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This patent application is a continuation
application of United States Patent Application Serial
Number 08/147,758, filed November 4, 1993, which is’
incorporated herein by reference. Patent applications filed
concurrently (inventor: Christopher P. Zook) with this
patent application and incorporated herein by reference
include U.S. Patent Application Serial Number 08/___ ,
(attorney docket: 1777-8) entitled “CYCLIC REDUNDANCY CHECK
METHOD AND APPARATUS"; U.S. Patent Application Serial Number
os/___ ,___ (attorney docket: 1777- 9) entitled “BURST ERROR
CORRECTOR”, U.S. Patent Appllcatlon Serial Number o8/ ____
(attorney docket: 1777-7) entitled “REED SOLOMON DECODER”,
and U.S. Patent Application Serial Number 08/__ ,
(attorney docket 1777-10) entitled "ERROR CORRECTION METHOD
AND APPARATUS". Patent applications filed concurrently with
United States_Patent Application Serial Number 08/147,758,
filed November 4, 1993 (and all hereby incorporated herein
by reference) include U.S. Patent Application Serial Number
08/147,865 entitled “DUAL PURPOSE CYCLIC REDUNDANCY CHECK”,
U.S. Patent Application Serial Number 08/148,068 entitled
“"BURST ERROR CORRECTOR”, and U.S. Patent Application Serial
Number 08/ 147,650, entitled “REED SOLOMON DETECTOR” .

1. Field of Invention _

' This invention relates generally to digital data
communication systems, particularly to the arithmetic of
finite fields. More particularly, the invention relates to

5 the decoding of error correcting-codes.
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In a digital data communication system (including '
storage and retrieval from opbical or magnetic media) it is
necessary to employ3an error control system in order to

5 increase the transfer rate of information and at the same
time make the error rate arbitrarily low. For fixed signal-
to-noise ratios and fixed bandwidths, improvements can be
made through the use of error-correcting codes.

With error-correction coding the data to be

10 transmitted or stored is mathematically processed to obtain
additional data symbols called check symbols or redundancy
symbols. After transmission or retrieval, the received data
and check symbols are mathematically processed to obtain .
information about locations and values of errors. Since it

15 ~is most efficient to treat the data symbols as members of a
finite field rather than the familiar fields of real or
rational numbers, finite field arithmetic is used.

| One problem arising in finite field arithmetic is
the complexity of performing division as compared to the

20 complexity of performing addition, subtraction or
multiplication. Division can be done by taking the
multiplicative inverse of an element followed by a
multiplication. A simple method of inversion would result in
a simple method for division.

25 ' There are several methods of performing inversion
in GF(2"). The most common is. the use of a look-up table,
equivalent to a 2® by m ROM. This method is the fastest and
requires the most circuit Qates. In many applications it is
desirable to process m-bit symbols serially to reduce

30 circuit size. In such applications it would be desirable to
perform additions, multiplications and inversions of m-bit
symbols in m clock cycles. Several such methods are
described.

| Fig. 1 shows a circuit which employs the following
35 method: If a is an element of GF(2") then
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a!1=a2%2=II 52" - | '

The inverse can be obtained by repeated squaring
and multiplying. However the squaring and multiplication
functions must be performed in one clock cycle which causes

5 excessive circuit size. In FIG. 1, Rl is initiaglized to "a"
and clocked once to obtain a*, at which point R2 is
initialized to 1. Aftérﬁm-l-more clocks R2, contains al.

Another method uses the Euclidean algorithm and is
‘described in Berlekamp's “Algebraic Coding Theory”,

10 published by Aegean Park Press, revised 1984 edition, pp.
‘ 36-44. ‘It uses 3m+4 flip- flops and requlres 2m+2 clock
¢cycles.

Yet another method, shown in Fig. 2, is described
in Whiting’s PhD dissertation for the California Institute

15 of Technology entitled *“Bit-Serial Reed-Solomon Decoders in
VLSI,” 1984, p. 58. In the Whiting technique, R is-
initialized to the element "a" expressed in its dual basis
representation (see p. 39 of Whiting) and £(x) is a logic
function which produces bit 0 of the dual basis _'

20 representation for a™. Repeated multiplication of a by «*
allows f(x) to produce the remaining bits of a*. The
function £(x) can be implémented by a 2™ by 1 ROM. The
inverse is produced serially in m clocks.

However, these techniques have the limitation that

25 _ they require either excessive circuitry or excessive clock
cycles to produce an inverse. Thus there is a need for an
approach that reduces the size and time requlrements for
finite field inversion.



10 transmtted or stored is mathematically processed to-obtain addi ti onal
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An inversion'circuit of the invention determines’
‘an inverse B! of .an m-bit finite field symbol B, the symbol
5 B belng expressed in a dual basis representation. The
~inversion circuit includes an iterative convolution circuit
to which the symbol B is applied and which generates and
' stores electrical signals corresponding to an m-bit value A.
The value A is in a first basis representation and is
10 . generated by the convolution circuit such that an inner
product of A and a*B is eq{ial to 0 for k < m-1. A feedback
circuit is provided for enabling the convolution circuit to
perform a convolution with an « multiple of B. A multiplier
circuit is connected to the convolution circuit and
15 'generates electrical output signals corresponding to the
product of the value A and «™. The electrical output
signals from the multiplier represent Aa™t =B (i;e.,’the
inverse of the m-bit symbol B in the first basis
representation). When necessary, the m-bit value A is bit-
20 positiohally justified, either by operating the convolution
circuit as a shift register Qr by loading the value A into a
shift register. '
In operation, the inversion circuit is first
initialized, after which the bits B, of m-bit symbol B are
25 clocked into "B" registers. During a specific number of
ciock cycles, -inversion circuit performs a convolution
operation similar to that of a conventional binary-oriented
Berlekamp-Massey circuit (e.g., determining a current
discrepancy d, and updating values in "A" registers and
30 intermediate registers). The m-bit value A will ultimately
| be stored in the A registers. The m-bit value of A is
developed under the constraint that the inner product of A
(in first basis representation) and «*B (in second basis
representation) is 0 for k < m-1.



a sinple nethod for division. There are several nethods of

performn |nversron in GF([engﬂwaIMEB Is the u K- up
t abl e, §f Sto a 2l err] met hod is the ?gg{ﬁé%@zg% '
?equires the nDst circuit'gate i cations it ps—destrable—tg—;
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and inversions of mbit synbols in mclock cycles. Severa such ethods are
described. Fig. 1 shows a circuit which enploys the foll ow ng 35 met hod: |f
a is an el enent of GF(2[err]) t hen “5-

‘Generation of A occurs by the convoluted iteration
using a sequence {S,}. For the m-bit symbol B, the first m '
menmbers of sequence'{Sn} (e.g., S, through S,,) are the first
m bits of B (e.g., B, through B.,). Thus, for the first m

5 clock cycles, the values B, through B,, are serially clocked
| into the B registers.. The remainder of the sequence {S,} is
generated using the feedback circuit, which generates a
feedback « multlple of B. Generating the remainder of
sequence {S,} in this manner is understood from a definition
10  of sequence {S,}, particularly the expression S;,, = (®&*B);.

‘Generation of the sequence {S,}, and
consequentially of the A values in the "A" registers,
continues until either (1) 2m-2 clock cycles are executed,
or (2) a length greater than m-1 is attained (provided that

15 d, * 0). If a length of greater than m-1 is attained prior
to 2m-2 clock cycles, values in the "A" registers are
shifted rightwardly (one flip flep per clock cycle) until
cycle 2m-2 is reached. This shifting brings in leading .
zeros in the left "A" registers, thereby essentially right

20 justifying the A value in the "A" iegisters.' '

In one embodiment, justification of the A wvalue in

. the. "A" regieters is accomplished by operating the "A"
registers as a shift register. Each "A" register has an
associated multiplexer, with the mul;iplexer for the lower

25 order "A" registers being operative to select between a
convolution input and a register-shift input. At a
predetermined clock cycle in a convolution performed by the
convolution circuit, multiplexers are operative to switch
input to the lower order "A" registers from a convolution

‘30 | input to a registef-shift input. The predetermined. clock
cycle occurs when a length of the polynomial exceeds m-1 and
a current discrepancy velue d, is non-zero. In another
embodiment, the means for justifying the m-bit value A is a
shift register connected to the "A" registers.



=3- [err] The inverse can be obtained by repeated squaring and nul tiplying.
However ing and nmultip | unctlons nmust be perfussdexdsr n one
clock'cyéﬁégaﬂ#@% causes excessphggﬁ °“ edIn FIG 1, [err] is
initialized to "a" and cl ocked o err] at which point ‘R2 is
initialized to 1. After m,1 nore talns [errT ----- “Arether—aet hod
uses the Euclidean algorlthnland |s descrlbed i n Berl eka ”§W9$$@Ebrach =N
Codi ng Theory", 10 published by Aegean Park Press, revisg '198$:édﬁtrgn -
pp. 36-44. It uses 3m+4 flip-flops and reqU|res 2me2 cl ock cyT .
-6-

Advantageously, the inversion circuit of the
present invention avoids usage of_ROMs and facilitates '
predominately serial rather than parallel data transfer.

5 .~ BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing and other objects, features, and
advantages of the invention will be apparent from the
following-more'particular description of preferred
embodiments as illustrated in the accompanying drawings in
10 which reference characters refer to the same parts
throughout the various viéws.- The drawings are not
necessarily to scale, emphasis instead being placed upon
1llustrat1ng the principles of the invention.
Fig. 1 is a schematic block diagram of a prior art
15 method. . o _
Fig. 2 is a schematic bléck diagram of another
| prior art method. ' '
Fig. 3 is a schematic view of a circuit for
multiplying by « in f representation.
20 | Fig. 4 is a schematic block diagram of a basic
| inversion circuit according to the invention.
Fig. 4A is a schematic block dlagram depicting a
first embodiment of the inversion circuit of Fig. 4.
Fig: 4B is a schematic block diagram depicting a
25 second embodiment of the inversion circuit of Fig. 4.
Fig. 4C.is a schematic block diagram depicting a
third embodiment of the inversion circuit of Fig. 4.
. Fig. 5 is a schematic diagram illustrating in
detail the first embodiment of Fig. 4A.
30 Fig. 6 is a schematic diagram illustrating a
modified feedback circuit. '



Yet another method, shown in Fig. .2, is-described in Witing s PhD

technique, Ris initialized to the pr essed | N H4gs guatT PAsigEeN
representation (see p. 39 of V\hltl a logic functimp\mmb

di sserta the Cal.ifornia | nst ty gechnol og?@‘ﬂiﬁ%llwm
"Bit- Serr‘gﬁ ﬂgeé Sol onon Decoder s7 ﬁm&eg i . t he \Whiting

produces bit 0 of the dual basis 20 representation for |
mul tiplication of a.by [err] allows f(x) to produce the remsu n| ng bits of
[err]. The function f(x) can be inplenmented by a 2 by 1 ROM The inverse is
produced serially in mcl ocks However, -t"tese techni ques have the
limtation that 25 thg re elther excessive circuitry or excessive

cl ock cycles to produc RESCRIRTIONPE TEE DRBUENGS, an

In GF(p“) each element may be viewed as a vector .
in an m-dimehs_ional vector space. The canonical basis set is
{a*} for k = 0,1,...,m-1. Let .{ak-} be a set of basis vectors
5 such that &, = a.,e* for Xk = 0,1,'. ._._,m—i_. The so-called dual
basis to this set is {B,} where P, is chosen such that
tr(ep;) = «° if k is equal to j and tr(ep;) = 0 if k is not
equal to j. The trace function tr(x) is defined as:

m-1
=Y. x
i=0
10
' Let A be an element of GF(p") expressed in the
canonical representation which will be referred to as the «
representatiori_ and let B be an element of GF(p") expressed
in the dual basis representation which will be referred to
15 as the P representation, i.e.
m-1
A= Y Ak
k=0
and
- om-1
B=), Bif
k=0
20 where A, are the components of the vector A and B,

are the components of vector B. Then



approach that reduces the si ze----and tinme requi rements for finite field

i nver si ONwg 95/ idEL ACEVENT SHEET .5 R%ﬁladed‘lvel’SI on circrsesatisthe

invention geterm nes an inverse |t finite fipld=synbol="5;
the synbol 5 B being expressed | repr esent atli dHIS cSFIH‘:teT HAS B
inversion circuit includes an i te ut ion circuitfto WREERACED

synbol B is applied and which generat es and stores electricar srgmars
corresponding to an mbit value A :

-8-

.m-1 - .
tr(e,aXB) = tr ak}: Byp;|=tr Z Bya,f;
j=0 ‘ j:O
= Ba® ,k=0,1,...,m-1 EQN.1

Let C be the P representation of AB and let (a*B) 4
be the components of «*B in P representation. Then from EQN.-
5 1 '

Cal = tr (a,0*aB)  ,k=0,1...,m-1

m-1 . :
=tr| a0y AaB| ,k=0,1,...,m-1
j=0 -

=tz| ¥ a0, (@*B) | ,k=0,1,...m1

m-1 m-1
= tr| ¥ Aja Z (o B)j[i  k=0,1,...,m-1
Jj=0 i=0

10

L4




The value Ais in a first basis representatlon and I's 10 generated by the
convol ut iwposiisgagi t such that an |h‘ma3he@ facy and [ eRQI/YSH4AIE| to O
for Kk <ml. A feedback circuit is nabllng the convoLum4
egircuit to performa convolution w
circuit is connected to the convolu |o nd 15
out put signals corresponding to the product of the valu
el ectrical output signals fromthe nultiplier represent
the inverse of the mbit synmbol Bin the_first basis representation). v%en
necessary, the mbit value Ais bit- 20 805|t|onally justified, either by
operating the convolution circuit as a shift register or by |oading the
value Ainto a shift regigtar. - '

=Y a4;(a*B) ;0° ,k=0,1,...,m-1 .
Jj=0

m-1 '

Z A (e B)j +k=0,1,...,m-1 EQN.2

j=0 - '

i e. the kth component of the P representation of .
the product of A.and B is the inner product of the «
representation of A and the B representation of «*B.

Then, from EQN. 1

5
(a*B) ;4° = tr (a,0? (6*B)) ,3=0,1,...,m-1
= tr (@ ,07"*B) | ,j=0,1,...,m-1 EQON.3
EQN. 3 implies that if j+k = c+d then (a*B); = (tz‘.’B)c and
this implies '
10 ' R
(¢B) ;=B - ,j=0,1,...,m-2 EQN.4
EQN. 3 also implies
(€B) ,.,6° = tr (aya™B)
a5 Let G(x) = Ig;x* be the GF(p®) field generator.

Without loss of generality it can be assumed that g, = 1 (if
not then g(x) can be divided by g, to yield a generator with



l.-n operation, the inversion circuit is first initialized, after which the
bits Bk olwgosigssynbol B are Zﬁmsagggﬁggea;@ jaddd I €gi st er SPCDUSINZ13Y

speci fic nunber of clock cycles, { uit perfornms a convolutlon
operation simlar to that of aco "ary oriented
Ber | ekanp- Massey circuit (e.g., urrent di sc qpﬁ@gp‘]:er S

updating values in "A" registers and 30 I nternmedi ate regjster

Sl ue

mbit value Awill ultimately be stored in the A register

X

of A is devel oped under the constraint that the inner product of A (| n
first basis representation) and [err] (FAC Second basis representation) is O

for k < mil,
leading coefficient equal to 1). Bytdeflnltlon G(a) = 0,

i.e. o . . '
m m-1
Z JEocl-0=-=-oz’"=— E g;ot
i=0 . I=0
5
Therefore
m-1
(@B) py0®=-tr| ey Y g;a’B
o
m-1 :
= - 2 g,tr (e, 1iB)
i=0
m-1
= - Z ngia
i=0
10
(€B) gy = - z g:B; EQN.5

EQON.4 and EQN.5 show that in ] representation
multiplication by & corresponds to a shift with feedback as
is illustrated in Fig. 3. From EQN. 3

15



REPLACEMENT SHEET Generation of A occurs by the convoluted iteration using

a sequencwgesimi4s For the mbit synbol the first m nmenbereT@RISREIENCE
{sSn} (e.g., [err] through [err] )N 2t hits of B (e.g., [err]
through [err]) Thus, for the-fi r l cycles, the val ¥
through [err] are serial | y cl ock egi sters. ,?w;] {m&mﬁeAbﬁEEN I
the sequence [err] is generated usi ng the feedback circuit I

a feedback [err] multiple of B. Generating the renai nder
{S[err]} in this manner is understood frgma definition 10 of ‘sequence

[err] particularly the expression [err] [err] Ceneration of the sequence
[err] and consequentially of the A values in the "A" registers,

(akB)J - ( aj_+k-m+1B)

m-1
= (& (¢7**7B) ) .,
This and EQN. 5 implies
m-1
(e*B) ;= - 2 9g; (aJ"k""B) EQN. 6
i=0
5 Now ‘let {S,} be a sequence defined in the

following way: S;, = (&¢*B);. Note that k=0 implies S, = B,
forn =0,1,...,m-1.  Then, from EQN. 6

- m-1
Siup =" Z g.iS_7+k-m+1 ' for j+k> m-1
i=0 '
10 or
m:
E F4Sp-mei forn> m-1

Substituting S;,, for («*B); in EQN. 2 yields

Ck E _1+k | lk=ollll"'lm—1 . | EQNS.7



continues until either (1) 2m 2 cl ock cycles are execut ed, or (2) a length

greater “{;@;ym% is attained (provided that 15 ~[err] ). pﬁmssqiﬂmyth of
greater than m1 is attai ned pmhgsbgeg{ag@gg”& k cycles, values in the "A"
op ‘per clock cycle) until

fegisters are shifted ri ghtwardl
cycle 2m 2 is reached. This shi f m | eadi ng ze}Oﬁ_”irLHt-lﬁ A Been
"A" registers, thereby essentiall justifying fihe A yablerih the ||

"A" registers. In one enbodinent, justification of the A

registers is acconplished by operatl ng the "A" registers as a shift
regi ster. Each "A" regqi ster has an asso&fated nultiplexer, with the

mul tipl exer for the | ower order_"A" registers_being operative to
sel ect between a con@‘BVut?-SFl Enput0 HRF & redhst 2B nfé-t Tn:gutl & @ =
Ba-:- = «° for some t. W:.th this choice for C the first m-1

'equations of EQNS. 7 forms a recurrence relation:

Am_ls -1+k = - Z AjSJ+k s ’ k=0 ’ 1 7 v s ,m-2.
. m-2 A _
Sm_1+k= - Z A J Sj+k ,k=0'1' a8 ,m_z EQNS-B
j=0 m-1 *
5 The Berlekamp-Massey algd_rithm can be used to

generate a linear feedback shifﬁ register (LFSR) that will
satisfy EQNS. 8. Note that to generate S, ., fequires an LFSR
of length m and in fact the taps of it are g;. However EQNS.
8 show that 'an LFSR of length no greater than m-1 can be

10 used to generate S, for k < 2m-2. The vector A generated by
the algorithm has the p_roperty that AB. = C = «*. Therefore
B* = Aa. The number t can be chosen arbitrarily by the
proper choice of &, which also determines the linear
transformation from one basis representation to the other.

15 @, would normally be chosen to minimize the logic needed for
the transformations and for multi_plying by «*. If the
transformations are not a consideration for a particular
application then t can be made to be 0.

20 : STRUCTURE
In view of the mathematical derivations provided
above, it should be understood that the inverse of m-bit
symbol B (i.e., B?) is equal to the product Ar™. Fig. 4 is
a generalized block diagram showing inversion circuitry 212
25 for generating electrical signals corresponding to the value
of B'. ~Consistently with the derivation, the circuitry of
Fig. 4 shows a circuit 100 (which determines an m-bit value



predeterm ned clock cycle in_a convolution.perfornmed by the convol ution
circuit, WO/ H8eXers are operatlve to svm tch |nput to t he PERAISIZIZT " A"

reglsters froma convol ution SUm glster-shlft i nput. The
pr edet er mi ned cl ock cycle occur J of the polyr"f-f )
m 1 and a current discrepancy v on zero. In B ey

enbodi nent, the nmeans for justlfylng the mbit value Ais
connected to the "A" registers. -6- Advant ageously, the
circuit of the present invention avoids_ysage of ROMs and facilitates

for A) and an «™® multiplier 102. Input values of bits B,
forming B are serially applied to circuit 100 on input line |,
104 during the first m clocks. After 2m-2 clocks, the value
A (in first or canonical basis representation) is applied on
5 m-bit parallel bus 106 to «* multiplier 102. An m-bit
output bus 108 carries electrlcal signals 1nd1cat1ve of B!
(the product Aa™®).
As explained in more detail below, circuit 100 for
determining electrical signals corresponding to the value of
10 A can take various forms. For example, Fig. 4A shows a
circuit 100A for determining electrical signals
corresponding to the value of A and which is driven by
controller 120. As shown generally in Fig. 4A, circuit 1002
particularly includes a MUX 404 having a first output pin
15 - connected by serial line 122 to a modified binary-oriented
Berlekamp-Massey circuit 124A (also known as a modified
convolution circuit). Modified Berlekamp-Massey circuit
124A is connected by an m-bit feedback bus 126 to feedback
circuit 128 and by bus 106 to & multiplier 102. An 6utput
20 of feedback circuit 128 is serially applied to a second
input of MUX 404, the first input of MUX 404 being connected
to receive the input values of bits B,. Controller 120
applies clocking and control signals on lines 120-1 to
modified Berlekamp-Massey circuit 124A .and on lines 120-2 to
25 feedback circuit 128, and a select signal on line 120-3 to
MUX 404. Controller 120 receives a signal d, from circuit
124A. . i
A second embodiment of"circuitry for determining
electrical signals corfesponding to the value of A is shown
30 as circuit 100B in Fig. 4B. Circuit 100B of Fig. 4B
primarily differs from circuit 100A of Fig. 4A in that
modified binary-briénted Berlekamb-Massey circuit 124 of
Fig. 4A is replaced by the combination of a more
conventional binary-oriented Berlekamp-Massey-type circuit
35 124B and a shift register 132. Certain registers of



predom nately serial rather than parallel data transfer. 5
BRI BEF DESqi b5iifghs OF THE DRAW NGoy,ligeef s DI Hifiadd Ot her OprfRisSanaiar

follomnng nmore particul ar descri pt ed enbodi peat-s—as
Illustrated in the acconpanyi ng dr whi ch ref gr eGeSHEET RS BEEN
refer to the same parts throughout the various views. Thejdraw RgPLACEDNOL
necessarily to scal e, enphasis instead being placed upon
principles of the invention. Fig. 1 is a_schematic block diagramof a prlor
art 15 method. Fig. 2 is a schematic birdék di agram of another prior art
met hod.
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features, and advantages of the |n UH m‘ﬂ% e apparent fromthe

Berlekamp-Massey-type circuit 124B (1n particular "A"
registers corresponding to those often known as 0 registers)
are connected by m-bit bus 130 to the m input pins of shift
register 132. Output pins of shift register 132 are

5 connected by m-bit bus 106 to & multiplier 102.

Yet a third embodiment of circuitry for
determining electrical signals cofresponding to the value of
A is shown as circuit 100C in Fig. 4C. Circuit 100C of Fig.
4C primarily differs from circuit 100A of Fig. 4A in that

10 feedback bus 126 and feedback circuit 128 ére replaced with
a modified feedback circuit 140. Modified feedback circuit
140 comprises a plurality of registers 142, - 142w1, with
register 142,, being serially fed frbm MUX 404

| simultaneously with the feeding of modified Berlekamp-Massey

15 circuit 124C. Registers 142, - 142,, are also serially
connected so that values may be shifted rightwardly from
register 142, , to register 142, during m clock cycles. The
contents of the registers 1420 - 142,, are also serially
connected to first iqput pins of respective AND gates 144, -

20 144, ,. A second input pin of each AND gate 144 is connected
either to a "1" or "0" value to produce a feedback circuit
in accordance with the particular field generator
polynomial. Output pins of the AND gates 144, and -'1441
‘are connected to first and second pins of XOR gate 146,.

25 XOR gates 146, through 146,4 have first input pins connected
to output pins of correspondingly subscripted AND gates 144,
and second input pins connected to output pins of the XOR
gate 146 having the next lowest subscript value. The output
pin of XOR gate 146,, is connected to the second input

30 termlnal of MUX 404. _

Fig. 5 shows details of the inversion .circuit 212
of the embodiment of Fig. 4A for implementing an
illustrative field generator (e.g., x*+x*+x>+x2+1).

Inversion circuit 212 includes MUX 404, feedback circuit
35 128, and « multiplier circuit 102. The remaining elements




Fig. 3is a schematic view of a circuit for nultiplying by [err] in [err]
r epr esent @ig $xi2840 Find-shékt S RenSGhR&AAL | C bl ockpOT/UgsTIZY A

basic inversion circuit according on. Fig. 4Ais a schematic
bl ock diagram depicting a first e u e i nversion circuit of Fig
4. Fig..4B is a schematic bl ock di g a 25

€. IH
of the inversion circuit of Fig. 4. Fig. 4Cis a schemat ﬁ%g 1?%&
depicting a third enbodi ment of the inversion circuit of R is

a schematic-diagramillustrating in detail the first enbodinent of Fig. 4A.

30 . _ Fig. 6 is a schematic di@gtamillustrating a nodified

feeQback Cb%cﬁkg 5 are included in the modified binary-oriented
Berlekamp-Massey circuit 124A of Fig. 4A. ) !

The modified.Berlekamp-Massey circuit 124A of Fig.
5 includes a bank of "B" registers 400, - 400,; a bank of
5 "A" registers 401, - 401,; ‘and a bank of intermediate

registers 402, - 402,. In view of the binary orientation of
‘circuit 124A, registers 400, 401, and 402 are one bit flip-
flops and, accordingly, are also referenced herein as flip-
flops. Output pins of flip-flops 400 are connected so that .

10 the contents thereof can be rightwardly shifted (e.g.,
output from flip-flop 400, to flip-flop 400,, output from
flip-flop 400, to flip-flop 400;, and so forth). In similar
manner with a conventional Berlekamp-Massey circuit, output
pins of paired ones (same number subscript) of the flip-

15 - flops 400 and 401 are ANDed together (at AND gates 420).
Outputs from the output pins of AND gates 420 are added
together by adders 422, - 422, (which in GF(2) are XOR
gates) to produce a term whlch is analogous to the current
discrepancy d, (output from adder 422,).

20 Unlike a conventional Berlekamp-Massey circuit,
the modified Berlekamp-Massey circuit 124A of Fig. 5
‘includes thrée-input MUXes 424,- 424, for controlling
selection of input into corresponding flip-flops 401; -

401,, respectively. Each of three-input MUXes 424,- 424,

25 includes a first input pin for loading an initializing value
(*0"); a second pin for receiving a shifted value from a
leftwardly neighboring flip-flop 401; and, a third pin
connected in a manner hereinafter described for receiving an
updating value derived from the contents of a neighboring

30 intermediate register 402 and the discrepancy term d,.
Flip-flop 401, has a two-input MUX 424, which receives
either the value "O" or "ir, _ )

The modified Berlekamp-Massey circuit 124A of Fig.
5 further includes a plurality of AND gates 426, - 426, -
35 with each AND gate 426 having its output pin connected to a
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first input of an assoc1ated ADDER 428 (e.g., the output pin
of AND gate 426, is connected to the first input pin of
ADDER 428,, the output pin of AND gate 426, is connected to
the first input pin of ADDER 428,, and so forth). A second
5 input pin of each AND gate 426 is connected to receive the
current discrepancy d, from ADDER 422,. A second input pin
of each ADDER 428 is connected to the output pin of its
corresponding (like subscripted) flip-flop 401. The output
pin of each ADDER 428 is connected to the third input pin of
10 a corresponding (like subscripted) three-input MUX 424 as
described above. The second inpﬁt pin of each AND gate 426
is connected to an output pin of a leftwardly neighboring
1ntermed1ate flip- flop 402.
A three-input MUX 430 1s prov1ded for each
15 intermediate flip-flop 402. MUXes 430, - 430, have a first
- input pin connected to receive the initializing value "0";
MUX 430, has a first and second input pins connected to
receive the initializing values "1" and "0", respectively.
A second input pin of MUXec 430, - 430, is connected to
20 receive the oﬁtput from a leftwardly neighboring
intermediate register 402 (a register 402 with subscript
decremented by one). A third input pin of MUXes 430, - 430,
is connected to receive the output from a like-subscfipted.A
flip-flop 401. - |
25 Each A flip-flop 401 has its output pin connected
to a rightwardly neighboring flip?flop 401 (via the second
input pin of a suitable MUX 424 as above described), to an
AND gate 420 (for use in génerating the discrepancy 4,), to
a like-subscripted intermediate flip-flop 402 (via a like
30 subscripted MUX 430), and (via a lead in bus 106) to the a*
multiplier circuit 102.
) Thus, the modified Eerlekamp-Massey circuit 12424
of Fig. 5 includes a bank B400 of B registers (flip-flops)
400; a bank B401 of A registers (flip-flops) 401; and a bank
35 B402 of intermediate registers (flip-flops) 402. Aas used



Let A be an elenment of GF(p) expressed I n the canonical representation
whi ch wi | lwdesnmasrred to as the. [err e resent at ion and | FCTHPYIHAT
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be referred to 15 as the [err] ﬂ, .e. [err] & d.C1 el
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herein, it should be understood that a flip-flop is a one
bit register, and that registers having greater than one bit .
capacity can be utilized so long as other aspects of the
invention are practiceddl_If-the'number of flip-flops in

5 banks B400 and B401 are "m" (m = 8 in the illustrated
embodiment), the number of flip-flops in bank B402 is m-1.
Moreover, as illustrated in Fig. 5, at least the m-1 lower
order "A" flip-flops 401 have associated three-input MUXes
424, thereby enabling bank B40l1 to serve as a rightwardly

10 shifting shift register. |

In view of the particuiar field generator

polynomial employed in the illustrated example, the feedback
circuit 128 of Fig. 5 comprises ADDERS 440,, 440,, and 440,.
A first input pin of ADDER 440, is connected to an output

15" pin of flip-flop 400, while a second input pin of ADDER 440,
is connected to an outpﬁt pin of flip-flop 400,. A first
input pin of ADDER 440, is connected to an output pin of
ADDER 440, while a second input pin of ADDER 440, is
connected to an output pin of ﬁlipeflop 400,. Likewise, a

20 first input pin of ADDER 440, is connected to an output pin
of ADDER 440, while a second input pin of ADDER 440, is
connected to an output pin of flip-flop 400,. The oﬁtput
pin of ADDER 440, is connected to a second input of MUX 404,
the first input pin of MUX 404'being'connected to receive

25 the B, bit of the m-symbol B to be inverted.

- The ¢ multiplier circuit 102 of Fig. 5 is
configured to multiply the value of A as transmitted on bus
106 by «*. The value of "t" can otherwise be chosen as
discussed above in connection with the mathematical -

30  derivations. The ua™* multiplier circuit 102 of Fig. 5
particularly comprises a plurality of ADDERs 450 - 454
uniquely connected to provide for multiplication by «* as.
will be understood by the man skilled in the ‘art. The
output of «* multiplier circuit 102, supplied on m-bit

35 parallel bus 108, is the value A«™ = B™, which is the
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- desired inverse of ‘the m-blt symbol B inputted to inversion

circuit 212. '
Fig. 6 shows a generic feedback circuit which can

be utilized for the circuits 128 of Fig. 4A or Fig. 4B. The

structure and operation of the circuit of Fig. 6 is.

understood with reference to modified feedback circuit 140

of Fig. 4C. '

OPERATION

The ultimate cutput of all embodiments described
herein is an m-bit électrical signal which represents the
inverse of an m-bit input symbol B (in second or dual basis
representation). In particular, in view of the mathematlcél

-derivations prov1ded above, the ultimate output signal is

B* = Aa®. Electrical signals corresponding to the m-bit
valué A are generated by circuit 100 (e.g., circuit 100A in
Fig. 4A; circuit 100B in Fig. 4B; circuit 100C in Fig. 4C)
are output on bus 106 to «™ multiplier circuit 102. The
ultimate output from &« multiplier 102 is obtained on bus
108, and is the.product of A and «™®, i.e., B,

‘The operation of the embodiment depicted 1n Flg
4A and Fig. 5 will first be described, from which a
understanding will be gained for explanation of the
operation of the embodiments of Fig. 4B and 4C.

In operation, the inversion circuit 212 of Fig. 5
is first initialized, after which the bits B, of m-bit
symbol B are clocked into registers 400. During a specific
number of‘clock:cycles, inversion circuit 212 performs a
convolution operation similar to that of a conventional
binary-oriented Berlekamp-Massey circuit-(e.g., determining
a current discrepancy 4, and updating values in registers
401 and 402).. The m-bit value A will ultimately be stored
in register 401. The m-bit value of A is developed'under
the constraint that the inner product of A (in first basis



[err] [err] [err] I.e. the kth conponent of the [err] representation of the
pr oduct ofwd\], is the inner ﬁmmm Iiel ¢4 ] represecrasbamisf A
and the [err representatron of [er T mEQ\I 1 5 [err] [err] EQN.
3inplies that if j+k = c+d t hen [ d this ip Fﬁt—dtht%*E;‘- v
THIS SHEET HAS BEEN
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representation) and «*B (in second basis representation) is
zero for k < m-1. : o
As explained above, particularly with reference to

EQNs. 6 - 8, for example, development of A occurs by the

5 convoluted iteration using a sequence (S,). For the m-bit
symbol B, the first m members of sequence (S} .(e.q., 5,
through S_,) are the first m bits of B.(e.g., B, through
B4} Thus, for the first m clock cycles, the values By
through B, are serially clocked into registers 400. The

10 remainder of the sequence {S,} is generated using feedback
circuit 128, which generates a feedback a¢ multiple of B.
Generating the remainder of sequence (S} in this manner is -
understood from the foregoing definition of sequence (s},
particularly the expression S, = (a*B) e

15 Generation of the sequence {s,}; and
consequentially of the A values in registers 401, continues
until either (1) 2m-2 clock cycles are executed, or (2) a
length greater than m-1.is attained (provided that 4 » 0).
If a length of greater than m-1 is attained prior to 2m-2

20 clock cycles, values in the registers (flip-flops) 401 are
shifted rightwardly (one flip flop per clock cycle) until
cycle 2m-2 is reached. This shifting brings in leading
‘'zeros in the left'registers 401, thereby essentially right
justifying the A value in registers 401.

25 Describing now the operation of the inversion
circuit 212 of Fig. 5 in more detail, controller 120 keeps
track of numerous values, including n and the length "Lv.
Moreover, controller 120 is connected to receive the current
discrepancy value d, (output from adder 422,). Controller

30 120 also sequences and times the operation of the modified
Berlekamp-Massey convolution circuit 124A, including
application of select signals to MUXes 404, 424,.and 430.
Controller 120 can be a hardwiréd circuit such as a state
machine or a programmable computer. In either case, the man

35 skilled in the art will know how to design/program
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controller 120 such that controller 120 governs the
operations and parameters described herein.
' Initially, controller 120 sets n=0 and applies

select signals to MUXes 424, and 430; so that flip-flops 401,
5 and 402, are initialized at "1". Controller 120 applies

select signals to MUXes 424, - 424, and MUXes 430, - 430, so

that flip-flops 401, through 401, and flip-flops 402, through

402, are initialized at "0". Controller 120 also applies a

select signal to MUX 404, so that input bits B, of the m-bit

10 symbol B-to-be-inverted can be clocked into flip-flop 400,
from line 104.

After initialization, dﬁring the first m clock
cycles, bits B, (constituting members S, - S,., of sequence
{S.}) are serially clocked into flip-flops 400, - 400,. That
15 is, during clock 0, B, is clocked~into'flip-flop 400, for a
‘ Berlekamp-Massey-type (BK-type) iteration with ultimately
involves other members of a "slice" including flip-flop 401,
and 402,, and which updates values in flip-flop 401, and 402,
of the next (e.g., rightwardly neighbdring) slice. During

20 clock 1, B, is shifted into £lip-flop 400, and B, is clocked
into flip-flop 400, for a BK-type iteration which involves
two slices. The shifting of already-loaded B,s and clocking
in of further B,s continues until fli;i-flops 401, through
400, are loaded with the bit values B, * B,, respectively.

25 After the first m clock cycles, controller 120
changes select input to MUX 404 so that an & multiple

- feedback signal from feedback circuit 128 is applied via MUX
404 to flip-flop 400,. Such change of select input tb MUX
404 allows for the remainder of sequence {S,} (i.e., 'S,,

30 k>m~1) to be an a multiple of B. In other words, during.
iteration m, S, = (aB),, is generated; during iteration
m+l, S,,, = (&’B),, is generated; during iteration m+2, S,,, =
(¢*B),., is generated; and so forth. |
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. The foregoing opefation'of feedback circuit 128 is
understood in conjunction with the forégoing derivation of '
sequence (S} = §;,, = (a*B) j» After the n' clock cycle, j is
held constant and k is incremented for each succeeding
clock.

BK-type iterations continue in the aforedescribed
manner until either (1) 2m-2 clock cycles are executed, or
(2) a length greater than m-1 is attained (provided that d,
#» 0). If a length of greater than m-l1 is attained prior to
2m-2 clock cycles, controller 120 stops the BR-type
iterations and, for the remalnlng 2m-2 clocks, conducts a
series of clocked shifts. 1In particular, controller 120
applies a select signal to MUX 424, so that the value "0" is
clocked into flip-flop 401,. Controller 120 applies a
select signal to MUXes 424, - 424, so that values from flip-
flops 404, - 401, are right-shifted into flip-flops 401,

401,, respectively, for each succeedlng clocked shift. For
each succeeding clocked shift, 0" is loaded into flip—flop
401,.

The result of the clocked shifts is the
introduction of a proper number of leading zeros and right
bit-position justification of the value A in flip~flops 401.
In the case where such right justification occurs (which is

not necessarily every case), before the start of the

shifting there will be at least as many zeroes in the right-
most flip-flops 401 as will be shifted in from the left.
Thus, the clocked shifts essentially constitute a zero fill
operation.

At the end of 2m-2 clock cycles, inversion circuit
212 of Fig. 5 has the value A (in first basis
representation) in flip-flops 401. The one bit values in
each of flip-flops 401 are applied (via respective leads in

' hus 106)'to at multiplier 102. An 8-bit parallél output of

at multiplier 102 is avallable on bus 108 which provides
the sought value B,
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Operation of the embodiment of Fig. 4B differs
from the embodiment depicted in Fig. 4A and Fig. 5 upon ¢
reachihg length L2m (provided that d, is not zero). Rather
than performing a zero fill and shifting operation for flip-

5 flops 401, upon the length change exceeding m-1, values in
| flip-flops 401 are clocked (via parallel bus 130) into 8 bit
shift register 132. Then, during the remaining clocks (up
to clock 2m-2), zeroes are loaded into the left-most
position of shift register 132 and each bit shifted
10 rightwardly (one bit position per clock cycle). At the end
of 2m~-2 clocks, the m-bit value in shift register 132 is
applied (via bus-106) to et multiplier 102.
Operation of the embodiment of Fig. 4C differs
. from the embodiment depicted in Fig. 4A and Fig. 5 primarily
15 in the generatlon of the sequence (S, }, and particularly for
generating s for k>m. In particular, for the first m clock
cycles, B,, ... B, are serially loaded into registers 142 in
much the same manner and at the same time as being loaded
into flip-flops 400. That is, during clock 0, B, is loaded
20 into both flip-flops 400, and register 142_,; during clock
1, B, is shifted into fiip-flop 400, and register 142“;_2 and
Bi is loadded into both flip-flop 400, and register 142_,; and
so forth. Then, after execution of m clocks, the a multiple
of B is obtained by multiplyinq the a feedback values from
25 circuit 140 to the modified Berlekamp-Massey convolution
circuit 124¢C. Thus, in the embodiment of Fig. 4C, the
modified Berlekamp-Massey convolution circuit 124C does not
include the feedback circuit. Rather, feedback circuit 140
is separately provided.
30 The execution of controller 120 is further
depicted by the following procedure which describes the
general case for GF(p®), where p is not necessarily 2.



5 The Ber| ekanp- Massey-al-gori-t hm can. be used to generate a
| i near fedUBA¥K284%ift register SRL Ahat will satisfy EQN®CTAUsIRn2®T! hat
to generate [err] requires an L placedhd in fact the taps of it
dre [err]. However EQNS. 8 show t ' | ength no greater than m1l
can be 10 wused to generate Sk f e vector A generated by the
al gorithmhas the property that AB = C = [err]. Thereforgrfert, —1he nuimer
t can be chosen arbitrarily by the proper choice of [err]| 12 HE?S} (';?J[BE il
] he_ i

determines the linear transformation frgmone basis reprgsenta
other. 15 [err] would normally be choséi to minimze the |ogic needed for

the transformations and for nmupbimkyL Rb)th%r E.lf the transformations
are not a consideration for a particular application then t can be nade to

be 0. | '
Initialization: n = 0,L = 0, D(x) = 1, E(x) = 1

d, = 1
5. LOOP
L
dn = Z DkSn-k
- k=0
IF n = 2m-2 THEN
STOP
END IF
10 IF n-L+l1 > m-1 THEN
D({x) = xD(x)
ELSE
' temp = D(x)
D(x) = D(x) - 4,d,"*xE(x)
15 IF n-L+1 > L and d, is not zero THEN
E(x) = temp
L = n-L+1
d, = d,
_ ELSE
- 20 E(x) = xE(x)
END IF
END IF
n = n+l
END LOOP

25
- After completion



20 STRUCTURE I n view of the mat hemati cal
derivatio ed above, it should be understood that thge f
m bi t synﬁéqw , [err]) is equal to the product [err]. |,g¥f4zﬁ?3s7oa
general i zed bl ock dlagran1shomnng i nversion circuitry 212 25 for
generating electrical signals corresponding to the val ue [pt—] LEeT naS BEEN
Consistently with the derivation, the circuitry of Fig. 1 Qldepi t
100 (which determ nes an mbit val ue ~-13- for A) and ap _[errl—sa-pre
102. Input values of bits Bk formng B are serially applied to circuit 100
on input line =24~

m-1
E Dkszm-z -k = dn
k=0

The last equation of EQNS. 7 requires the above
sur to be 1 so D(x) must, be divided by d,. Also, the order
of the coefficients for D(x) is opposite the ordering of the
components of A. Therefore A, = D_,.,/d for k = 0,1,...,m-1

5 which is the o representation for Blat.

The transformation from the a representation to
the g representation is based on EQN. 1. In EQN. 1, B is set
to be al for j = 0,1,...,m-1. Evaluating the trace functions
yields (ahk, i.e. the components of the B representations

1o of the first m powers of a which are the a basis set. If A,
are the components of an element in ¢ representation and B,
are the components of the same element in g representation
then

m-1
=2 A5 (ed),
j=0

15
The inverse transform can be found from this
expression by setting B to g, which has a 1 for the nth
component and 0 elsewhere. This yields m equations which can
be solved for A, for k = 0,1,...,m~1, i.e the components of
20 the a representation of g, which are denoted by (8 n) ke Having
found these for n = 0, 1,...,m—1

m-1

Ap= Z By (By) ik

j=0
cet Has Been Re laced
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104 during the first mclocks. After 2m2 clocks, the value A (in first or
canoni cal /BgiLPr esent at i on)ngh&pﬁéslmda a&d m bit par aptgiusiiR1306 to
[err] multiplier 102. An n}b|t carries electrical signals
kndicative of [err] (the,product alned in pore dpta|| bel ow,
circuit 100 for determ ning el ec 5|gna S corresponfi
of 10 A can take various forns. For exanple, Fig. 4A s
for determ ning electrical signals corresponding to the ‘aee=ef

which is driven by controller 120. As own generally in Flg 4A circuit
100A particularly includes a MJX 404 R&Ving a first out put p|n 15

connected by seri al A | nar | e kanp- Massey
circuit 124A (al so #ﬁ%v\giégaék &L %q‘éj Al 'Y s e £62ERd
8-bit symbol case, i.e the field is GF(2%). The field '
generator polynom:.a.l is chosen to be G(X) = X® + X* + ¥ + ¥
+ 1. a, is chosen to be a™. a' is calculated to be o?. In the

5 binary case d_'is always 1 and the final 4, is 1 therefore A,
= D,y at algorithm end. Operation of controller 120 is

based on two variables: the loop count, n, and the length,
L. On the first clock cycle n is set to 0, B; is shifted
into flip flop 400, via MUX 404, flip flops 401, and 402, are

10 set to 1 and the remaining 401 and 402 flip flops are set to

" .0 via their input MUXes. The process requires 14 more clock
cycles. On each clock n is incremenﬁed.'Also L is changed to
n-L+1 if n-L+1>L, n-1+1<8 and 4, 'is not 0. On each clock if
L is being changed then flip. flops 402 are loaded from flip

15 flops 401 via their input MUXes. If L is not being changed
then flip flops 402 are shifted right with 0 shifted into
402,. On each clock if n-L+1<8 then the input MUXes to the
401 flip flops are switched so that each 401 £flip flop is
updated by adding to it the content of the cofrespbnding 402

20 flip flop ANDed with d,. If n-L+1>7 then flip flops 401 are
shifted right with 0 shifted into 401,.

After eight clocks B has been shifted into flip
flops 400. For the remaining seven clocks MUX 404 is set so .
that flip flop 400, receives a feedback signal. This is to

25 allow the generation of the remaining elements of the
sequence, S,.

After completion the inverse of B, the OUT bits in
Fig. 5, is obtained by multlplylng the byte in register 401
by a2, as is shown in Fig. 5.

30 From the foregoing description of structure and
operation, it should be understood that the invention
encompasses embodiments for mich m » 8 and t » 2, and which
have a different field generator. ' The man skilled in the
art will readily understand how to modify the circuits

35 described herein for such other embodiments. For example,



convolution circuit). Modified Berl ekanp-Massey circuit 124A is connected

by an m bglp Jspagigack bus 126 tq{sgggahmBe@ 128 and byrdI/ESOR1370
k circuit 128 is serially

[err] multiplier 102. An output

applied to a second input of Nuxmg i nput of

connected to receive the input v |ts Bk Control | WHﬁiﬁHQPPHkG%EEN
cl ocking and control signals on I|nes_120 1 to nodified Bgfrl ekappsiasspy
circuit 124A and on lines 120-2 to 25 feedback circuit 1

signal on line 120-3 to MUX 404. Controller 120 receives a signal [err]

'fron1C|rCU|t 124A. A second enbodi nent 28 C|rCU|try f.or determ ning

electrlcal anal corres ondlng to.the val ye of, Ais shown 30  as circuit
100B in Fg.2 RPFRUNLH0BATHECRLgE sRplications, varying the
number of bits in the symbol B necessarily involves varying '

the number of fllp flops 400, 401, and 402. With the
guidance provided herein, the man skilled in the art also
5 knows how to build a suitable feedback circuit (such as
circuit 128) for a different field generator polynomial, and
a suitable a* multiplier for a dlfferent t.
While the invention has been partlcularly shown

==

_ and described with reference to the preferred embodiments
10 thereof,.it will be understood by those skilled in the art
that various alterations in form and detail may be made
-therein without departing from the spirit and scope of the
invention.



primarily differs fromcircuit 100A of Fig. 4A in that nodified
bi nar y- or i wotesd2dasr | ekanp- Massey -ﬁ,llsl’sq.‘lé&ﬁasﬁb%% ki 4A is rrqiessad2izy t he

circuit 35 124B and a shift regis ai n reglsters of - 14-

conbi nati on of a nore conventlonal|ﬂl ﬂued Ber | ekanp- Massey-t ype

Ber | ekanp- Massey-type circuit 124B r "A" re iéﬁlb
corresponding to those often known as a reglsters) are c L E hﬁ$5ﬁ£N

bus 130 to the minput pins of shift register 132. Qutputpins 5PL8REPt

regi ster 132 are 5 connect ed by n}bitzpus 106 to [err] nultlpller 10Z.

The embodiments of the invention in which an
exclusive property or pr1v1lege is claimed are deflned as ¢
follows: '

1. An inversion circuit for determining an inverse of an m-
bit symbol B, the symbol B being expressed 1n a dual basis
representation, the circuit comprising:
an iterative convolution circuit to which the
5 - symbol B is applied, the convoluticn_cifcuit generating and
storing electrical signals corresponding to an m-bit value
"~ A, the value A being in‘-a first basis repreSentation, the
electrical signals for the value A beihg generated by the
convolution circuit such that an inner product of A and a«*B
10 is equal to 0 for k < m-1;
a feedback circuit connected td the cénvolution
circuit for enabling the convolution circuit to perform a
convolution with a sequence starting with B and extended by
taking ¢« multiples of B; and
15 ' a multiplier circuit connected to the convolution
circuit and which generates electrical output signals
corresponding to the product of the value A and a*, wherein
@ is a field element and t is an integer, the electrical
output signals from the multiplier representing the iﬁverse
20 of the m-bit symbol B in the first basis representation.

2. The inversion circuit of claim 1, wherein the

convolution circuit comprises a memory wherein electrical

signals corresponding to the m-bit value A are stored, and

wherein the inversion circuit further comprises means for
5 justifying the m- -bit value A.

3. The inversion circuit of claim 2, wherein the means for

justifying the m-bit value A operates the memory of the
convolution circuit as 'a shift register.

* C L M H * :




Yet a third embodiment of circuitry for determning electrical signals-
correspong] he value of Ais shown as circuit 100C i ngki

Circuit 1 ggg’it‘&ﬁ%g AC primarily differs from circuit 100APE?HJI§9$EIT
that 10 feedback bus 126 and rﬂ&dhaaﬁmdkmc faceti28 are repl aced mnth a’

nodi fied feedback circuit 140. ck circuit Fﬂ€=EBF$FFSES=§;~w
plurality of registers [err] err] bei ng [ls@HISBHGET B4S BEGEM

MUX 404 sinultaneously with the edln of nDdlfled Ber | gkanp- RESLBGEDS

circuit 124C. Registers [err] are also serially connected SO that val UES
may be shifted rightwardly fromregist@s-{err] to register [err] during m
clock cycles. The contents of the registers [err] - [err] are also
serially ¢onnfheednverkioat cimeutltpiofs cliaime Spectheme AR atgsmdey r] -

comprises m number of registers, and wherein the means for
justifying the m-bit value A includes an associated
multiplexer for each of the m number of registers, and

5 wherein for a plurality of registers the associated
multiplexer is operative to select between a convolution:
input and a registef-shift input.

5. The inversion circuit of claim 4 wherein, at a
predetermined clock cycle in a convolution performed by the
convolution circuit, for the plurality of registerslthe
associated multiplexers are'operative'to switch input to the

5 registers from a convolution input to a fegister-shift
input .

6. The iﬁversion_circuit of claim 5} wherein the -
convolution circuit generates coefficients of a polynomial
and a current discrepancy value d,, and wherein the
predetermined clock cycle occurs when a length of the

5 polynomial exceeds m-1 and the current discrepancy value dn
is non-zero.

7. The inversion circuit of claim 2, wherein the memory
comprises m number of registers, and wherein the means for
justifying the m-bit value A is a shift register connected
to the registers.

8. The inversion circuit of claim 1, wherein a
configuration of the feedback circuit is dependent upon a

field generator polynomial.

9. The inversion circuit of claim 1, wherein m=8.

et e
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20 [err]. A second input pi'n of each AND gate 144 is connected either to
"1 oor '@ %ﬂdﬂg to produce an];egﬁ k_Ci rcwt I N accor dagegmdolizizhne
|

partlcular P generator polyn ‘ ¢ds- of the AND gates [err]
" ins of XOR gate [¢
p| ns con S TAYAPHEEN

and - [err] are connected to fir

XOR gates [err] through [err] ha

pins of correspondingly subscripted AND gates 144, and PEBEH@EQIHS
connected to output pins of the XOR gate 146 having thejn

subscript value. The output pin of XOR gate [err] is connected to the
second input 30 term nal of MJX 404. FH2P-5 shows details of the inversion
circuit 212 of the enbodinent of Fig. 4A for inplenmenting an illustrative
field gendOat oA @nguit] sslrilgh determines an m-bit value A for an

inputted m-bit symbol B, the symbol B being expressed in a '
dual basis representation, the circuit comprising:
an iterative convolution circuit to which the

5 symbol B is applied, the convolution circuit generating
electrical signals corresponding to the m-bit value 2, the
value A being in a first basis represéntation, the
electrical signals for the value A being genefated by the
convolution circuit such that an inner product of A and a*B

10 is equal to 0 for k < m-1; '
a feedback circuit connected to the convolution
circuit for enabling the convolution circuit to perform a
convolution with a sequence starting with B and extended by
taking « multiples of B; |
15 . means for bit-position justification of the wvalue
A generated by the convolution circuit.

11. The circuit of claim 10, wherein the means for bit-
position justification of the value A operates a memory of
the convolution circuit as a shift register.

12. The circuit of claim 11, wherein the memory comprises m
number of registeré, and wherein the means for bit-position
justification of the value A includes an associated
multiplexer for each of the m number of registers, and

5 wherein for a plurality of registers the associated
multiplexér is operative to select between a convolution
input and a register-shift input.

13. The circuit of claim 12 wherein, at a predetermined

clock cycle in a convolution performed by the convolution

circuit, for the plurality:of registers the associated

multiplexers are operative to switch input to the registers
5 from a convolution input to a register-shift input.
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Lnversion circuit 212 includes MJX 404, feedback circuit 35 128 and [err]
multiplie ' . 102 The r-enai-ni-ng..el.enents -15- of
i ncl uded ﬁﬂgbﬁgﬁﬁ%d|fled blnar = Or ented Ber | ekanp- Massey CIrCUI @é%%

Fig. 4A. The nodified Berleka @@!mm124A of Fig._5 |ncludes a
bank of "B" registers [err] - ” "A" '
[err]; and a bank of |nterned|at rr] -

b|nary orientation of circuit 124A, reglsters 400, 401, H
flip- flops and, accordingly, are also referenced herein as flip-
' ~-30-
14. The circuit of claim 13, wherein_the convolution
circuit generates coefficients of a polynomial and a current
discrepancy value 4,, and wherein the predetermined clock
cycle occurs when a length of the polynomial exceeds m-1 and
5 the current discrepancy value 4, is non-zero.

15. The circuit of claim 10, wherein the memory comprises m
number of registers, and wherein the means for bit-position
justification of the value A is a shift register connected
to the memory.

16. The circuit of claim 10, further comprising a
multiplier circuit which is connected to the convolution
circuit and which generates electrical output signals
corresponding to the product of the value A and «™®, wherein

5 @ is a field element and t is an integer, the electrical
output signals from the multiplier representing an in&erse
of the m-bit symbol B in the first basis representation.

17. The circuit of claim 10, wherein a configuration of the
feedback circuit is dependent upon a field generator |

polynomial.

18. The circuit of claim 10, wherein m=8.

—— ———————
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f.lops. Qutput pins of flip-flops 400.are--connected-so that 10 the contents

t her eof

cwo $5a12845ght war dl y ‘shi ft ed (e g ut.,put forom fli p- PCHFSMIZLIL o

flip-flop [err], output fronTHidS to flip-flop [err] and so
fforth). In sinilar manner mnt \ Ber | ekanp- M ' 1
out put pins of paired ones (s cr| pt) of thef ftHI9SHEETHARDSEEN

400 and
pi ns of

401 are ANDed toget her at AND gates 420). Qutput$ frcnngﬁu;ggﬂ;nﬂ

AND gat es -420 are added together by adders [err] Ferr—twh

GF(2) are XOR gates) to produce a ter ich is anal ogous to the cur}ent
discrepancy [err] (output fron1adder 1 20 Unlike a

convent|
circuit

%q}ﬁgﬂ% % udes ‘{%ﬂee Gf %% & r{a So?ggo%%fzﬁll ng

1nputted m-bit symbol B, the symbol B being expressed in a v

~dual basis representation, the circuit comprising:

10

15

an iterative convolution circuit to which the
symbol B is applied, the convolution circuit generatlng and
storing in a bank of convolution registers thereof
electrical signals corresponding to the m-bit value A, the
value A being in a first basis representation, the
electrical signals for the value A being generated by the
convolution circuit such that an inner product of A and a*B
is equal to 0 for k < m-1; .

a feedback circuit connected to the convolution
circuit for enabling the convolution circuit to perform a
convolution with a sequence starting with B and extended by
taking ¢« multiples of B; .

conversion means .for converting the bank of
convolution registers of the convolution circuit into a
shift register.

20. The circuit of claim 19, wherein the memory comprises m
number of registers, and wherein the conversion means -
includes an associated multiplexer for a plurality of
registers included in the bank, and wherein for the
plurality of registers the associated multiplexer is
operative to select between a convolution input and a
register-shift input.

21. The circuit of claim 20 wherein, at a predetermined
clock cycle in a convolution performed by the convolution
circuit, for the plufality of registers the associated
multiplexers are operative to switch input to the registers
from a convolution input to a registér-shift input.

S
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selection of input into corresponding flip-flops [err] - [err] , :
respect i Ve os/agg of three-input--MJXes [erﬁed% i ncl udes aptrmsparinngut pin

for loading an Initializing vaLu§w&1ﬁ§ een BEPEEToNd pin for receiving a
\ or -recei Vi A updatt

shifted value froma |eftwardfs® lip-flop 401; and, a third pin
connected in a manner hereinaft C 0 Vol UF
derived fromthe contents of a ring 30 internedi EHﬁﬁﬁﬂé?%ﬁA§@§E§n*
the discrepancy term[err] Flip-flop 401, has a two-inp MUXREPEACER ch 1
receives either the value "0" or "1". The nodified Berl| ekanp-Massey circuit
- 124A of Fig. 5 further includes a plureB2ty of AND gates [err] - 35 with
each AND gate 426 having its output pin connected to a
22. The circuit of claim 21, wherein the convolution
circuit generates coefficients of a polynomial and a current '
discrepancy value d,, and wherein the predetermined clock
cycle occurs when a length of the polynomial exceeds m-1 and

5 ° the current discrepancy value d, is non-zero..

23. A method for determining an inverse of an m-bit symbol
B, the symbol B being expressed in a dual basis
representation, the method comprising:
applying electrical signals corresponding to bits
5 of the symbol B to an iterative convolution circuit;
conducting iterations of the convolution circuit
to genérate electrical signals cérrespopding to an m-bit
value A, the value A being in a first basis representation,
the electrical signals for the value A being generated by
10 the convolution circuit such that an inner product of A and
«*B is equal to 0 for k < m-1, iterations greater than m
number of iterations being conducted with an « multiple of
B; ]
- storing electrical signals corresponding to the m-
15 bit value A in a memory; and '
generating electrical output signals corfesponding
to a product of the value A and ¢, wherein a is a fiéld
element and t is an integer, the electrical output signals
representing the inverse of the m-bit symbol B in the first
20 basis representation.

24. The method of claim 23, further comprising justifying
the m-bit value A in the memory.

25. The method of claim 24, wherein the memory forms part of
the convolution circuit, and wherein the step of justifying
the m-bit value A comprises shifting bits of the value A in
the memory of the éonvolution circuit. '

* [ L M 1 *




-16- first input of an associ ated ADDER 428 (e.g., 'the output pin of AND
gate [err]wo9sazsdsected to the first input pinof ADDER [er BCHU432133ut

pin of AND gate [err] .is connecfgtniPulsiteed Reb@dedi NPUt pin of ADDER [err]
and so forth). A second 5 inpuluﬂuﬂl AND gate 426 _is connected to

receive the current discrepancy Rerr]. I Apeepperi]) T
in of its corrq&g&mﬁﬁ%ﬁ%#& e

of each ADDER 428 is connected t
subscripted) flip-flop 401. The output pin of each Al == .
to the third input pin of 10 a corresponding (like subscripted) three-input
MUX 424 as described above. The second~#Aput pin of each AND gate 426

26. The method of claim 25, wherein the memory comprises a
plurality of registers, and wherein the method further '
comprises multiplexing one of a plurality of inputs into the
plurality of registers, the plurality of inputs including a

5 convolution input and a register-shift input.

27. The method of claim 26 wherein, at a predetermined
clock cycle in a convolution performed by the convolution
circuit, the register-shift input is multiplexed into the
plurality of registers. '

28. The method of claim 27, wherein the convolution circuit

generates coefficients of a polynomial and a current

discrepancy value d,, and wherein the predetermined clock

éycle occurs when a length of the pdlynomial exceeds m-1 and
5 the current discrepancy value &, is non-zero. -

29. The method of claim 24, wherein the step of justifying
the m-bit value A involves loading the m-bit value into a
shift register connected to the memory.

30. The method of claim 23, wherein m=8.

31. The method of claim 23, wherein the electrical signals

corresponding to bits of the Symbol_B are serially applied
to the iterative convolution circuit.
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s connected to an output pin of a leftwardly neighboring internediate
I
I

i p-flop 40 ree-input MJX 430 is prOV|ded for each 1 ate
és’l%x i gfs?omralg%el ve

i
f
flip-flop es [err] - Thidshee Has Been f put pin connecte

the |n|t|aI|2|ng val ue "0"; i.rst and secg
connected to receive the |n|t

"1" and "0", |r ES|SEEHETRHYS BREN

second input pin of MJXes [e - 1Is connected to 20 receqj ve t ReFbACEDt
froma leftwardly nelghbor|ng |nterned|ate regi ster 402 (aregrster 402
Wi th subscript decrenented by one). Athird input pin of MJXes [err] - is

connected to receive the output from a34-%«e-subscripted A flip-flop 401. 25
Each A flip-flop 401 has its output pin connected
32. A method for determining an m-bit value A for an

inputted m-bit symbol B, the symbol B being expressed in a )
dual basis representation, the method comprising:
applying electrical'signals corresponding to bits
5 of the symbol B to an iterative convolution circuit;
' . conducting iterations of the convolution circuit
to generate electrical signals corresponding to an m-bit
value A, the value A being in a first basis representation,
the electrical signals for the value A being generated.by
10 the convolution circuit such that an inner product of A and
B is equal to 0 for k < m-1, iterations greater than m
number of iterations being conducted with an « multiple of
B; ' '
storlng electrical signals correspondlng to the m-
i5 bit value A in a memory; and
bit-position justifyiqg the value A generated by
the convolution circuit.

33. The method of claim 32, wherein the memory forms part of
the convolution circuit, and wherein the step of justifying
the m-bit value A comprises shifting bits of the value A in
the memory of the convolution circuit.

34. The method of claim 33, wherein the memory comprises a

plurality of registers, and wherein the method further

comprises multiplexing one of a plurality of inputs into the

plurality of registers, the plurality of inputs including a
5 convolution input and a register-shift input.

35. The method of claim 34 wherein, at a predetermined
clock cycle in a convolution performed by the convolution
circuit, the register-shift 1nput is multiplexed into the
plurality of registers.
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to a rlghtmardly nei ghboring flip- ro 401 (V|a t he second input pin of a
sui tabl e MJX 424 as above descri be h ﬁﬂe 420 (ngT 4¢ib7
gener at i ngVPRMW R cr epancy [err]) t u I ri pted intérmed ate

f-lip-flop 402 (via a like 30 subscri , and (via a lead in bus
106) to the [err] multiplier circuit 102. Thus, the nodi_fied

Ber | ekanp- Massey circuit 124A of Fig. 5 includes a bank ggﬁ5§$m@ggggnr
(flip-flops) 400; a bank B40l1 of A registers (flip-flops REpﬂﬁg@pbank

JvJ

35 B402 of internediate registers (flip-flops) 402. As
-35- '

36. The method of claim 35, wherein the convolution circuit

generates coefficients of a polynomial and a current

discrepancy value d,, and wherein the predetermined clock

cycle occurs when a length of the polynomial exceeds m-1 and
5 the current discrepancy value 4, is non-zero.

37. The method of claim 32, wherein the step of justifying
the m-bit value A involves loading the m-bit value into a
shift register connected to the memory.

38. The method of claim 32, wherein m=8.

39. The method of claim 32, wherein the electrical signals

corresponding to bits of the symbol B are serially applled
to the iterative convolutlon circuit.
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_.heréi n, it should be understood that a flip-flop is a one bit register, and

t hat regi@beggﬁ%agvi ng greater than one bit capacity can be p¢rinisedgsizz0 | ong
as ot her aspects of the invention are practiced. |If the nunber of
flip-flops in 5 . banks B400 and B401 are "mf.(m= 8 in the illustrated
enbodi ént), the nu gﬁacgu‘ flip-flops in_bank B402 is m L_Miregver, as

i |1 ustr atgeeSh ee t least the m 1/Power order "A" {[I5 f—l,gt}%sr_ 40T g
associ at ed“‘w ﬁﬁm grUXes 424, thereby enabling bank AB@S'[%O,E&EA% o Beel
ri ghtwardl shift register. In view of the partHestar_ireld
generator polynom al enployed in E—H— ustrated exanpl e, the feedback
circuit 128 of Fig. 5 conprises A®DERS [jferr] and [err] A first input pin
of ADDER [err] is gbngdcted td an out put}

re ~ FIG. 1 o
X Prior Art

o1

FIG. 2

Prior Art

REL 0] bitiofa™

eses .l B B
m-1 m-2 2 1 BO

| _FIG. 3
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15 pin of flip-flop [err] while a second input pin of ADDER [err] is
connect ed WOo 951128448 put p| n of f | |-p_f|0p[err] . Afirst i nput P&ﬂ]s@iﬂMR

[err] is connected to an out ptﬁ"is@i‘en. f ADDER [err] while a second input pin
of ADDER [err] is connected to mﬂﬁiﬁm flip-flop 4003. Likew se, a
20 first input pin of ADDER 44@" d to an ouglp T E — 3 “
4403 whil e a second input pin ; is connect d]ﬁf”go %ﬂgw \’n
of flip-flop [err]. The output pin of ADDER [err] is co -

i nput of MJUX 404, the first input pin of MJX 404 being connected to receive
25 the Bk bit of the msynbol B to be inverted. The [err] multiplier
circuit 102 of Fig. 5 is configured topmltiply the value of A as

transmtted on bus 106 by [err]. The value of "t" can otherw se be chosen
as ' ,

\ | . 100

CIRCUIT TO
DETERMINE A

Ao *=B-!

FIG. 4

FIG. 4R

&

1
{122
102

|
| 7\ 108
: MODIFIED NS -
I CONVOLUTION . AMULTIPLIER]

Li4
: CIRCUIT 106 | !
! |
I I
I 124A | :
]
R e ——100A
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di scussed above in connection with the mat hematical 30 derivations. The

[err] Wdéd/PRasci recuit 102 of Fi 5 par I arly conpri sgérpssdiisisl ity
of ADDERs 4@0 - 454 uni quely |de for nultlg?rcatlon by
[ferr] as will be understood l d in the art. The output of
[err] multiplier circuit 102 b|t 35 parallel bus 108, is
the value [err] = [err}, Wmchlsthe -18- desired inverse of the mblt
symbol B inputted to inversion circuit 212. Fig: 6 showsy
circuit which can . THIS SHEET HAS BEEN |}
| 35 _ REPLACED
r-————-—_———-——‘-ﬁ ---------- :
) 3128 ,
FEEDBACK CIRCUIT

FiG. 4B

]
]
i
}
i
i
:
120B !
I T
MUX —{ CONTROLLER }
B {
|
404 |
{
|
SHIFT =B
CONVOLUTION

- G e . EAR Ghee GEAN Ga G MR R G ML GEEE SIS D Gmyh D G SULS WS AN ERE SEiy v St e
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FIG. 6
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be utilized for the circuits- 128 -of Fig.” 4A of 'Fig. 4B. The 5 structure
and operatlon of the circuit Eﬁgﬂ Qgegn dedstood with rg{,:?)'n% ﬁ1§70

nmodi fied RIS circuit 140 RATI ON 10 The i e out put
|W t electrical signal which
represents the inverse of an m ol ‘B (in second or dual basis

of all enbodi ments described he
representation). In particular, in view of t he mat hemat flcglg ]
provi ded above, the ultinate output sig is [err] . E ectrlﬁi Eﬁkﬂéﬁ@%
corresponding to the mbit value A are{fl nerated by cir

circuit 100A in Fig. 4A; circuit 100B in Fig. 4B; circuit 100C in Flg 4C)

FIG. 4C
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are output on bus 106 to [err] nultiplier circuit 102. The 20 ultimate
~output frqm E’F’r% mul tiplier 102 is obtained on bus 108, an §91?/fz 5oduct
of A and [@ 2. [err]. The operation of the enbodi mant epl cte

Fig. 4A and Fig. 5 will first be descrgjped, from which a understandi ng WI |1
- be gained for explanation of the 25 operation of the-enbodi nents of FEig
4B and 4C. In operation, the inversion circuit 212 of Fil|p EEN
initialized, after which the bits Bk of mbit synbol B 3 TH%éﬁ [HH?\EB
regi sters 400. During a specific nunber of clock cycl es,iinversi-ea—ectrcurt
212 performs a 30 cecﬁvol ution operation simlar to that of a conventlonal

bi nary-orienjed Berlak; —¢)., determ ning a cur@ent
di screpancy err] a@rb‘é val ues in reg sters i
. ‘e - . & o
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401 and 402). The m-bit value Awll ultimately be stored in register. 401.
The mbit value of A is devel oped under 35 the constraint
product of A (in first basis -19- representation) and a
basis representation) is zero for k < m1l. As explained ab e par% gtﬂ@{‘ §96
with reference to EQNs. 6 - 8, for exanpl el-devel opnent of 6EbUf 20
5 convoluted iteration using a sequence [err] For the mbit sy

first mmenbers of sequendEINITE cBIELDr [ INVBERBEION]) wethefwst
mbits of B (e.g., [err] through

REPLAGEVENT SHEET

BACKGROUND

Cross-References.to Related Applications
This patent application is a continuation

application of United States Patent Appllcatﬁsﬁm eri 1

M Number 08/147,758, filed November 4, 1993 ,p which 1s
incorporated herein by reference. Patent applications filed
concurrently (inventor: Christopher P. Zook) with this
patent application and incorporated herein by reference
include U.S. Patent Application Serial Number 08/325,717
entitled “CYCLIC REDUNDANCY CHECK METHOD AND APPARATUS";
U.S. Patent Application Serial Number 08/325,850 entitled
“BURST ERROR CORRECTOR”, U.S. Patent Application Serial
Number 08/326,164 entitled “REED.SOLOMON DECODER”, and U.S.
Patent Application Serial Number 08/326,126 entitled "ERROR
CORRECTION METHOD AND APPARATUS". Patent applications filed
concurrently with United States Patent Application Serial
Number 08/147,758, filed November 4, 1993 (and all hereby
incorporated herein by reference) include U.S. Patent
Application Serial Number 08/147,865 entitled “DUAL PURPOSE
CYCLIC REDUNDANCY ngCK” U;f Patent Application Serial

€4 Number 08/148,068, e ey A *¥ursT ERROR CORRECTOR", agd U.S.

gy Patent Application Serial Number 08/147,650, entltled “REED
SOLOMON DETECTOR” .

1. PField of Invention
This invention relates generally to digital data
communication systems, particularly to the arithmetic of
finite fields. More particularly, the invention relates to
5 the decoding of error correcting codes.



[err]. Thus, for the first mclock cycles, the values [err] through [err]
are serlally clocked into registers 400. The 10 renmi nder of
[err] is generated using feedback circuit 128, which generat BEBLAGEMEHEEH&ET
mul tiple of B. Generating the renmai nder of sequence [err] in this manner is
under st ood fron1the foregoi ng definition of sequence [err]
expression [err] [err]. 15 CGeneration of the se
consequential ly of the A values in reglsters 401, -continues until either
(1) 2m 2 clock cycles are executed, or (27 a Iength greater than m1 is
attained (provided that [err a | ength. of reater than m1 is
‘attained pri%r t%@§§¥ﬁdzgrﬁl%ﬁ§ 9§gﬁ§ qﬁ%*ﬁﬁ? O registers
(flip-flops) 401 are sbhfaedlgnQHMMmaﬂQ/qumnﬂﬂcaridnusxmnemlOtkctudiﬂg
unti |

storage and retrieval from optical or magnetic media) it is
necessary to employ an error control system in order to

5 increase the transfer rate of information and at the same
time make the error rate arbitrarily low. For fixed signal-
to-noise ratios and fixed bandwidths, improvements can be
made through the use of error-correcting codes.

With error-correction coding the data to be

10 transmitted or stored is mathematically processed to obtain
additional data symbols called check symbols or redundancy
symbols. After transmission or retrieval, the received data
and check symbols are mathematically processed to obtain
information about locations and values of errors. Since it

- 15 is most efficient to treat the data symbols as members of a
finite field rather than the familiar fields of real or
rational numbers, finite field arithmetic is used.

One problem arising in finite field arithmetic is
the complexity of performing division as compared to the

0 complexity of performing addition, subtraction or
multiplication. Division can be done by taking the
multiplicative inverse of an element followed by a
multiplication. A simple method of inversion would result in
a simple method for division.

25 There are several methods of performing inversion
in GF(2™) . The most common is the use of a look-up table,
equivalent to a 2™ by m ROM. This method is the fastest and
requires the most circuit gates. In many applications it is
desirable to process m-bit symbols serially to reduce

30 circuit size. In such applications it would be desirable to
perform additions, multiplications and inversions of m-bit
symbols in m clock cycles. Several such methods are
described.

Fig. 1 shows a circuit which employs the following
35 method: If a is an element of GF(2") then



cycle 2m 2 is reached. This shifting brings in | eading zeros

regi sters 401, thereby essentially right justifying the A v lﬁfﬁLﬂCEMEﬁra;jfm;?
regi sters 401. 25 Descri bi ng now the operation of [fhe inyersion == i
circuit 212 of Fig. 5 in nore detail, controller 120 keeps Rele : .Jmng EEB If
nuner ous val ues, including n and the length "L". Mreover, C 2 v }

is connected to receive the current discrepancy value [err] (output from
adder [err]). Controller 30 120 al so sequences and times the operation of
the nodi fied Berl ekanp- Massey convoluticwf%ﬁrcuit 124A, including
application of select signals to MJXes 404, 424, and 430. Controller 120
can be a hardwired circuit such as a state npghjne or a programmuabl e

conputer. In either case, the man_35 skihled y4 the art will know how to
desi gn/ progr am a “=a 'H a

n=1

The inverse can be obtained by repeated squaring
and multiplying. However the squaring and multiplication
functions must be performed in one clock cycle which causes

5 excessive circuit size. In FIG. 1, Rl is initialized to "a"
and clocked once to obtain a?, at which point R2 is
initialized to 1. After m-1 more clocks R2, contains a.

Another method uses the Euclidean algorithm and is
described in Berlekamp’s “Algebraic Coding Theory”,

10 published by Aegean Park Press, revised 1984 edition, pp.
36-44. It uses 3m+4 flip-flops and requires 2m+2 clock
cycles.

Yet another method, shown in Fig. 2, is described
in Whiting’s PhD dissertation for the California Institute

15 of Technology entitled “Bit-Serial Reed-Solomon Decoders in
VLSI,” 1984, p. 58. 1In the Whiting technique, R is
initialized to the element "a" expressed in its dual basis
representation (see p. 39 of Whiting) and f(x) is a logic
function which produces bit 0 of the dual basis

20 representation for a'. Repeated multiplication of a by «™
allows f(x) to produce the remaining bits of a™. The
function f(x) can be implemented by a 2" by 1 ROM. The
inverse is produced serially in m clocks.

However, these techniques have the limitation that

25 they require either excessive circuitry or excessive clock
cycles to produce an inverse. Thus there is a need for an
approach that reduces the size and time requirements for
finite field inversion.



-20- controller 120 such that controller 120 governs the o,Pratinnq and

paraneters described herein. Initially, controller 120 set @%&éﬂﬂ%ﬂ
sel ect signals to MJXes [err] and [err] so that flip-flopsj[err

[err] are initialized at "1". Controller 120 applies sel egtpssd qpa]s{]Ef,o]ggﬁ
MJXes [err] - and MJXes [err] - so that flip-flops [err]

and flip-flops [err] through [err] are initialized at "0". Control ler 120

al so applies a select signal to MJUX [err] so that ‘input bits Bk of the

mbit 10

10

synbol B-to-be-inverted can be chocked into flip-flop [err]

SUMMARY

An inversion circuit of the invention determines
an inverse B of an m-bit finite field symbol B, the symbol
B being expressed in a dual basis representation. The
inversion circuit includes an iterative convolution circuit
to which the symbol B is applied and which generates and
stores electrical signals corresponding to an m-bit wvalue A.
The value A is in a first basis representation and is
generated by the convolution circuit such that an inner
product of A and «*B is equal to 0 for k < m-1. A feedback
circuit is provided for enabling the convolution circuit to
perform a convolution with an &« multiple of B. A multiplier
circuit is connected to the convolution circuit and
generates electrical output signals corresponding to the
product of the value A and «¢°. The electrical output
signals from the multiplier represent Aa™ =B™ (i.e., the
inverse of the m-bit symbol B in the first basis
representation). When necessary, the m-bit value A is bit-
positionally justified, either by operating the convolution
circuit as a shift register or by loading the value A into a
shift register.

In operation, the inversion circuit is first
initialized, after which the bits B, of m-bit symbol B are
clocked into "B" registers. During a specific number of
clock cycles, inversion circuit performs a convolution
operation similar to that of a conventional binary-oriented
Berlekamp-Massey circuit (e.g., determining a current
discrepancy d, and updating values in "A" registers and
intermediate registers). The m-bit value A will ultimately
be stored in the A registers. The m-bit value of A is
developed under the constraint that the inner product of A
(in first basis representation) and «*B (in second basis
representation) is 0 for k < m-1.



fromline 104. After initialization, during the first mcl
Bk (constituting nmenbers [err] - of sequence [err] are sefl OcRed

into flip-flops [err] - That 15 is, during clock O, [err éuﬁ%ﬁéﬁ%&ﬂf$¥#§?‘
flip-flop [err] for a Berl ekanp- Massey-type (BK-type) iter E%p vi DBC 6 [
ultimately invol ves other nmenbers of a "slice" including flk Ton- e ﬁp ------
and [err] and which updates values in flip-flop [err] and [err] of .he next —
(e.g., rightwardly neighboring) slice. During 20 clock 1, [err] is shifted
into flip-flop [err] and [err] is clocked i5%o flip-flop [err] for a

BK-type iteration which involves two slices. The shifting of already-|oaded
Bks and cl ocking in of Ganetrtidrref Boaccunyssbyntibe fdamprdlwped 40dgration

through [err],atg loaded,didd t8g bitpyaluss hepit 5HaB8E! BYChhe first m
members of sequence {S,} (e.g., S, through S,.,) are the first

m bits of B (e.g., B, through B,,). Thus, for the first m
5 clock cycles, the values B, through B,, are serially clocked

k_cycles, bits

into the B registers. The remainder of the sequence {S,} is
generated using the feedback circuit, which generates a
feedback &« multiple of B. Generating the remainder of
sequence {S,} in this manner is understood from a definition
10  of sequence {S,}. particulérly the expression Sj, = (a¢*B)j.
Generation of the sequence {S,}, and
consequentially of the A values in the "A" registers,
continues until either (1) 2m-2 clock cycles are executed,
or (2) a length greater than m-1 is attained (provided that
15 d, * 0). If a length of greater than m-1 is attained prior
to 2m-2 clock cycles, values in the "A" registers are
shifted rightwardly (one flip flop per clock cycle) until
cycle 2m-2 is reached. This shifting brings in leading
zeros in the left "A" registers, thereby essentially right
20 justifying the A value in the "A" fegisters.
In one embodiment, justification of the A value in
the "A" registers is accomplished by operating the "A"
registers as a shift register. Each "A" register has an
associated multiplexer, with the multiplexer for the lower
25 order "A" registers being operative to select between a
convolution input and a register-shift input. At a
predetermined clock cycle in a convolution performed by the
convolution circuit, multiplexers are operative to switch
input to the lower order "A" registers from a convolution
30 input to a register-shift input. The predetermined clock
cycle occurs when a 1ehgth of the polynomial exceeds m-1 and
a current discrepancy value d, is non-zero. In another
embodiment, the means for justifying the m-bit wvalue A is a
shift register connected to the "A" registers.



25 After the first mclock cycles, controller 120 changes
select input to MJX 404 so that an [err] multiple feedbafk—stogmar—Trofm ——
feedback circuit 128 is applied via MJX 404 to flip-flop [%E?EAC@M%NT§H§ﬁ§e
of select input to MJ 404 allows for the remainder of sgquence [err

(i.e., Sk, 30 k>m1l) to be an [err] nultiple of B. In *tﬂ%ﬁ @Qfdﬁﬁé@uﬁﬁﬁgJ

iteration m [err] = [err] is generated; during iteration mFL, [err] = (
[err] is generated; during iteration m+2, é$r {err] is'generated and
so forth. -21- The foregoing operation feedback circuit 128 is

Advantageously, the inversion circuit of the
present invention avoids usage of ROMs and facilitates
‘predominately serial rather than parallel data transfer.

5 BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing and other objects, features, and
advantages of the invention will be apparent from the
following more particular description of preferred
embodiments as illustrated in the accompanying drawings in
10 which reference characters refer to the same parts
throughout the various views. The drawings are not
necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention.
Fig. 1 is a schematic block diagram of a prior art
15 method.
Fig. 2 is a schematic block diagram of another
prior art method.
Fig. 3 is a schematic view of a circuit for
multiplying by « in f representation.
20 Fig. 4 is a schematic block diagram of a basic
inversion circuit according to the invention.
Fig. 4A is a schematic block diagram depicting a
first embodiment of the inversion circuit of Fig. 4.
Fig. 4B is a schematic block diagram depicting a
25 second embodiment of the inversion circuit of Fig. 4.
' Fig. 4C is a schematic block diagram depicting a
third embodiment of the inversion circuit of Fig. 4.
Fig. 5 is a schematic diagram illustrating in
detail the first embodiment of Fig. 4A.
- 30 Fig. 6 is a schematic diagram illustrating a
modified feedback circuit.



understood in conjunction with the foregoing derivation of
[err] = [err] After the [err] clock cycle, j is held constgmemnhH
i ncremented for each succeeding 5 clock. BK-type iterationg cont
t he af oredescri bed manner until either (1) 2m 2 cl ock cycl e Drte.

PPy
" ...........

or (2) alength greater than m1 is attained (provided that e ,
If a length of greater than m1 is attained prior to 10 2m 2 clock cycl es,
control ler 120 stops the BK-type iteratiopg.and, for the renaining 2m2

cl ocks, conducts a series of clocked shifts. In particular, controller 120

applies a sel ect signal bﬁrykﬁgbebghcgqﬁﬂrﬁutdﬁiﬂﬁﬁlﬁgﬂﬁ&u@g cl ocked into

flip-flo err]. Controll O applies a 15 sel ect si.gnal_to MJXes [err
e Fhat ea{ues]fromfl SF(Q% é%) element may %e vf% ed as a vecéor ]

in an m-dlmenSLOnal vector space. The canonical basis set is
{«*} for k = 0,1,...,m-1. Let {@,} be a set of basis vectors

5 such that &, = a,0* for k = 0,1,...,m-1. The so-called dual
basis to this set is {B,} where P, is chosen such that
tr(ap;) = a® if k is equal to j and tr(ep;) = 0 if k is not
equal to j. The trace function tr(x) is defined as:

Let A be an element of GF(p®") expressed in the
canonical representation which will be referred to as the «
representation and let B be an element of GF(p®) expressed
in the dual basis representation which will be referred to

15 as the § representation, i.e.

m-1
= k
A - Aka
k=0
and
m-1
B= E BBy
k=0
2 where A, are the components of the vector A and B,

are the components of vector B. Then



flops [err] are right-shifted into flip-flops [err] - [err] respectively,

for each succeeding clocked shift. For each succeeding cl = =
is loaded into flip-flop 4017. 20 The result of Wﬁﬂ@ﬂ6€M§NTSHEET G

shifts is the introduction of a proper nunber of |eading z ro§n4n|5ﬁ|

bit-position justification of the value Ain flip-flops 4

the.-case .

ki

where such right justification occurs (which is not necessartty every

10

case), before the start of the 25 shiftingthere will be at |east as nmany
zeroes in the right- nost flip-flops 401 as will be shifted in fromthe
left. Thus, the clocked shifts essentially constitute a zero fil
~operation. At the end of 2m 2 clock fcyahed, inwversioffticir cuit
tr (e 0XB) = tr akz B;p;| =tz E Bo, B
j=0
= Bkao ,k=0,1,-.-'m—l EQN.]-
Let C be the p representation of AB and let (a*B) 4
be the components of «“B in p representation. Then from EQN.
5 1

c0 = tr (oqa*aB)  ,k=0,1...,m-1

m-1
= tr| a,uXy A;0’B| ,k=0,1,...,m"1
j=0
m-1
=tr| ¥ Aje; (a*B) | (k=0,1,...m"1
j=0

m-1 -
= tr| ¥ Ay Y, (@fB) By || k=01, ... mod
j=0 '



30 212 of Fig. 5 has the value A (in first basis representation) in

flip-flops 401. The one bit values in each of flip-flops 401 ied ]
(via respective leads in bus 106) to [err] multiplier 102. A EEPLACEWENTSHEETE
paral l el output of [err] nmultiplier 102 is avail able on bus }08 ch -
provi des 35 the sought value [err]. -22- Operation of the amb
Fig. 4B differs fromthe enbodi nent depicted in Fig. 4A and
reaching length [err] (provided that [errd94 s not zero). Rat her than

performng a zero fill and shifting operation for flip-
m-1
=Y A;(a*B);0° ,k=0,1,...,m-1
j=0
m-1
Ce= Y, Aj(a*B); ,k=0,1,...,m-1 EQON.2
j=0

i.e. the kth component of the B representation of
the product of A and B is the inner product of the «
representation of A and the § representation of a*B.

Then, from EQN. 1

5
(a*B) ;0° = tr (a,e? (¢*B)) ,37=0,1,...,m-1
= tr (a,a’*B) .Jj=0,1,...,m-1 EQN.3
EQN. 3 implies that if j+k = c+d then (&*B); = (a°B). and
this implies
10
(@B) ;= Bj., ,j=0,1,...,m-2 EON.4
EQN. 3 also implies
(eB),_,a° = tr (¢,a™B)
15 Let G(x) = Ig;x' be the GF(p®) field generator.

Without loss of generality it can be assumed that g, = 1 (if
not then g(x) can be divided by g, to yield a generator with



5 flops 401, upon the |l ength change exceeding ml|, values in flip-flops 401
are clocked (via parallel bus 130) into 8 bit shift register Then

during the remaining clocks (up to clock 2m 2),

| eft-nmost position of shift register 132 and each bit shift

rightwardly (one bit position per clock cycle).

the mbit value in shift register 132 is applied (via bus 1

zeroes are |0ﬁéﬁﬁA¢EM9NTbﬁEET q

At the end fD&@BZ Dl KEG6.....
S—te—terri

mul tiplier 102. Operation of the embodi mengoaf Fig. 4C differs fron1the
enbodi nent depicted in Fig. 4A and Fig. 5 primarily 15 in the generation of

the sequence Jerndindincb@pf it tehar byubdr tgeneraBynd@edididideraia) 10 o,

particul ar, for the first mclock cycles, [err]

are serially | oaded into

regi sters 147 i% much the same manner and at the same tinme as bei ng | oaded
m m-1
Z = = - E g ol
1=0 i=0
¢ g
Therefore
m-1
(@B) 0’ =-tr|a, ¥ g;aiB
i=0
m-1
- Y gitr(e,eiB)
i=0
m-1
= - Z giBiao
i=0
10

m-1
((XB) m-1 - "

EQON.5

EQN.4 and EQN.5 show that in P representation
multiplication by & corresponds to a shift with feedback as
is illustrated in Fig. 3. From EQN. 23

15



into flip-flops 400. That is, during clock O, [err] is |oaded 20 into both
flip-flops 4007 and register [err]; during clock 1, [err] Ls shifted into
flip-f

| op 4006 and register [err] and [err] is |oaded int QQ%QA&%,F%@EISSQ&ET |

4007 and register [err] and so forth. Then, after executi
lfu f
25 circuit 140 to the nodified Berl ekanp- Massey convol uti "'11'I§EW""

the a nultiple of B is obtained by rrultlplyl ng the a feedbapk.

Thus, in the enbodi ment of Fig. 4C, the nodifjged Berl ekanp- Massey

convol ution circuit 124C does not include the feedback circuit. Rather,
feedback circuit 140 is separately provided. The execution of
controller 120 is further depicted HykBk; f’-'ol(bcdv\fr‘(tj'lﬁbg,cgdure whi ch

descri bes the general case for G-(p), vvhere p is not necessarily 2.

= (¢ (a?**™B) ) 5,

This and EQN. 5 implies

m-1
(a¥B) ;=- Y g; (@/**"B);  EQN.6
i=0
5 Now let {S,} be a sequence defined in the
following way: Sy, = (a*B);. Note that k=0 implies S, = B,
for n =0,1,...,m-1. Then, from EQN. 6
- Z gisj+k-m+i fOI j+k> m-1
10 or
m=1
S,=- 9iSn-mei forn> m-1
i=0

Substituting S;, for (a*B); in EQN. 2 yields

Ck=2 AjSJ+k Ik=0lll"'lm—l EQNS-7



-23- CONTROLLER PROCEDURE Initialization: n = Q
[err]=1 5 m
IF n-L+1 > m1 THEN

10

15

| L = 0, D(x) =S
LOOP L [err] IF n = 2m2 THEN STOP rﬁf?ﬁhﬂ ENT SHEET

-12-

Now, let C, = 0 for k <m-1 and C,, =1, i.e. C =
B..,. C = a* for some t. With this choice for C the first m-1
equations of EQNS. 7 forms a recurrence relation:

Ap1Spa=— Y, AiSiu ,k=0,1,...,m-2

m-1+k A lk=0,1' ] 'In'—z EQNS.S

The Berlekamp-Massey algorithm can be used to
generate a linear feedback shift register (LFSR) that will
satisfy EQNS. 8. Note that to generate S,,, requires an LFSR
of length m and in fact the taps of it are g;. However EQNS.
8 show that an LFSR of length no greater than m-1 can be
used to generate S, for k < 2m-2. The vector A generated by
the algorithm has the property that AB = C = &°. Therefore
B! = Ax®*. The number t can be chosen arbitrarily by the
proper choice of &, which also determines the linear
transformation from one basis representation to the other.
@, would normally be chosen to minimize the logic needed for
the transformations and for multiplying by «*. If the
transformations are not a consideration for a particular
application then t can be made to be 0.

STRUCTURE

In view of the mathematical derivations provided
above, it should be understood that the inverse of m-bit
symbol B (i.e., B') is equal to the product Aa™". Fig. 4 is
a generalized block diagram showing inversion circuitry 212
for generating electrical signals corresponding to the value
of B, Consistently with the derivation, the circuitry of
Fig. 4 shows a circuit 100 (which determines an m-bit value



D(x) = xD(x) ELSE tenp = D(x) D(x) = D(x) - [err] 15
IF n-L+1 > L and [err] is not zero THEN E(x) = tenp L = n-L+1 [err]= lTerrl—

ELSE D
END LOOP

10

15.

35

E(x) = XE(x) END | iR AEeleRT/SHEET “
Date :..--3 !ﬂEclggsi!i

-13-

for A) and an «* multiplier 102. Input values of bits B,
forming B are serially applied to circuit 100 on input line
104 during the first m clocks. After 2m-2 clocks, the value
A (in first or canonical basis representation) is applied on
m-bit parallel bus 106 to «* multiplier 102. An m-bit
output bus 108 carries electrical signals indicative of B
(the product Aa™).

As explained in more detail below, circuit 100 for
determining electrical signals corresponding to the value of
A can take various forms. For example, Fig. 4A shows a
circuit 1002 for determining electrical signals
corresponding to the value of A and which is driven by
controller 120. As shown generally in Fig. 4A, circuit 100A
particularly includes a MUX 404 having a first output pin
connected by serial line 122 to a modified binary-oriented
Berlekamp-Massey circuit 124A (also known as a modified
convolution circuit). Modified Berlekamp-Massey circuit
124A is connected by an m-bit feedback bus 126 to feedback
circuit 128 and by bus 106 to «¢* multiplier 102. An output
of feedback circuit 128 is serially applied to a second
input of MUX 404, the first input of MUX 404 being connected
to receive the input values of bits B,. Controller 120
applies clocking and control signals on lines 120-1 to
modified Berlekamp-Massey circuit 124A and on lines 120-2 to
feedback circuit 128, and a select signal on line 120-3 to
MUX 404. Controller 120 receives a signal d, from circuit
1244,

A second embodiment of circuitry for determining
electrical signals corresponding to the value of A is shown
as circuit 100B in Fig. 4B. Circuit 100B of Fig. 4B
primarily differs from circuit 100A of Fig. 4A in that
modified binary-oriented Berlekamp-Massey circuit 124 of
Fig. 4A is replaced by the combination of a more
conventional binary-oriented Berlekamp-Massey-type circuit
124B and a shift register 132. Certain registers of



25 After conpletion -24- [err] The last equation of EQNS. 7 requires the
above sumto be 1 so D(x) nust be divided by [err]. Al so, t ! &
coefficients for D(x) is opposite the ordering of the conpnBERIAZEMENT SHEET ..
Therefore [err] = [err] for k =0,1,... m1 5 which is th¢

a
representation for [err]. The transformation fromthe a re*r@aieat.é.tﬂm..;gge
the [err] representation is based on EQN. 1. In EQN. 1, B rs—set

10

15

35

-14-

Berlekamp-Massey-type circuit 124B (in particular "Av

registers corresponding to those often known as ¢ registers)
are connected by m-bit bus 130 to the m input pins of shift

register 132. Output pins of shift register 132 are
connected by m-bit bus 106 to ¢ multiplier 102.
Yet a third embodiment of circuitry for

determining electrical signals corresponding to the value of
A is shown as circuit 100C in Fig. 4C. Circuit 100C of Fig.

4C primarily differs from circuit 100A of Fig. 4A in that

feedback bus 126 and feedback circuit 128 are replaced with
a modified feedback circuit 140. Modified feedback circuit

140 comprises a plurality of registers 142, - 142, _,, with
register 142,, being serially fed from MUX 404

simultaneously with the feeding of modified Berlekamp-Massey

circuit 124C. Registers 142, - 142,, are also serially

connected so that values may be shifted rightwardly from
register 142,, to register 142, during m clock cycles. The
contents of the registers 142, - 142,, are also serially

connected to first input pins of respective AND gates 144, -

144

m-1

A second input pin of each AND gate 144 is connected

either to a "1i" or "O0" value to produce a feedback circuit
in accordance with the particular field generator

polynomial. Output pins of the AND gates 144, and - 144,
are connected to first and second pins of XOR gate 146,.

XOR gates 146, through 146,., have first input pins connected
to output pins of correspondingly subscripted AND gates 144,

and second input pins connected to output pins of the XOR

gate 146 having the next lowest subscript value. The output

pin of XOR gate 146, , is connected to the second input
terminal of MUX 404.

Fig. 5 shows details of the inversion .circuit 212

of the embodiment of Fig. 4A for implementing an
illustrative field generator (e.g., x*+x*+x’+x%+1).
Inversion circuit 212 includes MUX 404, feedback circuit

128, and ¢ multiplier circuit 102. The remaining elements



to be [err] for j =0,1,...,m1. Evaluating the trace functions yields

[err] i.e.

the conponents of the [err] representations 10 of the first m

powers of a which are the a basis set. If Ak are the conponents.of an

elenment in a representation and Bk are the conponents of |t EbFKEH%%%
in [err] representation then [err] 15 The inverse transf@rm can be f

FEREsT

fromthis expression by setting B to [err] which has a 1|fgL.t nJECuEB&u
P o Eh- 1998,

conponent and O el sewhere. This yields meguations which

[err] for

k =0,1,...,m1, i.e the conponehts of 20 the a representation of

[err] which ggepdgnobed Ay il fitladd@\ % AOURgat P28 behaly=cFitnred™ L

15

35

Berlekamp-Massey circuit 124A of Fig. 4A.

The modified Berlekamp-Massey circuit 124A of Fig.
5 includes a bank of "B" registers 400, - 400,; a bank of
"A" registers 401, - 401,; and a bank of intermediate
registers 402, - 402,. .In view of the binary orientation of
circuit 124A, registers 400, 401, and 402 are one bit flip-
flops and, accordingly, are also referenced herein as flip-
flops. Output pins of flip-flops 400 are connected so that
the contents thereof can be rightwardly shifted (e.g.,
output from flip-flop 400, to flip-flop 400,, output from
flip-flop 400, to flip-flop 400, and so forth). 1In similar
manner with a conventional Berlekamp-Massey circuit, output
pins of paired ones (same number subscript) of the flip-
flops 400 and 401 are ANDed together (at AND gates 420).
Outputs from the output pins of AND gates 420 are added
together by adders 422, - 422, (which in GF(2) are XOR
gates) to produce a term which is analogous to the current
discrepancy d, (output from adder 422,).

Unlike a conventional Berlekamp-Massey circuit,
the modified Berlekamp-Massey circuit 124A of Fig. 5
includes three-input MUXes 424,- 424, for controlling
selection of input into corresponding flip-flops 401, -
401,, respectively. Each of three-input MUXes 424,- 424,
includes a first input pin for loading an initializing value
("0"); a second pin for receiving a shifted value from a
leftwardly neighboring flip-flop 401; and, a third pin
connected in a manner hereinafter described for receiving an
updating value derived from the contents of a neighboring
intermediate register 402 and the discrepancy term d,.
Flip-flop 401, has a two-input MUX 424, which receives
either the value "0" or "1".

The modified Berlekamp-Massey circuit 124A of Fig.
5 further includes a plurality of AND gates 426, - 426,,
with each AND gate 426 having its output pin connected to a



[err] [err]

-25- The circuit shown in Fig. 4A and Fig.

8-bit synbol case, i.e the field is G-(28). The field gener

L e -1
-bi i eld 7 g |
is chosen to be @ X) =[err] + 1. [err] is chosen to be [e rbam
calculated to be [err]. In the 5

final [err]
controll er

length, L. On the first clock cycle nis %ﬁ? to O, [err] is shlfted

10

15

53

binary case [err] is a
is 1 therefore [err] = D [err] at algorithm end.
120 is based on two variables: the |oop count, n,

1 and “t-he--

1996

first input of an associated ADDER 428 (e.g., the output pin

of AND gate 426, is connected to the first input pin of
ADDER 428,, the output pin of AND gate 426, is connected to

the first input pin of ADDER 428,, and so forth).

A second

input pin of each AND gate 426 is connected to receive the
current discrepancy d, from ADDER 422,. A second input pin

of each ADDER 428 is connected to the output pin
corresponding (like subscripted) flip-flop 401.

of its
The output

pin of each ADDER 428 is connected to the third input pin of
a corresponding (like subscripted) three-input MUX 424 as

described above. The second input pin of each AND gate 426

is connected to an output pin of a leftwardly neighboring

intermediate flip-flop 402.

A three-input MUX 430 is provided for each
intermediate flip-flop 402. MUXes 430, - 430, have a first

input pin connected to receive the initializing value "O";

MUX 430, has a first and second input pins connected to

receive the initializing values "1" and "0", respectively.
A second input pin of MUXes 430, - 430, is connected to

receive the output from a leftwardly neighboring

intermediate register 402 (a register 402 with subscript

decremented by one). A third input pin of MUXes

430, - 430,

is connected to receive the output from a like-subscripted A

flip-flop 401.

Each A fllp flop 401 has its output pin connected
to a rightwardly neighboring flip-flop 401 (via the second
input pin of a suitable MUX 424 as above described), to an

AND gate 420 (for use in generating the discrepancy d4,), to
a like-subscripted intermediate flip-flop 402 (via a like
subscripted MUX 430), and (via a lead in bus 106) to the «°®

multiplier circuit 102.

Thus, the modified Berlekamp-Massey circuit 124A

of Fig. 5 includes a bank B400 of B registers (flip-flops)

400; a bank B401 of A registers (flip-flops) 401;

B402 of intermediate registers (flip-flops) 402.

and a bank
As used



into flip flop [err] via MJX 404, flip flops [err] and [err] are 10 set to

1 and the remaining 401 and 402 flip flops are set to O via their input

MJXes. The process requires 14 nore clock cycles. On each cl offF===
incremented. Also L is changed to n-L+1 if n-L+1>L, n-L+1<8 afi(RERVACERMENT SHEET
not 0. On each clock if L is being changed then flip flops 402 are 30?@@@ 1996
fromflip 15 flops 401 via their input MiXes. If L is not befl Rtchanged......
then flip flops 402 are shifted right mﬁtb-Q_shifted into [erTT. acH
clock if n-L+1<8 then the input MJXes to the 401 flip flops are switched so

Cot esaomar oD S B RHROH ant f ) 1e
flops 401 ar Bishiregdsteghtand tHhat shegiseerat bayers] gARAdeRitdan dre ki
has been shi thpdcifhO ddr e utilized so long as other aspects of the
invention are practiced. If the number of flip-flops in
5 banks B400 and B40l1 are "m" (m = 8 in the illustrated
embodiment), the number of flip-flops in bank B402 is m-1.
Moreover, as illustrated in Fig. 5, at least the m-1 lower

.........

order "A" flip-flops 401 have associated three-input MUXes
424, thereby enabling bank B401 to serve as a rightwardly
10 shifting shift register.

In view of the particular field generator
polynomial employed in the illustrated example, the feedback
circuit 128 of Fig.-5 comprises ADDERS 440,, 440,, and 440,.
A first input pin of ADDER 440, is connected to an output

15 pin of flip-flop 400, while a second input pin of ADDER 440,
is connected to an output pin of flip-flop 400,. A first
input pin of ADDER 440, is connected to an output pin of
ADDER 440, while a second input pin of ADDER 440, is
connected to an output pin of flip-flop 400,. Likewise, a

90 first input pin of ADDER 440, is connected to an output pin
of ADDER 440, while a second input pin of ADDER 440, is
connected to an output pin of flip-flop 400,. The output
pin of ADDER 440, is connected to a second input of MUX 404,
the first input pin of MUX 404 béing connected to receive

75 the B, bit of the m-symbol B to be inverted.

The ¢ multiplier circuit 102 of Fig. 5 is
configured to multiply the value of A as transmitted on bus
106 by «'?. The value of "t" can otherwise be chosen as
discussed above in connection with the mathematical

30 derivations. The «* multiplier circuit 102 of Fig. 5
particularly comprises a plurality of ADDERs 450 - 454
uniquely connected to provide for multiplication by a2 as
will be understood by the man skilled in the art. The
output of ¢ multiplier circuit 102, supplied on m-bit

35 parallel bus 108, is the value A¢™ = B?, which is the



flops 400. For the renai ning seven clocks MJX 404 is set so that flip flop
[err] receives a feedback signal. This is to 25 allow the ge
the remai ning el enents of the sequence, [err] After conpleti %{ éAﬂﬂﬂﬂmmsHEET
of B, the QUT bits in Fig. 5 is obtained by nultiplying the jpbyte 3nl DEC
register 401 by [err] as is shown in Fig. 5. 30 Fromef e ... .9

f oregoi ng description of structure and operation, it should be unde T
that the invention enconpasses enbodinenggt_pr mch m[err] 8 and t [err]
2, and which have a different field generator. The man skilled in the art

Sueh orner| BRFREFRS=ERY LR T, e s 5 e beribeiole”

circuit 212.

Fig. 6 shows a generic feedback circuit which can
be utilized for the circuits 128 of Fig. 4A or Fig. 4B. The
5 structure and operation of the circuit of Fig. 6 is
understood with reference to modified feedback circuit 140
of Fig. 4C.

OPERATION
10

The ultimate output of all embodiments described
herein is an m-bit electrical signal which represents the
inverse of an m-bit input symbol B (in second or dual basis
representation). In particular, in view of the mathematical

15 derivations provided above, the ultimate output signal is
B = Ae’®. Electrical signals corresponding to the m-bit
value A are generated by circuit 100 (e.g., circuit 1002 in
Fig. 4A; circuit 100B in Fig. 4B; circuit 100C in Fig. 4Q)
are output on bus 106 to &« multiplier circuit 102. The

.20 ultimate output from «®* multiplier 102 is obtained on bus
108, and is the product of A and a¢™*, i.e., B™.

The operation of the embodiment depicted in Fig.
4A and Fig. 5 will first be described, from which a
understanding will be gained for explanation of the

25 operation of the embodiments of Fig. 4B and 4C.

In operation, the inversion circuit 212 of Fig. 5
is first initialized, after which the bits B, of m-bit
symbol B are clocked into registers 400. During a specific
number of clock cycles, inversion circuit 212 performs a

3 convolution operation similar to that of a conventional
binary-oriented Berlekamp-Massey circuit (e.g., determining
a current discrepancy d, and updating values in registers
401 and 402). The m-bit value A will ultimately be stored
in register 401. The m-bit value of A is developed under

H the constraint that the inner product of A (in first basis



-26- in accordance with particular applications, varying th
In the synbol B necessarily involves varying the nunber of
401, and 402. Wth the guidance provided herein, the man s
al so 5 knows how to build a suitable feedback circuit (suc
for a different field generator polynomal, and a suitable ]
for a different t. While the invention hgf%been particularly shown and

described with reference to the preferred &nbodi rents 10 thereof, it will

gﬁduggfgffO%%gpéggﬁgggiggfl&%% L@BtQin?@ééékﬂ ﬂ&ﬁiguéeﬁkksaﬁEL%T%Af‘{Qr”‘

zexro for k < m-1l.

As explained above, particularly with reference to
EQNs. 6 - 8, for example, development of A occurs by the

5 convoluted iteration using a sequence (S;}). For the m-bit
symbol B, the first m members of sequence (S } (e.g., S,
through S, ,) are the first m bits of B (e.g., B; through
B,,). Thus, for the first m clock cycles, the values B,
through B, , are serially clocked into registers 400. The

10 remainder of the sequence (S,} is generated using feedback
circuit 128, which generates a feedback a« multiple of B.
Generating the remainder of sequence (S} in this manner is
understood from the foregoing definition of sequence (S},
particularly the expression Siu = (a"B)j.

15 Generation of the sequence {S.}, and
consequentially of the A values in registers 401, continues
until either (1) 2m-2 clock cycles are executed, or (2) a
length greater than m-1 is attained (provided that 4 + 0).
If a length of greater than m-1 is attained prior to 2m-2

2 clock cycles, values in the registers (flip-flops) 401 are
shifted rightwardly (one flip flop per clock cycle) until
cycle 2m-2 is reached. This shifting brings in leading
zeros in the left registers 401, thereby essentially right
justifying the A value in registers 401.

25 Describing now the operation of the inversion
circuit 212 of Fig. 5 in more detail, controller 120 keeps
track of numerous values, including n and the length “L%“.
Moreover, controller 120 is connected to receive the current
discrepancy value d  (output from adder 422,). Controller

X 120 also sequences and times the operation of the modified
Berlekamp-Massey convolution circuit 124A, including
application of select signals to MUXes 404, 424, and 430.
Controller 120 can be a hardwired circuit such as a state
machine or a programmable computer. In either case, the man

35 skilled in the art will know how to design/progranm



therein without departing fromthe spirit and scope of the |nvent|on
-27- The enbodi nents of the invention in which an excl usi
privilege is clainmed are defined as follows: 1. An inversi
determning an inverse of an m bit synbol B, the synbol
in a dual basis representation, the circuit conprising: arn FPE€rhtl.ye¥...ui0.....
convolution circuit to which the 5 synbol B is applied,
circuit generating and 20 '

¥

u
I U|J\.a| t
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controller 120 such that controller 120 governs the
operations and parameters described herein.

Initially, controller 120 sets n=0 and applies
select signals to MUXes 424, and 430, so that flip-flops 401,

-5 and 402, are initialized at "1". Controller 120 applies
select signals to MUXes 424, - 424, and MUXes 430, - 430, so
that flip-flops 401, through 401, and flip-flops 402, through
402, are initialized at "0". Controller 120 also applies a
select signal to MUX 404, so that input bits B, of the m-bit

10 symbol B-to-be-inverted can be clocked into flip-flop 400,
from line 104.

After initialization, during the first m clock
cycles, bits B, (constituting members S, - S,, of sequence
{s.}) are serially clocked into flip-flops 400, - 400,. That

15 is, during'clock 0, B, is clocked into flip-flop 400, for a
Berlekamp-Massey-type (BK-type) iteration with ultimately
involves other members of a "slice" including flip-flop 401,
and 402,, and which updates values in flip-flop 401, and 402,
of the next (e.g., rightwardly neighboring) slice. During

2 clock 1, B, is shifted into flip-flop 400, and B, is clocked
into flip-flop 400, for a BK-type iteration which involves
two slices. The shifting of already-loaded B,s and clocking
in of further B,s continues until flip-flops 401, through
400, are loaded with the bit values B, - B,, respectively.

25 After the first m clock cycles, controller 120
changes select input to MUX 404 so that an « multiple
feedback signal from feedback circuit 128 is applied via MUX
404 to flip-flop 400,. Such change of select input to MUX
404 allows for the remainder of sequence {S,} (i.e., S,,

XY k>m-1) to be an « multiple of B. In other words, during‘
iteration m, S, = (e¢B),, is generated; during iteration
m+l, S,,, = («®B),., is generated; during iteration m+2,
(x°B),., is generated; and so forth.

S|n+2 =



storing electrical signals corresponding to an mbit value A the value A
being in a first basis representation, the electrical srqgr i yal ie
A being generated by the convolution circuit such that aﬁéﬁhﬁ%vﬁgﬁtgﬁg oft
A and [err] 10 is equal to O for k < m1l; a feedback ci r@u‘i t cgnpq}g(po@gg)ié
the convolution circuit for enabling the convol ution ci{f 8t 18 pettorna:
convolution with a sequence starting with B and extended by taking [err]

mul tiples of B, and 15 a multipjler circuit connected to the
convolution circuit and which generates electrical output signals

ding to th d i !
corresponding to the phedydh&foidy ﬁéystfnﬁnsf[%ahb\e{weﬁéf\gﬂ%ingtﬁ%

field elenment and t is.,an intgger, the electrical output sign ]
mul tiplier PEHF§§§HP@n@“tﬁ?qlﬂﬂﬁ§$9n with the foregoing derivation of

sequence (S} = S§;,, = (a*B) ;. After the m™ clock cycle, j is
held constant and k is incremented for each succeeding
5 clock.

BK~-type iterations continue in the aforedescribed
manner until either (1) 2m-2 clock cycles are executed, or
(2) a length greater than m~1 is attained (provided that d,
* 0). If a length of greater than m-1 is attained prior to

10 2m-2 clock cycles, controller 120 stops the BK-type
iterations and, for the remaining 2m-2 clocks, conducts a
series of clocked shifts. 1In particular, controller 120
applies a select signal to MUX 424, so that the value "0" is
clocked into flip-flop 401,. Controller 120 applies a

15 select signal to MUXes 424, - 424, so that values from flip-
flops 404, - 401, are right-shifted into flip-flops 401, -
401,, respectively, for each succeeding clocked shift. For
each succeeding clocked shift, "0" is loaded into flip-flop
401,.

20 The result of the clocked shifts is the
introduction of a proper number of leading zeros and right
bit-position justification of the value A in flip-flops 401.
In the case where such right justification occurs (which is
not necessarily every case), before the start of the

2> shifting there will be at least as many zeroes in the right-
most flinflops 401 as will be shifted in from the left.
Thus, the clocked shifts essentially constitute a zero fill
operation.

At the end of 2m-2 clock cycles, inversion circuit

30 212 of Fig. 5 has the value A (in first basis
representation) in flip-flops 401. The one bit values in
each of flip-flops 401 are applied (via respective leads in
bus 106) to o« multiplier 102. An 8-bit parallel output of
a’t multiplier 102 is available on bus 108 which provides

35 the sought value B'.



20 of the mbit synbol B in the first basis representation. 2. The

I nversion circuit of claim1, wherein the convol ution cig '
menory wherein electrical signals corresponding to the BEPLAGEMEN‘ﬁsﬁEET
stored, and wherein the inversion circuit further conprijses N HE oggg
justifying the mbit value A. 3. The inversion circuit fD&éaJnlz.“MMQfgu
the nmeans for justifying the mbit value A operates the i
convolution circuit as a shift register. _,, REPLACEMENT SHEET 28-

Operation of the embodiment of Fig. 4B differs
from the embodiment depicted in Fig. 4A and Fig. 5 upon
reaching length L2m (provided that 4,6 is not zero). Rather
than performing a zero f£ill and shifting operation for flip-

5 flops 401, upon the length change exceeding m-1, values in
flip-flops 401 are clocked (via parallel bus 130) into 8 bit
shift register 132. Then, during the remaining clocks (up
to clock 2m-2), zeroes are loaded into the left-most
position of shift register 132 and each bit shifted

10 rightwardly (one bit position per clock cycle). At the end
of 2m-2 clocks, the m-bit value in shift register 132 is
applied (via bus 106) to « multiplier 102.

Operation of the embodiment of Fig. 4C differs
from the embodiment depicted in Fig. 4A and Fig. 5 primarily

15 in the generation of the sequence {S,}, and particularly for
generating S, for k2m. In particular, for the first m clock
cycles, By, ... B, are serially loaded into registers 142 in
much the same manner and at the same time as being loaded
into flip-flops 400. That is, during clock 0, B, is loaded

2 into both flip-flops 400, and register 142_,; during clock
1, B, is shifted into flip-flop 400, and register 142_, and
B, is loaded into both flip-flop 400, and register 142_,; and
so forth. Then, after execution of m clocks, the a multiple
of B is obtained by multiplying the a feedback values from

25 circuit 140 to the modified Berlekamp-Massey convolution
circuit 124Cc. Thus, in the embodiment of Fig. 4C, the
modified Berlekamp-Massey convolution circuit 124C does not
include the feedback circuit. Rather, feedback circuit 140
is separately provided.

30 The execution of controller 120 is further
depicted by the following procedure which describes the
general case for GF(p®), where p is not necessarily 2.



ri ses m nunber
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4. The inversion circuit of claim3, wherein the nmenory co
of registers, and wherein the neans for justifying the mbi
i ncl udes an associated nultiplexer for each of the m nunber
and 5 wherein for a plurality of registers the associate | tigle IS

operative to select between a convolution input and a regi O£ 6bﬂ%3"
5. The inversion circuit of claim4 wherein, at a predetermn ne
in a convolution performed by the convolutiogscircuit, for the plurality of
regi sters the associated nultiplexers are operative to switch input to the

5 registers froma convol ution i“Rﬂﬁwﬁ%PﬁLﬁﬁgbﬁééﬁnﬁﬁhft input. 6. The
e

inversion circuit of claimb, wherein

Initialization: n = 0,L = 0, D(x) = 1, E(x) = 1,

d, = 1
5 LOOP
L
dn = Z Dksn-k
k=0
IF n = 2m-2 THEN
STOP
END IF
10 IF n-L+1l > m-1 THEN
D(x) = xD(x)
ELSE
temp = D(x)
D(x) = D(x) - 4,4, *xE(x)
15 IF n-L+l1 > L and 4, is not zero THEN
E(x) = temp
L = n-L+1
d, = d,
ELSE ‘
-0 E{x) = xE(x)
END IF
END IF
n = n+l
END LOOP
25

After completion .



convolution circuit generates coefficients of a polynomal and a current

di screpancy value [err], and wherein the predeterm ned clock cycle occurs
when a length of the 5 polynonial exceeds m1 and the %ﬁ%ng
value [err] is non-zero. 7. The inversion circuit of cl ?ﬁ% RFEQ%iQI

nmenory conprises mnumber of registers, and wherein th nsaferEc 1995
justifying the mbit value Ais a shi ft regi ster conne fﬁmfﬁﬁ """" ¢
registers. 8. The inversion circuit of claim1, wherein a conflguratlon of
the feedback circuit is dependent upon a T#8rd generator polynonial. 9. The
I nversion circuit of claim1l1, wherein nm=8.

m-1
2 DkSan-z -k = dn
k=0

The last equation of EQNS. 7 requires the above
sum to be 1 so D(x) must be divided by 4, . Also, the order
of the coefficients for D(x) is opposite the ordering of the
components of A. Therefore A, = -1’4, fOr k = 0,1,...,m-1

5 which is the a representation for B-lat.

The transformation from the a representation to
the B representation is based on EQN. 1. In EQN. 1, B is set
to be al for j=0,1,...,m1. Evaluating the trace functions
yields (aj)k, i.e. the components of the g representations

10 of the first m powers of a which are the a basis set. If A,
are the components of an element in a representation and B,
are the components of the same element in 8 representation
then

m-1

By=Y A, (ad),
Jj=0

15
The inverse transform can be found from this
expression by setting B to g, which has a 1 for the nth
component and 0 elsewhere. This yields m equations which can
be solved for A for k =0,1,...,m~1, i.e the components of
X the a representation of S, which are denoted by (B,) - Having
found these for n = 0,1,...,m=1

m-1

A=Y, By (By),
j=o



-29- 10. A circuit which determnes an mbit value A for an inputted mbit
synbol B, the synbol B being expressed in a dual basis representation, the

circuit conprising: an iterative convolution circuit to whi =
synbol B is applied, the convolution circuit generating e|ec?F?c5?g¥F°i§ﬁ§§;]
corresponding to the mbit value A the value A being in a fbgtgt__aadsﬂé 1996
representation, the electrical signals for the value A beiH """""""

the convolution circuit such that an inner_product-of A and [err] 10 is

equal to Ofor k < m1; a feedback circuit“Connected to the convol ution
The circuit shown in Fig. 4A and Fig. 5 is for the
8-bit symbol case, i.e the field is GF(2%). The field
generator polynomial is chosen to be G(X) = X% + X* + X3 + x2
+ 1. o, is chosen to be a«™. o' is calculated to be o2. In the
5 binary case d, is always 1 and the final d 6 is 1 therefore A
= D,.4.. at algorithm end. Operation of controller 120 is
based on two variables: the loop count, n, and the length,
L. On the first clock cycle n is set to O, B, is shifted
into flip flop 400, via MUX 404, flip flops 401, and 402, are
10 set to 1 and the remaining 401 and 402 flip flops are set to
0 via their input MUXes. The process requires 14 more clock

cycles. On each clock n is incremented. Also L is changed to
n-L+1 if n-I+1>L, n-I+1<8 and d, is not 0. On each clock if
L is being changed then flip flops 402 are loaded from flip

15 flops 401 via their input MUXes. If L is not being changed
then flip flops 402 are shifted right with 0 shifted into
402,. On each clock if n-1+1<8 then the input MUXes to the
401 flip flops are switched so that each 401 flip flop is
updated by adding to it the content of the corresponding 402

20 flip flop ANDed with d,. If n-1+1>7 then flip flops 401 are
shifted right with 0 shifted into 401,.

After eight clocks B has been shifted into flip
flops 400. For the remaining seven clocks MUX 404 is set so
that flip flop 400, receives a feedback signal. This is to

25 allow the generation of the remaining elements of the
sequence, S,.

After completion the inverse of B, the OUT bits in
Fig. 5, is obtained by multiplying the byte in register 401
by a2, as is shown in Fig. 5.

30 From the foregoing description of structure and
operation, it should be understood that the invention
encompasses embodiments for mich m + 8 and t * 2, and which
have a different field generator. The man skilled in the
art will readily understand how to modify the circuits

35 described herein for such other embodiments. For example,



circuit for enabling the convolution circuit to performa convolution with
a sequence starting with B and extended by taking [err] nul ti
means for bit-position justification of the value A generat
convolution circuit. 11. The circuit of claim 10, wherein t
bit- position justification of the value A operates a nenor
convolution circuit as a shift register. 12. The circuit oft
wherein the menory conprises mnunber of registers, and wherein the ne
for bit-position justification of the val “A includes an associ ated

mul tipl exer for each_of the m nunber, of registers, and 5 wherein for a

plurality ofiR JFSPERRDERVIERPRELIFUHAT IARRISAL LOher VRFYENG otBEI ect
bet ween a camwabeitiof bits in the symbol B necessarily involves varying

the number of flip-flops 400, 401, and 402. With the
guidance provided herein, the man skilled in the art also

5 knows how to build a suitable feedback circuit (such as
circuit 128) for a different field generator polynomial, and
a suitable ¢ multiplier for a different t.

While the invention has been particularly shown
and described with reference to the preferred embodiments
10 thereof, it will be understood by those skilled in the art
that various alterations in form and detail may be made
therein without departing from the spirit and scope of the
invention.



I nput and a register-shift input” 13 " The"Circuit of claim12 wherein, at a

predeterm ned clock cycle in a gr mred by the convol ution
circuit, for the plurality of m‘m I‘Hlmm Imated ultiplexers are
operative to switch input to the*reglstere Trom a con \Ohﬁﬁgﬂﬂnﬁﬁﬁﬂkﬂkgra

regi ster-shift input. -30- 14. The circuit of claim }3
convolution circuit generates coefficients of a polynom
di screpancy value [err] and wherein the predetern1ned cld

ah t@ndri‘c

when a length of the polynom al exceeds me7 “and

10

15

The embodiments of the invention in which an
exclusive property or privilege is claimed are defined as
follows:

1. An inversion circuit for determining an inverse of an m-
bit symbol B, the symbol B being expressed in a dual basis
representation, the circuit comprising:

an iterative convolution circuit to which the
symbol B is applied, the convolution circuit generating and
storing electrical signals corresponding to an m-bit value
A, the value A being in a first basis representation, the
electrical signals for the value A being generated by the
convolution circuit such that an inner product of A and «*B
is equal to 0 for k < m-1;

a feedback circuit connected to the convolution
circuit for enabling the convolution circuit to perform a
convolution with a sequence starting with B and extended by
taking ¢« multiples of B; and

a multiplier circuit connected to the convolution
circuit and which generates electrical output signals
corresponding to the product of the wvalue A and a*, wherein
¢ is a field element and t is an integer, the electrical
output signals from the multiplier representing the inverse
of the m-bit symbol B in the first basis representation.

2. The inversion circuit of claim 1, wherein the
convolution circuit comprises a memory wherein electrical
signals corresponding to the m-bit value A are stored, and
wherein the inversion circuit further comprises means for
justifying the m-bit value A.

3. The inversion circuit of claim 2, wherein the means for
justifying the m-bit value A operates the memory of the
convolution circuit as a shift register.



5 the current discrepancy value [err] is non-zero. 15. The circuit of
claim1l, wherein the nenory conprises M nunber  of registers,_and wherein

the neans for bit-position justi alue Ais
connected to the nenory. 16. Thel“‘ﬁﬁ“ﬂ‘“ﬂ“ﬁ!ﬁ! furth rﬁggi‘&%ﬁ@ﬁ%gs%m {
multiplier circuit which is conn ed tb the °co volutlon Ci fjcHLt. . @n ,
generates electrical output signals corresponding to the pr_ _Hé _§f!égﬂ;f@3§__a
value A and [err], wherein 5 [err] is a field elenent and t is an integer,

the electrical output signals fromthe mut28plier representing an inverse

of the mbit synbol Bin the first basis representation. 17. The circuit of
claim 10, whérei Th8 dOVSLFRIOR ([ Brraiit fef 1 eb@bBCR cWhegedn &hgepemtant upon

a field genecempirises m number of registers, and wherein the means for
justifying the m-bit value A includes an associated
multiplexer for each of the m number of registers, and

5 wherein for a plurality of registers the associated
multiplexer is operative to select between a convolution
input and a register-shift input.

5. The inversion circuit of claim 4 wherein, at a
predetermined clock cycle in a convolution performed by the
convolution circuit, for the plurality of registers the
associated multiplexers are operative to switch input to the

5 registers from a convolution input to a register-shift
input.

6. The inversion circuit of claim 5, wherein the
convolution circuit generates coefficients of a polynomial
and a current discrepancy value d,, and wherein the
predetermined clock cycle occurs when a length of the

5> polynomial exceeds m-1 and the current discrepancy value d,
is non-zero.

7. The inversion circuit of claim 2, wherein the memory
comprises m number of registers, and wherein the means for
justifying the m-bit value A is a shift register connected
to the registers.

8. The inversion circuit of claim 1, wherein a
configuration of the feedback circuit is dependent upon a

field generator polynomial.

9. The inversion circuit of claim 1, wherein m=8.



pol ynom al. 18. The circuit of claim 10, wherein nm=8. -31- 19. A
circuit which determ nes an mbit—value A for an 1nputted mbit symbol B,
the synbol B being expressed in a dual basis represe :

conprising: an iterative convol "!ﬂ ﬂﬂ I ﬂl’lumt\/m ch t‘ﬁ'@’!’?f"“%‘#%’bhuéﬂs
appl i ed, the convolution circui tori in b?rﬁf
convolutlon regi sters thereof electrical S|gnals corr 0ﬂd1ag £ h@gawblt
value A, the value A being in a first basg% represent ati om, —The= =1

%:5"

10. A circuit which determines an m-bit value A for an
inputted m-bit symbol B, the symbol B being expressed in a
dual basis representation, the circuit comprising:
an iterative convolution circuit to which the
5 symbol B is applied, the convolution circuit generating
electrical signals corresponding to the m-bit value A, the
value A being in a first basis representation, the
electrical signals for the value A being generated by the
convolution circuit such that an inner product of A and «*B
~. 10 is equal to 0 for k < m-1;
a feedback circuit connected to the convolution
circuit for enabling the convolution circuit to perform a
convolution with a sequence starting with B and extended by
taking ¢ multiples of B;
15 means for bit—position justification of the value
A generated by the convolution circuit.

11. The circuit of claim 10, wherein the means for bit-
position justification of the value A operates a memory of
the convolution circuit as a shift register.

12. The circuit of claim 11, wherein the memory comprises m
number of registers, and wherein the means for bit-position
justification of the value A includes an associated
multiplexer for each of the m number of registers, and

5> wherein for a plurality of registers the associated
multiplexer is operative to select between a convolution
input and a register-shift input.

13. The circuit of claim 12 wherein, at a predetermined

clock cycle in a convolution performéd by the convolution

circuit, for the plurality of registers the associated

multiplexers are operative to switch input to the registers
5 from a convolution input to a register-shift input.



el ectrical signals for the value A bein enerated by the 1 Lution
circuit such that an inner product mn;ﬂﬁﬂm !Jll {IILS equal t FiEFfLQ\bEmEﬂTSHEET
m1l; a feedback circuit connected n circuitfffor enabling ,

the convolution circuit to perform'a convolUtion with a sequ mees JLA! Dﬂqgghﬁ
with B and extended by 15 taking [err] muliqples of B; conversi: T.
converting the bank of convolution registers of the convolutlon circuit

into a shiftiaegi gher c:.%@ul-f:h%ﬂﬂdl%ﬁnt 1of, Gidre 9, thbesshiolheisRMOry
ereln he co s i ncl udes

conprises m nunber, of re ters ?Eiﬂ versi o n

an associ at eGPt pR 65 £ L8R3F 35 é@l%?£¥§°Wﬁ%£uﬁ%% #nCtpEent

bank, and mhémecmepancyh@alue d,, and wherein the predetermined clock
cycle occurs when a length of the polynomial exceeds m-1 and

5 the current discrepancy value d, is non-zero.

15. The circuit of claim 11, wherein the memory comprises m
number of registers, and wherein the means for bit-position
justification of the value A is a shift register connected
to the memory. .

16. The circuit of claim 10, further comprising a
multiplier circuit which is connected to the convolution
circuit and which generates electrical output signals
corresponding to the product of the value A and ¢™®, wherein

5 ¢ is a field element and t is an integer, the electrical
output signals from the multiplier representing an inverse
of the m-bit symbol B in the first basis representation.

17. The circuit of claim 10, wherein a configuration of the
feedback circuit is dependent upon a field generator

polynomial.

18. The circuit of claim 10, wherein m=8.



5 plurality of registers the associated_nul tiplexer .is operatlve to sel ect

bet ween a convol ution input and é_Feglster-shlft I nput . rcuit of
A &y

claim 20 wherein, at a predetern1n I“ uﬂ a conv REb
by the convolution circuit, for mll ﬂ“““g““au gi sters{the gég%@f—'
Batb
STI0EE 0.

mul ti pl exers are operative to smntch i Aput t t°he reglster
convolution input to a register-shift input. -32- 22. The =eircul 1.0
claim 21, wherein the convolution circuit-generates coefficients of a T
pol ynom al and a current

19. A circuit which determines an m-bit value A for an
inputted m-bit symbol B, the symbol B being expressed in a
dual basis representation, the circuit comprising:
an iterative convolution circuit to which the
5 symbol B is applied, the convolution circuit generating and
storing in a bank of convolution registers thereof
electrical signals corresponding to the m-bit wvalue A, the
value A being in a first basis representation, the ,
electrical signals for the value A being generated by the
10 convolution circuit such that an inner product of A and o*B
is equal to 0 for k < m-1; _
a feedback circuit connected to the convolution
circuit for enabling the convolution circuit to perform a
convolution with a sequence starting with B and extended by
15 taking « multiples of B;
conversion means for converting the bank of
convolution registers of the convolution circuit into a
shift register.

20. The circuit of claim 19, wherein the memory comprises m
number of registers, and wherein the conversion means
includes an associated multiplexer for a plurality of
registers included in the bank, and wherein for the

5 plurality of registers the associated multiplexer is
operative to select between a convolution input and a
register-shift input.

21. The circuit of claim 20 wherein, at a predetermined

clock cycle in a convolution performed by the convolution

circuit, for the plurality of registers the associated

multiplexers are operative to switch input to the registers
5 from a convolution input to a register-shift input.



di screpancy value [err] and wherein the predeterm ned clock cycle occurs
when a |l ength of the polynonial exceedS“n}l'and"S the current discrepancy

value [err] is non-zero. 23. ing an i
mbit synbol B, the synbol B be| n | 4 I ml[ilual basij|sREPLACEMeT SHEET
representation, the nethod conpr|5|ngc appl ving etectrical Jjsignals

corresponding to bits 5 of the synbol B to an iterative CHHWU@UQLFMDEC 1995...
circuit; conducting iterations of the co %$Iut|on circuit to- gﬁﬁé?ate_____

el ectrical signals correspondlng to an mDft value A, the value A being in
Gener at ed by210 THE EORISNST i2n a0t 11 SURCTRAR HASi ARBYSIREARE of A and
[err] is eqqércuétOgEoerhteanpeﬁﬁxnz&mmmsogreapelynhmma&1and a current
discrepancy value d,, and wherein the predetermined clock
cycle occurs when a length of the polynomial exceeds m-1 and
5 the current discrepancy value d, is non-zero.

23. A method for determining an inverse of an m-bit symbol
B, the symbol B being expressed in a dual basis
representation, the method comprising:
applying electrical signals corresponding to bits
5 of the symbol B to an iterative convolution circuit;
conducting iterations of the convolution circuit
to generate electrical signals corresponding to an m-bit
value A, the value A being in a first basis representation,
the electrical signals for the value A being generated by
10 the convolution circuit such that an inner product of A and
¢*B is equal to 0 for k < m-1, iterations greater than m
number of iterations being conducted with an « multiple of
B; .
storing electrical signals corresponding to the m-
15 bit value A in a memory; and
generating electrical output signals corresponding
to 'a product of the value A and ¢, wherein a is a field
element and t is an integer, the electrical output signals
representing the inverse of the m-bit symbol B in the first
20 basis representation.

24. The method of claim 23, further comprising justifying
the m-bit value A in the memory.

25. The method of claim 24, wherein the memory forms part of
the convolution circuit, and wherein the step of justifying
the m-bit value A comprises shifting bits of the value A in
the memory of the convolution circuit.



nunber of iterations being conducted with an. [efr] nmultiple of B; storing
el ectrical signals corresponding T0 the m 15 bi H!alue A

generating electrical output si gnal m“ﬂ H o a pr OEEELAGEPJEHé.SHEET
value A and [err], wherein [err] m‘“\ I

and t jj s an |ntig :
the electrical output signals represenﬂing the Tnverse of |t FetgbillE 1988 5
Bin the first 20 basis representation. 24. The nethod of TFarm 23 —forther—
conprising justifying the mbit vaIue'Axlrhihe menory. 25. The nethod of
claim 24, wherein the nmenory forms part he convolution circuit, and
mgrggpufe he skep fhe HathDY B2 LIS U, \ldiFe fn PR  haR8 S ERDIY 2 S ©f
plurality of registers, and wherein the method further

comprises multiplexing one of a plurality of inputs into the

plurality of registers, the plurality of inputs 1nclud1ng a
5 convolution input and a register-shift input.

27. The method of claim 26 wherein, at a predetermined
clock cycle in a convolution performed by the convolution
circuit, the register-shift input is multiplexed into the
plurality of registers.

28. The method of claim 27, wherein the convolution circuit

generates coefficients of a polynomial and a current

discrepancy value d,, and wherein the predetermined clock

cycle occurs when a length of the polynomial exceeds m-1 and
5 the current discrepancy value 4, is non-zero.

29. The method of claim 24, wherein the step of justifying
the m-bit value A involves loading the m-bit wvalue into a
shift register connected to the memory.

30. The method of claim 23, wherein m=8.
31. The method of claim 23, wherein the electrical signals

corresponding to bits of the symbol B are serially applied
to the iterative convolution circuit.



the nenory of the convolution circuit. -33- 26. The nethod of claim 25,
wherein the nmenory conprises a plurality of_registers, and wherei n the
met hod further conprises nmultiplexing one of a plurality é#yi S TNt Oo

plurality of registers, the pl Immuﬂ“mu“lltunﬂﬁ i ncl udi ng ACER LSBT
I nput and a reglster-shlft |np d of claim §)£h
predeterm ned clock cycle in a donvol biti'on perforned by th é“ﬁadﬁupﬁgn e

circuit, the register-shift input is nmultiplexed into the plurality of
registers. -34-

32. A wmethod for determining an m-bit value A for an
inputted m-bit symbol B, the symbol B being expressed in a
dual basis representation, the method comprising:
applying electrical signals corresponding to bits
5 of the symbol B to an iterative convolution circuit;
conducting iterations of the convolution circuit
to generate electrical signals corresponding to an m-bit
value A, the value A being in a first basis representation,
the electrical signals for the value A being generated by
10 the convolution circuit such that an inner product of A and
¢*B is equal to 0 for k < m-1, iterations greater than m
number of iterations being conducted with an « multiple of
B;
storing electrical signals corresponding to the m-
15 bit value A in a memory; and
bit-position justifying the value A generated by
the convolution circuit.

33. The method of claim 32, wherein the memory forms part of
the convolution circuit, and wherein the step of justifying
the m-bit value A comprises shifting bits of the value A in
the memory of the convolution circuit.

34. The method of claim 33, wherein the memory comprises a

plurality of registers, and wherein the method further

comprises multiplexing one of a plurality of inputs into the

plurality of registers, the plurality of inputs including a
5> convolution input and a register-shift input.

35. The method of claim 34 whefein, at a predetermined
clock cycle in a convolution performed by the convolution
circuit, the register-shift input is multiplexed into the
plurality of registers.



28. The method of claim27, wherein the convolution circu
coefficients of a polynom al and-a current--gi-serepancy val

wherein the predeterm ned cl ock r ‘a length
pol ynom al exceeds m1 and 5 tlﬁ ﬁ" uE pancy val
non-zero. 29. The nethod of cl ai . step of n

mbit value A involves loading the mbit value into a shift register—=
connected to the nmenory. 30. The method of claim23, wherein m=8. 31. The
met hod of claim 23, wherein the electricalSsignals corresponding to bits of
t he synbol are_seri al applied to the iterative convolution circuit.
y §%. Tﬁe meth%d %% éiaim 35, wherein the convolution circuit
generates coefficients of a polynomial and a current

discrepancy value d,, and wherein the predetermined clock

cycle occurs when a length of the polynomial exceeds m-1 and
5 the current discrepancy value d, is non-zero.

37. The method of claim 32, wherein the step of justifying
the m-bit value A involves loading the m-bit value into a
shift register connected to the memory .

38. The method of claim 32, wherein m=8.
39. The method of claim 32, wherein the electrical signals

corresponding to bits of the symbol B are serially applied
to the iterative convolution circuit.
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B, storing electrical signals corresponding to the m 15 bit value Ain a
menory; and bit-position justifying the value A generated by the
convolution circuit. 33. The nethod of claim 32, wherein
part of the convolution circuit, and wherein the step of |
mbit value A conprises shifting bits of the value Ain tj
convolution circuit. 34. The method of claim 33, wherein
conprises a plurality of registers, and wherein the nethod further
conprises nmultiplexing one of a plurality of inputs into the plurality of
registers, the plurality of inputs inakyding a 5 convolution input and a
regi ster-shift input.
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35. The nethod of claim 34 wherein, at a predeterm ned clock cycle in a
convol ution perfornmed by the convolution circuit, the register-shift input

is multiplexed into the plurality of registers. - 35- o1 In cEf
AR e
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An inversion circuit (212) determines an inverse B of an m-bit symbol B, the symbol
B being expressed in a dual basis representation. Inversion circuit (212) includes an iterative
convolution circuit (124A, 124B, 124C) to which the symbol B is applied and which
generates and stores electrical signals corresponding to an m-bit value A. The value A is in a
first basis representation and is generated by the convolution circuit such that an inner
product of A and oB is equal to O for k<m-1. A feedback circuit (128) is provided for
enabling the convolution circuit to perform a convolution with an a multiple of B. A
multiplier circuit (102) is connected to the convolution circuit and generates electrical output
signals corresponding to the product of the value A and o . The electrical output signals
from the multiplier represent Aa* = B! (i.e., the inverse of the m-bit symbol B in the first
basis representation). When necessary, the m-bit value A is bit-positionally justified, either
by operating the convolution circuit as a shift register or by loading the value A into a shift
register (132).

Figure 5
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ABSTRACT

An inversion circuit (212) determines an inverse B! of an m-bit symbol B, the symbol
B being expressed in a dual basis representation. Inversion circuit (212) includes an iterative
convolution circuit (124A, 124B, 124C) to which the symbol B is applied and which
generates and stores electrical signals corresponding to an m-bit value A. The value A is in a
first basis representation and is generated by the convolution circuit such that an inner
product of A and oB is equal to 0 for k<m-1. A feedback circuit (128) is provided for
enabling the convolution circuit to perform a convolution with an a multiple of B. A
multiplier circuit (102) is connected to the convolution circuit and generates electrical output
signals corresponding to the product of the value A and ot . The electrical output signals
from the multiplier represent Ao = B (i.e., the inverse of the m-bit symbol B in the first
basis representation). When necessary, the m-bit value A is bit-positionally justified, either

by operating the convolution circuit as a shift register or by loading the value A into a shift
register (132).

Figure 5



