




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































• r----------------------------------------------------------------------, 
III .... " Nation!ll Semiconductor �~�'� ,,' Get More Power Out of Linear Brief 44 

Dual or Quad Op-Amps Bob Pease 

Although simpie brute-force paralleling of op-amps is a bad 
scheme for driving heavy loads, here is a good scheme for 
dual op-amps. It is fairly efficient, and will not overheat if the 
load is disconnected. It is not useful for driving active loads 
or nonlinear loads, however. 
In Figure 1, an LF353N mini-DIP can drive a 6000 load to 
± 9V typical (± 6V min guaranteed) and will have only a 
47"C temperature rise above free air. If the load R is re­
moved, the chip temperature will rise to + 500C above free 
air. Note that A2's task is to drive half of the load. A 1 could 

10RI RI 
lOOk 10k 

VIII (±IV �P�E�A�K�I�"�'�_�-�~� __ 

TL/H/8493-1 

A1.A2 = 1/2 LM747 or 112 lF353oranyop-amp. 

FIGURE 1. A 1 and A2 Share the Load 

SENSE BUS 

VINn-..... �·�~� 

TYPICAL 

R·CDAMPER 

be applied as 'a unity-gain follower or inverter, or as a high­
gain or low-gain amplifier, integrator, etc. 
While Figure 1 is suitable for sharing a load between 2 am­
plifiers, it is not suitable for 4 or more amplifiers, because 
the circuit would tend to go out of control and overheat if the 
load is disconnected. 
Instead, Figure 2 is generally recommended, as it is capa­
ble of driving large output currents into resistive, reactive, 
nonlinear, passive, or active loads., It is easily expandable to 
use as many as 2 or 4 or 8 or 20 or more op-amps, for 
driving heavier loads.' 
It operates, of course, on the principle that every op-amp 
has to put out the same current as A 1, whether that current 
is plus, minus, or zero. Thus if the load is removed, all ampli­
fiers will be unloaded together. A quad op-amp can drive 
6000 to ± 11 or 12 volts. Two quads can put out ± 40 mA, 
but they get only a little warm. A series R,C damper of 150 
in series with 0.047 ""F is useful to prevent oscillations (al­
though LM324's do not seem to need any R-C damper). 
Of course, there, is no requirement for the main amplifier to 
run only as a unity-gain amplifier. In the example shown, in 
Figure 3, A 1 amplifies a signal with a gain of + 10. A2 helps 
it drive the load. Then A3 operates as a unity-gain inverter to 
provide V2 = -V1, and A4 helps it drive the load. This 
circuit can drive a floating 20000 load to ±20V, accurately, 
using a slow LM324 or a quick LF347. 

TYPICAL REPEAT 
AS MANY 
TIMES AS 
NEEDED 

=c> = 1/4 LM324 or 1/4 LF347 or any op-amp. 

TLlH/849S-2 

FIGURE 2. Improved Load-stlarlng Circuit 
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1" 
R2 
BOk 

56 > .... ___ ..J\j""'~ __ ... Vl -IUVIN 

5& 

2Uk 
1% 

FIGURE 3. Typical Application of Load-8harlng 
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~ Frequency-to-Voltage National Semiconductor 

Linear Brief 45 
Converter uses Sample­
and-Hold to Improve 
Response and Ripple 

Most frequency-to~voltage (F-to-V) converters suffer from 
the classical tradecff of ripple versus speed of response. 
For example, the:basic F-to-V converter shown below has 
13 mVp-p of ripple, and a rather slow O.S second settling 
time, when CFILTER is 1 p.F.lf you-want less ripple than that, 
the response time will be even slower. If you want quicker 
response, it is easy to decrease CFILTER, but the rlpple'VliII 
increase by tbe same factor. " 
The improved circuit in Figure 2 makes an end-run around 
these compromises. A low-cOst sample-and-hold circuit 

such as LF398 Can sample'the F-to-V's output at the peak 
of its ripple, and hold it until the next cycle. The LF398 has 
:falrly low output ripple (rms) but it does have some short 
duration noise spikes and glitches which can be removed 
easily with a simple output filter. The ripple at the output of 
the active filter VS Is smaller than 1 mV peak, but the set­
tling time for a step change of input frequency is only 60 ms, 
or ten times quicker than the "basic" FVC with CFILTER = 
1 p.F. 

_----.. ---.... ---4~IIV 
10k 

18k 

10k 

411,F 

flN-f ~ .. -----~ FREIlUENCY INPUT 
10 kHz FULL-SCALE 
SQUARE WAVE OR 

'UUETRAIN 

YOUT = fiN X (~) X (1.9V) X (1.1RMI 

( =~) = (_I _) X (1.9V) x (I.IRMI 
p-p CFILTER Rs 

(

l2kil" 

RS 

FIGURE 1. Basic Frequency-Io-Voltage Convertar 
TUH/8494-1 

r--4~--""--""---"--------"----~-----------------1~-----IW 

Ilk 

410,F '=" LM331 

fIN-IH~-~ 
INPUT FREQUENCY 
10 kHz FULL-SCALE 
SQUARE WAVE OR 

10k 

LF388 

PULSES r9L-ro:-.r"'--"'--lr--rtr.~r:-..J 

V4 
2ft 

I 

t VI 
TI~F 

'=" 

22k 

VI 

~.ru'T 
FULL· 
SCALE 

t-~~--~~--------~~--------------------.. ----~w lOOk 
OFFSET ADjUST ~ _______________ • ______________ -J'~' ______________ ~'~' _____________________________ J 

F.TO·V CONVERTER SAIIPLE AND HOLD OPTIONAL ACTIVE FILTER 

TLlH/8494-2 

FIGURE 2. Improved F-Io-V Converter Using Sampleoand-Hold 
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DETAILS OF OPERATION (Refer to Figure 3, Wavefon:ns) 

When the. input frequency waveform has a negative-going 
transition, pin 6 of the LM331 is driven momentarily lower 
than the 13V threshold voltage at pin 7. This initiates a tim­
ing cycle controlled by the Rt and Ct at pin 5, and also 
causes a transition from + 5V to OV at pin 3, (the normal 
VFC logic output) which is usually left unused in F-to-V oper­
ation. 

During the timing cycle (t = 1.1 x Rt x Ct = 75 /Ls, for the 
example shown) a precision current source i = 1.9 V IRs 
flows out of pin 1 of the LM331., and charges V1 up to a 
value slightly higher than the average DC value of V1. At the 
end of the timing cycle, V1 .stops charging up, and also V2 
rises. The 10 kn pull-up resistor is coupled (through the 200 
pF capacitor) to V3, and causes the LF398 to sample for 
about 5 /Ls. Then the LF398 goes back into hold. This entire 
operation is repeated at the same frequency as fiN. The 
average voltage at V1 will be the same 10V full scale, ac­
cording to the same formula of Figure 1. And the peak-to­
peak ripple can be computed as 65 mV peak, 130 mVp-p, 
using the appropriate formula. 

"N :: lL-__ -! 
.IV 

VOIPlIIIOFLII3311 

IOV----~ 

VPlN5 

DV 

Now, the input to the sample-and-hold at pin 3 may have a 
10.000V average DC value, but the output will be at 
10.065V, because the sample occurs at the peak value of 
V1. Thus, to get an output with low offset, a 15 Mn resistor 
is used to offset the V1 signal to a lower level. Trim the 
offset adjust pot to get VOUT = 1Vat 1 kHz, and trim the 
gain adjust pot to get VOUT = 1 OV at 10kHz (the interac­
tion is minor), as measured at V4, V5, or V6. The rms value 
of the ripple at V4 is rather small, but the peak-to-peak rip­
ple (spikes and glitches) may be excessive. A simple R-C 
filter can provide a filtered output at V5; or a simple active 
filter using an inexpensive LF351 , will give sub-millivolt 
(peak) ripple at VB, with improved settling time and low out­
put impedance. 

This F-to-V converter will have a good linearity, better than 
0.1 %, but only from 10kHz down to 500 Hz. Between 
200 Hz and 20 Hz, VOUT is not very proportional to fiN. And 
at 0 Hz, the output will be indeterminate, because the sam­
ple-and-hold will never samplel However, there are many F­
to-V applications where a 20:1 frequency range is adequate. 

VI :::~ -__ ---=;;;;"""'---------__ -

V2 

.V-----'L_ 
V3 -.v =r--r---......J~ 

.. "'''v ~----:--,~+~--~---~~f..~~ZIO~.~V"'~ 
I . ____ ~ ___ ~ ___ ---- t 

ve8.13C1V ~~ 
. , fmV,., 

TUH/B494-3 

FIGURE 3. Waveforms, Improved F·to·V Converter 
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~r-----------------~--~------~------------------~~~--~--~~~ .. 
~ AN,ew Production 

Techniqu~ for trim.mlng 
Voltage Regulatpr8 

Three-terminal adjustable voltage regulators such as the 
LM31l and LM33(:.are becoming popular for making regu­
lated supplies in instruments and. various other OEM appli­
cations. Because the regulated output voltage!s easily pro­
g@mmed by two resistors, the designer can choose any 
voltage in a wide range such as 1.2V to 37V. In a typical 
example (FI{/IJf'9 1) the output voltage will be: , 

( R2 .). 
VOUT = VREF R1 + 1 + R2 -lAD,! 

, 28VDC 

LM1171LM317 

(BLOCK 
OIASRAM) 

......,~ .... __ ~~_ VOUT 
OUT UV 

+ VREF 
_ 1.25V 

ADJ I 
+IADJ 

..... _--.... 

FIGURE 1. Basic Regulator 

Rl 
124.1" 

RZ 
2.0&11'1" 

TLlH/8495-1 

In many applications, when R1 and R2 are inexpensive 
± 1 % film resistors, and the room temperature accuracy of 

. the LM117 is better than ±3%, the OVerall accuracy of 
± 5% will be acceptable. In other cases, a tighter tolerance 

. such as ± 1 % is required. Then a standard technique is to 
make up part of R2 with a small trim pot, as in FIguf'92. The 
effective range of R2 is 2.07k ± 10%, which is adequate to 
bring VOUT to exactly 22.0V. (Note'that a 2000 rheOstat in 
series with 1.96 kO ± 1 % would not necessarily give a 
±5% trim range, because the end resistanca and wiper re­
sistance could be as high as 100 or 200; and the maximum 
value of an inexpensive 10% or 20% tolerance trimmer 
might be as low as 1600 or 1600.) 

In some designs, the engineering policy may frown on the 
use of such trim pots, for one or more of the following rea­
sons: 

- Good trim pots are more expensive. 
- Inexpensive trim pots may be drifty or unreliable. 
- Any trim pot which can be adjusted can be 

misadjusted, sooner or later. 

To get a tighter accuracy on a regulated supply, while avoid­
, ing these disadvantages of trim pots, consider the scheme 

in Ftguf'9 3. 

National Semiconductor , .. 
Unear Brief 46 
Robert A. 'Pease 

F~_VOUT 
U.DV 

--

Rl 

124.'" 

H2 
1.8,2 •• ," 

H3 
500 
OUTPUT ADJUST 

TLlH/8495-2 

FIGURE ~ Regulator with Small Adjustment Range 

VIN 

--
R2 
1.9111< ±,,, 

H3 
Uk 
.5% 

R4 
3.9. .5" 

RS 
Uk 
>5% 

TLlH/8496-3 

FIGURE 3. Regulator with Trlmmable Output Voltage 

When first tested, VOUT will tend to be 4% to 6% higher 
than the 22.0V target Then, while monitoring VOUT, snip out 

. R3, R4, and/or R5 as appropriate to bring VOUT closer to 
22:0V. This procadure will bring the tolerance inside ± 1 %: 

-If VOUT is 23.08V or higher, cut out R3 (if lower, 
don't cut It out). 

- Then if VOUT is 22.47V or higher, cut out R4 (if low­
er, don't). 

- Then if VOUT is 22.16V or higher, cut out R5 (if low-
er, don't). 

The entire production distribution will be brought inside 
22.0V ± 1 %, with a cost of 3 inexpensive carbon resistors, 
much lower than the cost of any pot. After the circuit is 
properly trimmed, it is relatively immune to being misadjust­
ed by a screwdriver. Of course, the resistors' carcasses 
must be properly removed and disposed of, for full reliability 
to be maintained. 

An alternate scheme shown in Ftguf'94 has R6, R7, and R8 
all shorted out initially with a stitch or jumper of wire. The ' 
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trim procedure is to open up a link to bring a resistor into 
effect. The advantage of this circuit is that VOUT starts out 
lowerthan the target value, and never exceeds that voltage 
during trimming. In this scheme, note that a total "pot resist­
ance" of 2150 is plenty for a 10% trim span, because the 
minimum resistance is always below 10, and the maximum 
resistance is always more than 2000-it can cover a much 
wider range than a 2000 pot. 

The circuit of Figure 5 shows a combination of these trims 
which provides a new advantage, if a ± 2% max tolerance is 
adequate. You may snip out R4, or link L1, or both, to ac­
commodate the worst case tolerance, but in most cases, 
the output will be within spec without doing any trim work at 

F"'-VOUT·22.0V 

--

Rl 
124±1% 

R2 
1.961< ±1% 

R6 
120±5% 

R7 
62 >5% 

RI 
33±5% 

.... 
all. This takes advantage of the fact that most ± 1 % resis- ~ 
tors are well within ± Ya%, and most LM337's output volt- __ 
age tolerances are between - %% and + 1 %%, to cut the 
average trim labor to a minimum. Note that L 1 could be 
made up of a 2.70 ± 10% resistor which may be easier to 
handle than a piece of wire. 

In theory, a 10% total tolerance can be reduced by a factor 
of (2" - 1) when n binary-weighted trims are used. In prac­
tice, the factor 'Would be (1.8" - 1) if ±10% trim resistors 
are used, or (1.9" - 1) if ±5% resistors are used. For n = 
2, a 10% tolerance can be cut to 3.8% p-p or ±1.9%. For 
n = 3, the spread will be 1.7% p-p or ±0.85%, and most 
units will be inside ± 0.5%, perfectly adequate for many reg­
ulator applications. 

National Semiconductor manufactures several families of 
adjustable regulators including LM117, LM150, LM138, 
LM117HV, LM137, and LM137HV, with output capabilities 
from 0.5A to 5A and from 1.2V to 57V. For complete specifi­
cations and characteristics, refer to the appropriate data 
sheet or the 1982 Linear Oatabook. 

R4 
Uk ±5% 

.. O;.;U;,;T .... _--- YOUT' -14.0V ±2% 

1 "F i!= TANTALUM 

TLlH/8495-5 

rl/H/8495-4 If IVourl is smaller than 13.75V, snip Ll and il will get bigger by 6%. 

If vour is lower than 20.90V, snip link 1 (if not, don't). 

Thtm if Your is lower Ihan 21.55V, snip link 2 (H not, don'I). 

Thtm H Vour is lower than 21.82V, snip link 3 (if nol, don't). 

FIGURE 4. Alternate Trim Scheme 

, Then H IVolJTl1s bigger than 14.20V, snip R4 and it will get smaller by 3%. 
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FIGURE 5. Circuit Which Usually Needs No Trim 
to Get VOUT Within ± 2% Tolerance 



~ High, VQltage, ,Adjustable " 
~Power. ~upplie" 

7,4." HJGH VPL:rAGE ADJUsTABLE POWER SUPPLIES 
'''I'! ' ,.1. " '. .,' 

Th. floating·mode operation of adJustable three·termlnal 
reguiators'lluch as the 'I..Ml17, family make them ,Ideal for 
highlfoltage operation. The ,regulator, has no ground pin; 
instead, all the quie8Q6nt current (about 5 mAl flows, to the 
output terminal. Since the r~ulator 8E!8S only the Input-out· 
put differential, its voltage rating - 40V .for. ,the ~ndard 
LM1F series and 60V,~orthe high voltage LM1,17Hy,seri~s 
"C':. will not ,be exceeded for outputs of hundreds of volts. 
However, the ICmay I1rea~ down wh~n t~eoutputls short~ 
ed un~s special design approaches, are l,lset:l, to, prot8ct 
agains~ it '" , 

Figure 1 shows how it's done. Zener'diode D1 ensures that 
the LM317H sees only a 5V input-output differential ove~ the 
entire range of output voltage from 1.2V to 160V. Since 

VIN217DV~""'-----"-" 

QI, 02: NSDI34 or similar 

CI, C2: 1 ,.F, 2DDV MYLAR 

'Heat Sink 

OZ ' 
IN4801 

National Semiconductor 
Linear Brief 47 
Michael'Maida 

high-voltage transistors by necessity have a low p, a Dar­
IInl!iO':' is used to s~nd off the high voltage. The 2:ener im. 
pedance Is low enough that no:bYpass capacitor is requjre,~ 
di~ly, at the LM317 input. (In fact, no capaCitor shqu/d bl' 
used here if the circuit is to survive, an output shorjl)R3 
limits short circuit current to 50 rnA The RC network on the 
output improves transient response as does bypassing the 
ADJUST pin, while R4 and 02 protect the ADJUST pin duro 
ing shorts. 
Since Q2 may dissipoate up to 5W normally' or lOW during a 
short circuit, it should be well heat sunk. For higher output 
currents substitute a pass device in a TO-3 or TO·220 pack· 
age in place of the TO-1I02 NSD134 and reduce R3. Of 
course, if the required output' current is less than 25 rnA, R3 
can be increased to reduce the size of the heat sink need­
ed. 

LM317H VOUT 
OR LM317MP OUT 1-~ ..... ---~ ... 1.2V TO 

16DV.25mA 
ADJ R7 

CI 

~1'.IlF 

R6 
2Dk 
5W 

--

2.m 
'&2 

, '!'UIlF 

TL/HI7335-1 

FIGURE 1. Basic High Voltage Regulator 
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.... 

,-------------------------------------------------------------------------, ~ 
An :'improved approach is shown in Figure 2. Here an 
LM329B S.9V zener reference has been stacked in series 
with the LM317's internal reference. This both improves 
tel'llperafurestability, Since the LM329B has a guaranteed 
TC of' ± 20 ppm/'C, and Improves regulation, because more 
loop gain is available from the LM317. 

VIN ~178V-4~----+-., 

These techniques, can be extended for higher output volt- ~ 
ages and/or currents by either using better high voltage ~ 
transistors or cascading or paralleling (with appropriate 
emitter ballasting resistors) several transistors. The output 
short circuit current, determined by R3, must be within Q2's 
safe area of operation so that secondary breakdown cannot 
occur. 

LM317H VOUT 
ORLM317MP OUT .... t--... - .. -+-IVTO 

01, 02: NSD134 or similar 

Cl, C2: 1 ,.F. 200V MYLAR 

'Heat Sink 

AOJ RI 
IBOV025 .. A 

D2 
lN4OO1 ~ LM329B 

CI +,1.0,... 

R5 
Uk 

FIGURE 2. Precision High Voltage Regulator, 
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2Dk 
5W 

un 
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~ r-------------------------------------------------------------------------, 
~ Simp,le Voltmeter Monitors 

TTLS..:.pplies 

Using a National Semiconductor LMS914 bar/dot display 
driver chip, a few resistors and some LEOs, a simple ex­
panded-scale voltmeter is easily constructed. Furthermore, 
it runs from the same single 5V ± 10% supply it monitors 
and can provide TTL-compatible undervoltage and overvolt­
age warning signals. 

The complete circuit is shown in Figure 1. Resistors R1 and 
R2 attenuate Vee by a factor of three at the LMS914 signal 
input, ensuring proper biasing of the IC with Vee as low as 
4V. The IC's internal reference sets the voltage across the 
series combination of RS, R4 and R5 at 1.25V, establishing 
a reference load current of about 1 mA. This current is 
joined by the small, constant current from the reference ad­
just pin (75 /LA, typ) and flows to ground through R6 and R7, 
developing a voltage drop. Adjusting R6 varies this voltage 
drop and, consequently, the voltage at pin 7, nominally, 
1.BOSV (= 5.41V1S). 

Pin 7 is connected to the top of the ,LMS914's intemal ten~, 
step voltage divider (pin 6). The bottom of this divider (pin 4) 
is connected to the center tap of potentiometer R4. By vary­
ing the pot setting this vOltage can be s~t to 1.47V 
(= 4.41V1S) without siQl)ificantly affecting the potential',at 

01 
lN4IIDI 

5v±~Bi"'''-------'''''' 

VccM LED 
lIIumlnaled 

4.51-4.60 #1 
4.61·4.70 #2 
4.71-480 #3 
4.81-4.90 #4 
4,91-5.00 #5 
5.01-5.10 #6 
5.11-5.20 #7 

AI 
21Nt 

A2 
10k 

National Semiconductor 
Linear Brief 48 
MiChael Maida 

, I 

pin 7. The optional diode 01 protects against damaging the 
IC by connecting the leads backwards. 

In operation, the LMS914's ten internal voltage comparators 
compare the signal 'input, Vee/S, to the reference voltage 
on the divider, lighting each successive LED for every 100 
mV increase in Vee above 4.5V., as shown. The LMS914 
regulates the LED c\lrrents at 10 times the reference load 
current, here about 10 mA, so external current-limiting resis­
tors are not required. With pin 9 left open circuit, the 
LMS914 functions in Dot mode (only one LED on at a time). 
If desired, a Bar mode display could be obtained by con­
necting pin 9 to Vee, but the dot display seams more suit­
able in this application. 

To calibrate, set Vci:, at 5.41V and adjust R6 until LED #9 
and LED #10 are equally illuminated. (A built-in overlap of 
about 1 mV ensures all LEOs won't go out at a threshold 
point.) There's no need to vary the system supply voltage to 
perform this adjustment. Instead, disconnect R1 from Vee 
and connect it, to an accurate reference. Then, at 4.5V, ad­
just R4 until LED # 1 just barely turns on. There is a slight 
interaction caused by the finite resistance (10k, typ) of the 
LMS914~s voltage divider, so that repeating the above pro­
cedure 'once is advised. 

LM3914 

SIGNAL 
INPUT 

R5 
825 

5.21·5.30 #8 
5.31-5.40 #9 

All fixed resistors are ± 1 % tolerance 
All potentiometers are ± 20% 

5.41-up #10 Cl: 2.2 ",F tantalum or 1 0 ",F aluminum electrolytic TUH/8496-1 

FIGURE 1. 5V Power Supply Monitor 
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... 

The LED driver outputs can directly drive a TTL gate, so that 
the LED #1. and LED #10 outputs may be used for under­
voltage and overvoltage warning signals. These may be 
used to initiate a soft shutdown or summon an operator, for 
example. The interfacing circuitry is shown in Rgure 2. The 
4700 resistor R8 ensures that the LM3914 output will satu­
rate to provide the proper TTL low level. Pull-up resistor R9 
provides the logic high level. 

In the previous circuit the undervoltage LED goes out when. 
Vee is less than 4.51V, a deficiency that is corrected here, 
Transistors 01 and 02 shut off LED # 1 whenever any other 
LED is tumed on by the LM3914. 02's output will directly 
drive TTL 

Calibration procedure is the same as before. The LM3914 ~ 
output thresholds have been shifted up by 100 mV and out- _ 
put #10 is or-tied with output #9. Other outputs may be 
wire-or'd together if 100 mV resolution is not necessary. If 
desired, the outputs can be color coded by making LED # 1 
and LED #10 red, LED #2 and LED #9 amber, and the 
rest of the LEDs green to ease interpretation. 

This circuit is useful where quick and easy voltage adjust­
ments must be made, such as in the field or on the produc­
tion line. The circuit's low cost makes it feasible to incorpo­
rate it into the system, where the overvoltage and undervol­
tage warning signals provide an attractive extra. Of course, 
these techniques can be used to monitor any higher volt­
ages, positive or negative. 

5v~i'---~~-'--~-'-------------------------------------' 

HIUHFOR 
UNOERVOlTAGE .......... 

TO LOGIC 
RI4 
150 

#1' 'N 

'LED *' Is illuminated for 3V ,; Vee ,; 4.5W 

01: 2N3906, 2N2907 or similar 

02: 2N3904, 2N2222 or similar 

FIGURE 2_ Power Supply Monitor with TTL Interface and Extended Undervoltage Range 
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~ 
~ Programmable Powe.r National Semiconductor " 

Linear Brief 49 , , mI'", 
Regulators Help CheckOLJt 
ComputerSystem . , 
Operating Margins 

It is a familiar situation that 'some computer systems which 
are functional with a 5V supply may run marginally at 5.1V 
but can show a solid failure at '5.3V (or, vice versa) even 
thCiugh all these voltages are within the system's'specifica­
tions. The lM338 is an exarnple of a monolithic voltage reg­
ulator which can be placed under computer control, and can 
trim the supply to a particular v~ation above (and, below) 
the design-center voltage. Simultaneously the computer is 
exercised through a standard test sequence. Any deviation 
from correct functioning, at one supply voltage level or an­
other, will serve as a warning of impending rIlalfunction or 
failure. This test approach can be used for diagnostics" for 
troubleshooting, and for engineering evaluation. It can help 
detect skew, race conditions, timing problems, and noise 
and threshold problems. 

HERE'S HOW 

During normal operation, the latch (IC 1) is programmed to 
have its 01 and 02 outputs HIGH, and its 03 and Q4 LOW 
Then R4 and R5 are connected effectively in parallel with 
R6, and VOUT is adjustec:Uo 5Vdf Q4 is commanded HIGH, 
the net conductance from the adjust bus to ground will de­
crease, and VOUTwili rise 3% to 5.151V. COnversely'ifOl ill 
commanded LOW, the output voltage will fall 3.3% to 
4.835V. The complete list of o!Jtput voltages (in approxi­
mately 3.2% steps) is shown in Table I, covering a ±9.5% 
total range. ' , 

The same basic function can be accomplished for -5.2V 
regulators (as are used for ECl) using lM337 negative ad­
justable regulators. If the command is from TTL latches, the 
circuit of Ftgure 2 will be suitable to interface between the 
(OV and 2.4V) logic levels and the saturated PNP collectors 
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as shown. The resistors Rl0l-Rl04 are switched by tran­
sistors 0101-0104 in a similar way toFigure 1; Note that 
the reSistors in Figure 2 are in 'Ii binarY-weighted proportion. 
To decrease VOUT by 2%', just change Q4 to LOw' but to 
increase VOUT by 2%, set 01 HIGH and 02, 03, 04 all 
LOW, in a standard offset binary scheme. 

TABLE I. Available Trim Ranile 

01 02 03 04 ,VOUT %~VOUT 

1 1 0 0 5.000V (trimmed) 

, 1 1 0 1 , 5.151V +3.0% 

1 1 1 0 5.299V +6.0% 

1 1 1 1 ,5.469V +9.4% 

0 1 0 0 4.835V -3.3% 

1 0 0 0 4.669V -6.6% 

0 0 0 0 4.526V -9.5% 

Rgure 2 also provides another feature. If 05 goes LOW, 
0105 will saturate and pull the adjust bus to within 100 mV 
of ground, and the VOUT will collapse to -135V. The nega­
tive supply will be effectively shut down, and the computer 
will draw substantially zero power. 

In an extreme case of automation, the computer could trim 
the - 5.2V supply to the "best" value, and the trimpot would 
be completely superfluous. The circuit of Figure 2 has a trim 
resolution of 3% steps, and can set VOUT well within 2% of 
the ideal value, so long as some measurement has decided 
which voltage is "ideal". 

I voc NOMINAL 
INPUT 

VOUTPUT 
&.DVoc 
NOMINAL 

ENABLE 5,DV 
Vec 

Uk Uk 12k Uk 
Rl 
124 .1" 

DATA 
BUS 

R2 
18k 

PI ~~~-+--~--+-~~~~A~OJ~UU~ 

R3 

02 ~[02 ~ ____ ""' __ -I-__ ..... ~4\J.7k~ .. 
LATCH 
DM747& 

OR SIMILAR 
R4 
Uk 

03· ..... --------.... --+~~ .... 

BUS 

RI 
R5 346 
12k ± 1% 

04 04*I-------------... ~~~_~II,,-., 

'Note, Q3 and 04 Bre normally low 
when VOUT is trimmed to 5.00 VOC. 

FIGURE 1. Programmable Power Supply 
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~ ~ 
( DATA IUS > , , 

., ". DO 1M :1 fUlLE 
.1" OJ mHTCH DO 

... ... ... I •• U. 

~ ~II' ~,a ~'D ~'M ~.,.n 
... .. ... '"~ :Ill ~ • 

;. 
-UVue - • '11 ., . .'D .," HZ , .. ... ... '" ... .. '" .'" .", . ", u • 

.... m.us 

iLl ~ ., 
'" ~T"" u. 

- aUT 
,,1 '01 Is normally LOW, all other a's are HIGH. 

-ftVac IIOMIfIAL I. ~~ See Table II for available trim range. 
tIIIF.DM 

RECTIfiERS AID .IL nRl TUHI7338-2 

FIGURE 2. Programmable Negative Supply 

TABLE II. Available Trim Range 

Q1 Q2 Q3 Q4 YOUT %~YOUT 

0 1 1 1 5.200V (trimmed) 

0 1 1 0 5.110V -1.7% 

0 1 0 1 5.025V -3.4% 

0 1 0 0 4.944V -4.9% 

0 0 1 1 4.853V -6.7% 

0 0 1 0 4.779V -8.1% 

0 0 0 1 4.707V -9.5% 

0 0 0 0 4.638V -10.8% 

1 0 0 0 5.310V +2.1% 

1 0 0 1 5.409V +4.0% 

1 0 1 0 5.513V +6.0% 

1 0 1 1 5.622V +8.1% 

1 1 0 0 5.757V +10.7% 

1 1 0 1 5.880V +13.1% 

1 1 1 0 6.010V +15.6% 

1 1 1 1 6.147V +18.2% 
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; Add Kelvin Sensing ,and', ' 
Parallel Capability to 
3· Terminal Regulators' ' 

:National Semiconductor 
Line,'d3riEif 51 ' 

Paralleling of 3-terminal regulators is generallY nofrecom- thr0'th a,:pOl'!n8ctor. Total cost of added components is 
mended because the devices do hot share currEl(lt' equally. , less an'Sq¢.' 
If, for instance, you try to make.a 3 'amp, regulator using F/{/UfB 1 shows the new Kelvin sense scheme using the 
three 1 amp regulators, the device with the highest oU,tptit I.,M338 S amp adjustable regulator. A 1 forces a voltage drop 
could be carrying 2.S amps in a current limit mode. The, across RS eqUal tQ'the voltage across the parasitic resist- ; 
regulator with the second highe,st output would be carrying ,lince, r s' The Current through R3 flows into the output of A 1 
only 0.5 amps, and the third regulator would be totally off. and out'ilie n~gative supply pin. This creates a voltage drop 
The reliability of such a system is poor ,be~Us6 of the com- across R4, just equal to the voltage across r s, cancelling the 
bination of high temperature and high current in the first effect of r s' on load regulation. There is an error in VOUT 
regulator. A simple way to improve sharing is tq insert a,low • created by the quiescent current of A 1, but for a SV output, 
value resistor in series with each output. The problem With , this error iii only about 0.7%. Voltage loss across rs must be 
this approach is that Jpad, regulati,on is very ppor if .the tesis- > limit~d to 300 mV to avoid current limiting in A 1. If larger 
tors are made large enough to ensure adequate sharing: drops must be aceommodated, R3 and R4 will have to be 
A new techniqUe for current sharing overcomes the load increased. C1 is:'necessary only if intermediate values of 
regulation problem and, as an added bonus, prol(ililes rEI;, cap~tance (2 I-IF~20 p.F) are put directly across the load. 
mote sensing capability not available in the standard 3-ter- Any of the positive adjustable regulators may be used in 
minal regulators. This is a great advantage when ,the regula.., , ,'place of tI1& 'LM338. 
tors must be mounted off-card with their outpul$' fed, ' 

'.* ~~------------~~----------~~+VOUT·&~ 

• PARASlTI~ LINE AND 
CONNECTOR RESIITANCE 

.!LCI 
-rhF 

I 

R4 
30 

L __ ... ____ '" 

-VIN-----------------------------------~ .... -vOUT 
FIGURE 1 
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r-------------------------------------------------------------------------,r 
Figure 2 combines Kelvin sensing with paralleling, where 
the voltage loss across the current sharing resistors is cor­
rected by the sensing connection. r sl through r s3 are equal 
lengths of #22 gauge lead wire which act as ballasting re­
sistors. These resistors can be kept small because LM338 
adjustment pins are paralleled, forcing the outputs to track 
to within about 60 mY. rs4 consists of the parasitic resist­
ance of any additional output lead plus connector loss. The 

r53* 
0.03 

*2FEETOF 
"22 HOOKUP 
WIRE 

r12* 
0.03 

total loss for rs4 may be up to 0.25V without loss of proper ~ 
Kelvin sensing. Note tliat if U 1 has the lowest reference ..... 
voltage of the three regulators, full Kelvin sensing might not 
become effective until output current has increased above a 
threshold value of several amps. If this is undesirable, the 
adjustment pin of U1 may be connected to a 50 tap on R1, 
increasing its effective reference voltage by 50 mY. The cur-
rent load for U1 would be 1.5 amps higher, however. 

r,4 
+VIN-... -+-::-.... 1I~.;....,...jV\l""""--~---~Mr_-_::=__- +VOUTI' 15 AMPS 

VIN L---,r----' 

RI RJ 
120 40 

I 
..!L-CI 

--r- 2pF 
I L. ____ .... ___ __... 

-VIN-------------------------.....;=It--VOUT 

FIGURE 2 

1215 

TL/H/8498-2 



A, Low-Noise PreCi$ioo' 
OpAmp t.' 

, .::" 

It Is well known that the voltage noIse of an operational 
amplifier can be decreased by increasing the emitter current 
of the input stage. The signal-to-noise ratio will be improved 
by the increase of bias, until the base current noise begins 
to dominate. The optimum is found at: 

KT>"iiFE 
la(optimum) = - --

q rs 

where r s is the output resistance of the signal source. For 
example, in the circuit of Figure 1, when rs = 1 kfi'·and 
hFE = 500, the la optimum Is about 500 p.A or 560· p.A. 
However, at this rich current level, the DC base current will 
cause a significant voltage error in the base resistance; and 
even after cancellation, the DC drift will be significantly big­
ger than when la is smaller. In this example, Ib = 1 p.A, so 
Ib x rs = 1 mV. Even if the'lb and rs are well matched at 
each input, it is not reasonable to expect the Ib x r s to track 
better than 5 or 10 P. V I"C versus temperature. 

National Semiconductor ' 
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posite op "amp, Ib1-lb2, will be very small, 1 nA or 2 nA. 
Thus, errors caused by bias current and offset current drift 
vs: temperature can be quite small, less than 0.1 p. V 1°C at r s 
= 1000fi. • 

The noise of 01A and 01B would norrnally be quite signifi­
cant, about 6 nV/.JHz, but the 10 p.F capacitors completely 
filter out the noise. At all frequencies above 10Hz, Q2A and 
02B act as the input transistors, while 01 A and 01 B merely 
buffe~ the lowest frequency and.DP signals. 

For audio frequencies (20 Hz to 20 kHz) the voltage noise of 
this amplifier is predicted to be 1.4 nV/.JHz, which is quite 
small compared to the Johnson noise of the 1 kfi source, 
4.0 nV/.JHz. A noise figure of 0.7 dB is thus predicted, and 
has been measured and confirmed. Note that for best DC 
balance R6 ='. ,976fi is added into the feedback path, so 
that the total impedance seen by the op amp at its negative 
input is 1kfi. But the 976fi is heavily bypassed, and the 
total Jphnson noise contributed by the feedback network is 
below % nV/.JHz. 

, .. To achieve lowest drift, below 0.1 p.V/oC, R1 and R2 
shciuld; of course, be chosen to have good tracking tempco, 
below 5 ppm/oC, and so should R3 and R4. When this is 
done, fhe drift referred to input will be well below 0.5 p. V 1°C, 
and this has been confirmed, in the range + 10"C to + 50"C. 

A new amplifier, shown in Figure 2, operates one transistor 
pair at a rich current, for low noise, and a second pair at a 
much leaner current, for low base current. Although this 
looks like the familiar Darlington connection, capacitors are 
added so that the noise will be very low, and the DC drift is 
very good, too. In the example of Figure 2, 02 runs at 
la = 500 p.A and has very low noise. Each half of 01 is 
operated at 11 p.A = Ie. It will have a low base currQnt 
(20 nA to 40 nA typical), and the offset current of the com- . 

SIGNAL 
SOURCE 

Overall, we have designed a low-noise op amp which can 
rival the noise of the best audio amplifiers, and at the same 

Your 

t' .... 
I ......... 
I .... , 
I .......... 
I ......... 
I .......... 
I ......... .... 

...................... 
.... 

rUH/8499-1 

VOUT .. (n + 1) VIN + Ves x (n + 1) + (1b2 - Ibll x r. x (n + 1) + Vn_ X (n + 1) + in_ X (r. + RINl X (n + 1) 

FIGURE 1. ConventIonal Low-NoIse OperatIonal Amplifier 
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time exhibits drift characteristics of the best low-drift amplifi, 
ers. The amplifier has been used as a precision. pre-amp 
(gain = 1000). and also as the output amplifier for a 20-bit 
!;lAC. where low drift and low noise are both important. 

to optimize the circuit for other r s levels. the emitter current 
for 02 should be proportional to 1/.fr;. The emitter current 
of 01A should be about ten times the base current of 02A. 
The base current of the output op amp should be no niore 
than 1/1000 of the emitter current of 02. The values of R 1 
and R2 should be the same as R7. 

OFFSET 
ADJUST 

Various formulae for noise: 

Voltage noise of a transistor. per .'Hz. en = KT {21 .. . \fQiC 

Current noise of a transistor. per .'Hz. in = .J! 
Voltage noise of a resistor. per .'Hz. en = ~4 KTRs 

For a more coniplete analYSis of low-noise amplifiers. see 
AN-222. "Super Matched Bipolar Transistor Pair Sets New 
Standards for Drift and Noise". Carl T. Nelson. 

15V-t----........ - ... ---.... --.... -.., 

r, 
1k 

1.2M 
5% 

zoo 
±t" 

H7 
15k 
1% 

zoo 
±1% 

'----... --15V 

lOOpF 

>--+--VOUT 

HF 
10.OK 
±1% 

HI. 
10.0 
±t% 

'Tracking TC < 5 ppml'C 

"Solid tantalum 

'''Tracking TC < 5 ppml'C, 
Beckman 694·3·Rl00K·D or Similar 

TUH/8499-2 

FIGURE 2. New Low-Noise Precision Operational Amplifier as Galn-of-1000 Pre-Amp 
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~ p,P Interface for a 
Free-Running AID Allows 
Asynchronous Reads 
In many data acquisition applications it is necessary to have 
an A' to D converter operate as its maximum conversion 
rate. The coritrolling 'microprocessor would then be able to 
read the most current input data' at any point in time as 
required by software. To minimize program execution time, 
a DATA READ may not be snychronous to the completion 
of a conversion, and herein lies a problem. It is jilntirely pos­
sible that the processor could assert a READ command 
right at the instant the AID converter is updating its output 
register. The data read would be the value of the convert­
er's output lines in transition from the result of the previous 
conversion to the latest result, and would very likely be in 
error. 

The addition of a simple binary counter to the AID interlace 
circuitry can be used to generate a READY signal to the 
microprocessor that will prevent a READ during a data up­
date. The circuit of Figure 1 shows a CD4024BC7-stage rip­
ple carry binary counter used in conjunction with an 
ADC0801, 8-bit microprocessor competible A to D convert­
er. Circuit operation relies on two basic properties of the 
AID converter. First of all, the free-running conversion time 
of the AID must be a constant number of clock cycles; and 
secondly, the output latches must be updated prior to the 
end of conversion signal. The ADC0801 fulfills both of these 
requirements. The output data latches are updated one AID 
clock period before the ~ falls low, and the free-running 
conversion time is always 72 clock periods long. 

sv 
20 
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As part of the system power-up initializaton sequence, a 
logic low must be temporarily applied to the ~ 
~ input to the AID to force the converter to start. At 
the end of a conversion, the ~ output goes low, and 
both resets the counter outputs to all zeros and signals an­
other conversion to start by pulling WR low. The length of 
,time that the iNTR output stays low is normally only a few 
internal gate propagation delays (approximately 300 ns) and 
is independent of the AID clock frequency. The 1000 pF 
capaCitor on this output extends this time to approximately 
1 p.s to insure adequate reset time for the counter. 

A conversion is started on the low to high transition of the 
'i'IiI'm" and WR pins. The next data update will occur 71 clock 
periods after this edge occurs. The counter will signal that a 
data update is about to occur after 64 clock periods. If the 
processor attempts a DATA READ within an 8 clock period 
time frame around the data update time, its READY input 
line will remain low, signifying a NOT READY condition. The 
processor would then extend the READ cycle time until it 
receives a READY indication created by the counter being 
reset by iliiiR. This insures that the latches have already 
been updated and proper data will be read. 

If a READ is attempted during the 64 clock period interval 
after the start of a conversion, the READY IN line to the 
processor will go high to permit a normal READ cycle, and 

sv (+) 6 
7 

ANALOG L H INPUT 

ClKOUT 19 

ADcoaOI 

ClKIN 

TIming Diagram 

INTR~ 

vo,~ 
OUTPUTLATCH/ n 

ISOh: 

AID READY OUT NOT READY UPDATEO I L. 
'---DATA READ AT 

THISTIME 
A READ IS ATTEMPTED 

aUT IS EXT~g~~ R~~~~ ___ ----
TUH/8500-2 

FIGURE 1 
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· th8 data outPut by the AID will be the result of ·the previous 
oonvei'sion. The processor READY IN logic, as shown, reo 
quires,:that all system devices that may need special READ 
Qf WRITE'timing provide a NOT READY (a Logic 0 on their 
READY OOT lines) indication until selected to be read from 
or written to. 

The chancE! of having the p~ocessor·extend its READ cycle 
time is 1 in' 9 (8 clock periods out of 72) and the maximum 
length.of time a READ would be extended is 8 AID clock 
periods. These two timing considerations are insignificant 
trade-offs to take to insure that proper AID data is always 
read. 
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The Monolithic' Operational 
Amplifier: A Tutorial Study 

Invited Paper-
IEEE Joumal of Solid-State Circuits, Vol. SC-9, No. 6 
Abstract-A study is made of the integrated circuit opera­
tional amplifier (lC op amp) to explain details of its behavior 
in a simplified and understandable manner. Included are 
analyses of thermal feedback effects on gain, basic relation­
ships for bandwidth and slew rate, and a discussion of pole­
splitting frequency compensation. Sources of second-order 
bandlimiting in the amplifier are also identified and some 
approaches to speed and bandwidth improvement are de­
veloped. Brief sections are included on new JFET -bipolar 
circuitry and die area reduction techniques using transcon­
ductance reduction. 

1.0 INTRODUCTION 
The integrated circuit operational amplifier (IC op amp) is 
the most widely used of all linear circuits in production to­
day. Over one hundred million of the devices will be sold in 
1974 alone, and production costs are falling low enough so 
that op amps find applications in virtually every analog area. 
Despite this wide usage, however, many of the basic per­
formance characteristics of the op amp are poorly under­
stood. 

National Semiconductor 
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It is the intent of this study to develop an understanding for 
op amp behavior in as direct and intuitive a manner as pos­
sible. This is done by using a variety of simplified circuit 
models which can be analyzed in some cases by inspection, 
or in others by writing just a few equations. These simplified 
models are generally developed from the single representa­
tive op amp configuration shown in F/{Jures 1 and 2. 
The rationale for starting with the particular circuit of Figure 
1 is based on the following: this circuit contains, in simplified 
form, all of the important elements of the most commonly 
used Integrated op amps. It consists essentially of two volt­
age gain stages, an input differential amp and a common 
emitter second stage, followed by a class-AB output emitter 
follower which provides low impedance drive to the load. 
The two interstages are frequency compensated by a single 
small "pole-splitting" capaCitor (see below) which is usually 
included on the op amp chip. In most respects this circuit is 
directly equivalent to the general purpose LM101 [11, !lA 
741 [21, and the newer dual and quad op amps [31, so the 
results of our study relate directly to these devices. Even for 

r-__________________ ~----~--<>V~ 

+0-----+----, 
VOUT 

+ 

L----~------~--~--~~~JVEE 

~ I I CLASS A8~ 
INPUTSTAGE--2NDSTAGE--OUTPUT 

BUFFER 

FIGURE 1. Basic two-stage IC op amp used for study. Minimal 
modifications used In actuallC are shown in FIgure 2. 
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'a 
CD 
:::J 

VOUT 

TL/H/B745-3 

(a) 
TLlH/B745-2 (b) 

FIGURE 2. (a) Modified current mirror used to reduce dc offset caused by base currents in 
Q3 and Q4 in Figure 1. (b) Darlington p-n-p output stage needed to minimize gain fall-off when sinking large 

output currents. This is needed to offset the rapid /3 drop which occurs in IC p-n-p's. 

more exotic deSigns, such as wide-band amps using feed- Av(O) = voU! "" gml/35/3sf37~L 
forward [4], [5], or the new FET input circuits [6], the basic vin 1 + ri2/rOl (1) 

analysis approaches still apply, and performance details where 
can be accurately predicted. It has also been found that a 
good understanding of the limitations of the circuit in Figure 
1 provides a reasonable starting point from which higher 
performance amplifiers can be developed. 

The study begins in Section 2, with an analysis of dc and 
low frequency gain. It is shown that the gain is typically limit­
ed by thermal feedback rather than electrical characteris­
tics. A highly simplified thermal analysis is made, resulting in 
a gain· equation containing only the maximum output current 
of the op amp and a thermal feedback constant. 

The next' three seations apply first-order models to the cal­
culation ·of small-signal high frequency and large-signal 
slewing characteristics. Results ·obtained include an accu­
rate equation for gain-bandwidth product, a general expres­
sion for slew rate, some important relationships between slew 
nite and bandwidth, and a solution for voltage follower be­
havior in a slewing mode. Due to the Simplicity of the results 
in these sections, they are very useful to designers in the 
development of new amplifier circuits. 

Section 6 applies more accurate models to the calculation 
of important second-order effects. An effort is made in this 
section to isolate all of the major contributors to bandlimiting 
in the modern amp. 

In the final section, some techniques for reduction of op 
amp die size are considered. Transconductance reduction 
and layout techniques are discussed which lead to fabrica. 
tion of an extremely compact op amp cell. An example yield­
ing 8000 possible op amps per 3-in. wafer is given. 

2.0 GAIN AT DC AND LOW FREQUENCIES 

A. The Electronic Gain 

The electronic voltage gain will first be calculated at dc us­
ing the circuit of Figure 1. This calculation becomes straight­
forward if we employ the simplified transistor mOdel shown 
in Figure 3(8). The resulting gain from Figure 3(b) is 
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rOl' "" r04/ /r02' 
It has been assumed that 

/37RL < rOS//r09, gml = gm2, /37 = /3a· 
The numerical subscripts relate parameters to transistor a 
numbers (i.e., r 95 is r 9 of a5, /3s is /30 pf as, etc.). It has also 
been assumed that the current mirror transistors a3 and a4 
have a's of unity, and the usually small loading of Rs has 
been ignored. Despite the several assumptions made in ob­
taining th'is" simple form for (1), its acicuracy is quite ade­
quate for our needs. 

An examination of (1) confirms the ;"'ay in which the amplifi­
er operates: the input pair and current mirror convert the 
input volt.agE! to a current gml Vin which drives the base of 
the second stage. Transistors a5, a6, and a7 Simply multi­
ply this current by /33 and supply it to the load RL. The linitll 
output resistance of the first stage causes some loss when 
compared with second stage input reSistance, as indicated 
by the term 1/(1 + ri2/rOl'). A numerical example will help 
our perspective: for the LM101A,Il "" 10 ",A, 12 "" 300 ",A, 
/35 = /3s "" 150, and /37 "" 50. From (1) and dc voltage 
gain with RL = 2 kO is 

Av(O) "" 625,000 (2) 
The number predicted by (2) agrees well with that measured 
on a discrete breadboard of the LMl 01 A. but is much higher 
than that observed on the integrated circuit. The reason for 
this is explained in the next section. 

B. Thermal Feedback Effects on Gain 

The typicallC op amp is capable of delivering powers of 50-
100 mW to a load. In the process of delivering this power, 
the output stage of the amp internally dissipates similar 
power levels, which causes the temperature of the IC chip 
to rise in proportion to the output diSSipated power. The 
silicon chip and the package to which it is bonded are good 
thermal conductors, so the whole chip tends to rise to the 
same temperature as the output stage. Despite this, small 
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Tl/H/8745-4 

'0 .. 2OO/IC MONOLITHIC NPN 

'0 .. 801IC MONOLITHIC PNP 
(a) 

V, 

'"L' 

Tl/H/8745-~ 

(b) 

FI,GURE 3. (a) Approximate 'IT moctel for CE trans,lstor at dc. Feedback element r,. "" /34ro Is Ignored since this greltly 
simplifies hand ,calculations. The error caused Is usually less than 10 percent because /34, the Intrinsic /3 under the 

emltter,ls quite large. Base resistanCe rx Is also Ignored for simplicity. (b) Circuit Illustrating calculaJJon of electronic 
gain for op amp of Figure 1. Consideration Is given only to the fully loaded condition (RL "" 2 kO) where /37 Is failing (to 

about 50) due to high current denslt)'. Under thl~ condition, the output reslltance of 06 and Q9 are nondomlnal!t. 

temperature gradients from a few tenths to a few degrees Vin! ",,' ±KTPd(2 x, 10-3) 
centigrade develop across the chip with the output section "" ± 'YTPd (4) 

being hotter than the rest. As Illustrated in Figure 4,these where'YT = KT(2 X 10-,3) V/W, since the transistor emit. 
temperature gradients appear across the input components 
of the op amp and induce an input voltage which is propor- ter·base drops change about -2 mV/·C. ' 
tional to the output dissipated pow~r. For a thermally well designed IC op amp, in which the power 

To a first order, if can be assumed that the temperature 
difference (T2 - T1) across a pair of matChed and closely 
spaced components is given simply by 

(T2 - T1) "" ±KTPd ·C (3) 

where 

P d , power dissipated in' the output circuit, , 

Kl a constant with dimensions of ·C/W. 

The plus/minus sign is needed because the direction of the 
thermal gradient is unknown. In fact, the sign may r~ve~ 
polarity during the output swing as the dominant source of 
heat shifts from one transistor tb another. If the dominant 
input components consist cif the differential transistor pair of 
Figure 4, the thermally induced input voltage Yin! can be 
cal,culated as " 
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output devices are made to approximate either a point or a 
line source and the input components are placed on the 
resulting isothermal lines (see below and Fl{JUre 8), typical 
values measured for KT are 

KT:::: O.3"C/W (5) 

in a TO-5 package. 

The dissipated power in the class-AB output ~tage Pd is 
written by inspection of ~igu'!14: ' , ' , 

where 

P _ VoVs - V02 
d - Ri 

,Vs= +Vcc whenVO> 0 

Vs = -Vee when Va < O. ' 

,(6) 

A plot of' (6) is Figure 5 resembles the weli,known CIQs-AB 
dissipation characteristics, with zero dissipation ocCurring 
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FIGURE 4. Simple model illustrating thermal feedback in an Ie op amp having a single dominant source of self-heat, the 
output stage. The constant 'YT "" 0.6 mV/W and Pd is power dissipated in the output. For simplicity, we Ignore Input 
drift due to uniform heating of the package. This effect can be significant if the Input stage drift is not low, see [7). 
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- Vee 
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FIGURE 5. Simple class-B output stage and plot·of power dissipated in the stage, Pd, assuming device 
can swing to the power supplies. Equation (6) gives an expression for the plot. 

for Va = 0, + Vee, -Vee. Dissipation peaks occur for Va = 
+ V cc/2 and - Vee/2. Note also from (4) that the thermally 
induced input voltage Vinl has this same double-humped 
shape since it is just equal to a constant times Pd at dc. 

Now examine Figures 6(a) and (b) which are curves of 
open-loop Va versus Vin for the Ie op amp. Note first that 
the overall curve can be visualized to be made up of two 
components: a) a normal straight line electrical gain curve 
of the sort expected from (1) and b) a double-humped curve 
similar to that of Figure 5. Further, note that the gain charac­
teristic has either positive or negative slope depending on 
the value of output voltage. This means that the thermal 
feedback causes the open-loop gain of the feedback ampli­
fier to change phase by 180", apparently causing negative 
feedback to become positive feedback. If this is really true, 
the question arises: which input should be used as the in­
verting one for feedback? Further, is there any way to close 
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the amplifier and be sure it will not find an unstable operat­
ing point and latch to one of the power supplies? 

. The answers to these questions can be found by studying a 
simple model of the op amp under closed-loop conditions, 
including the effects of thermal coupling. As shown in Figure 
7, the thermal coupling can be visualized as just an addition­
al feedback path which acts in parallel w~h the normal elec­
trical feedback. Noting that the electrical form of the thermal 
feedback factor is [see (4) and (6») 

aYin! 'YT Ih = aVo = ± RL (Vs - 2VO)· (7) 

The closed-loop gain, including thermal feedback is 

A (0)- P. 
V - 1 + p.(fie ± fiT) 

(8) 
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FIGURE 7. Diagram used to calculate closed-loop gain with thermal feedback. 

where p. is the open-loop gain in the absence of thermal 
feedback [(1)) and f3e is the applied electrical feedback as 
in Figure 7. Inspection of (8) confirms that as long as there 
is sufficient electrical feedback to swamp the thermal feed­
back (i.e., f3e > f3T), the amplifier will behave as a normal 
closed-loop device with characteristics determined princi­
pally by the electrical feedback (i.e., Av(O) '" 1 I f3e). On the 
other hand, if f3e is small or nonexistant, the thermal term in 
(8) may dominate, giving an apparent open-loop gain char­
acteristic determined by the thermal feedback factor f3T. 
Letting f3e = 0 and combining (7) and (8), Av(O) becomes 

Av(O) = p. . 

1 ± WYT f'ls - 2Vo) 
RL 

(9) 

Recalling from (6) that Vo ranges between 0 and Vs, we 
note that the incremental thermal feedback is greatest when 
Vo = 0 or V s, and it is at these pOints that the thermally 
limited gain is smallest. To use the amplifier in a predictable 
manner, one must always apply enough electrical feedback 
to reduce the gain below this minimum thermal gain. Thus, a 
maximum usable gain can be defined as that approximately 
equal to the value of (9) with Vo = 0 or Vs which is 

or 

I RL 
AV(O) max .. -V 

"l'Ts 

1 
Av(O)lmax "" -1-' 

"YT max 

(10) 

(11) 

It was assumed in (10) and (11) that thermal feedback domi­
nates over the open-loop electrical gain, p.. Finally, in (11) a 
maximum current was defined Imax = Vs/RL as the maxi­
mum current which would flow if the amplifier output could 
swing all the way to the supplies. 

Equation (11) is a strikingly 'simple and quite general result 
which can be used to predict the expected maximum usable 
gain for an amplifier if we know only the maximum output 
current and the thermal feedback constant "YT. 

Recall that typically KT '" 0.3°C/W and n = (2 X 10-3) 
KT "" 0.6 mVlW. Consider, as an example, the standard IC 
op amp operating with power supplies of Vs = ± 15V and a 
minimum load of 2 kO, which gives Imax = 15V12 kO = 7.5 
mAo Then, from (11), the maximum thermally limited gain is 
about: 

Av(o)lmax "" 1/(0.6 x 10-3)(7.5 x 10-3) 

"" 220,000. 
(12) 

Comparing (2) and (12), it is apparent that the thermal char­
acteristics dominate over the electrical ones if the minimum 
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load resistor is used. For loads of 6 kO or more, the electri­
cal characteristics should begin to dominate if thermal feed­
back from sources other than the output stage is negligible. 
It should be noted also that, in some high speed, high drain 
op amps, thermal feedback from the second stage domi­
nates when there is no load. 

As a second example, consider the so-called "power op 
amp" or high gain audio amp which suffers from the same 
thermal limitations just discussed. For a device which can 
deliver 1 W into a 160 load, the peak output current and 
voltage are 350 mA and 5.7V. Typically, a supply voltage of 
about 16V is needed to allow for the swing loss in the IC 
output stage.lmax is then 8V/160 or 0.5A. If the device is in 
a TO-5 package "YT is approximately 0.6 mV/W, so from 
(11) the maximum usable dc gain is 

1 
Av(O)lmax "" (0.6 x 10 3)(0.5) "" 3300. (13) 

This is quite low compared with electrical gains of, say, 
1 00,000 which are easily obtainable. The situation can be 
improved considerably by using a large die to separate the 
power devices from the inputs and carefully placing the in­
puts on constant temperature (isothermal) lines as illustrat­
ed in Figure 8. If one also uses a power package with a 

,--_-.!££':!!!.-_--, Ix I I I 
I 
I t J-' ~NPN L _ -----~ 

INPUT TR~~~rs~1RS 
PAIR 

TL/H/8745-11 

FIGURE 8. One type layout in which a quad of input 
transistors Is cross connected to reduce effect of 

nonuniform thermal gradients. The output transistors 
use distributed stripe geometries to generate 

predictable Isothermal lines. 

heavy copper base, n's as low as 50 p.V/W have been 
observed. For example, a well-designed 5W amplifier driving 
an 80 load and using a 24V supply, would have a maximum 
gain of 13,000 in such a power package. 
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FIGURE 9. Flrst-order model of op amp used to calculate small signal high frequency gain. At frequencies of Interest 
the Input Impedance of the second stage bacomeslow compared to first stage output Impedance due to Cc feedback. 

Secause of this, first stage output Impedance can ba assumed infinite, with no 1088 In accuracy. 
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FIGURE 10. Plot of open-loop gain calculated from model In FIgure 9. The de and LF gain 
are given by (10), or (11) If thermal feedback dominates. 

As a final comment. it should be pointed out that the most 
commonly observed effect of thermal feedback in high gain 
circuits is low frequency distortion due to the nonlinear 
transfer characteristic. Differential thermal coupling typically 
fails off at an initial rate of 6 dBloctave starting around 100-
200 Hz, so higher frequencies are uneffected. 

3.0 SMALL-810NAL FREQUENCY RESPONSE 
At higher frequencies where thermal effects can be ignored, 
the behavior of the op amp is dependent on purely electron­
ic phenomena. Most of the important small and large signal 
performance characteristics of the classical IC op amp can 
be accurately predicted from very simple first-order models 
for the amplifier in Figure 1 (8). The small-signal model that 
is used assumes tnat the input differential amplifier and cur­
rent mirror can be replaced by· a frequency independent 
voltage controlled current source. see Figure 9. The second 
stage consisting essentially of transistors 05 and 06, and 
the current source load, is modeled as an Ideal frequency 
independent amplifier block with a feedback or "Integrating 
capacitor~' identical to the compensation capacitor, ce. The 

1226 

output stage is assumed to have unity voltage gain and is 
ignored in our calculations. From Figure 9, the high frequen­
cy gain is calculated by inspection: 

Av(CIl) = IVo (S)I = 12!!!l1 = gin, (14) 
VI sCe .CIlCe 

where dc and low frequency behavior have not been Includ- ' 
ed since this was evaluated in the last section. Figure 10 is 
a plot of the gain magnitude as predicted by (14). From this 
figure It is a Simple matter to calculate the open-loop unity 
gain frequency CIlu. which Is also the galn"bandwldth product 
for the op amp under closed-loop conditions: 

IIIu = g;o' . (15) 

In a practical amplifier, lIIu Is set to a low enough frequency 
(by choosing a large Cel so that negligible excess phase 
over the 90" due to Ce has built up. There are numerous 
contributors to excess phase Including low ft p-n-p's, stray 
capacitances, nondomlnant second stage poles, etc. 



These are discussed in more detail in a later section, but for 
now suffice it to say that, in the simple IC op amp, tJ)u/21T is 
limited to about 1 MHz. As a simple test of (15), the LM10l 
or the ,...A741 has a first stage bias current 11 of 10,...A per 
side, and a compensation capacitor for unity gain operation, 
Ce, of 30 pF. These amplifiers each have a first stage gm 
which is half that of the simple differential amplifer in Figure 
1 so gm1 = q11/2kT. Equation (15) then predicts a unity 
gain comer of 

f _ tJ)u _ gm' _ (0.192 x 10-3) _ 
u - 21T - 21TCe - 21T(30 X 10 12) - 1.02 MHz (16) 

which agrees closely with the measured values. 

+ 
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FIGURE 11. Large 81gnal "slewing" response 
observed If the Input 18 overdrlven. 

+ 

OVERDRIVE 

4.0 SLEW RATE AND SOME SPECIAL LIMITS 

A. A General Limit on Slew Rate 
If an op amp is overdriven by a large-signal pulse or square 
wave having a fast enough rise time, the output does not 
follow the input immediately. Instead, it ramps or "slews" at 
some limiting rate determined by internal currents and ca­
pacitances, as illustrated in Figure 11. The magnitude of 
input voltage required to make the amplifier reach its maxi­
mum slew rate varies, depending on the type of input stage 
used. For an op amp with a simple input differential amp, an 
input of about 60 mV will cause the output to slew at 90 
percent of its maximum rate, while a ,...A741 , which has half 
the input gm, requires 120 mY. High speed amplifiers such 
as the LM 116 or a FEr-input circuit require much greater 
overdrive, with 1-3V being common. The reasons for these 
overdrive requirements will become clear below. 
An adequate model to calculate slew limits for the repre­
sentative op amp In the inverting mode is shown in Figure 
12, where the only important assumption made is that 
12 ~ 21, in Figure 1. This condition always holds in a well­
designed op amp. (If one lets '2 be less than 21" the slew is 
limited by 12 rather than I" which results in lower speed than 
is otherwise possible.) Figure 12 requires some modification 
for noninverting operation, and we will study this later. 
The limiting slew rate is now calculated from Fig. 12. Letting 
the input voltage be large enough to fully switch the input 
differential amp, we see that all of the first stage tail current 
211 is simply diverted into the integrator consisting of A and 
Ce. The resulting slew rate is then: 

dVo! = iclt) slew rate = -d C . 
t max e 

(17) 

Noting that ie(t) is a constant 21" this becomes 

dVo! = 21, 
dt max Ce · 

(16) 

As a check of this result, recall that the ,...A 7 41 has 11 = 
10 ,...A and C1 = 30 pF, so we calculate: 

dvo! = 2 X 10-5 = 067:!.. 
dt max 30 X 10-12 ·,...s 

which agrees with measured values. 

SLEW RATE .~I . I.ltl 21, 
dl mIX. Cc • CC 

(19) 

TL/H/8745-15 

FIGURE 12. Model used to calculate 81ew rate for the amp of FIgure 11n the Inverting mode. For 8lmpllclty, all translator 
a'8 are a8sumed equal to unity, although re8ults are essentially Independent of a. An ldentlcal8lew rate can be 

calculated for a negative-going output, obtained If the applied Input polarity 18 reversed. 

1227 



The large and small signa] 'behavior 'oHhe op amp can be 
usefully related by combining (15) for ~u wi~h (18). The slew 
rate becomes ' " " , , , 

d'(o! = 2Cllull . ,",," (20) 
• dt, max ,gml 

Equation, (20) is a general and very useful relationship;, It 
shows that, for a given unity-gain, frequency, 'blu, the ,slew 
rate is' determined entirely by just the, ratio ,of first stage 
operating current to ,first stage transconductance, 11/gml. 
Recall that,Cllu is set ~tthe point where excess,phase be­
gins to build up, and this point is determined largely by tech­
nology rather than circuit limitations. Thus, the only effective 
means available to the circuit designer, for, increasing op 
amp slew rate is ,to decrease the ratio of first stage trans­
conductance to operating current, gml/1. 

B_ Slew Limiting for Simple Bipolar Input stage ",' 

The significance of (20j is beSt seen by con~idering ~tle spe: 
cific case ofa simple differenti;!.1 bipolar input as in Figure 1. 
Fpr this circuit, the firSt stage transConductance (for (11 =, 
1) isi , ,', " " 

, gml = qll/kT (21) 

so that 

9~1 = q/kT. ,(22) 

USing this in (20), the maximum bipolar slew' rate is 

, dVo! ~T'" 
- =2Cllu-' 
dt max' 'q.' 

(23) 

This provides us with the general (and sqmewhat dismal) 
conclusion that slew' rate in an op amp with a simple bipolar 
input stage is dependent only upon the unity gain corner 
and fundamental constants. 'Slew rate can be increased 
only by incerasing the unity gain corner, which we have not­
ed Is generally difficult to do., As a demonstration of the 
severity of this limit, imagine an op amp -using ,highly ad­
vanced technology and clever design, which might have a 
stable unity gain frequency of 100 MHz. Equation (23) pre­
dicts that the slew rate for this advanced device is only 

DISTORTED OUTPUT 
IF",,> ""mIX 

+ 
V,SIN .. t 

',dyoj' , ;, 3~ 
'," dt'" /-'S 

, ", " 

(24) 
i \. , '''''1" ,\m~. {.,._ 

whicn is good, b!Jt, hardly, impreSsive when compared with, 
th,e Ilitficulty of l;>uil~,inQ a 100' Ml-iz op amp.2 But, there are 
s~m,e,\Vaysto'!;IEitaround this'li!riit as we shall see shortly . 

C. P9werBandwidth 

Our hituitionregarding 'slew rate will be enhanced some­
what if we relate it to a term called "power bandwidth". 
Power bandwidth is defined ,as the m8}(imum frequency at 
which f~1I output swing (usually 10V peak} can be obtained 
without distortion.' For, a sinusoidal output voltage volt) = 
V pSinCllt, the rate of change of output~ or slew rate, required 
to reproduce the output'is 

dvo, dt = CllVp cos Clll. (25) 

This has a maximum when cos Cllt:= 1 giving 

dvol = ruV ' (26) 
dt max p, 

so the highest frequency that can be reproduced without 
slew limiting, Cllmax (power bandwidth) is 

1 dvol 
Cllmax = Vp dt max' (27) 

Thus, power bandwidth and slew rate are directly related by 
the inverse of the peak of, the Sine wave,Vp. Figure 13 
shows the severe distortion of the output sine wave which 
results if one attempts to amplify a sine wave which results 
if one attempts to amplify a sine wave of frequency 
Cll> Cllmax. ' 
1 Note that (21) applies only to the simple differenlial input siege of FlfJure 
12. For compound inputstage,as in the LM10l or I'A741. gm1 is halflhatin 
(21), and the slew rate in (23) is doubled. 
2 We,8S!SJjme in all of these calculations that Cc is made large enough so 
that the amplifier has less than 180' phase lag at '., •. thus making the ampli­
fier sleble for unity Closed-loop gain. For higher gains one can of course 
reduce Cc (if the IC allows external compensation) and increase the slew 
rate according to (18), 

TL/H/8745-16 
FIGURE 13. Slew limiting effects on output sinewave that occur ii frequency Is greater than power bandwidth, rumax. 
The.onset of slew limiting occurs very,s,uddenly as Cll r~,acl!e!JCllmax-No.dlstortlon occurs below !"ma", while almost 

complete triangul,a~lzatlo!l,occur!Jat freql,\enci~~ lust;$lig/ltly abo".e ~l\'. 
,:. " {,,!, 
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Some numbers illustrate typical op amp limits. For a ,..A741 
or LM101 having a maximum slew rate of 0.67V/,..s, (27) 
gives a maximum frequency for an undistorted 10V peak 
output of 

ClImax 
fmax = 2:;;:- = 10.7 kHz, (28) 

which is a quite modest frequency considering the much 
higher frequency small signal capabilities of these devices. 
Even the highly advanced 100 MHz amplifier considered 
above has a 10V power bandwidth of only 0.5 MHz, so it is 
apparent that a need exists for finding ways to improve slew 
rate. 

+ 
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FIGURE 14. Resistive degeneration used to provide 
slew rate enhancement according to (29). 

D. Techniques for Increasing Slew Rate 

1) Resistive Enhancement of the Bipolar Stage: Equation 
(20) indicates that slew rate can be improved if we reduce 
first stage gm111,. One of the most effective ways of doing 
this is shown in Figure 14, where Simple resistive emitter 
degeneration has been added to the input differential ampli­
fier (8). With this change, the gm,lI, drops to 

gm' = -:---:::-3;.,:8"".5=-=.....,., 
I, 1 +TEI,126mV 

(29) 

at 25°C 

The quantity gm1 II, is seen to decrease rapidly with added 
RE as soon as the voltage drop across RE exceeds 26 mY. 
The LM118 is a good example of a bipolar amplifier which 
uses emitter degeneration to enhance slew rate [4]. This 
device uses emitter resistors to produce REI, = 500 mY, 
and has a unity gain corner of 1611('1Hz. Equations (20) and 
(29) then predict a maximum inverting slew rate of 

dvoi = 2C11u-J,- = CIIu = 10~ (30) 
dt max gm1 ' ,..S 

which is a twenty-fold improvement over a similar amplifier 
without emitter rlOlsistors. 

A penalty is paid in using resistivE1 slelA' enhancement, how­
ever. The two added emitter resistors must match extremely 
well or they add voltage offset and drift to the input. In the 
LM118, for example, the added emitter R's have values of 
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2.0 kO each and these contribute an input offset of 1 mV for 
each 40 (0.2 percent) of mismatch. The thermal noise of 
the resistors also unavoidably degrades noise performance. 

2) Slew Rate in the FET Input Op Amp: The FET (JFET or 
MOSFET) has a considerably lower transconductance than 
a bipolar device operating at the same current. While this is 
normally considered a drawback of the FET, we note that 
this "poor" behavior is in fact highly desirable in applica­
tion's to last amplifiers. To illustrate, the drain current for a 
JFET in the "current saturation" region can be approximat­
ed by 

(31) 

where 

loss the drain current for VGS = 0, 

V GS the gate source voltage having positive polarity for 
fQrward gate-diode bias, 

VT the threshold voltage having negative polarity for 
JFET's. 

The small-signal transconductance is obtained from (31) as 
gm = alO/aVG· Dividing by 10 and simplifying, the ratio 
gmllO for a JFET is 

gM 2 2 [loSS]'/2 
10 '" (VGS - Vr) = -VT""ID . 

(32) 

Maximum amplifier slew rate occurs for minimum gmllo 
and, from (32), this occurs when 10 or VGS is maximum. 
Normally it is impractical to forward bias the gate junction so 
a practical minimum occurs for (32) when VGS '" OV and 10 
'" loss. Then 

gmi 2 10 min'" -2 VT ' (33) 

Comparing (33) with the analogous bipolar expression, (22), 
we find from (20) that the JFET slew rate is greater than 
bipolar by the factor 

JFET slew _ - VT2 CIIuf 

bipolar slew - 2kT IqCllub 
(34) 

where CIIuf and CIIub are unity-gain bandwidths for JFET and 
bipolar amps, respectively. Typical JFET thresholds are 
around 2V (Vr = - 2V), so for equal bandwidths (34) tells 
us that a JFET -input op amp is about forty times faster than 
a simple bipolar input. Further, if JFET's are properly substi­
tuted for the slow p-n-p's in a monolithic design, bandwidth 
improvements by at least a factor of ten are obtainable. 
JFET-input op amps, therefore, offer slew rate improve­
ments by better than two orders of magnitude when com­
pared with the conventional IC op amp. (Similar improve­
ments are possible with MOSFET-input amplifiers.) This 
characteristic, coupled with picoamp input currents and rea­
sonable offset and drift, make the JFET-input op amp a very 
desirable alternative to conventional bipolar designs. 

AS,an example, Figure 15, illustrates one design for an op 
amp employing compatible p-channel JFET's on the same 
chip with the normal bipolar components. This circuit exhib­
its a unity gain comer of 10 MHz, a 33 V I,..s slew rate, an 
input current of 10, pA and an offset voltage and drift of 3 
mV amd 3 ,..VI'C [6]. Bandwidth and slew rate are thus 
improved over simple Ie bipolar by factors of 10 and 100, 
respectively. At ,the same time input currents are smaller by 
about 103, and offset voltages and drifts are comparable to 
or better than slew enhanced bipolar circuits. 
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FIGURE 15. Monolithic operational amplifier employing compatible pochannel JFET's on 
the same chip with normal bipolar components. 
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FIGURE 16. Large signal response of the voltage follower. For an op amp with simple n-pon Input stage we get the 
waveform VON(t), which exhibits a step slew "enhancement" on the positive going output, and a slew "degradation" on 

the negative going output. For a pon-p Input stage, these etrecta are reversed as shown by vop(t). 
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~--------------------------------------------------~~ 
which is seen to be constant with time. The degraded volt- 1 
age follower slew rate is then obtained by substituting (36) 

5.0 SECOND-ORDER EFFECTS: VOLTAGE FOLLOWER 
SLEW BEHAVIOR 

If the op amp is operated in the noninverting mode and 
driven by a large fast rising input, the ouput exhibits the 
characteristic waveform in Figure 16. As shown, this wave­
form does not have the simple symmetrical slew character­
istic of the inverter. In one direction, the output has a fast 
step (slew "enhancement") followed by a "normal" inverter 
slewing response. In the other direction, it suffers a slew 
"degradation" or reduced slope when compared with the 
inverter slewing response. 

into (35): a. 

We will first study slew degradation in the voltage follower 
connection, since this represents a worst case slewing con­
dition for the op amp. A model which adequately represents 
the follower under large-signal conditions can be obtained 
from that in Figure 12 by simply tying the output to the in­
verting input, and including a capacitor Cs to account for the 
presence of any capacitance at the output of the first stage 
(tail) current source, see Figure 17. This "input tail" capaci­
tance is important in the voltage follower because the input 
stage undergoes rapid large-signal excursions in this con­
nection, and the charging currents in Cs can be quite large. 

Circuit behavior can be understood by analyzing Figure 17 
as follows. The large-signal input step causes 01 to turn 
OFF, leaving 02 to operate as an emitter follower with i~ 
emitter tracking the variational output voltage, volt). It IS 

seen that volt) is essentially the voltage appearing across 
both Cs and Cc so we can write 

dvo ic is 
dt""Cc ""Cs. (35) 

Noting that ic '" 211 - is (unity a'S assumed), (35) can be 
solved for is: 

(36) 

+ 

I-I 

dvol _ is _ 211 
dtdegr-Cs=Cc+Cs · 

(37) 

Comparing (37) with the slew rate for the inverter, (18), it 
is seen that the slew rate is reduced by the simple factor 
1/(1 + Cs/Cd. As long as the input tail capacitance Cs is 
small compared with the compensation amplifiers where Cc 
is small, degradation become quite noticeable, and one is 
encouraged to develop circuits with small Cs. 

As an example, consider the relatively fast LM118 which 
has Cc "" 5 pF, Ca "" 2 pF, 211 = 500 ,...A. The calcualted 
inverter slew rate is 211 ICc "" 100V/,...s, and the degraded 
voltage follower slew rate is found to be 211/(Cc + Ca) "" 
70V I ,...s. The slew degradation is seen to be about 30 per­
cent, which is very significant. By contrast a ,...A 7 41 has Cc 
"" 30 pF and Cs "" 4 pF which results in a degradation of 
less than 12 percent. 

The slew "enhanced waveform can be similarly predicted 
from a simplified model. By reversing the polarity of the in­
put and initally assuming a finite slope on the input step, the 
enhanced follower is analyzed, as shown in Figure 18. Not­
ing that 01 is assumed to be turned ON by the step input 
and 02 is OFF, the output voltage becomes 

1 II volt) "" -- [211 + is(t)] dt. 
Cc 0 

(38) 

The voltage at the emitter of 01 is essentially the same as 
the input voltage, viet), so the current in the "tail" capaci­
tance Ca is 

dVI r'-V· 
·(t)"'C-""~ 
IS e dt t1 

Combining (38) and (39), volt) is 

0< t < t1. 

1 II 1 III CeVip -volt) '" - 211 dt + - dt 
Cc 0 Cc 0 t1 

(39) 

(40) 

TL/H/8745-20 

FIGURE 17. Circuit used for calculation of slew "degradation" In the voltage follower. The degradation Is caused by the 
capacitor Ca, which robs current from the tall, 211, thereby preventing the full 211 from alewlng Ce• 
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FIGURE 18. Circuit used for calculation of slew, "enhancement" in the voltage follower. The fast failing 
Input casues a step output followed by a normal slew response as shown. 

or 

Ca 211t 
-volt) '" Cc Vip + Co' (41) 

Equation (41) tells us that the output has an initial negative 
step which is the fraction Ca/Cc of the input voltage. This is 
followed by a normal slewing response, in which the slew 
rate is identical to that of the inverter,. see (18). This re-
sponse is illustrated in Figure 18. . 

6. LIMITATIONS ON BANDWIDTH 

In earilier sections, all bandlimiting Elffects were ignored ex­
cept that of the compensation capacitor, Cc. The unity-gain 
frequency was set at a point sufficiently low so that negligi­
ble excess phase (over the 90· from the dominant pole) due 
to second-order (high frequency) poles had built up. In this 
section the major second-order poles which contribute to 
bandlimiting in the op amp are identified. 

A. The Input Stage: pan-p'., the Mirror Pole, and the Tall 
Pole 

For many years it was popular to identify the lateral p-n-p's 
(which have ft's '" 3 MHz) as the single dominant source of 
bandlimiting in the IC op amp. It is quite true that the p-ri-p's 
do contribute significant excess phase to the amplifier, but it 
is not true that they are the sole contributor to excess phase 
(9). In the input stage, alone, there is at least one other 
important pole, as illustrated in figure 19(a). For the simple 
differential input stage driving a differential-to-single ended 
converter ("mirror" circuit), it is seen that the inverting signal 
(which is the feedback signal) follows two paths, one of 
which passes through the capacitance Ca, and the other 
through Cm. These capacitances combine with the dynamic 
resistances at their nodes to form poles deSignated the mir­
ror pole at 

(42) 

and the tail pole al' 

(43) 
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It can be seen that if one attempts to operate the first stage 
at too Iowa current, these poles will bandlimit the amplifier. 
If, for example, we choose 11 = 1 pA, and,assume Cm",," 
7 pF (consisting of 4 pF isolation capacitance and 3 pF 
emitter transition capacitance) and Ca '" 4 pF,3 Pm/21T "" 
0.9 MHz and Pt/21T "" 3 MHz either of which would serious­
ly degrade the phase margin of a 1 MHz amplifier. 

If a design is chosen in which either the tail pole or the 
mirror pole is absent (or unimportant), the remaining pole 
rolls off only half the signal, so the overall response con­
tains a pole-zero pair separated by one octave. Such a pair 
generally has a small effect on amplifier response unless it 
occurs near CIlw where it can degrade phase margin by as 
much as 20·. 

It is interesting to note that the compound input stage of the 
classical LM10l and JJ.A741) has a distinct advantage over 
the simple differential stage, as seen in Figure 19(b). This 
circuit is noninverting across each half, thus it provides a 
path in which. half the feedback signal bypasses both the 
mirror and tail poles. 

B. The Second Stage: Pole Splitting 

The assumption was made in Section 3 that the second 
stage behaved as an ideal integrator having a single domi­
nant pole response. In practice, one must take care in de­
Signing the second stage or second-order poles can cause 
significant deviation from the expected response. Consider­
able insight into the basic way in which the second stage 
operates can tie obtained by performing a small-signal anal­
ysis ona simplified version of the circuit as shown in Figure 
20 [10]. A straightforward two-node analysis of Figure 2O(c) 
produces the following expression for Vout. 

vou! 
-.- = -gmR1R2(1 - sCp/9m) + 

Is 

(1 + S[Rl (Cl + Cp) + R2 (C2 + Cpl + gmR1R2C~ 
+ S2Rj R2 '[C1C2 + Cp (C.l + c~n.'" (44) 

3 Ca can have a wide range of values depending on circuli configuration. It Is 
largest for n·p·n input differential amps since the currant source has a col· 
lector·substrate capacitance (Ca '" 3-4 pF at its output. For p·n·p input 
stages it can be as smali as 1-2 pF. 
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FIGURE 19. (a) Circuit showing "mirror" pole due to Cm and "tall" pole due to Ca. One component 

of the signal due to an Inverting Input must pass through either the mirror or tail poles. (b) Alternate circuit to Figure 
19(8) (LM101, ,..,A741) which has less excess phase. Reason Is that half the Inverting signal path need 

not pass through the mirror pole or the tall pole. 

The denominator of (44) can be approximately factored un· 
der conditions that its two poles are widely separated. For­
tunately, the poles are, in fact, widely separated under most 
normal operating conditions. Therefore, one can assume 
that the denominator of (44) has the form 

O(s) = (1 + S/P1)(1 + S/P2) 

= 1 + s(1/P1 + 1/P2) + s2/P1P2' (45) 

With the assumption that P1 is the dominant pole and P2 is 
nondominant, i.e., P1 -< P2, (45) becomes 

O(s) "" 1 + 5/P1 + s2/P1P2. (46) 

Equating coefficients of s in (44) and (46), the dominant 
pole P1 is found directly: 

1 
Pl "" (47) 

Rl(Cl + Cp) + R2(C2 + Cp) + gmR1R2Cp 
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"" --::-=-~ 
gmR1R2Cp' 

(48) 

The latter approximation (48), normally introduces little er· 
ror, because the gm term is much larger than the other two. 
We note at this point that Pl. which represents the dominant 
pole of the amplifier, is due simply to the familiar Miller·mul· 
tiplied feedback capacitance gmR2Cp combined with input 
node resistance, R1. The nondominant pole P2 is found sim· 
ilarly by equating 52 coefficients in (44) and (46) to get P1P2, 
and dividing by Pl from (48). The result is 

P2 "" gmCp 
C1C2 + Cp (Cl + C2) 

(49) 

Several interesting things can be seen in examining (48) 
and (49). First, we note that Pl is inversely proportional to 
gm (and Cp), while P2 is directly dependent on gm (and Cpl. 
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FIGURE 20. Simplification of second stage used for pole-splitting analysis. Ca) Complete second stage with Input 
stage and output stage loading represented by Ra. Ca. and RL. CL respectively. Cb) Emitter follower Ignored to 

simplify analysis. Cc) Hybrid 'TT model substituted for transistor In Cb). Source and load Impedances are absorbed 
into model with the total Impedances represented by R1. C1. and R2 and C2. Transistor base resistance Is Ignored 

and Cp Includes both Cc and transistor collector-base capacitance. 
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\ 

TL/H/8745-25 

FIGURE 21. Pole migration for second stage employing "pole-splitting" compensation. Plot Is shown for 
increasing Cp and It is noted that the nondomlnant pole reaches a maximum value for large Cpo 
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FIGURE 22. Example of pole-splitting compensation In the ,...A,741 op amp. Values used In (48) and 
(49) are: gm2 = 1/870, Cp = 30 pF, C, "" C2 = 10 pF, R, = 1.7 MO, R2 = 100 kO. 

Thus, as either Cp or transistor gain are increased, the dom­
inant pole decreases and the nondominant pole increases. 
The poles P1 and P2 are being "split-apart" by the increased 
coupling action in a kind of inverse root locus plot. 

This pole-splitting action is shown in Figure 21, where pole 
migration is plotted for Cp increasing from 0 to a large value. 
Figure 22 further illustrates the action by giving specific pole 
positions for the ,...A741 op amp. It is seen that the initial 
poles (for Cp = 0) are both in the tens of kHz region and 
these are predicted to reach 2.5 Hz (P1/2'IT) and 66 MHz 
(P2/2'IT) after compensation is applied. This result is, of 
course, highly satisfactory since the second stage now has 
a single dominant pole effective over a wide frequency 
band. 

C. Failure of Pole Splitting 

There are several situations in which the application of pole­
splitting compensation may not result in a single dominant 
pole response. One common case occurs In very wide-band 
op amps where the pole-splitting capacitor is small. In this 
situation the nondominant pole given by (49) may not be­
come broadbanded sufficiently so that it can be ignored. To 

i, - VI 

illustrate, suppose we attempt to minimize power disSipation 
by running the second stage of an LM118 (which has a 
small-signal bandwidth of 16 MHz) at 0.1 mA. For this op 
amp Cp = 5 pF, C, "" C2 "" 1 0 pF. From (49), the nondom­
inant pole is 

P2 "" 16 MHz 
2'IT 

(50) 

which lies right at the unity-gain frequency. This pole alone 
would degrade phase margin by 45', so it is clear that we 
need to bias the second stage with a collector current great­
er than 0.1 mA to. obtain adequate gm. Insufficient pole-split­
ting can therefore occur; but the cure is usually a simple 
increase in second stage gm. 

A second type of pole-splitting failure can occur, and it is 
of en much more difficult to cope with. II, lor example, one 
gets over-zealous in his attempt to broadband the nondomi­
nant pole, he soon discovers that other poles exist within 
the second stage which can cause difficulties. Consider a 
more exact equivalent circuit for the second stage 01 Figure 
20(a) as shown in Figure 28. 11 the follower is biased at low 
currents or if cp, 02 gm, and/or rx are high, the circuit can 
contain at least four important poles rather than the two 

FIGURE 23. More exact equivalent circuit for second stage of Figure 2O(a) including a simplified 
'IT model for the emitter follower (R'lTl, C'lTl, gm.> and a complete 'IT for Q2 (rx2, R'lT2, etc.). 
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FIGURE 24. Root IOCU8 for 8econd stage illustrating failure of pole 8plitting due to 
high gm20 rx2. Cpo and/or low bla8 current In the emitter follower. 

considered in simple pole splitting. Under these conditions, feedback due to Cp, 3) pad capacitance at the output for 
we no longer have a response with just negative real poles similar reasons, 4) increase operating current of the follow-
as in Figuf9 21, but observe a root locus of the, sort shown er, 5) reduce Cp, 6) use a higher ft process. 
in Figuf9 24. It is seen in this cese that the circuit contains a 
pair of complex, possibly underdamped poles which, of 
course, can cause peaking or even oscillation. This effect 
occurs so commonly in the development of wide-band pole­
split amplifiers that it has been (not fondly) dubbed "the 
second stage bump." 

There are numerous ways to eliminate the "bump," but no 
Single cure has been found which is effective in all situa­
tions. A direct hand analysis of Figuf9 23 is possible, but the 
results are difficult to interpret. Computer analysis seems 
the best approach for this level of complexity, and numer· 
ous specific analyses have been made. The following Is a 
list of circuit modifications that have been found effective in 
reducing the bump in various studies: 1) reduce gm2, r x2. 
C,,2, 2) add capaCitance or a series RC network from the 
stage input to ground-this reduces the high frequency local 

----~--------~~------~~+ 

L "'-GIIC 

D. Trouble81n the Output Slage 

Of all the circuitry in the modern IC op a",p, the class-AB 
output stage probably remains the most troublesome. None 
of the Stages in use today behave as well as one might 
desire when stressed under worst case conditions. To illus­
trate, one of the most commonly 'used output stages is 
shown in F/{Jure 2(b). The p-n-p's in this circuit are "sub­
strate" p-n-p's having low current ft's of around 20 MHz. 
Unfortunately, both ,Po and ft begin to fall off rapi~1y at quite 
low current densities, so as one begins to sink just a few 
milliamps in the circuit, phase margin troubles can develop. 
The worst effect occurs when the amplifier is operated with 
a large capacitive load (>100 pF) while sinking high cur­
rents. As shown in Figuf9 25, the load capacitance on the 

TL/H/8745-29 

FIGURE 25. Trouble81n the conventional cla88-AB output 8tage of Figure 2(b). The low ft output p-n-p'8 
Interact with load capaCitance to form the equivalent of a one-port 08clllator. ' 
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FIGURE 26. The "BI-FETTM" output stage employing JFET's and bipolar n-p-n's to eliminate sensitivity to load 
capacitance. 

output follower causes it to have negative input conduct­
ance, while the driver follower can have an inductive output 
impedance. These elements combine with the capacitance 
at the interstage to generate the equivalent of a one-port 
oscillator. In a carefully designed circuit, oscillation is sup­
pressed, but peaking (the "output bump") can occur in most 
amplifiers under appropriate conditions. 

One new type of output circuit which does not use p-n-p's is 
shown in Figure 26 [6]. This circuit employs compatible 
JFET's (or MOSFET's, see similar circuit in [11]) in a FETI 
bipolar Quasi-complementary output stage, which is insensi­
tive to load capaCitance. Unfortunately, this circuit is rather 
complex and employs extra process steps, so it does not 
appear to represent the cure for the very low cost op amps. 

+ 

7. The Gain Cell: Linear Large-Scale Integration 

As the true limitations of the basic op amp are more fully 
understood, this knowledge can be applied to the develop­
ment of more "optimum" amplifiers. There are, of course, 
many ways in which one might choose to optimize the de­
vice. We might, for example, attempt to maximize speed 
(bandwidth, slew rate, settling time) without sacrificing dc 
characteristics. The compatible JFET Ibipolar amp of FlfJure 
15 represents such an effort. An alternate choice might be 
to design an amplifier having all of the performance features 
of the most widely used general purpose op amps (i.e., 
""A741 , LM107, etc.), but having minimum possible die area. 
Such a pursuit is parallel to the efforts of digital large-scale 
integration (LSI) designers in their devlelopment of minimum 

TLlH/8745-31 

FIGURE 27. Basic gm reduction obtained by using spilt collector p-n-p's. Cc and area are reduced since Cc = gm1/CIlu' 
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area memory cells or gates. The objec,t of such efforts, of 
course, is to develop lower cost devices which allow wide 
and highly economic usage. 

In this section we briefly discuss certain aspects of the lin· 
ear gain cell, a general purpose, internally compensated op 
amp having a die area which is significantly smaller than 
that of equivalent, present day, industry standard amplifiers. 

A. Transconductance Reduction 

The single largest area component in the internally compen· 
sated op amp is the compensation capacitor (about 30 pF, 
typically). A major interest in reducing amplifier die area, 
therefore, centers about finding ways in which this capaCitor 
can be reduced in size. With this in mind, we find it useful to 
examine (15), which relates compensation capacitor size to 
two other parameters, unity gain corner frequency (olu, and 
first stage transconductance gm1. It is immediately apparent 

+ 

TL/H/8745-32 

that for a fixed, predetermined unity gain corner (about 2'11' 
x 1 MHz in our case), there is only one change that can be 
made to reduce the size of Co: the transconductance of the 
first stage must be reduced. If we restrict our interest to 
simple bipolar input stages (for low cost), we recall the gm1 
= qI1/kT. Only by reducing 11 can gm1 be reduced, and we 
earlier found in Section 6·A and Figure 19(a) and (b) that 11 
cannot be reduced much without causing phase margin diffi· 
cultiesdue to the mirror pole and the tail pole. 

An alternate basic approach to gm reduction is illustrated in 
Figure 27 [12]. there, a multiple collector p·n·p structure, 
which is easily fabricated in IC form, is used to split the 
collector current into two components, one component (the 
larger) of which is simply tied to ground, thereby "throwing 
away" a major portion of the transistor output current. The 
result is that the gm of the transistor is reduced by the ratio 
of 1/(1 + n) (see Figure 27), and the compensation capaci· 

TL/H/8745-33 

00 ~ 
FIGURE 28. Variations on 9m reduction. (a) Cross-coupled connection eliminates all ac current 

passing through the mirror, yet maintains dc balance. (b) This approach maintains high current on the 
diode side of the mirror, thereby broadbandlng the mirror pole. 
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tance can be reduced directly by the same factor. It might 
appear that the mirror pole would still cause difficulties since 
the current mirror becomes current starved in Figure 27, but 
the effect is not as severe as might be expected. The rea­
son is that the inverting signal can now pass through the 
high current wide-band path, across the differential amp 
emitters and into the second stage, so at least half the sig­
nal current does not become bandlimited. This partial band­
limiting can be further reduced by using one of the circuits in 
Figure 28(s) or (b).4 In (a), the p-n-p collectors are cross 
coupled in such a way that the ac signal is cancelled in the 
mirror circuit, while dc remains completely balanced. Thus 
the mirror pole is virtually eliminated. The circuit does have 
a drawback, however, in that the uncorrelated nOise cur­
rents coming from the two p-n-p's add rather than subtract 
at the input to the mirror, thereby degrading noise perform­
ance. The circuit in Figure 28(b) does not have this defect, 
but requires care in matching p-n-p collector ratios to n-p-n 
emitter areas. Otherwise offset and drift will degrade as one 
attempts to reduce gm by large factors. 

B, A Gain Cell Example 

As one tries to make large reductions in die area for the gain 
cell, many factors must be considered in addition to novel 
circuit approaches. Of great importance are special layout! 
circuit techniques which combine a maximum number of 
components into minimum area. 

+ 

(.) 

+ 

75k 

In a good layout, for example, all resistors are combined into 
islands with transistors. If this is not possible initially, circuit 
and device changes are made to allow it. The resulting de­
vice geometrics within the islands are further modified in 
shape to allow maximum "packing" of the islands. That is, 
when the layout is complete, the islands should have 
shapes which fit together as in a picture puzzle, with no 
waste of space. Further area reductions can be had by mod­
ifying the isolation process to one having minimum spacing 
between the isolation diffusion and adjacent p-regions. 

As example of a gain cell which employs both circuit and 
layout optimization is shown in Figure 29: This circuit uses 
the gm reduction technique of Figure 28(s) which results in a 
compensation capacitor size of only 5 pF rather than the 
normal 30 pF. The device achieves a full 1 MHz bandwidth, 
a 0.67V I".s slew rate, a gain greater than 1 00,000, typical 
offset voltages less than 1 mV, and other characteristics 
normally associated with an LM107 or ".A741. In quad form 
each amplifier requires an area of only 23 x 35 mils which is 
one-fourth the size of today's industry standard ".A 741 (typi­
cally 56 x 56 mils). This allows over 8000 possible gain cells 
to be fabricated on a single 3-inch wafer. Further, it appears 
quite feasible to fabricate larger arrays of gain cells, with six 
or eight on a Single chip. Only packaging and applications 
questions need be resolved before pursuing such a step. 
4The circuit in Figure 28(8) is due to R. W. Russell and the variation in Figure 
28(b) was developed by D. W. Zobel. 

25 

OUT 

25 
40k 

130 

TLlH/8745-34 

FIGURE 29, Circuit for optimized gain cell which has been fabricated 
In one-fourth the die size of the equivalent ".A741. 
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V IF Converter ICs Handle 
Frequency-to-Voltage 
Needs 

Simplify your FIV converter designs with versatile V/F ICs. 
Starting with a basic converter Circuit, you can modify it to 
meet almost any application requirement You can spare 
yourself some hard labor when designing frequency-to-volt­
age (F IV) converters by using a voltage-to-frequency IC in 
your designs. These ICs form the basis of a series .of accu­
rate, yet economical, F IV converters suiting a variety of ap­
plications. 

Figure 1 shows an LM331 IC (or LM131 for the military tem­
perature range) in a basic F IV converter configuration 
(sometimes termed a stand-alone converter because it re­
quires no op amps or other active devices other than the 
IC). (Comparable V/F ICs, such as RM4151, can take ad­
vantage of this and other circuits described in this article, 
although they might not always be pin-for-pin compatible). 

This circuit accepts a pulse-train or SQuare wave input am­
plitude of 3V or greater. The 470 pF coupling capacitor suits 
negative-going input pulses between 80 ".s and 1.5 ".s, as 
well as accommodating square waves or positive-going 
pulses (so long as the interval between pulses is at least 1 0 
".s). 

IC Handles the Hard Part 

The LM331 detects an input-signal change by sensing when 
pin 6 goes negative relative to the threshOld voltage at pin 7, 
which is nominally biased 2V lower than the supply voltage. 
When a Signal change occurs, the LM331's input compara­
tor sets an internal latch and initiates a timing cycle. During 
this cycle, a current equal to VREF/RS flows out of pin 1 for 

VS·,5V 

10k 10k 

88k 

410 pF -
'IN o---J 10kHz FS 

lM331 

(VREF) 

National Semiconductor 
AppendixC 
Robert A. Pease 

a time t = 1.1 RtC. The 1 ".F capacitor filters this pulsating 
current from pin 1, and the current's average value flows 
through load resistor RL. As a result, for a 10kHz input, the 
circuit outputs 10 Vec across RL with good (0.06% typical) 
nonlinearity. .. 

Two problems remain, however: the output at V1 includes 
about 13 mVp-p ripple, and it also lags 0.1 second behind 
an input frequency· step change, settling to p.1 % of full­
scale in about 0.6 second. This ripple and slow response 
represent an inherent tradeoff that applies to almost every 
FIV converter. 

The Art of Compromise 

Increasing the filter capacitor's value reduces ripple but also 
increases response time. Conversely, lowering the filter ca­
pacitor's value improves response time at the expense of 
larger ripple. In some cases, adding an active filter results in 
faster response and less ripple for high input frequencies. 

Although the circuit specifies a 15V power supply, you can 
use any regulated supply between 4 Vec and 40 Vec. The 
output voltage can extend to within 3 Voc of the supply 
voltage, so choose RL to maintain that output range. 

Adding a 220 kO/O.1".F postfilter to the circuit slows the 
response slightly, but it also reduces ripple to less than 1 
mVp-p for frequencies from 200 Hz to 10kHz. The reduction 
in ripple achieved by adding this passive filter, while not as 
good as that obtainable using an active filter, could suffice 
in some applications. 
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FIGURE 1. A Simple Stand-Alone FlY Converter Forms the 
Basis for Many Other Convertar-Clrcult Configurations 
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, Improving the saalc Circuit 
.Further modifications and additions to the basic FIV con­
verter shown in F/flure 1 can adapt It to specific perform­
ance requirements. Figure 2 shows one such modification, 
which improves the converter's nonlinearity to 0.006% typi­
cal. 
Aeconsideration of the basic stand-alone converter shows 
why its nonlinearity falls short of th,is improved version's .. At 
low input frequencies, the current source feeding pin 1 in 
the LM33,1 is, tumed off most of the time. As the input fre­
quency increases, however, the Currerit source stays on 
more of the time, and its own impeclance attenuates the 
output signal for an increasing traction of each cycle time. 
This diSproportionate attenuation at higher frequencies 
causes a parabolic change in full-scale gain rather than the 
desired linear one. ' 

In the improved circuit, on the other hand, the PNP transis­
tor acts as a cascade, so the output impedance at pin 1 
sees a constant voltage that won't modulate the gain. Also, 
with an alpha ranging between 0.998 and 0.990; the transis­
tor exhibits a temperature coefficient of between ,1 0 ppm 1°C 
and 40 ppm/°e-a fairly minor effect. Thus, this circuit's 

10k, 

~ 
10k 

Cl 
470pF 

':" 

lIN 0-1 

~l 
12k'I'" 

6k' 
GAIN 
ADJUST 

':" 

nonlinearity does not e,xceed 0.Q1 % maximum for the 10V 
output range shown and is normally not worse than 0.01 % 
for any supplyvoltage between 4V and 40V. 

Add an Output Buffer 
The circuit in Figure 3 adds an output buffer (unity-gain fol­
lower) to the basic single-supply FIV converter. Either an 
LM324 or LM358 op amp functions well in a single-supply 
circuit because these devices' common-mode ranges ex­
tend down to ground. But if a negative supply is available, 
you can' use any op amp; types such as the LF351B or 
'LM308A, which have low input currents, provide the best 
accuracy. 
The output buffer in Figure 3 also acts as an active filter, 
fumishing a 2-pole response from a single op amp. This 
filter provides the general response 

VOUT"OUT = AL/(1 + K1p + K2p2). 
(p is the differential operator d/dt.) As shown, AL controls 
the filter's DC gain. The high frequency, response rolls off at 
12 dB/octave. Near the circuit's natural resonant frequency, 
you can choose the damping to give a little overshoot-or 
none, as desired. 
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FIGURE 2. Adding a Cascade Transistor to the LM331's Output Improves Nonlinearity to 0.006% 
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Dealing with F/V Converter Ripple 

Voltage ripple on the output of F IV converters can present 
a problem, and the chart shown in Figure A indicates exactly 
how big a problem it is. A simple, slow, RC filter exhibits low 
ripple at all frequencies. Two-pole filters offer the lowest 
ripple at high frequencies and provide a 30-times-faster step 
response than RC devices. 

To reduce a circuit's ripple at moderate frequencies, howev­
er, you can cascade a second active-filter stage on the FIV 
converter's output. That circuit's response also appears in 
Figure A and shows a significant improvement in low-ripple 
bandwidth over the single-active-filter configuration, with 
o;lIy a 30% degradation of step response. 

Figures Band C show filter circuits suitable for cascading. 
The inverting filter in Figure B requires closely matched re­
sistors with a low TC over their temperature range for best 
accuracy. For lowest DC error, choose R5 = R2 + 
(RINIRF)' This circuit's response is 

-VOUTIVIN= n/(1 + (RF+R2+ nR2)C4p+ RFR2C3C4p2). 

where n = DC gain. If RIN = RF and n = 1, 

- VOUTIVIN = 1 1(1 + (RF+ 2R2)C4p+ RFR2C3C4p2). 

I. r----r:.:.-_-u~~-•• ~,.~'O~LE~AC~TlV~'--, 
fiLTER PER fiGURE 3 
USIIiG SIMPLE ;00 W -1 ~f 

-. - ~IL TER PER FI~URE I 
100 H~""'d"--USI.GlW8'-POLEACTlV' 

--- FILTERS CASCADED 
p.p 

D. I L..-__ --'-____ J..-__ -'-__ -----' 

0.01 0.1 10 100 

FREQUENCY 1kHz) 

TL/H/8741-4 

FIGURE A. Output-Ripple Performance of Several 
Different F/V Converter Configurations 
Illustrates the Effect of Voltage Ripple 

-Note: R'N and RF should be 
closely matched with a good 
TC of tracking. for best 
accuracy 

RF ~ nR'N 
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FIGURE B. You Can Cascade This 2-Pole Inverting 
Filter onto an F/V Converter's Output 
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FIGURE C. This 2·Pole Nonlnvertlng Filter Suits 
Cascade Requirements on F/V Converter Outputs 

The circuit shown in Figure C does not require precision 
passive components, but for best accuracy, choosing an A1 
with a high CMRR is critical. An LM308A op amp's 96 dB 
minimum CMRR suits this circuit well, but an LM358B's 85 
dB typical figure also proves adequate for many applica­
tions. Circuit response is 

VOUTIVIN = 1/(1 + (R1 + R2) C2p + R1R2C1C2p2). 

For best results, choose R3 = R1 + R2. 

Components Determine Response 

The specific response of the circuit in Figure 3 is 

VOUT"OUT = RL/(1 + (RL + R2)C2p + 
RLR2C1 C2C2p2). 

Making C2 relatively large eliminates overshoot and sine 
peaking. Alternatively, making C2 a suitable fraction of C1 
(as is done in Figure 3) produces both a sine response with 
o dB to 1 dB of peaking and a quick real-time response 
having only 10% to 30% overshoot for a step response. By 
maintaining Figure 3's ratio of C1 :C2 and R2:RL, you can 
adapt its 2-pole filter to a wide frequency range without tedi­
ous computations. 

This filter settles to within 1 % of a 5V step's final value in 
about 20 ms. By contrast, the circuit with the simple RC filter 
shown in Figure 1 takes about 900 ms to achieve the same 
response, yet offers no less ripple than F/{/ure 3's op amp 
approach. 

As for the other component in the 2-pole filter, any capaci­
tance between 100 pF and 0.05 JlF suits C3 because it 
serves only as a bypass for the 200 kO resistor. C4 helps 
reduce output ripple in single poSitive power-supply systems 
when VOUT approaches so close to ground that the op 
amp's output impedance suffers. In this circuit, using a tan­
talum capaCitor of between 0.1 JlF and 2.2 JlF for C4 usually 
helps keep the filter's output much quieter without degrad­
ing the op amp's stability. 



Avoid Low-Leakage Limitations 
Note that in most ordinary applications, this 2-pole filter per­
forms as well with 0.1 p.F and 0.02 p.F capacitors as the 
passive filter in Figure 1 doas with 1 p.F. Thus, if you require 
a 1 00 Hz F IV converter, the circuit in Figure 3 furnishes 
good filtering with C1 = 10 p.F and C2 = 2 p.F, and elimi­
nates the 100 p.F low-leakage capacitor needed in a pas­
sive filter. 
Note also that because C1 always has zero DC voltage 
across it, you can use a tantalum or aluminum electrolytic 
capacitor for C1 with no leakage-related problems; C2, how­
ever, must be a low-leakage type. At room temperature, typ­
ical 1 p.F tantalum components allow only a few nanoam­
peres of leakage, but leakage this low usually cannot be 
guaranteed. 

Compensating for Temperature Coefficients 
F IV converters often encounter temperature-related prob­
lems usually resulting from the temperature coefficients of 
passive components. Following some simple design and 
manufacturing guidelines can help immunize your circuits 
against loss of accuracy when the temperature changes. 
Capacitors fabricated from Teflon or polystyrene usually ex­
hibit a TC of -110 ± 30 ppm/DC. When you use such a 
component for the timing capacitor .in an FIV converter 
(such as Ct in the figure) the circuit's output voltage-or the 
gain in terms of volts per kilohertz-also exhibits a -110 
ppml"CTC. 
But the resistor-diode network (Rx, 01, 02) connected from 
pin 2 to ground in the figure can cancel the effect of the 
timing capacitor's large TC. When Rx = 240 kO, the current 
flowing through pin 1 will then have an overall TC of 110 
ppm/DC, effectively canceling a polystyrene timing capaci­
tor's TC to a first approximation. Thus, you needn't find a 
zero-TC capaCitor for Ct, so long as its temperature coeffi­
cient is stable and well established. As an additional advan­
tage, the resistor-diode network nearly compensates to zero 
the TC of the rest of the circuit. . 

Bake It for a While 
After the circuit has been built and checked out at room 
temperature, a brief oven test will indicate the sign and the 
size of the TC for the complete FIV converter. Then you 
can add resistance in series with Rx, or add conductance in 
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~ 
~,'" 

-,,<18k 7 

470pF o:b 
IIN~iH~-___ -=-I 

._.!L _____ • 
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parallel with it, to greatly tliminish the TC previously ob­
served and yield a complete circuit with a lower TC than you 
could obtain simply by buying low TC parts. 
For example, if the circuit increases its full-scale output by 
0.1 % per 30°C (33 ppml"C) during the oven test, adding 
120 kO in series with Rx = 240 kO cancels the tempera­
ture-caused deviation. Or, if the full-scale output decreases 
by -0.04% per 20"C (-20 ppm/oC), just add 1.2 MO in 
parallel with Rx. 
Note that to allow trimming in both directions, you must start 
with a finite fixed TC (such as the -1 f 0 ppm/DC of Ctl, 
which then nominally cancels out by the addition of a finite 
adjustable TC. Only by using this procedure can you com­
pensatefor whatever polarity of TC is.found by the oven 
test. 
You can utilize this technique to obtain TCs as low as 20 
ppm/DC, or perhaps even f 0 ppm/DC, if you take a few 
passes to zero-in on the best value for Rx. For optimum 
results, consider the following guidelines: 
• Use a good capaCitor for Ct; the cheapest polystyrene 

capacitors can shift value by 0.05% or more per temper­
ature cycle. In that case, you would not be able to distin­
guish the actual temperature sensitivity from the hystere­
sis, and you would also never achieve a stable circuit. 

• After soldering, bake or temperature-cycle the circuit (at 
a temperature not exceeding 75°C in the case of polysty­
rene) for a few hours to stabilize all components and to 
relieve the strains of soldering. 

• Do not rush the trimming. Recheck the room tempera­
ture value before and after you take the high tempera­
ture data to ensure a reasonably low hysteresis per cy­
cle. 

• Do not expect a perfect TC at - 25°C if you trim for ± 5 
ppm/DC at temperatures from + 25°C to 6O"C. None of 
the components in the figure's circuit offer linearity much 
better than 5 ppml"C or 10 ppml"C cold, if trimmed for a 
zero TC at warm temperatures. Even so, using these 
techniques you can obtain a data converter with better 
than 0.02% accuracy and 0.003% linearity, for a ±20"C 
range around room temperature. . 

• Start out the trimming with Rx installed and its value near 
the design-center value (e.g., 240 kO or 270 kO), so you 
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will be reasonably close to zero TC; you will usually find 
the process slower if you start without any resistor, be­
cause the trimming converges more slowly. 

• If you change Rx from 240 kO to 220 kO, do not pull out 
the 240 kO part and put in a new 220 kO resistor-you will 
get much more consistent results by adding a 2.4 MO 
resistor in parallel. The same admonition holds true for 
adding resistance in series with RX. 

• Use reasonably stable components. If you use an LM331A 
(±50 ppm/·C maximum) and RN55D film resistors (each 
± 100 ppm/·C) for RL, Rt and Rs, you probably won't be 
able to trim out the resulting ± 350 ppm/·C worst-case 
TC. Resistors with a TC specification of 25 ppml"C usually 
work well. Finally, use the same resistor value (e.g., 12.1 
kO ± 1 %) for both Rs and Rt; when these resistors come 
from the same manufacturer's batch, their TC tracking will 
usually rate at better than 20 ppm/·C. 

Whenever an op amp is used as a buffer (as in Figure 3), its 
offset voltage and current (±7.5 mV maximum and ±100 
nA, respectively, for most inexpensive devices) can cause a 
±17.5 mV worst-case output offset. If both plus and minus 
supplies are available, however, you can easily provide a 
symmetrical offset adjustment. With only one supply, you 
can add a small positive current to each op amp input and 
also trim one of the inputs. 

Need a Negative Output? 

If your F IV converter application requires a negative output 
voltage, the circuit shown in Flflure 4 provides a solution 
with excellent linearity (±0.003% typical, ±0.01% maxi­
mum). And because pin 1 of the LM331 always remains at 0 
Voe, this circuit needs no cascade transistor. (Note, howev-
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1l1li 10k 
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~I 
121< ±llI' 

LM331 

22M 

er, that while the circuit's nonlinearity error is negligible, its 
ripple is not.) 

The Circuit in Figure 4 offers a significant advantage over 
some other designs because the offset adjust voltage de­
rives from the stable 1.9 Vee reference voltage at pin 2 of 
the LM331; thus any supply voltage shifts cause no output 
shifts. The offset pot can have any value between 200 kO 
and 2 MO • 

An optional bypass capacitor (C2) connected from the op 
amp's positive input to ground prevents output noise arising 
from stray noise pickup at that point; the capaCitance value 
is not critical. 

A Familiar Reaponae 

The circuit in Figure 4 exhibits the same 2-pole response­
with heavy output ripple attenuation-as the noninverting 
filter in Figure 3. Specifically, 

VOUTlloUT = RF/(1 + (R4 + RF)C4p + R4RFC3C4p2). 

Here also, R5 = R4 + RF = 200 kO provides the best bias 
current compensation. 

The LM331 can handle frequencies up to 100 kHz by utiliz­
ing smaller-value capaCitors as shown in Figure 5. This cir­
cuit increases the current at pin 2 to facilitate high-speed 
switching, but, despite these speed-ups, the LM331 's 500 
ppml"C TC at 100 kHz causes problems because of switch­
ing speed shifts resulting from temperature changes. 

To compensate for the device's positive TC, the LM334 
temperature sensor feeds pin 2 a current that decreases 
linearly with temperature and provides a low overall temper­
ature coefficient. An Ry value of 30 kO provides first-order 
compensation, but you can trim it higher or lower if you need 
more precise TC correction. 
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FIGURE 4. In ThIs FIV CIrcuit, the Output-Buffer Op Amp DerIves Its 
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Detect F~!lCluencl .. Accurately· 
Using an FIV converter combined with a comparafor as a 
frequency detector is an.c;>bviousappUcation for these devie­
e$. Bllt when the FN converter is utilized In this way, its 
output rippl!il. hampers accurate fr.equency det!ilction,. and 
the slow filter, frequency re$POnse causes delays. 
If a quick response is not important, though,you can effec­
tively utilize an LM331-based FIV converter to feed one or 
more comparators, as shown in Figure 6. For an input fre­
quency drop f~om 1.1 kHz to 0.5 kHz, the .converter's oLttput 

responds within abput 20 ms.When the inputtalls from 9 
kHz to O.IiI,kHz, however, the output reliPonds only after a 
600 ms lag, so utilize thill circuit only in applications that can 
tol~rate F IV .. C?irc~its' inherent delays and ripples. 

Author's Biography' 
B6b Pease is'1i staff scientist in the Advanced Linear Inte­
grated Circuit Group at National Semicoriductor Corp.,-San­
ta Clara, CA. Holder of four patents, he lIamed a BSEE from 
MIT. Bob lists tracking abandoned railroad roadbeds and 
deslgnihg V IF oonverters as hobbies. 
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Versatile Monolithic V IFs 
Can Compute as Well as 
Convert with High 
Accuracy 

The best of the monolithic voltage-to-frequency (V IF) con­
verters have performance that's so good it equals or ex­
ceeds that of modular types. Some of these ICs can be 
designed into quite a variety of circuits because they're no­
tably versatile. Along with versatility and high performance 
come the advantages that are characteristic of all V IF con­
verters, including good linearity, excellent resolUtion, wide 
dynamic range, and an output signal that's easy to transmit 
as well as couple through an isolator. 

One of the recently introduced monolithic types, the LM 131, 
has both high performance and a design that's rather flex­
ible. For instance, it can compute and convert at the same 
time; the computation is a part of the conversion. Among 
other functions, it can provide the product, ratio and square 
root of analog inputs. 

This IC has an internal reference for its conversion circuitry 
that's also brought out to a pin, so it's available to external 
circuits associated with the converter. Not surprisingly, it 
turns out that any deviations of the reference, due to pro­
cess variations and temperature changes have equal and 
opposite effects on the scale factors of the converter and 
the external circuitry. (This presumes, of course, that the 
scale factor of the external circuitry is a linear function of 
voltage.) 

PRECISION RELAXATION OSCILLATOR 

Before looking at some applications, quickly take a look at 
the basic circuit of an LM131 V/F converter (Figure 1). Basi­
cally, this IC, like any V IF converter, is a precision relaxation 
oscillator that generates a frequency linearly proportional to 

1.9V-4--~--.J~ 

Vs 
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the input voltage. As might be expected, the circuit has a 
capacitor, CL, with a sawtooth voltage on it. Generally 
speaking, the circuit is a feedback loop that keeps this ca­
paCitor charged to a voltage very slightly higher than the 
input voltage, VIN. If VIN is high, CL discharges relatively 
quickly through RL, and the circuit generates a high frequen­
cy. If VIN is low, CL discharges slowly, and the converter 
puts out a low frequency. 

When CL discharges to a voltage equal to the input, the 
comparator triggers the one-shot. The one-shot closes the 
current switch and also turns on the output transistor. With 
the switch closed, current from the current source recharg­
es CL to a voltage somewhat higher than the input. Charg­
ing continues for a period determined by RT and CT. At the 
end of this period, the one-shot returns to its quiescent state 
and CL resumes discharging. 

ReSistor Rs sets the amount of current put out by the cur­
rent source. In fact, the current in pin 1, with the switch on, 
is identical to the current in pin 2. The latter pin is at a 
constant voltage (nominally 1.90V), so a given resistor value 
can set the operating currents. When connected to a high 
impedance buffer, this pin provides a stable reference for 
external circuits. 

The open-collector output at pin 3 permits the output swing 
to be different from the converter's supply voltage, if the 
load circuit requires. The supplies don't have to be sepa­
rate, however, and both the converter and its load can use 
the same voltage. 

TUH/8742-1 

FIGURE 1. A voltage-to-frequency converter such as this Is a relaxation OSCillator with a frequency proportional 
to the input voltage. Current pulses keep CL'S average voltage slightly greater than the Input voltage. 

Reprinted from ELECTRONIC DESIGN-December 8, 1978 @ 1979 Hayden PubllsNng Co" Inc, 
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,',§TEADVA'S SHE GOES 

,By f~rtlie simplest of the circuits that make use of the refer­
,ence q,mpot voltage from the LM131 is one that simply ties 
thi~ o~tp~,pin right back to the signal input. This connection 
'is just a: V IF converter with a constant input, which makes it 
a constant-frequency oscillator. Even with this simple circuit 
(Figure 2), variations in the reference voltage have two op­
posite effects that cancel each other out, so the circuit is 
particularly stable. In this type of circuit, the temperature-de­
pendent ,internal delays tend to cancel a,S well, which isn't 
,trlle of', relaxation oscillators based on op,amps or compara­
tors. 

vso-..... _ .... -, 
fOUT = 1.90V x !:!!!'x _' _1_, 

1.90V RL 1,1 RTOr 

1 , 
= 2.2 RM 

CL Z ,10 xpr 

'stlible component~ with 
, I'ow tempco 

TL/H/8742-2 

FIGURE 2. A V IF converter Is a stable-frequency 
oscillator If Its Input Is connected to Ita reference 

output. If the reference voltage 'changes, the 
'effects of the 'change cancel out, so the frequency 

doesn't change. With low tempco components for'RT 
and CT, frequency stability vs temperature can be 

as good as ± 25 ppmrC. 

'Stable components wi1h low tempco 

Resistors RL ,and Rs are !Jest taken from the same batch. 
(Ai. must belai"ger than Rs, 'SO it's made up of tw<:l rE!sis­
tors.) By ,dOing this, the tempco trackjng, which is the critical 
parameter, is five to ten times better than it would be if RL 
were a Single 3Q.l kO rE;lsistor. 

Although the reference output, pin 2, can't be loaded with· 
out affecting the converter's sensitivity;thEicomparator in­
put, pin 7, has a high impedance so this connection does no 
harm. 

Frequency stability is typically ± 25 ppml'C, even with an 
LM331, which as a V/F converter is specified only to 150 
ppm/'C'maximum. From 20 Hz to 20 kHz, stability is excel­
lent, and the circuit can generate frequencies up to 120 kHz. 

Although the simplest way of using the reference output is 
, to tie it back to the input, the reference can also be buffered 

and amplified to supply such external circuitiy as a resistive 
transducer, which might be a strain gauge or a pot (Figure 
3). As in the stable oscillator already described, 'deviations 
of the internal, reference voltage from the ideal cause the 
transducer's and the converter's sensitMties to change 
equally in oppOSite directions, so the effects cancel. 

In this circuit, op amp A2 buffers and amplifies the constant 
voltage at pin 2 of,the converter to provide the 5V excita~ion 
for the strain gauge. Amplifier A 1, connected as an instru­
mentation amplifier, raises the output of the'strain gauge to 
a 'usable level while rejecting common-mode pickup: 

A potentiometer-type transducer works just as well with this 
circuit. Its wiper output takes the place of A l's output as 
shoWn at the X. ' 
The reference terminal is both a constant voltage output 
and a current programming input. So far, it's been shown 
simply with one or two resistors going to ground. It is, how­
ever, a full-fledged signal input that accepts a signal from a 
current source quite well. 
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I.F 

4ft" 
41 

Ulk 
±1"· 

3O.1k* 

2 
REF 

~"Dl.F' 

I,BV 

12.n.* 

11k" 

1...----------~----+___4_----+_-..... - .... -_+-..... - ................. 

-=-
, ' , " ' , TLlH/8742-3 

FIGURE 3. III thl" straln-to-frequenc:y converter, the co"verter's reference excites the streln gauge (or the optional pot) 
through buffer amp A2. This makes the circuit Insensitive to changes In the reference voltage. 
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This extra input is what enables the LM131 to compute 
while converting. For instance, it will convert the ratio of two 
voltages to a frequency proportional to the ratio (F/{Jure 4). 
The circuit is still a V IF converter, but has two signal inputs, 
both of them going to rather unorthodox places at that. The 
inputs, shown as voltages, are converted to currents by two 
current pumps (voltage-to-current converters). Of course, if 
currents of the proper ranges are available, the current 
pumps aren't needed. The left current pump, which includes 
01 and A 1, determines how fast capacitor CL discharges 
between output pulses. The other pump sets the current in 
the reference circuit to control the amount of recharge cur­
rent when the one-shot fires. Tying the comparator input, 
pin 7, to the reference pin sets the comparator's trip point at 
a constant voltage. 

'Stable components w~h low tempco Va 

A 1. A2 should have low offset and low bias 
current: LM351 B. LM358A, LF353B, or similar 
01, 02: 2N3565, 2N2484, or similar high /3 

I'I 

VI 
IYTO -IOV 

CL TO.1/oiF 

ISO 

•. '"F~ liZ 

vz 
I.1VTO-IDV 

LM331 

'=' 

VL 

OUTPUT 

TLlH/8742-4 

FIGURE 4_ This circuit converts the ratio of two 
voltages to an equivalent frequency without a 

separate analog divider. Full-scale output 
Is 15 kHz. The two op amp circuits convert the 

Inputs to proportional currents. 

To get an idea of how the circuit works, consider first the 
effect of, for instance, tripling the input voltage, V1. This 
make CL discharge to the comparator trip point three times 
as fast, so the frequency triples. Next, consider a given 
change, such as doubling the voltage at the other input, V2. 
This doubles the recharge current to CL during the fixed­
width output pulse, which means CL'S voltage increases 
twice as much during recharging. Since the discharge into 
01 is linear (for V1 constant), it takes twice as long for CL to 
discharge-the frequency becomes half of what it was be­
fore. 
Although the current pumps in Figure 4 must have negative 
inputs, rearranging the op amps according to Figure 5 
makes them accept positive inputs instead. Trimming, out 
the offset in the op amp gives the ratio converter better 
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linearity and accuracy. The trim circuit in Figure 5a needs 
stable positive and negative supplies for the offset trimmer, 
while the one in Figure 5b needs only a stable positive sup­
ply. Unmarked components in Figure 5b are the same as in 
Figure5a. 

R1, R2, R3: Stable componenls 
w~ low tempco 

01: /3:> 330 

DV~'" 

a 

CURRENT 
OUTPUT 
lao". 

FUU.acALE 

TLlH/8742-5 

b TL/H/8742-6 

FIGURE 5. These current pumps adapt the converter 
circuits in Figures 4 and 6to positive input voltages . 

Optional offset trimming Improves linearity and 
accuracy, especially with input signals that have a 

wide dynamic range. 
Note that the full-scale range of the current pumps can be 
changed by varying the value of the input resistor(s). If ei­
ther of these pump circuits is used with a single positive 
supply, the op amp should be a type such as 1/2 LM358 or 
1/4 LM324, which has a common-mode range that includes 
the negative-supply bus. 

COMPUTING SQUARE ROOTS IMPLICITLY 
An analog divider computes the square root of a signal 
when the signal is fed to the divider's numerator input, and 
the output is fed back to the divider's denominator input. 

OUTPUT 

OUT=~ 
OUT 

OUT:! = IN 

OUT = <!iii 

TLlH/8742-7 

This type of computation is called implicit, because the end 
result of the computation is only implied, not explicitly stated 
by the equation that defines the computation. 
In the implicit square root computing loop described in the 
text, a V IF converter serves as a divider. Since it's a con­
verter, its inputs are voltages (or currents), but its output is a 
frequency. To connect its output back to one of its inputs so 
it will compute a square root means that its output frequen­
cy must be converted back to a voltage. This is taken care 
of by the frequency-ta-voltage converter. 



'INPUT VIF 
CONYERTER! 

DIVIDER 

VIN 
......... -0 m::.CY fOUT = kl X Vx 

• fDUT Vx = k2 X fOUT 

TLlH/S742-S 

Doing some algebraic sub:mtution shows that: 

fOUT = k3 x JViN 
where 

k3 = ~k1/k2. 

IT'LL TAKE RECIPROCALS 
Taking the ratiO of two inputs-in other words, doing divi­
sion-is only one of the mathematical operations that can 
be combined with converting. Another one is a special case 
of diviSion, which is taking reciprocals. In this instance, the 
numerator (V1 in Figure 4) is held constant, an~ the denomi­
nator, V2, changes over a wide range such as one or two 
decades. In this case, since the frequency is the reciprocal 
of the input, the period of the output is proportional to the 
input. When operated this way, the V2 current pump should 
have an offset trimmer. A constant current circuit is still 
needed to discharge capacitor CL. 
Nonlinearity (that is, deviation from the ideal law) with an 
LM331 is a little better than 1 % for 10 kHz full-scale. In­
creasing Or to 0.1 p.F reduces the nonlinearity to below 
0.2% while decreasing full-scale output to 1 kHz. 
Two inputs can also be multiplied while converting to a fre­
quency. The multiplying converter circuit (Figure 6) that 

does this has a more elaborate current pump ,than the ratio 
circuit of Figure 4. This pump is really ,two cascaded circuits; 
it includes op amps A2 and A3 as well as transistors Q2 and 
03. Current from this pump goes to pin 5 to control the one­
shot's pulse width. (This current ranges from 13.3 p.A to 
1.33 mA.) 
As in the ratio circuit, the left current pump controls the 
discharge rate of CL. The other pump, however, controls the 
one-shot's pulse width to vary the amount that CL charges 
during the pulse. If the V2 input is close to zero, the current 
from the pump into pin 5 is small, and the one-shot devel­
ops a wide pulse. This allows CL to charge quite a bit. It 
takes a relatively long time for CL to discharge to the com­
parator threshold, so the resulting frequency is low. As V2 
goes negative (a greater absolute magnitude), the output 
frequency rises. Op amp A3 must have a common-mode 
range that extends to the positive supply voltage', which the 
specified types do. 
Multiplying, dividing and converting can all be done at the 
same time by combining the V2 input current pump of Figure 
4 with the circuit of Figure 6. If a scale-factor trimmer is 
needed, R4 in Figure 6 is a good choice, better than input 
resistors such as A 1 or R2. USing the latter as trimmers 
would make the input impedance of the circuit change with 
trim setting. 
Two VlF converter ICs along with some extra circuitry will 
take the square root of a voltage input., Square root func­
tions are used mostly to simulate natural laws, but also to 
linearize .functions that have a natural square-law relation­
ship. One of the latter is converting diffential pressure to 
flow, where flow is proportional to the square root of differ­
ential pressure. 

'Stable components with low tempco 

fOUT = ~ X ::!!. X 10 kH~ 
~o--4~--~~--__ --------~ 

10V 10V 

Vs = 15V, regulated and stable 

( 15,OQV ' 
R3 = -- x 7500 with ± 1 % tolerance 

+Vs 

AI, A2: Each Is 1/2 LM158/LM358A or 1/2 LF3538 

A3: LM301A, LM307, or LF13741 only 

01, 02: High P such as 2N2484, 2N3565 or similar 

03: High P such as 2N4250, 2N3906 or Similar 

CL 
I.F 

r 
VI RI 

::~~ o-"""'III8IoM· ..... ~I~ 
-IOV 

12k 
±1" 

R3 
750 
±1". 

CT 

rD'OI.F~ 

V2 R2 

INPUT 1Il810' 

0.1 V TO 
-lOY 

610' 
SCALE 
FACTOR 
TRIM 

30pF 

IDk 

22k 
VL 

OUTPUT 

':" 
TL/H/S742-9 

FIGURE 6. The product of two Input voltages becomes an equivalent frequency in, this converter. A current pump that 
includes op amps A2 and A3 controls the pulse duration of the converter's internal one-shol 

1250 



VERSATILE PIN FUNCTIONS GIVE DESIGN 
FLEXIBILITY 
Two features-the reference and the one-shot-of the 
lM131/lM331 V/F converter deserve a closer look be­
cause they are the key to its versatility. The simplified sche­
matic of the chip, shown here along with a transducer and 
the components needed for a basic V IF converter, will help 
to illustrate how these features WOrk. 

The reference circuit, connected to pin 2, is both a constant 
voltage output and a current setting, scale-factor control in­
put. The constant voltage can supply external circuitry, such 
as the transducer, that feeds the converter's input. 

One great advantage of using the converter's internal refer­
ence to supply the external circuitry is that any variation in 
the reference voltage affects the sensitivities of the convert­
er and the external circuitry by equal and opposite amounts, 
so the effects of the variation cancel. 

While providing a constant voltage output, pin 2 also pro­
vides scale-factor, or' sensitivity control for the converter. 
Current supplied to an external circuit by this terminal 
comes from the supply (V s) through the current mirror and 
the transistor. The op amp drives this transistor to hold pin 2 
at a constant voltage equal to the internal reference, which 
is nominally 1.9V. 

The current mirror provides a current to the switch that's 
essentially identical to that in pin 2. This means that a 

INPUT 
"'~M"""'~---I-~ COMPliR~TOR 

I 
I, I 
I " I 

L.t '>-, I 

l,/ l : 
BUFFER 1 I 

AMP 4:.J 
:. TRANSDUCER 
1 

~ 

resistor to ground or a signal from a current source will set 
the current that is switched to pin 1. In most circuits, a ca­
paCitor goes from pin 1 to ground, and the switched current 
from this pin recharges the capacitor during the pulse from 
the one-shot. 

The one-shot circuit is somewhat like the well known 555 
timer's circuit. In the quiescent state, the reset transistor is 
on and holds pin 5 near ground. When pin 7 becomes more 
positive than pin 6 (or pin 6 falls below pin 7), the input 
comparator sets the flip-flop in the one-shot. 

The flip-flop turns on the current limited output transistor 
(pin 3) and switches the current coming from the current 
mirror to pin 1. The flip-flop also turns off the reset transis­
tor, and the timing capacitor c,- starts to charge toward V s. 
This charge is expOnential, and c,-'s voltage reaches 2/3 of 
Vs in about 1.1 RM time constants. (The quantity 1.1 is 
-In 0.333 ... ) When pin p reaches this voltage, the one­
shot's comparator resets the flip-flop which turns off the 
current to pin 1, discharges c,-, and turns off the output 
transistor. 
If the voltages at pins 6 and 7 still call for setting the flip-flop 
after pin 5 has reached 2/3 Vs, intemallogic not shown in 
this simplified diagram overrides the reset signal from the 
one-shot's own comparator, and the flip-flop stays set. In 
this instance, CT continues charging past 2/3 Vs. 

r----------------~ 
r-t.::.-..... OOUTPUT 

S G 

Vs' 

LMI311 LM331 

Tl/H/8742-IO 
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ROOTLOOPCOMPU~ 

The circuit in Figure 7 IS an implicit loop (see "CompUting 
Square Roots Implicitly") that uses IC1 as a voltage·to-fre­
quency converter and divider, and IC2· as a frequency-to­
voltage converter. The FIV converter, IC2, and the current 
pump that includes A 1 and the transistor return the output of 
IC1 to its denominator input A relatively elaborate feedback 
circuit like this is needed to convert IC1's frequency output 
back to a current for its denominator input. 
Looking at the circuit in more detail, IC1 puts out a frequen­
cy proportional to VIN divided by the feedback voltage, Vx. 
The current 11 is generated by a current pump that has Vx 
as its input (Figure 58). To develop the feedback IC2 con­
verts the pulse output from IC1 into standard width precision 
current pulses that charge capacitor C1. This capacitor inte­
grates them into the voltage Vx, thus cloSing the loop. 
Op amp A2, serving as a comparator, ensures that the cir­
cuit will always start and continue running. If VIN suddenly 
Jumps to a higher voltage, one pulse from the one-shot in 
IC1 may not be enough to recharge CL to a voltage higher 
than the input. In such a case,the IC's internal logic keeps 
its internal current switch turned on, and the voltage on CL 
ramps up until it exceeds the input. During this time, howev­
er, IC1's output hasn't changed state. (Such a temporary 
hang-up isn't. unique to this circuit, and equivalent things 
happen to other V/Fs besides the LM131/LM331.) What is 
worse here, though, is that the lack of pulses to IC2 means 
that Vx and 11 decay. The recharging current, 12, is the same 
as 11, so it not only becomes progressively harder for the 
voltage on CL to catch up with the input, it may even fail to 
catch up entirely if (12 x Ru is less than the input voltage. 

Vs VlF 

I.V 
CONVERTER 

RT 
1.81h· 

ovro rdU 
lOOk 

I.FT -:r:11 • F' 
ICI 

lM331 

O.oI.F 

p Cl 
I.F 

'=' 

'Stable components with low tempco 
AI, A2: 1/2 LM 358 or 1/2 LF353 

Full·scale ou1put: 10 kHz Cl 
I.F 

'=' 
'=' 

As a sign of this condition, when the converter hangs up, 
the one-shot's timing node, pin 5, continues to charge well 
beyond its normal peak of 2/3 Vs. As soon as the compara­
tor A2 detectS this rise, it pulls up voltage Vx, current 11 
increases, and the loop catches its breath again. . 
After all these nonlinear computations, this last circuit is 
about as linear as it can be. It's a precision,ultralinear V/F 
converter based on an LM331A (Figure 8) that has several 
detail refinements over previous V IF converter circuits. 
Choosing the proper components and trimming the tempco 
give less than 0.02% error and 0.003% nonlinearity for a 
± 20"C range around room temperature. 
This cjrcuit has an active Integrator, which includes the op 
amp and the integrating feedback capaCitor, CF. The inte­
grator converts the input voltage, which is negative, into a 
positive-going ramp. When the ramp reaches the converter 
IC's comparator threshold, the one-shot fires and switches 
a pulse of current to the integratQr's summing junction. This 
current makes the integrator's output ramp down quickly. 
When the one-shot times out, the cycle repeats. 
There are several reasons this converter ci~it gives high 
performance: 
• A feedback limiter prevents the op amp from driving pin 7 

of the LM331A negative. The limiter circuit arrangement 
bypasses the leakage through CR5 to ground via R5, so 
it won't reach the summing junction. Bypassing I~akage 
this way is especially important at high temperatures. 

• The offset trimming pot is connected to the stable 1.9Y 
reference at pin 2 instead of to a power supply bus that 

. might be unstable and noisy. 

Ry 
1.11k* 

Cr l' &.01.F· 

10k 
l-
I 
I 
I 1.8111 .F 
I 
I 
I 1 ... 7 2211 I 

I 
I 
I 
I 

TUH/8742-11 

FIGURE 7. Two converter ICs generate an output frequency proportional to the square root of the Input voltage. The 
Circuit Is an Implicit loop In which IC1aerves as a divider and V/F converter. ThlslC's output goes back to Its 

denominator Input through F/V converter IC2 to make the circuit output equal the Input'. square root. 
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Vs 
13k 

1010 R3 
12.1k* 

RX 

10k 

":' 

• ~~~~~~--~6-~C~ Uk 

LIi331A 3 OJl1l5tlpF - OUTPUT 
431JkNOM 

CRI CTRIMI 

T RZ 
CRZ 12.1k* 

CR3 6k' RS z.zk 
SCALE 1 ":' FACTOR 

TRIll 

R4 
1M 

I' 

":' 

VIN 
DV TO -10V 

VIN RS 1 
fOUT - 2.09V X R1 X RS Or Full-scale output 10 kHz 

'Stable components with low tampeo; see text 
Or is Teflon or Polystyrene 

All diodes 1N4S7. 1N484. or FD333 (Iow-Ieakege silicon) 

TL/H/8742-12 

FIGURE 8. An ultrapreclslon V /F converter, capable of beHer than 0.02% error and 0.003% nonlinearity for a 
± 20"C range about room temperature, augments the basic converter with an external Integrator. 

• A small fraction (1S0 IJ. V, full-scale) of the input voltage 
goes via R4 to the Rs network, which improves the non­
linearity from 0.004% to 0.002%. 

• Resistors R2 and R3 are the same value, so that resis­
tors such as Allen-Bradley type CC metal-film types can 
provide excellent tempco tracking at low cost. (This 
tracking is very good when equal values come from the 
same batch.) Resistor R1 should be a low tempco metal­
film or wirewound type, with a maximum tempeo of 
± 10 ppml"C or ± 25 ppml"C. 

In addition, Cr should be a polystyrene or Teflon type. Poly­
styrene is rated to SO°C, while Teflon goes to 150"C. Both 
types can be obtained with a tempco of -110 ± 30 ppml"C. 
Choosing this tempco for Cr makes the tempco, due to Cr, 
of the full-scale output frequency 110 ppm/DC. 

Using tight tolerance components results in a total tempco 
between 0 ppm/DC and 220 ppm/DC, so the tempeo will 
never be negative. The voltage at CR1 and Rx has a temp­
co of -6 mVI"C, which can be used to compensate the 
tempco of the rest of the circuit. Trimming Rx compensates 
for the tempco of the V /F IC, the capacitor, and all the 
resistors. 

A good starting value for selecting Rx is 430 kO, which will 
give the 135 IJ.A flowing out of pin 2 a slope of 110 ppm/DC. 
If the output frequency increases with temperature, a little 
more conductance should be added in parallel with Rx. 
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When doing a second round of trimming, though, note that a 
resistor of, say, 4.3 MO, has about the same effect on temp­
co when shunted across a 220 kO resistor that it does when 
shunted across one of 430 kO, namely, -11 ppml"C. This 
technique can give tempeos below ± 20 ppml"C or even 
±10 ppml"C. 

Some precautions help this procedure converge: 

1. Use a good capacitor for CT. The cheapest polystyrene 
capacitors will shift in value by 0.05% or more per tem­
perature cycle. The actual temperature sensitivity would 
be indistinguishable from the hysteresis, and the circuit 
would never be stable. 

2. After soldering, bake and/or temperature-cycle the circuit 
(at a temperature not exceeding 75°C if Cr is polystyrene) 
for a few hours, to stabilize ali components and to relieve 
the strains from soldering. 

3. Don't rush the trimming. Recheck the room temperature 
value, before and after the high temperature data are tak­
en, to ensure that hystereSis per cycle is reasonably low. 

4. Don't expect a perfect tempco at - 25°C if the circuit is 
trimmed for ± 5 ppml"C between 25°C and 60"C. If it's 
been trimmed for zero tempco while warm, none of its 
components will be linear to much better than 5 ppml"C 
or 10 ppm/DC when it's cold. 

The values shown in this circuit are generally optimum for 
± 12V to ± 16V regulated supplies but any stable supplies 
between ±4Vand ±22V would be usable, after changing a 
few component values. 
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APPENDIX H: Standard Resistance Values 

The standard 1 % (and %%) resistor values are recommended for ease of design and for best availability when designing 
precision analog circuits. 

Standard Resistance Values for t .... 10·t0-100 OeC:ade 

R.slstance Tolerance (+ %) " 
0.1 0.1 0.1 0.1 0.1 0.1 

0.25 1 2 0.25 1 2 0.25 1 2 0.25 1 2, 0.25 1 2 0.25 1 2 
0.5 5 0.5 5 0.5 5 0.5 5 0.5 5 0.5 5 

10.0 10.0 10 14.7 14.7 - 21.5 21.5 - ,31.6 31.8 - 46.4 48.4 - 68.1 8a.1 68 
10.1 - - 14.9 - - 21.8 - - 32.0 - - 47.0 - 47 69.0 - -
10.2 10.2 - 15.0 15.0 15 22.1 22.1 - 32.4 32.4 - 47.5 47.5 - 69.8 88.a -
10.4 - - 15.2 - - 22.3 - 22 32.8 - - 48.1 - - 70.6 - -
10.5 10.5 - 15.4 15.4 - 22.6 22.8 - 33.2 33.2 33 48.7 48.7 - 71.5 71.5 -
10.6 - - 15.6 - - 22.9 - - 33.6 - - 49.3 - - 72.3 - -
10.7 10.7 - 15.8 15.8 - 23.2 23.2 - 34.0 34.0 - 49.9 48.8 - 73.2 73.2 -
10.9 - - 16.0 - 16 23.4 - - 34.4 - - 50.5 - - 74.1 - -
11.0 11.0 11 . 16.2 18.2 - 23.7 23.7 - 34.8 34.& - 51.1 51.1 

' .. 
51 75.0 75.0 75 

11.1 - - 16.4 - - 24.0 - 24 35.2 - - 51.7 - - 75.9 - -
11.3 11.3 -' 16.5 18.S· - 24.3· 24.3 - 35.7 3S.7 - 52.3 82.3 - .76.8 78.8 -
11.4 - - 16.7 - - 24.6 '- - 36.1 - 36 53.0 - - 77.7 - -
11.5 11.8 - 16.9 18.8 - 24:9 24.8 - 36.5 38.5 - 53.6 83.8 - 78.7 78;7 -
11.7 - - 17.2 - - 25.2 - - 37.0 - - 54.2 - - 79:6 ,~ -
11.8 11.8 - 17.4 17.4 - 25.5 2S.5 - 37.4 37.4 - 54.9 84.8 - 80.6 80.8 -
12.0 - 12 17.6 - - 25.8 - - 37.9 - - 56.6 - - 81.6 - -
12.1 12.1 - 17.8 1'7.8 - 26.1 28.1 - 38.3 38.3 - 56.2 88.2 56 82.5 82.S 82 
12.3 - - 18.0 - 18 26.4 - - 38.8 - - 56.9 ,- - 83.5 - -
12.4 12.4 - 18.2 18.2 - 26.7 28.7 - 39.2 38.2 39 57.6 87.8 - 84.5 84.S -
12.6 - - 18.4 - - 27.1 - 27 39.7 - - 58.3 - - 85.6 - -
12.7 12.7 - 18.7 18.7 - 27.4 27.4 - 40.2 40.2 - 59.0 88.0 - 86.~ 88.8 -
12.9 -. - 18.9 - - 27.7 .,... - 40.7 ..,- - 59.7 - - 87'.6 - -
13.0 13.0 13 19.2 UM. - 28.0 28.0 - 41.2 41.2 - 60.4 80.4 - 88.7 88.7 .-
13.2 - - . 19.3 - - 28.4 - - 41.7 - - 61.2 - - 89.8 - -
13.3 13.3 - 19.6 18.8 - 28.7 28.7 - 42.2 42.2 - 61.9 81.8 62 "90.9 80.8 91 
13.5 - - 19.8 - - 29.1 - - 42.7 - - 62.6 - - 92.0 - -
13.7 13.7 - 20.0 ' 20.0 20 29.4 28.4 - 43.2 43.2 43 63.4 63.4 - 93.1 83.1 -
13.8 - - 20.3 - - 29.8 - - 43.7 - - 64.2 - - 94.2 - -
14.0 14.0 '- 20.5 20.S - 30.1 30.1 30 44.2 44,.2 - 64.9 84.8 - ,95.3 85.3 -
14.2 - - 20.8 - - 30.5 - - 44.8 - - 65.7 - - 96.5 - .,.... 
14.3 14.3 - 21.0 21.0 - 30.9 30.8 - 45.3 45.3 - 66.5 68.5 - 97.6 87.8. -
14.5 - - 21.3 - - 31.2 - - 45.9 - - 67.3 - - 98.8 -
S~ard Resistance Values are obtained from the Decade Table by multiplying by multiples of 10. As an example, 12.1 can 
represent 1.210, 12. to, 1210, 1.21 kO, etc. 
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ASIC DES'ION' MANUAL/GATE ARRAYS' & STANDARD CELLS-1987 
SSIIMSI Functions. Peripheral Functions. LSIIVLSI Functions. Design Guidelines - Packaging 

'CMOS LOGIC DAT~BOOK-1988 
CMOS AC Switching Test Circuits arid Timing Waveforms'; CMOS Application Notes - MM54HC/MM74HC 
MM54HCT IMM74HCT.CD4XXX. MM54CXXX/MM74CXXX. Surface Mount . . 

,CLOCK GENERATION AND SUPPORT '(CGS) 'DESIGN DATABOOK-1994 
. . Low Skew Clock Buffers/Dtiv~ • Video Clock Generators. Low Skew PLL Clock Generators 

Crystal Clock Generators ' . . . ., ' . . 

.' DATA ACQUISITION DATABOOK~1993 
Data Acquisition Systems. Analog-to-Digital Converters. Dlgital-to-Analog Converters. Voltage References 
Temperature Sensors • Active Filters • Analog Switches/Multiplexers - Surface Mount 

" DATA ACQUISITION DATA800KSOPPLEMENT-1992 
'. ,New devices released since the printing of the 1989 Data Acquisition Unear Devices Databook, 

DISCRETE SEMICONDUCTOR PRODUCTS DATABOOK-1989 
· Selection Guide and Cross Reference Guides • Diod8$ • Bipolar NPN TransistorS 
Bipolar PNP Transistors. JFET Transistors .,SurfaC$, Mount Prod\\cts. ~ro-I;_on Series. 

· Consumer Series. Power Components. Transistor Oatasheets - ,f'lroc:ess Characteristics .' . 
, "\. ,.,j<' , , '. ," '"j .' .', 

· DRAM MANAGEMENT' HANDBOOK-1993 '" ,." 

, : Dynamic Memory Con~rol. CP,U Specific Sy$tem Solutions- Error Qetectlon and Correction' 
" Microprocessor APplications . " ~, , ' 
I ,\ . "" I ,1 ~ : ~ -, ,;i' 
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EMBEDDED CONTROLLERS DATABOOK-1992 
COP400 Family. COP800 Family. COPS Applications. HPC Family. HPC Applications 
MICROWIRE and MICROWIRE/PLUS Peripherals. Microcontroller Development Tools 

FDDI DATABOOK-1991 
FOOl Overview • DP83200 FOOl Chip Set • Development Support • Application Notes and System Briefs 

F100K ECL LOGIC DATABOOK, & DESIGN GUIDE-1992 
Family Overview • 300 Series (Low-Power) Datasheets • 100 Series Datasheets • 11 C Datasheets 
Design Guide. Circuit Basics. Logic Design. Transmission Line Concepts. System Considerations 
Power Distribution and Thermal Considerations. Testing Techniques. 300 Series Package Qualification 
Quality Assurance and Reliability. Application Notes 

FACTTM ADVANCED CMOS LOGIC DATABOOK-1993 
Description and Family Characteristics. Ratings, Specifications and Waveforms 
Design Considerations • 54AC17 4ACXXX • 54ACT 17 4ACTXXX • Quiet Series: 54ACQ174ACQXXX 
Quiet Series: 54ACTQI74ACTQXXX. 54FCTI74FCTXXX. FCTA: 54FCTXXXA174FCTXXXA/B 

FAST® ADVANCED SCHOTTKY TTL LOGIC DATABOOK-1990 
Circuit Characteristics. Ratings, Specifications and Waveforms. Design Considerations. 54F174FXXX 

FAST® APPLICATIONS HANDBOOK-1990 
Reprint of 1987 Fairchild FAST Applications Handbook 
Contains application information on the FAST family: Introduction. Multiplexers. Decoders. Encoders 
Operators • FIFOs • Counters • TTL Small Scale Integration. Line Driving and System Design 
FAST Characteristics and Testing. Packaging Characteristics . . 

HIGH-PERFORMANCE BUS INTERFACE DESIGNER'S GUIDE-1992 
Futurebus+ IBTL Devices. BTL Transceiver Application Notes. Futurebus+ Application Notes 
High Performance TTL Bus Drivers. PI-Bus. Futurebus + IBTL Reference 

IBM DATA COMMUNICATIONS HANDBOOK-1992 
IBM Data Communications. Application Notes 

INTERFACE: LINE DRIVERS AND RECEIVERS DATABOOK-1992 
EIA-232. EIA-422/423. EIA-485. Line Drivers. Receivers. Repeaters. Transceivers. Application Notes 

LINEAR APPLICATIONS HANDBOOK-1994 
The purpose of this handbook is to provide a fully indexed and cross-referenced collection of linear integrated circuit 
applications using both monolithic and hybrid circuits from National Semiconductor. 
Individual application notes are normally written to explain the operation and use of one particular device or to detail various 
methods of accomplishing a given function. The organization of this handbook takes advantage of this innate coherence by 
keeping each application note intact, arranging them in numerical order, and providing a detailed Subject Index. 

LINEAR APPLICATION SPECIFIC IC's DATABOOK--1993 
Audio Circuits. Radio Circuits • Video Circuits • Display Drivers. Clock Drivers • Frequency SyntheSiS 
Special Automotive. Special Functions. Surface Mount 

LOCAL AREA NETWORKS DATABOOK-1993 SECOND EDITION 
Integrated Ethernet Network Interface Controller Products. Ethernet Physical Layer Transceivers· 
Ethernet Repeater Interface Controller Products. Token-Ring Interface Controller (TROPIC) 
Hardware and Software SuppOrt Products. FOOl Products. Glossary and Acronyms 

LOW VOLTAGE DATABOOK-1992 
This databook contains information on National's expanding portfolio of low and extended voltage products. Product datasheets 
included for: Low Voltage Logic (LVQ), Linear, EPROM, EEPROM, SRAM, Interface, ASIC, Embedded Controllers, Real Time 
Clocks, and Clock Generation and Support (CGS). 



MASS STORAGE HANDBOOK ...... 1989 
Rigid Disk Pulse Detectors. Rigid Disk Da~ SeparatorslSynchronizers and ENDECs 
Rigid Disk Data Controller. SCSI Bus Interface Circuits • Floppy.Disk Controllers. Disk Drive Interface Circuits 
Rigid Disk Preamplifiers and Servo Control Circuits. Rigid Disk Microcontroller Circuits. Disk Interface Design Guide 

MEMORY DATABOO.K-1992 
CMOS EPROMs • CMOS EEPROMs • PROMs. Application Notes 

MEMORY APPLlCJ:\TION HANDBOOK~1993 

OPERATIONAL AMPLIFIERS DATABOOK;';';'1993 
Operational Amplifiers. Buffers. Voltage Comparators. Instrumentation Amplifiers. Surface Mount 

PACKAGING DATABOOK-1993 
Introduction to Packaging. Hermetic Packages. Plastic Packages. Advanced Packaging Technology 
Package Reliability Considerations. Packing Considerations. Surface Mount Considerations 

POWER IC's DATABOOK-1993 
Linear Voltage Regulators. Low Dropout Voltage Regulators. Switching Voltage Regulators • Motion Control 
Peripheral Drivers. High Current Switches. Surface Mount 

PROGRAMMABLE LOGIC DEVICE DATABOOK AND 
DESIGN GUIDE-1993 
Product Line Overview. Datasheets • Design Guide: Designing with PLDs • PLD Design Methodology 
PLD Design Development Tools. Fabrication of Programmable Logic. Application Examples 

REAL TIME. CLOCK HANDBOOK-1993 
3Nolt Low Voltage Real Time Clocks • Real TIme Clocks arid Timer Clock Peripherals • Application Notes 

RELIABILITY HANDBOOK-1987 
Reliability and the Die • Internal Construction. Finished Package. MIL·STD-883. MIL·M-38510 
The Specification Development Process. Reliability and the Hybrid Device • VLSIIVHSIC Devices 
Radiation Environment. Electrostatic Discharge. Discrete Device. Standardization 
Quality Assurance and Reliability Engineering. Reliability and Documentation. Commercial Grade Device 
European Reliability Programs • Reliability and the Cost of Semiconductor Ownership 
Reliability Testing at National Semiconductor. The Total Militaryl Aerospace Standardization Program 
883B/RETSTM Products. MILS/RETSTM Products. 883/RETSTM Hybrids. MIL·M·38510 Class B Products 
Radiation Hardened Technology. Wafer Fabrication. Semiconductor Assembly and Packaging 
Semiconductor Packages. Glossary of Terms. Key Government Agencies. ANI Numbers and Acronyms 
Bibliography. MIL·M·3851 0 and OESC Drawing Cross Listing 

SCANTMDATABOOK-1993 
Evolution of IEEE 1149.1. Standard. SCAN Buffers • System Test Products. Other IEEE 1149.1 Devices 

TELECOMMUNICATIONS-1992· 
COMBO and SLiC Devices. ISDN. Digital Loop DevicEls. Analog Telephone Components. Software 
Application Notes . 

VHC/VHCT ADVANCED CMOS LOGIC DATABOOK-1993. 
This databook introduces National's Very High Speed CMOS (VHC) and Very High Speed TIL Compatible CMOS (VHCT) 
designs. The databook includes Description and Family Characteristics • Ratings, Specifications and Waveforms 
Design Considerations and Product Datasheats. The topics discussed are the advantages of VHCIVHCT AC Performance, 
Low Noise Characteristics and Improved Interface Capabilities. 



NATIONAL SEMICONDUCTOR CORPORATION DISTRIBUTORS 
ALABAMA Tustin ILLINOIS Wilmington 

Huntsville TIme Electronics Addison Anthem Electronics 
Hamilton/Hallmark (714) 669·0100 Pioneer Electronics (508) 657·5170 
(205) 837·8700 Woodland Hills (708) 495-9680 Zeus Elect. an Am:rw Co. 
Pioneer Technology Hamilton/Hallmark Bensenville (508) 658-0900 
(205) 837·9300 (818) 594-0404 Hami~on/Hallmark MICHIGAN 
TIme Electronics TIme Electronics (708) 880·7780 Grand Rapids 
(800) 772·8838 (818) 593-8400 Elk Grove Village Pioneer Standard 

ARIZONA YorbaUnda Bell Industries (616) 698-1800 
Phoenix Zeus Elect. an Arrow Co. (708) 640·1910 Novi 
Hami~n/Hallmark (714) 921·9000 Schaumburg Hamilton/Hallmark 
(802) 437·1200 COLORADO Anthem Electronics (313) 347-4.271 

Tempe Denver (708) 884-0200 Plymouth 
Anthem Electronics Bell Industries TIme ElectroniCS Pioneer Standard 
(802) 966·6800 (303) 691·9010 (708) 303·3000 (313)416-2157 
Bell Industries Englewood INDIANA Wyoming 
(802) 966·7800 Anthem Electronics Fort Wayne R. M. Electronics, Inc. 
Time Electronics (303) 790-4500 Bell Industries (616) 531·9300 
(802) 967·2000 Hamilton/Hallmark (219) 423-3422 MINNESOTA 

CALIFORNIA (303) 790·1662 Indianapolis Bloomington 
Agora Hills Time Electronics Advent Electronics Inc. HamiHon/Halimark 

Bellinduslries (303) 721-8882 (317) 872-4910 (612) 88t·2800 
(818) 706·2608 CONNECTICUT Bell Industries EdenPrairia 
Pioneer Standard . Cheshire (317) 875-8200 Anthem Electronics 
(818) 865·5800 Hamilton/Hallmark Hami~n/Hallmark (612) 944·6454 
Time Electronics (203) 271·2844 (317) 872-8875 Pioneer Standard 
(818) 707·2890 Shelton Pioneer Standard (612) 944-3355 

Calabasas Pioneer Standard (317) 573-0880 Edina 
F /X Electronics (203) 929-5600 IOWA Time electronics 
(818) 591·9220 Waterbury CadarRapids (612) 943-2433 

Chatsworth Anthem Electronics Advent Electronics Thief River Falls 
Anthem Electronics (203) 575-1575 (319) 363-0221 Dlgi·Key Corp. 
(818) 775-1333 FLORIDA KANSAS "Catalog Sales Only" 

Costa Mesa Altamonte Springs Lenexa (800) 344-4539 
Hami~on/Hallmark Anthem Electronics ' Hamilton/Hallmark MISSOURI 
(714) 641·4100 (407) 831-0007 (913) 332-4375 Earth City 

Irvine Bell Industries KENTUCKY Hamilton/Hallmark 
Anthem Electronics (407) 339-0078 Lexington (314) 291-5350 
(714) 768-4444 Pioneer Technology HamiHon/Hallmark Manchestar 
Bell Industries (407) 834-9090 (802) 288-4911 Time Electronics 
(714) 727-4500 Deerfield Beach (314) 391-8444 
Pioneer Standard Pioneer Technology MARYLAND 
(714) 753-5090 Columbia NEW JERSEY 

Rocklin 
(305) 428·8877 

Anthem Electronics Cherry Hill 
Fort Lauderdale Hamilton/Hallmark Anthem ElectroniCl! Hamilton/Hallmark (410) 995-6840 

(609) 424-0110 (916) 624-9744 (305) 464·5482 HamiHon/Hallmark 
Bell Industries (410) 988-9800 Fairfield 

Time Electronics HamiHon/HaJlmark (916) 652-0414 (305) 464-1778 Time Electronics 
(201) 575·3390 Roseville (410) 984-3090 

Hamilton/Hallmark 
Lake Mary 

Gaithersburg Pioneer Standard 
Zeus Elect an Arrow Co. (201) 575-3510 (916) 624-9781 (407) 333-9300 Pioneer Technology 

San Diego (301) 921-0680 Marlton 
Largo TIme Electronics Anthem Electronics HamlHon/Hallmark MASSACHUSETTS (809) 598-6700 (619) 453·9005 (813) 541-7440 Andover Mount Laurel Hamilton/Hallmark Orlando Bell Industries Seymour Electronics (619) 571·7540 Chip Supply (508) 474-8880 (809) 235-7474 Pioneer Standard Die Distributor Beverly Parsippany (619) 546·4906 (407) 298-7100 Sertech laboratories Hami~n/Hallmark Time Electronics Time Electronics (508) 927-5820 (201) 515-1841 (619) 674-2800 (407) 841-6565 Lexington Pine Brook San Jose Winter Park Pioneer Standard Anthem Electronics Anthem Electronics Hamilton/Hallmark (617) 861-9200 (201) 227-7980 (408) 453-1200 (407) 857-3300 Newburyport Wayne HamiHon/Halimark 

GEORGIA Rochester Electronics Time Electronics (408) 743-3300 
Duluth "Obsolete Products" (201) 785-8250 Pioneer Technology (508) 462-9332 

(408) 954-9100 Hamilton/Hallmark 
Norwood NEW MEXICO 

Zeus Elect an Arrow Co. (404) 623-4400 
Gerber Electronics Albuquerque 

(408) 629-4789 Pioneer Technology 
(817) 789-8000 Allianos Electronics Inc. 

SUnnyvale (404) 623-1003 
Peabody (505) 292-3360 

Bell Industries Norcross 
Hami~n/Hallmark Bell Industries 

(408) 734-8570 Ball Industries 
(508) 532-3701 (505) 292·2700 

TIme Electronics (404) 882-0923 
Time Electronics Hamilton/Hallmark 

(408) 734-9888 TIme Electronics 
(508) 532-9900 (505) 828·1058 

(404) 368-0969 
Tyngsboro 

Port Electronics 
(508) 649-4880 
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NEW YORK 
Binghamton 

Pioneer 
(607) 722-9300 

Buffalo 
Summit Electronics 
(716) 887-2800 

Commack 
Anthem Electronics, 
(516) 864-6800 

Fairport , 
Pioneer Standard 
(716) 381-7070 

Hauppauge 
Hamilton/Hallmark 
(516) 434-7490 
Time Electronics 
(516) 273-0100 

Port Chester 
Zeus Elect. an Arrow Co. 
(914) 937-7400 

Rochester 
Hamilton/Hallmark 
(800) 475-9130 
Summit Electronics 
(716) 334-8110 

Ronkonkoma 
Hamilton/Hallmark 
(516) 737-0600 

Syracuss 
Time Electronics 
(315) 432-0355 

Westbury 
Hamilton/Hallmark Export Div. 
(516) 997-6868 

Woodbury 
Pioneer Electronics 
(516) 921-8700 
Seymour Electronics 
(516) 496-7474 

NORTH CAROUNA 
Morrisville 

Pioneer Technology 
(919) 480-1530 

Raleigh 
Hamilton/Hallmark 
(919) 872-0712 

OHIO 
Cleveland 

Pioneer 
(216) 587-3600 

Columbus 
Time Electronics 
(614) 794-3301 

Dayton 
Ball Industries 
(513) 435-8860 
Bell Industries-Military 
(513) 434-8231 
Hamilton/Hallmark 
(513) 439-6735 
Pioneer Standard 
(513) 236-9900 

OKLAHOMA 
Tulsa 

HamiHon/Halimark 
(918) 254-6110 
Pioneer Standard 
(918) 665-7640 
Radio Inc. 
(918) 587-9123 

OREGON 
Beaverton 

Anthem Electronics 
(503) 843-1114 
Bell Industries 
(503) 644-3444 
HamiHon/Halimark 
(503) 526-8200 

Portland 
Time Electronics 
(503) 684-3780 

PENNSYLVANIA 
Horsham 

Anthem Electronics 
(215) 443-5150 
Pioneer Technology 
~215) 674-4000 

Mars 
HamiRon/Halimark 
(412) 281-4150 

PHtsburgh 
Pioneer Standard 
(412) 782-2300 . 

TEXAS 
Austin 

HamiRon/Halimark 
(512) 258-8848 
Minco Technology Labs. 
(512) 834-2022 
Pioneer Standard 
(512) 835-4000 
Time Electronics 
(512) 346-7346 

CarreIRon 
Zeus Elecl an Arrow Co. 
(214) 380-6464 

Dallas 
HamiHon/Hallmark 
(214) 553-4300 
Pioneer Standard 
(214) 386-7300 

Houston 
Hamilton/Hallmark 
(713) 781-6100 
Pioneer Standard 
(713) 495-4700 

Richardson 
Antham Electronics 
(214) 238-7100 
Time Electronics 
(214) 644-4644 

UTAH 
Midvale 

Bell Industries 
(801)255-9611 

Salt Lake City 
Anthem Electronics 
(801) 973-8555 
Hamilton/Hallmark 
(801) 268-2022 

WestVailey , 
Time Electronics 
(801) 973-8494 

WASHINGTON 
Bothell 

Anthem Electronics 
(206) 483-1700 

Kirkland 
Time Electronics 
(206) 820-1525 

Redmond 
Bell Industries 
(206) 867-5410 
Hamilton/Hallmark 
(206) 820-1525 

WISCONSIN 
Brookfield 

Pioneer Electronics 
(414) 784-3480 

Mequon 
Taylor Electric 
(414) 241-4321 

New Berlin 
Hamilton/Hallmark 
(414) 780-7200 ' 

Waukesha 
Bell Industries 
(414) 547-8879 
Hamilton/Hallmark 
(414) 784-8205 

CANADA 
WESTERN PROVINCES 

Burnaby 
Hamilton/Hallmark 
(604) 420-4101 
Semad Electronics 
(604) 451-3444 

Caigary 
Electro Sonic Inc. 
(403) 255-9550 
Semed Electronics 
(403) 252-5864 
Zentronlcs 
(403) 295-8838 

Edmonton 
Zentronics 
(403) 482-3038 

Markham 
Semad Electronics Ltd. 
(416) 475-8500 

Richmond 
Electro Sonic Inc. 
(604) 273-2911 
Zentronics 
(604) 273-5575 

Winnipeg 
Zentronics 
(204) 684-1957 

EASTERN PROVINCES 
Mi~uga 

Hamilton/Hallmark 
(416) 564-8060 
Time Electronics 
(416) 672-5300 
Zentronics 
(416) 507-2600 

Nepean 
Hamilton/Hallmark 
(613) 228-1700 
Zentronics 
(613) 228-8640 

Ottawa 
Electro Sonic Inc. 
(613) 728-8333 
Semad Electronics 
(613) 727-8325 

Pointe Claire 
Semad Electronics 
(514) 684-0860 

Ville St. Laurent 
Hamilton/Hallmark 
(514) 335-1000 
Zentronics 
(514) 737-9700 

Willowdale 
ElectroSonic Inc. 
(416) 494-1668 

Winnipeg 
Electro Sonic Inc. 
(204) 783-3105 
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