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Bob Pease on bounding and clamping
techniques

Paul Rako - September 28, 2011

Tim Hoeppner, a product development engineer at Norscan Instruments Ltd. asked if he could
purchase and old 1983 EDN article that Bob Pease references in his excellent book on
troubleshooting. Since I have paper copies of EDN back to 1974, his request landed in my inbox. I
guess nominally we are supposed to charge 25 bucks for old articles, but I could tell Tim was a
diligent engineer with an inquisitive mind, so I just scanned the 10-page article and mailed it to him.
His response shows his good character, as he wrote back:

- Thank you very much for digging this up for me. Being a junior engineer I'm just learning about all
of Bob’s amazing work for the electronics industry. I read his bio on EDN after he passed away and
was immediately inspired. I ended up purchasing several of his and Jim Williams’ books and am so
impressed. I was amazed at how fun they are to read. I really think you guys at EDN are doing an
awesome job at promoting all their work, it must have been quite the honor to know them.

I was glad to dig out and scan the article for Tim since it was such a good one. I have not OCR’ed it
since that takes well over a day, but here are the raw scans, click on any image to get the 1024 wide
one that you should be able to read.
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Bounding, clamping techniques
1mprove circuit performance

Circsat configurations that imit amplifiers’ inpnet or output
exerrsions can yield improvements tn conmetry and
trvansient vesponse and simdtaneously protect
circuits from overdrive damage.

Robert Pease, Nafumer! Seovdeondicotoe vl"-er.l'||'.l

By applying the bounding and clamping technigques
cleseribesd in this articke, you enn recduee saturation
debaye ariging from overdrive nnd prevent domage to
your amplifier clreult or its succeeding stuges. The
technlques alse allow you to obtain functions that are
atherwise diffieult to realize—ey, absolute-value (preel-
sion-rectifier) circuits and high-sy mmetry elamps.
HSometimes it's necessary to use a feedback bound if
you need prompt responge from a cireuit, Consider, for
example, Fig la's integrator cireuit without the zener
feedback bound (shown by dashed line), If the input

valtige is near + 10V, the output can hit its negative
rafl at =15V, When the input next goes negative, you
kgl expect thie circuit to start immediately integrat-
ing upward, However, as Fig 1b shows, the output
response can be debuyed becuese the amplifier has been
“gut of contral™ an |-.|npr. Tha Teedbaek eapreitor charges
to 23V (not just 13V the higher voltage translates to
an extra 16-meee delay before the output ean begin to
o,

In sorme servo or control-loop systems, this delay can
(|t‘|§'l‘a.|:|e |)€~:|"|-u!‘t'|!m.|k.1e to an Intolerable level, Hovever,
you ean aveid the delay by using the feedback elamp.
The zener-diode pair allows the op amp to retain control

= — 1

Fig 1—A& simpis, unbounded IMogratos ciroul () can
sl Fom long delays when mcowening AOm ampile
seanon—frace € in (Bl Adoing he bouring-cieds
jasheT-ine| choul airnates ihe ceay ace B

TRACE | YERTICAL | HORGZOMNTAL
a 1Dy 10 MSECIDIY
B aWIDay 10 mEECDHY
c S0 10 mSECTY
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Simple bounding
degrades speed

Fig 2—Beaunding an inwveries's oulpul o =8V, this
fescibach corafipuration & B from ddeal. The saner diodes
figih capacitance considevably dogrades the staga's tran-
shend responso-—-iace B in (bl

VERTICAL | HORIZONTAL

BWiDIY 5 kSEG/IHY

at all times; therefore, as seon as the input goes
negative, the output riees, Indead, the op amp's output
never resches —13V, because s& soon &g it attains
appradmately —10.7V, a zener diede conducts and
helds the summing junction at 0V. Any excess current
fed to the input does no harm; it’s meraly shunted off by
the feedback bound.

Feedback bounds can help in other areas also
Imagine a situation, for example, in which an inverter
clreult must drive a load from 0V to at least =8V, but
damage or overloml considerations dietate that the
vutput not exmeed =09V, A EII.Li!' af iden] zener diodes,
implemented as the Model 1IN4TE diodes are in Fig
Ip'zs circwit, would do the job. Real zener dicdes,
however, are far from ideal; even the best of them have
high capacitance.

Becanse the INATE8's 45-pF junction capacitance acts
a5 a large damper, it degrades the unbounded clreult's
fast vesponse (Flg 2Zh, trace A), alowing It down
considerably (trace B). You ean avald this undesirable
shpwdown by uzing the circuit in Fig 3. Here the
feedback bound 1= nol r||.|:r|.-.|3,- L e af zener diodes, bt
a network of zeners and signal dicdes, When the op
amp's outpul tries te slew rapidly, & eapacitive curront
flows theowgh the zeners; however, it flows through Ry
to ground instesd of through Dy or Dy

This nitwork’s speed performance is vastly improved
over that of Fig s circuit, In fact, youw'd be well
wivised to add the 2-pF feedback capecitor to avaid
overshoot snd ringing, Fig 8's circuit does not give
perfect performance, however, because zener toleranc-
&5 ¢An cause the pogitive amd negative limits to be
mismatched by as much as 0.5V or even by 0%
Fortunately, the next cireuit (Fig 4) yields inherently
high symmetry, along with other benefita,

o

When driven to its positive limit, the cutput voltage
ig 1:"||_1||_1.'| T ‘uru_m_\;.' ‘u"u'.. At the I'I'.'EEEIL'E'.'H IJmi1.. it's
W nnea * Vnape + Vi, Inasmuch as the dominating term
(zener voltage Vi) s the same for both expressions,
and the signal diodes’ forwan] voltages tend to match
within 10 ar 20 mV, YOIl S Se that this slreuit’s bound
symmetry shows improvement by a factor of 10 te 30
comprered with the basie 2-pener cirealt.

Mote that when Vo 18 4285V, I 1= |]|.-ﬁ:|u'r.1.~]:.' M,
but [ i just preparing to conduct, Thus, the low

L
i

N

X
.

LV
SFD w g MiN
2 GV MAX

HOTES:

Oy, Oy = TNATIRA (AW 1 S50

Dp 0 = LOWALEASATE OR FAST-RECOWERY
TEFPES, OEPERDOING ON APPLICATIOR

Fig 3—This configuration sliminates the mner diode's
capacitive sifects &y shoting capacive curonts 4
oA,
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Circuit tricks
nullify zener capacitance

leakage of Dy and Dy is responsible for the cireuit’s
excellent linearity and sccuracy in its linear region, For
this reason, a high-leakage diode such as o 1N914 is
inappropriate, but a collector-bese junction is a wise
choice (see box, “So you say you need a diode?™),
Resistors B, and R ensure that 1D, is always biased ON
for all conditions at the input or cutput,

Improve the integrator

D the addition of zener diodes to Fig 1a’s circuit
fully solve the integrator's problem? Mot gquite: The
design of zener bounds is not so trivial. Consider, for
example, Fig ba's configuration, Assume the output is
driven mear itz limit. When the input signal goes to
wero, the integrator’s output ghoukd hold at + 10V, but
instead it droops down a full volt because of zener
leakage (hh. Cloge inspection of & typical 10V zener's

apec sheet reveals, for example, that 1-pA leakage at
T4V is meceptable.

Considering the 1-pA max at 7.6, a leakage of 10 to
10 pwA eould exist at 85 or 9.5V (because of u sofl
kmee)—and this high figure would not be a reason for
rejection by the zener's manufacturer. Leakages of this
order, however, can cause gross errors in s simple
Boumnd eireuit,

Fortunately, you can also use the high-performance
bound eireuitey of Fig 3 or Fig 4 with the integrator,
With these substitutions, the integrator performs with
excellent accuracy to within 0.6V of its limit without
lenkage problems. This statement is valid even if the
zener diode ig leaky or has n soft knee, because the
leakage flows through B, (Fig 31 or B, Ry (Fig 4}, Thus
it can't flow inbo the summing peint and cause errors.
You can, therefore, uge standard, low-cost companenta

‘Whan you need an appropriate
dicde for a coitical application,
you're oftan faced with a diMcull
chaice. Diodes have combinalions
ot charachenstics, so IUs necas-
sary to consider the paricular
pararmers thal ane crucial 1o your
circuit, The nearty table ghes
salign| charactesistics for tast-re-
covery and low-leakage diodes,
as wed as home-brew dicdes
e Irom trangator (unctions.

Mote, for examphe, that the
ublguitous 1MB14 jor 1H4148)
fealures fast recovery, but it's
relatively beaky. A 2N4250's cob-
lector-bage junction, on the other
hand, has extremely low leakage,
bul slow recowery time. The same
device's emitier jumction, mean-
while, ofers very last recovery.
bt will withstand only BY and is
moderalely capacitive. So you can
see, your cholce nevitably in-
volves @ tradecl. The nearby
figure (&) and (b) show typical
hookups  for  tranalstor-jenction
digges.

Whal about monolthic diode
arrays? Forgel li—ihese diodes
arer likely 1o have excessive leak-
ages and capacitances to the
substrate; moreover, when one

So you say you need a diode?

diode conducts, It injects carriers
In such a way that every other
diade in the IC array dewelops a
high leakage.

it's & litthe-known fact that show,
low-leakage diodes often not only
turn off slowly, but they also tumn
on slowty. The photo shows the
output voltage of Fig 11b's circuit
In the special case in which Vy=0
{both zenara shorled), Re=1 kil,
Dy =1M814 and D= 1M457,

The 1MB814 turns om and off
wary gquickly. The 1N457 stores
charges and conducts for 500
nsec after the input wvoltage falks 1o
zero. It also fails to start conduct-
g untd 40 neec after its lerminal
voltage has risen above 0.7V,
Foriunately, you can avoid these
ovarshools by using emiller-base
junctions and 1MNB145,

Be warmed that the owershoot
shown is ewcessive mainly at
mpeli'l.iﬁﬁ rates below 20 kHz—I
aciually shrinks and looks accept-
able al frequencies above B00
kHz, 5o it's a particulary insidious
and snoaky kind of overshool
Mote also that not all manutachur-
ers’ 1TM45Ts axhibit 1his phend me-
non, so take care o gualifying
your parficular vandor.

For extramaly low leakage (for
example, in Fig 13a’s circuit),
considar using collector-base
Junctions. If, for instance, you
need |eakage lower than 100 pA,
then it's often much less coslly b
fest transistors with & 98% yield o
this spec than o shop lor & deode
with low leakage but a high price.

Some |ow-leakage transistors
to consider are the 2ZMNB30,
2MATOT and 2N4250. However,
most other inexpensive, small-
signal transistors have an excel-
lent yield o a leakage spec of 30
pA max at 5¥, even though the
spec sheel guaraniees 10 nA

What about zener diodes? Typi-
cally, 62V [(and higher) zeners
have crisp knees, low leakage and
adequately low sanies resistance.
On the other hand, devices below
4.7V usually have soft knees,
unacceptable leakage, high sanies
resistance, high noise and poor
stabilly. For low-voltage bound-
ing. therefore, you'd be well ad-
vised to consider “IC peners”,
such as the LM385-1.2 and -2.5 or
thia LM336-2.5 and -5.0 for 1.2,
2.5 and BY needs; the adjustabie
LM3B5 suits use in 1.2 o 53V
apphcations.

0
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in these two high-performance bound cireuits in a
variety of applications,

Adjustable bound is better

You might have noticed that some of the cireails
presented eould have substantial tempersture coeffi-
cients (2 or & mV/©O), because of the zener-dicde drift,
Fortunately, you san use a micropower voltage refer-
ence—such as the LMES—te improve the TC (the
reference’s equivalent circuit s shown in Fig Ga).
Appaied in Fig 8h's circuit, the device senass Di's ON
voltage, and uses this voltage te compensate for the
forward voltage of I and [ or [k and Dy, whichever is
the case,

The resulting bound voltage has & low 0.2-mV~C TC
amd a reasonably low (4061 at | mA) impedance al any
bound veleage fram 3.75 to 6.3V, The LMA48G itself is

fimited to 5.3V, bui ol eould add an LM3%G-5 or
similar 5 reference-diode’ IC to make, for example, &
high-performance =10V adjustable bound, Insert the
device between points A and B in Fig #b and adjust
potentiometer RBs for the desired cutpat voltage

Finally, if your application can’t tolerate lealkage-
induced ervors at high temperatures, consider the
high-performance ¢irewit in Fig 7. By asdding &
diode/resistor stage to a normal bound eirewit, you can
abtain excellent, low-leakage performance at tempera-
turea as high as 125°C. The bound-current leakage is
less than 1 nd at =104V output at all temperatures, [n
aeldition, the output s limited to less than =12V for
bt cutrrents as high as 1 maA, Note that an LM11A is
a good choiee for this cireuit—its bias current is bess
than 0,15 nd; meveover, ta ofTsel measures less than
0,12 mY over —55 to +125°C,

TYPICAL MODE CHARACTERISTICS

RECONERY | CAPACITAHCE | MANIHLUW LEAXAGE SEFRAR
TVRE TIWE 184} YOLTAGE (1% RESISTARCE
1HF14 OF
1HA1 7 MSED 13PF = T HA EL T
FAST; GOLD DOPED
1H45T O
THEES 200 WSEC aPF T O 125 103 P& i
AW LEAHAGE] R

00 KEED | FF nv 6 A ag
|_m.- r.w.-u.: MAK]
GOLL FETOR-NASE
JUMLT 14 200 WEEC 3PF TO Y 4P8 12
(EMITTER SPEN- £

e e —

CIB-EMITTER
JUMCTICE - 1MEEC 5PFF 6 TD R 10 PA in

S

TRAGE | ¥ERTICAL lHDHIZ‘DNTAL

TR
1]

“ZVIDIY
QLaviDey

| 50 MNSEC/IMY
| 50 NIECHHY

Déade charmcieristics vary wildly, as is evident o e labde. Your choice almasd invarkably invakes @ fadool! invaking speed,
capasitance, volage braakoown and lakago. s often wise i uss ransisior poclions ag dodes—als ho poasibis connechiong
e partrmmedye low ieakage and wery FEI MACovary ima, mapeciiaiy. Tihe phofo shows a TN4ST'S jong fur-on i in Flg T1B%
circeat, Trace A (5 M cirout's input volage, B s the dico’s woiage
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Single-zener network
enhances symmetry
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Chvevcome this probiam by vsiog Flg 35 or Fiig 4's circot,
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Fig B—improve temperatene coeffickents by wsing an WS

zanar”. (&) gives M M5 aqusaiant circal, (b shows &
Ut wiaass aulpul Ao s 5ed Dy 8 resET o,

i

The: bourd efreoits presented to this point all have
finite slope when overdriven, For example, when the
input current inereases from its normal 10 to 100 pA
bevels to 1 or 5 mA beyond the desired limiting input
threshold, the output voltage can increase by as much
as H0 o 100 mV. To obtain a very sharp knee in a
precislon analog eireuit, you might want to hold this
errgr down to 1 mWV.

You can attain this bew error, but at the cost of some
speed and complexity. Fig 8 showe a general-purposs
limiter using two or more op amps, If sections A wnd B
are connected, for example, Voor will be — Vi or

Viun, whichever is more positive. Thus, if Vi is
+8Y, the output will normally be — Vs, bt it will be
limited to —8V a8 itz most negative value.,

If, instead, you disconnect section B and connect

EnN NOVEMBEE 10, 1883
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Complex network
negates zener leakage
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Fig 8—Faaturing & very SRERD Knass, (s ciroul D colput
chimpe & fes Mea 1| Y P HaAE 08 aRpe ds Bevaral volls
Edird thé ndtimg dhveshold, The ohrcull afso parforms [
absoiufe-vaiue frecitfoation) umchion,

seetian C, then Vogr= = Vs oF +Vige, whichever is
more '|'_|!JI|i.1."l'I.'I". In the case that both Vg, and Vi are
connected Lo the signal fmput, the ereait performs a
FI.IH:It-i\'(' mbsolube-valine I'pﬁsc|:t:i|:-n-l'&~:1.i.ﬁi—el:"l funetion,
with exeellent necurney at frequencies below 1 kHz.
What are the creuit’s shorteomings? Freguency
response, for one. Even with high-speed amplifiers and
fnst chiodes, performance = poor above 10 kHz In

NOTES:
P AMPE = LMISH O LF3g

Fig 9—Active leedback provides clean, sharp Bmiting. fs
the basic bulding block far Fig 10 compéete oiout

iaj
g I
———y,_  FEEObACK
n & , SELECTOR
Vi DAy ’ Doy
1 i
MOTES:
ALL TIDDES = 1457 0A skaid o
GHOORE C, = .0 ¥

OF ANPE = LWI2 ON LAJH DR LF 37
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A TN 00 WSECDIY
B Wiy 100 WSECDIY
[ LEVIDIY 100 uSECADIY

Fig 10-~This variable-limil, active-tesdback configuration
Ao piond o Eae ather capacitve or reaisive foodback o
configure an imegrator or an nventar, respecialy. Ghooss
Op amps $9 SUll OUT SRR MRUiRTIeT
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Reference 1Cs
simulate ideal zeners

addition, the method has the disadvantage of anly
providing & negative limit (or a positive one hy
reversing all diodes), On the other hand, it performe a
useful funetion by selecting the highest of & group of
voltages, For example, if you use four op ampe and
eight disdes, then you can obtain an sutput that's the
mast positive of four inputs,

What asbout active feedbaek? Intuitively, it would
sewm that you coubd make a high-precision limiter by
asing an op amp thal senses when the output signal
approaches the limit voltage, then reaches back
provides a feedback current to stop the output’s
wdvance, The circuit in Fig 9 is an example of =uch a
scheme, It admittedly lovks as if ]l oscillate amd
mishehuve, but lab tests prove it doesn’t,

The complete version of the eireuit is shown in Fig
10a. You can obinin clean limiting (h) for capacitive or
resistive feedback (Z). but the circoit won't hamdle
both cases unless you use damping capacitors (Cy) equal
to Y the feedback capacitor. In order of inereasing
speed, you can use LMEZE4, LM348 or LF34T op amps to
develop a faster response.

Dutside the fesdback loap

If you want e limit your circuit’s outpuat by clipping
the input excarsions, you can uee a simple clamping
acheme such as that shown in Fig 1la. However, the
zener diodes” leakapge and capacitance create some
problems in this cireuit. Fig 11b suggests & way to

il
P — e
Vi O i o
[
s i b Vour
i 9
Ny
]
2,

i
i

Flnn—chm-punpm'lhmrrﬁmm
anan in (B

oircos. The igusration the efiscts of the
zona o¥ockes” capacianca, v chaoahng O, and 04, oy must
CONitT @ foeed akage Ladaol,

Bounding and clamping: what and why?

Bounding, clamping, Bmiting and
clipping—what do these terms
mean, and what distinguishes
them? Thay all apply fo woltage-
lewel restrictions, at either a cir-
cuit's mput or outpad. As for their
ditferentiation, it's somewhat un-
clear—in fact, they're often used
intarchangeably for a given crcuit
configuration,

Far th purposes of this article,
however, “bounding” pertains o
limiling  circwits mserled in an
amplifier's fesdback loop; “clamp-
ing” o networks apolied o the
amplifier's input terminal. The for-
mer genarally produces a sharp
oudpul-chpping action; the latler
simiply prevents overdrive.

Usually, an imput signal is cou-
phed resistvely to a unity-gain
follower's input. For small signals,

there's no attenuation (and no
currant drain by the clamping
network), Whan the signal ex-
ceeds the presel threshold, how-
mwar, the clamping network con-
ducts heavily, preventing the
amplifier from being driven any
furthar

Given this behavior, what rea-

s0ns are thare for limiting? Thare
ang many:

* To eliminate wndue delays
when an inbegrabor must re-
cover from its supply-
datermined limit.

# To eliminate undue delays
whan any amplifier circwit
must recover from s sup-
ply-determined limit. (Mot all
amgiifiers recovar in a like
mannar—some choppar-
stabilized designs take sev-

eral seconds.)

To avoid thermal errars
caused by an amplifier's
oulpa stage overhaating in
a limi# condition

To avoid degradation or out-
right damage to an amgpiifi-
er's inputs.

T avosd overdriving or dam-
aging circuits connected to
an amplifier's output.

To obtain specific symmetri-
cal or asymmatrical shap-
ing.

To obtain & nonfinear curve
for simulabon of nonlingar

circuits (for examgple, using

amalog-computer  tech-
niques).
To control an oscillalor's am-
plitude.

To rectify an ac signal.

EDN NOVEMBER L0, 1983
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Limiter circuit
makes ideal rectifier
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Fig 12—Entirsty all b : A
this ing wing co o NAr the Jerer
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minimize thiese effecks, Hemember tht if ol want fast
response, you must use fast diodes (such as the
fust-recovery, high-lenkage 18914). Conversely, if R
must. have & high value, wou should choose @
low-leakage type, Choose Ry and By to ensare that the
zemers are bigsed above the knee.

If you'd like te try more elegant schemes, eonsider
Fig 12'= high-performance, symmetrical clamping cir-
cuit. The two M-k{} resistors ensure that the zener
never turns off; therefore, its capacitance mever has to
be charged up during a cyele. The value of R, is eritieal
n this eireuit, because the op amps output muost
bootatrap point Vs to a voltage very close to that at V.

With the valuoea shewn, V,—Vz is anly 0.16V when
V=10V, Therefore, dinde I, leakage is negligitle at
room temperatiure. When Vi rises further and By
sarts Lo conduct, the corrent through R, biases the
zener Lo a low-impedance eondition, well above its knee.
Mote that If By ks too bow, then the ap amp might not be
able 1o drive it

The input-clampling technbgues shown kere use an op
amp conpected ax & unlty-gatn fllower, but they've
generully spplicable (o any unity-gain amplifiers, such
ag emitter followers, sowrce followers or any high-
impedanee amplifier.

Suppose you con't really require clean signal limit-
ing, but simply nesd to protect an amplifier’s inputs
from such damage as might result from electrostatic
discharge or an inadvertent 115Y line connection. The
clamping cireuits in Fig 13 provide complete input
protection, even when driven to extremes—moveover,
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Fig 14—LUse an op amp's compensation terménal {0 oodan
bounding.  This mefbod can make T easer W clamp
aWferannal-nmy amalens, e example. Coansohng Oy o
Ground pelds @ —0.5V regative Gmi, conmeciing it o e
zaner pieids mono pegative mis.

EDN NOVEMBER 10, 1983


http://blogs.ubmcanon.com/elogic_910000091/files/2011/09/1983-11-10_pease_clamping_page_09_sfw.jpg

they causze no performance degradation throughout the
Tull commorn-maode range of the op amp.

Fig 13b's cirenit i= similar to 13a"s bruote-foree
approach, b

bat it reduces input leakage to sub-
picoampere levels, When the input is severely over-
driven, Il ar Iy might conduet, but the op amp's inputs
won't be subjected to overvoltage or overcurrent
tiong. In addition, protes pdes Iy amd T are
apped in normal operation with barely 1 m¥
peroes them, Therefore, their lepkage s less than 1 pA.

Finally, note that i r olamp or bound must be
eonmected o gn amplifis wite or in itz leedback

loop, For example, you can limit an LM3E's or
LA A's ontput to +5, —05V levels by putting a
suitable clamp on its frequency-compensation berminad This guide dascribes & systam that converts digital
(Fig I4) Thiz methicl s especially wseful  with sigmals into usable information rather than maan-
defficult-to-clamp (beeywse of differential inputs) nstre ingless omes and reros. You'll leam how to develop
o troubleshoating strategy that will save you time
and money.

To receive a complimentary copy (922 retail walua)
send a letter of request 1o Data |/ 0, Attantion DTS
Product Manager, 10625 Willows Rd. NE, C-48,

Redmond, WA 38062,
e, DATAL/O
postage and handling.

mentatbon amplifiers. For example, it works with the
, mucking it easy Lo use @S 8 oomparabor. EDM
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So there you have it, and Data I/O and Otto get a free ad to boot. Remember this those ads are from
1983, so don’t count on the address and phone numbers being right. I hope you enjoy the article,
Pease was a real giant and a real friend. I keep opening my email program to write him and ask him
something, most recently about my upcoming cover story on error budgets. Then I realise Bob is
gone. It really has saddened me and ruined what started out a pretty good summer. I guess its time
to remove his name from my address book.

[Update] I just read Bob’s bio on the last page. The comment about how he “tracked abandoned
railroad tracks” reminded me of when we were are on the analog seminar together. We were driving
from Manchester to London, and we stopped at one of the many rail museums. The next picture
really sums up Bob’s rebellious nature. Click to enlarge.
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I also found this pic of Pease standing next to a locomotive.

And finally, here is another anti-authoritarian shot of Pease, touching the naval mine in the War
Museum in Manchester, despite the sign.
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