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PREFACE The second volume of National's Linear
Applications handbook picks up where Volume | left off.
Data sheets, application briefs and pertinent articles
published in the 3 years since Volume | was printed are
included in this handbook. Volume |l retains the same
format as Volume I, to facilitate its use.

In this volume, as in Volume |, application schematics
call out the generic family, which, by coincidence, is the
military temperature range version of the device. Generally,
any device in the generic family will work in the circuit.
For example, an amplifier marked LM108 refers to the
generic 108 family, and does not imply that only
military-grade devices will work. Military (or industrial)
grade devices need only be considered when their tighter
electrical limits or wider temperature range warrant their
use. As a reminder to our users, our numbering system is:

Specified Temperature

Device No. Grade
Range
LM1XX  Military —B5°C < T <+125°C
LM2X X Industrial —25°C < Tp <+85°C
LM3XX Commercial 0°C < Ta <+70°C

Because commercial parts are less expensive than military
or industrial, these points should be kept in mind when
trying to determine the most cost-effective approach to
a given design.
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IC PREAMP CHALLENGES CHOPPERS ON DRIFT

Since the introduction of monolithic IC amplifiers
there has been a continual improvement in DC
accuracy. Bias currents have been decreased by
5 orders of magnitude over the past 5 years. Low
offset voltage drift is also necessary in a high
accuracy circuits. This is evidenced by the popu-
larity of low drift amplifier types as well as the
requests for selected low-drift op amps. However,
until now the chopper stabilized amplifier offered
the lowest drift. A new monolithic IC preamplifier
designed for use with general purpose op amps
improves DC accuracy to where the drift is lower
than many chopper stabilized amplifiers.

INTRODUCTION

Chopper amplifiers have long been known to offer
the lowest possible DC drift. They are not without
problems, however. Most chopper amps can be
used only as inverting amplifiers, limiting their
applications. Chopping can introduce noise and
spikes into the signal. Mechanical choppers need
replacement as well as being shock sensitive.
Further, chopper amplifiers are designed to operate
over a limited power supply, limited temperature
range.

Previous low-drift op amps do not provide opti-
mum performance either. Selected devices may
only meet their specified voltage drift under
restrictive conditions. For example, if a 741 device
is selected without offset nulling, the addition of
a offset null pot can drastically change the drift.
Low drift op amps designed for offset balancing
have another problem. The resistor network used
in the null circuit is designed to nult the drift
when the offset voltage is nulled. The mechanism
to achieve nulled drift depends on the difference
in temperature coefficient between the internal
resistors and the external null pot. Since the
internal resistors have a non-linear temperature
coefficient and may vary device to device as well
as between manufacturers, it can only approxi-
mately null offset drift. The problem gets worse
if the external null pot has a TC other than zero.

A new IC preamplifier is now available which can
give drifts as low as 0.2uV/°C. It is used with
conventional op amps and eliminates the problems
associated with older devices. As well as improving
the DC input characteristics of the op amp, loop-
gain is increased when an LM121 is used. This
further improves overall accuracy since DC gain
error is decreased.

The LM121 preamp is designed to give zero drift
when the offset voltage is nulled to zero. The
operating current of the LM121 is programmabie

by the value of the nuil network resistors. The
drift is independent of the value of the nulling
network so it can be used over a wide range of
operating currents while retaining low drift. The
operating current can be chosen to optimize bias
current, gain, speed, or noise white still retaining
the low drift. Further, since the drift is independent
of the match between external and internal resistors
when the offset is nulled, lower and more predict-
able drifts can be expected in actual use. The
input is fully differential, overcoming many of the
problems with single ended chopper-amps. The
device also has enough common mode rejection
ratio to allow the low drift to be fully utilized.

CIRCUIT DESCRIPTION

The LM121 is a well matched differential amplifier
utilizing super-gain transistors as the input devices.
A schematic is shown in Figure 1. The input
signal is applied to the bases of Q; and Q4
through protection resistors Ry and R,. Qg and
Q4 have two emitters to allow offset balancing
which will be explained later. The operating current
for the differential amplifier is supplied by current
sources Qg and Qq,. The operating current is
externally programmed by resistors connected
from the emitters of Q4q and Q44 to the negative
supply. Input transistors Q4 and Q4 are cascoded
by transistors Qg and Qg to keep the collector
base voltage on the input stage equal to zero. This
eliminates leakage at high operating temperatures
and keeps the common mode input voltage from
appearing across the low breakdown super-gain
input transistors. Additionally, the cascode im-
proves the common mode rejection of the differ-
ential amplifier. Q, and Q, protect the input
against large differential voltages.

The output signal is developed across resistive
loads Rz and R,4. The total collector current of
the input is then applied to the base of a fixed
gain PNP, Q,. The collector current of Q sets the
operating current of Qg, Qq5, and Q3. These
transistors are used to set the operating voltage
of the cascode, Qg and Qg. By operating the
cascode biasing transistors at the same operating
current as the input stage, it is possible to
keep collector base voltage at zero; and there-
fore, collector-base leakage remains low over
a wide current range. Further, this minimizes the
effects of Vgg variations and finite transistor
current gain. At high operating currents the collec-
tor base voltage of the input stage is increased by
about 100 mV due to the drop across Ryg and
R1g. This prevents the input transistors from satu-
rating under worst case conditions of high current
and high operating temperature.
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FIGURE 1. Schematic Diagram of the LM121

The rest of the devices comprise the turn-on and
regulator circuitry. Transistors Qq4, Qq5, and Q44
form a 1.2V regulator for the bases of the input
stage current source. By fixing the bases of the
current sources at 1.2V, their output current
changes proportional to absolute temperature. This
compensates for the temperature sensitivity of
the input stage transconductance. Temperature
compensating the transconductance makes the pre-
amp more useful in some applications such as an
instrumentation amplifier and minimizes band-
width variations with temperature. The regulator is
started by Qg and its operating current is supplied
by Q47 and Qg, Figure 2 shows the LM121 chip.

Offset Balancing

The LM121 was designed to operate with an offset
balancing network connected to the current source
transistors. The method of balancing the offset
also minimizes the drift of the preamp. Unlike
earlier devices such as the LM725, the LM121
depends only upon the highly predictable emitter
base voltages of transistors to achieve low drift.
Devices like the LM725 depend on the match
between internal resistor temperature coefficient
and the external null pot as well as the input stage
transistors characteristics for drift compensation.

The input stage of the LM121 is actually two
differential amplifiers connected in parallel, each
having a fixed offset. The offset is due to different

FIGURE 2. LM121 Chip
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areas for the transistor emitters. The offset for
each pair is given by:

kT A,
AVgg = — In —
q Az

where k is Boltzmann’s constant T is absolute
temperature, q is the charge on an electron, and
Aq and A, are emitter areas. Because of the offset,
each pair has a fixed drift. When the pairs are
connected in parallel, if they match, the offsets
and drift cancel. However, since matching is not
perfect, the emitters of the pairs are not connected
in parallel, but connected to independent current
sources to allow offset balancing. The offset and
drift effect of each pair is proportional to its
operating current, so varying the ratio of the
current from current sources will vary both the
offset and drift. When the offset is nulled to zero,
the drift is nulled to below 1uV/°C.

The offset balancing method used in the LM121
has several advantages over conventional balancing
schemes. Firstly, as mentioned earlier, it theoretic-
ally zeros the drift and offset simultaneously.
Secondly, since the maximum balancing range is
fixed by transistor areas, the effect of null network
variations on offset voltage is minimized. Resistor
shifts of one percent only cause a 30uV shift in
offset voltage on the LM121, while a one percent
shift in collector resistors on a standard diff amp
causes a 300uV offset change. Finally, it allows
the value of the null network to set the operating
current.

Achieving Low Drift

A very low drift amplifier poses some uncommon
application and testing problems. Many sources of
error can cause the apparent circuit drift to be
much higher than would be predicted. In many
cases, the low drift of the op amp is completely
swamped by external effects while the amplifier is
blamed for the high drift.

Thermocouple effects caused by temperature gra-
dient across dissimilar metals are perhaps the
worst offenders. Whenever dissimilar metals are
joined, a thermocouple results. The voltage gen-
erated by the thermocouple is proportional to the
temperature difference between the junction and
the measurement end of the meta!l. This voltage
can range between essentially zero and hundred of
microvolts per degree, depending on the metals
used. In any system using integrated circuits a
minimum of three metals are found: copper,
solder, and kovar {lead material of the I1C).

Nominally, most parts of a circuit are at the same
temperature. However, a small temperature gradient
can exist across even a few inches — and this is a
big problem with low level signals. Only a few
degrees gradient can cause hundreds of micro-
volts of error. The two places this shows up,

generally are the package-to printed circuit board
interface and temperature gradients across resistors.
Keeping package leads short and the two input
leads close together help greatly.

For example, a very low drift amplifier was con-
structed and the output monitored over a 1 minute
period. During the 1 minute it appeared to have
input referred offset variations of +5uV. Shielding
the circuit from air currents reduced this to
+0.5uV. The 10uV error was due to thermal
gradients across the circuit from air currents.

Resistor choice as well as physical placement is
important for minimizing thermocouple effects.
Carbon, oxide film and some metal film resistors
can cause large thermocouple errors. Wirewound
resistors of evenohm or managanin are best since
they only generate about 2uV/°C referenced to
copper. Of course, keeping the resistor ends at the
same temperature is important. Generally, shield-
ing a low drift stage electrically and thermally wil!
yield good results.

Resistors can cause other errors besides gradient
generated voltages. Hf the gain setting resistors do
not track with temperature a gain error will result.
For example a gain of 1000 amplifier with a con-
stant 10 mV input will have a 10V output. If the
resistors mistrack by 0.5% over the operating
temperature range, the error at the output is
50 mV. Referred to input, this is a 50uV error.
Most precision resistors use different material for
different ranges of resistor values. It is not unex-
pected that resistors differing by a factor of 1000,
do not track perfectly with temperature. For best
results insure that the gain fixing resistors are of
the same material or have tracking temperature
coefficients.

Testing low drift amplifiers is also difficuit.
Standard drift testing techniques such as heating
the device in an oven and having the leads available
through a connector, thermoprobe, or the solder-
ing iron method — do not work. Thermal gradients
cause much greater errors than the amplifier drift.
Coupling microvolt signals through connectors is
especially bad since the temperature difference
across the connector can be 50°C or more. The
device under test along with the gain setting
resistor should be isothermal. The circuit in Figure
3 will yield good results if well constructed.

CONNECTOR

>—

Vos X 1000

1

AMBIENT

OVEN

*OP AMP SHOWN IN FIGURE 9.

FIGURE 3. Drift Measurement Circuit
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Performance

It is somewhat difficult to specify the performance
of the LM121 since it is programmable over a wide
range of operating currents. Changing the operating
current varies gain, bias current, and offset current
~ three critical parameters in a high accuracy
system. However, offset voltage and drift are
virtually independent of the operating current.

Typical performance at an operating current of
20uA is shown in Table |. Figures 4 and 5 show
how the bias current, offset current, and gain
change as a function of programming current.
Drift is guaranteed at 1uV/°C independent of the
operating current.

TABLE |, Typical Performance at an Operating Current
of 10uA Per Side

Offset Voltage Nuiled
Bias Current 7nA
Offset Current 0.5 nA
Offset Voltage Drift 0.3uv/°C
Common Mode Rejection Ratio 125 dB
Supply Voltage Rejection Ratio 126dB
Common Mode Range 13V
Gain 20V/V
Supply Current 05 mA

100

=
i
|

INPUT CURRENT {nA}

L
305 W 30 50 100 2
SET CURRENT/SIDE (uA)

FIGURE 4. Bias and Offset Current vs Set Current
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FIGURE 5. Gain vs Set Current

Over a temperature range of —55°C to +126°C
the LM121 has less than 1uV/°C offset voltage
drift when nuiled. It is important that the offset
voltage is accurately nulled to achieve this low
drift. The drift is directly related to the offset

voltage with 3.8uV/°C drift resulting from every
mitlivolt of offset. For example, if the offset is
nulled to 100uV, about 0.4uV/°C will result — or
twice the typically expected drift. This drift is
quite predictable and could even be used to cancel
the drift elsewhere in a system. Figure 6 shows
drift as a function of offset voltage. For critical
applications selected devices can achieve 0.2uV/°C.

VOLTAGE DRIFT {uV/ C)

OFFSET VOLTAGE {mV}

FIGURE 6. Drift vs Offset Voltage

Figures 7 and 8 show the bias current, offset
current, and gain variation over a —55°C to +125°C
temperature range. These performance characteris-
tics do not tell the whole story. Since the LM121

100

Isey # 20:A/SIDE

I e OFFSET __|

INPUT CURRENT {nA)
|
T
Hi

NS iREaREE

~85 -35 —15 § 25 45 65 B5 105 125
TEMPERATURE ( C)

FIGURE 7. Bias and Offset Current vs Temperature

ta — -+
1] L» 1
13 o e ]_‘f
' P

1),&

Vs = 15V
=300 Hz

VOLTAGE GAIN {NDAMALIZED)

|

-§5 -35 -15 5 25 45 65 85 105 12§
TEMPERATURE {"C)

FIGURE 8. Gain vs Temperature for the LM121

is used with an operational amplifier, the op amp
characteristics must be considered for over-all
amplifier performance.
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FIGURE 9. General Purpose Amplifier Using the LM121

6 to pin 2 around the op amp acts as an integrating
capacitor to roll off the gain. Since the output of
the LM121 is differential, a second capacitor is
needed to roll off pin 3 of the op amp. These
capacitors are Ccq and Ce, in Figure 9,

With capacitors equal, the circuit retains good AC
power supply rejection. The approximate value of
the compensation capacitors is given by:

8

——— farads
10% Ac_ Rset

where Rget is the current set resistor from each
current source and where Ac is closed loop
gain. Table Il shows typical capacitor values.

An alternate compensation scheme was developed
for applications requiring more predictable and
smoother roll off. This is useful where the ampli-
fier's gain is changed over a wide range. In this
case Ccy is made large and connected to V*
rather than ground. The output of the LM121 is
rendered single ended by a 0.01uF bypass capacitor
to V*'. Overall frequency compensation then is
achieved by an integrating capacitor around the
op amp:

12
Bandwidth at unity gain = —————
27 Rget C
for 0.6 MHz bandwidth C = ————
108 Rsey

TABLE 1. Typical compensation capacitors for various operating currents and
closed loop gains. Values given apply to LM101A, LM108, and

LM741 type amplifiers.

CLOSED CURRENT SET RESISTOR

LOOP

GAIN 120 kS2 60K | 30k2 | 12kQ 6 k§
Ay =1 68pF | 130pF | 270pF | 680pF | 1300 oF
Ay =5 15 pF 27pF | s0pF | 130pF | 270pF
Ay =10 10 pF 15 pF 27 pF 68 pF 130 pF
Ay = 50 1pF 3pF EpF | 15pF 27 pF
Ay = 100 1 pF 3pF 5 pF 10 pF
Ay =500 1 pF 1 pF 3pF
Ay = 1000
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For use with higher frequency op amps such as the
LM118 the bandwidth may be increased to about
2 MHz. If closed loop gain is greater than unity
*“C'" may be decreased to:

4
108 Aci Rger

Applications

No attempt will be made to include precision op
amp applications as they are well covered in other
literature. The previous sections detail frequency
compensation and drift problems encountered in
using very low drift op amps. The circuit shown in
Figure 9 will yield good results in almost any
op amp application. However, it is important to
choose the operating current properly. From the
curves given it is relatively easy to see the effects
of current changes. High currents increase gain and
reduce op amp effects on drift. Bias and offset
current also increase at high current. When the
operating source resistance is relatively high, errors
due to high bias and offset current can swamp
offset voltage drift errors. Therefore, with high
source impedances it may be advantageous to
operate at lower currents.

Another important consideration is output common
mode voltage. This is the voltage between the out-
puts of the LM121 and the positive power supply.
Firstly, the output common mode voltage must be
within the operating common mode range of the
output op amp. At currents above 10uA there is
no problems with the LM108, LM101, and LM741
type devices. Higher currents are needed for
devices with more limited common mode range,
such as the LM118. As the operating current is
increased, the positive common mode limit for the
LM121 is decreased. This is because there is more
voltage drop across the internal 50k load resistors.
The output common mode voltage and positive
common mode limits are about equal and given by:

Output common mode voltage

0.65 X 50k2
positive common mode limit

~ viooev?t
RSET

If it is necessary to increase the common mode
output voltage (or limit), external resistors can
be connected in parallel with the internal 50k
resistors. This should only be done at high operat-
ing currents {BOuA) since it reduces gain and
diverts part of the input stage current from the
internal biasing circuitry. A reasonable value for
external resistors is 50k,

The external resistors should be of high quality and
low drift, such as wirewound resistors, since they
will affect drift if they do not track well with
temperature. A 20ppm/°C difference in external
resistor temperature coefficient will introduce an
additional 0.3uV/°C drift.

An unusually simple gain of 1000 instrumentation
amplifier can be made using the LM121. The
amplifier has a floating, full differential, high
impedance input. Linearity is better than 1%,
depending upon input signal level with maximum
error at maximum input. Gain stability, as shown
in Figure 10, is about 2% over a —55°C to +125°C
temperature range. Finally, the amplifier has very
low drift and high CMRR.
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FIGURE 10. Instrumentation Amplifier Gain vs

Temperature

Figure 11 shows a schematic of the instrumenta-
tion amplifier. The LM121 is used as the input
stage and operated open-foop. It converts an input
voltage to a differential output current at pins 1
and 8 to drive an op amp. The op amp acts as a
current to voltage converter and has a single-ended
output.

iNPUT [UIH]

p— 0UTPUT

(11173

0 pF

OFFSET ADJUST

TGAIN TRIM

tBETTER THAN 1% LINEARITY FOR INPUT
SIGNALS UP TD »10 mV GAIN STARILITY
TYPICAL +2% FROM -55 to 125°C CMRA
10de

/4
20k

FIGURE 11. Gain of 1000 Instrumentation Amplifier

Resistors R, and R, with null pot R3 set the
operating current of the LM121 and provide offset
adjustment. R, is a fine trim to set the gain at
1000. There is very little interaction between the
gain and null pots.

This instrumentation amplifier is limited to a
maximum input signal of *10 mV for good
linearity. At high signal levels the transfer charac-
teristic of the LM121 become rapidly non-linear,
as with any differential amplifier. Therefore, it is
most useful as a high gain amplifier.
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Since feedback is not applied around the LM121,
CMRR is not dependent on resistor matching. This
eliminates the need for precisely matched resistor
as with conventional instrumentation amplifiers.
Although the linearity and gain stability are not as
good as conventional schemes, this amplifier will
find wide application where low drift and high
CMRR are necessary.

A precision reference using a standard cell is
shown in Figure 12. The low drift and low input
current of the LM121A allow the reference
amplifier to buffer the standard cell with high
accuracy. Typical long term drift for the LM121
operating at constant temperature is less than
2uV per 1000 hours,

To minimize temperature gradient errors, this
circuit should be shielded from air currents. Good

single-point wiring should also be used. When
power is not applied, it is necessary to disconnect
the standard cell from the input of the LM121
ar it will discharge through the internal protection
diodes.

CONCLUSIONS

A new preamplifier for operational amplifiers has
been described. It can achieve voltage drifts as low
as many chopper amplifiers without the probiems
associated with chopping. Operating current is
programmable over a wide range so the input
characteristics can be optimized for the particular
application. Further, using a preamp and a con-
ventional op amp altows more flexibility than a
single low-drift op amp.

v

LMI2Y

7

OUTPUTS

FIGURE 12. 10V Reference
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LM1800 (LM1310, LM1310E*) PHASE LOCKED LOOP FM STEREO DEMODULATOR

INTRODUCTION

The LM1800 is a phase locked loop FM stereo
demodulator built on a single monolithic die. In
addition to separating ieft (L) and right {R)
signal information from the detected IF output,
the LM1800 features automatic stereo/monaural
switching, 45 dB power supply rejection, and a
100 mA stereo indicator lamp driver. Particularly
attractive is the low external part count and total
elimination of coils. A single inexpensive potentio-
meter performs all tuning. The resulting FM stereo
system delivers high fidelity sound while still
meeting the cost requirements of inexpensive
stereo receivers.

Figures 1 and 2 outline the role pléyed by the
LM1800 in the FM stereo receiver. The frequency
domain plot shows that the composite input
waveform contains L+R information in the audio
band and L-R information suppressed carrier
modulated on 38 kHz. A 19 kHz pilot tone,
locked to the 38 kHz subcarrier at the transmitter,
is also included. SCA information occupies a higher
band but is of no importance in the consumer FM
receiver,

The block diagram of the LM1800 shows the
composite input signal applied to the audio fre-
quency amplifier, which acts as a unity gain buffer
to the decoder section. A second amplified signal
is capacitively coupled to two phase detectors —
one in the phase locked loop and the other in the

4

stereo switching circuitry. In the phase locked
loop, the output of the 76 kHz voltage controlled
oscillator (VCO) is frequency divided twice (to
38 then 19 kHz), forming the other input to the
loop phase detector. The output of the loop phase
detector adjusts the VCO to precisely 76 kHz.
The 38 kHz output of the first frequency divider
becomes the regenerated subcarrier which demodu-
lates L-R information in the decoder section. The
amplified composite and an “‘in phase” 19 kHz
signal, generated in the phase locked loop, drive
the “in phase’ phase detector. When the loop is
locked, the DC output voltage of this phase
detector measures pilot amplitude. For pilot signals
sufficiently strong to enable good stereo reception
the trigger latches, applying regenerated subcarrier
to the decoder and powering the stereo indicator
lamp. Hysteresis, built into the trigger, protects
against erratic stereo/monaural switching and the
attendant lamp flicker.

In the monaural mode {electronic switch open) the
decoder outputs duplicate the composite input
signal except that the de-emphasis capacitors {from
pins 3 and 6 to ground) roll off with the load
resistors at 2 kHz. In the stereo mode (electronic
switch closed), the decoder demodulates the L-R
information, matrixes it with the L+R information,
then delivers buffered separated L and R signals
to output pins 4 and 5 respectively.

COMPOSITE ENPUT SIGNAL TO LM1800:
Ve ={L + R} + (L - R) COS w,t + kCOS copt

L+A
L-R L-R

| SCA a F ¥
5] 3 38 53 60 75 0 X1000Hz
19 kHz PILOT Ve

FM FM/IF Lm1800

FRONT AMPLIFIER STEREQ

END DETECTOR DEMODULATOR

POWER AMP & TONE CONTROL

RIGHT

JE[]%

FIGURE 1. FM R

Block Diag and Fr

Spectrum of LM1800 Input Signal

*The information contained in this application note also generaily applies to LM1310, LM1310€&,
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CIRCUIT DESCRIPTION

The complex circuit schematic of Figure 13 is
more easily understood by reducing it to four
subsections:

Regutlator and Audio Amplifier
Phase Locked Loop
Stereo/Monaural Switching Circuitry
Decoder and Output Section

Regulator and Audio Amplifier

Transmission of power supply ripple and noise has
plagued users of integrated FM stereo demodulators
in the past. The introduction of a voltage regutator
on the chip, along with improvements in the
decoder output circuitry, provides excellent supply
rejection, eliminating the need for costly supply
filtering. Figure 3 shows an equivalent schematic
of the 5.8V regulator. Z, holds the voltage across

4
3500

0.0220F

*
E J/ 0475F
0.033uF 33K & r—
l $ T
2K 390 pF] AN 025 19 kHz
N220 . MONITOR 0.33.F
v e
5K 3
16 15 14 13 12 11 10 9
 —
— [
- H:
VOLTAGE o LOOP PHASE 76 kHz e
REGULATOR DETECTOR veo ’ I
t QUAD 19 kHz [}
® T~ IN PHASE 19 khz H
0.00264F
! | y '“LSKQESE TRIGGER W/ f ELECTRONIC
= DETECTOR HYSTERESIS SWITCH
AUDIO x3 L L
AMP QUTPUT
DER STERED
X1 > | DECO |_ INDICATOR
QUTPUT LAMP
1 2 3 4 5 6
L+
20 ?

O
COMPOSITE LEFT

INPUT

0.022F } ? 900

FIGURE 2. LM1800

®

RIGHT

QuTPUTS

Block Diagram

O v
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>
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1 01
[ o
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n z VOLTAGE
b RZ
o) .
v OUTPU
O pinz
20v
02
. O GND

TO DECODER

FIGURE 3. Regulator and Audio Amplifier
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R, constant, thereby establishing a constant cur-
rent through D,, Q3 and Q4. The current through
Z, then depends on the voltage drop across Z, and
not on the supply line. Ry, Z4 and D, assure
startup after which the voltage across Dq drops
to zero, disconnecting R, from the remainder of
the regulator circuitry.

The audio amp is biased internally by 2.9V
through R3 to the base of Qg. Since the emitter
current of Qg is much less than that of Q; and the
base current of Qg is also negligible, current
through R4 approximately equals that through
Rg. The DC quiescent voltage at the output pin
becomes:

Vps = Ves+ {Ves - 0.7) R5/Rs = 5.4 volts
and gain to a dynamic input is:
Apin1-pin2 = 1+ Rg/Ry =3.0

A second signal path of unity gain exists through
Qg and Qg. The potential at Qg's emitter is also
approximately 2.9V, providing conveniently biased
drive to the decoder section. Ry sets the input
resistance at typically 45 k§2.

Phase Locked Loop

A phase locked loop is a feedback system com-
prised of a phase detector, a low pass filter, and
an error amplifier in the forward transmission
path while a voltage controlled oscillator provides
the feedback element. Figure 4 illustrates a simpli-
fied loop. Without an input signal the error voltage
drops to zero. The VCO then oscillates at some
free running frequency, fg. As an input signal is
introduced, the phase detector compares the phase
(and frequency, since frequency is the time deriva-
tive of phase) of the input signal with that of the
VCO, generating an error voltage related to the
frequency difference. The error signal is filtered

ERROA
SIGNAL

INPUT
SIGNAL

PHASE
DETECTOR

LOw pASS
FILTER

CONTROL
VOLTAGE

CONTROLLED
QSCILLATOR

s
g
S

FIGURE 4. Basic Phase Locked Loop Block Diagram

and amplified before it is applied to the control
input of the VCO. The control voltage forces the
VCO frequency to move in the direction that
reduces the frequency difference between the input
signal and fo. For free running frequencies suffi-
ciently close to the incoming signal, the nature of
loop feedback causes the VCO to synchronize to
exactly the incoming frequency. Some finite phase
difference exists between the two signals. This
phase difference is necessary to generate the cor-
rective error voltage for the VCO.

The LM1800 operates on precisely this principle
except that the VCO free runs at approximately
four times the frequency of the incoming pilot.
Two frequency dividers provide a signal at the
phase detector input sufficiently close in frequency
to the 19 kHz pilot tone to accomplish lock. The
foop provides sufficient gain to keep the phase
error small, and the frequency dividers generate
accurate 50% duty cycle waveforms, both necessary
requirements for good stereo demodulation.

vCO

Consider the voltage controlled oscillator scheme
outlined in Figure 5. At turn-on the non-inverting
input rises rapidly to 1.2V as set by the resistor
divider {Rq3/Rys), while the external capacitor
holds the inverting input low. The output quickly
rises to 5.8V and begins charging the capacitor
through Ry,. The output simultaneously lifts the
non-inverting input rapidiy to 4.7V. When the
voltage across the capacitor also reaches 4.7V, the
output drops low, reverse biasing the diodes while
the capacitor begins discharging through the po-
tentiometer. With the output low, the non-inverting
input is again resistively set at 1.2V until the
capacitor discharges and the cycle repeats. The
capacitor voltage decays about twenty times slower
than it charges, resulting in a repetition rate
dominated by the external RC time constant.

Vie
158V

L}

Ly

L}

CONTROL
CURRENT

POTENTIOWETER

FIGURE 5. Equivalent Circuit of VCO

When the VCO is in its high state, the output is
clamped at the regulated voltage. This causes the
temperature coefficient of the trip points to be
dependent on only the regulated voltage, resulting
in an oscillation frequency quite independent of
temperature.

Figure 6 details the frequency dividers used to
transform the short duty cycle 76 kHz waveform
into precisely 50% duty cycle 38 and 19 kHz
waveforms. To understand their operation, first
consider Q,,/Qp5 saturated while Qp3/Qpg are
in cutoff. As the trigger goes low the collector
voltage for Qu5/Qy collapses and conduction in
them ceases. Since Q,3/Q,, are bistable by them-
selves, Qp, remains saturated and Q,3 cutoff.
With the trigger in this low state, the base of Qa4
sits at one base-emitter voltage {0.7V) while the
base of Q,3 is at the saturation voltage of (og
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FIGURE 6. Frequency Dividers

(0.2V). On the rising edge of the trigger pulse,
Q,¢ conducts before Qyg because of the different
voltages on their emitters. Q,g saturates and
drives enough current through R,, to saturate
Qpg while Qy4 goes to cutoff. Thus Q,3/Q,4 change
state on every rising edge of a trigger pulse, dividing
the repetition rate of the trigger signal by two.
The other two frequency dividers function similarly
except that the third one is slaved in quadrature

T e

. _|__.|—_|—,—|__|—-
10
DECODER
Veaen J_L_,—l—l_l

VezsVaz
\—_I |_ 101008
PHASE
——l——-\—l— DETECTOR
Veao'Vas

DETECTOR

nior W

FIGURE 7. Frequency Divider Waveforms

with the second. Figure 7 shows the waveforms
throughout the divider string.

Loop Phase Detector

The loop phase detector is shown equivalently in
Figure 8. Consider the loop phase detector where
the toggle is driven in guadrature with the pilot.

19 kiiz DRIVE TO
INPHASE PHASE DETECTOR

The waveforms show that zero volts DC appears

across the capacitor.

Any deviation from this

quadrature relationship produces a voltage, which

T LODP PHASE DETECTOR

VOUTA
oiscoanein
£ FAOM

0TT0M

v
voLTaGE
CHARGING .
cran

Ereecnive

COARGIE ©

PiLoT

1N PHASE PHASE DETECTOR
voms
mscummns ( ) ™ N\
soviom
VDUTAGE

CHARGING
craow

eeregte
hanomG
CFROM 0P
Vavo :0 Vavo * 0637 Vauax

1T Rg/ag

COMPOSITE

INPUT W,
1" xm?r\/

DIVIDER

TOGGLE DRIVEN
BY 10 kHz FRON
Voo

R9/a8 R18/50
FIGURE 8. Phase Detector Performance

is a function of phase difference, across the
capacitor. A second condition results when the
toggle is driven in phase with the pilot. In this
case the DC voltage across the capacitor measures
pilot tone amplitude and is used to drive the
stereo-monaural switching circuitry.

The DC amplifier in the phase locked loop is
standard differential with push-pull output, main-
taining excellent temperature stability in the loop.

Stereo/Monaural Switching Circuitry

Composite inputs sufficiently large for good quality
stereo switch the LM1800 into the stereo mode
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via the circuitry of Figure 9. The differential pair
Q47/Qgqg is driven by the DC output of the “in
phase’” phase detector. When the phase locked
loop is locked, this differential input voltage to
Q47/Qqg is proportional to pilot amplitude (as
explained in previous section and Figure 8). The
emitter area of Q47 is five times larger than that
of Qug, building in 40 mV offset voltage. Until
the base of Qug is 40 mV higher than the base of
Qg4+, collector currentin Qa5 is larger than collector
current in Qug. Transistor design of Qg constrains
its beta to unity. So long as lc4y is larger than
lcag, Qa9 remains in saturation {holding Qgq in
cutoff). When the 40 mV offset voltage is over-
come in Qu7/Q4g, Qzg comes out of saturation
and Qgg enters conduction. Qgg, Qgq, Dg, and
Ry, form a positive feedback loop which regen-
erates when Qgq is aliowed to conduct. Rgq is
chosen to halt the regeneration process at lcg =
30uA. The latched loop current drives the lamp
driver Dariington (Qg,/Qgg) as well as Qg; (via
Qs, and Qgs). The signal to the decoder switches
from common to differential mode 38 kHz and
stereo demodulation begins. Should the input
composite waveform decrease by 6 dB, the dif-
ferential voltage back at Q47/Qug reduces to
20 mV. Under this condition the current flowing
from Qug into Qg; (as Qg9 returns toward
saturation) is sufficient to unlatch the loop, pro-
hibiting drive. to both Qg; and Qg4/Qgs. The
signal driving the decoder returns to common
mode 38 kHz and monaural reception resumes. Rgp
and Qgg limit cold lamp surge currents to about
250 mA,

Decoder and Output Section

The basic decoder section shown in Figure 10 has
been used previously in the LM1304, LM1305,
LM1307, LM1307E series, and is well described in
reference 2, In an effort to transform the rigor into
intuition, consider first Qa5, Qu4, and the emitter
matrix resistors (R4, Ras, Rag ). Under small signal
conditions the emitter of Q3 remains at a con-
stant voltage while the emitter of Q44 tracks the
composite input waveform applied to its base.
Analysis of the simplified circuit shown in Figure
11 produces the current waveforms through Ry,
and Rg45. These currents are not equal and opposite
as in a standard multiplier because Rgg in no way
approximates a current source. Rather, the cur-
rents through R44 and R4s can be shown to be
related by a constant:

K= lgras/Vras = Rae/(Ras + Rae)

For NPN transistors operating in their active
regions, collector current approximately equals
emitter current, then:

lcas = Klcaa

Since the upper quad transistors (Qgzg, Qag, Qa4,
Q4;) operate as antiphase switches, the base
current resuiting through Qg becomes the sum of
lcas gated by Qg and lg,z gated by Quq. These
upper quad transistors alternately pass or block the
currents flowing in Q43 and Qqq. This gating

{betal 1)

PIN1D

FROM
FIRST DIVIDER

i

T0 DECODER

LAMP DRIVER
O PINT

GND

FIGURE 9. Stereo/Monaural Switch
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{1590)
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430}

FIGURE 10. Decoder and Output Section

action is represented mathematically in Figure 12.
Applying the gating function to the currents in
Qa3 and Qugu:

lgag = V¢ [15 - % cos wst] -KV¢ [% + %cos wst]

where V. = composite input signal

and cw, = subcarrier (38 kHz}

Substituting the expression for V¢ (given in Figure
1), carrying out the algebra, and retaining only
the tow frequency terms gives:

K+1 K+1
+R|0.5-05K+
T s

Equating the coefficient of the left (L) term to
zero, yields a value for K of 0.22. Thus designing
the matrix resistors. Ryq, Ras, Rae 1o give this

lgzs = L |:0.5 - 05K~

EMITTER
OF 043

EMITTER
0F 044

R4S

Ve (COMPOSITE INPUT)

EQUIVALENT

De &1as T

FIGURE 11.

EQUIVALENT
DCBIAS

I

Equivalent Circuit for Decoder Matrix

value for K cancels all left information from the
Qgg current. The base current of Qgzg then is
proportional to the right (R} separated signal.

fleot)

wt

Fourier Analysis of Decoder Switching
Waveform

FIGURE 12

Similar analysis can be performed to show that the
base current of Qg contains only left (L) separated
signal. Amplification and level shifting of these base
currents occurs in fixed beta transistors Qz; and
Qag, and the resultant currents drive external
grounded loads at pins 3 and 6. Since the collector
currents of Qj, and Qg depend only on their
respective base currents, supply ripple and noise
are rejected from the output pins. Qg and Qgzg
serve as output buffers with Ryq and Ry, setting
the output resistance at typically 1300£2.
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FIGURE 13. LM1800 Equivalent Schematic

in the monaural mode the upper quad transistors
are driven by a common mode signal which causes
all four transistors to canduct equalty. This passes
the composite input directly to the outputs where
the de-emphasis capacitors serve to roll off the
higher frequency unwanted information. Further,
the LM1800 offers improved distortion over earlier
integrated demodulators. As the signal driving the
base of Qg4 increases in amplitude, the AC currents
through Q,3 and Qg4 become a significant per-
centage of the DC bias currents. In this manner
the transconductance of Q43 and Qa4 is modulated
by the incoming signal resulting in second har-
monic distortion. To reduce this effect, the base
bias potentials of Qa3 and Q44 and the matrix
resistor values have been raised above the levels
used in earlier demodulators. The loss in gain
that this implies is recovered in the PNP level
shifting transistors.

CIRCUIT PERFORMANCE

The circuit in Figure 14 illustrates the simplicity
of designing an FM stereo demodulation system
using the LM1800. R; and C3 establish an ade-
quate loop capture range and a low frequency
well damped natural loop resonance. Cg has the
effect of shunting phase jitter, a dominant cause
of high frequency channel separation problems.
Recall that the 38 kHz subcarrier regenerates by
phase locking the output of a 19 kHz divider to
the pilot tone. Time delays through the divider
result in the 38 kHz waveform leading the
transmitted subcarrier. Addition of capacitor Cgq
{0.0025uF) at pin 9 introduces a lag at the input
to the phase lock loop, compensating for these
frequency divider delays. The output resistance of
the audio amplifier is designed at 50082 to facili-
tate this connection.

Table | and Figures 15 through 27 detail typical
performance resulting from this basic hookup. The
excellent supply rejection characteristics shown,

coupled with the fact that supply current drain
is nearly independent of supply voltage, somewhat
simplifies receiver power supply requirements. The
low drain current, even for a 24V supply, results
in cooler circuit operation and increased reliability.
Figure 22 shows that increasing the size of input
coupling capacitor Cg improves low frequency
channel separation by reducing the phase shift of
the lower frequency components in the composite
waveform,

Figure 27 illustrates an interesting characteristic
of the LM1800: channel separation increases as
the VCO is detuned in either direction. The
separation peaks change in size for different
signal frequencies and change in position {% de-
tuning) for changing composite amplitudes. 1f the
VCQ free running frequency is set at precisely 19
kHz, separation remains constant over a wide range
of composite amplitude levels, signal frequencies,
temperature changes, and component drifts. The
19 kHz monitor available to the customer at pin 11
can be fed into a frequency counter for accurate
adjustment of the VCO free running frequency.
If a frequency counter is not available, the VCO
can be adjusted by utilizing the fact that capture
range is symmetrical about the incoming pilot:

(a)
(b)
(c}

rotate frequency adjust pot full CCW
insert weak composite input signal

rotate pot CW until stereo lamp comes
on, note position of pot {(R,)

remove composite and rotate pot full CW
reinsert weak composite input signal
rotate pot CCW until stereo lamp comes
on again, note position of pot (R}

set pot midway between R, and R,.

{d)
(e)
{f)

{a)

Figure 28 is included for the user who is willing
to sacrifice some performance, particularily channel
separation at high input levels and low frequencies
to eliminate two external capacitors and reduce
the electrolytic input coupling cap size.

On either circuit, some improvement in channel
separation can be attained by altering the VCO
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FIGURE 14. Typical Application Circuit
TABLE 1.

PARAMETERS CONDITIONS TYP UNITS
Supply Current Lamp "OFF* 21 mA
Lamp Driver Saturation Voltage 100 mA Lamp Current 1.3 \Y
lLamp Driver Leakage Current 1 nA
Pilot Level for Lamp “ON" Pin 11 Adjusted for 19 kHz £+10 Hz 16 mV
Pilot Level for Lamp “OFF" Pin 11 Adjusted for 19 kHz £10 Hz mV
Stereo Lamp Hysteresis 6 dB

100 Hz {Note 1) 40 d8
Stereo Channel Separation 1000 Hz {Note 1) 45 dB

10000 Hz (Note 1) 45 dB
Monaural Channel Unbalance 200 mVrms, 1000 Hz Input 0.3 dB
Recovered Audio 200 mVrms, 400 Hz input 190 mVrms
Total Harmonic Distortion 500 mVrms, 1000 Hz Monaural Input 05 %
Capture Range 25 mV of 19 kHz pilot +4 % of fg
Supply Ripple Rejection 600 mVrms, 200 Hz Ripple 45 dB
Dynamic Input Resistance 45 k&2
Dynamic Output Resistance 1300 Q
SCA Rejection 200 mVrms Composite at 67 kHz 50 dB
Ultrasonic Frequency Rejection Combined 19 and 38 kHz 33 dB

Note 1: The stereo input signal is made by summing 123 mVrms left or right modulated signal with 25 mVrms of 19 kHz pilot
tone, measuring all voltages with an average responding meter calibrated in rms, the resutting waveform is about 800 mVp-p.

VCO adjusted to 19kHz +10Hz.
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FIGURE 28. Minimum Parts Count Application Circuit

slightly. The loop gain can be shown to decrease
for a decrease in VCO resistance (R; + Rg in
Figure 14). Maintaining a constant RC product,
white increasing the capacity from 390 pF to
510 pF narrows the capture range by about 25%.
Although the resulting system has slightly im-
proved channel separation, it is more sensitive to
VCO tuning.

When the circuits so far described are connected
in an actual FM receiver, channel separation often
suffers due to imperfect frequency response of
the IF stage. The input lead network of Figure 29

C
0.0022

SuF
FROM IF
+
QUTPUT OF l—' TOPIN1
RECEIVER R OF LM1800

20K

FIGURE 29. Compensation for Receiver |F Rolloff

can be used to compensate for roll off in the IF
and will restore high quality stereo sound. Should
areceiver designer prefer a stereo/monaural switch-
ing point different than those programmed into
the LM1800 (piiot: 16 mVrms on, 8.0 mVrms
off typical), the circuit of Figure 30 provides the
desired flexibility.

The user who wants slightly increased voltage
gain through the demodulator can increase the
size of the load resistors (R, and R, of Figure 14
or 28}, being sure to correspondingly change the
de-emphasis capacitars (C; and C,}. Loads as
high as 5600§2 may be used (gain of 1.4). Per-
formance of the LM1800 is virtuaily independent
of the supply voltage used (from 10 to 24V) due
to the on chip regulator.

Although the circuit diagrams show a 100 mA
indicator lamp, the user may desire an LED. This
presents no problem for the LM1800 so long as a
resistor is connected in series to limit current to a
safe value for the LED. The lamp or LED can be
powered from any source {up to 24V), and need
not necessarily be driven from the same supply as
the LM1800.

A
g™ 7
E a—— d
E LAMP ON
g
S 20 -~
=4 LAMP OFF
s u
a
0 >
ccw CENTER cw
R1POT SETTING
100K
chw
LM1800

FIGURE 30. Stereo/Monaural Switch Point Adjustment

Utilization of the phase locked loop principle
enables the LM1800 to demodulate FM stereo
signals without the use of troublesome and expen-
sive coils. The numerous features available on the
demodulator make it extremely attractive in a
variety of home and automotive receivers. Indeed
the LM1800 represents a new generation in inte-
grated stereo FM demodulators.
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LM125/LM126/LM127 PRECISION
DUAL TRACKING REGULATORS

INTRODUCTION

The LM125, LM126, and LM127 family of devices
are precision, dual, tracking, monolithic voltage
regulators. Each provides separate positive and
negative regulated outputs, thus simplifying dual
power supply designs. Operation requires few or
no external components depending on the applica-
tion. Internal settings provide fixed output voltages:
the LM125 at 215V, the LM126 at £12V, and the
LM127 at +5.0V and —12V for use in MOS
applications.

Each regulator is protected from excessive internal
power dissipation by a thermal shutdown circuit
which turns off the regulator whenever the chip
reaches a preset maximum temperature. Other
features include both internal and external current
limit sensing for device protection while operating
with or without external current boost. For appli-
cations requiring more current than the internal
current limit will allow, boosted operation is
possible with the addition of a one NPN pass
transistor per regulator. External resistors sense
load current for controlling the limiting circuitry.
Internal frequency compensation is provided on
both positive and negative regulators. The internal
voltage reference pin is brought out to facilitate
noise filtering when desired.

CIRCUIT DESCRIPTION

Figure 1 shows a block diagram of the basic dual
tracking regulator. A voltage reference establishes
a fixed dc level, independent of supply or tempera-
ture variations, at the non-inverting input to the
negative regulator Error Amplifier, The Error
Amplifier drives the Qutput Control Circuit which
includes the high current output transistors, cur-
rent limiting, and thermal shutdown circuitry.

The negative reguiator output voltage is established
by comparing the Voitage Reference against a
fraction of the output as set by Ra and Rg.

Todd Smathers
Nello Sevastopoulos
MAY 1974

To achieve the desired tracking action of the
positive regulator, a voltage established between
the positive and negative regulator outputs by
resistors R¢ and Rp is compared to ground by
the positive regulator Error Amplifier, This insures

POSITIVE

UNREGULATED
INPUT
r——-—-——="=7=== |
| |
' i | e
| AMPLIFIER Fetied | TPUT
I ; |
| g |
| L |
l CURRENT I
LIMIT AND
| THERMAL _r’
.
| wam | L
|
| 3 |
I NEGATIVE ";5?:")4( l NEGATIVE
: o sanreaL ﬁssﬁmm
L e |
| v |
e — — e — ——d

o
NEGATIVE
UNREGULATED
INPUT
FIGURE 1. Block Diagram for the Basic Dual Tracking
Regulator

that the positive regulator output voltage will
always equal the negative regulator output voltage
multiplied by the ratio of R¢ to Rp. This ratio is
unity for the LM125 (Vg5 = #15V), and LM126
(Vo = %12V}, and equals 5/12 for the LM127.
The positive regulator Qutput Control Circuit
is essentially the same as that in the negative
regulator,

The current limit and thermal shutdown circuitry
sense the output load current and die temperature

AN82-1

¢8-NV

SHOLVIND3IH DNNMIOVHL 1vNnad NOISIOIHd LZLNT/9ZLINT/SZLINN



respectively and switch off all output drive
capability upon reaching their predetermined limits.

Figure 2 gives a more detailed picture of the
negative regulator circuitry. The temperature
compensated reference voltage appears at the
non-inverting input of the differential amplifier,
Q19 and Q20, while an error signal proportional

1

VOLTAGE
REFERENCE

l" 2z

Bl AAA
Pr+— W\
. d Ay R17
J s a2 M -0 -Vour
30pF _ =
s an
a2
a3
an [i7-3

§

—Vin
FIGURE 2. Simplified Negative Regulator

to any change in output voltage is applied to the
other input. This error signal is amplified by the
differential amplifier, Q19 and Q20, and by the
triple Darlington Q21, Q22, Q23 to produce a
current change through R13 and R17 which
brings the output voltage back to its original
value. Loop gain is high, typically 88 dB at low
output currents, so a 30 pF compensating capacitor
is used to guarantee stability. Since —~Voyt is the
output of a high gain feedback amplifier, high
supply rejection is ensured.

Figure 3 shows the basic positive regulator. This
is actually an inverting operational amplifier.

+Viv O

O +Vaur

—Vour

FIGURE 3. Simplified Positive Regulator

The negative regulated voltage (—Vg ) is applied
to the current summing input through R14 white
the output (+Vgyy) is fed-back via R9. Then

+Vout is simply — (R9/R14) (-Vgut). Any
change in the positive regulator output will create
an error signal at the base of Q10 which will be
amplified and sent to the voltage follower, Q4
and Q5, forcing the output voltage to track the
input voltage. Here the loop gain is on the order
of 66 dB so a compensating capacitor of approxi-
mately 20 pF is used to ensure amplifier stability.

The circuitry used for regulator start up, biasing,
temperature sensing, and thermal shutdown is
shown in Figure 4. The field effect transistor Q28,
is initially ON allowing the negative input voltage
to force current through zener diode Q34. When
enough current flows to fully establish the zener
voltage, transistor Q29, Q30 and Q31 turn on
and bias up all current sources. The zener voltage
also decreases the gate to source voltage of the
FET, pinching it off to a lower current value to
reduce quiescent power dissipation.

The thermal sensing and shutdown circuitry is
comprised of Q34, Q29, Q35, Q32, Q37, Q38,
R27, R29, R30, R31, and R33. The voltage divider
made up of R29 and R30 provides a relatively
fixed bias voltage V, at the bases of Q35 and
Q36, holding them in the OFF state. When the
chip temperature increases to a maximum per-
missible level, the base to emitter voitage of Q35
and/or Q36 will have decreased sufficiently so
that V4, is now high enough to turn them ON.
This causes a voltage drop across R27 sufficient
to turn on Q32 which switches Q37 and Q38to a
conducting state shunting all output drive current
to —V,n. The regulator output voltages are then
clamped to zero. Transistors Q35 and Q36 are
located on the chip near the regulator output
devices so they will see the maximum temperatures
reached on the chip, ensuring that neither regulator
will ever see more than this preset maximum
temperature. The collectors of Q35 and Q36 are
tied together so that if either regulator reaches
the thermal shutdown temperature, both regulators
will shutdown. This ensures that the device can
never be destroyed because of excessive internal
power dissipation in either regulator.

Figure 5 shows the current limiting circuitry used
in the positive regulator; the negative regulator
current limiter is identical. The internal current
limiter is comprised of Q8 and R5; the external
current limiter is comprised of Q11 and an external
resistor Rc . Both operate in a similar manner.
As the output current through Q5 increases, the
voltage drop across resistor R5 eventually turns
ON Q8 and shunts all base drive away from the
output devices, Q4 and Q5. The maximum load
current available with this circuit is approximately
250 mA at T; = 26°C {see Figure 9}.

The external current limiting circuit works in a
similar manner. Here the output current is sensed
across the external resistor Rg) . When the voltage
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FIGURE 4, Start-up, Biasing and Thermal Shutdown Circuitry

drop across Rg is sufficient to turn ON transistor
Q11, the output drive current is switched away
from the output devices Q4 and Q5. This externally
set current limit is particularly valuable when
used with an external current boosting pass transis-
tor where the current limit could be set to protect
that transistor from excessive power dissipation.

EXTERNAL PASS
TRANSISTGR FOR
BOOSTED OPERATION

Rey
EXTERNAL

SENSE

FIGURE &, Positive Regulator Current Limiting
Circuitry

The constant voltage reference circuit is shown in
Figure 6. Zener diode Z; has a positive temperature
coefficient of known value. Vgg of Q18 (negative
temperature coefficient) is multiplied by the ratio

of R18 and R19 and added to the positive TC
of Z; to produce a near zero TC voltage reference.
Current source |1, is used only during start-up.

Iz
FOR
START-UP

l

“Vin
FIGURE 6. Voltage Reference Circuitry

Figure 7 shows the complete schematic of the
LM125, LM126, LM127 family of dual regulators.
Diodes Q12 and Q17 protect the output transistors,
plus any external pass devices used, from break-
down in the event the positive and negative
regulated outputs become shorted. Transistors Q6
and Q7 offer full differential voltage gain with the
convenience of single ended output. Transistors
Q13 and Q33 insure that operation with +30V
input is possible. Q24 and Q26 in the negative
regulator amplifier provide single ended output
from a differential input with no loss in gain.
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APPLICATIONS

Vi

FIGURE 7. LM125/LM126/LM127

The basic dual regulator is shown connected in
Figure 8. The only connections required other
than plus and minus inputs, outputs, and ground

s Vin
o
i [o oot

+Rel

VWA

1
1|

2 *SENSE

Wour

10 G
SREF=
0
7 Vour
—o

LM125/LM126/LM127
NOTE: PIN NUMBERS FOR METAL CAN PACKAGE ONLY.

FIGURE 8, Basic Dual Regulator

are to complete the output current paths from
+ReL to +Vgoyut and from —Rg to —V . These
may be a direct shorts if the internal preset current

limit is desired, or resistors may be used to set
the maximum current at some level less than the
internal current limit. The internal 30082 resistors
from pins 3 to 1 and pins 8 to 6 should be shorted
as shown when no external pass transistors are
used. To improve line ripple rejection and transient
response, filter capacitors may be added to the
inputs, outputs, or both, depending on the unreg-
ulated input available. If a very low noise output
voltage is desired, a capacitor may be connected
from the reference voltage pin to ground. Thus
shunting noise generated by the reference zener.
Figure 9 shows the internal current limiting
characteristics for the basic regulator circuit of
Figure 8.

HIGH CURRENT REGULATOR

For applications requiring more supply current
than can be delivered by the basic regulator, an
external NPN pass transistor may be added to
each regulator. This will increase the maximum
output current by a factor of the external transis-
tor beta. The circuit for current boosted operation
is shown in Figure 10.
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FIGURE 9. Internal Current Limiting Characteristics
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FIGURE 10. Boosted High Current Regulator

In the boosted mode, current limiting is often a
necessary requirement to insure that the external
pass device is not overheated or destroyed. Experi-
ence shows this to be the usual cause of IC
regulator failure. If the regulator output is grounded
the pass device may fail and short, destroying the
regulator. To limit the maximum output current,
a series resistor (R in Figure 10) is used to
sense load current. The regulator will current
limit when the voltage drop across Rg_ equals
the current limit sense voltage found in Figure 11.
Figure 12 shows the external current limiting
characteristics unboosted and Figure 13 shows
the external current limiting characteristics in the
boosted mode.

To ensure circuit stability at high currents in this
configuration, it may be necessary to bypass each
input with low inductance, tantalum capacitors
to prevent forming resonant circuits with long
input leads. A C > 1uF is recommended. The
same problem can also occur at the regulator

output where a C > 10uF tantalum will ensure
stability and increase ripple rejection,

| [ 1]

& oo

2 \\ _POS(TIVE REGULATOR

s AGE |

2 ame AN

£ 0600 N

< nso AN

H \\ N

énmn [ -

£ 130D |~ NEGATIVE REGULATOR —

3 | sense voutace” | N
0.200

~§0 26 0 26 50 75 100 125 150 175
JUNCTION TEMPERATURE ( C)

FIGURE 11. Current Limit Sense Voltage for a 0.1%
Change in Regulated Output Voltage

The 2N3055 pass device is low in cost and
maintains a reasonably high beta at collector
currents up to several amps. The devices 2N3055
may be of either planar or alloy junction construc-
tion. The planar devices, have a high fr providing
more stable operation due to low phase shift. The
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alloy devices, with fy typically less than 1.0
MHz, may require additional compensation to
guarantee stability. The simplest of compensation
for the slower devices is to use output filter
capacitor values greater than 50uF (tantalum).
An alernative is to use an RC filter to create a
leading phase response to cancel some of the
phase lag of the devices. The stability problem
with slower pass transistors, if it occurs at all, is
usually seen only on the negative regulator. This
is because the positive regulator output stage is a
conventional Darlington while the negative output
stage contains three devices in a modified triple

POSITIVE REGULATOR
RELATIVE QUTPUT VDLTAGE (V)

oo ImAl

(A}

Darlington connection giving slightly more internal
phase shift. Additional compensation may be added
to the negative regulator by connecting a small
capacitor in the 100 pF range from the negative
boost terminal to the internal reference. Since the
positive regulator uses the negative regulator output
for a reference, this also offers some additional
indirect compensation to the positive regulator.

7 AMP REGULATOR

In Figure 14 the single external pass transistor
has been replaced by a conventional Darlington

NEGATIVE REGULATOR
RELATIVE OUTPUT VOLTAGE (v}

hoan (mA)

(B}

FIGURE 12. External Current Limiting Characteristics- Unboosted
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FIGURE 13. External Current Limiting Characteristics- Boosted
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FIGURE 14. High Current Regulator Using a Darlington Pair for Pass Elements
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using a 2N37156 and a 2N3772. With this con-
figuration the output current can reach values to
10A with very good stability. The external Darling-
ton stage increases the minimum input-output
voltage differential to 4.5V. When current limit
protection resistor is used, as in Figure 14, the
maximum output current is limited by power
dissipation of the 2N3772 (150W at 25°C). During
normal operation this is {V\n—VouT) lout (W),
but it increases to V |y lgc (W) under short circuit
conditions. The short circuit output current is
then:

Pmax (Te =25°C)
V)N

Isc

_ 150w
20V {min)

I could be increased to 10A or more only if
Isc < I_. A foldback current limit circuit will
accomplish this. The typical load regulation is
40 mV from no load to a full load. (T; = 25°C,
pulsed load with 20 ms toy and 250 ms torg.)

= 7.5A max.

FOLDBACK CURRENT LIMITING

In many regulator applications, the normal
operation power dissipation in the pass device
can easily be multiplied by a factor of ten or
more when the output is shorted. This may
destroy the pass device, and possibly the regulator,
unless the heat sink is oversized to handle this
fault condition. A foldback current limiting circuit
reduces short circuit output current to a fraction
of the full load output current thus avoiding the

need for larger heat sink. Figure 15 shows a
foldback current limiting circuit on both positive
and negative regulators.

The foldback current limiting, a fraction of the
output voltage must be used to oppose the voltage
across the current limit sense resistor. Current
limiting does not occur until the voltage across
the sense resistor is higher than this opposing
voltage by the amount shown in Figure 11. When
the output is grounded, the opposing voltage is no
longer present so current limiting occurs at a
lower level, This is accomplished in Figure 15 by
using a programmable current source to give a
constant voltage drop across R5 for the negative
regulator, and by a simple resistor divider for the
positive regulator. The reason for the difference
between the two is that the negative regulator
current limiting circuit is located between the
output pass transistor and the unregulated input
while the positive regulator current limiter is
between the output pass transistor and the
regulated output.

The operation of the positive foldback circuit is
similar to that described in NSC application note
AN-23. A voltage divider R1 and R2 from V¢ to
ground creates a fixed voltage drop across R1
opposite in polarity to the drop across Rg, *.
When the load current increases to the point
where the drop across Re* is equal to the drop
across R1 plus the current limit sense voltage
given in Figure 11, the positive regulator will
begin to current limit. As the positive output
begins to drop, the voltage across R1 will also
decrease so that it now requires less load current
to produce the current limit sense voltage. With

300
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FIGURE 15. Foldback Current Limiting Circuit
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the regulator output fully shorted to ground
(+Vout = 0) the current limit will be set by the
value of +R¢_ alone.

I
I == <5
Isc

then the folilowing equations can be used for
calculating the positive regulator foldback current
limiting resistors.

Vsense
Relf= —= (1)
Isc

where Vgenge is from Figure 11,

At the maximum load current foldback point:

Ve = les Rel” (2}
_ ¥
Vgre = VoL ~ Vsense (3)
_ +
VRt = lgg Rer’ — Vsense 4)
Then
\
Rt = —1 {5)
Iy
and
R2 = tVour *+ Vsense -

Iy

The only point of caution is to ensure that the
total current (l4) through R2 is much greater than
the current contribution from the internal 30002
resistor. This can be checked by:

"
leg Rel

<< | (7)
300 !

Note: The current from the internal 300%2 resistor

is V3.,/30082, but V5.1 =Vge + VacL — Vsense

assuming Vgg =~ VSENSE+ at the foldback point,
~ +_

V3.9 = Vgel” = lrs Re -

Design example: 2 amp regulator LM 125 positive
foldback current limiting (see Figure 15).
Given:

lroLbBACk = 2.0A

IsorT-crrcurT = 500 mA

Vgense (See Figure 11)
+V iy = 25V

+Vgur = 15V

Beass pevice =70

6,4 = 150°C/W

Ta =50°C

With a beta of 70 in the pass device and a maximum
output current of 2.0A the regulator must deliver:

24 2
S - 29mA
g 70

The LM125 power dissipation will be calculated
ignoring any negative output current for this
example.

PLmizs = (Vin = Vour) louT
(26— 15) 29 mA
290 mW

It

Trise @ 0,4 = 150°C/W = 150°C x 0.29 = 44°C
Ty=Ta + Trise = 50°C + 44°C = 94°C

From Figure 11:

Vsense @ (T, = 94°C) = 520 mW

From equation (1}

+_ Vsense  520mvV.

R
ot lsc 500 mA

From equation (2)

Vacl = leg Rt =24+ 10 =2v

From equation (3}

_ +_
Vg1 =VreL ~ Vsense

Vg =2V — 520 mV = 1.480V

A value for I, can now be found from equation
(7)

.

i R 2A - 182

TeeRel _2A102 oA
300 30082

So set I3 = 10 x 6.6 mA = 66 mA
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From equations (5) and (6)

Vi1 1.480V
R1= — = =220
[ 66 mA
R2 +VouTt + VseEnsE _ 15 +0.520
I 66 mA
= 240Q2

The foldback limiting characteristics are shown in
Figure 16 for the values calculated above at various
operating temperatures.

16

Ne— 774
El  S—
z 12 yi
g2 w— * I{I
5 T
T
ATy 5 4 4
2 50
£
H
S 40 —

20 L— .

25— Vsupeuy = 2307 |

] 05 10 15 20 2§
Tour (AMPS)

FIGURE 16. Positive Regulator Foldback Current
Limiting Characteristics

The negative regulator foldback current limiting
works essentially the same way as the positive
side. Q1 forces a constant current, |, determined
by —Vout and R3, through Q2. Transistors Q2
and Q3 are matched so a current identical to I3
will flow through Q3. With the output short-
circuited (—Vgyr = 0), Q1 will be OFF, setting
I, = 0. The load current will be limited when V,
increases sufficiently due to load current to make
V5 higher than —V,y by the current limit sense
voltage.

The short circuit current is:

| _ Vsense @)
se ™ ———

cL

For calculating the maximum full load current
with the output still in regulation, current I,

Vour ~ Vaeal
2= T r3 9)

At the point of maximum load current, [gg, where
the regulator should start folding back:

Vi ==V +leg ReL” (10)
and
Vz="Vin *+ Vsense (1)

The current through Q2 {and Q3) will have
increased from I, by the amount of |, due

to the voltage V, increasing above its no-load
quiescent value. Since the voltage across Q2 is
simply the diode drop of a base-emitter junction:

Vi = (=Vin)] “Vge
R4

lg =

Substituting in equation (10) gives:

_tee Rel ~Vee

R4
- (12)
les Rer” ~ Vee

3000

The current through Q2 is now

I3 = Iy + I4 (13)
and the current through Q3 is:

I3 =15 +1g — Iy (14)
The drop accross R5 is found from:

V;—Vy=(-Vn+lpg Rel) — [Vsense
+ (_VIN)];

simplifying,
Vi~V =lgg Rel ~ Vsense (15)

Since Vgpnse is the base to emitter voltage drop
of the internal limiter transistor, the Vggnse in
equation (15) very nearly equals the Vgg in
equation {12). Therefore the drop across R5
approximately equals the drop across R4. The
current through R5, lg, can now be determined
as:

leg Rl — V.
Is = FB C;5 SENSE (16)

Summing the currents through Q3 is now possible
assuming the base-emitter drop of the 2N3055
pass device can be given by Vgg &~ Vgegnse:

V-V
lg = —2 an
300

where V3 =V, + Vgeg & V1 + Vgense

_ Vit Vsense V2

|
s 300

Substituting in equation {15)

lee Rel”
lg = ——Ct
300
(18)
Va2~ (-Vin) _ Vsense

R6 R6




Equating equation (13) with equation (14) and
inserting resistor values shown in Figure 15,

latla=lg+lg—1ly

les Rel” ~ Vsense -
g o b TSENSE .

300
(19)
lrs R’ Vsense
>’ 300 300
Canceling, we find:
=1 20)

This is the key to the negative foldback circuit.
Current source Q1 forces current |, to flow
through resistor R5. The voltage drop across R5
opposes the normal current limit sense voltage so
that the regulator will not current limit until the
drop across R~ due to load current, equals the
controlled drop across RS plus Vgenge (given in
Figure 11). This can be written as:

- Vsense + 12 RS
e —
Reu”

Vsense +200 1,

lpg= —————— %

(21)
Rel”

A design example is now offered:
Given:

lroLbBack = 2.5A
IsHoRrT-circuiT = 750 mA
Vgense (See Figure 11)
~Vin =25V

~Vout =15V

Brass pevice = 90

6,a = 150°C/W

Ta =25°C

The same calculations are used here to figure
Vgense as with the positive regulator foldback
example maximum regulator output current is
calculated from:

1 25 A 28 mA
=227 _o8m
ouT 90

Pimizs = (Vin ~ Vo) lour
10V x 28 mA
280 mW

1]

Trise = 160°C/W x 0.28W = 42°C
Ty=Ta + Trige = 25°C + 42°C =67°C

From Figure 11:

Vgense = 500 mV

From equation (8):

500 mV
750 mA

Rel™ =

0.6802

From equation {21):

I = les Rel — Vsense = 6.0mA
2 2009 '

From equation {9):

Vout ~ Veeas

R3 =
I2
14.3
= = 2.4k
6.0 mA
16 T
1 ! ')
_ -—<T‘='|15°E =

FIGURE 17. Negative Regulator Foldback Current
Limiting Characteristics

Figure 16 and 17 show the measured foldback
characteristics for the values derived in the design
examples. The value of Rb is set fow so that the
magnitude of 1g for foldback is greater than I,
through Ig. This reduces the foldback point
sensitivity to the TC of the internal 30082 resistor
and any mismatch in the TC of Q2, Q3 or the
pass device.

R6 can be computed from equation {18):

RE = Vsense - Vsense

17 Is+ g~ 13

combining (13) and (20).
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Vsense

RE = ——
6 la vV -
_ SENSE y (22)
1 1 ot
leg Roy [— - —|+ ==
Fe mev (300 R4) R4

Setting Vgg =~ Vgegnse and R4 = 300 to match
the internal 3002 (22) becomes:

R6 = R4

I, 2
Also setting I_ = -:-3- -+ R5 =200

5

A 10 AMP REGULATOR

Figure 18 illustrates the complete schematic of a
10A regulator with foldback current limiting.
The design approach is similar to that of the 2A
regulator. However, in this design, the current
contribution from the internal 30082 resistor is
greater due to the 2 Vg drop across the Darlington
pair. Expression (7) becomes:

.
leg ReL” * Vee

<<y {23}
300
and, for the negative regulator, expression (22}
becomes:
A
R6 = SENSE

1 1

l v 1 1 (24)
NN J.. 2
300 R4l °F[300 R4

teg Rel” [

The disagreement between the theoretical and
experimental values for the negative regulator is not
alarming. In fact Rg was based on equation (8),
which is correct if for zero Voyt, |5 is zero as
well. This implies:

Vgeaa t Vgeas

Vsense (at SC) = {at SC)

which is a first order approximation.

Figure 19 illustrates the power dissipation in the
external power transistor for both sides. Maximum
power dissipation occurs between full load and
short circuit so the heat sink for the 2N3772
must be designed accordingly, remembering that

150

TT T T T ra-2s¢c
S VYY)
1m0 T v v
leg = 108
~ [ posiTive sipe 1 "
2o ! [t =292
2 A7 | Isc+ = 29A
3 AR
Z w0 NEGATIVE SIDE N
I N
30 11~ -
1
L] L
0 50 10 15

Vour
FIGURE 19. Power Dissipation in the External Pass
Transistor (Q5, Q7)

the 2N 3772 must be derated according to 0.86W/°C
above 25°C. This corresponds to a thermal resist-
ance junction to case of 1.17°C/W.

Wi

y
+
L,
r TYANTALuM
w =

W2

|

- 250, F

ELECTR. £

e

LM125

~Vour

0uF
ANTALUM

@
2N3568

.,l |

FIGURE 18. 10A Regulator with Foldback Current Limiting
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Example

Positive Side Theoretical Value
lgg = 10 A li25 = 13 mA
lsc =25A PLwmizs = 150 mW
Vin = 22V Rel T =0.2642
VouT = 15V R1 =210
B=01p2=18% X 50 =750 min R2 = 13052
T =25°C Vgense T = 650 mv

Negative Side

Theoretical Value

Experimental Results

lrg =9.8A
lsc =29 A
Rel T =0.2692

R1: adjusted to 202
R2: adjusted to 12002

Experimental Results

lgg =10 A
lsc =29A
Rey t adjusted to 0.3€2
R6: adjusted to 13082
R3: adjusted to 90082

Irg = 10 A ReL™ = 0.229

lsc =25A R4 = 30082

Vin = 22V R5 = 200Q

Vour = 15V R6 = 15082

B =800 R3=1.6 k2

Ta =25° Vgense™ = 550 mV
s 2

(Y

Note: For this example, in designing each side, the power dissipation of the opposite side has not been taken into the account.

POSITIVE CURRENT DEPENDENT
SIMULTANEOUS CURRENT LIMITING

The LM125/LM126/LM126 uses the negative out-
put as a reference for the positive regulator. As a
consequence, whenever the negative output current
limits, the positive output follows tracks to within
200 — 800 mV of ground. If, however, the positive
regulator should current limit the negative output
will remain in full regulation. This imbalance in
output voltages could be a problem in some
supply applications.

As a solution to this problem, a simultaneous
limiting scheme, dependent on the positive regu-
lator output current, is presented in Figure 20.
The output current causes an 1-R drop across R1
which brings transistor Q1 into conduction. As the
positive load current increases |, increases until the
voltage drop across R2 equals the negative current
limit sense voltage. The negative regulator will
then current timit, and positive side will closety
follow the negative output down to a level of
700 — 800 mV. For Voyt' to drop the final
700 — 800 mV with small output current change,
ReLt should be adjusted so that the positive
current fimit is stightly larger than the simultaneous
limiting. Figure 21 illustrates the simultaneous
current limiting of both sides.

The following design equations may be used:

R1lc " = R34 + Vgeas (25)
v _
|, = —ZNSE 126)
R2

Combining (25} and (26),

R3 .
"2 Vsense + Veeas
e = - (27)
with
V +
RCL+ = ﬁ (28)

110

The negative current limit (independent of 1)
can be set at any desired level.

_ Vsense' t Vbiooe
le = —m—— (29)

RCL

Transistor Q2 turns off the negative pass transistor
during simultaneous current limiting.
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+
1,
T TaNTALUM

*Vin

a
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4—| 3 +BOOST
A
Vv

2 ISEWSE

10uF
TTANTALUM

1g GND

R3
100

']
2N2906

5

; Vour =
9—O -Vour
| 1 - 104F
g -B00sT w TANTALUM
2N3055 |+
W0 [ g -Rec a2 1wl -
1.0k 2222
Vi 1N914

LM125/LM126/LM127

TANTALUM

A

‘qu
=

-Vin

FIGURE 20. Positive Current Dependent Simultaneous Current Limiting

. Vi =30V o
1 Re, 8:2
E 12 R1=1.00
z i
g T, =20 —
S
g w T,=425¢C
5 s HpTe-5se—|
5
3 40 1
— g
28 H
LN Y

0 95 10 15 20 25
POSITIVE QUTPUT CURRENT (AMPS)

FIGURE 21. Positive Current Dependent Simultaneous
Shutdown

ELECTRONIC SHUTDOWN

In sore regulated supply applications it is desirable
to shutdown the regulated outputs (tVg = Oj
without having to shutdown the unregulated
inputs (which may be powering additional equip-
ment). Various shutdown methods may be used.
The simplest is to insert a relay, a saturated
bipolar device, or some other type switch in
series with either the regulator inputs or outputs.
The switch must be able to open and close under
maximum load current which, may be several amps.

As an alternate solution, the internal reference
voltage of the regulator may be shorted to ground.

This will force the positive and negative outputs
to approximately +700 mV and +300 mV respec-
tively. Both outputs are fully active so the full
output current can still be supplied into a low
impedance load. If this is unacceptable, another
solution must be found.

The circuit in Figure 22 provides complete elec-
tronic shutdown of both regulators. The shutdown
control signal is TTL compatible but by adjusting
R8 and R9 the regulator may be shutdown at any
desired level above 2 Vgg, calculated as follows:

EELLESRLLY IV (30)
+— +
R3gQ4 R3] °F BE

Positive and negative shutdown operations are
similar. When a shutdown signal Vy is applied,
Q4 draws current through R3 and D2 establishing
a voltage Vr which starts the current sources Q1
and Q2. Assuming that Q1 and Q2 are matched,
and making R1 = RZ = R3, the currents I, |5, I3
are equal and both sides of the regulator shutdown
simultaneously.
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TANTALUM T

R1
0
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7
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2N2907 282907

a3

300

l |2
2N2907
Smo | 03 1
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LI
1.0k 1
—O—I 1l|\m14
2 o

2N3055

RS .
10 % 5 Reu
g = <+ + 4O Vour = 15V
—0 Vper o1+ -

as Wk v
7 2N2102 | TANTALUM 04 22k T SHUP;OWN
© = 2N2222 @ ICNOP“:H oL

8
—O— RG RY

R7 0
200 fQR vy >21V

LM125

;

9 —0 ~Vouy = -15V
cz
1-10,F

6
IN3056 +| TANTALUM

04
1N914
1L
> >
SRz SRN
> > .
i 250 i 75 Reu
L.
*FOR HIGHER VALUES OF C1 INCREASE R6 TO LIMIT THE PEAK TANTALUM

CURRENT THROUGH Q5 TO A SAFE VALUE.

V-3V 4

FIGURE 22, Electronic Shutdown for the Boosted Regulator

The current i3 creates a drop across R5, which
equals or exceeds the limit sense voltage of the
positive regulator, causing it to shutdown. Since
I3 has no path to ground except through the load,
a fixed load is provided by Q5, which is turned on
by the variable current source Q4. C1 also dis-
charges through Q5 and current limiting resistor
R6. Resistor R4 prevents Q3 turn on during
shutdown, which could otherwise occur due to
the drop across R5 plus the internal 30082
resistor. Diode D3 prevents I3 from being shunted
through Rgy .

C2 discharges through the load. Q7 shares the
total supply voltage with Q2, thus limiting power
dissipation of Q2. Another power dissipation
problem may occur when the design is done for
Vy = 2.0V for example, and V1 is increased above
the preset threshold value. 1, is increased and Q4
has to dissipate (V,y — 3 Vgg — V) 14 (W). The
simplest solution is to increase R8. If this is
insufficient, a set of diodes may be added between
nodes A and B to clamp. |, to a reasonable value.
This is illustrated in Figure 23:

_Vae _ Vr—Vge —[Vr =2 Vg

R9 R9
VBE
R9

R8
2.2k

Ve

Vo Ve ~{Vr = 2Veel Vi
R9 R9 RS

FIGURE 23.

So |4 is made independent of V1 and by setting a
minimum value of 10 mA {(R9 = 70£2). The regula-
tor will shutdown at any desired level above 3 Vgg,
without overheating transistor Q4. Also using
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Figure 23 the diode D1 in Figure 22 may be
omitted. The shutdown characteristics of Figure
22 are shown in Figure 24.

“Vour (V)

50 g -ssc

0 10 20 30 &0 5D
Vr (v}

FIGURE 24. Electronic Shutdown Characteristics

The normal current limiting current is set by
equation {31)

_ Vsense * Voiooe

leu (31)

ReL

The same approach is used with the unboosted
regulator shown in Figure 25. In this case the
voltage sense resistor is the internal 3002 one.
Since output capacitors are no longer required Q3
is just used as a current sink and its emitter load
has been removed.

Vin = 27TV

POWER DISSIPATION

The power dissipation of the LM125 is:
Pa=(Vin" = Vour) lour™ + (Viy~
“Vourlour™+ VintIs™ + VinT 5™

where lg is the standby current.

Ex: +1A regulator using 2N3055 pass transistors.
Assuming a 3 = 100, and £25V supply,

Py = 400 mW.

The temperature rise for the TO-5 package will be:

Trise = 0.4 x 150°C/W = 60°C

Therefore the maximum ambient temperature is
Tamax = Tjmax — Trise = 90°C. If the device
is to operate at T, above 90°C then the TO-6
package must have a heat sink. Tgge in this case
will be:

Taise =Pg(0,.ctlc.s +0s.a).

1uF
TANTALUM Y |+
I )I

= 200

300 :_Oﬁ

1)
2N2905A

200 01

N914

Vouy = 15V

04 )
2N2222

100

HFH

—o——«»——\ry V= -2V
LM125 1o

TANTALUMT

FIGURE 25. Electronic Shutdown for the Basic Regulator
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Interface Development Group
JUNE 1973

COMPARING THE HIGH SPEED COMPARATORS

INTRODUCTION

Several integrated circuit voltage comparators exist
which were designed with high speed and comple-
mentary TTL outputs as the main objectives. The
more common applications for these devices are
high speed analog to digital (A to D) converters,
tape and disk-file read channels, fast zero-crossing
detectors, and high speed differential line receivers.
This note compares the National Semiconductor
devices to similar devices from other manufacturers.

The product philosophy at National was to create
pin-for-pin replacement circuits that could be
considered as second-sources to the other compara-
tors, while simultaneously containing the improve-
ments necessary to make a more optimum device

TABLE I. LM360/uA760C Comparison 0

for the intended usage. Optimized parameters
include speed, input accuracy and impedance,
supply voltage range, fanout, and reliability. The
LM160/LM260/.LM360 are replacement devices
for the uA760, while the LM161/LM261/LM361
replace the SE/NES529. Tables | and |l compare
the critical parameters of the National commercial
range devices to their respective counterparts.

SPEED
Throughout the universe the subject of speed must

be approached with caution; the same holds true
here. Speed (propagation delay time) is a function

LTA<H70°C, V' =450V, V™ = -5.0V

PARAMETER LM360 HAT60C UNITS

Input Offset Voltage 5.0 6.0 mV max
Input Offset Current 3.0 75 MA max
{nput Bias Current 20 60 HA max
Input Capacitance 4.0 8.0 oF typ
Input Impedance 17 5.0 kQ typ @ 1 MHz 25°C
Differential Voltage Range 5.0 +5.0 Vtyp
Common Mode Voltage Range *4.0 4.0 V typ
Gain 3.0 3.0 V/mV typ 25°
Fanout 4.0 20 74 Series TTL Loads
Propagation Delays:

(1) 30 mVp_p 10 MHz Sinewave in 25 30 ns max 25°

(2) 2.0 Vp.p 10 MHz Sinewave in 20 25 ns max 25°

{3} 100 mV Step + 5.0 mV Overdrive 14 22 ns typ 25°
TABLE {1, LM261/NE529 Comparison Q' <T, <+70°C, V' - +10V, V™ - - 10V, V¢g = +5.0V

PARAMETER LM261 NE5S29 UNITS

Input Offset Voltage 3.0 10 mV max
[nput Offset Current 3.0 15 WA max
tnput Bias Current 20 50 HA max
tnput Impedance 17 50 k{2 typ @ 1 MHz 25°C
Differential Voltage Range *5.0 150 Vtyp
Common Mode Voltage Range 6.0 6.0 V typ
Gain 3.0 40 VimV typ 257
Fanout 4.0 6.0 74 Series TTL Loads
Propagation Detay — 50 mV Overdrive 20 22 ns max 26°
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of the measurement technique. The earlier “‘stand-
ard’” of using a 100 mV input step with 5.0 mV
overdrive has given way to seemingly endless
variations. To be meaningful, speed comparisons
must be made with identical conditions. It is for
this reason that the speed conditions specified for
the National parts are the same as those of the
parts replaced.

Probably the most impressive speed characteristic
of the six National parts is the fact that propaga-
tion delay is essentially independent of input
overdrive (Figure 1); a highly desirable characteris-
tic in A to D applications. Their delay typicaily

T T
Ta=25"C
Vee = +6Y
LOAD = 20 ks
TO Ve ¢ 159F TOTAL

14 l‘

T TTIT

PROPAGATION DELAY (ns)

1.0 30 10 30 100 300 1000
OIFFERENTIAL INPUT OVERDRIVE (mV)

FIGURE 1. Delay vs Overdrive

varies only 3 ns for overdrive variations of 5.0 mV
to 500 mV, whereas the other parts have a corres-
ponding delay variation of two to one. As can be
seen in Tables | and I, the National parts have an
improved maximum delay specification. Further,
the 20 ns maximum delay is meaningful since
it is specified with a representative load: a
2.0 k& resistor to +5.0V and 15 pF total load
capacitance. Figure 2 shows typical delay varia-
tion with temperature.

FT T T

2 [ Vee = +5.0V
z | LoaD=20ka /
- TO Vec +16 pF TOTAL 74
S 20 [ Vi = 50 mV PULSE 7
™
g I VA
=
2 /1
= 4
z Al
3 b
= ‘\\ T
S n 100 e
H - :

80

-85 15 25 65 125
T (0}

FIGURE 2. Delay vs Temperature

INPUT PARAMETERS

The A to D, level detector, and line receiver
applications of these devices require good input
accuracy and impedance. In all these cases the

differential input voltage is relatively large, result-
ing in a complete switch of input bias current as
the input signal traverses the reference voltage
level. This effect can give rise to reduced gain and
threshold inaccuracy, dependent on input source
impedances and comparator input bias currents.
Tables | and Il show that the National parts have
a substantially lower maximum bias current to ease
this problem. This was done without resorting to
Darlington input stages whose price is higher offset
voltages and longer delay times. The lower bias
currents also raise input resistance in the threshold
region. Lower input capacitance and higher input
resistance result in higher input impedance at
high frequencies.

Even with low source impedances, input accuracy
is still dependent on offset voltage. Since none of
the devices under discussion has internal offset
null capability, ultimate accuracy was improved by
designing and specifying lower maximum offset
voltage. Refer to Figure 3 for typical offset
voltage drift with temperature.

1.0
08

. “_7;

V.

04
0.2
0

-0.2
-0.4
-06

INPUT OFFSET VOLTAGE (mV)

-0.8

85 125

Ta {0

FIGURE 3. Offset Temperature Coefficient

OTHER PERFORMANCE AREAS

In the case of the LM160/LM260/LM360, fanout
was doubled over the previous device. For the
LM161/LM261/LM361, operating supply voltage
range was extended to 15V op amp supplies

T
= POSITIVE LIMIT
2 a0 7
w
]
2
£ 10
w
2
]
2 50
z EGATIVE LIM!
=
Z a0 | Vec =40V
e | eno-ov

Ta=25°C
PP i
50 70 8 1 13 15
VP OR VT (V)

FIGURE 4. LM161 Common Mode Range

which are often readily available where such a
comparator is used. Figure 4 reveals the common
mode range of the latter device.
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The performance improvements previously men-
tioned were a result of circuit design (Figures 5 and
6) and device processing. Schottky clamping, which
can give rise to reliability problems, was not used.
Gold doping, which resuits in processing depend-
ent speeds and low transistor beta, was not used.
Instead a non-gold-doped process with high break-
down voltage, high beta, and high f+ (= 1.5 GHz)

was selected which produced remarkably consistent
performance independent of normal process varia-
tion. The higher breakdown voitage allows the
LM161/LM261/LM361 to operate on =15V
supplies and results in lower transistor capacitance;
higher beta provides lower input bias currents;
and higher f1 helps reduce propagation time.

O STROBE 1

AAA
A4

O Ve

—AAA
\ A4

v O Py

AAA,

Vv

AAA.
\ 4

~n THC2

~INPUT 2O

—0 outPuT1

p—CO GND

T

@O STROBE 2

AAA,

<
<
<

>

VVv

—AAA

~O DUTPUT 2

P Py Py
>
>
>
>
>

T

™=l

x|/

2

FIGURE 5. LM161 Schematic Diagram
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q
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ouTeuT 2
+INPUT 1 J—‘ ]
~ INPUT 2 O—
F = f X
R N o £
FIGURE 6. LM160 Schematic Diagram
APPLICATIONS primarily intended for interfacing to TTL logic,
direct connection may be made to ECL logic
Typical applications have been mentioned pre- from the LM161 by the technique shown in
viously. The LM160 and LM161 may be combined Figure 9. When used this way the common mode
as in Figure 7 to create a fast, accurate peak range is shifted from that of the TTL configuration.
detector for use in tape and disk-file read channels. Finaily fevel detectors or line receivers may be
A 3-bit A to D converter with 21 ns typical implemented with hysteresis in the transfer charac-

conversion time is shown in Figure 8. Although teristic as seen in Figure 10.
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FIGURE 8. High Speed 3-bit A to D Converter
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FIGURE 9. Direct Interfacing to ECL
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FIGURE 10. Level Detector with Hysteresis
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CMOS LINEAR APPLICATIONS

PNP and NPN bipolar transistors have been used
for many vyears in ‘““complementary’” type of
amplifier circuits. Now, with the arrival of CMOS
technology, complementary P-channel/N-channel
MOS transistors are available in monolithic form.
The MM74C04 incorporates a P-channel MOS
transistor and an N-channel MOS transistor
connected in complementary fashion to function
as an inverter.

Due to the symmetry of the P- and N-channel
transistors, negative feedback around the comple-
mentary pair will cause the pair to self bias itself
to approximately 1/2 of the supply voltage.
Figure 1 shows an idealized voltage transfer
characteristic curve of the CMOS inverter con-
nected with negative feedback. Under these
conditions the inverter is biased for operation
about the midpoint in the linear segment on the
steep transition of the voltage transfer character-
istic as shown in Figure 1.

Veg= 15V

DUTPUT VDLTAGE ~Vgy

0 15 15

INPUT VOLTAGE -V,

FIGURE 1. Idealized Voltage Transfer Characteristics of
an MM74C04 Inverter.

Under AC conditions, a positive going input will
cause the output to swing negative and a negative
going input will have an inverse effect. Figure 2
shows 1/6 of a MM74C04 package
connected as an AC ampilifier.

inverter

Gene Taatjes
JULY 1973

A1

116
MM74C02

FIGURE 2. A 74CMOS Invertor Biased for Linear Mode
Operation.

The power supply current is constant during
dynamic operation since the inverter is biased for
Class A operation. When the input signal swings
near the supply, the output signal will become
distorted because the P-N channel devices are
driven into the non-linear regions of their transfer
characteristics. If the input signal approaches the
supply voltages, the P- or N-channel transistors
become saturated and supply current is reduced to
essentially zero and the device behaves like the
classical digital inverter.

VEE:|5V
g 15
2
w 10 »
K 55C |k 55°C
1
g 15—
s ]
5 50
= 55°C \
25
Ve
125 C
0 25 50 15 10 125 15

INPUT VOLTAGE - V),

FIGURE 3. Voltage Transfer Characteristics for an
Inverter Connected as a Linear Amplifier.

Figure 3 shows typical voltage characteristics of
each inverter at several values of the Vee. The
shape of these transfer relatively
constant with temperature. Temperature affects
for the seif biased inverter with supply voltage is
shown in Figure 4. When the amplitier is operating
at 3 volts, the supply current changes drastically as
a function of supply voltage because the MOS
transistors are operating in the proximity of their
gate-source threshold voltages.

curves are
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FIGURE 4. Normalized Amplifier Supply Current Versus
Ambient Temperature Characteristics.

Figure 5 shows typical curves of voltage géin as a
function of operating frequency for various supply
voltages.

Output voltages can swing within millivolts of the
supplies with either a single or dual supply.

Vep 30V

-5V

Ve =10V \
3\
o< M5V
| i

v,
| \ \
1t 102 103 w 10 0f 107

OPERATING FREQUENCY - Hz

Ve

VOLTAGE GAIN - 08

I
10

10

FIGURE 5. Typical Voltage Gain Versus Frequency
Characteristics for Amplifier Shown in Figure 2.

APPLICATIONS

Cascading Amplifiers for Higher Gain.

By cascading the basic amplifier block shown in
Figure 2 a high gain amplifier can be achieved. The
gain will be multiplied by the number of stages
used. If more than one inverter is used inside the
feedback loop (as in Figure 6} a higher open loop
gain is achieved which results in more accurate
closed loop gains.

[
LRT'T:)

FIGURE 6. Three CMOS Inverters Used as an X10 AC
Amptifier.

Post Amplifier for Op Amps.

A standard operational amplifier used with a
CMQOS inverter for a Post Amplifier has several
advantages. The operational amplifier essentially
sees no load condition since the input impedance
to the inverter is very high. Secondly, the CMQOS
inverters will swing to within millivolts of either
supply. This gives the designer the advantage of
operating the operational amplifier under no load
conditions yet having the full supply swing
capability on the output. Shown in Figure 7 is the
LM4250 micropower Op Amp used with a 74C04

inverter for increased output capability while
maintaining the low power advantage of both
devices.

Py =500 W

FIGURE 7. MM74C04 Inverter Used as a Post Amplifier
for a Battery Operated Op Amp.

The MM74C04 can also be used with single supply
amplifier such as the LM324. With the circuit
shown in Figure 8, the open loop gain is approxi-
mately 160 dB. The LM324 has 4 ampilifiers in a
package and the MM74C04 has 6 amplifiers per
package.

+2v

Vour

AA
\a4

im

FIGURE 8. Single Supply Amplifier Using a CMOS
Cascade Post Amplifier with the LM324.

CMOS inverters can be paralleled for increased
power to drive higher current loads. Loads of
5.0 mA per inverter can be expected under AC
conditions.

Other 74C devices can be used to provide greater
complementary current outputs. The MM74C00
NAND Gate will provide approximately 10 mA
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from the Ve supply while the MM74C02 will
supply approximately 10 mA from the negative
supply. Shown in Figure 9 is an operational
amplifier using @ CMOS power post amplifier to
provide greater than 40 mA complementary

currents.

i/

MM74C0D
/ /

114
MM7ac0D

174
MM74C00
1/
MM74C00
—— Vour
174
MM74C02
18
MM24C02
174
MM74C02Z

1"
MM74COZ

lgyr = 50 mat
VDIIY:E 0 vPF‘

FIGURE 9. MM74C00 and MM74C02 Used as a Post
Ampiifier to Provide Increased Current Drive.

Other Applications.

Shown in Figure 10 is a variety of applications
utilizing CMOS devices. Shown is a linear phase
shift oscillator and an integrator which use the
CMOS devices in the linear mode as well as a few
circuit ideas for clocks and one shots.

Conclusion

Careful study of CMOS characteristics show that
CMOS devices used in a system design can be used
for linear building blocks as well as digital blocks.

Utilization of these new devices will decrease
package count and reduce supply reguirements.
The circuit designer now can do both digital and
linear designs with the same type of device.
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FIGURE 10. Variety of Circuit
Devices.
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VERSATILE TIMER OPERATES
FROM MICROSECONDS TO HOURS

INTRODUCTION

Timing functions, until recently, have been some-
what neglected by integrated circuit manufacturers,
The primary reason was the extremely wide
range of input and output signals currently in-
corporated in discrete designs. In addition, power
supply voltages varied over a ten to one range and
timing periods were as short as microseconds and
as long as hours,

The LM122 timer has been designed to operate
over a very wide range of input/output signal levels,
supply voltages, and timing periods. It will replace
most discrete designs with improved performance
and reliability. This new timer overcomes many of
the problems incurred in discrete or early IC
designs.

First, it locks out trigger signals during the timing
period to guarantee a precise output regardless of
trigger level — while maintaining the ability to be
retriggered almost immediately following the end
of the timing pulse. {Duty cycles up to 29.9% can
be achieved}. Secondly, the timing period is free
from jitter caused by supply fluctuations because

COLLECTOR

Carl Nelson
DECEMBER 1973

the timing components are driven from an internal
regulated source. Supply voltage for the timer can
vary from 4.5V to 40V even during the timing
period! An additional feature is the *40V excur-
sion allowed on the trigger input and the 40V/
50 mA drive capability of the output transistor.
These two specifications allow the LM122 to
interface directly to present designs without level
shift or power boosting problems. Finally, the
LM122 will generate stable timing periods from
several microseconds to hours--a useful range of
eight decades. Worst case guarantees on compara-
tor bias current and threshold level allow the user
to easily select timing components for maximum
accuracy.

CIRCUIT DESCRIPTION

The LM122 circuitry can be divided into five
separate sections: output stage, bias network,
voltage regulator, comparator, and logic. These
sections are grouped on the schematic in Figure 1
to simplify understanding of the timer.
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FIGURE 1. Schematic Diagram
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The floating transistor output stage of the LM122
consists of Q32 through Q36. Q36 is the actual
output transistor and is driven by emitter follower,
Q33. Q34 and Q35 are antisaturation clamps to
reduce stored charge in Q36 and to limit current
through Q33. Q32 acts as a current limiter with the
limit set at about 120 mA.

The regulator built into the LM122 is a Vgge/
AVge® type with a typical output voltage of
3.15V at up to 5.0 mA load current. Q18 and Q19
generate a TOOMA current through Q19 which has
a positive temperature coefficient of 0.33%/°C.
This generates 1.2V and +4 mV/°C TC across R21.
When added to the base emitter diode voltages
of Q20 and Q21, a 2.4V, zero TC reference is
established at the base of Q21. R18 and R19
form a divider to raise the regulated voltage to
3.15V. (This particular voltage was chosen be-
cause it can be operated off a single 5.0V supply
and because one RC time constant is exactly 2.0V
out of 3.15V.) Q23 buffers Q21 from supply
fluctuations and sets up the currents for the bias
section of the timer. Q20 is a single stage of voltage
gain for the regulator. It is buffered by the series
pass transistor, Q24. Q25, Q26, R25, and R26 are
included for starting purposes and do not affect
operation once current is flowing in the regulator
section.

The function of the comparator is to cause an
output change of state when the timing capacitor
has charged to one RC time constant. Q11 through
Q17 perform this function. Q14, Q15, Q16, and
Q17 are a Darlington differential stage driving
an active load formed by Q12 and Q13. Q11 is a
second stage operating as a common emitter
amplifier with R14 as its load resistor. For long
timing intervals, the Darlington is run with no
bieed current from Q30. Operating current for
Q15 and Q16 is about 5uA per side. The specially
processed lateral PNP's have hgg’s of about 200,
so operating current for Q14 and Q17 is typically
25 nA. At these current levels, the substrate PNP’s
have hgg's of 80, giving comparator input currents
of 300 pA! One side of the comparator is tied to
a divider (R16 and R17} which is set at 63.2% of
the reference voltage — one RC time constant, The
other side is connected to the external timing
resistor and capacitor.

The logic section of the LM122 performs four
functions: first, it provides a latching action to
make the circuitry immune to retriggering during
the timing interval; second, it simulates the action
of an exclusive OR gate to generate a logic
reverse function; additionally, it translates the low
level output from the comparator to the high level
swing needed to drive the floating transistor
output; and finally, it drives the discharge trans-
istor to reset the timing capacitor. Q2 and Q3
makeup the TTL compatible trigger input to the
logic section. Q3 is a lateral PNP with 60V reverse
emitter-base breakdown voltage, allowing negative
inputs as high as —40V without harm to the chip.
R5 is an epitaxial resistor which pinches off at

*See AN-42, "“On Card Regulator for Logic Circuits”

30V and has a breakdown of 80V. This allows
positive input voltages of up to 40V on the trigger
terminal even when operating the timer from a
supply voltage of only b.OV. Typical current
drawn by the trigger terminal is 40uA at 2.0V and
600uA at 40V. Q4 and QB form a latch which
self-limits at about 400uA and can be turned off
by Q2. Q5 and Q7 interface the latch to the
comparator so that the comparator can fire the
latch at the end of the timing period. Q8, Q9, and
Q10 perform the level shifting required to drive
the output transistor and double as an exclusive OR
gate, with the emitters of Q8 and Q9 as one input
and the collectors of Q5 and Q11 as the second
input. Grounding the Q8 and Q9 emitters reverses
the effect of a signal appearing at the collector of
Q11.

Biasing for the various circuits in the timer is
generated by a string of PNP current sources
consisting of Q27 through Q31. Current levels
are established by the constant current source,
Q23, driving diode connected Q28. The current
from Q23 is 400uA, setting the drop across the
emitter resistor, R28 plus R29, at 200 mV. Q29
delivers T0uA to the comparator and Q31 supplies
atotal of T00uA to the output transistor and logic
circuitry, Part of Q29’'s collector is returned to
Q27 to avoid having to use a large value resistor
for R30. Q30 is completely off when using the
timer for long timing periods. Shorting the boost
terminal to V' adds about B5uA bleed current at
the emitters of Q14 and Q17. This extra current
is needed to slew the emitters of the comparator
for timing periods less than 1 ms.

DESCRIPTION OF PIN FUNCTIONS

One of the main features of the LM122 is its
great versatility. Since this device is unigue, a
description of the functions and limitations of
each pin is in order. This will make it much
easier to follow the discussion of the various
applications presented in this note.

vt s the positive supply terminal of the LM122,
When using a single supply, this terminal may be
driven by any voltage between 4.5V and 40V.
The effect of supply variations on timing period
is less than 0.005%/V, so supplies with high rippte
content may be used without causing puise width
changes. Supply bypassing on v*tis not generally
needed but may be necessary when driving highly
reactive loads. Quiescent current drawn from the
vt terminal is typically 2.5 mA, independent of
the supply voltage. Of course, additional current
will be drawn if the reference is externally loaded.

The Vgeg pin is the output of a 3.15V series
regulator referenced to the ground pin. Up to
5.0 mA can be drawn from this pin for driving
external networks, fn most applications the timing
resistor is tied to Vggg, but it need not be in
situations where a more linear charging current is
required. The regulated voltage is very useful in
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applications where the LM122 is not used asa timer;
such as switching regulators, variable reference
comparators, and temperature controllers. Typical
temperature drift of the reference is less than
0.01%/°C.

The trigger terminal is used to start timing.
Threshold is typically 1.6V at +25°C and has a
temperature dependence of —5.0 mV/°C. Current
drawn from the trigger source is typically 20uA
at threshold, rising to 600uA at 30V, then leveling
off due to FET action of the series resistor, R5.
For negative input trigger voltages, the only
current drawn is leakage in the nA region.

If the trigger terminal is held high as the timing
period ends, the output pulse will appear normally,
but the timing capacitor will not be discharged.
This is a necessary circuit action to prevent repeti-
tive cycles when the trigger is held high. After the
timing period, the capacitor is discharged when
the trigger decreases below the threshold, without
affecting the output.

The R/C pin is tied to the uncommitted side of
the comparataor and to the collector of the capacitor
discharge transistor. Timing ends when the voltage
on this pin reaches 2.0V (1 RC time constant
referenced to the 3.15V regulator). The internal
discharge transistor turns on only if the trigger
voltage has dropped below threshold. In com-
parator or regulator applications of the timer, the
trigger is held permanently high and the R/C pin
acts just like the input to an ordinary comparator.
The maximum voltages which can be applied to
this pin are +5.5V and —0.7V. Input current to the
R/C pin is typically 300 pA when the voltage is
negative with respect to the V,py terminal. For
higher voltages, the current drops to ieakage levels,
In the boosted mode, input current is 30 nA.
Gain of the comparator is very high, 200,000 or
more depending on the state of the logic reverse
pin and the connection of the output transistor.

The ground pin of the LM122 need not necessarily
be tied to system ground. It can be connected to
any positive or negative voltage as long as the
supply is negative with respect to the V' terminal.
Level shifting may be necessary for the input
trigger if the trigger voltage is referred to system
ground. This can be done by capacitive coupling
or by actual resistive or active level shifting. One
point must be kept in mind; the emitter output
must not be held above the ground terminal with
a low source impedance. This could occur, for
instance, if the emitter were grounded when the
ground pin of the LM122 was tied to a negative
supply.

The terminal labeled Vpy is tied to one side of
the comparator and to a voltage divider between
Vgee and ground. The divider voltage is set at
63.2% of VRregg with respect to ground—exactly
one RC time constant, The impedance of the
divider is increased to about 30k with a series
resistor to present a minimum load on external

signals tied to Vapy. This resistor is a pinched
type with a typical variation in absolute value of
+100% and a TC of 0.7%/°C. For this reason,
external signals {typically a pot between Vggg
and ground) connected to Vap, should have a
source resistance as low as possible. For small
changes in Vapy, up to several k& is all right, but
for large variations 25082 or less should be main-
tained. This can be accomplished with a 1.0k pot,
since the maximum impedance from the wiper is
250€2. If a voltage is forced on Vp, from a hard
source, voltage should be limited to —0.5, and
+5.0V, or current limited to £1.0 mA. This includes
capacitively coupled signals because even small
values of capacitors contain enough energy to
degrade the input stage if the capacitor is driven
with a large, fast slewing signal. The Vopy pin may
be used to abort the timing cycle. Grounding this
pin during the timing period causes the timer to
react just as if the capacitor voltage had reached its
normal RC trigger point; the capacitor discharges
and the output charges state. An exception to this
occurs if the trigger pin is held high when the
Vapy Pin is grounded. tn this case, the output
changes state, but the capacitor does not discharge.
If the trigger drops while V 5, is being held low,
discharge will occur immediately and the cycle
will be over. If the trigger is still high when Vapy
is released, the output may or may not change
state, depending the voltage across the timing
capacitor. For voltages below 2.0V across the
timing capacitor, the output will change state
immediately, then once more as the voltage rises
past 2.0V. For voltages above 2.0V, no change
will occur in the output.

In noisy environments or in comparator-type
applications, a bypass capacitor on the Vap,
terminal may be needed to eliminate spurious
outputs because it is high impedance point. The
size of the cap will depend on the frequency and
energy content of the noise. A 0.1uF will generally
suffice for spike suppression, but several uF may
be used if the timer is subjected to high level 60 Hz
EMI.

The emitter and the collector outputs of the
timer can be treated just as if they were an
ordinary transistor with 40V minimum collector-
emitter breakdown voltage. Normally, the emitter
is tied to the ground pin and the signal is taken
from the collector, or the collector is tied to V

and the signal is taken from the emitter. Variations
on these basic connections are possible. The
collector can be tied to any positive voltage up to
40V when the signa! is taken from the emitter.
However, the emitter will not be pulled higher than
the supply voltage on the V' pin. Connecting the
collector to a voltage less than the V' voltage is
allowed. The emitter should not be connected to a
hard source other than that to which the ground pin
is tied. The transistor has built-in current limiting
with a typical knee current of 120 mA. Temporary
short circuits are allowed; even with collector-
emitter voltages up to 40V. The power time prod-
uct, however, must not exceed 15 watt*seconds
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for power levels above the maximum rating of
the package. A short to 30V, for instance, can
not be held for more than 4 seconds. These levels
are based on a 40°C maximum initial chip tempera-
ture. When driving inductive loads, always use a
clamp diode to protect the transistor from induc-
tive kick-back.

A boost pin is provided on the LM122 to
increase the speed of the internal comparator.
The comparator is normally operated at low
current levels for lowest possible input current.
For short time intervals where low input current
is not needed, comparator operating current can
be increased several orders of magnitude for fast
operation. Shorting the boost terminal to vt
increases the emitter current of the vertical PNP
drivers in the differential stage from 25 nA to
5.0uA.

With the timer in the unboosted state, timing
periods are accurate down to about 1 ms. In the
boosted mode, loss of accuracy due to comparator
speed is only about 800 ns, so timing periods of
several microseconds can be used.

The ‘““Logic’” pin is used to reverse the signal
appearing at the output transistor. An open or
“high”” condition on the logic pin programs the
output transistor to be “off’” during the timing
period and “on’ all other times. Grounding the
logic pin reverses the sequence to make the transis-
tor “on” during the timing period. Threshold for the
logic is typically 150 mV with 150pA flowing
out of the terminal. If an active drive to the logic
pin is desired, a saturated transistor drive is
recommended, either with a discrete transistor or
the open collector output of integrated logic. A
maximum Vgat of 76 mV at 200uA is required.
A typical example of active drive to the logic pin
is the pulse width discriminator shown in Figure 16.

CALCULATING WORST CASE TIMING ERROR

Timing errors for the LM122 come from the
following sources:

. Timing ratio error

. Capacitor saturation voltage

. Internal switching delays

. Comparator bias current

. External resistor and capacitor tolerance
. Capacitor and board leakage

O AWN -~

In general, errors 1 and 5 are the most significant,
so they will be treated first.

For most applications, the major contribution to
timing error from the LM122 itself is variation
in timing ratio, which is the ratio of the comparator
threshold voltage {typically 2.0V} to the voltage
at the Vgeg pin. A 1% error in this ratio results
in a 1.8% initial timing error. Timing ratio error
comes from variations in the internal divider ratio
and from offset voltage in the comparator. The

LM122 is specified to have a timing ratio from
0.626 to 0.638 at +25°C, giving a +1.8% worst
case contribution to initial timing period error.
Over temperature, the worst case figures doubles
to *3.6%. If the initial error is trimmed out
externally however, timing error drift due to
timing ratio will generally be less than *0.5%
over temperature.

Adding all the contributions to timing error from
the LM122 itself will usually give a figure in the 2%
to 3% range at +25°C. External timing components
(R, and C;) will normally contribute much more
error than this unless selected components are
used. 6% tolerance on R, and C, will increase the
worst case error to 12% to 13%. By trimming out
initial component errors, an exact initial timing
period can be obtained, but temperature drift
then becomes the limiting factor. For most appli-
cations, the contributions to timing period drift
due to the LM122 itself will be in the 0.005%/°C
to 0.02%/°C range.

If accurate timing over temperature is required,
low drift components must be used for R, and
C,. Capacitors are available with temperature
coefficients of 100 to 200 ppm/°C. Resistors, at
least in the lower ranges, are available with TC's
much better than this. Above 1 M{Z, however, care
must be used in the selection of a low TC
resistor. Units are available up to 100 M) with
less than 100 ppm/°C drift.

Capacitor saturation voltage is the voltage still
remaining on the timing capacitor after it has
been reset to as near ground as the internal dis-
charge transistor can drive it. For timing resistors
1 M2 or greater, this remaining voltage is typically
2.5 mV, For smaller timing resistors, the capacitor
saturation voltage can be calculated by the follow-
ing formula:

(Vgee)™ (80Q2)
Ve~ 2BmV+ —
T

*VREF = 3.15V

The effect of V¢ on timing period is linear at
0.03%/mV. Temperature dependence of V¢ is
typically +0.2%/°C for R, < 300k&, rising to
0.4%/°C for R, = 10 k2. This gives a typical
temperature coefficient of timing error due to V¢
of (0.002) (2.5 mV) {0.03%/mV) = 0.0015%/°C
for R, > 1 MQ and (0.004) (24 mV) (0.03%/mV)
~ 0.003%/°C for R, = 10 kS2. Since most appli-
cations can use timing resistors in the range of
100 k&2 and up, error from capacitor saturation
voltage rarely exceeds 0.15% initially, with £0.05%
variation over the full temperature range.

Internal switching delays cause errors which tend
to be a fixed time rather than a percentage of the
timing period. In the boosted mode this delay
is typically 800 ns, and with the boost off; the
delay is about 25us. These times can be added
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directly to the calculated timing period for worst
case analysis. For timing periods longer than 25 ms,
the 25us delay gives an error of 0.1% or less. In
the range of 1 or 25 ms, error due to delays is
0.1% or less for the boosted mode, rising to a
maximum of 4.0% in the unboosted mode. At
7 = 10us, delay is the major contribution to
timing error (=~ 8%).

Comparator bias current contributes a negligible
timing error for all but very long time timing
periods. Error can be calculated with a simple
formula:

Error (%) =—50 - Ry * I, {Note sign)
1, = Comparator Bias Current
R = Timing Resistor

For R, = 100 M2 and I, = 0.3 nA (typical} a
1.5% reduction in timing period is incurred. For
worst case calculations at +25°C, an l, of 1 nA
maximum is specified in the unboosted mode and
100 nA in the boosted mode. At temperatures
below +25°C, these numbers still hold. At +125°C,
Iy, increases due to leakage to a maximum of £b nA
unboosted. For worst case calculations below
+125°C, the leakage error (5 nA} can be assumed
to halve for each 10°C drop below +125°C. At
+95°C for instance, the leakage component of |,
would be (5 nA/8) =~ 0.6 nA for a total |, of
1.6 nA worst case. For the commercial LM322 and
LM3905, worst case I, is 2 nA at +75°C, and for
the LM2905 I, is 2 nA maximum at +85°C. For
temperatures between —25°C and +85°C, the TC
of Iy is typically 5 pA/’C in the unboosted mode
and 100 pA/°C in the boosted mode. For a
100 MQ R,, this 5 pA/°C contributes —0.025%/°C
to timing period drift.

Error (%/°C) = (~50)(Al,/ATH(R,)

For worst case calculations a Al,/AT (=256 < Tp
<+85°C) of 12 pA/°C may be used for the LM 122/
LM222 and 20 pA/°C for the LM322 and LM2905/
LM3905.

External leakage paths may cause timing errors
for large values of R, and high board temperatures,
Connections made to the R/C pin should be kept
free of dust, moisture, and soldering flux if long
time intervals are to be kept accurate. All package
types have the R/C pin located between Vggr
and the ground pin to minimize these leakages.

DESIGN HINTS

Eliminating Timing Cycle Upon Initial
Application of Power

The LM122 will start a timing cycle automatically
{with no trigger input) when V7 is first turned on.
If this characteristic is undesirable, it can be
defeated by tying the timing capacitor to Vggg
instead of ground as shown in Figure 2. This
connection does not affect operation of the timer
in any other way. If an electrolytic timing capaci-
tor is used, be sure the negative end is tied to the
R/C pin and the positive end to Vggg. A 1.0 k2

*Manufactured by Union Carbide

resistor should be included in series with the
timing capacitor to limit the surge current load
on Vggg when the capacitor is discharged.
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FIGURE 2. Eliminating Initial Timing Cycle
Using Electrolytic Timing Capacitors

Electrolytic capacitors are not usually recom-
mended for timing because of their unstable
capacitance and high leakage. For long timing
periods (> 10 seconds) at moderate temperatures
(0°C to 50°C) however, an electrolytic may be
attractive because of its low cost per microfarad
Solid tantalum capacitors such as the Kemet™ C
series T310 (molded epoxy) or T110 (hermetic)
are recommended. These units have long term
stabilities of 2% to 3% and a temperature coeffic-
ient of +0.2%/°C. Selected units are available for
timing use with very low leakage.

Reset Time

The timing capacitor used with the LM122 is
reset with an internal transistor which has a
collector offset voltage of 2.5 mV @ 1uA with
approximately 80§ of collector resistance The
time required to reset this capacitor determines
the minimum time between timing pulses. An
approximate formula for reset time is:

Reset Time = (80 £2) (C.T) (5)

TCt = External timing capacitor.

NOISY ENVIRONMENTS

The LM122 is relatively insensitive to noise on
supply lines and to radiated energy. In extremely
noisy environments however, it may be necessary
to configure the LM122 differently, both to
eliminate false triggering and to prevent premature
end of a timing period. The circuit “a” shown
in Figure 3 has been set up for maximum noise
rejection. C1 bypasses the Vap, pin because of
the relatively high impedance (=~ 30 k§2} of this
point. Negative spikes on the Vp, pin will cause
premature end of the timing period. C2 bypasses
the supply for rejection of fast transients. R1 sets
up the trigger pin to a “normally high”’ condition.
This prevents extremely high electromagnetic fields
from triggering the internal flip-flop during a timing
period. The input trigger signal is capacitively
coupled through C3. Triggering occurs on the
negative edge of the trigger pulse as shown in the
waveform sketch next to Figure 21.




If the output voltage from the LM122 can be
set up to go “high' during the timing cycle, the
alternate connection shown in “b’" can be used.
Here, the trigger is held high by D2 during the
timing period. When the output goes low after
the timing period is over, the circuit may be
retriggered immediately via D1. R1 and C3 sup-
press unwanted spikes at the trigger input.
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FIGURE 3. Maximum Noise Immunity

ABORTING A TIMING CYCLE (Figure 4)

The LM122 does not have an input specifically
allocated to a stop-timing function. 1f such a
function is desired, it may be accomplished
several ways:

® Ground Vapy
® Raise R/C more positive than Vpy
" Wire “OR" the output

Grounding Vapy will end the timing cycle just
as if the timing capacitor had reached its normal
discharge point. A new timing cycle can be started
by the trigger terminal as soon as the ground is
released. A switching transistor is best for driving
Vapy 10 as near ground as possible. Worst case
sink current is about 300uA.

A timing cycle may be also ended by a positive
pulse to a resistor (R < R,/100} in series with
the timing capacitor. The pulse amplitude must be

at least equal to Vapy (2.0V), but should not
exceed 5.0V. When the timing capacitor discharges,
a negative spike of up to 2.0V will occur across the
resistor, so some caution must be used if the drive
pulse is used for other circuitry.
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FIGURE 4. Cycle Interrupt

The output of the timer can be wire ORed with
a discrete transistor or an open collector logic
gate output. This allows overriding of the timer
output, but does not cause the timer to be reset
until its normal cycle time has elapsed.

Using the LM122 as a Comparator

A buiit-in reference and zero volt common mode
limit make the LM122 very useful as a comparator.
Threshold may be adjusted from zero to three
volts by driving the Vpy terminal with a divider
tied to VRgeg. Stability of the reference volitage
is typically *1% over a temperature range of
—55°C to +125°C. Offset voltage drift in the
comparator is typically 25uV/°C in the boosted
mode and 50uV/°C unboosted. A resistor can be
inserted in series with the input to allow overdrives
up to 50V as shown in Figure 5. There is actually
no limit on input voltage as long as current is
limited to 1 mA. The resistor shown contributes
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FIGURE 5. Comparator With 0 Volts to 3.0 Voits
Threshold

a worst case of 5 mV to initial offset. In the
unboosted mode, the error drops to 0.25 mV
maximum. The capability of operating off a single
5V supply should make this comparator very
useful.
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Using Dual Supplies

The LM122 can be operated off dual supplies as
shown in Figure 6. The only limitation is that the
emitter terminal cannot be tied to ground, it must
either drive a load referred to V~ or be actually tied
to V' as shown. Although capacitive coupling is
shown for the trigger input (to allow 5V triggering),
a resistor can be substituted for C1. R2 must be
chosen to give proper level shifting between the
trigger signal and the trigger pin of the timer.
Worst case “‘lo’" on the trigger pin (with respect
to V') is 0.8V, and worst case “‘high’ is 2.6V.
R2 may be calculated from the divider equation
with R1 to give these levels.

ALTERNATE

A2
TRIGEER ™ — YVV— ] 1

TRIGGER | ! |
INPUT I | |
a oM
oop 24 TRIGGER  BOOST
LOBIC v
L
Vaer  COLLECTOR
R/C EMITTER
Yaos GND
TC‘ |

“SELECT FOR PROPER LEVEL SHIFT
EMITTER TERMINAL OR EMITTER LOAD MUST BE TIED TO GND PIN OF TIMER

v

Vour
i-18v)

FIGURE 6. Operating Off Dual Supplies
LINEARIZING THE CHARGING SWEEP

In some applications (such as a linear pulse width
modulator} it may be desireable to have the timing
capacitor charge from a constant current source.
A simple way to accomplish this is shown in the
accompanying sketch.

T0 Vaee
OF LM122

T0 R/CPIN
OF LM122

Q1 converts the current through R1 to a current
source independent of the voltage across C,. R2,
R3, D1, and D2 are added to make the current
through R1 independent of supply variations
and temperature changes. {D2 is a low TC type)
D2 and R3can be omitted if the V' supply is stable
and D1 and R2 can be omitted also if temperature
stability if not critical. With D1 and R2 omitted, the
current through R1 will change about 0.015%/°C
with a 16V supply and 0.1%/°C with a 5.0V supply.

APPLICATIONS

Basic Timers

Figure 7 is a basic timer using the collector output.
R and C, set the time interval with R_ as the load.
During the timing interval the output may be

TRIGGER
WPUT

[ L% E
QuTPUT
TRIGGER  500ST LOGIC TIED TO Vaer
¥ Losic v
: g
Vour

- Ry IC) m

ouTPUT
LOGIC TIED TO GND
-1
TRIGGER 1
INPUT 1

||'-—‘

Vuy  COLLECIOR

El

RC

EMITTER
Vaos GND
c, |

FIGURE 7. Basic Timer-Collector Qutput and Timing
Chart

either high or fow depending on the connection of
the logic pin. Timing waveforms are shown in the
sketch alongside Figure 7.

Figure 8 is again a basic timer, but with the output
taken from the emitter of the output transistor.
As with the collector output, either a high or
iow condition may be obtained during the timing
period.

TRIGGER
INPUL

ouTPUT
TRIGGER 800ST
LOGIC TIED TO Vi
r 4—Locrc v e
- : - 1R IC —‘
Ve COLLECTOR p—d QUTPUT
R, LOGIC TIED TG GND
A EMTTER Vour
Vaps GND o P
c (& R TRIGGER -:
. S eyt

FIGURE 8. Basic Timer-Emitter Output and Timing
Chart

Figure 9 shows the timer interfacing 5V logic to
a high voltage relay. Although the vt terminal
could be tied to the +28V supply, this would be

28y
TRIGGER

INPUT
5y

TRIGGER  B0OST
v

J__ LOGIC

Veir  COLLECTRR

RIC EMITTER
Vab, GND

FIGURE 9.5 VoIt Logic Supply Driving 28 Volt Relay

an unnecessary waste of power in the IC. In any
case, the threshold for the trigger is 1.6V regard-
less of where V¥ is tied.




Figure 10 indicates the ability of the timer to
interface to digital logic when operating off a
high supply voltage. VouT swings between +5V
and ground with a minimum fanout of 5 for
medium speed TTL.

TRIGGER
INPUT

TRIGGER
LoGIC

BOOST

Var  COLLECTOR

FIGURE 10. 30 Volt Supply Interfacing to 5 Volt Logic

Figure 11 is an application where the LM122 is
used to simulate a thermal delay relay which

Vee

TRIGGER  B00ST

LoGIC v

A RELAY
cow

Vaes  COLLECTOR
R,

R'C EMITTER

Vag) GNO

FIGURE 11. Time Out on Power Up (Relay Energized
R¢C¢ Seconds After Ve is Applied)

prevents power from being applied to other
circuitry until the supply has been on for some
time. The relay remains de-energized for R, C,

10V
UNREGULATED

50:F
v

TRIGGER BOOST
Logic vt

-

e COLLECTOR
150k

seconds after Ve is applied, then closes and
stays energized until Ve is turned off. Figure 12
is a similar circuit except that the relay is energized

TRIGGER  BOOST
L0GIC v

Ver  COLLECTOR

RiC
Vav

EM(TTER
GND

RELAY
coiL

ne—anJ

FIGURE 12. Time Out on Power Up {Relay Energized
Until R¢C¢ Seconds After Ve is Applied}

as soon as V¢ is applied. Ry C, seconds later, the
relay is de-energized and stays off until the V¢
supply is recycled.

Figure 13 is a more advanced application of the
LM122 as a proportioning temperature controller
with optical isolation and synchronized zero cross-
ing features. The timing function is not used.
Instead the trigger terminal is heid high and the
LM122 is used as a high gain comparator with a
built in reference. R1 is a thermistor with a
—4%/°C temperature coefficient used as the sensor.
R2 is used to set the temperature to be controlled
by R1. R3 through R8 set up the proportioning
action. R3 raises the impedance of the R1/R2
divider so that R5 sees a relatively constant
impedance independent of the set point tempera-
ture. R6 and R8 reduce the V,p, impedance so
that internal variations in divider impedance do
not affect proportioning action. R5 and R7 set

VWA
g2z

AA- RIC EMTTER
v,
a3 acs_ GND ]
20k 3 ‘En:
AAA 2.0k 1%
A5 AN~
390k
LAAA >

2
S A2 Cre —— > 4.0k
5.0,F T i‘"/a

1w
AC
——
R10
a 03
CZD LOAD|
San P
<
Sk ot
>
s ¥ !
FuULL
WAVE
N 02 BRIOGE
1 J
[~ s
S 100k
0

“R1 - THERMISTOR (4% Cj
Q1 - OFTICAL COUPLER, MINIMUM GAIN < 1/2at 1.0 mA
01-03 - 1Nd5g
Q2 - SENSITIVE GATE SCR, 1.0 mA OA LESS

FIGURE 13. Proportioning Temperature Controller with Synchronized Zero-Crossing
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the actual width of the proportioning band and
can be scaled as necessary to alter the width of
the band. Larger resistors make the band narrower,
The values shown give approximately a 1°C band.
R4 and C1 determine the proportioning frequency
which is about 1 Hz with the values shown. C1 or
R4 can change to alter frequency, but R4 should
be between 50k and 500k, and C1 must be a low
leakage type to prevent temperature shifts. D1
prevents supply voltage fluctuations from affecting
set point or proportioning band. Any unregulated
supply between 6V and 15V is satisfactory.

Q1 is an optical isolator with a minimum gain of
0.5. With the values shown for R9, R10, and R11,
Q1 is over-driven by at least 3 to 1 to insure deep
saturation for reliable turn off of the SCR. Q2
must be a sensitive gate device with a worst case
gate firing current of 0.5 mA. R12, R13, and D2
implement the synchronized zero-crossing feature
by preventing Q1 from turning off after the
voltage across Q2 has climbed above 2.5V. D3, R10,
and C2 provide a source of semifiltered dc current
for SCR gate drive. D3 and Q2 must have a mini-
mum breakdown of 200V.

Figure 14 shows the LM122 connected as a one
hour timer with manual controls for start, reset,
and cycle end. S1 starts timing, but has no effect
after timing has started. S2 is a center off switch
which can either end the cycle prematurely with

i TRIGGER  BOOST
|_|5| o v

Veo

CLOSE TD
START
TIMING

[

Veer

COLLECTOR

Vour

R,
mncvmsj} BMS
RIC EMITTER
Vaos GND

T

FIGURE 14. One Hour Timer With Reset and Manual
Cycle End

“DEARBORN
ELECTRONICS
LPIAIAATEK
POLYCARBONATE

the appropriate change in output state and dis-
charging of C,, or cause C, to be reset to OV
without a change in output. In the latter case, a
new timing period starts as soon as S2 is released.
The average charging current through R, is about
30 nA, so some attention must be paid to parts
layout to prevent stray leakage paths. The sug-
gested timing capacitor has a typical self time
constant of 300 hours and a guaranteed minimum
of 25 hours at +25°C. Other capacitor types may
be used if sufficient data is available on their
leakage characteristics.

Figure 15 is another application where the LM 122
does not use its timing function. A switching
regulator is made using the internal reference and
comparator to drive a PNP switch transistor,
Features of this circuit include a 5.5V minimum
input voltage at 1A output current, low part
count, and good efficiency {> 75%) for input

voltages to 10V. Line and load regulation are less
than 0.5% and output ripple at the switching
frequency is only 30 mV. Q1 is an inexpensive
plastic device which does not need a heatsink for
ambient temperature up to 50°C. D1 should be a
fast switching diode. Qutput voltage can be adjusted
between 1V and 30V by choosing proper values
for R2, R3, R4, and R5. For outputs less than
2V, a divider with 25082 the Thevinin resistance
must be connected between Vgeg and ground with
its tap point tied to Vapy.

TRIGGER  BDOST
LOGIC v

COLLECTOR

Vaer D1
2N3880
FAST
RECOVERY
AC
Vaoy

EMITTER
GND

< s

>
Saom —l——m
1

*NO. 22 WIRE WDUKG ON MOLYBDENUM PERMALLOY CORE

——c2

FIGURE 15. 5 Volt Switching Regulator With 1.0 Amp
Qutput and 5.5 Volt Minimum lnput

By driving the logic terminal of the LM122 simul-
taneous to the trigger input, a simple, accurate
pulse width detector can be made (Figure 16).

1L
LOGIC )
LEVEL y
PULSE | |
INPUT
TRIGGER  BOOST
$ LOGIC v
) >
SR3 <
3 R,
$ <
' 56k b3
2222 Vers  COLLECTOR out
p: i
P4 o
RC EMITTER
p Vaou GND
$ -
<

[
Ll
Ng1a
*Vour “OFQRW. R, C,
PULSEOUT -W R, € FORW R, C,

||,—

%)
200 pF

FIGURE 16. Pulse Width Detector

In this application the logic terminal is normally
held high by R3. When a trigger pulse is received,
Q1 is turned on, driving the logic terminal to
ground. The result of triggering the timer and
reversing the logic at the same time is that the
output does not change from its initial low condi-
tion. The only time the output will change states
is when the trigger input stays high longer than
one time period set by R, and C,. The output
pulse width is equal to the input trigger width
minus Ry *+ C,. C2 insures no output pulse for
short (< RC) trigger pulses by prematurely resetting
the timing capacitor when the trigger pulse drops.
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C, filters the narrow spikes which would occur at
the output due to interval delays during switching.

The LM122 can be used as a two terminal time
delay switch if an “on’’ voltage drop of 2V to 3V
can be tolerated. In Figure 17, the timer is used
to drive a relay “on’" R, C, seconds after applica-
tion of power. ""off” current of the switch is
4 mA maximum, and ““on’’ current can be as high
as 50 mA.

v

LoaD

? T 10 mA “DFF"
TRIGGER  BOUST
Loeic v
Vaer  COLLECTOR ’—
R
20V "ON
RIC EMTTER [———=
Vans GND
—Ev

FIGURE 17. Two-Terminal Time Delay Switch

An accurate frequency to voltage converter can
be made with the LM122 by averaging output
pulses with a simple one pole filter as shown in
Figure 18. Pulse width is adjusted with R2 to

TRIGGER
INpUT Wee
TRIGGER  BOOST
LOGIC
Veee  COLLECTOR
>
R, S
'S
e i
R EMITTER AAN—@— DL OUTPUT
Vans SND 0.1V/KHz

4
A

RS
o 504F

£ .
0033, —— <
0033 R 10k 10y
1.0k TRIM
>
< rs
S
San

FIGURE 18. Frequency to Voltage Converter {Tacho-
meter} Output Independent of Supply
Voltage

provide initial calibration at 10 kHz. The collector
of the output transistor is tied to Vggg, giving
constant amplitude pulses equal to Vg at the
emitter output. R4 and C1 filter the pulses to
give a dc output equal to, (RJC){(Vrer ).
Linearity is about 0.2% for a OV to 1V output.
If better linearity is desired R5 can be tied to the
summing node of an op amp which has the
filter in the feedback path. If a low output
impedance is desired, a unity gain buffer such as
the LM110 can be tied to the output. An analog
meter can be driven directly by placing it in series
with R5 to ground. A series RC network across the
meter to provide damping will improve response at
very low frequencies.

In some applications it is desirable to reduce
supply drain to zero between timing cycles. In
Figure 19 this is accomplished by using an external
PNP as a latch to drive the V¥ pin of the timer.

Voo
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47k
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[ S

FIGURE 19. Zero Power Dissipation Between Timing
Intervals

Between timing periods Q1 is off and no supply
current is drawn. When a trigger pulse of 5V
minimum amplitude is received, the LM 122 output
transistor and Q1 latch for the duration of the
timing period. D1 prevents coupling back into the
trigger signal from the dc load created by the trigger
input. If the trigger input is a short pulse, C1 and
R2 may be eliminated. R must have a minimum
value of (V¢e)/(2.5 mA).

The LM122 can be made into a self-starting
oscillator by feeding the output back to the
trigger input through a capacitor as shown in Fig-
ure 20. Operating frequency is 1/(R, C,). The

- L v
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i S
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S 20k
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Cy 1uF}

FIGURE 20. Oscillator

output is a narrow negative pulse whose width
is approximately 2R, Cs. For optimum frequency




stability, C; should be as small as possible. The
minimum value is determined by the time required
to discharge C, through the internal discharge
transistor. A conservative value for C; can be
chosen from the graph included with Figure 20.
For frequencies below 1 kHz, the frequency error
introduced by C¢ is a few tenths of one percent
or less for R, > 500k.

Although the LM122 is triggered by a positive
going trigger signal, a differentiator tied to a
normally “‘high” trigger will result in negative
edge triggering. In Figure 21, R1 serves the dual

1
0.0m
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ouTPUT

4Tk

TRIGGER
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Veer  COLLECTOR

VOLTAGE ON TRIG PIN
A/C
Vaos

EMITTER
GND

FIGURE 21. Timer Triggered by Negative Edge of

purpose of holding the trigger pin normally high
and differentiating the input trigger pulse coupled
through C1. The timing diagram included with
Figure 21 shows that triggering actually occurs a
short time after the negative going trigger, while
positive going triggers have no effect. The delay
time between a negative trigger signal and actual
starts of timing is approximately 0.5t0 1.5 R1C1
depending on the trigger amplitude, or about
2.5 to 7.bus with the values shown. This time
will have to be increased for C, larger than 0.01uF
because C, is charged to Vggr whenever the
trigger pin is kept high and must reset itself
during the short time that the trigger pin voltage
is low. A conservative value for C1 is:

Z C_t

10
The LM122 can be connected as a chain of
timers quite easily with no interface required. In
Figure 22A and 22B, two possible connections are
shown. In both cases, the output of the timer is low
during the timing period so that the positive
going signal at the end of timing period can trigger
the next timer. There is no limitation on the
timing period of one timer with respect to any
other timer before or after it, because the trigger
input to any timer can be high or low when that

C1
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FIGURE 22. Chain of Timers
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typical performance characteristics
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LM340 SERIES THREE TERMINAL POSITIVE REGULATORS

INTRODUCTION

The LM340-XX are three terminal 1.0A positive
voltage regulators with preset output voltages of
5.0V, 6.0v, 8.0V, 12v, 15V, 18V or 24V. The
LM340 regulators are complete 3-terminal regu-
lators requiring no external components for
normal operation. However, by adding a few
parts, one may improve the transient response,
provide for a variable output voltage, or increase
the output current. Included on the chip are all
of the functional blocks required of a high stability
voltage regulator; these appear in Figure 1. The

HVin O

PASS Vour
TRANSISTOR

t

THERMAL SHUTDOWN
AND CURRENT
LIMIT CIRCUITRY

VVv

<
<
<

COMMON

FIGURE 1. Functional Block of the LM340

error amplifier is internally compensated; the
voltage reference is especially designed for low
noise and high predictability; and, as the pass
element is included, the regulator contains fixed
current limiting and thermal protection. The
LM340 is available in either metal can TO-3 or
plastic TO-220 package.

1. CIRCUIT DESIGN
Voltage Reference

Usually IC voltage regulators use temperature-
compensated zeners as references. Such zeners
exhibit BV > 6.0V which sets the minimum supply

voltage somewhat above 6.0V, Additionally they
tend to be noisy, thus a large bypass capacitor
is required.

Vrer

0

FIGURE 2. Simplified Volt Reference

Figure 2 illustrates a simplified reference using the
predictable temperature, voltage, and current rela-
tionship of emitter-base junctions.

Assuming Ja1 > Jaz. lcaz >>> lgaz = lgaa, Area
{emitter Q1) = Area (emitter Q2),

and Vgeg1 = Vgeos, then (1-1)
kT R2\ R2
Veep =~ q_ In E E + Vgeas (1-2)

Simplified LM340

In Figure 3 the voltage reference includes R1 — R3
and Q1 — Q5. Q3 also acts as an error amplifier
and Q6 as a buffer between Q3 and the current
source. {f the output drops, this drop is fed back,
through R4, R5, Q4, Q5, to the base of Q3. Q7
then conducts more current re-establishing the
output given by:

R4 + R5

Vout = Vrer v

€0L-NV

SHOLVIND3H JAILISOd TVNIWYHIL 33HHL S3IHIAS OvEINT



Vour

FIGURE 3. LM340 Simplified
Complete Circuit of the LM340 (Figure 4)

Here {(Jas, Jaz) > (Jas. Jas) and a positive
TC AVge appears across R6. This is amplified by
17, (R6/R6 = 17} and is temperature compensated
by the Vge of Q6, Q7, Q8 to develop the reference
voltage. R17 is changed to get the various fixed
output voltages.

Short Circuit Protection

A)Vin — Vour < 6.0V: There is no current
through D2 and the maximum output current
will be given by:

Veeoia

~ 2.2A(T;=25°C) (1-4)
R16

louTmax =

B) Vin — VouTt > 6.0V: To keep Q16 operating
within its maximum power rating the output
current limit must decrease as V)N — Vour
increases. Here D2 conducts and the drop across
R16 is less than Vgg to turn on Q14. In this
case gyt maximum is:

1

lout max = R16 (VBEQ14 -

Vin—V -V -V,
[(Vin = Vour) = Vzp2 BEQM]RM)
R13

(1-5)
=0.077 [37.2— (V,n —VouT)] (A}
atT;=25°C
Thermal Shut Down
In Figure 4 the Vgg of Q13 is clamped to 0.4V.
When the die temperature reaches approximately
+175°C the Vge to turn on Q13 is 0.4V, When

Q13 turns on it removes all base drive from Q15
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FIGURE 4. Complete Circuit of the LM340




which turns off the regulator thus preventing a
further increase in die temperature.

Power Dissipation

The maximum power dissipation of the LM340 is
given by:
Pomax = (Vinmax = Vout) loutmax

*Vinmax lo (W) (1-6)

The maximum junction temperature (assuming that
there is no thermal protection) is given by:

_ 367 13loyrmax ~Vin ~Vour)
0.0855

TjM
{1-7)
+25°C

Example:

Vinmax = 23V, lour max = 1.0A, LM340T-15.

Equation (1-7) yields: Ty = 200°C. So the T; max
of 150°C specified in the data sheet should be the
limiting temperature.

From (1-8) Py = 8.1W. The thermal resistance of
the heat sink can be estimated from:

TjMAX - TA

os'a = PD

= {0, +0..)°C/W) (1-8)

The thermal resistance 0. (junction to case} of
the TQ-220 package is 6 C/W, and assuming a
f..s (case to heat sink) of 0.4, equation (1-8)
yields:

., = 8.4°C/W
2. CURRENT SOURCE

The circuit shown on Figure 5 provides a constant
output current (equal to Vgout/R1 or 200 mA)

Inee

20w
1
i a0mn
—— 022 F
[
| Zoao | Vour
|
0:2 =852

“Required if regulato is Jocated far from powes supply filter.

FIGURE 5. Current Source

for a variable load impedance of 0 to 8552, Using
the following definitions and the notation shown
on Figure 5, Zoyt and lgyt are:

Qec/V = Quiescent current change per volt of
input/output (pin 1 to pin 2) voltage
change of the LM340

L,/V = Line regulation per volt: the change in the
LM340 output voltage per volt of input/
output voltage change at a given lgyT.

LV
Algyt = {Qce/V) AVgyr + R AVoyr (2-1)

z _ &Vour (2-2)
ouT = A
AVoyrt
Z = (2-3)
out V)
(QCC/V) AVgoyt + —? AVouT
1
z = (2-4)
ouT v
(Qee/V) +

The LM340-06 data sheet lists maximum quiescent
current change of 1.3 mA for an 8.0V to 25V
change in input voltage; and a line regulation
{interpolated for lgyr = 200 mA) of 75 mV
maximum for an 8.0V to 25V change in input
voltage:

1.3 mA

Qcc/V = = 76pA/V (2-5)

75 mV
L/V =

=4.4 mV/V (2-6}

The worst case change in the 200 mA output
current for a 1.0V change in output or input
voltage using equation 2-1 is:

Alour _
1.0V

4.4 mVv
+ ———— = 223uA (2-7)
3082

and the output impedance for a 0 to 852 change
in Z_ using equation 2-4 is:

1
4.4 mV

Zour = =45kQ (2-8)

T6uA +

Typical measured values of Zgr varied from
10 — 12.3 k2, or 81 — 100uA/V change input or
output {approximately 0.05%/V).

3. HIGH CURRENT REGULATOR WITH
SHORT CIRCUIT CURRENT LIMIT

The 15V regulator circuit of Figure 6 includes an
external boost transistor to increase output current
capability to 5.0A. Uniike the normal boosting
methods, it maintains the LM340's ability to
provide short circuit current limiting and thermal
shut-down without use of additional active com-
ponents. The extension of these safety features to
the external pass transistor Q1 is based on a current
sharing scheme using R1, R2, and D1. Assuming

AN103-3




A1
4 0.25

t
—-

4, A
o 5 e 1Y M4I98 g —
M R W4
R3
10
'A'A
R2
Ly o m[:;m Ly !
- 20w o -
— - -
L | s LM340T15 o Your <15V
T 3 F AT5 AMP
Vi = 18,5V T0 26V 7 J
— e — o

O

]

*Solid tntalum.

SINGLE
POINT END

Note 1: Current sharing hetween the LM348 and Q1 aliows the extension of short circuit
current limit, safe operating ares protection, and {assuming G1's heat sink has four or more
times the capacity of the LM34D head sink) thermal shutdown protection.

Note 2: IsiorT circurr 1S approximately

5.5 amp.

Note 3: loyrmax 8t Vour = 15V is approximately 9.5 smp.

FIGURE 6. 15V 5.0A Regulator with Short Circuit Current Limit

the base-to-emitter voltage of Q1 and the voltage
drop across D1 are equal, the voltage drops across
R1 and R2 are equal. The currents through R1
and R2 will then be inversely proportional to their
resistances. For the example shown on Figure 6,
resistor R1 will have four times the current flow
of R2. For reasonable values of Q1 beta, the
current through R1 is approximately equal to the
collector current of Q1; and the current through
R2 is equal to the current flowing through the
LM340. Therefore, under overload or short circuit
conditions the protection circuitry of the LM340
will Jimit its own output current and, because of
the R1/R2 current sharing scheme, the output
current of Q1 as well. Thermal overload protec-
tion also extends Q1 when its heat sink has four
or more times the capacity of the LM340 heat
sink. This follows from the fact that both devices
have approximately the same input/output voltage
and share the load current in a ratio of four to
one.

The circuit shown on Figure 6 normally operates
at up to 5.0A of output current. This means up to
1.0A of current flows through the LM340 and up
to 4.0A flows through Q1. For short term overload
conditions the curve of Figure 7 shows the maxi-
mum instantaneous output current versus tempera-
ture for the boosted regulator. This curve refiects
the approximately 2.0A current limit of the
LM340 causing an 8.0A current limit in the pass

d
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=
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Z 50 -

=

I

z

=
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H

i

€ 0 10 20 30 40 56 80 70

JUNCTION TEMPERATURE (°C}
FIGURE 7. Maxi 1 Current vs Ji
Temperature

transistor, or 10A, total. Under continuous short
circuit conditions the LM340 will heat up and
limit to a steady total state short circuit current of
4.0A to 6.0A as shown in Figure 8. This curve was
taken using a Wakefield 680-75 heat sink (approxi-
mately 7.5°C/W) at a 25°C ambient temperature.

" T T
& Tp = +25°C
s LM340K-15 HEAT SINK:
S 80 [ WAKEFIELD NO. 6B0-75 1
= L7.5°cw
E o _
o I
3 —
=
S 40
2
-4
£ |
& 20
=]
T
H
]
oW o 2 un M B

INPUT VOLTAGE (V)

FIGURE 8. Continuous Short Circuit Current vs
Input Voltage

For optimum current sharing over temperature
between the LM340 and Q1, the diode D1 should
be physically located close to the pass transistor
on the heat sink in such a manner as to keep it at
the same temperature as that of Q1. If the LM340
and Q1 are mounted on the same heat sink the
LM340 should be electrically isolated from the
heat sink since its case {pin 3} is at ground
potential and the case of Q1 (its collector) is at
the output potential of the regulator. Capacitors
C1 and C2 are required to prevent oscillations and
improve the output impedance respectively. Re-
sistor R3 provides a path to unload excessive base
charge from the base of Q1 when the regulator
goes suddenly from full load to no load. The
single point ground system shown on Figure 6
allows the sense pins (2 and 3) of the LM340 to
monitor the voltage directly at the load rather than
at some point along a (possibly) resistive ground
return line carrying up to 5.0A of load current.
Figure 9 shows the typical variation of load
regulation versus load current for the boosted
regulator. The insertion of the external pass tran-
sistor increases the input/output differential volt-
age from 2.0V to approximately 4.5V. For an
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output current less than 5.0A, the R2/R1 ratio
can be set lower than 4:1. Therefore, a less
expensive PNP transistor may be used.

1.25 .
Viy =21V ‘
T, = +25°C
10 /
/
0.75 /

05 i /|
s

0.26 +

|

0 1.0 w0 0 40 5.0
LOAD CURRENT (AMPS}

CHANGE IN QUTPUT VOLTAGE {%}

FIGURE 9. Load Regulation

4. 5.0V, 5.0A VOLTAGE REGULATOR
FOR TTL

The high current 5.0V regulator for TTL shown
in Figure 10 uses a relatively inexpensive NPN pass
transistor with a lower power PNP device to replace
the single, higher cost, power PNP shown in Figure
6. This circuit provides a 5.0V output at up to
5.0A of load current with a typical load regulation
of 1.8% from no load to full load. The peak
instantaneous output current observed was 10.4A
at a 25°C junction temperature {(pulsed load with
a 1.0 ms ON and a 200 ms OFF period) and
8.4A for a continuous short circuit. The typical
line regulation is 0.02% of input voltage change
(lou'r =0).

One can easily add an overload indicator using
the National’s new NSL5027 LED. This is shown
with dotted lines in Figure 10. With this configu-
ration R2 is not only a current sharing resistor
but also an overload sensor. R5 witl determine
the current through the LED; the diode D2 has
been added to match the drop across D1. Once
the load current exceeds 5.0A {1.0A through the
LM340 assuming perfect current sharing and
Vp1 = Vp2) Q3 turns ON and the overload
indicator lights up.

Example:

loverLoap = 5.0A
I ep = 40 mA (light intensity of 16 mcd}

Vin -~ 2.65
Vigp=175R5~ —— "~ {4-1)

lLeo

5. ADJUSTABLE OUTPUT VOLTAGE
REGULATOR FOR INTERMEDIATE
OUTPUT VOLTAGES

The addition of two resistors 1o an LM340 circuit
allows a non-standard output voltage while main-
taining the limiting features built into IC. The
example shown in Figure 11 provides a 10V
output using an LM340K-08 by raising the refer-
ence (pin number 3) of the regulator by 2.0V.

It
1 2 I
O—?—| LM340K-08 HW

| 3 SRl | I
1 . Vaes $300 | |
N o A1 Vreo |
]
02 —de
0.1uF =
!

S A2 1

4 100
E,

FIGURE 11. 10V Regulator

Vin =

-
A .
-1 022F
16V Vour = 10V
£

|
)
i
|

|
| |
|

o—4 40

The 2.0V pedestal results from the sum of regulator
quiescent current lg and a current equal to
Vgeg/R1, flowing through potenteniometer R2
to ground. R2 is made adjustable to compensate
for differences in lg and Vggg output. The
circuit is practical because the change in lg due
to line voltage and load current changes is quite
small.

The line regulation for the boosted regulator is
the sum of the LM340 line regulation, its effects
on the current through R2, and the effects of

a
N IN3085
, p
5 0z
e —_—
28030
Vin =10V O ? AN
Ri X [
. o 018 Ra 7%
-T 16W 100
4 | v
= H 01
- 184719 R
1-—‘VW——»-1 LM340-05 —O Vouy = 5OV

w2905

*Solid tantalum,

|

l

I

| ! D3

L N34 iJ-‘ RS NSL5027
a3

— 02
10uF

—_

— 1.0F

SINGLE

lPDINT GND

FIGURE 10. 5.0V, 5.0A Regulator for TTL (with short circuit, thermal shutdown protection, and overload indicator)
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Alg in response to input voltage changes. The
change in output voltage is:
(L,/V) AV y R2
R1
+{Qec/V) AV y R2

AVgyut =L J/V) AV +
(5-1)
giving a total line regulation of:

AVout
AV N

R2
= (L/V) (1 + H) +(0cc/V) R2 (5:2)

The LM340-08 data sheet lists AV < 160 mV
and Alg < 1.0 mA for AV = 145V at lgyr =
500 mA. This is:

160 mV
L/V= —— =11 mV/V {5-3)
14.5V
1.0 mA
Qge/V = ———— = 60uA/V (5-4)
14.5V

The worst case at line regulation for the circuit of
Figure 12 calculated by equation 5-2, gyt =
500 mA and R2 = 6182 is:

AV 619
OYT _ 11 mviv (1 + >
1.0V 30002
(5-5)
+ (69UA/Y) 6182
AV
OUT - 132 mV/V + 4.2 mV/V
7.0V
(5-6)

=17.4mV/V

This represents a worst case line regulation value
of 0.17%/V.

The load regulation is the sum of the LM340
voltage regulation, its effect on the current through
R2, and the effect of Aig in response to changes
in load current. Using the foilowing definitions
and the notation shown on Figure 11 AVgyT is:

ZouTt = Regulator output impedance: the change
in output voltage per amp of load current
change.

Z340 = LM340 output impedance

Qcc/A = Quiescent current change per amp of
load current change

(Z340)
AVour = (Zaao) Al + —22° Al R2
{(5-7)
+ (Qec/AY Al R2
and the total output impedance is:
AVouT R2)
4 = =Z 1+ —
OUT Al,_ 340 R1
(5-8)

+{Qcc/A) R2

The LM340-08 data sheet gives a maximum load
regulation L, = 160 mV and Alg = 0.5 mA for a
1.5A load change.

z 160mV 1070 (5-9)
340 5A ’

A
= 333uA/A (5-10)

Qcc/A =

This gives a worst case dc output impedance (ac
output impedance being a function of C2) for the
10V regulator using equation 5-8 of:

610
Zour = 010792 {1+ ——

+ (333uA/A) 810 (5-11)
Zout = 0.1202 + 0.02082 = 0.14Q

or a worst case change of approximately 1.5% for
a 1.0A load change. Typical measured values are
about 0.56% or one-third of the worst case value.

6. VARIABLE OUTPUT REGULATOR

in Figure 12 the ground terminal of the regulator
is “lifted” by an amount equal to the voltage
applied to the non-inverting input of the operational
amplifier LM101A. The output voltage of the

2
Vi = 25V LM340T-05 — Vour
| w
| X
I +
—L —de g1
- 024F f\_ 2.24F
I
I
ot

*Required if the vegulator is located far from the power supply filter. =

**Solid tantalum.

FIGURE 12. Variable Output Regulator
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regulator is therefore raised to a level set by the
value of the resistive divider R1, R2, R3 and
limited by the input voltage. With the resistor
values shown in Figure 12, the output voltage is
variable from 7.0V to 23V and the maximum
output current (pulsed load) varies from 1.2A to
2.0A (T; = 25°C) as shown in Figure 13.

25 v—rrr

TTT

T
Vi = 25¥ T, = +25°C
PULSED LOAD | | |
20
/ ‘
@ L
& T
IR N T, = +150°C 7|
et
H 1
E e s -
H /
£ I~
ot
05

0
70 80 11 13 15 17 19 21 3
Vour (V}

FIGURE 13. Maximum Output Current

Since the LM101A is operated with a single supply
{the negative supply pin is grounded). The common
mode voltage Vg must be at least at a 2.0 Vg
+ Vgat above ground. R3 has been added to
insure this when R2 = 0. Furthermore the bias
current |z of the operational amplifier shoutd be
negligible compared to the current flowing through
the resistive divider.

Example:
Vin = 25V

Voutrmin =5+ Vg, (R2=0),
Vg = R3{l —tg) = 2.0V
R1=25R3

Voutmax = Vin — dropout volt.
(R2 = R2yax)
RzMAX = 3.3 R1

So setting R3, the values of R1 and R2 can be
determined.

If the LM324 is used instead of the LM101A, R3
can be omitted since its common mode voltage
range includes the ground, and then the output
will be adjustable from b to a certain upper value
defined by the parameters of the system.

The circuit exhibits the short-circuit protection
and thermal shutdown properties of the LM340
over the full output range.

The load regufation can be predicted as:

R1+ R2+R3

AVgyr = — AV3aap {6-1)

where AVga4q is the load regulation of the device
given in the data sheet. To insure that the regulator
will start up under full load a reverse biased small
signal germanium diode, 1N91, can be added
between pins 2 and 3.

7. VARIABLE OUTPUT REGULATOR
0.5V - 29v

When a negative supply is available an approach
equivalent to that outlined in section 6 may be
used to lower the minimum output voltage of the
regulator below the nominal voltage that of the
LLM340 regulator device. In Figure 14 the voltage
Vg at the ground pin of the regulator is determined
by the drop across R1 and the gain of the amplifier.
The current | may be determined by the following
relation:

Vaao RZRE-R3R4  V,\"

- e T, I (7-1)
R1 R4 (R2 + R3} R1

orif R2+ R3=R4 + R56 =R
Vo R2

=204 vV 7:2
1 Ra > N 340) (7-2)

1 2
Vit =31V H LM340K-05

—L, 3
——o2f
+

-Vin

1 Vo
i
tn =L

FPWVYWWWWWW ——
D __
E9

0.224F ==
ol

*Sotid tantalum.

1IIFAAAMAAAAAA

FIGURE 14. Variable Output Voltage 0.5V — 30V
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considering that the output is given by:

Vout = Vg * Vaao (7-3)
and
Ve =R11-Vin~ {7-4)

combining 7-2, 7-3, 7-4 an expression for the
output voltage is:

R2
VouTt = Vaao R (7-5)

Notice that the output voltage is inversely pro-
portional to R4 so the output voltage may be
adjusted very accurately for low values. A minimum
output of 0.5V has been set. This implies that

R2 R3 R3
— =01 — =09 — =9 (7-6)
R4 R4 R2

An absolute zero output voltage will require
R4 = o0 or R2 = 0, neither being practical in this
circuit. The maximum output voltage as shown in
Figure 14 is 30V if the high voltage operational
amplifier LM143 is used. If only low values of
Vout are sought, then an LM101 may be used.
R1 can be computed from:

Vin~
R1 = (7-7)
la 240
500
LA
400 ~1 1 /,‘/
E 300 - T
£ i
2
= m { }
> ;
Viyt =3V
) ! V=15V
e TR =20k
/) | T,=425¢C
i | L1
] 0 ) 30

Vour V]

FIGURE 15. Typical Load Regulation for a 0.5V — 30V
Regulator (Algyy = 1.0A)

Figure 15 illustrates the load regulation as a
function of the output voltage.

8. DUAL POWER SUPPLY

The plus and minus regulators shown in Figure 16
will exhibit line and load regulations consistant
with their specifications ds individual regulators.
If fact, operation will be entirely normal until
the problem of common loads occurs. A 3082
load from the +16V output to the —15V output
(representinga 0.5A starting load for the LM340K-
15 if the LM320K-15 is already started) would
allow start up of the LM340 in most cases. To
insure LM340 startup over the full temperature
range into a worst case 1.0A current sink load the
germanium power “‘diode’” D1 has been added to
the circuit. Since thé forward voltage drop of the
germanium diode D1 is less than that of the
silicon substrate diode of the LM340 the external
diode will take any fault current and allow the
LM340 to start up even into a negative voltage
load. D1 and silicon diode D2 also protect the
regulator outputs from inadvertant shorts between
outputs and to ground. For shorts between outputs
the voltage difference between either input and
the opposite regulator output should not exceed
the maximum rating of the device.

The example shown in Figure 16 is a symmetrical
+15V supply for linear circuits. The same principle
applies to non-symmetrical supplies such as a
+5.0V and —12V regulator for applications such
as registers.

9. TRACKING DUAL REGULATORS

in Figure 17, a fraction of the negative output
voltage '‘lifts” the ground pins of the negative
LM320K-15 voltage regulator and the LM340K-15
through a voltage follower and an inverter respec-
tively. The dual operational amplifier LM1558 is
used for this application and since its supply
voltage may go as high as *22V the regulator
outputs may be set between 5.0V and 20V.
Because of the tighter output tolerance and the
better drift of the LM320, the positive regulator

Vyy = 20V OI— LM340K-15
c

0.22:F

P o Vour*
+15V AT 1 AMP
o1
ZN3612
€2
—-I-— 0.14F

N 01
+
c3*

N 22.F
Vin"— ¢ LM320K-15

1N4720 I 1uF
o——0

GND
| L=
02 car

Vour™
~15V AT 1 AMP

-20v

*Sohd tantalum.

**Germanium diode {using a PNP germanium transistar with the collector shorted

1o the emitter).

Note: C1 and C2 required if regulators are located far from power supply filter.

FIGURE 16. Dual Power Supply
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A ez
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<

Cour JI.
1, 2.24F T
+

—Viy = 20V O

~| LM320K-05 I

*Sohd tantalum.

O -Vour

FIGURE 17. Tracking Dual Supply +5.0V — +18V

2
in LM340K-05 + O Vour = HISV
* A1
01* <3 <
> > 1%
< c4 <
ST & 1.0k
o
0.224F | 02
1N4720
az
Yo bV
= +c3
+ R2 2
ok g :Jr:mn
224 T Ta e
~Vin LM320K-15 l * & —Vour = ~15V

*Germanium diode.
**Solid tantalum.

FIGURE 18. Tracking Dual Supply 16V

is made to track the negative. The best tracking
action is achieved by matching the gain of both
operational amplifiers, that is, the resistors R2
and R3 must be matched as closely as possible.

Indeed, with R2 and R3 matched to better than
1%, the LM340 tracks the LM320 within 40 —
50 mV over the entire output range. The typical
load regulation at Vgt = 15V for the positive
regulator is 40 mV from a 0 to 1.0A pulsed toad
and 80 mV for the negative.

Figure 18 iilustrates +15V trackingregulator, where
again the positive regulator tracks the negative.
Under steady state conditions V, is at a virtual
ground and Vg at a Vg above ground. Q2 then
conducts the quiescent current of the LM340.
If ~Voyut becomes more negative the collector
base junction of Q1 is forward biased thus lower-
ing Vg and raising the collector voltage of Q2. As

a result +Voyt rises and the voltage V, again
reaches ground potential.

Assuming Q1 and Q2 to be perfectly matched,
the tracking action remains unchanged over the
full operating temperature range.

With Rt and R2 matched to 1%, the positive
regulator tracks the negative within 100 mV (less
than 1%). The capacitor C4 has been added to
improve stability. Typical load regulations for the
positive and negative sides from a 0 to 1.0A puised
load (toy = 1.0 ms, tore = 200 ms) are 10 mV
and 45 mV respectively.

10. HIGH INPUT VOLTAGE

The input voltage of the LM340 must. be kept
within the limits specified in the data sheet. If
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FIGURE 20. High Input Voltage
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2N3612.

€2

I 0.1uF

FIGURE 21. High Voltage Regulator

the device is operated above the absolute maximum
input voltage rating, two failure modes may occur.
With the output shorted to ground, the series pass
transistor Q16 (see Figure 4) will go to avalanche
breakdown; or, even with the output not grounded,
the transistor Q1 may fail since it is operated with
a collector-emitter voltage approximately 4.0V
below the input.

If the only available supply runs at a voltage
higher than the maximum specified, one of the
simplest ways to protect the regulator is to con-
nect a zener diode in series with the input of the
device to level shift the input voltage. The draw-
back to this approach is obvious. The zener
must dissipate (VguppLy — Vinmax LM340).
{toutmax) Which may be several watts. Another
way to overcome the over voltage problem is illus-
trated in Figure 19 where an inexpensive, NPN-
zener-resistor, combination may be considered as an
equivalent to the power zener. The typical load
regulation of this circuit is 4p mV from 0 to 1.0A
pulsed load {T; = 25°C} and the line regulation is
2.0 mV for 1.0V variation in the input voltage
(lout = 0). A similar alternate approach is shown
in Figure 20.

With an optional output capacitor the measured
noise of the circuit was 700uVp-p.

11. HIGH VOLTAGE REGULATOR

In previous sections the principle of “lifting the
ground terminal’’ of the LM340, using a resistor
divider or an operational amplifier, has been
illustrated. One can also raise the output voltage
by using a zener diode connected to the ground
pin as illustrated in the Figure 21 to obtain an
output level increased by the breakdown voltage
of the zener. Since the input voltage of the regulator
has been allowed to go as high as 80V a level
shifting transistor-zener {D2}—resistor combination
has been added to keep the voltage across the
LM340 under permissible values. The disadvantage
of the system is the increased output noise and
output voltage drift due to the added diodes.

Indeed it can be seen that, from no load to full
load conditions, the Alz will be approximately
the current through R1 {z~ 35 mA) and therefore
the degraded regulation caused by D1 will be
Vz {at 35mA + g} — Vz (atig].
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The measured load regulation was 60 mV for
AlgyTt of 5.0 mA to 1.0A (pulsed load), and the
line regulation is 0.01%/V of input voltage change
{ioutr = 500 mA) and the typical output noise
2.0 mVp-p (C2 = 0.1uF). The value of R1 is
calculated as:

Vin = (Vzq +Vz3)
| full load

R1~§ (11-1}

12. ELECTRONIC SHUTDOWN

Figure 22 shows a practical method of shutting
down the LM340 under the control of a TTL or
DTL logic gate. The pass transistor Q1 operates
either as a saturated transistor or as an open switch.
With the logic input high (2.4V specified minimum
for TTL logic) transistor Q2 turns on and pulls
50 mA down through R2. This provides sufficient
base drive to maintain Q1 in saturation during the

ON condition of the switch. When the logic input
is low (0.4V specified maximum for TTL logic})
Q2 is held off, as is Q1; and the switch is in the
OFF condition. The observed turn-on time was
7.0us for resistive loads from 16S2 to infinity and
the turn-off time varied from approximately
3.0us for a 15£2 load to 3.0 ms for a no-load
condition. Turn-off time is controlled primarily
by the time constant of R_pap and C1.

13. VARIABLE HIGH VOLTAGE REGULATOR
WITH OVERVOLTAGE SHUTDOWN

A high voltage variable-output regulator may be
constructed using the LM340 after the idea illus-
trated in section 7 and drawn in Figure 23,
The principal inconvenience is that the voltage
across the regulator must be limited to maximum
rating of the device, the higher the applied input
voltage the higher must be lifted the ground pin of
the LLM340. Therefore the range of the variable

e
. 2N6107 - Vour =15V
Vin =20V O * ] LmseoTas | loor = 1.0 AP
| 3
Rt
| 500
| c
0.1uF
A2 H
cor L 360
0.224F —p— 10w
A3
| oN 1.0k
LoGIC az
I DFF INPUT 2N4958
v il
J L
o

*Required if the regulator is located far from the power supply fitter,

**Head sink 01 and the LM340.

-l-".)

FIGURE 22. Electronic Shutdown Circuit

a
N6107 1
Vi = 62V Ot LM3a0K-23
—|o R 3
—— tanF 500
<
1.2k
30w
R7 !
1.0k
[i¥] 6
2N4969

Cour
22.F

AAA
VWV
El

O Vour =46V - 60V
iL .

- +5.0V

1.0k

2N2222

RESET THE REGULATOR
AFTER SHORT CIRCUITS.

*“Solid tantalum.

FIGURE 23. Variable High Voitage Regulator with Shortcircuit and Overvoltage Protection
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output is limited by the supply voltage limit of
the operational amplifier and the maximum voltage
allowed across the regulator. An estimation of this
range is given by:

Voutmax ~ VouTtmin = VsuppLy MAX 340
“VNomiNAL3a0 ~ 2.0V
{13-1)

Examples:

LM340-24: Voyrmax ~ VouTmin
=40-24—-2=14V

Figure 23 illustrates the above considerations.
Even though the LM340 is by itself short circuit
protected, when the output drops, also V5 drops
and the voltage difference across the device in-
creases. If it exceeds 40V the pass transistor
internal to the regulator will breakdown, as ex-
plained in section 11. To remedy this, an over-

voltage shutdown is included in the circuit. When
the output drops the comparator switches low,
pulls down the base of Q2 thus opening the
switch Q1, and shutting down the LM340. Once
the shortcircuit has been removed the LM311 must
be activated through the strobe to switch high
and close Q1, which will start the regulator again,
The additional voltages required to operate the
comparator may be taken from the 62V since
the LM311 has a certain ripple rejection and the
reference voltage (pin 3) may have a superimposed
small ac signal. The typical load regulation can be
be computed from equation 6-1.
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NOISE SPECS CONFUSING ?

It’s really all very simple—once you understand it.
Then, here’s the inside story on noise for those of us
who haven’t been designing low noise amplifiers for
ten years.

You hear all sorts of terms like signal-to-noise ratio,
noise figure, noise factor, noise voltage, noise current,
noise power, noise spectral density, noise per root Hertz,
broadband noise, spot noise, shot noise, flicker noise,
excess noise, 1/f noise, fluctuation noise, thermal noise,
white noise, pink noise, popcorn noise, bipolar spike
noise, low noise, no noise, and loud noise. No wonder
not everyone understands noise specifications.

In a case like noise, it is probably best to sort it all out
from the beginning. So, in the beginning, there was
noise; and then there was signal. The whole idea is to
have the noise very small compared to the signal; or,
conversely, we desire a high signal-to-noise ratio S/N.
Now it happens that S/N is related to noise figure NF,
noise factor F, noise power, noise voltage €,, and noise
current i,. To simplify matters, it also happens that any
noisy channel or amplifier can be completely specified
for noise in terms of two noise generators €, and i, as
shown in Figure 1.

F——————— —
UV B [
rMW\V—
NOISELESS
. wpur | T AMPLIFIER | outeur
Y
L 0R Gy

FIGURE 1. Noise Characterization of Amplifier

All we really need to understand are NF, e, and T,,. So
here is a rundown on these three.

NOISE VOLTAGE, &,, or more properly, EQUIVA-
LENT SHORT-CIRCUIT INPUT RMSNOISE VOLTAGE
is simply that noise voltage which would appear to
originate at the input of the noiseless amplifier if the
input terminals were shorted. It is expressed in nanovolts
per root Hertz nV/A/Hz at a specified frequency, or in
microvolts in a given frequency band. It is determined
or measured by shorting the input terminals, measuring
the output rms noise, dividing by amplifier gain, and
referencing to the input. Hence the term, eguivalent
noise voltage. An output bandpass filter of known char-
acteristic is used in measurements, and the measured

Jim Sherwin
MAY 1974

value is divided by the square root of the bandwidth
\/E if data is to be expressed per unit bandwidth or
per root Hertz. The level of e, is not constant over the
frequency band; typically itincreases at lower frequencies
as shown in Figure 2. This increase is 1/f NOISE.

1000 10¢

100

e, (mVA/HzZ)

1y A
I
17
{2/ Mo}

10 100 1.0k 10k
FREQUENCY {Hz)

FIGURE 2. Noise Voltage and Current for an Op Amp

NOISE CURRENT, Tn, or more properly, EQUIVALENT
OPEN-CIRCUIT RMS NOISE CURRENT is that noise
which occurs apparently at the input of the noiseless
amplifier due oniy to noise currents. It is expressed
in picoamps per root Hertz pA/\/ﬁE at a specified
frequency or in nanoamps in a given frequency band.
It is measured by shunting a capacitor or resistor across
the input terminals such that the noise current will give
rise to an additional noise voltage which is i, x R;, (or
Xcin). The output is measured, divided by amplifier gain,
referenced to input, and that contribution known to be
due to &, and resistor noise is appropriately subtracted
from the total measured noise. If a_capacitor is used at
the input, there is only &, and i, Xgn. The i, is
measured with a bandpass filter and converted to
pA/\/m if appropriate; typically it increases at lower
frequencies for op amps and bipolar transistors, but
increases at higher frequencies for field-effect transistors.

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

NF = 10log ——= (1)

where: S and N are power or (voitage)}? 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.
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¢ ONISNINOD SI23dS 3ISION  ¥0L-NV



The values of Ry, and any Xg., as well as frequency
must be known to properly express NF in meaningful
terms. This is because the amplifier i, x Zgen as well as
Rgen itself produces input noise. The signal source in
Figure 1 contains some noise. However egg is generally
considered to be noise free and input noise is present as
the THERMAL NOISE of the resistive component of the
signal generator impedance Rge,. 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 e,2 has the units V2/Hz and that
(8,) has the units V/A/Hz

er? = 4kTRB (2)

where: T is temperature in °K
R is resistor value in ohms
B is bandwidth in Hz
k is Boltzman’s constant

Relation Between g, in, uF

Now we can examine the relationship between e, and
i, at the amplifier input. When the signal source is
connected, the &, appears in series with the egy and ég.
The i, flows through Rge,, thus producing another noise
voltage of value i, x Rge,. This noise voltage is clearly
dependent upon the value of Rge,. All of these noise
voltages add at the input in rms fashion; that is, as the
square root of the sum of the squares. Thus, neglecting
possible correlation between &, and i,, the total input
noise is

en?=e.2 +er? +iy2 Rgen? (3)
Further examination of the NF equation shows the
relationship of &y, i,, and NF.

Sin X N
10 Iog in out
out X Nin

NF

1]

Sin G, e
=10|og in p &N

Sin Gp er?

where: G, = power gain

2
e
= 10 log N
eR>
2 o2
e + e + in?R
= 10log " i N
eg?
2,2 2
e + i R
NF = 10log {1 + —— 97 (4)
eR?

Thus, for small Ry, noise voltage dominates; and for
large Rgen, Noise current becomes important. A clear
advantage accrues to FET input amplifiers, especially
at high values of R, as the FET has essentially zero
i,. Note, that for an NF value to have meaning, it must
be accompanied by a value for Rg, as well as
frequency.

Calculating Total Noise, ey

We can generate a plot of &y for various values of Ry,
if noise voltage and current are known vs frequency.Such
a graph is shown in Figure 3 drawn from Figure 2. To
make this plot, the thermal noise ég of the input
resistance must be calculated from Equation 2 or taken
from the graph of Figure 4. Remember that each term
in Equation 3 must be squared prior to addition, so the
data from Figure 4 and from Figure 2 is squared. A
sample of this calculation follows.

1000 =r—rrm
Ty,
- 100 k2|
z =
E-R B ) 1
& 10
i
1
I
10 100 1.0k 10k

FREQUENCY (Hz)

FIGURE 3. Total Noise for the Op Amp of Figure 2.

1000 o
= o
8 y
/|
— 100
=
=
= H
£ (1 'A
<
E e Ll L ea? =4k TRB
= %= 167103
H T=300°K
7 B=1.0Hz
o & P LI L]

100 1.0k 10k 100k 1.0M 10M 100M
R (DHMS)

FIGURE 4. Thermal Noise of Resistor

Example 1: Determine total equivalent input noise per
unit bandwidth for an amplifier operating at 1 kHz
from a source resistance of 10 kohms. Use the data
from Figures 2 and 4.

1. Read eg from Figure 4 at 10 kohm; the value is
12 nV/A/Hz.

2. Read e, from Figure 2 at 1 kHz; the value is
9.5 nV/A/Hz.

3. Read i_n from Figure 2 at 1 kHz; the value is
0.68 pA/A/Hz. Multiply by 10 kohm to obtain

6.8 nV/v/Haz.
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4. Square each term individually, and enter into Equa-
tion 3.

éN = \/en2 + eRZ + in2 F{genz
V952 + 122 + 6.82 = /279

ey = 16.7 nV/+/Hz

This is total rms noise at the input in one Hertz
bandwidth at 1 kHz, If total noise in a given band-
width is desired, one must integrate the noise over a
bandwidth as specified. This is most easily done in a
noise measurement set-up, but may be approximated
as follows.

1. If the frequency range of interest is in the flat band;
i.e., between 1 kHz and 10 kHz in Figure 2, it is
simply a matter of multiplying gy by the square root
of the bandwidth. Then, in the 1 kHz-10 kHz band,
total noise is

&y = 16.7 /9000

1.59uV

it

2. If the frequency band of interest is not in the flat
band of Figure 2, one must break the band into
sections, calculating average noise in each section,
squaring, multiplying by section bandwidth, summing
all sections, and finally taking square root of the
sum as follows:

- - = 3
En =\/eR2B+Z(en2+|n2Rgen2); B, (5)
1
where: i is the total number of sub-blocks.

For most purposes a sub-block may be one or two
octaves. Example 2 details such a calculation.

Example 2: Determine the rms noise level in the
frequency band 50 Hz to 10 kHz for the amplifier of
Figure 2 operating from Rgen = 2k.

1. Read er from Figure 4 at 2k, square the value, and
multiply by the entire bandwidth. Easiest way is to
construct a table as shown below.

2. Read the median value of €, in a relatively small
frequency band, say 50 Hz-100 Hz, from Figure 2,
square it and enter into the table.

3. Read the median value of i—“ in the 50 Hz-100 Hz
band from Figure 2, multiply by Rge, = 2k, square
the result and enter in the table.

4. Sum the squared results from steps 2 and 3, multiply
the sum by Af = 100-50 = 50 Hz, and enter in the
table.

6. Repeat steps 2-4 for band sections of 100 Hz-300 Hz,
300 Hz-1000 Hz and 1 kHz-10 kHz. Enter results in
the table.

6. Sum all entires in the last column, and finally take
the square root of this sum for the total rms noise in
the 50 Hz-10,000 Hz band.

7. Total e, is 1.62uV in the 50 Hz-10,000 Hz band.

Calcuiating S/N and NF

Signal-to-noise ratio can be easily calculated from known
signal levels once total rms noise in the band is
determined. Example 3 shows this rather simple calcula-
tion from Equation 6 for the data of Example 2.

esig

S/N = 20log (6)

en

Example 3: Determine S/N for an rms egq = 4 mV at
the input to the amplifier operated in Example 2.

1. RMS signal is egq = 4 mV
2. RMS noise from Example 2 is 1.62uV
3. Calculate S/N from Equation 6
4 mV
1.62uV
20 log (2.47 x 10°)
20 (log 10° + log 2.47)
20 (3 +0.393)
S/N = 68dB

S/N = 20log

[

u

TABLE I. Noise Calculations for Example 2

B (Hz) Af (Hz) 8.2 (nV/Hz2) + 1n2 Rggn? SUMxAf =  (nV?)
50-100 50 (20)2 = 400 {(8.7x2.0k)2 = 302 702" 50 35,000
100-300 200 (13)2 = 169 (8x2.0k12 = 256 425 x 200 85,000
300-1000 700 (10)2 = 100 (7x20k2 = 19 296 x 700 207,000
1.0k-10k 9000 (9)2 = 81 (6x20k)2 = 144 225 x 9000 2,020,000
50-10,000 9950 es? = (53)2 = 28 28 x 9950 279,000
Total 8y = /2,626,000 = 1620 nV = 1.62uV

*The units are as follows: (20 nV/ \/—E)z = 400 1nV)2/Hz

(8.7 pA/ Rz x 2.0kohms)? = (17.4 nA/ ADIZ = 302 (nV)2/H2

Sum = 702 {nV)?/Hz x 50 Hz = 35,000 (nV)?
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It is also possible to plot NF vs frequency at various
Rgen for any given plot of €, and i,,. However there is
no specific all-purpose conversion plot relating NF,
€n, in, Rgen and f. If either &, or i, is neglected, a
reference chart can be constructed. Figure 5 is such a
ptot when only €, is considered. It is useful for most
op amps when Ry, is less than about 200 ohms and for
FETs at any Rg., (because there is no significant i, for
FETs), however actual NF for op amps with Rg., > 200
ohms is higher than indicated on the chart.

The graph of Figure 5 can be used to find spot NF if
8, and Ry, are known, or to find &, if NF and Rg, are
known. [t can also be used to find max Rg, allowed
for a given max NF when e, is known. In any case,
values are only valid if i, is negligible and at the specific
frequency of interest for NF and e,, and for 1 Hz
bandwidth. If bandwidth increases, the plot is valid so
long as &, is multiplied by v/B.

z)

8, v/,

"B 100 1.0k 10k 100k 1.0M 10M
Rgen {OHMS)

fIGUR_E 5.Spot NF vs Rggn when Considering Only
eq and 8 (not valid when i, Rgep is significant)

The Noise Figure Myth

Noise figure is easy to calculate because the signal level
need not be specified (note that ey, drops out of
Equation 4}. Because NF is so easy to handle in calcula-
tions, many designers tend to lose sight of the fact that
signal-to-noise ratio (S/N},, is what is important in the
final analysis, be it an audio, video, or digital data
system. One can, in fact, choose a high Rge, to reduce
NF to near zero if i, is very small. In this case eg is the
major source of noise, overshadowing &, completely. The
result is very low NF, but very low S/N as well because
of very high noise. Don’t be fooled into believing that
low NF means low noise per se/

Another term is worth considering, that is optimum
source resistance Ropr. This is a value of Rg, which
produces the lowest NF in a given system, It is calculated
as

e

Ropr =— (7)

n

This has been arrived at by differentiating Equation 4
with respect to Rg, and equating it to zero (see
Appendix). Note that this does not mean lowest noise.

For example, using Figure 2 to calculate Ropt at say
600 Hz,

R 100V 14 koh
=— = ohms
oPT = A

Then note in Figure 3, that €y is in the neighborhood
of 20 nV/A/Hz for Rye, of 14k. While &y = 10 nVA/Hz
for Rgen = 0-100 ohms. STOP! Do not pass GO. Do not
be fooled. Using Rgen, = Ropr does not guarantee lowest
noise UNLESS esigz = kRgen as in the case of transformer
coupling. When esigz > kRgen. as is the case wheresignal
level is proportional to Rgep {€5g = kRgen ), it makes sense
to use the highest practical value of Rg.,. When
eug- < KkRgen, it makes sense to use a value of
Rgen < Ropr. These conclusions are verified in the
Appendix.

This all means that it does not make sense to tamper
with the Rg,, of existing signal sources in an attempt
to make Rge, = Ropr. Especially, do not add series
resistance to a source for this purpose. It does make
sense to adjust Rge, in transformer coupled circuits
by manipulating turns ratio or to design Ry, of a
magnetic pick-up to operate with pre-amps where Rgpt
is known. It does make sense to increase the design
resistance of signal sources to match or exceed Ropt SO
long as the signal voltage increases with Ry, in at least
the ratio esigz & Rgen. It does not necessarily make sense
to select an amplifier with Rgpr to match R, because
one amplifier operating at Rge, = Ropt may produce
lower S/N than another (quieter) amplifier operating
with Rgen # Ropt.

With some amplifiers it is possible to adjust Ropr Over
a limited range by adjusting the first stage operating
current (the National LM121 and LM381 for example).
With these, one might increase operating current, varying
Roer. to find a condition of minimum S/N. Increasing
input stage current decreases Ropr as &, is decreased
and i, is simultaneously increased.

Let us consider one additional case of a fairly complex
nature just as a practical example which will point up
some factors often overiooked.

Example 4: Determine the S/N apparent to the ear
of the amplifier of Figure 2 operating over 50-12, 800 Hz
when driven by a phonograph cartridge exhibiting
Rgen = 1360£2, Lgen = 0.5H, and average egg = 4.0 mVrms,
The cartridge is to be loaded by 47k as in Figure 6.
This is equivalent to using a Shure V15, Type 3 for
average level recorded music.

1. Choose sectional bandwidths of 1 octave each, these
are listed in the following table.

2. Read &, from Figure 2 as average for each octave
and enter in the table.

3. Read Tn from Figure 2 as average for each octave and
enter in the table.

4. Read e for the Rge, = 135082 from Figure 4 and
enter in the table.
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FIGURE 7. Relative Gain for RIAA, ASA Weighting
A, and H-F Boost Curves

. Determine the values of Zge,, at the midpoint of each
octave and enter in the table.

. Determine the amount of &g which reaches the
amplifier input; this is
R1
By ———
TR1 + Zgn
. Read the noise contribution e4y, of R1 = 47k
from Figure 4.

. Determine the amount of 847« which reaches the
amplifier input; this is

den
€47k

R1 + Zgen

. Determine the effective noise contributed by Tn
flowing through the parallel combination of Rt
and Zgg,. This is

ZgenR1
Zgen + R1

n

10.

1.

12

13.

14.

16.

17.

Square all noise voltage values resulting from steps
2, 6, 8 and 9; and sum the squares.

Determine the relative gain at the midpoint of each
octave from the RIAA playback response curve
of Figure 7.

Determine the relative gain at these same midpoints
from the A weighted response curve of Figure 7
for sound level meters (this roughly accounts for
variations in human hearing}.

Assume a tone control high frequency boest of
10 dB at 10 kHz from Figure 7. Again determine
relative response of octave midpoints.

Multiply ali relative gain values of steps 11-13 and
square the result.

Multiply the sum of the squared values from step 10
by the resultant relative gain of step 14 and by
the bandwidth in each octave.

. Sum all the values resultant from step 15, and find

the square root of the sum. This is the total audible
rms noise apparent in the band.

Divide egq = 4 mV by the total noise to find
S/N = 69.5 dB.
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Steps for Example

1 Frequency Band {Hz) 50-100 100-200 200-400
Bandwidth, B (Hz) 50 100 200
Bandcenter, f (Hz) 75 150 300

5 Zg, at f (ohms) 1385 1425 1665
Zgen R1 (ohms) 1300 1360 1600
Zgen/IR1 + Zge) 0.028 0.030 0.034
R1/(R1+ Zge,) 0.97 0.97 0.97

i3 RIAA Gain, Ag an 5.6 3.1 2.0

12 Corr for Hearing, A, 0.08 0.18 0.45

13 H-F Boost, Agoos 1 1 1

14 Product of Gains, A 0.45 0.55 0.9
A? 0.204 0.304 0.81

4 By (nV/Hz) 45 45 45

7 Bap (nV//H2) 29 29 29

3 i, (pA/VH2) 0.85 0.80 0.77

2 &, nv/VH2) 19 14 1

9 8 =iy (Zgen R) 11 1.09 1.23

6 8,=8g RI(RY +2Zg,) 435 4.35 4.35

8 3= 84k Zgen/(R1+Zge,)  0.81 0.87 0.98

10 e? 360 195 121
2 {from i) 1.21 1.2 1.5
52 {from ag) 19 19 19
e3? {from 87y ) 0.65 0.76 0.96
% e, 2 (nV2/Hz) 381 216 142

15 BA? (Hz) 10.2 30.4 162
BAZZ ¢ (nV2) 3880 6550 23000

16 Sle, +e,? +ey” +eg?) BAZ = 1,815,930 nv2
By = VI = 1.35uV
17 S/N = 20 log (4.0 mV/1.35uV) = 69.5 dB

Note the significant contributions of i, and the 47k
resistor, especially at high frequencies. Note also that
there will be a difference between calculated noise and
that noise measured on broadband meters because of
the A curve employed in the example. If it were not for
the A curve attenuation at low frequencies, the €,
would add a very important contribution below 200 Hz.
This would be due to the R1AA boost at low frequency.
As it stands, 97% of the 1.35uV would occur in the
800-12.8 kHz band alone, principally because of the
high frequency boost and the A measurement curve,
If the measurement were made without either the high
frequency boost or the A curve, the &, would be
1.25uV. In this case, 76% of the total noise would arise
in the 50 Hz-400 Hz band alone. If the A curve were
used, but the high-frequency boost were deleted, €,
would be 0.91uV; and 94% would arise in the 800-12,
800 Hz band alone.

The three different methods of measuring would only
produce a difference of +3.5 dB in overall S/N, however
the prime sources of the largest part of the noise and the
frequency character of the noise can vary greatly with
the test or measurement conditions, It is, then, quite
important to know the method of measurement in order

400-800 800-1600 1.6-3.2k 3.2-6.4k 6.4-12.8k
400 800 1600 3200 6400
600 1200 2400 4800 9600
2400 4220 8100 16k 32k
2270 3900 6900 11.8k 19k
0.485 0.082 0.145 0.2565 0.400
0.96 0.92 0.86 0.74 0.60
1.4 1 0.7 0.45 0.316
0.80 1 1.26 1 0.5
1 1.12 1.46 23 31
1.12 1.12 1.28 1.03 0.49
1.26 1.26 1.65 1.06 0.241
4.5 4.5 4.5 45 4.5
29 29 29 29 29
0.72 0.65 0.62 0.60 0.60
10 9.5 9 9 9
1.63 2,55 43 7.1 11.4
4.25 4.15 3.86 3.33 2.7
14 24 4.2 7.4 11.6
100 90 81 81 81
2.65 6.5 18.5 50 150
18 17 15 11 7.2
2 5.8 18 55 135
122 120 133 147 373
504 1010 2640 3400 1550
61500 121000 350000 670000 580000

to know which individual noise sources in Figure 6
must be reduced in order to significantly improve S/N.

CONCLUSIONS

The main points in selecting low noise preamplifiers are:

1. Don't pad the signal source; live with the existing
Rgen-

2. Select on the basis of low values of €, and especially
in if Rgen is over about a thousand ohms.

3. Don't select on the basis of NF or Rgopr in most
cases. NF specs are al! right so long as you know
precisely how to use them and so long as they are
valid over the frequency band for the Rge, OF Zgen
with which you must work.

4. Be sure to (root) sum all the noise sources én,Tn and
eg in your system over appropriate bandwidth.

5. The higher frequencies are often the most important
unless there is low frequency boost or high fre-
quency attenuation in the system.

6. Don’t forget the filtering effect of the human ear in
audio systems. Know the eventual frequency emphasis
or filtering to be employed.
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APPENDIX |

Derivation of Rgpr:

2, 2.2 2
e +e,“+i,“R
NF = 10log ——2 "9
eH2
en® +in? Rgen”
101log |1+
er?
T2y _ a2, T 2p2

oNF 0.435 4KkTRB (2R i,°) — (e,® + i, R°)4kTB

dR  (4kTRB)2 — =
1 + (e,2 + i,2 R%)/4kTRB

where: R = Rgen
Set this = 0, and
4KTRB(2Ri,?) = 4kTBle,2 + i,2 R?)
2i,2R% = e,2 + i,2 R?

2R2_ 2

RZ= .2 /i,2

APPENDIX II
Selecting Rge,, for highest S/N.

2
e
S/N - s19
Bler? + e,2 + i,,2R?)

For S/N to increase with R,

dS/N

oR

3SIN  2e,9(de59/0R) len® + e,2 + i,2 R2) —ey 2 (4KT + 2i 2R)

oR — 5 =
B(eR2 + e2 +1,2R?)2
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APPENDIX Il (Con't)

if we set > 0, then

2 (Dege/d R) (eq? + e + in2 R?) > ey (4KT + 2i,2 R)
K

1
2R

For egq = kjy VR, degg/0R =

(2k,/2VR) (g2 + e,2 + i,2 R2) > k, VR (4kT + 2i.2R)

en? + e.2 + i 2R2 > 4KTR + 2i,2R?
en? > i,2 R?

R < &,/in
Therefore S/N increases with Rge,, so long as Rger, < Ropr

For eg, = kR, degy/0R = ky

sig sig

2K, (er? + e.2 + in2 R2) > kR (4kT + 2i 2R)
%en? + 2e,2 + 2i,2 R2 > 4kTR + 2i,2 R?

er? + 2e,2 > 0
Then S/N increases with Ry, for any amplifier.

For any egq < k4 VR, an optimum Rgen may be deter-
mined. Take, for example, eqy = kq RO4, ey /OR =
0.4k, R-06

(0.8k,/ROS)(eq2 +e,2 +i,2 R2) >k, RO? (4kT + 2i,2R)
08er2 +08e,2 +0.8i,2R2>4kTR +2i,2 R2

08e,2>02eg2+1.2i,2 R2
Then S/N increases with Rge, until

0.25ex2+15i 2R2=¢,2
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FAST IC POWER TRANSISTOR WITH THERMAL PROTECTION

INTRODUCTION

Overload protection is perhaps most necessary in power
circuitry. This is shown by recent trends in power tran-
sistor technology. Safe-area, voltage and current hand-
ling capability have been increased to limits far in excess
of package power dissipation. In RF transistors, devices
are now available and able to withstand badly mis-
matched loads without destruction. However, for any-
one working with power transistors, they are still easily
destroyed.

Since power circuitry, in many cases, drives other low
level circuitry—such as a voltage regulator—protection is
doubly important. Overloads that cause power transistor
failure can result in the destruction of the entire circuit.
This is because the common failure mode for power
transistors is a short from collector to emitter—applying
full voltage to the load. In the case of a voltage regula-
tor, the raw supply voltage would be applied to the low
level circuitry.

A new monolithic power transistor provides virtually
absolute protection against any type of overioad. In-
cluded on the chip are current limiting, safe area protec-
tion and thermal limiting. Current limiting controls the
peak current through the chip to a safe level below the
fuzing current of the aluminum metalization. At high
collector to emitter voltage the safe area limiting reduces
the peak current to further protect the power transistor.
If, under prolonged overload, power dissipation causes
chip temperature to rise toward destructive levels, ther-
mal limiting turns off the device keeping the devices at a
safe temperature. The inclusion of thermal limiting, a
feature not easily availabie in discrete circuitry makes
this device especially attractive in applications where
normal protective schemes are ineffective.

The device’s high gain and fast response further reduce
requirements of surrounding circuitry. As well as being
used in linear applications, the IC can interface transis-
tor-transistor logic or complementary-MOS logic to
power loads without external devices. In fact, the input-
current requirement of 3 microamperes is small enough
for one CMOS gate to drive over 400 LM195’s,

Besides high dc current gain, the IC has low input capaci-
tance so it can be easily driven from high impedance
sources—even at high frequencies. In a standard TO-3
power package, the monolithic structure ties the emitter,
rather than the collector, to the case effectively boot-
strapping the base-to-package capacitance. Additionally,
connecting the emitter to the package is especially con-
venient for grounded emitter circuits.

The device is fully protected against any overload condi-
tion when it is used below the maximum voltage rating.
The current-limiting circuitry restricts the power dissipa-
tion to 35 watts, 1.8 amperes are available at collector-
to-emitter voltage of 17V decreasing to about 0.8

amperes at 40V. In reality, however, like standard tran-
sistors, power dissipation in actual use is limited by the
size of the external heat sink.

Switching time is fast also. At 40V 25 Ohm load can be
switched on or off in a relatively fast 500 ns. The inter-
nal planar double diffused monolithic transistors have an
f, of 200 MHz to 400 MHz. The limiting factor on over-
all speed is the protective and biasing circuitry around
the output transistors. An important performance point
is that no more than the normal 3uA base current is
needed for fast switching.

To the designer, the LM195 acts like an ordinary power
transistor, and its operation is almost identical to that of
a standard power device. However, it provides almost
absolute protection against any type of overload. And,
since it is manufactured with standard seven-mask IC
technology, the device is produceable in large quantities
at reasonable cost.

CIRCUIT DESIGN

Besides the protective features, the monolithic power
transistor should function as closely to a discrete transis-
tor as possible. Of course, due to the circuitry on the
chip, there will be some differences.

Figure 1 shows a simplified schematic of the power tran-
sistor. A power NPN Darlington is driven by an input
PNP. The PNP and output NPN's are biased by internal
current source 14. The composite three transistors yield
a total current gain in excess of 108 making it easy to
drive the power transistors from high impedance sources.
Unlike normal power transistors, the base current is neg-
ative, flowing out of the PNP. However, in most cases
this is not a problem.

COLLECTOR

PROTECTION
CIRCUITRY

EMITTER

FIGURE 1. Simplified Circuit of the LM195
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The input PNP transistor is made with standard IC pro-
cessing and has a reverse base-emitter breakdown voltage
in excess of 40V. This allows the power transistor to be
driven from a stiff voltage source without damage due to
excessive base current. At input voltages in excess of
about 1V the input PNP becomes reverse biased and
no current is drawn from the base lead. In fact it is
possible for the base of the monolithic transistor to be
driven with up to 40V even though the coltector to emit-
ter voltage is low. Further, the input PNP isolates the
base drive from the protective circuitry insuring that
even with high base drive the device will be protected.
When the device is turned off current | is shunted from
the base of the NPN transistor by the PNP and appears
at the emitter terminal. This sets the minimum load cur-
rent to about 2 mA, not a severe restriction for a
power transistor. Because of the PNP and |4, the power
transistor turns “‘on’’ rather than “off’” if the base is
opened; however, most power circuits already include a
base-emitter resistor to absorb leakage currents in
present power transistors.

A schematic of the LM195 is shown in Figure 2. The
circuitry is biased by four current sources comprised of
Q4, Q7, Q8 and Q9. The operating current is set by Qb
and Q6 and is relatively independent of supply voltage.
FET Q1 and R2 insure reliable starting of the bias cir-
cuitry while D1 clamps the output of the FET limiting
the starting current at high supply voltage.

The output transistors Q19 and Q20 are driven from
input PNP Q14. Current limiting independent of temper-
ature changes is provided by Q21, Q16, and Q15. At
high collector to emitter voltages the current limit
decreases due to the voltage across R21 from D3, D4
and R20. The double emitter structure used on Q21
allows the power limiting to more closely approximate

constant power curve rather than a straight line decrease
in output current as input voltage increases.

Transistor Q13 thermally limits the device by removing
the base drive at high temperature. The actual tempera-
ture sensing is done by Q11 and Q12 with 010 regulat-
ing the voltage across the sensors so thermal limit
temperature remains independent of supply. As tempera-
ture increases, the collector current of Q11 increases
while the Vgg of Q12 decreases. At about 170°C the
Q12 turns on Q13 removing the base drive from the
output transistars. Finally, C1, Q2 and Q3 boost
operating currents during switching to obtain faster
response time and Q17 and Q18 compensate for hg
variations in the power devices.

PERFORMANCE

The new power transistor is packaged in a standard TO-3
transistor package making it compatible with standard
power transistors. An added advantage of the monolithic
structure is that the emitter is tied to the case rather
than the collector. This allows the device to be con-
nected directly to ground in collector output applica-
tions.

A photomicrograph of the LM195 is shown in Figure 3.
More than half of the die area is needed for the output
power transistor (Q20). Actually, the power transistor is
many individual small transistors connected in parallel
with a common collector. Partitioning the power device
into small discrete areas improves power handling over a
single large device. Firstly, the power device has ten base
sections spread across the chip. Between the base
diffusion are N+ collector contacts. Each section has its
own emitter ballasting resistor to insure current sharing
between sections. One of these resistors is used to sense
the output current for current limiting.

COLLECTOR

v
6.V a

R18

D3
63V

R20
18k

D4
6.3V

—AAA

A1
RZq 30
500

EMITTER

BASE

FIGURE 2. Schematic Diagram of the LM195
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FIGURE 3. LM195 Chip

TABLE I. Typical Performance

Collector to Emitter Voltage a2v
Base to Emitter Voltage (max.) 42V
Peak Coliector Current {internally limited) 1.8 amps
Reverse Base Emitter Voltage 20V
Base to Emitter Voltage (I¢ = 1.0 amp) 0.9v
Base Current 3uA
Saturation Voltage A%
Switching Time (turn on or turn off) 500 ns
Power Dissipation (internally limited) 35 watts
Thermal Limit Temperature 165°C
Maximum Operating Temperature 150°C
Thermal Resistance (Junction to Case) 2.3°C/wW

A detail of one of the base sections is shown in Figure 4.
An interdigitated structure is used with alternating base
contacts and emitter stripes. Integrated into each emitter
is an individual emitter ballasting resistor to insure equal
current sharing between emitters in each section.
Aluminum metalization runs the length of the emitter
stripe to prevent lateral voltage drop from debiasing a
section of the stripe at high operating currents. All
current in the stripe flows out through the smail baliasting
resistor where it is summed with the currents from the

other stripes in the section. The partitioning in conjunc-
tion with the emitter resistor gives a power transistor
with large safe-area and good power handling capability.

APPLICATIONS

With the full protection and high gain offered by this
monolithic power transistor, circuit design is consider-
ably simplified. The inclusion of therma! limiting, not
normally available in discrete design allows the use of
smaller heat sinks than with conventional protection
circuitry. Further, circuits where protection of the
power device is difficult—if not impossible—now cause
no problems.

For example, with only current limiting, the power tran-
sistor heat sink must be designed to dissipate worst case
overload power dissipation at maximum ambient
temperature. When the power transistor is thermally
limited, only normal power need be dissipated by the
heat sink. During overload, the device is allowed to heat
up and thermally limit, drastically reducing the size of
the heat sink needed.

Switching circuits such as lamp drivers, solenoid drivers
or switching regulators do not dissipate much power
during normal operation and usuaily no heat sink is
necessary. However, during overload, the full supply
voltage times the maximum output current must be
dissipated. Without a large heat sink standard power
transistors are quickly destroyed.

Using this new device is easier than standard power tran-
sistors but a few precautions should be observed. About
the only way the device can be destroyed is excessive
collector to emitter voltage or improper power supply
polarity. Sometimes when used as an emitter follower,
low level high frequency oscillations can occur. These
are easily cured inserting a 5k-10k resistor in series
with the base lead. The resistor will eliminate the oscilla-
tion without effecting speed or performance. Good
power supply bypassing should also be used since this is
a high frequency device.
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FIGURE 4. Detailed Structure of one Section of the Power Transistor
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FIGURE 5. 6 Amp Variable Output Switching Regulator

Figure 5 shows a 6 amp, variable output switching
regulator for general purpose applications. An LM105
positive regulator is used as the amplifier-reference for
the switching regulator. Positive feedback to induce
switching is obtained from the LM105 at pin 1 through
an LM103 diode. The positive feedback is applied to the
internal amplifier at pin 5 and is independent of supply
voltage. This forces the LM105 to drive the pass devices
either “on” or “off,” rather than linearly controlling
their conduction. Negative feedback, delayed by L1 and
the output capacitor, C2, causes the regulator to switch
with the duty cycle automatically adjusting to provide a
constant output. Four LM195’s are used in parallel to
obtain a 6 amp output since each device can only supply
about Z amps. Note that no ballasting resistors are
needed for current sharing. When Q1 turns “on” all
bases are pulled up to V' and no base current flows in
the LM195 transistors since the input PNP’s are reverse
biased.

A two terminal current/power limiter is shown in Figure
6. The base and collector are shorted—turning the power
transistor on. If the load current exceeds 2 amps, the
device current limits protecting the load. If the overload
remains on, the device will thermal limit, further pro-
tecting itself and the load. In normal operation, only
2V appear across the device so high efficiency is
realized and no heat sink is needed. Another method of
protection would be to place the monolithic power
transistor on a common heat sink with the devices to be
protected. Overheating will then cause the LM195 to
thermal limit protecting the rest of the circuitry.

LM195

FIGURE 6. Two Terminal Current Limiter

The low base current make this power device suitable for
many unique applications. Figure 7 shows a time delay

circuit. Upon application of power or S1 closing, the
load is energized. Capacitor C1 slowly charges toward
V™ through R1. When the voltage across R1 decreases
below about 0.8 volts the load is de-energized. Long
delays can be obtained with small capacitor values since
a high resistance can be used.

o B

o R
g Ru

OuTPUT

o
LM185

¥ domn

FIGURE 7. Time Delay Circuit

Figure 8 and 9 show how the LM195 can be used with
standard IC’s to make positive or negative voltage
regulators. Since the current gain of the LM195 is so
high, both regulators have better than 2 mV load
regulation. They are both fully overload protected and
will operate with only 2V input-to-output voltage
differential.

€3

—-r 10uFt

o
1M185

ouTPUT
4.5V - 38V

*Solid tantatum. -

FIGURE 8. 1 Amp Positive Voltage Regulator
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FIGURE 9. 1 Amp Negative Regulator

An optically isolated power transistor is shown in Figure
70. D1 and D2 are almost any standard optical isolator.
With no drive, R1 absorbs the base current of Q1
holding it off. When power is applied to the LED, D2
allows current to flow from the collector to base. Less
than 20uA from the diode is needed to turn the LM195
fully on.

]
Lm195

FIGURE 10. Optically Isolated Power Transistor

An alternate connection for better ac response is to
return the cathode of D2 to separate positive supply
rather than the collector of Q1, as shown in Figure 11,
eliminating the added collector to base capacitance
of the diode. With this circuit a 40V 1 amp load can be
switched in 500 ns. Of course, any photosensitive diode
can be used instead of the opto-isolator to make a light
activated switch.

v

L
N
N o
- ? ouTPUT

a
LM195

AlS
1000 S

. 1 v

FIGURE 11. Fast Optically Isolated Switch

A power lamp flasher is shown in Figure 12. It is
designed to flash a 12V bulb at about a once-per-second
rate. The reverse base current of Q2 provides biasing for
Q1 eliminating the need for a resistor. Typically, a cold
bulb can draw 8 times its normal operating current.

Since the LM195 is current limited, high peak currents
to the bulb are not experienced during turn-on. This
prolongs bulb life as well as easing the load on the power

supply.

12v

a2
LM195

FIGURE 12. 1 Amp Lamp Flasher

Since no PNP equivalent of this device is available, it is
advantageous to use the LM195 in a gquasi-complemen-
tary configuration to simulate a power PNP. Figure 13
shows a guasi PNP made with an LM195. A low current
PNP is used to drive the LM195 as the power output
device. Resistor R1 protects against overdrive destroying
the PNP and, in conjunction with C1, frequency com-
pensates the loop against oscillations. Resistor R2 sets
the operating current for the PNP and limits the collec-
tor current.

(— EMITTER

a2
LM195

al
2N2905

L— COLLECTOR

*Protects agaist excessive base dnve,
**Needed for stabihty

FIGURE 13. PNP Configuration for LM195

Figure 14 shows a power op amp with a gquasi-comple-
mentary power output stage. Q1 and Q2 form the
equivalent of a power PNP, The circuit is simply an op
amp with a power output stage. As shown, the circuit is
stable for almost any load. Better bandwidth can be
obtained by decreasing C1 to 15 pF (to obtain 150 kHz
full output response), but capacitive loads can cause
oscillation. If due to layout, the quasi-complimentary
loop oscillates, collector to base capacitance on Q1 will
stabilize it. A simpler power op amp for up to 300 Hz
operation is shown in Figure 15.

One of the more difficult circuit types to protect is a
current regulator. Since the current is already fixed, nor-
mal protection doesn’t work. Circuits to limit the
voltage across the current regulator may allow excessive
current to flow through the load. About the only protec-
tion method that protects both the regulator and the
driven circuit is thermal limiting.

A 100 mA, two terminal regulator is shown in Figure 16.
The circuit has low temperature coefficient and operates
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FIGURE 15. 1 Amp Voltage Follower

down to 3V. Once again, the reverse base current of
the LM195 to bias the operating circuitry.

A 2N2222 js used to control the voltage across a current
sensing resistor, R2 and diode D1, and therefore the
current through it. The voltage across the sense network
is the Vgg of the 2N2222 plus 1.2V from the LM113. In
the sense network R2 sets the current while D1
compensates for the Vge of the transistor. Resistor Rt
sets the current through the LM 113 to 0.6 mA.

-15v

Power Op Amp

[V
1m185

4l
50 pF

02
TN400Z

FIGURE 16. Two Terminal 100 mA Current Regulator

CONCLUSIONS

A new IC power transistor has been developed that
significantly improves power circuitry reliability. The
device is virtually impossible to destroy through abuse.
Further it has high gain and fast response. It is manu-
factured with standard seven mask IC technoiogy
making it produceable in large quantities at reasonable
prices. Finally, in addition to the protection features, it
has high gain simplifying surrounding circuitry.
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WIDE RANGE FUNCTION GENERATOR

The sine, square, triangle function generator has proven
to be exceptionally useful. Various IC circuits have
been published for generating square and triangle wave-
forms in an attempt to duplicate the general purpose
function generator. However, these simple circuits are
usually limited to about 10 kHz and have no sine wave
output. The function generator shown here provides all
three waveforms and operates from below 10 Hz to
1 MHz with usable output to about 2 MHz.

DESIGN

As with most function generators, an integrator-
comparator generates the square and triangle waveforms
with a shaping circuit forming the triangle wave into a
sine wave.

Obtaining six decades of operating with a single control
plus 2 MHz operation requires some unusual circuit

Robert C. Dobkin
JULY 1974

design techniques as well as good high frequency IC's.
The triangle wave is generated by switching current-
source transistors to alternately charge and discharge
the timing capacitor. This generates a linear tri-wave
without the use of an op amp integrator. A FET voltage
follower buffers the tri-wave and drives the comparator,
output amplifier and sine converter.

A precision dual comparator is used to set the peak-to-
peak amplitude of the tri-wave. It is necessary to
accurately control the tri-wave since the sine converter
requires close amplitude control to produce a low
distortion output. An accurate divider across the 5V
supply regulators sets the threshold at the inputs of the
LM319 comparator. The tri-wave is applied to the other
comparator inputs through another divider—R8, R9,
R10 and C2. The comparator switches when the ampli-
tude of the tri-wave is £2.5V. Capacitor C2 compensates
for delays in the comparator at high frequencies.
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PARTS LIST

R1 6302 1% c1
R2 5082 1% Cc2
R3 5682 5% Cc3
R4 4.7k 5% Cc4
RS 1.2k 1% C5
R6 1.2k 1% Ccé
R7 1.4k 1% Cc7
R8 2k 5% C8
R9 2k 5% c9
R10 10052 5% c10
R11 100£2 potentiometer C11
R12 86052 5% Ci12
R13 1k 5% Cc13

R14 1002 PC mount trimpot
R15 86002 5%

R16 10082 PC mount trimpot Q1-Q2
R17 63082 5% Q3-Q4
R18 2.4k 5% Q5
R19 50082 5% Q6-Q7
R20 2k 5% Q8

R21 1k 5%

R22 2.2k 5% D1-D7

R23 3.3k 5%
R24 3.6k 5%
R25 10k potentiometer

250 pF

750 pF

5 pF

0.1uF

0.1u4F

0.1uF

500uF 25V
500uF 25V
4.7uF

4.7uF

4. 7uF

4.7uF

5 pF

Solid Tantalum
Solid Tantalum
Solid Tantalum
Solid Tantalum

2N2920
2N3810
2N2222
2N2920
2N2222

Dual NPN
Dual PNP

Dual NPN

1N914

1—Varo VE27 Full Wave Bridge

1—LM318H Operational Ampiifier

R26 1k 5% 1-LM319N Dual Comparator

R27 3k 5% 1—LH0033C Fast Buffer

R28 18k 5% 1-LM340K 12V Positive Voltage Regulator
R29 18k 5% 1—-LM320K -12V Negative Voltage Regulator
R30 5002 5% 1-LM309H 5V Positive Voltage Regulator
R31 1k 5% 1—LM320H -5V Negative Voltage Regulator

R32 63092 5%
R33 4.7k 5%
R34 5.1k 5%
R35 51Q 5%
R36 36082 5%
R37 75082 5%
R38 50082 5%

T} = Triad FOOX

S, —3 Position ST Switch
S,—SPST Switch

1/4 Amp Fuse and Holder—PC Board, Mounting Hardware, etc.

A square wave output from the comparator is obtained
at the emitter of Q5 and is used to drive both the
current switches and output amplifier. The current
switches—Q1, Q2, O3, Q4—provide a 5 nA to 5§ mA
current to timing capacitor, C1. The exponential relation-
ship between emitter-base voltage and collector current
allows a six decade current range to be obtained with a
single potentiometer. The maximum output current is
set by the current through R15 or R17 {depending on
polarity} and appears when the arm of the frequency
control, R11, ties all four emitters together. As R11 is
rotated, a voltage is developed between the emitters of
Q1-Q4 and Q2-Q3. This voltage decreases the emitter
base voltage of Q1 and Q4 decreasing their operating
current. About 380 mV is developed across R11 and
corresponds to over a 10° reduction in charging current,

Converting the tri-wave to a sine wave also uses the
non-linear relationship between emitter-base voltage and
collector current of a transistor pair.

Transistors Q6 and Q7 form a differential amplifier
with emitter degeneration. The tri-wave is attenuated by
R1 and R2 to about 450 mV and applied to one half
of the pair—Q6. This drives the transistors non-linearly
producing a sine wave output current at the collector
of Q7 to drive the output amplifier.

The output amp, an LM318, uses feedforward compen-
sation to maximize bandwidth and slew rate. it is used
for adjustable scaling of all three waveforms to +10V.
Even with the feedforward, there is not quite enough
bandwidth for good reproduction of the triangle or
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square wave at frequencies over 1 MHz. Therefore, if the
higher frequencies are of major interest, a faster output
amplifier is necessary.

CONSTRUCTION AND SET UP

It is important to observe good construction practices
for proper operation. All four power supplies should be
bypassed with 4.7uF solid tantalum capacitors on the
circuit board. Since the circuit operates at relatively
high frequencies, short leads and a compact layout is a
good idea. The wiring to the function selector switch
should be made with shielded wire to minimize spikes
from the fast square wave. At low frequencies, charging
currents to the timing capacitor are quite low, so 60 Hz
pickup can modulate the operating frequency. Shielding
the current sources and C1 from the power transformer
is in order.

L

All transistors used to set the timing currents must
track with temperature changes. Of course, the individual
pairs will track but the NPN pair must also track the
PNP pair as well. There are many small heat sinks for
transistors which can be used to thermally couple Q1,
Q2, to Q3, Q4. Temperature ditferences between the
pair will cause the symmetry to change.

Set up is not difficult either. Firstly, R11 is set for a
1 MHz output. Then R16 is used to adjust the output
symmetry. Secondly, R11 is set to provide a 10 Hz
output and the symmetry is again adjusted by R14.

Other possible adjustments that may be necessary are in
the sine converter. R7 can be trimmed if the sine output
{from the LM318) has a dc offset. Also, it may be
necessary to adjust R2 to minimize distortion. {1t should
be mentioned that there can be considerable distortion
if the symmetry of the tri-wave is not 50%.)
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{This PC layout must be enlarged approximately 120% in order to be usable.}
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Jim Sherwin
MAY 1974

USE THE LM158/LM258/LM358 DUAL, SINGLE SUPPLY OP AMP

INTRODUCTION

Use the LM158/LM258/L M358 dual op amp with a sin-
gle supply in place of the MC1458/MC1558/MC1558C
with split supply and reap the profits in terms of:

a. Input and output voltage range down to the negative
(ground) rail

. Single supply operation

Lower standby power dissipation
. Higher output voltage swing
Lower input offset current

~ o a0 C

Generally similar performance otherwise.

The main advantage, of course, is that you can eliminate
the negative supply in many applications and still retain
equivalent op amp performance. Additionally, and in
some cases more importantly, the input and output levels
are permitted to swing down to ground (negative rail)
potential. Table | shows the relative performance of the
two in terms of guaranteed and/or typical specifications.

In many applications the LM158/LM258/LM358 can also
be used directly in place of LM1558 for split supply
operation.

SINGLE SUPPLY QPERATION

The MC1458/MC1558 or similar op amps exhibit several
important limitations when operated from a single posi-
tive {or negative) supply. Chief among these is that input
and output signal swing is severely limited for a given
supply as shown in Figure 1. For linear operation, the
input voltage must not reach within 3 volts of ground or
of the supply, and output range is similarly limited to
within 3—5 volts of ground or supply. This means that
operation with a +12V supply could be limited as low as
2 Vp-p output swing. The LM358 however, allows a
10.5 Vp-p output swing for the same 12V supply.
Admittedly these are worst case specification limits, but
they serve to illustrate the problem.

TABLE 1. Comparison of Dual Op Amps, MC1458 and LM358

CHARACTERISTIC MC1458 LM358
Vio 6 mV Max 7 mV Max
cM v, 24 Vp-p* 0~ 285V*
ho 200 nA 50 nA
los 500 nA -500 nA
CMRR 60 dB Min @ 100 Hz 85dB Typ @ DC
90 dB Typ
e, @ 1 kHz, Rgen 10 k2 45 nVA/Hz Typ 40 nVA/Hz Typ**
Zin 200 MQ Typ Typ 100 MQ
AvoL 20k Min 100k Typ
100k Typ
fo 1.1 MHz Typ 1MHz Typ™™
Paw 14 kHz Typ 11 kHz Typ*™
dV,/dt 0.8V/us Typ 0.5V/us Typ*™
Vo ® Ry = 10k/2k 24/20 Vp-p* 28.5 Vp-p
Isc 20 mA Typ Source 20 mA Min (40 Typ)
Sink 10 mA Min (20 Typ)
PSRR @ DC 37 dB Min 100 dB Typ
90 dB Typ
Ip (R =0} 8 mA Max 2 mA Max

fFrom laboratory measurement

"Based on Vg = 30V on LM358 only, or Vg = :15V

* % .
From data sheet typical curves
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2V
o

=6 13V (R, = 10k)
Vo =61V
EMVy =
623V

CMV
0-10.5V

FIGURE 1. Worst Case Signal Levels with +12V Supply

o o

MC1458

Vo= +0V
&

R
+20V O—AAA~—
l <
> —
<R =
b3
4

1H—=AAA
v

AAA

VWA
+20V
Vin rLA,,A,A, S
M358 b—O Vo= 10185V
R Vg = +I0V )
+ 20V |+ Qg 1k

FIGURE 2. Operating with AC Signals

AC GAIN

Faor ac signals the input can be capacitor coupled. The
input common mode and gquiescent output voltages are
fixed at one-half the supply voltage by a resistive divider
at the non-inverting input as shown in Figure 2. This
quiescent output could be set at a lower voltage to mini-
mize pewer dissipation in the LM358, if desired, so long
as Vg > Vn pk. For the MC1458 the quiescent output
must be higher, Vo > 3V + V| pk thus, for small
signals, power dissipation is much greater with the
MC1458. Example: Required Vg = Vg 1V pk into 2k,
VsuepLy = as required. Find gquiescent dissipation in
load and amplifier for MC1458 and LM358.

MC1458
Vg =4V

LM358
Vg = +1V

VsupeLy = ¥3.5V VsuepLy = 8V
Ef 1 42
PLOAD='R—L:2'k:0.5mW PLOAD:2—k:8mW

Pp = Vglg + (Vg — Val I, Pp=Po+ (Vg Va) L

v a
=3.5V>(0.7mA+(35‘1)2*k =22mW+(8‘4)ﬁ

Pp=245+125=37mW Pp=22+8=30mW

ProtaL=37+05=42mW ProTaL = 30 + 8 =38 mW

*From typical characteristics *From typical characteristics

The MC1458 requires over twice the supply voltage and
nearly 10 times the supply power of the LM358 in this
application.

INVERTING DC GAIN

Connections and biasing for dc inverting gain are essen-
tially the same as for the ac coupled case. Note, of
course, that the output cannot swing negative when
operated from a single positive supply. Figure 3 shows
the connections and signal limitations.

NON-INVERTING DC GAIN

The non-inverting gain connection does not require the
Vg biasing as before; the inverting input can be returned
to ground in the usual manner for gains greater than
unity, {see Figure 4). A tremendous advantage of the
LM358 in this connection is that input signals and out-
put may extend all the way to ground; therefore dc
signals in the low-millivolt range can be handled. The
MC1458 stilt requires that Vn=3—-17V. Therefore
maximum gain is limited to Ay = (Vo—3)/3, or Ay
max = 5.4 for a 20V supply.

There is no similar limitation for the LM35b8.
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ZERO T.C. INPUT BIAS CURRENT BALANCED SUPPLY OPERATION

An interesting and unusual characteristic is that |,y has The LM358 will operate satisfactorily in balanced supply
a zero temperature coefficient. This means that matched operation so long as a load is maintained from output
resistance is not required at the input, allowing omission to the negative supply.

of one resistor per op amp from the circuit in most cases.

AAA, AAA
VWV~ VVv—

+20V +20V
Vin = 0-18.5V O—AAA -

Viy = 3-17V O=—AAA

MC1458 p—O Vo = 3-17V LM358 p—O Vo = 0-18.5V

Vg = 3-17V 4: Vg = 0.1-185V >
+20V imk +20v 10k
FIGURE 3. Typical DC Coupled Inverting Gain
p—O Vo =3-17V p—O v = 0-18.5V
< >
Vin=3-1V O g Vin = 0-18.5V O i'ﬂk
JE *A1= o tor Ay =+t — =

*R1==for Ay =+ = =

Ay -2 5.4 for 20V Supply Ay not limited

FIGURE 4. Typical DC Coupled Non-Inverting Gain

Re
AAA
VAR

R1 O Vs

O—ANNV—

VIRTUAL = o
GROUNDS Vo
Ry
Vs
i . Re
Crassaver (distortion} aceurs at Vg = Vg
R+ Re

FIGURE 5. Split Supply Operation of LM358
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The output load to negative supply forces the amplifier
to source some minimum current at all times, thus elimi-
nating crossover distortion. Crossover distortion without
this load would be more severe than that expected with
the normal op amp. Since the single supply design took
notice of this normal load connection to ground, a class
AB output stage was not included. Where ground refer-
enced feedback resistors are used as in Figure 5, the
required load to the negative supply depends upon the
peak negative output signal level desired without exhibit-
ing crossover distortion. R to the negative rail should
be chosen small enough that the voltage divider formed
by Re and R, will permit V, to swing negative to the
desired point according to the equation
Vs —V,

Vo
R could also be returned to the positive supply with
the advantage that V, max would never exceed (V& —
1.5V). Then with £15V supplies R N would be 0.12
Re. The disadvantage would be that the LM358 can
source twice as much current as it can sink, therefore R_
to negative supply can be one-half the value of R, to
positive supply.

RL = Rg

The need for single or split supply is based on system
requirements which may be other than op amp oriented.
However if the only need for balanced supplies is to
simplify the biasing of op amps, there are many systems
which can find a cost effective benefit in operating
LM358's from single supplies rather than standard op
amps from balanced supplies. Of the usual op amp cir-
cuits, Table 1l shows those few which have limited func-
tion with single supply operation. Most are based on the
premise that to operate from a single supply, a reference
Vq at about one-half the supply be available for bias or
(zero) signal reference. The basic circuits are those listed
in AN-20.

TABLE 11. Conventional Op Amp Circuits Suitable for
Single Supply Operation

APPLICATION LIMITATIONS
AC Coupled ampi Vo~
Inverting amp Va
Non-inverting amp oK™
Unity gain buffer OK
Summing amp Va
Difference amp Va
Differentiator Va
tntegrator Va
LP Filter Vo
1-V Connector Va
II’E Cell Amp IOK 15

ource O MIN & ——
I sink OK R
Volt Ref oK
FW Rectifier V@ or modified circuit
Sine wave osc Va
Triangle generator Va
Threshold detector OK
Tracking, regulator PS Not practical
Programmable PS OK

Peak Detector OK toViy=0

tSee AN20 for conventional circuits Vs
*V q denotes need for a reference voltage, usually at about ?
OK means no reference voltage required
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Jim Sherwin
JANUARY 1975

LM377, LM378, AND LM379 DUAL TWO, FOUR, AND SIX WATT POWER AMPLIFIERS

INTRODUCTION

The LM377, LM378 and LM379 are two-channel power
amplifiers capable of delivering 2, 4, and 6 watts
respectively into 8 or 16£2 loads. They feature on-chip
frequency compensation, output current limiting, thermal
shut-down protection, fast turn-on and turn-off without
“pops” or puises of active gain, an output which is
self-entering at Vce/2, and a 5 to 20 MHz gain-
bandwidth product. Applications include stereo or
multi-channel audio power output for phono, tape or
radio use over a supply range of 10 to 35V, as well as
servo amplifier, power oscillator and various instrument
system circuits. Normal supply is single-ended, however,
split supplies may be used without difficulty or degrada-
tion in power supply rejection.

CIRCUIT DESCRIPTION

The simplified schematic of Figure 7 shows the important
design features of the amplifier. The differential input
stage made up of Q1—Q4 uses a double (split} collector
PNP Darlington pair having several advantages. The high
base-emitter breakdown of the fateral PNP transistor is
about 60V which affords significant input over-voltage
protection. The double collector allows operation at high
emitter current to achieve good first stage f, and minimum
phase shift while simultaneously operating at low trans-
conductance to allow internal compensation with a
physically small capacitor C1. {Unity gain bandwidth of
an amplifier with pole-splitting compensation occurs
where the first stage transconductance equals w C1.)

Further decrease of transconductance is provided by
degeneration caused by resistors at Q2 and Q3 emitters
which also allow better large signal slew rate. The
second collector provides bias current to the input emitter
follower for increased frequency response and slew rate.
Full differential input stage gain is provided by the
“turnaround’’ differential to single-ended current source
loads Q5 and Q6. The input common-mode voltage
does not extend below about 0.5V above ground as
might otherwise be expected from initial examination
of the input circuit. This is because Q7 is actually
preceeded by an emitter follower transistor not shown
in the simplified circuit.

The second stage Q7 operates common-emitter with a
current source load for high gain. Pole splitting compen-
sation is provided by C1 to achieve unity gain bandwidth
of about 10 MHz. Internal compensation is sufficient
with closed-loop gain down to about Ay = 25,

The output stage is a complementary common-collector
class AB composite. The upper, or current sourcing
section, is a Darlington emitter follower Q12 and Q13.
The lower, or current sinking, section is a composite
PNP made up of Q14, Q15, and Q9. Normally, this
type of PNP composite has low f, and excessive delay
caused by the lateral PNP transistor Q9. The usual
result is poor unity gain bandwidth and probable
oscillation on the negative half of the output waveform.
The traditional fix has been to add an external series

Vee

BIAS = ——

2 Vee

7

Fon

016

A
VW

AA—@

VW

AAA
Wy

+IN

FIGURE 1. Simplified Schematic Diagram
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RC network from output to ground to reduce loop gain
of the composite PNP and so prevent the oscillation.
In the LM377 series amplifiers, Q9 is made a field-aided
lateral PNP to overcome these performance limitations
and so reduce external parts count. There is no need for
the external RC network, no oscillation is present on the
negative half cycle, and bandwidth is better with this
output stage. Q10 and Q11 provide output current
limiting at about 1.3A, and there is internal thermal
limiting protection at 150°C junction temperature. The
output may be ac shorted without problem; and, although
not guaranteed performance, dc shorts to ground are
acceptable. A dc short to supply is destructive due to
the thermal protection circuit which pulls the output to
ground.

To achieve a stable dc operating point, it is desirable to
close the feedback foop with unity dc gain. To achieve
this simultaneously with a high ac gain normally
requires a fairly large bypass capacitor, C1, in Figure 2.

Vee

FIGURE 2. Non-Inverting Amplifier Connection

Establishing the initial charge on this capacitor results
in a turn-on delay. An additional capacitor, C2, is
normally required to supply a ripple-free reference

to set the dc operating point. To achieve good supply
rejection Xgp is normally made much smaller than a
series resistor from the bias divider circuit {Rg in
Figure 3). Where a supply rejection of 40 dB is required
with 40 dB closed-loop gain, 80 dB ripple attenuation
is required of Rg C2. The turn-on time can be
calculated as follows:

Rs —iXc2 Rs

PSRR= ——— ~ — - = wRC=wT
Xe2 Xe2
* PSRR 80dB 10*
= — = — = = 13.3sec
w 2n120Hz 754
T
ton & 3 = 4.5 seconds to small signal operation

ton *~ 3T =40 seconds to full output voltage swing

The 3T delay might normally be considered excessive!
The LM377 series amplifiers incorporate active turn-on
circuitry to eliminate the long turn-on time. This cir-
cuitry appeared in Figure 7 as Q16 and an accompanying
SCR; it is repeated and elaborated in Figure 3. In
operation, the turn-on circuitry charges the external
capacitors, bringing output and input levels to Vcc/2,
and then disconnects itself leaving only the V¢c/2
divider Rg/Rg in the circuit.

The turn-on circuit operation is as follows. When power
is applied, approximately Vcc/2 appears at the base of
Q16, rapidly charging C1 and C2 via a low emitter-
follower output impedance and series resistors of 3k and
1k. This causes the emitters of the differential input
pair to rise to V¢c/2, bringing the differential amp
Q3 and Q4 into balance. This, in turn, drives Q3 into
conduction. Transistors Q2 and Q3 form an SCR latch
which then triggers and clamps the base of Q16 to

- =7

—0 Ve

—AAA
VWA A—$

AMP A
INPUT

= STAGE =

ouTRUT
CKTS

Vour Vin

FIGURE 3. Internal Turn-On Circuitry
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ground, thus disabling the charging circuit. Once the
capacitors are charged, the internal voltage divider
Rg/Rg maintains the operating point at V¢c/2. Using
C2 = 250uF, the ton = 3T = 0.3 seconds and PSRR
~ 75 dB at 120 Hz due to the 30k resistor Rg. Using
C2 = 1000uF, PSRR would be 86 dB. The internal turn-
on circuit prevents the usual “‘pop” from the speaker
at turn-on. The turn-off period is also pop-free as there
is no series of pulses of active gain often seen in other
similar amplifiers.

Note that the base of Q4 is tied to the emitters of only
one of the two input circuits. Should only one amplifier
be in use, it is important that it be that with input at
pins 8 and 9.

EXTERNAL BIASING CONNECTION

The internal biasing is complete for the inverting gain
connection of Figure 4 except for the external C2 which
provides power supply rejection. The bias terminal 1 may
be connected directly to C2 and the non-inverting
input terminals 6 and 9. Normal gain-set feedback
connections to the inverting inputs plus input and
output coupling capacitors complete the circuitry, The
output will Q up to Voc/2 in a fraction of one second.

€
R1

FIGURE 4. !nverting Amplifier Connection

The non-inverting circuit of Figure 2 is only slightly
more complex, requiring the input return resistor R3
from input to the bias terminal and additional input
capacitor C3. C1 must remain in the circuit at the same
or larger value than in Figure 4.

AUDIO AMPLIFIER APPLICATIONS
2/4/6 Watt Stereo Amplifier

The obvious and primary intended application is as an
audio frequency power amplifier for stereo or quad-
raphonic music systems. The amplifier may be operated
in either the non-inverting or the inverting modes of
Figures 2 and 4. The inverting circuit has the lowest parts
count so is most economical when driven by relatively
low-impedance circuitry. Figure 5 shows the total parts
count for such a stereo amplifier. The feedback resistor
value of 1 meg in Figure 5 is about the largest practical
value due to an input bias current max of approximately
1/2uA (100 nA typ). This will cause a —0.1 to 0.5V shift
in dc output level, thus limiting peak negative signal

047.F 20k
™ ) I 7 : (8}
1] I {7

_?__
r__‘#(!ﬁb
T

9 !(ﬂl]

0.4%F

]
I
m.;o%‘—wv——%&q

L LM377/LM378/LM379*

*(LM379 pin 0s. in parenthesis)

M3 LM3TLMIT8 LMIT9
Bo = 2WICH INICH AWIEH
s = B0mVmax  9BmVmax  113mVmax
Ay - 50 50 50
Vec: 1V v 28v

FIGURE 5. Inverting Stereo Amplifier

swing. This output voltage shift can be corrected by the
addition of series resistors (equal to the Rg in value) in
the + input lines. However, when this is done, a potential
exists for high frequency instability due to capacitive
coupling of the output signal to the + input. Bypass
capacitors could be added at + inputs to prevent such
instability, but this increases the parts count equal to
that of the non-inverting circuit of Figure 6 which has a
superior input impedance. For applications utilizing high
impedance tone and volume controls, the non-inverting
connection will most surely be used.

FIGURE 6. Non-Inverting Stereo Amplifier

The prime limitations on output power of the LM377
and LM378 will be the type of heat sink employed,
supply voltage, and load resistance. Reference to the data
sheet curves will indicate the most efficient supply
voltages to use for specific power output levels with 8
or 1652 loads. The pertinent curves are reproduced in
Figures 7 through 10. For other conditions Pp = Vccz/
20 R,. At high power out, efficiency exceeds 50%
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P LIMIT=] ] J ]
s 1
E g
28V
2 V.l 26V
'5 5 “ 24V
Z 1
2 x22 Pp LIMIT
a8 LA WY |
w41 A un=1o%l~rl—
< ] 18V ]
x T %Pg LIMIT
2 16V [
& 12y [ 11
mnza%’ R, =88]
I L1
] 12 3 4 5 § 7

POWER OUTPUT PER CHANNEL (W)
o Approx. Pg limit ace't. 0.7A rms internal current
limit at oper. die temp.
4 Pg limit for LM377/LM378 on PC board w/Staver
V7-1 heat sink.

= Pp limit for LM377/LM378 on PC board (2.5 sq. in.
Cu}

+ Safe limit for LM377.

FIGURE 7. Device Dissipation for 892 Load
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FIGURE 9. LM377/LM378 Power Derating

and dissipation drops below output power. A dual 2W
amplifier must then dissipate about 4.0W with an 18V
supply or 4.9W with a 20V supply when R_ = 8Q.
Normally, one would choose the 18V supply for lower
dissipation; however, the 20V supply allows reduced
distortion levels or considerably higher powers. A dual
4W ampilifier will dissipate about 8W with a 26V supply.
This is above the dissipation limit for an LM378 with
normal heat sink. Accordingly, a fairly efficient heat
sink must be employed in order to allow full 8W
continuous output from the LM378 (Figure 8). The
recommended heat sinks are listed in Table | with
measured power output levels at Vg = 18 to 29V for
LM377 and LM378 (observe voltage limits on LM377)
with 8 or 1652 load.

POWER OUTPUT PER CHANNEL (BOTH
CHANNELS DRIVEN} BEFORE CLIPPING

Power dissipation vs power output/channel (both
channels driven) is indicated in Figures 7 and 8 for
load resistances of 8 and 1652,

T ePp UMIT )74
6 f I
E - 4 V™Y
= 5 - |
] ”
= 28V
£ 4 26V b
g = TN 1]
=)
s 3 71w app LIMIT
-3 “>‘
g, b 50y THD = 10% i_l
g2 18V |
£ LA 16V JIN|
THD - 3% R = 169
P L1
[} 1 2 3 4 5

POWER DUTPUT PER CHANNEL {W)
® Py, fimit LM377/LM378 on PC board w/Staver V7-1.
4 Pp limit LM377/LM378 on PC board.

FIGURE 8. Device Dissipation for 1652 Load
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— —

|
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L]
FREE AIR
1 I
0 10 20 30 40 50 60 70 B0
AMBIENT TEMPERATURE (°C}

FIGURE 10. LM379 Power Derating

MAXIMUM DEVICE DISSIPATION (W)
>

|
acw T

Limiting points to keep in mind, noted on Figures 7 and
8, are 4W package dissipation limit for LM377/LM378
when soldered to PC board with 2.5 sqg. in. copper,
BW limit when a Staver V7-1 heat sink is added, and
internal current limit at about 1.5A peak at 25°C die
temperature reducing to about 1A peak at operating
die temperature. This results in an approximate Py =
4W/channel limit for R = 8582, The onset of clipping
occurs just to left of the THD = 3% line in Figures 7
and 8.

The overall result is that the LM377 and LM378 with
practical heat sinks, are limited to operation below
package dissipation of 6W and below Po = 4W/channel
when R = 8Q. Thus maximum Pg = 3W/channel before
clipping or 4W/channel at about 6% THD with either
device at Ve = 22V. With a 16£2 load the LM378 can
deliver 4W/channel with 3—4% THD when V¢ = 29—
30V. The LM379 is limited to Py = 4—5W/channel
before clipping at Voe = 26—28V, R = 8%, or 4W/
channel at Ve = 30V, R = 162 Py = 6W occurs
at 8—10% THD with Vee = 28-30V and R_ = 8%.

TABLE I. Continuous Power Qut (Both Channels)

LM377 LM378
HEAT SINK Ry =8Q Ry =16Q
Vg =18V Vg =20V Vg=22V | Vg=2av  Vg=26V  Vg=29V
PC Board, 40°C/W 2.2w 0.8W 0.3W 22w 1w 0.3W
PC Board and Staver 22w 27w 3aw 22w 2.5W 3.3w
V71, 12°C/wW
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Note that the Po = B6W rating on LM379 is at 10%
THD where peak current is similar to that at P = 4W,
Vee = 26V, R = 88.

What really exists then are power out before clipping of
2W/channel at Ve = 18V with PC board mounting,
3W/channel at Ve = 22V with maximum practical
heat sinking on either LM377 or LM378, and 4W/channel
at Ve 2> 26V for LM379.

Device dissipation vs ambient temperature with several
heat sink types is indicated in Figures 9 and 10 for
convenience of matching heat sink capacity to the circuit
needs. In those cases where heat sink capacity is in-
adequate for device dissipation requirements, the internal
thermal limit circuitry will automatically limit device
dissipation on signal peaks. The result is similar to peak
clipping in its effect and causes severe distortion. The
device can provide momentary peak power output in
excess of the maximum heat sink limited steady-state
levels for a second or so depending upon the margin
between maximum steady-state level and the actual
average power level prior to the peak demand. Once in
thermal limiting, clipping occurs on each positive and/or
negative half cycle of a steady waveform.

In the majority of audio amplifier applications, the heat
sinking can be considerably smaller due to the approxi-
mately 30 dB ratio between rms and peak power levels
in music and speech, If we assume willingness to accept
clipping at peak levels 20 dB above average level, then
average power levels will be 0.2—0.3W/channel in LM377
and LM378. Heat sink requirements are thus significantly
reduced as these peak levels occur less than 10% of time
periods of several seconds duration. Thus the circuit does
not go into thermal overload even though the heat sink
is designed for 3W dissipation {LM377 operating at
0.3W/channel, Ve = 18V).

STABILIZATION

The LM377 series amplifiers are internally stabilized
so external compensation capacitors are not required.
The high Gain x BW provides a bandwidth greater than
60 kHz as seen in Figure T11. These amplifiers are,

- *: .
tor ik ) “a . L'
NON- yF 4 = m
INVERTING 4 “ "
AMP
b ’ 4
2 4 ofe
. -
INVERTING
AMP

35
0 50 m¥
w
25 -
5 A —H
=
Z 1 HH—H
10 i
Vs = 20V
5 [T R. = 82 (EACH AMP)
0 L
10 100 1k 10k 100k

FREQUENCY (Hz}

FIGURE 11. Frequency Response of the Stereo Amp of
Figure 5

however, not intended for closed loop gain below 25.
The typical Bode plot of Figure 12 shows a phase margin
of 70° for gain of 5.6 {15 dB) which is stable. At unity
gain the phase margin is less than 30° or marginally
stable. This margin may vary considerably from device
to device due to variation in Gain x BW.

T

130

= 180

140

Ay (d8)

100

ISYH {930)

60

20

| A
|

10M

FREQUENCY (Hz)
FIGURE 12. Open Loop Bode Plot {Approximately Worst Case)

As with any amplifier of high Gain x BW, careful circuit
layout is important to insure unconditional stability.
Specifically, coupling to the non-inverting inputs from
output and feedback elements should be minimized.
The supply should also be bypassed with an 0.056—0.1uF
ceramic or 0.47uF mylar capacitor within 2 inches of
the IC terminals. One layout which accomplishes this is
illustrated in Figure 713. The signal circuits are sym-
metrically arranged on either side of the IC package.

FIGURE 13. Parts Layout for LM377/LM378 Dual Amplifier
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Operation may be either inverting or non-inverting,
therefore, one side is shown connected each way.
Normally both sides would be connected in the same
sense. The PC board art-work is shown in Figure 14.
The edge connector could, of course, be omitted and wire
connections made to appropriate contacts at either end.
This layout is satisfactory for gain as low as 10. Below
Ay = 10, instability may occur.

Ground and power connections must be adequate to
handle the 1 to 2A peak supply and load currents. Ground
loops can be especially troublesome because of these
high currents. The load return line should be connected
directly to the ground pins of the package on one side
and/or the input and feedback ground lines should be
connected directly to the ground pins {possibly on the
other side of the package). Note that the layout in
Figure 14 has a connection at center of the card edge
connector for signal ground and two separate, flanking,
terminals for the load and power grounds. The signal
ground should not be connected so as to intercept any
output signal voltage drop due to resistance between IC
ground and load ground.

10—12 Watt Channel Boosted Amplifier

Where more power output is desired, the simple booster
circuit of Figure 15 allows power output of 10W/channel

3D04F

26V vanF
MYLAR
>
= < h
Q100K
0.15F &
aN? =
o—a |—J + 285191
14 1000, F
5
13
1/2 LM278 AN~ :
[l 34,5 B
- 10,11, 12 2N5194 4
2 100k

I 5uF 27k

when driven from the LM378. The circuit is exception-
ally simple, and the output exhibits lower levels of
crossover distortion than does the LM378 alone. This
is due to the inclusion of the booster transistors within
the feedback loop. At signal levels below 20 mW, the
ILM378 supplies the load directly through the 52
resistor to about 100 mA peak current. Above this level,
the booster transistors are biased ON by the load current
through the same 5§ resistor.

The response of the 10W boosted amplifier is indicated
in Figure 16 for power levels below clipping. Distortion

35

30

Ay {dB}

I — 1

FREQUENCY (Hz)
FIGURE 16. 10 Watt Bosted Amplifier, Frequency Response

is below 2% from about 50 Hz to 30 Hz. Fifteen watts
rms power is available at 10% distortion; however, this
represents extreme clipping. Although the LM378 delivers
little power, its heat sink must be adequate for about 3W
package dissipation. The output transistors must also
have an adequate heat sink.

The circuit of Figure 77 achieves about 12W/channel
output prior to clipping. Power output is increased
because there is no power loss due to effective series
resistance and capacitive reactance of the output coupling
capacitor required in the single supply circuit. At power
up to 10W/channel, the output is extremely clean,
containing less than 0.2% THD midband at 10W. The
bandwidth is also improved due to absence of the output
coupling capacitor. The frequency response and distor-
tion are plotted in Figures 18 and 19 for low and high
power levels. Note that the input coupling capacitor is
still required, even though the input may be ground

-
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POWER
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FIGURE 14. PC Board for LM377/LM378 Dual Amplifier
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FIGURE 17. 12 Watt Low-Distortion Power Amplifier

referenced, in order to isolate and balance the dc input
offset due to input bias current. The feedback coupling
capacitor, C1, maintains dc loop gain at unity to insure
zero dc output voltage and zero dc load current, Capaci-
tors C1 and C2 both contribute to decreasing gain at
low frequencies. Either or both may be increased for
better low frequency bandwidth. C3 and the 27k
resistor provide increased high frequency feedback for
improved high frequency distortion characteristics. C4
and C5 are low inductance mylar capacitors connected
within 2 inches of the IC terminals to ensure high
frequency stability. R1 and Rs are made equal to main-
tain Voyt pc = 0. The output should be within 10 to
20 mV of zero volts dc. The internal bias is unused; pin 1
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FIGURE 18. Response for Amplifier of Figure 17
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FIGURE 18. Distortion for Amplifier of Figure 17

should be open circuit. When experimenting with this
circuit, use the amplifier connected to terminals 8, 9 and
13. If using only the amplifier on terminals 6, 7 and 2,
connect terminals 8 and 9 to ground (split supply) to
cause the internal bias circuits to disconnect.

Bridge Amplifier

The LM377 series amplifiers are equally useful in the
bridge configuration to drive floating loads, which may be
loudspeakers, servo motors or whatever. Double the
power output can be obtained in this connection, and
output coupling capacitors are not required. Load
impedance may be either 8 or 168 in the bridge
circuit of Figure 20. Response of this circuit is 20 Hz

INPUT

T

FIGURE 20. 4-Watt Bridge Amplifier

to 160 kHz as shown in Figure 21 and distortion is
0.1% midband at 4W rising to 0.5% at 10 kHz and
50 mW output Figure 22. The higher distortion at low
power is due to a small amount of crossover notch
distortion which becomes more apparent at low powers
and high frequencies. The circuit of Figure 23 is similar
except for higher input impedance. In Figure 23, the
signal drive for the inverting amplifier is derived from
the feedback voltage of the non-inverting amplifier.
Resistors R1 and R3 are the input and feedback resistors
for A,, whereas R1 and R2 are the feedback network
for A;. So far as A, is concerned, R2 sees a virtual
ground at the (=} input to A,; therefore, the gain of
A, is {1 + R2/R1). So far as A, is concerned, its input
signal is the voltage appearing at the (=) input to A,.
This equals that at the (+} input to A;. The driving
point impedance at the (—) input to A, is very low even
though R2 is 100k. A, can be considered a unity gain
amplifier with internal R = R2 = 100k and R = R1 = 2k.
Then the effective output resistance of the unity gain
amplifier is:

R 100k
Rouy = INTERNAL _ - 167Q

AgL/Ag 600/1

Layout is critical if output oscillation is to be avoided.
Even with careful layout, capacitors C1 and C2 may be
required to prevent oscillation. With the values shown,
the amplifier will drive a 16§ load to 4W with less than
0.2% distortion midband, rising to 1% at 20 kHz (Figure
24). Frequency response is 27 Hz to 60 kHz as shown
in Figure 25. The low frequency roll off is due to the
double poles C3 R3 and C4 R1.

Power Oscillator

One half of an LM377 may be connected as an oscillator
to deliver up to 2W to a load. Figure 26 shows a Wein
bridge type of oscillator with FET amplitude stabilization
in the negative feedback path. The circuit employs
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FIGURE 24. Distortion for Bridge Amp of Figure 23

internal biasing and operates from a single supply. C3 and
C6 allow unity gain dc feedback and isolate the bias from
ground. Total harmonic distortion is under 1% to 10 kHz,
and could possibly be improved with careful adjust-
ment of R5. The FET acts as the variable element in the
feedback attenuator R4 to R6. Minimum negative
feedback gain is set by the resistors R4 to R6, while the
FET shunts R6 to increase gain in the absence of adequate
output signal. The peak detector D2 and C8 senses output
level to apply contro! bias to the FET. Zener diode D1
sets the output level although adjustment could be made
if R9 were a potentiometer with R8 connected to the
slider. Maximum output level with the values shown is
5.3V rms at 60 Hz. C7 and the attenuator R7 and R8
couple 1/2 the signal of the FET drain to the gate for
improved FET linearity and low distortion. The amplitude
control loop could be replaced by an incandescant lamp
in non-critical circuits (Figure 27) although dc offset
will suffer by a factor of about 3 (dc gain of the
oscillator}). R10 matches R3 for improved dc stability;
and the network R11, C9 increases high frequency gain
for improved stability. Without this RC, oscillation may
occur on the negative half cycle of output waveform. A
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FIGURE 25. Frequency Response, Bridge Amp of Figure 23

low inductance capacitor, C5, located directly at the
supply leads on the package is important to maintain
stability and prevent high frequency oscillation on
negative half cycle of the output waveform. C5 may be
0.1uF ceramic, or 0.47uF mylar. Layout is important;
especially take care to avoid ground loops as discussed
in the section on amplifiers. If high frequency insta-
bility still occurs, add the R12, C10 network to the
output.

Figure 27 shows the use of the LM377 to drive a small
60 Hz two phase servo motor up to 3W per phase.
Applications such as a constant {or selectable) speed
phonograph turntable drive are adequately met by this
circuit. A split supply is used to simplify the circuit,
reduce parts count, and eliminate several large bypass
capacitors. An incandescent lamp is used in a simple
amplitude stabilization loop. Input dc is minimized by
balancing dc resistance at + and — amplifier inputs
(R1 R3 and R6 = R8). High frequency stability is
assured by increasing closed-loop gain from approxi-
mately 3 at 60 Hz to about 30 above 40 kHz with the
network consisting of R3, R4 and C3. The interstage
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coupling C6 R6 network shifts phase by 85° at 60 Hz
to provide the necessary two phase motor drive signal.
The gain of the phase shift network is purposely low so
that the buffer amplifier will operate at a gain of 10 for
adequate high frequency stability. As in other circuits,
the importance of supply bypassing, careful layout, and
prevention of output ground loops is to be stressed. The
motor windings are tuned to 60 Hz with shunt capacitors.
This circuit wilt drive 82 loads to 3W each,

MISCELLANEOUS APPLICATIONS

A number of non-audio applications come to mind, such
as a dual power supply regulator, power comparator,
and relay or lamp driver as shown in Figure 28. The
degree of practicality of any of these will be limited by
the special characteristics of the LM377/LM378/LM379
chip. Limitations are a higher than usual input-offset
voltage and temperature drift (not troublesome in the
intended capacitor coupled applications). As the devices
are not unity-gain stable, a shunt capacitor across the
inputs is needed in low gain applications such as the
supply regulator. The output saturation voltage is 2 to
3V, thus internal power dissipation is non-negligible in
relay or lamp driver applications.

As a lamp driver, the LM377 is limited to those
applications where its dissipation is outweighed by the
advantage of the internal current limiting. The real
advantage of this current limiting is that the lamp driver
cannot be destroyed by a shorted lamp /if the lamp
common terminal is ground (the LM377 will not survive
an output short to supply).

In any of these applications, recall that the internal turn-
on circuit will supply current out the (—} input until
inputs are raised to Vge/2.

COMPLETE SYSTEMS

The LM377 to LM379 dual power amplifiers are useful
in table or console radios, phonographs, tape players,
intercoms, or any low to medium power music systems.
Several examples of complete audio systems are described.
One is a 2-channe! audio system for radio, phono, and
tape playback. The other is rear channel amplifier pair
for extracting “ambience’’ information from stereo sig-
nals and amplifying for 4-channe! sound.

Figures 29 to 30 describe the complete electronic sec-
tion of a 2-channel sound system with inputs for AM
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FIGURE 30. Two-Channel Tape-Playback Amplifier and Signal Switching

radio, stereo FM radio, phono, and tape playback.
Figure 29 combines the power amplifier pair with loud-
ness, balance, and tone controls. The tone controls allow
boost or cut of bass and/or treble. Transistors Q1 and
Q2 act as input line amplifiers with the triple function of
(1) presenting a high input impedance to the inputs,
especially ceramic phono; (2) providing an amplified
output signal to a tape recorder; and (3) providing gain
to make up for the loss in the tone controls. Feedback
tone controls of the Baxandall type employing transistor
gain could be used; but then, with the same transistor
count, the first two listed functions of Q1 Q2 would be
lost. It is believed that this circuit represents the lowest
parts count for the complete system. Figure 30 is the
additional circuitry for input switching and tape playback
amplifiers. The LM382 with capacitors as shown provides
for NAB tape playback compensation. For further infor-
mation on the LM382 or the similar LM381 and LM387,
refer to the data sheets.

Figure 31 shows the relationship between signal source
impedance and gain or input impedance for the amplifier
stage Q1 Q2. Stage gain may be set at a desired value by

FIGURE 31. Ay and Ry for Input
Stage of Figure 28.

choice of either the source impedance or insertion of
resistors in series with the inputs {as R1 to R4 in
Figure 30). Gain is variable from —15 to +24 dB by
choice of series R from 0 to 10 meg. Gain required for
e = 100 to 200 mV {approximate value of recovered
audio from FM stereo or AM radio) is about 18 to 21 dB
overall for 2W into an 852 speaker at 1 kHz or 21 to 24
dB for 4W.

The rear channel *“ambience’ circuit of Figures 32 and 33
can be added to an existing stereo system to extract a
difference signal (R — L or L — R) which, when com-
bined with some direct signal {R or L), adds some
fullness, or “concert hall realism” to reproduction of
recorded music. Very little power is required at the
rear channels, hence an LM377 will suffice for most
‘‘ambience’’ applications. The inputs are merely con-
nected to the existing speaker output terminals of a
stereo set, and two more speakers are connected to the
ambience circuit outputs. Note that the rear speakers
should be connected in opposite phase to those of the
front speakers, as indicated by the +/— signs on the
diagram of Figure 32.
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APPENDIX: INTERPRETATION OF
Po vs Pp CURVES

The angled straight lines on the curves of Figures A-1
and A-2 indicate the loci of operating points where
clipping occurs. When THD = 3%, the output waveform
has noticeable clipping. The THD = 10% line is an
operating area of severe clipping. Clipping begins just to
the left of the THD = 3% line so this discussion deals
only with operation up to, but not quite at, the 3% line.

The three circles on Figure A-1 are the data sheet spec
limits for LM377/1LM378/LM379; that is, 2, 4 and
BW/channel with 20, 24 and 28V supplies respectively.
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FIGURE A-1. Power Dissipation vs
Power Output
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Observe that the 2W point is well to the left of the
THD = 3% line, or well under clipping. The 4 and 6W
points march progressively further toward the THD = 10%
line, or deeper into clipping. Also note the dissipation
limits in Figure A-3 for LM377/LM378 on PC board and
on PC board with addition of Staver V7-1 heat sink are
4.1 and 6W respectively. These represent the limits for
commonly available heat sinks for the DIP package. No
doubt a special heat sink fabricated “just-so” could
extend the 6W timit to 6 1/2 or 7W, but we’ll stop at 6W.
Data have been added to Figure A-4 showing LM379
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dissipation with a simple small heat sink. This heat sink
is 6 square inches of 1/16" aluminum in a modified V
shape which is clamped to the sink side of the LM379.

These practical limits are transferred to Figure A-1 as
horizontal dashed lines across the Py vs Pp curves at
4.1, 6 and 9.6W. We see that the reference points,
2W at 20V and 4W at 24V, are above the practical Py
limits for PC board alone and for PC board with Staver
V7-1 heat sink. The third point, 6W at 28V is OK so far.
What this means is that, in bench testing, the LM377
must have better than PC mounting to meet data sheet
specified operation; and the LM378 will likely not meet
data sheet specified operation with any practical heat
sink. The LM377 will meet specs with the PC board plus
Staver heat sink. The LM378 will meet specs with a 7W
heat sink, but not with normally available heat sinks.
The £ M379 will meet specs with the 5 square inch
sink described above. What may be most important,
however, is performance short of clipping. For that
reason, the remainder of this section will deal only with
rms power at levels below clipping.

Returning to Figure A-1, it appears that the LM377 or
LM378 with only PC board heat sinking will be able to
deliver 2.2W/channel into 882 with an 18V supply. But,
if the supply is raised to 20V, the Pp limit is exceeded
at 1W. With PC board plus a Staver heat sink, the LM377/
LM378 will deliver 3.2W/channel with 22V supply, yet
raising the supply to 24V limits us to Pg = 1.9W/channel.

So why use a LM378 if the supply fimit is 22V? The
reason is that few supplies are regulated in the consumer
world. This means that if the supply is 22V under full
load, the no-signal supply may rise 10% or more; and
the variations in line voltage may add another 10% for a
total supply maximum of at least 26.5V. Therefore the
LM377 is only recommended for full-load operating
supplies of less than 20V. But remember, it can deliver
over 2W/channel with an 18V supply on a PC board, or
2 1/2W/channel with 20V supply and Staver heat sink.
The LM378 will provide 3.2W/channel with 22V supply
and PC board plus Staver heat sinking. With poorly
regulated supplies over 20V or with 16 load, the
LM378 is the obvious choice as higher supply voltages
are required to obtain high powers with 165 [oads.
Although no greater power is available than with 892
loads.

There is no reasonable Py limit on the LM379 as we
can dissipate nearly 20W with adequate practical heat
sinking and 9.6W with minimal sink. Then Ve is the
limit, say 30V. That would put us off the graph on
Figure A-1 at about 5.5W/channe! or at 3W/channel with
1682 load. Even at 882 and 30V, package dissipation is
only 11W, or 9.6W with 28V. The kicker is in the data
sheet electrical characteristics under current limit; 1.5A
typ when Trag = 25°C. The tab is above 25°C when
package dissipation is 9—11W. Still, this is a realistic
test for high speed machine testing. In actual use, the
current limit moves down to maybe 1.25A or even less.
What does this mean? Consider an 882 load in power
equation, and that 1-1.26A pk is 0.7-0.88A rms.

P=1?R
= (0.7} 8=(0.5)8 or = (0.88)°8=(0.77)8
= 4w = B6.2W

Now we have the actual limits at Poyax) = 4—6.2W at
802 or 8W at 1652, Trouble is we are limited to BW at
28V, 8Q or 5.5W at 30V, 82 and 4W at 162 by a 30V
operating limit. Current limits could run higher than
data sheet typicals; many do, in fact. Then we can get
more than 4W/channel as a limit. Since this is a typical
spec, there is no guarantee either way.

Note with interest that an LM377 with Staver V7-1
heat sink will deliver 3.2W/channe! with 22V supply
(but hold it close to 22V or use a LM378) and the
LM379 will deliver 5W/channel with a 28V supply.
The LM379 is the practical choice because it is easier and
probably cheaper to heat sink, and there is more Py
headroom to allow for variations in supply voltage
{very important). Also, the better the heat sink on the
LM379, the lower the tab temperature, and the higher
the operating current limit.

Beyond the limits discussed, the temperature or current
limits operate, the peaks are clipped, the waveform
remains at peak value for a longer portion of the input
cycle, the rms Py increases, P decreases, and rms power
approaches peak power,

Here is a summary of the performance the customer
may encounter.

TABLE A-1. Max Pg Before Clipping {802 Load)

Heat Sink =  PC BOARD (29°C/W) PC BOARD + V7-1(21°C/W) 13°C/W SINK
Vee = 16 18 19 18 20 22 23 26 28 30
Po/CH = 15 2.2 1.4 2.2 25 3.2 1.9 43 5.0 5.5

—1Mm377 —/8 ™

I LM378 i

! LM379 |
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LM143 MONOLITHIC HIGH VOLTAGE OPERATIONAL AMPLIFIER APPLICATIONS

INTRODUCTION

The LM143 is a general purpose, high voltage operational
amplifier featuring *40V maximum supply voltage
operation, output swing to ¥37V, 38V input commaon-
mode range, input overvoltage protection up to x40V
and slew rate greater than 2V/us®. Offset null capa-
bility plus low input bias and offset currents (8 nA and
1 nA respectively} minimize errors in both high and
low source impedance applications. Due to isothermal
symmetry of the chip layout, gain is constant for loads
> 2 k&2 at output levels to *37V. Because of these
features, the LM143 offers advantages not found in
other general purpose op amps. The LM143 may, in
fact, be used as an improved performance, plug-in
replacement for the LM741 in most applications.

This paper describes the operation of the 1LM143 and
presents applications which take advantage of its unique,
high voltage capabilities. Obviously, other applications
exist where the low input current and high slew rate of
the LM143 are useful. {See AN-29 on the LM108).
Application tips are included in the appendix to guide
the user toward reliable, trouble-free operation.

CIRCUIT DESCRIPTION

A simpiified schematic of the LM143, shown in Figure 7,
illustrates the basic circuit operation. The super-§ input
transistors(”, Q1 and Q2, are used as emitter followers
to achieve low input bias currents. Although these
devices exhibit § = 20005000, they inherently have a
low collector-base breakdown voltage of about 4V.
Therefore, active voltage clamps Q3 and Q4 protect
Q1 and Q2 under all input conditions including common-

mode and differential overvoltage. Other NPNs in the
circuit are representative of those found in standard
1C op amps, {8 =~ 200, LVCgQ = 50—70V).

The input stage differential amplifier Q7 and Q8 with
large base width exhibit LVcEQ = 90V to 110V and
high BVEgQ so readily withstand input overvoltages.
The total input stage collector current ({1 = 80uA)
is made higher than in most op amps to improve slew
rate. Emitter degeneration resistors, R10 and R11,
reduce transconductance!2) to limit small signal band-
width at 1 MHz for a phase margin of 75°. Q16 and
Q17 function as active collector loads for Q7 and Q8
and provide differential to single-ended current conver-
sion with full differential gain.

One of the highest breakdown voltages available in
standard planar NPN processing is the collector-base,
BVcBo which is typically 90V to 120V. To make use
of this high voltage capability in the active region,
the second stage consists of a cascode {common emitter—
common base pair) connection of Q21 and Q23. The
internal voltage bias Vg1, shunts avalanche-induced
leakage current away from the base of Q21, avoiding
B multiplication as found in the LVCEQ mode. Q23 and
emitter follower Q22 are internally biased at a low
voltage so the BVCEQ mode is impossible. Frequency
compensation is achieved with an internal, high voltage
capacitor, CC.

*An externally compensated version of the LM143, the LM144,
offers even higher slew rate in most applications. The LM144
is pin-forpin compatible with the LM101A.

) G :;uyA ‘D

204 GD GD 20uA

FIGURE 1. LM143 Simplified Schematic
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The second stage drives a complementary class AB output
stage. A cascode connection of Q32 and Q34 is again
employed for high breakdown voltage. The associated
voltage bias, Vg2, is internally derived. A Darlington
PNP pair, Q39 and Q40 with BVggQ = 100V, provides
the active puli-down.

HIGH VOLTAGE APPLICATIONS

The following applications make use of the high voltage
capabilities of the LM143, As with most general purpose
op amps, the power supplies should be adequately
bypassed to ground with 0.1uF capacitors.

130 Vp-p Drive to a Floating Load

A circuit diagram using two LM143's to drive up to
130V peak-to-peak is given in Figure 2.

A non-inverting voltage amplifier, with a gain of Ay =
1 + (R2/R1), is followed by a unity gain inverter. The
load is applied across the outputs of A1 and A2. There-
fore, VoyT = V1 —V2=V1 — (=V1) = 2V1. If VI =
65 Vp-p, then 2V1 = 130 Vp-p.

The above circuit was breadboarded and the results are
as foltows:

i) Maximum output voltage: 138 Vp-p unclipped into
10 k€2 load

i) Slew rate: 6V/us

+34V Common-Mode Range Instrumentation Amplifier
An instrumentation amplifier with £34V common-mode
range, high input impedance and a gain of X1000 is

shown in Figure 3.

For a differential input signal, VN, AT and A2 act as
non-inverting amplifiers of gain Ayq = 1 + (2R1/R2),

il

V= gy

0.14F
CERAMIC

Vi

AAA.

All resistors are 1%, 1/4W

vi=4aev

FIGURE 2. 130V Drive Across a Floating Load

mode signals since voltages V1 and V2 are in phase, and
no current flow is developed through R1, R2 and R3.
The second stage is simply an op amp connected as a
simple differential amplifier of gain, Ay2 = (R5/R4),
where R = R7 and R4 = R6. The total gain of the
instrumentation amplifier is

2R1 R5 2X100k 1.0M
Ay=|1+ — |l =)= 11+ —F ) {——
R2 R4 22.22k 10k
= 1000
R7 may be adjusted to take up the resistance tolerances

of R4, R56 and R6 for best common-mode rejection
{CMR). Also, R2 may be made adjustable to vary the
gain of the instrumentation amplifier without degrading

where R1 = R3. However, the gain is unity for common- the CMR.
~
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Laboratory evaluation of this circuit revealed noise
and CMR data as follows:

i} Frequency response with 10k load and Ay = 1000:
—3.0dB at 8.9 kHz

ii) CMR  measurements
+34 Vp-p) in Figure 4

iii) Noise measurements in Figure 5

{common-mode signal of

100

N [ ]
~ S
90 > ]
N ™~ e
g AN
« 80
o« Rg =10k
g |
o . ~
Vem AMP
S
1 s3ay -
60
[} 100 200 300 400

FIGURE 4. Common-Mode Rejection Measurements
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FIGURE 5. Noise Measurements

High Compliance Current Source

A current source with a compliance of 228V is shown in
Figure 6.

11—
—AA—e
-
E

All resistors 1% metal film, 1/4W unless otherwise specified.

FIGURE 6. High-C li: Currant S

The non-inverting input of the op amp senses the current
through R4 to establish an output current, |Q propor-
tional to the input voltage. The expression for 1Q is

Ein R2 0.1 mA

.
R1 R4 v N

R3 keeps the circuit stable under any value of load
resistance. Measured circuit performance is as follows:

IOMAX = £3.5 mA at EyN = ¥3bV

RoyT =2 MQ at lgyT =$2.0 mA

CURRENT BOOSTED APPLICATIONS

Because of the high voltage capability of the LM143,
some thought must be given for the selection of the
minimum load resistance. At an ambient temperature
of 25°C, the LM143 can dissipate 680 mW. Worst case
dissipation arises when the load resistance R is con-
nected to one supply and Vo = 0. Then the amplifier
sources 10 = (38V/R|) with 38V internal voltage drop.
During this condition,

ELZ  (38v)2
Pmax = 680 mW = _Rl_ = RL
1444v2
or R = ——— =~ 2.1kQ
680 mW

Hence, load resistances less than 2k will cause excessive
power dissipation.

Simple Power Boost Circuit

For loads less than 2 k§2, a power boost circuit should
be added. The simple booster shown in Figure 7 has the
advantage of minimal parts count, but crossover distor-
tion is noticeable and there is no shortcircuit protection;
hence, either the LM143 or the boost transistors may
fail under short circuit conditions.

+38V

2N4238
HS.
OVoutr

2N4236
HS.

-38v
Heat sink is a Thermalloy No. 2230-5 or equivalent.
All resistors are 10%, 1W,

FIGURE 7. Simple Power Boost Circuit
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100 mA Current Boost Circuit

With the addition of 4 diodes, a resistor and a capacitor,
the booster circuit can be short circuit protected at
100 mA as shown in Figure 8.

R1 protects the LM143 by limiting the maximum drive
current to (38V/3.0k) = 126 mA, thereby keeping

+38V

o

2N5335
s
SR
w2 %
R
20k LEJ T

5
D—N—N—«—o Vout

AA
VWA

0.005
108V
MYLAR

az
2N4033
HS.

Y
Heat sink isa Thermalloy No. 2230-5 or equivalent,
All diodes are 1N914,
All resistors are 1/2W, 10%,
FIGURE 8. 100 mA Current Boost Circuit

vt=aagy
Ri1
100k

safely within the device dissipation limit of 680 mW.
D1-D4 in conjunction with R2 and R3 protect the
output transistors Q1 and Q2 by shunting the output
drive current if the voltage drop across R2 or R3
exceeds 0.7V.

Breadboard Data:

i) Frequency Response: Limited by LM143 frequency
response and slew rate.

i) Step response for unity gain, voltage follower con-
figuration: Less than 10% overshoot for 1.0V step
with 0.01uF capacitive load, 50% overshoot with
0.47uF capacitive load. The circuit is unconditionally
stable for capacitive loads.

iii} Output Voltage: +33 Vp-p into 40052 load

1.0 Amp Class AB Current Booster

If crossover distortion is objectionable and currents of
up to 1.0A are needed, the circuit in Figure 9 should
be used.

The output of the LM143 drives a class AB comple-
mentary output stage. The gquiescent current for the
output stage is set by the current flow through R4, R5
and diodes D1-D4. The diodes D1—D4 are on a com-
mon heat sink with the output transistors Q3 and Q4
so that the voltage drops across the diodes and base-

Vour

2.2k g
= Psiah A0 at
N5376
' N5
. 2na033
RS S [
%S
ca ]
0.1uF
CERAMIC I

o
VT -3V

1Put on common heat sink, Thermalloy 6006B or equivalent.

All diodes are TN3193.

All resistors are 10%, 1/4W except as noted.

FIGURE 9. 1 Amp Class AB Current Booster with Short Circuit Protection
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emitter junctions of the output transistors will track
with temperature, Normally, R4 and R5 supply the
current drive for the output Darlingtons, Q1, Q3 and
Q2, 04, but if additional drive is needed, the LM143
supplies the remainder through R2 and R3. For short
circuited load, the drive current is bypassed around the
output transistors through D1, D5 and D6 during the
positive half cycle and through D4, D7 and D8 during
the negative half cycle. Drive current bypassing, or
output current limiting, occurs whenever R8 or R9
sees more than one diode drop (=0.7V). An expression
for the maximum output current is

0.7v

IMAX = 0.68Q2

IMax = 1.0A,

Capacitor C1 stabilizes the circuit under most feedback
and load conditions and C3 and C4 bypass the power
supply. Measured performance is as follows:

i} Maximum output voltage with R|_ = 4082: +29.6V,
—28V with Vg = 38 Vpc.

ii) Harmonic distortion measurements of Figure 10
were measured with a closed loop gain of 10.

Rp
200k
AAA

12
Loy <o LT
10 fAy=M
[
o8 |
= t I
a 06 } v
£ f [
04 +
|
0.2
P
[ [ ]
[ 0 20 30 40 50 60
Vg pp (V)

FIGURE 10. Harmonic Distortion Measurements

Very High Current Booster with High Compliance

If very high peak drive current is required in addition to
a capability for the output swing to within 4.0V of the
supplies under full load, the circuit in Figure 171 should
be used.

VW
cie

820 pF
5%, 1.0 kv

+3BY
o]

|___|_CS
I‘nvuahr

c1
0.003.F, 10%

cb
0.047.F

ar
ZN3906

——te—

D3
1N3938

< ra
S
<

A18
0.02:F, 10% 2z
30w
01 R13 R1D
1N3938 56 030
RS < w
< AAA v
10k S VWA > M ouT
- R17 *10aH

02
1N3338

2N3904

tOn common heat sink, Thermalloy 6006B or equivalent.
All resistors are 1/2W, 5% uniess otherwise noted.
All capacitors are 20%, 100V, ceramic disc unless
otherwise noted.
TfOutput current limit adjust.

FIGURE 11. Very High Current Booster with High Compliance
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Excluding the LM143, the current booster has three
stages. The first stage is made up of Q1 and Q2 which
level shifts and boosts the current output of the LM143
to about 100 mA. Q3 and Q4 further boost the output
of Qt and Q2 to about 1.0A. Q5 and Q6 then have
adequate drive to source and sink at least 10A. There is
no quiescent current path when the output voltage is
zero since Q1 and Q2 are biased off.

The short circuit protection circuit is made up of Q7 and
Q9 on the positive side and Q8 and Q10 on the negative
side. Q9 or Q10 turns on as soon as VBg = 0.7V
appears across R10 when the output terminal is shorted
to ground. Then Q7 or Q8 bypass the drive to the
output devices, Q5 and Q6. Since R10 is 0.352, current
limiting under short circuited output occurs at 2.3A
and is relatively independent of the current limit adjust-
ment resistor, R11. An expression for the maximum
output current, loUT MAX. with VouT and R11 as
variables is

(IVouT !~ VD1)R13
POV T YOVR

\"
| | R11+R12+ R13 BEO
OUTMAX! = R0
(v 1-0.7) 5602
YOUT TR IO v

= R11 + 52682
0.3Q

The equation is valid for both output potarities. The
plot in Figure 12 superimposes the above equation on
the maximum operating area curve for the 2N3773 and
illustrates the safe area protection feature.

16 )
" NN
< esion B L Ao
) \ /41:500 L
=l ,/n]k, T
a0 e
- 7
2.0k —— 50k |
| J |
0 2 u 1
Vo vy

FIGURE 12. Maximum Output Current
as a Function of R11 and VquT

The diodes, D1 and D2, are in the circuit to keep the
base-emitter junctions of Q9 and Q10 from being
reversed biased during the opposite polarity output
voltage swings. C1, C2, C3,C6, C7 and C9 are judiciously
inserted in the circuit to prevent oscillation. R17, R18,
C8 and L1 are used in the circuit to maintain stability
under all load conditions. Diodes D3 and D4 provide
protection for inductive loads.

All measurements taken with a 4£ load and 38V
supplies unless otherwise stated:

i) Maximum power out: 144 Wrms
ii} Frequency response:
a) —3.0 dB at 10 kHz at full power
b) —3.0dB at 11.5 kHz at 10 Vp-p out

iii} Maximum output voltage: +34V

iv} Maximum capacitive load: 10uF with 10% over-
shoot for a small signal step response

v) DC deadband: 20uV

vi}) Quiescent current: 12.7 mA (positive supply),
2.1 mA (negative supply)

vii} Input impedance: 1 MQ

viii) Voltage gain: 21

HIGH POWER APPLICATIONS
90 Wrms Audio Power Amplifier

A circuit diagram of an audio power amplifier which is
capable of 90 Wrms into a 4£) speaker or 70 Wrms
into an 8§ speaker is given in Figure 13. The circuit
features safe area, short circuit and overload protection,
harmonic distortion less than 0.1% at 1.0 kHz, and an
all NPN output stage.

The output of the LM143 drives a quasi-complementary
output stage made up of Q1, Q2, Q3 and Q4. This quasi-
complementary circuit, which makes possible an all NPN
output, was chosen over the complementary output
circuit due to the lack of low cost high voltage power
PNP transistors.

Safe area current limiting occurs whenever the output
current is

HouTmax!=

{IVouTt! - VD3I R

+V
R11+ R13 BES

R12
where R11 = R15 = 330%2,

R13= R14 = 3.9k,
R12= R16 = 0.25Q and

VBE5 = VBEG = VD3 =Vp4=0.7V.

If the output is shorted, the above equation simplifies
to

Vges _ 0.7V

| = —= = 28A
OUT MAX R12 0.25Q2

If the output voltage is 30V,

{30V —0.7V) 330

0.7V
IOUT MAX = 4.23k
0.25Q
23+0.7V
= — = 12A
0.25
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ouTPUT
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z.nw_]L 20w

¥
1N3938

tPut on common heat sink,
Thermalloy 6006B or equivalent.

* Turns of No. 20 wire on a 3/8" form.

m:mc All resistors 1/2W, 5% except as noted.

All capacitors 100 Vpc WV except as noted.

FIGURE 13. 90W Audio Power Amplifier

The maximum output current, IQ(MAX). versus VQ
is plotted in Figure 14. D4 and D3 are in the circuit to
keep Q5 off during the negative half of the output
voltage cycle and Q6 off during the positive half cycle.

16

+1g (A)

4.0 S

Vgt

FIGURE 14. Output Current Limiting as a
Function of Output Voltage

The output stage is biased into class AB operation by
using the resistor string R4, R5, R7 and R8 to set the
voltage drops across R6, D1 and D2, which then deter-
mine the quiescent current through the output transis-
tors. These diodes are thermally coupled to the output
devices to track their base-emitter junction voltages
with temperature. Low distortion at low power levels
is achieved by adjusting R6 to set the quiescent current
through Q3 and Q2 to about 100 mA. Figure 15 shows a
plot of distortion at 50 mW versus quiescent current.

C2 and C3 are connected between the output and the
R4, R5 and R7, R8 junctions to provide a ‘‘boot-
strapped’’ drive potential for the output stage during
output voltage swings near the power supply potentials.
The absolute magnitudes of the voltages at these junc-
tions exceed the power supply voltages during the high
output swings so that adequate current drives to Q4
and Q1 are available. C1 and C4 are used for compen-
sating the output stage. Cb and C6 are used for power
supply bypassing. R18, C7, R19 and L1 are included in
the circuit to keep the amplifier stable under all foad
conditions. D5 and D6 provide protection for inductive
loads.

12
1
\\ Pg = 50 mw —
10 Re=42 —
JIA 5
08 A\ t
g £=10 kHz —
06 —
z IR A
o4 b—r \
' | \
- 1.0 kHz
02 —+—1 \\
] AN
[ |
0 an 80 120 160
Ig (mA) ‘

FIGURE 15. Quiescent Current vs Distortion
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The input impedance of the audio ampilifier is simply
the value of R3. To keep the output offset voltages to
a minimum, R3 = R11IR2. The voltage gain is

R1 2.0M
Ay= 1+ — =14 — =21
R2 100k

The following data was taken with Vg = 238V:

i) Maximum power output before visible clipping:
a) 90 Wrms at 1.0 kHz into 482 load
b} 70 Wrms at 1.0 kHz into 852 load
ii) Distortion measurement: distortion versus fre-
quency and power is plotted in Figures 16 and 17.
iii} Maximum capacitive load: 20uF
iv} Qutput noise, 18 Hz to 20 kHz: 100uVrms
v) Frequency response:
a) Small signal (1.0 Vrms into 4.082):
—3.0dB at 40 kHz
b) Power (90W into 482): —3.0 dB at 29 kHz
c) Power (70W into 8{2): —3.0 dB at 30 kHz

0.6

!
Aol || IHHH/
0.5 + Py f9(]
|
0.4 . /
g : WY
o 03
z : Aow
02 I/ ‘\“/
0 | // 45w
1 ’k
0 i !
10 100 1.0k 10k 20k

f (Hz)

FIGURE 16. Distortion vs Frequency, R =4Q

S8 T

R = 802

i ”H{
0.3 Pg= u&y
W,

70w
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10 100 1.0k 10k 20k
1 (Hz)

FIGURE 17. Distortion vs Frequency, R|_=8Q

POWER SUPPLY CIRCUITS

The ability of the LM143 to withstand up to 80V can
be exploited fully in the design of regulated power
supplies. The circuits to be described use a zener refer-
ence voltage, an IC voltage amplifier, and a discrete
power transistor pass element. If care is taken to keep
the voltage drop across the pass element within 40V,
standard three terminal voltage regulators such as the
LM340, LM120, etc. may be used as pass elements and
significantly decrease parts count and circuit complexity.
Circuits using this approach are given in the LM340
application note (see AN-103}.

A Tracking £65V Supply with 500 mA Output.

A tracking power supply circuit can be made by modi-
fying the circuit for the 130 Vp-p driver circuit. The
modified circuit is given in Figure 18.

A 2N4275 is used as a stable zener voltage reference of
about 6.5V. Its output is amplified from one to about
10 times by the circuitry associated with IC1. The out-
put of IC1 is applied through R10 to the Darlington
connected transistors, Q2 and Q3. The feedback resistor,
R5, one end of which is connected to the V' output
node, is made variable so that the V' output voltage
will vary from 6.5V to about +65V. The vt output is
applied to a unity gain inverting power amplifier to
generate the V™ output voltage. The output circuit of
the unity gain inverter uses a compaosite PNP, Q4 and
Q5, to provide the current boost.

Since the input terminals of A2 are at ground potential,
the positive supply lead cannot be grounded; instead, it
is connected to the output of a 4.7V zener diode, D8,
to keep within the input common-mode range.

C1, C3 and C4 are used for decreasing the power supply
noise. C2 is used in bypassing most of the noise generated
by the reference voltage and C5 and C6 are used to
reduce the voltage output noise. Short circuit protection
is provided by D1, D2, D3, R10 and R 14 on the positive
side and by D4, D5, R11 and R15 on the negative side.
The short circuit protection circuit is the same as the
one used in the 1.0A current booster circuit.

The short circuit current is given by

VBE _ VBE

R14 R15

it

IMAX

0.7
= — = 1.25A
0.56

where VBE = voltage drop across a diode.

+65V, 1.0A Power Supply with Continuously Variable
Output Current and Voltage

If a continuously variable output current as well as
output voltage supply is needed, a power supply circuit
given in Figure 19 will do the job. It has an output
range from 7.1V to 65V with an adjustable output
current range of 0 to 1.0A.

Basically, the power supply circuit is a non-ideal voltage
source in series with a non-ideal current source. A refer-
ence voltage of approximately 6.5V is obtained by
zenering the base-emitter junction of the 2N4275.
The positive temperature coefficient of the zenering
voltage is compensated by the negative temperature
coefficient of the forward biased base-collector junction.
The output of the voltage reference goes to the variable
gain power amplifier made up of 1C2, Q6, Q7 and their
associated components and to a reference current
source made up of Q2, D1 and components around
them. The variable gain power amplifier multiplies
the reference voltage from one to ten times due to
the variable feedback resistor, R17. Since the maximum
current output of IC2 is at most 20 mA, the Darlington
connected Q6 and Q7 are used to boost the available
output current to 500 mA.
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tPut on common heat sink, Thermalioy 60068 or equivalent.
All resistors are 1/2W, 5%, except as noted.

FIGURE 18. Tracking 65V, 1A Power Supply with Short Circuit Protection
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FIGURE 19. 1A, 65V Power Supply with Variable Current Limit
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Breadboard Data for the Tracking 65V Power Suppiy

VN = £75V, lQuT = +500 mA, Tj=25°C, Tp = 25°C, VQUT = +40V, unless otherwise specified.

MEASURED DATA
PARAMETER CONDITIONS
+Vout ~Vout
Load Regulation 0 <loyT < 500mA 0.5mV 1.0mVv
Line Regulation E50VI< V)N < 80V
louT = *100 mA 175 mV 176 mvV
IQUT = ¥500 mA 169 mV 173 mV
Quiescent Current louT=0 Pos. Supply Neg. Supply
28.22 mA 6.55 mA
Output Noise Voltage™ ’ 10 Hz < f <100 kHz 0125 mV 0.135 mV
Ripple Rejection louT = £20 mA, —72.5dB —63.4dB
f=120 Hz
Output Voltage Drift* 3.38mv/°C 3.43 mVv/°C

*The output noise and drift are due primarily to the zener reference.

Measured Performance of the 1A, 65V Power Supply

VIN = +76V, 1ouT = 500 mA, Tj= 25°C, VouT = +40V unless otherwise specified

PARAMETER

CONDITIONS

MEASURED DATA

Load Regulation

Line Regulation

{dc Loads)
Maximum Output Voltage dc Load
Quiescent Current

Qutput Noise Voltage *

Ripple Rejection
f=120Hz

Loads are Pulsed Loads

0 < IgyT < 500 mA (Pulsed Load)

10 Hz < £ < 100 kHz

louT =20 mA

AVg=3.0 Vpp
AV =6.0mVp-p

5.0 mV

46V < VN < 76V
louT = 100 mA
louUT = 500 mA

297 mV
286 mV

68.6V
21.4 mA
0.280 mV

66.6 dB

200us Pulse Every 200 ms

* The output noise is due primarily to zener reference.

The power current source is an op amp used as a differ-
ential amplifier which senses the voltage drop across
R8 and maintains this same voltage across R14. Hence,
the maximum output current is

R8
louT= — x IRer < x 5.0 mA = 1.0A.

R14 5.0§2

Since the output load under most conditions will not
demand what the power current source can deliver, Q4
and Q5 will remain in saturation during normal opera-
tion. When Q4 and Q5 are puiled out of saturation,

the output load voltage will drop until the load current
just equals what is available from the power current
source. Because the positive supply terminal of 1C2 is
tied to the collectors of Q4 and Q5, 1C2 will supply just
enough current drive to Q6 and Q7 to keep itself on.
Hence, a current limiting resistor is unnecessary for 1C2.
A 10k current limiting resistor, R13, is present since the
total unregulated power supply voltage is available for
IC1. R6 is used to stay within the input common-mode
voltage range of IC1.

IREF is derived from the 6.5V reference source, Q1, by
using Q2 in a current source configuration. R22 is made
adjustable so that IREF can be set for 5.0 mA.
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CONCLUSION

The LM143 is a high performance operational amplifier
suited for applications requiring supply voltages up to
+40V, The LM143 is especially useful in power supply
circuits where the unregulated voitages are as high as
+40V and in amplifier circuits where output voltages
greater than *30V peak are needed. The LM143 is inter-
nally compensated and is pin-for-pin compatible with
the LM741. Compared with the LM741, the LM143
exhibits an order of magnitude lower input bias currents,
better than five times the slew rate and twice the output
voltage swing.

APPENDIX

Toward the goal of trouble-free applications, this
appendix details some of the more subtle features of
the LM143 and reviews application hints pertinent
both to op amps in general and the LM143 in particular.
The complete schematic of the LM143 is shown in
Figure 20.

The circuit starts drawing supply current, at supply
voltages of 4V, when current is provided to a 7.5V

zener diode D5 by the collector FET Q41. The gate-
channel junction of Q41 exhibits 100V breakdown as
source and drain are lightly doped NPN collector and
substrate material, The collector current of Q18 biases
current sources Q25 through Q30 and sets the supply
current at nearly zero TC.

Q19 furnishes a bias voltage, 5V above the negative
supply, for the collectors of Q15, Q20 and Q22. The
low impedance 2V reference (VB1 in Figure 1} for
the base of Q21 appears at the emitter of Q20 and has
the correct TC to insure that Q23 never saturates.
Should this occur, the low resistance of Q23 would
cause premature LVGEQ breakdown of Q21.

The input transistors, Q1 and Q2, are biased by Q13 and
Q14 which have a breakdown voltage essentially equal to
BVego by virtue of the high emitter impedance, R18
and R19, relative to the low dynamic impedance of D4.
In a similar way, Q18 and Q19 stand off essentially the
full supply voltage. These devices have a high output
impedance caused by series feedback and so hold the
supply current nearly constant to prevent excessive
power dissipation at high supply voltages.

o v
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7.0k 56k 7.0k 1.0k 700 00
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azs 1Ny
L s
09 aw :|
D1 02 03e
1 012 i
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FIGURE 20. Complete Schematic of the LM143
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While the simple voltage clamping scheme, Q3 and Q4 in
Figure 1, is adequate, it is prone to oscillation when
built with high 8§ PNPs. The more elaborate scheme of
Figure 20 prevents instability. This clamping method
is similar to that used in the LLM108, but ailows large
differential inputs to exist with complete input over-
voltage protection. Q9 and Q10, which withstand the
high input common-mode voltage, have a BVCBQ-type
breakdown due to the low impedance diodes seen from
the base leads and the high impedance of Q1 and Q2
{enhanced by 100% series feedback) in the emitter
leads. Input overvoltage protection also holds up under
high-level transient input voltages.

With a large negative-going step input, as could occur in
the unity-gain voltage follower configuration, diode-
connected Q6 turns “ON,”” protecting the emitter-base
junction of Q2 from zener breakdown and subsequent
long-term 3 degradation. At the same time, stray capaci-
tance at the collector of Q2 is discharged by D2 through
Q4 and Q12. This holds Q10 in a true BVggg mode
{emitter open-circuited) and clamps the voltage across
Q2to 3 VRBE.

With a large positive-going step input, stray capacitance
at the collectors of Q2 and Q12 is charged by the
forward-biased collector junction of Q2. As before, with
D2 conducting, Q10 is again in the BV g breakdown
mode. Since the inverting input can be subject to the
same transients, Q1 is afforded the same protection.

Distributed capacitance associated with R10 and R11,
together with the collector-base capacitance of Q26,
cause_a high frequency transmission pote {the ‘“‘tail”’
pole'4’) which can degrade phase margin, This is avoided
by adding a small lead capacitor, C1, which provides
an alternative low-impedance signal path, thus bypassing
the tail pole.

The offset null resistors, R21 and R23, are made larger
than that strictly necessary to null the offset voltage.
This reduces the transconductance of Q17 and, there-
fore, the noise gain of the active loads into R10 and
R11. By this simple expedient, broadband input noise
voltage is substantially reduced.

The voltage reference for the output stage (VB2 in
Figure 1) is realized by actively simulating a 4-diode
stack. The voltage across Q33, given by (1 + R8/R9)
VBE, is about 3.5V. Biased at 400uA from Q30, the
circuit presents a low impedance, iess than 5082, to the

base of Q32. Since the TC of the reference is negative,
Q34 is designed to always remain out of saturation
under worstcase conditions of high temperature and
high output current. This avoids potential destructive
breakdown of Q32.

Current limiting for Q32 and Q34 is provided by diode-
connected Q37 and resistor R12. When the voltage drop
across R12 turns on Q37, it removes base drive from
Q34. In a similar fashion, current limiting in the negative
direction is initiated when the voltage drop across R13
causes Q38 to conduct. This current is limited in Q21
by R20 to about 1 mA. When this occurs, base drive
is removed from Q39.

Although output short circuits to ground or either
supply can be sustained indefinitely at supply voltages
lower than +22V, short circuits should be of limited
duration when operating at higher supply voltages.
Units can be destroyed by any combination of high
ambient temperature, high supply voltages, and high
power dissipation which results in excessive die tempera-
ture. This is also true when driving low impedance or
reactive loads or {oads that can revert to low impedance;
for example, the LM143 can drive most general purpose
op amps outside of their maximum input voltage range,
causing heavy current to fiow and possibly destroying
both devices.

Precautions should be taken to insure that the power
supplies never become reversed in polarity—even under
transient conditions. With reverse voltage, the 1C will
conduct excessive current, fusing the internal aluminum
interconnects. As with all IC op amps, voltage reversal
between the power supplies will almost always result in
a destroyed unit.

Finally, caution should be exercised in high voltage
applications as electrical shock hazards are present.
Since the negative supply is connected to the case,
users may inadvertantly contact voltages equal to those
across the power supplies.
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A LINEAR MULTIPLE GAIN-CONTROLLED AMPLIFIER

INTRODUCTION

A linear control function over three decades of gain can
be achieved with a FET in the feedback path of a non-
inverting amplifier. Besides the ultimate simplicity of the
circuit, multiple tracking gain control circuits can be
constructed with dual op amps and monolithic dual
FET’s or quad op amps and monalithic quad FET's.
Such circuits could even be integrated with ion-implanted
FET’s on single or multiple monolithic op amp chips.
The gain control range may be designed for less than 2 to
1 or higher than 1000:1, but input voltage levels are
limited by acceptable levels of distortion. Bandwidth is
dependent on maximum gain and unity gain bandwidth
of the op amp used. The gain control circuit is especially
suitable for volume expansion applications.

GAIN CONTROL WITH FETS

The FET has long been used as a voitage controiled
resistor (VCR), often as the shunt arm in the series-shunt
attenuator of Figure 1. Advantages of the FET as a VCR

are that:

1. The control signal is almost perfectly isolated from
the controlled signal path, and

2. The resistance can be made to vary over an almost
infinite max/min ratio.

R1

0 Vos Ve =R

FIGURE 1. Voltage Controlled FET Attenuator

Disadvantages are that:

1. The FET behaves as a linear resistance only for small
values of source-drain voltage Vpg,

2. Non-linearity {of resistance) increases as the control
voltage Vgg approaches cut-off voltage Vp when
the resistance is maximum,

3. The relationship of resistance ry to Vgg is recip-
rocal rather than direct linear,

4. VCR multiples with matched resistance characteristics
over their full control range have been extremely
difficult to obtain at any kind of reasonable price, and

5. Production spread in Vp requires separate bias set and
gain set on each circuit.

Examination of the FET drain characteristics in Figure 2
will reveal the essential non-linearity of ry at high
signal levels, especially as Vgg approaches Vp. This non-
linear region must be avoided in order to achieve
tolerable distortion levels. One obvious way is to limit
Vps to small values when ry is high as suggested by
Figures 2c and 2d, another is to utilize FET's with high
Vp as suggested by reference to Figures 2b and 2d.

The reciprocal relationship of ry and Vgg is an
advantage, as it is precisely that which allows the linear
control of gain in the circuit to be described. The avail-
ability of matched monolithic dual FET's such as the
NSC 2N3958 (watch out for the matched pairs as their
resistance match close to Vp may not be as good as that
of the monolithic versions} make available low cost duals
with very closely matched resistance characteristics over
the full control range. There are even some monolithic
quads becoming available {monolithic version of National
Semiconductor's AH5009). The final problem of the
production range of Vp can be much improved with ion-
implant diffusion techniques whereby lot variation in
Vp may be held to within a few tenths of one volt.

The gain control circuit is that of an ordinary non-
inverting op amp with feedback. The usual circuit is
modified in Figure 3a to include a FET as controlled
resistor. The gain function is normal except that ry
replaces R2 in the usual form.

R1
Ay =1+—0 (1)
]

Now ry can be equated to a control voltage V¢ as follows:

Ve
ra = rom (2)
Where:
ro = Ig
Vgs =0
Ve
rg =g Ve (3)
Where:
Ve = Vp—Vgs

The gain function is thus seen to be linear with V.

R1 Ve
Ay =1+ — — (4)
ro Vp
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500uA
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Vps = L.5V/DIV. Vos = 0.5V/DIV.

a) Vp =28V h} Vp =8V

Vps = 50 mV/DIV. Vos = 50 mv/DIV.

£} Vp =28V ) Vp =8V

FIGURE 2. AC Output Characteristics of FET

{8 Aymin =1

ib} Ay > 1
FIGURE 3. FET/Op Amp Gain Control Circuit
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FIGURE 4. Gain vs Control FIGURE 5. Gain vs Control
Voltage For Short Channel FET Voltage For Long Channel FET
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FIGURE 6. Control-Gain
Match For Dual FET
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FIGURE 7. Monolithic Quad
Gain Control Tracking

(b) FAST CONTAOL MODIFICATION

FIGURE 8. Circuit to Reduce Distortion

At V¢ = 0, the gain reduces to unity; and at V¢ = Vp,
the gain increases to 1 + R1/r, which may be as high as
1000 or so. If it is desired to limit the minimum gain to
some value greater than unity, another resistor R2 may
be added as in Figure 3b. Then the gain equation becomes:

R1
R2r, (Vp/Ve)
R2 + "o (Vp/Vc)

Ay =1+

R1 [R2 + 1y (Vp/Ve)]
+ p/¥cl
R21o(Ve/Ve)

(5)

In either case, the gain function is linear with V.

The circuits of Figure 3 do indeed show a linear gain
versus control voltage as plotted in Figure 4 for several
values of minimum gain. There is some non-linearity
near minimum gain which appears in all curves. This is
certainly due to a non-ideal characteristic of the FET
caused by finite contact and bulk resistance at source
and drain. Figure 5§ shows a similar control curve for a
FET with longer channel in which the controlled channel
resistance is a greater part of the total resistance than
that of the short channel device of Figure 4. For those
applications requiring a more precisely linear control of
gain, the long channel devices will be preferable.

Several variable-gain circuits can be made to track when
monolithic multiple FET’'s are used as the control
elements with matched feedback resistors. A monolithic
FET dual {NSC 2N3958) used in two identical control
circuits shows remarkable tracking over the entire control
range, even when Vg is near Vp where variations would
be expected to be most apparent. The plots appear in
Figure 6. Similar performance for a quad gain control
using a monolithic P-channel quad FET (NSC monoilithic
equivalent to AH5009)} is shown in Figure 7.

DISTORTION

Reference to Figure 2 will show that the FET acts as a
linear resistance only for relatively small values of drain-
source voltage, in either polarity. This is particularly
apparent for positive Vg {for N-channel FET) and Vgg
approaching Vp. The difference between Figures 2c and
2d indicates that the maximum allowed applied signal
will be greater for high Vp as compared with low Vp.

It is possible to improve the linearity characteristics
somewhat by applying a part of the Vg in series with
the control voltage applied as Vgg. The circuit to
accomplish this is that shown in Figure 8. |1t happens that
about half of Vpg applied to the gate provides the
greatest improvement for small signals. The addition of
two resistors and one capacitor as in Figure 8a is all that
is required. The capacitor simply blocks the control
voltage from the FET drain and the op amp input.
Figure 8b shows the addition of an emitter follower to
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FIGURE 9. AC Qutput Characteristics of FET with Feedback Linearization

1000 1000
% 0.5% |
100 100
— = p - T T
E E r  —
¥ 3 | VA 0.2% THD
d < | V7 d |
y I AV
10 10
1§ NO FEEDBACK
37
" Ay =1-100
Ve =82V
2N4091
1 1 s
~30 -25 -20 -15 -10 -05 0 -9 -8 -7 6 -5 -4 -3 -2 -1 10
Vas (V) Vs (V!
FIGURE 10. Distortion With FIGURE 11. Distortion With
Vp =238V Vp=8.2V
1000 1000 i :
== i i F
f Tt i3 i ’{
L ove 4oy 08% o “-i__ 0.07% —]
100 ) Jiy4| 00— _—
_ 0.5% _
z 0.3% 2 | =S 0.05% THD
K] '/ /I 0.1% THD F) i
10 4 || 10 =
= FEEDBACK 3 FEEDBACK =
Ay = 1-100 Ay = 1-100
T Vp=28V _| ve=82v _|
. | 23958 . 2Na091
-30 -25 -20 -15 -14 -05 0 9 -8 -7 6 -5 -4 -3 -2 -1 0D
Vas (V) Vas (V)

FIGURE 12. Distortion With FIGURE 13. Distortion With
Vp = 2.8V, With Linearization . Vp = 8.2V, Linearized

AN129-4




prevent abrupt changes in V¢ from coupling to the op
amp. Figure 9 shows the improved linearity of the drain
characteristics as compared to Figure 2. The improvement
is also seen in the distortion versus input signal plots of
Figures 10—13. Note particularly that the distortion at
any value of V¢ is primarily a function of input signal
(which equals the feedback signal applied to the FET
drain at the inverting input). Some modification is made
to this direct relationship if an R2 is shunted across the
FET as in Figure 3b. Measured distortion at low signal
level is the result of noise rather than of signal distortion.
Maximum gain is limited to about 100 in these plots so
as to avoid the region of lower S/N. The noise is that of
the op amp input stage and the signal source resistance
plus the contribution of the FET which is essentially
the thermal noise of ry.

BANDWIDTH AND CONTROL TIME CONSTANT

The circuit bandwidth is the closed loop bandwidth of
the op amp used at the (instantaneous) set gain. The gain
control time constant is that of the input circuit to the
FET {dependent on the value of R in Figure 8) limited
by the slew rate of the op amp. The FET itself reacts
practically instantly, producing a step change in feedback
ratia. Control time constant is thus a few microseconds
at most.

APPLICATIONS

Three obvious applications present themselves; they are:
1. Remote or multichannel gain control

2. Volume expansion

3. Volume compression/limiting

To this short list might be added a number of others,
including applications in noise reduction and quad sound
techniques.

The gain-controlled amplifier of Figure 14 has a gain
range of 1—1000, a maximum output level of 8.5 Vrms,
and a bandwidth of better than 20 kHz at maximum
gain. The FET used has high Vp for maximum freedom
from distortion. Figures 15 and 16 show the gain
function and constant distortion contour lines. Note
that the gain control curve is non-linear near unity gain
because the 2N4091 is a short channel FET, Distortion

1000 Bl
L. 1
Ve =82V
800 — 2n49t
L4
600 &
2 74
R2=300 /"
400 J
200 *

== Al 1

o
-10-9-8-7-6-5-4-3-2-10
Vas (V)

FIGURE 15. Gain For Circuit
of Figure 14

is quite low except as limited by maximum output
voltage. Note that the maximum e;, is restricted by out-
put saturation. The LM318 is used in the example only
to achieve wideband response at maximum gain. The
amplifier input voltage must be restricted to about
8 mVrms at maximum gain when the S/N will be about
60 dB over a 10 kHz bandwidth.

+15v

e, - B.SVAMS

2N4391
-V ve <0 O
*2K for gan = 1-100

= **LM301A for gawn = 1-100
FIGURE 14. Amplifier With Gain Range = 11000

A more practical circuit might employ a gain range of
1—100. Then the amplifier could be a LM301A and
stitl achieve a 10 kHz bandpass at maximum gain. The
input signal could, accordingly, be increased to 80 mVrms
for a S/N of 80 dB. This performance can be extended
to dual and quad control circuits with tracking gain
functions, but watch the bandwidth as required at maxi-
mum gain. Any of the several dual op amps could be
used with the 2N3958 (monolithic dual from NSC), or
the LM324 quad op amp can be used in limited gain
times bandwidth applications with a quad monolithic
FET. Figure 17 shows all details of an ac coupled tracking
quad gain control with 40 dB range. Gain varies over
1-100 range, bandwidth is 10 kHz minimum, S/N
is better than 70 dB with 4.3 Vrms maximum out-
put. Figure 7 shows the gain curve and matching
characteristics.

Noise considerations could be important in this method
of gain control, as the signal is amplified rather than
attenuated. To reatize the function of a 40 dB variable
attenuator, it is necessary to install a fixed attenuator at
the amplifier input and perhaps also at the output. This
will reduce the minimum signal level to millivolts, thus a
low noise amplifier is desirable. The LM381 dual low-
noise ac coupled amplifier could be used in a 40 dB

1000
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Ay =1-1000
Vp =82V
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FIGURE 16. Distortion For
Circuit of Figure 14
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audio attenuator to realize S/N about 100 dB or in a
60 dB attenuator to realize 80 dB S/N. Improvements
in S/N can be made by reducing system bandwidth in
fixed or low frequency operation. Minimum noise is also
achieved by using the minimum practical amplifier
source resistance. Values as low as 1 k€ are advantageous.

The effect of temperature will be to change the gain
according to the temperature sensitivity of the FET.
This effect can be reduced by using a silicon resistor for
the feedback resistor, R1. If the FET were to be
integrated onto the op amp chip, an attempt should be
made to include R1 on the chip as well.

The application to a volume expander circuit is of
interest as the control is linear, the required control
range is only about 1:4, and the input signal is small
for the low gain condition when distortion would other-
wise be most apparent. The elements of a volume
expander are indicated in Figure 18. The gain controlled
amplifier need onty exhibit a 12 dB variation in gain,
being lowest for small signals. The slope of gain versus
control should be linear, more specifically the slope
of {log) gain in dB versus {log) signal in dB should
be linear. A practical range is 12 dB gain change over a
30 dB input signal range. The peak detector should be
linear down to very small signals, exhibit a fast attack or
charge time of a millisecond or less, a discharge time
constant of about 2 seconds, and operate on the first

half cycle (full-wave detector). The detector should,
therefore, be a full-wave precision linear peak detector
with low internal impedance; the requirements can be
met with the circuit of Figure 19.

The expander circuit shown in Figure 20 will perform as
desired. The gain control function is plotted in Figure 21,
distortion is below 0.1% at all levels. Resistors R3 and
R4 are added in order to modify the linear control curve
to the desired log curve. Note that the input signal is
attenuated prior to amplification in order to reduce
distortion and maintain an overall gain of approximately
0 dB at midrange of expansion. The noise with the
LM124 over a 20 kHz bandwidth is, of course, a function
of signal; but the maximum signal to noise ratio is 80 dB.
The circuit could be adapted to stereo or quad sound
as in Figures 22—23. Questions for individual design
concern the method of control. Whether to expand all
channels together, and whether to derive the control
signals individually from each channel, a summation
from 2 to 4 channels, or from a single channel {assuming
that high level from any channel indicates high levels
from all channels). Note that the FET is biased OFF
{minimum gain) for low signals, and increasing signals
progressively bias the FET ON (maximum gain).

The volume compression circuit is a logical mate to the

expander. The only difference would be that the FET is
initially biased ON (maximum gain) for low signals, and

20V
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FIGURE 20. Volume Expander Circuit
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FIGURE 22. Stereo Expander Block

increasing signals progressively bias the FET OFF {mini-
mum gain). A disadvantage is that the circuit produces
greatest distortion in the low gain condition when signals
are highest. Maximum S/N is degraded by 24 dB over
that of the expander, minimum S/N is the same,

CONCLUSION

The combination of FET and op amp provides a linear
dc {voltage) control of gain over a range to 60 dB. As the
circuit realizes positive gain, rather than being a con-
trolled attenuator, the input signal is limited. Input

RIGHT
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|
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I
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v
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VARIABLE-GAIN
AMPLIFIER

T

FIGURE 23. Four-Channel Expander Block

signal is further limited to several hundred millivolts by
the non-linearity of the FET {(which sees the full input
signal). Because input signals will generally be in the
10-300 mV range, noise performance of the seiected
op amp will be important. Even so, S/N of 60—100 dB is
obtainable with standard amplifiers. Tracking pair or
quad gain-control amplifiers are realizable with existing
monolithic dual or quad FET's, and the combination of
FET and op amp lends itseif to simple integration. The
circuit is well-suited to remote and multiple linear gain
contro} and to volume expander/compressors. The volume
expander is especially interesting as the signal level and
gain conditions result in extremely low distortion and
more than adequate signal-to-noise ratio.
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THE MONOLITHIC TEMPERATURE TRANSDUCER—A NEW INTERFACING CONCEPT

INTRODUCTION

The percentage of analog and analog/digital signal
handling done by monolithic integrated circuits is ever
increasing. However, until now almost all input signals
were voltages generated by often complex and expensive
transducers needing special input wiring to the integrate
circuit. :

Now with the ability of an IC to directly sense absolute
temperature, and provide a linear, buffered electrical
output, the situation has greatly changed. A number of
physical parameters can now be sensed directly by the
National LX5600 monolithic transducer with a resulting
saving in hardware, wiring, and therefore cost.

For example, using temperature sensing as an ‘‘interface’’;
position, air velocity, liquid presence, and conductivity
can be measured or controlled. Rate of temperature
change can be sensed to improve the performance of
on-off temperature controllers. The monolithic trans-
ducer allows a much simplified servo for improving
surface or moving-surface temperature measurements.
The purpose of this note is to illustrate the possibility
and practicality of a number of these sensing technigues.

As background for the rest of this note, the block
diagram and operation of the thermometer will be
briefly described. Also methods of powering the LX5600
will be outlined, and a special integrated power transistor
ideal for isolating the thermometer from heavy or
variable loads will be presented.

TRANSDUCER DESIGN

Figure 1 illustrates how the 3 separate functions of the
thermometer IC are arranged so that only 4 external

i - i I
I

! i o
| INCREASES AT I
| =6av wmvrK |
I |
|

I )

I SENSOR

' -

{

[

FIGURE 1. Block Diagram

connections are needed. The zener and its amplifier form
a shunt regulator with a typical impedance of 3§2. The
reference is quite stable with temperature so that a
potentiometer across pin 3 and 4 can be used to set up
a Centigrade or Farenheit zero calibration. This would
be used when the thermometer is applied in its linear
mode, such as with pins 1 and 2 shorted together so that
the op amp forms a unity gain follower.

Similarly a pot across 3 and 4 with the wiper to pin 2
determines a temperature set-point since the op amp
can be operated ‘open loop,” which will cause the
output at pin 1 to swing about 30V for a 0.2°C {or
Kelvin) change at the sensor around the set point.

The sensor section, with its associated amplifier, generates
a negative going signal of 10 mV/°K. For instance, at
0°C this signal would be —2.73V (with respect to pin 3)
and appear at the plus terminal of the internal operational
amplifier. The actual sensor principle is somewhat more
sophisticated than a resistance or diode-drop change
with temperature. 1t uses the difference in Vo between
matched transistors which involves operating two tran-
sistors at greatly differing collector currents but with
their bases in parallel. If this collector current ratio is
controlled there will be a very predictable difference of
emitter voltage. Further, this voltage varies with tempera-
ture in a known and reproducible manner. This voltage
change is less dependent on processing variations than
any of the other known semiconductor effects. Further
details on these effects can be found in the reference. (1)

The internal op amp provides a consistent, very light
loading of the sensor output. Having a feedback terminal
available, gains from unity up to 100 or so are feedback
controllable, or an open-loop gain of several thousand is
available. PNP input transistors allow the op amp to
function as a comparator over a large range of inputs.
Internal compensation is provided. Output is a collector
with a 50k load ({pull-up) resistor provided, that is,
however diode decoupled for output voltages higher
than the pin 3 supply voltage. A complete schematic
of the transducer is provided in the appendix.

POWERING THE TRANSDUCER

Successful application of the LX5600 starts with
providing power in the optimum way. Since the device
senses its own temperature, it follows that minimum
internal power dissipation is desirable. With no output
load, the internal electronics {op amp, etc.) typically
need about 1/2 mA to operate correctly. |f the zener
shunt regulator is to operate also, 1 mA is recommended.
Let us examine the four powering methods of Figure 2
with regard to zener operation and temperature rise.
Still air operation, a 6.8V zener, and 0.17°C/mW
temperature rise for a TO-5 package are assumed for
the following discussion.
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F{GURE 2d. Low Cost Current Source

FIGURE 2. Powering the Monolithic Transducer

Figure 2a illustrates minimum device dissipation by
sacrificing use of the internal reference. A typical unit
would self-heat only about 0.5°C and would vary only
-about 0.1°C over supply and temperature variations.
This connection is particularly useful for accurate air
temperature measurements and is very suitable for
differential measurements where a second transducer
can supply the reference.

The simplest method is Figure 2b using only a resistor.
With the supply variations shown, the reference typically
varies less than 1 mV. The temperature rise is only about
1.25°C with plus or minus about a quarter degree for
supply variations. With a modestly-regulated supply, the
resistor powering method obviously becomes very good.
However, if one considers an aging automotive battery
with a foaded output of only 11V available, a 3.9k
resistor would be needed to insure 1 mA of current.
Then the same battery being heavily charged (15 Vpc)
would supply twice the current to the thermometer
with an increase of self-heating of about 1.2°C.

One of the applications to follow involves reading outside
air temperature. Since most people are accustomed to
reading temperature in °F, the over 2°F error of the
above example will be noticeable. The two constant
current supplies to be described solve this problem.
Total change in self-heating becomes well less than 0.1°F
over a 100°C temperature range and a 2:1 supply
voltage range. Further, the internal reference is properly
powered, with current changes causing less than 1 mV
change in V.

The reference current source of Figure 2c uses the
precision 1.22V reference diode which changes only
about 1% over the entire —55°C to +125°C temperature
range. A diode-connected transistor, temperature com-
pensates the constant current transistor so almost exactly
the reference voltage appears also across the emitter
resistor, stabilizing the current.

The source of Figure 2c is probably of greater cost and
precision than is needed in this application. The Figure
2d current source is much less expensive and vyet
reasonably stable. With only about a volt needed between
power input and collector output, it is much superior

to the usual zener referenced current source requiring
5 to 6V of such loss.

A little used characteristic of light emitting diodes is
employed in stabilizing this current source. At the low
currents used, the LED has a typical drop of 1.5 to 1.7V,
or about 0.8 to 1V more than the junction drop of a
small transistor. Thus, when paired as shown in Figure 2d
the remaining voltage appears across the transistor's
emitter resistor. Further this voltage is temperature
stable since the LED’s junction temperature coefficient
is just about the same as a transistor’s base-emitter
junction coefficient. In both cases this is about —2 mV/°C.
Preliminary tests indicate that adjustments of the tem-
perature coefficient can be made by changing the ratios
of transistor to LED current, and that once a stable
combination is found similar parts {same part number
and same process) should reproduce the stability obtained
within 1 or 2%, over the —55°C to 100°C range. Doubling
LED current only results in approximately 40 mV
increased junction drop, so a 2:1 supply change will
only result in a 5% further current change.

OPTIMUM LOAD ISOLATION

The need to minimize power dissipation has already
been emphasized. In fact the previous heat rise figures
were based on zero load on the thermometer’s output
transistor. Certain of the applications to be presented
involve driving of lamps, solenoids, or heaters. Much
would be lost in simplicity if the thermometer had to
drive a buffer amplifier followed by two or more
cascaded power transistors.

To solve this problem the LM195/LM395 monolithic
power transistor is used. An ampere of load current
may be handled requiring only a few microamperes drive
from the monolithic thermometer. Under this condition,
power dissipation due to the thermometer’s output
signal can be as little as 1% of the total device dissipation,
and thus be negligible in causing temperature error.

The block diagram of Figure 3 shows how this very
high gain is achieved. Integrated on the same chip as the
power transistor is an NPN emitter follower driver
which is driven by another PNP emitter follower. The
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emitter-base drops of these two drivers are in the
opposite direction, and tend to substantially cancel,
Remaining is the emitter-base drop of the power transistor
so input signals seem to see a power transistor of
normal input voltage but abnormal current gain resulting
from the three transistor cascade. Further, the input
resistor and integrated PNP transistor allow +40V and
—20V overdrives to the base without damage.

COLLECTOR

PROTECTION
CIRCUITRY d

EMITTER

FIGURE 3. Simplified Circuit of the LM195

Retiability under adverse environments is enhanced by
other protective circuitry that has been integrated in
with this transistor. Collector current is limited to
2 amperes by sensing drop across the 0.1£2 emitter
resistor internally. Junction temperature is limited by
turning off the output transistor at 170°C junction
temperature, using an internal temperature sensor. Thus
the LM195 is extremely difficult to destroy except
by exceeding collector voltage from a low impedance
supply. (2)

APPLICATIONS AREAS

Applications areas will be covered in two sections. First,
in the obvious area of temperature sensing and control,
several uses with different types of output signals will
be illustrated. Then some other sensing functions will
be covered. All circuits shown have been breadboarded
and are functional, but have not been given field testing
at this time.

When a 16V supply is shown, the circuit is assumed a lab
or instrument application. When a supply varying from
11V to 15V is shown, it is intended that this represent
a 12V automotive battery or similar unregulated supply.
The circuit has then been tested over a range of 10V to
16V, without significant degradation of performance.

TELEMETRY INTERFACE

Various pieces of mobile test equipment such as
instrumentation recorders or telemetry subcarrier VCOs
operate best with a calibrated 0 to +6V input. In some
cases alow output impedance is also heipful. The LX5600,
for certain design reasons, indicates increasing tempera-
ture by a negative going voltage with respect to the
positive supply pin. Thus the thermometer’s output must
be inverted, level shifted, and given an extra voltage
gain of 4 to provide the illustrated output.

Figure 4 provides the methods of doing this. Q1 supplies
the thermometer with a constant current as previously
described. The output transistor, Q2, provides the
inverting function and requires very little base drive,
holding down transducer dissipation. The entire system
now requires dc feedback around it to stabilize gain
(and thus the full scale calibration) and to eliminate
supply and base-emitter voltage variations from the
output, Feedback to pin 2 of the transducer is shown
{by Figure 1) to be the “minus’ input to an operational
amplifier within the transducer. Thus the output signal
needs to be reinverted by the LM201A operational
amplifier.

The system has an open loop gain of 5,000 to 10,000,
so the attenuation of the output signal that is fed back
negatively determines closed loop gain. The reinverting
op amp actually has an attenuation of 0.27. The 25092
pot in the output divider is thus the full-scale adjust
and trims the attenuation to 0.25, or a gain of 4. Pin 3
of the transducer provides the voltage reference for the
zero adjust divider. At the calibration point of 0°C, the
LM201A output must be at a nominal 2.73V below
pin 3 of the transducer. Since voltages at both ends of
the 30k, 110k network are known at Q°C, it is easy to
predict the voltage adjustment at pin 3 of the LM201A
required to fulfill this condition.
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FIGURE 4. Telemetry interface
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The 0.47uF capacitor loading the transducer’s output is
required for stability against oscillations. The system
has a very long feedback loop (3 different amplifiers),
thus it is extremely easy for the total phase shifts to
become 180° at a relatively low frequency. The large
capacitor lowers overall gain to less than one at a
frequency much less than this. There is no adverse effect
on performance since temperature is such a slow
moving parameter.

By design, the full-scale adjust has no effect when Vgt
is at zero. This means that if zero is calibrated first,
and full-scale second, the controls are non-interacting.
Calibrating to 4V out, at boiling water temperature may
be convenient. The unit we calibrated exhibited a 0.1%
independent linearity up to 100°C, and less than 2 mV
output change (1/20°C) with a 4V supply change. One
little trick is needed for exact zero calibration. Due to
loading by the op amp network, a temporary bias of
about 0.1 mA is needed at the full-scale pot wiper to
read a true zero out. The minus current can be tempo-
rarily provided by a 100k resistor and 9V “‘transistor
battery.” Obviously, other calibrating points can be
chosen, and other ranges can be obtained by changing
the different resistor networks.

A few precautions may be needed. For maximum
accuracy three of the ground points should be common,
or brought to the same point with separate wires. These
points are the bottoms of the two dividers, and pin 4 of
the thermometer. The others are less critical. If long
wires, or a noisy supply is anticipated the vt pin {pin 7)
of the LM201A should be bypassed. Since the V™ pin of
the op amp is at ground, resistor networks for other

ranges must be such that none of the input or outputs
have to go closer than 2V to ground (3V under coldest
conditions).

For the purposes of this and other circuits discussed,
resistors are all 1/2 watt unless noted, and have the
following characteristics. One percent resistors should
be high stability metal film or wire wound types
{e.g., 50 ppm/°C). Resistors marked 2% can be lower
cost medium stability types such as tin oxide. Others
can be standard 5% carbon types.

TEMPERATURE TO FREQUENCY CONVERTER

For test data transmission, or to interface conveniently
with existing digital displays, a proportiona! frequency
signal may be desirable. In trying to determine the lowest
cost package for an automotive exterior temperature
indicator, a novel system evolved. It was obvious that a
simple circuit in the same protective enclosure as the
transducer would minimize cost and wiring. If the single
positive supply wire could be made to carry the output
signal frequency, it would represent an irreducible
minimum cost to hook up.

The above aim was achieved using only the transducer,
a very low cost IC {array), a few external parts, and a
single supply/output wire. During the short negative
output pulses on the supply wire, an internal 22uF
capacitor keeps the converter electronics running. Pulse
repetition rate is directly proportional to absolute
temperature. Again, a LED/transistor constant-current
source provides an ideal, modulateable supply from a
varying voltage source.

v
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FIGURE 5. Temperature to Frequency Converter
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The type of oscillator is similar to a number of “timer’
circuits. A capacitor ramps up to a reference voltage, and
trips a comparator, The comparator immediately lowers
the reference to another fixed point and starts the
ramp down. Upon reaching the lower reference the
conditions are reversed.

In the converter, there are three slight differences. For
one, the run-down of the ramp is made very fast, and
contributes negligibly to the timing. Secondly, the
upper reference the ramp charges to, moves negatively in
linear proportion to temperature. Finally, the lower
reference is controlled to be a fixed voltage below the
upper at all times. This controls the generated sawtooth
to a fixed amplitude at all times. However, since the
upper comparison limit moves down with increased
temperature, the whole dc level of the sawtooth moves
down, increasing voltage across the charging resistor
linearly with temperature.

Following are the detailed functions of the various
components. The op amp inside the transducer is
operated open-loop as a comparator. The 0.1uF timing
capacitor is connected directly to the minus input of
this amplifier and causes its output to switch “‘low” when
capacitor charge reaches temperature sensor voltage.
Transistor Qb inverts and speeds up the op amp switch
transition, and drives the base of Q3. This transistor’s
collector puts the negative pulse on the supply line,
while its emitter drives the bases of Q1 and Q2. As a
result, Q1 starts discharging the timing capacitor, and
Q2 switches the bottom of the 22uF filter/coupler
capacitor to ground.

This is an important step as it determines exactly how
far the timing capacitor discharges. 1t can be seen that
due to the large filter capacitor, voltage at the transducer’s
pin 3 is immediately lowered by the amount of voltage
that had appeared across the 4.12k resistor. The sensor
and op amp “plus” input follow this drop exactly.
Therefore the new comparison point {toward which the
timing capacitor is discharging) is lower by exactly the
voltage drop of the 4.12k resistor. This voltage sets
sawtooth amplitude to about 1V, with the upper and
lower limits following temperature as described.

The voltage across a capacitor is predicted by current x
time, divided by the capacitance. Since frequency has
the units 1/t then:

1
f= — m
cv
In other words, frequency will be linear with current
change; with a fixed capacitance and a constant voltage
change across the capacitance. There are some second
order effects due to the slight change of the RC curve as
charging percentage varies from about 30% cold to 20%
hot. This was measured as less than 2°F out of a range
from —68°F to +127°F. It is believed a compensation
can be arranged for this small effect.

The remaining transistor, Q4 of the array, is connected
so its collector becomes a decoupling diode. When the
supply is modulated with the large negative output
pulse, the charge on the critical filter/coupling capacitor
is not substantially disturbed during the 10us or so
discharge time.

There is a simple, but interesting advantage to the
single-package concept for the T/F Converter. Since
it shares the same thermal environment with the
sensor, linear changes with temperature of the oscil-
lator components can be calibrated out as part of
the entire system’s frequency change with temperature.
This somewhat relaxes the requirement for premium
components.

PROBE WITH SERVO’'D SHIELD

When only part of a sensor can touch a surface to be
measured, it has difficulty reaching the actual surface
temperature. This is due to radiative and convective as
well as normal conductive effects from all parts not
touching the surface. Errors may be 10 or even 20% of
the amount by which the surface is hotter than ambient,
A very large improvement can be obtained if the sensor
is surrounded loosely on all but one side by a thermal
shield. The shield shou!d be actively driven to within a
degree of the surface temperature.

It sounds like going in circles, (i.e., knowing the surface
temperature in order to measure it). However, the
system is made to work by having the shield track the
actual surface temperature sensor. |f the coupling
between surface and sensor is just a little better than
sensor to shield, the whole system converges on a
accurate final reading. This explains why there is
insulation between sensor and shield, while the servo
control sensor is soldered directly to the heater transistor,

Figure 6 provides the mechanical details of the system,
The LM195 power transistor is both the main power
amplifier and heater, being capable of about 23W of
heating as shown. Internal current and thermal limit
make this a safe and practical mode of operation, and
places a great deal of heat in a small area. The system
is also surprisingly fast, with the application of heat
electrically being sensed within 1/2 second by the servo
sensor. The servo sensor is closer to the heat generating
silicon die than any of the rest of the system.

FOAM INSULATION
SERVD INPUT {TO-18)
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©
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FIGURE 6. Servo’d Shield
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Circuitry available inside the LX5700 sensors makes the
Servo’d Shield Schematic, Figure 7, extremely simple.
The close tracking of sensors after adjustment, simply
allows the output of the surface sensor to become the
setpoint signal for the servo input sensor. The 27 kS2 and
3 MQ resistors set the servo’s op amp gain to about 100.
This is needed because the LM195H decreases in required
base drive as it heats up, thus appearing to add positive
feedback, increasing gain of the system. The 100k/56k
divider provides a helpful level shift and absorbs bias
current generated by the integrated power transistor.

The 100uF capacitor compensates for an interesting
thermal characteristic of the system. Especially at
lower temperatures, the power transistor heats at least
an order of magnitude faster than it cools. The LX5700
op amp can sink much more current than it sources, so
the capacitor establishes a slow turn-on, fast turn-off
base signal to the LM195. This compensates the system
to prevent large heating overshoots.

Several of the other components need explaining. The
diode in series with the sensor ground leg allows the
internal zener to be non-conducting, so that pin 3 can
be adjusted up or down the 40 to 80 mV necessary to
cause the two thermometers to track. A DVM with two
digits to the right of the decimal will read directly in
°C by moving the point right two places. The meter can
be zeroed at 0°C by the 1k trimmer. The heavy filter
at the “Lo"” or minus input to the DVM is needed
because many meters with “floating’” input are not well
isolated, and inject noise back into the sensing system.
The negative going thermometer output at the minus
DVM terminal enables the temperature displayed to have
the correct sign.

As a cautionary note, the 2-wire ground system as shown
is needed to reject feedback caused by initial large
heating current surges drawn by the LM195H. Passive
components shown as in the probe can be in the foam
insulation (on standoffs or a miniature board} but

would be better placed above the insulation to avoid
heating them to probe temperatures also.

THE ANTICIPATING CONTROLLER

If the conditions are right, and the hardware available,
the anticipating controller can be executed rather simply.
Normally 2 ampiifiers and about 3 different kinds of
feedback are required to make a controller stable and
accurate under varying load conditions. This is due to
the unavoidable delay between application of heat and a
usable sensor output. The anticipating controller adds a
selected amount of phase /eading signal to the normal
amplified output from the temperature sensor. This, at
least partially, compensates for the sensing lags.

In the system shown, heater/sensor delays up to about a
minute can be compensated for. A simple electronic
system can be constructed because of the high sensor
output obtainable (100 mV/°C) and the very low bias
currents required by the LLM216 op amp. This allows
use of the 100 M feedback resistor and thus very high
differentiator {or anticipating) gain without significant
errors. In a test using a heated plate with about a 30
second lag from ideal response, addition of the anticipat-
ing signal decreased thermal oscillations from 3° to one
or two tenths of a degree.

The LX5700 amplifies its normal 10 mV/°C by about 10
due to the feedback network for its internal op amp.
The feedback resistor is the 100k pot and the other gain
setting resistance is the series combination of the 5.6k
resistor and the setpoint pot resistance at the wiper. The
dc gain of the LM216 op amp is set by the 10 M2 and
100 MS2 resistors at another factor of 10, yielding
1V/°C. Differentiator gain is set by the same 100 MQ
resistance and the 2uF capacitor. A temperature change
of 1/20°/second would result in a 1V output if the 100k
pot were set to maximum differentiator gain. The 33k
resistor in series with the differentiating capacitor, and
the 0.001uF feedback capacitor serve to limit high
frequency gain and reduce the effects of noise and
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pickup which can otherwise be greatly emphasized in
a differentiator.

The output circuit energizes the opto-isolator when the
op amp output swings somewhat above the supply
centertap set by the two 4.3k resistors. Depending on
divider value, current gain of the coupler, and sensitivity
of its load, almost arbitrarily small changes of tempera-
ture or rate of temperature change may control heating
or cooling. In some cases gain will have to purposely be
reduced to get a stable control point.

OTHER SENSING FUNCTIONS

Temperature is easy, but what about temperature
difference? Monolithic transducers are very good at
sensing this because of their close tracking and the
capability of delivering from tens of millivolts to many
volts of output for each °C of temperature difference.
Any physical process that generates a small temperature
gradient to ambient or a reference can be sensed by a
pair of transducers. This potentially involves chemical
processes, friction, compression of gasses, radiation,
evaporation, and a whole raft of heat generating or
absorbing phenomena. Three rather simple such applica-
tions will be illustrated.

Liquid or Moving Air Detection

Figure 9 shows a basic 2 sensor configuration for
performing a number of differential temperature
functions. As noted, one sensor is heated considerably
by internal dissipation, and the other is biased slightly
lower at supply voltage pin 3 so that if the “hot”
sensor fost half its excess heat, its output {operating
essentially open loop) will switch to a “‘high” state.
This of course turns on the power transistor. The
feedback network consisting of a 1M resistor and 68052
resistor provides slightly less than 1/2°C hysteresis or
snap action which prevents partial outputs or oscillation
near the setpoint.

Adjustments are not too critical due to the large
temperature differences that are created. Cooling of
the sensing unit by an electrically non-conducting
liquid (such as oil} is about 16°C. Still liquid was used

for the measurement. Air at about 400 FPM (a little
under 5 mph) provides about 10°C cooling.
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FIGURE 9. Liquid or Moving Air Detection

For either application the adjustment is fairly simple.
With the sensing transducer in the "hot’’ condition
(still-air, or out of liquid for 2 minutes) find the pot
setting that just turns the power output off. Then with
the sensing transducer in the cool condition (in liquid
or moving air) for 30 seconds, find the setting that
just turns the output on. Since these two settings
“overlap,” a final setting between these two will provide
stable operation. If it is noted that response in the heating
direction is markedly slower, displacing the adjustment
toward the “‘cool’’ setting (referring to the pot diatplate)
can partially compensate for this.

If the detector is used as a failsafe sensor in a system
cooled by a fan, the sensor’s self-heating delay gives
time for said cooling fan to come up to speed without
requiring a special delay or override for system start-up.
Speed of response can have good or bad effects on the
over-all system. The sensors are essentially slow enough
so that momentary air blockage or liquid splashing
won't give erroneous signals. In liquid sensing, drops
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adhering to the sensing transducer can slow it down by
2 or 3 to 1. A ““drip point” such as 3/8" long piece of
#28 bare wire soldered to the lowest part of the case
helps. Insulating supports, or lead insulation, within,
1/2" of the sensing LX5700 slows it down considerably.

Wind Velocity

Actual “air speed” has more effect on gasoline mileage
than road speed at above 40 mph. Further there is
great interest by sailboat racers as to wind velocity or
air speed. Again, a differential between a heated and
unheated transducer can be used in this sensing job.

Briefiy, the setpoint input {pin 2} of the transducer that
is to sense velocity, is biased so that its voltage is always
equivalent to a number of degrees above ambient. This
voltage is obtained by adding a small dc level to the
output of an ambient sensing transducer, The output
of the velocity transducing LX5700 is used to control its
own heating; holding it the specified number of degrees
above ambient. The current to do this is measured, and
is obviously a measure of the amount of heating required.
As wind velocity rises, so does this current as the
transducer ‘‘servo’s” its temperature to a constant
amount above ambient.

In Figure 10 this amount of heating is set by the wiper
voltage of the 20k pot into the .100k/4.12k divider.
The bottom of this divider is driven by the LX5600
air temperature reference, connected in unity gain mode.
The output of the velocity sensor drives the base of Q1.
If this sensor cools, Q1 base goes positive, reducing its
emitter current and collector current. The current drawn
by the 62052 collector load doesn’t change significantly
however. The current now not supplied by Q1 is drawn
instead through D2, through the meter, and eventually
through the reference zener of the velocity sensor. This
of course heats the sensor, closing the feedback loop.

The system is made electrically stable by the 0.1
compensating capacitor and the fact that Q1 exhibits
practically no collector voltage gain. Q2 is not normally
conducting, but it and the divider on its base provide a

ctamp voltage for the Q1 collector. This prevents a
“latchup” mode that occurs if Q1 happens to draw a
transient current pulse. The ‘‘zero velocity current”
adjustment allows this heating current needed at zero
velocity to bypass the meter. To avoid a low velocity
discontinuity, it is probably best to “zero’’ the meter at
about 1% of full scale.

Sensor Arrangement as shown in Figure 11, minimizes
the sensitivity of the system to vertical components of
wind, and limits the exposed part of the sensor to a
controlled area (no lead effects, etc.) which has uniform
nondirectionality in the horizontal plane. The breadboard
used Balsa wood due to its good insulation qualities
and very low thermal mass. In the field consideration
should be given to prevention of water absorption. No
thermal air velocity system will give correct data in
rain or dense fog.

The current vs airspeed curve shows the typical decreas-
ing sensitivity with increasing velocity, but a good
calibration curve has not been obtained at this time
through lack of instrumentation. Response speed is
decidedly slower than that of thermocouple types, but
in some cases this may be an advantage, such as in
determining average airspeed on a gusty day.

Position Sensing

This may be the most novel or, on the other hand,
strangest of the applications shown. Under certain
conditions however, the very considerable position
“integration” due to the thermal mass of the sensor
may make this system quite practical, and much less
expensive than electronic fittering. As shown in Figures
12 and 13 the essence of the system is a small sliding
heater acting as a position transmitter. The receiver is a
brass tube which allows the total heater output to be
transmitted out toward the ends. The temperature
reached at each end is proportional to heater position.

Logically, with the heater in the center, both ends
reach the same temperature. With the heater at one
end, that end is about 50°C warmer than ambient, and
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the other end is near ambient. As the heater moves toward
one end, one thermometer becomes more sensitive, and
the other less. The differential effects tend to cancel,
and the first breadboard unit had a temperature difference
linearity within 4% relative to measured position. The
heater must stay between the sensors to achieve this,
with the extra length of tube at the ends helping to
linearize the system.

The electrical system powers the sensors at minimum
dissipation, and regulates heater power to keep position
“gain” constant. The pot simply ailows an electrical
zero of the two thermometers and meter, which can be
done with the heater off. The meter can be a 2 polarity
DVM with 600 mV to 1V full scale, or a zero centered
mechanical meter with similar deflection either side
of zero.

The system takes 2 to 3 minutes to reach 98% of final
reading. This may make it a very good position averaging
system in cases where there is high amplitude vibration.
Average truck spring deflection could be read while it is
rolling along a rough road for instance. The system will
have less wear problems than a sliding position pot and
be less expensive than a Linear Variable Transformer
system. It may also be useful in a position servo system
that needs very heavy filtering.

SUMMARY AND CONCLUSIONS

Since the monolithic temperature transducer is a
relatively new and unique device, this has been primarily
an applications paper attempting to broaden the base
of practical Integrated Circuit usage. Some general
techniques were explained and seven specific systems

have been described in construction and performance.
Hopefully these concepts will remain after the detaiis
are forgotten,

First, there are many considerably different schemes
for temperature control or measurement based on the
versatility of a transducer that has both amplifying and
regulating capability in the same package. This three
circuits in one package availability allows consideration
of systems that formerly would have been too expensive
or complex.

Secondly, the ease of accurately sensing small tempera-
ture differences leads to sensors for other than just
temperature sensing. Sensing liquids, air velocity, and
mechanical position have been demonstrated, and other
possibilities include rate-of-rise sensors for fire detection,
RMS regulators, and humidity gauges. It will be inter-
esting to see what others turn up that we have missed.

REFERENCES

{1} Robert C. Dobkin, 7.2 Volt Reference, National
Semiconductor Corporation Application Note 56,
December 1971.

(2) Robert C. Dobkin, Fast /C Power Transistor with

Thermal Protection, National Semiconductor Cor-

poration Application Note 110, May 1974.

(3) Transducers, Pressure & Temperature, National

Semiconductor Corporation catalog and handbook,

August 1974,
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FM REMOTE SPEAKER SYSTEM

INTRODUCTION

A high quality, noise free, wireless FM transmitter/
receiver may be made using the LM566 VCO and LM565
PLL Detector. The LM566 VCO is used to convert the
program material into FM format, which is then trans-
former coupled to standard power lines. At the receiver
end the material is detected from the power lines and
demodulated by the LM565.

The important difference between this carrier system
and others is its excellent quality and freedom from
noise. Whereas the ordinary wireless intercom uses an
AM carrier and exhibits a poor signal-to-noise ratio {S/N),
the system described here uses an FM carrier for inherent
freedom from noise and a PLL detection system for
additional noise rejection.

The complete system is suitable for high-quality trans-
mission of speech or music, and will operate from any
AC outlet anywhere on a one-acre homesite. Frequency
response is 20-20,000 Hz and THD is under %% for
speech and music program material.

Transmission distance along a power line is at least
adequate to include all outlets in and around a suburban
home and yard. Whereas many carrier systems operate
satisfactorily only when transmitter and receiver are
plugged into the same side of the 120-240V power
service line, this system operates equally well with the
receiver on either side of the line.

The transmitter is plugged into the AC line at a radio or
stereo system source. The signal for the transmitter is
ideally taken from the MONITOR or TAPE QUT con-
nectors provided on component system Hi-fi receivers.
If these outputs are not available, the signal could be
taken from the main or extra speaker terminals, although
the remote volume would then be under control of the
local gain control. The carrier system receiver need only

Jim Sherwin

Nello Sevastopoulos
Tim Regan

JUNE 1975

be plugged into the AC line at the remote listening
location. The design includes a 2.5W power amplifier to
drive a speaker directly.

TRANSMITTER

Two input terminals are provided so that both LEFT and
RIGHT signals of a stereo set may be combined for
mono transmission to a single remote speaker if desired.

The input signal level is adjustable by R4 to prevent
over-modulation of the carrier. Adding Cy across each
input resistor Ry and Rg improves the frequency response
to 20 kHz as shown in Figure 5. Although casual listen-
ing does not demand such performance, it could be
desired in some circumstances.

The VCO free-running frequency, or carrier frequency
f., determined by Ry and Cy is set at 200 kHz which is
high enough to be effectively coupled to the AC line.
VCO sensitivity under the selected bias conditions with
Vg = 12V is about *0.66 fo/V. For minimum distortion,
the deviation should be limited to £10%; thus maximum
input at pin #5 of the VCO is £0.15V peak. A reduction
due to the summing network brings the required input to
about 0.2V rms for £10% modulation of f., based on
nominal output levels from stereo receivers. Input poten-
tiometer Rq is provided to set the required level. The
output at pin #3 of the LM566, being a frequency
modulated square wave of approximately 6V pk-pk
amplitude, is amplified by a single transistor Qq and
coupled to the AC line via the tuned transformer Tq.
Because T is tuned to f, it appears as a high impedance
collector load, so Qq need not have additional current
limiting. The collector signal may be as much as 40-50V
pk-pk. Coupling capacitor Cg isolates the transformer
from the line at 60 Hz.
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9PL-NV

INJLSAS H3aNVIdS JLOW3YH N4



-0
115 VAC
g Lne
Ic2 1 —
78 D,
[a s vzez | L 14002
3T T
104F
Ry Ry froju s 1000F
LEFT 2KS 1K = 25V - Gy
&= = 0
INPUTS e L8 1 + ?gﬂ o 200V
RIGHT f;nu a2 7 o r
4l b1 = 6] Lmsesch :_| O m
2208 1T PN2222A TOKO
3l 5 [ YAN-0027N
s 2200
Ry
150K
= = CAPACITOR VALUES IN oF
RESISTOR VALUES IN ¢
TSELECT FOR CARRIER FREQ.
fe Ca %]
W0kH: 82 1000
100kH: 160 3900
FIGURE 1. Carrier System Transmitter
0z
T 1N4002
26.8 VET
14
b:l v
03
1Na002
163
LM78
Ayy Cy 1 _L* gl L1202
1000 22.F 1 j_ €17
Ry <Rg $Rg 3900 ||—— 10K
4] 21200 S 5200 6200 rw\'—( v L I b L I ;g:v/nur
0.1uF ¢ = =
200v OuF 4] =
= LMs65CN |10
¢ 8 = ~ [o
S L R NG4S
C T < 10K
S )
o 1200 3600 1 5 . Ay <y
2L~ 4 0 7 1
¢ Q a18 ora Y 01FATS 1800510 0
] 3 w
T0KO [
YAN-60026N .
€ 4 L—i(—
RN SH SRy $H o5
63V > 820 S 1600 fasn 22¢F

CAPACITOR VALUES IN PF
RESISTOR VALUES iN 5
*SELECT FOR CARRIER FREQ.
fo €z
200kHz 1000 300
100kH2 3900 620

Q1A-Q1E = LM3046

FIGURE 2. Carrier System Receiver

A voltage regulator provides necessary supply rejection
for the PLL. The power transformer is sized for peak
secondary voltage somewhat below the regulator break-
down voltage spec (35V) with a 125V line.

RECEIVER

The receiver amplifies, limits, and demodulates the
received FM signal in the presence of line transient inter-
ference sometimes as high as several hundred volts peak.
In addition, it provides audio mute in the absence of
carrier and 2.5W output to a speaker.

The carrier signal is capacitively coupled from the line to
the tuned transformer T. Loaded Q of the secondary
tank T1Co is decreased by shunt resistor Rq to enable

acceptance of the £10% modulated carrier, and to pre-
vent excessive tank circuit ringing on noise spikes. The
secondary of Tq is tapped to match the base input
impedance of Qqp. Recovered carrier at the secondary
of T may be anywhere from 0.2 to 45V p-p; the base of
Qqa may see pk-to-pk signal levels of from 12mV to
2.6V.

Q1 a-Qqp operates as a two-stage limiter amplifier whose
output is a symmetrical square wave of about 7V pk-pk
with rise and fall times of 100 ns.

The output of the limiting amplifier is applied directly
to the mute peak detector, but is reduced to 1V pk-pk
for driving the PLL detector.

AN146-2




The PLL detector operates as a narrow band tracking integrated by RgCy, averaged by Rqqg across C7, and

filter which tracks the input signal and provides a low- further integrated by Rq1Cg. The resultant output of
distortion demodulated audio output with high S/N. about -4V subtracts from the +4V bias supply, thus
The oscillator within the PLL is set to free-run ot or near depriving Qqg of base current. Peak detector integration
the carrier frequency of 200 kHz. The free-run frequency and averaging prevents noise spikes from deactivating
is fo & 1/{3.7 RqgCq3). Since the PLL will lock to a the mute in the absence of a carrier when the limiter
carrier near its free-run frequency, an adjustment of Rg amplifier output is a series of narrow 7V spikes.

is not strictly necessary; Ryg could be fixed at 4700 or
5100€2. Actually, the PLL with the indicated value of The LLM380 supplies 2.5W of audio power to an 8 ohm

Cq1 can lock on a carrier within about 40 kHz of its load. Although this is adequate for casual listening in the
center frequency. However, rejection of impulse noise in kitchen or garage, for hi-fi listening, a larger amplifier
difficult circumstances can be maximized by carefully may be desired.

adjusting f, to the carrier frequency f.. Adding Cig=

100 pF will reduce the carrier level fed to the power CONSTRUCTION

amplifier. Even though the listener cannot hear the
carrier, the audio amplifier could overload due to carrier

PC board layout and stuffing diagrams are shown in
Figures 3 & 4. After the receiver board has been loaded

signal power. and checked, the power transformer is mounted to the
foil side of the board with a piece of fish-paper or
A mute circuit is included to quiet the receiver in the electrical insulating cloth between board and trans-
absence of a carrier. Otherwise, when the transmitter is former. Insulating washers of 1/16-1/4 inch thickness
turned OFF, an excessive noise level would result as the can be used to advantage in holding the transformer
PLL attempts to lock on noise. The mute detector con- away from the foil. The board is laid out so that the
sists of a voltage doubling peak detector D1QpCy. The volume control potentiometer may be mounted on
peak detector shunts the 1-2 mA bias away from Qq either side of the board depending on the desired mount-
without loading the limiter amplifier. When no carrier is ing to a panel.
present, the +4V line biases Q1 ON via Ryg and Rqq;
and the audio signal is shorted to ground. When a carrier The line coupling coils are available in production quanti-
is present, the 7V square wave from the limiter amplifier ties from TOKO AMERICA INC, 5520 West Touhy,
is peak detected, and the resultant negative output is Skokie, IL.
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FIGURE 4. Carrier System Receiver PC Layout and Loading Diagram {Not Full Scale)
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ADJUSTMENT

Adjustments are few and extremely simple. Transmitter
carrier frequency f¢ is fixed near 200 kHz by Rq and Cy;
the exact frequency is unimportant. T4 for both trans-
mitter and receiver are tuned for maximum coupling to
and from the AC line. Plug in both receiver and trans-
mitter; no carrier modulation is necessary. Insure that
both units are operative. Observe or measure with an
AC VTVM the waveform at Tq secondary in the receiver.
Tune T4 of the transmitter for maximum observed signal
amplitude. Then tune Tq of the receiver for a further
maximum. Repeat on the transmitter, then the receiver.
Tuning is now complete for the line coupling trans-
formers and should not have to be repeated for either. If
the receiver is located some distance from the transmitter
in use, or on the opposite side of the 110-220V service
line, a re-adjustment of the receiver T1 may be made to
maximize rejection of SCR dimmer noise. The receiver
PLL free-running frequency is adjusted by R1g.- Set Rqg
near the center of its range. Rotate stowly in either
direction until the PLL loses lock {evidenced by a sharp
increase in noise and a distorted output). Note the
position and then repeat, rotating in the other direction.
Note the new position and then center R 15 between the
two noted positions. A fine adjustment may be made
for minimum noise with an SCR dimmer in operation.
The final adjustment is for modulation amplitude at the
transmitter. Connect the audio signal to the transmitter
input and adjust the input potentiometer Ry for a
signal maximum of about 0.1V rms at the input to the
LMB66. Adjustment is now complete for both trans-
mitter and receiver and need not be repeated.

A STEREO SYSTEM

If full stereo or the two rear channels of a quadraphonic
system are to be transmitted, both transmitter and
receiver must be duplicated with differing carriers. Omit
Rg and include R7 & Cp on the transmitter if desired.
Carriers could be set to 100 and 200 kHz for the two
channels. Actually, they need only be set a distance of
40 kHz apart.

PERFORMANCE

Overall S/N is about 65 dB. Distortion is below about
1/4% at low frequencies, and in actual program material
it should not exceed 1/2% as very little signal power
occurs in music above about 1 kHz.

RESPONSE (dB)

1K 10K 100K
FREQUENCY (Hz)

FIGURE 5. Overall System Performance
Transmitter Input to Input of Receiver Power Amplifier

The 2.5W audic amplifier provides an adequate sound
level for casual listening. The LM380 has a fixed gain of
50. Therefore for a 2.5W max output, the input must be
89 mV. This is slightly less than the £10% deviation level
so we are within design reguirements. Average program
level would run a good 10 dB below this level at 28 mV
input.

Noise rejection is more than adequate to suppress line
noise due to fluorescent lamps and normal line tran-
sients. Appliance motors on the same side of the 110-
220V line may produce some noise. Even SCR dimmers
produce only a background of impulse noise depending
upon the relative location of receiver and SCR. Other-
wise, performance is noise-free anywhere in the home.
Satisfactory operation was observed in a factory build-
ing so long as transmitter and receiver were connected
to the same phase of the three-phase service line.

APPLICATIONS

Additional applications other than home music systems
are possible. Intercoms are one possibility, with a
separate transmitter and receiver located at each station.
A microphone can serve as the source material and the
system can act as a monitor for a nursery room. Back-
ground music may be added to existing buildings with-
out the expense of running new wiring.
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LOW COST iC STEREO RECEIVER

INTRODUCTION

The recent availability of a broad line of truely high-
performance consumer integrated circuits makes it
possible to construct a high quality, low noise, low
distortion and low cost AM/FM/Stereo receiver, Design
emphasis is placed on a high level of performance,
minimum factory adjustments and low parts count. As
such, the receiver has immediate applications to table-
top, high-fidelity, automotive and communications
markets.

Provisions are included for the addition of a ceramic
phono unit as well as a tapehead amplifier allowing
inclusion of eight-track or cassette transport systems.
Complete tone control circuitry is provided offering
both boost and cut of Bass and Treble frequencies. Left
and right channel Balance, and system Volume complete
the manual front-panel controls.

Panel meters are employed in the FM system for both
signal strength and center tuning, allowing for easy and
accurate tuning. A directly driven LED offers immediate
indication of FM stereo reception.

The complete design requires just five IC's, restricting
the use of discrete active elements to the preassembled
FM front-end and the single transistor tone control
design.

Dennis Bohn
Jim Sherwin
JUNE 1975

FM and FM STEREO

A preassembled front-end was selected as the cost-
effective approach to minimum parts count and mini-
mum factory adjustments. This model features an FET
input stage providing excellent distortion performance.
High selectivity is obtained thru the use of two cascaded
ceramic filters yielding an approximate 6-pole response
with less than 12 dB insertion loss.

The LM3089 FM IF System does all the major func-
tions necessary for FM processing, including a three
stage amplifier/limiter and balanced product detector,
as well as an audio preamplifier. A single quadrature coil
was used for ease of alignment; yielding recovered audio
with THD less than 0.5%, however a double coil may
be used to diminish THD to 0.1% if required. Carrier
level detectors provide delayed AGC, SIGNAL strength
meter drive, and adjustable interstation mute control
Rq1. The internal AFC amplifier was used to drive the
TUNING meter, giving a visual indication of center
tuning.

FM stereo demodulation is accomplished by the use of
the LM 1800 phase locked loop, thereby eliminating the
need for external coils. Only two adjustments are neces-
sary: Rqq, which sets the 19 kHz oscillator, and Rq7,

FIGURE 1.

IC Receiver
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which corrects for excess phase shift thru the |F stages,
and vyields maximum channe! separation. Automatic
stereo/monaural switching is built-in, and may be used
in lieu of mechanical switching if desired. The open
collector lamp driver is used to light a LED whenever a
stereo station is encountered. (Further details available
from application note AN-81.)

AM

The AM function of the receiver is done completely
with the LM1820 AM radio system. While designed for
3 section tuned superheterodyne applications, the
LM1820 may be used with the less expensive 2 section
tuned designs by omitting the RF stage and redefining
its function as 2ND IF stage (see linear brief LB-29}.
As shown, the LM1820 provides the necessary converter/
oscillator, 1F, and AGC detector functions, while the
external diode D¢ does the audio demodulation, Dy is
slightly forward biased thru Ro for improved distortion
performance. In addition its resistance is used in con-
junction with Cg to form the first stage of the required
low pass filter; the second stage consists of Rg and Cqq.

TAPE

The LM382 dual preamplifier was selected for its
minimum parts count and low noise capability. With a
guaranteed maximum equivalent input noise voltage of
1.2uVrms {10 kHz BW}), it easily amplifies the low leve}
tape signals while retaining excellent S/N ratio (~64 dB
below 2 mV input level). An ion-implanted resistor
matrix is supplied on the chip for self-biasing the output
to half-supply, and provides the resistors necessary to
create the NAB equalization curve; requiring only four
external capacitors per channel to complete the ampli-
fier. For production models this preamplifier would
normally be mounted directly on the tape player to
minimize hum and noise pick-up.

TONE CONTROLS

A single transistor tone control circuit was designed as
the optimum cost/performance trade-off, The transistor
is configured in a shunt-shunt feedback design, allowing
gain variations between input functions. This is neces-
sary to prevent sudden changes in output level when
different inputs are selected. With a shunt feedback
design the gain is easily controlled by choice of source
impedance per Figure 5.

Approximately 20 dB of boost or cut of Bass and/or
Treble frequencies is possible with the network shown.
The turnover frequencies are approximately 500 Hz and
1600 Hz for bass and treble, respectively. The insertion
loss of approximately 27 dB is made up by the gain of
the transistor tone control amplifier. Balance and Volume
controls are included as shown. Loudness control may

be included by using a tapped Volume pot and the asso-
ciated bass boost RC network if desired. More elaborate
tone controls such as Baxandall feedback are possible,
but at a premium in cost.

POWER AMPLIFIER

The stereo power section, consisting of the LM378 dual
audio amplifier, delivers 3W/channe! with total harmonic
distortion (THD) less than 1%, and 4W/channel with
THD less than 10%, operating from split supply voltages
of £11V. Split supplies were chosen to facilitate a
minimum parts count design. This approach allows
direct coupling of the amplifier to the speakers since the
output DC level is zero volts (offset voltage will be less
than 25 mV), thereby eliminating the need of large
coupling capacitors and their associated degradation of
power, distortion and cost. Since the input bias voltages
are zero volts, the need for bias resistors and the bias-
pin supply bypassing capacitor are also eliminated. Input
capacitors are omitted and bias current for the positive
input is obtained directly thru the Volume pots since
the tone control circuitry has been designed such that
there is no DC potential applied.

It is important to apply proper supply voltages and
adequate heatsinking in using the LM378 (see applica-
tion note AN-125). Note that while the standby and low
output power operating points of the power supply are
115V, the maximum power out point causes the supply
to sag to £11V therefore reducing package power dissi-
pation to acceptable levels. Socketable heatsinking is
possible using a Staver V7-5 heatsink soldered directly
to the center three pins on both sides of the LM378.

POWER SUPPLY

The worst case ripple rejection of 45 dB for the IC’s
used allows for a simple unregulated power supple, how-
ever the discrete front-end and tone control amplifiers
require some regulation to preserve the IC performance.
A single zener diode Zq was selected to create a +12V
supply for this function. The split supplies required for
the power amplifier are derived from a conventional
full-wave bridge rectifier operating off of the center-
tapped secondary of the line transformer.

REFERENCES

1. Isbell, T.D. and Mishler, D.S., “LM 1800 Phase Locked
Loop FM Stereo Demodulator.” National Semicon-
ductor Application Note AN-81, June 1973.

2. Papanicolaou, E.S. and Mortensen, H.H., “Low-Cost
AM-Radio System Using LM1820 And (M386.”
National Semiconductor Linear Brief LB-29, May
1975.

w

Sherwin, J., “LM377, LM378 And LM379 Dual Two,
Four, And Six Watt Power Amplifiers,” National Semi-
coriductor Application Note AN-125, January 1975.
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SPECIFICATIONS

FM-MONO

Sensitivity: 2.5uV for 30 dB quieting
Harmonic Distortion: 0.3%

Hum & Noise: -65dB

Frequency Response: 50-15 kHz +3 dB

FM-STEREO

Channel Separation: 45 dB
Harmonic Distortion: 0.4%

AM

Sensitivity: 20uV for 20 dB S+N/N
Harmenic Distortion: 2%
Hum & Noise: -45dB

TAPE

Frequency Response: NAB equalized £2 dB

Harmonic Distortion: 0.3%

Hum & Noise: ~64 dB below 2mV input fevel
AMPLIFIER

B

g fo=1MHz
] fm = 400 Hz
5 | m= 03

2

&

s

3

8
=
S
=

1 10 10

RF INPUT {.Vrms)

FIGURE 3. AM Sensitivity

+50 [r——— T T

40 | i +
\‘ gl iR

+30 e =
\ o i

T T
™3 i i
2 a0 \ . ,‘ 4
> 7 o !
< S [ i
P RN
+10 —r T - : N +-
! | )
° I il N
T
h W
S i N
- ‘
. I Uil I
1K 10K 100K m
RSOURCE {12)

FIGURE 5. Ay vs. RgoyrcE for Tone Control
Preamplifier Stage.

VENDOR DEVICES

FM Tuner: Waller 32SN2F 1-30
Coils: T3: AM Osc. Toko RWO-6A6255
T4: IF, 455 kHz Toko RRC-3A6426N
T5: IF, 455 kHz Toko RRC-3A6427A
T6: IF, 465 kHz Toko RZC-1A6425A
T7: Quadrature, 10.7 MHz -
Toko TKXC-33733BS
Ceramic Filters: 10.7 MHz Toko CFS-30AE-10
Selector Switch: IEE/Schadow Type F-4U with
FA201 Mech. Reflecting Indicators
Meters: TUNING: #11226, SIGNAL: #11222
Mercer Electronics
Heatsink: Staver V7-5

VENDOR LOCATIONS

Power Output: 3W RMS, per channel into 8 ohms
at less than 1% THD from 40-30 kHz

Frequency Response: 35-55 kHz +3 dB

Waller Corp., Crystal Lake, 1, {(815) 459-6510
Toko {America), Inc., New York, N.Y,
(212) 736-0245
|EE/Schadow Corp., Eden Prairie, Minn,
(612} 944-1820
Mercer Electronics {(Simpson Electric Co.),
Elgin, 1l1. (312} 379-1130
Staver Co., Bay Shore, N.Y. (516) 666-8000
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THE LOW NOISE JFET—-THE NOISE PROBLEM SOLVER

The most versatile low noise active device available to
the designer today is the Junction Field-Effect Transistor
(JFET). JFETs are virtually free of the problems which
have plagued bipolar transistors—limited bandwidth,
popcorn noise, a complex design procedure to optimize
noise performance. In addition, JFETs offer low distor-
tion and very high dynamic range.

Most designers think of JFETs for very high source
impedances. However, modern devices offer the designer
performance improvements over bipolar transistors in
NF for al! but lowest impedance {<50082) sources and
even then may provide improved performance if popcorn
noise, bandwidth or circuit component noise is a
consideration (see Figure 1).

Therefore, the purpose of this article is to review low
noise design procedures and indicate the simplicity of
designing high performance low noise amplifiers with
low cost JFETSs.
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FIGURE 1. Bipolar and JFET Tr

Noise Comparison
REVIEW OF BASICS

Before guidelines are established for designing low noise
JFET amplifiers, a method of noise characterization
must be chosen. Designers are confronted with a multi-
tude of different noise parameters such as Noise
Figure (NF), noise voltage and current densities, noise
temperature, noise resistance, etc. Designers are primarily
concerned with signal to noise {S/N} ratios preferring
noise voltage, (en) and current (in) density.

Noise generally manifests itself in three forms: thermal
noise, shot noise and flicker or “*1/f"' noise. Thermal
noise arises from thermal agitation of electrons in a
conductor and is given by Nyquist’s relation:

V2 = 4k TR Af (1
R V,% = mean square noise voltage

k = Boltzmann constant
Vi (1.38 x 10723 VAS/K)

T = Absolute temperature {°K)

R = Resistance in ohms

Af = Noise bandwidth (Hz)

The noise of a resistor may be represented as a spectral
density (V2/Hz) or more commonly in uV/A/Hz or
nV/A/Hz and is given by:

enn = (V2/ADT7 {2)

It is sometimes more convenient to represent thermal
noise as noise current instead of a noise voltage. One
needs only to consider the Norton equivalent yieiding a
noise current density.
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FIGURE 2. Thermal Noise Voitage
and Current Densities vs Resistance.

The second basic form of noise, shot noise, is due to the
randomness of current flow {(discrete charge particles) in
semiconductor P-N junctions.

i = 2qlpcAf (4)

2

= Mean square noise current

q = Charge of an electron (1.6 x 107'2 AS)

Ipc = dc current flowing through the junction (A}
Af = Noise bandwidth (Hz)

As with thermal noise, shot noise may be represented
as a current density {A2/Hz) or pA/A/Hz.
in = (2/A)12 (5)

It should be noted that both thermal noise and shot
noise are "“white’’ noise sources, i.e., frequency indepen-
dent.
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The third basic noise source confronting designers is
flicker or "1/ noise whose density is roughly inversely
proportional to frequency starting at about 1 kHz in
both JFETs and bipolar transistors and increasing as
frequency is decreased. Through careful processing,
flicker noise in JFETs has been reduced to levels
nearly insignificant to the designer. Flicker noise in
JFETs is primarily a noise voltage and is source inde-
pendent. Flicker noise in bipolar transistors is a function
of base and leakage currents increasing with increased
source impedance or operating currents.

A simple noise model of a JFET or any amplifying device
may be constructed using a thermal and shot noise
source which would adequately describe its noise perfor-
mance allowing signal to noise ratios to be calculated
directly.

Os
FIGURE 4. Simple JFET Noise Model

The input noise per unit bandwidth at some frequency
may be calculated from the mean square sum of the
noise sources (assuming the JFET noise sources are
uncorrelated or independent of one another).

2 . 2 2 22 2
ey = eap toeps iy R (6)

The total noise in the same bandwidth Af, where the
noise sources are independent of frequency, is simply:

Vioise = (e AR2 (7)

Practically, noise sources are not frequency independent
except resistor noise with no dc bias. The total input
noise for the nonideal case may be calculated by
breaking the spectrum up into several small bands
and calculating the noise in each band where the noise
sources are nearly frequency independent. The total
input noise would then be the RMS sum of the noise in
each of the bands N1 ... Nn.

(VRn +VRp +..

Vnoise . Vr%:n)”z (8)

THE DESIGN PROCESS

The final circuit configuration and suitable JFET will be
determined by the external circuit constraints.

1) Minimum signal to noise ratio {maximum amplifier
noise)

2} Type and magnitude of source impedance {resistive
or reactive)

3) Amplifier input impedance requirements
4) Bandwidth and maximum frequency of interest
5) Maximum operating temperature

6) Stage gain
7) Power supply voltage and current limitations
8) Circuit configuration, single or dual device

The design procedure is dependent on the type of
source and each case must be considered separately.
Resistive sources will be considered first because they
are the least restrictive for the preamplifier.

Resistive Sources

Preamplifiers for resistive sources are typically voltage
amplifiers requiring a fixed input resistance and capaci-
tance consistent with the maximum frequency of interest
and source resistance. In most cases a resistor of the
desired value connected between the gate and ground
will satisfy the input resistance requirement leaving the
maximum input capacitance as the major concern.

The maximum amplifier input capacitance is a function
of the JFET source resistor, input resistance, source
capacitance and maximum frequency. The maximum
allowable input capacitance will be used in eliminating
unsuitable JFET geometrics and optimizing the circuit
configuration. Sometimes the JFET geometry (or type)
with the lowest noise may also have an input capacitance
that makes it unsuitable. The JFET input capacitance
should be considered before noise in high source
resistance, wideband amplifier designs.

*

gm Rp C
Cin = Crs + + = (9)
1+gm R, 1+gm Rg
*Cgs = C's Crs
Cn A
Voo
Ce
' »l
ci‘
. L UK
B S:R' <
N C. S
[ [ T7%

FIGURE 5. A Typical Resistive Source
JFET Amplifier

If low input capacitance is required, a cascode config-
uration minimizes input capacitance and still allows high
gain within a device type. The cascode configuration
can also be used to reduce the voltage across a device,
reducing device heating {for high current operation) and
gate leakage currents when source impedances are very
high,

Once the basic circuit configuration has been decided
upon or dictated by gain, bandwidth and power supply
limitations, the final JFET selection will be on noise.
Redrawing the amplifier in Figure 4 with all of the noise
sources, the total amplifier noise per unit bandwidth can
be found.
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FIGURE 6. A Typical Resistive Source JFET
Amplifier with Noise Sources

2

e
en =[eﬁig+eﬁf+egs+A"°2+iﬁ (R/RyZ | 2(10)
v

where: e%ig = The noise of the parallel connection of
R;and Ry
e,z,f = The noise voltage of the JFET
eﬁs = The noise of the source resister R,
eo

5 = The noise at the drain (thermal noise of
Ay the load plus the second stage noise)

iﬁ(Ri//Fig)2 = The current noise contribution of the
JFET

When the amplifier is operated at room temperature and
moderate drain voltages, the current noise term is
usually negligible with source resistances as high as
10 M£2. Depending on the voltage gain of the stage, the
drain circuit noise may be negligible, simplifying the
input noise expression.

ne = (62 + e3¢ +e2)12 (11)
The final JFET selection will be based on the noise
requirements from the maximum allowable noise Vjax.

Vmax = (e + e5)"? (12)

Depending on Vpyax and ef,f the source resistor may
have to be bypassed to ground to eliminate noise of the
bias resistor.

Capacitive Sources

Preamplifiers for capacitive sources are primarily current
amplifiers requiring very high input resistance and
controlled input capacitance to match the source capaci-
tance.

SOURCE LUMPED JFET INPUT
== —-———aT ]
I l o S
l \ J Ll §
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— _Icsnuv L e e e e e

FIGURE 7. JFET Preamplifier with a
Capacitive Source

The source capacitance should equal the sum of the
preamplifier input capacitance and the stray capacitance
for maximum frequency response and power transfer

from the signal source. Assuming the gate resistor, Ry, is
so farge as to not load the capacitive source, the input
noise voltage is:

a2 4 2 42 Ry’
ene E]ens + (lnf+| ng) (————g 12 13)
[ (1 +w?R,2C?) (

where C=Cg + Cj,

with an input signal of

. RgZ 1/2 "
w =k \Trorge o

When the source and input capacitance are matched, the
final JFET geometry will be selected on two criteria: the
noise voltage, e,,, and the current noise from the gate
leakage, lg(on), to optimize the signal to noise ratio. As
in the resistive source case, the circuit configuration and
JFET selection is an iterative process using all of the
external circuit constraints and device parameters and
limitations.

Inductive Sources

Amplifiers designed for inductive sources ({including
transformers) require fixed input resistances (as in the
resistive source case) and controlled input capacitance
{as in the capacitive source case). The input noise per
unit bandwidth will rise with increasing frequency to a
maximum value at resonance of the inductive source and
the input capacitance or when the shunt resistance of the
inductor is larger than the input resistance of the
amplifier.

SOURCE LUMPED FET INPUT

T I

FIGURE 8. JFET Amplifier with an
Inductive Source

The inductive source amplifier is the most difficult to
analyze due to the complex input impedance. The
input noise per unit bandwidth is given by:

e = e2¢ + (i2) (1Z,, P) + 4 kT (Re (Z;,)) (15)

where  Z = Xgin//Rg

and Z;, = Z//(Z_ + R)

Usually the current noise of the JFET is negligible,
simplifying the expression a little, but not much. The
optimization process for inductive sources is very com-
plex and it will require the spectrum to be broken up
into several small bands to arrive at a final design. Gener-
ally, a JFET with a minimum noise voltage will be the
proper choice.
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Transformers may be used with JFET amplifiers to
minimize noise with very low source impedances.
Transformers have both drawbacks and advantages and
both must be examined before a transformer design is
chosen. Poor frequency response, susceptibility to mech-
anical and magnetic pickup and thermal noise head the
list of disadvantages to be weighed against two very
important advantages. First, the noise voltage is trans-
formed by the turns ratio N;second, the resistance is
transformed by NZ2. These can be used to advantage by
matching very low values of source resistance to a
relatively noisy amplifier and still maintaining a good
signal to noise ratio, i.e., the total noise at the source
assuming an ideal transformer is

2
enArnn
N2

(16)

2 _ 2
€nt T EnRs

SOME PRACTICAL LOW NOISE JFET INPUT CIRCUITS

Ay =50

Cin ~20pF

Usable Bandwidth 1 MHz

PF5102

SUMMARY

Low noise amplifier design concepts have been intro-
duced for the three basic types of sources. Basic
parameters (C;,, e,, gm) were discussed that affect
both circuit configuration and JFET type. There is no
universal low noise JFET or circuit configuration that
solves all problems. Each low noise amplifier design is
different and must be considered within its own frame-
work of performance requirements.
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ouUTPUT

a) Wide Band, Low input Capacitance, Very Low Noise Preamplifier

Ay > ~10mA/V (Re)
T

+15V - Vg = Vi
{Ip +1e}

Ip = 5 ma for gm of 10 mmho

10 MHz bandwidth with Re = 1k

b) Low Noise, Very Low Input Capacitance Video Amplifier
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APPENDIX A

Important National JFET Process Parameter Guide

Test Conditions Vpg = 15V, Ip = 1 mA (Vgg = 0V)™

PROCESS | 0 @ 10 Hz e, @ 1kHz e, @ 100 kHz dfs IgoN) Cgo Cgs
(nWA/Hz) | (nVA/H2) (nV/A/Hz) {mmho) (pA) (pF) {pF)
50 15 5 25 3 5v 2 pA 0.7 25
10V 10 pA
15V 1nA
51 5 3 1.3 7 30 3
55 10 4 2.5 24 5 2 4
92 10 4 1.5 4.5 10V 20 pA 2 4
15V 1nA
83 10 5 25 2 5 1 25
84” 50 15 9 0.2 0.1 0.01 2
94 10 5 2.5 2 1-2 0.01 4
95 10 4 2.5 1.5 15 3.5 15
96 5 3 1.3 7 30 3 9
93 15 7 2 35 10V 20 pA 1 3.2
15V 1nA

National JFET Process Low Noise Amplifier Guide

PROCESS 50 |7514|755 92 83 84 l 93 | 94 95 926

Low Noise Application Single JFET Dual JFET

Resistive Ultra-Low X X
e, <5nVA/Hz @
10 Hz

Resistive Low Freq X X X X X X
< 20 kHz

Resistive Wideband X X X X X X X X
<10 MHz

Resistive Wide Band X X X
> 10 MHz

Resistive Very High X X X
Rg > 10 MQ2

Capacitive Low C X X X X X X X
< 10pF

Capacitive High C X X X X
>20pF

Inductive X X X X X X X X X X
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APPENDIX B
NOISE PARAMETER CONVERSION
Noise Figure (NF) to an Effective e,

It is more convenient to present noise data for bipolar
transistors in the form of contours of constant noise
figure at a fixed frequency or plots of noise figure
versus frequency at a fixed source resistance due to
large values of noise current (i,). Noise figure must be
converted to an effective noise voltage (e g} for com-
parisions to be made between a BJT and a JFET or for
signal to raise ratio calculations.

By definition:

Total Qutput Noise Power
NF = 10 log (B1}
Output Noise Power of the Source

From equations 1 and 2, one finds the source noise
power to be

. ef,R Af
Source Noise Power = ——— (B2)
s

for some source resistance Rg.

Referring to Figure 4, the total output noise power at
the input of the amplifier would be:

e2q Af e2; Af
Total Qutput Noise Power = ——— + +
s Rg

(B3)
i2¢ R2 Af

The noise figure {(NF) can now be expressed in terms of

the noise source generators, e,g, eq¢ and iy allowing.

an expression to convert noise figure (NF) to an
effective noise voltage (e,g ).

2 2 2
ens+i5s R
NF = 10 log 1+¥ (B4)
enR

yielding

efs + i3 R =efe = (1ONF10-1) efg (85)

=

=2
2

EFFECTIVE NOISE VOLTAGE (nV/A/Hz)

0.1k h 10k 100k ™
SOURCE RESISTANCE (2)

FIGURE B1. Effective Noise Voltage {eng)
vs Noise Figure and Source Resistance (Rs)

Noise Resistance
The effective noise voitage density (e} and noise current

density {i,) are found directly by referring to Figure 1,
and reading the values for the corresponding resistances.

enp = (4 KTR}V? (N
4KT\ V2
iR = (R_) {3)
APPENDIX C

JFET Current Noise

At low frequencies the current noise and voltage noise
sources are uncorrelated in JFETs with the current noise
being pure shot noise due to gate leakage currents.
As frequency is increased, the current noise also increases
starting at frequencies as low as 50 kHz in some high
capacitance device types.

It has been suggested and experimentally verified that the
noise current at high frequencies is due to increased gate
input conductance.

2 =4 KT[RelY11)]_1 {c1)

Re (Yq4) is available on high frequency JFET data
sheet as the real portion of the common source input
admittance parameters. In effect the channel noise is
coupling to the gate circuit through the source-gate and
drain gate capacitances. Hence low capacitance devices
exhibit lower values of noise current at high frequencies
than do high capacitance devices.
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CONSTANT CURRENT LED

INTRODUCTION

The NSL4944 is a simple two-lead device normally used
as an AC or DC indicator, vet can also be used as a
rectifier and constant current source at the same time in
associated circuitry. A number of such applications will
be illustrated. Further, most of the regulating circuitry
is not in series with the LED. This allows the complete
regulated LED to operate at only about 300 mV more
than a standard red LED. Thus the NSL4944 operates
on half the voltage needed by previously available
regulated or resistor LEDs. The device is rated for a
maximum of 18 V forward and reverse.

These characteristics provide several advantages. Un-
loaded TTL gates provide enough voltage, in either high
or low states, to directly drive the universal indicator.
Size and weight can be saved in instruments with a
number of indicator lights by reducing the size of filter
capacitors or voltage regulators. The NSL4944 can
operate on unfiltered DC or at somewhat reduced
intensity on 3 to 12 VAC rms. Since the 1C within the
regulated LED blocks reverse voltage, the device can be
used as a low voltage rectifier or polarity indicator.

DESIGN FEATURES

The LED and its current source, as illustrated in Figure
1, both fit within a standard LED package. The typical
operating voltages shown allow the device to operate
with lower supplies and take up less room than an LED
and component dropping resistor.

Typ=13mA

OF PACKAGE

FIGURE 1. Equivalent Circuit

Figure 2 shows how some of the operating features of
the NSL4944 are achieved. The rectifying characteristic
occurs because the only input to the device passes
through the IC's PNP emitters. These have a high
reverse voltage in standard linear processing. The voltage
reference and comparison amplifier operate from the
same low voltage that the LED does. The big PNP
transistor which passes both [ gp and Iggr can be
operated almost in saturation since the comparison
amplifier can pull the PNP base down to only one voit
from common.

Peter Lefferts
OCTOBER 1975
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FIGURE 2. Simplified Schematic

INDICATOR POWERING

The following figures contain some of the innumerable
ways of providing power to the NSL4944.

Power and parts count.is minimized by powering the
indicator from a low voltage transformer winding as
shown in Figure 3. This method, however, provides only

e

TO OTHER
SUPPLIES

LINE

FIGURE 3. AC Power

hatf intensity light, but the apparent visual decrease is
not as great. Some flicker occurs if the observer moves
his head rapidly. The supply of Figure 4 will provide
up to 87% of maximum light output. The bulk of a
filter capacitor is still not needed, and at 12 VAC in,
flicker will be almost imperceptible since the LED “‘off”’
periods will be less than a millisecond. In both situations,
the indicator may be switched a number of ways,
including bipolar transistors, since only DC can pass
through the indicator.

]

FIGURE 4. Unfiltered DC Power
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1N3001
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60 Hz ~
15,]
15V

10 VAC

FIGURE 5. Minimizing DC Filtering

As shown in Figure 5, full intensity and zero possible
flicker are achieved by minimal DC filtering. The small
capacitor shown operates with 10 V p-p ripple and only
about 8 V average DC, while the constant current drain
characteristics of the NSL4944 allow only a few percent
change in light intensity. If a system or instrument with
a regulated supply has a number of LED indicators,
regulator size and dissipation can be minimized by
powering the regulated LEDs from the unregulated
voltage.

T J®:

FIGURE 6. Unregulated DC

LM108H
REG

-

LOGIC APPLICATIONS

The low operating voltage and constant current charac-
teristics make the regulated LED an ideal status indicator
for digital circuitry. An interesting fact to keep in mind
is that full regulator current is not needed to light the
LED. If, for example, only 8 mA is available (from a
voitage of 1.6 to 1.9 V) the LED will light at a some-
what reduced intensity. The regulator will be switched
full on instead of current limiting . . . but in such a
situation it doesn’t matter.

Any circuit capable of supplying 10 to 20 mA and a
voltage swing of at least 1 V can switch the NSL4944
from an off to an on state. Within 26°C of room tem-
perature, an input voltage of 1.3 V will produce little or
no light, and 2.3 V will produce 70% to 90% of full
output. However, with a small signal change, the pre-
existing biases must be correct. The output swing of a

110 VAC

TTL stage goes much closer to ground than to the 5 V
supply. Therefore, Figure 7-C requires a 3.5 V supply
for the indicators to have complete on-off switching.

+5VDC 5V

OM74XX

A B c
Low Indicator High Indi Combination

FIGURE 7. TTL Indicators

CIRCUIT APPLICATIONS

In many circuits or small instruments the need for a
constant current source or current limiter arises. FETs
can generally only be used as low current sources, so for
10 mA or more, construction of a current source
requires 3, 4, or more parts. If an indicator or pilot light
is also needed, the regulated LED may be a very
economical source of ‘the needed constant current.

The examples below illustrate all three characteristics of
the NSL4944. It is a combined rectifier, constant current
source, and pilot light.

T LoAD

6-7 15-6v | §-10
VAC  BATTERY ) VAL
i

SMALL BATTERY TRICKLE CHARGER
SHORTED SCR INDICATOR
A B
FIGURE 8.

Constant currents have a number of circuit or equipment
design uses. Some of these have been combined for
illustration in Figure 9. A number of LEDs can ““share”
a single constant current LED. Further, any of the
ordinary LEDs can be turned on and off by a shunting
switch without affecting operation of any of the others.

OTHER
CURRENRT

THERMISTOR SOURCES

VOLTAGE DIVIDER

FIGURE 9. Uses for Constant Current
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In equipment with unregulated supplies, or supplies
having some unfiltered ripple, the 20,000 £2 impedance
of the NSL4944 current source will be helpful. Supply
ripple and variation passed on to Zener diodes, thermis-
tors, and low value voltage divider bias sources will be
greatly reduced. The sensitivity of low value thermistors
to temperature changes will be increased. If practical,
the regulated LED should be put in the same, or similar
temperature environment as the thermistor used for
temperature measurement. Otherwise a 20 to 40 degree
temperature change at the LED would lead to an
apparent one degree change sensed at the thermistor.
Multiple current sources find use in some audio ampli-
fier designs, and in power op-amp modules.

FIGURE 10. Series NSL4944s

There are some characteristics of seriesed regulated
LEDs, and current sources in generat, that should be kept
in mind. All the LEDs will light properly, and the string
will run at the current of the least current source. This
lowest value source will absorb most of the supply
voltage, with the other LEDs having only the starting
voltage of about 2 V across them. Thus the maximum
forward voltage increases only slightly as more devices
are added. In the example above it would be 22 V.
However, due to non-linear reverse current characteristics,
maximum reverse voltages can be added.

S —

2N2222

12k TO AUD10
620 &2 CABLE
ETC

FIGURE 11. Current Limiting and Short Protection

A current source can also be a current limiter. Figure 11
shows an NSL4944 put in the collector of an emitter
follower such as might be used in a pre-amp or mike
mixer cable driver.

Normally voltage across the LED is only 2 V, allowing
almost full supply-to-supply swing of the emitter fol-
lower output. In comparison a limiting resistor would
either greatly increase output impedance, or severely
limit output swing. However, if the output cable is
accidentally shorted, only a little more than the rated
current of the LED will flow. Qutput transistor dissipa-
tion actually decreases under emitter short conditions.

SIGMA SENSITIVE RELAY
\—o 4.6 mA
A" 5 100
14-18vDC

.
1= 5600 uF

FIGURE 12. Six Second Time Delay

Logically, a constant current source is helpful in design-
ing time delay circuits. If the circuit of Figure 12 were
built with a resistor, the timing period would only be
half the amount shown, and timing would vary over 50%
with the supply variations shown.

Instead, the current regutated LED is still drawing within
10% of full current when the relay reaches its 11 V pull-
in voltage. The 14 to 18 V supply variation will produce
only about a 3% timing variation, a considerable im-
provement. Variations due to temperature and electro-
lytic capacitor tolerances will remain, however.

+15V

. 7%
N2219 VW K LM195

LAMP-ORIVING
SCHMITTS

12 V.40 mA 12 V LAMPS
LAMP <o )TDi AMPERE

{HIGH POWER SUBSTITUTION)

TRIPPOINT =2V

FIGURE 13. Use as Active Load

The lamp-driver Schmitt of Figure 13 illustrates a still
further use of the NSL4944's constant current source.
Substituting a current source for the collector resistor
increases the useful voltage gain of Qq. Further, almost
full base current remains available to Qp, even when
supplying 12 V output, which would not be possible
using a resistor. When the lamp and Q5 are off, most of
the LED current flows in the 100 £ resistor, thus
determining the circuit’s switching or trip point of 2 V.

With Q, saturated, Qj still provides a volt to the bulb,
contributing some preheating and reducing the bulb’s
starting current surge. On, Qp provides the bulb with
12 V due to the minimum voltage drop in the constant
current LED. The 6.8k feedback resistor sets hysteresis
at a measured 50 mV at the input. This can be varied
without having to change the rest of the circuit. 10k
provides almost ‘0’ hysteresis (undesirable and unstable)
while 2k sets a hysteresis of 0.5 V.
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CONCLUSION

A number of applications have been examined for a
highly improved two-lead LED/IC. Its indicating capa-
bilities, high reverse voltage, and wide constant current
range may make it the most useful of the two-lead,
hence simple to use, 1C devices. To begin with, it can be
lit from AC, unfiltered DC, and very poorty filtered or
regulated DC with a savings in parts or size.

The NSL4944 may be driven from the 110 1.6V swing
of TTL circuitry, to the 15 to 18 V swing of Linear and
MOS circuits. fts rectifying capabilities allow it to act as

a small battery charger or reverse voltage monitor for
power supplies, batteries, or low voltage SCRs. For all
these, and the following functions, the LED “on”
indication is in addition to the constant current circuit
function performed. The device's constant current can
power other LEDs, Zeners, thermistors, or other current
or voltage sources. It has been shown that the current
regulated LED can be a current limiter, a timing element,
or an active load while simplifying and improving circuit
performance.

PHYSICAL DIMENSIONS

203

CATHODE FLAT
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1.3 VOLT I.C. FLASHER, OSCILLATOR, TRIGGER, OR ALARM

INTRODUCTION

Most linear integrated circuits are designed to operate
with power supplies of 4.5 to 40 V. Practically no
battery/portable equipment is provided with indicator
lights due to unacceptable power drain. Even LEDs
(solid state lamps) won't light from a 1.5 V battery,
and drain the common 9 V radio battery in a few hours.

The LM3909 changes all this. Obtaining long life from
a single 1.5 V cell, it opens a whole new area of
applications for linear integrated circuits. Sufficient
voltage for flashing a light emitting diode is generated
with cell voltage down to 1.1 V. in such low duty cycle
applications batteries will last for months to years of
continuous operation. Such flasher circuits then become
practical for marking location of flashlights, emergency
equipment, and boat mooring floats in the dark.

The LM3909 is simple in design, easy to use, and
includes extra resistors to minimize external circuitry
and the size of the completed flasher or oscillator.

CIRCUIT OPERATION

The circuit below in figure A is the LM3909 connected
as the simplest type of oscillator. ignoring the capacitor
for a moment, and assuming 1.5 V on pin 5, current
will flow in the 3k and 8k timing resistors through the
emitter of Qq. This current will be amplified by about 3
by Qy and passed to the base of Qz. Q3 will then
conduct, pulling down on the base of Q4 and hence the
base of Qq. This is a negative feedback since it will
reduce timing resistor current and current to the power
transistor’s base until a balance is reached. This will
occur with the collector of Qg at about 0.5 V, the base
of Q4 at about 1 V, and a very small voltage from pin 8
to ground. The difference between these two voltages
is the base-emitter drop of Qq and 2/3 the base-emitter
drop of Qg as set by the high resistance divider from its
base to emitter.

129

NEGATIVE

=1 vOLT (DROP)
FEEDBACK ot )

JUST BEFORE Q1
CONDUCTS

PWR. TRANSISTOR

FIGURE A.

Note that negative feedback voftage is attenuated by at
least 2 due to the divider of two 400 2 resistors. Now
considering the capacitor, its positive feedback is initially
unity. Therefore the DC bias condition and the tempor-
ary excess positive feedback conditions are met and the
circuit must oscillate.

The waveform at pin 8 of the above oscillator is shown
below. The waveform at pin 2, the power transistor
collector, is almost a rectangle. it extends from a satura-
tion voltage of 0.1 V or less to within about 0.1 V of the
supply voltage. The “on’’ period of course coincides with
the negative pulses at pin 8. Other circuit voltages can
easily be inferred from these two waveforms.

.2+

MILLISECONDS

FIGURE B.

The simplicity of LED and incandescent pilot lamp
flashers is illustrated below. in the LED flasher, the
LM3909 uses the single capacitor for both timing and
voltage boosting.

15V FLASHER INCANDESCENT BULB FLASHER
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FIGURE 1. Two Simple Flashers

The LM3909, although designed as a LED flasher, is
ideal for other applications such as high current, trigger
pulse for SCRs and “‘Triacs.” The frequency of oscil-
lation adjusts from under 1 Hz to hundreds of kHz.
Waveshape can be set from pulses a few us wide to
approximately a square wave. Thus the LM3909 can
perform as a sound effects generator, an audible alarm,
or audible continuity checker. Finally it can be a radio
(detector/amplifier), low power one-way intercom, two-
way telegraph set, or part of a “mini-strobe’” light
flashing up to 7 times per second.
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Operating with only a 1.5 V battery as a supply gives the
LM3909 several rather unique characteristics. First, no
known connection can cause immediate destruction of
the IC. Its internal feedback loop insures self-starting of
properly loaded oscillator circuits. Experimenters can
safely explore the possibilities of the LM3909 as an AC
amplifier, one-shot, latch circuit, resistance limit detec-
tor, multi-tone oscillator, heat detector, or high frequency
oscillator.
With the accent on the practical, a brief circuit descrip-
tion will be given followed by circuits in the following
application areas:

Flasher & Indicator Applications

Audio & Oscillator Applications

Trigger & Other Applications
For those who want to modify or design their own

circuits using the LM3909, application hints will be
covered near the end of this note.

CIRCUIT DESCRIPTION

The circuit of figure 2 again shows the typical 1.5 V
LED flasher, but with the internal circuitry of the IC
illustrated.

.
FAST|
RC

1 300 uF —“ 2 3 L]
AYED
71

FIGURE 2, Circuit Operation

The flasher achieves minimum power usage in two ways.
Operated as above, the LED receives current only about
1% of the time. The rest of the time, all transistors but
Qg are off. The 20k resistor from Qq's emitter to supply-
common draws only about 50 uA, The 300 uF capacitor
is charged through the two 400 2 resistors connected to
pin 5 and through the 3k resistor connected to pin 4 of
the circuit.

Transistors Qq through Q3 remain off until the capaci-
tor becomes charged to about 1 V. This voltage is
determined by the junction drop of Qq, its base-emitter
voltage divider, and the junction drop of Qq. When
voltage at pin 1 becomes a volt more negative than that
at pin 5 (the supply positive terminal) Qi begins to
conduct. This then turns on Qy and Q3.

The LM3909 then supplies a pulse of high current to the
LED. Current amplification of Q3 and Q3 is between
200 and 1000. Qg3 can handle over 100 mA and rapidly
pulls pin 2 close to supply common (pin 4). Since the
capacitor is charged, its other terminal at pin 1 goes

below the supply common. The voltage at the LED is
then higher than battery voltage, and the 12 £2 resistor
between pins 5 and 6 limits the LED current.

Many of the other oscillator circuits work in a similar
fashion. If voltage boost is not needed (with or without
current limiting) loads can be hooked between pins 2
and 6 or pins 2 and 5.

APPLICATIONS: Flasher & Indicator

Differing uses and supply voltages will require adjust-
ment of flashing rates. Often it is convenient to leave
the capacitor the same value to minimize its size, or to
fix the pulse energy to the LED. First, the internal RC
resistors can be used to obtain 3k, 6k, or 9k by hooking
to or shorting the appropriate pins. Further adjustment
methods are shown in the two parts of figure 3 below.

NSL5027
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FIGURE 3a. Fast Blinker

In figure 3a, it can be seen that the internal RC resistors
are shunted by an external 1k between pins 8 and 4.
This will give a little over 3 times the flashing rate of the
typical 1.5 V flasher of figure 1.

NSL5024 w6y
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FIGURE 3b. 6 VoIt Flasher

The 3.9k resistor in figure 3b connected from pin 1 to
the 6 V supply raises voltage at the bottom of the 6k RC
resistor. Charging current through that resistor is greatly
reduced, bringing flashing rate down to about that of
the 1.5 V circuit {1 Hz). As will be explained later, this
biasing method also insures starting of oscitlation even
under unfavorable conditions.
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Two precautions are taken for circuit reliability. The
added 75 £ series resistor for the LED keeps current
peaks within safe limits for the diode and IC. Also, in
operation above a 3 V supply, the electrolytic capacitor
sees momentary voltage reversals. [t should be rated for
periodic reversals of 1.5 V.

A continuously appearing indicator light can also be
powered from a single 1.5 V cell. Duty cycle and
frequency of the current pulses to the LED are increased
until the average energy supplied provides sufficient
light. At frequencies above 2 kHz, even the fastest move-
ment of the light source or the observer’s head will not
produce significant flicker.
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FIGURE 4. “Continuous’” 1.5 V Indicator

Since this indicator powering circuit uses the smallest
capacitor that will reliably provide full output voltage,
its operating frequency is well above the 2 kHz point.
The indicator is not, however, intended as a long life
system, since battery drain is about 12 mA.

High frequency operation requires addition of two
external resistors, typically of the same value. One, of
course, shunts the high internal timing resistors. f only
this one were used, the capacitor charging current would
have to pass through the two 400 §2 resistors internally
connected between pin 5 and the collector of Qg.
Oscillation at a slower rate and lower duty cycle than
desired would occur, and oscillation might cease alto-

3000

S10Q . c11000F
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4.3k

B
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FIGURE 5. Alternating Flasher

gether before the battery was fully discharged. The
second 68 £2 resistor shunting the two 400 £ resistors
eliminates these problems.

The circuit above is a relaxation type oscillator flashing
2 LEDs sequentially. With a 12 VDC supply, repetition
rate is 2.5 Hz. C,, the timing and storage capacitor,
alternately charges through the upper LED and is dis-
charged through the other by the IC’s power transistor,
Q3.

If a red/green flasher is desired, the green LED should
have its anode or plus lead toward pin 5 (like the lower
LED). A shorter but higher voltage pulse is available in
this position.
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FIGURE 6. Safe, High Voltage Flasher

Indication or monitoring of a high voltage power supply
at a remote location can be done much more safely than
with neon lamps. If the dropping resistor (43k as in
figure 6 above) is located at the source end, all other
voltages on the line, the IC, and the LED will be
limited to less than 7 V, above ground.

The timing capacitor is charged through the dropping
resistor and the two 400 £2 collector loads between pins
2 and 5 of the IC. When capacitor voltage reaches about
5 V, there is enough voltage across the 1k resistor (to pin
8) to turn on Qq, and hence trigger on the whole IC to
discharge the capacitor through the LED.

There are many other LED applications and variations
of circuits. A chart outlining operation of the above
circuit at various voltages appears on the LM3909 data
sheet. Also shown are circuits for adjusting the flash
rate, flashing 4 LEDs in parallel, and details for building
a blinking locator light into an ordinary flashlight.

Incandescent buibs can also be flashed, as already
illustrated in figure 1. However, most such bulbs draw
more than the 160 mA that the LM3909 can switch. The
two following circuits therefore use an added power
transistor rated at 1 A or more. In each circuit, an NPN
transistor is used, so the power transistor’s base drive is
obtained from the common or ground pin of the flasher
IC.
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FIGURE 7. ““Mini-Strobe’’ Variable Flasher

The 3 V “mini-strobe” of figure 7 may be used as a
variable rate warning light or for advertising or special
effects. The rate control is so wide range that it adjusts
from no flashes at all to continuously on. Chosen for
rapid response, the miniature 1767 lamp can be flashed
several times a second.

A “mini-strobe’” circuit was tested in a Lantern Flash-
light with a large reflector. In a dark room, the flashes
were almost fast enough to stop a person’s motion. As a
toy, the fast setting can mimic the strobes at rock
concerts or the flicker of old-time movies.

Figure 8 below shows a higher power application such as
would use an automotive storage battery for power. It
provides about a 1 Hz flash rate and powers a lamp
drawing a nominal 600 mA.
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FIGURE 8. 12 Volt Flasher {2 Wire)

A particular advantage of this circuit is that it has only
2 external wires and thus may be hooked up in either of
the two ways shown below in figure 9. Further, no
circuit failure can cause a battery drain greater than that
of the bulb itself, continuously lit.

In the circuit of figure 8, the 3300 uF capacitor
performs a number of other functions. It makes the
LM3909 immune to supply spikes, and provides the

POSITIVE POSITIVE
+ P
2WIRE — 2 WIRE —_—
FLASHER — v FLASHER = v

=1

CENTER CONTACT

(NEG. GND SYSTEM}

NOTE: IF FLASHER CASE INSULATED,
IT WILL OPERATE IN POSITIVE
OR NEGATIVE GROUND SYSTEMS,

FIGURE 8. 2 Wire Flasher Usage

means of limiting the IC’s supply voltage. Since the
LM3909 can only operate with 7.5 V or less on pin 5
(in this circuit) the 200 £2/1.3k divider attached to pin 8
of the IC causes it to turn fully on at 7 V or less on pin
5. Then the LM3909 discharges the timing capacitor
{its own supply voltage) to 4 V or less, whereupon it
turns off. The capacitor discharge current comes out of
pin 4 of the IC, turning on the NSD UO01 transistor. It is
the large size of the timing capacitor that allows it to
store all the needed energy for turning on the power
transistor. This in turn permits the whole flasher circuit
to operate as a 2 wire device.

Many other flasher possibilities exist. LED flash rate can
be varied from 0 to 20 Hz, or a number of LEDs may be
flashed in parallel. With a 3 V supply, yellow and green
LEDs may be flashed. A 6 V incandescent “emergency
lantern’' can be made and its PR-13 bulb may be made to
give continuous light or flash by switch selection. This
is a more reliable, longer lived system than a lantern
with a second thermal flasher bulb. The NSL4944
Current Regulated LED makes possible flashing many
LEDs in parallel or with high voltages without series
resistors.

APPLICATIONS: Audio & Oscillator

Very economical continuity checkers, tone generators,
and alarms may be made from the LM3809. No matching
transformer is needed because the 150 mA capability of
the LM3909 output can drive many standard permanent
magnet (transistor radio) loudspeakers directly. The
1.5 V battery used in most applications is both lower in
cost and longer lasting than the conventional 9V battery.

In the continuity checker of figure 10, a short, up to
about 100 £2, across the test probes provides enough
power for audible osciilation. By probling 2 values in
quick succession, small differences such as between a
short and 5 £ can be detected by differences in tone.
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FIGURE 10. “Buzz Box" Continuity and Coil Checker

A novel use of this circuit is found in setting the timing
of certain types of motorcycles. This is due to the
difference in tone that can be heard from the tester
depending whether there is a short or not across the low
resistance primary of the ‘cycle’s ignition coil. [n other
words, the difference between a 1 £2 resistor and a 1 §2
inductor can be heard. Quick checks for shorts and
opens in transformers and motors can therefore be made.

Darkrooms, laundry rooms, laboratories, and cellar work-
shops can often suffer damage from spills or water
seepage ruining lumber, chemicals, fertilizer, bags of
dry concrete, etc. The circuit of figure 11 is safe on
potentially damp floors since there is no connection to

SENSE ELECTRODES

the power line. Further, its standby battery drain of
100 uA vyields a battery life close to {or, according to
some experiments, exceeding) shelf life.

Without moisture, multivibrator transistor Q, is com-
pletely off, and its collector load (6.2k) provides enough
current to hold pin 8 of the LM3909 above 0.75V where
it cannot oscillate. When the sense electrodes pass about
0.25 uA, due to moisture, Q, starts turning on, and
since Qy, is already partially biased on, positive feedback
now occurs. Qg and Qy, are now an astable multivibrator
which starts at about 1 Hz and oscillates faster as more
leakage passes across the sense efectrodes.

This “multi’” then acts as both an amplifier and a
modulator. The pulse waveform at the collector of Q,
varies the timing current through the 3.9k resistor to
pin 8 of the LM3909 resulting in a distinctively modu-
lated tone output.

The sensor should be part of the base of the box the
alarm circuitry is packaged in. It consists of two elec-
trodes six or eight inches long spaced about 1/8 inch
apart. Two strips of stainless steei on insulators, or the
appropriate zig-zag path cut in the copper cladding of a
circuit board will work well. The bare circuit board
between the copper sensing areas should be coated with
warm wax so that moisture on the floor, not that
absorbed by the board, will be detected. The circuit
and sensor can be tested by just touching a damp finger
to the electrode gap.

Minimum cost, simplicity, and very low power drain
are the aims of the Morse Code set of figure 12. One
osciilator simultaneously drives speakers at both sending
and receiving ends. Calculations and actual use tests
indicate life of a single alkaline penlight cell to be
3 months to over a year depending on usage. “Buzzer”
type sets use two or more batteries with much shorter
life.
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FIGURE 11. Water Seepage Alarm
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Commonly available, low cost 8 2 speakers are effec-
tively in series to better match LM3909 characteristics.
The three wire system and paralle! telegraph keys allow
beginners and children to use the set without having to
understand use of a “send-receive’’ switch.
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FIGURE 12. Morse Code Set

The two resistors are added to obtain a suitable average
power output and electrically force the oscillator toward
the desired 50% duty cycle. Acoustically, both speakers
are operated at resonance (about 400 Hz in the proto-
type) for maximum pleasing tone with minimum power
drain. Each of the two speaker enclosures has holes
added to augment this resonance. For each different
type or brand of speaker and size of box, hole and
capacitor sizes will have to be determined by experiment
for the most stable resonant tone over the expected
battery voltage variation.

Experiments with the above circuit led to development
of the circuit in figure 13. It is optimized to oscillate at
any acoustic load frequency of resonance! With just a
speaker, oscillation occurs at the speaker cone “’free-air”
resonance. If the speaker is in an enclosure with a higher
resonant frequency . . . this becomes the frequency at
which the circuit oscillates.

An educational audio demonstration device, or simply
an enjoyable toy, has been fabricated as follows. A
roughly cubical box of about 64 in.3 was made with one
end able to slide in and out like a piston. The box was
stiffened with thin layers of pressed wood, etc. Minimum
volume with the piston in was about 10 in.3. Speaker,
circuit, battery, and all were mounted on the sliding end
with the speaker facing out through a 2 1/4 in. hole.
A tube was provided (2 1/2 in. long, 5/16 in. ID) to bleed
air in and out as the piston was moved while not
affecting resonant frequency.

“Slide tones”’ can be generated, or a tune can be played
by properly positioning the piston part and working the
push button. Position and direction of the piston are

N.O.
PUSH BUTTON
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FIGURE 13. Electronic “Trombone’

rather intuitive, so it is not difficult to play a reasonable
semblance of a tune after a few tries.

The 12 £ resistor in series with pin 2 (output transistor
Qz’s collector} and the speaker, decouples voltages
generated by the resonating speaker system from the low
impedance switching action of Q3. The 100 uF feedback
capacitor would normally set a low or even sub-audio
oscillation frequency. Therefore, the major positive feed-
back voltage to pin 8 is the resonant motion generated
voltage from the speaker voice coil. Therefore the
LM3909 will continue to drive the speaker at the
resonance with the highest combined amplitude and
frequency.

It can be seen already that the LM3909, having direct
speaker drive and resonance following capability, can do
things that are a lot less practical with older timer and
unijunction circuitry. Two final “’sound effect’” type of
circuits are illustrated below.
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FIGURE 14a. Fire Siren
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FIGURE 14b. Whooper Siren

The siren of figure 14a produces a rapidly rising wail
upon pressing the button, and a slower ‘‘coasting down’’
upon release. If it is desirable to have the tone stop
sometime after the button is released, an 18k resistor
may be placed between pins 8 and 6 of the IC. The
sound is then much like that of a motor driven siren.

In this circuit, the oscillation must not be influenced by
acoustic resonances. The 1 uF capacitor and 200
resistor determine a pulse to the speaker that is wider
than that for flashing LEDs, but much narrower than is
used in the tuned systems of figures 12 and 13. The
repetition rate of speaker pulses is determined by the
2.7k resistor, and the charge on the 500 uF capacitor.
Discharging this capacitor with the pushbutton increases
current in the 2.7k resistor causing a rapid upshift in
tone.

The “whooper’ of figure 14b sounds somewhat like the
electronic sirens used on city police cars, ambulances,
and airport “crash wagons.'’ The rapid modulation makes
the tone seem louder for the same amount of power
input.

The tone generator is the same as in the previous siren.
Instead of a pushbutton, a rapidly rising and falling
modulating voltage is generated by a second LM3909 and
its associated 400 uF capacitor. The 2N1304 transistor
is used as a low voltage (germanium} diode. This transis-
tor along with the large feedback resistor (5.1k to pin 8)
forces the ramp generator LM3909 into an unusual mode
of operation having longer “‘on’” periods than “off"”
periods. This raises the average tone of the tone genera-
tor and makes the modulations seem more even.

APPLICATIONS: Trigger & Other

With its high pulse current capability, the LM3909 is a
good pulse-transformer driver. Further, it uses fewer
parts and operates more successfully from low voltage
supplies than do the equivalent unijunction circuits. The
“Triac” trigger of figure 15 operates from a 5 V logic
supply and provides gate trigger pulses of up to 200 mA.

With no gate input, or a TTL logic high input, the
LM3909 is biased off since pin 1 is tied to V+. With a
logic low at the gate in, the IC provides 10 us pulses at
about a 7 kC rate. A TTL gate loaded only by this circuit
is assumed since otherwise worst-case voltage swing may
be insufficient. This trigger is not of the ““Synchronized
Zero Crossing”” type since the first trigger pulse after
gating on could occur at any time. However, the
repetition rate is such that after the first cycle, a triac is
triggered within 8 V of zero with a resistive load and a
115 VAC line.

+5vDC
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FIGURE 15. Triac Trigger

The standard Sprague PC mounting transformer provides
a 2:1 current step-up, and suitable isclation between the
low voltage circuitry and power lines up to 240 VAC.
Resistor Ry, which includes transformer winding resis-
tance, can be as little as 3 or 4 §2 for high current triacs.
Low current types may need excessive “‘holding’’ current
with such low Ry, so it may be raised to as much as
100 £2 with a sensitive gate triac.

QOscillation of the LM3909 will start when the DC bias
at pin 8 is between 1.6 and 3.9 V. In figure 15, pin 8is
connected between the 10k input resistor and a 6k
resistor to 5 V. With 3.8 V in, pin 8is at 4.5 V so there
is no oscillation. With 1 V, or less, in, pin 8 is at 3.5 V
or below and oscillation occurs. From this example, it
can be seen that other input resistors or bias dividers
can be calcuiated to gate the LM3909 triac trigger from
other logic levels.

A useful electronic tab device is a precision square wave
generator/calibrator. If the output is held at a few tenths
percent of 1 V, peak-to-peak, it is useful in calibrating
oscilloscopes and adjusting ‘scope probes. Many lower
cost or battery-portable oscilloscopes do not have this
feature built in. Also it is useful in checking gain and
transient response of various amplifiers including “‘hi-fi"’
power amplifiers.
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Battery powered equipment is free from both the in-
convenience of a line cord, and from some of the noise
and hum effects of equipment attached to the power
line. Operation for over five hundred hours from a single
flashlight ‘D"’ cell is the bonus provided by the circuit
below. The lowest reference voltage regulator available,
the LM113, is used in conjunction with a current
source, and the voltage boost characteristic of the
LM3909.

Output is a clean rectangular wave which can be adjusted
to exactly a 1 V amplitude. A rectangular wave of
approximately 1.5 ms “on” and 5.5 ms “off”’ was
chosen for circuit simplicity and low battery drain.
Waveform clipping is virtually flat due to complete turn-
off of the current switch Q; and the typical “on”
impedance of 0.2 §2 provided by the LM113. The 0.01%
temperature coefficient of the LM113 at room tempera-
ture allows negligible drift of the waveform amplitude
under laboratory conditions. Loading by a ’scope probe
will also be insignificant,

The circuit will work properly down to battery voltages
of 1.2 V. This is because the 100 uF electrolytic
capacitor drives the emitter of Q below the supply
minus terminal. At a battery voltage of 1.2 V, the
collector of Qp can still swing more than 1.6 V. Q4 uses
the “‘off” periods of the LM3909 to insure that the 100
uF capacitor is charged to almost the entire battery
voltage. Thus when the LM3909 turns on and pin 2
drives almost to the minus supply voltage, the negative
side of the capacitor is driven 0.9 to 1.2 V below this
terminal. Low battery voltage cannot lead to an un-
detected error in the 1 V squarewave. This is because the
waveform becomes distorted rather than just decreasing
in amplitude as battery voltage becomes too low.

Taking advantage of the versatility and the indestruct-
ability of the LM3909 by a 1.5 V battery, the IC can
become an ideal teaching means, or experimental device
for the young electronic hobbyist. As well as the
circuits already presented, the LM3909 can be made to
work as amplifier, radio, and even logic type circuits.
The ideas of negative and positive feedback can be
presented. The circuits presented below are intended as
illustrations or demonstrations of circuitry concepts such

as would be used in an experimenter’s kit. They are not
meant to be used as parts of finished commercial
products with specific performance specifications. In
other words, working circuits have been breadboarded,
but no measurements of performance such as frequency
range and distortion have been attempted.

Both tuned circuits above use standard AM radio ferrite
antenna coils (loopsticks) with a tap 40% of the turns
up from one end. The oscillator works up to 800 kHz
or so, and the radio tunes the regular AM broadcast
band. Both also use standard (360 pF) AM radio tuning
capacitors.

The oscillator has the normal capacitive positive feed-
back used with LM3909 circuits, but with frequency
determined by the tuned circuit loading the output
circuit. Detailed operating descriptions of these experi-
menter’s circuits will not be attempted in order to keep
down the length of this note. Near the end, a discussion
of teh IC's general theory of operation will be given,
which should help in understanding the individual
circuits.
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FIGURE 17. R.F. Oscillator

In the radio circuit of figure 18, the LM3909 acts as a
detector amplifier. It does not oscillate because there is
no positive feedback path from pin 2 to pin 8. The
tuning ability is only as good as a simple ‘crystal set,”
but a local radio station can provide listenable volume
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FIGURE 18. Radio

with an efficient 6 inch loudspeaker. Extremely low
power drain allows a month of continuous radio opera-
tion from a single "D’ flashlight ceil.

Antennae for the radio circuit can be short {10 to 20
feet) and connected directiy to the end of the antenna
coil as illustrated. Longer antennae (30 to 100 feet)
work better if attached to the previously mentioned tap
on the coil . . . also itlustrated.

The following two circuits are examples of logic or
computer type functions. They use 3 V power supplies
(2 cells) because the LM3909 was designed not to have
any stable or ‘‘latching’” states with a 1.5 V supply.

Switches on both the above circuits are momentary
types. In each case a small charge or impulse affects the
circuit’s state. The circuit of figure 19 switches to and
holds its condition whenever the switch changes sides,
even if contact is made only very briefly. The circuit of
figure 20 delivers about a 1/2 second flash from the LED
every time its pushbutton makes contact, whether
briefly or for a much longer period of time. Such circuits
are used with keyboards, limit switches, and other
mechanical contacts that must feed data into electronic
digital systems.

By again leaving out the positive feedback capacitor, the
LM3909 can become a low power amplifier. This little
audio amplifier can be used as a one-way intercom or for
“listening in”’ on various situations. Operating current is
only 12 to 15 mA. It can hear fairly faint sounds, and
someone speaking directly into the microphone generates
a full 1.4 V peak-to-peak at the loudspeaker.

FIGURE 19. Latch Circuit

NSL5057

FIGURE 20. Indicating One-Shot
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FIGURE 21. Mini-Power Amplifier
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APPLICATION HINTS

With 1.5 V supplies, certain problems can occur to stop
oscitlation or flashing. Due to the way gain is achieved
and the type of feedback, too heavy a load may stop an
LM3909 from oscillating. 20 £ of pure resistive /oad
will sometimes do it. Strangely enough, lamp filaments,
probably because of some inductance, don’t seem to
follow this rule. Also in flasher circuits, an LED with
leakage or conductivity between 0.9 and 1.2 V will stop
the LM3909. Maybe 1% of LEDs will have this defect
because they are not often tested for it.

Great frequency stability was not one of the design aims
of the LM3909. In LED flasher circuits it is better than
might be expected because the negative temperature
coefficient of the LED partially compensates the 1C. We
planned it this way. Simple oscillators, without the LED,
are uncompensated for temperature. This is due to using
1 2/3 of .a silicon junction drop as the on-off trip point
and the use of the integrated timing resistors with their
positive temperature coefficient. Further, most capaci-
tors of 1 uF or over, shown in the circuits, will usually be
electrolytics for size reasons. These, however, are not
particularly stable with temperature and their initial
tolerances vary greatly with type of capacitor.

In most of the oscillator circuits, frequency is also
proportional to battery voltage. This must be considered
when starting with a completely unused cell at 1.54 V or
so and deciding what the “end-of-life”” voltage is to be.
This can be in the range of 1.1 to 0.9 V, a drastic
change. It helps to remember how bright flashlights are
with a fresh set of batteries, and how dim they are when
the batteries are finally changed.

Flashers and tone generators for alarms are not, however,
demanding for stability. Flash rate changes of 50% or
tone shifts of 1/2 an octave are not particularly annoying
or even too noticeable.

One interesting point is that the low operating power of
most of the circuits presented atlows them to be powered
by solar cells as well as regular batteries. In bright
sunlight, 3 to 4 cells in series will be needed. In dimmer
light, 4 to 6 cells will do the job. Current from cells way
under an inch in area generally will be sufficient, but
circuits drawing a high pulse current {such as SCR
triggers) will need a surge storage capacitor across the
sotar cell array.

The LM3909 was designed to be inherently self-starting
as an oscillator, and LED flasher circuits are, at any
voltage, because the load is nonlinear. A toad with
sufficient self inductance will always self-start, although

possibly at a higher than expected frequency. There is an
exception for largely resistive loads on an oscillator
operating with a supply larger than 2 or 2.5 V. A stable
state exists with Q3 turned completely “on” and the
timing resistors from pin 8 to the supply minus still
drawing current. A reliable solution is to bias pin 8
(for instance with a resistor to V+) so that its DC voltage
is one half V less than half the supply voltage.

The duty cycle of the basic LED flasher is inherently
low since the timing capacitor is also driving the very
low LED “on” impedance. For other oscitlators the
““on” duty cycle can be stretched by adding resistance in
series with the timing capacitor. Additionally, nonlinear
resistance can be used as timing resistance. (See figure
14b.)

CONCLUSION

Applications covered in this note range in use from
toys to the laboratory, and in frequency from DC to RF.
The LM3909 can be used to amuse, teach, or even upon
occasion to save a life. As a practical cost consideration
the LM3909 IC can often replace a circuit having a
number of transistors, associated parts, and high assem-
bly cost.

Further, the LM3909 demonstrates the practicality of
very low voltage electronic circuits. They can work at
high efficiencies if ingenuity is used to design around
transistor junction drops. In such circuits stresses on
parts are so low that extremely long life can be pre-
dicted. Often transistors, capacitors, etc. that would be
rejects at higher voltages can be used. Voltage dividers,
protective diodes, etc. often needed at higher voltages
can be left out of designs. Power drains are so low that
circuits can be made that will last months to years on a
single cell.

A single cell is more reliable and has a higher energy
density than multiple cells. This is due to lack of cell
interconnections and insulation as well as elimination
of packaging to hold multiple cells in place.
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SPECIFYING A/D AND D/A CONVERTERS

The specification or selection of analog-to-digital (A/D)
or digital-to-analog (D/A} converters can be a chancey
thing unless the specifications are understood by the
person making the selection. Of course, you know you
want an accurate converter of specific resolution; but
how do you insure that you get what you want? For
example, 12 switches, 12 arbitrarily valued resistors, and
a reference will produce a 12-bit DAC exhibiting 12
quantum steps of output voltage. In all probability, the
user wants something better than the expected perfor-
mance of such a DAC. Specifying a 12-bit DAC or an
ADC must be made with a full understanding of accuracy,
linearity, differential linearity, monotonicity, scale, gain,
offset, and hysteresis errors.

This note explains the meanings of and the relationships
between the various specifications encountered in A/D
and D/A converter descriptions. It is intended that the
meanings be presented in the simplest and clearest
practical terms. included are transfer curves showing the
several types of errors discussed. Timing and control
signals and several binary codes are described as they
relate to A/D and D/A converters.

MEANING OF PERFORMANCE SPECS

Resolution describes the smallest standard incremental
change in output voltage of a DAC or the amount of
input voltage change required to increment the output of
an ADC between one code change and the next adjacent
code change. A converter with n switches can resolve 1
part in 2™, The least significant increment is then 2", or
one teast significant bit (LSB). In contrast, the most
significant bit (MSB) carries a weight of 21, Resolution
applies to DACs and ADCs, and may be expressed in
percent of full scale or in binary bits. For example, an
ADC with 12-bit resolution could resolve 1 part in 212
(1 part in 4096) or 0.0245% of full scale. A converter
with 10V full scale could resolve a 2.45mV input change.
Likewise, a 12-bit DAC would exhibit an output voltage
change of 0.0245% of full scale when the binary input
code is incremented one binary bit (1 LSB). Resolution
is a design parameter rather than a performance specifi-
cation; it says nothing about accuracy or linearity.

Accuracy is sometimes considered to be a non-specific
term when applied to D/A or A/D converters. A linearity
spec is generally considered as more descriptive. An
accuracy specification describes the worst case deviation
of the DAC output voltage from a straight line drawn
between zero and full scale; it includes all errors. A
12-bit DAC could not have a conversion accuracy better
than % LSB or *1 part in 212+1 (20.0122% of full
scale due to finite resolution). This would be the case in
figure 1 if there were no errors. Actually, +0.0122% FS
represents a deviation from 100% accuracy; therefore
accuracy should be specified as 99.9878%. However,
convention would dictate 0.0122% as being an accuracy
spec rather than an inaccuracy (tolerance or error) spec.

Accuracy as applied to an ADC would describe the
difference between the actual input voltage and the full-
scale weighted equivalent of the binary output code;
included are quantizing and all other errors. If a 12-bit
ADC is stated to be =1 LSB accurate, this is equivalent
to £0.0245% or twice the minimum possible quantizing
error of 0.0122%. An accuracy spec describes the
maximum sum of all errors including quantizing error,
but is rarely provided on data sheets as the several errors
are listed separately.
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FIGURE 1. Linear DAC Transfer Curve Showing Minimum
Resolution Error and Best Possible Accuracy
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Quantizing Error is the maximum deviation from a
straight line transfer function of a perfect ADC. As, by
its very nature, an ADC quantizes the analog input into
a finite number of output codes, only an infinite
resolution ADC would exhibit zero gquantizing error. A
perfect ADC, suitably offset %2 LSB at zero scale as
shown in figure 2, exhibits only *% LSB maximum
output error, If not offset, the error will be 70 LSBas
shown in figure 3. For example, a perfect 12-bit ADC
will show a z% LSB error of £0.0122% while the
quantizing error of an 8-bit ADC is % part in 28 or
+0.195% of full scale. Quantizing error is not strictly
applicable to a DAC; the equivalent effect is more
properly a resolution error.
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FIGURE 2. ADC Transfer Curve, % LSB Offset at Zero
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FIGURE 3. ADC Transfer Curve, No Offset

Scale Error (full scale error) is the departure from design
output voltage of a DAC for a given input code, usually
full-scale code. (See figure 4.) In an ADC it is the depar-
ture of actual input voltage from design input voltage for
a full-scale output code. Scale errors can be caused by
errors in reference voltage, ladder resistor values, or
amplifier gain, et al. (See Temperature Coefficient.)
Scale errors may be corrected by adjusting output
amplifier gain or reference voltage. If the transfer curve
resembles that of figure 7, a scale adjustment at % scale
could improve the overall * accuracy compared to an
adjustment at full scale.
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FIGURE 4. Linear, 1 L.SB Scale Error

Gain Error is essentially the same as scale error for an
ADC. In the case of a DAC with current and voltage
mode outputs, the current output could be to scale
while the voltage ocutput could exhibit a gain error. The
amplifier feedback resistors would be trimmed to correct
the gain error.

Offset Error (zerc errar) is the output voltage of a DAC
with zero code input, or it is the required mean value of
input voltage of an ADC to set zero code out. (See
figure 5.) Offset error is usually caused by amplifier or
comparator input offset voltage or current; it can usually
be trimmed to zero with an offset zero adjust potentio-
meter external to the DAC or ADC. Offset error may be
expressed in % FS or in fractional LSB.
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FIGURE 5. Linear, % LSB Offset Error

Hysteresis Error in an ADC causes the voitage at which a
code transition occurs to be dependent upon the direction
from which the transition is approached. This is usually
caused by hysteresis in the comparator inside an ADC.
Excessive hysteresis may be reduced by design; however,
some slight hysteresis is inevitable and may be objec-
tionable in converters if hysteresis approaches % LSB.

Linearity, or, more accurately, non-linearity specifica-
tions describe the departure from a linear transfer curve
for either an ADC or a DAC. Linearity error does not
include quantizing, zero, or scale errors. Thus, a specifi-
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cation of % LSB linearity implies error in addition to
the inherent £% LSB quantizing or resolution error. In
reference to figure 2, showing no errors other than
quantizing error, a linearity error allows for one or more
of the steps being greater or less than the ideal shown.

Figure 6 shows a 3-bit DAC transfer curve with no more
than =% LSB non-finearity, yet one step shown is of zero
amplitude. This is within the specification, as the maxi-
mum deviation from the ideal straight tine is £1 LSB
(%2 LSB resolution error plus % LSB non-linearity). With
any linearity error, there is a differential non-linearity
(see below). A % LSB linearity spec guarantees
monotonicity (see below) and < *1 LSB differential non-
linearity (see below). In the example of figure 6, the
code transition from 100 to 101 is the worst possible
non-linearity, being the transition from 1 LSB high at
code 100 to 1 LSB low at 110. Any fractiona! non-
linearity beyond +% LSB wili allow for a non-monotonic
transfer curve. Figure 7 shows a typical non-linear curve;
non-linearity is 1% LSB yet the curve is smooth and
monotonic.
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FIGURE 7. 1% LSB Non-Linear, % LSB Differential Non-
Linearity

Linearity specs refer to either ADCs or to DACs, and do
not include quantizing, gain, offset, or scale errors.
Linearity errors are of prime importance along with
differential linearity in either ADC or DAC specs, as all
other errors (except quantizing, and temperature and
long-term drifts) may be adjusted to zero. Linearity
errors may be expressed in % FS or fractional LSB.

Differential Non-Linearity indicates the difference be-
tween actual analog voltage change and the ideal (1 LSB)
voltage change at any code change of a DAC. For
example, a DAC with a 1.5 LSB step at a code change
would be said to exhibit % LSB differential non-
linearity (see figures 6 and 7). Differential non-linearity
may be expressed in fractional bits or in % FS.

Differential linearity specs are just as important as lin-
earity specs because the apparent quality of a converter
curve can be significantly affected by differential non-
linearity even though the linearity spec is good. Figure 6
shows a curve with a % LSB linearity and £1 LSB
differential non-linearity while figure 7 shows a curve
with +1% LSB linearity and t% LSB differential non-
linearity. In many user applications, the curve of figure 7
would be preferred over that of figure 6 because the
curve is smoother. The differential non-linearity spec
describes the smoothness of a curve; therefore it is of
great importance to the user. A gross example of differ-
ential non-linearity is shown in figure 8 where the
linearity spec is =1 LSB and the differential linearity
spec is £2 LSB. The effect is to allow a transfer curve
with grossly degraded resolution; the normal 8-step curve
is reduced to 3 steps in figure 8. Similarly, a 16-step
curve (4-bit converter) with only 2 LSB differential non-
linearity could be reduced to 6 steps (a 2.6-bit conver-
ter?). The real message is, ‘‘Beware of the specs.”
Do not ignore or omit differential linearity character-
istics on a converter unless the linearity spec is tight
enough to guarantee the desired differential linearity. As
this characteristic is impractical to measure on a produc-
tion basis, it is rarely, if ever, specified, and linearity is
the primary specified parameter. Differential non-linear-
ity can always be as much as twice the non-linearity, but
no more.
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FIGURE 8. 1 LSB Linear, t2 LSB Differential Non-Linear

Monotonicity. A monotonic curve has no change in sign
of the slope; thus all incremental elements of a mono-
tonically increasing curve witl have positive or zero, but
never negative slope. The converse is true for decreasing
curves. The transfer curve of a monotonic DAC will
contain steps of only positive or zero height, and no
negative steps. Thus a smooth line connecting all output
voltage points will contain no peaks or dips. The transfer
function of a monotonic ADC will provide no decreasing
output code for increasing input voltage.
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Figure 9 shows a non-monotonic DAC transfer curve.
For the curve to be non-monotonic, the linearity error
must exceed % LSB no matter by how little. The
greater the linearity error, the more significant the
negative step might be. A non-monotonic curve may not
be a special disadvantage in some systems; however, it is
a disaster in closed-loop servo systems of any type
{including a DAC-controlled ADC). A % LSB maximum
linearity spec on an n-bit converter guarantees mono-
tonicity to n bits. A converter exhibiting more than %
LSB non-linearity may be monotonic, but is not
necessarily monotonic. For example, a 12-bit DAC with
+% bit linearity to 10 bits (not £% LSB) will be mono-
tonic at 10 bits but may or may not be monotonic at 12
bits unless tested and guaranteed to be 12-bit monotonic.
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FIGURE 9. Non-Monotonic {(Must be > % LSB Non-Linear)

Settling Time is the elapsed time after a code transition
for DAC output to reach final value within specified
limits, usually % LSB. (See also Conversion Rate below.)
Settling time is often listed along with a slew rate
specification; if so, it may not include slew time. If no
slew rate spec is included, the settling time spec must be
expected to include slew time. Settling time is usually
summed with slew time to obtain total elapsed time for
the output to settle to final value. Figure 10 delineates
that part of the total elapsed time which is considered to
be slew and that part which is settling time. It is
apparent from this figure that the total time is greater
for a major than for a minor code change due to
amplifier slew limitations, but settling time may also be
different depending upon amplifier overload recovery
characteristics.

Slew Rate is an inherent limitation of the output
amplifier in a DAC which limits the rate of change of
output voltage after code transitions. Slew rate is usually
anywhere from 0.2 to several hundred volts/us. Delay in
reaching final value of DAC output voltage is the sum of
slew time and settling time as shown in figure 10.

Overshoot and Glitches occur whenever a code transition
occurs in a DAC. There are two causes. The current
output of a DAC contains switching glitches due to
possible asynchronous switching of the bit currents
(expected to be worst at half-scale transition when all
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FIGURE 10. DAC Slew and Settling Time

bits are switched). These glitches are normally of
extremely short duration but could be of % scale
amplitude. The current switching glitches are generaily
somewhat attenuated at the voltage output of the DAC
because the output amplifier is unable to siew at a very
high rate; they are, however, partially coupled around
the amplifier via the amplifier feedback network and
seen at the output. The output amplifier introduces
overshoot and some non-critically damped ringing which
may be minimized but not entirely eliminated except at
the expense of slew rate and settling time.

Temperature Coefficient of the various components of a
DAC or ADC can produce or increase any of the several
errors as the operating temperature varies. Zero scale
offset error can change due to the TC of the amplifier
and comparator input offset voltages and currents. Scale
error can occur due to shifts in the reference, changes in
ladder resistance or non-compensating RC product shifts
in dual-slope ADCs, changes in beta or reference current
in current switches, changes in amplifier bias current, or
drift in amplifier gain-set resistors. Linearity and mono-
tonicity of the DAC can be affected by differential
temperature drifts of the ladder resistors and switches.
Overshoot, settling time, and slew rate can be affected
by temperature due to internal change in amplifier gain
and bandwidth. In short, every specification except
resolution and quantizing error can be affected by
temperature changes.
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Long-Term Drift, due mainly to resistor and semicon-
ductor aging can affect all those characteristics which
temperature change can affect. Characteristics most
commonly affected are linearity, monotonicity, scale,
and offset. Scale change due to reference aging is usually
the most important change.

Supply Rejection relates to the ability of a DAC or ADC
to maintain scale, offset, TC, slew rate, and linearity
when the supply voltage is varied. The reference must, of
course, remain constant uniess considering a multiplying
DAC. Most affected are current sources (affecting
linearity and scale) and amplifiers or comparators
(affecting offset and slew rate). Supply rejection is
usually specified only as a % FS change at or near full
scale at 25°C.

Conversion Rate is the speed at which an ADC or DAC
can make repetitive data conversions. It is affected by
propagation delay in counting circuits, tadder switches
and comparators; ladder RC and amplifier settling times;
amplifier and comparator slew rates; and integrating time
of dual-slope converters. Conversion rate is specified as a
number of conversions per second, or conversion time is
specified as a number of microseconds to complete one
conversion (including the effects of settling time). Some-
times, conversion rate is specified for less than full
resolution, thus showing a misleading (high) rate.

Clock Rate is the minimum or maximum pulse rate at
which ADC counters may be driven. There is a fixed
relationship between the minimum conversion rate and
the clock rate depending upon the converter accuracy
and type. All factors which affect conversion rate of an
ADC limit the clock rate.

Input impedance of an ADC describes the load placed
on the analog source.

Output Drive Capability describes the digital load driving
capability of an ADC or the analog load driving capacity
of aDAC; it is usually given as a current level or a voltage
output into a given load.

CODES

Several types of DAC input or ADC output codes are in
common use. Each has its advantages depending upon
the system interfacing the converter. Most codes are
binary in form; each is described and compared below.

Natural Binary {(or simply Binary) is the usual 2" code
with 2, 4,8, 16, . . ., 2" progression. An input or output
high or “1” is considered a signal, whereas a 0" is
considered an absence of signal. This is a positive true
binary signal. Zero scale is then all “‘zeros’’ while full
scale is all “ones.”

Complementary Binary (or Inverted Binary) is the
negative true binary system. It is identical to the binary
code except that all binary bits are inverted. Thus, zero
scale is all "“ones’” while fuli scale is all ""zeros.”

Binary Coded Decimal {BCD) is the representation of
decimal numbers in binary form. It is useful in ADC
systems intended to drive decimal displays. |ts advantage
over decimal is that only 4 lines are needed to represent
10 digits. The disadvantage of coding DACs or ADCs in
BCD is that a full 4 bits could represent 16 digits while
only 10 are represented in BCD. The full-scale resolution
of a BCD coded system is less than that of a binary

coded system. For example, a 12-bit BCD system has a
resolution of only 1 part in 1000 compared to 1 part in
4096 for a binary system. This represents a loss in
resolution of over 4:1.

Offset Binary is a natural binary code except that it is
offset {usually % scale) in order to represent negative and
positive values. Maximum negative scale is represented to
be all “‘zeros’’ while maximum positive scale is represented
as all “‘ones.” Zero scale (actually center scale) is then
represented as a leading ““one’’ and all remaining ““zeros.”
The comparison with binary is shown in figure 11,

Twos Complement Binary is an alternate and more
widely used code to represent negative values. With this
code, zero and positive values are represented as in
natural binary while all negative values are represented
in a twos complement form. That is, the twos comple-
ment of a number represents a negative value so that
interface to a computer or microprocessor is simplified.
The twos complement is formed by complementing each
bit and then adding a 1; any overflow is neglected. The
decimal number -8 is represented in twos complement
as follows: start with binary code of decimal 8 {off
scale for * representation in 4 bits so not a valid code in
the * scale of 4 bits}) which is 1000; complement it to
0111; add 0001 to get 1000. The comparison with offset
binary is shown in figure 11. Note that the offset binary
representation of the t scale differs from the twos
complement representation only in that the MSB is
complemented. The conversion from offset binary to
twos complement only requires that the MSB be inverted.
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FIGURE 11. ADC Codes
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Sign Plus Magnitude coding contains polarity information
in the MSB (MSB = 1 indicates a negative sign); all
other bits represent magnitude only. This code is com-
pared to offset binary and twos complement in figure 11.
Note that one code is used up in providing a double
code for zero. Sign plus magnitude code is used in
certain instrument and audio systems; its advantage is
that only one bit need be changed for small scale changes
in the vicinity of zero, and plus and minus scales are
symmetrical. A DVM might be an example of its use.

CONTROL

Each ADC must accept and/or provide digital control
signals telling it and/or the external system what to do
and when to do it. Control signals should be compatible
with one or more types of logic in common use. Control
signal timing must be such that the converter or con-
nected system will accept the signals. Common control
signals are listed below.

Start Conversion (SC) is a digital signal to an ADC which
initiates a single conversion cycle. Typically, an SC signal
must be present at the fall {or rise) of the clock waveform
toinitiate the cycle. A DAC needs no SC signal; however,
such could be provided to gate digital inputs to a DAC.

End of Conversion (EOC) is a digital signal from an ADC
which informs the external system that the digital output

data is valid. Typically, an EOC output can be connected
to an SC input to cause the ADC to operate in continu-
ous conversion mode. In non-continuous conversion
systems, the SC signal is a command from the system to
the ADC. A DAC does not supply an EQC signal.

Clock signals are required or must be generated within
an ADC to control counting or successive approximation
registers, The clock controls the conversion speed within
the limitations of the ADC. DACs do not require clock
signals.

CONCLUSION

Once the user has a working knowledge of DAC or ADC
characteristics and specifications, he should be able to
select a converter to suit a specific system need. The
likelihood of overspecification, and therefore an un-
necessarily high cost, is likewise reduced. The user will
also be aware that specific parameters, test conditions,
test circuits, and even definitions may vary from
manufacturer to manufacturer. For practical production
reasons, parameters may not be tested in the same
manner for all converter types, even those supplied by
the same manufacturer. Using information in this note,
the user should, however, be able to sort out and under-
stand those specifications (from any manufacturer)
pertinent to his needs.
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IC VOLTAGE REFERENCE HAS 1 PPM PER DEGREE DRIFT

A new linear IC now provides the ultimate in highly
stable voltage references. Now, a new monolithic IC the
LM198, out-performs zeners and can provide a 6.9V
reference with a temperature drift of less than 1 ppm/°
and excellent long term stability. This new IC, uses a
unique subsurface zener to achieve low noise and a highly
stable breakdown. Included is an on-chip temperature
stabilizer which holds the chip temperature at 90°C,
eliminating the effects of ambient temperature changes
on reference voltage.

The planar monolithic IC offers superior performance
compared to conventional reference diodes. For example,
active circuitry buffers the reverse current to the zener
giving a dynamic impedance of 0.5 and allows the
LM 199 to operate over a 0.5 mA to 10 mA current range
with no change in performance. The low dynamic im-
pedance, coupled with low operating current significantly
simplifies the current drive circuitry needed for opera-
tion. Since the temperature coefficient is independent of
operating current, usually a resistor is all that is needed.

Previously, the task of providing a stable, low temperature
coefficient reference voltage was left to a discrete zener
diode. However, these diodes often presented significant
problems. For example, ordinary zeners can show many
millivolts change if there is a temperature gradient across
the package due to the zener and temperature compen-
sation diode not being at the same temperature. A 1°C
difference may cause a 2 mV shift in reference voltage.
Because the on-chip temperature stabilizer maintains
constant die temperature, the IC reference is free of
voltage shifts due to temperature gradients. Further,
the temperature stabilizer, as well as eliminating drift,
allows exceptionally fast warm-up over conventional
diodes. Also, the LM199 is insensitive to stress on the
leads—another source of error with ordinary glass diodes.
Finally, the LM199 shows virtually no hysteresis in
reference voltage when subject to temperature cycling
over a wide temperature range. Temperature cycling the
LM199 between 25°C, 150°C and back to 25°C causes
less than 50uV change in reference voltage. Standard
reference diodes exhibit shifts of 1 mV to 5 mV under
the same conditions.

SUB SURFACE ZENER IMPROVES STABILITY

Previously, breakdown references made in monolithic
IC's usually used the emitter-base junction of an NPN
transistor as a zener diode. Unfortunately, this junction
breaks down at the surface of the silicon and is there-
fore susceptible to surface effects. The breakdown is
noisy, and cannot give long-term stabilities much better
than about 0.3%. Further, a surface zener is especially
sensitive to contamination in the oxide or charge on the
surface of the oxide which can cause short-term in-
stability or turn-on drift.

The new zener moves the breakdown below the surface
of the silicon into the bulk yielding a zener that is stable
with time and exhibits very low noise. Because the new
zener is made with well-controlled diffusions in a planar
structure, it is extremely reproducible with an initial
2% tolerance on breakdown voltage.

A cut-away view of the new zener is shown in Figure 1.
First a small deep P+ diffusion is made into the surface
of the silicon. This is then covered by the standard base
diffusion. The N+ emitter diffusion is then made com-
pletely covering the P+ diffusion. The diode then breaks
down where the dopant concentration is greatest, that is,
between the P+ and N+. Since the P+ is completely
covered by N+ the breakdown is below the surface and
at about 6.3V. One connection to the diode is to the
N+ and the other is to the P base diffusion. The current
flows laterally through the base to the P+ or cathode of
the zener. Surface breakdown does not occur since the
base P to N+ breakdown voltage is greater than the
breakdown of the buried device. The buried zener has
been in volume production since 1973 as the reference
in the LX5600 temperature transducer.

CIRCUIT DESCRIPTION

The block diagram of the LM199 is shown in Figure 2.
Two electrically independent circuits are included on the
same chip—a temperature stabilizer and a floating active
zener. The only electrical connection between the two

N
EMITTER
DIFFUSION
ZENER
CATHODE ™\
P~ BASE
ZENER DIFFUSlON
ANODE \{
DEEPPT — \sussunmcz
OIFFUSION BREAKDOWN
i N* \ ISOLATION ISOLATION
o DIFFUSION DioDE

BURIED LAYER

FIGURE 1. Subsurface Zener Construction

FIGURE 2. Functional Block Diagram
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circuits is the isolation digde inherent in any junction-
isolated integrated circuit. The zener may be used with
or without the temperature stabilizer powered. The only
operating restriction is that the isolation diode must
never become forward biased and the zener must not be
biased above the 40V breakdown of the isolation diode.

The actual circuit is shown in Figure 3. The temperature
stabilizer is composed of Q1 through Q8. FET Q9
provides current to zener D2 and Q8. Current through
Q8 turns a loop consisting of D1, @5, 06, Q7, R1 and
R2. About 5V is applied to the top of R1 from the base
of Q7. This causes 400uA to flow through the divider
R1, R2. Transistor Q7 has a controlled gain of 0.3 giving
Q7 a total emitter current of about 500uA. This flows
through the emitter of Q6 and drives another controlled
gain PNP transistor Q5. The gain of OB is about 0.4 so
D1 is driven with about 200uA. Once current flows
through Q5, Q8 is reverse biased and the loop is self-
sustaining. This circuitry ensures start-up.

The resistor divider applies 400 mV to the base of Q4
while Q7 supplies 120uA to its collector. At temperatures
below the stabilization point, 400 mV is insufficient to
cause Q4 to conduct. Thus, all the collector current from

Q7 is provided as base drive to a Darlington composed of
Q1 and Q2. The Darlington is connected across the
supply and initially draws 140 mA (set by current limit
transistor Q3). As the chip heats, the turn on voltage for
Q4 decreases and Q4 starts to conduct. At about 90°C
the current through Q4 appreciably increases and less
drive is applied to Q1 and Q2. Power dissipation decreases
to whatever is necessary to hold the chip at the stabiliza-
tion iemperature. In this manner, the chip temperature
is regulated to better than 2°C for a 100°C temperature
range.

The zener section is relatively straight-forward. A buried
zener D3 breaks down biasing the base of transistor Q13.
Transistor Q13 drives two buffers Q12 and Qf 1. External
current changes through the circuit are fully absorbed
by the buffer transistors rather than D3. Current through
D3 is held constant at 250uA by a 2k resistor across the
emitter base of Q13 while the emitter-base voltage of
Q13 nominally temperature compensates the reference
voltage.

The other components, Q14, Q15 and Q16 set the
operating current of Q13. Frequency compensation is
accomplished with two junction capacitors.

o

1.2k
on 'y D2
6.3V 6.3v

D)

15 pF i
%

\Vy

30k
5

FIGURE 3. Schematic Diagram of LM199 Precision Reference




PERFORMANCE

A polysulfone thermal shield, shown in Figure 4, is
supplied with the LM199 to minimize power dissipation
and improve temperature regulation. Using a thermal
shield as well as the small, high thermal resistance TO-46
package allows operation at low power levels without
the problems of special IC packages with built-in thermal
isolation. Since the LM199 is made on a standard IC
assembly line with standard assembly techniques, cost is
significantly lower than if special techniques were used.
For temperature stabilization only 300 mW are required
at 25°C and 660 mW at —55°C.

404

FIGURE 4. Polysulfone Thermal Shield

Temperature stabilizing the device at 90°C virtuatly
eliminates temperature drift at ambient temperatures
less than 80°C. The reference is nominally temperature
compensated and the thermal regulator further decreases
the temperature drift. Drift is typically only 0.3 ppm/°C.
Stabilizing the temperature at 80°C rather than 125°C
significantly reduces power dissipation but still provides
very low drift over a major portion of the operating
temperature range. Above 80°C ambient, the temperature
coefficient is only 15 ppm/°C.

A low drift reference would be virtually useless without
equivalent performance in fong term stability and low
noise. The subsurface breakdown technology yields both
of these. Wideband and low frequency noise are both
exceptionally low. Wideband noise is shown in Figure 5
and low frequency noise is shown over a 10 minute
period in the photograph of Figure 6. Peak to peak
noise over a 0.01 Hz to 1 Hz bandwidth is only about
0.7uV.

Long term stability is perhaps one of the most difficult
measurements to make. However, conditions for long-
term stability measurements on the LM199 are con-
siderably more realistic than for commercially available
certified zeners. Standard zeners are measured in +0.05°C
temperature controlled both at an operating current of
7.5 mA *0.05uA. Further, the standard devices must
have stress-free contacts on the leads and the test must
not be interrupted during the measurement interval. In
contrast, the LM199 is measured in still air of 25°C to
28°C at a reverse current of 1 m.+ £0.5%. This is more
typical of actual operating conditions in instruments.

When a group of 10 devices were monitored for long-
term stability, the variations all correlated, which in-
dicates changes in the measurement system {limitation of
20 ppm) rather than the LM199.
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FIGURE 5. Wideband Noise of the LM199 Reference
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FIGURE 6. Low Frequency Noise Voltage

Because the planar structure does not exhibit hysteresis
with temperature cycling, long-term stability is not im-
paired if the device is switched on and off.

The temperature stabilizer heats the small thermal mass
of the LM199 to 90°C very quickly. Warm-up time at
25°C and —55°C is shown in Figure 7. This fast warm-up
is significantly less than the several minutes needed by
ordinary diodes to reach equilibrium. Typical specifica-
tions are shown in Table |.
e |
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FIGURE 7. Fast Warmup Time of the LM199

Table I. Typical Specifications for the LM199

Reverse Breakdown Voltage 6.95V
Operating Current 0.5 mA to 10 mA
Temperature Coefficient 0.3 ppm/°C
Dynamic Impedance 0.5Q
RMS Noise (10 Hz to 10 kHz) Tuv
Long-Term Stability < 20 ppm
Temperature Stabilizer Operating Voltage 9V to 40V
Temperature Stabilizer Power Dissipation

(25°C) 300 mw
Warm-up Time 3 Seconds
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APPLICATIONS

The LM199 is easier to use than standard zeners, but the
temperature stability is so good—even better than pre-
cision resistors—that care must be taken to prevent
external circuitry from limiting performance. Basic oper-
ation only requires energizing the temperature stabilizer
from a9V to 40V power source and biasing the reference
with between 0.5 mA to 10 mA of current. The low
dynamic impedance minimizes the current regulation
required compared to ordinary zeners.

The only restriction on biasing the zener is the bias
appiied to the isolation diode. Firstly, the isotation diode
must not be forward biased. This restricts the voltage at
either terminal of the zener to a voltage equal to or
greater than the V™.

A dc return is needed between the zener and heater to
insure the voltage limitation on the isolation diodes are
not exceeded. Figure 8 shows the basic biasing of the
LM199.

The active circuitry in the reference section of the LM199
reduces the dynamic impedance of the zener to about
0.582. This is especially useful in biasing the reference.
For example, a standard reference diode such as a 1N829
operates at 7.5 mA and has a dynamic impedance of
15§2. A 1% change in current (75uA) changes the
reference voltage by 1.1 mV. Operating the LM199 at
1 mA with the same 1% change in operating current
{10uA) results in a reference change of only 5uV. Figure
9 shows reverse voltage change with current.

Biasing current for the reference can be anywhere from
0.5 mA to 10 mA with little change in performance. This
wide current range allows direct replacement of most
zener types with no other circuit changes besides the
temperature stabilizer connection. Since the dynamic
impedance is constant with current changes regulation

+15Y g 15
% <

75k 7.5k <hRs
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k| ’7 /T: 25C——
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/

0 2 a [ 8 10
REVERSE CURRENT (mA)

REVERSE VOLTAGE CHANGE {mV)

FIGURE 9. The LM199 Shows Excellent Regulation
Against Current Changes

is better than discrete zeners. For optimum regulation,
lower operating currents are preferred since the ratio of
source resistance to zener impedance is higher, and the
attenuation of input changes is greater. Further, at low
currents, the voltage drop in the wiring is minimized.

Mounting is an important consideration for optimum
performance. Although the thermal shield minimizes
the heat low, the LM199 should not be exposed to a
direct air flow such as from a cooling fan. This can cause
as much as a 100% increase in power dissipation degrading
the thermal regulation and increasing the drift. Normal
conviction currents do not degrade performance.

Printed circuit board layout is also important. Firstly,
four wire sensing should be used to eliminate ohmic drops
in pc traces. Although the voltage drops are small the
temperature coefficient of the voltage developed along
a copper trace can add significantly to the drift. For
example, a trace with 18 resistance and 2 mA current
flow will develop 2 mV drop. The TC of copper is
0.004%/°C so the 2 mV drop will change at 8uV/°C, this
is an additional 1 ppm drift error. Of course, the effects
of voltage drops in the printed circuit traces are elimi-
nated with 4-wire operation. The heater current also
should not be allowed to flow through the voltage
reference traces. Over a —55°C to +125°C temperature

9V T0 a0V

S <
TEMPERATURE TEMPERATURE TEMPERATURE
STABILIZER STABILIZER STABILIZER
Y A
6.95V 6.95V 6.95V

-8V T0 |
715V_J

-33v

+15V

AA
\'4

TEMPERATURE
STABILIZER
-

G,QSV,-A

FIGURE 8. Basic Biasing of the LM199
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range the heater current will change from about 1 mA
to over 40 mA. These magnitudes of current flowing
reference leads or reference ground can cause huge errors
compared to the drift of the LM199.

Thermocouple effects can also cause errors. The kovar
leads from the LM199 package form a thermocouple
with copper printed circuit board traces. Since the
package of the 199 is heated, there is a heat flow along
the leads of the LM199 package. If the leads terminate
into unequal sizes of copper on the p.c. board greater
heat will be absorbed by the larger copper trace and a
temperature difference will develop. A temperature
difference of 1°C between the two leads of the reference
will generate about 30uV. Therefore, the copper traces
to the zener should be equal in size. This will generally
keep the errors due to thermocouple effects under about
15uV.

The LM199 should be mounted flush on the p.c. board
with a minimum of space between the thermal shield
and the boards. This minimizes air flow across the kovar
leads on the board surface which also can cause thermo-
couple voltages. Air currents across the leads usually
appear as ultra-low frequency noise of about 10uV to
20uV amplitude.

1t is usuatly necessary to scale and buffer the output of
any reference to some calibrated voltage. Figure 10
shows a simple buffered reference with a 10V output.
The reference is applied to the non-inverting input of the
LM108A. An RC rolloff can be inserted in series with
the input to the LM108A to roll-off the high frequency
noise. The zener heater and op amp are all powered

+18V

from a single 15V supply. About 1% regulation on the
input supply is adequate contributing less than 10uV of
error to the output. Feedback resistors around the LM308
scale the output to 10V.

Although the absolute values of the resistors are not
extremely important, tracking of temperature coefficients
is vital. The 1 ppm/°C drift of the LM199 is easily
exceeded by the temperature coefficient of most resistors.
Tracking to better than 1 ppm is also not easy to obtain.
Wirewound types made of Evenohm or Mangamin are
good and also have low thermoelectric effects. Film
types such as Vishay resistors are also good. Most
potentiometers do not track fixed resistors so it isa good
idea to minimize the adjustment range and therefore
minimize their effects on the output TC. Overall temp-
erature coefficient of the circuit shown in Figure 10 is
worst case 3 ppm/°C. About 1 ppm is due to the
reference, 1 ppm due to the resistors and 1 ppm due
to the op amp.

Figure 17 shows a standard cell replacement with a
1.01V output. A LM321 and L.M308 are used to mini-
mize op amp drift to less than 1uV/°C. Note the
adjustment connection which minimizes the TC effects
of the pot. Set-up for this circuit requires nulling the
offset of the op amp first and then adjusting for proper
output voltage.

The drift of the LM321 is very predictable and can be
used to eliminate overall drift of the system. The drift
changes at 3.6uV/°C per millivolt of offset so 1 mV to
2 mV of offset can be introduced to minimize the
overall TC.
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For circuits with a wide input voltage range, the reference
can be powered from the output of the buffer as is shown
in Figure 12. The op amp supplies regulated voltage to
the resistor biasing the reference minimizing changes due
to input variation. There is some change due to variation
of the temperature stabilizer voltage so extremely wide
range operation is not recommended for highest pre-
cision. An additional resistor (shown 80 k§2} is added to
the unregulated input to insure the circuit starts up
properly at the application of power.

A precision power supply is shown in Figure 13. The
output of the op amp is buffered by an IC power
transistor the LM395. The LM395 operates as an NPN
power device but requires only 5uA base current. Full
overload protection inherent in the LM395 includes
current limit, safe-area protection, and thermal Jimit.

A reference which can supply either a positive or a
negative continuously variable output is shown in Figure
74. The reference is biased from the 15V input supplies

as was shown earlier. A ten-turn pot will adjust the
output from +V, to -V, continuously. For negative
output the op amp operates as an inverter while for
positive outputs it operates as a non-inverting connection.

Op amp choice is important for this circuit. A low drift
device such as the LM108A or a LM108-LM121 combina-
tion will provide excellent performance. The pot should
be a precision wire wound 10 turn type. It should be
noted that the output of this circuit is not linear.

CONCLUSIONS

A new monolithic reference which exceeds the perform-
ance of conventional zeners has been developed. In fact,
the LM199 performance is limited more by external
components than by reference drift itself. Further, many
of the problems associated with conventional zeners
such as hysteresis, stress sensitivity and temperature
gradient sensitivity have also been eliminated. Finally,
long-term stability and noise are equal of the drift
performance of the new device.
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LM2907, LM2917 TACHOMETER/SPEED SWITCH BUILDING BLOCK APPLICATIONS

INTRODUCTION

Frequency to voltage converters are available in a number
of forms from a number of sources, but invariably
require significant additional components before they
can be put to use in a given situation. The LM2907,
LM2917 series of devices was developed to overcome
these objections. Both input and output interface
circuitry is included on chip so that a minimum number
of additional components is required to complete the
function. In keeping with the systems building block
concept, these devices provide an output voltage which
is proportional to input frequency and provide zero
output at zero frequency. In addition, the input may be
referred to ground. The devices are designed to operate

from a single supply voltage, which makes them parti-
cularly suitable for battery operation.

PART | — GENERAL OPERATION PRINCIPLES
Circuit Description

Referring to Figure 1, the family of devices all include
three basic components: an input amplifier with built-in
hysteresis; a charge pump frequency to voltage converter;
and a versatile op amp/comparator with an uncommitted
output transistor. LM2917 incorporates an active zener
regulator on-chip. LM2907 deletes this option. Both
versions are obtainable in 14-pin and in 8-pin dual-in-line
molded packages, and to special order in other packages.
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FIGURE 1. Block Diagrams
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Input Hysteresis Amplifier

The equivalent schematic diagram is shown in Figure 2.
Q1 through Q11 comprise the input hysteresis amplifier,
Q1 through Q4 comprise an input differential amplifier
which, by virtue of PNP level shifting, enables the circuit
to operate with signals referenced to ground. Q7, Q8, D4,
and D5 comprise an active load with positive feedback.
This load behaves as a bi-stable flip-flop which may be
set or reset depending upon the currents supplied from
Q2 and Q3. Consider the situation where Q2 and Q3 are
conducting equally, i.e. the input differential voltage
is zero. Assuming Q7 to be conducting, it will be noted
that the current from Q3 will be drawn by Q7 and Q8
will be in the “OFF" state. This allows the current from
Q2 to drive Q7 in parallel with D4 and a small resistor.
D4 and Q7 are identical geometry devices, so that the
resistor causes Q7 to be biased at a higher level than D4.
Thus Q7 will be able to conduct more current than Q3
provides. In order to reverse the state of Q7 and Q8, it
will be necessary to reduce the current from Q2 below
that provided by Q3 by an amount which is established
by R1. It can be shown that this requires a differential
input to Q1 and Q4, of approximately 15 mV. Since the
circuit is symmetrical, the threshold voltage to reverse

ACTIVE ZENER

the state is 15 mV in the other direction. Thus the input
amplifier has built-in hysteresis at £15 mV. This provides
clean switching where noise may be present on the input
signal, and allows total rejection of noise below this
amplitude where there is no input signal.

Charge Pump

The charge pump is composed of Q12 through Q32. R4,
R5, and R6 pravide reference voltages equal to 1/4 and
3/4 of supply voltage to Q12 and Q13. When Q10 turns
““ON” or ""OFF,” the base voltage at Q16 changes by an
amount equal to the voltage across R5, that is 1/2 V(.
A capacitor connected between Pin 2 and ground is either
charged by Q21 or discharged by Q22 until its voltage
matches that on the base of Q16. When the voltage on
Q16 base goes low, Q16 turns "ON,” which results in
Q18 and Q26 turning on, which causes the current,
sourced by Q19 and Q20, to be shunted to ground.
Thus Q21 is unable to charge pin 2. Meanwhile, Q27 and
Q30 are turned off permitting the 200uA sourced by
Q28 and Q29 to enter the emitters of Q31 and Q32
respectively. The current from Q31 is mirrored by Q22
through Q24 resulting in a 200uA discharge current
through pin 2. The external capacitor on pin 2 is thus

BIAS REGULATOR OP AMP COMPARATOR
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*Note: This connection made on LM2907-8 and LM2917-8 only.
**Note: This connection made on LM2917 and LM2917-8 only.
Note: Pin numbers refer to 14-pin package.
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FIGURE 2. Equivalent Schematic Diagram
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discharged at a constant rate until it reaches the new
base voltage on Q16. The time taken for this discharge
to occur is given by:

t=— 1
C = capacitor on pin 2

V = change in voltage on Q16 base
I = current in Q22

where

During this time, Q32 sources an identical current into
pin 3. A capacitor connected to pin 3 will thus be charged
by the same current for the same amount of time as
pin 2. When the base voltage on Q16 goes high, Q18 and
Q26 are turned off while Q27 and Q3 are turned “ON.”"
In these conditions, Q21 and Q25 provide the currents
to charge the capacitors on pins 2 and 3 respectively.
Thus the charge required to return the capacitor on pin 2
to the high level voitage is duplicated and used to charge
the capacitor connected to pin 3. Thus in one cycle of
input the capacitor on pin 3 gets charged twice with a
charge of CV.

Thus the total charge pumped into the capacitor on
pin 3 per cycle is:

Q=2CvV (2}
Now, since V = Vge/2
then Q=CVce (3)

A resistor connected between pin 3 and ground causes
a discharge of the capacitor on pin 3, where the total
charge drained per cycle of input signal is equal to:

v3.T
1=

R
where V3 = the average voltage on pin 3
T = period of input signal
R = resistor connected to pin 3

In equilibrium Q = Q1

V3. T
i.e., CVeg= — (4)
R
RC
and V3=Vee r— (5)
T
or V3=Vgc-R-C-f (6)

where f = input frequency

Op Amp/Comparator

Again referring to Figure 2, the op amp/comparator
includes Q35 through Q45. A PNP input stage again
provides input common-mode voltages down to zero,
and if pin 8 is connected to VG and the output taken
from pin 5, the circuit behaves as a conventional, unity-
gain-compensated operational amplifier. However, by
allowing alternate connections of Q45 the circuit may be
used as a comparator in which loads to either Vg or
ground may be switched. Q45 is capable of sinking

50 mA. Input bias current is typically 50 nA, and voltage
gain is typically 200V/mV. Unity gain slew rate is
0.2V/us. When operated as a comparator Q45 emitter
will switch at the slew rate, or the coliector of Q45 will
switch at that rate multiplied by the voltage gain of Q45,
which is user selectable.

Active Zener Regulator

The optional active zener regulator is also shown in
Figure 2. D8 provides the voltage reference in conjunc-
tion with Q33. As the supply voltage rises, D8 conducts
and the base voitage on Q33 starts to rise. When Q33 has
sufficient base voltage to be turned “ON,” it in turn
causes Q34 to conduct current from the power source.
This reduces the current available for D8 and the negative
feedback loop is thereby completed. The reference
voltage is therefore the zener voltage on D8 plus the
emitter base voltage of Q33. This results in a low temp-
erature coefficient reference voltage.

Input Levels and Protection

In 8-pin versions of the LM2907, LM2917, the non-
inverting input of the op amp/comparator is connected
to the output of the charge pump. Also, one input to
the input hysteresis amplifier is connected to ground.
The other input {pin 1) is then protected from transients
by, first a 10 k2 series resistor, R3 (Figure 2) which is
located in a floating isolation pocket, and secondly by
clamp diode D1. Since the voitage swing on the base of
Q1 is thus restricted, the only restriction on the allow-
able voltage on pin 1 is the breakdown voltage of the
10 k&2 resistor. This allows input swings to 28V. In
14-pin versions the link to D1 is opened in order to
allow the base of Q1 to be biased at some higher voltage.

Q5 clamps the negative swing on the base of Q1 to
about 300 mV. This prevents substrate injection in the
region of Q1 which might otherwise cause false switching
or erroneous discharge of one of the timing capacitors.

The differential input options {(LM2907-14, LM2917-14),
give the user the option of setting his own input switching
level and still having the hysteresis around that level
for excellent noise rejection in any application.

HOW TO USE IT
Basic f to V Converter

The operation of the LM2907, LM2917 series is best
understood by observing the basic converter shown in
Figure 3. In this configuration, a frequency signal is
applied to the input of the charge pump at pin 1. The
voltage appearing at pin 2 will swing between two values
which are approximately 1/4 (Vgg) —VBE and 3/4
(Vee) — VBE- The voltage at pin 3 will have a value
equal to Veg - fiN © C1 + R1 + K, where K is the gain
constant (normally 1.0).

The emitter output {pin 4} is connected to the inverting
input of the op amp so that pin 4 will follow pin 3 and
provide a low impedance output voltage proportional to
input frequency. The linearity of this voltage is typically
better than 0.3% of full scale.
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Choosing R1, C1 and C2

There are some limitations on the choice of R1, C1 and
C2 (Figure 3) which should be considered for optimum
performance. C1 also provides internal compensation
for the charge pump and should be kept larger than
100 pF. Smaller values can cause an error current on
R1, especially at low temperatures. Three considerations
must be met when choosing R1.

First, the output current at pin 3 is internally fixed and
therefore V3 max, divided by R1, must be less than or
equal to this value.

V3 max
>
I3MIN

where V3 max is the full scale output voltage required
13MIN is determined from the data sheet {150uA)

Second, if R1 is too large, it can become a significant
fraction of the output impedance at pin 3 which
degrades linearity. Finally, ripple voltage must be
considered, and the size of C2 is affected by R1. An
expression that describes the ripple content on pin 3
for a single R1, C2 combination is:

v Vee €1 (1 Vee: fIN 01)
= 1= ") pp
RIPPLE 2 c2 Iy

It appears R1 can be chosen independent of ripple,
however response time, or the time it takes VQUT to
stabilize at a new frequency increases as the size of C2
increases, so a compromise between ripple, response
time, and linearity must be chosen carefully. R1 shouid
be selected according to the following relationship:

C1 is selected according to:

V3 Full Scale
R1 - Vce * fFULL SCALE

c1=

Next decide on the maximum ripple which can be
accepted and plug into the following equation to deter-
mine C2:

\Y C1 \Y
C2= CC [ — (1—_3)
2 VRIPPLE 2

The kind of capacitor used for timing capacitor C1
will determine the accuracy of the unit over the temper-
ature range. Figure 15 illustrates the tachometer output
as a function of temperature for the two devices. Note
that the LM2907 operating from a fixed external supply
has a negative temperature coefficient which enables
the device to be used with capacitors which have a
positive temperature coefficient and thus obtain overalt
stability. In the case of the LM2917 the internal zener
supply voltage has a positive coefficient which causes
the overall tachometer output to have a very low temp-
erature coefficient and requires that the capacitor
temperature coefficient be balanced by the temperature
coefficient of R1.

Using Zener Regulated Options (LM2917)

For those applications where an output voftage or current
must be obtained independently of the supply voltage
variations, the LM2917 is offered. The reference typically
has an 11£2 source resistance. In choosing a dropping
resistor from the unregulated supply to the device note
that the tachometer and op amp circuitry alone require
about 3 mA at the voltage level provided by the zener.
At low supply voltages, there must be some current
flowing in the resistor above the 3 mA circuit current to
operate the regulator. As an example, if the raw supply
varies from 9V to 16V, a resistance of 47082 will mini-
mize these zener voltage variations to 160 mV. If the
resistor goes under 40002 or over 600L) the zener
variation quickly rises above 200 mV for the same input
variation. Take care also that the power dissipation of
the IC is not exceeded at higher supply voltages. Figure 4
shows suitable dropping resistor values.

7 AT
36 —40°C < Ty < B85°C
s 2 Rgias MIN]
5 2 ”/
= 4f— OPERATING RANGE
o 2
>
zow 7.
5 s
ta74 Rpiag MAX.
NNNNNNN

100 500 1k 15k 2k 2.5k
POWER SUPPLY DROPPING RESISTOR — (DHMS)

FIGURE 4. Zener Regular Bias Resistor Range

Input Interface Circuits

The ground referenced input capability of the LM2907-8
allows direct coupling to transformer inputs, or variable
reluctance pickups. Figure 5(a) illustrates this connection.
In many cases, the frequency signal must be obtained
from another circuit whose output may not go below
ground. This may be remedied by using ac coupling
to the input of the LM2907 as illustrated in Figure 5(b}.
This approach is very suitable for use with phototransis-
tors for optical pickups. Noisy signal sources may be
coupled as shown in Figure 5{c). The signal is bandpass
filtered. This can be used, for example, for tachometers
operating from breakerpoints on a conventional Kettering
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ignition system, Remember that the minimum input
signal required by the LM2907 is only 30 mVp-p, but
this signal must be able to swing at least 15 mV on
either side of the inverting input. The maximum signal
which can be applied to the LM2907 input, is *28V.
The input bias current is a typically 100 nA. A path to
ground must be provided for this current through the
source or by other means as illustrated. With 14-pin
package versions of LM2907, LM2917, it is possible to
bias the inverting input to the tachometer as illustrated
in Figure 5(d). This enables the circuit to operate with
input signals that do not go to ground, but are refer-
enced at higher voltages. Alternatively, this method
increases the noise immunity where large signal levels
are available but large noise signals on ground are also
present. To take full advantage of the common-mode
rejection of the input differential stage, a balanced bias
configuration must be provided. One such circuit is
illustrated in Figure 5fe}. With this arrangement, the
effective common-mode rejection may be virtually
infinite, owing to the input hysteresis.

{a) Ground Referenced Inputs

MAN—O+

AAA,
vV

fiN Q=]

(d) Above Ground Sensing

{b) AC Coupled Input

Output Configurations

LM2907, LM2917 series devices incorporate an unusually
flexible op amp/comparator device on-chip for interfacing
with a wide variety of loads. This flexibility results from
the availability of both the collector and emitter of the
output transistor which is capable of driving up to
50 mA of load current. When the non-inverting input is
higher than the inverting input, this output transistor is
turned ““ON.” It may be used to drive loads to either the
positive or the negative supply with the emitter or
collector respectively connected to the other supply.
For example, Figure 6(a), a simple speed switch can be
constructed in which the speed signal derived from the
frequency to voltage converter is compared to a reference
derived simply by a resistive divider from the power
supply. When the speed signal exceeds the reference,
the output transistor turns on the light emitting diode
in the load. A small current limiting resistor should be
placed in series with the output to protect the LED
and the output transistor.

{c) Bandpass Filtered Input Reduces Noise

+

AAA
W

AAA
\A4

AA
VWA

H—AAA
"—w

{e) High Common-Mode Rejection Input Circuit

FIGURE 5. Tachometer Input Configurations
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FIGURE 6. Output Configurations

This circuit has no hysteresis in it, i.e., the turn “ON’’
and turn “OFF’ speed voltages are essentially equal.
In cases where speed may be fluctuating at a high rate
and a flashing LED would be objectionable, it is possible
1o incorporate hysteresis so that the switch-on speed is
above the switch-off speed by a controlled amount.
Such a configuration is illustrated in Figure 6(b).
Figure 6(c) shows how a grounded load can also be
switched by the circuit. In this case, the current limiting
resistor is placed in the collector of the power transistor.
The base current of the output transistor (Q45) is
limited by a 5 k§2 base resistor (see Figure 2). This
raises the output resistance so that the output swing
will be reduced at full load.

The op amp/comparator is internally compensated for
unity gain feedback configurations as in Figure 6(d). By
directly connecting the emitter output to the non-
inverting input, the op amp may be operated as a voitage
follower. Note that a load resistor is required externally.
The op amp can also be operated, of course, as an
ampilifier, integrator, active filter, or in any other normal
operational amplifier configuration.

One unique configuration which is not available with
standard operational amplifiers, is shown in Figure 6fe).
Here the coilector of the output transistor is used to

drive a load with a current which is proportional to the
input voltage. In other words, the circuit is operating
as a voltage to current converter. This is ideal for driving
remote signal sensors and moving coil galvanometers.
Figure 6(f) shows how an active integrator can be used
to provide an output which falls with increasing speed.

These are the basic configurations obtainable with the
op amp/comparator. Further combinations can be seen
in the applications shown in Part Il of this application
note.

Transient Protection

Many application areas use unregulated power supplies
which tend to expose the electronics to potentially
damaging transients on the power supply line. This is
particularly true in the case of automotive applications
where two such transients are common. * First is the load
dump transient. This occurs when a dead battery is being
charged at a high current and the battery cable comes
loose, so that the current in the alternator inductance
produces a positive transient on the line in the order of
60V to 120V. The second transient is called field decay.
This occurs when the ignition is turned “OFF" and
the energy stored in the field winding of the alternator
causes a negative 75V transient on the ignition line.
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Figure 7 illustrates methods for protecting against these
and other transients. Figure 7{a} shows a typical situa-
tion in which the power supply to the LM2907 can be
provided through a dropping resistor and regulated by
an external zener diode Z1, but the output drive is
required to operate from the full available supply
voltage. In this case, a separate protection zener Z2 must
be provided if the voltage on the power supply line is
expected to exceed the maximum rated voltage of the
LM2907.

In Figure 7(b) and 7{c), the output transistor is required
only to drive a simple resistive load and no secondary
protection circuits are required. (Note that the dropping
resistor to the zener also has to supply current to the
output circuit). With the foregoing circuits, reverse
supply protection is supplied by the forward biased
zener diode. This device should be a low forward resis-
tance unit in order to limit the maximum reverse voltage
applied to the integrated circuit. Excessive reverse voltage
on the IC can cause high currents to be conducted by the
substrate diodes with consequent danger of permanent
damage. Up to 1V negative can generally be tolerated.
Versions with internal zeners may be self-protecting
depending on the size of dropping resistor used. In
applications where large negative voltage transients may
be anticipated, a blocking diode may be connected in
the power supply line to the IC as illustrated in
Figure 7(d). During these negative transients, the diode
D1 will be reverse biased and prevent reverse currents
flowing in the IC. If these transients are short and the
capacitor C1 is large enough, then the power to the IC
can be sustained. This is useful to prevent change of
state or change of charge in systems connected to it.
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Temperature Ranges and Packaging Considerations

The LM2907, ILM2917 series devices are specified for
operation over the temperature range —40°C to +85°C.

The devices are normally packaged in molded epoxy,
dual-in-line packages. Other temperature ranges and other
packages are available to special order. For reliability
requirements beyond those of normal commercial appli-
cation where the cost of military qualification is not
bearabie, other programs are available such as B+.

PART Il — APPLICATIONS
INTRODUCTION

The LM2907, LM2917 series devices were designed not
only to perform the basic frequency to voltage function
required in many systems, but also to provide the input
and output interface so often needed, so that low cost
implementations of complete functions are available.

The concept of building blocks requires that a function
be performed in the same way as it can be mathematically
defined. In other words, a frequency to voltage converter
will provide an output voltage proportional to frequency
which is independent of the input voitage or other input
parameters, except the frequency. In the same way, the
output voltage will be zero when the input frequency is
zero. These features are built into the LM2907.

Applications for the device range from simple speed
switch for anti-pollution contro! device functions in
automobiles, to motor speed controls in industrial

AAA—O Vg

(d}

FIGURE 7. Transient Protection Schemes
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applications. The applications circuits which follow are
designed to illustrate some of the capabilities of the
LM2907. In most cases, alternative input or output
configurations can be mixed and matched at will and
other variations can be determined from the description
in Part | of this application note. For complete specifica-
tions, refer to the data sheet.

Speed Switches

Perhaps the most natural application of the LM2907 is
in interfacing with magnetic pickups, such as the one
illustrated in Figure 8 to perform speed switching func-
tions. As an example, New York taxies are required to
change the intensity of the warning horn above and
below 45 mph. Other examples include an over-speed
warning, where a driver may set the desired maximum
speed and have an audible or visual warning of speeds
in excess of that level. Many anti-pollution devices in-
cluded on several recent automobile models have
included a speed switch to disable the vacuum advance
function until a certain speed is attained. A circuit
which will perform these kind of functions is shown in
Figure 9. A typical magnetic pickup for automotive
applications will provide a thousand pulses per mile so
that at 60 mph the incoming frequency will be 16.6 Hz.
If the reference level on the comparator is set by two
equal resistors R1 and R2 then the desired value of C1
and R1 can be determined from the simple relationship:

POLE-PIECE

v
%C—VCC C1:R1-f.

or CiR1f=0.5

and hence C1R1=0.03

From the RC selection chart in Figure 10 we can choose
suitable values for R1 and C1. Examples are 100 k£ and
0.3uF. The circuit will then switch at approximately
60 mph with the stated input frequency relationship
to speed. To determine the ripple voltage refer back to
the equation for ripple voltage {under “’Choosing R1,
C1 and C2”). From this we can determine that there
will be about 10 mV of ripple at the switching level.
To prevent this from causing chattering of the load
a certain amount of hysteresis is added by including R3.
This will provide typically 1% of supply as a hysteresis
or 1.2 mph in the example. Note that since the reference
to the comparator is a function of supply voltage as is
the output from the charge pump there is no need to
regulate the power supply. The frequency at which
switching occurs is independent of supply voltage.

In some industrial applications it is useful to have an in-
dication of past speed excesses, for example in notifying
the need for checking of bearings. The LM2907 can be
made to latch until the power supply is turned “OFF”*
in the case where the frequency exceeds a certain limit,
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FIGURE 8. Typical Magnetic Pickup
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by simply connecting the output transistor emitter back
to the non-inverting input of the comparator as shown in
Figure 11. 1t can also serve to shut off a tape recorder or
editing machine at the end of a rewind cycte. When the
speed suddenly increases, the device will sense the con-
dition and shut down the motor.

fg Ra 9
AAA AA
W VW
J_— GND Vee
=~ [ 7 5 5

» Vg
-»
Vo
'
fin '
SETPOINT
Vo = Fyy V+ R1C1
RB8 Latchup occurs when
SETPOINT = V4 ——— RB 1
RB + RA FIN=

RA+RB R1C1
tndependent of V+!

FIGURE 11. Overspeed Latch
Analog Displays

The LM2907, L.M2917 series devices are particularly
useful for analog display of frequency inputs. In situations
where the display device is a moving coil instrument the
advantages of the uncommitted output transistor can be
realized by providing a current drive to the meter. This
avoids temperature tracking problems with the varying
meter resistance and enables high resistance instruments
to be driven accurately with relatively large voltages as
illustrated in Figure 72. The LM2917 version is employed
Ve

MOVING COtL

<
>
Rig -] INSTRUMENT

GND Vee

BE

TRARGE
puMs

P

1 | 2 3 4
fin 1 CAL.
c2 Rl ADJUST
| Rz

FIGURE 12. Analog Display of Frequency

here to provide a regulated current to the instrument.
The onboard 7.6V zener is compatible with car and boat
batteries and enables the moving coil instrument to
employ the full battery voltage for its deflection. This
enables high torque meters to be used. This is particularly
useful in high vibration environments such as boats and
matorcycles. In the case of boats, the most common
speed pickup for the knot meter employs a rotating
propeller driving a magnetic pickup device. Meteorolo-
gists employ a large number of anemometers for
measuring wind velocities and these are frequently
coupled by a magnetic pickup. In examples like these,
where there is frequently a large distance between the
display device and the sensor, the configuration of
Figure 13 can be usefully employed to cut down on the

‘o
— Q———— 710 OTHER

FM_Q_J\_‘OO—' SENSORS

- -7 "
| |
I Jo I
| I
| ] 7 6 5 |
| [tz : |
| o {
| B |
| LM2907-8 |
| 1 2 3 4 |
I'm c R1 RZI
! |'“’1~ I
I = = = = !
- S _Z__"_2

REMOTE SENSOR

N

FIGURE 13. Two Wire Remote Speed Sensor

number of wires needed. Here the output current is
conducted along the supply line so that a local current
sensing device in the supply line can be used to get a
direct reading of the frequency at the remote location
where the electronics may also be situated. The small
zero speed offset due to the device quiescent current
may be compensated by offsetting the zero on the
display device. This also permits one display device to
be shared between several inputs.

Automotive Tachometer

Not all inputs are derived from variable reluctance
magnetic pickups; for example, in spark ignition engines
the tachometer is generally driven from the spark coil.
An interface circuit for this situation is shown in
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Figure 14. This tachometer can be set up for any num-
ber of cylinders by linking the appropriate timing
resistor as illustrated. A 5008} trim resistor can be used
to set up final calibration. A protection circuit composed
of a 1082 resistor and a zener diode is also shown as a
safety precaution against the transients which are to be
found in automobiles.

Motor Speed Controls

DC motors with or without brushes can be purchased
with ac tachometer outputs already provided by the
manufacturer.3 With these motors in combination with
the LM2907, a very low cost speed control can be
constructed. In Figure 16 the most simple version is
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illustrated where the tachometer drives the non-inverting
input of the comparator up towards the preset reference
level. When that level is reached, the output is turned
off and the power is removed from the motor. As the
motor slows down, the voltage from the charge pump
output falls and power is restored. Thus speed is main-
tained by operating the motor in a switching mode.
Hysteresis can be provided to control the rate of switch-
ing. An alternative approach which gives proportional
control is shown in Figure 17. Here the charge pump
integrator is shown in a feedback connection around the
operational amplifier. The output voltage for zero speed
is equal to the reference voltage set up on the potentio-
meter on the non-inverting input. As speed increases,
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FIGURE 15. Normalized Tachometer
Output vs Temperature
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FIGURE 17. Motor Speed Control with Proportional Drive
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the charge pump puts charge into capacitor C2 and
causes the output VQUT to fali in proportion to speed.
The output current of the op amp transistor is used to
provide an analog drive to the motor. Thus as the motor
speed approaches the reference level, the current is
proportionately reduced to the motor so that the motor
gradually comes up to speed and is maintained without
operating the motor in a switching mode. This is parti-
cularly useful in situations where the electrical noise
generated by the switching mode operation is objection-
able. This circuit has one primary disadvantage in that
it has poor load regulation. A third configuration is
shown in Figure 18. This employs an LM2907-8 acting
as a shunt mode regulator. It also features an LED to
indicate when the device is in regulation.

Position Sensing

In addition to their use to complete tachometer feedback
loops, used in position transducer circuits, the LM2907,
LM2917 devices can also be used as position transducers.
For example, the timing resistor can be removed from
pin 3 so that the output current produces a staircase
instead of a fixed dc level, If the magnetic pickup senses
passing notches or items, a staircase signal is generated
which can then be compared with a reference to initiate
a switching action when a specified count is reached.
For example, Figure 19 shows a circuit which will
count up a hundred input pulses and then switch on the
output stage. Examples of this application can be found
in automated packaging operations or in line printers.
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The output of the tachometer is proportional to the
product of supply voltage, input frequency, a capacitor
and a resistor. Any one of these may be used as the
input variable or they may be used in combination to
produce multiplication. An example of a capacitive
transducer is illustrated in Figure 20, where a fixed input
frequency is employed either from the 60 Hz line as a
convenient source or from a stable oscillator. The capaci-
tor is a variable element mechanically coupled to the
system whose position is to be sensed. The output is
proportional to the capacitance value, which can be
arranged to have any desired relationship to the mechan-
ical input by suitable shaping of the capacitor electrodes.

v
Q
-'E_ 3 ? 5 5
M0Vae 2 | L0079
60 Hz ST
500
1 ? 3 O
~—Q Vgyt = C1
[
5 3]
> >
MECHANICAL MO 2%
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FIGURE 20. Capacitive Transducer

Analog Systems Building Block

The LM2907, LM2917 series characterize systems build-
ing block applications by the feature that the output
from the device is proportional only to externally
programmed inputs. Any or all of these inputs may be
controlled inputs to provide the desired output. For
example, in Figure 20 the capacitance transducer can be
operated as a multiplier. In flow measurement indicators,
the input frequency can be a variable depending on the
flow rate, such as a signal generated from a paddie wheel,
propeller or vortex sensor”. The capacitor can be an
indication of orifice size or aperture size, such as in a
throttle body. The product of these two will indicate
volume flow. A thermistor could be added to R1 to
convert the volume flow to mass flow. So a combination
of these inputs, including control voltage on the supply,
can be used to provide complex multiplicative analog
functions with independent control of the variables.

Phase-locked loops (PLL) are popular today now that
low cost monolithic implementations are available off
the shelf. One of their limitations is the narrow capture
range and hold-in range. The LM2907 can be employed
as a PLL helper. The configuration is shown in Figure 21.
The LM2907 here serves the function of a frequency-to-
voltage converter which puts the VCO initially at ap-
proximately the right frequency to match the input
frequency. The phase detector is then used to close the
gap between VCO and input frequency by exerting a
control on the summing point. In this way, given proper

four

FIGURE 21. Phase-Locked Loop Halper
Added f to V Greatly Increases Capture and Hold Range

tracking between the frequency-to-voitage converter and
the VCO, {which is a voltage-to-frequency converter),
a wide-range phase loop can be developed.

The linearity of voltage controlled oscillators can be
improved by employing the LM2907 as a feedback
control element converting the frequency back to voltage
and comparing with the input voltage. This can often be
a lower cost solution to linearizing the VCO than by
working directly on the VCO itself in the open loop
mode. The arrangement is illustrated in Figure 22.

fout

O
VCONTROL

FIGURE 22. Feedback Controlled VCO

Digital Interface

A growing proportion of the complex control systems
today are being controlled by microprocessors and other
digital devices. Frequently they require inputs to indicate
position or time from some mechanical input. The
LM2907 can be used ta provide zero crossing datum to a
digital system using the circuits illustrated in Figure 23.
At each zero crossing of the input signal the charge
pump changes the state of capacitor C1 and provides a
one-shot pulse into the zener diode at pin 3. The width
of this pulse is controlled by the internal current of
pin 2 and the size of capacitor C1 as well as by the supply
voltage. Since a pulse is generated by each zero crossing
of the input signatl we call this a ‘‘two-shot’* instead of a
“‘one-shot’’ device and this can be used for doubling the
frequency that is presented to the microprocessor
control system. If frequency doubling is not required
and a square wave output is preferred, the circuit of
Figure 24 can be employed. In this case, the output
swing is the same as the swing on pin 2 which is a swing
of half supply voltage starting at 1 VBE below one quarter
of supply and going to 1 Vgg below three-quarters of
supply. This can be increased up to the full output
swing capability by reducing or removing the negative
feedback around the op amp.
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The staircase generator shown in Figure 79 can be used
as an A-D converter. A suitable configuration is shown
in Figure 25. To start a convert cycle the processor
generates a reset pulse to discharge the integrating
capacitor C2. Each complete clock cycle generates a
charge and discharge cycle on C1. This results in two
steps per cycle being added to C2. As the voltage on C2

VARIABLE
RELUCTANCE
MAGNETIC
PICKUP

INPUT CAN BE T

*20mV TO - 28V

Output frequency equal twice input frequency

* Vour

Pulse width = ——  —.
2

increases, clock pulses are returned to the processor.
When the voltage on C2 steps above the analog input
voltage the data line is clamped and C2 ceases to charge.
The processor, by counting the number of clock pulses
received after the reset pulse, is thus loaded with a digital
measure of the input voltage. By making C2/C1 = 1024
an 8-bit A-D is obtained.
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Anti-Skid Circuit Functions

Motor Vehicle Standards 121 place certain stopping
requirements on heavy vehicles which require the use of
electronic anti-skid control devices. These devices gen-
erally use variable reluctance magnetic pickup sensors
on the wheels to provide inputs to a control module.
One of the questions which the systems designer must
answer is whether to use the average from each of the
two wheels on a given axle or to use the lower of the two
speeds or to use the higher of the two speeds. Each of
the three functions can be generated by a single pair of
LM2907-8 as illustrated in Figures 26—28. In Figure 26
the input frequency from each whee! sensor is con-
verted to a voltage in the normal manner. The op amp/

comparator is connected with negative feedback with a
diode in the loop so that the amplifier can only pull
down on the load and not pull up. In this way, the
outputs from the two devices can be joined together
and the output will be the lower of the two input speeds.
In Figure 27 the output emitter of the onboard op amp
provides the pullup required to provide a select-high
situation where the output is equal to the higher of two
speeds. The select average circuit in Figure 28 saves
components by allowing the two charge pumps to operate
into a single RC network. One of the amplifiers is needed
then to buffer the output and provide a low impedance
output which is the average of the two input frequencies.
The second amplifier is available for other applications.
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Transmission and Clutch Control Functions

Electric clutches can be added to automotive trans-
missions to eliminate the 6% slip which typically occurs
during cruise and which results in a 6% loss in fuel
economy. These devices could be operated by a pair of
LM2907’s as illustrated in Figure 29. Magnetic pickups
are connected to input and output shafts of the trans-
mission respectively and provide frequency inputs fq
and f2 to the circuit. Frequency, fo, being the output
shaft speed, is also a measure of vehicle road speed.
Thus the LM2907-8 No. 2 provides a voltage propor-
tional to road speed at pin 3. This is buffered by the
op amp in LM2907-8 No. 1 to provide a speed ocutput
VouT 1 on pin 4. The input shaft provides charge pulses
at the rate of 2fq into the inverting node of op amp 2.
This ncde has the integrating network R1, C3 going
back to the output of the op amp so that the charge
pulses are integrated and provide an inverted output
voltage proportional to the input speed. Thus the
output VQUT?2 is proportional to the difference between
the two input frequencies. With these two signals— the
road speed and the difference between road speed and
input shaft speed—it is possible to develop a number of
control functions including the electronic clutch and a
complete electronic transmission control. (In the con-
figuration shown, it is not possible for VoyT2 to go
below zero so that there is a limitation to the output
swing in this direction. This may be overcome by
returning R3 to a negative bias supply instead of to
ground.)

DUTPUT

SHAFT [T imzsors 2 |3

CONCLUSION

The applications presented in this note indicate that the
LM2907, £M2917 series devices offer a wide variety of
uses ranging from very simple low cost frequency to
voltage conversion to complex systems building blocks.
It is hoped that the ideas contained here have given
suggestions which may help provide new solutions to old
problems. Additional applications ideas are included in
the data sheet, which should be referred to for all
specifications and characteristics.
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INSTRUMENTATIONAL AMPLIFIERS

INTRODUCTION

One of the most useful analog subsystems is the
true instrumentation amplifier. It can faithfully
amplify low level signals in the presence of high
common mode noise. This aspect of its performance
makes it especially useful as the input amplifier
of a signal processing system. Other features of
the instrumentation amplifier are high input im-
pedance, low input current, and good linearity.

It has never been easy to design a high performance
instrumentation amplifier; however, the availability
of high performance 1C’s considerably simplify
the problem. IC op amps are available today that
can give very low drifts as well as low bias currents;
however, most of the circuits have some drawback.

The most commonly used instrumentation amp-
lifier designs utilize either 2 or 3 op amps and
several precision resistors. These are capable of
excellent performance; however, for high per-
formance they require very precisely matched
resistors. The common mode rejection of these
designs depends on resistor matching and overall
gain. Since op amps are now available with
exceedingly high CMRR this is no longer a problem.
The CMRR of the instrumentation amplifier is
approximately equal to half resistor mismatch
plus the gain. For a 1% resistor mismatch the
CMRR is limited to 46 dB plus the gain—referred
to the input.

Referred to the output, the common mode error
is independent of gain and fixed by the resistor
mismatch. For 1% match the error is 0.5%, and
for 0.1% match the error is 0.05%. These errors
are not trivial in high precision systems.

An instrumentation amplifier is shown here that
compares favorably with multiple op amp designs,
yet does not require precisely matched resistors.
Further, the design allows a single resistor to
adjust the gain. in comparing this instrumentation
amp to multiple op amp types there are of course
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some drawbacks. The gain linearity and accuracy
are not as good as the muitiple op amp circuits.

The errors appearing in multiple op amp circuits
are independent of the output signal level. For
example, a common mode error at the output of
0.5% of full scale is a 33% error if the desired
output signal is only 1.5% of full scale. With the
new circuit maximum errors at full scale output
and the percentage of output error decreases at
lower output levels.

Figure 1 shows a general purpose instrumentation
amplifier optimized for wide bandwidth. It can
provide gains from under 1 to over 1000 with a
single resistor adjustment. Gain linearity is worst
for unity-gain at 0.4%, and gain stability is better
than 1.5% from —55°C to +126°C. Typically over
a 0°C to +70°C range gain stability is 0.2%.
Common mode rejection ratio is about 100 dB—
independent of gain.
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FIGURE 1. Instrumentation Amplifier
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Transistor pair, Q1 and Q2, are operated open-loop
as the input stage to give a floating, fully differen-
tial input. Current sources, Q3 and Q4, set the
operating current of the input pair. To obtain
good linearity the output current of Q3 and Q4
are set at about twice the current in R8 at full
differential voltage. The temperature sensitivity
of the transconductance of Q1 and Q2 is com-
pensated by making their operating current directly
proportional to absofute temperature. It has been
shown that by biasing the base of transistor current
sources at 1.22V, the output current varies as
absolute temperature. The LM113 diode provide a
constant 1.22V to the current sources. Both the
compensated gm of Q1 and Q2 and the large
degeneration from R8 give the amplifier stable
gain over a wide temperature range.

In operation transistors Q1 and Q2 convert a
ditferential input voltage to a differential output
current at their collectors. This is fed into a
standard differential amplifier to obtain a single
ended output voltage. Since the diff amp does not
see the common mode input voltage, 1% resistors
are adequate. Gain is set by the ratio of R8 (plus
the ry, of Q1 and Q2) to the sum of R6 and R7.

As mentioned previously this circuit is optimized
for wide bandwidth: however, it is easily modified
for other applications. If low bias current is
needed all resistors can be increased by a factor
of 100 and an LM 108 substituted for the LM318.
Other possible improvements are cascoded current
sources and a modified Darlington input stage.
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LOW DRIFT AMPLIFIERS

INTRODUCTION

Since the introduction of the monolithic IC
amplifier, there has been a continued improvement
in dc accuracy. Bias currents have been decreased
by five orders of magnitude over the past five years,
Low offset voltage drift is also necessary in high-
accuracy circuits. This is evidenced by the popu-
larity of low-drift amplifier types as well as requests
for selected low-drift op amps. However, little
has been written about the problems associated
with handling microvolt signals with a minimum
of errors.

A very low-drift amplifier poses some uncommon
application and testing problems. Many sources of
error can cause the apparent circuit drift to be
much higher than would be predicted. In many
cases, the low drift of the op amp is completely
swamped by external effects while the amplifier
is blamed for the high drift.

Thermocouple effects caused by temperature
gradient across dissimilar metals are perhaps the
worst offenders. Whenever dissimilar metals are
joined, a thermocouple results. The voltage gen-
erated by the thermocouple is proportional to the
temperature difference between the junction and
the measurement end of the metal. This voltage
can range between essentially zero and hundreds
of microvolts per degree, depending on the metals
used. In any system using integrated circuits, a
minimum of three metals are found: copper,
solder, and kovar (lead material of the IC).

Nominatly, most parts of the circuit are at the
same temperature. However, a small temperature
gradient can exist across even a few inches—and
this is a big problem with low leve! signals. Only
a few degrees gradient can cause hundreds of
microvolts of error. Two places where this shows
up, generally, are the package-to-printed-circuit-
board interface and temperature gradients across
resistors. Keeping package leads short and the two
input leads close together help greatly.

Robert C. Dobkin
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For example, a very low-drift amplifier was con-
structed and the output monitored over a 1-minute
period. During the 1 minute it appeared to have
input referred offset variations of £5.0uV. Shield-
ing the circuit from air currents reduced this to
+0.5uV. The 10uV error was due to thermal
gradients across the circuit from air currents.

Resistor choice as well as physical placement is
important for minimizing thermocouple effects.
Carbon, oxide film, and some metal-film resistors
can cause large thermocouple errors. Wirewound
resistors of evenohm or managanin are best since
they only generate about 2.0uV/°C referenced to
copper. Of course, keeping the resistor ends at
the same temperature is important. Generally,
shielding a low-drift stage electrically and thermally
yields good results.

Resistors can cause other errors besides gradient
generated voltages. If the gain setting resistors do
not track with temperature, a gain error will
result. For example, a gain-of-1000 amplifier with
a constant 10 mV input will have a 10V output.
If the resistors mistrack by 0.5% over the operating
temperature range, the error at the output is 50
mV. Referred to input, this is a b0uV error. Most
precision resistors use different material for dif-
ferent ranges of resistor values. It is not unexpected
that a resistor differing by a factor of 1000 does
not track perfectly with temperature. For best
results, ensure that the gain fixing resistors are of
the same material or have tracking temperature
coefficients.

It is appropriate to mention offset balancing as
this can have a large effect on drift. Theoretically,
the drift of a transistor differential amplifier
depends on the offset voltage. For every millivolt
of offset voltage the drift is 3.6uV/°C. Therefore,
if the offset is nulled, the drift should be zero.
When working with IC op amps, this is not the
case. Other effects, such as second-stage drift and
internal resistor TC, make the drift nontheoretical.

LB22-1
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Certain types of amplifiers are optimized to have
lower drift with offset balancing such as the LM121
and LM725. With this type of device offset,
nulling improves the drift, and offset nulling
should be used. Other types of devices, such as
selected LM741's or LM308’s, are selected for
drift without offset nulling connected to the
device. The addition of a balancing network
changes the internal currents and thus changes the
drift—probably for worse—so any offset balancing
should be done at the input.

No matter which null network is applied highly
stable resistors must be used. They should have
low TC and track. Wirewound pots are usually a
good choice. Finally, when the null network
reduces a drift, the balancing of the amplifier as
close to zero offset as possible minimizes the
drift.

Testing low-drift amplifiers is also difficult. Stand-
ard drift testing technigues such as heating the

device in an oven and having the leads available
through a connector, thermoprobe, or the soldering
iron method do not work., Thermal gradients
cause much greater errors than the amplifier drift.
Coupling microvolt signal through connectors is
especially bad since the temperature difference
across the connector can be 50°C or more. The
device under test along with the gain setting
resistor should be isothermal. The circuit in Figure
1 will yield good results if well constructed.

CONCLUSION

Low-drift amplifiers need extreme care to achieve
reproducable low drift. Thermal and electrical
shielding minimize thermocouple effects. Resistor
choice is also important as they can introduce
large errors. Careful attention to circuit layout
offset balancing circuitry is also necessary.

VYV CONNECTOR
2
100 <$; ! o—> >
<
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FIGURE 1. Drift Measurement Circuit
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PRECISE TRI-WAVE GENERATION

INTRODUCTION

The simple Tri-wave generator has become an
often used analog circuit. Tri-wave oscillators are
more easily designed, require less circuitry, and
are more easily stabilized than sine wave oscillators.
Further, the highly linear output of todays Tri-
wave generators make them useful in many “‘sweep’’
circuits and test equipment.

This article describes a triangle wave generator
with an easily controiled peak-to-peak amplitude.
The positive and negative peak amplitude is con-
trollable to an accuracy of about £0.01V by a dc
input. Also, the output frequency and symmetry
are easily adjustable.

CIRCUIT DESCRIPTION

The Tri-wave oscillator consist of an integrator
and two comparators—one comparator sets the
positive peak and the other the negative peak of the
Tri-wave. To understand the operation, assume
that the output of the comparator is low {—5V).
Then —5.0V is applied through R1 to the input of
the integrator. The LM118 will integrate positive
until its output is equal to the positive reference
on pin 9 of the LM119. Since the comparator
outputs are low, D1 is reverse biased and the full
output of the integrator is applied to the non-
inverting input of comparator A. As the integrator
output crosses the positive reference, comparator
A switches “plus” and latches “‘plus’’ from positive
feedback through D1 and R4. Now the polarity
of the current to the integrator has changed and
the integrator starts ramping negative. When the
output reaches the negative reference voltage,
comparator B swings negative. This forces the
output of comparator A negative, also, and stops
the positive feedback through D1 from holding
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the comparators’ outputs positive. Once the posi-
tive feedback loop is broken, the outputs of the
comparators stay low., With the comparators out-
puts low the integrator ramps positive again.

The frequency of operation is dependent upon
R1, C1 and the reference voltages. Frequency is
given by:

5.0V
F= =
2R1C1 {Vgree" = Vree')

The maximum frequency of operation is imited
by circuit delay to about 200 kHz. Also, the
maximum difference in reference voltages is 5.0V.

APPLICATIONS

Regulator or op amp testing is made easier with
precise triangle waves, For example, {C voltage
regulators are usually specified to operate over a
certain input voltage range such as 7.0V to 25V.
The Tri-wave generator can be set to deliver a
0.7V to 2.5V output. This output is then amplified
by a factor of 10 by an op amp and used to
sweep the regulator input over its operating range.
With op amps, the generator can be used to sweep
common mode voltages, power supply voltages, or
even to test output swing. The output of the device
can be displayed on an oscilloscope and perform-
ance monitored over the entire operating range.

Another application is a voltage controlled oscil-
lator. Since the frequency depends on the input
reference voltage, varying the reference varies the
frequency. The useful VCO range is about 2
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decades. The output is then taken from the
comparators as the Tri-wave changes in amplitude.

Many sine wave oscillators use a non-linear net-
work to convert triangle wave to sines. It is
usually necessary to set triangle amplitude pre-
cisely for minimum distortion. If R1 is replaced
by a pot, frequency can be varied over at least 10
to 1 range without affecting amplitude.

Symmetry is also easily adjustable. Current can be
injected into the inverting input of the LM118 to
change ramp time. The easiest way to achieve is
to connect a 50 k&2 resistor from the inverting
input of the LM118 to the arm of a 1 k&2 pot.
The ends of the pot are connected across the
supplies. Current from the resistor either adds or
subtracts from the current through R1, changing
the ramp time.
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FIGURE 1. Precision Tri-Wave Generator
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VERSATILE IC PREAMP MAKES THERMOCOUPLE
AMPLIFIER WITH COLD JUNCTION COMPENSATION

INTRODUCTION

Accurate electronic temperature measurements
are not simple. There exists a large array of
temperature sensors; each with its own peculi-
arities. The major sensors are thermistors, resist-
ance sensors, and thermocouples. (Diodes and
transistors have been used but they are not
normally sold for this purpose.) Thermistors are
highly non-linear, making wide range measurements
difficult. Resistance sensors are large, require a
bridge, and tend to be relatively costly. Thermo-
couples are small, reiatively finear, inexpensive,
but require reference junction temperature com-
pensation.

Thermocouples are made when wires of different
metals are joined. A voltage is produced propor-
tional to the temperature difference between the
junction and the output ends of the wire. This
voltage is the Seebeck coefficient and is usually
specified in volts (or microvolts) per degree.
Depending on the material, it can range from
nearly zero to volts—for some semiconductors.
Commercially available thermocouples produce an
output of between 10u/°C and 50uV/°C.

Since the output voltage of thermocouples is
proportional to temperature difference, the am-
bient temperature or measurement end of the
thermocouple must be known. Alternatively, com-
pensation can be applied for temperature changes.
This is done either by terminating the thermo-
couple in a temperature controlled environment
or with electrical compensation circuitry. The
amplifier shown here provides a direct reading

+15V

output of 10 mV/°C and automatically com-
pensates for reference junction temperature
changes. Further, calibration is relatively simple.

CIRCUIT DESCRIPTION

An LM321 preamp is used in conjunction with
an LM308A op amp to form a precision, low-drift,
operational amplifier. The LM321 is specifically
designed for use with general purpose op amps to
obtain drifts of 1uV/°C. When the offset voltage
is nulled, the drift is also nulled. There is a
theoretical relationship between the offset voltage
and drift when the offset is not nulled to zero.
The drift of the amplifier is then used to com-
pensate the thermocouple for ambient temperature
variations. Drift given by:

dvos _ Vos

dT T
where T is in degrees Kelvin.

Resistors R1, R2, and R3 set the operating
current of the preamp, and R3 is used to adjust
the offset. The offset and drift are amplified by
the ratio of the feedback resistors R4 and RS
and appears at the output. R6 and R7 attenuate
the thermocouple’s output to 10uV/°C to match
the amplifier drift and set the scale factor at
10 mV/°C. The LM113 provides a temperature
stable reference for offsetting the output to read
directly in degrees centigrade.
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CALIBRATION

Calibration is independent of thermocouple type;
however, circuit values are for chromel alumel. R6
and R7 must be changed for different thermo-
couples. First, the thermocouple is replaced by a
short of copper wire and the LM113 is shorted to
ground. Then the offset is adjusted so the output
reads the ambient temperature at 10 mV/°k—for
25°C this is 2.98V. The short across the LM113 is
removed and R9 is adjusted for the correct output
in degrees centigrade. Connect the thermocouple,
and it’s ready to go.

PERFORMANCE

It should be mentioned that for stable perform-
ance, good construction technigues are necessary.
Resistor R4, R6, and R7 should be wirewound so
they contribute a minimum of error due to thermo-
couple effects from temperature gradients across

the circuit. The entire circuit should be enclosed
in a box with the end of the thermocouple
terminated in the box near the LM321. This will
minimize temperature gradients across the circuit
and insure close thermal coupling between the
LM321 and the reference end of the thermocouple.

Typically, the LM321 will track temperature
changes with less than 0.03°C error per degree
change. Self-heating of the LM321 will change its
temperature by about 2°C; this is calibrated out
initially. Reference and resistor drift can be
expected to contribute about 0.02°C/°C. Of
course, no compensation is made for nonlinearities
of the thermocouple cutput voltage as a function
of temperature. Over a wide measurement range
with relatively stable ambient temperature, thermo-
couple error will be the major inaccuracy.
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TRUE RMS DETECTOR

INTRODUCTION

The op amp precision rectifier circuits have
greatly eased the problems of ac to dc conversion.
It is possible to measure millivolt ac signal with a
dc meter with better than 1% accuracy. Inaccuracy
due to diode turn-on and nonlinearity is eliminated,
and precise rectification of low level signals is
obtained.

Once the signal is rectified, it is normally filtered
to obtain a smooth dc output. The output is
proportional to the average value of the ac input
signal, rather than the root mean square. With
known input waveforms such as a sine, triangle,
or square; this is adequate since there is a known
proportionality between rms and average values.
However, when the waveform is complex or
unknown, a direct readout of the rms value is
desirable.

The circuit shown will provide a dc output eqgual
to the rms value of the input. Accuracy is typi-
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cally 2% for a 20 Vp_p input signal from 50 Hz
to 100 kHz, although it's usable to about 500
kHz. The lower frequency is limited by the size
of the filter capacitor. Further, since the input is
dc coupled, it can provide the true rms equivalent
of a dc and ac signal.

Basically, the circuit is a precision absolute value
circuit connected to a one-quadrent multiplier/
divider. Amplifier A1is the absolute value amplifier
and provides a positive input current to amplifiers
AZ and A4 independent of signal polarity. If the
input signal is positive, Al's output is clamped at
—0.6V, D2 is reverse biased, and no signal flows
through R5 and R6. Positive signal current flows
through R1 and R2 into the summing junctions of
A2 and A4. When the input is negative, an
inverted signal appears at the output of Al {output
is taken from D2). This is summed through R5
and R6 with the input signal from R1 and R2.
Twice the current flows through R5 and R6 and
the net input to A2 and A4 is positive.
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NOTE 1: ALL OPERATIONAL AMPLIFIERS ARE LM118.

NOTE 2; ALL RESISTORS ARE 1% UNLESS DTHERWISE SPECIFIED
NOTE 3: ALL DIODES ARE 1NS14

NOTE 4. SUPPLY VOLTAGE -15V.
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Amplifiers A2 through AL with transistors Q1
through Q4 form a log multiplier/divider. Since
the currents into the op amps are negligible, all
the input currents flow through the logging tran-
sistors. Assuming the transistors to be matched,
the Vpe of Q4 is:

Ve (Q4) = Vi (Q1) +V,, (Q3)— Ve, (02)

The Vpe's of these transistors are logarithmically
proportional to their collector currents so

log (lcg) = log (I¢q) +log (Ica) —log {Ica)

lciles
or lgg=—"

leo

where lcq, lca, lea, and lcyq are the collector
currents of transistors Q1 — Q4.

Since ¢y equals lcz and is proportional to the
input, the square of the input signal is generated.
The square of the input appears as the collector

current of Q4. Averaging is done by C4, giving a
mean square output. The filtered output of Q4 is
fed back to Q2 to perform continuous division
where the divisor is proportional to the output
signal for a true root mean square output.

Due to mismatches in transistors, it is necessary
to calibrate the circuit. This is accomplished by
feeding a small offset into amplifier A2. A 10V
dc input signal is applied, and R10 is adjusted for
a 10V dc output. The adjustment of R10 changes
the gain of the multiplier by adding or subtracting
voltage from the log voltages generated by the
transistors. Therefore, both the resistor inaccu-
racies and V. mismatches are corrected.

For best results, transistors Q1 through 04 should
be matched, have high beta, and be at the same
temperature. Since dual transistors are common,
good results can be obtained if Q1, Q2 and Q3, Q4
are paired. They should be mounted in close
proximity or on a common heat sink, if possible.
As afinal note, it is necessary to bypass all op amps
with 0.1uF disc capacitors.
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SPECIFYING SELECTED OP AMPS
AND COMPARATORS

It is not infrequent that commercially available
standard 1C components do not fit a particular
application as they are specified. Often, however,
a standard device selected to tighter limits will
work. Thereupon, the 1C manufacturer may be
requested to supply a specially tested device.

The usual chain of events for a selected part is as
follows: A specification is sent to the manufacturer
with a request for quote. It is evaluated at the
manufacturer for feasability, yield, and testing
requirements. Then price and delivery are quoted
to the customer. (Sometimes this route is short-
ened by calling the manufacturer—but this does
not always work.)

Some insight into the {C design and IC testing
can help both the manufacturer and IC user with
special selection. Proper specification helps the
manufacturer test as well as reduce IC costs.
Ambiguous or impossible specs will usually result
in the return of the specification to the customer
for clarification and delay the delivery of the
required parts.

The manufacturer is usually familiar with the
product and production spread of devices. Further,
test equipment is available for measuring para-
meters specified by the data sheet. In general,
tighting selected data sheet parameters causes no
problems. Further, no additional test equipment
is needed for these tests—only the limits need be
changed.

Perhaps one of the largest problems is over-
specification. Each tightened specification reduces
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the number of parts available to the specification.
For example, tighting several specifications at
once could result in a 1% or 0.1% vyield; to
supply 100 parts at this yield, between 10,000
and 100,000 parts might have to be tested, and
that gets expensive.

Of course, spec limits cannot be tightened to any
desired value. This is due to limitations on the IC
design. For example, bias current, which depends
on transistor Hge; can not be tightened by a factor
of 10. This would require beta’s 10 times higher
than normal. Also, some specifications are not
independent; such as op amp bandwidth and
slew-rate.

OP AMP AND COMPARATORS

These are the two most popular linear IC com-
ponents requiring selection. Since many of the
same specifications apply to both types of devices,
they will be covered together. Table | shows the
most common parameters tested on these devices
and the relative difficulty of testing on high speed
equipment.

Selected offset voltage and drift are very commonly
specified parameters. Offset voltage and drift
depends on component matching, In general, drift
is not usually tested on general purpose devices;
although, it may be guaranteed. Offset voltage
can be correlated to drift, and the offset limits are
set to guarantee the standard drift specification.
Of course, very low drift devices must be 100%
tested for drift, making them relatively expensive.
Drift testing requires measuring the offset voltage
at three or more temperatures, then subtracting

Slew Rate

Band Width/Response Time
Offset Voltage Drift
Oftset Current Drift

Bias Current

Bias Current

TABLE |

PARAMETER OP AMP COMPARATOR COST
Offset Voltage Easy Easy Low
Offset Current Easy Easy Low
Bias Current Easy Easy tow
Supply Current Easy Easy Low
Common Mode/Supply Rejection Easy Easy Low
Gain Moderate Moderate Low
Input Resistance Guaranteed by Guaranteed by Not Tested

Measurement Measurement

Moderate Moderate Relatively Low
Difficult Difficult Moderate
Very Difficutt Very Difficult High

Very Difficult Very Difficult High
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and dividing by the temperature change to obtain
the drift—a long and tedious measurement.

In some cases tightened offset voltage specifications
over the operating temperature range offer the
same performance as a drift tested device, but are
less expensive. This is because offset voltage
measurement can be a go/no-go measurement. For
example, 15uV/°C can be guaranteed over a 100°C
range by limiting the maximum offset voltage to
*0.75 mV or a 1.5 mV band. If the application
has an error budget of £ X’ volts, it may be
better to tighten the offset voltage rather than
have the manufacturer to drift test. Drift testing a
comparator is virtually impossible since they are
not designed to operate closed loop.

Other parameters dependent upon matching are:
offset current, common mode rejection, and supply
rejections. These can be greatly tightened at the
expense of yield.

Bias current, supply current, gain, slew rate, and
response time are dependent upon both device
design and processing. The limits for tighter
parameters on these specifications are more restric-
tive. Table |l gives reasonable special selection
limits, This is only a guideline and, of course,
depends on the device.

Noise testing is in a class by itself. Op amp noise
will vary between manufacturers of the same
device. Further, noise will vary between different
types of devices from the same manufacturer.

Since noise on a particular device is mostly pro-
cess dependent, it will be relatively consistant
from a single {C producer.

Noise can be broken into two categories: white
noise, and popcorn noise. Both of these noise
sources can be either voltage or current noise. It
is possible with advanced processing to make {C
transistors as good as the best discrete low noise
transistors. With good processing only a very small
percentage of op amps will have any popcorn
noise.

measurements are time consuming and
costly. Popcorn noise testing may take as much
as 30 seconds per unit which limits production
to about 100 devices per hour. This low production
rate will increase costs. If not absolutely nec-
essary—do not specify noise.

Noise

As a final note, some mention should be made of
other special testing. Anything reasonable can be
done; however, it should be kept in mind that
accurate specification in terms of the IC para-
meters is necessary. It is unlikely a positive result
will come from a specification showing a system
schematic, system output, and stating “‘select
devices to produce desired outputs.” Although
this is an exaggeration, it points out the type of
specification to be avoided. Performance specifi-
cation should apply to the IC not to a circuit using
the IC. Many manufacturers have circuits available
showing the various electrical tests and the way
they are done.

TABLE Il. Guideline to Tightened Specifications

Bias Current

Supply Current

Gain
Common Mode/Supply Rejection

Offset Voltage Drift

Offset Current Drift

PARAMETERS LIMIT COMMENTS
Offset Voltage 0.1 mV Matching
Offset Current ~50% of Nominal Matching

—50% of Nominal

~25% of Nominal

+100% of Nominal

+200% of Nominal

Slew Rate +30% of Nominal Set by Design
Bandwidth +30% of Nominal Set by Design
Response Time -30% of Nominal Set by Design and Processing

0.2uV/°C — Buv/°C

Guarantee by Offset
Current Limit

Depends on Hg,

Depends on Various Process
Parameters

Set by Design
Matching

Lower Limit May Not Apply
to Many Op Amps
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MICROPOWER THERMOMETER

INTRODUCTION

The introduction of a monolithic temperature
transducer for the —55°C to +125°C temperature
range can considerably simplify the problems
encountered in temperature measurement. The
three most common sensors—thermistors, resistance
sensors, and thermocouples—require a reasonable
amount of circuitry for use. Thermistors are highly
nonlinear, resistance sensors and thermistors require
a stable excitation voltage, and thermocouples
have low output. Further, none of these sensors
provide an output directly calibrated in a known
temperature scale.

The new monolithic temperature transducer pro-
vides an output directly proportional to absolute
temperature at 10 mV/°K. The chip includes a
temperature stable voltage reference and op amp.
These allow the output to be offset and scaled to
provide any desired temperature scale factor and
zero output temperature.

THERMOMETER DESIGN

The circuit shown will provide a temperature
sensitive output with both zero and scale factor
independently selectable. Since the temperature

Robert C. Dobkin
JANUARY 1974

transducer requires about 1.0 mA for normal
operation, the thermometer is pulsed at a low
duty cycle to reduce power consumption. A
continuous output is obtained between pulses by
a sample and hold. Since temperature does not
usually change rapidly, the pulsed operation of the
thermometer does not detract from its usefulness.

With the components shown, duty cycle is about
0.2% with a one second sample rate. This gives an
average current drain of about 25uA plus the
output current. It is designed to operate over a
supply voltage of 8.0V to 12V with good results.
A small 8.4V mercury battery can give an opera-
tional life in excess of one year.

The output of the thermometer is a current
proportional to temperature which can be used to
drive a meter for a direct readout. Alternatively,
a resistor or op amp can be used to obtain a
voltage output.

A complementary astable multivibrator, made of
Q1 and Q2, drives the LX5600 through R9. The
timing is set by several components. C1 and R3

LX5600
> 4.7k

10mv/-C

A < R0 R14
| Sk 9.67k
| €3

01LF R15
I 18K
RiZ

a3z
2N2905
04
MM4s0

>
:, RIG
S 3sask

5009
SR3 |
Sem

AAA.

(0.066) 2 T
RIg=———______
Io (6.6Y - 0.01 To)

R12=100To ~ R14

RI6=65X10°. R12 R14

AT = TEMPERATURE SPAN ( K) (L
lo = FULL SCALE QUTPUT CUBRENT (AMPS)
To = TEMPERATURE FOR ZERD DUTPUT OUTPYT

7

v

Micropower Thermometer Circuit Diagram
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control the off-time and C1, R1, R4 and R7
control the on-time. R9 sets the operating current
of the transducer to 1.0 mA at the lowest supply
voltage.

When the transducer is ‘‘on,” sample transistor
Q3 is also on. The output of the op amp drives
the sample capacitor, C3, and MOSFET, Q4.
Feedback is obtained from R12, R14 and R16
which set both the zero and scale factor of the
thermometer. When the transducer is turned off,
a continuous output is provided by C3 and Q4.
Resistor R15 decreases the circuit’s sensitivity to
MOSFET gm, allowing almost any MOSFET to
be used. About 2.0V should be dropped across

R15 at full scale output. R8 is used to trim the
thermometer, correcting for zener tolerance,
temperature error in the sensor and resistor
tolerance. With the values shown, a 0 to 50uA
output is obtained for a +50°F to +100°F
temperature change. Other ranges can be selected
by using the formulas shown in the box on the
circuit diagram.

The low power consumption makes this ther-
mometer especially attractive for battery operated
equipment. Further, the current source output
allows long lines to be driven with no loss of
accuracy. Finally, the circuit is easy to set up for
almost any desired temperature range.

LB27-2
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GENERAL PURPOSE POWER SUPPLY

INTRODUCTION

A general purpose lab type constant voltage/constant
current power supply is easily made using standard
integrated circuits. The circuit shown will provide up
to 25V at up to 10A output with both the output
voltage and current adjustable down to zero. Although
relatively simple, very high performance is obtained.

Lab supplies must withstand considerable abuse. Good
control of maximum output current is mandatory both
to protect the supply and the powered circuitry. One
of the short comings of many commercial supplies is the
use of a large output capacitor to help frequency com-
pensate the regulator loop. This output capacitor can
discharge many times the peak output current of the
supply into the load as well as degrade the ac output
impedance when the supply is used as a constant current
source. {Of course, the output capacitor helps keep
the ac output impedance low when the supply is used

Robert C. Dobkin
JUNE 1974

as a constant voltage source.) The circuit shown has good
response both as a constant voltage or constant current
source.

The use of the LM395 monolithic power transistor
as the pass element considerably simplifies the design
power. The LM395 acts as a 2A current limited,
thermalty limited, high gain power transistor. Since
only a maximum of 10uA is needed to drive the pass
elements and complete overload protection is included
on the chip, external biasing and protection circuitry
is minimized. Only two control op amps are needed—
one for voltage control and one for current control.

In constant voltage operation, a reference voltage is fed
from voltage control pot, R1, through a high frequency
filter into the non-inverting input of an LM308 op amp.
The output of the LM308 drives seven paralleled
LM395’s as emitter followers to obtain a 10A capability.

° v
_L [ 25V - 35V
2.2uF*
I u :) RY UNREGULATED
» 0.1
<
RB — 1w
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Feedback is taken through R10 directly from the output
with the overall gain set at 5 by the ratio of R10 to R7.
An additional LM395 is driven from the negative power
supply lead of the LM308 to provide some output current
sink capability {2A) so the supply can be quickly pro-
grammed even with large capacitive loads. Frequency
compensation is achieved with C3 for the LM308 and
C4 for the overall loop. Resistor R11, capacitors C5
and C6 and network R15 — C9 suppress parasitic high
frequency oscillations.

When the circuit is used in the constant current mode,
the LM101A overcomes the constant voltage loop to
control the output. Output current is sensed in R9 and
compared with the voltage between V' and the arm of
R2. R2 is connected across an LM113 low voltage
reference diode to provide a OV to 1.2V reference for
OA to 12A output. When the output current is below

the set level, the LM101A output is positive, reverse
biasing D3 and the LM308 control the output. When
the current increases to the control point the output of
the LM101A swings negative and decreases the drive
to the output pass devices through D3, limiting the
current. (Note that no separate positive supply is
needed since the common mode operative range of the
LM101A is equal to the positive supply.) Diode, D2,
clamps the output of the LM101A when it is not
regulating, decreasing the switchover time from voltage
to current mode operation.

A few special precautions are needed in construction for
proper operation. All LM395's should be mounted on the
same heat sink to insure good current sharing. Also, a
large heat sink is necessary since 300W will be dissipated
under worst case conditions. Since the LM395's are high
devices, the supply bypasses should be near the power
transistors.
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LOW-COST AM RADIO SYSTEM USING LM1820 AND LM386

INTRODUCTION

The majority of linear integrated circuits being produced
today is in the field of op amps, comparators and regu-
lators. This has come about for the reason that these
types of devices can take advantage of the well matched
characteristics of monolithic components. However, in
recent years the monolithic integrated circuit has found
its place in communication systems such as radios and
televisions. The basic philosophy in this area, and the
consumer industry as a whole, has mainly been cost
reduction over discrete counterparts, improved perform-
ance and higher reliability.

An integrated circuit which meets the above criteria
is the LM1820 AM-RADIO SYSTEM, designed primarily

for superheterodyne AM receiver applications utilizing
an RF-amplifier stage ahead of the mixer-oscillator.
However, this linear brief describes how the LM1820 and
LM386 can be incorporated in the design of a conven-
tional low cost AM-radio without an RF-amplifier stage.

RADIO DESCRIPTION

The block diagram of the radio is depicted in Figure 1.
A complete schematic is shown in Figure 2. The building
blocks for the Mixer-Oscillator, the two IF stages, and
the AGC section, are contributed by the LM1820.
Power output of 1/4W into an 8{2 speaker is obtained
by the LM386, the gain of which is externally set to 200.
The LM1820 is operated from a 6V supply, that is,
below the voltage of zener diode D6, see Figure 3.
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FIGURE 2. Radio Schematic
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Pins 1, 2, 3 and 4 are biased from the same supply +40 o 50
through a 43082 dropping resistor. This reduces the total +30 M v,

current consumption to approximately 10 mA making L *W%wﬂ"ﬂnﬁ e a0
the operation from a 6V battery feasible. The dc return % A0 S*N /l(V:,tinms)

of pin 1 and 4 to pin 3 improves component count and = 0 30 3
prevents transistor Q4 in the oscillator section from f» -10 . ™ s
saturating. Large swings are preserved by returning the é -20 / n =
collectors at pins 14, 13 and 6 to V¢ via the primary o N7 "\ " Lo wass
windings of transformers T3, T4 and T5 respectively. -40 N/ W amsonn] 10
For better linearity, detector diode 1N914 is biased 50 i /TIZZZJE“J, 1
slightly in the forward direction. Radio performance -60 = 0
concerning distortion, AGC, sensitivity and signal-to- T 10100 Tl 1ok 100k W 10M
noise is shown in Figure 4. These data are taken with Y luVems)

the radio laid out as shown in Figure 5. FIGURE 4. Radio Performance Plots
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FIGURE 3. LM1820 Schematic
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FIGURE 5. Typical Printed Circuit Board Radio Layout {Bottom View}
(Not Shown Full Size)
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LOW COST LED THERMOMETER

The circuit shown in Figure 1 is a Fahrenheit and used with the LM555. The repetition rate of these
centigrade digital thermometer using LED display. The pulses, however, is determined by the current in the
use of a %1 digit along with an unusual code conversion  2N4403 which is controlled by the LM5700. The voltage
technique allows a display of -40 to +100 in the amplitude of these constant width pulses at the output
centigrade mode, and -40 to +199 in the Fahrenheit of the CMOS inverters is equal to the zener voltage of
mode. Only one supply is required and critical voltages the LM5700. The filtered voltage returned to the
in the analog subsection are referenced to the zener summing junction of the LM5700 is

contained in the LM5700 sensor making additional
regulation unnecessary. frequency x VRgr x T

CIRCUIT OPERATION

where T is the pulse width. As the constraints of the
feedback loop force this voltage to equal the sensor
voltage, any frequency rate may be obtained by choosing
the LM555 pulse width, where

The LN5700, LM555 and MM74C04 integrated circuits
are the basic components of a linear voltage to frequency
converter which uses the 10 mV/°Kelvin sensor voltage
as its input. Linearity is achieved through the use of an
MM74C04 operating with the reference voltage in the

LM5700 as its supply potential. The pulse width at the temperature in K x .01 _ frequency.
input to the MM74C04 is heid constant by the Rand C VRee x T
1/2 MM74C76
0K PJK
100 k CLK _-‘ NSN 74L NSN 741 NSN 73
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VSUPPLY “ I — a ,- ," ’ +
I I:l’ (] (-

(IR} (78} MM74C00

.
LX5700 10k [10K
4c48 ac4g
2N4403 1| BLANK —0—‘ BLANK
e—AAA K K3

T up | 1248 1248 124 8
P.L (AR
74c1o

36K S
b

TN

2N3904 =g 2000F j:

R

1248 1248
ouT Pl out
140192

BDRROW

dwn 740192 740192

10 T 1 T JJ

74C04

LOW COST THERMOMETER
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FIGURE 1
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Thus the frequency output of the LLM555 is propor-
tional to the temperature in degrees Kelvin. In order to
convert this to display in degrees centigrade or Fahren-
heit, a digital code converter is used. The operation of
this converter is represented by the bar graphs in Figure
2. The first three bars show the conversion between
degrees Kelvin, centigrade, and Fahrenheit. Graphs 4 and
5 show the actual frequencies the LM555 is calibrated
to produce at various temperatures. By gating these
frequencies with a 16.66 ms pulse developed from the
60 Hz line, the counts which are fed to the counters are
developed. These counts are depicted in Graphs 6 and 7.

Note that these counts are equal to temperature in
degrees Kelvin and Rankin. By presetting the three

decade counters to 273 in the centigrade mode and 459
in the Fahrenheit mode these counts are converted from
Kelvin to centigrade and Rankin to Fahrenheit. The
counters count down during each gate time. If the
temperature and therefore the frequency is low and
the gate closes before zero is detected a minus tempera-
ture is displayed. For higher temperatures, a borrow
will be detected at zero degrees before gate closure and
the counters will begin to count up. Thus the flip fiop
which controls the down or up state of the counters also
controls the plus or minus sign. This final display is
shown in Graphs 8 and 9.

The number of updates/second is controlled by the
6.8 M resistor and 1 uF capacitor in the gate generating
flip flop and may be adjusted for various applications.

1 2 3 4 5 [ 7 8 9
37Ky~  100°CTT- z1z"F—T 22,381 Hz-1- 40273 Hz - 33— LUE LTS | T o
COUNT COUNT
DPERATIONAL up up
TEMPERATURE
RANGE
227K [0 = o 15,380 Hz =~ 13- u}{—-%
0CF1 27,580 Hz—H~ 459 - u}{ H-
233°K 40°C 40°F1—13,980 Hz H— 25,144 Hz 233 419 -40 40
COUNT COUNT
DOWN DOWN
T0 T0
ZERO ZERD
[ »273°c—L— -459°F le oL o-;LL vil vil
°c ¢ °C PRESET °F PRESET
- -459
TEMPERATURE FREQUENCY OF Vg COUNTS GATED AT 16.66 ms COUNTER DISPLAY

FIGURE 2
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CRYSTAL OVEN CONTROLLER AND PRECISION VOLTAGE REFERENCE

INTRODUCTION

Small ovens have long been used to temperature stabilize
critical circuits or components such as oscillators or
VCO’s. Usually, the circuitry requiring a crystal oven
will also require a very stable voltage reference or power
supply for the circuitry. This brief describes the use of
an LM199 temperature stabilized reference zener both
as a low cost, accurate oven temperature controller and
as a voltage reference. The temperature controller will
requlate oven temperature at 82°C to 84°C depending
on oven configuration and thermal resistance, with long
term stability accurate to +0.1°C. The voltage reference
portion is a 6.95V active zener capable of supplying up
to 10 mA of current, a reverse dynamic impedance better
than 1.082, long term stability better than 20 ppm/1000
hr. and a temperature coefficient of 1 ppm/°C max*.
The circuit can be designed for use over a wide range of
supply voltages, from 9V to 40V.

CIRCUIT DESCRIPTION

The oven controller consists of R1, Q1 and the temp-
erature stabilizer portion of the LM199 integrated circuit
{Figure 1). Control of oven temperature is achieved using
the stabilizers’ ability to sense die temperature.

The stabilizer of the LM199 is a temperature-dependent
current source which ordinarily has the sole function of
maintaining a constant 85°C die temperature by dis-
sipating power. Heater current vs die temperature for
various supply voltages are shown in Figure 2. The
LM199 comes packaged in a plastic thermal shield which
is removed for this application. The TO-46 can inside is
coupled to the oven ambient via a heat sink attached
to the copper-clad surface of a P.C. board within the

oven. The LM199 die, including the stabilizer, will now
closely track ambient oven temperature in spite of the
stabilizer’s power dissipation.

The oven heater, R1, is a length of nichrome wire
wrapped around the oven core. The value of R1 depends
on the supply voltage and the amount of power to be
dissipated. For an oven with a core mass {including
circuitry) of 12 oz., an uninsulated surface area of
10 in? and 3/4 inch of insulation, a 10 watt (at full
power) heater is adequate.

The heater is controlled by Q1, a PNP power transistor
such as an NSP4919.

Initially the oven and circuitry are at ambient {(room)
temperature. When power is applied, the stabilizer turns
on attempting to heat the die. This initial stabilizer
current is enough to saturate Q1 and run the oven
heater R1 at full power. As the temperature approaches
85°C, the stabilizer draws less and less current, which
in turn reduces current delivered to R1 via Q1.

The oven reaches equilibrium when the LM199 die
temperature is very close to 85°C, the oven temperature
is 82°C to 84°C, and the heat generated by the stabilizer,
R1, and Q1 equals the heat lost through the walls of the
oven. These temperatures will now remain constant to
within 20.1°C. The time taken to reach 1% of final
temperature is about 12 to 15 minutes, as shown in
Figure 3.

Resistor R2 is used to set the zener current and the load
current of the voltage reference. The zener current

80
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FIGURE 1. Schematic of Oven Temperature Controlter

*See LM199/1.M299/L.M399 Precision Reference Data Sheet.

FIGURE 2. Heater Current vs Die Temperature
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should be set at about 1 mA. Care should be taken to
keep the zener and stabilizer ground leads separate. IR
drops in a common ground lead can cause apparent
variation in reference voltage. Also, care must be taken
not to forward bias the LM199 substrate diode if the
“negative’ leads are not used as grounds.

CONSTRUCTION HINTS

Practically any type of commercially available crystal
oven enclosure may be used, or an oven may be con-
structed. A few points are worth mentioning. First, all
components inciuding Q1 may be mounted on a P.C.
board (Figure 4). At equilibrium, however, Q1 will
dissipate one or two watts or power and care must be
taken to keep it as far away as possible from the rest of
the circuit components to prevent large temperature

gradients. If Q1 is mounted on the copper-clad surface
of the P.C. board, etch a 1/8" line across the copper to
further thermally isolate Q1. (Copper interconnects from
Q1 to the rest of the circuit will not significantly
increase temperature gradients.)

Second, best results are obtained when the LM199 is
firmly attached to the copper-clad surface via a heat
sink. Thermal bonding may be further increased by using
a good thermal grease. Poor temperature regulation or
regulation at a lower-than-normal oven temperature may
be due to poor attachment, or operation of the LM199
without a heat sink.

For applications requiring a crystal oven and precision
voltage reference, the LM199 is an extremely cost-

effective solution for both requirements, with no sacrifice
of precision or performance.
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MICROVOLT COMPARATOR
INTRODUCTION

Comparison of dc signal levels within microvolts of each
other can be made by using an LM121A pre-amp and an
LM111 comparator IC. Implementing this with two
separate IC’s decreases noise, eliminates troublesome
thermal effects, and achieves a maximum offset drift of
0.22uV/°C (Figure 1).

Designing a practical comparator with a voltage gain of
10 million involves protecting the input stage from
temperature changes or gradients, and avoiding problems
of including the noise filter within the positive feedback
loop. The circuit as shown has a 5uV hysteresis which
can be trimmed to 14V under certain conditions. Further,
delays decrease with increasing overdrive (see chart) due
to elimination of input stage thermal effects, saturating
stages, and dielectric soak or polarization effects on
signal filter capacitors (Table |).

Peter Lefferts
JUNE 1976

DESIGNING WITH A PRE-AMP

With the bias network shown, the LM121A input stage
has an open-loop temperature stable voltage gain of close
to 100. The 100k output impedance of the LM121A is
shunted by Cg to filter out pickup and internally gen-
erated noise. No feedback to the inputs of the pre-amp
is employed to avoid degrading common-mode rejection
of the system.

The separate pre-amp with a gain of 100 provides two
major advantages over single comparator designs. First,
Vos and other small errors attributed to the LM111
are reduced by the 100 gain factor. More important,
temperature gradient changes which occur within the
LM111 when switching any output load, are completely
isolated by the separate packages and do not affect the
pre-amp. If the entire microvolt comparator were on a
single silicon chip, a temperature variation of as little

TABLE 1. Typical Overdrive Delays

DELAYS WITH VARIOUS OVERDRIVES

HYST.| A cs
SET 100% 1000% | 100 mv
10 kS
SaV | 75KkQ | 16800 pF | 2 ms 1.8 ms 600us 560us
ax.

+10V REG O—¢

*WIREWQUND

Cy
0.014F HYSTERESIS

15 TURN BALANCE

O -10V REG

FIGURE 1. Schematic Diagram
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as 1/1000°C across the input stage could have a sig-
nificant effect.

Thic effect is a major reason for designing circuits
sensitive and stable to microvolt dc signals with a separate
pre-amplifier. Further, the special 4-transistor input
stage, when adjusted to zero offset with the “balance”
control between pins 5 and 6, automatically reduces
Vs change with temperature to almost zero.

FILTERING

The pre-amp/comparator system generates a continuous
stream of very fast pulses if assembled without a filter,
even with positive feedback for hysteresis. This is caused
by both stray output-input feedback, and noise. The
noise is both thermal and pickup from the environment,
including power switching transients and fluorescent
light hash. To cure "his, shunt filter capacitor Cg is used.

Placing this capacitor outside the positive feedback loop
has two advantages. It eliminates a tendency for the
comparator to oscillate during slow transitions. Also,
response time to small signals is halved since the positive
hysteresis feedback signal is not stored on the filter
capacitor.

A higher frequency filter (Cf) is needed to provide a
low impedance shunt to any high frequency noise and
stray feedback that may be picked up between LM111
terminals 5 and 6. These two terminals have almost the
same voltage sensitivity as the normal input terminals.
The positive feedback to terminal 5, as described below,
is only delayed slightly by this filter.

FEEDBACK

The positive feedback provided by the 5.1k/3382 voltage
divider with Ry is needed to insure clean, rapid changes
of state. It is applied to one of the “balance’ terminals
(pin 5} of the LM111 to simplify the circuit over a
balanced feedback network, and to minimize signal
stored on Cg as previously described. The current fed
back to terminal 5 is single ended with respect to the
balance adjust network between these terminals, and
hence injects a dc offset of the desired polarity and
amplitude for a few microvolts of latching.

PERFORMANCE

A tabulation is shown for one of the many possible
combinations of input circuits, filters, etc. For large
amplitude signals, Cg can be decreased and hysteresis
increased for greater speed. Conversely, to obtain
hysteresis as low as 1uV, trim RY (to about 300k) use

a Cg of 0.01uF to 0.1uF and have a low impedance
source of signals.

For reduced ambient range and drift specifications, an
LM321 can be paired with the LM311 for a cost saving
while maintaining the same comparison sensitivity.

DESIGN TIPS FOR MICROVOLT SIGNALS

Even with high performance devices such as the LM121,
microvolts of error can occur from thermocouple effects,
common-mode signals, ““microphonics,” or unbalances
in the input or nulling circuits, As pointed out in applica-
tion note AN-79, Kovar lead to copper circuit board
thermocouple effects can cause a 3.buV offset voltage
for only 0.1°C difference across the input leads. A
compact layout of input connections and shielding from
air currents will minimize this problem.

Although the LM121A has excellent common-mode
rejection (> 120 dB), a 1V change in common-mode
voltage can induce up to 1uV of error voltage. For this
reason common-mode voltage changes should be kept to
a minimum. Also, common-mode voltages allow mech-
anical vibrations in the probe cable to induce “‘micro-
phonic” noise signals. Short, stiff, low capacitance and
symmetrical input shielded wires are recommended.

If it is possible to have a signal source balanced with
regard to ground, it will help decrease errors due to bias
currents, and noise due to common-mode and micro-
phonic effects. Matched, low temperature coefficient
parts should be used in the balance network, and care
should be exercised in shielding input circuits and
eliminating ground-loops.

APPLICATIONS

The microvolt comparator is particularly well suited to
controllers or 1est equipment having thermocouples or
strain gauges as inputs. This includes wind speed indica-
tors, RMS to dc converters, vacuum gauges, gas analysis
equipment, conductivity gauges, and hot wire controls.
The strain gauges can be used in materials testing, elec-
tronic weighing, pressure transducers, and load limiting
sensors for cranes, hoists, and rolling mills.

As a temperature controller, 1/8 degree or less on-off
differential can be obtained using thermocouple types
E, J, T or K. Other microvolt signals used for control
may come from Hall effect sensors, Bolometers, slide-
wires, and heat-flow thermopiles. A microvolt comparator
will be useful in “Go/No-Go” testing of low resistances
such as switch and relay contacts, RTDs, coil and fuse
resistances, and pressure-sensitive-plastic conductors.
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Dave Long
JUNE 1976

HIGH SPEED WARNING DEVICE FOR AUTOMOBILES

Conventional speed warning devices require the addition
of a multipole electromagnetic transducer in the trans-
mission or the speedometer cable as a source for the
speed signal. The proposed circuit uses the engine speed
signal available at the primary of the spark coil and a
switch in the transmission which is closed only in high
gear. Lowest cost display would be a light emitting
diode driven directly from the integrated circuit. Add a
durawatt transistor, and an incandescent lamp can be
driven. Two NSN71 1/3 inch high 7-segment numeric
displays can be hard wired to display the speed at which
the limit is set. For best effect, the visual warning
should be accompanied by an audible alarm such as a
buzzer. A more elegant solution which sounds better
and costs little more uses a tone generator to drive a
miniature moving coil loudspeaker.

The circuit shown in Figure 1 employs an LM2900 quad
Norton op amp to perform all the above functions.
Specifically, A1 amplifies and regulates the signal
from the spark coil. A2 converts frequency to voltage so
that its output is a voltage proportional to engine RPM.
This signal could be used to directly drive a tachometer

if desired. A3 compares the tachometer voltage with the
reference voltage and turns on the output transistor at
the set speed. A small amount (2%) of positive feedback
is provided to prevent annoying intermittent operation.
Amplifier A4 is used to generate an audible tone when-
ever the set speed is exceeded. R1 is adjusted in the
factory according to the gear and axle ratios, number of
cylinders, wheel and tire size, etc. Note that the 2900 is
capable of directly driving the loudspeaker.

In operation, the circuit is powered up so that the
tachometer drive is always available. When the trans-
mission moves to top gear, switch S1 closes and
connects the output light and speaker displays to the
power source. When the vehicle speed exceeds the set
value (66 mph U.S. or 82 km/hr South American} the
light and tone will be energized. To extinguish these
warnings, the driver will have to slow the vehicle to
below the value set by the hysteresis (say 55 mph or
80 km/hr}. The integrating 10uF capacitor on the
frequency to voltage converter, A2, could be increased
so that the alarm is not sounded during momentary
excursions above the set speed.

TABLE |. Component Distribution

PRE-AMP FREQ TO COMP & TONE PROT TOTAL
& FILTER VOLTAGE (TACH) OUTPUT GEN & REG
Resistors 4 2 5 4 1 16
Capacitars 1 2 1 1 5
Diodes 1 1 1 3
Transistors 1" 1 2
IC's 1/4 1/4 1/4 1/4 1
Other LED Speaker 2
29
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FIGURE 1. High Speed Warning Device

Note: Since this tinear brief was written, the LM2907, LM2917 Frequency to Voltage Converter was developed which performs the same

function as described here, See Application Note AN-162.
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A MICROPOWER VOLTAGE REFERENCE

A low-drift voltage reference can be easily made by
converting a zero temperature coefficient current to a
voltage. JFETs biased slightly below pinch-off exhibit a
zero temperature coefficient drain current (Ip) as shown
in Figure 1. With the above property and a micropower
operational amplifier, used to convert the drain current
to a voltage, a low power consumption voltage reference
can be built as shown in Figure 2. The consumption of
LM4250 op amp is programmed through resistor RGgT.
Potentiometer P1 should be adjusted for low output
(VREF) temperature coefficient. Actually, it can be
trimmed for positive, negative or zero temperature
coefficient. The output voltage is trimmed through P2
and it is expressed by:

VREF = Ip1(P2+ R1 + R2),

v
R2=R3, Ip1 = IpSs [1 . is]z
Vp

Nello Sevastopoulos
JUNE 1976

standby current less than 100uA. The characteristics of
the LM4250 are a function of its supply current, which
depends on RgET, and vt vt can be provided by
VREF through the addition of a second FET, J2, shown
in Figure 3. This way the parameters of the op amp will
be independent of the unregulated input. The reference
voltage output can be taken from the wiper of the
potentiometer P2 {VREF = VT) or from the source of
J2 (VREF > V'). In the first case, the output
impedance of the circuit is quite high and buffering may
be required according to the application. The output
impedance in the second case is low, essentially the
1/gm of (J2) divided by the loop gain of the circuit.
In this case, a small temperature coefficient due to the
supply current of the LM4250 is going to be added and
be compensated for by an additional trimming of P1.
VREF is computed by:

VREF= Ip7 [P2+R1+R2] +P3 [Ig+Ip1],

+
With the values shown in Figure 2, the temperature R2 = R3, Ig ~ 6(v" - VBE)
coefficient of the output is 0.002%/°C and the overall RSeT
Tp = -55°C
Ta=25°C

Ta =126°C

ZERQ T.C. POINT

Vgs

FIGURE 1. FET Transfer Characteristics

LB34-1

JON3IHI43H FOVLIIOA HIMOdOHIOIN vV vE-91



P1 M
258k ona11g

O VRer (10V}

2”2
100k
P2
A1
300K

R2
180k

P1 = Drift Adjust
P2 = VREF Adjust

FIGURE 2. Basic Voltage Reference
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FIGURE 3. Improved Voltage Reference
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THE MONOLITHIC OP AMP: A TUTORIAL STUDY

Invited Paper —
IEEE Journal of Solid-State Circuits, Vol. SC-9, No. 6

Abstraci—A study is made of the integrated circuit operational
amplifier (IC op amp) to explain details of its behavior in a simplified
and understandable manner. Included are analyses of thermal
feedback effects on gain, basic relationships for bandwidth and
slew rate, and a discussion of pole-splitting frequency compensation.
Sources of second-order bandlimiting in the amplifier are also
identified and some approaches to speed and bandwidth improve-
ment are developed. Brief sections are included on new JFET-
bipolar circuitry and die area reduction techniques using transcon-
ductance reduction.

I. INTRODUCTION

HE integrated circuit operational amplifier (IC
T op amp) is the most widely used of all linear

circuits in production today. Over one hundred
million of the devices will be sold in 1974 alone, and
production costs are falling low enough so that op amps
find applications in virtually every analog area. Despite
this wide usage, however, many of the basic performance
characteristics of the op amp are poorly understood.

It is the intent of this study to develop an under-
standing for op amp behavior in as direet and intuitive
a manner as possible. This is done by using a variety
of simplified circuit models which can be analyzed in
some cases by inspection, or in others by writing just a
few equations. These simplified models are generally
developed from the single representative op amp con-
figuration shown in Figs. 1 and 2.

The rationale for starting with the particular circuit
of Fig. 1 is based on the following: this circuit contains,
in simplified form, all of the important elements of the
most commonly used integrated op amps. It consists
essentially of two voltage gain stages, an input differ-
ential amp and a common emitter second stage, followed
by a class-AB output emitter follower which provides
low impedance drive to the load. The two interstages are
frequency compensated by a single small “pole-splitting”
capacitor (sce below) which is usually ineluded on the
op amp chip. In most respects this eircuit is directly
equivalent to the general purpose LM101 [1], nA
741 [2], and the newer dual and quad op amps [3], so
the results of our study relate directly to these devices.
Even for more exotic designs, such as wide-band amps
using feedforward [4], [5], or the new FET input cir-
cuits [6], the basic analysis approaches still apply, and
performance details can be accurately predicted. It has
also been found that a good understanding of the limita-

Manuscript received July 1, 1974; revised August 8, 1974.
The author is with the National Semiconductor Corporation,
Santa Clara, Calif. 95051.

James E. Solomon
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Basic twostage 1C op amp used for study. Minimal
modifications used in actual IC are shown in Fig. 2.

Fig. 1.

ViN
- a ay
a (N
ta) )
Fig. 2. (a) Modified current mirror used to reduce dec offset

caused by base currents in Q3 and @4 in Fig. 1. (b) Darlington
p-n-p output stage needed to minimize gain fall-off when sink-
ing large output currents. This is needed to offset the rapid g
drop which occurs in IC p-n-p’s.

tions of the circuit in Fig. 1 provides a reasonable
starting point from which higher performance amplifiers
can be developed.

The study begins in Section II, with an analysis of
dc and low frequency gain. It is shown that the gain is
typically limited by thermal feedback rather than elec-
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Fig. 3. (a) Approximate = model for CE transistor at de. Feedback element 7. == giro is ignored since this

greatly simplifies hand calculations. The error caused is usually less than 10 percent because 8., the intrinsic
B under the emitter, is quite large. Base resistance r. is also ignored for simplicity. (b) Circuit illustrating
caleulation of electronic gain for op amp of Fig. 1. Consideration is given only to the fully loaded condition

(R:
resistance of @6 and 9 are nondominant.

trical characteristics. A highly simplified thermal anal-
ysis is made, resulting in a gain cquation containing only
the maximum output current of the op amp and a
thermal feedback constant.

The next three sections apply first-order models to
the calculation of small-signal high frequency and large-
signal slewing characteristics. Results obtained include
an accurate equation for gain-bandwidth product, a
general expression for slew rate, some important rela-
tionships between slew rate and bandwidth, and a solu-
tion for voltage follower behavior in a slewing mode.
Due to the simplicity of the results in these sections,
they are very useful to designers in the development of
new amplifier circuits.

Section VI applies more accurate models to the caleu-
lation of important second-order effects. An effort is
made in this section to isolate all of the major con-
tributors to bandlimiting in the modern amp.

2 k@) where 8 is falling (to about 50) due to high current density. Under this condition, the output

In the final section, some techniques for reduction of
op amp die size are considered. Transconductance reduc-
tion and layout techniques are discussed which lead to
fabrication of an extremely compact op amp cell. An
example yielding 8000 possible op amps per 3-in wafer
is given.

II. Gain at DC anp Low FREQUENCIES

A. The Electronic Gain

The electronic voltage gain will first be calculated at
dc using the cireuit of Fig. 1. This calculation becomes
straightforward if we employ the simplified transistor
model shown in Fig. 3(a). The resulting gain from
Fig. 3(b) 1s

Vaus ny ImiBebBallolly

U i 1+ Tia/Tot’ (1)

Av(0) =
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where

T 22 Balres + Borea)

ror” = 704/ /Toa-

It has been assumed that

Bellr < vos//Tosy Yt = Gm2, Br = Ls.

The numerical subseripts relate parameters to transistor
Q numbers (i.e., 7o is 7, of @5, Bs is Bo of Qg, ete.). It has
also been assumed that the current mirror transistors
Qs and Q; have o’s of unity, and the usually small load-
ing of Ry has been ignored. Despite the several assump-
tions made in obtaining this simple form for (1), its ac-
curacy is quite adequate for our needs.

An examination of (1) confirms the way in which
the amplifier operates: the input pair and current mirror
convert the input voltage to a current g,,v;, which
drives the base of the second stage. Transistors Qs, Qs,
and @, simply multiply this current by 83 and supply it
to the load R;. The finite output resistance of the first
stage causes some loss when compared with second
stage input resistance, as indicated by the term 1/(1 +
Ti2/Tor’) . A numerical example will help our perspective:
for the LMI101A, I, = 10 pA, I, = 300 pA, 85 = Bs
= 150, and By = 50. From (1) and de voltage gain with
RL = 2 kﬂ iS

Av(0) == 625 000. 2)

The number predicted by (2) agrees well with that
measured on a discrete breadboard of the LM101A, but
is much higher than that observed on the integrated
circuit. The reason for this is explained in the next
section.

B. Thermal Feedback Effects on Gain

The typical IC op amp is capable of delivering powers
of 50-100 mW to a load. In the process of delivering
this power, the output stage of the amp internally dis-
sipates similar power levels, which causes the tempera-
ture of the IC chip to rise in proportion to the output
dissipated power. The silicon chip and the package to
which it is bonded are good thermal conductors, so the
whole chip tends to rise to the same temperature as the
output stage. Despite this, small temperature gradients
from a few tenths to a few degrees centigrade develop
across the chip with the output section being hotter than
the rest. As illustrated in Fig. 4, these temperature grad-
ients appear across the input components of the op amp
and induce an input voltage which is proportional to the
output dissipated power.

To a first order, it can be assumed that the tempera-
ture difference (T2-T1) across a pair of matched and
closely spaced components is given simply by

(Tz - Tl) = iKTPd OC (3)

where

-1 Vee

4T

«/\/\/\/—/ -V
HEAT

VINT = 17Pg

R
L
ViNT

TEMPERATURE GRADIENT

Fig. 4. Simple model illustrating thermal feedback in an IC op
amp having a single dominant source of self-heat, the output
stage. The constant yr == 0.6 mV/W and P is power dissipated
in the output. For simplicity, we ignore input drift due to uni-
form heating of the package. This effect can be significant if the
input stage drift is not low, see {71

P, power dissipated in the output circuit,
K, a constant with dimensions of °C/W.

The plus/minus sign is needed because the direction of
the thermal gradient is unknown. In fact, the sign may
reverse polarity during the output swing as the dominant
source of heat shifts from onc transistor to another. If
the dominant input components consist of the differential
transistor pair of Fig. 4, the thermally induced input
voltage Vi, can be calculated as

Vi = 2K, Py(2 X 107)

e i (4)
where yr = Kp(2 X 107*) V/W, since the transistor
emitter-base drops change about —2 mV/°C.

For a thermally well designed IC op amp, in which the
power output devices are made to approximate either
a point or a line source and the input components are
placed on the resulting isothermal lines (see helow and
Fig. 8), typical values measured for Ky arc

r =~ 03 °C/W (5)
in a TO-5 package.
The dissipated power in the class-AB output stage Pq
is written by inspection of Fig. 4:

VoV, — V,°

P, = R, (6)
where
V,= 4V, when V, > 0
V.= —-V,. when V, < 0.

A plot of (6) in Fig. 5 resembles the well-known
class-AB dissipation characteristics, with zero dissipation
occurring for Vo = 0, +V,., —V,.. Dissipation peaks
occur for Vo = +V,/2 and -V /2. Note also from (4)
that the thermally induced input voltage Vi, has this
same double-humped shape since it is just equal to a
constant times Py at de.
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Fig. 5. Simple class-B output stage and plot of power dissipated
in the stage, P4, assuming device can swing to the power sup-
plies. Equation (6) gives an expression for the plot.

Now examine Figs, 6(a) and (b) which are curves of
open-loop Vo versus V, for the IC op amp. Note first
that the overall curve can be visualized to be made up
of two components: a) a normal straight line electrical
gain curve of the sort expected from (1) and b) a double-
humped curve similar to that of Fig. 5. Further, note
that the gain characteristic has either positive or nega-
tive slope depending on the value of output voltage. This
means that the thermal feedback causss the open-loop
gain of the feedback amplifier to change phase by 180°,
apparently causing negative feedback to become positive
feedback. If this is really true, the question arises: which
input should be used as the inverting one for feedback?
Further, is there any way to close the amplifier and be
sure it will not find an unstable operating point and
latch to one of the power supplies?

The answers to these questions can be found by study-
ing a simple model of the op amp under closed-loop
conditions, including the effects of thermal coupling. As
shown in Fig. 7, the thermal coupling can be visualized
as just an additional feedback path which acts in parallel
with the normal electrical feedback. Noting that the
electrical form of the thermal feedback factor is [see (4)
and (6)]

o Wine Y2 -
Br = av, — *R, (Vs — 2V). @
The closed-loop gain, including thermal feedback is
A [ .
O = e ®

where u is the open-loop gain in the absence of thermal
feedback [(1)] and B, is the applied electrical feed-
back as in Fig. 7. Inspection of (8) confirms that as long
as there is sufficient electrical feedback to swamp the
thermal feedback (ie, B. > Br), the amplifier will
behave as a normal closed-loop device with charac-

THERMAL —-———I

5UM OF THERMAL
& ELECTRICAL

(a)

Vour
+20V -7
Ay % 50K wme-f |

Ry = 2k
- 10v

ViN

Ay % 130k ——e=
-+ ~10V

-1~ ~20v

(b

Fig. 6. (a) Idealized dc transfer curve for an IC op amp show-
ing its electrical and thermal components.‘(b) Experimental
open-loop transfer curve for a representative op amp (LM
101).

teristics determined principally by the electrical feed-
back (i.e., Ay(0) == 1/8,). On the other hand, if 8, is
small or nonexistant, the thermal term in (8) may domi-
nate, giving an apparent open-loop gain characteristic
determined by the thermal feedback factor Br. Letting
B. = 0 and combining (7) and (8), Ay{(0) becomes
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Fig. 7. Diagram used to calculate closed-loop gain with thermal
feedback.

A,(0) = . ©)

1+ “Ej’f(vs — 2V

Recalling from (6) that V, ranges between 0 and Vg, we
note that the incremental thermal feedback is greatest
when Vo = 0 or V,, and it is at these points that the
thermally limited gain is smallest. Ta use the amplifier
in a predictable manner, one must always apply enough
electrical feedback to reduce the gain below this mini-
mum thermal gain. Thus, a mazimum usable gain can be
defined as that approximately equal to the value of (9)
with Vy = O or V, which is

~ Bo_
Ay O)laue 22 - (10)
or
A (0) e 2 an
VAT Imer = oy L ax

It was assumed in (10) and (11) that thermal feedback
dominates over the open-loop electrieal gain, x. Finally,
in (11) a maximum current: was defined I, = Vg/Ry,
as the maximum current which would flow if the ampli-
fier output could swing all the way to the supplies.

Equation (11) is a strikingly simple and quite general
result which can be used to predict the expected maxi-
mum usable gain for an amplifier if we know only the
maximum output current and the thermal feedback con-
stant yr.

Recall that typically Ky = 0.3°C/W and y, = (2 X
10°) Kr = 0.6 mV/W. Consider, as as example, the
standard IC op amp operating with power supplies of
Vs = %15 V and & minimum load of 2 k@, which gives
Imax = 15 V/2 k@ = 7.5 mA. Then, from (11), the maxi-
mum thermally limited gain is about:

Ay(0) |max =2 1/(0.6 X 107%)(7.5 X 1079

2 920 000. 12)

Comparing (2) and (12), it is apparent that the thermal
characteristics dominate over the electrical ones if the
minimum load resistor is used. For loads of 6 kQ or more,
the electrical characteristies should begin to dominate

1C CHIP

TPUT
TRANSISTORS

Fig. 8. One type layout in which a quad of input transistors is
cross connected to reduce effect of nonuniform thermal grad-
ients. The output transistors use distributed stripe geometries
to gencrate predictable isothermal lines.

if thermal fecdback from sources other than the output
stage is negligible. It should be noted also that, in some
high speed, high drain op amps, thermal feedback from
the second stage dominates when there is no load.

As a second example, consider the so-called “power
op amp” or high gain audio amp which suffers from the
same thermal limitations just discussed. For a device
which can deliver 1 W into a 16-Q load, the peak output
current and voltage are 350 mA and 5.7 V. Typically, a
supply voltage of about 16 V is needed to allow for the
swing loss in the IC output stage. I,y is then 8 V/16 @
or 0.5 A. If the device is in a TO-5 package yr is ap-
proximately 0.6 mV/W, so from (11) the maximum
usable de gain is

P p——

= 3300. (13)
This is quite low compared with electrical gains of, say,
100 000 which are easily obtainable. The situation can be
improved considerably by using a large die to separate
the power devices from the inputs and carefully placing
the inputs on constant temperature (isothermal) lines
as illustrated in Fig. 8. If one also uses a power package
with a heavy copper base, yo's as low as 50 pV/W have
been observed. For example, a well-designed 5-W ampli-
fier driving an 8- load and using a 24-V supply, would
have a maximum gain of 13 000 in such a power package.

As a final comment, it should be pointed out that the
most commonly observed effect of thermal feedback in
high gain circuits is low frequency distortion due to the
nonlinear transfer characteristic. Differential thermal
coupling typically falls off at an initial rate of 6 dB/
octave starting around 100-200 Hz, so higher frequencies
are uneffected.

IT1. SMALL-SIGNAL FREQUENCY RESPONSE

At higher frequencies where thermal effects can be
ignored, the behavior of the op amp is dependent on
purely electronic phenomena. Most of the important
small and large signal performance characteristies of the
classical IC op amp can be accurately predicted from
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Fig. 9. First-order model of op amp used to caleulate small signal high frequency gain. At freguencies of in-
terest the input impedance of the second stage becomes low compared to first stage output 1mp'edance due
to C. feedback. Because of this, first stage output impedance can be assumed infinite, with no loss in accuracy.

very simple first-order models for the amplifier in Fig.
1[8]. The small-signal model that is used assumes that
the input differential amplificr and current mirror can be
replaced by a frequency independent voltage controlled
current source, see Fig. 9. The second stage consisting
essentially of transistors Q5 and Qs and the current
source load, is modeled as an ideal frequency independent
amplifier block with a feedback or “integrating capacitor”
identical to the compensation capacitor, C.. The output
stage is assumed to have unity voltage gain and is
ignored in our calculations. From Fig. 9, the high fre-
quency gain is calculated by inspeetion:

= I (13)

A = oC

where dc¢ and low frequency behavior have not been
included since this was evaluated in the last section. Fig.
10 is a plot of the gain magnitude as predicted by (14).
From this figure it is a simple matter to calculate the
open-loop unity gain frequency wy, which is also the gain-
bandwidth product for the op amp under closed-loop
conditions:

= Im,

C. (15

w,
In a practical amplifier, o, is set to a low cnough fre-
quency (by choosing a large €.} so that negligible excess
phase over the 90° due to C, has built up. There are
numerous contributors to excess phase including low f;
p-n-p’s, stray capacitances, nondominant second stage
poles, ete. These are discussed in more detail in a later
section, but for now suffice it to say that, in the simple
IC op amp, v,/2x is limited to about 1 MHz. As a simple
test of (15), the LM101 or the pA741 has a first stage
bias current Iy of 10 A per side, and a compensation
capacitor for unity gain operation, C,, of 30 pF. These
amplifiers each have a first stage g» which is half that

Ayi0) dem e

Aylw)

Odb

w

@y = Im1/Cc

Fig. 10. Plot of open-loop gain calculated from model in Fig. 9.
The de and LF gain are given by (1), or (11) if thermal feed-
back dominates.

of the simple differential amplifier in Fig. 1 s0 gm =
ql,/2kT. Equation (15) then predicts a unity gain
corner of

_ _ gm _ (0192 X10°%)
fo= % T 20, T 20 x 107 ~ 12 M

(16)

[

which agrees closely with the measured values.

1V. SLEw RATE AND SOME SPECIAL LIMITS

A. A General Limit on Slew Rate

If an op amp is overdriven by a large-signal pulse
or square wave having a fast enough rise time, the out-
put does not follow the input immediately. Instead, it
ramps or “slews” at some limiting rate determined by
internal currents and capacitances, as illustrated in Fig.
11. The magnitude of input voltage required to make the
amplifier reach its maximum slew rate varies, depending
on the type of input stage used. For an op amp with a
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SLEW *= o]
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Fig. 11. Large signal “slewing” response observed if the input

is overdriven.

QVERDRIVE

.
L o vt \

21y

C

i

av,
SLEW RATE = —2f =
dt {max. Cg

SINCE it} =214

Fig. 12. Model used to calculate slew rate for the amp of Fig. 1 in the inverting mode. For simplicity, all
transistor o«’s are assumed equal to unity, although results are cssentially independent of «. An identical slew
rate can be calculated for a negative-going output, obtained if the applied input polarity is reversed.

simple input differential amp, an input of about 60 mV
will cause the output to slew at 90 percent of its maxi-
mum rate, while a xA741, which has half the input gm,
requires 120 mV. High speed amplifiers such as the LM
118 or a FET-input circuit require much gredter over-
drive, with 1-3 V being common. The reasons for these
overdrive requirements will become clear below.

An adequate model to caleulate slew limits for the
representative op amp in the inverting mode is shown in
Fig. 12, where the only important assumption made is
that I, > 2I, in Fig. 1. This condition always holds in a
well-designed op amp. (If one lets I, be less than 215, the
slew is limited by I rather than I;, which results in lower

speed than is otherwise possible.) Fig. 12 requires some
modification for noninverting operation, and we will
study this later.

The limiting slew rate is now calculated from Fig. 12.
Letting the input voltage be large enough to fully switch
the input differential amp, we sec that all of the first
stage tail current 27, is simply diverted into the inte-
grator consisting of A and C.. The resulting slew rate is
then:

dv,
At oax

Noting that 7.(t) is a constant 2I,, this becomes

_ 203

slew rate

an
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v = 2

At loax Ce
As a check of this result, recall that the pA741 has
I, = 10 pA and €, = 30 pF, so we calculate:

(18

-5
| _ 2x1070 oV
us

At |mm 30 X 1077 7

which agrees with measured values.

The large and small signal behavior of the op amp

can be uscfully related by combining (15) for w, with
(18). The slew rate becomes

(19)

v,

dt
Equation (20) is a general and very useful relationship.
It shows that, for a given unity-gain frequency, o, the
slew rate is determined entirely by just the ratio of first
stage operating current to first stage transconductanee,
I/gm. Recall that o, is set at the point where excess
phase begins to build up, and this point is determined
largely by technology rather than eircuit limitations.
Thus, the only cffeetive means available to the eircuit
designer for increasing op amp slew rate is to decrease
the ratio of first stage transconductance to operating
current, g, /1.

_2ul,

max Im1

(20)

B. Slew Limiting for Simple Bipolar Input Stage

The significance of (20) is best scen by considering the
specific case of a simple differential bipolar input as in
Fig. 1. For this circuit, the first stage transconductance
(for a; = 1) ist

gm = ql./kT (2D
so that
9ot = /T 22
Il - Q/ . ( )
Using this in (20), the maximum bipolar slew rate is
do| o, KT
T 2w, p (23)

This provides us with the general (and somewhat dismal)
conclusion that slew rate in an op amp with a simple
bipolar input stage is dependent only upon the unity
gain corner and fundamental constants. Slew rate can
be increased only by increasing the unity gain corner,
which we have noted is generally difficult to do. As a
demonstration of the severity of this limit, imagine an
op amp using highly advanced technology and clever
design, which might have a stable unity gain frequency
of 100 MHz. Equation (23) predicts that the slew rate
for this advanced device is only

L Note that (21) applies only to the simple differential input
stage of Fig. 12. For compound input stages as in the LMI01
or uA741, g is half that in (21), and the slew rate in (23) is
doubled.

d| gV

At loax 33 us @9
which is good, but hardly impressive when compared
with the difficulty of building a 100-MHz op amp.? But,
there are some ways to get around this limit as we shall
see shortly.

C. Power Bandwidth

Our intuition regarding slew rate will be enhanced
somewhat if we relate it to a term called “power band-
width.” Power bandwidth is defined as the maximum
frequency at whieh full output swing (usually 10 V
peak) can be obtained without distortion. For a sinus-
oidal output voltage vo(f) = V, sin t, the rate of change
of output, or slew rate, required to reproduce the output

I8

%}f = wV, cos wt. (25)
This has a maximum when cos wt = 1 giving
dv, o
) — oV 26
IR oV, (26)

so the highest frequeney that ean be reproduced without
slew limiting, wmax (power bandwidth) is

1 s,
V, dt
Thus, power bandwidth and slew rate are direetly related
by the inverse of the peak of the sine wave V,. Fig. 13
shows the severe distortion of the output sine wave which
results if one attempts to amplify a sinc wave of fre-
quency o > wpax-

Some numbers illustrate typical op amp limits. For a
#A741 or LM101 having a maximum slew rate of 0.67
V/us, (27) gives a maximum frequency for an undis-
torted 10-V peak output of

@n

Wmax =

max

foux = 22 = 10.7 kHz, (28)
2r
which is a quite modest frequency considering the much
higher frequency small signal capabilities of these de-
vices. Even the highly advanced 100-MHz amplifier
considered above has a 10-V power bandwidth of only
0.5 MHz, so it is apparent that a need exists for finding
ways to improve slew rate.

D. Techniques for Increasing Slew Rate

1) Resistive Enhancement of the Bipolar Stage: Equa-
tion (20) indicates that slew rate can be improved if we
reduce first stage gmi/I;. One of the most effective ways

2 We assume in all of these calculations that C. is made large
enough so that the amplifier has less than 180° phase lag at wa,
thus making the amplifier stable for unity closed-loop gain. For
higher gains one can of course reduce C, (if the IC allows
external compensation) and increase the slew rate according
to (18).
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i
DESIRED Vo(l) = Vp SiINwt

Fig. 13. Slew limiting effects on output sinewave that oceur if
frequency is greater than power bandwidth, wme.. The onset
of slew limiting occurs very suddenly as w reaches wmix. No
distortion decurs below wmax, while almost complete triangulari-
zation occurs at frequencies just slightly above wimax.

J

Fig. 14. Resistive degeneration used to provide slew rate en-

hancement according to (29).

of doing this is shown in Fig. 14, where simple resistive
emitter degeneration has been added to the input differ-
ential amplifier [8]. With this change, the gm:/I; drops
to

It 38.5

1, = 1+ R.l,/26 mV @9

at 25°C.

The quantity gmi/I, is scen to decrease rapidly with
added Rz as soon as the voltage drop across Rg exceeds
26 mV. The LM118 is a good example of a bipolar
amplifier which uses emitter degencration to enhance
slew rate [4]. This device uses emitter resistors to pro-
duce Rgl; = 500 mV, and has a unity gain corner of 16

MHz. Equations (20} and (29) then predict a maximum
inverting slew rate of

o, =2w,‘*’=wu=100\l
At [max Gmi us
which is a twenty-fold improvement over a similar ampli-
fier without emitter resistors.

A penalty is paid in using resistive slew enhancement,
however. The two added emitter resistors must match
extremely well or they add voltage offsct and drift to the
input. In the LM118, for example, the added emitter
R’s have values of 2.0 k@ cach and these contribute an
input offsct of 1 mV for each 4 © (0.2 percent) of mis-
match. The thermal noise of the resistors also unavoid-
ably degrades noise performance.

2) Slew Rate in the FET Input Op Amp: The FET
(JFET or MOSFET) has a considerably lower trans-
conductance than a bipolar device operating at the same
current. While this is normally considered a drawback
of the FET, we note that this “poor” behavior is in fact
highly desirable in applications to fast amplifiers, To
illustrate, the drain current for a JFET in the “current
saturation” region can be approximated by

(30)

I, =1I555(Ves/Vr — 1)° (31)
where
Ipss the drain current for Vg = 0,
Ves the gate source voltage having positive polarity

for forward gate-diode bias,
Ve the threshold voltage having negative polarity
for JFET’s.

The small-signal transconductance is obtained from (31)
838 gn = dlp/0Ve. Dividing by Ip and simplifying, the
ratio gm/Ip for a JFET is

I ~ o 3 2 I:I_Dﬁ]l/z
ID— (VGS - VT) B _VT ID '
Maximum amplifier slew rate occurs for minimum
gn/Ip and, from (32), this occurs when I, (or Vgg) is
maximum. Normally it is impractical to forward bias the
gate junction so a practical minimum occurs for (32)
when Vgg = 0V and I, = I,5s. Then

(32)

In | o~ _2

=y,
Comparing (33) with the analogous bipolar expression,
(22), we find from {(20) that the JFET slew rate is
greater than bipolar by the factor

(33)

JFETslew _ —V, w,
bipolarslew ™ 2kT/q w.,

39

where wyy and o, are unity-gain bandwidths for JFET
and bipolar amps, respectively. Typical JFET thresholds
are around 2 V (Vy = —2 V), so for equal bandwidths
(34) tells us that a JFET-input op amp is about forty
times faster than a simple bipolar input. Further, if
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Fig. 15. Monolithic operational amplifier employving compafible p-channel JFET’s on the same chip with nor-
mal bipolar components.

JFET’s are properly substituted for the slow p-n-p’s in
a monolithic design, bandwidth improvements by at least
a factor of ten are obtainable. JFET-input op amps,
therefore, offer slew rate improvements by better than
two orders of magnitude when compared with the con-
ventional 1C op amp. (Similar improvements are possible
with MOSFET-input amplifiers.) Thix characteristie,
coupled with picoamp input currents and reasonable off-
set and drift, make the JFET-input op amp a very
desirable alternative to conventional bipolar designs.

As an example, Fig. 15, illustrates one design for an
op amp employing compatible p-channel JFET’s on the
same chip with the normal hipolar components. This
circuit exhibits a unity gain corner of 10 MHz, a 33
V/ps slew rate, an input current of 10 pA and an offset
voltage and drift of 3 mV and 3 pV/°C [6]. Bandwidth
and slew rate are thus improved over simple IC bipolar
by factors of 10 and 100, respectively. At the same time
input currents are smaller by about 10%, and offset volt-
ages and drifts are comparable to or better than slew
enhanced bipolar ecircuits.

V. SEconp-ORrpER EFFECTS: VOLTAGE FOLLOWER
SLEW BEHAVIOR

If the op amp is operated in the noninverting mode
and driven by a large fast rising input, the output
exhibits the characteristic waveform in Fig. 16. As shown,
this waveform does not have the simple symmetrical
slew characteristic of the inverter. In one direction, the
output has a fast step (slew “enhancement”) followed

. Voith
gttt

vt
¢ INPUT
Vot
QUTPUT FOR
t NPN INPUT STAGE
Voplt
t OUTPUT FOR
PNP INPUT STAGE
Fig. 16. Large signal response of the voltage follower. For an op
& P

amp with simple n-p-n input stage we get the waveform
1an(t), which exhibits a step slew “enhancement” on the positive
going output, and a slew “degradation” on the negative going
output. For a p-n-p input stage, these effects are reversed as
shown by v.,(2).

by a “normal” inverter slewing response. In the other
direction, it suffers a slew “degradation” or reduced slope
when compared with the inverter slewing response.

We will first study slew degradation in the voltage
follower connection, since this represents a worst case
slewing condition for the op amp. A model which ade-
quately represents the follower under large-signal condi-
tions can be obtained from that in Fig. 12 by simply
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Fig. 17. Circuit used for calculation of slew “degradation” in the voltage follower. The degradation is caused
by the capacitor C,, which robs current from the tail, 2/, thereby preventing the full 2/, from slewing Ce..

tying the output to the inverting input, and including a
capacitor C, to account for the presence of any capaci-
tance at the output of the first stage (tail) current source,
see Fig. 17. This “input tail” capacitance is important
in the voltage follower because the input stage undergoes
rapid large-signal excursions in this connection, and the
charging currents in C, can be quite large.

Circuit behavior can be understood by analyzing Fig.
17 as follows. The large-signal input step causes Q; to
turn oFF, leaving Q, to operate as an emitter follower
with its emitter tracking the variational output voltage,
vo(t). It is seen that vy(t) is essentially the voltage
appearing across both C, and C, so we can write

9

Vo
14

Noting that 1, = 2I, — 4,
be solved for 1,:

o

1,
=T 35

I

I
IR
|

- O

unity o's assumed), (35) can

2
1+C./C,
which is seen to be constant with time. The degraded

voltage follower slew rate is then obtained by substitut-
ing (36) into (35):

i, =

(36)

do| i 2L
At o C.— C.+C,

Comparing (37) with the slew rate for the inverter, (18),
it is seen that the slew rate is reduced by the simple
factor 1/(1 + C,/C,). As long as the input tail capaci-
tance C, is small compared with the compensation ca-
pacitor C,, little degradation occurs. In high speed
amplifiers where C, is small, degradation becomes quite
noticeable, and one is encouraged to develop circuits with
small C,.

As an example, consider the relatively fast LM118

o

@7

which has C, = 5 pF, C, = 2 pF, 2I; = 500 pA. The
calculated inverter slew rate is 2I,/C, = 100 V/us, and
the degraded voltage follower slew rate is found to be
21,/(C, + C,) = 70 V/us. The slew degradation is seen
to be about 30 percent, which is very significant. By
contrast, a xA741 has C, = 30 pF and C, = 4 pF which
results in a degradation of less than 12 percent.

The slew “enhanced” waveform can be similarly pre-
dicted from a simplified model. By reversing the polarity
of the input and initially assuming a finite slope on the
input step, the enhanced follower is analyzed, as shown
in Fig. 18. Noting that @, is assumed to be turned on
by the step input and Q. is oFF, the output voltage be-
comes

volt) 2 —Flc fo "ol + is)] dt. 38)

The voltage at the emitter of @, is essentially the same
as the input voltage, v;(t), so the current in the “tail”
capacitance C, is

v . OV,
tdt T
Combining (38) and (39), ve(¢t) is

LW =C 0<t<t,. (39)

‘ 1 "CV,
—v,,(t)goi fu ol di + f CVy Cmd 40)
or

C.

—u() = GV, + 2Lt

C. (41)
Equation (41) tells us that the output has an initial
negative step which is the fraction C,/C, of the input
voltage. This is followed by a normal slewing response,
in which the slew rate is identical to that of the inverter,
see (18). This response is illustrated in Fig. 18.




20y +igt)

Fig. 18. Circuit used for calculation of slew “enhancement” in the voltage follower. The fast falling input
causes a step output followed by a normal slew response as shown.

VI. LiMITATIONS 0N BANDWIDTH

In earlier sections, all bandlimiting effects were ignored
except that of the compensation capacitor, C.. The unity-
gain frequency was set at a point sufficiently low so that
negligible excess phase (over the 90° from the dominant
pole) due to second-order (high frequency) poles had
built up. In this section the major second-order poles
which contribute to bandlimiting in the op amp are
identified.

A. The Input Stage: p-n-p’s, the Mirror Pole, and the
Tail Pole

For many years it was popular to identify the lateral
p-n-p's (which have f,’s = 3 MHz) as the single domi-
nant source of bandlimiting in the IC op amp. It is quite
true that the p-n-p’s do contribute significant excess
phase to the amplifier, but it is not true that they are the
sole contributor to excess phase [9]. In the input stage,
alone, there is at least one other important pole, as
illustrated in Fig. 19(a). For the simple differential input
stage driving a differential-to-single ended converter
(“mirror” circuit), it is seen that the inverting signal
(which is the feedback signal) follows two paths, one of
which passes through the capacitance C,, and the other
through C,. These capacitances combine with the dy-
namic resistances at their nodes to form poles designated
the mirror pole at

Pn G T (42)
and the tail pole at
~ 20

It can be seen that if one attempts to operate the first
stage at too low a current, these poles will bandlimit the
amplifier. If, for example, we choose I, = 1 pA, and
assume C, = 7 pF (consisting of 4-pF isolation ca-

__”_._. __LTAlLPoLE

INVERTING A\
SIGNAL' A
@\ws

—O Vo
MIRROR
POLE b
CMT‘L_
" z
(a)
+
+1O =)
INVERTING
SIGNAL PATH
", BYPASSING BOTH
@AILAND MIRROR POLES
it
—OVo
CM-IJ:_
|
4
(b)
Fig. 19. (a) Circuit showing “mirror” pole due to Cm and “tail”

pole due to C.. One component of the signal due to an invert-
ing input must pass through either the mirror or tail poles.
(b) Alternate circuit to Fig. 19(a) (LM101, 4A741) which has
less excess phase. Reason is that half the inverting signal path
need not pass through the mirror pole or the tail pole.
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Fig. 20. Simplification of second stage used for pole-splitting analysis. (a) Complete second stage with input
stage and output stage loading represented by R., C., and R:, Ci, respectively. (b) Emitter follower ignored
to simplify analysis. (¢) Hybrid » model substituted for transistor in (b). Source and load impedances are
absorbed into model with the total impedances represented by Ri, Cs, and R, C. Transistor base resistance
is ignored and C, includes both €, and transistor collector-base capacitance.

pacitance and 3-pF emitter transition capacitance) and
Cy, = 4 pF? p,/2r = 0.9 MHz and p;/2xr = 3 MHz
either of which would seriously degrade the phase margin
of a 1-MHz amplifier.

If a design is chosen in which either the tail pole or
the mirror pole is absent (or unimportant), the remain-
ing pole rolls off only half the signal, so the overall
response contains a pole-zero pair separated by one
octave. Such a pair generally has a small effect on ampli-
fier response unless it occurs near w,, where it can degrade
phase margin by as much as 20°.

It is interesting to note that the compound input stage

Voue

B. The Second Stage: Pole Splitting

The assumption was made in Section III that the sec-
ond stage behaved as an ideal integrator having a single
dominant pole response. In practice, one must take care
in designing the second stage or second-order poles can
cause significant deviation from the expected response.
Considerable insight into the basic way in which the
second stage operates can be obtained by performing a
small-signal analysis on a simplified version of the cir-
cuit as shown in Fig. 20 [10]. A straightforward two-
node analysis of Fig. 20(c) produces the following ex-
pression for vy

—gufiBy(l — sCp/g)

of the classical LM101 (and xA741) has a distinct ad-
vantage over the simple differential stage, as seen in
Fig. 19(b). This ecircuit is noninverting across each half,
thus it provides a path in which half the feedback signal
bypasses both the mirror and tail poles.

3C,. can have a wide range of values depending on circuit
configuration. It is largest for n-p-n input differential amps since
the current source has a collector-substrate capacitance (C, =
34 pF) at its output. For p-n-p input stages it can be as small as
1-2 pF.

4 1+ sB(C, + C) + BaCs + C)) + guRR:C,] + sRRCC, + G, + C)

(49)

The denominator of (44) can be approximately fac-
tored under conditions that its two poles are widely
separated. Fortunately, the poles are, in fact, widely
separated under most normal operating conditions. There-
fore, one can assume that the denominator of (44) has
the form

D) = (1 + s/p)(A + s/p2)

14 s(1/p1 + 1/p5) + §/pips. (45)
With the assumption that p, is the dominant pole and

Il
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Fig. 21. Pole migration for second stage employing “pole-
splitting” compensation. Plot is shown for increasing C, and

it is noted that the nondominant pole reaches a maximum
value for large C,.

p2 1s nondominant, i.e., p; < p2, (45) becomes

D(s) =1 + s/p. + s/pups. (46)
Equating coefficients of s in (44) and (46), the dominant
pole p, is found directly:

1

PR+ C) T RC T O + guRiRC,
o~ 1
= RELC, 48

The latter approximation, (48), normally introduces little
error, because the g, term is much larger than the other
two. We note at this point that p,, which represents the
dominant pole of the amplifier, is due simply to the
familiar Miller-multiplied feedback capacitance g,.R2Cy
combined with input node resistance, B;. The nondomi-
nant pole p, is found similarly by equating s? coefficients
in (44) and (46) to get pyp., and dividing by p; from
(48). The result is

~ InCo .
P:= 0.0, + C(C, + Co)

Several interesting things can be scen in examining (48)
and (49). First, we note that p, is inversely proportional
to gm (and C,), while p; is directly dependent on g, (and
C,). Thus, as either C, or transistor gain are increascd,
the dominant pole decreases and the nondominant pole
increases. The poles p; and p, are being “split-apart” by
the increased coupling action in a kind of inversc root
locus plot.

This pole-splitting action i1s shown in Fig. 21, where
pole migration is plotted for C, increasing from 0 to a
large value. Fig. 22 further illustrates the action by giv-
ing specific pole positions for the 4A741 op amp. It is seen
that the initial poles (for C, = 0) are both in the tens
of kilohertz region and these are predicted to reach 2.5
Hz (pi1/2») and 66 MHz (p2/2x) after compensation is
applied. This result is, of course, highly satisfactory

(49)

DOMINANT POLE

P
1 x25H
Zn \

s} X x s]
PR 5
/

1
TR, =3%kHz

NON-DOMINANT POLE

2 =66 MHz
2

1
=8k,
Zamycy =M
L . S

INITIALPOLES FOR Cp = 0

TFig. 22. Example of pole-splitting compensation in the wA741
op amp. Values used in (48) and (49) are: gm: = 1/87 @, C, =
30 pF, Cy = C, = 10 pF, Ry = 1.7 M@, R. = 100 kQ.

since the second stage now has a-single dominant pole
effective over a wide frequency band.

C. Failure of Pole Splitting

There are several situations in which the application
of pole-splitting compensation may not result in a single
dominant pole response. One common casc occurs in very
wide-band op amps where the pole-splitting capacitor is
small. In this situation the nondominant pole given by
(49) may not become broadbanded sufficiently so that it
can be ignored. To illustrate, suppose we attempt to
minimize power dissipation by running the second stage
of an LM118 (which has a small-signal bandwidth of
16 MHz) at 0.1 mA. For this op amp C, = 5 pF, C; =

2 == 10 pF. From (49), the nondominant pole is

B~ 16 MH3 (50)
27

which lies right at the unity-gain frequency. This pole
dlone would degrade phase margin by 45°, so it is clear
that we need to bias the second stage with a collector
current greater than 0.1 mA to obtain adequate g,. In-
sufficient pole-splitting can therefore occur; but the cure
is usually a simple increase in second stage gm.

A second type of pole-splitting failure can occur, and
it is often much more difficult to cope with. If, for exam-
ple, one gets over-zealous In his attempt to broadband
the nondominant pole, he soon discovers that other poles
exist within the second stage which can cause difficulties.
Consider a more exact equivalent eircuit for the second
stage of Fig. 20(a) as shown in Fig. 23. If the follower
is biased at low currents or if C,, Q2 gm, and/or r, are
high, the ecircuit can contain at least four important
poles rather than the two considered in simple pole
splitting. Under these conditions, we no longer have a
response with just negative real poles as in Fig. 21, but
observe a root locus of the sort shown in Fig. 24. It is
seen in this case that the circuit contains a pair of com-
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plex, possibly underdamped poles which, of course, can
cause peaking or even oscillation. This effect oceurs so
commonly in the development of wide-band pole-split
amplifiers that it has been (not fondly) dubbed “the
second stage bump.”

There are numerous ways to climinate the “bump,”
but no single cure has heen found which ix effective in
all situations. A dircet hand analysis of Fig. 23 is pos-
sible, but the results are diffieult to interpret. Computer
analysis scems the best approach for this level of com-
plexity, and numerous specifie analyses have been made.
The following is a list of circuit modifications that have
been found effective in reducing the bump in the various
studies: 1) reduce gz, 7o Cuos 2) add capacitance or a
series RC network from the stage input to ground—this
reduces the high frequency local feedback due to €y, 3)
pad capacitance at the output for similar reasons, 4) in-
crease operating current of the follower, 5) reduce €,
6) use a higher f, process.

D. Troubles in The Output Stage

Of all the circuitry in the modern IC op amp, the
class-AB output stage probably remains the most trou-
blesome. None of the stages in use today behave as well
as one might desire when stressed under worst case con-

of Tig. 20 (a) including a simplified = model for the
a complete = for Qs (7, R, ete).

ditions. To illustrate, one of the most commonly used out-
put stages is shown in Fig. 2(b). The p-n-p’s in this eir-
cuit are “substrate” p-n-p’s having low current f,'’s of
around 20 MHz. Unfortunately, both 8, and f, begin to
fall off rapidly at quite low current densitics, so as one
begins to sink just a few milliamps in the eircuit, phase
margin troubles can develop. The worst effect occurs
when the amplifier is operated with a large capacitive
load (>100 pF) while sinking high currents. Az shown
in Fig. 25, the load capacitance on the output follower
causes it to have negative input conductance, while the
driver follower can have an inductive output impedance.
These clements combine with the eapacitance at the in-
terstage to gencrate the equivalent of a onc-port oscil-
lator. In a carcfully designed circuit, oscillation 1z sup-
pressed, but pedking (the “output bump”) can oceur in
most amplifiers under appropriate conditions.

One new type of output circuit which does not use
p-n-p’s is shown in Fig. 26 [6]. This circuit employs
compatible JFET’s (or MOSFET s, see similar circuit in
[11]) in a FET/bipolar quasi-complimentary output
stage, which ix insensitive to load capacitance. Unfor-
tunately, this ecircuit is rather complex and employs
extra process steps, o it does not appear to represent the
cure for the very low cost op amps.

VII. Tue Gaixy CELL: LINEAR LARGE-SCALE
INTEGRATION

As the true limitations of the basie op amp are more
fully understood, this knowledge can be applied to the
development of more “optimum” amplifiers. There are,
of course, many ways in which one might choose to opti-
mize the device. We might, for example, attempt to maxi-
mize speed (bandwidth, slew rate, settling time) without
sacrificing de characteristics. The compatible JFET/
bipolar amp of Fig. 15 represents such an effort. An
alternate choice might be to design an amplifier having
all of the performance features of the most widely used
general purpose op amps (ie, pwA741, LMI107, etc.),
but having minimum possible die area. Such a pursuit
is parallel to the efforts of digital large-scale integration
(LSI) designers in their development of minimum area
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Troubles in the conventional class-AB output stage of Fig. 2(b). The low f; output p-n-p’s interact
with foad capacitance to form the equivalent of a one-port oscillator.
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Fig. 26. The “BIFET"” output stage employing JFET’s and

bipolar n-p-n's to eliminate

memory ecells or gates. The object of such efforts, of
course, is to develop lower cost devices which allow wide
and highly economic usage.

In this section we briefly discuss certain aspects of
the linear gain cell, a general purpose, internally com-
pensated op amp having a die area which is signifieantly
smaller than that of equivalent, present day, industry
standard amplifiers.

A. Transconductance Reduction

The single largest area component in the internally
compensated op amp is the compensation capacitor
(about 30 pF, typically). A major interest in reducing
amplifier die area, therefore, centers about finding ways
in which this capacitor can be reduced in size. With this
in mind, we find it useful to examine (15}, which relates
compensation capacitor size to two other parameters,
unity gain corner frequency ,, and first stage trans-
conductance g,;. It is immediately apparent that for a
fixed, predetermined unity gain corner (about 2« X
1 MHz in our casc), there is only one change that can

sensitivity to load capacitance.

be made to reduce the size of C,: the transconductance
of the first stage must be reduced. 1f we restrict our in-
terest to simple bipolar input stages (for low cost), we
recall the gw1 = qli/kT. Only by reducing I; can gm
be reduced, and we earlier found in Section VI-A and
Fig. 19(a) and (b) that I, cannot be reduced much with-
out causing phase margin difficulties due to the mirror
pole and the tail pole.

An alternate basic approach to g reduction is illus-
trated in Fig. 27 [12]. Here, a multiple collector p-n-p
structure, which is easily fabricated in IC form, is used
to split the collector current into two components, one
component (the larger) of which is simply tied to
ground, thereby “throwing away” a major portion of the
transistor output current. The result is that the g, of
the transistor is reduced by the ratio of 1/(1 + n) (see
Fig. 27), and the compensation capacitance can be re-
duced directly by the same factor. It might appear that
the mirror pole would still cause difficultics since the
current mirror becomes current starved in Fig. 27, but
the effect is not as severe as might be expected. The
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Fig. 27. Basic g reduction obtained by using split collector
p-n-p’s. C. and area are reduced since Cc = gmi/wu.

(a)

{b)

Fig._28. Variatiqns on gm reduction. (a) Cross-coupled connection eliminates all ac current passing through the
mirror, yet maintains dc¢ balance. (b) This approach maintains high current on the diode side of the mirror,

thereby broadbanding the mirror pole.

reason is that the inverting signal can now pass through
the high current wide-band path, across the differential
amp emitters and into the second stage, so at least half
the signal current does not become bandlimited. This
partial bandlimiting can be further reduced by using
one of the circuits in Fig. 28(a) or {b).* In (a}, the p-n-p
collectors are cross coupled in such a way that the ac
signal is cancelled in the mirror circuit, while de re-
mains completely balanced. Thus the mirror pole is vir-
tually eliminated. The circuit does have a drawback,
however, in that the uncorrellated noise currents coming
from the two p-n-p’s add rather than subtract at the
input to the mirror, thereby degrading noise performance.

The circuit in Fig. 28(b) docs not have this defect, but
requires care in matching p~n-p collector ratios to n-p-n
emitter areas. Otherwise offset and drift will degrade as
one attempts to reduce g, by large factors.

B. A Gan Cell Example

As one tries to make large reductions in die area for
the gain cell, many factors must be considered in ad-
dition to novel circuit approaches. Of great importance
are special layout/circuit techniques which combine a
maximum number of components into minimum area.

4+ The circuit in Fig. 28(a) is due to R. W. Russell and the
variation in Fig. 28(b) was developed by D. W. Zobel.
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Fig. 29. Circuit for optimized gain cell which has been fabricated in one-fourth the die size of the equivalent
uA741

In a good layout, for example, all resistors are com-
bined into islands with transistors. If this is not possible
initially, circuit and device changes are made to allow it.
The resulting device geometries within the islands are
further modified in shape to allow maximum “packing”
of the islands. That is, when the layout is complete, the
islands should have shapes which fit together as in a
picture puzzle, with no waste of space. Further area
reductions can be had by modifying the isolation process
to one having minimum spacing betwecn the isolation
diffusion and adjacent p-regions.

An example of a gain cell which employs both ecircuit
and layout optimization is shown in Fig. 29. THis circuit
uses the ¢, reduction technique of Fig. 28(a) which
results in a compensation capacitor size of only 5 pF
rather than the normal 30 pF. The device achieves a
full 1-MHz bandwidth, a 0.67-V/us slew rate, a gain
greater than 100000, typical offset voltages less than 1
mV, and other characteristics normally associated with
an LM107 or pA741. In quad form each amplifier
requires an area of only 23 X 35 mils which is one-fourth
the size of today’s industry standard «A741 (typically
56 X 56 mils). This allows over 8000 possible gain cells
to be fabricated on a single 3-inch wafer. Further, it ap-
pears quite feasible to fabricate larger arrays of gain
cells, with six or eight on a single chip. Only packaging
and applications questions need be resolved before pur-
suing such a step.
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A CQLOR T.V.PRIMER FOR THE E.E.
Sectjon 1 — The Color TV Receiver

Let’s fook at a color TV in terms of signal flow, from
antenna to picturg tube.

Although the frequencies used will be for the American
NTSC system (National Television System Committee),
the basic theory also applies to the European PAL
system {Phase Alternating Line}. Only in the chroma
section do the two systems differ significantly.

RF AND IF SECTIONS
The first part is easy — all signal components received

from the antenna pass through a tuner and IF amplifier
to the video detector as shown in Figure 1.

Y

RF 45.75 MHz

0-4.5 MHx

FIGURE 1

The RF signal received ranges in frequency from 55 MHz
for channel 2 up to 885 MHz (tuned with the aid of a
UHF converter) for channel 83! The tuner has the job
of amplifying the desired channel frequency and con-
verting it to an intermediate frequency (IF) of
45.75 MHz. It is then further amplified in the IF
amplifier.

LEFT SIDE |
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eS| TIME
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The 45,75 MHz signal being amplified is called the video
carrier. It is amplitude-modulated (AM) with the picture
information, so the video detector must strip this infor-
mation from the carrier by using some form of envelope
detection. So far we could be describing a basic AM
radio, except for the signal being received — instead of
having audio at the detector output, we have video.

The output level from the video detector is usually
around 3 Vp-p. This level must be produced by as little
as 10uVrms on the antenna, which works out to 110 dB
conversion gain for the three blocks shown in Figure 7.
However, the catch is the same TV may have to receive
antenna signals of up to 0.5 Vrms, and still produce the
same 3 Vp-p at the video detector. For this reason,a TV
has a very effective automatic gain control (AGC)
system which detects increases in the peak amplitude of
the composite video signal and automatically reduces
the gain of the tuner and I|F amplifier to compensate.

SIGNAL INFORMATION

The picture you see on a color TV js actually formed by
three electron beams, one each for red, blue and green
being scanned horizontally and vertically over the screen.
As these beams are scanned, their currents are changed
to create the light and dark areas on the picture tube
face which form the image you view. Figure 2 shows the
video detector output during the time that it takes the
electron beams to make one horizontal scan across the
screen. The output is actually a combination of four
signal components which are required to form a color
picture with sound. Let’s look at them in turn:

63.5:5 4—'
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al Synchronizing Components

The synchronizing information is a series of pulses which
tell the horizontal section when to return to the left
of the screen to start a new /ine, and the vertical section
when to return to the top of the screen to start a new
frame. In the NTSC system each frame contains 525
lines. This is done by scanning the horizontal at approxi-
mately 15,750 lines per second, and the vertical at
30 frames per second {the vertical scan rate is actually
60 Hz, but it takes two trips down the screen to com-
plete one frame). The process of returning to start a
new scan is called retrace or flyback.

b) Sound Information

The sound information is carried in the form of
frequency-modulation {FM) of a 4.5 MHz carrier which
in turn modulates the video carrier. (That makes the
4.5 MHz a ‘‘sub-carrier”’). This sub-carrier is very similar
to the IF signal in an FM radio. Although the sound
sub-carrier is available at the video detector, a separate
detector is often used to reduce crosstalk between
signal components.

¢) Black-and-White Information (called luminance)

This information determines the instantaneous bright-
ness of the electron beams as they are scanned over
the screen. In fact, it is all that is used for the single
electron beam in a black-and-white TV set. A negative
going video detector detects a luminance signal in
which the negative signal extremes correspond to dark
areas of the picture and positive signal extremes
correspond to bright areas of the picture. Thus the
waveform shown in Figure 2({c) would produce vertical
bars of increasing brightness from left to right. Note
that the output is at black during retrace so the electron
beams will not be seen. The luminance signal is designated
by the letter Y. '

d} Color Information (called chrominance)

The color information {which is ignored in a black-and-
white TV} is made up of the red, blue and green signals
required to drive the picture tube, minus the luminance
signal. These “color difference” signals, designated R-Y,
B-Y and G-Y, modulate a second subcarrier which has a
frequency of 3.58 MHz.

Although the type of modulation used on the sub-carrier
is of a complex nature it boils down to a simple result:

1. The instantaneous phase of the 3.58 MHz signal
determines what color will be displayed (called
hue or tint}.

2. The instantaneous amplitude of the 3.58 MHz
signal determines how much color will be dis-
played (called saturation).

An obvious question is, the phase and amplitude of the
3.568 MHz signal relative to what? The answer is a short
burst of 3.58 MHz (simply called the burst) which has
constant phase and amplitude. The burst will be used to
determine the tint and saturation of the color to be
displayed. For the waveform shown in Figure 2(d4 each
bar would have a different saturation.

The four signal components are separated and sent to
their respective sections in the TV according to the type
of signal. Since the sync pulses are the negative peaks of
the composite video signal, a peak-detector circuit
called a sync-separator is used to separate them. The
sound and chroma information is contained in sub-
carriers which are separated with 4.5 MHz and 3.58 MHz
tuned-circuits respectively. The luminance information
combines frequency components from 0—4 MHz and
therefore uses wideband de-coupling.

SIGNAL PROCESSING

The remaining sections of the Receiver will now be
covered.

Scanning and High Volitage
The sync section is shown in Figure 3.

The sync pulses separated in the sync-separator are
divided into vertical and horizontal components
according to their pulse widths, the vertical sync pulse
being a string of wide horizontal sync pulses. When these
wide pulses are fed through an integrator, they average
to form the vertical sync pulse. The vertical oscillator
is “injection-locked” by the vertical sync pulse to
initiate vertical retrace at the correct time. The output
stage then delivers a ramp of current to the vertical
deflection coils to produce vertical scan.
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osc out
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The horizontal section uses a different locking system,
since horizontal retrace is started before the sync pulse
is received in order to assure correct centering of the
picture. This is done with a phase-locked loop (PLL) in
which the oscillator is controlled by a phase detector
to insure correct timing between the horizontal sync
pulse and the flyback pulse produced by the output
stage during horizontal retrace. The horizontal output
stage does double duty — besides driving the horizontal
deflection coils, it drives the flyback transformer for
the picture tube anode high voltage supply. The 25—
30 thousand volts dc required is generated either by
directly rectifying or by tripling a hv flyback pulse
derived from a large turns ratio on the flyback trans-
former. ’

The Sound Channel

The 4.5 MHz sound-subcarrier signal is amplified and
limited in the sound IF to remove undesired amplitude
information. The frequency modulation is then detected
by an FM detector and applied to the audio amplifier.

4.5 WHz
SOUND SOUND FM
sucARRIER™®| 1t P ppr AuDio
FIGURE 4

Limiting sensitivity for the sound section is typically
1001V and the output power requirement is from 1W
to 4W depending on receiver size.

Luma Processing

The luminance signal Y must be amplified and delayed
some 0.8us on its way to the picture tube as shown in
Figure 5. The delay is required to insure that the black
and white information does not arrive at the picture
tube before the color information, which is delayed by
the comparatively narrow bandwidth of the 3.568 MHz
chroma section.

lKILL

The contrast and brightness controls are also located
in the luminance amplifier. The contrast control changes
the peak-to-peak amplitude of the signal, while the
brightness control changes the dc level of the signal.

DELAY
COMPOSITE LINE LuMA
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FIGURE 5

Chroma Processing

From the signal taken off the 3.58 MHz tuned circuit
the chroma section must derive two signals:

1) The 3.58 MHz chroma sub-carrier signal of the
correct amplitude and

2} A continuous 3.58 MHz chroma reference signal
of the correct phase relative to the burst.

These two signals, when applied to the chroma demodu-
lator, will produce the desired color difference signals
R-Y, B-Y and G-Y. The chroma section is shown in
Figure 6.

The first problem is that even though the AGC system
holds the peak-to-peak video level constant, the chroma
sub-carrier itself can vary in amplitude with transmission,
antenna and fine-tuning changes, to name a few. There-
fore, the chroma section requires an AGC loop of its
own, which is called the Automatic Chroma Control
stage, or ACC. This block compares the amplitude of
the burst to a reference to keep the chroma output
signal constant over a 20 dB input range.

The chroma signal is then gated into two components
by a pulse derived from the horizontal section. The
chroma sub-carrier (during horizontal scan) is sent to
the chroma amplifier in which a gain control varies
the saturation of the color picture. If no burst was
present in the ACC stage, the output of the amplifier
is ‘‘killed”” completely for black and white reception.
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The burst {during horizontal retrace) is sent to the sub-
carrier regenerator. This is actually a fancy name for a
crystal-controlled 3.58 MHz oscillator which is locked
to the frequency and phase of the incoming burst by
either an injection-tock or phase-lock technique. This
forms the reference output, which is passed through a
variable phase-shift network to vary the tint of the
color picture.

The outputs of the chroma amplifier and sub-carrier
regenerator are the signals required by the chroma
demodulator, which consists of two synchronous
detectors operated in quadrature. What this means is
that the reference phase applied to the B-Y detector
makes it responsive only to chroma input phases corres-
ponding to blue. The reference applied to the R-Y
detector, which is 90° out of phase with the B-Y
detector, makes it responsive only to red. The G-Y signal
is derived by combining the R-Y and B-Y outputs in
the correct ratios.

Finally, the luminance signal Y is added to the chroma
difference signals R-Y, B-Y and G-Y to arrive at the
desired red, blue and green signals. These signals are
further amplified to 100 Vp-p in the video output stage
and applied to the appropriate cathodes of the picture
tube.

CONVERGENCE

One other messy, but needed, function remains in a color
TV receiver — color convergence. The need for conver-
gence results from the origination of the three electron
beams in different locations and the fact that they are
being scanned over a flat, instead of round, surface.
Therefore, the deflection of each beam must be modi-
fied separately such that it lands in the same location
as the other beams over the entire face of the picture
tube.

A complete block diagram of the color TV receiver is
shown for reference in Figure 7.
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Section 2 — Integrated Circuits in Television

Here we will look at the integrated circuits used in
television including a glimpse inside TV ICs.

Every area of the television which does not have too
high a frequency or voltage requirement has been
integrated at least once, and many are on second and
third generation IC’s. The only areas that have been
“off-limits” to date are the tuner, video outputs, and
horizontal /HV output sections.

RF AND iF SECTIONS

Monolithic circuits have been made to work very well at
45 MHz. The first 1C IF systems used 2 chips: one for a
2-stage gain-controlled |F amplifier (Motorola MC1349,
52) and the second for a video detector with gain
(Motorola MC1330). The major obstacle to combining
these two chips into a single chip has been stability
problems due to internal and/or external coupling
output to input. However a one chip {F amplifier
and video detector is now widely used in Europe
(Tetefunken TDA 440}). The AGC system is also often
included in these chips. Another IF function used in
most color TV receivers today is automatic fine tuning
(AFT) which keeps the tuner correctly tuned to the IF
frequency (LM3064 type).

The first chip to incorporate all of the above functions
into a single chip is the National LM1807. The chip
uses a phasedocked loop to tune the tuner to the [F
frequency set by a local oscillator on the chip. This con-
cept is new to TV and is generating a lot of interest.

Rapid progress is also being made in periphery circuits
to tuners. Present IC tuning systems control the voltage
on a varactor in the tuner to tune the desired channel.
However, new systems will actually ‘‘synthesize’” the
tuner local oscitlator frequency for each channel.

SCANNING

The deflection area is one of the last to be integrated.
While only low-level horizontal circuits have been inte-
grated, vertical drivers and even output stages have been
attempted. Current IC’s include the Motorola MC1391
or Philips TBA 920 for horizontal and the SGS TDS 1270
for vertical.

In the standard U.S. television system, the vertical and
horizontal scanning frequencies are related by the
formula f, = 2f,/525. The National DM8890 makes
use of this fact by dividing down a horizontal signal to
generate vertical timing, thus eliminating the need for a
vertical hold control. Although previous combined
vertical/horizontal chips have been unsuccessful, the
digital approach holds much promise and T| has
announced a combined chip using 12L.

THE SOUND CHANNEL

The LM3065 type sound IF/FM Detector is currently
used in most TV receivers along with a class B discrete
or IC audio amplifier. However, virtually every IC
manufacturer has announced a one chip “‘sound system’’

combining the IF, detector, and audio amplifier.
National's entry is the LM1808 which has been well
received.

LUMA PROCESSING

Standard IC's have not been developed for the Luma
area because of guestionable economics. Instead, most
of the efforts so far have been custom, with different
IC's being used by Zenith, Sylvania and several European
TV companies.

CHROMA PROCESSING

The first IC in TV was the chroma demodutator. Today
every color TV has one, usually an LM746 or LM1828
type. In one variation the luminance signat is added to
the color difference outputs on the chip (Motorola
MC1324),

The chroma amplifier and subcarrier regenerator sections
have been integrated using a phase-locked loop system
with two chips (LM3070 and LM3071 types) and an
injection-locked system with one chip (Motorola
MC1398). Both of these systems are widely used.
Second generation systems which do the phase-locked
system with one chip (RCA CA3126 or Motorola
MC1399) are gaining acceptance. All of these systems
can be used with the above-mentioned demodulators.

Thus, so far the chroma section takes a minimum of two
chips, including the demodulator. When will the demod-
ulator be combined with the rest of the system for a true
one-chip chroma? Hitachi has just introduced the first
practical attempt and others are sure to follow.

WHAT’S A JUNGLE?

A “jungle’” IC is a combination of miscellaneous TV
functions on one chip. For example, the Zenith jungle
{LM1845 type) does the syncseparator and AGC
functions. The term is also sometimes applied to deflec-
tion IC’s which include other functions.

INSIDE TV IC’s

Next to the basic differential amplifier, the most widely
used linear circuits in TV IC's are probably the current-
sharing gain control stage and the linear muitiplier.

Gain Control

The current-sharing gain control stage is so named
because the input current is shared between two outputs
depending on the dc control voltage V. For the circuit
shown in Figure 8, the small signal gain at room tem-
perature is given by:

AVoyr
AViy

R /R,

Ve inmV
1+exp T

B-5




As V¢ is increased, the circuit acts as a logarithmic
attenuator, yielding a gain reduction of approximately
20 dB for each 60 mV of applied voltage. This same
basic gain contro! stage is used in IF AGC and chroma
ACC circuits, as well as for volume, contrast, and
chroma controls.

FIGURE 8

Multiplier

The multiplier is widely used in television IC’s for
amplitude, phase, and frequency detection. Figure 9
shows a typical configuration in which the bottom
pair is degenerated for linear operation while the top
quad is switched. If V,(t) is an amplitude modulated
carrier F,(t)cos wt and v, (t} is a square wave of the
same frequency w and relative phase ¢, then the filtered
output is given by:

X

~ _t
Re

2
Vout = - Fen(t) cos¢

ne Sa
< <
—-C Vour O—d

Valth

v,

FIGURE 9

Thus the output depends on the amplitude of V, and
the relative phase ¢ between V, and Vy,.

{f ¢ is made O degrees so COS ¢ is 1, then the multiplier
acts as an amplitude detector and can be used to detect
the video modulation on the IF carrier. Note that
around 0 degrees COS ¢ changes very little with phase.
To use the multiplier as a phase or frequency detector,
V,(t} is limited to remove amplitude information and
¢ is centered at 90 degrees where COS ¢ produces the
largest change in output for a given change in phase.
This operation mode is used for chroma burst phase
detectors and sound FM detectors. Both the amplitude
and phase sensitive properties of the multiplier are used
in chroma demodulators.
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SUBJECT INDEX

A/D (See Analog To Digital)
ALARM
Inexpensive |IC: AN154
AMBIENCE AMPLIFIER, REAR SPEAKER
(4-CHANNEL) (See Amplifiers, Ambience)
AM/FM
Low cost AM radio: L.B29
Stereo receiver: AN147
(See Also FM Stereo Amplifiers)
AMPLIFIERS
Ambience: AN125-11
Bridge, 4 watt: AN125-7
CMOS as linear amp: AN88
Drift testing: AN79-3
Dual audio: AN125 AN147
Dual with single supply: AN116
Frequency compensation: AN79-5
High voltage: AN127
Improved dc characteristics: AN79-1
Instrumentation: AN79-7, AN127-2, LB21
Integrator: AN88-3
JFET: AN151-5
Linear multiple gain-controlled: AN129
Low drift: AN79, LB22, LB24
Noise specifications: AN104, AN1561, LB26
Power: AN110-6, AN125, AN127-3, AN147
Preamp: AN79, LB24
Specifying selected parameters: LB26
Tutorial study of op amps: Appendix |

Very high current booster with high compliance:

AN127-5
1A class AB current booster: AN127-4
100 mA current booster: AN127-4
90 watt audio: AN127-7
ANALOG TO DIGITAL
Binary codes: AN156
Converters: AN87-5, AN162
Errors: AN166
Specifying: AN156
ATTENUATION
Voltage controtled: AN129
AUDIO AMPLIFIERS
Audio power amps: AN125
Linear multiple gain controlled: AN129
Low cost IC stereo receiver: AN147
Low noise JFETs: AN151
90 watt: AN127-7
1A class AB current booster: AN127-4
100 mA current booster: AN127-4
(See Also FM Stereo, Amplifiers)
AUTOMOTIVE
Anti-skid circuit: AN162
Tachometer: AN162
BATTERY
Trickle charger: AN1563-2
BLINKER
Lamp: AN110-5
Low voitage IC: AN154-2
Two wire: AN154-4

BOLOMETER ({COMPARATOR): LB32
BREAKER POINT DWELL METER: AN162
BUFFERS
Using CMOS amplifiers: ANS8

{See Also Followers, Drivers)
CALIBRATOR

Oscilloscope square wave: AN154-8
CAPACITIVE TRANSDUCER: AN162
CAPACITORS

Electrolytic as timing capacitor: AN97-5
CHARGER

Small battery trickle: AN153-2

CHOPPER AMPLIFIERS, ALTERNATIVES: AN79
CMOS LINEAR AMPLIFIERS (See Amplifiers, CMOS)
COMPARATORS

Comparison of: AN87

Microvolt: LB32

Pre-amplified: LB32

Power: AN125-9

Specifying selected parameters: LB26

Timer used as: AN97-6
COMPONENT NOISE (See Noise, Component}
COMPRESSOR, VOLUME: AN129-7
CONTINUITY CHECKER, AUDIBLE: AN154-5
CONTROLLER

Temperature: AN132-7
CONVERTER, FREQUENCY TO VOLTAGE: AN97-10
CRYSTAL OVEN CONTROLLER: LB31
CURRENT BOOSTER: AN127-4,5
CURRENT LIMITING: AN103-3, AN153-3

External circuit: AN82-4

Foldback: AN82

Two terminal current limiter: AN110-4

1A 65V power supply with variable current limit:

AN127-9

CURRENT NOISE (See Noise, Current)
CURRENT SOURCE
Boosted: Appendix [l
Constant current circuit element: AN1563-3
High compliance: AN127-3
Two terminal: AN110-6 Appendix |1
200 mA: AN103-3

D/A (See Analog To Digital)
DELAY SWITCH: AN110-4
Two terminal: AN97-10
(See Also Timers)
DEMODULATOR, FM STEREO: AN81, AN147
DETECTORS
Peak: AN87-5
Pulse width: (See Pulse Width Detectors)
True RMS: L825
DIGITAL CIRCUITS
Status indicator: AN153-2
Thermometer: LB30
DIGITAL TO ANALOG (See Analog To Digital)
DISTORTION
Improving: AN129-3

C-1
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SUBJECT INDEX (cont’d)

DRIFT
Compensation: AN79-2
Minimizing in amplifiers: LB22, LB32
DRIVERS
Lamp: AN125-9
Motor: AN125-9
Relay: AN125-9
Zero crossing detector and line driver: AN162
{See Also Followers, Buffers)
DUAL TRACKING REGULATORS (See Regulators,
Dual Tracking)
DWELL METER: AN162
ECL {See Emitter Coupled Logic)
ELECTRONIC SHUTDOWN: ANB2, AN103-11
EMITTER COUPLED LOGIC, DIRECT INTERFACING
ANB7-6
ERRORS
Low error amplifiers: LB21
Reducing comparator errors for 1uV sensitivity:
LB32
EXPANDER, VOLUME: AN129-7
FLASHER
Inexpensive IC: AN154
Lamp: AN110-5
Two wire: AN154-4
FM STEREO
Dual audio amplifier: AN125
Expander block: AN129-8
FM detector: AN147
FM IF amplifier: AN147
Low cost IC receiver: AN147
Remote speaker: AN146
Stereo demodulator: AN81, AN147
Tone controt: AN147
90 watt audio amplifier: AN127-7
{See Also Audio)
FOLDBACK CURRENT LIMIT (See Current Limiting,
Foldback)
FOLLOWERS, VOLTAGE
1 Amp: AN110-6
{See Also Drivers, Buffers)
FREQUENCY COMPENSATION: AN79-5
FREQUENCY TO CURRENT CONVERTER: AN162

FREQUENCY TO VOLTAGE CONVERTER: AN97-10,

AN162, LB33
FUNCTION GENERATOR (See Generator)
GAIN CONTROL

Quad control: AN129-6

Voltage controlled: AN129
GENERATOR

Multiple function: AN115, LB23

One shot: AN88-3

Sine Wave: AN115

Square wave: AN88-3, AN115, AN154-8, LB23

Staircase: AN88-3, AN162

Triangle wave: AN115, LB23

{See Also Oscillator)

HALL EFFECT SENSOR (COMPARATOR}: LB32
HIGH VOLTAGE

Flasher: AN154-3

Op amp: AN127

Regulator: AN103-9
IF AMPLIFIER

FM stereo: AN147

INDICATOR
Applications: AN154
Universal: AN163
INSTRUMENTATION AMPLIFIERS (See Amplifiers,
Instrumentation)
JFET's
Low noise: AN151
Selection guide: AN151
LED (See Light Emitting Diode)
LEVEL DETECTOR WITH HYSTERESIS: AN87-6
LIGHT ACTIVATED SWITCH: AN110-5
LIGHT EMITTING DIODE
ac operated: AN153
As an active load: AN153-3
Constant current: AN153
1.5V LED flasher: AN154-1
LINE RECEIVERS, COMPARATORS SUITABLE FOR:
AN87
LIQUID DETECTOR: AN154-1,4
LOW DRIFT AMPLIFIERS (See Ampilifiers, Low Drift)
MAGNETIC
Variable reluctance pickup buffer: AN162
MOISTURE DETECTOR: AN154-1, 4
MOTION DETECTOR (See Sensor, Air; Sensor Liquid)
MOTOR DRIVE, 2 Phase: AN125-9
NEGATIVE REGULATOR (See Regulator, Negative)
NOISE
Component: AN104
Current: AN104, AN151
Figure: AN104, AN151
Filtering in microvolt comparators: LB32
Generator, "buzz box"': AN154-5
Solving noise probltems with JFETs: AN151
Thermal: AN104
Voltage: AN104, AN151
1/f: AN104
OFFSET
Adjusting offset and drift to almost zero: AN79,
LB32
ONE-SHOT: AN88-3
OPERATIONAL AMPLIFIERS (See Amplifiers)
Op amps: a tutorial study: Appendix |
OPTICALLY ISOLATED SWITCHES (See Switches,
Optically Isolated)
OSCILLATOR
Inexpensive |IC: AN154
Morse code: AN154-6
Pulse: AN97-10
Sine wave: AN115
Square wave: AN88-3
Voltage controlled: AN81-3, AN162
Wien bridge power: AN125-9
(See Also Generator)
OVEN CONTROLLER, TEMPERATURE: LB31
OVERSPEED LATCHES/INDICATORS (See Frequency
To Volitage)
OVERVOLTAGE PROTECTION
Regulator: AN103-11
PEAK DETECTOR: AN87-5
Full wave precision: AN129-6
PHASE
Phase locked loop: AN81-3
Phase shift oscillator: AN88-3
PLL range extenter: AN162




SUBJECT INDEX (cont'd)

POSITION SENSOR: AN162, AN129-9
POSITIVE REGULATOR (See Regulator, Positive)
POWER DISSIPATION

Regulator: AN82-15, AN103-3
POWER SUPPLY

General purpose: LB28

(See Also Regulators)

PREAMPLIFIERS (See Amplifiers, Preamp)
PROBE WITH SERVO’D SHIELD: AN132-56
PULSE WIDTH DETECTOR: AN97-9
RECEIVER

FM remote speaker: AN146-2

Low cost AM receiver: LB29

Low cost FM stereo receiver: AN147

REFERENCE
Low drift precision 6.9V: AN161, LB31
Micropower adjustable: LB34
Precision 10V: AN79-8, AN161
REGULATORS
Current: AN103-3, AN110-6, AN127-3
Dual tracking: AN82, AN103-8, 9, Appendix |11
High current: AN103-3, 5, AN110-4, 5
High current dual tracking: AN82-4
High input voltage: AN103-9
Paralleling: Appendix I1]
Power distribution and regulation can be simple, cheap
and rugged: Appendix |11
Switching regulator: AN97-9, AN110-4
Three terminal positive: AN103
Using audio power amp: AN125-9
1A, 65V with variable current limit: AN127-9
+32.5V dual tracking: AN127-9

REMOTE SPEAKER SYSTEM: AN146
RESISTANCE

Choice of resistors for op amps: AN79-3

Tester for low values of resistance: LB32
RMS

True RMS detector: LB25
SAFE AREA PROTECTION: AN103-2
SCR (See Silicon Controlled Rectifier)
SENSOR

Air velocity: AN132-7, 8

Liquid: AN132-7

Mass velocity: AN162

Position: AN132-9

Rotational velocity: AN162

Servo’d shield: AN132-6

Speed: AN162, L B33

Temperature: AN132

SHORT CIRCUIT PROTECTION (See Current Limiting)
SIGNAL TO NOISE RATIO: AN104
SILICON CONTROLLED RECTIFIER
Short indicator: AN153-2
SINE WAVE GENERATOR: AN115
SIREN OSCILLATOR: AN154
S/N RATIO (See Signal To Noise Ratio)
STAIRCASE GENERATOR (See Generator, Staircase)
SOUND
Sound effects oscillator: AN154-6, 7
SPEED SENSOR (See Sensor, Speed)
SPEED SWITCH (See Frequency To Voitage Converter)
SQUARE WAVE GENERATOR: AN88-3, AN115,
AN154-8, LB23

STEREOQ {(See FM Stereo)
SWITCHES
Optically isolated: AN110-6
Two terminal time delay: AN97-10
SWITCHING REGULATORS (See Regulators,
Switching)
TACHOMETER: AN97-10
TAPE PLAYER
Amplifier: AN147
TELEVISION
A color TV primer for the E.E: Appendix ||
TEMPERATURE
Crystal oven controller: LB31
Timer used as controller: AN97-8
Transducer: AN132
Transducer, Digital readout: LB30
Transducer, micropower: LB27
TEMPERATURE TO FREQUENCY CONVERTER:
AN1324

THERMAL FEEDBACK REDUCTION IN MICROVOLT

COMPARATORS: LB32
THERMAL NOISE (See Noise, Thermal)
THERMAL SHUTDOWN: AN82, AN103-2
THERMOCOUPLE

Amplifier with cold junction compensation: LB24

Comparator: LB32

Effects on IC's: AN79, LB22, LB32
THERMOMETER

Crystal over controller: LB31

Digital readout: LB30

Electronic with anticipation: AN132-7

Micropower: LB27

Temperature controller: AN97-8

Thermocouple: LB24

TIMERS
Chain of timers: AN97-11
Cycle interrupt: AN97-6
Dual supply operation: AN97-7
Electrolytic timing capacitors: AN97-5
Eliminating timing cycle upon initial application of
power: AN97-5
Inexpensive 6-second: AN153-3
Linearizing charging sweep: AN97-7
Negative pulse triggering: AN97-11
Noise Immunity: AN97-6
One hour: AN97-9
Time delay circuit: AN110-4
Time out, power up: AN97-8
Zero power dissipation between timing intervals:
ANG7-10
5V logic supply driving 28V relay: AN97-7
30V supply interfacing with 5V logic: AN97-8
TIMING ERROR: ANG7-4
TONE CONTROL
Stereo: AN147
TRANSDUCER
Amplifier: LB24
Crystal oven controller: LB31
Temperature: AN132, LB27
Temperature with digital readout: LB30

TRANSISTOR
Optically isolated: ANT10-5
Power, protected: AN110
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SUBJECT INDEX (cont'd)

TRANSMITTER

FM remote speaker: AN146-1
TRIAC TRIGGER: AN154-7
TRIANGLE WAVE GENERATOR: AN115
TRIGGER APPLICATIONS: AN154
TV (See Television) )
VCO (See Voltage Controlled Oscillator)
VELOCITY SENSOR (See Sénsor, Velocity}
VIDEO CIRCULTS

A color T.V. primer for the E.E: Appendix |1

Low noise, very low input capacitance video amplifier:

AN151-4
VOLTAGE COMPARATOR (See Comparator, Voltage)

VOLTAGE-CONTROLLED OSCILLATOR: AN81-3,
AN162
VOLTAGE FOLLOWER (See Followers, Voltage)
VOLTAGE NOISE (See Noise, Voltage)
VOLTAGE REFERENCES (See References, Voltage)
VOLTAGE REGULATORS (See Regulators, Voltage)
VOLUME COMPRESSOR/EXPANDER (COMPANDER)
AN129-7
WLIEN BRIDGE POWER OSCILLATOR: AN125-9
WIND VELOCITY INDICATOR: AN132-8
ZENERS (See References, Voltage)
ZERO CROSSING DETECTORS
Comparators suitable for ““two shot’’: AN87, AN162
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