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At; f i  r.,si; t h o u g h t  j.t rnir:l .k;i;  ;l;i?i:rr. t l i ~ ~ t  i:!le a ~ ~ i o l l c a t - i o n s  of' P T T I  
.j.n co rn rn~~n ica . t i ons  co:llcl si!nvl:r l.:c li:l:i.,er! aYld t h c  :--~el.al;i.nn- 
s h i p  of' e a c h  a.ppl . icnt , i  o:-.I t,o ?%'TI iridic3.l.url.  I t  i s  rlc.)t 
r e a l l y  t h a t  simp1 e .  Sn c l o s e l y  Lira? !;inle rlnc11 t i m e  i n2 ; e rva l  
iriterlwovcn w j t h  e l e c , t , r ~ i c a l  cornrnuriii:~?,?!.~ris t?l:-~t i t  C:O~.I'L~ 
a l m o s t  kje sa.irl  t h a t  they i70r>rn t h e  VC1':: Y:lt;~:!.':i c of e 1 ~ ~ t Y i . c ; 3 . 1  
cornmuriic,al,inn:; . A b r i . c t  Ii:;ol.; ; i . t  ,i o u r ' - ~ a ;  :i i r i  t h e  f ' i ~ l  (j. :-)f 
commun ica t i ons  e n f ~ i n c e r ~ i  YIP rAevea l  :; t,'ria t rnozt nlathernal, i ca.1 
c x p ~ e s s i o n s  ernr~l.nyeij. a.r7e i'unct3ori:; c f  t i r ne .  'I'hey o c c u r  i n  
near31y a l l  a . r e a s  o f  : ; t u d y  r e l a . t e d  t o  e l . e c t r = i c a . l  communica- 
i.;:i.or~s. T h i s  i s  e v e n  more ev - iden t  wi.ieri :ve cons ide r .  t h a t  
f'inncti o n s  o f  f ~ c q u e t i c g  a . r r  csseri-t;ial:!y f111ir:tion:; o f  t i m e  
b e c a u s c  o.C t h e  dlir7ec t cor=rcsy.:)oriderice h r t w c r n  1'requenc:g and  
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t i m e  r l e s u l t i n ~ ;  frwm t h e  F o u r i e r  and  T,aplace t r a n s f o r m s  and  
t h e i r  i n v e r s e s  as shown i n  e q u a t i o n s  (1) t h r o u g h  ( 4 ) .  

J- w 
I 'o l l r i c r  'I'rans form 

>-C>O 
Trlverse F o u r i e r  T rans fo rm 

( 3 )  ~ ( s )  = f ( t ) e - s t d t ;  s = o + j o ,  w = 2nf ibm 
T a p l a c e  T r a n s f o r m  

( 4 )  f ( t )  = 1 I s t  
P ( s )  e  d t ;  s = (7 + j o y  w = ?m" 

2Fj 

Tnve r sc  L ,ap lace  T r a n s  form 

Because o f  t h e  r e l a t i o n s h i p  e s t a b l i s h e d  be tween  t i m e  a n d  
frequency by t h e s e  two s e t s  o f  t r a n s f o r m a t i o n s ,  and a l s o  
b e c a u s e  o f  t h e  i m p o r t a n c e  o f  t i m e  and  f r e q u e n c y  f u n c t i o n s  
t o  communicx t i ons ,  i t  I s  o f t e n  s a i d  t h a t  communica t ions  
erip;.inecr:: u s e  t h c  d u a l  l a n g u a g e s  o f  t i m e  a n d  f r e q u e n c y .  '!?he 
q u c s t i o n  o f  w h e t h e r  a t i m ~  o r  f r e q u e n c y  f u n c t i o n  i s  a PTTT 
f u n c t i o n  depends  upon t h e  f r c q u e n c i ~ s ,  t i m e  i n t e r v a l s ,  a n d  
t i m e  a c c u r a c y  b e i n g  u s ~ d  and  a l s o  upon t h e  d e f i n i t i o n  o f  
PTTI. Tn ~ c n e r a l . ,  h i g h  f r e r ~ u p n c i e s  imp ly  h i g h  t i m e -  
i n t e r v a l  a c c u r a c y  and l o n p  t i m e  intervals imp ly  h i g h  f r e -  
q u e n c y - a c c u r a c y .  Many n p p 1 i c : i t i o n s  o f  t i m e  a n d  t i m e  i n t e r -  
v a l  i n  commun-icatjons a r e  c a n d i d a t e s  f o r  improvement  t h r o u g h  
i r i c r e a s c s  I n  p r e c i s i o n .  S i n c e  communicat i  nns  e n g i n e e r s  a r e  
s o  c o n s i s t e n t l y  i n v o l v e d  w i t h  a p p l i c a t i o n s  o f  t i m e ,  t h c y  
u s u a l l y  d o n ' t  p e r c c i v c  t h e  e x t e n t  o f  t h i s  i n v o l v e m e n t ;  and 
b e c a u s e  t h e y  n o r m a l l y  work i n  t e r m s  o f  phase  r e l a t i o n s h i p s  
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equipment  t o  f u n c t i o n  p r o p e r l y .  Many e l e c t r o m a g n e t i c  f i e l d  
d e v i c e s  depend upon p r e c i s e  t i m a  r e l a t i o n s h i p s  such  a s  t h i s  
which a r e  r e l a t i v e l y  e a s y  t o  a c h i e v e  and wh-lch a r e  o f  g r e a t  
i-mportancc i n  comn~unicat- ions engineering. Also,  many 
e l e c t r o n i c  d e v i c e s  used  i n  communicat ions depend f o r  t h e i r  
o p e r a t i o n  on t h e  i n t e r a c t i o n  o f  e l e c t r o n s  and e l ec t romag-  
n e t i c  f i e l d s .  These i n t e r a c t i o n s  i n  t u r n  denend upon t h e  
space - t ime  c h a r 3 a c t c r l s t - i c s  o f  b o t h  t h e  e1.ectrons and t h e  
e l e c t r o m a g n e t i c  f i e l d s  with which t h e y  j n t e r a c t .  

Modula t ion  T s  a  p r o c e s s  whereby a message s i g n a l  i s  imposed 
on a  c a r r i - e r  wa.ve by vary , ing  one o r  more o f  t h c  c a r r i e r  
wave ' s  c h a r a c t e r i s t i c s .  I n  c o n t i n u o u s  m o d u l a t i o n ,  t h e  
a m p l i t u d e ,  p h a s e ,  f r e q u e ~ l c y  o r  any cnmbinat ior l  nf them can  
be v a r i e d .  If phase  o r  f r equency  i s  t h e  c h a r a c t e r i s t i c  
whri-ch i s  var3-ied b y  t h e  messaEe s i g n a l ,  t h i . s  7.s a  ti.mc -- 
r e l a t e d  p r o c e s s .  Tn p u l s e  modulat5on t h e  p a r a m e t e r  v a r i e d  
by t h e  message s i g n a l  mlght  b e  t h e  p u l s e  a m p l i t u d e  (FAM) o r  
t h e  pul . se  t i m e  ( P T M ) .  P u l s e  t ime  rnodulati.nn (PTM) i s  
f u r t h e r  s u b d i v i d e d  i .n ta  p u l s e  width  ( o r  d u r a t i . o n )  modula- 
t i o r i ,  p u l s e  p o s i t i o n  modulat-ion arid p u l s e  f r equency  modula- 
t i o n .  

These examples  p r o v i d e  some i .nd ica t< .on  o f  t h e  b r e a d t h  o-f t h e  
a p p l i c a t i o n  o f  t i m e  and t i m e  i n t e r v a l  -i.n comrnun:icatioris. O f  
c o u r s e  i t  i s  f a r  from comple te ,  as t h e  t i m e  r e l a t i o n s h i p s  
t,o a n t e n n a s  (phased  a r r a y s  i n  p a r t i c u l a r ) ,  t r a n s m i s s i o n  
l l n e s ,  r a d i o  wave p ~ o p a g a t i o n ,  d i v e r s i t y  t r a n s m i s s i o n  t e c h -  
n i q u e s ,  and  many o t h e r  i m p o r t a n t  a r e a s  h a v e n ' t  been  dbs-  
cussed  . 
Although t t ie  a p p l i c a t i o n s  o f  t j m e  arid t i m e  i n t e r v a l  d i s -  
c u s s e d  above a r e  d i , r e c t l y  r e l a t e d  t o  t h e  g e n e r a l  f i e l d  of  
communicat ions,  i t  might  be  des-7-rable t o  d i s c u s s  some 
b r o a d e r  sys t ems  c o n s i d e r a t l o n s  and t h o s e  a p p l i c a t i o n s  of  
r e c e n t l y  growing impor tance .  Two i m p o r t a n t  a r e a s  o f  d i r e c t  
conce rn  t o  communications sys tems a r e  t h e  frequency spec-  
t rum occup icd  by t h e  modulated s i g n a l s  and t h e  broad  a r e a  
o f  s c h e d u l i n g  o f  message s i g n a l s ,  which i n c l u d e s  t h e  
i m p o r t a n t  f i e l d  of  s y n c h r o n i z a t i o n .  

The Radio F r ~ q u . e n c y  Spect rum 

The r a d i o  f r equency  spec t rum -is a na tu ra l .  r e s o u r c e  which 
a l t h o u g h  n o t  expended o r  d e p l e t e d  by u s e  Is l i rni- ted i n  i.ts 
a v a i l a b i l i t y  and can  be  was ted  by  unwi-se o r  i n e t f i c l e n t  
use. New a p p l i c a t i o n s  o f  t h e  rad i .0  spec t rum and r a p i d  
e x p a n s i o n  o f  o l d  a p p l i c a t i o n s  can  be  e x p e c t e d  t o  p l a c e  
i n c r e a s i n g  p y e s s u r e s  on t h i s  l i m i t e d  r e s o u r c e .  
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A v a i l a b i l i t y  t j m e  and - .  
'crime 

the a l l o c a i ; c d  channcl .  bandwir i th  ::i. 
Lolc - r anees  i n  tra.nsrn-i-tt  i n g  a n d  r l e c e j  v i r1g ~'c~uiprr1ent.i; . 

- - -  L- I 
t r a n s m i s s i o n s  which  r e q u i ~ e  o n l y  half t h e  r>ad io  f '-requency 
s p e c t r u m  r e q u i r e d  f o r  d o u b l e  s i d e b a n d  m o d u l a l i o n ,  
t c c h n i c a l l g  and  e c o n o m i c a l l y  d c l a y c d  h~ca i l : s c  of t h e  ? r e -  

, 7 ..*. ,- ,..- c.i.sion r e q u i r e d  o f  t h e  ca . r r2 ic rA f requcr lcg  get- 
r e c e j - v e r  r e 1 a . t i . v ~  t o  the c a r r i . e r  sl.lyi.?~r! 
mi t t e r  . A l t t ~ o u g h  s i n g l e - s i d ~ b a n r  rncjdll?ni,ion ,. l,c?ci.lr-llqlli:s 
have  beer1 w i d e l y  us~: . i .  Yay i'~~e(~l.l?r-l(-!,y ( 2  L v L : ~ ~  t:j:-l n l ~ . l : ~ . ~ ~ ~ ~ : ) l e ~ i n [ ~ :  
of t e ]  ephonp channe ' i s ,  and iiavi. h r e r  ( ? x ! . c ? ~  i vc? )J u:;rli by 

<, , , . 
r a . d io  amat ;eurs  for n c a - r l y  t w o  d~cxcii l . : ; ,  
c o n g e s t e d  h i g h  f r e q ~ l e n c y  r a t l i  o b8.r-ids have  L,)' ~~~~~~~IT19 
begun  t o  u s e  them.  

ty3.nsrnj.s s i .on can  y:lrovi:it: *?or7 (1 t,:-ier7 corr 
:;ucl-1 3.s v o i c e  tyan;s-,miss-;n~l. D i g i t a l  tr.ar,:srril.:?sjc:)n ca.n 
provide s i p r l s l - t o - n o i s c  :3,dvantayen for ;i#n:rls t h a t  musr be  
r e l a y e d  ( r c P e a t e ( 3 )  o r c r  I(-m$? ' ? c i s t a n c r s  b e c a u s r  i t  - 
rey,ene_.a t ior l  oj, a nea.r>;.;j t-loi.:~c-:'-cr c ~ i ; - ~ ~ l a l  at; eaCn P e l  
poillt; ,  r e d u c i n g  i ,he accrrrnuia:,ion c; ' !?o 1 s e  . n i ~ i t ~ a l .  'GI. 
m C. .,,: .- for1 j s ;1].3i: ~ O ~ V P  y l j ~ n :  :\li)?n i-:ncy;vt i c7n ?. F, ~i.(:!~lir 'e(i J ;.J I 

A l t  tlougk syncl-irorlo~l:; cornrnurii.c'r-iti.or-1s :II'~ l . l r J o u a  r , i y  )L,L-:.JW L L L ~ . ,  c.LL. 
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t;'nc j ? : rca tes t  r a t , ?  i n  h. i : ; tnry,  i t .  - 

])erahaps t h e  f -i.rs t truly synchror io~;s  r:ornrn-..l.:ll ca t ,=  



was t h a t  o p e r a t c d  by Ronalds  i n  181.6 o v c r  a d i s t a n c c  o f  8 
m i  l e s  (1 . ) .  I n  t h l s  sys tem he iwi s t a l l cd  cl .ocks w t l i c h  ro ta . -  
t e d  p a p e r  d i s c s  s o  a s  t o  expose  one l e t t e r  of  the a lp l lnbet  
a t  a ti-me t h r o u g h  a n  a p c r t u r e  i .n a c o v e r .  When t h e  c l o c k s  
a t  t h e  two ends  o f  t h e  communicati.ons sys t em we.r>e syn- 
c l ~ r o n i x c d ,  t h e  same l e t t e r  was v i s i b l e  at t h e  two l o c a t i o n s  
simu1tarieou:;ly. A s p a r k  i n i t i a t e d  by a n  e1ec t~ ' ica-1 .  connec- 
t i o n  a . t  one  l o c a t i o n  c o i n c i d e n t  w i t h  a spec r i f i c  exposed 
l e t t e r  w n ~ ~ l d  o c c u r  and be obse rved  al; t h e  o t h e r  l o c a t i o n  
c o i n c i d e n t  wl th  t h e  same e'xposed I.ctt ;cr.  

T h i s ,  o f  c o u r s e ,  7.s a c l o s e  r e l a t i v e  of' t h e  t e l e p r i n t e r s  s o  
wide ly  used  d u r i n g  tl-lo l a s t  few deca.des.  I n  t h e s e  t e l e -  
p r > i n t e r s ,  i n s t e a d  o f  orle p ~ l s e  p e r  l e t t e r  ( o r  symbol ) ,  
en.ch c h a r a c t e r  i s  composed o r  a 5-b-it code group p receded  
by a  s t a r t  p u l s e  and  f o l l o w e d , b y  a s t o p  p u l s e .  Freser icc 
o r  a b s e n c e  of  i n d j - v i d u a l  p u l s c s  i n  t h e  5 - b i t  code group 
can  form 32 combinat-i.ons t o  i d e n t i f y  32  d - i . f f e ren t  symbo1.s. 
Because o f  t h e  s t a r t - s t o p  mode of  operation i t  i s  o n l y  
n e c e s s a r y  1;n m a l n t a i n  t h e  r cqu i . r ed  synchronism d u r i n g  t h e  
t ; ransrn iss ion  o f  a s i n g l e  symbol.  Sgnchroni  srn i s  auko- 
m a t i c a l l y  r e e s t a . b l i s h e d  a t  t h e  beginn:i.ng o f  t h e  n e x t  symhc)S. 
Obvious ly ,  t h e  s t a . r t - s t o p  rnode o f  t r a n s m i s s i o n  waste:; con- 
s i d c r n b l c  t r ansmTss ion  c a p a c i t y  by t r a n s m i t t i n g  b o t h  s t a r t  
and s t o p  p u l s e s  wi.th each  symbol.  Much o f  t h i s  ca .pac i tg  
c o u l d  be  more u s e f u l l y  a p p l i e d  i . r  a  l o n g  s t r i n g  o f  e q u a l l y  
spaced b i t s  were transm-i t t c d  w i t h  o n l y  o c c a s i o n a l  syn- 
c h r o n i z i n g  p u l s e s  t o  p e r m i t  s y n c h r o n i z a t i o n  o f  t h e  r e c e i v e r .  

I n  d i g i t a l .  communications i t  i s  d e s i r a b l e  t n  ma.ximi'7;e t h e  
r a t i o  of t h e  peak  s i g n a l  t o  r m s  n o i s e  f o r  each b i t  ( o r  
symbol) s o  as  t o  r e d u c e  t;he b i t  e r r o r  r a t e .  Onc method o f  
do-i.ng thris i s  by u s i n g  a corr .e lal ; ion iletec2;or i n  which 
t h e  p r o d u c t  o f  t h e  r e c e i v e d  :;ignal and a norise-fr2ee r e p l i c a  
of  each  o f  t h e  p o s s j b l c  wavef'orms i s  i n t e ~ r a t e d  o v e r  a 
waveform p e r i o d .  I f  t h e  p o s s i b l e  waveforms a r e  o r t h o g o n a l ,  
the r e s u l t i n g  i n t e g r k . t i o n  w i 7 . 1  maximize t h e  s i g n a l  c o n t r i -  
b u t i o n  i n  t h e  integration c o r r e s p o n d i n g  t o  t h e  t r a n s m t t t e d  
s i g n a l ,  w h i l e  o n l y  t h e  n o i s e  w i l l  cont r - i .bu te  t o  t h e  o t h e r s .  
Obvious ly  t h e  r e c e i v e r  must know when to s t a r t  and s t o p  t h e  
i n t e g r a t i o n  p r o c e s s ;  i . e . ,  it must be s y n c h ~ o n i z e d  t o  t h c  
r e c e i v e d  s i g n a l .  

The r e l a t i v e l y  s t r a i g h t f o r w a r d  p r o c e s s  of t r a n s m i t t i n g  
b i n a r y  d i g i t s  o v e r  a p o i n t - t o - p o i n t  t r a n s m f s s i o n  l i n k  
c o n n e c t i n g  a t r a r i s r n i t t e r  and  a synchronous  r e c e i v e r  has  
been  cornrnonly a p p l i e d  f o r  s e v e r a l  year.$. I t s  a p p l i c a t i o n  
i s  i n c r e a s i n g  and  h i g h e r  b i t  r a t e s  a r e  b e i n g  u s e d .  However, 
t h e r e  a rae  severa l  o t h e r  a p p l i  c a t i o n s  o f  d i g i t a l  



t r a n s r n i s s i o n  which p r o v i d c  new drirnens3.ons to t h e  appl i .ca-  
t l o n  o f  PTTI. 

Spread  Spectrum 

Cons ide r  t h c  fr.equer1.t requirerneril; f o r  rc>s-ix!;ancc t o  i n t e r -  
f e r e n c e ,  e i t h e r  d e l  i .berat .e  o r  a c c i d e n t a l ,  o r  c o n s i d e r  t h e  
need f o r  c o v e r t  communicat,ions where i t  i s  d e s i r e d  t o  f u l -  
f i l l  t h e  cnmmunication rcquiaerncnt  w h i l e  ~riri.nirr~j.zjnt;l;; "tie u.se 
o f  t h e  communication s i g n a l  f o r  p u r p o s e s  01, d e t e c t i n g  arid 
pos i , t i o r i - f j -x ing  t h e  s o u r c e  o f  t h e  s i a n a l .  Thr: sanic t y p e  of  
s o l u t i o n  can  be a p p l i e d  t o  Soti.1 o f  t h e s e  prc:)bl.erns: Spread 
Spectrun;, c0rnmun.i c a t i o r s  (2) . I n  a. s p r e a d  s p c c t ~ u r n  t r a n s -  
m i t t e r ,  t h e  RF c a r r i e r 7  I:., :sub~jec,tccl t o  a. cio~.tblc modula. t ion 
p r o c e s s ,  one by t,hc Incssnqe s i g n n . l  a.ri~3 t h c  c)t;hcr by a. 
:;pectr.urn spr-lead? nf; sequeiict: . I'hci most wiciclg used method 
ol' spcctrurn s p r c a d i n ~  has been phased s h i f t  kcginii: by  a 
high-:;peed :<etluence, wher-,e " h i g h  speetl" means milch fast;er> 
t h a n  t h e  baseband d a t a  r a t e .  'The seclinences 11se(-3 f o r  
3prea.d spec t rum t r a n s m i -  ,, , ,ion c3 a r e  c a l l e d  n:l;erldo-no i sc 
sequences  because  t h e y  p o s s e s s  p r o p e r t - i p s  I - ike  t h o s e  o f  
random sequences  b u t  a r e  sgs2;ematjc arid e a s y  t o  ~ , e n e r a t ~ .  
Another s p r e a d  spectru.rn t rc i-~r;  i que  c a l l e d  f ~ c y  ~aericy-11clpp.i rig 
eniploy s fraequcncg s h i  f t  key7 nil: t n  :-L l:ir.gr: r-;7Lmbr.r oi' p o s s i -  
b l e  f r e q u e n c i e s .  

When e i  t h e r  o f  t h e s e  tc-.chn i.nue:? a r c  : ~ s c d ,  a cor.w2elator-, :i.n 
t h e  r e c e i v e r  per5'orms t!lc inver . : ;~  n r o c e s  s o i' t h a t  peraf or.rried 
by  t h e  3prea.d :;~ect;.r.um rnc~tiu 1 a t o  r> . Pc-,r7 pa c h  r)i-~a:<e r7cversn. l  
o r  f r e q u e n c y  s h i f t  a a n l  i u d  a t  the spx7ead s ~ c c t r u m  m o d u l a t o r ,  
a  c o ~ r e s p o n d i n g  complcrncntar-.y phase  r.>ever*sal ora frctcluency 
sh-i ft i s  a p p l i e d  a t  t h e  cc.)r3r.el a t o r .  wlrleri t i le stgnn l a r r i v e : ;  
t h e r e .  Thi.s r e t n a n s  t h e  rnes:;age mod~.alat;ed cnr ' r  i e r  t n  i t s  
o r i g i n a l .  bandwidtll  w h i l c  a t  t h e  same f;ixnf: ; :~~rend_ing Z;he 
- int ;e . r ference ( t h e  a c t i o n  (I.? t h e  c o : r ~ r . ~ e l a t o r ~ )  i n  Ithe same 
manner t h a t  t h e  mcssapr  rnocii.~l: :d c a r ' a i c ~ ~  Thras sxjrear'i at .  t h e  
t ransmii; t e:r> . 
Q u i t e  o l : )v ious ly ,  t im-ing 1 :., an es : ; cn t i a l  ~--~cc?:l-ir~err~en t . 'She 
r e p l i c a .  o f  ?;he pseudo-no'ise wa.vef'orm g c n ~ l r a t c d  a t  t h e  
r e c c i v c r  must be  a c c u r a . t e l y  :;ynchr>onizcd t o  t h a t  o f  t;i-ie 
a r r i v i n g  s i g n a l  i n  o r d e ~  t o  raecover. t h e  rne:<:-:age rnodulatcd 
c a r r i e r .  A mn,jou7 proble!n i s t o  i n  i I ; i a l l y  b r i n g  t h e  
r e c e i v e r  t im- ing  t;o w i t h i n  a fr,zc'r,i.orl o f  a pseudo-noise  code 
e lement  o f  t h e  r e c e i v e d  s i p p a l .  One method of  d o i n g  t h i s  
i s  t o  s l e w  t h c  r e c e i v e : r  1;irnirig a c r o s s  Lhe t lme  u n c e r t a i n t y  
i n t e r v a l .  u.ntl l .  t h e  : ~ , i ~ n a . l  nnwcr is obscaved i n  t h e  message 
democlul.atclr. The de : - ; i r ab i l  i t y  o f  minimi z5ng t h e  t ime  
u n c e r t a i r l t y  bctwceri t h e  t r a n s m i  t.,ter and tbLe r e c e i v e r .  i s  



q u i t e  o b v i o u s .  T h i s  i s  n n r t i  c ~ n l  g r l v  ~ F I I P  w h ~ n  qvnrhrnni va- I 
t i o n  must be a c q u i r e d  d u r i n g  s e v e r e  . i . n t e r f e rence  o r  i n t e n -  
t i o n a l  jamming. 

We can  e x p c c t  t h a t  some t i m e  i n  t h e  f u t u r e  a  swi t ched  
d i g i t a l  communicat ions network w i l l  connec t  many remote  
p a r t s  of t h e  wor ld  and t h a t  such  a network w i l l  employ t ime  
d i v i s i o n  mul . t i p l cx ing  and /o r  t i m e  d i v i s i o n  s w i t c h i n g .  
F i g u r c  2 i l l u s t r a t e s ,  J n  a n a l o g  form, a  t i m e  d j v i s i o n  
m u l t i p l e x e r  i r i  which b i t s  a r ~ i v i n g  on f o u r  s e p a r a t e  
c h a n n e l s  a t  t h e  l e f t  a r e  i n t e r l e a v e d  i n t o  a  s i n g l e  b i t  
s t r e a m  on t,he r i g h t .  Each b i t  i n  e a c h  s t r e a m  e n t e r i n g  from 
t h e  l e f t  must a r r i v e  a t  c x a c t l y  t h e  moment t h a t  i t  i s  
needed t o  f i l l  i t s  a s s i g n e d  t i m e  s l o t  i n  t h e  m u l t i p l e x e d  
b i t  s t r e a m .  Bccausc o f  v a r i a t i o n s  i n  t r a n s m i s s i o n  d e l a y s  
( t , r a n s i t  t i m e )  and d i f f e r e n c e s  i n  c l o c k s  a t  d i f f e r e n t  
nodes ,  t h e  p r o b a b i l i t y  o f  each  b i t  a r r i v i n g  From a n o t h e r  
nodc a t  e x a c t l y  t h e  moment when i t  i s  needed i s  v e r y  s m a l l .  
I n  a p r a c t i c a l  application, p r o v i s i o n  must b ~  made t o  be 
s u r e  t h a t  t h e  b i t s  w i l l  h? a v a i l a b l e  a t  t h e  moment t h e y  a r e  

I needed.  

Fj-gure 3 illustrates a method of' accommodating t h e  v a r i a -  I 
b u f f e r s  i n  e a c h  incoming d a t a  s t r e a m  a c t  a s  r e s e r v o i r s  i n  
which t h c  b i t s  are t e m p o r a r i l y  s t o r e d .  The n o d a l  c l o c k  
removes them from s t o r a g e  a t  e x a c t l y  t h e  r i g h t  moment f o r  
them t o  f i l l  t h e i r  a s s i g n e d  t i m e  s l o t  i n  t h e  m u l t i p l e x e d  
b i t  s t r e a m .  However, t h e  c l o c k s  a t  t h e  o t h e r  nodes must 
bc  coor>d ina tcd  w e l l  enough w i - t h  t h e  l o c a l  c l o c k  t o  a s s u r e  
t h a t  t h e  b u f f e r s  w i l l  n e i t h e r  ove r f low nor  e m ~ t v .  Note 

a t  any s p e c i f i c  m u l t i p l e x e r  can  o r i g i n a t e  anywhere i n  t h e  
ne twork  s o  t h a t  a 1 1  n o d a l  c l o c k s  a r e  i n v o l v e d .  

Many methods o f  p r o v i d i n g  t h ~  r e q u i r e d  c o o r d i n a t i o n  o f  t h e  
ne twork  c l o c k s  havc  been  p roposed ,  and somc a r c  i n  u s e  ( 3 ) .  
?'hey i n c l u t l e  p r e c i s e  independen t  c l o c k s ,  m a s t e r - s l a v ~ ,  
e x t e r n a l  t i m e  r e  f e r e n c e ,  mutua l  sync h r o n i z a t i  o n ,  and t i m e  
r e f e r e n c e  dj s t r i b u t i o n .  

I n  t h e  Independen t  c l o c k s  t e c h n i q u e  t h e r e  i s  no t i m i n g  
communication between nodes .  Each nodc has  i t s  own 

I n r e c i s e  f r e a u e n c v  c l o c k .  S i n c e  t h e s e  c l o c k s  havc  s l i ~ h t l v  111 
d i f f e r e n t  f r e q u e n c i e s ,  t i m i n g  e r r o r s  accumula te  and i t  i s  
necessary t o  o c c a s i o n a l l y  i n t ~ r ~ r u p t  t r a a f f i c  t o  r e s e t  t h e  
s t o r a g e  b u f f e r s .  1 



The m a s t e r - s l a v e  t e c h n i q u e  i s  p e r h a p s  t h e  mast obv ious  and 
s t r a i g h t f o r w a r d .  Tn t h Z s  t e c h n i q u e  31.1 nodes a r e  s l n v ~ d  
e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  t o  a s i n g l e  m a s t e r  c l o c k  by 
phase  l o c k i n g  t h e  l o c a l  c l o c k  t o  a r e c e i v e d  b i t  s t r e a m .  

I n  t h e  e x t e r n a l  t ime  r e f e r e n c e  t e c h n i q u e  each nodc r c c c i v c a  
i t : ;  t ime  r e f e r e n c e  from a s o u r c e  e x t c r n a l  til t h e  ne twork ,  
s ~ l c h  a s  n Loran-C nr-lvigat ion s i g n a l ,  s o  t h a t  a 1 1  riodal 
c l o c k s  a r e  s e t  t o  t h e  same t i m e  within some t o l e r a n c e .  

I r i  t h e  mutua l  t e c h n  i q~ne ,  eacl-1 node a d j u s t s  t h e  fr.ec.]uenc,y 
of  t h e  l o c a l  c l o c k  j.n such a way a:; t o  minimize t h e  pi-lase 
di.f f e r e n c e  between i t s e  1 f and some weightcld averaffe  o f  t h e  
p h a s e s  o f  t h e  receivec.l s i g n a l s .  

I n  t h c  ti.mc r e  f e r e n c e  d i s t ; r i b u t i o n  t cch r i ique ,  a l l  nodcs arlc 
k e p t  w i t h i n  rz speci.rj .ed t.i.rne tolerance o f  t h e  m a s t e r  nodc 
(4). Nodal c l o c k s  r u n  i n d c p ~ n d e n t l y  most oi' t l l c  tirne bl.li; 

aye  o c c a s i o n a l l y  updat;ed. T-ime r e f c . r e n c e  i r i formation is 
tr.nn:;l'crraed between a l l  connec ted  nodes writ;/? t h e  e f f e c t s  
of  trawismissTon t ime  r7cmovcd, b u t  t'.ie t,lmc ~~c:f'erence usec-i 
a t  any node i s  t h a t  which cnrTies ovel= tl-ic b e s t  p a t k  i;o !,he 
h i .ghes t  r a n k l n g  node.  A t  e a c h  node,  a :-;imple s e t  of r u l e s  
i.s appl - ied  t o  i n f o r m a t i o n  wacce-ived from a d j a c e n t  nocle:: :;a 
as t o  a s s u . r e  t h e  :;elect?'.on o f  t h e  b e s t  p a t h  t o  t h e  l-ligi-le:?t 
ra.nk:.i ng s u r v i v i n g  node (!j) . The e f  feet:; of s i g n a l  ! ; r a n s i t  
t ime  on t ime  reference t r a n s f e r s  ave13 high c a p a c i t y  duplex 
d i g - i . t a l  t ransmiss7i .on l ink: ;  can he x3emov(:d b y  :I s i r 1 1 ~ I e  
p rocedure  ( 1 1 ,  6) ( s c e  a n ~ ~ e r ~ d  i.x) . 
One s u g g e s t e d  method o f  pr30v-iding t h e  r e q u i r e d  c l o c k  coor.- 
d i n a t  -i on i n  a  l a r g e  d ig j .  t a l  commun i i : : o r  :-letwork- extend- 
irlg o v e r  a major  p a r t  ol' t h e  er-lrttl usr .s  s e v e r a l  of +,llesc 
b a s i c  t e c h n i q u e s ,  each  wtic:rc i t  i s  b e s t  suiS,c.d to t i - ) ?  
needs  nf' t h e  sy:;tcm, i n  a r ~ p t w o ~ ~ l i  r ' ~ f e ~ ~ p i i c " 7 d  t o  Coor.tiirlal,ed 
I J n i v e r s a l  Tirne (TJTC:) 6 ) .  Ti ,  i :< I l l u s t r a t e t i  1 r 1  Flgure 4. 
Tn t h i s  sys t em,  t,he highest l e v e l  3f' ti.]? Liming l~ii:r:i~chy 
cornpriscs  t h e  s a . t e l l i t c  tcr.mina.ll.;< 7r~ccal,~:;e s : - ~ t e l l i t e  :I.inks 
have super i .or  capabi  l i t y  f o r  making pri?cisc: t inre trAarl:; rer>:; 

r 7  over  v e r y  lorip; d i s ta r ic :~ :~  . L irne rei'er.e nee d i :; t r ib1 .1 t ion  i s  
u sed  f 'or the rnaJ o r  nodes ( any  nodr: coririec Let3 t i - )  m0r.c t h a n  
two o t h e r  n o d e s ) .  Mlnor7 rlocies and ? R X s  !-lave I,kle?r= n o t l ~ i l  
c l o c k s  s l a v e d  e i t h c r  d i . r > e c t l y  ora i.nrlir-lcctly -L(:I (.,i-ic nn.,io17 
rlodes by  phase 1ock:ng t h ~ m  t o  rece ivec i  s ignal . ;? .  Sin(;(:! 
t h e  ent1.r.c network i s  rc f ' cycnced  ko  lJrl 'C, 4 . f  sorrle ma:'or node 
sl-1011ld have tr~oub:l.e aet;t,ing a t i r r ~ e  r~efer7i?nc,c v i a  t;he rioy- 
ma' l  t ime  r e f  c r e n c c  distx7ib1,l :; j.ori, a Ln-r->an-C r ~ e c e i v e r ~  or' 
sorrie c)tkier7 e x t e r n a l  1!7'C r>e fc rencc  c o i ~ l d  b e  1x:;ed temp(-)r>ar.-ily. 
A s  a 1:t:;t re:-;ori; backup,  a l l  nodes dr1e nr.ovic.iec.i wit,/; t h c  



which t r a f f i - c  must o c c a s i o n a l l y  br i .nter l rupted t o  r d s c t  
t h e  b u f f e r s  i n  orader  t o  p r e v c n t  them from e i - t h e r  ovcr -  
f l o w i n g  o r  emptying.  This p r o v i d c s  a v e r y  h i g h l y  r edundan t  
and dependab le  sys tem i-ri a d d i t i o n  t o  a  n ~ n m h ~ r  o f  a d v a n t a g e s  

1 Time D i v l s i o n  S w i t c h j n ~  

I commuriications t i m e  s1ol;s Tor t h c  purpose  o f  pcrformi-ng 
t h e  swi tch inp:  f u n c t i o n  (7). 'Phis i s  i l l u s t r a t e d  i n  F i  p u r r  

I i n g  a n  incorning channel. I n  any  t l m c  s l o t  on any r e c e i v e d  
d l g i t a l  t r a n s m i s s i o n  l i n k  t o  a n  o u t g o i n g  c h a n n e l  i n  any 

P i g u r c  5 ,  t h e  channe l  a o f  t i m e  s l o t  1 o f  t h e  r e c e i v e d  
s i g n a l  AR a p p e a r s  i n  t i m c  s l o t  1 of t h e  t r a n s m i t t e d  s i g n a l  
HT whi-le t h e  c h a n n e l  B o f  t i m e  s l o t  2 i n  t h e  r e c e i v e d  
s i g n a l  RR a p p e a r s  i n  t ime  s l o t  3 o f  t h e  t r a n s m i t t e d  s i g n a l  
A T .  I n  e f f e c t ,  t h e  t i m c  d i v i s i o n  s w i t c h  pe r fo rms  b o t h  
m u l t i p l e x i n g  and s w i t c h i n g  f u n c t i o n s .  I n  a s w i t c h e d  d i g i t a l  
ne twork ,  t h e  t i m e  d i v i s i o n  s w i t c h  h a s  t i m i n g  r e q u i r e m e n t s  

I Communications s a t c l l i t c s  a r e  bec0mi .n~  i n c r e a s i , n a l v  imnor- I 

u s e r s  from each  communicat ions s a t e l l i t e .  ~ e c a u s e  o f  t h e  
complex i ty  that wou1.d h e  r e q u i r e d  t o  p r o v i d e  s e p a r a t e  
t r a n s p o n d e r s  f o r  e a c h  p a i r  o f  u s e r s ,  i t  i s  d e s i r a b l e  t o  

d e r .  Although t h e r > e  i s  some o v e r l a p  and h y b r l d  sys t ems  
a r e  p o s s i b l e ,  t h e r e  a r e  f o u r  b a s i c  c a t e g o r i e s  of m u l t i p l e  
a c c e s s  ( 8 ) .  

Frequency D i v i s i o n  M u l t i p l e  Access  (FDMA) i s  c h a r a c t e r i z e d  
by a l l o c a t i n g  a n  o r t h o g o n a l  r r equency  c h a n n e l  t o  e a c h  

m a i n t a i n  o r t h o g o n a l i t y  t h r o u g h  t h e  t r a n s p o n d e r  f o r  a l a r g e  
number o f  c h a n n e l s  whi l c  c f  f i c  i enl;ly u s i n g  t h e  t r a r i sponder  
power. 



s l o t s  t o  each u s e r .  W i t 1 1  p r o n e r  network t i m i n g  (PTTT a p p l i -  
cation), i t  i s  a t r a u l y  orthogonal s y s t c m  ( b e c a u s e  onc  u s e r  
a t  a t i m e  has c x c l u s l i v e  u s e  of' t h e  t r a r - i s ~ o n d e r )  wh ich  i s  
e n e r g y  e f f i c i e n t ,  ba.ndwi cll.,h e f f i c i e n t  , rcad- i  1 y a c h i . e v a b l ~  
a n d  . is  r e l - a t i v e l y  i n s e n s - i t ; i v e  I;u t r ~ a r ~ ; s ~ o r l c l ~ . . .  c h a ~ a c t c ~ i s t i c s .  
All,kioi.n$h i t  is v u l n e - r a b ; . ~  t o  se1c:ct:-ive jarrirni.ny a.r-lrl r ec j~d i r>es  
: ; t n r agc  b u f ' f c r s ,  TTINIA ;lppca-rJ:; t c ~  b e  orle c):' ~ h e  ~ r i ~ ~ f ;  a t t ~ c z c -  
t i v e  mcthod:; of rn1.1'l t i p l c  acces:., . 
S p r e a d  S p e c t r u m  Mult; ipl  e ,Access (SSM.4) i :< ; codrd m u 1  t.; i - 
p l c x  i ng tyecllni que  . -41 t i-iough orti-logorin? cocles c o u l d  he used  
t o  a ch j - eve  o r t h o g o n a  l channels , qu3:: i -o~'tl-li>;<or!;~l c o d e s  ar'e 
a t t r a c t i v e  t o  remove t h e  ~cgu.irernerl i ;  . ' 'C)Y  7 : r ~ c i  :;e :.lel;wo_v.k 
t i m i n g  arid c o n t r a o l .  Of course, evel-; - ~ ' i f ; h  ~-:1~;1:~~i--or~tho~c)n;11 
o p e r a t i  o n ,  e a c h  r e c c ? i v c r  m u s t  b e  n r , c ; ~ ~ ~ a { , ~ l  :j  synchr>oni ~ec'i ?.,G 
tho r e c e i v e d  codc T o r  i l;:< ~ a r ~ t i c u i . a v '  cha::i~ic?l, and the otklew. 
qua,:; i-:)r2tl-logonal in5er.s w i l l  2nr)ear> a:; i 1-1 (:I c* !-) e :-I (1 e ri t; 3 (d ci i t 2 1; c:: 
no i s e  . h' o  r (7 WI. :? -i. - (:I Y 1.; 11 0 k: 0 7-1 1 ~p r :I ? 1 (; :: ::: :::,:vT 4. e 17 I 1 j. 7- e ;< rl(; . . c e n t  raa:l. 1ictworl< 2: i rrji~-!c? 2nd :12.:-: i.r~i~erjc.!~: :.inl, ,! a.r:l c a y ! n l ~ i l l t j i  
w i t 1-1 a 1 a r2 13 P r, umb c. I, r! f T:. a :-; s .l ki 1 e s (1 t I I-., f: , , L . ,  ,-' .- (-. , !-)?.lt, !i,:< e7.1er>p;;yT 
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r . e q u i r c s  up- i i n k  powcr. cr)orr i  i nati(-r,::, 
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most a p p l i c :  i t i o r i s  o f  PTTT f o r  s y n c t l r o n l x a t i o n  of' d i g i t a l  
cnmmunica.tions have bcen f'or7 i n d i - v i d u a l  node t o  node dr igi ta .1  
l ; ransmiss ion  l i n k s  o r  f'or. i n d i v i d u a l  c h a n n e l s  t r > a n s m i t t e d  
o v e r  a n a l o g  transm:i.ssion f a . c i l i t - i  e s  employi.ng modems a t  
each  terminal. I n  b o t h  ol' t h e s e  a p p l i c a t i . o n s ,  t h e  s . i g n a l  
I,o be synchr .onizcd c o n s i s t s  o f  ye 1 a t  i -ve ly  shc~rl;  ( i n  numbers 
o f  b i t s )  pex>iodic  t i m e  f'rarne:; and t h e r e  1  :; no d i g i t a . 1  m u l t i -  
p l e x i n g  of  s i g n a l  s f r>om d i f f e r e n t  s o u r c c s .  It i s  r e l a t j v e 1 . y  
s imple  t o  phase  I-ock I,he r e c e i v e r  t o  t h e  r e p e t i t i v e  f.rame 
code n f  t h c  r..eceived s i -gnal .  bccausc  t h c  t o t a l  t i m i n g  lnncer- 
t n . i r i t v  c an  rlevcr cxcccd  t h e  l e r l ~ t h  o f  a f r ame .  

I n  o r d e r  t o  n r e s c r v c  de: ; i rable  c h a r > a c t e r i s t i c s  of  s p r e a d  
spec t rum t r a n s m i s s l . o n ,  i t  i s  undes1rabl .e  t o  u s c  codes  w i t h  
a. sl-1or.l; repetition period s o  t h a t  codes  w i t h  v e r y  l o n g  
p e r i o d s  a r c  u s e d .  This l n n g  frame per>iod p l a c e s  no e f f e c -  
t i v e  l i m i t  on t h e  s i z e  of' t h e  tirne unccrtrtainty s o  t h a t  i t  

I i s  desirat-11.e t o  l i m i t  i . t  b y  o t h e r  means,  s~ncl-1 a s  a c c u r a t e  
clock:;. 

With complex swi t ched  d i g i t a l  ne tworks  crnployi.rlg t i m e  d i v i -  
s i o n  rnul t<.p ' lexing,  n o t  o n l y  m u s t  receivers be synchron ized  
w i  1;l.l t h e  y e c e i v e d  s i g n a l s ,  bu t  all re rnotc ly  l o c a t e d  n r i . g i -  
n a t o r s  of d1 .g i ta . l  cl-larir1el.s t h3 . t  must be capa.ble  o f  be:i.ng 
ti.me d i v i s i o r l  m u l t i p l e x e d  w i t 1 1  one a n o t h e r  somewhere i.n 
t h e  nc twork  m u s t  hr! a d e q u a t e l y  syrickirnnizcd w i t h  onf! ano the r .  

With communicat ions s a t e l l i t r s  employing t i m e  d i v i s i o n  mul-  
t i p l e  acces:;, n o t  o n l y  must t h e  ground t e r m i n a l  r e c e i v e r s  
bc s y n c h r o n i z e d  w i t h  the r3cce ivecl :~;ir;l;nals, but, t h e  a r r i v a l  
of t h e  s i g n a l s  r e c e i v e d  a t  t h e  satellite from d i r f e r e n t  
ground t e r m i n a l s  must be s y n c h r n n i z c d  a s  t o  not o v e r l a p  
ancl i n t e r > f e r e  w i t h  o r i ~  a n o t h e r .  

A l l  o f  t h e s e  synchr>on iz :~ t ion  problems c o u l d  e i t h e r  he 
s o l v e d  o r  ~ r e a t l y  a l l e v i a t e d  i f  a n  a c c u r a t e  s t a n d a r d  t i m c ,  
e . g .  UTC, was a v a i l - a b l c  wherever  i t  was necded.  For  some 
a p p l i c a t i o n s ,  such  a s  low fr3cquency r a d i o  communicat ions,  
t h e  a v a i l a b i l i t y  of  such  an a c c u r a t e  s t a n d a r d  t i m e  w i l l  
p e r m i t  communicat ions t o  he  prearranged on a n  a c c u r a t e  
s c h e d u l e  t h a t  w i l l  r e d u c e  o r  e l i m i n a t e  t h e  message exchange 
~nsed  o n l y  t o  c s t a b l j s h  communicat ions.  A t  e x t r e m e l y  low 
r a d i o  r r e q u e n c i e s ,  no t  o n l y  c o u l d  t h e  a c c u r a t e  t ime  he  
used  t o  p r e d c t e r m i n c  t h e  t i m e  o f  occurrence c 

111 
i t  c o u l d  a l s o  be  uscd  t o  d e t e r m i n e  t h e  phase  o f  t h e  r e c c i v e d  
s i ~ r ~ a l .  

An a p p l . i c a t i o n  where a v a i l a b i l i t y  of  a s t a n d a r d  t i m e  such  a s  
UTC would be  v e r y  advan tageous  would be  a t  all major  nodes I 



o f  a l a r g e ,  compl.ex, s w i t c h e d  d i g i t a l .  commun ica t i ons  n e t -  
work c o n s i s t i n g  nf many n o d e s  c o v e r i . r ~ g  a. l a r2ge  g e o g r a p h i c a l .  
a r e a  and interconnected b,y h i g h  c a p a c i t y  duplex t r a n s r n i s ~  
s- inn l i n k s .  It i:; i r iCe r2es t i ng  t o  ob:;erve tha t ;  :;lxch a. 
n e t w o r k  a l s o  h a s  t h c  desi.r~nb1.c comb i r l a t i on  01' e l - l a r a c t e r i s -  
t;i c s  h y  which  i t  c n l ~ l d  c f t 1 c i e n t ; l  y di:l;tr>:il:)m<:,e the starirla.r.rl 
trirne r e f ' e r ~ c n c e ,  e  .g. Ut?C,  t o  w b i ~ r c  i t  :is ~ ~ ? t ? T l f d .  

The use o f  s u c h  :I. staridau.c? tirnr i n  ::c;mr-niani:::-?tions n p p l i -  
( : a t i o n s  c a n  have  t h e  samc! xdvar-1t;ages 2:; s t n r i i _ ' i a . r ~ c l i ~ : ~ t i o r ~  i n  
any any - j l i c a t i o r i .  T i ,  w.i.!l r e d u c e  l:~.i;er.i'!lr:ins ;yr>oblem:<, 
pr .ovi( je  a commol? b a z ?  F) Yo?= mcasi.ir.aerrien?., nr-ld p e r m i t  t h e  lxsc 

o!' n l t e ~ . n x l . , c  souyce:?, .  Ti-le ].asp c j i '  t h e  same t-!me sl ;anda.rd 
for a l l  d  i.gj. t a l .  corr!mur-iicatioris s;y:?!,~rn::  T~ol.alci make .it; C(I?I- 

veni(:nt  tfi terrir~nr~a.ril:y c:,rnI:-i.rie ':-i.cl~+1?~:1dcrlt cornrnunica . t in~?,  
o;jeilation:., i n t o  net;~~or.l<:., for thei r i:iu'r;~,~a.l :supr,orS, W ~ I ~ ~ ? I ~ T I P Y  

d e s i r a , h ? c .  .[:I ac'idit:,ion, t:r - : i l .  act1.ln.L p raoccss  oT' di:;trii-)!ni;i.ng 
a t l m e  r c i ' e r c n c e  tIir?augil a h i g h l y  c:owinc:ted !d_igital .  comml l -  

riicat.ic.)ris nct,work car.] he a ;~.?,cf'~.!l tor11 f o r  :3,~lf-monitr :)r ' i : - ig,  
and ol,ller> s i m i l a r  advant=iqe:l: are ccncc:lval>:l.e?. Thc u:;(:: of '  

/ 117,7 the sanle time st;andar.i.i, ; ! . J  >.,) C c r 7  :.ill r:~mr.i1::1~'.r::3,tio~ r-ln:J. 
n a v i ~ a t j . o n .  sy:;tcm:; wo:~:l.cj eua,\,l F i;:-:c!m t:j ::.rrJ.,- IcIe 'na.c:tcun t o  
one  a n c ~ t h e r .  i n  t;he t i r n i f i v ,  T : . i . , i ~ l i ~ j ~ .  7 ~ : ~ ! 3 . 7 , . 1 ~ 5  :7f adv:-lrlti;l)::r~':< . , 
;: 11 c  11 ;>+ :; t 11 c  :; c: , t 11 e y e -1 3b t, i CJ -,.I ;-; I.>, I K:) :> c: t 7~ , :  (7 e :: !-, >I c-? :it i 1 j. t JT o ;? 

s t ; andard  tirrle (TJ'l'i.:) :if; a l l  m a , i o ~  no:.?c.:3 (3.C ;3. :.,witchi..(J. 
d i g i t a l  c(1:r)rnurli c : ,  np t :~o~ . .> l i ,  !;lie ~.i!:l~~l;c cny:jaI-)i.l.ity rr:i' 
s u c h  8 r 1 ~ t w ~ ) 7 ? k  1;o r l i : . , t r7i 's~.r tc the !;;me str-~ndnr-~c-l Lo t l i c s c  
n u d e s ,  anr3 t h e  1ikeli .honc.l  i.llai, rlc:w a p : i l i c a t i o n s  i'c.jr2 t;hl 'x 
accux.at,e t i m e  r p f c r e n c e  ;\li I1 a r i s e  oricc .; t 1 s a v a . i l a k ) l e ,  
s h o u l d  be  p;i.vr>ri c a ~ ~ c f ' u l  con:-; i der2;- t t ion.  



In t h e  s u g g e s t e d  i n t e g r a t e d  t i m i n g  sgst;ern f o r  t i m e  d i v i s i o n  
mu1 t; i p lexcd  s w i t c h e d  d. i  gi  t n l  network:; (6), s e v c r 2 a l  b a s i c  
t i m i n g  technriques i r lc ludi r ig  e x t e r n a l  tl'.rne r c f ' e r e n c e s ,  t i m c  
r ~ f ' e r e n c e  d i s t r i b u t r i o n ,  s l a v i n g ,  and independen t  c l o c k s  
a r c  a l l  used i n  t h e  :;amp ne twork ,  which i s  r e f ' e r enced  t o  
Coord.irial;cd I J n i v c r s a l  Ti-me (UTC) . ' l ' h i s  sys tem employs t i m e  
r>cf 'e rcnce  d i s t r i b u t i o n  0.1) among t h e  major  nodcs  of' t h e  
network t;n keep c l o c k s  a . t ' c a c h  node ver>y c l o s e  t o  t h e  t i m e  
o f  t h e  ma:;ter which i s  r c f ' e r c n c e d  t o  IJTC. Minor nodcs  a r e  
:.,l.a.ved e i  tiher t l i r e c t l y  o r  j - n d i r e c t l y  t;o t h e  ma;jor notle:; by  
p1la .s~ 1ocki.ng t h e i r  c:l.ocks l;o r e c e i v e d  s i g n a l s .  S i n c e  t h e  
nctwork i.s r7eferenced  t o  UTC a n  e x t e r n a l  UTC r c f e r c n c c  can 
b e  u . s e d  f o r  a  backup anywhere i n  t h e  ne twork .  The inde -  
pi?ridcnt c l o c k  rriode of' oper>r-~t.i.on ca.n :<e.rve a s  a, 1.nst  r e s o r t  
backup,  bui; i, t s  u s e  w i l l  reclui r e  occns i  orial  i n t e r r u p t i o n  
of' t r a f f - i c  t o  r c s c t  b u f f e r s .  Therc  a r c  th r>ee  rnnrjor func-  
t i  ons  r e l a t e d  t o  t i m e  rcf ' c rence  d i . : ; t r r i .b~~t ior i  amoritr, t h e  
~na,.jor nodes o f  the r1etwor.k: rneaslnrcment o f  t h e  l o c a l  
c l o c k 1  s t.!.me error . ,  c o r r e c t i o r l  c)f t h e  t i m e  e r > r o r  i n  t h e  
l o c a l  c lock- ,  and s e l e c t i o n  o f  t h e  pa,th:1: o v e r  which the 
t i m c  r c f c r e n c c  w i l l  be  d i s t r i b u t e d  ?ram t h e  m a s t e r  ( u l t i -  
mate r ~ e f  c rcr lcc)  t h r o u g h  t h e  rietwow~k, irir:l.l~cl:i rip; s e ' l e c t i o r i  o f  
:I riew rnastew, when n e c e s s a r y .  

Die; i ta l .  trnnsrni:;:;ion nor7mally 11:;c:~ a. f'raming code t n  a l l o w  
t h e  rece iver : ;  t o  be  a c c u r 7 a t e l y  syr ic ' t~ronized  l;n t h e  rece- ived  
s j - g n a l s .  These frame s y n c h r o n i z a t i o n  codes  can  be  i n i -  
t i a t e d  by  ttio nodal. c l o c k  at, each  tr7an:;mil; ter,  t h e ' i r  time 
o f  a r r i v a l  can  b e  mcas-,ur~c!d b y  t h e  nodal cl.ock a t  each  
r e c e i v e r .  Neg1.ect.i ng n o i s e ,  Lhe ~x!easuri.d t irne dif .rex>cnce 
between t h e  rece ivec l  s y r ~ c h r o n i z a . t i o n  code ar id  t h e  nodal. 
c l o c k  a t  t h e  rccc-ivc:r. i s  due I:,(.) two :<ourace:-: : t,he t r a a n s i t  
t,.ime of'  t h c  s igr . la l ,  and t h e  t i m e  r3i f Cerence het;ween t h e  
two c l o c k s .  L r t  ' I 'A 1:)e t h e  t j . m e  nf the c l o c k  a t  rlodc A ,  
Tg be t h e  t i m e  of  t h e  c l -ock a t  node B y  DAB b e  t h e  s i g n a l  
I,rnrlsit,  t-ime fx7c>m node A t o  rlode H, nr.irl. ORA t;he : l : ip:r~al 
t r a n s !  t; 1;irne t r n m   nod^ L3 t o  node A .  Then, t,he l.,ime (1-i f  fera- 
ence  meas~nred at; nodo A hctwecri t h e  :r;,yr1ct.i~o!i-ixaf;i0~1 code 
r..eceiv'ctl fraorri riode R arid i,ht:~ l o c a l  c l o c k  a t  riode A is 
givcri  b y  equal;-i on ( 1 . ~ )  . 

'l'lie t i m e  d i f f e r e n c e  rnea.surc:tl at; rlodc H i s  p;i ven by eq11at.i on 
( P A ) .  



Node A t r a n s m i t s  t h e  measurement KA t o  node B ,  and node B 
t r a n s m i t s  t h ~  measurement Kg t o  node A .  S u b t r a c t i n g  K A  
from KR and d i v i d i n g  by 2 g i v e s  e q u a t i o n  (3A). 

When t h e  t r a n s i t  t i m e s  i n  t h e  two d i r e c t l o r i s  a r e  t h e  same 
(TIBA = DAB), t h e y  c a n c e l ,  g i v i n g  the t i m e  d i f f c r c n z e  
between t h e  two n o d a l  c l o c k s  w i t h  t h e  t r a n s m i s s i o n  t r a n s i t  
t i m e s  removed. Normally,  f o r  h i g h  c a p a c i t y  t r a r i s m i s s i o n  
l i n k s ,  t h e  d i f f c r c n c c  i n  t r a n s i t  t ime  i n  t h e  two d i r e c t i . o n s  
w i l l  be  v e r y  s m a l l  and t h e  l a s t  t e rm of  (3A) can  be  ne -  
g l e c t e d .  

Although t h i s  d - i s c u s s i o n  h a s  assumed t h a t  t;he f r a m i n g  code 
i s  used  f o r  t i m e  compar.isnn, under  some circumstances i t  
might  he  p r e f e r a b l e  to u s e  a low- leve l  s p r e a d  spec t rum 
s i g n a l  super imposed  on t h e  t r a n s m i t t e d  d a t a  s i g n a l .  

A f t e r  t h e  t ime  d i f f e r e n c e  between c l o c k s  a t  two a d j a c e n t  
nodes h a s  been  mcasured ,  i t  might  seem na tu ra .1  t h a t  t h e  
node t a k i n g  a t ime  r e f e r e n c e  from t h e  o t h e r  node would 
immedia te ly  c o r r e c t  i t s  c l o c k  f o r  t h e  benef i t ;  o f  o t h e r  
nodes  which use i t s  c l o c k  a s  a reference; but the r e s u l t i n g  
d i s t u r b a n c e  might  b e  u n d e s i r a b l e .  It seem:; pr>e f c r > a b l c  t o  
p l a c e  a l i m i t  on t h e  maximum r a t e  o f  cl-ock cclri-ect-i vn, such  
as one nanosecond p e r  second ( e x c e p t  d u r l n g  the - i n i i ; i a l  
s e t t i n g ) .  I n  o r d e r  t o  p r o v i d e  a n  a c c u r a t , ~  r e f e r e n c e  f o r  
e a c h  node f a r t h e r  a l o n g  a tandem str"j.rig, each  node 
t r a n s m i t s  t o  i t s  n e i g h b o r s  i t s  measured b u t  u n c o r r e c t e d  
e r r o r .  When t h i s  i n f o r m a t i o n  i s  combined w i t h  t h e  measurcd 
time d i f f e r e n c e  between rlodal. c l o c k s ,  an a c c u r a t e  t i m e  
r e f e r e n c e  i s  p r o v i d e d .  T h i s  makes i t  p o s s i b l e  f o r  t h e  
correction of t h e  noda l  c l o c k s  t o  bc r e l a t i v e l y  indcpendcn t  
fr=om t h e  a . c c u r a t e  d i s t r i b u t i o n  o f  t, ime. 

Two t y p e s  o f  i n f o ~ m n t i  on t ~ a n s r n i t t e t i  by  pacll major. notie 
t o  i t s  n e i g h b o r s  have ;il17eatly b ~ c n  mrn t ioned  . Ry assign- 
i n g  a un ique  r a n k  t o  each  c l o c k  i n  t h e  network  rid t t d d i n ~  
somr: a d d i t i o n a l  type:; nf i nf70rrnation t h a t  are t r a n s m i t t e d  
by e a c h  node t o  its n ~ i g f i t ) a r s ,  a s imple  s e t  of  r u l c ) s  can  
b e  u s ~ d  a t  each  node t o  :;elect i t s  tirric rcf 'cr7cnce rrom 
t h e  n e i g h b o r i n g  node t h a t  w i l l  p r o v i d e  t h ~  b ~ s t  t i m i n g  
p a t h  t o  t h e  h i g h e s t  r a n k i n g  node i n  t h e  n ~ t w o r k .  Such a 



s y s t e m a t i c  approach  f o r  s e l e c t i n g  s l a v i n g  p a t h s  i n  a   master^ 
s l a v e  network was descr i -bed  by  Darwin and P r i m  ( 5 ) .  

It  m i ~ h t  be  d e s - i r a h l e  f o r  each  node t o  t r a n s m i t  s i x  t y p e s  o f  
d a t a  t o  i t s  r le ighbors .  These a r e :  

T I .  The t ime  d i f f e r e n c e  between t h e  loca l .  c l o c k  and t h e  
cl.ock a t  t h e  o t h e r  end of t h e  l i n k  as obse rved  at, t;he loca"1  
c l o c k  ( T h i s  t i m e  d i f f e r e n c e  i n c l u d e s  t r a n s i t  time.). 

T 2 .  The measured but u n c o r r e c t e d  e r r o r  i n  t h e  l o c a l  c l o c k  
r e l a t i v e  t o  i t s  u l t i m a t e  m a s t e r  r e f e r e n c c .  

T3. The r ank  o f  t h c  node used  as t h e  u l t i m a t e  m a s t e r  r e f -  
e r e n c e  f o r  t h e  l o c a l  c l o c k .  

T4. The m e r i t  ( d e m e r i t  r a t i n g )  o f  t h e  t r a n s m i s s i o n  p a t h  
o v e r  wIij.ck t h e  t ime rcf'ererlce i n f o r m a t i o n  i s  p a s s e d  frorn 
t h e  ~ l l t ~ i m a t e  r e f c r e n c c  c l o c k  t o  t h c  l o c a l  c l o c k .  

5 .  The r a n k  of' t h e  l o c a l  c l o c k .  ( I t  i:; n e c e s s a r y  t o  
t r a n s m i t  t h i s  i n f o r m a t i o n  b e c a u s e  a  node may have more t h a n  
onc c l o c k  w j t h  s i g n i f i c a n t l y  d i f f e r e n t  r a n k s . )  

~ 6 .  Delay i n t e r v a l  i n fo rma t ion .  (Thy s i s  i n f o r m a t i o n  t h a t  
can  he  u s ~ d  by t h e  rinde to d e t e r m i n e  how l o n g  i t  must w a i t  
a f t e r  t e n t a t i v e l y  s e l e c t i n g  a new n e i g h b o r i n g  node as 
immediate  r e f e r e n c e  b c f o r e  j t may a c t u a l l y  s t a r t  u s i n g  i t  
a s  a  r e f ~ r e n c c  f o r  i t s  own c l o c k . )  

The f i r s t  two t y p e s  o f  i n f o r m a t i o n  a r e  used  t o  p r o v i d e  t ime  
re f ' e r ence  irifow~mation o v e r  Pvery t ; ransmiss ior i  l ink con- 
n e c t i n g  major  nodcs  ( 6 ) .  T h i s  p r o v i d e s  a h i ~ h  d e g r e e  of 
redundancy ( w i t h  t h e  r e s u l t i n g  y e l i a b i l i t y  and s u r v i v a b i l -  
i t y ) .  'l'l-ie r e s t  o f  thc i n f o r m a t i o n  i s  used  a t  each  node 
t o  s e l e c t  a t i m e  r e f e r e n c e  from t h e  n e i g h b o r i n g  node t h a t  
w i l l  p r o v i d e  t h e  b e s t  t ime r e f e r e n c e  p a t h  t o  t h e  h i g h e s t  
r a n k i n g  node .  The r u l e s  used a t  e a c h  riode a r e :  

Kule 1. A node i n 1 t ; i a l l y  e n t e r i n g  t h e  network w i l l  
t e m p o r a r i l y  r e f e r e n c c  i t s  own c l o c k  u n t i l  a  b e t t e r  s e l c c -  
t lon  i s  made. 

Rulc 2 .  Whenever t h e  l i n k  o r  n e i g h b o r i n g  node used  f o r  -- 
immediate  t i m e  r e f ~ r c n c e  r a i l s ,  t h e  node w i l l  t e m p o r a r i l y  
r e f c r e h c e  i t s  own c l o c k  unt i .1  an a l t e r n a t e  s e l e c t i o n  i s  
made. 

Rulc 3. Sf a neighboring node b e i n g  used a s  t h e  imrnedlate 



r e f e r e n c e  s h o u l d  have a change i n  i t s  u l t i m a t e  r e f e r e n c e  t o  
one o f  a lower r a n k ,  t h e  l o c a l  node w i l l  t e m p o r a r i l y  r e f -  
e r e n c e  its own c l o c k  u n t i l  a n  alternate? s e l e c t i o n  (which 
c o u l d  b e  t h e  same one aKnin)  i F  made. 

Rule 4. The third of  thc six t y ~ j e s  (:)f d a t a  nbovc,  as  
r e c e i v e d ,  p r o v i d e s  the r a n k  of thr: rnastcr  time r e f e r e v c r ?  
u s e d  b y  each connec ted  node .  The t ' l m ~  r e i ' e r c n c e  f o r  t h e  
l o c a l  c l o c k  i:; t a k e n  Sr.i)rn t h e  c n n ~ ~ ~ c t e r l .  node ~.i!lich u s e s  t l ie  
hijql-lest: r a n k i n g  c l o c k  ELS i t s  :11 t,.irna.t,e rnastc~.. t i m e  r>efer .ence.  
IIowevcr, i f  t h e  local c 1 oc..l,: n u t r a n k s  t h e  (;?;I-!eras, t,he -! acn.1 
c l o c k  (per.haps emp1.oy.i rig a n  ~ x t e r r l a l  Url?C ref crenc:e i f a.vai1- 
ah2l.e) i:; 1l:;erl as r7e fe rcncp .  If' any two lri.rtk:; come f'rom 
riodes i n 1 . t  i mate1.y ~ > e f  r r enc ine ;  t h e  same h i s h e s  t, vanking  c l o c k ,  
t h e  cr-i .t;er.i o r )  i s inconc1u:;ivc an(d I-IJI? 5 rql.I..;t; I-)? a n p l i c d .  

Rule 5.  T h e  fourth %ype of' da.ta ab:jve nri:)l~-ides infor7rnr(ltion 
about  thc rner>it (ac i;~nal lv rierneri t ) r a t  i:-15 i! T t h e  pnL? i  f r o m  
each  connec ted  n o d e  to the 1.11 t,irn,?te rr!ast?r t i m e  r e f  eret-lce . 
Cornblniyq t h i  inf'orrnatif3v: ~ i i t k  t h c  Icrlorirl !ne:-: !, (d::rncrif) 
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e re r i c inq  1;he sa.me I-:j.-',-:c:;t ?:;a:lkin~, :: l,:!ck, :;sf:: %his ro:.ar>th 
t j lpe a? data t o  :;cleclc " r o r n  arno-r--q2; i , h l e q  ! , I??  5Tmc r e f e r e n c e  
that, come:; ove.r t h e  t :- ,an:-;m.is:?i(- :~) r~ i t?  w-:i,!; t h e  h ighes t ;  
:ner.<.I;, I . e .  , thc orlc : h j i t i :  t ; l l~? bv;:,',.; k i : i i r  t,ra~n;;.,i'cr~ cayabl : i . i i ,y .  
T.? ~ r '  n10j'e of' ;;l,c:<e ::o;lii. :.)j,y.,> :)~,rl..~:-: x ' ' , ~ !  t 1 - j . ~  s;~IT!(: i.iiy:il- 
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f r e q u e n c y  c r r o r  t h a t  wi.11 e x i s t  a t  the l oca l .  node.  

When a  node must r e v e r t  t o  i t s  own clock due t o  a f a i l u r e ,  
as r e q u i r e d  by  r u l e s  2 and 3,  t h e r c  p r o b a b l y  w i l l  s t i l l  be 
o b s o l e t e  i n f o r m a t i o n  i n  t h e  ne twork ,  i . e . ,  some nodes w i l l  
be i n d i c a t i n g  t h a t  t h e y  a r e  r e f e r e n c i n g  t h e  node t h a t  i s  
f a i l e d .  T h i s  r e s u l t s  because  of  t h e  l e n g t h  o f  t i m e  
r e q u i r e d  f o r  t h e  i n f o r m a t i o n  t o  d j s s e m i n a t e  t o  a l l  nodes  
t h a t  were u s i n g  t h e  f a i l e d  node.  The informat . ion  o n l y  
p r o g r e s s e s  one node f a r t h e r  from t h e  f a i l e d  node f o r  e a c h  
i n f o r m a t i o n  exchange p e r i o d .  The s i x t h  t y p e  of informa- 
t i o n  above i.s used t o  a s s u r e  t h a t  t h i s  o b s o l e t e  i n f o r m a t i o n  
h a s  had t ime  t o  have been swept from a  newly selected 
immediate  ( r ie ighbor i  rig node)  r e f e r > e n c e  b e f o r e  a  node i s  
p e r m i t t e d  t o  r e f e r e n c e  i t .  
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PORT 1 

Fig. 1--Ring H y b r i d  

Fig. 2--Analog of l ' i m e  Division Multiplexer 
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F-iff .  3--Analog o f  'T'irne D i v i s i n n  
M ~ l l t i p l e x e r  with ;lasty c, St o r a g e  1il.l fr'er3 
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NO DISCUSSION 




