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The lowly biasing loop is a good example of why analyzing small
pieces is helpful. In modern linear IC design, the biasing loops often use
active feedback to control currents accurately over wide supply varia-
tions, or to tolerate variable loading. I have seen many cases where the
bias loop had very poor loop stability and this did not show up on full-
circuit transient or small signal analysis. In other cases the peaking in the
bias loop did show up as an aberration in circuit performance, but was not
discovered as the cause until hours or days of time were wasted. A simple
transient test of the bias loop by itself would have saved time and teeth
enamel.

Beware of Bode Analysis. Many designers use Bode analysis to determine
loop stability. This technique has the advantage of defining response over
the full range of frequencies and it gives a good intuitive feel for where
phase and gain problems originate. The problem is that with some loops,
it is nearly impossible to find a place to “break” the loop for signal injec-
tion. The sophisticated way to inject the test signal is to do it in a way
that maintains correct small-signal conditions even when large changes
are made to components or DC conditions. This allows rapid analysis of
various conditions without worrying about some “railed” loop condition.
There are many possible ways to inject the signal that accomplish this,
but correct Bode analysis requires that the impedance on one side of the
signal be much larger than the other overall frequencies of interest. This
is often not the case, and a Bode plot that seems to be giving reasonable
answers is actually a big lie. It turns out that the impedance requirements
typically fall apart near unity gain, just where they do the most harm.
(Murphy is in control here.) If you have any doubts about the impedance
levels, you can replace the voltage source with two low-value resistors in
series. Inject a current test signal to the center node and ask for the ratio
of the two resistor currents over all frequencies. If the ratio is less than
10:1 at any frequency, the analysis is flawed. (Actually, it turns out that
there is a way to do an accurate Bode analysis with arbitrary impedance
levels. This is detailed in Microsim PSpice Application Design Manual,
but it is a fairly tedious procedure.) Another sanity check is to do a small-
signal transient test of the loop and compare results with the Bode test.
(See section on transient testing.)

A second problem in Bode testing is multiple feedback paths. As linear
circuits get more sophisticated, it is not unusual to find that there is more
than one simple loop for the feedback signal to travel. A typical example
is a bandgap reference where most of the circuitry uses the regulated out-
put as a supply voltage. Signals from the output can feed back to interme-
diate nodes in the gain path via load terminations and bias loops. This can
cause some really strange effects, like common emitter stages that have
zero phase shift at low frequencies instead of the expected —180. It seems
impossible until you realize that the current source load is changing
enough to cause the collector current to increase even though the base
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emitter voltage is decreasing. The result is that the net impedance at the
collector node is negative, and this causes the phase to flip at low frequen-
cies. The overall loop still works correctly with flipped phase because of
overall feedback through the normal feedback path. Phase returns to nor-
mal (-270) at higher frequencies because capacitance dominates imped-
ance. A second problem occurs at high frequencies where capacitive
feedthrough in the extra loops can cause main-loop oscillations. A stan-
dard Bode plot may not show a problem, whereas a transient test usually
does. It works both ways, of course. I have seen circuits where the Bode
plot predicts oscillations, but the circuit is actually quite stable because of
a secondary high-frequency feedback path.

Transient Testing Can Also Fool You. Iused to think that transient testing
was a foolproof way to judge loop stability. It didn’t require any interpre-
tation—either the response looked clean or it didn’t. Now I know of sev-
eral ways to get fooled. The first is to inject the test signal at the wrong
point or to use voltage when you should use current. There are some
points in a feedback loop that smother the test signal with a low-pass net-
work that allows only the lower frequencies in the test pulse to get into the
main part of the loop. The result is a very benign-looking output response
that does not show dangerous high-frequency ringing problems. My expe-
rience shows that this problem almost never occurs if you inject a current
into a low-impedance node in the loop. Typically, this would be the out-
put, but a more general guideline is that it be a node that the loop is trying
to hold to a constant voltage. In a switching regulator, for instance, do not
inject the signal into the post-filter output if that filter is outside the main
feedback loop.

A second way to get fooled is to use the wrong test frequency. A loop
that rings at SOKHz will not look ringy when excited at 100KHz. This
may seem obvious, but many loops have more than one frequency where
phase margin is poor. If you concentrate only on the high-frequency por-
tion, you might miss that little slow-settling tail that bites you later.
Likewise, if the test frequency is too low, you might miss a very high-
frequency buzz that washes out in the screen resolution. A frequent cause
of these buzzies is a minor internal loop which has a bandwidth much
higher than the main loop. Zoom in on edges if there is the slightest hint
of raggedness.

Use Temperature to Test Robustness. Sometimes one has to do exhaustive
analysis of a circuit to prove out the design. You might have to vary sup-
ply voltages, component values, device parameters, load conditions, logic
and signal levels, operating frequencies, and on and on. This is very time
consuming, in some cases much more so than if one had a real breadboard
to test in the lab. When a change is made to the design, one has to care-
fully consider how much of the previous testing will have to be repeated.
But engineers are human, and when they get lazy or rushed, design flaws

339



The Art and Science of Linear IC Design

340

are missed simply because the designer decided not to repeat a previous
test after a “tiny” change was made to the design.

I believe that one way to help ensure a “robust” design is to have the
computer analyze the circuit at temperatures well beyond the expected
operating range. The reason this works so well is that temperature has an
effect on nearly everything in the circuit if the components are modeled
correctly for temperature dependence. This has the desired effect of vary-
ing more than one thing at a time and greatly reduces analysis time, espe-
cially if you just want to verify that nothing got screwed up by a tiny
little change. I force the circuit to as many simultaneous worst-case con-
ditions as I can, then vary temperature from —80°C to +200°C to see
where things fall apart. This usually points out any design weaknesses
which may be occurring dangerously close to the desired operating tem-
perature. A good rule of thumb is that the circuit should be a healthy
25°C below its minimum expected temperature and 50°C above the max-
imum expected temperature. Circuits which are checked in this manner
also tend to be very tolerant of those nasty little fab variations that haunt
all linear designers.

Look at Transistor Base Currents to Detect Incipient Saturation. Bipolar
transistor saturation has become more of a problem with modern analog
circuits that have to work at very low supply voltages. Even in older de-
signs, the collector-to-emitter voltage of an amplifying transistor was
often the base-to-emitter voltage of a second transistor. This is problem-
atic because the collector-to-emitter voltage required to avoid saturation
is proportional to absolute temperature (+0.33%/C), and the voltage actu-
ally forced on it by a base emitter voltage decreases with temperature. At
some high temperature these two requirements clash and the result is at
least partial saturation of the first transistor. For example, if 250mV is re-
quired to keep a specific transistor out of saturation at 25°C, it will take
354mV at 150°C. A Vbe of 600mV at 25°C will decrease to 350mV at
150°C. Therefore, at temperatures above 150°C, saturation will occur.

Regardless of the exact cause of saturation, the simplest and most
sensitive way to look for the problem is to plot base currents versus tem-
perature. A sudden increase in base current at some temperature is a
good indication of saturation. This is especially critical in precision ap-
plications, such as bandgap references, operational amplifiers, and com-
parators. One word of warning: computer models can do a poor job of
predicting saturation problems when certain model parameters are ad-
Jjusted to make other things come out right. Have the computer plot Ic
versus Vce with constant base current and compare this plot with curve
tracer readings. Discrepancies will have to be accounted for, or model
changes made.

Force Input and Output Signals Beyond Their Expected Range. There are
all kinds of nasty surprises that can pop up when signals go beyond their
expected range. The best example is phase reversal in a single supply



input stage. A simple PNP differential input stage with a grounded emitter
NPN as the second stage will exhibit phase reversal when one of the
PNPs has zero volts on its base. If the result of phase reversal is that the
PNP base remains at zero, a nonrecoverable latch occurs. I have seen this
problem get to final silicon many times because zero volts was not a “nor-
mal” operating condition, and the designer failed to consider start-up or
fault situations.

A second example is regulator output polarity reversal. One normally
would not expect the output of a voltage regulator to see reverse voltage,
but this occurs quite often in cases where both positive and negative regu-
lators are used in a system. If power is delivered to one regulator before
the other, and loads are connected across the regulator outputs, the pow-
ered regulator will force the unpowered regulator output to a reverse volt-
age via the common load. System designers routinely protect against this
condition by connecting diodes from each regulator output to ground to
limit reverse voltage to one diode drop. Imagine their consternation to
find out that this doesn’t work with some IC regulators because these
regulators refuse to start when power is applied with the output reverse
biased by one diode drop. During simulations, I always force the output
of regulators to 1.5V reverse voltage and check for proper start-up and
full output drive current. After layout, I check saturated transistors in this
state to make sure they don’t inject to some nearby structure that would
cause problems, a situation that won’t show up on simulations!

Living in Fear of LVceo

Many linear designers make the mistake of assuming that circuits will not
work properly if the voltage across bipolar transistors exceeds LVceo
(latching voltage, collector-to-emitter, with the base open). In discrete
design, one can simply specify transistors with high breakdown voltages,
but with a given IC process, the only way to increase LVceo is to reduce
gain (hFE). More times than I care to remember I have seen fab lines
struggling to keep hFE in a very narrow range because the circuit designer
demanded an unreasonable combination of hFE and LVceo. The truth of
the matter is that transistors are quite happy to operate well beyond LVceo
if there is provision to handle reverse base current. The graph in Figure
19-1 shows base current and base emitter voltage versus collect emitter
voltage with emitter current held constant. Notice that nothing spectacular
happens at LVceo. This is simply the point where base current is equal to
zero. A transistor with LVceo = 50V and BVcbo = 90V can often be oper-
ated at 60V to 70V if the design will tolerate a low value of negative hFE
(reverse base current). Above 50V, some means must be provided to ab-
sorb the reverse base current, but this is often just a high-value resistor
across the base emitter junction. At voltages close to BVcbo, reverse base
current climbs rapidly, and active reverse drive may be needed.

I have had many designs in production for years, operating well above
LVceo, with no loss of performance or reliability. There is one caveat
though: if a transistor is operated at high power levels above LVceo, there
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Figure 19-1.
Operation above
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is a danger of forward-biased secondary breakdown, a phenomenon
where current crowds to one tiny area of the transistor and breakdown
plummets to half its normal value. This is normally only a problem in
power transistors subjected to simultaneous high voltage and high cur-
rent, but caution should be used in lower-power designs where the tran-
sistor could be subjected to a transient overload condition. Secondary
breakdown can occur in less than a microsecond, and unless the voltage
across the transistor is quickly reduced to well below LVceo, it will be
permanently damaged.
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20. Analog Design—Thought Process,
Bag of Tricks, Trial and Error,
or Dumb Luck?

900000000000 00000000000000000000000000000000 ©000000000000000000000000000000000000000000000000000000000

Allow Me to Introduce Myself

Rather than leave the reader wondering where I got the weird ideas to be
presented here, and maybe whether I should be allowed to run loose, I
think it best to tell about my past: I spent my entire money-making career
doing research and development for the U.S. Government (“the Gov”);
the Department of Defense, to be exact. None of the authors of the first
book of this series were in this category, and I will be surprised if any in
the second are. However, this background does give one a different per-
spective, which can be useful.

DOD gets a lot of bad press these days. Most of the accusations have
some basis in fact, and some are absolutely correct. But the more experi-
ence I have with industry and academia, the more I see the same prob-
lems. People are people wherever they are. The laws of physics apply
indiscriminately to both military and civilian arenas. An idea that does not
work in one can often be adapted to not work in the other. It increasingly
seems that when I buy something for home use, I had better be prepared
to fix it, or even re-engineer it! I am thinking primarily of mechanical and
electro-mechanical gadgets, for example my daily battles with the car and
the drink machine (I am not talking about the mornings I sleepily try to
insert my Exxon card in the Coke machine). Mechanics aside, however,
the electronics industry is not without fault. I have a car radio that some-
times emits sounds that are truly awful. There is room for improvement
all around.

Given my employment, my experience has been in the design of rela-
tively simple systems, produced in relatively small quantities, often with
inadequate development time. I will necessarily emphasize these aspects
in my philosophy of analog circuit design. My type of work is not as glo-
rious as designing an integrated circuit (IC) that will be produced by the
zillions, but it is just as necessary, and applies more often than one might
think. Examples are: in-house lab equipment that will not be sold or even
replicated, a jerry-rigged solution to a problem holding up an expensive
field test, a quick demonstration that a proposed project has a chance of
working (or doesn’t)!
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The military often makes headlines using a $100 part in place of a $1
part. (That’s 20dB or 40dB, depending on whether you use 10 log or 20
log. I say use 10 log because money is power.) However, if it would take
$10,000 worth of testing to ensure that the $1 part is indeed adequate and
only 100 units will be built, it is a toss-up as to which part is really
cheaper. Given the horrendous cost of field failure, pick the one that is
most likely to work.

Philosophical question #1: Is an inexpensive widget that does not work
better than an expensive one that does not work? You can buy more of
them, but so what?

Philosophical question #2: If you were going into battle and your life
depended on your equipment, which you didn’t have to pay for, would
you pick military or commercial?

The military (and NASA!) are extremely concerned about reliability;
failures may be spectacular. So is industry; a design failure could easily
mean a recall of 100,000 cars for General Motors. There is an ongoing
discussion (argument, really) of how to achieve reliability. It is not likely
to be settled soon, especially given that we have not agreed on exactly
what constitutes failure!

Problem #1: Supplier A’s widget meets all specs, but just barely in every
case. Supplier B’s widget is right on target in all cases except one, where
it is unfortunately slightly out of spec. Which would you pick? Hint: the
Gov picks A.

Problem #2: As you get farther from the transmitter, FM radio sounds
great out to a point then drops out rather suddenly, while AM just gets
noisier and noisier. Which is better? Hint: good music stations are on FM;
emergency broadcast information is on AM.

A couple other items: I taught a course on Applications of Analog
Integrated Circuits for ten years, mostly to students who weren’t terribly
interested. I know that some people don’t get excited when they see an
analog circuit, even a beautiful one. I learned which concepts were easy
to pick up, and which were difficult. After it was all over, I realized I had
never specifically mentioned one of the most important aspects of analog
design—it is FUN! Too many digital projects consist of taking an arbi-
trary bunch of numbers and performing some questionable calculations
on them in order to produce something I am not really interested in. I
liken it to that marvelous invention, the kitchen compactor, that takes 20
pounds of garbage and transforms it into 20 pounds of garbage. I get the
feeling the only time the bit flippers get any excitement is when the sys-
tem crashes. I am not totally against computers; I enjoy playing back my
phone messages and hearing my answering machine having a discussion
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with some store’s computer. I don’t know about artificial intelligence, but
they definitely have artificial stupidity! Pages of ones and zeros just don’t
excite me. (An exception is my checking account; that’s close enough to
reality to get my attention.) Digital design will soon be just computers
designing more computers, if it isn’t already.

Analog, on the other hand, does not seem to be amenable to automatic
design. And it usually has to connect to the real world. You hook up your
new amplifier and get the joy of observing sounds coming out of your
speaker; or smoke, depending on your level of expertise. Pushing a button
on a transmitter you’ve designed, hearing the acoustic pulse go out, then
feeling the earth shake under your feet as 50 lbs of explosive go off is an
experience unmatched by anything I’ve seen in amusement parks.

Computer designers don’t know what to do with a good op amp; in
fact, there is nothing they can do. We analog people get to play with all
sorts of neat stuff, including digital circuits! In reviewing 20 or so sys-
tems I’ve designed, I found that not one was free of digital circuits! In
fact, half the time it was not clear whether the system was predominantly
analog or digital. But we get to count these as analog!

If you read Bob Pease, you know that some of the world’s most sophis-
ticated measuring equipment (his) relies on such high-tech items as card-
board boxes, spray paint, dishwashing soap, plastic scraps, and RTV
silicone glue (use electrical grade; some of the regular type contains
acid!). To that I would add: Reynolds Wrap, duct tape, paper clips, refrig-
erator magnets, and Coke cans.

Lastly, I claim to be an expert on mistakes, for the simple reason that
I’ve made most of them already, and am working on the rest. When I
advise against something, it’s usually because I’ve already tried it, with
disastrous results.

I have never really been able to explain how I go about designing
something, and doubt that I ever will. Nevertheless, Table 20-1 gives
some aspects that are involved. These are not steps in the sense of finish-
ing one, then going on to the next. They overlap, and one should try to
keep all of them in mind at all times. I will ramble through these; you will
see that many items could have been placed in more than one section.

Table 20-1 Six “Steps” to Analog Design

You want me to what?

A better mousetrap—because the mice are getting better.
Breadboard—the controlled disaster.

If it doesn’t work, take two capacitors and call me in the morning.
Look, Mom, no smoke!

6. The job’s not over till the paperwork is done.

Nk L=

Note: I will not attempt to distinguish between small systems and large circuits; with ICs there is a
lot of overlap. A switched-capacitor filter may be listed as a circuit, but you better be aware of
Nyquist’s theorem, which is really system theory. Do not attach undue significance to whether
“circuit” or “system” is used in any given place.

345



Analog Design—Thought Process, Bag of Tricks, Trial and Error, or Dumb Luck?

346

You Want Me to What?

First, make sure the problem is clearly defined in your head. This is so
obvious it often gets overlooked. Did you understand clearly what your
supervisor wanted? Did he understand what the customers wanted? Did
they understand what was really needed? You will not likely get many
brownie points for doing exactly as told if what you were told was idiotic.
In the Gov, engineers are not allowed to talk to prospective contractors to
answer questions during negotiations. I understand the legal reason—to
prevent favoritism—but technically it’s exactly backwards. One of three
things usually happens:

1. We talk with likely contractors before the bidding starts.

2. We talk during the bidding anyway, with the warning that, “I am
not allowed to talk to you; you are only imagining that I am; if
asked later I will not remember any of this.”

3. There are monster misunderstandings.

It is sort of like designing an op amp circuit without feedback; i.e.,
impossible. It is my view that engineering implies getting something
done, and if that requires bending the rules into a triple granny knot with

a half hitch, so be it.

Once you understand the goal, don’t lose sight of it. I once fiddled with
a circuit until I had a very efficient form, and gleefully presented it to my
supervisor. He agreed that it was very efficient, but pointed out that it
performed the wrong function. I had gotten so engrossed in the details
that I had lost the big picture.

I do not mean to exclude pursuing a tangent, or even idle dreaming on
your own; that has led to several of my inventions. But once a tangent
becomes promising, make it a secondary clearly defined goal. Ants accom-
plish quite a lot with their Brownian motion, but they haven’t designed an
analog circuit yet, not even a digital one!

A Better Mousetrap—Because the Mice Are Getting
Better

This used to be a joke, until I read that the Gov is trying to breed better
mice. Just what we need, right? My cat can’t catch the ones we have now.
.. . Anyway, the next step is to get started toward your now clearly de-
fined goal. Getting started right is important; speed is not terribly relevant
if you’re headed in the wrong direction. False starts are inevitable, but
admit them early. Maybe you have trouble getting started; I do. Selecting
the best idea from all the ideas in the world, thought of and not thought of
yet, overwhelms me. But fear not:

AXIOM:
There may be an optimum system, but you don’t want it.
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A system can be optimized for one, maybe two, variables only, at the
expense of all others; maybe serious expense. Furthermore, maxima are
usually fairly broad and flat-topped, so normally you can move a ways off
the peak without losing much, possibly gaining a lot on another variable
where you were way down the slope.

Hypothetical problem: You want to maximize two functions, one
proportional to cos q and the other to sin q. You shouldn’t need
higher mathematics to tell you it’s impossible. One method of at-
tack is to decide which is more important, let’s say the cos one, and
maximize that. At q =0 cos q = 1, 100%, but sin q = 0, zip, nada,
-eodB. Oops. But by moving out to q = 0.3 rad, you can have sin q =
0.3 and still have cos q = 0.95; or to q = 0.5 rad and still get sin q =
0.5 and cos q = 0.9. Not bad, huh?

Similar problem, different subject: When adjusting a tuned filter,
don’t try to “peak” it. The response changes very little around the
peak. Adjusting for zero phase shift is a far more sensitive method.
If you can’t do that, it is also more accurate to adjust so the 3dB
down points straddle the desired center frequency.

OTHER AXIOM:
If you’ve done the job, it’s done. Sort of.

There isn’t much reward for reinventing the wheel. However, a guy
named Rader invented a new type of wheel, and if he got a patent, he
should have a lot more money than I do. The obvious starting point is: has
the job been done before? If not, is there something close? Table 20-2
gives my favorite sources for ideas.

Table 20-2 Sources for Ideas

Source Comment

Personal memory The mind is pretty good at remembering and
correlating patterns.

Others’ memory Two heads are better than one, if they’re on different
people.

Mfrs’ spec sheets and Usually work, use available devices, assistance

application notes available.

Magazine articles I clip any that might be useful and keep them in a
notebook.

Textbooks Optional; good ideas usually show up in above
items.

Patents May be necessary anyway to avoid paying royalties
or fines.

Note: decreasing order of importance
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Be aware of conventional wisdom, but don’t be limited by it. An inven-
tor, whose name nobody remembers, worked on a telephone before Alex-
ander Graham Bell, but was advised that the telegraph was perfectly
adequate. Things are done the way they are for a reason, but it may not be
a very good reason. Feel free to find out. Wear safety goggles, or at least
some kind of glasses. Ordinary plastic lenses will stop most types of elec-
tronic shrapnel. Life is dull if you follow the instructions.

Back in 1966 we needed a sample-and-hold with a very long hold
time. This implied a buffer with a very high input impedance. (Capaci-
tors are only available so big, especially ones that have low self-leakage.)
MOS transistors had become available, but “everybody knew” they were
unstable, noisy, and susceptible to damage from static electricity. How-
somever, they were so cute I couldn’t resist. I figured out how to make a
reasonably accurate buffer. Temperature stability wasn’t good; in fact, if
you got the device too hot the characteristics changed permanently! But
the circuit was to be used in a controlled environment. It was a DC appli-
cation, so I could beat down the noise with capacitance on the output. I
did lose a few MOSFETS through careless handling, but once in the cir-
cuit with a microfarad on the gate, they were safe. I don’t recall the exact
hold time, but I know I measured droop by sampling a voltage one day
and measuring it the next! At first it looked like the hold time was infinite,
at least until I realized it drifted toward max voltage, not zero. . . . The
reader should wonder what switching device was good enough; it was a
relay!

I published the circuit! and there must have been considerable interest
because I received a dozen or so inquiries. Later RCA succeeded in mak-
ing IC op amps with MOS transistors. These were pretty much pooh-
poohed because the input specs weren’t good, but look at the variety of
CMOS devices available now!

Adapting an old idea has the advantage that you are starting with
something that presumably worked, but be aware of: Pitfall #1: A good
idea applied to the wrong situation is a bad idea. Pitfall #2: Murphy’s
Law, applied to drugs, adapted to circuits: Any modification which pro-
duces a good effect will also produce numerous bad side effects.

Seldom are two applications identical. Some subtlety may trip you up.
The Band-Aid approach has its limits. Exception: politics. A few years
back our laboratory got no money at all for new construction, but a siz-
able pot for alterations. They took a tool shed, added three wings and an
upper story, and made a respectable building out of it. The original build-
ing became the foyer. It had to retain its “T” number, “T” meaning
Temporary (since 1945), but who cares? I have designed new equipment
with very strange nomenclature borrowed from other equipment to avoid
running afoul of some rule. Use your imagination.
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Look at It Another Way

Very often the solution to a problem appears immediately upon formulat-
ing the problem differently. I like to recall a story 1 read of mountain
climbers who attacked a lesser but still-unclimbed peak. They reached a
huge chasm and had to turn back. They related the information to another
party who tried a different route and went right to the top. If they instead
had tried to best the chasm, the mountain might still be unclimbed.

Example: The standard way to measure phase difference is to set a
flip-flop on the zero crossing of one signal and reset it on the zero cross-
ing of the other. The fraction of the time that the flip-flop is set gives the
fraction of a cycle the second signal lags the first; averaging and scaling
gives a DC readout of 0 degrees to 360 degrees. This gives an ambiguity
at 0 = 360. Phase jitter around zero gives an average readout of 180 de-
grees, exactly wrong! This is normally solved by adding 180 degrees by
inverting one signal, moving the ambiguity to 180. But we had to build a
phasemeter into a hands-off system, where the necessary automatic
switching would have added considerably to the complexity. The solu-
tion was to measure the angle in sign-magnitude format (0 to 180 de-
grees, plus or minus), which has no ambiguity. The circuitry for this
method turned out to be fairly simple, also,? and had an additional ad-
vantage for unattended operation: a modest amount of noise caused
only a modest error; extra zero crossings can drive a set-reset phaseme-
ter crazy.

Sometimes you have to reverse your thinking entirely. The standard
way of protecting against reverse battery connection is a diode, but the
voltage drop is sometimes unacceptable. I, and probably many others,
tried unsuccessfully to do it with a power MOSFET. The obvious way
doesn’t work because the inherent back diode conducts when reverse
voltage is applied. Bob Pease got a patent by realizing all you have to
do is turn the transistor around backwards! The FET doesn’t really
mind, and the back diode is working for you!

Bag of Tricks

Certain concepts appear over and over again. I like to think of them as a
bag of tricks, in the sense that a magician’s “tricks” are really scientific
principles, skillfully applied, with special attention to how the human
brain works (and doesn’t work). Here are a few of my favorites:
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PLLs and FLLs

Phase-Lock-Loops (PLLs) are cute devices, widely used, even where they
shouldn’t be. A similar device, the Frequency-Lock-Loop (FLL)? has
some features the PLL does not, at the expense of giving up some you
may not need in a given application. Possible advantages are: no out-
of-lock state and hence no lock transition; insensitivity to phase inver-
sions or even arbitrary phase jumps; frequency can be offset in a linear,
continuous manner. The two devices together cover a wide range of appli-
cations. For an example, read on:

Frequency Synthesizers Many systems need one or more accurate fre-
quencies. Even the crystal manufacturers themselves don’t stock all pos-
sible frequencies; it’s prohibitive. They will cut any frequency for you,
which will necessarily cost you more and take considerable time. And
what if you need to switch the frequency? An indirect frequency synthe-
sizer takes a reference frequency (e.g., from a standard crystal oscillator)
and multiplies it by one arbitrary integer and divides it by one or two
others.* It uses a feedback loop (a PLL) and some counters. Thus you
can take one accurate frequency source and create a host of others semi-
digitally. Often there is an accurate clock around; even microprocessors
have crystals attached these days! There are some design techniques you
need to know and some limitations, but they are not bad. I have these in
half a dozen systems.

Tone Detectors What if instead you have to detect a signal of known fre-
quency? Generate the expected frequency with a synthesizer, then com-
pare the input signal with it in a simple circuit (see also Note 4). The
center frequency and effective bandwidth, and also the shape, of the ef-
fective bandpass filter can be precisely controlled. Frequency hops can be
programmed. I have used this in several systems, too.

Pseudo-Noise Pseudo-random noise (PRN or simply PN) generators>¢
generate a neat signal that looks like noise, but is actually deterministic,
and hence has precisely defined properties. They are made from a few
shift registers and gates, possibly followed by filtering. Why generate
more noise, when we are plagued with enough of it already? Well, noise
testing for one thing. Secure communications for another. And how else
do you generate a reasonable broadband signal?

Modulation/Demodulation When I say “modulation,” you probably think
radio or TV. But it is useful in a surprising number of other applications.
Chopper op amps use modulation. It can be used to do some fancy filter-
ing tricks; how about a 60,000dB/octave filter?” Need narrowband
noise? Use a PN generator, filter the output to the exact shape and (half)
bandwidth you want, then modulate it up to the desired center
frequency!



Arthur D. Delagrange

Sine and Triangle Generators Generating a sine wave is one of the classic
problems of our discipline. Some really terrible ways of doing it have
been devised. You can take a microprocessor and a D-A converter and in
less than a year generate a stairsteppy thing that looks like a sine wave if
you stand across the room. Unless you really need a low-distortion sine
wave, just generate a square wave and remove the harmonics with a
low-pass or bandpass filter. Triangle wave? Just run the square wave
through a pseudo-integrator. If a square wave isn’t already available, you
can get it from the triangle wave itself with a hysteresis clipper (Schmitt
Trigger). (One of the two circuits has to invert.) This makes a loop and is
the basic function generator circuit.

Thevenin and Norton Equivalents; Frequency and Impedance
Transformations

These “tricks” can simplify a lot of problems and allow you to juggle
circuits into more desirable forms. They should be in any good circuit or
filter book; if they’re not in yours, trash it and I'll send you mine.® From
time to time an article appears on how to build gain into a filter stage,
usually using a computer program. It is not necessary.’ The filters of
Figures 20—1A and 20-1B have the same characteristic; only the gain is
different. In both cases the open-circuit voltage (mentally break the loop)
at el is equal to e2 but comes through an impedance of C~/2. (For any G,
the two capacitors to the right of the dotted line in Figure 20—1B sum to
C «/—2'.) The circuit to the left of the dotted line does not know what is on
the right side (unless it peeked). Therefore, for any input the voltages at el
and e2 will be the same in either case. The output is simply e2 multiplied
by whatever gain the op amp is set for by the negative feedback divider.
As a quick check, let G go to zero; the circuit of Figure 20-1B reduces to
that of Figure 20—1A (with an extraneous load resistor).

If all capacitors in the circuit of Figure 20-1A are increased by a factor
X (Figure 20-1C), it should be obvious that the time response to an im-
pulse will have the same shape, but will be expanded X times (slower).
Since the frequency response is the Fourier transform of the impulse re-
sponse, the frequency characteristic retains the same shape but is com-
pressed by a factor X in frequency. This also should tell you that all
capacitors in a filter should be of the same type so they will drift together.
The cutoff frequency will necessarily drift, but at least the filter shape will
not change. In fact, when building the circuit of Figure 20~1A, instead of
looking for two similar capacitors whose values differ by exactly a factor
of two (which seldom happens), I get three of the same value, hopefully
from the same lot, and parallel or series two of them.

I once had to design a sinusoidal oscillator of frequency 0.004Hz.
That’s a period of about four minutes. And it took at least 10 cycles to
settle after power-up. After running a few strip-chart records I realized I
might not live long enough to complete the design. I got smart and re-
duced the capacitors by a factor of 1000. Using a ’scope, I got the bugs
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out of the design in about the same time it previously took to make one
adjustment and check it. Then I reduced the capacitors by factors of ten,
making sure no side problems cropped up. This works for high-frequency
filters, too. Get the circuit working correctly at a frequency where the op
amps are nearly ideal, then start reducing the capacitors and watch the
effects of finite gain-bandwidth (and stray capacitance) show up!

If all the impedances in the circuit of Figure 20-1A are reduced by a
factor Y (Figure 20-1D), the voltage transfer ratio is unchanged, since
voltage transfers are determined by ratios of impedances. The input im-
pedance is indeed Y times lower, but remember, I said voltage transfer
ratio. This allows the three capacitors in my version to be juggled to a
power of ten; oddball precision resistors are easier to find. There are other
things that can be done, too, but they take a little more math.
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Starting from Scratch

How does one generate an honest-to-goodness, brand-new, out of-the-
blue idea? I can see steps leading up to it and numerous alternatives dis-
carded, but I can’t explain the spark, the actual jump from the old to the
new. Let me walk you through some of my favorite creations:

I was working with elliptic filters, which require zeros. I could not find
a single op amp filter section having zeros in any of my books, so I in-
vented my own. (As far as I know; I have since run across two others, but
both are more complicated than mine.) Elliptics are relatively easy with
passive filters—the impedances of a capacitor and an inductor are equal
but opposite at some frequency; cancellation produces a zero. (Skip ahead
to Figure 204 if necessary.) I reasoned that the differential inputs of an
op amp could do the differencing, or subtraction. If the input had two
paths to the output, via the two op amp inputs, which had the same volt-
age divider ratio at some frequency, the output should be zero at that fre-
quency. It would have to be in order to maintain zero voltage across the
op amp inputs. The one path could provide the negative feedback required
by the op amp, and the other could provide the positive feedback required
for filter peaking.

In reviewing frequency-selective circuits, I noticed that the Wein
bridge, used as a voltage divider, had phase lead at low frequency and
phase lag at high frequency (or vice versa, depending on which end you
look at). Somewhere in between, phase shift had to be zero. I did the
equations, and, sure enough, at one frequency it looks like a /4-% voltage
divider with no phase shift. Now I was excited.

This would give me a pure notch, with equal amplitude on either side.
This was not exactly what I needed, but I could probably fudge one end
or the other to get different amplitudes. I thought of several possibilities;
the most promising was that I could split off part of one capacitor or re-
sistor in the Wein bridge, using Thevenin equivalents, and not alter the
fundamental properties of the bridge. The end result is shown in Figure
20-2. It seems pretty minimal for all it has to do. There are no obvious
nasty requirements on the op amp. But hold on; there is more!

I was fascinated that at one frequency the op amp output did exactly
nothing. It was a true zero; there was no approximation in my calcula-
tions. Did I really need an op amp, or would any old differential amplifier
do? I would still need positive feedback, but why couldn’t that work, too?
It did work (Figure 20-3)! Heady with success, I pushed on. One by one I
took the standard op amp circuits and converted them to “diff-amp” cir-
cuits.!® Who needs gobs of gain? Who needs op amps?

My revelation to the world generated a tidal wave of apathy. Overnight
I was propelled from obscurity to oblivion.
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ppeared in EDN, and bad ideas.
24 January 1985.)

Although probably ancient history by now, here’s another example of
what can be done with a little cleverness: I needed a fairly sharp SKHz
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low-pass filter; three of them in fact, fairly well matched in both ampli-
tude and phase. I started out with the passive filter shown in Figure 204,
without the asterisked inductors. Although somewhat of an antique, this
filter met my needs and had a lot of nice properties: amplitude is reason-
ably flat across most of the band, phase is pretty linear across most of
the band, it has a nice steep rolloff which can be changed by adding or
deleting LCs without changing the others, and it is not particularly sensi-
tive to any one component. It was quite compact, using subminiature
inductors. Lastly, it requires little thought, an advantage for some of us.

The main problem was that the winding resistance of the inductors was
rather high. (Just wait till they get room-temperature superconductors!)
The resistance of the first inductor could be subtracted from the input
resistor, and the resistance of the last inductor from the terminating resis-
tor (giving only an additional fixed attenuation), but that still left a bad
one in the middle. I investigated converting the passive ladder to active by
synthesizing the inductors. They were “floating” (neither end grounded),
which was bad. Then I read about the “super-capacitor” transforma-
tion.!!2 If you change inductors to resistors, resistors to capacitors, and
capacitors to super-capacitors, the voltage transfer function is unchanged!
(Remember the old impedance transformation trick?) And the inductors
are gone! Don’t look for super-capacitors at Radio Shack; they aren’t two
terminal devices. (Physics says they can’t be.) Each requires a circuit of
two op amps, two capacitors, and some resistors. Super-capacitors are also
called Frequency-Dependent-Negative-Resistors (FDNRs) because the
impedance is resistive, not reactive, but carries a minus sign. (Don’t con-
fuse these with the new ultra-high-capacitance double-layer capacitors,
which unfortunately sometimes also are called “super-capacitors.”)

I had my doubts about such hocus-pocus, but tried it. With the addition
of a couple of resistors to provide DC bias for the op amps it worked, and
the resistors could be arranged so as not to affect the filter response at all!
Getting rid of the non-ideal inductors improved the actual filter character-
istics. It had cost me a quad op amp and a few resistors, but in the appli-
cation it was a good trade.

I found a couple more tricks. I had discovered that varying the termi-
nating resistors (in the passive version) would improve one part of the
frequency response curve at the expense of some other part. The resistors
obviously should be frequency dependent. That sounded vaguely familiar.
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Sure enough, what I needed was a pair of super-inductors; worse yet, one
floating. But that was in the passive version; in the active version they
reverted to ordinary inductors! After all that trouble to get rid of induc-
tors, should I put two back in? Yes indeed! It reduced the droop at the
bandedge noticeably. Since they added just a minor correction, they were
not critical; and the winding resistances could be subtracted from the ad-
jacent resistors anyway!

There was still some “fuzz” on the output signal, as the system used
tones at 7.5KHz and 15KHz. Making the filter an elliptic-like would be
easy in the passive ladder; you just add inductors in the shunt legs to
create the transmission zeros (refer back to Figure 20-4). And in the ac-
tive version it meant adding resistors, a virtual freebie! (Note that this is
not a true elliptic; if you place the zeros at specific places, the humps in
the reject band will be unequal.) The zeros did increase the sag at the
edge of the passband, but I could minimize this by toying with the two
terminating inductors some more.

The overall circuit is shown in Figure 20-5 and the response in Figure
20-6. It has proven quite satisfactory. Note that the precision capacitors
are all equal and have been juggled to a nice value using impedance trans-
formation. Passive-derived filters can be hard to troubleshoot, as they
cannot be split into independent sections. I had one that met spec, but de-
finitely looked different from the adjacent two. I found an op amp shorted

to ground; the sensitivity was so low it worked with a part missing! In the ~ Figure 20-5.
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elliptic-like, however, the shunt legs can be easily checked. The voltage
across each leg should drop to zero at the frequency of the zero it creates.
Once these are working properly, there isn’t much left to check.

Would I do it again? Probably not. Today you can get elliptic filters in
mini-DIPs, thanks to switched-capacitor technology, and these would
probably do the job and have better matching. Engineering consists
mostly of trade-offs; you usually don’t get something for nothing.
However, there are some “freebies.” Be on the lookout for them; they are
pearls of great price. We are lucky to be in one of the few businesses
where new devices not only work better than the old ones, but are likely
to be less expensive, too!

Breadboard—The Controlled Disaster

If there is one point that is central to my design method, the focus, the
peak, it is the breadboard. I mostly design by making mistakes and then
correcting them. I don’t particularly recommend this method, but it works
for me. I don’t think I would have succeeded in a discipline where I
couldn’t test my ideas. I think on paper; I don’t even like to answer the
phone without paper and pen in front of me. After the basic design, I
think directly on the workbench. That hairy rat’s-nest with a bunch of
leads connected to it is very important.

Exception: When I work with the explosives people I am a lot more
careful. Aside from the possibility of drastically reducing local real estate
values and putting one’s self into low earth orbit, a single accident can
mean the end of a project. Even if no one gets hurt, it is obvious someone
could have. There are other areas that require extra caution: high-voltage
or high-power systems, radiation, medical electronics, equipment des-
tined for Mars . . .

I recently had to design a system involving magnetics, a subject I had
been able to avoid since college. I came up with a system that worked
great—in my head. I wound one coil on a Coke can and another on a
piece of roofing flashing. They didn’t work worth beans. I scratched my
head until I remembered why coils aren’t wound on aluminum forms.
Although aluminum is not magnetic, it is conductive, and those cylinders
looked like one-turn secondary windings, shorted. I tried it again with a
plastic wash bottle and a glass beaker, and it worked 1000% better. If I
had made drawings and waited for cylinders to be machined, I would
have wasted a lot of time and money.

When I had to get a signal off a rotating drum, I wondered why I
couldn’t just insulate the ball bearings on the shaft and run the signals
through them. I dug a couple out of my junk bin, rigged them up, and
immediately found out why people use slip rings. The bearings generated
almost a volt of noise!
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Push-in breadboarding strips have been much maligned. I agree they
are not the way to go for state-of-the-art design, but for mundane work
they are great. I have some laboratory boxes where, if you take the cover
off, you find a push-in strip inside! Just use common (engineering) sense.
You don’t leave inch-and-a-half leads on the components on a circuit
board; why should you expect to get away with it on a push-in strip?
Ground unused strips. Put an old metal panel underneath as a ground
plane (connected to ground, of course). Where possible, connect strips
adjacent to sensitive points to guard terminals (low-impedance points that
are nearly the same potential). Clip off unused IC terminals; don’t count
on them being unconnected inside. I recently published an article on a
fairly fast circuit.!* The ’scope trace was unfortunately left out; it is shown
here as Figure 20-7. Note that the output rise time is 20ns. It was done on
a push-in strip.

At least nine times out of ten the circuit card will work better, which is
nice. But watch out:

WARNING: The layout is part of the circuit.

Figure 20-7. I designed a crystal oscillator on a push-in strip. I ran it through a wide
Response of wide-  range of temperature and supply voltage with no problems. But when we
band transconduc-  put it in a fancy hybrid circuit, some units intermittently oscillated at a
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much higher frequency. I couldn’t make the breadboard do it. I guessed
that the circuit liked the extra stray capacitance of the breadboard. This
seemed consistent with the breadboard version refusing to go high. I esti-
mated the stray capacitance on the output, experimentally found the max-
imum the circuit would tolerate, and picked a value in between. Adding
this to the hybrids fixed them all.

Being able to breadboard has a number of career-enhancing advan-
tages. When a question comes up, I can go to my bench and get the an-
swer. And it’s the real answer, not what I think is the answer, or what
some computer thinks is the answer. The projects that get done are the
projects that get funded. The projects that get funded are the projects that
get approved, normally done at a managers’ meeting held in a room with
no windows to the real world, literally or figuratively. Computers these
days can make some pretty fancy vu-graphs, but when I pull a breadboard
out of one pocket and a battery out of the other and hook them up and put
on a demonstration, it’s no contest.

WARNING:
Don’t put the battery in the same pocket as the circuit.

I did this once, and as I pulled the circuit out of my pocket, the flash-
bulb went off. The circuit had somehow made contact with the battery
and powered up. Bad demonstration.

ALTERNATE WARNING:
Don’t put the battery in the same pocket as the car keys, either.

Again, against all odds, the battery made contact. This gave a whole
new meaning to the term “hot pants.”

On an acoustic link we developed, I had the project manager take the
receiver downtown to the sponsor, lay it on his desk next to the speaker-
phone, call me back at the lab, and tell me what code he was setting it on.
I set the transmitter to that code, laid the phone beside it, and sent the
tones. A flashbulb went off in the sponsor’s face. Now, granted, the phone
company does this sort of thing all the time, but it still makes for an im-
pressive demonstration, showing that your idea really works.

In the Gov we are not supposed to work on anything until the money
arrives, which, due mostly to Congress, can be nearly at the end of the
year. But the deadline for completion never shifts with the delay in fund-
ing. Also, it seems that THE ANSWER is always needed by COB (Gov-
ernmentese for Close-Of-Business). Whether it be the value for a resistor
or the meaning of life, it is necessary for a meeting the next morning.
Therefore, my systems usually have to be designed with parts on hand;
there isn’t time to order some. The best I can hope for is to upgrade later.
This makes the following item important:

Arthur D. Delagrange
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My Private Stock

Table 20-3 gives a summary of what I try to keep on hand, and why. Do
not try to buy everything in the world, especially all at once. My rules for

getting parts are

1. When ordering a part, order extra so I’ll have some next time.
2. Order a different part, too; one I think I might need in the future.

Table 20-3 Stock of Parts

Parts Quantity Comment

Analog ICs 14 trays Plus drawer of less-used ones

Digital ICs 8 trays Basic CMOS

Vacuum tubes Junk bin To impress junior engineers

Transistors 2 trays Plus bin of power transistors,
bipolar and MOSFET

Diodes 1 tray Plus bin of assorted and power
types

Resistors, 5% All values Kit

Resistors, 1% 5 trays Semi-sorted; get a kit if you
can

Capacitors, 10% 2 trays All values ceramic

Capacitors, 1% 2 trays All multiples of 10 plus bin

Capacitors, Same bin Keep "em small; avoid if

electrolytic possible

Inductors, xfmrs Junk bin Except 1 tray subminiature
shielded, multiples of 10

Zener diodes 1 tray All low-V low-I values; some
high-V high-I snubbers

Current-limiting 1 tray All values I can get my

diodes hands on

Crystals 1 tray Smattering of frequencies;
mostly low-frequency
TO-5 cased

Pots 1 tray TO-5 cased, single and multi-
turn, good cermet, most values

Other Small quantities Low-power SCRs, TO-5 relays,

LEDs, opto-isolators, net-
works of matched resistors
and capacitors, flashbulbs,
DIP switches, subminiature
fuses, Sonalerts, “black blob”
miniature power supplies +5V,
+6V, £12V, 15V, aspirin

Note: Trays are plastic 18-compartment 7" x 11" x 2",
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3. Save old parts in junk bins; clean them out only when the bin
overflows or the parts become unrecognizable.

4. Save old breadboards in a drawer. If I have ever used a part be-
fore, it’s in there somewhere.

5. Take advantage of free samples, within reason.

If It Doesn’t Work, Take Two Capacitors and Call Me in
the Morning

When students bring me circuits that don’t work, they are usually sur-
prised that I am not surprised. With all the little details that need atten-
tion, which I am not good at, I don’t expect a circuit to work the first
time. In fact, I plan on it. I put in terminals for observing critical points,
and jumpers for separating stages and opening feedback loops. A circuit
board always gets a revision, so you can take them out later. Plus, it gives
you spaces that can be commandeered for those bypass capacitors and
protection diodes you just found out you needed.

ASSERTION:
Circuits don’t just fail; they fail in a certain manner, in a certain spot.

I grill the student: What did it do or not do? Was there an AC signal on
the output? A DC level? What were the power supply readings?

Pass the Pease, Please

Bob Pease has written a complete book on troubleshooting.!* I will
mention only a few things I have had the misfortune to become ac-
quainted with.

The most common problem is that the power supply is wrong, not
hooked up, or simply not turned on. CMOS will often power up from the
input signals via the protection diodes and work to a certain extent. The
symptom is that every signal exhibits remnants of every other, since the
power supply depends on the signals. Check the supply voltages, on the
card, right at the trouble spot, with a voltmeter and a ’scope.

The next most common problem is that the circuit is not wired accord-
ing to the diagram! Connections and/or parts are wrong or missing alto-
gether. Do not expect the circuit to work with even one mistake; mother
nature is unforgiving.

When I had checked out the encoder signal generator and power amp
driver for the magnetic system mentioned earlier, I hooked them together
and threw the power switch. Red lights flashed on the power supply. I had
visions of exotic nonlinear oscillations resulting from the high-powered
output signal getting back to the sensitive crystal oscillator, and how I
was going to apply my superior expertise to cure them. The problem?

In my jerry-rigged setup the power supply leads had gotten smashed to-
gether, and the insulation eventually gave up. (Teflon creeps badly with
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time.) I felt rather sheepish when I separated them and everything
worked.

And the list goes on. 90% of the time the problem is a stupid mistake.
Assume you have made one. But, oh-oh, I just said a dirty word.

Assumptions

EXPERIENCE:
Assumption is the mother of [unprintable].

The first rule on making assumptions is: Don’t. Find out for sure if you
can. If you can’t, proceed, never forgetting that your work is based on
something that may be wrong. If things just aren’t working out, it may be
that the assumption you made is invalid. While your circuit is doing noth-
ing is a good time to review your assumptions, and also your

Approximations

Approximations are the lifeblood of engineering, but they can also be the
death of a system. As above, Don’t, unless you have to. % is a cute ap-
proximation for pi, but punching a button on any scientific calculator will
get you the actual value to a disgusting number of decimal places. Pi =3
is a poor approximation, for emergency use only. However, should you
get into trouble using it, the appendixes give proofs that pi = 2 and pi = 4.
Pi = 3 may be obtained by averaging the two proofs. This will distract
your supervisor long enough to forget about writing up your deficiency
report. These proofs should also teach you two valuable lessons:

1. Don’t believe everything you read.
2. Don’t deal with disreputable persons.

When you do have to approximate, keep the fact not too far down in
your memory. Are the approximations cumulative—piling up on you?
There is a tendency to make an approximation that is in itself reasonable,
but then to proceed as if it was absolute truth.

In my PhD thesis I calculated the signal and noise frequency spectra
based on the best models I could come up with, and derived the optimum
filter. It came out a very narrow spike, infinitely steep on the upper side.

I traced the causes to an approximation I had made in the noise calcu-
lation to make the math doable, which made the noise spectrum fall off
extremely rapidly with increasing frequency; and an assumption about the
target that gave a spectrum less steep, but with a precisely defined maxi-
mum frequency. If the real target spectrum was actually a little bit lower
than I had estimated, the “optimum” filter would miss it completely. I
settled for a flat-topped bandpass, which worked fairly well. It did pay to
make the lower cutoff as steep as practical, as the noise spectrum was
indeed quite steep (but not as steep as my model indicated); keep the
cutoff frequency as low as possible without admitting a horrendous
amount of noise; and settle for what signal was left in the resulting pass-
band. The inaccurate analysis did offer a possibility for improvement—



rather than try to make the model more accurate to reflect the poorer re-
sults, try to alter the system to be more like the original inaccurate model
and actually achieve the optimistic results!

Ground: As Solid as the San Andreas Fault

Here is everybody’s favorite approximation. Ground is one of the most
useful concepts we have, but it is only a concept. You can define one in-
finitesimal point on the card as zero voltage, but all others are at least
slightly different, possibly seriously different. Entire chapters have been
written on grounding; probably books. Suffice it to say that there are two
popular methods, which paradoxically are virtually opposite! One is to
use only the one point as ground. Each circuit must have its own individ-
ual ground lead to that point so ground current from no circuit flows in
the ground lead of any other, inducing an undesirable voltage. This is
generally impractical, but useful in some special cases. This is the idea
behind “sense” leads on a power supply, “four-terminal” measurements
on an impedance bridge, and separate analog and digital grounds.

I prefer the brute-force approach—the ground plane. One side of my
cards will be near-solid copper. Power supply buses may be integrated; a
well-bypassed supply looks like ground to AC signals. Short leads may be
integrated; long leads should be run around the edge. A copper sheet is
about as low an impedance as you can get, at least at any temperature you
would care to work in. Plus, there are a number of side benefits. Ground,
the most common (no pun) connection, only requires a feedthrough.
Leads mostly have capacitance to ground rather than to each other, the
latter generally being harder to deal with. The cards are basically self-
shielding; electromagnetic interference isn’t going to get any further
than the surface of the next card.

Clean Thoughts

Just as two adjacent leads on a circuit board make a dandy capacitor, two
adjacent leads on a dirty circuit board also make a resistor. Even a flux
that is initially non-conducting may carbonize after repeated overheating,
and one can make resistors out of carbon. I hereby lay claim to having
invented the light-emitting circuit board. Also the smoke-emitting circuit
board. Not a component, mind you, the board itself. I figured the grunge
accumulating from numerous changes didn’t matter because it was from
power supply to ground, but apparently even that has its limits.

REMEMBER:
Smoke is one of the seven warning signs of circuit trouble.

There is a lot of argument about cleaning boards. They are working on
new “no-clean” fluxes. I hope they work better than the old ones. I built
a Heathkit depth finder which had specific instructions nof to clean the
board, which I thought rather optimistic for electronics that had to operate
in saltwater atmosphere. It worked for a day and a half. I took it apart and
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cleaned the board. It then worked until something mechanical failed years
later.

There is a possibility of solvents leaching contaminants into non-
hermetically-sealed packages, such as epoxy DIPs. I have never expe-
rienced this, but I do not submerge the cards, just brush/spray them
off. I have experienced the problem with switches and pots, even the
“sealed” types. Keep fluids away from them, or add them after cleaning.

My personal favorite cleaning method is acetone followed by ethyl
alcohol. In spite of the dire warnings on the label, acetone is pretty in-
nocuous. At the dispensary (that’s Navy talk for first-aid station) they
clean adhesive tape goo off with acetone. And if things are going
really badly, you can drink the alcohol instead of wasting it on the
board.

Covering a mess with plastic spray doesn’t get you off the hook. Water
molecules do get through plastic coatings. If the board is clean, it will be
distilled water and probably not hurt; but if it is dirty, you just get
plastic-coated slime.

Instrumentation—Your Electronic Eyes

Of utmost importance in troubleshooting is proper test equipment. Table
204 gives a list of items I would not want to be without. Herewith some
further comments: a friend of mine was actually told he could have only
one piece of test equipment. (He quit.) If I had only one choice, it would
be a high-speed variable-persistence (memory) analog ’scope. It is your
best shot at seeing what’s really going on. Digital ’scopes have some ex-
cellent features, but keep in mind that you are only seeing a processed
version of part of what happened some time ago. If there is any doubt,
connect both analog and digital ’scopes to the point in question. If they
don’t agree, at least one is lying. If the trace on one changes significantly

Table 20-4 Stock of Equipment

Instrument/Equipment Comment

Analog ’scopes #1 measuring instrument; fast variable-persistence
is best

Digital ’scope Pretty pictures, but rely on #1

Spectrum analyzer Mine does filter responses in one sweep—nice

Printer/plotter If it’s digital, it should give you a printout

Voltmeter, DC, digital Good accuracy, but remember, it’s an average

Voltmeter, AC, true-RMS  Digital plus analog meter, which is great

Function generators AM, FM, sweep, noise, pulse, synthesized,
variable-phase

Filters Butterworth, Bessel, Elliptic

Counter/timer, LCR meter See text

Attenuator box 1dB calibrated steps; stop fiddling with pots

Power supplies Constant-current and regular

Temperature chamber See text

Microscope, binocular Amazing, the crud you see with 8x magnification

Calculator, scientific Cheap

Slide rule Backup for above
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when the other is disconnected, it was influencing the circuit unduly. I
had a circuit that appeared to have a low-level 25KHz oscillation; it dis-
appeared when I turned off the digital ’scope. If you have a glitch that
appears at the beginning of the sweep on an analog ’scope no matter
what point you probe, suspect that it belongs to the ’scope.

A spectrum analyzer is handy for a lot of jobs, but know that it does
not really compute a Fourier transform, or even a FFT, but a DDFT—a
Doubly Discrete Fourier Transform, which has some limitations. Digital
meters give you so much apparent accuracy they can be misleading. They
can define only one parameter, and have to average that one. Is a 1.000V
DC signal meaningful if it has 1V AC noise on it?

AXIOM:
The neater the display, the more likely it is hiding something.

I like synthesized function generators, with dial option if possible. I
know the frequency is right where I set it. I have four, and have trouble
keeping one in the office. Pulse generators should have variable rise and
fall times to reproduce the real signal accurately. Laboratory filters are
indispensable; again, I keep both continuously variable and precisely
settable. Any old-timer who had to fiddle with an impedance bridge ap-
preciates modern LCR meters. Read the manual, which should point out
that it is simply a tool using a particular method to determine a parameter
which is only a definition. Mine will measure inductors two ways, and the
numbers are usually quite different. Parts do get damaged, or even misla-
beled, once in a while. A capacitor labeled “100” can be either 100pf or
10 (followed by “0” zeros). Also, the only thing you can be sure of about
a 0.01-microfarad capacitor is that it is not exactly 0.01 microfarad, or at
least not for long. Put some heat on it and watch it change. Which brings
up the most controversial item:

I keep a small temperature chamber right in my office, and do not con-
sider a prototype circuit design finished until I have used it. Temperature
is generally the best way to test the sensitivity of your new circuit. If you
don’t do it, mother nature or the air conditioning man is going to do it for
you. Spray-freeze and soldering iron tips are good for isolating an offend-
ing part, but too crude for anything else. After all, most parts will fail if
you melt them. If nothing else, put your circuits in the refrigerator, bring
in your blow drier (or your wife’s if you have no hair left). Here on the
East Coast, where the temperature is usually disagreeable, I used to hang
circuits out the window.

All the equipment in my room adds up to less than half of my yearly
salary plus overhead. Do try to explain to management that good equip-
ment will more than pay for itself by increasing your productivity, and I
hope you have better luck than I did. When I finally got a spectrum ana-
lyzer after years on a project, I took one look at the system output and
threw away all my test data. The inductance of a transformer winding was
resonating with a coupling capacitor, and my spectrum that should have
been flat had a huge hump in it. Of course, had I suspected I would have
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borrowed an instrument or checked it another way, but that’s the point:
without the analyzer I never suspected. ‘

Classic case of false economy: In developing a system, the one poten-
tial problem we were unable to check was hermetically sealing the special
hybrid package. Management wouldn’t approve the purchase of a $10,000
sealing machine. Guess what gave us the most trouble, being the last prob-
lem solved before successful production—achieving a hermetic seal. The
hidden costs of the delays involved are hard to quantify, but I figure it cost
us over a million.

On Disproving the Laws of Physics

True story: I designed a system that worked from a battery, 28V @
50mA. Years later we wanted to adapt it to another system whose battery
was 14V @ 2.5mA, a voltage reduction of half and a current reduction of
20. (The battery was special, and hence a given; a last resort was twin
batteries.) I thought I could do it with minor improvements rather than a
complete redesign. Not redesigning would have several advantages: a lot
of retesting would not be necessary; we could be sure it would fit in the
special hybrid packages; the layouts could be reused, at least as a “mule”
for demonstration. New low-power op amps, comparators, and voltage
regulators had become available in the decade and a half it took DOD to
get the original system into production, which were of some help.

PREDICTION:
If an ideal op amp is ever produced, it will inexplicably be unavailable
in a quad.

I went through each separate circuit, looking at every part, to minimize
power drain. I discarded two of the three regulators, reducing current drain
and saving voltage headroom. Some adverse interactions occurred, but
were cured with better design and lots of capacitance here and there (my
mythical aerosol can of “spray capacitance”), neither of which cost cur-
rent. A lot of impedances were unnecessarily low. Savings snowballed; a
lower-power circuit had a lower input current, which could use a larger
biasing resistor, which put less load on the previous stage, which could
then be lower power, etc. I thought I had it solved, but had some discrete
boards made to be sure. The first board exceeded 2.5mA considerably. I
rechecked it section by section. I made another board, which was no better.
Finally I realized the system required significantly more current than the
sum of its parts! That pointed to an interface problem, and I soon found it.

The oscillator (the one mentioned earlier that needed stray capacitance)
worked fine, but the rise time was slow. It was driving CMOS, which
draws no current in either digital state, but a lot in the time spent in the
linear region in between. The obvious solution: insert a Schmitt trigger..
The not-so-obvious non-solution: prefab Schmitt triggers don’t do the job.
The input impedance is infinite and the output switches cleanly, but some-
thing in between is still conducting. I devised my own (Figure 20-8) out of
the only CMOS logic circuit I could find where I could get at the individ-
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ual transistors, the 4007, and one resistor. The output inverter is unfortu-
nately hard-wired between the supplies, and the resistance must be chosen
according to the frequency, but it fixed the problem. Adding an IC is easier
in a hybrid than a circuit board; the resistor chip was as big as the IC!

The new circuit did introduce another problem. It switched close to the
rails, and the op amp driving it only got within about a volt of the rails.
This was fixed by adding forward diodes in series with the power supply
and ground, effectively reducing the supply voltage of the 4007. There
was still plenty of output swing to drive the rest of the CMOS.

Having Achieved True Failure

OK, so now you’ve checked everything, and your circuit definitely is not
going to work. Don’t give up just yet. (There’s always tomorrow.) Is
there some spot where you approached something the wrong way, maybe
even backwards? My first version of the filter of Figure 20-2 failed,
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Figure 20-8.
“No current”
Schmitt trigger.
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before I even tried it! When I first found a circuit that gave the desired
transfer function, I was in a hotel room (on travel). I was redrawing my
magnificent invention neatly, which I normally wouldn’t do till later,
when I realized it was not DC stable. Aarrgh! How could it do this to me?
And I had a sinking feeling that if I could fix that, it would then be unsta-
ble at high frequency. But wait a minute—it already was! That rang a bell
somewhere between my ears. I went back to work on it, and sure enough,
swapping the ends of the Wein bridge (to the form of Figure 20-2) fixed
both problems. Can some alteration fix the problem without destroying
the purpose? FM radio didn’t work until they realized it took more band-
width than simply the bandwidth of the input signal or the frequency
deviation. In fact, FM takes 10 times the bandwidth of AM, necessitating
higher radio frequencies (RF), but it’s worth it. On the other hand, it still
doesn’t work in theory—the theoretical bandwidth is infinite. But lop-
ping off a little bit of power at the higher frequencies doesn’t hurt appre-
ciably, which shouldn’t surprise an engineer.

Failure should just point you in a different direction. This is an iterative
process which will often get you to something workable. If you wind up
where you started, look for some point to break out of the circle.

It doesn’t happen very often, but the circuit, or at least part of it, may
do something useful other than what you planned. The circuit I spoke of
earlier that performed the wrong function correctly could have been use-
ful in another system. It never was, but I figure about half my oddbalil
ideas eventually found use.

Lastly, be able to recognize real dead ends. There are theorems that say
certain things can’t be done; e.g., Nyquist and Shannon. Before Shannon,
there was widespread opinion in the Navy that any signal detection prob-
lem could be solved with enough effort. Not so. I’ve never gotten an
award for it, but some of my proudest achievements have been when I
was able to stop a project that wouldn’t have worked, and saved the tax-
payers a bunch of money.

If it can’t be done, what is the nearest thing you can do, and is it use-
ful? When the Ground-Fault Interrupter (GFI) first appeared, I couldn’t
figure out how something electromechanical could open the circuit fast
enough to prevent electrocution. The answer is, it can’t, if you provide the
initial path to ground. It instead hopes to detect a prior leakage to ground
and open the circuit before you touch something that should be ground
but has become electrified. It’s a lot better than nothing!

Failure Analysis

Don’t automatically throw deceased parts in the trash can. Failure analy-
sis laboratories can do some amazing detective work. There is always a
slight chance the problem is not your fault! When power MOSFETS be-
came available, we had a rash of failures, even though we were not ex-
ceeding the ratings. Our Failure Analysis Lab detected something going
wrong in the substrate, and found a publication detailing the problem.
The inherent reverse diode was actually part of a transistor which self-
destructed at high current. The manufacturer cured the problem, but the
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part number didn’t change; one had to look at the date code. Note: It is
very difficult to remove an epoxy case without destroying the device it-
self. You may have to use units in a ceramic package or metal can just so
the lab can get them apart.

Look, Mom, No Smoke!

Now your system (apparently) works. The next step and the one follow-
ing are important, but one or both often get neglected or omitted entirely
in the rush of things. In the Gov it’s the end of the fiscal year when the
money expires; in industry I gather it’s the time-to-market goal.

How well does it work? Sure, it meets the specs, but that’s not the
whole story. I like to say, “Play with it.” That turns some people off;
rephrase it if you like. What I mean is exercise it, use it, misuse it, abuse
it, duplicate it (even if you only need one). A lot of bad results can show
up, and better you find them than someone else.

It can’t be reproduced.

It only works sometimes.

It works for a while, then quits.

It exhibits peculiarities under certain conditions.

It fails when the temperature or supply voltage varies.

A

Believe bad-looking data points, unless you have a very good reason
not to. I had a circuit that worked, but required more battery voltage than
I thought it should. I checked voltage drops, and found momentary peaks
of 4V (no decimal point) across a Schottky diode, which I had used to
minimize voltage drop!, paralleled it with an ordinary silicon diode, and
gained 3V on the allowable battery voltage range. Why not just use a
heftier Schottky? Reverse leakage was a problem.

Another time I was plotting a filter response which looked OK, but I
noticed the amplitude was way down. In reaching around to the back of
the signal analyzer, I had connected to “Source Sync” rather than “Source
Out”! The former was a short pulse, having a flat spectrum like the ex-
pected pseudo-noise, and naturally in sync with it. The result was correct
in this case, but in turning the drive amplitude all the way up to get more
output, I could have overloaded the circuit. Just looking at the output may
not be good enough, due to the “hidden node” problem. This most com-
monly occurs in multi-stage low-pass or bandpass filters. The output
looks clean, but back along the line some stage is overloading. (I call this
“going digital.”) You will get signals showing up in parts of the spectrum
where they don’t belong. I put the highest-Q (peakiest) stage last. It is the
most likely to overload, and I should see it. The problem is particularly
insidious in filters like that of Figure 20-5, where some op amps are not
in-line, but off to the side. Check every op amp output and input to be
sure its range is not being exceeded.

Don’t assume it will get better in production; it usually goes the
other way.
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RULE:
If it only happens once, it might be a mirage. If it happens twice,
it’s real.

Intermittent failures are the nastiest to locate. First, duplicate the con-
ditions under which it happened exactly, including variables you don’t
think should matter. I can cite instances where the time of day had an
effect. If duplicating conditions doesn’t cause the problem to reappear,
start varying things, everything. The circuit may be marginal with respect
to some parameter.

THEOREM:
Zero is the reciprocal of infinity. Infinity does not exist; therefore
neither does zero.

This has some practical ramifications: in our world a voltage typically
decays exponentially. After a few time constants it’s pretty far down, but
it is not zero. If you started with 10kV, you better wait a lot of time con-
stants, or you may get some do-it yourself shock therapy. Secondly, once
you get below about half a volt, semiconductor junctions cease to conduct
and capacitors may stop discharging, especially electrolytics, which have
a tendency to recharge some all by their lonesome. One result is a circuit
which always works right the first time it is turned on, but sporadically if
power is turned on and off. It may be getting preset into a wrong state,
requiring some bleed resistors across capacitors.

A related problem is that we usually trust to luck what happens when
the power is turned on or off. That is, until we experience an unignorable
number of failures. If a circuit works once or twice and then fails, the
problem may be large capacitors charging or discharging into a sensitive
node. Most recent devices will tolerate rail-to-rail swings, but observe that
with the power turned off that is zero volts! Connecting low-impedance
sources with the power supply turned off can damage ICs, even those with
protection diodes.

I have seen so many “impossible” occurrences I long ago lost count.
Once we had a receiver apparently trigger on the wrong code, a serious
problem, one that “couldn’t” happen. We kept pinging, and after awhile
it happened again. We tried some other codes with no problem, then re-
turned to the original code, and it happened again. We finally realized it
only happened when the receiver had an “8” in the code where the trans-
mitter was (allegedly) transmitting a ““9,” and then only sometimes. It
turned out the shipboard generator wasn’t quite up to the task. The line
voltage would drop below the spec on the power supply during transmit,
its output would drop out of regulation, the VCO could not achieve its
maximum frequency, and the transmitted signal was somewhere in be-
tween an “8” and a “9”! It was fortunately a temporary generator and the
problem was solved by taking some other equipment off the line, but we
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did add a note to the operating procedures to make sure the line voltage
was up to par.
Be aware of three realities which are similar, but different:

1. What you want to see.
2. What you actually see.
3. What is actually there.

Try to keep toward the bottom of the list.

Increasingly I get failures in devices I have purchased, look closely at
them, and spot an obvious flaw that would have been caught in a reason-
able testing program. Testing is expensive, so do it as efficiently as you
can, but don’t skip it. Also, be aware that we engineers have an inherent
problem with testing in that we naturally handle our products with re-
spect, not abuse. Loan it to a college student; send it through the U.S.
mail.

HERESY #1:
I do not use ESD protection when breadboarding.

If I am designing a part that is sensitive, I want to know it as soon as
possible. Actually, in 50-year-old buildings in the Washington, DC climate
I have never had a problem show up. Production? Different story. I use as
much protection as possible for equipment going out to a customer. I may
or may not run ESD tests on the product, depending on the application.
Many of my devices don’t get handled after assembly.

CONUNDRUM:
Is a good device useful if it can’t be tested to show that it is
indeed good?

The military generally says no, but there are obvious exceptions. Very
limited testing can be done on explosive devices. I am sure Chrysler
doesn’t test each air bag. NASA cannot completely duplicate the lunar
environment.

HERESY #2:
I have a dislike for self-test indicators.

It’s a great idea, but they often inspire false confidence. Many don’t
check much more than the battery. Often it’s impossible. The only way to
really test a smoke detector is with smoke. Pushing the button tells you
the battery can sound the buzzer, which is nice, but it should be labeled
“battery test.”

A particular problem I deal with continually is this: a fuse (electrical
type; the ones that set off explosives are spelled “fuze”) makes a dandy
compact, inexpensive, one-bit, non-volatile write-once one-way memory
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(WOOWMDY). It is great for “sterilizing” explosive devices, performing
basically the same function they do in civilian life. The problem is how to
test it. The sterilize function must be tested on each unit, somehow; this is
a requirement for all safety features. To do this without actually blowing
the fuse and dudding the device, we test the cards using a “constant-
current” power supply. These limit at a precise current; set it below the
fuse rating and it will not blow. (Most fuses blow around 100%
overload—twice the rating.) Note: An ordinary “current-limiting” power
supply will not do. It limits only after the monster output capacitors have
discharged, by which time your fuse is probably blown, or worse yet,
damaged. For the same reason you have to be careful about how much
capacitance is in the circuit.

Two additional cautions: The material inside the fuse is very similar
to the solder you are using on the outside. Overheat it and you change
its electrical and/or mechanical properties. Also, since it takes a certain
amount of power to melt the fuse, the low-valued ones can require as
much as 8V across them to blow. They are not meant for 5V supply
circuits!

I like constant-current power supplies for testing ordinary circuits, too.
If you make a mistake, they are far less likely to damage parts. Also, you
find out exactly how much capacitance you need on the power supply
bus. A marginal circuit may work on an ordinary power supply, work on a
fresh battery, then fail as the battery discharges and its internal resistance
goes up. Turn the current setting down until the voltage starts to drop.
Does the system oscillate or latch up? Turn it off and on and see whether
the system will power up on a marginal battery. I use the Hewlett-Packard
6177 constant-current power supply. Keithley also makes some. I have
four, and they are often all out on loan. In an emergency you can usually
fake it using a constant-current diode, which is another device I use a lot.

One Last Look

Stand back from your design and evaluate it objectively, as if it were
someone else’s. What did you set out to do? How did the objectives
change along the way? Is there now anything that needs reevaluating?

It is embarrassing to have someone point out parts that are no longer
needed, and it’s happened to me. Can that which you have accomplished
be applied to something else? Or extended further to create something
new? Half my patents were side issues, “bootlegged” off my assigned
work.

The Job’s Not Over Till the Paperwork’s Done

Engineers are often so enraptured with their creations they don’t bother to
advertise. I speak as a guilty party.



OBSERVATION:
If you build a better mousetrap, the world may beat a path to your
door, but it will be to demand a contribution for fatherless mice.

At the very least, document your work to the extent that someone else
can figure it out if you lose an argument with a semi on the way home. If
you have trouble writing it down, do you really understand it?

HERESY #3:
I do not write everything down in bound notebooks (or computers).

80-90% of my ideas are worthless; why let them pile up and make it
more difficult to find the good ones? On the latter, I keep the first sketch
(for patent purposes), the most recent (for obvious reasons), and just
enough in between so I can retrace the evolution of a design if necessary.

I use a vertical, time-dependent filing system, otherwise known as
letting it pile up. How long ago I referred to it determines how deep it is
in the pile. If the pile gets too deep, it will avalanche of its own accord.
Then I sort it: unnecessary and outdated stuff (most of it) into the trash;
important stuff into loose-leaf notebooks and a couple of alphabetical
files.

PROBLEM #1:
Books must be put on a shelf. They make the pile grow too fast,
and they hurt when they land on you.

PROBLEM #2:
For a while I was afraid to touch the pile because occasional noises
indicated something was living under it.

I also use a secondary filing system for administrivia: I paper my walls
with organization charts, purchase requests, time sheets, etc. I have re-
ceived complaints that this made the room uglier, but that is a weak argu-
ment for steel walls painted battleship gray.

Beware the Neatniks

When documentation becomes an end unto itself, it becomes self-
defeating. The following people will be among the last to board the
lifeboat if I am in charge:

People who are more concerned with how pretty the diagram looks
than whether it is understandable. In the past few months I have wasted
time both because: (1) a dot on a four-way connection was almost invisi-
ble on the Xerox and the leads didn’t get connected, and (2) where there
was only a crossover with no dot, the leads got connected anyway. If
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there is any doubt, I put a hump in a crossover and use only “tee” connec-
tions plus dots anyway.

Drafting types have no appreciation of how a circuit works; they can’t
be expected to. Don’t allow them to show the input resistor next to the
output with lines running clear across the page because there was a little
more room there. The circuit has to be arranged logically; the diagram
should be arranged similarly. It recently took me a long time to figure out
a diagram for a simple system, which was particularly aggravating be-
cause I had designed it. The lines to a resistor crossed, like it was twisted.
Another lead crossed itself; it did a loop-the-loop. Computer drafting
seems to have made this worse, but I’m not sure why. Insist on good
drafting. A few people can see how a circuit works no matter how badly
it’s drawn, but most of us need all the help we can get.

I had seen a particular narrowband filter circuit in several books, but
it didn’t appeal to me. In fact, it wasn’t obvious to me how it worked.
Eventually I got around to analyzing it and found out it was a circuit I was
already using! I draw it as shown in Figure 20-9. If you are used to the
other way, you may not recognize this one. I prefer this way because I
think it makes what is going on more obvious, at least if you are familiar
with the properties of the bridged-tee. The circuit has unity gain at reso-
nance only by virtue of the input being brought in through a large resis-
tance to a low-impedance point. (Observe the note that the circuit is
intended for high-Q applications.) The true circuit gain as far as the op
amp is concerned is greater than Q squared! I was getting poor perfor-
mance using a 741 and didn’t understand why until I appreciated this fact.
7.5KHz and a Q of 50 might sound like 741 stuff, and separately could
be, but here it means I needed a gain-bandwidth significantly greater than
35MHz! I got noticeable error with the fastest op amp I had. The op amp
still has to be unity-gain compensated because at high frequency (where
oscillations will occur) the circuit has 100% feedback. These properties
were not obvious to me with the circuit drawn the other way.

Similarly, layout personnel are going to simplify their job, not yours.

OBSERVATION:
If there are two leads on a board, the layout person will want a
two-layer board.

Insist on a ground-plane board for serious analog work. One of the
times my request was ignored the board proved absolutely hopeless. We
had to scrap it and start all over. The opposite may happen if the drafting
room needs work. I got back a board with three identical channels laid
out three different ways. So much for matching . . .

Next is technicians who tie-wrap all the leads together tight as a banjo
string. One single lead will tighten first, and together with the solid mass
it makes a high-Q system, and if the system is hit with a vibration at its
natural frequency, that lead is a goner. Loose leads vibrate individually,
usually not much, and bang against each other if they do, damping the
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oscillations. They also have a lot less coupling capacitance. I once de-
signed drivers for a high-voltage electroluminescent display which
worked until all the leads were neatly lashed together. Then when one
segment lit, they all lit. It was decreed by the powers that be that leaving
them loose was unacceptable, so I finally had to use ribbon cable with
every other lead grounded.

My branch once built a computer, an entire 6-foot rack back then, us-
ing only black wire. It looked very tidy, but it was nearly impossible
to trace anything. We almost gave up and rewired it before we got it
debugged.

Next come supervisors, the ones who think your desk and lab bench
should be cleaned off at the end of the day. If I took all the piles on my
desk, combined them, and squared them up, I would have trouble finding
anything. But I usually remember which pile I put things in, and if a cor-
ner of a page is sticking out with section D of an LM339 on it, I know
what that drawing is. For some reason I can remember that, although I
never seem to remember that the pin numbers go counterclockwise look-
ing at the top of a board . . .

Particular emphasis for those who “correct” my reports which are al-
ready correct. Computer spelling checkers and secretaries come to mind.
My “baseband” signal became “basement.” Once a secretary switched
something in a way I didn’t like, but she was insistent and it wasn’t worth
fighting. Apparently the delay to the next revision was longer than her
memory, because she then switched it back.
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FLIP-FLOP RULE:
If you drag your feet long enough, the rules will change back,
so arrange for an even number of revisions. Applies to clothing
fashions, also.

And then there are the quibblers that insist that “low-pass” must be
hyphenated but “bandpass” cannot be.

Lastly I must mention my dear sister who nearly gave me heart failure
at an early age. I was building a Heathkit and she came over to inspect.
“That doesn’t belong there!” she said emphatically, pointing to a resistor I
was about to solder. I was mortified. My first mistake on a kit, and my kid
sister had caught it. “Why not?” I asked, furtively glancing at the instruc-
tions. “Because the colors clash with the one next to it!” came the logical
answer.

The Report

Many engineers hate writing reports, but I enjoy it, mostly. Beginning is
usually the hardest part, so I don’t. What I mean is, I start in the middle,
the meat of the report. It is simply what I have done, so I just write it
down. But I consider that merely an outline. Then I go back and fill in
the gaps and tack on the ends.

What was the assignment? Who gave it to me? When? Where? (The
four Ws) I try to forget that I am at the end of the project looking back-
ward with hindsight, and go all the way back to the beginning, when I
first began to think about the project. That is where the reader is. It can be
difficult for experts to teach because they know the subject reflexively.
Remember, you are the expert on this particular thingamabob, possibly
the only one in the world, because you just invented it! This part consti-
tutes your introduction.

How did you do it? (The big H) How does it work? How do you know
it works? Also, what was rejected? What didn’t work? Analyze it. (A as in
Aardvark) This expands the body of the report.

Then Terminate it. (Gimme a T) By now, if the report is well written,
the reader has reached the same conclusions you did, but list them any-
way. Managers often read only the introduction and conclusion. I had
one line manager who sent every report back with red marks all over the
first three pages, but none thereafter. That was obviously all he read.
This may be why some editors want a summary right at the beginning.
Conclusions should include recommendations and plans for future work.
The end may not be the end! Put all the letters together and you get
W-W-W-W-H-A-T?—which is not a bad description of what the report
should answer.

Bureaucracy

Engineers should not be content with theories about how nice things
should be, but should apply their talents to making things work in the real
world. Bureaucracy is part of the real world. Plan on it, just as you would
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keep in mind that your system is probably going to have to fit in some
sort of package.

Horror story #1: I needed some shielding between the transmitter card,
which was generating 100V, and the receiver card, which was detecting 1
microvolt, a 160dB difference. Not surprising. It was fairly easy: put them
at opposite ends of the rack, and leave unused card slots adjacent to each,
inserting empty cards. Any old card would do, since I used all ground
plane cards. What was not easy was convincing the documentation de-
partment. They could not handle an undefined card. They made up a
drawing for cutting and drilling a blank piece of board material. This
shorted all the pins on the connector together, including the power sup-
plies, which were bussed to every slot. So they relief-drilled all the holes,
but then the ground plane wasn’t connected. They fixed that, but I'm
sure that had not ground been the middle pin, some would have gotten
mounted backwards and failed. I would have saved money in the long run
by laying out and fabricating a card with nothing on it. Using defunct
cards would have worked, too, but it did occur to me that every card has
to have a corresponding testing spec, and I could envision having to write
one that said, “This card shall not function properly in any of the follow-
ing ways: ...

Horror story #2: The same system used only %W 5% resistors. In one
spot I needed %W, so I simply paralleled two. This was not acceptable to
the powers that be; I was obviously wasting a resistor. So another spec
was called out, the parts list changed, and the circuit board redone. Then
progress stopped half a dozen times while someone located me to ask if
one callout or one pad spacing was really supposed to be different from
all the rest. Worse yet, some testing should have been redone since the
value had changed slightly (for some reason values have been carefully
arranged so half a standard value is almost never another standard value),
but they were too busy doing the paperwork to notice.

And then there are those who insist on assigning arbitrary numbers
instead of codes. Rev B could have been yesterday or a decade ago; a date
tells me for sure. The military takes a perfectly readable part number for a
capacitor which already contains the necessary information and replaces
it with a meaningless number that you have to look up in a table that no-
body has. And what does the table tell? It gives the cross-reference to the
original part number! How to do it right: you may have heard of the “mir-
acle memory metal” NiTiNOL. Its name tells you it is an alloy of Nlckel
and TIn and it was developed at the Naval Ordnance Laboratory, so you
have not only an idea of what’s in it, but where to go for information!
Much better than “Alloy X-1B.”

Fight these bad people. Engineers are usually not argumentative and
just look for ways around roadblocks. I think we are the only group other
than maybe the left-handed Albanian guitar players not protesting for our
rights. Snarl as you go back to your cage. It keeps them on their toes, and
may make it a little easier for the next engineer.
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Intellectual Honesty

This is not a separate section, nor does it fit into another section. It be-
longs in all of them. You may at times get ahead by fooling someone
else, but you will not make much progress fooling yourself. If you have
read my diatribes before, you know I feel the computer side of our pro-
fession has at times oversold its product. But we analoggers are not in
good stone-throwing position, either. Don’t make the truth shortage any
worse; it’s bad enough already. Consider how far we have slipped:

I have several catalogs labeled “digital.” There are few digital circuits
in them; most are binary. I worked with a real digital computer back in
1957, probably one of the last. It used vacuum tubes, was the size of a
furnace, and in fact had a stovepipe on it to get the heat out. The only
memory was punched cards, its input and output.

I have a large number of catalogs labeled “linear.” Half the devices in
them are nonlinear. “Analog” is better, although we seldom still compute
analogues of anything, other than an occasional inductor. Every “sam-
ple-and-hold” in my book is really a track-and-hold. “Differential ampli-
fier” refers to anything from an op amp to a matched pair of transistors;
the term has become useless. I sent for info on a “hex op amp” in a
14-pin DIP, an impossibility. I figured they were prewired as followers
or inverting-only, which might be useful. But it wasn’t even that: it was
six CMOS inverters. I guess “op amp” meant they wouldn’t oscillate
with feedback, which wasn’t too surprising with only 20dB gain. Most
zener diodes are really avalanche diodes.

We talk about voltage and phase, forgetting that both exist only as
differences. An unspecified voltage is presumed to be referenced to
ground, but what ground? Phase reference is often very obscure, leading
to a lot of errors, for example in FFT systems. In modulation systems the
DC component may vanish either because its amplitude is zero or be-
cause its phase is zero (oops; relative to sine).

Does it really matter? I’m afraid so. In the next section I will cite a
downfall from misuse of the term “integrator.” One of my favorite gripes:
op amps have high gain and wide bandwidth. WRONG. Op amps have
high gain or wide bandwidth. That is the meaning of gain-bandwidth
product, inherent in op amps. This carelessness can lead to op amps
being used where another device would work better.

Example: A large number of precision full-wave rectifier circuits
using op amps have been published. Usually frequency response is not
mentioned. This is a difficult application for an op amp; the frequency
response can be surprisingly terrible. A sine wave when rectified has sig-
nificant (-40dB) components out to ten times the fundamental frequency,
and the time it takes the op amp to slew across diode drops and other
nonlinearities can be disastrous. There are ways of doing it without op
amps. One way is to feed the signal to both linear and clipped inputs of
a balanced modulator so the signal gets multiplied by its own polarity
(sneak a look at Figure 20—10A if you like). The old 796/1596 balanced
modulators were fast, although gain and DC stability were poor.
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) o ) DC-accurate
Next gripe: Balanced modulator circuits having an op amp on the out- balanced

put. The modulator output, by definition, is a switching waveform having  modulators.
infinite slopes. An op amp cannot accommodate these for at least two

inherent reasons—bandwidth and slew rate limits. Although a form of

low-pass filtering, slew-rate limiting is nonlinear, and hence generally
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unacceptable. I needed a balanced modulator where the input signal was
limited to 20KHz bandwidth, but one-degree phase accuracy was re-
quired, which implies a bandwidth above a megahertz. Also, better than
one-millivolt DC stability was necessary. Having a choice between modu-
lators that were too slow or too inaccurate, I had to devise my own (see
Figure 20-10). I buffered and inverted the signal with op amps and then
switched between the two with CMOS switches (Figure 20-10B). (Digital
CMOS transmission gates can transmit analog signals quite nicely, and
they are fast!) The output impedance was that of the switches, but above
1MHz the output impedance of the op amps was no better. Note that with
this arrangement I could put considerable capacitance to ground on the op
amp outputs since they only had to accommodate 20KHz (linear), which
kept their output impedance down at the higher frequencies. It was neces-
sary to find a trick to prevent the switches from momentarily connecting
the two op amp outputs together during switching, which drove them
crazy. The balanced modulator was followed by a low-pass filter, as is
often the case. Putting its input resistor before the switches (Figure
20-10C) prevents the outputs of the op amps from being tied directly
together if one switch closes before the other opens. (What if one switch
opens before the other closes? The filter momentarily gets no signal,
which is a truly minimal glitch, since the signal is in the process of
switching to its opposite anyway!) Note that the resistance does not dou-
ble, as only one resistor is connected at a time.

Important note: If a filter like that of Figure 20-1A is used, you may
find surprisingly large switching glitches on the output, exactly what a
low-pass filter is supposed to get rid of! The path that is supposed to be
positive feedback becomes positive feed-forward at high frequencies be-
cause: for fast spikes, the op amp output is allegedly held to zero by (1)
high loop gain (of which there isn’t much at high frequencies) and (2) low
op amp output impedance (which can be 100 ohms or more, going up
even higher with increasing frequency). Note that the version of Figure
20-1B is much better because there is a capacitor to ground in the path.
You can improve the unity-gain circuit by adding a capacitor to ground at
the output of the op amp, although this may lower the height of the spikes
by making them wider. The capacitor does not change the filter character-
istic as long as the op amp can drive it at any frequency in the passband,
and does not oscillate. In this case the filter of Figure 20-5 was used.
Here the inductor blocked the current spikes (Figure 20-10C).

Incidentally, I was surprised to find the digital driving circuitry slowing
my analog circuit down! I found that one side of a 4000-series CMOS
flip-flop lagged the other by a significant amount; I had to switch to
high-speed CMOS. This shouldn’t have surprised me because a linear
circuit need only pass the signal frequency accurately, but logic needs
orders of magnitude more bandwidth. For analog work, a IMHz digital
switch may not be of any more use at IMHz than an op amp with a GBW
of IMHz, namely none.
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Simplify, Simplify, Simplify

Simplify as much as possible (but no more)! I have read countless windy
dialogues which claimed to reveal some new truth but in reality only ob-
scured an old one. A real classic:

Years ago I read an article in a magazine where the author claimed that
by adding an inverting transistor in the loop after an op amp and switch-
ing the feedback to the noninverting input he had (1) increased the time
constant of an integrator by a factor of beta, (2) made a noninverting inte-
grator, (3) achieved a high-input impedance integrator; none of which was
true. I wrote to the magazine editor, who forwarded my letter to the au-
thor. I received back a 6-page “proof” of his claims. (The circuit only had
1 op amp, 1 transistor, 1 capacitor, and 3 or 4 resistors.) I plowed through
his convoluted analysis. His math was correct; it gave the standard result
when his complicated answer was simplified properly. Instead, he associ-
ated some terms with things “everybody knows” and ignored others. He
fooled himself and the magazine, but he didn’t fool me or the circuit. I
breadboarded it to be absolutely sure. The author claimed he had tested it
successfully, but gave no details.

MURPHY’S LAW, APPLIED TO OBFUSCATION:
There may or may not be a simple way of looking at a problem,
but there is always a complicated way.

Part of the problem came from the common practice of referring to an
RC low-pass as an “integrator.” It may be technically correct to model an
integrator as a low-pass filter having a DC gain of 1,000,000 and a break-
point of 0.0001Hz, but it just distracts from the true use. In the old days
op amps were sometimes described as having an inverting gain and a
noninverting gain, both with loose tolerances. One might not have appre-
ciated that the two were almost perfectly matched, the basis for a lot of
good circuits.

I was work supervisor for a thesis student whose analysis of his system
produced a result we both knew was incorrect, but neither of us could see
where he had gone wrong. I suggested a simpler analysis, but he was
determined to find out why his didn’t work, which I didn’t want to dis-
courage. His school supervisor found the error: he had canceled a compli-
cated expression from both sides of an equation. It turned out to be equal
to zero, so he had unknowingly divided by zero, leaving nonsense.

Humility

Most people, particularly engineers, like to think they are in full control
of the situation at all times. This is not so. A graphic demonstration is a
Washington, DC ice storm. It’s amazing how the world changes when the
coefficient of friction changes an order of magnitude. We had a particu-
larly bad one where, after all the cars piled into each other at the local
intersection, the drivers got out—and all fell down! It was so slick you
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could not walk; some people literally crawled home. Some loons flying
south (I am speaking of the birds, not the congressmen) iced up and
crashed into suburbanites’ yards! Recalling this scene reminds me how
close to the ragged edge we really are.

THOUGHT PROBLEM:
What would happen if the value of pi suddenly changed?

I recommend an occasional dose of humility. If you are overconfi-
dent, it usually happens automatically. True, you need some self-
confidence to achieve anything, but you are not likely to learn if you
believe you already know it all. If you need help, recall that before the
days of transistors, not to mention ICs, the vacuum tube crew had
’scopes, oscillators, voltmeters, counters, regulated power supplies, ra-
dios, TVs, radars, sonars, i.e., most everything we have now. True, usu-
ally not as nice, although many audiophiles are still hanging onto their
tube amplifiers. If all the time and money put into semiconductors had
been put into tubes instead, they would probably be pretty good by now.
We would surely have integrated circuits, and maybe heaterless versions
and complementary devices!

I had almost forgotten that as a graduate student I designed an op amp.
At the time (1962), tubes worked better than transistors. The op amp had
only 62dB gain, but that was flat to 10KHz, giving it a gain-bandwidth
close to 10MHz, an order of magnitude better than a 741. (Did you ever
see a 741 with a warning label—*“USE OF THIS PRODUCT ABOVE
1KHZ MAY LEAD TO LOSS OF ACCURACY”? It’s true!) It would
tolerate a 4000pF load. Settling time to 0.1% of final value was less than
10 microseconds, including a 40V step, with the 4000pF load. (Output
current was 100mA.) Other parameters weren’t as good as a 741, except
input impedance, which was reported as infinite. (Infinity was smaller
back then, perhaps because the universe hadn’t expanded as far.) It had a
true balanced input, but the only use envisioned for the noninverting input
was a handy place to connect the chopper amplifier. How shortsighted!
Supply current was significantly higher, especially if you count the heater
current. It covered an entire card, and we won’t talk about cost.

Have we progressed all that far? Well, yes and no. I sometimes miss
the warm, cheery glow of vacuum tubes on a cold winter’s night and the
thrill of seeing blue lightning bolts inside them when I exceeded the volt-
age rating. They don’t have transistors that glow purple like the old regu-
lator tubes, or even LEDs for that matter.

Luck of the Irish and Non-Irish

More than once I have improved a circuit by accident. Typical is: moving
a ’scope probe, and hence its ground lead, and finding out I had too many
grounds (ground loop) or too few (no ground connection). Or dropping
the probe on the circuit and seeing oscillations disappear. (The shielded



Arthur D. Delagrange

cable acts as a shield for whatever it falls between.) Or sticking a capaci-
tor in the wrong hole. (So that’s the point that needs more capacitance!)

Jim Williams tells of getting the answer to a circuit problem by observ-
ing the monkeys at the zoo. I would have thought that more applicable to
management, but the point is that ideas seem to be held up in the brain
until some trigger springs them loose. If you seem to have a block you
can’t get through, try to get around it, using whatever sources happen
along, no matter how unlikely.

I once had a balky circuit card that would always work for me, but
never for the person I made it for, which made troubleshooting difficult.
But it also gave me a clue. The problem was an unconnected CMOS in-
put. These have such a high impedance they can be switched by static
fields. One of us was apparently charged positive and the other negative.
I was lucky it showed up before it got any farther.

Engineering Ethics

In the uniformed military, when an accident happens it is, by definition,
somebody’s fault. Somebody has to be responsible, and you don’t want to
be that somebody. This system has its shortcomings, but it works better
than the civilian government, where nothing is anybody’s fault, no one
has the responsibility, and mistakes happen over and over again.

UNANSWERED (LEGAL) QUESTION:
Where does an engineer’s responsibility stop?

I suspect the average engineer would say a widget is just a widget, and
how it gets used or misused is beyond our responsibility. It may be logi-
cal, but others say different, and they have been winning some in court.
Companies have been held responsible for damage their products did,
even when warnings were ignored or the equipment totally misused. A
friend of mine faced a million-dollar lawsuit when the plaintiff named the
private contractor involved, the highway department, which let the con-
tract which set the rules, and the head of the department, who delegated
the authority. Design News carries a legal column every issue. Spec sheets
carry disclaimers on use in life-support equipment. I recently received a
shipment of capacitors which included a sheet telling me not only not to
eat them, but what remedies to take if I did! I am not making this up.

Two good books have recently been published on disasters involving
engineering.'>' Most were mechanical problems, but several involved
computers, two concerned electrical power, and one was an effective fail-
ure of an analog system. Losses and/or lawsuits in most cases involved
millions of dollars. Many involved injuries or fatalities.

What would you do if one of your products accidentally hurt some-
body? I hope you would feel genuinely sorry, but I also hope you would
not give up your profession. But, first of all, try to prevent it. Design your
products as if you had to plead your case to a judge, who can’t operate the
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controls on his VCR, against a lawyer, who is out of jail only because she
is a lawyer. It could happen.

Go to It!

Engineers are needed, now more than ever. We old-timers are wearing out
one by one. Yet I have mixed feelings about encouraging young engineers
these days. Our paychecks don’t reflect our contribution toward the in-
credible improvement in our standard of living that has been achieved in
the last century. And we seem to get blamed for everything that goes
wrong, and indeed for everything we haven’t been able to fix yet. The
best I can offer is the satisfaction of knowing that you have accomplished
something worth doing, and that’s worth more than money.

Analog is not a curiosity. It is out there, both on its own and helping
computers interface to the real world. I hope I have helped you in some
small way in our small corner of the profession. Returning to the question
posed by the title of this chapter, if I have presented my case well, you
know the answer is ALL OF THE ABOVE. Use any tool available to you.
Touch a computer if you have to; just wear rubber gloves (mentally, at
least). And don’t forget, HAVE FUN!
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Appendix A

Proof That Pl =2

Circumscribe a sphere with an equatorial circle C (see Figure 20-Al).
Draw a line R from the equator to the pole; this is the radius of the cir-
cle. Obviously C = 4R. Therefore the diameter is } of the circumference,
or pi =2. “No fair!” you will undoubtedly say, “You used spherical
geometry!” But that is precisely the point. It has been known for half

a millennium that we live on a sphere; plane geometry is the wrong
method to use.

Figure 20-A1. \“-m,...,m,_//
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Appendix B

Proof That Pl = 4

Circumscribe a circle of diameter D with a square (see Figure 20-B1).
The perimeter of the square is obviously 4D. Now, preserving right an-
gles, “flip” the corners of the square in until they touch the circle, as indi-
cated by the dashed line. The perimeter of the new shape is obviously still
4D. Now, “flip” the eight new corners in (dotted lines). The perimeter is
still unchanged. Keep “flipping” the corners in until the shape becomes a
circle. The perimeter, still 4D, becomes the circumference, so pi = 4.
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T-coils, 121-38

Palmer, William, 237
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. . . Take another look at the art and science of analog circuits, and at the
people who design them. Analog wizard Jim Williams and sixteen of his fellow
engineers bring their experiences together in this second collection of essays and
anecdotes on the world of analog engineering.

Even the most digital-based devices have to interface with the rest of the
world, and analog circuits provide that gateway. But analog circuits are very dif-
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able materials, as well as how having a well-supplied home lab can be of invalu-
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» Exploring analog circuit operation;

* Troubleshooting for optimum circuit performance;
* Producing a saleable product;

» Career guidance for engineers.

Each of the contributors brings his own voice to the realm of analog circuits.
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analog engineer, or just want to understand them, this book is one you’ll want to
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