
segment, and so on. By successively firing
segments, a continous bar of lighted seg-
ments can be made to glow from one end of
the tube to the other. This procedure is
known as “glow transfer”, and it is the prin-
ciple on which the bargraph display oper-
ates.

Phase connections
Bargraph displays can be 3-phase, 5-phase
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or 6-phase in operation. Let’s take a look at
what this means.

If we consider a 200 segment bargraph,
then, to fire each segmentin turnitwould be
necessary to have 200 outputs from the
drive circuitry, thus making it very complex
and extremely expensive. For this reason it
is necessary to connect the segments in a
bus arrangement, as shown in Figure 5-54.

In the simple 9-segment, 3-phase bargraph
shown in Figure 5-54, each segment in turn
is connected to an alternate bus. Assume
now that segment 1 has received a transfer
of charged particles from the “keep alive”
cathode, so that when a pulse is applied to
phase 1, segment 1 will ignite.

However, segments 4 and 7 will not ignite,
even though they are connected to phase 1,
because segments 2, 3, 5, and 6 have not
been ignited and, hence, there has been no
transfer of charged particles to segments 4
and 7. The pulse is then applied successive-
ly to phases 2 and 3, so igniting segments 2
and 3.

The pulse is repeated now across phases 1,
2, and 3 which first ignited segments 4, 5,
and 6, then finally segments 7, 8, and 9. This
is the application of the “glow transfer”
principle discussed previously.

In practice, the pulses are applied to the
phase connections by rotating a counter
which is synchronized to a clock. If the
clock speed is too slow, the person viewing
the display will see the segments going on
and off alternately. However, if the clock
speed is maintained above a certain mini-
mum frequency (typically, 70Hz) then a
“flicker-free” display will be obtained.

SiNOtiCS

APPLICATIONS

Bargraphs can be used for displays in many
applications. A few examples are:

. Process control

. Automobiles

. Panel meters

. Depth indicators

. Aircraft cockpit displays

. Level indicators

. Analog indicators

NOoO O WN =

The bargraph display does not have the
mechanical hysterisis of a standard meter
movement and therefore has a much faster
response. If required, the response can be
slowed by filtering the input signals. The
hysterisis thus becomes an option of the
designer without restrictions of the me-
chanical meter movement.

They are not as delicate as mechanical
meters and have the added advantage of
maintaining accuracy in any viewing posi-
tion (i.e. not affected by gravity, accelera-
tion, jarring, etc). These features make this
type display attractive for portable equip-
ment. The 250V supply presents only a
minor problem due to the size, price and
availability of 12 to 250V converters cur-
rently available. Because the display ap-
pears as a continuous bar of light, slowly
varying signal inputs are easier to interpret
than a digital display.

NES580 BARGRAPH CONVERTER

The block diagram of the NE580 and-the
timing diagram are shown in Figures 5-55
and 5-56.
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PHASE CONNECTIONS FOR A SIMPLE 9-SEGMENT, 3-PHASE BARGRAPH

a1 02

a3

Figure 5-54

The internal clock drives a counter and
ramp generator and the frequency of the
clock is set with a single external capacitor.
The counter addresses a ROM which is used
to control the phase decoder. The phase
decoder generates the required cathode
pulses. A single external pin (pin 3) sets the
phase decoder for 5 phase (pin 3 Low) or 6
phase (pin 3 High) operation. An external
hold capacitor and an external ramp capaci-
tor are the only other external component
requirements of the NE580.

The clock also gates a constant current
source to charge the ramp capacitor with a
staircase waveform of equal increment
steps. Each step corresponds to a cathode

phase pulse. There are two steps per seg-
ment so the comparison of the analog input
voltage (s) with respect to the ramp is made
at the mid point of each segment.

The counter inhibits the current source and
discharges the ramp after 200 cathode
counts.

The ramp current is controlled by the volt-
age at the VRer input.

The anode voltage to the display is on for a
portion of the time that corresponds to the
input voltage as described by the equation:

VIN = VREF X T_AN_

# (Elements) (5-7)

Sinotics

where Tan is the number of cathode phases
for which the anode is on.

Thus for a 200 element device:

ViN = Vgr X TA_

200 (5-8)

The NE580 is not a high voltage device;
therefore external high voltage drivers are
used. Figure 5-57 shows a complete circuit
required for driving a Burroughs 5 phase
200 element Bargraph (BG12205-2).

The NE580 requires a 5 volt logic level
supply. The 78HV05 provides the regulated
5 volts. A jumper option is provided for use if
5voltsis already available. IC2is a3 terminal
2.5V regulator (78L02) used to provide a
stable reference signal to the NE580. The
reference signal level can be adjusted by R1.

Capacitor C4 (pin 4 of the NE580) is atiming
set capacitor. This sets the internal clock
frequency of the NE580 and determines the
cathode pulse width. The frequency of the
internal oscillator of the NE580 can be ap-
proximated by the following equation:

fkHz) = %5

C(uFd)

Where F is the Frequency (in KHZ) and C is
the timing capacitor (in uFd), each cathode
pulse width is equivalent to 2 clock periods.

To generate the 70usec cathode pulses
required by the bargraph, a capacitor value
of.019uFd. should be used. Using a standard
.022uF capacitor will set the clock frequen-
cy to =25 KHZ. There are 200 phase outputs
or 400 clock pulses per frame. The frame
frequency is then F(clock) or 62.5 frames/

sec. 400

This is well above the eye flicker rate.

Capacitor Cs is the ramp control element.
The constant current source in the ramp
generator circuit of the NE580 is dependent
on the operating frequency. At 25KHZ, the
current is typically 80uA. Cs should be as
large as possible to minimize the effects of
leakage. A typical valve for the ramp control
element is .47uFd. A Mylar or other low
leakage type capacitor should be used.

Capacitor Cg is a sample and hold element
required by the NE580. This should alsobe a
low leakage type capacitor. Grounding pin 3
of the NE580 programs the internal phase
decoder for a 5 phase output.

The analog input voltages at Ain and Bin
can have an input range of 0 volts to VRer
(maximum voltage range is -0.3V to +7
volts).

111
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TYPICAL APPLICATION
B+ (250 V)
Vee
J 2 } JUMPER OPTION Ry &
78HVOS ke S
Cq .I.
0.22,F "[ 3
b 4 D4
. I Cs 70v $ 3<% 3 Rg—R13
= Io.| uF L $23 i» s {» 330k
2 a2 1 =
3 =P
0.22,F 5 9
Ry
10k 0 3
18 o1 2 1 16
L £L BURROUGH'S
= = 12 Yy Al 2 15 SELF-SCAN
FIVE-PHASE
22 3 14 200-ELEMENT
7 3
2 4] NESsoa g BG 12205-2
Ca . 0.022,F s NES80 o4
F ‘ 20 5 12
Cs 9 ¢5
CATHODE 17 6 1
0.47,F 6 RESET —1
= ce L
L8]
0.474F 1'2 3|a 5[678910
10 (11 15 16
AN
R
INPUT AAR
CHANNELS By VWA
1 M0
RyR3 S S Q Ry R4
2 13 <> ‘: 1 AAA AAA
10k <& 2N6218 VW W
7 13k 22k}
Aour
= = Rg Rg
AAA a
v VWA
Q3 13k 22k
B out I ] 2N2618
Figure 5-57

SiNOLES




Interface Circuits
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(b) CONNECTING OUTPUTS FOR 3¢ 200 ELEMENT

The anode outputs (A and B) drive the base
of a 2N6218 transistor (or equivalent). These
transistors must carry 10 MA of current and
withstand a 250V breakdown. When the
anode is on, the anode voltage is 250 volts.
With the anode off, Q1 or Q2 will drop the
anode to about 95V (anode “off” bias for the
display should be about 100V).

The cathode output phases of the NE580
and the reset pulse are used to drive a high
voltage Darlington array, the NE5504. It is
necessary to clamp the cathode “off” bias of
the gas discharge display to 72V. The
NE5504 has a breakdown voltage of 100V
and can accomodate this bias. The 70 volt
Zener sets the cathode “off” bias for the
display and prevents the maximum voltage
potential of the NE5504 from being ex-
ceeded.

Resistor R1s limits the current for the keep
alive anode (pin 5) of the display with the
keep alive cathode (pin 6) at ground.

In addition to the operation discussed
above (as shown in Figure 5-57), the NE580
can be used to drive 3 or 6 phase displays.
The circuit can be easily expanded to han-
dle more channels by adding logic circuits
to multiplex the desired signals.

To operate in a 6 phase mode, it is only
required to take pin 3tothe NE580 high. The
phase 6 output is then available on pin 19 of
the NE580.

Driving 3 Phase Displays

3 phase gas discharge displays are available
as 100 or 200 element indicators (providing
1% or 0.5% resolution respectively).

The NE580 is operated as a 6 phase display
driver (Pin 3 tied High) and the high voltage
drive circuit is rewired to provide the proper
phase outputs. Figure 5-58(a) shows the
wiring scheme for a 100 element 3 phase
display and provides the required 100 cath-
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ode counts with a typical scan time per
cathode of 140u seconds.

Figure 5-59(b) provides the required 200
cathode counts with a typical scan time per
cathode of 70 seconds.

Driving Additional Displays

By using additional external comparators
and a few logic gates the NE580 can be used
to drive multiple displays. Each additional
comparator controls the anode of the dis-
play. Proper timing is maintained by provid-
ing a clock and anode blanking signals for
each additional display. Figure 5-59 shows
the additional circuitry required for multiple
display operation. The cathode phasing is
common to all displays.

Driving a Dual Resettable
Bargraph

The Burroughs 203 element dual resettable
self scan bargraph (BG12203-2) is a flat
panel indicator displaying two separate bar-
graphs. The two bargraphs in the device
have separate connections allowing com-
pletely independent operation. The cathode
segments are common with independent
anodes.

The external logic required by the display
can be generated with the NE580 and multi-
plexing circuits. Figure 5-60 shows a block
diagram of the logic drive system. The
NE580 has anode controls for 2 inputs and
associated logic to generate the phase data
to drive the display. External comparators
are used to compare the additional analog
input signals with the NE580 generated
ramp. The anode output signals are multi-
plexed in sync with the appropriate cathode
pulses.

Thelogiccircuit mustgenerate 2resetpulses
(RT and Rp) and 201 clock pulses in a 3-
phase arrangement. With phase Rg applied
the phase sequence is Phase R, Phase 1,

sifnotics

Phase 2, Phase 3. When Phase Rris applied,
the phase sequence is Phase R, Phase 3,
Phase 2, Phase 1. A reset pulse is applied to
one end of a bargraph. The bargraph then
scans from that end until the full data input
is displayed. The logic then discontinues
the scan and activates the reset at the other
end of the panel. The cathode clock countis
then picked up at the proper phase and
scanning takes place in the alternate direc-
tion. Figure 5-61 is a complete schematic of
the required circuitry for controlling a dual
resettable alternate scan system.

Driving a L.E.D. Bargraph

Although the NE580 was designed primarily
to drive a gas discharge bargraph, the cir-
cuit can be used as the control element of an
L.E.D. Bargraph Display System. Figure 5-
62 is a schematic showing the additional
circuitry required.

Operated in the 6 phase mode, the cathode
pulse count from the 580 will total 200. LED
bargraphs only required 100 pulses. By
OR’ing only 3 of the 6 phases as shown, a
clock of 100 pulses is generated to clock a
decade counter/divider.

The reset pulse from the NE580 initializes
the counter circuits to zero and inhibits the
display by driving the A2 and A3z pins of the
74145 high. When the reset pulse goes low,
the BCD/Decade decoder will enable cath-
ode A of the Bargraph. The clock pulses will
step the counter through illuminating each
anode of the bargraph sequentially until the
counter reaches ten. The counter will then
output a carry incrementing the ripple
counter (74LS93) and the Decade/Decoder
will enable the next cathode group of the
display. During this sequence, the A out
signal of the NE580 is low and will remain
low until the NE580 ramp voltage exceeds
the analog input voltage. When this occurs,
the A out goes high and inhibits all outputs
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BLOCK DIAGRAM
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of the Decade Decoder. The complete cycle
time is controlled by the single timing capa-
citor x the NE580. With the values shown in
Figure 5-62 the display is cycled at a
70Hz and the Bargraph exhibits a flicker-
free column of lights. The anode resistors of
the bargraph control the display brightness.
The 74145 can provide up to 80MA.

Single Supply Dual Channel A-D
Converter With Medium Speed

Thus far, all applications discussed have
been used to drive a bargraph display. To
generate the display control signals the
NES580 had to do an A-D conversion. Figure
5-63 shows the NE580 configured as a dual
channel A/D converter. A out and B out
signals can be OR’ed together to provide a
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multiplexed scheme. Numerous conversion
systems can be devised using the NE580.
The A out and B out signals go low coinci-
dent with the leading edge of the reset pulse
and remain low for a time period dependent
on the analog input voltage levels at Ain and
Bin. These low signals can be used as gates
for the internal clock or an external clock or
signal.

The conversion time is dependent on the
input voltages, but will have a maximum
time of one frame. With the values shown,
conversion time is 16MS. Conversion times
of 1MS, with 7 bitaccuracy, can be obtained
using the NE580. The single supply opera-
tion and dual channel feature makes the
NE580 a candidate for many process con-
trol conversion circuits.
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One such system is shown in the block
diagram of Figure 5-64. This particular syst-
em is shown in an automotive application,
but is basically the same for any process
control system.

Since the NE580 is used as an A/D convert-
er, digital information can be gated into a
microprocessor control system. Thus, in
addition to providing status indications to
the driver, the NE580 can provide inputs toa
microprocessor of control applications. Cir-
cular bargraph or linear bargraphs can be
used for display. The serial output format to
the processor minimizes the wiring require-
ment. The processor can easily be pro-
grammed to do the serial to parallel conver-
tions.




saaubis

DUAL RESETTABLE BARGRAPH
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LED BARGRAPH
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NES580 PROVIDING DUAL CHANNEL SERIAL OUTPUT A/D CONVERSION
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MAX COUNT = 400

NE580 PROVIDES DISPLAY CONTROL SIGNALS IN AUTOMOTIVE APPLICATION
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LED DECODER DRIVER
NE586/587/588/589

The NE586 decoder/driver series are latch-
able decoder drivers for L.E.D. displays.
Figure 5-65 provides a summary of the 586
series’ features.

The constant current supplies (fixed or ad-
justable) are essentially independent of out-
put voltage, power supply voltage, and
temperature.

The data (BCD) and LE (latch enable) inputs
are low loading and thus are compatible
with a data bus system.

Figure 5-66 shows a block diagram of the
NE586. Seven segment decoding is imple-
mented using a ROM so that alternate de-
coding fonts can be made available.

L.E.D. Drivers and Power Dissipa-
tion Consideration

The following discussion refers to the
NE586, but is applicable for any driverin the
series.

LED displays are power hungry devices,
and, inevitably, somewhat inefficientin their

e Strobed Latch

® |Inputs compatible with NMOS, CMOS,
DMOS, TTL

e Single 5 volt supply

e Constant Current Outputs

NE 586/587/588/589 LED DRIVERS

e [nputs are compatible with micropro-
cessor bus
¢ BCD Inputs—Hexadecimal Outputs

Fixed Current Programmable Current
. NE586 *NE587
k out

Current sink output 25mA) (10 -50mA)

Current source NE588 *NE589

Output (25mA) (10 -50mA)
NOTE
May be operated down to 5 mA

Figure 5-65

use of the power supply necessary to drive
them. Duty cycle control does afford one
way of improving display efficiency, pro-
vided that the LEDs are not driven too far
into saturation, but the improvement is mar-
ginal. Operation at higher peak currents has
the added advantage of giving much better
matching of light output, both from seg-
ment-to-segment and digit-to-digit.

An output current of 25 mA was chosen for
the NE586 so that it would be suitable for
multiplexed operation of large size LED
digits. When designing a display system,
particular care must be taken to minimize
power dissipation within the IC display driv-
er. Since the NE586 output is a constant
current source, all the remaining supply
voltage, which is not dropped across the

CURRENT

NE586/587/588/589
LED DRIVERS
BLOCK DIAGRAM

REFERENCE 1 REF BUS

| I I I

] I |

Rgi B) Rgo

P CURRENT CURRENT CURRENT CURRENT CURRENT CURRENT CURRENT
SOURCE SOURCE SOURCE SOURCE SOURCE SOURCE SOURCE
VOLTAGE l—O L_o L l_o [_o
REFERENCE out out out out out out out
(a) (b) (c) (d) (e) (U] (9)
RP
A O—m—+—
LATCH ROM
—
B O
LATCH 16
-
[SNe,
LATCH
-
D DE
O— LATCH ——] CODER
B 1
CE RIPPLE
BLANKING NOTE

Figure 5-66

Rp is internal for 586 and 588
external for 587 and 589.
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Figure 5-68

LED (and the digit driver, if used) will appear
across the output of the NE586. Thus the
power dissipation in the NE586 will go up
sharply if the display power supply voltage
rises. Clearly, then, it is good design prac-
tice to keep the display supply voltage as
low as possible consistent with proper oper-
ation of the output current sources. Insert-
ing a resistor or diode in series with the
display supply is agood way of reducing the
power dissipation within the integrated cir-
cuit segment driver, although, of course,
total system power remains the same.

Power dissipation within the NE586 may be
calculated as follows. Referring to Figure 5-
67, the two system power supplies are Vcc
and Vs. In many cases, these will be the
same voltage. Necessary parameters are:

Vcc' Supply voltage to driver

Vs' Supply voltage to display

Icc’ Quiescent supply current of driver

Isec' LED segment current

VF' LED segment forward voltage at
|seg

e Kpc'% Duty cycle

Ve, the forward LED drop, depends upon
the type of LED material (hence the color)
and the forward current. The actual forward
voltage drops should be obtained from the
LED display manufacturers literature for the
peak segment current selected. However,
approximate voltages at nominal rated cur-
rents are:

Red 1.6 to 2.0V
Orange 2.0to 2.5V
Yellow 2.2 to 3.5V
Green 2.5 to 3.5V

These voltages are all for single diode dis-
plays. Some early red displays had 2 seqies
LEDs per segment, hence the forward volt-
age drop was around 3.5V.

Thus amaximum power dissipation calcula-
tion when all segments are on, is:

Pd =Vce X lce + (Vs - VR) X 7 X Iseg X Knc mW

(5-9)
Assuming Vs =Vcc =5.25V
VF =2.0V
Kpc = 100%
Pd max = 5.25 X 50 + 3.25 X 7 X 30 mW

=945 mW

However, the average power dissipation will
be considerably less than this. Assuming 5
segments are on (the average for all output
code combinations), then

Pd av =5.0 X 30 +3.00 X 5 X 25 mW
=525 mW

Operating temperature range limitations
can be deduced from the power dissipation
graph in Figure 5-68.

However, a major portion of this power
dissipation (Pq max) is because the current
source output is operating with 3.25V
across it. In practice, the outputs operate
satisfactorily down to 0.5V, and so the extra
voltage may be dropped external to the
integrated circuit.

Suppose the worst case Vcc/Vs supply is
4.75 to 5.25V, and that the maximum VF for
the LED display is 2.25V. Only 2.75V is
required to keep the display active, and
hence 2.0V may be dropped externally with
a resistor from Vc¢c to Vs. The value of this
resistor is calculated by using equation 5-
10.

Rs = Vbror
Iseg X # of seg (5-10)
or
Rs = 20 . 100 (1/2 W rating)

7 X lseg

Sifnetics

assuming worst case lseg of 30mA
Hence now:

Pd max =Vce X lcc + (Vs - Vv - Rx X 7 X
Iseg) X 7 X Iseg X KDC
=525X50+ 125 X 7 X 30mW
= 525mW (5-11)
and Py o =5.0 X 30 + 1.25 X 5 X 25
= 306mW

If a diode (or 2) is used to reduce voltage to
the display, then the voltage appearing
across the display driver will be independ-
entof the number of “ON” segments and will
be equal to

Vs -VF-nVgq , VD=0.8V

Where n is the number of diodes used, and
so power dissipation can be calculated in a
similar manner.

In a multiplexed display system, the voltage
drop across the digit driver must also be
considered in computing device power dis-
sipation. It may even be an advantage to use
a digit driver which drops an appreciable
voltage, rather than the saturating PNP
transistors shown in Figure 5-69. For exam-
ple a Darlington PNP or NPN emitter fol-
lower may be preferable. Figure 5-70 shows
the N591 as the digit driver in a multiplexed
display system. The NE591 output drops
about 1.8V which means that the power
dissipation is evenly distributed between
the two integrated circuits.

Where Vs and Vcc are two different sup-
plies, the Vs supply may be optimized for
minimum system power dissipation and/or
cost. Clearly, good regulation in the Vs
supply is totally unnecessary, and so this
supply can be made much cheaper than the
regulated 5V supply used in the rest of the
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4-DIGHT MULTIPLEXED LED DISPLAY
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Figure 5-70

system. In fact a simple unsmoothed full-
wave rectified sine wave works extremely
well if a slight loss in brightness can be
tolerated. A transformer voltage of about 3-
4. 5V rms works well in most LED display
systems. Waveforms are shown in Figure 5-
71.

The duty cycle for this system depends
upon Vs, Vr and the output characteristics
of the display driver.

With
Vs = 4.9V pk.

VF =20V

The duty cycle is approximately 60%.

Vs in this example was derived by the circuit
shown in Figure 5-71. Remember that the
forward voltage drop of the rectifying diode
must be subtracted to arrive at the exact
peakof the Vs voltage.

Figure 5-72 shows other typical application
schemes for multiplexing LED displays.

ADDRESSABLE PERIPHERAL
DRIVERS SUPPORT
uP-BASED SYSTEMS

The Signetics NE590 and NE591 address-
able peripheral drivers (APDs) greatly facili-
tate interfacing a variety of support circuits
to microprocessor based systems.

The APDs are designed to .eliminate the
need for many of the buffers, latches, TTL
ICs, and discrete transistors currently
needed to drive peripheral devices.

Figure 5-73 shows that each driver includes
aset of input latches, a 1-of-8 demultiplexer,
and a set of high current drive outputs
together with the assorted chip enable and
clear logic.

The low loading inputs of these drivers
(typically i = 15uA and liq = 1uA) allow
direct interfacing to the uP-bus. Eight ad-
dressable latches, which are addressed by a
three bit binary code and (set/reset) by a
single binary bit, allow storage of each
output condition (ON/OFF), allowing the uP
to continue processing after the APD has
been addressed.

Sifnotics
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Driver selection is accomplished with a low

4-DIGIT DISPLAY WITH BRIGHTNESS CONTROL active chip enable which may be derived

vso AND LEADING EDGE RIPPLE BLANKING. from the 1/0O decoder common to all 1/0
devices. A low active master clear is also

Vee O— provided to reset all outputs simultaneous-
ly. This signal may be generated from the

1/0 decoder or set high when not required.

E E EI E The high-current outputs of the drivers
(250mA sinking with the NE590 and 250mA

sourcing with the NE591) allows direct inter-

M 7 i facing to relays, motors, lamps, LED’s, and
other devices or systems requiring high
current drive capabilities.

Cc ¢+ C (X o C ¢

T NESSS T NESSS T NESS6 T NESB6 Figure 5-74 demonstrates the use of APD’s

= o - = . = = . = = . = Ln aIuP-based lsy;tgm. Wr(;en driving III_iD
isplays, a single 8-bit word contains all the

-TJ-_ = »R—BOI_ —:L f80 -TL REC —._L R8O data required for defining both digit loca-

03 0 tion and segment selection. The APD uses
D2 O four bits—three to address one of 8 outputs
z;g and one to set the output to an ON or OFF

A L A
When using the NE590/91, the complemen-

"0 O hecone tary circuitry should be used, either the
! NES586/7 or the NE588/9.
LE 0—] BRIGHTNESS CONTROL O—— When using the NE590, ON refers to the
C=owF Figure 5-72 JLn output low state in which the output is
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bits are used to select the output and one bit
is used to turn the output ON or OFF.

capable of sinking a maximum of 250mA.
The clear (CL) pin may be tied high and
would normally not be required in this appli-
cation.

COMPARATORS

Voltage comparators are high gain differen-
tial input—logic output devices. They are
specifically designed for open loop opera-

An output may be cleared in one of two
ways:

The four remaining data bits are required by
the NE589 which supplies segment data.
These four BCD data bits are converted into
seven-segment data used for driving the
anodes of the LED’s. Data is strobed into the

1

2)

By direct selection and clearing of the
individual latch,

or

By clearing all outputs through the use
of the clear input.

tion with a minimum of delay time. Although
variations of the comparator are used in a
host of applications, all uses depend upon
the basic transfer function of Figure 5-75. As
shown device operation is simply a change
of output voltage dependent upon whether

latches by the LATCH ENABLE INPUT at
the same time that information is being sup-
plied to the NE590. Since the NE589 pro-
vides a constant current source, uniform
brightness is obtained from each segment
in the display. The NE589 is capable of
supplying up to 50 mA/segment. Segment
currents are set by a single programming
resistor.

the signal input is above or below the
threshold input. The threshold in this exam-
ple is 0 volts.

Comparator inputs are customarily marked
with plus or minus signs to indicate their
polarity. For example the circuit of Figure 5-
76 produces a logic 1 level when the non-
inverting input is more positive than the
reference voltage.

DEFINITIONS

Many similarities exist between operational
amplifiers and the amplifier section of volt-

The latter method does not require address-
ing.

The examples shown in Figure 5-74 clearly
demonstrate the advantages that can be
derived from using the NE590 and NE591
APDs in microprocessor-based systems.
These devices provide easy interfacing and
minimize the number of interfacing compo-
nents; they also provide the logic interface
to the microprocessor and the switch func-
tion and high-current drive required by the
peripheral units.

Figure 5-74 shows several devices connect-
ed to the NE591: a relay, a motor, and a D-C
subsystem. Each device is selected in the
same manner as the LED digits; that is, three
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TRANSFER FUNCTION OF LM119
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Figure 5-75

age comparators. In fact op amps can be
used to implement the comparator function
at low frequencies.

Thus, the characteristic definitions present-
ed here are similar to those reviewed for op
amps in Section 3.

Input Offset Voltage

As with operational amplifiers the non-ideal
comparator possesses some offset voltage.
The definition differs slightly in that the
output structure of comparators is digital
rather than linear. Hence, input offset volt-
age is defined for comparators as the dc
voltage required at the input to force the
output to the logic threshold of ensuing
devices (1.2 volts for TTL).

Input Offset Current

Imbalances of input bias current arise from
small variances of the junction geometry of
the differential input amplifier. As for op
amps, the imbalance is referred to as input
offset current.

Bias Current

As with op amps the input structure of
comparators is usually a differential bipolar
stage. Hence, the average input current
required defines bias current.

Common Mode Range

When specifying voltage comparators one
of the key parameters is. common mode
range, which is defined as the range of
voltages over which both inputs can be
varied simultaneously without abnormal
output voltage transitions. This parameter
must be kept uppermost in the designer’s
mind because the reference and signal volt-
ages become common mode signals at

126
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threshold. All ranges of input signals thus
must be within the common mode range of
the input amplifier.

Voltage Gain

Specifications of voltage gain refer to the
overall gain of the device, the bulk of which
occurs in the amplifier section.

In general higher gains would be advanta-
geous for-resolving smaller input signals. Of
course the propagation delay suffers due to
the more severe saturation of the transis-
tors. Typical gains for TTL output devices
are set for 5000 volts per volt. This gain
provides 5 volts of output swing with 1TmVv
input signal change for reasonable accura-
cy but does not contribute severely to the
overload recovery delay.

Propagation Delay

Voltage comparisons of analog signals with
a reference voltage usually require that the
operation take as little time as possible.
Long delays in the comparator cause a
pulse position error at the output since the
analog signal in the meantime has changed
value. At low frequencies the delay is of
small consequence but at higher frequen-
cies, transit time becomes intolerable. De-
sign of voltage comparator devices includes
as a prime goal, the minimizing of transit
times.

Propagation delay testing is done under
worst case conditions. The recovery from
saturation varies depending upon the initial
state of the amplifier and the overdrive.
Worst case conditions begin applying a
100mV signal on the reference terminal.
With no signal applied the amplifier is in
saturation in one direction. A step input
pulse on the signal line of 100mV * Vos will
bring the amplifier to a threshold level.
Propagation delay at this point is undefined
since the output has not switched.

To attain output switching a small overdrive
is necessary. Propagation delay is tested in
a configuration such as Figure 5-77. The
input is a step function of 100mV plus a

sifnetics

PROPAGATION DELAY
TEST SETUP

SIGNAL

JL

100 mV PLUS
OVERDRIVE =

I

Figure 5-77

RESPONSE TIME FOR NE/SE521
COMPARATOR FOR VARIOUS
INPUT OVERDRIVES

. Vg=:5V
Ta=25°C

00 mv. 5mv
o e TNRESMOLD_]
P THAEMOL

QUTPUT VOLTAGE - V
~
a

INPUT VOLTAGE - mV
8

TIME - ns

Figure 5-78

specified excess or overdrive signal. This
causes the amplifier to be exercised from
saturation in one direction to saturation in
the other for worst case propagation delay.
Note that larger overdrive improves delay
time as can be seen in Figure 5-78. An
overdrive of 5mV causes 12ns delay, where-
as a 100mV overdrive improves transit.time
to only 6ns.
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SE/NE521/522 Comparators

A general description of the comparator
devices is included here to familiarize the
user with available devices and their advan-
tages.

Processed with state-of-the-art Schottky
barrier diodes the NE 521/522 series devices
provide good input characteristics while
providing the fastest analog to TTL conver-
sionto date. Total delay from input to output
is typically 6ns with a guaranteed speed of
12ns. Additional features of this device in-
clude the dual configuration and individual
output strobes to simplify system logic. The
NE522, although sacrificing some speed,
features open collector outputs for party
line or wired-OR configurations for addi-
tional system flexibility.

NE/SE527 Comparator

Featuring darlington inputs for very low bias
current, the NE527 is generically related to
the NE529 comparator. Emitter follower
inputs to the differential amplifier are used
to trade better input parameters for slightly
less speed. As Figure 5-81 shows, a factor of
10 improvement in Igias is gained withanin-
crease of propagation delay of only 4ns
maximum.

NE529 Comparator

The NE529 is manufactured using Schottky
technology. Although a few nano seconds
slower than the NE521, the NE529 features
variable supplies from +5 to £10 volts witha
high common mode range of =6 volts. Both
the NE527 and NE529 Schottky compara-
tors boast complimentary logic outputs with
output A being in phase with input A. In
addition the supplies of both the NE527 and
NE529 may be non-symmetrical to produce
a desired shift in the common mode range.

This technique is illustrated by the ECL to
TTL and TTL to ECL translators of Figures
5-91 and 5-92 respectively. The only major
requirement of the supplies is that the neg-
ative supply be at least 5 volts more neg-
ative than the ground terminal of the gate.
This is necessary to insure that the internal
bias arrangement has sufficient voltage to
operate normally.

APPLICATIONS

Today’s state-of-the-art ultra-high speed
comparators are capable of making logic
decisions in less than 10 nano seconds.
They are easily applied and possess good
input and power supply noise rejection. As
with all linear ICs however, some prelimi-
nary steps should be taken in their use.

General Precautions

Layout

The comparator is capable of resolving sub-
millivolt signals. To prevent unwanted sig-
nals from appearing at signal ports, good
physical layout is required. For any high
speed design, ground planes should be
used to guard against ground loops and
other sources of spurious signals. At high
frequencies hidden signal paths become
dominant. Of a particular nuisance is distri-
buted capacitance. If care is not taken to
isolate output from input, distributed capac-
itance can couple a few millivolts into the
input, causing oscillation.

Another source of spurious signal is ground
current. Input structures are relatively high
impedance while the gate structures of
comparators run with large signal and
ground currents. If this gate ground current
is allowed to pass near the input signal path,
the small impedances of the ground circuit
will cause millivolt changes in reference or
signal voltages producing errors, sustained
oscillation, or ringing. A ground plane ar-
ranged such that output currents do not
flow near input areas is highly recom-
mended.

Power Supplies

Another general precaution that should
always be exercised is power supply by-
passing. As mentioned the name of the
game is speed. Very high speed gates are
used to produce the desired output logic
levels. Maximizing response speed also re-
quires higher current levels, giving rise to
power supply noise. For this reason good
power supply by-passing is always manda-
tory very close to the device itself. A tanta-
lum capacitor of 1to 10uF in parallel with 500
to 1000pF will prove effective in most cases.
Lead lengths should be as short as physical-
ly possible to preserve low impedances at
high frequency.

Unused Inputs

Some currently available comparators such
as the NE521 and NE522 are dual devices.
Most often both sections of these devices
will be utilized. should a system utilize one
device, the unused inputs should be biased
in a known condition. The high gain-
bandwidth may otherwise cause oscilla-
tions in the unused comparator section. A
low impedance should be provided from
both unused inputs to ground. A resistor of
relatively high impedance may then be used
to supply a differential input on the order of
100mV to insure the comparator assumes a
known state.

If the inverting input is tied to the positive
differential voltage the gate output will be

SNOtiEs

low. The strobe inputs then provide a means
of utilizing the Schottky gate for other sys-
tem logic functions.

Common Mode Signals

As defined previously manufacturers speci-
fy the maximum voltage range over which
the inputs may be taken. In addition the
maximum differential voltage that may be
safely applied to the inputs is specified. In
the case of the NE529 comparator the differ-
ential voltage is restricted to less than =5
volts, with a common mode of +6 volts. That
these two quantities interact cannot be
overlooked during application. Forinstance
with both inputs at +4 volts the common
mode restriction is satisfied. If V ref is now
left at +4 volts the signal input may not be
taken below ground more than 1 volt be-
cause the differential signal becomes 5
volts.

It is important to observe this maximum
rating since exceeding the differential input
voltage limit and drawing excessive current
in breaking down the emitter-base junctions
of the input transistors could cause gross
degradation in the input offset current and
bias current parameters.

Exceeding the absolute maximum positive
input voltage limit of the device will saturate
the input transistor and possibly cause dam-
age through excessive current. However,
even if the current is limited to a reasonable
value so that the device is not damaged,
erratic operation can result.

Input Impedance

The differential bias and offset currents of
comparators are minimized by design. As
was pointed out for op amps, the input
resistance seen by both inputs should be
equal. This reduces to a minimum the con-
tribution of offset current to threshold error.
Unbalanced input impedance also adds to
the offset error due to the difference in volt-
age drop across the input resistances.

BASIC APPLICATIONS

The basic comparator circuit and its trans-
fer function were presented by Figures 5-75
and 5-76.

When the input exceeds the reference volt-
age, the output switches either positive or
negative, depending on how the inputs are
connected.

The vast majority of specific applications
involve only the basic configuration with a
change of reference voltage. A to D con-
verters are realized by applying the signal to
one terminal and the voltage derived from a
ladder network to the other. Limit detectors

are likewise made from only the very basic
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If the measurement were made without
initial saturation (less than 100mV V thresh-
old) the delay time would be smaller, due to
the smaller storage times of unsaturated
transistors.

STATE-OF-THE-ART

Comparator design has always been opti-
mized for four basic parameters. They are:
1. High Speed

2. Wide Input Voltage Range

3. Low Input Current

4. Good Resolution

Unfortunately these four parameters are not
compatible. For instance gain and input
current can be improved by using thinner
diffusions for higher beta, but only at the
expense of input voltage range. Higher gain
also means higher saturation for an in-
crease in delay time. So it becomes obvious
that comparators such as the 710 were
designed with the best compromises in
mind using standard processing.

One method of improving overall response
adds gold doping to the processing flow.
The gold dopant causes a decrease in mi-
nority carrier lifetime which aids the recom-
bination process and shortens the satura-
tion recovery time. Unfortunately the
transistor beta is adversely affected by gold
causing slightly higher bias and offset cur-
rents.

It was not until the advent of the Schottky
clamp that a vast improvement in speed
without input degradation was possible. A
very familiar term in the semiconductor
industry, the Schottky barrier diode’s (SBD)
location is illustrated in Figure 5-79.

The Schottky clamped transistor is formed
by parallelling the Schottky diode with the
base-collector junction of the npn transis-
tor. Without the clamp, as base drive is
increased the collector voltage falls until
hard saturation occurs. At this point the
collector voltage is very near the emitter
voltage, and stored charges in the junctions

SCHOTTKY CLAMPED
TRANSISTOR

Figure 5-79
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causes slow recovery from saturation after
base drive has been removed. The forward
voltage drop of the Schottky diode is 0.4
volts—less than the forward drop of silicon
diodes. This difference in forward drop is
used by placing the diode across the tran-
sistor base-collector junction. The Schottky
diode becomes forward biased when the
collector voltage falls 0.4 volts below the
base voltage. Excess base drive is then
shunted into the collector circuit prohibit-
ing the transistor from reaching classic
saturation. With almost no stored charge in
either the SBD or the transistor, there is a
large reduction in storage time. Thus, tran-
sistor switching time is significantly re-
duced.

A cross sectional area of the Schottky diode
is shown in Figure 5-80.

COMPARING THE
COMPARATORS

Presently available comparator ICs range
from the ultra fast SE/NE521 to the general
purpose comparator fashioned from an in-
expensive op amp. Selection of the device
depends upon the application in which it
will be used. Often times speed of conver-
sion is of primary importance to minimize
pulse position errors of high frequency
signals. At other times the parameters are
much less stringent allowing the use of a
general purpose comparator.

A handy reference guide to the major pa-
rameters is summarized in Figure 5-81. Ata
glance the necessary parameters can be
chosen to select the proper device.

COMPARATOR SELECTION GUIDE
Propagation | Vos | los |Ibias CMR
Device| Delay (ns) |(mV) |(czA)|(uzA) | Gain | (V) Benefits
NE521 12 75| 5 | 20 |5000( +3 |Dual, very fast, standard sup-
plies, TTL compatible, individ-
ual & common strobe.
NE522 15 75 | 5 20 | 5000| +£3 |Same as NE521 plus open col-
lector outputs for additional
) decoding.
NE527 26 6 [0.75] 2 |5000| =6 |Fast, very low input current,
) differential outputs, flexible
surplus wide common mode
range.
NE529 22 6 5 20 | 5000 | +6 |Same as NE527 but with faster
response.
Figure 5-81

NOTE Parameters are based on min/max limits at 25° C as defined in the individual data

sheet.
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circuit. Both are only a small deviation from
the basic level detector.

Hysteresis

Normally saturated high or low, the amplifi-
ers used in voltage comparators are seldom
held in their threshold region.

They possess high gain-bandwidth prod-
ucts and are not compensated to preserve
switching speed. Therefore if the compared
voltages remain at or near the threshold for
long periods of time, the comparator may
oscillate or respond to noise pulses. For
instance this is a common problem with
successive approximation D/A converters
where the differential voltage seen by the
comparator becomes successively smaller
until noise signals cause indecision. To
avoid ‘this oscillation in the linear range,
hysteresis can be employed from output to
input. Figure 5-82 defines the arrangement.
Both positive and negative feedback is pro-
vided by Rin and Rs.

Hysteresis occurs because a small portion
of the “one” level output voltage is fed back
in phase and added to the input signal. This
feedback aids the signal in crossing the
threshold. When the signal returns to the
threshold, the positive feedback must be
overcome by the signal before switching
can occur. The switching process is then
assured and oscillations cannot occur. The
threshold “dead zone” created by this meth-
od, illustrated in Figure 5-83, prevents out-
put chatter with signals having slow and
erratic zero crossings.

As shown in Figure 5-82, the voltage feed-
back is calculated from the expression:

Eout « RiN

V =
HYST RN+ Rr

0 VOLT LEVEL DETECTOR
WITH = 10mV HYSTERESIS

HHHH

OoutPuT Lyl fove Loy gy
Tviem [THHCTHHHHR

e,

HHHHHH

INPUT (10 mV/cm)

Figure 5-83

LEVEL DETECTOR WITH HYSTERESIS

RiN RE
ViIN O—AWA- AN

Rin
VTH O—AAMA—4

Eout - Rin

vV =
HYST= B TRy

Figure 5-82

where Eour is the gate output voltage. The
hysteresis voltage is bounded by the com-
mon mode range and the ability of the gate
to source the current required by the feed-
back network. If symmetrical hysteresis is
desired an additional inverting gate is re-
quired if the comparator does not have
differential outputs. The NE527 and NE529
devices provide inverted signals from differ-
ential outputs while the NE521, NE522 and
NE526 devices will require the inverter. Care
should be taken in the selection of the
inverter that propagation delay is minimum
especially for very high speed comparators
such as the NE521.

Line Receiver

Retrieving signals which have been trans-
mitted over long cables in the presence of
high electrical noise is a perfect application
for differential comparators. Such systems
as automated production lines and large
computer systems must transmit high fre-
quency digital signals over long distances.

If the twisted pair of the system is driven
differentially from ground, the signals can
be reclaimed easily via a differential line
receiver.

Since the electrical noise imposed upon a
pair of wires takes the form of a common
mode signal, the very high common mode
rejection of the NE521/522 makes the unit
ideal for differential line receivers. Figure 5-
84 depicts the simple schematic arrange-
ment. The NE521 is used as a differential
amplifier having a logic level output. Be-
cause common mode signals are rejected,
noise on the cable disappears and only the
desired differential signal remains. Figure 5-
85 illustrates the NE521 response to the

sinotics

200mV peak to peak 10MHz differential
signal. In Figure 5-86 the same signal has
been buried in 5 volts peak to peak of 1 HMz
common mode “noise.”

As shown the circuit suffers no degradation
of signal. If desired several NE522 compara-
tors may be “wire OR'd,” or a latch output
can be accomplished as shown.

The NE521 and NE529 comparators have
the advantage of wider bandwidth to permit
higher data rates.

Double Ended Limit Detector

Many system designs require that it be
known when a signal level lies between two
limits. This function is easily accomplished
with a single NE522 package. The schemat-
ic and transfer curve of the circuit is shown
in Figure 5-87.

Each half of the NE522 is referenced to the
desired upper or lower voltage limit pro-
ducing the desired transfer curve shown.
Taking advantage of the dual configuration
and the open collectors of the NE522 mini-
mize external components and connec-
tions.

Crystal Oscillator

Any device with a reasonable gain can be
made to oscillate by applying positive feed-
back in controlled amounts. The NE521 will
lend itself to crystal control easily, provided
the crystal is used in its fundamental mode.
Figure 5-88 shows a typical oscillator cir-
cuit.

The crystal is operated in its series resonant
mode, providing the necessary feedback
through the capacitor to the input of the
NES521. The resistor Ragj is used to control
the amount of feedback for symmetry.
Oscillations will start whenever a circuit
disturbance such as turning on the power
supplies occurs. The NE521 will oscillate up
to 70MHz. However, crystals with frequen-
cies higher than about 20MHz are usually
operated in one of their overtones. To build
an oscillator for a specific overtone requires
tuned circuits in addition to the crystal to
provide the necessary mode suppression. If
the spurious modes are not tuned out the
crystal will oscillate at the fundamental
frequency. Higher frequency oscillators
could be realized using input and output
mode suppression or tuning. The NE522 is
especially desirable since the bare collector
topology allows the output to be collector
tuned readily.

Analog to Digital Converter
There are many types of A to D converter
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designs, each having its own merits. How-  The standard logic output swings of ECL  the common mode range more negative.
ever, where speed of conversion is of prime  are -0.8V to -1.8V at room temperatures.  Thisinsures thatthe common mode rangeis
interest the multi-threshold conversiontype ~ Converting these signals to TTL levels is  not exceeded by the logic inputs. Since ECL
is used exclusively. It is apparent from Fig- accomplished simply by using the basic is extremely fastthe NE529is usually select-
ure 5-89 that the conversion speed of this  voltage comparator circuit with slight modi-  ed because of its superior speed so that a
design is the sum of the delay through the fications. Figure 5-91 reveals that the power ~ minimum of time is lost in translation.
comparator and the decoding gates. supplies have been shifted in order to shift

The sacrifices which must be made to ob-
tain speed are the number of components,
bit accuracy and cost. The number of com-
parators needed for an N-bit converter is 2n-
1. Although the NE521 provides two com- .
parators per package, the length of parallel
converters is usually limited to less than 4
bits. Accuracy of multi-threshold A-D con- 3
verters also suffers since the integrity of
each bit is dependent upon comparator
threshold accuracy.

PARALLEL A-D RESPONSE

AN

OouTPUT
1V/em

o -

—
Ln-
i

P H

e

The implementation of a 3-bit parallel A-D
converter is shown in Figure 5-90 with a 3- : /"‘
bit digital equivalent of an analog input 2

shown in Figure 5-89. ’

1
INPUT
Reference voltages for each bit are devel- Wem

oped from a precision resistor ladder net-
work. Values of R and 2R are chosen so that o 5 10
the threshold is one half of the least signifi- HORIZ.§ sfem
cant bit. This assures maximum accuracy of
+1/2 bit.

It is apparent from the schematic that the
individual strobe line and duality features of
the NE521 have greatly reduced the cost
and complexity of the design. The speed of 3-BIT PARALLEL A-D CONVERTER
the converter is graphically illustrated by
the photo of Figure 5-89. All 3-bit outputs
have settled and are true a mere 15ns after
the input step of 3 volts has arrived. The

+

HHHHH

0 2% 30 33 4

Figure 5-89

output is usually strobed into a register only
after a certain time has elapsed to insure
that all data has arrived.
Logic Interface
During the design of the NE527 and NE529 | !
devices, particular attention was paid to the |, 521 : R
biasing network so that balanced supplies . - {>o—<mss,
need not be provided. For example, if the - lL —====== él
“ground” terminal is set at -5.2 volts and the ;N |
other supplies are adjusted accordingly, the L : " |
output logic 1 state will be at -1.5 volts and Sz || !
logic 0 will be at-5.0 volts. With this freedom ’T{l>o—Dc !
of power supply voltage, the user may ad- S |
just the output swings to match the desired 3 m —!
logic levels even if that logic is other than I !> D o
TTL levels. <:m X 521 :
o N |
ECL to TTL Interface Swgm T !
Emitter coupled logic is very popular due to L
its speed. Systems are often built around wax PANGE

standard TTL logic with those portions re-
quiring higher speed being implemented
with emitter coupled logic. As soon as such 5
a decision is made the problem of interfac- Figure 5-90
ing TTL to ECL logic levels is encountered.
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TTL to ECL

Operatinginthereverse, TTL levels can also
be converted to ECL levels by the NE529.
Again the NE529 is selected as the fastest
converter with the necessary power supply
flexibility to accomplish the level shifting
with a minimum of effort and cost.

A check of output voltage for the NE529
reveals that the voltage is slightly less than
required by the ECL logic for fast switching.
R2 and the diode of Figure 5-92 raises the
gate supply voltage and therefore the
NE529 output voltage by 0.7V sufficient to
guarantee fast switching of the translator.
Resistive pull up from the NE529 output to
Vcce can also be used with the gate supply
grounded. This method is dependent upon
RC time constants of distributed capaci-
tance and is therefore much slower.

Photo Diode Detector

Responding to the presence or absence of
light, the photo diode increases or de-
creases the current through it. Detecting the
changes becomes a matter of converting
light and dark currents to voltage across a
resistor as shown in Figure 5-93. R1 is
selected to be large enough to generate
detectable differences between light and
dark conditions. Once the signal levels are
defined by R1 and the diode characteristics,
the average between light and dark signals
is used for V reference and is produced by
the resistive divider consisting of R1 and R2.
The comparator then produces an output
dependent upon the presence or absence of
light upon the diode.

SENSE AMPLIFIERS

Closely related to the comparator is the
sense amplifier. Signals derived from the
many sources such astransducers and core
memories are not of sufficient amplitude to
be compatible with subsequent logic. It then
becomes necessary to amplify and convert
the signalto TTL levels, which is the respon-
sibility of the sense amplifier.

As an example, the 1103 MOS RAM output is
of the bare drain variety. Hence the output
of the memory takes the form of a current for
aone level with zero current for a zero level.

It remains, then, for the user to convert |

these currents to TTL levels. A terminating
resistor from the drain to ground provides a
voltage output proportional to the current
and the resistor size. Larger signals can be
produced by larger resistors; butin practice
resistors larger than 1k ohm are avoided
because of increasing access time. Distrib-
uted capacitance forms a time constant with
this output resistance causing slow rise and
fall times when the resistor is large, adding
to the access time.
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Virtually any voltage comparator or sense
amplifier can-be used. Since total time is the
sum of all delays, the sense amplifier is most
often the fastest available. Signetics com-
parators NE521 and NE522 are ideal in this
application because of low input offset volt-
ages and very fast response. Using these
Schottky clamped comparators significant-
ly reduces the total cycle time of the memo-
ry.

Design of the sense amplifier network de-
pends upon the 1103 used (1103 or 1103-1)
and the input characteristics. Two sense
amplifiers will be discussed in this applica-
tion, the NE521/522 and the 75S107/
755108. Both sets of devices are very similar
in operation with basic differences in input

parameters and speed. The significant
specifications are given in Table 5-3.

SPEED (NS
DEVICE Voo (mV) {1 B(1A)| Yy (MIN)(mV) (v,N:wf)mv)) GAIN
521 10 40 15 12 5000
522 10 40 15 15 5000
758107 25 40 25 17 5000
758108 25 40 25 17 5000

Table 5-3 IMPORTANT SENSE
AMPLIFIER PARAMETERS

Consideration must first be given to the
differential input voltage requirements of
the sense amplifier. The required reference
voltage is calculated from the relationship:

ECL TO TTL TRANSLATOR

Iy e
= SR2
] 10 9
1 7—0a
J_- l 529 TTL OUTPUTS
= <Ry
1
ECL _
ot O 1?2 6 a
> >
3m 3Ry
[} =
=10V
Figure 5-91
TTL TO ECL TRANSLATOR
+5V
o
Rz
200
3 3R :LT
TTL L 9 ‘
inpuT O—9 1 7 ——D———g
627/529 ECL GATE
— 2 5
3 6
y
X j: X l

Figure 5-92
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Vref < (It — 1B) R1 — Vit

Where 11 is the 1103 output current, Ig is
sense amplifier bias current and Vgif is
minimum differential voltage to switch the
sense amplifier.

Thus, referring to Figure 5-68, the calcula-
tion for the NE522 and the 1103-1 becomes:

Vret < (900uA — 404A) R — 15mV

Hence Vret must be less than 71mV fora 100
ohm resistor. Values of R1 can be selected
from 100 to 1000 ohms. Resistor values less
than 100 ohms do not produce sufficient
voltage swings while values over 1k ohm
tend to generate excessive noise from
capacitively coupled signals.

In large systems noise coupled into the
sense lines by stray capacitance can be very
troublesome. Judicious layout patterns with
sense lines being as short as possible will
help, butlarge memories can still be difficult
to control. One method of eliminating noise
is to use a balanced sense line as shown in
Figure 5-95.

During layout adummy line is run parallel to
the actual sense line in as close proximity as
possible. One end is connected to the sense
amplifier at the Vet point while the other end
is left open. The normal sense line is con-
nected as usual. Electrical noise imposed
upon the pair of sense lines takes the form of
a common mode signal and will be rejected
by the sense amplifier. Signal currents in the
sense line, on the other hand, form differen-
tial signals at the sense amp causing the
output to switch.

Core Memory Sense Amps

The core memory is another device requir-
ing a sense amplifier.

1103 MEMORY SENSE AMPLIFIER

DsTROBE

1103-1
MOS
MEMORY

100

THRESHOLD
ADJ.

100

All resistor values are in ohms.

Figure 5-94

NE
12522

ENABLE

PHOTO DIODE DETECTOR
+5V
A, Ry
10 9
1 7—0 a
527
2 s—O a
3 6
Mmoo3e l l
= = e =
Figure 5-93

Figure 5-96 shows a simplified block dia-
gram of memory organization in a compu-
ter. The appropriate command to the ad-
dress register selects the appropriate x and
y address lines. Two wires are threaded
through each core. One is common to all
cores in that column arranging a matrix in
which any x-address line and any y-address
line has only one core in common.

Both reading and writing are accomplished
by driving current through the wires linking
the cores. If this current exceeds a minimum
value Im, the core is reset to zero. Therefore,
by driving Im/2 through one of the x-address
lines and through one of the y-address lines,
any one core may be reset. Only the core
common to both lines will receive the sum of
the currents and will be reset. The rest of the
cores receive Im/2 and will be only half-
selected. For a core to be setto the “1” state,
the current is reversed in the two selecting
wires.

A sense line linking all the cores in the plane
together couples the read data out of the
array. In order to read a specificcore,a“0” is
first written into that core. If its initial state
was at “1”, it is reset, generating a pulse on
the sense line. If the core is in “0” state, no
signal results.

The high currents used in core memory
generate a good deal of noise. The sense
amplifier used must be able to detect the
difference between the disturbed one volt-
age, without responding to undesired sig-
nals. The threshold voltages of the sense
amplifier should be adjusted to approxi-
mately the mid-point between the sum of
the disturbed zero voltages and the mini-
mum disturbed one voltage as defined in
Figure 5-97.

The region on either side of the threshold
voltage in which the sense amplifier cannot

Sifnntics

detect the difference betweenaOandais
called the uncertainty region. This region is
the sum of the varition of the input threshold
voltage and the differential offset voltage
and must be less than the voltage difference
between ones and zeros generated by the
memory core.

Signetics series 7520 Dual Core Memory
Sense Amplifiers, successfully solve the
basic sense amplifier problems: It provides
a stable narrow input threshold, an adjust-
able reference and output logic functions to
fulfill the several variations required in dif-
ferent core memory systems.

The 7520 series uses the “true compara-
tor” technique to achieve superior ampilifier
threshold performance. A unique circuit
design of the internal logic guarantees the
fastest possible propagation. The 7520 se-
ries offers the user these advantages:

a. True Comparator technique guarantees
that narrow input threshold devices can
be built in volume production.

b. An external capacitor is not required for
stability. True Comparator technique al-
lows use of simple single stage preamp.

c. Clamp diodes are provided at all gate and
strobe inputs.

Figure 5-98 illustrates the necessary con-
nections to utilize the 7524 sense amplifier.
The reference voltage against which the
sense voltage is compared is derived via the
resistor divider network from the 5 volt
supply. Other connections are straight for-
ward and for the most part self explanatory.

Care should be exercised in the board lay-
out to minimize stray coupling of signals. Of
extreme importance to the device, the refer-
ence voltage must be kept as clean as possi-
ble. For instance, ground currents from the
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gate structure should not be allowed to pass
near the reference terminals before finding
system ground. Small voltages generated
by this current can cause reference instabil-
ity. Oscillations and general poor perform-
ance can also occur if proper techniques
are not used in layout.

55/75325 MEMORY DRIVERS
TYPICAL APPLICATIONS

Balanced Bipolar Logic Line Driver

The circuit shown in Figure 5-99 converts
standard TTL logic to bipolar logic. Bipolar
logic is primarily used in transmittina data
or clock pulses over long lines. This line-
driver may be operated from a single 5 volt
supply; however; the output drive may be
increased by raising the supply voltage to

the source collectors. The circuit features a
tri-state output which is off during the ab-
sence of data, thus not dissipating high
power. It provides a balanced drive circuit
giving maximum noise immunity when used
with the proper line receiver. Large drive
levels can be used to further increase noise
immunity. The circuit is capable of driving
twisted-pair lines of several miles in length
or low-impedance coaxial lines.

In memory-drive applications the 75325 (or
for full-temperature operation, the 55325)
can be connected in any of several ways.
Typically, however, sources and sinks are
arranged in pairs from which many drive-
lines branch off as shown in Figure 5-100:
Here each drive-line is served by a unique
combination of two source/sink pairs so
that a selection matrix is formed. To select
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drive-line 13, 75154 No. 1 must be set to 3
(with mode select high), enabling source X
of 75325 No. 2 to drive lines 12 through 15,
and 74154 No. 2mustbe setto 2, providing a
sink at Y of 75325 No. 4 for drive-line 13 only.
Alternatively, to drive current in drive-line
13 in the opposite direction, only the mode-
select voltage would be changed from high
to low. The size of such a matrix is limited
only by the number of drive-lines that a
source/sink pair can serve. This number in
turn depends on the capacitive and induc-
tive load that each drive-line of the particu-
lar system imposes on the driver. A 256-
drive-line selection matrix is shown in
Figure 5-101. These 256 drive-lines are
sufficient to serve (256/2)2 = 16,384 individu-
al cores.

External Resistor Calculation

A typical magnetic-memory word-drive re-
quirement is shown in Figure 5-102. A
source-output transistor of one 75325 deliv-
ers load current (IL). The sink-output tran-
sistor of another 75325 sinks this current.

The value of the external pull-up resistor
(Rext) for a particular memory application
may be determined using the following
equation:

16 (Vcez(min) - Vs - 2.2)
IL - 1.6 (Vccz(min) - Vs - 2.9)

Rext =

where: -Rext is in kQ,

Vcezminy is the lowest expected
value of Vgcz in volts,

Vs is the source output voltage in
volts with respect to ground,

IL is in mA.

The power dissipated in resistor Rextduring
the load current pulse duration is calculated
using Equation 5-14.

I

PRext =~ —1—5 [Vecaminy - Vs - 2] 5-14

where: PRext is in mW.

After solving for Rext, the magnitude of the
source collector current (Ics) is determined
from Equation 5-15.

Ilcs =0.94 I 5-15

where: Ics is in mA.

As an example, let Vcc2(min) =20V and Vi =
3V while I of 500mA flows.

Using Equation 5-13,
16(20-3-22

———— = 0.5k
500-1.6(20 -3 -29)

Rext =
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and from equation 5-14,

PRext ~ —500 (20 - 3 - 2) = 470mW
16

The amount of the memory system current
source (Ics) from equation 5-15 is:

Ics = 0.94 (500) ~ 470mA

In this example the regulated source-output
transistor base current through the external
pull-up resistor (Rext) and the source gate is
approximately 30mA. This current and Ics
comprise I.

VIDEO AMPLIFIER PRODUCTS

NE/SE592 Video Amplifier

The 592 is a two stage differential output,
wideband video amplifier with voltage gains
as high as 400 and bandwidths up to
120MHz.

BALANCED BIPOLAR LOGIC LINE DRIVER
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*R and C are adjusted to give the desired bipolar output pulse width.
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75325 USED AS A MEMORY DRIVER TO SELECT ONE OF SIXTEEN DRIVE LINES
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DRIVE TO SELECT ONE OUT OF 16 DRIVE-LINES
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75325 NO. 3 75325 NO. 4

MODE SELECT [ ] A S1B c s2 D A St B cs2D

SOURCE/SINK O__H_ >O—J-—‘ SINK STROBE P9 P09 000 o0 T
- JEl | ] |
SOURCE STROBE LT—_I |
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TIMING STROBE O——— J)
' ! ' 4000000000000
() |
H l 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
_‘{-Df ) 74154 NO. 2
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MODE SELECT o
(SOURCE/SINK)

3v

ENABLE  TIMING STROBE

SEE NOTE A
TO ADDITIONAL TO ADDITIONAL
SOURCE STROBE SINK STROBE
INPUTS INPUTS

NOTE A This optional mode select and timing strobe technique can be used in place
of the 7440 mode select and 74154 timing strobe when minimum time skew is
desired.

Figure 5-100
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Circuit requirements

18 SN75325
2 SN74154

1/2 SN7440

16,384

NOTES

A.

B.

Outputs from one SN74154 decoder are connected to each SN75325. Source strobe

32 TID126 | Diode
8 TID134 | Arrays

32 1N4067 Diodes

Memory cores

and sink strobe from an SN7440 are connected to each SN75325.

The division of the drive-line bus into four segments reduces the capacitive load on the
SN75325 driver.
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TYPICAL MAGNETIC MEMORY
WORD DRIVE REQUIREMENT

QVcea

'chs

P —
souRce 1
coLLECTORs|

A
OR
B

——— —— - ——
r R
ONE
55/75325
SOURCE

,._.._..
| e

ONE
55/75325

1
1
: SINK
L

NOTE

A. For clarity, partial logic diagrams of two 75325's
are shown.
B. Source and sink shown are in different packages.

Figure 5-102

Three basic gain options are provided.
Fixed gains of 400 and 100 result from
shorting together gain select pins Gi1a —
G1B and G2a—G2g respectively. As shown
by Figure 5-103 the emitter circuits of the
differential pair return thru independent
current sources. This topology allows no
gain in the input stage if all gain select pins
are left open. Thus the third gain option of
tying an external resistance across the gain
select pins allows the user to select any
desired gain from 0 to 400 volts per volt. The
advantages of this configuration will be
covered in greater detail under the filter
application section.

Three factors should be pointed out at this
time:

1. The gains specified are differential.
Single ended gains are one half the stated
value.

2. The circuit 3dB bandwidths are a func-
tion of and are inversely proportional to
the gain settings.

3. The differential input impedance is an
inverse function of the gain setting.

In applications where the signal sourceis a
transformer or magnetic transducer the
input bias current required by the 592 may
be passed directly thru the source to
ground. Where capacitive coupling is to be
used, the base inputs must be returned to
ground through a resistor to provide a dc
path for the bias current.

Due to offset currents, the selection of the
input bias resistors is a compromise. To
reduce the loading on the source, the resis-
tors should be large, but to minimize the
output dc offset, they should be small —
ideally 0 ohms. Their maximum value is set
by the maximum allowable output offset
and may be determined as follows:

1. Define the allowable output offset (as-
sume 1.5V).

2. Subtract the maximum 592 output offset
(from the data sheet). This gives the out-
put offset allowed as a function of input
offset currents (1.5V — 1.0V = 0.5V).

3. Divide by the circuit gain (assume 100).
This refers the output offset to the input.

4. The maximum input resistor size is:

Input Offset Voltage

R =
MAX Max Input Offset Current

5-16

.005V
SuA

= 1.00kQ)

Of paramountimportance during the design
of the NE592 device was bandwidth. In a
monolithic device, this precludes the use of
pnp transistors and standard level shifting
techniques used in lower frequency de-
vices. Thus without the aid of level shifting
the output common mode voltage present
on the NE592 is typically 2.9 volts. Most
applications, therefore, require capacitive
coupling to the load. An exception to the
rule is a differential amplifier with an input
common mode range greater than +2.9V as
shown in Figure 5-104. In this circuit, the
NE592 drives a NE511B transistor array
connected as a differential cascode amplifi-

er. This amplifier is capable of differential
output voltages of 48V peak-to-peak with a
3dB bandwidth of approximately 10MHz
(depending on the capacitive load). For
optimum operation, R1 is set for a no signal
level of +18V. The emitter resistors, Rg, were
selected to give the cascode amplifier a
differential gain of 10. The gain of the com-
posite amplifier is adjusted at the gain se-
lected point of the NE592.

Filters

As mentioned earlier, the emitter circuit of
the NE592 includes two current sources.
Since the stage gain is calculated by divid-
ing the collector load impedance by the
emitter impedance, the high impedance
contributed by the current sources causes
the stage gain to be zero with all gain select
pins open. As shown by the gain vs. fre-
quency graph of Figure 5-105 the overall
gain at low frequencies is a negative 48dB.

Higher frequencies cause higher gain due
to distributed parasitic capacitive react-
ance. This reactance in the first stage emit-
ter circuit causes increasing stage gain until
at 10MHz the gain is 0dB or unity.

Referring to Figure 5-106, the impedance
seen looking across the emitter structure
includes small re of each transistor.

Any calculations of impedance networks
across the emitters then must include this
quantity. The collector current level is ap-
proximately 2mA causing the quantity of 2
re to be approximately 32 ohms. Overall
device gain is thus given by

Vo(S)
VINGS)

_ 14X104 .
Zs 732 (5-17)

where Z(s) can be a resistance or a reactive
impedance. Table 5-5 summarizes the
possible configurations to produce low,
high, and bandpass filters. The emitter im-
pedance is made to vary as a function of
frequency by using capacitors or inductors
to alter the frequency response. Included
also in Table 5-5 is the gain calculation to

PARAMETER NE/SE592 733
BANDWIDTH 120 120
(MHZ)
GAIN 0,100,400 10,100,400
RIN 4-30 4-250
(K)
Vpp 40 40
(VOLTS)

Table 5-4 VIDEO AMPLIFIER COMPARISON FILE

Sifnotics
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5§92 INPUT STRUCTURE

v+

REXT
A4

v-

All resistor values are in ohms.

Figure 5-103

VOLTAGE GAIN AS A
FUNCTION OF FREQUENCY
(ALL GAIN SELECT PINS OPEN)

Vg= 6V
40 Tp=26°C—

VOLTAGE GAIN — dB
1
3 o

/ \

01 1 1 10 100 1000

FREQUENCY (MHz)

Figure 5-105

determine the voltage gain as a function of
frequency.

Differentiation

With the addition of a capacitor across the
gain select terminals the NE592 becomes a
differentiator. The primary advantage of
using the emitter circuit to accomplish dif-
ferentiation is the retention of the high
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VIDEO AMPLIFIER WITH HIGH
LEVEL DIFFERENTIAL OUTPUT

+18V

" sy | 48VOLTS
obﬁ_'}—:m »——O, PEAK TO PEAK

—O) ouTPUTS

wpuT O—

All resistor values are in ohms.

i
éc 1__
A
i

Figure 5-104
FILTER Vo (s) TRANSFER
ZNETWORK TYPE V1 (s) FUNCTION
R NYY\L 1.4 X 104 1
O— VW ’e) LOW PASS 14x10° |1 |
L s+ R/L
R [
1.4 X 104 s
o—WA—4}—0 HIGH PASS SR [EW]
R L c 1.4 X 104 s
O—AWW—"——{|—0 BAND PASS L 2+ R/Ls+1/LC

Y\ ___
0——4\;\/\'—-4— c +—oO
_”__J

s2+1LCc |

BAND R
O REJECT s2+1/LC +s/RC |

1.4 X 104 [
R

NOTE: In the networks above, the R value used is assumed to include 2 re, or

Table 5-5 FILTER NETWORKS

approximately, 32 ohms.

common mode noise rejection. Disc file
playback systems rely heavily upon this
common mode rejection for proper opera-
tion. Figure 5-107 shows a differential am-
plifier configuration with transfer function.

Disc file Decoding

In recovering data from disc or drum files,
several steps must be taken to pre-condition
the linear data. The NE592 video amplifier,
coupled with the 8T20 bi-directional one-
shot, provides all the signal conditioning
necessary for phase encoded data.

When data is recorded on a disc, drum or
tape system, the readback will be a Gaus-

sifjnetics

sian shaped pulse with the peak of the pulse
corresponding to the actual recorded trans-
ition point. This readback signal is usually
500uV p-p to 3mV p-p for oxide coated disc
files and 1to 20mV p-p for nickel-cobalt disc
files. In order to accurately reproduce the
data stream originally written on the disc
memory, the time of peak point of the Gaus-
sian readback signal must be determined.

The classical approach to peak-time deter-
mination is to differentiate the input signal.
Differentiation results in a voltage propor-
tional to the slope of the input signal. The
zero-crossing point of the differentiator,
therefore, will occur when the input signal is
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BASIC GAIN CONFIGURATION

o_
Vi
Oo—

Vols) _ 1.4x 10
V1) Zis)+ 2re
_laxi0d

2(s) + 32

Figure 5-106

at a peak. Using a zero-crossing detector
and one-shot, therefore, results in pulses
occurring at the input peak points.

A circuit which provides the pre-
conditioning described above is shown in
Figure 5-108. Readback data is applied di-
rectly to the input of the first NE592. This
amplifier functions as a wideband ac cou-
pled amplifier with a gain of 100. The NE592
is excellent for this use because of its high
phase linearity, high gain and ability to

DIFFERENTIAL WITH HIGH
COMMON MODE NOISE REJECTION

For frequency F1 << 1/2 m(32)C
dvi
Vo=1.4 X 104C 24
0 daT
All resistor values are in ohms.

Figure 5-107

directly couple the unit with the readback
head. By direct coupling of readback head
to amplifier, no matched terminating resis-
tors are required and the excellentcommon
mode rejection ratio of the amplifier is pre-
served. DC components are also rejected
because the NE592 has no gain at dc due to
the capacitance across the gain select ter-
minals.

The output of the first stage amplifier is
routed to alinear phase shift low pass filter.
The filter is a single stage constant K filter,
with a characteristic impedance of 200().
Calculations for the filter are as follows:

L =2R/wc Where R = characteristic impedance
(ohms)

C = 1/wc wc = cutoff frequency (radians/sec)

The second NE592 is utilized as a low noise
differentiator/amplifier stage. The NE592 is
excellent in this application because it al-
lows differentiation with excellent common
mode noise rejection.

The output of the differentiator/amplifier is
connected to the 8T20 bi-directional mon-
ostable unit to provide the proper pulses at
the zero-crossing points of the differentia-
tor.

The circuit in Figure 5-108 was tested with
an input signal approximating that of aread-
back signal. The results are shown in Figure
5-110.

Automatic Gain Control

The NE592 can also be connected in con-
junction with a MC1496 balanced modula-
tor to form an excellent automatic gain
control system. With the circuit of Figure 5-

5MHz PHASE—ENCODED DATA
READ CIRCUITRY

o1

X100 AC
PRE-AMPLIFIER

All resistor values are in ohms

LINEAR PHASE
LOW PASS FILTER

4 mH
M OV
4 mH
-J: YL —O-5V
014F 01uF "[O.UF Ilm uF I-[ uF IlsuF
-_[ 1: 1: = = = 3
200 5.6 uH 0.1uF 0.1 4F L
+ a ﬁ— >
8720 DIGITAL
200 OUTPUTS
of——o0
CLR
READ
HEAD
82 pF I&Z pF 200

DIFFERENTIATOR

Figure 5-108

BIDIRECTIONAL
ONE-SHOT
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WIDE BAND AGC AMPLIFIER

1K Q+6V
—AWVVW—
2.7K
10 uF-
o—{l—o 4 6
I
+ o
%51 MC1496
. 9
—MWA———1 9
10 5 7
>
5.1K] 4.7K 56K
0.1
|| —o °
I = l -
‘ l+ =
5uF 1K =
1K
\ O-6V

All resistor values are in ohms.

Figure 5-109

84, the signal is fed to the signal input of the
MC1496 and RC coupled to the NE592.
Unbalancing the carrier input of the
MC1496 causes the signal to pass thru
unattenuated. Rectifying and filtering one
of the NE592 outputs produces a dc signal
which is proportional to the ac signal ampli-
tude. After filtering this control signal is
applied to the MC1496 causing its gain'to
change.

LINE DRIVERS AND RECEIVERS

Many types of line drivers and receivers are
available today. Each device has been de-
signed to meet specific criteria. For in-
stance, the device may be extremely wide
band or be intended for use in party line
systems. Some include built in hysteresis in
the receiver while others do not.

The EIA Standard

The Electronic Industries Association has
produced a set of specifications dealing
with the transmission of data between data
terminal and communications equipment.
This is EIA Standard RS-232-C and delin-
eates much information about signal levels
and hardware configurations in data sys-
tems.
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MC1488/1489

As line driver and receiver the MC1488 and
MC1489 meet or exceed the RS-232 specifi-
cation.

Standard RS-232 defines the voltage level
as being from 5 to 15 volts with positive
voltage representing a logic 0. The MC1488
meets these requirements when loaded with
resistors from 3k to 7k ohms.

Output slew rates are limited by RS-232 to
30 volts per microsecond. To accomplish
this specification the MC1488 is loaded at its
output’ by capacitance as shown by the
typical hookup diagram of Figure 5-111. A
graph of slew rate vs output capacitance is
given in Figure 5-112. For the standard
30V/us a capacitance of 300pF is selected.

The short circuit current charges the capac-

[itance with the relationship.

_ lIscAT
=TAav 5-17

C
The EIA standard also states that output
shorts to any other conductor of the cable
must not damage the driver. Thus the
MC1488 is designed such that the output
will withstand shorts to other conductors
indefinitely even if these conductors are at
worst case voltage levels. In addition to

Sinnotics

output protection the MC1488 includes a
300 ohm resistor to ensure that the output
impedance of the driver will be at least 300
ohms even if the power supply is turned off.
In cases where power supply malfunction
produces a low impedance to ground, the
300 ohm resistors are shorted to ground
also. Output shorts then can cause exces-
sive power dissipation. Preventing such a
case from happening, series diodes should
be included in both supply lines as pictured
in Figure 5-113.

The companion receiver MC1489 is also
designed to meet RS-232 specifications for
receivers. It must detect a voltage from 3 to
+25 volts as logic signals but cannot gener-
ate a differential voltage of greater than 2
volts should its inputs become open circuit-
ed. Noise and spurious signals are rejected
by incorporating positive feedback internal-
ly to produce hysteresis. Featured also in
the receiver is an external response node so
that the threshold may be externally varied
to fitthe application. Figure 5-114 shows the
shift in high and low trip points as a function
of the programming resistance.

PERIPHERAL DRIVERS

Peripheral drivers are general purpose-in-
terface devices which interface between
logic and devices requiring high current.
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Application Areas LEVEL SHIFTERS
® TTL-to-MOS
POWER SWITCHING . MOS-to-TTL

e Relay Drivers

e Electromechanical Controls
e SCR or TRIAC Gates SIGNAL COMPARISON

e In-Phase Logic Detector
LAMP DRIVERS

® Pilot Lamps SIGNAL GENERATION
¢ ‘Intensity Control e Square Wave Generator

TEST RESULTS OF DISC
FILE DECODER CIRCUIT (FIGURE 5-108)

/\ / PRE-AMPLIFIER OUTPUT
VV\ / VVX 100 mV/div
N\ AV
A A o
AV AL

TIME BASE 200 ns/div

/1 I PRE-AMP and DIFFERENTIATOR

[A
) U\ d V\ SUPER IMPOSED

Both 200 mV/div

TIME BASE 200 ns/div

n n DIFFERENTIATOR
I I 200 mV/div

8720 Q OUTPUT
2Vidiv

{

TIME BASE 200 ns/div

Figure 5-110
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TIMING
e Dual Channel One Shot
e Two Phase MOS Clock Driver

Basic Requirements for a
Peripheral Driver

® Input Logic Compatibility

e High Output Current/High Voltage Com-
pliance

e High Speed

e Application Versatility

Other Requirements include:

e Compatability with popular supply volt-
ages

e Medium to high power capability

e Economical packaging

e Good pin arrangement

A peripheral driver has two basic building
blocks:

(See Figure 5-115)

1. TTL gate
2. Discrete transistor with good output
drive capabilities

DARLINGTON TRANSISTOR
ARRAYS

Darlington Transistor Arrays are high volt-
age, high current arrays comprised of sev-
en silicon npn Darlington pairs on a com-
mon monolithic substrate.

ULN 2001 Series

The ULN 2001 Series features
e General purpose (DTL, TTL, PMOS,
CMOS)
e High current: 500mA continuous
e High voltage: VCE = 50V
e Output suppression diodes
e Fast switching: 1us typ.
5us max.
e Open collector outputs

NE 5501 Series

The NE 5501 Series features are the same as
the ULN 2001 Series but with higher break-
down voltages (VCE = 90V).
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TYPICAL LINE DRIVER-RECEIVER APPLICATION
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Figure 5-111

OUTPUT SLEW RATE vs. LOAD CAPACITANCE
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HYSTERESIS AS A FUNCTION OF
PROGRAMMING RESISTANCE
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Typical Applications (NE5500 series used for V+> 50V)

= C-MOS

P-MOS TO LOAD TTL TO LOAD BUFFER FOR HIGHER
ULN 2002 ULN 2003 CURRENT LOADS ULN2004
*Vss Do ﬁ
o 2 By
B =}-bo-
oot E}por2H
Lo —Dor o
i——-{Zr——bc
Jﬁ?gj'r 8 S [DF ':EE;’

OUTPUT OUTPUT
Figure 5-116 Figure 5-117 Figure 5-118
DEVICE FEATURES
754508 30 volt breakdown, 24-35ns
75451B switching, choise of logic
75452B function, 300mA output
DS3611 80 volt breakdown
DS3612 100-300ns switching
DS3613 speed, 300mA
DS3614 output
UDN5711 Same as DS3611 series with
UDNS5712 the addition of output
UDNS5713 suppression diodes
UDN5714
ULN2001 General purpose
ULN2002 Darlington NPN
ULN2003 Transistor arrays
ULN2004 50 volt breakdown
500mA output
OQutput suppression diodes
NE5501 Same as ULN 2001 series except
NES5502 for 90 volt breakdown.
NES5503
NE5504
NES590 ADDRESSABLE PERIPHERAL DRIVERS
NE591

TABLE 5-6 PERIPHERAL DRIVER PRODUCTS
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Timer

INTRODUCTION

In mid 1972, Signetics introduced the
555 timer, a unique functional building
block that has enjoyed unprecedented
popularity. The timer's success can be
attributed to several inherent character-
istics foremost of which are versatility,
stability and low cost. There can be no
doubt that the 555 timer has altered the
course of the electronics industry with
an impact not unlike that of the I.C.
operational amplifier.

The simplicity of the timer in conjunc-
tion with its ability to produce long time
delays in a variety of applications has
lured many designers from mechanical
timers, op amps, and various discrete
circuits into the ever increasing ranks
of timer users.

DESCRIPTION

The 555 timer consists of two voltage
comparators, a bistable flip-flop, a dis-
charge transistor, and a resistor divider
network. To understand the basic con-
cept of the timer let’s first examine the
timer in block form as in Figure 6-1.

changes state and sets the flip-flop driv-
ing the output to a high state. The
threshold pin normally monitors the
capacitor voltage of the RC timing net-
work When the capacitor voltage
exceeds 2/3 of the supply, the threshold
comparator resets the flip-flop which in
turn drives the output to a low state.
When the output is in a low state, the
discharge transistor is “on’’, hereby dis-
charging the external timing capacitor.
Once the capacitor is discharged, the
timer will await another trigger pulse,
the timing cycle having been completed.

The 555 and its complement, the 556
Dual Timer, exhibit a typical initial
timing accuracy of 1% with a 50ppm/°C
timing drift with temperature. To oper-
ate the timer as a one shot, only two
external components are necessary ; resis-
tance & capacitance. For an oscillator,
only one additional resistor is necessary.
By proper selection of external com-
ponents, oscillating frequencies from
one cycle per half hour to 500KH; can
be realized. Duty cycles can be adjusted
from less than one percent to 99 percent
over the frequency spectrum. Voltage

Vee

DISCHARGE O

VWA
o

CONTROL
VOLTAGE

o

CcompP

555/556 TIMER FUNCTIONAL BLOCK DIAGRAM

555 OR 1/2 556

THRESHOLD O—

FLIP
FLOP

OUTPUT

COmP
TRIGGER

Figure 6-1

RESET

The resistive divider network is used to
set the comparator levels. Since all three
resistors are of equal value, the threshola
comparator is referenced internally at
2/3 of supply voltage level and the trig-
ger comparator is referenced at 1/3 of
supply voltage. The outputs of the com-
parators are tied to the bistable flip-flop.
When the trigger voltage is moved below
1/3 of the supply, the comparator

control of timing and oscillation func-
tions is also available,

Timer Circuitry

The timer is comprised of five distinct
circuits; two voltage comparators, a
resistive voltage divider reference, a bi-
stable flip-flop, a discharge transistor,
and an output stage that is the “‘totem
pole” design for sink or source capability.

SilnntiEs

Q10 - Q13 comprise a Darlington dif-
ferential pair which serves as a trigger
comparator. Starting with a positive
voltage on the trigger; Qio and Qi1
turn on when the voltage at pin 2 is
moved below one third of the supply
voltage. The voltage level is derived
from a resistive divider chain consisting
of R7, Rs and Ro. All three resistors
are of equal value (5K ohms). At fif-
teen volts supply, the triggering level
would be five volts. When Q10 and Q11
turn on, they provide a base drive for
Qi1s, turning it on. Q16 and Q17 form
a bistable flip-flop. When Q15 is satu-
rated, Q16 is ‘off’ and Q17 is saturated.
Q16 and Q17 will remain in these states
even if the trigger is removed and Q15
is turned ‘off’. While Q17 is saturated,
Q20 and Q14 are turned off.

The output structure of the timer is a
totem pole’’design, with Q22 and Q24
being large geometry transistors capable
of providing 200mA with a fifteen volt
supply. While Q20 is ‘off’, base drive is
provided for Q22 by Q21, thus provid-
ing a high output.

For the duration that the output is in
a high state, the discharge transistor is
‘off’. Since the collector of Q14 is typ-
ically connected to the external timing
capacitor, C, while Q14 is off the timing
capacitor now can charge thru the tim-
ing resistor, RA.

The capacitor voltage is monitored by
the threshold comparator (Q1 - Qa)
which is a Darlington differential pair.
When the capacitor voltage reaches two
thirds of the supply voltage, the current
is directed from Q3 and Q4 thru Q1 and
Q2. Amplification of the current change
is provided by Qs and Q6. Qs - Qé and
Q7 - Q8 comprise a diode-biased ampli-
fier. The amplified current change from
Qs now provides a base drive for Q16
which is part of the bistable flip-flop to
change states. In doing so, the output is
driven “low’”, and Q14 the discharge
transistor is turned ‘“on’’ shorting the
timing capacitor to ground.

The discussion to this point has only
encompassed the most fundamental of
the timer’s operating modes ‘and cir-
cuitry. Several points of the circuit are
brought out to the real world which
allow the timer to function in a variety
of modes. It is important; more than
that, it is essential that one understands
all the variations possible in order to
utilize this device to its fullest extent.
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Reset Function

Regressing to the trigger mode, it should
be noted that once the device has trig-
gered and the bistable flip-flop set, con-
tinued triggering will not interfere with
the timing cycle. However, there may
come a time when it is necessary to in-
terrupt or halt a timing cycle. This is the
function  that the reset accomplishes.

In the normal operating mode the reset
transistor, Q25, is off with its base held
high. When the base of Q25 is grounded,
it turns on, providing base drive to Qi14,
turning .it on. This discharges the timing
capacitor, resets the flip-flop at Q17,
and drives the output low. The reset
overrides all other functions within the

. timer.

Trigger Requirements

Due to the nature of the trigger circuitry,
the timer will trigger on the negative
going edge of the input pulse. For the
device to time out properly, it is nec-
essary that the -trigger voltage level be
returned to some voltage greater than
one third of the supply before the time
out period. This can be achieved by
making either the trigger pulse suffi-
ciently short-or by AC coupling into
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the trigger. By AC coupling the trigger,
see Figure 3, a short negative going pulse
is achieved when the trigger signal goes
to ground. AC coupling is most fre-
quently used in conjunction with a
switch or a signal that goes to ground
which initiates the timing cycle. Should
the trigger be held low, without AC
coupling, for a longer duration than the
timing cycle the output will remain in a
high state for the duration of the low
trigger signal, without regard to the
threshold comparator state. This is due
to the predominance of Q15 on the base
of Qise, controlling the state of the bi-
stable flip-flop. When the trigger signal
then returns to a high level, the output
will fall immediately. Thus, the output
signal will follow the trigger signal in
this case.

Control Voltage

One additional point of significance, the
control voltage, is brought out on the
timer. As mentioned earlier, both the
trigger comparator, Q1o - Q13, and the
threshold comparator, Q1 - Q4, are ref-
erenced to an internal resistor divider
network, R7, Rs, Ro. This network es-
tablishes the nominal two thirds of
supply voltage (Vce) trip point for the
threshold comparator and one third of
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Vcc for the trigger comparator. The two
thirds point at the junction of R7, Rs
and the base of Q4 is brought out. By
imposing a voltage at this point, the
comparator reference levels may be
shifted either higher or lower than the
nominal levels of one third and two
thirds of the supply voltage. Varying the
voltage at this point will vary the timing.
This feature of the timer opens a mul-
titude of application possibilities such as
using the timer as a voltage controlled
oscillator, pulse width modulator, etc.
For applications where the control voltage
function is not used, it is strongly rec-
ommended that a bypass capacitor
(.01xF) be place across the control volt-
age pin and ground. This will increase
the noise immunity of the timer to high
frequency trash which may monitor the
threshold levels causing timing error.

Monostable Operation

The timer lends itself to three basic
operating modes:

1. Monostable (one shot)
2. Astable (oscillatory)
3. Time delay

By utilizing any one or combination of
basic operating modes and suitable var-
iations it is possible to utilize the timer
in a myriad of applications. The applica-
tions are limited only to the imagination
of the designer.

One of the simplest and most widely
used operating modes of the timer is the
monostable (one shot). This configura-
tion requires only two external compo-
nents for operation (See Figure 6-4). The
sequence of events starts when a voltage
below one third Vcc is sensed by the
trigger comparator. The trigger is nor-
mally applied in the form of a short
negative going pulse. On the negative
going edge of the pulse, the device trig-
gers, the output goes high and the dis-
charge transistor turns off. Note that
prior to the input pulse, the discharge
transistor is on, shorting the timing ca-
pacitor to ground. At this point the tim-
ing capacitor, C, starts charging thru the
timing resistor, R. The voltage on the
capacitor increases exponentially with a
time constant T = RC. Ignoring capacitor
leakage, the capacitor will reach the
two thirds Vcc level in 1.1 time con-
stants or

T=1.1RC 6-1
where T is in seconds; R is in ohms and;
C is in Farads. This voltage level trips
the threshold comparator, which in turn
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