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ANOTHER VIEW OF

Robert R. Cordell
In recent years the use of large amounts of negative feed-

back in audio ampli f iers has become controversial.  Several
people have examined the t ime-response propert ies of feed-
back  ampl i f ie rs  and have conc luded tha t  ampl i f ie rs  wh ich
employ large amounts of negative feedback are prone to a
form of high-frequency distort ion cal led "transient intermo-
du la t ion  d is to r t ion"  (T lM)  [1 -4 ] .  S imp ly  pu t ,  th is  d is to r t ion  is
sa id  to  occur  when a  s igna l  changes too  qu ick ly  fo r  the  am-
pl i f ier to fol low it  properly.

The observation that a large amount of negative feedback
causes  T IM tends  to  run  counter  to  the  convent iona l  w isdom
that increased negative feedback general ly improves a given
ampli f ier 's performance, so long as adequate stabi l i ty is pre-
served. Several other researchers have recently questioned
these f ind ings  and conc lude tha t  la rge  amounts  o f  negat ive
feedback  do  no t  inc rease the  poss ib i l i t y  o f  T IM and can in
fac t  improve ampl i f ie r  per fo rmance as  long as  the  ampl i f ie r
has an adequate slew rate [5,6].

T IM is  thus  a  popu lar  sub jec t  sur rounded by  a  cer ta in
amount of controversy. l t  has also become a frequently ci ted
reason for degraded sound. Advert isements indicate that sev-
era l  manufac turers  have been in f luenced by  the  d iscuss ions
as  we l l ,  some proud ly  po in t ing  ou t  tha t  they  use  very  l i t t le
negative feedback.

Much o f  the  misunders tand ing  and d isagreement  sur -
round ing  the  sub jec t  seems to  s tem f rom inadequate  cons id -
eration of the trade-offs and constraints involved in the ao-
pl icat ion of negative feedback, especial ly as i t  relates to con-
temporary ,  rea l -wor ld  ampl i f ie r  c i rcu i ts .  Th is  i s  par t i cu la r ly
true of feedback compensation. For this reason, we wil l  take
the  t ime to  rev iew impor tan t  negat ive  feedback  pr inc ip les
where necessary. Given a good understanding of negative
feedback  as  i t  i s  app l ied  to  aud io  ampl i f ie rs ,  some o f  the  T IM
issues should become easier to resolve.

Before  proceed ing ,  we shou ld  po in t  ou t  tha t  T lM,  wh ich  is
associated with negative feedback and i ts compensation, is
on ly  one fo rm o f  h igh- f requency  in te rmodu la t ion  d is to r t ion .
The te rm "dynamic  in te rmodu la t ion  d is to r t ion"  (D lM)  has
been used to describe the general class of intermodulat ion
d is to r t ions  wh ich  depend on  f requency  as  we l l  as  ampl i tude.
T IM is  thus  one fo rm o f  D lM.  S ince  the  produc t  o f  f requency
and ampl i tude imp l ies  ra te -o f -change,  and s ince  the  max i -
mum ra te-o f -change tha t  an  ampl i f ie r  can  fo l low is  ca l led  i t s
s lew ra te ,  the  te rm "s lew induced d is to r t ion"  (S lD)  has  a lso
been used as  a  labe l  fo r  D lM.  These d is t inc t ions  are ,  howev-
er, relat ively weak and unimportant, referr ing more to the
mechanism than to the measured or audible effect. Because
it is the source of most of the controversy, we wil l  concen-
t ra te  on  T IM;  however ,  our  d iscuss ion  w i l l  cons ider  o ther
sources of DIM as well ,  some of which may in practice be
more  ser ious .

Transient I ntermodulation Distortion
First, let's take a look at the popular TIM arguments to get

some background. What fol lows is a sort of composite para-
phras ing  o f  many o f  the  arguments  wh ich  have appeared.

Feedback  ampl i f ie rs  opera te  on  the  pr inc ip le  tha t  a  la rge
por t ion  o f  the  input  s igna l  i s  cance l led  by  feedback  f rom the
ampl i f ie r  ou tpu t ,  leav ing  a  smal l  s igna l -p lus-er ro r  wh ich
dr ives  the  ampl i f ie r  so  as  to  p roduce the  des i red  ou tpu t .  In
ampl i f ie rs  w i th  la rge  amounts  o f  negat ive  feedback ,  th is  s ig -
na l -p lus-er ro r  i s  fo rced to  be  very  smal l  and thus ,  in  theory ,
low d is to r t ion  resu l ts .  Under  these cond i t ions ,  the  ne t  ga in
wi th  feedback  (c losed- loop ga in )  depends a lmost  exc lus ive ly
on how much o f  the  ou tpu t  s igna l  i s  fed  back ;  i .e . ,  i f  one-
ten th  o f  i t  i s  fed  back ,  the  ga in  w i l l  be  10 .  The la rge  feedback
fac tor  ( ra t io  o f  ga in  w i thout  feedback  to  ga in  w i th  feedback)
is  ob ta ined by  pu t t ing  a  la rge  amount  o f  ga in  in  the  fo rward-
pa th  o r  open- loop ampl i f ie r .  The open- loop ampl i f ie r  i s  thus
very  sens i t i ve  and w i l l  over load i f  the  er ro r ,  fo r  some reason,
ge ts  a t  a l l  apprec iab le .

A l l  ampl i f ie rs  have a  f in i te  de lay  f rom input  to  ou tpu t .  l f  a
feedback  ampl i f ie r  i s  d r iven  w i th  a  s igna l  hav ing  a  very  fas t
r i se  t ime ( l i ke  the  lead ing  edge o f  a  square  wave) ,  there  w i l l
be  a  b r ie f  in te rva l  dur ing  wh ich  the  open- loop ampl i f ie r  sees
the  fu l l  inpu t  s igna l ,  und imin ished by  negat ive  feedback
which  hasn ' t  ye t  go t ten  back  to  the  input .  Over load w i l l  thus
occur  and d is to r t ion  w i l l  resu l t .  The more  sens i t i ve  inputs  o f
ampl i f ie rs  w i th  h igh  feedback  fac to rs  a re  tha t  much more
prone to  such an  over load.

S ince  th is  fo rm o f  d is to r t ion  is  b rought  about  by  fas t  t ran-
s ien ts  in  the  input  s igna l  and because an  over load cond i t ion
causes  in te rmodu la t ion  d is to r t ion ,  the  phenomenon ts  re -
fe r red  to  as  t rans ien t  in te rmodu la t ion  d is to r t ion  (T lM) .

Return ing  to  the  or ig ins  o f  T lM,  the  s i tua t ion  is  fu r ther
aggravated  by  the  add i t iona l  s lowness  o f  response in t ro -
duced in  the  open- loop ampl i f ie r  by  necessary  feedback
compensat ion .  Each s tage in  a  mul t i -s tage ampl i f ie r  in t ro -
duces  phase sh i f t  tha t  inc reases  w i th  f requency .  Feedback
compensat ion  ro l l s  o f f  the  open- loop response so  tha t  the
feedback factor fal ls below unity before enough excess phase
sh i f t  accumula tes  to  cause ins tab i l i t y  o r  peak ing  in  the
c losed- loop response.  The f requency  where  the  feedback
fac tor  fa l l s  to  un i ty  i s  ca l led  the  ga in  c rossover  f requency .  In
order to achieve a stable gain crossover frequency, the 6 dB/
octave compensation rol l-off  must begin at some lower fre-
quency. Ampli f iers with large feedback factors (at low fre-
quenc ies)  have more  ga in  to  "ge t  r id  o f "  and must  s ta r t  the i r
compensat ion  ro l l -o f f  a t  a  lower  f requency ,  resu l t ing  in  a
smal le r  open- loop bandwid th .  An ampl i f ie r  w i th  20  dB o f
feedback  needn ' t  s ta r t  i t s  ro l l -o f f  un t i l  100  kHz fo r  a  1 -MHz
ga in  c rossover ,  wh i le  one w i th  60  dB o f  feedback  must  s ta r t
a t  1  kHz.  The la t te r  ampl i f ie r ,  w i th  heav ie r  feedback  compen-
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Fig. l-Post-RIAA spectral distr ibution for phonograph
records.

sa t ion  and a  long open- loop t ime cons tan t ,  i s  thus  s lower  in
respond ing  to  input  s igna ls .

In  respond ing  to  a  fas t  inpu t  s igna l  (e .g . ,  a  square  wave) ,  a
la rge  in te rna l  vo l tage or  cur ren t  overshoot  w i l l  be  produced
in  o rder  to  qu ick ly  charge the  compensat ing  capac i to r  and
overcome the  e f fec t  o f  the  long t ime cons tan t  i t  in t roduces .
The large overshoot is produced during the interval between
the  fas t  inpu t  change and the  t ime when the  feedback
catches  up  w i th  the  input ,  when a  la rge  d i f fe rence or  e r ro r
s igna l  i s  app l ied  to  the  open- loop ampl i f ie r .

In  some cases  th is  overshoot  may be  10  to  100 t imes as
la rge  as  the  nomina l  s igna l  leve ls  a t  tha t  po in t .  Unfor tunate_
ly ,  the  s tages  pr io r  to  the  compensat ion  po in t  cannot  a lways
hand le  such.  a  la rge  s igna l  w i thout  non l inear i ty  o r  ou t r igh t
c l ipp ing .  l f  the  overshoot  causes  these s tages  to  c l ip  o r  gen-
era te  d is to r t ion ,  T IM resu l ts .  When these overshoots  a re
c l ipped,  the  ampl i f ie r  i s  in to  the  we l l -known phenomenon o f
s lew- ra te  l im i t ing .

I t  can  be  shown mathemat ica l l y  tha t  i f  the  input  s igna l  i s
band l im i ted  to  a  f requency  less  than the  open- roop
bandwid th  o f  the  ampl i f ie r ,  no  overshoot  can occur ,  euen i f
the  input  s igna l  i s  a  band l im i ted  square  wave.  Thus ,  w ide
open- loop bandwid th  e l im ina tes  the  poss ib i l i t y  o f  T IM
caused by  overshoots .  Hav ing  w ide  open- loop bandwid th ,  in
tu rn ,  p laces  a  l im i t  on  the  feedback  fac to r  fo r  a  g iven ga in
crossover frequency. For example, i f  we choose an open-loop
bandwidth ol 2O kHz and a gain crossover frequency of 1
MHz,  then we are  l im i ted  to  a  feedback  fac to r  o f  on ly  34  dg .

The above exp lanat ionof  T IM seems p laus ib le  enough,  and
i t  has  appeared in  var ious  fo rms in  many p laces .  l t  i s  the
or ig in  o f  the  popu lar  be l ie f  tha t  smal l  feedback  fac to rs  and
wide open- loop bandwid th  a re  necessary  fo r  min imiz ing
T lM.  A l though i t  may a t  f i r s t  g lance seem conv inc ing ,  th i i
exp lanat ion  is  somewhat  overs imp l i f ied  and mis lead ing .
Whi le  some o f  the  issues  have been ana lyzed in  g rea t  de ta i l
in  techn ica l  papers ,  o ther  more  impor tan t  cons idera t ions
have been ignored. In several respects,the problem seems to
l ie  w i th  no t  see ing  the  fo res t  fo r  the  t rees .  A  few more  recenr
papers  have,  however ,  done a  very  good job  in  lend ing  in_
s igh t  and perspec t ive  to  some o f  the  more  impor tan t  i ssues
Is,6j .

The approach taken here  w i l l  invo lve  less  de ta i l  and  more
scope and perspective. For example, we.l l  attempt to deter_
mine jus t  how fas t  aud io  p rogram s igna ls  rea l l y  a re .  The
length  o f  the  unavo idab le  t ime de lay  ln  the  ampl i f ie r  and
how i t  i s  a f fec ted  by  feedback  compensat ion  is  another  im-
por tan t  a rea  in  need o f  d iscuss ion .  We wi l l  a lso  examine the
cond i t ions .govern ing  over load o f  an  ampl i f ie r ,s  in te rna l  s tag_
es .  Th is  w i l l  be  done in  the  contex t  o f  a  p rac t ica l  ampl i f ie r

topo logy  w i th  rea l i s t i c  combina t ions  o f  feedback  fac to r  and
open- loop bandwid th .  Recogn iz ing  tha t  in  add i t ion  to  l im i ts
on  ampl i . tude,  ampl i f ie rs  a re  l im i ted  to  p rov id ing  a  max imum
rate-o f -change a t  the i r  ou tpu t ,  much a t ten t ion  w l l l  be  oa id  to
ampl i f ie r  s lew- ra te  per fo rmance and i t s  re la t ionsh ip  to  T lM.
F ina l l y ,  techn iques  fo r  measur ing  ampl i f ie r  T IM per fo rmance
wi l l  be  d iscussed.

Program Characterist ics
lus t  as  a l l  rea l  ampl i f ie rs  a re  band l im i ted ,  so  are  a l l  rea l

p rogram sources .  No program source  w i l l  ever  p roduce a
square  wave w i th  razor -sharp  edges.  In  fac t ,  no t  on ly  a re
program sources  band l im i ted  in  the  smal l_s igna l  sense,  bu t
they  are  more  ser ious ly  l im i ted  in  la rge-s ignaf  bandwid th ,  o r
power  bandwid th .  As  an  example ,  a  f ine  t ipe  mach ine  migh t
be  f la t  to  20k1z  a t  low leve ls ,  bu t  i t  t yp ica l i y  cannot  p roduce
anywhere  near  fu l l  ou tpu t  a t  20  kHz.  Such res t r i c t ions  are
usua l ly  due to  equa l iza t ion  wh ich  pre-emphas izes  the  h igh
f requenc ies  so  tha t  the  subsequent  de-emphas is  a t  the  rep [_
duc ing  end w i l l  reduce h igh- f requency  no ise .  H igh  f requen_
c ies  w i l l ,  there fore ,  over load the  med ium more  read i l y  than
low f requenc ies .  Such equa l iza t ion  charac ter is t tcs  a re  com_
mon to  a tmost  every  type  o f  p rogram source ,  inc lud ing  pho_
nograph,  FM,  and tape.  As  a  resu l t ,  the  max imum h i [L r_ f re -
quency  ou tpu t  o f  each program source  is  cons t ra ined to
ra ther  we l l -de f ined l im i ts .

S ince  s igna ls  w i th  a  la rge  ra te -o f -change or  , , t ime der iva-
t i ve"  a re  genera l l y  the  cause o f  T lM,  we need a  way o f
characterizing the tendency of a given program source to
produce them.  Such a  measure  shou ld  no t  be  abso lu te ,  l i ke
t ime der iva t ive ,  bu t  ra ther  shou ld  be  re la t i ve  so  tha t  i t  can  be
app l ied  equa l ly  we l l  a t  d i f fe ren t  po in ts  in  the  sys tem regard_
less  o f  s igna l  leve l .  We w i l l  there fore  use  the  ra t io  o f  oeak
t ime der iva t ive  to  peak  ampl i tude expressed in  , , vo l ts :Der_
microsecond per  vo l t "  (V /  t t s l /V ,  and ca l l  i t  the  normal ized
t ime der iva t ive .  The inverse  o f  th is  quant i t y  i s  s im i la r  to ,  bu t
no t  qu i te  the  same as  la rge-s igna l  r i se  t ime.  Knowing the
normal ized  t ime der iva t ive ,  we can go  to  any  po in t  in  the
sys tem and,  g iven  the  max imum ampl i tude a t  tha t  po in t ,
de termine  the  commensura te  max imum t ime der iva t ive .

Wi th  the  except ion  o f  a  mic rophone,  the  bes t  source  o f
fas t  p rogram s igna ls  in  the  home is  p robab lv  the  ohono-
graph.  However ,  i t s  per fo rmance is  we i l -cons t ia ined by  me_
chan ica l  p rocesses  such as  t rack ing .  The per fo rmance is  a lso
wel l  charac ter ized .  In  F ig .  1 ,  the  do ts  a re  a  sca t te r  p lo t  o f
max imum observed ou tpu t  leve ls  a t  var ious  f requenc ies  f  rom
a survey of many records. These data were taken from the
{11! l ia r  t rackab i l i t y  d iagram wide ly  pub l i shed by  Shure  Bros .
[7 ]  Whi le  the  usua l  p resenta t ion  is  in  te rms o f  g roove ve loc i_
ty ,  th is  in fo rmat ion  has  been RIAA equa l ized  and normal ized
to  25  cm, /S  a t  1  kHz and 1  V peak .  l t  shows what  ac tua l l v  can
be expec ted  a t  the  ou tpu to f  one,s  phono preamp (as  shown,
the  da ta  a re  no t  use fu l  fo r  po in ts  in  the  sys tem pr ro r  to  RIAA
equa l iza t ion ,  such as  the  phono preamp input ) .  The da ta
represented by the X's are spectral data for a single cymbal
c rash  and were  presented  by  Toml inson Ho lman t8 l .  The
crash is one from a Sheff ield Lab direct-to-disc recording
which  is  no ted  fo r  i t s  t rack ing  d i f f i cu l ty .

Wi th  re fe rence to  F ig . '1 ,  we see tha t  the  h ighes t  ampl i tude
occurs  a t  4  kHz and is  1 .35  V peak ,  wh i le  the  h ighes t  t ime
der iva t ive  occurs  a t  10  kHz and is  0 .035 V/  uS.  Th is  resu l ts  in
a  normal ized  t ime der iva t ive  o f  on ly  0 .026 (V /  pS) /V .  Thus ,
in  a  sys tem sub lec ted  to  a  w ide  var ie ty  o f  mater ia l  such as
represented  by  the  do ts  o f  F ig .  1 ,  a  po in t  in  the  sys tem wh ich
must  hand le  an  ampl i tude o f  1  V  peak  w i th  low d is to r t ion
must  hand le  a  t ime der iva t ive  o f  0 .026 V/  pS w i th  equa l ly
low d is to r t ion .

Before proceeding further, we should take note of the fact
tha t  an  advanced t reb le  cont ro l  w i l l  tend  to  inc rease the  nor_
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mal ized t ime der iva t ive  o f  the  program,  bu t  no t  as  much as
one might  a t  f i r s t  th ink .  The reason fo r  th is  i s  found uoon
fur ther  examinat ion  o f  F ig .  1 .  The peak  t ime der iva t ive  w i l l
i nc rease in  p ropor t ion  to  the  grea ter  ampl i tude o f  the  h igh-
f requency  s igna ls .  However ,  most  t reb le  cont ro l  ac t ion  oc-
curs  be tween 2  kHz and-10 kHz,  mean ing  tha t  the  overa l l
peak  ampl i tude (occur r ing  a t  4  to  5  kHz in  F ig .  1 )  w i l l  in -
c rease somewhat  as  we l l .  Based on  these observa t ions ,  we
can conc lude tha t  6  dB o f  t reb le  boos t  w i l l  inc rease tne  nor_
mal ized  t ime der iva t ive  by  perhaps  50  percent .

Whi le  the  cymbal  c rash  exh ib i ts  subs tan t ia l  u l t rason ic  con-
ten t ,  i t s  ampl i tude genera l l y  l ies  be low the  enve lope o f  the
other  po in ts .  Not ice  tha t  i t s  mid-band record ing  leve l  i s  ac tu -
a l l y  ra ther  low in  compar ison .  Taken a lone,  the  normal ized
t ime der iva t ive  fo r  the  cymbal  c rash  migh t  be  fa i r l y  h igh ,  bu t
the  ra t io  o f  in te res t  must  be  based upon the  peak  ampl i tude
for  a l l  the  mus ic .

Even i f  the  th ree  h ighes t  po in ts  on  F ig .  1  a re  ignored,  an
overa l l  power  bandwid th  o f  less  than 10  kHz is  ob ta ined,  and
a max imum normal ized  t ime der iva t ive  o f  approx imate ly  0 .05
(V/ LtS) , /V results. By comparison, a 2O-kHz sinusoid has a
normal ized  t ime der iva t ive  o f  0 .126 (V  /  t tS)  /V .

Mus ic ,  o f  course ,  p roduces  many s imu l taneous po in ts
whose ampl i tudes  and t ime der iva t ives  add in  some fash ion
to  p roduce a  to ta l  ampl i tude and a  to ta l  t ime der iva t ive  fo r
the  comple te  spec t rum.  We can ga in  fu r ther  ins igh t  by  rec-
ognizing that for mid-band frequencies between about 500
Hz and 2 kHz, post-RIAA ampli tude is direct ly related to re-
corded velocity. Above 2 kHz, post-RIAA t ime derivative and
recorded velocity are direct ly related, i .e.,  a 50-cm/S, 10-kHz
component  p roduces  the  same t ime der iva t ive  a t  the  ou tpu t
of the phono preamp as a 50-cm,/S, 2O-kHz component. This
la t te r  re la t ionsh ip  i s  due to  the  in tegra t ing  e f fec t  o f  the  2-kHz
RIAA h igh- f requency  ro l l -o f f .  Knowing th is ,  we can ge t  a
good idea o f  the  normal ized  t ime der iva t ive  by  assuming
rea l i s t i c  va lues  fo r  the  max imum to ta l  m id-band ve loc i ty  and
the  max imum to ta l  h igh- f requency  ve loc i ty .  Not ice  tha t  a
smal le r  assumpt ion  fo r  the  max imum mid-band ve loc i ty
y ie lds  a  la rger  normal ized  t ime der iva t ive .  Keep in  mind  tha t
the  mid-band and h igh- f requency  max ima need no t  occur
s imu l taneous ly .

As  an  example ,  i f  we assume a  max imum mid-band ve loc i -
ty  o f  25  cm, /S  and a  la rge  max imum h igh- f requency  ve loc i ty
of 150 cmlS (probably impossible to track), we arr ive at a
f igure of 0.076 (V/pS) /V. Based on this f igure, a 100-watt
ampl i f ie r  wh ich  can de l i ver  4O V peak  w i th  an  B-ohm load
must  c lean ly  reproduce s igna ls  w i th  3  V /  p  5  t ime der iva t ives .

Fig. 2-{ompensated and uncompensated power ampli f ier
open-loop gain vs. frequency.

Th is  f igure  may seem very  smal l  to  some peop le ,  bu t  the
term "c lean ly "  i s  the  key  here .  We are  cer ta in ly  no t  ta lk ing
about  the  u l t imate  s lew- ra te  capab i l i t y  o f  the  ampl i f ie r ,
wh ich  genera l l y  occurs  under  non l inear  opera t ing  cond i -
t ions . .C lear ly  the  ampl i f ie r  must  have some opera t ing  marg in
in  o rder  to  sa t is fy  the  "c lean ly "  requ i rement .  As  we sha l l  iee
la te r ,  in  some cases  th is  requ i red  s lewing  marg in  can be  sub-
s tan  t ia l .

A l though i t  i s  very  un l i ke ly  tha t  any  mater ia l  w i l l  approach
the 0.076 (V/ lrS) /Y, f igure, we can be even more conserva-
t i ve  i f  we w ish  and s imp ly  say  tha t  a  fu l l -ampl i tude 20-kHz
sinusoid, 0.125 (V/ lr  S) , /V, must be handled with adequate
s lewing  marg in .  Requ i r ing  tha t  a  square  wave band l im i ted  to
2O kHz,0 .25  (V /  p  S)  /V ,  be  hand led  c lean ly  wou ld  add ye t
another  fac to r  o f  two in  conserva t ism.

Based on  these observa t ions ,  we may conc lude tha t  rea l
aud io  s igna ls  a re  no t  near ly  as  fas t  as  some wou ld  l i ke  to
be l ieve .  However ,  th is  i s  no t  cause fo r  complacency  w i th  re -
spec t  to  T lM.  l t  mere ly  g ives  us  a  more  rea l i s t i c  perspec t ive
for  dea l ing  w i th  the  prob lem.

Low-Pass Fi l ter ing
I t  has  o f ten  been suggested  tha t  a  low-pass  f i l te r  (LpF)  be

p laced ahead o f  the  power  ampl i f ie r  to  assure  tha t  the  pro-
gram bandwid th  does  no t  exceed the  open- loop bandwid th
o f  t h e  a m p l i f i e r  i n  o r d e r  t o  m i n i m i z e  T I M  [ 1 - 3 1 .  A l t h o u g h  w e
wi l l  see  la te r  tha t  such a  precaut ion  has  no  bear ing  on  T tU
suscept ib i l i t y ,  i t  i s  wor th  no t ing  tha t  the  LPF wi l l  p lace  a  l im i t
on  the  power  bandwid th ,  and thus  the  t ime der iva t ive ,  o f
s igna ls  app l ied  to  the  power  ampl i f ie r .  In  th is  la t te r  respec t ,
the  LPF cou ld  p revent  T IM i f  such  a  l im i ta t ion  were  neces-
sary .  However ,  our  ear l ie r  d iscuss ions  showed tha t  the  power
bandwid th  o f  rea l  aud io  s igna ls  i s  cons iderab ly  less  than 20
kHz.  Assuming tha t  an  LPF cu to f f  o f  less  than 4O k1z  is  unac-
ceptab le  due to  f requency- response er ro r  ( -1  d8  a t  20  kHz
assuming f i rs t -o rder  cu to f f ) ,  i t  i s  qu i te  sa fe  to  say  tha t  such a
f i l te r  w i l l  have no  e f fec t  on  T IM produced by  program s ig -
n a l s .

Ticks, pops, and mistracking may, however, produce con-
s iderab ly  la rger  normal ized  t ime der iva t ives  than program,  a t
leas t  in  the  case where  w ideband mov ing-co i l  car t r idges  are
employed.  Va lues  as  h igh  as  0 .1  to  O.2  (V / l t s l  /V  may be
encountered .  However ,  even a  s tep  input  w i l l  on ly  be  l im i ted
to  0 .25  (V /1 tS)  /Y  by  a4O-kHz LPF.  The f i l te r  w i l l  thus  have
on ly  a  l im i ted  e f fec t  on  the  smal le r  normal ized  t ime der iva-
t i ve  o f  the  t i cks ,  pops ,  and mis t rack ing .  One a lso  has  to  won-
der  how impor tan t  T IM- f ree  reproduc t ion  o f  these annoy ing
s igna ls  rea l l y  i s .  l t  i s  p robab ly  su f f i c ien t  tha t  s lew- ra te  l im i t ing
not  be  encountered  in  the  sys tem under  these cond i t ions .

The on ly  sens ib le  reason fo r  an  LPF seems to  be  improved
immuni ty  to  r . f .  in te r fe rence,  i f  th is  i s  requ i red .

Feedback Compensation
As ment ioned ear l ie r ,  feedback  opera tes  on  the  pr inc ip le

o f  feed ing  a  por t ion  o f  the  ou tpu t  back  to  the  input  fo r  com-
par ison  w i th  the  input  s igna l .  The loop so  fo rmed may be
unstab le  i f  the  phase o f  the  s igna l  i s  incor rec t .  Feedback
compensat ion  is  employed to  assure  s tab i l i t y  by  cont ro l l ing
the  ne t  ga in  and phase sh i f t  a  s igna l  sees  as  i t  goes  around
the  comple te  loop.

S ince  the  ro le  p layed by  feedback  compensat ion  is  c ruc ia l
to  the  T IM d is to r t ion  mechan ism,  and s ince  in  many T IM
discuss ions  i t  i s  no t  adequate ly  cons idered,  i t  i s  appropr ia te
a t  th is  po in t  to  take  a  look  a t  feedback  compensat ion .

Because a l l  rea l  ampl i f ie rs  have f in i te  bandwid th ,  the  ga in
and thus  the  feedback  fac to r  must  beg in  to  ro l l  o f f  a t  some
f  requency .  In  a  mu l t i -s tage ampl i f ie r ,  each s tage usua l ly  con-
tr ibutes one or more "poles" (6 dB/octave rol l-offs) and ac-
company ing  phase sh i f t .  l f  a t  some h igh  f  requency  we have
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too  much phase sh i f t  wh i le  we s t i l l  have ga in  a round the
loop,  we w i l l  have pos i t i ve  feedback  and thus  an  osc i l la to r .
For this reason, the frequency at which the feedback factor
has decreased to unity ( i .e.,  the gain crossover frequency) is
very  impor tan t  in  de termin ing  ampl i f ie r  s tab i l i t y .  To  prevent
osc i l la t ion ,  the  phase sh i f t  accumula ted  beyond the  f i xed
18O-degree loop inversion must be less than 180 degrees at
th is  f requency .  In  genera l ,  good eng ineer ing  prac t ice  requ i res
tha t  less  than about  135 degrees  be  accumula ted ,  leav ing  a
phase marg in  o f  a t  leas t  45  degrees .  In  o rder  to  ob ta in  the
requ i red  s tab i l i t y ,  feedback  compensat ion  is  employed to  de-
l iberately rol l  off  the gain so that the feedback factor goes
be low un i ty  be fore  too  much phase sh i f t  accumula tes .

The open- loop ga in  as  a  func t ion  o f  f requency  fo r  a  typ ica l
power  ampl i f ie r  be fore  and a f te r  feedback  compensat ion  is
shown in  F ig .2 .  The c losed- loop ga in  i s  shown as  a  do t ted
l ine  a t  26  dB,  and the  feedback  fac to r  i s  s imp ly  the  d is tance
between the  so l id  and do t ted  curves .  l t  i s  imoor tan t  to  re -
member  tha t  each ro l l -o f f  con t r ibu tes  phase sh i f t  (phase lag
or  de lay)  wh ich  inc reases  w i th  f requency ,  bu t  wh ich  can nev-
er exceed 90 degrees. At i ts 3-dB point, or "corner frequen-
cy," each rol l-off  generates 45 degrees. The gain and phase
charac ter is t i cs  fo r  a  s ing le  po le  a re  shown in  F ig .3 .  Not ice
tha t  a  s ing le  po le  p laced a t  a  low f requency  can c rea te  a
great  dea l  o f  h igh- f requency  loss  w i thout  ever  in t roduc ing
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Fig. 3---Gain and phase characteristics for a 1-kHz pole.

more  than 90  degrees  o f  phase sh i f t .  Th is  i s  the  bas is  fo r  what
is  ca l led  lag  compensat ion .

A des ign  w i th  many po les  s i tua ted  be low the  ga in  c rosso-
ver  f requency  w i l l  tend  to  be  uns tab le ,  wh i le  one w i th  on ly  a
s ing le  po le  be low th is  f requency  w i l l  tend  to  be  s tab le ,  even
i f  tha t  po le  i s  a t  a  very  low f requency .  The uncompensated
ampli f ier in Fig.2 crosses over at 2.4 MHz and has three poles
below that frequency, while the compensated version crosses
over  a t  1  MHz and has  on ly  one po le  be low the  ga in  c rosso-
ver  f requency .  As  is  the  case in  F ig .2 ,  the  compensat ion  ne t -
work  usua l ly  decreases  subs tan t ia l l y  the  f requency  o f  one
ex is t ing  po le  and may a lso  s ign i f i can t ly  inc rease the  f requen-
cy  o f  another  one.  Th is  e f fec t  i s  ca l led  po le  sp l i t t ing ,  and i t s
doub le  benef i t  fu r ther  cont r ibu tes  to  s tab i l i t y .

To  summar ize ,  the  ob jec t ive  o f  feedback  compensat ion  is
q  u i te  s imp le :  Es tab l i sh  a  ga in  c rossover  f  requency  low
enough to  ach ieve  an  acceptab le  phase marg in .  In  a  power
ampl i f ie r ,  much o f  the  phase sh i f t  a t  h igh  f requenc ies  is  con-
t r ibu ted  by  the  ou tpu t  t rans is to rs ,  wh ich  typ ica l l y  have f t ' s
(cur ren t  ga in -bandwid th  p roduc ts )  o f  about  1  to  4  MHz.
Output  s tages  w i l l  tend  to  cont r ibu te  rap id ly  inc reas ing
phase sh i f t  above th is  f requency .  As  a  resu l t ,  reasonab le  ga in
crossover frequencies for power ampli f iers are general ly in
the range of 0.5 to 2 MHz.

A Typical Power Amplifier
To fu r ther  pu t  th ings  in to  perspec t ive ,  we ' l l  now take  a

br ie f  look  a t  the  opera t ion  o f  a  p rac t ica l  power  ampl i f  ie r .  Th is
s imp le  ampl i f ie r  w i l l  p rov ide  a  se t t ing  fo r  the  examples  i l l us -
t ra t ing  T IM cons idera t ions  in  the  la te r  sec t ions .  A  s imp l i f ied
v e r s i o n  o f  a  p o p u l a r  a m p l i f i e r  t o p o l o g y  i s  s h o w n  i n  F i g . 4 .
Trans is to rs  Q1 and Q2 fo rm a  d i f fe ren t ia l  ampl i f ie r  wh ich  is
the  f i rs t  s tage o f  the  open- loop ampl i f ie r .  Here  the  feedback
s igna l  app l ied  to  the  base o f  Q2 is  subt rac ted  f rom the  input
s igna l  app l ied  to  the  base o f  Q1.  Not ice  tha t  the  feedback
s igna l  i s  d iv ided down by  R4 and R3,  wh ich  se t  the  c losed-
loop ga in  a t  about  20 .  Capac i to r  C2 a l lows fu l l  feedback  a t
d .c .  to  assure  a  smal l  ou tpu t  o f fse t  vo l tage.

The voltage dif ference between the bases of Q.l  and Q2 is
t rans la ted  to  a  cur ren t  s igna l  wh ich  in  tu rn  d r ives  the  base
c i rcu i t  o f  the  predr iver ,  Q3.  The resu l t ing  vo l tage s igna l  a t  the
co l lec to r  o f  Q3 is  de l i vered  to  the  ou tpu t  w i th  approx imate ly
un i ty  ga in  by  the  complementary  Dar l ing ton  emi t te r - fo l -
lower  ou tpu t  s tage.  The pr imary  purpose o f  the  ou tpu t  s tage
is  to  p rov ide  cur ren t  ga in  and thus  present  a  re la t i ve ly  h igh-
impedance load to  the  co l lec to r  c i rcu i t  o f  Q3.  The co l lec to r
cur ren t  fo r  Q3 is  p rov ided by  a  cur ren t  source  so  tha t  the
on ly  rea l  load  a t  Q3 's  co l lec to r  i s  tha t  p resented  by  the  ou t -
pu t  s tage.  Th is  a r rangement  p rov ides  very  h igh  ga in  in  the
predr iver  s tage,  espec ia l l y  i f  the  cur ren t  ga in  in  the  ou tpu t
s tage is  h igh .

The uncompensated  loop ga in  o f  th is  ampl i f ie r  i s  shown in
the  top  curve  o f  F ig .2  (assuming t rans is to r  be tas  o f  50) .  Feed-
back  compensat ion  o f  th is  ampl i f ie r  i s  p rov ided by  a  s ing le
capac i to r  C3 connected  f rom co l lec to r  to  the  base o f  Q3.  Th is
type o f  compensat ion  is  o f ten  re fe r red  to  as  Mi l le r -e f fec t
compensat ion .

At  low f requenc ies ,  C3 is  an  open c i rcu i t  and the  ga in  i s
qu i te  h igh .  A t  h igher  f requenc ies ,  C3 's  reac tance decreases ,
and i t  beg ins  to  fo rm a  t igh t  negat ive  feedback  loop around
Q3.  A t  h igh  f requenc ies ,  a lmost  a l l  o f  the  s igna l  cur ren t  f rom
q1 f lows th rough C3,  ra ther  than R2 and- the  base o f  Q3.
Under  these cond i t ions ,  we can a lmost  th ink  o f  Q3 as  an
opera t iona l  ampl i f ie r  and i t s  base node as  a  v i r tua l  g round.
At  mid-  to  h igh  f requenc ies ,  the  vo l tage a t  the  co l lec to r  o f
Q3 is  then approx imate ly  the  s igna l  cur ren t  f rom Q1 t imes
the  reac tance o f  C3.  Fur thermore ,  the  open- loop ga in  o f  the
ampl i f ie r  w i l l  s imp ly  be  the  t ransconductance (gm)  o f  the
d i f fe ren t ia l  ampl i f ie r  (here  about  10  mA per  vo l t )  t imes the
reac tance o f  C3.  S ince  th is  reac tance is  decreas ing  w i th  f re -
quency  a t  6  dB, /oc tave ,  so  w i l l  the  open- loop ga in  o f  the
ampl i f ie r .  When th is  ga in  decreases  to  20  we are  a t  the  ga in
crossover  f requency  ( f " ) ,  s ince  the  feedback  pa th  es tab l i shes
a c losed- loop ga in  (C. )  o f  20 .  The cho ice  o f  84  pF fo r  C3
y ie lds  a  reac tance o f  about  2000 ohms a t  1  MHz,  thus  se t t ing
the  ga in  c rossover  a t  tha t  f requency  and y ie ld ing  the  lower
curve  fo r  open- loop ga in  in  F ig .  2 .  Expressed in  genera l  te rms,

C 3 :

Not ice  tha t  low- f requency  cons idera t ions ,  such as  feedback
fac tor ,  do  no t  in f  luence the  cho ice  o f  C3.

Propagation Delay
Some authors  have reasoned tha t  an  ampl i f ie r  o resented

wi th  a  very  fas t  t rans ien t  w i l l  be  w i thout  negat ive  feedback
for  a  shor t  per iod  o f  t ime un t i l  the  feedback  s igna l ,  hav ing
suf fe red  inev i tab le  de lay ,  a r r i ves  to  cance l  most  o f  the  input
s igna l  [1 ,3 ] .  Dur ing  th is  de lay  t ime,  i t  i s  reasoned,  some s tag-
e s  i n  t h e  o p e n - l o o p  a m p l i f i e r  m a y  c l i p  d u e  t o  t h e  u n u s u a l l y
l a r g e  i n p u t  s i g n a l .

There  is  l i t t le  ques t ion  tha t  such a  prob lem wi l l  occur  i f  a
square  wave w i th  a  1  nS r i se  t ime is  app l ied  to  an  aud io
ampl i f ie r .  However ,  to  assess  the  prac t ica l  l i ke l ihood o f  such
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Fig. ' l  Simpli f ied schematic of a popular power ampli f ier
design.

a  p rob lem,  we must  cons ider  the  t ime i t  takes  a  rea l  p rogram
signa l  to  r i se ,  what  the  de lay  t ime rea l l y  i s  ( i t  i s  no t  the  open-
loop r i se  t ime as  some have imp l ied) ,  and the  over load
mechan ism o f  open- loop ampl i f ie r  ga in  s tages .

The open- loop ampl i f ie r  can  be  mode led  as  a  b lock  o f
ga in ,  a  dominant  f i r s t -o rder  compensat ion  ro l l -o f f ,  and a
pure  de lay  as  shown in  F ig .  5 .  E f fec ts  o f  the  o ther  nondomi -
nant  po les  are  lumped in  w i th  the  de lay  w i th  l i t t le  loss  o f
accuracy .  l t  i s  we l l -known tha t ,  fo l low ing  a  s tep  change a t
the  input  o f  a  f i rs t -o rder  RC low-pass  f i l te r ,  the  ou tpu t  beg ins
to  change immedia te ly ,  no  mat te r  how long the  RC t ime
constan t ;  on ly  the  ra te  o f  change w i l l  depend on  the  t ime
constan t .  Thus ,  a f te r  a  sudden change a t  the  ampl i f ie r  inpu t ,
the  ou tpu t  w i l l  beg in  to  change a f te r  the  above-ment ioned
pure  de lay .  Th is  i s  the  propagat ion  de lay  t ime o f  the  ampl i -
f ie r  and is  the  de lay  t ime dur ing  wh ich  we must  be  con-
cerned about  over load ing  the  ampl i f ie r  in  o rder  to  dea l  w i th
the issue raised above.

The propagation delay t ime can be estimated by consider-,
ing  the  phase marg in  o f  the  feedback  loop.  l f  an  ampl i f ie r
has  a  phase marg in  o f  45  degrees  a t  a  1 -MHz ga in  c rossover ,
then the  to ta l  fo rward  pa th  de lay  (assumning  a  f  la t  feedback
path) must be 135 degrees, of which about 90 degrees is f  rom
the compensat ion  po le  and 45  degrees  is  f rom the  propaga-
t ion  de lay .  Th is  works  ou t  to  125 nS.  Most  power  ampl i f ie rs
wi l l  have cons iderab ly  less  propagat ion  de lay  than th is .

I t  should be pointed out that i t  is incorrect to say that the
ampl i f ie r  i s  w i thout  feedback  dur ing  th is  in te rva l .  The
c losed- loop ampl i f ie r  i s  a  l inear  sys tem so  long as  the  ga in ,
ro l l -o f f ,  and de lay  e lements  o f  the  mode l  a re  l inear .  l t  i s  a lso

Fig.5-A simple model of the open-loop ampli f ier showing
time response lo a step input. In practice, gain and delay aie
distr ibuted throughout the ampli f  ier.
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a continuous system in spite of the delay, and feedback is
present 100 percent of the time as long as no stages are
clipped. The feedback is, however, continuously "out of
date" by a time equal to the delay. Fortunately, the feedback
equations readily take this into account in both the frequen-
cy and t ime domains.

Can a fu l l -ampl i tude input  s ignal ,  such as a bandl imi ted
square wave,  r ise far  enough in 125 nS to cause any ampl i f ier
stages to become nonlinear or to overload? The integrating
action of the compensation wil l prevent stages beyond the
compensation from overloading, typically leaving only the
input stage before it to worry about (see Fig. 4).

Consider as a worst case a 2-V peak square wave bandlim-
i ted to 20 kHz.  l t  wi l l  r ise about  63 mV in 125 nS,  and th is  is
enough to dr ive some input  s tages in to nonl inear i ty .  This  is
particularly true of the differential pair without emitter resis-
tors (local feedback often called emitter degeneration), as
shown in the design of Fig. 4. With a 63-mV error signal
dr iv ing i t ,  i ts  smal l -s ignal  gain is  less than hal f  i ts  nominal
value. This nonlinearity would result in ,,soft, '  TIM under
these conditions. However, most high-quality amplif ier de-
signs have enough local feedback of one sort or another at
the input  s tage to a l low good l inear i ty  in  handl ing such an
error signal. As we wil l see momentarily, such feedback is
usual ly  a lso an important  ingredient  in  achiev ing h igh s lew
rate.

Feedback factor and open-loop bandwidth are clearly not
relevant here, since designs with different values for these
parameters could easily have the same input stage design
and propagation delay. The important criterion here is to
have an input  s tage that  can handle large , input  s ignals,  at
least under transient conditions.

Slew Rate
Real power amplif iers are not only l imited in terms of out-

put amplitude; they are also l imited with respect to the rate-
of -change or  t ime der ivat ive of  the output .  When an ampl i -
f ier  is  asked to del iver  more than i ts  maximum ampl i tude,  i t
cl ips and produces a constant amplitude independent of the
input  s ignal .  S imi lar ly ,  i f  an ampl i f ier  is  ca l led upon to del iver
a greater t ime derivative than its slew rate, the amplif ier wil l
go into slew-rate l imiting and produce an output rate-of-
change independent  of  the input  s ignal .  As wi th ampl i tude-
induced d is tor t ion,  s lew- induced d is tor t ion (SlD),  or  (T lM),
has a gradual onset. lt is non-zero below the slew-rate l imit
and rises as the slew-rate l imit is approached.

Having discussed amplif ier behavior during the propaga-
t ion delay in terval  fo l lowing a sudden input  change,  we must
now determine i f  the ampl i f ier  can keep up wi th the t ime
der ivat ive cal led for  by the input  s ignal  wi thout  being dr iven
into nonlinearity by internal error signals (i.e., overshoots).
This is basically a question of margin against slew-rate l imit-
ing, since slewing is the result when the internal overshoots
are so big they are clipped. Recall that these overshoots are
general ly  the resul t  o f  the c i rcu i t  a t tempt ing to quick ly
charge capacitances, particularly the compensating capacitor.

At  th is  point  i t  is  important  to  emphasize that  i t  is  the
magnitude of these overshoots which is important, not per-
centage; many papers in the l iterature have erred in empha-
s iz ing the la t ter  [1 ,2] .  l t  should be c lear  that  good margin
against slew-rate l imiting guarantees that the overshoots wil l
not  be large enough to cause nonl inear i ty  and thus TlM.

How does feedback factor affect slew rate? By itself, not at
all. For example, amplif iers with high feedback factors usual-
ly have the extra open-loop gain afterthe point of compen-
sation. The most common example is the use of a current
source collector load on the predriver stage, as in Fig. 4. Sup-
pose for the moment that the predriver stage has a shunt
capacitor at its input (base) for compensation (unlike Fig.  ).
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tig. LA model of the feedback amplifier showing the error
time response to a bandlimited step input for various
combinations of feedback factor and open-loop bandwidth.
Closed-loop bandwidth is held constant, and feedback is
varied by changing only A2. Input level is assumed to be zero
prior to the step.

l f  we doub le  the  ga in  a f te r  the  compensat ion  by  some
means,  we must  doub le  the  va lue  o f  the  compensat ing  ca-
pac i to r  to  res to re  the  ga in  c rossover  f  requency  to  i t s  o r ig ina l
va lue .  However ,  the  added ga in  means tha t  we now need
on ly  ha l f  the  t ime der iva t ive  on  the  capac i to r  to  ach ieve  the
same outpu t  t ime der iva t ive ,  so  the  magn i tude o f  the  cur ren t
overshoot  charg ing  the  la rger  compensat ing  capac i to r  i s  un-
changed.  The percentage overshoot  i s  approx imate ly  dou-
bfed, however, because of the smaller f inal value as a result
o f  t h e  d o u b l e d  d . c .  g a i n .  T h i s  i s  i l l u s t r a t e d  i n  F i g . 6 .  E v e n
though the  open- loop ro l l -o f f  s ta r ts  one oc tave  lower ,  the
input  s tage doesn ' t  have to  work  any  harder  to  ach ieve  a
g iven s lew ra te .

The s i tua t ion  is  the  same fo r  ampl i f ie rs  us ing  Mi l le r -e f fec t
compensat ion  as  in  F ig .4 .  Here ,  even the  capac i to r  va lue  is
unchanged as the feedback factor is raised or lowered by
vary ing  the  load impedance o f  the  predr iver  (Q3) .  Th is  i s  so
because the  feedback  ac t ion  o f  C3 cont ro ls  the  h igh- f re -
quency  ga in  ra ther  than the  load res is tance.  Ampl i f ie rs  wh ich
are  de l ibera te ly  des igned w i th  low feedback  fac to rs  typ ica l l y
ach ieve  th is  by  p lac ing  a  phys ica l  load  res is tance f rom the
co l lec to r  o f  the  predr iver  to  g round [9 ] .

l f  we assume tha t  a l l  o f  the  s igna l  cur ren t  f rom the  input
s tage can f low in to  C3,  then the  s lew ra te  fo r  the  ampl i f ie r  in
F ig .  4  i s  about  (0 .5  mA/84 pF)  :  6  V  /  pS. ln  p rac t ice ,  i t  w i l l  be
somewhat  less  because o f  some cur ren t  f low in to  R2 and Q3.

An improved ampl i f  ie r  i s  shown in  F ig .7  and is  an  example
o f  an  ampl i f ie r  w i th  a  very  h igh  feedback  fac to r .  In  add i t ion

Fig. 7-Simplified schematic of an improved power amplifier.

to  us ing  a  h igh-qua l i t y  cur ren t  source  load fo r  the  predr iver ,
t r ip le  Dar l ing tons  are  u t i l i zed  in  the  ou tpu t  s tage fo r  ex t ra
cur ren t  ga in  and hence a  l igh ter  load  on  the  predr iver  co l lec -
to r  node.  Add i t ion  o f  the  pa i r  o f  do t ted  predr iver  load  res is -
(o rs ,  R15 and R16,  w i l l  conver t  i t  to  a  low- feedback  des ign
wi th  a  20-kHz open- loop bandwid th .  The requ i red  compen-
sa t ing  capac i tance remains  unchanged.

The open- loop ga in  fo r  the  h igh-  and low- feedback  ver -
s ions  o f  F ig .7  i s  shown in  F ig .  B .  The ga in  c rossover  f requency
for  bo th  des igns  is  the  same,  and the  on ly  d i f fe rence is  in -
c reased loop ga in  a t  f requenc ies  be low 20 kHz fo r  the  h igh-
feedback  des ign .  The s lew ra te  fo r  bo th  des igns  is  the  same
for  a  s tep  input  s ta r t ing  a t  zero  vo l ts .  Th is  fu r ther  i l l us t ra tes
the  fac t  tha t  feedback  fac to r  and open- loop bandwid th  have
no effect on slew rate.

What does affect slew rate is the design of the input stage.
For  a  g iven s ize  compensat ing  capac i to r ,  an  input  s tage w i th
a  h igher  ou tpu t  cur ren t  capab i l i t y  w i l l  p rov ide  an  inc reased
s lew ra te .  However ,  mere ly  inc reas ing  the  ta i l  cur ren t  o f  a
s imp le  d i f fe ren t ia l  pa i r  s tage,  as  in  F ig .  4 ,  w i l l  no t  work  be-
cause tha t  w i l l  inc rease the  s tage ga in  ( t ransconductance)  by
the  same fac tor .  Th is  wou ld  then necess i ta te  a  p ropor t ionate-
ly  la rger  compensat ing  capac i to r  to  res to re  the  ga in -c rossover
frequency, and the slew rate would be back to where i t  was
before .  One popu lar  so lu t ion  is  to  use  emi t te r  degenera t ion .
For  example ,  we can keep the  ta i l  cur ren t  the  same,  use  em-
i t te r  degenera t ion  to  reduce the  ga in ,  and then use a  smal le r
compensat ing  capac i to r .  Th is  approach is  used in  F ig .  7 ,
where  R2 and R3 reduce the  ga in  by  a  fac to r  o f  10 .  Th is
permi ts  a  d ramat ic  inc rease in  s lew ra te .  Loca l  emi t te r  degen-
era t ion  is  a lso  des i rab le  because i t  inc reases  the  overa l l
l i near i ty  o f  the  s tage and permi ts  l inear  opera t ion  up  to  a
la rger  percentage o f  the  u l t imate  s lewing  capab i l i t y .

I t  i s  impor tan t  to  rea l i ze  tha t  the  ex t ra  ga in  in  most  ampl i -
f ie rs  w i th  h igh  feedback  fac to rs  i s  no t  ach ieved by  add ing
more  vo l tage-ga in  s tages ,  wh ich  wou ld  tend to  inc rease non-
l inear i ty  and propagat ion  de lay .  As  can be  seen l rom F ig .7 ,
the  on ly  e lements  wh ich  need to  be  added to  ach ieve  very
h igh  ga in  a re  emi t te r - fo l lowers .  These s tages  are  prac t ica l l y
de lay less  and ac tua l l y  tend to  improve l inear i ty  by  i so la t ing
dr iv ing  s tages  f rom the  input  non l inear i t ies  o f  the  nex t  s tage.
Non l inear i t ies  resu l t ing  f rom t rans is to r  be ta  dependence on
co l lec to r  vo l tage (Ear ly  e f fec t )  and cur ren t  and junc t ion  ca-
pac i tance dependence on  vo l tage are  reduced in  th is  way.

I t  was  ment ioned ear l ie r  tha t  a  1OO-wat t  amol i f ie r  wou ld
have to  c lean ly  hand le  t ime der iva t ives  up  to  about  3  V /pS
for  wors t -case program mater ia l .  How much marg in  aga ins t
s lew- ra te  l im i t ing  is  requ i red  fo r  c lean,  low-T lM opera t ion?
Th is  depends very  much on  the  par t i cu la r  ampl i f ie r  des ign .  A
good des ign  w i th  p len ty  o f  loca l  feedback  and a  l inear  open-
loop response may requ i re  a  marg in  o f  less  than-1 .5  to  1 ,
wh i le  a  rea l l y  poor  des ign  w i th  g ross  open- loop non l inear i ty
cou ld  requ i re  as  much as  10  to -1 .  However ,  even the  o f ten-
c r i t i c ized  741 opera t iona l  ampl i f ie r ,  when opera ted  under
reasonab le  cond i t ions ,  requ i res  less  than a  marg in  o f  5  to  1 .

A  marg in  o f  4  to  1  shou ld  be  more  than adequate  fo r  pow-
er  ampl i f ie rs  o f  reasonab le  des ign  to  guarantee  tha t  T IM pro-
duced by  in te rna l  overshoots  w i l l  be  comple te ly  inaud ib le .
Based on  th is  and the  prev ious ly  d iscussed program charac-
te r is t i cs ,  the  100-wat t  ampl i f ie r  shou ld  p rov ide  a  s lew ra te  o f
at least 12 V/ 1tS. This also gives us a 50 percent margin
aga ins t  s lewing  in  the  presence o f  a  0 .2  (V /  p lS) /V  fu l l -ampl i -
tude pop or  t i ck .

Not ice  tha t  we 've  pa id  very  l i t t le  a t ten t ion  to  what  hap-
pens  when ou t r igh t  s lew- ra te  l im i t ing  occurs ;  ra ther ,  we 've
out l ined  the  cond i t ions  requ i red  to  s tay  in  a  ra ther  l inear
reg ion  o f  opera t ion  where ,  a t  most ,  the  non l inear i t ies  a re
sof t .  Th is  i s  ma in ly  because T IM wi l l  become aud ib le  be fore
s lew- ra te  l im i t ing  occurs .  However ,  i t  i s  wor th  no t ing  tha t
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Fig. L-Open-loop gain comparison of ampli f iers with high
and low feedback factors and equal gain crossover
frequency. The maior dif ference is the greater feedback in
the audio band for the former case.

recovery  f rom a  s lewing  cond i t ion  fo r  most  contemporary
ampl i f ie r  topo log ies  is  no t  a f fec ted  by  the  open- loop t ime
constan t .  Th is  was no t  necessar i l y  the  case in  some very  ear ly
t rans is to r  ampl i f ie r  des igns  in  wh ich  a  t rans is to r  cou ld  sa tu-
ra te  dur ing  s lewing  and charge the  compensat ing  capac i to r
to  an  abnormal  vo l tage.  Recovery  in  modern  ampl i f  ie rs  i s  no t

s ign i f i can t ly  longer  than the  t ime i t  takes  the  ou tpu t  to  s lew
to  the  new s igna l  va lue .

At  th is  po in t ,  i t  shou ld  be  c lear  tha t  s lew ra te  i s  the  most
impor tan t  s ing le  parameter  govern ing  T IM per fo rmance,
wh i le  feedback  fac to r  and open- loop bandwid th  have no
bear ing  on  T lM.  In  Par t  l l ,  we ' l l  con t inue by  look ing  a t  o ther
causes  o f  h igh- f requency  or  dynamic  in te rmodu la t ion  d is to r -
t ion  (D lM) ,  why  a  la rge  feedback  fac to r  i s  good ins tead o f
bad,  and techn iques  ava i lab le  fo r  measur ing  T IM in  the  lab .7 f l
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