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ABSTRACT

r t  has  recent ly  been pos tu la ted  tha t  power  ampl i f ie rs  w i th
high open-loop output impedance and rarge feedback factor
are  more  l i - ke ly  to  p roduce in te rmodu l -a t ion  d is to r t ion  a t
the  loudspeaker  in te r face  ( r rM) .  w i th  the  a id  o f  computer
s imu la t ions ,  th is  poss ib i - r i t y  i s  examined in  the  cont6x t
o f  con temporary  ampl i f ie r  c i rcu i ts .  r t  i s  found tha t  there
is  no  fundamenta l  reason fo r  inc reased r rM in  such ampl i -
f ie rs  g iven  proper  des ign .

TNTRODUCT]ON

A nev ;  fo rm o f  d is to r t ion  in  aud io  power  ampr i f ie rs ,  te rmed
" i n t e r f a c e  i n t e r m o d u r a t i o n  d i s t o r t i o n "  ( r r M ) ,  h a s  r e c e n t r y
b e e n  d e s c r i b e d . l  B a s e d  o n  t h e  a n a l y s i s  p r e s e n t e d ,  i t  w a s
conc luded tha t  th is  d is to r t ion ,  occur r ing  a t  the  ampl i f ie r -
roudspeaker  in te r face ,  i s  more  r i ke ly  to  occur  in  ampl i f ie rs
having high open-loop output impedan-e and large feelback
f a c t o r s .

l4any  contemporary  power  ampl i f ie rs  approach or  fa l t  in to
th is  ca tegory ,  and these resu l ts  a re  there fore  cause fo r
concern  and demand fu r ther  inves t iga t ion .

The produc t ion  o f  r rM is  re -examined in  th is  paper ,  bu t  w i th
a  v iewpo in t  d i f fe ren t  f rom tha t  o f  the  ear r ie r  paper .  conr -
pu ter  s imu la t ions  o f  two rea l_ is t i c  con temporary  power
ampl i f ie r  des igns  are  employed to  genera te  an  A-B compar ison.
The two des igns  are  ident ica l  in  every  respec t  except  tha t
one is ciraracter ized by low open-1oop output impedance and
low feedback  fac to r  wh i re  the  o ther  i -s  charac te i i zed  by
h igh  open- loop ou tpu t  impedance and h igh  feedback  fac to r .
The on ly  c i rcu i t  d i f fe rence be tween the  two is  the  inc lus ion
o r  d e l e t i o n  o f  a  r o a d  r e s i s t a n c e  i n  t h e  c o l l e c t o r  c i r c u i t
o f  the  pre-dr iver  conmon-en i t te r  s tage.  Th is  techn ique
guarantees  tha t  on ly  the  charac ter is t i cs  under  d iscuss ion
are  in f luent ia l  in  the  compar ison.  Both  l inear  and t rans ienr
s i m u l a t i o n s  a r e  u t i l i z e d .
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A strong ad.vantage of the simulat ion technique is the
ab i l i t y  to  per fo rm "exper iments"  w i th  g rea t  accuracy  and
to  observe  ac t iv i t y  in  any  por t ion  o f  the  c i rcu i t  w i th
re la t i ve  ease.  The techn ique a lso  e l im ina tes  the  need
to make many simpl i fy ing assumptions which may lead to
er roneous conc lus ions .

WHAT ]S ]TM?

Aud ib le ,  low- f reguency  d i f fe rences  be tween ampl i f ie rs
under  ac tua l  speaker - load ing  cond i t ions ,  when the  ampl i -
f ie rs  in  ques t ion  produce very  qood per fo rmance by  con-
vent iona l  measures  i -n  the  lab  in to  a  res is t i ve  load,  Rdy
be a t  Ieas t  par t l y  a  resu l t  o f  what  has  been te rmed
in te r face  in te rmodu la t ion  d is to r t ion  ( I IM)  .

Anyone who has ever seen the impedance versus frequency
charac ter is t i c  o f  a  loudspeaker  knows tha t  the  speaker
presents  a  fa i r l y  complex  Ioad to  the  ampl i f ie r ,  o f ten
wi th  severa l  s ign i f i can t  resonances .  The impedance can
somet imes r i se  to  over  ten  t imes i t s  ra ted  va lue  and fa l I
to  less  than B0 percent  o f  i t s  ra ted  va lue .  However ,
s imp le  ne twork  theory  te l l s  us  tha t  i f  the  ampl i f ie r  has
a h ig 'h  damping  fac to r  (DF) ,  f requency  response er ro rs
crea ted .  by  th is  complex  load ing  o f  the  ampl i f ie r  shou ld
be min ima l .  For  example ,  the  resu l t ing  f requency  response
d i f fe rences  due to  such load ing  be tween two ampl i f ie rs ,
one w i th  a  DF o f  50  and the  o ther  w i th  a  DF o f  I00 ,  shou ld
b e  o n  t h e  o r d e r  o f  0 . 1  d B  o r  l e s s .

The e lec t romechan ica l  sys tem o f  the  speaker  (par t i cu la r ly
the  woofer )  a lso  represents  an  energy  s to rage and genera-
t ion  capab i l i t y ,  s ince  any  movement  o f  the  cone w i l l  cause
a n  e . m . f .  t o  b e  g e n e r a t e d  b y  t h e  v o i c e  c o i l - m a g n e t  s y s t e m .
This movement could be due ei ther to cone momentum
deve loped by  ear l ie r  exc i ta t ion  or  to  sound or  v ib ra t ion
in  the  acous t ica l  env i ronment  o f  the  speaker .  The
capab i l i t y  thus  ex is ts  fo r  the  speaker  to  in jec t  a  s igna l
back  in to  the  ou tpu t  o f  the  ampl i f ie r .  I f  th is  s igna l
makes i t s  way  back  to  the  ampl i f ie r  inpu t  v ia  the  feedback
n e t w o r k  ( i . e . ,  a s  a n  e r r o r - c o r r e c t i o n  s i g n a l )  a n d  s u b s e -
quent ly  t rave ls  th rough the  non l inear i t ies  in  the  fo rward
path  o f  the  ampt i f ie r  a long w i th  leg i t imate  input  s igna ls ,
in te rmodu la t ion  d is to r t ion  may resu l t .  Th is  d is to r t ion
mechan ism has  been te rmed in te r face  in te rmodu la t ion  d is -
to r t ion  ( I IM) ,  and i t  has  been pos tu la ted  tha t  t -h is  may
par t l y  account  fo r  aud ib le  d i f fe rences  among ampl i f ie rs
not  accounted  fo r  by  convent iona l  measurements . r  I IM has
been more  fo rmal lv  de f ined in  Reference I  as  fo l lows on
- ^ r ' +  * - ^ ^
r r s ^ L  P a v s .
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" In te r face  In te rmodu la t ion  is  a  fo rm o f  d is -
to r t ion  in  a  two-por t ,  caused by  non l - inear
in te rac t ion  be tween the  ou tpu t  s igna l  o f
the  two-por t ,  and a  s igna l  ex te rna l l y
in jec ted  to  the  ou tPut .  "

THE ISSUES

In  an  ear l ie r  paper  on  the  sub jec t ,  i t  was  s ta ted  tha t  I IM

is  p roduced in  ampl i f ie rs  us ing  h igh  va lues ,  o f  negat rve
feedback ,  and hav ing  modera te  o r  h igh  open- loop ou tpu t  .
j -mpedance in  compar ison  w i th  the  loudspeaker  impedance. r
In  essence,  the  Loncern  is  tha t  a  h igh  damping  fac to r
produced syn the t ica l l y  by  a  h igh  feedback  fac to r  does  no t

i rov ide  in l r ins ic  damping  a t  the  ampl i f ie r  ou tpu t ,  and tha t

Lhe s igna l  in jec ted  by  the  loudspeaker  i s .  there fore  fo rced

to  c i r6u la te  in  the  feedback  loop to  p rov ide  the  necessary
cor rec t ion  s igna l ,  thus  encounter ing  oppor tun i t ies  fo r
in te rmodu la t ion  w i th  the  input  s ignat .  I t  has  fu r ther  been
impl ied  tha t  a  low open- Ioop ou tpu t  impedance prov ides  a

tr i re physical  impedance which can damp most of the injected

s igna l  i i_g f r t  a t  the  ou tpu t ,  w i th  less  resor t  to  c i rcu la t ing

c o r r e c t i o n  s i g n a l s .

A l though th is  in tu i t ion  expressed in  Reference I  seems
p t a u s i 6 t e  a t  f i r s t  g l a n c e ,  i t  n e e d s  t o  b e  m o r e  c a r e f u l l y

ixamined,  as  i t  has  fa i r l y  ser ious  imp l j -ca t ions  fo r
se lec t ion  o f  ampl i f ie r  topo logy  and charac ter is t i cs .  As

i n  t h e  c a s e  o f  i r a n s i e n t  i n t e r m o d u f a t i o n  d i s t o r t i o n  ( T I M ) ,

i t  represents  an  ind ic tment  o f  the  use  o f  la rge  va l -ues .  o f

neqat ive  feedback .  That  has  been shown not  to  be  jus t i f ied

w i f f r  T f M ; 2 , 3  w e  w i I I  h e r e  a t t e m p t  t o  s e e  i f  i t  i s  t h e  c a s e

w i t h  I I M .

In  t rea t ing  the  prob lem,  on ly  the  energy  s to rage e f fec t

o f  the  loudspeaker  w i l - l -  be  cons idered,  as  i t  has  a l ready

been shown to  be  more  s ign i f i can t  than the  genera tor  e f iec t ' I

The s imp le  RLC e lec t r i ca l  mode l  o f  the  loudspeaker  shown in

F i g .  r  w i _ r r  b e  u s e d .  I n  t h i s  m o d e l ,  R  r e p r e s e n t s  t h e  d . c .

v o i c e  c o i l  r e s i s t a n c e ,  C  a c c o u n t s  f o r  t h e  r n a s s  o f  t h e  c o n e '

and L  accounts  fo r  the  suspens ion  compl iance.  The mode l

assumes a  c l -osed-box  speaker  sys tem and ignores  the  e f fec ts

o f  c r o s s o v e r s ,  o t h e r  d r i v e r s ,  e t c .  I n  a I I  c a s e s  w e  w i l l

make the convent ional assumption that the minimum speaker

impedance a t  low f requenc ies  is  equa l  to  80  percent  o f

rated impedance.

Most  o f  the  inves t iga t ion  w i l l  s imp ly  be  concerned w i th  the

ef fec t  o f  an  arb i t ra ry  cur ren t  in jec ted  in to  the  ou tpu t

te rmina l  o f  the  ampl i f ie r  w i thout  regard  to  i t s  source .

- 3



The essence o f  the  prob fem is  to  de termine what  fac to rs
in f luence how much o f  the  in jec ted  s igna l  ends  up  t rave l -
I ing  in  the  fo rward  pa th  a long w i th  an  input  s igna l .

MODELLING THE PROBLEM

The s imp l i f ied  feedback  ampl j - f ie r  may be  mode l led  by  means
of  e i ther  a  ThSven in  representa t ion  as  shown in  F ig .  2 ,  o r
a  Nor ton  representa t ion  as  shown in  F ig .  3 -  Each repre-
senta t ion  is  va l id ,  bu t  the  ins igh t  p rov ided can be
s l i g h t l y  d i f f e r e n t .

I n  F i g .  2 ,  t h e  o p e n - I o o p  a m p l i f i e r  i s  r e p r e s e n t e d  b y  a
b lock  o f  vo l tage ga in  A ,  in  ser ies  w i th  the  open- loop
outpu t  impedance,  ZoL-  Negat ive  feedback  is  p rov ided by
feedback  ne twork  B  (p rov id ing  loss)  and the  summer .  We
assume tha t  B  is  a  h igh- impedance e lement  and neg lec t
c u r r e n t  f l o w  i n t o  i t .

I t  i s  very  impor tan t  when us ing  th is  mode l  to  recogn ize
tha t  vo l tage V4 may no t  ex is t  in  rea l i t y  and thus  has
l im i ted  s ign i f i cance.  Fa j " Iu re  to  recogn ize  th is  may have
c o n t r i b u t e d  t o  e a r l i e r  e r r o n e o u s  c o n c l u s i o n s . r

The no- Ioad feedback  fac to r  fo r  the  c i rcu i t  o f  F i -g -  2  i s
s imp ly  A  '  B ,  and the  c losed- loop ou tpu t  impedance '  -Zc I ,
can-  b -e  f  ound by  app ly ing  a  vo l tage to  the  ou tpu t  and
ca lcu la t ing  the  resu l tan t  cur ren t  f low,  w i th  the  resu l t :

Z n t  =  Z n t  l l  
Z o l  

=  
z o L

I I  A . B  A . B
( 1 )

We see tha t  the  c losed-1oop ou tpu t  impedance is  l -ess  than
the  open- Ioop ou tpu t  impedance by  the  fac to r  l+A 'B ,  as
expec ted .  For  most  normal  s i tua t ions ,  where  ZcL is  s ig -
n i f i c a n t l y  l e s s  t h a n  2 6 1  ( i . e . ,  A ' B > > 1 ) ,  t h e  s e c o n d  t e r m
in  ( f )  i s  dominant ,  and the  approx imaL ion  shown is  jus t i f ied
I t  s h o u f d  b e  r e c o g n i z e d  t h a t  i n  r e a f i t y  Z o L l  Z s l t  A t  a n d
somet imes even B w i - l l  be  func t ions  o f  f requency .

In  the  Nor ton  mode l  o f  F ig .  3 ,  the  open- Ioop ampl i f ie r  i s
represented  as  a  t ransconductance,  9 i l ,  in  para l le l  w i th  Zs1.

I n  t h i s  c a s e ,  t h e  n o - l o a d  f e e d b a c k  f a c t o r  i s  g m ' Z s 1 . B  a n d
the  c l -osed- loop ou tpu t  impedance is  eas i l y  found to  be  as
fo l l -ows on  nex t  page.
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r y  - o  I  Io n 1  -  L n - t  l l  = - -  -
-  ' B
" m

Z o I x ( Z y / h 1 d * R "

s . B
( 2 )

A s  b e f o r e ,  w h e n . l c l . i s  s i g n i f i c a n t l y  l e s s  t h a n  Z o l ,  t h esecond te rm in  (2 )  i s  d .ominant ,  and we see tha t  feedbackfac tor  and zo l .do  no t  appear  in  th is  t " i * .  what  has  ac tu-a l ry  happened in  the  moh l r  i=  tha t  as  zo l  i s  inc reased. ,the  feedback  fac to r  i s  a rso  inc reased ix^propor t ion ,  leav ingthe  c losed- loop og tqu t  impedance unchanged i f  the  ins ign i f i -c a n t  f i r s t  t e r m  o f  ( 2 )  i s  i g n o r e d .

The ins igh t  p rov ided by  the  mode l  o f  F ig .  3  seems more
::1:"31t.  to power ampl i f ier design becarlse power ampl i f ierswith high open-loop output impedinces tend to haveconrmensurately higher no-Ioad. feedback factors.

To  deve lop  fu r ther  ins igh t ,  a  s l igh t ly  more  de ta i ledNor ton- l i ke ,  row- f requgncy  moder  5 r  
" -p" r . .  

ampr i f ie r  i sshown in  F ig .  4 .  rn  th is  mode l ,  the  o i "n_ ioop ampl i f ie rcons is ts  o f  th ree  ac t ive  s tages ,  an  in iu t  vor iag"^ - *p i i i i " ,s tage,  A l i  an  in te rmed ia te  t ransconduc lance s tager  gml i  anoutpu t  cur ren t  ampr i f ie r  s tage,  h fe .  These cor respond.roose ly  to  the  input  d i f fe ren t ia t -ampl i f ie i ,  the  commonemitter pre-dr ivei ,  and the common-colrector doubre- ort r ip le -Dar l ing ton  ou tpu t  s tage,  respec t iveJ-y ,  o f  a  typ ica lpower  ampl i f ie r .  A  d i f fe renL moder  migh t  be  more  appropr ia tefo r  cer ta in  h igh- f requency  inves t iga t i6ns ,  such as  fo rt rans ien t  in te rmodu la t ion  d is to r t i6n  (T IMj  .

Th is  moder  serves  to  i r rus t ra te  separa tery  the  two mi jo rcomponents  o f  the .open-100p ou tpu t  impeda ice .  The f i i s ti s  the  e f fec t i ve  impedance a t  the  pre- -d r iver  cor rec tor  node,zL ,  d iv ided by  the  cur ren t  ga in  o f  the  ou tpu t  s tage.  21  maybe a very hiqh impedance at row frequencie's i "-J; ; i i r"- i " i . ,sv a r i o u s  f o r m s  o f  a c t i v e  ' o a d i n g  ( " . . j .  c u r r e n t  s o u r c e ) ,  b u tin  most  cases  d .ecreases  cons id6rab ly  a t - t i j r re r  f reguenc ies
! th l :  i s  espec ia l ry  t rue  in  des igns-  

" " i "g - i i i l re r -e f fec tfeedback compensat ion) .  The second comp5nent of ZoI isrepresented by Rs, the net sum of the oir tput t ransistordynami -c  emi t te r  ies is tance and the  phys i " ; i  emi t te r  res is -to rs .  Th is  second component  i s_ fa i i f i ,  f f . t  w i th  f r .q " . r r .Vand is  genera l ry  on  the  order  o f  0 . r  
- -  

0 .3  ohms.  l4a themai ica l ry ,

( 3 )

rn  most  cases  the  f i rs t  te rm dominates  in  zs1 .  As  be fore ,
no t ice  tha t  doub l ing  21  w i l l  approx imate ly  i "u l re  bo th  the
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open-Ioop output impedance and the feedback factor,  Ieaving
c losed- Ioop ou tpu t  impedance unchanged.  Increas ing  l fe  w i l l
decrease open-Ioop output impedance without substant ial ly
changing the no-load feedback factor,  thus decreasing
c losed- Ioop ou tpu t  impedance fo r  a  g iven feedback  fac to r .
Extremely tr igtr  damping factors are easi ly achieved in this
way by  us ing ,  fo r  example ,  a  t r ip le -Dar l ing ton  ou tpu t  s tage
w i t h  a n  h g "  o n  t h e  o r d e r  o f  1 0 0 , 0 0 0 -

FEEDBACK OUTPUT IMPEDANCE AND IIM

Couched in the proper terms, the I fM problem becomes
extremely simple: given a current in jected at the output
of the ampl i f ier,  how much voltage makes i ts way back to
the input via the feedback network? Armed with a proper

underslanding of how feedback and open-loop output impedance
in f luence c losed- Ioop ou tpu t  impedance,  the  ques t ion  is
eas i l y  answered.  By  de f in i t ion ,  the  c losed- Ioop ou tpu t
impedance determinel how much voltaqe-TE-EeveToped at the
ouiput terminal in response to the injected current.  The
vol lage reaching the input and "circulat ing" in the feedback
Ioop is simply Lhat vol tage t imes the factor B (usual ly

0 . 0 5 ,  c o r r e s p o n d i n g  t o  a  c l o s e d - l o o p  g a i n  o f  2 0 ) .  E x p r e s s e d
mathemat ica l l y ,

V 2  =  B . Z c l . I '

=  T .  Z , L / A  ( u s i n g  E q -  1 )

( 4 )

( 5 )

( 6 )

where  11  is  the  in jec ted  cur ren t  and V2 is  the  resu l tan t
vo l tage fed  back .

we can see c lear ly  f rom (5)  tha t  i t  i s  incor rec t  to  s ta te

that ampl i f iers hlving high feedback factors and high opel-

loop ouiput impedance are more prone to I IM' Rather,  i t  is

the i r  ra t io  wh ich  is  impor tan t .  For  a  g iven c losed- loop
gain, IETE simply the Llosed-loop output impedance_which
is  impor tan t .  nquat ion  (6 )  even more  graph ica l l y  i l l us t ra tes
the irrelevance of reeanack or open-Ioop output impedance.
a lone.  we see a lso  tha t  the  con-ept  o f  so-ca l led  in t r ins ic

damping at the output by a physical  open-Ioop output

impedance is  o f  l i t t le  va lue .

= tr/9^ ( u s i n g  E q .  2 )
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The prob lem can a lso  be  v iewed f rom a  s l igh t ly  d i f fe ren t
perspec t ive .  For  reasonab l -e  va lues  o f  damping  fac to r  the
vo l tage change induced a t  the  ou tpu t  by  the  in jec ted
cur ren t  i s  qu i te  sma11.  The pr imary  e f fec t ,  there fore ,
is that the ampl i f ier must supply the amount of the
in jec ted  cur ren t  as  wef l  as  the  leg i t imate  s igna l  cur ren t .
The input - re fe r red  er ro r  vo l tage requ i red  to  supp ly  these
cur ren ts  i s  there fore  inverse ly 'p ropor t iona l  to  the  ne t
t ransconductance (gm,  no t  jus t  g*1)  o f  the  open-1oop
a r , r p l i f i e r ,  r e g a r d l e s s  o f  t h e  v a l u e  o f  2 1  i n  F i g .  4 .  A
low va lue  o f  21  ( low feedback ,  low open- loop ou tpu t  imped-
ance d .es ign)  w i t t ,  however ,  add an  add i t iona l  inpu t - re fe r red
er ror  vo l tage wh ich  depends on  the  ou tpu t  s igna l  vo f tage
swing .  A l though th is  add i t iona l  s ig tna l -dependent  e r ro r
vo l tage may reduce the  re fe r red  er ro r  vo l tage caused by
in jec ted  cur ren t  as  a  percentage o f  the  to ta l  e r ro r  vo l tage
( i . e . ,  m a s k  i t )  ,  t h e  m a g n i t u d e  o f  t h e  l a t t e r  w i l l -  r e m a i n
unchanged and so  the  probab i l i t y  o f  I IM.

The prescr ip t ion  fo r  l -ow I IM is  no t  s imp ly  a  low open- loop
outpu t  impedance,  bu t  ra ther  an  ex t remely  h igh  ne t  t rans-
conductance in  the  open- Ioop ampl i f ie r .  Th is  i s  eas i l y
ach ieved in  p rac t ice .

A CONTEMPORARY POWER AI{PLIFIER

In  order  to  lend perspec t ive  to  the  prev ious  sec t ions  and
to  conf i rm some o f  the  conc lus ions ,  a  s imp le  contemporary
power  ampl i f ie r  des ign  w i l l  be  d iscussed and sub jec ted  to
ana lys i .s  by  computer  s imu la t ion  techn iques .  The exper i -
menta l  veh ic le  i s  shown in  F ig .  5 .  A l though i t  i s  somewhat
s imp ler  than many cur ren t  ampl i f ie r  des igns ,  i t  i s
representa t ive  o i  con temporary  topo logy ,  No c la im is  be ing
made tha t  th is  i s  a  super io r  des ign .

The c i rcu i t  incorpora tes  the  c l -ass ic  topo logy  o f  the
dif ferent ial  input stage'  common-emitter predriver stage
(w i th  cur ren t  source  toad) ,  and complementary  doub le

Darl ington output stage. Emit ter degenerat ion provided
by  R3 and R4 a l lows a  respec tab le  s lew ra te  o f  about
25 V/ps for good TII{  performance. Capacitor C3 provides
Mi l le r -e f fec t  feedback  compensat ion  fo r  a  s tab le  c losed
loop bandwid th  o f  about  I  l [Hz .  Trans is to rs  Q3-Q5 fo rm a
Darl ington/cascode predriver stage which provides very
good l ineari ty and extremely high output impedance,
Notice that this ampl i f ier is wel l  represented b1r the model
o f  F i g u r e  4 .

In  o rder  to  tes t  the  f ind ings  o f  the  prev ious  sec t ions ,
we wi l l  examine two ampl i f ier designs id.ent ical  in every
respect except that one is character ized by low open-Ioop
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output impedance and low feedback factor whi le the other

is  charac ter ized  by  h igh  open- looP outpu t  impedance,  and _
h igh  feedback  fac to r ;  we expec t  to  f ind  tha t  the  c losed-

1o6p ou tpu t  impedances  o f  these two des igns  w i l l  be
ess ln t ia f fy  iaen t ica l  and fu r ther  expec t  the  IT I4  charac-

te r is t i cs  to  be  the  same.  The d i f fe r ing  charac ter is t i cs
o f  the  two ampl i f ie rs  a re  de termined by  pre-dr iver  co l lec to r

load res is to rs  RI I  and R12;  the  va lue  o f  these res is to rs
is  the  on ly  c i rcu i t  d i f fe rence.  Th is  techn ique guarantees

tha t  on ly  l f te  charac ter is t i cs  under  d iscuss ion  are  in f lu -
en t ia l  in  t f re  compar ison .  A  very  h igh  va lue  o f  R11-12
( I 0 M )  a c h i e v e s  t h e  h i q h - f e e d b a c k ,  h i g h - 2 6 1  C a s e  A ,  w h i l e
a  low va lue  ( IOK)  ach ieves  the  low- feedbackr  low-zo1 Case B '

The high output impedance of the cascode pre-dr iver stage

is  impor tan t  in  ach iev ing  adequate ly  h igh  case-A Zo1 fo r

the  purposes  o f  the  comPar ison.

The ac  ana lys is  resu l ts  shown in  F igures  6-8  w i l l  he lp  us
get  acqua in led  w i th  the  ampl i f ie r  and conf i rm some ear l ie r

i " . "o r t i r rg .  F igure  6  shows no- Ioad open-  and c losed- loop
ga in  fo r  bo th  cases .  Case A exh ib i ts  a  low- f requency .
ieedback factor of about 6I dB and an open-Ioop bandwidth

o f  about  800 Hz.  cor respond ing  va lues  fo r  case B are  28  dB

and 30  kHz respec t ive ly .  c losed- Ioop ga in  and bandwid th
are  ind is t ingu ishab le  fo r  the  two cases ,  as  expec ted .

F igure  7  i l l us t ra tes  open-  and c l -osed- loop ou tpu t  impedance
fo i  Uot t r  cases .  Case A has  a  low- f requency  261 o f  about
72  ohms wh i le  the  va l -ue  fo r  case B is  on ly  I .8  ohms.  These
t r r l r r n e  a F ' 7 - .  a r e  s i m i l a r  t o  t h o s e  f o u n d  i n  t h e  i n v e s t i g a t i o n sv a r u E D  v !  u o ) ,

of  Reference l - .  Not ice  tha t  Zo1 fo r  bo th  cases  is  s im i la r

at higher frequencies where the-pre-dr iver output impedance

is control led by the shunt feedback provided by the com-

p e n s a t i n g  c a p a c i t o r  C 3 .  A s  e x p e c t e d  f r o m  e a r l i e r  d i s c u s s i o n s '

the closed-Ioop output impedance for both cases is almost

ident ica l .  l l o l i ce  a lso ,  tha t  fo r  bo th  cases  Zs1 and Zc I

d i f fe r  by  a  ra t io  approx imate ly  equa l , to  the  feedback  fac to r ,

a s  e x p e c l e d .  r i n a f i y ,  e a r l i e r - g e n e r a l i z a t i o n s  e l s e w h e r e  t h a t

i .1 Olcomes induct ive at the open-Ioop cutoff  f requency and

t f i i t  2 "1  i s  more  induc t ive  fo r  des igns  w i th  smal l  open- loop

bandwid th  a re  seen to  be  incor rec t '4

For  comple teness ,  the  open-  and c losed- loop ga in  i s  shown

in  F ig .  B  fo r  bo ih  case i  w i th  an  8-ohm load.  The low- f requency

feedback  fac to r  in  case A is  reduced s ign i f i can t ly  to  about

41  dB due to  the  e f fec t  o f  load ing  on  the  fa i r l y  h igh  open- Ioop

outpu t  impedance.  A  reduc t ion  o f  Iess  than 2  dB occurs  fo r

CasL e .  per fo rmance is  essent ia l l y  unchanged a t  h igh  f re -

quenc ies  w i th  the  except ion  o f  a  s l igh t  inc rease in  c losed- loop

bandwidth due to some reduct ion in phase margin'
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AMPL IIi IER NONLII{EARTT IES

Because I fM is  p r imar i l y  a  low- f requency  phenonena,  low-
f requency  ampl i f ie r  d is to r t ion  mechan isms are  a t  work .
Although several  of  these mechanisms are common to both I I I t l
and  ord inary  IM d is to r t ion  produc t ion ,  one impor tan t  d is -
t inc t ion  is  wor th  no t ing .  V ih i le  l i r {  d is to r t ion  occurs  when
the  ampl i f ie r  i s  de l i ver ing  no ' t t r  the  vo l tage and cur ren t
assoc ia ted  w i th  a  mul t ip l i c i t y  o f  inpu t  s igna ls ,  I I !1
d is to r t ion  occurs  when the  ampl i f ie r  i s  de l i ver ing  the
cur ren t  assoc ia ted  w i th  the  input  and re f lec ted  s igna ls ,
bu t  on ly  the  vo l tage assoc ia ted  w i th  the  input  s igna l .
Non l inear i t ies  assoc ia ted  w i th  ou tpu t  vo l tage swing  are
thus  no t  as  s t rong ly  exerc ized in  the  I I l4  s i tua t ion ,  and
th is  exp la ins  why I IM w iL l  genera l l y  be  less  than I l {  under
equ iva len t  tes t ing  cond i t ions .

Power  ampl i f ie rs  g fenera l l y  have many sources  o f  open- Ioop
non l inear i ty  wh ich  together  fo rm a  fa i r l y  complex  non l inear
sys tem,  however ,  the  leve l  o f  the  ind iv idua l  d is to r t ions  is
usua l ly  smal l  enough so  tha t  superpos i t ion  can be  app l ied
wi thout  ser ious  er ro r .  Th is  a l lows us  to  cons ider  the
cont r ibu t ion  o f  each source  ind iv idua l l y .  Th is  approach
is  fu r ther  jus t i f ied  by  the  fac t  tha t  the  to ta l  non l inear i ty
is often dominated by only one or two sources under any
g iven se t  o f  opera t ing  cond i t ions .

The open- loop d is to r t ion  cont r ibu ted  by  a  g iven non l inear i ty
depends pr imari ly on the severi ty of the nonl ineari ty and
the  leve l  o f  exc i ta t ion  o f  the  non l inear i ty .  For  example ,
a  subs tan t ia l  non l inear i ty  in  an  input  s tage where  s iqna l
swings  are  very  smaf l  may cont r ibu te  neg l ig ib le  d is to r t ion
compared to  a  less  ser ious  non l inear i ty  la te r  in  the
ampl i f ie r  where  opera t ing  leve ls  a re  much h igher .  The
ef fec t  o f  var ious  des ign  dec is ions ,  such as  topo logy  and
amount  o f  open- loop ga in ,  on  the  var ious  opera t ing  leve ls  i s
thus  very  impor tan t  in  de termin ing  d is to r t ion  behav io r .

Refer r ing  to  the  ampl i f ie r  shown in  F ig .  5 ,  the  d i f fe ren t ia l
input stage, the common-emitter predriver stage, and the
common-col lector output stage are al l  potent ial  sources of
Iow-frequency nonl ineari ty.  The input stage is somewhat
l inear ized  by  the  emi t te r  degenera t ion  res is to rs  and the
d i f fe ren t ia l  s igna l  leve ls  here  are  fa i r l y  smal l  a t  low
f requenc ies ,  par t i cu la r ly  in  Case A where  the  subsequent
vo l tage ga in  i s  qu i te  h igh .  Any  d is to r t ion  due to  common-
mode non l inear i t ies  i s  no t  sub jec t  to  th is  l ine  o f  reason ing ,
however.
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Dis tor t ion  f rom the  pre-d . r i ver  s tage is  genera l l y  due to
the exponent ial  base-emit ter character ist ic and nonl inear
Ear ly  e f fec t .  The fo rmer  depends pr imar i l y  on  co l lec to r
s igna l  cur ren t  leve l ,  wh i le  the  la t te r  depends on  co l lec to r
s igna l  vo l tage.  Ear ly  e f fec t  here  can a lso  cont r ibu te  to
open-Ioop output impedance nonl ineari ty.  The cascode
connect ion  in  F ig .  5  min imizes  Ear ly  e f fec t .

The output stage contr ibutes low-frbquency distort ion due
to vol tage- and current-dependent beta var iat ions and
v a r i a t i o n s  o f  t r a n s c o n d u c t a n c e  ( i . e . ,  R e  o f  F i g .  4 )  i n  t h e
crossover  reg ion .  The la t te r  can  a lso  be  v iewed as  a  non-
l inear i ty  o f  open- loop ou tpu t  impedance.

The e f fec t  o f  negat ive  feedback  on  d is to r t ion  is  most  eas i l y
understood by working backwards from the output.  we assume
a per fec t  ou tpu t  and eva lua te  the  j -nput - re fe r red  d is to r t ion
regu i red  to  genera te  i t ,  jus t  as  we do  in  ca lcu la t ing  input -
re fe r red  no ise .  Because the  feedback  s iqna l  under  these
cond i t ions  is  per fec t ,  the  leve l  o f  the  input - re fe r red .
d is to r t ion  is  the  same fo r  e i ther  open-  o r  c losed- loop
cond i t ions .  D is to r t ion  percentage is  reduced by  feedback
simply as a result  of  the larger pure component of the
input  s igna l  requ i red  under  c losed- Ioop cond i t ions .  Th is
techn ique is  qu i te  accura te  when the  re fe r red  d is to r t ion
products are smal l  compared to the total  c losed-1oop input;
i . e . ,  w h e n  c l o s e d - l o o p  d i s t o r t i o n  i s  s m a l l .  r t  i s  i m p o r -
tant to remember that the gain involved in referr ing a
distort ion product back to the input may be a strong
func t ion  o f  f requency .

Cons ider  one o f  the  major  cont r ibu tors  to  bo th  IM and I fM:
outpu t  s tage be ta  var ia t ions  w i th  cur ren t .  The ou tpu t  s tage
requires a nonl inear dr ive current from the predriver to
produce a  per fec t  ou tpu t .  Th is  resu l ts  in  an  input - re fe r red
distort ion vol tage when the transconductance of the input
s taqe/predr iver  i s  cons id .e red .  Not ice  tha t  the  va lue  o f
the  predr iver  load  res is to rs  w i - I I  have v i r tua l l y  no  e f fec t
on  the  leve l  o f  th is  par t i cu la r  p roduc t  because they  have
l i t t le  e f fec t  on  the  t ransconductance.

IIM COMPUTER SIMULATIONS

In this sect ion we wi l l  evaluate the
the two ampl i- f ier designs by looking
in te rna l  and ex terna l ,  as  func t ions
cond i t iqns .  The p lo ts  genera ted  by
program'u t i l j - zed  are  essent ia l l y  the

II l4 performance of
a t  var ious  s igna ls ,  bo th

of t ime under var ious
the  t rans ien t  ana lys is

same as what would be
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seen on  an  osc i l loscope d isp lay  i f  the  exper iments  were
car r ied  ou t  in  the  lab  w i th  a  rea l  anrp l i f ie r .

Because the issue regardi-ng the magnitudes of error i
s igna ls  e i rcu la t ing  in  the  feedback  loop due to  cur ren ts
in jec ted  a t  the  ou tpu t  o f  the  ampl i f ie r  i s  cen t ra l  to  the
f  I I "1  d iscuss ion ,  the  f i rs t  "exper iment "  invo lved in jec t ing
a 56-V p-p ,  50-Hz s inuso id  in to  the  ou tpu t  o f  the  ampl i -
f ie rs  th rough an  8-ohm res is to r .  The p lo ts  o f  the  observed
si-gnals for this experiment are not shown because they
were  no t  very  in te res t ing  -  they  were  a l l  qu i te  s inuso ida l ,
as  expec ted .  l lowever ,  the i r  magn i tudes  were  wor th  no t ing .
The peak- to -peak  cur ren t  sw ings  a t  the  co l lec to rs  o f  e I
and Q5 were  about  20  uA and 2 .0  mA,  respec t ive ly ,  w i th
Case B (R11=R12=10K)  Ieve ls  h igher  by  about  10  percent .
The sl ight ly higher values in-Gse B are due to the addi-
t iona l  e r ro r  cur ren t  wh ich  must  be  supp l ied  to  R l l  and
R12 so  as  to  p roduce the  necessary  e r ro r  vo l tage a t  the
co l - lec to r  o f  Q5,  wh ich  in  bo th  cases  is  about  lV  p -p ,
The low- feedback ,  low Zo1 case thus  ac tua l l y  has  s l igh t ly
h igher  c i rcu la t ing  er ro r  s igna ls ,  con t ra ry  to  ear l ie r
b e l i e f s .  l

The resu l ts  o f  a  s imi la r  exerc ise  are  shown in  F igures  9
and l -0 .  Here  a  56-V p-p ,  2 -kHz square  wave has  been app l ied
to the ampl i f ier output through B ohms. The square wave
had 2 .0  pS r i se t ime and fa l l t ime.  S tar t ing  f rom the  ou tpu t
end o f  the  ampl i f ie r ,  the  p lo ts  i l l us t ra te  the  fo l low ing
s i g n a l s :

( a )  f n j e c t e d  c u r r e n t .

(b )  fnduced ampl i f ie r  ou tpu t  vo l tage.

( c )  V o l t a g e  a t  t h e  j u n c t i o n  o f  D 5  a n d  D 6 .

(d )  Co l l -ec to r  cur ren t  o f  Q5.

( e )  C o l l e c t o r  c u r r e n t  o f  Q l .

As  be fore ,  the  in te rna l  ampl i f ie r  s igna l_s  fo r  Case A and
Case B are  a lmost  ind is t ingu ishab le ,  bo th  in  low- f requency
charac ter is t i cs  ( t f re  s tep)  and h igh- f requency  charac ter is t i cs
( the  overshoot ) .  The overshoot  i s  due to  the  normal
induc t ive  c losed- Ioop ou tpu t  impedance (0 .5  UH a t  300 kHz)
exh ib i ted  by  these ampl i f ie rs  a t  h igh  f requenc ies  (see
F ig .  7 ) .  Th is  tes t  was  a lso  made w i th  much lower  f requency
square waves, but no dj- f ferences were observed other than
the  fac t  tha t  some lead inq-edqe overshoot  de ta i l  was  1os t .
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Hav inq  seen no  s ign i f i can t  d i f fe rences  be tween case A and
case B for s ignals injected at the output,  we wi lr  , .otv i"L"
a l -ook at the si tuat ion where the ampl ir ier del ivers a large
voltage step into a simple RLC model of a loudspeaker l ike
the one shown in Fig. 1.  The parameters in the model t rave
been chosen to repl:esent a " typicar" loud.speaker with a dcres is tance o f  6 .4  ohms,  a  fund-menta l  sys t lm resonance o f50  Hz,  and a  e  o f  about  0 .5 .  The funda i ren ta l  = . "o ' i " " " -o
fo r  most  speaker  sys tems is  in  the  ne ighborhood o f  0 .5  tor . 0 ,  s o  t h i s  i s _ t h e  p r i m a r y  a r e a  o f  i n i . e r e s t  f o r  p u r p o s e s  o fana lys is -  The low end o f  th is  range was chosen r re re_because
i t  y ie rds  a  la rger  in i t ia l  "k ickba ik "  o r  und" r=r r " "1 .1 - - ; ; i "
cho ice  d id  no t  s t rongry  in f luence our  bas ic  resu l ts ,  however .

F igures  1r  and L2  show the  s igna ls  o f  in te res t  fo r  cases  Aand B,  respec t ive ly :

(a )  Ampl i f ie r  ou tpu t  vo l tage.

(b )  Load cur ren t .

(c )  Vo l tage a t  the  junc t ion  o f  D5 and D6.

(d )  Co l - lec to r  cur ren t  o f  e5 .

( e )  C o l l e c t o r  c u r r e n t  o f  e I .

The load current r ises suddenly to that which would f low
in  the  6 .4  ohm dc  res is tance arone,  d ips  deep ly  to  about
one- four th  th is  varue ,  and gradua l ly  r i ses  b lck  to  the
ear l ie r  res is t i ve  va lue .  The deepe l t  po in t  in  the  , r . i ruy
represents the point of  maximum cone vel0ci ty and thus
max i -mum counter -e .m. f .  ac t ing  to  lessen cur ren t  f row.
A l though the  d ip  looks  l i ke  a  ta rge  ' ,osc i l - ra t ion ' ,  we shourd
keep in  mind  tha t ,  a t  reas t  fo r . tn is  exper iment ,  i t  repre-
sents  decreased ampl i f ie r  taxa t ion .

The in te rnar  ampl i f ie r  s igna l  excurs ions  fo r  case A(R11=RI2=10M)  are  genera l l y  smal le r  than fo r  Case B.
(Note  d i f fe ren t  sca les  in  (d I  ana* fe )  p lo ts . )  Th is  i spr imari ly due to the fact that Rrl  and R12 consume a sub-
s tan t ia l  amount  o f  d r ive  cur ren t  in  Case B.

Another  exper iment ,  u t i r i z ing  a  d i f fe ren t  type  o f  pu lse
input,  shows that under certain condit iorr"  Lr, .  RLC load
is  no t  qu i te  as  innocent  as  i t  appears  above.  As  no ted ,
the lowest point in the valrey of the road current
waveform,  occur r ing  about  4 .0  mi l l i seconds a f te r  the  s tep ,
represents  max imum cone ve loc i ty  and counter_e .m. f . ;  the-
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corresponding cone momentum represents signi f icant stored
e n e r g y .  I n  t h e  p r e v i o u s  c a s e ,  t h i s  e . m , f .  a c t e d  t o  r e d u c e
cur ren t  f low.  What  i f ,  however ,  the  po la r i t y  o f  the
dr iv ing  s igna l  i s  sudden ly  reversed a t  th is  po in t  in  t ime,
so  tha t  the  e .m. f .  ac ts  to  inc rease cur ren t  f low? The
resu l ts  o f  such an  exper iment  a re  i l l us t ra ted  in  F ig .  13 ,
where the ampl i f ier output vol tage and foad current wave-
forms are shown.

The dr iv ing  waveform in  F ig .  13  was de l ibera te ly  chosen
to maximize the expected peak load current.  The signal
swings  be tween la rge  negat ive  and pos i t i ve  va lues ,  ra ther
than simply start ing from zero. I t  stays at one extreme
for  16  mi l l i seconds to  a l low load cur ren t  to  r i se  to  a t
l e a s t  n i n e t y  p e r c e n t  o f  i t s  f i n a l  v a l u e .  A  4 . 0  m i l l i -
second pu lse  then fo l lows,  w i th  the  t ra i l ing  edge o f  th is
pu lse  revers ing  t i re  app l ied  po la r i t y  jus t  when the  counter
e .m. f  .  i s  a t  i t s  max imur , r .  The s i tua t ion  is  then repeated
for the opposite polar i ty sense so that the average value
of  the  s igna l  i s  zero . .

Whi le  an  ampl i f ie r  de l i ver ing  th is  waveform to  an  8-ohm
res is t i ve  load wou ld  normal ly  see a  peak  load cur ren t
o f  about  3 .5A,we see f rom F ig .  13  tha t  the  RLC load
deve lops  a  peak  load cur ren t  o f  10Al  Whi le  the  probab i l i t y
and ex ten t  o f  th is  k ind  o f  occur rence in  the  rea l  wor ld
with musical-  program may be quest ioned, the exerc:-ze does
prov ide  some food fo r  thought .  As  be fore ,  th is  s i tua t ion
is  hand led  s imi la r ly  by  the  Case A and Case B ampl i f ie rs ,
so feedback factor and open-Ioop output impedance are not
a t  i ssue here .  The on ly  lesson to  be  learned here  is  to
be prepared to handle larger currents than are encountered
wi th  a  s imp le  res is t i ve  load.

EXPERIMENTAL RESULTS

As fu r ther  ver i f i ca t ion  o f  our  f ind ings ,  the  power  ampl i f ie r
o f  F ig .  5  was cons t ruc ted  and tes ted  fo r  Case A and Case B
cond i t ions .  The ampl i f ie r ,  wh ich  c l ipped a t  a  leve l  o f  50
wat ts  in to  an  B-ohm load,  was  f i rs t  tes ted  fo r  SMPTE IM
( 6 0  H z  a n d  6  k l d z ,  4 : L )  a t  a  l e v e l  o f  4 5  w a t t s .  C a s e  A  I M
w a s  0 . 1  p e r c e n t ,  w h i l e  C a s e  B  I M  w a s  0 . 3  p e r c e n t .  T h e  h i g h e r
Case B IM is  d i rec t l y  a t t r ibu tab le  to  inc reased exponent ia l
base-emi t te r  d is to r t ion  in  the  predr iver ,  where  subs tan-
t ia l l y  la rger  s igna l  cur ren t  sw ings  are  invo lved in  sa t is fy ing
the current requirements of the low-value Case B col lector
l o a d  r e s i s t o r s .
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rrM was next measured i-n a manner eguivalent to the procedure
o u t l i n e d  i n  R e f e r e n c e . l .  E q u a l - l e v e t  t o o o - H z  6 0 - H z  = i g r r . i "
were  app l ied  to  oppos i te  ends  o f  an  g-ohm load.  res is to i  by
the ampl i f ier under test and a second. power ampri f ier,
respec t i -ve ly .  A  spec t rum ana lyzer  was p laced a l ross  the
output of the ampl i f ier und.er test and Lhe rms sum of the
d is to r t ion  produc ts  was re fe r red  to  the  r -kHz l_ever .  The
opera t ing  leve l  o f  each ampl i f ie r  was  25  wat ts .  r rM fo r
c a s e  A  w a s  0 . 0 5 2  p e r c e n t ,  w h i l e  t h a t  f o r  c a s e  B  w a s  s l i g h t r y
h i g h e r  a t  0 - 0 6 3  p e r c e n t .  T h e s e  r e s u r t p  c o n f i r m  o u r  o t h 6 r
f i n d i n g s .

CONCLUSTON

v[e have examined the rrM mechanism and have rooked at in-
te rnar  ampl i f ie r  e r ro r  s ignars . induced by  s ignats  ex ie inar ry
in jec ted  a t  the  ouLput  o f  ampr i f ie rs  w i t i  h igh  and row
v a l u e s  o f  o p e n - l o o p . o u t p u t  i m p e d a n c e  ( Z o l .  T h e  u s e  o f
de ta i led  computer  s imura t ions  o f  rea l  a i l$ i i r i " ,  c i rcur ts
has  min imized the  need fo r  s imp l i f y ing  a isumpt ions  wh ich
cou ld  lead to  e r roneous conc lus ion i .  

-

Based on  th is  inves t iga t ion ,  we can conc lude tha t ,  con t ra ry
to  ear l ie r  expressed concerns ,  h igh  feedback  fac to r  and
high open-loop output impedance do not increase the
r ike l ihood o f  r rM.  Rather ,  what  i s  impor tan t  i s  the  ra t io
o f  these quant i t ies ,  o r  s impry  c rosed- ioop ou tpu t  i ;p f f i " .
Because ex t remely  row 2 .1  i s  eaETtyEt r rEved in  p r - " ' t i . " ,
r rM_ is .p robabry  no t  a  sYf rn i f i can t  p robr -em in  most  modern
ampl i f ie rs  where  adequate  cur ren t  d r ive  capab i r r ty  

" " i= fs .
rn  a  somewhat  ph i rosoph icar  sense,  the  concern  tha t  h igh
feedback  fac to r  and h igh  Zo l  causes  r rM seems to  a r ise  ou t
o f  the  same k ind  o f  misunde is tand ing  o f  the  opera t ion  and
appl icat ion of negat ive feedback which prompted many to
er roneous ly  concrude tha t  la rge  feedback  fa t to r  and nar row
open- loop bandwid th  caused TrM.  wh i re  i t  i s  no t  a  un iversa l
panacea,  negat ive  feedback  does  per fo rm as  adver t i sed  when
cor rec t l l r  ana lyzed.

- 14
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