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BACKGROUND  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   is   d i r e c t e d   t o  

m i c r o w a v e   p h a s e   s h i f t e r s   and  more  p a r t i c u l a r l y   t o  

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

m e t h o d s   for   more  q u i c k l y   s w i t c h i n g   them  b e t w e e n  

d e s i r e d   p h a s e   s h i f t i n g   s t a t e s .  

The  p h e n o m e n o n   a c c o m p a n y i n g   t he   a r r a n g e m e n t  

of   two  o p p o s i t e l y   and  e q u a l l y   m a g n e t i z e d   f e r r i t e  

s l a b s ,   s e p a r a t e d   by  a  d i - e l e c t r i c   s l a b   and  l o c a t e d  

w i t h i n   a  m i c r o w a v e   w a v e g u i d e   a r e   w e l l   k n o w n .  

R e v e r s a l   of  t he   m a g n e t i z a t i o n   in  b o t h   f e r r i t e   s l a b s  

c a u s e s   a  c h a n g e   in  i n s e r t i o n   p h a s e   f o r   a  g i v e n  

d i r e c t i o n   of  p r o p a g a t i o n .   T h i s - c h a n g e   in  i n s e r t i o n  

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

of   p r o p a g a t i o n .   F u r t h e r ,   a  c h a n g e   in  t h e   m a g n i t u d e  

of   t h e   m a g n e t i z a t i o n   of  the   two  f e r r i t e   s l a b s  

p r o d u c e s   a  c h a n g e   in  i n s e r t i o n   p h a s e   f o r   a  g i v e n  

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

to   q u i c k l y   and  p r e c i s e l y   a d j u s t   t he   m a g n e t i z a t i o n   o f  

t h e   f e r r i t e   s l a b s   in  o r d e r   to  c o n t r o l   t h e   p h a s e  

s h i f t   a n d / o r   the   i n s e r t i o n   p h a s e   of   t h e   w a v e g u i d e .  

The  p r e s e n t   i n v e n t i o n   is   for   a  m e t h o d   of  s e t t i n g   t h e  

m a g n e t i z a t i o n   l e v e l s   of  the   f e r r i t e   s l a b s   w h i c h   i s  

f a s t e r   t h a n   p r i o r   a r t   m e t h o d s   and  i s   f o r   a n  

a p p a r a t u s   fo r   e x e c u t i n g   the   m e t h o d   w h i c h   i s  

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

The  t h e o r y   u n d e r l y i n g   t h e   p h e n o m e n o n   of  t h e  

f e r r i t e   p h a s e   s h i f t e r   need  n o t   be  f u l l y   u n d e r s t o o d  

in   o r d e r   to  a p p r e c i a t e   the   p r e s e n t   i n v e n t i o n ' s  

c o n t r i b u t i o n   to  t he   a r t .   H o w e v e r ,   a  b r i e f  



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

b a c k g r o u n d .   The  r e a d e r   d e s i r i n g   a  m o r e  

c o m p r e h e n s i v e   t r e a t m e n t   is  r e f e r r e d   to  an  a r t i c l e  

e n t i t l e d   " N o n - r e c i p r o c a l   R e m a n e n c e   P h a s e   S h i f t e r s   i n  

R e c t a n g u l a r   W a v e g u i d e " ,   IEEE  M I T - 2 ,   F e b r u a r y   1967  b y  

W.  J .   I n c e   and  E.  S t e r n .  

The  t h e o r y   u n d e r l i n i n g   the   p h e n o m e n o n   o f  

t h e   f e r r i t e   p h a s e   s h i f t e r s   s t a t e s   t h a t   t h e   i n s e r t i o n  

p h a s e   of   t he   s t r u c t u r e   v a r i e s   w i t h   t h e   m a g n e t i z a t i o n  

of  t h e   f e r r i t e   s l a b   as  shown  in  FIGURE  1.  Thus ,   f o r  

a  g i v e n   d i r e c t i o n   of  p r o p a g a t i o n ,   a  f e r r i t e   s l a b  

m a g n e t i z e d   c o u n t e r c l o c k w i s e   to  some  s a t u r a t e d   s t a t e  

r e p r e s e n t e d   by  P o i n t   1  would   e x h i b i t   an  i n s e r t i o n  

p h a s e   01 .   If  t he   m a g n e t i z a t i o n   were   s w i t c h e d   to  a  

c l o c k w i s e   s a t u r a t e d   s t a t e   r e p r e s e n t e d   by  P o i n t   2 ,  

t h e   d e v i c e   wou ld   e x h i b i t   an  i n s e r t i o n   p h a s e   y2.   T h e  

p h a s e   s h i f t   e x p e r i e n c e d   in  g o i n g   f rom  s t a t e   1  t o  

s t a t e   2  wou ld   t h e n   be  y 2 -   0 1 .  
On  the   o t h e r   h a n d ,   i f   t he   m a g n e t i z a t i o n  

were   c h a n g e d   in  m a g n i t u d e ,   fo r   e x a m p l e   by  g o i n g   f r o m  

P o i n t   1  to  a  P o i n t   3,  t h e   p h a s e   s h i f t   w o u l d   be  y 3 -  

01.  T h e r e f o r e ,   a  c o n t i n u u m   of  p h a s e   s t a t e s   a r e  

a v a i l a b l e   b e t w e e n   t h e   l i m i t s   of  01  and  02 ,   w h i c h  

r e p r e s e n t   s a t u r a t e d   s t a t e s   of  m a g n e t i z a t i o n .   I n  

FIGURE  1  t h e   p o i n t   of  z e r o   m a g n e t i z a t i o n   i s  

r e p r e s e n t e d   by  an  i n s e r t i o n   p h a s e   0 0 .  
The  s t a t e   r e p r e s e n t e d   by  p o i n t   1  in  FIGURE 

1  is   c a l l e d   t h e   " l o n g   s t a t e "   s i n c e   t h e   i n s e r t i o n  

p h a s e   i s   h i g h e s t   and  t h a t   r e p r e s e n t e d   by  p o i n t   2  i s  

c a l l e d   t h e   " s h o r t   s t a t e " .   The  two  b r a n c h e s   of  t h e  

c u r v e   of   FIGURE  1  a r e   r e f e r r e d   to  as  c l o c k w i s e   (CW) 

and  c o u n t e r c l o c k w i s e   (CCW)  r e f e r e n c e d   to   t h e  

d i r e c t i o n   of  p r o p a g a t i o n   of  t he   wave .   T h u s ,   i f   t h e  

f e r r i t e   were   m a g n e t i z e d   in  a  p a r t i c u l a r   d i r e c t i o n  

(CCW)  r e p r e s e n t i n g   s t a t e   1  in  FIGURE  1  f o r   t h e  



t r a n s m i t   d i r e c t i o n   of  p r o p a g a t i o n ,   i t   wou ld   e x h i b i t  

a  p h a s e   01  to   t h e   t r a n s m i t   s i g n a l .   For   t he   r e c e i v e d  

s i g n a l ,   h o w e v e r ,   t h e   p h a s e   would  be  q2  i f   t h e  

f e r r i t e   r e m a i n s   in  t h e   same  s w i t c h e d   s t a t e   as  f o r  

t h e   t r a n s m i t   d i r e c t i o n   of  p r o p a g a t i o n .   If  t h e  

f e r r i t e   w e r e   s w i t c h e d   to  the  o p p o s i t e l y   m a g n e t i z e d  

s t a t e ,   t he   r e c e i v e d   s i g n a l   would  e x p e r i e n c e   a n  

i n s e r t i o n   p h a s e   01 ,   e x a c t l y   the   same  as  fo r   t h e  

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

of  m a g n e t i z a t i o n   i s   now  c o u n t e r c l o c k w i s e   r e f e r e n c e d  

to   t h e   r e c e i v e d   s i g n a l   d i r e c t i o n .   I t   is   a  

f u n d a m e n t a l   p r i n c i p l e   t h a t   r e v e r s a l   of   t h e  

m a g n e t i z a t i o n ,   w i t h o u t   c h a n g i n g   i t s   m a g n i t u d e ,  

t h r o u g h o u t   an  e l e c t r o m a g n e t i c   s y s t e m   h a s   e x a c t l y   t h e  

same  e f f e c t   f o r   a  f i x e d   d i r e c t i o n   of  p r o p a g a t i o n   a s  

r e v e r s i n g   t h e   d i r e c t i o n   of  p r o p a g a t i o n   w i t h o u t  

c h a n g i n g   t h e   m a g n e t i z a t i o n .  

The  r e q u i r e m e n t   t h a t   the   r e c e i v e   a n d  

t r a n s m i t   p h a s e s   be  v i r t u a l l y   i d e n t i c a l   r e q u i r e s   t h a t  

t h e   d i r e c t i o n   of  m a g n e t i z a t i o n   be  r e v e r s e d   w i t h o u t  

any  c h a n g e s   in  m a g n i t u d e   of  t he   m a g n e t i z a t i o n   n o  

m a t t e r   wha t   t he   v a l u e   of  the   m a g n e t i z a t i o n   may  h a v e  

b e e n .  

To  make  t h e   d e v i c e   a  l a t c h i n g   p h a s e  

s h i f t e r ,   one  in  w h i c h   no  e n e r g y   is   r e q u i r e d   to  h o l d  

t h e   d e v i c e   in  a  g i v e n   s t a t e ,   i t   is  n e c e s s a r y   t h a t  

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

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

shown  in  FIGURE  2.  To  s w i t c h   t he   m a g n e t i z a t i o n   f r o m  

a  r e m a n e n t   of  -4  Mr  to   the   o p p o s i t e   r e m a n e n t   v a l u e  

of   +4  Mr,  a  c u r r e n t   p u l s e   is  a p p l i e d   to   p r o v i d e   a  

p o s i t i v e   m a g n e t i z a t i o n   f i e l d   (H).  The  m a g n e t i z a t i o n  

(M)  m o v e s   u p w a r d   to   t h e   p o i n t   +4  Mmax,  a t   wh ich   t i m e  

t h e   c u r r e n t   is  t u r n e d   o f f   r e d u c i n g   t h e   H  f i e l d   t o  

z e r o .   The  m a g n e t i z a t i o n   t hen   " f a l l s   b a c k "   to  a  



r e m a n e n t   v a l u e   of  +4  Mr  and  r e m a i n s   t h e r e   w i t h o u t   a  

h o l d i n g   f i e l d ,   i . e .   i t   is   " l a t c h e d " .   To  r e t u r n   t o  

the   -4  Mr  r e m a n e n t   v a l u e ,   an  o p p o s i t e   H  f i e l d   i s  

a p p l i e d   and  t h e   m a g n e t i z a t i o n   moves  to   -4  Mmax  a n d  

t h e n   to   -4  Mr  when  t h e   H  f i e l d   is  r e d u c e d   to  z e r o .  

I t   is  i m p o r t a n t   to  n o t e   t h a t   t h e   a l e g e b r a i c   s i g n s  

p l u s   and  m i n u s   used   in  FIGURE  2  r e f e r   to  a  

p a r t i c u l a r   p h y s i c a l   d i r e c t i o n   of  m a g n e t i z a t i o n  

w h e r e a s   t h e   n o t a t i o n s   c o u n t e r c l o c k w i s e   and  c l o c k w i s e  

in  FIGURE  1  a r e   r e f e r e n c e d   to  t he   d i r e c t i o n   o f  

p r o p a g a t i o n .   T h e r e f o r e ,   i f   m i n u s   in  FIGURE  2 

c o r r e s p o n d s   to  c o u n t e r c l o c k w i s e   in  FIGURE  1  f o r   t h e  

t r a n s m i t   c a s e ,   i t   f o l l o w s   t h a t   p l u s   in  FIGURE  2  i s  

c o u n t e r c l o c k w i s e   fo r   t h e   r e c e i v e d   c a s e .   The  a c t u a l  

d y n a m i c s   of   f a s t - s w i t c h i n g   c a n n o t   be  r e p r e s e n t e d   b y  

a  h y s t e r e s i s   l o o p  a s   shown  in  FIGURE  2,  w h i c h   i s  

r e p r e s e n t a t i v e   of  q u a s i - s t a t i c   c h a n g e s .  

N e v e r t h e l e s s ,   t h e   c o n c e p t   d o e s   r e p r e s e n t   r e s t  

c o n d i t i o n s   and  is  v e r y   u s e f u l   in  u n d e r s t a n d i n g   t h e  

d e v i c e .  

I t   is  a l s o   known  in  t he   p r i o r   a r t   to   d r i v e  

t h e   f e r r i t e   s l a b   to  p a r t i a l l y   s a t u r a t e d   s t a t e s  

i n t e r m e d i a t e   of  t he   f u l l y   s a t u r a t e d   s t a t e s   of   4  Mr 
and  -4  Mr  by  use   of  a  t w o - s t e p   s e q u e n t i a l   s w i t c h i n g  

t e c h n i q u e   in  wh ich   a  f u l l y   s a t u r a t e d   s t a t e  

( r e f e r e n c e )   is   f o l l o w e d   by  a  p a r t i a l l y   s a t u r a t e d  

s t a t e .   R e f e r r i n g   to  FIGURE  2,  s u p p o s e   t h e   f e r r i t e  

s l a b   i s   a t   a  p a r t i a l l y   s a t u r a t e d   v a l u e   of  -4  Ma  f o r  

a  t r a n s m i t   mode,   c o r r e s p o n d i n g   to  a  p h a s e   s t a t e   0 a  

fo r   t h e   t r a n s m i t   mode.   To  s e t   t he   f e r r i t e   s l a b   to   a  

r e c e i v e   mode  in  t he   same  s t a t e ,   a  l a r g e   f o r w a r d  

p u l s e   c r e a t i n g   a  l a r g e   H  f i e l d   is   a p p l i e d   to   m o v e  

t h e  m a g n e t i z a t i o n   to  +4  Mmax.  The  p u l s e   is   t h e n  

r e m o v e d   to   a l l o w   t h e   m a g n e t i z a t i o n   to   f a l l   to   t h e  

+4  Mr  s t a t e .   T h i s   is  c a l l e d   a  r e s e t   o p e r a t i o n   s i n c e  



t he   m a g n e t i z a t i o n   of  t h e   f e r r i t e   s l a b   is  r e s e t   to   a  

known  r e f e r e n c e   v a l u e .   S h o r t l y   t h e r e a f t e r ,   w i t h i n  

one  m i c r o s e c o n d ,   a  s m a l l e r   c o n t r o l l e d   n e g a t i v e   p u l s e  

c r e a t i n g   a  n e g a t i v e   H  f i e l d   is   a p p l i e d   to  d r i v e   t h e  

m a g n e t i z a t i o n   to  P o i n t   A  and  t h e n   r emoved   to  a l l o w  

t h e   m a g n e t i z a t i o n   to  f a l l   b ack   to   t he   new  r e m a n e n t  

v a l u e   of  +4  Ma.  T h i s   is  c a l l e d   a  s e t   o p e r a t i o n .  

C o n t r o l   of  t h e   s e t   o p e r a t i o n   i s   c r u c i a l   in  t h a t   t h e  

w h o l e   c o n c e p t   of  s w i t c h i n g   r e s t s   on  the   a b i l i t y   t o  

s w i t c h   a  c o n t r o l l e d   a m o u n t   of  m a g n e t i c   f l u x   in  a  

r e p e a t a b l e   f a s h i o n   o v e r   some  e n v i r o n m e n t a l   r a n g e .  
A f t e r   t h e   r e s e t   and  s e t   o p e r a t i o n s   a r e   c o m p l e t e d   t h e  

p h a s e   s h i f t e r   is   in  p h a s e   s t a t e   ?L  f o r   t he   r e c e i v e  

mode  t h e   same  as  t h e   p h a s e   s t a t e   fo r   t h e   t r a n s m i t  

mode .   T h u s ,   a  t w o - s t e p   o p e r a t i o n ,   r e s e t   and  s e t ,   i s  

r e q u i r e d   to  p l a c e   t h e   f e r r i t e   s l a b   in  t h e  

a p p r o p r i a t e   m a g n e t i z a t i o n   s t a t e .   A c c o r d i n g   to  t h e  

p r i o r   a r t ,   by  u s i n g   s u c h   a  two  p u l s e   o p e r a t i o n ,   t h e  

p h a s e   s t a t e   can   be  c h a n g e d   f rom  any  v a l u e   to  a n y  
o t h e r   v a l u e .  

The  u s e   of  m i n o r   r e m a n e n t   l o o p s  

i n t e r m e d i a t e   of   p o s i t i v e   and  n e g a t i v e   s a t u r a t i o n   i s  

w e l l   known.   S e e ,   fo r   e x a m p l e ,   U .S .   P a t e n t s  

3 , 5 2 4 , 1 5 2   to  J .   P.  A g r i o s   e t   a l   and  3 , 3 4 0 , 4 8 4   to  W. 

W.  S i e k a n o w i c z   e t   a l .   P a t e n t s   d i s c u s s i n g   t h e   u s e   o f  

r e m a n e n t   s t a t e s   i n t e r m e d i a t e   of  p o s i t i v e   a n d  

n e g a t i v e   s a t u r a t i o n   t y p i c a l l y   d e s c r i b e   t he   w e l l  

known  p r i o r   a r t   s w i t c h i n g   t e c h n i q u e   of  f i r s t   d r i v i n g  

t he   s e t   t o r o i d   to  a  r e s e t   c o n d i t i o n   and  t h e n   d r i v i n g  

t he   newly   r e s e t   t o r o i d   to   t h e   d e s i r e d   s e t   c o n d i t i o n  

as  d i s c u s s e d   a b o v e .   S e e ,   f o r   e x a m p l e ,   U.S .   P a t e n t s  

4 , 0 4 2 , 8 3 1   to  L e n h o f f ,   J r .   and  3 , 9 8 8 , 6 8 6   to   B e a l l   e t  

a l .  

I t   ha s   a l s o   b e e n   r e c o g n i z e d   in  t he   p r i o r  

a r t   t h a t   t he   d e g r e e   of  p h a s e   s h i f t   may  be  v a r i e d  



f rom  a  maximum  p h a s e   to  a  minimum  p h a s e   b y  

m a i n t a i n i n g   t h e   f l u x   in  one  f e r r i t e   t o r o i d   c o n s t a n t  

and  s w i t c h i n g   t h e   f l u x   in  the   o t h e r   f e r r i t e   t o r o i d  

as  i l l u s t r a t e d   by  U . S .   P a t e n t   3 , 6 8 1 , 7 1 5   t o  

F r e i b e r g s .   T h i s   p a t e n t   a l s o   d i s c l o s e s   u s i n g  

i n d e p e n d e n t   means   fo r   e n e r g i z i n g   each  of  the   f e r r i t e  

t o r o i d s .  

The  c o n t r o l l e d   f l u x   t e c h n i q u e   p r e v i o u s l y  
d i s c u s s e d   has   d e f i n i t e   a d v a n t a g e s   in  t e r m s   of  e a s e  
of  a s s e m b l y   and  m i c r o w a v e   p e r f o r m a n c e   p a r a m e t e r s .  

H o w e v e r ,   t h e   s w i t c h i n g   t e c h n i q u e   used   fo r   a  d e v i c e  

u t i l i z i n g   t he   c o n t r o l l e d   f l u x   t e c h n i q u e   i n v o l v e s   t w o  

d i s t i n c t   s w i t c h i n g   o p e r a t i o n s   ( t h e   r e s e t   and  s e t  

o p e r a t i o n s )   w h i c h   a r e   a c c o m p l i s h e d   s e q u e n t i a l l y   i n  

t i m e .   In  a d d i t i o n   to  t he   two  s w i t c h i n g   o p e r a t i o n s ,  
i t   is  n e c e s s a r y   to   i n s e r t   an  a d d i t i o n a l   d e l a y   a f t e r  

t h e   r e s e t   p u l s e   to   a l l o w   s u f f i c i e n t   t i m e   for   t h e  

f e r r i t e   e l e m e n t   and  the   e l e c t r o n i c s   to  s e t t l e   b e f o r e  

t h e   s e t   p u l s e   i s   a p p l i e d .   U s i n g   a  t e c h n i q u e   of  t h i s  

t y p e ,   a  r e c e n t   X - b a n d   p h a s e   s h i f t e r   p r o d u c e d   a t  

E l e c t r o m a g n e t i c   S c i e n c e s   was  s w i t c h e d   in  t w e l v e  

m i c r o s e c o n d s   u s i n g   a  c o n t r o l l e d   f l u x   d r i v e r   t o  

p r o d u c e   a  m u l t i t u d e   of  d e s i r e d   p h a s e   s t a t e s .  

H o w e v e r ,   in  a  p h a s e d   a r r a y   r a d a r ,   u s i n g   n o n -  

r e c i p r o c a l   p h a s e   s h i f t e r s ,   i f   a  p u l s e   of  r f   e n e r g y  
is   s e n t   o u t   by  a  t r a n s m i t t e r ,   t h e   f e r r i t e   e l e m e n t s  

in  t he   p h a s e   s h i f t e r   mus t   be  s w i t c h e d   b e t w e e n   t h e  

end  of  t he   t r a n s m i t   p u l s e   and  t h e   b e g i n n i n g   of  t h e  

r e c e i v e   p u l s e   r e f l e c t e d   f rom  t h e   t a r g e t .   For  t h i s  

r e a s o n ,   t he   t i m e   n e c e s s a r y   to  s w i t c h   the   d e v i c e   f r o m  

t h e   t r a n s m i t   s t a t e   to  t h e   r e c e i v e   s t a t e   is   a  v e r y  
c r i t i c a l   p a r a m e t e r   g o v e r n i n g   t h e   minimum  r a n g e  
t a r g e t   w h i c h   can   be  o b s e r v e d .   To  o b s e r v e   a  t a r g e t  

a t   a  d i s t a n c e   of  f i v e   h u n d r e d   f e e t   a  s w i t c h i n g   t i m e  

of  a p p r o x i m a t e l y   one   m i c r o s e c o n d   is   r e q u i r e d .   I t   i s  



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

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

c e r t a i n   a p p l i c a t i o n s   such   as  p h a s e d   a r r a y   r a d a r s  

w i t h   such   s w i t c h i n g   t i m e s .  

A n o t h e r   p r i o r   a r t   t e c h n i q u e   f o r   c o n t r o l l i n g  

t h e   m a g n e t i z a t i o n   s t a t e s   of  t h e   f e r r i t e   s l a b s   is   t h e  

m u l i t - b i t   t e c h n i q u e .   For  e x a m p l e ,   a  t w o - s t a t e   p h a s e  

s h i f t e r   can   be  made  by  s i m p l y   s w i t c h i n g   b e t w e e n  

-4  Mr  and  +4  Mr  shown  in  FIGURE  2.  T h i s  

c o r r e s p o n d s ,   fo r   e x a m p l e ,   to   a  s w i t c h i n g   b e t w e e n   0 1  
and  02  in  FIGURE  1.  If   t he   p h a s e   s h i f t e r   i s   i n  

s t a t e  0 1   a t   r e m a n e n t   v a l u e   -4  Mr  fo r   t h e   t r a n s m i t  

mode ,   i t   can  be  p u t   in  the   same  s t a t e  0 1   f o r   t h e  

r e c e i v e   mode  by  s w i t c h i n g   t h e   f e r r i t e   s l a b   to   t h e  

+4  Mr  r e m a n e n t   v a l u e .   A  f o u r - b i t   d i g i t a l   p h a s e  

s h i f t e r   can   be  c o n s t r u c t e d   by  p l a c i n g   f o u r   d i s t i n c t  

p i e c e s   of  f e r r i t e   in  t a n d e m ,   w i t h   t h e   l e n g t h   of  e a c h  

p i e c e   t w i c e   as  l o n g   as  t h e   p r e c e d i n g   one  a n d  

a d j u s t i n g   them  to  have   2 2 - 1 / 2 ° ,   4 5 ° ,   90°  and  180°  o f  

p h a s e   s h i f t ,   r e s p e c t i v e l y .   Each  f e r r i t e   p i e c e   h a s  

i t   own  p a i r   of  l a t c h   w i r e s   and  i t   own  d r i v e r .   T h e  

b i t s   a r e   s e p a r a t e d   by  d i e l e c t r i c   s p a c e r s   to   a v o i d  

i n t e r a c t i o n   of  l a t c h   c u r r e n t s   w i t h   a d j a c e n t  

f e r r i t e s .   Such  a  c o n f i g u r a t i o n   has   b e e n   u s e f u l   i n  

t h e   p a s t   in  f a s t - s w i t c h i n g   s i t u a t i o n s   when  t h e  

s w i t c h i n g   t i m e   of  t he   c o n t r o l l e d   f l u x   p h a s e   s h i f t e r  

was  e x c e s s i v e .  A   two  m i c r o s e c o n d   s w i t c h i n g   t i m e  

w h i c h   can   be  p r o v i d e d   by  t h e   m u l t i - b i t   s w i t c h i n g  

t e c h n i q u e   is  u n o b t a i n a b l e   u s i n g   t he   p r e v i o u s l y  

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

A l t h o u g h   t he   use   of  m u l t i - b i t   p h a s e  

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

t i m e s ,   in  s i t u a t i o n s   where   more  t h a n   f o u r   b i t s   a r e  

r e q u i r e d   t he   s m a l l e r   b i t s   become   too   s m a l l   to   h a n d l e  

and  the   f i n a l   a s s e m b l y   b e c o m e s   c u m b e r s o m e .   The  many 



i n t e r f a c e s   r e q u i r e d   to   p r e v e n t   i n t e r a c t i o n s   b e c a u s e  

of  t h e   a c c u r a c y   s p e c i f i c a t i o n s   of  d i f f e r e n t  

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

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

F u r t h e r ,   t he   d r i v e r   n e e d e d   to  d r i v e   each   of  t h e  

f e r r i t e   p i e c e s   b e c o m e s   e x t r e m e l y   e x p e n s i v e .   T h e  

many  l a t c h   w i r e s   and  i n t e r f a c e s   t e n d   to  p r o d u c e  

h i g h e r   o r d e r   modes  t h a t   i m p a i r   p h a s e   a c c u r a c y .  

T h u s ,   a l t h o u g h   t he   m u l t i - b i t   p h a s e   s h i f t e r   p r o v i d e s  

d e s i r a b l e   s w i t c h i n g  t i m e s ,   in  many  a p p l i c a t i o n s   i t  

c a n n o t   be  used   b e c a u s e   of  t he   c u m b e r s o m e   p h y s i c a l  

d e s i g n .  

SUMMARY  OF  THE  PRESENT  INVENTION 

The  p r e s e n t   i n v e n t i o n   is  a  m e t h o d   a n d  

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

f e r r i t e   p h a s e   s h i f t e r .   The  p r e s e n t   i n v e n t i o n  

i n c l u d e s   two  f e r r i t e   t o r o i d s   l o c a t e d   w i t h i n   a  

m i c r o w a v e   w a v e g u i d e .   A  f i r s t   c i r c u i t   f o r  

c o n t r o l l a b l y   s w i t c h i n g   t h e   f e r r i t e   in   one  of  t h e  

t o r o i d s   b e t w e e n   a  s a t u r a t e d   s t a t e   and  a  p a r t i a l l y  

s a t u r a t e d   s t a t e   i s   p r o v i d e d .   A  s e c o n d   c i r c u i t   i s  

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

in  t h e   o t h e r   of  t h e   t o r o i d s   b e t w e e n   a  s a t u r a t e d  

s t a t e   and  a  p a r t i a l l y   s a t u r a t e d   s t a t e .   A  c o n t r o l  

c i r c u i t   c o n t r o l s   t h e   f i r s t   and  s e c o n d   c i r c u i t s   s u c h  

t h a t   t he   f e r r i t e   in  a t   l e a s t   one  of  t h e   t o r o i d s   i s  

m a i n t a i n e d   in  t he   s a t u r a t e d   s t a t e   a t   any  g i v e n  

t i m e .   A  d e s i r e d   p h a s e   s h i f t   may  be  a c h i e v e d   b y  

s w i t c h i n g   the   s a t u r a t e d   t o r o i d   to  a  p a r t i a l l y  

s a t u r a t e d   s t a t e   and  by  s i m u l t a n e o u s l y   s w i t c h i n g   t h e  

p a r t i a l l y   s a t u r a t e d   t o r o i d   to   a  s a t u r a t e d   s t a t e .  

T h u s ,   any  d e s i r a b l e   p h a s e   s h i f t   may  be  a c h i e v e d   w i t h  

o n l y   one  s w i t c h i n g   o p e r a t i o n   fo r   e a c h   t o r o i d .  



The  new  e l e c t r o n i c   s w i t c h i n g   t e c h n i q u e   o f  

the   p r e s e n t   i n v e n t i o n   a l l o w s   t h e   a d v a n t a g e s   of  t h e  

c o n t r o l l e d   f l u x   d e v i c e   to  be  c o m b i n e d   w i t h   the   f a s t -  

s w i t c h i n g   p r o p e r t i e s   of   t h e   m u l t i - b i t   d e v i c e s ,  

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

s u i t a b l e   fo r   many  new  a p p l i c a t i o n s   in  w h i c h   f a s t -  

s w i t c h i n g   a n d / o r   h i g h   a c c u r a c y   r e q u i r e m e n t s   a r e  

i n v o l v e d .   U s i n g   t he   new  s w i t c h i n g   t e c h n i q u e   of  t h e  

p r e s e n t   i n v e n t i o n   t h e   p h a s e   s h i f t e r   s w i t c h e s   as  f a s t  

as  t h e   m u l t i - b i t   p h a s e   s h i f t e r s   and  y e t   has   a l l   t h e  

c o n s t r u c t i o n   a d v a n t a g e s   of  t he   c o n t r o l l e d   f l u x   p h a s e  

s h i f t e r s .   At  m i l i m e t e r   wave  f r e q u e n c i e s ,   f o r  

e x a m p l e ,   t he   c o n s t r u c t i o n   p r o b l e m s   a s s o c i a t e d   w i t h  

the   m u l t i - b i t   p h a s e   s h i f t e r   d e v i c e   a r e   i n d e e d  

i n s u r m o u n t a b l e ,   and  i t   is  i m p r a c t i c a l   to   make  a  

m u l t i - b i t   p h a s e   s h i f t e r   a b o v e   a p p r o x i m a t e l y   t w e n t y  

g i g a h e r t z .   H o w e v e r ,   t h e   c o n s t r u c t i o n   a p p r o a c h   u s e d  

in  t h e   c o n t r o l l e d   f l u x   p h a s e   s h i f t e r s   can   b e  

e x t e n d e d   to  f r e q u e n c i e s   as  h i g h   as  n i n e t y - f o u r  

g i g a h e r t z .   U s i n g   t he   s w i t c h i n g   t e c h n i q u e   of  t h e  

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

t he   m u l t i - b i t   u n i t   c an   be  i n c o r p o r a t e d   i n t o   s i m i l a r  

m i c r o w a v e   s t r u c t u r e   b e i n g   used   in  t he   c o n v e n t i o n a l  

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

The  m i c r o w a v e   f e r r i t e   p h a s e   s h i f t e r   of  t h e  

p r e s e n t   i n v e n t i o n   may  be  u s e d ,   in  a d d i t i o n   to  i t s  

u s e s   as  a  m i c r o w a v e   p h a s e   s h i f t e r ,   as  a  

t r a n s m i t / r e c e i v e   p h a s e   s h i f t e r   and  in  a  r e c i p r o c a l  

f o u r - p o r t   s w i t c h   and  an  a n t i - r e c i p r o c a l   f o u r - p o r t  

s w i t c h / v a r i a b l e   power   d i v i d e r .  

A n o t h e r   d i s a d v a n t a g e   of  the   p r i o r   a r t  

c o n t r o l l e d   f l u x   p h a s e   s h i f t e r   is   t h a t   in  m a n y  
a p p l i c a t i o n s   t he   p h a s e   t r a n s i e n t   a s s o c i a t e d   w i t h   t h e  

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

u n a c c e p t a b l e   m i c r o w a v e   p e r f o r m a n c e .   In  a  t y p i c a l  



v a r i a b l e   power   d i v i d e r ,   when  b o t h   p h a s e   s h i f t e r s   a r e  

r e s e t ,   t h e   v a r i a b l e   power   d i v i d e r   w i l l   e x h i b i t   a  4 5 °  

p h a s e   t r a n s i e n t .   If   such   a  d e v i c e   i s   u sed   in  a  

c o m m u n i c a t i o n   s y s t e m   t h i s   p h a s e   t r a n s i e n t   w i l l   c a u s e  

d i s t o r t i o n   of  t he   c o m m u n i c a t i o n   s i g n a l .   F o r  

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

s i g n a l ,   t he   p h a s e   t r a n s i e n t   w i l l   be  a  d i s t u r b a n c e   o f  

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

c a r r i e r .   In  a  v a r i a b l e   power   d i v i d e r   u t i l i z i n g   t h e  

s w i t c h i n g   t e c h n i q u e   of  t h e   p r e s e n t   i n v e n t i o n   i t   i s  

p o s s i b l e   to  s w i t c h   to  a  new  s t a t e   w i t h o u t   any  p h a s e  

t r a n s i e n t s   o c c u r r i n g .   T h e s e   and  o t h e r   f e a t u r e s   o f  

t h e   p r e s e n t   i n v e n t i o n   w i l l   be  d e s c r i b e d   in  d e t a i l  

h e r e i n b e l o w .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIGURE  1  is   a  g r a p h   i l l u s t r a t i n g   t h e  

d e p e n d e n c e   of  t h e   i n s e r t i o n   p h a s e   on  t h e   d i r e c t i o n  

and  m a g n i t u d e   of  t he   m a g n e t i z a t i o n   of  t h e   f e r r i t e  

s l a b s ,   a c c o r d i n g   to  t he   t e a c h i n g s   of   t h e   p r i o r   a r t ;  

FIGURE  2  is   a  g r a p h   i l l u s t r a t i n g   t h e  

h y s t e r e s i s   l o o p   of  a  f e r r i t e   c o r e ;  

FIGURE  3  i l l u s t r a t e s   a  f a s t - s w i t c h i n g ,  

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

c o n s t r u c t e d   a c c o r d i n g   to  t he   t e a c h i n g s   of  t h e  

p r e s e n t   i n v e n t i o n ;  

FIGURE  4  is   a  b l o c k   d i a g r a m   of  a  c i r c u i t  

f o r   c o n t r o l l i n g   t h e   o p e r a t i o n   of  t h e   p h a s e   s h i f t e r  

shown  in  FIGURE  3 ;  



FIGURE  5  i l l u s t r a t e s   t he   one  of  t he   t w o  

r e f e r e n c e   m a g n e t i z a t i o n   s t a t e s   of  t he   f e r r i t e  c o r e s  

of  t he   p h a s e   s h i f t e r   shown  in  FIGURE  3 ;  

FIGURE  6  i l l u s t r a t e s   t h e   m a g n e t i z a t i o n  

s t a t e s   of  the   f e r r i t e   c o r e s   of  t he   p h a s e   s h i f t e r  

shown  in  FIGURE  3  when  t h e   p h a s e   s h i f t e r   is   in  t h e  

t r a n s m i t   mode  a c c o r d i n g   to  t h e   t e c h n i q u e   of  t h e  

p r e s e n t   i n v e n t i o n ;  

FIGURE  7  i l l u s t r a t e s   t h e   m a g n e t i z a t i o n  

s t a t e s   of  t he   f e r r i t e   c o r e s   of  t h e   p h a s e   s h i f t e r  

shown  in  FIGURE  3  when  t he   p h a s e   s h i f t e r   is  in  t h e  

r e c e i v e   mode  r e c i p r o c a l   to  t h e   t r a n s m i t   mode  o f  

FIGURE  6  a c c o r d i n g   to   t h e   t e a c h i n g s   of  t he   p r e s e n t  

i n v e n t i o n ;  

FIGURE  8  i l l u s t r a t e s   t he   r e f e r e n c e  

m a g n e t i z a t i o n   s t a t e s   of  t he   f e r r i t e   c o r e s   a c c o r d i n g  

to  t he   t e a c h i n g s   of  t h e   p r i o r   a r t ;  

FIGURE  9 ( a )   i l l u s t r a t e s   a  t r a n s m i t   m o d e  

( a p p r o x i m a t e l y   60°)   m a g n e t i z a t i o n   s t a t e   a c c o r d i n g   t o  

t h e   t e a c h i n g s   of  t h e   p r i o r   a r t ;  

FIGURE  9 (b )   i l l u s t r a t e s   t h e   m a g n e t i z a t i o n  

s t a t e s   of  t he   f e r r i t e   c o r e s   when  t h e   p h a s e   s h i f t e r  

is  in  the   r e c e i v e   mode  r e c i p r o c a l   to  t he   t r a n s m i t  

mode  of  FIGURE  9 ( a )   a c c o r d i n g   to   t h e   t e a c h i n g s   o f  

t he   p r i o r   a r t ;  

FIGURE  10  is   a  g r a p h   i l l u s t r a t i n g   t h e  

i n s e r t i o n   p h a s e   v e r s u s   t h e   c h a n g e   in  m a g n e t i z a t i o n  

away  f rom  the   f u l l y   m a g n e t i z e d   s t a t e   and  FIGURES  1 0 a  

t h r o u g h   10f  i l l u s t r a t e   v a r i o u s   m a g n e t i z a t i o n   s t a t e s  



of  t he   f e r r i t e   c o r e s   a c c o r d i n g   to  t he   t e a c h i n g s   o f  

t h e   p r e s e n t   i n v e n t i o n ;  

FIGURE  11  is  a  f l o w   c h a r t   i l l u s t r a t i n g   t h e  

s w i t c h i n g   t e c h n i q u e   of  t h e   p r e s e n t   i n v e n t i o n ;  

FIGURE  12  i l l u s t r a t e s   a  f a s t - s w i t c h i n g ,  

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

c o n s t r u c t e d   a c c o r d i n g   to  t h e   t e a c h i n g s   of  t h e  

p r e s e n t   i n v e n t i o n ;  

FIGURES  13  t h r o u g h   16  a re   e l e c t r i c a l  

s c h e m a t i c s   i l l u s t r a t i n g   v a r i o u s   t y p e s   of  s e t   p u l s e  

d r i v e r s ;  

FIGURE  17  is   an  e l e c t r i c a l   s c h e m a t i c   of  a  

t y p i c a l   s e t   o u t p u t   s t a g e ;  

FIGURE  18  is  an  e l e c t r i c a l   s c h e m a t i c   of  a  

t y p i c a l   r e s e t   o u t p u t   s t a g e ;  

FIGURE  1 9 ( a )   i s   a  b l o c k   d i a g r a m   of  a  

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

s h i f t e r   shown  in  FIGURE  3  when  the   p h a s e   s h i f t e r   i s  

u t i l i z e d   as  a  t r a n s m i t / r e c e i v e   p h a s e   s h i f t e r ;  

FIGURE  1 9 ( b )   is  a  b l o c k   d i a g r a m   of  a  

c i r c u i t   f o r   c o n t r o l l i n g   t h e   o p e r a t i o n   of  t h e  

t r a n s m i t / r e c e i v e   p h a s e   s h i f t e r   in  t he   c o n v e n t i o n a l  

m a n n e r   u s i n g   a  s e q u e n t i a l   r e s e t / s e t   o p e r a t i o n ,   b u t  

u t i l i z i n g   t h e   m a g n e t i z a t i o n   s t a t e s   of  t he   p r e s e n t  

t e c h n i q u e ;  

FIGURE  20  is   a  b l o c k   d i a g r a m   i l l u s t r a t i n g   a  

r e c i p r o c a l ,   f o u r - p o r t   s w i t c h   u t i l i z i n g   two,   f a s t -  



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

s h i f t e r s   c o n s t r u c t e d   a c c o r d i n g   to  t he   t e a c h i n g s   o f  

t h e   p r e s e n t   i n v e n t i o n ;  

FIGURES  21,   21a  and  21b  i l l u s t r a t e   t h e  

p h y s i c a l   e m b o d i m e n t   of  t he   f o u r - p o r t   s w i t c h   shown  i n  

FIGURE  2 0 ;  

FIGURES  22  and  23  i l l u s t r a t e   t h e  

m a g n e t i z a t i o n   s t a t e s   and  FIGURES  24  t h r o u g h   27  t h e  

a s s o c i a t e d   h y s t e r e s i s   l o o p s   for   the   f o u r   f e r r i t e  

c o r e s   of   t h e   f o u r - p o r t   s w i t c h   shown  in  FIGURE  20  

a c c o r d i n g   to  t he   t e a c h i n g s   of  the   p r i o r   a r t ;  

FIGURES  28  and  29  i l l u s t r a t e   t h e  

m a g n e t i z a t i o n   s t a t e s   and  FIGURES  30  t h r o u g h   33  t h e  

a s s o c i a t e d   h y s t e r e s i s   l o o p s   fo r   t he   f o u r   f e r r i t e  

c o r e s   of  t h e   f o u r - p o r t   s w i t c h   shown  in  FIGURE  20 

a c c o r d i n g   to   t h e   t e a c h i n g s   of  the   p r e s e n t   i n v e n t i o n ;  

FIGURE  34  i s   a  w i r i n g   d i a g r a m   i l l u s t r a t i n g  

t h e   w i r i n g   of  t h e   f o u r   f e r r i t e   c o r e s   of   t h e   f o u r -  

p o r t   s w i t c h   shown  in  FIGURE  2 0 ;  

FIGURE  35  i s   a  b l o c k   d i a g r a m   i l l u s t r a t i n g  

an  a n t i - r e c i p r o c a l   f o u r - p o r t   s w i t c h / v a r i a b l e   p o w e r  
d i v i d e r   u t i l i z i n g   t w o ,   f a s t - s w i t c h i n g ,   d u a l - t o r o i d ,  

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

a c c o r d i n g   to  t h e   t e a c h i n g s   o f  t h e   p r e s e n t   i n v e n t i o n ;  

FIGURES  36,   36a ,   36b  and  36c  i l l u s t r a t e   t h e  

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

s w i t c h / v a r i a b l e   power   d i v i d e r   shown  in  FIGURE  3 5 ;  



FIGURES  37  and  38  i l l u s t r a t e   t h e  

m a g n e t i z a t i o n   s t a t e s   and  FIGURES  39  t h r o u g h   42  t h e  

a s s o c i a t e d   h y s t e r e s i s   l o o p s   for   the   f o u r   f e r r i t e  

c o r e s   of  t h e   a n t i - r e c i p r o c a l   f o u r - p o r t  

s w i t c h / v a r i a b l e   power   d i v i d e r   shown  in  FIGURE  35  

a c c o r d i n g   to  t he   t e a c h i n g s   of  t he   p r e s e n t   i n v e n t i o n ;  

a n d  

FIGURE  43  is  a  w i r i n g   d i a g r a m   i l l u s t r a t i n g  

t h e   w i r i n g   of  t h e   f o u r   f e r r i t e   c o r e s   of  t h e   a n t i -  

r e c i p r o c a l   f o u r - p o r t   s w i t c h / v a r i a b l e   power   d i v i d e r  

shown   in  FIGURE  3 5 .  

DESCRIPTION  OF  THE  PREFERRED  EMBODIMENT 

I l l u s t r a t e d   in  FIGURE  3  is  a  n o n -  

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

p h a s e   s h i f t e r   5  shown  w i t h i n   a  w a v e g u i d e   7.  T h e  

w a v e g u i d e   h o u s i n g   7  is   shown  w i th   t he   t o p   r e m o v e d  

and  one  s i d e   p a r t i a l l y   b r o k e n   away.   The  f e r r i t e  

p h a s e   s h i f t e r   5  has   a  f i r s t   t o r o i d a l   f e r r i t e   c o r e   9 

h a v i n g   a  l a t c h i n g   w i r e   10  e x t e n d i n g   a l o n g   i t s   a x i a l  

l e n g t h .   A  s e c o n d   t o r o i d a l   f e r r i t e   c o r e   12  h a s   a  

s i m i l a r   l a t c h i n g   w i r e   13.   The  l a t c h i n g   w i r e s   10  a n d  

13  a r e   p r o v i d e d   to  s e t   and  r e s e t   t he   t o r o i d a l  

f e r r i t e   c o r e s   9  and  12.  The  c o r e s   9  and  12  a r e  

s e p a r a t e d   by  a  d i e l e c t r i c   s l a b   15.  A l s o   l o c a t e d  

w i t h i n   the   w a v e g u i d e   7  i s   a  mode  s u p p r e s s o r   17  and  a  

m a t c h i n g   t r a n s f o r m e r   1 8 .  

A  b l o c k   d i a g r a m   i l l u s t r a t i n g   a  c i r c u i t   19  

f o r   c o n t r o l l i n g   t h e   o p e r a t i o n   of  t he   p h a s e   s h i f t e r   5 

i s   i l l u s t r a t e d   in  FIGURE  4.  A  p r o g r a m m a b l e   r e a d  

o n l y   memory  "PROM"  20  r e c e i v e s   d a t a   f rom  a  

m i c r o p r o c e s s o r   22  and  an  e x t e r n a l   s o u r c e   no t   s h o w n  

in  FIGURE  4.  The  m i c r o p r o c e s s o r   can  be  an  i n t e g r a l  



p a r t   of  t he   p h a s e   s h i f t e r   c o n t r o l   e l e c t r o n i c s   or  i t  

can  r e p r e s e n t   an  e x t e r n a l   c o n t r o l l e r .   O u t p u t  

s i g n a l s   f rom  t h e   PROM  20  a r e   i n p u t   to  a  d i g i t a l   t o  

a n a l o g   c o n v e r t e r   21  w h i c h   p r o d u c e s   s i g n a l s   f o r  

c o n t r o l l i n g   t h e   o p e r a t i o n   of  f o u r   s e t   d r i v e r s   2 3 ,  

24,  25  and  26.   Each  of   t he   d r i v e r s   23  t h r o u g h   2 6  

has   a  s e t   and  r e s e t   d r i v e r .   The  r e s e t   and  s e t  

d r i v e r s   of  t h e   d r i v e r   23  d r i v e   t he   f e r r i t e   9  t o  

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

r e m a n e n t   s t a t e s ,   r e s p e c t i v e l y .   The  r e s e t   d r i v e r   a n d  

s e t   d r i v e r   of  t he   d r i v e r   24  d r i v e   t he   t o r o i d   9  t o  

s a t u r a t e d   and  p a r t i a l l y   s a t u r a t e d   n e g a t i v e   m a g n e t i c  

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

the   d r i v e r s   25  and  26  c o n t r o l   t he   m a g n e t i c   r e m a n e n t  

s t a t e   to  w h i c h   t h e   f e r r i t e   12  is  s w i t c h e d .  

The  c o n t r o l   c i r c u i t   19  a l s o   c o n t a i n s   a  

t i m i n g   c o n t r o l   c i r c u i t   28  r e c e i v i n g   s t o b e   s i g n a l s ,   a  

s t a t e   d e c o d e r   29  r e s p o n s i v e   to  t h e   PROM  20  and  a  

t i m i n g   d e m u l t i p l e x e r   30  r e s p o n s i v e   to  b o t h   t he   s t a t e  

d e c o d e r   and  t h e   t i m i n g   c o n t r o l   c i r c u i t .   The  t i m i n g  

c o n t r o l   c i r c u i t   28,  t h e   s t a t e   d e c o d e r   29  and  t h e  

t i m i n g   d e m u l t i p l e x e r   30  c o o p e r a t e   to   p r o d u c e   c o n t r o l  

s i g n a l s   fo r   a c t i v a t i n g   v a r i o u s   o n e s   of  t he   d r i v e r s  

23  t h r o u g h   26  to  p r e p a r e   them  fo r   r e c e i v i n g   t h e  

s w i t c h i n g   i n f o r m a t i o n   f rom  t h e   d i g i t a l   to  a n a l o g  

c o n v e r t e r   21.  D e t a i l s   c o n c e r n i n g   t he   c o n s t r u c t i o n  

and  o p e r a t i o n   of  t he   d r i v e r s   23  t h r o u g h   26  a r e  

p r o v i d e d   h e r e i n b e l o w   in  c o n j u n c t i o n   w i t h   FIGURES  1 2  

t h r o u g h   1 7 .  

The  o p e r a t i o n   of  t he   f e r r i t e   p h a s e   s h i f t e r  

i l l u s t r a t e d   in  FIGURE  3  and  c o n t r o l l e d   by  t h e  

c o n t r o l   c i r c u i t   i l l u s t r a t e d   in  FIGURE  4  may  be  m o r e  

e a s i l y   u n d e r s t o o d   by  r e f e r r i n g   to  FIGURES  5,  6  a n d  

7.  In  FIGURE  5  t h e   r e f e r e n c e   r e m a n e n t   m a g n e t i z a t i o n  

v a l u e s   of  t h e   f e r r i t e   c o r e s   9  and  12  a r e   i l l u s t r a t e d  



by  t h e   a r r o w s .   In  FIGURE  5,  s i n c e   b o t h   f e r r i t e s   a r e  

f u l l y   m a g n e t i z e d   and  p a r a l l e l   in  o r i e n t a t i o n   f o r m i n g  

o n e   of  t he   two  p o s s i b l e   r e f e r e n c e   p h a s e   s t a t e s  

( r e s u l t i n g   p h a s e   s h i f t   is   0 ° ) .   In  FIGURE  6 ,   t h e  

f e r r i t e   c o r e   12  has   b e e n   s e t   to  a  r e m a n e n t  

m a g n e t i z a t i o n   v a l u e   such   t h a t   t h e   o v e r a l l   p h a s e  

s h i f t   p r o v i d e d   by  t he   c o m b i n a t i o n   of  b o t h   f e r r i t e  

c o r e s   9  and  12  is  p o s i t i v e   60° .   In  o r d e r   to   s w i t c h  

t h e   p h a s e   s h i f t e r   so  as  to  p r o v i d e   t h e   same  p h a s e  

s h i f t   f o r   p r o p a g a t i o n   of  a  m i c r o w a v e   in  t h e   o p p o s i t e  

d i r e c t i o n ,   t h e   r e s e t   c o r e   9  is  s e t   and  t h e   s e t   c o r e  

12  i s   r e s e t   as  shown  in  FIGURE  7.  In  FIGURE  7,  t h e  

f e r r i t e   9  is   s e t   to  t h e   v a l u e   w h i c h   t h e   f e r r i t e   12  

had   in  FIGURE  6  w h i l e   t h e   f e r r i t e   12  i s   r e s e t   to  a  

s a t u r a t e d   c o n d i t i o n .   The  p h a s e   s h i f t e r   now  e x h i b i t s  

t h e   same  p h a s e   s h i f t   of  60°  fo r   w a v e s   p r o p a g a t i n g   i n  

t h e   o p p o s i t e   d i r e c t i o n .  

The  i m p o r t a n t   f e a t u r e   6f  t h e   p r e s e n t  

i n v e n t i o n   is  t h a t   t h e   p h a s e   s h i f t e r   5  was  p l a c e d   i n  

t h e   p r o p e r   c o n d i t i o n   by  e x e c u t i n g   o n l y   one  o p e r a t i o n  

on  each   f e r r i t e   c o r e .   Tha t   i s ,   t h e   r e s e t   f e r r i t e  

c o r e   9  was  s e t   and  t h e   s e t   f e r r i t e   c o r e   12  w a s  

r e s e t .   T h u s ,   by  m a i n t a i n i n g   a t   l e a s t   one   of   t h e  

f e r r i t e   c o r e s   in  t he   r e s e t   c o n d i t i o n ,   any  d e s i r e d  

p h a s e   s h i f t   may  be  a c h i e v e d   w i t h   o n l y   one   o p e r a t i o n  

f o r   each   t o r o i d .  

FIGURES  5,  6  a n d   7  a r e   to   be  c o n t r a s t e d  

w i t h   FIGURES  8  and  9  wh ich   i l l u s t r a t e   t h e   p r i o r   a r t  

c o n t r o l l e d   f l u x   s w i t c h i n g   t e c h n i q u e .   U s i n g   t h e  

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

r e f e r e n c e   s t a t e   f o r   t he   f e r r i t e   c o r e s   9  and  12  w o u l d  

be  f u l l y   m a g n e t i z e d ,   e q u a l   and  o p p o s i t e l y ,   a s  s h o w n  

by  t he   a r r o w s   in  FIGURE  8.  The  p r i o r   a r t   p h a s e  

s h i f t e r ,   once   p l a c e d   in  the  c o n f i g u r a t i o n   shown  i n  

FIGURE  9 ( a ) ,   wou ld   r e q u i r e   two  s w i t c h i n g   o p e r a t i o n s  



b e f o r e   the   c o m p l i m e n t a r y   s t a t e   shown  in  FIGURE  9 ( b )  

is   r e a c h e d .   The  f e r r i t e   c o r e   9  would   be  d r i v e n   f r o m  

p o s i t i v e   s a t u r a t i o n   to  n e g a t i v e   s a t u r a t i o n   in  o n e  

r e s e t   o p e r a t i o n .   H o w e v e r ,   t h e   c o r e   12  mus t   f i r s t   b e  

d r i v e n   to  n e g a t i v e   s a t u r a t i o n ,   an  a p p r o p r i a t e  

s e t t l i n g   t i m e   must   p a s s   and  t h e n   t he   c o r e   m u s t   b e  

d r i v e n   to  the   a p p r o p r i a t e   r e m a n e n t   s t a t e   as  shown  i n  

FIGURE  9.  T h u s ,   t h e   p r i o r   a r t   c o n t r o l   f l u x  

s w i t c h i n g   t e c h n i q u e   i l l u s t r a t e d   in  FIGURES  8  and  9 

r e q u i r e s   a p p r o x i m a t e l y   t w e l v e   m i c r o s e c o n d s   to   s w i t c h  

s t a t e s   w h i l e   the   s w i t c h i n g   t e c h n i q u e   of  t h e   p r e s e n t  

i n v e n t i o n   i l l u s t r a t e d   in  FIGURES  5,  6  and  7  r e q u i r e s  

a p p r o x i m a t e l y   two  m i c r o s e c o n d s   f o r   a  t y p i c a l   X - b a n d  

p h a s e   s h i f t e r .  

H a v i n g   i l l u s t r a t e d   one  e x a m p l e   of  t h e   new 

s w i t c h i n g   t e c h n i q u e ,   a  p l o t   of  t h e   p h a s e   v e r s u s  

m a g n e t i z a t i o n ,   s i m i l a r   to   FIGURE  1,  may  be  p r o d u c e d  

to  a c c o u n t   fo r   t h e   new  s t a t e s   of  t h e   d u a l - t o r o i d  

p h a s e   s h i f t e r   wh ich   r e s u l t s   f rom  an  a p p l i c a t i o n   o f  

t h e   p r e s e n t   i n v e n t i o n .   In  FIGURE  10,  t h e   l o n g  0 1  
and  s h o r t   0s  p h a s e   s t a t e s   a p p e a r   in  t h e i r   o r i g i n a l  

p o s i t i o n s   on  t he   v e r t i c a l   a x i s .   See  FIGURES  10a  a n d  

lOb.   H o w e v e r ,   a c c o r d i n g   to  t h e   p r e s e n t   i n v e n t i o n ,  

t h e   h o r i z o n t a l   a x i s   r e p r e s e n t s   t h e   c h a n g e   o f  

m a g n e t i z a t i o n   away  f rom  t h e   f u l l y   m a g n e t i z e d   +4  Mr 

c a s e .   The  r a n g e   of  t h e   h o r i z o n t a l   a x i s   v a r i e s   f r o m  

0  to   8  Mr.  The  p o i n t   a t   w h i c h   t he   c u r v e s   c r o s s   t h e  

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

as  in  FIGURE  1,  b u t   t he   s t a t e   a t   which   t he   f e r r i t e s  

a r e   m a g n e t i z e d   to  e i t h e r   t h e   "  "  o r   t h e   "  "  s t a t e s  

as  shown  in  FIGURES  10c  and  10d .   These   s t a t e s   h a v e  

t h e   same  p h a s e   v a l u e .   S i n c e   e a c h   p h a s e   s t a t e   n o w  

c o r r e s p o n d s   to  two  d i s t i n c t   m a g n e t i z a t i o n   p a t t e r n s ,  

t h i s   c u r v e   in  FIGURE  10  i s   now  r e p r e s e n t e d   by  f o u r  

b r a n c h e s   r a t h e r   t h a n   t he   two  b r a n c h e s   shown  i n  



FIGURE  1.  The  two  p o s s i b l e   m a g n e t i z a t i o n   s t a t e s  

c o r r e s p o n d i n g   to  a  p a r t i c u l a r   p h a s e   a r e   i l l u s t r a t e d  

in  FIGURES  10e  and  1 0 f .  

As  can  be  s e e n   f rom  FIGURES  6  and  7  a n d  

FIGURES  10e  and  10f  t h e   g e n e r a l   s t a t e s   o f  

m a g n e t i z a t i o n   of  i n t e r e s t   in  t he   p r e s e n t   i n v e n t i o n  

a r e   t h o s e   in  which   one  f e r r i t e   is   m a g e n t i z e d   f u l l y  

to  a  m a j o r   r e m a n e n t   p o i n t   and  the   o t h e r   f e r r i t e   i s  

in  a  p a r t i a l l y   m a g n e t i z e d   s t a t e .   T h i s   c o r r e s p o n d s  

to  t h e   c o n f i g u r a t i o n   a c h i e v e d   when  one  f e r r i t e   i s  

r e s e t   and  the   o t h e r   f e r r i t e   is   s e t   by  t he   e l e c t r o n i c  

d r i v e r s   23  t h r o u g h   26  shown  in  FIGURE  4.  One  

d i s t i n c t i v e   f e a t u r e   of  t h e   p r e s e n t   i n v e n t i o n   is   t h a t  

e i t h e r   of  the   f e r r i t e s   may  be  r e s e t   to  e i t h e r   a  

p o s i t i v e   or  a  n e g a t i v e   m a j o r   r e m a n e n t   p o i n t .   On  t h e  

n e x t   s w i t c h i n g   o p e r a t i o n   one  of  t he   e l e c t r o n i c  

d r i v e r s   23  t h r o u g h   26  w i l l   t h e n   p r o d u c e   a  c o n t r o l l e d  

m a g n e t i z a t i o n   c h a n g e   away  f rom  t h i s   r e f e r e n c e   p o i n t  

and  s e t   t h e   f e r r i t e   to   a  p a r t i a l l y   m a g n e t i z e d  

s t a t e .   Each  f e r r i t e   w i l l   a l t e r n a t e   b e t w e e n   a  r e s e t  

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

f e r r i t e   may  be  r e s e t   as  many  t i m e s   as  d e s i r e d   in  a  

c o n s e c u t i v e   m a n n e r .   H o w e v e r ,   n e i t h e r   f e r r i t e   may  b e  

s u b j e c t e d   to  c o n s e c u t i v e   s e t   o p e r a t i o n s   s i n c e   such  a  

s w i t c h i n g   o p e r a t i o n   on  t h e   h y s t e r e s i s   l o o p   i s   n o t  

p o s s i b l e   in  a  t e m p e r a t u r e   s t a b l e   m a n n e r   w i t h o u t  

f i r s t   r e t u r n i n g   to  a  s t a b l e   s a t u r a t e d   r e f e r e n c e  

p o i n t .  

The  s w i t c h i n g   s c h e m e   of  t h e   p r e s e n t  

i n v e n t i o n   a l l o w s   any  c h a n g e   of  p h a s e   w i t h   o n l y   o n e  

s w i t c h i n g   o p e r a t i o n   f o r   e a c h   f e r r i t e .   T h i s   is  to  b e  

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

s w i t c h i n g   t e c h n i q u e   d e s c r i b e d   above   w i t h   r e f e r e n c e  

to  FIGURES  8  and  9,  w h e r e i n   two  s w i t c h i n g   o p e r a t i o n s  

a r e   n e c e s s a r y .   U s u a l l y ,   a c c o r d i n g   to   the   p r i o r   a r t  



t e c h n i q u e ,   a  r e s e t   o p e r a t i o n   m a g n e t i z e s   t h e   f e r r i t e  

to   a  r e f e r e n c e   p o i n t   and  a  s e c o n d   s e t   p u l s e  

m a g n e t i z e s   the   f e r r i t e   to   an  a p p r o p r i a t e   p a r t i a l l y  

m a g n e t i z e d   s t a t e .   In  a d d i t i o n   to  t h e   two  s w i t c h i n g  

o p e r a t i o n s ,   i t   is  n e c e s s a r y   to  i n s e r t   a  s u f f i c i e n t  

d e l a y   b e t w e e n   t h e   p u l s e s   to  a l l o w   f o r   b o t h   t h e  

s e t t l i n g   t i m e   of  t he   m a g n e t i z a t i o n   and  t h e  

e l e c t r o n i c   c i r c u i t .  

In  the  s w i t c h i n g   t e c h n i q u e   of  t h e   p r e s e n t  

i n v e n t i o n   t he   f e r r i t e   c o r e s   a r e   c o n n e c t e d   t o  

s e p a r a t e   d r i v e r s   23  t h r o u g h   26  i l l u s t r a t e d   in  FIGURE 

4.  The  o p e r a t i o n   of  t h e   d r i v e r s   23  t h r o u g h   26  i s  

c o n t r o l l e d   a c c o r d i n g   to  p r e p r o g r a m m e d   i n s t r u c t i o n s  

by  t h e   m i r c r o p r o c e s s o r   22  shown  in  FIGURE  4.  A  f l o w  

c h a r t   i l l u s t r a t i n g   the   i n s t r u c t i o n s   w h i c h   t h e  

m i c r o p r o c e s s o r   22  u t i l i z e s   to  c o n t r o l   t h e   d r i v e r s   23  

t h r o u g h   26  is  i l l u s t r a t e d   in  FIGURE  11.   In  FIGURE 

11 ,   t h e   s w i t c h i n g   t e c h n i q u e   of  t h e   p r e s e n t   i n v e n t i o n  

is   i n i t i a t e d   by  t e s t i n g   t he   f e r r i t e   c o r e   9  t o  

d e t e r m i n e d   i f   i t   is   in  a  r e s e t   c o n d i t i o n .   When  t h e  

f e r r i t e   9  i s   in  t he   r e s e t   c o n d i t i o n   the   m i c r o -  

p r o c e s s o r   22  i n s t r u c t s   t h e   c i r c u i t r y   to  s e t   t h e  

f e r r i t e   c o r e   9  to   t he   d e s i r e d   r e m a n e n t   s t a t e   a s  

shown  by  b l o c k   83.  A f t e r   i n i t i a t i n g   t h e   s e t t i n g   o f  

t h e   f e r r i t e   c o r e   9,  t he   m i c r o p r o c e s s o r   p r o c e e d s   t o  

s t e p   84  w h e r e i n   t he   c o n d i t i o n   of  t h e   f e r r i t e   c o r e   12  

i s   d e t e r m i n e d .   If  t he   f e r r i t e   c o r e   9  i s   n o t   r e s e t  

t h e   m i c r o p r o c e s s o r ,   a t   s t e p   85,  i n i t i a t e s   r e s e t t i n g  

of   t h e   f e r r i t e   c o r e   9  and  p r o c e e d s   to  s t e p   8 4 .  

At  s t e p   84  t h e   m i c r o p r o c e s s o r   22  p e r f o r m s  

t h e   same  f u n c t i o n   on  t h e   s e c o n d   f e r r i t e   c o r e   12.  I f  

t h e   f e r r i t e   c o r e   12  is   r e s e t ,   s e t t i n g   i s   i n i t i a t e d ,  

a n d  c o n v e r s e l y ,   i f   t he   f e r r i t e   c o r e   is  s e t ,  

r e s e t t i n g   is  i n i t i a t e d .   As  w i l l   be  a p p r e c i a t e d ,   t h e  

r e q u i r e d   s e t   and  r e s e t   f u n c t i o n s   a r e   t h u s   d e t e c t e d  



and  i n i t i a t e d   s u b s t a n t i a l l y   s i m u l t a n e o u s l y   - -   i . e . ,  

o n l y   a  few  m i c r o c o m p u t e r   i n s t r u c t i o n   c y c l e s   a r e  

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

may  be  p e r f o r m e d   so  as  to   i n i t i a t e   t h e   s e t   and  r e s e t  

o p e r a t i o n s   c o n c u r r e n t l y .   In  a  t y p i c a l   s w i t c h i n g  

t r a n s i t i o n ,   one  f e r r i t e   i s   r e s e t   w h i l e   t h e   o t h e r   i s  

s e t .   The  m i c r o p r o c e s s o r   22  s t o r e s   d a t a  

r e p r e s e n t a t i v e   of  t he   p r e v i o u s   s t a t e   of   t he   f e r r i t e  

c o r e s .   T h u s ,   by  k n o w i n g   t he   new  s t a t e   wh ich   t h e  

f e r r i t e   c o r e   is  to  be  in  and  t he   p r e v i o u s   s t a t e   o f  

t he   f e r r i t e   c o r e   the   p r o p e r   s w i t c h i n g   o p e r a t i o n   i s  

u n i q u e l y   d e f i n e d   and  can   be  i m p l e m e n t e d   p r e c i s e l y  

(and  s i m u l t a n e o u s l y )   by  c o n v e n t i o n a l   l o g i c   c i r c u i t r y  

as  i l l u s t r a t e d   in  FIGURE  4 .  

In  FIGURE  12  an  a l t e r n a t i v e   e m b o d i m e n t   o f  

t h e   p r e s e n t   i n v e n t i o n   i s   i l l u s t r a t e d .   A  s i n g l e  

f e r r i t e   t o r o i d   3 2  h a s   a  f i r s t   p o r t i o n   33  and  a  

s e c o n d   p o r t i o n   34  s e p a r a t e d   by  a  d i s c r e t e   d i s t a n c e  

35.  The  f i r s t   p o r t i o n   33  and  the   s e c o n d   p o r t i o n   34 

a c t   as  two  i n d e p e n d e n t   f e r r i t e   c o r e s .   A c c o r d i n g l y ,  

t he   f i r s t   and  s e c o n d   p o r t i o n s   33  and  34  h a v e  

i n d i v i d u a l   l a t c h i n g   w i r e s   37  and  38,  r e s p e c t i v e l y .  

The  f e r r i t e   p h a s e   s h i f t e r   5  shown  in  t h e   w a v e g u i d e   7 

in  FIGURE  12  o p e r a t e s   in  an  i d e n t i c a l   m a n n e r   to  t h e  

f e r r i t e   p h a s e   s h i f t e r   5  shown  in  t he   w a v e g u i d e   7  i n  

FIGURE  3.  A c c o r d i n g l y ,   t h e   p h a s e   s h i f t e r   5  o f  

FIGURE  12  may  be  c o n t r o l l e d   by  a  c o n t r o l   c i r c u i t   19  

as  shown  in  FIGURE  4 .  

A c c o r d i n g   to  t h e   p r e s e n t   i n v e n t i o n ,   a t  

l e a s t   one  of  t he   f e r r i t e s   i s   m a i n t a i n e d   in  t h e   r e s e t  

s t a t e .   In  g e n e r a l   t h i s   v a l u e   is  -4  Mr  or  +4  M r .  
The  r e s e t   s t a t e   is   a c c o m p l i s h e d   by  a p p l y i n g   a  l a r g e  

v o l t a g e   p u l s e   Vf  of  s u f f i c i e n t   a m p l i t u d e   a n d  

d u r a t i o n   to   g e n e r a t e   a  m a g n e t i z i n g   f o r c e   of  a t   l e a s t  

f o u r   t i m e s   t h e   c o e r c i v e   f o r c e   of  t he   m a t e r i a l .   F o r  



t h e   s e t   o p e r a t i o n ,   i t   is  n e c e s s a r y   to  p r e c i s e l y  

c o n t r o l   t h e   a m o u n t   of   f l u x   in  a  r e p e a t a b l e   f a s h i o n  

o v e r   t h e   e n v i r o n m e n t   to   w h i c h   the   p h a s e   s h i f t e r   i s  

e x p o s e d .   T h e r e f o r e ,   i t   i s   c r u c i a l   t h a t   t h e   s e t  

d r i v e r   be  a b l e   to  i n s u r e   t h a t   t he   v a l u e   of  v f d t   b e  

c o n s t a n t   fo r   a  g i v e n   p h a s e   s t a t e   o v e r   t h e   r e q u i r e d  

t e m p e r a t u r e   r a n g e ,   a g e ,   and  e x t e r n a l   v o l t a g e  

v a r i a t i o n s .  

T h e r e   a r e   a  v a r i e t y   of  t e c h n i q u e s   f o r  

c o n t r o l l i n g   t he   v a l u e   of  v f d t .   T h e s e   employ   a  

r e c t a n g u l a r   p u l s e   w h i c h   can  be  v a r i e d   in  a m p l i t u d e ,  

w i d t h ,   or  b o t h .   E r r o r s   may  be  i n t r o d u c e d   f rom  a  

v a r i e t y   of  s o u r c e s   s u c h   as  v a r i a t i o n s   in  p u l s e  

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

of  the   d r i v i n g   c i r c u i t s ,   and  v o l t a g e s   i n d u c e d   by  t h e  

f e r r i t e   as  t he   m a g n e t i z a t i o n   " f a l l s   b a c k "   to   i t s  

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

c o n j u n c t i o n   w i t h   FIGURES  12  t h r o u g h   15.  The  p r e s e n t  
i n v e n t i o n   e m p l o y s   a  t e c h n i q u e   for   c a l i b r a t i n g   o u t  

t h e s e   e r r o r s   so  t h a t   p h a s e   s h i f t   e r r o r s   o c c u r   o n l y  

due  to  c h a n g e s   a f t e r   t he   i n i t i a l   c a l i b r a t i o n .  

The  p h a s e   s h i f t   f rom  t he   r e f e r e n c e  

m a g n e t i z a t i o n   s t a t e   is   a  f u n c t i o n   of  t h e   f l u x   c h a n g e  

c r e a t e d   by  t he   p r e c i s e l y   c o n t r o l l e d   s e t   v o l t a g e  

p u l s e .   U n f o r t u n a t e l y ,   t h i s   p h a s e   s h i f t   is  no t   a  

l i n e a r   f u n c t i o n   of   0.  A l t h o u g h   s m o o t h   a n d  

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

among  d e v i c e s   m a n u f a c t u r e d   f rom  a  common  b a t c h   o f  

f e r r i t e   m a t e r i a l .  

In  o r d e r   fo r   a  p h a s e   s h i f t e r   to  b e  

commanded   in  a  l i n e a r   f u n c t i o n ,   i . e . ,   in  e q u a l  

d i s c r e t e   s t e p s ,   i t   is  n e c e s s a r y   to  g e n e r a t e   a  

l i n e a r i z a t i o n   f u n c t i o n   w h i c h   maps  e a c h   command  i n t o  

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

The  c o m p o s i t i o n   of   t h a t   i n t r i n s i c   c u r v e   w i t h   a n  



a p p r o p r i a t e   l i n e a r i z a t i o n   f u n c t i o n   c r e a t e s   t h e   p h a s e  

s h i f t   v e r s u s   command  f u n c t i o n   w h i c h   i s   l i n e a r . .  

B e c a u s e   of  the   v a r i a t i o n s   in  i n t r i n s i c   c u r v e s ,   t h e  

l i n e a r i z a t i o n   f u n c t i o n s   mus t   be  c r e a t e d   f o r   e a c h  

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

s h a p i n g   c i r c u i t s   w h i c h   can  be  u s e d   to  g e n e r a t e   t h e  

r e q u i r e d   l i n e a r i z a t i o n   f u n c t i o n .   T h e s e   r e q u i r e   t h a t  

the   command  f i r s t   be  c o n v e r t e d   to  an  a n a l o g  

r e p r e s e n t a t i o n   wh ich   can  t h e n   be  s h a p e d   by  a  s e r i e s  

of  a d j u s t a b l e   n e t w o r k s .   T h i s   r e s u l t s   in  a  p i e c e w i s e  

l i n e a r   a p p r o x i m a t i o n   of  t he   l i n e a r i z a t i o n   f u n c t i o n  

w h e r e   t he   number   of  l i n e a r   s e g m e n t s ,   and  h e n c e   t h e  

number   of  a d j u s t m e n t s ,   is  d e t e r m i n e d   by  the   a c c u r a c y  
w i t h   w h i c h   the   l i n e a r i z a t i o n   f u n c t i o n   mus t   b e  

r e p r o d u c e d .   The  p h a s e   s h i f t   a c c u r a c y   i s ,   of   c o u r s e ,  

d i r e c t l y   d e p e n d e n t   on  the   f a i t h f u l n e s s   of   t h e  

r e p r o d u c t i o n .  

A l t h o u g h   t h e s e   p r i o r   a r t   t e c h n i q u e s   h a v e  

been   used   s u c c e s s f u l l y   in  a p p l i c a t i o n s   r e q u i r i n g  

a c c u r a c i e s   on  the   o r d e r   of  4° ,   t h e r e   a r e   s e r i o u s  

d r a w b a c k s   to  t h i s   a p p r o a c h .   As  t h e   a c c u r a c y  

r e q u i r e m e n t s   a r e   t i g h t e n e d ,   t he   number   o f  

a d j u s t m e n t s   n e c e s s a r y   i n c r e a s e s   d r a s t i c a l l y .   T h e s e  

a d j u s t m e n t s   must   be  g e n e r a l   e n o u g h   to  a c c o m m o d a t e  

t h e   e x t r e m e   v a r i a t i o n s   in  i n t r i n s i c   c u r v e s   t h a t  

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

r e q u i r e   s i g n i f i c a n t   b o a r d   a r e a s   w i t h   a  number   o f  

s e l e c t e d   or  a d j u s t a b l e   c o m p o n e n t s .   The  p r o c e s s   o f  

c a l i b r a t i n g   such   a  d e v i c e   is   t e d i o u s   and  s u b j e c t   t o  

o p e r a t o r   e r r o r   s i n c e   t h i s   t e c h n i q u e   is   no t   w e l l -  

s u i t e d   to  a u t o m a t i c   t e s t i n g   and  c a l i b r a t i o n .  

C l e a r l y ,   in  v iew  of  the   a c c u r a c y   r e q u i r e m e n t s   of  t h e  

p r e s e n t   i n v e n t i o n ,   an  a n a l o g   s h a p i n g   t e c h n i q u e   i s  

no t   a  v i a b l e   a l t e r n a t i v e .  



The  i n v e n t o r s   of  t he   p r e s e n t   i n v e n t i o n   h a v e  

d e v e l o p e d   a  u n i q u e   d i g i t a l   l i n e a r i z a t i o n   t e c h n i q u e  

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

w i t h   t h e   p r i o r   a r t   a n a l o g   s h a p i n g   t e c h n i q u e .   T h e  

t e c h n i q u e   of  t he   p r e s e n t   i n v e n t i o n   e m p l o y s   t h e  

p r o g r a m m a b l e   r e a d   o n l y   memory  20,  i l l u s t r a t e d   i n  

FIGURE  4,  to  p e r m a n e n t l y   s t o r e   a  r e p r e s e n t a t i o n   o f  

t h e   l i n e a r i z i n g   f u n c t i o n   of  t h e   i n d i v i d u a l  

f e r r i t e s .   In  t h i s   t e c h n i q u e ,   the   d i g i t a l   i n p u t  

command  f rom  t h e   m i c r o p r o c e s s o r   22  a d d r e s s e s   a  w o r d  

in  t h e   PROM  20  w h i c h   has   b e e n   p r o g r a m m e d   to  c o n t a i n  

a  v a l u e   r e p r e s e n t i n g   the   f l u x   c h a n g e   n e c e s s a r y   t o  

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

command  word  is  t h e n   used   to  c o n t r o l   t h e   s e t   p u l s e  

g e n e r a t i n g   c i r c u i t r y .   The  a c c u r a c y   w i t h   wh ich   t h e  

r e q u i r e d   l i n e a r i z a t i o n   t a b l e   can   be  r e p r o d u c e d   i s  

l i m i t e d   o n l y   by  t h e   q u a n t i z a t i o n   of  t h e   f l u x  

c h a n g e .   N o r m a l l y ,   t h e   s e t   d r i v e r s   of   t h e   d r i v e r s   2 3  

t h r o u g h   26  a r e   d e s i g n e d   so  t h a t   t h e   q u a n t i z a t i o n  

e f f e c t   i s   1 /4   to   1 / 8   of  t he   s m a l l e s t   d e s i r e d   p h a s e  

c h a n g e .   T h u s ,   in  one  e m b o d i m e n t ,   a  512  s t a t e   ( 9 -  

b i t )   p h a s e   s h i f t e r   may  have   a  4 , 0 9 6   s t a t e   ( 1 2 - b i t )  

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

In  a c t u a l   p r a c t i c e ,   t h i s   d i g i t a l  

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

D u r i n g   t h e   c a l i b r a t i o n   p r o c e s s   t h e   l i n e a r i z i n g  

f u n c t i o n   to  be  s t o r e d   in  t he   PROM  20  i s  

c h a r a c t e r i z e d   e m p i r i c a l l y   u s i n g   t h e   a c t u a l   p u l s e  

g e n e r a t i n g   c i r c u i t r y .   The  v a l u e   s t o r e d   in  e a c h  

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

p r o d u c e d   by  each   a v a i l a b l e   v a l u e   and  s e l e c t i n g   t h e  

one  w h i c h   mos t   n e a r l y   a c h i e v e s   t h e   d e s i r e d   p h a s e  

c h a n g e .   In  t h i s   way,   e r r o r s   i n t r o d u c e d   b e c a u s e   o f  

v a r i a t i o n s   in  p u l s e   a m p l i t u d e   or  p u l s e   w i d t h ,  

t r a n s i t i o n   and  s t o r a g e   t i m e s   of  t h e   d r i v i n g   c i r c u i t s  



and  v o l t a g e s   i n d u c e d   by  the   f e r r i t e   as  t h e  

m a g n e t i z a t i o n   " f a l l s   b a c k "   to  i t s   r e s i d u a l   v a l u e   a r e  
c a l i b r a t e d   o u t ,   l e a v i n g   o n l y   t h e   q u a n t i z a t i o n  

e r r o r s .   In  a d d i t i o n ,   t h i s   m e t h o d   a l l o w s   i n s e r t i o n  

p h a s e   a d j u s t m e n t   s i n c e   the   word  c o r r e s p o n d i n g   to  t h e  

z e r o   command  need  no t   p r o d u c e   z e r o   p h a s e   s h i f t ,   b u t  

can   be  a d j u s t e d   to  m a t c h   a  s t a n d a r d   u n i t .   C l e a r l y ,  
t h i s   t e c h n i q u e   is  w e l l - s u i t e d   to   a p p l i c a t i o n s  

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

Tha t   p a r t   of  t h e   d r i v i n g   e l e c t r o n i c s   w h i c h  

g e n e r a t e s   and  c o n t r o l s   t he   s e t   v o l t a g e   p u s l s e s   i s  

m o s t   c r i t i c a l   in  t e r m s   of  p h a s e   a c c u r a c y .   T h e  

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

c o n f i g u r a t i o n s   wh ich   may  be  u s e d   fo r   the   s e t   d r i v e r s  

of   d r i v e r s   23  t h r o u g h   26  shown  in  FIGURE  4  and  t h e  

maximum  e r r o r s   to  be  e x p e c t e d   f o r   t h e s e   d r i v e r  

a p p r o a c h e s   ove r   a  1 5 0 C   t e m p e r a t u r e   r a n g e .  
The  f i r s t   s e t   d r i v e r   c o n f i g u r a t i o n   to  b e  

c o n s i d e r e d ,   shown  in  FIGURE  13,   i n v o l v e s   a p p l y i n g   a  

f i x e d   a m p l i t u d e   v o l t a g e   p u l s e   37  w i t h   t he   p u l s e  

w i d t h   d e t e r m i n e d   d i r e c t l y   by  t h e   m o d i f i e d   c o m m a n d  

o u t p u t   f rom  t h e   PROM  20,  i . e . ,   t h e   d i g i t a l   to  a n a l o g  

c o n v e r t e r   21  is  no t   u t i l i z e d   in  t h i s   e m b o d i m e n t .  

When  s m a l l   v a l u e s   o f  0   a r e   r e q u i r e d ,   t he   p u l s e   3 7  

is   v e r y   s h o r t   and  i n c r e a s e s   to  a b o u t   f o u r  

m i c r o s e c o n d s   fo r   a  t y p i c a l   B - b a n d   p h a s e   s h i f t e r   a s  

t h e   p h a s e   command  a p p r o a c h e s   3 6 0 ° .   The  main   s o u r c e s  

of   e r r o r   in  t h i s   a p p r o a c h   a r e   a m p l i t u d e   v a r i a t i o n s ,  

p u l s e   w i d t h   c o n t r o l   a c c u r a c y   and  p u l s e   s h a p e  

v a r i a t i o n s .  

M e t h o d s   of  c o n t r o l l i n g   the   a m p l i t u d e   r a n g e  
f rom  a  s i m p l e   s a t u r a t i n g   t r a n s i s t o r  s w i t c h   ( n o t  

shown)   w h i c h   p r o v i d e s   v e r y   p o o r   c o n t r o l ,   to  a  

f e e d b a c k   s t a b i l i z e d   l i n e a r   a m p l i f i e r   (no t   s h o w n )  

w h i c h   can  p r o v i d e   v e r y   a c c u r a t e   c o n t r o l .   U s i n g  



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

be  made  q u i t e   s m a l l .   The  m a j o r   p r o b l e m   w i t h   t h i s  

a p p r o a c h   is  t h a t   t he   t e m p e r a t u r e   d e p e n d e n t   p u l s e  

s h a p e   v a r i a t i o n s   c r e a t e   s u b s t a n t i a l   e r r o r s   a t   t h e  

low  p h a s e   s t a t e s .   Th i s   a p p r o a c h   is  t h e r e f o r e   n o t  

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

In  t h e   a p p r o a c h   i l l u s t r a t e d   in   FIGURE  1 4 ,  

t h e   w i d t h   of  t he   p u l s e   39  is  h e l d   c o n s t a n t   and  t h e  

p u l s e   a m p l i t u d e   is  v a r i e d   to  a c h i e v e   t h e   v a r i o u s  

p h a s e   s t a t e s .   T h i s   e l i m i n a t e s   t h e   p r o b l e m   in  t h e  

p r e v i o u s   a p p r o a c h   in  t h a t  1 1   can   be  v a r i e d   t o  

e s s e n t i a l l y   z e r o .   The  p u l s e   a m p l i t u d e   i s   c o n t r o l l e d  

by  an  a m p l i f i e r   41  h a v i n g   a  u n i t y   g a i n   l i n e a r   s t a g e  

d r i v i n g   a  c u r r e n t   g a i n   s t a g e   w i t h   f e e d b a c k   f rom  t h e  

o u t p u t   to  t h e   f i r s t   s t a g e .   The  c o n t r o l l i n g   v o l t a g e  

i s   d e r i v e d   f rom  an  8  or  1 2 - b i t   d i g i t a l   to   a n a l o g  

c o n v e r t e r   21.   T h e  m a j o r   s o u r c e s   of  e r r o r   in  p u l s e  

a m p l i t u d e   a r e   due  to  q u a n t i z a t i o n   and  t e m p e r a t u r e  

s e n s i t i v i t y   of  t he   d i g i t a l   to  a n a l o g   c o n v e r t e r   2 1 ,  

g a i n   and  o f f s e t   v a r i a t i o n s   in  t h e   a m p l i f i e r   41,  a n d  

v o l t a g e   d r o p s   in  the   l a t c h   w i r e   10  and  c o n n e c t o r s  

w h i c h   a r e   n o t   in  t he   f e e d b a c k   l o o p .  

Two  p o s s i b l e   m e t h o d s   of  g e n e r a t i n g   a  

c o n t r o l l i n g   p u l s e   w i d t h   a r e   an  R-C  c o n t r o l l e d   o n e -  
s h o t   ( no t   shown)   wh ich   can  be  made  to   a c h i e v e   a n  

e r r o r   of  l . 8 °   or  a  s t a b l e   c r y s t a l   o s c i l l a t o r   ( n o t  

shown)   w h i c h   t o g e t h e r   w i t h   a s s o c i a t e d   l o g i c   p r o d u c e s  

an  e r r o r   of  a p p r o x i m a t e l y   0 . 0 7 ° .   V a r i a t i o n s   i n  

t r a n s i t i o n   t i m e s   can  c a u s e   an  e r r o r   of   0 . 1 5 ° .   T h u s ,  

t h i s   a p p r o a c h   can   a c h i e v e   w o r s t - c a s e   a c c u r a c i e s   o n  

t h e   o r d e r   of  1 . 5 °   w i t h   a  c r y s t a l   t i m e   b a s e   and  3 . 2 °  

w i t h   t he   o n e - s h o t ,   f o r   r e m o t e   d r i v e r s .  

One  of  the   ma jo r   s o u r c e s   of  e r r o r   in  t h e  

e m b o d i m e n t   shown  in  FIGURE  14  i s   u n c o n t r o l l e d   d r o p s  

in  t he   l a t c h   w i r e   10.  The  i n v e n t o r s   h a v e   d e v e l o p e d  



an  a p p r o a c h ,   shown  in  FIGURE  15,  w h i c h   u t i l i z e s   a  

v a r i a b l e   a m p l i t u d e ,   f i x e d   w i d t h   v o l t a g e   p u l s e  . 4 5  

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

and  a t   t he   same  t i m e   a l l o w i n g   t h e   d r i v e r   t o  

c o m p e n s a t e   for   t e m p e r a t u r e   d e p e n d e n t   c h a n g e s   in  t h e  

m a g n e t i c   p r o p e r t i e s   of  t h e   f e r r i t e   9.  T h i s   a p p r o a c h  
i n v o l v e s   s e n s i n g   t h e   i n d u c e d   v o l t a g e   on  a  s e c o n d  

w i r e   43  p a s s i n g   t h r o u g h   t h e   f e r r i t e   9  and  u s i n g   t h i s  

v o l t a g e   for   t h e   l i n e a r   a m p l i f i e r   f e e d b a c k .   S i n c e  

t h e   c u r r e n t   in  t h i s   w i r e   43  is   v e r y   low,   t h e r e   a r e  

e s s e n t i a l l y   no  v o l t a g e   d r o p s   in  t h i s   p a t h .   T h u s ,  

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

c o n s t a n t   a p p l i e d   v o l t a g e   t e n d s   to   i m p r o v e   t h e  

a c c u r a c y .   By  e l i m i n a t i n g   e r r o r s   due   to  v o l t a g e  

d r o p s   in  t he   l a t c h   w i r e   10,  t h i s   a p p r o a c h   i m p r o v e s  

a c c u r a c y   to  a b o u t   0 . 6 5 °   w i t h   a  h i g h l y   c r y s t a l   c l o c k  

or   a b o u t   2 . 4 °   w i t h   o n e - s h o t .  

S i n c e  0   a c t u a l l y   d e p e n d s   on  the   i n t e g r a l  

of   t h e   s e t   v o l t a g e   and  no t   s o l e l y   on  t h e   a m p l i t u d e  

of   t he   s e t   v o l t a g e ,   t he   a p p r o a c h   shown  in  FIGURE  1 6  

s e n s e s   t he   i n t e g r a l   of  t h e   s e t   v o l t a g e   and  u s e s   i t  

as   a  f e e d b a c k   s i g n a l   to  p r o d u c e   a  v a r i a b l e  

a m p l i t u d e ,   q u a s i - c o n s t a n t   w i d t h   v o l t a g e   p u l s e   4 7 .  

H e r e ,   t he   a m p l i t u d e   of  t h e   a p p l i e d   v o l t a g e   p u l s e   47  

i s   v a r i e d   and  c o n t r o l l e d   as  in  t h e   c o n f i g u r a t i o n  

shown   in  FIGURE  15,   b u t   t h e   e x a c t   d u r a t i o n   of  t h e  

p u l s e   47  is   d e t e r m i n e d   by  a  c o m p a r a t o r   48  w h i c h  

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

a n a l o g   c o n v e r t e r   21  w i t h   t h e   v o l t a g e   p r o d u c e d   by  a  

s i m p l e   r e s i s t o r   4 9 - c a p a c i t o r   50  i n t e g r a t o r .   T h e  

p u l s e   w i d t h   of  t h e   p u l s e   47  i s   d e t e r m i n e d   t h e n   b y  
t h e   i n t e g r a l   of  t h e   a p p l i e d   v o l t a g e .   S i n c e   t h e  

a m p l i t u d e   of  t h e   p u l s e   47  v a r i e s   w i t h   t h e   p h a s e  

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

c o n s t a n t .   B e c a u s e   t h e   p o i n t   of  t u r n - o f f   i s  



d e t e r m i n e d   by  the   i n t e g r a l   of  the   s e t   v o l t a g e ,  

e r r o r s   due  to   t u r n - o n   v a r i a t i o n s   and  p u l s e   a m p l i t u d e  

a r e   c o m p e n s a t e d   by  the   p u l s e   w i d t h .   In  a d d i t i o n ,  

a c c u r a t e   p u l s e   w i d t h   g e n e r a t o r s   a r e   no t   r e q u i r e d .  

In  t he   e m b o d i m e n t   i l l u s t r a t e d   in  FIGURE  1 6 ,  

e r r o r s   a r e   due   to  t he   c o m p a r i s o n   c i r c u i t   a n d  

v a r i a t i o n s   in  t u r n - o f f   t i m e .   C o m p a r i s o n   e r r o r s  

i n c l u d e   d i g i t a l   to   a n a l o g   v a r i a t i o n s ,   q u a n t i z a t i o n  

e r r o r s ,   v a r i a t i o n s   in  the   R-C  i n t e g r a t o r ,   c h a n g e s   i n  

c o m p a r a t o r   o f f s e t ,   c h a n g e s   in  c o m p a r a t o r   r e s p o n s e  
t i m e   and  p u l s e   t u r n - o f f   v a r i a t i o n s .   P r e d i c t e d  

e r r o r s   fo r   t h e   d r i v e r   shown  in  FIGURE  16  a r e  

a p p r o x i m a t e l y   0 . 7 2 ° .   A l t h o u g h   t h i s   a p p r o a c h   a p p e a r s  

to  s u f f e r   s l i g h t l y   in  a c c u r a c y ,   i t   d o e s   have   a n  

a d v a n t a g e   o v e r   t he   e m b o d i m e n t   shown  in  FIGURE  15  i n  

t h a t   i t   d o e s   no t   r e q u i r e   a  c r y s t a l   t i m e   b a s e .  

Any  of  t h e   a p p r o a c h e s   o u t l i n e d   in  FIGURES 

13  t h r o u g h   16  a r e   s u i t a b l e   fo r   Use  in  p r e s e n t  

i n v e n t i o n   as  s e t   d r i v e r s   fo r   the   d r i v e r s   23  t h r o u g h  

26.   The  e x a c t   c o n f i g u r a t i o n   s e l e c t e d   d e p e n d s   o n  

a c c u r a c y   r e q u i r e m e n t s ,   p a r t   s e l e c t i o n ,   e t c .   B l o c k  

d i a g r a m s   f o r   t he   r e s e t   d r i v e r s   h a v e   no t   b e e n  

i l l u s t r a t e d   s i n c e   i t   is  o n l y   n e c e s s a r y   f o r   t he   r e s e t  

d r i v e r   to  s u p p l y   a  v o l t a g e   p u l s e   of   s u f f i c i e n t  

a m p l i t u d e   and  d u r a t i o n   to  g e n e r a t e   a  m a g n e t i z i n g  

f o r c e   of  a p p r o x i m a t e l y   fou r   t i m e s   t h e   c o e r c i v e   f o r c e  

of   t he   f e r r i t e s .   T h u s ,   a c c u r a c y   i s   n o t   a  

c o n s i d e r a t i o n   in  t h e   d e s i g n   of  t h e   r e s e t   d r i v e r s   o f  

t h e   d r i v e r s   23  t h r o u g h   2 6 .  

T y p i c a l   o u t p u t   s t a g e s   f o r   t he   s e t   and  r e s e t  

d r i v e r s   a r e   shown  in  FIGURES  17  and  1 8 ,  

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

r e s e t   d r i v e r s   may  be  any  c u r r e n t l y   a v a i l a b l e   o u t p u t  

s t a g e s .  



The  f a s t - s w i t c h i n g   t e c h n i q u e   d e s c r i b e d   i n  

c o n j u n c t i o n   w i t h   FIGURE  4  r e q u i r e s   a  s e p a r a t e  
e l e c t r o n i c   c i r c u i t   to  be  a t t a c h e d   to   each   f e r r i t e  

t o r o i d   9  and  12,   each  of  w h i c h   i s   c a p a b l e   o f  

r e s e t t i n g   in  b o t h   d i r e c t i o n s   and  s e t t i n g   in  b o t h  

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

s w i t c h i n g   c o n f i g u r a t i o n   can  be  d e s c r i b e d   a s  

r e q u i r i n g   f o u r   r e s e t / s e t   d r i v e r s   or  f o u r   r e s e t   p l u s  
f o u r   s e t   d r i v e r s .   H o w e v e r ,   in  many  a p p l i c a t i o n s   t h e  

s w i t c h i n g   t i m e   fo r   the   r e c e i v e   t r a n s i t i o n   i s   t h e  

o n l y   one  of  m a j o r   i m p o r t a n c e   in  a  n o n - r e c i p r o c a l  

p h a s e   s h i f t e r   a p p l i c a t i o n .   If   t h i s   i s   t he   c a s e ,   a  

s i m p l i f i e d   e m b o d i m e n t ,   shown  in  FIGURE  19,  may  b e  

u s e d   in  p l a c e   of  t he   e m b o d i m e n t   shown  in  FIGURE  4 .  

In  FIGURE  19  i d e n t i c a l   e l e m e n t s   p e r f o r m i n g   i d e n t i c a l  

f u n c t i o n s   h a v e   t h e   same  r e f e r e n c e   number   as  i n  

FIGURE  4.  In  FIGURE  1 9 ( a ) ,   a  f i r s t   s e t   d r i v e r   52,  a  

s e c o n d   s e t   d r i v e r   53  and  two  r e s e t   d r i v e r s   54  and  5 5  

a r e   p r o v i d e d   in  p l a c e   of  t he   d r i v e r s   23  t h r o u g h   26  

shown  in  FIGURE  4.  A  s w i t c h i n g   t e c h n i q u e   i n  

a c c o r d a n c e   w i t h   the   t e a c h i n g s   o f   t he   p r e s e n t  

i n v e n t i o n   can   be  d e v i s e d   f o r   t h e   c i r c u i t   shown  i n  

FIGURE  19  in  w h i c h   the   t r a n s m i t   t r a n s i t i o n   i s  

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

a r t   r e s e t / s e t   o p e r a t i o n   s e q u e n c e   w h i l e   the   r e c e i v e  

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

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

o p p o s i t e   t o r o i d .   FIGURES  5  t h r o u g h   9,  u s e d   i n  

c o n j u n c t i o n   w i t h   FIGURE  4,  w i l l   a l s o   be  u s e d   t o  

d i s c u s s   t h e   o p e r a t i o n   of  FIGURE  1 9 .  

In  a  t r a n s m i t   s w i t c h i n g   o p e r a t i o n ,   b o t h  

t o r o i d s   a r e   r e t u r n e d   to  t h e   "  s t a t e   o f  

m a g n e t i z a t i o n   w h i c h   is  r e f e r r e d   to   as  t he   0°  s t a t e  

as  shown  in  FIGURE  5.  For  t h e   t r a n s m i t   d i r e c t i o n   o f  

p r o p a g a t i o n   a  p o s i t i v e   p h a s e   a d v a n c e   r e q u i r e s  



f e r r i t e   12  to  be  s e t   w h i l e   a  n e g a t i v e   p h a s e   r e q u i r e s  
f e r r i t e   9  to  be  s e t .   To  go  to  a  new  t r a n s m i t   s t a t e ,  

the   f e r r i t e   w h i c h   was  p r e v i o u s l y   s e t   is  r e s e t   p r i o r  

to  i s s u i n g   t he   new  s e t   command.   Th i s   t e c h n i q u e   i s  

s i m i l a r   to  t he   p r i o r   a r t   r e s e t / s e t   o p e r a t i o n   e x c e p t  
t h a t   in  t he   p r e s e n t   scheme  the   f e r r i t e   which   i s  

b e i n g   r e s e t   is  c o m i n g   f rom  a  p o i n t   on  h y s t e r e s i s  

l o o p   r e p r e s e n t i n g   a  maximum  of  180°  of  p h a s e   s h i f t .  

The  p r i o r   a r t   me thod   of  p r o d u c i n g   a  r e c e i v e  

s t a t e   w h i c h   i s   r e c i p r o c a l   to  t h e   c o r r e s p o n d i n g  
t r a n s m i t   s t a t e   ( t h a t   i s ,   one  t h a t   has   the   s a m e  

p h a s e )   would   be  to   r e v e r s e   t h e   d i r e c t i o n   o f  

m a g n e t i z a t i o n   on  b o t h   f e r r i t e s   as  shown  in  FIGURE 

9.  H o w e v e r ,   i t   i s   c l e a r   f rom  FIGURE  9  t h a t   t h e  

c o r r e s p o n d i n g   p r i o r   a r t   r e c e i v e   s t a t e   of  FIBURE  9 ( b )  

c a n n o t   be  r e a c h e d   f rom  the   t r a n s m i t   s t a t e   of  FIGURE 

9(a )   by  o n l y   one  s w i t c h i n g   o p e r a t i o n   on  the   f e r r i t e s  

9  and  12,  b e c a u s e   b o t h   s t a t e s   of  f e r r i t e s   9  and  1 2  

a r e   s t a t e s   of  p a r t i a l   m a g n e t i z a t i o n .   The  p r i o r   a r t  

r e c e i v e   s t a t e   of  FIGURE  9(b)   can   be  a c h i e v e d   o n l y   b y  

r e s e t t i n g   the   f e r r i t e s   9  and  12  to   t he   b o t t o m   end  o f  

t h e   BH  l o o p   f o l l o w e d   by  a  s e t   p u l s e   of  a p p r o x i m a t e l y  

e q u a l   m a g n i t u d e   to   t h a t   wh ich   was  a p p l i e d   d u r i n g   t h e  

t r a n s m i t   o p e r a t i o n .  

As  was  d e s c r i b e d   e a r l i e r ,   t h e r e   a r e  

f o r t u n a t e l y   two  m a g n e t i z a t i o n   p a t t e r n s   in  t he   new  

s w i t c h i n g   t e c h n i q u e   wh ich   o f f e r   t he   same  p h a s e   f o r  

t h e   r e c e i v e   d i r e c t i o n   of  p r o p a g a t i o n .   If   t he   s t a t e  

shown  in  FIGURE  7  i s   s e l e c t e d   as  the   r e c i p r o c a l  

s t a t e   fo r   t r a n s m i t ,   t h i s   s t a t e   can   be  r e a c h e d  

a c c o r d i n g   to  t he   p r e s e n t   i n v e n t i o n   in  one  s w i t c h i n g  

o p e r a t i o n   in  w h i c h   f e r r i t e   9  i s   b e i n g   s e t   w h i l e  

f e r r i t e   12  is  s i m u l t a n e o u s l y   b e i n g   r e s e t .   As  a  

r e s u l t ,   t he   r e c e i v e   t r a n s i t i o n   a c c o r d i n g   to  t h e  

p r e s e n t   i n v e n t i o n   can   be  a c c o m p l i s h e d   w i t h   a  m i n i m u m  



t i m e   c o r r e s p o n d i n g   to  one  s w i t c h i n g   o p e r a t i o n .  

F u r t h e r m o r e ,   d u r i n g   t h e   r e s e t   o p e r a t i o n   of  FIGURE  7 ,  

t h e   m a g n e t i c   f l u x   to   be  r e v e r s e d   on  t h e   f e r r i t e   12  

( w h i c h   is  to  be  r e s e t )   n e v e r   e x c e e d s   an  e q u i v a l e n t  

1 8 0 °   of  f l u x   c h a n g e ,   w h e r e a s   in  the   p r i o r   a r t  

t r a n s m i t / r e c e i v e   o p e r a t i o n   the   a m o u n t   of   m a g n e t i c  

f l u x   to  be  r e v e r s e d   c o u l d   c o r r e s p o n d   to   a  t r a n s i t i o n  

f r o m   -Br  to   +Br  w h i c h   in  g e n e r a l   wou ld   h a v e  

r e p r e s e n t e d   a p p r o x i m a t e l y   500°  of  p h a s e   s h i f t .  

The  s w i t c h i n g   o p e r a t i o n   d e s c r i b e d   a b o v e  

m a i n t a i n s   t e m p e r a t u r e   s t a b i l i t y   d u r i n g   t h e   p h a s e  

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

u s i n g   o t h e r   c o n t r o l l e d   f l u x   t e c h n i q u e s .   I n  

a d d i t i o n ,   t h e   a m o u n t   of  e l e c t r i c a l   c i r c u i t r y  

r e q u i r e d   to  a c h i e v e   t h i s   c o n f i g u r a t i o n   is  l e s s   t h a n  

t h a t   r e q u i r e d   f o r   FIGURE  4.  The  l o g i c   n e c e s s a r y   t o  

i m p l e m e n t   t he   c i r c u i t r y   is  a c c o r d i n g l y   a l s o   r e d u c e d .  

The  new  s w i t c h i n g   t e c h n i q u e   o f   t h e   p r e s e n t  

i n v e n t i o n   may  be  u s e d   in  a p p a r a t u s   r e q u i r i n g   m o r e  

t h a n   one  d u a l - t o r o i d   p h a s e   s h i f t e r .   Such  a n  

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

p o r t   m i c r o w a v e   s w i t c h ,   i s   shown  in  b l o c k   d i a g r a m  

f o r m   in  FIGURE  20  and  p h y s i c a l l y   r e p r e s e n t e d   i n  

FIGURE  21.  In  FIGURE  21,  a  f i r s t   m a g i c   t e e   58  has   a  

f i r s t   i n p u t   p o r t   59  and  a  t e r m i n a t e d   s e c o n d   i n p u t  

p o r t   60.  A  s e c o n d   m a g i c   t e e   62  has   a  f i r s t   o u t p u t  

p o r t   63  and  a  s e c o n d   o u t p u t   p o r t   64.  A  f i r s t  

m i c r o w a v e   p a t h   67  e x t e n d s   b e t w e e n   t h e   f i r s t   a n d  

s e c o n d   m a g i c   t e e s   58  and  62.  A  s e c o n d   m i c r o w a v e  

p a t h   68  e x t e n d s   b e t w e e n   the   f i r s t   m a g i c   t e e   58  a n d  

t h e   s e c o n d   mag ic   t e e   62  in  p a r a l l e l   w i t h   t h e   f i r s t  

m i c r o w a v e   p a t h   67.  Each  m i c r o w a v e   p a t h   67  and  68  

i n c l u d e s   a  d u a l - t o r o i d   f e r r i t e   p h a s e   s h i f t e r   70  a n d  

71 ,   r e s p e c t i v e l y .   The  p h a s e   s h i f t e r s   70  and  71  a r e  

c o n t r o l l e d   by  a  d r i v e r   c i r c u i t   7 3 .  



The  r e c i p r o c a l   s w i t c h   can   be  s e t   to  t h e  

d e s i r e d   s e t t i n g   u s i n g   a  f l u x   d r i v e   t e c h n i q u e   r a t h e r  

t h a n   a  m u l t i p l e   b i t   a p p r o a c h .   P r e v i o u s   a t t e m p t s   a t  

m a k i n g   a  r e c i p r o c a l   s w i t c h   u s i n g   t he   c o n f i g u r a t i o n  

shown  in  FIGURE  20  u s e d   m a j o r   l o o p   s w i t c h i n g   of  t h e  

f e r r i t e s   to  e q u a l   an  o p p o s i t e   m a g n e t i z a t i o n   s t a t e s  

c o r r e s p o n d i n g   to  t he   0°  s t a t e   and  the   180°  s t a t e ,  

r e s p e c t i v e l y .   See  FIGURES  22  t h r o u g h   27.  When  t h e  

d i r e c t i o n   of  p r o p a g a t i o n   is   r e v e r s e d ,   t he   0°  s t a t e  

now  a p p e a r s   to  be  t h e   + 1 8 0 °   s t a t e   and  v i c e   v e r s a .  

T h e r e f o r e ,   the   p h a s e   d i f f e r e n c e   in  the   n e t w o r k   i s  

c h a n g e d   from  +180  to   - 1 8 0 °   as  t h e   d i r e c t i o n   o f  

p r o p a g a t i o n   i f   r e v e r s e d .   U s i n g   the   n e t w o r k   o f  

FIGURE  20,  t he   a m p l i t u d e   r e m a i n s   c o n s t a n t .  

T h e r e f o r e ,   t h i s   d e v i c e   w i l l   f u n c t i o n   as  a  r e c i p r o c a l  

s w i t c h   in  t e r m s   of  a m p l i t u d e .  

H o w e v e r ,   a  p r i o r   a r t   c o n t r o l l e d   f l u x  

v e r s i o n   of  t h i s   s w i t c h i n g   a r r a n g e m e n t   w i l l   n o t  

m a i n t a i n   c o n s t a n t   a m p l i t u d e   b e t w e e n   t he   t r a n s m i t   a n d  

r e c e i v e   modes  b e c a u s e   o f   t h e   n o n - l i n e a r i t y   of  t h e  

p h a s e   v e r s u s   m a g n e t i z a t i o n   c u r v e s .   When  t h e  

d i r e c t i o n   of  p r o p a g a t i o n   i s   r e v e r s e d ,   t h e   r e f e r e n c e  

s t a t e   c h a n g e s   from  t he   l o n g   s t a t e   to  t he   s h o r t  

s t a t e ,   and  t he   d i f f e r e n t i a l   p h a s e   s h i f t   a c h i e v e d   i n  

t h e   180°  s t a t e   c h a n g e s   f r o m   t r a n s m i t   to  r e c e i v e   a s  

i l l u s t r a t e d   in  FIGURES  22  t h r o u g h   27.  T h e r e f o r e ,  

t h e   a m p l i t u d e   is  no t   r e c i p r o c a l   b e t w e e n   t he   t r a n s m i t  

and  r e c e i v e   m o d e s .  

U s i n g   the   d u a l - t o r o i d   s w i t c h i n g   t e c h n i q u e  

of  t h e   p r e s e n t   i n v e n t i o n ,   s y m m e t r y   a r g u m e n t s   can   b e  

u s e d   to  shown  t h a t   b e t w e e n   t r a n s m i t   and  r e c e i v e   t h e  

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

in  FIGURES  28  t h r o u g h   33 .   T h u s ,   in  t h i s   d e v i c e   a  

c o n t r o l l e d   f l u x   d r i v e r   c a n   m a i n t a i n   t e m p e r a t u r e  



s t a b i l i t y   of  1800  p h a s e   s h i f t   and  p r o v i d e   f o r  

e l e c t r o n i c   a d j u s t m e n t .  

In  summary ,   the   new  d u a l - t o r o i d   s w i t c h i n g  

t e c h n i q u e   a l l o w s   the   c o n s t r u c t i o n   of   a  f o u r - p o r t  

r e c i p r o c a l   s w i t c h   ( a m p l i t u d e   o n l y )   in  w h i c h   the   1 8 0 °  

d i f f e r e n t i a l   p h a s e   s e t t i n g   i s   d e t e r m i n e d   by  a  f l u x  

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

t e c h n i q u e   p r e v i o u s l y   e m p l o y e d .   The  use   of  a  f l u x  

d r i v e   a p p r o a c h   to  s e t   the   180°  d i f f e r e n t i a l   p h a s e  

s t a t e   a d d s   t he   i n h e r e n t   t e m p e r a t u r e   s t a b i l i t y  

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

t e c h n i q u e .   By  w i r i n g   the   two  p h a s e   s h i f t e r s  

a p p r o p r i a t e l y ,   t he   number  of  e l e c t r o n i c   d r i v e r s   c a n  

be  r e d u c e d   to  one  r e s e t   d r i v e r   and  one  s e t   d r i v e r   a s  

shown  in  FIGURE  3 4 .  

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

t e c h n i q u e   d e s c r i b e d   in  c o n j u n c t i o n   w i t h   FIGURE  20  

can  be  u s e d   to  p r o d u c e   a  t r a n s m i t / r e c e i v e   s w i t c h   i n  

w h i c h   the   i s o l a t i o n   r e s p o n s e   d o e s   n o t   show  t h e  

t y p i c a l   o v e r s h o o t   a s s o c i a t e d   w i t h   t he   o v e r - d r i v i n g  

of  t he   m a g n e t i z a t i o n   d u r i n g   t h e   p e a k   c u r r e n t   of  t h e  

r e s e t   p u l s e .   T h i s   r e s u l t   can   be  a c h i e v e d   by  d r i v i n g  

b o t h   p h a s e   s h i f t e r s   d u r i n g   r e s e t   to  a  new  0°  s t a t e ,  

("  "  s t a t e ) ,   in  wh ich   a  r e c i p r o c a l   p h a s e   s h i f t e r  

c o n f i g u r a t i o n   i s   a c h i e v e d .   In  t h i s   m a g n e t i z a t i o n  

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

of  t he   m a g n i t u d e   to  the   m a g n e t i z a t i o n .   Thus  t h e  

p h a s e   has   a  s i g n i f i c a n t l y   r e d u c e d   o v e r s h o o t   a t   0 °  

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

e i t h e r   t h e   long   or  s h o r t   e l e c t r i c a l   s t a t e s   as  a  

r e f e r e n c e   p o i n t .  

The  r e c i p r o c a l   f o u r - p o r t   s w i t h   56  shown  i n  

FIGURE  20  may  a d d i t i o n a l l y   be  m o d i f i e d   by  r e p l a c i n g  

the   mag ic   t e e   62  w i t h   a  3dB  90°  s i d e w a l l   h y b r i d   7 8  

as  shown  in  FIGURE  35.  By  u s i n g   two  90°  p h a s e  



s h i f t e r s   in  c o n j u n c t i o n   w i t h   t h e   s i d e w a l l   h y b r i d   7 8  

an  a n t i - r e c i p r o c a l   f o u r - p o r t   c i r c u l a t o r   s w i t c h   i s  

p r o d u c e d .   The  a n t i - r e c i p r o c a l   f o u r - p o r t   c i r c u l a t o r  

s w i t c h   is  shown  in  b l o c k   d i a g r a m   form  in  FIGURE  3 5  

and  is   p h y s i c a l l y   r e p r e s e n t e d   in   FIGURE  36.  I n  

FIGURES  35  and  36  i d e n t i c a l   c o m p o n e n t s   p e r f o r m i n g  

i d e n t i c a l   f u n c t i o n s   as  in  FIGURES  20  and  21  have   t h e  

same  r e f e r e n c e   n u m e r a l s .   In  t h e   c o n f i g u r a t i o n   s h o w n  

in  FIGURE  35,  t he   p h a s e   s h i f t   i s   m a i n t a i n e d   a t   9 0 °  

b e t w e e n   t he   t r a n s m i t   and  r e c e i v e   d i r e c t i o n s  

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

p o r t   c i r c u l a t o r   f u n c t i o n   in  b o t h   d i r e c t i o n s .   T h e  

c o n f i g u r a t i o n   shown  in  FIGURE  35  may  be  a l s o   u sed   a s  

a  v a r i a b l e   power   d i v i d e r .  

By  u t i l i z i n g   t he   new  s w i t c h i n g   t e c h n i q u e  

s i g n i f i c a n t   a d v a n t a g e s   fo r   t h e   v a r i a b l e   p o w e r  
d i v i d e r   a p p l i c a t i o n   a r e   o b t a i n a b l e .   In  a n  

e l e c t r o n i c   v a r i a b l e   power   d i v i d e r   one  i t e m   of  m a j o r  

i m p o r t a n c e   is  t he   a b i l i t y   to  v a r y   the   a m p l i t u d e   f r o m  

one  a t t e n u a t i o n   s t a t e   to  a n o t h e r   w h i l e   m a i n t a i n i n g  

c o n s t a n t   i n s e r t i o n   p h a s e .   A c c o r d i n g   to  the   p r i o r  

a r t   t e c h n i q u e   of   c o n t r o l l e d   f l u x   s w i t c h i n g ,   p h a s e  

s h i f t e r s   70  and  71  a r e   s e t   c o m p l i m e n t a r y   f rom  9 0 ° .  

T h a t   i s ,   i f   t h e   e l e c t r i c a l l y   l o n g   r e f e r e n c e   p o i n t   i s  

s e l e c t e d   as  t he   n o r m a l   r e s e t   s t a t e ,   t he   p h a s e   i s  

v a r i e d   on  one  f e r r i t e   f rom  0  to   +90° .   On  t he   o t h e r  

f e r r i t e ,   the   p h a s e   is  v a r i e d   c o r r e s p o n d i n g   to  a  

c o m p l i m e n t a r y   s t a t e   away  f rom  9 0 ° .   As  a  r e s u l t ,   t h e  

r e s u l t a n t   s e t   s t a t e   m a i n t a i n s   a  c o n s t a n t   i n s e r t i o n  

p h a s e   s i n c e   t h e   a v e r a g e   of  t h e   two  p h a s e   s e t t i n g s  

r e m a i n s   e q u a l   to  a  c o n s t a n t ,   i . e . ,   45° .   H o w e v e r ,  

d u r i n g   t he   r e s e t   o p e r a t i o n   when  b o t h   p h a s e   s h i f t e r s  

a r e   s e t   to  0° ,   t h e   v a r i a b l e   power   d i v i d e r   e x h i b i t s   a  

45°  p h a s e   t r a n s i e n t   as  i t s   n e t   p h a s e   c h a n g e s   r a p i d l y  

by  4 5 ° .   Th i s   r e s u l t s   in  a  p h a s e   t r a n s i e n t   w h i c h  



d i s t u r b s   the   c o m m u n i c a t i o n   c h a n n e l   in  which   i t   i s  

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

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

n e t w o r k s   i n v o l v i n g   such   p r i o r   a r t   v a r i a b l e   p o w e r  
d i v i d e r s   i t   is  n e c e s s a r y   to  i n s e r t   a  p h a s e   t r a n s i e n t  

c o m p e n s a t o r   w h i c h   moves   in  t h e   o p p o s i t e   d i r e c t i o n   o f  

p h a s e   to  c o u n t e r a c t   t h i s   e f f e c t .   T h i s   a d d i t i o n a l  

c o m p o n e n t ,   w h i c h   i s   i n s e r t e d   in  s e r i e s   w i th   t h e  

v a r i a b l e   power   d i v i d e r ,   r e s u l t s   in  i n c r e a s e d   l o s s  

and  a d d i t i o n a l   e l e c t r o n i c   c i r c u i t r y .  

If   t h e   s w i t c h i n g   t e c h n i q u e   of  the   p r e s e n t  

i n v e n t i o n   is   e m p l o y e d   w i t h   a  0°  s t a t e   s e t   to  be  t h e  

(  )  s t a t e   on  each   p h a s e   s h i f t e r ,   one  p h a s e   s h i f t e r  

is   s e t   to  a  n e g a t i v e   p h a s e   s e t t i n g   w h i l e   the  o t h e r  

p h a s e   s e t t i n g   is   s e t   to  a  p o s i t i v e   p h a s e   s h i f t  

s e t t i n g .   See  FIGURES  37  t h r o u g h   42.  As  a  r e s u l t ,  

the   i n s e r t i o n   p h a s e   of  t h e   v a r i a b l e   power   d i v i d e r  

r e m a i n s   c o n s t a n t   even   d u r i n g   t h e   s w i t c h i n g   p r o c e s s  

a s s u m i n g   e q u a l   v o l t a g e s   a r e   a p p l i e d   to  bo th   p h a s e  

s h i f t e r s .   T h e r e f o r e ,   no  a d d i t i o n a l   p h a s e   t r a n s i e n t  

c o m p e n s a t i o n   is  n e c e s s a r y   u s i n g   the   new  s w i t c h i n g  

t e c h n i q u e .   T h i s   i s   a  v e r y   s i g n i f i c a n t   a d v a n t a g e   i n  

t e r m s   of  r e d u c i n g   the   i n s e r t i o n   l o s s   and  c o m p l e x i t y  

of  such   a  d e v i c e .  

The  d u a l - t o r o i d   s w i t c h i n g   t e c h n i q u e   of  t h e  

p r e s e n t   i n v e n t i o n   a l s o   a l l o w s   a  new  m e t h o d   of  w i r i n g  

t he   two  p h a s e   s h i f t e r s   in  s e r i e s   to   m i n i m i z e   t h e  

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

f l u x   d r i v e   s i t u a t i o n .   The  s e t   p u l s e   in  t h i s   c a s e   i s  

a p p l i e d   w i t h   two  t o r o i d s   of  c o r r e s p o n d i n g   p h a s e  

s h i f t e r s   w i r e d   in  s e r i e s .   If   t h e   v o l t a g e   d i v i d e s  

e q u a l l y ,   t h e   p h a s e   s h i f t   s e t t i n g   on  e a c h   p h a s e  

s h i f t e r   w i l l   be  a p p r o x i m a t e l y   e q u a l   i n  m a g n i t u d e   b u t  

o p p o s i t e   in  s i g n ,   t h e r e b y   m a i n t a i n i n g   an  e q u a l  
i n s e r t i o n   p h a s e .   T h i s   is  i l l u s t r a t e d   in  FIGURE  4 3 .  



The  d e s i g n   i l l u s t r a t e d   in  FIGURE  35  c a n  

a l s o   be  used   to   p r o d u c e   an  a n t i - r e c i p r o c a l   f o u r - p o r t  

c i r c u l a t o r   s w i t c h ,   in  w h i c h   90°  p h a s e   s h i f t e r s   a r e  

e m p l o y e d   i n s t e a d   of  180°  p h a s e   s h i f t e r s .   Us ing   t h e  

c o n t r o l l e d   f l u x   t e c h n i q u e   w i t h   d u a l - t o r o i d  

s w i t c h i n g ,   f o u r - p o r t   c i r c u l a t o r   a c t i o n   can   b e  

a c h i e v e d   in  b o t h   d i r e c t i o n s   of  p r o p a g a t i o n   and  9 0 °  

d i f f e r e n t i a l   p h a s e   s h i f t   s e t t i n g   can  be  a c h i e v e d  

u s i n g   f l u x   d r i v e .  

In  s u m m a r y ,   t h e   new  d u a l - t o r o i d   s w i t c h i n g  

t e c h n i q u e   i l l u s t r a t e d   in   FIGURE  35  may  be  u sed   as  a n  

a n t i - r e c i p r o c a l   f o u r - p o r t   c i r c u l a t o r   s w i t c h   and  a  

v a r i a b l e   power   d i v i d e r .   In  t h e   v a r i a b l e   p o w e r  
d i v i d e r   a p p l i c a t i o n   t he   p h a s e   t r a n s i e n t s   a s s o c i a t e d  

w i t h   r e s e t   o p e r a t i o n   a r e   r e d u c e d   to  a  min imum.   T h i s  

r e s u l t   s t e m s   f rom  t h e   f a c t   t h a t   b o t h   p h a s e   s h i f t e r s  

a r e   d r i v e n   s y m m e t r i c a l l y   away  f rom  t h e   0°  s t a t e  

r a t h e r   t h a n   in  a  u n i p o l a r   d i r e c t i o n   as  p r e v i o u s l y  

u s e d   when  c o m i n g   f rom  the   e l e c t r i c a l   l ong   s t a t e .  

The  new  d u a l - t o r o i d   s w i t c h i n g   t e c h n i q u e  

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

p h a s e   s h i f t e r s   in  s e r i e s   to  m i n i m i z e   e l e c t r o n i c s  

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

s i t u a t i o n .   I t   w i l l   be  a p p a r e n t   to  t h o s e   s k i l l e d   i n  

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

s h i f t e r   and  a d d i t i o n a l   a p p l i c a t i o n s   in  wh ich   m o r e  

t h a n   one  d u a l - t o r o i d   p h a s e   s h i f t e r   is   u t i l i z e d   m a y  

be  made .   The  c l a i m s   f o l l o w i n g   be low  a r e   i n t e n d e d   t o  

e n c o m p a s s   a l l   s u c h   m o d i f i c a t i o n s   which   f a l l   w i t h i n  

t h e   s p i r i t   and  s c o p e   of  the   p r e s e n t   i n v e n t i o n .  



1.  A  f a s t - s w i t c h i n g ;   d u a l   t o r o i d  

m i c r o w a v e   p h a s e   s h i f t e r ,   c o m p r i s i n g :  

f i r s t   and  s e c o n d   t o r o i d s   h a v i n g   f e r r i t e  

c o r e s   and  d i s p o s e d   in  a  m i c r o w a v e   w a v e g u i d e ;  

f i r s t   m e a n s   fo r   c o n t r o l l a b l y   s w i t c h i n g   t h e  

f e r r i t e   in  one   of   t h e   t o r o i d s   b e t w e e n   a  s a t u r a t e d  

s t a t e   and  a  p a r t i a l l y   s a t u r a t e d   s t a t e ;  
s e c o n d   means   fo r   c o n t r o l l a b l y   s w i t c h i n g   t h e  

f e r r i t e   in  t h e   o t h e r   of   s a i d   t o r o i d s   b e t w e e n   a  

s a t u r a t e d   s t a t e   and  a  p a r t i a l l y   s a t u r a t e d   s t a t e ;   a n d  

c o n t r o l   means   fo r   c o n t r o l l i n g   s a i d   f i r s t  

and  s a i d   s e c o n d   means   such   t h a t   t h e   f e r r i t e   in  a t  

l e a s t   one  of  s a i d   t o r o i d s   is  m a i n t a i n e d   in  t h e  

s a t u r a t e d   s t a t e   a t   any  g i v e n   t i m e   such   t h a t   a n y  

d e s i r e d   p h a s e   s h i f t   may  be  a c h i e v e d   w i t h   o n l y   o n e  

s w i t c h i n g   o p e r a t i o n   f o r   e ach   t o r o i d .  

2.  A  p h a s e   s h i f t e r   as  in  c l a i m   1  w h e r e i n  

s a i d   f i r s t   and  s e c o n d   t o r o i d s   a r e   d i s p o s e d   i n  

p a r a l l e l   in  t h e   m i c r o w a v e   w a v e g u i d e   and  s e p a r a t e d   b y  

a  d i e l e c t r i c .  

3.  A  p h a s e   s h i f t e r   as  in  c l a i m   2  f u r t h e r  

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

t r a n s f o r m e r   d i s p o s e d   in  t he   w a v e g u i d e .  

4.  A  p h a s e   s h i f t e r   as  in  c l a i m   1  w h e r e i n  

s a i d   f i r s t   and  s e c o n d   t o r o i d s   a r e   d i s p o s e d   in  s e r i e s  

in  t he   m i c r o w a v e   w a v e g u i d e .  



5.  A  p h a s e   s h i f t e r   as  in  c l a i m   1  w h e r e i n  

s a i d   f i r s t   and  s e c o n d   t o r o i d s   c o m p r i s e   a  s i n g l e  

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

a c t i n g   as  s a i d   f i r s t   t o r o i d   and  a  s e c o n d   p o r t i o n  

a c t i n g   as  s a i d   s e c o n d   t o r o i d .  

6.  A  p h a s e   s h i f t e r   as  in  c l a i m   1  w h e r e i n  

s a i d   c o n t r o l   means   i n c l u d e s   means   fo r   s i m u l t a n e o u s l y  

c a u s i n g   s a i d   s w i t c h i n g   of  t he   f e r r i t e s   in  t he   f i r s t  

and  s e c o n d   t o r o i d s .  

7.  A  p h a s e   s h i f t e r   as  in  c l a i m   1  w h e r e i n  

t h e   f i r s t   means   i n c l u d e s   a  f i r s t   and  a  s e c o n d   d r i v e r  

e a c h   s w i t c h i n g   one  of  t he   f e r r i t e s   of  one  of  t h e  

t o r o i d s   b e t w e e n   o p p o s i t e   s a t u r a t e d   and  p a r t i a l l y  

s a t u r a t e d   s t a t e s   and  w h e r e i n   t h e   s e c o n d   m e a n s  

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

t h e   o t h e r   of  the   f e r r i t e s   of  t h e   o t h e r   t o r o i d s  

b e t w e e n   o p p o s i t e   s a t u r a t e d   and  p a r t i a l l y   s a t u r a t e d  

s t a t e s .  

8.  A  p h a s e   s h i f t e r   as  in  c l a i m   7  w h e r e i n  

t h e   f i r s t ,   s e c o n d ,   t h i r d   and  f o u r t h   d r i v e r s   e a c h  

c o n t a i n   a  s e t   d r i v e r   f o r   d r i v i n g   the   f e r r i t e s   t o  

p a r t i a l l y   s a t u r a t e d   s t a t e s   and  a  r e s e t   d r i v e r   f o r  

d r i v i n g   the   f e r r i t e s   to  s a t u r a t e d   s t a t e s .  

9.  A  p h a s e   s h i f t e r   as  in  c l a i m   8  w h e r e i n  

each   of  t he   s e t   d r i v e r s   p r o d u c e s   f i x e d   a m p l i t u d e  

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

f e r r i t e s   to  p a r t i a l l y   s a t u r a t e d   s t a t e s .  



10.  A  p h a s e   s h i f t e r   as  in  c l a i m   8  w h e r e i n  

each   of  the   s e t   d r i v e r s   p r o d u c e s   v a r i a b l e   a m p l i t u d e  

f i x e d   w i d t h   v o l t a g e   p u l s e s   fo r   d r i v i n g   the   f e r r i t e s  

to  p a r t i a l l y   s a t u r a t e d   s t a t e s .  

11.  A  p h a s e   s h i f t e r   as  in  c l a i m   8 

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

each   f e r r i t e   and  w h e r e i n   each   of  t he   s e t   d r i v e r s  

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

p u l s e s   r e s p o n s i v e   to  s a i d   s e n s e d   v o l t a g e   for   d r i v i n g  

t he   f e r r i t e s   to   p a r t i a l l y   s a t u r a t e d   s t a t e s .  

12.  A  p h a s e   s h i f t e r   as  in  c l a i m   8 

i n c l u d i n g   means   fo r   i n t e g r a t i n g   t he   v o l t a g e   a p p l i e d  

to  each   f e r r i t e   and  w h e r e i n   e a c h   of  the  s e t   d r i v e r s  

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

v o l t a g e   p u l s e s   r e s p o n s i v e   to   s a i d   means  f o r  

i n t e g r a t i n g   fo r   d r i v i n g   t h e   f e r r i t e s   to  p a r t i a l l y  

s a t u r a t e d   s t a t e s .  

13.  A  p h a s e   s h i f t e r   as  in  c l a i m   1  w h e r e i n  

t h e   c o n t r o l   means   i n c l u d e s   a  p r o g r a m m a b l e   m e m o r y ,   a  

d i g i t a l - t o - a n a l o g   c o n v e r t e r   r e s p o n s i v e   to  s a i d  

memory  fo r   i n p u t t i n g   c o n t r o l   s i g n a l s   to  t he   f i r s t  

and  s e c o n d   s w i t c h i n g   means   and  t i m i n g   means   f o r  

a c t i v a t i n g   s a i d   f i r s t   and  s e c o n d   s w i t c h i n g   means   f o r  

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

14.  A  p h a s e   s h i f t e r   as  in  c l a i m   13  w h e r e i n  

t h e   t i m i n g   means   i n c l u d e s   a  t i m i n g   c o n t r o l   c i r c u i t  

and  a  t i m i n g   d e m u l t i p l e x e r   r e s p o n s i v e   to  s a i d   t i m i n g  

c o n t r o l   c i r c u i t   fo r   a c t i v a t i n g   s a i d   f i r s t   and  s e c o n d  

s w i t c h i n g   m e a n s .  



15.  A  p h a s e   s h i f t e r   as  in  c l a i m   13  w h e r e i n  

t h e   p r o g r a m m a b l e   memory  c o n t a i n s   a  u n i q u e  

l i n e a r i z i n g   f u n c t i o n   fo r   t h e   p h a s e   s h i f t e r .  

16.  A  m e t h o d   f o r   s w i t c h i n g   of  a  d u a l  

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

f e r r i t e   of  a t   l e a s t   one  of  s a i d   t o r o i d s   i s  

m a i n t a i n e d   in  a  s a t u r a t e d   s t a t e   a t   any  g i v e n   t i m e ;  

s a i d   me thod   c o m p r i s i n g :  

s w i t c h i n g   the   f e r r i t e   of  s a i d   s a t u r a t e d  

t o r o i d   to  a  p r e d e t e r m i n e d   p a r t i a l l y   s a t u r a t e d   s t a t e ;  

a n d  

s w i t c h i n g   s a i d   o t h e r   f e r r i t e   of  s a i d   o t h e r  

t o r o i d   to  a  s a t u r a t e d   s t a t e   such   t h a t   any  d e s i r e d  

c h a n g e   in  p h a s e   s h i f t   may  be  a c h i e v e d   w i t h   o n l y   o n e  

s w i t c h i n g   o p e r a t i o n   fo r   e a c h   f e r r i t e   of  each   t o r o i d .  

17.  The  m e t h o d   of   c l a i m   16  w h e r e i n   t h e  

s t e p   of  s w i t c h i n g   s a i d   s a t u r a t e d   f e r r i t e   to   a  

p r e d e t e r m i n e d   p a r t i a l l y   s a t u r a t e d   s t a t e   i n c l u d e s   t h e  

s t e p s   of  g e n e r a t i n g   a  d i g i t a l   s i g n a l   r e p r e s e n t a t i v e  

of   s a i d   p a r t i a l l y   s a t u r a t e d   s t a t e   and  c o n v e r t i n g  

s a i d   d i g i t a l   s i g n a l   to  an  a n a l o g   s i g n a l .  

18.  The  m e t h o d   of   c l a i m   16  w h e r e i n   b o t h   o f  

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

s i m u l t a n e o u s l y .  

19.  The  m e t h o d   of   c l a i m   16  i n c l u d i n g   t h e  

s t e p   of  a c t i v a t i n g   t he   t o r o i d   d r i v e r s   b e f o r e   t h e  

s w i t c h i n g   s t e p s .  



20.  The  m e t h o d   of  c l a i m   16  w h e r e i n   t h e  

s t e p   of  s w i t c h i n g   one  of  t h e   f e r r i t e s   to  a  p a r t i a l l y  

s a t u r a t e d   s t a t e   i n c l u d e s   t he   s t e p   of  p r o d u c i n g   a  

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

d r i v i n g   s a i d   f e r r i t e   to  s a i d   p a r t i a l l y   s a t u r a t e d  

s t a t e d .  

21.  The  m e t h o d   of  c l a i m   16  w h e r e i n   t h e  

s t e p   of  s w i t c h i n g   one  of  t h e   f e r r i t e s   to   a  p a r t i a l l y  

s a t u r a t e d   s t a t e   i n c l u d e s   t he   s t e p   of  p r o d u c i n g   a  

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

d r i v i n g   s a i d   f e r r i t e   to  s a i d   p a r t i a l l y   s a t u r a t e d  

s t a t e d .  

22.  The  m e t h o d   of  c l a i m   16  i n c l u d i n g   t h e  

s t e p   of  s e n s i n g   t h e   v o l t a g e   i n d u c e d   in  e a c h   f e r r i t e  

fo r   c o n t r o l l i n g   the   s w i t c h i n g   to  a  p a r t i a l l y  

s a t u r a t e d   s t a t e .  

23.  The  m e t h o d   of  c l a i m   16  i n c l u d i n g   t h e  

s t e p   of  i n t e g r a t i n g   t h e   v o l t a g e   a p p l i e d   to   e a c h  

f e r r i t e   fo r   c o n t r o l l i n g   t he   s w i t c h i n g   to  a  p a r t i a l l y  

s a t u r a t e d   s t a t e .  
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