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ABSTRACT

A  s p e c i a l l y  d e s l g n e d  t h r e e  t o n e  l n t e r m o d u l a t l o n  t e s t  f o r
t r a n s l e n t  i n t e r m o d u l a t i o n  d l s t o r t i o n  ( T I M )  1 s  p r o p o s e d .
The tes t  employs  th ree  tones  to  s imu l - taneous ly  p roduce
e v e n - o r d e r  d i f f e r e n c e  a n d  o d d - o r d e r  t r i p l e  b e a t  d i s t o r t l o n
p r o d u c t s  n e a r  I  k H z - ,  a n d  r e s u L t s  1 n  e x t r e m e l y  s i m p l e ,  V e t
sens l t i ve  lns t rumenta t i -on .  A  s ign l f l can t  advantage o f  the
t e s t  i s  t h a t  t h e  s t i m u l u s  a n d  r e s p o n s e  b o t h  l i - e  1 n - b a n d .

INTRODUCTION

The he igh tened awareness  o f  t rans len t  ln te rmodu la t lon
d i s t o r t i o n  ( T I M ) L , 2 , 3  b r l n g s  w l t h  l t  t h e  n e e d  f o r  e f f l c i e n t
a n d  e c o n o m i c a l  t e s t l n g  t e c h n l q u e s  w h i c h  c a n  o b J e c t i v e l y
m e a s u r e  t h i s  d l s t o r t i o n  w h i l e  p r o v i d l n g  g o o d  c o r r e l a t i o n
w l t h  s u b J e c t l v e  l 1 s t e n l n g  t e s t  r e s u l t s . .  T h r e e  t e s t s  a r e
c u r r e n t l y  i n  u s e :  t h e  s l n e - s q u a r e  D I M r 4  2 0 - k T z  T H D , 2  a n d
t h e  n o ' i  a r i  t v - m o d u l a t e d  s a w t o o t h .  )  E a c h  o f  t h e s e  t e s t s
h a s  v a r i o u s  l n d i v l d u a l  d i s a d v a n t a g e s  ( e . g . ,  e x p e n s i v e
j - n s t r u m e n t a t l o n ,  u n r e a l i s t i c  t e s t  s l g n a l  c h a r a c t e r l s t l c s ,
i n s e n s i - t i v i t y  t o  I ' s o f t i l  T I M ,  e t c .  )  ,  b u t  t h e y  a l l  s u f  f e r
f rom the  fac t  tha t  e l ther  much o f  the  s t l rnu fus  ( tes t
s i g n a l )  o r  m u c h  o f  t h e  r e s p o n s e  ( d l s t o r t i o n  p r o d u c t s )
s p e c t r a  l i e  c o n s i d e r a b l y  o u t - o f - b a n d .  T h l s  c a n  c a u s e
t e s t i n g  p r o b l e m s  o r  u n r e a l l s t i c  r e s u f t s  1 n  m a n y  b a n d - } l m i t e d
o r  n o n f l a t  s y s t e m s .  P a r t i c u f a r l y  g o o d  e x a m p l e s  a r e  t a p e
r e c o r d e r s  a n d  p h o n o  p r e a m p l l f l e r s .  A n o t h e r  e x a m p l e  o f
g r o w i n g  i m p o r L a n c e  i s  d l g l t a l  a u d i o  s y s t e m s ,  w h e r e  a n t l -
a ' l  i  a s i  n c  f  i  I  t e r "  e r o  o m n ' l  n r r a r l  W h l C h  i n t r O d U C e  a  V e r y  S h a r p

c u t o f f  j u s t  a b o v e  2 0  k H z .

T h e  t e s t  p r o p o s a l  h e r e  i - s  a  m o d i f i c a t i o n  o f  t h e  C C I F
t w o - t o n e  d i f f e r e n c e  f r e q u e n c y  I M  t e s t .  T h e  C C I F  t e s t  1 s
a d e q u a t e l y  s e n s l t l v e  a n d  d o e s  n o t  r e q u i r e  e x p e n s i v e
i n s t r u m e n t a t i o n ,  b u t  h a s  t h e  f a t a l  d i s a d v a n t a g e  o f  a f t n o s t
t o t a l  l n s e n s i t l v i t y  t o  o d d - o r d e r  d i s t o r t l o n  m e c h a n l s m s .  T o
r e t a i n  t h e  a d v a n t a g e s  a n d  e l _ l m i n a t e  t h e  o d d - o r d e r  l n s e n s l -
t i v l t y  p r o b l e m ,  a  t h l r d  t o n , e  i s  a d d e d .  T h e  f r e q u e n c i e s
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a r e  s e l e c t e d  t o  s i m u l t a n e o u s r y  p r o d . u c e  a  t r i p l e - b e a t  p r o d u c t
(A- ! -C)  s l leh t Iy  be low I  k ]Hz  and a  d i f fe rence- f requenby
p r o d u c t  ( B - C )  s l i g h t l y  a b o v e  I  k H z .  W e  w i l l  r e f e r  t o  t h e
n e w  t e s t  a s  t h e  I ' m u l t i t o n e  i n t e r m o d u l a t l o n  t e s t ' r  ( M I M ) .

B e c a u s e  t h e  p e a k  s l g n a l  s l o p e  o f  t h e  t e s t  l s  n o t  g r o s s l y
1 n  e x c e s s  o f  t h a t  o f  w o r s t - c a s e  p r o g r a m  s i g n a l s ,  a n d  b e l a u s e
t h e  m e a s u r e d  p r o d u c t  f a l 1 s  1 n  t h e  m o s t  s e n s l t i v e  p o r t i o n  o f
; h e  a u d i b l e  s p e c t r u m ,  g o o d  s u b j e c t i v e  c o r r e l a t i o n  c a n  b e
e x p e e ! e d .

THE NATURE OF TIM

I n  d i s c u s s i n g  a u d i o  a m p l i f i e r  d l s t o r t l o n  i s s u e s ,  i t  i s
c o n v e n i e n t  t o  d i v l d e  d l s t o r t i o n  t y p e s  l n t o  t w o  c a t e g o r i e s :
s t a t l c  a n d  d y n a m l c . 4  s t a t i c  d l s t o r t i o n  f e v e l s  d e p e n d  o n l y
on the  ampl l tude o f  the  s i -gnaI ,  wh i le  dynamic  d ls to r t lon
leve ls  depend on  bo th  the  ampl l tude and f requency  o f  the
s l g n a l .  A r t e r n a t l v e l y ,  o n e  m a y  s a y  t h a t  d y n a m l c  d l s t o r t l o n
l s  a  f u n c t i o n  o f  t h e  r a t e - o f - c h a n g e  o f  t h e  s i g n a l . 2  I n
g e n e r a l ,  1 o w - f r e q u e n c y  d t s t o r t i o n  t e s t s ,  s u c h  a s  S M P T E  I M
a n d  1 - k H z  T H D ,  m e a s u r e  s t a t i c  a m p l l f i e r  d l s t o r t i o n s ,  w h l l e
h i g h - f r e q u e n c y  d i s t o r t l o n  t e s t s ,  s u c h  a s  Z O - k H z  T H D  a n d
C C I F  ( e . g . ,  f 9 -  a n d  2 0 - k H z  d l f f e r e n c e  t o n e )  m e a s u r e  d y n a m i c
a m p l 1 f 1 e r  d i s t o r t i o n s .  T r a n s i e n t  l n t e r n o d u l a t i o n  d j - s t o r t i o n
( T I M )  i s  a  t y p e  o f  d y n a m i c  i n t e r m o d u l a t i o n  d l s t o r t i o n  p r o -
d u c e d  b y  a  p a r t l c u l a r  m e c h a n l s m .

I n  a n y  c a s e j  d i s t o r t l o n  i s  i n e v i t a b l y  p r o d u c e d  b y  a  n o n -
l inear l ty  sornewhere  in  the  ampl l f le r ,  and a  g iven non-
l i n e a r i t y  w i l l  p r o d u c e  m e a s u r a b l e  d l s t o r t l o n  p r o d u c t s  ( e l t h e r
harmon ic  o r  in te rmodu la t ion)  w i th  any  tes t  wh ich  adequate ly
e x e r c l s e s  t h e  n o n l i n e a r i t y .  A s  a n  e x a m p l e ,  a  s i m p l e  h i g h
f r e q u e n c y  s i n u s o l d  a d e q u a t e l y  e x e r c l s e s  t h e  T f M  m e c h a n i s m
1 n  a n  a n p l i f i e r  a n d  p r o d u c e s  a n  e a s 1 1 y  m e a s u n a b l - e  T H D
p r o d u c t  i n d l c a t l n g  t h e  p r e s e n c e  o f  T f M . 2

T h e  T I M  m e c h a n i s m  i s  q u i t e  s i m p l e  a n d  i s  e a s i l y  u n d e r s t o o d
b y  r e f e r r i n g  t o  t h e  h i g h l y  s i m p l l f i e d  p o w e r  a m p l i f i e r
s c h e m a t l c  s h o w n  1 n  F i g .  1 .  T h e  d i f f e r e n t i a l  p a i r  c o n s l s t i n g
o f  Q t  a n d  Q 2  a c t s  a s  a  t r a n s c o n d u c t a n c e  a m p l i f l e r .  I t s
a ' r r n a n ' F  n r r { - n ' , +  C i f  i V e S  t h e  b a S e  n . i  r a r r i  t  n f  n n p i . l  7 , i  r r e r  O ?u  u r  ! v s ! )  u r r s  u o o s  u f r u u f  u  v a  p I ' g u I  f  v g I -  k { J ,

w h l c h  l n  t u r n  d r i v e s  t h e  o u t p u t  s t a g e .  A t  m 1 d  a n d  h i g h
f r e q u e n c i e s  t h e  p r e d r i v e r  s t a g e  a c t s  a s  a n  i n t e g r a t o r  d u e
t o  t h e  a c t i o n  o f  c o m p e n s a t i n g  c a p a c i t o r  C l ;  t h e  s l g n a l
c u r r e n t  f r o m  Q l  i s  i n t e g r a t e d  b o  f o r m  t h e  d r i v e  v o l t a g e
f o r  t h e  o u t p u t  s t a g e .  A s  a  r e s u l t ,  t h e  s l g n a l  l e v e l  i n
t h e  f i r s t  s t a g e  i s  p r o p o r t i o n a l  t o  f r e q u e n c y  f o r  a  g i v e n
n r r r n r ' F  T n  r r - r a  t i m e  d o m a i n  t h e  s i s n a l  ' i n  t h e  f J r s t  s t a r r ev q v y * v  r  u  v q 6 u

i s  the  t ime der iva t ive  o f  the  ou tpu t  s I -gna1,  and so  1 ts
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a m p l i t u d e  1 s  p r o p o r t i o n a l  t o  o u t p u t  r a t e - o f - c h a n g e .  D i s -
t o r f i o n  p r o d u c e d  b y  a m p l l f i e r  s t a g e s  s u c h  a s  t h e s e  w h i c h
a r e  s i t u a t e d  p r i o r  t o  t h e  p o i n t  o f  f r e q u e n c y  c o m p e n s a t i - o n ,
a n d  w h l c h  1 s  a  f u n c f l o n  o f  t h e  r a t e - o f - c h a n g e  a s  a  r e s u l t  '
i s  c a l L e d  t r a n s i e n t  i n t e r m o d u l a b i o n  d i s t o r t i o n  ( T I M ) .

T h e  d l f f e r e n t l a l  p a i r  i s  c h a r a c t e r l z e d  b y  a  w e l l - b e h a v e d
s y m m e t r i c a l  s t a t l c  n o n l i n e a r l t y  ( t h e  t a n h  f u n c t l o n ) .  T h u s ,
T I M  l s  a  s t a t i c  d i s t o r t i o n  m e c h a n i s m  m a d e  d y n a m i c  i n
b e h a v l o r  b y  t h e  f a c t  t h a t  t h e  n o n l i n e a r i t y  1 s  s i t u a t e d  i n
a  par t  o f  the  c i rcu i t  where  s lgna l  ampl l tudes  are  pro-
por t lona l -  to  f requency  (o r  ou tpu t  ra te -o f -change in  the
t l m e  d o m a i n  s e n s e ) .  f f  t h e  d l f f e r e n t i a l  s t a g e  i s  d r i v e n
t o  c l i p p i n g  b y  t h e  s l g n a l  a m p l l t u d e s  l t  m u s t  h a n d l e ,  t h e n
the  we l l -known phenomenon o f  s lew ra te  l lm i t ing  occurs ,
a n d  s o - c a 1 l e d  ' r h a r d "  T I M  r e s u l - t s .  I f  t h e  s l g n a l  a m p l i - t u d e s
i n  t h i s  s t a g e  a r e  e n o u g h  t o  c a u s e  d i s t o r t l o n  b u t  n o t
c l i p p l n g ,  t h e n  s o - c a l l e d r t s o f t t r o r  s u b s f e w l n g  T I M  1 s
p r o d u c e d .  T h e  m e c h a n i s m  1 s  s i m p l e ,  w e l l  b e h a v e d ,  a n d  w e l l
u n d e r s t o o d .  T h e r e  i s  n o  m y s t e r y  a b o u t  i t .

B e c a u s e  T I M  d e p e n d s  o n  t h e  r a t e - o f - c h a n g e  o f  t h e  p r o g r a m
s l g n a l ,  a  r e a l l s t l c  a p p r a l s a l  o f  T I M  m e c h a n l s m s  a n d  m e a s u r -
1 n g  t e c h n l q u e s  r e q u l r e s  s o m e  c o n s l d e r a t l o n  o f  e x p e c t e d
p r o g r a m  c h a r a c t e r i s t i c s .  B a s e d  o n  d i s c u s s i - o n s  e l s e w h e r e ,
i t  can  be  conc l -uded tha t  p rogram sources  are  no t  as  fas t
a s  s o m e  m l g h t  t h l n k ,  a  n o r m a l l z e d  r a t e - o f - c h a n g e  ( p e a k
s l o p e  t o  p e a k  a m p l l t u d e  r a t l o ) - o l  9 . 0 5  t o  0 . 9 7 5  ( v / v s ) / v
s e e m i n g  t o  b e  t h e  u p p e r  l - l m l t  . 6  r ' [  ' d  T h i s  c o r r e s p o n d s  t o
a  power  bandwid th  o f  l - ib t le  more  than 10  kHz or  so ,  and
l - e s s  t h a n ' a  3  V , / U S  r a t e - o f - c h a n g e  f o r  a  1 0 0 - w a t t  a m p l - l f l e r .
Th is  suggests  tha t  ou t r igh t  s lew ra te  l tm l t lng '  even on
a m p l l f l e r s  w l t h  f a i r l y  h l g h  l e v e l s  o f  T I M ,  i s  a n  e x t r e m e l y
r a r e  e v e n L .  T h e  r e a l  p r o b l e m  i s  c l e a r l y  s u b s f e w i n g  T I M .

Tt  i s  a fso  wor th  po ln t lng  ou t  tha t  what  we hear  as  T IM
1s undoubted ly  in te rmodu la t ion  produc ts  wh lch  show up in
the  midband as  the  resu l - t  o f  complex  ln te rmodu la t j -on
i n t e r a c t i o n s  a m o n g  s e v e r a l  h l g h - f r e q u e n c y  c o m p o n e n t s .
T h l s  o b s e r v a t i o n  i s  l m p o r t a n t  w h e n  e v a l u a " t l n g  t h e  e f f e c t
o f  f e e d b a c k  f a c t o r  o n  T I M ,  b e c a u s e  f e e d b a c k  f a c t o r  i s  a
f u n c t l o n  o f  f r e q u e n c y  a n d  r e d u c t i o n  o f  d l s t o r t i o n  p r o d u c t s
b y  f e e d b a c k  d e p e n d s  o n  t h e  f e e d b a c k  f a c t o r  a t  t h e  p r o d u c t
f z a n r r a n n r r
a  r  e Y q v r . v J  .

I t  i s  t e m p t i n g  a t  t h l s  p o i n t  t o  d r a w  s o n e  c o n c l u s l o n s  a b o u t
t h e  u s e  o f  l o w - p a s s  f l l t e r s  a h e a d  o f  p o w e r  a m p l i f i e r s  i n
t h e  q u e s t  f o r  T I M - f r e e  r e p r o d u c t i o n .  A l t h o u g h  s u c h  a  f i l t e r
can prevent  s lew ra te  l im i t ing  when the  input  s igna l  i s ,
s&V,  a  square  wave w l th  a  l0 -ns  r l se t lme,  and may improve
a m p l i f i e r  p e r f o r m a n c e  w i t h  c e r t a i n  T I M  t e s t s ,  l t  w i l l  d o
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l i t t l e ,  i f  a n y t h i n g ,  t o w a r d  p r e v e n t i o n  o f  s u b s l e w l n g  T I M
under  normal  p rogram cond l t ions  because i t  w i t l  no t  s ig -
n i f i c a n t l - y  a f f e c t  t h e  r a t e - o f - e h a n g e  o f  a  s l g n a l  c h a r a c -
te r ized  by  a  max imum power  bandwld th  o f  on ly  about  10  kHz.
The LPF seems on ly  use fu l  fo r  e l im ina t ing  h igh- leve l
u l t r a s o n i c  d i s t u r b a n c e s  w h l c h  s h o u l d  n o t  e x i s t  l n  t h e  f i r s t
p l a c e .  W e  c a n  c o n e l u d e  f r o m  t h l s  t h a t  s o - c a l l e d  ' r n o n - s l _ e w
l l m i t e d r r  a m p l l f l e r  d e s l g n s  ( w h l c h  o f t e n  i n c o r p o r a t e  a n
lnput  LPF to  guarantee  tha t  s lewing  cannot  occur ,  regard less
o f  t h e  i n p u t  s l g n a l  r l s e t i m e )  d o  n o t  n e c e s s a r i l y  a c h i e v e
s u b j e c t i v e l y  b e t t e r  T T M  p e r f o r m a n c e  t h a n  o r d i " n a r y  d e s l g n s .

EXISTING TESTS FOR TTM

Three tes ts  now ex is t  fo r  measur ing  bhe T IM per fo rmance o f
a n  a m p l l f i e r .  T h e y  a r e  t h e  s 1 4 e - s q u a r e  D I M  t e s t  p r o p o s e d
b y  O t a l a , q  h l g h - f r e q u e n c y  T H D , z  a n d  t h e  p o l a r i t y - m o d u l _ a t e d
s a w t o o t h  r e c e n t l y  p r o p o s e d .  b y  S a n s u i . 5  f t  s h o u l d  b e
p o l n t e d  o u t  t h a t  n o n e  o f  t h e s e  t e s t s  m a k e s  a n y  d l s t i n c t i o n
between T IM and any  o ther  fo rm o f  dynamic  in te rmodu la t lon
d l s t o r t l o n ; 1 t  i s  n o t  l l k e I y  t h a t  t h e  e a r  d o e s  s o ,  e i t h e r .
An impor tan t  charac ter is t i c  o f  a l l  dynami -c  ln te rmodu la t lon
. t e s t s  i s  p e a k  r a t e - o f - c h a n g e  o f  t h e  t e s t  s l g n a l ,  s i n c e  t h i s
i s  t h e  r e a l -  f u n c t l o n  d r l v i n g  t h e  n o n l - i n e a r i t y ,  r a t h e r  t h a n
a m p l l t u d e  a l o n e .  A s  w e  w l l - l -  s e e  s h o r t l y ,  s o m e  . o f  t h e
t e s t s  r e s o r t  t o  r a t h e r  h l g h  r a t e s - o f - c h a n g e  t o  a c h i _ e v e
a c c e p t a b l e  s e n s i - t i v l t y .

T h e  m e a s u r e m e n t  f L o o r  o f  a  t e s t  i s  j u s t  a s  i m p o r t a n t  i n
a s s e s s i n g  t h e  m e r l t  o f  a  t e s t  a s  t h e  s e n s l t l v i t y .  A  t e s t
wh lch  produces  la rge  numbers  bu t  wh lch  a lso  has  a  h igh
measurement  f100r  i s  no t  rea l l y  more  sens i t i ve  o r  mer l to r -
ious  than a  tes t  wh ich  produces  smar le r  numbers  and has  a
cor respond ing ly  lower  measurement  f loor .  fn  a  sense,  what
we are  rea l l y  concerned about  i s  the  dynamlc  range o f  the
t e s t .

f t  m u s t  b e  r e c o g n i z e d  t h a t  t h e  v a r l o u s  d i s t o r t i o n  t e s t s
produce a  number  wh ich  ls  mere ly  a  met r lc  fo r  ac tua l  per -
fo rmance,  and whose abso lu te  va lue  1s  o f  l im l ted  s ign i f i cance
when compared to  a  number  genera ted  by  a  d i f fe ren t  d ls to r t ion
t e s t .  r f  a n  l n d i v i d u a l -  c l - a i m s  t o  b e  a b l e  t o  h e a r  0 . 0 1 _  n e r e e n t
THD,  he  ls  mere ly  say ing  tha t  he  can hear  the  e f fec t  o f  the
d is to r t ion  produc ts  p roduced.  und.er  p rogram cond i t ions  by  an
a m p l i f i e r  w h l c h  m e a s u r e d  0 . 0 1  p e r c e n t  r H D  i n  t h e  l a b o r a t o r y .

p IM-30

T h e  s l n e - s q u a r e  t e s t  w a s , , p f g p o s e d  s p e c i f i e a l l y  f o r  t e s t l n g
T I M  i n  a u d i o  a m p l l f i e r s . L l , 1 0  T h e  t e s t  c o r n b  j . n e s  a  3 .  f  8 - X H Z
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square  wave and a  15-kHz s ine  wave ln  a  4 :1  peak ,  ampl i tude

" i i io ,  
and.  the  squa i "  wa, te  i s  f i l te red '  by  a  s ing le  po le

" i  
: o  k H z .  T h e  t e s t  i s  r e f e r r e d  t o  a s  D I M - 3 0 ,  d e n o t i n g

dynamic  ln te rmodu la t ion  d is to r t lon  w i th  30-kHz f i l te r ing '

A m o r e s t r i n g e n t t e s t w i b h l 0 0 - k H z f l l t e r l n g h a s a l s o b e e n
; " ; ; ; ; " ; :4 - "Fh;  var ious  ln rermoduta t ion  produc ts  o f  15  kHz

; i ; t -3 : tg  i .Ur - - i "d  1 rs  ln reger  mu l t lp les  a re  measured on

.  ,p "6 t "um ana lyzer ,  summed 1n an  RMs rash ion  and re fe r red

to  the  I5 -kHz a lnp l r iude to  a r r l ve  a t  a  d ls to r t lon  percentage.

T h e  f a i r l y  h i g h  n o r m a l l z e d  r a t e - o f - c h a n g e  o f  0 . 3 2  ( V / v s ) / v

o f  t h e  D I M - 3 0  t e s t  r e a d ' i I y  e x c i t e s  d y n a l i c  d i s t o r t i o n

m e c h a n l s m s .  H o w e v e r ,  t h e  s e n s l t l v i t y  o f  t h e  t e s t  l s  n o t

qu i te  as  grea t  as  one might  expec t  because - the  ra te -o f -change

d , r i v  
" v " r E  

i s  r i t r r y  t o v r l  t h e  s t o p e  e x c e e d s  h a l f  i t s  p e a k

va lue  fo r  on ly  inor r l  6  percent  o f  the  t ime '  A  more  s lg -

n l f l c a n t  l i m i t a t i o n  o f  l n i s  t e s t  i s  t h e  f a i r l y  h i g !

d is to r t lon  f loor :  a  good spec t rum anaLyzet  w l th  99  d l .  ? f
d y n a m i c  r a n g e  * i r r  v i E t d  a  f t o o r  o f  0 . 0 3 5  p e r c e n t . o  T h i s

i m p a l r s t h e a b i l i t y o f t h e t e s t t o m e a s u r e s u b s l e w l n g T l M .

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

o l - r t -o f -uu"a  (>20 kH; )  harmon lcs  o f  the  square  wave '  th is

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

ampl i f ie rs  incorpo" I t f t tg  f ron t -end low-pass  f l l te rs  '  In

genera l ,  r rowever i  t r t "  tEs t -y le lds  use fu l  ln fo rmat lon  and

a  v e r y  i n t e r e s i i n g  s p e c t r a l  d i s p l a y  o f  a m p l l f i e r  p e r f o r m a n c e .

T h e p r i m a T y d i s a d v a n t a g e o f ' t h i s . u s e f u l t e s t l s t h e e x p e n s l v e
lns t rument l t ion  and ex i remely  ted lous  procedure .

20-kHz THD

Al though seemlng ly  no t  very  dynamic  1n  appearance '  a  s lne

wave o f  su f f i c rEnLrv  h lgh  i requency  1?  t t to lg . . than adequate ly

a y n a r n i c  l n  t e r m s  o f - e x e r c l s i n [  a m p l i f l e r  T I M .  m e c h a n i s m s '

and so  h tgh_f req"u" "v  THD meaiurements  have been suggested

as  a  good tes t  fo r  f iU .2  For  s ing l -e -number  tes ts  2 ] -k ldz

fHO-  ( f i f fO-ZOl  ts  p re fe r red  because i t  deve lopes  the  la rges t

p e a k  s l o p e / p e a k  i n p l i t u d e  r a t l o  ( 0 . 1 2 5  $ / v s ) / V )  f o r  a n y

i n - b a n d  s l n u s o i d .

A t  a  g lven peak- to -peak  ampl i tude,  THD-20 is  no t  qu i te  as

s e n s l t i v e  a s  D I M - 3 0  b e c a u s e  o f  t h e  s m a l l - e r  p e a k  s L o p e ;

however ,  1 ts  meas i rement  f loor  i s  a t  leas t  an  order  o f

magn i tude lower  than tha t  fo r  DIM-30 '  I t  l s  a  more  sens i -

t i v e t e s t f o r s o f t T l M a n d h a s a g r e a t e r o v e r a l l d y n a m l c
; ; ; ; " lg - - r i io -  u i i t y r " "s  w i th  adequate  sens l t i v l t y  a re

m o d e r a t e r y  e x p e n " i u u ,  b u t  1 n  w l d e s p r e a d  u s e '  O f  p a r t l c u l a r
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s l g n l f i c a n c e  l s  t h e  f a c t  t h a b  m o s t  a m p l i f i e r  s p e c i f i c a t l o n s
inc lude a  quote  o f  THD up to  20  kHz a t  ra ted  power .

W h i l e  t h e  T H D - 2 0  t e s t  i s  n o b  m i s l e d  b y  a m p l i f l e r s  w l t h
f r o n t - e n d  l o w - p a s s  f i l t e r s ,  i t  l s  m l s l e d  1 f  t h e  o v e r a l l
bandwid th  o f  the  DUT is  no t  a t  leas t  I00  kHz.  Th is  can be
a  s e r i o u s  p r o b l e m  i n  t e s t l n g  p h o n o g r a p h  p r e a m p l l f i e r s ,  f o r
example

POLARITY-MODULATED SAWTOOTH

The po la r l t y -modu la ted  sawtooth  measurement  techn lque
was recent ly  p roposed by  Sansu l ,  i t s  p r imary  advantage
b e l n g  i n e x p e n s l v e  i n s t r u m e n t a t l o n . )  f n  p r a c t l c e '  a n
unf i l te red  20-kHz sawtooth  waveform has  1 ts  po la r l t y
r e v e r s e d  a t  a p p r o x l m a t e l y  a  7 B - H z  r a t e .  T h u s ,  l t s
a s y m m e t r y  r e v e r s e s  a t  t h l s  r a t e .  W l t h o u t  r e v e r s a l ,  a p p l i -
ca t ion  o f  the  h igh- f requency ,  asymmet r ica l  sawtooth  s igna l
t o  a n  a m p l i f l e r  w l l l  c a u s e  t h e  a m p l l f l e r f s  e v e n -  o r  o d & o r d e r
non l lnear i t les  to  genera te  a  dc  o f fse t  whose magn i tude
d e p e n d s  o n  t h e  s e v e r l t y  o f  t h e  n o n f i n e a r l t y .  T h e  d c  o f f s e t
due to  even-order  non l inear l t les  l s  p r lmar i l y  fo rned by
ord lnary  second harmon ic  d ls to r t ton  o f  the  sawtooth  funda-
m e n t a l - .  T h e  d c  o f f s e t  d u e  t o  o d d - o r d e r  n o n l l n e a r i t l e s  1 s
pr lmar i l y  due to  "2A-8 i l  t ype  in te rmodu la t lon  be tween the
sawtooth ts  fundamenta l  and second harmon lc .  In  the  event
t h a t  t h e s e  o f f s e t s  a r e  o f  o p p o s i t e  p o l a r i t y ,  o n e  m i g h t
s p e c u l a t e  t h a t  a n  o p t l m l s t i c  r e a d l n g  c o u l d  r e s u l t .  T h e
p e r l o d i c  p o l a r l t y  r e v e r s a l  m e r e l y  r r c h o p s t r  t h i s  d c  o f f s e t
l n t o  a n  e a s i l y  m e a s u r e d  l o w - f r e q u e n c y  a c  s l g n a l .  T h e  m u c h
h igher  f requency  tes t  s lgnat  i s  e l - lm lna ted  in  the  ana lyzer
b y  r e l a t i v e l y  i n e x p e n s i v e  l o w - p a s s  f l l t e r i n g .

T h l s  t e s t  d e r l v e s  m o s t  o f  i t s  s e n s i t i v i t y  f r o m  t h e  e x t r e m e l y
s h a r p  u n f l l t e r e d  s a w t o o t h  e d g e s  w h i c h  i t  a p p l i e s  t o  t h e
ampl l f le r  under  tes t .  The normal - i zed  ra te -o f -change is
ex t remely  h igh  (p robab l -y  a t  l -easb 10  (v  /vs )  /V)  and
n ^ n q p r r r p n t I v  t h e  t e s t  s J e n a ' l  r a t e - o f - c h a n g e  i s  v e r y  l a r g e .v v r . v v Y q v r r v  r . t

A m p l i f i e r s  w i t h o u t  i n p u t  L P F s  w l t h  m o d e r a t e ,  b u t  a d e q u a t e ,
s l - e w  r a t e ,  a n d  w h i c h  t e s t  e x t r e m e l y  w e l l  i n  t h e  p r e v i o u s
f . p s h s  e A ? ,  h c  e v n e n f a d  t n  s l  c w  p a f g  l i m i t  o n  t h l s  t e s t  a n d
U s P v o t  v s r r  v L  u ^ ^ J v v v e s

g l v e  a n  u n j u s t l f l a b l y  p o o r  s h o w l n g .  T h e  s u b j e c t i v e
c o r r e t a t i o n  o f  t h i s  t e s t  i s  a l s o  q u e s t i o n a b f e  b e c a u s e  i t s
r i s e t i m e  l s  s o  m u c h  f a s t e r  t h a n  t h a t  o f  m u s i c .

F l n a ] l y ,  b e c a u s e  t h i s  t e s t  d e p e n d s  s o  h e a v i l y  o n  e x t r e m e
s i g n a l  s t o p "  ( a n d  o n  o u t - o f - b b n d  s a w t o o t h  h a r m o n i c s )  1 t
w i t t  n e  e a i l t y  m i s l e d  i n  i t s  a s s e s s m e n t  o f  T I M  ( p a r t i c u l a r l y

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



I o w - p a s s  f i L t e r s .  T h e  l o w - p a s s  f i l _ t e r  n o t  o n l y  r e d u c e s
t h e  p e a k  s 1 g n a 1  s I o p e ,  b u t  a l s o  r e d u c e s  t h e  w a v e f o r m
asymmet ry  and second harmon ie  l -eve l ,  resu l t lng  1n  a
p a r t i c u l a r l y  s e r l o u s  l - o s s  l n  s e n s i t i v i t y  t o  o d d - o r d e r
n o n l i n e a r i t i e s .

A MULTTTONE TIM TEST

A l t h o u g h  e a c h  o f  t h e  e x i s t i n g  t e s t s  h a s  m e r i - t ,  e a c h  a l - s o
h a s  s o m e  d l s a d v a n t a g e s .  r b  s e e m s  t h a t  t h e  f o l l - o w 1 n g  l l s t
o f  d e s i r a b L e  t e s t  c h a r a c t e r i s t l c s  w o u l _ d  s u f f i c e  t o  d e -
s c r l b e  a n  a l m o s t  l d e a l  T f M  t e s t :  ( 1 )  l n e x p e n s i v e
l n s t r u m e n t a t l o n ,  ( Z )  s i m p l e  m e a s u r e m e n t  p r o c e d u r e ,  ( 3 )
g o o d  s e n s i t i v l t y  ( p a r t i c u l a r l y  t o  m l d b a n d  e v e n -  a n d
o d d - o r d e r  I M  p r o d u c t s ) ,  ( 4 )  i n - b a n d  i t l m u l u s  a n d  r e s p o n s e ,
( 5 )  g o o d  s u b j e c t l v e  c o r r e l - a t l o n  d u e  t o  m u s i - c - l - l k e  t e s t
s l g n a l  r l s e t i m e s .  N o n e  o f  t h e  e x l s t i n g  t e s t s  m e e t  a 1 l  o f
t h e s e  g o a 1 s .  T h e  m u l t i t o n e  I M  t e s t  t o  b e  p r e s e n t e d  h e r e
r e p r e s e n t s  a n  a t t e m p t  t o  g e t  c l o s e r  t o  t h i s  i d e a l - .

The mul t l tone  in te rmodu la t ion  tes t  (MIM)  i -s  a  var ia t ion  o f
the  we l l -known CCIF two- tone IM tes t  ln  wh ich  two h lgh-
f r e q u e n c y  t o n e s  s p a c e d  a p a r t  b y  a  s m a l l  f r e q u e n c y  d i f f e r e n c e
( e . g . ,  f 9  a n d  2 O  k T z )  a r e  a p p l l e d  t o  t h e  u n l t  u n d e r  t e s t
a n d  t h e  d i f f e r e n c e  f r e q u e n c y  I M  p r o d u c t  1 s  m e a s u r e d .  T h e
t o n e  s o u r c e s  n e e d  n o t  b e  v e r y  l o w  l n  d l s t o r t l o n ,  a n d  s 1 m p 1 e
l o w - p a s s  f l l t e r i n g  p e r m i t s  s e p a r a t i o n  o f  t h e  d i s t o r t i o n
p r o d u c t  f r o m  t h e  s t l m u I u s ,  t h u s  p e r m l t t i n g  e x c e J _ l e n t
s e n s i t l v l t y .  T h e  c c r F  t e s t  h a s  b e e n . u s e d  w d - t h  s o m e  s u c c e s s
for  measurement  o f  h lgh- f requency  d ls to r t lon ,  bu t  i t  1s
s e n s l t l v e  o n l y  t o  e v e n - o r d e r  d i s t o r t i o n  m e c h a n i s m s .  I t s
t o t a l  i n s e n s i t i v i t y  t o  o d d - o r d e r  d i s t o r t i o n  m e c h a n i s m s ,
w h i c h  a r e  t h e  m o r e  p r o m i n e n t  s o u r c e s  o f  d i s t o r t i o n  i n  m a n y
c o n t e m p o r a r y  d e s i g n s ,  r e n d e r  1 t  u s e l e s s  a s  a  r e l l a b l _ e
g e n e r a l  p u r p o s e  T r M  m e a s u r e m e n t  t o o l .  r f  a  s p e c t r u m  a n a l y z e r
o r  o t h e r  s h a r p  c u t o f f  f i l t e r i n g  t e c h n i q u e  i s  u s e d  t o  l - o o k
at  t le  r r2A-Br r  p roduc ts  as  we l l_ ,  wh ich  in  th is  example  l ie
a t  1 8  a n d  2 L  k H z ,  t h e n  t h e  t e s t  w i l l _  a l s o  b e  s e n s l t l v e  t o
o d d - o r d e r  p r o d u c t s ;  u n d e r  t h e s e  c o n d l t l o n s ,  h o w e v e r ,  t h e
l n s t r u m e n t a t i o n  e o s t  b e c o m e s  h i g h . t l

I n  o r d e r  t o  r e t a i n  t h e  a d v a n t a g e s  o f  t h e  C C I F  t e s t  w h i t e
i n c o r p o r a t i n g  o d d - o r d e r  s e n s l t l v l t y ,  a  t h i r d  t o n e  h a s  b e e n
a d d e d .  T h e  t h r e e  f r e q u e n c l e s  a r e  c h o s e n  s o  t h a t  t h e  t h r e e
t o n e s  p r o d u c e  a  t r l p l e  b e a t  p r o d u c t  ( A - B - C )  a t  s l i g h t t y
be low I  kHz,  wh l le  two o f  the  tones  produce a  CCIF- l i ke
d i f f e r e n c e  f r e q u e n c y  p r o d u c t  ( B - C )  a t  s l i g h t l y  a b o v e  I  k H z .
S p e c i f i c a l l y ,  t h e  t h r e e  e q u a l - l e v e 1  t o n e s  a r e  a t  9 . 0 0 ,
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1 0 . 0 5  a n d  2 0 . 0 0  k H z ,  r e s u l t i n g  i - n  o d d - o r d e r  p r o d u c t s  a t
9 5 0  H z  a n d  e v e n - o r d e r  p r o d u c t s  a t  1 0 5 0  H z .  l t  s h o u l d  b e
e m p h a s i z e d  t h a t  t h e  d l f f e r e n c e  f r e q u e n c y  p r o d u c t  c o n t a l n s
c o n t r l b u t l o n s  f r o m  a l l  e v e n - o r d e r  m e c h a n l s m s ,  n o t  J u s ts e c o n d  o r d e r .  s 1 m i l a r l y ,  t h e  t r i p l e  b e a t  p r o d u c t  i o n t a i n s
cont r lbu t lons  f rom a l - ] ,  odd-order  mechan isml  nnr  i r rs r  . r -h r  n6 l
o r d g r .  1 2  " v  v  r  4 P  w  u r r r r

T h e  e v e n -  a n d  o d d - o r d e r  p r o d u c t s  a r e  s e r e c t e d  t o  L i e  f a i r l y
c l - o s e  t o  e a c h  o t h e r  i n  f r e q u e n c y  s o  t h a t  b o t h  p r o d u c t s  c a n
be passed th rough a  re la t l very  nar row bandpass  f i l - te r
centered  about - -L  kHz,  lmprov lng  immuni ty  tb  no lse  genera ted
l n  t h e  u n l t  u n d e r  t e s t .

T h e  p h o t o s  1 n  F l g u r e s  2 - 6  i l r u s t r a t e  t h e  a p p e a r a n c e  o f
the  tes t  in  the  f requency  and t j -me domalns .^  F lgure  2
s h o w s  t h e  a p p e a r a n c e  o f  t h e  u n d i s t o r t e d  t e s t  s i [ n a l  o n  a
s p e c t r u m  a n a l . y z e r  ( 2  k H z / d j - v ,  3 0 - H z  B W ) ,  w h 1 ] e  F l g .  3
l f l u s t r a t e s  t h e  d i s t o r t l o n  p r o d u c t s  a d d e d  t o  t h e  J p e c t r u m
w h e n  t h e  t e s t  s l g n a l  1 s  p a s s e d  t h r o u g h  a  7 4 1  o p e r a t l o n a l
a . m n ' l  i  f i  c r "  n n e r " a t i n e  a t  a n  i  n r r c r " t i  n o  c . e  i  n  n fs r r r p f  r r r e r  u p c r s v r r 1 6  q v  4 r r  r r r v v -  v - r . b  b 4 4 r r  v r  1 0  a t  a n  o u t p u t
] e v e l  o f  4 . 2  v  p - p .  T h e  p r o d u c t s  o f  

- i n t e r e s t  
h e r e  a r e

seen a t  the  ex t reme 1ef t  o f  the  photo  a t  aboub I  k iHz .
N o t l c e  t h e r e  a r e  t w o  u n e q u a l  v e r y  c l o s e l y - s p a c e d  p r o d u c t s
t h e r e ;  t h e s e  a r e  t h e  o d d -  a n d  e v e n - o r d e r  p r o d u c t s .  F l g .  4
1 g  .  l ' c l o s e u p t t  c e n t e r e d  o n  t  k H z  ( e O O  H z / a i v ,  f 0 _ H z  B W f
c lear ly  showing the  odd-order  p roduc t  on  the  ]e f t  and the
smaLler  even-order  p roduc t  on  the  r igh t .

T h e  t o p  o s c i . l _ l o s c o p e  t r a c e  i n  F i g .  5  i . f l - u s t r a t e s  t h e
appearance o f  the  th ree- tone MrM tes t  s lgna l  when the  sweep
1 s  s y n c h r o n l z e d  t o  t h e  f i l t e r e d  a n d  e x t r a c t e d  d i s t o r t i - o n
p i o d u c t s  s h o w n  i n  t h e  l o w e r  t r a c e .  F i n a l l y ,  t h e  d l s t o r t i o n
p r o d u c t s , a t  9 5 0  a n d  1 0 5 0  H z  a r e  s h o w n  w l t h  a  s l o w e r  s w e e p
i n  F l g .  6 .  T h e  " a r t p l i t u d e - m o d u l a t e d r !  a p p e a r a n c e  1 s  d u e  t o
t h e  t w o  p r o d u c t s  b e a t l n g  a g a i n s b  e a c h  o t h e r .  I f  t h e
produc ts  were  equa l  in  a rnp l l tude,  the  apparent  modu la t ion
d e p t h  w o u l d  b e  1 O 0  p e r c e n t .

T h e  d i s t o r t i o n  p e r c e n t a g e  w i l l  b e  d e f l n e d  h e r e  a s  t h e  v a l u e
o f  t h e  9 5 0 - H z  a n d  1 0 5 0 - H z  d i s t o r t i o n  p r o d u c t s ,  m e a s u r e d
together  on  an  average respond ing  ac  vo l tmeter ,  re fe r red
to  the  rms varue  o f  a  s ine  wave o f  the  same pe ik - to -peak
a m p l l t u d e  a s  t h e  t h r e e - t o n e  M r M  t e s t  s i g n a l .  r n  t h e  c a s e
o f  p o w e r  a m p l i f i e r s ,  t h e  t e s t  p o w e r  t e v e r  w i l _ t  b e  d e f i n e d
as  the  average power  cor respond ing  to  a  s lne  wave o f  the
same peak- to -peak  ampl i tude as  the  MIM tes t  s lgna l .

The cho ice  o f  1  kHz as  the  approx imate  f requency  where
produc ts  a re  made to  appear  i -s  somewhat  a rb i t , " ^ r -n  h r r  i  s
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b a s e d  o n  t w o  c o n s i d . e r a t i o n s .  F i r s t ,  c h o o s i n g  a  h i g h e r
f r e q u e n c y  b a n d  r e q u i r e s  s h a r p e r  f i l - t e r i n g  f o r  a  g i v e n
t e v e t  o f  t e s t  s l g n a l  r e j e c t i o n .  T h e  s e c o n d  c o n s i d e r a t l o n
i s  b a s e d  o n  t h e  e a r l i e r  o b s e r v a t i o n  t h a t  w h a t  1 s  n o r m a l l y
h e a r d  a s  a  r e s u l t  o f  h i g h - f r e q u e n c y  d i s t o r t l o n  i s  l n t e r -
modu la t lon  produc ts  fo tded down in to  the  midband ra ther
t h a n  h i g h - f r e q u e n c y  h a r m o n i c s .  B e c a u s e  t h e  e a r  i s  m o s t
sens i t i ve  near  I  kHz,  the  ln te rmodr : la t ion  produc ts  o f  th is
t e s t  h a v e  b e e n  c h o s e n  t o  a p p e a r  t h e r e .  w i t h  t h i s  c h o l c e ,
t h e  t e s t  a c c u r a t e l y  t a k e s  i n t o  a c c o u n t  a n y  I M  d i s t o r t i o n
p r o d u c t  r e d u c t i o n  a t  m i d b a n d  f r e q u e n c i e s  a f f o r d e d  b y
negat ive  feedback  wh ich  may be  la rger  in  the  midband than
a t  t h e  u p p e r  b a n d  e d g e .  T H D - 2 0 ,  f o r  e x a m p l e ,  d o e s  n o t
t a k e  t h i i  p o s s l b i l l t y  i n t o  a c c o u n t  ( T H D - 2 0  m a y  a c t u a l l y
b e  s o m e w h a t  p e s s i m i s t i c  l n  t h l s  r e g a r d  b e c a u s e  i t s  s e c o n d -
and th l rd -harmon ic  ampl i tudes  depend on  the  feedback
f a c t o r s  a t  4 o  t H z  a n d  6 0  k H z ,  r e s p e c t i v e l y ) .

S o m e  m a y  w o n d e r  i f  t h i s  t e s t ,  n o t  b e i n g  t t i m p u l s i v e t t  1 n
n a t u r e ,  w l l l  a d e q u a t e l y  e x e r c i s e  a n d  e x p o s e  T I M  d l s t o r t l o n
m e c h a n i s m s .  T h e  a n s w e r  i s  a  c l e a r  t t y e s r r r  f o r  t h e  s a m e
r e a s o n s  t h a t  2 0 k H z  T H D  m e a s u r e m e n t s  d o :  e x e r c i s e  o f  t h e
T I M  m e c h a n i s m s  d e p e n d s  p r l m a r i l y  o n  t h e  p e a k  s l e w  r a t e  o f
t h e  t e s t  s l g n a l ,  a n d  v e r y  l l t t l e  o n  t h e  w a v e s h a p e  o f  t h e
t e s t  s i g n a l .  T h e  p e a k  s l e w  r a t e  o f  t h e  t h r e e - t o n e  t e s t
s lgna l  Is  approx iml te ty  two- th i rds  tha t  o f  a  fu l l -ampl i - tude
Z } - L l t l z  s i n u s o l d  (  i .  e .  ,  a b o u t  0 . 0 8 q  ( V / u s  )  / Y )  ,  s t i l 1  s i g n i f i -

c a n t l y  m o r e  t h a n  w o r s t - c a s e  p r o g r a m  ( 0 . 0 5  ( V / u s ) t v )  ' 6 ' ( ' 6

B e c a u s e  o f  t h e  s m a ] l e r  p e a k  s l e w  r a t e  s t l m u l u s  c o m p a r e d  w i t h

o t h e r  T I M  t e s t s ,  s o m e w h a t  s m a l l e r  d i s t o r t l o n  p e r c e n t a g e s
are  produced f rom a  g i -ven non l inear l ty  opera t ing  a t  a  g iven

p e a k - t o - p e a k  v o l t a g e  l - e v e L .  H o w e v e r ,  t h e  g r e a t l y  r e d u c e d
measurembnt  f loor  makes up  fo r  th ls  in  te rms o f  overa l l
measurement  techn ique dynamic  ran€5e.

A l s o ,  b e c a u s e  o f  l t s  s o m e w h a t  f o w e r  p e a k  t e s t  s l g n a l  s 1 e r y -

ra te ' ,  MIM is  somewhat  l -ess  sens l t i ve  than THD-20 or  DIM-30
t o  c e r t a i n  f o r m s  o f  ' t h a r d "  T I M  m e c h a n i s m s ,  i n  w h l c h  a n

a m p l i f i e r  w i t h  a  r e l a t l v e l y  s m a l ]  s l e w  r a t e  i s  e x c e p t i o n a l l y

l inear  r lgh t  up  to  i t s  s lew ra te  l im i t  and then sudden ly  . /
genera tes  T IM wt ren  pushed beyond tha t  1 lmi t  '  Such an

i n p l i f i e r  w h o s e  s l e w  r a t e  w a s  b e t w e e n  8 . 4  a n d  t 2 . 5  V / V s  a n d

w h o s e  r a t e d  o u t p u t  w a s  l - 0 0  V  p - p  w o u l d  b e  a  c a s e  i n  p o i n t  '

P r e s u m a b l y  t h e  t h r e e - t o n e  t e s t  w o u l d  s h o w  n o  T I M ,  w h i l e

T H D - 2 0  o r  D I M - 3 0  w o u ] d  i n d i c a t e  T I M  a t  r a t e d  o u t p u t .  H o w e . v e r ,

w l th  p rogram the  ampl l f ie r  wou ld  no t  en ter  the  T IM*produc ing

s l e w i n g  r e g i o n  a n d  t h e  t h r e e - t o n e  t e s t  w o u l d  t h e r e f o r e  b e

a c c u r a i e  l n  c h a r a c t e r i z i n g  t h e  a m p l i f i e r  a s  T I M - f r e e .  S u c h

a case 1s  very  unusua l ,  and wou ld  be  more  than adequate ly
h a n d l e d  i f  t h e  t h r e e - t o n e  t e s t  r e s u f t s  a r e  q u o t e d  i - n
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c o m b i n a t i o n  w i t h  r a t e d  s l e w  r a t e .  R a t e d  s l e w  r a t e  w l l l
a l w a y s  h a n d l e  t h e  o u t r i g h t  s l e w i - n g  (  i .  e .  ,  I ' h a r d "  T I M )
c o n d l t i o n ;  i t  i s  t h e ' r s o f t "  T I M  w h i c h  i s  w h a t  l s  u s u a l l y
h e a r d  a n d  f o r  w h i c h  b e t t e r  m e a s u r i n g  t e c h n i q u e s  a r e  n e e d e d .

INSTRUMENTATION

A s  m e n t i o n e d  e a r l i e r ,  s i m p l i c i t y  a n d  e c o n o m y  o f  i n s t r u -
m e n L a t i o n  a r e  l m p o r t a n t  v i r t u e s  o f  t h e  M f M  d i s t o r t l o n
m e a s u r i n g  t e c h n i q u e ,  a n d  t h i s  l s  i f l u s t r a t e d  b y  t h e
s i m p l i f i e d  b l o c k  d i a g r a m s  o f  b h e  M f M  t e s t  s l g n a l  g e n e r a t o r
: n d  M T M  n r o d r r n f .  n n n l  v z . a ' r ,  q h o r ^ r n  i  n  t r ' i  c r n r A s  7  a n d  f l  r c s n p e -

t i v e l y .  W i t h  t h e  e x c e p t i o n  o f  t h e  a c  V T V M ,  t h e  e n t i r e
g e n e r a t o r / a n a l y z e r  p r o l o b y p e  f i t s  l n  a  3 - I / 2  b y  6  b y  1 0
i n c h  b o x .

T h e  g e n e r a t o r  c o n s i s t s  o f  t h r e e  s i m p l e  f i x e d - f r e q u e n c y
W e l n  b r i d g e  o s c i l l a t o r s  w h o s e  o u t p u t s  c o m b l n e  a t  a n  i n v e r t -
i n g  s u m m e r  a m p l i f l e r  t o  f o r m  t h e  c o m p o s i t e  t e s t  s i g n a l .
The v i r tua l  g round o f  the  summer  opera t ionaf  ampl i f le r
m i n i m l z e s  l n t e r m o d u l a t i o n  a m o n g  t h e  o s c i l l a t o r s  d u e  t o  t h e
s u m m l n g  o p e r a t l o n .  M e t a l  s h l e l - d s  i s o l a t e  t h e  o s c i l l a t o r s
f rom each o ther  and f rom the  summing ampl i f ie r  to  p revent
i n t e r m o d u l a L i o n  d u e  t o  c o u p l i n g  o f  o t h e r  s i g n a l s  l n t o  t h e
o s c l l l a t o r s .

A  m a J o r  a d v a n t a g e  o f  t h e  M I M  t e c h n i q u e  l s  t h e  a b i l i t y  t o
u t i l i z e  i n e x p e n s l v e  s i g n a l  s o u r c e s  f o r  e a c h  o f  t h e  t h r e e
c o m p o n e n t  f r e q u e n c l e s  w i t h o u t  s e r l o u s  c o n c e r n  f o r  t h e i r
h a r m o n i c  d i s t o r t l o n  c h a r a c t e r i s t i c s .  T h e  o s c l l l a t o r s
u s e d  h e r e  a r e  e x t r e m e l y  s l m p l e  i n  d e s l g n ,  u t i l i z i n g  a  s l n g l e
o p e r a t i o n a l  a m p l i f l e r  a n d  a  F E T .  T h e y  p r o d u c e  t  v o I t s ,  r m s
a t  a b o u t  0 . 0 l - p e r c e n t  T H D ;  l a r g e r  v a l - u e s  o f  T H D  w o u l d  s t i l l
b e  a c c e p t a b l e .  T h e  o s c i l l a t o r s  w e r e ,  h o w e v q r ,  c a r e f u l l y
d c s i  o n p d  t n  n r n d r r o F  \ r a r \ /  I  n r ^ r  n n J  s e  r s  t h c  s t t m  n f  s o l t r c . o  -v v  P L  v u u U s  v  s r  J  f  v v l  I r v r e L  ,  s e

U U T ,  a n d  a n a l - y z e r  n o i s e s  i s  t h e  m a j o r  c o n t r i b u t o r  t o  t h e
m e a s u r e m e n t  f l - o o r  o f  t h e  s y s t e m .  D l s t o r t l o n  p r o d u c e d  b y
t h e  s u m m e r  1 s  w e l l  b e l o w  b h e  s y s t e m  m e a s u r e m e n t  f l o o r .

B e c a u s e  t h e r e  i s  o v e r  t h r e e  o c t a v e s  o f  f r e q u e n c y  d i f f e r e n c e
b e t w e e n  t h e  p r o d u c t  f r e q u e n c y  a n d  t h e  l o w e s t  t e s t  s l g n a l
f n c a r r a n a r /  \ r F r \ r  c h r r n  r n r l  n r o n i s o  f i ' l t - c r . , i n o  i s  l l n n e c F s s A r Vr f  u v q L r r v J ,  v u r J  s r r 4 ! y  4 r r u  I J r v v f e u  + r r b  f  v

i n  t h e  M f M  p r o d u c t  a n a l y z e r .  A s  s h o w n  i n  F i g .  8 ,  t h e  t e s t
s l g n a l  f r o m  t h e  U U T  i s  f i r s t  p r o c e s s e d  b y  a  p a i r  o f  Z - k H z
t h i r d - o r d e r  B u b t e r w o r t h  l o w - p a s s  f l l t e r s  b o  a t t e n u a t e  t h e
or ig ina l  tes t  s igna l  components  by  over  70  dB wh i le  ln t ro -
d u c i n g  n o  s i g n i f i c a n t  f o s s  1 n  t h e  v i c i n i t y  o f  1  k H z .  T h e
f i l t e r s  a r e  o f  t h e  s i m p l e  u n i t y - g a i n  v o l t a g e  f o l l o w e r
r l a s i  o n  r r i i  I  i  . z . i n s  A  s i n s l  e  o o e r a t i - O n a 1  a m p l i f i e r . r J  E a C hu v p f 6 l r b q 9
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f i l t e r  i s  f o l l o w e d  b y  2 0  d B  o f  g a i n  t o  m a i - n t a j - n  a  g o o d
s i g n a l - t o - n o i s e  r a t l o .

T o  m i n i m i z e  t h e  p r o d u c t  d e t e c t i - o n  n o i s e  b a n d w i d t h  a n d  t o
a c h i e v e  f u r t h e r  a t t e n u a t i o n  a t  t h e  t e s t  s l g n a l  f r e q u e n c i e s ,
t h e  t e s t  s i g n a l  f r o m  t h e  U U T  i s  n e x t  p a s s e d  t h r o u g h  a
f o u r t h - o r d e r  B u t t e r w o r t h  b a n d p a s s  f l l t e r  w h o s e  b a n d w i d t h
i s  a b o u t  L 5 0  H z  a n d  w h o s e  g a i n  i s  a p p r o x i m a t e l y  1 0 .  A
s tandard  ac  VTVIv i  comple tes  the  MfM produc t  ana lyzer .  The
s a i n  o f  t h e  a n a l v z . e r  i s  s e t  t o  b e  1 0 0 0  a t  I  k H z , .  s o  w i t hv  L  r L ! ! u t  e v

n  I  ! l . U _ 1 I  n 6 a l .  + a ^ #  d  j  - h ^ ' t  ' l  
^ r , ^ " t  ^ f  r h a  i h F t t t  f  h a  a n a l v q a r*  4 .  , r  r - v  y u u ^  U C J L  D f B I . l d . I  a g V g f  d . U  U l l E  l ] i l . / L { u !  u r r L  a r r a L J L v L

c a n e - l f i r r i i - r r  i c  a  n n n l  n a z n o n L  n a n  r i l l i r r n l I  a S  1 r e a d  f f O mu L v L v J  r  P v l  v L r l u  v e r

the ac VTVM

T h e  m e a s u r e m e n t  f l o o r  o f  t h e  g e n e r a t o r / a n a l y z e r  c o m b i n a -
t i o n  i s  0 . 0 0 0 2  p e r c e n t  w i t h  a  1 . 4 1 4 - V  p e a k  s l g n a l  l - e v e l
i n t o  L h e  a n a l y z e r ,  a n d  i s  d u e  a l - m o s t  e n t i r e l y  t o  t h e r m a l -
n o i s e .  A  r e d e s i g n  o f  t h e  f i r s t  a n a l y z e r  f i l t e r  c o u l d  p u s h
t h i s  f i g u r e  b e f o w  0 . 0 0 0 1  p e r c e n t ,  b u t  i n  m o s t  p r a c t l c a l
s i t u a t l o n s  t h e  t h e r m a l  n o i s e  o f  t h e  U U T  w 1 1 1  s e t  t h e
m e a s u r e m e n t  f l o o r .  F o r  e x a m p l e ,  a  I 0 0 - w a t t  a m p l i f i e r  w i t h
a  1 0 0  d B  S , / N  r a t i o  ( 2 0  k q z  f l a t )  w i l l  g e n e r a t e  a b o u t  2 8  U V
o f  n o i s e  a t  i t s  o u t p u f  i n  t h e  n o l s e  b a n d w i d t h  o f  t h e
ana l -yzer .  A t  the  max lmum BO-V p-p  tes t  l -eve l -  th is  w i l l
r e s u l t  l n  a n  a d d i t l o n a l  n o l s e  o f  1 . 0  U V  a f  t h e  a n a l y z e r
l n p u t .  T h i s  i s  l e s s  t h a n  t h e  a n a l - y z e r r s  2  u v  o f  r e f e r r e d
i n p u t  n o i s e  a n d  w i l - l  t h e r e f o r e  o n l y  i n c r e a s e  t h e  m e a . s u r e -
m e n t  f l o o r  t o  a b o u t  0 . 0 0 0 2 2  p e r c e n t .  H o w e v e r ,  a t  a  m u c h
s m a l l e r  2 . 8 - V  p - p  t e s L  l e v e 1 ,  t h e  f u 1 l  2 8  p V  o f  a m p l i f i e r
n o i  s e  w i  I  I  a n n c a r  a t  f . h e  a n a l v z . c r  J  n n r r t  : n r i  r e s u l t  i n  as r l u 4 J  a v r  4 r r y 4  v

m e a s u r e m e n t  f l o o r  o f  a b o u t  0 . 0 0 2 8  p e r c e n t .

F o r  c o m p a r J - s o n ,  T H D - 2 0  a L s o  h a s  a  n o i s e  f 1 o o r  w h i c h  m a y
b e  d o m i n a t e d  b y  U U T  n o i s e .  I n  t h i s  c a s e ,  h o w e v e r ,  t h e
f  

. l  
o o r  i  s  h i  g h e r  h v  e  f  a o  f . n r ,  n f  2 0 - ? O  h e e a u s e  t h e  m e a s u r e -J v

m e n t  b a n d w i d t h  m u s t  b e  o n  t h e  o r d e r  o f  1 0 0 - 2 0 0  k H z  u n l e s s
a  s p e c t r u m  a n a l y z e r  1 s  u s e d .

EXPERIMENTAL RESULTS

I n  o r d e r  t o  s e e  h o w  t h e  m u l t l t o n e  I M  t e s t  c o m p a r e s  w i t h
o t h e r s  1 n  p r a c t i c e ,  T H D - 2 0 ,  D f M - 3 0  a n d  M I M  w e r e  m e a s u r e d
a n d  p l o t t e d  f o r  f i v e  c i r c u i t s .  T h e  r e s u l - t s ,  r e p r e s e n t i n g
p e r f o r m a n c e  f o r  f o u r  o p e r a t i o n a l  a m p l i f i e r  c o n f i g u r a t i o n s
a n d  o n e  p o w e r  a m p l i f i e r ,  a r e  s h o w n  1 n  F l g u r e s  9 - 1 3 .

A  7 4 1  o p e r a t i o n a l  a m p l i f i e r  o p e r a t i n g  l n  t h e  i n v e r t i n g
un i ty  ga j -n  conf igura t ion  was f i rs t  measured,  and the
r e s u l t s  a r e  s h o w n  i n  F i g .  9 .  T h e  i n v e r t i n g  c o n f i g u r a t i o n

- 1 1  -



w a s  c h o s e n  b o  e l i m i n a t e  d i s t o r t i o n  d u e  t o  h i g h - f r e q u 9 n 9 {

c o m m o n - m o d e  e f f e c t s . 2  I n  t h i s  c o n f i g u r a t l o n  t h e  a m p l i f i e r

e x h i b i t e d  a  5 0 0 - k H z  b a n d w i d t h  a n d  a  t 0 ' 6 5 - V / v s  s l e w  r a t e '

T h e  d a s h e d  l i n e s  t h r o u g h  t h e  d l s t o r t l o n  c u r v e s  i n d i c a t e

t h e  p o l n t  a t  w h i c h  t h e  t e s t  s l g n a l - t s  p e a k r a t e - o f - c h a n g e
o n r r e I s  t h e  d e v i c e  s l e w  r a t e .e v 4 s ^ v

A 1 1  t h r e e  t e s t s  i n d i c a t e  a  s i m l l a r  t r e n d  o f  d i s t o r t l 0 n

a s t h e t e s t l e v e l l s i n c r e a s e d , w l t h a s o m e w h a t f a s t e r
r a L e  o f  r i s e  a s  t h e  s l e w  r a t e  l i m i t  i s  a p p r o a c h e d '  B e l o w

t h e  l e v e l  a t  w h l c h  t h e  D I M - 3 0  s i g n a l  c a u s e s  s l e w i n g ,  t h e

t e s t s  t r a c k  e a c h  o t h e r  q u i t e  w e l l  w l t h  a  m o r e  o r  l e s s

c o n s t a n b  d e c l b e l  d i f f e r e n c e :  T H D - 2 0  l i e s  4 - 7  d B  b e f o w

D I M - 3 0 , w h i l e M I M l l e s 3 0 - 3 5 d B b e l o w D I M - 3 0 ' A l t h o u g h
u r u  r i e s  3 0 _ 3 5  d B  b e l o w  D I M - 3 0 ,  i t s  m e a s u r e m e n t  f l o o r

f o r  t h e  t e s t  i s - o n l y  0 . 0 0 0 2 2  p e r c e n t  ( n o t  s h o w n ) ,  3 8  a g

b e l o w  t h a t  f o r  D I M .

F i g u r e  1 0  i l l u s t r a t e s  t h e  r e s u l t s  f o r  t h e  ' s a m e  7 4 1  o p e r a -

t iSna l  ampl i f ie r  opera ted  a t  an  inver t lng  ga ln  o f  10  '

H e r e  t h e  c l o s e d - l o b p  b a n d w l d t h  1 s  a p p r o x i m a t e l y  7 5  k H z '

w h i l e  t h e  s l e w  r a t e  i s  s t i l t  a b o u t  t O ' 6 5  V / u s '

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

h i g h e r d u e t o t h e s m a ] I e r f e e d b a c k f a c t o r , t h e r e l a t i v e
b e h a v l o r  o f  t h e  t h r e e  t e s t s  i s  a b o u t  t h e  s a m e ,  w l t h  M I M

t y p i c a l l y  2 7  d B  b e l o w  D I M - 3 0 .  I n  t h i s  c a s e ,  t h e  M I M

m L i s u r e m b n t  f t - o o r  1 s  o n l y  2 3  d B  b e l o w  t h e  D I M - 3 0  f l o o r .

The increase in  the  MIM me€rsurement  f foor  here  is  due to

t h e  l n c r e a s e d  u * p r i - r r " r  n o i s e  p r o d u c e d  b y  t h e  7 4 t  i n  t r r e

X 1 0  c o n f i g u r a t l o n .

F i g u r e  1 1  s h o w s  t h e  s a m e  d a t a  f o r . . a  / 4 8  o p e r a t i o n a l  a m p l l -

f ie r  ex te rna l l y  compensated  w i th  4  pF and opera ted  a t  a

g i in  o f  I0 .  f i r f s  ampt - i - f ie r  l s  s im i la r  to  the  741 w i th  the

E x c e p t i o n  t h a t  l t  i s - e x t e r n a l l y  c o m p e n s a t e d .  B e c a u s e  t h e

l igh ter  compensat i -on  inc reases  the  s lew ra te  to  about

! 2 . g  V / v s ,  g r e a t l y  r e d u c e d  T I M  1 s  e x p e c t e d ,  a n d  t h i s  i s

c o n f l r m e d  b Y  L h e  c u r v e s .

F l g u r e  1 2  i l l u s t r a t e s  f u r t h e r  r e d u c t i o n  i n  T I M  w h e n  t h e

? 4 6 - ; p " ; a t i o n a i  i m p l i f i e r  i s  o p e r a t e d  * + t l  , t  
s n a l l e r  2  p F

c o n p " n s 4 t i n g  c a p a " i t o r  w h i c h  y i e l d s - a - - t 4 ' 8 - V U s  s l e w  r a f e '

A s  e x p e c t e d l  a l 1  t h r e e  m e a s u r e s  o f  T I M  s h o w  r e d u c t i o n s .

T e s t r e s u l t s f o r a p o w e r a m p l i f l e r a r e s h o w n l n F i g . 1 3 .
T h i s  7 0 - w a t t  a m p l i f i e r ,  o f  a p p r o x i m a t e l y . L 9 7 0  v l n t a g e '  w ? s

des igned w i thout  par t i cu la r  
-cbncern  

fo r  i ssues  o f  T IM and

" i " " " t " t "  
( 4  V / u s ) .  I t  a l s o  u s e s  a  f a l r l y  s l o w  q u a s l -

compl imentary  ou tpu t  s tage,  so  T IM is  no t  the  on ly

s i g n i f i c a n t  , o t r " " L  o f  d y i a m i c  d l s t o r t i o n '  A g a i n '  M I M  1 s

- 12 -



t yp ica l l_y  27  dB be low DIM-30 fo r  leve ls  less  than those

wf r icn  cause s lewing  on  the  DIM-30 s lgna l .  A t  h igher

l e v e f s ,  a  s l i g h t l y  g r e a t e r  s e p a r a t l o n  1 s  e v i d e n t '  T h e

behav lo r  o f  the  f f tO lZO curve ,  w i th  1 ts  ra ther  sha l l -ow s Iope,

seems rabher  anomafous .

CONCLUSION

A new method fo r  measur ing  t rans ien t  in te rmodu la t ion
d i s t o r t l o n  a n d  o t h e r  f o r m s  o f  d y n a m l c  a m p l l f i e r  d l s t o r t i o n

has  been proposed. .  The pr i -mary  advantages  o f  the  tes t  a re

inexpens ive  tns t rumenta t lon ,  s lmp le  measurement  p rocedure ,

and fu l l y  in -band s t lmu lus  and response.  Th- "  la t te r  advan-

t a g e  a l l o w s  t h e  t e s t  t o  b e  u t l l t z e d  i n  m a n y  b a n d l l n i t e d

syJ tu*s  where  o ther  dynamic  d is to r tLon tes ts  mlgh t  no t

w o r k  p r o p e r l y .

A l t h o u g h  t h e  t e s t  i s  n o t  a s  s t r i n g e n t ,  a s  o t h e r s  i n  t e r m s

o i  p " a [  r a t e - o f - c h a n g e ,  a n d  a s  a  r e s u l t  y l e l d s  s m a l f e r
d l s t o r t i o n  p e r c e n t a g e s ,  c o r r e l a t l o n  w i t h  o t h e r  d y n a n l c

d is to r t lon  tes ts  1s  good and '  dynamlc  range ls  s lm i la r  '
B e c a u s e  t h e  b e s t  d o e s  n o t  r e s o r t  t o  u n r e a l l s t i c a l l y  h i g h

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

s u b J e c t i v e  c o r r e l a t l o n  c a n  b e  e x p e c t e d '

-  1 ?  -
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F I G U R E  1 :  A  H i g h l y  S i n p l i f i e d  p o w e r  A m p l i f i e r



FIGURE 2 :  SPect rum o f  the  MI I { -
i " r t -  i i g "a I  

^ (ZkHz/dr  
,  3OHz BW)

F I G U R E  3 :  M I M . s p e c t r u n - i n c l u c l i n g
a i i i o t t i o n  P r o d u t t s  P r o d u c e d  ! { -
a  7 4 L  o p - a n p  o p e r a t i n g  a t -  a  g a l n

o f  - i O  i t  a -  1 e v e 1  o f  4 ' 2 V P - P '

F I G U R E  4 :  C l o s e u P
p r o d u c t s  c e n t e r e d

of  the MII ' {
nea r  l kHz  fo r



F I G U R E  5 :  A P P e a r a n c e  o f  t h e
M I l " {  t e s t  s i g n l L  ( t o P  t r a c e )
a n d  t h e  e x t r a c t e d  l { I M  d i s -
t o r t i o n  P r o d u c t s  ( b o t t o i n
t r a c e ) .  S w e e P  s y n c h r o n : . z e o
t o  b o t t o m  t r a c e .

F IGURE 6 :  Ex t rac ted  I ' { IM
d i s t o r t i o n  P r o d u c t s  a s  v i e w e d
w i th  a  s l ower  sweep  than  i n
F i g .  5  a n d  s Y n c h r o n i z e d  t o
e n i e l o p e .  N o t e  " a n P l i t u d e
modu la ted "  aPPearance  due  to
p r e s e n c e  o f  b o t h  e v e n -  a n d
i r d d - o r d e r  d i s t o r t i o n  P r o d u c t s



Fl osc.
9.00 kHz

F I G U R E  7 :  M I M  T e s t  S i g n a l  S o u r c e

2-kHz LPF
3rd ORDER

BUTTERWORTH

l-kHz BPF
4th ORDER
150 Hz BW

F I G U R E  8 :  M I M  p r o d u c t  A n a l y z e r
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F I U G R E  1 1 :  D i s t o r t i o n  c h a r a c t e r i s t i c s  f o r
a m p l i f i e r  e x t e r n a l l y  c o n p e n s a t e d  w i t h  4  p F
a n  i n v e r t i n g  g a i n  o f  1 0 .

a  7 4 8  o p e r a t i o n a l
a n d  o p e r a t e d  a t
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F I G U R E  1 2 :  D i s t o r t i o n  c h a r a c t e r i s t i c s
a m p l i f i e r  e x t e r n a l l y  c o m p e n s a t e d  w i t h  2
a n  i n v e r t i n g  g a i n  o f  t 0 . -

f o r  a  7 4 8  o p e r a t i o n a l
p F  a n d  o p e r a t e d  a t
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F IGURE 13 :  D i s
anp l i f i e r  w i t h
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