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The development of multilevel cell (MLC) NAND Flash architec-
ture allows a dramatic increase in memory density [1]. As cost per
bit decreases, the ever-growing portable mass-storage market
(USB keys, MP3 players, and so on) may be invaded by MLC
devices. MLC data retention and cycling are inferior to those of
single bit cell (SBC) NAND Flash, due to closer margins between
distributions. For reliability reasons, SBC Flash requires an ECC
[2] able to correct one error per page while more bits must be cor-
rected in the case of MLC.

An SBC memory that integrates one error Hamming ECC has
been previously reported [3]. In this paper, a 4Gb MLC NAND
Flash that integrates an implementation of a 5-errors BCH code
over 2102B data field using 10 parity bytes is reported. Any soft-
ware implementation of BCH on commercial microprocessors
results in a read-throughput degradation to some MB/s; the main
reason being the lack of division and multiplications operators
defined in a Galois field (GF(2")). The ALU of the embedded
microcontroller in the proposed design includes these operations
and through a dedicated logic circuitry it allows the external con-
troller to download data at 36MB/s (cache read, x16). This elimi-
nates the need for any special hardware to the external con-
troller, which directly impacts the cost of the application.

The operating frequency of the ECC core is >25MHz. If no error
occurs, ECC time overhead for program and read operations is
500ns. A 4 bit-basis corrector is used in case of 2 to 5 errors with
250us time overhead while a 16 bit-basis one manages the more
likely single error in 34us, ensuring a good tradeoff between area
and latency. ECC area overhead is 1.3mm?, <1% of the chip area;
no extra BLs are added. The average current draw is <1mA.

Many fields with flexible length - 1B to 2102B - may be allocated
into a memory page. This feature improves read throughput
when the application downloads a file split on different pages.

Figure 7.6.1 shows a micrograph of the chip designed in a 90nm
technology. The memory array is composed of 2k blocks. Each
block, split into left and right side, is made up of 128 pages of (2k
+ 64)B each.

Figure 7.6.2 shows the functional blocks involved in BCH encod-
ing and decoding as well as the chosen polynomials. The genera-
tor polynomial (g) is used to compute the data-field parity. The
minimal polynomials (¢;, ¢, ¢5, ¢;, ¢) are used to compute 5 syn-
dromes (15b each, to correct up to 5 errors) associated to read
data. The error condition is detected when the syndromes calcu-
lated from the data field and its parity bits are different from
zero. In this case, Berlekamp - Massey algorithm is used to com-
pute the error locator polynomial. The error positions are found
by Chien machine, exploiting polynomial roots search in GF(2").
As the error positions are known, the external controller can eas-
ily correct the read data.

Figure 7.6.3 shows how the BCH structure is implemented in the
4Gb MLC. On data input, 75 parity bits are computed on word-
basis hardware and stored in 10B that will be appended to the

end of the data field for page buffers loading. On data output,
syndromes are computed using an architecture similar to the par-
ity one. Status-register reading allows detection of any error;
after that, get-error-position (GEP) function may be invoked. At
this point, the internal microcontroller used to perform read and
write algorithms acquires the syndromes stored into the registers
and performs Berlekamp decision-tree algorithm that is opti-
mized to manage more likely errors in shorter time. The algo-
rithm is composed of <500 instructions and it needs eight 16b reg-
isters. The last decoding block is the Chien FSM that searches for
the error locator polynomial roots, which are the error positions.
Since the calculation of the error position is the most time-con-
suming operation, parallelism should be exploited. However, the
complexity and area overhead of Chien FSM grow dramatically
as the parallelism increases. Single error is more likely to happen
than multiple errors. Since in this case Berlekamp algorithm
finds only the first coefficient of the first-degree error locator
polynomial, in the proposed solution, 2 different Chien cores are
implemented: a simplified Chien core finds single-error position
while another one manages 2 to 5 errors cases. Both cores share
common structures even if in Fig. 7.6.3 they are shown as sepa-
rated cores. Figure 7.6.4 highlights the worst-case latency of the
proposed approach: 60us for single error and 250us for 5 errors.

The hardware required by the sequential BCH structure (parity,
syndromes and Chien machines) is based on a linear shift regis-
ter (LSR). Starting from this implementation, Fig. 7.6.5 shows
the details of the parity machine design. In the standard
approach, parity bits are computed as the remainder of a serial
polynomial division between data field and generator polynomial.
The computation is easily performed by an LSR composed of 75
D-FF and adders represented by XOR functions. XORs take place
where there is a non-zero coefficient in the generator polynomial
of the code. This sequential implementation does not fit 8b natu-
ral parallelism of the device. The circuit could be unrolled to fit,
thus reducing latency time for calculations. However, the length
of the path makes this implementation slow and power consum-
ing. A different architecture is proposed starting from the
unrolled one, describing register inputs as linear functions of reg-
ister output and 8b inputs. This description can be efficiently syn-
thesized, sharing repeated expressions to minimize area over-
head. The result is a short-path implementation with reduced
latency time and power consumption.

The flexibility introduced in terms of number and size of data
fields allows an efficient file management. In spite of using a seri-
al ECC like BCH, it is possible to read file pointers without wait-
ing for reading the whole page (2102B). This is particularly use-
ful when more pages are read. As shown in Fig. 7.6.6, this flexi-
bility is managed by the command interface.

A summary table of the performances of the BCH implemented in
the 4Gbit MLC chip is sketched in Fig. 7.6.7. The GEP time is
proportional to the size of the data field: in case of 2 errors, 90%
reduction in latency time is achieved as data field decreases from
2048B to 16B.
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Figure 7.6.1: Die micrograph. Figure 7.6.2: BCH main functional blocks.
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Figure 7.6.3: BCH structure. Figure 7.6.4: Worst-case error-position computation overhead.
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Figure 7.6.5: BCH parity details. Figure 7.6.6: Memory command interface.
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Error correction code BCH(32767,32692)
Data field size 1B to 2102B
# of field in a page :il‘se?: gc;f;r:ﬁs number of fields in a page and
Parity bits overhead 10B/Field
Parity time overhead 500ns (10 write cycle for dummy parity load)
Syndrome time overhead 500ns (10 read cycle for parity read)
Field dimension
16B | 512B 2048B
1 error (typ) 8.7 14.9 341
Get error position time 1 error (max) 8.9 213 59.7
overhead (us)
(Berlekamp and Chien) 2 errors (max) 20.1 69.7 223
3 errors (max) 29.2 78.8 232
4 errors (max) 38.3 87.9 241
5 errors (max) 46.7 96.3 250
ECC area overhead 1.3mm?
ECC current draw <1mA

ECC max operating freq. 25MHz

Figure 7.6.7: ECC performances.
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BCH error correction chain
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Figure 7.6.4: Worst-case error-position computation overhead.
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Figure 7.6.5: BCH parity details.
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Error correction code BCH(32767,32692)
Data field size 1B to 2102B
. . User defines number of fields in a page and
# of field in a page their length
Parity bits overhead 10B/Field
Parity time overhead 500ns (10 write cycle for dummy parity load)

Syndrome time overhead 500ns (10 read cycle for parity read)

Field dimension
16B | 512B 2048B
1 error (typ) 8.7 14.9 341
Get error position time 1 error (max) 89 | 213 59.7
overhead (us)
(Berlekamp and Chien) 2 errors (max) 20.1 69.7 223
3 errors (max) 29.2 78.8 232
4 errors (max) 38.3 87.9 241
5 errors (max) 46.7 96.3 250
ECC area overhead 1.3mm?2
ECC current draw <imA

ECC max operating freq. 25MHz

Figure 7.6.7: ECC performances.
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