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MEMORY DEVICE AND OPERATING METHOD THEREOF

CROSS-REFERENCE TO RELATED APPLICATION(S)
[0001] This patent application claims priority to Korean Patent Application No. 10-2021-
0103984 filed on 6 August 2021 in the Korean Intellectual Property Office, the disclosure of

which is incorporated herein by reference in its entirety.

TECHNICAL FIELD
[0002] The present inventive concept relates to a memory device and an operating method

thereof.

BACKGROUND
[0003] High integration or miniaturization of memory devices may increase a probability of
an occurrence of an error in which data different from data to be read may be read or data
different from data to be programmed may be programmed. A method of improving error

correction capability with limited system resources would be desirable.

SUMMARY

[0004] An aspect of the present inventive concept is to provide a memory device storing
erasure information in a memory and correcting a 2-bit error with a single-bit error correction
and double-bit error detection (SEC-DED) using the erasure information.

[0005] According to an aspect of the present inventive concept, an operating method of a
memory device includes storing position information regarding a codeword including an
erasure and erasure information including position information regarding the erasure in a
memory region, loading the position information regarding the codeword to a row decoder
and a column decoder, determining whether a read address corresponding to a read instruction
is identical to the position information regarding the codeword including the erasure, in

response to the read instruction from a host, transmitting the position information of the
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erasure to an error correction code (ECC) decoder, when the read address is identical to the
position information regarding the codeword including the erasure, and correcting, by the
ECC decoder, an error in a codeword received from a memory cell array using the position
information regarding the erasure.

[0006] According to an aspect of the present inventive concept, an operating method of a
memory device includes receiving a codeword from a memory cell array and calculating a
syndrome of the received codeword, calculating a modified syndrome using the syndrome
and column data of an erasure, determining a weight of the syndrome, and correcting an error
of the received codeword using the modified syndrome and a column index of the erasure
when the weight of the syndrome is an even number, wherein the column data of the erasure
is a component of a H-matrix corresponding to a position of the erasure in the received
codeword, and the column index of the erasure indicates a bit position corresponding to the
erasure in the received codeword.

[0007] According to an aspect of the present inventive concept, an operating method of a
memory device includes receiving a codeword from a memory cell array and calculating a
syndrome of the received codeword, calculating a modified syndrome using the syndrome
and column data of an erasure, determining a weight of the syndrome, and correcting an error
of the received codeword using the syndrome, the modified syndrome, and the weight of the
syndrome, wherein the column data of the erasure is a component of a H-matrix
corresponding to a position of the erasure in the received codeword.

[0008] According to an aspect of the present inventive concept, a memory device includes
a syndrome calculator configured to receive a codeword from a memory cell array and
calculate a syndrome of the received codeword, a bit calculating unit configured to calculate
a modified syndrome using the syndrome and column data of an erasure, a decoder configured
to generate an error vector by estimating a position of an error in the received codeword using
the syndrome and the modified syndrome, and a data converting unit configured to correct
the error of the received codeword using the received codeword and the error vector. The

column data of the erasure is a component of a column of a H-matrix corresponding to a
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position of the erasure in the received codeword.

BRIEF DESCRIPTION OF DRAWINGS
[0009] The above and other aspects, features, and advantages of the present inventive
concept will be more clearly understood from the following detailed description, taken in
conjunction with the accompanying drawings, in which:
[0010] FIG. 1 is a diagram schematically illustrating a memory device according to an
embodiment of the present inventive concept;
[0011] FIG. 2 is a view illustrating a method of operating an error correction code (ECC)
encoder according to an embodiment of the present inventive concept;
[0012] FIGS. 3 and 4 are comparative examples illustrating an operating method of an
ECC decoder according to an embodiment of the present inventive concept;
[0013] FIGS. 5 to 7 are views illustrating a method of operating erasure information
according to an embodiment of the present inventive concept;
[0014] FIGS. 8 and 9 are diagrams illustrating an operating method of an ECC decoder
according to an embodiment of the present inventive concept;
[0015] FIG. 10 is a view illustrating an ECC decoder according to an embodiment of the
present inventive concept;
[0016] FIG. 11 is a view illustrating a modified syndrome calculator according to an
embodiment of the present inventive concept;
[0017] FIGS. 12 and 13 are views illustrating a modified syndrome decoder according to
an embodiment of the present inventive concept;
[0018] FIG. 14 is a view illustrating an ECC decoder according to an embodiment of the
present inventive concept;
[0019] FIG. 15 is a view illustrating a modified syndrome calculator according to an
embodiment of the present inventive concept;
[0020] FIG. 16 is a view illustrating a first sub-decoder according to an embodiment of

the present inventive concept; and
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[0021] FIG. 17 is a diagram illustrating a fourth decoder according to an embodiment of

the present inventive concept.

DETAILED DESCRIPTION
[0022] Hereinafter, example embodiments of the present inventive concept are described
with reference to the accompanying drawings.
[0023] FIG. 1 is a view schematically illustrating a memory device according to an
embodiment of the present inventive concept.
[0024] Referring to FIG. 1, a memory system 10 may include a memory controller 20 and
a memory device 30.
[0025] The memory controller 20 may control an overall operation of the memory system
10 and may control overall data exchange between an external host and the memory device
30. For example, the memory controller 20 may control the memory device 30 according
to a program request from the host to program data received from the host into a memory cell
array 31. Also, the memory controller 20 may control the memory device 30 according to
a read request from the host to transmit data received from the memory cell array 31 to the
host.
[0026] According to an embodiment, the memory device 30 may be a dynamic random
access (DRAM), double data rate 4 (DDR4) synchronous DRAM (SDRAM), or DDR5
SDRAM including volatile memory cells. The memory controller 20 may transmit a clock
signal CLK, a command CMD, and an address ADDR to the memory device 30, control an
operation of the memory device 30, and exchange main data MD with the memory device 30.
[0027] The memory device 30 may include the memory cell array 31, an error correction
code (ECC) engine 32, and a logic circuit 35. A codeword including the main data MD and
parity data may be stored in the memory cell array 31.
[0028] The ECC engine 32 may include an ECC encoder 33 and an ECC decoder 34.
The ECC engine 32 may perform ECC encoding on data to be stored in a target memory cell

row (target page) of the memory cell array 31 and perform ECC decoding on data read from
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a target page under the control of the logic circuit 35.

[0029] Specifically, in response to a program command from the host, the ECC encoder
33 may generate parity data using the main data MD and a H-matrix and generate a codeword
including the main data MD and the parity data. The codeword may be programmed into
the memory cell array 31.

[0030] In response to a read command from the host, the ECC decoder 34 may receive a
codeword from the memory cell array 31 and perform error detection and error correction
processing on the received codeword using the H-matrix. The memory device 30 may
transmit corrected data to the host.

[0031] Single-bit error correction (SEC) refers to correcting a single-bit error that occurs
in a codeword, and multi-bit error correction (double-bit error correction (DEC)) refers to
correcting a multi-bit error occurring in a codeword. DEC may increase costs such as parity
and latency significantly compared to SEC.

[0032] Single-bit error correction and double-bit error detection (SEC-DED)) refers to
correcting a single bit error occurring in a codeword and detecting the multi-bit error
occurring in a codeword. The SEC-DED may be implemented by adding 1-bit of parity data
in the SEC. Thus, the SEC-DED may be implemented at a cost lower than the SEC.

[0033] The types of errors include an erasure in which a position of data in which an error
occurs is known and a random error in which a position of data in which an error occurs is
not known. For example, in the case of DRAM, an error occurs continuously or
intermittently in the same position in many cases, and such an error may be regarded as an
erasure. Therefore, if the position of a bad cell determined in a memory defect test or defect
screen process is used, 2-bit error correction may be performed only with the SEC-DED.
[0034] According to an embodiment of the present inventive concept, erasure information
may be recorded in a memory, and a 2-bit error may be corrected by SEC-DED using the
erasure information. Accordingly, it is possible to provide an error correction method that
is easy to implement at low cost.

[0035] FIG. 2 is a view illustrating an operating method of an ECC encoder according to
5
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an embodiment of the present inventive concept.

[0036] Referring to FIG. 2, a H-matrix is stored in the ECC encoder. The H-matrix may
include a region KO to K3 corresponding to main data and a region PO to P3 corresponding
to parity data. For convenience, the region corresponding to the parity data may be an
identity matrix. The identity matrix may refer to a square matrix in which all components
of a main diagonal are “1” and other remaining components are ‘0’. Columns of the H-
matrix may have different combinations of components.

[0037] In response to a program command from the host, the ECC encoder may receive
main data MD transmitted from the host. The ECC encoder may generate parity data using
the main data MD and the H-matrix.

[0038] The parity data may be obtained by performing an exclusive OR (XOR) operation
on bits of the main data corresponding to a position having the component of “1” in the region
corresponding to the main data of the H-matrix. For example, a first parity bit PO may be
obtained by performing an XOR operation on a bit corresponding to the position of KO0, a bit
corresponding to the position of K1, and a bit corresponding to the position of K2, among the
bits of the main data, a second parity bit P1 may be obtained by performing an XOR operation
on the bit corresponding to the position of KO, the bit corresponding to the position of K1,
and a bit corresponding to the position of K3, among the bits of the main data, a third parity
bit P2 may be obtained by performing an XOR operation on the bit corresponding to the
position of KO0, the bit corresponding to the position of K2, and the bit corresponding to the
position of K3, among the bits of the main data, and a fourth parity bit P3 may be obtained
by performing an XOR operation on the bit corresponding to the position of K1, the bit
corresponding to the position of K2, and the bit corresponding to the position of K3, among
the bits of the main data.

[0039] The ECC encoder may generate a codeword including the main data and the parity
data. The codeword may be programmed into the memory cell array 31.

[0040] FIGS. 3 and 4 are comparative examples illustrating an operating method of an

ECC decoder according to an embodiment of the present inventive concept.
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[0041] The ECC decoder stores the same H-matrix as the H-matrix stored in the ECC
encoder. In response to a read command from the host, the ECC decoder may receive a
codeword from a memory cell array.

[0042] Referring to FIGS. 3 and 4 together, the ECC decoder may calculate a syndrome
S (S110). The syndrome S may be calculated by multiplying the H-matrix H by the received
codewordy. As aresult of the calculation, if the syndrome S is ‘0000°’, it may mean that an
error does not occur in the received codeword y. If the syndrome S is not ‘0000, it may
mean that an error has occurred in the received codeword y.

[0043] The ECC decoder may generate an error vector v using the calculated syndrome
S (S120). The error vector v may refer to a vector in which a position of a bit in which an
error occurs in the received codeword is estimated. The ECC decoder may determine a
position of a bit having a high probability of error in the received codeword through the error
vector v.

[0044] A method of generating the error vector v is as follows. First, the ECC decoder
may compare the syndrome S with each component of the columns of the H-matrix and
determine a position of a column of the H-matrix having the same component as the syndrome
S. The ECC decoder may estimate, among bits of the received codeword, a bit
corresponding to a position of a column of a H-matrix having a component matching the
syndrome S, as a bit having a high possibility of error.

[0045] For example, if the calculated syndrome S is ‘0100°, a position of the column of
the H-matrix having the same component as the syndrome S in the H-matrix of FIG. 2 may
be a sixth column. Therefore, a sixth bit, among the bits of the received codeword, may be
estimated to have a high possibility of error, and thus, the ECC decoder may generate an error
vector as “00000100.”

[0046] The ECC decoder may correct a 1-bit error in the received codeword using the
error vector v (S130). The ECC decoder may perform an XOR operation on the received
codeword y and the error vector v to correct the 1-bit error in the received codeword, and

output an error-corrected codeword x.
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[0047] Each column of the H-matrix may be an odd weight column in which an odd
number of 1°s exist in the component. When the 1-bit error occurs in the received codeword,
an odd number of 1’s exists in the syndrome S, and thus, a syndrome weight may be an odd
number. However, when a 2-bit error occurs in the received codeword, an even number of
1’s exists in the syndrome S, and thus, the syndrome weight may be an even number. When
the syndrome weight is an even number, there is no column in the H-matrix having a
component that matches the syndrome S.  Therefore, it is possible to detect only a 2-bit error
from the even number of syndrome weight and the error in the received codeword may not
be corrected.

[0048] According to an embodiment of the present inventive concept, erasure information
may be recorded in a memory, and the 2-bit error may be corrected by SEC-DED using the
erasure information and the syndrome weight.  Accordingly, it is possible to provide an error
correction method that is easy to implement at low cost.

[0049] FIGS. 5 to 7 are views illustrating a method of operating erasure information
according to an embodiment of the present inventive concept.

[0050] Referring to FIGS. 5 and 6, the memory device may store erasure information in
the form of a table in the memory region (S210). The erasure information may include a
row address RA (RA[0] to RA[n-1], a column address CA (CA[0] to CA[n-1]), and column
data HD (HD[0] to HD[n-1]). The row address RA and the column address CA may indicate
positions of a codeword including an erasure in the memory cell array. The column data
HD of the erasure may refer to a component of a column of the H-matrix corresponding to a
position of the erasure in the codeword. For example, referring to the H-matrix of FIG. 2,
if the position of the erasure is a 6th bit in the codeword, the column data HD of the erasure
may be ‘0100°, a component of the 6th column in the H-matrix.

[0051] According to an embodiment, the erasure information may further include the
column index HI (HI[0] to HI[n-1]) of the erasure. The column index HI of the erasure may
refer to a position of the column of the H-matrix corresponding to the position of the erasure

in the codeword. In the above embodiment, if the position of the erasure is a 6th bit in the
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codeword, the column index HI of the erasure may be ‘00000100°.

[0052] According to an embodiment of the present inventive concept, the erasure
information may include position information RA and CA of the codeword including the
erasure and position information HD and HI of the erasure. The memory device may store
the erasure information RA, CA, HD, and HI in the memory region and correct a 1-bit erasure
and a 1-bit random error with the SEC-DED using the erasure information RA, CA, HD, and
HI and a syndrome weight.

[0053] In addition, when erasure information includes the row address RA, the column
address CA, and the column data HD of the erasure, it is not necessary to store the erasure
column index HI in the memory region, and thus, system resources may be used efficiently.
[0054] Referring to FIG. 7, the memory device 100 according to an embodiment of the
present inventive concept may include a memory bank 110 and a logic circuit 120. The
memory bank 110 may include a bank array 111 having a plurality of memory cells, a row
decoder 112, a column decoder 113, and a sense amplifier 114. In an embodiment, the
memory device 100 may include a plurality of memory banks 110.

[0055] A plurality of memory banks 110 included in the memory device 100 may share
one logic circuit 120. The logic circuit 120 may read data from the bank array 111, store
data in the bank array 111, or delete data stored in the bank array 111. In addition, the logic
circuit 120 may include a receiver and a transmitter connected to input/output pins for
transmitting and receiving data and a control logic for controlling the row decoder 112, the
column decoder 113, the sense amplifier 114, etc.

[0056] The memory region for storing erasure information in the memory device 100 may
include at least one of an anti-fuse array and a content-addressable memory (CAM), but is
not limited thereto. The ECC decoder may be included in the column decoder 113, and the
anti-fuse array may be included in the logic circuit 120.

[0057] Referring to FIGS. 5 and 7 together, when the memory device is powered up, the
erasure information RA, CA, HD, and HI may be loaded into memory regions of the row

decoder 112 and the column decoder 113 (S220). For example, during power-up, the row
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address RA may be loaded into an SRAM of the row decoder 112, the column address CA
may be loaded into an SRAM of the column decoder 113, and the column data HD of the
erasure and the column index HI of the erasure may be loaded into an SRAM connected to
an ECC engine of the column decoder 113.

[0058] In response to a read command from the host, the ECC decoder may receive a
codeword from the memory cell array. The memory device may determine whether a read
address corresponding to the read command and the position information RA and CA of the
codeword including the erasure match each other (S230) (e.g., if they are identical). For
example, the row decoder 112 may determine whether the row address of the read address
matches the row address RA of the erasure information, and the column decoder 113 may
determine whether the column address of the read address matches the column address CA
of the erasure information.

[0059] If the read address and the addresses RA and CA of the erasure information match
(YES in S230), the ECC decoder may determine that the erasure exists in the received
codeword. The column data HD of the erasure and the column index HI of the erasure stored
in the SRAM may be output to the ECC decoder (S250).

[0060] The ECC decoder may correct a 2-bit error in the received codeword using the
position information regarding the erasure, i.e., the column data HD of the erasure and/or the
column index HI of the erasure (S260). The 2-bit error may include a 1-bit erasure and a 1-
bit random error.

[0061] If the read address and the address of the erasure table do not match (NO in S230),
the ECC decoder may determine that the erasure does not exist in the received codeword.
The ECC decoder may correct a 1-bit random error in the received codeword.

[0062] A method of correcting an error by the ECC decoder in a received codeword is
described with reference to FIGS. 8 to 17.

[0063] FIGS. 8 and 9 are diagrams illustrating an operating method of an ECC decoder
according to an embodiment of the present inventive concept.

[0064] Referring to FIGS. 8 and 9 together, the ECC decoder may receive a codeword
10
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from the memory cell array and calculate a syndrome of the received codeword (S310). The
syndrome S may be calculated by multiplying the H-matrix H by the received codeword y.
[0065] The ECC decoder may calculate a modified syndrome using the syndrome S and
the column data HD of the erasure (S320). The modified syndrome MS may be calculated
by performing an XOR operation on the syndrome S and the erasure column data HD. For
example, if the syndrome S is ‘1001’ and the column data HD of the erasure is ‘0100°, the
modified syndrome may be ‘1101°.

[0066] The ECC decoder may determine a syndrome weight (S330). If an odd number
of 1’s exists in the syndrome, the syndrome weight may be an odd number ODD, and if an
even number of 1’s exists in the syndrome, the syndrome weight may be an even number
EVEN.

[0067] If the syndrome weight is an even number (EVEN in S320), the ECC decoder may
generate an error vector using the column index HI of the erasure and/or the column data HD
of the erasure, and the modified syndrome MS (5340).

[0068] If the syndrome weight is an even number, it may mean that a 2-bit error exists in
the received codeword. The column index HI of the erasure indicates the position of the
column of the H-matrix corresponding to the position of the erasure in the codeword, and
thus, the ECC decoder may estimate the position of the erasure from the column index HI of
the erasure. In addition, the ECC decoder may know a position of a random error from the
modified syndrome MS.

[0069] For example, referring to the H-matrix of FIG. 2, the ECC decoder may estimate
the position of the erasure in the received codeword using the column index HI of the erasure.
[0070] According to an embodiment, the ECC decoder may estimate the position of the
erasure in the received codeword using the column data HD of the erasure. For example,
since the column data (e.g., ‘0100”) of the erasure matches the component of the 6th column
in the H-matrix, the position of the erasure may be estimated to be a 6th bit in the received
codeword.

[0071] The ECC decoder may estimate a random error position in the received codeword
11
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using the modified syndrome. For example, since the modified syndrome (e.g., ‘1101°)
matches the component of the second column in the H-matrix, the position of the random
error may be estimated to be a second bit in the received codeword. Accordingly, the ECC
decoder may generate an error vector as ‘01000100°.

[0072] The ECC decoder may correct the 1-bit erasure and the 1-bit random error using
the error vector v (S350). Therefore, the 2-bit error may be corrected. The ECC decoder
may correct an error of the received codeword by performing an XOR operation on the
received codeword y and the error vector v, and may output an error-corrected codeword x.
[0073] As aresult of determining the syndrome weight, if the syndrome weight is an odd
number (ODD in S320), the ECC decoder may determine that a 1-bit error exists in the
received codeword, and estimate a random error position in the received codeword using the
syndrome (S360). The ECC decoder may correct a 1-bit random error using the error vector
(S370).

[0074] FIGS. 10 to 13 are diagrams illustrating a first embodiment in which erasure
information includes a row address, a column address, column data of an erasure, and a
column index of the erasure, and FIGS. 14 to 17 are views illustrating a second embodiment
in which erasure information includes a row address, a column address, and column data of
an erasure.

[0075] FIG. 10 is a diagram illustrating an ECC decoder according to an embodiment of
the present inventive concept.

[0076] Referring to FIG. 10, the ECC decoder 200 may include first to third syndrome
calculators 210 to 230, a modified syndrome calculator 240, a modified syndrome decoder
250, and a data conversion unit 260.

[0077] According to an embodiment, a codeword including 128-bit main data MD and 9-
bit parity data PD may be output to the ECC decoder 200 from a bank array BA through an
input/output sense amplifier IOSA. The ECC decoder 200 may receive a codeword
including 128-bit main data MD and 9-bit parity data PD. The H-matrix may be a 9X(128+9)

matrix.
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[0078] The first syndrome calculator 210 may calculate a first syndrome S1 for at least a
portion of the main data. For example, the first syndrome calculator 210 may receive 64-
bit main data from among 128-bit main data and multiply the H-matrix by the 64-bit main
data to calculate the first syndrome S1.

[0079] The second syndrome calculator 220 may calculate the second syndrome S2 for
the remaining portion of the main data. For example, the second syndrome calculator 220
may receive the remaining 64-bit main data among the 128-bit main data and calculate the
second syndrome S2 by multiplying the H-matrix by the 64-bit main data.

[0080] The third syndrome calculator 230 may receive the first syndrome S1 from the
first syndrome calculator 210, receive the second syndrome S2 from the second syndrome
calculator 220, and receive parity data PD from the bank array BA through the input/output
sense amplifier IOSA. The third syndrome calculator 230 may perform an XOR operation
on the first syndrome S1, the second syndrome S2, and the parity data PD to calculate a third
syndrome S3.

[0081] The modified syndrome calculator 240 may receive the third syndrome S3 from
the third syndrome calculator 230 and receive the column data HD of the erasure from the
SRAM. The modified syndrome calculator 240 may determine a weight of the third
syndrome S3.

[0082] The modified syndrome calculator 240 outputs the third syndrome as a final
syndrome FS if the weight of the third syndrome S3 is an odd number, and outputs the
modified syndrome MS the final syndrome FS if the weight of the third syndrome S3 is an
even number.

[0083] FIG. 11 is a diagram illustrating a modified syndrome calculator according to an
embodiment of the present inventive concept.

[0084] Referring to FIG. 11, the modified syndrome calculator 240 may include a weight
determining unit 241, a bit operating unit 242, and a selector 243. Each of the modified
syndrome calculator 240, the weight determining unit 241, the bit operating unit 242, and the

selector 243 may be implemented by a circuit, for example including transistors, logic gates,
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and other components.

[0085] The weight determining unit 241 may receive the third syndrome S3 from the third
syndrome calculator 230 and determine a weight EO of the third syndrome S3. The weight
determining unit 241 outputs ‘0’ to the selector 243 if the weight of the third syndrome S3 is
an odd number, and outputs ‘1’ to the selector 243 if the weight of the third syndrome S3 is
an even number.

[0086] The bit operating unit 242 may receive the third syndrome S3 from the third
syndrome calculator 230 and receive the column data HD of the erasure from the SRAM.
The bit operating unit 242 may calculate the modified syndrome MS by performing a bitwise
XOR operation on the third syndrome S3 and the column data HD of the erasure.

[0087] The selector 243 may receive the third syndrome S3 from the third syndrome
calculator 230 and receive the modified syndrome MS from the bit operating unit 242. The
selector 243 may output one of the third syndrome S3 and the modified syndrome MS in
response to the weight EO of the third syndrome S3. For example, the selector 243 may
output the third syndrome S3 as the final syndrome FS if the weight of the third syndrome S3
is an odd number, and output the modified syndrome MS as the final syndrome FS if the
weight of the third syndrome S3 is an even number.

[0088] Referring back to FIG. 10, the modified syndrome decoder 250 may receive the
column index HI of the erasure from the SRAM, and may receive the weight EO of the third
syndrome S3 and the final syndrome FS from the modified syndrome calculator 240.

[0089] The modified syndrome decoder 250 may generate error vector v estimating a
position of the erasure and a position of a random error in the codeword received from the
bank array BA using the column index HI of the erasure, the weight EO of the third syndrome
S3, and the final syndrome FS.

[0090] For example, if the weight EO of the third syndrome S3 is an even number, the
modified syndrome decoder 250 may generate an error vector using the modified syndrome
MS and the column index HI of the erasure. The error vector may be a vector estimating

the position of the erasure and the position of the random error in the received codeword. If
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the weight EO of the third syndrome S3 is an odd number, the modified syndrome decoder
250 may generate an error vector using the third syndrome S3. The error vector may be a
vector estimating the position of a random error in the received codeword.

[0091] FIGS. 12 and 13 are diagrams illustrating a modified syndrome decoder according
to an embodiment of the present inventive concept.

[0092] Referring to FIG. 12, the modified syndrome decoder 250 may include a plurality
of decoders 250-1 to 250-16. For example, the column index HI of the erasure may consist
of 128 bits, and the modified syndrome decoder 250 may include 16 decoders 250-1 to 250-
16. Each of the plurality of decoders 250-1 to 250-16 may receive the column index HI of
the erasure by 8 bits, and calculate the weight EO and the final syndrome FS of the third
syndrome S3.

[0093] Since the column index HI of the erasure indicates the position of the column of
the H-matrix corresponding to the position of the erasure in the codeword, each of the
plurality of decoders 250-1 to 250-16 may estimate the position of the erasure in the received
codeword based on the column index HI of the erasure. For example, each of the plurality
of decoders 250-1 to 250-16 may compare the weight EO of the third syndrome S3 with the
8-bit column index HI of the erasure by 1 bit each time. If the weight EO of the third
syndrome S3 is an even number and a particular bit of the column index HI of the erasure is
‘1’, a bit position corresponding to the position in which the particular bit of the column index
HI of the erasure is ‘1’ in the received codeword may be estimated to be the position of the
erasure, and thus, a corresponding decoder of the plurality of decoders 250-1 to 250-16 may
output ‘1°.

[0094] In addition, each of the plurality of decoders 250-1 to 250-16 may compare the
final syndrome FS with the components of each column of the H-matrix bitwise. If the
components of the column of the H-matrix match the final syndrome FS (e.g., they are
identical), the bit position corresponding to the position of the column of the H-matrix in the
received codeword may be estimated to be a position of a random error, and thus, a plurality

of decoders 250-1 to 250-16 may output data ‘1°, respectively.
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[0095] Accordingly, the plurality of decoders 250-1 to 250-16 may generate an error
vector v estimating the position of the erasure and the position of the random error in the
received codeword.

[0096] Each of the plurality of decoders 250-1 to 250-16 may include eight sub-decoders,
and since each of the plurality of sub-decoders has a structure and function similar to each
other, a first sub-decoder of the decoder 250-1 is described.

[0097] Referring to FIG. 13, the first sub decoder SUB may include a first logic circuit
251, a second logic circuit 252, and a third logic circuit 253.

[0098] The first logic circuit 251 may receive a first bit HI1 of the column index of the
erasure and the weight EO of the third syndrome S3.  The first logic circuit 251 may perform
an AND operation on the first bit HI1 of the column index of the erasure and the weight EO
of the third syndrome S3. The first logic circuit 251 may output ‘1’ when the weight EO of
the third syndrome S3 is an even number and the first bit of the column index HI of the erasure
is ‘1’.  In this manner, the position of the first bit in the received codeword may be estimated
as the position of the erasure.

[0099] The second logic circuit 252 may perform bit flipping on the bit of the final
syndrome FS corresponding to the component of ‘1’ in the first column of the H-matrix. The
bit flipping refers to reversely changing bit information, for example, changing ‘0’ to ‘1’ and
‘1’to “0’.

[00100] The second logic circuit 252 may include first to eighth logical AND gates A1-A8.
Assuming that the component of the first column of the H-matrix is 101010000’ the first
AND gate A1 may receive the first bit of the final syndrome FS as it is and may receive a
second bit of the final syndrome FS by inverting the second bit. The first AND gate A1 may
perform an AND operation on the first bit of the final syndrome FS and the value obtained by
inverting the second bit of the final syndrome FS.

[00101] The second AND gate A2 may receive a third bit of the final syndrome FS as it is
and may receive a fourth input of the final syndrome by inverting the fourth bit. The second

AND gate A2 may perform an AND operation on the third bit of the final syndrome FS and
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the value obtained by inverting the fourth bit of the final syndrome FS.

[00102] The third AND gate A3 may receive a fifth bit of the final syndrome FS as it is
and may receive a sixth bit of the final syndrome FS by inverting the sixth bit. The third
AND gate A3 may perform an AND operation on the fifth bit of the final syndrome FS and
the value obtained by inverting the sixth bit of the final syndrome FS.

[00103] The fourth AND gate A4 may receive a seventh bit of the final syndrome FS by
inverting the seventh bit and may receive an eighth bit of the final syndrome FS by inverting
the eighth bit. The fourth AND gate AR may perform AND operation on the value obtained
by inverting the seventh bit of the final syndrome FS and the value obtained by inverting the
eighth bit of the final syndrome FS.

[00104] The fifth AND gate A5 may perform an AND operation on an output of the first
AND gate A1 and an output of the second AND gate A2, the sixth AND gate A6 may perform
an AND operation on an output of the third AND gate A3 and an output of the fourth AND
gate A4, and the seventh AND gate A7 may perform an AND operation on an output of the
fifth AND gate A5 and an output of the sixth AND gate A6.

[00105] The eighth AND gate A8 may perform an AND operation on an output of the
seventh AND gate A7 and the value obtained by inverting the ninth bit of the final syndrome
FS.

[00106] The second logic circuit 252 may compare the final syndrome FS with the
components of the first column of the H-matrix bitwise, and if the final syndrome FS matches
the components of the first column of the H-matrix, the second logic circuit 252 may output
‘1’. In this manner, it may be estimated that a bit position corresponding to the position of
the column of the H-matrix in the received codeword is the position of a random error.
[00107] The third logic circuit 253 may perform an XOR operation on an output of the
first logic circuit 251 and an output of the second logic circuit 252. Accordingly, the third
logic circuit 253 may output ‘1’ in the bit position corresponding to the position of the erasure
or the position of the random error in the received codeword.

[00108] The second sub-decoder may output ‘1’ when the weight EO of the third syndrome
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S3 is an even number and the second bit of the column index HI of the erasure is ‘1°. In
addition, the second sub-decoder may compare the final syndrome FS with the components
of the second column of the H-matrix bitwise, and output ‘1’ when the final syndrome FS
matches the components of the second column of the H-matrix. Accordingly, the second
sub-decoder may output ‘1’ in the bit position corresponding to the position of the erasure or
the position of the random error in the received codeword.

[00109] In a manner similar to the above, each of the remaining sub-decoders may output
‘1’ in a bit position corresponding to the position of the erasure or the position of the random
error in the received codeword.

[00110] Referring back to FIG. 10, the data conversion unit 260 may correct an error in
the main data MD1 and MD2 by performing a bitwise XOR operation on the 128-bit main
data MD1 and MD?2 and the error vector v.

[00111] FIG. 14 is a diagram illustrating an ECC decoder according to an embodiment of
the present inventive concept.

[00112] Referring to FIG. 14, the ECC decoder 300 may include first to third syndrome
calculators 310 to 330, a modified syndrome calculator 340, first to third decoders 350 to 370,
a weight determining unit 380, a fourth decoder 390, and a data conversion unit 260.
[00113] According to an embodiment, a codeword including 128-bit main data MD and 9-
bit parity data PD may be output from a bank array BA to the ECC decoder 200 through the
input/output sense amplifier IOSA. The ECC decoder 300 may receive a codeword
including 128-bit main data MD and 9-bit parity data PD. A H-matrix may be a 9X(128+9)
matrix.

[00114] The first syndrome calculator 310 may calculate a first syndrome S1 for at least a
portion MDI1 of the main data MD. For example, the first syndrome calculator 310 may
receive 64-bit main data MD1 from among the 128-bit main data MD and multiply the H-
matrix by the 64-bit main data MD1 to calculate the first syndrome S1.

[00115] The second syndrome calculator 320 may calculate a second syndrome S2 for the

other portion MD?2 of the main data MD. For example, the second syndrome calculator 320
18



10

15

20

25

may receive the remaining 64-bit main data MD2 from among the 128-bit main data MD and
multiply the H-matrix by the 64-bit main data MD to calculate the second syndrome S2.
[00116] The third syndrome calculator 330 may receive the first syndrome S1 from the
first syndrome calculator 310, receive the second syndrome S2 from the second syndrome
calculator 320, and receive the parity data PD from the bank array BA through the
input/output sense amplifier [OSA. The third syndrome calculator 330 may calculate the
third syndrome S3 by performing an XOR operation on the first syndrome S1, the second
syndrome S2, and the parity data PD.

[00117] The modified syndrome calculator 340 may receive the third syndrome S3 from
the third syndrome calculator 330 and receive the column data HD of the erasure from the
SRAM.

[00118] FIG. 15 is a diagram illustrating a modified syndrome calculator according to an
embodiment of the present inventive concept.

[00119] Referring to FIG. 15, the modified syndrome calculator 340 may include a bit
operating unit 341.

[00120] The bit operating unit 341 may receive the third syndrome S from the third
syndrome calculator 330 and may receive the column data HD of the erasure from the SRAM.
The bit operating unit 341 may perform a bitwise XOR operation on the third syndrome S3
and the column data HD of the erasure to calculate a modified syndrome MS.

[00121] Referring back to FIG. 14, according to embodiments, the first to fourth decoders
350 to 370 and 390 may generate an error vector v by estimating a position of a random error
in the received codeword using the weight EO of the third syndrome, the third syndrome S3,
and the modified syndrome MS. For example, when the weight EO of the third syndrome
is an odd number, the third syndrome matches the components of the H-matrix, and the
modified syndrome MS matches the components of the H-matrix, the first to fourth decoders
350 to 370 and 390 may estimate a bit position corresponding to the position of the column
of the H-matrix in the received codeword as a position of the random error. The first to

fourth decoders 350 to 370 and 390 may generate the error vector v by estimating the position
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of the random error in the received codeword.

[00122] According to embodiments, the first to fourth decoders 350 to 370 and 390 may
estimate the position of the erasure in the received codeword using the column data HD of
the erasure and generate an error vector v by estimating a position of a random error in the
received codeword using the modified syndrome MS. For example, when the weight EO of
the third syndrome is an even number and the column data HD of the erasure matches the
components of the column of the H-matrix, a bit position corresponding to the position of the
column of the H-matrix in the received codeword may be estimated to be a position of the
erasure. In addition, when the weight EO of the third syndrome is an even number and the
modified syndrome MS matches the components of the column of the H-matrix, a bit position
corresponding to the position of the column of the H-matrix in the received code may be
estimated to be a position of the random error.  The first to fourth decoders 350 to 370 and
390 may generate an error vector v by estimating a position of the erasure and a position of a
random error in the received codeword.

[00123] The data conversion unit 395, also described as a data conversion circuit, may
perform a bitwise XOR operation between the 128-bit main data MD1 and MD?2 and the error
vector v to correct errors in the main data MD1 and MD2.

[00124] The operations of the first to fourth decoders 350 to 370 and 390 are described in
detail as follows.

[00125] The first decoder 350 may receive the modified syndrome MS from the modified
syndrome calculator 340. The first decoder 350 may generate a first error vector vl
estimating a position of a random error in the received codeword using the modified
syndrome MS. The first decoder 350 may include a plurality of sub-decoders, and each of
the plurality of sub-decoders may compare the modified syndrome MS with the components
of each column of the H-matrix bitwise. If the modified syndrome MS matches the
components of a particular column of the H-matrix, a bit position corresponding to a position
of the corresponding column of the H-matrix in the received codeword may be estimated to

be a position of the random error. Accordingly, each of the plurality of sub-decoders may
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output data ‘1’ when the modified syndrome MS matches the components of the
corresponding column of the H-matrix. The first decoder 350 may include 128 sub-
decoders, and since each of the plurality of sub-decoders has similar structures and functions,
a first sub-decoder is described with reference to FIG. 16.

[00126] FIG. 16 is a diagram illustrating a first sub-decoder according to an embodiment
of the present inventive concept.

[00127] Referring to FIG. 16, the first sub decoder SUB1 may perform bit flipping on the
bit of the modified syndrome MS corresponding to the component of ‘1’ in the first column
of the H-matrix. The bit flipping refers to reversely changing bit information, for example,
changing ‘0’ to ‘1’ and ‘1’ to ‘0’.

[00128] The first sub-decoder SUB1 may include first to eighth logical AND gates A1-AS8.
Assuming that the component of the first column of the H-matrix is 101010000’ the first
AND gate A1 may receive the first bit of the modified syndrome MS as it is and may receive
a second bit of the final syndrome FS by inverting the second bit. The first AND gate Al
may perform an AND operation on the first bit of the modified syndrome MS and the value
obtained by inverting the second bit of the modified syndrome MS.

[00129] The second AND gate A2 may receive a third bit of the modified syndrome MS
as it is and may receive a fourth input of the final syndrome by inverting the fourth bit. The
second AND gate A2 may perform an AND operation on the third bit of the modified
syndrome MS and the value obtained by inverting the fourth bit of the modified syndrome
MS.

[00130] The third AND gate A3 may receive a fifth bit of the modified syndrome MS as it
is and may receive a sixth bit of the modified syndrome MS by inverting the sixth bit. The
third AND gate A3 may perform an AND operation on the fifth bit of the modified syndrome
MS and the value obtained by inverting the sixth bit of the modified syndrome MS.

[00131] The fourth AND gate A4 may receive a seventh bit of the modified syndrome MS
by inverting the seventh bit and may receive an eighth bit of the modified syndrome MS by

inverting the eighth bit. The fourth AND gate A4 may perform an AND operation on the
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value obtained by inverting the seventh bit of the modified syndrome MS and the value
obtained by inverting the eighth bit of the modified syndrome MS.

[00132] The fifth AND gate AS may perform an AND operation on an output of the first
AND gate A1 and an output of the second AND gate A2, the sixth AND gate A6 may perform
an AND operation on an output of the third AND gate A3 and an output of the fourth AND
gate A4, and the seventh AND gate A7 may perform an AND operation on an output of the
fifth AND gate AS and an output of the sixth AND gate A6.

[00133] The eighth AND gate A8 may perform an AND operation on an output of the
seventh AND gate A7 and the value obtained by inverting the ninth bit of the modified
syndrome MS.

[00134] The first sub-decoder SUBI may compare the modified syndrome MS with the
components of the first column of the H-matrix bitwise, and if the modified syndrome MS
matches the components of the first column of the H-matrix, the second logic circuit 252 may
output ‘1’. In this manner, a first bit position in the received codeword may be estimated to
be a position of a random error.

[00135] The second sub-decoder may compare the modified syndrome MS with the
components of the second column of the H-matrix bitwise, and output ‘1’ when the modified
syndrome MS matches the components of the second column of the H-matrix. In this
manner, a second bit position in the received codeword may be estimated to be a position of
a random error.

[00136] In a manner similar to the above, each of the remaining sub-decoders may output
data ‘1’ when the modified syndrome MS matches the components of the column of the H-
matrix.

[00137] Referring back to FIG. 14, the second decoder 360 may receive the third syndrome
S3 from the third syndrome calculator 330. The second decoder 360 may generate a second
error vector v2 estimating the position of a random error in the codeword received from the
bank array BA using the third syndrome S3. The second decoder 360 may include a plurality

of sub-decoders, and each of the plurality of sub-decoders may compare the third syndrome
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S3 with the components of each column of the H-matrix bitwise. If the third syndrome S3
matches the components of a particular column of the H-matrix, a bit position corresponding
to the position of the corresponding column of the H-matrix in the received codeword may
be estimated to be a position of the random error, and thus, a sub-decoder in which this occurs
may output data ‘1°.

[00138] Since each of the plurality of sub-decoders included in the second decoder has a
structure and function similar to those of the first sub-decoder of FIG. 16, a redundant
description thereof is omitted.

[00139] The third decoder 370 may receive the column data HD of the erasure from the
SRAM. The third decoder 370 may generate a third error vector v3 estimating the position
of the erasure in the codeword received from the bank array BA using the column data HD of
the erasure. The third decoder 370 may include a plurality of sub-decoders, and each of the
plurality of sub-decoders may compare column data HD of the erasure with the components
of each column of the H-matrix. If the column data HD of the erasure matches the
components of the column of the H-matrix, a bit position corresponding to the position of the
column of the H-matrix in the received codeword may be estimated to be a position of the
erasure, and thus, a sub-decoder in which this occurs may output data “1°.

[00140] Since each of the plurality of sub-decoders included in the third decoder has a
structure and function similar to those of the first sub-decoder of FIG. 16, a redundant
description thereof is omitted.

[00141] The weight determining unit 380 may determine a weight of the third syndrome
S. The weight determining unit 380 may output a weight EO of the third syndrome S as ‘1’
if the weight of the third syndrome S is an odd number, and may output the weight EO of the
third syndrome S as ‘0’ if the weight of the third syndrome S is an even number.

[00142] The fourth decoder 390 may receive a first error vector v1 from the first decoder
350, may receive a second error vector v2 from the second decoder 360, may receive a third
error vector v3 from the third decoder 370, and may receive the weight EO of the third

syndrome from the weight determining unit 380. The fourth decoder 390 may generate a
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final error vector v using the first error vector v1, the second error vector v2, the third error
vector v3, and the weight EO of the third syndrome.

[00143] FIG. 17 is a diagram illustrating a fourth decoder according to an embodiment of
the present inventive concept.

[00144] Referring to FIG. 17, the fourth decoder 390 may include a plurality of sub-
decoders 390-1 to 390-128. As an example, main data of the received codeword may have
128 bits, and the fourth decoder 390 may include 128 sub-decoders 390-1 to 390-128. Each
of the sub-decoders 390-1 to 390-128 may include an inverter 391, an AND gate 392, a first
OR gate 393, and a second OR gate 394.

[00145] The operation of the first sub-decoder 390-1 is described as follows.

[00146] The inverter 391 may output a value obtained by inverting the output EO of the
weight determining unit 380. The AND gate 392 may receive an output from the inverter
391 and a value corresponding to a first bit of an output v3 of the third decoder 370, and
perform an AND operation on the output of the inverter 391 and the value corresponding to
the first bit in the output v3 of the decoder 370. If the weight of the third syndrome S3 is an
even number and the column data HD of the erasure matches a first column of the H-matrix,
an output of the AND gate 392 may be ‘1°.  Accordingly, the position of the erasure may be
estimated to be a first bit in the received codeword.

[00147] The first OR gate 393 may receive an output of the AND gate 392 and a value
corresponding to a first bit of an output v2 of the second decoder 360, and perform an AND
operation on the output of the AND gate 392 and the value corresponding to the first bit of
the output v2 of the second decoder 360. If the third syndrome S3 matches a first column
of the H-matrix but it is not an erasure, an output of the first OR gate 393 may be ‘1’.
Accordingly, the position of a random error may be estimated to be a first bit in the received
codeword.

[00148] Alternatively, if the weight of the third syndrome S3 is an even number, the
column data HD of the erasure matches the first column of the H-matrix, but it is not a random

error, the output of the first OR gate 393 maybe ‘1°.  Accordingly, the position of the erasure
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may be estimated to be the first bit in the received codeword.

[00149] The second OR gate 394 may receive an output of the first OR gate 393 and a
value corresponding to a first bit in an output v1 of the first decoder 350, and perform an OR
operation on the output of the first OR gate 393 and the value corresponding to the first bit in
the output vl of the first decoder 350. If the modified syndrome MS matches the first
column of the H-matrix, a weight of the third syndrome S3 is an even number, the column
data HD of the erasure matches the first column of the H-matrix, but it is not a random error,
an output of the second OR gate 394 may be ‘1°’. Accordingly, the position of the erasure
may be estimated to be the first bit in the received codeword. Alternatively, if the third
syndrome S3 matches the first column of the H-matrix but it is not an erasure, the output of
the second OR gate 394 may be ‘1°.  Accordingly, the position of the random error may be
estimated to the first bit in the received codeword.

[00150] In a manner similar to the above, each of the remaining sub-decoders may output
‘1’ in a bit position corresponding to the position of the erasure or the position of the random
error in the received codeword.

[00151] According to an embodiment of the present inventive concept, since a 2-bit error
may be corrected by SEC-DED using erasure information, an error correction method that is
easy to implement at low cost may be provided.

[00152] While example embodiments have been shown and described above, it will be
apparent to those skilled in the art that modifications and variations could be made without

departing from the scope of the present invention as defined by the appended claims.
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CLAIMS

1. An operating method of a memory device, the operating method comprising:

storing position information regarding a codeword including an erasure and erasure
information including position information regarding the erasure in a memory region;

loading the position information regarding the codeword to a row decoder and a
column decoder during power up;

determining whether a read address corresponding to a read instruction is identical to
the position information regarding the codeword including the erasure, in response to the read
instruction from a host;

transmitting the position information of the erasure to an error correction code (ECC)
decoder, when the read address is identical to the position information regarding the codeword
including the erasure; and

correcting, by the ECC decoder, an error in a codeword received from a memory cell

array using the position information regarding the erasure.

2. The operating method of claim 1, wherein the error includes a 1-bit erasure

and a 1-bit random error.

3. The operating method of claim 1 or claim 2, wherein the memory region is

at least one of an anti-fuse array and content-addressable memory (CAM).

4. The operating method of claim 1, wherein

the correcting of the error by the ECC decoder includes:

calculating a syndrome using the received codeword and a H-matrix;

calculating a modified syndrome using the syndrome and the position information
regarding the erasure;

determining a weight of the syndrome; and
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correcting the error using the position information regarding the erasure and the

modified syndrome when the weight of the syndrome is an even number.

5. The operating method of claim 4, wherein a 1-bit erasure is corrected in the
received codeword using the position information regarding the erasure, and a 1-bit random

error is corrected in the received codeword using the modified syndrome.

6. The operating method of claim 4, wherein a 1-bit random error is corrected
in the received codeword using the syndrome, when the weight of the syndrome is an odd

number.

7. An operating method of a memory device, the operating method comprising:

receiving a codeword from a memory cell array and calculating a syndrome of the
received codeword;

calculating a modified syndrome using the syndrome and column data of an erasure;

determining a weight of the syndrome; and

correcting an error of the received codeword using the modified syndrome and a
column index of the erasure when the weight of the syndrome is an even number,

wherein the column data of the erasure is a component of a H-matrix corresponding
to a position of the erasure in the received codeword, and the column index of the erasure

indicates a bit position corresponding to the erasure in the received codeword.

8. The operating method of claim 7, wherein, in the calculating of the modified
syndrome, a bitwise XOR operation is performed on the syndrome and the column data of

the erasure to calculate the modified syndrome.

9. The operating method of claim 7 or claim 8§, wherein

the correcting of the error includes:
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generating an error vector by estimating the position of the erasure in the received
codeword using the column index of the erasure and estimating a position of a random error
in the received codeword using the modified syndrome; and

correcting the error of the received codeword using the received codeword and the

error vector.

10. The operating method of claim 9, wherein

the generating of the error vector includes:

estimating, as the position of the erasure, a bit position corresponding to a position in
which a particular bit of the column index of the erasure is ‘1’ in the received codeword;

comparing the modified syndrome with a component of each column of the H-matrix
bitwise; and

estimating, as the position of the random error, a bit position corresponding to a
position of a corresponding column of the H-matrix in the received codeword, when the
modified syndrome and the component of the corresponding column of the H-matrix are

1dentical to each other.

I1. The operating method of claim 7 or claim 8, wherein,
in the correcting of the error,
the error of the received codeword is corrected using the syndrome, when the weight

of the syndrome is an odd number.

12. The operating method of claim 11, wherein

the correcting of the error includes:

generating an error vector by estimating a position of a random error in the received
codeword using the syndrome; and

correcting the error of the received codeword using the received codeword and the

error vector.
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13. The operating method of claim 12, wherein

the generating of the error vector includes:

comparing the syndrome with a component of each column of the H-matrix bitwise;
and

estimating, as the position of the random error, a bit position corresponding to a
position of the corresponding column of the H-matrix in the received codeword, when the

syndrome is identical to the component of the corresponding column of the H-matrix.

14. An operating method of a memory device, the operating method comprising:

receiving a codeword from a memory cell array and calculating a syndrome of the
received codeword;

calculating a modified syndrome using the syndrome and column data of an erasure;

determining a weight of the syndrome; and

correcting an error of the received codeword using the syndrome, the modified
syndrome, and the weight of the syndrome,

wherein the column data of the erasure is a component of a H-matrix corresponding

to a position of the erasure in the received codeword.

15. The operating method of claim 14, wherein, in the calculating of the
modified syndrome, a bitwise XOR operation is performed on the syndrome and the column

data of the erasure to calculate the modified syndrome.

16. The operating method of claim 14 or claim 15, wherein

the correcting of the error includes:

generating an error vector by estimating a position of a random error in the received
codeword using the weight of the syndrome, the syndrome, and the modified syndrome; and

correcting the error of the received codeword using the received codeword and the
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error vector.

17. The operating method of claim 16, wherein,

in the generating of the error vector,

a bit position corresponding to a position of a column of the component of the H-
matrix in the received codeword is estimated as the position of the random error, when the
weight of the syndrome is an odd number, the syndrome and the component of the H-matrix
are identical to each other, and the modified syndrome and the component of the H-matrix

are identical to each other.

18. The operating method of claim 14 or claim 15, wherein

the correcting of the error includes:

generating an error vector by estimating the position of the erasure in the received
codeword using the column data of the erasure and estimating a position of a random error in
the received codeword using the modified syndrome; and

correcting the error of the received codeword using the received codeword and the

error vector.

19. The operating method of claim 18, wherein,

in the generating of the error vector,

a bit position corresponding to a position of a corresponding column of the H-matrix
in the received codeword is estimated as the position of the erasure when the column data of
the erasure and the component of the column of the H-matrix are identical to each other, and

a bit position corresponding to the position of the corresponding column of the H-
matrix in the received codeword is estimated as the position of the random error, when the
modified syndrome and the component of the column of the H-matrix are identical to each

other.
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20. The operating method of claim 18 or claim 19, wherein the weight of the

syndrome is an even number.
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