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Flash memory 101: An Introduction to NAND flash

As the price of NAND flash tumbles; it become a viable
replacement for a hard drive.

#1

By Jim Cooke, Mioron Techmalogy Inc. EE Ti TechCareers
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For many cons wmer audio and video products, NAND flash memaory is a
better s btorage choioe than a hard driee, especially n low-capacity Funchion:

applications (4 Ghytos or less). As the quest continwes for lower power,

Ergireaing &
lighter, more robust progucks, NAND is praving to be very atbractve. re s
The NAND flash array is grouped inta a series of 128 kbyte blocks, which 000
are the smallest erasable entity n a MAND device. Erasing a block sets LR

all bits bo *1° (all bytos to FFRL Programming is mecessary bo change
crased bits from a L to a 0. The smallest entity that can be programmed
i & byte. Some HOR Flash memaory can perform read-whilewrike
pporations (Fig. 1) Although NAND can't perform read and wribe
Simulaneously, & can accamplish this at a system level using & methad
called shadowing, which has been used on PCx for years by loading the
BIOS from the slower ROM into the higher-speed ROM.
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M&ND is zimilar to & hard-disk driee. ®'s sectar-based (page-based] and
suited for storing scouential data such as pictures, awdio, or PC data.
Although random access can be accomplished at the systen level by

shadowing the data to A&M, doing 5o requires additional RAM storage. Frare caneer- Med Dot [EIGE
Also, likx a hard disk, NAND dewices hawe bad blocks, and require professionak

error-correcting code (ECC) o mamtain data integrity.

Due to the decrease in die area resulting from the small cell $ine, NARND
prowvides the larger capacities required for today's low-cost consumer
market, HAND flash & wed in almast all removable memory cards.
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NAND's multiplexed interface provides a similar pin-out for all recent
desicos and densitics. This pin-out lots des igners use small densities
and migrate to larger densities withaut any hardware changes to the
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I. The figwre shows a comparison of various fash colis.

HAND ws. NOR

NAND's adwantages are fast write {program} and erase operations, while
NOR'S advantages are randam scoess and bybe write capability (Fig. 2
NOR'S random access ability allews for eeeoube in place (XP) capability,
which is often a requirement in embedded applications. The
disadvantages far MAMD are slaw random access, while NOR is
hampered by are Skaw write and erase performance. BAalD is betber
suited for file applications. Howewer, more processors inclsde a direct
H&ND interface ard can baot directly from NAND (without HOR)

MAND Flazh NOE (2-Flash)

Chamcmerisn o WTLSF2COER MT2BF1 ZEIE

Randar access read

SRR hyghan i
Sustmined read speed | 23 MB/S (xE) or Z0.5 MB/s [x8) or
izactor basis] 3 MB/w in16) 41 ME/s M16)

Eandarm wnte §paed

Sustained write fpeed
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2. The random access hme for MR Rash is specified at 0012 Mg, whereas
MARD random accoss i signiicantly siower for the first byie. Once Hie
initfal access is made, however, the remaining 2111 bytes are shifted out
of NARD at anhy (.03 Msshyte.

The real benefits for MAKND are faster program and erase times, as
MAND provides awer 5 Mbytes/s of sustained write performance. The
block erase times are an impressive 2 ms for NAND versus 750 ms far
NOR Clearly, HAND has several significant positive attribubes. Mowever,
it's mot well-suited far direct randam sccess.

HOA flash reguires around 41 110 pins for & 16:-bit device, while NAND
devices requires only 24 pins for a comparable nterface. This pin
savings comes from MAND's muliplexed command, address, and data
bus. & benefit of the mulbplesed interface is that larger NAND desices
can be supported using the same hardware design and pcb. Because
the commuon TSOP-1 package has been used far many pears, this
feature lets cus tomers migrabe ta higher-density N&ND dovices on the
same pch. Another advantage af NalD is evident in t's packaging
ppticns: KAND affers a monglithic 2-Ghit die or can support up o four
stacked die, allowing an B-Ghit device in the same TS0PF-1 package. This
cnables one padkage and interface to suppart higher densities in the
future.

HAND basic operation

Th 2-Ghit NAND device is organized as 2048 blocks, with 64 pages per
block (Fig. 3). Each page has ¥112 bytes total, comprised of a 2048-byte
data arca and a G4-bybe spare area. The spare area B typically used for
ECC, wear-leveling information, and ather software overhead functions,
although it's physically no different from the rest af the page. NAND
dewices are offered with either an 8 or 16-bit interface. Host data is
connected to the NARD memary through a bidirectional data bus, 8 or 16
bits wide. In 16.bit mede, commands and addresses use anly the lower
B hits. The upper B bils are only used during data-transfer cycles.
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2. The 2-.Ghyhe MAND device is organized as HRE bipcks.

Erazing a block requires abaut 2 ms. Onoe the data is loaded in the
register, programming & page requires about 300 —s. A page road
reguires approximately 25 —5, in which the page is accessed from the
array and loaded inta the 16,896-bit register. The register is then
available for the wmer to clodk out the data.

Im addition to the 00 bus, the NAND interface is comprised of Sic major
control signals:

# Chip cnable (CE#): i CE & nat asserted, the MAND device will
remain in standhy mode and not respand to any conkrol signals.

& Write cnable (WE#): WER & responsible for clocking data,
address, or coammands mbo the HaND.

# PFoad enable (RE2): RE# will enable the cutput data buffers.

« Command latch enable {CLE]: When CLE & high, commands are
latchied inko the NAND command register on the rising edge of the
WEH signal.

# Sddress latch enable (SUE): When ALE is high, addresses are
latchied into the NAND sddress register on the rising edge of the
WEH signal.

# Roady'busy (RIB&) If the NAND devioe is busy, the RE& signal will
ke asserted low. This signal is apen drain and needs a pullup
resis bor.

Data is shifted into ar out of the NAND register 16 or B biks at a timo.
When doing a Program aperation, the data to be programmed is clocked
imto the data regisber on the rising edge of the WE#. Spedcial commands
are used o randomly accoss or mowe data around within the register ko
make rancom accoss casier.

Data is owtpuwt from the data register in a similar fashion wsing the RE#
signal, which is res pansible for sutputting the current data and
imcrementing bo the next location. The WE& and RE# clocks can run as
fast as 30 ns. When RE2 ar CE# aren't asserted low, the output buffers
will ba tri-stated. This combination of CE# and RE& enables the owtput
buffers, allowing NARD flash o share the data bus with other bypes af
memaory like BOR, SRAM, or DRAM. This feature is sometimes called *chip
enable don't care.” The primary purpase of this reference is to
socommodate older NAND devices, which reguire CE# o be asserted for
the entire cycle.

All NAND operations start supplying a command cpcke (Table 1), This is
asccomplis khed by placing the command on W0 bits 7:0, driving CE2 law
and €LE high while issuing a WER clock Mote that commands, address,
or data are clocked into the MAMD device on the WE# signal's rising
edge. Table 1 also shows that Most commands reguire a number of
atddress cycles fallowed by & second command cycle. Mote that with the
exception of the Reset or Read Status commands, new commands
shouldn't be issued if the device i busy.
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Looking at the addressing scheme for 2Gh MAND devices, the first and
second addross cycles spocify the column address, which s pecifies the
starting byte within the page (Table 2). Note that because the last
colurmn lecaticn is 2112, the address of this last lecation would be 08k
(in the second byte] and 3Fh {in the first byte). PAS:D S pecify the page
widress within the blodk and BALG: 6 specify the block address. While the
full -byte address is required for mast Program and Read operations,
only the first and s econd bytes are necded for operations that randamliy
pocess data within the page. The Block Erase operatian only requires the
three most significant bytes {third, fourth, and fifth) to select the black
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Reset operation

As discussed proviously, CE# must be low for all NAND activitics. The
simples b NAND command & the Reset (FFh), which doesn't require any
astddross or second cpche. Simply assert CLE and issue & write puls e with
FFh on the data bus, and a Reset aperation is performed. Beset is one af
teetr commanads that can be issued whike the NAKND device is busy. If ib's
busy procossing a previous command, Esuing a Reset aborts the
previous operation. Note that if the previous operation was an Erase or
Program command, issuing a Resct abarts the command prematurely,
and the desired operation doesn't complete. Because Erase and
Program can be time-cansuming aperations, they can be aborted with a
Reset and reissued laber.

Read ID operation

The Road 1D (%0h) command reguires ane dummy address cycle (00h),
but doesn't need a secord command cyche (Table 1, again). After Bsuing
tha command and dummy address, the 1D data can be read out by
keeping CLE and ALE low and boggling the RE# signal far each byte of DL

Read status operation

RBead Stabus (TOh] is the second caommand that can be issweed while the
MAND device is busy. This command doesn't require an address or
second command cycle. The MAND device's status can be interrogated by
iszuing the BE& clack signal. f the Read Status command is used
monitor the dovice's ready state, the command should only be issued
pne me and the status re-read by re-ssuing the RE# clock.
Allernatively, the BE# signal can be kept low waiting for the appropriatbe
stabus bit. Read Stats ako ncludes the status of the write protect pin
as well as the pass/Tail s atus of the previous Program or Erase
oporations. It's mandatary that successful status be attsined on
Frogram or Erase operations to ensure proper data mbegrity.

The Bleck Erase (60h) operabion erases an entire block af 64 pages or
138 bytes total. Ta issue this operation, use the WE2 signal to clode in
thiz Erase command (B0R) with CLE asserted. Meuxt, clock m three
astddress cycles, kecping ALE asserted for each address byte. The three
asddress cycles are the most significant address cycles of Tabie 2. which

w4



2007-07-25

hittp:/fwerw. commsdesign. comyds howhrticle. jhtmiFarticlelD=183700957

imcludes the block and page addresses. The page address portion (the
low order & bits af the third address cyce) is ignored, and only the Block
asddress portion of the three most significant bytes is used. Once the
asddross is input completely, Eswe the second command {command cycle
b of DOh, which also gets clodked in with WE& while CLE is being
asserted. This confirms the erase operation, and the device goes busy
for roughly 2 ms. When this operation completes, the dovice is ready for
another command. Motice the Read Status command can be isswed at
any time, even when the device & busy during the erase. The processor
or controlier could interragate the dewioe using the read statas
commianad.

Program operations

Program operations can anly pragram bits o 0, and assume that you
started with a provious lyerased block i you don't want o program a
bit, keep it in s crased stabte by setting that particular bit (or growp of
bits) to 1. When the Pragram Page (BOh) command is redeived, the input
register is reset o all 1s (ntermallyl. This lets the user input only dats
bytes that he wanis o program with O bits. The Program operation
starts with the B0h command, with CLE asserted (Fig. 40 Nesxt, drop CLE
and assert ALE ta ingut the full fiee address cycles.

Click here for Fig. 4

4. When the Program Page (804 command is recedhved, the input registor

g internally resct o ol 15, fetting the wsor input andy date bytos that be
wanes o program with O hits.

After the command and address are inpud, data is inputt o the register.
Once all the date has been inpwt, we lEsve the confirm command {108}
and start the programming operation. A Frogram oporation fypically
requires 300 ps, althowgh & may reguire up go A0 us, &'s mandatory that
you read the status and check for successiul oporation. [f the operation
sn't suocessiw, fog the biock ang don't use it e the fufure. Mowe alf data
from the bieck to & goed block.

Random data input operation

The neoct command 5 the random data input command [25h) This
commang omly requires hwo byles of address followed by the date (Fig.
Sh its weeful when you want o jump around within a page, o accoss
ECC data, for axamaia. Randam data input can be wfed o fump o bhe
cnd of the page and write the BCC data. You can input as many address
and data combinations as neaded. s only wien the program confirm
commang (T4 i sswed that the data it actually programmed fo the
selecied page.

“iick ¢ for i, 8
5. Show is the Program command with random data input. The
fighlighted sechion shows that this command anly requires beo bytes of
address followed by the data,

Due to the NAND page's large size, partial page programming is necded
to store smaliorsired data. Each NAND page cowld accommodate four
PC-sized 512-byte seciors. The spare arca of cach page provides
additional storage for ECC and other imformabon. While it's advantageows
to write all fowr sectors at ance, its not altways possibla. An cxrample of
this s whoen you are appending a fite. The fle might start out as 512
bytes, with additona) data coming later, making it 1024 bytes. In this
cate, writing the socond 512 byhes would require @ second page program
pperation o the MARD dewice. The maimum specification for parbial
page programming s oight; this would accommodaie four data sectors
and ECC, aach programmed soparatedy.

Thara are o comman methads far staring data and spare formabion
in the same page (Fig. 8 The first containg a date area of 512 bytes with
the spare arca divectly adiacant to it The spare area in this case is 16
bytes. Tharafore, a 2112byhe page could cantaim fowr S28-byio
plements. The second implementation imvalves stoving the data and
spare information soparately. This means the 512-byhe data i stored
first, and the respochve spare mfarmakion for that data = stored at the
cnd of the array starting ot the beginning of the spare arca. The secand
512 bytes is stored next to the first 512, and the associated spare arca
for the socond 512 i shorad i the noxt 16-byte spare arpa. This
continues wtl alf fow 512-byle sectors are stored with Hheir respechive
1i-byte spare aross.

#5
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. Typical storage methods are shown.

Read operation

A read oporation starts with a4 command (04, fodowed by fve address
cycles, followed by the read confirm (2061, After the read ransfer tme
(A} of approximataly 25 ps, the data & loaded indo e register and
roady for owiput. fssuing the read enabie RER) clack lets the NARND
putput the first byfe corrasponding ho the column address specified in the
address, Subsequont RES fransitons output successive localions. When
RE® ig high fnof assorted), the Y0 lines are tn-stated. Also, reading past
the end of the device (byie 2112 or word 1056} resulls v reading mvalid
data. Randomn data can be directly accessed by sswing the (05h)
commang, bwo address cycies, and a (EdF confirmabon cpcle. Once the
page has been read from the array, this command prowvides rapid access
o Ehe daka.

The HAND dovice aclually has tao ragislors: a data registor and & cache
register (Fig. 7). The Page read cache mode command leds yow pipeiine
the next sequontial access from the array while cutputting the
prewiously-accessoed data. This double-buffored techinigque allows oo o
fude the read access time (ERL Data &5 frst ransforred fom the AAND
array to the data register. IF the cache register is avaifable fnot busy),
tha data is quickly moved from the dala register to he cache rogistor.
Once it's boen ransferrod o the cache register, the data rogistor is
available and can start to load the nest sequential page from the HAND
array.

g
e Bl eRRa] B ok

RS

Cama hees mka':‘wm Ao die

7. Shown 15 the page read cache mode.

A 3% performance improvement can be achioved on an $-hit ({0 device,
reswiing i up ho 31 Mhytests of thronghput. Wilth thed -bit KO davice,
throughput can be increased to 37 Mbytes's, a 40% improverment ower
the normal Page read operation. Bead cache can be cspecially wsehd
during sy=stem boob-ug, whan farge amawnis of data ave pically road
from MAND and staviup dme &5 criltical

Progrom page cache mode command

PFrograrm page cache made providos performance improvemant owver
normal Pragram page oporations. This douhle-buffered lechuigue loks the
controfier input data directly to the cache register and uses the dada
register a5 a holding register to supply the programming of the array.

#6



2007-07-25

hittp:/fwerw. commsdesign. comyds howhrticle. jhtmiFarticlelD=183700957

This frees the cache register so bhat the nout spquential page operation
can be foaded in paratel. in many applicabions, the grogramming &ime
(PROG) can be completely hidden. Lie he page read cache mode
commang, the dats registor maidntaing the data throwgh the entirg
Programming oycle. This frecs up the cache registor so that it can start
receining Hhe next page of data from the contralier.

Raad for imtornal data move (O0h, 38R, ar copy back, is anather wechul
system-level command. i prowides the ability o move data from one
page to ansther nfternally without faawing the MAMD device. The Acad for
internal data mowve oporation fransfors the data read froem the RAND
array o the cache rogistor. it can then be programmed into anotfer
page of the NAND device. This is beneficial in cases where the controfier
neods fo move data out of a biack hafore crasing that black. s also
possibie to modify the data read before the program operation starts.
This cowd be useful if you wanted to change the data before
programming. This fastura afows data ta be moved araund within the
RAND dewice without fying up the processar or the #0 bus.

Connecting MAND to a processor

There are significant advantages to selochng a processor or a controfier
with a builbin NAND imterface. IF this ophon S0’ svailable, @t's possible o
design a glueless interface between the NAND and almost any processar.
The main diferonce betseen NAND and NOR flagh is e muitipened
addross and data bus. This bus /s used o spocify commands, address, or
data. The CLE signal specifics command cycles, while the ALE signal
spectfics addvess oycles. Using these dwe condral signals, it's possible fo
splect & command, address, o data cycle. Conneching ALE o the
rocessor's addross bt five andg CLE to Hhe processor's address b fowr
crables the sofection of either command, address, or data simply by
changing the address that the processor outpats. This allows CLE and
ALE o be assericd automatically at the agprogriade Sma.

To supply @ cormmand, e processor outputs the intended command on
the data bus and output address 000 dh. To supply any number of
addross cycios, the processor simply noeds o owtput the indended KAMND
address sequence e processor address O0N0h, Mote that many
Processors can speciy several Bming paramaters around the processars
write signad, which is crikical for propar bming. Using this lochsigue, you
can access commands, address, and data direchy fram the procossor
without any glue fogic. In s case, EOC would have o be handled in the
software.

Murfti-fevwed coil

A Muli-fewvel cell (MLE) stores bwo bits por cell, versws fradifonal SLC0s
that can anly store ona bit. There ane abwviows density advantages for
MLC technofogy. Mowever, @t doesn't offer the specd or reliability of its
ELE counterpart (Table 20 Because of this, SLC is used in maost medva
cards ang wiraloss apoiications, while MLC devicos are typically fownd in
consumer and other fow-cast products.

Cifck fere for Table 3

As mentioned, NARD reguires BCC o ansure data integnty. HAND fach
inclides axtra storage an aach page. The extra stovage i the spare area
of 6d bytes (16 bytes por S13-byte sector). This arca can stare the ECC
code as well as other information e wear-leveling or fogical-to-physical
Blocie-mapping. ECC can be parfarmed in hardware or soffware, but
frardware implernentation prowides an obwvions perfarmance advantagpe.
During a programming aperation, the ECC unit calowlates the
prrarcorrecting cade based on the data stored in e sector. The ECC
code for the respecthve data arca is then wnitten lo e respechive spans
arca. When the dada i read owt, the BCC code is also read, and the
reverer operation is apoifed to check that the dals is corract.

s possibla for the ECC algovithm éo carrect data errors. The fnwmber of
prrors that can be corrected depends on e cormection strenghth of the
algorithm wsed. including ECC in hardware or software provides 2 robust
systam-leval safutian. Simpie Hamming codios provide the aasiest
frardware implernentation, but can only correct single-bit orrors.

Reod- Solomon codes can prowide & move robust orror correction and are
ueed on many of loday's cantrollers. Also, BOH codics are bocoming
popwlar due to their improved efficlency over Reed-Solomon.

Sonftware is necded o porform the NAND flash's block maragement. This
software s responsible for wear-develing or ingical-to-physical mapping.
The soffware may also provide the BCC code if the procossor doos not
include ECC hardware.
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t's impardant to read the stadus registor after @ grogram or arase
pporation, as & confinms successful compliction of the operation. if the
pparation wasn't successful, the black showld be marked bad and no
fonger usod. Proviowsly programmed data shoufd be mowved owt of the
bad block inte a now {goad) block. The spec for a 2-Ghyhe N4MD device
states that it could have ug o 40 bad blacks, a number that applics
throughout the dowvice's fife fnominady 100,000 programyforase cycles).
Due rmastly to their large die size, NAND dewvices can ship from the
factory with some bad bipcks. The soffware managing the dewice is
responsible for mapping the had blacks and replacing thom with good
blocis.

The factory marks these biocks in such a way that the software can scan
all e blocis o dedermime which ara good and which aran't The
bad-block mark is fored at the frst locatian én the spare area fcolurmn
iocation 2048). If focation 2048 in either page O or 1 is "nonfF,° than the
Bloci should be cansidarad had and mapped ouf of the system. The
inikfalization software simply needs bo scan through all biocks o
detormine which are bad and than build a tahie of these bad biocks for
fiture reforenca.

e fmmnrtant b bake cneeial cace and e erase the hankBloed macis The

MR M RO MR RS M RIS | R S MR E s M e BT e

Eorrie Blocks Hral ars wardred bad b B Fasbaos moaar e feebanal ot
X H & F

cortain tampersturetone, | BAGEE | Ak | Poccback | Sontad e

Fad-kard infarmapian e araend i ran'd ha e

Thirs are serarcal thivd aabCEYTGHE © 00T CRP Meda LLE o o rdar bt
ffmrin o Tarms and Condbions | Privacy Statement | ¥iour Cadlornia Privacy Rights
recoviry, PC-file compatibiity, BCC, bad-hiock managomant, directory
Support. and weardoveling. Some third-party NAND software wendors
inclirde Datalight fwwew.datalight. comj, CMY fwwwcmx.com), HOC
fwwhcc-embeddod com), and Blunk Microsystems

i bliurdrmicre. comy).,
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