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T he Tolal Harmonic  Dislortion
{THD) analyzer is probabdy the
mast widely used instrument for
evaluation of distortion in audio systems.
Unfertunately, those analyzers which are
good enough o evaluate contemporary
equipment generally cost in the neigh-
borbegad of $2,000. Because of a care-
ful sedection of features and a lapology
which lends itself o realization wilh low-
o5l companends, {he analyzer de-
scribied in this anicle can be constructed
for a fraction of that cost, while providing
a measuiemant lgaor on the order o
0.007 percent acroas the U8 awdio band

A ftypical measurement setup of a
THD analyzer is stowr in Fig, 1. 1t con-
21505 of a low-distortion oscillator feading
e Unit Linder Test fJUT) which in fum
feeds the THD analyzer: an oscilloscopea
is optionally used lo observe 1he wave-
form of the dislortion products. (In mas!
high-performance THD analyzers, 1he
oscilloscope and analyzer are in ane
unit.) It is well known that a nonéinearity

The "scope phote in Fig, 2 shows the
lundarnenial sine wave in the top trace
and a typical distortion wavelorm i tha
botlom trace. Vewing the distorticn in
the “lime domain' is wary useful in eval-
duatng he nalure of the distortion mech-
anism. Here, the dislurbances near he
Zero crosmngs of the fundamental imply
1hat crossover dislartion exists, As far as
audibility is concemed, for a given mag-
nitude of distortion, smosih or soft’”
distortion waveforms are preferabla 1o
j@aged or "karsh'” wavelorms.,

How THD Analyzers Work

We can get a feel for some of the ana-
lyzer raquiramenis by seeng whest the
desired parlarmance specification im-
pligs. Here, our peal is 8 measuremsn
floor of less than 0.001 percent. This
means hal i1 we bypass the ULT, thal
which remains aftar the fundamemial is
rejected 5 l2ss than 0.001 percent, or
100 dBE down, The residual will consist
o distortion, wnrejecied  fundamartal,

oureLT
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i the JUT, whien adequalaly exciled by
i sing wave (ihe so.called fsndamen-
tal*’), will produce at the culput harmen-
ice of the sine wawe it addition 10 he
fundareenial. The princigle of 1he THD
analyzer is o ramove the undzmental
enfirely and measurg whal is left, This
removal of the fundamenial s usually
achieved wilh an extremely sharg and
deap nodch filler cenferad on the ienda-
martal frequensy.

neise and hum. Clearly, we nead a very
gocd oscillator, ane with distorion at
leasi 10 df down lroim the Hoor, or bal-
fer than 0.0003 perceni. In addition,
icw-noisa,  law-disiartion  alecironics
Ihraughaut tha analyzer ara mandalony.
Similarly, the notch filter should prot-
ably have al leazl 110 dB of rejection,
while atlenuating the clasest barmanic
(the second) by less ihan, say, 0.5 dA.
Such a sharp noteh is normally difficol




1o achieve and even mare difficult to
une manwally. This probdemn is deall wilh
in maost high-performance analyiers by
autematic tuning circuils, often tanmed
“auto tune' [1] Motch filters are ganes-
ally realized by passing ihe signal
through two paths with dillenng phase
and/ o amplitlude charactenstics a0 thal
the two resuliing oulpdis arg equal and
of cpposite phase onky at 1he canter ra-
quency. When combined, ihe signals
lhus cancel each ofher al the camer fre-
quency, it can be saen hat an auiomatic

turing system must exerd bwo fypas of

control: One 1o assura the propar phase
relaticnship at ihe nofch requency, and
one to assure that the amplitudes o the
pwo signals are exacily equal al the
notch freqguency so that full canceliaticn
can occur, As we shall see laier, 1nese
fwo conirgd circuits aach functicn b ax-
amining different characieristics of the
output of the noich filier and then adjust-
irgg notch fiter control etements accord-
irgly. The auto-lune circuits of a THD an-
alyzer are generally responsible for a
substantial porfion of tha averall cosi,
but they are virually indispansable, With
well-designad  auto-lune Circuits, rejec-
on of the fundamental is so comptate
lhat anakzer intemal distortion and noise
ganerally dominate the ressdual and es-
tablish the measurzment floar,

o make maximum wuse of the Cone
venience assocated wilh auto lune, i is
best o have the pscillalor packaged in
ihe analyezer so thatl ils frequensy can be
coniralled 0 step with thal ol the ana
yrar. This alao tends 1o reduce the con-
trod range reguirad of the auto-lune Gir-
cLits, making ihem less prong B hmst an:
afy2er periormance,

An addifional featore found in most
beftar arnakzers = called Taulo =t
level™ In analyzers withoad 1his leaturs,
a level-setting calibration  adjusiment
musl be mada whanever the inpul level
iz changed. An auto ol lovel featurs
permils the inpud level o the analyzer 1o
change over some range, say +10 di,
wilhoul affecting the calibration of the
distortion meter. i is achieved wilh 3
type of & g.c. circuil which adjusts tha
gain in fhe measwrement path alter ihe
noteh filler) dowernyand in direct propor-
fiar to increases [ input el

Finally, many analyzers include high-
pass and low-pass filers of varying com-
plecity and flexibility o oplimize perform-
ance. These distaren product filkars are

placed in lhe measurement path aller
the notch fittar. Genarally, a high-pass
filter is wsed Io minimize the eifect of
hurn in the UUT on the messurement.
Lenw-pass fillers are wsualiy amployed o
imit the measuremant bandwidth (o
minimize noisa) while passing all of 1he
harmonics of inlerest {e.g., up to the
tentin).

Practical Analyzer Deslgn

My goal here was to provide a THD
analyzar design capable ol stale-oi-the-
arl perormance wihich can be consiruct-
ed at moderate cosl and with readiy
available parts, Al the same fime, | 12l
that retaining 1he features of a buil-in 03-
cillztor, aufo bna, auto set level, and
praduc] filering was essential, Qe com-
pramise made o keep down CoS1s Was
10 Kt the nuember of switch-seleciable
operating frequencies 1o 10 evenly
spaced frequencies per decads from 20
Hz o 200 kHz. Ancther cost saving re-
culted from the exfensmne use of I3s
aven in the moast crtical circuits. [0 par-
ticutar, tha superb distorion peariorm-
ance af the 5534 operationat amplifier
roada this possilble,

A major expense in many anakyers s
due ar related to the coniral elemeants In
the auio-une circuits. The uee of so-
called 'state-variable hilters™ in both the
cacillator and the nolch fiter in this ana-
Ilyzer parmitted the use of inespensive
FETs as the control elamants 0 these
circuits. The grealer immunity (o coniral-
elemant nonhinearniies of {hess lillars has
been pointed oul in [2]. The topotogy of
ihese filters also permils the use of 210
percen| capacilors where pracision Som-
ponents would normiglly be reguines
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While several sats of four identical
range-salection  resisiars must  De
matched towithin =1 percent, the abso-
fute value of thesea resstors s not criical.
Thus, a patient constructor with & digial
WO ar simgle resistor Dridge Gan 2elect
matched seis from standard o percent
carbon-film resistors. 175 Mghly unlikely
thal yau weon't find four or mara rasisions
maiched to within 21 parcen! among a
group of 1en =5 parcent carbon-film
rasisiors purchased at 1he same fime.

The exterior and intancr views of tha
completed analyzer are showr in Figs. 3
and 4. The circuilry of tha anahyzer re-
sides gn o amall and two medium-
gized single-sided printed circuit boards,
tha regulatled power supply is housed in
a small metal box at the rear. As can be
s=en fram Ihe pholo in Fig. 4, the major
par] ol the construclion effort is n the
range and frequency switch wining Az A
guide 1o cost, the fhree circuit boards
and their associzted componenis wil
typically cost acaul 3160, The cabingd,
power supply, meter, swifchas, swilch-
mounied companents, ets. Will represent
additional expensas.

EBelore praceading, one ward ol cau-
oI5 in order. This ambiliocs amnd
moderately expersive project shouid not
be attenpled by anyone who has nol
previously buit and Ircubleshal eleciron-
ic congiractian  projecls. Aayone wha
doas rof own or have access lo an osoil-
lpscope showld afso lhink wicg beldra
gmbarking on L This is & challanging
consiruction projest requinng consider-
able effort and patience, bul the payoll
i great for armpone who wards a THD
analyzer with sfate-ol-the-arn  perform-
ancs,

Fig. 1 — Typical
measuranadind
sefup of a THD
ArilyZer.
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Fig. 4 — Interiar view of the THD analyzey.,

. S
Livh
=gt e
+ L
[ Tﬁﬁ-l _ : .
e E gy ey . '.-'|'|
'H - i ' o
& . EQ‘. o I e :',:,::'
hege jrese (0w
i Pry, oo ._.'-. ! s / '“:
R T e TP A BTG - sy fIT! o ; J‘L\
r—rerm = - SN o il
i hﬁaﬂ-‘m:ﬁa:m:ﬁ'm@vﬁ BRI L0 0 e e s S AT R S

Cwarall Degign

A black diggram of the complete ana-
lvzer is shown in Fig. 5, We'll now pro-
ceed with a brief ocverview of the ana-
lyzer's operation at the bBiock diagram
ievel befare mowving an to more detailed
descriptions of the individual circuits.

The signal source resides on a smgle
p.c. card, CP1, and cansisis of a state-
varable oscillater, the necessary ampli-
jude stabilizing circuits, an oulput ampdi-
fier, a level conirad, and 2n oulpul atten-

S —

ualor. Tha amplilyde control circuit is as-
senfially a level detectar which generales
a d.c. error signal to feed the amplitude
coantrol multiplier, The |atter controls the
arnount ol pastive feadback in the oscil-
lator and consists of an FET and an op-
eratecnal amplifier,

Tha inpul circuits, controllable noteh
filter, auto-set level circuil, and digiorion
product amplifiers are located on a sec-
ond pa. card, CRPZ2, The nodch filler con-
sists of a differential amplifier which is

fed the input signal and a version of this
signal which has passed through a stale-
warizble bandpass filler whose freguency
and gain are confrolied electronically. At
the center (fundamenial) frequency, both
inpuis o the differenfial amplifier ame
identical in phase and amplitude, leaving
ofly the distodion products at its owtput,
The bandpass filter is sulficienthy narrow
That its cutput is very small at tha second
harmonic and highar frequencies, rasull-
g in bess than 0.5 d8 of attenuation at
Ihe second harmonic. Operation of the
notch litler is ilusirated by the frequency
responss cumnves i Fig. G,

The auto-s2t level circuil consisls of
o voltage-contralted amplifiers (VO AS)
to which are led identical controd signals
&0 that their gains vary in 1he same fash-
iu;nn. Cina VCA isin the path of the disior-
ticn product signal, while the other (" 'ref-
erence’” WCA) Is fed fhe output (the
fillered fundamental} from the stala-vari-
able bandpass filler, The latter WVGa&
laeds a leved detactar whose d.c. output
conirgls both WCAs, The ag.e. hop
formed by the leval detector forces the
outpul of the reference VCA to be at a
lixed reference level. Thus, if fhe input
signal level doublas, the gain of balh
WOAs will be halved. resulting in ihe
proper gain correction being applied to
the distorion product palh. Both VCAs
are reglized fram inexpensive 1496-1ype
balanced modulater ICs and achieve 3
control range of 20 dB with befler than
*0.5<0B  tracking. Molice that the dis-
tortion performancs of the VCAs need
Nl be exceptionalily good because the
one in the measurement path is passing
anly dlSIﬂl’.liDI'l products. Placement o
an a.q.c. cincuil ahead of the notch filter
would necessitate the use of an extreme-
ky low-distortion WYCA and might also
compramise fhe noize floor of 1he insim-
ey

The aulo-une coniral cirguils, prod-
uct fillers, status indicator circuil, and
mater amplifier are localed on a third
p.c. card, CP3. The auto-tune confrol
circuits consist of ampliiude and fre-
guency detectors which produce d.c. ar-
ror signals o controd the gain and center
frequency of the stale variable bandpass
filler. Thase detectors funclion by look-
in@ far smakl amounis of fundamental in
the autput of The notch fillar.

The principle of aperation is as ial-
lows: An amplitude error betwesn 1he
b segnals al ihe inputs of he ditferen-
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R T T | Fig. 5 ~— THD analyzer block diagram
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fizl ampdifier will resull in a small amoun
of in-phasa far 180-degree oul-ol-phase)
fundarmenial ai the outpat of 1he notch
filter. Tha palarity af this error signal irdi-
cates which direction of amplituda ad-
justment s necessany, Jmelarly, bul less
obviously, a frequency error in’the band-
pass filter will resull in & ohase emor be-
fween the fwo signals al the didlerential
amplitier. Thiz will result in a small
armount of lundamenial component at
the owtpul of the nolch filler whose
phase 15 lagaging o leading 30 degrees
{auadrature) relafiva to the fundamental
Whether the component is lagging o
leadmg indicates which direction of fre-
quency adjestiment 15 necessany.

Each deleciar functions Dy companng
the ouiput af he notch filtar {after the
auto-sat level VICA) 1o & warsion of the
fundarmental supphad by the Sanipass
filier, The ampliivde deleclor [ooks or
in-phasa fundamental companents oy
making s comaansan wath an in-phase
version of the fundamenial suppled by
the bandpass filker. Similarly, the e
quency detecior looks for quadraturs

RIER ————

fundamantal components by making s
campanson wilh a d0-degree phase-
shifted wersion of tha fundamenial, also
convermenly sopplied by a diffarant aut-
put of the bandpass filler, The ready
avalability of this quadrature fundamen-
tal signal s an . addilional advantage o
the siate-variaie filler.

The d.c. contral signals from: e level
and frequency detectors also feed a sia-
fus ndicator Giecuwil. This circuil drives
froni panel LEDs which indicaie whether
fhe input Signal is too high or 100 o and
alsa whether the nput frequency is oo
high ar foo fow [usejul when a source
oiher thar he internal osgillalor 2 wsed).

Tha high-pass and low-pass product
filters in fhis design are both second-or-
der (12 dB/octave) designs whose cul-
off fraguancies frack changes in the se-
lected  fundamental frequency.  These
tracking fillers substantially improve the
measurameni floor and simplify use of
the analyzer by automatically providing
optimat fitenng regardless of the funda-
menial frequency satling.

The high-pass liter falls off at 12 d8/

cotave below the second harmonic ra-
quency. ks roll-off shaps is chasan 50 as
to have 3 minimal effect an distortion
produci freguency response, The low-
pass dilter is 8 secand-order Bessel de-
gign which s deent 3 dBE at the tenth
harmonic  frequency. The excellent
phase response charactanstic of s de-
sign mingmizes wavelarm distortion of
fhe distortion products, presening the
acowacy of 1he visual display. The ana-
Iyzer's owerall distortion product frequen
oY responsa i shown in Fig. 7

While requinng litie in the way of
glectronics, thase racking hiters da add
subsiantialy fo fhe compbexity of the fre-
auancy and range switches, and sarme
bullcders may prefer a simplar and less
expenswva  allemative. Such an ap-
proach, providing the fiked filterng al
400 Hz, 30 kHz, and 80 kHz found on
many commercial analyeers, 15 also de-
scribed ader in 1his arficia,

&g a convamence, notice that with the
Hip of a swiich (S46), the inpui laval can
e clbractly read with the range selecied
by 1he anakyzer's input attenualar.

f—r——
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E— | Fig. 6 —
i Malch ter operalion.
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State-Varlable Filters |

Because it is ceniral to the aperalion
of the analyzer, a few words of explana-
ficn regarding the state-variable filier are
appropriale af this poing

A simple slatevariable bandpass filler
I£ shown in Fig. B. il consels of two inte-
grators and an mwerter connecied in a
loop. An input resistor (R and a second
feedback koop (Fy) around the first inle-
grator (A1) complete the diltar.

The term "slate variable™ comes from
linear systerm theory invalvirky salulions
e linear differential equations. The stale
of such a syslem at a given paint in time
i5 completely datermined by 1he values
ol the system's stale vanablas. The

stale-variable filter modals a second-or-
ger differential aquaticn in much {he
Same way 85 oneg swould moded such an
equation an an analog compuier. In this
caniext, ne state variables are 1he oul
pul voltlages of the two integrators.

A key to understanding the state-vari-
able filler is the recognition that an inte-
grator has a frequency response which
dacreases with increasing frequency at
6 dB/octave and introduces a 90-de-
gree lagging phase shift at all fraguen-
cies. Lel's temporarly ignore the ingul
resistor By and the bandwidih-seking
resisior Fa and assume thal we have a
1-¥, 1-kHz signal at the autput of A%,
Each integrator is formed by a resistar

{R1 = RA2), a capacitor {C1 = C2), and
an aperational amplifier. The gain of the
integratar is equal to 1 A2mRCH, whers |
13 the frequency of inlerest and B and
arg the values of R1, B2, C1 and C2. B
and C are chasen here for an integrator
gain of unity at our 1-kHz operaiing fre-
quency. The inverter alss Has 3 gain of
unity. MNotice that as the 1-\ signal tra-
vels around the loop, it picks up 90 de-
graes from each inlegrator and 180 da-
grags from the inverter for 2 fotal of 360
degrees, which is the same as rere de-
graes, Thus, at 1 kHz tha sianal from A3
teading the A1 inlegrator is exactly the
signal raquired to provide and sustain
Ihe assumead outpul. We herefore have
an ascillator.

Loaking at it from a slightly different
wiaw, the feedback from A3 produces a
current in R1 which iz just eqgual 1o fhe
current required v C1 given the as-
sumed signal at the outpul of A1, The
currents inte and out of an ideal op-
amp's vinual ground {the inverting inpul
when tha noninverting input is grounded)
musl always equal each oiher.

We can ihink of an cscillalor a5 a
bandpass litber with infinile G, What if we
want finite Q7 We add resistor Re, often
called the damping resistor. We now
naed an input, so [ is also added. || we
make the same assumplions as before,
we see thal the current in BT =6l
balances that in C1 at 1 kHz. The cur-
rant m By must therefore comea from the
input via R, 20 the vollags gain at 1 kHz
{ihe cenler irequency, f2) is Re/ /B, and
Ihe phase shillis 180 degrees.

Al higher frequancies the curment de-
manded by C1 increases and that pro-
vided by R1 decreases. Tha input must
oW supply the exira currant for C1 as
well as ihat demandead by Ry A larger
inpaul is 1hus required far a givan autput,
corresponding to decreased gain. By a
similar argument, tha gain can be sean
tr decrease &t frequancias below |, as
well, We fhus have a bandpass charag-
tarstic. The Q of this filter is proportional
fo the value of Ae. The canter frequency,
f, Will always Be the frequency at which
the gain argund fhe main loop is unity.
This means that the cenier ireguency
can be canveniently changed by altering
R, C, the inverler gain, or any cambina-
tiom of these.

With a bit more reasoning, i1 is easy to
damonsifale fhat the culput of the sec-
ond integratar (A2) provides a 12 dB/
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Fig. & — Circuilry of the THD
analyzer's signal source.

Ci% — &20 = BYPASE BOT SHOWH

octave low-pags characienistic. MWolice
that the phase of this culput tags that of
the bandpass cutpul by 30 degrees at
all fragquencies. This feaiure is vsed o
pravide the required 90-dagree phase-
shifted fundamenial signal 1o the fire-
quency detactor in he aulo-tune circuit,

The Signal Source

With a scolid understanding of the
slate-variable filter, operafion ol the
slate - variable oscillalor is quile simple.
As in the earlier axample, we remove R
and A as a stlarl.

Az with any finear oscillator, we must
provide a means 1o control the amplitude
of the cecillations, i.e., provide a typa of
a.q.c. circuil, Recoonizing 1hat 1he pres-
ence of Ay praduced negative Teedback

around the first integrator which tended
1o darmp oul cscilalions, wea Can reason
1hal a leedback circuit around A1 which
can provide variabBle amaunts of nega-
tive or posilive feadback will allow us to
conttcd the osciflations. MNegative faed-
back will cause 1he cecillalions o dacay,
while positive feadback will cause them
ta grow. This can be accomplished with
a multiplier and a resistor in place of Ag.
To complete the oscillator, we must add
a control circuit to measure the ampli-
tude of the oscillations, then compara it
to & fined refarencea, and fmally defiver a
d.c.. arres signal to the control inpul of
the mulfiplier.

The camplete schematic of the sgnal
sourca ig shown in Fig. 9. First, a word
aboul nolation and corwenlions used on

the schematics in this articke. For 2im-
phicity, power-supply bypass capacitars
and power-supply conneclions o stand-
ard pin-out aparational amplifiess (+15
Yiopin 7, -15 V12 pin 41 are nal shown,
Off-board inlgrconnection ferminals are
designaled with an "E'" numiber. Termi-
nals on dilferent boards which are con-
necled logether have the same E desig-
nakion, :
Each pale of a rulti-pole rotany switch
is designaled with a leller, baginniong
with "A" closes! 1o ihe fronl paned
Wafers with two poles have the left-hand
poig (as viewed from the Irani paneal)
daesignalad with 1he earlier letter in tha
alpghabel; tha leter for the right-hand
pofe is next in he alphabet, Arows on
swatch wapers indicate clockwise rotation

ALIDIO /JULY 1981 _ 39
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ras gean lrom he frant panal. Tuning
resisiors ara designated by the latter of
Ihe switch pola on which they ara maount-
e [each resisior is mounied bobwaen
adjacent swilch positions on a given
pate). Tuning capaciiors ara maunted
belween two adjacent waiers on tha

range swilch, and they are designated -

By the leflers corresponding 1o tha two
swilch paoles to which (hey connect.
Bacausa of the lange amount of wida-
band gain packagad in this unit, specific
approaches have bean taken in terms of
grounding  and  shielding  strategy 1o
avoid oscilations and inlérierence pick-
up. Much of this is shown on fhe
schematics to permil easy duplication.
The & symbel, one of three different
grounding symbals on the schemalics,
denaslas 4 single-point chassis ground lo-
caled al the inpul jack, All leads wilh this
symbol are connected diractly 1o this sin-
gle point. The oy symbol denoles a
secondary single-point signal ground on
CP2 (Figs. 12 and 13, Part . This
ground & connected to the single-point
chassis grourdd via the shield of tha input
lead to CP2. The L symbol denclas
ordmary  multi-point  cocuil  grounding.
Each circuit board has its ordinary circuit
gmound conneclad {o {he single-point
chassis ground, and pesitive and nega-
v supply vallaoe is also disirbuted on
a single-poinl basis from the localion of
the singla-point chasss ground,
Rewming b ihe circuit discussion,
the oscillator propsr in Fig, 9 consists of
IC1 firvarter), IC2 and K24 (integratars).
Frequency-setling reskzlars RiF) and RE)
are mountad on requency swilch 53,
while the corresponding  capacitors
ClERY) and ClLM) are mountad on range
swilch 51, Nafice that the circuit has
bean slightly rearranged from that of Fig.
&, with tha invener ‘up front™ and with
the amphilude conirol feadback #153) en-
COMPpaEssing b he invertar and the
tnlegratar, This amangement permits fra-
quency changes to be mada by chang-
ing e swilch-selecled resistors wilhaut
aftering other operating characterishics of
lhe oscillalor, The analog mulliplier for
amplitude conirol is realized by op-amp
IC3 and FET Q1. Nolice also that each
range has ils own frequency inmmer (R 1
10 R4} o allow close maiching of the os-
cillator frequency o that of fhe analyzes
nodch fiflar without requiring  pracision
lrequency-selling capacions,
The oulput of the oscillater is isken

fram IC4, which would comrespend 1o the
low-pass oulput of the filter in Fig. 8.
This provides lower distorfion and points
o a significant advantage of he state-
vartable approach [2.] Given low-distor-
tion amplifiers, the dominant distortion
an dudio gscifalor resuits from nonlin-
eanty in the amplitude control alermant
fhere the multiplier) and ripple in the
“d.e” control signal as a resull of the
defection process in the amplilude con-
trol circuit. In either casa, this distortion
I3 injected af the inverer (IG1] in this de-
sign. Tha two inlegraters between 1his
point and the culput provide a 12 dB/
octave roll-off to these injectad harmon-
ic, thus afferding a 4-1a-1 reduction ra-
tie in second harmonic and & 8-i0-1 re-
duction in the more significant tird har-
moenc, The integrators also tend o fiker
oul naise, permitting 1he amplifude con-
tral mulfiplier to aparate at a lower signal
leval, thus reducing its distortion fram
the slar. These same advantages are
also used in ihe anakyzer notch filler,

As menticnad above, the amplifude

control circiitny can be a major source of
distordion in an zudic cecilator, It is
therelore importand that npple in the can-
trol signal be minimized by providing ad-
equate fillering, Howawver, it must also ba
fedlized 1hat what we are dealing with
here is a feedback control system, and
stabilify must be considerad, Because
heawvy fillering of the coniral signal infra-
duces delay in the fesdback lnop which
will decroase stability, we have conflict-
g requirernants. A further sirain on sta-
bility is generatad by the need 1o have
very high d.c. gain in fhe control circoil
1o minimize output amplitede errors and
thus provide a wvery flat frequency re-
sponse. The contral circuit esad in this
design deals with theaa probloms.

The datector porion of the amplilude
conleel circwit includes 105 and 02 lo
Q4. Balanced oscillator aulput signals
are provided by 1G4 and inverlar K25 o
the full-wava rectifier composed af
ransistors QO3 and Q4. Transistor Q2
provides a forward bias equal o one
base-emitler drop 10 (3 and 04 s0 as ko
minimize detection erors resulting from
heir lum-on vollage requirement, The
use of a fullwave rectifier greally ra-
duceas he magnilude of tha ripple in the
codilral signal. The frimmer potantiome-
ter in fhe feedback path of IC5 permits
adjusimant for perfact balznce of the two
sgnals feeding Q3 and 04, This mini-

mizes distortion by minimizing rpple.

The rectified signal s fillered by tha
capdciter connacted o EF whose valye
Is selected by the range switch (S1) o
oplimize fhe controd dynamics for each
Irequency range. The filtared d.c. is then
applied 1o differential amplifier 106
where it is compared (o a supply-dearped
d.c. relerence vollage o produce an er-
rr woltage, The control circuit estab-
lishas Ihe desired oparating level of
about 1.6V rms at IC4"s outpud.

From ICE 1he error signal proceads o
FET driver amplifier IC7 through a non-
linear medwork, Under quisscant condi-
tions the errar voltage iz small, and 1he
gain in his path is refativaly low =0 hat
rogple transmitted 10 the FET gate will be
minimized. Lindear large-emar condifions,
such as just after a range changa, tha
gair in this path becemeas large 1o speed
up amphitude stabilization. This is ac-
camplished by dindes D2 and D3, which
bypass A1 6 under these candifions.

For a.c. arror signal componants, IG7
oparates as a simple invening slaga
whixta pain is set by A15. This assuras
stability of the feedback loop formed by
e a.g.c. circuil. However, for d.c. arror
slanals capacitor C6 provides for an ex-
rermely large gain in ICT. In essence,
WET loaks. like an integrator at lowr fre-
auencias. The culpul fram this inlegrator
will continwe {o change and adpst the
gate voltage of 01 until the arror valags
from 16 goes to zero. Fallowing a range
change, il 1akes the inlearator about five
saonds (o drive the oscillator amglitude
10 within 0.1 dB of its final value. Diode
O provents a large forward bias from
ever being applied 10 1.

The amplilude control molfipliar is im-
plemented by IC3 and FET Q1 . Tha FET
acls as a variable resistance, with 1he re-
sistance controlled by the de. vaoltage
applied 1o s gate by ICT. As Ihe gale
vallage vares from zero o a negative
value agual to its “pinch-ofit' voliage
{bypically & io 10 V), itz resistance from
drain 1o source vares from about 25
ohms 12 infinity. IC3 = cornected as a
ditterential amplifier whiose positive and
negaliva inputs aach receive a portion of
he sianal applied by 102, Such a circwit
can provide inverting o noninverting
gain depending upon the relalive bal-
Aance batween the cicuils associatod
wilh the inverfing and noninverting in-
puts of the op-amp. FET Q1 controls thig
balance, When the FET resistance is

40

AUDIO/JULY 1981

e




PART ONE

lawe, tha noninvenling gain ascaads he
inverting gain o thal a naoninvering
overal characierstic resulis. When tha
FET rezislance is high, the oppasile ac-
fon results. Al socme infermediate FET
resisiance, the circuit is batanced and
1he gain is zera.

FETs are ol parlaclhy linaar resiskons;

tneir dran-to-source rasisiance ands o
2 3 functicn of the drain-to-source wolt-
ane. Such a nonlinearity can creala dis-
toetion, making s a mapr concedn.
Cne way of minimizing this distortion is
2 aperaie the FET af the |owest possible
sinal leveal acrass it that is consistent
with acceplabla noisa pararmanse. The
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excellent low-noise performance of the
associated 5534 op-amp makes it possi-
ble here 12 operale al a level of only
abaut 40 mv nms across 31, This is e5-
tabdishad by tha voltaga divider which
applies a fixed lavel of about 40 my (ms
to the nonimverting input of I3, Because
of the virtual shon existing teiween the
input ferminals of an op-amp cperating
with negalive feedback, this vollage also
raus] appear al the inverting terminal of
IZ3, and thus acrass 0.

A zecond way of reducing FET digtor-
tion involves a well-known technique
whergin half of ihe drain-to-source signal
iz fed back to the gate of the FET. This
pravides a first-order correction for the
nenlinearity, praclically eliminating sec-
ond harmonic distorion and leaving only
a small amouni of third and higher crder
harmonic dislorilon. This feedback is
provided by the 750-kilchrn resistor
(F13) connected to 1ha gate.

The remainder of tha signal source
consisis of the level contral (B339, the
output amplifier (IC8), and ihe ouiput at-
fenuatar, The leveld conirgl provides can-
finuous adjustment of the oulput ampd-
lude, while 1he oulpul attenuatar pro-
withes maximum oulpul rangas of & W,
1.5 v, 8O0 mV, and 150 mV. An off
posilion is also providad which affective-
Iy kilkz oscillations, and it should be used
when a different signal source is being
emploved so that crossialk from the os-
cillator into tha analyzar cannot allect ra-
gulls, Tha attenualor establishes a can-
stant oulpul impadance of 800 ahms. A
fixed 1.68 rmng "sync™ cutput s also
provided by the signal source, which is
uselul gs the trigger source for an oscil-
loscopa used o visually manidar the dis-
torlion signal outpul of Ihe analyzer.

Having discussad ihe overall analyzer
in genaral and 1he signal scurce partian
in detail, we now conclude Part | Mext
month, in Part I, | will describe the re-
maining circuits in detadl. Constrection.
datails and adjustmant preceduras will
be coverad in Part Il
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