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I

Forew ord

f you w ant to enjoy the detectiveɋs process of figuring out w hy your electronic
gadget stopped w orking right and the rush youɋll get w hen you finally fix it,

sm ile along w ith M ichael, your kindred spirit, as you read this book.
I m et M ichael in 1977 in a m oped shop in B oston. In the course of our very

first conversation, his sleuthing instinct show ed itself w hen he said, in classic
C olum bo fashion, ɎY ouɋre a physics guy. Thereɋs som ething I have alw ays
w anted to know , and nobody has been able to explain. W hy is it that w hen you
slow ly angle a pitcher to pour out w ater, first it dribbles back dow n the outside
and then at som e critical angle finally pours out in a stream ? W hat determ ines
that critical angle?ɏ The little voice inside m e said, ɎThis is a curious guy w ho
looks at things differently, digs deep, and has a passion for keeping after the
questions until he really understands. If heɋs asking about this, w hat the hell else
is he into?ɏ

A s it turned out, quite a lot! There w as m usic (M ichael w as and is a
professional-level com poser and perform er), inventive electronics (fixing and
building a w ide range of unusual things), m echanics (not just m opeds, but all the
little hinges, sw itches, battery clips, and so on that inhabit enclosures and
bedevil us), figure skating, com puter program m ing (A pple II, IB M  and
databases) and natural philosophyɇ w hat people used to call physics, but
entailing a little m ore w onder on the part of the philosopher.

M y electronics experience w as m erely in support of physics experim ents and
hobbies. M ichaelɋs w as in m aking consum er electronics devicesɇ stereos, ham
radios, video equipm ent, you nam e itɇ either com e to life w hen broken or w ork
m uch better than originally designed by im plem enting som e ingenious, sim ple
im provem ent. H e is exceptional at diagnosing these com plex electronic products
because he has taken the tim e to truly understand exactly how  the w hole w as
created from  the parts. Tim e after tim e he w ould explain enthusiastically how
som e really w eird interaction of parts w ould lead to quirky behavior or failure in
som ething he w as designing or repairing, and I just ate it up. W hen he talked, his
Ɏrenaissance m anɏ w ay of understanding the w orld around him  cam e right
through.



through.
This book reads just like M ichael talks. It approaches electronics and its

repair from  m ultiple angles, like a big puzzle to be solved, w ith a significant
dose of w onder and enjoym ent of the process.

Just to give you a sense of the guy, here are som e things M ichael created 30
years ago, in the early 1980s, w ay ahead of his tim e: first, the C D  player w ith a
vacuum  tube am plifier on the back end that w as older than M ichael him self and
m ade m agnificent sound. N ow  you can buy expensive, audiophile-grade players
built exactly the sam e w ay. Then there w as the ham  radio in a m otorcycle helm et
w ith the antenna sticking out the top that heɋd talk all over B oston on w hile
riding his m oped to m y office. H e m ay have been the first to develop a
com bination am plifier and regulated pow er converter so you could play your
ow n high-quality m usic source through the car stereoɇ essentially w hat now
com es standard for sm artphones. M y favorite w as a $10 circuit he developed for
m y com pany that could reliably detect 10-fem tofarad shifts in capacitance.
Thatɋs a hundredth of a picofarad! Itɋs such a ridiculously tiny am ount that it
took an exotic lab instrum ent to find it at all. I doubted it could be done, but he
delivered a relatively sim ple circuit that w orked like a charm , even in the
presence of stray capacitance thousands of tim es greater than w hat w e w ere
trying to m easure. H is approach w as unlike anything Iɋd ever seen. H e w ound up
developing num erous circuits for us.

A nd from  there he just kept going. W hile doing projects for us, M ichael also
w orked w ith a clinic in B oston to create a w heelchair-m ounted, com puter-based
speech system  for children w ho couldnɋt talk, several years before som ething
sim ilar w as developed for Stephen H aw king. H e also created com puterized
training aids for m edical students, w ith a hum orous question-and-answ er form at
that kept them  entertained w hile they learned. They w ere the precursor to
todayɋs gam e-based learning softw are. A  few  years back, he converted ten of
those funny w all-m ounted singing bass fish into a program m able ensem ble to
accom pany his original m usic on stage! H e had them  flapping their tails in
rhythm  and m outhing the backup vocals in perfect sync. H e has continued to
develop new  circuits and repair and m odify old ones, m aking them  w ork like
new  or perform  tricks they w ere never m eant to do.

If youɋre ready to learn the essence of the thinking, the approach, the m indset
that goes into tackling the grem lins lurking in those intim idating-looking circuit
boards, this book is the one that can deliver those elem ents along w ith enough
specific exam ples, tips and inform ation to give you a really good chance at a
successful repair.

G et reading, and get ready to have a great tim e!



Rob C arter
President and Principal Scientist

Piezo System s, Inc.
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E

Introduction

verything. Thatɋs a scary w ord, one I alm ost avoided including in the title.
C an any book actually cover everything about a topic? Y es and no. Y es, in

the sense that the principles and techniques youɋll learn can be applied to the
repair of every kind of consum er electronics device presently being m ade or
likely to be sold in the near future. N o, in that itɋs im possible to fit each of the
thousands of types of com ponents and countless varieties of gadgets in the w orld
into one volum e. C overing all of them  in deepest detail w ould take a library, and
a good-sized one at that.

The focus of this book is on todayɋs electronics, m ost of w hich are digital in
nature, and the kinds of problem s youɋre m ost likely to encounter. In this second
edition, w eɋll explore som e new ly affordable test gear, look at ubiquitous
products that w erenɋt so com m onplace just a few  years ago, cover new  problem s
cropping up in m any recent gadgets, explore autom otive-related issues, go
deeper into flat-panel TV s, and add helpful repair techniques and habits for m ore
parts and devices, including condenser m ics, lithium  batteries, headsets and
rem ote controls. The G lossary has lots of new  goodies too.

It m ight seem  like there isnɋt that m uch one can service in m odern digital
gear, com pared to the older analog circuitry. D ense boards populated by row s of
chips w ith leads too close together even to poke at w ith a test probe donɋt seem
like good repair candidates, do they? Luckily, those areas arenɋt w here m ost
failures occur, and thereɋs still plenty of accessible circuitry to w ork on! In fact,
som e com m on problem s in todayɋs gear w ere rare or nonexistent in earlier
technology, and theyɋre quite reparable.

Exotic and very obsolete com ponents and their associated products arenɋt
covered in this book. Electron tubes, once the m ainstay of all electronics, are
pretty m uch gone, so w e w onɋt spend tim e on their peculiarities and specific
troubleshooting m ethods. If you w ant to repair tube-type guitar am plifiers, you
can find books dedicated to them . Sim ilarly, w e w onɋt be discussing m icrow ave
ovens, w hich also have tubes, or transm itting am plifiers of the sort used by
am ateur radio operators. N or w ill w e take m ore than a passing glance at cathode-



ray-tube (C R T, or picture tube)Ɇbased TV s and m onitors. The C R T had a good,
long run, from  the 1940s until just a few  years ago, but itɋs a dead technology,
thoroughly supplanted by flat-panel displays. Servicing C R T sets is rather
dangerous, so please find a book devoted to them  if you have an interest in, say,
restoring antique TV s. W hatɋs covered here is relevant but not com prehensive
enough regarding that topic to keep you safe around those high-voltage beasts.

Som e obsolete technology is still in com m on use and m ay rem ain so for at
least a few  m ore years, so w eɋll explore it. Tape-based video recording continues
to be used in som e digital cam corders, especially at the professional and
Ɏprosum erɏ levels. V C R s and analog cam corders, w hich are rapidly
disappearing as high-definition TV  (H D TV ) obsoletes them , m ay be the only
key to recovery of precious hom e m ovies yet to be transferred to digital m edia.
Serious audio devotees treasure their analog tape recorders and turntables and
w ill never replace them  w ith C D  or M P3 players. W e w onɋt spend m uch tim e on
the old form ats, but the troubleshooting techniques covered here are applicable
to their repair.

M ost of todayɋs digital equipm ent still contains analog circuitry for audio or
video output, m icrophone input, voltage regulation and such. M any hom e theater
receivers use analog am plifier stages and m ay have old-fashioned, linear pow er
supplies as w ell, because theyɋre electrically quieter than new er, pulse-driven
designs. In fact, the best audiophile-grade stereo gear is pretty m uch all analog
and likely w ill rem ain that w ay. Even som e digital radio and TV  receivers use
analog stages to am plify and separate incom ing signals before digital decoders
extract the data. So, troubleshooting techniques specific to analog circuitry are
far from  antiquated; they continue to be relevant in our digital era.

In this book, it is assum ed that you have probably opened an electronic device
at one tim e or another and checked a fuse. Perhaps you know  a resistor w hen
you see one, and m aybe youɋve even soldered or done som e basic
troubleshooting. Still, w eɋre going to start from  the top, ensuring youɋre a sound
sw im m er before diving into the deep end. A nd dive w e w ill! B eginning w ith a
look at the tools youɋll need, w eɋll explore setting up your hom e w orkshop.
W eɋll discuss the best types of w orkbenches and lam ps, and w here to put your
gear and tools. W eɋll take a close look at the m ost useful test instrum ents, w here
to find bargains on them , and how  to operate them . G etting good w ith an
oscilloscope is key to being a crack-shot tech, so w eɋll explore a scopeɋs
operation in detail, button by button.

U sing other test equipm ent like digital voltm eters, ESR  m eters and
ohm m eters is also crucial to effective repair. W eɋll focus on com m only available
test gear w ithout spending significant effort on very expensive, exotic



test gear w ithout spending significant effort on very expensive, exotic
instrum ents youɋre never likely to ow n or need. W eɋll exam ine how  to take a
product apart, figure out w hatɋs w rong w ith it, replace parts and close it back up
again. Finally, w eɋll look at tips and tricks for specific devices, from  optical disc
players to video recorders, flat-panel TV s, headsets, rem ote controls and
receivers. H ereɋs a quick breakdow n of w hatɋs in each chapter.

C hapter 1: Prepare for B lastoff: Fixing Is Fun!
ɓ W hy repair things? Environm ental and econom ic factors, learning, fun,
preserving rare and obsolete technology, potential profit.

ɓ W hen is a product w orth repairing, and w hen is it better to cut it up for parts?

C hapter 2: Setting U p Shop: T ools of the T rade
ɓ N ecessary item s, from  hand tools to test instrum ents, and how  to buy them .
M ust-haves, nice-to-haves, and expensive goodies to dream  about.

ɓ H ow  to select a w orkbench and set it up, and w here to put it.

C hapter 3: D anger, D anger! Staying Safe
ɓ H ow  to avoid getting hurt w hile servicing electronics: electrical and physical
hazards, eye and ear protection.

ɓ H ow  not to dam age the device youɋre repairing: causing electrical and
physical dam age.

ɓ Ensuring user safety after product repair.
ɓ A TE: A lw ays Test Everything!

C hapter 4: I Fix, T herefore I A m : T he Philosophy of
T roubleshooting
ɓ G eneral troubleshooting principles: w hy things w ork, w hy they stop.
ɓ C om m on m istakes and how  to avoid them .
ɓ O rganization of m odern devices: m icroprocessor brains, nervous system ,
m uscles and senses.

ɓ The Ɏartɏ side of electronics: m anufacturer-specific quirks and issues.
ɓ W hat fails m ost often and w hy.



ɓ W hat fails m ost often and w hy.
ɓ Failure history and how  it helps diagnose problem s.
ɓ Prelim inary diagnosis based on sym ptom  analysis: dead, com atose and nearly
w orking.

ɓ C ase histories.

C hapter 5: N am ing N am es: Im portant T erm s,
C oncepts and B uilding B locks
ɓ Electrical units: volts, am ps, resistance, capacitance, and so on.
ɓ C ircuit concepts: how  parts connect and how  current m oves through them .
Series and parallel.

ɓ Signal concepts: how  changes in voltage represent inform ation. W aveform s.
A nalog and digital representation.

ɓ B uilding blocks: com m on circuits used in m any products. A m plifiers,
oscillators, frequency synthesizers, servos and voltage regulators.

C hapter 6: W orking Y our W eapons: U sing T est
E quipm ent
ɓ D igital m ultim eter: m easuring voltage, current and resistance.
ɓ ESR  (equivalent series resistance) m eter: finding bad capacitors, tracing short
circuits.

ɓ O scilloscope: detailed, button-by-button operation, including delayed sw eep
m easurem ents.

ɓ A C  and D C  signal com ponents, roll-off and other issues affecting
m easurem ent strategy.

ɓ Soldering and desoldering techniques.
ɓ B ench pow er supply: voltage and current considerations, D C  plug polarity.
ɓ Transistor tester.
ɓ C apacitance m eter.
ɓ Signal generator.
ɓ Frequency counter.
ɓ A nalog m eter: w hen to use it, interpreting the w iggling m eter needle, tests not
possible w ith a digital instrum ent.



possible w ith a digital instrum ent.
ɓ C ontact cleaner spray: w hat to use it on, w hat not to.
ɓ C om ponent cooler spray: solving therm al interm ittents, considerations for
safe use.

C hapter 7: W hat L ittle G izm os A re M ade O f:
C om ponents
ɓ C om m on parts: capacitors, clock oscillators, crystals, diodes, fuses, inductors
and transform ers, integrated circuits, op am ps, resistors, potentiom eters,
relays, sw itches, transistors, voltage regulators and zeners.

ɓ V arieties of each type of part.
ɓ Sym bols, m arkings and photos.
ɓ U ses: w hat com ponents do in circuits.
ɓ W hat kills them .
ɓ H ow  to test them  out of circuit.

C hapter 8: R oad M aps and Street Signs: D iagram s
ɓ B lock, schem atic and pictorial diagram s.
ɓ Learning to read diagram s like a story: signal flow , organization in stages.
ɓ Sym bols and call num bers.
ɓ G ood, average and bad diagram s.
ɓ Part-by-part analysis of individual stages and their functions. A m plifier,
sw itching pow er supply and com plem entary audio am plifier exam ples.

ɓ Superheterodyne and SD R  radio exam ples.
ɓ Practicing reading: looking for stages and structures in radios and D V D
players.

ɓ W orking w ithout a diagram .
ɓ C ase history of troubleshooting an LC D  TV  w ithout a schem atic.

C hapter 9: E ntering W ithout B reaking: G etting
Inside
ɓ R em oving outside screw s.
ɓ Separating case halves: hidden snaps.



ɓ Separating case halves: hidden snaps.
ɓ D isconnecting ribbon cables and w ire connectors.
ɓ Layers: disassem bling in order, use of digital photos and nested cups.
ɓ D isassem bly tips for com m on products: receivers, V C R s, D V D  players, flat-
panel TV s, turntables, video projectors, M P3 players, PD A s, sm artphones
and tablets, cam corders, digital cam eras, laptop com puters and A C  adapters.

C hapter 10: W hat the H eck Is T hat? R ecognizing
M ajor Features
ɓ W hat various sections of circuitry look like: descriptions and photos.
ɓ R ecognizing sections from  com ponents specific to their functions: inductors,
pow er transistors, and so on.

ɓ Pow er supplies: linear and sw itching.
ɓ B acklight inverters.
ɓ Signal processing areas, analog and digital.
ɓ D igital control sections.
ɓ O utput stages: discrete transistors and integrated m odules.
ɓ M echanism s: video head drum , capstan m otor, laser optical head and D LP
color w heel.

ɓ D anger points.

C hapter 11: A -H unting W e W ill G o: Signal T racing
and D iagnosis
ɓ W here to begin, based on observed sym ptom s.
ɓ D ead, com atose or crazy, alive and aw ake but not quite kicking.
ɓ Interm ittents: therm al and m echanical, bad solder joints, board cracks,
positional and vibration-sensitive.

ɓ W orking forw ard or backw ard through stages: w hen each technique is
appropriate.

ɓ Stages, test points and m aking sure youɋre in the right place.
ɓ Zeroing in on bad com ponents.
ɓ D esperate m easures: shotgunning, current blasting and LA P m ethod.



C hapter 12: Presto C hange-O : C ircuit B oards and
R eplacing C om ponents
ɓ D esoldering through-hole and surface-m ount com ponents.
ɓ C hoosing replacem ent parts: new , from  your stash and from  parts m achines.
ɓ Substituting sim ilar parts w hen you canɋt get the exact replacem ent: vital
characteristics that m ust be m atched or exceeded, and allow able differences
in capacitors, diodes, relays, resistors, transistors and zeners.

ɓ Installing new  parts: through-hole and surface-m ount, m ounting pow er
transistors.

ɓ Finding com ponents: standardized, proprietary, local, m ail order, new  and
surplus.

ɓ Saving dam aged boards: bridging broken conductors and bad layer
interconnects.

ɓ R eflow ing solder on high-density integrated circuit chips.

C hapter 13: T hatɋs a W rap: R everse-O rder
R eassem bly
ɓ C om m on reassem bly errors.
ɓ Ensuring good ground connections on boards and chassis.
ɓ Lead dress: placem ent of w ires and cables, physical and therm al risks,
electrom agnetic interference.

ɓ R econnecting ribbon cables.
ɓ R epairing dam aged ribbon sockets.
ɓ R eversing layer and cup order.
ɓ R ejoining plastic snaps.
ɓ R einserting screw s: tension and correct placem ent.
ɓ R ejoining w elded case halves.
ɓ Final test.

C hapter 14: Pesky Parts and Persnickety Problem s
ɓ A utom otive-related, condenser m icrophones, pushbuttons, LC D s, lithium
batteries.



C hapter 15: A ces U p Y our Sleeve: T ips and T ricks for
Specific C ircuits and Products
ɓ H ow  they w ork, w hat can go w rong, w hen repair is w orth doing, dangers
w ithin, and how  to fix them .

ɓ Linear and sw itching pow er supplies, audio am plifiers and receivers, digital
still cam eras, disc players and recorders, earbuds and headsets, flat-panel
displays and TV s, hard drives, laptop com puters, M P3 players, rem ote
controls, sm artphones and tablets, V C R s, cam corders and video projectors.

W hether or not youɋve already had your hands inside som e electronic
devices, this book w ill guide you from  the Ɏm aybe itɋs the fuseɏ level to the Ɏah,
the biasing diode on the output stage is openɏ point. It w ill help hone your
sleuthing skills w ith logic and a solid foundation in how  things w ork, until you
feel like an ace detective of electrons. A t the very least, itɋll leave you fascinated
w ith everything that goes on inside your favorite gadgets and eager to tackle
everything that com es your w ay. Everythingɔ  m aybe itɋs not such a scary w ord
after all.
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C hapter 1
Prepare for B lastoff: Fixing Is Fun!

lectronics is a lifelong love affair. O nce its m ysteries and thrills get in your
blood, they never leave you. I becam e fascinated w ith circuits and gadgets

w hen I w as about five years old, not long after I started playing the piano. There
m ay have been som ething of a connection betw een the tw o interestsɇ both
involved inanim ate objects springing to life by the guidance of m y m ind and
hands. B uilding and repairing radios, am plifiers and record players alw ays felt a
little like playing G od, or perhaps D r. Frankenstein: ɎLive, I com m and thee!ɏ A
yank on the sw itch, just like in the m ovies, and, if I had figured out the puzzle
correctly (w hich w as far from  certain at that age), live it w ould! Pilot lights
w ould glow , speakers w ould crackle w ith m usic and faraw ay voices, and m otors
w ould turn, spinning records that filled m y room  w ith H aydn, B erlioz and The
B eatles. It w as quite a pow er trip (okay, a little pun intended) for a kid and kept
m e hankering for m ore such adventures.

B y age eight, I w as running m y ow n neighborhood fix-it business,
docum ented in an article in The M iam i N ew s titled, ɎLittle Engineer K eeps
Plugging Tow ard G oal.ɏ R epairs usually ran about 25 cents, and I had
custom ers! N eighborhood pals, their fam ilies and m y dadɋs insurance business
clients kept m e busy w ith m alfunctioning radios and tape recorders. I even fixed
m y pediatricianɋs hearing tester for 50 cents. If only Iɋd know n w hat he w as
charging!

M y progression from  such intuitive tinkering to the understanding required
for serious technician w ork at the em ployable level involved m any years of
hands-on learning, poking around and deducing w hich com ponents did w hat,
and tracing signals through radio stages by touching solder joints w ith a
screw driver w hile listening for the crackling it caused in the speaker. Later cam e
m eters, signal tracers and, finally, the eye-opening m agic w indow  of the
oscilloscope.



A h, how  I treasure all the hours spent building useful devices like intercom s
and fanciful ones like the electroquadrostatic litholator (donɋt ask), fixing every
broken gadget I could get m y hands on, and devouring Popular Electronics,
Electronics Illustrated and Radio-Electronicsɇ great m agazines cram m ed w ith
construction articles and repair advice colum ns. O nly one issue a m onth? W hat
w ere they w aiting for? C ɋm on, guys, I just have to see the last part of that series
on building your ow n color TV  cam era, even though Iɋll never attem pt it. B ut
now  I know  how  a vidicon tube w orks! A nd, thanks to m y parentsɋ w ise and
strict rule that I experim ent only on battery-pow ered item s, I survived m y early
years to share m y enthusiastically earned expertise w ith you, the budding tech.

A fter graduating from  the B oston C onservatory of M usic, I did w hat any
highly trained, new ly certified com poser/conductor does: I com pletely
abandoned m y field of study and started w orking in electronics! I w as a tech in
repair shops, I program m ed com puters, and I developed circuitry and softw are
for several com panies around B oston and N ew  Y ork w hile building m y ow n
inventions and running a little m ail-order com pany to sell them . A ll of those
experiences integrated into the approach I w ill present in this book, w hich
includes inductive and deductive reasoning, concepts of signal flow  and device
organization, taking m easurem ents, practical skills and tips for successful repair,
a little bit of art and even a touch of w him sy here and there.

N o book can m ake you an expert at anything; that takes years of experience
and squirreling aw ay countless nuggets of w isdom  gleaned from  w hat did and
didnɋt w ork for you. M y hope is that this distillation of m y ow n hard-w on
understanding w ill infect you w ith the love of circuits and their som etim es odd
behaviors, and start you on the very enjoyable path of developing your skills at
the w onderful, w acky w orld of electronics repair.

So, w arm  up your soldering iron, w rap your fingers around the knobs of that
oscilloscope and crank up the sw eep rate, ɋcause here w e go!

R epair: W hy D o It?
W hen I w as a kid, there w ere radio and TV  servicers in m any neighborhoods. If
som ething broke, you dropped it off at your local electronics repair shop, w hich
w as as m uch a part of ordinary life as the corner autom otive service garage.
These days, those shops have all but disappeared as rising labor costs and device
com plexity have driven consum er electronics into the age of the disposable
m achine. W hen it stops w orking, you toss it out and get a new  one. So, w hy fix
som ething yourself? Isnɋt it cheaper and easier just to go out to your local
discount store and plunk dow n the olɋ credit card?



discount store and plunk dow n the olɋ credit card?
It m ight be easier, but itɋs usually not cheaper! Sans the cost of labor, repair

can be quite cost effective. There are lots of other good reasons to becom e a
proficient technician, too:

ɓ Itɋs fun. Y ouɋll get a strong sense of satisfaction w hen your efforts yield a
properly w orking gadget. It feels a bit like youɋre a detective solving a
m urder case, and itɋs m ore fun to use your noodle than your w allet.

ɓ Itɋs absorbing. Learning to repair things is a great hobby to w hich you can
devote m any fruitful hours. Itɋs good for your brain, and it beats w atching TV
any day (unless you fixed that TV  yourself!).

ɓ Itɋs econom ical. W hy pay retail for new  electronics w hen you can get great
stuff cheap or even free? Especially if you live in or near a city, resources like
craigslist.org w ill provide all the tech toys you w ant, often for nothing. Lots
of broken gadgets are given aw ay, since bringing them  in for repair costs so
m uch. Theyɋre yours for the taking. A ll you have to do is fix ɋem !

ɓ It can be profitable. Som e of the broken item s people nonchalantly discard
are surprisingly valuable. W hen your tech skills becom e w ell developed,
youɋll be able to repair a w ide variety of devices and sell w hat you donɋt w ant
for yourself.

ɓ It can preserve rare or obsolete technology. O bsolete isnɋt alw ays a negative
term ! Som e older technologies w ere quite nice and have not been replaced by
new er devices offering the sam e features, utility or quality. The continued
zeal of analog audio devotees painstakingly tw eaking their turntables offers a
prim e exam ple of the enduring value of a technology no longer w idely
available.

ɓ Itɋs green. Every product kept out of the landfill is w orth tw o in ecological
term s: the one that doesnɋt get throw n aw ay and the one that isnɋt purchased
to replace it. The w astefulness of tossing out, say, a video projector w ith a
single bad capacitor is staggering. To rip off an old song, ɎN othing saves the
greenɋry like repairing the m achinɋry in the m orningɔ .ɏ

ɓ Your friends and fam ily w ill drive you crazy. B eing a good tech is like being a
doctor: everyone w ill com e to you for advice and help. O kay, m aybe this one
isnɋt such an incentive, but it feels great to be able to help your friends and
loved ones, doesnɋt it? B eing adm ired as an expert isnɋt such a terrible thing
either.



Is It A lw ays W orth It?
W hile often itɋs sensible to repair m alfunctioning m achines, som etim es the
endeavor can be a big w aste of tim e and effort, either because the device is so
dam aged that any repair attem pt w ill be futile or the cost or tim e required is
overw helm ing. Part of a technicianɋs expertise, like a doctorɋs, lies in
recognizing w hen the patient can be saved and w hen itɋs tim e for last rites and
pulling the plugɇ in this case, literally! Luckily, in our silicon and copper realm ,
those destined for the hereafter can be recycled as parts. A  stack of old circuit
boards loaded w ith capacitors, transistors, connectors and other com ponents is as
essential as your soldering iron, and youɋll am ass a collection before you know
it.
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C hapter 2
Setting U p Shop: T ools of the T rade

o repair anything, you w ill need som e basic test gear and a suitable place to
use it. B ecause electrons and their energy flow s are invisible, test equipm ent

has been around alm ost as long as hum an aw areness of electricity itself. The
right test instrum ents and hand tools enable you to get inside a product w ithout
dam aging it, find the trouble, change the bad parts and reassem ble the case
correctly and safely.

M ust-H aves
Electronics w ork can involve a seem ingly unending array of instrum ents, but
you donɋt need them  all. Som e of them  are insanely expensive and only rarely
useful. O thers cost a lot less and find application in alm ost every circum stance.
Som e item s are absolutely essential, so letɋs start by looking at the things you
canɋt live w ithout, and how  and w here to set them  up for the m ost effective,
efficient service environm ent.

A  G ood Place to W ork
Like surgery, tech w ork is exacting; thereɋs little room  for error. O ne slip of the
test probe can cause a m om entary short that does dam age w orse than the
problem  you w ere trying to solve. O ne of the m ost im portant elem ents of
effective, conscientious repairing is an appropriate w orkspace set up to m ake the
task as easy and com fortable as possible, m inim izing the likelihood of
catastrophic error.

First, consider your location. If you have young children, itɋs im perative that
your w orkbench is set up in a room  that can be locked. O pened electronic



products and the equipm ent used to service them  are not child-safe, and the last
thing you or your kids need is an accident that could injure them . D ens and
basem ents can be suitable locations, but garages are probably best avoided if the
kids are still at that Ɏpoke in a finger and see w hat happensɏ age. Pets, too, can
w reak all kinds of havoc on disassem bled m achinery. C ats love to clim b on and
play w ith things, particularly if those things are w arm . The effects can range
from  lost screw s and broken parts to dead cats! Letɋs face it, cats are not big
readers, and a ɎD anger! H igh V oltage!ɏ sticker looks about the sam e to them  as
ɎC at Toy Inside.ɏ K eep kitty aw ay from  your repair w ork, even w hen youɋre in
the room . Y ou just never know  w hen the little angel sitting there so placidly w ill
m ake a sudden leap at your project and turn it into op-art.

M any of us have our w orkshops in the basem ent. This location is a m ixed
bag. It keeps the som ew hat m essy business of repair out of your living space, but
it has som e draw backs. If you live in a cooler clim e, it can get m ighty chilly
dow n there in the w intertim e! W orse, basem ents tend to be dam p, w hich is bad
for your test gear. In dam p environm ents, oscilloscopes and m eters have a w ay
of not w orking if you havenɋt used them  for aw hile, because m oisture gets into
connectors and redirects norm al current paths in unpredictable w ays. Still, the
basem ent m ay be your best bet. Just be sure to fire up your gear now  and then to
dry it out, and run a dehum idifier if the hum idity clim bs above 70 percent or so.
U se an electric heater in the w inter; kerosene heaters designed for indoor
operation still em it quite a bit of carbon dioxide that w ill build up in the
unventilated spaces of m ost basem ents. A nd should such a heater m alfunction
and put out a little carbon m onoxide, youɋll probably be dead before becom ing
aw are of anything w rong.

The w orkbench itself should be as large as you can m anage, w ith plenty of
space for your test equipm ent, soldering iron, pow er supplies and other ancillary
gear along the edges; youɋll need to keep the center clear for the item  to be
repaired. W onderful prefab test benches can be m ail-ordered, but theyɋre fairly
expensive and are m ost often found in professional shops. If you have the
m eans, go for it. G et one w ith shelves and lots of pow er strips. If, like m ost of
us, youɋd rather not spend hundreds of dollars on a bench, there are plenty of
alternatives. Y ou can m ake your ow n in the tim e-honored w ay, from  an old solid
door (hollow  doors arenɋt strong enough) and som e hom em ade w ooden legs and
braces. If youɋre not the w oodw orking type, a big desk can som etim es suffice.

Sturdy desks and tables suitable as w orkbenches can often be had for very
little from  thrift stores or for free from  online trading boards because of one
factor in your favor: they donɋt have to be pretty. In fact, avoid spotless, fancy



furniture because youɋll feel bad w hen you nick, scrape, singe and accidentally
drill holes in it. A n Ikea-style desk w orks great as long as itɋs w ell braced and
sturdy. A  w hite Form ica surface is nice too, because you can see dropped screw s
and such m uch m ore easily than w ith a darker, textured covering (Figure 2-1).
D onɋt even consider covering the bench w ith carpeting; youɋll lose so m any
parts in it that you could eventually shake it out and build a fusion reactor from
w hat you find! A lso, carpeting can build up static electric charges lethal to
circuitry, so you donɋt w ant to do your service w ork directly on it. B esides,
soldering irons m elt it, m aking a m ess and possibly releasing toxic fum es.

FIG U R E  2-1 T he w ell-appointed w orkbench: a little sm aller than ideal,
but it does the job.

C arpeting on the floor around the bench has its pros and cons. Itɋs easy to lose
sm all parts in it, but it also helps prevent them  from  bouncing aw ay into oblivion
w hen they fall. If you do choose to have a carpeted floor, pick a light color and
as shallow  and tight a pile as possible. This is no place for a thick carpet w ith
loose fibers. A lso, keep in m ind the static problem . Especially if you live in a dry



clim ate, after sitting dow n, be extra careful to discharge yourself by touching a
ground point before doing anything else. Those little zaps w e get w hen touching
a doorknob in a carpeted room  are up in the thousands of volts! Even charges too
sm all to feel can destroy sem iconductors.

Y ouɋll need m odern, three-w ire (grounded) electrical service at your bench.
This is critical for safety! A  grounding adapter plugged into a 1920s tw o-w ire
outlet w ill not do, even if you screw  the adapterɋs ground lug to the w all plate.
M ost of those plates are not properly grounded, and a bad ground can get you
killed in certain circum stances.

The current (am perage) requirem ent is not high for m ost service w ork. Y our
scope and other instrum ents w onɋt eat a lot of pow er, and m ost benches can be
run quite safely using a single, m odern 15-am p plug fanned out by a couple of
hardw are store-variety pow er strips. A lso, this arrangem ent has the advantage
that all ground points are at exactly the sam e voltage level, w hich helps prevent
ground loops (unw anted current betw een ground points). A gain, be sure the
strips are three-w ire, grounded types.

Lighting is another very im portant factor that shouldnɋt be ignored. W hile it
m ight seem  obvious that the entire room  should be brightly lit, that is not the
m ost productive approach, as it can actually m ake it harder to see sm all details
that need to be scrutinized and, therefore, brighter than their surroundings.
A verage lighting in the room  is adequate. W hat you need m ost is spot lighting,
and the best solution is a fluorescent light on a sw ing arm , as show n in Figure 2-
1. If it has a m agnifier, all the better, but youɋll be w earing one anyw ay, so itɋs
not necessary.

Forget about using an incandescent bulb up close; the heat it produces w ill
cook your hands, your face and the gadget youɋre trying to fix. A n inexpensive
w ay to obtain the necessary lighting is to get a sw ing-arm  desk lam p and replace
its incandescent bulb w ith an LED  bulb. A void using spiral Ɏeco bulbɏ
fluorescents. They have a rather yellow ish tint and also put out a fair am ount of
ultraviolet light, so using one close to your eyes m ay not be com fortable or safe.
Plus, they operate at a high frequency and can em it significant short-range radio-
frequency energy capable of interfering w ith som e kinds of m easurem ents or
even the circuit under test. A n LED  bulb or a good old circular bluish-w hite
fluorescent lam p is still your best bet.

D igital M ultim eter
A  m ultim eter (pronounced Ɏm ull-TIH -m ih-terɏ) is a device that can test several



electrical param eters. The m ost com m on and im portant quantities youɋll need to
m easure are voltage (volts), resistance (ohm s) and current (am ps or, m ore
typically, m illiam ps, w hich are thousandths of an am p). The analog incarnation
of this test device, recognizable by its big m eter needle and m ultiple-stop
selector knob, used to be called a V O M  (volt-ohm -m illiam m eter). N ow  that the
m eters are digital, theyɋre usually called D M M s (digital m ultim eters), but they
do the sam e thing, except that the readout is num erical instead of som ething
interpreted from  the position of a m eter needle.

D M M s began as very expensive, high-end laboratory instrum ents, but theyɋre
cheap now  and pretty m uch all you can buy. The m arket positions have reversed,
and V O M s have becom e the exotic technology, w ith a good one selling for
considerably m ore than a D M M . H ardw are and electronics supply stores offer
D M M s for around $20 to $50, and theyɋre on sale on occasion for as little as $5.
Som e, how ever, can still be in the range of $200 or m ore. The expensive ones
m ay have the ability to test various other param eters like capacitance and
inductance, and som e have ultra-low  resistance scales that can read a fraction of
an ohm . Thatɋs a surprisingly useful attribute, but you can do the sam e thing
w ith an inexpensive ESR  (equivalent series resistance) m eter, as w eɋll discuss in
C hapter 6. M ostly w hat the fancy, pricey D M M s offer are m uch higher precision
and accuracy.

Precision and accuracy are tw o different things. Precision is the fineness to
w hich a m easurem ent is specified, and accuracy is how  truthful the m easurem ent
is. For instance, if I say, ɎItɋs betw een 60 and 80 degrees outside,ɏ and the actual
tem perature is 72 degrees, m y statem ent is not very precise, but itɋs quite
accurate. If, how ever, I say, ɎItɋs 78.69 degrees outside,ɏ and itɋs really 82
degrees, m y statem ent is very precise but not at all accurate. In this case, the
accuracy does not support the precision.

So, for a D M M  to specify that it m easures voltages to three digits to the right
of the decim al point, it has to have a basic accuracy of som ew here around a
thousandth of a volt. O therw ise, those pretty digits w onɋt m ean m uch! W ho on
Earth w ould build an instrum ent that displayed m eaningless num bers?

M akers of low -cost D M M s do it all the tim e. The digits m ake one
m anufacturerɋs unit look m ore desirable than anotherɋs, but the basic accuracy
doesnɋt support them . D oes it m atter? N ot really, as long as you are aw are of the
lim itations of the instrum entɋs basic accuracy, so you know  w hat to ignore
tow ard the right side of the display. In any event, m ost D M M s are both m ore
precise and m ore accurate than any V O M  ever w as.

Just how  m uch precision do w e need? For general service w ork, not a lot.
W hen things break, they donɋt do so in subtle w ays. For exam ple, if youɋre



W hen things break, they donɋt do so in subtle w ays. For exam ple, if youɋre
checking the output of a 5-volt pow er supply and your D M M  reads 5.126 volts,
thatɋs not cause for concern. If it reads 3.5 volts or 7 volts, then perhaps youɋve
found a problem ! B ottom  line: you donɋt need a $200 D M M , but avoid the five-
or ten-buck specials. Iɋve seen their readings be w ildly off, w hich could confuse
your diagnostic process, leading you dow n frustrating dead ends. Som e of ɋem
also skim p on insulation and could be dangerous if you probe som ething that
turns out to have a few  hundred or m ore volts on it. The $20 to $50 instrum ents
w ill do fine.

E SR  M eter
C apacitors, especially the electrolytic type used in pow er supplies as filtering
elem ents to sm ooth the output pow er, are som e of the m ost trouble-prone
com ponents of all. In addition to suffering com plete failures like opens and
shorts, capacitors can gradually lose their ability to store energy. W orse, their
internal equivalent series resistance (ESR ) can rise, in w hich case the capacitor
w ill m easure just peachy keen on a capacitance m eter but w ill act like it has a
resistor betw een it and the circuit w hen itɋs in use. The resistance slow s dow n its
rate of charge and discharge like a kink in a hose, rendering it ineffective at
filtering. Excessive capacitor ESR  is one of the m ost com m on causes of oddball
circuit behaviors, and it rears its ugly head m ore often than any other fault,
thanks to the high-frequency energy used in todayɋs pow er supplies. A ll that
rapid charging and discharging sim ply w ears out the caps.

M easuring ESR  takes m ore than a standard ohm m eter because as the
capacitor charges from  the test voltage, its apparent resistance goes up anyw ay,
m aking reading the Ɏtrueɏ resistance im possible. A n ESR  m eter gets around that
by driving the capacitor w ith a low -voltage A C  (alternating current) w aveform ,
slightly charging and then discharging the cap so fast that it never builds up
enough charge to affect a reading. D uring each charge cycle, a resistance
m easurem ent is taken as current is first applied, before the cap can charge. That
finds the resistance inherent in the capacitor, not the result of any charging.

U ntil recently, ESR  m eters w ere pricey luxuries. W ith older products, they
w erenɋt needed often anyw ay, so few  of us had them . N ow  that ESR  is the bane
of every service techɋs life, you can find som e nice ESR  m eters online for
around $60. G et one! Y ou w ill use it often, I prom ise.

O scilloscope



M any hobbyists feel intim idated by the oscilloscope, but it is the best buddy any
tech can have. R epeat after m e: ɎM y scope is m y friend.ɏ C om e on, say it like
you m ean it! O nce you get the hang of using one, you w ill love it, I assure you.
Itɋs the only instrum ent that actually lets you see w hat is going on in an
electronic circuit.

The basic function of an oscilloscope is to generate a graph of voltage versus
tim e. A s a spot sw eeps from  left to right across the screen at a constant rate, it
also m oves up and dow n in relation to the incom ing signal voltage, draw ing a
w aveform , or representation of the signal that show s you how  the voltage is
changing. The m axim um  rate of change of the voltage am plifiers driving the
vertical m otion determ ines the bandw idth, or how  fast a signal the scope can
display. M ost scopes in our range of interest have bandw idths of around 100
M H z (100 m illion cycles per second). They also have tw o vertical input
channels, m eaning they can display tw o w aveform s at the sam e tim e. In C hapter
6 w eɋll explore how  to use a scopeɇ it really isnɋt hardɇ but first you have to
get one. There are several types.

A nalog
This is the classic scope w ith a green C R T (cathode ray tube, a.k.a. picture tube).
It displays signals as they arrive and has no m em ory functions to store
w aveform s. It doesnɋt sam ple them , it doesnɋt dice or slice them ɇ it just show s
them  to you, plain and sim ple. A  classic analog scope is show n in Figure 2-2.



FIG U R E  2-2 L eader L B O -518 100-M H z analog oscilloscope.

A nalog scopes have been available since around the 1940s, and they really
got good in the 1970s. Som e are still being m ade today, though digital scopes
have been at the forefront of the m arketplace for a decade or m ore. N ew er is
better, right? N ot alw ays. The oscilloscope is a good exam ple of an older analog
technology that w as superior in som e w ays to its replacem ent. For m ost general
service w ork, an analog scope is the sim plest to use, and its display is the easiest
to interpret. Further, it show s details of the signal that digital scopes m ay m iss.

The low est-end analog scopes have just one channel of input, and they lack
features like delayed sw eep, a very handy function that lets you zoom  in on any
part of a w aveform  you w ant and expand it for detailed view ing. A void them .
There are tons of great analog scopes w ith all the nice features on the used
m arket at ridiculously cheap prices, so thereɋs no need to skim p on the goodies.
M ake sure any analog scope you buy has tw o channels (som e have even m ore,
but tw o are standard) and delayed sw eep. Look for tw o input connectors m arked
ɎA ɏ and ɎB ɏ or som etim es ɎC hannel 1ɏ and ɎC hannel 2,ɏ indicating tw o vertical
input channels. If you see a knob m arked ɎD elay Tim e M ultɏ that can be turned



m ultiple tim es and slow ly advances a num ber im printed on it, or you see ɎA ɏ
and ɎB ɏ buttons, or sim ilar labels on the big knob m arked ɎSec/D ivɏ or ɎH oriz
Sw eep,ɏ or buttons labeled ɎB  after A ,ɏ ɎB  ends A ,ɏ or ɎB  delayed,ɏɏ or any
other reference to ɎA ɏ and ɎB ɏ in the horizontal control area, then the unit has
delayed sw eep. A nother tipoff is a knob m arked ɎTrace Sep.ɏ If youɋre still not
sure, look up the m odel on the Internet, and you can probably find its specs or
even dow nload a free PD F of the m anual. Typical delayed sw eep controls are
show n in C hapter 6, Figure 6-4.

D igital
D igital scopes are new  enough that they all have delayed sw eep and tw o
channels, except for a few  handheld m odels. Though som e early exam ples used
C R Ts, m odern digital scopes can be recognized by their shallow  cases and LC D
(liquid-crystal display) screens (Figure 2-3). W ith a digital instrum ent, you can
grab a w aveform  and exam ine it in detail long after it has ceased. Thus, digital
scopes are ideal for w orking on devices w ith fleeting signals you need to be able
to snag that m ay zip by only once.

FIG U R E  2-3 T ektronix T D S-220 100-M H z digital oscilloscope.

Such is alm ost never the case in the kind of service w ork youɋll be doing. The
vast m ajority of the tim e, you w ill be looking at repetitive signals that donɋt have
to be stored, and the lim itations of a digital scope m ay get in your w ay.

O ne significant lim itation arises from  the basic nature of digital sam pling, or
digitizing, in w hich a voltage is sam pled, or m easured, m illions of tim es per



second, and the m easured value of each sam ple is then plotted as a point on the
screen. A las, real-life signals donɋt freeze betw een sam ples, so digital scopes
m iss som e signal details, w hich can result in a phenom enon called aliasing, in
w hich a signal m ay be seriously m isrepresented. (The sam e effect causes w agon
w heels in old W esterns to appear to rotate backw ardɇ the m ovie cam era is
m issing som e of the w heelsɋ m otion betw een fram es.) If the sam pling rate is
considerably faster than the rate of change of the signal being sam pled, aliasing
w onɋt occur. The sam pling rate goes dow n, though, as you slow  the sw eep rate
(speed of horizontal m otion on the screen) dow n to com press the graph and
squeeze m ore of the signal on the screen. A s a result, w hen using a digital scope,
you m ust alw ays keep in m ind that w hat youɋre seeing m ight be a lie, and you
find yourself turning the sw eep rate up and then back dow n, looking for changes
in the w aveform  suggestive of aliasing. It takes som e experience to be certain
w hatɋs on the screen is a true representation of the signal. Even so, som etim es
aliasing is unavoidable at low er sw eep rates, lim iting how  m uch of the signal
you can view  at onceɇ a conundrum  that never occurs w ith analog scopes.

A nother big lim itation arises from  the screen itself, and it also lim its how
m uch you can see at one tim e. U nlike the continuously m oving beam  of the
analog scope, the digital scopeɋs display is a grid of dots, so it has a fixed
resolution, and nothing can be show n betw een those dots. (Thatɋs w hy the
sam pling rate goes dow n at low er sw eep rates; thereɋs no point in taking sam ples
betw een dots, since thereɋs no place to plot them  anyw ay.) W hen exam ining
com plex w aveform s like analog video signals, the result is a blurry m ess unless
you turn the sw eep rate w ay up and look at only a sm all part of the signal. W hile
an analog scope can show  a useful, clear representation of an entire field of
video, a digital instrum ent sim ply canɋt; all you see is an unrecognizable blob.

Probably the m ost profound difference betw een an analog and a digital scope
is that an analog instrum ent actually w rites the screen at the sw eep speed you
select, w hile a digital unit does not. A  digital scope collects the data at that
speed, but it updates the screen m uch slow er because LC D s donɋt respond very
fast. For m any signals, thatɋs fine, and it can even help you see som e signal
features that m ight be blurred by repetitive overw rites on an analog screen.

Som etim es, how ever, those overw rites are exactly w hat you w ant. W hen
view ing the radio-frequency w aveform s com ing from  video and laser heads, for
instance, you need to evaluate the envelope, or overall shape of the w aveform
over m any cycles, not its individual w aves. The overw riting and true-to-life
w riting speeds inherent in an analog scope m ake envelopes stand out clearly.
Som e envelopes canɋt be view ed at all w ith a digital scope because it m isses too



m uch betw een screen updates. Y ouɋll see individual cycles of the w aveform , but
not their outer contour, unless you slow  dow n the sw eep rate so low  that all you
get is a featureless blur.

O n the plus side, digital scopes are naturals at m easuring w aveform s, not just
displaying them . They can provide a num erical readout of peak voltage,
frequency, tim e difference, phase angle, you nam e it. W hile all of those
m easurem ents can be done w ith an analog scope, the com puter in that case is
your brain; you have to do the m ath, based on w hat youɋre seeing on the screen.
W ith a digital scope, you position cursors on the displayed w aveform  and the
scope does the w ork for you. H aving quick and easy m easurem ent of signal
characteristics can greatly speed up troubleshooting.

W hen choosing a digital scope, look for the sam ple rate and com pare it to the
vertical bandw idth. The sam ple rate should alw ays be higher than the bandw idth
so the scope can perform  real-tim e sam pling. The Tektronix TD S-220, for
exam ple (Figure 2-3), sam ples at 1 gigasam ple (billion sam ples) per second,
w ith a bandw idth of 100 M H z. Thus, one cycle of the fastest w aveform  it can
display w ill be broken into ten sam ples, w hich is pretty good. A t a m inim um , the
sam ple rate should be four tim es the bandw idth.

It is possible to sam ple repetitive w aveform s at a rate slow er than the
bandw idth using a technique called equivalent-tim e sam pling, in w hich each
successive w aveform  is sam pled at different points until the full representation is
assem bled. Equivalent-tim e sam pling w as developed w hen analog-to-digital
converters w ere too pokey for real-tim e sam pling of fast w aveform s. It is an
inferior technique because developing an accurate representation requires the
incom ing signal to rem ain unchanged from  cycle to cycle for as m any cycles as
it takes to assem ble one. Plus, w hat you see is never a true picture of any one
particular cycle. A nd heck, itɋs just plain slow . A void any scope depending on
equivalent-tim e sam pling to reach its bandw idth specs. R eal-tim e sam pling is the
only w ay to fly.

Lots of inexpensive digital scopes from  C hinese m anufacturers are being sold
on eB ay and through other online sources. Som e of them  are pretty good and are
w ell w orth the cost. Y ouɋll find desktop, handheld and pocket m odels w ith lots
of features and decent bandw idth at low  prices. B e sure to check the review s
before buying one. Som e of the handheld units, especially, are m ore novelty
item s than useful, accurate instrum ents. They can be handy for checking if
signals are there, but theyɋre not good enough to be your only scope.

A nalog w ith C ursor M easurem ent
This is the best of both w orlds: an analog scope capable of perform ing m any of



This is the best of both w orlds: an analog scope capable of perform ing m any of
the m easurem ents available in a digital instrum ent. This style of scope doesnɋt
digitize signals, thus avoiding all of the lim itations associated w ith that process.
Like a digital unit, though, it uses m ovable cursors to m ark spots on the
displayed w aveform  and calculate m easurem ents. This is m y favorite type of
scope.

A nalog w ith Storage
B efore the advent of digital scopes, som e analog units w ere m ade w ith special
C R Ts that could freeze the displayed w aveform , enabling a crude form  of signal
storage. These scopes w ere expensive and alw ays considered som ew hat exotic,
and their bandw idth w as on the low  side. D igital storage has com pletely
supplanted them . Y ou m ay run across one on the used m arket. D onɋt buy it.

PC -B ased
The PC -based scope uses your general-purpose com puter as a display and
control system  for a digitizing scope. It seem s like a great idea because you get a
nice, big, high-resolution screen, and you can use your com puterɋs keyboard and
m ouse to control the features. Plus, PC  scopes are cheaper, since youɋre not
paying for knobs and an LC D . In practice, PC  scopes are the w orst option for
service w ork. Theyɋre aw kw ard to use and usually offer the low est perform ance
in term s of sam pling rate. I recom m end you avoid them .

B uying an O scilloscope N ew  scopes are fairly expensive, and analog units now
cost m ore than m any digitals. Expect to pay around $1,000 for a 100-M H z
instrum ent from  a w ell-established, reputable m aker. B ut w hy spend a lot w hen
there are so m any nice scopes on the used m arket for next to nothing? Itɋs quite
possible to get a good used analog scope for about $100.

There are plenty of scope m anufacturers, but the gold standard in the
oscilloscope w orld is Tektronix. Tek has dom inated the scope m arket since the
1970s, and for good reason. M any of its M odel 465 and 475 scopes from  that era
are still going strong, 40 years later! If you find one of those m odels in good
w orking order for less than $150, itɋs w orthy of consideration. N ew er m odels are
also available, including the 2200 and 2400 series, and theyɋre pretty cheap too.
O ther good scopes are m ade by H itachi, H ew lett-Packard, B & K  Precision and
Leader. Fluke, fam ous for its D M M s, m akes a series of handheld digital scopes,
too, as does Tek. Theyɋre a tad pricey, though, and a bit harder to use, thanks to
their extensive use of m enus, since they have little room  for knobs.



their extensive use of m enus, since they have little room  for knobs.
W here do you find a used oscilloscope? G ood old eB ay is loaded w ith them ,

and they show  up now  and then on craigslist.org. Try going to your areaɋs
Ɏham fest,ɏ a periodic sw ap m eet put on by ham  radio operators and electronics
aficionados, and youɋll see plenty of scopes. Just be sure you can check that the
instrum ent w orks properly before you plunk dow n your cash. R ead C hapter 6
first so youɋll know  how  to test the scope. Look for a nice, sharp trace and no
lines burned into the display tube, if the scope uses one.

A long w ith the scope, youɋll need a pair of probes. Scope probes are m ore
than just pieces of w ire; they have voltage dividers in them  and are specialized
devices designed to perm it accurate signal m easurem ent. M ost divide the
incom ing voltage by 10 (youɋll see w hy later) and are called 10X probes. Som e
have sw itches to rem ove the division and are know n as sw itchable 10X/1X
probes (Figure 2-4). Like scopes them selves, probes are rated by bandw idth, and
the high-end ones can cost a lot. Luckily, 100-M H z probes can be found on eB ay
brand new  for around $15 each. N ew  probes w ill include slip-on covers w ith
handy hooks on the ends. If you buy used probes, try to get the hooks too.



FIG U R E  2-4 O scilloscope probe, 10X /1X  sw itchable.

Soldering T ools

Soldering Iron
Soldering irons com e in various shapes and sizes, and youɋll probably w ind up
w ith m ore than one. The sm allest, w ith heating elem ents in the 15-w att range,
are great for getting into very tight spots and w orking on tiny surface-m ount
parts, at least on boards assem bled w ith low -tem perature solder. Those m ini-
irons donɋt generate enough heat to solder a pow er transistor, though. The largest
irons, usually pistol-shaped guns w ith elem ents of 100 w atts or m ore, put out
lots of heat and have sizable tips to transfer it to the part youɋre soldering. Those
big guns can be real life savers, but you sure donɋt w ant to try soldering
m inuscule parts w ith them . Even if you could fit the tip w here you needed it, the
excessive heat w ould destroy the part and probably the circuit board as w ell.

The best choice for general soldering w ork on printed circuit boards is an iron
w ith a m edium -sized tip and a heating elem ent in the range of 40 to 70 w atts.



w ith a m edium -sized tip and a heating elem ent in the range of 40 to 70 w atts.
M elting leaded solder requires a tip tem perature of about 375 to 400®F. The
new er, lead-free variety needs a m uch hotter tip, in the area of 675 to 700®F.
Som e inexpensive irons in the 20-w att range are about the sam e size, but steer
clear of those. Supplying inadequate heat can cause lots of harm ; you m ay easily
pull up copper traces and severely dam age the printed circuit board if things
arenɋt hot enough, especially w hen rem oving com ponents. Plus, not using
enough heat can result in Ɏcoldɏ solder joints that donɋt transfer electrical energy
properly, causing your repair to fail.

M any inexpensive irons of m edium  size plug directly into the w all. This is
not the best w ay to go, as it m ay expose the circuitry youɋre soldering to sm all
leakage currents from  the A C  line, and having the cord go off to a pow er strip
can be aw kw ard as you m ove the iron around. Finally, should you accidentally
lay the iron on the cord and m elt through the insulation, youɋll cause a short
directly across the A C  line, w hich is likely to be spectacular and unpleasant, and
possibly dangerous. D onɋt laugh, it happens!

A  far better solution is an iron that plugs into a base unit w ith a step-dow n
transform er. This kind of setup runs the heating elem ent at low  voltage and
isolates the tip from  the A C  line. The base unit gives you a nice stand to hold the
iron and a sponge for w iping the tip, too. Som e bases have variable heat
controls, and som e even have digital tem perature readouts. B efore the age of
lead-free solder, I never found such things to be useful, since the heat pretty
m uch alw ays needed to be turned all the w ay up on sm aller irons anyw ay. These
days, a variable-heat soldering station that can hit the tem peratures required for
lead-free soldering is w ell w orthy of consideration because you can turn it dow n
for leaded solder and crank it up for the new er stuff.

N um erous com panies m ake soldering irons, but tw o m ake the nicest, m ost
durable irons, the ones found in service shops: W eller and U ngar. These irons
can cost from  $50 to m ore than $100, but they are w orth every penny and w ill
last for m any years. Y our soldering iron is usually the first thing you turn on and
the last you turn off, so it w ill run for thousands of hours and needs to be w ell
m ade. D onɋt be tem pted by those $20 base-unit irons flooding the hobbyist
m arket. They just donɋt hold up, and youɋll be needing a new  one before you
know  it.

A s w ith scopes, good used irons often show  up at great prices at ham fests.
W herever you get your iron, plan on buying a spare tip or tw o. Tips w ear out and
becom e pitted and tarnished to the point that they no longer transfer heat w ell, so
they m ust be replaced every few  years. The heating elem ents can go bad too, but
itɋs rare; Iɋve seen them  last for decades on the good irons.

The big guns are cheap, typically under $20, so buy one. There w ill be



The big guns are cheap, typically under $20, so buy one. There w ill be
situations in w hich you w ill be very glad you did.

Plastic-M elting Iron
Sooner or later, youɋll w ant to m elt som e plastic to repair a crack or a broken
post. Itɋs unhealthy to breathe in m olten plastic fum es, but w e all m elt the stuff
now  and then, being as careful as w e can w ith ventilation. If youɋre going to
m elt plastic, donɋt do it w ith the sam e iron you use for soldering! The plastic w ill
contam inate and pit the tip, m aking it very hard to coat it w ith solder, or tin it,
for subsequent soldering w ork. Instead, pick up a cheap iron in the 20-to 30-w att
range and dedicate it for plastic use. For this one, you donɋt need a base unit or
any other fancy accoutrem ents. Y ou should be able to get a basic iron and a
stand to keep it from  burning its surroundings for around $10.

Solder
Traditional solder is an alloy of tin and lead w ith a rosin core that facilitates the
m olecular bond required for a proper solder joint. In the past, the alloy w as 60
percent tin, 40 percent lead. M ore recently, it has shifted to 65 percent tin, 35
percent lead. This new er type of solder is better suited to the low er tem peratures
associated w ith tiny surface-m ount parts, and itɋs getting hard to find the old
60/40 stuff anym ore. The old proportions w ere better for the higher-heat
environm ent of pow er transistors and voltage regulators. If you can find som e
60/40, itɋs w orth getting. If not, you can live w ith the new er variety. Lead is a
toxic m etal, and lead-free solder has becom e available and is w idely used in the
m anufacture of new  electronics, to com ply w ith the legal requirem ents of som e
countries and states. The European ɎR estriction of H azardous Substances,ɏ or
R oH S, standard is gradually being adopted around the w orld. A ll products
displaying the R oH S m ark are m ade w ith lead-free solder. Y ou can buy the stuff
for your repair w ork, but I recom m end against doing so, because itɋs hard to
m ake good joints w ith it. It doesnɋt flow  w ell, and cold joints often result. Plus,
the higher heat required to m elt it invites dam age to the com ponents youɋre
installing.

Lead vaporizes at a m uch higher tem perature than that used for soldering. The
sm oke com ing off solder is from  the rosin and does not contain lead you could
inhale. H andling solder, how ever, does rub som e lead onto your hands. So, never
snack or touch food w hile soldering, and alw ays w ash your hands thoroughly
after your repair session ends.



There is a variety of solder, found in hardw are stores and intended for
plum bing applications, w ith an acid core instead of rosin. N ever use acid-core
solder for electronics w ork! The acid w ill corrode and destroy your device. B y
the sam e token, the rosin flux paste used w ith acid-core solder is not needed for
norm al electronics solder because rosin is already in its core.

Solder com es in various diam eters. A  good choice for norm al w ork is around
0.03 inches. V ery sm all-diam eter solder, in the 0.01-inch range, can be useful
now  and then w hen w orking w ith tiny parts, but not often. For m ost jobs, itɋs so
undersized that you have to feed it into the w ork very fast to get enough on the
joint, m aking it im practical to use. M y ow n roll of the skinny stuff has been
sitting there for a decade, and m ost of it is still on the roll.

Solder is like ketchup: youɋll use a lot of it. B uy a 1-pound roll because itɋs a
m uch better bargain per foot than those little pocket packs of a few  ounces. A
pound of solder should last you a good few  years.

D esoldering T ools
R em oving solder to test or replace parts is as vital to repair as is soldering new
ones to the board. D esoldering ranges from  easy to tricky, and itɋs a prim e
opportunity for doing dam age to com ponents and the copper traces to w hich
theyɋre attached. Fancy desoldering stations w ith vacuum  pum ps can cost
considerably m ore than even top-end soldering irons. For m ost service w ork,
though, you donɋt need anything exotic. There are som e low -cost desoldering
options that usually do the trick.

Solder W ick
O ne of the best desoldering tools is desoldering braid, com m only called solder
w ick. Itɋs m ade of very fine copper w ire strands w oven into a flat braid. U sually,
it is coated w ith rosin to help solder flow  into it. (Y ou m ay run across som e
cheap w ick w ith no rosin. D onɋt buy it; it doesnɋt w ork.) W ick can be purchased
in short lengths on sm all spools from  various hobbyist-oriented m ail-order
com panies. Electronics supply houses offer it in m uch longer lengths on bigger
spools. A s w ith solder, the bigger spools are the far better deal. A lw ays be sure
to keep som e w ick around; itɋs som e of the m ost useful stuff in your w orkshop.

B ulbs
A nother approach to solder rem oval is to suck it up w ith a rubber solder bulb, or



solder sucker. B ulbs com e in tw o form s: stand-alone and integrated w ith a
soldering iron (Figure 2-5). B oth have their uses, but w ith the integrated type
youɋre lim ited by the heating pow er of the built-in iron, w hich is usually not
especially strong. Stand-alone bulbs are cheap, so get one even if you also get an
integrated type.

FIG U R E  2-5 B ulb-type desoldering iron.

Spring-L oaded Solder Suckers
O ne of the handiest solder rem oval tools, the spring-loaded solder sucker is
another inexpensive option. These bad boys have a fast, alm ost violent action
and are a bit harder to control than bulbs. They suck up a lot of solder in one
m otion, though. G et one.

V acuum  Pum p D esoldering Irons
These are like integrated bulb desoldering units, except that the suction is
provided by a vacuum  pum p instead of a bulb. The pros use these, and theyɋre
fast and pow erful, but theyɋre expensive. If you can snag a good used one at a
ham fest, go for it. Just be sure the heating and vacuum  system s w ork properly.
The vacuum  portions are prone to problem s and w orn parts because m olten
solder flow s through them .



C hip Q uik
This is a special low -tem perature solder alloy and flux kit used for desoldering
surface-m ount parts. W hen m elted into the existing solder, the alloy keeps it
m olten at low  tem peratures, allow ing you to get lots of pins hot enough
sim ultaneously to rem ove even high-density chips w ith dozens of leads.

H and T ools
The range of available hand tools seem s practically infinite. M ost likely, youɋll
build up a significant collection of them  as the years go by. M y ow n assortm ent
fills several draw ers. W hile nobody needs six pairs of needlenose pliers, there is
a core set of tools necessary for disassem bling and reassem bling the item s to be
repaired.

Screw drivers
Todayɋs gadgetry uses a w ide range of types and sizes of screw s. Som e of the
screw s are incredibly tiny. A  set of jew elerɋs screw drivers is a necessity. B oth
Phillips and flat-blade screw s are used, though Phillips types dom inate. M ore
and m ore, hex and Torx heads are show ing up too (Figure 2-6). The latter shapes
started out as a w ay to prevent consum ers from  opening their gadgets, but the
drivers have gradually becom e available, defeating that objective. In response,
new er types have com e along. O ne of the m ost recent is the Trigram , w hich
looks like a center point w ith three lines radiating out tow ard the perim eter of the
screw  head. In tim e, those drivers w ill be easier to find as w ell.



FIG U R E  2-6 H ex and T orx screw driver tips.

G et a good selection of sm all screw drivers in all of these form  factors. A t the
very least, get Phillips, flat-blade and Torx. Pick up a few  m edium -sized Phillips
and flat-blades too. Y ouɋll use the sm aller ones m uch m ore often than the larger
ones, but it pays to have as m any sizes as you can find. R eally big ones are
rarely needed, though.

C utters
D iagonal cutters, or dikes, are used to clip the excess lead lengths from  new ly
installed com ponents. M ost techs also use them  to strip insulation off w ire.
A gain, sm aller beats bigger. G et a couple of pairs of these things because they
tend to get bad nicks in their cutting edges and gradually becom e useless. A  pair



of dikes shouldnɋt cost m ore than about $7. O h, and be sure the handles are
insulated. They usually are.

N eedlenose Pliers
A  pair of needlenose pliers is essential for grabbing things, reaching into
cram ped spots and holding parts steady w hile you solder them . A  length of 2 or
3 inches from  the fulcrum  to the tips is about right. A ny shorter and they m ay
not reach w here you need them . A ny longer and theyɋll probably be a bit too
flexible, reducing their usefulness w hen tw isting is required. U nlike cutters,
needlenose pliers rarely w ear out or need replacem ent. Still, get tw o pairs so you
can hold one in each hand and use them  at the sam e tim e. Y ouɋll need to do that
now  and then.

H em ostats
Theyɋre not just for surgeons anym ore! H em ostats are m uch like needlenose
pliers except that they lock, providing a firm  grip w ithout your having to keep
squeezing the handle. Som e have corrugated gripping ends, w hile others are
sm ooth. G et one pair of each style. These things are indispensable for pulling a
com ponent lead from  a board w hile heating the solder joint on the other side.
Theyɋre great for installing new  parts, too. Y ou can find hem ostats at m ost
electronics and m edical supply houses.

M agnifier
W ith the size of todayɋs electronics, hum an eyes have hit their resolution lim it
for com fortable close-up w ork. Itɋs essential that you have som e m agnification.
Even if your spot lam p has a m agnifying lens, youɋll still need a head-w orn
m agnifier because the lam p w ill get in your w ay w hen itɋs placed betw een your
face and a sm all gadget. G lass is better than plastic, w hich gets scratched and
can even m elt w hen situated very near a soldering iron. B e sure the m agnifier
you choose can be flipped up out of the w ay, because som etim es you need to
step back a bit from  the w ork and take in a longer view . If you w ear glasses, you
m ay need to get a m agnifier w ith adjustable focus to keep it com patible w ith
your eyew ear.

C lip L eads



Frequently, testing involves m aking tem porary connections. For that, nothing
beats a batch of clip leads, w hich are w ires about a foot long w ith alligator clips
at both ends. G et at least ten, m aking sure that the clips are sm all and have
rubber insulating covers. Y ou can buy the clips and m ake them  yourself, but
assem bled ones are readily available and inexpensive. Just be aw are that the
prem ade ones are usually not soldered; the w ires are m erely crim ped to the clips.
A fter som e use, they break inside the insulation, w hich leads to som e head
scratching w hen a connection doesnɋt produce the expected results. Y ou can
never trust the integrity of a clip lead com pletely. The quick test is to pull the
lead taut w hile holding onto the clips. If broken, one end w ill fall apart, after
w hich you can solder it back on. In tim e, youɋll w ind up soldering all of them .

Sw abs
C otton sw abs are very useful in the shop. G et the kind w ith paper sticks, not
plastic ones. The paper type can be bent into shapes that w ill let you poke them
into odd corners. If you can find them , also get som e cham ois sw abs. U nlike the
cotton type, cham ois sw abs donɋt leave little fibers behind. For som e uses,
especially cleaning video heads on V C R s and cam corders, the fibers can be
problem atic, and itɋs even possible to break a video head if the fibers get
snagged on it w hile you clean.

C hem icals

C ontact C leaner Spray
There are m any brands of spray, each claim ing superiority, but they all do pretty
m uch the sam e thing: rem ove oxidation and dirt from  electrical contacts. O ne of
the m ore popular brands is D eoxIT. W hichever brand you choose, get a can or
tw o. Itɋs handy stuff, and youɋll be using it, especially if you w ork on older gear.

A lcohol
A lcohol can be very useful in cleaning tape paths and heads. U se isopropyl
alcohol, and look for the highest percentage you can find. The 70 percent
solution sold in drugstores is 30 percent w ater, w hich is bad for electronics.
Som e stores sell 91 percent, w hich is m uch better, and Iɋve run across 99 percent
on occasion. D onɋt use ethyl or any other type of alcohol. B e aw are that all
alcohols can dam age som e types of plastic rather badly. W hen w orking w ith
alcohol, keep it aw ay from  plastic casings, LC D  screens and control panels.



N aphtha
Sold in little yellow  bottles as Ɏcigarette lighter fuelɏ at grocery stores, and in
bigger containers as ɎV M & P N aphthaɏ at hardw are stores, naphtha is an
am azing solvent that w ill effortlessly rem ove grim e, sticker adhesive, solder
rosin, tobacco tar and other general filth from  just about any surface. Iɋve never
seen it harm  plastic, either, not even LC D  screens. Itɋs used by dripping a very
sm all am ount on a tissue, paper napkin or sw ab and then gently rubbing the
surface to be cleaned. N aphtha is seriously flam m able, so never use it on
anything to w hich pow er is applied or near flam e or a hot soldering iron. Itɋs best
to use gloves, too, to keep it off your skin. M ake sure of proper ventilation
because it evaporates quickly and should not be inhaled. Even if you buy a big
can of it, also buy one of the little yellow  bottles so you can squirt out tiny doses
as needed. It takes very little naphtha to do the job, and you can alw ays refill the
bottle from  the big can outside your house later on. K eep naphtha containers
tightly closed so evaporated fum es w onɋt build up and becom e hazardous in
biological or fire hazard term s.

H eatsink G rease
This silicone-based grease is used betw een transistors, voltage regulators and
other heat-producing parts and their m etal heatsinks. It fills in the tiny gaps
betw een im perfect surfaces, helping transfer heat from  the part to the heatsink.
Even w hen m ica insulators are used, heatsink grease is still required for m ost
parts. (The exception is an installation using a special rubber heat-transfer
gasket; m ost of those do not require grease.) W hen you replace a heatsinked
part, youɋll need the grease; om itting it w ill result in an overheated com ponent
that w ill fail quickly. A  sm all tube of heatsink grease lasts a very long tim e
because only a thin film  is required, and too m uch grease can actually reduce
heat transfer.

Silicone grease is inappropriate for use w ith m icroprocessors and graphics
chips. These hot-running parts require special silver-bearing grease, w hich you
can find at com puter stores and m ail-order suppliers.

H eat-Shrink T ubing
This stuff looks like ordinary plastic tubing, but it has a w onderful trick up its
synthetic rubber sleeve: it shrinks in diam eter w hen you heat it up, form ing itself
around joints and dam aged insulation spots in w ires. Itɋs m uch m ore perm anent
than electrical tape, w hich tends to get gooey and let go after aw hile. G et som e



than electrical tape, w hich tends to get gooey and let go after aw hile. G et som e
lengths of heat-shrink tubing in various sm all diam eters.

E lectrical T ape
D espite its im perm anence, electrical tape still has uses in situations w here tubing
w onɋt fit or canɋt be slipped over w hat needs to be insulated. Plus, for extra
insulative peace of m ind, you can w rap a connection in tape and then put tubing
over it.

Sm all C ups
If you eat yogurt or pudding, start saving the little plastic cups. H ow ever you
obtain them , those cups are incredibly useful for tem porary storage of screw s
and other sm all parts as you disassem ble m achines. M ake sure the cups fit into
each other. M ost w ill.

Internet A ccess
N ot that long ago, a significant stack of reference books w as required for looking
up transistor types, cross-referencing replacem ent com ponents and finding
disassem bly hints and diagram s for various products. N ow  w e can do all that and
m ore on the Internet! Som e sites charge for schem atics, but you can find som e
free ones. Even if you have to pay a little bit for the diagram , it m ay be w ell
w orth it. Thereɋs plenty of free info out there about how  to take apart certain
products w ithout breaking them , too. H aving a com puter nearby w ith Internet
access is really handy.

N ice-to-H aves
H ere are som e item s that can help you get repair w ork done m ore easily. Y ou
can live w ithout ɋem , but you m ight w ant to add som e to your arsenal as tim e
goes on.

D igital C am era
H ow ɋs your m em ory? If itɋs im perfect, like m ost of ours, a digital cam era can
save your rear end w hen you look up from  the bench and realize youɋve rem oved
35 screw s from  four layers of a laptop, and youɋre not sure w here they all go.
A nd w hatɋs that funny-looking piece over there? The one you took off three days



A nd w hatɋs that funny-looking piece over there? The one you took off three days
ago, just before you answ ered the phone and took the dog for his em ergency
w alk? Take pictures as you disassem ble your devices. U se the m acro lens as
necessary to get clear close-up shots; a blurry photo of a circuit board does you
little good. M ake sure you can see w hich plug w ent in w hich connector and w hat
the shield looked like before you rem oved it. Experim ent a bit w ith the flash,
too, and the angles required to get decent shots w ithout too m uch glare.

Pow er Supply
U nless it has its ow n A C  pow er supply, your repair item  runs either on batteries
or from  an A C  adapter. A C  adapters them selves fail often enough that you canɋt
assum e the adapter isnɋt the problem . So, running the device under test from  a
variable pow er supply can really help. The m ost im portant issue w hen choosing
a supply is how  m uch current it can provide. W hile a little pocket radio m ight eat
around 50 m A  (m illiam ps), a pow er am plifier or radio transm itter m ay require
hundreds of tim es as m uch current. For m ost w ork, if you have 5 am ps available,
youɋre covered.

There are som e fancy, laboratory-grade pow er supplies w ith digital m etering,
ultra-precise regulation and price tags to m atch. Y ou donɋt need one. A ny
decent, hobby-grade supply w ill do.

M any of the item s that dem and high current are for use in the autom otive
environm ent, so a 12-volt (m ore typically 13.8 volts, the actual voltage of a car
w ith its engine running) supply w ith 10 am ps or m ore is great to have as w ell.
That one doesnɋt need to be variable, since all auto gear runs on the sam e
voltage.

T ransistor T ester
A lthough itɋs possible to test m any characteristics of transistors w ith a D M M ,
som e failure m odes, like excessive reverse leakage (w hen a sm all current can
flow  backw ard through a defective transistorɋs junctions), arenɋt easy to find that
w ay. D edicated dynam ic transistor testers use the transistor under test as part of
an oscillator, m easuring how  the part behaves w ith real signals applied to it.
U nder those conditions, you can m easure the approxim ate gain, high-frequency
cutoff point and leakage. M any testers can check various transistor types,
including M O SFETs (m etal-oxide-sem iconductor field-effect transistors), JFETs
(junction field-effect transistors) and standard bipolars.

B asic transistor testers of this type are inexpensive and a great addition to
your bench setup. Theyɋre fairly easy to m ake, too, and you can find diagram s in



your bench setup. Theyɋre fairly easy to m ake, too, and you can find diagram s in
hobbyist m agazines or online.

T esters, Signal G enerators and M eters

C apacitance M eter
Som e D M M s have built-in capacitance m easurem ent. If yours doesnɋt, consider
a capacitance m eter. Itɋll let you check for reduced capacitance in w orn-out
pow er supply capacitors. Itɋll also help you identify unm arked capacitors. It w ill
not test ESR , w hich is w hy itɋs nice to have but not an absolute m ust. W here
pow er supply capacitors are concerned, ESR  is the m ost useful test.

Signal G enerator
M ore useful for servicing analog equipm ent than digital, a signal generator lets
you inject a test signal into a deviceɋs signal-processing stages to see w hether
doing so causes the expected effect. W ith todayɋs digital devices, itɋs not
som ething youɋll use very often, but it has som e application in sim ulating the
clock oscillators that drive digital circuitry. M any products, like M P3 players,
have both analog and digital sections, and a signal generator can com e in handy
w ith those if the audio circuitry m alfunctions.

The generators are called function generators w hen they have the ability to
create different kinds of w aveform s, such as sine, triangle and square w aves.
W hile sine-w ave-only generators are usually segregated by frequency band,
either audio or radio, function generators m ay have a w ide range encom passing
both, though they donɋt offer high-frequency ranges anyw here near those of
radio-only generators. M any function generators operate from  a couple of H z
(hertz, or cycles per second) to around 2 M H z (m egahertz, or m illions of cycles
per second), w hile radio-frequency (R F) generators m ay reach hundreds of
m egahertz.

Frequency C ounter
A  frequency counter does just that: count the frequency of a signal. It does so by
opening a gate for a precise period of tim e and counting how  m any cycles of the
signal get through before the gate closes again. A  counter is m ost useful w hen
the frequency of a circuitɋs oscillator needs to be adjusted accurately. This is
rarely the case w ith digital devices like cam eras and com puters, but it can be
critical w hen calibrating the m aster oscillators that control the tuning of radio
receivers and transm itters.



receivers and transm itters.
If youɋre considering getting a counter, look m ore at its low -frequency

capabilities than at the high end, unless you plan to w ork on U H F (ultra high
frequency) or m icrow ave system s. M any of the inexpensive counters that can hit
1 G H z (gigahertz, or billions of cycles per second) are optim ized for radio w ork
and have gate tim es too short to count audio frequencies accurately. (The slow er
the signal frequency to be counted, the longer the gate has to stay open to let
enough cycles through for a proper count.) O h, and counters are another product
category, like D M M s, that m ay display lots of m eaningless digits. Especially
w ith the cheapies, there can be a long string of num bers to be taken w ith a
significant grain of sodium  chloride.

Frequency counters are capable of counting regular, continuous signals only;
theyɋre useless w ith com plex, changing ones. To extract frequency inform ation
from  those, you needɔ  yup, a scope. See, I told you that darned scope w as your
friend!

Speaking of scopes, youɋll need an extra scope probe for your counter unless
you w ant to share one w ith the scope. G et one w ith a 10X /1X  sw itch, as that is
especially handy for counter use.

A nalog M eter
The m oving m eter needle of an old-fashioned analog V O M  offers som e info to
the trained eye that a m odern D M M  canɋt. Slow ly fluctuating voltages, w hich
you m ight encounter w ith, perhaps, a bad voltage regulator or a circuit pulling
too m uch current, are even easier to see w ith a V O M  than w ith an oscilloscope.
Little voltage dips or spikes cause a characteristic bounce of the needle thatɋs
very inform ative, too. Y ou can even get a rough estim ation of an electrolytic
capacitorɋs condition w ith an analog ohm m eter by w atching the needle quickly
rise and then slow ly drop as the capacitor charges. W ith a D M M , such changes
are just rapidly flashing num bers im possible to interpret.

A  special type of V O M  is know n as a V TV M , for vacuum -tube voltm eter. A
V TV M  w orks like a V O M , but it contains an am plifier, m aking it considerably
m ore sensitive to sm all signals and m uch less likely to steal m eaningful am ounts
of current from  the circuit under test, or load it dow n. V TV M s go back a long
w ay, from  before there w ere transistors, and early ones really did use vacuum
tubes. Later m odels substituted the tubes w ith a very sensitive type of transistor
called a field-effect transistor (FET). Those w ere know n as FET-V O M s, but
m ost people continue to call any am plified analog m eter a V TV M , w hether it has
a tube or not. If you can find a FET-V O M , you m ight w ant to snap it up, because



theyɋre getting rare. True V TV M s are very, very old, and replacem ents for those
sm all tubes are hard to find, but som e w orking ones are still out there.

D ecent V O M s, FET-V O M s and V TV M s occasionally turn up at ham fests. A s
long as it w orks, an old V O M  is as good as a new  one; thereɋs not m uch in it to
go w rong. If the m eter needle m oves w ithout getting stuck and the selector
sw itch w orks, you should be good to go. True tube-type V TV M s m ay run on A C
pow er or on batteries, but the battery-operated units require cells nobody m akes
anym ore, so avoid those m eters. V O M s and FET-V O M s use batteries that m ay
sit in them  for years, so check inside the battery com partm ent to m ake sure an
old cell hasnɋt leaked and corroded the contacts. A m plified m eters (V TV M s and
FET-V O M s) have a lot m ore in them  than do V O M s, so itɋs best to test their
functions before buying.

M any com panies have m ade V O M s, but the best oldies w ere m ade by
Sim pson, w hich also m ade the best V TV M s. Som e of those ancient Sim psons
still go for real m oney, and theyɋre w orth it. Y ou pretty m uch have to shoot them
w hen you donɋt w ant them  anym ore. Triplett w as another com pany that m ade
great m eters.

Isolation T ransform er
It used to be that m ost A C -pow ered gear had a linear pow er supply, w hich
shifted the incom ing voltage dow n to a low er one through a transform er
operating at the 60-H z line frequency. The transform er, an assem bly of tw o or
m ore coils of w ire on an iron core, had no electrical connection betw een its input
and output; the energy w as transferred m agnetically. This arrangem ent helped
w ith safety because it m eant that the circuitry you m ight touch w as not directly
connected to the house w iring and thus couldnɋt find a path to ground through
that m ost delicate of all resistors, you. U nfortunately, to m ove a lot of pow er
required a big, heavy transform er.

Todayɋs sw itching pow er supplies, or sw itchers (see C hapter 15), chop the
incom ing pow er into fast bursts to push lots of energy through a sm all, light
transform er. Theyɋre m uch m ore dangerous to w ork on because som e of their
circuitry is connected directly to the A C  line, and it m ay have several hundred
volts on itɇ and often itɋs the section that needs repair.

A n isolation transform er is just a big, old-style A C  line transform er into
w hich you can plug your device. The transform er has a 1:1 voltage ratio, so it
doesnɋt change the pow er in any w ay, but it isolates it from  the A C  line, m aking
service of sw itchers a lot safer. If youɋre going to w ork on sw itching pow er



supplies w hile theyɋre connected to the A C  line, you m ust have an isolation
transform er. M any tim es you can fix sw itchers w hile theyɋre unpow ered, so
having an iso transform er is optional. Just donɋt ever consider w orking on a live
sw itcher w ithout one. Seriously! Y ou donɋt w ant the pow er supply to w ind up
being the only thing in the room  thatɋs live, if ya know  w hat Iɋm  saying.

Stereo M icroscope
W ith electronics getting sm aller and sm aller, even a head-w orn m agnifier m ay
not be enough for a com fortable view . M ore and m ore, techs are using stereo
(tw o-eye) m icroscopes to get a good, close look at solder pads on grain-of-salt-
sized com ponents. W hen you choose a m icroscope, get one w ith low
m agnification pow er. Y ouɋre not trying to see bacteria on the parts! 10X  to 20X
should be m ore than enough. A nything higher, and you probably w onɋt even be
able to recognize the com ponent. A  m ono (one-eye) m icroscope can be used, but
having the depth perception that com es w ith stereo vision can really help,
especially if youɋre trying to solder or desolder under the m icroscope. To find a
m icroscope, check eB ay. Som etim es they go for surprisingly affordable prices.

V ideo-cam era m icroscopes using a com puter for display are available online,
often for a lot less than traditional optical m icroscopes. Theyɋre basically
w ebcam s w ith ultra-close-up m acro lenses. If you have room  for a laptop on the
bench, theyɋre w orth considering, but soldering or m anipulating com ponents
w hile looking aw ay at a screen takes som e practice. I use a loupe glued to a
cheap pair of safety glasses.

B ench V ise
W ouldnɋt it be w onderful to be gifted w ith three hands? If you have only the
standard tw o, you m ay find it difficult to hold a circuit board w hile pulling a
com ponent lead from  one side and heating the solder pad on the other. C heck out
the PanaV ise and sim ilar sm all vises designed for electronics w ork. Som e offer
attachable arm s perfect for gripping the edges of circuit boards, and they let you
sw ivel the board to w hatever angle you need.

H ot-A ir R ew ork Station
These new ly affordable units blow  very hot air on a partɋs leads to m elt its
solder. The stations usually com e w ith a few  m etal tips that fit around w hat
youɋre trying to desolder. They get the com ponents rather hot, so there is som e
risk of ruining the parts youɋre rem oving. Som e com e w ith soldering irons built



risk of ruining the parts youɋre rem oving. Som e com e w ith soldering irons built
in so you can install new  parts after rem oving the old ones. H ot-air rew ork
stations are great for rem oving surface-m ount chips w ith lots of legs. Look for
these units online. See, the Internet really is full of hot air!

H ot-M elt G lue G un
A  sm all glue gun can help you repair broken cabinet parts, and a dab of hot-m elt
glue is also great for holding w ires dow n. M anufacturers som etim es use it for
that, and you m ay have to rem ove the glue globs to do your w ork. A fterw ard,
youɋll w ant to replace the m issing globs.

M agnet on a Stick
The first tim e you drop a tiny screw  deep into a repair project and it w onɋt shake
out, youɋll be glad you bought this tool. Itɋs useful for pulling loosened screw s
out of recessed holes, too. G et one that telescopes open like a rod antenna. Just
keep the darned tip aw ay from  hard drives, tape heads, video head drum s and
anything else that could be affected by a strong m agnetic field. A lso, keep in
m ind that the m etal rod could contact voltage, so never use the tool w ith pow er
applied, not even if the device is turned off. C harged electrolytic capacitors can
im part a jolt after pow er is disconnected, so keep aw ay from  their term inals too.
See C hapters 3 and 7 for m ore about capacitors.

C yanoacrylate G lue
A lso know n by the tradem arks Super G lue and K razy G lue, instant adhesive can
be useful on som e plastic parts. Itɋs strong, but it has poor shear strength and is
not terribly perm anent, so it shouldnɋt be used for repair of m echanical parts that
bear stress, as the repair w ill not last long. This type of glue is handy for holding
things together w hile you fasten them  w ith other, m ore perm anent m eans. Just be
aw are that it outgases a w hite film  as it hardens that is tough to rem ove, so keep
it aw ay from  lenses, display screens and other surfaces w here that m ight be a
problem .

C om ponent C ooler Spray
This stuff is colder than a w itchɋs, um , iced tea, and itɋs used to put the deep
freeze on suspected interm ittent com ponents, especially sem iconductors (diodes,
transistors and integrated circuit chips). W hile it m ight seem  prim itive to blast



transistors and integrated circuit chips). W hile it m ight seem  prim itive to blast
parts instead of scoping their signals, doing so can save you hours of fruitless
poking around w hen circuits w ig out only after they w arm  up. O ne good spritz
w ill drop the com ponentɋs tem perature by 50 degrees or m ore and can reveal a
therm al interm ittent instantly, returning the circuit to proper operation for a few
m om ents until it heats up again.

D ata B ooks
A lthough the Internet offers lots of great service-related inform ation, som e
im portant tidbits are still m ore easily found in a good old data book. Transistor
cross-reference data, w hich you use w hen you need to substitute one transistor
type for another because you canɋt get the original type, is m ost easily looked up
in a book. So is pinout data for various integrated circuits (IC s), voltage
regulators and varieties of transistors.

M otorola, N ational Sem iconductor and EC G  used to give aw ay reference
books, but these days youɋll probably have to buy them  from  electronics supply
houses. A t the least, consider getting a transistor substitution book. O f course, if
itɋs offered as a C D -R O M  or a dow nloadable PD F file, thatɋs even better,
assum ing you have a com puter near your bench.

Parts A ssortm ent
H aving a supply of com m only used com ponents is quite handy. Y ou can strip
old boards for parts, but itɋs tim e-consum ing, and you w ind up w ith very short
leads that m ay be difficult to solder to another board. Plus, your stash w ill be hit
or m iss, w ith big gaps in parts values. C onsider buying prepackaged assortm ents
of sm all resistors and capacitors or going to a ham fest and stocking up for m uch
less m oney. There, youɋre likely to find big bags of caps, transistors, chips,
resistors, and so on for pennies on the dollar. A void buying transistors and chips
w ith oddball part num bers you donɋt recognize, because they m ay be house
num bers, w hich are internal num bering schem es used by equipm ent
m anufacturers. Those num bers are proprietary, and thereɋs no w ay to determ ine
w hat the original type num ber w as. Thus, you canɋt look up the partsɋ
characteristics, m aking them  useless for repair w ork. R esistors and capacitors,
luckily, alm ost alw ays have standardized m arkings, and you can easily m easure
them  if you have the appropriate m eters.

D onɋt bother buying ceram ic disc capacitors, because they alm ost never go
bad, so you arenɋt likely to need any. If you do run into a suspicious one, you
can pull its replacem ent off a scrap circuit board. Instead, focus on resistors,



can pull its replacem ent off a scrap circuit board. Instead, focus on resistors,
transistors, voltage regulators, fuses and, especially, electrolytic capacitors. Y ou
w ill be replacing lots of electrolytics.

Electrolytic capacitors are the cylindrical ones w ith plastic sleeves around
them  and m arkings like Ɏ10³F 25V D C .ɏ See Figure 7-1 in C hapter 7. There are
m any varieties of ɋlytics, but som e are pretty com m on, and substitution of
sim ilar but not identical parts is feasible in m any instances. (W eɋll explore how
to do it in C hapter 12.) G et an assortm ent of caps in the range of 1 to 1,000 ³F
(m icrofarads), w ith voltage ratings of 35 volts or m ore. The higher the ratings,
both capacitive and voltage, the larger the cap. W hile itɋs fine in m any cases to
replace a cap w ith one of a higher voltage rating, get som e rated at low er
voltages too, in case there isnɋt room  on the board for the bigger part. A lso, som e
higher-voltage electrolytics have higher ESR , w hich can be a problem  in certain
circuits.

Stocking up on transistors is tricky because there are thousands of types.
Sm all-signal transistors, w hich donɋt handle a lot of current, are not hard to
substitute, but pow er transistors, used in output stages of audio am plifiers, pow er
supplies and other high-current circuits, present m any challenges, and theyɋre
usually the ones that need replacem ent. Still, sm all transistors are very cheapɇ
in the range of 5 to 25 cents eachɇ and itɋs w orth having som e around. G et som e
2N 2222A  or equivalent, along w ith som e 2N 3906. Y ou m ay find ham fest bags
of parts w ith sim ilar num bers that start w ith M PS or other headers. If the num ber
portion is 3906 or 2222, itɋs pretty m uch the sam e part and w ill do fine.

D iodes and rectifiers are frequent repair issues, so it pays to have som e on
hand. The only difference betw een a diode and a rectifier is how  m uch pow er it
handles. Sm all-signal parts are called diodes, and larger ones m ade for use in
pow er supply applications are dubbed rectifiers. Look for 1N 4148 and 1N 914
for the sm all fry and 1N 4001 through 1N 4004 for the big guns.

The bridge rectifier, w hich integrates four rectifiers connected in a diam ond
configuration into one plastic block w ith four leads, is com m only used in pow er
supplies. Itɋs a pow er-handling part that fails fairly often. G et a few  w ith current
ratings in the 1-to 5-am p range and voltage ratings of 150 to 400 volts.

To house com ponents, m ost of us use those m etal cabinets w ith the little
plastic draw ers sold at hardw are stores. Sort resistors and capacitors by value. If
you have too m any values for the num ber of com partm ents in the draw ers,
arrange the parts into ranges. For exam ple, one com partm ent can hold resistors
from  0 to 1 kƴ  (kilohm , or thousand ohm s), w hile the next m ight contain those
from  just above 1 to 10 kƴ . O nce you learn to read the color code (see C hapter
7), plucking the part you need from  its draw erm ates is easy.



Scrap B oards for Parts
D espite w hat I said about stripping old boards, you do w ant to collect carcasses
for parts. N o m atter how  large your com ponents inventory is, the one you need is
alw ays the one you ainɋt got! A n old V C R  or radio can provide a w ealth of
goodies, som e of w hich are not easily obtained at parts houses, especially at
11:30 p.m . on a Sunday, w hen your hours of devoted sleuthing have finally
unearthed the problem ɇ at least you think soɇ and you w ould sell parts of your
anatom y for that one darned transistor, just to see if it really brings your patient
back to life.

If you have room , itɋs easy to pile up dead gadgetry until your spouse,
conscience or neighbors intervene. Y ouɋre highly unlikely ever to need cabinet
parts, because they w onɋt fit anything beyond the m odels for w hich they w ere
m ade, so saving entire m achines is som ew hat pointless and inefficient. The
better approach is to rem ove circuit boards, knobs and anything else that looks
useful, and scrap the rest. D onɋt bother stripping the boards; just desolder and
pull off a part w hen you need it. If the leads are too short, solder on longer ones.

W ish L ist
For m ost service w ork, you can easily live w ithout the follow ing item s, but they
m ake for good drooling. Som e advanced servicing requires them , but m ost of
your jobs w onɋt.

Inductance M eter
This m eter reads the inductance value of coils, w hich seem s like som ething quite
useful, right? Itɋs really rare, though, for a coil to change its inductance w ithout
failing altogether. U sually, the coil w ill open (cease being connected from  end to
end) from  a m elted spot in the w ire as a result of too m uch current overheating
the w indings. In the high-voltage coils used in C R T TV s and LC D  backlighting
circuits, insulation betw een coil w indings can break dow n and arc over, causing
a short betw een a few  w indings but leaving m ost of them  intact. That w ill
change the coilɋs inductance, m aking an inductance m eter useful. To get any
benefit from  it, how ever, you need to know  w hat the correct inductance should
be, and often thereɋs no w ay to ascertain that unless you have a know n good coil
w ith w hich to com pare the suspect one. That, and the fact that coils donɋt w ear
out and show  gradually declining perform ance the w ay electrolytic capacitors
do, accounts for the inductance m eterɋs place on the w ish list, w hile the



capacitance m eter is a little higher up the chain of desire, and the ESR  m eter is a
m ust-have.

L ogic A nalyzer
A n offshoot of the oscilloscope, a logic analyzer has lots of input channels but
show s only w hether signals are on or off. It is used to observe the tim ing
relationships am ong m ultiple digital signal lines. G etting benefit from  it requires
know ledge of w hat those relationships should be, inform ation rarely provided in
the service m anuals of consum er electronics devices. It is unlikely youɋll ever
need one of these.

Spectrum  A nalyzer
This is a special type of scope. Instead of plotting voltage versus tim e, a specan
plots voltage versus frequency, letting you see how  a signal occupies various
parts of the frequency spectrum . U sed extensively in design and testing of radio
transm itters, specans are expensive overkill for m ost service w ork, unless R F
gear is your thing. H am  radio operators covet these costly instrum ents, but you
w onɋt need one to fix norm al consum er electronics devices. B esides, it is illegal
to service transm itters in any w ay that could m odify their spectral output unless
youɋre a licensed am ateur radio operator w orking on ham  gear or you hold a
radiotelephone license authorizing you to w ork on transm itters.

B G A  R ew ork Station
A  B G A , or ball-grid array, is the very sm all, dense grid of ball-shaped solder
contacts underneath high-density chips like com puter graphics processors. O ver
tim e, the expansion and contraction from  the heating and cooling cycles of these
hot-running parts breaks a connection or tw o, and the product crashes. B G A
problem s are a m ajor cause of laptop and video gam e m achine failures. A las,
repairing B G A s is extrem ely difficult, requiring expensive equipm ent and quite
a bit of expertise. PC  boards can be sent out for B G A  repair. A s you m ight
expect, itɋs not cheap. Som e people are trying it at hom e, though, and B G A
rew ork equipm ent is becom ing available. R ew orking B G A s is not covered in
this book. If you really w ant to try it, go to youtube.com , search on ɎB G A
rew orkɏ and see how  itɋs done.
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C hapter 3
D anger, D anger! Staying Safe

efore you start repairing electronics, get clear on one im portant fact: as soon
as you crack open a productɋs case, you have left the governm ent-regulated,

ɎIɋll sue you if this thing hurts m e,ɏ coddled, protected w orld of consum er
electronics behind. O nce the cover com es off, you are on your ow n, and you can
get hurt or killed if youɋre not careful! Y ouɋve probably heard m any tim es how
dangerous C R T (picture-tube TV ) sets are to service, but donɋt fool yourself into
thinking that todayɋs gear is all that m uch safer. Even som e battery-operated
devices step up the voltage enough to zap the living crud out of you.

That said, you can learn to navigate all kinds of repairs safely. Letɋs look at a
few  w ays you can get injured and how  to avoid it, follow ed by the inverse: how
you can dam age the product youɋre trying to service.

E lectric Shock
This is the m ost obvious hazard and the easiest to let happen. It m ight seem
sim ple to avoid touching live connection points, but such contact happens all the
tim e because the insides of products are not designed for safety. R em em ber,
youɋre not supposed to be in there! Y ou m ay find com pletely bare, unprotected
spots harboring dangerous voltage, and a slip of the tool can be serious.

R em ove your w ristw atch and jew elry before slipping your hand into a live
electronic product. Y es, even a battery-operated one. Take off the w edding ring,
too. They donɋt call m etal contact points term inals for nothing!

In m ost devices, the electrical reference point called circuit ground is its
m etal chassis and/or m etal shields. This is w here old electrons go to die after
having done their w ork, w ending their w ay through the various com ponents to
get there. The trick is not to let them  take you along for the ride! If you are in



contact w ith the circuit ground point and also a point at a voltage higher than
about 40 or 50 volts, you w ill get shocked. If your hands are m oist, even low er
voltages can zap you. The bodily harm  from  a shock arises m ore from  the
current (num ber of electrons) passing through you than from  the voltage (their
kick) itself. The higher the kick, though, the m ore electrons it forces through
your bodyɋs resistance, w hich is w hy voltage m atters. The path through your
body is im portant as w ell, w ith the m ost dangerous being from  hand to hand,
because the current w ill flow  across your chest and through your heart. That, of
course, is one electrically regulated m uscle w hose rhythm  you donɋt w ant to
interrupt. So, itɋs prudent to keep your hand aw ay from  the circuit ground w hen
taking m easurem ents, just in case your other hand touches som e significant
voltage. In the old C R T TV  service days, techs lived by the Ɏone hand rule,ɏ
keeping one hand behind their backs w hile probing for signals in a pow ered set.
A lso, donɋt service electronics w hile youɋre barefoot or w earing socks; youɋre
m ore likely to be grounded, offering a path through your body for w ayw ard
electrons. A lw ays w ear shoes.

Sw itching pow er supplies (see C hapter 15) have part of their circuitry directly
connected to the A C  house current line. A s I m entioned in C hapter 2 in the
section about isolation transform ers, thatɋs a very dangerous thing because lots
of item s around you in the room  represent lovely ground points to w hich those
unisolated electrons are just dying to go, and they donɋt m ind going through you
to get there. O nce again, never w ork on circuitry w hile it is directly connected to
the A C  line. If thereɋs no transform er betw een the A C  line and the part of the
circuit you w ish to investigate, itɋs directly connected. U nplug it from  the line
even before connecting your scopeɋs ground clip, because w here you clip it m ay
be at 120 volts or m ore, w hich w ill flow  through the scopeɋs chassis on its w ay
to the instrum entɋs ground connection, blow ing fuses and possibly w recking
your scope.

Lots of A C -operated products have exposed pow er supplies, w ith no
protection at all over the fuse and other item s directly connected to the A C  line.
Touching one of those parts is no different than sticking a screw driver in a w all
socket. Itɋs all too easy for the back of your hand to grant you a nasty surprise
w hile your fingers and attention are aim ed elsew here. Even if the shock isnɋt
serious (w hich it could be), youɋll instinctively jerk your hand aw ay and
probably get cut on the m achineɋs chassis. W hen probing in a device w ith an
exposed pow er supply, place som ething nonconductive over the board w hen
youɋre not w orking on the supply itself. I like to use a piece of soft vinyl cut
from  the cover of a school notebook.



C apacitors, especially large electrolytics, can store a serious am ount of
energy long after pow er has been rem oved. Iɋve seen som e that w ere still fully
charged w eeks later, though m any circuits w ill bleed off their energy w ithin
seconds or m inutes. The only w ay to be sure a cap is discharged is to discharge it
yourself. N ever do this by directly shorting its term inals! The current can be in
the hundreds of am ps, generating a huge spark and som etim es even w elding
your tool or w ire to the term inals. W orse, that fast, furious flow  can induce a
gigantic current spike into the deviceɋs circuitry, silently destroying transistors
and chips. Instead, connect a 10-ohm  resistor rated at a w att or tw o to a couple of
clip leads, and clip them  across the term inals to discharge the cap a little m ore
slow ly. K eep them  connected for 20 seconds, and then rem ove one and m easure
across the cap w ith your D M M  (digital m ultim eter) set to read D C  voltage. It
should read zero or close to it. If not, apply the resistor again until it does.

B efore discharging a cap, look at its voltage rating. The voltage on it w ill
alw ays be less than the rating. If a cap is rated at 16 volts, it isnɋt going to be
dangerous. If itɋs rated at 150 volts, w atch out. Even w ith the low -voltage part,
you m ay w ant to discharge it before soldering or desoldering other com ponents,
to avoid causing m om entary shorts that perm it the capɋs stored energy to flow
into places it doesnɋt belong. M ost of the tim e, low -voltage caps are in parts of
circuits that cause the capacitors to discharge pretty rapidly once pow er is turned
off, but not alw ays.

The capacitance value tells you how  m uch energy the capacitor can store. A
0.1-³F (m icrofarad, or m illionth of a farad) cap canɋt store enough to cause you
harm  unless itɋs charged to a high voltage, but w hen you have tens, hundreds or
thousands of m icrofarads, the potential for an electrifying experience is
considerable at the low er voltages youɋre m ore likely to encounter.

C R Ts, especially in color TV  sets, act like capacitors and have low  enough
leakage to store the high voltage applied to their anodes (the hole in the side w ith
the rubber cap and the thick w ire com ing from  it) for m onths. There isnɋt m uch
capacitance, thus not a lot of current, but the voltage is so high (anyw here from
25,000 to 50,000 volts!) that w hat there is w ill go through you fast and hard
enough to cause a large, sad fam ily gathering about a w eek later. C R Ts are going
the w ay of the dodo, so you probably w onɋt w ork w ith them  anyw ay. Just be
very, very careful if you do. The term inals at the back of the tube carry som e
pretty high voltages too.

The backlighting circuits of LC D  (liquid-crystal display) m onitors and TV s,
along w ith m uch of the circuitry of plasm a TV s, operate at high enough voltages
to be treated w ith respect. Itɋs unw ise to try to m easure the output of a running
backlighting circuit at the point w here it connects to the fluorescent lam p tube



backlighting circuit at the point w here it connects to the fluorescent lam p tube
unless you have a high-voltage probe m ade for that kind of w ork. W ithout one,
you m ay get shocked from  the voltage exceeding the breakdow n rating of your
probe, youɋre likely to dam age your D M M  or scope, and the added load also
m ay blow  the backlighting circuitɋs output transistors.

Speaking of lam ps, the high-pressure m ercury vapor arc lam ps used in video
projectors are Ɏstruck,ɏ or started, by putting around a kilovolt (1,000 volts) on
them  until they arc over, after w hich the voltage is reduced to about 100 volts.
K eep clear of their connections during the striking period, and donɋt try to
m easure that startup voltage.

Physical Injury
The outsides of products are carefully designed to be user-safe. N ot so the
insides! Itɋs easy to get sliced by com ponent leads sticking up from  solder joints,
by the edges of m etal shields, and even by plastic parts. M ove deliberately and
carefully; quickly shoving a hand into nooks and crannies leads to cuts, bleeding
and cursing. That said, it still happens often enough that m y years of tech w ork
led m e to coin the phrase, ɎN o job is com plete w ithout a m inor injury.ɏ

C D  and D V D  players and recorders (especially recorders) put out enough
laser energy to harm  your eyes, should you look into the beam . V ideo projectors
use lam ps so bright that you w ill seriously dam age your vision by looking
directly at them . The lam ps and their housings get m ore than hot enough to burn
you, and hot projection lam ps are very fragile, so donɋt bounce the unit or hit
anything against it w hile itɋs operating. A n exploding lam p goes off like a little
firecracker, oh-so-expensively show ering you w ith fine glass particles and a
little m ercury, just for extra entertainm ent.

Speaking of eyes, yours w ill often be at rather close range to the w ork. M uch
of the tim e, youɋll be w earing m agnifying lenses offering som e protection from
flying bits of w ire or splattered m olten solder. W hen the m agnifiers arenɋt in use,
itɋs a good idea to w ear goggles, especially if you donɋt w ear glasses. Excess
com ponent leads clipped w ith diagonal cutters have an odd, alm ost m agnetic
tendency to head straight for your corneas at high speed. Solder sm oke also likes
to visit the area, and it can be pretty irritating.

Y ou can hurt your ears, too, particularly w hen w orking on audio am plifiers
w ith speakers connected. Touching the w rong spot m ay produce a burst of hum
or a squeal loud enough to do dam age w hen your ears are close to the speakers.
That sort of thing happens m ostly w ith m usical instrum ent am plifiers because
their speakers are right in your face w hen you w ork on them , and those am ps
pack quite a w allop. Even a 15-w att guitar am p can get painfully loud up close.



pack quite a w allop. Even a 15-w att guitar am p can get painfully loud up close.
D onɋt think turning the volum e knob dow n w ill protect you; there are plenty of
places you can touch that w ill produce full pow er output regardless of the
volum e controlɋs position.

O ther opportunities for hearing dam age involve using headphones to test
m alfunctioning audio gear. Even a little M P3 player w ith just a few  m illiw atts
(thousandths of a w att) of output pow er can pum p punishingly loud noises into
your ears, particularly w hen ear buds that fit into the ear canals are used. If you
m ust w ear headphones to test a device, alw ays use the over-the-ear type, and
pull them  back so they rest on the backs of your earlobes. That w ay, you can
hear w hatɋs going on, but unexpected loud noises w onɋt blast your eardrum s.

B reathing in solder sm oke, contact cleaner spray and other service chem icals
isnɋt the healthiest activity. K eep your face aw ay w hen spraying. W hen you m ust
get close w hile soldering, holding your breath before the sm oke rises can help
you avoid inhalation.

Y our T urn
Sure, electronics can hurt you, but you can hurt the equipm ent too. Todayɋs
devices are generally m ore delicate than those of past decades. It w as pretty hard
to dam age a vacuum -tube circuit w ith anything short of shattering the glass w ith
a dropped w rench. O lder solid-state gear w as built at a large enough size scale to
be serviceable com fortably, w ithout too m uch risk of accidental short circuits or
physical dam age. Todayɋs ultram iniaturized circuitry is an entirely different slab
of silicon. H ere are som e w ays you can m ake a m ess of your intended repair.

E lectrical D am age
W orking w ith pow ered circuits is essential in m any repair jobs. Y ou canɋt scope
signals w hen theyɋre not there! Poking around in devices w ith pow er applied,
though, presents great opportunity to cause a short, sending voltages to the
w rong places and blow ing sem iconductors, m any of w hich cannot w ithstand out-
of-range voltages or currents for m ore than a fraction of a second. O ne of the
easiest w ays to trash a circuit is to press a probe against a solder pad on the
board, only to have it slip off the curved surface w hen you look up at your test
instrum ent, and w ind up touching tw o pads at the sam e tim e. A ny tim e you stick
a probe on a solder pad, be aw are of this potential slip. A t som e point, itɋll
happen anyw ay, I prom ise you. Luckily, m any tim es it causes no harm . A las,
som etim es the results are disastrous. If you experience this oops-atronic event



som etim es the results are disastrous. If you experience this oops-atronic event
and the circuitɋs behavior suddenly changes, and toggling the pow er doesnɋt
restore it to its previous state, assum e you did som e dam age.

A nother com m on probing problem  occurs w hen a scope probe is too large for
w here youɋre trying to poke it, and its ground ring, w hich is only a few
m illim eters from  the tip, touches a pad on the board, shorting it to ground.
A gain, som etim es you get aw ay w ith it, som etim es you donɋt. In sm all-signal
circuit stages, itɋs m ore likely to be harm less. In a pow er supply, w ell, you donɋt
w ant to do it, okay? It can be helpful in tight circum stances to cut a sm all square
of electrical tape and poke the end of the probe through it, thus insulating the
ground ring.

Itɋs possible to cause electrical dam age w hen taking m easurem ents, even if
you donɋt slip w ith the probe. W hile scopes and m eters have high-im pedance
inputs that w onɋt present any significant load to m ost circuits, som etim es you
m ay be tem pted to connect resistors or capacitors across points to gauge the
effects. That can be an effective diagnostic technique in som e cases, but it
should be used w ith caution because you can pull too m uch current through
som e other com ponent and blow  it.

O ther tim es you m ay w ant to connect a voltage to a point to see if it restores
operation. That, too, can be useful, but it requires consideration of the correct
voltage and polarity, the am ount of current required and exactly w here that
energy w ill go. G et one of those things w rong, and you could let som e of that
m agic sm oke out of the unitɋs com ponents, w ith predictable consequences.

W hen your scope is set to A C  coupling (see C hapter 6), it inserts a capacitor
betw een the probe and the rest of the scope. A fter you probe a point w ith a D C
voltage on it, that voltage rem ains on the capacitor and w ill be discharged back
through the probe into the next point you touch. The am ount of current is very,
very sm all, but if you touch a connection to an especially sensitive IC  (integrated
circuit) chip or transistor that canɋt handle the stored voltage, you could destroy
the part in the short tim e it takes to discharge the scopeɋs capacitor. W hen using
A C  coupling, touch the probe to circuit ground betw een m easurem ents to
discharge the cap and prevent dam age to delicate com ponents. Y ouɋll get a m ore
accurate reading that w ay as w ell.

W hen operating a unit w ith your bench pow er supply, there are several things
you can get w rong that w ill w reck the product. First and forem ost, donɋt connect
positive and negative backw ard! N othing pops IC  chips faster than reversed
polarity. Products subjected to it are often dam aged beyond repair.

Som e devices, especially those intended for autom otive use, have reverse-
polarity protection diodes across their D C  pow er inputs. The diode, deliberately
connected backw ard w ith its anode to negative (Ɇ) and its cathode to positive



connected backw ard w ith its anode to negative (Ɇ) and its cathode to positive
(+), doesnɋt conduct as long as the pow er is applied correctly. W hen polarity is
reversed, the diode conducts, effectively shorting out the pow er input and
usually blow ing the pow er supplyɋs fuse, protecting the productɋs sensitive
transistors and chips from  backw ard current. If the pow er supply has a lot of
current available, the diode m ay rapidly overheat and short, requiring its
replacem ent, but the rest of the unit should rem ain unharm ed.

Few  battery-operated products have protection diodes. R everse-polarity
protection is usually accom plished m echanically in the battery com partm ent by a
recessed term inal design that prevents the batteryɋs flat negative term inal from
touching the positive contact. The A C  adapter jack probably isnɋt protected
either, because itɋs assum ed you w ill use the adapter that cam e w ith the product.

So, be very careful to connect your pow er supply the right w ay around, and
never hook it up w hile pow er is turned on, lest you even m om entarily touch the
term inals w ith your clips reversed.

B e sure youɋve set your pow er supplyɋs voltage correctly, too. U ndervoltage
rarely causes dam age, but overvoltage is likely to do so if itɋs applied for m ore
than a few  seconds. W eɋre not talking m illivolts here; if youɋre w ithin a quarter
of a volt or so, thatɋs usually good enough. A  decade ago, m ost item s ran on
unregulated linear-type adapters and did the regulating internally, so they w ere
fairly tolerant of having excessive voltage com ing in, and you w ere fine if you
w ere w ithin 2 or 3 volts. These days, m ost products are using regulated,
sw itching-type A C  adapters w ith very steady voltage outputs, so the gadgets
expect a pretty accurate voltage.

In som e autom otive products, the reverse-polarity protection diode is a zener
diode. These special diodes act like regular diodes, except that they also begin to
conduct in their reverse direction w hen a specific voltage, called the zener
voltage, is reached (see C hapter 7). Just like all reverse-polarity protection
diodes, theyɋre connected backw ard, w ith cathode to positive. So, they actually
start conducting in the circuitɋs forw ard direction above the preset voltage. The
idea is to keep alternator spikes and overvoltage in a carɋs electrical system  from
dam aging the deviceɋs circuitry by m aking them  pass through the diode instead.
Since the zener diode also conducts in the circuitɋs reverse direction, just like a
regular diode, it protects against reversed polarity as w ell.

If you turn your pow er supplyɋs voltage up too high, the zener diode w ill start
conducting, resulting in excessive current through it that w ill overtax your pow er
supply. It m ay heat up and destroy the diode, causing a short circuit across the
supply. In that case, youɋll have to replace or at least disconnect the diode before
you can resum e repairing the device. (If you disconnect the ruined diode, be sure
to replace it before com pleting the repair!)



to replace it before com pleting the repair!)
M ost zener diodes used in this m anner start conducting at 15 or 16 volts.

W hen servicing products m ade for car use, keep your supply as close to 13.8
volts as possible. Thatɋs the correct voltage of a carɋs electrical system  w hen the
engine is running. V irtually all m odern autom otive electronics are designed for
this voltage.

A  static charge from  rubbing your shoes across the carpet, or just the dry air
of w inter, can put hundreds to thousands of volts on your fingertips and any
tools youɋre holding. If you think you could be charged, and especially any tim e
you handle C M O S (com plem entary m etal-oxide-sem iconductor) chips,
M O SFETs (m etal-oxide-sem iconductor field-effect transistors), m em ory cards
or other sensitive sem iconductors, touch a grounded object first. The m etal case
of your bench pow er supply should do the trick as long as itɋs plugged into a
three-w ire outlet. I donɋt recom m end using a scope as a discharge point, because
it has plenty of sensitive chips inside, and you sure donɋt w ant to dam age those!

Physical D am age
There are lots of w ays you can break things w hen youɋre inside a m achine. O ne
of the easiest is to tear a ribbon cable or snap off a critical part w hile
disassem bling the device. Som e products pop apart easily but m ay have hidden
risks. I once serviced a video projector cleverly designed to snap open w ithout a
single screw , but a tiny ribbon cable linked the top and bottom , and I w as lucky
that it popped out of its connector w ithout being torn in half w hen I rem oved the
top case. H ad I pulled a little harder, Iɋd probably have done dam age difficult to
repair. A s careful as I w as trying to be, I still didnɋt see that darned ribbon until
it w as too late.

Sm all connectors of the sorts used on laptop m otherboards and pocket
cam corders can be torn from  the circuit board. Todayɋs products are soldered by
m achine, and the soldering to connectors isnɋt alw ays the greatest, because they
are a bit larger than the com ponents, so they donɋt get quite as w arm  during
soldering. A  little too m uch pressure w hen you disconnect the cable, and the
connector can com e right off the board. D epending on the size scale of its solder
pads, it m ay be im possible to reattach it. M ost ribbon connectors have a release
latch you m ust flip up or pull out before rem oving the ribbon. A lw ays look for it
before pulling on the cable (Figures 3-1 and 3-2).



FIG U R E  3-1 R ibbon connector w ith flip-up latch.



FIG U R E  3-2 R ibbon connector w ith pull-out latch.

Y our soldering iron, that m agic instrum ent of therm o-healing, can also do a
lot of dam age, especially to plastic. The sides of the heating elem ent can easily
press against plastic cabinetry w hen you have to solder in tight places, m elting it
and ruining the unitɋs cosm etics.

Finally, be careful w here you press your fingers. M ost circuitry is fairly
hardy, but som e com ponents, including video heads, m eters, speaker cones,
m icrophone diaphragm s, D LP projector color w heels and C D /D V D  laser optical
heads, just canɋt stand m uch stress and w ill break if you push on them  even w ith
m oderate force.

Y ou Fixed It! Is It Safe?
A fter repair, itɋs your duty as a diligent device doctor to ensure the product is
safe to use. O ne com m on error resulting in an unsafe repair job is neglecting to
put everything back the w ay it w as. If you have internal shields and covers or
other item s left over after you close the unit, youɋll need to open it back up and
put them  w here they belong. M anufacturers donɋt w aste a single penny on
unnecessary parts, so you know  theyɋre im portant!

Itɋs easy to touch w iring and m elt insulation w ith the side of your soldering



Itɋs easy to touch w iring and m elt insulation w ith the side of your soldering
iron w hile youɋre concentrating on soldering com ponents. In units w ith lots of
w ires, it can happen despite your best intention to be careful. Y ou m ight not
notice doing it if youɋre focusing on the action at the tip, but the sm oke and
sm ell w ill alert you. Should you do this, fix the dam age im m ediately; donɋt w ait
until the repair is over. For one thing, you m ay have created a short or a lack of
insulation that could cause dam age or injury w hen pow er is applied. For another,
you m ight forget later and close the unit up in that condition.

Patching m elted insulation can be as easy as rem elting it to cover the w ire, in
the case of low -voltage, signal-carrying w ires w ith only sm all m elted spots. O r,
it m ight require cutting, splicing and heat-shrink tubing if the w ire handles
serious voltage or the dam age is too great. R em em ber, electrical tape w ill com e
off after aw hile, so never depend on it for long-term  safety.

W hen the product has an A C  cord, take a look at it and run your hand along
its entire length, checking for cuts. N aturally, you w ant to live, so unplug it
before doing this! Y ouɋll be am azed at how  m any frayed, cut and pet-chew ed
cords are out there. R eplace the cord or repair it as seem s appropriate for its
condition, paying extra attention to a good, clean job w ith proper insulation. If
the dam age is only to one w ire, itɋs easier to fix than if both sides are involved,
because at least the tw o w ires canɋt short to each other. W ith a dam aged A C
cord, I like to use both electrical tape and heat-shrink tubing over it.

A T E
D id you A TE? N o, I didnɋt just lose m y gram m atical m ind, and Iɋm  not
suggesting you go get a snack! A TE stands for Alw ays Test Everything. H ave
you tested everything? Y ou put in a new  battery holder, and obviously that has
to w ork, so w hy bother testing it, right? N ot right! C heck it or you m ight w ind
up w ith bite m arks on your left butt cheek w hen you canɋt figure out w hy the
unit no longer pow ers up. Even the sim plest things have a w ay of not w orking
w hen you donɋt test them .

Itɋs even m ore of an issue w ith repairs that arenɋt so sim ple. For exam ple, if
youɋve replaced pow er-handling com ponents like output transistors or voltage
regulators, be sure to test the unit for proper operation and excess heat. Stereo
am ps and receivers, for instance, som etim es require bias adjustm ents w hen the
output transistors are changed. These adjustm ents determ ine how  m uch current
flow s through the transistors w hen no signal is being am plified. If you donɋt set
the bias correctly, the unit w ill w ork for aw hile, but it m ay overheat badly, and
the transistors m ay fail. Let it run on the bench for a few  hours at norm al



listening volum e and see how  hot it gets. B e sure w hat youɋve fixed is really
w orking properly before you close it up. A TE. Seriously. Everything.

W eɋll revisit A TE periodically throughout this book. Itɋs that im portant.



I

C hapter 4
I Fix, T herefore I A m : T he Philosophy of
T roubleshooting

m agine if your doctor saw  you as a collection of organs, nerves and bones,
never considering the synergistic result of their w orking together, supplying

each other w ith the chem icals and signals necessary for life. N o organ could
survive on its ow n, but together they m ake a living, breathing, occasionally
snoring you! N ow  consider how  tough itɋd be to solve a m urder case w ithout
considering the m otives, personalities and circum stances of the victim  and all
potential suspects. The knife is right there next to the body, but anybody on
Earth could have done the crim e. W hy w as the victim  killed? W ho knew  him ?
W ho m ight have w anted him  dead?

Troubleshooting, w hich involves skills som ew hat like those of doctors and
detectives, is a lot like that. Y ou can think of an electronic device as a bunch of
transistors, chips and capacitors stuffed into a box, and som etim es thatɋs enough
to find sim ple failures. Taking such a m yopic view , though, lim its you to being a
m ediocre technician, one w ho w ill be stum ped w hen the problem  isnɋt obvious.
To be a top-notch tech requires consideration of the bigger picture. W ho m ade
this product, and w hat w ere the design goals? H ow  is it supposed to w ork? H ow
do various sections interact, and w hat is the likely result of a failure of one area
on another?

M achines are system s. B eing built by hum ans, they naturally reflect our
biological origins, w ith cam eras for eyes, m icrophones for ears, speakers for
larynxes and m icroprocessors for brains. Even the nam es of m any parts sound
like us: tape recorders, hard drives and optical disc players have heads,
turntables have arm s, chips have legs and picture tubes have necks. Som e
products, especially those run by softw are, even exhibit personalities, or at least
it feels that w ay to us. Their features and quirks can be irritating, hum orous or



soothing. Their failures are m uch like our ow n, too, w ith sym ptom s that m ay be
far rem oved from  w hatɋs causing them , thanks to som e obscure interaction that
nobody, not even the circuitɋs designer, could have foreseen.

The m ore you com e to understand how  devices w ork at the m acro level, the
m ore sense their problem s w ill m ake. The m ore you can consider products as
m etal and silicon expressions of hum an thinking, the better sleuthing skills you
w ill attain. B efore w e get to the nitty-gritty of transistors, current flow  and
signals, letɋs put on our philosophersɋ hats and becom e the Socrates of circuitry,
the Erasm us of electrons. Letɋs look at w hy products w ork and w hy they donɋt,
and how  to avoid som e of the com m on pitfalls developing techs encounter. Letɋs
becom e one w ith the m achines.

W hy T hings W ork in the First Place
W hen you get a few  thousand parts together and apply pow er to them , they can
interact in m any w ays. The designing engineer had one particular w ay in m ind,
but that doesnɋt m ean the confounded conglom eration of com ponents w ill
cooperate!

A nalog circuitry has a w ider range of variation in its behaviors than does
digital, but even todayɋs all-digital gear can be surprisingly inconsistent. Iɋve
w itnessed tw o identical laptop com puters running exactly the sam e softw are,
w ith exactly the sam e settings, but draw ing significantly different am ounts of
current from  their pow er supplies. Iɋve also seen all kinds of m inor variations in
color quality betw een identical digital still and video cam eras. I rem em ber a ham
radio transceiver w hose digital control system  exhibited a bizarre, obscure fault
in its m em ory storage operation that no other radio of that m odel w as reported to
have, and I never found any bad parts that m ight explain the sym ptom . I finally
had to m odify the radio to get it to w ork like all the others.

Sure, you string a few  gates together and you w ill be able to predict their
every state. G et a few  thousand or m ore going, run them  m illions of tim es per
second, and m ysterious behaviors m ay start to crop up.

Itɋs useful to think of all circuitry as a collection of resistors im peding the
passage of current from  the pow er supply term inal to circuit ground. A s the
current trickles through them , it is used to do w ork, be it sw itching the gates in a
m icroprocessor, generating laser light for a disc player or spinning the disc.
Electrons, though, are little devils that w ill go anyw here they can. If thereɋs a
path, theyɋll find it. M alfunctions can be considered either as paths that shouldnɋt
be there or a lack of paths that should.



In essence, w hen m achines w ork properly, itɋs because they have no choice.
The designer has carefully considered all the possible paths and correctly
engineered the circuit to keep those pesky electrons m oving along only w here
and w hen they should, locking out all possible behaviors except the desired one.
W hen choice arises, through failing com ponents, user-inflicted dam age or design
errors, the electrons go on a spree like college students at spring break, and the
unit lands on your w orkbench.

Products as A rt
A  m achine is an extension of its designer, m uch as a concerto is an extension of
its com poser. B eethoven sounds like B eethoven, and never like R achm aninoff,
because Ludw igɋs bag of tricks and w ay of thinking w ere uniquely his, right?
Itɋs m uch the sam e w ith products. In this case, how ever, they tend to have
unifying characteristics m ore reflective of their m anufacturing com panies than
of a specific person. Still, I suspect that an individual engineerɋs or m anagerɋs
view points and preferences set the standard, good or bad, that lives on in a
com panyɋs product line long after that em ployeeɋs retirem ent.

U nderstanding that com panies have divergent design philosophies and quirks
m ay help your repair w ork because you can keep an eye on issues that tend to
crop up in different m anufacturersɋ m achines. Y ou m ay notice that digital
cam eras from  one m aker have a high rate of im aging chip failures, so youɋll go
looking for that instead of som e other related problem  w hen a troublesom e case
hits your bench. O r perhaps youɋve found that tape-type cam corders from  a
particular com pany often have m echanical loading problem s because that
m anufacturer uses loading arm s and other m etal structures in the tape transport
that are too thin, so they bend.

W hen youɋve fixed enough products, youɋll begin to recognize w hat com pany
m ade a m achine just by looking at its circuit board or m echanical sections. The
layouts, the styles of capacitors, the connectors and even the overall look of the
copper traces on a board are different and consistent enough to be dead
giveaw ays.

If It O nly H ad a B rain
C ontinuing our anatom ical analogy, yesterdayɋs tech product w as like a zom bie.
Perhaps it had an ear (m icrophone), som e m em ory (recording tape) and a m outh
(speaker). Each system  did its sim ple job, w ith support from  a stom ach (pow er
supply) and som e m uscles (m otors, am plifiers).



supply) and som e m uscles (m otors, am plifiers).
W hat w as m issing w as a brain. Todayɋs gear is cranium -heavy, laden w ith

com puting pow er. G one are sim ple m echanical linkages to control sequencing
and m ovem ent of m echanism s. Instead, individual actuators m ove parts in a
sequence determ ined by softw are, positional inform ation gets fed back to the
m icroprocessor, and m alfunctions m ight originate in the m echanics, the sensors,
the softw are or som e subtle interaction of those elem ents. N o longer are there
potentiom eters (variable resistors) to set volum e or brightness; buttons signal the
brain to change the param eters. H eck, m ost gadgets today donɋt even have
Ɏhardɏ on/off sw itches that actually disconnect pow er from  the circuitry. Instead,
the pow er button does nothing m ore than send a signal to the m icroprocessor,
requesting it to energize or shut dow n the productɋs circuitry.

In addition to the brain, m any m odern products have nervous system s
consisting of interm ediary chips and transistors to decode the m icroɋs com m ands
and fan them  out to the various m uscles and organs doing the actual w ork.
Failures in these areas can be tough to trace because their incom ing signals from
the com puter chip depend on tricky tim ing relationships betw een various signal
lines. This is a profound shift from  the old w ay of building devices, and it adds
new  layers of com plication to repair w ork. Is the circuit not w orking due to its
ow n m alfunction, or is it playing dead because the m icro didnɋt w ake it up?

Todayɋs m achines are com plete electrono-beings w ith pretty com plex heads
on their shoulders. Som e offer updatable softw are, w hile m any have the coding
hardw ired into their chips. W hich w ould you like to be today: surgeon or
psychiatrist?

T he G ood, the B ad and the Sloppy
Itɋs easy for an experienced tech to tell w hen a repair attem pt has been m ade by
an unqualified person. The screw s w ill be stripped, or there w ill be poorly
soldered joints w ith splashes of dripped solder lying across pads on the board.
W ires m ay be spliced w ith no solder and, perhaps, covered in cellophane tape, if
at all. A djustm ents w ill be turned, insulation m elted, and so on. In a w ord:
sloppiness.

That m ight sound exaggerated, but I used to run into it a lot w hen I w orked in
repair facilities. M ost shops have policies of refusing to w ork on item s m angled
by am ateurs, so discovery of obvious, inept tam pering w as follow ed by a phone
call to the item ɋs ow ner, w ho w ould stubbornly insist that the unit had never
been apart and had sim ply quit w orking. U m , right, Sony used Scotch tape to



join unsoldered w ires. Sure, buddy. I rem em ber one incident in w hich I refused
to repair a badly dam aged and obviously tam pered-w ith shortw ave radio. The
ow ner w as so angry that he called m y boss and tried to have m e fired! The boss
took one look inside the set, clapped m e on the back, laughed and told the guy to
com e pick up his ruined radio and go aw ay. D onɋtcha w ish all bosses w ere that
great? The key to perform ing a proper, professional-quality repair job is
m eticulous attention to detail. Think of yourself as a surgeon, for thatɋs exactly
w hat you are. Y ou are about to open up the body of this m echanical Ɏorganism ɏ
and attem pt to right its ills. A s the m edical saying goes, ɎFirst, do no harm .ɏ
N ow  and then, repair jobs go aw ry, and m achines get ruinedɇ it happens even to
the best techs once in aw hileɇ but your aim  is to get in and back out as cleanly
as possible. In C hapters 9 through 13, w eɋll explore the steps and techniques
required for proper disassem bly, repair and reassem bly.

M istakes B eginners M ake
B eyond sloppy w ork, beginners tend to m ake a few  conceptual errors, leading to
lots of lost tim e, internal dam age to products, and failure to find and fix the
problem . H ere are som e com m on quagm ires to avoid.

A djusting to C over the R eal T rouble
A nalog devices often have adjustm ents to keep their circuit stages producing
signals w ith the characteristics required for the other stages to do their jobs
properly. TV s and radios are full of trim pots (variable resistors), trim caps
(variable capacitors) and tunable coils, and their interactions can be quite
com plex. W ith todayɋs overw helm ingly digital circuits, adjustm ents are m uch
less com m on. M any are perform ed in softw are w ith special program m ing
devices to w hich you w onɋt have access, or via hidden service m enus, but som e
good old-fashioned screw driver-adjustable parts still exist. Pow er supplies
usually have voltage adjustm ents, for instance, and earlier-generation C D
players w ere loaded w ith servo adjustm ents to keep the laser beam  properly
focused and centered on the track. Even a digital m edia receiver m ay have
tunable stages in its radio sections.

It can be very tem pting to tw iddle w ith adjustm ents or service m enu settings
in the hope that the device w ill return to norm al operation. W hile itɋs true that
circuits do go out of alignm entɇ if they didnɋt, the controls w ouldnɋt be there in
the first placeɇ that is a gradual process. It never causes drastic changes in



perform ance. If the unit suddenly w onɋt do som ething it did fine the day before,
itɋs not out of adjustm ent, itɋs broken. M essing w ith the adjustm ents w ill only
get you into trouble later on w hen you find the real problem , and now  the
m achine really is w ay out of alignm ent because you m ade it that w ay. Leave
those internal controls alone! Turn them  only w hen youɋre certain everything
else is w orking, and then only if you know  precisely w hat they do and have a
sure w ay to put them  back the w ay they w ere, just in case youɋre w rong.
M arking the positions of trim pots and trim caps w ith a felt-tip m arker before you
turn them  can help, but itɋs no guarantee you w ill be able to reset a control
exactly to its original position. Thereɋs too m uch m echanical play in them  for
that technique to be reliable. In som e cases, close is good enough. In others,
slight m isadjustm ents can seriously degrade circuit perform ance. A t least w ith
service m enus, you can w rite dow n the values before changing them , and set
things back to those values if needed.

I once w orked on a pair of infrared cordless headphones w ith a w eak,
distorted right channel. A fter som e testing, it w as clear that the transm itter w as
the culprit, and its oscillator for that channel had drifted off frequency. A  quick
adjustm ent and, sure enough, the headphones w orked fine for a little w hile. Then
the sym ptom  returned. The real problem : a voltage regulator that w as drifting
w ith tem perature. Luckily, readjusting the oscillator w as easy after the new  part
w as installed. W hen m ultiple adjustm ents have been m ade, it can be exceedingly
difficult to get them  back in proper balance w ith each other.

M aking the D ata Fit the T heory
M ost techs have been guilty of this at som e tim e. In m y early years, m ea culpa,
thatɋs for sure. Y ou look at the sym ptom s, and they seem  to point to a clear
diagnosisɇ all except for one. Y ou fixate on those that m ake sense, convince
yourself that they add up, and do your best to ignore that anom aly, hoping itɋs
not significant. Trust m e, it is, and you are about to em bark on a long, frustrating
hunting expedition leading to a dreary dead end. A lw ays keep this in m ind: If a
puzzle w onɋt fit together, thereɋs a piece m issing! Thereɋs som ething you donɋt
know , and that is w hat you should be chasing. O ften, the anom aly youɋre
pushing aside is the real clue, and overlooking it is the w orst m istake you can
m ake. M any m addening hours later, w hen you finally do solve the m ystery,
youɋll think to yourself, ɎW hy didnɋt I consider how  that odd sym ptom  m ight be
the key to the w hole thing? It w as right in front of m e from  the start!ɏ A h,
hindsight. N obody needs glasses for that.



G oing A round in C ircles
Som etim es you think youɋve found the problem , but trying to solve it creates
new  problem s, so you go after those. Those lead to still m ore odd circuit
behavior, so off you go, around and around until youɋre right back w here you
started. W hen addressing sym ptom s creates m ore sym ptom s, take it as a strong
hint that you are on the w rong track. Itɋs incredibly rare for m ultiple, unrelated
breakdow ns to occur. A lm ost alw ays, there is one root cause of all the
strangeness, and itɋll m ake total sense once you find it. ɎO h, the pow er supply
voltage w as too low , and thatɋs w hy the focus w ouldnɋt lock and the sled m otor
w ouldnɋt m ake the laser head go looking for the track.ɏ If youɋre lucky, youɋll
have discovered that before youɋve spent hours fiddling w ith the lim it sw itches
and the control circuitry, tracing signals back to the m icroprocessor. A gain, if
the puzzle w onɋt fit together, find that m issing piece!

T hatɋs H ow  It G oes
A s w ith illness in the hum an body, just about anything can go w rong w ith an
electronic device. Problem s range from  the obvious to the obscure; Iɋve fixed
m achines in five m inutes, and Iɋve run across som e oddball cases for w hich a
diagnosis of dem onic possession seem ed appropriate! These digital days,
circuitry is m uch m ore reliable than in the old analog age, yet m odern gear often
has a m uch shorter life span. H ow  can both of those statem ents be true?

Todayɋs products are of trem endously greater com plexity, w ith lots of
com ponents, interconnections and interactions, so thereɋs m ore to go w rong.
U nlike the hand-soldered boards filled w ith a w ide variety of com ponent types
w e used to have, todayɋs sm all-signal boards, w ith their row s of surface-
m ounted, m achine-soldered chips, donɋt fail that often. B ut w ith so m uch m ore
going on, they include com plicated pow er supplies and a m ultitude of connectors
and ribbon cables. Plus, som e parts w ork m uch harder than they used to and
w ear out or fail catastrophically from  the stress. A nd thanks to the rapid pace of
technological change, the com petition to produce products at bare-bones prices
and the high cost of repair versus replacem ent, extended longevity is not the
design goal it once w as. M anufacturers figure youɋll w ant to buy a new , m ore
advanced gadget in a couple of years anyw ay. C ontrary to popular m yth, nobody
deliberately builds things to break. They donɋt have to; keeping affordable
products w orking for long periods is tough enough. K eeping expensive item s
functioning isnɋt easy either! Laptop com puters, som e of the costliest gadgets



around, are also som e of the m ost failure-prone because theyɋre very com plex
and densely packed, and they produce plenty of heat.

It m ay seem  like electronic breakdow ns are pretty random . Som e part blow s
for reasons no one can fathom , and the unit just quits. That does happen, but itɋs
not com m on. O h, sure, w hen you m ake m illions of chips, capacitors and
transistors, a sm all num ber of flaw ed ones w ill slip through quality control, no
m atter how  m uch testing you do. Itɋs a tiny percentage, though. M uch m ore
often, products fail in a som ew hat predictable pattern, w ith a cascading series of
events stem m ing from  w ell-recognized w eaknesses inherent in certain types of
com ponents and construction techniques. Letɋs look at the factors behind m ost
product failures.

Infant M ortality
This rather unpleasant term  refers to that percentage of units destined to stop
w orking very soon after being put into service. Im perfect solder joints,
m olecular-level flaw s in sem iconductors and design errors cause m ost of these.
W hile m any products are tested after construction, cost and tim e constraints
prohibit extensive Ɏburning inɏ of all but very expensive m achines. Typical
infant m ortality cases crop up w ithin a w eek or tw o of purchase and land in a
w arranty repair center after being returned for exchange. So, you m ay never see
one unless you bought som ething from  halfw ay around the w orld, and itɋs not
w orth the expense and trouble to return it. O r perhaps the seller refuses to accept
it back, and you get stuck w ith a brand-new , dead device you w ant to resurrect.

M echanical W ear
B y far, m oving parts break dow n m ore often than do electronic com ponents.
H ard drives, V C R  and cam corder m echanism s, disc trays, laser head sleds and
disc-spinning m otors are all huge sources of trouble.

B earings w ear out, lubrication dries up, rubber belts stretch, leaf sw itches
(internal position-sensing sw itches) bend, nylon gears split, pet hairs bind m otor
shafts, and good old w ear and tear grind dow n just about anything that rubs or
presses against anything else. If a device has m oving parts and it turns on but
doesnɋt w ork properly, look at those first before assum ing the electronics behind
them  are faulty. For every transistor you w ill change, youɋll fix five m echanical
problem s. M any new  products have no m oving parts beyond sw itches, but
anything m ore than a few  years old probably does. A nd, of course, D V D  and
B lu-R ay players, video projectors and com puter hard drives still have rotating
elem ents.



elem ents.

C onnections
C onnections are also m echanical, and they go bad very, very often. Suspect any
connection in w hich contacts are pressed against each other w ithout being
soldered. That category includes sw itches, relays, plugs, sockets, and ribbon
cables and their connectors.

The prim ary culprit is corrosion of the contacts, caused by age and
som etim es, in the case of sw itches and relays, sparking w hen the contacts are
opened and closed. A lso, a type of lubricating grease used by som e
m anufacturers on leaf sw itches tends to dry out over tim e and becom e an
effective insulator. If the contact points on a leaf sw itch are black, itɋs a good bet
they are coated w ith this stuff and are not passing any current w hen the sw itch
closes (Figure 4-1).

FIG U R E  4-1 L eaf sw itch.

A  particularly nasty type of bad connection occurs in m ultilayer printed
circuit boards. A t one tim e, a dual-layer board, w ith traces on both sides, w as an
exotic construct em ployed only in the highest-end products. Today, dual-layer



exotic construct em ployed only in the highest-end products. Today, dual-layer
boards are pretty m uch standard in larger, sim pler devices, w hile sm aller, m ore
com plex gadgets m ay use as m any as six layers!

The problem s crop up in the connections betw een layers. Those connections,
called vias, are constructed differently by various m anufacturers. The best, m ost
reliable style is w ith plated-through holes, in w hich copper plating joins the
layers. A s boards have shrunk, plated-through construction has gotten m ore
difficult, resulting in a new er technique that is, alas, far less reliable: holes filled
w ith conductive glue. This type of via is recognizable by a raised bum p at the
connection point that looks like, w ell, a blob of glue (see the translucent glue
over the holes in Figure 4-2). C onductive glue can fail from  flexure of the board,
excessive current and repeated tem perature sw ings. R epairing bad glue vias is
hard, too. I alw ays cringe w hen I see those little blobs.

FIG U R E  4-2 C onductive glue interconnects.

Solder Joints
Though theyɋre supposed to be m olecularly bonded and should last indefinitely,
solder joints frequently fail and develop resistance, im peding or stopping the



solder joints frequently fail and develop resistance, im peding or stopping the
current. W hen it happens in sm all-signal, cool-running circuitry, itɋs usually the
fault of a flaw  in the m anufacturing process, even if it takes years to show  up.
H eat-generating com ponents like output transistors, voltage regulators and
graphics processing chips on com puter m otherboards can run hot enough to
degrade their solder joints gradually w ithout getting up to a tem perature high
enough to actually m elt them . O ver tim e, the dam age gets done and the joints
becom e resistive or interm ittent.

M any bad solder joints are visually identifiable by their dull, m ottled or
cracked appearance. N ow  and then, though, youɋll find one that looks perfect but
still doesnɋt w ork, because the incom plete m olecular bonding lies beneath the
surface. B onding m ay be poor due to corrosion on the lead or pad of the soldered
com ponents; solder just w onɋt flow  into corroded or oxidized m etal. W hen you
go to resolder it, youɋll have problem s getting a good joint unless you scrape
things clean first, after rem oving the old solder.

H eat Stress
H eat is the enem y of electronics. Itɋs not an issue w ith m ost pocket-sized
gadgets, but larger item s like video projectors, TV s and audio am plifiers often
fail from  excessive heating. So do backlight inverters (the circuits that light the
fluorescent lam ps behind som e LC D  screens) and com puter m otherboards.
Pow er supplies create a fair am ount of heat and are especially prone to dying
from  it.

O verheating from  excessive current due to a shorted com ponent can quickly
destroy sem iconductors and resistors, but norm al heat generated by using a
properly functioning product can also gradually degrade electrolytic capacitors,
those big ones used as pow er supply filtering elem ents, until they lose m ost of
their capacitance or their ESR  (equivalent series resistance) gets high enough to
render them  ineffective.

E lectrical Stress
R unning a device on too high a voltage can dam age it in m any w ays. The unitɋs
voltage regulator m ay overheat from  dissipating all the extra pow er, especially if
itɋs a linear regulator. Electrolytic capacitors can short out from  being run too
close to, or over, their voltage lim its. Sem iconductors w ith inherent voltage
requirem ents m ay die very quickly.

O vervoltage can be applied by using the w rong A C  adapter, a m alfunctioning
adapter, a bad voltage regulator, or using alkaline batteries in a device m ade for



adapter, a bad voltage regulator, or using alkaline batteries in a device m ade for
operation only w ith nickelɆm etal hydride (N iM H ) rechargeable cells. Those
cells produce 1.2 volts each, com pared to the 1.5 volts of alkalines. So, w ith four
cells, you get 6 volts w ith the alks, com pared to the 5 volts the device expects.
M ost circuits can handle it, but som e canɋt. Iɋve seen digital cam eras that w ere
quite fussy about that.

B elieve it or not, a few  products can be dam aged by too little voltage.
D evices w ith sw itching pow er supplies or regulators com pensate for the low er
voltage by pushing m ore current through their transform ers w ith w ider pulses to
keep the output voltage at its required level. That can cause overheating of the
rectifiers and other parts converting the pulses back to regulated direct current.

The ultim ate electrical stress is a lightning strike. A  direct strike, as m ay
occur to a TV  or radio w ith an outdoor antenna that gets zapped, or from  a hit to
the A C  line, w ill probably result in com plete destruction of the product. N ow
and then, only one section is destroyed and the rest survives, but donɋt bet on it.
Lightning cases tend to be w rite-offs; you donɋt even w ant their rem ains in your
stack of old boards, lest their surviving parts have internal dam age lim iting their
lifespans.

Pow er surges, in w hich the A C  lineɋs voltage rises to high levels only
m om entarily, can do plenty of dam age. Such surges are som etim es the result of
utility com pany errors, but m ore often lightning has struck nearby and induced
the surge w ithout actually hitting the line, or it has hit the line far aw ay.
Typically, the pow er supply section of the product is badly dam aged but the rest
of the unit is unharm ed.

W hen too m uch current passes through com ponents, they overheat and can
burn out, som etim es literally. R esistors get reduced to little shards of carbon, and
transistors can exhibit cracks in their plastic cases. The innards, of course, are
w iped out. This kind of stress rarely occurs from  outside, because you canɋt
force current through a circuit; that takes voltage. W hen overcurrent occurs, itɋs
because som e other com ponent is shorting to ground, pulling excessive current
through w hatever is connected in series w ith it.

N othing kills solid-state circuitry quite as fast as reversed polarity. M any
sem iconductors, and especially IC  (integrated circuit) chips, canɋt handle current
going the w rong w ay for m ore than a fraction of a second.

B atteries can be installed backw ard. B ack w hen 9-volt batteries w ere the
pow er source of choice for pocket gadgets, all it took w as to touch the battery to
the clip w ith the m ale and fem ale contacts the w rong w ay around and the pow er
sw itch turned on. N ow  that A A A  cells and proprietary rechargeable batteries run
our dim inutive delights, that kind of error occurs less often, because itɋs routine
for designers to shape battery com partm ents to prevent reversed contacts from



for designers to shape battery com partm ents to prevent reversed contacts from
touching, but it still happens on occasion.

B y far, the m ost frequent cause of reversed polarity is an attem pt to pow er a
device from  the w rong A C  adapter. Today, m ost A C  adapters connect positive to
the center of their coaxial D C  pow er plugs and negative to the outside, so that an
autom otive cigarette lighter adapter m ade for the sam e gadget doesnɋt present
the risk of having positive com e in contact w ith the m etal car body, w hich w ould
cause a short and blow  the carɋs fuse. A t one tim e, though, m any adapters had
negative on the center instead, and a few  still do on item s like answ ering
m achines, w hich w ill never be used in cars. Even from  the sam e m anufacturer,
both schem es m ay be em ployed on their various products.

The train w reck occurs w hen the user plugs in the w rong adapter, and it
happens to have the plug w ired opposite to w hat the device w ants. D am age m ay
be lim ited to only a few  parts in the pow er supply section, or it can be extrem e,
taking out critical com ponents like m icroprocessors and display drivers.

N ot all electrical stress is caused by external factors or random  com ponent
failures. Som etim es, design errors are inherent in a product, and their resulting
m alfunctions donɋt start show ing up until m any units are in the field for aw hile.
W hen a m anufacturer begins getting lots of w arranty repair claim s for the sam e
failure, the alarm  bells go off, and a respectable com pany issues an EC O , or
engineering change order, to am end the design. U nits brought in for repair get
updated parts, correcting the problem . A  really diligent m anufacturer w ill extend
free EC O  repairs beyond the w arranty period if itɋs clear that the design fault is
bad enough to render all or m ost of the m achines in the field inoperative, or if
any danger to the user could be involved.

A t least thatɋs how  itɋs supposed to w ork. Som etim es, com panies donɋt w ant
to spend the m oney to fix their m istakes, so they sim ply deny the problem . O r, if
only som e m achines exhibit the sym ptom , theyɋre treated as random  failures,
even though theyɋre not. Perhaps it takes a certain kind of use or sequence of
operations for the issue to becom e evident, and the m anufacturer genuinely
believes the design is sound. A nd som e units arenɋt used often enough to have
experienced the failure, though they w ill eventually, m asking its ultim ate
ubiquity.

A ny of these situations can result in your w orking on a product w ith a
problem  that w ill recur, perhaps m onths later, after youɋve solved it properly. If
the thing keeps com ing back w ith the sam e issue, suspect a defective design.

Physical Stress



C hips, transistors, resistors and capacitors can take the physical shock of being
dropped, at least m ost of the tim e. M any other parts canɋt, though. C ircuit boards
can crack, especially near the edges and around screw  holes and other support
points. Larger parts, w ith their greater m ass, can break the board areas around
them . That happens often w ith transform ers and big capacitors. O n a single-or
dual-layer board, you m ay be able to bridge foil traces over the crack w ith sm all
pieces of w ire and a little solder if the traces are not too sm all. W ith a m ultilayer
board, you m ay as w ell toss the m achine on the parts pile, because itɋs toast.

Liquid-crystal displays, fluorescent tubes and other glass displays rarely
survive a drop to a hard surface. The very thin, long fluorescent lam ps inside
non-LED Ɇlit laptop screens are particularly vulnerable to breakage. If you run
across a laptop w ith no backlight, donɋt be too surprised if it got dropped and the
lam ps are broken inside the screen. Iɋve seen that happen w ith no dam age to the
LC D  itself being evident.

If you leave carbon-zinc or alkaline batteries installed long enough, they w ill
leak. N ot m aybe, not som etim esɇ they w ill. D evices that take a fair am ount of
pow er get their batteries changed often, but those w ith low  current dem and, such
as digital clocks and som e kidsɋ toys, m ay have the sam e batteries left in them
for years. R em ote controls are prim e candidates for battery leakage dam age
because m ost people install the cheap, low -quality batteries that com e w ith them
and never change them ; their very low  current drain ensures those junky cells
w ill be in there until they rot.

O nce the goo com es out, youɋre in for a lot of w ork cleaning up the m ess.
They donɋt call them  alkaline batteries for nothing! The electrolyte is quite
corrosive and w ill eat the unitɋs battery springs and contacts. If the stuff gets
inside and onto the circuit board, thatɋs w here the bigger calam ity goes dow n.
C opper traces w ill be eaten through, solder pads w ill corrode, and those pesky
circuit board layer interconnects w ill stop w orking. N o shop w ill try to repair
such dam age, but you m ight w ant to give it a go if the device is expensive or
hard to replace.

People sit on their phones, personal digital assistants and digital cam eras
fairly often, resulting in cracked LC D s, broken circuit boards and flattened m etal
cases shorting com ponents to circuit ground. Itɋs easy to bend a case back to an
approxim ation of its original shape, but the m ess inside m ay not be w orth the
trouble.

Liquid and electronics donɋt m ix, yet people try to com bine them  all the tim e,
spilling coffee, w ine and soft drinks into their laptops and dropping their
cam eras and phones into the ocean and sw im m ing pools. G ood luck trying to
save such item s. N ow  and then, you can w ash them  out w ith distilled w ater, let



save such item s. N ow  and then, you can w ash them  out w ith distilled w ater, let
them  dry for a long tim e and w ind up w ith a functional product. M ost of the
tim e, and especially w ith saltw ater intrusion, itɋs a total loss.

Just being near salt w ater w ill destroy electronics after aw hile. Tw o-w ay
radios, navigation system s, stereos and TV s kept on a boat or even in a seaside
apartm ent get badly corroded inside, w ith rusted chassis, dull, dam aged solder
joints and connectors that donɋt pass current. V ery often, youɋll see crusty green
crud all over everything.

Speaking of the ocean, the beach is a prim e killing ground for cam eras. M ost
digital cam eras feature lenses that extend w hen the cam era is pow ered on. A ny
sand in the cracks betw een lens sections w ill w ork its w ay into the extending
m echanism  and freeze that baby up, and it is very hard to get all the grit out. In a
typical case, the cam era is dropped lens-first into the sand, and a great deal of it
gets inside. Iɋve taken a few  apart and disassem bled the lens assem blies, cleaned
half a beach out of them  and still had little luck restoring their operation. Thereɋs
alw ays a few  grains of sand som ew here deep in those nylon gears, w here you
canɋt find them , and even one grain can stop the w hole w orks.

T he G reat C apacitor Scandal
A round 1990, a w orker at an A sian capacitor plant stole the com panyɋs form ula,
fled to Taiw an and opened his ow n m anufacturing plant, cranking out m illions
of surface-m ount electrolytic capacitors that found their w ay into countless
consum er products from  the m ajor m akers w e all know  and love. A  few  other
Taiw anese capacitor m akers copied the form ula, too.

A las, that form ula contained an error that caused the electrolyte in those caps
to break dow n and release hydrogen. O ver a few  years, the caps sw elled and
burst their rubber seals, releasing corrosive electrolyte onto the productsɋ circuit
boards, severely dam aging them  and ruining the units.

This ugly little secret didnɋt becom e w ell know n for quite aw hile, until long
after the w arranty periods w ere expired. B illions of dollarsɋ w orth of cam corders
and other costly sm all products w ere lost, all at their ow nersɋ expense. A ny
attem pt at having repairs m ade w as m et w ith a diagnosis of Ɏliquid dam ageɇ
unrepairable.ɏ The disaster w as so pervasive, and took long enough to show  up,
that m any com panies insisted the failures w ere random  and have never to this
day adm itted any liability for the lost value.

M ore recently, sim ilar electrolyte problem s have continued to plague
com puter m otherboards and the pow er supplies of various products, affecting
even their full-sized capacitors w ith leads. C aps are dying after just a year or tw o
of use. Even taking into account the rapid charging and discharging of todayɋs



of use. Even taking into account the rapid charging and discharging of todayɋs
pow er supplies, and the high heat of lead-free soldering, they shouldnɋt go bad
that fast.

Law suits have been filed, and rem edial action has been taken by som e
m anufacturers to purge their product lines of the offending parts. Still, it is
highly likely you w ill run into bulging capacitors in your repair w ork, perhaps
m ore than any other single cause of failure. Even w hen theyɋre not bulging, the
caps m ay lose their ability to store energy, show ing alm ost no capacitance on a
capacitance m eter, or their ESR  m ay be very high.

H istory L essons
A  good doctor understands the value of taking the patientɋs history before
perform ing an exam ination. K now ing the factors leading up to the com plaint can
be very valuable in assessing the cause. H ow  old are you? D o you sm oke?
D rink? H ave a fam ily history of this illness? W hat w ere you doing w hen
sym ptom s appeared?

If you have access to a m achineɋs history, it can provide the sam e kinds of
helpful hints, often leading you to a prelim inary diagnosis before you even try to
turn it on. H ere are som e factors w orth considering before the initial evaluation:

ɓ W ho m ade it? A s discussed earlier, products from  specific com panies can
have frequently occurring problem s due to design and m anufacturing
philosophy. B ecom ing fam iliar w ith those differences m ay help guide you to
likely issues, especially if youɋve seen the problem  before in another unit,
even of a different m odel, from  the sam e m aker.

It pays to check the Internet for reports of sim ilar troubles w ith the sam e
m odel product. Y ou m ay save m any hours of w heel reinvention by
discovering that others are com plaining about the sam e failure. Y ou m ight
find the cure, too.

ɓ H ow  old is it? If m ade before the 1990s, it shouldnɋt have the leaking
capacitor problem . It could have a lot of w ear, though, w ith breakdow ns
related to plenty of hours of use. If it w as m ade in the ɋ90s or m ore recently,
those caps are a prim e suspect.

ɓ H as it been abused? D ropped? D unked? Spilled into? Sat on? Left on the
dashboard of a car in the sum m er? U sed at the beach? H ad batteries in it for
m onths or years? H ad a disc or tape stuck in it, and som ebody tried to tear it
out? B een in a thunderstorm ? Through the w ashing m achine? K ept on a boat?



Played w ith by kids? C ranked up at m axim um  volum e in a club for long
periods?

Each of these conditions can lead you dow n the diagnosis path. A  stereo
am plifier used gently at hom e by 70-year-olds is likely to have a very
different failure than one cranked up to high volum e levels in a club or one
run 40 hours a w eek in a restaurant for 10 years.

ɓ W hat w as it doing w hen it failed? W hile gadgets som etim es quit w hile in
operation, m any stop w orking w hen sitting idle, and the problem  isnɋt
discovered until the next tim e som eone tries to use the product. This is
particularly true of A C -pow ered m achines that, like m ost things today, have
rem ote controls. To sense and interpret the turn-on signal from  the rem ote, at
least som e of the circuitry has to be kept active at all tim es. V C R s, D V R s,
D V D  players and TV s are never truly turned off; som e pow er alw ays flow s.
A  pow er surge, a quick spike or perhaps just age orɇ as alw aysɇ bad
capacitors can kill the standby supply, resulting in com plete loss of operation.

If the device did crash w hile being used, itɋs very helpful to know
precisely w hat operation w as being carried out w hen it quit. If a laptopɋs
backlight w ent dead w hile the screen w as being tilted, for exam ple, thatɋs a
good indication of a broken internal cable, rather than a blow n transistor in
the backlight inverter.

ɓ D id it do som ething w eird shortly before quitting? M any failing circuits
exhibit odd operation for anyw here from  m inutes to seconds before they shut
dow n altogether. That peculiar behavior can contain clues to the cause of
their dem ise. In fact, it usually does, and it m ay hold the only hints you have
in cases of total loss of function.

ɓ W as it sudden or gradual? Som e causes of failure, such as drifting alignm ent,
dirty or w orn m echanism s, and leaking or drying electrolytic capacitors, m ay
m anifest gradually over tim e. B ad caps on com puter m otherboards are a great
exam ple of this as they cause the m achine to get less and less stable, w ith
m ore and m ore frequent crashes, until boot-up is no longer possible.

Parts donɋt blow  gradually, though. W hile itɋs possible in rare cases for
com ponents, and especially transistors, to exhibit interm ittent bad behavior, a
truly blow n (open-circuited) com ponent goes suddenly and perm anently,
frequently shorting first and then opening a m om ent later from  the heat of all
the current passing through its short. So, if the sym ptom s appeared gradually,
itɋs a safe bet that the problem  is not blow n parts.



Stick O ut Y our U SB  Port and Say ɎA hhhɏ: Initial
E valuation
B efore you take a unit apart, exam ine it externally and try to form  a hypothesis
describing its failure. The m ost potent paintbrush in the diagnostic art is sim ple
logic. Y our first brushstroke should be to reduce variables and elim inate as m any
areas of the circuitry from  consideration as you can. Instead of chasing w hat
m ight be w rong, first focus on w hat the problem  canɋt be. B y doing so, youɋll
sidestep hours of signal tracing and frustration. B efore you open the unit, give
som e thought to these issues.

Itɋs dead, Jim ! ɎD eadɏ is a w ord m any people use w hen som ething doesnɋt
w ork, but often itɋs incorrectly applied. If anything at all happens w hen you
apply pow er, the thing isnɋt dead! A  lit LED , a display w ith som ethingɇ even
som ething scram bled and m eaninglessɇ on it, a hum , a hiss, som e w arm th, or
any activity w hatsoever, indicates that the circuitry is getting som e pow er from
the pow er supply, at least. ɎD eadɏ m eans dead. Zip, nada, nothing, stone cold. If
you do see signs of life, som e pow er supply voltage could still be m issing or far
from  its correct value, but the supply is less likely to be the problem . In a
product w ith a sw itching supply, you can assum e that the chopper transistor is
good, as are the fuse and the bridge rectifier. Y ou canɋt be sure the supply has no
other problem  like bad capacitors or poor voltage regulation.

If the device is totally dead, check the fuse. A ll A C -pow ered products have
fuses, and so do m ost battery-operated gadgets, though their fuses m ay be tiny
and soldered to the board. A  blow n fuse pretty m uch alw ays m eans a short
som ew here inside, so donɋt expect m uch m erely by changing the fuse. M ost
likely, itɋll blow  again im m ediately. Still, give it a try, just in case. B e sure to use
the sam e am perage rating for your new  fuse; using a bigger one is asking for
trouble in the form  of excessive current draw  and m ore cooked parts, and a
sm aller one m ay blow  even if the circuit is w orking fine. N o m atter how
tem pting it m ight be, do not bypass the fuse, or you w ill alm ost certainly do
m uch m ore dam age to the circuitry than already exists. Those fuses are there for
a reason, and that reason is protection.

Though nontechnical types tend to think that truly dead m achines are the
m ost badly dam aged and least w orth fixing, the opposite is usually true. Total
loss of activity typically indicates a pow er supply failure or a shorted part that
has blow n the fuse. In other w ords, easy pickings. The really tricky cases are the
ones w here the thing alm ost w orks right, but not quite, or it w orks fine



som etim es and m alfunctions only if you turn it facing south during a full m oon
on a Tuesday. Those are the unruly beasts that m ay cause you to em it w ords you
donɋt w ant your kids to hear.

If the product has a display, is there anything on it? A lthough a dead display
can be caused by m any things, the condition usually indicates that the
m icroprocessor at the heart of the digital control system  isnɋt running. M icros
rarely fail, except in cases of electrical abuse like lightning strikes or severe
static electricity. The m ost frequent reasons for a stopped m icroprocessor are
lack of proper pow er supply (this includes noise due to high ESR  in the filter
capacitors) or a clock crystal that isnɋt oscillating.

If the display is there but isnɋt norm al, thatɋs a sign that som e other issue in
the digital system  is scram bling the data going to it. If itɋs a sim ple system  in
w hich the m icroprocessor directly drives the display, the m icro still m ight be
stopped or dam aged. If thereɋs a display driver chip betw een the m icro and the
LC D , it m ay be bad. W hen the unit responds to com m ands but has a scram bled
display, the m icro is probably okay. If everything is locked up, suspect the m icro
or its support circuitry.

D oes it w ork w hen cold and then quit after it w arm s up? Therm al
m isbehavior can be caused by bad solder joints, flaky sem iconductors and bad
capacitors. It usually m anifests as failure after w arm -up, but now  and then itɋs
the other w ay around, w ith proper operation com m encing only after the unit has
been on for aw hile. A gain, the problem  is not a blow n part.

D oes tapping on it affect its operation? If so, thereɋs a poor connection
som ew here. Typically, itɋs a cold solder joint or an oxidized connector. C racked
circuit board traces used to be fairly com m on, but theyɋre quite unusual now ,
except in cases of physical abuse. Faulty conductive-glue layer interconnects
(vias) can m ake boards tap-sensitive. O n very rare occasions, the bad connection
m ay be inside a transistor, and I once found one inside an interm ediate-
frequency (IF) transform er in a radio receiver.

E lim inating variables If the device runs off an A C  adapter, try substituting your
bench pow er supply, being careful of polarity, as discussed in C hapter 3. If the
unit can operate from  batteries, put som e in and see w hat happens. The rem ote
control w onɋt turn it on? Try using the front panel buttons. Even if these



attem pts donɋt restore operation, at least youɋll know  w hat isnɋt causing the
trouble.

Speaking of rem otes, they can go w ild and em it continuous com m ands,
driving the m icro in the product out of its little silicon m ind and locking out all
other attem pts at operation. The situation usually occurs w hen liquid has been
spilled on the rem ote, causing one or m ore of the keys to short out. The rem ote
thinks a key is being pressed and sends data ad infinitum . To be sure that isnɋt
the problem , rem ove the batteries from  the rem ote and see if the sym ptom s
disappear.

U se Y our N oodle
O nce youɋve tried these prelim inary experim ents, think logically about their
results, and you w ill probably have a pretty good sense of w here to poke your
scope probe first. Letɋs look at som e real-life cases from  beginning to end and
how  this approach helped get m e started in the right direction.

Stereoless R eceiver
The unit w as a fairly high-end stereo receiver w ith a dead left channel that
nobody in the shop could bring back to life. Eventually, theyɋd given up, and the
set had languished on the shelf for tw o years by the tim e it and I m et. The shopɋs
ow ner handed it to m e as an em ploym ent test. If I could fix that one, I w as in.
The sm ug look on his face told m e I w as in for a challenge.

I saw  no evidence of obvious dam age or abuse, so I hooked up a pair of
speakers, connected a C D  player for a signal source and fired it up. M y initial
evaluation w as that the pow er supply had to be okay because the right channel
w orked fine. The front panel lit up and the unit seem ed to operate norm ally,
other than its having a stubborn case of m ono. I hooked a clip lead to the antenna
term inal and tried FM  reception, thinking that the trouble m ight be in the input
sw itching circuitry feeding audio from  the input jacks to the am plifier stages.
N ope, FM  sounded great, but still from  only one channel.

There w as no hum  in either channelɋs output, so the pow er supply w asnɋt
being bogged dow n by a short som eplace. (A  loudly hum m ing channel w ith no
audio is classically indicative of a shorted output transistor.) I plugged in
headphones because som etim es am plifiers w ith bad output stages can drive a
little bit of distorted signal into headphones, though they canɋt pow er a speaker. I
kept the cans off m y ears, as alw ays, just in case the thing blasted m e w ith
punishing volum e. There w as no difference this tim e; I couldnɋt hear a hint of



punishing volum e. There w as no difference this tim e; I couldnɋt hear a hint of
audio from  the bad channel, even w ith the balance control turned all the w ay to
that side. It w as as quiet as a m ouse. A  dead m ouse.

Iɋd elim inated as m any variables as I could, so it w as tim e to open ɋer up.
Several techs had taken their best shots at the poor thing, and evidence of their
endeavors w as all over the inside. The output transistors had been changed and
large com ponents in the pow er supply resoldered. O ther solder w ork indicated
that resistors in and near the bad channelɋs output stage had been pulled and
tested. The focus clearly had been tow ard the output stage, w hich very often dies
in audio am ps and is w here m ost techs look first. It m ade sense, but it hadnɋt
done any good this tim e.

Thanks to the w orking channel, I didnɋt head straight to the pow er supply.
Since the other guys had replaced the output transistors, I didnɋt bother to check
those either. Instead, I stuck m y scope probe on the signal line feeding the output
stage, and there w as no audio signal. Thus, the trouble w as farther back in the
chain tow ard the input stages som eplace, and everybody had been hunting in the
w rong place!

I looked closely at a few  sm all-signal transistors and traced their connections
betw een stages. Som e am plifiers are capacitively coupled (thereɋs a capacitor
betw een each stage), w hile others are directly or resistively coupled. The direct
and resistive styles are also called D C  coupling because the voltages on one
stage get passed to the next. Itɋs a tougher type of circuit to design, but it results
in superior sound. So, m ost good audio gear w orks that w ay, and I expected to
see that kind of circuitry here.

I w asnɋt disappointed; this baby had resistors betw een stages but no
capacitors. Thus, the D C  voltage levels on one stage could affect those on the
succeeding stages. A  little light w as beginning to glow  in the back of m y m ind,
but I needed to take a few  m easurem ents before com ing to any conclusions.

I w ent all the w ay back to the first stage, finding it by tracing the line from
the input jack, through the selector sw itches and to the am plifier board. I had a
know n good channel to use as a reference, so I fed the sam e audio signal to both
sides, using a Y -adapter cable. Setting the scope for dual trace display and the
sam e voltage range on both input channels, I com pared the outputs from  the
receiverɋs first left and right channel stages. They looked identical. Sam e signal
levels, sam e D C  voltage. I w ent to the next stage. The good channel show ed 1
volt D C  at that stageɋs output, w hile the bad side only had about 0.5 volts, w ith
the sam e audio signal riding on both. H m m m ɔ  could such a sm all difference
m atter? H alf a crum m y volt? In a D C -coupled am plifier, you bet it could!
Transistors need a bias, w hich is a little bit of D C  to keep them  turned on, at



their bases (input term inals), and not having a high enough bias w ill m ake them
cut off, unable to pass any signal. I checked the next stage in the bad channel,
and its output w as dead, just a sad, flat line on m y scope. W ithout proper bias,
the stage w as com pletely cut off. There w as the trouble! B ut w hy?

I w ent back to the stage w ith low er D C  output and checked the voltages and
signals on the transistorɋs other term inals. They m atched those of the good
channel. O nly the output w as different. So, m ost likely, the transistor w as just
dropping too m uch voltage. In other w ords, a bad transistor. A  w hole 25 centsɋ
w orth of m ysterious m ischief that had stym ied an entire shop, sim ply because it
w asnɋt the usual problem . I popped in a new  transistor, and voilÞ! The entire
channel cam e to life and w orked perfectly. A  check of the previously dead
stageɋs output levels show ed that both the signal and D C  level m atched those of
the good channel. C ase closed. O f course, I A TE for an hour, just to be sure
there w as no overheating or other trouble. I got a few  open-m outhed stares from
the other techs over that repair, along w ith an offer of full-tim e em ploym ent at
the shop. I decided not to w ork there, but the episode left m e feeling like
Sherlock H olm es solving a perplexing crim e. A ll I needed w as a pipe and an
English accent. ɎElem entary, m y dear W att-son!ɏ

Silent Shortw ave
A  friend brought m e this set after buying it for very little, know ing it didnɋt w ork
but badly w anting it to, as heɋd alw ays longed for one of these m odels, and they
w ere hard to find. O ne of the better digitally tuned superheterodyne shortw ave
receivers, this portable radio had no reception at all. It w asnɋt dead, though; the
display cam e up norm ally, and a little hiss cam e from  the speaker. Tim e to
spring into action! W here should I start?

The first thing I did w as try the various bands. A M , nada. Shortw ave, sam e.
FM ɔ  hey, the FM  w orked! Sounded great. The FM  band is at a m uch higher
frequency and uses a different kind of signal than A M  and shortw ave (w hich is
also A M ), so all m ultiband radios have separate stages dedicated to FM
reception, and clearly, they w ere fine. The audio and som e other stages are
shared, though, so the w orking FM  also confirm ed that the pow er regulation,
digital control and audio stages w ere all functioning. Thus, the trouble had to be
in the R F (radio-frequency) or IF (interm ediate-frequency) stages of the
shortw ave section, w hich also handled A M , or in the digital frequency
synthesizer that controlled the tuning.

I discounted the frequency synthesizer because the FM  w orked. There still
could have been trouble there, but it w asnɋt suspect num ber one. Letɋs see, the
synthesizer generates the oscillator signal that m ixes w ith the incom ing radio



synthesizer generates the oscillator signal that m ixes w ith the incom ing radio
signal from  the antenna, resulting in the IF signal, w hich is then am plified by the
IF stages. Then, in good radios like this set, that signal is m ixed w ith yet another
oscillator, this one of fixed frequency, to create a low er-frequency IF signal that
passes through yet m ore am plifier stages before it is dem odulated into audio.

The trouble could have been anyw here along that chain, but experience
rem inded m e to check that the fixed oscillator, called the second local oscillator,
w as actually running. B ack in the 1970s, w hen Iɋd w orked in the service
departm ent of a large consum er electronics chain, tons of C B  radios had com e in
w ith dead receivers, thanks to a bad batch of oscillator crystals. W eɋd change
ɋem  and be done in a jiffy, fixing the units w ithout even having to troubleshoot
them , since they alw ays had the sam e problem . I did so m any of them  that the
issue of a dead second local becam e perm anently em bedded in m y m ind. I
looked for this setɋs crystal and touched each end w ith m y scope probe, checking
for a nice sine w ave of a few  volts. N othing. The oscillator w as not running.
A ha!

Som etim es, w eak crystals can be jolted into operating by adding som e
capacitance to one end, increasing the voltage drop across the crystal because of
the extra load and m aking it vibrate a little harder. So, I touched m y finger to
each lead of the crystal, one lead at a tim e, w ith another finger touching circuit
ground via a m etal shield, em ploying m y hand as a capacitor. This w as all very
low -voltage, battery-operated stuff, and it w as safe to do that. The first try,
nothing. The second, w ham ! The radio sprang to life and the B B C  boom ed in
loud and clear from  thousands of m iles aw ay. I let go and silence filled the room
again. A h, a bad crystal, and this one w ould have to be ordered from  Japan. I
tried resoldering it, just in case it had a cold joint. N o luck. Then, glancing at m y
friendɋs glum  expression of disappointm ent that a new  crystal w ould have to be
procured from  halfw ay around the w orldɇ restoration of the radio w ould be
m onths aw ayɇ I decided to grab a m agnifying glass and take a close look at the
surrounding com ponents. I spied a tiny surface-m ount capacitor connected from
one end of the crystal to ground, perform ing essentially the sam e function m y
finger had. The solder joint on that one looked aw fully dull. I resoldered it, and
the radio starting playing its little heart out. ɎThis is London calling. A nd now
the new s.ɔ ɏ C ost: zero. G rin on elated friendɋs face: priceless.

T he Pooped Projector
H ow  about a nice, high-resolution D LP video projector, w ith plenty of lam p life
left, for $20? Sure, w eɋd all go for that, right? O h, thereɋs one sm all catch: it
doesnɋt w ork!



doesnɋt w ork!
I snapped up this craigslist puppy because I knew  from  the history of its

failure exactly w hat w as w rong before I ever saw  it. The ow ner told m e that it
had started turning itself off random ly and becom ing difficult to turn on.
Eventually, it stopped responding altogether. N ow  w hat could possibly cause
that? O bviously, it couldnɋt be a blow n part. Y ou guessed it: a classic
electrolytic capacitor failure. I could picture just w hat it w ould look like w ith its
bulging top. I figured itɋd be at the output of the internal sw itching pow er
supply, probably near the D C  output end of the board.

G ot it hom e, opened it up, and there w as the cap, precisely as Iɋd pictured it,
bulge and all. It w as even w here Iɋd expected it. I changed the part w ith an exact
replacem ent I found on one of m y scrap boards, a pow er supply from  a
com puter. Fired up the projector, and she w as good to go, w ith a sharp, bright
picture.

W hile I gave it the A TE w ork-over, I checked online and found num erous
com plaints of the sam e problem  in this m odel, along w ith various lay diagnoses,
including som e w acky guesses and the correct answ er. The design kept the
pow er supply turned on at all tim es, stressing that particular cap and causing it to
fail after a couple of years, regardless of how  m uch use the projector got. I keep
m y unit unplugged w hen Iɋm  not running it, so it should last for a long, long
tim e.

H ow  can you beat a $20 video projector? A nd that, gentle reader, is w hy
repairing electronics is not just funɇ itɋs incredibly econom ical.

C hatterbox D V D  Player
This portable D V D  player cam e from  the carcass pile at a repair facility for
w hich I w orked part tim e. The m achine, one of the better brands, had been a
w arranty claim , and nobody could fix the thing, so it had been replaced and kept
for parts. W ith its 5-inch w idescreen LC D , the player looked kinda cute, and it
seem ed a sham e to cut it up. The shopɋs ow ner didnɋt care if I took it hom e, so I
did. I had no idea w hat m ight be w rong w ith it, but the price w as right.

It appeared intact, so I hooked up m y bench supply and flipped on the juice.
The screen lit up and the m echanism  im m ediately started m aking a noise like a
m achine gun! I killed the pow er in a hurry because I knew  w hat that rapid-fire
sound w as.

D isc players use leaf sw itches to sense w hen the laser head has returned fully
to the initial position at the inside of the disc, w here it needs to go to begin the
startup sequence leading to disc playback. The Ɏrat-a-tatɏ noise w as a clear



indication that the m icro didnɋt know  the m echanical lim it had been reached.
The unit w as cranking its sled m otor indefinitely, grinding the nylon gears
against each other until they slipped, over and over. I could just im agine the
toothless m ess it m ight m ake of those delicate plastic parts if I let it run for very
long. Y ikes.

O n opening the player up, I looked for the typical leaf sw itch assem bly and
couldnɋt find one! D id this m odel use optical sensing? There w as no trace of that
either. I gently turned the sled m otorɋs gear and m oved the head aw ay from  the
starting position, but I still couldnɋt see a sw itch. Finally, I rem oved the entire
spindle assem bly, and there it w as, a tiny leaf sw itch hidden underneath the disc
m otor. It looked fine, though. W hy w asnɋt it being tripped? O r m aybe it w as, and
its signal w asnɋt getting back to the m icro for som e reason. O r perhaps the m icro
w as bad.

I forced m yself off the trail of w ild im agination and back onto a path of
pursuit, shaving off the less likely possibilities w ith O ccam ɋs razor. The sim plest
explanation w as that the sw itch m ust not be getting pressed far enough to w ork. I
disconnected one w ire from  the leaf sw itch and connected m y digital m ultim eter
(D M M ) across it, w atching for the resistance to change from  infinite (an open
circuit) to near zero (a closed one) as I slow ly turned the gear to m ove the head
back tow ard the sw itch. The head hit its m echanical lim it and w ould go no
farther, but the sw itch never closed. That w as the problem , all right.

A fter m oving the head aw ay again, I could see w hy, and it w as so silly that I
couldnɋt im agine w hy nobody had caught it. The little m etal arm  on the laser
head that pressed on the sw itch w as bentɇ not a lot, but just enough to keep it
from  pushing the leaf far enough to contact its m ate. I bent the arm  back ever so
slightly, and I had a D V D  player! A lm ost. A las, the disc spindle assem blyɋs
three m ounting screw s also w orked to set the disc alignm ent perpendicular to the
optical head as it traversed the radius of the disc, and Iɋd had to unscrew  them  to
rem ove the spindle. A ny significant tilt w ould cause the reflected laser beam  to
m iss the center of the headɋs lens, resulting in poor tracking and skipping. A nd,
w ith the alignm ent scram bled, it did. I found the proper test point to use for
observing the headɋs output signal (w eɋll explore how  to do that in C hapter 15),
scoped it and redid the alignm ent, carefully adjusting those three screw s until I
got a good signal no m atter w hat part of the disc I played. M aking m e m ess up a
critical alignm ent to reach the leaf sw itchɇ talk about poor design!

I w onɋt m ention the m anufacturerɋs nam e, but Iɋd seen flim sy m etal parts in
som e of their other products, so it w asnɋt terribly surprising to find one here, too.
This particular player w ent on to develop a baffling, chronic problem  w ith the



ribbon cable going to its disc m otor, causing it to fail to spin the disc fast
enough, resulting in an error m essage and no playback. I kept cleaning the
ribbonɋs contacts and reseating the connector at the circuit board end, and it
w ould w ork for a few  m onths before failing again. Finally, I checked the other
end of the cable, w hich had looked okay, and that w as the real trouble; Iɋd just
been w iggling it a little w hile w orking on the w rong end, and the m ovem ent had
helped its connection for a short tim e. I cleaned and reseated that end, and the
unit w orks to this day. A nother m ystery solved, another lesson learned in never
assum ing anything, and another fun freebie.
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C hapter 5
N am ing N am es: Im portant T erm s, C oncepts and
B uilding B locks

hile m any different term s are used to describe electrons and their
behavior, you w ill encounter a core set, com m on to all electronics, in your

repair w ork. Som e deal w ith electrical units, som e w ith parts and their
characteristics, som e w ith circuit concepts, and others w ith hip tech slang.
(O kay, you can stop laughing now !) O thers describe frequently em ployed
circuits used as the building blocks of m any products. G etting fam iliar w ith
these term s is crucial to your understanding the rest of this book, so letɋs look
them  over before m oving on to C hapter 6.

W eɋll touch briefly on the m ost vital term s here; for m ore, and greater detail,
check out the G lossary at the back of this book. Y ouɋd be doing yourself a favor
to read the entire G lossary, rather than just using it for reference. O therw ise,
youɋll find yourself flipping pages back and forth a great deal as you read on.
A nd believe m e, you donɋt w ant to m iss the definition of m agic sm oke.

E lectrical C oncepts
B eing an intangible essence, electrical energy m ust be described indirectly by its
properties. It possesses quite a num ber of them , and m any fam ous scientists have
teased them  out w ith clever observations throughout the last few  centuries.
Experim ents w ith electricity have gone on since the 1700s, w hen B en Franklin
played w ith lightning and m iraculously lived to w rite about itɇ talk about
conducting an experim ent! V olta and A m pære built batteries and w atched how
their m ysterious output affected w ires, com passes and frogsɋ legs. O hm
quantified electrical resistance, and m any others contributed crucial insights into
this am azing natural phenom enonɋs seem ingly bizarre behavior.



Perhaps the m ost valuable discovery w as that electricity is a tw o-quantity
form  of energy. Its total pow er, or ability to do som ething like light a lam p, spin
a m otor or push a speaker cone, has tw o parts: how  m uch of it there is and how
strongly it pushes.

The am pere, or am p for short, is a m easure of how  m uch electrical current is
m oving through a circuit. Interestingly, actual electrons donɋt travel very fast at
all and are not w hat m oves through the w ires, sem iconductors and other parts of
a device. R ather, their charge state gets transferred from  atom  to atom , raising
the energy level of each oneɋs ow n electrons, thus passing the current along.
Im agine throw ing a stone into a pond and w atching the resulting w ave. The
w ave propagates outw ard, but do the atom s of w ater at the center, w here you
threw  the rock, actually w ind up at the edge of the pond? N o, they hardly m ove
at all. They just push against the atom s next to them , transferring the stoneɋs
m echanical energy from  one to the next.

The am ount of current, or num ber of am peres m oving through a circuit, has
nothing to do w ith how  hard they push, just as the am ount of w ater in a hose has
no relation to how  m uch pressure is behind it. The pressure is w hat w e call volts,
a m easure of how  high each electronɋs energy state rises. V olts tell you how
m uch pressure is pushing the am ps through the circuit. In fact, voltage is
som etim es referred to as electrical pressure or electrom otive force. It is
unrelated to how  m uch electricity there is, just as the pressure in a hose doesnɋt
tell you how  m uch w ater is present. V olts propel current through the circuit.
A fter all, w ithout pressure, the w ater w ill just sit in the hose, going now here,
right?

The hose isnɋt infinitely large, of course, and doesnɋt perm it a perfectly free
flow . Friction opposes and lim its the m otion. W hen the Ɏhoseɏ is a w ire, that
m eans it has resistance. R esistance is basically friction at the atom ic level, and
the energy lost to it from  electrons and atom s rubbing against each other is
converted to heat. The term  for resistance is ohm s, after the m an w ho deduced
the relationship betw een current, voltage and resistance. W e call his crucial
insight into electrical behavior O hm ɋs law . If you hate m ath and donɋt w ant to
m em orize form ulas, at least get the hang of this rather sim ple one; itɋs the m ost
im portant, useful relation in all of the electrical arts, and grasping its essence
w ill greatly aid your troubleshooting. See O hm ɋs law  in the G lossary.

W hen you put voltage and current together, you get the total picture of the
pow er of the pow er, so to speak. W e call this w atts, and it describes how  m uch
w ork the energy can do. D eterm ining w atts is sim ple: just m ultiply the volts
tim es the am ps. So, 25 volts at 4 am ps equals 100 w atts, and so does 5 volts at



20 am ps. Either arrangem ent could be converted to the sam e am ount of
m echanical w ork or produce the sam e light or heat.

A s it com es from  a battery, electricity is in the form  of direct current (D C ),
m eaning it m oves in only one direction. The side of the battery w ith excess
electron charge is called negative, w hile the side w ith a lack of it is called
positive. Thus, by definition, current passes from  negative to positive as it
attem pts to correct the im balance of charges. W hy not the other w ay around? I
suppose w e could have nam ed either term inal w hatever w e w anted, but those
nam es w ere know n in Franklinɋs tim e and have persisted. A nd they relate to our
m odern m odel of the atom , w ith the electronɋs negative charges, so I doubt
anyoneɋs going to change them .

Flipping the polarity, or direction of current, back and forth turns out to create
m any useful effects, from  easing long-distance pow er transm ission to the m agic
of radio signal propagation. Thatɋs alternating current (A C ), and youɋll see it in
just about everything. H ow  fast you flip it is the frequency, specified in hertz
(H z). The old term  w as cycles per second. Itɋs nice to have one w ord for it, donɋt
you think? I w onder w hy w e donɋt have one for speed, instead of m iles per hour.
W e should call them  Ɏglorphs.ɏ ɎIɋm  sorry, sir, you w ere going 45 glorphs in the
25-glorph zone. License and registration, please.ɏ

W hen you put tw o conductive plates in proxim ity to each other and apply
voltage, they talk to each other in a peculiar w ay. A  charge builds up on either
side of the insulator betw een them , and that charge can be taken out and turned
back into current. W e call this phenom enon capacitance, and the parts doing the
job are capacitors. Essentially, capacitors act like little storage w ells of
electricity.

Electricity and m agnetism  are very related things, and they interact w ith each
other. In fact, you can turn one into the other quite easily by passing a current
through a coil of w ire or by m oving a m agnet in a coil of w ire. Passing current
through the coil generates a m agnetic field, and m oving a m agnet through a coil
generates current. W hen a coil generates a m agnetic field and then the direction
of applied current reverses, the field collapses on the coil and generates current
in it in the opposite direction to the current that created the field. Essentially, the
coil stores som e energy in the m agnetic field and then puts it back into the
circuit, but going the other w ay. That behavior is called inductance, and it has all
kinds of im portant im plications in A C  circuits. A  coil used that w ay is an
inductor. Tw o different-sized coils w ound on a com m on m etal core can be used
to transform  one com bination of current and voltage into another, w ith the
m agnetic field created by one generating current in the other. Thatɋs a



transform er.
The effect capacitors and inductors have on A C  current is called reactance,

and the com bination of capacitive reactance, inductive reactance and resistance
is know n as im pedance. Thatɋs an especially apt term  because it quantifies the
am ount the circuit im pedes the passage of the A C  current going through it.
Though it doesnɋt behave exactly like resistanceɇ itɋs frequency-dependent, for
instanceɇ im pedance is sim ilar to resistance for A C  current and is specified in
ohm s, just like pure resistance.

C ircuit C oncepts
W hen you w ire up a bunch of parts such that current can pass through them  and
return to its point of origin, you create a circuit. The circuit concept is central to
all electronics, and virtually every device that does anything is part of one. So,
naturally, lots of term s are used to describe the functions and characteristics of
circuits and the signals that flow  through them .

W hen tw o or m ore circuit elem ents (com ponents) are w ired so that the
current has to pass through one of them  to reach the other, theyɋre in series.
Exam ples of things in series are fuses and sw itches; nothing can reach the rest of
the circuit w ithout passing through them  first. It m akes sense that the current
through each elem ent w ould have to be the sam e, since the am ount of electricity
reaching the return end of the pow er source has to equal w hat left it in the first
place. Indeed, thatɋs true. The current that passes through each elem ent of a
series circuit is alw ays equal.

Still, energy has to be used in order for the part to do anything, so som ething
has to give. W hat changes is the voltage. Each elem ent drops the voltage,
essentially using up som e of the electrical pressure, until the total drop equals the
applied voltage. The elem ents donɋt necessarily all drop the sam e am ount of
voltage, though. A s O hm  so cleverly figured out, the am ount dropped is
proportional to the elem entɋs resistance. If one elem ent has 20 percent of the
total resistance of the circuit, it drops 20 percent of the voltage. A nother elem ent
that has 10 percent of the total resistance drops 10 percent of the voltage, and so
on. Theyɋll alw ays add up to 100 percent, right? Thus, all the voltage w ill be
dropped by the tim e the other side of the pow er source is reached.

W hen circuit elem ents are w ired so that m ultiple com ponents are connected
across the pow er sourceɋs tw o term inals, they are connected in parallel. In this
case, each one gets the full voltage because nothing is in the w ay to drop som e
of it. The am ount of current passing through each part is inversely proportional



to its resistance, regardless of the other parts also connected. B asically, they
have no reason to notice each other. If you m easure the total current passing
through a parallel circuit, itɋll add up to all the currents going through each leg,
or elem ent. A  parallel circuitɋs conditions are exactly opposite to those of a
series circuit: the voltage is constant but the current varies.

C ircuits w ith a path from  one end of the pow er source to the other are said to
be com plete or closed. Thatɋs the norm al operating state; unless a circuit is
closed, nothing flow s and nothing happens. W hen thereɋs a break in the path,
perhaps from  a sw itch in the Ɏoffɏ position or a blow n fuse, energy flow  stops
and the circuit is open. A ny failed com ponent no longer capable of passing
current is considered open as w ell.

A  condition causing part or all of a circuit to be bypassed, so that current
passes straight to the other end of the pow er source, is called a short circuit, and
the parts causing the detour are said to be shorted. C ertain types of com ponents,
especially sem iconductors, often short w hen they fail.

A lthough the generation and transport system  bringing pow er into your hom e
provides A C , m ost electronic circuitry really canɋt use the stuff. Just as you
couldnɋt drink from  a cup sw inging back and forth, circuits canɋt take A C  pow er
and am plify or process signals w ith it; the changes in the pow er itself w ould
show  up in the output. W hatɋs needed is a nice, steady cup from  w hich to sip. In
other w ords, sm ooth D C .

O nce A C  is rectified, or converted into one polarity, itɋs still a series of w aves
of pow er going up and dow n. To sm ooth it into a steady voltage, som e kind of
reservoir needs to store som e of it so that as the w ave strength approaches zero
betw een w aves, the stored energy can fill in and raise the voltage back up. That
reservoir is a filter capacitor. Itɋs just a big capacitor that can store enough
energy to do the job, m om entarily em ptying itself to pow er the rest of the circuit
until the next pow er w ave fills it back up again.

Sm aller filters called bypass capacitors, placed close to the part of the circuit
pulling current, store som e energy to fill in the gaps, just like the big guns do,
but a lot less. In the process of accepting a charge, they absorb spikes and other
electrical noises, providing a low -im pedance A C  path to ground in parts of
am plifiers w here thatɋs needed, w ithout shorting out the D C  on the sam e
connection.

The circuitry in an electronic product is not just a huge m ishm ash of
com ponents. It is organized into sections and, w ithin those, stages. Each stage
perform s one function of w hatever process is required for the device to do its
job. A  stage m ight be an audio pream plifier (a low -level am plifier), a tone



control, a video display driver, a dem odulator (som ething that extracts
inform ation from  a signal), a position detector for a m otor, and so on. A t the
heart of each stage are one or m ore active elem ents. These are the parts that
actually do the w ork and are generally defined as being capable of providing
gain, w hich youɋll read about in just a few  paragraphs. Supporting the active
elem ents are passive com ponents like resistors, capacitors and inductors. Those
can alter a signal, but they canɋt am plify it. W ithout them , though, the active
elem ents canɋt do their jobs. The active elem ents are the stars of the show , and
the passive com ponents are the supporting cast.

Stages feed signals to other stages until the device finally produces w hatever
output is desired. The com ponents passing the signal from  one stage to the next
are called coupling elem ents and are usually capacitors, resistors or transform ers.

Signal C oncepts
Signals are voltages varying in strength, or am plitude, to convey som e kind of
inform ation. Analog signals vary the voltage in a pattern resem bling the
inform ation itself. For instance, the output of an audio am plifier looks like a
graph of the original pressure w aves of sound in the air that struck the
m icrophone. A  video circuitɋs signal has varying voltages representing the
brightness of each dot on the screen, w ith a rather com plex m ethod of conveying
color inform ation and synchronizing the spots to the correct place in the picture.
Its graph doesnɋt look like an im age, but itɋs still an analog signal, w ith fine
voltage gradations portraying the changing picture inform ation.

The graph of a signal is called its w aveform . Every tim e the w aveform
repeats, thatɋs one cycle. The num ber of cycles occurring in 1 second is the
w aveform ɋs frequency, and the am ount of tim e each cycle takes is its period.
B ecause the voltage varies over tim e, it is a m athem atical function, m eaning that
its lines canɋt cross over them selves. G raphed from  left to right, as they are on an
oscilloscope, the level at each successive m om ent is to the right of the preceding
m om entɋs portrayal.

The purest, m ost basic w aveform  is the sine w ave (Figure 5-1). It is the
building block from  w hich all other w aves can be created, and it has no
harm onics, or energy at frequencies that are m ultiples of the w aveɋs frequency.
A  sine w ave sounds like a pure tone, w ith no characteristics suggesting any
particular m usical instrum ent or tone color. In fact, no nonelectronic m usical
instrum ent produces sine w aves, though som e registers on the flute com e close.
A  tuning fork com es closer.



FIG U R E  5-1 Sine w ave.

W hen a signal sw itches rapidly betw een all the w ay on and all the w ay off, it
assum es a square shape and is called, appropriately, a square w ave (Figure 5-2).
C lose enough exam ination w ill reveal that the on/off transitions arenɋt entirely
vertical, because it takes tim e for the state to change. Thus, no square w ave is
truly square. The tim e it takes the transition to rise from  10 to 90 percent of its
final state is the rise tim e. G oing back dow n from  90 to 10 percent, itɋs the fall
tim e.



FIG U R E  5-2 Square w ave.

The percentage of tim e spent in the Ɏonɏ state, com pared to the Ɏoffɏ state, is
called the duty cycle and can be altered to represent inform ation or control a
m otor or a voltage regulator using a technique called pulse-w idth m odulation
(PW M ). U nlike sine w aves, square w aves contain harm onic energy. They
include odd harm onics, but not even ones. That is, there is energy at three, five
and seven tim es the frequency, but not at tw o, four and six tim es.

A  signal used in applications requiring som ething to m ove and then quickly
snap back is the saw tooth w ave, so nam ed for its obvious resem blance to its
nam esake (Figure 5-3). O scilloscopes and cathode-ray tube (C R T) TV s use
saw tooth w aves to sw eep the beam  across the screen and then have it rapidly
return. O ther circuits, including servos (m otor position controllers) in video tape
recorders, use saw tooth w aves too. Saw tooth w aves include both odd and even
harm onic energy.



FIG U R E  5-3 Saw tooth w ave.

The relative position in tim e of tw o w aveform s is called their phase
relationship and is expressed in degrees. A s w ith a circle, 360 degrees represent
one cycle of a w aveform , regardless of how  long that cycle takes. Tw o
w aveform s offset by half a cycle are 180 degrees out of phase. W hen there is no
offset, the w aveform s are in phase.

D igital signals are entirely different. R epresented by a series of pulses
resem bling square w aves, digital inform ation is alw ays in one of tw o states, on
or off, indicating the binary num bers 1 and 0. Each num ber is a bit, and a group
of them  is a byte. This has trem endous advantages over the analog m ethod
because keeping track of those tw o states is a lot easier than accurately m oving
and processing a voltage w ith infinitely fine gradations. N oise in a digital
channel has no effect at all until itɋs so bad that the tw o states canɋt be
determ ined, w hile noise in an analog channel is very hard to separate from  the
desired signal and corrupts it badly. Thatɋs w hy scratches on an analog LP
record create clicks and pops in the audio, w hile scratches on a C D  donɋt. A ll



circuits introduce som e noise, so the digital m ethod is less susceptible to
degradation as it m oves through various processes. D igital data is also m uch
easier to store and m anipulate, again because it has only tw o states to w orry
about.

The w orld of sound and light is inherently analog, though; nothing in nature
exists only as ons and offs! To digitize natural phenom ena like sounds and
im ages, an analog-to-digital converter (A D C ) is used to chop the analog
inform ation into a rapid series of sam ples, or m easurem ents, w hich are then
encoded, one by one, into the binary 1s and 0s of digital data. C onversion is a
com plicated process that introduces quality lim itations of its ow n, so digital is no
m ore perfect than is analog. D igitalɋs im perfections are different, though, and
generally less objectionable.

B uilding B locks
Thereɋs one heck of a variety of circuits out there! For any given function, a
designer can find lots of w ays to build som ething that w orks. W hile the circuitry
Ɏw heelsɏ get reinvented all the tim e, theyɋre all round and they all spin, so
com m on circuit configurations are found in pretty m uch all products. Som etim es
they have significant variations, but theyɋre still basically the sam e old thing and
can be recognized easily once you get fam iliar w ith them . Letɋs look at som e
com m on circuits youɋre likely to find.

The basic circuit at the heart of m ost stages is an am plifier of som e kind.
A m plifiers have gain, w hich m eans they take steady D C  from  the pow er supply
and shape it into a replica of an incom ing signal, only bigger. That Ɏbiggerɏ can
be in term s of voltage, current or both. M ost voltage am plifiers also flip the
signal upside dow n, or invert it. Som etim es thatɋs im portant to the circuitɋs
operation, but m uch of the tim e itɋs just an irrelevant consequence of how
voltage am plifier stages are configured.

A  com m on type of current am plifier is the em itter follow er. This one takes its
output from  the em itter (one of the term inals) of a transistor, and the am plified
signal m im ics, or follow s, the input signal w ithout inversion or change in voltage
sw ing. O nly the am ount of current the signal can pum p into a load is increased.
C urrent am plifiers are used to drive things that do a lot of physical w ork, like
lam ps in video projectors, m otors and speakers.

W hen am plifying analog signals, linearity, the ability to m im ic the changes in
the input signal faithfully w ithout distortion, is a critical design param eter. The
term  com es from  the graph that results if you plot the input signal against the



am plified output. In a truly linear circuit, you get a straight line. The m ore gain,
the m ore the line points upw ard, but itɋs still straight, indicating a ratio of input
to output that doesnɋt change as the signalɋs voltage w iggles up and dow n. If the
am plifier is driven past the point that its output reaches the pow er supply
voltages, the transistors w ill be all the w ay on or all the w ay off during signal
extrem es, resulting in an output that no longer accurately follow s the input.
Thatɋs serious nonlinearity, also know n as clipping because it clips off the tops
and bottom s of the w aveform ; the am plifier sim ply canɋt go any farther. If
youɋve ever turned up a stereo loud enough to hear ugly distortion, youɋve
experienced clipping. Even a sm all am plifier driven to clipping can burn out the
tw eeters in a pair of speakers that norm ally could take the full pow er of a bigger
am plifier w ithout harm . The high-frequency content of a clipped w aveform  is
m uch greater than that of a linearly am plified signal, thanks to the steep edges of
the clipped area, so it drives disproportionate pow er into the tw eeters. Iɋve seen
it happen. It can injure your ears, too.

M ost high-fidelity audio am plifiers, and even m any sm all ones of the sort
used in pocket radios and M P3 players, use a com plem entary design, referred to
as class AB. C om plem entary am plifiers split the audio w aveform  into its
negative-going and positive-going halves and am plify each half separately.
Then, they com bine the tw o halves at the output, rebuilding the w aveform . W hy
do that? The technique allow s for excellent efficiency because alm ost no pow er
is dissipated w hen the w aveform  is near the zero-voltage level. O nly w hen the
input signal gets big does the am plifier draw  a lot of pow er, keeping pow er
usage proportional to output.

In a non-com plem entary design, the am plifier has to be biased to set its
output halfw ay betw een ground and the pow er supply voltage w hen no signal is
applied, so that the negative and positive peaks of signals can m ake the output
sw ing both higher and low er in step w ith them . It sits there eating half the
available pow er at all tim es. Som e high-end am plifiers, called class A, actually
do it that w ay to avoid certain subtle distortions associated w ith splitting and
recom bining the w aveform . Those am plifiers sound especially pure but run very
hot and w aste a lot of pow er.

Tuned am plifiers use resonant circuits to select a particular frequency or
range of frequencies to am plify, rejecting others. Theyɋre used in radio and TV
receivers to separate and boost incom ing signals. See resonance in the G lossary.
The very first am plifiers in a receiver that strengthen the w eak signals from  the
antenna are called the front end. Som e are tuned, and som e arenɋt, depending on
the design. Later am plifier stages, operating at a fixed frequency to w hich all



incom ing signals are converted, are called interm ediate-frequency (IF)
am plifiers. Those are alw ays tuned, and they provide m ost of a receiverɋs
selectivity, or ability to separate stations.

Even digital gates in integrated circuits (IC s) are am plifiers. They take in
digital pulses and am plify them  enough to ensure that they sw ing all the w ay to
the supply voltage and ground, m aking up for any losses that m ay have occurred
and preventing them  from  accum ulating until the pulses can no longer be
reliably processed. These am plifiers are deliberately nonlinear; the only desired
states are fully saturated, or all the w ay on, and fully cut off. Their linear region,
w here sm all changes in the input signal w ould be faithfully am plified, is m ade as
narrow  as possible. Such sm all w iggles in digital signals only represent noise,
and you donɋt w ant to am plify that.

O scillators generate their ow n signals. They have m any uses, including
providing tim ing pulses to, or clocking, m icroprocessors, generating tones,
m ixing w ith radio signals to convert their frequencies, and lots m ore. A n
oscillator is basically an am plifier w ith its output fed back to its input in phase,
reinforcing the input and sending the signal around and around again
indefinitely.

O scillators can be designed to produce any of the basic w aveform s. In analog
signal-processing circuits, sine w ave oscillators are often the m ost useful, thanks
to their purity. Saw tooth w ave oscillators are used to drive electron beam s across
C R Ts and any tim e som ething needs to be sw ept and then quickly returned to its
starting point. W ith digital circuits, w hich operate w ith pulses, square w aves are
the order of the day.

The significant challenge w ith m ost oscillators is setting the frequency and
keeping it constant. W hen only a single frequency is needed, a quartz crystal or
ceram ic resonator can keep the oscillator very accurate. These parts resonate
m echanically at the m olecular level, and theyɋre dim ensionally stable, so they
drift very little w ith tem perature. The tradeoff is that a given crystal can generate
only one frequency.

W hen frequency variability is required, as in a radio tuner, sim ple resonant
circuits like inductor/capacitor com binations w ork but are not terribly stable,
especially regarding therm al drift. W hile early radios could tolerate som e drift,
todayɋs high-precision system s sim ply canɋt. D o you really w ant to get up to
fine-tune your digital H D TV  every 20 m inutes as the receiver drifts off
frequency and the picture drops out? O f course not! The receiver has to sit on its
tuned frequency the m om ent you turn it on, and stay there all day long.

The digital frequency synthesizer solves the stability problem  by providing



frequency agility w hile still being referenced to the unvarying frequency of a
quartz crystal. Pulling that off isnɋt sim ple. There are tw o basic techniques. In a
classic hybrid analog/digital synthesizer, an analog oscillatorɋs frequency is
controlled by a voltage from  the synthesizer. The resulting frequency is digitally
divided or m ultiplied until it m atches that of the crystal. The tw o are then
com pared, and the controlling voltage is adjusted to keep them  at the sam e
frequency. So, even though the analog oscillator really isnɋt at the sam e
frequency as the crystal, the com parison circuit thinks it is. This kind of circuit is
called a phase-locked loop (PLL).

Tuning the oscillator is accom plished by changing the ratio of division and
m ultiplication, forcing the control voltage to change the true frequency to m atch
the result of the division to that of the unvarying crystal. M any receivers have
been built this w ay, but the m ethod has a serious dow nside. In order for the
com parison and correction process to w ork, there has to be a little error to
correct. The oscillatorɋs frequency w obbles ever so slightly as it drifts and gets
corrected, resulting in a phenom enon called phase noise. W ith careful circuit
design, the noise can be kept low , and som e really nice radios w orked just fine
w ith this style of synthesizer, but it caused enough signal distortion that better
m ethods w ere sought.

A s digital technology advanced, chips got fast enough that the oscillator
could be done aw ay w ith altogether, and the required output signal could be built
directly from  digital data and converted to analog, in m uch the sam e w ay a C D
player rebuilds the audio w aveform  of a m usic disc from  sam ples. In m any
applications, this direct digital synthesis (D D S) technique has replaced hybrid
analog/digital synthesizer designs. N ot everyw here, though: youɋll still find PLL
synthesizers in lots of U H F and V H F receivers because todayɋs chips are only
now  getting fast enough to create the required signals at such high frequencies.
The tipoff is if you see a com ponent on the schem atic that looks like a
com bination of a capacitor and a diode. Thatɋs a varactor, or voltage-variable
capacitor, and itɋs w hat tunes the analog oscillator w ith the control voltage from
the digital part of the circuit. W here thereɋs a varactor, thereɋs a PLL.

PLLs are used for other purposes too. D igital data is recovered from  m edia
such as hard drives and optical discs using a PLL to synchronize the data rate to
the circuit detecting it.

V aractor diode sym bol



A nalog V C R s and cam corders use PLLs to recover the w obbly color inform ation
from  the tape and stabilize it to the very high precision required for proper
display.

Servos are a lot like PLLs, except that they slave a m otorɋs rotational speed
and phase (position at a given m om ent), or som e other m oving partɋs behavior,
to a reference signal. A  servo regulates a D V D  playerɋs disc rotation, keeping it
at w hatever speed is required for a given data rate. The rapid lens m otions
required to focus the laser beam  on the m icroscopic pits and track them  as they
w hiz by are also controlled by servos. In a V C R , servos adjust capstan m otor and
head drum  rotation, locking them  to a reference signal recorded on the tape so
that the rotating heads w ill trace over the recorded tracks correctly.

Voltage regulators keep pow er supply voltages constant as current dem and
varies w ith circuit function. Linear regulators use a series pass transistor as a
variable resistor, autom atically changing the resistance to set the voltage, and
dissipating the unw anted extra pow er as heat. Theyɋre sim ple and effective but
also inefficient. Linear regulators handling serious pow er get quite hot.

Sw itching regulators use pulses to turn a transistor on and off like a sw itch,
and then reconstitute the pulses passed through it back into steady D C  pow er
w ith a filter capacitor. C hanging the pulse w idth perm its m ore or less pow er to
get through the transistor over a given period of tim e. B ecause the transistor is
alm ost alw ays com pletely on or com pletely off, except for the short m om ents
w hen it sw itches states, little pow er is converted to heat, and thereɋs no excess to
w aste, since only as m uch energy as needed is allow ed through. Sw itching
regulators are m ore com plicated, and they have the potential to generate
electrical noise, but their cool-running efficiency m akes them  very desirable,
especially in battery-operated devices, w here conserving pow er is critical.

N ow  that youɋve seen som e basic term s, core concepts and circuit building
blocks, go read the G lossary and see lots m ore. Seriously. D o it now , before
going on to C hapter 6. I know , ɎG rrr, this guy is such a nag.ɏ Y ouɋll thank m e
later. R eally, you w ill. A nd hey, thereɋs som e cool stuff there. Y ouɋll enjoy it, I
prom ise.
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C hapter 6
W orking Y our W eapons: U sing T est E quipm ent

ffective application of test gear is key to your sleuthing success. Especially
w ith the oscilloscope, the settings you m ake w hile probing around a circuit

determ ine w hat elem ents of the signals you w ill see and w hich ones you m ay
m iss. Soldering, too, can be m ore or less effective, depending on your technique.
Letɋs look at each piece of basic test gear and how  to use it to your best
advantage.

D igital M ultim eter
D igital m ultim eters (D M M s) are great for m easuring things that donɋt change
quickly. B attery and pow er supply voltage, along w ith resistance and current, are
prim e candidates for being checked w ith a D M M . The instrum ent is less
effective for observing changing voltages and currents, w hich look like m oving
num bers and are tough to interpret.

O verview
The D M M ɋs great advantages over other instrum ents are its precision and
accuracy. Even a digital scope has fairly lim ited resolution; you canɋt tell the
difference betw een 6.1 and 6.13 volts w ith one very easily, if at all, and
m easuring resistance and current is im possible w ith norm al scope setups.

A ll that detail in the m eterɋs display can get you into trouble, though, if you
take it too seriously. W hen interpreting a D M M ɋs readings, keep in m ind that
real life never quite hits the specs. D onɋt expect the num bers you see to be
perfect m atches for specified quantities. If youɋre reading a pow er supply
voltage thatɋs supposed to be 6 volts, a reading of 6.1 probably isnɋt indicative of



a circuit fault. The sam e is true of resistance; if the reading is very close, the part
is m ost likely fine. A nd if the rightm ost digit w anders around a little bit, thatɋs
due to norm al noise levels or the digitizing noise and error inherent in any digital
sam pling system . R em em ber, w hen a part goes bad, itɋs not subtle! R eal faults
show  readings far from  the correct values.

M ost D M M s run on batteries, and thatɋs a good thing because it elim inates
any ground path from  the circuit youɋre testing back to your houseɋs electrical
system . The instrum ent Ɏfloatsɏ relative to w hatɋs being tested (thereɋs no
com m on ground), so you can even take m easurem ents across com ponents w hen
neither point is at circuit ground. If your D M M  has the option for an A C  adapter,
donɋt use it. A lw ays run your D M M  on battery pow er. The batteries w ill last for
hundreds of hours anyw ay.

D C  V oltage
To check a circuit pointɋs voltage, first you m ust find circuit ground. U sually,
itɋs the m etal chassis or m etal shields, if there are any. D onɋt assum e that
heatsinks, those finned m etal structures to w hich are attached larger transistors,
voltage regulators and pow er-handling integrated circuits (IC s), are connected to
ground! Som etim es they are, som etim es theyɋre not. In sw itching pow er
supplies, the chopper transistorɋs heatsink m ay have several hundred volts on it.
Y ou sure donɋt w ant to hook your m eter there.

In som e devices, especially sm all ones like digital cam eras, you m ay find no
shields, and thereɋs no m etal chassis either. So w here is ground? In m ost cases,
the negative term inal of the battery w ill be connected to circuit ground, and you
can use that. Particularly if you can trace it to a large area of copper foil on the
board, itɋs a fairly safe bet. A lso, look for electrolytic capacitors in the 100 ³F
and up range w ith voltage ratings low er than 50 volts or so (see C hapter 7).
Those are m ost likely pow er supply filter caps, even in battery-operated gear,
and their negative term inals w ill be connected to ground. If you see tw o such
identical caps close to each other, the device m ay have a split pow er supply, w ith
both negative and positive voltages. Trace the capsɋ term inals and see if the
negative lead from  one is connected to the sam e point as the positive from  the
other. W here they m eet is probably circuit ground.

If all else fails, you can use the outer rings of R C A  jacks on audio and video
gear. The only w ay to get an alligator clip to stay put on one of those jacks is to
push half of it into the jack, w ith the other half grabbing the ground ring. Itɋs
better to use an input jack, rather than an output, so that the part of the clip
sticking inside canɋt short out an output, possibly dam aging the circuitry. Y ou



sticking inside canɋt short out an output, possibly dam aging the circuitry. Y ou
canɋt hurt an input by shorting it to ground.

Turn on your D M M , set its selector sw itch to m easure D C  voltage, and
connect its negative (black) lead w ith a clip lead to circuit ground, regardless of
w hether you intend to m easure positive or negative voltage. A  D M M  w ill accept
either polarity; m easuring negative voltage sim ply adds a m inus sign to the left
of the displayed value.

W ith pow er applied to the circuit under test, touch the positive leadɋs tip to
the point you w ant to m easure, being careful not to let it slip and touch anything
else. M any D M M s are autoranging and w ill read any voltage up to the
instrum entɋs ratings w ithout your having to set anything else. K eep the probe in
place until the reading settles dow n; it can take 5 or 10 seconds for the m eter to
step through its ranges and find the appropriate one.

If your D M M  is not autoranging, start at the highest range, and sw itch the
range dow n until a proper reading is obtained. If you start at the low est range
and the voltage youɋre m easuring happens to be high, you could dam age the
D M M .

If you see a nice, steady num ber som ew here in the voltage range you expect,
itɋs safe to assum e you have a valid m easurem ent. If, how ever, you see a m oving
num ber at a very low  voltage, youɋre probably just reading noise on a dead line,
and you m ay have found a circuit problem . If you see a voltage in the proper
range but it w onɋt settle dow n, that indicates noise on the line, riding along w ith
the voltage. Such a reading can suggest bad filter capacitors, but only w hen the
point youɋre m easuring is supposed to have a clean, stable voltage in the first
place. R egulated pow er supply output points should be steady, but som e other
circuit points m ay carry norm al signals that fool the D M M , causing jum ping
readings. To see w hatɋs going on w ith those, youɋll be using your scope.
G enerally, electrolytic caps w ith one lead going to ground shouldnɋt have jum py
readings, since their reason for being in the circuit is to sm ooth out the voltage.

A C  V oltage
Y ouɋll usually use this as a go/no go m easurem ent. Is the voltage there or not?
D M M s are optim ized to read sine w aves at the 60-hertz A C  line frequency, so
the reading doesnɋt m ean m uch if you try to m easure an audio signal or the high-
frequency pulses in a sw itching pow er supply. M easurem ents are taken across
tw o points, as w ith D C  voltage, but in m any circuits, neither point w ill be at
ground.

D M M s indicate A C  voltage as root-m ean-square (R M S), w hich is a little bit
m ore than the average voltage in a sine w ave w hen taken over an entire cycle.



m ore than the average voltage in a sine w ave w hen taken over an entire cycle.
Itɋs a useful w ay of describing how  m uch pow er an A C  w ave w ill put into a
resistive load, com pared to D C  pow er, but it is not a m easurem ent of the actual
total voltage sw ing. The R M S value is m uch sm aller than the peak-to-peak
voltage youɋll see w ith your scope. A m erican A C  line voltage, for exam ple, is
120 volts R M S and reads about 340 volts peak to peak on a scope. (If you w ant
to keep your scope, donɋt try view ing the A C  line w ith it unless you have an
isolation transform er!)

For a sine w ave, R M S is 0.3535 tim es the peak-to-peak value. For other
w aveform s, it can be quite different because the tim e they spend at various
percentages of their peak values varies w ith the shape of the w ave. D M M s are
calibrated to calculate R M S for sine w aves, so the reading w ill be w ay off for
anything else, at least w ith hobbyist-grade m eters.

R esistance
W hen m easuring resistance, turn off the pow er to the circuit! The battery in your
D M M  supplies the sm all voltage required to m easure resistance, and any other
applied pow er w ill incur negative consequences ranging from  incorrect readings
to a dam aged D M M . In addition to rem oving the productɋs batteries or A C
adapter (or unplugging it from  the w all, in the case of A C -operated devices), it
pays to check for D C  voltage across the part you w ant to m easure, and to
discharge any electrolytic caps that could be supplying voltage to the area under
test, before you take a resistance reading.

Som e resistances can be checked w ith the parts still connected to the circuit,
but m any cannot because the other parts m ay provide a current path, confusing
the D M M  and resulting in a reading low er than the correct value. For m ost
resistance m easurem ents, you w ill need to unsolder one end of the com ponent.
W hen one side of it goes to ground, leave that side connected, and connect your
D M M ɋs negative lead to the ground point; itɋs just m ore convenient that w ay.
W hen neither side is grounded, it doesnɋt m atter w hich lead you disconnect.

Set the D M M  to read resistance (ƴ  or ohm s). If itɋs autoranging, thatɋs all you
need do. Let it step through its ranges, and thereɋs your answ er. If it isnɋt
autoranging, start w ith the low est range and w ork your w ay up until you get a
reading, so you w onɋt risk applying the higher voltages required to get a reading
on the upper ranges to sensitive parts. D M M s w ith m anual ranges have an Ɏout
of rangeɏ indicator to show  w hen the resistance being m easured is higher than
w hat that range can accept, usually in the form  of the leftm ost digitɋs blinking a
Ɏ1.ɏ (If youɋre on too high a range, youɋll see all 0s or close to it.)

W ith a m anually ranging D M M , you can get m ore detail by using the low est



W ith a m anually ranging D M M , you can get m ore detail by using the low est
range possible w ithout invoking the out-of-range indicator. For instance, if you
are reading a 10-ohm  resistor on the 20 kƴ  (20,000-ohm ) scale, youɋll see 0.001.
If you sw itch to the 200-ohm  scale, youɋll see 0.100 or thereabouts. If the
resistorɋs m easured value is too high by, say, 20 percent, w hich is a significant
am ount possibly indicating a bad part, it m ight show  0.120, critical data youɋd
m iss by being at too high a range. A utoranging m eters alw ays use the low est
possible range, for the m ost detailed reading.

R esistance has no polarity, so it doesnɋt m atter w hich lead you connect to
w hich side of a resistor. If youɋre checking the resistance of a diode or other
sem iconductor, it does m atter, and you m ust sw ap the leads to see w hich polarity
has low er resistance. The essence of a sem iconductor is that it conducts only in
one direction, so a good one should have near-infinite resistance one w ay and
low  resistance the other. C hecking sem iconductors for resistance w ith a D M M
can yield unpredictable results, though, because the applied voltage m ay or m ay
not be enough to turn the sem iconductor on and allow  current to pass, depending
on the m eterɋs design. There are better tests you can perform  on those parts, but
a reading of zero or near-zero resistance pretty definitively indicates that the
com ponent is shorted. To be sure, sw ap the test leads. If you still see zero,
youɋve found a short.

C ontinuity
C ontinuity sim ply show s w hether a low -resistance path exists, and is intended as
a Ɏyes or noɏ answ er, rather than as a m easurem ent of the actual resistance. Itɋs
exactly like taking a resistance m easurem ent on the low est scale, except that
m any m eters have a handy beeper or buzzer that sounds to indicate continuity, so
you donɋt even have to look up. U se this test for sw itches and relay contacts or
to see if a w ire is broken inside its insulation or a connector isnɋt m aking proper
contact.

In m any instances, you w onɋt need to pull one side of the com ponent to check
continuity, as the surrounding paths w ill have too m uch resistance to fool the
m eter and invalidate the conclusion. There are som e exceptions, how ever,
involving item s like transform ers, w hose coil w indings m ay offer very little
resistance and appear as a near-zero-ohm  connection across the part youɋre
trying to test. If youɋre not sure, pull one lead of the com ponent. A nd, as w ith
resistance m easurem ent, m ake sure all pow er is off w hen you do a continuity
check!



D C  C urrent
M ost D M M s can m easure current in am ps or m illiam ps. To m easure current, the
m eter needs to be connected betw een (in series w ith) the pow er source and the
circuit draw ing the pow er so that the current w ill pass through the m eter on its
w ay to the circuit. Thus, neither of the D M M ɋs leads w ill be connected to
ground. N ever connect your D M M  across (in parallel w ith) a pow er supplyɋs
output w hen the m eter is set to read current! N early all the supplyɋs current w ill
go through the m eter, and both the instrum ent and the pow er supply m ay be
dam aged. A t the least, the m eter w ill blow  its internal fuse.

Even w ith the m eter properly connected, itɋs im perative that you not exceed
its current lim it or you w ill dam age the instrum ent or, if youɋre lucky, blow  its
fuse. For m any sm all D M M s, the lim it is 200 m illiam ps (m A ), or 0.2 am ps.
Som e offer higher ranges, w ith a separate term inal into w hich you can plug the
positive test lead, extending the range to 5 or 10 am ps.

In estim ating a deviceɋs potential current draw , take a look at w hat runs it. If
itɋs a sm all battery, as you m ight find in an M P3 player or a digital cam era,
current draw  probably isnɋt m ore than an am p or so. For m any devices, itɋs m uch
less, in the range of 100 to 200 m A . If the unit uses an A C  adapter, the adapter
should have its m axim um  current capability printed on it som ew here, and itɋs
safe to conclude that the product requires less than that w hen operating properly.
Som e gadgets state their m axim um  current requirem ents on the backs of their
cases, too. W hen they do, they indicate the m axim um  current needed under the
m ost dem anding conditionsɇ for exam ple, w hen a disc drive spins up or a tape
m echanism  loadsɇ and norm al operating current should be less.

To take a current m easurem ent, you need to break a connection and insert the
m eter in line betw een the tw o ends of it. D onɋt w orry about test lead polarity; all
youɋll get is a m inus sign next to the reading should you attach it backw ard. If
you w ant to know  the current consum ption of an entire product, connect the
m eter betw een the positive term inal of the battery or pow er supply and the rest
of the unit. If you w ant to m easure the current for a particular portion of the
circuitry, disconnect w hatever feeds pow er to it, and insert the m eter there.

The D M M  m easures current by placing a low  resistance betw een the m eterɋs
leads and m easuring the voltage across it. The higher the current, the higher that
voltage w ill rise. W ith a big current, the resistance can be very low , and there
w ill still be enough voltage across it to get a reading. W ith sm aller current, the
resistance needs to be higher to obtain a significant, m easurable voltage
difference. Thus, the higher ranges place less resistance betw een the pow er and
the circuit. Start w ith the m eterɋs highest range and w ork your w ay dow n. U sing



too low  a range m ay im pede the passage of current enough to affect or even
prevent operation of the product youɋre trying to test. It also m ay heat up the
D M M ɋs internal resistor enough to dam age it. If youɋre taking current
m easurem ents and suddenly the m eter reads zero, youɋve probably pulled too
m uch current through it and blow n the m eterɋs fuse. M ost of those are in the
250-to 500-m A  range. Take off the back and youɋll see the fuse in its holder.
Som e m eters keep a spare fuse inside for just those occasions.

C urrent is perhaps the least useful m easurem ent and, consequently, the one
m ost infrequently perform ed. N ow  and then, itɋs great to know  if excessive
current is being draw n, but heat, sm oke and blow n fuses usually tell that story
anyw ay. The m ore revealing result is w hen current isnɋt being draw n; that tells
you som e necessary path isnɋt there or the unit isnɋt being turned on. Especially
because breaking connections to insert the m eter is inconvenient, how ever, you
w onɋt find yourself w anting to m easure current very often.

D iode T est
Som e D M M s offer sem iconductor junction tests, m aking them  handy for
checking diodes and certain types of transistors. The m easurem ent is pow ered by
the m eterɋs battery, as w ith resistance m easurem ents, but itɋs taken som ew hat
differently. Instead of seeing how  m any ohm s of resistance a part has, you see
the voltage across it. A nd to com plete the test, you m ust reverse the leads and
check the flow  in the other direction.

K ill the pow er and disconnect one end of the com ponent for this test. A  good
silicon diode should show  around 0.6 to 0.7 volts in one direction and no
continuity at all in the other. That lack of flow  w ill be show n as the m axim um
voltage being applied, typically around 1.4 volts. (Y ou can check your m eterɋs
open-circuit value by setting it to the diode test w ithout connecting the leads to
anything.) If you see 0 volts or near that, the part is shorted. To verify, sw itch the
leads, and you should see 0 volts in the other direction too. If you see 1.4 volts
(or w hatever your m eterɋs m axim um  is) in both directions, the part is open, a.k.a.
blow n. If the m eter indicates the norm al 0.6 volts in the conducting direction but
also show s even a slight voltage drop the other w ay around, the diode is leaky
and should be replaced.

Som e D M M s perform  capacitance, inductance, frequency and other
m easurem ents, but m ost donɋt. If yours does offer these readings, see the
sections on those kinds of m eters, and the principles w ill apply.



E SR  M eter
W ith changes in technology have com e changes in w hat goes w rong w ith it. B y
far, the biggest one Iɋve seen is the epidem ic of high ESR  (equivalent series
resistance, as discussed in C hapter 2) in electrolytic capacitors.

Todayɋs circuits require squeaky-clean D C  pow er. B y Ɏclean,ɏ I m ean free of
fluctuations. Fast ones, a.k.a. noise, spikes or glitches, can really foul up a digital
system , causing everything from  erratic operation to total system  shutdow n. In
analog circuits, the noise can show  up in the output, m anifesting as a hum , buzz
or w hine. The telltale sym ptom  of ESR  trouble in digital devices is that the
operation of the system  gets less stable w ith tim e. Flat-panel TV s and com puter
m onitors are particularly prone to these problem s. So are com puters them selves.
A t first, a TV  begins having trouble turning on, but itɋll do it if you try several
tim es. Then, the set starts turning itself off random ly. Finally, it w onɋt run at all.
H ead straight for your ESR  m eter!

U sing an ESR  m eter is easy. B ecause it em ploys very low  test voltages in the
tens of m illivolts, sem iconductors (transistors, diodes and IC s) connected to the
capacitors w onɋt turn on, so they effectively disappear from  the m easurem ent.
That lets you test for ESR  w ithout having to unsolder the caps, unless thereɋs a
coil or another cap directly across (in parallel w ith) the part under test. B ew are:
com puter m otherboards often have lots of electrolytic caps in parallel, in order to
achieve extra-low  ESR . In that case, youɋll have to unsolder one lead of each cap
w hile you test it or youɋll be testing the w hole herd at the sam e tim e, w hich tells
you nothing about an individual capacitor. That can be a real problem ; I fixed a
w ireless router w ith som e bad ɋlytics, and one show ed an in-circuit ESR  of 0.72
ohm s. W hen I took it out and retested it, it m easured 40 ohm s! W hy such a vast
difference? There w ere three other caps on the board in parallel w ith it, m asking
how  bad it w as.

If your ESR  m eter offers a zeroing function, use it before testing. Just connect
the test leads together and hit the Ɏzeroɏ button. The m eter w ill adjust itself to
com pensate for the resistance in its ow n test leads, for the m ost accurate reading.
Then, unhook the leads and get ready to connect them  to the capacitor under test.
B e sure to discharge the test cap com pletely before hooking up the m eter! I canɋt
stress this enough. A  charged cap can ruin your ESR  m eter. Even if youɋre lucky
and it doesnɋt, you w onɋt get a valid reading from  a charged capacitor.

C onnect the leads, being sure to hook + to the capɋs + and Ɇ to its Ɇ. C onnect
them  directly across the capacitor. Even if one side of the cap goes to ground (as
m ost do), donɋt use a ground point som ew here aw ay from  the part, because the



resistance of the circuit board trace betw een it and the cap w ill distort the
reading, m aking the ESR  look higher than it is.

The m eter w ill display the ESR  in ohm s. B e prepared to see fractions of an
ohm  to perhaps a few  ohm s. R em em ber, the low er the better.

U nlike w ith m any other m easurem ents, interpreting ESR  isnɋt a hard and fast
science. C aps from  various m anufacturers m ay have som ew hat different ESR s.
A lso, there are several chem ical and m echanical form ulations of electrolytic
capacitors, all w ith different ESR s.

H ow  do you know  w hatɋs okay and w hat isnɋt? If the nam e of the
m anufacturer is visible on the cap, go online and look up the data sheet. That
w ill show  the ESR  of a new  part. Is yours close? D onɋt expect it to be the sam e,
but if itɋs higher by less than 20 percent or so, itɋs still good. A ny m ore than that
m eans the cap is starting to go, even if it hasnɋt caused problem s yet.

If you canɋt find specs for your particular cap, com pare the m easured ESR
against that of a new  capacitor of the sam e capacitance and voltage rating,
regardless of w ho m ade it. If the ESR s are close, the test cap is okay. A  capacitor
w ith high enough ESR  to cause circuit m alfunctions w ill read tw o or three tim es
w hat a good one does. If you donɋt have a new  cap to com pare w ith, try looking
up an ESR  chart online to see w hat typical parts w ith the sam e voltage and
capacitance values should read. Som e m eters com e w ith them . M ine did.

Sw itching pow er supplies, w hich w eɋll cover in C hapter 15, and m ost
com puter m otherboards use polym er electrolytic caps, w hich have especially
low  ESR  ratings. If you com pare a bad low -ESR  cap to a good standard one, the
bad cap m ay seem  to com pare w ell w hen itɋs really too far gone to w ork in a
circuit requiring low  ESR . B e sure to com pare sim ilar parts.

Finding Short C ircuits
ESR  m eters have a valuable off-label use: they can serve as ohm m eters w ith a
very low  scale. That, com bined w ith their super-sm all test voltages that m ake
m ost com ponents disappear from  the readings, lets you find elusive short
circuits. Even m ore im portant, you can rule out w hat isnɋt shorted w ithout
having to rem ove com ponents.

N ow  and then, youɋll w ork on a device w ith a short across the D C  pow er
supply line. This happens frequently w ith autom otive electronics, due to the
harsh electrical environm ent in cars. The problem  seem s sim ple enough, but
w here is the short? Everyw here you poke your D M M ɋs probe, itɋs the sam e: 0
ohm s.

A h, but itɋs not! R eally, thereɋs som e fraction of an ohm , but thatɋs too low  to



A h, but itɋs not! R eally, thereɋs som e fraction of an ohm , but thatɋs too low  to
see w ith a D M M . Itɋs exactly the range m easured by an ESR  m eter, though. U se
it like any other ohm m eter, w ith pow er disconnected from  the circuit under test.
H ook the negative test lead to the negative pow er connection w here it joins the
circuit board. In nearly all circuits, thatɋs ground. B e sure to connect it right at
the board, not on the m etal chassis, because fractions of an ohm  tell the story
here, and you canɋt predict how  m uch resistance is betw een the chassis and the
board, or how  close the connection betw een the tw o is to the short youɋre
hunting.

Probe around the traces connected to the positive side of the pow er input,
looking for the low est resistance. If the value goes up everyw here you look
relative to the reading directly across the pow er input points, either the short is
right there at the input points or, m ore likely, your ground isnɋt near the short.
Try other ground points on the board. Find the point of low est resistance, and
youɋre as near to the short as you can get. The bad part is alm ost in your hands!

W hen you get close, you m ay find several com ponents connected together
that could be the culprits. W hich one is it? C heck each of them  w ith the ESR
m eter, w ith both of the test leads directly across the suspected part. G ood
electrolytic capacitors w ill show  low  values, but they shouldnɋt be as low  as the
value of the short. N o m atter w hat kind of part you test, if the reading isnɋt as
low  or low er than the one that led you there, that part is not shorted. K eep
looking. W hen you find that low est reading, youɋve found the shorted
com ponent.

This technique led m e to a short in a m obile tw o-w ay radio that its ow ner had
given up for dead. ESR  m eters rock!

O scilloscope
B ack in C hapter 2, I em phasized that the scope is your friend. N ow  itɋs tim e to
get acquainted w ith your new  best buddy. This is the m ost im portant instrum ent,
so learning to use it w ell is absolutely vital to successful repair w ork. Thereɋs no
need to be intim idated by all those knobs and buttons; w eɋll go through each one
and see how  it helps you get the job done. V arious scope m akes and m odels lay
out the controls differently, and som e call them  by slightly different nam es, but
they do the sam e things. O nce you get used to operating a scope, you can figure
out how  to use any m odel w ithout difficulty.

W hile the functions of analog and digital scopes are basically the sam e, each
type offers a few  features unique to its species, along w ith som e characteristic
lim itations. Letɋs look at a scopeɋs functions and operation using an analog



lim itations. Letɋs look at a scopeɋs functions and operation using an analog
instrum ent as an exam ple, w ith digital-specific differences noted along the w ay.
Then w eɋll review  som e im portant item s to keep in m ind w hen w orking w ith a
digital unit.

O verview
Y ou cannot harm  your scope by m isadjusting its controls, outside of possibly
dam aging the cathode-ray tube (C R T) w ith an extrem ely high brightness setting.
B ut even that doesnɋt happen in an instant. So have no fear as you play w ith the
knobs, and feel free to experim ent and learn as you go. Just keep the brightness
to reasonable levels and youɋll be fine.

The purpose of a scope is to plot a graph of electrical signals, w ith horizontal
m otion, or deflection, representing tim e, and vertical m otion representing signal
voltage. V arious controls adjust the speed and the voltage sensitivity so you can
scale a w ide range of signals to fit on the display. O thers help the scope trigger,
or begin draw ing its graph, on a specific point in the signal, for a stable im age.
Still m ore let you perform  special tricks helpful in view ing com plex signals.
N ow  you know  w hy a scope has so darned m any knobs!

To get signals on the screen, first you w ill connect the probeɋs ground clip to
circuit ground of the device youɋre exam ining. If circuit ground is connected to
the w all plugɋs round ground term inal, thatɋs fine, but never connect the clip to
any unisolated voltagesɇ that is, points connected to the A C  lineɋs hot or neutral
w ires. D oing so presents a serious shock hazard, along w ith the distinct
possibility of destroying your scope. (This issue crops up m ostly w hen youɋre
w orking on sw itching pow er supplies, so read up on them  in C hapter 15
carefully before you try to connect your probe to one.)

N ext, youɋll touch the probeɋs tip to the circuit point w hose signal you w ant
to see, and set the vertical, horizontal and trigger controls to scale the signal to
fit on the display and keep it steady. R eally, thatɋs all there is to it. The rest is
just details.

The boxes on the face of the screen, called the graticule, are used for visual
estim ation of the signalɋs voltage and tim e param eters, and the vertical and
horizontal controls are calibrated in divs, for divisions (Figure 6-1). O ne box
equals one division, and the boxes are subdivided into five equal parts, for an
easily visible resolution of 0.2 divisions, or 0.1 divisions if you w ant to count the
spaces in betw een the subdivision lines.



FIG U R E  6-1 G raticule.

So, if the vertical input control is set to 0.5 volts/division and your signal
occupies tw o divisions from  top to bottom , itɋs a 1-volt signal. Sim ilarly, if the
tim e/div control is set to 0.5 ³s (m icroseconds, or m illionths of a second) and
one cycle of your signal occupies tw o divisions from  left to right, it has a period
of 1 ³s and is repeating at a rate of about 1 M H z. (1/period = frequency;
som ething that occurs every m illionth of a second happens a m illion tim es a
second, right?)

N otice I said Ɏabout 1 M hz.ɏ K eep in m ind that scopes are not intended for
m easurem ents requiring trem endous precision or accuracy. A  few  percent is the
best they do. N ew er designs offer m ore accurate tim e calibration, thanks to
digital generation of their internal tim ing clocks, but the precision is still low
com pared to that of a digital frequency counterɋs m any digits. Plus, the vertical
input specs donɋt approach those of the horizontal, even on digital scopes,
because scaling the incom ing voltage so it can be digitized is still an analog
process, w ith all the attendant drift and error inherent in such processes.

Though the layout of scopes varies by m anufacturer, vertical controls are



usually near each other, w ith horizontal controls grouped together som ew here
else. Typically, vertical stuff is on the left and horizontal is on the right. O ther
functions, like triggering and screen controls, m ay be anyw here, although screen
settings are usually under the screen, w ith triggering near the far right edge of
the control panel. Som e digital scopes, especially the pocket variety, m ake
extensive use of m enus and donɋt have control layouts anything like the
traditional schem e.

To begin, find the pow er button, m ost likely near the bottom  of the screen.
Turn the scope on, and adjust the follow ing controls.

Screen Settings
This group of controls, found only on C R T-type scopes, is pretty m uch alw ays
located beneath the screen (Figure 6-2). M ost scopes w ith C R Ts are analog, but
som e early digital units use them  too.

FIG U R E  6-2 Screen controls.

ɓ Brightness or intensity. Set it to m idrange. If it seem s rather bright, turn it
dow n a bit. If you see nothing on the screen, donɋt turn the brightness w ay
up. O ther controls m ay need to be set before youɋll see a line, or trace, on the
display. If your scope has dual brightness controls for A  and B , use A . The B
control is for delayed sw eep operation, an advanced option w e w ill explore a
little later on.

ɓ Focus. If you can already see a trace on the screen, adjust the focus for the
sharpest line. O therw ise, set it to m idrange.

ɓ Astigm atism  or Astig. Set it to m idrange. Som e scopes donɋt have an A stig
control, but m ost do. It m ay be on the back panel, since it doesnɋt get
adjusted very often.

V ertical Settings



ɓ Vertical m ode. This control or set of buttons m ay be anyw here on the scope,
but itɋs usually near the vertical channelsɋ controls. Set it to channel 1.

ɓ C hannel 1ɋs Volts/div or Attenuator knob. Set it to 0.5 volts. M ake sure its
center knob is fully clockw ise. O n m ost scopes, itɋll click at that position.

ɓ Input coupling or AC /D C /G N D . Set it to D C .
ɓ C hannel 1ɋs Vertical position. Set it to about one-third of the w ay up.

FIG U R E  6-3 V ertical controls.

H orizontal Settings



ɓ Sw eep rate or tim e/div. Located to the right of the screen, this probably w ill
be the biggest knob on the scope, and it m ay have a sm aller knob inside, w ith
an even sm aller one in the center of that. Set the outer knob to 2 m s. M ake
sure the innerm ost knob at the center of this control is all the w ay clockw ise.

ɓ Sw eep m ode. Look for ɎA uto,ɏ ɎN orm alɏ and ɎSingle.ɏ Set it to A uto.
ɓ H orizontal display. Look for a knob or buttons labeled ɎA ,ɏ ɎA  intens B ɏ and
ɎB .ɏ Set it to A .

FIG U R E  6-4 H orizontal controls.



FIG U R E  6-5 T rigger controls.

T rigger Settings
To find the trigger controls, look for a knob labeled ɎLevel.ɏ A lso look for
sw itches for ɎC oupling,ɏ ɎSourceɏ and ɎSlope.ɏ If your scope has separate
trigger sections labeled ɎA ɏ and ɎB ,ɏ use A .

ɓ Source. C hannel 1
ɓ C oupling. A C
ɓ Level. M idrange; on m ost scopes, the knobɋs indicator line w ill be straight up.

These settings should result in your seeing a horizontal line across the screen.
If not, turn the channel 1 vertical position knob back and forth. Y ou should see



If not, turn the channel 1 vertical position knob back and forth. Y ou should see
the line m oving up and dow n.

If you still donɋt see anything, try turning up the brightness control pretty far.
Still nothing? Turn it back dow n to m edium . If you saw  a spot on the left side
w hen you turned it up, then your scope is not sw eeping across the screen. C heck
that the sw eep m ode is set to A uto. If itɋs on N orm al or Single, you w ill not see
anything w hen no signal is applied. If you still have a blank screen, either you
have m ade an error in this initial setup, your scope is not getting pow er or itɋs
not functional. G o back and check all the settings again.

V iew ing a R eal Signal
A ssum ing you do see the line, connect a scope probe to the channel 1 (or A )
vertical input by pressing its connector onto that channelɋs input jack and then
turning the sleeve clockw ise about a quarter turn until it locks. If the probe has a
little Ɏ10X /1X ɏ sw itch on it, set it to 10X . U sually, the sw itch is on the part of
the probe you hold, but som e types have the sw itch on the connector, at the
scope end. Touch your finger to the probeɋs tip, and you should see about one
cycle of A C  on the screen. It m ight w obble back and forth a little, but it should
be fairly stable. If all you see is a blur, try adjusting the trigger level knob back
and forth until the im age locks. Y ou can also step the vertical attenuatorɋs range
up and dow n so the im age occupies m ost of the screen. Y ouɋre looking at the
voltage induced into your body from  nearby pow er w iring! Pretty startling, isnɋt
it?

W hat A ll T hose K nobs D o
N ow  that you have the scope running, letɋs look at w hat each control does and
how  to use it.

Screen C ontrols
Screen controls adjust the electron beam  for optim al tracing, accounting for
changes due to drift, w riting speed, and so on. A s I m entioned earlier, these
controls are specific to C R T displays; you w onɋt find them  on scopes w ith LC D
screens.

B rightness or Intensity This sets the brightness of the trace. It should be
adjusted to a m edium  value. D onɋt crank the brightness w ay up for very long or
you m ay burn the trace into the tubeɋs phosphors, and thereɋs no undoing that.



D epending on the speed of the signal youɋre exam ining, you m ight have to turn
the brightness up so high that the trace w ill be w ay too bright w hen you rem ove
the signal or slow  the scopeɋs sw eep rate back dow n, and youɋll have to back off
the brightness again. B e sure to do so w ithout m uch delay.

Y ou m ay find tw o brightness controls: one for the m ain sw eep and another
for the delayed sw eep. The extra brightness control is there because the beam
w ill be sw eeping at tw o different speeds, and the faster sw eep m ay be too dim  to
see w ithout a brightness boost.

If you turn the brightness up very high to see a fast signal, the beam ɋs shape
m ay distort or go out of focus a bit, even if the displayed brightness rem ains low .
Thatɋs norm al and is nothing to w orry about, but it m eans the scopeɋs circuits are
being driven to their m axim um  levels, so itɋs a good idea to keep the brightness
dow n below  the point at w hich distortion becom es significant.

Focus This focuses the beam . Turn it for the sharpest trace. W hen adjusting the
astigm atism  control, you m ay have to alternate adjusting A stig and Focus for
m axim um  sharpness.

A stigm atism  or A stig This sets the beam ɋs shape and should be adjusted for the
sharpest, thinnest trace w hen displaying an actual signal. Y ou canɋt set it w hile
observing a flat line. A n easy w ay to adjust it is to touch the probeɋs tip to the
scopeɋs cal (calibrator) term inal, w hich outputs a square-w ave signal useful for
calibrating several of the instrum entɋs param eters. Y ou can let the probeɋs
ground w ire hang, since itɋs already grounded to the scope through the cable.
A djust the channel 1 input attenuator, the A  trigger level and the horizontal
Tim e/div control to get a few  cycles of the square w ave on the screen. Turn the
A stig and Focus controls until the w aveform  looks sharpest. N orm ally, you
w onɋt have to m ess w ith A stig again. N ow  and then, you m ight touch it up w hen
view ing very fast signals w ith the brightness control cranked up. If you do,
youɋll need to reset it afterw ard to keep slow er w aveform s looking sharp.

R otation This is usually a recessed control under the screen, accessible w ith a
screw driver. It com pensates for am bient m agnetic fields that can cause the trace
to be tilted. G et a flat line, use the channel 1 vertical position knob to center it
right dow n the m iddle, and adjust the rotation to rem ove tilt. U nless you take the
scope to another locale, youɋll probably never have to touch this control again.



Illum ination This adjusts the brightness of som e sm all incandescent bulbs
around the edge of the screen so you can see the graticule better, especially w hen
shooting photos of the screen. O n a used scope, if the control does nothing, the
lam ps m ay be burned out. Their functionality has no effect on the operation of
the scope. I alw ays leave m ine turned off anyw ay.

B eam  Finder A ctivating this button stops the sw eep and puts a defocused blob
on the screen so you can figure out w here the beam  w ent, should it disappear. If
the blob is tow ard the bottom  of the screen, the trace has gone off at the bottom .
If it appears near the top, the trace is above the top. If itɋs in the m iddle, the trace
is w ithin norm al view ing lim its but the horizontal sw eep is not being triggered to
m ove the beam  across the screen.

O n som e scopes, the sw eep continues to run, but all dim ensions get sm aller
and everything gets brighter, so you can see a m iniature version of w hat m ight
otherw ise be off the screen. That can be m ore inform ative than just a blob.

V ertical C ontrols
The vertical controls scale the incom ing signal to fit on the screen. They also
allow  you to align the im age to m arks on the graticule for m easurem ent
purposes.

Probe C om pensation This m akes the probe m atch the input channelɋs
characteristics to ensure accurate representation of incom ing signals. It is also a
screw driver adjustm ent, but itɋs not on the scope itself. Instead, youɋll find it on
the probe, and it can be at either end. It w onɋt be m arked, so look for a hole w ith
a little slotted screw . M ake sure the channel 1 input coupling is set to D C . If the
probe has a Ɏ10X /1X ɏ sw itch, set it to 10X . Touch the probe to the cal term inal,
and adjust the input attenuator so that the square w ave uses up about tw o-thirds
of the vertical space on the screen. Set the Tim e/div control so you can see
betw een tw o and five cycles of the square w ave. Look at the leading edge of the
w aveform , w here the vertical line takes a right turn and goes horizontal at the
top of each square. A djust the probe com pensation for the squarest shape. In one
direction, itɋll m ake a little peak that sticks up above the rest of the w aveform .
The other w ay, itɋll round off the corner. It m ay not be possible to get a perfect
square, but the closer you can get, the better (Figures 6-6 and 6-7).



FIG U R E  6-6 Probe overcom pensation.



FIG U R E  6-7 Probe undercom pensation.

O nce the probe is m atched to the input channel, itɋll have to be recalibrated if
you w ant to use it on the other channel or on another scope. This takes only a
few  seconds.

V ertical Input A ttenuator or V olts/D iv The outer ring of this control scales the
vertical size of the incom ing signal so it w ill fit on the screen. The voltage
m arking on each range refers to how  m any volts it w ill take to m ove the trace up
or dow n one division, or box, on the graticule w hen youɋre using a 1X  probe,
w hich passes the signal straight through to the scope w ithout altering it.

H ereɋs w here things get interesting. R em em ber that Ɏ10X /1X ɏ sw itch on the
probe? W hen set to 10X , it divides the incom ing signalɋs voltage by 10. If your
probe has no sw itch, it still does the sam e thing, as long as itɋs a 10X  probe,
w hich m ost are. Y ou have to m ultiply the attenuatorɋs setting by 10 to m ake up
for that.

For exam ple, if you m easure a voltage that m akes the trace rise 3.5 divisions
and your attenuator is set to 0.1 volts/div, m ultiply 3.5 Õ 0.1 Õ 10 to get 3.5



and your attenuator is set to 0.1 volts/div, m ultiply 3.5 Õ 0.1 Õ 10 to get 3.5
volts. That m ight sound overly com plicated, but thereɋs an easy w ay to do it: just
m ove the decim al point one space to the right w hen looking at the attenuator. If
itɋs set to 0.1 volts/div, rem em ber itɋs really reading 1 volt/div. Then m ultiply
that by w hat you see on the screen, and youɋre all set.

Som e fancier scopes autom ate the 10X  factor w hen used w ith their ow n brand
of probes. The probes alert the scope to the scaling factor, and the input
attenuatorɋs m arkings are illum inated at the correct spot, or the corrected
attenuator value is show n on the screen, so you donɋt have to do the arithm etic.

W hen youɋre interpreting the displayed signal, keep in m ind that the precision
to w hich you can m easure things depends on the setting of the attenuator. If itɋs
set to 1 volt/div (after accounting for the 10X  probe factor, of course), you can
visually estim ate dow n to about 0.1 volts using the subdivision lines and the
spaces betw een them . If itɋs set to 10 volts/div, you can estim ate only dow n to
about 1 volt, since the sam e graticule box now  represents 10 volts instead of 1,
so each subdivision line represents 2 volts.

Y ou m ay be w ondering w hy probes divide the signal by 10, and w hy som e
have sw itches. To display a signal, the scope has to steal a tiny am ount of it from
the circuit youɋre testing. Itɋs like a blood test: you have to take a little blood!
The object of the probeɋs division is to present a very high im pedance
(essentially, resistance) to the circuit to avoid loading it dow nɇ that is, stealing
enough current from  it to alter its behavior and give you a false representation of
its operation. B ecause the 10X  probe needs to steal only a tenth of the signalɋs
actual voltage, it has internal voltage-dividing resistors that give it an im pedance
of 10 M ƴ , or 10 m illion ohm s. Thatɋs very high com pared to the resistances
used in any com m on circuit of the sort youɋll w ant to m easure. Extrem ely little
current passes through such a high resistance, so the circuit under test doesnɋt
notice it. A lso, using 10X  lets you m easure voltages 10 tim es higher than w hat
the scope norm ally can accept w ithout dam age.

If your probe offers 1X , that sw itch position rem oves the voltage divider,
passing the signal directly to the scope and resulting in an input im pedance of 1
M ƴ . Thatɋs still pretty high, but it can affect som e sm all-signal and high-
frequency circuits. U sually, youɋll keep your probe at 10X  unless the signal you
w ant to see is so sm all that you canɋt get enough vertical deflection on the screen
even w ith the attenuator set to its m ost sensitive range. N ow  and then, you m ay
scope a circuit that generates enough electrical noise to get into the probe
through the air like a radio signal gets into an antenna. W hen youɋre at 10X , the
im pedance is so high that it takes very little induced signal to disturb your
m easurem ent. Sw itching to 1X  m ay m ake the extraneous noise disappear or at



m easurem ent. Sw itching to 1X  m ay m ake the extraneous noise disappear or at
least get m uch sm aller. That kind of thing happens m ostly w hen probing C R T
TV  sets, LC D  backlighting circuits and sw itching pow er supplies, all of w hich
use high-voltage spikes capable of radiating a significant short-range radio
signal.

U sing 1X  w ill let you see rather sm all signals as long as it doesnɋt load them
dow n too m uch. A lso, som e scopes let you pull out the center knob on the
attenuator to m ultiply the sensitivity of the selected range by a factor of 10.
D oing so causes som e signal degradation, so use this only w hen you really need
it. Y ou probably never w ill.

A h, that center knob. Itɋs called the variable attenuator. N orm ally, you keep
it in the fully clockw ise, calibrated position so the volts/div you select w ill m atch
the graticule, allow ing you to m easure voltage values. Som etim es, you w ant to
do a relative m easurem entɇ that is, one w hose absolute value doesnɋt m atter, but
you need to know  if itɋs bigger or sm aller than it w as before, or its size relative
to another signal. To m ake such m easurem ents easy to read, itɋs very helpful to
line up both ends of the signal w ith lines on the graticule. Turning the center
knob counterclockw ise gradually increases the attenuation, reducing the vertical
size of the signal and letting you align its top and bottom  w ith w hatever you like.
Itɋs crucial to rem em ber, though, that you canɋt take an actual voltage
m easurem ent this w ay; the vertical spread of the signal has no absolute m eaning
w henever the variable attenuator is engaged. To rem ind you, m any scopes have a
little ɎU ncalɏ light near the attenuator so youɋll know  w hen the variable
attenuation is on and the channel is uncalibrated.

Input C oupling (A C /D C /G N D ) This determ ines how  the signal is coupled, or
transferred, into the vertical am plifiers, and itɋs one of the m ost im portant
options on a scope. A s you w ill see, the choice of coupling enables a neat trick
for exam ining signal details and is not lim ited to being used in the obvious w ay,
w ith D C  for D C  signals and A C  for A C  signals. Y ouɋll find yourself sw itching
betw een the tw o settings quite often w hen exploring m any types of signals.

G N D  The G N D  setting sim ply grounds the input of the scope, perm itting no
voltage or signal from  the probe to enter, and discharging the coupling capacitor
used in the A C  setting. (M ore about this shortly.) It does not ground the probe
tip! Y ou donɋt need to rem ove the probe from  the circuit under test to sw itch to
the G N D  setting. This selection is used to position the trace at a desired
reference point on the screen, using the input channelɋs vertical position control,
w ith no influence from  incom ing signals. N ot all scopes have a G N D  setting.



Som e probes offer it on their 10X /1X  sw itches. If you donɋt have one in either
place, itɋs no big deal, because you can alw ays touch the probe tip to the ground
clip. H aving a G N D  setting just m akes getting a clean, straight line of 0 volts a
bit m ore convenient.

D C  In the D C  position, the signal is directly coupled, and w hatever D C  voltage
is present w ill be plotted on the screen. If you w ant to m easure the voltage of a
pow er supply or the bias voltage on a transistor, use this position.

To m easure a D C  voltage, first rem ove the probe from  the circuit and touch it
to the ground clip, or sw itch to the G N D  setting, and turn the vertical position
knob to w herever on the screen you w ant to call 0 volts. If youɋre m easuring
positive voltage, the bottom m ost graticule line is a good place to put the trace. If
the voltage is negative, set the trace at the topm ost line because it w ill m ove
dow n w hen the signal is applied. Then, touch the probe to the point you w ant to
m easure, or sw itch back from  G N D  to D C  if you kept the probe touching the test
point, and observe how  m any graticule divisions the trace rises or falls. D onɋt
forget to m ultiply the attenuatorɋs m arking by 10 to com pensate for your 10X
probe!

If you touch a voltage point w ith the probe and the trace disappears, you have
probably driven it off the screen w ith a voltage bigger than can be handled by
the range youɋve selected w ith the vertical attenuator control, so set that to
higher voltages per division until you can see the trace. A fter sw itching the
attenuator to a different range, perform  the zero setting again before trying to
estim ate a m easurem ent from  the screen, because som etim es it drifts a little bit
w hen you change the range.

A C  M any signals contain both D C  and A C  com ponents. They have a D C
voltage offset from  0 volts, but theyɋre also not just a straight line; thereɋs
variation in the voltage level, representing inform ation or noise. So, how  is a
varying D C  voltage A C ? Isnɋt it one or the other?

A s I m entioned in C hapter 5, voltage level and polarity are entirely relative.
A ny voltage can be positive w ith respect to one point and negative w ith respect
to another. Take a look at Figure 6-8. That signal is above ground in the positive
direction, w ith none of it going negative, so itɋs a D C  signal w ith respect to
ground, and its height above ground is its D C  offset or D C  com ponent. The top
of it, how ever, is w iggling up and dow n. Im agine if you could block the D C
offset, and that dotted line becam e 0 volts. The signal w ould then be A C , w ith
half above the line and half below .



FIG U R E  6-8 T he A C  and D C  com ponents of a signal.

It looks nice on paper, but you canɋt actually do that, right? Sure you can!
Passing the signal through a capacitor w ill block the D C  level, but, as the signal
w iggles, those changes w ill get through, resulting in a true A C  signal sw inging
above and below  ground, w ith polarity going positive and negative. H ence, those
w iggles are know n as the AC  com ponent of the D C  voltage. (A nd now  you know
a quick-and-dirty w ay to turn a positive voltage into a negative one! See, I
w asnɋt kidding: there truly is no absolute polarity.)

W hen you select A C  coupling, the scope inserts a coupling capacitor betw een
the probe and the vertical am plifier, blocking any D C  voltage from  deflecting
the beam . This changes everything! B y blocking the D C  com ponent of a signal
and passing only the A C  com ponent, you can exam ine that com ponent in great
detail. Letɋs see how .

Suppose you have a 12-volt pow er supply in an LC D  m onitor w ith erratic
operation. The backlight doesnɋt like to turn on. W hen it finally does, som etim es
it shuts itself off. Y ou suspect the supply m ight not be putting out clean pow er.
In other w ords, som e noise could be riding on top of the voltage, perhaps caused
by w eak filter capacitors, confusing the m icroprocessor and turning it off. Y ou
fire up your scope, set it to D C  coupling and check that 12-volt line, but it looks
okay. H m m m ɔ  there m ight be a little blurriness on the line, but itɋs hard to tell
for sure, so you crank up the sensitivity of the vertical attenuator to take a closer
look. O ops! The trace is now  off the screen. Y ou turn the vertical position
control dow n to get it back, but now  that control is as low  as it w ill go. Y ou can
see the line, but you canɋt check for any sm all spikes or w obbles in it because it
keeps going off the screen every tim e you up the sensitivity enough to exam ine
the sm all stuff.



the sm all stuff.
If only that sam e noise w ere riding on 0 volts instead of 12 volts, then the

trace w ould stay put, and you could fill the screen w ith even the tiniest changes.
N o problem . Sw itch to A C  coupling to block the D C  com ponent of the signal,
and you can crank the attenuator for m axim um  sensitivity w ithout budging the
trace. Itɋs a very pow erful technique for exam ining signals w ith both D C  and A C
com ponents. M any signals are of that form , and youɋll use A C  coupling quite
often, regardless of w hether the signal is really A C  or not. In fact, a sym m etrical
A C  signal (one that sw ings equally positive and negative w ith respect to ground,
w ith no D C  offset) w ill read exactly the sam e w ith either D C  or A C  coupling, so
sw itching betw een the tw o is an easy w ay to see if an offset exists. If the trace
doesnɋt shift vertically w hen you flip the coupling sw itch, thereɋs no offset.

If the signalɋs changes are slow  enough, the coupling capacitor charges up
and eventually begins to block the slow ly changing signal voltage until the other
half of the cycle discharges it. This is called low -frequency roll-off; the cap acts
as a high-pass filter, perm itting high frequencies to pass through, w hile gradually
rolling off (attenuating) low er ones, passing nothing w hen the frequency reaches
zero. The effect w ill distort low -frequency signals, causing their flat areas to
droop as the cap charges (Figure 6-9).



FIG U R E  6-9 T ilt due to low -frequency roll-off.

To see this in action, view  about four cycles of the square w ave from  the cal
term inal, and sw itch betw een A C  and D C  coupling. (A djust the vertical position
if a D C  offset m oves part of the w aveform  off the screen w hen you change the
coupling.) The flat tops and bottom s look tilted w ith A C  coupling, losing
am plitude and heading tow ard the m iddle of the w aveform  as the coupling cap
charges. A s the signal frequency rises, the cap has less tim e to charge, so this
effect fades aw ay, for a truer representation of the signal. W hen youɋre view ing
low -frequency signals w ith A C  coupling, alw ays keep in m ind that long, sloping
areas m ay in fact be flat, and the scopeɋs coupling cap m ight be causing the
slope. The easy w ay to verify the presence of roll-off is to sw itch to D C  coupling
(unless a D C  offset drives the trace too far off the screen for the vertical position
controlɋs range to bring it back). If the sloping lines becom e flat, you know  the
cap w as fooling you.

A fter using A C  coupling, alw ays ground the probe tip or m om entarily sw itch
the input coupler to G N D  to discharge the coupling capacitor before probing



another point. O therw ise, w hatever is stored on it w ill discharge into the next
point you touch, confusing your reading and possibly dam aging the circuit under
test, although thereɋs only a rem ote chance of that. W hen you ground the probe,
you should see the trace jum p for a fraction of a second and then return to w here
it w as as the cap discharges.

A C  coupling can be inconvenient w hen youɋre w orking w ith signals that
change am plitude (vertical size) in an asym m etrical fashion. A nalog video, for
instance, is Ɏclam pedɏ to a fixed voltage, w ith its sync pulses not deviating from
their position at the bottom  as the video inform ation at the top changes w ith the
TV  pictureɋs content. U sing A C  coupling w ith such a signal w ill cause both ends
of the w aveform  to bounce around as video content rises and falls, because the
m idpoint of the signal is constantly shifting. The effect is disconcerting and
difficult to interpret. V ideo signals and others w ith sim ilar asym m etry, like
digital pulse stream s, are best view ed w ith D C  coupling so that the unchanging
end of the signal stays put.

The exam ple w as from  a real case of an LC D  m onitor I fixed using the A C
coupling on a D C  signal technique. Sure enough, there w ere narrow  1/2-volt
spikes on the pow er supply line confusing the m icroprocessor and tripping the
unit off. O nce I sw itched to A C  coupling and saw  the spikes on the filter
capacitorɋs positive term inal, I didnɋt even have to check the cap, because I
knew  a good one w ould have filtered them  out. I just popped in a new  cap. A
quick check confirm ed that the spikes w ere gone, and the noise on that line w as
now  w ell under 100 m illivolts. The m icro w as happy, and so w as I. The m onitor
w orked great. W ithout the A C  coupling trick, Iɋd never have know n those spikes
w ere there.

V ertical Position This m oves the trace up and dow n. U se it to set the zero
reference point to one of the graticule m arkings w hen taking D C  m easurem ents.
O therw ise, set it w herever you like for exam ining the signal youɋre view ing.
W hen using the scope in dual-trace m ode, set the tw o input channelsɋ vertical
position controls to keep the w aveform s separated. Itɋs conventional to put
channel 1 in the top half of the screen and channel 2 in the bottom , but you can
place them  w herever you w ant, even on top of each other.

B andw idth L im it This lim its the frequency response of the vertical am plifiers.
In 100-M H z scopes, the lim it is usually 20 M H z. Sw itching in the lim it rem oves
noise bleeding in from  external sources, particularly FM  radio stations. W ith
100-M H z bandw idth, the scope can pick up the low er tw o-thirds of the FM



band, resulting in a noisy-looking signal if you happen to live near an FM
broadcast station. Som e other radio services m ay get into your m easurem ents
too, if theyɋre strong enough. Leave the bandw idth lim it turned off unless noise
problem s are m aking your trace blurry.

V ertical M ode O n a dual-trace scope, this selects w hich channels you w ill view ,
and how . M ost scopes offer these options:

ɓ C h 1. Y ou w ill see only channel 1. Input from  channel 2 can still be used to
feed the trigger (the circuit that keeps the w aveform  steady on the screen) if
you w ant, even though you canɋt see it.

ɓ C h 2. The sam e, but in reverse. Y ouɋll see only channel 2.
ɓ Add. The voltages of the tw o channels w ill be added together and show n as
one trace.

A dding tw o signals together is pretty pointless, so w hy is this here? O ne or
m ore of your channels should have a button m arked ɎInvertɏ or ɎInv.ɏ Pressing
it m akes the channel flip the w aveform  passing through it upside dow n, w ith
positive voltages deflecting dow nw ard and negative ones upw ard. If you flip one
channel upside dow n and then select the A dd m ode, the signals w ill be
subtracted, and that is very useful in certain circum stances.

Letɋs say you have an audio am plifier w ith som e distortion. O r, perhaps, the
high-frequency response is poor. Y ou w ant to find w hich stage of the circuit is
causing the problem . Feed som e audio to the am plifierɋs input. Set both scope
channels to A C  coupling. C onnect one channel to a stageɋs input and the other to
the stageɋs output. If the am plifier hasnɋt already inverted the signal, do the
invert-add trick. Then, use the vertical attenuator of the channel w ith the bigger
signal (usually the stageɋs output) to reduce its displayed am plitude until the
signals cancel out and the resulting trace is as flat as possible. W hatɋs left is the
difference betw een the tw o signals: the distortion. U sing this technique, you can
easily see w hat a circuit is doing to a signal, and the results m ay be enlightening,
leading you to a diagnosis. M ost am plifier stages w ill show  som e difference, but
it should be m inor. W hen you see som ething significant, youɋve found the errant
stage.

C hop This puts the scope into dual-trace m ode, displaying tw o signals at once.
The tw o w ill appear to be independent, and you can set the vertical attenuation



and position of each channel at w ill. The horizontal sw eep speed set w ith the
Tim e/div control w ill apply to both channels, and the scope w ill trigger and start
the sw eep based on the tim ing of w hichever of the tw o channels you choose for
triggering. H ow ever, the scope is not truly displaying tw o sim ultaneous events;
it just looks that w ay. In reality, it is sw itching rapidly betw een the tw o channels,
w ith the beam  bouncing betw een them , draw ing a little bit of one channel and
then a little bit of the other. It is chopping them  up.

This m ethod w orks very w ell, ensuring that the tim e relationship betw een the
tw o signals is w ell preserved, since they are really being m ade by the sam e beam
as it traverses the screen from  left to right. C hop m ode has a few  serious
lim itations, how ever. If you crank the sw eep speed w ay up, you can see the
alternating segm ents of the tw o channels and the gaps betw een them . So, the
m ode is not useful at high sw eep speeds. A lso, if the tw o signals are
harm onically unrelated (their frequencies are not a sim ple ratio, so the cycles
donɋt coincide), only the channel chosen for triggering w ill be visible; the other
w ill be a blur.

A lternate or A lt This is the other dual-trace m ode, and it w orks rather
differently. Instead of chopping the w aveform , it draw s an entire channel across
the screen and then goes back and draw s the other one, in tw o separate,
alternating sw eeps. A lt m ode leaves no gaps in the traces, so itɋs suitable even
for very fast sw eep speeds. Plus, under certain circum stances, you can view
harm onically unrelated signals, w ith separate triggering for each channel m aking
them  both look stable.

A lt m ode has its ow n lim itations, though. A t slow  sw eep speeds, youɋll see
the tw o sw eeps occur, one after the other, w ith the previous one fading aw ay,
resulting in a rather uncom fortable blinking or flashing effect. A lsoɇ and this
one is m uch m ore seriousɇ the tim ing relationship betw een the tw o signals m ay
be disturbed because of w hen the scope triggers and how  long it takes to sw eep
the screen before it has a chance to draw  the second w aveform . In A lt m ode, the
displayed alignm ent in tim e of one channel to the other cannot be trusted.
A lw ays choose C hop m ode w hen you need to com pare or align the tim ing of tw o
signals. In fact, use C hop m ode as m uch as possible, and select A lt m ode only
w hen chopping interferes w ith the w aveform , or the tw o signals youɋre view ing
are unrelated in tim e so that each one needs its ow n trigger.

X -Y  This m ode stops the sw eep and lets you drive the horizontal deflection from
a signal input to channel 2. B e careful w hen pressing this button, because the



stopped beam  w ill create a very bright spot on the screen that can burn the tubeɋs
phosphors quickly. Turn the brightness all the w ay dow n before trying it, and
then gradually turn it up until you see the spot.

A t one tim e, X -Y  m ode w as a useful w ay of detecting nonlinearity,
m easuring frequency and observing som e other param eters. Today, it has little or
no application, at least not for general service w ork. I have never needed to use
X -Y  m ode even a single tim e.

T rigger C ontrols
To present a stable w aveform , the scope m ust trigger, or begin each sw eep, at
the sam e point in each cycle of the incom ing signal so the beam  w ill draw  the
sam e signal features on top of the last ones. O therw ise, all youɋll see is a blur.
The trigger locks to a specific voltage level in the signal that you set w ith the
controls. Stable triggering is one of the m ost critical features on a scope, and itɋs
im portant that you get good at using the trigger controls to achieve it.

T rigger L ock L ight This indicator tells you w hen the trigger is locked to a
feature of the signal. W hen itɋs on, you should see a stable w aveform . If not,
som e other control is im properly set, or the trigger m ay be locking to m ore than
one spot in each cycle of a com plex w aveform  that has m ore than one
occurrence of the sam e voltage level per cycle (Figure 6-10).



FIG U R E  6-10 W aveform  w ith m ultiple trigger points.

Source This selects w hich channel w ill be used to trigger the sw eep, along w ith
som e other options:

ɓ C h 1. C hannel 1ɋs signal w ill feed the trigger. U se this m ode for single-
channel operation or for dual-channel w ork w hen you w ant channel 1ɋs signal
to control tim ing of the sw eep.

ɓ C h 2. C hannel 2ɋs signal w ill feed the trigger.
ɓ Alt. In A lt m ode, each channel w ill feed the trigger, one after another. This
com pletely invalidates the tim ing relationship betw een displayed signals
because you have no idea how  m uch tim e has elapsed betw een w hen the first
channelɋs sw eep finished and the second channelɋs sw eep began. Itɋs useful
w hen you w ant to look at tw o signals w hose periods are not related, and you
w ant them  both to display stably. Just rem em ber that itɋs like having tw o
separate scopes; no tim e relationship exists betw een the displayed signals.
N ot all scopes offer this m ode.



ɓ Line. This uses the 60-H z A C  line as a tim ing reference, generating 60
sw eeps per second. Itɋs useful w hen view ing signals at or very near that
frequency w hose ow n features m ake for difficult triggering. N ow  and then, it
can be handy w hen troubleshooting line-operated gear, especially linear
pow er supplies.

ɓ External or ext. M any scopes have extra inputs that can be used as vertical
channels and/or trigger inputs. External triggering is great for locking very
com plex signals the norm al trigger canɋt get a grip on.

For instance, w hen adjusting V C R  tape paths w hile view ing the radio-
frequency (R F) w aveform  from  the video heads, there is no stable w ay to
trigger at the start of each headɋs sw eep across the tape, using the signal it
produces. Instead, you m ust drive the scopeɋs trigger from  another signal in
the V C R  that is synced to the rotation of the heads. The external trigger input
provides a place to feed it in, keeping channel 2 (from  w hich you could
accom plish the sam e thing) free for view ing other signals.

C oupling This is som ew hat like the input coupling on the vertical am plifiers,
but it offers a few  m ore choices specific to triggering needs:

ɓ D C . The trigger w ill lock to a specific signal voltage relative to ground. Itɋs
m ost useful w ith asym m etrical w aveform s.

ɓ AC . The trigger w ill lock to a voltage above or below  the m idpoint of the
signal, regardless of its voltage relative to ground. It w orks just like the A C
coupling option on the vertical am plifiers, placing a coupling capacitor in line
to block the signalɋs D C  com ponent. Y ou can use A C  trigger coupling even
w hen you use D C  coupling for the vertical channel. M ost of the tim e, youɋll
use this m ode because it m akes triggering easy as you look at various signals
w ith different D C  com ponents.

ɓ H F reject. This feeds the signal through a low -pass filter, sm oothing out high-
frequency noise or signal features that m ight confuse the trigger and cause it
to trip w here you donɋt w ant it to. If your w aveform  has high-frequency
com ponents causing jittery display, try this option. If you w ant to trigger on a
high-frequency feature, how ever, selecting H F reject w ill prevent triggering.
U sing this setting affects only the trigger operation; the signal going to the
vertical am plifier is not filtered.

ɓ LF reject. This feeds the signal through a high-pass filter, rolling off low
frequencies and preventing them  from  tripping the trigger. U se it to help



trigger on high-frequency signal com ponents w hen low er-frequency elem ents
are causing triggering w here you donɋt w ant it. A gain, the filtering affects
only the trigger.

ɓ TV-H . This is a specialized trigger m ode for use w ith analog TV  signals. It
com es from  a tim e w hen m uch service w ork w as on TV  sets, and not all
scopes offer it. It is optim ized to help the scope trigger on the horizontal sync
pulses in the TV  signal.

ɓ TV-V. This enables triggering on the vertical sync pulses in a TV  signal.

Slope This selects w hether the trigger locks on signal features that are rising or
falling. W ith m any kinds of signals, like audio and oscillators, it doesnɋt m atter.
N orm ally, leave it on +. W hen you w ant to trigger on the falling edge of a
w aveform , sw itch it to Ɇ. To see the slope feature in action, connect the probe to
the cal term inal, get a locked w aveform  and then sw itch betw een the slopes.
Look at the leftm ost edge of the screen to see w hat the w aveform  w as doing
w hen the sw eep triggered.

L evel This sets the voltage level at w hich the trigger w ill trip. O n older scopes it
had no calibration. N ew er analog scopes, and m ost digital units, show  a cursor
on the left side of the screen illustrating the trigger voltage. Som e even display
the voltage num erically. For the m ost part, you donɋt care; just use w hatever
setting provides the m ost stable display. Turn the level control back and forth
until the trigger locks. If the trigger stays locked through a w ide sw ath of this
controlɋs range, that indicates a solid trigger lock, and you should see a very
stable display. If you can get trigger lock only over a very narrow  range of the
level control, the lock is not great, and you can expect the w aveform  to jum p
around if the signal level or shape changes even a little bit. To get a better grip
on the signal, try the various coupling options, especially H F reject and LF
reject, rotating the Level control back and forth for each one.

O nce in aw hile, having a trigger level display is handy. If youɋre running into
trouble getting stable triggering on a com plex w aveform , seeing the trigger level
can help you understand w hy, and can aid in finding a m ore suitable spot in the
signal from  w hich to trigger.

H old-off This keeps the trigger held off, or unable to trip, for an adjustable
period of tim e after its last trigger event. Itɋs used on com plex signals w ith
irregularly spaced features of sim ilar voltages, to avoid having m ore than one in



each cycle trip the trigger and blur the displayed w aveform . If you canɋt get a
w aveform  to stabilize any other w ay, try turning this control. O therw ise, keep it
at the ɎN orm alɏ position, w hich reduces hold-off to a m inim um . Forgetting and
leaving it on can m ake triggering confusingly difficult because the hold-off w ill
m ake the trigger m iss consecutive cycles if itɋs set for too long a period,
resulting in a jum py m ess.

H orizontal C ontrols
The horizontal axis represents tim e, and the scopeɋs draw ing of the w aveform
from  left to right is called the sw eep. The settings controlling it determ ine w hat
youɋll see, even m ore than do those for the vertical param eters.

H orizontal Position This positions the trace left and right. Set it to fill the
screen, w ith the left edge of the trace just off the left side. N ow  and then you
m ay w ish to line up a signal feature w ith the graticule to m ake a rough
m easurem ent of period or frequency, and you can use this control to do so. Som e
scopes have both coarse and fine horizontal position controls.

Sw eep M ode This control offers three options: auto, norm al and single.

ɓ Auto. The trigger w ill lock to the incom ing signal, and sw eep w ill begin.
W hen thereɋs no signal or the trigger isnɋt locking on it for som e reason, the
sw eep w ill go into free-run m ode, triggering itself continuously so you can
see a flat line or, in the case of trigger unlock, a blur. This is the m ode you
w ill use m ost of the tim e.

ɓ N orm al. Sw eep w ill begin w hen the trigger locks on a signal but w ill stop
w hen the signal ceases. This can be handy for observing w hen rapid
interruptions occur in interm ittent signals, because the trace w ill blink at the
m om ent the signal disappears. Itɋs a little disconcerting som etim es, though,
because if the screen goes blank, you donɋt know  w hy. M aybe the trace is off
the screen, m aybe the brightness is too low  or m aybe the trigger isnɋt locked.

ɓ Single. This is for single-sw eep m ode, in w hich the trigger w ill initiate one
sw eep and then halt until you press the R eset button (w hich m ay be the
Single button itself). It helps you determ ine w hen a signal has occurred,
because youɋll see the flash of one sw eep go by. Look for a little indicator
light near the Single button labeled ɎR eadyɏ or ɎA rm ed.ɏ W hen itɋs lit, the
sw eep can be fired one tim e. A fter that firing, the light w ill go out, and you



m ust press the R eset button to rearm  the sw eep. Y ou w onɋt use this m ode
very often.

T im e/D iv The outer ring of this large control sets the tim ebase, or sw eep speed
at w hich the beam  w ill travel across the screen from  left to right. It is calibrated
by tim e in seconds, m illiseconds (m s, or thousandths of a second) and
m icroseconds (³s, or m illionths of a second). The calibration num ber refers to
how  long the beam  w ill take to traverse one division, or graticule box.

For a signal of a given frequency, the faster you set the sw eep, the m ore
horizontally spread the display w ill be, and the few er cycles of the signal you
w ill see at one tim e. O ften, you w ill w ant to set it as fast as possible to see the
m ost detail, but not alw ays. In som e instances, the aggregate effect of m any
displayed signal cycles can be m ore revealing than is a singular signal feature. If
you have low -frequency variation, such as A C  line hum , on a fairly fast signal,
you canɋt see the hum  if the sw eep is set fast enough to see individual cycles of
the signal. B ut w hen you turn the sw eep speed low  enough to view  a 60-cycle
event, you w ill see the hum  riding on the signal clearly, even though the signalɋs
w aves them selves w ill be too cram m ed together to be resolvable.

To see the effects of various sw eep rates, look at the calibratorɋs square w ave
and click the Tim e/D iv knob through its ranges. O n m ost scopes, the num ber of
displayed w aves w ill grow  or shrink w ith the sw eep rate. If it doesnɋt, your
scope is changing the frequency of the calibrator to m atch the tim ebase. Som e of
them  do that.

V ariable T im e The center knob uncalibrates the tim ebase, slow ing it dow n as
you turn the knob counterclockw ise. This is the horizontal equivalent of the
vertical channelsɋ variable attenuators, and it can be useful for lining events up
w ith the graticule during relative tim e m easurem ents of tw o signals. N orm ally,
youɋll leave it in the fully clockw ise position. A s w ith the variable attenuators, it
has an ɎU ncalɏ light to rem ind you that the tim ebase no longer m atches the
graticule.

Pull X 10 O n m ost scopes, pulling out the V ariable Tim e knob speeds up the
sw eep rate by a factor of 10. The sw eep does rem ain calibrated in this m ode. Itɋs
a quick-and-dirty w ay to spread out a signal, and it also lets you get to the very
fastest sw eep rate by turning the Tim e/D iv knob all the w ay up and then pulling
this one out. N orm ally, keep this knob pushed in, and pull it only w hen you
really need it. D onɋt forget to push it in again, or your tim e m easurem ents w ill



be off by a factor of 10.

D elayed Sw eep C ontrols
D elayed sw eep is an advanced scope function you w onɋt need for basic repair
w ork, but itɋs w orth learning for those m ore com plex situations, like servicing
cam corder m otor control servos, in w hich itɋs essential. M y apologies for any
neck injuries caused by m aking your head spin w hile reading this section! O nce
you actually play w ith delayed sw eep a few  tim es, youɋll discover itɋs really not
difficult, and itɋs quite nifty.

W ith delayed sw eep, your scope becom es a m agnifying glass, allow ing you to
zoom  in on any signal feature, even though itɋs not the one on w hich youɋre
triggering the m ain sw eep. W hy do this? Itɋs very pow erful, providing a level of
signal detail you couldnɋt otherw ise exam ine.

Letɋs say you have a sine w ave from  an oscillator, but it doesnɋt look quite
right. A  spike or som ething is distorting its shape at a particular spot. Itɋs hard to
tell w hat it is, but you can see a thickening of the trace at that point. Y ou w ant to
get up close and personal w ith that spot so you can really see the details of the
distortion and determ ine w hatɋs causing it. Y ou scope the sine w ave and crank
up the sw eep rate, but w hen you get it going fast enough to spread out the
m ystery spot, it has already gone off the right side of the screen. Y ou turn the
sw eep rate dow n a little bit, but now  the signal is too cram m ed together to perm it
a good look at the spot.

C ue superhero m usic. This is a job forɔ  D elayed Sw eep, Slayer of Stubborn
Signals, V anquisher of V illainous V oltages! In this m ode, the scope triggers on
the w aveform  as usual, as set by the A  trigger. It begins sw eeping at the rate
selected w ith the m ain Tim e/D iv knob. A fter a period of tim e you set w ith the
D elay Tim e M ultiplier knob, the B  tim ebase takes over and the beam  finishes the
sw eep at the speed set by that tim ebaseɋs knob, the one inside the m ain sw eepɋs
knob.

The result is a com pound view  of the signal, w ith a low er sw eep rate for the
events leading up to your spot of interest, follow ed by a stretched-out, detailed
view  of the spot! Even cooler, you can rotate the D elay Tim e M ultiplier knob
and scan through the entire signal, exam ining any part of it. Itɋs practically a
C A T scan for circuitry, and you donɋt even need a litter box. Letɋs look at the
controls involved w ith setting up the delayed sw eep m ode.

D elay T im e or B  T im ebase This control, located inside the m ain Tim e/div



knob, sets the speed of the B  sw eep, w hich stretches out the w aveform  for close
exam ination. Think of it like a zoom  lens on a cam era: the faster you set it, the
m ore youɋre zoom ing in for a closer look at a sm aller area. This can be set equal
to or faster than the m ain tim ebase, but not slow er.

O n som e scopes, notably those m ade by Tektronix, the sam e knob is used for
both the A  and B  sw eeps. To engage the B  sw eep, you pull out the knob,
m echanically separating the tw o tim ebase controls. In this position, the outer
ring, w hich sets the A  sw eep rate, w ill not m ove w hen you turn the knob
clockw ise to speed up the B  sw eep. The horizontal display m odes discussed in
the next section m ay also be controlled by this knob.

H orizontal D isplay M ode This selects w hich tim ebase (sw eep generator) w ill
drive the beam  across the screen, and is how  you choose betw een norm al and
delayed sw eep m odes.

ɓ A. The m ain tim ebase, w hich is set by the big Tim e/D iv control, w ill control
the sw eep. D elayed sw eep m ode w ill not be engaged.

ɓ Alt. B oth tim ebases w ill be displayed, one on top of the other. The A  sw eepɋs
display w ill be highlighted over the area that the B  sw eep is stretching out.
The faster you m ake the B  sw eep rate, the narrow er the highlight w ill get, and
the m ore stretched the displayed B  sw eep w ill be (Figure 6-11). Look for a
knob called ɎTrace Separation.ɏ It lets you position the B  sw eepɋs display
above or below  that of the A  sw eep so you can see them  better. It has no
calibration or m eaning in voltage m easurem ent term s; itɋs just a convenience.

If your scope has tw o brightness controls, you m ay need to increase the
brightness of the B  sw eep to keep it visible at high sw eep rates. The faster the
beam  sw eeps, the dim m er it w ill appear.

ɓ A intens B. This stands for ɎA  intensified by B ɏ and show s you the A  sw eep
and the highlight of the portion of the signal the B  sw eep w ill cover, just as is
show n in alt m ode. Itɋs useful for zeroing in on the spot you w ish to exam ine
w ithout cluttering up the screen w ith the B  trace, before you sw itch to a m ode
that displays B .

In both alt and A  intens B  m odes, the highlighting of the A  sw eep m ay
not be visible if you have the A  brightness control set too high. Try turning it
dow n for a m ore prom inent highlight.

ɓ B. This show s only the B  trace, at the sw eep rate selected by the B  or D elay
Tim e setting (the knob inside the big, outer Tim e/D iv knob). It turns off the



A  trace, but the settings that result in the delayed sw eep B  view  rem ain in
effect, including triggering, A  sw eep rate and delay tim e. O nce youɋve
zoom ed in on your spot of interest, you can sw itch to this setting to see only
the detailed area, w ithout the m ain w aveform  from  w hich it is derived. In this
m ode, the Trace Separation control doesnɋt do anything.

ɓ Start After D elay/Triggered. This determ ines w hat happens after the A  sw eep
has reached the beginning of the intensified area w here it w ill sw itch to B . In
start after delay m ode, the B  sw eep begins as soon as the A  sw eep hits that
point. This lets you scan continuously through the signal w ith the D elay Tim e
M ultiplier control, and is m y preferred w ay of using delayed sw eep. It has
one draw back, though. A ny jitter (instability) in the triggering of the A  sw eep
w ill get m agnified by the faster sw eep rate of the B  sw eep, resulting in the
stretched w aveform ɋs w obbling back and forth. Som etim es, the w obble is bad
enough to m ake exam ining the signal difficult.

To rem ove the w obble, select the start triggered m ode. Then, w hen the A
sw eep reaches the intensified portion, the B  sw eep w ill w ait for a trigger
before beginning. This is w hat those B  trigger controls are for. W hatɋs great
about having a separate trigger for this function is that you donɋt have to use
the sam e trigger settings for the B  sw eep that you selected for the m ain
trigger. So, you can treat the detailed area as a separate signal, setting the
trigger for best operation on its particular features.

The dow nside to this m ode is that you cannot scroll sm oothly through a
signal, because the B  sw eep w aits for a trigger. Y ou can see only features on
w hich it has triggered. K eep your scope in start after delay m ode unless you
run into w obble problem s or are exam ining fine details in a com plex signal
w ith m any subparts, like an analog video signal, w here triggering on the
subpart youɋre trying to view  is essential for stability.



FIG U R E  6-11 A lt m ode delayed sw eep display of the rising edge of the
scopeɋs calibrator square w ave. T he A  trace is on the top, w ith the B  trace
below  it. N otice the highlighting of the portion of the w aveform  being
stretched out by the B  trace.

D elay T im e M ultiplier This sets how  m any horizontal divisions the delay w ill
w ait before starting the B  sw eep (or looking for a new  trigger for it, in the start
triggered m ode), and is referenced to the A  sw eep rate. For exam ple, if the A
sw eep is set to 0.1 m s and the D elay Tim e M ultiplier knob is at 4.5, itɋll w ait
0.45 m s before the highlighted area begins. For m ost w ork, you can ignore the
num bers and just keep turning the knob to scan through the signal, using the
highlight to pick your expansion area. M ost scopes provide a vernier (gear-
reduction) knob for fine control.

B  E nds A  This turns off the A  sw eep after the B  sw eep starts. O n som e scopes,
it presents both sw eeps in one line, sw itching from  A  to B  w hen B  begins. O n
others, the tw o sw eeps are still on separate lines, and A  just disappears after the
point w here B  takes over.

T ry It!
H ow  are those neck m uscles doing? R eady to try som e of this? Letɋs use delayed
sw eep to get a close-up look at the rising edge of your scopeɋs calibrator square
w ave, as show n in Figure 6-11.

C onnect the probe to the cal term inal and set up the scope for norm al,
undelayed operation by selecting the A  horizontal display m ode. A djust the



undelayed operation by selecting the A  horizontal display m ode. A djust the
vertical, trigger and sw eep rate controls to see a couple of cycles on the screen,
and put them  on the top half.

D isengage B  ends A  m ode if it is currently turned on. M ake sure start after
delay is engaged, not start triggered. Select the A  intens B  m ode and m ove the
D elay Tim e M ultiplier knob to center the highlight over the leading (rising) edge
of the square w ave, w ith the start of the highlight just before (to the left of) the
edge. Set the brightness controls as desired so you can see the highlight clearly.
The A  brightness control w ill adjust the bulk of the w aveform , w ith the B
brightness setting the highlightɋs intensity.

If m ore than one cycle of the w aveform  is on the screen, any of the leading
edges w ill do. Itɋs best to keep the A  sw eep as fast as possible, though, w ithout
losing the feature you w ant to exam ine off the right side, so try not to have m ore
than one or tw o cycles visible.

A djust the B  sw eep rate so that the highlight is just a little w ider than the
edge, covering a sm idge of the w aveform  before and after it. N ote that the faster
you m ake the B  sw eep, the narrow er the highlight gets, m eaning that you w ill be
zoom ing in on a sm aller area, enlarging it proportionally m ore.

N ow  sw itch to alt horizontal display m ode (not the alt trigger or alt vertical
m odes). Y ou should see the zoom ed-in rising edge of the w aveform
superim posed on the original w ave. U se the Trace Separator knob to m ove it
dow n so you can see it clearly. Increase the B  sw eep rate one step at a tim e. A s
you crank it up, the m agnified edge w ill m ove off the right side of the screen,
and youɋll have to turn the D elay Tim e M ultiplier knob clockw ise just a tad to
bring it back. If the m agnified w aveform  gets too dim , crank up the B  brightness.

W hen you get the B  sw eep going pretty fast, you can see the edgeɋs slope
clearly, and you m ay also notice som e w obbles or other m inuscule features at its
bottom  and top, details you canɋt see at all w ithout the m agic of delayed sw eep!
For fun, scan through the w aveform  w ith the D elay Tim e M ultiplier knob, and
take a look at the falling edge too. Pretty aw esom e, isnɋt it? Enjoy! Just donɋt
forget to turn the A  brightness dow n w hen you sw itch back to norm al, undelayed
operation, if you turned it up.

C ursor C ontrols
If your scope offers num erical calculation, it w ill have cursor controls that let
you specify the parts of the w aveform  you w ish to m easure. The results of the
m easurem ents w ill be show n as num bers on the screen, along w ith the
w aveform s.



The layout of controls can vary quite a bit in this departm ent, but the
principles are pretty universal. For am plitude m easurem ents, you m ove tw o
horizontal cursors up and dow n to read the voltage difference betw een them . For
tim e m easurem ents, you m ove tw o vertical cursors left and right to m easure the
tim e difference betw een them  or calculate approxim ate frequency (Figure 6-12).

FIG U R E  6-12 C ursors and frequency (1/tim e) m easurem ent on a
T ektronix 2445 analog scope.

O n som e scopes, you can lock one cursor to the other after youɋve set them ,
so you can m ove one to the start of a w aveform  feature and the other w ill follow ,
letting you see how  the signal aligns against the second one.

A lw ays keep in m ind that these m easurem ents provide now here near the
accuracy or precision of those youɋll get from  your D M M  or frequency counter!
Still, you canɋt m easure the voltage or frequency of features w ithin signals w ith
anything but a scope.



D igital D ifferences
O perating a digital scope isnɋt that m uch different from  using an analog type, but
there are som e item s to keep in m ind. First, m any of the controls on an analog
instrum ent are replaced by m enus on its digital counterpart. This approach
unclutters the front panel, but itɋs slow er and m ore aw kw ard to have to step
through nested m enus than it is to reach for a knob. A s long as you keep the
basic functions of vertical, horizontal and triggering in m ind, though, you should
have no trouble rem em bering w here to find the options you need.

A ll the screen controls are gone. Y ou donɋt need astigm atism , focus,
illum ination and separate A  and B  brightness, because the display is an LC D
screen and it is not being sw ept at varying rates by an electron beam . Y ouɋll find
a m ain brightness or contrast adjustm ent in a m enu. O nce set, it w onɋt require
any changes for different m odes or sw eep speeds.

The display w ill show  various operating param eters like trigger status,
volts/div and tim e/div, so you donɋt have to take your eyes off the screen and
interpret a bunch of controls.

D igital scopes are generally m ore accurate, especially in the horizontal (tim e)
dom ain. They also tend to have m ore stable triggering and very little drift.

D elayed sw eep m ay be handled a bit differently. O n the Tektronix TD S-220,
for instance, the equivalent of the analog scopeɋs highlight is called the Ɏw indow
zone,ɏ and you set the delay tim e m ultiplier and w indow  w idth using the
H orizontal Position and Tim e knobs after selecting the m ode from  a m enu.
Instead of a highlight, you get a set of long, vertical cursors. Then, you select
ɎW indow ɏ to see the m agnified w aveform . The principles are the sam e, of
course, but thereɋs no equivalent to the analog instrum entɋs alt m ode, in w hich
both the undelayed and delayed sw eeps are show n sim ultaneously.

M ore than likely, the digital scope w ill include various acquisition m odes, so
you can grab w aveform s, store them  and display them  along w ith live signals.
Itɋll probably also have m easurem ent options for frequency, period, peak-to-
peak voltage, R M S voltage, and so on. Especially nice is the auto setup function
som e digitals offer, w hich sets the vertical, horizontal and trigger for proper
display of a cycle or tw o of m ost w aveform s w ithout your having to tw ist a
single knob. H ook up the probe, hit the A uto button and thereɋs your signal. Itɋs
the oscilloscope equivalent of autoranging on a D M M , and it saves you a lot of
tim e and effort.

R eading the screen on a digital scope requires m ore interpretation. The
lim itations im posed by the digital sam pling process, the finite resolution of the



dot-m atrix display and the slow er-than-real-tim e screen updating have to be kept
in m ind at all tim es. For one thing, curved areas can have jagged edges, and itɋs
im portant to rem em ber that they are not really in the signal. A lso, lines m ay
appear thicker and noisier than they really are, due to digital sam pling noise.
A liasing of the signal against the sam pling rate and also against the screen
resolution can seriously m isrepresent w aveform s under certain circum stances, as
discussed in C hapter 2. Finally, the slow  updating causes som e details to get
m issed. A ll scopes, analog or digital, show  you snapshots, but w ith digitals
thereɋs m uch m ore tim e betw een snaps.

W hen the input signal disappears, m any digital scopes freeze the w aveform
on the screen for a m om ent before the auto sw eep kicks in and replaces it w ith a
flat line. This m akes it hard to know  exactly w hen signals stop. If youɋre
w iggling a board w hile w atching for an interm ittent, the tim e lag can hinder your
efforts to locate the source of the dropout.

O verall, a digital instrum ent offers m ore stability, options and conveniences,
but an analog scope gives you a truer representation. A s w ith just about
everything, digital is the future, like it or not, and analog scopes w ill probably
disappear from  the m arketplace in the next few  years. If you snagged a good
one, hang onto it! If you chose a digital instrum ent, just keep these caveats in
m ind and youɋll be fine.

Soldering Iron
Soldering is probably the m ost frequent task youɋll perform  in repair w ork. Itɋs
also one of the easiest w ays to do dam age. C om petent soldering technique is
essential, so letɋs look at how  to do it.

N ever solder w ith pow er applied to the board! The potential for causing
calam ity is trem endous. First, you m ay create a path from  the joint, through your
iron, to ground via the house w iring, resulting in unw anted current. Second, itɋs
very easy for the ironɋs tip to slip off the joint and touch other item s nearby.
M ake sure pow er is truly disconnected, rem em bering that m any products donɋt
actually rem ove all pow er w ith the on/off sw itch. U nplug the item  or rem ove the
batteries to be sure.

A  good solder joint is a m olecular bond, not just a slapping of som e m olten
m etal on the surface. The solder actually flow s into the m etal of the com ponentɋs
leads and the copper circuit board traces. W hen it doesnɋt, the result is called a
cold solder joint, and it w ill fail fairly quickly, developing resistance or, in som e
cases, com pletely stopping the passage of current.



To get a good joint, first tin the ironɋs tip. W arm  up the iron to its full
tem perature, and then feed a little bit of solder onto the tip. It should m elt
readily; if not, the tip isnɋt hot enough. C oat the tip w ith solderɇ donɋt overdo it
ɇ and then w ipe the tip on the m oistened sponge in the ironɋs base. If you have
no sponge, you can use a dam p (not dripping w et) paper tow el, but strictly avoid
w iping the tip on anything plastic. M elted plastic contam inates the tip badly and
is tough to rem ove.

O nce the tip is nice and shiny, put another sm all drop of solder on it. Press the
tip onto the w ork to be soldered, being sure it m akes contact w ith both the circuit
boardɋs pad and the com ponentɋs lead (or contact point, in the case of surface-
m ounted, leadless parts). Then feed som e solder into the space w here the lead
and the pad m eet, until you have enough m elted solder to cover both w ithout
creating a big blob (Figure 6-13). To get a good idea of how  m uch solder to use,
look at the other pads (Figure 6-14).

FIG U R E  6-13 Proper soldering technique.



FIG U R E  6-14 G ood solder joints.

B efore trying to solder tiny, surface-m ount parts in a device youɋre
trying to repair, practice on a scrap board. Experience really helps in
developing successful soldering technique w ith these m inuscule
com ponents.

A s the solder feeds, it should flow  into the m etal. C heck around the edges for
sm ooth integration into the joint. If you see a ring of brow n rosin, gently scrape
it aw ay w ith an X -A cto knife or very sm all screw driver so you can get a good
look. A lso, check for proper flow  around the com ponent lead. Som etim es, the
flow  is fine to the boardɋs pad, but the solder is pooled around the lead w ithout
having bonded to it because the ironɋs tip didnɋt m ake good enough contact to
get it adequately hot, or the lead had a coating of oxidation that blocked the



necessary chem ical bonding. In fact, that style of cold solder joint is a m ajor
cause of factory defects resulting in w arranty claim s. A t least it w as, back w hen
m ost com ponents had leads. It doesnɋt occur nearly as often w ith leadless,
surface-m ount parts. Frequently, though, the problem  is w here the solder m eets
the pad (Figure 6-15).

FIG U R E  6-15 A  cold solder joint. N ote how  the edge fails to flow  into the
surrounding pad.

If the joint looks like a bead sitting on top of the pad, you have not created a
m olecular bond, and w ill need to reapply the iron. To get enough heat, the
w attage of the iron has to be appropriate to the size of the joint. A lso, you have
to apply som e pressure to the tip for effective heat transfer; a very light touch
w onɋt do it. D onɋt press really hard, though; it w onɋt im prove transfer and could
cause dam age.

If the ironɋs tip is contam inated, heat transfer w ill be lim ited. It should look
shiny. Especially if it has com e in contact w ith plastic, it could have a coating
blocking the heat. A lthough plastic contam ination is m ost easily rem oved by
scraping the tip w hen the iron is cold, tinning and then w iping a hot tip m ay cut
through the coating.



C ontam ination can occur on the leads of replacem ent com ponents, too,
especially w ith parts that have sat around for years in your parts draw ers. If the
leads look dull, apply som e fine sandpaper or scrape them  clean before
attem pting to solder them . They should be shiny for good solder flow .

O nce you have a nice, properly flow ed joint, rem ove the supply of solder and
then the iron, in that order. If you do have to reflow  the joint, add a sm all am ount
of new  solder so youɋll have fresh rosin on the joint to help facilitate bonding.

Soldering leadless, surface-m ount com ponents is tricky, m ostly because they
are so sm all that itɋs hard to keep them  in place w hile applying the iron. M ake
sure the boardɋs pads are com pletely flat, w ith no solder blobs on them , and then
put the part in place. H old it dow n w ith a sm all screw driver placed in the m iddle
of the com ponent w hile you solder one end. U nless youɋre quite unusual
anatom ically, you w onɋt have an extra hand to feed solder to the joint, so put
enough solder on the tip to m ake a crude joint. D onɋt even w orry about
m olecular bonding. Just tack that side dow n, even if itɋs w ith a bad joint. Then
let go of the com ponent and properly solder the other side, taking care to m ake a
good joint. Finally, go back to the first side and do it right. Y ou m ight have to
w ick off your first attem pt before trying again. B e extra careful not to heat the
part too m uch, or the good side w ill com e unsoldered; those tiny parts conduct
heat m uch faster than do larger com ponents w ith leads. A lso, a lot of heat can
delam inate and destroy the com ponentɋs solderable platings. W hat w orks best is
adequate heat applied quickly. G et on and off the part w ith m inim um  delay.

A fter soldering, the board w ill be left w ith a coating of rosin on and around
the new  joint. Som e techs leave it on, but itɋs not a good idea because it can
absorb m oisture over tim e. Loosen it by gently scraping w ith the tip of an X -
A cto knife or a sm all screw driver. W ipe up w hatɋs left w ith a sw ab w et w ith
contact cleaner.

To join w ires, first tw ist them  together for a solid m echanical connection. If
the w ires are stranded, try to separate the strands a bit and intertw ine them  w hen
tw isting the w ires together (Figure 6-16). If youɋre using heat-shrink tubing,
keep it far from  the soldering w ork or itɋll shrink before you get a chance to slip
it over the joint. A nd donɋt forget to slide the tubing onto one of the w ires before
entw ining and soldering them ! It really helps you avoid the expletives from
having to cut the w ires and start over.


