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2.1 In trod u ction

In 1935 Wente  [ 13] was th e f i r s t  to  g iv e  a tte n t io n  to  th e  
frequency response o f  rooms. A number o f  papers were devoted  to  t h is  
t o p ic .  A c e r ta in  part o f  th ese  in v e s t ig a t io n s  was d isco vered  in  1i954 
by Schroeder K u ttru ff and T h ie le  ^6] who were ab le  to  show both  
t h e o r e t ic a l ly  and exp erim en ta lly  th a t th e  frequency response curves  
fo r  a l l  rooms are s im ila r  and depend la r g e ly  on reverb eratio n  tim e .
In 1964 th e  improvement o f  th e s t a b i l i t y  by frequency s h if t in g  method was 
su ggested  byM .R . Schroeder. [ 5]
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The b lock  diagram in  F ig . 2.1 r ep resen ts  a sim ple audio  
system w ith  a frequency s h i f t e r  th a t s h i f t s  a l l  frequency component 
o f  i t s  input s ig n a l  by a con stan t amount A  f .  I t  i s  assumed th a t  
the frequency s h i f t e r  has a u n ity  ga in  where a s o th er audio components 
have a f l a t  frequency response in  th e  audio frequency band.

A s in u so id a l s ig n a l o f  frequency f j  a p p lied  to  any p o in t  

in  the feedback loop  w i l l  have i t s  frequency s h if te d  to  f j + A f  

and i t s  power in c r ea se s  or d ecreases by a fa c to r  o f  

A fter  ท t r ip s  around th e feedback lo o p , th e  s ig n a l  power i s  M ultip lied  by
é  น 1)

* ท = |g ( f . )j2 x | 6 ( ^ +  A f)  2 X J g ( f t+ 2 A f )  j2 X
V  I - t *  . \ A X. I 2 ] .(2 .1 ).X j g ( f j +  ( ท -  1) A  f j

where M ' =  Open-loop s ig n a l  power gain in  th e  system  a fte r  ท tr ip s  
g ( f )  = Complex open loop  v o lta g e  gain

Expressing the open-loop  power gain in  d ec ib e ls  
1 (f)  = 10 log  g ( f )

then 10 lo g  Jin K f j )  + l ( f  1 + A f) + l ( f  1 + 2 A f)

1) À f

For la r g e  ท, one may w rite  in  good approxim ation
10 lo g  = ท. 1 ........................................................

where 1 i s  th e  average open-loop  power gain  in  d ec ib els  
From equation ( 2 . 3 ) th e s t a b i l i t y  i s  obtained  i f

I  < 0
While in s ta b i l i ty  occurs fo r r  2  0

( 2 . 2)

( 2 . 3)

( 2 . 4)
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I f  the squared modulus o f the transm ission function between 
two points in  a roan i s  exponentially  d is tr ib u tio n , then

P ( I g I 2 ) = G“ 1 exp ( - (T1 I g | 2) ..................................... (2 .5 )
where p ( )  i s  p robability  d istr ib u ted  function

G ia the average power gain around the feedback loop .

From equation ( 2 . 5 ) ,  one obtains the d istr ib u tio n  of the power 
gain in  d ec ib e ls , by a simple transformation o f the variab le  X

p (l)
where b

= bG~̂  exp G~1 exp (b l) + b l 
= (10 log c)~  1
= 0 .2 3 0 3

The mean o f th is  d istr ib u tio n  [ 5 ] i s
I  = 10 log G -  2 .5  dB

(2 .6 )

(2 .7 )
By combining equation ( 2 . 7 ) and the s t a b i l i t y  cr iter io n  ( 2 . 4 ) ,  

one can obtain the follow ing c r i t i c a l  value o f power gain o f the 
audio systemะ

10 log Go = 2 .5  dB ....................................................................... (2 .8 )
where Goia  Uie c r i t i c a l  power gain around the feedback loop -  

-  w ith  f r e q u e n c y  s h i f t i n g .
Equation ( 2 . 8 ) s ta te s  that the system with frequency sh ifte r  

w il l  be stab le  i f  the average power gain around the feedback loop i s
le s s  than 2 .5  dB
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2 .3  P ro p e r t ie s  o f Feedback s t a b i l i t y  o f  An Audio System w ith o u t
Frequency S h i f t e r .  £5]

F ig . ( 2 . 2) i s  a ty p ic a l  se c tio n  o f th e  complex open-loop gain  g ( f)  
o f  an audio system in  a room. In  1964 Schroeder used th e  p ro b a b il i ty  
c a lc u la t io n  ( 5] to  express th e  co n d itio n  o f s t a b i l i t y  th a t  i s  th e  p o i n t  
* 1 on th e  r e a l  a x is  must not be en c irc le d  by t h e  locus o f the complex 
open-loop g a in .  The r e s u l t  [ 5 j showed t h a t  th e  o r i t i o a l  pow er i n  d e o ib e l
i s
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10 lo g  Gb -  10 lo g
WT

lo g 60
22 -  3 .8  dB ■ (2.9)

w here

and

-G i s  th e  c r i t i c a l  pow er g a in  a ro u n d  th e  fe e d b a c k  lo o p  
w i th o u t  f r e q u e n c y  s h i f t i n g  

พ i s  t h e  b a n d w id th  o f  t h e  sy s te m  
TgQ i s  th e  r e v e r b e r a t i o n  t im e ,  s e e  A ppend ix  B .

Prom e q u a t io n  ( 2 .8 )  10 lo g  GQ » 2 .5  dB, th e  a d d i t i o n a l  s t a b l e  g a in
d e c i b e l s  due to  f r e q u e n c y  s h i f t i n g  w i l l  be

A  1 -  10 lo g  Go -  10 lo g  Gm -  2 .5  + 3 .8  dB + 10 lo g  ( lo g  - ~ 2 _ )
-  6 .3  dB + 10 lo g  ( lo g  — ~ ) ............. ( 2 . 10)

The t y p i o a l  v a lu e  o f  Tg0 i s  1 se c o n d  fth e n  f o r  a  b a n d w id th  
ฬ m  5000 Hz, th e  a d d i t i o n a l  s t a b l e  g a in  A l  c a l c u l a t e d  from  e q u a t io n  
( 2 .1 0 )  w i l l  be  10 dB . T h is  i s  t h e  t h e o r e t i c a l  im provem ent on t h e  o u tp u t  
pow er o f  t h e  s t a b l e  sy s te m  e x p e c te d  from  th e  f r e q u e n c y  s h i f t i n g  m e th o d .
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