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A  sequential  decoder  for  decoding  a  systematic 
and  convolutional  code  signal  having  a  code  rate 
greater  than  1/2  and  carrying  out  error  correction 
:oding  of  the  code  signal,  wherein  a  locally  most 
ikely  path  in  a  plurality  of  possible  paths  for  a  newly 
-eceived  information  bit  is  determined  by  calculating 
a  branch  metric  indicating  likelihood  of  each  of  the 
plurality  of  possible  paths  in  accordance  with  a  pre- 
determined  algorithm.  The  path  decision  is  carried 
out  by  a  construction  including:  a  two-path  compar- 
ing  path  decision  circuit  (61)  for  receiving  a  pair  of 
bits  comprised  of  an  information  bit  and  a  parity  bit 
at  one  time  and  determining  a  locally  most  likely 
path  between  two  possible  paths  for  the  information 
bit;  a  four-path  comparing  path  decision  circuit  (62) 
for  receiving  a  pair  of  information  bits  at  one  time 
and  determining  a  locally  most  likely  path  among 
four  possible  paths  for  the  pair  of  information  bits;  a 
parity  bit  timing  detecting  circuit  (64)  for  detecting  a 
timing  of  an  input  of  the  above  pair  of  bits  com- 
prised  of  an  information  bit  and  a  parity  bit;  and  a 
selecting  circuit  (63)  for  selecting  an  output  of  the 
above  two-path  comparing  path  decision  circuit  (4  ) 
at  the  timing  of  the  input  of  the  above  pair  of  bits 

comprised  ot  an  inrarmation  Dit  ana  a  paruy  on,  ana 
selecting  an  output  of  the  above  four-path  comparing 
path  decision  circuit  (4')  at  the  timing  of  the  input  of 
the  above  pair  of  information  bits. 

SIGNALS  — 

I-  ig.  8 

-OMPAP.1NG PATH DECISION MEANS 

COMPARING RATH DECISION MEANS 

MEANS  I 
,  J., 
[PATH  j ■i  MEMORY  f—; I  MEANS  ! SIGNAL 

TIMING DETECTING MEANS 

xerox  uopy  uentre 



1 EP  0  355  850  A2 2 

SEQUENTIAL  DECODER 

BACKGROUND  OF  THE  INVENTION 

(1)  Field  of  the  Invention 

The  present  invention  relates  to  a  sequential 
decoder  for  decoding  a  systematic  and  con- 
volutional  code  signal  having  a  code  rate  greater 
than  1/2  and  carrying  out  error  correction  coding  of 
the  code  signal,  by  determining  a  locally  most 
likely  path  in  a  plurality  of  possible  paths  for  a 
newly  received  information  bit  by  calculating  a 
branch  metric  indicating  likelihood  of  each  of  the 
plurality  of  possible  paths  in  accordance  with  a 
predetermined  algorithm. 

Error  correction  coding  is  used  at  a  receiver 
side  for  enabling  correction  of  errors  occurring  dur- 
ing  transmission  of  data.  Figure  1  shows  the  con- 
struction  of  an  example  of  an  encoder  which  re- 
ceives  a  series  of  binary  data  consisting  of  informa- 
tion  bits  and  generates  a  parity  bit  for  each  in- 
formation  bit,  i.  e.,  the  encoder  of  Fig.  1  generates 
a  systematic  and  convolutional  code  signal  having 
a  code  rate  of  1/2.  An  example  of  coded  output 
corresponding  to  an  input  data  series  "0011101"  is 
shown  in  Figure  2. 

Usually,  sequential  decoders  have  an  internal 
encoder  identical  to  the  encoder  by  which  the 
transmitted  signal  has  been  encoded  on  the  sender 
side,  and  sequentially  decodes  the  transmitted  sig- 
nal  using  an  output  of  the"  internal  encoder,  and 
selects  a  locally  most  likely  value  of  the  transmitted 
signal  in  a  trial  and  error  method,  where  the  inter- 
nal  encoder  generates  a  parity  bit  from  information 
bits  which  are  decoded  in  the  sequential  decoder. 

Generally,  a  series  of  binary  data  can  be  ex- 
pressed  as  a  path  consisting  of  a  series  of 
branches  in  a  tree  diagram  as  shown  in  Figure  3. 
Therefore,  the  process  of  decoding  encoded  and 
transmitted  data  consists  of  determining  a  locally 
most  likely  path  consisting  of  a  series  of  branches 
in  a  tree  diagram,  and  locally  (at  each  node  of  the 
tree  diagram),  the  process  of  sequential  decoding 
corresponds  to  determination  (selection)  of  a  lo- 
cally  most  likely  branch  in  a  plurality  of  branches 
extending  forward  (to  the  right  in  Fig.  3)  from  the 
node. 

Calculation  of  the  likelihood  for  each  branch, 
and  the  determination  of  the  locally  most  likely 
path  is  carried  out  in  accordance  with  a  predeter- 
mined  algorithm.  The  most  popular  algorithm  is 
known  as  the  Fano  algorithm,  which  is  disclosed  by 
R.M.  Fano,  in  "Heuristic  Discussion  of  Probabilistic 
Decoding",  IEEE  Transaction  of  Information  The- 
ory,  Vol.  IT-19,  Apr.  1963,  pp.64-73,  and  U.  S. 

Patent  No.  3,457,562.  As  an  other  algorithm,  the 
stack  algorithm  which  was  independently  proposed 
by  Z.  Zigangirov  ("Some  Sequential  Decoding  Pro- 
cedures",  Probabl.  Peredachi  Inf.,  Vol.2,  No.4, 

5  1966,  pp.1  3-25),  and  F.  Jelinek  ("A  Fast  Sequential 
Decoding  Algorithm  Using  a  Stack",  IBM  J.  Res. 
Dev.,  Vol.13,  Nov.  1969,  pp.  675-685),  respectively, 
is  known.  The  present  invention  is  applicable  to 
sequential  decoder  using  both  these  algorithms. 

w  In  particular,  error  correction  coding  is  used  in 
the  field  of  satellite  communication  because  trans- 
mission  length  without  a  repeater  is  long  and  the 
power  of  the  received  signal  is  small  in  satellite 
communication. 

75 

(2)  Description  of  the  Related  Art 

Figure  4  shows  an  outlined  construction  of  a 
20  conventional  sequential  decoder  receiving  a  pair  of 

signal  bits  consisting  of  an  information  bit  and  a 
parity  bit  at  one  time  and  sequentially  decoding 
each  signal  bit  using  the  Fano  algorithm. 

In  the  field  of  satellite  communication,  quadra- 
25  ture  phase  shift  keying  is  often  used  to  modulate  a 

signal  to  be  transmitted.  In  the  quadrature  phase 
shift  keying  (QPSK),  a  pair  of  binary  signals  syn- 
chronized  with  each  other  are  modulated  as  four 
phase  states  of  the  carrier  wave,  i.  e.,  the  pair  of 

30  baseband  signals  (1,1)  is  modulated  to  the  phase 
state  W4,  the  pair  of  baseband  signals  (0,1)  is 
modulated  to  the  phase  state  3W4,  the  pair  of 
baseband  signals  (0,0)  is  modulated  to  the  phase 
state  -3-!r/4,  and  the  pair  of  baseband  signals  (1,0) 

35  is  modulated  to  the  phase  state  -ir/4.  On  the  re- 
ceiver  side,  received  signals  are  first  demodulated 
to  one  of  the  above  four  pairs  of  baseband  signals 
(1,1).  (0,1),  (0,0),  and  (1,0),  and  then  are  decoded 
in  a  sequential  decoder. 

40  When  the  transmitted  signals  are  generated  by 
the  encoder  as  shown  in  Fig.  1  ,  which  generates  a 
pair  of  coded  signal  bits  consisting  of  an  informa- 
tion  bit  and  a  parity  bit  as  shown  in  Figure  5,  the 
above  pair  of  the  baseband  signals  may  be  the  pair 

45  of  output  signals  of  the  encoder.  Therefore,  the  pair 
of  input  signals  of  the  sequential  decoder  of  Fig.  4 
may  be  the  QPSK  output  of  the  above  demodula- 
tor. 

In  Fig.  4,  reference  numeral  1  denotes  a  buffer 
so  memory,  2  denotes  a  pointer,  4  denotes  a  path 

decision  circuit,  5  denotes  a  search  direction  con- 
trol  circuit,  6  denotes  a  path  memory,  and  7  de- 
notes  an  address  counter. 

The  buffer  memory  1  receives  and  stores  re- 
ceived  and  demodulated  (coded)  data  consisting  of 

2 
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pair  of  bits  comprised  of  an  information  bit  ana  a 
arity  bit. 

The  path  decision  circuit  4  receives  a  pair  of 
oded  signals  consisting  of  an  information  bit  and  a 
arity  bit  at  one  time  from  the  buffer  memory  1, 
iternally  generates  a  parity  bit  from  decoded  in- 
jrmation  bits  by  an  internal  encoder  (not  shown  in 
ig.  4)  which  is  contained  in  the  path  decision 
ircuit  4,  calculates  the  branch  metric,  which  is 
efined  by  Fano  in  the  aforementioned  publica- 
ons,  "Heuristic  Discussion  of  Probabilistic  Decod- 
lg",  IEEE  Transaction  on  Information  Theory,  Vol. 
M9,  Apr.  1963,  pp.64-73,  and  the  U.  S.  Patent 
lo.  3,457,562,  for  each  information  bit,  which  in- 
icates  a  local  likelihood  for  each  possible  branch 
sr  the  information  bit  in  the  forward  direction  from 
ach  node  corresponding  to  the  information  bit  in 
ie  tree  diagram  as  shown  in  Fig.  3,  selects  a 
Dcally  (at  the  node)  most  likely  branch  (path) 
lased  on  the  above-calculated  branch  metric,  and 
lutputs  the  decoded  signal  bits  corresponding  to 
he  above-selected  branch.  The  decoded  signals 
ire  then  written  in  the  path  memory  6. 

The  above  branch  metric  obtained  in  the  path 
lecision  circuit  4  is  supplied  to  the  search  direction 
:ontrol  circuit  5. 

The  search  direction  control  circuit  5  accu- 
nulates  branch  metrics  of  the  branches,  each  of 
vhich  has  been  selected  as  a  locally  most  likely 
jranch  at  each  corresponding  node  on  the  selected 
)ath,  to  obtain  the  path  metric,  and  holds  the  path 
netric,  i.  e.,  the  search  direction  control  circuit  5 
adds  a  branch  metric  in  the  forward  direction  which 
s  newly  received  from  the  path  decision  circuit  4, 
o  the  path  metric  held  in  the  search  direction 
control  circuit  5,  or  subtracts  a  branch  metric  in  the 
backward  direction  which  is  calculated  in  the  path 
decision  circuit  4,  from  the  path  metric  held  in  the 
search  direction  control  circuit  5.  The  search  direc- 
:ion  control  circuit  5  then  determines  the  above 
direction  of  the  search  by  comparing  the  above 
oath  metric  with  a  predetermined  threshold,  and 
makes  the  path  decision  circuit  4  carry  out  the 
search  operation  in  the  determined  direction  by 
supplying  a  search  direction  control  signal. 

If  the  above  path  metric  is  larger  than  a  thresh- 
old  which  is  predetermined  in  accordance  with  the 
Fano  algorithm,  it  is  determined  that  the  forward 
search  of  the  locally  most  likely  branch  can  be 
continued.  Or,  if  the  above  path  metric  is  not  larger 
than  the  threshold,  it  is  determined  that  the  preced- 
ing  forward  search  at  the  preceding  node,  wherein 
the  branch  from  the  preceding  node  to  the  above 
node  was  selected,  was  wrong,  and  the  operation 
of  search  must  be  restarted  from  the  preceding 
node  excluding  the  wrong  branch. 

According  to  the  Fano  algorithm,  the  path  met- 
ric  at  each  node  is  renewed  when  the  operation  is 

sninea  rrom  one  noae  iu  uiw  next,  i.  mo  yaui 
metric  is  not  memorized  at  the  timing  of  the  opera- 
tion  at  the  next  node.  Therefore,  when  returning  to 
the  preceding  node  from  the  above  wrong  node, 

i  the  branch  metric  from  the  wrong  node  to  the 
preceding  node  must  be  calculated  and  the  cal- 
culated  branch  metric  is  subtracted  from  the  path 
metric  at  the  wrong  node  to  again  obtain  the  path 
metric  at  the  preceding  node.  This  is  the  backward 

o  search  process  in  accordance  with  the  Fano  al- 
gorithm. 

The  above  operation  by  the  path  decision  cir- 
cuit  4  is  a  well-known  procedure  in  accordance 
with  the  Fano  algorithm.  An  example  of  the  path 

5  search  according  to  the  Fano  algorithm  is  shown  in 
Figure  6,  wherein  references  a,  b,  c,  ...  are  each 
denote  a  node. 

Going  back  to  Fig.  4,  the  path  memory  6 
receives  and  holds  the  output  of  the  path  decision 

o  circuit  4  by  the  above  forward  search,  and  outputs 
the  previously  held  decoded  values  back  to  the 
path  decision  circuit  4  for  use  in  the  backward 
search. 

The  address  counter  1  outputs  an  address  to 
is  both  the  buffer  memory  1  and  the  path  memory  6. 

A  newly  received  bit  of  coded  data  is  written  in  an 
address  which  is  determined  by  the  above  address 
from  the  address  counter  1,  and  one  bit  of  de- 
coded  data  which  has  been  held  in  an  address 

jo  which  is  also  determined  by  the  above  address 
from  the  address  counter  1  in  the  path  memory  6, 
is  read  out. 

The  pointer  2  outputs  the  operating  address  of 
the  path  decision  circuit  4,  i.  e.,  outputs  the  ad- 

js  dress  of  the  node  from  which  node  a  locally  most 
likely  path  (branch)  is  obtained  by  calculating 
branch  metrics  for  all  possible  branches  from  the 
node  in  the  forward  or  backward  direction. 

Furthermore,  in  the  prior  art,  some  of  the  parity 
40  bits  are  removed  from  the  series  of  output  bits  of 

the  encoder  at  a  predetermined  rate  before  being 
modulated  on  the  sender  side  to  increase  the  code 
rate,  i.  e.,  to  increase  transmission  efficiency.  This 
method  is  called  the  punctured  method. 

45  Figure  7  shows  an  example  of  data  generated 
by  applying  the  punctured  method  to  the  output  of 
the  encoder  which  generates  a  pair  of  an  informa- 
tion  bit  and  a  corresponding  parity  bit  as  shown  in 
Fig.  5.  In  this  example,  parity  bits  except  the  3n-th 

50  parity  bits,  P3,  Ps,  -  are  removed  from  the  series 
of  Fig.  5.  In  addition,  in  Fig.  7,  each  (2n-1)-th  bit 
and  2n-th  bits  are  paired  for  QPSK  modulation. 

In  the  prior  art,  when  the  series  of  the  punc- 
tured  and  paired  signals  (for  example,  having  a 

55  form  as  in  Fig.  7)  are  received  through  a  de- 
modulator  at  the  receiver  side,  the  form  of  the 
series  of  punctured  and  paired  signals  as  shown  in 
Fig.  7  are  transformed  back  to  the  form  as  shown 
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in  Fig.  5  by  inserting  dummy  bits  in  the  positions 
where  the  parity  bits  were  previously  removed.  The 
transformed  series  of  paired  signals  are  then  de- 
coded  in  the  sequential  decoder  as  shown  in  Fig. 
4. 

Generally,  fast  operation  of  the  sequential  de- 
coder  is  required.  However,  by  the  construction  of 
Fig.  4,  only  one  information  bit  is  decoded  through 
one  forward  search  operation.  Further,  by  the 
above  punctured  method,  the  inserted  dummy  bits 
generally  do  not  coincide  with  the  corresponding 
correct  parity  bits,  and  therefore,  the  above  inser- 
tion  of  dummy  bits  substantially  increases  the 
number  of  errors,  and  thus  the  backward  search 
operation  of  the  Fano  algorithm  is  more  frequently 
carried  out.  This  further  lowers  the  decoding 
speed. 

SUMMARY  OF  THE  INVENTION 

An  object  of  the  present  invention  is  to  provide 
a  sequential  decoder  wherein  the  speed  of  decod- 
ing  systematic  codes  having  a  high  code  rate  is 
increased. 

According  to  the  present  invention,  there  is 
provided  a  sequential  decoder  for  decoding  a  sys- 
tematic  and  convolutional  code  signal  having  a 
code  rate  greater  than  1/2  and  carrying  out  error 
correction  coding  of  the  code  signal,  comprising  a 
path  decision  means  for  determining  a  locally  most 
likely  path  in  a  plurality  of  possible  paths  for  a 
newly  received  information  bit  by  calculating  a 
branch  metric  indicating  the  likelihood  of  each  of 
the  plurality  of  possible  paths  in  accordance  with  a 
predetermined  algorithm,  wherein  the  path  decision 
means  comprises:  a  two-path  comparing  path  de- 
cision  means  for  receiving  a  pair  of  bits  comprised 
of  an  information  bit  and  a  parity  bit  at  one  time 
and  determining  a  locally  most  likely  path  between 
two  possible  paths  for  the  information  bit;  a  four- 
path  comparing  path  decision  means  for  receiving 
a  pair  of  information  bits  at  one  time  and  determin- 
ing  a  locally  most  likely  path  among  four  possible 
paths  for  the  pair  of  information  bits;  a  parity  bit 
timing  detecting  means  for  detecting  the  timing  of 
an  input  of  the  pair  of  bits  comprised  of  an  informa- 
tion  bit  and  a  parity  bit;  and  a  selecting  means  for 
selecting  an  output  of  the  two-path  comparing  path 
decision  means  at  the  timing  of  the  detection  of  the 
input  of  the  pair  of  bits  comprised  of  an  information 
bit  and  a  parity  bit,  and  selecting  an  output  of  the 
four-path  comparing  path  decision  means  at  the 
timing  of  the  input  of  the  pair  of  information  bits. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

In  the  drawings: 
Figure  1  shows  the  construction  of  an  exam- 

ple  of  an  encoder  which  receives  a  series  of  binary 
data  consisting  of  information  bits  and  generates  a 

5  parity  bit  for  each  information  bit; 
Figure  2  shows  an  example  of  a  coded  result 

for  an  input  data  series  "001  1  101  "; 
Figure  3  shows  an  example  of  a  tree  dia- 

gram; 
10  Figure  4  shows  an  outline  of  the  construction 

of  a  conventional  sequential  decoder  receiving  a 
pair  of  signal  bits  consisting  of  an  information  bit 
and  a  parity  bit  at  one  time  and  sequentially  de- 
coding  each  signal  bit  using  the  Fano  algorithm; 

15  Figure  5  shows  pairs  of  coded  signal  bits 
each  pair  consisting  of  an  information  bit  and  a 
parity  bit; 

Figure  6  shows  an  example  of  the  path 
search  according  to  the  Fano  algorithm; 

20  Figure  7  shows  an  example  of  data  gen- 
erated  by  applying  the  punctured  method  to  the 
coded  signal  bits  as  shown  in  Fig.  5; 

Figure  8  shows  a  basic  construction  of  the 
present  invention; 

25  Figure  9  shows  a  typical  operation  of  the 
present  invention; 

Figure  10  shows  the  outline  of  the  construc- 
tion  of  the  embodiment  of  the  present  invention; 

Figure  1  1  shows  the  construction  of  the  path 
30  decision  circuit  A  in  the  construction  of  the  se- 

quential  decoder  according  to  the  present  inven- 
tion; 

Figure  12  shows  the  outline  of  the  operation 
of  the  forward  branch  metric  calculating  circuit  11 

35  in  Fig.  1  1  ;  and 
Figure  13  shows  the  construction  of  the  for- 

ward  branch  metric  calculating  circuit  1  1  in  Fig.  1  1  . 

40  DESCRIPTION  OF  THE  PREFERRED  EMBODI- 
MENTS 

Before  describing  the  preferred  embodiment  of 
the  present  invention,  first,  the  basic  principle  of 

45  the  present  invention  is  explained  below. 
Figure  8  shows  a  basic  construction  of  the 

present  invention. 
In  Fig.  8,  reference  numeral  61  denotes  a  two- 

path  comparing  path  decision  means,  62  denotes  a 
so  four-path  comparing  path  decision  means,  63  de- 

notes  a  selecting  means,  64  denotes  a  parity  bit 
timing  detecting  means,  and  65  denotes  a  path 
memory  means. 

The  function  of  each  of  the  above  components 
55  and  the  relationship  between  each  other  are  de- 

scribed  in  the  summary  of  the  invention. 
Namely,  the  sequential  decoder  according  to 

the  present  invention  receives  a  paired  code  signal 

4 
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laving  a  code  rate  greater  than  1/2  and  having  a 
orm  as  shown  in  Fig.  7,  i.  e.,  a  paired  code 
insisting  of  a  pair  of  information  bits  and  a  pe- 
iodically  appearing  pair  of  bits  comprised  of  an 
information  bit  and  a  parity  bit,  without  inserting 
iny  dummy  bits.  When  the  above  pair  of  bits 
:omprised  of  an  information  bit  and  a  parity  bit  is 
eceived,  the  sequential  decoder  carries  out  two- 
)ath  comparing  path  decision  in  accordance  with  a 
redetermined  algorithm.  Or,  when  the  above  pair 
)f  information  bits  are  received,  the  sequential  de- 
ader  carries  out  four-path  comparing  path  de- 
:ision  in  accordance  with  the  predetermined  al- 
jorithm. 

The  above  "two-path  comparing"  means  to  de- 
ermine  a  locally  most  likely  path  between  two 
jossible  paths  or  branches  (which  correspond  to 
he  two  possible  values  "0"  and  "1"  for  one  in- 
ormation  bit)  by  comparing  the  likelihoods  for  two 
jaths  in  accordance  with  the  predetermined  al- 
gorithm,  and  the  above  ,  "four-path  comparing" 
neans  to  determine  a  locally  most  likely  path 
among  four  possible  paths  or  branches  (which  cor- 
respond  to  the  four  possible  combinations  of  the 
/alues  of  two  information  bits  (1,1),  (1,0),  (0,0),  and 
;0,1)  )  by  comparing  the  likelihoods  for  the  four 
Daths  in  accordance  with  the  predetermined  al- 
gorithm.  An  example  of  each  case  is  shown  in 
=igure  9. 

Figure  10  shows  an  outline  of  the  construction 
3f  the  embodiment  of  the  present  invention. 

In  Fig.  10,  the  same  reference  numerals  as  Fig. 
4  are  respectively  assigned  to  the  components 
which  appear  in  both  of  Figs.  4  and  10.  In  addition, 
n  the  construction  of  Fig.  11,  the  function  of  the 
path  decision  circuit  4  is  different  from  the  afore- 
mentioned  function  of  the  path  decision  circuit  4  in 
the  construction  of  Fig.  4,  and  a  parity  detection 
circuit  3  is  added. 

The  input  data  of  the  construction  of  the  se- 
quential  decoder  shown  in  Fig.  10  is  assumed  to 
be  a  systematic  and  convolutional  code  signal  hav- 
ing  a  code  rate  greater  than  1/2,  consisting  of 
information  bits  and  the  parity  bits,  then  the  code 
signal  is  paired,  and  each  pair  of  the  series  of  data 
bits  are  simultaneously  input  into  the  sequential 
decoder  at  each  input  timing,  where  each  pair 
consists  of  an  information  bit  and  a  parity  bit,  or 
two  information  bits,  for  example,  as  shown  in  Fig. 
7. 

The  latter  input  requirement  does  not  impose  a 
substantial  limit  on  the  applicability  of  the  sequen- 
tial  decoder  of  Fig.  10  and  the  present  invention 
because  any  form  of  data  consisting  of  information 
bits  and  parity  bits  and  having  a  code  rate  greater 
than  1/2  can  be  transformed  into  a  two-row  series 
form  wherein  each  pair  consists  of  an  information 
bit  and  a  parity  bit,  or  two  information  bits.  Al- 

tnougn  tne  two-row  series  diis  oi  coaeu  siyndi 
shown  in  Fig.  7  is  an  example  of  the  coded  signal 
which  is  generated  by  the  punctured  method,  the 
scope  of  the  present  invention  is  not  limited  to  the 

5  coded  signal  generated  by  the  punctured  method. 
The  present  invention  and  therefore  the  embodi- 
ment  shown  in  Figs.  10  to  13  are  generally  ap- 
plicable  to  all  systematic  and  convolutional  code 
signals  having  a  code  rate  greater  than  1/2. 

o  Figure  11  shows  the  construction  of  the  path 
decision  circuit  4  in  the  construction  of  the  se- 
quential  decoder  according  to  the  present  inven- 
tion. 

In  Fig.  11,  reference  numeral  11  denotes  a 
rs  forward  branch  metric  calculation  circuit,  12  de- 

notes  a  backward  branch  metric  calculation  circuit, 
13  denotes  an  internal  encoder  portion,  14  and  15 
each  denote  a  shift  register,  16,  17,  18,  19,  20,  and 
21  each  denote  a  flip-flop  circuit,  22  and  23  each 

?o  denotes  a  selector,  and  24,  25,  26,  and  27  each 
denotes  an  adder  of  modulo  two. 

The  forward  branch  metric  calculation  circuit  1  1 
receives  the  aforementioned  pair  of  coded  signal 
bits  at  one  time  from  the  buffer  memory  1  ,  carries 

25  out  the  aforementioned  forward  search  in  the  Fano 
algorithm,  and  outputs  a  branch  metric  from  a  node 
the  address  of  which  is  indicated  by  the  pointer  2, 
to  another  node  selected  as  a  locally  most  likely 
one  by  the  above  forward  search,  and  the  decoded 

30  signals  corresponding  to  the  selected  node.  The 
forward  branch  metric  calculation  circuit  11  further 
receives  a  search  direction  control  signal,  a  skip 
signal,  a  parity  bit  timing  detection  signal,  and  the 
code  rate  data,  as  control  signals. 

35  The  search  direction  control  signal  is  the  out- 
put  of  the  aforementioned  search  direction  control 
circuit  5  which  is  shown  in  Fig.  10  and  functions 
the  same  as  the  search  direction  control  circuit  5 
shown  in  Fig.  4,  and  indicates  whether  the  forward 

40  search  operation  or  the  backward  search  should  be 
carried  out. 

The  code  rate  data  is  given  to  the'  forward 
branch  metric  calculation  circuit  11  and  the  back- 
ward  branch  metric  calculation  circuit  12  because 

45  the  Fano  metric  depends  on  the  code  rate. 
The  skip  signal  is  generated  by  an  overflow 

monitor  circuit  and  a  skip  control  circuit.  A  switch- 
ing  portion  is  incorporated  in  the  final  stage  of  the 
forward  branch  metric  calculation  circuit  11.  (The 

so  above  overflow  monitor  circuit,  a  skip  control  cir- 
cuit,  and  -a  switching  portion  are  not  shown  in  this 
application  but  are  described  in  the  U.  S.  Patent 
No.,4,71  0,746  by  the  applicants)  to  skip  the  error 
correcting  operation  by  the  forward  branch  metric 

55  calculation  circuit  1  1  when  an  overflow  of  the  buffer 
memory  1  due  to  an  error-rich  portion  of  the  re- 
ceived  data  is  detected  in  the  overflow  detector. 
Such  an  error-rich  portion  is  detected  when  the 
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phase  in  the  QPSK  demodulator  is  not  matched, 
and  therefore  the  above  skip  signal  is  applied  to 
the  forward  branch  metric  calculation  circuit  11 
until  the  phase  is  matched. 

The  parity  bit  timing  detection  signal  applied  to 
the  forward  branch  metric  calculation  circuit  1  1  and 
the  backward  branch  metric  calculation  circuit  12 
are  generated  in  the  parity  bit  timing  detection 
circuit  in  Fig.  10. 

The  parity  detection  circuit  3  detects  each  tim- 
ing  of  an  input  of  a  pair  of  bits  comprised  of  an 
information  bit  and  a  parity  bit  in  a  two-bit  form  of  a 
series  of  coded  signals  as  shown  in  Fig.  7  accord- 
ing  to  the  output  of  the  pointer  2.  When  the  timing- 
(s)  of  input  of  the  pair  of  bits  comprised  of  an 
information  bit  and  a  parity  bit  in  one  code  length, 
is  determined  in  advance,  the  parity  detection  cir- 
cuit  3  can  detect  the  timing(s)  of  one  or  more 
inputs  of  one  or  more  pairs  of  bits  comprised  of  an 
information  bit  and  a  parity  bit,  in  each  cycle  of  the 
code  length. 

The  flow  of  the  outline  of  the  operation  of  the 
forward  branch  metric  calculation  circuit  11  is 
shown  in  Figure  12. 

In  the  step  71  of  Fig.  12,  the  direction  of  the 
search  operation  according  to  the  Fano  algorithm  is 
determined  from  the  status  of  the  received  search 
direction  control  signal. 

If  it  is  determined  that  the  direction  of  the 
search  is  forward,  the  maximum  branch  metric  in 
the  forward  direction  from  the  node  whose  address 
is  indicated  by  the  pointer  2  is  obtained,  and  the 
corresponding  decoded  signal  bits  are  output.  At 
the  same  time,  the  maximum  branch  metric  is 
supplied  to  the  search  direction  control  circuit  5  of 
Fig.  10. 

In  the  step  71  of  Fig.  1  2,  if  it  is  determined  that 
the  direction  of  the  search  is  backward,  the  opera- 
tion  goes  to  the  step  73,  and  it  is  determined 
whether  or  not  the  operation  has  come  back  to  the 
previous  node  from  a  branch  corresponding  to  a 
minimum  branch  metric. 

If  "yes"  is  determined  in  the  step  73,  i.  e., 
when  the  operation  has  just  come  back  from  a 
branch  corresponding  to  a  minimum  branch  metric, 
a  forward  search  completion  signal  is  output  from 
the  forward  branch  metric  calculation  circuit  11  in 
the  step  74. 

If  "no"  is  determined  in  the  step  73,  i.  e.,  when 
the  operation  has  not  come  back  from  a  branch 
corresponding  to  a  minimum  branch  metric,  a 
branch  from  the  node  whose  branch  metric  is  the 
next  smaller  than  the  branch  metric  of  the  branch 
through  which  the  operation  has  just  come  back 
from  the  above  wrong  branch  node,  is  selected, 
and  the  corresponding  decoded  signal  bits  are 
output.  The  above  next  smaller  branch  metric  is 
supplied  to  the  search  direction  control  circuit  5  in 

the  step  75. 
Before  explaining  the  operations  of  the  other 

portions  of  the  construction  shown  in  Fig.  11,  the 
construction  of  the  forward  branch  metric  calcula- 

5  tion  circuit  1  1  is  explained  with  reference  to  Figure 
13. 

Figure  13  shows  the  construction  of  the  for- 
ward  branch  metric  calculation  circuit  11  in  Fig.  11. 

In  Fig.  13,  reference  numeral  31  denotes  a  two- 
10  path  comparing  path  decision  circuit,  32  denotes  a 

four-path  comparing  path  decision  circuit,  33,  34, 
and  35  each  denote  a  selector,  36  and  37  each 
denote  an  adder  of  modulo  two,  38  and  39  each 
denote  a  Fano  metric  memory,  and  40  denotes  an 

15  adder. 
The  two-path  comparing  path  decision  circuit 

31  is  constructed  by  a  hardware  logic  circuit,  and 
realizes  the  aforementioned  function  of  selecting  a 
locally  most  likely  branch  between  two  possible 

20  branches  from  the  operating  node  corresponding  to 
a  reception  of  a  pair  of  coded  signal  bits  consisting 
of  an  information  bit  and  a  parity  bit. 

The  path  decision  circuit  32  is  constructed  by 
a  hardware  logic  circuit,  and  realizes  the  aforemen- 

25  tioned  function  of  selecting  a  locally  most  likely 
branch  among  four  possible  branches  from  the 
operating  node  corresponding  to  a  reception  of  a 
pair  of  coded  signal  bits  consisting  of  two  informa- 
tion  bits. 

30  In  each  of  the  above  constructions  of  two-path 
comparing  path  decision  circuit  31  and  the  four- 
path  comparing  path  decision  circuit  32,  the  path 
metric  can  be  defined  in  accordance  with  the  pro- 
cedure  disclosed  in  the  aforementioned  publica- 

35  tions,  R.M.  Fano,  in  "Heuristic  Discussion  of  Pro- 
babilistic  Decoding",  IEEE  Transaction  of  Informa- 
tion  Theory,  Vol.  IT-19,  Apr.  1963,  pp.64-73,  and 
the  U.  S.  Patent  No.  3,457,562.  Further,  the  follow- 
ing  publications  disclose  the  Fano  algorithm  and 

40  the  constructions  for  carrying  out  the  Fano  al- 
gorithm:  J.  W.  Layland  and  W.  A.  Lushbaugh, 
"Flexible  High-Speed  Sequential  Decoder  for  Deep 
Space  Channels",  IEEE  Transaction  on  Commu- 
nication  Technology,  Vol.  COM-19,  No.5,  Oct., 

45  1  971,  pp.81  3-820;  G.  D.  Forney,  Jr.,  and  E.  K. 
Bower,  "A  High-Speed  Sequential  Decoder,  Proto- 
type  Design  and  Test",  IEEE  Transaction  on  Com- 
munication  Technology,  Vol.  COM-19,  No.5,  Oct., 
1971,  pp.821  -835;  and  K.  Gilhousen  and  D.  R. 

50  Lumb,  "A  Very  High  Speed  Sequential  Decoder"  in 
the  Proceedings  of  National  Telecommunication 
Conference,  1972. 

One  of  the  above  two-path  comparing  path 
decision  circuit  31  and  the  four-path  comparing 

55  path  decision  circuit  32  operates  in  accordance 
with  the  search  direction  control  signal.  The  above- 
mentioned  forward  search  completion  signal,  and 
each  of  two  bits  of  the  decoded  signals  are  each 

6 
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elected  in  the  corresponding  selector  3.3,  34,  or 
5,  in  accordance  with  the  parity  bit  timing  detec- 
on  circuit  3. 

To  each  of  the  two-path  comparing  path  de- 
ision  circuit  31  and  the  four-path  comparing  path 
ecision  circuit  32,  the  previously  decoded  data 
its  necessary  for  the  decision  in  each  circuit  is 
irovided  through  the  aforementioned  shift  register 
4  or  15. 

The  decoded  data  bits  which  are  output 
irough  the  selectors  34  and  35  are  each  com- 
iared  with  the  corresponding  input  bits  at  the  ad- 
lers  36  and  37,  and  the  outputs  of  the  adders  36 
md  37  are  each  applied  to  the  corresponding  one 
if  the  Fano  metric  memories  38  and  39  as  a  read- 
iut  address.  The  Fano  metric  memories  38  and  39 
lold  the  path  metric  values  corresponding  to  all 
jossible  outputs  of  the  corresponding  adder  36  or 
17,  and  each  of  the  Fano  metric  memories  38  and 
17  outputs  the  forward  branch  metric  value  cor- 
esponding  to  the  comparison  result  in  the  adders 
16  and  37.  The  outputs  of  the  Fano  metric  memo- 
ies  38  and  37  are  added  in  the  adder  40,  and  then 
he  output  of  the  adder  40  is  supplied  to  the  search 
iirection  control  circuit  5. 

Going  back  to  the  construction  of  Fig.  11,  the 
jackward  branch  metric  calculation  circuit  12  cal- 
:ulates  the  branch  metric  from  the  wrong  node, 
vhich  is  detected  in  the  search  direction  control 
:ircuit  6  by  comparing  the  path  metric  with  a 
hreshold  determined  in  accordance  with  the  Fano 
algorithm,  back  to  the  previous  node  at  which  the 
vrong  branch  leading  to  the  present  wrong  node 
vas  selected.  The  calculated  result  is  supplied  to 
:he  search  direction  control  circuit  5  as  a  backward 
Dranch  metric.  The  backward  branch  metric  is  then 
added  to  the  path  metric  held  in  the  search  direc- 
:ion  control  circuit  5,  and  thus  the  path  metric  is 
'enewed  corresponding  to  the  above  process  of 
going  back  to  a  previous  operating  node. 

In  the  internal  encoder  portion  13,  the  shift 
register  14  and  the  adders  24  and  25  constitute  an 
internal  encoder,  and  the  shift  register  15  and  the 
adders  26  and  27  constitute  another  internal  en- 
coder.  Each  of  the  internal  encoders  is  equivalent 
to  the  encoder  which  encodes  the  transmitted  sig- 
nal  on  the  sender  side. 

Each  of  the  shift  registers  14  and  15  shift  data 
bits  in  itself  to  the  right  or  left  in  accordance  with 
the  output  address  of  the  pointer  2  shown  in  Fig. 
10,  and  each  of  a  pair  of  newly  decoded  signal  bits 
are  input  into  the  corresponding  one  of  the  shift 
registers  14  and  15  from  the  left  end. 

Predetermined  bits  of  the  shift  register  14  are 
connected  to  the  adder  24,  and  the  adder  24 
outputs  a  parity  bit  corresponding  to  decoded  sig- 
nals  from  the  forward  branch  metric  calculation 
circuit  11,  and  the  parity  bit  is  used  in  the  forward 

orancn  metric  calculation  uiruuu  i  i  iui  ucici  iiy 
the  locally  most  likely  branch  in  accordance  with 
the  Fano  algorithm. 

The  other  adder  25  is  connected  to  the  bits  of 
i  the  shift  register  14  each  of  which  bits  is  at  a  one- 

bit-delayed  position  from  the  corresponding  one  of 
the  above  predetermined  bits  for  the  adder  24,  and 
a  parity  bit  obtained  as  the  output  of  the  adder  25 
is  used  in  the  backward  branch  metric  calculation 

o  circuit  12  for  calculating  the  backward  branch  met- 
ric  in  accordance  with  the  Fano  algorithm. 

The  above  one  bit  delay  is  necessary  because 
the  operating  node  is  at  the  left  end  of  a  branch  in 
a  tree  diagram  when  a  forward  branch  metric  is 

5  calculated,  and  the  operating  node  is  at  the  right 
end  of  a  branch  in  a  tree  diagram  when  a  backward 
branch  metric  is  calculated,  although  a  branch  met- 
ric  is  calculated  as  the  path  metric  from  the  left 
end  node  of  the  branch  to  the  right  end  node  of  the 

>o  branch  in  the  same  manner  in  both  the  forward 
branch  metric  calculation  circuit  11  and  the  back- 
ward  branch  metric  calculation  circuit  12 

In  the  construction  of  Fig.  1  1  ,  the  flip-flop  cir- 
cuit  16  is  provided  between  the  forward  branch 

is  metric  calculation  circuit  11  and  the  shift  register 
14  in  the  backward  direction,  the  flip-flop  circuit  17 
is  provided  between  the  backward  branch  metric 
calculation  circuit  12  and  the  shift  register  15  in  the 
backward  direction,  the  flip-flop  circuit  18  is  pro- 

jo  vided  between  the  path  memory  6  and  the  shift 
register  14  in  the  forward  direction,  and  the  flip-flop 
circuit  20  is  provided  between  the  path  memory  6 
and  the  shift  register  15  in  the  forward  direction.  In 
addition,  the  flip-flop  circuit  19  and  the  selector  22 

35  are  connected  in  series  between  the  path  memory 
6  and  the  shift  register  14  in  the  backward  direc- 
tion,  and  the  flip-flop  circuit  21  and  the  selector  23 
are  connected  in  series  between  the  path  memory 
6  and  the  shift  register  15  in  the  backward  direc- 

40  tion.  The  selector  22  receives  the  outputs  of  the 
flip-flop  circuits  18  and  19  and  the  output  of  the 
path  memory  6,  and  applies  its  output  to  the  flip- 
flop  circuit  19.  The  selector  23  receives  the  outputs 
of  the  flip-flop  circuits  20  and  21  and  the  output  of 

45  the  path  memory  6,  and  applies  its  output  to  the 
flip-flop  circuit  20. 

When  a  branch  is  selected  and  the  branch 
metric  is  calculated  in  the  step  75  of  Fig.  12, 
previously  decoded  data  which  is  held  in  the  .con- 

50  struction  between  the  forward  branch  metric  cal- 
culation  circuit  11  and  the  path  memory  6  are 
used,  and  the  decoded  data  to  be  used  in  the 
forward  branch  metric  calculation  circuit  11  is 
transferred  through  the  selector  22  and  23,  the  flip- 

55  flop  circuit  19  and  21,  the  shift  register  14  and  15, 
and  the  flip-flop  circuit  16  and  17  to  the  forward 
branch  metric  calculation  circuit  11.  Or  when  a 
backward  branch  metric  is  calculated,  the  decoded 
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data  to  be  used  in  the  backward  branch  metric 
calculation  circuit  12  is  transferred  through  the  se- 
lector  22  and  23,  the  flip-flop  circuit  19  and  21,  and 
the  shift  register  14  and  15. 

When  a  branch  is  selected  and  the  branch 
metric  is  calculated  in  the  step  75  of  Fig.  12, 
decoded  data  bits  (information  bits)  which  are  gen- 
erated  in  the  preceding  operating  node  in  the  back- 
ward  direction  are  held  in  the  flip-flop  circuits  16 
and  17. 

A  decoded  data  bit  output  from  the  right  end  of 
the  shift  register  14  or  15  is  held  in  the  flip-flop 
circuit  18  or  20.  If  data  bits  between  the  forward 
branch  metric  calculation  circuit  11  and  the  path 
memory  6  are  shifted  in  the  backward  direction  in 
the  next  operation,  the  data  bit  held  in  the  flip-flop 
circuit  18  or  20  is  input  into  the  flip-flop  circuit  19 
or  21  through  the  selector  22  or  23,  and  then  input 
into  the  right  end  bit  of  the  shift  register  14  or  15. 
Since  it  takes  considerable  time  to  read  out  a  data 
bit  held  in  the  path  memory,  the  above  construc- 
tion  of  the  flip-flop  circuits  18,  19,  20,  and  21,  and 
the  selectors  22  and  23  eliminate  the  waiting  time 
for  reading  out  a  first  bit  from  the  path  memory  6. 

Further,  since  the  pointer  address  is  not  shifted  ■ 
when  the  threshold  value  is  lowered  in  accordance 
with  the  Fano  algorithm,  the  decoded  data  bits  in 
the  flip-flop  circuits  19  and  21  are  each  maintained 
in  a  loop  which  is  made  by  connecting  the  output 
of  the  flip-flop  circuit  19  or  21  to  its  own  input, 
respectively. 

In  the  conventional  sequential  decoder,  only  a 
two-path  decision  circuit  and  only  one  shift  register, 
through  which  decoded  information  bits  are  shifted 
to  the  right  or  left,  and  in  which  internal  encoding 
(generation  of  parity  bits)  is  carried  out  using  bits 
at  predetermined  positions,  are  provided  in  the 
path  decision  circuit  4  in  the  construction  of  Fig.  4, 
and  therefore,  only  one  information  bit  is  processed 
for  one  output  address  of  the  pointer  5  of  Fig.  4. 
Since  there  is  a  limit  in  the  renewal  speed  of  the 
pointer  5,  which  is  determined  by  the  operating 
clock  of  the  sequential  decoder,  the  renewal  speed 
imposes  a  limit  on  the  processing  speed  of  the 
decoding. 

However,  in  the  construction  of  the  embodi- 
ment  of  the  present  invention  as  shown  in  Figs.  1  1 
and  13,  when  a  pair  of  information  bits  is  input  into 
the  sequential  decoder,  the  decoded  output  of  the 
four-path  comparing  path  decision  circuit  32  con- 
sisting  of  two  decoded  information  bits  are  selected 
as  the  output  of  the  forward  branch  metric  calcula- 
tion  circuit  11,  and  then  each  of  the  decoded 
information  bits  is  input  into  the  left  end  bit  of  the 
corresponding  one  of  the  shift  registers  14  and  15. 
Therefore,  when  a  pair  of  information  bits  are  input 
into  the  sequential  decoder,  two  information  bits 
are  processed  for  an  address  of  the  pointer  2. 

Thus,  the  processing  speed  of  the  sequential  de- 
coder  is  increased  by  the  present  invention. 

Reference  signs  in  the  claims  are  intended  for 
better  understanding  and  shall  not  limit  the  claims. 

Claims 

1  .  A  sequential  decoder  for  decoding  a  system- 
10  atic  and  convolutional  code  signal  having  a  code 

rate  greater  than  1/2  and  carrying  out  error  correc- 
tion  coding  of  said  code  signal,  comprising  a  path 
decision  means  (4  )  for  determining  a  locally  most 
likely  path  in  a  plurality  of  possible  paths  for  a 

15  newly  received  information  bit  by  calculating  a 
branch  metric  indicating  likelihood  of  each  of  said 
plurality  of  possible  paths  in  accordance  with  a 
predetermined  algorithm,  wherein 
said  path  decision  means  comprises: 

20  a  two-path  comparing  path  decision  means  (61)  for 
receiving  a  pair  of  bits  comprised  of  an  information 
bit  and  a  parity  bit  at  one  time  and  determining  a 
locally  most  likely  path  between  two  possible  paths 
for  said  information  bit; 

25  a  four-path  comparing  path  decision  means  (62)  for 
receiving  a  pair  of  information  bits  at  one  time  and 
determining  a  locally  most  likely  path  among  four 
possible  paths  for  said  pair  of  information  bits; 
a  parity  bit  timing  detecting  means  (64)  for  detect- 

30  ing  a  timing  of  an  input  of  said  pair  of  bits  com- 
prised  of  an  information  bit  and  a  parity  bit;  and 
a  selecting  means  (63)  for  selecting  an  output  of 
said  two-path  comparing  path  decision  means  (61) 
at  the  ..timing  of  said  detection  of  the  input  of  the 

35  pair  of  bits  comprised  of  an  information  bit  and  a 
parity  bit,  and  selecting  an  output  of  said  four-path 
comparing  path  decision  means  (62)  at  the  timing 
of  the  input  of  the  pair  of  information  bits. 

2.  A  sequential  decoder  according  to  claim  1, 
40  further  comprising  a  path  memory  (6)  for  receiving 

and  holding  an  output  of  said  path  decision  means 
(4);  and 
each  of  said  two-path  comparing  path  decision 
means  (61)  and  said  four-path  comparing  path  de- 

45  cision  means  (62)  respectively  comprises  a  shift 
register  means  (1  4,  1  5)  for  transferring  each  output 
bit  of  said  path  decision  means  (4  )  by  shifting 
between  said  path  decision  means  (4  )  and  said 
path  memory  (6). 

so  3.  A  sequential  decoder  according  to  claim  2, 
wherein 
each  of  said  two-path  comparing  path  decision 
means  (61)  and  said  four-path  comparing  path  de- 
cision  means  (62)  respectively  further  comprises 

55  an  internal  encoder  along  with  each  of  said  shift 
registers. 

4.  A  sequential  decoder  according  to  claim  1, 
further  comprising  a  pointer  (2)  for  outputting  an 

8 
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perating  address  of  said  path  decision  means  (4), 
orresponding  to  each  pair  of  bits  which  are  input 
lto  said  path  decision  means  (4  ),  and 
aid  parity  bit  timing  detecting  means  (64)  detect- 
ig  said  timing  of  the  input  of  said  pair  of  bits  s 
omprised  of  an  information  bit  and  a  parity  bit  by 
lonitoring  each  output  of  said  pointer  (2). 
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