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Abstract  

The l i t e r a t u r e  on word synchronization and framing of block coded 

binary t ransmiss ion  systems i s  reviewed i n  depth, with s p e c i f i c  re ferences  

t o  an ex tens ive  bibl iography.  P a r t i c u l a r  a t t e n t i o n  is paid t o  t h e  use 

of comma-free codes derived from l i n e a r  codes without added redundancy 

i n  such a  way t h a t  t h e  e r r o r  con t ro l  p rope r t i e s  of  t h e  codes a r e  f u l l y  

r e t a ined .  The review i s  d i r ec t ed  towards t h e  use of  ' these  techniques i n  

a  two-way system with feedback, and includes a discussion o f  t h e  s p e c i a l  

cons idera t ions  which a r i s e  i n  t h i s  appl ica t ion .  

It i s  shown t h a t  a l l  these  techniques involve a  s u b s t a n t i a l  l o s s  

of u l t ima te  information r a t e ,  and/or a  s u b s t a n t i a l  increase i n  system 

complexity over t h a t  requi red  f o r  e r r o r  con t ro l  alone. A modification 

of t h e  comma-free codes i s  suggested i n  which i t e r a t e d  codes a r e  employed 

t o  provide a  sync g r a t i n g  intermediate  between d i g i t  and word sync. This 

is  shown t o  avoid much of  t h e  added complexity of cdmma-free codes, but  a t  

an a d d i t i o n a l  c o s t  i n  information r a t e .  The r epor t  concludes with a  b r i e f  

d i scuss ion  o f  s t i l l  another technique which as  ye t  has received t o o  l i t t l e  

a t t e n t i o n .  With t h i s  approach one does not seek absolute  sync pro tec t ion  

i n  t h e  absence of channel e r r o r s ,  r a t h e r ,  one seeks highly r e l i a b l e  sync 

p ro t ec t ion  with t h e  s t a t i s t i c s  of both source and channel taken i n t o  

account. 



I. INTRODUCTION AND GENERAL SYSTEMS REMARKS 

A mathematical model o f  a decision-feedback system i n  which both 

cha l~ne l s  a r e  subjec t  t o  deep f a d e s  or bu r s t s  of e r r o r s  is ind ica t ed  i n  Figure 

1. The system is p r o t e c t e d  by t h e  use  o f  a f ixed  length ,  b ina ry ,  l i n e a r ,  

e r r o r  de t ec t ing  code i n  con junc t ion  with a word re t ransmiss ion  pol icy .  The 

inf luence o f  t h e  channel  d i s t u r b a n c e s  on the  appropr ia te  b i t  synchronizat ion 

and symbol decoding procedures  i s  r e f l e c t e d  i n  t h e  statistics o f  the channel 

model, given i n  Figure 2. For convenience we assume t h a t  t h e  forvard  and 

Feedback channel statistics a r e  i d e n t i c a l  and t h a t  sny in te rchannel  c o r r e l -  

a t i o n  of fading is n e g l i g i b l e .  The feedback accept / r e j e c t  r ep ly  (~6.11 ,R*O ) 

i s  encoded a s  a s i n g l e  informat ion  b i t  i n  a spec i f i ed  (nea r  f u t u r e )  code 

c?ord o f  forward t ransmiss ion  on t h e  a l t e r n a t e  channel, Appropriate measures 

a r e  taken  t o  avoid t h e  R+ A and t o  recognize t h e  .A+R feedback e r r o r s ,  kal~ich 

could otherwise lead t o  c o n s i d e r a b l e  performance d e t e r i o r a t i o n  C23,241. 

The most obvious a d d i t i o n a l  requirement of t h e  given system is t h a t  

i n  o r d e r  t o  e x t r a c t  t h e  in fo rma t ion  b i t s  contained i n  any regenerated b ina ry  

sequence, t h e  r e c e i v e r s  must be a b l e  t o  d is t inguish  successive code groups. 

This  paper addresses  i t s e l f  t o  t h e  word synchronization problem. Pn gene ra l  

??hat i s  r equ i r ed  is t h a t  some s i n g l e  pos i t ion  i n  a received sequence be 

i d e n t i f i e d  wi th  r e s p e c t  t o  t h e  word s t ruc tu re  of t he  code, The remaining 

d i g i t s  i n  t h a t  and i n  succes s ive  words may then be i d e n t i f i e d  by simple 

count ing .  Due t o  t h e  n a t u r e  o f  t h e  receiver-- i t  attempts t o  generate b ina ry  

d i g i t s  at a l l  t imes ,  even when no  transmission is tak ing  place--the f l f i s t  

t r a n s m i t t e d  d i g i t  cannot  b e  used f o r  t h i s  purpose. Some spec i a l  sync l~ ron iz ing  
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FIGURE 1 

GENERAL FEEDBACK SYSTEM 

a) Good state; occurs 
with probabi l i ty  PC 

b)  Bad Sta te ;  occurs 
with probabil i ty PB=l-PG 

Transi t ion Character is t ics :  
1 )  Unknown t r a n s i t i o n  times 
2) Rapid state t rans i t ions ,  with channel remaining in  

each s t a t e  f o r  a r e l a t i v e l y  long period. 

FIGURE 2 

TWO STATE BINARY SYMMETRIC CHANNEL 

When t h e  channel is i n  e i t h e r  ( a )  t h e  Good or  (b)  the  Bad S ta te ,  t h e  
transmitted d i g i t s  are independently subject  t o  the  given d i g i t  e r r o r  
probabi l i t ies .  



signal ,  one t h a t  i s  unanbiguously recognizable  a t  t h e  r e c e i v e r ,  must be 

sent i n i t i a l l y  i n  order  t o  f i x  t h e  "counting or igin".  This i n i t i a l  s i g n a l  

w i l l  suff ice only if t h e  subsequent counting operat ion is accu ra t e  f o r  t h e  

I duration of the  t ~ a n s ~ n i s s i o n  . For high r e l i a b i l  :ty it is gene ra l ly  necessary  
C 

t o  periodically supply t h e  r e c e i v e r  with word synchronization information [ l l .  

Indeed, i n  many app l i ca t ions ,  some synchronization information is ser& along 

with each word group t h a t  is t r ansmi t t ed  C231. In rhe  system descr ibed ,  a 

fade of reasonable dura t ion  g e n e r a l l y  has a de t r imenta l  e f f e c t  on t h e  b i t  

synchronizing procedure, t h e  r e s u l t  being t h a t  b i t  gains  o r  l o s s e s  a r e  o f t e n  

sustained during a blackout .  S ince  these  occur at unpredictable  times it 

becomes desirable  t h a t  synchronizat ion informat ion be made a v a i l a b l e  t o  t h e  

receiver on a more continuous b a s i s .  In genera l ,  a s u b s t a n t i a l  amount of  

word synchronization information is included with t h e  da t a  being t ~ a n s m i t t e d :  

the precise nature and amount b e i n g  determined a s  a compromise between t h e  

''cos"c'' of t ransmi t t ing  and e x t r a c t i n g  such information and t h e  des i r ed  r e l i -  

a b i l i t y  of operat ion 

There a r e  s e v e r a l  e s s e n t i a l  d i f fe rences  between feedback and feed- 

forward-only systems t h a t  b e a r  on t h i s  d i scuss ion ,  The a v a i l a b i l i t y  of a 

feedback l ink  represents  an  improvement over  feedforward-only systems i n  

terrfis of synchronization. When, f o r  example, t h e  r ece ive r  has  an i n d i c a t i o n  

tha t  he i s  operating asynchronously,  he may request e x p l i c i t  synchronizat ion 

confirnation OF re-synchronizat ion information. Thus t h e r e  is a p o s s i b i l i t y  

of decreasing the  amount o f  b u i l t - i n  pro tec t ion  aga ins t  asynchronous ope ra t ion  



t h a t  is o rd ina r i ly  requiredL. However, feedback a l so  presents addi t ional  

problems. For example, the  one-to-one correspondence t h a t  e x i s t s  between 

an accepted ( o r  r e j ec ted)  word and its associated feedback reply must be 

maintained a t  a l l  times throughout t h e  system. In the  system considered, 

the  r ece ive r  must reply  t o  each (presumably unacceptable) word transmitted 

during t h e  bad s t a t e  i n  order t h a t  it be repeated.  The loss  o r  gain of a 

word due t o  t h e  l o s s  of correc t  synchronization w i l l  r e s u l t  i n  the  t r ansmi t t e r  

applying feedback r e p l i e s  incorrec t ly .  Such e r r o r s  have a pronounced e f f e c t  

on system r e l i a b i l i t y  and, i f  necessary, protec t ion  must be provided. This 

is e f f e c t i v e l y  a problem of maintaining gross synchronization during a 

fade--i.e. keeping within the  "recovery margin" of the  synchronization 

scheme used--and occurs regardless of t h e  word synchronization procedure 

2 
invoked . For most of the  conceivable word sync procedures, synchronization 

must always be within one-half a code word i n  e i t h e r  direct ion of the  correc t  

pos i t ion  i n  order  t h a t ,  upon regaining sync, no loss  o r  gain of words occurs. 

If necessary, an a r t i f i c i a l  procedure must be invoked t o  provide t h i s  gross  

synchronization during the  bad s t a t e .  The general  nature of such a scheme 

might be a s  follows: there is some l i m i t  t o  t h e  number of consecutive word 

retransmissions t h a t  can be requested'  before a code word is  "l ikelyt t  t o  be 

l o s t  o r  gained. This l i m i t  must be estimated and when reached, a specia l  

sync pat tern  (designed t o  resynchronize t h e  system under the  appropriate 

conditions ) automatically requested. F ina l ly ,  notice t h a t  i n  a feedforward 

1. More sophis t ica ted  u t i l i z a t i o n  of t h e  po ten t i a l  of feedback with respect  
t o  word synchronization has genera l ly  heretofore received l i t t l e  a t t en t ion  
i n  t h e  l i t e r a t u r e .  
2. Generally t h e  sync procedure is designed on the  basis  of t h e  good s t a t e ;  
sync during t h e  bad s t a t e  i s  maintained by extrapolation of some previous sync 
pos i t ion  using a clock. 
3 .  Procedures have been developed which cor rec t  cer ta in  b i t  losses  o r  gains 
by t h e  periodic addit ion of s p e c i a l  symbols t o  the  data stream [271. Some 
of these  r e s u l t s ,  i f  extended, may be applicable t o  the  above s i tua t ion .  



o ~ l y  system, one measure o f  t h e  worth of any sY~di-;onizat ion scheme (both word 

and b i t )  is t h e  r a p i d i t y  with which correct  synchronization can be rees tab l i shed  

i f  l o s t ,  e.g. when emerging from a noisy s t a t e .  Available information may be 

l o s t  v h i l e  synchronization is  bring es tabl i shed.  In a feedback system, however, 

r e p e a t s  can be requested u n t i l  synchronization is  re-established with only a 

s l i g h t  l o s s  i n  through-put r a t e .  Thus, i n  general ,  minimum t i m e  f o r  resynchron- 

i z a t i o n  is n o t  a s  c r i t i c a l .  (However, i n  systems of t h e  type being considered,  

t h e  resynchronizat ion t i m e  must be speci f ied  a s  a small f r a c t i o n  of t h e  expected 

continuous dura t ion  of t h e  good s t a t e  and may i n  f a c t  be qu i t e  smal l ) .  

The above remarks i l l u s t r a t e  t h a t ,  with respect  t o  word synchronizat ion,  

t h e  a v a i l a b i l i t y  of  a feedback l i n k  presents  both in te res t ing  p o s s i b i l i t i e s  

and new problems. Furthermore, many of the  c r i t e r i a  used t o  evaluate a syn- 

chroniza t  i o n  p r o ~ e d u ~ e  undergo a modification o r  s h i f t  i n  emphasis which is 

t r a c e a b l e  d i r e c t l y  t o  e i t h e r  t h e  addit ion of  a return channel o r  t h e  change 

i n  r ecep t ion  technique from e r r o r  correct ion t o  e r r o r  detect ion.  

11. REVIEW OF SOME WORD SYNCHRONIZATION PROCEDURES 

A v a r i e t y  of word synchronization methods, o r ig ina l ly  proposed for 

a feedforward o r  a feedback channel with f ixed s t a t i s t i c s ,  can be considered 

f o r  adap ta t ion  t o  t h e  given system. A b r i e f  summary of some of these  methods 

w i l l  be given. For t h e  more obvious and expensive procedures, a few remarks 

i n d i c a t i n g  t h e  general techniques involved w i l l  be su f f i c i en t  f o r  t h e  needs 

of  t h i s  paper;  t h e  reader  w i l l  f i n d  de ta i l ed  information i n  t h e  indicated 

re fe rences .  A more s u b t l e  approach, which at f i r s t  s ight  appears considerably 

less c o s t l y  and thus more des i rab le ,  w i l l  be examined in  g rea te r  d e t a i l .  



In  response t o  the  question, "What can be added t o  the  da ta  being 

t ransmit ted  t h a t  w i l l  enable the  r ece ive r  t o  mark blocks correct ly?",  a number 

of framing procedures have evolved. In one method, a spec ia l  symbol--a 

s i g n a l  added t o ,  and d i s t i n c t  from, t h e  o r ig ina l  channel s ignal  alphabet--is 

used t o  ind ica te  t h e  beginning of blocks. The s igna l  i s  transmitted immediately 

I before each block, and recognition a t  t h e  receiver  es tabl i shes  synchronization. 

In t h e  case a t  hand, t h i s  symbol would be nei ther  a one nor a zero, but a t h i r d  

kind of  d i g i t .  

A s  one a l t e r n a t i v e  t o  the  employmenu of a d i s t i n c t  addit ional  symbol, 

t h e  waveform representing the  f i r s t  b i t  of each word could be modified t o  indi -  

c a t e  synchronization. For example, i n  ce r t a in  systems amplitude modulation 

of t h e  first b i t  i n  each word has been used C341. 

A second a l t e r n a t i v e  is t h e  use of a shor t  sequence of binary d i g i t s  

t ransmit ted pe r iod ica l ly  o r  placed as a pref ix  t o  each word. Synchronization 

is then obtained upon recognition of t h i s  pat tern.   h he use of such a sequence 

has been inves t iga ted  from various viewpoints: 

( a )  The e f f e c t  of c e r t a i n  speci f ied  system parameters (such a s  

channel e r r o r  r a t e ,  allowable probabi l i ty  of f a l s e  synchronization and of  

f a i l u r e  t o  synchronize t o  a s igna l  ac tua l ly  sen t )  on the  pat tern  lengths,  

composition, and t h e  frequency of pa t t e rn  transmission required f o r  su i t ab le  

operat ion,  has been analysed C l ] .  In a s imi lar  fashion, more optimum pro- 

cedures with respect  t o  frequency of pa t tern  transmission, implementation, 

and t i m e  t o  obta in  synchronization have been established f o r  p a r t i c u l a r  s i t u -  

a t i o n s  C331. 



( b l  A synchronizing sequence--to be transmit ted before each code 

word--may be chosen f i r s t  and t h e  o ther  d i g i t s  which a r e  used i n  code blocks 

cons t ra ined  t o  keep the  synchronizing pa t t e rn  from appearing within a block 

or  code word. The c o n s t r a i n t s  r t s u l t  i n  a s e t  of z- tuples ca l l ed  a "prefix 

synchronized encoding" s i n c e  each word contains t h e  pa t t e rn  a s  prefix.  The 

l e n g t h  and content of  t h e  p a t t e r n  can be chosen so  a s  t o  make t h e  number of 

code words s a t i s f y i n g  t h e  c o n s t r a i n t s  a s  large a s  possible subject  t o  t h e  

u p p e r  bound f ixed by demanding t h a t  each word (including p re f ix )  contain a 

given number of  message d i g i t s  [lo]. With appropriate procedures, the  en- 

coding can be used t o  maintain word synchronization. However, such an en- 

c o d i n g  general ly has poor d i s t ance  propert ies  and is  ne i the r  l i n e a r  nor 

sys temat ic .  Thus, both inadequate e r r o r  control a b i l i t y  ( c o ~ r e c t i o n / d e t e c - t i o ~ )  

and implementation d i f f i c u l t i e s  a r e  encountered. Some improvement of t h i s  

s i t u a t i o n  may be achieved by a judicious choice of addi t ional  ( s t ronger)  con- 

s t r a i n t s  which, i n  e f f e c t ,  spec i fy  a more systematic subset of the  o r i g i n a l  

encoding,  I n  t h i s  case ,  a representa t ive  word from the  encoding w i l l  have 

the form 

C-.-.- A - 2 B  x x x x B x x x x *-*.B x x x ---------------- ---- 

~&ere A f s  t h e  synchronizing pa t t e rn ,  t h e  B ' s  a re  d i g i t s  specif ied by t h e  

a d d i t i o n a l  constm?aints, and t h e  d i g i t s  labeled x represent unres t r ic ted  
- 

d i g i t s .  The unres t r i c t ed  d i g i t s  may be taken from the  soume without f u r t h e r  

encoding.  Although more systematic,  t h i s  type of encoding s t i l l  has r a t h e r  

poor ermr con t ro l  a b i l i t y .  One possible improvement is t o  f i r s t  encode t h e  



source f o r  e r r o r  con t ro l  ( f o r  example, i n t o  a l i n e a r  code),  and then use 

t h i s  r e s u l t  t o  f i l l  t h e  unres t r ic ted  d i g i t s .  However, i n  t h i s  case t h e  

synchronizing A-tuple is not protected agains t  channel e r r o r s .  This can 

be remedied by revers ing  the  suggested procedure. The source fills t h e  

unres t r i c t ed  d i g i t s  i n  the  p re f ix  synchronized encoding ( subse t ) .  The 

r e s u l t i n g  z-tuples a r e  then encoded f o r  e r r o r  control--transformed i n t o  

(n ,z)  l i n e a r  code words f o r  instance--so t h a t  t h e  synchronizing p a t t e r n  

receives t h e  same protect ion a s  the  source information. However, t h e  

output o f  t h e  e r r o r  cont ro l  encoder w i l l  then have t o  be operated on i n  

order  t o  r e s t o r e  t h e  word synchron iz in~  p ~ ~ p e r t y . 4  This scheme has been 

invest igated and proven useful  i n  terms of a two-way r a d i o  l i n k  C141. 

( c )  One can attempt t o  reverse t h e  r o l e  o f  cont ra in ing and con- 

s t ra ined elements given above. The block code o r  c l a s s  of  codes t o  be 

used is se lec ted  first, and a su i t ab le  synchronizing p a t t e r n  is sought. 

In the  case of binary orthogonal codes [2915, t h i s  approach l e d  t o  t h e  

discovery t h a t ,  with appropriate changes, but  no addi t ions ,  t h e s e  codes 

possess the  form of p re f ix  synchronized encodings; hence, they  have word 

synchronizing a b i l i t y .  While the  o r ig ina l  approach was from t h e  "addit ive" 

point of  view mentioned previously, the  r e s u l t s  indica te  t h e  comparatively 

sub t l e  p o s s i b i l i t y  of transforming use fu l  codes (without using t h e  e x p l i c i t  

redundancy of a p re f ix )  i n  order t o  secure der iva t ive  codes with synchronizing 

a b i l i t y .  This technique w i l l  be discussed fu r the r  on i n  more d e t a i l .  

Except f o r  t h e  r e s u l t s  on orthogonal codes, a l l  of  t h e  preceding 

methods requi re  t h e  s a c r i f i c e  of  information t ransmit t ing  a b i l i t y  i n  o rde r  

t o  maintain word synchronization; ava i l ab le  power and channel t i m e  ( o r  
4. Since t h e  p a r i t y  checks may resemble t h e  synchronizing p r e f i x .  
5. These codes are not necessari ly l i n e a r .  See C261. 



bandwid th )  t h a t  might otherwise be used t o  t ransmit  information must be 

used t o  t ransmi t  synchronizing symbols o r  pat teyns,  t hus  lowering t h e  infor-  

m a t i o n  r a t e ,  genera l ly  without  any improvement i n  e r r o r  c o n t r o l  a b i l i t y ,  

and at t h e  same time o f t e n  demanding somewhat more complex decoding pro- 

cedur'es. A much more d e s i r a b l e  s i t u a t i o n  would be one i n  which some method 

was a v a i l a b l e  t h a t  allowed f o r  a continuous stream of d i g i t s  t o  be received,  

and words separa ted ,  wi th  no synchronizat ion s i g n a l  necessary. In t h i s  

case, al though some i m p l i c i t  t rade-off  with respec t  t o  o t h e r  system para- 

m e t e r s  might be expected, t h e  more exorbi tant  ' 'price" of t h e  previous methods 

w o u l d  b e  avoided. The p a r t i c u l a r  method t o  be considered here  i s  t h a t  of 

u s i n g  a r e c e n t l y  discovered subc la s s  of the s o  c a l l e d  comma-free codes t o  

m a i n t a i n  word synchronizat ion.  

If a sequence of  block code words, each of length  n Y 6  is t r ans -  

m i t t e d  i n  t h e  absence of n o i s e ,  t h e  receiver  is confronted with a sequence 

of t h e  form 

It is  eviden-t t h a t  i f  t h e  p o s s i b l e  overlap words are not code words, then 

code words may be de l inea t ed  by merely cornparin. ill poss ib le  consecu-tive 

s e q u e n c e s  of n d i g i t s  aga ins t  t h e  code dict ionary,  In  t h i s  case,  lcnowing 

on ly  t h e  code i n  use, t h e  r e c e i v e r  can place w0i.d cormas himself with $10 

a d d i t i o n a l  information requi red .  A code possessing t h e  above property is 

r e f e r r e d  t o  as co~ma- f r ee .  More prec ise ly ,  if 

ala2a3- e "  -...." "a  and blb2b 3*.........b n n 

are any  two (not  n e c e s s a r i l y  d i s t i n c t )  code words f~orrm a code d ic t ionary ,  

the code i s  s a i d  t o  be invu lne rab le  t o  synchronizatioi? at pos i t ion  r if t h e  

6, V a r i a b l e  l eng th  encodings have a l so  been examined f o r  word synchroniza t ion  
a b i l i t y .  See C111. 



sequence 

is not  a code word. I f  a code is  invulnerable  a t  a l l  pos i t ions  r=1 ,2 ,  ... 
....., n-1, t hen  it is comma-free. 

I n  order  f o r  comma-free codes t o  prove usefu l  i n  maintaining word 

synchronizat ion i n  a system which encompasses a noisy channel, a t  l e a s t  two 

a d d i t i o n a l  p r o p e r t i e s  a r e  required:  

1 )  Because of add i t i ve  e r r o r s ,  t h e  comma pos i t ions  a r e  no longer 

uniquely spec i f i ed .  Some r e l i a b l e  s t a t i s t i c a l  procedure f o r  t he  est imation 

of commas must be a v a i l a b l e ,  with a r e l a t i v e l y  simple implementation. 

2 )  Since t h e  s e t  of comma-free elements o r  words e f f ec t ive ly  

rep laces  a code f o r  t h e  system, both e r r o r  con t ro l  a b i l i t y  and ease of code 

implementation a r e  a l s o  requi red .  

Work on comma-free codes began from a construct ive point  o f  view 

C5,12,131, and while s e t s  of comma-free words were evolved, they general ly  ' 

had l i t t l e  e r r o r  c o n t r o l  a b i l i t y  and d id  not possess simple a lgebra ic  

p rope r t i e s .  Both ana lys i s  and implementation proved d i f f i c u l t ,  i f  not 

impossible.  While many q u a l i t a t i v e  f ea tu re s  of comma-free codes--such a s  

t he  maximum d ic t iona ry  s i z e  f o r  given n were inves t iga ted ,  no reasonably 

genera l  c l a s s e s  of  u se fu l  codes were forthcoming. When approached from t h i s  

7 
point  of view, t h e  s p e c i f i c a t i o n s  of comma-freedom without added redundancy , 

simple a lgeb ra i c  s t r u c t u r e ,  reasonably genera l  formulation, and a b i l i t y  t o  

be used i n  such a fash ion  t h a t  a reasonable amount of e r r o r  cont ro l  is ex- 

h ib i t ed ,  appear t o o  demanding. 

7. The p r e f i x  synchronized encodings previously mentioned a r e  genera l ly  comma- 
f r e e .  The p r e f i x  does not  represent  e i t h e r  information b i t s  o r  p a r i t y  b i t s .  



The a l t e ~ ~ ? a t i t r . e ~  of  s Q a ~ t i n g  with known codes which aZready possess  

3 - & u ~ . > ~ : ~ ~ ~  and ei?POOF c c n t r o l  a b i l i t y  and a t t ~ ~ a y t ' i n g  t o  d e r i v e  co?5fia-free s e t s ,  

ti!2s .-,- , , G ~ c u a l l y  - .  more f ~ u i t f u l . .  Since l i n e a r  codes p o s s e s s  both e ryor  c o n t p o l  

s b i l f t y  ~ n d  algebraic s t r u c t u r e  l ead ing  t o  sirii2le mechanizat ion;  t h e  comma- 

fl-ee properey i n  X I T ~  of t h e s e  codes would piPove ve ry  use fu l .  However, one 

~ r ~ x z e ~ i a t e l g  no-tices t h a t  any d ic t ionary  t h a t  forms a gpoup is not  i n v u l n ~ i - - b l ~  

t o  s::-;ich~onization a-i: any pos i t ion  s i n c e  it con ta ins  the  zero vector .  In 

~ : > i : ~ . r t ~ i ~ ~ l a ~ ,  no l i n e a r  code is comma-free, Thus, a whole class of known and 

use fu l  codes do not hsve t h e  des i red  ppoperty. Howeue~, it has r e c e n t l y  been 

poinzeccl out t h a t  i n  many of  t h e s e  cases ,  although t h e  code d i c t i o n a r y  i tself  

i s  iiric conma-f~re, =Lhe code may have one or  more ccsets8 t h ~ t  a r e  comma-free 

9 
013 e-t least invulnerable i n  some p o s i t i o n s  . Thus, r a t h e r  than use t h e  code 

word;; ES a bas is  f o r  t ransmission,  a comma-free c o s e t  o f  t h e  code ( i f  it 

e x i s t s )  can be used with no l o s s  i n  code emor-combating a b i l i t y  ( s i n c e  a 

coss-: has the  saiine d i s t ance  s t r u c t u r e )  and with a word synchronizat ion gain. 

MOLYL~'~".?, the  prec ise  r e l a t i o n s h i p  between code and coaet  is known, s o  

t h a t  t r a n s i t i o n s  from a s t r i n g  of code words t o  a s t r i n g  of coset  words and 

vica-vai?ua is known an2 e a s i l y  accomplished, F i n a l l y ,  an apparent ly  s in lp le  

staTi.r;i:ical e s t h a t i ~ ~ i  scheme f o r  p lac ing commas i n  t h e  pnlesence of n o i s e  

2 b e  Th i s  word synchronization scheme, i f  app l i cab le  t o  a reason-  

ably l a~ -ge  c las s  of  u s e f u l  l i n e a r  codes, has a l l  of t h e  obvious ~ e q u i x ~ e m e a t s  

of c? nore idea l  s o l u t i o n  t o  the  problern of providing word synchroniza t ion .  

ID :ih?t follows, t h e  r e s u l t s  of a more d e t a i l e d  examination [321 of t h e s e  

coma-free codes is summarized. P a r t i c u l a r  a t t e n t i o n  i s  given t o  thz "cost" -.*--- - - _.____*...I.-IY-> -- . --.".crz- 

3,  Tke stmx-tura of l i n e a r  codes (and t h e  definition of case? ) is  given in 
%263. 

9, Analagous r e s u l t s  have been obtained for t h e  genera l  c l a s s  of o r t h o g o i l a l  
codes. See C301, 



of using such a scheme i n  t h e  system previously out l ined .  

I11 COMMA-FREE ENCODINGS DERIVED FROM LINEAR CODES 

The necessary and s u f f i c i e n t  condi t ions f o r  t h e  ex is tence  of cornrna- 

f r e e  c o s e t s  of  l i n e a r ,  binary codes have been given by S t i f f l e r  C281. While 

h i s  r e s u l t s  apply i n  genera l ,  t h e  ex tens ive  ca l cu la t ions  which a r e  encountered 

i n  i n v e s t i g a t i n g  each code ind iv idua l ly  have been avoided only i n  t h e  case of 

c y c l i c  codes, by t h e  establ ishment  of t h e  following: 

Theorem: Any (n ,k)  b inary  c y c l i c  code has a cose t ,  spec i f i ed  by cose t  

l e a d e r  c=(10000 ... O),which is invulnerable  t o  synchronization 

a t  a l l  p o s i t i o n s  r which s a t i s f y  e i t h e r  of t h e  inequa l i t i e s  

r < n-k-1 o r  - 
n-r < n-k-1. - 

10 Moreover, i f  k - < (n-1)/2, t h i s  cose t  is comma-free. I f  

k > (n-1)/2,  no cose t  of t h e  code Fs comma-free. 

Figure 3 i l l u s t r a t e s  some r e s u l t s  based on S t i f f l e r ' s  theorems f o r  c y c l i c  

codes. A s  can be seen  (and ex t r apo la t ed )  from Figure 3,  t h i s  formulation 

(1)  genera tes  a l a r g e  c l a s s  of  comma-free o r  invulnerable codes, where each 

code satisfies t h e  a d d i t i o n a l  condi t ions  t h a t  (2 )  i t  is systematic  and ( 3 )  

has s i g n i f i c a n t  e r r o r  co r r ec t ion /de t ec t ion  a b i l i t y ,  with (4 )  each word b i t  

represent ing  e i t h e r  an a c t u a l  ( source)  information b i t  o r  a p a r i t y  check b i t .  

I n  a genera l  sense ,  t h e s e  p rope r t i e s  ensure the  a v a i l a b i l i t y  of comma-free 

codes f o r  a p p l i c a t i o n  i n  a v a r i e t y  of systems, t h e i r  p r a c t i c a l  u t i l i t y  i n  

terms of  implementation and e r r o r  con t ro l  a b i l i t y ,  and t h e i r  low cost1' with 

10. This is not  t h e  only cose t .  For example, t h e  theorem appl ies  with 
c=(0000 .... 001). Other invulnerable  o r  comma-free cose ts  a l s o  e x i s t .  

11. Rela t ive  t o  t h e  conventional "additive" approaches which i n j e c t  s p e c i a l  
sync symbols of some type and thus  decrease t h e  r a t e  k/n without any 
con t r ibu t ion  t o  t h e  e r r o r  con t ro l  a b i l i t y .  



SHORT CYCLIC COMES AbJU COllMA FREEDOM 

: Code exists. 
: Code exists; r~umt>cr given 3.3 k/n f o r  t h a t  code. 
: Code describahls $3.8 13ose-Ch~il1.dhur1.1 code, 

Empty box f ndicstes t h ~ % - p o ,  cycl-ic code ex i s t s  for 
given vnlues of k and n, 

A l l  codes below the r lnrk 1-lne h!xve colama-free ccssets, 
Pall codes above the dwl: l:i!?e twve vr?.rious degrees of 
knarsr lnerabiBLty ( see t,heore?tl) , 

Grnph const ructed .  by r.educlng xn+l t o  i r r e d u c i b l e  
factors. For example, 5 4 3 2 X +f=(X+l)(X +X +X tX.1) 
over CF(2) where both fac tors  are i r r educ ib l e .  Hence, 
there a re  o n l y  t w ~  ?;en .r#atinp, funct;ions f o r  n=S. Note 
$he.r.t q ( X )  =X+P generates R ( 5,b) cgc:hic code, 



r e spec t  t o  t h e  system's  c a p a b i l i t y  f o r  r e l i a b l e  information t ransmission.  

Thus, a s  a c l a s s ,  c y c l i c  codes12 possess ( i m p l i c i t l y )  a  g r ea t  d e a l  of syn- 

1 
chroniza t ion  a b i l i t y .  Approximately 5 of  t h e  ava i l ab l e  codes possess  

comma-free c o s e t s ,  and t h e  majori ty  of t he se  codes have from reasonable t o  

good co r r ec t i on /de t ec t i on  a b i l i t y  C263. The remaining ha l f  of t h e  c y c l i c  

codes possess  i n v u l n e r a b i l i t y  p rope r t i e s .  The simple r e l a t i onsh ip  between 

code and cose t  a l lows one t o  simultaneously take f u l l  advantage of t h e  

sys temat ic  e r r o r  c o n t r o l  p rope r t i e s  of  t h e  l i n e a r  code, and t h e  synchro- 

n i za t i on  p r o p e r t i e s  o f  t h e  cose t .  

However, t h e  use of c y c l i c  cose t  codes with a  comma-free proper ty  

l imits t h e  a t t a i n a b l e  t ransmission rate t o  l e s s  than one-half,  i . e .  as n-, 

k/n+ I This l i m i t a t i o n  may o r  may not be severe ,  depending on the  na ture  
2 = 

of t h e  system i n  which t h e  code i s  t o  be used. For example, t o  adequately 

p ro t ec t  a  system (smal l  P it may be necessary t o  devote a t  l e a s t  one-half e  

of t h e  b i t s  i n  each word t o  p a r i t y  b i t s .  In t h i s  case,  comma-freedom may , 

be secured without f u r t h e r  r e s t r i c t i n g  t h e  r a t e ,  s i nce  comma-free codes 

I a r e  a v a i l a b l e  with a r a t e  t h a t  i s  reasonably c lose  t o  - (even when a  s h o r t  
2 

length c o n s t r a i n t  is imposed as i n  Figure 3) .  I f  however, t h e  required 

1 redundancy does no t  l i m i t  t h e  r a t e  t o  < - , then comma-freedom ( i f  a  c y c l i c  - 2 

code is used)  may impose a  somewhat severe r a t e  cons t r a in t .  I f  only in-  

v u l n e r a b i l i t y  i n  a c e r t a i n  number of p laces  i s  requi red ,  t h e  r a t e  cons t r a in t  

i s  considerably weaker; so  much s o  t h a t  t h e  r a t e  cons t r a in t s  d i c t a t e d  by 

the  requi red  p r o t e c t i o n  w i l l  usua l ly  dominate. I n  t h e  case where comma- 

freedom i s  requi red  and does impose a  severe r a t e  cons t r a in t  i f  c y c l i c  codes 

12. The s t r u c t u r e  o f  c y c l i c  codes i s  given i n  C261. A s  can be seen,  t h i s  
subc lass  con ta in s  many codes of v i r t u a l l y  a l l  l engths ,  has a wide range 
o f  e r r o r  c o n t r o l  a b i l i t y  r e l a t i v e  t o  both independent random e r r o r s  and 

b u r s t  type  e r r o r s ,  and represen ts  codes which a r e  among t h e  e a s i e s t  t o  
mechanize, 



a22 (.sady one can consider  t h e  p o s s i b i l i t y  of employing a c9mma-free C O S ~ ~  

!if one e x i s t s )  o f  a non-cyclic ' inear code of t h e  d e s i r e d  s i z e  o r  consider  

t h e  c o ~ a t r a i n t  as p a r t  of t h e  p r i c e  of obtaining t h e  necessary  synchronizat ion-  

t h e  t o t a l  "cost"  i s  a s c e r t a i n e d ,  it may then be compared t o  t h a t  of 

the c;t.::ventional "additive" approaches t o  determine which method is more 

d ~ s i r ~ l k .  

AS i nd ica t ed  i n  Appendix I, r e l i a b l e  operat ion (neg l ig ib l e  Pel of 

the given  system does no t  n e c e s s a r i l y  demand t h a t  one-half t h e  b i t s  i n  each 

wrj?d be devoted t o  check b i t s .  However, i n  cascs  w3ere equipment and 

~ ; t~cuYE?t ion  loading  is t o  be minimized by a trade-off wi th  t ransmission 

.. . ,-..-CC~ s r a t e  apprec iab ly  g r e a t e r  t han  cannot be expected. Hence, if 
2 

i=eCOESCiyY one can  attempt t o  use a comma-free coset  of a c y c l i c  code t o  

wovidz word synchronLzation. V i r t u a l l y  any G Z S : : ~ :  of i n v u l n e r a b i l i t y  may 

zlsc be secured at  a n e g l i g i b l e  ( i n i t i a l )  cost .  

Thus, t h e  p r i c e  of secur ing  comma-free o r  i nvu lne rab i l i t y  prop- 

crtfes . f o ~  t ransmiss ion  is n e g l i g i b l e  i n  many cases. In  t h e  case of c y c l i c  

codes ,  t h e  c e n t r a l  r e s t r i c t i o n  i s  a r a t e  l imi ta t ion  which may o r  may not  be 

"cos-tly".  I n  t h e  case of  non-cyclic l i nea r  codes, t h i s  r e s t r i c t i o n  does 

n o t  n e c e s s a r i l y  apply : t h e  complications involved .".n any inves t iga t ion  i n  

_._._ - L L ~ Z  a m a  have precluded any gene ra l  r e su l t s .  Indeed, t h e  p r a c t i c a l  problem 

I:?? d,.?tmz~ining l i n e a r ,  sys temat ic ,  non-cyclic codes with comma-free c o s e t s  

:Fm? cudes of any apprec iab le  l eng th ,  is s t i l l  ui~solved. 

The above, o f  course,  does not indicate  t h e  Tqcostq'  of us ing  such .- 
2 p r o - e d u ~ e  t o  maintain word synchronization. 



I V  THE USE OF COMMA-FREE CODES 

By v i r t u e  o f t h e  comma-free proper ty ,  when a sequence of words is  

received without e r r o r ,  t h e  code words can be iden t i f i ed  by comparing 

poss ib le  n- tuples  aga ins t  t h e  code d i c t iona ry .  Any sequence of 2n-1 d i g i t s  

considered w i l l  conta in  only a s i n g l e  e r r o r  f r e e  word (n-tuple),  namely t h e  

one f o r  which synchronism is  cor rec t .  However, under the  assumption t h a t  

add i t i ve  e r r o r s  occur  on t h e  channel, t h e  comma-free property is not  pre- 

served. The t r ansmi t t ed  elements of  t h e  comma-free coset  a r e  not necessar i ly  

received as elements o f  t h i s  comma-free cose t ;  therefore ,  t he  comma pos i t ions  

may not  be apparent .  A s t a t i s t i c a l  establishment of commas must be made 

according t o  some procedure such a s  t h e  following: 

The r e c e i v e r  chooses a synchronization pos i t ion  and observes 

s eve ra l  words. Each word is  transformed from the  coset  back t o  the  code by 

the  add i t i on  of  c ( t h e  cose t  l eade r )  and decoded i n t o  some code word ac- 

cording t o  t h e  maximum l ike l ihood c r i t e r i o n .  The average number of e r r o r s  

per  word f o r  t h i s  synchronization pos i t i on  i s  calculated and recorded. The 

r ece ive r  t hen  goes back t o  t he  o r i g i n a l  received sequence, s h i f t s  t h e  

assumed sync pos i t i on  ( i n  a cons is ten t  search pa t t e rn ) ,  and repea ts  t h e  

process.  Af te r  n assumed synchronization pos i t ions  ( f o r  an (n,k) code) 

have been considered, t h e  pos i t i on  with t h e  lowest corresponding average 

error lword f i g u r e  is  taken a s  represent ing  t h e  t r u e  word synchronization. 

Decoding according t o  t h e  des i red  c r i t e r i o n  may then be undertaken, When 

invu lne rab i l i t y  i n  s e v e r a l  pos i t ions  is i n  u se ,  the  same procedure appl ies  

except t h a t  t h e  i n v a l i d  (vulnerable)  p o s i t i o n s  a re  excluded from consider- 

a t i on .  

-16 - 



I The cos t  involved i n  u s ing  a comma-free code wi th  t h e  above procedure 

can e a s i l y  be seen t o  inc lude  t h e  decoding--generally including correction--of 

every poss ib le  received n- tuple .  A t  t h e  r ece ive r  t h e  synchronizat ion information 

is i n  terms of t h e  number of  e r r o r s  ac tua l ly  present  i n  t h e  n- tuple  determined 

by any synchronizat ion p o s i t i o n  SP=1,2,. . ,n. This information can be e x t r a c t e d  

only "on t h e  average", r e q u i r i n g  t h a t  f o r  any f ixed  pos i t i on  t h e  N previously 

received "words" be considered.  The placing of commas n e c e s s i t a t e s  t h e  recog- 

n i t i o n  and counting o f  t h e s e  e r r o r s  t o  a degree of accuracy commensurate 

with t h e  d e s i r e d  r e l i a b i l i t y .  In  genera l ,  t h e  r e l i a b i l i t y  of t h e  s t a t i s t i c a l  

es t imation scheme considered depends on a t  l e a s t  

( a )  t h e  number of e r r o r s  contained i n  any overlap word due t o  t h e  

comma-free property.  This i n  t u r n  is dependent on the  a c t u a l  l i n e a r  code 

used and t h e  cose t  element which s p e c i f i e s  t h e  comma-free code. 

( b )  t h e  number of e r r o r s  induced i n  each overlap word by t h e  

channel. Th i s  is  d i r e c t l y  dependent on P t h e  average pe r  d i g i t  e r r o r  r a t e *  
0 

(c) t h e  r ecogn i t i on  a b i l i t y  of t h e  code i n  use and how t h i s  

a b i l i t y  is used. This  is a func t ion  of t h e  d is tance  s t r u c t u r e  of t h e  code 

(minimum d i s t a n c e ) ,  t h e  code parameters n and k ,  and t h e  designer 's  cor- 

r e l a t i o n  between t h e  decoding mode used and t h e  ac tua l  counting procedure. 

For example, when any s i n g l e  e r r o r s  a r e  correctable  and an unknown number a n d  

type  of h i g h e r  weight e r r o r  p a t t e r n s  are detectable ,  some decis ion must be 

made on t h e  con t r ibu t ion  of each detect ion t o  th2 count. 

( d l  t h e  sample s i z e  N which must be used t o  va l ida te  t he  con- 

t e n t i o n  t h a t  "on t h e  average" t h e  correct  synchronization pos i t ion  con ta ins  

fewer e r p o r s  t h a n  any asynchronous posi t ion.  This must be la rge  enough s o  



t h a t  on t h e  average f o r  any asynchronous pos i t i on  t h e  e r r o r s  mentioned i n  (a) 

and (b) above add r a t h e r  than cancel--and s o  d i s t i ngu i sh  t h e  co r r ec t  pos i t i on  

(provided they  are recognized and counted).  

The p r e c i s e  na ture  of  t h e  scheme's dependence on these  q u a n t i t i e s  

is q u i t e  complex i n  genera l .  However, i n  t h e  extreme case of small  e r r o r  r a t e ,  

a sample s i z e  of s e v e r a l  words, and reasonable e r r o r  recognition a b i l i t y  

of t h e  code, t h e  c o r r e c t  comma pos i t i ons  a r e  e a s i l y  determined with a high 

degree of  r e l i a b i l i t y .  For high e r r o r  r a t e s ,  t he  synchronization information 

t r ansmi t t ed  i n  terms of t h e  comma-free code is not ava i lab le  a t  t h e  rece iver  

and t h e  procedure breaks down, genera l ly  g iv ing  an incor rec t  indicat ion.  A l -  

though commas must be est imated continuously, various t e s t i n g  po l i c i e s  may 

be devised which guard aga ins t  t he  use of r e s u l t s  obtained under unfavorable 

circumstances ( f ade ) .  During t h i s  t ime,  synchronization is determined so l e ly  

by a clock which w a s  set by some previous r e l i a b l e  est imate and which w i l l  

be cor rec ted  a f t e r  emergence from the  fade.  

The implementation of t h i s  scheme r equ i r e s  t h a t  t h e  several  (N) 

words used t o  compute each average be s to red  at the  receiver .  Moreover f o r  

each new b i t  rece ived ,  a new average is computed. Thus t h e  procedure 

r equ i r e s  t h e  continuous processing and s to rage  of severa l  hundred (nN) 

previously rece ived  b i t s .  I n  addi t ion ,  regard less  of  t he  synchronous de- 

coding mode, ca re  must be taken t o  ensure t h a t  t h e  code used t o  pro tec t  t h e  

system has an amount of  recognit ion (genera l ly  cor rec t ion)  a b i l i t y  s u f f i c i e n t  

t o  maintain a r e l i a b l e  comma est imating procedure. In  general ,  t h e  synchron- 

ous decoding mode may be independent of t h e  decoding done f o r  comma es t imat ion ,  

s o  t h a t  much of  t h e  equipment and ca l cu la t ion  required is i n  addi t ion  t o  t ha t  



I 

required f o r  synchronous decoding. F ina l ly ,  if synchronizat ion is l o s t  

during a fade, t h e  comma es t ima t ing  procedure--which has a memory of N 

previously rece ived  words--in conjunct  ion with t h e  synchronizat  ion-correc- 

t i on  t e s t i n g  procedure in t roduces  a resynchronization de lay  of perhaps 

several  hundred b i t s  when emergence from the  bad state occurs .  

Notice t h a t  although t h e  e r r o r s  i n  word synchronizat ion a r e  Con- 

1 fined t o  wi th in  a code word l eng th  i n  e i t h e r  d i r e c t i o n  of t h e  c o r r e c t  

pos i t ion ,  t h e r e  a r e  s t i l l  n p o s s i b l e  synchronization pos i t i ons ,  so  t h a t  

comma-freedom i s  requi red  t o  determine the  co r r ec t  pos i t i on .  ~ n v u l n e r a b i l i t ~  

can only be used i f  e r r o r s  i n  synchronism a r e  confined t o  some smal le r  

1 
f rac t ion  e.g. - n)  of a code word. Since n w i l l  u sua l ly  be l a r g e ,  it is 4 

not unreasonable t o  assume t h a t  i n  t h e  given system t h e  synchronization 

e r r o r s  a r e  s o  confined,  and t h a t  invulnerabi l i ty  can be used t o  maintain 

synchronizat ion.  However, it can be shown t h a t  although t h e  c a l c u l a t i o n s  

a t  t h e  vulnerable  p o s i t i o n s  are avoided, t h e  equipment requi red  f o r  comma 

est imation i n  t h i s  case is  t h e  same. Thus, t he  comments given f o r  comma- 

freedom l a r g e l y  apply, and t h e  "price" of using t h i s  l e s s e r  amount of synchro- 

n i za t ion  a b i l i t y  is s u b s t a n t i a l l y  t h e  same. 

The "cost" involved i n  t h e  above can vary widely from system t o  

system. The code a b i l i t y  r equ i r ed  and the  decoding involved i n  p lac ing  

comn-ms may o r  may not  be completely in  excess of t h e  systemYs synchroaous 

code and decoding requirements.  For example feedback system with simple 

de tec t ion- re t ransmiss ion  w i l l  r e q u i r e  correction decoding f o r  the  comma 

es t ima t ions  which would not  be required f o r  synchronous operation. However, 

even when t h e  decoding mode of comma placement "matches" t h e  system9s syn- 



chronous decoding mode--as i n  a simple feedforward-only system--only t h e  

decoding f o r  SP=n is non-addi t ional ,  s i nce  t h i s  represents  synchronous de- 

coding. I n  genera l ,  t h e  comma es t imat ing  process  and t h e  f a c t  t h a t  t he  in- 

formation must be e x t r a c t e d  "on t h e  average", introduce somewhat expensive 

system add i t i ons .  

A common ground f o r  t h e  comparison of  t h e s e  comma-free codes 

and t h e  more convent ional  "addi t ive" methods i s  d i f f i c u l t  t o  f i n d .  Compared 

t o  t h e  s p e c i a l  sync p a t t e r n  procedures,  t h e  comma-free approach demands 

considerably more work i n  order  t o  determine t h e  co r r ec t  synchronism, s ince  

t h e  sync-acquisi t ion s t r a t e g y  i s  more involved. On t h e  o ther  hand, depend- 

ing  on t h e  code s i z e  and redundancy requi red  t o  p ro t ec t  t he  system, and t h e  

amount of synchronizat ion a b i l i t y  desired,  t h i s  approach may not r equ i r e  

t h e  s a c r i f i c e  of information t r ansmi t t i ng  c a p a b i l i t y  i n  order  t o  maintain 

synchronizat ion.  Where t h i s  l a t t e r  c h a r a c t e r i s t i c  is a predominant system 

"desirable1' ,  t h e  a v a i l a b l e  comma-free codes should ce r t a in ly  be considered. , 

For example, t h e  requirements of feedforward-only systems ( s ign i f i can t  

redundancy, f u l l  c o r r e c t i o n  decoding, e t  c e t e r a )  a r e  compatible with t h e  

procedures necessary f o r  t he  use of comma-free o r  invulnerable codes, so  

t h a t  t h e  p r i c e  pa id  f o r  t h e i r  synchronization a b i l i t y  is somewhat competitive. 

The s t r u c t u r e  of feedback systems, however, i s  much l e s s  compatible, and 

t h e  use of t h e s e  codes--while appl icable  i n  terms of providing synchroniza- 

t ion--involves r a t e  c o n s t r a i n t s ,  implementation procedures, e t  ce t e ra ,  which 

severely l i m i t  t h e  a r e a  of p r o f i t a b l e  appl ica t ion .  The conventional "additive" 

procedures have t h e  d i s t i n c t  advantage of  being appl icable  under v i r t u a l l y  

a l l  circumstances,  genera l ly  with comparable o r  l e s s  o v e r a l l  cos t .  In  addi- 

t i o n ,  t h e  p a r t i c u l a r  poss ib le  advantage of t h e  comma-free approach--avoiding 



a n  a d d i t i o n a l  rate l o s s  due t o  synchronizat ion s igna ls - - i s  of somewhat l e s s  

s i g n i f i c a n c e  i n  t h e  feedback con tex t .  I n  t h e  above sense ,  t h e  comma-free 

approach  examined here  c e r t a i n l y  does not  represent  "the" s o l u t i o n  t o  t h e  

word synchroniza t ion  problem, e s p e c i a l l y  with respec t  t o  feedback systems. 

V ALTERNATIVE APPROACHES 

With t h e  above i n v e s t i g a t i o n  a s  background, t h e r e  a r e  s e v e r a l  

c l o s e l y  r e l a t e d  p o s s i b i l i t i e s  t h a t  should be inves t iga ted ,  t h e  main endeavor 

b e i n g  d i r e c t e d  toward developing,  if poss ib le ,  a psuedo canma-free procedure 

for  word synchroniza t ion  ( i n  p a r t i c u l a r ,  one t h a t  i s  B e t t e r  s u i t e d  t o  t h e  

feedback  system under cons ide ra t ion ) .  The following r ep resen t s  a summary 

of a n  i n v e s t i g a t i o n  of one a l t e r n a t i v e  scheme [32]. Several  o the r  poss ib l e  

schemes a r e  suggested and r e f e r e n c e  made t o  p o t e n t i a l  a r e a s  t h a t  have been 

l a r g e l y  neg lec t ed .  

Two phenomena involved i n  t h e  above use of comma-free codes lead 

t o  t h e  d i f f i c u l t i e s  mentioned. First,comma-freedom as su res  only t h a t  any 

o v e r l a p  word t o  be decoded is  n o t  a code word. The d i s t ance  of t h i s  over- 

l a p  word from a t r u e  code word can not  be spec i f ied  i n  genera l ,  and i n  many 

o v e r l a p s  t h i s  d i s t ance  is minimal ( o ~ l e ) .  The few e r r o r s  i n  any s i n g l e  over- 

l a p  could  p o s s i b l y  be cance l l ed  by channel induced erpoPs s o  t h a t  t h e  

assumed p o s i t i o n  is  l i k e l y  t o  be mistaken f o r  t h e  co r r ec t  one. This s i t u a -  

t i o n  can  only  be  avoided by considering t h a t  on the  average over Pa code 

words  it becomes un l ike ly .  Second, f o r  a l l  possible  synchronization p o s i t  i o n s ,  

many o f  t h e  words examined i n  any N word average could be expected t o  con- 

t a i n  a t  l e a s t  one e r r o r .  Hence t o  d is t inguish  the  co r r ec t  pos i t ion  more 

e r r o r s  must be  recognized and en tered  i n  t h e  count, leading t o  co r r ec t ion  mode 

d e c o d i n g  requirements .  The avoidance of these  two poin ts  would represent  



a s i g n i f i c a n t  improvement of t h i s  method. 

One poss ib l e  scheme i s  t o  develope comma-free codes i n  which 

any overlap t o  be decoded d i f f e r s  from any t r u e  code word i n  a t  l e a s t  T 

p o s i t i o n s ,  t hus  providing more synchronizat ion information per  b i t  o r  per  

word. For a small e r r o r  rate, when any word determined by an incor rec t  

synchronizat ion p o s i t i o n  is  decoded ( a f t e r  complementation) it w i l l  d i f f e r  

from a t r u e  code word by something c lose  t o  T e r ro r s .  Hence, without t h e  

averaging procedure,  i t s  synchronization p o s i t i o n  is not l i k e l y  t o  be 

mistaken f o r  t h e  c o r r e c t  synchronization pos i t i on .  The consequent s torage,  

ca l cu la t ions  and de lay  might be avoided o r  s i g n i f i c a n t l y  reduced. However, 

i n  t h i s  case  t h e  count r equ i r e s  t h e  recogni t ion  of almost a l l  the  e r r o r s  

contained i n  any n-tuple  and hence t h e  use o f  add i t i ona l  correct ion a b i l i t y .  

The co r rec t ion  decoding might be avoided, while  maintaining a good est imate 

of t h e  a c t u a l  number of e r r o r s  present ,  by colisidering each word a s  a 

sequence of  many sma l l e r  words, applying simple e r r o r  detect ion t o  these  
, 

smal le r  words, and adding t h e  number of  e r r o r s  detected (each detect ion 

counting as a s i n g l e  e r r o r ) .  Such a smal le r  synchronization mesh could 

be obtained by cons ider ing  i t e r a t e d  codes. 

The b a s i s  f o r  t h e  approach i s  found i n  t he  consideration of  an 

i t e r a t e d  code word i n  mat r ix  from ( a s  a t  t h e  l e f t ) ,  where each row word i s  

r - I encoded a s  an (n k ) code word, and each column word 
1' 1 

C ( INFORMATION I is encoded a s  an (n2 ,k2 1 code word. The (nl,kl) and 
I 

SYMBOLS 1 / (np ,k2 codes are then chosen t o  be invulnerable and/or 

comma-free . Under c e r t a i n  conditions an i t e r a t e d  code 
--- 

, CHECKS 
jcoset  may be formed which, as  a code, has a "stronger" : . ..-.------I -t t 

comma-free type property.  One s e t  of condi t ions on t h e  



composition codes i s  t h e  fo l lowing  (assuming c y c l i c  composition codes):  

1 )  Each code must c o n t a i n  t h e  vec tor  of a l l  ones,  and 

2) Each code must have a coset  which is e i t h e r  invulnerable  i n  

r p o s i t i o n s  o r  comma-free, and which is  s p e c i f i e d  by 

For example, it is  e a s i l y  shown t h a t  i f  (1)  is s a t i s f i e d  and both t h e  

(n13kl) and t h e  n ,k codes have comma-free cose t s ,  t hen  t h e  r e s u l t i n g  2 2 

(nln2.klk2) i t e r a t e d  code has a cose t  specif ied by 

,. 
l i . e . 5  is a member of t h e  c o s e t )  which is  comma-free i n  t h e  "strongers '  

sense t h a t  any overlap of  any two coset words d i f f e r s  from a t r u e  cose t  

word by a t  l e a s t  T=min(n n ) pos i t ions .  Thus t h e  (225,49) i t e r a t e d  code 
1' 2 

formed with t h e  (15,7) code as both the  row and column codes, is comma- 

f r e e  of o rde r  T=15: s i n c e  t h e  (15,7) contains t h e  vec to r  o f  a l l  ones and 

has a comma-free cose t  (k < (n-11/21 specif ied by c=(100000000000000). - 
Thus, with r e spec t  t o  t h e  i t e r a t e d  code coset spec i f i ed  by 

every poss ib l e  overlap "word" d i f f e r s  from any t r u e  cose t  word i n  a t  l e a s t  

13. Condition ( 2 )  can be given i n  much more general  form: i . e .  c o s e t s  
s p e c i f i e d  by c and c both a rb i t r a ry .  A s  long a s  (1 )  is s a t i s f i e d ,  

1 2 ' t h e  app ropr i a t e  5 can be formed. See 1321. 



15 places.  

S imi l a r ly ,  row code comma-freedom and column code invu lne rab i l i t y  

can be combined t o  y i e l d  an Ztera ted  code which is  invulnerable  i n  t h e  

s t ronge r  T=min(n n ) sense:  t h e  number of  invulnerable  pos i t i ons  ( r n , )  
1) 2 

depending on t h e  i n v u l n e r a b i l i t y  of t h e  column code ( r ) .  For example, t h e  

( 1 5 , l l )  c y c l i c  code can be shown t o  conta in  t h e  vec tor  of a l l  ones. The 

code has a cose t  s p e c i f i e d  by c=(1000000G0000000) which is  invulnerable  t o  

synchronizat ion a t  a l l  p o s i t i o n s  

Ir 1 < n-k-1 - 
i . e .  a t  p o s i t i o n s  1,2,3,12,13, and 14. The (225,77) i t e r a t e d  code formed 

with t h e  (15,7)code a s  t h e  row code and t h e  ( 1 5 , l l )  code a s  t h e  column code 

has a cose t  s p e c i f i e d  by 

which possesses  t h e  "s tronger"  property t h a t  t h e  i t e r a t e d  code cose t  i s  

but 

( a )  no t  on ly  invulnerable  t o  synchronizat ion a t  a l l  pos i t ions  

I r 1 - < 45 i. e . synchronizat ion pos i t i ons  SP=1,2,3,. . . . ,44, 

( b )  a t  any of  t h e s e  pos i t i ons  t h e  overlap word considered d i f f e r s  

from a cose t  word by a t  l e a s t  15 pos i t i ons .  

The requirement ( 1 )  s t a t e d  previous ly  is i n  f a c t  notunduly severe.  

For c y c l i c  codes, Figure 4 dup l i ca t e s  Figure 3 and i n d i c a t e s  which of t hese  

codes s a t i s f y  condi t ion  (1 ) .  Every code designated i n  Figure 4 is  e l i g i b l e  



SHORT. CYCLIC CODE9 GUl4'fAINXISG TKE VECTOR 

'-1 
( 3 2  Code e x i s t s  but doks not conta in  the vector 
>-, 

of nlP ones, 
w: Code exlsts rind c o n t ~ l n s  the vec tor  of n l f  ones, 
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I I 
I 

1 I 

as a composition code (wi th  i t s e l f  o r  o t h e r  codes).  Thus, t h e  formulat ion I 

t 
I 

y i e l d s  a reasonable  number of  l i n e a r  comma-free codes known t o  be of  high 1 

order ,  and a l a r g e  number of  l i n e a r  codes with t h e  "stronger" invulnera- I' ! I 
b i l i t y  proper ty .  1 

The implementation of t h e  above type  codes i n  t h e  given feedback 

system is  e a s i l y  accomplished. The "recognit ion and counting" of e r r o r s  

f o r  t h e  var ious  sync-pos i t ions  is performed on the  sub-synchronization 

mesh defined by t h e  i t e r a t e d  code--for example, simply by counting t h e  

number of  rows and columns de t ec t ed  t o  be i n  e r r o r  i n  each received i t e r a t e d  

"word". Thus, c o r r e c t i o n  mode decoding is avoided by de t ec t ions  based on 

s h o r t e r  code words. The dependence of t h e  comma est imating procedure on 

N previously rece ived  ( i t e r a t e d )  words has been removed, with a consequent 

reduct ion  i n  t h e  s t o r a g e  and c a l c u l a t i o n  requirements. Also, t h e r e  is a 

s u b s t a n t i a l  improvement wi th  r e spec t  t o  resynchronizat ion delay:  i n  genera l  

a t  most one i t e r a t e d  word t r ansmi t t ed  and received completely during t h e  

good s t a t e  is requ i r ed  before  resynchronizat ion is expected t o  occur. 

F ina l ly ,  s i n c e  more synchroniza t ion  information i s  ava i l ab l e  a t  t he  r e c e i v e r ,  

t h e  procedure i s  cons iderably  more r e l i a b l e  than  the  previous one a t  higher  

r a t e s .  

Unfortunately,  t h e  developement i s  inadequate i n  o the r  respec ts .  

In genera l ,  t h e  c l a s s  o f  such codes does n o t  include a l l  codes spec i f i ed  by 

a r b i t r a r y  va lues  of  n and k--since not  a l l  l i n e a r  codes a r e  admissible as 

composition codes. I n  terms of  c y c l i c  composition codes, t h e  majori ty  of  

which a r e  admiss ib le  s i n c e  they  conta in  t h e  vec to r  o f  a l l  ones and possess  

comma-free o r  i n v u l n e r a b i l i t y  p rope r t i e s ,  t h e  r a t e  r e s t r i c t i o n s  given f o r  

-26- 



these  "simple"14 c y c l i c  comma-free codes a re  amplified. Thus t h e  derived 

codes e x i s t  only f o r  c e r t a i n  values of n and k and f o r  smal l  k/n: the  derived 

i t e r a t e d  codes which a r e  comma-free of order min(n n ) necessa r i ly  have 
1' 2 

1 
klk2/n1n2 < , while t h e  invulnerable i t e ra ted  codes necessa r i ly  have 

l. 
klk2/nln2 < 1 . Fina l ly ,  l i t t l e  is  known i n  general about t h e  c l a s s  of non- 

cyc l i c  l i n e a r  codes which possess comma-free cosets.  Thus a moderately la rge  

c l a s s  of codes which a r e  r e a d i l y  seen t o  possess t h i s  "stronger" comma-free 

property a r e  very "costly" t o  use,  while the  inves t iga t ion  of another poss ib le  

c l a s s  must be pursued on t h e  b a s i s  of a t r i a l  and er-ror examination of t h e  

p a r t i c u l a r  composition codes. 

The search--among codes t h a t  a re  well su i t ed  t o  synchronous opera- 

t i o n ,  e.g. c y c l i c  codes--for codes t h a t  have desirable synchronization o r  

, framing p roPer t i e s l5 ,  has not  been completed. Although one of the  most 

promising c l a s s e s  of such codes proposed t o  date has been shown t o  be some- 

what inadequat e l 6 ,  t h e r e  a r e  many r e ~ z ~ i n i n g  p o s s i b i l i t i e s  . For example, it 

is c l e a r  t h a t  f u l l  comma-freedom is not  necessary. In general ,  a code hav- 

ing t h e  property t h a t  most of t h e  overlap words a re  not code words has 

va luable  framing a b i l i t y .  However, l i t t l e  work has been done i n  t h i s  a rea  

ofl'almost" comma-free codes. The majority of invest igat ions of comma-freedom 

t o  d a t e  have been conducted on t h e  deterministic basis  of sa t i s fy ing  t h e  

defini t ion--while l a rge ly  neglec t ing  the  s t a t i s t i c a l  frainework i n  which t h e  

proper ty  i s  t o  be used. Linear codes per se  have been by-passed with re-  

spec t  t o  s e l f  synchronizing p r o p e r t i e s  since the  presence of the  zero vector  

v i o l a t e s  t h e  comma-free d e f i n i t i o n .  However, i n  many cases,  the  probabi l i ty  

of having t o  t ransmit  two consecutive zero vectors is qu i t e  small. In 

14.. Refers  t o  f a c t  t h a t  t h e  o rde r  is e i the r  minimal o r  unknown. 
15 .  These inc lude  not  having s p e c i a l  sync symbols. 
16 .  For example, we have seen t h a t  no cyclic code has a comma-free coset  

1 u n l e s s  k/n < . 



add i t i on ,  even when such a condi t ion  a r i s e s ,  t h e  e f f e c t  on t h e  s t a t i s t i c a l  

comma-estimating procedure is gene ra l ly  no t  s o  g r e a t  a s  t o  completely in-  

v a l i d a t e  any r e s u l t s .  The p o s s i b i l i t y  of i s o l a t i n g  and e i t h e r  removing o r  

rep lac ing  "troublesomeff vec to r s  i n  "almost" comma-free codes could a l s o  be 

considered. The p o t e n t i a l  of "almost" comma-free codes with respec t  t o  

synchronizat ion,  and t h a t  of l i n e a r  codes wi th  respec t  t o  "almost" comma- 

freedom has never r e a l l y  been evaluated.  I n  t h e  above sense,  it is  c l e a r  

t h a t  a l l  l i n e a r  codes have some degree o f  synchronizat ion a b i l i t y .  By 

d e f i n i t i o n ,  such a code has a l o g i c a l  s t r u c t u r e  t h a t  must be s a t i s f i e d  by 

each code word. I n  c e r t a i n  ca ses ,  one would expect t h a t ,  on t h e  average, 

t h i s  s t r u c t u r e  would be v e r i f i e d  f o r  c o r r e c t  synchronism and denied t o  

some degree f o r  asynchronous pos i t i ons .  I n  t h i s  sense,  random l i n e a r  codes 

have much more synchronizat ion a b i l i t y  t han ,  say,  c y c l i c  codes, s ince  with 

high p r o b a b i l i t y ,  ove r l ap  words i n  t h e  la t ter  case w i l l  be code words ( a  

c y c l i c  permutation o f  a code word is another  code word). For random codes, 

t he  most d e s i r a b l e  s i t u a t i o n  would seem t o  be one where t h e  number of 

code vec to r s  is smal l  i n  r e l a t i o n  t o  t h e  t o t a l  number of  n-tuples appear- 

ing i n  t h e  s tandard  a r r a y ,  and the  g r e a t  major i ty  of cose t  leaders  (minimum 

weight i n  t h e  c o s e t )  are high weight.  Overlaps w i l l  then  most of ten  be 

non-code n- tuples  which d i f f e r  from code words by s i g n i f i c a n t  d i s tances .  

However, s i n c e  small weight e r r o r  p a t t e r n s  a r e  not i n  predominance, such 

a code may no t  be w e l l  s u i t e d  f o r  synchronous operat ion,  and some compromise 

between e r r o r  c o n t r o l  and framing a b i l i t y  may be necessary. In terms of 

cyc l i c  codes, t h e  p l ace  t o  look is  i n  t h e  a r e a  of " revers ib le"  t ransformations 

which y i e l d  a range space s u f f i c i e n t l y  removed from t h e  c y c l i c  s t r u c t u r e ;  



so t h a t  s i g n i f i c a n t  sync a b i l i t y  ( i n  t h e  above sense) is  possible.  

encouraging r e s u l t s  i n  t h i s  a r e a  are a l ready avai lable  C91. Since a great  

number of p o t e n t i a l  t ransformations exist, more r e s u l t s  should be forthcoming 

In any case, it seems c l e a r  t h a t  t h e  i n i t i a l  approach of s t a r t i n g  with codes 

well su i t ed  t o  synch acqu i s i t ion ,  and working toward codes e f f e c t i v e  i n  t h e  

synchronous mode, has been properly reversed.  



APPENDIX I 

ESTIMATE OF THE CODE E D U N D A N C Y  REQUIRED 

TO PROTECT THE SYSTEM UNDER CONSIDERATION 

Let Pe = t h e  p r o b a b i l i t y  of decoding e r r o r ,  i . e .  t h e  p robab i l i t y  

t h a t  a code word is accepted a t  t h e  r e c e i v e r  and inco r r ec t l y  decoded. We 

-30 -10 r e q u i r e  t h a t  P be very small ,  ~2 o r  3.0 . Let S=the number o f  candidate 
e 

synchronizat ion p o s i t i o n s  a v a i l a b l e  t o  t h e  r ece ive r .  Clear ly  max(S)=n, and 

f o r  synchronous decoding S= l .  If synchronizat ion e r r o r s  a r e  confined t o  

1 l e s s  than - a code word i n  e i t h e r  d i r e c t i o n  of  t h e  co r r ec t  p o s i t i o n ,  S=n. 2 

Pe=PG *P(e/G) + PB P(e/B) 

where P is  t h e  p r o b a b i l i t y  t h a t  t h e  channel is i n  t h e  good s t a t e  and P(e/G) 
G 

is  t h e  p r o b a b i l i t y  of  e r r o r  given t h e  good s t a t e .  

We assume t h a t  t h e  code t o  be used is chosen so  t h a t  P(e/G) is 

s u f f i c i e n t l y  small .  I n  gene ra l  t h i s  i s  a cons t ra in t .  on t h e  code 's  e r r o r  . 

co r r ec t ing  o r  d e t e c t i n g  a b i l i t y  i n  r e l a t i o n  t o  t h e  channel e r r o r  statistics 

of  t h e  good s t a t e .  

Assuming t h a t  PB i s  reasonably l a r g e ,  t h e  code must be chosen s o  

t h a t  

P(e/B) = P(accept/B)*P(e/accept ,B) < 2-30 

To approximate t h i s  expression w e  assume t h a t  when t h e  system i s  i n  t h e  bad 

1 
s t a t e  (P -1, t h e  r e c e i v e r ,  a f t e r  assuming some synchronization pos i t i on ,  is 

0 2 

e s s e n t i a l l y  looking a t  a random sequence of words. Once he accep t s  a word 

i t  i s  equa l ly  l i k e l y  t o  be any code word. Hence 

1 
P(e/accept,B) = 1- - Q1 f o r  k>4 ; 

2n 
a l s o  



# of acceptable  o r  co r r ec t ab le  words 
P(accept/B) = t o t a l  # of poss ib l e  words 
synchronous 

The re fo re  if t h e  r e c e i v e r  can  c o r r e c t  e o r  fewer e r r o r s  ( e = ~  f o r  simple 

e r r o r  d e t e c t i o n ) ,  it is r e q u i r e d  t h a t  

s i n c e  t h e  number of acceptab le  words i s  increased by v i r t u e  of t h e  var ious  

p o s s i b l e  synchronizat ion p o s i t i o n s .  

( a )  I f  complete comma-freedom i s  required i n  a de t ec t ion  r e t r ans -  

m i s s i o n  system, S=n and 

F o r  n i n  t h e  1 0 0 C 3 2 0 0  range,  l og2(n )  is 7 o r  8. Therefore,  a t  most w e  

r e q u i r e  (n-k) > 40, i . e .  40 check b i t s  per word. Theore t i ca l ly ,  a l a rge  k /n  

i s  a v a i l a b l e  by t ak ing  n ( o r  k )  s u f f i c i e n t l y  l a rge .  However, t h e  s to rage  

a n d  c a l c u l a t i o n  (b inary  comparisons per  word) requirements increase  i n  

p r o p o r t i o n  t o  k(n-k) C241. For n i n  the range 100++200, t h e  poss ib le  k/n 

v a r i a t i o n  is .4t-->.7. Thus, i f  s torage and ca l cu la t ion  loading is t o  be 

I minimized a k / n  l i m i t a t i o n  o f  - (imposed by using a comma-free code) is  n o t  
2 

unduly  seve re .  In  gene ra l  however, t he  system can opera te  rel iably--with 

s y n c h r o n i z a t i o n  by any convent ional  "additive" method--at t ransmission r a t e s  

c o n s i d e r a b l y  above t h i s .  Notice t h a t  the e f f e c t  of uncer ta in ty  i n  synchroni- 

z a t i o n  c o n t r i b u t e s  l i t t l e  ( a d d i t i v e  log term) i n  t h e  determination of  t h e  2 

r e q u i r e d  redundancy. The r e s u l t s  a r e  only s l i g h t l y  a l t e r e d  ( l e s s  redundancy) 



i f  severa l  pos i t ion  invulnerabi l i ty  is required,  o r  i f  a s p c  c o r r e c t i o n  

t e s t i n g  procedure narrows the  candidate sync pos i t ions  down t o  t h e  s i n g l e  

"extrapolated" one spec i f i ed  by t h e  clock. 

(b)  I f  comma-freedom is required i n  a system t h a t  inc ludes  

s ing le  e r r o r  correc t ion  with the  de tec t ion  retransmission,  then 

For t h e  same range of  n, 210g2(n)%15 so  t h a t  we requi re  

The associa ted  poss ib le  va r i a t ion  of k/n is .35 .67. Again i n  c e r t a i n  

cases, t h e  system requirements (other  than synchronization) may r e q u i r e  t h a t  

1 
the  code length  be s h o r t ,  implying t h a t  the  r a t e  k/n i s  const ra ined t o  < - . 2'  
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