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(54) Title: ADAPTIVE INPUT/OUTPUT BUFFER AND METHODS THEREOF

& (57) Abstract: A controller having programmable delay cells in its input/output channels may also include respective registers
& storing digital values that control the time delays introduced by the respective delay cells. The values programmed to the registers

may be determined by testing the timing of signals between the controller and one or more devices coupled to the channels,, The tests
may include setting the registers with test values from a set of sequential test values, driving a particular pattern on the signals from
the controller to the one or more devices, and checking whether portions of the pattern are received accurately by the one or more
devices. Adjusting the timing of the signals may involve centering of the signals with respect to set up and hold time restrictions.
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&DAPTIVE INPUT/OUTPUT BUFFER AND METHODS THEREOF
BACKGROUND OF THE INVENTION

[0001] As frequenmes used in digital systems increase, tmnng c'ons’uamts bec‘ome ‘
',4 ~more difficult or even impossible to meet. o

’[0002] For example, common-clock bus protocols are used to transfer data, address
"'-.Z'E;;jld control signals between memory devices and a memory coniroller. These signals
: :zir"e.sanipled relative to a clock that is common to both the memory devices mld the
' 4' memory controller. As the period of that common elock decreases to the same order
of tﬁe set-up and hold time requirements on the bus, manufacturing tolerances of the
fn‘rinted circuit board and the different semiconductors involved in the sigrial’s timing
may not be tight enough to ensure that all systems having a similar conﬁguratlon w1ll. ;
) meei the timing requirements. ) .
}[0003] In addition, in “open” systems such as personal compuiters (PC), many
- frlifferent system configurations are possible, the systems having printéd circuit boards .
' ﬁom dlffelent sources and memory devmes of different types and quantities. . Each
fsuch configuration may have different tunmg characteushcs, and . these overall
‘ characteusncs may extend beyond the timing tolerances of the memory coniroller.

"[0004] Consequently, systems having particular configurations may fail to operate,
.:iiv]iile others may have marginal operation and may fail to operate in certain -. -

- environmental cond‘iti‘ons.
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- BRIEF DESCRIPTION OF THE DRAWINGS

"‘:.‘[0005] Embodiments of the invention are illustrated by way of example and not
fiinitation in the figures of'the accompanying drawings, in which:
] . [0006] FIG. 1 is a block diagram of a printed circuit board having mstalled thereon a
-deviee and a controller; ‘
[0007] FIG. 2 and FIG. 3 are exemplary timing dlaglams helpful in understandmg
* “some embodiments of the invention;
K [0008] - FIG. 4 is a flowchart illustration of a method for setting and adjustilng timing
L ?parametez‘s ‘
[0009] FIG. 5 is a flowchart illustration of an exemplary meihod of generaung
- lookup tables; ‘
: [0010] FIG. 6 is a flowchart illustration of an exemplary method for detérmining ﬂlé
‘ ‘d1g1tal values to program to a driving impedance control 1egxster and an output delay
: :'“connol register; . '
; : [0011] FIG.7isa ﬂchhart illustration of an exemplary calibration sequence for the
;‘ "digital values to be programmed to the output delay comnirol regwter and the mputx
Hdelay control register; o |
4 [0012] FIG. 8 is a flowchart illustration of an exemplary calibration algorithm for
“the digital values to be proglarmned to the output delay control Ieglster and the mput,
Adelay control regisier; o
[0013] FIG. 9 is a block diagram of an apparatus including a prmted circuit board
‘ havmg a memory controller installed thereon; '
[0014] FIGS. 10A — 10D are flowchart illustrations of an exemplary calibration
”sequence for the chgﬂal values to be programmed to the delay contro] registers of ihe
memory contr oIIez of FIG. 9; and
[0015] FIG. 11 is a simplified schematic illustration of an exemplary programmable
“-delay qe]l, in accordance with some embodiments of the invention. ’
'[0016] It will be appreciated that for simplicity and clarity of illustration, elements
‘shown in the figures have not necessarﬂy been drawn to scale. For example, the

dimensions of some of the elements may be exaggerated relative to other elements for
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: c]a1 ity. F uﬂher, where conmdemd appropriate, reference numerals n1ay be repeated

among the ﬁvures to mdlca’ce conespondmg ar analogous elements.

LW’
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DETAILED DESCRIPTION OF THE INVENTION

[0017] In the foilowing detailed description, numerous specific details are set forth
f'irn order to.provide a thorough understanding of embodiments of the invention.
However it will be understood by those of ordinary skill in the art that the
A--embodnnen’cs of the invention may be p1actlced without these specific details, In
other instances, well-known methods, procedures, components and circuits have not
‘:been described in detail so as not to obscure the invention. '
[0018] Some portions of the detailed description that follows are presented in ferms
of algorithms and symbolic representations of operations on data bits or binary digital
‘signals within a computer memory. These algorithmic descriptions and
_representations may be the techniques used by those skilled in the data processinglarts
to convey the substance of their work to others skilled in the art. , o
;{001 9] Some embodiments of the invention are directed to setting and/or
dynamically adjusting parameters of physical components of a controller based on the
atiributes of one or more devices electrically coupled to the controller and based on
the attributes of the medium elecirically coupling the one or more devices to the
céntroller. The physical components whose parameters are being set and/or adjusted
- "may include those components which enable elecirical signals sent by the controller to
- be accurately received by the one or more devices, and those components which
. enablet electrical signals sent by the one or more devices to be accurately received-by A
:i‘ the controller.
[0020] As shown in FIG, 1, a printed circuit board (PCB) 2 may comprise a
ccontroller 4, one or more devices 6, a conductor 8 and a conductor 10 according to
. some embodiments of the invention. PCB 2 may optionally comprise a graphics chip
5 A non-exhaustive list of examples for controller 4 includes a central processing
o winit (CPU) and a memory controller. For example, controller 4 may have the ability
| 1o drive control signals to perform Read and Write commands, and‘conductqrs 8 and
10 may be part of a bus for those control signals. A non-exhaustive list of examples
. for device 6 includes a memory device and a co-processor. The following description

is for a single device 6, although the scope of the invention.is not limited in this

respect.
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"[0021] When device 6 is assembled on PCB 2, conductor 8 and conductor 10 méy
‘ 't':omprise traces on & printed circuit board. When device 6 is assembled on removable
ﬁnodules conductm 8 and conductor 10 may comprise, for example fraces on a
' 3punted circuit board, traces on the removable module and the conductxve connector
" that couplés these traces. IR '

g ‘[0022] The following description of embodiments of the invention makes reference
. 1to the rising edges of clocks. However, in other embodiments of the mveu’uon

, xefeaence could be made instead to the falling edges of the clocks.
Parameters for Output Signals

: .4‘[101023} The following description describes physical componeﬁts of a controller and
how to set and/or dynamically adjust parameters of these physical components to
‘.“AE}.:.IElblG. electrical signals sent by the coniroller to be accurately received by one or‘

, | Tmore devices efectrically coupled to the coniroller. The setting and/or adjustment of
‘ these parameters may be based on the attributes of the one or more devices
- electrically coupled to the controller and based on the attributes of the medmm
* electrically couphng the one or more devices to the controller. ' o

.[0024] Controller 4, which is an integrated circuit or a part of an integrated circuit,
| iﬁay comprise ai output channel 12 controlled by an optional output-delay control

n ->1eglster 14 and a driving impedance control register 16, Output channel 12 may
' receive from a digital subsystem (not shown) a signal 18 whose stabilized logic levels
: -change no more than once during each period of a elock 20, and may generate an
‘ .&dput signai on conductor 8 that may reflect the changes in the logic levels of signal

18.
, [00’) 5] Device 6 may comprise an input channel 22 that may receive a clock 24 and
the signal on conductor 8 as inputs. Input channel 22 may sample the logic levels of -
‘the signal on conductor § on rising edges of clock 24 and may output the sampled
- logic levels on a signal 25. One purpose of output channel 12, output-delay control
.‘;-égi‘ster 14 and driving impedance control register 16 may be to ensure that changes in
| the logic levels of signal 18 are accurately reflected by changes in the logic levels of
signal 25, Effectively, this will transfer signal 18 to signal 25, '
. [0026] The system formed by controller 4 and device. 6 is acommon—p}oak systém. A

5
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) '[0027] In the exemplary timing diagram of FIG. 2, clock 20 oscillates with period
“ATPE,R.[OD nanoseconds (measured between rising edges, for example rising edges 102,

164 and. 106). In this example, the logic level of signal 18 changes T
| .1;én0530011ds after each rising edge of clock 20. In the exemplary timing diagram of
e 'FIG 2, the time delay Tcoy is corstant, although the scope of the invention is not
~* limited in this 1espect ‘ o
: [0078] Output channel 12 may comprise an optional pIogzammable dehy cell 26
'.and a programmable output buffer 28.

[0029] Programmable delay cell 26 may continuously sample the logm level of
sxgnal 18, and may continuously output logic levels on a signal 30 that are
substantlally equal to the logic levels sampled on 31gnal 18, When a change in the
logic level of signal 18 occurs, the logic level of signal 30 may change accordingly

" - after a time delay Tpp1. Time delay Tppj may be programmable within a time range,
and may be set according to a digital value stored in output-delay control register 14,

* as will be explained ih more detail hereinbelow. S B
[0030] Programmable output buffer 28 may receive signal 30 as 1nput and may
generate an output signal on conductor § that may reflect the changes in the Iogxc

B ‘levels of signal 30. Logic levels may be represented on conductor 8 by voltage levels.

" For example, a high voltage level may represent one logic level, and a low vo[tage

| jlevel may represent another logic level. Consequently, programmable output buffer

4 28 may generate voltage levels on conductor 8 to reflect the changes in the loglc
levels of signal 30, '
[0031] Although the scope of the invention is not limited in this respect,
ﬁrogrammable output buffer 28 may genérate a low voltage level on conductor 8 by

cbupling a Jow-voltage source (ground, for example) to conductor 8 through a sink

». driving impedance, internal to programmable output buffer 28.  Similarly,
programmable output buffer 28 may generate a high voltage level on conductor 8 by
coupling a high-voltage source to conduetor 8 through a source driving i'mp‘edance,‘ .

internal to programmable output buffer 28,
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- ,f0032] Driving impedance control register 16 may be coupled.to programmable
- output ,buﬂ’er 28, and digital values stored in driving impedance control register 16
: nfm}yA conirol the‘.s’qurce &riving impedance and the sink driving imﬁedance of
K :Vpi"ogrammable ou’iput buffer 28. (Alternatively, driving impedance cohtfol register 16
could be replaced by two registers, one to store a digital value that may control the
* source driving impedance of programmable output buffer 28, and the other to store a
i‘ciigital value that may conirol the sink driving impedance of programmable output
- buffer 28.) e
' :[0033] ‘Since a low-to-high transition time TppHj Oligh_-’co—low trans:iﬁgli: t'ilr‘neA :
L TpyLi) — during which the voltage of the signal on conductor 8 may not pr'éla‘erly
lreljresent any logic level — may be affected by the source driving impedénpe (sink
B ‘a;ivixlg impedénce) of programmable output buffer 28, driving impedance control
register 16 may contpol_the low-to-high transition time Tppp and the high-to-low
' ;tlransition ti1neiTpH.f_,1'of the signal on conductor 8. Moreover, ldw-to~hig11 transition.
" tine TpLpi and high-to-low transition time Tpyy,; may be affected{by, the pﬁysical .

A layout topology of conductor 8, by the total capacitive load on conductor 8, by the
impedance of conductor 8, and by the input impedance of input channel 22.
[0034] An exemplary timing diagram of clock 24 is shown in FIG. 2, although the

~invention is not limited to this example. In this example, clock 24 may oscillate at the

‘same fiequency as clock 20, having a period of Tpgriop nanoseconds (nileasured

# " between rising edges), and the rising edges of clpck 24 may hav.¢ a constant time shift
- of Tskw nanoseconds from the rising edges of clock 20. | | o

: 5[(5035] When output channel 12 generates a logic level on conductor 8 after a rising -

" edge of clock 20, input channel 22 ought to sample that logic level at the rising edge

" of clock 24 shifted Tsw nanoseconds from the following rising edge of clock 20,
A['O.036] For example, when output channel 12 generates a high logic level (low logic
level) on conductor 8 after rising edge 102 (104) of clock 20, inplit channel 22 ought

. to sample that logic level on rising edge 114 (116) of clock 24.. .
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‘ - [0037] For input channel 22 to comectly sample logic levels éf the signal on

. conductor 8, the voliage of the signal on conductor 8 may have 16 be stable with the

: :"c'on'espondiﬁg voltage levels for at least a “setup time” Tgyy) before the risiné; e&ge of
clock 24 and may have to remain stable witﬁ this voltage level for at least a “hold:r

time” Ty after the rising edge of clock 24.
_:,:[40038] In other words, for input channel 22 to correctly sample a high (low) logic
level of the signzﬂ on conductor 8, the following conditions must Bé fulfilled: |
| (a)'the high (low) voltage of the signal on conductor 8 must be stable for a time period
L equivalent to at least the sum of the setup time and the hold time; - L
k ‘(b) the high (low) voltage of the signal on conductor 8 must be stable for at Igast T
...aﬁel~ the rising edge of clock 24; B =
5w Trer :
~(e) the high (low) voltage of the signal on conductor 8 must be stable for at least Tsui -
before the rising edge of clock 24. |
Condition (a) may be expressed by the following relations for high voltages and for
low voltages: :
| - 1. Tperiop ~TeLm1 2 Tsui +Thi
, 1. Teeriop ~TerL1 2 Tsut + Thr-
- Condition (b) may be expr{essed by the following relation (the same relation for high
" and low voltages): o o
- 2Tcor* Tep1 2 T+ Tskw. |
‘Condition (c) may be expressed by the following relations for high voltages and for
~ low voltages: ' I

3. Tperiop — Tcot — Tep1 —TeLH1 = Tsut - Tskw-

3. Tperiop - Tco1 — Tep1 — Teawt = Tsut — Tskw-
'[ﬂ0039] Conditions (b) and (c) may be expressed as upper and lower limits on the
time delay Tpp| introduced by programmable delay cell 26, as expressed by the |

- following relations:
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4. Tperion — Terat — Tco1 — Tsut + Tskw = Tepi 2 Tai +Tskw —Tcor-

5. Tperion - Teawi — Tcor — Tsut + Tskw = Tepy 2 Thi +Tskw - Icor-

[0040] It can be shown that relation 1 is a necessary but not sufficient condition for

both relationis 2 and 3 to be fulfilled when sampling a high voltage. Similarly, relation

1/ is a necessary but not sufficient condition for both relations 2 and 3’ to be fulfilled

when sampling a low voltage. Consequently once the digital values programmed to

driving impedance control register 16 are adjusted so that relations 1 and 1/ are
‘ Fulfilled, the digital values programmed to output-delay control register 14 may be
. .adjusted 50 that both relations 4 and 5 are fulfilled. '

‘[0041] Controllable parameters of relations 1, 1, 4 and 5 (emphasized in bold type
in the relations) may be adjusted via digital values programmed to driving impedance
- control register 16 and output delay conirol register 14 to compensate for the |
| variations in all other parameters in the relations so that conditions (a), (b), and (c) are -

fulfilled, as will be explained hereinbelow. ' o

‘Relations 1 and 1/
- ‘[0’042] TpERIOD is 2 fixed value, while the exact values of setup time Tgy an& hold
- time Ty may be affected, for example, by manufacturing tolerances of device 6 and
" may vary with, for example, variations in the ambient temperature. By adjusting the
source (sink) driving impedance of programmable output buffer 28, the low-to-high
' transition time TpLy; (high-to-low transition time Tpyy,1) may be adjusted so that

relation 1 (1) is satisfied, i.e. a high (low) voltage of the signal on conductor 8 is

stable for a time period equivalent to at least the sum of the setup time Tgy; and the
" hold time Tj1.
10043] 1t should be understood that the low-to-high transition time Tpyy (high-to-

low transition time Tpyy,;) is not determined solely by the source (sink) driving
impedance of’p‘régrammab}e output buffer 28. Rather, the exact values of Jow-to-high
transition time TpLy and high-to-low transition ime Tpyy.| may be affected by, as
previously explained, the total capaciti\{e load on conductor 8, the physical layout

9



WO 2005/038657 PCT/US2004/033694

topology of conductor 8, the impedance of conductor 8, and the input impedance of
input channel 22. Furthermore, the total capacitive load on conductor 8 may vary, for
-example, according to the number and type of devices 6 coupled to coriductor 8, and
ébcording to 1h.anufacturing tolerances of each device 6. The physical layout topology |
of conductor 8 may vary, for example,‘according to the number of devices 6 coupled
to conductor 8 and according to the design of PCB 2. The impedance of conductor 8
may vary, for-example, according to the design of PCB 2 and according to
nilanufacturing tolerances of PCB 2. The input impedance of input channel 22 may
vary, for example, according to the type and manufacturing tolerances of device &.

[0044] Since there are so many different factors that may affect the other parameters
in relations 1 and 1/, the ability to control the low-to-high transition time TprH and
. the high-to-low transition time Tpyy.; enables relations 1 and 1/ to be fulfilled in

< various situations.

Relations 4 and 5

- -[0045] Tpgriop is 2 fixed value, and low-to-high transition time Tpyp; and the

high—to—low transition time Tpyr,1 will have been adjusted before attempting to satisfy
relations 4 and 5. I{?wev31', as discussed hereinabove with respect to relations 1 and
By , setup time Tgyj and ﬁold time Ty; may be affected, for example, by.
manufacturing tolerances of device 6 and may vary with, for example, variations in

. the ambierit temperature. Similarly, the exact value of time delay Teo; may be
affected by, for example, manufactuwring tolerances of controller 4 and‘n'iay vary with,
_for example, variations in the ambient temperature. Moreover, the exact value of the
.time shift TSKW between the rising edges of clock 20 and clock 24 may be affected
by, for example, the methods used to generate clock 20 and clock 24. For example,

~ clock 24 may be generated by a phase locked loop (PLL) that is locked to clock 20
and has a constant or varying phase error. In another example, the time shift Tgiw
may occur as a result of skew bétWEen signals in a clock distribution tree (ot shown)
used to generate ¢lock 20 and clock 24, or by a difference in rise time of signals of

that clock distribution tree.

10
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4 '['0'046] Consequenﬂy, fc;r input channel 22 fo correctly sampié iogic levels of the
“%"éignal on conductor 8, after adjusting the sink driving impedance and the source
,:'fdl*i\./ing impedance of programmable output buffer 28 so that relations 1 and 1/ are
2fu}leled, delay Tpp of pl'qgrmnmaﬁle delay cell 26 may be adjusted by setting the
:abprOPriate digital value in output-delay control register 14, so thét both relations 4
-~ ‘and 5 are fulfilled. . R o
Parameters for Input Signals

| [0047] The following description describes physical components of a controller and

how to set and/or ldynamica]ly adjust parameters of these physical components to
. enable electrical signals sent by one or more devices electrically coupled io the
controller to be accurately received by the controller. The setting and/or adjustment

"df‘ thése parameters may be based on the afiributes of the one or more devices
:eiectrically coupled to the controller and based on the atiributes of the medium
electrically coupling the one or more devices to the controller.

" [0048] Device 6 may ‘comizrise an output channel 32. Output channel 32 may
ﬁ:eceive a signal 34 whose stabilized logic levels chang'e no more than once during
each period of clock 24, and may generate an output signal on conductor 10 that may

. reflect the changes in the logic levels of signal 34. Logic levels may be represented

“on conductor 10 by voltage levels.

[0049] Coniroller 4 may comprise an input channe] 36 controlled by an input-delay
cbn’n‘ol register 13. Input channel 36 may receive clock 20 and the signal of

) ?c&onductor 10 as inpﬁté, and may output a signal 38. Input channel 36 may sample the
Albgic levels of the signal on conductor 10 on rising edges of clock 20 and may ouiput

“the sampled logic levels on signal 38. One purpose of input channel 36 and input-

" delay control register 13 may be to ensure that changes in the logic levels of signal 34
are accurately reflected by changes in the logic levels of signal 38. Effectively, this
will transfer signal 34 to signal 38. A
[0050] In the exemplary timing diagram of FIG. 3, clock 24 oscillates with period

TperioD nanoseconds (measured between rising edges). In this example, the logic
level of the signal on conductor 10 begins to change Tcop nanoseconds after each

i1
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- i’ising edge of clock 24. In the exemplary timing diagram of FIG. 3, the time delay
TCO'J is constant, although the scope of the invention is not hmlted in tlns respect.
= [0051] In addition, the transition of the signal on conductor 10 ﬁom a low voltage
* level to a high voltage level may be characterized by a low-to-high transition time
T PLH2, during which the voltage of the signal on conductor 10 may not proper]y.
- répreéent any logic level. Similarly, the transition of the signal on conductor 10 from
" & high voltage level to a low voltage level may be characterized by a high-to-low -
3 ﬁ'ansition time TpH L2 during which the voltage of the signal onn éondqc_tdr, 8 may not |
 propetly represent any logic level. . | “
[005 2] The low—to-lugh transition time Tpp 2 may be affected by the source dnvmg
~impedance of output channel 32, the total capacitive load on conductor 10, the
3 physicﬂ hyéut topology of conductor 10, the impedance of conductor 10, and the
‘.lllput impedance of input chiannel 36, I
’ [OOSa] Similarly, the high-to-low transition time Tpyy,» may be affecied by the smk
driving impedance of output channel 32, the total capacitive load on qonductor 10, the
physical, layout topoloéy of conductor 10, the sink driving ilnpeamlce of ouﬁaﬁt'
“cl.lannel 32, the impedance of conductor 10, and the input impedance of in‘puf charnel
"..4[0054] In the exemplary timing diagram of FIG. 3, the voltage on conductor 10

i achieves a stabilized high voltage level (Tcoz + TppLy2) nanoseconds after a rising

edge ,262 of clock 24, and achieves a stabilized low voltage level (Tcéz + Tpyra) -
~ nanoseconds after a rising edge 204 of clock 24, and achieves a stabilized high
voltage level (Tcoa + TpLHz2) nanoseconds after a rising edge 206 of clock 24,
[0055] Input channel 36 may comprise an input buffer 40, a pro‘grmmnablé delay
‘ cell 42 and an input register 44, Input register 44 is a part of a fronit end for the digital
subsystem (not shown). .
[0056] In some embodiments, input buffer 40 may receive the signal on conductor
10 as anut and may generate an output signal 46 that may reflect the changes in the

logic levels .of the slgnal on conductor 10. When the voltage of the SIgnal on -

12
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conductor 10 represents a particular logic level, input buffer 40 may output the same
logic level on signal 46. However, when the voltage of the signal on conductor 10

* does not properly represent any logic level, such as, for example during the time .
periods Tpriyz and Tppy 2, signal 46 may also not properly represent any logic level,

as illustrated in FIG. 3 by a hatched rectangle. (In other embodiments, input buffer40
may have a different behayior, For example, input buffer 40 may be a Schmitt trigger
[input 511ffer, for which signal 46 always represents a proper logic level, but the time at
which the logic level changes may vary according to the rise time or the fall time.)
~ [0057] Programmable delay cell 42 may receive signal 46 as inpuf and may output a
_signal 48. Programmable delay cell 42 may continuously sample the logic level of
signal 46, and may continuously output logic levels on signal 48 that are substantially
equal to the logic levels sampled on signal 46, When a change in the logic level of
‘signal 46 oceus, the logic level of signal 48 may change accordingly after a time
. ‘;delay Tppz. Time delay Tppy may be programmable, and may be set according to a
3 digital value stored in input delay control register 13. '
L [bOSS] Input register 44 may sample the logic levels of signal 48 on rising edges and
may output signal 38. The logic level input register 44 may output on signal 38 after
A A eac.:h‘rising edge of clock 20 may be substantially equal to the logic level sampled on -
| A. sigp.ai 48 at the rising edge of clock 20. ‘ A
. [005 9] When output channel 32 generates a logic level on conductor 10 after a rising

}:dge of clock 24, input register 44 ought to sample that logic level on signal 48 at the

rising edge of clock 20 shifted Tgxw nanoseconds from the following rising edge of
- clock 24.

[0060] For example, when output channel 32 generates a high logic level on

conductor 10 after rising edge 202 of clock 24, input register 44 ought to sample that

logic level on signal 48 on rising edge 214 of clock 20. Similarly, when output

channel 32 generates a low logic on conductor 10 after rising edge 204 of clock 24,

input register 44 ought to sample that logic level on signal 48 on rising gdge 216 of

clock 20.
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'4[0061] For input register 44 to correctly sample logic levels of signal 48, the logic

} level of signal 48 may have to be stable for at least a “setup ime™ Tgyy before the

Hlusmg edge of clock 20 and may have to remain stable for at least a “hold time” Ty
after the rising edge of clock 20. ‘

- [0062] In other words, for input register 44 to correctly sample a high (low) logic

: Ie”yel of signal 48, the following conditions must be fulfilled: | | ‘

‘ (d) the high (low) voltage of signal 48 must be siable for a time period equivalent to at -~

: leas‘c the sum of the setup time and the hold time;
" (e) the lugh (low) voltage on s1gnal 48 must be stable for at 1east THp_ after the 11smg
" 'Aedge of r'lock 20, i
and. . , N
(f) the high (low) voltage on signal 48 must be ‘stable for at least Tsuz before the
* rising edge of clock 20. '
. Condition (d) may be expressed by the following relations foz high voltages and for )
low voltages - R Sl
-+ 6. Tpgriop— TeLHz 2 Tsuz + Thzs - S
_ - 6. TpERIOD —‘TPHLZ = Tsuz + Tho
- Condition (e) may be expressed by the following relation (the same rela’uon for high
*’and Iow voltages):
T Tcoz + Tpp2 + Tskw 2 Th.
Condition (f) may be explessed by the followmg relations for high voItages aud low B
voltages ' IR
8-ATPE.RIOD —Tcoz-Tpp2 - TpLaz 2 Tsuz + Tskw-
8 Teerion - Tcoz — Tepz— Tprez 2 Tsuz + Tekw:
[0063] Conditions (e} and (f) may be expressed as upper and lower limits on the
time delay Tppg introduced by programmable delay cell 42, as expréssed”by the
following relations: a |
9. Teeriop = Tpua - Tcoz-Tsuz = Tsw = Tepz 2 Tz~ Tskw - Tcoz.
14
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10 TeerioD — TphL2 ~ Tcoz-Tsuz - Tskw 2 Teps = Tio - Tsiw - Tcoz
A [0064] The controllable parameter of relations 9 and 10 (emphasized in bold type in
- the relations) may be adjusted via digital values programmed to mput delay conirol
: Jegxster 13 to compensate for the variations in all other parameters in the relatwns 50
, that conditions (e), and (f) are ﬁzlﬁiled as will be explained hezembelow
Relations 6 and 6’ o A
[0065] Acc:mdmg to embodiments of this invention, 10w~to—lﬁgh trénsition ﬁme

’Tpu.jz and high-to-low transition time Tpyy 7 are not controllable by controller 4, and .
; ‘therefore relations 6 and 6 are assumed fo be fulfilled. }

- Relations 9 and 10

‘[0066] TpeRiop is a fixed value, while the exact values of seétup tinie Tgyjy and hold -

'thi_me‘THz may be affec.ted, for example, by manufacturing tolerances of controller 4
'ahd may va’ry with, for example, variations in the ambient temperature, Similarly, the
exéct value of time delay Teoz may be affected by, for example, manufacturing
tolerahces of device 6 and may vary with, for exémple, variations in the ambient
temperature. Moreover, the exact value of the time shift of Tsrw between the rising
edges of clock 20 and clock 24 may be affected by, for example ihe methods used to
generate clock 20 and clock 24.

‘[0067] The exact valnes of low-to-high transition time TpLHZ and hxgh-to-low

transition tune TpHL-; may be affected by the total capacitive load on conductor 10,

the physical layout topology of conductor 10, the impedance of conductor 10, and the
input impedance of input channel 36, Furthermore, the total capacitive load on
conductor 10 may vary, for example, according to variations in the output capacitance
of output channel 32, and according to the type and manufacturing tolerances of each
device 6. In addition, the total capacitive load on conductor 10 may vary, for
example, according to the fype, the number and manufacturing tolerances of optional
device(s) 50 electrically connected to conductor 10. The physical layout topology of
conductor 10 may vary, for example, according to the design of PCB 2. The
impedance of conductor 10 may vary, f01f example, according to the design of PCB 2

15
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. and according to manufacturing tolerances of PCB 2. The output impedance of outpt
channel 32 may vary, for example, according to manufacturing tolerances of device 6

'[0068] Consequently, for input register 44 1o correctly sample logic levels of sign:
“48, delay Tppa of programmable delay cell 42 may be adjusted by Seﬁillg th

_appropriate digital value in input-delay control register 13, so that both relations 9 an
10 are fulfilled, ‘ 4 :

Setting and Adjusiing Parameters

'f0069] The parameters of the physical components of the controller are determine
’Hy the digital values in input-delay control register 13, output-delay control register 1:
and driving impedance control register 16. As shown in FIG, 4, default values fo
these registers may be determined by laboratory work ( -400-) and stored in a memor
‘i‘n'stalled on the printed circuit board (-401-). The printed circuit board may bi
installed in an apparatus (-402-), and the digital values stored in the registers may b
‘adjusted if desired during the operation of the apparatus (-403-). As will be éxi:lainet
in further detail hereinbelow, FIG. 5 is a more detailed description of -400-, whik
FIG. 6 is a more detailed description of -403-. FIG. 7 describes a method called by
the methods of FIG. 5 and FIG. 6, while FIG. 8 describes a method called by the
method of FIG. 7. -
'[(_)070] PCB 2 may comprise one or more memories 62 to store configuratior
information 64 abont PCB 2. Configuration information 64 may include informatior
that affects the ciig‘ital values to program to driving impedance control register 16 anc
oﬁtput delay control register 14, such as, for example, the type and number of devices
6 electrically coupled to conductor 8, and optionally, information about the topology
and impedance of con&uctor 8. Configuration information 64 may also include
information that affects the digital values to program to input delay control regisfel
13, such as, for example, the type of device 6 sending elecirical signals on conducior
10, the type and number of optional devices 50 elecirically coupled to conductor 10,
and optionally, information about the topology and impedance of conductor 10.
[0071] PCB 2 may comprise a memory 52 to store information used to program
driving impedance control register 16 and output delay. conirol register 14, and to

program input delay control register 13, Alternatively, memory 52 may be part of
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controller 4. Such information may be arranged, for example, in the following data
structures: a driving impedance lookup table (LUT) 54, an output window centexing
lookup table 56, an input window centering lookup table 58 and 2 golden patterns
table 60. The data in all or some of the data structures of memory 52 may be
programmable. In addition, memory 52 may comprise one Or more memory devices,
and the data structures may be distributed among these devices. S '
f0072] Memory 52 may also comf:riée software modules to implement the methods
of FIG. 6, FIG. 7, and FIG. 8. |

[0073} Driving impedance LUT 54 may comprise one or more eniries. An entry for
a pmtxculm total capacitive load on conductor 8, a particular impedance of conductor
8 and a particular input impedance of input channel 22, may include a digital value to
control the source driving impedance of programmable output buffer 28 and another
digital value to control the sink driving impedance of pro grammable output buffer 28 |
that enable condition (a) to be fulfilled. ’ .
[0674] Output window centering LUT 56 may comprise one or more entries. An

‘entry for a pamculm total capam’EWe load on conductor 8, a partmular time shift

'TSKW: a particular unpedance of conductor 8 and a parhcular mput impedance of -

input channel 22, may include a digital value to contro} the time delay Tpp;

‘introduced by programmable delay cell 26 that enables conditions (b) and (c) to be
fulfilled. ‘ '
[0075] Input window centering LUT 58 may comprise one or more entries. An

entry for a particular total capacitive load on_conductor 10,.2 particular time shift

.Tggw, & particular impedance of conductor 10 and a particular input impedance of

input channel 36, may include a digital value to control the time delay Tppz

introduced by programmable delay cell 42 that enables conditions (e) and (f) to be
fulfilled. '

[0076] Golden patterns table 60 may contain patterns of digital values used for
testing whether input channel 22 correctly samples logic levels of the signal on
conductor 8. For example, golden patterns table 60 may include patterns designed for

relaxed/stress testing of hold time/set-up time violations, The precise patterns to be -

17
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- used may dépeﬁd on many factors, such as, for example, the specific topology of
" conductor 8 and the protocol in which digital values are transferred over conductor 8.

~"~Howe‘v.e:, when these patterns of digital values for hold (set-up) time violations are
_generated on conductor 8 and time delay Tpp1 is close to the minimum (maximum) of

_ its range, input channel 22 may be more likely to correctly sample logic levels‘of the
“signal on conductor 8 for the relaxed testing pattern than for the stréss testmg paitern.
:'[0077] Similarly, golden patterns table 60 may contain patterns of digital values
used for testing whether input register 44 correctly samples logic levels of the signal
. oi con;iuctor 10. For example, golden patterns table 60 may include. pattemns
designed for relaxed/stress testing of hold/set-up time violations. The precise pa‘&erns
to be used may depend on many factors, such as, for example, the specific topology of
conductor 10 and the, protocol in which digital values are transferred oyer conductor

. 110 However, when these patterns of digital values for hold (set-up) time violations
" are generated on conductor 10 and time delay Tppp is close to the minimum

i f‘(mammum) of its range, input register 44 may be more likely to correctly sample '
logic levels of the signal on conductor 10 for the relaxed testing pattern than for the

- stress testing pattern. S
»[0078] Moreover, g olden patterns table 60 may be programmable and its content
“nia‘y be updated or replaced, if desired, as patterns providing more effective testing are -
developed. | ’ '

‘i . [0079] FIG.5isa flowchart illustration of an exemplary method of deteunmmg the
default values to be stored i in driving impedance LUT 54, output wmdow centering
'LUT 56 and input window centenng LUT 58, accoxdmg to some embodiments of the
invention. Although the scope of the invention is not-limited in this respect, the
method of FIG. 5 may be performed prior to mass production of the combination ofa
pacticular type of PCB 2 and memory 52 installed thereon. o A
| [0080] A “validation” version of memory 52 may be generated (-302-), for example,
using simulations and validatjon fests of controller 4 to determine “validation” digital |
values étored in the entries of driving impedance lookup table 54, output window

centering lookup table 56 and input window centering lookup table 58.

13
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[0081] However, due to, for example, manufacturing tolerances of PCB 2, controller

4, devices 6, and optional devices 50, one or more of the timing parameters related to
'f:he signal on conductor 8 (Tcot, Tpp1s TPHL1. TPLHI> IsUls THi and Tggw), and
one or more of the timing parameters related to the signal on conductor 10 (Tcoa,

Tpp2, TpHL2: TpLnas Touzs Tz and Tsgw) may have values that deviate from the

values used during‘ the simulation and validation tests to define the “validation” digital
values stored in the validation version of memory 52. Consequenily, the digital
Vlvalues stored in the validation version of memory 52 may not be adequate for input
channel 22 to correctly sample logic levels of the signal on conductor 8 and for input
rggiéter’ 44 to correctly sample logic levels of the signal on conductor 10 under certain
operating conditions.
[0082] If calibration of the eniries of tables 54, 56 and 58 is not desired (~-502-), the
i.vélidation version of memory 52 may be used as a “production” version of memory
52 (-504-). Therefore, the default values for the registers are the validation values.
[0083] If calibration is desired (-502-), the “validation™ version of memory 52 may
vbe installed on PCB 2 (-506-). PCB 2 may be powered up and configuration
information 64 may then be read. The appropriate entries of driving impedance
lookup table 54, output window centering loolup table 56 and input window centering
lookup table 58 of the validation memory are selected based on the configuration .
information 64, and the digital values in the selected eniries may be programmed to
driving impedance control register 16, output délay control register 14 and input delay
contro} register 13, respectively (-508-). 4
[0084] Controller 4 and devices 6 may be brought to operating conditions (-510-).
For example, controller 4 and devices 6 may be heated to an operating temperature,
such as, for example, 50°C, by, for example, toggling the signal on conductor 8 and
the signal on conductor 10. When the desired temperature is reached, a calibration
sequence, to be described in more detail with respeci: to FIG. 7, may be performed (-
512-) to determine digital values for driving impedance lookup table 54 and output
window centering lookup table 56 that are calibrated to the specific parameters of
PCB 2 and to the specific parameters of devices 6 and controller 4 that are installed on

PCB 2. In addition, a similar calibration sequence may be performed (-512-) to
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" determine digital values for input window centering lookup table 5% that are
calibrated to the specific parameters of PCB 2 and to the specific parameters of
o :"devices 6, optional device‘s 50 and controller 4 that are installed on PCB 2.

'5[0085] The appropriate eniries of one or more of driving 1mpedance lookup table 54,

. output window centering lookup table 56 and mput window centermg lookup table 58
"_'%n1ay be updated with values determined by the calibration sequences (-5 14-), zmd a
B 1product10n version of memory 52 with the updated values as the,default values for the
) .'i'eéisters ma{y'be created (-504-). | ' - ‘

f[0086.] Moreover, if different configurations of PCB 2 are possible (for exauﬁple,
“controller 4 and optional devices 50 may be permanently installed on PCB 2 while

. different configurations of PCB 2 may have different types and numbers of devices 6)

cand it is desired to have the tables of memdry 52 store entries appropriate for each of
the different configurations, then the calibration process (-508- through -514-) may be
_‘repeﬁted for each of the configurations (-516- and -518-) prior to créating the

“ production version of memoty 52 to be installed on PCB 2 (-504-). | . o
" :[9(2)87] FIG. 6 is a flowchart illustration of an exemplary method according to some

4 émEodimént‘s of the inverition, for determining the digital values to program t6 driving‘
: “ impedance control register 16 anhd output delay control register 14 so that input
f-,‘chmmel 22 correc"tly samples logic levels of the signal on conductor 8- and for

vdetemnmng the digital values to program to input delay conirol register 13, so that

" input register 44 correctly samples logic levels of the signal on conductor 10.

'[0088]  Although the scope of the invention is not limited in ﬂns respect, the

- I-‘ method of FIG. 6 may be performed each time an apparatus including the PCB 2 of
FIG. 1 is powered up. PCB 2 already has installed on it controller 4, one or more

- devices 6, optional devices 50, memory 62 and a production version of memory 52.

‘ j.t0089] PCB 2 may be powered up and configuration information 64 may then be
read. The appropriate entties of driving impedance lookup table 54, output window
centering lookup table 56 and input window centering lookup table 58 of the
validation memory may be selected based on the configuration information 64, and
.the digital values in the selected eniries may be programmed to driving impedance
control register 16, output delay control register 14 and input delgy control register 13,

respectively (-508-).
. . 20
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[0090] Controller 4 and devices 6 may be brought to operating conditions (-510-).
For example, con’uollm 4 and devices 6 may be heated to an operating temperature,
~such as, for example SOOC, by, for example, togglmg the signal on conductor 8 and
:the signal on conductm 10,

[009]] When the desired temperature is reached, it is tested that input channe] 2
coxrecﬂy samples logic levels of the signal on conducior 8, and that input register 44
correctly samples logic levels of the signal on conductor 10, using the patterns stored
in golden patterns table 60 that are designed for stress testing of hold time and setup
time violations (-612-). If the test fails (-614-), the method may exit while reporting
the failure (-616-). Optionally, before exiting, the test may be repeated using the
péttems stored in golden patterns table 60 that are designed for relaxed testing of hold
time and setup time violations (-618-). If the repeated test fails (—620-) the method
may exit while reporting the failure (-616-).

[0092] However, if the stress tests do not fail, or if the relaxed tests do not fail, the
method may continue to decision -622- regarding power-up calibration.

{0093] If power-up calibration of the digital values in driving impedance control
régister 16 and outpui window delay co;ltrol register 14 is desired (-622—), a
calibration sequence, described in more detail with respect to FIG. 7, may be
performed (-512-) to determine digitél values for driving impedance control register
16 and output window delay confrol register 14 that are calibiated fo the current
pafameters of PCB 2 and to the current parameters of devices 6 and controller 4 that
zue installed on PCB 2.

[0094] In addition, a similar calibration sequence may be performed (-512-) to
determine a digital value for input delay control register 13 that is calibrated to the
current pammeters of PCB 2 and to the current parameters of devmes 6, optional
devmes 50 and controller 4 that are installed on PCB 2.

[0095] If the calibration fails (-624-), the method may exit while reporting the
failure (-626-). However, if the calibration does not fail, and if the calibration
sequence determines for at least one of driving impedance control register 16, output
delay control register 14 and input delay control register 13, a value which is different

from the default value programmed in -508-, the contents of the comresponding

21
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' :fegister(s) will be replaced with the value(s) determined by the calibration sequence (-
© 630-). -
'[(‘)096] During operation .of controﬂer 4 and devices 6, changes in the ambient
- temperature, driffs in the supply voltage fo controller 4 and to devices 6 and other
- factors may result in changes in the timing parameters of the signals on conductors 8
and 10. To compensate for such changes, calibrating the contents of registers 13, 14
~ and 16 (-512-) may be repeated on a recurring basis, if desired (-632- and -634-).
This repetition of the calibration may occur even if power-up calibration is not desired
(-622-). |
[0097] It should be noted that even if the default values stored in memory 52 and
| “programmed to the registers at power-up based on configuration information 64 result
4in the success of the alive test with stress golden patterns or the alive test with relaxed
-golden patterns, the alive test may succeed with a2 small margin, By' calibrating the
“values using a calibration sequence and updating the registers with the calibrated
values, this margin for success in passing the test with golﬁen patterns may be
increased. O o o
f0098] FIG.7 ié a flowchart illustration of an exemplary calibration sequence for the
digital values Ato be programmed to output delay control register 14 and input delay
| control register 13, according to some embodiments of the invention. The calibration
sequences -3 12- referred to by the methods of FIG. 5 and FIG. 6 may include the
sequence of FIG. 7, although the scope of the invention is not limited in this respect.
[0099] When the sequence of FIG. 7 is called by the method of FIG. 5, input delay
control register 13 and output delay control register 14 are already proérammed with
default \;al ues from input centering lockup table 58 and output centering lookup table
56, respectively, the default values having been selected from the tables according to
the configuration information 64 at -508- of FIG. 5.
[00100] Similarly, when the -sequence of FIG. 7 is called by the method of FIG. 6,
.input delay control register 13 and output delay control register 14 are already
programimied, either with default values from lookup tables selected according to the
configuration information 64 at -508- of FIG. 6, or with values determined by 2

previous call to the calibration sequence of FIG, 7 at -630- of FIG. 6.
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[60]01} A calibration algorithm may be performed for the value of output delay
" cotrol register 14 (-704-). As will be explained hereinbelow with respect to FIG. 8,
ﬂ;.e calibration algorithm may determine one or more values for output delay control
irégister 14 at whié:h input channel 22 correctly samples logic levels of the signal on
conductor 8. The calibrated value for output delay control register 14 may be selected
as the median of these values (-706+). ' o ’
100102] Output delay control register 14 may then be programmed with the calibrated
‘ vﬂu‘e (-708-), and a calibration algorithm may be perfonnea for the value of input
“cl‘elay conitrol register 13 (-710-). The calibration algorithm may determine one or
: niore values . for input delay control register 13 at which input register 44 correctly
éalllples logic levels of the signal on conductor 10. The calibrated value for input
’.delay control register 13 may be selected as the median of these values (-712-).
[00103] However, if the calibration algorithm (-704-) cannot determine any values for
‘;'oj'uAtput delay control register 14 at which input channel 22 correcﬁy samples logic
levels of the signal on conductor 8 the method will report a failure (-714-) and exit.
| [00104] Similarly, if the calibration algorithm (-710~) cannot determine any values
for input delay control registe:' 13 at which i:iput register 44 correctly s’amplés logic
levels of the signal on conductor 10, the method will report a fajlure (-714-) and exit.
[00105] FIG. 8 is a flowchart illustration of an exemialaly calibration algorithm for-
ithe digital val}xeé to be programmed to output delay control register 14 and input
delay control register 13, according to some embodiments of the invention. The
calibration algorithmis referred to by the method of FIG. 6 at -704- and -710- may
include the algorithm of FIG. 8, although the scope of the invention is not limited in
this respect. ‘
[00106] The register to be calibrated (output delay control register 14 at ~704- of FIG.
7, and input delay control register 13 at -710- of FIG. 7) is programmed to a value that
corresponds to the delay cell controlled by the register having the minimum delay of
its range (~-802-).
.[00107] In a first test, a pattern designed for stress testing of setup time violations is
‘'sent via signal-18 to device 6, and sent back from signal 34 to controller 4 (-804-). If
the digital yalues received on signal 38 differ from the digital values sent via signal 18

(-806-), the programmed value is marked fail (-808-). However, if the digital values
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: received on signal 38 match the digital values sent from signal 18 (-806~), a second
test is performed. ' 4 A

‘ [00108] In the second test a pattern designed for stress testing of hold time vmla‘uons

- is sent via signal 18 to device 6, and sent back from signal 34 to controller 4 (-810-).

) If' the digital values received on si gn‘al 38 differ from the digital values sent via signal

18 (-812-), the pzogrammed value is marked fail (-808-). However, if the digital

valtes received on 51gna1 38 match the digital values sent from 51gnal 18 (—806 ), the
'pl ogrammed value is marked pass (-814-),

'[00109] The register to be calibrated may then be pzogrammed with an mcreased
Avalue so that the delay cell controlled by the register has an increased delay that is still
within its range (-818-), and the first test (and second test, if appropriate) may be

: ‘repeated. The inéreased programmed value is marked as fail or pass. When all the

‘ ,pz"c'agranmmble values of the register have been tested (-816-), the resﬁlts of the
‘_ploglammed values are checked (-820-), If all the programmed values failed the tests,

. ‘a failure is reported (-822-) and the method exits, If not all the prog1ammed values

",{failsd the tests, the values which passed the tests are reported (-824-) gtgd the method
..Aexits. BRI | ‘ EEPEE :

Bidirectional Signals

[00110] The foregoing description has focused on separafe conductors 8 and 10, each
_.carrying its own signal. However, embodiments of the invention are equally
.. applicable tS the case of a single conductor electrically coupling output channel 12 of
" controller 4 o input channel 22 of device 6 and output channel 32 of device 6 to input
*: chamnel 36 of controller 4. Within controller 4, the output of programmable output
buffer 28 and the inpﬁt to input buffer 40 will be electrically coupled. Within device
6, the output of channel 32 and the input to channel 22 will be electrically coupled.
Any suitable technique may be used to ensure that only one of output chamnel 12 and
output chaniel 32 sends a signal on the single conductor at any given time, including,

- for example, the known techniques of open drain outputs and high impedance outputs.
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Groups of Conductors

- [00111] The foregoing description has focused on single conductors 8 and 10. In the
' féregoing description, each conductor had its own input channel and output channel,
with the channels in controller 4 being controlled by registers. However, it will be
understood that when a group of conductors are similar, controller 4 may have a
g .‘.sing}e input-delay control register to control the input channels for the conductors m
the group, and a single output-delay control register and a singie driving impedance
~control register to control the output channels for the conductors in the group. The
similarity between the conductors in a group may include, for example, similarity in
'4"c’11e topology of the traces, similarity in the switcﬁing behavior of the signals, and
‘éimilarity in the protocols of the signals, when applicable. For example, if the
-éddress signals are represented by 64 bits, then the 64 conductors carrying those bits
. may be considered as part of the same group, and controller 4 may have a single
j’voutput-de}ay contro] régister and a single d}'iving impedance control régister to control

-the output channels for the 64 conductors of the address signals.
Exelﬁplary Apparatus

: [00112] An exemplary apparatus 900 is shown in FIG. 9, according to some
embodiments of the invention, Apparatus 900 may comprise a printed circuit board
(PCB) 902 Apparatus 900 may optionally comprise an audio input device 901.
Well-known components and circuits of apparatus 900 are not shown in FIG. 9 so as
not to obscure the inventipn. |
[GO] 13] A non-exhaustive list of examples for apparatus 900 includes a desktop
personal computer, a server computer, a laptop computer, a notebook computér, a
hand-held computer; a personal digital assistant (PDA), a mobile telephone, and the
~like; and any embedded application with a high-speed bus and memory subsystem.
‘[00114] A processor 903, a basic input/output system (BIOS) device 952, a-memory
coniroller 904, a memory bank 916 and an optional memory bank 917 may be
installed upon PCB 902. (In some embodiments, memory controller 904 may be part
of processor 903.) A graphics chip 905 may optionally be installed upon PCB 902.
Additional components that may also be installed upon PCB 902 are not shown so as

not to obscure the invention,
' 25
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tOQllS] A non-exhaustive list of examples for processor 903 includes a central
‘h-pi'ocessing unit (CPU), a digital signal processor (DSP), a reduced instruction set
j;c'omputer' (RISC). a complex instruction set computer (CISC) and the like. Moreover,
:"'proc'éssor 903 may be part of an application specific integrated circuit (ASIC) or may
:"be a part of an application specific standard product (ASSP). ‘
'-'[QOI 16] A non-exhaustive list of exainples for BIOS device 952 includes a flash
“memory, an electrically erasable programmable read only memory (EEPROM), and
: the like. BIOS device 952 may comprise software modulés to implement the methods
6f FIG. 6, FIGS. 10A - 10D, and FIG. 8.
[001 17] A non-exhaustive list of examples for memory controller 904 mcludes a bus
‘ budae a peripheral component interconnect (PCI) north bridge, a PCI south bridge,
-an accelerated gmphlcs port (AGP) bridge, a memory interface device and the like, or
a conﬁbhnation thereof. Moreover, memory coniroller 904 may be part of an
application specific integrated circuit (ASIC) or part of a Chlp set or a part of an
application specific standard product (ASSP).
‘ [001 18] Either or both of memory banks 916 and 917 may be a removabie module,
such as, for example, a dual in line memory module (DIMM), a small outline dual in
'» line memory module ( SODIMIVI), a single in line memory module (SIMM), a
RAMBUS in line memory module (RIMM), and the like. Alternatively, either or both
of memory banks 916 and 917 may be non-removable, e.g., may be pennanenﬂy
‘attached to PCB 902. :
[00119] Memory banks 9\16'and 917 may comprise one o1 more ﬁiemm"y devices 906
and 907, respectively. A non-exhaustive list of examples for memory devices 906 and
907 includes synchronous dynamic random access memory (SDRAM) devices, -
RAMBUS dynamic random access memory (RDRAM) devices, double data rate
(DDR) memory devices, static random access memory (SRAM), and the Vlike.
[00120] BIOS device 952 is-a particular example of memory 52 of FIG. 1, and
memory controller 904 is a particular example of controller 4 of FIG. 1, and memory
devices 906 and 907 are particular examples‘of devices 6 of FIG. 1. Therefore, the
'follbwing description will focus on the progralﬁming of registers in memory
controller 904 that control input and output channels in memory controller 904(of

signals between 1 memory coniroHer 904 and memory devices 206 and 907. -
26
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[00121] Memory controller 904 may be coupled to memory devices 906 and memory
“devices 907 through various groups of conductors. For a group of one or more
“ ,cﬁnductors carrying one or more output signals, memory controller 904 may comprise
.orie or more output climmels(not shown) similar to output channel 12 of FIG. 1. For
2 group of one or more conductors carrying one or more input signals, memory
controller 904 may comprise one or more input channels (not shown) similar to input
 channel 36 of FIG. 1, |
. fOOlZ?.] One group of conductors 920 may carry memory data-in (MDIN) signals to
‘read data from memory devices 906 and/or memory devices 907. Conductors 920
may also carty memory data-out (MDQUT) signals to write data to meﬁwry devices
- 906 and/or memory devices 907. Memory controller 904 may comprise a single
driving impédance control register and an optional single output-delay control register
"to control the output channels of memory controller 904 that output the MDOUT
signals on conductors 920. Similarly, memory controller 904 may comprise a single
input-delay control register to control the input channels of memory controller 904
that receive the A/DIN signals on conductors 920. o
[00123] Anc‘>ther group of conductors 922 may carry address signals from memory
controller 904 to memory devices 906 and/or memory devices 907. Memory
controller 904 may comprise a single driving impedance control register and an
bpﬁonﬁl single outpui-delay control register to control the output channels of memory
“controller 904 that output the address signals on conductors 922.
[001é4] A single conductor 924 may carry a clock signal (similar to clock 20 and
clock 24 of FIG. 1) from memory coniroller 904 to memory devices 906 and/or
memory devices 907. Memory controller 904 may comprise a singlé driving
impedance control register and an optional single outpui-delay conirol register to
conirol the output channel of memory controller 904 that output the clock signal on
conductor 924. ’
[00125] Another group of conductors 926 (927) may carry a “chip select” signal from
memory controller 904 to memory devices 906 (907). The chip select signal is used
to notify a particular memory device that the signals sent on the other conductors,
namely the address and MDIN signals, are intended for that memory device. ‘Memory

controller 904 may comprise a single driving impedance control register and an .
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jbptional single output-delay control register to control the output channels of memory
" controller 904 that output the chip select signals on conductors 926 and another single
: driving impedance control register and another optional single output-delay control
register to control the output channels of memory controller 904 that output the chip

' seieot signals on conductors 927.
: Lxemplary Calibration Sequence -

"[010‘12'6] FIGS. 10A - 10D are flowchart illustrations of an exemplary calibration
sequence for the digital valués to be programmed to the delay control registers of
 memory controller 904, according to some. embodiments of the invention. The
| control registers affected by the exemplary calibration sequence of FIGS. 10A —~ 10D
. are:
: “a) the “data out delay control register” - the output-delay control register for
‘ the output channels of memory controller 904 that output the MDQUT signals on
' cpnductoxjs 920 (calibration of which is described in FIG. 10A); ‘
‘ 4b) the “data in delay control register” — the input-delay control register for the
~‘input channels of memory controller 904 the receive the MDIN signals on conductcus
‘ '990 (cahbmuon of which is described in FIG. 10B)
c) the “address delay control reglst — the outpui-delay control register for
‘ the outpul cham:tels of memory controller 904 that output the addless signals on
conduz_:tors 922 (calibration of which is described in FIG. 10C);

d) the “first chip select control register” — the output-delay control register for
the output channels of memory controller 904 that output the chip select signals on
conductors 926 to memory devices 906 (calibration of which is described in FIG.

© 10D); and |

€) the “secand chip select control register” - the output-delay control register
for the output channels of memory controller 904 that output the chip select signals on
conductors 927 to memory devices 907 (calibration of which is described in FIG.
10D). o
[00127] When the sequence of FIGS. 10A — 10D is called during the creation of a
production BIOS (as in FIG. 5), the registers are already programmed by processor

903 with values"ﬁ'o‘m the lookup tables in BIOS device 952, the values having been
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. éelected by processor 903 from the tables according to configuration information 936
; }‘arid 937 stored in memories, such as, for example, EEPROM, flash memory, and the
_like.. For example, when memory bank 916 and/or memory bank 917 is a DIMM
- INEmory, the protocol used to read the configuration information 936 and 937 may be
“the Serial Presence Detect (SPD) protocol.
f [00128] Similarly, when the sequence of FIGS. 10A ~ 10D is called during power-up
zéalibration or recurring calibration to compensate for changes (&8s in FIG. 6), the
“registers are already programmed, either with values from lookup tablesAin BIOS
device 952 selected according to configuration information 936 and 937; or with
. values determined by a previous call to the calibration sequence of FIGS. 10A - 10D.
[00129] A calibration algorithm may be performed for the value of the “data out
delay control register” where the delay control registers of memory controller 204
-hiay be programmed io the default values (-1000-) and memm’jz data-out signals
‘(MDOUT) are sent to memory devices 906 (~1002-). An exemplary célibration
“a.lgorithm is described hereinabove with respect to ‘FIG. 8. As is explained
ihereinabov‘e. with respect to FIG. 8, the calibration algorithm may determine one or
}“niore values for the “data out delay control register” at which the input channels of
ﬁiemory devices 906 carrectly sample logic levels of the .MDOUT' signals on
'A»Aconductors 920. \ '
'{00130] The delay control 1egistexs of memory controller 904 may be programmed to
the default values (-1004-). The calibration algorithm may be repeated for the value
.of the “data out delay control register”, where this time, memory data-out (MDOUT)
-signals are sent to memory devices 907 (-1006-). This time, the calibration algorithm
may determine one or more values for the “data out delay control register” at which -
the input channels ‘of memory devices 907 comrectly sample logic levels of the
MDOUT signals on conductors 920. ‘
[00131] If some of the values determined by the calibration algofithm in -1002- and -
1006- define overlapping regions of values for which the tests of the algorithm pass,
the,h the calibrated value for the “data out delay control register” may be selected as

the median of these overlapping values (-1 008-).
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[00132] The “data out delay conirol register” may then be programmed with the
calibrated value, and the other delay control registers may be prqgramrned with the

* default values (- 1010-) r | : A
[00133] A calibration algorithm may be performed for the value of the “data in delay

' ’control register” where memory data-in signals (MDIN) are received from memory
',»devmes 906 (-1012-). The calibration algorithm may determine one or more values
-for the “data in delay control register” at which the input channels of memory
 controller 904 comrectly sample logic levels of the MDIN signals on conductors 920
- from memory devices 906. - o
~ [00134] The “data, out delay control register” may then be proglammed with the
' ‘cahblated value, and the other delay control registers may be pmgrammed with the
default values (-1014-). The calibration algorithm may be repeated for the value of
‘:the “déta in delay control register”, where this time, memory data-in (MD]N) signals
,.fare received from memory devices 907 (-1016-). This time, the c’élibratiou algorithm

.“may deterrhine one or more values for the “data in delay control register” at which the

input channels of memory controller 904 correctly sample logzc leveIs of the MDIN
) K SLgnaIs on conductors 920 from memory devices 907. . ‘
. [00135] If some of the values determined by the calibration algorithm in -1012-and - :
1016~ define overlapping regions of values for which the tests of the algorithm pass,
| - ihen the calibrated value for the “data in delay control register” may be selected as the
" median of these overlapping values (-1018-). '
- [00136] The “data out delay control register” and “data in delay 'cc.m‘u'ol régistel" may
then be programmed with the calibrated values, and the other delay control registers
may be progrannﬁed with the default values (-1020-). 4
'[00137] A calibration algorithm may be performed for the value of the “address delay
* contiol register” (-1022-). The calibration algorithm may determine one or more
" values for the “address delay contro! register” at which the input channels of memory
. devices 906 correctly sample logic levels of the address signals on conductors 922.
[00138] The “data out delay control register” and “data in delay control register” may
then be progranumed with the calibrated values, and the other delay control registers

may be programmed with the default values (-1024-).

30



WO 2005/038657 PCT/US2004/033694

[00139] The calibration algorithm may be repeated for the value of the “address delay
control register”, where this time, address signals are received from memory devices
907 (-1026-). This time, the calibration algorithm may detenninelone or more values
“for the “address delay control register” at which the input chanmels of memory devices
'907 correctly sample logic levels of the address signals on conductors 922 |
[00140] If some of the values determined by the calibration algorithm in -1022- and -
'1026- define overlappmg regions of values for which the tests of the algorithm pass,
"Ehen the calibrated value for the “address delay control register” may be selected as
‘the median of these overlapping values (-1028-). o
[00141] The “data out delay control register”, “data in delay control register” and
“*address delay control register” may then be programmed with the calibrated values,
and the other delay control registers may be programmed with the default values (-
'1030 ):
[00147] A calibration algorithm may be performed for the value of the “first chip
sa]ect delay control register” (-1032-). The calibration algorithm may determine one
‘or more values for the “first chip select delay conirol register” at which the input
'channels of memory devices 906 correcily sample logic levels of the chip select
signals on conductors 926. The calibrated value for the “first chip select delay control
:register” may be selected as the median of these values (-1034-).
[00143] The “data out delay control register”, “data in delay conirol register”,
“address delay control register”' and “first chip select delay conirol register” may then
-be:programmed with the calibrated values, and the other delay control Iegistets may
" be programmed with the default values (-1036-),
[00144] A calibration algorithm may be performed for the value of the “second chip
select delay control register” (-1038-). The calibration algorithm may determine one
or more values for the “second chip select delay control register” at which the input
channels of memory devices 907 correctly sample logic levels of the chip select
signals on conductors 927. The calibrated value for the “second chip select delay
' ‘contrpl register” may be selected as the median of these values, and the “second chip
select delay control register” may be programmed to the calibrated value (-1040-).
[00145] If a test fails during execution of a calibration algorithm, the failure may be
reported (-1042-). ' o E SRR
. . . 31
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Delqy Values and Golden Patterns for Exemplary Cahbratmn Algnnthm

[00146] In one emmple the calibration algorithm of FIG. 8 was called from the
calibration sequence of FIGSL 10A - 10D for the apparatus of FIG. 9. In this example,
'-f_;".the frequency of clock 924 was 133 MHz, although in other examples, the ﬁeqnency
" ‘may have other values, such as, for example, 100 MHz, 166 MHz, 200 MHz, 266
. ..MHe, ete. For the ‘case of the clock frequency being 133 MHz, clock 924 oscillates

: A ‘With a period Tpgrjop = 7.519 nanoseconds. When memory bank 916 and memory

: bénk 017 are DIMM memories, the latest time at which an MDIN signal on
‘conductors 970 sent by memory bank 916 or memory bank 917 is stabilized foIIOng

4 rising edge of clock 924 (max(Tcoz+IpLH2 Tcoz+TpyLy)) may be, for example,

- ‘approximately 1.8 nanoseconds to approximately 4.2 nanoseconds, which is a range

' of approximately 2.4 nanoseconds, The precise value of .‘(m‘ax(TCoﬁTpLHz,

‘chg_}l'p;.{u)) may depend, for example, on the number and type qf memory devices
906 and memory devices 907. | | |

. [00147] In this example, the delays Tppa intrpduced by the programmable delay cell

B of the input channels of memory controller 904 that receive the MDIN signals on

. conductors 920 (controlled by the “data in delay control register” at point -818- of the

3 - calibration algorithm of FIG. 8) may have the following values:

Deélay Relative Delay
(picoseconds) from Center
_ (picoseconds)
0 ~2000
250 -1750
500 -1500
750 , -1250
1000 ' -1000
1250 . -750
1500 -500
1750 -250
2000 0
2250 250
2500 . 500
2750 : 750
3000 1000
3250 1250
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3500 1500
3750 1750

L "where a delay Tppg of 2000 p1coseconds corresponds roughly to the center of the -

.' : ::expected range for delay Tppp.

. '[00148] Mmeover, in this example, conductors 920 comprise 64 conductors, where
o ach conductor represents one bit. The 64 bits of conductors 920 are divided into
. ‘.‘v‘f‘ei‘ght bytes, each byte comprising eight bits numbered 0 to 7. The topology of

ponductors 920 may be such that noise coupling and interference between conductors
. that belong to different bytes is substantially small: Therefore each byte may be
o tested separ ately for setup time violations and hold time violations.
| [00149] Furthermore, the topology of conductors 920 may be such that for each byte,
the bit numbered 3 is the most sensitive to interference and to noise coupled from the
test of the bits of that byte.
" [00150] Therefore, the following golden patterns may be used for performing stress
testing of setup time violations and hold time violations, for a group of conductors
- compnsmg a byte of conductors 920: )

Pattern CLK WRITE READ
bits bits bit
7.6,5.4,2,1,0 7,6,5,4,2,1,0| 3

o
=

SETUP

il ] W 1] =

: i“

Ol | S i i [l D [ [ o &
alalel | B

=l w &

HOLD

D} 0of | &

[
<

QIDID|ID O || |-

0
0

ok

[00151] In the exemplary stress test for setup time violations, memory controller 904
sends a byte to memory device 906 or 907, where bits 7,6,5,4,2,1 and 0 of the byte

‘have the same logic value that changes at each of four successive clocks (clocks 1 -4) -
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B and bit 3 of the byte has the opposite logic value at each of the four suceessive clocks.
; j:Bits 7,6,5,4,2,1 and O of the byte may create a lot-of noise, and the test will pass if
. memory device 906 or 907 correctly receives the bit 3 at each of clocks 3, 4 and 5.
- [00152] In the exemplary relax test for hold time violations, at clocks 5 — 10, memory
 controller 904 sends an uncllmlgillg logic value for bits 7,6,5,4,2,1 and 0 of the byte in
_ ofder‘ to settle the system. At clocks 5 — 7, an unchanging opposite logic value for bit
E :‘3 is sent, also to settle the system, The logic value of bit 3 is then changed at clocks 8

‘and 9, and the test will pass if memory device 906 or 907 correctly receives bit 3 at

each of clocks 9 and 10.
- Programmable Delay Cell

*.[00153] FIG. 11 is a simiplified schematic illustration of an exemplary programmable
delay cell 1100, in accordance with some embodiments of the invention.
+ Programmable delay cell 1100 may be used to implement programmable delay cell 26
" and/or programmable delay cell 42 of FIG. 1. “
[00154] Programmable delay cell 1100 may receive an input signal 1102, control
_f'sfguéls 11()6,r 1108, 1110, 1112 and 1128, and may generate an output signal 1104.
?rogrammﬁble delay cell 1100 may continuously sample the logic level of signal
1 102, and niay coritinuously output logic levels on a signal 1104 that are substantially
" equal to the logic levels sampled on signal 1102. When a change in the logic level of
. 'éignal 1102 occurs, the logic level of signal 1104 may change accordingly after a time
".dEIay Tpp ' ‘
[00155] Time delay Tpp may be programmable within a time range, and may be set
to one of sixteen time delays, according to the digital values of control signals 1106,

1108, 1110 and 1112. Moreover, contrel signal 1128 may enable continuous or fine
grain tuning of the time delay Tpp seleeted by control signals 1106, 1108, 1110 and
li 12. For example, control signal 1128 may be used so that time delay Tpp will be
closer to ﬁ desired value. In another example, control signal 1128 may be u'sed to
apply corrections to time delay Tpp if it drifts from a desired value due, for example,

to any or any combination of the following factors: variations in the supply voltage,

34



WO 2005/038657 PCT/US2004/033694

'variations in the ambient temperature, and variations in the temperature of controller
4. The comrections applied by control signal 1128 may be generated in response o
:'output from a measurement system (not shown) to detect such variations. -

‘{00136] Programmable delay cell 1100 may comprise a capacitor 1150. As will be
:explained hereinbelow, the digital values of control signals 1106, 1108, 1110 and

1112 may set time delay Tpp by controlling the impedance of a circuit that charges
“and discharges capacitor 1150. Moreover, control signal 1128 may adjust time delay
,TpD by controlling the impedance-of the circuit that charges capacitor 1150.

[00157] Programmable delay cell 1100 may comprise a switching transistor 1114, a
swiiching trangistor 1116, a variable impedance transistor 1118 and an inverter 1120.
[00158] Inverter 1120 may receive input signal 1102 and may output a signal 1122
Jbaving a logic level which is inverted from the logic level of signal 1102.

j[b0159] When the Iogic level of input signal 1102 is logic “0”, the logic level of

{signal 1122 is logic “1”, and conductor 1124 may be coupled to a low supply rail

‘1140 via a substantially low impedance Z; presented by switching transistor 1114,

and to a high supply rail VCCC via a substantially high impedance Zz presented by

switching transistor 1116, thus practically decoupling conductor 1124 and conductor
1126, |

[COI(SO] When the logic level of input signal 1102 is logic “1”, the logic level of
.szgnal 1122 is logic “O” and conductor 1124 may be coupled to low supply rail 1140

via a substantially high impedance Z presented by‘ switching transistor 1114, and to
high supply rail VCCC via a substantially low impedance Zg; presented by switching
transistor 1116 and an impedance Zy determined by conirol signal 1128 and presented
ny variable impedance transistor 1118.

[00161] However, for the simplicity of ﬂ1e explanation, if impedance Zy is

substantially higher than impedances Z;, and Zg, impedance Zz can be approximated

as infinite impedance. Consequently, using this approximation, when the logic level

of input signal 1102 is logic “0”, conductor 1124 may be coupled to low supply rail
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- 1140 via the substantially low impedance Zj, presented by switching transistor 1114,
~and when the logic level of input signal 1102 is logic “1”, conductor 1124 may be

‘C.oupled,to high supply rail VCCC via the substantially low impedance Zy presented
"b'y switching transistor 1116 and the impedance Zy presented by variable impedance

transistor 1118. .

j[QOA162.] Programmable delay cell 1100 may comprise pass gates 1130, 1132, 1134
,?1'11d11136. Pasé gates 1130, 1132, 1134 and 1136 may receive control signals 1106,
1 108, 1110 and 1112, respectively as input. When the logic level of one of these

“control signals is logic “0”, the corresponding pass gate may couple conductor 1124 .
‘télcapacitor 1150 with substantially high iinpedance Zyz, thus practically de-coupling
:coﬁductor 1124 from capacitor 1150. When the logic level of one of these control
"éilg’nals is logic “1”, the corresponding pass gate may couple conductor 1124 to
‘;:'apacitor 1150 with a substantially low impedance, for example Z; for pass gate 130,
423 for pass gate 132, Z; for pass gate 134 and Zy for pass gate 136. In one example,
impedance Z; may be twice the impedance Z;, impedance Z3 mdy be twice the
iﬁ;pedance V4 é, and impedance Z4 may be twice ‘;he impedance Z3. . o
[00163] It will be appreciated by persons of ordinary skill in the art, that conductor
_AAI 124 is coupled to capacitor 1150 with an impedance Zpyssthatis a combinafion of
impedances in which of pass gates 1130, 1132, 1134 and 1136 couple qohductor 1124
tb eapacitor 1150 (2}, Z3, Z3, Zy and 'ZZ)- Moreover, Zp, g5 may have one of sixteéﬁ '
’?alues, according to the combination of logic levels of control signals 1106, 1108,

1110 and 1112,
[00164] When input signal 1102 is asserted from a logic level “0” to a logic level “17,

electrical current will flow from the high supply rail VCCC via impedances Zp, Zp

and Zp,ss to capacitor 1150. Consequently, the voltage level on capacitor 1150 and

on conductor 1124, relative to the low supply rail, may increase. When the voltage on

conductor 1124 becomes equal or higher than a predefined first threshold, output
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jsi'gnal 1104 may be considered as having a logic level “1”, The time delay Tpp from
":ihe assertion of input signal 1102 to the voltage on conductor 1124 becoming equal or
higher than a predefined first threshold, may be affected, at least in part, by the
';‘E:épacitance of capacitor 1150, by the voltage level of the high supply rail VCCC
‘.1"élja'tive io the low supply rail, and by the values of impedances Zy, Zyrand Zp455-
~;{00165]. When input signal 1102 is de-asserted from logic level “1” to a logic level
‘f‘O”, electrical current will flow from capacitor 1150 to low supply rail 1140 via
impedances Zp,ggand Z;. Consequenily, the voltage level on capacitor 1150 and on
EOAnductor 1124, relative to the low-supply 1ai}, may decrease. When the voltage level
on conductor 1124 becories equal or lower than a predefined second threshold, output
“ signal 1104 may be considered as having a logic level “0”. The time delay from the
. de-assertion of input signal 1102 to the voltage on conductor 1124 becoming equal or
‘Al;ow'er than a predefined second threshold may be affected, at least in pait, by the
ciapacitance of capacitor 1150 and by the values of impedances Z; and ZP4SS.
_: [00166] While certain features of the invention have been illustrated and described
. herein, many modiﬁ’cations, substitutions, changes, and equivalents will now bccur o
. those of ordinary skill in the art. It is, therefore, to be understood that the appended ~.
:iiélaims are intended to cover all such modifications and changes as fall within the true -

“spirit of the invention.
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" [00167] What is claimed is:

LA programmable delay cell comprising:
S a capamtor coupled to a low supply rail;
" 'a conductor coupled to an output of said programmable delay cell; and
“two or more pass gates coupled in parallel to said conductor and to said .
A c::apac'itor. | ‘ :
424. Tlie‘pfogrannnable delay cell of claim 1, wherein an impedance of each of said pass

' gai‘es is to be controlled by a respective control signal,

3. The programmable delay cell of claim 1, further comprising:
“ : @ vaiiable- impedance transistor coupled to a high supply rail and {6 said
conductor, wherein an impedance of said variable gnpedance transistor, is to be

. 'détermined by a control signal.

4 A programmable delay cell comprising:
‘a conductor coupled to an output of said programmable delay cell; and
- a variable impedance transistor coupled to a high supply rail and to said

conductor, wherein an impedance of said variable inipedance'transistog is to be -
- determined by a control signal. |
5 The proglammable delay cell of claim 4, wherein said control signal is set in
"fesponse to output from a system to measure changes in the behavior of an integrated
. cncmt comprising said programmable delay cell, said changes resulting, at least in
- pall from variations in a supply voltage to said integrated circuit, variations in an
ambient temperature and variations in a temperature of said integrated circuit.
6. The programmable delay cell of claim 4, wherein said control signal is a continuous.

: ""As'ignal.
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. 7. A controller comprising:
. ‘ an output buffer to generate an electrical signal on a conductor coupled to said
U ‘ conﬁoller and ‘ ' ‘
- a pmgrammable delay cell coupled to said output buffer, wharem said
progz ammab]e delay cell includes at least:
a capacltor coupled to a low supply rail;
Z ‘a conductor coupled to an output of said p10gra111mable delay cell; and -
two or more pass gates coupled in parallel to said conductor and to said

capacitor.

-8. The controller of claim 7, further comprising:
' "g register coupled to said programmable delay cell to store a value that

- determines a time delay introduced by said programmable delay cell.

3 9 The coniroller of claim 8, further comprising:

' amemory to store one or more values to program to said register.
1 Q. The controller of claim 7, wherein said controller is a memory controller.

‘Il The coniroller of claim 7, further comprising:
.one or two registers coupled to said output buffer to store a first value that
L detemunes the source driving impedance of said output buffer and to store a

 second val ue that determines the sink driving impedance of said output buffer.
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12, A controller comprising:
- 4 an output buffer to generate an electrical signal on a conductor coupled to said
E ,.: controller; and '
4 a programmable délay cell coupled to said output buffer, wherein said
' fﬁrogrannnablevdelay cell includes at least:
' - & conductor coupled to an output of said programmable delay cell; and
‘ a variable impedance transistor coupled to a high supply rail and to
“said conductor, wherein an impedance of said variable impedance

transistor is to be determined by a control signal.

13, The coniroller of claim 12, wherein said control signal is set in response to output
from a system to measure changes in the behavior of said controller, said c¢hanges
- resulting, at least in part, from variations in a supply voliage to said controller,

~ variations in an ambient temperature and variations in a temperature of said controller.

- 14. The controller of claim 12, further comprising:
& register coupled to said programmable delay cell to store a value that

 determines a time delay introduced by said programmable delay cell.

15. The controller of claim 14, further comprising:

- . amemory to store one or more values to program to said register.
- 16. The controller of claim 12, wherein said coniroller is a memory controller,

.. 17."The controller of claim 12, further comprising:
" one or two registers coupled to said output buffer to store a first value that
' determines the source driving impedance of said output buffer and to store a

second value that determines the sink driving impedance of said output buffer.
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T 8. A controller comprising:
‘ ‘ ' ‘ én input buffer to receive an electrical signal from a conduetor coupled to said
e -controller; and |
a2 programumable delay cell coupled to said input buffer, wherein said
' 'j:srogrammabie delay cell includes at least:
' a capacitor coupled to a low supply rail;
" a conductor coupled to an output of said pr ogrammable delay cell; and
two or more pass gates coupled in parallel to said conductor and to said

capacitor,

19 The controller of claim 18, further comprising:

. a register coupled to said programmable delay cell to store a value that

detemunes a time delay introduced by said programmable delay cell.

| 20. The controller of claim 19, further comprising:

a memory to store one or more values to program to said register.

e 21 The controller of claim 18, wherein said controller is a memory éontljolier;
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22, A controller comprising: :
_an input buffer to receive an elecirical signal from a conductor coupled to said
controllm aud
‘a pmalammable delay cell coupled to said input buffer wherein . said.
pzogmmmable delay cell includes at least: '
a conduc’cor coupled to an output of said programmable delay cell; and
a ,varzable impedance transistor coupled to a high supply rail and to ‘
said ‘conductor, wherein an impedance of said variable impedance

transistor is to be determined by a control signal

.33, The controller of claim 22, wherein said control mgnal is set i in response to output '
from a system to measure changes in the behavior of said controllel said changes
‘resultmg, at least in part, from variations in a supply voltage to said contloilel,

variations in an ambient temperature and variations in a temperature of sald COthlOHCl.

24, The controller of claim 22, further comprising:
a register coupled to said programmable delay cell to store a value that

determines a time delay introduced by said programmable delay cell. 3

25. The controller of claim 24, further comprising:

a4 mermnory to store one or more values to program to said register.

'26.AThe'controller of claim 22, wherein said controller is a memory controller.
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'27. A printed circuit board comprising:
a graphics chip;
a contmllel including at least:
an output buffer to generate an electrical signal on a conductor coupled
- to smd controller;
! programmable delay cell connected to said output buffer to d1recﬂy
- : provide input fo said output buffer; and ‘
a register "coupled to said programmable delay cell o store an output-
| window-centering value that determines a time delay of said input relative
~to input to said programmable delay cell; and ‘ o
’ & memory having programmed therein output-window-centering values for'
one or more configurations of devices to be installed on said prmted circuit board

“and coupled to said controller.

-28, The printed 'circuit board of claim 27, wherein said controller is a memory
controller. S
29. The printed circuit board of claim 28, further comprising:

. one or more memory devices coupled to said memory controller, and wherein -
said memory controller is to drive said elecirical signal to one or more of said one

“or miore memory devices via said conductor,

- 30. The printed circuit board of claim 27, wherein said controller further includes:
" one or two 1eglste1s coupled to said output buffer to store a source-driving-
mlpedance value that determines the source driving impedance of said output |
buffer and to store a sink-driving-impedance value that determines the sink

driving impedance of said output buffer.
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: 3 1. A printed circuit board comprising:
T a éraphics chip;
: ‘a controller in¢luding at least:
s an input buffer to receive an electrical signal from a conductor coupled
to said controller; and
.a programmable delay cell connected to said input buffer to directly
receive output of said input buffer; and o
‘2 register coupled to said programmable delay cell to store an input- -
window-centering value that determines a time delay of output of said
_ ' programmable delay cell relative to said output of said input buffer; and
. a memory having programmed therein input-window-centering values for one
i more configurations of devices to be installed on said pnnted cucun board and

ooupled to said controller.

32, The printed circuit board of claim 31, wherein said contzoller is a memmy :
con‘aollel
33, The printed circuit board of claim 32, further comprising:
one or more memory devices coupled to said memory controller, and wherein
.one or more of said memory devices is to diive said electrical signal to said -

memory controller via said conductor,
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"34. A printed circuit board comprising:
| a graphics chip;
_a controller 1ncludmg at least a programmable delay cell, Sald pmgrammable ‘
dclay cell mcludmg at least '
a capacitor coupled to a low supply rail;
a conductor coupled to an output of said programmable delay cell; and
two or more pass gates coupled in parallel to said conductor and to said '

“capacitor.

- 35. The 1'31"i.nted circuit board of claim 34, wherein an impedance of each of said pass

gatesisio be conirolled by a respective control signal.

36. The printed circuit board of claim 34, wherein said pmgrmmnabie delay cell

fuﬂher includes: ‘
' a variable impedance transistor coupled to a high supply rail and to said
: 'conductor, wherein an impedance of said variable impedance iransistor is to be,

- determined by a control signal.
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37, A printed circuit board comprising:
v a graphics chip; )
' él controller including at least aAprograImnable delay cell, said programmable
| .' delay cell including at least:
) ' .a conductor coupled to an output of said programmable delay cell; and
* a variable impedance transistor coupled to a high supply rail and to said
* conductoy, wherein an impedance of said variable impedance transistor is to be

‘determined by a control signal.

38. The printed circuit board of ¢claim 37, wherein said contro} signal is set in response
‘_to output from a system to measure changes in the behavior of said controller, said
changes resulting, at least in part, from variations in a supply voltage to said
‘icontlollel variations in an ambient temperature and variations in a ’cemperatme of sald

‘conimllel,

39. The printed cireuit board of claim 37, wherein said control signal is a continuous

‘signal. -
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i

.+ 40, A computer apparatus comprising:
- -an audio input de;/ice; and
a printed circuit board comprising:
- amemory controller including at least;
‘output-delay control registers to store output-window-centering
- values affecting time delays introduced by first programmable delay
* gells directly into inputs of output buffers of said memory controller
and o ‘
' input-delay control registers to store input-window-ceritering
values affecting time delays introduced by second pro grammable delay
c;alls! directly into outputé of data input buffers of said memory
:'50113‘oller; and
a basic input/output system device having programmed therein output-
Window-cente’ring values and input-window-centering values for one or more
‘qu_;ﬁgt11"ations ‘of memory devices to be installed on said printed circuit board

aﬂd coupled to said memory controller.

41 The apparatus of claim 40, wherein said memory controller further includes:
dri iving impedance control registers to store somce-drwmg—unpedance values

- and sink-driving-impedance values for said output buffers.

- 42. The apparatus of claim 41, wherein said basic input/output system device has
 programmed therein source-driving-impedance values and sink-driving-impedance

- values for said one or more configurations of memeory devices. .
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' ,' 43, A method coﬁlprising'
- -determining a time delay introduced by a programmable delay cell into a

swnal by contlollmg unpedances of pass gates internal to sazd programmable .

delay cell.

44, The method of claim 43, further comﬁxising:
“adjusting said time delay by controlling a variable impedance of a variable

' impedance transistor internal to said programmable delay cell.

45. The methad of claim 44, wherein controlling said variable impedance includes at
“least controlling said variable impedance in 1esponse to output from a system to .
measure éhmg’eg in the behavior of an integrated circuit comprising said
Ajayogralmnable delay cell, said changes resulting, at .Ieast in part, from variations in a
,sﬁpply voltage to said integrated circuit, variations in an mnbient _t‘empereitﬁre' and

":“variaﬁons in a temperature of said integrated circuit. R MU

46 A method comprising:

‘ deterlmnmg a time delay introduced by a programmable delay cell into a
mgnal by controllmg a variable impedance of a variable nnpedance transxstor:- :

xmemal to said programmable delay celI

47 The method of claim 46, further comprising:

‘adjusting said time delay by controlling impedances of pass gates internal to

said programmable delay cell.

E 48 The method of claim 46, wherein controlling said variable impedance mcludes at
least controlling said variable nnpedance in response to output from a system to
l 3'measure changes in the behavior of an integrated circuil comprising said
programmable delay cell, said changes resulting, at least in part, from variations in a ‘
*"lsup‘p}y voltage to said integrated circuif, variations in an an;bient temperature and

“variations in a temperature of said integrated circuit.
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. 49 A method comprising:
f‘ " . for one or more configurations of devices to be installed on printed circuit
| boards, determining values to be programmied to registers of controllers to be

' vins‘te}lled on said printed 'circuit boards, -

o where said registers affect timing of signals between said controllers and said
‘devices once said controllers and said devices are installed on said printed circuit
boards by affecting one or moré of the following: driving'inibedauces of output
Buffers of said controllers, time delays introduced by first progiammable delay
" eells directly into inputs of said output buffers and time delays.introduced by
‘ second programmable delay cells directly into outputs of(input buffers of said

‘controllers.

'50. The method of claim 49, further comprising:

" storing said values in memories to be installed on said printed circuit boards.

-51. The method of claim 49, further comprising:
) _ determining calibrated values to be programmed to said registefs based on
B timing of signals between said controllers and said devices once said controllers
“and said devices are installed on a particular type of printed circuit board; and
storing said calibrated values in memories to be installed on said:parti.cu'lar

: " type of printed circuit board.

49



WO 2005/038657 PCT/US2004/033694

52, A method comprising:
| : A“programming digital values to registers of a controllér, said digital values
1etrleved from a memory based on configuration mformanon rega:dmg one, or -
.'more devices, ' '
wherem said registers affect timing of signals between sald controller and said
,"deVmeS by affecting one or more of the following: time delays introduced by ﬁlst,
pr'bgfanilxaﬁle delay cells directly into inputs of output buffers of said éc'mtrollep
:"and time delays introduced by second programmable delay cells duectly into

e

outpuis of input buffers of said controller.

453 The method of elaim 52, further comprising;

- bringing said controller and said devices to operatlon condltlons and

‘perforining one or more tests that said signals are accurately received.

- 54, The method of claim 53, wherein said one or more tests test violations of setip

- time restrictions and hold time restrictions of input channels of said devices.

:55. The method of claim 53, wherein said one or more tests test violations of setup

time restrictions and hold time restrictions of input channels of said controller.

- 56. The method of claim 53, wherein performing one or more tests includes at least;
. . performing one or more stress tests on said controller and said dévi‘ces; and
if said one or more stress tests fail, performing one or more 1"e¥1axed tésts on
‘said controller and said devices. 4 ’
‘-‘5'7. The method of claim 53, wherein performing said one or more tests includes at
least:
' ’ | cin'ving a particular pattern on signals from said controller to said devices; and
. checkmg whether por thDS of sald partxculal pattem are accurately 1ece1ved by

saxd devmes
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58 A method comprising:
. detem’nnmg calibrated digital window centering values for registers of a

qontroller by testing timing of signals between said controller and one or more - E
- devices, ‘

" 'wherein said registers affect said timing by affecting one or more of the

4 followillg: time delays introduced by first programmable delay cells directly into

" inputs of output buffers of said controller and time delays introduced by second

‘programmablé delay cells directly into outputs of input buffers of said controller.

59 . The method of cleum 58, wherein determining said cahblated digztal window.

‘ rentermg values'is performed on a recurring basis.

60 The method of claim 58, wherein testing timing of said signals includes at least
‘ fo: each test value in a set of sequential test values:
' settmg a particular one of said registers to said test value;
: ériving a particular pattern on signals from said controller to said -
devmcs and A '
checkmg whether p01t10ns of said particular paﬁem are accurately
recexved by said devices,
wherein the test value of said set closest to a median of test values of said set
for which said portiotis are accurately received is determined to be a calibrated

digital window centering value for said particular register. .
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'. 4“ 61, An article comprising a storage medijum having stored thereon instructions that,
‘: vﬂmn executed by a computing platform, result in:
“testing timing of signals between a controller and one or more devices for
violations of setup time restrictions and hold time restrictions of input channels of
said controller and said one or more devices by driving particular paiterns on said
signals from said controller to said one or more deviges and checking whether
portions of séid particular pattern are accurately received by said one or mb;'e
devices.
62. Tlle q‘rticle of claim 61, wherein said instructions further result in:
_ A repeating said testing a register of said controller set to a test value in a set of
" sequential test values; and
: ‘programming said register with the test value of said set that is closest to a

- median of test values of said set for wiiich said portions are accurately received.

'63. The article of claim 62, wherein said register controls a time delay introduced bya

- programmable delay cell of said controller into an output signal of said controller.

64. The article of claim 62, wherein said register controls a time delay introduced by a

programmable delay cell of said controller into an input signal of said controller. .
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