; f ghi e3eF64T9 Novenber 2004 PREDI CTI VE TI M NG CALI BRATI ON FOR MEMORY

DEVI CES FI ELD OF THE | NVENTI ON The present invention relat to an jnproved
bi nary calibration technique which is useful for caIibrat?ﬁ%WP QR?daa
control and data signals in 5 high frequency DRAM nenory devi ces which
clock in data on positive and negative going edges of a clock signal.

DI SCUSSI ON OF THE RELATED ART Menory devices are constantly evolving in the
directions of faster speed and hi gher nenory density. To this end, dynamc
random access nenory 1o ( DRAM devices1have evol ved from si npl e DRAM
devices to EDOto SRAMto DDR SDRAM to SLDRAM the latter of which is the
subj ect of nuch current industry interest. SLDRAM has a hi gh sustai nabl e
bandwi dth, |ow | atency, | ow power, user upgradability and support for |arge
hi erarchi cal nenory applications. It also provides nultiple independent
banks, fast read/wite bus turn-around, 15 and the capability for snal
fully pipelined burst. One characteristic of SLDRAMis that it uses both
the positive- and negative-going edges of a clock cycle to READ and WRITE
data to the nenDGgIcells and to receive command and FLACC data from a

nenory cont r oPREDICTVEp L EVHNG MMEPNE@P@ TEMPRY BPENKEScan be

found in the specification entitled "SLDRAM Architectural and Functi onal
Overview," by G llingham | 9FIEIPHOAVHD ISMENTIONAUgust 29, 1997), the

di scl osure of which is incorporated by reference herein.
The present invention relates to an improved binary calibration
technique which is useful for calibrating timing of control and data signals in

5 high frequency DRAM memory devices which clock in data on positive and

negative going edges of a clock signal.

DISCUSSION OF THE RELATED ART
Memory devices are constantly evolving in the directions of faster

speed and higher memory density. To this end, dynamic random access memory
10 (DRM&) devices have evolved from simple DRAM devices to EDO to SRAM to

DDR S;DRAM to SLDRAM, the latter of which is the subject of much current

industry interest. SLDRAM has a high sustainable bandwidth, low latency, low

power, user upgradability and support for large hierarchical memory applications.

It also pro{ridcs multiple independent banks, fast read /write bus turn-around,

15 and the capability for small fully pipelined burst.

One characteristic of SLDRAM is that it uses both the positive- and
negative-going edges of a clock cycle to READ and WRITE data to the memory

cells and to receive command and FLAG data from a memory controller.



Because of the required high speed operation of SLDRAM and ot her
contenporary nenory devices, systemtimng and output signal drive |eve
calibration at systeminitialization, such as at start-up98k“¢%ﬁgﬁﬂ2da§ a
very inportant aspect of the operation of such devices to conpensate for
wi de variations in individual device paranmeters. io One of the severa

cal i bration procedures which is perforned in current SLDRAM devices is a
timng synchroni zation of clock signals CCLK (comrand cl ock signal) and
DCLK (data clock signal) with data provided on incom ng command pat hs CA
and the FLAG path (for the CCLK signal) and on the data paths D~ (for the
DCLK signal) so that incomng data is correctly 15 sanpled. Currently, a
menory controller achieves this timng cajibration at systeminitialization
by sendi ng conti nuous CCLK and DAK transitions on those clock paths and
transmtting inverted and non-inverted versions of a 15 bit repeating
pseudo random SYNC sequence "11 |10 OL1001 000" on each of the data paths
DQ the command paths CA, and the FLAG path. The SLDRAM 9 Novenber 2004
recogni zes this pseudo random sequence by two consecutive ones "I"

appearing on the FLAG\Bidveafslv BESEDRAMSIeHteORAh BRIGGHAN & tvesgehelis del ay
for CCLIC and DCLK to optinally sanple the known bit pattern.” This opti nal

delay is achigy, Y j i the t ral position of fhe ceived data
bits to achi eg%&gc%essﬁﬂm }P}%lhltﬁfriuéﬁggﬁrﬁ %Ba?mv?lgletvﬁe%’lé BhEfdbs i s
acconpl i shed 123 adjusting a delay in the receiving path of the received
data until th %M Sloasoivm Ghegisy 29aABPE)Y thy disubosre okwhith is
recogni zed internally. Once synchronization has been achieved, that is, the
proper del aysinedrgdigredidthrrdf@estd/hétgipat hs have been set, the nenory
5 Because of the required high speed operation of SLDRAM, and other
contemporary memory devices, system timing and output signal drive level
calibration at system initialization, such as at start-up or reset, is a very important

aspect of the operation of such devices to compensate for wide variations in

individual device parameters.

10 One of the several calibration procedures which is performed in
current SLDRAM devices is a timing synchronization of clock signals CCLK
(command clock signal) and DCLK (data clock signal) with data provided on
incoming commaﬁd paths CA and the FLAG path (for the CCLK signal) and on
the data paths DQ (for the DCLK signal) so that incoming data is correctly

15 sampled. Currently, a memory controller achieves this timing calibration at
system initalization by sending continuous CCLK and DCLX transitions on
those clock paths and transmitting inverted and non-inverted versions of a 15 bit
repeating pseudo random SYNC sequence “111101011001000” on each of the

data paths DQ, the command paths CA, and the FLAG path. The SLDRAM



controller stops sending the SYNC pattern and the SLDRAM after all 10
cali brations are conpleted, can be used for normal nenory READ andaﬁRlTE
access. Wile the timng calibration described above, whi Navemhgr 290t ed at
start-up and reset, has been found to perform adequately in nost
circunstances, there is a problemin that current SLDRAM devi ces capture

i ncom ng data on 15 both positive and negative going transitions of the

cl ock signals CCLK and DCLK. As a consequence, even when timng calibration
is achieved it is not clear if alignnment was achi eved on a positive going
or negative going clock edge. That is, the I5-bit synchronization pattern
Lacks any timng signature. It would be preferable to always align the data
timng on one of the positive or negative3 9 Novenber 2004 goi ng edges, e.
g., the positive going edge, to sinplify the command bit Logic circuit. If
circuit designers sinplify the command bit logic circuit on the assunption
that alignnment is achieved on one of the positive and negative goi ng edges,
e.g., positive going edge, of the clock signal, achieving timng 5
synchroni zati on using %&e current ;15 bit ps%udq random patt ern.,gannot.

guar ant ee t hat “SSOPRIRFOTHSREREA A0 SHAUSASH OWTHR GORSTRILYS 1 9Fthe ~ @BPTHIRE,
e.g., positive going, clock edge. If, for exanple, synchronization was

achi eved on t hen degBLAGebigahd gleeatginafancoprimakektignaitemabdelanborcCCLiandy i s
desi gned on the assunption that synchronization is achieved on a positive
goi ng edge, i | ]

danpli ng may B Car “pobEmaly bl BERELER bt IR YpRERFARal KRS
random pattern i s _repeated during the calibratio rocess, there(rﬁjl be

al ternating timeadiisens the tempordpasitp rféﬁlf%ﬁ?i‘?gdfaéﬁbltth@ agiFER desirert k
transition, e.g., positive going, and then inproperly synchronized wth,

e. g., sa negat ibiealypimgnt rehitive ttb @he cland. Thévieatcommslishéd bpabipntaguaidelay kmow ng
when the calibration process is conpleted, whether synchronization has been
achieved in t i L0 LM i . Sj tL: t. l.acl S,
calibration rrah@egggéé%h %&%Ofﬁgﬁtﬁ‘éc‘gﬁ‘g%g%ﬁg‘[sg& Ec?%élgg%g;haégﬁ fcﬁ)(gﬁg 5%1(1:}11 B
signal, leading to incorrect sanpling of the data during nenory access 9
Noverber 2004 by disediach ankrecognized internadly a @inceispehironsapen bas Bepncchieyedy y

to ensure that incomng data is synchronized to the proper phase of the
dock. that is, the proper delays on the data receiving paths have been set, the memory

controller stops sending the SYNC pattern and the SLDRAM, after all
10 calibrations are completed, can be used for normal memory READ and WRITE

acccess.

While the timing calibration described above, which is conducted at
start-up and reset, has been found to perform adequately in most circumstances,
there is a problem in that current SLDRAM devices capture incoming data on

15 both positive and negative going transitions of the clock signals CCLK and
DCLK. Asa consequence, even when timing calibration is achieved it is not
clear if alignment was achieved on 2 positive going or negative going clock edge.

That is, the 15-bit synchronization pattern lacks any timing signature. It would

be preferable to always align the data timing on one of the positive or negative




To overcone sone of the shortcom ngs inherent in the 15 bit synchronization
pattern, a 2N bit synchroni zati on pattern has been propos in U.
Application Serial No. , filed (Attorney Docket No. m065§g@89W%eB@§Qﬂse

the 2N bit synchroni zation pattern has an even nunber of bits, the
calibration |ogic can achieve data synchroni zation on a desired phase of

t he associ ated cl ock. The synchronization pattern is preferably a 2N bit
pattern which is produced by adding an additional bit to a 2'~1 pseudo |0
random bit pattern. The synchroni zation bit pattern enployed is preferably
16 bits long Wiile the 2N bit synchroni zation pattern has advant ages over
the 2N-1 bit synchroni zation pattern, it still takes a certain anount of
tinme to achieve synchronization, also terrfed calibration, of all inconng
data paths. Moreover, 15 even with a 2N bit synchroni zation pattern, it is
still possible that after all incom ng data paths have been cali brated,
there may still not be parallel alignnment of the data bits across al
incom ng data paths, particularly if the range of possible timng
conpensation for the data p ths is larger than a bit cycle. Still 9
Novenber 2004 &§W&¢ i’r?ércgnt Fé’OéﬁvFlg%@igﬁl.@Dslm;éxfm:bc/eommanﬂrmniogai| on on
the undesired edge of the clock signal for sone of the data paths. SUVWMARY

o IWELTEBRE e et e ritind G lion 2o
assumption that alignment is achieved on one of the positive and negative going
edges, e.g., positive going edge, of the clock signal, achieving timing

5 synchronization using the currcﬁt 15 bit pseudo random pattern cannot
guarantee that synchronization was achieved with respect to the correct, e.g.,
positive going, clock edge. If, for example, synchronization was achieved on the
negative going edge of a clock signal when the circuitry is designed on the |
assumption that synchronization is achieved on a positive going cdgé, when data

10 is later sampled during memory access the data sampling may be off by one bit.
Moreover, because the 15-bit pseudo random pattern is repeated during the
calibration process, there will be alternating times when it is properly
synchronized on the correct clock transition, e.g., positive going, and then
improperly synchronized with, e.g., a negative going transition, and there is no

15 mechanism for knowing when the calibration process is completed, whether
synchronization has been achieved in the positive or negative going transition of

the clock. Thus, calibration may be achieved in the wrong phase, or edge, of the

clock signal, leading to incorrect sampling of the data during memory access




No MA065.0269) in a unique way to obtain a faster and nore reliable
calibration of the data paths. Since an even nunber of cl e

used to clock in the 2N bit synchroni zation pattern, the %ﬁgyéxgp %R@ 4cl ock
signal can be inplied by the known order of the bits being captured.
Typically, for a DDR/SLDRAI I ~I to nenory device the | owest comon data
burst rate is four (4) data bits. That is, four data bits at a tine are
serially sent on a data path. If the 2N bit synchroni zation pattern is
generated with a known cl ock phase relationship froma nmenory controller to
a nenory device, then the data-to-clock phase alignnment can be determ ned
using sinple decode logic to predict the next four bits froma 15
just-detected four bits. If the succeeding four bit pattern does not match
the predicted pattern, then the current data-to-clock alignnent fails for a
particul ar delay value adjustnent in the data path undergoi ng alignnent,
and the delay in that data path is adjusted to a new val ue. 9 Novenber
2004 This process repeats until the decode Logic correctly predicts the
next four bits_in tin del f ta
path is correc?per%“ rgsétu "bl?%‘ talggle a.ﬁé’or}{ VENT C}C%{n u{}g ¢ cﬁgrep%&édﬁ 'Q)t(?m{ijl
schenme over all possible values of delay in a data path and devel ops a

"wi ndow' of acéupisaynchitaiizad wathgaopenghashotdesdodor rect prediction of the
next four bits of the synchronization pattern. Then, a delay value is set
which is at or near the center of the w ndow of acceptable del ay val ues.

The invention al so ensy ec?\/c}&ﬂ'ﬁc A af &&n@ﬂénw&dngecwcréxﬁ f Qﬁélrsedo@dge
of the clock signal, e.g a positive going edge,, forcing a failure

of all .
synchronization pattern, a 2% bit synchronization pattern has been proposed in

5 U.S. Application Serial No. , filed (Attorney Docket
No. M4065.0269). Because the 2" bit synchronization pattern has an even
number of bits, the calibration logic can achieve data synchronization on a
desired phase of the associated clock. The synchronization pattern is preferably a
2N b‘it_ pattern which is produced by adding an additional bit to a 2™-1 pseudo

10 random bit pa&crn. The synchronization bit pattern employed is preferably 16

bits long.

While the 2N bit synchronization pattern has advantages over the 2M-1
bit synchronization pattern, it stll takes a certain amount of time to achieve
synchronization, also termed calibration, of all incoming data paths. Moreover,

15 even with a 2" bit synchronization pattern, it is still possible that after all
incoming data paths have been calibrated, there may stll not be parallel
alignment of the data bits across all incoming data paths, particularly if the range

of possible timing compensation for the data paths is larger than a bit cycle. Stll



10 predicted four bit patterns which are associated with an undesired edge,

e. ¢g., a negative going edge, of the clock signal. BRIEF SCRI PTI %g
' wil |

DRAW NGS The

above and ot her advantages and features of t OvRNber

THE

be nore clearly understood fromthe follow ng detail ed description of the
invention 15 which is provided in connection with the acconpanyi ng draw ngs
in which: FIG 1 illustrates an sldram bus topology with which the

i nventi on may be used; 9 Novenber 2004 FIG 2 illustrates a portion of
t he SLDRAM nodul e shown in Figure 1; FIG 3 illustrates a sinplified timng
diagramillustrating a portion of the timng signals used in the operation
of the Figure 2 circuit; FIG 4 illustrates a graphic exanple of the
synchroni zati on techni que used to synchroni ze the SLD1ZAM system of Figure

1, FIG 5 il
synchroni zat
for generati

|l ustrates a pattern of acceptable delay val ues for
ion used in the invention; FIG 6 is a representative circui

ng a 2N 16-bit code used 10 in the present invention; FIG 7

illustrates a clock signal and associated 2N 16-bit code used in the

present inve
used in the

10

15

ntion, FIG 8 il]ustrates a data capture and conpare circuit
Fffuéfgxémm issFdlpessiple gmarhieve synchronization on the undesired edge of the

clock signal for some of the data paths.

SUMMARY OF THE INVENTION
The present invention utilizes the 2% bit synchronization pattern

described in U.S. Seral No. , filed (Attorney Docket

No M4065.0269) in a unique way to obtain a faster and more reliable calibration
of the data paths. Since an even number of clock cycles are used to clock m the
2" bit synchronization pattern, the phase of the clock signal can be implied by
the known order of the bits being captured. Typically, for a DDR/SLDRAM
memory devicé the lowest common data burst rate is four (4) data bits. That is,
four data bits | at a time are serally sent on a data path. If the 2V bit
synchronization pattern is generated with a known clock phase relationship from
a memory controller to a memory device, then the data-to-clock phase alignment
can be determined using simple decode logic to predict the next four bits from a
just-detected four bits. If the succeeding four bit pattern does not'match the
predicted pattern, then the current data-to-clock alignment fails for a particular
delay value adjustment in the data path undergoing alignmcnf, and the delay in

that data path is adjusted to a new value.

t



9 Novenber 2004 9 FIC. 9 illustrates a processor based system using an
SLDRA11Z nenory which enploys calibration structures and process

met hodol ogi es in accordance with the invention. 5 DETA LEDNorember?08h or
THE PREFERRED EMBODI MENTS Exenpl ary enbodi nents of the invention will now
be described with reference to an SLDRAM nenory system However, the

i nvention has applicability to other types of nenory systens as well. An
exenpl ary SLDR. AM system whi ch rnay enploy the invention is illustrated in
Figure 1.. It includes a 10 plurality of SLDRAM nodules 11la . . . 11n which
are accessed and controlled by a nmenory controller 13. Menory controller 13
provides a command |ink to each of the SL-DRAM nodules 1la . . . 11n which

i ncludes a clock signal CCLK on inverted and non-inverted cl ock signal
paths, a 1 bit FLAG signal and a 10 bit command bus CAO-9. In addition,
SLDRAM i nput /out put signals SO SI are is provided fromnenory controller

13 in daisy chain fashion to the SLDRAM nodules 11a . . . 11n. Irr
addition, a bi-directional data bus DQO- 17 is provided between nmenory
controller 13 and eacthi®irbfgs MM 4HE R cdd@logic corrccd;l'\gfcd&%s fHeCnext

bi -directional data cl ocl?s DCLKO and DCLKI. The clock 9 venber 2004 10

DCLKO i d.to,str. i.nput / oyt d i nt d qut .of .the SLDRAM
modul es, & prOUEEEs (BeAFRBII e e ALl e e e el et y

used.

In actual practice, the invention uses this prediction scheme over all possible
values of delay in a data path and develops a “window” of acceptable delay values
which cause correct predicton of the next four bits of the synchronization
pattern. Then, a delay value is set which is at or near the center of the window of

acceptable delay values.

The invention 2lso ensures that dara alignment will occur to a desired
edge of the clock signal, e.g.,-a positive going edge, by forcing a failure of all
predicted four bit patterns which are associated with an undesired edge, e.g., 2

negative going edge, of the clock signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The above 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 in which:

FIG. 1 illustrates an SLDRAM bus topology with which the invention

may be used;




Figure 2 illustrates a sinplified relevant portion of one of the SLDRAM
nmodules 11la . . . | In. It includes a control .logic circ Nt 21, Iahg?es
23, 25, 49, 59, delay devices 27, 29, 31, 55, 57 which maéjj Quembgy ay
devi ces, buffers 35, 37, 39, 33, 45, 47, 51, 53, a delay |lock |oop 41,

mul tiplexer 43, pipeline circuits 61, 63, SRAMinput/output circuits 65 and
67, and respective nenory banks BankO and Bankl 69, 71. It should be noted
t hat al though two nmenory banks are illustrated in Figure 2, this is just
illustrative, as any nunber of |0 nenory banks can be used. Control |ogic
circuit 21 receives and anal yzes commands on the CAO 9 bus and controls the
i nput/output (1/0O access operations of the nenory banks 69, 71. The
control logic circuit 21 also receives the FLAG signal and the cl ock signa
CCLK. 15 The signals on each of the conmand bus paths CAOG 9 are passed

t hrough respective adjustable ring delay circuits 27 and into respective

| at ches 23 where the signals are |atched by a CCLK signal, as buffered by
buffer 39, delayed by delay 31 and buffered by buffer 33. 9 Novenber 2004
n The signal CCLIC passes frombuffer 39 into a delay |ock | oop
circuit 41 which pr?\;?‘g&s‘ﬁE%C‘%FF%%RO"sqog‘ﬁaﬁe el RéMmed e shewn 43 Fighine

mul tipl exer provides 18 clock output signals through respective buffers 45
to 18 latcheds 49 which latch data output fromthe nenory banks 69, 71. The
output data from5 nenory banks 69, 71 pass into SRAMS 65, 67 which act as
|/ O buffers and pass through pipeline circuit 61 before being |oaded into

| at ches 49. The out ched i.p_latches,.49 is. provided to respective
buffer anplifiers 4¥T§h§q$€s#nﬁ%%£srlglp?"ge%§§¥8§ dd%ﬁmt’gﬁﬁtéw ROHAAAL er 13
via data bus, DQ Data which is to be input to nmenory banks~69, 71 is

suppl i ed by th% UFERSSienadised|in she operation oé UncFigaira 2ispitt s passed t hr ough
gated buffers 51 through ring delays 57 on each path of the data bus, into
| at ches 59, through

5 FIG. 4 illustrates a graphic example of the synchronization technique

used to synchronize the SLDRAM system of Figure 1;

FIG. 5 illustrates a pattern of acéeptable delay values for

synchronization used in the invention;

FIG. 6 is a representative circuit for generating a 2™ 16-bit code used

10 in the present invention;

FIG. 7 illustrates a clock signal and associated 2™ 16-bit code used in

the present invention;

FIG. 8 illustrates a data capture and compare circuit used in the

_present invention; and



pipeline circuit 63. Frompipeline circuit 63, input data on the DQ bus
passes into buffer SRA11~I 65, 67 and into a nenory bank 69, 71. Ta

control logic circuit 21 also issues an enabl e conmmand RENOYSMRSE ggér t he
menory controller indicates a nmenory access WRI TE operation by way of a

VWRI TE command in the data on the comand bus CAG- 9. The RXEN command
enabl es the data input buffers 51 and a data clock input buffer 53. The
data cl ock DCLK passes through gated buffer 53, delay circuit 55 and is
used to control latch 59 to latch in incom ng data on the data bus DQ 9
Novenber 2004 i? In order to ensure proper timng of the various nenory
operations perforned by the SLDRAM noduleg Ila . . . 1ln, the Figure 2
circuit nust be synchronized to ensure the incomng data is properly tined
relative to the clock signals CCLK and DCLK. To this end, a 2N bit

synchroni zing pattern of the 5 type described in U S. Application Seri al

No. , filed (Attorney docket No. MO065.0269) is applied to each of the data
i nput paths CAG- 9 and FLAG while the data pattern is sanpled in | atches

23-and 25 by tike del aygdoGhnekc&iidbessSibased er%m%ﬁ{g 4:C ST.ORUN

synchroni zing pattern described in that application is ™1111010110010040."
10 Rather than trying, to determne whether the entire 16 bit .

synchr oni zat | FFPeH %(F’-PF?‘I <nRlgYs %ﬁﬁriﬂ%&%w? aflﬁ &r P?ﬁ?%ﬂ’ﬁ%%d‘?l%%g’ on

predi cting the next sequence of Mbits in the 16 bit synchronization
pattern from acqrdvheusiththe inveagoance. |f the next bit sequence can
reliably be correctly predicted one or nore tinmes, then the synchronization
pattern is correctly 15 received and calibration obtained. If the next

M bi't sequence cannot be reliably correctly predicted one or nore tines,
then the synchronization pattern has not been correctly received and

cali bration has_not been attained, and a_delay. _val in t h under
cal i bbation i PEFAREED RESGRHTHONI QR H@B&%ﬁ@%ﬁg@&%@ﬁﬁaedi cting
the next Mbit sequence froma prior Mbit sequence. 9 Novenber 2004 13

Thi s process repeats Exempldry poteidihentdef dye invknsen will howhiee dontibed withgi ¢
circuit tracking those delay values where data path calibration is

achi eved. The capidQl.ol SO RIIGUhimdd SHEM SEIRRLE:, (BSifchlibRhafiel ay

val ue, one whi or ‘near the cent ose y val ues which

resulted in data_path calibration.
applic%bility to other types of memory systems as well. An exemplary SLDRAM

system which may employ the invention 1s illustrated in Figure 1. It includes a

10 plurality of SLDRAM modules 11a.. .. 11n which are accessed and controlled
by a memory controller 13. Memory controller 13 provides a command link to
each of the SLDRAM modules 11a . . . 11n which includes a clock signal CCLK
on inverted and non-inverted clock signal paths, a 1 bit FLAG signal and a 10 bit
command bus CAO-9. In additdon, SLDRAM input/output signals SO, SI are

15 provided from memory controller 13 in daisy chain fashion to the SLDRAM
modules 11a ... 1ln. In addition, a bi-directional data bus DQO-17 is
provided between memory controller 13 and each of the SLDRAM modules 11a

....11n, as are bi-directional data clocks DCLKQ and DCLK1. The clock



The invention al so ensures that synchronization is obtained on a desired
one of the positive and negative going transitions of the clock, e a
positive going transition, by ensuring that the next N@bﬁiN9¥ﬁG@ﬁ53804
predi ction of patterns associated with the undesired clock transition,

e.g., a negative going transition; wll be an incorrect prediction (
"forced failure" ) and thus will always |0 ~ create a |ack of calibration.
To illustrate the calibration process, calibration of the data appearing on
the FLAG path will now be described, it being understood that the sane
calibration process is also carried out on each path of the command bus
CAO- 9 and each receive path of the data bus DQ al though calibration of the
DQ bus 15 data paths is perfornmed relative to the DCLK data strobe cl ock
signal. Figure 3 illustrates a sinplified timng diagramof the clock
signal CCLK, the FLAG signal, the command bus signal CA/Cl11ZD, a data bus
signal DQ DBUS and a data strobe signal DCLK. As shown, four bits (M4) of
data on a DQ path of the data bus ( DBUS ) are clocked in on four

sequential pogitive and negative 9 Novenber 2004 14 going transitions of
the data cl ocR ikl WeL kO sroks inght /onitpiataterREAVBIEORDOf thenSIIDRAGL K
appears. The data present on the command signal paths CAO 9 and on the FLAG
pat h i s cl ockeddules| & prbessfIraviias i o SN i %%lﬁ j

negati ve goi ng tranéiFions of the ggﬁgg%%g%ﬁgg% sig%g?&%gf . gggguggﬂ
synchroni zation pattern "11110101 1001 0000" and its relationship to the
clock signal CCLK (a is i)lystrat in Figure 7. These signals

to K d
are sent from mam)ryrlggmer‘o Leragesa sn #rﬁgﬁﬁtyp%@m@fqnqgfmc_ 1 oin.

SLDRAM modules 11a... 11n. It includes a control logic circuit 21, latches

5 23,25, 49, 59, delay devices 27, 29, 31, 55, 57 which may be ring delay devices,
buffers 35, 37, 39, 33, 45, 47, 51, 53, a delay lock loop 41, multiplexer 43,
pipeline circuits 61, 63, SRAM input/output circuits 65 and 67, and respective
memory banks Bank0 and Bankl 69, 71. It should be noted that although two
memory banks are illustrated in Figure 2, this is just illustrative, as any number of

10 memory banks can be used.

Control logic circuit 21 receives and analyzes commands on the CAO-
9 bus and controls the input/output (I/0) access operations of the memory
banks 69, 71. The control logic circuit 21 also receives the FLAG signal and the

clock signal CCLK

15 The signals on each of the command bus paths CAO-9 are passed
through respective adjustable ring delay circuits 27 and into respective latches 23
where the signals are latched by a CCLK signal, as buffered by buffer 39, delayed

by delay 31 and buffered by buffer 33.



Returning to Figure 2, it can be seen that the data entering on the FLAG
signal path passes through ring delay circuit 29 and is |atched, in_latch 25
|0 by the command clock signal CCLK. This data is then sé?h&VP?“%%Spﬁéd to
control logic circuit 21. During the calibration period, the known 2N bit
synchroni zation pattern is applied to the FLAG path by nmenory controller 13
(FIG 1), together with the free running clock signal CCLK (FIG 7). The
rel evant portion of control logic circuit 21 for obtaining calibration is
illustrated 15 in Figure 8 and m |l now be described. The control |ogic
circuit 21 includes a four bit data capture register 101, a negative
sequence detector 103, a next state generator 107, a seed logic circuit

| 05, a conparator 109, a timng generatorlll | and a logic circuit 113.

Bef ore describing the operation of the Figure 8 circuit, the applied 9
Novenber 2004 15 synchronization pattern and its relationship to the clock
signal CCLK (or DCLK) is first discussed with reference to Figure 7. .As
shown, the synchronization pattern is keyed to positive and negative goi ng

d f the clock signal. K)o Z0 bi t t whi ch
Tt at ed on 5 posi &1 VALGUHD G anaRtPatSs % Rt s bR Tafiatge

imredi ately follow ng next four bit patterns are shown in Table 1. Current
Four Bit Val uéNextt $owhiabj provisesdf tlochcigalsintg 2 mulfipe8d0a3. SThOmDtpRL )
10010000(5) 1101 ~0110(ti) 01100100(7) 0100 0011(8) 00111101 Those four bit

patterns whi chre¥ides NBidakeshBi ?‘%st L t | d e«&l ock
si gnal and thlgri nlﬂgdi ately fot?l E)ﬁ ng %hgg%g?gél}%ctﬁc %@?%%%9?282%8% %?1 t he

fol }l owi ng Tabl.g .2, latch data output from the memory banks 69, 71. The output data from

5 memory banks 69, 71 pass into SRAMS 65, 67 which act as I/O buffers and pass
through pipeline circuit 61 before being loaded into latches 49. The output data
latched in latches 49 is provided to respective buffer amplifiers 47 and from there

is passed back to memory controller 13 via data bus DQ.

Data which is to be input to memory banks'69, 71 is supplied by
10 memory controller 13 on the DQ data bus, is passed .i:hmugh gated buffers 51
through ring delays 57 on each path of the data bus, iﬁto latches 59, through
pipeline circuit 63. From pipeline circuit 63, input data on the DQ bus passes

into buffer SRAM 65, 67 and into a memory bank 69, 71.

The control logic circuit 21 also issues an enable command RXEN
15 whenever the memory controller indicates a memory access WRITE operation by
way of a WRITE command in the data on the command bus CAO-9. The
RXEN command enables the data input buffers 51 and a data clock input buffer
53. The data clock DCLK passes through gated buffer 53, delay circuit 55 and is

used to control latch 59 to latch in incoming data on the data bus DQ.



Current Four Bit ValueNext Four Bit Value(1l) 11101011(2) 10110010(3)
00100001(4) 000l 1110(5) 10101100(6) 11001000 9 Novenber_ 2004 16 égbg‘ooo
0111 (8)0111 1010 One aspect of the present invention is % YOXEROE!
calibration of a data path by conparing an Mbit sequence which is
predicted froman i mediately prior Mbit sequence with the next arriving
M bit sequence. To performthis conparison, nmultiple Mbit sequences
appearing on a data path are conpared with predicted Mbit sequences
generated fromthe i medi ately preceding Mbit sequence. |If the predicted
M bit sequence matches the next arriving Mbit 1o sequence, then

cal i bration has been achieved for the data path under calibration. If the
predi cted Mbit sequence does not match tlBe next arriving Mbit sequence,
t hen calibration has not been achieved and the control logic circuit 21
alters a delay value in the data path undergoing calibration and again

| ooks for a nmatch between the predicted and next arriving Mbit sequence.
To achieve 15 nore reliable operation, calibration is indicated when this
predi ction and conparjson process yields a match for several Mbit
sequences appearing Of PIET SAERSUSAPrOPET Naringxf thisarivepmatrety opepdohsons
yield a match, the present delay value is found to produce calibration. In
a preferred erdrfintehby th\ SLDRMNIGholi@Rs 1811 CUilly 2. ‘Plcédre Qccfizl&gltlr%{u&%cSt €p
t hrough all possible delay values for the data path under calibration,

noting 9 NQYEPREILiZWE ensure the incoming data is properly timed relative to the clock
signals CCLK and DCLK. To this end, a 2" bit synchronizing pattern of the

5 type described in U.S. Application Serial No. , filed

(Attorney docket No. M4065.0269) is applied to each of the data input paths
CAO-9 and FLAG while the data pattern is sampled in latches 23-and 25 by the
delayed clock signal CCLK. One specific 16-bit synchronizing pattern described

 in that application is “1111010110010000.”

10 .' Rather than trying to determine whether the entire 16 bit
synchronization pattern is correctly received, the invention relies on predicting
the next sequence of M-bits in the 16 bit synchronization pattern from a
previous M-bit sequence. If the next bit sequence can reliably be correctly
predicted one or more times, then the synchronization pattern is correctly

15 received and calibration obtained. If the next M-bit sequence cannot be reliably
correctly predicted one or more times, then the synchronization pattern has not
been correctly received and calibration has not been attained, and a delay value in
the data path under calibration is changed and synchronization is again

attempted by predicting the next M-bit sequence from a prior M-bit sequence.



17 those delay v slues which produce calibration and then select as a final
delay value for the data path that delay value which is at_or near 8

- center of those delay val ues which produced calibration. &ﬁ%Wﬁgﬁeégb gt of
the invention is ensuring that calibration occurs on a predeterm ned one of
the positive and negative going transitions, e.g., the positive going edge
of the clock signal. This is achieved by generating valid predicted val ues
for those Mbit sequences associated with the predeterm ned cl ock
transition, e.g., the positive going transition, and generating invalid
predi cted values for those Mbit sequences associated with the other clock
to transition, e.g., the negative going tyansition. Since the clock
transition to which calibration is not desired will always have an invalid
predi cted next sequence, calibration to this clock edge will never be
attained. Returning to Figure 8, one data path, e.g. FLAG undergoing
calibration is showmn. It should be noted that the input data to the data
capture i5 register 10l is taken frominput latch for the FLAG data path,

i.e. latch 25rhn 5&59&;5% atsFop QU gb%&@af%y%gm'ew% HRG R E Mg OBrMe assume

that the arriving data cones In ur It burst (112=4),” hence the
four stages of the data capture register I O , Once, a k@g’r bit sequence of
t he synchroni%ﬁ%%t@?ﬁy ‘iagleét"ﬁ’(cé"dd’f‘tﬁ gy Fathsatian is achicyed | J\]/‘geé:@ Hehce
detector 103 exam nes the stored four bits to 9 Novenber 2004 is see if

t hey correspdagiddrauitb?l deeodetires s gkl degi vduqonanvhighl ésdtrarthelr diesi tion
of the clock signal to which the system should not calibrate. In the

exanpl e center of those delay values which resulted in data path calibration.

5 The invention also ensures that synchronization is obtained on a
desired one of the positive and negative going transitions of the clock, e.g., a
positive going transition, by ensuring that the next M-bit sequence prediction of
patterns associated with the undesired clock transition, e.g., a negative going
transition, will be an incorrect prediction (“forced failure™) and thus will always

10 : create a lack of calibration.

To illustraté the calibration process, calibration of the data appearing
- on the FLAG path will now be described, it being undcrstoéd that the same
calibration process is also carried out on each path of the command bus CAO-9
and each receive path of the data bus DQ, although calibration of the DQ bus
15 data paths is performed relative to the DCLK data strobe clock signal. Figure 3
illustrates a simplified timing diagram of the clock signal CCLK, the FLAG
signal, the command bus signal CA/CMD, a data bus signal DQ/DBUS and a
data strobe signal DCLK. As shown, four bits (M=4) of data on a DQ path of

the data bus (DBUS) are clocked in on four sequential positive and negative



gi ven, we assune that calibration should be achieved on a positive going
transition of the clock signal. Accordingly, if detector |03 regggabégs a
bit 5 sequence that natches a value in the left colum of9 Kauem , ve,
which is associated with a negative going clock transition, it sends a
"FAIL" signal to next state generator 107. The next state generator 107

al so receives the current bit sequence stored in register 101 and predicts
fromthat bit sequence what the next four bit sequence should be. to Tabl es
1 and 2 show the 16 possibilities for the four bit sequence in register 101
and what the next predicted four bit sequence is for each. |If the next
state generator 107 does not receive a "FAIL" signal fromdetector 103, it
will generate a correct predicted sequenéé. For exanple, if the current
four bit sequence is "1111" (Table 1 ), the next state generator 107 w ||
generate the 15 "0l 01" pattern as the predicted next bit sequence. On the
other hand, if the next state generator 107 receives a "F.~4l1L" signal from
detector 103, it will generate an incorrect predicted sequence. For

exanple, if t rrent four, bi,t s ence ,i.s~r1011" (Tahl ) correct
predi ct ed neg‘%ﬂgt&?éﬁl?&ﬁé’gt%%%ﬁa ?%i( Sigfept ,GL% “uPﬁgPﬁEAMﬁEE. gnal
causes generator 107 to generate a four bit 9 Novenber 2004 19 pattern
ot her than " @oon ofHA€L&nappearsy Tlradategiredonaonche obmiteadisigreal patts QAO- not
be achi eved. Next state generator 107 may be inplenmented as a four-bit

Shi ft regi St @ akd 68 HBTTAG b8 [RIRHeln T B Gt £60 b398 scletifalr eCei ved

by the next 5 state generator 107 from see ogl C uses Its output to

be the same positive and negative going transitions of the command clock signal CCLK. The

5 synchronization pattern “1111010110010000” and its relationship to the clock
signal CCLK (and to DCLK) is illustrated in Figure 7. These signals are sent

from memory controller 13 to each memory module 11a. .. 11n.

.Rctuming to Figure 2, it can be seen that the data entering on the
FLAG signal path passes through ring delay circuit 29 and is latched in latch 25
10 by the commanci' clock signal CCLK. This data is then serially applied to control
logic circuit 21. During the calibration period, the known 2™ bit
synchronization pattern is applied to the FLAG path by fncrnory controllef 13
(FIG. 1), together with the free running clock signal CCLK (FIG. 7). The
relcvan£ portion of control logic circuit 21 for obtaining calibration is illustrated

15 in Figure 8 and will now be described.

The control logic circuit 21 includes a four bit data capture register
101, a negative sequence detector 103, a next state generator 107, a seed logic
circuit 105, a comparator 109, a timing generator 111 and a logic circuit 113.

Before describing the operation of the Figuré 8 circuit, the applied



repeating 2N bit pattern, in Mbit sequences, except that it is one Mbit
sequence ahead in phase than that appearing on the data F@
calibration. For exanple, the seed logic 105 may seed ne Qf’ﬁ ebgﬂg‘t}ator
07 to produce an initial output of "0101," or the first Mbit sequence

after the initial sequence, 10 ~~ "I | 11." Thereafter, next state
generator 107, operating the sane as the shift register generating the
calibration pattern, will always be Mbits ahead of the calibration

pattern. The output of next state generator is transmitted to the conpare
circuit 109 as well as back to the nmenory controller 13 (Figure 1).

Transm ssion to the nmenory controller 13 jss required for calibration of the
15 controller 13. Conpare circuit 109 conpares the predicted next hit
sequence, received fromgenerator 107, with a next arriving or now current
four bit sequence in register I OL. If coincidence of the conpared data
exists, this indicates that the arriving data on the data path being
calibrated is properly 9 Novenber 2004 20 tinmed v~ith the correct edge of

the clock si gQ%chrbhz%@tbﬂgja&eﬂfsaxdiﬁa%ctmttnsﬁzg & theldlok di j@@m (bhat such
calibration has not been obtained. The conparison result is applied to a

l ogic circuit , J.T data.coi nci denc e tes the del ay
val ue for the é&ﬁé\yﬂéﬁ@&%‘lﬁc P‘f‘ﬁb“g“éf"aﬁf LEBFCD?T]Z‘S E‘Q théa path, in the
5 exanple given. As noted, in a preferred enbodi nent, the Ioglc circuit 113
wi |1 actual |y sgoitronization pattam idédepyd supbsitiveaind tegativp goity aiggh ofikthe

possi bl e del ay vaI ues with logic circuit 113 noting which of those delay

val ues produceghgalibnadanc el ﬁé@&?aﬁﬁo&f"?ﬁwbﬁ{ Bterhl hndlel Y intabasohave

been st epped throug oglc crr set as a fin del ay val ue
for the ring delay, e.g. ring del y, 10 value which.is at or
near fhe mddm@swetg%ngaﬁa@uats ﬁéﬁ"&ﬁ%%@? ¢ BReG éﬂyé‘?uét’t‘él-llgﬁ&t‘
calibration. Figure 8 also shows a seed logic circuit 105 which is used to
seed a patter fogebRpt@inydrt Biiawi fue Tabktl.st at e generator 107 so that the

| atter may produce the sanme synchronization pattern which is incomng on
the data path 15 under calibration. The detector 103 and conpare circuit

| 09 al so receive enabling "WRTTE CALk " signals generated by control
logic circuit 21 when data path cali *Is required. Timng generator |
| | receives ks W#&M—% and
properly ti FEroRpee—cH it 109.

(2) 111 0101

(3) 0101 1001

(4) 1001 0000

(5) 1101 ' - 0110

(6) 0110 0100

(7) 0100 ’ 0011

(8) 0011 1101

Those four bit patterns which are initiated on negative going
10 transitions of the clock signal and the immediately following next four bit pattern

is shown in the following Table 2.

TABLE 2.
Current Four Bit Value Next Four Bit Value
() 1110 1011
(2) 1011 0010
(3) 0010 0001
(4) 0001 1110
(5) 1010 1100
(6) 1100 1000




9 Novenber 2004 21 While an exenplary enbodi nent of the invention has been
described with reference to calibrating to a positive goin of bhe
clock signal, it can also be calibrated to a negative goﬁ%8°¥ﬁ ep200fhe
clock signal as well, in which case the patterns in the left hand col um of
Table 1 are detected by detector 103 5 to generate a ~ FAIL" signal, and
thus used to generate invalid four bit patterns in generator 107, while the
four-bit patterns in the left colum of Table 2 are used for prediction of
the nest arriving four-bit pattern. The four bit patterns in the left
colum of Table 2 may al so be used in another aspect of the invention,
timng calibration of a nmenory controller 13 10 shown in Figure 1. The
fol | ow ng discussion assunes that a sim ¥ control Logic circuit to that
shown in Figure 8 is included in the menory controller 13. However, this is
not required and other nethods of calibrating the menory controller are
possi bl e using the nenory devices and nethod in accordance with the
invention. In order to ensure the proper timng of nenory operations 15
perfornmed by—the-SLDRAM-pBdy I . RLYy- cont+oller
be cal i br at ed—se—that °i(7>r
timed rel atilve teefhe—cﬁgc! }
synchroni zing pattern of the type descrlbed in US Patent Appllcatlon
Serial No. filed (Attorney docket hb MA065. 0269) is generated at a 9

Qggf{”ggrtgoggcﬁzopegg 46Vi S rAle DO ShARIONEE A0 L itk FE G L, Bhradnd

5 path by comparing an M-bit sequence which is predicted from an immediately
prior M-bit sequence with the next arriving M-bit sequence. To perform this
comparison, multiple M-bit sequences appearing on a data path are compared
with predicted M-bit sequences generated from the immediately preceding M-bit
sequence. If the predicted M-bit sequence matches the next arriving M-bit

10 sequence, then calibration has been achieved for the data path under calibration.
If the predicted M-bit sequence does not match the txext arrivirtg M-bit
sequence, then calibration has not been achieved and the control loéic circuit 21
alters a delay value in the data path undergoing calibration and again looks for a
match between the predicted and next arriving M-bit sequence. To achieve

15 more reliable operation, calibration is indicated when this prediction and
comparison process yields a match for several M-bit sequences appearing on the
data path. That is, when repeated comparisons yield a match, the present delay

value is found to produce calibration.

In a preferred embodiment, the control logic circuit 21 will actually

20 step through all possible delay values for the data path under calibration, noting



- data paths back to nenory controller 13. As noted, one specific 16-bit
synchroni zing pattern described in that applicationis " I

| O O 10010000." Referring to Figure 8, during calibratioﬁ)&PV?W@eﬁgﬂgﬂy
controller an 5 Mbit sequence of the 2N bit synchronizing pattern is
generated at the next state generator 107 and transmtted back to the
menory controller 13. The nenory controller 13 may include a simlar
control logic circuit to that show in Figure 8 in order to adjust its
corresponding ring delays to synchronize its owmn timng with the clock
signal s CCLK and DCLK for each of its corresponding conmand to paths CAO 9,
data paths DQO 17 and the FLAG path. Figure 4 illustrates the data envel ope
for consecutive bits of the 2N bit synchronization pattern together with
the clock signals CCLK which latch the data in latch 25. The relative
timng of the data envel ope and the control data clock CCLK is illustrated
as ten possibilities CCLK I . . . 10, that is, ten possible | S delay

val ues for ring delay 29. The beginning and end of the data envel ope is

where the dat ghedg dd1gy TAldés which predudséadiblgiondmeihtheancleeess 4 Andrdetiyealie
sanpling of the data. As shown, reliable data capture occurs at the

relative tim l,acat i on rough, C .. .while unrelj,abl e da ca

occurs at the?%e t %P?F‘T?{%}?EQF%XQH‘IS&M@S a%o_rn_c& e <_5fat_ho_sco%l%? These
are represented w thin 9 Novenber 2004 23 control logic circuit 21 as

del ay val ues Bdlues whictDproduived galiitetipnedi ct ed four bits of the

synchroni zing pattern matched the newly arriving four bits. Figure 5
illustrates how this is represented in control logic circuit 21 where del ay

val tes DL . . . D3 and {3 eraspddh Of S0 Hiventidh is'&ﬁhﬁngkﬁit%aﬁspiﬁ%ﬁﬂ%& hat

t he sequence

5 a predetermined one of the positive and negative going transitions, e.g., the
positive going edge of the clock signal. This is achieved by generating valid
predicted values for those M-bit sequences associated with the predetermined
clock transition, e.g., the positive going transitic;n, and generating invalid
predicted values for those M-bit sequences associated with the other clock
10 transition, e.g., the negative going transition. Since the clock transition to which
calibration is not desired will always have an invalid predicted next sequence,

calibration to this clock edge will never be attained.

Returning to Figure 8, one data path, e.g. FLAG, undergoing
calibration is shown. It should be noted that the input data to the data capture
15 register 101 is taken from input latch for the FLAG data path, i.e. latch 25 in
Figure 2. Also, in the example of the invention we assume that the arriving data
comes in a four (4) bit burst (M=4), hence the four stages of the data capture
register 101. Once a four bit sequence of the synchronization pattern is stored

in register 101, negative sequence detector 103 examines the stored four bits to




5 matchi ng was not recogni zed and the logic state "1" for delay values D4
. D~, indicating a proper matching of the predicted angagext-rec§b¥§d
four-bit sequences. It should be understood that althoug ﬁV?"ﬂﬁy tive
delay states of the data to the conmand cl ock signal CCLK are shown for
sinplicity, in actual practice there may be many nore possible del ay stages
for ring delay 29 and the io delay state pattern illustrated in Figure 5.
Once the delay state pattern shown in Figure 5 is devel oped by contro
logic circuit 21, it selects as a final delay for ring delay 29 a del ay
val ue which is approximately in the center of those delay values, e. g., D4
. . D~, which produced a match of the qgnpared four bit sequences. In the
exanple 15 illustrated, the final delay would be selected as D5 or D6. Once
this value is set for ring delay 29, the FLAG data path has been
calibrated. The same calibration procedure is also applied to each of the
CMVMD data paths CAO-9 and to each of the data paths of the DQ bus, except
for the latter, the data clock DCLK is used to Iatch the data in latch 59

which is pr esent 2 - DQ
data bus, t hu¥t lﬁng’egatNgregpn%'ni £ g%“hs ﬁﬂal%fgvt@ ar e I gﬁgg‘l‘@ﬁa{“%

t he DCLK cl ock signal. Acircuit for generati ng and pred| cting a 2N bit
pattern, wheref fheslogkosignadtoadich topastdm shawdmog cpléferaes nln the RMPSK r at ed

in Figure 6. It includes a four 5 stage shift register 151 having bit

posi tions <0>giler2wedssuni@Rapadlbradsdn BEia betdthReed 6!3.1412;50 Fve! y
connected to The <0><1><2> out puts of shift register 1, an exclusive OR

gate 155 havi ngn;[n}/l\gn Io?@he dolk ssl et Xgé&mnggp ?fc&cef\cctor 103 recognizes a bit

sequence that matches a value in the left column of Table 2, above, which is
associated with a negative going clock transition, it sends a. “FAIL” signal to next
state generator 107. The next state generator 107 also receives the current bit
sequence stored in register 101 and predicts from that bit sequence what the

next four bit sequence should be.

Tables 1 and 2 show the 16 ﬁossibilitics for the four bit sequence in
register 101 and what the next predictcci four bit sequence is for each. If the
next state generator 107 does not receive a “FAIL” signal from detector 103, it
will generate a correct predicted sequence. For example, if the current four bit
sequence is “1111” (Table 1), the next state generator 107 will generate the
“0101” pattern as the predicted next bit sequence. On the other hand, if the
next state generator 107 receives a “FAIL” signal from detector 103, it will
generate an incorrect predicted sequence. For example, if the current four bit
sequence is “1011” (Table 2), the correct prcdictcd next bit sequence should be

“0010;” however, the “FAIL” signal causes generator 107 to generate a four bit




to the output <3> of shift register 151 and the output of NOR gate 153, and
an exclusive OR gate 157 having a pair of inputs respectively conneéégd to
the 10 output of exclusive OR gate 155 and the first stadeNeuember ¢894 of
shift register 151. The output of exclusive OR gate 157 is applied as an

i nput. to stage <0> of shift register 151. The clock signal CLK is applied
to shift register 151. The shift register 151 can initially be seeded with
all zeroes "0" at stages <0><1><2><3> and it will generate the repeating 16
bit pattern 15 "1111 O1 Ol i 0010000." In lieu of generating the repeating
bit pattern with a circuit, the pattern can also be stored in the nmenory
controller 13 (Fig. | ) and the next statie generator 107 {Fig. 8) and
repeatedly read out during calibration. 9 Novenber 2004 ?s Although the

i nvention has been described with reference to an Mbit sequence where M4
‘for predicting the next four-bit sequence, this is only one exanple of how
the invention nmay be inplenented. The invention may be used wi th any nunber
of bits less than the 2N bits of the repeating synchroni zation pattern,

wi th even nunpertenh dher seoudHy” biedsnansprieg eraredlibrzhiencsf thbrdata path efll one
data path as described above can al so be perforned with in phase and out of
phase cross t ts applied to adjacent data pins and/or data
paths. In thigbﬁggﬁggga%glibration can be obtai ned under conditions which
nore closely replicate conditions of actual use. |10 Thus, for exanple, when
a particular data path, e.g., FLAC, is being calibrated as descrjbed with
reference to Figure 8Nextriatsgemepaer B9hmeasibeiwpigspented a6 ¢ fauj-hisshift dat a
pi ns and/ or paths, e.g., an adjacent path of the CA4-9 bus, in phase

register like that illustrated in Figure 6. The ‘seed’ value received by the next
5 state gehcrator 107 from seed logic 105 causes its output to be the same
repeating 2N bit pattern, in M bit sequences, except that it is one M bit
Séquencc ahead in phase than that appearing on the data path under calibration.
For example, the seed logic 105 may seed next state generator 107 to produce an
* initial output of “0 191,” or the first M bit sequence after the initial sequence,

10 - “1111.” Thereafter, next state generator 107, operating the same as the shift
register generating the calibration pattern, will always be M bits ahead of the
calibration pattern. The output of next state generator is transmitted to the
compare circuit 109 as well as back to the memory controller 13 (Figure 1).
Transmission to the memory controller 13 is required for calibradon of the

15 controller 13.

Compare circuit 109 compares the predicted next bit sequence,
received from generator 107, with a next arriving or now current four bit
sequence in register 101. If coincidence of the compared data exists, this

indicates that the arriving data on the data path being calibrated is properly



and/or out of phase. It is also possible to calibrate several data paths
si mul't aneously using 15 the techni ques descri bed above with the rengbning
data paths not under calibration using in phase and/or o Nevembgeg004
calibration signals. For exanple, half of the data paths can be designated
as "victinms" and undergo sinultaneous calibration using the techni que
descri bed above with reference to Figures 4-8, while the remaining half of
the data paths can be designated as noi se sources. 9 Novenber 2004 26
Cal i bration would sinmultaneously occur on the "victin data paths while the
noi se source data paths receive alternating in phase and out of phase
calibration signals. After calibration of,.the "victins," the "victint and
"noi se source" pins and/or data paths woul'd then be reversed and
calibration now carried out on the 5 new "victins" using the other data
pat hs as noi se sources as described above. A nenory device containing the
calibration structure and operating as descri bed above may be used in a
processor-based system of the type shown in Figure 9. The processor-based

system 90 conpgj ; ry cirguit 96, and an |/0O

(i nput / out pu@ﬁgg\?lggdgée&?%%g%fﬁ%%%f%nﬁ% 1%&9”1%5? cé‘?f’egﬂmtnermry
circuit or an%éol her tytge of menory circuit containing the calibration
structure operit iNckrates Hakwichiralibrasiondas meabeen wbtainedh e The eoemparisor essulton.
In addition, the processor 94 nay itself be an integrated processor which

utilizes on chiappliedres y lajgy ticesit 408tvhith O dhRAoailiddatil BRssit HEtd B Of the
present invention. Furthernore, memory controller |3 (Figure 1) may be 15
separate fr Ofﬁéigﬁvﬁﬁé) FsRe rri_n%a'dcl%;, cr.Tgyrinbgedélgr[ 59 rfgxt teh% M& c&aqg pgt{h?(l:neghScor 4
5 example given. As noted, in a preferred embodiment, the logic circuit 113 will

actually control the ring delay such that it steps through all possible delay values

with logic gircuit 113 noting which of those delay values produced calibration of

the data path. After all delay values have been stepped through, the logic circuit

113 will set as a final delay value for the ring delay, e.g. ring delay 29, the delay

10 value which is at or near the middle of the range of delay values which produced

signal path calibration.

Figure 8 also shows a seed logic circuit 105 which is used to seed a
pattern generator within the next state generator 107 so that the larter may
produce the same synchronization pattern which is incoming on the data path

15 under calibration. The detector 103 and compare circuit 109 also receive
enabling “WRITE CALIBRATE?” signals generated by control logic circuit 21
when data path calibration is required. Timing generator 111 receives the
incoming clock signal (CCLK in the example shown) and properly times the

operadon of the generator 107 and compare circuit 109.



along with other elenments of the nenory circuit 96 described above in
accordance with the invention, or the processor 94 itself &az f%ncébﬁn as
the menory controller 13. 9 Novermber 2004 27 In the prétdaveRogr si on,
t he apparatus and nmet hod of the invention has been described with regard to
a nmenory device which clocks data (i.e., reads or wites data) tw ce per
clock cycle: on both the rising and falling edges of the clock. However,
the present invention may be used in any nenory 5 device in which
calibration is perforned, including devices which clock data once per cl ock
cycle, for exanple on one of either the rising or falling edge of the
clock. Wiile the invention has been described and illustrated with
reference to exenplary enbodi ments, many %ariations can be nade and
equivalents |0 _ substituted without departing fromthe spirit or scope of
the invention. Accordingly, the invention is not to be understood as being
limted by the foregoing description, but is only limted by the scope of

t he appended cl ai ns. 9 Novenber 2004 28 What is clainmed as new and

desired to be protect by Letters Patent. of the United States is: 1.
met hod of calibrating %fhcfféPlPiﬁﬁf erég%%-‘ﬁ}et“ép? g ’&YF’Em%ﬁi*ﬁ? g%qnfé“:scrélyef
receiving on said data path a first mbit data sequence which forns part of
a larger bit owith befatenoa tpatlitenting to a positive going edge of the clock signal, it can
also be calibrated to a negative going edge of the clock signal as well, in which
j case the patterns in the left hand column of Table 1 are detected by detector 103
5 to generate 2 “FAIL” signal, and thus used to generate invalid four bit patterns

in generator 107, while the four-bit patterns in the left colurmnn of Table 2 are

used for prediction of the next arriving four-bit pattern.

The four bit patterns in the left column of Table 2 may also be used in

another ési)cct of the invention, timing calibration of a memory controller 13

10 shown m Figure 1. The following discussion assumes that a similar control logic

: circuit t§ that shown in Figure 8 is included in the memory controller 13.

However, this is not required and other methods of calibrating the memory
controller are possible using the memory devices and method in accordance with
the inventon. In order to ensure the proper timing of memory operations

15 performed by the SLDRAM modules 11a ... 11n, the memory controller 13
must be calibrated so that signals, such as READ or WRITE data, are pfoperly
timed relative to the clock signals CCLK and DCLK. To this end, a 2% bit
synchronizing pattern of the type described in U.S. Patent Application Serial No.

, filed (Attorney docket No. M4065.0269) is generated at a




b) exam ning said received first mbit data sequence and predicting
therefroma second mbit data sequence which follows said first n}gib
sequence in said calibration pattern; c) receiving on sai%NBé{?ﬁ‘bﬁé R04
third mbit data sequence which fornms part of said calibration pattern; and
d) conparing said received third mbit data sequence with said predicted
second mbit data sequence and indicating whether there is coincidence of
data between said second and third mbit data sequences. 2. A nethod as in
claiml1 further conprising: setting a predeterm ned delay in said data path
prior to receiving said first mbit sequence and changing a value of said
delay if said conparing step indicates that there is no coincidence of data
of said second and third sequences. 3. AZhethod as in claim?2 further
conprising: examning said third mbit data sequence, and 9 Novenber 2004
29 predicting a fourth mbit data sequence which follows said third mbit
data sequence in said calibration pattern fromsaid third mbit data
sequence; receiving on said data path a fifth mbit data sequence; and
conparing said received fifth mbit data sequence with said predicted
fourth mbit BEPLIELENIEhaLneHEtagepariad AHdigie Srndapplicdgprathiehte of
data between said fourth and fifth mbit data sequences. 4. A nethod as in
claim3 furt hdara paisibask 6@ negaory @hanrglenl3 a Asaldted bnsdiedifitel @pid T sai d
conparing step indicates that there is no coincidence of data between said

fourth and fi g}&i- s. .5, Anet.hod as, | i it her
conprising i r?glltl%:hétl ng‘gItl g ggétgrcrg %Ergg%?bnnmﬁtagp %%Céhogéﬁ'ui gb’eﬂo f¢ﬂsdz§1§0§§mari ng
step indicates coincidence of data between said second and third mbit data
sequences. 6. A nethod as in claim3 further conprising repeating said
steps of exanining, Peédriogitogigneddiduring calibiracionpefthagnaavey ednttdlleesnf or
successive mbit data sequences of said data path, and indicating that

cal i gration M%i@@&gmae@b%\{ﬁ@zﬂfb' h&w%ﬂlm?%' li§Behdl Lnghdence
of data each tinme. 7. A nethod aé rn clarm ij%'Scrt lg%e%%qn%ﬁésﬁﬁ%%pl %:tgti ng
that calibration has en.achi eved, | f said conparing step  _ 9 Novenber 2004
30 indi cates %?8?%&?%‘%@8@&5%%%%&9 ’g‘ﬁifﬂc@éﬁ’o?ﬂi“‘%ftlm-rﬁhWMOMat a
sequences. 8. A nethod as in claim1 wherein said first and second data

sequences ar eogtrollest3 veayningludedatimilsecprrsldegiofcirauitNolthar stedvibinaFigore 8
pattern. 9. A nethod as in claim8 wherein said 2N bit calibration

in order to adjust its corresponding ring delays to synchronize its own timing

dat a

with the clock signals CCLK and DCLK for each of its corrcspon'cﬁng command

10 paths CA0-9, data paths DQO-17 and the FLAG path.

Figure 4 iliustratcs the data envelope for consecutive bits of the 2" bit
synchronization pattern together with the clock signals CCLK which latch the
data in latch 25. The relative timing of the data envelope and the control data
clock CCLK is illustrated as ten possibilities CCLK 1 . . . 10, that is, ten possible

15 delay values for ring delay 29. The beginning and end of the data envelope is
where the data on the FLAG path is unstable which can lead to erroneous
sampling of the data. As shown, reliable data capture occurs at the relative
timing location C, through C,, while unreliable data capture occurs at the

relative timing locations C,....C;and G,. .. Cjo. These are represented within



pattern is a 16 bit calibration pattern. 10. A nethod as in claim38 wherein
data bits of said calibration pattern are aligned with the edges of cl ock
signal, and wherein said step of receiving said first n}éiNOMﬁW@e§3ea@nce

i ncludes sequentially latching the data bits of said mbit data sequence on
said data path with said clock signal, and sequentially |oading the |atched
data bits of said first mbit data sequence into a register where said data
bits are exam ned in said exanmning step. 11. A method as in claim10,
wherein said exam ning step further conprises generating an incorrect

predi ction of said second mbit data sequence when predeterm ned data
patterns exist in said first mbit data sgquence. 12. A nmethod as in claim
11 wherein said predeternm ned data patterns are those associated with a
predet erm ned edge of said clock signal. 9 Novenber 2004 31 13. A nethod
as in claim1l2 wherein said predeterm ned edge is a negative goi ng edge of
said clock signal. 14. A nmethod as in claim 12 wherein said predeterm ned
edge is a positive going edge of said clock signal. 15. A nethod as in

., 2ner Sy B8 SELEar By e googce, aonigins sl teR ik o
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illustrates how this is represented in contro! logic circuit 21 where delay values
D,... Dyand Dy ... D)y show a “0” logic state representing that the sequence
matching was not recognized and the logic state “1” for delay values D, . . . D,
indicating a proper matching of the predicted and next-received four-bit
sequences. It should be understood that although only 10 relative delay states of

the data to the command clock signal CCLK are shown for simplicity, in actual

practice there may be many more possible delay stages for ring delay 29 and the

delay state parttern illustrated in Figure 5.

Once the delay state pattern shown in Figure 5 is developed by control
logic circuit 21, it selects as a final delay for ring delay 29 a delay value which is
approximately in the center of those delay values, e.g., D, . . .D,, which
produced a match of the compared four bit sequences. In the example
illustrated, the final delay would be selected as D5 or Ds. Once this value is set

for ring delay 29, the FLLAG data path has been calibrated.

The same calibration procedure is also applied to each of the CMD
data paths CAO-9 and to each of the data paths of the DQ bus, except for the

latter, the data clock DCLK is used to latch tﬁc data in latch 59 which is present




18. A nmethod as in claim1 wherein said digital circuit is included in
menory controller. 19. A nethod of calibrating a data path which cgag&
an adj ustabl e del ay el ement therein, and a data |atch for9 NQVembgg

passi ng through said adjustable delay elenment using a clock signal, sa
met hod conprising: a) setting a delay value for said delay el enent; b)

|l atching a first mbit data sequence on said data path with said data |atch

using said clock signal; c) storing said first mbit data sequence;
Novenber 2004 32 d) examining said stored first mbit data sequence and
predicting therefroma second mbit data sequence which follows said first
m bit data sequence on said data path; S%\ latching a third mbit data

sequence on said data path with said da
and f) conparing said third mbit data sequence with said second mbit data

| at ch using said clock signa

sequence for coincidence of data. 20.A nethod as in claim 19, further
conprising: g) repeating several tines said steps of |atching, storing and
examning a first mbit data sequence on said data path, predicting a

second mbit. data uence, Iat{:&ié a, third mbit gata equ&gcm%
conpari ng sa‘i“cfaflhf’?g"%‘rgﬁatp“&%% Qg@f@éaiﬂ‘fﬁﬂé&ﬂ& %té@ﬁglsrﬁ? 3 fta
sequence for coincidence of data. 21. A nethod as in claim 20, further

conpri sing: s dradligmtd rdativeato thal DGEEt dlock $igsalbeen achieved if said
conparing step indicates coincidence of data each of said several tine

10

15

A circuit for generating and predicting a 2" bit pattern, where N=4, to
produce a repeating 16 bit pattern, is illustrated in Figure 6. It includes a four
stage shift register 151 having bit positions <0><1><2><3>, NOR gate 153
having three inputs respectively connected to the <0><1><2> outputs of shift
register 151, an exclusive OR gate 155 having two inputs n;spcctivcly connected

to the output <3> of shift register 151 and the output of NOR gate 153, and an

. exclusive OR gate 157 having a pair of inputs rcspccﬁvcly connected to the

output of exclusive OR gate 155 and the first stage output <0> of shift registc;
151. The output of exclusive OR gate 157 is applied as an input to stage <0> §f
shift register 151. The clock signal CLK is applied to shift register 151. The
shift register 151 can initially be seeded with all zeroes “0” at stages
<0><1><2><3> and it will generate the repeating 16 bit pattern
“1111010110010000.” In lieu of generating the repeating bit pattern with a
circuit, the pattern can also be stored in the memory controller 13 (Fig. 1) and

the next state generator 107 (Fig. 8) and repeatedly read out during calibration.

a
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22. A nmethod as in claim19, further conprising: g) if there is no
coincidence in step (f), setting a new delay value for said del ay el nt
and repeating steps (b) through (g) at least until said é%NﬂM?F&Gfgpgge

i ndi cates coincidence in said second and third mbit data sequences. 23. A
method as in claim19 further conprising: 9 Novenber 2004 33 g) setting a
new del ay val ue for said delay el enent and repeating steps (b) through (Q)
for all possible delay values of said delay el enent and storing an

i ndi cation of those del ay val ues which produce coinci dence of said second
and third mbit data sequences in said conparing step. 24. A nethod as in
claim23 further conprising: after steps (b) through (g) are repeated for
al | possible delay values of said delay el enent, setting as a final delay
value a delay for said delay element which is within a range of those
stored del ay val ues whi ch produce coincidence of said second and third

m bit sequences. 25. A nethod as in claim?24 wherein said final delay val ue
is set at a delay value which is at or near the center of said range. 26. A

nethod as in clai m 19 yhksesh tssindedtidshasit@nsReaitsediaih efegirdeen Mebit
successive mbit data sequences of a 2N bit calibration pattern.
sequence where M=4 for predicting the next four-bit sequence, this is only one
example of how the invention may be implemented. The invention may be used

with any number of bits less than the 2" bits of the repeating synchronization

5 pattern, with even numbered bit sequences being preferred.

The calibration of one data path as described above can also be
performed with in phase and out of phase cross talk components applied to
adjacent data pins and /or data paths. In this manner, calibration can be
obtained under conditions which more closely replicate conditions of actual use.

10 Thus, for example, when a particular data path, e.g., FLAG, is being calibrated as
described with reference to Figure 8, the same pattern can be applied to adjacent
data pins and/or paths, ¢.g., an adjacent path of the CAO-9 bus, in phase

and/or out of phase.

It is also possible to calibrate several data paths simultaneously using
15 the techniques described above with the remaining data paths not under
calibration using in phase and/or out of phase calibration signals. For example,
half of the data paths can be designated as “victims” and undergo simultaneous
calibration using the technique described above with reference to Figures 4-8,

while the remaining half of the data paths can be designated as noise sources.



27. A nmethod as in claim26 wherein said 2N bit calibration patternis a 16
bit calibration pattern. 28. A nethod as in claim26 wherejn data ?i of
said calibration pattern are aligned with the edges of sai HOVEBWORr péﬁal

29. A nethod as in claim28 wherein said exam ning step further conprises
generating an incorrect prediction 9 Novenber 2004 34 of said second

m bit data sequence when predeterm ned data patterns exist in said first

m bit data sequence. 30. A nethod as in claim?29 wherein said predeterm ned
data patterns are those associated with a predeterm ned edge of said clock
signal. 31. A nethod as in claim30 wherein said predeterm ned edge is a
negati ve goi ng edge of said clock signal. 32. A nethod as in claim 30
wherein said predeternined edge is a positive going edge of said clock
signal. 33. A nmethod as in claim?26 wherein each said mbit data sequence
contains an even nunber of data bits. 34. A nmethod as in claim33 wherein
said even nunber of data bits is four. 35. A nethod as in claim19 wherein
said data path is included in a nenory device. 36. A nethod as in claim19
wherein said a path is fncluded in a nenory controller. 37. Apn apparatus
for calibrati g%i‘gr%'éﬂ”awﬁé‘%“&u?t&rlﬂ?‘gﬁ %‘Fcuéiolnc%\ift VeGSR Aatappthewhie Hag er
which stores a first mbit data sequence arriving on said data path; a
predi ctor cirooist sehicetdaya palihs trecefventhesmitthgsihgstede fhd $tut wf bhisedtalibrasieguence
a second mbit data sequence 9 Novenber 2004 35 which follows said first

mbit data seqyamee AM-SAlibratiBhbMAL ByicBRE » the “victim” and “noise source” pins

and/or data paths would then be reversed and calibration now carried out on the

wy

new “victims” using the other data paths as noise sources as described above.

A memory device containing the calibration structure and operating as
described above may be used in a proccssor-baséd system of thé type shown in
Figure 9. The processor-based system 90 comprises a processor 94, a memory
circuit 96, and an 1/0 (input/output) device 92. The memory circuit 96 may
10 be an SLDRAM memory circuit or any other type of memory circuit containing

the calibration structure operating as described in accordance with the present
invention. In addition, the processor 94 may itself be an integrated processor
which utilizes on chip memory devices containing the calibration structure of the
present invention. Furthermore, memory controller 13 (Figure 1) may be

15 separate from the processor 94, or may be integrated with the processor 94,
along with other elements of the memory circuit 96 described above in
accordance with the invention, or the processor 94 itself may function as the

memory controller 13.



a conparison circuit that conpares a third mbit data sequence, which
follows said first mbit sequence on said data path, with said second mbit
sequence and that indicates whether said second mbit sedubleyember<R8d said
third mbit sequence. 38. An apparatus as in claim37 wherein said digital
circuit operates on a plurality of successive mbit data sequences arriving
on said data path and calibration is indicated if each said second nmbit
sequence of said plurality matches each respective third mbit sequence of
said plurality. 39. An apparatus as in claim37 further conprising an

adj ustabl e delay elenment in said data path set to a predeterm ned del ay

val ue. 40. An apparatus as in claim39, werein said delay elenent is
subsequently set to a new delay value if said conparison circuit does not

i ndicate a match between said second and third mbit sequences. 41. An
apparatus as in claim39 further conprising a logic circuit connected to an
out put of said conparison circuit that sets a delay value of said del ay

el enent, said logic circuit setting a new delay value after receiving said
output from said conphi tsoprecedingidiscaision, Shd\ayearber aA0@0deBodlofdsd unti |
said conmparison circuit indicates a match

invention has been described with regard to a memory device which clocks data
(i.e., reads or writes data) twice per clock cycle: on both the rising and falling
edges of the clock. However, the present invention may be used in any memory
5 device in which calibration is performed, including devices which clock data once
per clock cycle, for example on one of either the rising or falling edge of the
clock.
While the invention has been described and illustrated with reference
to exemplary embodiments, many variations can be made and equivalents
10 _ . .substituted without departing from the spirit or scope of the invention.
Accordingly, the invention is not to be understood as being limited by the

) foregoing dcséription, but is only limited by the scope of the appended claims.



bet ween said second and third mbit sequences. 42. An apparatus as in claim
39 further conprising a logic circuit connected to an output of said
conparison circuit that sets a delay value of said del ay ih@WﬁHﬂPrﬁggéives
an indication of whether said second and third mbit sequences match, sets
a new del ay value of said delay elenent and repeats the setting of a new
del ay val ue and receiving said i ndi cat4®n as it steps through all possible
del ay val uesWiedt sdisd daimede| 2senev 434 Adesibird atds bes PJFPW%‘P?PMng urt her
conprising a storage unit that stores an indication of those del ay val ues

of sai d déleay ealsePartteritoo intiheh Uniteidc I$tias eisndiscat ed by said conpari son
circuit. 44. An apparatus as in claim43 wherein said logic circuit sets as

a final del ay, wal vetpRbdsalfl dehayrekemgntaa dirlaypuehueohiechdigivkaihin a
range of those stored delay values for which a match is indicated by said

conpari son ciredideyi49.coipARAYALUS as in claim44 wherein said logic
circuit sets as said final delay value of said delay el enent a delay val ue

\;mi ch is at or Jyear .rte%%?. q{[eroﬁ)f sgfﬁi‘gdlgira%%tgepath 9 Ngveher, 2004 34¢46. An
pparatus as in‘claim el n sai I'Ts
sequence which forms part of a larger bit calibration
pattern;

b) examining said received first m-bit data
sequence and predicting therefrom a second m-bit data
sequence which follows said first m-bit data sequence in
said calibration pattern;

c) receiving on said data path a third m-bit data
sequence which forms part of said calibration pattern; and

d) comparing said received third m-bit data
sequence with said predicted second m-bit data sequence
and indicating whether there 1is coincidence of data
between said second and third m-bit data sequences.

2. A method as in claim 1 further comprising:

setting a predetermined delay in said data path prior to
receiving said first m-bit sequence and changing a value
of said delay if said comparing step indicates that there
is no coincidence of data of said second and third
sequences.

3. A method as in claim 2 further comprising:

examining said third m-bit data sequence, and



and second data sequences are successive mbit data sequences of a 2N bit
calibration pattern. 47. An apparatus as in claim46 wherein said éN Rit
calibration pattern is a 16 bit calibration pattern. 48. %Noaﬁmea 09%as in
claim46 wherein data bits of said calibration pattern are aligned with
edges of a clock signal and further couprising a data latch in said data
path that |atches data of said first it sequence with said_clock signal
prior to saiRFediStingppt SQyehcB-Bétndakadr E8INANSE; I stetlons. an
apparatus as in claim48 wherein said predictor circuit generates an

i ncorr ect spidditdtiingh mofbigaidh e craiiends tinlasald eqabibtawhen patHerar ni ned
data patterns exist in said first mbit data sequence. 50. An apparatus as
in clai m4&Yowheadidn thdird pr-edet datianeedqdenhaepatt erns are those associ at ed
with a predeterm ned edge of said clock signal. 51. An apparatus as in
claim 50 whereidivohd Ohedglierahpgdpeereai idtnegabivedgehngeqdencef said
clock signal. 52. An apparatus as in claim50 wherein said predeterm ned
edge is a_p@sitive going edge of said clock signal. 9 Novenber 2004 38
53. An apparatus as in claim46 wherein each said mbit data sequence
contains an even_nunber of. data.bits._.54.. An aratus as | aj m o3
wher ei n sai ac%%%rh%%bglalgf TFASE Y sflrfst}? OWFBEES. a,&r? apeb 1%artl%é lz“i’g]tiﬁn claim
37 wherein said digital _circuit indicates calibration has been achieved if
sai d conpéﬁilgorp%?‘?%‘iﬁ?di RAPEERed-Ditat SRt D EREBATSE FEECORGLEAEPHi rd

m bit sequences. 56. An apparatus as in claim37 wherein said data path is

i ncl uded whegheanorherrevige codncidenggpfat datas bepveesn ns@id whersth said
data path is included in a nenory controller. 58. An apparatus for

cal i br ati magda fddttdh patltofdaz adisgiguanoeisr.cui t conpri sing: an adj ustabl e
delay element in said data path; a data latch that |atches data passing
through saidi, A method as in claim 3 further comprising again

changing a wvalue of said delay if said comparing step
indicates that there is no coincidence of data between
said fourth and fifth m-bit data sequences.

5. A method as in claim 3 further comprising indicating
that calibration has been achieved if said comparing step
indicates coincidence of data between said second and
third m-bit data sequences.

6. A method as in claim 3 further comprising repeating
said steps of examining, predicting, receiving and
comparing several times for successive m-bit data
sequences of said data path, and indicating that
calibration has been achieved if said comparing step
indicates coincidence of data each time.

7. A method as in claim 1 further comprising indicating

that calibration has been achieved if said comparing step




adj ust abl e del ay el ement using a clock signal; a register which stores a
first mbit data sequence arriving on said data path, data in said first
data sequence being |l atched by said data | atch; a predi ct@Novembear 2004 ch
predicts fromsaid stored first mbit data sequence a second mbit data
sequence which follows said first mbit data sequence on said data path;
and 9 Novenber 2004 39 a conparison39 rcuit that conpares a third mbit
dat a sequéndécatmBchcedntodensai dof i rdatan batweseguesdddonsesradda®adpat h,
with said second mbit sequence and that indicates whether said second

m bit sequbmnrd mebdhesasai detthendest.bit sequence. 59. An apparatus as in
claim58 wherein said digital circuit operates on a plurality of successive

mbit data seqprefethod lHe/iilg Olasmi U dhbaepat kaddd fiatdthratd osetsnd
indicated if each said second mbit sequence of said plurality matches each

respecti vgathi ke giebice sS et s Sidtd il ddta HOquéAcapparagugras in
claim58 further ‘conprising a logic circuit connected to an output of said

conparisogiging%Frggggns§g§ a gelay val ue of said delay el enent, said
logic circuit sefting an M/aeFay val ue after receiving said output from

2210, COMParI20p CLEA 420 heatL ! Ly sold couea Lol o1 gt hpdoget oo @
pattern is a 16 bit calibration pattern.

10. A method as in claim 8 wherein data bits of said
calibration pattern are aligned with the edges of a clock
signal, and

wherein said step of receiving said first m-bit data
sequence includes sequentially latching the data bits of
said m-bit data sequence on said data path with said clock
signal, and sequentially loading the latched data bits of
said first m-bit data sequence into a register where said
data bits are examined in said examining step.

11. A method as in claim 10, wherein said examining
step further comprises generating an incorrect prediction
of said second m-bit data sequence when predetermined data
patterns exist in said first m-bit data sequence.

12. A method as in c¢laim 11 wherein said
predetermined data patterns are those associated with a

predetermined edge of said clock signal.



61. An apparatus as in claim®60 further conprising a storage unit that
stores an indication of those delay values of said delay elenent faqr ?hich
a match is indicated by said conparison circuit. 62. An é%bﬁW&Fﬂgﬁggo n
claim 61l wherein said logic circuit sets as a final delay value of said
del ay el ement a delay value which is g%thin a range of those stored 9
Novenber 2004 40 del ay values for which a match is _indicated by said
conpari son ci¥cuit.?63. maEha@para® us s i €@l m 2 whEPErR1Bai dSPdFi ¢
circuit sets as said final delay value of said delay el ement a delay val ue
whi ch i s predetazminele edget a6rs ¢ segativaggoing. edAgeamfarsaid asofh cl aim
58 further conprising a logic circuit connected to an output of said
conpari sosighatuit that sets a delay value of said delay elenent, receives
an indication of whether said second and third mbit sequences match, sets

a new del ay vpl ue oh sapdcHghay gienmeii and Figpeats t hghsektihng shid new
del ay value and receiving said indication as it steps through all possible

del ay val Ld del el grent ; PaLALUS A% Ns £l & M g8kwherein
sai d firspggggEggggﬂggdggémgéhuenc%%§g$é@§u§§es ivggﬁ%bit dat a sequences of
a 2N bit Cnggiation pattern. 66. An apparatus as in claim®65 wherein said

2N bi t S

15. A method as in claim 8 wherein each said m-bit
data sequence contains an even number of data bits.

l6. A method as in claim 15 wherein said even number
of data bits is four.

17. A method as in c¢laim 1 wherein said digital
circuit is included in a memory device.

18. A method as in claim 1 wherein said digital
circuit is included in a memory controller.

19. A method of calibrating a data path which
contains an adjustable delay element therein, and a data
latch for latching data passing through said adjustable
delay element wusing a clock signal, said method
comprising:

a) setting a delay value for said delay element;

b) latching a first m-bit data sequence on said data
path with said data latch using said clock signal;

c) storing said first m-bit data sequence;



calibration pattern is a 16 bit calibration pattern. 67. An apparatus as in
claim58 wherein said predictor circuit generates an incorrect regg tion
of said second mbit data sequence when predeterm ned dat%hﬁ&ﬁpgﬁﬂ i st
in said first mbit data sequence. 9 Novenber 2004 41 68. An apparatus as
in claim67 wherein said predeterm ned, data patterns are those associ ated
with a predeterm ned edge of said clocK signal. 69. An apparatus as_in

cl ai m 68 whéHePKaBandngr afdichr o pred edgests Bridgadpte FHIPEReBE sai d
clock signal. 70. An apparatus as in claim®68 wherein said predeterm ned
edge i s appedittinsggdihereiigen o ssecbrd ogkbditgnddta 7 BequengspavaieB as in
claim58 wherein each said nbit data sequence contains an even nunber of

data bitsfoY2owAnsapgafatrys asbif dh8bmsédueheeeon satid @wea pamther of data
bits is four. 73. An apparatus as in claimb58 wherein said digital circuit

i ndicates caly bpath9Aghas kegrsachisyed ddt=SakdqtenArarie®n selilcudbta
i ndi cates a match between said second and third mbit sequences. 74. An

appar at ”Sggt?l&i Qiﬁ%aé 1384008 %gfzﬁ?‘hgé‘ga\t,\%a%? Bi1bgk! Bgéﬂ%@‘? LRga menory

device. 7 n apparatus as in aim erein said data path 1s included
in a nenory controller. 76., ocessor.-based, syste conpri.shng,;

pr ocessor ; fC)QCRIEW@ﬁﬁB? 2?)%)%642 érﬁer%'rlf/l%i ?‘{@&ﬁ %%%}‘\%%?%d wtlg:hsa?%ﬁd
processor, at | east one of said processor and said nenory circuit including

a cal i br aPF6ANE| Pcbiit Sakpr PSAHENCE £ogi SPARCHARPBRRSsPor 884 first mbit

data sequence arriving on said data path; o
20.A method as in claim 19, further comprising:

g) repeating several times said steps of 1latching,
storing and examining a first m-bit data sequence on said
data path, predicting a second m-bit data sequence,
latching a third m-bit data sequence and comparing said
third m-bit data sequence with said second m-bit data
sequence for coincidence of data.

21. A method as in claim 20, further comprising:

h) indicating that calibration has been achieved if said
comparing step indicates coincidence of data each of said
several times.

22, A method as in claim 19, further comprising:

g) if there is no coincidence in step (£f), setting a new
delay value for said delay element and repeating steps (b)
through (g) at least until said comparing step indicates
coincidence in said second and third m-bit data sequences.

23. A method as in claim 19 further comprising:



a predictor circuit which predicts fromsaid stored first mbit data
sequence a second mbit data sequence which follows said first bi at a
sequence on said data path; and a conparison circuit thaigb%WﬁHE%§2§0ghird
m bit data sequence, which follows said first mbit sequence on said data
path, wth said second mbit sequenceigrithat i ndi cat es whet her said
second mbit sequence matches said thi mbit sequence. 77. An a rat us
as in clai m96 SHicrR anavwcdrilpyavrdnecifreuirishedelans olement ugg‘gi ty of
successive mbit data sequences arriving on said data path and calibration
i s indi caregeatingcetepsl dbdondhnebwgh slejuefics FEllsabesgiblsl i 49lant ches
each respective third mbit sequence of said plurality. 78. An apparatus as
in clai mvalfgst ber senprdsiayg ebenehtishall etdeliay erenendicat sen dofat a
path set to a predeterm ned delay value. 79. An apparatus as in claim78,

wherei n sahdsdel gy18l,enpaiubs swhseHUeptbiuest ¢OiAci8vheel ayrvakyedi f said
9 Novenber 2004 43 conparison circuit does not indicate a match between

sal ?hirecgggrﬁ??gi thgi% defy Pht B8AYeNGEEa quEhARPALAT W2iRF EBmBhRLAY 78
step.

24. A method as in claim 23 further comprising:

after steps (b) through (g) are repeated for all
possible delay values of said delay element, setting as a
final delay value a delay for said delay element which is
within a range of those stored delay values which produce
coincidence of said second and third m-bit sequences.

25. A method as in claim 24 wherein said final delay
value is set at a delay value which is at or near the
center of said range.

26. A method as in claim 19 wherein said first and
second data sequences are successive m-bit data sequences
of a 2" bit calibration pattern.

27. A method as in claim 26 wherein said 2% bit
calibration pattern is a 16 bit calibration pattern.

28. A method as in claim 26 wherein data bits of
said calibration pattern are aligned with the edges of
said clock signal.

29. A method as in claim 28 wherein said examining

step further comprises generating an incorrect prediction



logic circuit connected to an output of said conparison circuit that sets a

del ay value of said delay elenent, said logic circuit setfi a . ne | ay
val ue after receiving said output from said conparison ciéh@angFﬂﬁgﬂgt

until said conparison circuit indicates a match between said second and
third mbit sequences. 81. An apparatgg.as inclaim78 further conprising a

l ogic circuit connected to_an out put sai d conpari sgn circu%% %hat sets a
del ay val 8 &§R18aisgcoEday-Bidmsata raRBISAEE WP MPEIEF LR BIGHefABR sai d
second and third mbit sequences match, sets a new delay value of said
del ay el epehteand eupest $nt Beidefirsg of batndatdeBgEuescee and recei vi ng
said indication as it steps through all possible delay values of said del ay
el ement. 82.30An appar atmethsdi n &fai mmB1 faltimer @Onpriwbemgia steaade unit
that stores an indication of those delay values of said delay element for

which a ngéaei;érinmeléaat&&wypa@it@rﬁ@rrp@fé S@hodel CalbsocB3tedn wipar at us as
in claim82 wherein said logic circuit sets as a final delay value of said

del ay eleggggegjgggﬁgdvghgg Wi eh iigS MobRi Bignkange of those stored 9

Novemnber ay values for which a match is indicated by said

Cireuit et S s sai 11 APRA ayivar i of AT dery ol CERiT ASPLy v

circuit sets I"ay el'ement a delay val ue
which is at qr near the center of said range. ,85. gp agﬁgratqi %i iP claim
76 wher ei R¥8gPgeFMi8eda ffi9Se ddhd® dBEE2E LY BeHLEETaPE9Sy FesSY BFf data
sequences of a 2N bit calibration pattern. 86. An apparatus as in claim85
wher ei n s&il@naN-bit calibration pattern is a 16 bit calibration pattern

32. A method as in claim 30 wherein said
predetermined edge is a positive going edge of said clock
signal.

33. A method as in claim 26 wherein each said m-bit
data sequence contains an even number of data bits.

34. A method as in claim 33 wherein said even number
of data bits is four.

35. A method as in claim 19 wherein said data path
is included in a memory device.

36. A method as in claim 19 wherein said data path
is included in a memory controller.

37. An apparatus for calibrating a data path of a
digital circuit comprising:

a register which stores a first m-bit data sequence
arriving on said data path;

a predictor circuit which predicts from said stored

first m-bit data sequence a second m-bit data sequence




87. An apparatus as in claim86 wherein each said nbit data sequence
contai ns an even nunber of data bits. 88. An apparatus as_in cl inl%ﬁ
wherein sai d even nunber of data bits is four. 89. An appRMNAVEREr 2004¢| ai m
85 wherein data bits of said calibration pattern are aligned with edges of
a clock signal and further conprising data latch in said data path that

| at ches data of said first mbit sequettte with said clock sigpal prior to
sai d firsWhiarhi £oddquencaishi Fgr et orell F ndahpd SeEyRECs: Caith 3pbar at us
as in claim76 wherein said predictor circuit generates an incorrect

predi cti opabh;sand second mbit data sequence when predeterni ned data
patterns exist in said first mbit data sequence. 9 Novenber 2004 45 91
An appar at usa asompaelabm ¥ nhidrei thsai doppadeteran trdrdatvepat t dans are
those associated with a predeterm ned edge of said clock signal. 92. An
appar at usgagukfcel aiwRi%h Wharelws ssh fd PEedst emtbied Rdgferide domegaidve

goi ng edge of said clock signal. 93. An apparatus as in claim91 wherein
said pred m edge. g a it ing_ e id.cl Sj . 94.
A appar atnCeasBEnE) a b Do SRarel Rl digrtal SrRaorrelndraat Gatt
calibration_.has _been.achieved if said conparison circuit indicates.a match
bet ween saPd§8EGRd Y g;hterﬁ rP I bPECLR u@ﬁgég. S@ﬁueﬁ?eapnbaa?éal't‘%g %éllgn claim
76 wherein said calibration circuit is included in a nenory device. 96. An
appar at us tB3rAnMePAEnSPEURRELei n said calibration circuit is included in a
menory controller. 97. An enbedded-nmenory processor-based system

conpri si ng: 38 pr ocedsoppparmsms: Rsciimec iaifmriedvhnrei s apeld ndégibged
circuit as said processor, said nenory circuit including a calibration
circuit cetpruscngpexrateg sber awplatrastionesofi bucsessiiliet ndebist séguance
arriving on said data path; - 9 Novenber 2004 46 a predictor circuit which
predicts gegietekd H¥edidd reh Bdid data gravenspda EECWYhERd tidat a
sequence which ~ follows said first mbit data sequence on said data path;

and a compapi QR M ¢Hi te bRt SOMPArRSGhd Nl &1 PboddhRe of said
plurality matches each respective third m-bit sequence of
said plurality.

39.  An apparatus as in claim 37 further comprising
an adjustable delay element in said data path set to a
predetermined delay value.

40. An apparatus as in claim 39, wherein said delay
element is subsequently set to a new delay value if said
comparison circuit does not indicate a match between said
second and third m-bit sequences.

41. An apparatus as in claim 39 further comprising a
logic circuit connected to an output of said comparison
circuit that sets a delay value of said delay element,
said logic circuit setting a new delay value after

receiving said output from said comparison circuit at



sequence, which follows said first mbit sequence on said data path W th
said second mbit sequence and that indicates whether sagg eco B
sequence nmatches said third mbit sequence. 98. An appar VSEQFﬁEb 4i m o7
wherein said calibration circuit operates on a plurality of successive

m bit data sequences arriving on said ta path and calibration is
indicated if each said second mbit s ence of said plurality matches each
respect i veéeBREr dUREbi t %%H%eﬁ&@@ﬁr%ﬁQQi[9¥W%F${yln§90a§ﬁsap6arﬂﬁﬁg as in
claim97 further conprising an adjustable delay elenment in said data path
set to a petweter sanddsdebay walduthirdom-pAatapparengssas i n cl ai m 99,
wherein said delay elenent is subsequently set to a new delay value if said
conpari son cizcuit deesppatraitine Gat dra dirtich et fveerheni doserdaiingnd third
m bit sequences. 101. An apparatus as in claim99 further conprising a

| ogi ¢ cirggitccnneatd tenaBceHEPWo OhnSAUt RATPEE| AL T E6Mphribah sets a
del ay val ue of said delay el enent, 9 Novenber 2004 47 said logic circuit

setting acnewdel Ay yal Ue ar Ler deaeel Vi tuoalst oylpyt dd1up Sat dneagpari son

circuit at east untl sal conpari son circult I cat ES

receives an indication of whether said second and third m-
bit sequences match, sets a new delay value of said delay
element and repeats the setting of a new delay value and
receiving said indication as it steps through all possible
delay values of said delay element.

43. An apparatus as in claim 42 further comprising a
storage unit that stores an indication of those delay
values of said delay element for which a match is
indicated by said comparison circuit.

44 . An apparatus as in claim 43 wherein said logic
circuit sets as a final delay value of said delay element
a delay value which is within a range of those stored
delay values for which a match is indicated by said
comparison circuit.

45. An apparatus as in claim 44 wherein said logic
circuit sets as said final delay value of said delay

element a delay value which is at or near the center of

said range.




bet ween said second and third mbit sequences. 102. An apparatus as in
claim99 further conprising a logic circuit connected to an output of said
conparison circuit that sets a delay value of said del ay g t?err?é)@éi ves
an indication of whether said second and third mbit sequences match, sets
a new del ay val ue of said del ay eleneqb,and repeats the setting of a new
del ay val ue and receiving said indicatdon as it steps through all possible
del ay val uet®%f sai AndaRBRrIAeHends 103 claimppar whggedd 579 af #F362
further conprising a storage unit that stores an indication of those del ay
val ues of asdi dseebay eldaent deguamtiash @rmt du¢cessiveat®doby sdaba
conparison circuit. 104. An apparatus as in claim 103 wherein said | ogic

circuit sskguascasfofiah délpyt vedltbpit sen dpaeteynel ement a del ay val ue
which is within a range of those stored delay values for which a match is

i ndi cated by,sai d CRRPRAPY IR @l 1in 189aiMN 43PRAHAE aSaid oFabimt 104
wherein said logic circuit sets as said final delay value of said delay

Cer, sHB B EhUC oDl o MEYT plescasiey ghviarh fanoe.  ©

48. An apparatus as in claim 46 wherein data bits of
said calibration pattern are aligned with edges of a clock
signal and further comprising a data latch in said data
path that latches data of said first m-bit sequence with
said clock signal prior to said first m-bit sequence being
stored in said register.

49. An apparatus as in claim 48 wherein said
predictor circuit generates an incorrect prediction of
said second m-bit data sequence when predetermined data
patterns exist in said first m-bit data sedquence.

50. An apparatus as in c¢laim 49 wherein said
predetermined data patterns are those associated with a
predetermined edge of said clock signal.

51. An apparatus as in claim 50 wherein said
predetermined edge is a negative going edge of said clock
signal.

52. An apparatus as in claim 50 wherein said

predetermined edge is a positive going edge of said clock

signal.



and second data sequences are successive mbit data sequences of a 2N bit
calibration pattern. 107. An apparatus as in claim 106 wh %pﬁN bi t
calibration pattern is a 16 bit calibration pattern. 108 Bﬁ?ﬁr’ 4 as
in claim 106 wherein data bits of said calibration pattern are aligned with
edges of a clock signal and further c rising a data latch in said data
path that latches data of said first it sequence wth said cl ock si gnal
prior to saiX® firstAm BPPagagiendé B r?d-a§{"b yhereiny 3¢t s¥etd M09,  An
apparatus as in claim 106 wherein each said mbit data sequence contains an
even numbbitofladat aehqiesceltontAinappar aves agmpbarcPai ARLEIbifiérei n said
even nunber of data bits is four. 111. An apparatus as in claim97 wherein
sai d predictmr. circant generaies as iincoctath @3edwhérennofsesial degenond

m bit data sequence when predeterm ned data patterns exist in said first

m bit dat gusBg¥eBeCdati2pifB appakatkus as in claim11ll wherein said
predeterm ned data patterns are those associated with a predeterm ned edge

of said clo si gha ppar I eik i
pr edet er m ncec"lg2 edge ilAgl !ii)ﬁ)aéﬁ&}l\%e%%oﬁtﬁgsce erdg%‘ﬁs@?é?é%%c §§g§£?§ehg
Novenber 2004 4 par S._as in cIa| 112 sai

pr edet er n-h&HY ég r?%l%a % Fa\iégﬁ ﬁ&neal'@aeso “SA %OCKQ%IST‘]ES| saids. An
apparatus as in cI ai m 97 vvherel n.said digital ciycuit indic, Cies cal i.bration
has been SERPBYEOR! SHHombARL SOROE! AoUTAC ¢hdPERMEEN StthoBEPURen sai d
second and third mbit sequences. 116. An apparatus as in claim97 wherein
sai d cal i Bndt tbardi mchiit iseqduedkcgded in a menory device. 117. An appar at us
as in claim97 wherein said calibration circuit is included in a nenory
control l er. SéAr. A ABn. AAppradsAnad&An AE1AIRAFIR7A. WeAedhl. Aaid data

.AY[. AR A3. AR Aln.AAl.ASUA AHAA..AAA A.AA A .AA.AA A . A.A

A A A A Pabn- As. éﬁé%@&%@ﬁiﬁQE$mEMOry device
}xsnl d_Z] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] cajop] ca] cg Caalﬁﬁéféﬂxf@ %g} iP c84%h 37 wherein said _dat

aq{ P} xsni d_ a] cal ca a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caj ca

} \(/:v?]nﬁgl\cﬂagé]g’%‘ % %gﬂ‘@]e a]acg]e}[%]%lcg]?clcv | é]qcalf!] ‘ca] ca] ca] ca] ca] ca] ca]ca] ca
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ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]caJca]ca]cajcal’,(S((())Y)s)))
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2B2223" 3$39 334 Takdi586] & 6dslay 785388} x sim ds&id cddta]paglea] ca] ca] ca] ca] calc
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! 8888
& a data latch that latches data passing through said
<Yp5>8>>>. 7t ??@X@ad Aj AABOBBB6CCCCC/ DzDD| wr mhc”Y] ca] ca] ca] ca] ca] ca] ca] ca] ca
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| cnal cal cal oa %gggs%ag ca&%a%%g @2l gal gal oalisal oaleal cabgabaakoal calc

arriving on said data path, data in said first data
sequence being latched by said data latch;

a predictor circuit which predicts from said stored
first m-bit data sequence a second m-bit data sequence
which follows said first m-bit data sequence on said data

path; and




SQSSS: TTT+U{ UUU| wr mhc”™Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a! U?VWW4 XXX Y bzzZ|
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between said second and third m-bit sequences.

61. An apparatus as in claim 60 further comprising a
storage unit that stores an indication of those delay
values of said delay element for which a match is
indicated by said comparison circuit.

62. An apparatus as in claim 61 wherein said logic
circuit sets as a final delay value of said delay element

a delay value which is within a range of those stored
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63. An apparatus as in claim 62 wherein said logic
circuit sets as said final delay value of said delay
element a delay value which is at or near the center of
said range. |

64. An apparatus as in claim 58 further comprising a
logic circuit connected to an output of said comparison
circuit that sets a delay value of said delay element,
receives an indication of whether said second and third m-
bit sequences match, sets a new delay value of said delay
element and repeats the setting of a new delay value and
receiving said indication as it steps through all possible
delay values of said delay element.

65. An apparatus as in claim 58 wherein said first
and second data sequences are successive m-bit data
sequences of a 2% bit calibration pattern.

66. An apparatus as in claim 65 wherein said 2¥ bit
calibration pattern is a 16 bit calibration pattern.

67. An apparatus as in c¢laim 58 wherein said

predictor circuit generates an incorrect prediction of

said second m-bit data sequence when predetermined data

patterns exist in said first m-bit data sequence.
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predetermined edge is a negative going edge of said clock
signal.

70. An apparatus as in claim 68 wherein said
predetermined edge is a positive going edge of said clock
signal.

71. An apparatus as in claim 58 wherein each said m-
bit data sequence contains an even number of data bits.

72. An apparatus as in claim 71 wherein said even
number of data bits is four.

73. An apparatus as in claim 58 wherein said digital
circuit indicates calibration has been achieved if said
comparison circuit indicates a match between said second
and third m-bit sequences.

74. An apparatus as in claim 58 wherein said data
path is included in a memory device.

75. An apparatus as in claim 58 wherein said data
path is included in a memory controller.

76. A processor-based system, comprising:

a processor;
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a comparison circuit that compares a third m-bit data
sequence, which follows said first m-bit sequence on said
data path, with said second m-bit sequence and that
indicates whether said second m-bit sequence matches said
third m-bit sequence.

77. An apparatus as in claim 76 wherein said calibration
circuit operates on a plurality of successive m-bit data
sequences arriving on said data path and calibration is
indicated if each said second m-bit sequence of said
plurality matches each respective third m-bit sequence of
said plurality.

78. An apparatus as in claim 76 further comprising
an adjustable delay element in said data path set to a
predetermined delay value.

79. An apparatus as in claim 78, wherein said delay

element is subsequently set to a new delay value if said
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between said second and third m-bit sequences.

81. An apparatus as in claim 78 further comprising a
logic circuit connected to an output of said comparison
circuit that sets a delay value of said delay element,
receives an indication of whether said second and third m-
bit sequences match, sets a new delay value of said delay
element and repeats the setting of a new delay value and
receiving said indication as it steps through all possible
delay values of said delay element.

82. An apparatus as in claim 81 further comprising a
storage unit that stores an indication of those delay
values of said delay element for which a match is
indicated by said comparison circuit.

83. An apparatus as in claim 82 wherein said logic

circuit sets as a final delay value of said delay element

a delay value which is within a range of those stored
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84. An apparatus as in claim 83 wherein said logic
circuit sets as said final delay value of said delay
element a delay value which is at or near the center of
said range.

85. An apparatus as in claim 76 wherein said first
and second data sequences are successive m-bit data
sequences of a 2% bit calibration pattern.

86. An apparatus as in claim 85 wherein said 2¥ bit
calibration pattern is a 16 bit calibration pattern.

87. An apparatus as in claim 86 wherein each said m-
bit data sequence contains an even number of data bits.

88. An apparatus as in claim 87 wherein said even
number of data bits is four.

89. An apparatus as in claim 85 wherein data bits of
said calibration pattern are aligned with edges of a clock
signal and further comprising a data latch in said data
path that latches data of said first m-bit sequence with
said clock signal prior to said first m-bit sequence being
stored in said register.

90. An apparatus as in claim 76 wherein said
predictor circuit generates an incorrect prediction of

said second m-bit data sequence when predetermined data

patterns exist in said first m-bit data sequence.
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92. An apparatus as in claim 91 wherein said
predetermined edge is a negative going edge of said clock
signal.

93. An apparatus as in claim 91 wherein said
predetermined edge is a positive going edge of said clock
signal.

94. An apparatus as in claim 76 wherein said digital
circuit indicates calibration has been achieved if said
comparison circuit indicates a match between said second
and third m-bit sequences.

95. An apparatus as in claim 76 wherein said
calibration circuit is included in a memory device.

96. An apparatus as in claim 76 wherein said
calibration circuit is included in a memory controller.

97. An embedded-memory processor-based gsystem,
comprising:

a processor;

a memory circuit formed on a same integrated circuit as
said processor, said memory circuit including a
calibration circuit comprising:

a register which stores a first m-bit data sequence

arriving on said data path;
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data path, with said second m-bit sequence and that
indicates whether said second m-bit sequence matches said
third m-bit sequence.

98. An apparatus as in claim 97 wherein said calibration
circuit operates on a plurality of successive m-bit data
sequences arriving on said data path and calibration is
indicated if each said second m-bit sequence of said
plurality matches each respective third m-bit sequence of
said plurality.

99. An apparatus as in claim 97 further comprising
an adjustable delay element in said data path set to a
predetermined delay value.

100. An apparatus as in claim 99, wherein said delay
element is subsequently set to a new delay value if said
comparison circuit does not indicate a match between said
second and third m-bit sequences.

101. An apparatus as in claim 99 further comprising a
logic circuit connected to an output of said comparison

circuit that sets a delay value of said delay element,
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delay values for which a match is indicated by said
comparison circuit.

105. An apparatus as in claim 104 wherein said logic
circuit sets as said final delay value of said delay

element a delay value which is at or near the center of

said range.
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114. An apparatus as in claim 112 wherein said
predetermined edge is a positive going edge of said clock
signal.

115. An apparatus as in claim 97 wherein said digital
circuit indicates calibration has been achieved if said
comparison circuit indicates a match between said second
and third m-bit sequences.

116. An apparatus as in claim 97 wherein said
calibration circuit is included in a memory device.

117. An apparatus as in claim 97 wherein said

calibration circuit is included in a memory controller.



