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ANOTHER VIEW OF

Robert R. Cordell
In Part I  of this art icle, we determined that real program

signa ls  a re  no t  qu i te  as  " fas t "  as  we might  th ink ,  and tha t
s lew ra te  i s  the  most  impor tan t  ampl i f ie r  charac ter is t i c  gov_
ern ing  produc t ion  o f  t rans ien t  in te rmodu la t ion  d is to r t ion
(T lM) .  We ' l l  now cont inue by  look ing  a t  o ther  h igh- f requen_
cy  d is to r t ion  mechan isms and conc lude w i th  a  d iscuss ion  o f
T IM measurement  technroues .

Other Causes of
High-Frequency Distort ion

So fa r  we 've  looked a t  the  way in  wh ich  T IM can be  caused
by th ings  re la ted  to  negat ive  feedback ,  such as  compensa_
t ion .  Th is ,  o f  course ,  i s  where  most  o f  the  prev ious  d iscus_
s ions  o f  T IM have focused as  we l l .  Unfor tunate ly ,  th is  source
of  h igh- f requency  in te rmodu la t ion  d is to r t ion ,  wh ich  is  no t
d i f f i cu l t  o r  expens ive  to  min imize ,  i s  on ly  one o f  many sourc -
es  o f  s lewing  induced (S lD)  o r  dynamic  in te rmodu la t ion  d is -
to r t ion  (D lM) .  In  we l l -des igned contemporary  power  ampl i -
f ie rs ,  o ther  sources  o f  h igh- f requency  d is to r t ion  are  in  facr
more  s ign i f i can t .

These o ther  sources  are  pr imar i l y  a  resu l t  o f  t rans is to r  junc-
t ion  capac i tance non l inear i ty  and power  t rans is to r  charge-
s to rage e f fec ts .  The fo rmer  resu l ts  f rom the  fac t  tha t  t ran i rs -
to r  junc t ion  capac i tances  are  a  func t ion  o f  the  vo l tage across
the  junc t ion .  S ince  junc t ion  capac i tances  do  a f fec t  the  h igh-
f requency  open- loop ga in ,  d is to r t ion  w i l l  ensue i f  these ia -
pac i tances  are  modu la ted  by  s igna l  sw ings .  In  the  ampl i f ie r
o l  F ig .  4 ,  the  most  obv ious  p lace  fo r  th rs  to  occur  i s  in  the
co l lec to r -base c i rcu i t  o f  the  predr iver ,  Q3.  Here  the  co l lec to r -
base capac i tance is  in  para l le l  w i th  the  compensat ing  capac i -
to r ,  C3,  and modu la tes  the  hrgh- f requency  ga in .  Th ise f fec t  i s
grea t ly  reduced by  the  iso la t ron  ac t ion  o f  the  emi [e r - fo l_
lower .p reced ing  the  predr iver  in  the  des ign  o f  F ig .7 .  Not ice
tha t  the  co l lec to r  c i rcu i t  o f  the  predr iver  in  bo th  -es igns  has
a fa i r l y  low impedance a t  h igh  f requenc ies  due to  the  shunt

Fig.4 - Simplif ied schematic of a popular power
amplif ier design.
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feedback  e f fec t  o f  the  compensat ing  capac i to r .  Th is  reduces
the  e f fec t  o f  vary ing  capac i tances  as  seen look ing  in to  the
outpu t  s tage ( i .e . ,  C .o  o f  Q4 and Q5 in  F ig .  4 )

One o f  the  pr ime h igh- f requency  l im i ta t ions  in  power  am-
p l i f ie rs  i s  the  re la t i ve ly  low f1  o f  the  ou tpu t  power  t rans is to rs .
We have a l ready  seen tha t  the  resu l t ing  excess  phase sh i f t  i s
a  major  fac lo r  in  l im i t ing  the  ga in  c rossover  f requency  o f  the
ampl i f ie r  and hence the  amount  o f  h igh- f requency  negat ive
feedback .  An add i t iona l  l im i ta t ion  appears  in  the  t ime
domain  and man i fes ts  i t se l f  as  a  subt le  fo rm o f  s lew- ra te
l im i t ing .  l t  i s  due to  a  t rans is to r  charac ter is t i c  commonly
known as  charge s to rage.

l f  we look  a t  the  t rans is to r  mode l  shown in  F ig  9 .  we see a
base-emi t te r  capac i to r ,  C . ,  wh ich  accounts  fo r  charge s to rage
in  the  base.  Th is  capac i tance is  p r imar i l y  respons ib le  fo r
charac ter iz ing  the  f ,  o f  the  dev ice ,  and i t  shou ld  no t  be
confused w i th  junc t ion  capac i tance (C, " )  o r  o ther  paras i t i c
capac i tances .  The va lue  o f  the  charge-s to rage capac i tance is
propor t iona l  to  the  opera t ing  cur ren t  o f  the  t rans is to r  and
inverse ly  p ropor t iona l  to  i t s  f , -

In  o rder  to  inc rease t rans is to r  conduct ion  we must  inc rease
the  base-emi t te r  vo l tage,  and th is  in  tu rn  means we must
charge up  the  base capac i tance.  To  tu rn  the  t rans is to r  o f f ,  we
must  d ischarge the  capac i tance.  As  an  example ,  i f  we w ish  to
decrease t rans is to r  conduct ion  by  a  fac to r  o f  10 ,  we must

Fig.7 - Simpli f ied schematic of an improved power
ampli f ier.
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c j .
Fig. 9 - Simplified transislor model.

Note that g;,  and lhus C,, lre
proportional to collector current,

Afr

d ischarge the  capac i to r  by  about  6O mV (as  d ic ta ted  by  the
exponent ia l  l .  vs .  V6.  t rans is to r  law) .  A l though th is  vo l tage
seems smal l ,  we must  rea l i ze  tha t  the  capac i tance is  on  the
order  o f  m ic ro fa rads  when the  t rans is to r  cur ren t  i s  on  the
order of amperes for typical power transistor f ,s in the range
of 1 to 4 MHz. l t  can be shown that i f  we try to turn off the
t rans is to r  by  pu l l ing  a  cons tan t  cur ren t  ou t  o f  the  base,  the
co l lec to r  cur ren t  o f  the  t rans is to r  w i l l  decrease a t  a  reason_
ab ly  cons tan t  ra te ;  i .e .  i t  w i l l  s lew o f f  a t  so  many amperes  per
second.  Th is  i s  a  d i rec t  resu l t  o f  the  in tegra t ing  ac t ion  o f  the
charge-s to rage capac i tance.  Spec i f i ca l l y ,  the  cu i ren t  s lew ra te
is  g iven  by  the  s imp le  express ion  ISR =  2n  f ,16 ,  where  l6  i s  the
oase cur ren t .

Now le t ' s  see  how th is  phenomenon a f fec ts  the  oer fo rm_
ance o f  an  ou tpu t  s tage when program s igna ls  change qu ick-
ly .  In  most  ampl i f ie r  des igns ,  a  very  la rge  cur ren t  can  be  sup_
p l ied  by  the  dr ivers  (usua l ly  emi t te r - fo l lowers)  to  tu rn  on  the
outpu t  dev ices  qu ick ly  in  response to  p rogram demands.  Un_
for tunate ly ,  the  ava i lab le  tu rn-o f f  cur ren t  i s  l im i ted  to  the
amount  o f  qu iescent  cur ren t  f low ing  rn  the  power  t rans is to r
base-b leeder  res is to rs  (R5 and R6 in  F ig .4 ) .  There  is  thus  a
we l l -de f ined tu rn-o f f  cur ren t  s lew ra te  l ssoc ia ted  w i th  each
of  the  ou tpu t  dev ices .

Suppose fo r  the  moment  we are  opera t ing  in to  a  res is t i ve
load;  the  top  t rans is to r  i s  , 'on"  and the  ou tpu t  vo l tage is
pos i t i ve  bu t  rap id ly  head ing  in  a  negat ive  d i rec t ion .  ThJcur -
rent into the load is decreasing rapidly; i .e.,  the rate-of-
change o f  the  ou tpu t  cur ren t  i s  h igh ly  negat ive .  l f  th is  ra te_
of-change exceeds the turn-off curient slew rate for the top
dev ice ,  tha t  dev ice  w i l l  go  in to  cur ren t  s lew- ra te  l im i t ing .
Under  these cond i t ions  the  t rans is to r ,s  cur ren t  i s  no  longer  a
func t ion  o f  the  s igna l ,  and i t  thus  represents  .  sor rce  o id i r_
to r t ion .  The bo t tom t rans is to r  w i l l ,  o f  course ,  tend to  conduct
more  heav i l y  to  make up  the  d i f fe rence,  bu t  the  d is to r t ion
wi l l  no t  be  comple te ly  removed.  Th is  ex t ra  cur ren t  conduc_
tion on the part of both transistors is referred to as ,,com_
mon-mode conduct ion , "  and is  a lso  respons ib le  fo r  in -
c reased ou tpu t  s tage power  d iss ipa t ion  (somet rmes dan-
gerous ly  so)  a t  h igh  f  requenc ies .

Because the  oppos i te  t rans is to r  makes up  fo r  most  o f  the
deficiency of the device being turned off,  this current slew_
ing  phenomenon does  no t  man i fes t  i t se l f  as  v isua l  vo l tage
s lew- ra te  l im i t ing  a t  the  ampl i f ie r  ou tpu t .

To see how serious this problem can be, let.s assume 1_
MHz f,  power transistors in Fig. 4. With about g mA of turn_
off current avai lable, the current slew rate for each device is
about 0.05 A/pS, corresponding to a voltage t ime derivative
o f  O.4V/  pS in to  an  8-ohm load,  o r  less  than one wat t  a t  20
kHz. Such. an ampli f ier can thus be expected to generate
subs tan t ia l  amounts  o f  h igh- f requency  in te rmodu la i ion  d is_
tort ion at moderate power levels.

This problem can also be effect ively dealt with, however.
The most common solut ion is to use low-valued bleeder
resistors ( i .e.,  run the drivers fair ly , ,hot, ' )  and faster output
trans.istors..Assuming 4-MHz f,  devices for the design in i ig.
7, where about 30 mA is avai lable for turn-off,  wi have 

-a

turn-off current slew rate o( O.7S A/ l tS, corresponding to a
voltage t ime derivative of 6.0 V/ p S into g ohmj or 144 watts
at 20 kHz.

The Case for
A large Feedback Factor

We've  spent  qu i te  a  b i t  o f  t ime so  fa r  examin ing  many
issues  and arguments  and are  led  to  conc lude tha t  a  la rge
feedback  fac to r  and i t s  a t tendant  smal l  open- loop
bandwid th  does  no t  do  any  harm,  g iven a  des ign  w i th  the
same gain crossover frequency as a low-feedback design. But
whar good does i t  do? Specif ical ly, why should more feed-
back  be  app l ied  a t  mid-band f requenc ies  when the  prob lem
seems to be at high frequencies, and 20 to J0 dB at the high
frequencies is probably suff icient given a fair ly l inear open-
loop ampl i f ie r?

F i rs t ,  the  weak bu t  no t  un impor tan t  a rgument :  l t  cos ts
nothing. In fact, in most deslgns i t  saves one or two resistors
( R 1 5  a n d  R 1 5  i n  F i g .  7 ) .

The more  conv inc ing  argument  res ts  on  the  fac t  tha t  nega-
t i ve  feedback  reduces  the  percentage o f  ou tpu t  s tage d is to r -
t ion  components  a t  a  g iven  f requency  by  the  same fac tor
tha t  i t  reduces  ga in  a t  tha t  f requency .  The C lass  AB outpu t
s tage is  a  ma jor  cont r ibu tor  to  open- loop non l inear i ty  in
good des igns ,  and loca l  degenera t ion  cannot  s ign i f i can t ly  re -
duce i t s  d is to r t ion .  On ly  overa l l  negat ive  feedback  does  a
good job there.

Suppose an  open- loop ampl i f ie r  i s  hand l ing  a  1 -kHz s ine
wave input  and second harmon ic  d is to r t ion  is  be ing  pro-
duced a t  2  kHz in  the  ou tpu t  s tage.  When feedback  is  ap-
p l ied ,  the  2-kHz d is to r t ion  produc t  percentage ( fo r  the  same
output  leve l )  w i l l  be  reduced by  the  same degree tha t  feed-
back  reduces  the  ampl i f ie r ' s  ga in  a t  2  kHz.  S ince  feedback
factor is often a function of frequency, we must remember
tha t  the  feedback  fac to r  a t  the  f requency  o f  the  d is to r t ion
component  (no t  the  fundamenta l )  i s  what  i s  impor tan t .  Th is
ru le  i s  independent  o f  the  phase sh i f t  a round the  feedback
loop;  in  the  ex t reme case o f  pos i t i ve  feedback ,  d is to r t ion  per -
centaSes wou ld  be  inc reased by  the  same fac tor  tha t  the  ga in
increases at a given frequency.

Eecause o f  th is  ac t ion ,  the  add i t iona l  loop  ga in  a t  mid-  and
low frequencies in the high-feedback designi contr ibutes an
important distort ion reduction - not so important for mid_
band harmonic distort ion, which can be expected to be low
anyway, but rather for mid-band intermodulat ion oroducts
which result from two or more high-frequency signai compo_
nents  invo lved in  h igh- f requency  in te rmodu la t ion  d is to r t ion .
Few people.can be expected to hear the THD produced by
s ignafs  much above 10  kHz (a l though THD is  a  good ind ica_
tor,of performance). Rather, i t  is the low-frequency inter_
modulat ion products which can detract from, say, a cymbal
crash. These products, which may fal l  in the most sensit ive
port ion of the audio spectrum and which may not be well_
masked by other sounds, wi l l  be further reduced by the addi_
t ional low-frequency feedback. The addit ional 10 io ,10 dB of
feedback in these designs can thus improve the sound of the
high frequencies even though the addit ional feedback onlv
occurs at lower frequencies.

Distort ion produced in earl ier stages wil l  be reduced by a
smaller factor by negative feedback action. However, be-
cause of the higher subsequent gain in high-feedback de-
signs, these stages wil l  typical ly be operating at a lower level
and wil l  thus tend to produce less distort ion in the f irst place.
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In  th is  way,  a l l  s tages  in  a  p roper ly  des igned ampl i f ie r  benef i t

from increased negative feedback.

TIM Measurement
A l though i t ' s  impor tan t  to  unders tand the  or ig in  o f  T IM

and eng ineer ing  techn iques  fo r  avo id ing  i t ,  i t  i s  equa l ly  im-

Dortant to be able to measure i t  obiect ively, preferably in a

way tha t  cor re la tes  we l l  w i th  sub iec t ive  percept ion  o f  T lM.

Be ing  ab le  to  measure  an  imper fec t ion  in  th is  way is  an  im-
por tan t  s tep  toward  e l im ina t ing  i t  as  an  aud ib le  degradat ion

Several techniques for measuring TIM have been pro-

posed,  bu t  none has  been s tandard ized and genera l  d isa-
greement  ex is ts  as  to  wh ich  is  most  sa t is fac to ry  [5 ,  10 ,  11 ] .

Inc identa l l y ,  none o f  the  tes ts  makes any  d is t inc t ion  be tween

TIM and any  o ther  fo rm o f  h igh- f requency  in te rmodu la t ion
d is to r t ion  (D lM) .

One such techn ique is  i l l us t ra ted  in  F ig .  1O [10 ] .  In  o rder  to

h igh l igh t  the  t rans ien t  na ture  o f  the  d is to r t ion  mechan ism,
th is  tes t  combines  a  band l im i ted  square  wave o f  3 .18  kHz
wi th  a  15-kHz s inuso id .  The peak- to -peak  ampl i tude o f  the
la t te r  i s  one- four th  tha t  o f  the  square  wave.  The resu l t ing
in te rmodu la t ion  produc ts  a re  then measured on  a  spec t rum

ana lyzer  and the i r  rms sum is  compared to  the  15-kHz rms
leve l  to  a r r i ve  a t  a  d is to r t ion  percentaSe.  The bo t tom wave-

fo rm in  F ig .  10  i l l us t ra tes  tha t  the  h igh- f requency  s inuso id  i s

comple te ly  b lo t ted  ou t  dur inB gross  s lewing .  Such gross  be-
hav io r  i s  unusua l  in  p rac t ice ,  and the  more  l i ke ly  cu lp r i t  i s

low- leve l ,  sub-s lewing  T IM wh ich  cannot  be  v isua l l y  d is -

cerned.  Prac t ica l  d isadvantages  o f  th is  tes t  inc lude expens ive
ins t rumenta t ion  and a  t ime-consuming procedure  requ i r ing

the  measurement  and roo t -mean-square  add i t ion  o f  s ix  o r
more  d is to r t ion  Produc ts .

A a  A l t h o u s h  s o m e  f e e l  t h a t  s u c h  a  s p e c i a l r z e d  s i g n a l  i s  n e c e s -
' |L  

sary  to  ex"erc rse  ampl i f  ie r  T IM mechan isms [1 ,  3 ] ,  o thers  have

more  recent ly  shown tha t  o rd inary  h igh- f  requency  harmontc

d is to r t ion  measurements  (THD)  are  ius t  as  good i f  no t  be t te r

[5 ] .  Th is  seems reasonab le .  because any  non l inear i ty  wh ich

produces  T IM a lso  must  p roduce harmon ic .d is to r t ion '  A

h igh- f r "q r "ncy  s inuso id  ( l i ke  20  kHz)  a lso  produces  a  s ign i f i -

can t  ra te -o f -change fo r  a  la rge  percentage o f  the  t ime,  so  tha t

an  amol i f ie r ' s  T IM mechan isms are  c lear ly  exerc ised.  Because

the  smal le r  peak  t ime der iva t ives  produced by  a  20-kHz s inu-

soid are somewhat more in l ine with those produced by real

mus ic  than those o f  the  s ine-square  tes t ,  be t te r  sub iec t ive

cor re la t ion  may resu l t .  However ,  much more  work  needs to

be done to  de termine wh ich  tes t ,  among these or  o thers ,

y ie lds  the  bes t  overa l l  sub jec t ive  cor re la t ron .  .
That  h igh- f requency  THD is  a  reasonab ly  dependab le  ind i -

ca tor  o f  i lM per fo rmance is  good news,  s ince  the  FTC re-

qu i res  tha t  a l l  ampl i f ie r  spec i f i ca t ions  must  quote  a  max i -

mum THD f igure  fo r  the  fu l l  ra ted  f requency  ranBe (usua l ly

20  Hz to  20  kHz)  a t  ra ted  power '  T IM shou ld  be  comple te ly

inaud ib le  fo r  un i rs  w i th  20-kHz THD f igures  be low about

0 .02  oercent .  However ,  the  reader  i s  cau t ioned tha t  THD f ig -

ures  as  h igh  as  0 .1  percent  may s t i l l  y ie ld  inaud ib le  T IM un-

der  some c i rcumstances .  Unt i l  more  work  i s  done,  these

numbers  can on ly  be  cons idered ba l lpark  f  igures '

Conc lus ion
To summar ize ,  T IM is  s imp ly  a  fo rm o f  h igh- f requency  in -

te rmodu la t ion  d is to r t ion  wh ich  is  rnduced by  a  s igna l ' s  ra te -

o f - c h a n g e  r a t h e r  t h a n  a m p l i t u d e  a l o n e .  l t  c a n  b e  e x c i t e d  b y

cont inu ;us  s igna ls ,  such as  s ine  waves  or  square  waves ,  o r  by

n o n c o n t i n u o J s  s i g n a l s  l i k e  m u s i c .  E e c a u s e  i t  i s  i n d u c e d  b y  a

s i g n a l ' s  t i m e  d e r i v a t i v e ,  a n  a m p l i f i e r ' s  s l e w  r a t e  i s  t h e  s i n g l e

m l s t  i m p o r t a n t  d e s i S n  p a r a m e t e r ,  w h i l e  t h e  s m a l l - s i g n a l

oarameters  o f  feedback  f  ac to r  and open- loop bandwid th  a re ,

6y  themse lves ,  t r re levent  to  the  avo idance o f  T lM These

s m a l l - s i g n a l  p a r a m e t e r s  a l s o  h a v e  n o  d i r e c t  i n f  l u e n c e  o n  s l e w

ra te .  S ince  there  is  no  need fo r  open- loop bandwid th  to  ex-

ceed program bandwid th ,  de l ibera te  p rogram band l im i t ing  is

in  most  cases  unnecessary .  l t  goes  w i thout  say lnS,  however ,

tha t  good open- loop l inear i ty  rs  very  impor tan t ,  espec ia l l y  a t

h igh  f  requenctes .
lno ther  imoor tan t  observa t ion  is  tha t  recorded mus ic  i s

s imo lv  no t  as  " fas t "  as  some wou ld  have us  be l ieve  The

inev i tab le  p re-emphasrs , /de-emphas is  p rocess  p laces  s ign i f i -

can t  l im i ta i ions  on  the  power  bandwid th ,  and thus  the  re la -

t i ve  ra te -o f -change,  o f  the  reproduced s igna ls  As  a  conse-

quence,  most  reasonab ly  des igned ampl i f ie rs  may no t  be

p r o d u c i n g  a s  m u c h  a u d i b l e  T I M  a s  w e  m i g h t  t h i n k ,  e s p e c i a l l y

a t  reasonab le  l i s ten ing  leve ls  Aud ib le  T IM cer ta in ly  does  ex-

is t ,  bu t  r ts  omnipo tence has  probab ly  been exaggera ted

somewhat .  l t  i s  a lso  impor tan t  to  rea l i ze  tha t  some ampl i f ie r

des igners  were  rou t ine ly  p rov id ing  good s lew ra tes  and low

ua lu ls  o f  h igh- f requency  d is to r t ion  (hence low T IM)  long

before  the  te rm TIM became popu lar '

A l though our  d iscuss ion  has  concent ra ted  on  power  am-

p l i f ie rs ,  i t -shou ld  be  kept  in  mind  tha t ,  w i th  the  except ion  o f

ihe  po*e t  ou tpu t  s tage,  the  mechan isms wh ich  genera te

DIM and T IM in  powei  ampl i f ie rs  a lso  ex is t  in  low- leve l  c i r -

cu i ts ,  such as  in  p reampl i f ie rs .  Th is  i s  par t i cu la r ly  t rue  in  c i r -

cu i ts  employ ing  opera t rona l  ampl i f ie rs .  Many o f  these dev ic -

es  have a  ra ther  l im i ted  max imum ga in  c rossover  f requency

(on the  order  o f  1  MHz) ,  and open- loop l inear i ty  i s  no t  a l -

ways  care fu l l y  con t ro l led .  In  par t i cu la r ,  s lew ra te  i s  o f ten  in -

adequate ,  espec ia l l y  in  un i ty -ga in  compensated  c i rcu i ts '

Ex te ina l l y  compensated  dev ices  w i th  care fu l l y  chosen com-

pensation to match the selected closed-loop gain should. be

used for best results. Some of the FET op amps, providing

unity-gain crossovers in excess of 3 MHz and slew rates

above 5 Y / 1t5, are capable of superb performance'

By  fa r  the  most  impor tan t  conc lus ion  is  tha t  we can "have

our  cake and ea t  i t  too" ;  we can take  fu l l  advantage o f  the

d is to r t ion- reduc ing  proper t ies  o f  negat ive  feedback  w i thout

increased r isk of gJnerai ing Tlu. A

BANO-LIMITEO
SOUARE WAVE

HIGH-FREQUENCY
SINE WAVE

TEST
SIGNAL

il

SLEWING
DISTORTION

Fig. 10 - A TIM test signal and whal it looks l ike
when an amplif ier is slew-rate l imiting.
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