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Structures for applying a modification of Tanner's Al- 
gorithm B to decode convolutional codes and cyclic 
and quasi-cyclic errorcorrecting block codes. The 
structures comprise one or more parity processors and 
one or more update processors, wherein the parity 
equations for a block of code are computed by the par- 
ity processors and the reliability of each bit of the result 
is updated in the update processors using only one regis- 
ter for each bit and without storing received data past 
the first iteration. The modification to Tanner's Algo- 
rithm B is such that each iteration in the updating pro- 
cess is a function only of the results of the immediately 
previous iteration. A decoder structure receives data 
serially at a rate of one bit plus soft-decision inormation 
per clock cycle. The invention is applicable to decoding 
error-correcting codes used in digital communications. 
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Algorithm B can be viewed conceptually as the 
SEMI-SYSTOLIC ARCHITECTURE FOR placement of a processor at each node of the bipartite 

DECODING ERROR-CORRECTING CODEScl graph with communication links on the edges. The bit 
BACKGROUND OF THE INVENTION nodes have bit processors, and the parity equation nodes 

5 have parity processors. Decoding starts by putting the 
This invention relates to efficient decoding of error- input data into each bit processor and then sending the 

correcting codes and more particularly to architectures input data out from each bit processor to the parity 
for decoding large block errorcorrecting codes based processor. Each parity processor computes the exclu- 
on a class of non-optimal but computationally efficient sive-OR of the input bits connected to it. The corre- 
algorithms developed by Professor Michael Tanner of 10 sponding parity equation is satisfied if, and only if, the 
the University of California at Santa Cruz and known as result of the exclusive-OR is logic zero (FALSE). The 
Tanner's Algorithm B (hereafter Algorithm B). . results of the parity computations are sent back to the 

Error-correcting codes are used in digital communi- bit processors, which change their bit values if the ma- 
cations for conveying digitized information through jority of the parity computations are logical l's, i.e. the 
noisy channels. Noise causes errors to occur in the re- parity equations are not satisfied. 
ceived data. In the past, two approaches to decoding If soft-decision information is available, that is, if the 
errorcorrecting codes have become standard. One initial input data comes with reliability weights, the 
approach employs convolutional codes of relatively same interconnection structure can be used in a more 
short constraint lengths and the Viterbi optimal decod- sophisticated way. Each parity processor must compute 
ing algorithm. Although optimal decoding can be done 20 not only whether a parity equation is satisfied, but it 
by the Viterbi algorithm, the computational cost is high, must also tell the bit processors how seriously to take 
and the computational cost grows exponentially with the information. This can be done by having each parity 
the size of the code. Therefore, the Viterbi algorithm is processor compute the minimum of all data bit reliabili- 
limited to relatively simple codes that do not have par- ties excluding the data bit being modified. The bit pro- 
titularly good performance. 25 cessors then add the data bit reliability to the sum of the 

The second approach employs BCH codes and the reliabilities of all the satisfied parity equations, and sub- 
Berlekamp algorithm, as for example described in Alge- tract the reliabilities of the unsatisfied equations. If the 
braic Coding Theory. by E. R. Berlekamp, (NY: resulting reliability is less than zero, the data bit is 
McGraw-Hill Publishers, 1968). The Berlekamp decod- 30 changed, and the reliability negated. 
ing algorithm is preferred at low error rates where use The process of sending data bits and reliabilities to 
of a code with a large minimum distance is more impor- the parity processors and then updating the data bits 
tant than use of soft-decision information about the based on what the parity processors return can be re- 
value of a received bit. The Viterbi algorithm is pre- peated. For the codes that have been examined, 3 or 4 
ferred at high error rates, as it uses soft-decision infor- 35 iterations are usually enough to correct all the errors 
mation optimally to recover the communicated infor- that can be corrected by this technique. 
mation, and although these characteristics are described For convolutional codes, putting a processor at every 
in U.S. Pat. No. 4,295,218, they are repeated here in node of an infinite graph is not practical. However, by 
summary. limiting the number of iterations of the decoding pro- 

Tanner's Algorithm B is a departure from both the 40 cess, the distance that information is propagated can be 
Viterbi algorithm and the Berlekamp algorithm. Refer- limited. A finite structure can be constructed taking 
ence is made to U.S. Pat. No. 4,295,218 for a description advantage of the limitation on propagation, and the 
thereof. A brief description of Tanner's Algorithm B structure can be re-used to represent different portions 
and of terms used in the description of the invention is of the infinite graph. 
included herein. An understanding of the characteristics 45 Tanner's Algorithm B is explicitly designed to de- 
of Tanner's Algorithm B is important for an under- code well (though not optimally) using little 
standing of the present invention. computation. However, prior implementations of 

A linear error-correcting code can be represented as Tanner's Algorithm B required a separate register for 
set of parity equations. For convolutional codes, the set each connection between a bit and a parity equation, 
is infinite, but it has a regular structure that can be com- 50 and it required a register in each bit processor to store 
pactly described. For block codes, the set is finite and the originally-received data through all iterations. Fur- 
can be usefully represented by a parity check matrix. thermore, all data bits had to be received before any 

A block is a code word if, and only if, it is in the processing could be done, requiring more hardware for 
zero-space of the parity check matrix. Error-correcting serial-to-parallel conversion. 
codes are used by choosing a code word based on the 55 A straightforward implementation of Tanner's Algo- 
data to be communicated, sending the code word over rithm B with a processor at each node of the bipartite 
the noisy channel, identifying the permissible code graph would require an unreasonable amount of hard- 
word most like or closest to the received word, and ware, particularly for the interconnections. For exam- 
recovering the data. A decoding processor or its under- ple, for the cyclic code known as the Perfect Distance 
lying algorithm has the task of finding the nearest code 60 Set Code of length 73 (PDSC-73), which has 45 data 
word to a received word. bits and a minimum distance of 10, the bipartite graph 

To understand Tanner's Algorithm B, consider a implementation of the decoder would require 73 parity 
graph that represents the code. The graph is con- processors, 73 update processors, and 657 parallel con- 
structed by viewing the parity matrix as the incidence nections between the processors. Such a structure is 
matrix of a bipartite graph connecting nodes represent- 65 difficult or impossible to construct as a single integrated 
ing data bits to nodes representing parity equations. For circuit using current technology, and the structure can- 
convolutional codes, a similar graph (infinite rather not be subdivided conveniently into multiple chips, 
than finite) can be constructed. rendering it impractical to build except for specialappli- 

' 
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cations where cost, power dissipation, and size are irrel- One embodiment of the structure according to the 
evant. invention (for PDSC-73, the 73-bit perfect difference 

A search of the Public Records of the U.S. Patent and set code) uses 73 cells in each parity processor and 73 
Trademark Office uncovered the following patents. cells in each update processor. In each such processor, 
These patents, with the exception of the aforementioned 5 64 cells are simple shift registers and the remaining 9 
Tanner patent, are primarily background information cells are used for the necessary computation. 
about generally-related art and are of no direct rele- Although a small loss of coding gain is caused in the 
vance to the present invention. region of interest (when compared with optimal decod- 

U.S. Pat. No. 4,295,218 to Tanner describes Tanner's ing), the architecture permits ready realization of struc- 
Algorithm B, as discussed above. 10 tures in integrated circuits, either as single integrated 

U.S. Pat. No. 4,882,733 to Tanner describes subse- circuits or easily-interconnected multiple integrated 
quent development related to Tanner's Algorithm B circuits. 
and relates to the use of soft decision information. It The invention will be better understood by reference 
does not disclose specific techniques adapted to inte- to the following detailed description and the accompa- 
grated circuit technology implementation. 15 nying drawings. 

U.S. Pat. No. 4,074,228 to Jonscher describes error 
correcting of digital signals wherein the error probabil- BRIEF DESCRIPTION OF THE DRAWINGS 

ity of individual bytes of received data is determined FIG. 1 is a block diagram of a semi-systolic digital 
and then used to carry out error correction. data encoder comprising a parity processor and an up- 

U.S. Pat. No. 4,404,674 to Rhodes describes weighted 20 date processor for one iteration of a decoding algorithm 
forward error correcting codes using soft error detec- on a convolutional code. 
tion. FIG. 2 is a block diagram of a semi-systolic digital 

U.S. Pat. No. 4,654,854 to Heppe describes tech- data encoder comprising a parity processor and an up- 
niques for decoding threshold decodable forward error date processor for three iterations of a decoding algo- 
correcting codes. 25 rithm on a convolutional, cyclic or quasi-cyclic code. 
U.S. Pat. No. 4,669,084 to Hartman et al. describes a FIG. 3 is a block diagram for a parity processor for a 

Fano type signal processing scheme for error correction convolutional decoder using hard-decision input data. 
processing which among other elements uses a syn- FIG. 4 is a block diagram for a parity processor for a 
drome generator built of a programmable read only convolutional decoder using soft-decision input data. 
memory. 30  FIG. 5 is a block diagram for an update processor for 

U.S. Pat. No. 4,683,571 to Yamagishi describes a a convolutional decoder using soft-decision (or hard- 
further digital signal decoding scheme. decision) input data. 

Because space communications is a major application FIG. 6 is a block diagram for a single iteration of a 
of high quality error-correcting codes, power dissipa- decoder for a family of cyclic or quasicyclic block 
tion and size are extremely important design parame- 35 codes derived from the same convolutional code. 
ters. FIG. 7 is a conceptual block diagram for a parity 

What is needed is an apparatus that takes advantage processor for a Perfect Difference Set Code of length 
of the inherent benefits of Tanner's Algorithm B but is 73 based on the polynomial: 
also relatively inexpensive and easy to build using con- 
ventional technology, particularly integrated circuit 40 ~ x ) = x 5 7 + x 5 6 + x 4 5 + ~ 3 7 + ~ 3 1 + ~ 2 7 + ~ 2 4 + ~ 2 2 + 1 .  

technology. 
FIG. 8 is a conceptual block diagram for an update 

SUMMARY OF THE INVENTION processor for a Perfect Difference Set Code of lenah - 
According to the invention, a class of structures is 73 based on the polynomial: 

provided for applying a modified version of Tanner's 45 
Algorithm B to decode convolutional codes and cvclic & ~ ) + ~ 5 7 + ~ 5 6 + ~ 4 5 + ~ 3 7 + ~ 3 1 + ~ 2 7 + ~ 2 4 + ~ 2 2 + 1 .  

and quasi-cyclic error-correcting block codes.  h he 
structures comprise one or more parity processors and FIG. 9 is a block diagram showing a single iteration 
one or more update processors, wherein the parity the decoder a parity processor of 7 
equations for a block of code are com~uted bv the bar- 5 0  and an 'pdate processor of 8. 
it; processors and the reliability of eaci bit oflthe r&lt DESCRIPTION OF SPECIFIC EMBODIMENTS 
is updated in the update processors using only one regis- 
ter for each bit and without storing received data past The invention described herein is a novel technique 
the first iteration. T ~ ~ ~ ~ ~ . ~  Algorithm is modified so and structure for decoding convolutional codes and 
that each iteration in the updating process is a function 55 'Odes that have a structure to their parity 
only of the results of the immediately previous iteration. matrices. Three embodiments will be described: first, a 
A decoder structure is provided that receives data seri- general embodiment for convolutional codes; second, a 
ally at a rate of one bit soft-decision information general embodiment for and quasi-cyclic codes; 
per clock cycle. and third, a specific embodiment for one particular 

A semi-systolic array in each parity processor or 60 cyclic code (the Perfect Difference Set Code of Size 
update processor coordinates storage and computation, 73). 
a semi-systolic array being a systolic array of storage EMBODIMENT 1 
and computation cells connected as a cycle through 
nearest-neighbor connections, together with a broad- Decoder for Convolutional Codes 

cast bus for transmitting data to selected cells of the 65 The structure of cyclic, quasi-cyclic, and convolu- 
array. Serial communication is provided between the tional codes allows a particularly elegant architecture 
parity processors and the update processors via the .for implementing a specific form of Tanner's Algorithm 
broadcast bus of the update processor. B. According to the invention, a decoder comprises a 
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pipeline of registers, or a systolic (pipelined) architec- ments of the array come in two types: 1) simple delay 
ture, in which the data moves through a regular array of elements to keep the data spacing correct, and 2) pro- 
cells, advancing one cell each clock cycle. Convolu: cessing elements to do the computation. A one-iteration 
tional codes lead to simple pipelined architectures. The decoder, such as decoder 10, works well for hard-deci- 
simple pipelined architecture can be modified with little 5 sion inputs, but better performance can be achieved 
additional hardware to handle quasicyclic block codes with soft-decision data and multiple iterations. A typical 
based on the source convolutional code. decoder using soft-decision information might use three 

A convolutional code can be viewed as a stream of iterations, as decoder 100 shown in FIG. 2. ~ ~ o d ~ ~  
data bits v(t) and an infinite set of parity equations, 1 ~ )  comprises a first parity processor 12 and a fmt 
where each parity bit P(t) is from previous 10 update processor 14, the output 24 of which is coupled 
data bits v(t) as follows: to a second parity processor 12' and a second update 

P(t)=v(t - il) XOR v(t -iz)z XOR ... XOR v(t - i,). (,) 
processor 14', the output 24' of which is coupled to a 
third parity processor 12" and a third update processor 

where m is the number of bits involved in each parity I#', which in turn produces an output on an output line 
equation. The parity equations are linearly independent, IS 24". A three-iteration decoder 110 has a COnSulnt pipe- 
so that, if the full set were used, the code rate would be line delay of 3 im+3 cycles. 
zero. Instead, only a subset of the equations is used. With hard-decision input data, the parity processor 
These equations are chosen in a regular way, for exam- 12 merely computes the parity bits. With soft-decision 
ple, every fourth equation. The code is determined by information, the parity processor 12 also must compute 
which subset of the equations is used for computation, 20 the reliability of each parity bit, which is the minimum 
and by the set of positive values selected for i l  through of the reliability of the data bits used to compute it. 
lm. Because the parity bits will be used to modify the data 

Selecting every nth equation is equivalent to having n bits, Tanner's Algorithm B requires the minimum one of 
parallel streams of data and one stream of parity compu- all data bit reliabilities, excluding the data bit considered 
tations. An apparatus can be designed to handle parallel 25 for modification. 
streams of data clocked at l/n times the raw data rate, At first glance, it might appear that m reliability 
but for simplicity of explanation, the decoder herein is weights are needed for each parity equation. However, 
described as taking one data bit per clock cycle. Any it has been determined that only two values are needed: 
decoder actually constructed is more likely to use paral- 1) the minimum reliability of all data bits used in the 
lel data streams, as the clock rate on processing ele- 30 parity computation, and 
ments is reduced by n. 2) the minimum excluding the least reliable bit. 

In a similar way, instead of selecting every nth equa- The parity processor in a soft-decision system must 
tion, the equations can be grouped into groups of n also keep track of the location of the minimum data 
sequential equations, and a fixed Pattern of P equations reliability in each parity computation so that the update 
can be selected out of each group. This would give n 35 processor can decide which of the two parity reliabili- 
~arallel streams of data and P parallel streams of parity ties to use for updating a data bit reliability. For exam- 
computations. ple, if r(t) is the reliability of data bit v(t), then the parity 

One iteration of Algorithm B requires two computa- processor for a convo~utiona~ code computes: 
tions: 1) computing the parity values P(t), and then 2) . 

computing a modified data sequence vl(t) from the par- 40 p(t)=v(t-il) XOR ~(t-i2)z XOR ... XOR v(t-i,,,) (2) 
ity values and the old data sequence. 

FIG. 1 shows a decoder 10 representing an exem- Ml(t)=min(r(t-ij), r(t-iz), ... , r(t-im)) (3) 
plary embodiment of a structure according to the inven- 
tion. The decoder 10 comprises a parity processor 12 l(t)=j. (4) 
and an update processor 14 interconnected to compute 45 
a single iteration of Tanner's Algorithm B for a convo- where 
lutional code. In the decoder 10, the first com~utation is r(t - i j )=~l( t )  (5 )  

done by the parity processor 12, and the sec&d is done 
by an update processor 14. The input data is received 
via an input line or equivalent 16, which is simulta- 
neously broadcast via a bus 17 to all cells 18 of the 
parity processor 12. The parity processor 12 uses the 
data on broadcast bus 17 to update the parity values in 
cells 18, which then transfers the partially-computed 
parities from one cell 18 to the next. 

The parity processor 12 simultaneously broadcasts 
the completed parity outputs via bus connection 20 on a 
broadcast bus 19 to all cells 22 of the update processor 
14. The update processor 14 then computes the sum, 
transfers the partial sums from one cell 22 to the next, 
and then outputs a serial data stream via output line 24. 

Because of the fixed pipeline delay in the parity pro- 
cessor 12 and the update processor 14, the output se- 
quence vl(t) is an error-corrected version of 
v(t - im - 1). 

The type of architecture shown in FIG. 1 is called 
semi-systolic because it has both broadcast and systolic 
(nearest-neighbor pipeline) data movement. The ele- 

A parity processor 12 described hereinabove is for 
computing all the parity equations, not merely those 
used in the code. The extra parity computations need to 
be ignored by the update processor in order to keep the 
extra parity computations from corrupting the decoding 
process. Preferably, parallel data streams are used so 
that only the useful parity equations are computed and 
no parity processor outputs need be discarded. For 
example, if only every fourth parity equation were used, 
P(4t), merely four parallel data streams may be used, 
namely: 

v2(t) =v(4t + 2), and (9) 



Then the computation would be: P(t)=v(t - 1) XOR v(1-3) XOR v(1-4). (19) 

Po(t)= P(4t)=v(4t-il) XOR v(4t- i2)z XOR ... 
XOR v(4t-im) =v-il ,,,,,,j*(t - 1/41 XOR ... XOR 
V - im mod 4(1- im/4). (11) 

5 

The update processor 14 for hard-decision data 
counts the number of violated parity equations that use 
a given data bit. If more than half of the equations are 
violated, the data bit is assumed to be in error and is 10 

thereupon complemented. 
With soft-decision information, an update processor 

114 as in FIG. 5 adds the reliability r(t) of the data bit 
and the reliabilities of the satisfied parity equations and 
subtracts the reliabilities of the violated parity equa- 
tions. The result is an updated estimate of the reliability 
of the data bit rl(t). If the reliability is negative, the bit 
is inverted, and the reliability is negated. Mathemati- 
cally, the computation for convolutional codes can be 20 
expressed as: 

(This code is used for illustration only and is not useful, 
as it has a rate of zero.) 

FIG. 4 illustrates a simple soft-decision parity proces- 
sor 110. Processor 110 is typically slower and more 
complicated than the simple hard-decision parity pro- 
cessor 12. It comprises two subsystems, a reliability 
processor 126 and a hard-decision parity processor 12, 
and it is typically employed with an update processor as 
hereinafter explained. The subsystem based on a hard- 
decision parity processor 12 is identical in function and 
purpose to that of FIG. 3. Keeping track of the two 
lowest data-bit reliabilities, however, requires two com- 
parison operations in each clock cycle. The reliability 
processor 126 serves this function. The reliabifity pro- 
cessor 126 comprises two types of elements, a simple 
delay 131, such as a set of parallel shift registers, and a 
combination of a two-level digital comparator and a 
delay, herein a delay comparator 133. A digital compar- 

s(t+i,+~)=r(t)+(~-~*~(t+il))*~(t+il)+ ... ator-herein is merely a device which selects the lowest 
+(I-2*p(t+i,))*~(t +im) (12) and next lowest of three digital input values and propa- 

v'(t +i,+ l)=v(t) XOR sign-bit(s(t + im+ 1)). 

gates lowest as minl and the second lowest as min2. 
(I3) 25 The delay comparators 133 are disposed in the pipe- 

line at the same positions as the computing storage cells 
(I4) 118 of parity processor 12. The first of the delay com- 

where paratori 133 ieceives three inputs: the first bit-of the 
digital value r(t) which is broadcast to all delay compar- 

~ ( t - t i , )  is ~ 2 ( t + b )  30 ators 133; and two reference inputs 135,137. The other 
delay comparators 133 receive four inputs: other bits of 

if the reliability value r(t); pipeline inputs 135', 137' from 
minl 139 and min2 outputs 141 (or delayed versions) of 

j =~(t+i,) (16) 35 previous delay comparator stages 133; and a location 
value l(t) 143. The first delay comparator 133 identifies 

and the minimum value of the three inputs r(t), first refer- 
ence input 135 and second reference input 137 as minl 

Ml(t+ij) (I7) and identifies the second minimum value as min2. The 

if 
40 value l(t) is an identifier which identifies which previ- 

ous delay comparator 133 produces the minl value 

j #l(t+i,). Which is propagated. In the case of the first delay com- 
(I8) parator 133, the reference values at 135 and 137 are both 

The discarded parity equations should be ignored in the Set to the largest permissible value (11111111), equiva- 
computation of s(t +im+ 1). 45 lent to infinity for the subject purposes. Thus l(t) identi- 

A decoder may be adjusted by changing the relative fies first comparator 133 as the producer of the 
weights of r(t) and the parity inputs in computing current minimum, the minimum value minl is r(t) and 
s(t+im + 1) instead of weighting them equally, as the second minimum value is infinity. The subsequent 
shown in the equation for $(t) above. Soft-decision delay Comparators 133 identify the minimum value of 
decoding is usually not completed in a single iteration, 50 the three inputs r(t), mini and d n 2 .  Thus the f i a l  
as several iterations may be needed to correct data bits. minimum values Ml(t) and MZ(t) out of the 1 s t  delay 
If the weight for r(t) is too low on the first iteration, comparator 133 will be the two minimum r(t) values 
then noisy channels may cause the algorithm to con- irrespective of time of input, and l(t) will identify time 
verge to drastically incorrect code words. Two of the of the lower minimum. 
tasks in designing a decoder for a particular code are to 55 Preliminary studies have indicated that making the 
choose the number of iterations and to determine what reliability weights wider than four bits provides almost 
weight to give r(t) on each iteration. no further benefits, and so the comparison operations 

FIG. 3 shows a simple harddecision parity processor can be made fairly fast. Should the speed of the compar- 
12 in accordance with the invention. The hard-decision ison operation prove to be a bottleneck, the four-bit 
parity processor 12 is a simple combination of shift 60 comparison can be pipelined one or two bits at a time 
registers and exclusive-OR gates. At each data input for greater speed with some penalty in increased com- 
point, there is a combination of a shift register and an plexity. 
exclusive-OR gate as a computing storage cell 118. An update processor is needed to compute a new 
Between cells 118 where there is no data input are sim- reliability for each data bit based on the reliability num- 
ple shift registers 130 for providing single bit delays. 65 bers from the parity computations. The update proses- 
Because information propagates through only one level sor 114 for a softdecision decoder 110 is shown in FIG. 
of logic in each clock cycle, high-speed implementation 5. (The structure for hard-decision data is not signifi- 
is easy. The code illustrated is for the parity equation: cantly different and is therefore not illustrated.) ' 
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The update processor 114 has two types of elements: To make the hardware identical for each iteration, 
I) a dual-input (one for v(t) and one for r(t)) one-clock the clipping level should be the same for each iteration. 
cycle delay element 132 (shift register cells); and 2) an The expected value of the weights grows with each 
add/subtract delay element 134 comprising a dual-in- iteration, and so clipping will have more effect in later 
put adder/subtractor with an addhubtract input for 5 iterations when violent disagreement about a bit value is 
l(t), plus an associated storage element (not separately less likely. Simulations are useful to determine how 
shown). much clipping can be done before the performance of 

Each add/subtract delay element 134 accumulates the decoder is unacceptably degraded. 
md Stores a partial sum. It takes the old reliability value Simulation is essential when designing a decoder 
and adds if the parity equation is satisfied (=O) or sub- 10 according to the invention because the design is particu- 
tracts if the parity equation is not satisfied. Thus the larly sensitive to small difference in implementation, 
partial sum that will become the new reliability value is including number representation, roundoff, d i n g ,  
increased or decreased by the reliability of the parity clipping, number of iterations and relative weight of 
computation. The reliability of the parity is Ml(t), ex- reliabilities from previous iterations and from parity 
cept for the unit whose number matches l(t), which 15 equations. 
uses M2(t) instead. Different numbers of bits can be used to represent r(t) 

Referring to FIG. 51 the critical path for timing anal- in the update processors and in the parity processors. As 
ysis in the addhubtract delay elements is the carry a consequence, of a detailed design is needed 
propagation, which dependsheavily on the width of the to choose these parameters correctly for any particular 
words used. The computation of rl(t) involves adding 20 code. 
several numbers of roughly the same size (the old value 
plus the values from the parity processor). If m+ 1 EMBODIMENT 2 
numbers are added on each iteration, after i iterations Decoder for cyclic and quasi-cyclic block codes 
ilog2tm-t- 1) more bits will be needed to represent the 
result. The number of values to add (m + 1) de~ends on 25 The invention can be used with cyclic and quasi- 
the code being decoded, which might ;ypically be cyclic block codes. The following description of quasi- 
around 10 or 20. Four bits of soft-decision information cyclic codes is based on Michael Tanner's work. It is 
might be used initially and run for three or four itera- intended to illustrate the close connection between 
tions, requiring up to 22 bits on the final iteration. This quasi-cyclic block codes and convolutional codes, but is 
extra precision makes all the data paths wider but unde- 30 not part of this invention. 
sirably slows the addhubstract delay elements 134. Quasicyclic'codes are developed from convolutional 

Two tools can be used to limit the growth of r(l)(t): codes by redefining the meaning of t-bin the computa- 
scaling and clipping. For this purpose, a scale and clip tion of P(t) in the parity processor for a convolutional 
element 136 is provided at the output of the update code, as under Embodiment 1 above. Because decoding 
processor 114. Scaling refers to multiplying the data by 35 is of a finite length block, the sequence of past bits is not 
a constant before feeding it into the next parity proces- long enough for the first bits of a block. Bits from some 
sor in the pipeline. If only powers of two are used as the other part of the block may be used by the block in- 
constants, scaling can be done simply by changing the stead. 
connections between processors, resulting in a multipli- The simplest way to change a convolutional code to 
cation by bit shifting. Clipping eliminates growth by 40 a block code is to wrap the convolution around a block 
treating all magnitudes greater than the largest repre- of length B, forming a cyclic code, for which the parity 
sentable value as if they were the largest value. processor must compute: 

Simulations are needed to determine the optimum 
scaling for any particular code. However, shifting two P(t)=v(kB+t-il mod B) XOR v(kB+t-it mod B 
bits (scaling by four) is typical. Although a scaling unit 45 . XOR ... XOR v(kB +t -il mod B) (20) 
136 is shown for tutorial purposes, scaling by powers of 
two requires no explicit extra hardware, since shifting Ml(t)=min(r(kB+(t-il) mod B), r(kB+(t -i2) mod 

B), ..., r(kB +(t-i,,,) mod B)) 
can be accomplished by proper wiring of the pipeline (21) 

connections. scaling can be different for the r(rj(i) val- l(t)=j, where r(kB+(t-9) mod B)=Ml(t) 
u s  passed to the next parity processor and the delayed 50 

(22) 

version passed to the next update processor. The differ- M2(t)=second min(r(kB+(t-il) mod B), 
ences in the scaling can be used to change the relative r(k8+(t-iz) mod B), ..., r(kB+(t-i,) mod B)). (23) 
weight of dl)(t) and parity computations in the next 
update processor. A different code is defined for each block length and 

Clipping can be implemented in two ways: either 1) in 55 for each pattern of {il, ... , i d .  
each individual adder, or 2) between the update proces- If all the parity equations are retained, there remains 

, sor and the next parity processor when scaling has been a cyclic code. If some of the parity equations are dis- 
completed. Clipping between processors requires little carded in a regular pattern, there remains a quasicyclic 
hardware, but the adders in the update processor need code. For convolutional codes, the number of parity 
adequate additional or guard bits to keep them from 60 equations must be reduced to obtain a code rate greater 
overflowing before the clipping. occurs. Clipping at than zero, but there are respectable cyclic block codes 
each addition stage requires sophisticated adders, but that use all B parity equations. 
one or two guard bits may suffice. If the block of B parity equations are divided into B/n 

Simulations have disclosed that clipping at each subblocks, each with n equations, and the same pattern 
adder and clipping once for each iteration make the 65 of p<n equations are kept from each subblock, then a 
algorithm behave differently in detail, but the overall quasi-cyclic code has been created having n data rings 
performance of algorithm was not significantly and p parity rings. The decrease in the number of parity 
changed. equations yields an increase in the code rate. 
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By rearranging the data bits into n parallel streams dated data bits (with their new reliability values) on 
and by rearranging the parity equations into p parallel each clock cycle. 
streams, computation of the unused parity equations can More details on how a quasicyclic decoder can be 
be avoided in the same way as for convolutional codes. implemented are provided hereinbelow. The descrip- 
The quasi-cyclic codes can also be treated like purely 5 tion relates to a decoder for a specific code which has 
cyclic ones, but with the extra parity computations one parity ring and one data ring (p=n= 1). 
discarded. For simplicity, only the cyclic decoder strut- ~ l t h o ~ ~ h  the presentation here has shown cyclic and 
ture has been shown herein. The extension to n parallel quasi-cyclic codes derived from convolutional ones, the 
Streams is straightforward. AS with convolutiona~ design of the decoder depends only on the structure of 
codes, practical implementations will probably choose lo the code, not on how that structure was derived. The 
to use parallel streams for the reduction in clock rate. decoder design can be used on any cyclic or quasi- 

Any convolutional code that keeps p out of every n cyclic code. 
parity equations can be converted to a quasicyclic code 
with block length B>i, that is a multiple of n. If the EMBODIMENT 3 
parity and update processors are arranged to have n l5 Decoder for the 73-bit Perfect Difference Set code 
parallel data paths and p parallel parity paths, the block 
length can be adjusted easily by changing where the The Perfect Difference Set code was first described 
shift are tapped to wrap the data and parity by E. J. Weldon, "Difference Set Codes," Bell Systems 
information around the block. The m e  decoder can be Technical Journal, Val. 45, 1966, 1045-1055, and was 
used for the convolutional code, and the family of quasi- chosen by Michael Tanner for Ford Aerospace Cor~o- 
cyclic block codes can be derived from it. ration as a consultant to the Western Development 

The quasi-cyclic codes generated from a convolu- Laboratories in Palo Alto, CA, for use in high-speed 
tional code will not all be equally good codes. How- satellite communications. Tanner's choice of code is 
ever, if a family of good codes can be found, they can all based on a different difference set of size 73 than Wel- 
be implemented on the same hardware. 25 don's, but none of the properties of the code are affected 
FIG. 6 shows one iteration of a decoder 510 accord- by the choice of difference set. The code is not in itself 

ing to the invention for a family of codes for showing part of the subject invention. The following description 
the internal structure. It comprises a parity processor of the code has been provided by Professor Tanner: 
412 coupled to an update processor 414. The parity 3O "The performance and complexity of a system incorpo- 
processor 412 includes a parity computation segment rating an Algorithm B decoder can be illustrated by a 
312 and an output shift register segment 314 which system based on a (73,45,10) perfect difference set 
together are shown as a specific example in FIG. 7. The code. A perfect difference set code of order q for any 
update processor 414 includes an input shift register q = p  can be constructed from a projective plane of 
segment 316, an update computation segment 318 and 35 order q and presented as acyclic code using the 
an output shift register segment 320 which are together Singer cycle (see Shu Lin and Daniel J. Costello, Jr., 
shown in a specific example in FIG. 8. Four ganged Error Control Coding: Fundamentals and Applications. 
four-position switches 322,324,326 and 328 are switch- Prentice-Hall, Englewood Cliffs, NJ (1983)). For (73, 
able to support a family of difference codes, including a 45, 10) code, = 2, s = 3, and = 8, the code can be 
"convolutional" mode. 40 defined as a 73 x 73 circulant parity check matrix H, 

With the switches 322, 324, 326 and 328 set in the whose first row contains only 9 ones in positions 
"convolutional" setting, the decoder 510 is essentially dictated by a perfect difference set, and each succes- 
the same as the decoder 10 shown in FIG. 1, as the extra ,iVe row is a cyclic right shift of the previous row. 
shift registers are not used. The data is received n units ~~~h row of H corresponds to one of the 73 'lines, in 
at a time, and the parity equations are computed P units 45 the projective geometry and each column cone- 
at a time. sponds to one of the 'points'. The H matrix can be 

With the switches 322,324.326 and 328 set for a fixed interpreted as the incidence matrix of the geometry. 
block length, an entire block of B data bits is received Any two lines share exactly one point, and Pair and B8p/n parity equations are computed before any of points is on exactly one line. 
updating is done. The input shift registers 316 of the 50 

the code can be viewed or a lmgth 73 updale processor 414 hold the data bits for the block 
BCH code with 0, ), 5, whose dunl code hm while the parity computations are done. At the end of 

each block, the results of the parity computations are a minimum distance 9. A 73-root is found on the field 

transferred in parallel to the output shift registers 314 in GF(29) and so each cyclotomic coset modulo 73 has 

the parity processor 412, and the data bits are trans- 55 but roots and are in the same cyclO- 
ferred in parallel from the input shift registers 316 to the tomic coset* and thus the code has 28 indepen- 
update computation units 318, freeing the parity compu- dent The 73x73 matrix has rank 28 and 
tation elements 312 and the input shift registers 316 for 45 linearly dependent equations. Since the first row of 
the next block. H is a perfect difference set, it has the special prop- 

The parity results are transferred p units at a time 60 erty that HTH is a matrix whose entries are all one." 
from the output shift register 314 of the parity processor 
412 to the update computation element 318 of the up- In order to realize an apparatus operable in accor- 
date processor 414. After B/n cycles, all the parity dance with the invention on the above code, the follow- 
values have been transferred, and all the updates stand ing factors are relevant: 
completed. The results are then transferred in parallel 65 The code is a block code of length 73, 
to the output shift registers 320, freeing the update com- The code is a linear code, that is, it can be described 
putation units 318 for the next block. The output shift with 73 ~ 7 3  parity matrix H. A word w is in the code 
registers 320 of the update processor 414 output n up- if, and only if, H,=O. 
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The code is cyclic, which is equivalent to saying that in a ring 421 with storage elements 419, and an output 
the parity matrix is circulant, that is, that each row is shift register ring 420. Data is received through the 
a cyclic shift of the previous row. zeroeth input 500 of the input shift register ring 417, 
In a block code used according to the invention, each parity is received through a parity in port 116 which 

row of the parity matrix of the block code is the cyclic- 5 feeds the nine adder/subtractors 418, and updated data 
left-shift of the row above it. Difference-set codes are is ,,&acted from the output shift register ring at output 
particularly attractive for Tanner's Algorithm B, since 502. Its parallel structure with that of the polynomial is 
it can be proved that hard-decision decoding up to half dso apparent. 
the minimum distance can be done in one iteration. FIGS. 7 and 8 clearly illustrate a structure 
Furthermore, three iterations of Tanner's Algorithm B 10 decoding of a cyclic 73.bit block Ae with minimum 
will correct a burst of up to 28 erasures in a block of the distance of 10 and rate 45/73. B~~~~~ the code is a 
PDSC-73 code. Because each 0i73-bits has 45 purely cyclic one, there is no need to discard extra 
data bits, it is impsible to correct longer bursts of p ~ t y  compu~tions between the parity and 
erasures with any technique, as insuficient information processcrs and no need to run multiple parallel str-s. would remain. l5 Both the update processor 414 and the parity proces- The code x l s t ed  for illustration PUrPOm hereinaf- wr 412 have 73 prmrsing cells, g of do compu. ter is based on the difference-set polynomial: 

tation, 64 of which are simply shift-register elements to 
+ ( ~ ) = ~ 5 7 + ~ 5 6 + ~ 4 5 + ~ 3 7 + ~ 3 l + ~ 2 7 + ~ 2 4 + ~ 2 2 +  1 (26) store data. The arrangement of delay cells and active 

processing cells is determined by the structure of the 
This difference-set polynomial defines the fmt row of 20 code. 

the parity matrix used in a decoder according to the Other cyclic codes can be realized without departing 
invention. The 73 entries of the first row are the coeffi- from the spirit of the invention. For example, if the next 
cients of xo through x72 in the polynomial. Thus the first larger perfect difference set code (PDSC-273) is 
parity equation is the exclusive-or of bits 0, 22, 24, 27, 25 chosen, a parity processor could be realized having a 
31, 37, 45, 56, and 57. minimum distance of 18 with only 17 exclusive-OR 
FIG. 7 is a conceptual block diagram for a parity gates, 34 minimum-of-two circuits and 17 adders (plus 

processor 412 (corresponding to element 212) for the many shift register elements). Such free distances would 
Perfect Difference Set Code of length 73 based on the probably require constraint lengths of 23 or more in 
polynomial: convolutional codes, which renders full Viterbi decod- 

30 ers impractical, thus demonstxating the preferability of 
+ ( ~ ) = ~ ~ 7 + ~ 5 6 + ~ 4 ~ + ~ 3 7 + ~ 3 ~ + ~ * 7 + ~ 2 4 + ~ 2 2 +  I (27) the present architecture. 

The parity processor 412 forms a double concentric 
ring, an outer ring 413 and an inner ring 415, with fixed 
spokes 17 from a serial data input port 16. The inner 35 
ring 415 is a computation shift register ring having nine 
elements 119 comprising a combination of an exclusive- 
OR gate and a minimum of two comparators, as in FIG. 
4, elements 118 and 133, interspersed with shift register 
elements 120, corresponding to elements 130 plus 131 in 40 
FIG. 4, totalling 73 elements. Thus the elements 119 and 
120 form a 73 unit shift register. It receives its data input 
through a serial input port 16 and broadcasts the data on 
a bus 17 (shown as spokes) to the coefficient positions 
for data defined by the difference-set polynomial 45 
through element 119 whereby the data is exclusive- 
ORed and reliabilities are compared and then stored in 
the storage units of element 119. The outer ring 413 is 
formed by storage registers 121. 

With each clock cycle, the data is shifted one position 50  
in each ring. (The cell number corresponds to the posi- 
tion of the parity values at the beginning of a "new" 
block.) Data is shifted out at the last position 501 (herein 
numbered 1) where it is picked up by a subsequent 
element. At the end of each block and after the data is 55 
shifted out of the outer ring 413, the data'in the inner 
ring 415 is parallel shifted into the outer ring 413. The 
direct correspondence between the architecture of the 
73-stage shift register structure and the difference-set 
polynomial is straightforward and apparent. 60 

UPDATE PROCESSOR 

decoder for the Perfect Difference Set Code de- 
scribed in the quotation of R. Michael Tanner above is 
shown in FIG. 9 and is based on the design of the struc- 
ture in FIGS. 7 and 8. FIG. 9 shows one decoder 210 
according to the invention for one code. It comprises a 
parity processor 212 and an update processor 214. The 
parity processor 212 includes a parity computation seg- 
ment 312 and an output shift register segment 314 which 
together are shown in a specific example in FIG. 7. The 
update processor 214 includes an input shift register 
segment 316, an update computation segment 318 and 
an output shift register segment 320 which are together 
shown in a specific example in FIG. 8. 

Parity bits may be computed as the data bits arrive, 
but the values will not all be correct until the last data 
bit of a block arrives. At the end of the block, after all 
the parity bits have been computed, the results are 
transferred to another set of shift registers. While a new 
block of data bits comes in, the old parity results are 
transferred one at a time to the update processor 414. 

The specific parity processor 4!2 shown in FIG. 7 
uses two different types of elements: XOR elements for 
the parity computations, and NOP-P elements to make 
sure the data arrives at the XOR elements at the right 
times. The data bit v(t) and its reliability r(t) are broad- 
cast to all the XOR elements. On each clock cycle the 
NOP-P elements perform the following data move- 
ment: 
P(R) gets P(L) block of 
M](R) gets M:(L) 

FIG. 8 is a conceptual block diagram for an update 2 ( ~ )  gets M~(L) ' 
processor 414 (corresponding to element 214) for the 1(R) gets 
Perfect Difference Set Code of length 73. 65 Po~d(R) gets P o w )  

This architecture of the update processor 414 is real- Mi,o~d(R) gets Ml,o~d(L) 
ized with an input shift register ring 417, nine adder/- M2,0ld(R) gets M2,oldL) 
subtractors 418 corresponding to element 134 of FIG. 5, lol,XR) gets l~ld(L), 
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and the irh XOR element performs this computation: 
P(R) gets P(L) XOR v NUMBER REPRESENTATION IN THE PDSC-73 

MI(R) gets min(M l(L),r) DECODER 
M2(R) gets min(Mz(L), max(M I (L),r)) Several different number representations are possible 
1(R) gets if (r>Mt(L) then 1(L) else i. 5 in the parity processor and the update processor. For 
Po/d(R) gets POI&-) the parity processor, reliabilities are always positive 
M I . ~ I ~ ( R )  gets Ml,o~&) numbers, and the data bit used for the exclusive-OR 
Mz.o~d(R) gets M2,0~&) computation is completely separate. For the update 
10dR) gets l0/d(L). processor, it is necessary to represent both positive and 

The NOP-P elements consist of simple shift-register 10 negative reliabiiities. This can be done with sign-magni- 
cells. A MOS implementation thereof may be with dy- tude, one's-complement, or two's-complement repre- 
namic registers, because the data is shifted on every sentations. The representation in the parity processor is 
clock cycle. The XOR elements need an exclusive-OR essentially a sign-magnitude representation. Therefore, 
circuit for the parity bit, and two digital comparators it is tempting to use sign-magnitude representation in 
and some selectors for the MI and M2 computations. 15 the update processor. One'scomplement is easily con- 
The critical path for timing analysis is the computation verted to and from sign-magnitude, but two's-comple- 
of M2, with most of the delay in the comparisons. It has ment adders are easier to build than adders for the other 
been found through simulation that three bits are representations. 
enough accuracy for the reliability data. Thus, the com- Two's-complement arithmetic makes for the simplest 
parators can be made fairly fast. The update processor is 20 adders, but has a different range of values for positive 
slightly more complicated than the parity processor, but and negative numbers, which could cause a bias toward 
can still be implemented as a simple semi-systolic array. negative values. Because simplicity of hardware is an 
Because the parity processor gives a full block delay (73 important feature of a decoder design, two's-comple- 
cycles), it is necessary to save an entire block of v(t) and ment arithmetic is suggested for design of a PDSC-73 
r(t) values before start of the update computation. At 25 decoder. 
the beginning of each block, the saved r(t) and v(t) The parity processor may use 3-bit reliability 
values are transferred from the input shift registers into weights, with 0 as minimum reliability and 7 as maxi- 
the computation shift registers for the update computa- mum reliability. Having a data bit of 0 with minimum 
tion. At the end of each block, the results of the update reliability is different from having a data bit of 1 with 
computation are transferred into another set of shift 30 minimum reliability, which means that the values 
registers for output. should not be thought of as 0 to 7, but as having an 

Each update or parity processor adds a delay of 73 implicit half-least-significant 1 bit. The resultant 
cycles, so the delay for one iteration of Tanner Algo; reliabilities range from 0.5 to 7.5. 
rithm B is two block times, or 146 cycles. Simulations When converted to two's-complement form, the 
have shown that three iterations work about as well as 35 range is -7.5 to +7.5. All the implicit half-least-signifi- 
more iterations, giving a fixed latency of 438 cycles. cant bits are ones. Thus, they do not need to be repre- 

The initial soft-decision data consists of four bits per sented explicitly. If simply dropped, the input values 
clock cycle, one bit representing the most likely value look like two's-complement numbers in the range -8 to 
for the received channel bit, and three bits indicating 7. 
the reliability of that value. Three bits of reliability were 40 Because 10 numbers are always added for each up- 
chosen because simulations showed little additional date in the PDSC-73 update processor, dropping the 
coding gain with more than three bits, and both chip halves makes the sum consistently 5 units too small 
area and delay increase as the number of bits in the (actually 4.5 too small, since it is assumed that the half- 
reliability increases. least-significant bit is one). By setting five of the carry- 

The growth of the reliability values is controlled by 45 -in bits in the adders, this bias can be corrected with- 
scaling and clipping. In a PDSC-73 code, each data bit out needing extra circuitry for the half-least-significant 
is used in 9 parity computations, so that rl(t) is com- bit. 
puted by adding 10 numbers of comparable size and Systolic architectures are particularly attractive for 
may require 4 more bits to represent it than r(t) does. In custom and semi-custom integrated circuits, because the 
three iterations, the reliability values can grow by 10 50 regularity of the design and restriction to nearest-neigh- 
bits, so that if 3 bits of soft-decision information were bor interconnections makes layout easy. This invention 
initially used, 13 bits would needed for the output of the therefore represents an advance in mathematically- 
third iteration (14 counting the sign bit), if no scaling or complex decoders enabling the realization of relatively 
clipping were used. simple and relatively low-cost structures. 

Simulations for the Perfect Difference Code of length 55 The invention has now been explained with reference 
73 have shown that shifting 2 bits after each iteration to three specific embodiments. Other embodiments will 
(scaling down by a factor of 4) works satisfactorily, be apparent to those of ordinary skill in the art. It is 
limiting the growth to 4 bits in three iterations. With therefore not intended that the invention be limited 
this scaling, the adders in the final iteration's update except as indicated by the appended claims. 
processor should be eight-bit two's-complement adders. 60 1-claim: 

T o  further reduce the widths of the data paths and 1. A decoder for decoding a digital data stream into 
speed up the additions in the update processor, the an updated stream, the digital data stream comprising a 
adders in the update processor may all be 5-bit wide plurality of data words in sequence and the digital data 
clipping adders. Simulations have shown this arrange- stream encoded according to an error-correcting code, 
ment to have negligible degradation of decoding perfor- 65 the decoder comprising: 
mance when compared to a design with no clipping or at least one parity processing means, said at least one 
scaling, but the circuitry for the design with clipping parity processing means coupled to receive as input 
and scaling is substantially smaller and faster. the digital data stream, for generating a parity data 
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stream, said parity data stream comprising a plural- bine a data word from a selected storage register of 
ity of computed parities, each computed parity said second plurality of storage registers and a data 
resulting from the operation of a set of parity equa- word from said parity data stream into a resulting 
tions on a selection of data words of the digital data data word and provide said resulting data word to 
steam, said selection of data words determined by 
the error-correcting code; 

a delay means, coupled to receive as input the digital 
data stream, for delaying the digital data steam to 
form a delayed stream; and 

at least one update processing means, said at least one 
update processing means coupled to receive as 
input said parity data stream from said at least one 
parity processing means and said delayed stream 

5 the storage register following said selected storage 
register in place of said data word passed in re- , 

sponse to said clock pulse, each selected storage 
register selected according to a reliability equation 
of the error-correcting code; 

10 means for distributing a single data word of said par- 
ity data stream to said plurality of arithmetic ele- 
ments simultaneously; and 

means for iteratively outputting a final data word 
from said at least one parity processing means and from an output storage register selected from said 
said delayed steam from said delay means, for com- 15 second plurality of storage registers. 
puting a reliability value and a complement reliabil- 4. The decoder according to claim 1, wherein the 
ity value for each data word of the delayed stream error-correcting code is a cyclic or quasi-cycle code 
and, when said reliability value is greater than said and wherein said at least one parity processing means 
complement reliability value, outputting said data forms a ftrst recirculating ring and said at least one 
word of said delayed stream as a data word of the 20 update processing means forms a second recirculating 
updated data stream, otherwise, when said reliabil- ring, whereby said recirculating rings are formed by 
ity value is less than said complement reliability applying an output of said at least one parity processing 
value, outputting a complement of said data word means to an input of said at least one parity processing 
of said delayed stream as a data word of the up- means and applying an output of said at least one update 
dated data stream, said reliability value and said 25 processing means to an input of said at least one update 
complement reliability equations on a set of com- processing means. 
puted parities preselected from said parity data 5. The decoder according to claim 1, wherein the 
stream. error-correcting wde is such that the digital data 

2. The decoder according to claim 1, wherein said at stream is decodable using a Tanner's Algorithm B mod- 
least one parity processing means comprises: 30 ified so that each iteration of operation of said at least 

a first data path comprising a first plurality of storage one update processing means is a function only of re- 
registers in a serial order beginning with a first sults of the immediately previous iteration, the decoder 
storage register and ending with a last storage reg- further comprising computation means incorporated 
ister, whereby a data word is input to said first data into said at least one update processing means for de- 
path at said first storage register and is passed to 35 coding the digital data stream according to said modi- 
successive storage registers in said serial order in fied Tanner's Algorithm B. 
response to a clock pulse until said data word 6. The decoder according to claim 1, wherein only a 
reaches said last storage register; single parity processing means is employed for comput- 

a plurality of exclusive-OR gates, each gate of said ing all parity equations, and wherein said at least one 
plurality of exclusive-OR gates coupled to combine 40 update processing means is constrained to respond to 
a data word from a selected storage register of said only selected equations of said set of parity equations. 
first plurality of storage registers and a data word 7. The decoder according to claim 1, wherein said at 
fmm said digital data stream into an exclusive-OR least one parity processing means comprises only a 
sum and provide said exclusive-OR sum to the single parity processing means, wherein the digital data 
storage register following said selected storage 45 stream is provided to said single parity processing 
register in place of said data word passed in re- means as a plurality of time-parallel data streams, 
sponse to said clock pulse, each selected storage wherein said single parity processing means computes 
register selected according to a parity equation of only a set of usefuI parity equations, set of useful parity 
the error-correcting code; equations comprising parity equations whose results are 

means for distributing a single data word of said digi- 50 used by said at least one update processing means but 
tal data stream to said plurality of exclusive-OR not comprising parity equations whose results are not 
gates simultaneously; and used by said at least one update processing means, and 

means for iteratively outputting a final data word wherein said useful parity equations are used by said at 
from an output storage register selected from said least one update processing means to at least compute 
first plurality of storage registers. 55 an output of said at least one update processing means. 

3. The decoder according to claim 1, wherein said at 8. The decoder according to claim 1, wherein said 
leas: one update processing means comprises: delayed stream comprises inspected data words, 

a second data path comprising a second plurality of wherein said set of parity equations comprises a plural- 
storage registers in a second serial order beginning ity of equation subsets, an equation subset for an in- 
with a first storage register and ending with a last 60 spected data word comprising the parity equations 
storage register, whereby a data word is input to which depend upon said inspected data word, and 
said second data path at said first storage register wherein said at least one update processing means in- 
and is passed to successive storage registers in said cludes decision means for deciding the validity of said 
second serial order in response to a second clock inspected data word, said decision means provided with 
pulse until said data word reaches said last storage 65 results from said equation subset for said inspected data 
register; word, whereby said decision means indicates that said 

a plurality of arithmetic elements, each one of said inspected data word is value when the number of said 
arithmetic elements coupled to arithmetically com- results which indicate incorrect parity is less than a 
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predetermined threshold, otherwise said decision means 15. The decoder according to claim 14, wherein said 
indicates that said inspected data word is invalid. scaling and clipping means scales by powers of two and 

9. The decoder according to claim 8 wherein said at uses bit shifting to perform multiplication by said pow- 
least one update processing means further includes com- ers of two. 
plementing means coupled to said decision means for 5 16. The decoder according to claim 1, wherein a data 
complementing said inspected data word when said word comprises one bit of data. 
decision means indicates that said inspected data word 17. A decoder for decoding a digital data stream into 
is invalid. an updated stream, the digital data stream comprising a 

10. The decoder according to claim 1, wherein said at plurality of data words in sequency, the digital data 
least one parity processing means includes: 10 stream encoded according to a linear error-correcting 

reliability determining means for determining reliabil- code, and the linear emor-coflecting code having a 
ity of each computed parity of parity data regular structure which can be specified by coefficients 
stream, said reliability being the minima of a time- of a polynomial, the decoder comprising: 
independent reliability of said digital data stream at least One parity processing re- 
and a time-dependent index for a lowest of said 15 ceive as input the digital data stream encoded ac- 
minima, said reliability for use by said at least one cording to the linear error-correcting code, for 
update processing means, and generating a parity data stream, said at least one 

wherein said at least one update processing means parity processing means including a first broadcast 

includes: input bus and a first shift register means, wherein 

decision means for deciding the validity of an in- 20 said first shift register means comprises a ring of 

spected data word selected from said digital data serially coupled registers holding data words, and 

stream, a result of said decision means having a wherein selected registers of said first shift register 

value chosen from more than two possible values, . means include exclusive-OR combining means for 

said result based on said reliability value, said deci- combining data from said first broadcast input bus 

sion means including combination means for bit- 25 and said data words; and 
at least one update processing means, coupled to  wise adding said result to said updated data stream receive as input data said parity data steam, said at 

and bitwise adding to a reliability value corre- least one update processing means including a sec- 
sponding to said inspected data word if a result of ond broadcast input bus and a second shift register 
a parity equation indicates that parity is correct, 30 means, wherein said second broadcast bus is cou- 
and said combination means for bitwise subtracting pled to a serial output of said at least one parity 
said result from said updated data stream and bit- processing means, wherein said second shift regis- 
wise subtracting to a reliability value correspond- ter means comprises a ring of serially coupled reg- 
ing to said inspected data word if said result of said isters holding data words, and wherein selected 
parity equation indicates that parity is not correct. 35 registers of said second shift register means include 

11. The decoder according to claim 10, wherein said arithmetic element means for combining data from 
at least one update processing means includes means for said second broadcast input bus and said data 
selecting a single minimum from time-dependent index words in said second shift register means. 
for a lowest of said minima. 18. The decoder according to claim 17, wherein said 

12.   he decoder according to claim 10, wherein only 40 error correcting code is decodable by Tanner's Algo- 
two reliability weight values are employed for decision i t h m  B modified so that each iteration in the updating 
made by said decision means. process is a function only of results of an immediately 

13. The decoder according to claim 10, wherein said previous iteration. 
reliability determining means comprises a plurality of 19. A decoder for decoding a digital data stream 
parallel shift registers coupled in a pipeline; and 45 encoded according to a quasicyclic error-correcting 

a plurality of logic blocks, a logic block interposed code generated from a convolutional code, said decoder 
after selected shift registers in said plurality of comp~sing: 
parallel shift registers, said selected shift registers at least one parity processing means, said at least one 
selected according to the error-correcting code, parity processing means coupled to receive as in- 
said logic block receiving a first minimum value 50 put, in n infomation paths and p 
and a second minimum value form said selected parity paths, said digital data stream containing 
shift register, wherein said logic block comprises a data encoded according to the quasi-cyclic crror- 
plurality of dual-level comparators and a delay correcting code, for generating a parity data 
element, said dual-level comparators for selecting a stream, said parity data steam comprising a plural- 
lowest value and next lowest value from a plurdity 55 ity of computed parities, each computed parity 
of digital input values, said digital input values resulting from the operation of a set of parity equa- 
comprising said first minimum value and said sec- tions on a selection of data words of the digital data 
ond minimum value and at least one other digital stream, said selection of data words determined by 
input value, whereby said lowest value and said the quasi-cyclic error-correcting code, said at least 
next lowest value are input to said delay element, 60 one parity processing means comprising a fmt  
and after a delay, said delay element outputs said plurality of shift registers coupled in a first serial 
lowest value and said next lowest value to the shift pipeline with the last shift register in said first serial 
register following said selected shift register. pipeline coupled back to the first register in said 

14. The decoder according to claim 13, wherein said first serial pipeline, thereby forming a first recircu- 
reliability determining means further comprises: 65 lating data loop; and 

scaling and clipping means for limiting resolution and at least one update processing means, said at least one 
magnitude of said first minimum value and said update processing means coupled to receive, in n 
second minimum value. parallel information paths and p parallel parity 
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paths, said parity data stream and said digital data said second serial pipeline, thereby forming a sec- 
stream as time-delayed input data, said at least one ond recirculating data loop. 
update processing means for computing a modified 20. The decoder according to claim 19 wherein said 
data stream based on data form said parallel infor- at least one parity processing means and said at least one 
mation paths¶ said parallel parity paths, wherein the 5 update processing means are configured to decode data 
modification of the data in said modified data from a data stream, whereby said data is encoded 
stream comprises an updated reliability value and 
an updated data value of each data word form the according to a perfect difference set code. 

digital data stream, said update reliability value and 21. The decoder according to claim 19 wherein said 
said updated data value computed according to the 10 at least One parity processing means and said at least One 

quasi-cyclic emor-correcting code by said at ]east update processing means are configured to decode data 
one update processing means, said at least one up- from a digital stream, whereby said data is encoded 
date processing means also comprising a second according to a perfect difference set code having a 
plurality of shift registers coupled in a second serial block length of 73 bits with 45 data bits and a minimum 
pipeline with the last shift register in said second 15 distance of 10. 
serial pipeline coupled back to the first register in * + * * *  
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