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54)  Timer  circuit. 
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@  in  order  to  obtain  a  high  time  resolution  a  timer  circuit 
comprises  a  clock  pulse  generator  arrangement  (47)  an  output 
of  which  feeds  the  input  (3)  of  a  delay  line  (4)  which  is  provided 
with  n  taps  (9)  the  positions  of  which  correspond  to  substan- 
tially  equal  increments  T  of  delay.  The  mark-to-space  ratio  of 
the  pulses  fed  to  the  delay  line  is  unity  and  their  period  such 
that  exactly  one  can  be  accommodated  in  the  delay  line.  The 
taps  are  connected  to  a  latch  (10)  which  is  clocked  from  an  in- 
put  (46)  when  an  event  occurs  the  time  of  occurrence  of  which 
it  is  required  to  record.  The  Johnson  code  appearing  at  the 
latch  output  (12-19)  is  converted  to  binary  by  means  of  a  de- 
coder  (28)  and  fed  to  an  output  (39).  The  arrangement  also  in- 
cludes  a  coarse  counter  (7)  the  least  significant  bit  of  which 
has  the  same  significance  as,  and  is  nominally  synchronised 
with,  the  most  significant  bit  of  the  binary  code.  In  order  to  re- 
solve  ambiguities  which  might  otherwise  occur  when  the  event 
occurs  near  to  an  all-1s  to  Os  transition  of  the  binary  code  the 
current  count  and  the  previous  count  of  the  coarse  counter  are 
held  in  a  pair  of  registers  (34, 37).  Which  of  these  counts  is  ap- 
propriate  at  any  given  time  is  determined  by  comparing  the 
same-significance  bits  of  the  coarse  and  fine  counts  in  an  ex- 
clusive-or  gate  (41)  the  output  of  which  gates  the  output  (35  or 
38)  of  the  appropriate  register  to  the  circuit  output  (39). 



This  i n v e n t i o n   r e l a t e s   to  a  timer  c i r c u i t   i nc lud ing   a  c l o c k  

pulse  g e n e r a t o r   arrangement,   a  delay  device  to  which  an  output   of  t h e  

clock  pulse  g e n e r a t o r   ar rangement   is  coupled  and  which  i s  

provided  wi th  n   taps  the  p o s i t i o n s   of  which  cor respond  to  

s u b s t a n t i a l l y   equal  increments   T  of  delay  where  nT  is  g r e a t e r  
than  both  the  length  of  the  output   pulses   of  the  clock  p u l s e  

g e n e r a t o r   a r rangement   app l ied   t h e r e t o   in  o p e r a t i o n   and  t h e  

length  of  the  i n t e r v a l s   t he rebe tween ,   and  a  coupl ing  from  s a i d  

taps  to  an  output   of  the  c i r c u i t .  

A  known  such  t imer  c i r c u i t   is  d i s c l o s e d   in  U.S.  p a t e n t  

s p e c i f i c a t i o n   2 ,831,162.   The  presence   of  the  delay  d e v i c e  

enables   the  time  e lapse  between  two  events  to  be  determined  w i t h  

a  r e s o l u t i o n   which  is  less  than  the  per iod  of  the  output   s i g n a l  

of  the  clock  pulse  g e n e r a t o r   a r rangement .   To  th is   end,  in  t h e  

known  c i r c u i t   each  tap  is  coupled  to  the  clock  input  of  a 

r e s p e c t i v e   counter   via  a  r e s p e c t i v e   gate ,   the  data  outputs   of  t h e  

counters   c o n s t i t u t i n g   the  output   of  the  c i r c u i t .   Because  in  t h e  

known  c i r c u i t   nT  is  equal  to  the  period  of  the  output   p u l s e s  
of  the  clock  pulse  g e n e r a t o r   a r rangement ,   when  the  gates  a r e  

t r a n s m i s s i v e   the  counters   are  clocked  in  s u c c e s s i o n   during  each  

clock  pulse  pe r iod ,   with  the  r e s u l t   that   each  such  clock  p u l s e  

per iod  is  e f f e c t i v e l y   d iv ided  i n t o  n   p a r t s .   The  counters   a r e  

s t a r t e d   from  zero  by  unblocking  the  gates  when  the  f i r s t  

of  two  events  the  time  e lapse   between  which  it  is  r e q u i r e d   t o  

determine  occurs ,   and  t he i r   cu r r en t   counts  are  held  t h e r e i n   by  b l o c k i n g  

the  gates  when  the  second  event  occurs .   The  average  of  t h e  

held  counts  is  then  de termined  to  give  the  magnitude  of  the  t ime  

e lapse   with  a  r e s o l u t i o n   of  1/n  times  the  clock  pulse  p e r i o d .  

A  d i s a d v a n t a g e   with  the  known  c i r c u i t   is  that   it  tends  to  

be  r a t h e r   complex,  p a r t i c u l a r l y   if  the  des i r ed   r e s o l u t i o n  

r e q u i r e s   the  p r o v i s i o n   of  a  large  number  of  taps  (e .g .   >,  8) 

t o g e t h e r   with  t h e i r   a s s o c i a t e d   coun te r s .   Moreover  the  c a l c u l a t i o n  

of  the  average  tends  to  take  a  s i g n i f i c a n t   amount  of  t i m e .  

It  is  an  ob jec t   of  the  i n v e n t i o n   to  m i t i g a t e   t h e s e  

d i s a d v a n t a g e s .  



The  i n v e n t i o n   provides   a  t imer  c i r c u i t   i nc lud ing   a  c l o c k  

pulse  g e n e r a t o r   a r rangement ,   a  delay  device  to  which  an  output   o f  

the  clock  pulse  g e n e r a t o r   a r rangement   is  coupled  and  which  i s  

provided  w i th  n   taps  the  p o s i t i o n s   of  which  cor respond  t o  

s u b s t a n t i a l l y   equal  increments   T  of  delay  where  nT  is  g r e a t e r   t h a n  

both  the  length   of  the  output   pulses   of  the  clock  pulse  g e n e r a t o r  

ar rangement   app l ied   t h e r e t o   in  o p e r a t i o n   and  the  length  of  t h e  

i n t e r v a l s   t he r ebe tween ,   and  a  coupl ing  from  said  taps  to  an  o u t p u t  
of  the  c i r c u i t ,   c h a r a c t e r i z e d   in  that   said  coupl ing  i n c l u d e s  

a  l a tch   c i r c u i t   to  r e s p e c t i v e   data  bi t   inputs   of  which  s a i d  

taps  are  coupled  in  such  manner  that   when  data  p r e sen t ed   t o  

said  data  b i t   inputs   from  said  taps  is  l a t ched   in  said  l a t c h  

c i r c u i t   the  l a t ched   data  wi l l   be  the  ac tua l   b inary  code  c u r r e n t l y  

p re sen t   on  said  taps.   (One  of  the  taps  may  be  c o n s t i t u t e d   by  t h e  

input   of  the  delay  device  and/or   one  of  the  taps  may  be  c o n s t i t u t e d  

by  the  output   of  the  delay  device  if  d e s i r ed .   Moreover,  t h e  

delay  device  may  be  a  composite  one,  i . e .   be  made  up  from  a  p l u r a l i t y  

of  delay  devices   in  cascade,   if  d e s i r e d .   It  wi l l   be  e v i d e n t  

fu r the rmore   tha t   the  l a t ched   code  may  be  in  i n v e r t e d   o r  

n o n - i n v e r t e d   f o r m ) .  

It  has  now  been  r ecogn ized   tha t   the  s u c c e s s i v e   p a r a l l e l   codes  

appear ing   on  the  taps  of  a  tapped  delay  l ine   fed  from  a  c l o c k  

pulse  g e n e r a t o r   arrangement   are  themselves   i n d i c a t i v e   of  s u c c e s s i v e  

time  i n s t a n t s   and  may  t h e r e f o r e   be  used  d i r e c t l y   to  i n d i c a t e   t h e  

passage  of  s u c c e s s i v e   per iods   of  time.  It  can  be  a r ranged ,   f o r  

example,  tha t   each  code  is  p r e sen t   for  a  time  T  and  is  r ep laced   by  a 

new  one  at  the  end  of  that   time.  (One  requ i rement   for  this   is  t h a t  

the  length   of  each  clock  pu lse ,   and  the  length   of  each  i n t e r v a l  

between  two  s u c c e s s i v e   clock  pu l se s ,   is  less  than  nT,  b e c a u s e  

o the rwise   the  d u r a t i o n   of  some  codes  would  be  an  i n t e g r a l   number  o f  

times  T).  Moreover,  if  the  length   of  each  clock  pulse  and  t h e  

length   of  each  i n t e r v a l   between  two  s u c c e s s i v e   clock  p u l s e s  

are  s u i t a b l y   chosen  r e l a t i v e   to  the  i nc r emen ta l   delay  T  t h e  

r e s o l u t i o n   o b t a i n a b l e   with  a  given  number  of  taps  and  a  g i v e n  

clock  pulse  per iod   can  be  i n c r e a s e d ,   and  can  even  be  d o u b l e d ,  



r e l a t i v e   to  that   o b t a i n a b l e   with  the  known  c i r c u i t .   (This  i s  

because  the  s igna l   on  each  tap  responds  to  the  passage  of  b o t h  

the  leading  and  the  t r a i l i n g   edge  of  each  clock  pulse  past   t h e  

r e l e v a n t   tap,  whereas  in  the  known  ar rangement   each  c o u n t e r  

responds  to  the  passage  of  only  the  l ead ing   edge  past  t h e  

r e l e v a n t   t a p ) .  

In  order   to  make  optimum  use  of  the  n   taps  in  r e s p e c t   of  t h e  

number  of  s u c c e s s i v e   p a r a l l e l   codes  which  are  gene ra t ed   thereon  b e f o r e  

the  sequence  r e p e a t s ,   p r e f e r a b l y   the  m a r k - t o - s p a c e   r a t i o   of  s a i d  

output  pulses   is  s u b s t a n t i a l l y   uni ty   and  the  per iod  of  s a i d  

output  pulses   is  g r e a t e r   than  or  equal  to  2 (n - l )T .   If  th is   i s  

the  case  2n  d i f f e r e n t   codes  wi l l   be  gene ra t ed   in  every  two  p e r i o d s  

of  the  output   of  the  clock  pulse  g e n e r a t o r   a r rangement ,   a f t e r  

which  the  sequence  wi l l   r epea t .   The  2n  equal  time  i n t e r v a l s   T 
in  the  said  two  per iods   wi l l   each  be  i n d i c a t e d   by  a  r e s p e c t i v e  

s o - c a l l e d   Johnson  code  at  the  taps,   i . e .   a  code  in  which  o n l y  

one  b i t   changes  from  each  per iod  T  to  the  n e x t .  
I f  n   is  an  i n t e g r a l   power  of  2  a  decoder  may  be  inc luded   i n  

a  coupling  from  the  output   of  the  l a tch   c i r c u i t   to  the  t i m e r  

c i r c u i t   ou tpu t ,   which  decoder  is  c o n s t r u c t e d   to  convert   t h e  

succes s ive   n - b i t   codes  appear ing   on  said  taps  in  o p e r a t i o n   t o  

success ive   members  of  an  m-bit   b inary  code  should  said  s u c c e s s i v e  

n -b i t   codes  be  supp l i ed   t h e r e t o .   The  presence   of  such  a  d e c o d e r  

can  make  the  t imer  output   more  s u i t a b l e   for  p r o c e s s i n g   by 

conven t iona l   b inary   c i r c u i t r y .  

Obviously  if  a m b i g u i t i e s   are  not  to  occur  the  c i r c u i t   as 

set  fo r th   so  far  cannot  be  used  to  measure  the  time  between  two 

events  which  are  s e p a r a t e d   by  more  than  2  nT.  Rather  than  m e r e l y  

i n c r e a s e   the  length   of  the  delay  device  (and  the  number  of  t a p s  

c o r r e s p o n d i n g l y )   when  it   is  r e q u i r e d   to  measure  longer  t imes,   which  

l eng then ing   may  r e s u l t   in  the  delay  device  becoming  u n w i e l d l y ,  

the  c i r c u i t   may  inc lude   a  synchronous  counter   ar rangement   to  t h e  

input   of  which  an  output   of  said  clock  pulse  g e n e r a t o r  

arrangement   is  coupled  and  the  output   of  which  is  coupled  to  t h e  



t imer  c i r c u i t   output   via  a  la tch   c i r c u i t .   Such  a  c o u n t e r  

a r rangement   can  opera te   wi th in   the  f requency  c a p a b i l i t i e s   of  c o n v e n t i o n a l  

c i r c u i t r y   and  be  used  to  produce  a  "coarse"   count,   the  " f ine"   c o u n t  
being  de r ived   from  the  taps  on  the  delay  d e v i c e .  

If  such  a  counter   arrangement   is  p resen t   and  if  m o r e o v e r  
the  a f o r e s a i d   decoder  is  also  provided ,   the  counter   a r r a n g e m e n t  

may  be  a  b inary   counte r   arrangement   and  may  be  used  to  produce  t h e  

most  s i g n i f i c a n t   b i t s   of  the  c i r c u i t   ou tpu t ,   the  decoder  p r o d u c i n g  
the  l e a s t   s i g n i f i c a n t   b i t s   t h e r e o f .   However,  even  if  the  c l o c k  

s igna l   is  de r ived   from  a  tap  or  taps  on  the  delay  device  r a t h e r  

than  d i r e c t l y   from  the  clock  pulse  g e n e r a t o r   a r r a n g e m e n t ,  

a m b i g u i t i e s   would,  unless   f u r t h e r   s teps  were  taken,   be  l i a b l e   t o  

occur  when  the  l a t ches   are  a c t i v a t e d   near  to  an  i n s t a n t   when  t h e  

decoder  output   changes  from  a l l - l s   to  a l l -Os ,   due  to  the  e f f e c t s  

of  d i f f e r e n t i a l   de lays .   In  order  to  r eso lve   such  a m b i g u i t i e s  

p r e f e r a b l y ,   when  the  m a r k - t o - s p a c e   r a t i o   of  the  output   pulses   o f  

the  g e n e r a t o r   arrangement   is  s u b s t a n t i a l l y   uni ty   and  the  per iod   o f  

said  output   pulses   is  g r e a t e r   than  or  equal  to  2 ( n - I ) T ,  

said  b inary   counte r   arrangement   is  c o n s t r u c t e d   to  produce  i t s   c u r r e n t  

count  at  a  f i r s t   output   t he reo f   and  i t s   immediate ly   p receding   coun t  

at  a  second  output   t h e r e o f ,   the  coupl ing  from  an  output   of  s a i d  

clock  pulse  g e n e r a t o r   arrangement   to  said  counter   a r r a n g e m e n t  

c i r cumven t ing   said  delay  device  and  being  such,  r e l a t i v e   to  t h e  

coupl ing   from  the  clock  pulse  g e n e r a t o r   arrangement   to  the  d e l a y  

device ,   tha t   the  clock  pulses   appl ied   to  sa id   counter   a r r a n g e m e n t  

in  o p e r a t i o n   wi l l   have  twice  the  r e p e t i t i o n   ra te   of  those  a p p l i e d  

to  the  delay  dev ice ,   r e s u l t i n g   in  the  l e a s t   s i g n i f i c a n t   b i t   of  t h e  

ou tpu ts   of  said  counter   ar rangement   having  the  same  s i g n i f i c a n c e  

as  has  the  most  s i g n i f i c a n t   b i t   of  said  m-bit   b inary   code,  s a i d  

coupl ing   and  said  counter   a r rangement   moreover  being  such  tha t   t h e  

counts  at  said  f i r s t   and  second  outputs   wi l l   be  updated  at  i n s t a n t s  

which  are  o f f s e t   with  r e spec t   to  each  change  in  said  n - b i t   code 

which  cor responds   to  a  change  in  the  most  s i g n i f i c a n t   b i t   of  s a i d  

m-bit   b ina ry   code,  comparison  means  being  provided  for  compar ing  

the  value  of  the  most  s i g n i f i c a n t   b i t   of  sa id   m-bit   b inary   code 



with  the  value  of  the  l e a s t   s i g n i f i c a n t   bi t   of  the  count  at  a  s a i d  

output  and  ga t ing   the  count  at  one  of  said  f i r s t   and  second  o u t p u t s  

to  the  t imer  c i r c u i t   output   if  the  two  compared  b i t s   have  t h e  

same  value  and  ga t ing   the  count  at  the  o ther   of  said  f i r s t   and 

second  outputs   to  the  t imer  c i r c u i t   output   if  the  two  compared 

b i t s   have  oppos i t e   va lues .   Because  in  such  a  c i r c u i t   the  most  

s i g n i f i c a n t   b i t   of  the  decoder  output   and  the  l e a s t   s i g n i f i c a n t  
b i t s   of  the  two  counter   ar rangement   outputs   have  the  same 

s i g n i f i c a n c e ,   comparison  of  said  most  s i g n i f i c a n t   b i t   with  one  o f  

said  l eas t   s i g n i f i c a n t   b i t s   when  the  l a t ches   have  been  a c t i v a t e d  

can  de termine   whe the r  t he  coun t   at  the  said  f i r s t   output   or  t h e  

count  at  the  said  second  output   was  the  one  which  was  a c t u a l l y   t h e  

co r r ec t   one  at  the  time  the  l a t ches   were  a c t i v a t e d .   If  said  c o u n t e r  

arrangement   and  the  coupl ing  t h e r e t o   from  the  g e n e r a t o r   a r r a n g e m e n t  

are  such  that   the  counts  at  said  f i r s t   and  second  o u t p u t s  

wil l   be  updated  at  i n s t a n t s   which  nominal ly   l ie   s u b s t a n t i a l l y  

midway  between  each  change  in  said  n - b i t   code  which  cor responds   t o  

a  change  in  said  most  s i g n i f i c a n t   bi t   the  maximum  amount 

of  the  a f o r e s a i d   d i f f e r e n t i a l   delays  can  be  accommodated.  

An  embodiment  of  the  i nven t ion   wil l   be  d e s c r i b e d ,   by  way  o f  

example,  with  r e f e r e n c e   to  the  accompanying  d iagrammat ic   d r awing  

the  s ing le   Figure  of  which  is  a  schematic   diagram  t h e r e o f .  

In  the  drawing  a  t imer  c i r c u i t   comprises  a  clock  p u l s e  

g e n e r a t o r   a r rangement   47  which  inc ludes   a  g e n e r a t o r   1  which  g e n e r a t e s  

clock  pulses  at  i ts   output   2  with  a  m a r k - t o - s p a c e   r a t i o   o f  

s u b s t a n t i a l l y   un i ty .   The  output   2  is  coupled  to  the  input  3  o f  

a  delay  device  4  via  a  n e g a t i v e - e d g e   r e spons ive   f r e q u e n c y  

d i v i d e r - b y - t w o   5  also  inc luded   in  the  ar rangement   47,  and  also  t o  

the  input  6  of  a  32-b i t   counter   7  via  an  i n v e r t e r   8.  The  d e l a y  
device  is  provided  with  n=8  e q u a l l y - s p a c e d   taps  which  are  s i g n i f i e d  

c o l l e c t i v e l y   by  a  ( m u l t i p l e )   output   9  and  which  are  coupled  to  d a t a  

inputs   of  r e s p e c t i v e   s tages   of  an  8 -b i t   s to rage   r e g i s t e r   or  l a t c h  

10  which  is  " t r a n s p a r e n t "   when  i ts   clock  input  52  is  h igh,   t h e s e  

data  inputs   being  s i g n i f i e d   c o l l e c t i v e l y   by  a  ( m u l t i p l e )   input  11. 

The  s tages   of  the  r e g i s t e r   10  have  outputs   12,  13,  14,  15,  16,  17, 

18  and  19  r e s p e c t i v e l y ,   these  c o r r e s p o n d i n g ,   in  o rder ,   to  r e s p e c t i v e  



ones  of  the  s u c c e s s i v e   taps  p o s i t i o n e d   along  the  delay  device  4 

from  the  input  3  t h e r e o f .   The  outputs   12  and  16  are  c o n n e c t e d  

to  r e s p e c t i v e   inputs   of  an  EXCLUSIVE-OR  gate  20,  the  o u t p u t s  
14  and  18  are  connected  to  r e s p e c t i v e   inputs  of  an 
EXCLUSIVE-OR  gate  21,  the  outputs   15  and  17  are  connected  t o  

r e s p e c t i v e   inputs  of  an  EXCLUSIVE-OR  gate  22,  and  the  outputs   13 

and  19  are  connected  to  r e s p e c t i v e   inputs   of  an  EXCLUSIVE-OR 

gate  23.  The  outputs   of  the  gates  20  and  21  are  connected  t o  

r e s p e c t i v e   inputs   of  an  EXCLUSIVE-OR  gate  24  and  the  outputs   of  t h e  

gates  22  and  23  are  connected  to  r e s p e c t i v e   inputs   of  an 

EXCLUSIVE-OR  gate  25.  The  outputs   of  the  gates  24  and  25 

are  connected  to  r e s p e c t i v e   inputs   of  an  EXCLUSIVE-OR  gate  26. 

The  gates  20-26  t o g e t h e r   with  t h e i r   i n t e r c o n n e c t i o n s   and  an 
i n v e r t e r   27  form  a  Johnson  code  to  b inary   code  c o n v e r t e r   o r  

decoder   28  which  conver ts   the  s u c c e s s i v e   8 -b i t   codes  appear ing  i n  

o p e r a t i o n   at  the  ou tputs   12-19  of  r e g i s t e r   10  when  i ts   c l o c k  

input  52  is  high  into  s u c c e s s i v e   members  of  an  m=4-bit  b i n a r y  

code  which  appears  in  p a r a l l e l   at  outputs   29-31  of  c o n v e r t e r   28 

and  output   18  of  r e g i s t e r   10.  The  outputs   29-31  are  fed  from 

the  output   of  gate  26  via  i n v e r t e r   27,  from  the  output   of  gate  24 

and  from  the  output   of  gate  21  r e s p e c t i v e l y ,   b i t s   o f  

i n c r e a s i n g   s i g n i f i c a n c e   occu r r i ng   at  the  outputs   29,  30,  31 

and  18  r e s p e c t i v e l y .  

The  32-b i t   output   32  of  counter   7  is  connected  to  the  3 2 - b i t   d a t a  

input   33  of  a  f i r s t   3 2 - b i t   s t o r a g e   r e g i s t e r   or  l a t c h   34  the  3 2 - b i t   d a t a  

out.put  35  of  which  is  connected   to  the  32 -b i t   data   inpu t   36  of  a  s econd  
3 2 - b i t   s t o r a g e   r e g i s t e r   or  l a t c h   37  via  a  3 - s t a t e   b u f f e r   6 0 .  

The  32 -b i t   data  o u t p u t . 3 8   of  r e g i s t e r   37  is  connected  to  t h e  

t h i r t y - t w o   most  s i g n i f i c a n t   bit   l ines   of  a  35 -b i t   output   39  o f  

the  t imer   c i r c u i t ,   as  is  the  data  output   61  of  b u f f e r   6 0 .  

The  three   l e a s t   s i g n i f i c a n t   b i t   l i nes   of  the  ou tpu t   39  are  f e d  

from  r e s p e c t i v e   ones  of  the  outputs   29-31  of  decoder  28.  

The  l e a s t   s i g n i f i c a n t   b i t   l ine   40  of  the  output   35 

of  r e g i s t e r   34  is  also  connected  to  one  input  of  an  EXCLUSIVE-OR 

gate  41  the  o the r   input  of  which  is  fed  from  the  ou tpu t   18  o f  

r e g i s t e r   10.  The  output   of  gate  41  is  connected  to  one  input  o f  



each  of  an  AND  gate  42  and  a  NAND  gate  43  the  o the r   i n p u t s  
of  which  are  both  fed  from  the  Q-output   of  a  D-type  f l i p - f l o p  
44.  The  ou tputs   of  the  gates  42  and  43  are  fed  to  the  ( a c t i v e - l o w )  

o u t p u t - e n a b l e   i npu t s   OE  of  b u f f e r   60  and  r e g i s t e r   37  r e s p e c t i v e l y .  
The  clock  inputs   of  the  r e g i s t e r s   34  and  37  are  fed  from 

the  output  of  i n v e r t e r   8  via  a  NAND  gate  45  the  o ther   input  o f  

which  is  fed  from  the  Q-output   of  f l i p - f l o p   44.  Components  7,  34, 
37,  60  and  45  thus  c o n s t i t u t e   a  synchronous  counter   a r r a n g e m e n t  
54  having  two  ou tpu ts   55  and  56  for  the  counts  in  r e g i s t e r s  

34  and  37  r e s p e c t i v e l y .   The  clock  input  of  f l i p - f l o p   44  is  f e d  

from  the  output   2  of  g e n e r a t o r   1  and  i t s   data  input  D  is  f ed  

from  a  s t o p - p u l s e   input  46,  as  is  the  clock  or  hold  input  o f  

r e g i s t e r   or  l a tch   10. 

The  delay  produced  by  the  device  4  between  each  of  i t s   t a p s  
and  the  next  is  T  so  that   the  o v e r a l l   delay  between  the  f i r s t  

tap  and  the  l a s t   is  (n - l )T   =  7T.  The  length  of  the  p u l s e s  

appear ing  at  the  output   of  d iv ide r   5  in  o p e r a t i o n   is  less   t h a n  

nT=8T,  as  is  t h e r e f o r e   the  i n t e r v a l s   t he rebe tween   ( t h e i r   m a r k - t o - s p a c e  

r a t i o   is  u n i t y ) .   Moreover  the  per iod  of  these  pulses   is  g r e a t e r  

than  or  equal  to  2(n-1)T  =  14T.  In  other   words  the  length   o f  

each  pulse ,   and  of  each  i n t e r v a l   between  two  s u c c e s s i v e   pu l ses ,   i s  

at  l e a s t   equal  to  7T  but  is  less  than  8T.  Thus  when  one  o f  

these  pu l se s ,   and  subsequen t ly   the  i n t e r v a l   fo l lowing   i t ,   a p p e a r s  
at  the  output   of  d i v i d e r   5,  the  s i x t e e n   8 -b i t   codes  in  the  l e f t - h a n d  

column  of  the  fo l lowing  Table  appear  in  s u c c e s s i o n   at  e q u a l  

i n t e r v a l s   on  the  taps  on  the  device  4 .  



Thus  each  per iod  of  the  output   of  d i v i d e r   5  is  e f f e c t i v e l y   d i v i d e d  

into  s i x t e e n   equal  i n t e r v a l s ,   each  of  which  is  s i g n i f i e d   by 
i t s   p a r t i c u l a r   (Johnson)  code  on  the  taps  of  delay  device  4 .  

When  the  clock  input  52  of  la tch  10  i s  h igh ,   i . e .   when  la tch   10 

is  t r a n s p a r e n t ,   these  codes  are  conver ted   into  the  r e s p e c t i v e  

codes  shown  in  the  r i g h t - h a n d   column  of  the  Table  on  t h e  

points   29,  30,  31,  18. 

Because  d i v i d e r   5  is  n e g a t i v e - e d g e - r e s p o n s i v e ,   and  counter   7 

is  p o s i t i v e - e d g e - r e s p o n s i v e ,   counter   7  is  clocked  at  t h e  

beg inn ing   and  end  of  each  output   pulse  of  d i v i d e r   5. 

R e g i s t e r s   34  and  37  are  p o s i t i v e - e d g e - r e s p o n s i v e   at  t h e i r  

clock  inputs   so  t ha t ,   assuming  f l i p - f l o p   44  is  in  the  s e t  

s t a t e   and  hence  that   ( i n v e r t i n g )   gate  45  is  enabled ,   r e g i s t e r s  

34  and  37  are  clocked  midway  through  each  output   pulse  of  d i v i d e r  

5  and  mid-way  through  each  i n t e r v a l   between  two  s u c c e s s i v e   o u t p u t  

p u l s e s ,   r e g i s t e r   34  taking  in  the  cu r ren t   count  of  counter   7 ,  

and  r e g i s t e r   37  tak ing   in  the  cu r ren t   conten ts   of  r e g i s t e r   34 

(which  cor respond  to  the  previous   count  in  counter   7).  Thus  t h e  

l e a s t   s i g n i f i c a n t   b i t   in  the  counter   7  and  the  r e g i s t e r s   34  and  37 

changes  at  the  same  ra te   as  the  b i t   at  the  ou tput   18  of  r e g i s t e r  

10  when  r e g i s t e r   10  is  t r a n s p a r e n t   ( t h i s   b i t   being  the  r i g h t - h a n d  

bit   in  the  r i g h t - h a n d   column  of  the  Table) .   In  o the r   words  t h e s e  

l e a s t   s i g n i f i c a n t   b i t s   have  the  same  s i g n i f i c a n c e   as  the  b i t  

at  ou tput   18.  Moreover  the  l e a s t   s i g n i f i c a n t   b i t   in  the  counter   7 

changes  at  i n s t a n t s   which  nominal ly   co inc ide   with  each  change 

in  the  8 -b i t   code  at  output   9  of  delay  device  4  which  g i v e s  

r i s e   to  a  change  in  the  b i t   at  output   18  when  r e g i s t e r   10  i s  

t r a n s p a r e n t .   ( I t   wi l l   be  ev ident   from  the  above  Table  tha t   t h e  



connec t ions   from  the  decoder  28  and  the  gate  41  to  the  o u t p u t s  
12-19  of  r e g i s t e r   10  are chosen  in  such  manner  that   t h e  

most  s i g n i f i c a n t   bi t   in  the  r i g h t - h a n d   column  changes  when 

the  code  in  the  l e f t - h a n d   column  changes  from  11111100  t o  

11111110  and  from  00000011  to  00000001,  r a t h e r   than  from 

11111110  to  11111111  and  from  00000001  to  00000000  as  might  be 

expected.   This  is  done  in  order   to  compensate  for  the  fact   t h a t  

delay  device  4  produces  a  delay  T  between  i ts   input  3  and  t h e  ,  
f i r s t   tap  (the  tap  co r respond ing   to  output  12  of  l a tch   10)  and 

ensures  that   changes  in  the  said  most  s i g n i f i c a n t   bi t   n o m i n a l l y  

co inc ide   with  the  beginnings   and  ends  of  the  output   pulses   o f  

d iv ide r   5  and  hence  with  the  i n s t a n t s   at  which  counter   7  is  c l o c k e d ) .  

The  c i r c u i t   also  inc ludes   an  AND  gate  48  the  output   of  which  

is  connected  to  the  "synchronous  c lear"   input  CLR  of  the  counter   7 

and  the  inputs  of  which  are  fed  with  the  i n v e r t e d   l e a s t  

s i g n i f i c a n t   b i t   of  the  output   of  counter   7  by  means  of  a  l ine   49 

and  an  i n v e r t e r   50  and,  when  a  changeover  switch  51  is  in  t h e  

p o s i t i o n   o the r   than  that   shown,  with  the  s ignal   on  a  f u r t h e r   tap  9A 

on  delay  device  4  by  means  of  a  l ine   53  r e s p e c t i v e l y .   When  t h e  

switch  50  is  in  the  p o s i t i o n   shown,  on  the  o ther   hand,  gate  48 

is  d i s a b l e d ,   i ts  l e f t - h a n d   input  then  being  fed  with  zero  v o l t a g e  

( l og i c   0).  Items  48-51  are  provided  to  enable  t h e  

l e a s t   s i g n i f i c a n t   bi t   in  counter   7  to  be  given  the  same  value  as 

the  bit   appear ing   on  output  18  of  r e g i s t e r   10  when  r e g i s t e r   10  i s  

t r a n s p a r e n t   (which  b i t s   are,   as  p r e v i o u s l y   e x p l a i n e d ,   n o m i n a l l y  

synchron ized   one  with  the  o t h e r ) .   To  th is   end  switch  51  i s  

momentar i ly   switched  to  i ts   o ther   p o s i t i o n   when  the  c i r c u i t   i s  

i n i t i a l l y   e n e r g i s e d .   The  tap  to  which  l ine   53  is  c o n n e c t e d  

is  chosen  so  tha t   the  s igna l   appear ing   thereon   when  counter   7 

is  clocked  cor responds   to  the  p resen t   value  of  the  l e a s t  

s i g n i f i c a n t   b i t   in  counter   7  if  counter   7  is  o p e r a t i n g   in  t h e  

phase  r equ i r ed   to  give  the  above-ment ioned  co r respondence   b e t w e e n  

the  l e a s t   s i g n i f i c a n t   bi t   in  counter   7  and  the  b i t   appear ing   on 

output   18  when  l a tch   10  is  t r a n s p a r e n t .   Thus,  if  counter   7  i s  

not  working  in  th is   phase  AND  gate  48  produces  an  output   when  t h e  

l e a s t   s i g n i f i c a n t   b i t   in  counter   7  would  o the rwi se   next  change 



from  "0"  to  " I" ,   thus  c l e a r i n g   counter   7  so  that   the  l e a s t  

s i g n i f i c a n t   bit   in  r e g i s t e r   34  remains  at  "0"  and  only  changes  when 

counter   7  is  again  clocked.   Af te r   th is   has  occur red   switch  51  i s  

r e t u r n e d   to  the  p o s i t i o n   shown.  In  a  p r a c t i c a l   embodiment  i n  

which  the  delay  device  4  was  provided  with  more  than  the  e ight   t a p s  

making  up  the  output   9  tap  9A  was  in  fact  the  t en th   from  t h e  

input  3.  (Obviously  an  e q u i v a l e n t   r e s u l t   can  be  ob ta ined   u s i n g  

the  second  tap  from  the  input  3,  provided  that   an  i n v e r t e r  

is  then  inc luded  in  the  l ine  53 ) .  

Af te r   the  above  s y n c h r o n i z a t i o n   o p e r a t i o n   has  been  c a r r i e d   o u t  

by  means  of  the  switch  51  the  c i r c u i t   ope ra t e s   as  f o l l o w s .  

Events  the  i n t e r v a l s   between  which  are  r equ i r ed   to  be  timed  a r e  

ar ranged  to  give  r i se   to  a  h i g h - t o - l o w   t r a n s i t i o n   on  input  4 6 ,  

which  is  normally  high  ( log ic   "1").   When  such  a  t r a n s i t i o n   occurs  t h e  

8 -b i t   code  c u r r e n t l y   at  the  output   9  of  delay  device  4  i s  

immediate ly   held  in  r e g i s t e r   10  and,  moreover,   when  the  next  c l o c k  

pulse  appears  at  the  output   2  of  g e n e r a t o r   I  r e g i s t e r s   34  and  37 

are  clocked  once  again  and  f l i p - f l o p   44  is  r e s e t .   This  r e s e t t i n g   o f  

f l i p - f l o p   44  r e s u l t s   in  the  enabl ing   of  the  gates  42  and  43  and 

the  d i s a b l i n g   of  gate  45,  this   l a s t   p r even t ing   f u r t h e r   c l o c k i n g  

of  r e g i s t e r s   34  and  37  ( a l though   counter   7  con t inues   to  be 

c locked) .   The  l e a s t   s i g n i f i c a n t   bi t   in  r e g i s t e r   34  is  compared 

in  gate  41  with  the  bi t   at  output   18  of  r e g i s t e r   10.  If  t h e s e  

two  b i t s   are  i d e n t i c a l   (which  means,  assuming  r e g i s t e r s   34  and  37 

are  clocked  at  exac t ly   one  q u a r t e r   of  the  way  through  and  t h r e e -  

q u a r t e r s   of  the  way  through  each  s i x t e e n - c o u n t   sequence  at  o u t p u t s  

2 9 , 3 0 , 3 1 , 1 8 ,   that   the  count  at  ou tputs   29 ,30 ,31 ,18   l i e s   in  t h e  

range  0-3  or  8-11,  i . e .   the  most  s i g n i f i c a n t   bi t   t h e r eo f   had  j u s t  

changed  when  the  event  o c c u r r e d ) ,   a  log ic   "0"  r e s u l t s   at  t h e  

output   of  gate  42  and  a  log ic   "1"  at  the  output   of  gate  43,  so  t h a t  

output   61  of  b u f f e r   60  is  enabled  and  fed  to  the  t h i r t y - t w o  

most  s i g n i f i c a n t   b i t   l ines   of  output   39.  Converse ly ,   if  the  s a i d  

two  b i t s   are  mutua l ly   d i f f e r e n t   (which  means,  with  the  above 

assumpt ion ,   that   the  count  at  ou tputs   29 ,30 ,31 ,   18  l i e s   in  t h e  

range  4-7  or  12-15,  i . e .   the  most  s i g n i f i c a n t   b i t   t h e r e o f   was  a b o u t  

to  change  when  the  event  occur red)   gate  43  produces  a  logic   "0"  



and  gate  42  a  logic   "1",  so  that   output   38  of  r e g i s t e r   37 

is  fed  to  output   39.  After   the  35-b i t   q u a n t i t y   at  output  39 

has  been  recorded   input  46  is  t aken  h igh  aga in   to  await  the  n e x t  

event;   obv ious ly   it  must  remain high  for  a  s u f f i c i e n t   time  t o  

allow  both  r e g i s t e r s   34  and  37  to  be  r e l o a d e d .  

R e g i s t e r   37  and  the  gates  41-43  are  p rovided ,   and  t h e  

c locking  of  r e g i s t e r s   34  and  37  is  o f f s e t   by  approx imate ly   one 

q u a r t e r   per iod  r e l a t i v e   to  each  half   of  each  count  sequence  a t  

the  ou tputs   29 ,30 ,31 ,   l 8 , i n   order  to  r e so lve   any  a m b i g u i t i e s  

which  might  o the rwise   occur  when  an  event  s u b s t a n t i a l l y   c o i n c i d e s  

with  a  change  from  1111  to  0000  at  the  ou tpu t s   29 ,30 ,31 ,   18. 

At  such  a  time  it  could  not  be  g u a r a n t e e d ,   if  counter   7  were  

simply  clocked  from  a  s u i t a b l e   tap  of  delay  device  4,  o r  

wi thout   f u r t h e r   measures  being  taken,  d i r e c t   from  the  output   o f  

g e n e r a t o r   1,  that   counter   7  would  conta in   the  co r r ec t   c o u n t ,  
because  of  d i f f e r e n t i a l   de lays .   It  is  t h e r e f o r e   a r ranged   in  t h e  

manner  set  for th   above  tha t ,   when  f l i p - f l o p   44  is  r e s e t ,   the  numbers  

clocked  into  r e g i s t e r s   34  and  37  cor respond  to  the  count  i n  

counter   7  a p p r o p r i a t e   to  times  immediately  a f t e r   and  i m m e d i a t e l y  

before ,   r e s p e c t i v e l y ,   the  change  (imminent  or  pas t )   in  the  b i t  

at  output   18  which  was  c l o s e s t   when  the  event  occur red .   Which 

of  these  numbers  is  a c t u a l l y   a p p r o p r i a t e   at  the  time  the  e v e n t  

occur red   is  d e t e c t e d   by  gate  41  the  output   of  which  e n a b l e s  

the  output   of  the  r e l e v a n t   b u f f e r   60  or  r e g i s t e r   37  a c c o r d i n g l y   when 
f l i p - f l o p   44  i s  r e s e t .  ( W h e n   f l i p - f l o p   44  is  in  the  set  s t a t e  

the  output   of  b u f f e r   60  is  enab led ,   and the  output   of  r e g i s t e r   37 

is  d i s a b l e d ,   all   the  t i m e ) .  

It  wi l l   be  ev ident   tha t   an  i n v e r t e r   may  be  inc luded   in  t h e  

output   of  gate  41  if  d e s i r e d ,   provided  that   the  s y n c h r o n i z i n g  

c i r c u i t   48-51,  53  is  modi f ied   to  make  the  l e a s t   s i g n i f i c a n t  

b i t   in  counter   7  nominal ly   the  same  as  the  b i t   at  output   18,  f o r  

example  by  t r a n s f e r r i n g   the  input  of  the  l ine   53  d i r e c t   to  t h e  

second  tap  from  the  input  3  of  delay  device  4.  It  wi l l   a l s o  

be  ev ident   t h a t ,   a l t e r n a t i v e l y   or  in  a d d i t i o n ,   the  l ine   40  may 

inc lude   an  i n v e r t e r   and  be  connected  i n s t e a d   to  the  l e a s t  

s i g n i f i c a n t   bi t   output   of  r e g i s t e r   37  if  the  output   38  o f  



r e g i s t e r   37  is  permanent ly   enabled  ( t h i s   n e c e s s i t a t i n g   the  p r o v i s i o n  
of  a  gate  or  3 - s t a t e   b u f f e r ,   c o n t r o l l e d   by  the  ou tput   of  gate  43,  i n  

the  c o n n e c t i o n   the re f rom  to  the  c i r c u i t   ou tput   3 9 ) .  
The  va r ious   components  of  the  c i r c u i t   shown  in  the  drawing 

may  be  of  the  fo l lowing   t y p e s : -  

Although  as  desc r ibed   the  m a r k - t o - s p a c e   r a t i o   of  the  o u t p u t  

pulses   of  d i v i d e r   5  is  s u b s t a n t i a l l y   uni ty   and  t h e i r   per iod   i s  

g r e a t e r   than  or  equal  to  2 (n - l )T ,   where  T  is  the  i n c r e m e n t a l  

delay  from  each  to  the  next  of  the  n=8  taps  on  delay  l ine   4 

c o n s t i t u t i n g   the  output   9,  it  wi l l   be  ev ident   tha t   th is   is  i n  

genera l   not  e s s e n t i a l   (p rov ided   of  course  tha t   nT  is  g r e a t e r   t h a n  

both  the  length  of  said  output   pulses   and  the  length   of  t h e  

i n t e r v a l s   t h e r e b e t w e e n ) .   For  example,  if  with  a  m a r k - t o - s p a c e  

r a t i o   of  un i ty   the  length   of  each  output   pulse  is  changed  t o  

g r e a t e r   than  or  equal  to  5T/8  but  less  than  3T/4  a  r e p e a t i n g   c y c l e  

of  codes  wil l   s t i l l   be  ob t a ined   at  the  output   9,  but  th is   w i l l  

now  only  comprise  twelve  d i f f e r e n t   codes  r a t h e r   than  s i x t e e n ,  

making  the  part  of  the  arrangement   o the r   than  the  components  

47,  4  and  10  i n a p p r o p r i a t e   for  use  with  these  components.  As 

another   example,  if  the  per iod  of  the  output   pulses   is  doubled  and 

t h e i r   m a r k - t o - s p a c e   r a t i o   is  changed  to  1:3  the  r e p e a t i n g  

sequence  of  codes  ob ta ined   at  ou tput   9  wi l l   comprise  only  e i g h t  



d i f f e r e n t   codes,  n e c e s s i t a t i n g   some  m o d i f i c a t i o n   to  the  p a r t  
of  the  ar rangement   o ther   than the  components  47,  4  and  10. 



1.  A  t imer  c i r c u i t   i n c l u d i n g   a  clock  pulse  g e n e r a t o r  

a r rangement ,   a  delay  device  to  which  an  output   of  the  clock  p u l s e  

g e n e r a t o r   ar rangement   is  coupled  and  which  is  provided  w i t h  n  

taps  the  p o s i t i o n s   of  which  cor respond  to  s u b s t a n t i a l l y   e q u a l  

increments   T  of  delay  where  nT  is  g r e a t e r   than  both  the  l e n g t h  

of  the  output   pulses   of  the  clock  pulse  g e n e r a t o r   a r r a n g e m e n t  

app l ied   t h e r e t o   in  o p e r a t i o n   and  the  length  of  the  i n t e r v a l s  

t he rebe tween ,   and  a  coupl ing   from  said  taps  to  an  output   of  t h e  

c i r c u i t ,   c h a r a c t e r i z e d   in  that   said  coupl ing  inc ludes   a  l a t c h  

c i r c u i t   to  r e s p e c t i v e   data  bi t   inputs   of  which  said  taps  a r e  

coupled  in  such  manner  that   when  data  p r e sen t ed   to  said  d a t a  

b i t   inputs   from  said  taps  is  l a tched   Ln  said  la tch   c i r c u i t   the 

l a tched   data  wi l l   be  the  acu ta l   b inary  code  c u r r e n t l y   p r e s e n t  

on  said  t a p s .  

2.  A  c i r c u i t   as  claimed  in  Claim  1,  c h a r a c t e r i z e d   in  t h a t  

the  m a r k - t o - s p a c e   r a t i o   of  said  output   pulses   is  s u b s t a n t i a l l y  

uni ty   and  the  period  of  said  output   pulses   is  g r e a t e r   than  o r  

equal  to  2 ( n - l ) T .  

3.  A  c i r c u i t   as  claimed  in  Claim  1  or  Claim  2,  c h a r a c t e r i z e d  

in  t h a t  n   is  a n . i n t e g r a l   power  of  2  and  a  decoder  is  inc luded  i n  

a  coupl ing  from  the  output  of  the  la tch   c i r c u i t   to  the  t imer  c i r c u i t  

ou tpu t ,   which  decoder  is  c o n s t r u c t e d   to  convert   the  succes s ive   n - b i t  

codes  appear ing   on  said  taps  in  o p e r a t i o n   to  succes s ive   members  of  an 

m-bi t   b inary   code  should  said  s u c c e s s i v e   n -b i t   codes  be  supp l i ed   t h e r e t o .  

4.  A  c i r c u i t   as  claimed  in  any  p receding   Claim,  c h a r a c t e r i z e d  

in  tha t   it  also  inc ludes   a  synchronous  counter   arrangement   to  which  

an  output   of  said  clock  pulse  g e n e r a t o r   arrangement   is  coupled  and 

the  output   of  which  is  coupled  to  the  t imer   c i r c u i t   output   via  a 

l a tch   c i r c u i t .  

5.  A  c i r c u i t   as  claimed  in  Claims  2,  3  and  4  when  taken  t o g e t h e r ,  

c h a r a c t e r i z e d   in  that   said  counter   arrangement   is  a  b inary   c o u n t e r  

ar rangement   c o n s t r u c t e d   to  produce  i ts   cu r r en t   count  at  a  f i r s t  

output   t h e r e o f   and  i t s   immediately   p reced ing   count  at  a  second  o u t p u t  

t h e r e o f ,   the  coupl ing  from  an  output   of  said  clock  p u l s e  

g e n e r a t o r   ar rangement   to  said  counter   a r r a n g e m e n t  



c i rcumven t ing   said  delay  device  and  being  such,  r e l a t i v e   to  t h e  

coupling  from  the  clock  pulse  g e n e r a t o r   arrangement  to  t h e  

delay  device ,   that   the  clock  pulses  app l ied   to  said  c o u n t e r  

arrangement   in  o p e r a t i o n   wi l l   have  twice  the  r e p e t i t i o n   ra te   o f  

those  app l ied   to  the  delay  device,   r e s u l t i n g   in  the  l e a s t  

s i g n i f i c a n t   b i t   of  the  outputs   of  said  counter   arrangement  h a v i n g  

the  same  s i g n i f i c a n c e   as  has  the  most  s i g n i f i c a n t   bi t   of  s a i d  

m-bit  b inary   code,  said  coupl ing  and  said  counter   a r r a n g e m e n t  

moreover  being  such  that   the  counts  at  said  f i r s t   and  second  

outputs   wil l   be  updated  at  i n s t a n t s   which  are  o f f s e t   with  r e s p e c t  
to  each  change  in  said  n - b i t   code  which  cor responds   to  a  change 
in  the  most  s i g n i f i c a n t   bi t   of  said  m-bit   b inary  code,  compar i son  

means  being  provided  for  comparing  the  value  of  the  most  

s i g n i f i c a n t   bit   of  said  m-bit   b inary   code  with  the  value  of  t h e  

l e a s t   s i g n i f i c a n t   bi t   of  the  count  at  a  said  output   and  g a t i n g  

the  count  at  one  of  said  f i r s t   and  second  outputs   to  the  t i m e r  

c i r c u i t   output   if  the  two  compared  b i t s   have  the  same  value  and 

gat ing  the  count  at  the  o the r   of  said  f i r s t   and  second  o u t p u t s  

to  the  t imer  c i r c u i t   output   if  the  two  compared  b i t s   have  o p p o s i t e  

v a l u e s .  

6.  A  c i r c u i t   as  claimed  in  Claim  5,  c h a r a c t e r i z e d   in  t h a t  

said  counter   arrangement   and  the  coupling  t h e r e t o   from  t h e  

g e n e r a t o r   a r rangement   are  such  that   the  counts  at  said  f i r s t   and 

second  ou tpu ts   wi l l   be  updated  at  i n s t a n t s   which  n o m i n a l l y  

l ie   s u b s t a n t i a l l y   midway  between  each  change  in  said  n - b i t   code 

which  cor responds   to  a  change  in  said  most  s i g n i f i c a n t   b i t .  

7.  A  c i r c u i t   as  claimed  in  Claim  5  or  Claim  6,  c h a r a c t e r i z e d  

in  that   said  counter   arrangement   comprises  a  coun te r ,   a  f i r s t  

r e g i s t e r   to  the  lata  input  of  which  the  output   of  said  counter   i s  

coupled,   and  a  second  r e g i s t e r   to  the  data  input  of  which  the  d a t a  

output   of  sa id   f i r s t   r e g i s t e r   is  coupled,   the  data  ou tpu t s   o f  

said  f i r s t   and  second  r e g i s t e r s   c o n s t i t u t i n g   the  f i r s t   and  s e c o n d  

outputs   r e s p e c t i v e l y   of  said  counter   ar rangement   and  s a i d  

g e n e r a t o r   ar rangement   being  coupled  to  clock  s igna l   inputs   of  s a i d  

counter   and  said  f i r s t   and  second  r e g i s t e r s .  
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