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Chopper Amplifier's PPM Stability Enables Electron
Microsope To Scrutinize-Individual Molecules™

*Based on informal conversations with Robert Libbey, Design Engineer RCA, Camden, N.J.

Current sousce, based on wlira-stable operational amplifier, sup-
plies lens curvent with 2.5 part-per-million stability, enables a
new generation of electron microscopes 10 resolve beller than
8 Angsiroms. This arlicle introduces electron micsoscope prin-
ciples, illusirates the need for ntmost current stability, and
describes the cnrrent source design,

he electron microscope “sees™ by using an electeon beam as

an ultra-short wavelength “light source.”” Owing to the dra-
matic reduction in diffraction effects afforded by its short-wave
illumination, the instrument can resolve a thousandfold more
finely than the best optical instrument. Evolution of the elec-
tron microscope during the past few decades has opened en-
tirely new realms of exploration and study, and has enabled
researchers to examine individual molecules and viruses not
previously discernible with even the most powerful optical
mlCl’OSCOPC.

Electronic engineers, so familiar with a heated cathode’s ran-
dom emission, may be forgiven for believing electron beams
to exemplify particle rather than wave motion. Yet during
1924, deBroglie paralleled Einstein's earlier unification of wave
and corpuscular light theories by showing that a beam of
charged particles may also be cepresented by a wave motion of
definite and calculable wavelength. In fact, the wavelength of
an electron beam accelerated through 50,000 volts is roughly
0.05 Angstroms, or 5 x 1010 centimeters. This is approximately
six orders-of-magnitude shorter than the 4 x 105 centimeters
for visible light at the ultra-violet end of the spectrum.

Electron microscopes have evolved at an explosive pace com-
pared with the optical microscope’s 300 years of development
since Anton Leeuwenhoeck observed his first microbe. In 1926,
Busch published theoretical calculations showing how an elec-
trostatic field could focus an electron beam, thereby laying the
foundations for geometrical optics. Bruche and Johanason bujlt
the first electrostatic instrument in 1932. Then also in 1932,
Knotl and Ruska accelerated the pace by publishing the first
experimental results obtained with an electron microscope em-
ploying magnetic lenses. The industry hasn't looked back since.

RESOLUTION

Diffraction cffects, caused by mutual intecference between
phase-related wave-fronts, ultimately limit a microscope’s abil-
ity to distinguish separate points on any object being viewed.
Diftraction is directly related to wavelength, as Abbe's equa-
tion: d=0.62\/n Sin « demonstrates. This equation shows
how resolution d improves as wavelength A shrinks. The elec-
tron microscope’s “light sousce,” being several ocders of mag-
nitude shorter than visible light, improves resolution
dramatically.

A good optical microscope can distinguish points separated by
a djstance roughly equal to half a wavelength. For a 4000
Angstrom light source, this works out to about 2000 Ang-
stroms, or 0.0002 centimeters. The naked eye can resolve to
about 0.02 centimeters. Compromises sn the electron micro-
scope between diffraction and spherical aberration effects yield
an optimum resolution of about 8 Angstroms, or 8 x 10-10
centimeters. (Spherical aberration is minimized by a small
aperture, diffraction is minimized by a large one.)
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LENS COMPARISONS

Electron microscopes are virtually identical in fundamental
principle to their optical counterpasts, as the ray diagram,
Fig. 1, shows. Lenses are arranged in conventional condenser,
objective, and projection configurations for transmission micro-
scopes of both types. Even so, the differences in practice arc
more marked than the similarities in principle,

An optical microscope’s day-to-day performance depends pri-
marily upon such basic factors as dimensional stability of lenses
and structure. By contrast, an electron microscope’s day-to-day
resolving power is 2 much more delicate matter and depends
upon far less tangible parameters than glass and metal config-
urations. Magnetic field geometry establishes the electron micro-
scope’s working efficiency, making magnetic stability, hence
lens current constancy, analogous to the optical microscope’s
lens and steuctural stability.

The electson microscope exemplifies modern instrument teends
towards increasing use of electrical rather than physical “dimen-
sions,” Sophisticated designs in many fields are using electron-
ics to achieve new functions and improved accuracy. Examples
occur in caesium cell frequency standards, particle accelerators,
mass spectrometers, and doubtless many moce. One commercial
analytical balance even uses the pull of an accurately calibrated
solenoid for (ractional milligram resolution of sample weight.
In 2ll of these instances, utmost clectrical stability is reflected
directly in the instrument’s usefulness. Because Analog Devices
is participating with instcument maoufacturers in the develop-
ment of advanced electconic instrumentation, we've obtained
RCA's permission to present the design and circuit details of
the current source used in their new Model EMU4 microscope.

CURRENT SOURCE
Until recently, electronic ciscuitey imposed a final limitation
on the routine performance of commercial electron micro-

ELECTRON MICROSCOPE

CATHODE

scopes. However, chopper stabilized amplifiers with better than
0.5V /°C drift, and ultra-stable Zener diodes with comparable
specifications, have elevated the performance of electronic cir-
cuits to at least the equal of the instcument’s physical hardware.
Oscilloscope users ase aware that the focus knob on their instru-
ment can stand a good deal of twiddling before the tcace Joses
its definition. This slackness of focus is certainly not duplicated
by an electron microscope capable of enlarging objects by
200,000 or more. At highest magnification levels 2 10 PPM
lens current drift drastically degrades resolving power and
defeats the purpose of the original $50,000 to $500,000
expenditure.

BASIC CIRCUIT

The basic current source circuit that supplies lens current for
the EMU4 microscope is analyzed in Fig. 2. The analysis shows
how errors due to drift and noise reflect in output current
deviations.

Compared with other current sources!, this circuit has the
advantage that its main amplifier operates with one input tet-
minal grounded, simultaneously eliminating common mode
errors and enabling a chopper stabilized operational amplifier
to establish the basic stability. Too, the current booster circuit
can be a simple emitter follower or Daclington pair enclosed
within the feedback loop. Equivalent booster drift, when re-
Rected back to the refecence source, is then reduced by the chop-
per amplifier’s 108 gain to negligible proportions compared
with the chopper amplifiec’s own drift.

Penalties paid for these simplifications include a somewhat
increased overall drift gain, and the need for a floating load.
Since the lens coil is isolated from ground anyway, the floating
load condition imposes no extra problems. Similarly, chopper
amplifiers can be selected for ample margin of stability over
the increased drift gain.
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FIGURE 1. Electron microscope compared to their optical counterparts.
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ACTUAL CIRCUIT

Owing to the relative wide range of voltage needed by the lens
coil, the booster amplifier is not a simple emitter follower, but
increases output voltage from the chopper amplifier’s — 6 volts
to roughly 50 volts at maximum coil current. Additionzlly, the
Darlington configuration raises output current to nearly 300
milliamps.

The design procedure for such a circuit is first of all to establish
a theoretical paper “Bede” design, then produce a simple proto-
type for error measurement and diagnosis. The next step is to
add voltage and current amplifiers to the circuit, introduce long
leads and control switches, then check for frequency and phase
stability, as well as dc stability. Frequency-stabilizing capacitors
are introduced to ensure operating stability under all operating
conditions, including switching transients.

Feedback resistors should be low noise types (they should be %\k
checked by the “current noise” method), and must afford sta- T
bility commensurate with the ciccuit's final specifications. Oper- Hole in carbon film showing 45°A
ating the resistors at low dissipation levels, and in a vniform fringe. Magnification 400,000x; wedged

temperature environment, are important design factors. areas 2,000,000x.

Temperature compensated Zeners operated in the proper tem-
perature enviconment (but without constant temperature oven),
provide about 1 ppm short-term stability. The amplifier drift,
as shown in Fig. 3, can be well below this value for the 5°C
tempeérature range.

Overzll performance of the circuit meets the worst-case current
drift specifications of 2.5 parts-per-million deviation over the
one-minute exposure interval needed by some image photo-
graphic processes. Generally speaking, a one-second exposure
is adequate, making the 2.5 ppm drift specification ample.
Loag-term stability of the lens current output is about 10 ppm/
hour, and its state-of-the-art repeatability enables operators to
stact the morning's work where they left off the previous
evening.

! Single molecule of tobacco mosaic
& virus protein,

Heralding a new generation in electron
microscopes — The RCA EMU-4.
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FIGURE 2. ANALYSIS OF CURRENT SOURCE'S OUTPUT

Analysis for determining current source's output cur-
rent and output voltage in terms of Reference voltage
and circuit values.

The analysis is based on the equality between input
curcent I, and feedback current I, that prevails during
steady-state operation.

VOLTAGE OUTPUT

The summing junction potential is very nearly zero (virtual
ground principle), so that input current I;,=V,,/R,, and

R,R
feedback curreat I, = E,/ ( R,+ R;-H;t )
i R
Since lu= e Y/ R =B/ (R’ * R,RTRI:L )

The actificial thevenin voltage, designated E,, can also be ex-
pressed in terms of amplifiec output voltage by:

_ R,
E=F (w3r)

This expression for E, can be substituted in the identity I,,=1,,
enabling the amplifier output voltage to be defined in terms of
reference voltage V..

- R
Accordingly, V,/R,= (—R}f T }{L ) = (R,+

R, R,
R,+R._)

Output voltage expressed explicitly becomes

E = VN( RzR) + Rz RL + R;RL
R ( R, )

Conventionally, amplifier output voltage is expressed in terms
of the ratio between feedback resistor R, and input resistor R,.
The current source’s output voltage can be manipulated into
this conventional form too.

R, R, R, )
R, ) (” R R

Thus, E,= v,,,(

V. ( ﬁ* ) (1+RL/Parallel combination of R, and R,)
1

CURRENT OUTPUT

The amplifier's output cucrent flows through load resistor R,
then divides between the parallel combination of Ry and R,,
both of which, to all intents and purposes, have one terminal

RqR; )

grounded. Consequently, I,=E,/ ( R, +m

VOLTAGE AND CURRENT

R2 ""'"’IF
R _‘""'
|
g
— 1IN > > .O\fo
= = F

Substituting the expression for output voltage in the above

equation gives
- R, R¢ R ).
L=V (=) (1+ 5=+ 1) = (Rt
which can be simplified by algebraic juggling to
— Vrr.'! ( R) ) — Vro( < R)
b= A" R T R, R,

This expression shows that so long as R, is much larger than
R,, output current varies lincarly with the values of R,. Fur-
ther, output current is independent of the actual values of
load resistance Ry, provided that this cesistance is small enough
to allow the amplifier to operate within its normal output
voltage range.

R, R,
R2+R,)

) fos R,;> >R,

ERROR CONSIDERATIONS

Output current deviations are caused by voltage and current
drifts within the amplifier, and also by the amplifier’s voltage
and cucrent noise. An analysis of the output current deviations
produced by these effects proceeds from the assumption that
noise and drift errors can be refersed to the input circuit as
small deviations in reference voltage, V .. In effect, the ampli-
fier's noise and drift may be represented as small voltage gen-
erators acting in series with the reference source, and having
net voltage AV, producing voltage errors amounting to
Avm(-

Load current variations caused by input voltage variations AV
can be found by differentiating the output cucrent expression
with respect to reference or input voltage.

dIo d vmf R?
Thus, V. T av. I: R, (1+ R, )j|
_ 1 R, _ 1
- Rl ( * R3 ) - Vrel
dl, Al

I,
And becausc V. = av. V. )

Or in other words, the proportionate current change is equal

’ AIo'__ Avm( (

Al _ AV,

to the proportionate input voltage change: =
]o vmf

This means that a 10 part-per-million increase in reference
voltage creates a 10 part-per-million increase in output current,
(A numerical erroc analysis for 2 practical current source is
worked out in Fig. 3)
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Short terms stability of better than 2.5 ppm is de-
rived basically from Maode] 210 chopper stabilized op
amp. Booster circuit raises output voltage and current
to as high as 50 volt 300mA from the amplifier’s basic
=+ 10 volt, 20mA.

CALCULATION OF ERRORS

Numerical values for output current error are deter-
mined for a given temperature range from the worst-
case drift and noise figures quoted in the amplifier's
specification tables. For Model 210 these are 0.5,V /
°C angd 1pA/°C drift, and 5oV and 10pA peak-to-
peak noise, respectively. Although noise is practically
independent of temperature for small environmental
ranges, the voltage and current offsets caused by a
5°C variation around room temperature amount to 5 x 0.5=
2.5uV and 5 x 1 =5pA. These values for noise and offset have
been inserted into the equivalent current source circuit below
(left). When referred to the refecence source (instead of the
actual amplifier terminals), the noise and offset values are
modified by the potentiometric effect of circuit components,
leading to the equivalent error voltage generators as shown in

R2
Aege=10X0.525,V RéT
5Re|x Sn38eY
@ @0 # 210 >0 —
Vret >
3 3 In=10pA
Algge SXi= 554
DRIFT ERRORS

Sum of voltage and current offset errors due to 5°C tempera-
ture variation, are referred to input as: —
R+R ) + AigR,
R,
2= 4.6,V +0.28yV = 4.63,.V
Offset error as a proportion of circuit input error AV o/ V .y
=4.63 x 10-6/16.8 =0.28 parts/million

Aeg,

CONCLUSION

Drift errors for the 5°C temperature range, happen to be half
the ecror caused by noise for the amplifier. Ambient tempera-
ture varies relatively slowly, so that for short-term exposure
periods of a few minutes, noise will be the predominant cause

FIGURE 3. CURRENT SOURCE CIRCUIT SUPPLIES HIGHLY STABLE LENS CURRENT
FOR RCA'S MODEL EMU4 ELECTRON MICROSCOPE,

+ 80V
e
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o5 CURRENT RANGE o
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2N2270 i1 01
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56K
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32 —Zi00
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the illusteation below (right).

The sum of voltage and current offset ercors, and also the sum
of voltage and current noise errors, both as proportions of the
reference voltage, give a measure of the output current error
directly. The calculations are performed here for the actual
clectron microscope lens current supply (top).

AAA > ?
Ry ;
R, 6.688K (MAX)
5.6K
Aigg R =0.20uV #2104 e
+
Aip Rj=.056uV =
Ri3R
1+R2
Aegy—— =4.64V
R 2 ' Ri*R seveess, ..
Ri+R2 R 6ees -
Bep =g 92V 2
VREF = 6.8V

NOISE ERRORS

Sum of voltage and current noise errors in the frequency range
DC to 1Hz, are referred to the input as: —
. (m ) +i,R,
R,
= 92#V+056pv = 926'u.v
Noise ecror as a proportion of circuit input error AV ,q/V,
=9.26x10%/16.8=0.55ppm

of lens current deviation.
The 0.83ppm amplifier error combined with the 1ppm Zener
diode error provide better than the 2.5ppm design goal.
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Letters to the Editor

MISUSE OF EXACT GAIN FORMULA

Dear Sir:
Somewhat over a year ago I noticed a continuing increase in
the misuse of the exact gain formula in operational amplifiers.
Attempts to bring this to the readers’ attention were met with
indifference.
In your June issue of ANALOG DIALOGUE the ercor has
again been repeated. I refer on page 13 to the example using
data from Figure (1. The author computes an amplification of
—99, or 19, from ideal. Actually if he had taken into account
the 90 degree phase lag, ©, of A at the selected frequency of
100 Hz on the 6 dB slope in figure 11, the true G is
—100/3/1+ (0.0101)2 or 0.005% from ideal rather than
1%. Naturally, the effect of quadrature is less for departures
of phase angle from 90 degrees. The standard formula (1) in
the enclosed letter article can be modified into 2 working for-
mula such as
Z

6= =7 [ ] l ]
i 1+ = + (coso—isin )« (1+Z/Z)

I should Jike to see the enclosed letter article published in your
journal. It has been approved for publication by the National
Bureau of Standards.

Louis A. Marzetta

(Leter referenced above)

INCORRECT USAGE OF EXACT CLOSED-LOOP VOLT-
AGE GAIN FORMULA IN OPERATIONAL AMPLIFIERS

No one who has been interested in operational amplifiers duc-
ing the past year could avoid acquicing a voluminous folder of
articles, booklets and reports on the subject. Most of the pro-
motional literature contains tutorial material that is, for the
most part, helpful, But a serious error in the application of a
basic formula seems to have crept into so much of it that I sub-
mit this letter in the hope of bringing it to the reader's
attention.

The usual format is to introduce the reader to the principles of
operation by writing input and output loop expressions for the
amplifier and its external impedances. Considering an ideal
amplifier with infinite gain and bandwidth, the expression for

closed-loop voltage amplification is given, as ‘\J,C;Et = —
Z feedback . . .
Ziopat The next step is to define an operational ampli-

fier with special emphasis on the 6 dB octave roll-off charac-
teristic of amplification. Unfortunately, most of the authors did
not keep this slope in mind when they copied the following
expression, the exact closed-loop voltage amplification formula.

—— (% !
-2 e

V out
Vin

A is identified as the open-loop amplification, while Z; and Z,
are the input and feedback impedances. The second bracketed
group of terms is generally called the ecror factor. It expresses
the degree of departure of the actval amplification from the
ideal simplec ratio of Z; and Z;. Tn a number of articles this
formula has been augmented with numerical examples, con-
venient monograms and tables — almost all of which ace in
ccror for exact gain computation.
The formula is explicit for flat frequency response situations
but it can lead to serious ecrors in calculating the precise ampli-
fication for operational amplifiers, the ccason being that asso-
ciated with an amplitude roll-off is a phase shift of 90 degrees
for 2 6 dB slope. At first glance one might underestimate the
importance of the phase angle of A in the formula and expect
to compute a sizeable error factor in the region of reduced
amplification. In reality such an error factor involves a quad-
rature expression; therefore, the actual magnitude ecror may be
very small. For example, calculate the error factor at the point
where A has dropped to 100 on a 6 dB slope, in an operational
amplifier with equal values for Z; and Z;. Neglecting the phase
of A in the formula, the device would be thought to have an
error factor of 295. However, using the same formula, but
treating A as a phasor quantity, the true error factor amounts
to only 0.029%.

Louis A. Marzetta

Measurement Engineering Division

National Bureau of Standacds

Washington, D.C.

INDIRECT METHOD OF
ACHIEVING LARGE RC PRODUCT

Dear Sir:

Ray Stata’s article on Operational Integrators was timely and
welcome. 1 wish, however, to extend his analysis to large time
constant integrators. Because it is physically or economically
impossible to achieve a large RC product directly, a Tee is
commonly used to obtain the desired RC product.

c
Al
vl§
®in 2
—o0 8,
"a%
Rq
deo $in : Sos 1
dt  (Ri*Rz+RiR3, .~ RiR2 c
R ' (Ratgan, '

RiRp
Raopr*R3*R 3R, ¥ %3

FIGURE 1.
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As in the earlier analysis, C should be as large 2s possible.
Assuming R, cannot then be made large enough to achieve the
necessary RC product, it is wise to choose Ry as large as pos-
sible, in ocder to reduce voltage offset errors. No particular
advantage is gained by making R, and R, large, as their paral-
lel value will generally be much smaller than Ry anyway.
Selection of a suitable amplifier can be made from the fog-log
plot of input referred current offset (Ios) as a function of cis-
cuit input resistance, This plot is based on short term stability
(¥ hour). Longer term stability (day) is about five times
worse and temperature stability (per °C) (s about two
times worse.

162
16° [~ BIPOLAR TRANSISTOR
weur 100
REFERRED
CURRENT <1 |
O'(:E)%E)T MECHANICAL CHOPPER
AMPERES |al2 |
FET
I6I3 E
@ VARACTOR
Gl
1 1 1 1 1 1 1 L 1

CIRCUIT INPUT RESISTANCE OHMS

Notice that for integrator input resistance values of ten meg-
ohms or less, about equal performance can be expected from
cither a FET or a varactor amplifier. For input resistance val-
ues less than several megohms, best performance is offered by
mechanical chopper amplifiers.
In a laboratory environment only the time dependent offsets
are important. At input resistances below the “break point™ the
voltage offset is the limiting offset, and above, the current off-
set. [t is apparent that an open input integrator is the most
practical means of measuring current offset.
A similar such graph can be made in terms of input referred
voltage offset vs. circuit input resistance this form being espe-
cially suited to selection of scaling amplifiers or of scaling
impedance levels.

Jim Davis (Gradunate Student )

Department of Chemistry

Duke Universijty

Durham, North Carolina 27706

Editors Note: One should be aware that the voltage offset error

. . . . R, ..
using this method will be approximately 1 +TI times as large
2
as it would be with the equivalent single resistor connected to

C'm.
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NEW PRODUCT

the New Model 183
CHOPPERLESS
Operational Amplifier

1.5uV/°C  $65
3uV/°C $45
SuV/°C $35

Ld Technica Bulleti

INFORMA"

Lowesy Drifg &
Wational Amplif

ey

/ :
Ioe L ¥ £z,

SPECIFICATIONS
Open Loop Gain 200,000 min.
Rated Output =10V @ 5mA

Unity Gain Response 0.5MHz
Full Power Response  5kHz

Current Drift

(Differential) 0.05nA/°C max.
CMRR (=10V) 100,000
Warm Up Drift 20nV (20 minutes)

Noise (dc to 1Hz) 1uV, peak to peak

Offset Voltage Model ) | Model K | Model L
@ 25°C, max. 3mV .SmV .5mV

vs. lemp., max.” 5uV/°C | 3uVv/°C | 1.5uV/°C
Price (1-9) $35 $45 $65

Stemperaiure range 10—60°C; for —25 —85°C add $3 and specify 183A/B/C
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Equivalent Circuits for Operational Amplifier Drift and Noise

by Richard Conant, Application Engineer, Analog Devices, Inc.

We recently received a Jetter arguing very logically
that the equivalent circuit (Figure [ A) which we
give in our application notes for drift and noise
is incorrect. Instead the circuit of Figure 1B was
put forth with good reasons as a more accurate
representation. Since in some applications these
two circuits give different results, one must be
wrong assuming that we apply the same set of
published drift specifications. The question then
arises as to which circuit is correct and how do
we decide which one is correct.

+.o.-

o—O
‘beI) $Ra | A >
o

FIGURE 1A

FIGURE 1B

This controversy has come up a number of times
in our applications department, since there are
a number of equivalent circuits now published
in the op amp literature which can in essence
be reduced to either the circuit of Figure 1A or
Figure 1B. Basically, the only difference is
whether the equivalent voltage generator is lo-
cated on the input or output side of the open
loop input impedance Ry.

First let us compare the closed loop errors for
these two circuits to see what difference we get.
To simplify our discussion we shall consider only
offset and drift errors but completely analogous
results would apply to noise errors. Additionally,

Page 8

we shall look at only the single ended case where
the plus input is grounded but the same argu-
ments would apply to differential or noninverting
circuits as well. Figures 2A and 2B show the
closed loop errors for the two equivalent cir-
cuits for the inverting amplifier configuration
where e,¢ is the equivalent offset voltage gener-
ator, ib 18 the equivalent bias current generator,
Ry is the open loop input impedance and A is
the open Joop gain. The primed quantities for
€os and 1 indicate that the numerical values
for the generators may differ due to the differ-
ent equivalent circuit configurations.

We can better compare Equations | and 2 if we
rewrite Equation 2 as follows:

R / R + R ! e’
() (60 )

1+ I1/A+ Rr/ARd + R.r/AR)

Now we see that the only difference between
Equations 1 and 2 is the term e s/Rq- That is
the voltage generator in Figure 2B wﬂl generate
an effective bias current through the finite im-
pedance R4 which adds to the bias current ib’.
As a practical matter the only time this differ—
ence would show up is when the term e /R
comparable to or larger than iy,. For most tran-
sistor or FET input operatlonal amplifiers, bias
current (ip,) is much larger than voltage offset
divided by R, that is, e0 /Rd However for
chopper stablllzed amplifiers R and iy, are suf-
ficiently small that the effect of e os cannot be
ignored.  Additionally, the difference between
the two equivalent circuits becomes very strik-
ing for high frequency noise errors since shunt
capacitance across Ry reduces this impedance
at high frequencies.

Another almost philosophical point can be made
in comparing the circuits of Figures 2A and 2B.
That is offset errors for the equivalent circuit in
Figure 2A can be predicted without any know-
ledge of the value for input impedance R, (ex-
cept for the second order gain reduction due to
reduced loop gain). The primary effect of finite

ANALOG DIALOGUE



Ry +80s -

—O
o ibf¢ $Rq A = o0

%" ["(l'n ) ‘oa(RI’R' )"Ib l] [mﬁmﬁ] LA,
e

Signa) Vollceo Drift Cucrent Drift Error Dus Yo
Error Error Finite Gain

1~

FIGURE 2A. Equivalent circuit and error equation.

¢'I I{,t(f) $Rq
i -

n,»n, A 1
o e [oiqr) s inlRt < 72) -1 ~i) [ evmrangsmom, ) €902
\._,__: e e I  ——
Signal Voltage Drift Current Drift Error Due To
Error Error Finlte Gain

FIGURE 2B. Equivalent circuit and error equation.

Rd is to increase gain errors and to reduce loop
gain. One could then theoretically eliminate
errors due to R, by adding enough open loop
gain at the output of the amplifier. On the other
hand offset errors for the circuit of Figure 2B
depend on the value for Ry. While offset voltage
and bias current are usually specified as maximum
values, R4 is given as a typical value since it is
difficult to measure this parameter with better
than order of magnitude accuracy.

We still have not answered the question of which
is the correct equivalent circuit and why. The
subtle point here is not which circuit is right or
wrong but rather which circuit corresponds to
the published specifications on the data sheet.
That is either circuit can be correct and one can
translate back and forth between the equivalent
circuits by solving the equations:

/

€ = COS

oS
/
iy =iy + eog/Ry

MARCH 1968

The question of which set of parameters to use is
resolved by examining the test circuit with which
the offset and/or noise parameters are measured.
Figure 3 shows the test circuit for measuring off-
set, drift and noise used by most operational amp-
Jifier manufacturers.

To measure offset voltage, switch S| is shorted
and Ry is selected so that the term i is small
compared with €os (R + Rf)/ %quation 1.
The output voltage is measuredl and the offset
voltage s then computed from the equation

€y = eOS (Rl + Rf)/Rl

A'A"'
Rj Rs
Ve $— AA— =
+
L\o—[ —0 eo

i

FIGURE 3. Test circuit for offset drift and noise.

One way to measure bias current would be to in-
crease the value of Rf (stitl assuming S] is shorted)
until the term i,R¢ in Equation | is large com-
pared to e ((R; + Rp)/R;, to measure e and then
to compute for iy, from €y = ibR{. [t turns out to
be more practical to use the same values for R;
and R( as for measuring e, and to switch in a re-
sistor Ry whose vatue is such that i,Rg>> ¢,
Then you measure e, and solve
O - (le,;)(R.l + Rf)/Rl

[n cither case notice that the value meas-
ured for i, corresponds to the equivalent circuit
of Figure 2A. That is, compared to Figure 2B,
this measurement includes the contributions of
bias current drift lb and offset voltage eos/Rd
Or in other words, 1, = lb + eos/
[n conclusion, not only does the equwalent cir-
cuit of Figure 2A correspond to test circuits and
therefore the published specifications but also
this equivalent circuit makes more sense from the
point of view of solving applications problems.
That is. offset and noise crrors are clearly divided
into two categories; offset voltage errors (¢ g)
which are independent of the values chosen ?or
the cxternal feedback components, and bias cur-
rent errors which are directly proportional to the
value chosen for the external feedback compon-
ents. Additionally offset errors can be predicted
without any knowledge of the open loop input
impedance R4.
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HOW TO SELECT R & C FOR
MINIMUM INTEGRATOR DRIFT

by Richard Conant, Application Engineer, Analog Devices, Inc.

The transfer function for the integrator circuit in Figure 1 is
¢,/e,=1/RCS where R is the input resistance, C is the feed-
back capacitance and 1/S is the LaPlace operator denoting
integration. This article will show that for a given amplifer,
output drift rate due to offset voltage (e,) and bias current
(iv) can be minimized by a proper sclection of R and C. For 2
more complete discussion of integrators, the reader is referred
to an article entitled “"Operational Integrators™ in Volume I,
number 1, of Analog Dizlogue.

The term (1/RC) can be thought of as the “gain” of the
integrator in terms of volts per second output, per volt input.
For a desired value of “gain” R and C can be arbitrarily
chosen although the lower Jimit on R is often set by the
minimum input impedance required.

Offset referred to the input of an integrator is equal to the sum
of e, and i,R. This corresponds to a drift rate at the output
equal to

deo — Cos iox
@ "Rt

If this expression is examined it can be scen that the contribu-
tion due to voltage offset is a function of gain (1/RC) while
the contribution due to bias current can be minimized by select-
ing a large C. In fact if C were large enough, this term would
be negligible compared to ¢,,/RC.

Figure 2 is a plot of output drift rate vs. capacitance for vari-
ous gains for several different operational amplifiers given in
Figure 3. Here it is assamed that the initial offsets have been
balanced and that we ace examining the output drift rate only
as a function of temperature. The curves are plotted on a log-
log scale in a manner analogous to a Bode diagram.

]

>

<
<
<

lIs

eolth= e fos ot

Sol®) 1)L VOLTS/SEC
egts) “"RCTMS woLT

FIGURE 1. Equivalent circuit for Integrator.

For Jow values of C, drift rate is due almost entirely to bias
current i,/C, and decreases at 6dB/octave as C increases. For
high values of C, drift rate reaches a cunstant value determined
by offset voltage, e,,/RC. The breakpoint between these two
conditions is set by the capacitance for which ¢,,/RC=1,/C.

A number of interesting conclusions can be drawn from the
plot. First, to minimize drift rate it can be argued that an opti-
mum value for C occurs at the breakpoint, For larger values of
C therc is no net reduction in drift rate but only the dis-
advantages of a smaller input impedance, R, and a more expen-
sive and physically larger size capacitor, (Remember RC is
assumed to be constant.) It may not be practical to use the opti-
mum value of C for a given amplifier because of two factors;

100,000
S R i INTEGRATOR OUTPUT
] N A N DRIFT RATE
10,000 * N NN ‘a LI vs [ 1]
G 3§ S NS (uV/ SECOND/°C) 14
& : N 105A —{~ CAPACITANCE
~ 2 NI \t
@ 1000 N AWAN \usA
7] 4
*>b. 6 2 \ ™
w : N\ *\\ NN N\
2 %9 1 \\‘ \\ N
= ¢ N 1418 f
t 4 3028 T : T
— Baz=il DG
x &: N N\ 1478 ?J\
= G 8
= L3 =
Q. 4
5 8 AN 180A 41
3 , \5:‘!\_
G 45| PLOT IS DIRECT REAOING FOR G=1YOLT/SECOND/VOLT 3 210
¢—] FOR OTHER GAINS MULTIPILY CAPACITANCE SCALE AND JIIN :
‘[ ] DIVIDE OUTPUT DRIFT SCALE BY G AS INDICATED S
Ly T oy Ui b iy 1| 1]
G 1 2 4681 2 4661 2 4681 2 4 881 2 4881 2 4 681 2 4 68) 2 4881 2 4661 2 468
6 .000001G.0000IG 000G .00IG .0IG G 16 106 1006 10006
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CAPACITANCE - pfd (6= 2= *YOLT/sECOND/VOLT)

FIGURE 2. Integrator Output Drift Rate vs. (.V/Second/°C) capacitance.
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1. The requircd value for C may be so large and expensvie
that it would be wiser to choose an amplifier with lower
bias current for a required owput drifr rate.

2. The resulting input impedance for the optimum value of
C woulgd be so low that an amplifier with lower bias cur-
rent should be selected to keep the input impedance up.

Note that the plots in Figure 2 can be made to apply for any
value of gain (that is G=1/RC). Another general point can
be made in comparing the plots at different gains. That is at
higher gains (G =10). offsct voltage tends to be more impor-
tant in choosing an amplificr {or a given drift rate whereas for
lower gains (G=.1) bias tends to be more important in
choosing an amplifier for lowest drift rate,

It is also quite apparent that the best amplifier choice in terms
of output drift rate vs. price depeads very much on the required
gain and the capacitance to be used.

Ny [ e |
Model and Type At At (1-9)
(pa/°C) |(nV/°C)

105A Bipolar Transistor 700 20 16.00
115A Bipolar Transistor 150 20 18.00
180A Bipolar Transistor 150 1.5 80.00
141B Field Effect Transistor 3 40 30.00
147B Field Effect Transistor 1.5 10 115.00
302B Varactor Bridge .025 30 135.00
210 Chopper Stabilized 1 0.5 157.00
220 Chopper Stabilized 0.5 0.25 165.00

Figure 3. Comparison of Amplifier Types {or Integrator Use.

Solid State OP-AMP Measures
Kilovolts With 0.05% Accuracy

By T. P. Kohler and E. H. Hudspeth, General Electric Co., Syracuse, N.Y.

Current drawn by an electrostatic voltmeter in high-voltage
tests lowers the measured voltage and consequently limits the
accuracy of the measusrement. The 29, accuracy of a conven-
tional electrostatic voltmetec causes a significant 200-volt ercor
in a 10-kilovolt measurement. A charge transfer circuit that
precisely divides the high voltage and protects the divided
voltage from current drain during test keeps measurement error
within .05¢.

The voltage division is accomplished by transferring the charge
on a small, high-voltage capacitor to a Jarge, low-voltage capaci-
tor. The lacge capacitor is the feedback capacitor of an opera-
tional amplifier. Any current drawn by the voltmeter during
test is replaced on the capacitor by the amplifier.

The voltage to be measured, V. charges capacitor C, when the
switch §,, is moved to position A. Corona losses are avoided
with rounded contacts on both the swinger and position A.
By using a glass, oil-filled capacitor for C,, the error introduced
by dielectric losscs is eliminated.

To measure the voltage under load conditions switch $, is
moved to the load position. The value of R, is determined by
a calcalation when the desired load current is known.

When §, i1s moved to pusition B, the charge on C, is com-
pletely discharged into the input of the operational amplifier.
The resistor R,, is placed in series with amplifier to slow the
current Bow and insure response of the amplificr. The output
current of the operational amplifier — equal to the input cur-
rent — accumulates on C, and charges it to a voltage, V,, that
is related o V, by

G

V|=v2-(—:—

MARCH 1968

The voltage, V,, is measured by a digital voltmeter. Since the
discharge of C, during the measurement is replenished by the
operational amplifice, V, remains permanently accurate. The
voltage V, 1s removed from the capacitor by closing switch §;,
thus allowing the enginees to make further measurements.
Since the C,/C, ratio is involved in the calculation of V, it is
precisely dctermined by placing a standard voltage on C, and
measuring the voltage on C, after current transfer.

ILonn ‘}_f :l°“' > ’ o

Sy vy
CES
0.002uf anahoa DEzvla V5 DIGITAL
Ry 100M OPERATIONAL AMPLIFIER VOLTMETER
] o«

FIGURE 1.

Reprinied from Electronics (Deccmber 25, 1967)
Copyright McGraw Hill, Ine., 1967.
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Ideal rectifier uses

equal-value resistors

By Allan G. Lloyd, Projert Engineer, Avion Elecironics, Inc.,
Pasamus, N.]J,

Operational amplifiers can be combined with diodes and resis-
tors to pecform nearly ideal rectification, satisfying €, = |ei|.
The diodes are situated within the feedback loop, so that the
diode forward voltage drop is reduced at the output by the
feedback factor. Figure la shows a commonly used full-wave
rectifying circuit which gives 2 positive output, ¢,, for bipolar
input at e;. This circuit has the (ollowing disadvantages:

® Output €, due to plus input at ¢; is obtained by bucking vt
the plus current from RS with the negative (rectified) current
through R3. The tolerance of this difference voltage can be three
times resistor tolerance, since it is obtained by subtraction.

®m Non-zero input impedance. If a summing junction is
required at the input node, another operational amplifier
is required.

m Increased drive requirements. The input at ¢; drives two
amplifiers in parallel.

m Unequal resistor values. R3 is half of RS.

RS
10K
RI R2 R3 R4
10K 10K 3K 10K
8| 04— SAA W AN 58,

e

FIGURE 1a.

)
RI R2 A e
e oS I0K €210k 1&4 e
ei" A 0 ~0
RS
10K

o 5
10K
FIGURE 1b.

An improved ‘ideal’ full-wave rectifier (b) is achieved
by modifying a standard circuit (a).

Figure 1b shows an “ideal” rectifier configuratton which has
the following advantages:

B All resistors are of the same (acbitrary) value.

m Output voltage tolerance s an additive function of resistor
tolerance. Equal-value resistors are easy to select for
high accuracy.

® Zero input impedance. The single summing junction at n
allows extra jsolated inputs to be connected, as shown dotted
for ¢ and Z6.

It may be necessary to connect a small capacitor, Cy, in parallel
with RS in order to prevent high-frequency oscillations. Recti-
fied voltages €, and e, are unequal in this circuit.

Reprinied {from Elecironic Design (June 21, 1967)
Copyright Hayden Publishing Company In¢., 1967
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ED Dec. 20, 1967 {Edited)
Follow o Previous “Ideal Rectifier” Article
It turns out that the equal-resistor version is a special case and
that, in general, the resistors can be unequal as long as they
satisfy Eq. 3 below, which is derived in the following manner.
The voltage gain for plus input is:
G(+ ) =¢,/¢;=(R2/R1)(R5/R4). )
This is the gain of two tandem-connected investing
operational amplificss.
For minus input there are two feedback paths to the summing
junction of Al, one from each amplifier out (Tigure 1b).
Mathematically this is expressed as:
=i+
or
e/R1=¢e,/(R2+ R4+ R5) +¢,/R3;
sincc:
ey=c,=¢,(R2+R4)/(R2+R4+R5),
then:
1/G(—=) =¢g/e,

=R1{1/(R2+R4+R5)

+ (R2+R..)/R3

X (R2+R4+R5)]. (2)
This is equated with 1/G(+)={[(Rt/R2)(R4/R5)] to
ensure equal output for plus and minus inputs. The resulting
identity is solved for R2/R3:
R2/R3=(R4/R5) +[(1 —R2/R4) /(1+R2/R4)]. (3)
Inspection of Eq. 3 shows that if R2=R4 the second term
drops out and R3=RS5. Furthermore, for unity gain, R2=R3
and R2=R3 =R4 =RS; the result is the circuit shown in Fig-
ure 1b. If current gain is required from A1, R2/R4 >1 and
Eq. 3 is used to calculate R3 aftec R2, R4, and RS have bcen
selected. If the calculated value of R3 is negative, RS is reduced
and R3 is recalculated.

—oég

82 pF o3
RI,R2,R4 ond RS = 5% TOL.

FIGURE 2. Degenerate form of ideal rectifier uses only
four precision resistors.

A new circuit results if R3 is allowed to go to infinity and the
noninverting input of A2 is returned to ground through a resis-
tor of arbitrary value (Figure 2). This is an ideal rectifier cir-
cuit that requires only shree precision resistors (four, if R1 s
counted in). [f a further constraint that three of these resistors
must be equal is imposed, the resistor ratios are:
R1=R2=R5=R;
R4= (2%4—1)R;
[G|=2%+1.

(continned on next page)
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In general:
R2>R4;
R4/R5=(R2/R4—1)/(R2/R4+1);
|G| = (R2/R1) (R5/R4)
= (R24+R4+R5)/R1.

The gain is fixed at 1+ 2% for both plus and minus inputs.
One difficulty with the circuit of Figure 2 is that the forward
path for negative inputs consists of the full open-loop gain of
Al and A2 in tandem. A value for C; of 82pF was suffi-
cient to stabilize an operating breadboard made with low-cost
commercial units.

Allan G. Lloyd

Modified feedback simplifies
programmable voltage supply

By S. K. Bhola, A pplications Engineer, Transilron Electronic,
Lid., Maidenhead, England.

In a programmable voltage supply, using operational ampli-
fiets, the output voltage is usually altered by varying R2 with
series switches, generally relays (Figure a).

When transistors are used as switches, they require isolated
transformer drive, adding to size and cost. To avoid this, the
feedback network can be modified as shown in Figure b and
output is vacied by programming R4 only. The transfer func-
tion is given by:

V,/Vi.= (R2/R1) + (R3/R4) + (R2/R1) (R3/R4),
assuming large input resistance and large open-loop gain.
Proper values of R4 are switched in by using 2N2432 as
switches, to give required output voltages.

R2(2)

.
R2(1)
Rl
e L,
-8 v°
-
a

Transistor switching to program a power supply
which uses operational amplifiers is possible when
a standard circuit (a) is modified as shown (b).

Reprinted from Elecironic Design (July 15, 1967)
Copyright Hayden Publishing Co., 1967
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NEW PRODUCT

Model 901

DUAL OP-AMP POWER SUPPLY

Features

Small Size — 2.5” x 3.5” x .87"
Dual Output — =15V @ 40mA each

Regulation — 0.2% max.
Operates directly from 115VAC, 60Hz

Epoxy Cast Module for PC Mounting
Short Circuit Protected
Low Price — $49 (1-9); $39 (10-24)

The Model 901 Dual Power Supply was designed specifically
to power operational amplifiers operating from =*=15VDC.
The unit connects directly to 115VAC line power and pro-
duces two fixed 15 volt outputs at 40mA each. The circuit is
epoxy cast into a module that can be soldered directly onto
printed circuit boards or that can be plugged into an optional
mating socket. Hold down nuts are provided to mechanically

secure the module in either configuration.

SPECIFICATIONS (typical @ 25°C unless noted)

Input Voltage

Dual Output Voltage (fixed)
Accuracy

Temperature Coefficient, max.
Warm Up Drift
Regulation

Line (105 to 125 VAC), max.

Load (0 to 1009 ), max.
Ripple, max.
Output Impedance
Short Circuit Protection

Operating Temperature

Storage Temperature
Surface Temperature Rise
Weight

Price

105 to 125 VAC, 50

to 400 Hz, 7VA

max.

+15V @ 0 to 40 mA

+(15.0 to 15.3)V,

— 15V within 1% of 415V
0.03%/°C

+.25% (37 mV)

0.1%

0.2%

2 mV rms; 10mV p-p

2 ohms @ 10 kHz

Either output to common
indefinitely 0 to 71°C.

0 to 71°C

derate 1.5 mA/°C above 60°C
derate 0.5 mA/°C below 15°C
—25 to +-85°C

20°C above ambient at full load
9.5 ounces

$49. (1-9); $39. (10-24)

Specifications subject to change without nolice
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OP-AMP MOUNTING TECHNIQUES

Analog Dialogue receives a great number of inquiries each
month regarding recommended mounting techniqaes for vacious
A.D. amplifiers.

Onc fear frequently expressed is that the amplifice may be
destroyed by making solder connections directly to the pins of
the amplifier. As shown in Figure 1 these pins extend well into
the amplifier package, angd the internal connections are made at
the remote end of the pin. Consequently, heat generated by
norma) soldering processes, including dip, flow, wave, or hand
soldering will cause no damage whatever.

Another difhiculty is sometimes encountered in the insertion of
the amplifier into pee-drilled circuit boards. The pin spacing on
all A.D. amplifiers is held to .005”, but combined with the
tolerances of the drilled P.C. board, insertion difficulties may
arise. Although some users solve this problem by drilling over-

sized holes, this occasionally leads to faulty solder connections.
Reports from the ficld indicate that many customers effectively
climinate these problems by the usc of pin receptacles. (Fig-
ure 2.) These devices are commercially avaitable from AMP,
Incorporated (#1-380758-0) and Cambion (#338-1-03).
These receptacles have sufficient “float™ built into them to
accommodate the tolerances usually encountered in P.C. board
applications. Additionally, some users have found that because
the receptacles can be soldered in place and the amplifier
inserted later, problems of logistics, rework, and retrofit are
relicved. The spring-loaded receptacles ace re-usable and will
secure the amplifier for most industrial and commercial envi-
ronments. Where extreme vibration or demanding specifications
require absolute security, any A.D. amplifier can be supplied
with molded-in screw inserts (Figure 3) on special ocder.

ARG IRYLRT 1200 — —.043mux S
G e 2 %, 1o, ror
125 - T s ——.020 o PRy
| OF IKSIAT) B

Cambion (#338-1-03).

Fits .089 Dia.
Hole (rd3 Oy

Amp (#1-380758-0)

BOARD

FIGURE 2. Pin receptacles manufactured by Amp Inc.
and Cambridge Thermonic Corporation.
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FIGURE 3. Molded screw inserts used in cases where
extreme vibrations or demanding specifi-
cations require absolute security.
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Precision peak-reading circuit

By E. E. Wheeler, PIRA, ( The Research Association for the
Paper & Board, Printing & Packaging Indunstries) Leatherhead,
Surrey.

Sir, — A recent laboratory requirement involved the capture of
the peak value of a positive pulse of varying duration. The
standard method of doing this is by charging a capacitor via a
diode and sensing the voltage across the capacitor with a high-
input-impedance device, such as a valve. Disadvantages of such
a system are primarily due to the diode. On applying a pulse,
this has initially a low forward resistance but as the voltage
across the storage capacitor rises the diode forward resistance
increases. In a test the following results were obtained from an
SGS Fairchild EC402 diode:

Forward Forward Forward
current, mA, voltage, V resistance, Q
10 0465 650
052 062 1200
0425 0459 2360
0¢10 055 5500
0+05 0+53 10600
02025 051 20400
040125 0+485 38800
0°006 046 76700
0+003 0435 145000
0:0015 041 274000
00005 0°365 730000
000025 04345 1380000

The diode forward characteristic causes the peak-reading circuit
to be sensitive to pulse duration, a short pulse giving a lower
reading than a long pulse of the same amplitude. The diode
characteristic also necessitates a meter with a nonlinear scale,
particularly at the low end.

RI
100k
o
100k
—AAA——

The illustrated circuit overcomes the above disadvantages, giv-
ing, for pulses of 2 to 300ms, an output that is not a function
of pulselength and providing a linear V,/V; relationship. Per-
formance was not investigated beyond these limits or for V;
greater than 4V. The graph shows the linearity and independ-
ence of pulselength that was achieved.

The gain of the circuit is given by (R,+R,)/R,. The 500pF
feedback capacitor brings results from 2ms pulses into line
with those from 300ms pulses. The operational amplifier is an

MARCH 1968

8r a
L 2ms pulse O
300ms pulse X X
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2 r X
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1 1 1 ]
0 1 2 3 4

PULSE AMPLITUDE V; (V)

Analog 111, the diode is a low-reverse-leakage type and the
field-effect transistor is by Amelco. The circuit will hold the
peak value of an applied pulse for an hour or more if due
attention is paid to insulation. Closing the switch resets the
system to zero. A 20000Q/V meter was used to record V,, but
in the final application an emitter follower is connected to the
field-effect transistor and the feedback loop taken from the
emitter-follower output.

Reprinted from Electronic Engineering (October 1967
Copyright Morgan Brothers Ltd., London, England, 1967.

Signal is sampled

and held for 1 minute
By Richard A. De Perna

Neurophysiology Laboratory, Massachusetts General Hospital,
Boston
A low-cost operational amplifier and a single transistor com-
bine to form a $20 track and hold circuit for use with low
sampling rates. This application requires sampling of a 30-
hertz sinewave once per cycle with a 0.4 millisecond sample
width; therefore, an off-the-shelf, low performance operational
amplifier was used. By substituting more expensive operational
amplifiers in the integrator, performance can be upgraded.
Input signal e, and the feedback signal e, are fed to the base of
emitter follower Q,. When gate voltages of +1.5 and —1.5
volts are applied to the +gate and — gaté terminals respec-
tively, the diode bridge conducts and capacitor C, charges
through the low output impedance of Q,. In this mode the
feedback path through the 10-kilohm resistor causes the output
to track the input.

0Ok

(+) GATE INPUT

15k

INPUT 10k 7 -
i
b 0.0 gt
1L
— L g
25Kk ic, .
|, " news w
! ' 5Q-100
+

(=1 GATE INPUT £

£ ]
ANALOG DEVICES EQUIVALENT
MODEL 115 or 111 15V Eare

Input signals e, and e, are tracked by charging C, when the
diode bridge is conducting.

(continued on page 16)
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(coniinued from page 15)

When the voltages at the gate inputs of the diode bridge are
reversed, the forward path of the diode bridge is opened and
the circuit behaves as a conventional integrator in the hold
mode. Thus the capacitor remains charged to the value of the
output voltage immediately prior to switching. The 50-kilohm
offset trimmer balances out the offset current of the operational
amplifier to prevent rundown of the output voltage e, during
the hold mode.

Operation of the circuit is possible with sample widths down
to 0.4 milliseconds or track widths of several times this value.
In this application the network functions as a sample and hold
circuit because with this gate width it is just possible to charge

the capacitor between the most negative and positive output
values. With larger gate widths the output will track the input
after the initial charging time. The data can be held for periods
of up to one minute. The minimum sample width is determined
by the charging time constant of the capacitor. Although the
time constant may be reduced with a smaller capacitor, this
makes the offset adjustment more critical. The circuit becomes
more sensitive to the time and temperatuce variations of the
offset current of operational amplifier A,. Usually, C, is chosen
as the Jargest value of capacitance that provides satisfactory
operation with the desired sample and track width.

Reprinted (rom Electronics (May 1, 1967)
Copyright M¢Graw-Hill, Inc. 1967
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A prolific publication to “provide significant
insight into the advantage and limitations inher-
ent in monolithic construction and how these
relate to specific systems (and circuit) design
problems, and serve as a convenient reference
for all users of linear integrated circuits.”” Many
applications ideas. (188 pages)

A very good discussion by Mr. Harris of Zeltex,
Inc. which points out some of the more subtle
limitations of op amp specs particularly as related
to IC’s, Buyer beware. (4 pages)

Circuits are discussed to achieve ramp and tri-
angular waveforms using op amps. Sources of
error are discussed. (4 pages)

Ronald Mann of T.L. defines 10 different tran-
sistor leakage currents and describes how these
specifications can be measured using simple op
amp circuits. (7 pages)

Atticle describes how to design D-A converters
using op amps and active current dividers in
lieu of precision resistors. (7 pages)

Article analyzes philosophy of basic differential
amplifier design used in operational amplifiers.
Goes on to discuss circuit configurations used in
Motorola's line of linear IC op amps. Very, very
good reading. (8 pages)

Several commercially available op amps were
subjected to radiation and experimental data is
reported. Objective was to determine the useful-
ness of these devices in a radiation environment.

Presents model to predict effects of radiation on
simple one transistor. Article together with bib-
liography and references gives a starting point
to explore radiation effect on solid-state
amplifiers.

Copyright 1968 by Analog Devices Inc.
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