21 July 2005 1 A METHOD OF SYCHRONI ZI NG READ TIM NG IN A H GH SPEED MEMORY
SYSTEM FI ELD OF THE | NVENTI ON The present invention relates g neéc?ol ly to

hi gh speed synchronous nenory systens, and nore particul arz]“yF Y2005
controlling the read | atency of nenory devices so that read-data from any
menory device arrives at the nmenory controller at the sane tine.

BACKGROUND h e fGEPs] trated in
Fig. I. Théwm@mmwm % a %%Fg;ﬂzubsystem
100p, and an expansion bus controller 510. The menory subsystem 100p and
the expansion bus control | er BEMORY SE8EEM| to the processor 500 via a

| ocal bus 520. The expansion bus controller 510 is also coupled to at

| east one expansion bus 530, to which various peripheral devices 540-542
such as mass storage devi pERLDHOFTIEINVENTEON aphi ¢ adapters, and
mul ti medi a adapters may be attached. The nenory subsystem 100p includes a
menory controller 400p and a plurality of nenory nodul es 301p-302p which

each include a plutalit of nepory.devices.. for .exanpl.e M1 101p and
" DRAM-2 102p for SU P%ﬁ%%%%&@%@?@%%gwmm

memory systems, and more particularly to controlling the read latency of

memory devices so that read data from any memory device arrives at the

memory controller at the same time.
BACKGROUND OF THE INVENTION

An exemplary computer system is illustrated in Fig. 1. The
computer system includes a processor 500, a memory subsystcm 100p, and an
expansion bus controllchlO.- The memory subsystem 100p and the |
expansion bus cbntrollcr 510 are coupled to the processor 500 via 2 local bus
520. The expansion bus controller 510 is also coupled to at least one
expansion bus 530, to which various peripheral devices 540-542 such as mass
storage devices, keyboard, mouse, graphic adapters, and multimedia adapters

may be attached.

The memory subsystem 100p includes a memory controller 400p
and a plurality of memory modules 301p-302p which each include a plurality

of memory devices, for example, DRAM-1 101p and DRAM-2 102p for
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-2- nodul e 302p. Each nenory device 101p-104p is a high speed synchronous
menory device. Although only two nenory nodul es 301p, 302p and aSSOCIated

signal lines 40lap, 401lbp, 402ap, 402bp, 403p, 406p, 407p &bk

Fig. 1, it should be noted that any nunber gf menory nodul es can be used.
1

Simlarly, although each nenory nodule is i

menory devices 101p-102p 03p 104 nmodul es 301p- 302p may
more or |ess ﬁ@ﬁgﬁiségﬂi Ccﬁﬁﬁﬁgﬁﬁ%@ |sPeed SimchERnQuson
have ei ght or nine nenory devices on each nenory nodule. Signal |ines
- 401ap, 401bp, mddeny detiz2b@lthaughidify twa neetsorysmodales30d pgd 302p bnd 150p,
whi | e si gnal Iines 406p and 407p are known as the command/ address bus

ween troller

lTustrated as having only two

have
may

151p. The dat gcdHs 49'.1%%%0%%)f%]2@§ ﬁo%eg{@érpylmpﬁs‘rg@lap,

401bp which is use to exc ange

400p and the nor gvi,ces, 101p- 104 ead data,is ut put fromthe nenory
modul es 301p, g@fﬂ'by’%\ﬁg deftishp M&W? @%ﬂmlmﬁ%@n cl ock

signal RCLK on the read cl ock si gnal | i ne 402ap, 402bp The read cl ock

si gnal RCLK i begsebr Similirlpyaltiomghesach ynaunaty mioidale i$ (ibstanet is havingionlyen t o

the farthest nenory rmdul e 302p fromthe menory control l'er 400p before

bei ng driven hé atshio: sz Pnddulésigigl to t

menory controller 400 Wlte ata 5 o putgfromth m)ry controller

he

400 d h d,t f nn e k signal WCLK on
400p and Sor | abhy niayIS0E SR0rE 57 18 e kiR 18951y RS a HpilE

configuration may have eight or nine memory devices on each memory
module. Signal lines 401ap, 401bp, 402ap, 402bp, and 403p, are known as
the data bus 150p, while signal lines 406p and 407p are known as the

command /address bus 151p.

The data bus 150p includes a plurality of data signal lines 401@,
| 401bp which is used to exchange data DATA between the memory controller
 400p and the memory devices 101p-104p. Read data is output from the

memory modules 301p, 302p and serally synchronized to a free running read
clock signal RCLX on the read clock signal line 402ap, 402bp. The read clock
signal RCLK is generated by the memory controller 400p and first driven to
the farthest memory module 302p from the memory controller 400p before
being driven through the remaining memory module(s) 301p to return to the
memory controller 400p. Write data is output from the memory controller

400p and serially synchronized to a free ranning write clock signal WCLK on



-3- the wite clock signal line 403p. The wite dock is generated by the
menory controller 400p and driven first to the cl osest negpr %ﬁle 301p
before being driven through the remai ni ng nmenory nDduIe(s)13é§§%
plurality of conmand signal |ines 406 is used by the nenory controller
400p to send conmmands CVMD to the nenory nottul es 301p, 302p. Simlarly, a
plurality of address signal |lines 407p are used by the nenory controller
to send addr eheeerite &loOR signat line #88pr Theowtiteedodoizgenenmd byrthe memeorpus 150p
or the command/ address bus 151p may have additional signal [ines which are

wel | known id@niRied0p AAE dNETRER 16 the cRgbs GhethbRafiod i 301 ROt

illustrated for sinplicity. The commands CVD and addresses ADDR may al so

et ore bei ng PRERRTSRUAERGER i teobRE ey BuRRERRY 165 ARl 7T

modul e. Each of the plurality of wite dock signal |ines 404p, the
plurality of command sgaal linead96 isipsesd byiduepmemesy sontrelleri4POprtossadand si gnal
| ines 406, and the plurality of address signal lines 407 is term nated by

a terninator chafinandsi CHDRY the nitmdr§shéddles 30 302presinibirig ey plugalicd bF- 104p

accepts a read command, data associated with that read conmand i s not

out put on the ,data .bu ti | | @E]i‘ sed.
. This time is aﬁ‘ﬁmm@dﬁggygeaﬁ%“%gtﬁ%c%g ac wn%“ngirlcft%ew ce p- 104p
has an associ ated m ni num devi ce, read _ | atency _but CSG-S%SS be operated at

a plurality diDBRta the memery madwdesc301pr$02p; The dats orthe
command/address bus 151p may have additional signal lines which are well

known in the art, for example chip select lines, which are not illustrated for
simplicity. The commands CMD and addresses ADDR may also be buffered
by an register (not shown) on the memory modules 301p, 302p before being
distributed to the memory devices 101p-104p of a respective module. Each of
the pluralitf of vﬁrite dqck signal lines 40415, the plﬁrality of data sig:alk lines
401a, 401b, the plurality of command signal lines 406, and the plurality of
address signal lines 407 is terminated by a- terminator 450, which may be a

resistot.

When a memory device 101p-104p accepts a read command, data
associated with that read command is not output on the data bus 150p until a
certain amount of time has elapsed. This time is known as device read latency.

Each memory device 1619-104;: has an associated minimum device read

latency but can also be operated at a plurality of greater read latencies. The




-4- amount of time which el apses between the tinme the nmenory controller

400p issues a read command and the tine read data arrives at ng nenory
controller 400p is known as systemread | atency. System r g’y %cy S
equal to the sum of a nenory device's 1.01p-104p device read | atency and
the signal propagation tine between the nevory device 101p-104p and the
menory controller 400p. Since nenory nodule 301p is closer to the nenory
control | er 40@mouheofdenowhicineapses BiRren tisetimenthe ynamotyoemtrbllép40a02p

| ocated on nmenory nodul e 301p have shorter signal propagation times than )
the nenory deyi Qﬁﬂéﬂ% E6m Virdiges! @gﬂm fHalfey dock °
frequenci es (iék'gésu%gg to g‘?&%astegggﬁ%), thluis&(ltlci3 feréy:%:% I n 1.si gnal
propagation ti ; beconme signifjcant. e to djfferences |n each nenory
vt o' 101p 4005 Yacwi gty deadiagncy SEwmIradiatmeg Kbl messm o =
signal propagation time of the read dock RCLK along the read dock signal

| i nes 402ap, 4P2menjeryrdeviatst H0lpHf4dp devicormabibiehd dGBthe sigmab | onger to
reach the nmenory controller 400p than data output from DRAM 1 101p because

DRAM-3 103 i s &anwﬁéﬂmc%%mﬁcﬂwgnm@&%ﬁ&@p t han

DRAM 1 101p),Pt e“menory devices co to the same"read dock signal |ine

(e.g., DRAM1 101p, an 3 103 may . h dif,fering systemread

| at enci es. FoF‘?HtFi‘Qjctf ol F’?‘%{“lﬁgéipl’sod%&g‘gc ¥ r ansact i ons
with a different systemread |atency for each nenory device 101{1- 104p
woul d make t heonteoitary4G0p thahym@eofy module 302p, the memory devices 101p, 102p

Q) C

located on memory module 301p have shorter signal propagation times than '
the memory devices 103p, 104p located on memory module 302p. At high
clock frequencies (e.g., 300 MHZz to at least 533 MHz), this difference in

signal propagation time may become significant.

Due to diﬁ'crcn@ in each memory device’s 101p-104p minimum
read latency as well as the differences in signal propagation time of fhc read
clock RCLK along the read clock signal lines 402ap, 402bp (e.g., data output
from DRAM-3 103p takes longer to reach the memory controller 400p than
data output from DRAM-1 101p because DRAM-3 103 is located farther away
from the memory controller 400p than DRAM-1 101p), the memory devices
coupled to the same read clock signal line (e.g., DRAM-1 101p and DRAM-3
103p) may have differing system read latencies. Forcing the memory

controller 400p to process read transactions with a different system read

latency for each memory device 101p-104p would make the memory




-5- controller 400p needl essly conpl ex. Accordingly, there is a need for an
apparatus and nethod to equalize the systemread | atency of tLEJ? %ﬁeorgory
devices in order to reduce the conplexity of the nmenory corkIrtY €495 sumvaRry
OF THE | NVENTI ON The present invention is directed at a nethod and
apparatus for equalizing the systemread I'g’t ency of nmenor y devices in a
hi gh speed nenory  subsystem The present inyentiqQn is directed at the use
of a pluralitgoatoflee40 BP@%@YW@F&’E"%MWh&%PG@ ALl at ency of
each nenory device. The flag signals are routed so that they have

equi val ent si gppiraptsapdgatthod tbieemalizesthielspstemereat] Htenky of theammeméryrenor y

devi ce according to the present invention will begin to output data

associ ated wi fe&i-H&I“&J C I Bﬂﬂg‘?ﬂd? B .eterm' ned
nunber of reay@édlg(e)sg cyc es%gﬁfeer&%?q?égg?’(/es t he ﬁg gFS’Ha. Thus, the

timng of the flag signal determi nes the device read |atency of the nmenory
device. A nenory controller according to the present invention wll
performa calibration routine during initialization. The calibration
routine is wused to determne the mninmumtimng offset required between
the read command and the flag signal which will permt each nenory device
coupled to the sane read SUMMIARREOFR THE INVENTIONY out put read data,
i.e., meet each device's mninmumdevice read |atency. Alternatively, the
mnimumtimng 21 July 2005 -6- offset nmay be predeterm ned and stored on a

menory (e.g., a seri ai’h@f;r%?@n%ﬁvcnﬁonisdirectcdatameﬂmdandapparamsfor

equalizing the system read latency of mcmory devices in a high speed memory
subsystem. The present invention is directed at the use of a plurality of flag
signals which controls the device read latency of each memory device. The flag
signals are routed so that they have equivalent signal propagation times as the
read clock signal . A mcmdry device according to the present invention will
begin to output data associated with a previously accepted read command at a |
predetermined number of read clock cycles after it receives the flag signal.
Thus, the timing of the flag signal determines the device read latency of the
memory device. A memory controller according to the present invention will
perform a calibration routine during initialization. The calibration routine is
used to determine the minimum timing offset required between the read
command and the flag signal which will permit each memory device coupled to
the same read clock signal line to reliably output read data, i.e., meet each

device’s minimum device read latency. Alternatively, the minimum timing




detect or SPD EEPROV), thereby permtting the controller to set a timng
of fset without having to performa calibration. The timng offset is used
during normal operation to control when each nenory device QJL&‘%%QO@ ead.
data. Since the flag signal has an equival ept signal propagation timng as
the read clock path due to a sinmilar path Tength and signal propagation

characteristic t he signa rQpagatjon tinme of the flag signal

Sutomat | cal | y ORses e Bs e mibrbayl fPEof 8 MOPS s s BIIAPRIERTE (| nes
between the nmenory devices, thereby ensuring that the nmenory controller
sees the sane dewgsoeSPDEEPROM)thefeby penmitting the yonkrollectacsetipitiotingo t he

flag signal. In an alternate enbodi nent, the flag signals are local to

h . . . P | Lo | d .
each nmenory SB%EJWt&%ﬂg@rf&m Mb?&cﬂﬁ”?ﬁ@hhﬂﬂg ofBefis¥s&p | Ocated.

on the nenor Under” tHis systemthe flag signdls are associ ated

wi th the nmenory .nodul e and serve to alize, the | atency of the nory
devi ces of eadHmRERGhoRRTREoD Kppontrolidic dach Remmery gV e
forgoi ng and ot her advantages and features of the invention will be nore

cl early under stataoBitcathetflag signal bas ancequivalent signdbpropiagation tisiing las the
i nvention which is provided in connection with the acconpanying draw ngs.

21 July 2005 rdad clédipath dud 8 dMifil phiR hgth ahd bidpagatié®put er system
with a high speed nenory subsystem™ FIG "2 is a bl ock diragram of a high

speed eMory Syt e 86SOY ihal Bropabhdci aSE S thER snal BecRbRRHY
compensates for the difference in signal propagation times between the
memory devices, thereby ensuring that the memory controller sces the same
system read latency for each memory device couplcdlno the flag signal. In an
alternate embodiment, the flag signals are local to each memory module and
generated by a flag generation logic also located on the memory module.
Under this ws&rﬁ the flag signals are associated with the memory module and

serve to equalize the latency of the memory devices of each memory module.

BRIEF DESCRIPTION OF THE DRAWINGS

The forgoing and other advantages and features of the invention will
be more clearly understood from the following detailed description of the

invention which is provided in connection with the accompanying drawings.




FIG 3 is a block diagramillustrating a nmenory device of the high speed
menory systemshown in FIG2; FIG 4 is a flowchart illustrating how a
menory device responds to a flag signal; FIG 5 is a bl ock &
illustrating a highspeed menory system. acgording to a second enbodi ment
of the present invention; FIG 6 is a block diagramillustrating a high
speed nmenory system ordi ng, t third enbodi mrent of the present .
Thvention b1 & 7 T B0 & Binck sfagrar MluSiing A gomeRisg ROt high
system according to the fifth enbodi nent of the present invention; and FIG
8 is a bl ock sficadmaamodylsubsystatri;ng a hi gh speed nenory system according to
t he sixth enbodi ment of the present invention. 21 July 2005 -8 DETAI LED
DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS Now referring to the draw ngs,

where |ike reference r; ﬁﬁ‘ﬁ'nt 1 ts?&gﬁ i 3 in
Fig. 2 an illustrati cl)-?leb lﬁinﬁggrrp ary @fr#e rfﬁgugsyg[tﬁ)e% 0 adccéglr%c#%g to
the first enbodi pent of .fhe present invention. The nenory subsystem 100

i ncl udes a netf? EGW?’PG‘W@F%@%‘PWWF% ts a plurality of signals
over the data bus 150 and a commuand/ address bus 151. The data bus 150
includes a plurality of flag signals FL1, FL2 which are transmtted using
a correspondi ng pl ur FIGt § isof blokk diagramrilbistiatingsa diedmort @evicEaf thd high si gnal
line is associated with a correspondi ng

speed memory system shown in FIG 2;

FIG. 4 is a flow chart illustrating how a memory device responds to

a flag signal;

FIG. 5 is a block diagram illustrating a high speed memory system

_according to a second embodiment of the present invention;

FIG. 6 is a block diagram illustrating a high speed memory system

according to a third embodiment of the present invention;

FIG. 7 is a block diagram illustrating a high speed memory system

according to the fifth embodiment of the present invention; and

FIG. 8 is a block diagram illustrating a high speed memory system

according to the sixth embodiment of the present invention.




read cl ock signal line and the nenory devices coupled to that read cl ock
signal line. For exanple, flag signal FL1 is transmtted aon fla I gnal
line 404 and is associated with the read dock RCLK transmi4lt %ﬁ)read
clock signal line 402ap and nenory devices M1 101p and DRAM 3 103p.
Each menory nodul e 301, 302 is coupled to the nemory controller 400
through the data bus 150, including the plurality of flag signal |ines
404, 405. It should be noted that although Fig. 2 (as well as Figs. 5-8
which are directed to alternate enbodinents) illustrates a specific
routing scheme for the command signal |ines 406 and address signal lines’
407, the pri ndPEIALED (PESCRIBFTHON OFEHE PREFERRED EMBODIMENTS 0
alternate routing arrangenents. For exanple, the command signal l'i nes 406
and address signal |ines 407 may be routed in 21 July 2005 -9- parallel to

each of the nenory deypwEsef 21% 5:%::9 a Eggl ster (not
shown). Fig. 3 |s a m)Pe t al Bjtglkgl agra of onei&? Nenory dules 101
shown in Fig. l-ary enbodi nen t he nDry deV|ces 101- 104
are Advance H% |ﬂ§<‘g9$ "gh%mmme frasy qremplaryt ¢ he
present invention may be incorporated into any type of synchronous menory

devi ce. An ADmemenpisybsistim d 000k cording tethedfirsoembolinvint of ithie 1|i’1@£&1
(i ncluding address decoders) coupled to the read clock signa i ne 402a

E)Pecomrrlir;lg C!siﬂglr%iﬁbllglngiggl !5118% aﬁ%b he ];:) ural ity o#{]a{gg ess Sl gna :Jlr ﬁlalst y
407. The contyoly transmits a plurality of signals over the data bus 150 and a
command/address bus 151. The data bus 150 includes a plurality of flag
signals FL1, FL2 which are transmitted using a corresponding plurality of flag
signal lines 404, 405. Each flag signal line is associated with a corresponding
read clock signal line and the memory devices ;ouplcd to that read clock signal
line. For example, flag signal FL1 is transmitted on flag signal line 404 and is
associated with the read clock RCLK transmitted on read clock signal line
402ap and memory devices DRAM-1 101p and DRAM-3 103p. Each
memory module 301, 302 is coupled to the memory controller 400 through
the data bus 150, including the pl'urality of flag signal lines 404, 405. It
should be noted that although Fig. 2 (as well as Figs. 5-8 which are directed to
alternate embodiments) illustrates a specific routing scheme for the command
signal lines 406 and address signal lines 407, the principles of the present
invention are also applicable to alternate routing arrangements. For example,

the command signal lines 406 and address signal lines 407 may be routed in




circuit 2000 may be coupled to additional conventional signal |ines which

are not illustrated in order to sinplify the figure. The ADT nenpry device
101 also includes a wite data path 2002 and a read data d%&ﬂ“& , both
of which are coupled to the data signal line 401 a and a plurality of
menory arrays 2001 (via I/O Gating circuit'%OOG.) The read data path 2004,
which is also coupled to the read clock signal |ine 402a, includes a
serial i zer 20@@raliohie hachoofithe raernory gdevices (1O - 104, and boxibé buflered byl ural ity
of menory arrays 2001 into the serial data output on the data signal |ine

40l1a in synchiegike( bt showhp. read clock signal RCLK Simlarly, the wite
data path 2002, which is also coupled to the wite clock signal |ine 403,
i ncludes a parallelizer 2003 which converts serial wite data fromthe

data signal |ine 40la.inta parallegl .data. 21 Jul 5 -10- The nory
device 101 uses the | Fifh 3df Baere 3 AP ATPR oM 4B o, n ¢ he
output of data associated with a previously accepted read conmand. The

menory devi ce 10Aeshewn indégi 2 s In theicxemplagyembedioent,thd nigmonyalevicas hglof t he
flag signal FMon the flag signal |ine 404. More specifically, the nenory

device's 101 qoatire/AdvahceDRAMOCRABRRY (AIFT) d&ids. dBowdves, thePHrcipRsbegi n

outputting data associated with a previously accepted read comand at a
pr edet er mi ned nber of .read.clock,cycles after the flag FLI has been
Peserted ot REAH RiysSt Tt @5 b i6cdBo Rt fove o M syl Fi g 5
whi ch begins at step 1001 when the nmenpry device accepts a read conmand
transmtted oveemeryedgyicer An APTHmemory device 101 includes a control circuit 2000

(including address decoders) coupled to the read clock signal line 402a, the
write clock signal line 403, the flag signal line 404, the plurality of command
signal lines 406, and the plurality of address signal lines 407. The control
circuit 2000 may be coupled to additional conventional signal lines which are
not i.llustr‘.la.tcd in order to simplify the figure. The ADT memory device 101
also includes a write data path 2002 and a read data path 2004, both of which
are coupled to the data signﬂ line 401a and a plurality of memory arrays 2001
(via I/0 Gating circuit 2006.) The read data path 2004, which is also coupled
to the read clock signal line 402a, includes a serializer 2005, which converts
the parallel data read from the plurality of memory arrays 2001 into the serial
data output on the data signal line 401a in synchronism with the read clock
signal RCLK. Similarly, the write data path 2002, which is also coupled to the
write clock signal line 403, includes a parallelizer 2003 which converts serial

write data from the data signal line 401a into parallel data.




command signal lines 406. In step 1002, the control circuit waits until the
flag signal FL1 has been received. After the flag signal is received, in
steps 1003- 1004 the menory device waits a predeternined n#fbdty 8905 ead
cock cycles before outputting data. In the exenplary enbodi nent, the nenory
device 101 will begin to output read dataPour read dock cycles after
receiving the flag signal FLI. However, a different nunber of el apsed read
cl ock cycles may be E?gemcmyldovige 381 ubns tha flagrsignal FRd asammeftor each
menory devi ce 101-104 and includes sufficient tinme for the nenory device

101-104 to oufewrmikewhes 8 BeEiAdthé dhgut bF BatOREG@Ated WAHDS pt&iowly®MOry
device's 101-104 device read Tatency set via the flag signals FL1, FL2 is .

determned in |ibration 21 ly 2005 -11- procedure perf,orned by the
memory. cont r ot Reprs adbfildia, "the'giaey aetice BRGFRL MR Y | o
the menory controller 400 determ nes a timng _offset between when it

i ssues a r eaddetsrmingd bytheiming of the SagsignaliFlal) oni the flag sigeal line #04enor y

device. The timng offset will equalize the systemread |atencies of the
nenory devi CeMdre-s?c i rhébhof dbvioRANIA ddéttrol Rl J000 @ukéserheane fl ag
signal line (e.g. Tlag signal Iine 404). The calibration process is

Phe. momory coeer s pdiyos e et ahdperili e ik ® it SRRIRD' 02, CC"

(e.g., DRAM 3103) located farthest fromthe nenory confroller 400 of the
memory devi ceXcepisg) ead command at a predetermined number ‘of read clock cycles after

the flag F1.1 has been asserted on the flag signal line 404.

The process is illustrated in Fig. 3, which begins at step 1001 when
the memory device accepts a read command transmitted over the plurality of
command signal lines 406. In step 1002, the control circuit waits until the flag
signal FL1 has been received. After the flag signal is received, in steps 1003-
1004 the memory device waits a predetermined number of read cock cycles
before outputting data. In the exemplary cmbo;liment, the memory device
101 will begin to output read data four read clock cycles after receiving the flag
signal FLL1. However, a different number of elapsed read clock cycles may be
used, as long as the number is the same for each memory device 101-104 and
includes sufficient time for the memory device 101-104 to output the

requested data.

The control timing for a memory device’s 101-104 device read

latency set via the flag signals FL1, FL2 is determined in a calibration



flag signal line being calibrated (e.g., flag signal Iine 404). The
calibrate command is a special read command whi ch causes the ne y device
103 to output a reference calibration pattern. The refere ehﬁaﬂﬁ%ration
pattern is formatted to pernmt the memory gentroller to easily identify
when data first arrives at the nmenory controller. In the exenplary

enbodi nent nenpr ddevic 103, ,returns 8-hits @f da&?ﬁger gad command. The
nenory devi ce BEFSCUHE| f@ﬁgba MEPeL) OPTAFIAL: aptes SBERal i nes
40l1a to the nmenory controller 400. A good calibration pattern would pernit
the menory coisitializamon.t At sach tie; Sroyanory congrolieh ¢00 idetermiings aofimiiag a
arrives at the nenory controller. In the exenplary enbodi nent, the

preferred ref esfeeBetvlehWitdn RissubPd teafl Rommahdiidewhéh sl 4 gy Eighat bi t

which arrives at the nenory controller is 21 July 2005 -12- set  t0 one
state and the genmining bits .are~set.t.0 adifferent.state. Thus ,(binary)
01111111 or ( HOREFY) PEBIBEOBE o as ting Skt wullicgpalize e srermirad  The
choi ce between these two pattern may be influenced by the bus

archi t ect ur e. lpspciex afifieanemery deviessdmg dPRAMH o) hand DRAM-2403) bus 150
s a "pull-up" bus which has a natural logic state of "1". Thus, the

pattern (bi nm‘dﬂbl:&kbkh&kﬂmb@db@i%ﬁl lisleqd.g. Hag GRrnialEnO#04). t THEcAdibrition\oul d

appear on the bus is if it were being driven onto the bus. However, if the

he-prof er rd HarEe SYRHIHEh 2Rak Mtk bR B ©) 0000000" As i he memory |

controller 400 issues the calibrate command, it al so

The calibration process begins when the memory controller 400
sends a calibrate command to the memory device (e.g., DRAM-3 103) located
farthest from the memory controller 400 of the memory devices coupled to the
flag signal line being calibrated (e.g., flag signal line 404). The calibrate
command is a special ror;ad command which causes the memory device 103 to
output a reference calibration pattern. The reference calibration pattern is
formatted to permit the memory controller to casily identify when data first
arrives at the memory controller. In the exemplary embodiment memory
device 103 returns 8-bits of data per read command. The memory device 103
drives the data serially across the data signal lines 401a to the memory
controller 400. A good calibration pattern would permit the memory
controllcf to easily recognize when the first bit of data arrives at the memory

controller. In the exemplary embodiment, the preferred reference calibration

pattern is a byte in which the first bit which arrives at the memory controller is




si mul t aneously asserts the flag signal FLI on the flag signal |ine 404.
When DRAM 3 103 receives the flag signal, it begins to oufé)ut tEg
calibration pattern after the predeterm ned nunber of rea e %cl es

el apses. The flag signal line 404 is routed ,so that a the flag signal FLI
will return to the nenory controller 400 épts'er It has traversed each of
the nmenory devices 103,101 coupled , to the flag signal |ine 404 associ ated
with the fl ag ScsiqpRas statsan FeaRIng:bisy yre sehtq teeddiSes t he
returning flag signal FLI it will attenpt to read the calibration pattern
of f the data gbiyaay) 01114140 lor (bimbtys 10006000 enmildriv gl calibbationopattezis] dock
cycles has elapsed. If the reference calibration pattern is detected, then

t he predetermmdcqygw Sy i&sfﬁy Is l,ei ent device
read | atency for the nent%v%ngjew ce‘gg u|‘§hg§8é %% 1%§%Eg|§oerate
properly. If the.reference calibratjon patiern has, not peen detecte t he
nenory controlaffz\"tc&%ﬁ'l Q& example, ip cﬁ‘gﬂpéﬂb%tﬁoéﬁﬁﬁcmoﬁlﬂﬁg&rly,
resulting in an attenpt to operate the nenory device 103 at a device read

| at ency f ast eiis 4 fipmll-upZ bus whichnbhadenateral kogic sateof §1”.| Thudjithe pasern t he -
menory controller 400 therefore repeats the above described procedure with

i ncreasi ng nurbRanA011329) YAIHIEKE el SRédBR %@adbﬂgvaﬂdtgﬁgg&%ﬂ brate

command and t he sending of the flag signal FU until the refer
calibration pattern.i.s. properly received., The ry controller 400 then
epeats the B Bubisfic NereoHAE dHEER o8Ot b nEOeVE: FG chous Lo
coupled to the sane flag signal |ine. '

were constructed so that its natural logic state were a “0”, the preferred pattern

would instead be (binary) 10000000.

As the memory controller 400 issues the caﬁbmm command, it also
simultaneously asserts the flag signal FL1 on the flag signal line 404. When
DRAM-3 103 reccives the flag signal, it begins to output the calibration

pattern after the prcdctcrinined number of read clock cycles clapses.

The flag signal line 404 is routed so that a the flag signal FL1 will
return to the memory controller 400 after it has traversed each of the memory
devices 103, 101 coupled to the flag signal line 404 associated with the flag
signal FL1. When the memory controller 400 receives the returning flag signal
FLI it will attempt to read the calibration pattern off the data signal line 401a
after the predetermined number of read clock cycles has elapsed. If the
reference calibration pattern is detected, then the predetermined number of

read clock cycles imposes a sufficient device read latency for the memory device




The nmenory controller continues the process with the next closer nenory
device coupled to the flag signal line 404 (e.g., DRAM1 101) until the
calibration procedure has been perforned on the closest nerdrduhiéixe
coupled to that same flag signal line (e.qg.,,flag signal line 404). For
each iteration, the nenory controller 400':1313d0pts the final timng offset
used in the revious iteration as the initial timng difference. After the
cl osest mem)rgm fQAREEALE proper. he coealibmasion patensrhes @gt boen hi s
procedure, the final timng offset is adopted by the nenory controller 400
f or conduct i ngletested, the eesmry iconsrollpooonichelesreinayriie dagisipeal PhUMag derdto t hat
flag signal lie (e.g., flag signal line 404). This timng offset causes

each memory deuh eag etk ioud BeempeiPold:ag ol | A6 §agee! 9!
i ne 404 and rrem)ryyc’devi ces DF!AI\/#clrn 1 JO y O%E%%owlﬁ%ﬁ%ﬁ%{ ©tc be
operated at the mnimum dey, ce. read | atency of Ge sl Qqwest nenory devi ce
of that set OP%%PW%WM‘%WW(&Y%%Q‘@ FRRcy- gPégﬁgéﬁceﬁhc\Mth

equi val ent signal propagation characteristics as the read clock path due
to a simlar pamsotysegtrollend0q thereforqroppatyabée sbowhdesaribed padcedure witke

signal propagation delay of the flag signal automatically conpensates for

the differenggrisi iﬁﬂﬁﬁct%ﬁ@ﬂﬂ%@ﬂy&&%@é@&%ﬁeﬁﬂiﬂ%ﬁ? Ainlaees (e. 9.,
DRAM 1 101 and DRAM3 103) coupled to the sane flag sighal line (e.g.,

e momary aoboEEBREsar B sGRRPR of e Boe Al A E bl s bes colraiBrnin 1

101 and

pattern is properly received.

The memory controller 400 then repeats the above procedure on
cach of the remaining memory devices coupled to the same flag signal line.
The memory controller continues the process with the next closer memory
device coupled to the flag signal line 404 (¢-g-» DRAM-1 101) until the
calibration procedure has been performed on the closest memory device

~ coupled to that same flag signal line (¢.g., flag signal line 404). For each
iteration, the memory controller 400 adopts the final Gming offset used in the
previous iteration as the initial timing difference. After the closest memory
device (e.g., DRAM-1 101) has been calibrated by this procedure, the final
timing offsct is adopted by the memory controlter 400 for conducting read
transactions upon the memory devices coupled to that flag signal lie (e.g., flag
signal line 404). This timing offset cause§ each memory device coupled to the

same flag signal line (e.g., flag signal line 404 and memory devices DRAM-1




DRAM 3 103 are both coupled to the sane flag signal line (i.e., 404) and
DRAM 3 103 is the farthest nenory device fromthe nenory cor?gg[ﬁ&épr 400.
During the first step, the nmenory controller would sinulta end t he
calibrate conmmand and the flag signal FLI . 4'_I'he control circuit 2000 of the
menory devi ce 103 causes the nenory devi ce 6 out put read data at a

predet erm ned_nunber of read dock cycles follown he fla i gnal,.,ln the
exenpl ary enbd@lnDRAMnE 1034 8¢ be opehted At thsdpinu ﬁ&%%ﬁg%&f@? | f
the calibration pattern is not properly received by the nmenory controller

400 four cycklewesf inemdrideviee bfitintser 4f memsiydetices! Sirics theflag signakt t he -
menory controller 400, this nmeans the nenory device 103 was not ready to

output read ?a[;%gg{ﬁﬁ e i BFopd chiacleREm s B6Y il dock03
m ni nrum devi cg u wgbg@%@@%ﬁ% gﬁcgnhad not been satisfied. The
menory controller 400 therefor sends anot her cal i.brate command, but
transmts thePthgueton Paﬁs#cﬁg&amﬁﬂ@ﬂiwm??ﬁ > %1 easi ng
t he del ay between the read coormand and the flag signal FL1 by one read

dock cycle. Thignphmopagation delpeaf et flagtsignal hutomaticalfi eompensgtes for thej s
detected at the nenory controller 400 four dock cycles after the nmenory

controller re&ﬁfc‘f&fccti%%\iﬁ:ﬁl Hflcg;ggg?{,ﬁ fithes af{tHg the'menbiysddvides (@g.,i s equal to
evice a

operating the nenory its mnimumdevice read |atency. The
t I 4 h C Li i Ri.
RN RO T A e

flag signal line 404).

For example, in the system illustrated in Fig. 2, the memory 400
controller would first calibrate DRAM-3 103 becanse DRAM-1 101 and
DRAM-3 103 are both coupled to the same flag signal line (i.c., 404) and
DRAM-3 103 is the farthest memory device from the memory controller 400.
Dun'né the first step, the memory controller would simultancously send the
calibrate command and the flag signal FL1. The control circuit 2000 of the
memory device 103 causes the memory device to output read data at a
predetermined number of read clock cycles following the flag signal. In the
exemplary embodiment the predetermined number is 4 read clock cycles. If
the calibration pattern is not properly received by the memory controller 400
four cycles after the retiurning flag signal FL1 is detected at the memory
controller 400, this means the memory device 103 was not ready to output

read data at the specified time, i.c., the memory device’s 103 minimum device



continues with the next closest menory device and is conpleted when the

cl osest nmenory device has been calibrated. In this exanple, 6%

cl osest nenory device is DRAM 1 101. For each renai ning me?ﬂ)?@ gg ce
being calibrated, the initial delay betvve_? the read command and the flag
signal being is set to the final timng of ¥et used for the previ ously
cal i brated nenor device. In the exanple, the nenory controller 400
continues the féﬁi/ lagengyihsel anr §%u8@ydc£ehctfpampﬁgcqamuc1 é menory
control  er 400 sends a calibrate command to DRAM 1 101 and waits one read

dock cycl e bekeids idoth&etulibrith eoinntgidshgr@dnsirits the fagisignal Fideusis@a cl ock

timng difference was the final timng difference used for the previously
calibrated ne % ggm;c ation
pattern is not pr og‘gﬁﬂ%ﬁﬁ(égé‘u veol‘11 éjﬂ?&% ?@ ﬁﬁamarmry c%% rol | er
400, the nenor ont r ol 400 cont| nues S cali,brate co ds to
DRAM 1 101 us Fiy a8 1 by on redb ekt “Ehe paress ip rater YL B
command and the flag si gnal FLI for each calibrate command. Suppose the

menor y- cont r okilisrad6f patetn ishdeestahat the abemorynommnidler 400 BRraMkigdebef or e
the reference calibration pattern has been properly received- at the

Menory control‘,&g{ Thi SSENYG 3ht réfuRfin®h ﬁ%uﬂfFL:i TRBY

cycl es between I:hclj{éhk:lﬁlbratu'ce) com‘rgﬁﬁél&ébﬁd trrfe f % g (since the gfl rst
calibrate comrand ts t.he |mn previ aus ne Ie whi ch
is equal to a'f (F*‘ H@é@ﬁh‘ﬁ%‘b‘?’%

I ncreases the tim ng by 1 read clock cycle to 2 read dock cycles, and
finally the latency.

...)

The memory controller 400 then proceeds to calibrate the
remaining memory devices coupled to the flag signal line 404. The calibration
continues with the next closest memory device and is completed when the
closest mémOry device has been calibrated. In this example, the next closest
memory device is DRAM-1 101. For c@ remaining memory device being
calibrated, the initial delay between the read command and the flag signal
being is set to the final timing offset used for the previously calibrated memory
device. In the example, the memory controller 400 continues the calibration
process by calibrating DRAM-1 101. The memory controller 400 sends a
calibrate command to DRAM-1 101 and waits one read clock cycle before it
sends the flag signal FL1 because a one read clock timing difference was the
final timing difference used for the previously calibrated memory device (i.e.,

DRAM-3 103). If the reference calibration pattern is not propetly received by




third calibrate command increases the timng by yet another read cl ock
cycle to 3 read dock cycles). Since DRAM1 101 is the closes‘ﬁ rrgé%ry
device coupled to the flag signal line 404 the calibrati or?1p W has
been conpleted for the nenory devices couplgp to this flag signal line
404. In normal operation the nenory controifer 400 will assert the flag
signal FL1 3 read clock cycles after it sends the read conmand, and the
dat a returned B BeRRreorsralies 400 the memyory camyolley4li) contipmes sagend) to 1 ag
signal line 404 will have the sane system | atency. The above descri bed
procedure is pelibpateredminunde 8c DEANM10Jnaing inteeasing.réad tloky cytlgrotsetsi ne
405). For exanple, in the systemof Fig. 1, flag signal FL2 1Is used for
menory devi ces,ddRAMA m%# . sgéﬁﬁ lyys -bﬁycy 2005 -17-,
nmenory controlstrer calﬂlkgfkg?gg eac %Td;gl%lflhge |rru%?'tlafﬁlé%us ‘3'2/&1 e menory
controller may al so adgpt the maxi numof the fjpal timng offsets for, the
flag |ines as® gBPP‘?FFﬁBC 8?%%?-‘98?"9%4@‘& Wéhw‘fq“’é!gr?tF cemmantdse by
permtting the nenory controller to operate the entire nmenory systemwth
the same systtenDRAME}03 Greforathe atfereinct balibiratiom patberni lmasthen propergby ural ity
of flag signals FL1, FL2 have equival ent signal propagation tines as the

plurality of readvéd ke mBidoly coh &E%ﬂm@bﬂaﬁ Birlin J%c the
equi val ent propag‘étion tiIrlr!es ag t he rread dock Signa ?QCI_K gge ?gys
synchroni ze data,output .fromthe. nenpry devices, 101104, the . fl.ag signals
FL1, F12 auto W@mgg}gnecﬁgrymcommmdmdlﬂm(hzgmgud(smgc%c

first calibrate command adopts the timing from the previous memory module,

which is equal to a 1 read clock cycle delay, the second calibrate command
increases the timing by 1 read clock cycle to 2 read clock cycles, and finally the
third calibrate command increases the timing by yet another read clock cycle to

3 read clock cycles). Since DRAM-1 101 is the closest memory device couplc_d
to the flag signal line 404 the calibration process has been completed for the |
memory devices coupled to this flag signal line 404. In normal operation the
memory controller 400 will assert the flag signal FL1 3 read clock cycles afterit
sends the read command, and the data returned by each memory device
DRAM-1 101, DRAM-3 103 coupled to flag signal line 404 will have the

same system latency.

The above described procedure is performed for each flag signal line
(e.g. flag signal line 405). For example, in the system of Fig. 1, flag signal FL2

is used for memory devices DRAM-4 104 and DRAM-2 102. Preferably, the



for the difference in signal propagation tines between the nenory nodul es
301, 302 of the nenory subsystem In the enbodi nent illustrat ef f@é Fig. 1,
the plurality of flag signal |ines 404, 405 are routed parér’l‘llJély St he read
dock signal |ines 402a, 402b to ensure that the plurality of flag signal
|l ines 404, 405 and the read cl ock signal F7nes 402a, 402b have equi val ent
propagation tinmes. Fig. 5 shows a second enbodi nent of the nenory subsystem

100' of the inrereonycontrofarcalibmseseach flagdinesimoltanaanslye The mémetye out goi ng

read clock signal RCLK on the outgoing read clock signal line 402" from
the nenory cephtrliéhayiiSo hlopt tHO staxlitifinest the ¥inal iy oketh firfthe MAR1 i s a
| ow del ay device which generates a plurality of read dock signals K on

the pluralit re I i ' Q i ' .

i‘denti cal pha%“a%%?&%@ﬁ%@ﬁ?ﬁg e??ﬁg‘? ag%%/’m&%&ﬁ%* Péc}‘(;%l é%k
signal RCLIC. The plurality of flag signals Iines 404, 405 are initially
rout ed paral | e memarg contigller to epgEath the eritire anesapIkssysica withjthe same' f rom
the nenory controller 400 to an area near the clock buffer 401. The
plurality of §ysegnddteil |ines 404,405 are then routed parallel to the
plurality of read dock signal |ines 402a, 402b. This arrangenent maintains
the equival ent propagation tinmes between the flag signals FL1, FL2 and the

o “the Tvent fon 15 i ettt b 8hETE e P eblfioybr e MR AT 7

enbodi ment uses_a dock buffer with a flag.repeater 401'. Thus, the
out goi ng r eadFlddiave egwixplent signal propagation times as the plurality of clocks

RCLK. Since the flag signals FL1, FL2 have the equivalent propagation times
as the read clock signal RCLK used to synchronize data output from the
memory devices 101-104, the flag signals FIL1, FI.2 automatically compensate
for the difference in signal propagation times between the memory modules
301, 302 of the memory sﬁbsystcm. In the embodiment illustrated by Fig. 1,
the plurality of flag signal lines 404, 405 are routed parallel to the read clock
signal lines 402a, 402b to ensure that the plurality of flag signal lines 404, 405

and the read clock signal lines 402a, 402b have equivalent propagation times.

Fig. 5 shows a second embodiment of the memory subsystem 100’
of the inventon. The ;ncmory subsystem 100’ routes a single outgoing read
clock signal RCLK’ on the outgoing read clock signal line 402’ from the
memory controller 400 to a clock buffer 401. The clock buffer 401 is a low
delay device which generates a plurality of read clock signals RCLK on the

plurality of read clock signal lines 402a, 402b with virtually identical phasing as



RCLK' as well as the plurality of outgoing flag signals FLI', FL2' are
initially routed parallel to each other, fromthe nenory controller 400 to
the dock buffer with flag repeater 401'. The dock buffer wetuly R

repeater 401' then retransmts these signalg as the plurality of read
clock signals RCLK and the plurality of flé{g' signals FL]., FL2. The dock

TR R T At A g e e g Piggile oo <

Now referring to , there'is showmn a nenory subsystem 100" according ,

to an enbodi e, éﬂgiamlqmdgemmcdpenﬂehn the sinipie butgoing tead clock

FL1,' FL2 are generated by an internal |ogic 410 on the nenory nodul e

i nstead of t h@EnERODP Yromd Bid flenss :roﬁlemédagaﬁm&ll g}rﬂbe%%% %100

each 21 July 2005 -19- nenory nodul e g., menory no are
|(ndependent fﬁ%glﬂta Q ESﬁong,anﬁ #9294{1% aI SBIOrgHOt her g}o&é nmodul FS
e.g nmenory 6@% ”‘tchatf#gi SI gna

| ines 404, 405 of other nenory nodules. The nenory subsystem 100"' shown

in Fig. 7 is Plpsaligaf ycadadoaksmhlbmcsrﬁﬂiméﬂﬁys%marﬁmgtmentmﬁhidmm&mry

system woul d have a smaller timng skew, it is possible to use a smgle

clock CLIC osquivileskpsipdgation tinii8 bteween R geﬁ als Eleﬂ*m?dec[n"]ﬂ{&h not

restricted to small nendory systens. In a lar mory ‘sys e single

cl ock signal ghg EB i nal |ine 402" can be replaced by
I ndependent rea & mﬁﬁgﬁgf%gp@me function of the internal logic 410 of
each nenory nodule is to

Now referring to Fig. 6, a third embodiment of the invention is
illustrated. The memory subsystem 100” of the third embodiment uses a
clock buffer with a flag repeater 401°. Thus, the outgoing read clock signal
RCLK as well as the plurality of outgoing flag signals FL1%, FL2” are initially
routed parallel to each other, from the memory controller 400 to the clock
buffer with flag repeater 401°. The clock buffer with flag repeater 401° then
retransmits t.h_cse signals as the plurality of read clock sigﬁa]s RCLK and the
plurality of flag signals FL.1, FL2. The clock buffer with flag repeater preserves
the equivalent signal propagation timing relationship between the read clock
signals and the flag signals.

Now refetring to Fig. 7, there is shown a memory subsystem 100’
according to an embodiment of the present invention in which the flag signals
FL1, FL2 are generated by an internal logic 410 on the memory module

instead of the memory controller 400. The flag signal lines 404, 405 on each




generate internal flag signals FL1, FL2 which can be used to equalize the
device read |l atency of the nenory devices (e.g., DRAM1 101 and DRAM 2

102) within a menory nodule (e.g., menory nodul e 301). The €afU%FHI on
process is nodified so that noves between tgg menory devices in the sane
menory nodul e. For exanple in menory nodul’@301, the calibration process
may begin with the "top" nenory device DRAM, 1 1 conti nue
until the "bomemorymodile (st +@srr(@ygw<fﬂipiﬂilhaﬂfd§° &%eé?wtbﬁubrated.
This procedure therefore ensures that each nenory device (e.g. DRAM 1 101

and DRAM 2 1080bre§§oxﬁmngngﬁﬂHldnaathamcnmmgdtﬂuo(ulge, mafd)y inedofer at ed

with the sane device read [atency. Thus, after calibration, a 21 July 2005

-20- nmenory CQQE? %%Q&C%wcgy@[@%?n@%%ag%gl Al ngr@gyofj@&bpe fromthe

sanme menory nm amne 's cy. If the menory system

100"" is to be applledt g menor th in .re sed
i nt er - nodul e mqu@raéu@ %CdHﬁPPWOW)(’Fﬁt&BFﬁ)&E \l%o d?gpé"laﬂ%k CLK"
on signal |line 402" with independent read and wite cl ocks t he

i nter-nodul e ﬁﬁisMéanbymeSﬂmmmdkhmewmmmai so be
adopted. The calibration procedure of the other enbodiments are applicable

to a Large nmegn W f,f 1k 88 ugé alslIdEB8SCCL RS S LIRE bignal

However, since Si gnal 1 nes which run fromthe menory

(r:rgptelrsl ggiefg&;’%gﬂgt ach hgadul e .301 BEF‘%%‘LHJOW é? control | er

systems. In a larger memory system the single clock signal CLK” on the clock

signal line 402" can be replaced by independent read and write clocks.

The function of the internal logic 410 of each memory module is to
generate internal flag signals FL1, FL.2 which can be used to equalize the
device read latency of the memory devices (e.g., DRAM-1 101 and DRAM-2
102) within a memory -module (e.g., memory module 301). The calibration
process is modified so that moves between the memory devices in the same
memory module. For example, in memory module 301, the calibration
process may begin with the “top” memory device (e.g., DRAM-1 101) and
continue until the “bottom” memory device (e.g., DRAM-2 102) has been
calibrated. This procedure therefore ensures that each memory device (e.g.

DRAM-1 101 and DRAM-2 102 ) of a memory module (e.g. memory module

301) is operated with the same device read latency. Thus, after calibration, a




received, and if not, instructs the internal logic 410 of the menory nodul e

being calibrated to increase its flag signal timng offset r of the
within- nodule flags FL1, FL2). The nmenory controller 400 cé\ﬂ‘?qlﬁgﬁtﬁlct t he

internal logic 410 of a menory.nodule (e.g,, nmenory nodule 302) to
increase its flag timng by a variety of rrechanisms incI udi ng, for

exanpl e, sendin eci al e plu aI| C d |lipnes 406,

or via dedica 95’ q‘ﬁg@a‘iv{’?@fl%ﬁb&&?m rfff"{cﬁl}lﬂ , there
I's shown a nenory subsystem 100"" according to anot her enbodi mant of the .
present i nventine métherynmodnle atshe sane sys@in read latenty.ar t o nenory system 100
of Fig. 2. However, the 21 July 2005 -21- nenory nodul es 301, 302 of nenory
system 100"" each i ncl ude a configuration nenory 105 106 and at |east one :

associ ated signal |ing#dQn H&é;&@&flwﬁﬁtb% y be any
er formatlon re ‘Za

menory whi ch stores predeterm ned configuratio di ng the

anp e 1 ho SRS iAPFSAsSHEAG Bedils SRing SRR, e 30&#@9&%@ "

detect or SPD EEPROMs. The predeterm ned configuration data SPDDC may be
read by the singlrglockoRILE beisignallines402) with indepicodent read apigvrite dlm 410.

The configuration data SPDDC includes predetermned flag timng del ays. for

ggg 2. f :‘ Iegga:l @ein iR duld GliBEREH REINigEof thabthiiémBodRhénts milalseFbe
adopted. The calibration procedure of the other embodiments are applicable
to a large memory system implementation of the present embodiment.
However, since there are no flag signal lines which run from the memory
controller 400 through each memory module 301, 302, the memory
controller merely determines whether the calibration pattern has been properly
;cccivcd, and if not, instructs the internal Iogic 410 of the memory module
being calibrated to increase its flag signal timing offset (for each of the within-
module flags FL1, FL2). The memory controller 400 can instruct the internal
logic 410 of a memory-module (e.g., memory module 302) to increase its flag
timing by a variety of mechanisms, including, for example, sending special
commands on the plurality of command lines 406, or via dedicated sxgnal lines

(not shown).

Now referring to Fig. 8, there is shown a memory subsystem 100>’

according to another embodiment of the present invention. The memory

system 100> is similar to memory system 100 of Fig. 2. However, the




series of single values for each flag signal line (i.e., the actual delay a
menory controller should use), or it may be a conbi nation of val ues whi ch,
when taken together, permits the menory controller to cal &l

required delay value for each flag signal_hine. For exanple, the
configuration nenory may store a single value representing the system

| at ency comon to all no devi ces on the dul s well as a

m ni mum devi cEGRAL ma@%@#:@ﬁ’ze%@ncwemmﬁwﬁm 2 y controller
suns the systemlatency with the appropriate mninmmdevice read | atency

t o cal cul at e thefisugtes resndry d@5t 106 agd deleast dnerassdadiared] lsigmabisodil@t ed with
that nenory device. Thus, the nenory controller 400 does not need to

perform a cal ifipeabhRBufaBBh nkinclids 115, 108 B@%igiﬁilc' Aifich &brdd!! Y 2005
-22- Instead, the regquired flag timng del ays y be read or cal cul ated

fromthe data siored ip t confi.gurati.on nengries 105, 106., I.f the

confi gur at i onpfﬁm@%@%“{% OBirF%”a@rﬁéhFllﬁﬁmpﬂfrﬁﬁﬁcﬁel ays for
the sane flag signal, the nmenory controller 400 adopts the |argest of
those flag ti @ t(18) s PBAM on agnemorysmopdulei 3041, 302 nEomexampleyt r ol | er
to operate the nenory nodules 301, 302 at a timng which accommobdates the
timng requir geinfiguliioRnEmBEEP1 05, M08 Mty bd AQeRil preicdice Hettct bR SPD

enbodi ment are al so applicable to the other previously described

enbodi nment s. %rllicgﬁ%pl e nmenory systens 100', 100", and 100"', as shown in
Figs. 5-7, ma g e simlarly nodified to include configuration

menori es and their associated signal line(s) in order to avoid the

The predetermined configuration data SPDDC may be read by the

memory controller 400 using the at least one signal line 410. The
configuration data SPDDC includes predetermined flag timing delays for each
flag signal line. The predetermined flag timing delays may be specifiedasa
series of single values for each flag signal line (i.c., the actual delay a memory
controller should use), or it may be a combination of values which, when takcn
together, permits the memory controller to calculate the required delay value
for each flag signal line. Fof ¢xample, the configuration memory may store a
single value representing the system latency common to all memory devices on
the memory module as well as a minimum device read latency for each memory
device. The memory c;>ntroﬂer sums the system latency with the appropriate
minimum device read latency to calculate the suggested flag timing delay for
the flag associated with that memory device. Thus, the memory controller 400

does not need to perform a calibration routine during system initialization.




need for calibration. Thus, the present invention utilizes one or nore flag
signal s which cause the nenory devices to output data assoc%?aqd ﬁﬁih a
previ ously accepted read conmand at a predeterm ned nunber W g | ock
cycles followng the arrival of the flag sjgnal. During system
initialization, a calibration routine is p¥fornmed to derive a tinng
del ay between_the assertion of a read conmand and the assertion of the
flag signal (sinsteads graweaquized flag tining dalay naryt b read prisalculatediony tened and
stored on a configuration nmenory on the nmenory nodule. The tinming delay is .
subsequent |y gaedtdred i e toriflpmrriti0 niengorids 105, 406i 1 theocorfigurativdy at i on. '
The flag signal is used to equalize the systemread | atency of 21 July 2005

-23- nmenory d e . | - l.: t he
remory modul Septs 108705 BeshHaSlc? By i HERK il ShERAsend, OV, .
the systemread | atency of nenory, devices coup! Sd tg the fl signal I|ine.
Al ternati vel y,%ctm@npnago%%lm@%r@pm e lakecs 513gla mor y

nodul e by an on-nodule logic. If the on-nodule flag signals never |eave the
menory nodul ethahflyg.c ailie pehnitsi gednemory| vaehiraiert thcopeyre elie meatbriyat ency of
menory devi ces of other nenory nodul es. However, they may be used to

equal i ze the LE30g2 Hohis ich REcdTR R ted id i”CCfllEl%l‘l{& DIy
nodul e. Wi | eﬁégrtai rqgégg%%lkrgmnt sgo‘?&tc%e&l nvent1 on have B%en escr :Ebed and
illustrated abfove, the i nv%%ion is not limted to these specific

of each memory module.

The principles of this embodiment are also applicable to the other
previously described cx;lbodimcnts. For example memory systems 100°, 100”,
and 100°”", as shown in Figs. 5-7, may also be similarly modified to include
configuration memories and their associated signal line(s) in order to avoid the

need for calibration.

Thus, the present invention utilizes one or more flag signals which
cause the memory devices to output data associated with a previously accepted
read command at a predetermined nuﬁlber of read clock cycles following the
arrival of the flag signal. During system initialization, a calibration routine is
performed to derive a timing delay between the assertion of a read command
and the assertion of the flag signal(s). Alternatively, the timing delay may be
predetermined and stored on a configuration memory on the memory module.

The timing delay is subsequently used to assert the flag signal(s) during normal

operation. The flag signal is used o equalize the system read latency of




enbodi ments as nunerous nodifications, changes and substitutions of

equi val ent el enents can be nmade wi t hout departing fromthe spiri % d scope
of the invention. Accordingly, the scope of the present i nventidhh 0‘?@ not to
be considered as |limted by the specifics_ gf the particular structures

whi ch have been described and illustrated, but is only limted by the
scope of the appended cl aiys. | y. i i fﬁ'] A
nmenory devi cemﬁg}?ﬂfag}“ﬁ&' @‘Cﬁg‘#&%‘g&fﬁ‘g@%ﬁé‘“&gﬁ c%ﬁ%‘@aia EGhaIY 1 i ne
coupled to said nenory array; a control circuit, a read clqock signal |ine
coupl ed to sainodulsnier®) by amaemory eontreliss), theyymay beawed so savalize thal . a f1 ag
signal line coupled to said control circuit for receiving a flag signal; at

| east one CongEmeh fdadlienty BE nfandyaibvices caipled ontiicolagrsigmai ine.f or 1 ecei ving

commands; and wherein said control circuit causes the nenory device to

out put data om said arr | ] TONR d comuand

on said at I%@W‘%@Y@fﬁégﬁﬁg@k%\#g ngﬁa%cpgﬁ a %%ﬁgggf@? I ned nunber

of read clock cycles after the contral circui} receiyves the fla i gnal .
modzlc by an on-module logic. If the on-module ﬁag signals never leave the

memory module they cannot be used to equalize the system read latency of
memory devices of other memory modules. However, they may be used to
equalize the system read latencies of the memory devices of the memory

module.

While certain embodiments of the invention have been described
and illustrated above, the invention is not limited to these specific
embodiments as numerous modifications, changes and substitutions of
equivalent elements can be made without departing from the spirit and scope
of the invention. Accordingly, the scope of the present invention is not to be
considered as limited by the specifics of the pafticular structures which have

been described and illustrated, but is only limited by the scope of the appended

claims.




2. The nmenory device of claim1, wherein the previously accepted command is
a read command. 21 July 2005 25 3. The nenory device of cl? m }Hgﬁ%erein
the previously accepted command is a calibrate command. 4. T ry
device of claim3, wherein the output tais a calibration pattern. 5. The
menory device of claim4, wherein the 'calibration pattern includes at

| east two successivgﬂghgfbl |eghs:.have a different logic state. 6. The
menory device of claimb, erein said calibration pattern has its first
bit set to a binary,0 apd all subsequent .bits set to a binary 1. 7. The
menory device of claim P“ﬁﬁgya?ﬂc%ﬁlﬂp%%ﬁ$bration pattern has its first
bit set to a binary 1 and all subsequent bits set to a binary 0. 8. The
menory device of claim1, wherein said nmenory device is arranged with at

| east one ot her nmenory device the nenory device and each of the at | east
one ot her nenory deemmendrgwmy their flag signal lines coupled and their
command signal lines coupled, and 21 July 2005 26

at least one data signal line coupled to said memory array;
a control circuit;

a read clock signal line coupled to said control circuit for receiving a

read clock signal;

a flag signal line coupled to said control circuit for receiving a flag

signal;

at least one command signal line coupled to said control circuit for

receiving commands; and

wherein said control circuit causes the memory device to output data
from said array associated with a previously accepted command on said at
lcast one data signal line, beginning at a predetermined number of read clock

cycles after the control circuit receives the flag signal.

2. The memory device of claim 1, wherein the previously

accepted command is a read command.



wherein each nenory device receives the flag signal over their respective
flag signal lines at the sanme nunber of read clock cycles  after ch
menory devi ce of the rank receives a read conmand. 9. The ﬁéang’yzo(@gw ce of
claim1l1, wherein said nenory device iszSarranged with at | east one other
menory device on a nmenory nodule, the menory nodul e and each of the at

| east one other nenory device having their flag signal lines coupled to a
flag generation logic |ocated_on the nmar dul e.. 10. nenory, nodul e
conprising: a plurality 8f ne ?9“35V?§€§?gﬁﬂgg€}L‘@ﬁgﬂn C AV @ e or y
devices further conprises, a nmenory array; at |east one data signal line

coupl ed to sai dcemphaskspmamanglis a cglibreterqosimaide cuit; a read clock signal |ine
coupled to said control circuit for receiving a read clock signal; a flag
signal line coupled to said control circuit for receiving a flag signal; 21
July 2005 27 at |east one conmmand signal |ine coupled to said control

circuit for receiving a nead TRERRAMbry aBA-HbRASH3 SASCRINE s@buldate i t
causes the nmenory device to output

1s a calibration pattern.

5. The memory device of claim 4, wherein the
calibration pattern includes at least two successive bits which have a

different logic state.

6. The memory device of claim 5, wherein said
calibration pattern has its first bit set to a binary 0 and all subsequent bits set to

a binary 1.

7. The memory device of claim 5, wherein said
calibration pattern has its first bit set to a binary 1 and all subsequent bits set to

a binary 0.

8. The memory device of claim 1, wherein said memory
device is arranged with at least one other memory device the memory device
and each of the at least one other memory device having their flag signal lines

coupled and their command signal lines coupled, and



data fromsaid array associated with a previously accepted command on said
at |east one data signal |ine, beginning at a predeterm ned nunBer of read
clock cycles after the control circuit receives the flag kﬂ%ﬁ.oqﬁ. A
conmput er system conprising: a processor;. a menory controller coupled to the
processor; a first nmenory nodule having a first plurality of nmenory devices
wherein said first plurality of nmenory devices includes, a first read cl ock
signal line for receiving a read clock sjignal, .said first read clock
signal |ine being coupl eg"lieée“éeé%ﬁ‘ﬁo’fy ice reaives ithmtes $17al OV a second
plurality of menory devices in a second nenory nodul e; a command signa

line for recei Vhaigrespastinnflag signal lmes pidbe sampnapmbend reaskclegke@iclisng a fl ag
signal fromsaid nmenory controller, said flag signal |ine being coupled to
said first andafeceicH npmoraldeticesf thefranketeoeiyesttenebd esmmahér ein t he fl ag
signal causes the first and second pluralities of nenory devices to out put
data corresponding to a previously accepted command received on the
command signal line; beginning at a predeterm ned 21 July 2005 28 nunber of

read clock cycles after recei pyeQfielfis dblR8 oPLERRN, Rl SidBERGYy

controller.

device is arranged with at least one other memory device on a memory module,
the memory module and each of the at least one other memory device having
their flag signal lines coupled to a flag generation logic located on the memory
module.

10. A memory module comprising:

a plurality of memory devices, wherein each of said memory

devices further comprises,
a memory array;
at least one data signal line coupled to said memory array;
a control circuit;

a read clock signal line coupled to said control circuit for

receiving a read clock signal;

a flag signal line coupled to said control circuit for receiving

a flag signal;




12. A method of operating a nmenory device coupled to a nenory controller,
a read clock signal source, and a flag signal source, conp 4$'n X
receiving a command fromthe nenory controller; receiving wégog?gna
fromthe flag signal source; receiving read clock signal fromthe read
cl ock signal source; outputting a data associated with the command
synchronized wth the read clock signal and beginning at a predeterm ned
nunber of read «clock cycles after receiving the f signal. 13. The

met hod of claim 12, wher &t IFaptnecommand signablinecayp #ig control eHUit et hod
of claim 12, wherein the conmand is a calibrate command. 15. The net hod of
cl ai m 14 wher eifer repeiviggtaacadcemmand;andt i on pattern. 21 July 2005 29 16. The
met hod of claim 15, wherein the calibration pattern includes at |east two
sucessive bits which have a different logic state. 17. The nethod of claim
16, wherein said calibration pattern has its first bit set to a binary 0

and al | subsequent bi t §p8f8n 8 Bortidleirtuileaudds thd ARnitRY Bedcolo Gligiem 16,
wherein said calibration

data from said array associated with a previously accepted command on said at

least one data signal line, beginning at a predetermined number of read clock

cycles after the control circuit receives the flag signal.

11. A computer system comprising:

a processor;

a memory controller coupled to the processor;

a first memory module having a first plurality of memory
devices

wherein said first plurality of memory devices includes,

a first read clock signal line for receiving a read clock signal,
said first read clock signal line being coupled to a second read clock signal line

of a second plurality of memory devices in a second memory module;

a command signal line for receiving commands; and
a flag signal line for receiving a flag signal from said memory
controller, said flag signal line being coupled to said first and second pluralities
of memory devices,
wherein the flag signal causes the first and second pluralities of

memory devices to output data corresponding to a previously accepted

command received on the command signal line; beginning at a predetermined




pattern has its first bit set to a binary 1 and all subsequent bits set to
a binary 0. 19. The nethod of claim 12, wherein said read clock source is
“ the nenory controller and said flag signal source is the nerfoly 2005
controller. 20. The nethod of claim 12, wherein said nenory device is

| ocated on a nmenory nodul e and said fléﬁ signal source is a flag

generation logic |located on said nenory nodule. 21. A nethod of calibrating
a nmenory system having at | east one nenory device, each of sajd at |east
one menory devi ce bermyer efaesst dack eyclesdspiegeipbof the flegsignal By s sour ce, and
a read clock source via at |east one read clock line, at |east one command
i ne, at | east nenerftlkagrdliene, and at |east one data line, the nethod
conprising the steps of: (a) setting a timng offset to zero read cl ock
cycles; 21 July 2005 30 (b) sending a calibrate command over the at |east
one command line fromthe nenory controller to a selected nenory device

from the at |east one ngHDRY, gﬁghggbp&%?naggg b devicd dRgleaiigaal from the

\ ;
menory controller on the at [east one ine,” said flag signal being

t aft de| | the , timing offset | .l |
et ve Lo whahobRD avielPa S AeaDec B P BRYERERIR "L R 11 g

signal at the selected nenory device
COmMprising:

receiving a command from the memory controller;
receiving a flag signal from the flag signal source;

receiving a read clock signal from the read clock signal

source;

outputting a data associated with the command synchronized
with the read clock signal and beginning at a predetermined number of read

clock cycles after receiving the flag signal.

13. The method of claim 12, wherein the command is

a read command.

14. The method of claim 12, wherein the command is

a calibrate command.

15. The method of claim 14 wherein the data is a calibration

pattern.



and outputting a reference calibration pattern after a predeterm ned nunber
of read clock cycles has el apsed relative to when the flag_signal S
received at the selected nenory device; (e) receiving the £1 é'aygpﬁggl on
the flag line at the nenory controller gnd reading a data fromthe data

| i ne beginning after the predeterm ned nunber of read clock cycles el apses
fromthe tine the flag signal was received at the nenory controller; (f)
concluding the timng offset is sufficient if the data corres nd.s to the
reference calibration patiern; (g) Hiesthed atelpime ! Whisgn g cdibration
insufficient if the data does not correspond to the reference calibration
pattern; 21 Julppttaddsclgdes(dh)eastimosastsaiye bite which haye afdiferentdpgigstate-ead cl ock
cycle and repeating steps (b), (c¢), (d), (e), (f), and (g) if the timng
offset is insufficient. 22. The nethod of claim21l, wherein the selected
menory device is one which is |ocated farthest fromthe nenory controller.

23. The method of claim 2z, wherei MHReHEABE Naidy 36, SPRNER said calibvadbh ty Of
menory devices ordered froma farthest to a closest nenory device, to the

menory control| %ﬁern 1S titrs1 st HHTRL t'o 'tﬂﬂar&'b ﬁtaﬁpsﬁbé)equent bits set to a binary 1.

18. The method of claim 16, wherein said calibration

pattern has its first bit set to a binary 1 and all subsequent bits set to a binary 0.

19. The method of claim 12, wherein said read clock
source is the memory controller and said flag signal source is the memory

controller.

20. The method of claim 12, wherein said memory
device is located on a memory module and said flag signal source 1s a flag

generation logic located on said memory module.

21. A method of calibrating a memory system, having at
least one memory device, each of said at least one memory device being
coupled to a memory controller, a flag source, and a read clock source via at
least one read clock line, at least one command line, at least one flag line, and

at least one data line, the method comprising the steps of:

(a) setting a timing offset to zero read clock cycles;



(1) repeating steps (b), (c), (d), (e), (f), (g), and (h) for each
remai ni ng menory device, in order. 24. A nethod of controlljng read | atency
for a plurality of nenory devices, said nmethod conpri sing: %ﬁ Y@&Hb a read
cl ock signal in sequence to said pluralk}y of nmenory devices; issuing a
read conmand to one of said nenory deviCes; issuing a flag signal to said
one nenory device a first predeterm ned nunber of read clock periods after

said read conmand is issued; and 21 July 2005 32 outputtjng by said nenory
devi ce, data associated WPth tsﬁ@ﬂng é&ﬂlﬂ%ﬁ%’ﬁmﬂ“@ﬁ Oé(e%@‘v%‘hlfagroé‘&et er m ned
nunber of read clock periods after the flag signal has been received at
the menory devicommars linFHrennihehoemarl cohtaeliar2a 2 selpeirdmemoay devics Spm

pr edet er mi ned nunber of read clock periods plus said second predeterm ned
number of readtitd fddasperd memoisdegiceat er than or equal to a maxi mum of

m ni nrum devi ce read | atencies corresponding to the plurality of nenory

devi ces. 26. The nethod of claim 24, wherein said second predeterm ned
nunber of read clock cycles periods is four.

(9] receiving a flag signal from the memory controller on
the at least one flag line, said flag signal being sent after a delay equal to the
timing offset in read clock cycles relative to when the calibrate command was

sent;

(d)  receiving the flag signal at the selected memory device
and outputting a reference calibration pattern after a predetermined number of
read clock cycles has elapsed relative to when the flag signal was received at

the selected memory device;

{(e) receiving the flag signal on the flag line at the
memory controller and reading a data from the data line beginning after
the predetermined number of read clock cycles elapses from the time the

flag signal was received at the memory controller;

() concluding the timing offset is sufficient if the

data corresponds to the reference calibration pattern;

(g) concluding the timing offset is insufficient if the data

does not correspond to the reference calibration pattern;



27. A nenory nodul e conprising: a plurality of menory devices, wherein each
of said nenory devices further conprises: a nenory array, ﬁ Ie?aé one
of HY £99%

data signal line coupled to said nenory array; a control r ead
clock signal line coupled to said contrgl circuit for receiving a read
clock signal; a flag signal line coupled to said control circuit for
receiving a flag signal; 21 July 2005 33 at | east one command signal |ine

coupled to said control cui.t for ceivin ead co nd; and

confi gurati on memory. saithl corlPiraA e AnAgrS i 3R AR BRordy del ay
an external nenory control | er shoul d wait bhetween asserting read conmand
and a flag si gReReatnmELRS (7)<8) ddk bt (b ane (Satithe tpaing & S?"H%“ﬁ%&&?‘@t-devi ce to
output data fromsaid array associated with a previously accepted conmand
on said at |east one data signal |ine, beginning at a predeterm ned nunber
of read clock <cycles after the control circuit receives the flag signal.
30. The nenory nodul e of 22l ai Mhdmetiidbofdliint Dk witendg est setbctbdl Aymorsy
conprised of a device mnimumread |atency delay and

device is one which is located farthest from the memory controller.

23.  The method of claim 22, wherein the memory system has
a plurality of memory devices ordered from a farthest to a closest memory

device, to the memory controller, further comprising the steps of:

(i) repeating steps (b), (¢), (d), (e), (f), (g), and (h) for each

remaining memory device, in order.

24. A method of controlling read latency for a plurality of

memory devices, said method comprising:

providing a read clock signal in sequence to said plurality of

memory devices;
issuing a read command to one of said memory devices;

issuing a flag signal to said one memory device a first

predetermined number of read clock periods after said read command is issued;

and




a systemlatency. 31. A conputer systemconprising: a processor; a menory
controller coupled to the processor; at |east one nenory nodul e coupled to
the menory controller, each of said at |east one menory mgdwd ing a
plurality of nmenory devices organized jnto at |east one set, wherein each
of said nenory devices conprises: a re&d cl ock signal line for receiving a
read cl ock signal, said 21 July 2005 34 read clock signal |ine being
coupled to read clock signal |ines of correspondi ng nmenory ﬁgé%ces in

other memory nodul es of CHPUHING hyA31d maBoOryHsyiseydaid atspeiatediwi t one
command signal line for receiving conmands; and a flag signal line for
receiving a fl agadséaomaind stai stcéndpreditemeined numeberioéread cg@kmegigda o flag
signal lines of other corresponding nenory devices in the other nenory

nmodul es of the afifer {iRARg sOHRA1 hERIBReN reteiliel at thelsunedry detieef | ag si gnal causes
the nenory device to output data corresponding to a previously accepted
command recei ved on the command signal |ine, beginning at a predeterm ned
nunber of read clock cycles after receipt of the flag signal, and wherein
each of the at |east one nenory nodul es further

25. The method of claim 24, wherein said first
predetermined number of read clock periods plus said second predetermined
number of read clock periods is greater than or equal to a maximum of
minimum device read latencies corresponding to the plurality of memory

devices.

26. The method of claim 24, wherein said

second predetermined number of read clock cycles periods is four.

27, A memory module comprising:

a plurality of memory devices, wherein each of said memory
devices further comprises:

a memory array;

at least one data signal line coupled to said memory array;

a control circuit;

a read clock signal line coupled to said control circuit for
receiving a read clock signal;

a flag signal line coupled to said control circuit for receiving a

flag signal;



conprises a configuration nmenory, said configuration nenory storing a
suggested delay the nenory controller should wait between asserting a read
command and a flag signal. 32. The conputer system of clai uly ein the
suggested delay is conprised of a devi m ninmumread | atency delay and a
system | atency. 33. A conputer system coOnprising: a processor; a nmenory
controller coupled to the processor; at |east one nenory nodul e coupled to

the menory controller, each of said at ] east one nory nodul e, havi ng at

| east one set of nenory aH@@ﬁ@@%FO@%@Hdﬁﬁngépﬁ‘@Ppﬁgé% %6ﬁ@mgéﬁuﬁ?ﬁnennry
devices further conprising: 21 July 2005 35 a flag generation |logic, and a
plurality of n@ﬁﬁﬁyﬂﬂmgmdéﬁlNmmamuﬁﬁm@ach of said nmenory devices
conprises: a read clock signal line for receiving a read cl ock signal, said
read clock signal |ine being coupled to read clock signal |ines of other
correspondi ng nmenory devices on others, of the |east one nenory nodul e; at

| east one command si gnal alcoRfgr@ion BE@bM), 88ld eomigRaton AbmbAASbHNE data
signal line coupled to said nenory array;, and a flag signal |ine coupled

to said flag geRstakh 3Blal 98 eLtell memory controller should wait between asserting

a read command and a flag signal;

wherein said control circuit causes the memory device to output
data from said array associated with a previously accepted command on said at
least one data signal line, beginning at a predetermined number of read clock

cycles after the control circuit receives the flag signal.

30. The memory module of claim 29, wherein the
suggested delay is comprised of a device minimum read latency delay and

a system latency.

31. A computer system comprising:

a processor;

a memory controller coupled to the processor;

at least one memory module coupled to the memory controller,
each of said at least one memory module having a plurality of memory devices
organized into at least one set, wherein each of said memory devices
comprises:

a read clock signal line for receiving a read clock signal, said




receiving a flag signal, wherein the flag signal causes the nenory device
to output data on said data signal line corresponding to a previously
accepted command received on the conmand signal |ine, begi % a
predet erm ned nunber of read clock cyq{es after receipt of the flag

signal, and wherein each of the at |east one nenory nodul e further
conprises a configuration nenory, said configuration nmenory storing a
suggested delay to be used by the flag generation |ogic for q f erm. ni ng
when to generate the pl &PasGlesk signaf lipgbaing peynled wrcadclaghpigya 3@\??8
conprising: a nenory array; a control circuit; a read clock signal line
coupl ed to sai dooespondinganersenytdesicesinf dthertmerpenymedullesfafithe atdedsypmgy a r ead
clock signal, said read clock line coupled to said control circuit at a
second term nalméméry@ddifleli ng said read clock signal to said control

circuit; 21 July 2005 36 a flag signal line coupled to said control circuit
at athird termnal Tor of Regiotkogmhabl 3mal 4RAr retBivihe dotmmiainald | | ne
coupled to said control <circuit at a fourth termnal for returning said

.

1

(120, ianel o o Con g b ike o 314 E 8 BBPL 0 B RIFTPLC 020,
thmes. being coupled to flag signal lines of other corresponding memory devices in
the other memory modules of the at least one memory module,
wherein the flag signal causes the memory device to output data
corresponding to a previously accepted command received on the command
signal line, beginning at a predetermined number of read clock cycles after
receipt of the flag signal, and
wherein each of the at least one memory modules further
comprises a configuration memory, said configuration memory storing a

suggested delay the memory controller should wait between asserting a read

command and a flag signal.

32. The computer system of claim 31, wherein the
suggested delay is comprised of a device minimum read latency delay and a

system latency.

33. A computer system comprising:

a processor;

a memory controller coupled to the processor;

at least one memory module coupled to the memory controller,
cach of said at least onec memory module having at least one set of memory

devices, each of said at least one set of memory devices further comprising:



35. A nenory device as defined in claim34 wherein said control circuit is
adapted to receive a calibration signal fromsaid nenory arral}( at afinite
| atency time after receipt of said flag signal at said f ourd'luly €908 nal .

36. A nethod of operating a nenory devi3ge conprising: receiving a read
command at a control input of said nmenory device; receiving a flag signal,
said flag signal having traversed a particular electrical distance froma
flag output of a nenory caontroller; lting a predetermned tine interval
after receipt of said flad'a8ZePeaion 8% 34h output tine; and outputting a
data value fromsaid nenory device at said output tinme. 37. A nethod of
operating a nenory devi c@pégah@qummmqrmdémﬁsmws:srmméa@iq{sgléimethi ng a
predetermned tine interval conprises: 21 July 2005 37 counting a

predet er m ned nreniey comfiprisemck cycles of a free running clock signal, said
free funning clock signal received at said nenory device; and activating a

wite data path of said gRERNdockesMpiat lifé ERireSeiiflg Br&RIRIGIKEi SR saidnber  of
clock cycles. 38. A nmethod of operating a nmenory device as defined
read clock signal line being coupled to read clock signal lines of other
corresponding memory devices on others, of the least one memory module;
at least one commanad signal line for receiving commands;
at least one data signal line coupled to said memory array; and
a flag signal line coupled to said flag generation logic for
receiving a flag signal,
wherein the flag signal causes the memory device to output data on
said data signal line corresponding to a previously accepted command received
on the command signal line, beginning at a predetermined number of read
clock cycles after receipt of the flag signal, and
wherein each of the at least one memory module further comprises

a configuration memory, said configuration memory storing a suggested delay

to be used by the flag generation logic for determining when to generate the

plurality of flag signals.
34. A memory device comprising:
a memory array;

a control circuit;

aread clock signal line coupled to said control circuit at a first
terminal for receiving a read clock signal, said read clock line coupled to said
control circuit at a second terminal for returning said read clock signal to said

control circuit;




in claim36 wherein said predetermined tinme interval is determned by a
cali bration procedure conprising: receiving a calibration command at said
control input of said nenory device; setting a stored thresh#ig2@Qunt

val ue to equal zero clock cycles; recgiving said flag signal fromsaid
menory controller at said nenory devicg; | medi ately outputting a
calibration data value fromsaid nenory device; receiving a delay val ue
fromsaid nenory controller at said nenory device, said delay val ue
correspondi ng to an i npoddlresispatiing eauplegyio saidgoneligigyit eh it eshol d
val ue to equal said delay val ue.

terminal for receiving a flag signal, said flag signal line coupled to said control

circuit at a fourth terminal for returning said flag signal to said control circuit,
said flag signal line and said read clock signal line being routed so as to have

equivalent signal propagation times.

35. A memory device as defined in claim 34 wherein
said control circuit is adapted to receive a calibration signal from said memory
array at a finite latency time after receipt of said flag signal at said fourth

terminal.

36. A method of operating a memory device comprising:

receiving a read command at a control input of said memory
device;

receiving a flag signal, said flag signal having traversed a
particular electrical distance from a flag output of a memory controller;

waiting a predetermined time interval after receipt of said flag
signal until an output time; and

outputting a data value from said memory device at said output

ime.

37. A method of operating a memory device as defined

in claim 36 wherein said waiting a predetermined time interval comprises:
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counting a predetermined number of clock cycles of a free
running clock signal, said free funning clock signal received at said memory
device; and

activating a write data path of said memory device after said

predetermined number of clock cycles.

38. A method of operating a memory device as defined
in claim 36 wherein said predetermined time interval is determined by a
calibration procedure comprising:

receiving a calibration command at said control input of said
memory device;

setting a stored threshold count value to equal zero clock cycles;

receiving said flag signal from said memory controller at said
memory device;

immediately outputting a calibration data value from said
memory device;

receiving a delay value from said memory controller at said
memory device, said delay value corresponding to an imposed device latency;

and

setting said threshold value to equal said delay value.




