























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































either high or low in the quiescent state. Fur-
ther, to increase the usefulness, a one-shot can
be designed which triggers at a particular DC
input voltage level to serve the dual role of pro-
viding first a comparator and then a pulse
generator.

9.5.1 A Two-amplifier One-shot

A circuit for a two-amplifier one-shot is shown
in Figure 62. As the resistor, Ry, from V* to
the (-) input is smaller than Rg (from V* to
the (+) input), amplifier 2 will be biased to a
low-voltage output in the quiescent state. As a

amp2

W 2a 0%

=
0001 5F
s
1m
*SPEEDS RECOVERY s & v

FIGURE 62. A One-shot Multivibrator

result, no current is supplied to the (-) input
of amplifier 1 (via R3) which causes the output
of this amplifier to be in the high voltage state.
Capacitor C, therefore has essentially the full
V* supply voltage across it (V¥ - 2 Vge ). Now
when a differentiated trigger (due to Cj)
causes amplifier 1 to be driven ON (output
voltage drops to essentially zero volts) this
negative transient is coupled (via C,) to the (-)
input of amplifier 2 which causes the output of
this amplifier to be driven high (to positive
saturation). This condition remains while C,
discharges via (R,) from approximately V* to
approximately V*/2. This time interval is the
pulse width (PW). After Cy no longer diverts
sufficient current of R, away from the (-) in-
put of amplifier 2 (i.e.,, Cy is discharged to
approximately V*2 V) the stable DC state is
restored—amplifier 2 output low and ampli-
fier 1 output high.

This circuit can be rapidly re-triggered due to
the action of the diode, CR,. This re-charges
C, as amplifier 1 drives full output current
capability (approximately 10 mA) through C,,
CR, and into the saturated (-) input of ampli-
fier 2 to ground. The only time limit is the
10 mA available from amplifier 1 and the value
of C;. If a rapid reset is not required, CR,4
can be omitted.

9.5.2 A Combination One-shot/Comparator
Circuit

In many applications a pulse is required if a
DC input signal exceeds a predetermined

value. This exists in free-running oscillators
where after a particular output level has been
reached a reset pulse must be generated to re-
cycle the oscillator. This double function is
provided with the circuit of Figure 63. The

TRIPS AT

Viy - 0BV

Vi must fall

v <08Y* prior
w0ty

FIGURE 63. A One-shot Multivibrator with an Input
Comparator

resistors Rg and Rg of amplifier 1 provide the
inputs to a comparator and, as shown, an input
signal, V), is compared with the supply volt-
age, V*. The output voltage of amplifier 1 is
normally in a high voltage state and will fall
and initiate the generation of the output pulse
when Vjy is Rg/Rg V* or approximately 80% of
V*. To keep Viy from disturbing the pulse
generation it is required that VN fall to less
than the trip voltage prior to the termination of
the output pulse. This is the case when this
circuit is used to generate a reset pulse and
therefore this causes no problems.

9.5.3 A One-amplifier One-shot (Positive Pulse)

A one-shot circuit can be realized using only
one amplifier as shown in Figure 64.

TRIGGER
INPUT

©2
100pF

FIGURE 64. A One-amplifier One-shot (Positive
Output)

The resistor Ry keeps the output in the low volt-
age state. A differentiated positive trigger
causes the output to switch to the high voltage
state and resistor Rg latches this state. The
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capacitor, C,, charges from essentially
ground to approximately V*'/4 where the cir-
cuit latches back to the quiescent state. The
diode, CR, is used to allow a rapid re-triggering.

9.5.4 A One-amplifier One-shot (Negative Pulse)

A one-amplifier one-shot multivibrator which
has a quiescent state with the output high
and which falls to zero volts for the pulse dura-
tion is shown in Figure 65.

TRIGGER
INPUT

c2

100pF
FIGURE 65. A One-amplifier One-shot (Negative
Output)

The sum of the currents through R, and Rg
keeps the (-) input at essentially ground. This
causes Vo to be in the high voltage state. A
differentiated  negative trigger = waveform
causes the output to switch to the low voltage
state. The large voltage across C1 now pro-
vides input current via R4 to keep the output
low until Cq is discharged to approximately
V*/10. At this time the output switches to
the stable high voltage state.

If the R4 C, network were moved to the (-)
input terminal, the circuit will trigger on a
differentiated positive trigger waveform.

9.6 Comparators

The voltage comparator is a function required
for most system operations and can easily be
performed by the LM3900. Both an inverting
and a non-inverting comparator can be obtained.

9.6.1 A Comparator for Positive Input Voltages

The circuit in Figure 66 is an inverting compar-
ator. To insure proper operation, the reference

Vo

D LM3900

NO POSITIVE
VOLTAGE LIMIT

FIGURE 66. An Inverting Voltage Comparator

voltage must be larger than Vgg, but there is no
upper limit as long as the input resistor is large
enough to guarantee that the input current will
not exceed 200 A.

9.6.2 A Comparator for Negative Input Voltages

Adding a common-mode biasing network to the
comparator in Figure 66 makes it possible
to compare voltages between zero and one volt
as well as the comparison of rather large nega-
tive voltages, Figure 67. When working with
negative voltages, the current supplied by the
common-mode network must be large enough
to satisfy both the current drain demands of the
input voltages and the bias current requirement
of the amplifier.

NO NEGATIVE
VOLTAGE LIMIT
IF PROPERLY
BIASED

>
:, 1.5M 15M
100K
Vner O—AAA— o—-
+02Vpe
GD LM3300 Vo
100K
Wiw O—AAA- >+

FIGURE 67. A Non-inverting Low-voltage Comparator

9.6.3 A Power Comparator

When used in conjunction with an external
transistor, this power comparator will drive
loads which require more current than the IC
amplifier is capable of supplying. Figure 68
shows a non-inverting comparator which is
capable of driving a 12V, 40 mA panel lamp.

FIGURE 68. A Non-inverting Power Comparator

9.6.4 A More Precise Comparator

A more precise comparator can be designed by
using a second amplifier such that the input
voltages of the same type of inputs are com-
pared. The (-) input voltages of two amplifiers
are naturally more closely matched initially
and track well with temperature changes. The
comparator of Figure 69 uses this concept.
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FIGURE 69. A More Precise Comparator

The current established by Vggg at the invert-
ing input of amplifier 1 will cause transistor
Q, to adjust the value of V5 to supply this
current. This value of Vo will cause an equal
current to flow into the non-inverting input of
amplifier 2. This current corresponds more
exactly to the reference current of amplifier 1.

A differential input stage can also be added
to the LM3900 (see section 10.16) and the re-
sulting circuit can provide a precision compar-
ator circuit.

9.7 Schmitt-Triggers

Hysteresis may be designed into comparators
which use the LM3900 as shown in Figure 70.

(b) NON-INVERTING

FIGURE 70. Schmitt-Triggers

The lower switch point for the inverting
Schmitt-Trigger is determined by the amount of
current flowing into the positive input with
the output voltage low. When the input cur-
rent, |3, drops below the level required by the

current mirror, the output will switch to the
high limit. With V5 high, the current demand-
ed by the mirror is increased by a fixed amount,
l,.  As a result, the I3 required to switch the
output increases this same amount. Therefore,
the switch points are determined by selecting
resistors which will establish the required cur-
rents at the desired input voltages. Reference
current (l4) and feedback current (I,) are set by
the following equation.

vi_o¢
Rg

_ Vowmax~—?¢

Re

By adjusting the values of Rz, Rg, and Ry,
the switching values of V|5 may be set to any
levels desired.

The non-inverting Schmitt-Trigger works in the
same way except that the input voltage is ap-
plied to the (+) input. The range of V, may be
very large when compared with the operating
voltage of the amplifier.

10.0 SOME SPECIAL CIRCUIT APPLICATIONS

This section contains various special circuits
which did not fit the order of things or which
are one-of-a-kind type of applications.

10.1 Current Sources and Sinks

The ‘amplifiers of the LM3900 can be used in
feedback loops which regulate the current in
external PNP transistors to provide current
sources or in external NPN transistors to pro-
vide current sinks. These can be multiple
sources or single sources which are fixed in
value or made voltage variable.

10.1.1 A Fixed Current Source

A multiple fixed current source is provided by
the circuit of Figure 71. A reference voltage
(1 Vpc ) is established across resistor R3 by the
resistive divider (Rz and R,). Negative feed-
back is used to cause the voltage drop across
R4 to also be 1 Vpc . This controls the emitter
current of transistor Q4 and if we neglect the
small current diverted into the (-) input via the
1M input resistor (13.5 pA) and the base current
of Qi and Q2 (an additional 2% loss if the 3 of
these transistors is 100), essentially this same
current is available out of the collector of Q4.
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Larger input resistors can be used to reduce
current loss and a Darlington connection can be
used to reduce errors due to the (3 of Q.

(+15Vpc)

R1
2= gz

FIGURE 71. Fixed Current Sources

The resistor, R,, can be used to scale the col-
lector current of Q, either above or below the
1 mA reference value.

10.1.2 A Voltage Variable Current Source

A voltage variable current source is shown in
Figure 72. The transconductance is -(1/R5) as
the voltage gain from the input terminal to the
emitter of Qq is -1. For a V|y = 0 Vpc the
output current is essentially zero mA DC. The
resistors Ry and Rg guarantee that the ampli-
fier can turn OFF transistor Q,.

R2
1K

)

|

'
1
}lo=1mANo Viy

™ 9K =

FIGURE 72. A Voltage Controlled Current Source

10.1.3 A Fixed Current Sink

Two current sinks are shown in Figure 73. The
circuit of Figure 73(a) requires only one resistor
and supplies an output current which is direct-
ly proportional to this R value. A negative
temperature coefficient will result due to the
0.5 Vpc reference being the base-emitter
junction voltage of the (-) input transistor. If
this temperature coefficient is objectionable,
the circuit of Figure 73(b) can be employed.

(a) A SIMPLE CURRENT SINK

vt
(15Vpc)
Q

{b) REDUCING TEMPERATURE DRIFT OF Ig

FIGURE 73. Fixed Current Sinks

10.1.4 A Voltage Variable Current Sink

A voltage variable current sink is shown in Fig-
ure 74. The output current is 1 mA per volt of
Vin (as Rg = 1 k2 and the gain is +1). This
circuit provides approximately 0 mA output
current for Viy =0 Vpe .

FIGURE 74. A Voltage Controlled Current Sink

10.2 Operation From 15 Vpc Power Supplies

If the ground pin (no. 7) is returned to a nega-
tive voltage and some changes are made in the
biasing circuits, the LM3900 can be operated
from £15V 5. power supplies.
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10.2.1 An AC Amplifier Operating with
156 Vpc Power Supplies

An AC coupled amplifier is shown in Figure 75.
The biasing resistor, Rg, is now returned to
ground and both inputs bias at one Vgg above
the -Vgg voltage (approximately -15 Vpc ).

i
o P

E 100K

FIGURE 75. An AC Amplifier Operating with
+15 Vpe

With R; = Rg, Vg will bias at approximately
0 Vpc to allow a maximum output voltage
swing. As pin 7 is common to all four of the
amplifiers which are in the same package, the
other amplifiers are also biased for operation
off of +15 V¢ .

10.2.2 A DC Amplifier Operating with
156 Vpc Power Supplies

Biasing a DC amplifier is more difficult and
requires that the * power supplies be comple-
mentary tracking (i.e., |[+Vec| = | -Vgegl). The
operation of this biasing can be easier under-
stood if we start by first considering the ampli-
fier without including the feedback resistors,
as shown in Figure 76. If Ry = Ry = Rg+ Rg =
1 MQ and |+Vec| = |-Vee |, then the current,

|

VIN

(INVERTING O—@
INPUT)

*COMPLEMENTARY TRACKING

FIGURE 76. DC Biasing for * 15 Vpc Operation

1, will bias Vyn at zero volts DC (resistor R4 can
be used to adjust this). The diode, CR,, has

been added for temperature compensation of
this biasing. Now, if we include these biasing
resistors, we have a DC amplifier with the input
biased at approximately zero volts. |f feedback
resistors are added around this biased ampli-
fier we get the schematic shown in Figure 77.

|

| Vo

| -

+_ sinsen

v LM3900 FROM
FIGURE 76

FIGURE 77. A DC Amplifier Operating with =15 V¢

This is a standard inverting DC amplifier con-
nection. The (+) input is “effectively” at ground
and the biasing shown in Figure 76 is used to
take care of DC levels at the inputs.

10.3 Tachometers

Many pulse averaging tachometers can be built
using the LM3900. Inputs can be voltage
pulses, current pulses or the differentiated
transitions of squarewaves. The DC output
voltage can be made to increase with increas-
ing input frequency, can be made proportional
to twice the input frequency (frequency doub-
ling for reduced output ripple), and can also be
made proportional to either the sum or the dif-
ference between two input frequencies. Due to
the small bias current and the high gain of the
LM3900, the transfer function is linear between
the saturation states of the amplifier.

10.3.1 A Basic Tachometer

If an RC averaging network is added from the
output to the (-) input, the basic tachometer
of Figure 78 results Current pulse inputs will
provide the desired transfer function shown on
the figure. Each input current pulse causes a
small change in the output voltage. Neglecting
the effects of R we have

AV, = =

The inclusion of R gives a discharge path so
the output voltage does not continue to inte-
grate, but rather provides the time dependency
which is necessary to average the input pulses.
If an additional signal source is simply placed
in parallel with the one shown, the output be-
comes proportional to the sum of these input
frequencies. If this additional source were ap-
plied to the (-) input, the output voltage would
be proportional to the difference between these
input frequencies. Voltage pulses can be con-
verted to current pulses by using an input re-
sistor. A series isolating diode should be used if
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FIGURE 78. A Basic Tachometer

a signal is applied to the (-) input to prevent
loading during the low voltage state of this
input signal.

10.3.2 Extending Voyt (Minimum) to Ground

The output voltage of the circuit of Figure 78
does not go to ground level but has a minimum
value which is equal to the Vge of the (-) input
(0.5 Vpc ). If it is desired that the output volt-
age go exactly to ground, the circuit of Fig-
ure 79 can be used. Now with V;y = 0 Vpc,
Vo = 0Vpc due to the addition of the common-
mode biasing resistors (180 kS2). The diode,

FIGURE 79. Adding Biasing to Provide Vo = 0 Vpc

CR;, allows the output to go below Vcg sat Of
the output, if desired (a load is required to pro-
vide a DC path for the biasing current flow via
the R of the averaging network).

10.3.3 A Frequency Doubling Tachometer

To reduce the ripple on the DC output voltage,
the circuit of Figure 80 can be used to effec-
tively double the input frequency. Input pulses
are not required, a squarewave is all that is
needed. The operation of the circuit is to aver-
age the charge and discharge transient currents
of the input capacitor, C,\. The resistor, Ryy, is
used to convert the voltage pulses to current
pulses and to limit the surge currents (to ap-
proximately 200 uA peak—or less if operating
at high temperatures).

When the input voltage goes high, the charging
current of G, lcng enters the (+) input, is mir-
rored about ground and is drawn from the RC
averaging network into the (-) input terminal.
When the input voltage goes back to ground,
the discharge current of Cin, | pisciarce Will
also be drawn from the RC averaging network
via the now conducting diode, CR,. This full
wave action causes two current pulses to be
drawn through the RC averaging network for
each cycle of the input frequency.

FIGURE 80. A Freq y Doubling Tach

10.4 A Squaring Amplifier

A squaring amplifier which incorporates sym-
metrical hysteresis above and below the zero
output state (for noise immunity) is often
needed to amplify the low level signals which
are provided by variable reluctance transducers.
In addition, a high frequency roll-off (low pass
characteristic) is desirable both to reduce the
natural voltage buildup at high frequencies and
to also filter high frequency input noise disturb-
ances. A simple circuit which accomplishes
this function is shown in Figure 81. The input

v

Rg,
5M

Rin
AN 200k
™ GD LM3900 —0 Vo
200K
—NVW—9P1 +
VARIABLE Ry
RELUCTANCE 5M
T AN
>
Sum
>
Rgz

<

FIGURE 81. A Squaring Amplifier with Hysteresis

voltage is converted to input currents by using
the input resistors, Rjy. Common-mode biasing
is provided by Rgy and Rg,. Finally positive
feedback (hysteresis) is provided by R¢. The
large source resistance, Ry, provides a low pass
filter due to the “Miller-effect” input capaci-
tance of the amplifier (approximately 0.002 F).
The amount of hysteresis and the symmetry
about the zero volt input are controlled by the
positive feedback resistor, R¢, and Rgq and Rg, .
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With the values shown in Figure 81 the trip
voltages are approximately *150 mV centered
about the zero output voltage state of the trans-
ducer (at low frequencies where the low pass
filter is not attenuating the input signal).

10.5 A Differentiator

An input differentiating capacitor can cause the
input of the LM3900 to swing below ground
and actuate the input clamp circuit. Again,
common-mode biasing can be used to prevent
this negative swing at the input terminals of the
LM3900. The schematic of a differentiator
circuit is shown in Figure 82. Common-mode

0=
—5—-
Nk

Rez

for S 30K A Tt
Sk 2 .
S 15K
N < AAA
N VWA
0.001 F
in VW -
Rin
30K GD LM3900 p—0 Vo
v >+
JLn !
) Av=7

FIGURE 82. A Differentiator Circuit

biasing is provided by Rgy and Rga . The feed-
back resistor, R¢, is one-half the value of Ry
so the gain is 1/2. The output voltage will bias
at V*2 which thereby allows both a positive
and a negative swing above and below this bias
point. The resistor, Ryn, keeps the negative
swing isolated from the (-) input terminal and
therefore both inputs remain biased at +Vgg .

10.6 A Difference Integrator

A difference integrator is the basis of many of
the sweep circuits which can be realized using
the LM3900 operating on only a single power
supply voltage. This circuit can also be used
to provide the time integral of the difference
between two input waveforms. The schematic
of the difference integrator is shown in Fig-
ure 83.

™M
W, \ o1uk
GD Lm3300 Vo
™

Wz O AAA—D] +

FIGURE 83. A Difference Integrator

This is a useful component for DC feedback
loops as both the comparison to a reference
and the integration take place in one amplifier.

10.7 A Low Drift Sample and Hold Circuit

In sample and hold applications a very low
input biasing current is required. This is usu-
ally achieved by using a FET transistor or a
special low input current IC op amp. The exist-
ance of many matched amplifiers in the same
package allows the LM3900 to provide some
interesting low “equivalent” input biasing cur-
rent applications.

10.7.1 Reducing the “Effective’”’ Input Biasing
Current

One amplifier can be used to bias one or more
additional amplifiers as shown in Figure 84.

ls “errecTIvE”
—_—

OT CNG o

AMP1

ADJUST lg errecriver
< TO ZERO

R1 = R2

AUXILLIARY AMP FOR
* AMP2 BIASING AMP 1

FIGURE 84. Reducing lg “Effective”” to Zero

The input terminal of Amp. 1 will only need to
supply the signal current if the DC biasing cur-
rent, lgy, is accurately supplied via Ry. The
adjustment, R, allows a zeroing of “lg effec-
tive” but simply omitting Rz and letting Ry =
Rz (and relying on amplifier symmetry) can
cause lg ‘“effective” to be less than lg/10
(8 nA). This is useful in circuit applications
such as sample and hold, where small values of
lg “effective” are desirable.

10.7.2 A Low Drift Ramp and Hold Circuit

The input current reduction technique of the
previous section allows a relatively simple
ramp and hold circuit to be built which can be
ramped up or down or allowed to remain at
any desired output DC level in a “hold” mode.
This is shown in Figure 85. If both inputs are
at 0 Vpe the circuit is in a hold mode. Raising
either input will cause the DC output voltage to
ramp either up or down depending on which
one goes positive. The slope is a function of the
magnitude of the input voltage and additional
inputs can be placed in parallel, if desired, to
increase the input control variables.
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FIGURE 85. A Low-drift Ramp and Hold Circuit

10.7.3 Sample-hold and Compare with New
+Vin

An example of using the circuit of the previous
section is shown in Figure 86 where clamping
transistors, Q, and Q,, put the circuit in a hold
mode when they are driven ON. When OFF the
output voltage of Amp. 1 can ramp either up or
down as needed to guarantee that the output
voltage of Amp. 1 is equal to the DC input
voltage which is applied to Amp. 3. Resistor
R4 provides a fixed “down” ramp current which
is balanced or controlled via the comparator,
Amp. 3, and the resistor R4. When Qq and Q,
are OFF a feedback loop guarantees that Vg,
(from Amp. 1) is equal to +V,y (to Amp. 3).
Amplifier 2 is used to supply the input biasing
current to Amp. 1.

.
AN T
P ot sn

e

Ves * Rou W = Voumanol
FoRu 1 g

FIGURE 86. Sample-hold and Compare with New
+Vin

The stored voltage appears at the output, Vg,
of Amp. 1, and as Amp. 3 is active, a continued
comparison is made between Vg, and Vg and
the output of Amp. 3 fully switches based on
this comparison. A second loop could force
Vin to be maintained at the stored value (Vgq)
by making use of Vg, as an error signal for this
second loop. Therefore, a control system could
be manually controlled to bring it to a particu-
lar operating condition; then, by exercising the
hold control, the system would maintain this
operating condition due to the analog memory
provided by Vg,.

10.8 Audio Mixer or Channel Selector

The multiple amplifiers of the LM3900 can be
used for audio mixing (many amplifiers simul-
taneously providing signals which are added to
generate a composite output signal) or for
channel selection (only one channel enabled at
a time). Three amplifiers are shown being
summed into a fourth amplifier in Figure 87.

ok
Y @ wsn

00548
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101K
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FIGURE 87. Audio Mixing or Selection

If a power amplifier were available, all four
amplifiers could feed the single input of the
power amplifier. For audio mixing all ampli-
fiers are simulatneously active.  Particular
amplifiers can be gated OFF by making use of
DC control signals which are applied to the (+)
inputs to provide a channel select feature. As
shown on Figure 87, Amp. 3 is active (as sw 3
is closed) and Amps. 1 and 2 are driven to
positive output voltage saturation by the 5.1M
which is applied to the (+) inputs. The DC out-
put voltage bias level of the active amplifier
is approximately 0.8 Vpc and could be raised if
larger signal levels were to be accommodated.
Frequency shaping networks can be added
either to the individual amplifiers or to the
common amplifier, as desired. Switching tran-
sients may need to be filtered at the DC control
points if the output amplifier is active during
the switching intervals.

10.9 A Low Frequency Mixer

The diode which exists at the (+) input can be
used for non-linear signal processing. An ex-
ample of this is a mixer which allows two input
frequencies to produce a sum and difference
frequency (in addition to other high frequency
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components). Using the amplifier of the
LM3900, gain and filtering can also be accom-
plished with the same circuit in addition to the
high input impedance and low output imped-
ance advantages. The schematic of Figure 88
shows a mixer with a gain of 10 and a low pass
single pole filter (1M and 150 pF feedback ele-
ments) with a corner frequency of 1 kHz. With

W—O <

0

510 pF

AA

100K

—_0

510 pF |

v, fy | 100K

FIGURE 88. A Low Frequency Mixer

one signal larger in amplitude, to serve as the
local oscillator input (V;), the transconduc-
tance of the input diode is gated at this rate (f,).
A smaller signal (V,) can now be added at the
second input and the difference frequency is
filtered from the composite resulting waveform
and is made available at the output. Relatively
high frequencies can be applied at the inputs as
long as the desired difference frequency is
within the bandwidth capabilities of the ampli-
fier and the RC low pass filter.

10.10 A Peak Detector

A peak detector is often used to rapidly charge
a capacitor to the peak value of an input wave-
form. The voltage drop across the rectifying
diode is placed within the feedback loop of an
op amp to prevent voltage losses and tempera-
ture drifts in the output voltage. The LM3900
can be used as a peak detector as shown in
Figure 89. The feedback resistor, Ry, is kept

P——I(:"o
T

FIGURE 89. A Peak Detector

small (1 MQ) so that the 30. hA base current
will cause only a +30 mV error in Vg. This

feedback resistor is constantly loading C in ad-
dition to the current drawn by the circuitry
which samples Vo . These loading effects must
be considered when selecting a value for C.

The biasing resistor, Ry, allows a minimum DC
voltage to exist across the capacitor and the
input resistor, Ry, can be selected to provide
gain to the input signal.

10.11 Power Circuits

The amplifier of the LM3900 will source a maxi-
mum current of approximately 10 mA and will
sink  maximum currents of approximately
80 mA (if overdriven at the (-) input). If the
output is driven to a saturated state to reduce
device dissipation, some interesting power cir-
cuits can be realized. These maximum values
of current are typical values for the unit opera-
ting at 25°C and therefore have to be de-rated
for reliable operation. For fully switched oper-
ation, amplifiers can be paralleled to increase
current capability.

10.11.1 Lamp and/or Relay Drivers (< 30 mA)

Low power lamps and relays (as reed relays)
can be directly controlled by making use of the
larger value of sink current than source cur-
rent. A schematic is shown in Figure 90 where
the input resistor, R, is selected such that Vy
supplies at least 0.1 mA of input current.

20mA 12V LAMP OR
14mA 10V LAMP OR
- REED RELAY COIL

FIGURE 90. Sinking 20 to 30 mA Loads

10.11.2 Lamp and/or Relay Drivers ( <300 mA)

To increase the power capability, an external
transistor can be added as shown in Figure 91.
The resistors R, and R, hold Q; OFF when the
output of the LM3900 is high. The resistor, Ry,
limits the base drive when Q4 goes ON. It is
required that pin 14 tie to the same power
supply as the emitter of Qq to guarantee that
Qq can be held OFF. If an inductive load is
used, such as a relay coil, a backswing diode
should be added to prevent large inductive
voltage kicks during the switching interval, ON
to OFF.
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FIGURE 91. Boosting to 300 mA Loads

10.11.3 Positive Feedback Oscillators

If the LM3900 is biased into the active region
and a resonant circuit is connected from the
output to the (+) input, a positive feedback os-
cillator results. A driver for a piezoelectric
transducer (a warning type of noise maker) is
shown in Figure 92. The resistors Ry and R»
bias the output voltage at V*/2 and keep the
amplifier active. Large currents can be entered
into the (+) input and negative currents (or
currents out of this terminal) are provided by
the epi-substrate diode of the IC fabrication.

R1
100K

X PIEZOELECTRIC
TRANSDUCER

AUDIBLE OUTPUT
WARNING SOUND

Vvt (15Vpe)

FIGURE 92. Positive Feedback Power Oscillators

When one of the amplifiers is operated in this
large negative input current mode, the other
amplifiers will be disturbed due to interaction.
Multiple sounds may be generated as a result of
using two or more transducers in various com-
binations, but this has not been investigated.
Other two-terminal RC, RLC or piezoelectric
resonators can be connected in this circuit to
produce an oscillator.

10.12 High Voltage Operation

The amplifiers of the LM3900 can drive an ex-
ternal high voltage NPN transistor to provide
a larger output voltage swing (as for an elec-
trostatic CRT deflection system) or to operate
off of an existing high voltage power supply
(as the +98 Vpc rectified line). Examples of
both type of circuits are presented in this
section.

10.12.1 A High Voltage Inverting Amplifier

An inverting amplifier with an output voltage
swing from essentially 0 Vpe to +300 Vpc is
shown in Figure 93. The transistor, Q;, must
be a high breakdown device as it will have the
full HV supply across it. The biasing resistor
Rz is used to center the transfer characteristic
and the gain is the ratio of R, to Ry. The load
resistor, R_, can be increased, if desired, to
reduce the HV current drain.

HV (+300Voc)
0o

V* (+15Vpc)

300

V°T 150

FIGURE 93. A High Voltage Inverting Amplifier

10.12.2 A High Voltage Non-inverting Amplifier

A high voltage non-inverting amplifier is shown
in Figure 94. Common-mode biasing resistors

v (+15Vpc)

+HV (+300Vpc)

Vin

FIGURE 94. A High Voltage Non-inverting Amplifier

(R2) are used to allow Vinto goto O Vpc . The
output voltage, Vg, will not actually go to zero
due to Rg, but should go to approximately
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0.3 Vpc . Again, the gain is 30 and a range of
the input voltage of from 0 to +10 Vpc will
cause the output voltage to range from approxi-
mately 0 to +300 Vpc .

10.12.3 A Line Operated Audio Amplifier

An audio amplifier which operates off a
+98 Vpc power supply (the rectified line volt-
age) is often used in consumer products. The
external high voltage transistor, Q, of Fig-
ure 95, is biased and controlled by the LM3900.
The magnitude of the DC biasing voltage which
appears across the emitter resistor of Q, is con-
trolled by the resistor which is placed from the
(-) input to ground.

0.05.F

l 1 BIAS 20mA

“1.3Vpc

62

FIGURE 95. A Line Op d Audio Amplifi

10.13 A Dual-channel Class-A Driver for Auto
Radios

A germanium power transistor is widely used in
automotive class A audio amplifiers. As shown
in Figure 96, two amplifiers can be cascaded

voLuwe
conTROL

 w
P 0 CacTROLYTICS
O RIPPLE FEEOTHROUGH FAOM V'
DUAL CHANNEL IN 1 PACKAGE

FIGURE 96. A Dual-channel IC Driver for Class A
Car Radios

to bias and to control the 2N176 power transis-
tor. This circuit has many advantages over the
standard discrete circuit which is used as:

1.) No electrolytic capacitors are used.
2.) The ripple on the power supply line is
rejected.

3.) The input impedance is high (1 MS2).

4.) A large closed loop gain is easily achieved
(80 dB).

5.) The slow start-up delay is eliminated.

6.) Two channels are available in one package.

Again, the pin 14 voltage must be at least as
high as the power supply used at the emitter of
Q, to guarantee an OFF control for Q.

10.14 Temperature Sensing

The LM3900 can be used to monitor the junc-
tion temperature of the monolithic chip as
shown in Figure 97(a). Amp. 1 will generate an
output  voltage which can be designed to
undergo a large negative temperature change
by design of R; and R,. The second amplifier
compares this temperature dependent voltage
with the power supply voltage and goes high
at a designed maximum T; of the IC.

AA

WV
2
5

LM3900

AMP 1 e G

Vo

D LM3900

AMP 2

T, SENSE COMPARATOR

(a) IC T, MONITOR

COMPARATOR

-
TEMP SENSE

(b) REMOTE TEMPERATURE SENSE

FIGURE 97. Temperature Sensing

For remote sensing, an NPN transistor, Q, of
Figure 97(b), is connected as an N Vg genera-
tor (with R; and Rg) and is biased via R, from
the power supply voltage, V*. The LM33900
again compares this temperature dependent
voltage with the supply voltage and can be
designed to have Vo5 go high at a maximum
temperature of the remote temperature sensor,
Q.




10.15 A ““Programmable Unijunction’

If a diode is added to the Schmitt-trigger, a
“programmable unijunction” function can be
obtained as shown in Figure 98. For a low
input voltage, the output voltage of the LM3900
is high and CRI is OFF. When the input voltage
rises to the high trip voltage, the output falls
to essentially OV and CRI goes ON to discharge
the input capacitor, C. The low trip voltage

v

_[ CR1

Re SWEEP

FIGURE 98. A “Prog ble Unij ion"

must be larger than approximately 1V to guar-
antee that the forward drop of CRI added to the
output voltage of the LM3900 will be less than
the low trip voltage. The discharge current can
be increased by using smaller values for R, to
provide pull down currents larger than the
1.3 mA bias current source. The trip voltages
of the Schmitt-Trigger are designed as shown in
section 9.7.

10.16 Adding a Differential Input Stage

A differential amplifier can be added to the
input of the LM3900 as shown in Figure 99.

S0pF

LM3300

ouTPuT

FIGURE 99. Adding a Differential Input Stage

This will increase the gain and reduce the off-
set voltage. Frequency compensation can be
added as shown. The BVggp limit of the input
transistors must not be exceeded during a large
differential input condition, or diodes and input
limiting resistors should be added to restrict
the input voltage which is applied to the bases
of Qq and Q, to *Vp.

The input common-mode voltage range does
not go exactly to ground as a few tenths of a
volt are needed to guarantee that Q4 or Q5 will
not saturate and cause a phase change (and a
resulting latch-up). The input currents will be
small, but could be reduced further, if desired,
by using FETS for Qq and Q,. This circuit can
also be operated off of +15 V. supplies.
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INDEPENDENTLY FUNCTIONING COMPARATORS

INTRODUCTION

The LM139/LM239/LM339 family of devices is a
monolithic quad of independently functioning
comparators designed to meet the needs for a
medium speed, TTL compatible comparator for
industrial applications. Since no antisaturation
clamps are used on the output such as a Baker
clamp or other active circuitry, the output leakage
current in the OFF state is typically 0.5 nA. This
makes the device ideal for system applications
where it is desired to switch a node to ground
while leaving it totally unaffected in the OFF
state.

Other features include single supply, low voltage
operation with an input common mode range from
ground up to approximately one volt below V¢c.
The output is an uncommitted collector so it may
be used with a pull-up resistor and a separate out-
put supply to give switching levels from any vol-
tage up to 36V down to a Vg sat above ground
(approx. 100 mV), sinking currents up to 15 mA.
In addition it may be used as a single pole switch
to ground, leaving the switched node unaffected
while in the OFF state. Power dissipation with all
four comparators in the OFF state is typically
4mW from a single 5V supply (1 mW/comparator).

CIRCUIT DESCRIPTION

Figure 1 shows the basic input stage of one of the
four comparators of the LM139. Transistors Q,

+Vee

FIGURE 1. Basic LM139 Input Stage

through Q4 make up a PNP Darlington differen-
tial input stage with Qg and Qg serving to give
single-ended output from differential input with
no loss in gain. Any differential input at Q4 and
Q4 will be amplified causing Qg to switch OFF or
ON depending on input signal polarity. |t can easily

be seen that operation with an input common
mode voltage of ground is possible. With both
inputs at ground potential, the emitters of Q; and
Q4 will be at one Vgg above ground and the emit-
ters of Q, and Q3 at 2 Vgg. For switching action
the base of Qg and Qg need only go to one Vgg
above ground and since Q, and Qg can operate
with zero volts collector to base, enough voltage is
present at a zero volt common mode input to
insure comparator action. The bases should not be
taken more than several hundred millivolts below
ground, however, to prevent forward biasing a sub-
strate diode which would stop all comparator
action and possibly damage the device. If very
large input currents were provided.

Figure 2 shows the comparator with the output
stage added. Additional voltage gain is taken

+Vee

FIGURE 2. Basic LM139 Comparator

through Q; and Qg with the collector of Qg left
open to offer a wide variety of possible applica-
tions. The addition of a large pull-up resistor from
the collector of Qg to either +V¢ or any other
supply up to 36V both increases the LM139 gain
and makes possible output switching levels to
match practically any application. Several outputs
may be tied together to provide an ORing function
or the pull-up resistor may be omitted entirely
with the comparator then serving as a SPST switch
to ground.

Output transistor Qg will sink up to 15 mA before
the output ON voltage rises above several hundred
millivolts. The output current sink capability may
be boosted by the addition of a discrete transistor
at the output.
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The complete circuit for one comparator of the
LM139 is shown in Figure 3. Current sources I3

FIGURE 3. Complete LM139 Comparator Circuit

and |, are added to help charge any parasitic
capacitance at the emitters of Qq and Q4 to im-
prove the slew rate of the input stage. Diodes D
and D, are added to speed up the voltage swing
at the emitters of Q4 and Q5 for large input volt-
age swings.

Biasing for current sources |4 through 4 is shown
in Figure 4. When power is first applied to the
circuit, current flows through the JFET Q43 to
bias up diode Dg. This biases transistor Q45 which
turns ON transistors Qg and Q¢ by allowing a path
to ground for their base and collector currents.

B R
SR
Vol

CURRENT SOURCES

as

a1
03

04

FIGURE 4. Current Source Biasing Circuit

Current from the left hand collector of Qg flows
through diodes D5 and D4 bringing up the base of
Q,4 to 2 Vge above ground and the emitters of
Q,, and Q;, to one Vge. Qq5 will then turn OFF
because its base emitter voltage goes to zero. This
is the desired action because Qg and Qqq are
biased ON through Q4,, D3 and D4 so Qq5 is no
longer needed. The “bias line” is now sitting at a
Vge below +V¢c which is the voltage needed to
bias the remaining current sources in the LM139
which will have a constant bias regardless of +Vce
fluctuations. The upper input common mode
voltage is Vge minus the saturation voltage of
the current sources (approximately 100 mV)
minus the 2 Vge of the input devices Q; and
Q, (or Q3 and Q).

COMPARATOR CIRCUITS

Figure 5 shows a basic comparator circuit for
converting low level analog signals to a high level
digital output. The output pull-up resistor should
be chosen high enough so as to avoid excessive
power dissipation yet low enough to supply
enough drive to switch whatever load circuitry is
used on the comparator output. Resistors R4 and
R, are used to set the input threshold trip voltage
(Vger) at any value desired within the input
common mode range of the comparator.

ee

anr‘Af\ +Wee
>

INPUT o

Vagr

FIGURE 5. Basic Comparator Circuit

Comparators with Hysteresis

The circuit shown in Figure 5 suffers from one
basic drawback in that if the input signal is a
slowly varying low level signal, the comparator
may be forced to stay within its linear region
between the output high and low states for an
undesireable length of time. If this happens, it runs
the risk of oscillating since it is basically an uncom-
pensated, high gain op amp. To prevent this, a
small amount of positive feedback or hysteresis is
added around the comparator. Figure 6 shows a

+Vee

Vaer

FIGURE 6. Comparator with Positive Feedback
to Improve Switching Time

comparator with a small amount of positive feed-
back. In order to insure proper comparator action,
the components should be chosen as follows:

ReuLLur < Rioap and

R1> ReuLLup
This will insure that the comparator will always
switch fully up to +V¢c and not be pulled down
by the load or feedback. The amount of feedback
is chosen arbitrarily to insure proper switching
with the particular type of input signal used. If the
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output swing is 5V, for example, and it is desired
to feedback 1% or 50 mV, then R; = 100 R,. To
describe circuit operation, assume that the in-
verting input goes above the reference input
(Vin > Vgeg). This will drive the output, Vg,
towards ground which in turn pulls Vggr down
through R;. Since Vgegg is actually the non-
inverting input to the comparator, it too will drive
the output towards ground insuring the fastest
possible switching time regardless of how slow the
input moves. If the input then travels down to
Vgeg, the same procedure will occur only in the
opposite direction insuring that the output will be
driven hard towards +V¢c.

Putting hysteresis in the feedback loop of the
comparator has far more use, however, than
simply as an oscillation suppressor. It can be made
to function as a Schmitt trigger with presettable
trigger points. A typical circuit is shown in Fig-
ure 7. Again, the hysteresis is achieved by shifting
the reference voltage at the positive input when
the output voltage Vo changes state. This network

+Vee = +15V
0o

Vo

Vaz Var
o >
s 1w
Vi
Vo HIGH
+Vee Vg LOW
+Wee
<
> >
Mg 3n3 1
Var Vaz
>
<
R2 ‘; R2 R3

FIGURE 7. Inverting Comparator with Hysteresis

requires only three resistors and is referenced to
the positive supply +Vce of the comparator.
This can be modeled as a resistive divider, R,
and R,, between +Vc and ground with the third
resistor, Rg, alternately connected to +V¢c or
ground, paralleling either Ry or R,. To analyze
this circuit, assume that the input voltage, Vy, at
the inverting input is less than V. With
Vin < Va the output will be high (Vg = +Ve).
The upper input trip voltage, V44, is defined by:

Vo= +Vee Ro
AT7 (R, 1IR;) + Ry
or
+Vee Ry (R +R
Vay cc Rz (Ry +R3) )

"R, R, + Ry Ry + Ry Rg

When the input voltage Vy, rises above the refer-
ence voltage (Vi > Va4), voltage, Vo, will go low
(Vo = GND). The lower input trip voltage, Vo,
is now defined by:

_*Vec RallRs
A2 "R, + R, IRy

or

tVee Ra Ra

- (2)
Vaz R; Ro + Ry Rz + R, Ry

When the input voltage, Vy, decreases to V5 OF
lower, the output will d3ain switch high. The total
hysteresis, AV, provided by this network is
defined by:

AVA =Va1-Vaz
or, subtracting equation 2 from equation 1

B +Vee R Ra
"Ry Ry, +R; Rz +Rs Rz

AV (3)

To insure that Vg will swing between +V ¢ and
ground, choose:

ReuLLue <RiLoapand (4)

Rz > ReyLLup (5)

Heavier loading on Rpy.yp (i.e.smaller values of
Rz or R pap) simply reduces the value of the
maximum output voltage thereby reducing the
amount of hysteresis by lowering the value of
V4. For simplicity, we have assumed in the above
equations that Vg high switches all the way up to
+Vee

To find the resistor values needed for a given set of
trip points, we first divide equation (3) by equa-
tion (2). This gives us the ratio:

R, Ry
1+ — + —
AV R R
AL 3 2 (6)
Va2 Rs R3
T+— + —
Rz Ry
If we let Ry = n Rg, equation (6) becomes:
AVa (7)

Va2

We can then obtain an expression for R, from
equation (1) which gives

R, 1R,
27 +Vee

Va1

(8)
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The following design example is offered:

Given: V' =+15V
RiLoap = 100 kQ
Vaq=+10V
Vap = +6V

To find: Ry, Ra, R3, RpyLLup

Solution:

From equation (4) RpyrLL.ur <RiLoap
ReuLiup < 100 kQ

so let ReuLL.up = 3kQ2

From equation (5) R3> Rioap

R3 > 100k$2
so let Rgz=1MQ
F tion (7) AV,  10-5 :
rom equation n= -0
5 Va2 5
and since R;=nR3
this gives Ry=1R3=1MQ
. 500 kS
From equation (8) R2=1_5.___.._= 1MQ
10 1

These are the values shown in Figure 7.

The circuit shown in Figure 8 is a non-inverting
comparator with hysteresis which is obtained with
only two resistors, Ry and R,. In contrast to the
first method, however, this circuit requires a separ-
ate reference voltage at the negative input. The
trip voltage, V, at the positive input is shifted
about Vggg as Vg changes between +Vcc and
ground.

Ve = H5V

>
> ReuLL-ur
ke

Vo HIGH Vo LOW
Ve Ving
15 -
R2 Rl
Va = Vags Va=Vaer Vo Y A
Vinz Vivr
A1 R2
0 <

]
=
B

Vinz

FIGURE 8. Non-Inverting Comparator with Hysteresis

Again for analysis, assume that the input voltage,
Vin, is low so that the output, Vg, is also low

(Vo = GND). For the output to switch, V y must
rise up to VN 4 where V1 is given by:

_ Vger (R1+ Ry)

Ving = R, (9)

As soon as Vg switches to +V¢c, Vo will step to a
value greater than Vggg which is given by:

WVee - Vin1lRy

10
Ry + R, (10)

Va=Vin+

To make the comparator switch back to its low
state (Vo = GND) V,y must go below Vggg
before Vo will again equal Vggg. This lower trip
point is now given by:

_ Vger (R1 + Ra) - Ve Ry
Vinz = R,

(11)

The hysteresis for this circuit, AV y, is the differ-
ence between V,y ; and V,y 2 and is given by:

AViN=Vin1 - ViN2 =

Veer (R1+ Ra)  Vger (Rq1* Ra) - Vec Ry
R2 R2

or

Vec Ry

12
R, (12)

AV y =

As a design example consider the following:

Given: Ry pap = 100 k2

Vin 1= 10V
Vin2 =5V
+Vee = 16V

To find: Vgeg, Ry, Ry and R

Solution:

Again choose RpyL.up < RLpap to minimize
loading, so let

ReuLL.up = 3kQ2

. Ry _ AVin
From equation (12) — = ——
Rz Vee
Ry 105 _1
R, 15 3
_R2
R, 3
. 10
From equation (9) Vggr = R
1+
R2
VRee = '1'“ = 7.5V
1+ =
3




To minimize output loading choose

R2>> ReuLLup
or R, > 3k§2
so let Ry = 1MSQ

The value of Ry is now obtained from equa-
tion (12)
Ro
R, = 3
1MQ
R, = = = 330k

These are the values shown in Figure 8.

Limit Comparator with Lamp Driver

The limit comparator shown in Figure 9 provides a
range of input voltages between which the output
devices of both LM139 comparators will be OFF.

+Vee

1/8 LM139

1/8 LM139

FIGURE 9. Limit Comparator with Lamp Driver

This will allow base current for Q; to flow
through pull-up resistor R4, turning ON Q4 which
lights the lamp. If the input voltage, V,y, changes
to a value greater than V 5 or less than Vg, one of
the comparators will switch ON, shorting the base
of Q; to ground, causing the lamp to go OFF. Ifa
PNP transistor is substituted for Q4 (with emitter
tied to +V¢¢) the lamp will light when the input is
above V, or below Vg. V4 and Vg are arbitrarily
set by varying resistors R4, R, and Rj.

Zero Crossing Detector

The LM139 can be used to symmetrically square
up a sine wave centered around zero volts by
incorporating a small amount of positive feedback
to improve switching times and centering the input
threshold at ground (see Figure 10). Voltage
divider R4 and Ry establishes a reference voltage,
V,, at the positive input. By making the series
resistance, R4 plus R, equal to Rg, the switching
condition, V4 =V,, will be satisfied when
Vin = 0. The positive feedback resistor, Rg, is

made very large with respect to Rg
(Re = 2000 Rg). The resultant hysteresis estab-
lished by this network is very small (AV,; <10 mV)
but it is sufficient to insure rapid output
voltage transitions. Diode D is used to insure that

Wee - 15V

RS 20M

H—AAA—C
|| emt"a%

FIGURE 10. Zero Crossing Detector

the inverting input terminal of the comparator
never goes below approximately =100 mV. As the
input terminal goes negative, D, will forward bias,
clamping the node between R4 and R, to approxi-
mately ~700 mV. This sets up a voltage divider
with R, and Rg preventing V, from going below
ground. The maximum negative input overdrive is
limited by the current handling ability of D4.

Comparing the Magnitude of
Voltages of Opposite Polarity

The comparator circuit shown in Figure 11 com-
pares the magnitude of two voltages, V4 and

ReuLi-up

FIGURE 11. Comparing the Magnitude of Voltages
of Opposite Polarity

V|n 2 which have opposite polarities. The resultant
input voltage at the minus input terminal to the
comparator, V,, is a function of the voltage
divider from V,y ¢ and V,y 2 and the values of R,
and R,. Diode connected transistor Q, provides
protection for the minus input terminal by clamp-
ing it at several hundred millivolts below ground.
A 2N2222 was chosen over a 1N914 diode
because of its lower diode voltage. If desired,
a small amount of hysteresis may be added
using the techniques described previously. Correct
magnitude comparison can be seen as follows: Let
VN ¢ be the input for the positive polarity input
voltage and Vy » the input for the negative polar-
ity. If the magnitude of V1 is greater than that
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of V) 2 the output will go low (Vg = GND). If
the magnitude of Vy ¢ is less than that of Vg2,
however, the output will go high (Voyt = V).

Magnetic Transducer Amplifier

A circuit that will detect the zero crossings in the
output of a magnetic transducer is shown in Fig-
ure 12. Resistor divider, Ry and R,, biases the
positive input at +V /2, which is well within the
common mode operating range. The minus input
is biased through the magnetic transducer. This

+Vee

ms

<
> Rouie
0K S b

MAGNETIC
PICK-UP ” 1/8 LM139 p—O Vour

+

AAA
VW

R2 <

M
10K S x

H— W

FIGURE 12. Magnetic Transducer Amplifier

allows large signal swings to be handled without
exceeding the input voltage limits. A symmetrical
square wave output is insured through the positive
feedback resistor Rz. Resistors Ry and R, can be
used to set the DC bias voltage at the positive
input at any desired voltage within the input
common mode voltage range of the comparator.

OSCILLATORS USING THE LM139

The LM139 lends itself well to oscillator applica-
tions for frequencies below several megacycles.
Figure 13 shows a symmetrical square wave gener-
ator using a minimum of components. The output

Vee

RY
100K

R2
100K Ver

FIGURE 13. Square Wave Generator

frequency is set by the RC time constant of R4
and C; and the total hysteresis of the loop is set
by Ry, Ry and Rz. The maximum frequency is
limited only by the large signal propagation delay

of the comparator in addition to any capacitive
loading at the output which would degrade the
output slew rate.

To analyze this circuit assume that the output is
initially high. For this to be true, the voltage at the
negative input must be less than the voltage at the
positive input. Therefore, capacitor C, is dis-
charged. the voltage at the positive input, Vaq,
will then be given by:

*Vee R2

VAt =R T (R, IR (13)
where if Ry = Ry = R3
.2V

then Vag = 3°° (14)

Capacitor C; will charge up through R4 so that
when it has charged up to a value equal to Va4,
the comparator output will switch. With the out-
put Vo = GND, the value of V4 is reduced by
the hysteresis network to a value given by:

+V
Vas = §° (15)

using the same resistor values as before. Capacitor
C; must now discharge through R4 towards
ground. The output will return to its high state
(Vo = +V¢e) when the voltage across the capaci-
tor has discharged to a value equal to V a». For the
circuit shown, the period for one cycle of oscilla-
tion will be twice the time it takes for a single RC
circuit to charge up to one half of its final value.
The period can be calculated from:

Vi =VMAxe~l1/HC (16)
where

Vmax = 2 \;CC (17)
and

v, - Vmax _ Vec (18)

2 3
One period will be given by:

LI (19)
freq.~ !

or calculating the expenential gives

1
a = 2(0.694) R4C, (20)
Resistors Rz and R4 must be at least 10 times
larger than Rg to insure that Vg will go all the
way up to +V¢c in the high state. The frequency
stability of this circuit should strictly be a func-
tion of the external components.
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Pulse Generator with Variable Duty Cycle

The basic square wave generator of Figure 13 can
be modified to obtain an adjustable duty cycle
pulse generator, as shown in Figure 14, by pro-
viding a separate charge and discharge path for
capacitor C;. One path, through R4 and D4 will
charge the capacitor and set the pulse width (tq).
The other path, Rg and D, will discharge the
capacitor and set the time between pulses (t,). By
varying resistor Rg, the time between pulses of the
generator can be changed without changing the
pulse width. Similarly, by varying R4, the pulse
width will be altered without affecting the time
between pulses. Both controls will change the fre-
geuncy of the generator, however. With the values

*Vee

S Roui-ur
> 15K

FIGURE 14. Pulse Generator with Variable Duty Cycle

given in Figure 14, the pulse width and time
between pulses can be found from:

Vi = Vyax (1-e7R4C1) risetime  (21a)

V; = Vyax e2/F5C1 falltime (21b)

where
2V

Vmax = =5° (22)

and
\% vV

ViR s = (23)
which gives

1

— = ¢~ 1/RaCq 24

5= (24)

5 is then given by:

1 “2/RgCq

1. (25)
2

These terms will have a slight error due to the fact

that Vpax is not exactly equal to 2/3 V¢ but is

actually reduced by the diode drop to:

2
Vmax =3 (Vee - Vee) (26)
therefore
1 ~t1/R4C
—_—— = gt/ Ra 27
21 - Vge) 27
and
1 ~to/R5C
_— = g '2/P5. 28
20~ Vge) 28)

Crystal Controlled Oscillator

A simple yet very stable oscillator can be obtained
by using a quartz crystal resonator as the feedback
element. Figure 15 gives a typical circuit diagram

+Vee

Ve

100K

FIGURE 15. Crystal Controlled Oscillator

of this. This value of R4 and R, are equal so that
the comparator will switch symmetrically about
+Vce/2. The RC time constant of Rz and Cy is set
to be several times greater than the period of the
oscillating frequency, insuring a 50% duty cycle by
maintaining a DC voltage at the inverting input
equal to the absolute average of the output
waveform.

When specifying the crystal, be sure to order series
resonant along with the desired temperature coef-
ficient and load capacitance to be used.

MOS Clock Driver

The LM139 can be used to provide the oscillator
and clock delay timing for a two phase MOS clock
driver (see Figure 16). The oscillator is a standard
comparator square wave generator similar to the
one shown in Figure 13. Two other comparators
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of the LM139 are used to establish the desired
phasing between the two outputs to the clock
driver. A more detailed explanation of the delay
circuit is given in the section under ‘'Digital and
Switching Circuits.”

e
sy
m R4 a1 10 R11
51K ROK 118 28K 2K
10K
Ve /8 LM139
\ ]
x® . 0o
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FIGURE 16. MOS Clock Driver

Wide Range VCO

A simple yet very stable voltage controlled oscilla-
tor using a minimum of external components can
be realized using three comparators of the
LM139. The schematic is shown in Figure 17a.
Comparator 1 is used closed loop as an integrator
(for further discussion of closed loop operation see
section on Operational Amplifiers) with compara-
tor 2 used as a triangle to square wave converter
and comparator 3 as the switch driving the integra-
tor. To analyze the circuit, assume that com-
parator 2 is its high state (Vgg=+V¢e) which
drives comparator 3 to its high state also. The out-

put device of comparator 3 will be OFF which
prevents any current from flowing through R, to
ground. With a control voltage, V¢, at the input
to comparator 1, a current I, will flow through
R, and begin discharging capacitor C,, at a linear
rate. This discharge current is given by:

Ve
= — 29
Iy 2R, (29)

and the discharge time is given by:

AV
1=Cy e {30)

AV will be the maximum peak change in the
voltage across capacitor Cq which will be set by
the switch points of comparator 2. These trip
points can be changed by simply altering the ratio
of Rg to Rg, thereby increasing or decreasing the
amount of hysteresis around comparator 2. With
Re =100k and Rg =5k, the amount of
hysteresis is approximately 5% which will give
switch points of +V¢c/2% 760 mV from a 30V
supply. (See ““Comparators with Hysteresis'’).

As capacitor C; discharges, the output voltage
of comparator 1 will decrease until it reaches
the lower trip point of comparator 2, which
will then force the output of comparator 2 to
go to its low state (Vgq =GND).

This in turn causes comparator 3 to go to its low
state where its output device will be in saturation.
A current |, can now flow through resistor R, to

Vg = 430V
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FIGURE 17. Voltage Controlled Oscillator
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ground. If the value of Ry is chosen as R;/2
a current equal to the capacitor discharge current
can be made to flow out of C; charging it at the
same rate as it was discharged. By making Ry= R;/2,
current |, will equal twice I,. This is the control
circuitry which guarantees a constant 50% duty
cycle oscillation independent of frequency or
temperature. As capacitor C4 charges, the output
of comparator 1 will ramp up until it trips
comparator 2 to its high state (Vgo = +V¢c)
and the cycle will repeat.

The circuit shown in Figure 17a uses a +30V sup-
ply and gives a triangle wave of 1.5V peak-to-peak.
With a timing capacitor, C; equal to 500 pF, a
frequency range from approximately 115 kHz
down to approximately 670 Hz was obtained with
a control voltage ranging from 50V down to
250 mV. By reducing the hysteresis around com-
parator 2 down to 150 mV (Rg = 100kE2,
Rs = 1 k&) and reducing the compensating capaci-
tor C, down to .001 uF, frequencies up to 1 MHz
may be obtained. For lower frequencies
(fo < 1Hz) the timing capacitor, Cq, should be
increased up to approximately 1 uF to insure that
the charging currents, Iy and 1,, are much larger
than the input bias currents of comparator 1.

Figure 17b shows another interesting approach
to provide the hysteresis for comparator 2. Two
identical Zener diodes, Z; and Z,, are used to
set the trip points of comparator 2. When the tri-
angle wave is less than the value required to Zener
one of the diodes, the resistive network, R4 and
R5, provides enough feedback to keep the compar-
ator in its proper state, (the input would otherwise
be floating). The advantage of this circuit is that
the trip points of comparator 2 will be completely
independent of supply voltage fluctuations. The
disadvantage is that Zeners with less than one volt
breakdown voltage are not obtainable. This limits
the maximum upper frequency obtainable because
of the larger amplitude of the triangle wave. If a
regulated supply is available, Figure 17a is pre-
ferable simply because of less parts count and
lower cost.

Both circuits provide good control over at least
two decades in frequency with a temperature
coefficient largely dependent on the TC of the
external timing resistors and capacitors. Remember
that good circuit layout is essential along with
the .01uF compensation capacitor at the output
of comparator 1 and the series 1082, resistor and
0.1uF capacitor between its inputs, for proper
operation. Comparator 1 is a high gain amplifier
used closed loop as an integrater so long leads
and loose layout should be avoided.

DIGITAL AND SWITCHING CIRCUITS

The LM139 lends itself well to low speed (<1 MHz)
high level logic circuits. They have the advantage
of operating with high signal levels, giving high
noise immunity, which is highly desirable for
industrial applications. The output signal level

can be selected by setting the V¢ to which the
pull-up resistor is connected to any desired level.

AND/NAND Gates

A three input AND gate is shown in Figure 18.
Operation of this gate is as follows: resistor
divider Ry and R, establishes a reference voltage
at the inverting input to the comparator. The non-
inverting input is the sum of the voltages at the
inputs divided by the voltage dividers comprised of
R3, R4, Rg and Rg. The output will go high only

>
S Reuit e
> 3K

35mv

R3 Vour
100K
Vour=AeBeC

R4
100K

RS
100K

15V

-
L o w

FIGURE 18. Three Input AND Gate

when all three inputs are high, causing the voltage
at the non-inverting input to go above that at
inverting input. The circuit values shown work for
a ''0" equal to ground and a ““1" equal +15V. The
resistor values can be altered if different logic
levels are desired. If more inputs are required,
diodes are recommended to improve the voltage
margin when all but one of the inputs are the 1"
state. This circuit with increased fan-in is shown in
Figure 19.

AAA

O Vour

Vour=A-8-C-0

ALL I!llﬂDES
1N914
FIGURE 19. AND Gate with Large Fan-in

To convert these AND gates to NAND gates
simply interchange the inverting and non-inverting
inputs to the comparator. Hysteresis can be added
to speed up output transitions if low speed input
signals are used.
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OR/NOR Gates

The three input OR gate (positive logic) shown in
Figure 20 is achieved from the basic AND gate

+Vec =15V
<
<
b P
<
750 mV ¢
R3 Vour
100K
A O—AAA— Vour=A+B+C
R4

c

FIGURE 20. Three Input OR Gate

simply by increasing R, thereby reducing the
reference voltage. A logic "'1"" at any of the inputs
will produce a logic “1” at the output. Again a
NOR gate may be implemented by simply revers-
ing the comparator inputs. Resistor Rg may be
added for the OR or NOR function at the expense
of noise immunity if so desired.

Output Strobing

The output of the LM139 may be disabled by
adding a clamp transistor as shown in Figure 21. A

+Vee
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FIGURE 21. Output Strobing Using a Discrete Transistor

strobe control voltage at the base of Q; will clamp
the comparator output to ground, making it
immune to any input changes.

+Vee

1/6 LM139 Vour

LOGIC GATE OR
1/4 LM139

FIGURE 22. Output Strobing with TTL Gate

If the LM139 is being used in a digital system the
output may be strobed using any other type of

gate having an uncommitted collector output
(such as National’s DM5401/DM7401). In addition
another comparator of the LM139 could also be
used for output strobing, replacing Q; in Figure
21, if desired. (See Figure 22.)

One Shot Multivibrators

A simple one shot multivibrator can be realized
using one comparator of the LM139 as shown in
Figure 23. The output pulse width is set by the

o

FIGURE 23. One Shot Multivibrator

values of C, and R4 (with R4 > 10 R3 to avoid
loading the output). The magnitude of the input
trigger pulse required is determined by the resistive
divider Ry and R,. Temperature stability can be
achieved by balancing the temperature coefficients
of R4 and C, or by using components with very
low TC. In addition, the TC of resistors Ry and R,
should be matched so as to maintain a fixed refer-
ence voltage of +V¢¢/2. Diode D, provides a rapid
discharge path for capacitor C, to reset the one
shot at the end of its pulse. It also prevents the
non-inverting input from being driven below
ground. The output pulse width is relatively inde-
pendent of the magnitude of the supply voltage
and will change less than 2% for a five volt change
in +VCC~

B3 SRe
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‘;,'K "o 1om 560K Rl
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A2 LM ‘ Ve
100k | o Lo
| |
= P T 100 e O Vour o

= = Veo
- P e Vo
©

COMPARATOR 1 ConPARATOR 2

P

R10
2K A4
R9 10M

280K

FIGURE 24. Multivibrator with Input Lock-Out

The one shot multivibrator shown in Figure 24 has
several characteristics which make it superior to
that shown in Figure 23. First, the pulse width is
independent of the magnitude of the power supply
voltage because the charging voltage and the inter-
cept voltage are a fixed percentage of +Vce. In
addition this one-shot is capable of 99% duty cycle
and exhibits input trigger lock-out to insure that
the circuit will not re-trigger before the output
pulse has been completed. The trigger level is the
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voltage required at the input to raise the voltage at
point A higher than the voltage at point B, and is
set by the resistive divider R4 and Rqq and the
network R4, R, and R3. When the multivibrator
has been triggered, the output of comparator 2 is
high causing the reference voltage at the non-invert-
ing input of comparator 1 to go to +Vc. This pre-
vents any additional input pulses from disturbing
the circuit until the output pulse has been
completed.

The value of the timing capacitor, C,, must be
kept small enough to allow comparator 1 to com-
pletely discharge C; before the feedback signal
from comparator 2 (through R switches com-
parator 1 OFF and allows C; to start an exponen-
tial charge. Proper circuit action depends on
rapidly discharging C; to a value set by Rg and Rg
at which time comparator 2 latches comparator 1
OFF. Prior to the establishment of this OFF state,
C, will have been completely discharged by com-
parator 1 in the ON state. The time delay, which
sets the output pulse width, results from C; re-
charging to the reference voltage set by Rg and
Rg. When the voltage across C4 charges beyond
this reference, the output pulse returns to ground
and the input is again reset to accept a trigger.

Bistable Multivibrator

Figure 25 is the circuit of one comparator of the
LM139 used as a bistable multivibrator. A refer-
ence voltage is provided at the inverting input by a
voltage divider comprised of R, and Rj. A pulse
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FIGURE 25. Bistable Multivibrator

applied to the SET terminal will switch the output
high. Resistor divider network R4, R4, and Rg
now clamps the non-inverting input to a voltage
greater than the reference voltage. A pulse now
applied to the RESET input will pull the output
low. If both Q and Q outputs are needed, another
comparator can be added as shown dashed in
Figure 25.

Figure 26 shows the output saturation voltage of
the LM139 comparator verses the amount of
current being passed to ground. The end point of

1 mV at zero current along with an Rgat of 6052
shows why the LM139 so easily adapts itself to
oscillator and digital switching circuits by allowing
the DC output voltage to go practically to ground
while in the ON state.
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FIGURE 26. Typical Output Saturation Characteristics

Time Delay Generator

The final circuit to be presented under “Digital
and Switching Circuits’’ is a time delay generator
(or sequence generator) as shown in Figure 27.
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FIGURE 27. Time Delay Generator

This timer will provide output signals at prescribed
time intervals from a time reference to and will
automatically reset when the input signal returns
to ground. For circuit evaluation, first consider the
quiescent state (V,n =0) where the output of
comparator 4 is ON which keeps the voltage across
C, at zero volts. This keeps the outputs of com-
parators 1, 2 and 3 in their ON state (Voyt =
GND). When an input signal is applied, compara-
tor 4 turns OFF allowing C4 to charge at an
exponential rate through R4. As this voltage rises
past the preset trip points V5, Vg and V¢ of
comparators 1, 2 and 3 respectively, the output
voltage of each of these comparators will switch to
the high state (Voyut = +Vee). A small amount of
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hysteresis has been provided to insure fast switch-
ing for the case where the R¢ time constant has
been chosen large to give long delay times. It is not
necessary that all comparator outputs be low in
the quiescent state. Several or all may be reversed
as desired simply be reversing the inverting and
non-inverting input connections. Hysteresis again
is optional.

LOW FREQUENCY OPERATIONAL
AMPLIFIERS

The LM139 comparator can be used as an opera-
tional amplifier in DC and very low frequency AC
applications (<100 Hz). An interesting combination
is to use one of the comparators as an op amp to
provide a DC reference voltage for the other three
comparators in the same package.

Another useful application of an LM139 has the
interesting feature that the input common mode
voltage range includes ground even though the
amplifier is biased from a single supply and
ground. These op amps are also low power drain
devices and will not drive large load currents unless
current boosted with an external NPN transistor.
The largest application limitation comes from a
relatively slow slew rate which restricts the power
bandwidth and the output voltage response time.

The LM139, like other comparators, is not inter-
nally frequency compensated and does not have
internal provisions for compensation by external
components. Therefore, compensation must be
applied at either the inputs or output of the
device. Figure 28 shows an output compensation

R3
> 15K

—O Vour

FIGURE 28. Non-Inverting Amplifier

scheme which utilizes the output collector pull-up
resistor working with a single compensation capa-
citor to form a dominant pole. The feedback net-
work, R; and R, sets the closed loop gain at
1 + R4/R, or 101 (40 dB). Figure 29 shows the
output swing limitations versusfrequency. The out-
put current capability of this amplifier is limited by
the relatively large pull-up resistor (15 k£2) so the
output is shown boosted with an external NPN
transistor in Figure 30. The frequency response is
greatly extended by the use of the new compensa-
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FIGURE 29. Large Signal Frequency Response

tion scheme also shown in Figure 30. The DC level
shift due to the Vgg of Q; allows the output
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FIGURE 30. Improved Operational Amplifier

voltage to swing from ground to approximately
one volt less than +Vc. A voltage offset adjust-
ment can be added as shown in Figure 31.
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FIGURE 31. Input Offset Null Adjustment
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Dual Supply Operation

The applications presented here have been shown
biased typically between +Vcc and ground for
simplicity. The LM139, however, works equally
well from dual (plus and minus) supplies com-
monly used with most industry standard op amps
and comparators, with some applications actually
requiring fewer parts than the single supply
equivalent.
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The zero crossing detector shown in Figure 10 can
be implemented with fewer parts as shown in Fig-
ure 32. Hysteresis has been added to insure fast
transitions if used with slowly moving input sig-
nals. It may be omitted if not needed, bringing the
total parts count down to one pull-up resistor.

FIGURE 32. Zero Crossing Detector Using Dual Supplies

The MOS clock driver shown in Figure 16 uses
dual supplies to properly drive the MM0025 clock
driver.

The square wave generator shown in Figure 13 can
be used with dual supplies giving an output that
swings symmetrically above and below ground (see
Figure 33). Operation is identical to the single
supply oscillator with the only change being in the
lower trip point.

+Vee

“Vee

FIGURE 33. Squarewave Generator Using Dual Supplies

Figure 34 shows an LM139 connected as an op
amp using dual supplies. Biasing is actually simpler
if full output swing at low gain settings is required
by biasing the inverting input from ground rather
than from a resistive divider to some voltage
between +Vcc and ground.

All the applications shown will work equally well
biased with dual supplies. If the total voltage
across the device is increased from that shown, the
output pull-up resistor should be increased to pre-
vent the output transistor from being pulled out of

ReuLe-ue
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—1
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FIGURE 34. Non-Inverting Amplifier Using Dual Supplies

Rs

saturation by drawing excessive current, thereby
preventing the output low state from going all the
way to =V¢c.

MISCELLANEOUS APPLICATIONS

The following is a collection of various applica-
tions intended primarily to further show the wide
versatility that the LM139 quad comparator has
to offer. No new modes of operation are presented
here so all of the previous formulas and circuit
descriptions will hold true. It is hoped that all of
the circuits presented in this application note will
suggest to the user a few of the many areas in
which the LM139 can be utilized.

Remote Temperature Sensor/Alarm

The circuit shown in Figure 35 shows a temperature
over-range limit sensor. The 2N930 is a National
process 07 silicon NPN transistor connected to pro-
duce a voltage reference equal to a multiple of its
base emitter voltage along with a temperature
coefficient equal to a multiple of 2.2 mV/°C. That
multiple is determined by the ratio of Ry to Rj.
The theory of operation is as follows: with transis-
tor Q, biased up, its base to emitter voitage will
appear across resistor Rq;. Assuming a reasonably
high beta (8 > 100) the base current can be
neglected so that the current that flows through
resistor Ry must also be flowing through R,. The
voltage drop across resistor R, will be given by:

Ir1 = lR2
and

VR1 = Ve = Ir1 Ry
50

R2
Va2 = lp2 Rz =11 Ra =V, A (31)
1

As stated previously this base-emitter voltage is
strongly temperature dependent, minus 2.2 mV/°C
for a silicon transistor. This temperature coeffi-
cient is also multiplied by the resistor ratio Rq/R,.
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This provides a highly linear, variable temperature
coefficient reference which is ideal for use as a
temperature sensor over a temperature range from
approximately —65°C to +150°C. When this tem-
perature sensor is connected as shown in Figure 35
it can be used to indicate an alarm condition of
either too high or too low a temperature excursion.
Resistors Rz and R4 set the trip point reference
voltage, Vg, with switching occuring when V, =
Vg. Resistor Rg is used to bias up Qq at some
low value of current simply to keep quiescent
power dissipation to a minimum. An |q near
10uA is acceptable.

Using one LM139, four separate sense points are
available. The outputs of the four comparators
can be used to indicate four separate alarm condi-
tions or the outputs can be OR’ed together to
indicate an alarm condition at any one of the
sensors. For the circuit shown the output will go
HIGH when the temperature of the sensor goes
above the preset level. This could easily be inverted
by simply reversing the input leads. For operation
over a narrow temperature range, the resistor ratio
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Ra/Rq should be large to make the alarm more
sensitive to temperature variations. To vary the
trip points a potentiometer can be substituted
for Rz and Rg4. By the addition of a single feed-
back resistor to the non-inverting input to provide
a slight amount of hysteresis, the sensor could
function as a thermostat. For driving loads greater
than 15 mA, an output current booster transistor
could be used.

Four Independently Variable, Temperature
Compensated, Reference Supplies

The circuit shown in Figure 36 provides four
independently variable voltages that could be used
for low current supplies for powering additional
equipment or for generating the reference voltages
needed in some of the previous comparator appli-
cations. If the proper Zener diode is chosen, these
four voltages will have a near zero temperature
coefficient. For industry standard Zeners, this will
be somewhere between 5.0 and 5.4V at a Zener
current of approximately 10 mA. An alternative
solution is offered to reduce this 50 mW quiescent
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FIGURE 35. Temperature Alarm
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FIGURE 36. Four Variable Reference Supplies
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power drain. Experimental data has shown that
any of National’s process 21 transistors which have
been selected for low reverse beta (g < .25) can
be used quite satisfactorily as a zero T.C. Zener.
When connected as shown in Figure 37, the T.C.

Q1= NATIONAL PROCESS 21
SELECTED FOR LOW Rs
REVERSE

1g=15mA
LEAVE BASE
LEAD OPEN

FIGURE 37. Zero T.C. Zener

of the base-emitter Zener voltage is exactly can-
celled by the T.C. of the forward biased base-
collector junction if biased at 1.5 mA. The diode
can be properly biased from any supply by adjust-
ing Rg to set I, equal to 1.5 mA. The outputs of
any of the reference supplies can be current
boosted by using the circuit shown in Figure 30.

Digital Tape Reader

Two circuits are presented here — a tape reader for
both magnetic tape and punched paper tape. The
circuit shown in Figure 38, the magnetic tape
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FIGURE 38. Magnetic Tape Reader with TTL Output

reader, is the same as Figure 12 with a few resistor
values changed. With a 5V supply, to make the
output TTL compatible, and a 1M feedback
resistor, 5 mV of hysteresis is provided to insure
fast switching and higher noise immunity. Using
one LM139, four tape channels can be read
simultaneously.

The paper tape reader shown in Figure 39 is
essentially the same circuit as Figure 38 with the
only change being in the type of transducer used.
A photo-diode is now used to sense the presence or
absence of light passing through holes in the tape.
Again a 1M feedback resistor gives ¥5 mV of
hysteresis to insure rapid switching and noise
immunity.
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FIGURE 39. Paper Tape Reader With TTL Output

Pulse Width Modulator

Figure 40 shows the circuit for a simple pulse
width modulator circuit. It is essentially the same
as that shown in Figure 13 with the addition of an
input control voltage. With the input control
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FIGURE 40. Pulse Width Modulator

voltage equal to +V /2, operation is basically the
same as that described previously. If the input
control voltage is moved above or below +V¢c/2,
however, the duty cycle of the output square wave
will be altered. This is because the addition of the
control voltage at the input has now altered the
trip points. These trip points can be found if the
circuit is simplified as in Figure 41. Equations 13
through 20 are still applicable if the effect of R¢
is added, with equations 17 through 20 being
altered for the condition where V¢ # +Vcc/2.

Wee +Vee e

Va = UPPER TRIP POINT Vg = LOWER TRIP POINT

FIGURE 41. Simplified Circuit For Calculating Trip
Points of Figure 40.

Pulse width sensitivity to input voltage variations
will be increased by reducing the value of R¢
from 10 k2 and alternately, sensitivity will be
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reduced by increasing the value of R¢. The values
of Ry and C; can be varied to produce any
desired center frequency from less than one hertz
to the maximum frequency of the LM139 which
will be limited by +Vc and the output slew rate.

Positive and Negative Peak Detectors

Figures 42 and 43 show the schematics for simple
positive or negative peak detectors. Basically the
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FIGURE 42. Positive Peak Detector

LM139 is operated closed loop as a unity gain
follower with a large holding capacitor from the
output to ground. For the positive peak detector a
low impedance current source is needed so an
additional transistor is added to the output. When
the output of the comparator goes high, current is
passed through Q; to charge up Cy. The only
discharge path will be the TMS resistor shunting
C; and any load that is connected to Vgyt. The
decay time can be altered simply by changing the
1MS2 resistor higher or lower as desired. The out-
put should be used through a high impedance

follower to avoid loading the output of the peak
detector.

Vin O m$

O
-Vee =

FIGURE 43. Negative Peak Detector

For the negative peak detector, a low impedance
current sink is required and the output transistor
of the LM139 works quite well for this. Again
the only discharge path will be the 1TMQ resistor
and any load impedance used. Decay time is
changed by varying the 1MS2 resistor.

Conclusion

The LM139 is an extremely versatile comparator
package offering reasonably high speed while operat-
ing at power levels in the low mW region. By
offering four independent comparators in one
package, many logic and other functions can now
be performed at substantial savings in circuit
complexity, parts count, overall physical dimen-
sions, and power consumption.

For limited temperature range applications, the
LM239 or LM339 may be used in place of the
LM139.

It is hoped that this application note will provide
the user with a guide for using the LM139 and also
offer some new application ideas.
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APPLICATIONS FOR A HIGH SPEED FET INPUT OP AMP

INTRODUCTION

The principal limitations in speed and bandwidth
in IC FET input op amps have been reduced by
over an order of magnitude with the introduction
of the LH0062/LH0062C. Internal compensation
assures unity gain stability with bandwidths in
excess of 15 MHz. Voltage follower slew rate is
typically 75V/us and is guaranteed in excess of
50V/us. Furthermore, external components may
be used to extend the slew rate to 120V/us and
settling times under 1us. The LHO062H (TO-5) is
pin compatible with LM101, LM741 and LH0022.
A summary of the LHO0062's performance char-
acteristics is given in Table 1.

PARAMETER (T4 = 25°C) MIN [ TYP | MAX | UNITS
Input Offset Voltage 20 50 mv
Input Bias Current 20 pA
Voltage Gain 50 100 %
Slew Rate 50 7% Vips
Bandwidth 15 MHz

TABLE 1. Summary of LH0062 Characteristics

CIRCUIT DESCRIPTION

The LHO0062 is basically a two stage amplifier
(Figure 1) consisting of a N channel junction FET
input stage (Q; and Q) and a PNP output stage
(Qq and Qs). Q; and Q, are a well matched

BALANCE/COMP 1

interdigitated monolithic pair that provide high
common mode rejection and input offset voltage
tracking usually associated only with bipolar
designs. The current mirror (Qg and Q5) converts
to single ended operation in addition to providing
active high impedance load for Q4 and Qg thus
providing high gain. Q3 and D, provides a tem-
perature compensated current source for the input
stage and Qg, Qg, D, and D3 form a class AB
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FIGURE 1. Simplified LHO062 Circuit Schematic

output buffer. Detailed schematic is illustrated in
Figure 2. Note that the FET inputs are protected
by 5V zener diodes and input current under
transient conditions should be limited by inserting
a 1k ohm or larger resistor in series with one of the
inputs.
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FIGURE 2. Complete LH0062 Schematic
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COMPENSATION CONSIDERATIONS

As noted earlier, the LHO062 is internally com-
pensated for unity gain stability. However, a few
precautions are advised. Like most wide band
amplifiers, the LHO062 is sensitive to power supply
inductance, and decoupling the supplies with 0.1uF
ceramic disc capacitors within an inch or two of
the device will prevent spurious oscillations and
save a fair amount of grief. The device is capable

o1
3pF

1€
I\
A
A1 100K _L
100K 2 o €, < 500pF
INPUT ——AAA—E - Rs
s 4 A
LH0062 W =

FIGURE 3. Isolating a Capacitive Load up to 500 pF

of driving 50 to 100 pF loads; for larger loads, an
isolation resistor, Rz as shown in Figure 3 is
recommended. Alternatively, a current buffer such
as the LHO002 or LHO033 may be used for loads
in excess of 500 pF with no degradation in slew
rate as shown in Figure 4.

o
210 pF

A\

R2
3

" C, < 2000 pF
1< 100mA

Note In the examples above, that a small capacitor, C1, 1
wsed to cancel the effects of stray capacitance at the ingut

FIGURE 4. Driving Capacitances in Excess of
500 pF and Loads

The LH0062 may be feed-forward compensated
in inverting mode applications as shown in Figure
5. This boosts slew rate to over 120V/us and
bandwidth to over 30 MHz. When full bandwidth is

SLEW RATE = v
s

FIGURE 5. Feed Forward Compensation

not required, the device may be over-compensated
as shown in Figure 6 to reduce bandwidth to
5 MHz. This technique improves phase margin
and reduces susceptibility to spurious oscillations
in applications where speed is less critical.

p—— 0UTPUT

FIGURE 6. Overcompensation

Minimum settling time of less than 1us to 0.1%
for a 20V input step is obtained as illustrated in
Figure 7. A small tweak capacitor, C; is recom-
mended to cancel stray board layout capacitance,
Cs. Once best value of trimmer capacitor C, is
determined for a particular layout, it may be
replaced with a fixed value.

——— ouTPUT

— SETTLING TIME ~ 1us

FIGURE 7. C ion for Mini

Settling Time
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APPLICATIONS

The circuit of Figure 8 is a high speed sample and
hold with sample acquisition time of 10us for
0.1% accuracy and aperture time of approxi-
mately 25 ns. Resistor, Rg, is used to limit input
current during power on and off transients.
Although the inputs of the LH0062 are protected
by back-to-back diodes excessive input current
could damage the device. Resistor Rg and the pot,
Rg, allow null of the output offset with negligible
effect on offset drift.

The peak detector of Figure 9 will acquire a +10V
peak signal in under 4us with droop rates under
20 mV/sec. Reversing the polarity of diodes D,
and D, will allow peak detecting negative signals.
Any ultra-low leakage diode may be substituted
for the 2N930 collector-base junction.

Y3
2N4333 00224F
POLYSTYRENE

c2

“HOLD = LOGIC™1"
SAMPLE = LOGIC 0"

p— ouTPuUT

€2 1000 pF
/_L\ POLYSTYRENE
FIGURE 9. High Speed Peak Detector

The circuit of Figure 10 is a programmable inte-
grator with a range in period from 1us to 1 ms. For
best results C; through C4 should be low leakage
construction such as polycarbonate or polystyrene.
A simple method of implementing the offset
adjustment is to momentarily insert a 100k ohm
resistor between pins 2 and 6 of the LH0062.
With the switches of the AH5009 off, the output
may be set to zero with R,.
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10K
INPUT. M

FIGURE 10. Programmable Integrator
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FIGURE 11. Wide Band AC Voltmeter

The circuit of Figure 11 is a wide band AC voltmeter
capable of measuring AC signals as low as 15 mV
at frequencies from 100 Hz to 500 kHz. Full scale
sensitivity may be changed by altering the values
R, through Rg (R = V5 /100uA).

HEAT SINKING, GUARDING,
AND BOOTSTRAPPING

The LHO062 is specified for operation without an
external heat sink. However, standby power is
typically 240 mW causing a junction rise of approx-
imately 60°C. A clip-on heat sink can reduce
internal heating hence reduce input bias current
from 20 pA at 25°C ambient to 2 or 3 pA.

Guarding input leads is recommended in stringent
applications. An excellent discussion on guarding
is given in AN-63 and the techniques discussed are
directly applicable to the LHO062. Another benefit
of guarding is reduced input capacitance. By boot-
strapping the inputs, as shown in Figure 12, the
apparent input capacitance is reduced to fractions
of a pico-farad.

6
- I LHO052 p— outruT

FIGURE 12. Guard/Bootstrap for Unity Gain

Furthermore, the case of the LHO062 is electrically
isolated, and the output may be tied to case in
order to eliminate stray capacitance introduced
by the header.
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INSTRUMENTATION AMPLIFIER

The differential input single-ended output instru-
mentation amplifier is one of the most versatile
signal processing amplifiers available. It is used for
precision amplification of differential dc or ac
signals while rejecting large values of common
mode noise. By using integrated circuits, a high
level of performance is obtained at minimum cost.

Figure 1 shows a basic instrumentation amplifier
which provides a 10 volt output for 100 mV input,
while rejecting greater than 11V of common
mode noise. To obtain good input characteristics,
two voltage followers buffer the input signal. The

Robert C. Dobkin
March 1969

LM102 is specifically designed for voltage follower
usage and has 10,000 M2 input impedance with
3 nA input currents. This high of an input imped-
ance provides two benefits: it allows the instru-
mentation amplifier to be used with high source
resistances and still have low error; and it allows
the source resistances to be unbalanced by over
10,000 ohms with no degradation in common
mode rejection. The followers drive a balanced dif-
ferential amplifier, as shown in Figure 1, which
provides gain and rejects the common mode volt-
age. The gain is set by the ratio of R; to R, and
Rs to Rj3. With the values shown, the gain for
differential signals is 100.

-

INPUTS

|

L— ouTPUT

FIGURE 1. Differential-Input Instrumentation Amplifier
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Figure 2 shows an instrumentation amplifier where
the gain is linearly adjustable from 1 to 300 with a
single resistor. An LM101A, connected as a fast
inverter, is used as an attenuator in the feedback
loop. By using an active attenuator, a very low
impedance is always presented to the feedback
resistors, and common mode rejection is unaf-
fected by gain changes. The LM101A, used as
shown, has a greater bandwidth than the LM107,
and may be used in a feedback network without
instability. The gain is linearly dependent on Ry
and is equal to 107 Rg.

To obtain good common mode rejection ratios, it
is necessary that the ratio of R4 to R, match the
ratio of Rs to Ry. For example, if the resistors in
circuit shown in Figure 1 had a total mismatch of
0.1%, the common mode rejection would be 60 dB
times the closed loop gain, or 100 dB. The circuit
shown in Figure 2 would have constant common

— vt

BALANCE

*GAIN ADJUST
Ay =10~ R6

mode rejection of 60 dB, independent of gain. In
either circuit, it is possible to trim any. one of the
resistors to obtain common mode rejection ratios
in excess of 100 dB.

For optimum performance, several items should be
considered during construction. R, is used for
zeroing the output. It should be a high resolution,
mechanically stable potentiometer to avoid a zero
shift from occurring with mechanical disturbances.
Since there are several ICs operating in close prox-
imity, the power supplies should be bypassed with
.01 uF disc capacitors to insure stability. The resis-
tors should be of the same type to have the same
temperature coefficient.

A few applications for a differential instrumenta-
tion amplifier are: differential voltage measure-
ments, bridge outputs, strain gauge outputs, or low
level voltage measurement.

1)
150 pF

FIGURE 2. Variable Gain, Differential-Input Instrumen-
tation Amplifier
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FEEDFORWARD COMPENSATION
SPEEDS OP AMP

A feedforward compensation method increases the
slew rate of the LM101A from 0.5/us to 10V/us as
an inverting amplifier. This extends the usefulness
of the device to frequencies an order of magnitude
higher than the standard compensation network.
With this speed improvement, IC op amps may be
used in applications that previously required dis-
cretes. The compensation is relatively simple and
does not change the offset voltage or current of
the amplifier.

In order to achieve unconditional closed loop sta-
bility for all feedback connections, the gain of an
operational amplifier is rolled off at 6 dB per
octave, with the accompanying 90 degrees of
phase shift, until a gain of unity is reached. The
frequency compensation networks shape the open
loop response to cross unity gain before the ampli-
fier phase shift exceeds 180 degrees. Unity gain for
the LM101A is designed to occur at 1 MHz. The
reason for this is the lateral PNP transistors used
for level shifting have poor high frequency re-
sponse and exhibit excess phase shift about
1 MHz. Therefore, the stable closed loop band-
width is limited to approximately 1 MHz.

FIGURE 1. Standard F C

Usually, the LM101A is frequency compensated
by a single 30 pF capacitor between Pins 1 and 8,
as shown in Figure 1. This gives a slew rate of
0.5V/us. The feedforward is achieved by connect-
ing a 150 pF capacitor between the inverting
input, Pin 2, and one of the compensation termi-

Robert C. Dobkin
March 1969

nals, Pin 1, as shown in Figure 2. This eliminates
the lateral PNP’s from the signal path at high fre-
quencies. Unity gain bandwidth is 10 MHz and
the slew rate is 10V/us. The diode can be added to
improve slew with high speed input pulses.

22 8X10°%
R2

D Vour

c1 “OPTIONAL TO IMPROVE RESPONSE
150 pF WITH FAST-RISING INPUT STEPS.

FIGURE 2. Feedforward Frequency Compensation

Figure 3 shows the open loop response in the high
and low speed configuration. Higher open loop
gain is realized with the fast compensation, as the
gain rolls off at about 6 dB per octave until a gain
of unity is reached at about 10 MHz. Figures 4
and 5 show the small signal and large signal tran-
sient response. There is a small amount of ringing;
however, the amplifier is stable over a -55°C to
+125°C temperature range. For comparison, large
signal transient ‘response with 30 pF frequency
compensation is shown in Figure 6.

120 —
L Ta=25°C
100 \\ Vs =415V ] 225
g w0 N EED v
S ya 2
] 3 B
w c
g @ \ PHASET] 90 3
S un a5
STANDARD \
qEl ~°
-0

10 100 1k 10k 100k 1M 10M 100M
FREQUENCY (Hz)

FIGURE 3. Open Loop Response for Both Frequency
Compensation Networks
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FIGURE 4. Small Signal Transient Response with Feed-
forward Compensation
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FIGURE 5. Large Signal Transient Response with Feed-
forward Compensation
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FIGURE 6. Large Signal Transient Response with Stan-
dard Compensation

As with all high frequency, high-gain amplifiers,
certain precautions should be taken to insure
stable operation. The power supplies should be
bypassed near the amplifier with .01 uF disc ca-
pacitors. Stray capacitance, such as large lands on
printed circuit boards, should be avoided at Pins 1,
2, 5, and 8. Load capacitance in excess of 75 pF
should be decoupled, as shown in Figure 7; how-
ever, 500 pF of load capacitance can be tolerated
without decoupling at the expense of bandwidth

by the addition of 3 pF between Pins 1 and 8. A
small capacitor C, is needed as a lead across the
feedback resistor to insure that the rolloff is less
than 12 dB per octave at unity gain. The capacitive
reactance of C, should equal the feedback resis-
tance between 2 and 3 MHz. For integrator appli-
cations, the lead capacitor is isolated from the
feedback capacitor by a resistor, as shown in
Figure 8.

Feedforward compensation offers a marked im-
provement over standard compensation. In addi-
tion to having higher bandwidth and slew, there is
vanishingly small gain error from DC to 3 kHz, and
less than 1% gain error up to 100 kHz as a unity
gain inverter. The power bandwidth is also ex-
tended from 6 kHz to 250 kHz. Some applications
for this type of ampilifier are: fast summing ampli-
fier, pulse amplifier, D/A and A/D systems, and
fast integrator.
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FIGURE 7. Capacitive Load Isolation
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WORST CASE POWER DISSIPATION
IN LINEAR REGULATORS

The most frequent cause of failures of voltage
regulators is excessive dissipation in the semicon-
ductor components. Regulators using integrated
circuits are no exception to this. In fact, IC regu-
lators are more prone to overdissipation because
they are not generally available in power packages,
because complete integrated circuits must be oper-
ated at a lower, maximum junction temperature
than silicon power transistors, and because the
package must be able to dissipate the quiescent
operating power of the control circuitry in addi-
tion to the power in the pass transistor.

The problems and solutions presented here give
examples of the worst case calculations that
should be used in designing voltage regulators with
ICs. These questions were used in a contest spon-
sored by National Semiconductor. The entries
received clearly showed that engineers have a
marked tendency to be overly optimistic about the
dissipation capability of the IC regulators as well
as the power ratings of the external power transis-
tors used with them. In a surprising number of
cases the errors were of such a magnitude to cause
almost certain, premature failure of the regulator
under the conditions specified. The questions and
answers follow:

1. What is the power limited full-load current for
a 24V regulator using the LM100 (without a
heat sink) when the worst case operating condi-
tions are 125°C ambient and 40V input
voltage?

The maximum chip temperature of the LM100
is 150°C, and the thermal resistance of the
TO-5 package is 150°C/W when no heat sink is
used. The permissable, junction-to-ambient
temperature rise is 25°C with a 125°C ambient,
so the maximum allowable package dissipation
is 167 mW.

The worst case quiescent current of the LM100
is 3.0 mA. With a 40V input voltage, this pro-
duces an internal dissipation of 120 mW, even
with no load. Therefore, the device can only
dissipate another 47 mW in supplying the load
current. With 40V in and 24V out, the input-
output voltage differential is 16V. This means
that 2.95 mA can be supplied through the in-
ternal pass transistor without exceeding the
ratings.

Vin = 40V

April 1969

The divider resistors required on the LM100
feedback to give a 24V output are 26.6k and
2.1k. For a 1.8V sense voltage on the feedback
terminal, the divider current will be 0.85 mA.
Since this current must be supplied by the inte-
grated circuit, it must be subtracted from the
available load current. Hence the maximum
output current, taking into account worse case
conditions, is 2.7 mA.

2.95 mA (MAX) 2.1 mA (MAX)
—

> A1
> 26.6K
> 1%

L 18v

, R2
» 2.15K
> 1%

FIGURE 1. Circuit Used in the Solution of Question 1.

2. What is the maximum allowable short-circuit
current for an LM 104 regulator circuit, with a
2N2905A series pass transistor {(without a heat
sink) when the worst case input is 20V at an
ambient of 85°C?

The 2N2905A, without a heat sink, can dissi-
pate a maximum of 0.6W at 25°C. However,
this must be derated by 3.42 mW/°C for opera-
tion at higher temperatures. Since an 85°C
ambient is 60°C higher than the temperature at
which the transistors are specified, the maxi-
mum power rating must be reduced by
205 mW, to 395 mW. With a shorted output,
the voltage dropped across the current limit
sense resistor is 0.5V, so the voltage across the
external pass transistor will be 19.5V for 20V
input. This means that the 395 mW maximum
dissipation rating will be exceeded for short-
circuit currents greater than 20.2 mA.

3. In the previous example, what is the maximum
current when the case temperature of the
2N2905A is held to 100°C?

Vo =28V
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The maximum dissipation of the 2N2905A is
3W at 25°C case temperature, but this must be
derated by 17.2 mW/°C for higher case tem-
peratures. With a 100°C case temperature, the
allowable dissipation is reduced by 1.29W to
1.71W.

As in the previous example, the voltage across
the pass transistor will be 19.5V. This gives a
dissipation-limited short-circuit current of
88 mA.

Vo=0

185V

FIGURE 2. Circuit Used in the Solution of Questions 2
and 3.

4. In the negative regulator with foldback current
limiting, what will be the worst case dissipation
in the PNP driver, Q,, with full load and a 24V
input voltage?

The 2N3772 is specified to have a minimum
current gain of 15 at 10A and 25°C. 1t would
be reasonable to assume a minimum current
gain of 15 at 5A for elevated temperatures

where dissipation is most significant. This
means that the base current for a 5A load cur-
rent will be 0.33A. The worst case emitter-base
voltage of the 2N3772 at 5A will be about 1V,
so the current through the 6882 emitter-base
resistor will be 15 mA. Hence, the PNP driver
must supply a total current of 345 mA.

The voltage dropped across the PNP driver will
be the 12V input output voltage differential,
less the 1V dropped across the current sense
resistor and the 1V dropped across the emitter-
base junction of the 2N3772. Therefore, the
PNP driver operates with 10V across it and dis-
sipates about 3.5W.

5. Could a 2N2905A be used in the example
above if the maximum ambient were 85°C?

Even with an infinite heat sink, the 2N2905A
can dissipate only 2W at 85°C. Therefore, it
cannot be used.

The answers to these questions show that the
maximum output current of a regulator can be
substantially less than might be expected from a
cursory analysis of the circuit. Detailed analysis
under worst case conditions is necessary to insure
a reliable design. These calculations are more
important than most other design calculations
because errors do not result in somewhat degraded
performance that usually shows up in checking out
the equipment. Instead, these errors cause failures
that do not always show up during checkout, but
can occur in field operation.

Additional information on the design of reliable
voltage regulators is given in application notes
AN-21 and AN-23, available from National
Semiconductor.
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Vin = -24V

FIGURE 3. Circuit Used in the Solution of Questions 4 and 5.
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FAST COMPENSATION EXTENDS
POWER BANDWIDTH

In all 1C operational amplifiers the power band-
width depends on the frequency compensation.
Normally, compensation for unity gain operation
is accompanied by the lowest power bandwidth. A
technique is presented which extends the power
bandwidth of the LM101A for non-inverting gains
of unity to ten, and also reduces the gain error at
moderate frequencies.

In order to achieve unconditional stability, an
operational amplifier is rolled off at 6 dB per
octave, with an accompanying 90 degrees of phase
shift, until a gain of unity is reached. Unity gain in
most monolithic operational amplifiers is limited
to 1 MHz, because the lateral PNP's used for level
shifting have poor frequency response and exhibit
excess phase shift at frequencies above 1 MHz.
Hence, for stable operation, the closed loop band-
width must be less than 1 MHz where the phase
shift remains below 180 degrees.

For high closed loop gains, less severe frequency
compensation is necessary to roll the open loop
gain off at 6dB per octave until it crosses the
closed loop gain. The frequency where it crosses
must, as previously mentioned, be less than

Robert C. Dobkin
April 1969

1 MHz. For closed loop gains between 1 and 10,
more frequency compensation must be used to
insure that the open loop gain has been rolled off
soon enough to cross the closed loop gain before
1 MHz is reached.

The power bandwidth of an operational amplifier
depends on the current available to charge the fre-
quency compensation capacitors. For unity gain
operation, where the compensation capacitor is
largest, the power bandwidth of the LM101A is
6 kHz. Figure 1 shows an LM101A with unity gain

30 pf

FIGURE 1. LM101A With Standard Frequency Com-
pensation.
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compensation and Figure 3 shows the open loop
gain as a function of frequency.

A two-pole frequency compensation network, as
shown in Figure 2, provides more than a factor of

FIGURE 2. LM101A with Frequency Compensation to
Extend Power Bandwidth.

two improvement in power bandwidth and re-
duced gain error at moderate frequencies. The net-
work consists of a 30 pF capacitor, which sets the
unity gain frequency at 1 MHz, along with a
300 pF capacitor and a 10k resistor. By dividing
the ac output voltage with the 10k resistor and
300 pF capacitor, there is less ac voltage across the
30 pF capacitor and less current is needed for
charging. Since the voltage division is frequency
sensitive, the open loop gain rolls off at 12 dB per
octave until a gain of 20 is reached at 50 kHz.
From 50 kHz to 1 MHz the 10k resistor is larger

than the impedance of the 300 pF capacitor and
the gain rolls off at 6 dB per octave. The open
loop gain plot is shown in Figure 3. To insure suf-
ficient drive to the 300 pF capacitor, it is con-
nected to the output, Pin 6, rather than Pin 8.
With this frequency compensation method, the
power bandwidth is typically 15-20 kHz as a fol-
lower, or unity gain inverter.

120

100 SN

No

80— N2
_ %, A
g %, %
= 60 Cp 2
z 3 «
H NN\
S w

1 10 100 1K 10K 100K 1M 10M
FREQUENCY (Hz)

FIGURE 3. Open Loop Response for Both Frequency
Compensation Networks.

This frequency compensation, in addition to ex-
tending the power bandwidth, provides an order of
magnitude lower gain error at frequencies from DC
to 5 kHz. Some applications where it would be
helpful to use the compensation are: differential
amplifiers, audio amplifiers, oscillators, and active
filters.
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HIGH Q NOTCH FILTER

The twin “T"' network is one of the few RC filter
networks capable of providing an infinitely deep
notch. By combining the twin T with an LM102
voltage follower, the usual drawbacks of the net-
work are overcome. The Q is raised from the usual
0.3 to something greater than 50. Further, the
voltage follower acts as a buffer, providing a low
output resistance; and the high input resistance of
the LM102 makes it possible to use large resistance
values in the “T"’ so that only small capacitors are
required, even at low frequencies. The fast re-
sponse of the follower allows the notch to be used
at high frequencies. Neither the depth of the notch
nor the frequency of the notch are changed when
the follower is added.

Figure 1 shows a twin “T"' network connected to
an LM102 to form a high Q, 60 Hz notch filter.

R1 R2 r— Vour
10 MEG 10MEG 3

.
fo ™ gieT
. = BH:

R1 = R2 = 2R3

2c2=9
a-c2=5

ct €2
270 pF 270 pF

FIGURE 1. High Q Notch Filter

Robert C. Dobkin
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The junction of R3 and Cj, which is normally
connected to ground, is bootstrapped to the out-
put of the follower. Because the output of the
follower is a very low impedance, neither the
depth nor the frequency of the notch change;
however, the Q is raised in proportion to the
amount of signal fed back to R; and C;. Figure 2
shows the response of a normal twin “T’' and the
response with the follower added.

20

BOOTSTRAPPED
° TWIN ’1‘;
g il
2 0
H L
- ] fo=60Hz
" il Il
10 100 1K

FREQUENCY (Hz)

FIGURE 2. Response of High and Low Q Notch Filter

In applications where the rejected signal might
deviate slightly from the null of the notch net-
work, it is advantageous to lower the Q of the
network. This insures some rejection over a wider
range of input frequencies. Figure 3 shows a cir-
cuit where the Q may be varied from 0.3 to 50. A
fraction of the output is fed back to R3 and C; by
a second voltage follower, and the notch Q is
dependent on the amount of signal fed back. A
second follower is necessary to drive the twin “'T"
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from a low-resistance source so that the notch fre-
quency and depth will not change with the poten-

1]
LM102 Vour

R1 R2
10 MEG 10 MEG 3

hay

—

[ ]
2709 20 pF

1AAA
VW

fo = 60 Hz

FIGURE 3. Adjustabie Q Notch Filter

tiometer setting. Depending on the potentiometer
setting, the circuit in Figure 3 will have a response
that falls in the shaded area of Figure 2.

An interesting change in the high Q twin “T"
occurs when components are not exactly matched
in ratio. For example, an increase of 1 to 10 per-
cent in the value of C; will raise the Q, while
degrading the depth of the notch. If the value of
C; is raised by 10 to 20 percent, the network pro-
vides voltage gain and acts as a tuned amplifier. A
voltage gain of 400 was obtained during testing.
Further increases in C3 cause the circuit to oscil-
late, giving a clipped sine wave output.

The circuit is easy to use and only a few items
need be considered for proper operation. To mini-
mize notch frequency shift with temperature,
silver mica, or polycarbonate, capacitors should be
used with precision resistors. Notch depth depends
on component match, therefore, 0.1 percent resis-
tors and 1 percent capacitors are suggested to
minimize the trimming needed for a 60 dB notch.
To insure stability of the LM102, the power sup-
plies should be bypassed near the integrated circuit
package with .01 uF disc capacitors.
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FAST VOLTAGE COMPARATORS
WITH LOW INPUT CURRENT

Monolithic voltage comparators are available today
which are both fast and accurate. They can detect
the height of a pulse with a 5 mV accuracy within
40 ns. However, these devices have relatively high
input currents and low input impedances, which
reduces their accuracy and speed when operating
from high source resistances. This is probably a
basic limitation since the input transistors of the
integrated circuit must be operated at a relatively
high current to get fast operation. Further, the
circuit must be gold doped to reduce storage time,
and this limits the current gain that can be
obtained in the transistors. High gain transistors
operating at low collector currents are necessary to
get good input characteristics.

One way of overcoming this difficulty is to buffer
the input of the comparator. A voltage follower is
available which is ideally suited for this job. This
device, the LM102*, is both fast and has a low
input current. It can reduce the effective input
current of the comparator by more than three
orders of magnitude without greatly reducing
speed.

A comparator circuit for an A/D converter which
uses this technique is shown in Figure 1a. An
LM102 voltage follower buffers the output of a
ladder network and drives one input of the com-
parator. The analog signal is fed to the other input
of the comparator. It should come from a low
impedance source such as the output of a signal
processing amplifier, or another LM102 buffer
amplifier.

Clamp diodes, D; and D,, are included to make
the circuit faster. These diodes clamp the output
of the ladder so that it is never more than 0.7V
different from the analog input. This reduces the
voltage excursion that the buffer must handle on
the most significant bit and keeps it from slewing.
|f fast, low-capacitance diodes are used, the signal
to the comparator will stabilize approximately
200 ns after the most significant bit is switched in.
This is about the same as the stabilization time of
the ladder network alone, as its speed is limited by
stray capacitances. The diodes also limit the volt-
age swing across the inputs of the comparator,
increasing its operating speed and insuring that the
device is not damaged by excessive differential
input voltage.

The buffer reduces the loading on the ladder from
45uA to 20nA, maximum, over a -55°C to
125°C temperature range. Hence, in most applica-
tions the input current of the buffer is totally
insignificant. This low current will often permit

May 1969

RS
5K

AL A2

5K 5K
LY RS L)
10K 10K 10K

FROM SWITCHES

A2 110
LM106 Lostc

154 +

= L ANALOG
NPT

w b g | Y
80K K 20K Lo
At

FROM SWITCHES

b. Using a Binary-Weighted Network
FIGURE 1. Comparator Circuits for Fast A/D Converters

the use of larger resistances in the ladder which
simplifies design of the switches driving it.

It is possible to balance out the offset of the
LM102 with an external 1 kS potentiometer, Rq.
The adjustment range of this balance control is
large enough so that it can be used to null out the
offset of both the buffer and the comparator. A
10 k€2 resistor should be installed in series with
the input to the LM102, as shown. This is required
to make the short circuit protection of the device
effective and to insure that it will not oscillate.
This resistor should be located close to the inte-
grated circuit.

A similar technique can be used with A/D con-
verters employing a binary-weighted resistor net-
work. This is shown in Figure 1b. The analog input
is fed into a scaling resistor, R;. This resistor is
selected so that the input voltage to the LM102 is
zero when the output of the D/A network corre-
sponds to the analog input voltage. Hence, if the
D/A output is too low, the output of the LM106
will be a logical zero; and the output will change
to a logical one as the D/A output exceeds the
analog signal.

The analog signal must be obtained from a source
impedance which is low by comparison to R;.
This can be either another LM102 buffer or the
output of the signal-processing amplifier. Clamp
diodes, D; and D,, restrict the signal swing and
speed up the circuit. They also limit the input
signal seen by the LM106 to protect if from over-
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loads. Operating speed can be increased even
further by using silicon backward diodes (a degen-
erate tunnel diode) in place of the diodes shown,
as they will clamp the signal swing to about
50 mV. The offset voltage of both the LM102 and
the LM106 can be balanced out, if necessary,
with Rg.

The binary weighted network can be driven with
single pole, single-throw switches. This will result
in a change in the output resistance of the network
when it switches, but circuit performance will not
be affected because the input current of the
LM102 is negligible. Hence, using the LM102
greatly simplifies switch design.

Although it is possible to use a 710 as the voltage
comparator in these circuits, the LM106 offers
several advantages. First, it can drive a fan out of
10 with standard, integrated DTL or TTL. It also
has two strobe terminals available which disable
the comparator and give a high output when either
of the terminals is held at a logical zero. This adds
logic capability to the comparator in that it makes
it equivalent to a 710 and a two-input NAND gate.
If not needed, the strobe pins can be left uncon-
nected without affecting performance. The voltage
gain of the LM106 is about 45,000, which is
30 times higher than that of the 710. The in-
creased gain reduces the error band in making a
comparison. The LM 106 will also operate from the
same supply voltage as the LM 102, and other oper-
ational amplifiers, for £12V supplies. However, it
can also be operated from *15V supplies if a 3V
zener diode is connected in series with the positive
supply lead.

It is necessary to observe a few precautions when
working with fast circuits operating from relatively
high impedances. A good ground is necessary, and
a ground plane is advisable. All the individual
points in the circuit which are to be grounded,
including bypass capacitors, should be returned
separately to the same point on the ground so that
voltages will not be developed across common lead
inductance. The power supply leads of the inte-
grated circuits should also be bypassed with low
inductance 0.01 uF capacitors. These capacitors,
preferably disc ceramic, should be installed with
short leads and located close to the devices. Lastly,
the output of the comparator should be shielded
from the circuitry on the input of the buffer, as
stray coupling can also cause oscillation.

Although the circuits shown so far were designed
for use in A/D converters, the same techniques
apply to a number of other applications. Figure 2
gives examples of circuits which can put stringent
input current requirements on the comparator.
The first is a comparator for signals of opposite

c. Comparator for AC Coupled Signals

FIGURE 2. Applications Requiring Low Input Current
Comparators

polarity. Resistors (R; and R,) are required to
isolate the two signal sources. Frequently, these
resistors must be relatively large so that the signal
sources are not loaded. Hence, the input current of
the comparator must be reduced to prevent inac-
curacies. Another example is the zero-crossing
detector in Figure 2b. When the input signal can
exceed the common mode range of the compara-
tor (*5V for the LM106), clamp diodes must be
used. It is then necessary to isolate the comparator
from the input with a relatively large resistance to
prevent loading. Again, bias currents should be
reduced. A third example, in Figure 2c, is a com-
parator with an ac coupled input. An LM106 will
draw an input current which is twice the specified
bias current when the signal is above the compari-
son threshold. Yet, it draws no current when the
signal is below the threshold. This asymmetrical
current drain will charge any coupling capacitor on
the input and produce an error. This problem can
be eliminated by using a buffer, as the input cur-
rent will be both low and constant.

The foregoing has shown how two integrated
circuits can be combined to provide state-of-the-
art performance in both speed and input current.
Equivalent results will probably not be achievable
in a single circuit for some time, as the technolo-
gies required are not particularly compatible.
Further, considering the low cost of monolithic
circuits, approaches like this are certainly
economical.
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TRACKING VOLTAGE REGULATORS

Integrated circuit voltage regulators are available
today which are economical and offer a high
degree of performance. There are both positive
and negative regulators capable of achieving better
than 0.1% regulation under normal fluctuations in
input supply and load. Due to production varia-
tions, the internal reference voltage in these regula-
tors may vary as much as 10% from unit to unit.
Normally, this causes no problems as most power
supply circuits have an adjustment potentiometer
which is varied to obtain the correct output volt-
age. In systems with more than one regulated out-
put voltage, it is sometimes desirable to adjust all
supplies with a single potentiometer. This results
in savings by eliminating one or more potentio-
meters as well as eliminating the need to adjust the
supplies individually.

Figure 1 shows a 5V and a 15V regulator with
both outputs adjusted with a single potentiometer.
Although the technique is not exact, the error is
typically under 2%. As shown in Figure 1, the
internal reference voltages for the LM105* regula-
tors, available at pin5, are tied together. This
insures that both regulators operate with the same
reference voltage. The lower resistors of the out-
put divider, R,, are connected through a common
adjustment potentiometer to ground. Rs adjusts
both regulators for variations in the 1.8V refer-
ence. Note that the wiper of Rs is connected to
one side of the potentiometer. If a rheostat con-
nection were used, the arm might open circuit
during adjustment, causing large transients on the
output.

The calculations of resistor values for the output
divider resistors are made with the consideration
that the adjustment is not exact and that two

*R. J. Widlar, “The LM105—An Improved Positive Regu-
lator,” National Semiconductor Corporation, AN 23,
January, 1969.
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lour <200mA

Robert C. Dobkin
August 1969

regulators are adjusted. The bottom resistor of the
divider, R,, is fixed at 2K. The top of the divider,
Ry, is then calculated for the output voltage using
1.6V as the reference voltage. To help compensate
for the inaccuracies in the adjustment, output volt-
ages are calculated slightly off from the desired
values. For the 5 and 15V regulators, R, is calcu-
lated to give a 2% low output voltage on the 5V
regulator and a 2% high output voltage on the 15V
regulator.

_(Vour — 1.6V) 20002

- 1.6V

Rs will now adjust both regulators to within 2% of
the desired output for reference variations from
1.6V to 2.0V. From the previous calculations, a
1.6V reference yields outputs of 4.9V and 15.3V.
If the reference is 2.0V, Rs is adjusted to
324 ohms and the output voltages are 5.1V and
14.9V. If the reference is near the typical value of
1.8V, both outputs are within 1% of nominal.

R,

These calculations do not account for resistor in-
accuracies. If 1% resistors are used there is an
additional worst case error of 2% for each regula-
tor. Resistor errors are inherent in any type of
tracking regulator system, even if the adjustment is
theoretically exact.

Actually, any number of regulators may be con-
nected to a single adjustment resistor. The adjust-
ment accuracy of this technique depends on the
output voltage differences among the regulators.
The previous example was a severe difference, and
had only 2% accuracy. With close output voltages,
such as 12V and 15V, the error is much smaller.
The 12V regulator is calculated to 1/2% low and
15V regulator 1/2% high with the 1.6V reference.
Both regulators are then within 1/2% for reference
variations of 1.6 to 2.0 volts. This adjustment
method is, of course, exact if two regulators have
the same output.

Vour + 16V
tour <200 mA

R1
412K €
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N340
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Tracking Positive Regulators
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Using a negative regulator to track a positive regu-
lator is a somewhat easier task. An inverting
operational amplifier may be used to provide a
negative output voltage while using a positive volt-
age as a reference. The LM 1041 negative regulator
is easily adapted for use as an inverting amplifier
and provides several advantages over conventional
operational amplifiers. It is designed to drive boost
transistors for higher output current as well as
providing a convenient method of current limiting
the output. Further, the frequency compensation
used on the LM104 is optimized for transient
response to line and load changes. Figure 2 shows
tracking £15V regulators.

Vour = +15V

T lour <200 mA
+

[+

T

Vi 218V

Vour = -15V
lour <200 mA

al
2N3740

Vin <18V
“*Sohd Tantalum

FIGURE 2. Tracking Positive and Negative Regulators

Operation is most easily understood by referring
to the functional schematic of the LM104 in
Figure 3. The non-inverting input of the internal
amplifier, pin 1, is connected to ground. The posi-
tive 15V reference is connected through an inter-
nal 15K ohm input resistor, R;¢, to the inverting
input. Feedback resistor, R,s, is also 156K ohm.
This forms a unity gain invelting amplifier with a
negative output voltage equal to the positive input
voltage. The 15K ohm resistors in the LM104 are

tR. J. Widlar, “Designs for Negative Regulators,”” Nation-
al Semiconductor Corporation, AN-21, December, 1968.
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FIGURE 3. Functional Diagram of the LM104 Used as

an Amplifier

typically matched to 1%. This means that the out-
put of both regulators may be adjusted with 1%
accuracy by changing Ry in Figure 2.

The LM104 may also be used with inverting gain
for negative output voltages greater than the posi-
tive reference voltage. Figure 4 shows a circuit
where the -15V supply tracks a +5V supply. In
this configuration the non-inverting input is not
grounded, but tied to divider, Rs, Rg, between the
negative output and ground. The output voltage

equals + [Rs+R
Vour=V ———Rz_ RZ]

where V7 is the positive reference.

The line regulation and temperature drift are
determined primarily by the positive reference,
with the negative output tracking. The reference
must be a low impedance source, such as an
LM105 regulator, to insure that current drawn by
pin 9 of the LM104 does not affect the reference
voltage. Since the LM104 is connected to a posi-
tive voltage instead of ground, it sees a total volt-
age equal to the sum of the unregulated negative
input and the positive reference voltage. This
reduces the maximum unregulated negative input
voltage allowable, and should be considered during
design. If the negative output voltage must be less
than the positive reference or the decrease in maxi-
mum unregulated input voltage cannot be tole-
rated, an alternate method of constructing track-
ing regulators is given elsewhere®. Of course, many
negative regulators may be slaved to a single posi-
tive regulator.

Using standard linear integrated circuits, multiple
output positive and negative supplies may be ad-
justed to within 2% or less by a single resistor.
Although the absolute output is not exact, the
regulation accuracy is still within 0.1%. These
techniques can result in savings by the elimination
of both time and materials when used.

Vbyr =45V
lout <200 mA

+

c2
T

J_m -%
> 4.7 uf*

Vour = =15V

Tour <200 mA
Vour = -Vhyr | the o
our = ~Vour ["s-"s w3740
Viy <-18V *Solid Tantatum
FIGURE 4. Tracking Regulators With Different Output

Voltages
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PRECISION AC/DC CONVERTERS

Although semiconductor diodes available today
are close to “ideal’’ devices, they have severe limi-
tations in low level applications. Silicon diodes
have a 0.6V threshold which must be overcome
before appreciable conduction occurs. By placing
the diode in the feedback loop of an operational
amplifier, the threshold voltage is divided by the
open loop gain of the amplifier. With the threshold
virtually eliminated, it is possible to rectify
millivolt signals.

Figure 1 shows the simplest configuration for elim-
inating diode threshold potential. If the voltage at
the non-inverting input of the amplifier is positive,

FIGURE 1. Precision Diode

the output of the LM101A swings positive. When
the amplifier output swings 0.6V positive, D,
becomes forward biased; and negative feedback
through D; forces the inverting input to follow
the non-inverting input. Therefore, the circuit acts
as a voltage follower for positive signals. When the
input swings negative, the output swings negative
and D; is cut off. With D; cut off no current
flows in the load except the 30 nA bias current of
the LM101A. The conduction threshold is very
small since less than 100 uV change at the input
will cause the output of the LM101A to swing
from negative to positive.

A useful variation of this circuit is a precision
clamp, as is shown in Figure 2. In this circuit the

“Eqer must have a source
) impedance of les than
914 2002 02 15 used.

FIGURE 2. Precision Clamp

Robert C. Dobkin
August 1969

output is precisely clamped from going more posi-
tive than the reference voltage. When E;y is more
positive than Eggg, the LM101A functions as a
summing amplifier with the feedback loop closed
through D, . Neglecting offsets, negative feedback
keeps the summing node, and therefore the out-
put, within 100 uV of the voltage at the non-
inverting input. When E,y is about 100 uV more
negative than Eggg, the output swings positive,
reverse biasing D, . Since D; now prevents negative
feedback from controlling the voltage at the
inverting input, no clamping action is obtained. On
both of the circuits in Figures 1 and 2 an output
clamp diode is added at pin 8 to help speed
response. The clamp prevents the operational
amplifier from saturating when D, is reverse
biased.

When D, is reverse biased in either circuit, a large
differential voltage may appear between the inputs
of the LM101A. This is necessary for proper oper-
ation and does no damage since the LM101A is
designed to withstand large input voltages. These
circuits will not work with amplifiers protected
with back to back diodes across the inputs. Diode
protection conducts when the differential input
voltage exceeds 0.6V and would connect the input
and output together. Also, unprotected devices
such as the LM709, are damaged by large differen-
tial input signals.

The circuits in Figures 1 and 2 are relatively slow.
Since there is 100% feedback for positive input
signals, it is necessary to use unity gain frequency
compensation. Also, when D, is reverse biased, the
feedback loop around the amplifier is opened and
the input stage saturates. Both of these conditions
cause errors to appear when the input frequency
exceeds 1.5 kHz. A higher performance precision
half wave rectifier is shown in Figure 3. This cir-
cuit will provide rectification with 1% accuracy at
frequencies from dc to 100 kHz. Further, it is easy
to extend the operation to full wave rectification
for precision ac/dc converters.

LM101A

FIGURE 3. Fast Half Wave Rectifier

LB8-1

a1

SH3ILHIANOD 04/JV NOISIOIHd



This precision rectifier functions somewhat differ-
ently from the circuit in Figure 1. The input signal
is applied through R; to the summing node of an
inverting operational amplifier. When the signal is
negative, D; is forward biased and develops an
output signal across R,. As with any inverting
amplifier, the gain is R, /R;. When the signal goes
positive, D; is‘non-conducting and there is no out-
put. However, a negative feedback path is provided
by D,. The path through D, reduces the negative
output swing to -0.7V, and prevents the ampli-
fier from saturating.

Since the LM101A is used as an inverting amplifier,
feedforward* compensation can be used. Feed-
forward compensation increases the slew rate to
10V/us and reduces the gain error at high fre-
quencies. This compensation allows the half wave
rectifier to operate at higher frequencies than the
previous circuits yvith no loss in accuracy.

The addition of a second amplifier converts the
half wave rectifier to a full wave rectifier. As is
shown in Figure 4,the half wave rectifier is con-
nected to inverting amplifier A,. A, sums the half
wave rectified signal and the input signal to
provide a full wave output. For negative input
signals the output of A, is zero and no current
flows through Rj. Neglecting for the moment C,,

*R. C. Dobkin, ““Feedforward Compensation Speeds Op
Amp,”” National Semiconductor Corporation, LB-2, April,
1969.

R
the output of A, is - R—7 E,n . For positive input
6

signals, A, sums the currents through R; and Rg;
and '

Env _Ein
Eout =Rs [_R:'?{ :

- R
If R is 1/2 Rg, the output is ﬁl E|n . Hence, the
6

output is always the absolute value of the input.

Filtering, or averaging, to obtain a pure dc output
is very easy to do. A capacitor, C,, placed across
R4 rolls off the frequency response of A, to give
an output equal to the average value of the input.
The filter time constant is R;C,, and must be
much greater than the maximum period of the
input signal. For the values given in Figure 4, the
time constant is about 2.0 seconds. This converter
has better than 1% conversion accuracy to above
100 kHz and less than 1% ripple at 20 Hz. The
output is calibrated to read the rms value of a sine
wave input.

As with any high frequency circuit some care must
be, taken during construction. Leads should be
kept short to avoid stray capacitance and power
supplies bypassed with .01 uF disc ceramic capac-
itors. Capacitive loading of the fast rectifier
circuits must be less than 100 pF or decoupling
becomes necessary. The diodes should be rea-
sonably fast and film type resistors used. Also, the
amplifiers must have low bias currents.

Eour

*Feedforward compensation
can be used to make a fast
full wave rectifier without
afiter.

o
30pF

FIGURE 4. Precision AC to DC Converter
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UNIVERSAL BALANCING TECHNIQUES

IC op amps are widely accepted as a universal
analog component. Although the circuit designs
may vary, most devices are functionally inter-
changeable. However, offset voltage balancing
remains a personality trait of the particular am-
plifier design. The techniques shown here allow
offset voltage balaacing without regard to the
internal circuitry of the amplifier.

R1 = 2000 R3IIR4
R4 IR3 10K

RANGE = 2V (%)

FIGURE 1. Offset Voltage Adjustment for Inverting Am-
plifiers Using 10 k& Source Resistance or
Less

The circuit shown in Figure 1 is used to balance
out the offset voltage of inverting amplifiers hav-
ing a source resistance of 10 k2 or less. A small
current is injected into the summing node of the
amplifier through R;. Since R, is 2000 times as
large as the source resistance the voltage at the arm
of the pot is attenuated by a factor of 2000 at the
summing node. With the values given and *15V
supplies the output may be zeroed for offset volt-
ages up to 7.5 mV.

If the value of the source resistance is much larger
than 10 k&2, the resistance needed for R; becomes
too large. In this case it is much easier to balance
out the offset by supplying a small voltage at the
non-inverting input of the amplifier. Figure 2
shows such a scheme. Resistors R; and R, divide
the voltage at the arm of the pot to supply a
+7.5 mV adjustment range with 15V supplies.

Robert C. Dobkin
August 1969

This adjustment method is also useful when the
feedback element is a capacitor or non-linear
device.

RS
50K

L RANGE = +V (R—f)

FIGURE 2. Offset Voltage Adjustment for Inverting Am-
plifiers Using Any Type of Feedback Ele-
ment

This technique of supplying a small voltage effec-
tively in series with the input is also used for
adjusting non-inverting amplifiers. As is shown in
Figure 3, divider R, R, reduces the voltage at the
arm of the pot to 7.5 mV for offset adjustment.
Since R, appears in series with R4, R, should be
considered when calculating the gain. If Ry is
greater than 10 k2 the error due to R, is less
than 1%.

INPUT Ra+R2

FIGURE 3. Offset Voltage Adjustment for Non-Inverting
Amplifiers
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A voltage follower may be balanced by the tech-
nique shown in Figure4. R, injects a current
which produces a voltage drop across R3 to cancel
the offset voltage. The addition of the adjustment
resistors causes a gain error, increasing the gain by
0.05%. This small error usually causes no problem.
The adjustment circuit essentially causes the offset
voltage to appear at full output, rather than at low
output levels, where it is a large percentage error.

v

R3

R1
M 1K

R2
100K

RANGE=£V(%§)

INPUT

FIGURE 4. Offset Voltage Adjustment for Voltage
Followers

Differential amplifiers are somewhat more difficult
to balance. The offset adjustment used for a differ-
ential amplifier can degrade the common mode
rejection ratio. Figure 5 shows an adjustment cir-
cuit which has minimal effect on the common
mode rejection. The voltage at the arm of the pot
is divided by R4 and Rs to supply an offset cor-
rection of £7.6 mV. R4 and Rs are chosen such
that the common mode rejection ratio is limited
by the amplifier for values of Rj3 greater than

R2

3]

INPUTS

€2 L

R6
25K

R R2=R3+ R4
v RS\ [ Rl
10 RANGE = 2V (RI) (lﬂTR'i)
R2
= GAIN = B2

FIGURE 5. Offset Voltage Adjustment for Differential
Amplifiers

1 k€. If Rsis less than 1K the shunting of R4 by Rs
must be considered when choosing the value of
Rg.

The techniques described for balancing offset volt-
age at the input of the amplifier offer two main
advantages: First, they are universally applicable
to all operational amplifiers and allow device inter-
changeability with no modifications to the balance
circuitry. Second, they permit balancing without
interfering with the internal circuitry of the am-
plifier. The electrical parameters of the amplifiers
are tested and guaranteed without balancing.
Although it doesn’t usually happen, balancing
could degrade performance.
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IC REGULATORS SIMPLIFY
POWER SUPPLY DESIGN

Although power supply requirements vary, IC
voltage regulators can fulfill the majority of needs.
Power supplies designed with ICs can give predict-
able regulation better than 0.1% with a minimum
of engineering effort. Output voltages between O
and 40V at currents of 10A are easily achieved.
Further, with a minimum of changes, a single
regulator circuit can be used for a wide variety of
output voltages and currents.

A basic 200 mA positive regulator circuit is shown
in Figure 1. The LM105' contains the voltage
reference and control circuitry while the external

Vin 18V

*Sohd untalum

FIGURE 1. 200 mA Positive Regulator

components set the output voltage, current limit
and increase power handling capacity of the IC.
The output voltage is set by R, and Rj3. A fraction
of the output voltage is compared by an error
amplifier with an internal 1.8V reference. Any
error is amplified and used to drive the 2N3740
power transistor. Since the open loop gain is large,
there is little error and a high degree of regulation.

Current limiting is set by R,. The voltage drop
across R, is applied to the emitter base junction of
a transistor in the IC. When the transistor is turned
on, it removes drive from the series pass transistor;
and the regulator output exhibits a constant cur-
rent characteristic. Since the turn on voltage of a
transistor is temperature dependent, so is the cur-
rent limit. The current limit sense voltage is about
0.4V at 25°C decreasing linearly to 0.3V at 125°C.
Therefore, the current limit resistor must be
chosen to provide adequate output current at the
maximum operating temperature.

Robert C. Dobkin
January 1970

To regulate negative voltages, the circuit in
Figure 2 is used. An LM104? contains the voltage
reference and control circuitry while an external

Vi < 18V “Soli tnalum

FIGURE 2. 200 mA Negative Regulator

transistor is used to increase the power handling
capacity. A reference voltage is generated by
driving a constant current, determined by R,
through R,. The voltage across this resistor is fed
into an error amplifier. The error amplifier con-
trols the output voltage at twice the voltage across
R,. The output voltage is resistor programmable
with R, and adjustable down to zero.

Current limit in the LM104 is similar to the
LM105. Voltage across R3 turns on an internal
transistor that decreases drive to the output tran-
sistors. This current limit sense voltage is also
temperature dependent, decreasing from 0.65V at
25°C to 0.45V at 125°C.

Boosting the available output current from
200 mA is relatively simple. Figure 3 shows posi-

R3

>——I~Vouy 15V
ar = 2
45
S 16 7K |
> 1%

*Salid tantatum
FIGURE 3a. 2A Positive Regulator

tive and negative 2A regulators. An additional
power transistor increases the current handling
capability of the regulator. Adding the boost tran-
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FIGURE 3b. 2A Negative Regulator

sistors increases the output current without
increasing the minimum input-output voltage
differential. The minimum differential will be 2 to
3V, depending on the drive current required from
the integrated circuit and operating temperature.
Low input-output voltage differential allows more
efficient regulation.

Although the regulators are relatively simple, some
precautions must be taken to eliminate possible
problems. First, when the regulator is used with
boost transistors, a solid tantalum output capaci-
tor is needed. Unlike electrolytics, solid tantalum
capacitors have low internal impedance at high
frequencies. This suppresses possible high fre-
quency minor loop oscillations as well as providing
low output impedance at high frequency. Also, for
the LM104, the output capacitor frequency com-
pensates the regulator and must have good
frequency characteristics.

The power transistors recommended are single-
diffused, wide-base devices. These devices have
fewer oscillation problems than double-diffused,
planar transistors. Also, they seem less prone to
failure under overload conditions. Of course, like
the power transistors in any regulator, adequate
heat sinking is necessary. The heat sink should
keep the transistor junction temperature at an
acceptable level for worst case conditions of
maximum input voltage, maximum ambient
temperature and shorted output. By far, the major
cause of regulator failures is inadequate heat
sinking.

Good construction techniques are also important
for regulator performance. If proper care is not
taken, ground loop errors and lead resistance drops
can easily become greater than regulator errors.
For example, 0.05"” wide, 2 oz. printed circuit
conductor has a resistance of about 0.00752 per
inch. For a 200 mA, 15V regulator, ten inches of
conductor would decrease the regulation by a
factor of 2.

Ground loops are worst yet, since voltage drops
can be amplified and appear at the regulator’s out-
put. In Figure 3, voltage drops between Pin 4 of
the LM 105 and the bottom of R; are amplified by
the ratio of R,/R3 and appear at the output.

When the regulator is powered from ac that is
rectified and filtered, current flowing in the filter
can sometimes cause an unusual ground loop
problem. For capacitor input filters, the peak
charging current is many times the average load
current. Even a few milliohms of resistance can
cause appreciable voltage drop during the peak of
the charging. When the charging current produces
a voltage drop between R; and Pin4 of the
LM105, it appears as excessive ripple on the out-
put of the regulator.

Of course, single point grounding eliminates these
problems, but this is not always possible. Usually
it is sufficient to insure that load current does not
generate a voltage drop between the ground side of
the voltage setting resistor and the ground of the
I1C.

In most cases, short circuit protection is the only
fault protection needed. However, for some regu-
lator circuits, such as positive and negative regu-
lators used together, additional protection is neces-
sary. If the positive and negative supplies are
shorted together, it is possible to cause the output
voltage of one of the supplies to reverse, blowing
the IC. This is especially true if the current capa-
bilities are different, such as a 200 mA negative
supply and a 2A positive supply. A clamp diode
between the output and ground of each supply
will prevent such polarity reversals. Also, clamp
diodes should be used to prevent input polarity
reversal and input-output voltage differential
reversal.

The use of ICs in regulator circuits can enhance
power supply performance while minimizing cost
and engineering time. Since only one IC is needed
for a wide range of outputs, the part cost, board
space and purchasing problems are less when com-
pared to discrete designs. Also engineering time is
saved since typical and worst case performance
data, as well as application data, is available from
the manufacturer before design is begun.

REFERENCES:

1. R.J. Widlar, “‘An Improved Positive Regulator,”
National Semiconductor AN-23, January,
1969.

2. R.J. Widlar, “Designs for Negative Regulators,”
National Semiconductor AN-21, October,
1968.
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THE LM110—AN IMPROVED
IC VOLTAGE FOLLOWER

There are quite a few applications where op amps
are used as voltage followers. These include sample
and hold circuits and active filters as well as
general purpose buffers for transducers or other
high-impedance signal sources. The general use-
fulness of such an amplifier is particularly en-
hanced if it is both fast and has a low input bias
current. High speed permits including the buffer in
the signal path or within a feedback loop without
significantly affecting response or stability. Low
input current prevents loading of high impedance
sources, which is the reason for using a buffer in
the first place.

The LM102, introduced in 1967, was designed
specifically as a voltage follower. Therefore, it was
possible to optimize performance so that it
worked better than general purpose IC amplifiers
in this application. This was particularly true with
respect to obtaining low input currents along with
high-speed operation.

One secret of the LM102’s performance is that
followers do not require level shifting. Hence,
lateral PNP’s can be eliminated from the gain path.
This has been the most significant limitation on
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the frequency response of general purpose
amplifiers. Secondly, it was the first IC to use
super-gain transistors. With these devices, high
speed operation can be realized along with low
input currents.

The LM110 is a voltage follower that has been
designed to supersede the LM102. It is consider-
ably more flexible in its application and offers
substantially improved performance. In particular,
the LM110 has lower offset-voltage drift, input
current and noise. Further, it is faster, less prone
to oscillations and operates over a wider range of
supply voltages.

The advantages of the LM110 over the LM 102 are
described by the following curves. Improvements
not included are increased output swing under
load, larger small-signal bandwidth, and elimina-
tion of oscillations with low-impedance sources.
The performance of these devices is also compared
with general-purpose op amps in Tables | and II.
The advantages of optimizing an IC for this par-
ticular slot are clearly demonstrated. Lastly, some
typical applications for voltage followers with the
performance capability of the LM110 are given.
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Biggest design difference between the LM102 and LM110 is the elimination of the zener diodes (D1
and D2) in the biasing circuit. This reduces noise and permits operation at low supply voltages.
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Power handwidth of the LM110 is five times larger
than the LM102.
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Eliminating zeners reduces typical high frequency
noise by nearly a factor of 10. Worst case noise is
reduced even more. High frequency noise of
LM102 has caused problems when it was included
inside feedback loop with other IC op amps.

15
LmM110 Vs =15V
Ta=25°C
10 LM102 A
5
Lm0 M102 —

OUTPUT SWING (V)
©

TIME (us)

Large signal pulse response shows 40V/us slew for
LM110 and 10V/us for LM102. Leading edge over-
shoot on LM110 is virtually eliminated, so exter-
nal clamp diode frequently required on the LM102
is not needed.

OFFSET**  BIAS** SLEW!

SUPPLY* OFFSET*  BIAS*  SLEW! SUPPLY*
DEVICE VOLTAGE CURRENT RATE BANDWIDTH! CURRENT| DEVICE VOLTAGE CURRENT RATE BANDWIDTH! CURRENT
(mv) (A} (Vius)  (MH2) (mA) (mV) (nA) (Vi) (MHz) (mA)
Mi10 60 0 a0 20 55 LM310 75 70 40 20 55
LM102 75 100 10 10 55 Lm302 15 o 20 0 58
MC1556 60 0 25 1 s MC1456 10 30 25 1 15
e 75 2000 20 10 70 BATISC 75 1500 20 10 10
LM108 30 3 03 ) 06 LM308 75 70 03 1 08
LM108A 1.0 3 03 1 06 LM308A 05 70 03 ! 08
LMIOIA 30 100 06 1 30 LM3OIA - 75 20 06 ! 30
uA741 6.0 1500 06 1 30 HATAIC 60 500 06 ! 30

**Maximum for -56°C < T, < 125°C
“Maximum at 25°C
tTypical at 25°C

Table I. Comparing Performance of Military Grade IC

"Maximum at 25°C
Typical at 25°C

Op Amps in the Voltage-Follower Connection.
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AN IC VOLTAGE COMPARATOR
FOR HIGH IMPEDANCE CIRCUITRY

The IC voltage comparators available in the past
have been designed primarily for low voltage, high
speed operation. As a result, these devices have
high input error currents, which limit their useful-
ness in high impedance circuitry. An IC is de-
scribed here that drastically reduces these error
currents, with only a moderate decrease in speed.

This new comparator is considerably more flexible
than the older devices. Not only will it drive RTL,
DTL and TTL logic; but also it can interface with
MOS logic and FET analog switches. It operates
from standard *15V op amp supplies and can
switch 50V, 50 mA loads, making it useful as a
driver for relays, lamps or light-emitting diodes. A
unique output stage enables it to drive loads refer-
red to either supply or ground and provide ground
isolation between the comparator inputs and the
load.

Another useful feature of the circuit is that it can
be powered from a single 5V supply and drive
DTL or TTL integrated circuits. This enables the
designer to perform linear functions on a digital-
circuit card without using extra supplies. It can,
for example, be used as a low-level photodiode
detector, a zero crossing detector for magnetic
transducers, an interface for high-level logic or a
precision multivibrator.

ourrr

weuts

FIGURE 1. Simplified Schematic of the LM111

Figure 1 shows a simplified schematic of this
versatile comparator. PNP transistors buffer the
differential input stage to get low input currents
without sacrificing speed. Because the emitter base
breakdown voltage of these PNPs is typically 70V,
they can also withstand a large differential input

January 1970

voltage. The PNPs drive a standard differential
stage. The output of this stage is further amplified
by the Q5-Qq pair. This feeds a lateral PNP, Qq,
that provides additional gain and drives the output
stage.

The output transistor is Q,, which is driven by
the level shifting PNP. Current limiting is provided
by Re and Q,, to protect the circuit from inter-
mittent shorts. Both the output and the ground
lead are isolated from other points within the cir-
cuit, so either can be used as the output. The V™
terminal can also be tied to ground to run the
circuit from a single supply. The comparator will
work in any configuration as long as the ground
terminal is at a potential somewhere between the
supply voltages. The output terminal, however,
can go above the positive supply as long as the
breakdown voltage of Q; is not exceeded.
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FIGURE 2. lllustrating the Influence of Source Resis-
tance on Worst Case, Equivalent Input Offset
Voltage.

Figure 2 shows how the reduced error currents of
the LM111 improve circuit performance. With the
LM710 or LM106, the offset voltage is degraded
for source resistances above 20092, The LM111,
however, works well with source resistances in
excess of 30 k2. Figure 2 applies for equal source
resistances on the two inputs. If they are unequal,
the degradation will become pronounced at lower
resistance levels.

Table | gives the important electrical character-
istics of the LM111 and compares them with the
specifications of older ICs.

A few, typical applications of the LM111 are illus-
trated in Figure 3. The first is a zero crossing
detector driving a MOS analog switch. The ground
terminal of the IC is connected to V™; hence, with
+15V supplies, the signal swing delivered to the
gate of Q; is also *15V. This type of circuit is
useful where the gain or feedback configuration of
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Table I. Comparing the LM111 with earlier IC compara-
tors. Values given are worst case over a -55°C to
125°C temperature range, except as noted.

Parameter LM111 LM106 LM710 Units

Input Offset
Voltage 4 3 3 mv
Input Offset
Current 0.02 7 7 uA
Input Bias
Current 0.15 45 45 HA
Common Mode
Range 14 5 5 \Y
Differential Input
Voltage Range +30 *5 5 \
Voltage Gaint 200 40 1.7 V/mV
Response Time! 200 40 40 ns
Qutput Drive
Voltage 50 24 25 \
Current 50 100 1.6 mA
Fan Out
(DTL/TTL) 8 16 1
Power

Consumption 80 145 160 mwW

tTypical at 25°C.

an op amp circuit must be changed at some pre-
cisely-determined signal level. Incidentally, it is a
simple matter to modify the circuit to work with
junction FETs.

The second circuit is a zero crossing detector for a
magnetic pickup such as a magnetometer or shaft-
position pickoff. It delivers the output signal
directly to DTL or TTL logic circuits and operates
from the 5V logic supply. The resistive divider, R,
and R,, biases the inputs 0.5V above ground,
within the common mode range of the device. An
optional offset balancing circuit, R3 and Ry, is
included.

The next circuit shows a comparator for a low-
level photodiode operating with MOS logic. The
output changes state when the diode current
reaches 1 uA. At the switching point, the voltage
across the photodiode is nearly zero, so its leakage
current does not cause an error. The output
switches between ground and -10V, dnvmg the
data inputs of MOS logic directly.

The last circuit shows how a ground-referred load
is driven from the ground terminal of the LM111.
The input polarity is reversed because the ground
terminal is used as the output. An incandes-

cent lamp, which is the load here, has a cold resis-
tance eight times lower than it is during normal
operation. This produces a large inrush current,
when it is switched on, that can damage the
switch. However, the current limiting of the
LM111 holds this current to a safe value.

ot
1061

MAGNETIC
PICKUP

b. Detector for Magnetic Transducer

*Input polany s revered when
using o 1 a5 output

d. Driving Ground—Referred Load

FIGURE 3. Typical Applications of the LM111.

The applications described above show that the
output-circuit flexibility and wide supply-voltage
range of the LM111 opens up new fields for IC
comparators. Further, its low error currents permit
its use in circuits with impedance levels above
1 k&. Although slower than older devices, it is
more than an order of magnitude faster than op
amps used as comparators,

The LM111 has the same pin configuration as the
LM710 and LM106. It is interchangeable with
these devices in applications where speed is not of
prime concern.
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APPLICATIONS OF THE
LM173/LM273/LM373

The LM173 family of multi-mode |F amplifier/
detectors has been designed for AM, FM and SSB
applications in the communications market. It con-
sists of two amplifier sections, a gain control stage,
a fully balanced FM/SSB detector, and an active
AM/SSB peak detector whose output matches the
AGC input characteristics.

tomun
v O

FIGURE 1. Block Diagram of LM173

To convert between modes of operation, one
simply makes the appropriate dc connections and
takes the recovered signal trom the output of the
desired detector. Two pins are involved in pro-
gramming the mode of operation, pin 1 and pin 6.
Since AGC is not normally used for FM, grounding
pin 1 closes the quad capacitor switch to enable
the balanced mixer to function as an FM
quadrature detector. Since the balanced mixer is
not required for AM, connecting a resistor from
pin 6 to ground unbalances the mixer allowing it
to pass signal. Also, this transfers the balance
sensing circuitry from the input of the balanced
mixer in FM (or SSB) mode to the input of the
AM detector. For example, FM operation is
achieved as shown in Figure 2.

FIGURE 2. FM IF Connection

FOUADRATURE ¢ ounomatuRE reac
AMMILER UNBALANCE! OETECTOR! oetecton
AwrLER

November 1970

FM OPERATION

Grounding the AGC input, pin1, closes the
switch connecting the quadrature capacitor to the
quadrature network terminal pin 6. This network,
tuned to the nominal center frequency of the IF
strip gives a phase shift that varies with frequency
at pin 6 (input A of the quadrature detector) with
respect to the signal at input B. This produces a

snuancen
auADRATUAE
oETECTOR

‘moDuCT
oEvEETOR
outnT

pulse duration modulation of the detector output
current which is integrated by the capacitor on
pin 7. This capacitor may also be used for
de-emphasis. A considerable range for compromise
exists in the choice of Q of the quadrature
network. Increasing the Q results in greater output
level and distortion for a given frequency devia-
tion. Also, the parallel resonant impedance of the
network should be such that >50 mV rms signal
appears on the quadrature phase terminal to ensure
switching action of the detector and maximum
output. An alternate higher level audio signal may
be taken from the peak detector output pin 8.

Precise dc balance of input B of the quadrature
detector is maintained by an active dc feedback
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network. The dc feedback bypass pin must be
decoupled at low frequencies to ensure stability of
this loop. A 1.0 uF shunted by a .01 uF for good
high frequency decoupling is quite adequate. Note
that a dc path through the input or interstage filter
is not necessary (or desirable).

AM OPERATION

In Figure 3, the LM173 functions as an AM IF
amplifier and detector by unbalancing the bal-
anced mixer and connecting the peak detector

network to the input of the active peak detector
for optimum AM performance. Pin 6 should not
be grounded directly or excessive device current
drain may result. Lifting the AGC input from
ground opens the quad capacitor switch, as
described earlier.

An improvement in signal to noise ratio may be
obtained when interstage filtering is not used, or is
fairly broad, by connecting a parallel resonant
circuit in shunt with the signal path at pin 7.

r

5
e
v

v auoi
outeer

FIGURE 3. AM IF Connection

output to the AGC input through an RC network
with a suitable attack/decay time constant. De-
creasing the value of R, will increase the AGC
range of the system at the expense of recovered
output level due to the reduced dc drop across R; .
This voltage drop results from the AGC bias
current.

The balanced mixer is disabled by applying an
offset voltage to input A with resistor R, to
ground. This also transfers the active dc balance

SSB OPERATION

In single sideband operation, we require both AGC
and balanced mixer functions and therefore we do
not ground pin 1 or pin 6. By injecting 25 mV rms
or greater BFO signal into balanced mixer input A
at pin 6, the mixer acts as a product detector, and
we obtain our recovered audio at pin 7. The peak
detector may then be used to generate an audio
derived AGC voltage as shown in Figure 4. The
connection of a manual gain control for CW opera-
tion is also illustrated.

FIGURE 4. SSB and CW IF Connection
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SPEED UP THE LM108 WITH
FEEDFORWARD COMPENSATION

Feedforward frequency compensation of opera-
tional amplifiers can provide a significant increase
in slew rate and bandwidth over standard lag com-
pensation. When feedforward compensation is
applied to the LM101A operational amplifier,' an
order of magnitude increase in bandwidth results.
A simple feedforward network has also been devel-
oped for use with the LM108 micropower ampli-
fier to give a factor of five improvement in speed.
It uses no active components and does not degrade
the excellent dc characteristics of the LM108.

Figure 1 shows a schematic of an LM108 using the
new compensation. The signal from the inverting
input is fed forward around the input stage by a
500 pF capacitor, C;. At high frequencies it pro-
vides a phase lead. With this lead, overall phase

c2
5 pF

__”__
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A
VWA
R R2
10K 2 10K
INPUT =—=AAA- -
[
LMI08 p— ouTPUT
3 B

+ R3
| K
= (5]
I
c1 =
500 pF

FIGURE 1. LM108 with Feedforward Compensation

shift is reduced and less compensation is needed to
keep the amplifier stable. The C, — R; network
provides lag compensation, insuring that the open
loop gain is below unity before 180° phase shift
occurs. The open loop gain and phase as a function
of frequency is compared with standard compensa-
tion in Figure 2.

The slew rate is increased from 0.3V/us to about
1.3V/us and the 1 kHz gain is increased from 500
to 10,000. Small signal bandwidth is extended to
3 MHz. The bandwidth must be limited to 3 MHz
because the phase shift through the lateral PNP
transistors used in the second stage becomes exces-
sive at higher frequencies. With the LM101A,
10 MHz bandwidth was possible since the signal
was bypassed around the low frequency lateral
PNP’s. Nonetheless, 3 MHz is very respectable for
a micropower amplifier drawing only 300 uA qui-
escent current.

Robert C. Dobkin
November 1970

When the LM108 is used with feedforward com-
pensation, it is less tolerant of capacitive loading
and stray capacitance. Precautions must be taken
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FIGURE 2. Open Loop Voltage Gain

to insure stability. If load capacitance is greater
than about 75 to 100 pF, it must be isolated as
shown in Figure 3. A small capacitor is always
needed to provide a lead across the feedback resis-
tor to compensate for strays at the input. About 3
to 5 pF is the minimum value capacitor. Care must
be taken to minimize stray capacitance at Pins 1, 2
and 8 when feedforward compensation is used.
Additionally, when the source resistance on the
noninverting input is greater than 10k, it should be
bypassed with a .01 uF capacitor.
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100K
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b —
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100K 2 10pF
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LM108 VWA ouTPUT
3 8
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;‘: . Sy
_L 010001 4F
- 1 €3
I
] = =
500 pF
5x10°

tc2> oF

R2

FIGURE 3. D pling Load Cap

As with any externally compensated amplifier,
increasing the compensation of the LM108 in-
creases the stability at the expense of slew and
bandwidth. The circuit shown is for the fastest
response. Increasing the size of C, to 20 or 30 pF
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will provide 2 or 3 times greater stability and
capacitive load tolerance. Therefore, the size of
the compensation capacitor should be optimized
for the bandwidth of the particular application.

The stability of the LM 108 with feedforward com-
pensation is indicated by the small signal transient
responses shown in Figure 4. It is quite stable since
there is little overshoot and ringing even though
the amplifier is loaded with a 50 pF capacitor.
Large signal transient response for a 20V square
wave is shown in Figure 5. The small positive over-
shoot is not severe and usually causes no problems.

h a 1 LU
V 100 mV/DIV
H 2 us/DIV~

FIGURE 4. Small Signal Transient Response of LM108
with Feedforward Compensation

The LM108 is unusually insensitive to power sup-
ply bypassing with the new compensation. Even
with several feet of wire between the device and
power supply, it does not become unstable. How-

R

V 10V/DIV
{ H 10 us/DIV

FIGURE 5. Large Signal Transient Response of LM108
with Feedforward Compensation

ever, it is still wise to bypass the supplies for drill
since noise on the VT line can be injected to the
summing junction by the 500 pF feedforward
capacitor.

The new feedforward compensation is easy to use
and offers a factor of five improvement over stan-
dard compensation. Slew rate is increased to
1.3V/us and power bandwidth extended to
20 kHz. Also, gain error at high frequencies is
reduced. This makes the LM108 more useful in
precision applications where low dc error as well as
low ac error is desired.

REFERENCE:

1. Robert C. Dobkin, ““Feedforward Compensa-
tion Speeds Op Amp,"’ National Semiconductor
LB-2, March, 1969.
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HIGH STABILITY REGULATORS

Monolithic IC’s have greatly simplified the design
of general purpose power supplies. With an IC
regulator and a few external components 0.1%
regulation with 1% stability can be obtained. How-
ever, if the application requires better perfor-
mance, it is advisable to use some other design
approach.

Precision regulators can be built using an IC op
amp as the control amplifier and a discrete zener
as a reference, where the performance is deter-
mined by the reference. Figures 1 and 2 show
schematics of simple positive and negative regu-
lators. They are capable of providing better than
0.01% regulation for worst case changes of line,
load and temperature. Typically, the line rejection
is 120dB to 1kHz; and the load regulation is
better than 10 1V for a 1A change. Temperature is
the worst source of error; however, it is possible to
achieve less than a 0.01% change in the output
voltage over a -55°C to +125°C range.

Vour = 10V
Tour <1A

a1
2N4343

1Detesmines zener current I

May be adjusted to
minimize thermal dnft

1Solid tantalum

FIGURE 1. High Stability Positive Regulator

The operation of both regulators is straight-
forward. An internal voltage reference is provided
by a high-stability zener diode. The LM108A!
operational amplifier compares a fraction of the
output voltage with reference. In the positive regu-
lator, the output of the op amp controls the
ground terminal of an LM109? regulator through
source follower, Q,. Frequency compensation for
the regulator is provided by both the R; C, combi-
nation and output capacitor, C3.

Robert C. Dobkin
January 1971

The negative regulator shown in Figure 2 operates
similarly, except that discrete transistors are used
for the pass element. A transistor, Q,, level shifts
the output of the LM108 to drive output transis-
tors, Q;3 and Q. Current limiting is provided by
Q,. Capacitors C3 and C; frequency compensate
the regulator.

In the positive regulator the use of an LM109
instead of discrete power transistors has several
advantages. First, the LM109 contains all the bias-
ing and current limit circuitry needed to supply a
1A load. This simplifies the regulator. Second, and
probably most important, the LM109 has thermal
overload protection, making the regulator virtually
burn-out proof. If the power dissipation becomes
excessive or if there is inadequate heat sinking, the
LM109 will turn off when the chip temperature
reaches 175°C, preventing the device from being
destroyed. Since no such device is available for use
in the negative regulator, the heat sink should be
large enough to keep the junction temperature of
the pass transistors at an acceptable level for worst
case conditions of maximum ambient temperature,
maximum input voltage and shorted output.

Although the regulators are relatively simple, some
precautions must be taken to eliminate possible
problems. A solid tantalum output capacitor must
be used. Unlike electrolytics, solid tantalum capac-
itors have low internal impedance at high fre-
quencies. Low impedance is needed both for
frequency compensation and to eliminate possible
minor loop oscillations. The power transistor
recommended for the negative regulator is a
single-diffused wide-base device. This transistor
type has fewer oscillation problems than double
diffused transistors. Also, it seems less prone to
failure under overload conditions.

Some unusual problems are encountered in the
construction of a high stability regulator. Com-
ponent choice is most important since the resis-
tors, amplifier and zener can contribute to
temperature drift. Also, good circuit layout is
needed to eliminate the effect of lead drops,
pickup, and thermal gradients.

The resistors must be low-temperature-coefficient
wirewound or precision metal film. Ordinary 1%
carbon film, tin oxide or metal film units are not
suitable since they may drift as much as 0.5% over
temperature. The resistor accuracy need not be
0.005% as shown in the schematic; however, they
should track better than 1 ppm/°C. Additionally,
wirewound resistors usually have lower thermo-
electric effects than film types. The resistor driving
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FIGURE 2. High Stability Negative Regulator

the zener is not quite as critical; but it should
change less than 0.2% over temperature.

The excellent dc characteristics of the LM108A
make it a good choice as the control amplifier. The
offset voltage drift of less than 5 uV/°C con-
tributes little error to the regulator output. Low
input current allows standard cells to be used for
the voltage reference instead of a reference diode.
Also the LM108 is easily frequency compensated
for regulator applications.

Of course, the most important item is the refer-
ence. The IN829 diode is representative of the
better zeners available. However, it still has a
temperature coefficient of 0.0005%/°C or a maxi-
mum drift of 0.05% over a -55°C to 125°C
temperature range. The drift of the zener is usually
linear with temperature and may be varied by
changing the operating current from its nominal
value of 7.5 mA. The temperature coefficient
changes by about 50 uV/°C for a 15% change in
operating current. Therefore, by adjusting the
zener current, the temperature drift of the
regulator may be minimized.

Good construction techniques are important. It is
necessary to use remote sensing at the load, as is
shown on the schematics. Even an inch of wire will
degrade the load regulation. The voltage setting
resistors, zener, and the amplifier should also be
shielded. Board leakages or stray capacitance can
easily introduce 100 uV of ripple or dc error into
the regulator. Generally, short wire length and
single-point grounding are helpful in obtaining
proper operation.

REFERENCES:

1. R.J. Widlar, "'IC Op Amp Beats FETs on Input
Current,”” National Semiconductor AN-29,
December, 1969.

2. R.J. Widlar, “New Developments in IC Voltage
Regulators,” in 1970 International Solid-State
Circuits Conference Digest of Technical Papers,
Vol. XIl1, pp. 1568-159.
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EASILY TUNED
SINE WAVE OSCILLATORS

One approach to generating sine waves is to filter a
square wave. This leaves only the sine wave funda-
mental as the output. Since a square wave is easily
amplitude stabilized by clipping, the sine wave
output is also amplitude stabilized. A clipping os-
cillator eliminates the problems encountered with
agc stablized oscillators such as those using Wein
bridges. Additionally, since there is no slow agc
loop, the oscillator starts quickly and reaches final
amplitude within a few cycles.

Robert C. Dobkin
March 1971

amplitude of the square wave fed back to the filter
input. Starting is insured by Rg and Cg which pro-
vide dc negative feedback around the comparator.
This keeps the comparator in the active region.

If a lower distortion oscillator is needed, the cir-
cuit in Figure 2 can be used. Instead of driving the
tuned circuit with a square wave, a symmetrically
clipped sine wave is used. The clipped sine wave,
of course, has less distortion than a square wave
and yields a low distortion output when filtered.
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FIGURE 1. Easily Tuned Sine Wave Oscillator

The circuit in Figure 1 will provide both a sine and
square wave output for frequencies from below 20
Hz to above 20 kHz. The frequency of oscillation is
easily tuned by varying a single resistor. This is a
considerable advantage over Wein bridge circuits
where two elements must be tuned simultaneously
to change frequency. Also, the output amplitude is
relatively stable when the frequency is changed.

An operational amplifier is used as a tuned circuit,
driven by square wave from a voltage comparator.
Frequency is controlled by R;, Ry, C4, C,, and
Rz, with Rz used for tuning. Tuning the filter
does not affect its gain or bandwidth so the output
amplitude does not change with frequency. A
comparator is fed with the sine wave output to
obtain a square wave. The square wave is then fed
back to the input of the tuned circuit to cause
oscillation. Zener diode, D,, stabilizes the

This circuit is not as tolerant of component values
as the one shown in Figure 1. To insure oscillation,
it is necessary that sufficient signal is applied to
the zeners for clipping to occur. Clipping about
20% of the sine wave is usually a good value. The
level of clipping must be high enough to insure
oscillation over the entire tuning range. If the clip-
ping is too small, it is possible for the circuit to
cease oscillation due to tuning, component aging,
or temperature changes. Higher clipping levels in-
crease distortion. As with the circuit in Figure 1,
this circuit is self-starting.

Table 1 shows the component values for the
various frequency ranges. Distortion from the cir-
cuit in Figure 1 ranges between 0.75% and 2%
depending on the setting of Rz. Although greater
tuning range can be accomplished by increasing
the size of Rz beyond 1k$2, distortion becomes
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FIGURE 2. Low Distortion Sine Wave Oscillator

excessive. Decreasing R lower than 50Q can
make the filter oscillate by itself. The circuit in
Figure 2 varies between 0.2% and 0.4% distortion
for 20% clipping.

About 20 kHz is the highest usable frequency for
these oscillators. At higher frequencies the tuned
circuit is incapable of providing the high Q band-
pass characteristic needed to filter the input into a
clean sine wave. The low frequency end of os-
cillation is not limited except by capacitor size.

TABLE 1

MIN. MAX.
C,,C, FREQUENCY FREQUENCY
0.47 uF 18 Hz 80 Hz
0.1 uF 80 Hz 380 Hz
.022 uF 380 Hz 1.7 kHz
.0047 uF 1.7 kHz 8 kHz
.002 uF 4.4 kHz 20 kHz

In both oscillators, feedforward compensation3 is
used on the LM101A amplifiers to increase their
bandwidth. Feedforward increases the bandwidth
to over 10 MHz and the slew rate to better than
10V/us. With standard compensation the
maximum output frequency would be limited to
about 6 kHz.

Although these oscillators are not particularly
tricky, good construction techniques are im-
portant. Since the amplifiers and the comparators
are both wide band devices, proper power supply

bypassing is in order. Both the positive and
negative supplies should be bypassed with a 0.1uF
disc ceramic capacitor. The fast transition at the
output of the comparator can be coupled to the
sine wave output by stray capacitance, causing
spikes on the output. Therefore the output of the
comparator with the associated circuitry should be
shielded from the inputs of the op amp.

Component choice is also important. Good quality
resistors and capacitors must be used to insure
temperature stability. Capacitor should be mylar,
polycarbonate, or polystyrene — electrolytics will
not work. One percent resistors are usually
adequate.

The circuits shown provide an easy method of
generating a sine wave. The frequency of os-
cillation can be varied over greater than a 4 to 1
range by changing a single resistor. The ease of
tuning as well as the elimination of critical agc
loops make these oscillators well suited for high
volume production since no component selection
is necessary.
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LM118 OP AMP SLEWS 70 V/us

One of the greatest limitations of today’s mono-
lithic op amps is speed. With unity gain frequency
compensation, general purpose op amps have
1 MHz bandwidth and 0.3 V/us slew rate. Opti-
mized compensation as well as feedforward com-
pensation can improve op amp speed for some
applications. Specialized devices such as fast,unity-
gain buffers are available which provide partial
solutions. This paper will describe a new high
speed monolithic amplifier that offers an order
of magnitude increase in speed with no loss in
flexibility over general purpose devices.

The LM118 is constructed by the standard six
mask monolithic process and features 15 MHz
bandwidth and 70 V/us slew rate. It operates over
a 5 to 18V supply range with little change in
speed. Additionally, the device has internal unity-
gain frequency compensation and needs no exter-
nal components for operation. However, unlike
other internally compensated amplifiers, external
feedforward compensation may be added to ap-
proximately double the bandwidth and slew rate.

DESIGN CONCEPTS

In general purpose amplifiers the unity-gain band-
width is limited by the lateral PNP transistors used
for level shifting. The response above 2 MHz is so
poor that they cannot be used in a feedback
amplifier. If the PNP transistors are used for level
shifting only at DC or low frequencies and the
signal is fed forward around the PNP transistors at
high frequencies, wide bandwidth can be obtained
without the excessive phase shift of the PNP
transistors.

SR g
mu,;_l_ Sk ;,zox

. e
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3J [
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800pA

FIGURE 1. Simplified Circuit of the LM118

Robert C. Dobkin
September 1971

Figure 1 shows a simplified schematic of the
LM118. Transistors Q; and Q, are a conventional
differential input stage with emitter degeneration
and resistive collector loads. Qz and Q4 form the
second stage which further amplify the signal and
level shift the signal towards V™. The collectors of
Qj and Qg4 drive a current inverter, Q19 and Qq,
to convert from differential to single ended. Qg,
which has a current source load for high gain,
drives a class B output. The collectors of the input
stage and the base of Qg are available for offset
balancing and external compensation.

Frequency compensation is accomplished with
three internal capacitors. Cq rolls off on half the
differential input stage so that the high frequency
signal path is single-ended. Also, at high fre-
quencies, the signal is fed forward around the
lateral PNP transistors by a 30 pF capacitor, C,.
This eliminates the excessive phase shift. Overall
frequency response is then set by capacitor, Cg,
which rolls off the amplifier at 6 dB/octive. As
previously mentioned feedforward compensation
for inverting applications can be applied to the
base of Qg. Figure 2 shows the open loop fre-
quency response of an LM118. Table 1 gives
typical specifications for the new amplifier.
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FIGURE 2. Open Loop Voltage Gain as a Function of
Frequency for LM118.

TABLE 1. Typical Specifications for the LM118

Input Offset Voltage 2mV
Input Bias Current 200 nA
Offset Current 20 nA
Voltage Gain 200K
Common Mode Range +11.5V
Output Voltage Swing +13V
Small Signal Bandwidth 15 MHz
Slew Rate 70 V/us
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OPERATING CONFIGURATION

Although considerable effort was taken to make
the LM118 trouble free, high frequency ampli-
fiers are more prone to oscillations than low
frequency devices such as the LM101A. Care must
be taken to minimize the stray capacitance at the
inverting input and at the output; however the
LM118 will drive a 100 pF load. Good power
supply bypassing is also in order—0.1 uF disc
ceramic capacitors should be used within a few
inches of the amplifier. Additionally, a small
capacitor is usually necessary across the feedback
resistor to compensate for unavoidable stray
capacitance.

Figure 3 shows feedforward compensation of the
LM118 for fast inverting applications. The signal
is fed from the summing junction to the output
stage driver by C; and Ry. Resistors Rg, Rg and
R, have two purposes: they increase the internal
operating current of the output stage to increase
slew rate and they provide offset balancing. The
current boost is necessary to drive internal stray
capacitance at the higher slew rate. Mismatch of
the external resistors can cause large voltage offsets
so offset balancing is necessary. For supply volt-
ages other than *15V, Rg and Rg should be
selected to draw about 500 uA from Pins 1 and 5.

R1

5K

25K
BALANCE

- Slew rate typically 120V/ps.

FIGURE 3. Feedforward Compensation for Greater
Inverting Slew Ratet

When using feedforward, resistor R4 should be
optimized for the application. It is necessary to
have about 8 k£ in the path from the output of
the amplifier through the feedback resistor and
through feedforward network to Pin 8 of the
device. The series resistance is needed to limit the
bandwidth and prevent minor loop oscillation.

At high gains, or with high value feedback resistors
R4 can be quite low—but not less than 100S2.
When the LM118 is used a fast integrator, with
a large feedback capacitor or with low values
of feedback resistance, Ry must be increased to
8 k2 to insure stability over a full -65°C to
125°C temperature range.

One of the more important considerations for a
high speed amplifier is settling time. Poor settling
time can cancel the advantages of having high slew
rate and bandwidth. For example—an amplifier can
have severe ringing after a step input. A relatively
long time is then needed before the output volt-
age can be read accurately. Settling time is the
time necessary for the output to slew through a
defined voltage change and settle to within a de-
fined error of its final output voltage. Figure 4
shows optimized compensation for settling to

R2
5K

Slew and settling time to 0.1%
for a 10V step change 15 800 ns

c2
0014F

FIGURE 4. C ion for Mini

Settling? Time

within 0.1% error. Typically the settling time is
800 ns for a simple inverter circuit as shown.
Settling time is, of course, subject to operating
conditions external to the IC such as closed loop
gain, circuit layout, stray capacitance and source
resistance. An optional offset balancing circuit,
R3 and Ry is included.

The LM118 opens up new fields for IC operational
amplifiers. It is more than an order of magnitude
faster than general purpose amplifiers while retain-
ing the ease of use features. It is ideally suited for
analog to digital converters, active filters, sample
and hold circuits and wide band amplification.
Further, the LM 118 has the same pin configuration
as the LM101A or LM741 and is interchangeable
with these devices when speed is of prime concern.
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+5 TO -15 VOLTS DC CONVERTER

INTRODUCTION

It is frequently necessary to convert a DC voltage
to another higher or lower DC-voltage while maxi-
mizing efficiency. Conventional switching regula-
tors are capable of converting from a high input
DC voltage to a lower output voltage and satisfying
the efficiency criteria. The problem is a little more
troublesome if a higher output voltage than the
input voltage is desired. Particularly, generating
DC voltage with opposite polarity to the input
voltage usually involves a complicated design.

This brief demonstrates the use of the switching
regulator idea for a +5 volts to —=15 volts converter.
The converter has an application as a power supply
for MOS memories in a logic system where only
+5 volts is available. However, the principle used
can be applied for almost any input output com-
bination.

OPERATION

The method by which the regulator generates the
opposite polarity is explained in Figure 1. The
transistor Q is turned ON and OFF with a given
duty cycle. If the base drive is sufficient the volt-
age across the inductor is equal to the supply

Vour

!
|
‘T‘— = T —> t
[P S |
L |
Pt
av
Vour

FIGURE 1. Switching Circuit for Voltage Conversion

Helge H. Mortensen
July 1972

voltage minus Vgat. The current change in the
inductor is given by:

Vss = Vsat
L

v
Al = X Ton = TSS Ton (n

Turning OFF the transistor the inductor current
has a path through the catch diode and this in
turn builds up a negative voltage across R .

The figure also shows the current and voltage
levels versus time. A capacitor in parallel to the
resistor will prevent the voltage from dropping
to zero during the transistor ON time.

Assuming a large capacitor, we can also write the
current change as:

Vout - Vb Vout

Al = ——T— X Torr == X Torr (2)

In order to get a general idea of the operation for
certain input output conditions, we will develop
a set of equations.

During the transistor ON time, energy is loaded
into the inductor. In the same time interval, the
capacitor is drained due to the load resistor R.

Drop in capacitor voltage:

| XT
AV = LOADC ON 3

During the Togrg time the stored energy in the
inductor is transferred to the load and capacitor.
A rough estimate of Torg can be expressed as:

Vss
Torr = VOSUT X Town (4)

The capacitor voltage will be restored with a
average current given by:

= AVXC loap X Vourt
¢ Torr Vss

(5)

The total inductor current during the OFF time
can be written as:

linouctor = lLoap *lc (6)

LB18-1

8L-g91

H31H3IANOD 04 S110A SL— 0Ol G+



Vgs = +5V O

Inspecting Figure 1. We find:

Al Vgs X Ton

¢ 727 TaxL o
which yields:

2X LX| XV
Ton = LOAD ouT 8)

2
Vss

Taking into account that the efficiency is in the
order of 75% the final expression is:

1.5XLXI XV
Ton = L02AD ouT )
Vss

The above equations will be applied to the regu-
lator shown at Figure 2. The regulator must deliver
—-15 volts at 200 mA from a +5 volt supply. Using a
1 mH inductor the Ty time for Q, is 0.18 ms
from equation 9. Togg is 60 us from equation 4
and the oscillator frequency to:

1

= =————— =~ 4kH
Ton * Tore z

The LM311 performs a free running multivibrator
with high duty cycle. The IC is designed to operate
from a standard single 5 volt supply and has a high
output current capability for driving the switching
transistor Q,. The duty cycle is given by the volit-
age divider R; and R, and the frequency of C,
in conjunction with Rg.
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2 3K —AAA .
> VWV " tour
1 = > 9
| } 2N5153 nE hy ST
: \ 8 Sne F = 6 kHz 80% DUTY
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? =
M3t I, = 200mA MAX
4 Vour = -15V
[ o—2l. X
10,000 pF g 17 L,
4 ——
B4 |
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S 10K VVv LYY Y\
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4 i .
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>
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w2222 o1
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FIGURE 2. Switching Regulator for Voltage Conversion

By setting the duty cycle higher than first calcu-
lated, the output voltage will tend to increase
above the desired output voltage of 15 volts.
However, an extra loop performed by Q; and
the zener diode in conjunction with the resistor
network will modify the oscillator duty cycle
until the desired output level is obtained.

The output voltage is given by:
Ry
Vout = (Vz+Vge) R, * 1
2

Data and results obtained with the design:

Vin = Bvolts
Vout = -15volts
lout = max 200 mA
Efficiency = 75%
Frequency = 6 kHz 80% duty cycle
VgippLe = 100 mV @ 200 mA load

Line regulation: V| =5V to 10V < 3% Vout
ILoap = 200 mA

Load regulation: V,y =5V <3% Vout
ILoap =0 - 100 mA

REFERENCE

Widlar, R. J., “Designing Switching Regulators”
AN2, National Semiconductor Corp.
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PREDICTING OP AMP SLEW RATE
LIMITED RESPONSE

The following analysis of sine and step voltage
responses applies to all single dominant pole op
amps such as the LM101A, LM107, LM108A,
LM112, LM118 and the LM741. Each of these
op amps has an open loop response curve with a
shape similar to the one shown in Figure 1. The
distinguishing feature of this curve is the single
low frequency turnover from a flat response to
a uniform -20 dB per decade of frequency (-6 dB/
octave) drop in gain, at least until the curve passes
through the 0 dB line. Closing the loop to 40 dB
(X100) as shown with a dotted line on Figure 1
does not change the shape of the curve, but it does
move the turnover to a higher frequency. These
open loop and closed loop response curves deter-
mine the gain applied to small signal inputs. The
logical question then arises as to when a signal
can no longer be treated as a small signal and the
amplifier response begins to deviate from this
curve.

120

VOLTAGE GAIN (dB)

-20 ’\

1 10 100 1k 10k 100k 1M 10M
FREQUENCY (Hz)

FIGURE 1. Open and Closed Loop Frequency Response

The answer lies in the slew rate limit of the op amp.
The slew rate limit is the maximum rate of change
of the amplifier’s output voltage and is due to the
fact that the compensation capacitor inside the
amplifier only has finite currents' available for
charging and discharging. A sinusoidal output sig-
nal will cease being small signal when its maximum
rate of change equals the slew rate limit S, of the
amplifier. The maximum rate of change for a sine
wave occurs at the zero crossing and may be de-
rived as follows:

Vo =V, sin 27 ft (1)
dv,
s 2n £V, cos 27 ft (2)

Marvin VanderKooi
August 1972

d

=21V, (3)
t=0
Se = 27 frmax Vp (4)

where: v, = output voltage

Vp, = peak output voltage

S . VO
= maximum ——
r dt

The maximum sine wave frequency an amplifier
with a given slew rate will sustain without causing
the output to take on a triangular shape is therefore
a function of the peak amplitude of the output
and is expressed as:

S
fmax - 2 Vp (5)
Equation 5 demonstrates that the borderline be-
tween small signal response and slew rate limited
response is not just a function of the peak output
signal but that by trading off either frequency or
peak amplitude one can continue to have a distor-
tion free output. Figure 2 shows a quick reference
graphical presentation of equation 5 with the area
above any Vpgak line representing an undistorted
small signal response and the area below a given
Vpeak line representing a distorted sine wave re-
sponse due to slew rate limiting.
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) SLEW RATE
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SINE WAVE FREQUENCY (Hz)

FIGURE 2. Sine Wave Response

As a matter of convenience, amplifier manufac-
turers often give a ‘‘full-power bandwidth” or
“large signal response’’ on their specification sheets.
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This frequency can be derived by inserting the
amplifier slew rate and peak rated output voltage
into equation 5. The bandwidth from DC to the
resulting fmayx is the full-power bandwidth or ““large
signal response’ of the amplifier. For example the
full-power bandwidth of the LM741 with a 0.5V us
S, is approximately 6 kHz while the full-power
bandwidth of the LM118 with an S, of 70 V/us is
approximately 900 kHz.

The step voltage response at the output of an op
amp can also be divided into a small signal response
and a slew rate limited response. The single turnover
and uniform -20 dB/decade slope shown in the
small signal frequency response curve of Figure 1
are also characteristic of a low pass filter and one
can in fact model an op amp as a low pass RC
filter followed by a very wideband amplifier. Figure
3 shows a model of a X100 circuit with a 3 dB down
rolloff frequency of 10 kHz. From basic filter

R
Ay=100
BANDWIDTH=23,
c
[, 1 [v O,

b= 5
348 2R

Vi

Vo

f3a8 = 10 kHz

FIGURE 3. Small Signal Op Amp Model

theory2 the 10% to 90% rise time of single pole
low pass filter is:

t=

faao (6)

which for this example would be 35 us. Again this
small signal or low pass filter response ceases when
the required rate of change of the output voltage
exceeds the slew rate limit S, of the amplifier.
Mathematically stated:

V

LSTEP >S5, (7)
tl’

This means that as soon as the amplitude of the

output step voltage divided by the rise time of the

circuit exceeds the S, of the amplifier, the amplifier

will go into slew rate limiting. The output will then
be aramp function with a slope of S, and a rise time
equal to:

»_ Vstee
1, = —2I=0

S, (8)

Substituting equation 6 into equation 7 gives the
critical value of Vgygp directly in terms of fzyg:

Vstep faas S5
= O

0.35 o

which can be graphed as shown in Figure 4. Any
point in the area above a Vgygp line represents
an undistored low pass filter type response and any
point in the area below a given Vgrep line repre-
sents a slew rate limited response.

100 4
LOW PASS FILTER
RESPONSE AREA

i
Al
¢t Vsrer = 32V
[ Vsrer = 16V
[ Vorer=0v]
T Vsrep =4V
Vsrep =2V
[ Vster= V7]
+

LEW RATE
LIMITING AREA

A

SLEW RATE S, (V/us)

2

N

0.1 T

01

1k 10k 100k M oM 100M
3dB DOWN FREQUENCY, f34g (Hz)

FIGURE 4. Step Voltage Response

The above equations and graphs should allow one
to avoid the pitfalls of slew rate limiting and also
provide a means of using engineering tradeoffs to
extend the response of the single dominant pole
type of amplifier.
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A FULLY DIFFERENTIAL INPUT VOLTAGE AMPLIFIER

(INSTRUMENTATION AMPLIFIER)

INTRODUCTION

The instrumentation amplifier is useful for ampli-
fying small differential signals which may be
riding on high common mode voltage levels. These
amplifiers are particularly useful in amplifying
signals in the milli-volt range which are supplied
from a high impedance source (>2k{2).

This brief will demonstrate how a low cost, high
performance instrumentation amplifier can be
built using the newly introduced LM3900 quad
amplifier. It is also indicated how a compact
transducer bridge amplifier system can be developed
to take advantage of the versatility of the LM3900.

BASIC AMPLIFIER OPERATION

Figure 1 shows the basic operation of the amplifier.
The bias of the LM3900 is set by the resistors R,
and Rz (neglecting for now, the transistors Q,
and Q,). Current which enters the non-inverting
input of the LM3900 will be “mirrored” about
V™ and then will be drawn into the inverting
input terminal. This causes the current to flow
through the feedback resistor, R3, which establishes
the output voltage level. If R, = R3 and further, if
R, is connected to ground (0V), then the output
voltage biasing level will also be exactly zero volts.
It should be noticed that an OUTPUT OFFSET
CONTROL can be implemented by supplying a
reference voltage, Eg, between R, and ground.

) O Vvt =415V
10048 GD GD 10048
r1
VA L
R1
n3811A
- w @
AV R3
+0 "
Veom
Vo
A2
™
AA
VWA~

Er
i VT =-15V
FIGURE 1. Basic Instrumentation Amplifier.

Adding transistors Q; and Q,, as shown in Figure 1
will not disturb this biasing if the two collector

currents of the transistors are well matched for a
0V differential input signal. The current sources
which bias Q; and Qj, are chosen to be 100uA
each to guarantee high  and low offset voltage in
Q; and Q;.

The gain of the amplifier is calculated as follows:
Any differential input voltage, AV, appears
across R,, and produces a current change Al, which
is given by:

_ AV
R4

Al (1)

This current change will show up in the collectors
of Q; and Q, with opposite polarity. The input
mirror of the LM3900 returns Alg, to the
inverting input terminal where it is added (with
sign) to Alg, yielding a total current change of
2Al. This current flows through the feedback
resistor, Rj, which causes an output voltage
change, AVo, which is given by:

AV
AV0=2A|XR3=2XR_XR3 (2)

1

to yield a gain,

Ra (3)

At this point it is convenient to evaluate the
result obtained. The gain can be established by
one resistor (R;) according to equation (3).
Conventional instrumentation amplifiers usually
have a gain given by:

Constant
Ay =1+ . (4)

This means that the minimum gain of unity is
obtained if R is left out (R = ). Note that this is
different from the result indicated in equation (3)
where unity gain is obtained for

Ry = 2Rs (5)
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and minimum gain {(or maximum attenuation) is
obtained if Ry is left out (R; = ). This suggests
that the amplifier can be turned OFF without
disturbing the output voltage dc bias.

The two current sources for Q; and Q, are
implemented with a dual transistor (Qz and Q)
in conjunction with an additional amplifier of the
LM3900 as shown in Figure 2. The operation can
be easily understood if R4 and Rg are incorpo-
rated within the amplifier, which then takes the
form of a conventional opamp closed loop regula-
tor which maintains a reference voltage (the drop
across Rg) at the emitter of Qg.

PERFORMANCE
The performance of the complete instrumentation

amplifier of Figure 2 is outlined below (Table 1
and Figure 3).

TABLE 1. Typical Performance Characteristics

GAIN
Range of gain ~34dB{R, =) 10 72dB(R, = 0}
2R,
Gain s set according to A =22
Ry
INPUT

Voltage offset referred to nput 15 adjustable 10 zero

Pos supply less 2 4V
Neg supply less 300 mV

115dB (gain of 1000}
Bias current (esther input) 200 nA

ouTPUT

Output offset 15 adjustable to zero

Common mode and differential input voltage

Common mode rejection ratio at 10 Hz

12 mV,.,, (open loop)

Output noise ImV,s (Acy = 66 dB)

FREQUENCY RESPONSE

1 MHz (gain of 1000)

Small signal frequency response (-3 dB} 3 MHz (gan of 1)

Since quantitative discussion of the sources of
offset voltage is beyond the scope of this brief,

| g
P "
10,78 N

PR

FIGURE 2. Bridge Amplifier

only the procedure for nulling the amplifier will
be included. :

Letting Ry go to zero causes the amplifier to
operate in the open-loop mode. The main offset

120
100
g R0
=
= 60 .8
g )
& n
<
g
2 2
>
R1=2Ma
0 N
20

1 10 100 1K 10K 100K 1M 10M

FREQUENCY (Hz)

FIGUhE 3. Frequency Response

voltage source is now the Vgg mismatch of Q,
and Q,. The output can be nulled by the OUTPUT
OFFSET CONTROL (the reference voltage for R5)
or by adjusting the value of R,. With R; =<0, the
main offset voltage source is the mismatch in the
collector currents of Qz and Q4. This is easily
adjusted via Rq,. These first and second adjust-
ments interact, however, after repeating the pro-
cedure a couple of times a good result is obtained.

TRANSDUCER BIAS SOURCE

Having in mind that the LM3900 consists of four
independent amplifiers makes it relatively easy to
bias a transducer bridge with a constant current
source using only one more of the amplifiers and
one resistor. The technique is self-explanatory and
is also shown in Figure 2.

CONCLUSION

A brief review of a new concept for an instrumen-
tation amplifier has been presented. Many applica-
tions can be derived from this basic connection
which require amplifying the low level differential
signals which are obtained from sensors such as
strain gages, pressure transducers, and thermo-
couples. The performance of this instrumentation
amplifier is adequate for many system applications.
(See National Semiconductor Application Note 72,
“The LM3900 — A New Current-Differencing Quad
of = Input Amplifiers” for further information.)
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