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Why flash memory ?
Faster access
Lower power
Shock / Temperature resistance
Smaller size 
Lighter weight 
Noiseless
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Controller (S3F49FAX)

ARM coreARM core

NOR flash
(48KB)

for code

NOR flash
(48KB)

for code

SRAM
(16KB)
for data

SRAM
(16KB)
for data

Host

NAND flash chips

PCMCIA
or

USB
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Interaction between 
test bench and host interface

TEST
BENCH
TEST

BENCH

Three kinds of 
requests

- INITIALIZE
- READ x sectors 
from sector y

- WRITE x sector 
from sector y

HOST
INTERFACE

HOST
INTERFACE

Host Interface 
Specific Commands
(1) ATA
(2) SCSI
(3) GENERIC

Command
Trace

Command
Trace

Command
Generator
Command
Generator

or
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Interaction between 
host interface and FTL

Host Interface 
Specific 
Commands

HOST
INTERFACE

HOST
INTERFACE FTLFTL

Execute 
corresponding 
FTL functions
- ftl_initialize
- ftl_open
- ftl_read
- ftl_write

Host interface module interprets host interface 
specific commands and invokes the corresponding FTL functions
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Interaction between 
FTL and flash chip emulation routine

FTLFTL

FTL functions
- ftl_initialize
- ftl_open
- ftl_read
- ftl_write

Flash memory 
(emulated with file)
- read_physical_page
- write_physical_page
- erase_physical_block
- copy_back_page

Flash Chip
File

Flash Chip
File

Buffer manager functions
- producer_get_buff,
- producer_unget_buff
- producer_advance,
- consumer_get_buff,
- consumer_unget_buff
- consumer_advance
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Flash chip emulator

ExceptionsExceptions

Flash Chip
File

Flash Chip
File

Requests from FTL
- READ PAGE
- WRITE PAGE
- ERASE BLOCK
- COPY-BACK PAGE

Requests from FTL
- READ PAGE
- WRITE PAGE
- ERASE BLOCK
- COPY-BACK PAGE

Flash Chip 
Emulator

Flash Chip 
Emulator

Assertion check
- Out of address range
- Erasing a bad block
- Programming a bit from 0 to 1
- More than NOP write attempts

Assertion check
- Out of address range
- Erasing a bad block
- Programming a bit from 0 to 1
- More than NOP write attempts

Exceptions are emulated in order to
test fault tolerance aspect of FTL
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Emulated exceptions
Exceptions in flash emulator

Power failure
Flash operation error (Read/Write/Erase/Copy-back)

Exceptions in host interface
Corrupted data transfer

Probabilities of different exceptions can be set by 
configuration file for each exception type
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How to use

Available functions
Init Chip, Init FTL, Logical Read/Write, Physical Read/Write/Erase, Random 
Read/Write, Trace 
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Commands for initializing
INITCIHP

Initialize flash chips
Parameter : num chips, num blocks per chip, bad 
block ratio 

INITFTL
Initialize FTL
Parameter : none
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FrameworkTest

Commands mainly for primitive test purposes

LREAD
Logical read
Parameter : start sector #, sector count

LWRITE
Logical write
Parameter : start sector #, sector count, data
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Commands for validation purposes
RANDRW

Random Read/Write test
Parameter : generated command count
Related files

flash.exception_rate : specifies exception rates 
(read/write/erase error rates, power failure rates …)
random_rw_test.config : specifies test features (backup 
period, read/write command ratio, debug mode 
setting…)

SNU Flash Team

FrameworkTest

Config. files for random read/write  test 

flash.exception_rate

random_rw_test.config

# read 
read_error_rate 0.0
read_power_failure_rate   0.00005

# write 
write_error_rate               0.0
write_power_failure_rate    0.00005
…..

# number of backup files
retain_count 10

# read command generation ratio
read_command_ratio 0.5

# write command generation ratio
write_command_ratio 0.5
…..
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Commands for debugging purposes
PREAD

Physical read
Parameter : chip num, block num, page num

PWRITE
Physical write
Parameter : chip num, block num, page num, data

PERASE
Erase a block
Parameter : chip num, block num

SNU Flash Team

FrameworkTest

Commands for performance evaluation

TRACE
Trace-driven testing & performance evaluation
Parameter : trace file name
Results : 

Number of flash memory operations 
(Read, Write, Erase, Copy-Back)
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FTL (Flash Translation Layer)
Definition

Software layer that makes flash memory appear to 
the system like a disk drive

Controller 
(running FTL) 
with NAND 

flashes
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Logical interface for a disk drive

Operations
1. Identify drive(): returns N
2. Read sectors(start sector #, # of sectors)
3. Write sectors(start sector #, # of sectors)

512B 512B 512B…
0 1 N -1

SNU Flash Team

FTLVanilla

Vanilla FTL
Barebone FTL implementation

Embarrassingly simple
No error recovery
No wear leveling
No, nothing…

Supported flash memory chips
2nd generation flash memory chips

Page size : 2KB, block size : 64 pages (128KB)
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Block level mapping
Logical blocks

…
0 1 N -1

0

…

N / 256

……

256 sectors

Sectors

Logical 
blocks
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Block level mapping
Logical to physical block mapping

0

… …… …

… … …

1 L

Physical blocks

Logical blocks

… …

Visible (data blocks) Invisible

…

Block mapping table

(map block)
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Block level mapping
How many map blocks are needed?

Block addresses
2 byte unsigned integer

256 map entries in a sector (512B) 
One map block

256 (# of map entries/sector) x        
256 (sectors/block) x 
128KB (block size)    
= 8GB

One map block can cover 8GB of storage!
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Read procedure
Ex. read 3 sectors from 255

0

… …… …

Block mapping table

(map block)

… … …

1 L

Physical blocks

… …

…

Logical blocks

R R R
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Write buffer blocks
Reserved blocks for write processing

Write buffer blocks

0

… …… …

Block mapping table

(map block)

… … …

1 L

Physical blocks

… …

…

Logical blocks

… … … …
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Write procedure
1. Erase write buffer blocks for data
2. Write new data pages to write buffer blocks
3. Fill in remaining data pages

4. Erase write buffer blocks for map
5. Read-modify-write map page (update map 

entry for data blocks)
6. Fill in remaining map pages
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Write procedure
Ex. write 3 sectors from 255

0

… …… …

Block mapping table

(map block)

… … …

1 L

… …

…

Write buffer blocks

… … … …

1. Erase write buffer blocks for data2. Write data pages

W W W

3. Fill remaining data pages
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Write procedure
Ex. write 3 sectors from 255

0

… …… …

Block mapping table

(map block)

… … …

1 L

… …

…

Write buffer blocks

… … … …WWW

4. Erase write buffer blocks for map

W

5. Read-modify-write map page6. Fill remaining map pages
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Checkpoint
To make changes permanent

Written to flash after each write operation is 
completed

Power down & recovery
Power down before checkpoint write

Recovered as if no write operation performed (no sectors 
are written)

Guarantee atomicity
Either all of sectors are written, or no sectors are written

SNU Flash Team

FTLVanilla

Checkpoint
In-memory data structure changed with write 
operation

Write buffer block addresses
Map block addresses

Use of pages in checkpoint blocks
Round-robin
Need timestamp to locate the page containing the 
most recent checkpoint at the recovery time
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Checkpoint blocks
Checkpointing procedure

1. Increment timestamp
2. Write checkpoint data to the next page (in the 

round-robin order)
3. If the next page is in a new block, erase the block 

before write

…W

…

…

W

…

W

…

…

W

…

W

W

…W

…

…

W

…

W…

SNU Flash Team

FTLVanilla

Permanent data
Data that is never changed once FTL is initialized

Flash chip configuration info
Number of chips
Number of blocks in a chip

Checkpoint block info
Number of checkpoint blocks
Physical addresses of checkpoint blocks

Information about logical address space
Stored in the system block
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Block arrangement

Address SpaceAddress Space

Unmapped AreaUnmapped Area Mapped AreaMapped Area

System BlockSystem Block CP BlocksCP Blocks

By CP BlockBy CP Block By Map BlockBy Map Block

Write buffer blocksWrite buffer blocks

Map blocksMap blocks

Data blocksData blocksBad blocksBad blocks

Physical block 0

By System BlockBy System Block

SNU Flash Team

FTLVanilla

Interfaces between modules
HostHost

Host interfaceHost interface

ftl_read_sectorsftl_read_sectors ftl_write_sectorsftl_write_sectorsftl_openftl_openftl_initializeftl_initialize

Command handlerCommand handler

Get bufferGet buffer

AdvanceAdvance

Write physical pageWrite physical page

Read physical pageRead physical page Flash memoryFlash memory

Erase physical blockErase physical block

Unget bufferUnget buffer

Copy-back physical 
page

Copy-back physical 
page

Buffer managerBuffer manager

ftl_identifyftl_identify
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FTL interface functions

uint8 ftl_initialize(init_parameter_t *init_parameter_p);
called only once at format time

uint8 ftl_open(void);
called on power-on

ftl_info_t* ftl_identify(void);

uint8 ftl_read_sectors(uint32 start_sector_num, 
uint16 sector_count, 
uint16 *processed_sector_count,
uint8  read_mode);

uint8 ftl_write_sectors(uint32 start_sector_num, 
uint16 sector_count, 
uint16 *processed_sector_count,
uint8  write_mode);

uint8 ftl_initialize(init_parameter_t *init_parameter_p);
called only once at format time

uint8 ftl_open(void);
called on power-on

ftl_info_t* ftl_identify(void);

uint8 ftl_read_sectors(uint32 start_sector_num, 
uint16 sector_count, 
uint16 *processed_sector_count,
uint8  read_mode);

uint8 ftl_write_sectors(uint32 start_sector_num, 
uint16 sector_count, 
uint16 *processed_sector_count,
uint8  write_mode);

SNU Flash Team

FTLVanilla

FTL interface functions
struct init_parameter {

flash_chip_info_t flash_chip_info;    // flash chip configuration
};
typedef struct init_parameter init_parameter_t;

struct ftl_info {
uint32 num_total_sectors;

};
typedef struct ftl_info ftl_info_t;
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Buffer manager
Structure of single buffer

struct buffer_info {
uint8  is_valid;
uint8  error_code;
uint32 l_page_addr; // logical physical address of buffer data
uint8  *buffer_p; // buffer pointer

};
typedef struct buffer_info buffer_info_t;

SNU Flash Team

FTLVanilla

Buffer manager
Buffer manager interface functions

buffer_info_t* buffer_manager_producer_get_buffer(void);
void buffer_manager_producer_unget_buffers(uint8 num_buffers_to_unget);
void buffer_manager_producer_advance(uint8 num_buffers_to_advance);

buffer_info_t* buffer_manager_consumer_get_buffer(void);
void buffer_manager_consumer_unget_buffers(uint8 num_buffers_to_unget);
void buffer_manager_consumer_advance(uint8 num_buffers_to_advance);

buffer_info_t* buffer_manager_producer_get_buffer(void);
void buffer_manager_producer_unget_buffers(uint8 num_buffers_to_unget);
void buffer_manager_producer_advance(uint8 num_buffers_to_advance);

buffer_info_t* buffer_manager_consumer_get_buffer(void);
void buffer_manager_consumer_unget_buffers(uint8 num_buffers_to_unget);
void buffer_manager_consumer_advance(uint8 num_buffers_to_advance);
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Possible project topics
1. Wear-leveling for checkpoint blocks and 

possibly for data blocks and map blocks
2. Recovery from

Physical block erase errors
Physical page write errors
Physical page read errors

3. Advanced write buffering for
Large sequential writes (data writes)
Small random writes within a block (FAT writes)

4. Caching for map pages

SNU Flash Team

FTLVanilla

Typical write access pattern

NIKON Trace Access Pattern (Write)

0

1000

2000

3000

4000

5000

6000

7000

8000

0 1000 2000 3000 4000 5000 6000 7000 8000 90
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Then why still limited deployment ?
Higher cost

Flash memory: 25 ¢/MB
Hard disk: 0.83 ¢/MB
CD-ROM: 0.07 ¢/MB

Limited write performance
Flash memory: 4~5 MB/s
Hard disk: 20~30 MB/s

SNU Flash Team

lashF memory

Different flash memory types

TypeType NORNOR NANDNAND DINORDINOR ANDAND

ProductProduct

Intel
28F128J3A-150
28F320D18B110

AMD
Am29LV641DU
Am29DL322D

Intel
28F128J3A-150
28F320D18B110

AMD
Am29LV641DU
Am29DL322D

Samsung
K9F5608UOM

Toshiba
TH58512FTI

AMD
Am30LV0064D

Samsung
K9F5608UOM

Toshiba
TH58512FTI

AMD
Am30LV0064D

Mitsubishi
M5M29GB/
T160BVP-80

Mitsubishi
M5M29GB/
T160BVP-80

Hitachi
HN29W25611

Hitachi
HN29W25611

DensityDensity LowLow HighHigh LowLow HighHigh

Erase
Block size

Erase
Block size

Large
(64 – 128KB)

Large
(64 – 128KB)

Large
(16 – 128KB)

Large
(16 – 128KB)

Large
(32 – 64KB)

Large
(32 – 64KB)

Small
(2KB)

Small
(2KB)

Page
size

Page
size 1, 2, 8, 32B1, 2, 8, 32B 512B, 2KB512B, 2KB 1, 2, 256B1, 2, 256B 2KB2KB

CapacityCapacity LowLow HighHigh LowLow HighHigh
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NAND flash memory chip (big picture)

SpareData

…

SpareData

SpareData

SpareData

SpareData

…

SpareData

SpareData

SpareData

SpareData

…

SpareData

SpareData

SpareData

………

2j blocks

2i

pages

Note 1
i = 5, Data = 512B, Spare = 16B, NOP = 1 for first-generation NAND flash
i = 6, Data = 2KB , Spare = 64B, NOP = 4 for second-generation NAND flash
j depends on chip capacity
Note 2

Some blocks are bad at the manufacturing time that are marked in the spare area, 
but block 0 is guaranteed to be good
Note 3

There is an upper limit on the maximum number of erases allowed for each block

SNU Flash Team
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Basic flash memory operations
Read physical page 

(chip #, block #, page #)
~45 us

Write physical page
(chip #, block #, page #)
~325 us

Erase block
(block #)
~2 ms

Copy-back
(chip #, target block #, target page#,
source block #, source page #)      

~320 us
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Flash memory interface routines
read_physical_page
write_physical_page
erase_physical_block
copy_back_physical_page

SNU Flash Team

lashF memory

Data

Read physical page

read_physical_page(chip_num, p_block_addr_in_chip, p_page_num,
offset, size, *buff_p, ecc_mode, *ecc_p);

read_physical_page(chip_num, p_block_addr_in_chip, p_page_num,
offset, size, *buff_p, ecc_mode, *ecc_p);

PARAMETERS
- chip_num : chip number 
- p_block_addr : physical block address
- p_page_num : page number in block (0 ~ 63)
- offset : offset in page (0 ~ 2111, most cases 0, 512, 1024, or 1536)
- size : data size to be read from offset (most cases 512)
- buff_p : buffer pointer for read data
- ecc_mode : ECC_NONE, ECC_INTERNAL, ECC_EXTERNAL

(Use ECC_NONE for now)
- ecc_p :ecc for ECC_EXTERNAL (4B)

Data

4 byte ECC

+

4 byte ECC

ECC_INTERNAL

ECC_EXTERNAL
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Write physical page

write_physical_page(chip_num, p_block_addr, p_page_num,
offset, unit_size, *buff_p[], ecc_mode,
ecc_p[][ECC_SIZE]);

write_physical_page(chip_num, p_block_addr, p_page_num,
offset, unit_size, *buff_p[], ecc_mode,
ecc_p[][ECC_SIZE]);

PARAMETERS
- chip_num : chip number
- p_block_addr : physical block address
- p_page_num : page number in block (0 ~ 63)
- offset : offset in page (0 ~ 2111)
- unit_size : data size in each buffer to be written (most cases 512)
- buff_p : array of  buffer pointers (unused buffer = NULL)
- ecc_mode : ECC_NONE, ECC_INTERNAL, ECC_EXTERNAL

(Use ECC_NONE for now)
- ecc_p : ecc for ECC_EXTERNAL (4B)

SNU Flash Team

lashF memory

Erase physical block

erase_physical_block(chip_num, p_block_addr);erase_physical_block(chip_num, p_block_addr);

PARAMETERS
- chip_num : chip number
- p_block_addr : physical block address
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Copy-back physical page

copy_back_physical_page(chip_num,
p_target_block_addr, p_target_page_num, 
p_source_block_addr,  
p_source_page_num);

copy_back_physical_page(chip_num,
p_target_block_addr, p_target_page_num, 
p_source_block_addr,  
p_source_page_num);

PARAMETERS
- chip_num : chip number
- p_target_block_addr : physical address of target block
- p_target_page_num : page number in target block (0 ~ 63)
- p_source_block_addr : physical address of source block 
- p_source_page_num : page number in source block (0 ~ 63) 
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