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Programmable Redundancy/Syndrome Generator

FIELD OF THE INVENTION

This invention relates generally to digital data communication
systems, particularly to the encoding and decoding of error correcting

codes.

BACKGROUND OF THE INVENTION

‘In a digital data -communication system (including storage and
retrieval from optical or magnetic media) in order to increase the transfer
rate of information and at the same time make the error rate arbitrarily low,
it is necessary to employ an error control systeni. For fixed signal-to-noise
ratios and fixed bandwidths, improvements can be made through the use of
error-correcting codes.

With error-correction cbding the data to be transmitted or stored is
mathematically proce'ssed to obtain additional data symbols called check
symbols or redundancy symbo!s. The data and check symbols together
make up a codeword. After transmission or retrieval the codeword is
mathematically processed to obtain error syndromes which contain
information about locations and values of errors.

For many error-correcting codes (e.g. polynomial codes such as, but
not limited to, Reed-Solomon codes) the codewords are formed by
appending a remainder polynomial (redundancy symbols) to a data
pblynofnial sb as to make the composite polynomial divisible by a generator
polynomial. The remainder polynomial is obtained by'djviding the data

polynomial by the generator polynomial and keeping t-fie remainder
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polynomial. The error syndromes are obtained by dividing the received
polynomial (a codeword pélynomial which may have an error polynomial
added to it) by the individual factors of the generator polynomial.

PRIOR ART

FIG. 1 shows a circuit which can generate redundancy syrﬁbols by
performing polynomial division.

FIG. 2 shows a plurality of first-order dividers in which each can
generate one of the error syndromes.

Prior Art Limitations

One problém arising in the use of these codes is the significant
amount of circuitry needed in high-speed implementations of high-order
(capable of correcting many errors) generators for the redundancy symbols
and the error syndromes. For systems which require the ability to do both

“the encoding and decoding, albeit not simultaneously, it is a desirable trait
to have one circuit capable of generating both sets of symbols. It is also a
desirable trait for the encoder to be programmable so as to be able to
produce different order codes (codewords with different numbers of
redundancy bytes). The usual method has neither of these traits.

United States Patent number 4,777,635 entitled “REED-SOLOMON
CODE ENCODER and SYNDROME GENERATOR CIRCUIT” issued to
Neal Glover discl_oseé a circuit which can generate both redundancgy and
syndrome symbols but is not order-programmable.

The Berlekamp-Welch algorithm is a general decoding algoritﬁm
which does not use syndromes but instead uses the encoder circuit to
compute a remainder from the received polynomial. However the algorithm

is a bit more complicated than that which processes syndromes and it is not
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order-programmable. It is also possible to convert the remainder to

syndromes but this requires significant additional circuitry.

SUMMARY OF THE INVENTION

It is an object of the present invention to decrease the size of the cir-
cuitry in a hardware implementation of an error correcting encoder/decoder
by using a single circuit to generate check symbols during the transmit oper-
ation and to also generate syndromes during a receive operation.

Another object is to decrease the size of the circuitry in a hardware
implementation of an error correcting encoder/decoder by using a single cir-
cuit to generate check symbols for codewords containing differing numbers

of check symboils,
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the prior-art solution for generating redundancy
symbols.

FIG. 2 shows the prior-art solution for generating syndromes.

FIG. 3 illustrates the basic principle utilized in the present invention.

FIG. 4 shows a block diagram of the preferred embodiment of the
present invention.

FIG. 5 shows a block diagram of an alternate embodiment of the
present invention.

FIG. 6 shows a block diagram of a further alternate embodlment of
the present invention.

FIG. 7 shows a block diagram of a still further altemate embodiment

of the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

This invention includes a method and apparatus capable of
generating redundancy symbols and syndromes and is order-
programmable. The theory of operation of this invention is as follows:
Polynomlal codes consist of codewords which are multiples of a generator
polynomial.-A codeword, c(x), is formed by dividing a data polynomial, D(x),
of degree less than k bya geherator polynomial, g(x) of degree n-k to obtain
a redundancy polynomial, r(x), of degree less than n-k. Appending r(x) to
D(x) yields c¢(x) of degree less than n (i.e. there are k data symbols and n-k
redundancy symbols and rllnnt”otal symbols, each symbol having a

- predetermined plurality of bits m).
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r(x) = D(x) xx" Fmod (g (x))

c(x) = D(x) xgn—k+r(x)

The following explanation will show that it is possible to feed D(x) into
a cascade of first-order dividers (where each divider divides by one factor,
(x+1;) ) to generate r(x). These first order dividers can then be used to
generate syndromes during read-operations {decoding). |

FIG. 3 shows a cascade of first-order polynomial dividers followed by
a cascade of first-order polynomial multipliers. Each polynomial divider is
made of a register 200, a constant multiplier 201 and adder 202, each one
symbol wide. The output of each polynomial divider is the input polynomial
multiplied by x and divided by (x+r) Each polynomial multiplier multiplies its
input by (x+r;). At each step of operation (simultaneous clocking of all
registers and inputting a further symbol) the output of each divider matches
the input to the correspondiné multiplier, e.g. 203, matches 21 3. Also each

divider register matches the corresponding multiplier register, e.g. A;
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matches B;. The output of divider Cascade 203, is:

_ x”‘kD(x) _ xt=kp (x)
203n—k-1 T on—k-1 - g (x) B

H (x-'!»rj.)
Jj=0

And

XKD (x) —q(x) x g (x) = xn-kp (x) mod (g (x))

Therefore

= X275D () — X" kD (x) mod (g (x) )
g(x) = e

The output of the multiplier cascade is q(x) g(x). The first k terms
(symbols) appearing on 203, k.1 is q(x) and the first k terms (symbols)
appearing o'n.2130 is D(x). To obtain the rest of q(x) g(x), the input to the
mulitiplier cascade js éet to zero by the gate 214 and the circuit is clocked n-
k more times. During these clocks the output of the muitiplier Cascade, 213,,
is x”’kD(x) mod g(x), which is the series of redundancy symbols in a
polynomial code,

Implementation

Since the multiplier registers in FIG, 3 always match the divider

registers, the muitiplier cascade can be discarded and during the last n-k
clocks the divider can be connected as a multiplier cascéde' to yield the
redundancy symbols. This is illustrated in FIG. 4. Then when

REDUNDANCY TIME is OFF the MUXes 102 and 103 cause the registers
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and constant multipliers to be connected so as to form a cascade of dividers
from left to right (the adders 106 add from left to right). When
REDUNDANCY TIME is ON the MUXes 102 and 103 cause the registers
and constant multipliers to be connected so as to form a cascade of
muttipliers from right to left (the adders add from right to left). The function
of the MUXes 101 is to form separate dividers (not in a cascade) for
syndrome generation.

During a write-operation (encoding) WRITE MODE is ON. For the
first k clock times REDUNDANCY TIME is OFF and the inpUt data bytes are
passed through to the output of MUX 105. For the last n-k clock times
REDUNDANCY TIME is ON and the redundancy symbols are present at the
output of MUX 105,

During a read-operation WRITE MODE is OFF and REDUNDANGY
TIME is OFF and the entire received polynomial consisting of data and
redundancy is input for n clock times, During the last clock time the
syndromes are available on the output of MUXes 103.

By holding the reset input to a register ON during redundancy
generation the corresponding root for that register is left out of the

| redundancy computation. This allows the selection of roots to be entirely
programmable, and in particular it allows the number of roots (code order)
to be programmable.

The generator shown in FIG. 4 ié for a Reed-Solomon code (i.e. the
roots as shown in the constant multipliers 104 are consecutive powers of
alpha, a primitive root of the field). However the invention applies to any
polynomial code With any selection of roots. The resets to the registers are

“ORDER <", which is the selection criterion for Reed-Solomon codes (i.e.
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ORDER consecutive roots are included and the remainder are left out,
where ORDER is the number of roots in the generator). However any
selection criterion may be used.

FIG. 5 shows an alternate implementation in which one set of MUXes
is removed from the adder chain of FIG. 4 and a second adder chain is
added. The upper adder chain 306 only adds from left to right (for data time)
and the lower adder chain 302 only adds from right to left (for redundancy
time). Tﬁis allows faster operation at the experise of more gates (trading
MUXes for adders). MUXes 303 switch between having a divider cascade
for data time or having a multiplier cascade for redundancy time. MUXes
301 switch between having a cascade of dividers/muitipliers for encoding
and having separate dividers for syndrome generation.

FIG. 6 shows an alternate implementation in which the set of MUXes
is removed from the upper adder chain in FIG. 5 and its function of allowing
syndrome generation is performed by including the set of adders 401 and
MUX 407. During read mode, MUX 407 allows read data to be the input and
adder chain 401 is enabled which causes the register output for each stage
to be addea to the next stage twice through adders 401 and 406. This
effectively decouples each stage, since in the finite field of GF(2™), addmg
an element to itself results in zero. This allows for the fastest operation, at
the expense of more gates (trading MUXes for adders), as the adder chain
406 no longer contains any MUXes.

FIG. 7 shows an alternate implementation in which the MUXes in
FIG. 6 have been eliminated. The sections remain in the divider
configuration during redundancy time but the input switches from data to

redundancy through MUXes 505 and 507. Because of the cancellation that
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occurs when elements are added to themselves, adding the output of the
lower adder chain, whichiis equal to the sum of the contents of the registers,
to the input of the upper adder chain, has the same function and result as
éctually changing the configuration from left-to-right dividers to right-to-left
multipliers as in the other implementations. ;

While the preferred embodiment and various alternative
embodiments of the invention have been disclosed and described in detail
herein, it will be obvious to those skilled in the art that various changes in
form and detail may be made therein without departing from the spirit and

scope thereof.
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We claim:

1. Apparatus for generating redundancy symbols during the encoding
of data comprising groups of binary bits into codewords of polynomial
codes, each codeword having data and redundancy symbols, each symbol
having .a- predetermined plurality of binary bits, and for generating
syndromes during the decoding of corresponding codewords which may

contain errors, comprising:
(a) cell set means where each cell comprises;
a resettable register,
an adder, and
a const.ant multiplier;

(b) connection means enabling each said cell to be connected as a first-
order polynomial divider in which the current output is the current input
added to the output of a register whose input is the current output multiplied

by a constant;

(c) connection means enabling each said cell to be connected as a first-
order polynomial multiplier in which the current output is the current input
added to the output of a register whose input is the current input muitiplied

by a constant;
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(d) connection means enabling said cell set to be connected either as a
cascade of said first-order polynomial dividers or a cascade of said first-

order polynomial multipliers;

(e) connection means enabling the transmittal data to be connected to

the input stage of the divider cascade;

(f) connection means enabling the output of the output stage of the said
multiplier cascade to be output to an information channel as the codeword

redundancy symbols; and,

(g) connection means enabling each said cell to be connected as
Separate first-order polynomial dividers so that each said divider may be

used to divide the received data in order to generate one of the syndromes.

2. The apparatus of claim 1 wherein the constant multiplier of each cell

multiplies its input by one of the roots of a codeword generator.

3. The apparatus of claim 1 wherein the register of a cell is held reset

when the cell's root is not to be included in the desired codeword generator.

4. Apparatus for generating redundancy symbols during the encoding
of data comprising groups of binary bits into codewords of polynomial
'codeé, each codeword c(x) being formed by dividing a data polynomial D(x)

. of degree less than k by a generator polynomial g(x) of degree n-k to obtain
-
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a redundancy polynomial r(x) of degree less than n-k, and appending r(x) to

13

D(x) to yield c(x) of degree less than n, each symbol haviny a predetermined
plurality of binary bits m, and for generating syndromes during the decoding

of codewords which may contain errors, comprising:
(a) a plurality of cells, each cell having;
an m bit wide adder having first and second adder inputs and an output;

an m bit wide resettable register having its output connected as one

input to said adder;

an m bit wide finite field constant multiplier having its output connected

to said resettable register;

(b) c_:onneétion means for selectively t:on'necting each said cell as a first-
order polynomial divider in which the current output of each said m bit wide
adder is the current input to the respective said cell added to the output of
the respectlve said register whose input is the current output of the

respective said adder multiplied by a finite field constant;

(c) connection means for selectively connecting each said cell as a first-
order polynomial multiplier in which the current output is the current input
added to the output of a register wﬁose input is the current input muttiplied
by a constant, Said cells being ordered in said cascade of first-order
polynomial multipliers in opposite order from their respective order in the
cascade of first-order polynomial dividers; |

-_—
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(d) connection means for selectively connecting said cell set either as a

cascade of said first-order polynomial dividers or a cascade of said first-

order polynomial multipliers;

(e) connection means enabling the transmittal data to be connected to

the input stage of the divider cascade;

(f) a connection means enabling the output of the output stage of the
said multiplier cascade to be output to an information channel as the

codeword redundancy symbols; and,

(g) a connection means enabling each said cell to be connected as
separate first-order polynomial dividers so that each said divider may be

used to divide the received data in order to generate one of the syndromes.

5. The apparatus of claim 4 wherein the constant multiplier of each call
multiplies its input by one of the possible roots of a possible codeword

generator.

6. The apparatus of claim 4 wherein the register of a cell is held reset

when the cell’s root is not tb_ be included in the desired codeword generator.

7. Apparatus for generating redundancy symbols during the encoding
of data symbols consisting of groups of binary bits into codewords of

polynomnal codes, each codeword c(x) being formed by dividing a data
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polynomial D(x) of degree less than k by a generator polynomial g(x) of
degree n-k to obtain a redundancy polynomial r(x) of degree 'ess than n-k,
and appending r(x) to D(x) to yield c(x) of degree less than n, each symbol

h'aving a predetermined plurality of binary bits m, comprising:

a plurality of cells having a register, a finite field muttiplier and an adder,
each cell being selectively connectable as a first order polynomial divider

and as a first order polynomial multiplier;

means for connecting each cell to form a first order po!ynomial divider,
and for coupling said first order polynomial dividers together to form a

cascade of first order polynomial dividers;

means for sequentially inputting data symbols for a codeword to the

cascade of ﬁrst-order polynomial dividers;

means for connecting each cell to form a first order polynomial
multiplier, and for coupling said first order polynomial multisliers together to
form a cascade of first order polynomial muttipliers, said registers being
ordered in said cascade of first-order polynomial mutltipliers in opposite
order from their respective order in the cascade of first-order polynomial

dividers; and,

means for holding the input to said multiplier cascade to zero and
clock:ng said resettable registers to clock out the redundaﬂcy symbols

associated with the data symbols
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8. Apparatus for generating redundancy symbols during the encoding
of data symbols and for generatmg syndromes during the decoding of
codewords Wthh may contain errors comprising the apparatus of claim 7

and further comprising:

‘means for connecting each cell to form a separate first order polynomial

divider; and,

means for providing codewords that may have errors therein to the
separate dividers to divide the received code word by the generating

polynomial to generate one of the syndromes.

9. The apparatus of claim 7 wherein the register of a cell is held reset

when the cell's root is not to be included ir the desired codeword generator.

10. A method of generating redundancy symbols during the encoding
of data symbols consisting of groups of binary bits into codewords of
polynomial codes, each codeword c(x) being formed by dividing a data
- polynomial D(x) of degree less than k by & generator polynomial g(x) of
degree n-k to obtain a redundancy polynomial r(x) of degree less than n-k,
and appending r(x) to D(x) to yield c(x) of degree less thann, each symbol

having a predetermined plurality of binary bits m, comprising the steps of:

(a) providing a plurality of cells, each having an m bit wide resettable

register havmg a reglster input and a registsr output, and an m bit wide finite
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field constant muttiplier having a multiplier input, and having a multiplier

output connected to said register input;

- (b) connecting the register output of each of the plurality of cells as one
of two adder inputs of a respective m bft wide adder, and connecting the
input of said m bit wide finite field constant muitiplier so that the current
output of each said m bit wide adder is the current input to the respective
said adder added to the output of the respective said register whose input
~ is the current output of the respective said adder multiplied by a finite field
constant 16 form a first order polynomial divider, and coupling said first order
polynomial dividers together to form a cascade of first order polynomial

dividers;

(c) sequentially inpuﬂing data symbols for a codeword to the cascade

of first-order polynomial dividers formed in step (b);

(d) connecting the register output of each of the plurality of cells as one
of two adder inputs of a respective m bit wide adder, and connecting the
input of said m bit wide finite field constant multiplier so that the current
output of each of the last named said m bit wide adders is the current input
to the respective said adder added to the output of the respective said
register whose input is the current input of the respective said adder
muitiplied by a finite field constant, and coupling said first order polynomial
multipliers together to form a cascade of first order polynomial multipliers,
said cells formed by the resettable registers and respective finite field
multipliers being ordered in said cascade of first-order polynomial muiltipliers
in opposite order from their respective order in the cascade of first-order

polynomial dividers; and, I
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(e) holding the input to said multiplier cascade to zero and clocking said
resettable registers to clock out the redundancy symbols associated with

the data symbols of step (c).

11. The method of generating redundancy symbols during the
encoding of data symbols and for generating syndromes during the
decoding of codewords which may contain errors comprising the steps of

claim 10 and further comprising the steps of:

(f) connecting each cell to an m bit wide adder, each cell forming a

separate first order polynomial divider; and,

(9) providing codewords that may have errors therein to the dividers of
step (f) to divide the received code word by the factors of the generating

polynomial to generate the syndromes.

12. The method of claim 10 wherein the adders used in step (d) are the

same adders as used in step (b).

13. The method of claim 10 Wherein the adders used in step (d) are

different than the adders used in step (b).

-
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14. The method of generating redundancy symbols during the
encoding of data symbols and for generating syndromes during the
decoding of codewords which may contain errors comprising the steps of

claim 10 and further comprising the steps of:

(f) connecting each celito a pair of m bit wide adders so that the output
of each cell is added to the input to the next cell twice, each cell forming a

separate first order polynomial divider; and,

(9) providing codewords that may have errors therein to the dividers of
step (f) to divide the received code word by the factors of the generating

polynomial to generate the syndromes.

15. The method of claim 10 wherein the resettable register of a cell is
held reset when the cell's root is not to be included in the desired codeword

generator. -

16. A method of generating redundancy symbols during the encoding
of data symbols consisting of groups of binary bits into codewords of
polynomtal codes, each codeword c(x) being formed by dw:dmg a data
polynomlal D(x) of degree less than k by a generator polynomial g(x) of
degree n-k to obtain a redundancy polynomial 1(x) of degree less than n-k,_ :
and appending r(x) to D(x) to yield ¢{x) of degree less than n, each symbol

~ having a predetermined plurality of binary bits m, comprising the steps of:
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(a) providing a plurality of cells having a register, a finite field multiplier
and an adder, each cell being selectively connectable as a first order

polynomial divider and as a first order polynomial multiplier;

(b) connecting each cell to form a first order polynomial divider, and
coupling said first order polynomial dividers together to form a cascade of

first order polynomial dividers;

(c) sequentially inputting data symbols for a codeword to the cascade

of first-order polynomial dividers formed in step (b);

(d) connecting each cell to form a first order polynomial muitiplier, and
coupling said first order polynomial multipliers together to form a cascade of
first order polynomial multipliers, said registers being ordered in said
cascade of first-order polynomial multipliers in opposite order from their

respective order in the cascade of first-order polynomial dividers; and,

(e) holding the input to said mulﬁplier cascade to zero and clocking said
resettable registers to clock out the redundancy symbols associated with

the data symbols of step (c).

17. The method of generating redundancy symbols during the )
encoding of data symbols and for generating syndromes during the
decodmg of codewords which may contain errors comprising the steps of

~ claim 16 and further comprising the steps of:

(f) connecting each cé'll to an m bit wide adder, each cell forminga

separate first order polynomial divider; and, _—
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(g) providing codewords that may have errors therein to the dividers of
step (f) to divide the received code word by the factors of the generating

polynomial to generate the syndromes.

18. The method of claim 16 wherein the adders used in step (d) are the

same adders as used in step (b).

19. The method of claim 16 wherein the adders used in step (d) are

different than the adders used in step (b).

20. The method of generating redundancy symbols during the
encoding of data symbols and for generating syndromes during the
decoding of codewords which may contain errors comprising the steps of

claim 16 and further comprising the steps of:

(f) connecting each cell to a pair of m bit wide adders so that the output
of each cell is added t'o_ the input to the next cell twice, each cell forming a

separate first order polynomial divider; and,

(9) provid-ing codewords that may have errors therein to the dividers of
step (f) to divide the received code word by the factors of the generating

polynomial to generate the syndromes.

_—
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21. The method of claim 16 wherein the resettable register of a cell is
held reset when the cell's root is not to be included in the desired codeword

generator.

22. Apparatus for generatlng redundancy symbols during the encoding
of data symbols con51stlng of groups of binary bits into codewords of
polynomlal codes, each codeword c(x) being formed by dividing a data
polynomial D(x) of degree less than k by a generator polynomial g(x) of
degree n-k to obtain a redundancy polynomial r(x) of degree less than n-k,
and appending 1(x) to D(x) to yield c(x) of degree less than n, each symbol

having a predetermined plurality of binary bits m, comprising:

a plurality bf cells having a register, a finite field multiplier and an adder,
said cells being selectively connectable to function as a cascade of first
order polynomial dividers and as a cascade of first order polynomial
multipliers, said registers being ordered in said cascade of first-order
polynomial multipliers to function in opposite order from their respective

order in the cascade of first-order polynomial dividers:

means for connecting said cells to function as said cascade of first order

polynomial dividers;

means for sequentially inputting data symbols for a codeword to the

cascade of first-order polynomial dividers;

means for connecting said cells to function as said cascade of first order

polynomial mulitipliers; and,
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means for holding the input to said multiplier cascade to zero and
clocking said resettable registers to clock out the redundancy symbols

associated with the data symbols.

23. Apparatus for generating redundancy symbols during the encoding
of data symbols and for generating syndromes during the decoding of
codewords which may contain errors comprising the apparatus of claim 22
wherein each said cell is selectively connectable to function as a separate

first order polynomual divider, and further comprising:

means for connecting each cell to form a separate first order polynomial

divider; and,

means for providing codewords that may have errors therein to the
separate dividers to divide the received code word by the factors of the

generating polynomial to generat the syndromes.

4

24. The apparatus of claim 22 wherein the register of a cell is held reset

when the cell’s root is not to. be included in the desired codeword generator.

25. The apparatus of claim 22 wherein each cell is selectively
connectable to function as said cascade of first order polynomial multipliers
with said registers being ordered in said cascade of first-order polynomial

multipliers to function in opposite order from their réspective order in the
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cascade of first-order polynomial dividers by connecting said cells to
function as said cascade of first-order polynomial dividers and applying the
sum of the contents of said registers to the input of said éascade of first-

order polynomial dividers.

26. A method of generating redundancy symbols during the encoding
of data symbols consisting of groups of binary bits into codewords of
polynomial codes, each codeword c(x) being formed by dividing a data
polynomial D(x) of degree'less than k by a generator polynomial g(x) of
degreé n-k to obtain é redundancy polynomial r(x) of degree less than n-k,
and appending r(x) to D(x) to yield ¢(x) of degree less than n, each symbol

having a predetermined plurality of binary bits m, comprising:

providing a plurality of cells having a register, a finite field multiplier and
an adder, said cells being selectively connectable to function as a cascade
of first order polynomial dividers and as a cascade of first order polynomial
multipliers, said registers being ordered in said cascade of first-order
polynomial multipliers to function in opposite order from their respective

order in the cascade of first-order polynomial dividers;

connecting said cells to function as said cascade of first order

polynomial dividers;

sequentially inputting data symbols for a codeword to the cascade of

first-order polynomial dividers:
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connecting said cells to function as said cascade of first order

polynomial multipliers, and,

. holding the input to said multiplil_er cascade to zero and clocking said
resettable registers to clock out the reduhdancy symbols associated with

the data symboils.

27. The method of generating redundancy symbols during the
encoding of data symbols and for generating syndromes during the
decoding of codewords which may contain errors comprising the apparatus
of claim 26 wherein each said cell is selectively connectable to function as

a separate first order polynomial divider, and further comprising:

connecting each cell to form a separate first order polynomial divider;

and,

providing codewords that may have errors therein to the separate
drvrders to divide the received code word by the factors of the generating

polynomial to generate the syndromes.

28. The method of claim 26 wherein the register of a cell is held reset

when the cell’s root is not to be included in the desired codeword generator.

29. The method of claim 26 wherein each cellis selectively connectable

to function as said cascade of first order polynomial multipliers with said

\
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registers being ordered in said cascade of first-order polynomial multipliers
to function in opposite orderfrom their respective order in the cascade of
first-order polynomial dividers by connecting said cells to function as said
cascade of first-order polynomial dividers and applying the sum of the
contents of said registers to the input of said cascade of first-order

polynomial dividers.

_—
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