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(57) ABSTRACT

An error correction circuit, an error correction method, and a
semiconductor memory device including the error correction
circuit are provided. The error correction circuit includes a
partial syndrome generator, first and second error position
detectors, a coellicient calculator, and a determiner. The par-
tial syndrome generator calculates at least two partial syn-
dromes using coded data. The first error position detector
calculates a first error position using a part of the partial
syndromes. The coefficient calculator calculates coellicients
of an error position equation using the at least two partial
syndromes. The determiner determines an error type based on
the coellicients. The second error position detector optionally
calculates a second error position based on the error type.
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ERROR CORRECTION CIRCUIT AND
METHOD, AND SEMICONDUCTOR
MEMORY DEVICE INCLUDING THE
CIRCUIT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional application of appli-
cation Ser. No. 11/776,727 filed on Jul. 12, 2007, which 1s

hereby incorporated for all purposes.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] Thepresentinventionrelates to error correction, and
more particularly, to an error correction circuit, an error cor-
rection method, and a semiconductor memory device includ-
ing the error correction circuit.

[0004] This application claims the benefit of Korean Patent
Application No. 10-2006-0080854, filed on Aug. 25, 2006 1n
the Korean Intellectual Property Office, the disclosure of
which 1s incorporated herein 1n 1ts entirety by reference.

[0005] 2. Description of the Related Art

[0006] With the increase 1n memory capacity of a semicon-
ductor memory device, an error correction circuit which can
recover an error in a memory cell 1s required. Conventional
error correction circuits may be divided into circuits using a
redundant memory cell and circuit using error checking and
correction (ECC).

[0007] A semiconductor memory device including an error
correction circuit using a redundant memory cell includes
normal memory cells and redundant memory cells and
replaces a defective memory cell having an error with a
redundant memory cell when writing and/or reading data.
The error correction circuit using a redundant memory cell 1s
usually used for dynamic random access memory (DRAM).
[0008] A semiconductor memory device including an error
correction circuit using ECC generates and stores redundant
data (referred to as parity data or syndrome data) and detects
and corrects errors occurring in data bits using redundant
data. The error correction circuit using ECC 1s usually used
for read-only memory (ROM) and especially used very often
for flash memory including electrically erasable and pro-

grammable ROM (EEPROM) cells.

[0009] FIG. 1 1s a schematic block diagram of a semicon-
ductor memory device 100 including a conventional ECC
circuit 120. The semiconductor memory device 100 includes
a memory core 110, the ECC circuit 120, and a host interface
and logic unit 130.

[0010] The memory core 110 1s a block including a
memory cell array for storing data. The ECC circuit 120
includes an ECC encoder 121 and an ECC decoder 123. The
host 1nterface and logic unit 130 performs data interface
between a host 200 (e.g., a controller in a mobile device) and
the memory core 110. The host interface and logic unit 130
can transmit and receive d-bit parallel data (where “d” 1s 2 or
an integer greater than 2) to and from the host 200.

[0011] The ECC encoder 121 recerves k-bit data through
the host interface and logic unit 130, generates (n-k)-bit
syndrome data using the receirved k-bit data, and adds the
(n—k)-b1t syndrome data to the k-bit data. Accordingly, n-bit
data (which may be referred to as an ECC word) comprised of
the received k-bit data and the (n—k)-bit syndrome data 1s
input into the memory core 110.
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[0012] When data stored 1n the memory core 110 1s output,

an ECC word, which 1s comprised of k-bit data and (n—k)-bat
syndrome data, 1s read from the memory core 110. The ECC
decoder 123 divides the ECC word by predetermined pattern
data, generates syndrome data, and determines existence or
non-existence of an error using the syndrome data. When an
error 1s determined to exist, the EFCC decoder 123 detects a
position of the error, that1s, a position of a bit having the error,
and corrects the error bit. The correction of the error bit may
be carried out by an error corrector included 1n a unit, e.g., the
host interface and logic umt 130 within the semiconductor
memory device 100 or by the host 200.

[0013] FIG. 2 1s a timing diagram illustrating conventional
error correction. The conventional error correction includes
data read/syndrome calculation 1n a period Tt between times
T0 and T1, coellicient calculation in a period Tcoell between
times 11 and T2, and error position calculation 1n a period
Tcse between times 12 and T3.

[0014] During the data read/syndrome calculation, an ECC
word (1.e., information data and syndrome data) 1s read from
a memory cell array and partial syndromes S, through Szﬂ .
are calculated. The data read/syndrome calcu_.atlon requires a
predetermined read time Tt. During the coetlicient calcula-
tion, coellicients o, through o necessary for producing an
error position equation are calculated and a predetermined
coellicient calculation time Tcoell 1s required. During the
error position calculation, the error position equation 1is
solved to obtain a solution so that an error position s detected.
The error position calculation requires a predetermined error
position calculation time Tcse. Accordingly, an error correc-
tion cycle (or an ECC cycle) corresponds to the sum of the
time periods Tt, Tcoetl, and Tcse, and 1s almost always con-
stant regardless of the number of error bits.

[0015] Known circuits and methods for multi-bit ECC have
many disadvantages. For example, a conventional ECC
decoder 1s designed and implemented based on a maximum
number of correctable error bits. A conventional multi-bit
ECC decoder requires more processing time than single bit
ECC decoder. Moreover, the error correction cycle 1s directly
related to data access time (the time for a host to read data
from a semiconductor memory device). As a consequence,
conventional multi-bit ECC circuits and methods may result

in significantly slower data read times from memory. Faster
multi-bit ECC circuits and methods are needed.

SUMMARY OF THE INVENTION

[0016] Embodiments of the present invention decrease data
read time and increase read performance by selectively per-
forming alternative error position calculations based on a
number of detected error bits.

[0017] Anembodiment of the present invention provides an
error correction circuit that includes: at least two error posi-
tion detectors configured to be operated in parallel and to have
different error position calculation times; a determiner con-
figured to determine an error type; and a main controller
coupled to the at least two error position detectors and the
determiner, the main controller configured to determine a
final error position based on the error type and an output from
the at least two error position detectors.

[0018] Another embodiment of the present invention pro-
vides a semiconductor memory device including the above-
described error correction circuit. The semiconductor
memory device may further include an error checking and
correcting (ECC) encoder configured to generate syndrome
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data based on information data and to generate the error
correction coded data by adding the syndrome data to the
information data, and a memory core coupled to the ECC
encoder and configured to store the coded data.

[0019] Further embodiments of the present invention pro-
vide an error correction method includes: reading coded data;
calculating a plurality of partial syndromes using the coded
data; and calculating a plurality of bit position equation coet-
ficients using the plurality of partial syndromes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The above and other features and advantages of the
present invention will become more apparent by describing in
detail exemplary embodiments thereof with reference to the

attached drawings 1n which:

[0021] FIG. 1 1s a schematic block diagram of a semicon-
ductor memory device including a conventional error check-
ing and correction (ECC) circuit;

[0022] FIG. 2 1s a timing diagram illustrating conventional
error correction;

[0023] FIG. 3 1s a block diagram of a semiconductor
memory device according to some embodiments of the
present invention;

[0024] FIG. 41salogic diagram illustrating operation of the
ECC encoder i FIG. 3, according to some embodiments of
the present invention;

[0025] FIG. 5 1s a flowchart of an error correction method
according to some embodiments of the present invention; and

[0026] FIG. 6 1s a ttiming diagram 1illustrating how error
correction 1s performed 1n a time domain, according to some
embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0027] The present invention now will be described more
tully heremafter with reference to the accompanying draw-
ings, 1n which embodiments of the invention are shown. This
invention may, however, be embodied 1n many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the mvention to those
skilled 1n the art. In the drawings, like numbers refer to like
clements throughout.

[0028] It will be understood that when an element 1s
referred to as being “‘connected” or “coupled” to another
clement, 1t can be directly connected or coupled to the other
clement or intervening elements may be present. In contrast,
when an element 1s referred to as being “directly connected”
or “directly coupled” to another element, there are no inter-
vening e¢lements present. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed 1tems and may be abbreviated as */”.

[0029] FIG. 3 1s a block diagram of a semiconductor
memory device 300 according to some embodiments of the
present invention. The semiconductor memory device 300
includes amemory core 310, an error checking and correction
(ECC) circuit 320, and a host interface and logic unit 330.
ECC circuit 320 1s coupled between the memory core 310 and
the host interface and logic unit 330.

[0030] The memory core 310 includes a memory cell array
for storing data. The memory cell array may include, for
example, electrically erasable and programmable read only
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memory (EEPROM) cells having a floating gate, but the
present invention 1s not restricted thereto.

[0031] The host interface and logic unit 330 performs con-
trol and buifering for interface between a host 200 (e.g., a
controller 1n a mobile device or a computer) and the ECC
circuit 320. The host interface and logic unit 330 may include
an error corrector (not shown) which corrects an error 1n

coded data based on a result of error detection performed by
the ECC circuit 320.

[0032] The host interface and logic unit 330 may include
memory (not shown) like static random access memory
(SRAM). In this case, when the host 200 writes data to the
SRAM, the data 1s encoded by the ECC circuit 320 and then
recorded 1n the memory core 310 (e.g., a flash memory core).
Thereaftter, an error 1n data read from the memory core 310 1s
detected and corrected by the ECC circuit 320 and error-
corrected data 1s stored in the SRAM. As a result, the host 200
reads the error corrected data stored 1n the SRAM. The host
interface and logic unit 330 can transmit and receive d-bit

parallel data (where “d” 1s 2 or an integer greater than 2) from
and to the host 200.

[0033] The ECC circuit 320 includes an ECC wrapper 410
coupled to an ECC encoder 420 and an ECC decoder 430. The
ECC wrapper 410 receives k-bit information data (where “k”
1s 2 or an integer greater than 2) from the host interface and
logic unit 330. The ECC wrapper 410 then adds (n-k)-bit
dummy data to the k-bit information data. “n-k 1s 1 or an
integer greater than 1, and each bit of the dummy data has a
predetermined logic value. The ECC wrapper 410 then out-
puts n-bit data 1n series or parallel to the ECC encoder 420.
For example, the k-bit information data may be 4096 bits, the

(n—k)-bit dummy data may be 53 bits, and the n-bit data may
be 4149 bits.

[0034] FIG. 41salogic diagram illustrating operation of the
ECC encoder 420 1n FIG. 3, according to some embodiments
of the present invention. Referring to FI1G. 4, the ECC encoder

420 includes a syndrome generator 421 and an exclusive OR
(XOR) operator 423.

[0035] The syndrome generator 421 receives n-bit data
from the ECC wrapper 410 and divides the received n-bit data
by predetermined data to generate (n—k)-bit remainder (or
syndrome) data. The predetermined data 1s typically referred
to as a generator polynomial G(x). The integer “n-k” 1s deter-
mined based on a maximum number of correctable error bits
and/or a maximum number of detectable error bits.

[0036] The XOR operator 423 performs an XOR operation
on the n-bit data received from the ECC wrapper 410 and the
syndrome data to generate n-bit coded data. When the infor-
mation data, the syndrome data, and the coded data are rep-
resented with 1(x), S(x), and C(x), respectively, the relation-
ship among the data 1s expressed by Equation (1):

SE)="P(x) % G(x),

Clx)=x"PIx)+S(x)=0x)G(x), (1)

where x"(x) is a value obtained by shifting the k-bit infor-
mation data I(x) by (n-k) bits 1n a most significant bit (MSB)
direction, % G(x) indicates modulo G(x), and Q(x) 1s a quo-
tient when C(x) 1s divided by G(x). When “n-k” 1s 33, G(X) 15
a 53rd-order polynomial and S(x) 1s a 52nd-order polynomaal.

[0037] The n-bit coded data (also referred to as an ECC

word) 1s input to the memory core 310. A cell array area of the
memory core 310 may be divided into an area for storing
information data and an area for storing syndrome data. Alter-
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natively, the n-bit coded data may be stored 1n the memory
cell array without 1dentitying the information data area and
the syndrome data area.

[0038] When coded data stored in the memory core 310 1s
output, n-bit coded data (including k-bit information data and
(n—k)-bitparity data) is read from the memory core 310 and 1s
then mnput to the ECC wrapper 410. The ECC wrapper 410
may buller the n-bit coded data and output the n-bit coded
data to the ECC decoder 430.

[0039] The ECC decoder 430 determines whether an error

bit exists 1n coded data received from the ECC wrapper 410
and also detects an error position, 1.¢., the position of the error
bit. In alternative embodiments, the ECC decoder 430 may
also correct the error bit in the coded data based on the
detected error position. In such cases, an error corrector (not

shown) may be included 1n the ECC decoder 430.

[0040] Intheillustrated embodiment, the ECC decoder 430
includes first through fourth partial syndrome generators 431,
433, 435, and 437, a coellicient calculator 441, a 1-bit error
position detector 451, a multi-bit error position detector 452,
an error determiner 442, and a main controller 443. The ECC
decoder 430 may further include a parity checker 444, which
may be an even parity checker or an odd parity checker.

[0041] The firstthrough fourth partial syndrome generators
431, 433, 435, and 437 are coupled to the coellicient calcu-
lator 441. The 1-bit error position detector 451 1s coupled to
the first syndrome generator 431 and the main controller 443.
The multi-bit error position detector 452 and the error deter-
miner 442 are each coupled to the coetlicient calculator 441
and the main controller 443.

[0042] Although the first through fourth partial syndrome
generators 431, 433, 435, and 437 are described as separate
components, they can also be collectively described as a
single partial syndrome generator having multiple partial
syndrome outputs. The first through fourth partial syndrome
generators 431, 433, 435, and 437 divide n-bit coded data
output from the memory core 310 by their predetermined
data, respectively, so as to generate partial syndromes S, S;,
S., and S,. When the n-bit coded data output from the
memory core 310 1s represented with R(x) and the predeter-
mined data, 1.e., partial generation polynomials of the respec-
tive first through fourth partial syndrome generators 431, 433,
435, and 437 are represented with m, (x), m,(x), m<(x), and
m-(x), the relationship between the data 1s expressed by
Equation (2):

S1(x)=R(x) Yo m(x),
S3(X)=AR(x) Y% my(x)
Ss(X)=R(x) % ms(x) |,

SH(X)FIRE) % ma(x)), (2)

[0043] where S, (X), S;(X), S;(x), and S,(x) correspond to
the partial syndromes S,, S,, S;, and S, generated by the first
through fourth partial syndrome generators 431, 433, 435,
and 437, respectively, and % indicates a modulo operation. As
shown 1n Equation (2), S, (x) may be directly calculated from
R(x) % m, (x). And, S;(x) S.(x) and S,(x) may be calculated
using R(x) % m;(x), R(x) % m.(x) and R(x) % m-(X), respec-
tively.

[0044] In addition, the relationship between the generation
polynomial G(x) of the syndrome generator 421 included in
the ECC encoder 420 and the partial generation polynomaials
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m,(X), m;(X), m<(x), and m-(x) of the first through fourth
partial syndrome generators 431, 433, 435, and 437 may be
defined as Equation (3):

Gx)=m, (x)*m3(x)* ms(x)*m7(x), (3)

cele® 2

where indicates Galois multiplication. When G(x) 1s a
S3rd-order polynomial and S(x) 1s a 52nd-order polynomaal,
m, (X), m,(X), m<(x), and m,(x) are each a 13th-order poly-
nomial and S;(X), S;(X), S<(x), and S,(x) are each a 12th-

order polynomual.

[0045] When the first through fourth partial syndromes S,
S5, Se, and S, are all zero (0), no error exists in coded data. It
any one or more of the first through fourth partial syndromes
S, S5, S., and S, 1s not 0, then an error exists 1n at least one
bit of the coded data. When an error occurs, the coetficient
calculator 441 begins calculating coefficients o, 0,, 05, and
O, ol an error position equation using the partial syndromes
S,, S5, S, and S,. Simultaneously, the 1-bit error position
detector 451 begins calculating the position of a 1-bit error
using only the first partial syndrome S, . The 1-bit error posi-
tion detector 451 may be implemented by a simple circuit so
that the 1-bit error position detector 451 completes 1ts calcu-
lation before the multi-bit error position detector 452 can
complete multi-bit error position calculations. Although the
1-bit position calculator 451 may complete 1ts operation
ahead of the coellicient calculator 441, the components can be
said to operate 1n parallel because they begin operations at
substantially the same time.

[0046] The error position equation has the reciprocal of an
error bit as a root. The relationship between the coellicients
g,, O,, 05, and o, ol the error position equation and the partial
syndromes S,, S3, S, and S, may be obtained using diverse
algorithms. Equations (4) and (35) are exemplary error posi-
tion equations that express the relationship.

[0047] Equation (4) 1s an example of the error position
equation for 1-bit error correction:

O x+1=0, (4)

where 0,=S, and a reciprocal of a root satisfying first-order
Equation (4) indicates a 1-bit error position.

[0048] Equation (35) 1s an example of the error position
equation for 2-bit error correction:

OX" 40 x+1=0, (5)

where 0,=S,, 0,=(S,°+S,)/S,, and a reciprocal of a root
satisiying second-order Equation (35) indicates a 2-bit error
position.

[0049] For 3- or more-bit error correction, coeificients of

the error position equation may be calculated 1n a similar
manner to that described above.

[0050] According to some embodiments of the present
invention, the coetficient calculator 441 calculates the coet-
ficients o,, 0,, 05, and 0, according to the error position
equation which can correct a maximum of 4 bits of error.

[0051] The error determiner 442 determines an error type
based on the coellicients o,, 0,, 05, and o, calculated by the
coellicient calculator 441. In particular, the error determiner
442 determines whether a detected error 1s a 1-bit error (1.e.,
a first error type) or a multi-bit error (1.€., a second error type).
For example, when the coetficient o, of a first-order equation
1s not O and the coetlicients o,, 05, and o, of other order
equations are all 0, the error position equation is a first-order
equation and the number of error bits 1s 1. If the coetlicient o,
of a second-order equation 1s not O and the coellicients o,, and
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0, of third- and fourth-order equations are O, the error posi-
tion equation 1s a second-order equation and the number of
error bits 1s 2.

[0052] When the error determiner 422 determines the pres-
ence of a 1-bit error, the position of the error bit 1s determined
by the 1-bit error position detector 451. In this instance, the
multi-bit error position detector 452 may not be operated. A
1-bit error position calculated by the 1-bit error position
detector 451 may be referred to as a first error position.
[0053] When the error determiner 422 detects the presence
of multiple bit errors, the positions of error bits are deter-
mined by the multi-bit error position detector 452. Multi-bit
error positions calculated by the multi-bit error position
detector 452 may be referred to as second error positions.

[0054] The 1-bit error position detector 451 and the multi-
bit error position detector 452 may detect the position of an
error bit based on the error position equations.

[0055] The 1-bit error position detector 451 1s a quick error
position calculator that 1s optimized to 1-bit ECC and 1s an
exclusive circuit for 1-bit error detection. The 1-bit error
position detector 451 detects the position of one bit having an
error 1n n-bit coded data based on a first-order error position
equation, ¢.g., Equation (4). Since the coellicient o, of the
first-order error position equation 1s the same as the first
partial syndrome S,, the first-order error position equation
can be determined once the first partial syndrome S, 1s gen-
crated by the first partial syndrome generator 431, regardless
of a result of calculation by the coelficient calculator 441.
Accordingly, the 1-bit error position detector 451 may begin
operation 1n parallel with the coetlicient calculator 441 once
the first partial syndrome S, 1s generated.

[0056] The multi-bit error position detector 452 detects the
positions ol 2 or more error bits using the coellicients ol, o,,
0,, and o, calculated by the coefficient calculator 441.
According to some embodiments of the present invention, the
multi-bit error position detector 452 1s an error position cal-
culator which can detect the positions of at least two error bits
and at most four error bits.

[0057] Multi-bit error position detector 452 can detect error
positions using error position equations. In this case, 1t 1s
necessary to solve an i”-order error position equation (where
1=1, 2, 3, or 4) according to the number of error bits. Since 1t
1s difficult to obtain a general solution of a fourth-order error
position equation, a Chien search algorithm may be used to
determine the roots of the polynomial. The Chien search
algorithm makes use of the fact that the roots will be powers
of primitive element a. A test root can therefore be expressed
as o’ over the range of =0 to j=(n-1):a-°, a-', a-*, a-" . . .
a-""1 When o satisfies an error position equation, the i bit
1s determined to have an error. This operation may be per-
tormed with respect to each code of n size in order to deter-
mine whether substituting 7 (altering 1 over the range of 0 to
n-1) into error position equation repeatedly as n times satis-
fies the equation.

[0058] The main controller 443 determines a final error bit
position based on the detection result of the 1-bit error posi-
tion detector 451 (i.e., the first error position) or the detection
result of the multi-bit error position detector 452 (1.e., the
second error positions). The main controller 443 determines a
final error bit position according to the first error position
when the error determiner 422 determines the first error type
and the main controller 443 determines final error bit posi-
tions according to the second error positions, 1gnoring the
detection result of the 1-bit error position detector 451, when
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the error determiner 422 determines the second error type. In
addition, the main controller 443 may further refer to a signal
output from the parity checker 444 1n order to more accurately
determine existence or non-existence of an error and an error
position.

[0059] Adfter the main controller 443 has determined a final
error bit position or positions, the main controller 443 may
provide the determined final error bit position(s) to the host
interface and logic unit 330. The host interface and logic unit
330 may then correct one or more bit errors by inverting a
logic value of the one or more erroneous bits.

[0060] Alternatively, the host iterface and logic unit 330
may transmit the error position information and the n-bit
coded data (or just the k-bit information data) to the host 200.
In this instance, the host 200 may correct one or more errors
by nverting a logic value of bits based on the error bit position
information from the main controller 443.

[0061] FIG. 5 1s a flowchart of an error correction method
according to some embodiments of the present invention. The

error correction method illustrated 1n FIG. 5 may be per-
tormed by the ECC circuit 320 illustrated 1n FIG. 3. The error
correction method will be described with reference to FIGS.

3 through 3 below.

[0062] Prior to operation 610, coded data 1s generated by
combining syndrome data with information data, and the
coded data has been stored 1n the memory core 310. In opera-
tion 610, the coded data 1s read from the memory core 310. In
operation 620, first through fourth partial syndromes S,, S;,

S., and S, are generated using the coded data. The calcula-
tions 1n operation 620 may be performed by the first through
fourth partial syndrome generators 431, 433, 435, and 437.

[0063] In caseof 1-bit error correction (1.e., 1-bit ECC), an
error position can be immediately detected using only the first
partial syndrome S,. Accordingly, as soon as the first partial
syndrome S, 1s calculated 1n operation 620, the 1-bit error
position detector 451 may begin to calculate an error position
in operation 621. The coetlicient calculator 441 may calculate
coellicients ol an error position equation in operation 622,
and operations 621 and 622 may be performed simulta-
neously. After the coetlicient calculator 441 completes the
calculation of the coellicients of the error position equation,
an error type 1s determined 1n operation 630 based on the
coellicients calculated in operation 630. The error determiner
442 may perform operation 630. If the error type 1s deter-
mined as a 1-bit error, 1.e., the first error type, then the 1-bit
error 1s corrected 1n operation 640 based on 1-bit error posi-
tion information which has already been calculated in opera-
tion 621. IT the error type 1s determined as a multi-bit error,
1.€., the second error type, then the multi-bit error detector 452
can calculate multiple bit error positions in operation 650, and
the multiple bit errors may be corrected in operation 660. The
host 1nterface and logic unit 330 and/or the host 200 may
perform operations 640 and 660.

[0064] Although the method illustrated i FIG. 5 1s
described above with reference to components illustrated 1n
FIG. 3, other combinations of components may be used to
implement the method, according to design choice. More-
over, the method illustrated 1n FIG. 5 could be implemented in
soltware or 1n a combination of hardware and software. Like-
wise, any one or more functional components illustrated with
reference to the semiconductor memory device 300 1n FIG. 3
could be implemented in software.
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[0065] FIG. 6 1s a ttiming diagram 1illustrating how error
correction 1s performed 1n a time domain, according to some
embodiments of the present invention.

[0066] During the data read and syndrome calculation
betweentimes T0 and T1, an ECC word (1.¢., information data
and syndrome data) 1s read from a memory cell array, and
partial syndromes S0, S,, S2 ... S2n-1 are calculated. This
operation requires a predetermined read time duration of Tt.
However, according to some embodiments of the present
invention, the coellicient calculation and 1-bit error position
calculation are simultaneously commenced at time T1.

[0067] An error type i1s determined based on calculated
coellicients 00 through on. IT a 1-bit error 1s determined, then
multi-bit error calculation 1s omitted. Accordingly, 1n case of
1-bit error, an ECC cycle may end at time T4. In such a case,
the ECC cycle time corresponds to the sum of time Tt for the
data read and syndrome calculation and time Tcsl for the
1-bit error position calculation, 1.e., Tt+Tcsl, which 1s much
shorter than time required 1n a case where two or more bit
€rTors OCCUr.

[0068] In the case of multi-bit error, the ECC cycle corre-
sponds to “Tt+Tcoell+Tcse.” However, since the ECC cycle
for 1-bit error correction in embodiments of the invention is
greatly reduced compared to a conventional ECC cycle, the
average ECC cycle time may be significantly less where there
1s a combination of multi-bit errors and single-bit errors.

[0069] In the above embodiments of the present invention,
an error correction circuit including a calculator that exclu-
stvely calculates a 1-bit error position. In other words, errors
are classified into 1-bit errors and multi-bit errors. In an
alternative embodiment of the invention, a one or two bit error
may be classified 1into a first error type, and a three or more bit
error may be classified into a second error type. In such an
embodiment, when a one or two bit error occurs, the position
(s) of error bit(s) may be quickly detected using a 2-bit error
position calculator based on Equation (5). When three or
more bit errors occur, error positions may be detected using a

multi-bit error position detector such as multi-bit error posi-
tion detector 452.

[0070] In further embodiments of the present invention,
errors may be classified into three or more types, e.g., a first
error type, a second error type, and a third error type, and error
position detectors for each of the respective error types may
be provided so that an error position 1s most quickly detected
with respect to the first error type and an error position 1s
second most quickly detected with respect to the second error
type. The error position detectors for the respective error
types may be operated in parallel and may have different error
position detection times.

[0071] According to embodiments of the present invention,
multi-bit ECC performance 1s maintained without additional
parity data, and ECC for a predetermined (e.g., 1 or 2) or less
number of error bits can be quickly done. As a result, average
ECC cycle time 1s reduced, and data read speed 1s increased.

[0072] While the present invention has been shown and
described with reference to exemplary embodiments thereof,
it will be understood by those of ordinary skill 1n the art that

various changes in form and detail may be made herein with-
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out departing from the spirit and scope of the present mnven-
tion, as defined by the following claims.
What 1s claimed 1s:
1. An error correction method comprising:
reading coded data;
generating a plurality of partial syndromes using the coded
data;
calculating first error bit position data using a portion of the
plurality of partial syndromes; and
calculating a plurality of bit position equation coellicients
using the plurality of partial syndromes.
2. The method of claim 1, wherein the calculating first error

bit position data 1s performed at least partially concurrent
with the calculating the plurality of bit position equation
coellicients.

3. The method of claim 1, further comprising determining,
whether an error type 1s a first error type or a second error type
based on the plurality of bit position equation coelificients.

4. The method of claim 3 wherein the first error type 1s an
error having a single bit error and the second error type 1s an

error having multiple bit errors.

5. The method of claim 3 wherein the first error type 1s an
error having two or fewer bit errors and the second error type
1s an error having three or more bit errors.

6. The method of claim 3, wherein the number of errors of
the second error type 1s greater than that of the first error type.

7. The method of claim 3 further comprising, 1 the error
type 1s the first error type, correcting the coded data based on
the first error position data.

8. The method of claim 3 further comprising, 1 the error
type 1s the second error type, calculating second error bit
position data based on the plurality of bit position equation
coellicients.

9. The method of claim 8, wherein a first calculation time
required for a first error position detector to the first error bit
position data 1s less than a second calculation time required
for a second error position detector to calculate the second
error bit position data

10. The method of claim 7 further comprising correcting
the coded data based on the second error bit position data.

11. An error correction method comprising;:

reading coded data;

generating a plurality of partial syndromes using the coded

data; S620

detecting a {irst error position using a portion of the plu-

rality of partial syndromes;

generating a corresponding plurality of coelficients using

the plurality of partial syndromes;

determining 1n relation to the plurality of coellicients

whether the coded data includes less than or equal to a
number of errors, or more than the number of errors:
correcting a first error using the detected first error position

when the coded data includes less than or equal to the
number of errors; and

detecting a second error position using the plurality of

coellicients and correcting the second error using the
detected second error position when the coded data
includes more than the number of errors.
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