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INTRODUCTION ' ; -

The p rob lem  of  s y n t h e s i z i n g  a  Waveform by a d d i n g - s i n e  

waves a s  I n d i c a t e d  by; a F o u r i e r  a n a l y s i s  i s  h o t  a new o n e »

A c o m b in a t io n  m e c h a n i c a l  and o p t i c a l  a r r a n g e m e n t  i s - d e ­

s c r i b e d  b y - J e n k i n s  and  White- w h e r e in  a sy s tem  o f  m i r r o r s . 

i s  mounted  a s  shown i n - F i g *  2» .The- m i r r o r s  a r e  p l a c e d  on 

v i b r a t i n g  s t r i p s  o f .som e  s o r t  o f  s p r i n g  m a t e r i a l ,  and t h e  

s p r i n g s  s e t  i n t o  oscillation.. • A l i g h t ,  beam i s  i n c i d e n t  on 

t h e  f i r s t  m i r r o r  and  r e f l e c t e d  t o  t h e  se co n d ,  a n d  from t h e r e  

t o  a r o t a t i n g  m i r r o r '« The m i r r o r  . r e f l e c t s  t h e  beam t o  a  

sc ree n , -  and  on t h i s  - sc reen  t h e  beam o f  l i g h t  w i l l  t r a c e  

o u t  a  p a t t e r n  which  I s  t h e  g r a p h i c a l  sum o f  t h e  component  

f r e q u e n c i e s . . . ' . . :

A" c o m b in a t io n  m e c h a n ic a l  and  e l e c t r i c a l -  i n s t r u m e n t  

i s  a v a i l a b l e  f o r  p r o d u c i n g  s y n t h e s i z e d  p e r i o d i c  - f u n c t i o n s „. 

In  t h i s  i n s t r u m e n t ,  a long, .shaft ,  i s ; d r i v e n  by a .  s m a l l  m o t o r , 

Mounted on t h e  s h a f t  a r e  d i s k s , p e r p e n d i c u l a r  t o  t h e  l e n g t h  

. Of . th e  s h a f t , much l i k e  a cam (See F i g « 1 ) » -: P l a c e d  .h e a r  

t h e  d i s k  i s  a . c o i l  o f  w i r e  w i t h  a  m agne t  i n "t h e  c e n t e r  o f  

it.<»-. . A s ' t h e . d i s k  a p p ro a c h e s  .■.the m a g n e t , ' i t  chang es  the.

. p e r m e a b i l i t y ,  o f  t h e  . f i e l d  s u r r o u n d i n g  t h e  m agnet  ,■ t h u s  

c h a n g in g  t h e u f l u x  l i n k a g e , .In a c c o r d a n c e  w i t h  t h e  e q u a -  

tion 'relating emf p r o d u c e d  i n  a c o i l , .  -. = - -

1 o J e n k i n s  an d  White-; F u n d a m en ta l s  o f  O p t i c s , 1 9 5 0 9 
pp 2 1 3 , 214. • . . .  ' :
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.•this- ..change, o f  . . f i e l d - w i l l  s e t  up  - an  emf i n  t h e  ; c o i l  „ . Now i f  

- t h e  s h h p .e s -of t h e  .d isks  a r e  -such tha . t  t h e  . f i r s t -  passes ,  . the  /  

magnet once p e r  s h a f t  r e v o l u t i o n 9 : t h e  second  h a s  two b u l g e s  . 

.and'- so  n e a r s  t h e  magnet  t w i c e  p e r  s h a f t  r e v o l u t i o n ,  and. s o : " 

f o r t h ,  t h e  e f f e c t " w i l l  be t o  p r o d u c e ; a  f u n d a m e n ta l  wave . plus- 

a, c e r t a i n  .number o f . b v e r t o n e s ' i  d e p e n d in g  on t h e  number o f .

. d i s k s . a n d  p i c k u p s  o.;"' Phase  may: be . a d j u s t e d  by c h a n g in g  t h e  

a n g l e  o f  t h e  magnet  p o s i t i o n ,  as- shown in  P i g . 2 ,  r

The m e c h a n i c a l - e l e c t r i c a l  i n s t r u m e n t  d e s c r i b e d  above 

i s  b a s e d  on th e  same- p r i n c i p l e s  .as  an  e l e c t r i c  o r g a n ^ ,  i n  . 

w h ich  a t o o t h e d  wheel  r o t a t e s ,  . the  t e e t h  p a s s i n g  n e a r ,  a 

. p l a t e  o. The p l a t e  and  wheel  may be .c o n s id e re d  a s  tw o  p l a t e s . ,  

o f  a c o n d e n s e r  w h e re in  t h e  c a p a c i t a n c e  c h a n g e s  p e r i o d i c a l l y  

a s  t h e  wheel  r o t a t e s . .  T h is  and  many s i m i l a r  t y p e s  o f  e l e c ­

t r o m a g n e t i c  o r  e l e c t r o s t a t i c  p i c k u p  . t o n e . w h e e ls  a r e  . r a t h e r  • 

common, and -U sed  e x t e n s i v e l y  i n  com m erc ia l  i n s t r u m e n t s ,

Many -such c o m b i n a t i o n s  o f  e l e c t r i c a l ,  m e c h a n i c a l ,  and  

o p t i c a l :  sy s tem s  a r e  i n  u s e ,  b u t  n o w h e r e . i n  t h e  l i t e r a t u r e  

is mention o f  a d e v i c e '  t o  a c c o m p l i s h  the. same p u r p o s e s  b u t ' ,  

o p e r a t i n g -  e n t i r e l y  .e l e c t r o n i c a l l y :  The su b j  e c t  o f  ’ t h i s

p a p e r  i s  such, a device., , ' : . . - , ' . .

- ■ The i d e a  f o r  t h e  c o n s t r u c t i o n  o f  -.this i n s t r u m e n t  was -

2 o S.,Ko L ew er , E l e c t r o n i c  M u s ic a l  I n s t r u m e n t s ,  1948 
- p . 64 . ,  ;. . .  '.. .. .. . \ -: : i : . . , ; . " .- - , -  . . . . . . "



c o n c e i v e d  by Dr.  R. E .  0 o r  by o f  t h e  U n i v e r s i t y -  o f  A r izo n a . .  

Dr .  Corby f e l t  t h a t  i t  would be d e s i r a b l e ' t o  have, an  i n ­

s t r u m e n t  w i t h  which - F o u r i e r  a n a l y s i s ,  c o u ld  be d e m o n s t r a t e d  . 

t o  'h i s  E l e c t r o n i c s  c l a s s e s '  a t  t h e  same t ime t h a t  t h e  m ath-  ' 

. e m e t ic s  of. F o u r i e r  a n a l y s i s  was. b e i n g  d i s c u s s e d .  In  k e e p -  - 

i n g  w i t h  t h e  n a t u r e  o f - t h e  c l a s s , i t  would be .w e l l ,  t o  have- 

t h i s  i n s t r u m e n t  o p e r a t e  e l e c t r o n i c a l l y .. The' i n s t r u m e n t  . 

c o u ld ^ a l s o -  be u s e d  t o  d e m o n s t r a te -  p i c t o r i a l l y -  a. b e a t  f r e ­

quency  n o t e  ? o r  t o  d e m o n s t r a t e  t o  a c o u s t i c s  c l a s s e s ,  th e  

f a c t  t h a t  t h e  phase,  o f  -component, f r e q u e n c i e s  o f  a complex 

sound wave h a s  no e f f e c t ,  w i t h  r e g a r d  t o  t h e  " q u a l i t y  o f  a 

sound wave t o  t h e  e a r .  - . .. .

.- In  o r d e r  t o  p r o p e r l y  u n d e r s t a n d  t h e  o p e r a t i o n ,  i n h e r e n t

, t o  any  waveform s y n t h e s i z e r 9. so m e th in g  must be known o f  t h e  

m a t h e m a t i c a l  - p r i n c i p l e s  on which  t h e  s y n t h e s i z e r ,  i s  b a s e d .  

The s u b j e c t  o f  t h i s  p a p e r  i s  b a s e d  on F o u r i e r  a n a l y s i s ,  _ 

t h i s  be ing ,-a  l e s s  awkward s e r i e s  f o r  most  e n g i n e e r i n g  a p p l i ­

c a t io n s *  t h a n  a pow er  s e r i e s  . -• - - -

. A c c o r d in g  -to a th eo rem  due t o  F o u r i e r ,  a n y . p e r i o d i c  

f u n c t i o n  may be r e p r e s e n t e d  a s  t h e  su m ,o f  a number o f  s i n e  

a n d / o r  c o s i n e  t e r m s . This., i s  i n  ,m ost  c a s e s  , t r u e ,  b e ing -  

s u b j e c t  t o  c e r t a i n  r e s t r i c t i o n s  . I t  w i l l  be f o u n d  - t h a t  

- f o r  most: c o r o m o h p e r io d i c  func t ions , . ,  t h e  f u n d a m e n t a l . a n d ' 

l o w e r  n u m b ere d .h a rm o n ic s ,  a r e  o f  g r e a t e r  i m p o r t a n c e ,  i . e . ,  

have  g r e a t e r  r e l a t i v e  a m p l i t u d e ,  . t h a n  t h e  h i g h e r  numbered

■ 3 o A le x a n d e r  Wood, A c o u s t i c s ,  1941, p 3.64



harmonic 's ' .  U n le s s  w i t h  a c u rv e  o f  u n u s u a l .f e a t u r e s t h e  

t r i g n o m e t r i c .  r e p r e s e n t a t i o n  - i s  g e n e r a l l y ,  a d e q u a t a  for. .inos't 

p u r p o s e s '  i f  t h e  s e r i e s  i s  :c a r r i e d -  u p '  to :  . the teh - th  .harmonic .

;I t  h a s  h'een; decided ,  t h a t  -s ix  harm'ohics.,  wi l l -  he. a d e q u a t e  „ f o r  ; „ 

t h e  waveform s y n t h e s i z e r  h e r e i n  d e s c r i b e d , .  ;

;:  "Fourier  ■ a n a l y s i s  i s  ' d i s c u s se d -  i n  most" mathematics-" -text's ;•

For; t h e  r e a d e r  s c o n v e n ie n c e   ̂ Appendix  A _ o f  t h i s ,  p a p e r . con­

t a in s ;  a,- d i s c u s s i o n  o f  F o u r i e r "  an® l y s i s  . The " m a t e r i a l •- i s  p r e -  

s-ented., in. l i k e  .manner . t 'o . ' th a t  o f  R e d d ick  and M i l l e r ^ , " '  a l t h o u g h  

t h e  ..'whiter., h a s  drawn m a t e r i a l  from R o ja n s k y 0 - and  Woods .'also'.. ' .

- M u l t i v i b r a t o r s  p l a y  an - i m p o r t a n t  p a r t  i n  t h e  f r e q u e n c y  

s c a l i n g  o f  the .  s u b j e c t  of; t h i s  p a p e r .  . M u l t i v i b r a t o r  d e s i g n  

and  o p e r a t i o n ' i s  d i s c u s s e d  i n  m o s t . e l e c t r o n i c s  tex t s , . -  Some '• . 

Of t h e  s 'allen-'t  ' f e a t u r e s : a re .  d i s c u s s e d  i n  Appendix  B o f  t h i s  

papery  t h e  i n f o r m a t i o n  b e in g  much t h e  same a s  t h a t  p r e s e n t e d  

by Reich®, and  t h e  - G r u f t  E l e c t r o n i c s  S t a f f 9-. / /  .

4 .  G-’VB» B a r n w e l l ,  P r i n c i p l e s  ,of E l e c t r i c i t y -  and  Mag- . ’ .
n e t i s m , -  1949s p,;629 . ' . -

- 3'» R edd ick  an d  F i l l e r ,  Advanced Mathematics ,  f o r  E n g i n - - ■ 
e e r s ,  1947,  pp 191-197 " .. " ;• ;

6 o' V. R o ja n s k y , " . - In t r o d u c to r y  Quantum M e c h a n ic s , -1938,
p 34: .  ;■ V :  ■" ; ;- , ; ;  ... ' ;  ;

, 7» F . S .  Woods, Advanced C a l c u l u s ,  1934,  pp 295-301

.. p • .8 o- ' B , J  « R e ic h ,  Theory  and A p p l i c a t i o n s '  o f  E l e c t r o n  
'Tubes' ,  1944 , .  pp 362-365  1. .  ' .' y  . . : ^ .

: ' 91' C r u f t  E l e c t r o n i c s  S t a f f y  E le c t ron ic . -  C i r c u i t s " and
T ubes ,  1947 ,  p 855 v' : - ' .-' - . .. . . . .  - . -



DEVELOPMENT.' OF THE FOURIER SYNTHESIZER

; O r i g i n a l l y  i t  was d e c i d e d  t h a t  t h r h e  m a in -p ro b le m s  were • 

t o  be s o l v e d  i n  -the c o n s t r u c t  ion  . o f  t h e  waveform syn th e  s i z e r .  ? 

and  t h a t  t h e  r e s t  o f  t h e  c i r c u i t  would d e v e l o p  i t s e l f  a b o u t  .. 

t h e s e  t h r e e , p o i n t s » These  t h r e e  p ro b lem s  a r e  ( l )  a  c i r c u i t  

component w h ich  c o u l d - g i v e  c o m p le te  360 ° p h a se  c o n t r o l  f o r  . 

e a c h  h a r m o n i c 5 (2 ) a .w a v e f o r m " s o u r c e  w h ich  w o u l d . g i v e  f o r  /  •

e a c h  harm onic  a s i n e  waveform a s  e x a c t  a s . p o s s i b l e ,  and (3 ) '

s y n c h r o n i z i n g  of.-waveform -sources  so t h a t  e a c h  ha rm on ic  

f r e q u e n c y  would be an e x a c t  m u l t i p l e  o f  the '  f u n d a m e n ta l  

f r e q u e n c y ,  w i t h  no d r i f t  i n  p h a se  o f  one.. f r e q u e n c y  w i t h  r e ­

s p e c t  t o  a n o t h e r  c : . " \ . ' . f  . .. : .

I n s o f a r  a s  th e  f i r s t ,  p o i n t  i s  c o n c e r n e d ,  i t  was t h o u g h t  

t h a t  S e l s y n s  would s e r v e  s a t i s f a c t b r i l y . /  The u se  o f  S e l s y n s  

n e c e s s i t a t e d  a t h r e e  p h a se  o u t p u t  from th e  s i n e  wave g e n e r a ­

t o r s ,  t h u s •p u t t i n g  a r e s t r i c t i o n  on t h e  t y p e  o f  waveform . 

s o u r c e  . to  be ..used i n  -the s e c o n d  p o i n t  a b o v e .  In  a c c o r d a n c e  

w i t h  t h i s  r e s t r i c t i o n ,  a  t h r e e  p h a se  f e e d b a c k  o s c i l l a t o r  was-., 

d e v e l o p e d . ,  '.-This o s c i l l a t o r  i s  shown i n - F i g .  3 .

C o n d i t i o n s  o f ■o s c i l l a t i o n  f o r  any  f e e d b a c k  o s c i l l a t o r  

a r e  t h a t  t h e  f e e d b a c k  s i g n a l  m u s t - f e e d  back  i n  p h a se  w i t h  t h e  

o r i g i n a l  s i g n a l .  In  o r d e r  t h a t  o s c i l l a t i o n  be s u s t a i n e d , t h e : 

t o t a l  g a i n  a ro u n d  t h e  c i r c u i t  m u s t  be  e q u a l  t o  u n i t y ,  l a i n  i n  

t h i s  c i r c u i t  i s  c o n t r o l l e d  by p l a c i n g  a p o t e n t i o m e t e r  on t h e  

grid" o f  e a c h  t u b e ,  an d  a p p r o p r i a t e l y  v a r y i n g  t h e  g r i d  t o
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.ground r e s i s t a n c e  u n t i l  o s c i l l a t i o n  i s  j u s t  s u s t a i n e d „ The 

p h a se  ' change t h r o u g h o u t  t h e  c i r c u i t  i s - c o n t r o l l e d  "by t h e  - •

c o u p l i n g  c a p a c i t o r s o  I n  e a c h  s e c t i o n  of  t h i s .o s c i l l a t o r s 

th e  g r i d  t o  p l a t e  w i l l  change t h e  p h a se  by a p p r o x i m a t e l y  1 8 0 ° 5 

and  t h e  c o u p l i n g  c a pa c l  t  o r  To 11 owl n g- s h o u l d  t h e n  d ro p  t h e  p h a se  

back  by 60 making t h e  o v e r a l l  "phase change e q u a l  t o  120° .  . 

Through  t h e  t h r e e  s e c t i o n s ,  t h e n ,  t h e  . " s ig n a l , w i l l  change I n
O ' '

p h a s e . - t h i e e  t im e s  a t  120 s h i f t  e a c h  t i m e , t h u s  . p l a c i n g  t h e

i n p u t  s i g n a l  e x a c t l y  in  p h ase  w i t h  t h e  o r i g i n a l  s i g n a l  when

t h e  t o t a l  l o o p  i s  c o n s i d e r e d .  It"may- be d e v e lo p e d  t h a t  th e  

g a i n  and  f r e q u e n c y  e q u a t i o n s  o f  t h i s  c i r c u i t  a re .

K -  "

■■■•■ :  . H ■  ̂ - : -

a n d . - '' ' - . ; ■ - •-

;  - f  - ■ . . . . ' : . ■'
- . .. ■ 2 " OR2-. s . ;; , . • . ." y

where  -; . - - ' .  ■ ■ " : ‘ ’ " " , - ■

K i s  t h e  g a i n  . ;
f  is t h e  f r e q u e n c y  ■ . .
u  i s  t h e  a m p l i f i c a t i o n  f a c t o r  o f  t h e  t u b e  - .

i s ; t h e  l o a d  r e s i s t a n c e  . . . . .  . ■
■ Rct i s  t h e  g r i d  . r e s i s t a n c e  ' - ' """ " ' .

Rp i s  t h e  p l a t e  r e s i s t a n c e  -

' '  C i s  :t h e  c a p a c i t a n c e  o f  t h e  c o u p l i n g  c o n d e n s e r
■ R is t M  sum '%Rp RpRg - ’ .

A b r e a d b o a r d  m o d e l , o f  t h i s , c i r c u i t  beh av ed  i n  a v e r y . s a t ­

i s f a c t o r y  m anner ,  g i v i n g  an  a c c e p t a b l e  waveform,, a s y m m e t r i c a l  

t h r e e  -phase o u t p u t , ,  an d  c l o s e  f r e q u e n c y  c o n t r o l .  P rob lem s were,  

e n c o u n t e r e d ,  h o w ever ,  when a t t e m p t  was made t o , e x t r a c t  t h e  s i g - ' ''



' rial• 'and . feed  I n t o  a". Selgyn. ' S in c e  a l l  available Selsyna were 

-Y-wound r a t h e r  t h a n  d e l t a s w e t m d was ' n e c e s s a r y  to- i s o l a t e  

e a c h  s t a g e  o f  t h e  o s c i l l a t o r  from the- S e l s y n  w in d in g .  "The 

S e l s y n  w in d in g s  were o f  e x t r e m e l y  low -impedance 9 making let- 

pedance  m a t c h i n g '  a p r o b l e m . '--impedance ■matching was accomplished 
"by l o c a t i n g  a  s te p -d o w n  t r a n s f o r m e r  i n  t h e  p l a t e ,  o f  e a c h  

t u b e , t h e  t r a n s f o r m e r  a l s o  a c t i n g  t o  i s o l a t e  t h e  S e l s y n  

from t h e  o s c i l l a t o r . However> th e  t r a n s f o r m e r  a c t e d  i n -  

d u c t l v e l y  i n  t h e  c i r c u i t ,  d i s t u r b i n g  t h e  o r i g i n a l - s y m m e t r y ■ 

w i t h  - regard  t o  t h e  120 . p h a se  s h i f t  p e r  s t a g e . - At t h a t  - 

t im e  t h e r e  was no i n s t r u m e n t  a v a i l a b l e  i n  ou r  l a b o r a t o r y  t o  

m easu re  t h e  i n d u c t a n c e  and -Q, o f  the-  t r a n s f o r m e r s ,  making i t  ' 

- d i f f i c u l t ,  and r a t h e r  h a p h a z a r d  t o  c a l c u l a t e  a p p r o p r i a t e  c i r ­

c u i t  components  t o  r e g a i n  t h i s  120 p hase  s h i f t  p e r  s t a g e .

F u r t h e r  t h a n "t h e  d i f f i c u l t i e s  a l r e a d y  m e n t io n e d ,  i t  

wa's fo u nd  t h a t  f r e q u e n c y  - m u l t i p l i c a t i o n ;  was somewhat o f  a  

p r o b l e m .- The. o s c i l l a t o r s  had. g r e a t  • t e n d e n c y  t o  ope ra te -  a t '

,a p a r t i c u l a r  f r e q u e n c y ,  t h i s  f r e q u e n c y  b e i n g  a f u n c t i o n  of .  . 

t u b e  c h a r a c t e r i s t i c s ,  s t r a y  capacitance,.and o t h e r  m inor  ' - 

f a c t o r s .  . in .  a d d i t i o n  t o  t h e  v a r i a b l e s  m ent ioned ,  i n  t h e  f r e - .. 

q u e n cy  e q u a t i o n  a b o v e . W ith in  c e r t a i n ,  c l o s e  l i m i t s  i t  was 

p o s s i b l e  to; s y n c h r o n i z e  one o s c i l l a t o r  w i t h  a n o t h e r , ,  b u t  

t h e s e  l i m i t s  were so c l o s e  t h a t  m in o r  chance  f l u c t u a t i o n s  ■:' 

i n  c i r c u i t  b e h a v i o r  were n o t  t o l e r a b l e . . T h is  p rob lem  w a s .

- fo reseen,  o f  c o u r s e ,  b e i n g  p o i n t  t h r e e  o f  t h e  o r i g i n a l  main 

problems,  o f  c i r c u i t  d e s i g n .



M u l t i v i b r a t o r s  have  lo n g  been i n  u se  i n  f r e q u e n c y  s c a l ­

i n g .  By v i r t u e  o f  t h e  e a s e  and.. ex a .c t i tu .de  .w i th  w h ich  sy n ­

c h r o n i z a t i o n  may be a c c o m p l i s h e d  w l t t i  m u l t i v i b r a t o r s ,  i t  was- 
f e l t  t h a t  - t h e s e  p r o v i d e d  . t h e v - s o l u t i o r i ' t o  t h e  problem., o f  sy n ­

c h ro n iz in g *  .the. v a r i o u s  f r e q u e n c y  g e n e r a h o r s  . For  t h e  c o n ­

v e n ie n c e  o f  t h e  r e a d e r s t h e r e  i s  t o  be found i n  Appendix  B ; 

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

t i o n  o f  m u l t i v i b r a t o r s . .  \  :

. A sequ en ce  o f  m u l t i v i b r a t o r  c i r c u i t s  was. s e t .  up w i t h  t h e  

h i g h e s t  . . f requency  b e i n g  t h e  l o w e s t . number w h ich  may - be f a c t ­

o r e d  i n t o  t h e  d e s i r e d  f r e q u e n c i e s  „ At f i r s t  i t  was th o u g h t  

.that" a  . f u n d a m e n ta l  f r e q u e n c y  o f  ,60  c y c l e s  would be s a t i s f a c ­

t o r y ,  and  p o s s i b l y  t h e  60 c y c l e  m u l t i v i b r a t o r  c o u ld  be s y n - : 

c h r p n i z e d  w i t h  t h e  l i n e  v o l t a g e  a v a i l a b l e  i n  t h e  l a b o r a t o r y .  

T h is  would p r o b a b l y  l e n d  a - c e r t a i n . a m o u n t .o f  s t a b i l i t y  . t o  

t h e  c i r c u i t  a s . a wholev T h i s ; scheme-, however ,  whmld co m p l iV  

cat© t h e  c i r c u i t  c o n s i d e r a b l y , ,  a s  ; i t  would  r e q u i r e  t h a t  a l l  

h igher ,  f r e q u e n c i e s  be e x a c t l y  d i v i s i b l e  by . l i n e  f r e q u e n c y . .:

The h i g h e s - t - frequen"cy m u l t i v i b r a t o r  u n d e r  t h e s e  ■ c o n d i t i o n s  

would be o p e r a t i n g  a t  3600 c y c l e s  .■ I f  t h i s  m u l t i v i b r a t o r  

were t o  be s y n c h r o n i z e d  w i t h  l i n e  V o l t a g e ,  i t  would" have \

t o  . b e " f r e e - r u n n i n g  a t  p r e c i s e l y  60 t im e s  l i n e  f r e q u e n c y .  An 

e x t r e m e l y  sm a l l ,  amount . o f  d r i f t  "would- be t o l e r a b l e , b u t  t h e . /  - 

maximum a l l o w a b l e  d r i f t . w o u l d  have  t o  be so s m a l l  a s  t o  r e n d e r  

t h i s  scheme u n d e s i r a b l e  f o r  a l l .  p r a c t i c a l  purpose 's  ».. '

A c i r c u i t  was . c o n s t r u c t e d  w i t h  a  f u n d a m e n ta l  m u l t i v i ­

b r a t o r "  o p e r a t i n g  a t  n e a r  60 c y c l e s ,  and i t  was fo un d  t h a t  t h i s
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m u l t i v i b r a t o r  t e n d e d  t o  l o c k  i n  w i t h  l i n e  f r e q u e n c y  due t o  

s t r a y  p i c k u p  o n l y .  T h is  was c e r t a i n l y  a d i s a d v a n t a g e o u s  f e a ­

t u r e  s. and  a c c o r d i n g l y  t h e  w r i t e r  . e l e c t e d  ' t o '  change t h e  fu n d a ­

m e n t a l  f r e q u e n c y  t o - 120 c y c l e s .  : T h l s  n e c e s s i t a t e d  c h a n g in g  

th e  f r e q u e n c y  o f  th e  h i g h e s t  ^.frequency m u l t i v i b r a t o r  t o  720 0 

c y c l e s ,  t h i s  number b e i n g  the .  l o w e s t  number d i v i s i b l e  by t h e  

f i r s t  s i x  harmonics ,  o f  120 c y c l e s  . -The 7200 p y c le ;  m u l t i v i ­

b r a t o r  s y n c h r o n i z e d  a  m u l t i v i b r a t o r  o f  480 c y c l e s , a n d  a l s o  

s y n c h r o n i z e d : one o f  3600 c y c l e s ,  w hich  i n  t u r n  s y n c h r o n i z e d  

one' o f  1800 c y c l e s  and  one. o f  1200 c y c l e s  . The 1800 c y c l e s  

s y n c h r o n i z e d .  360 c y c l e s , and  th e  1200 c y c l e s  s y n c h r o n i z e d  1 

m u l t i v i b r a t o r s  o f  120 c y c l e s ,  24-0 . c y c l e s ,  and  600 c y c l e s .

The- 3600 .c y c l e  m u l t i v i b r a t o r  a l s o  s y n c h r o n i z e d  one o f  720 

c y c l e s  o' T here  a r e  a v a i l a b l e  th en , ;  a s i d e . from t h e  s tepdown - 

m u l t i v i b r a t o r s ,  s i g n a l s  o f  1 2 0 ,. .240, 3 6 0 , 4-80, 600 a n d  720 . 

c y c l e s , these . ,  s ig n a ls . -b e . in g .  t h e  f u n d a m e n ta l  and d e s i r e d  h a r -  - 

monies  o- The - - i n t e r m e d ia t e  m u l t i v i b r a t o r s  were i n c l u d e d  a s  a 

s a f e t y  ■ f a c t o r  so t h a t ;  a t  no. t ime: w a s ; t h e ;  f r e q u e n c y  d i v i s i o n  

to o  g r e a t , .  ' - . : ./ ' - -

I t  now re m a in e d  t o  c o n s t r u c t  s igns , ! '  g e n e r a t o r s  w h ich  

.w ould . be l o c k e d  i n  f r e q u e n c y  b y  t h e  m u l t i v i b r a t o r s .  I t  was 

a t t e m p t e d  to  use- t h e  c o n s t r u c t i o n  shown i n  F i g ,  4,- where '  a 

t h r e e  p h ase  o u t p u t  i s  o b t a i n e d  by a c h a in ,  o f  - t h r e e  a m p l i f i e r s  

e a c h  one o f  w h ich  d ro p s  t h e  p h a s e , b a c k  by 120° i n  t h e  same [ 

manner a s  p r e v i o u s l y -  d i s c u s s e d .  Two d i f f i c u l t i e s  were e n ­

c o u n t e r e d  i n  t h i s  c i r c u i t . .  F i r s t ,  t h e r e  was some t e n d e n c y  . 

f o r  a, s i g n a l ' t o  be r e f l e c t e d  from -the S e l s y n  back, t h r o u g h



t h e  t r a n s f o r m e r  a n d  th e  p l a t e  o f  a tube;.. See on d ? c o n s i d e r a b l e  

d i f f i c u l t y . ,  was met- i n  a r r a n g i n g  t h e  a m p l i f i e r s  s o ' t h a t  . e x ­

a c t l y ;  120 p h a se  s h i f t  w a s : e x p e r i e n c e d  by t h e  s i g n a l  i n  g o - . 

i n g  ' t h r o u g h  - e a c h  a m p l i f i e r  «; T h is  p rbb lem  - was so m ew h af ' / s im - ... . 

p l i f l e d  i n  t h e  c a s e  of- t h e  o s c i l l a t o r ,  : where the.  o n ly  . s i g n a l  

t h a t ' s u s t a i n e d  o s c i l l a t i o n  .was t h a t  one w h ic h  e x p e r i e n c e d  '

.120 p h a s e  ■ s h i f t  p e r ; s t a g e ;  ' in  o r d e r  t o  come back  in  phase, 

w i t h - i t s e l f  a t  ; the  ' s t a r t i n g  p o i n t s

". :, I t  a p p e a r e d  a t ,  t h i s  t im e  t h a t , a p r i m a r y  . s o u r c e  o f  

d i f f i c u l t y  lay .  i n  t h e  f a c t  t h a t  -a- t h r e e  - ph ase  o u t p u t  was 

r e q u i r e d  i n ' o r d e r  t o  f e e d  c o r r e c t l y  p h a s e d  s i g n a l s '  i n t o  . "

f . t h e  Selsyn-,  , A n o th e r  ;method o f  p h a s e  - c o n t r o l . s u g g e s t e d  ;• i t ­

s e l f  ..in t h e .  form o f  - t h e  p h a se  s h i f t e r . c a p a c i t o r , T h i s .de ­

v i c e  r e q u i r e s  f o r  i t s '  o p e r a t i o n  . fou r  s i g n a l s ,  each" 9 0 ° o u t  . ' '

o f  p h ase  w i t h  a n o t h e r , , " . " ' . - - . .. ’ .1

• -.. The. p h a se  s h i f t e r  c a p a c i t o r  c o n s i s t s  o f  two p l a t e s  s e p -  

e r a t e d  by a  d i e l e c t r i c , .  The d i e l e c t r i c  i s  d i s k ,  shaped., and  

■ i s  mounted.' p e r p & n d i c u l a r  -to a  s h a f t ,  b u t  p l a c e d  i n  an  o f f - ;

■; c e n t e r  manner  w i t h  t h e  s h a f t  a t  the.  edge o f  t h e  d i s k .  One y  .

; . o f  -the p l a t e s  i s  a  s o l i d  c i r c u l a r  d i s k  - w i th " a " .h o le '  in- t h e  -.

' c e n t e r  of, i t  t o  accomodate. ' t h e  s h a f t  . The o t h e r  p l a t e ;  i s  V, 

d i v i d e d ,  i n t o ,  f o u r  i s o l a t e d  q u a d r a n t s  , -w i th .a  l e a d  coming t o  '- •

e a c h  of  the .  q u a d r a n t s ' , • T h is  p l a t e  a l s o  has; .a  h o l e  i n  t h e  ... 

c e n t e r  o f  - i t :  t b '  accomodate- t h e  - s h a f t . t h e n  t h e  t h r e e ,  com- .

" p o n e n t s  a r e  a s s e m b le d , '  w i t h  t h e  - d i e l e c t r i c  l y i n g  . b e tw e e n ’ th e  

t w o - p l a t e s ,  - i t  .may be c o n s i d e r e d  a s  f o u r  c a p a c i t o r s  -with ;  one 

p l a t e  common ho a l l  f o u r . ,  -The l i n e s  .of e l e c t r i c  f l u x  w i l l  . .-.
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. t e n d  t o  c o n c e n t r a t e  i n  t h e  r e g i o n  o f  t h e  d i e l e c t r i c  » A ccord -  

;;; i n g l y  t h a t  c a p a c i t o r  w hich  i s  t h e . do m in a n t  one w i l l  "be ., t h a t  

one w hich  in c lu d e s ,  t h e  d i e l e c t r i c  be tween  i t s  p l a t e s . I f  t h e  

' d i e l e c t r i c . ' :ls-  s h a r e d  by two a d j a c e n t '  ' . q u a d r a n t s , e a c h  w i l l  c o n -  

■ t r i b u t e  to- t h e  o u t p u t  s i g n a l .  ■

i--; That  t h d ;a m p l i t u d e  s h o u l d  be a p p r o x i m a t e l y  c o n s t a n t  w i t h  

p h a se  s h i f t  may be s e e n  by i n s p e c t i o n  o f  F ig . .  .6 0 . By a p p r o ­

p r i a t e  C a l c u l a t i o n  t h e  m agn i tude  o f  t h e  v o l t a g e  on e a c h  quad­

r a n t ,  i . e . ,  p o i n t s  1,. 2 , 3  and  4 o f  F i g .  6 , was made e q u a l  

by making th e  c i r c u i t  s y m m e t r i c a l  and  r e q u i r i n g  t h a t  t h e  im­

pedance.  o f  t h e  c a p a c i t o r s  be o f  t h e - s a m e  m ag n i tu d e  a s  t h e  r e ­

s i s t a n c e  o f  t h e  r e s i s t o r s  ." I t  may be-, n o t i c e d  t h a t  s i n c e  t h e  

d i e l e c t r i c  d i a m e t e r  i s  e q u a l  t o  one co m p le te  q u a d r a n t  l e n g t h ,

. t h e  p o s i t i o n . o f  t h e  d i e l e c t r i c  at., any  - one t im e  w i l l  be such  

t h a t  o n ly  one q u a d r a n t , o r  enough o f  two a d j a c e n t  q u a d r a n t s '  

t o  c o m p r i s e  one q u a d r a n t  l e n g t h , , c a n •be c o v e r e d  (by t h e  d i e l e c ­

t r i c ,  and  thus, c o n t r i b u t e  t o  t h e  o u t p u t  s i g n a l . ■ - A c c o r d i n g l y ,

. t h e  s i g n a l . o u t p u t  i s  n e c e s s a r i l y  a p p r o x i m a t e l y  l i n e a r .  T h is  

p r e s e n t a t i o n  hak es :  a- few. b r o a d  assum pt ions . ;  r e g a r d i n g  t h e  . . - 

shape  o f  t h e  e l e c t r i c a l  . . f i e l d  c o n f i g u r a t i o n s .  A com p le te  

m a t h e m a t i c a l  e x a m in a t io n  c l _ t h e  b e h a v i o r  o f  t h e  p h a s e - s h i f t e r "

. c a p a c i t o r  i s  n o t  p e r t i n e n t  to '  t h e  t h e o r y ,  n e c e s s a r y  f o r  u n d e r - : 

s t a n d i n g  t h e  waveform a n a l y z e r  , an d  i s  t h u s  beyond, t h e  - scope  . .. 

o f  t h i s  p a p e r .  F o r  more co m ple te ,  i n f o r m a t i o n ; se e  -Radio Hews ' 

(E n g . E d i t i o n ) ,  . f o r  J u n e , 1 9 4 7 .  ; ,-i' ' ,

. The c i r c u i t  i p  w h ich  s u c h  a c a p a c i t o r  i s  p l a c e d  i s  shown 

i n  F i g .  6 . 1 I t s  o p e r a t i o n  may be a n a l y z e d  in  t h e  - fo l io w in g '  .
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manner The c e n t e r - t a p p e d ,  t r a n s f o r m e r  I s  grounded- on th e . -  ", 

c e n t e r  ; tap«  Voltage- a t  one- end. o f  t h e  t r a n s f o r m e r  I s  180°; 

out. o f  .-phase. w i t h  t h e  v o l t a g e  a t  the:  other-  e n d » .T h e re fo re  

the- v o l t a g e s - a t . p o i n t s  1" a n d '3 on t h e  p h ase  s h i f t  eh  c a p a c i ­

t o r  s c h e m a t i c  d iag ram  o f . F i  g=.. 6 a r e  180° a p a r t , "  . How o f  

c o u r s e  the. v o l t a g e s  on th e  . lower  p l a t e  o f  0^ o r  t h e  u p p e r  

p l a t e  o f  Og f o l l h w  e x a c t l y  t h e  v o l t a g e s  of  t h e . p o i n t s  3 a n d -  

1 , The v o l t a g e s  on t h e  o t h e r  p l a t e s  o f  t h e s e  c a p a c i t o r s , 

h o w e v e r , a r e  a  f u n c t io n "  o f  t h e  t im e  r e q u i r e d : " f o r  t h e  c a p a c i -  

. t o r s  ■ t o  c h a r g e , o r  . d i s c h a r g e s  :a s  t h e  c a s e  may be, t h ro u g h -  - 

t h e  r e s i s t o r s  a n d  - I f  t h e  impedance o f  t h e  c a p a c i t o r  ;

-is. made e q u a l  t o  the,, r e s i s t a n c e  o f  t h e  ^ r e s i s t o r  f o r  . the  p a r ­

t i c u l a r  f r eq uency ,  r a n g e  used; ,  . the. v o l t a g e '  a t  th e -  p o i n t  4 ' .

' w i l l  .--he 90°. p u t . o f : p h a se  w i t h  t h a t  of. p o i n t s  1 s,nd 3 , and. 

t h e  vo l tage"  Of p o i n t  2 w i l l  - be 180 o u t  o f  p h a se  w i t h  t h e  : 

v o l t a g e  a t  p o i n t  4 ,  The -ou tpu t  s i g n a l ,  w i l l  he t a k e n  w i t h  . ■

r e s p e c t  t o  g r o u n d , ■ - : - . ; . ■

The impedance  o f  t h i s ,  c a p a c i t o r . i s ;  o f  t h e  -order, o f  50  ■ 

megohms , . A c c o r d i n g l y  t h e  i n p u t  impedance  t o  . the" n e x t  stage-- - 

o f  a m p l i f i c a t i o n vfo  11 dwing -s u c h  a . c a p a c i t o r  must- be e x t r e m e ­

l y  h i g h ,  and' v e r y  l i t t l e  s t r a y  c a p a c i t y  can be t o l e r a t e d .

. The p h ase  - s h i f t e r :  c a p a c i t o r  was employed i n  t h e  f i n a l ' ,  

c i r c u i t  a s  shown t i n  -Fig, 5 f  -This  t y p e  c i r c u i t '  p ro v e d  t o  be 

m ost  s a t i s f a c t o r y  from t h e  s t a n d p o i n t  o f  i s o l a t i o n . o f . f r e -  

quen’ey . . .g en e ra to r s  , s t a b i l i t y  o f  - f r e q u e n c y  g e n e r a t o r s , and. 

p r o v i s i o n  o f  a c o n s t a n t  a m p l i t u d e  o u t p u t  w i t h  p h a se  change. , ,  

The c o m p le te  c i r c u i t  i s - sh o w n  . In  b l o c k  d iag ram  form 'in .Fig-.,--.-
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7, and  "the co m p le te  s c h e m a t i c  o f  t h e  c i r c u i t  I s  sh o w n ' I n  F i g .

8 . F i g .  5 9 t o  which  we have  p r e v i o u s l y : m a d e  r e f e r e n c e 9 shows ' 

t h e  p a t h  of- one . p a r t i c u l a r  f r e q u e n c y  component,  s t a r t i n g  w i th ,

.t h e  m u l t i v i b r a t o r  o f  t h a t  f r e q u e n c y . The c o m p le te  c i r c u i t ,  ; 

a p a r t  f r o m ' t h e  s y n c h r o n i z i n g  m u l t i v i b r a t o r s ,  i s  e s s e n t i a l l y  

six- c i r c u i t s  s i m i l a r  - t o " F i g . 5, e a c h  c i r c u i t  s u p p l y i n g  one 

o f  t h e .ha rm onic  f r e q u e n c i e s  i n  which  we a r e  i n t e r e s t e d .

I t  would be w e l l  t o  t r a c e  t h r o u g h  t h e  c i r c u i t  o f  F i g .  8 

i n  some d e t a i l .  T h e •m u l t i v i b r a t o r  a c t i o n  i s  d e s c r i b e d  e l s e ­

where in" t h i s  p a p e r . In  a c t u a l  c o n s t r u c t i o n  o f  t h e  m u l t i v i ­

b r a t o r s  , i t .  was o c c a s i o n a l l y  found d e s i r a b l e  t o  add  a h i g h  

r e s i s t a n c e  i n  p a r a l l e l  w i t h  t h e . p l a c e  c a p a c i t o r s , i n  o r d e r  t o  

a i d  In  d r a i n i n g  o f f  t h e  c h a rg e  on t h e  c a p a c i t o r s . The m u l t i ­

v i b r a t o r s  .were made a s  s y m m e t r i c a l  a s  p o s s i b l e  o r i g i n a l l y ,  

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

t o w a r d s  a b so lu te ' . s y m m e t r y . ;  I t  was f u r t h e r  found, d e s i r a b l e  t o  

add. d e c o u p l i n g  b y - p a s s e d  r e s i s t o r s  and."B p lu s . ,  ■ T h is  was done 

i n  o r d e r  t o  m in im ize  any. s h a r p  f l u c t u a t i o n s  i n  B- p lu s '  which  

m ight  a p p e a r  e l s e w h e r e  i n  t h e  c i r c u i t  and  ten d ,  t o  s y n c h r o n i z e  , 

some o t h e r  m u l t i v i b r a t o r .  The s i g n a l s  d e v e l o p e d  by t h e  mul­

t i v i b r a t o r s  were q u i t e . , s i m i l a r  i n  sh ap e  t o  t h o s e  shown e l s e -  

.where, i n  . t h i s  p a p e r  .as  t y p i c a l  m u l t i v i b r a t o r  s i g n a l s  . • A 6SN7;

- d o u b le  t r i o d e  was u s e d  i n  t h e  m u l t i v i b r a t o r " .  The s i g n a l  t a k e n  

f ro m  th e  p l a t e . o f  one o f  t h e  m u l t i v i b r a t o r s  was f e d  t h r o u g h  a .

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

The t u b e  u s e d  h e r e  was a 6;SN7.» In' t h e  . p l a t e  o f  t h i s  ampl 1—
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t i e r ,  was p l a c e d ' a -  s t e p -d o w n  transformer-- ,  p a r a l l e l e d  by a 

c a p a c i t o r » The. v a lu e  o f  c a p a c i t a n c e  was v a r i e d ,  so a s  t o  

a c h i e v e . r e s o n a n c e , ;  The, r e s o n a n t  p o i n t  was d i f f i c u l t ,  t o  

i d e n t i f y ,  a s  t h e  t r a n s f o r m e r s  u s e d  were  e x t r e m e l y  low 0,=

I t  w a s ' n e c e s s a r y  t o  u s e  . the  h i g h  w in d in g  s i d e  o f  t h e  t r a n s ­

f o rm e r  i n  t h i s  p l a t e  l o a d  i n  o r d e r  t o  have a h ig h ,  enough 

impedance . t o  develop- a .signs.,!. The low s i d e  had  v e r y  sm a l l  

Im pedance .  ' T h is  s i d e  was a ls 'o  w i t h o u t  a  c e n t e r  t a p „ The 

p h a se  s h i f t e r  c a p a c i t o r  r e q u i r e s  a . c e n t e r  t a p p e d  i n p u t  a s  

shown i n  • F ig . -  6 -f o r  p r o p e r  o p e r a t i o n  =. Thus i t  was n e c e s s a r y  

t o  use  a. s t e p - u p  t r a n s f o r m e r  w i th -  a. c e n t e r  t a p p e d  o u t p u t  1 

One d e s i r a b l e  f e a t u r e  o f  u s i n g  s u c h  a  d o u b le  t r a n s f o r m e r  

a r r a n g e m e n t  i s  t h e  c o m p le te  i s o l a t i o n  a f f o r d e d  t o  the. m u l t l v l  

b r a  t o r . .  ■ A se c o n d  d e s i r a b l e  f e a t u r e  i s  t h e  s m o o t h i n g . a c t i o n  

. o f  t h e  i n d u c t a n c e s  on t h e  w av efo rm . A v e r y  a c c e p t a b l e  s i n u s ­

o i d a l  waveform was o b t a i n e d  a t  t h i s  p o i n t . - '

. The o p e r a t i o n  o f  t h e  p hase  s h i f t e r  c i r c u i t  has  been 

p r e v i o u s l y  d i s c u s s e d .  The o u t p u t  s i g n a l  f rom t h e  p h a se  

s h i f t e r  was l e d  t o  t h e  . g r i d  o f  a 6A37/1&53 tu b e . . -A g r i d  :- 

r e s i s t o r  o f  .s e v e r a l  megohms was u s e d  here. ,  f o r  r e a s o n s  a l ­

r e a d y  m e n t i o n e d . .  ’A n o t h e r  r e s o n a n t  t a n k  was u s e d  o n  t h e  

p l a t e  o f  t h i s  t u b e , and th e  o u t p u t  from' t h e  t r a n s f o r m e r ,  u s e d  • 

i n  t h i s ,  t a n k ,  was p la c e d ;  on a - p o t e n t i o m e t e r , T h is  p o t e n t i o ­

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

F ro m .h e re  t h e  s i g n a l  was a d ded  t o  t h e  s i g n a l s  f rom t h e  o t h e r  

. c h a i n s ,  and t h e  r e s u l t a n t  s i g n a l  f e d  i n t o  a  c a th o d e  r a y  o.s- 

c i l l i s c o p e  „ . f
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- / I t  was fo u n d  n e c e s s a r y  t o  u se  s h i e l d e d  c a b l e  f rom t h e .

o u t p u t  o f  t h e  p h a se  s h i f t e r  c a p a c i t o r  t o  th e .  g r i d  o f - t h e  p e n -  '

, t o d e  a m p l i f i e r  f o l l o w i n g  t h i s  c a p a c i t o r ,  i n  o r d e r , ;to. ' -minimize

- any.  o p p o r t u n i t y  ' f o r ; t h i s  grid:; t o  ^ r e c e i y e  .s t r a y ;  p i c k u p  s i g n a l s  . 

; -I t , 'was, f u r t h e r  -found ths-t.  -the 120 c y c l e  and  240 c y c l e  s i g n a l s .

' were  so r e d u c e d  i n  a m p l i t u d e  a f t e r ' - c o m i n g  t h r o u g h  t h e  p ha se  

s h i f t e r  c a p a c i t o r  n e tw o r k ,  t h a t '  a n  ' a d d i t i o n a l  s t a g e  o f  am- • 

p l i f i c a t i o n  was d e s i r a b l e  h e re . , - . . -  f . - •' . ..

. A v o l t a g e  r e g u l a t e d  power s u p p l y  c o n s t r u c t e d ,  by t h e  -. t  

a u t h o r  was u s e d  i n  c o n j u n c t i o n  .wi th  t h e . . ; s y n th e s iz e r , -  a n d - . l t '  

was fou n d  in; a' range- o f  s u p p l y - v o l t a g e ,  f rom 260 v o l t s  t o  

310 v o l t s  . t h e  . s y n t h e s i z e r  was q u i t e  s t a b l e » A l a r g e r  ' .range ■  ̂

o f  s u p p l y  v o l t a g e '  was n o t  a v a i l a b l - e , ' a n d . . i t  i s  n o t  known 

what  t h e  c r i t i c a l  l i m i t s  o f  .supp ly  v o l t a g e  m ig h t  be .w i th '  r e ­

g a r d  t o  t h e  - s y n t h e s i z e r ,  s t a b i l i t y .  . . . ■ , . . - ; . ; .

:. I t  was n o t e d  t h a t ,  f i l a m e n t - - s u p p l y  ' v o l t a g e  .dropped., from ' - 

6*3 vo l ts - '  fo. 5-*0- yo l . t s  ..when -the . - s y n t h e s i z e r  . f i l a m e n t . l o a d  was 

p l a c e d  on - t h e  s u p p l y .-. Thi s a p p a r e n t l y  d i d  n o t  - s e r i o u s l y  a l t e r  

th e  t u b e  o p e r a t i o n .  • . ' " : . ; ' . ' .

. The r e s u l t s  o f : o p e r a t i o n  of .  t h i s ,  d e v i c e  a r e  t o  be s e e n  

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

. t o g e t h e r ,  w i th ,  t h e  p h p t o g r a p h  of  t h e  - f i n i s h e d  in s t ru m e n t - . '
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- . ‘ : - APPENDIX. A- ' ; I

; ; - . FOURIER ANALYSIS . '■ ■ . . ' '

' ' 1 . ’A Frenchman named J o s e p h ' F o u r i e r  announce.d-’i n  .1807 ' 

tha t . .a .ny  . r e c u r r e n t  c u rv e ,  may be "ana lyzed  i n t o  .a unique.  "

■ s e r i e s  o f : -simple  harm onic  components  . S in c e  t h a t  t ime t h e
. - , . „ - - ■ 

s t a t e m e n t ,  h a s  been  r e f e r r e d  t o . ;a s  .F o u r i e r *  s Theorem, ' I t

. i s  t h i s  g e n e r a l  s t a t e m e n t  w hich  we . s h a l l . n o w  u n d e r t a k e  t o

p r o v e , - S t a t e d , i n  more p r e c i s e  t e r m s ,  t h e  th eo re m  i s  a s

'■given " be low o . . . 1 . '  -.. . . . . .  ■ - . . .

f  I f  t h e  s e r i e s  " . - . . . ' " - ' ■ •

. . - an. - n . - ' - ' ;
" +  a l  cos  ' x -e a2  cos  ,2x-h- .....»-f cos nx 4- .  -

4-bj_ ,s:l n  -X; bg s i n  2x 4-  . -' rbn s i n  "nx'_b. . . >  , " ( l ) .

. . i s  u n i f o r m l y  c o n v e r g e n t  i n  the" c l o s e d  i n t e r v a l  /.' - -.

e x. c 4 - 2  t t ' . j and- h a s '" th e  sum" f  ( x ) , then" f o r  
' ; . ■- ' - ' ' ; f c4- 21T ■. ■ • ;

. , n s  .Op 1.,. 2  ̂ o-.o we have = A I. ■ f ( x )  cos' nx  dx ,
" . T r c  4-21? .. . . , J c

. V . bn = . ^  j  : .. /  - f (x>.  -sin x  d x .  . - : ; (2 )

. Now i t  i s : n o t i c e d  t h e  - s e r i e s  ( l )  i s  u n i f o r m l y  c o n v e r g e n t  

I n  t h e  • i n d i c a t e d  C lo se d  . i n t e r v a l ^  an d  because.,  o f  t h e  p e r i o d s  

i c i t y  o f  ' the  f u n c t i o n s  S in  nx. and  c o s  n x ,  (1), I s  u n i f o r m l y  ... 

c o n v e r g e n t  o v e r  e v e r y  r e a l  x i n t e r v a l .

; . The f o l l o w i n g  th eo re m  i s / p r e s e n t e d  w i t h o u t  . p r o o f . .

. .. L e t  t h e  . s e r i e s  o f  c o n t i n u o u s  f u n c t i o n s  '

IQ.. «L. Taylor, . Physics, p 142, 1941



un (x) = u-j_(x) -e- Ug(x %. +  .».*:-<-un„(x) '• (3)

converge '  u n i f o r m l y  t o  a f u n c t i o n s  's-(x) i n  a . .

.c losed ,  i n t e r v a l  a ^  x  ^  bo. Then i f  x^ and  x’gV a r e  .any. two 

' numbers' be tw een  a ; ‘a n d  ; b.<, t h e  s e r i e s . ,  may 'be i h t e r g r a t e d  term.:, 

by termv-be tween t h e  l i m i t s ,  o f  x.^ and  Xg-, and  t h e  " s e r i e s ,  o.f . 

i n t e r g r a l s  i s  r e p r e s e n t a b l e  by an i n t e r g r a l  o f  s ( x )  o v e r  

t h e s e  l i m i t s » ;; • " ; . ' ' ■ ... . 1

, The 'fol lowing:. :  two e x p a n s i o n s  a r e  a l s o ,  how e m p lo y e d <.

c ■ : " ' ' -1 . ■ C > 2 i f  ' " ' . • ,
s i n  nx dx = ( ^  cos  n x ); . - " ■ :. <■ 0.9 n /  0 . ■ ' ' v (4 ) 1

-  /  . I  : . : . .
c f  2M : ' . . _ ': : ' ' C -e-'2nr ' - .';
o cos  nx dx = s i n  - nx)  j " -  0 ., n f  D . ( 5 )

We may now r e p r e s e n t  t h e  s e r i e s .  (1) in  th e  fo rm  . •

c -t--2 ; --c * 2ir  pc + 2 V. " . • '
: f ( x )  a* = ■; ■ %  ax+ ■ a" i :: 'c o s vx ^  *

■ v C ' : . :

o . 2 i r  , . ... re-«-2ir  ' r
b^ s i n  x d x .+, . a cos nx dx-J-a *. .

0

c . : . C

^n 3 - tix; ' dx" +•.»

; - =- ao ̂ o; ; ; . . . .  ‘ ' .y ■ S - " . : . ' (6)
aQ is given by setting n r : o „. ' ' :

L e t ;  : ■■■'■ ' ; '  : V ' ' " :  : 'aŝ .Cx) r -̂ ..-fr'.â  cos. x ^ a g  -cos';2x -r



^ a n cos  nx -5- ' ^  s i n  x

"0" ^9 s i n  2x -o-c o <> •> b s i n  n x  «^ ■ . n . , ( 7 )

V By; d e f i n i t i o n ,  o f  u n i fo m : .  c o n v e r g e n c e w h e r e .

■ . , : | f ( x i ; -  :s n t x )  | < £ :  y y  : ': ’ ■ : ;

f o r  any  x -with n s u f f i c i e n t l y  large, ." . ,  E q u a t io n  ( l )  i s  a l s o  

u n i f o r m l y  c o n v e r g e n t  when m u l t i p l i e d  by  cos  .nx .  .This-'

f o l l o w s , . . s ince cos  nx <  1,

x)  cos  nx -  s n ( x )  cos  nx | - ^  \ :

V : | t ( x )  / s n (x)  | <<e . y : . . ■

• -A c c o rd in g ly  t h e  s e r i e s .  ( ? )  may. be I n t e g r a t e d  term, b y . 

t e r m .  ■ T h is  g i v e s  ; . y ■ l y  ': • y .

. c -e- 2%
s). cos  nx dx =

c v  2 V
■ .a

y=B. cos  nx do

. | C > 2 V  ; y . , -
-t-ll' a 2 cos  x cos  nx dx -v

c ■ 1 . . •  ■- - ■' ‘ •

A-
•C -6-2 r  :

a n co.s nx dx -a-

-8-
c.*- 2 r

.b^y s i n  x 0 os nx dx. -o--. i
c .■

-s- b s i n  - nx c os nx dx ,-f' =

a n (8 )
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T h is  e q u a l i t y  i s  s e e n  -when i t  i s  ' r e c a l l e d  t h a t .

s i n  mx cos  nx dx
c

«ic 2W
S'- s in(m--n)x  >  sin(m-c-rt) x die"

.= 0 9 : - - . .

-c -❖•aw
, . cos mx cos  mx dx

° : : l i ' -  -

».c 2 if

.(9).

h

- :  0 ,

cos  (m-n)x , cos  (m.-D-n) x dx

.arid ' '
1 cos  • nx dx

§.
c + 2W

(1 > cos. 2 nx  dx)

( H )

' Now.had ( l )  been  m u l t i p l i e d  by s i n  nx ,  b y ; t h e  same 

e v a l u a t i o n  p r o c e d u r e s  i t  c o u ld  be shown tha-t  -

.o -*■ 2 X
f ( x )  s i n  nx dx = b W =

-T 1  -
( 12)

How . i t  is"  riot; t r u e  t h a t  a l l  c o n t i n u o u s  ' f u n c t i o n s  a r e  

r e p r e s e n t a b l e  by t h e i r  F o u r i e r  s e r i e s .  U s u a l l y  o n ly  h i g h l y  

d i s c o n t i n u o u s ,  f u n c t i o n s  w h ic h  do n o t  - s a t i s f y -  t h e  D i r i c h l e t  

c o n d i t i o n s '  c a n n o t  be. expanded, i n t o  a  F o u r i e r  s e r i e s  „ A 

g e n e r a l  r u l e  i s  t h a t . t h e  f u n c t i o n  be. s i n g l e - v a l u e d ,  f i n i t e .
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and- c o n t i n u o u s  e x c e p t  f o r ;:f i n i t e  d i s c o n t i n u i t i e s  a n d  has

n o t  an  i n f i n i t e  number o f  maxima o r  .minima.. . 'F o r t u n a t e l y '

most , f u n c t i o n s  a p p l i c a b l e  t o v e n g i n e e r i n g  p r o b l e m s ' . s a t i s f y  .

t h i s  r u l e  ,. F u r t h e r  I n f o r m a t i o n  on t h e  c o n d i t i o n s  u n d e r  -

w h ic h  a f u n c t i o n ,  i s  r e p r e s e n t a b l e /  by i t s  F o u r i e r - s e r i e j s  i s

t o  be found; in .  " M a t h e m a t i c a l . A n a l y s i s " ,  V ol .  I ,  b^ G p u r s a t -

Hedrick 'o . . ' - - ' .1 . . - . • . ; ; : ' ' - - ; "

- A -few examples;  o f  F o u r i e r  d e v e lo p m e n ts  a r e  shown i n  ,

F i g .  9« - The. c o r r e s p o n d i n g  f u n c t i o n s  a r e  g i v e n  b e lo w .
■ f  - ' -. ' ^  _ - '

- . - Fo r  F i g .  9 ( a ) f  (x)  ^  s i n  (2n ^  1 )x
- , . h . = 0. h (2n "O- 3.) . .

" . . , ; ' ‘ - ^ r  ' ' ' /  . • .'
. - F i g . .  9' (b)" f  .(x)- = n : —o ( ~ i ) ?  - s l n ( 2 n - f l  )x ' 

, . ; n = o ^ :  ; ( 2 n ^ i ) :  / , V  -
. - V ^  h V v ; . ' -

. Fig..  9 ( b ) f  (x) = K 1  . s i n  nx " -" ;
- - . : ' , ' 1  " ' . : ; > n = 0 % ' ' -' ' ; ' - . • ' " . ;
' ' - ’ h  1 - - : ' - ‘ - . .... ' - ' ■"

F ig .-  9 . (a)-': : f ( x j  w® ^ 2  8 i n _j i @__. odg nx

F . i s .  9: ; {e) f ( X) . | » | 6 ;  2 ?  i n H _ H a £  c o s  nx
. . .  n = 0 n -

r ■ - tJJ-J - - . .

F ig . :  9 ; ( f )  - ; f ( x ) > :: i  + i -  cos  x t  |  ^ 7  . ( : - i )n f 003 2lix

n=0. , 4n2 - 1

F i g .  9 (g) „'f(x) •«,. 2 - : 4 x n - l

^  iry .n- 0  .”1 ^  :CGS 2nx '

I t  i s  o f  i n t e r e s t  t o , e x a m i n e . t h e  q u a l i t y  o f  a waveform 

w i t h  only ,  s i x . 'h a r m o n i c s  p r e s e n t . .  T h i s  - i s  shown g r a p h i c a l l y  

i n ' - t h e  s a w t o o t h ;waveform of. F i g .  -10.. The ha rm o n ic  a m p l i t u d e  

and. p h a se  were s e l e c t e d  simply-  by a p p l i c a t i o n  .of  t h e  f o r e - ;
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going theory. 'rhe function 't~a.s seen to be defined by 

f(x) : x, 

In thie C!:lSe, 

fron which 

a • 1 
0 1r 

1'r' f f(x) 
--.r 

Q'x = l J 'it' X dx • 0, 
ft -n-

~ J~(x) 
-'ir 

cos nx dx • l J'irx cos nx dx 
1r -lt' 

'Z 0, 

b 
n 

'0' 
= ~ J f ( x) sin nx dx = 1 

-W ~ 

2 
cos n 'il' = n 

[':' sin nx dx 
-if' 

' 1 
f(x) = 2(sin x- ~. sl"n 2 x +l "l"n 3 x- ) c' . 3 ""' ' ' • . . • 

27 
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;' ' ' ’ - ' APPENDIX'B;'= 'V- ; .

' '  ■MULTIVIBRATORS' ' ' - ‘

The m u l t i v i b r a t o r .  I s  a  s e l f - s t r i p p i n g  t i m i n g  c i r c u i t .

-■ I t s '  r o l e  .is a l i t t l e  a n a l o g o u s  t o  a s e l f  d r i v e n  a m p l i f i e r  •

; a c t i n g  a s . a n  • o s c i l l a t o r *  M u l t i v i b r a t o r  c i r c u i t r y  i s  d e v e l ­

oped from, t h e  b a s i c  E e c le s - J o rd a n ' .  t r i g g e r  c i r c u i t ,  which ,  

as- a m a t t e r  o f  f a c t ,  i s  t h e  b a s i s  f o r  m os t  t r i g g e r  c i r c u i t s  = 

The E c c l e s - J o r d a n  c i r c u i t  i s  shown i n  P i g .  1 1 . '  S u p p o s e ; 

t h a t  a t  . t h e  . i n i t i a l '  t im e  o f  ou r  c o n s i d e r a t i o n  : Of. t h e  c i r c u i t  

' t h e  two. - t u b e s  1 -and 2 a r e  c a r r y i n g  t h e  same amount of' p l a t e  ' 

c u r r e n t „ .In any  t u b e  c o n d u c t i n g  c u r r e n t  t h e r e  w i l l  be m inor  

- f l u c t u a t i o n s  i n  t h i s  c u r r e n t , u s u a l l y  c a l l e d ; " h i s s  n o i s e " *  _ 

T h is  i s ;a r e a s o n a b l e  s i t u a t i o n , 1 a s  i t  i s  i n c o n c e i v a b l e  t h a t  

e a c h  c u r r e n t  s h o u l d ' have  p r e c i s e l y  t h e  same e l e c t r o n , d e n s i t y  

a t  a l l  t im e s  * L e t  us  suppose ,  t h a t  t h e  t u b e  1 a t  some i n s t a n t  

. . d e p a r t s  f rom t h e  i n i t i a l  c o n d i t i o n  o f  e q u a l  p l a t e  c u r r e n t s , 

. ' a n d - s t a r t s  t o  c o n d u c t  a s l i g h t l y  l a r g e r  c u r r e n t  t h a n .  tube. 2 „ - 

.■More c u r r e n t  t h r o u g h  t h i s  p l a t e  r e s i s t o r  w i l l ; . p a u s e  p o i n t  A 

t o  drop, s l i g h t l y  i n  p o t e n t i a l  above  g r o u n d .  T h is  c a u s e s  ;. 

p o i n t  B t o  . d ro p  a l s o ,  t h u s  t e n d in g ,  t o  l i m i t  . the  c u r r e n t  

t h r o u g h ,  tu b e  .2, which  a c t s  to. i n c r e a s e  p o i n t  6 i n  p o t e n t i a l .

. T h is  b r i n g s  up t h e  g r i d  D,. which c a u s e s  more c u r r e n t  t o  f l o w  

. -in t u b e  1 The e f f e c t  i s  seen  t o  be. c u m u l a t i v e ,  and  t h e  r e ­

s u l t  is.  t h a t  t h e  tu b e  1 w i l l -  s k y r o c k e t  t o  a s t a t e  o f  maximum 

. . .conduction ,  a n d ■ tu b e  2 w i l l  d r o p - t o  n e a r  c u t o f f ,  o r  p o s s i b l y
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.below c u t o f f «, - .T h is  new c o n d u c t i o n  s t a t e -  i s  s t a b l e  u n t i l  Some 

s i g n a l  i s  . a p p l i e d  t o  e i t h e r  tu b e  w h ic h  would t e n d  t o  r e v e r s e  

t h e  • s i t u a t i o n ' , ,  f o r  example  a  p o s i t i v e  p u l s e  a t  g r i d  B . Then 

t h e  t u b e s  w i l l  r e v e r s e  r o l e s  i n  a l i k e  m anner  t o  t h a t  d e s -  

- c r i b e d  a b o v e » The c i r c u i t  w i l l  t h e n  a g a i n  be ' s t a b l e  u n t i l  

■" t r i g g e r e d "  by an a p p r o p r i a t e  s i g n a l » . ' . -

. The b a s i c  m u l t i v i b r a t o r  c i r c u i t  i s  t h e  same a s  th e  

\_ E c c le s - J o r d a n  w i t h  t h e  b i a s  s u p p l y  removed a n d . c o u p l i n g  

c a p a c i t o r s '  r e p l a c i n g  t h e  p l a t e - t o  g r i d  r e s i s t o r s *  The 

c i r c u i t  i s ,  shown i n  F i g * . 1 2 .  Whereas t h e  S c c l e s - J o r d a n  c i r ­

c u i t  was s e e n  t o  f l i p  o n ly  w h e n - e x c i t e d  by a s i g n a l ,  t h e  

m u l t i v i b r a t o r  i s  f r e e  r u n n i n g . Q u a l i t a t i v e l y  i t s •o p e r a t i o n . 

may be exam ined  w i t h  r e f e r e n c e  t o  F i g . - 12. .  I f .  tu b e  1 i s  - 

o r i g i n a l l y  c o n d u c t i n g  t h e  same amount a s  . t u b e  2 ,  and  a . ■ ■

.- 'small change i n  o p e r a t i n g  o o n d i t i o n s  c a u s e s  tube- 1 to", con-  

...duct a s l i g h t l y ,  l a r g e r  a m o u n t , i t  w i l l  s t a r t  t o  behave in-, 

t h e  - same manner a s . d e s c r i b e d  f o r  t h e  -E c c l e s - J o r d a n  • c i r c u i t .

.The p o i n t  A f a l l s  i n  p o t e n t i a l  i m m e d ia te ly ,  a s  d o e s  t h e  p o i n t  

D» T h is  r e d u c e s  t h e  p l a t e  c u r r e n t  o f  tu b e  2 ,  . w h ich  r e f l e c t s  

, back  t h r o u g h  t o  f u r t h e r  i n c r e a s e  p l a t e  c u r r e n t -  i n  tu b e  1 .

A l l  t h i s  happens  a l m o s t  " i n s t a n t l y .  .

, ...- .In o r d e r  t o  c u t  o f f : p l a t e  c u r r e n t ;  i n  t u b e  2  ̂ t h e  g r i d  

o f  t h a t  t u b e  m ust  be d r i v e n  be low c u t o f f .  T h is  was accom­

p l i s h e d  t h r o u g h  t h e  f a c t  t h a t  f o r  a q u i c k  s u r g e  .o f  c u r r e n t  

a  c a p a c i t o r ,  a c t s  a s  a s h o r t  c i r c u i t .  Now, ho w ever ,  t h e  c a p a c i ­

t o r  .on t h e  p l a t e ,  of.  t u b e  1 s t a r t s  to., d i s c h a r g e ,  t h u s  b r i n g i n g



up t h e •p o t e n t i a l ' on g r i d  2 ,  p o i n t .  B, As soon a s  t h e  p o t e n ­

t i a l  a t  B r e a c h e s  c u t o f f ,  t u b e  .2 b e g i n s  t o  c o n d u c t ,  and  now _ : 

t h e  c u r r e n t  i n  tube. 2 r i s e s  t o  a  maximum v a l u e  i m m e d ia t e l y .  

.-Over .a, p e r i o d  of: t i m e ,  however,- t h e  c a p a c i t o r  o n ' t h e  p l a t e  b f  

t u b e  2 w i l l  d i s c h a r g e  a n d  th e  s a m e . - s i t u a t i o n  e x i s t s  w i t h  tu b e  

1 a s  p r e v i o u s l y  e x i s t e d  w i t h  t u b e  2 . '  T h i s  may be made some­

what c l e a r e r ,  by an e x a m in a t io n  o f  P i g .  13? w h ich  shows th e  

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

I t  may be se e n  t h a t  t h e  f r e q u e n c y '  is- c o n t r o l l e d  by t h e  RG_ 

d i s c h a r g e  time- o f  t h e  r e s i s t o r  a n d : c a p a c i t o r  on e a c h  g r i d .

The a s y m m e t r i c a l  waveform o f  an  .unbalanced,  m u l t i v i b r a t o r  i s  

shown i n  P i g .  14-., Here i t  may be n o t e d . t h a t  a s  b e f o r e  t h e  

r e s p e c t i v e  RG d i s c h a r g e  t im e s  govern- t h e  f r e q u e n c y ,  and  t h i s  

p a r t i c u l a r  waveform was a c h i e v e d  by making t h e  r e s i s t o r s  and  

c a p a c i t o r s  -of d i f f e r e n t  v a l u e s  f o r  t u b e s  1 'and 2 r e s p e c t i v e l y . .

- M u l t i v i b r a t o r s  p r o p e r l y  s y n c h r o n i z e d  p r o v i d e  a n  e x a c t  

- method o f  f r e q u e n c y  d i v i s i o n . .  ' E i t h e r  s i n e  waves o r  p u l s e s  - 

may be u s e d  f o r  s y n c h r o n i z i n g  p u r p o s e s , ..and.- t h e  s y n c h r o n i z i n g  

s i g n a l  may be a p p l i e d  to'  c a th o d e  o r ' g r i d  - o f  t h e  t u b e  t o  be-.'-' 

s y n c h ro n iz e d . .  - E s s e n t i a l l y ,  t h e  method o f  s y n c h r o n i z a t i o n  i s  

t o  - a p p l y  t h e  pu lse -  a t  t h e  t im e  when th e  g r i d  b e i n g . p u l s e d  is -  

n e a r i n g  c u t o f f  from b e l o w . I f  the- p u l s e  i s  o f  s u f f i c i e n t  

m agn i tu d e  t o . c a u se  t h e  tu b e . - to  c o n d u c t , . i t  w i l l ,  im m e d ia te ly  

s t a r t  co nd u c t in g -  maximum c u r r e n t i ,  T h is  maximum c u r r e n t  i s  

l i m i t e d  o n ly  by t h e  r e s i s t a n c e  o f  t h e  tu b e  a t .  s a t u r a t i o n  and  

t h e  p l a t e  l o a d  r e s i s t a n c e - . -  From t h i s  p o i n t  t h e  m u l t i v i b r a t o r
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be Im res  e x a c t l y  a s  b e f o r e , . u n t i l  t h e  s y n c h r o n i z e d  g r i d  a g a i n  

n e a r s  c u t o f f  f rom b e low ,  i n  which  c a s e  i t  w i l l  b e . c a u s e d  to .  

r i s e .  a b o r e ; . c u t o f f ;  by a '  s m a l l  p o s i t i v e  s y n c h r o n i z i n g  p u l ' s e l  

T h is ,  i s  i n d i c a t e d  g r a p h i c a l l y  i n  F i g .  1 5 .  l i t  may be n o t i c e d  

t h a t  f o r : b e s t  f r e q u e n c y  c o n t r o l  t h e  f r e q u e n c y  o f  t h e  f r e e  

r u n n i n g  m u l t i v i b r a t o r . s h o u l d -  be j u s t  s l i g h t l y  l e s s  t h a n  th e

■ d e s i r e d  f r e q u e n c y  when t h e  m u l t i v i b r a t o r  i s  s y n c h r o n i z e d . "

Dependent  on t h e  s h a r p n e s s  o f  t h e  s y n c h r o n i z i n g  p u l s e  

a n d ;t h e  c a r e  and  a c c u r a c y  i n  the- d e s i g n  and b u i l d i n g  o f  t h e  

m u l t i v i b r a t o r , i t  is.  p o s s i b l e  t o  o b t a i n  a c c u r a t e  f r e q u e n c y  - 

d i v i s i o n . a s  h i g h  a s  t w e n t y  o r  t h i r t y ,  a l t h o u g h - ' u s u a l l y  d i v i ­

s i o n  by t e n  o r  l e s s  i s .  u s e d .. - ;

E i t h e r  p o s i t i v e  o r  n e g a t i v e  p u l s e s  may be u s e d  f o r

■ s y n c h r o n i z a t i o n  p u r p o s e s . A p o s i t i v e  t r i g g e r  pu lse-  a p p l i e d  

t o  a  c o n d u c t i n g  tu b e  o f  a  m u l t i v i b r a t o r  ha s  no e f f e c t  on th e  

a c t i o n  o f  t h e  m u l t i v i b r a t o r ,  and i f  a p p l i e d  t o  a  n o n c o n d u c t ­

in g  t u b e  can c a u se  s w i t c h i n g  a c t i o n  o n l y  i f .  t h e . p u l s e  i s  . 

l a r g e  enough .to r a i s e  t h e  g r i d  above th e  c u t o f f  v o l t a g e .- 

S i m i l a r i t y ,  a n e g a t i v e  t r i g g e r  p u l s e  a p p l i e d  t o  a noncon­

d u c t i n g  t u b e  o f  a m u l t i v i b r a t o r  h a s  no e f f e c t  on t h e  o p e r a ­

t i o n  o f  t h e  m u l t i v i b r a t o r . '  I f  a n e g a t i v e :  p u l s e ; i s  a p p l i e d  .

• to  a c o n d u c t i n g  tu b e  i t  w i l l ' s y n c h r o n i z e ' p r o v i d e d  t h a t  when 

- i t  i s  - a m p l i f i e d  t h r o u g h  t h e  tube '  t h e  r e s u l t a n t  p o s i t i v e  

p u l s e  i s  la rge -  enough t o  r a i s e  t h e  g r i d  o f  t h e  n o n c o n d u c t ­

i n g  t u b e  up t o  c u t o f f . - - . • .. * . , . - -

. . M u l t i v i b r a t o r  d e s i g n  i s  a p p ro a c h e d  by c o n s i d e r i n g  t h e
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c i r c u i t  f i r s t  a s  an  E c c l e s - J o r d a n  c i r c u i t s w o rk in g . .ou t  a s a t -  

•' i s f a c t o r y  • d e s i g n ,  and- t h e n  i n s e r t i n g  a c a p a c i t o r  i n  . th e  p l a t e  

t o  g r i d  . l i n e  . The t u b e  t o  be. u se d  i n  t h e  . m u l t i v i b r a t o r '  . --

m ig h t  w e l l  be a  605 t r i o d e  t h e  p l a t e . ' c h a r a c t e r i s t i c  - c u r v e s : • 

o f  w hich  a r e  shown i n  F i g  I  -1 6 .  Assume a v a l u e  o f - p l a t e  r e -  " .

. ' s i s t o r  f o r  t h e  c i r c u i t ,  and t h e n  draw i n  t h e  l o a d  l i n e  a s  ■ 

shewn in- t h i s  same f i g u r e  . Consider ,  f i r s t  the. t u b e  on. t h e  

. l e f t  »;■. Remove t h e  r e s i s t o r  from t h e  p l a t e  o f  t h i s  tube ',  -and 

assume some p l a t e  v o l t a g e  „ Assume some v a l u e  e f  r e s i s -  

• - t o r  . 'network from ..plate-;,, t o  g r i d  an d  g r i d ,  t o  g r o u n d C o n s i d e r  

- e a c h  s i d e  o f  t h e  c i r c u i t  . to  have t h e  .same v a l u e  of. c i r c u i t ,

components  i Compute . t h e  v o l t a g e  on t h e  . .g r id  o f  t u b e  2 ,  /
^

. an d  t h e n  from t h e  l o a d  - l in e  drawn; i n  t h e  c h a r a c t e r i s t i c  c u r v e s  

■ f i n d ' t h e  ' v a l u e  o f  p l a t e  v o l t a g e  On t h i s  t u b e , »- From t h i s ,

compute t h e  p o t e n t i a l ,  o f  t h e  .grid-  o f  t h e  f i r s t ,  t u b e ,  : „

(From  t h e  c h a r a c t e r i s t i c  c u r v e ' s n o t ' u s i n g  t h e  . l o a d  l i n e  how- .. 

. e v e r ,  read,  t h e  p l a t e  c u r r e n t  Ip]_. R ep ea t  t h i s  whole p r o c e -  • 

'd u re . -u s in g  a se c o n d  assumed v a l u e  o f f  p l a t e  v o l t a g e  on tu b e  .

1 ,  a n d  . r e p e a t  w i t h  s e v e r a l  s u c h  assum ed v a l u e s  u n t i l  enough 

in f o r m a t io n -  i s . ' o b t a i n e d  t o  p l o t  a c u r v e . s u c h  a s  -is. shown-; 

s u p e r im p o s e d  o v e r  t h e  l o a d  l i n e  and  , c h a r a c t e r i s t i c  c u r v e s  ' 

o f  F i g .  .16o. , ,. " .- : ... - • -. ' -
From one c o n s i d e r a t i o n ,  t h e  c u r r e n t - v o l t a g e - r e l a t i o n -  . 

s h i p  o f  t u b e  one would be i n d i c a t e d  by t h i s  new ly  drawn . 

c u rv e  o' But we know t h a t  a l s o  t h e  l o a d  l i n e  m ust  r e p r e s e n t  - 

". t h e  c u r r e n t - y o l t a g e  r e l a t i o n s h i p  o f  t h i s  tu b e  <,; A c c o r d i n g l y
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i t  -is seen; t h a t  t h e r e  ' a r e  o n ly  t h r e e  p o i n t s  t h a t  . s a t i s f a c t o r i l y  

r e p r e s e n t  c o n d i t i o n s  a t  theV p ia t .e  o f  t h i s  t u b e ,  t h e s e  t h r e e  

p o i n t s  be ing; , . the-  p o i n t s  o f  i h t e r s e c t i o n -  o f  t h e  l o a d  . l i n e  and. ■ - 

t h e  p l o t t e d  c u rv e  - These p o i n t s " , a r e  i n d i c a t e d  i n  F ig . ,  16 a s - . . 

p o i n t s ;  A,. B:. ahd  'd .. P o i n t  B'jnay- bej  a h d w  t o  -be shovm- t o  be un­

s t a b l e , 1 a n d ,  t h u s  the, - p l a t e  o f  t u b e - I . ’-may ̂  be a t  e i t h e r ,  p o i n t  . t .

A.: o r  p o i n t  .Go Due t o  t h e  symmetry o f  t h e  c i r c u i t ,  p o i n t  G 

m ust  r e p r e s e n t  -the1. . c o n d i t i o n s . a t  t h e  - p l a t e  o f  t u b e  2; when . , y-.. 

p o i n t  A i n d i c a t e s  t h e  c o n d i t i o n s  on" t h e  p l a t e  o f  t h e  f i r s t  

t u b e a n d  visa- v e r s a . . - : ; y. - ; r . - ;

- The c u rv e  "of F i g .  -Ib .was .p lo t t e d -" b y  assumin 'g  t h a t ,  t h e  ; . . 

g r i d s  were c o n n e c te d  t o  -a- p o i n t  30 " v o l t s  below"-- g ro u n d ,  t h a t  "" . 

t h e  p l a t e  t o  - g r i d  r e s i s t a n c e  . was 0 ,9  - megohms, -and t h a t  t h e  y . 

g r i d  t o  g r i d 1 b i a s '  r e s i s t a n c e  was ■. O.o.lymegohmv ; ..A l o a d  r e s i s t o r  - .- 

o f  25OOO ohms was- s e l e c t e d  = ' The fo l lo w in g ,  t a b l e ,  was made o p t  

under- those,  . c o n d i t i o n s  i . \ t y r  . . - ,

' Ep l  - . - 0 .. 10 - 40 ' 70 .

7 Egg . . . - 2 7  ; ;  . - 2 6  - ;-2i;- - z o :  

y  ; h p 2 y. .300- ; 300 290 . -285.

: Eg i  ' ' °  ' y  y o ' , y  - .5  - :. y  '

. Ip"! yy y 0 y -- . 0 y. 6 - may -.-12 ma

100 200

■ t i p  ' \ ^ 7  - 

280 19Q ...

' 1 - -8 .  :

13 ma • . 3 o 5. ma1
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. CONCLUSION. '

, The number o f  h a rm o n ic s  c o n t a i n e d  i n  t h i s  p a r t i c u l a r  

s y n t h e s i z e r  l i m i t s  t h e  sm oothness  o f  th e  m a n u f a c t u r e d  wave­

form, b u t  f o r  t h e  p u r p o s e s  - t o  w hich  t h i s '  d e v i c e  was t o  be 

a d a p t e d  i t  i s  t h e  a u t h o r ' s  f e e l i n g  t h a t  t h e  q u a l i t y  o f  the  

.waveform i s  a d e q u a t e .  ,

F o r  u s e  i n  l e c t u r e s  on F o u r i e r  a n a l y s i s  t h i s  a p p a r a ­

t u s  s h o u ld  p r o v i d e  t h e  l e c t u r e r  w i t h  a s a t i s f a c t o r y  p i e c e  

o f  d e m o n s t r a t i o n  e q u i p m e n t . F u r t h e r ,  th an  t h i s  i t  c o u ld  be 

u s e d  t o  d e m o n s t r a t e  c e r t a i n  phenomena h a v in g  t o  do w i t h  

a c o u s t i c s , s u c h  a s  b e a t  f r e q u e n c y  t o n e s  o r  t h e  a u d i b l e  e f f e c t  

o f  a  change o f  p h a se  o f  component  f r e q u e n c i e s  o f  a complex 

w avefo rm . ' . L \ ■

Complete c a l i b r a t i o n  o f  t h e  i n s t r u m e n t ,  i s  y e t  t o  be 

a c c o m p l i s h e d . ' Because  o f  t h e  h a p h a z a r d  o r d e r  i n  w hich  t h e  . 

c h a i n  o f  m u l t i v i b r a t o r s  may chance  t o  l o c k  i n  w i t h  e a c h  

o t h e r  when t h e  i n s t r u m e n t  i s  t u r n e d  on, t h e  p h a se  c o n t r o l s  . 

r e q u i r e  a r e s e t t i n g  e a c h  t im e  t h e  i n s t r u m e n t  i s  u s e d . The 

w r i t e r  s e e s  no s im p le  method whereby t h i s  c o n d i t i o n  might, 

be c o r r e c t e d .

For  an  e l e c t r o n i c  s y n t h e s i z e r ,  t h e  d e s i g n  employed i n  

t h e  c o n s t r u c t i o n  o f  t h i s ,  i n s t r u m e n t  i s  a p p a r e n t l y  m ost  s a t ­

i s f a c t o r y  o I t  w i l l  be f r e e  f rom d r i f t  o f f  f r e q u e n c y ,  and  t h e  

p h ase  l o c k - i n  w i l l  be s t a b l e . Hot b e i n g  aware  o f  t h e  e x ­

i s t e n c e  o f  o t h e r  w h o l ly  e l e c t r o n i c  s y n t h e s i z e r s , t h e  w r i t e r  

i s  n o t  i n  a p o s i t i o n  t o  compare th e  r e s u l t s  o f  o p e r a t i o n  o f
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t h i s  one w i th  t h e  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s .

From t h e  s t a n d p o i n t  o f  p r a c t i c a b i l i t y s i t  i s  d o u b t f u l  

t h a t  t h i s  i n s t r u m e n t  i s  an  improvement on e x i s t a n t  t y p e s  

o f - m e c h a n i c a l - e l e c t r i c a l  waveform s y n t h e s i z e r s  d u e . t o  i t s  

w e i g h t ,  c o s t ,  and  t h e  d e t a i l s  o f  i t s  d e s i g n ,  c o n s t r u c t i o n ,  

an d  a l i g n m e n t  i n  c o m p ar iso n  t o  t h e s e  same f a c t o r s  i n  o t h e r  

t y p e s  o f  s y n t h e s i z e r s .
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