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In this paper, a novel NAND flash memory controller was designed. A -EC w-bit parallel Bose-Chaudhuri-Hocquengham (BCH)
error-correction code (ECC) was designed for correcting the random bit errors of the flash memory chip, which is suitable for the ran-
domly bit errors property and parallel I/O interface of the NAND-type flash memory. A code-banking mechanism was designed for
the tradeoffs between the controller cost and the in-system programmability (ISP) support. With the ISP functionality and the Flash
parameters programmed in the reserved area of the flash memory chip during the card production stage, the function for supporting
various kinds of NAND flash memory could be provided by a single controller. In addition, built-in defect management and wear-leveling
algorithm enhanced the product life cycle and reliability. Dual channel accessing of the Flash memory provided the good performance
in data transfer rate. With respect to the proposed controller architecture, a real secure digital card (SD)/multimedia card (MMC) flash
memory card controller chip was designed and implemented with UMC 0.18 zm CMOS process. Experimental results show the designed
circuit can fully comply with the system specifications and shows the good performances.

Index Terms—Bose-Chaudhuri-Hocquengham (BCH) error-correction code (ECC), flash storage systems, NAND flash memory con-

troller, nonvolatile memory.

1. INTRODUCTION

S a semiconductor memory device capable of nonvolatile

data storage even after removing the power supply, NAND
flash has gained popularity in a variety of applications, like re-
movable memory cards for portable devices, MP3 players, dig-
ital still cameras, and mobile handsets. The increasing demand
for multimedia applications drives the continuously shrinking
process technology and the multilevel cell (MLC) technology.
Nevertheless, the narrower line pitch due to process technology
shrink may induce severer cross interference between memory
cells. No matter, the requirement for multiple energy states also
leaves MLC technology with a lower margin of error to read the
bits. Since the NAND flash is operated through page (e.g., 2 KB)
programming and block (e.g., 128 KB) erasing to satisfy the fast
data transfer rate for mass data storage, an intrinsic random bit
error makes the whole block be marked as “bad” and can no
longer be utilized. Once the number of bad blocks exceeds a
certain value that the controller chip can manage, the NAND
flash chip is declared fail. A NAND controller is required to
handle the bit errors, the bad blocks, maintaining the high data
accessing speed, flash memory management, etc. The appropri-
ateness of a NAND controller can enhance the reliability and
increase the endurance cycles of the flash memory. In addition,
the system performance and product lifetime can also be im-
proved by incorporating an excellent NAND flash controller in
the NAND flash storage systems.
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The systolic array architecture has been applied to the regular
and iterative very large scale integration (VLSI) architecture,
like Reed—Solomon (RS) encoders and decoders, and showed
good performance [10]. The systematic design approach of a
systolic array processor can make the circuit design easy for im-
plementation and do the pipelining to fit the system level design
specifications. In this paper, we presented a t-EC w-bit parallel
Bose—Chaudhuri-Hocquengham (BCH) error-correction code
(ECC) with incorporating the systolic array architecture. The
good performances were shown by the real chip realization.

II. CONTROLLER ARCHITECTURE

The functional block diagram of the NAND flash controller
was shown in Fig. 1. The major functions of the controller can
be divided as the ¢{-EC w-bit parallel BCH ECC circuit, the
code-banking structure, and firmware in-system programma-
bility (ISP), the defect management and wear-leveling algo-
rithm, and the dual channel and multi-buffering mechanism.
The ECC circuit was designed here to enhance the data in-
tegrity and reliability of the data stored in the flash memory.
The code-banking structure for the microcontroller complying
with firmware ISP function can provide the firmware upgrade to
support various kind of flash memory. The defect management
algorithm can increase the yield of the flash memory and pro-
long the product life cycle by replacing the defected (bad) block
with the reserved virgin (clean data) blocks. The wear-leveling
algorithm was also introduced to prolong the product life cycle
by preventing the flash memory blocks from unbalanced usage.
The dual channel and multi-buffering mechanism was designed
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Fig. 1. Block diagram of the NAND flash controller for SD/MMC card.

to increase the data transfer rate at the flash memory side and to
fit the maximum bandwidth of the host—side interface bus.

A. t-EC BCH ECC Code Construction

For a typical {-EC BCH code, the generator polynomial can
be expressed as

G(z) = my(x)mg(xz)ms(z) ... mar—1(x) (1)

where m;(z),j = 1,3,5,2¢t — 1 are the minimal polynomials
in GF(2™).

By expanding the product of the left side of (1), the equation
can be expressed as

S 4o @)

where a;’s are coefficients of the generator polynomial G(z),
a; € GF(2). In cyclic operation, G(z) can be implemented by
a set of registers and XOR gates. Totally, m - t registers are nec-
essary to fulfill the cyclic operations. The (2) can be expressed
as a matrix format as

[Reg]i+1 =G- [Reg]i + qg- Di- (3)

The detailed matrix form can be written as follows:

Rm-t Am-t—1 1 0 0
Rm,-t—l Ay t—2 0 1 0
R2 a1 0 0 s 1
R1 i1 ag o 0 --- 0
Rm-t Am-t—1
Rm-tfl Am-t—2
X : ® " -D;. (4
R2 a1
Rl i ag

In serial connection, the matrix equation can be expressed as
in (4). Moreover, for a continuously serial data input stream,
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Fig. 2. w-bit folded structure for w-bit parallel operation.

{--vDi,Diy1,Diyo,...
mula can be formed as

yDitw-1,- ..}, the w-bit parallel for-

[Regli+1 = G - [Regli + g - D;
[Reglit2 = G - [Regliy1 + g - Dit1

[Reg]i-l-w =G [Reg]i-l—w—l + qg- Di+w—l~

By w-times functional composition of the above equations, an
analytical equation was deducted as follows:

w—1

[Regli+w = G* - [Reg]; + Z G g Digyw—j-1. (5

7=0

Based on the same concept and operations, the induction of
the parallel syndrome polynomials is similar to the generator
polynomials.

From the matrix operation of the (5), a general basic equation
for the systolic array processing can be expressed as

Riyv;j=0a; Rime+a;-Di+R; ;1 (6)
where the boundary conditions are

Rig1mt = a;  Rimt +a; - D + Ry i1 @)
Riyii=a; Rime+a;-D;. ()

Based on the general basic equation of a ¢t-EC w-bit parallel
BCH code, the basic operation module for the matrix array can
be constructed by two AND gates and two XOR gates. The co-
efficients a;’s are determined by the generator polynomial or the
syndrome generator polynomials of the BCH code. To complete
the matrix equation (4) by the basic operation module, an array
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Fig. 4. Micrograph of the controller chip.

architecture is adopted. The array architecture of the n-bit input
data stream for the BCH generator polynomial or syndrome gen-
erator polynomials is shown as in Fig. 2.

B. Code-Banking and Various NAND Flash Memory Support

The architecture for the code-banking was shown in Fig. 3.
The boot ROM was the masked read only memory, which stored
the boot codes for the microcontroller in booting. By the code-
banking architecture, the whole system firmware can be sepa-
rated by several banks, Bank Code #0, 1, ...,n. The banked
codes will be executed bank by bank when loaded by the code
loader to the bank RAM. The system firmware of the microcon-
troller can be upgraded from the host side.

To support the various kinds of the NAND flash memory in
a controller, a specified flash parameter was created to record
some system operated parameters of the NAND flash memory.
The table was started by a start tag, and ended by an end-of-
table flag. The useful parameters such as total capacity, total
physical blocks, pages per block, etc. With the code-banking
architecture and the specified flash memory parameters, the var-
ious kinds of NAND flash memory can be supported in the same
controller chip and be accessed in an optimal way respectively.

III. CHIP IMPLEMENTATION

A. Controller Chip Implementation

The functional block diagram of the designed NAND flash
controller for SD/MMC memory card was discussed in Sec-
tion II (Fig. 1). With the chip architecture designed, the circuit of
the chip was designed and implemented to the UMC 0.18 pm
CMOS Process. The chip micrograph of the designed NAND
flash controller is shown in Fig. 4.

TABLE 1
RESULTS OF THE SYSTEM PERFORMANCE

Test Items Results

1. Sequential Multi-Block Read: MMC 8-bit, 52 MHz 42.33 MB/s
2. Sequential Multi-Block Write: MMC 8-bit, 52 MHz 19.86 MB/s
3. Random Multi-Block Read: MMC 8-bit, 52 MHz 41.03 MB/s
4. Random Multi-Block Write: MMC 8-bit, 52 MHz 12.77 MB/s
5. Suspend Current: 3.3V 120 uA

6. Operating Current at Sustained Data Write: 3.3V 30.95 mA
7. Operating Current at Sustained Data Read: 3.3V 20.23 mA

*The test conditions: 1. Test Platform: Testmetrix for SD/MMC Card; 2.
Flash Configuration: 2x Samsung K9F1G08UOM in Dual Channel

B. Experiment and Test Results

The system performance of the designed NAND controller
was evaluated by the certified platform of MMCA (http://www.
mmca.org) and SDA (http://www.sdcard.org), the test platform
was provided by Testmetrix, Inc. (http://www.testmetrix.com).
The summary of the system performance of designed controller
is shown in Table I.

IV. CoNCLUSION

A NAND flash memory controller for SD/MMC memory
card was presented. The ¢-EC w-bit parallel BCH ECC by using
systolic array was presented, and it can be easily applied to a
general ¢-EC w-bit parallel BCH ECC circuit application. The
code-banking and ISP capability was presented and discussed
for supporting the various kinds of the NAND flash memory.
The real chip realization and the test results by experiment
show the good performances of the controller chip.
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