13 Septenber 2005 -1 SYSTEM LATENCY LEVELI ZATI ON FOR READ DATA FI ELD OF THE
| NVENTI ON 5 The present invention relates generally to high speed
~synchronous nenory systens, and nore particularly to setting rea

| atenci es of nemory devices so that read data fron1an93ﬁ¥#389“ﬁ%apgé
arrives at the nenory controller at the sane tinme. 10 BACKGROUND OF THE

| NVENTI ON An exenpl ary conputer systemis illustrated in Fig. 1. The
conput er system i ncludes a processor 500, a nmenory subsystem 100, and an
expansi on bus controller 510. The nenory sybsystem 100 and -t he expansi on
bus controller 510 are coupled to the procéeéssor 500 via a |local bus 520..
The 15 expansi on bus controller 510 is also coupled to at | east one
expansi on. bus 530, to which various peripheral devices 540-542 such as
mass storage devices, keyboard, nouse, graphic adapters, and nultinedia
adapters may be attached. 13 Septenber 2005 -2 The nenory subsystem 100

I ncl udes a nenory controller 400 which is coupled to a plurality of nenory
gndules 301-302 via a plurality of

SYSTEM LATENCY LEVELIZATION FOR READ DATA

FIELD OF THE INVENTION

5 The present invention relates generally to high speed synchronous
memory systems, and more particularly to setting read latencies of memory
devices so that read data from any memoty device arrives at the memory

controller at the same time.

10 BACKGROUND OF THE INVENTION

An exemplary computer system is illustrated in Fig. 1. The
computer system includes a processor 500, a memory subsystem 100, and an
expansion bus controller 510. The memory subsystem 100 and the expansion
bus controller 510 are coupled to the processor 500 via a local bus 520.. The

15  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 muitimedia adapters may be attached.



signal lines 401a-401d, 402,403, 404, 405a-405d. The plurality of data
signal lines 401a-401d are used by the nenory controller 400 and the 5
menory nodul es 301-302 to exchange data DATA Addresses ADDR a”%ﬁba ﬁgaled
over an plurality of address signal |ines 403, while cd JRmRERIS 0
signal ed over a plurality of command signal |ines 402. The nenory nodul es
301-302 include a plurality of nmenory devices 101-108 and a register
201-202. Each nenory device 101-108 is a high speed synchronous nenory 10
device. Although only two nenory nodul es 301, 302 and associ ated signal

| i nes 401a-401d, 402, 403, 404, 405a-405d are S%bmn in Fig. 1, it should be
noted that any nunmber of nenory nodul es can be used. The plurality of
signal lines 401a-401d, 402, 403, 404, 405a-405d, which couple the nenory
nodul es 301, 302 to the nenory controller 400 are 15 known as the nenory

bus 150. The nmenory bus 150 may have additional signal |ines mhich are
well known in the art, r_exa I|nes '

illustrated for sinpliaﬁ\: g’ﬁ“&’ cdjf"'@@ ﬁ%d AAETS %: 05 108
which span the nenory bus 150 is known as a rank of nenn al 1y,

singl e side nenwhighibeenpled taaphrality of mesmery modules 3Q4- 3921'#@ °£3
Sept enber 2005 -3 contain a single rank of nenory. However, doubl e sided

menory nodul es signal lines 401a-401d, 402, 403, 404, 405a-405d. The plurality of dat.:a
signal lines 401a-401d are used by the memory controller 400 and the
5  memory modules 301-302 to exchange data DATA. Addresses ADﬁR are

signaled over an plurality of address signal lines 403, while commands CMD
are signaled over a plurality of command signal lines 402. The memory
modules 301-302 include a plurality of memory devices 101-108 and a register
201-202. Each memory device 101-108 is a high speed synchronous_ memory

10 device. Although only two memory modules 301, 302 and associated signal
lines 401a-401d, 402, 403, 404, 4052-405d are shown in Fig. 1, it should be

noted that any number of memory modules can be used.

The plurality of signal lines 401.a;401d, 402, 403, 404, 4052-405d,
which couple the memory modules 301, 302 to the memory controller 400 are
15  known as the memory bus 150. The memory bus 150 may have additional
signal lines which are well known in the art, for example chip select lines,
which are not illustrated for simplicity. Each row of memory devices 101-104,
105-108 which span the memory bus 150 is known as a rank of memory.

Generally, single side memory modules, such as the ones illustrated in Fig. 1,



containing two ranks of nenory may al so be enployed. A plurality of data
signal |ines 401a-401d couple the nmenory devices 101-108 to the nenory
controller 400. Read data is output serially 5 synchronized to the read
dock signal RCLK, which is driven across a plurality df S@JGW@E%OQ gnal

| i nes 405a-405d. The read dock signal RCLK is generated by the read cl ock
generat.or 401 and driven across the nenory devices 101- 108 of the nenory
nmodul es 302, 301, to the nmenory controller 400. Comuands and addresses are
docked using a command dock signal CCLK 10 which is driven by the nmenory
controller across the registers 201, 202 of ®he nmenory nodul es 301, 302,
to a termnator 402. The command, address, and conmand clock signal |ines
402-404 are directly coupled to the registers 201, 202 of the nenory
nmodul es 301, 302. The registers 201, 202 buffer these signals before they
are distributed to the nenory devices 101-108 of the 15 menory nodul es 301,

302. The menory subsystem 10Q therefore erat gs ,under I ead
dock domai n govEYHEY ﬁé“’&eﬁgmffl}?& gé?'ﬁv%fhg’o‘ébleégﬁﬁalﬁémgggé{ogglﬁ%i n
governed by the conmand dock CCLK The nenory subsystem 100 may al so have

addi ti onal = dockcemamingstwastanks of maseory geave el Be BIRlo¥RA; t e cl ock (not
shown). 13 Septenber 2005 -4

A plurality of data signal lines 401a-401d couple the memory
devices 101-108 to the memory controller 400, Read data is output serially
5  synchronized to the read clock signal RCLK, which is driven across a plurality

of read clock signal lines 4052-405d. The read clock signal RCIK is generated
by the read clock generator 401 and driven across the memory devices 101-
108 of the memory modules 302, 301, to--thc memory controller 400.
Commands and addresses are clocked using a command clock signal CCLK

10 which is driven by the memory controller across the registers 201, 202 of the
memory modules 301, 302, to a terminator 402. The éommand, address, and
command clock signal lines 402-404 are directly coupled to the registers 201,
202 of the memory modules 301, 302. The registers 201, 202 buffer these
signals before they are distributed to the memory devices 101-108 of the

15  memory modules 301, 302. The memory subsystem 100 thereforc operates
under at least a read clock domain govemned by the read clock RCLK and a
command clock domain governed by the command clock CCLK. The
memory subsystem 100 may also have additional clock domains, such as one

governed by a write clock (not shown).



When a nenory device 101-108 accepts a read command, a data associ ated
with that read command is not output on the nmenory bus 150 until a certain
anount of tine has elapsed. This tinme is known as device [ead Ia%gggy. A
menory devi ce 101-108 can be programed to operate at éﬁﬁ%ﬁgegwﬁ?
plurality of device read | atencies, ranging froma m ni mrum devi ce read

| at ency (which varies fromdevice to device) to a maxi num | atency peri od.
However, device read latency is only one portion of the read | atency seen
by the nenory controller 400. This read | atency seen by the nenory
controll er, known as systemread |atency, is“%he sumof the device read

| atency 1o and the | atency caused by the effect of signal propagation tine
between the nenory devices 101-108 and the nenory controller 400. If the
signal propagation between each nmenory device 101-108 and the nmenory
controller 400 were identical, then the |atency induced by t he signal

propagation tinme woul e ff C ry. device
101-108. 15 However, %Eg“g"i&‘q‘?‘ﬁ’a&{"‘r‘%tqg’s} W#r‘é%‘g ’%f‘zio‘"‘ aqdre gg%%ADDR,
and the conmmand cl oc are initially nmuted to reglsters 201 202
before they areassapg@‘%i Et repc qoenmand i nofantprion the memory-hen15Q o)
devi ce 101-104, 105-108 on a nenory nodul e 301, 302 is |located at a

di fferent distamcenﬁmonunnmefﬁngﬂxmehqﬁai,TﬁBZﬂnEbdmoumahdh&hnmyuﬂevice
101-104 will receive a read 13 Septenber 2005

latency. A memory device 101-108 can be programmed to operate at any one

5  of a plurality of device read latencies, ranging from a minimum device read

latency (which varies from device to device) to a maximum latency period.

Howwcr, device read latency is only one portion of the read latency
seen by the memory controller 400. This read latency seen by the memory
controller, known as system read latency, is the sum of the device read latency

10  and the latency caused by the effect of signal propagation time ‘bctwecn the
memory devices 101-108 and the memory controller 400. If the signal
propagation between cach memaory dcv:cc 101-108 and the memory controller
400 were identical, then the latency induced by the sxgnal propaganon time
would be a constant and equally affect each memory device 101-108.

15 H@mwguﬁg1mmmmawmmmﬁ@Wlﬁ&wmADD&mﬂdm-
command clock CCLK are initially routed to registers 201, 202‘7 before they are
distributed to the memory devices 101-108. Each memory dcvicc 101-104,
105-108 on a memory module 301, 302 is located at a different distance from

the register 201, 202. Thus each memory device 101- 104 will receive a rcad



-5 command i ssued by the nenory controller 400 at different timnes.
Additionally, there are also differences in distance between the nenory
controller 400 and the registers 201, 202 of the two nmenory nodul es 301,
302. Register 201 (on memory nodul e 301) is closer to tIRS9RIARMbEr 2005
controller 400 and wll therefore receive commands, addresses, and the
command cl ock before register 202 (on nenory nodul e 302). Thus, every
menory devi ce 101-108 of the nenory subsystem 100 has a different signal
path length to the nenory controller for its command CVD, address ADDR,
and command cl ock CCLK signals and will recefve a read command issued by 10
the nmenory controller at varying tines. At the high clock frequencies
(e.g., 300 MHz to at | east 533 MHz), these timng differences becone
significant because they may overlap clock cycle boundaries. Due to
~differences in each nmenory device's 101-108 m ni nrum device read | atency

and differences_in their c nd_CMD, address 4 oD d command dock

CCLK si gnal proﬁﬁﬂﬁ‘f’? W“%@%%W%g%d%@fcf@%g’éﬁﬁ@t V& a different
systemread | atency. Since each nenpry device stores onl%Fa portion of a
nemory word, thAddisepally, theremst alse dqﬂ%/rmqsynd&mbcnmcar iSO nenory

devices in parallel. The differences in systemread | atencies anong the
menmory devi ces ddhirolidB 400 ahHaheregistprs 2005262 efithidOfvomensory madules 301,

302. Register 201 (on memory module 301) is closer to the memory
5 controller 400 and will therefore receive commands, addresses, and the

command clock before register 202 (on memory module 302). Thus, every
memory device 101-108 of the memory subsystem 100 has a different signal
path length to the memory controller for its command CMD, address ADDR,
and command clock CCLK signals and will receive a read command issued by

10 the memory controller at varying times. At the high clock frequencies (e.g.,
300 MHZz to at least 533 MHz), these timing differences become significant

because they may overlap clock cycle boundaries.

Due to differences in ecach memory device’s 101-108 minimum
device read latency and differences in their command CMD, address ADDR,
15  and command clock CCLK signal propagation, ecach memory device 101-108
may have a different system read latency. Since each memory device stores
only a portion of a memory word, the memory controller normally reads a
plurality of memory devices in parallel. The differences in system read latencies

among the memory devices 101-108 of the memory subsystem 100 makes this



13 Septenber 2005 -6 task difficult. Accordingly, there is a need for an
apparatus and nethod to equalize the systemread | atencies of each nenory

device so that the nenory controller can efficiently process ar ﬁ§5
transaction across nmultiple nmenory devices. 5 SUNNARY1@§eﬂqE“PﬂV§ ON The
~present invention is directed at a nmethod and apparatus for equalizing the
systemread | atencies of each nenory device in a high speed nenory system
The equal i zation process ensures that each nenory device 10 responds to the
menory controller with the sane systemread | atency, regardless of each
devi ce's m ninum device read | atency and differences in signal propagation
~tinme due to differences in the nenory device's physical |ocation on the
menory bus. Each nmenory device has a plurality of configuration |lines

whi ch can be used by the nenory controller to set the 15 nenory device to
operate at any one of a plurality of device read |atencies |onger than the

device's mninmu vi.ce read Latengy. Durin he _equal i zati 0 LQcess,
each nmenory dev%ggf‘déaﬁﬁi Sfcm pﬁcﬁé%af‘?%j{?fmiﬁﬁ%“%ﬂlg@‘? at ency.
The menory controll er reads a calibration pattern to .
equalize the system read latencies of each memory device so that the memory
controller can efficiently process a read transaction across multiple memory

devices.

SUMMARY OF THE INVENTION

The present invention is directed at a method and apparatus for
equalizing the system read latencies of each memory device in a l:ugh .;'.pecd
memory system. The equalization process ensures that each memory device

10  responds to the memory controller with the same system lread latency,
regardiess of each device’s minimum device read latency and differences in
signal propagation time due to differences in the memory device’s physical
location on the memory bus. Each memory device has a plurality of
configuration lines which can be used by the memory controller to set the ...

15  memory device to operate at any one of a plurality of device read latencies
longer than the device’s minimum device read latency. During the
equalization process, cach memory device is initially operated its minimum

device read latency. The memory controller reads a calibration pattern to



13 Septenber 2005 -7 determ ne each nenory device's systemread | atency.
The nmenory controller calculates an offset which nay be added to each
menory device's device read |atency to cause each nenpry. devi ce per at e
at a systemread | atency equal to the slowest observed3§§§§%ﬁﬁﬁﬁgﬁo at ency
when each nmenory device is 5 operated at its mnimum device read | atency.
Each nenory device is thereafter operated at an increased device | atency,
wi th the amobunt of increase equal to the offset associated with the nenory
device. In this manner, all nmenory devices in the nmenory system are
equal i zed to.operate with the sane systen1réﬂﬁ | at ency. 10 BRI EF
DESCRI PTI ON OF THE DRAW NGS The foregoi ng and ot her advantages and features
of the invention wll becone nore apparent fromthe detail ed description
of the preferred enbodinents of the invention given below w th reference
to the 15 acconpanying drawings in which: FIG 1 is a block diagram

| Tustrating a GQURHIG'eaN BhepRBe) delict sp¥el) ré RGN "ThY ntdliio Tonddiler
Sept enber 2005
calculates an offset which may be added to each memory device’s device read
latency to cause each memory device to operate at a system read latency equal
to the slowest observed system read latency when each memory device is
5  operated at its minimum device read latency. Each memory device is thereafter
operated at an increased device jatency, with the amount of increase equal to
the offset associated with the memory device. In this manner, all memory

devices in the memory system are equalized to operate with the same system

read latency.
10
BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other advantages and features of the invention
will become more apparent from the detailed description of the preferred
embodiments of the invention given below with reference to the

15  accompanying drawings in which:

FIG. 1 is a block diagram illustrating a computer system with an

high speed memory system;



-8 FIG 2 is a timng diagramshow ng the read |atencies of the plurality
of nmenory devices which conprise the high speed nenory systemof Fig. 1

prior to equalization; FIG 3Ais a nore detail ed diagram show n nory
modul e 301 5 in accordance with the present invention; 1ﬁlrg§£%mib§ggsprg$e

detail ed di agram showi ng one of the nenory devices of the nenory nodul e
illustrated in FIG 3A, FIG 4 is a diagramshow ng the relationship
between a nmenory device's device read | atency and the states of the
configuration lines; io FIG 5 is a flow chart show ng how the nenory
controller equalizes systemread |atencies &cross the nenory devi ces of
the nmenory system and FIG 6 is ais a timng diagramshow ng the read

| atencies of the plurality of nenory devices which conprise the high speed
menory system after equalization. 15 13 Septenber 2005 -9 DETAI LED

DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS Now referring to the draw ngs,

where |i ke reference n%r'%lissa. ing dia showine the read la ies of the

plurality of memory devices which comprise the high speed memory system of

Fig. 1 prior to equalization;

FIG. 3A is a more detailed diagram showing a memory module 301

5  in accordance with the present invention,;

FIG 3B is a more detailed diagram showing one of the memory

devices of the memory module illustrated in FIG. 3A;

FIG. 4 is a diagram showing the relationship between a memory

device’s device read latency and the states of the configuration lines;

10 FIG. § is a flow chart showing how the memory controlier equalizes

system read latencies across the memory devices of the memory system; and

FIG. 6 is a is a timing diagram showing the read latencies of the

plurality of memory devices which comprise the high speed memory system

after equalization.




designate |like elenents, there is shown in Fig. 2 a timng diagramof a
read 5 operation issued by the nenory controller 400 to each nenory device
101- 108, with each nenory device set to operate at its _m nimum deyice read
| atency. A menory device's nininum device read | atency 1pepem@eng8hdits
construction and can vary fromdevice to device. In the exanple illustrated
in Fig. 2, the nenory devices DRAM 1 101, DRAM 2 102, DRAM 3 103, and io
DRAM 4 104 of the nenory nodul e 301 closest to the nmenory controller 400
have m ni num device read |l atencies of 7, 8, 5, and 6 clock cycles,
respectively. The nenory devices DRAM 5 105,9DRAM 6 106, DRAM-7 107, and
DRAM 8 108 of the nenory nodule 302 furthest fromthe nenory controller
400 have m nimum device read |latencies of 8 6, 8 and 7 clock is cycles
respectively. Mninumdevice |atency is neasured as the nunber of clock
cycles following the initiation of a read command RD before read data is
avai l abl e on the nenory bus 150. 13 Septenber 2005 -10 Due to differences
in the length of the signal propagation path for the command CVMD and
command cl ock CCLK signals, each of the menory devices 101-108 in the

menory subsystem 100 receives a read conmand RD issued by the nenory
control l er 400 RETAIRLERDESCBIPTION OF THERREFERRED EMBODIMENTS

Now referring to the drawings, where like reference numerals
designate Iike elements, there is shown in Fig. 2 a timing diagram of a read
5  operation issued by the memory controller 400 to each memory device 101-
108, with each memory device set to operate at its minimum device read
latency. A memory device’s mm:mum device read latency is based upon its
. construction and can vary from device to device. In the example diustrated in
Fig. 2, the memory devices DRAM-1 101, DRAM-2 102, DRAM-3 103, and
10 DRAM-4 104 of the memory module 301 closest to the memory controller
406 have minimum device read latencies of 7, 8, 5, and 6 clock cycles,
respectively. The memory devices DRAM-5 105, DRAM-6 106, DRAM-7
105’ , and DRAM-8 108 of the memory module 302 furthest from the memory
controller 400 have minimum device read latencies of 8, 6, 8, and 7 clock
15  cycles respcctlvely Minimum device latency is measured as the number of
clock cycles following the initiation of a read command RD before read data is

available on the rﬁcmory bus 150.



5 nmenory controller issuing a read command centered on clock cycle TO The
menory devices 101-104 on the nenory nodule 301 | ocated cl osest to the
menory controller 400 receive the read comand between cl ock C¥F|§§ gl and
T2, while the menory devices 105-108 on the nmenory noddBSeriembepeifag
furthest fromthe nmenory controller receive the read command 10 bet ween
clock cycles Ti and T3. The systemread | atency to each of the nenory
devices 101-108 is a function of both the device read | atency and the
signal propagation time between the nmenory controller 400 and the nenory
devi ces. For exanple, the nenory devices 1010-104 in the nenory nodule 301
| ocated cl osest to the nenory controller 400 have systemread | atencies of
15 9, 10, 6, and 7 dock cycles, respectively. The nmenory devices 105-108 in
the nmenory nodule 302 | ocated furthest fromthe nmenory controller 400 have
systemread | atencies of 10, 8, 9, and 8 clock cycles, respectively. Note
that the difference i systemread.|lgtencies s l.arge enough that_.nenory
nmodul e 103 conpl et es ngﬂggthHFﬁﬂlﬁﬁgf cﬁﬁﬁ%?ﬁ“ﬁdﬁﬂ? Epﬁﬁbﬁﬁs dat a
output. 13 Septenber 2005 -11 Now referring to Fig. 34, there is shown a
nore detail ed dhagommapf CMilRand comaangd GOLK sgnady adhmofibe sremeiye wit h
the present invention. In addition to the read clock signal |ines

405a- 405d, dat YcpiceTE)1-108 @8 tOrhamtiyg sbsystem 100 receives a read command RD

issued by the memory controller 400 at varying times. Fig. 2 shows the
5 memory controller issuing a read command centered on clock cycle TO. The

‘memory devices 101-104 on the memory module 301 located closest to the
memory controller 400 receive the read command between clock cycles T1
and T2, while the memory devices 105-108 on the memory module 302
[ocated furthest from the memory controller receive the read command

10  between clock cycles T1 and T3. The system read latency to each of the
memory devices 101-108 is a function of both the device read latency and the
signal propagation time between the memory controller 400 and the memory
devices. For example, the memory devices 101-104 in the memory module
301 located closest to the memory c'ontroller 400 have systcm- réad latencicé of

15 9,10, 6, and 7 clock cycles, respectively. The memory devices 105-108 in the
memory module 302 located furthest from the memory-cgonu'oller 400 havc
system read latencics of 10, 8, 9, and 8 clock cycles, respectively. Note that
the difference in system read iatcncics is hrgc‘cnough that memory modu.le

103 completes its data output before memory module 102 begins data output.



command dock signal |ine 404; plurality of command signal |ines 402, and 5
plurality of address signal |ines 403, each nenory device 101-104 is al so
coupled to the register 201 via a plurality of configuratjon ILneé 6&0.
(These pluralities of configuration lines 410 were nof3i38RieTPEl é80Pn Fig
1 in order to avoid cluttering that diagram) In the exenplary enbodi nent
each plurality of configuration |lines 410 each include at |east 3
configuration signal lines 411 10 413 carrying configuration signals CFGO
CFGL, and CFQ®2, respectively. For each nenory device, the nmenory
controller 400 can set the states of the coHfiguration lines 411-413 by
sendi ng commands CMD and addresses ADDR into register 201. Fig. 3Bis a
nore detail ed diagram of one of the nenory devices 15 101 shown in Fig.
3A. Suitable nenory .devices include any type of high speed DRAM Thus, the
principles of the present invention may be incorporated into any type of

single or double data rate nchronous ry. device, or,Advange
Technol ogy (ADT) mmrﬁ%ﬁ%@&gt?&oégré‘ggﬁré/ﬁég? af&‘i"’i‘}?&‘lﬁge‘g‘%% rol
circuit (including address decoder s% 2000 13 Septenber 2005 -12 coupled to
a'plurality of engpéthe mermery mpdulesiBRY inmecardznen nithuheipresegrinvention. Inpgs 5
plurality of command signal lines 402, a plurality of address signal |ines
: addition to the read clock signal lines 4052-405d, data signal lines 401a-401d,
command clock signal line 404, plurality of command signal lines 402, and
5  plurality of address signal lines 403, each memory device 101-104 is also
coupled to the register 201 via a plurality of configuration lines 410. (These
pluralities of configuration lines 410 were not illustrated in Fig. 1 in order to
avoid cluttering that diagram.) In the exemplary embodiment each plurality of
configuration lines 410 each include atleast 3 configuration signal lines 411-
10 413 carrying configuration signals CFG0, CFG1, and CFG2, respectively. For
each memory device, the memory controller 400 can set the states of the

configuration lines 411-413 by sending commands CMD and addresses

ADDR into Tegister 201.

Fig. 3B is a more detailed diagram of one of the memory devices
15 101 shown in Fig. 3A. Suitable memory devices include any type of high
speed DRAM, Thaus, the principles of the present invention may be
incorporated into any type of single or double data rate synchronous memory
device, or Advance DRAM chhnology (ADT) memory devices. The memory

device 101 includes a control circuit (including address decoders) 2000



403, and the plurality of configuration lines 410. The nenory device 101
also includes a wite data path 2002 and a read data path 2003 bot h of

which are 5 coupled to the data signal |ine 40la and the pluralit
nmenory arrays 2001 (via I/O Gating circuit 2006). Thelp G@P&régpﬁ i's
coupled to the read dock signal line 405a via a read clock delay |ock | oop

(DLL), which is used to synchronize read data output with the read cl ock.
The read data path also includes a serializer 2004, which converts the
parall el data read fromthe 10 plurality of menory arrays 2001 into the
serial data output on the data signal |ine “Wo1a in synchronismw th the
read cl ock signal RCLK The nenory devices DRAM 1 101- DRAM 4 104 are wired
to respond to the different states of the configuration lines 411-413 to
thereby operate at different selectable device read |latencies. Fig. 4
shows how a 15 nenory device 101- 104 can be made to operate across an

8-cycle variati 89 | y- | evi ce
read |l atency to elgdmu?ng#u]ﬁ%ggw C Eﬁﬂ’%&g Hﬂirﬁn
alternate enbodi pents, there may b rmre or S onflg tlonll svmtha
cor respondi ng cH %@P ?Wg f’loeéd & W‘H?’m"‘
Al ternatively, there may be 13 Sept enber 2005 13 addi tional configuration
| i nes directed 4@3vardsthegphumnlityfafrobfigumtion dinee# 30.cThe memory device 101 also
includes a write data path 2002 and a read data path 2003 both of which are
5  coupled to the data signal line 401a and the plurality of memory arrays 2001
(via I/O Gating circuit 2006). The read data path is coupled to the read clock
signal line 405a via a read clock delay lock loop (DLL), which is used to
synchronize read data output with the read clock. The read data path also
includes a serializer 2004, which converts the parallel data read from the
10 plurality of memory arrays 2001 into the serial data output on the data signal

line 401a in synchronism with the read clock signal RCLK.

The memory devices DRAM“-I 101- DRAM-4 104 are wired to
respond to the different states of the configuration lines 411-413 to thereby
operate at different selectable device read latencies. Fig. 4 shows how a

15  memory device 101-104 can be made to operate across an 3~cycle variation in
device read latency, ranging from the minimum device read latency to the
minimum device read latency plus 7 clock cycles. In alternate embodiments
there may be more or less configuration lines with a corresponding change in

the number of permitted device latencies. Alternatively, there may be



to device read | atency. For exanple, an additional configuration [ine can
be wused to enable or disable the read clock DLL 2005. The states of each

of the plurality of configuration |ines 410 can be 5 set, by the ry
control | er 400. For exanple, the menmory controller nayﬁrﬁ’ﬂ‘fg%‘"é‘gﬁrg@ﬁgrand

whi ch causes the register 201, 202 of the nenory nodule 301, 302 to assert
a state on the plurality of configuration lines 410 corresponding to an
address asserted on the plurality of address signal lines 403. Thus the
menory controller 400 is capabl e of changinq a nenory 10 device's 101-108
device read |l atency, and therefore also thelfrenory device's systemread

| atency by varying the states of the configuration |ines 411-413. The
menor.y controller 400 uses the plurality of configuration lines 410 to
equal i ze the systemread | atencies across all nenory devices 101-108 of

the nenory subsystem 100. Referring to Fig. 5, the process begins at step

15 1001 wth the ,meno controller 400 instructiing all ago]( |
1017108 to opaPdiPT VTR RS FPGt e raps feRRtos i THafr
controller 400 can instruct the nenory devices to operate af m nijmum
devi ce read | atterdeyichyeadlateary.i Hor exsanpiesnasiditional eonfigmponinecan bsidr ess

ADDR signals on the plurality of command signal |ines 402 and the
piurality of addedss efiilgoat disatileshefeaBehick/MEL 20065 - 14

'The states of each of the plurality of configuration lines 410 can be
5  set by the memory controller 400. For example, the memory controller may
include a command which causes the register 201, 202 of the memory module
" 301, 302 to assert a state on the plurality of configuration lines 410
corresponding to an address asserted on the plurality of address signal lines
403. Thus the memory controller 400 is capable of changing a memory
10 device’s 101-108 device read latency, and therefore also the memory device’s

system read latency by varying the states of the configuration lines 411-413.

The memory controller 400 uses the plurality of configuration lines
410 to equalize the system read latencies across all mcﬁlory devices 101-108 of
the memory subsystem 100. Referring to Fig. 5, the process begins at step
15 1001 with the memory controller 400 instructing all memory devices 101-108
to operate at their minimum device read latencies. The memory controller 400
can instruct the memory devices to operate at mlmmum device read latency by
asserting the appropriate command CMD and address ADDR signals on the

plurality of command signal lines 402 and the plurality of address signal lines



403, respectively, thereby causing a specific state of the configuration
lines CFGQO, CFGL, CFQ to be set. As shown in Fig. 4, the state of the
configuration |ines CFGO CFGL, CF& cause the nenory devices 101-108 to
operate a specific latencies. Thus, one aspect of the ilAvEe@Rer 20PRat the
5 device read | atency of each nenory device is specified using relative
nunbers. This is in contrast to prior art nenory systens, which specific

| at enci es as actual clock cycles, thereby requiring a nenory controller to
be aware of the mninmmdevice read | atency for each nenory device. For
exanple, if a device has a mninum device -#®ad | atency of 2 dock cycles, a
prior art nmenory 10 controller would need to know that 2 dock cycles
corresponded to the mninum device read | atency because in order to
programthe device to operate at its m ninumdevice read | atency, the
menory controller would need to programthe |atency value by using the

actual number of clock cycles, which in this cas ul d. be 2 dock cycl es.
In the present 49%%?%?%%%@%%?%? %&ﬁg%‘?ﬁ@m’lfﬁb es not

need to know the m ni rum device read |atency for each nenory device
101- 108 becaus €ERGHICFEI c0FGestodreses pAs shoven imFig. ¢f theattatefof ot t he i ni mum
read | atency. At step 1002, the nenory controller reads a calibration

pattern from egffle{faHBh Yinde@FGO, E8G11 UG eliist $hé AfeniBri idevisesAA0Y-208 onal
system 13 Sept enber 2005
to operate a specific latencies. Thus, one aspect of the invention is that the
5  device read latency of each memory device is specified using relative numbers.
This is in contrast to prior art memory systems, which specific latencies as
actunal clock cycles, thereby requiring a memory controller to be aware of the
minimum device read latency for each memory device. For example, if a device
has 2 minimum device read latency of 2 clock cycles, a prior art memory
10 controller %Md need to know that 2 clock cycles corresponded to the
minimum device read latency because in order to program the dcvicc to
operate at its minimum device read latency, the memory controller would need
to program the latency value by using the actual number of clock cycles, which
in this case would be 2 clock cycles. In the present invention, however, the
15  memory controller 400 does not need to know the minimum device read

latency for each memory device 101-108 because read latencies are specified as

offsets from the minimum read latency.

At step 1002, the memory controller reads a calibration pattern

from each memory device 101-108, noting the minimum operational system



-15 read |l atency for each nenory device 101-108. The calibration pattern is
formatted to permt the nenory controller to easily identify when data
first arrives at the nmenory controller. In the exenplary enbodi ment _each
menory device 101-108 returns 8-bits of data per read13ciapigmber BE0aat a
being 5 serially driven across the data signal |ines 40l1a-401d to the
menory controller 400. A good calibration pattern would pernit the nenory
controller to easily recognize when the first bit of data arrives at the
menory controller. In the exenplary enbodinment, the preferred calibration
pattern is a byte in which the first bit whfch arrives at the nenory
controller is set to one state the renmaining 1o bits are set to a different
state. Thus (binary) 01111111 or (binary) 10000000 would be preferred
calibration patterns. At step 1003, the nmenory controller 400 determ nes
the largest value of the set of m ninum operational systemread |atency.

At step 1004, for each nenory device 101-108 't ry controller 400
conput es an 15 reAd laeancg fopgach snemety Wr@i@%eﬁ%gﬁ"%“ PRFRSRYS devi ce' s
systemread |latency and the | argest value of the set of m ninum
operational sys$oamteheb pératietie memont canttmlet 6 Easily kdentiénwhen datatfirstt | er 400
I nstructs that nenory device to operate with an increased device read

! atency. The anpns 20 thd emiRy 8aRebIe20GR the exemplary embodiment each memory

device 101-108 returns 8-bits of data per read command, the data being
5  serially driven across the data signal lines 401a-401d to the memory controller
400. A good calibration pattern would permit the memory controller to easily
recognize when the first bit of data arrives at the memory controller. In the
~ exemplary embodiment, the preferred calibration pattern is a byte in which the
first bit which arrives at the memory controller is set to one state the remaining
10  bits are set to a different state. Thus (binary) 01111111 or (binary) 10000000

would be preferred calibration patterns.

At step 1003, the memory controller 400 determines the largest
value of the set of minimum operational system read latency. At ‘step 1004,
for each memory device 101-108, the memory controller 400 computes an
15  offset equal to the difference between that memory device’s system read
latency and the la:geSt value of the set of minimum operational system read
latencies. At step 1005, the memory co-m-:rc;llcr 400 instructs that memory

device to operate with an increased device read latency. The amount of



-16 increased latency is equal to the offset and is controlled by the state
of the signals asserted on the nenory device's plurality of configuration
lines 410. For exanple, Fig. 2 showed a nenory system havjng 8, ne

devi ces DRAM-1 101- DRAM 8 108 with system read Iatencf‘@ss‘:{ﬂge@,b?b,%é;g 7, 5
10, 8, 9, and 8 clock cycles respectively. The | argest observed systemread
| atency is 10 clock cycles. The offsets for the nenory devices 101-108 is
equal to the difference between the |argest observed systemread | atency,
which in this exanple is 10 clock cycles, and the systemread | atency of
each nenory device. In this exanple, the ofl¢sets for nenory devices
101-108 are equal to 10 1, 0, 4, 3, 0, 2, 1, and 2, respectively. Thus the
menory controller 400 would operate nenory device 101 at an increased
device read | atency of one 1 cycle, while nenory device 102 woul d be
operated at an increased device read |atency of O clock cycle (i.e., equal

to the m ninmum device read | atency),. FiLQg. i 1lus es,that t end
resul t of thi s EEREdAtFRcy s Aval %@ﬁﬂiwﬁ%&bﬁswﬁﬁﬁcdew ce
101-108 has an equal systemread |atency. As a consequence, when read
commands are i signeld %wm@m&ememumﬂmoﬂcomoaw 41 nenory
controller will see the read data fromall nenory device of all nenory
nodul es at substantially the sane tinme. 13 Septenber 2005
For example, Fig. 2 showed a memory system having 8 memory
devices DRAM-1 101- DRAM-8 108 with system read latencies of 9, 10, 6, 7,
5 10,8,9, and 8 clock cycles respectively. The largest observed system read
latency is 10 clock cycles. The offsets for the memory devices 101-108 is equal
to the difference between the largest observed system read latency, which in
this exampie is 10 clock cycles, and the system read latency of each memory
device. In this example, the offsets for memory devices 101-108 are equal to
10 1,0,4,3,0,2,1, and 2, respectively. Thus the memory controller 400 would
operate memory device 101 at an increased device read latency of one 1 cycle,
while memory device 102 would be operated at an increased device read
latency of 0 clock cycle (i.e., equal to the minimum device read latency). Fig.
3 illustrates that the end result of this process is a memory system in which
15  each memory device 101-108 has an equal system read latency. Asa
- consequence, when read commands are issued to memory devices DRAM-1

101 - DRAM-8 108, the memory controller will see the read data from all

memory device of all memory modules at substantially the same time.



_17_ Wiile certain enbodinents of the invention have been described and
illustrated above, the invention is not limted to these specific

enbodi ments as nunerous nodifications, changes and substitutions of
equi val ent el enents can be nade w t hout departing fronﬂ@ﬁ%ﬁgﬁﬂ$ﬁ¥2gﬂé scope
5 of the invention. Accordingly, the scope of the present invention is not
to be considered as limted by the specifics of the particular structures
whi ch have been described and illustrated, but is only limted by the
scope of the appended clainms. 18 13 Septenber 2005 What is clained: 1. A
menory device conprising: a nenory array, -d-control circuit coupled to the
menory array; at |east one configuration line coupled to said control
circuit; wherein said control circuit operates the nmenory device at a
device read latency equal to a m ninum device read | atency of said nenory
device, plus a nunber of clock cycles, said nunber being based upon a

state of a signal asserted on.sai t least . one configuration Line. 2. The
nmenory device of cl ai € B TEHP %‘F“E‘fcpﬁ'ﬁpth,age béen described

and illustrated above, the invention is not limited to these specific
embodiments as numerous modifications, changes and substitutions of
céuivalcnt clements can be made without departing from the spirit and scope

5  ofthe invention. Accordingly, the scope of the present invention is not to be
considered as limited by the specifics of the particular structures which have
been described and illustrated, but is only limited by the scope of the appended

claims.



responsive to a conmand i ssued by an external nmenory controller, outputs to
said nenory controller a calibration pattern as read data. 3. The nenory
device of claim2, wherein said calibration pattern includes at |east two
successive bits which have a different éeogi Cc state. 4. Thﬁ% %\SI ce of
claim3, wherein said calibration pat? rn has its first set

binary 0 and all subsequent bits set to a binary 1. 5. The nenory deV|ce of
claim3, wherein said calibration pattern has its first bit set to a
binary 1 and all subsequent bits set to a binary 0. 19 13 Septenber 2005 6.
The menory device of claim1, wherein said at | east one configuration |ine
includes a plurality of configuration lines. 7. The nenory device of claim
1, wherein said control circuit operates said nenory device over a set of
devi ce r¥batiiackaraeds, said set including N device read |atencies ranging
fromthe mnimum device read |atency to a nunber of clock cycles equal to
N-1 cl ock cycllkes grAatemoryllavice bemgesingee m ni numread | atency 8. The nenory
device of claim7, wherein N equals 8. 9. The nenory device of claiml,
further conprigh&feryaftayddi tional configuration Iine, wherein said

addi ti onal conflguratlon | ine has a signal state which enables or disables

a read cl ock daeéoquﬁ_oi%&lg&gmegfto%[qm%waydew ce. 10. A nenory nodul e

conpri si ng:
at least one configuration line coupled to said control circuit;
wherein said control circuit operates the memory device at a device read
latency equal to a minimum device read latency of said memory device, plus a number of

clock cycles, said number being based upon a state of a signal asserted on said at least one

configuration line.

2. The memory device of claim 1, wherein the control circuit,
responsive to a command issued by an external memory controller, outputs to

said memory controller a calibration pattern as read data.

3. The memory device of claim 2, wherein said calibration

pattern includes at least two successive bits which have a different logic state.

4. The memory device of claim 3, wherein said calibration

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

S. The memory device of claim 3, wherein said calibration

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



a plurality of nmenory devices; and a register for providing configuration
information to said plurality of nenory devices; wherein each of said
menory device further conprises, a nenory array;, a control circuit coupled
to the menory array; at |east one confhguration l'ine COUpH?Qg& Sbbhs

regi ster and said control circuit; whefein said control circuit operates
the nmenory device at a device egad |atency equal to a mninumread | atency
of said nenory device plus a nunber of clock cycles, said nunber 20 13
Sept enber 2005 bei ng based upon a state of a signal asserted on said at

| east one confjguration line, 11. .The ry. nmogu f_claim210, wherein

t he control ci¢'cui ?‘?h;lggﬁBWSc}eygetogclglr%mggmisglgﬁgﬁa%yngn external menory
controller, outputs to _said nmenpry co]gl_';lrol ler.a calibration pattern as
read dat onfiguratipg ling mslydesa plyraliyfol cpnfighration sy ei n sai d cal i bration
pattern includes at | east two successive bits which have a different |ogic
state. 13. The nenory nodul e of claim 12, wherein said calibration pattern

has its first bit set to a binary 0 and all subsequent bits set to a binary
1. 14. The menpry nokkinemety ddvaéavpfllaimil) ertridin Sdill dontadlidivcaitioparaat t ern has

said memory device over a set of device read latencies, said set including N device read
latencies ranging from the minimum device read latency to a number of clock cycles

equal to N-1 clock cycles greater than the device minimum read latency
8. The memory device of claim 7, wherein N equals 8.

0. The memory device of claim 1, further comprising:
an additional configuration line, wherein said additional configuration line has a signal

state which enables or disables a read clock delay lock loop of said memory device.

10. A memory module comprising:
a plurality of memory devices; and
a register for providing configuration information to said plurality of
memory devices;
wherein each of said memory device further comprises,
a memory array,
a control circuit coupled to the memory array,
at least one configuration line coupled to said register and said control circuit;
wherein said control circuit operates the memory device at a device egad latency equal to
a minimum read latency of said memory device plus a number of clock cycles, said

number



its first bit set to a binary 1 and all subsequent bits set to a binary O.
15. The nenory nodul e of claim 10, wherein said at | east one configuration
line includes a plurality of configuration lines. 16. The nenory nodul e of
claim 10, wherein said control circuit_operates said ne gevi ver a
set of device read | atencies, said set 2?ncl udi ng N devi cg%{%%? ?nqeg?%dr%ci es
ranging fromthe m ni num device read |latency to clock cycles greater than
the mninmumdevice read | atency. 17. The nenory nodul e of claim 16,
wherein N equals 8. 21 13 Septenber 2005 18. The nenory nodul e of claim 10,

uher e al's 8. 21 13 September 2005 18, The memory module of
addi 1 ondiTERIGRPRARER ot p s aseAsl e B b lon ARRAPEREIRES or i sabl s

a read clock delay lock |oop of said menory device. 19. A nethod of
operating a nenory device, the nenory device having at |east one
configuration |ine, conprising: operating the nmenory device at a device
read | atency eldual Tle raembry modnlelefdlain 16, edardimthercoptraf sai d nenory device
pl us a nunber of clock cycles, said nunber being based upon a state of a

si gnal asgRuitedsghsBRitél a d3bmhBadlissabeb e Ak @thabinedry tditrollf) oulpues toet hod of
claim19, further conprising the step of: responsive to a command from a

Memory  coptf Rbh6H coRt Rt RSkaforf e AtrbRfNata

12. The memory module of claim 11, wherein said calibration pattern

includes at least two successive bits which have a different logic state.

13.  The memory module of claim 12, wherein said calibration

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

14.  The memory module of claim 12, wherein said calibration pattern has

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

15.  The memory module of claim 10, wherein said at least one configuration

line includes a plurality of configuration lines.

16. The memory module of ¢laim 10, wherein said control circuit operates
said memory device over a set of device read latencies, said set including N device read
latencies ranging from the minimum device read latency to clock cycles greater than the

minimum device read latency.

17.  The memory module of claim 16, wherein N equals 8.



pattern. 21. The nmethod of claim 20, wherein said calibration pattern

I ncl udes at | east two successive bits which have a different |ogical state.
22. The nmethod of claim 21, wherein said calibration pattern has its first
bit set to a binary 0 and all subseque bits set to a bi The
met hod of claim 21, wherein said calibration pattern has i s¥?%?¥%§gpt set
to a binary | and all subsequent bits set to a binary 0. 22 13 Septenber
2005 24. The method of claim 19, wherein said at | east one configuration
line includes a plurality of configuration lines. 25. A conputer system

conpri si ng: processor: a mepmr ont.,roller coupled to the processor, at
| east one rrema)lrsy no rgerg%rgﬁ%rﬂﬁe[%fcf% 199@6{%;088}?%?%&1 er, each of said
menory nodul es, conprising a plurality of nme ryrvdevi ces; erein each of
sai d mensiypdgidional cenfiguratipa ling gxbrreia gaid ad@“ﬂ%?rﬁ? 1%‘?4Wﬁ11’§ Atrol circuit

coupled to the nmenory array; at |east one configuration |ine coupled to
sai d contsigial gtatecuiith enakiesraridisables @ reasinleck daday logk looppdsaidasend® nenory
device at a device read

device.

19. A method of operating a memory device, the memory device having at
least one configuration line, comprising:

operating the memory device at a device read latency equal to a minimum device
read latency of said memory device plus a number of clock cycles, said number being based

upon a state of a signal asserted on said at least one configuration line.

20. The method of claim 19, further comprising the step of:
responsive to a command from a memory controller, outputting a calibration

pattemn.

21.  The method of claim 20, wherein said calibration pattern includes at least

two successive bits which have a different logical state.

22.  The method of claim 21, wherein said calibration pattern has its first bit

set to a binary 0 and all subsequent bits set to a binary 1.

23.  The method of claim 21, wherein said calibration pattern has its first bit

set to a binary 1 and all subsequent bits set to a binary 0.



| at ency equal to a mninumdevice read | atency of said nenory device plus a
nunmber of clock cycles, said nunber being based upon a state of a signal
asserted on said at |east one configuration |ine. 26. The conputer system
of claim 25, wherein said control circyjt operates said ry deyjice over
a set of device read |atencies, said s £ includi ng N devi gg‘gr)pééﬁber¥g enci es
ranging fromthe m ninum device read | atency to a nunber of clock cycles

equal to the gdevi . ni ead,l.a -pl .es. 27. The
conput er syste%‘ of c@eﬁ%%&é&%ﬁ&‘Hﬁ%’%éﬁgf"@ﬁ?%‘%%@g@é‘%?‘g?%E%r 2005 28. A
met hod of, operating a nenory system the nenory system having at a

plurali t)}n@flgwwh@é\? %@%ﬁg&%oﬁ?‘ﬁﬁmry controller, conprising the steps
of: responsive to a conmand fromthe nenory controller, setting each of
the plurality of menory devices to operate at its mninum device read

| at ency; neasuring the systemread |atency for each of the plurality of
menory devi ces2sat sAicOmpoRn®stencadmipringer ; determ ning a maxi num system
read | atency at said nenory controller, said naximum systemread | atency
bei ng equal t o §f&sgpxi mum of the plurality of system read |atencies;
calculating a plurality of offsets at said nenory controller, each of said

plurality of é)&fea&tys ogﬁé)lﬂagc&ﬁ)feﬁ% ﬁlte%goc@ésgﬂ a correspondi ng one of the
plurality of menory devi Ces
at least one memory module coupled to the memory controller, each of said
memory modules comprising a plurality of memory devices;
wherein each of said memory devices further comprises,
a memory array;
a control circuit coupled to the memory array;
at least one configuration line coupled to said control circuit;
wherein said control circuit operates the memory device at a device read
latency equal to a minimum device read latency of said memory device plus a

number of clock cycles, said number being based upon a state of a signal asserted

on said at least one configuration line.

26.  The computer system of claim 25, wherein said control circuit operates
said memory device over a set of device read latencies, said set including N device read
latencies ranging from the minimum device read latency to a number of clock cycles equal

to the device minimum read latency plus N-1 clock cycles.

27. The computer system of claim 26, wherein N equals 8.



and being equal to the difference between the maxi num systemread | atency
and the systemread |atency of the corresponding one of the plurality of
menory devi ces; and setting each of the plurality of nenory devices to

operate at an increased device read |gjency by the nenor [0l
wherein the anount of increased devi ce%read | atency is eéﬁ%?pq‘%na&tr%gasoffset

associated with that one of the plurality of nmenory devices. 29. The net hod
of claim 28, rei . ] r | - ing a
calibration patter nﬂﬁﬁgﬁ)ﬁ%@ﬁﬂn@ﬁ@é@ébi %et%hﬁlrgg{segfggggkto a‘%ﬁgnd from
sai d nenor ntroller., 30. The net hod of aim 29, . rein said

cal i brat |H5ﬁm§ ?fé'fl?f“?w %lcgéﬁ%ﬁﬁﬁn%ﬁgquﬂ?r’tﬁ%gmﬁn\%ﬂﬁgg@ps[ successi ve
bits which have a different |ogical state. 31. The nethod of ,cl‘g%mso,

wher ei n SEFRPNBIE for eamwandEem dhgmpmery; qoatrollerstettingreachuef theplyralithel v 0 and
all subsequent bits set to a binary 1. 32. The nethod of claim 31, wherein
sai d cal ithembiyaieviped theporatvaad its henifunsdevirietreasidatenay; a bi nary 1 and al |
subsequent bits set to a binary 0. 33. A nethod for equalizing read |atency
over a p'rﬁéa%hﬁh%ﬂ&fsyaﬁﬁﬂfeﬁd latkai¢l §61Seadh ofthepy ANy T Hddrly deviods adsaignor y

system the nethod conprising: determining a nenory systemread | atency as
a maxi nmu %%o@ cBhﬁ‘Sli’elr;i ty of
determining a maximum system read latency at said memory controller, said
maximum system read latency being equal to the maximum of the plurality of system
read latencies;
calculating a plurality of offsets at said memory controller, each of said plurality
of offsets being associated with a corresponding one of the plurality of memory devices
and being equal to the difference between the maximum system read latency and the
system read latency of the corresponding one of the plurality of memory devices; and
setting each of the plurality of memory devices to operate at an increased
device read latency by the memory controller, wherein the amount of increased device

read latency is equal to the offset associated with that one

of the plurality of memory devices.

29.  The method of claim 28, wherein the step of measuring further
comprises:
sending a calibration pattern from each memory device in response

to a command from said memory controller.

30. The method of claim 29, wherein said calibration pattern



m ni nrum devi ce read | atencies fromsaid plurality of nenory devices; and
for each nenory device, setting said nenory device to operate at a device
read | atency equal to said nenory systemread | atency by adding a | atency

which is equal to a difference between_,gaid nenory syste and
a mninmmdevice read | atency of sai dZ?rermry devi ce. 34méf§§a?r@%%g&yof

claim 33, wherein said step of determning a nenory systemread | atency

conpri sespcRgRt IEHstRv&ﬁié%&%ﬁi%_&ﬁ&%v@@ﬁiﬁ‘d%m@m@%é.Ce to output a
calibration pattern: and neasuring a nunber of Clock cycles el apsed between

said sending a conmand and a |l ast calibration pattern to be detected. 25
13 Septenber 2005 35. A nethod of operating a nenory device, conprising:

sending a latency c nd to _said ry. deyjce.; and sendi.ng a nuneric
val ue associ at g’d Wi iﬂe g‘&ﬁﬁd@?g‘fﬁﬁggg’gﬁ‘éﬁbsaf‘t“i@ﬁmnr@ﬁwagevi ce; wherein
said menory device, in response to said | atency command and said nuneric
val ue, i sitssinst bibsed prea binarydlangd allevbsequent hts sehtaeheipamdual a mi ni num devi ce
read | atency of said nenory plus a nunber of clock cycles equal to said
nuneric val ue.

32. The method of claim 31, wherein said calibration pattern

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

33. A method for equalizing read latency over a plurality of memory
devices at a memory controller of a memory system, the method comprising:
determining a memory system read latency as a maximum of a plurality of
minimum device read latencies from said plurality of memory devices;
and
for each memory device, setting said memory device to operate at a
device read latency equal to said memory system read latency by adding a latency
which is equal to a difference between said memory system read latency and a

minimum device read latency of said memory device.

34.  The method of claim 33, wherein said step of determining a
memory system read latency comprises:

sending a command to cause each memory device to output a
calibration pattem: and

measuring a number of clock cycles elapsed between said sending a

command and a last calibration pattern to be detected.



36. The nethod of claim35, further conprising: at a nmenory controller,
sending a calibration command to said nenory device, said calibration
command causi ng said nenory device to output a predeterm ned calibration
pattern; and neasuring a nunber of clog g cycles which el qgggptgﬁgms& sai d
sending a calibration command and recei"pt of said predetermne
calibration pattern at the nenory controller.

35. A method of operating a memory device, comprising:

sending a latency command to said memory device; and

sending a numeric value associated with said latency command to said
memory device;

wherein said memory device, in response to said latency command and
said numeric value, is set to operate at a device read latency equal a minimum device

read latency of said memory plus a number of clock cycles equal to said numeric value.

36.  The method of claim 35, further comprising:

at a memory controller, sending a calibration command to said
memory device, said calibration command causing said memory device to cutput a
predetermined calibration pattern; and measuring a number of clock cycles which
elapse between said sending a calibration command and receipt of said

predetermined calibration pattern at the memory controller.



