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data signals transferred by the systemare successfully transferred.
BACKGROUND OF THE | NVENTI ON A conventional conputer system 100 includes a
processor 102 coupled 10 through a systembus 104 to a system nenory 106 as
illustrated in Figure 1. The system nenory 106 includes a nmenory controller
108 coupled to the system bus 104 and coupled to three nenory nodul es
110A- C though a conmmon data bus DQ address bus ADDR, and control bus CONT.
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A conventional computer system 100 includes a processor 102 coupled

10 through a system bus 104 to a system memory 106 as illustrated in Figure 1. The system
memory 106 includes a memory controller 108 coupled to the system bus 104 and coupled
to three memory modules 110A-C though a common data bus DQ, address bus ADDR, and
control bus CONT. Each memory module 110A-C includes a plurality of individual
memory devices 112, one of which is shown on the memory module 110A. Each of the

15~ memory devices 112 is typically a dynamic random access memory (DRAM) since
DRAMs form the largest portion of system memory 106 because they provide large storage
capacity at relatively inexpensive prices. In response to a request from the processor 102,
the memory controller 108 initiates a memory operation by providing a memory command
in the form of control signals and a memory address (generally in the form of a row address

20 and a column address) on the control bus CONT and address bus ADDR, respectively, to
all of the memory modules 110A-C. If the memory operation is a write operation, the
memory controller 108 will also apply write data to the memory modules 110A~C through
the data bus DQ. To prevent all of the memory modules 110A-C from responding to the
memory command, the memory controller 108 also generally applies a unique chip select

25  or similar select signal over the control bus CONT to each of the memory modules 110A-C
so that only the memory module receiving an active chip select signal responds to the
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determne such as RAMBUS DRAMS (“RDRAMs”) and synchronous link DRAMs (“SLDRAMs”),
have also been developed. As the operating speed of the data bus DQ increases, however,

noise, signal skew, a smaller data eye--which defines the duration for which the data signals

15  are valid--and other factors make it more difficult to reliably transfer data over the data bus.

One approach that has been utilized in transferring data more reliably at high

data transfer rates is an adaptive process of adjusting the delay between data signals and a
clock signal transmitted along with the data signals. A receiving device captures the data
signals in response to the clock signal. The process involves applying the clock signal and

20 a pseudorandom bit pattern having known values on the data bus DQ. The timing
relationship or delay between the data signals forming the pseudorandom bit pattern and the
clock signal is thereafter adjusted through a series of values, and the bit pattern captured at

each value of the delay. Because the pseudorandom bit pattern has known values, the
captured data can be compared to the expected values to determine whether the bit pattern

25 was successfully captured at each value of the delay between the bit pattern and the clock
signal. The values for the delay between the bit pattern and the clock signal where the bit
pattern was unsuccessfully captured are designated failing values, and the values where the

bit pattern was successfully captured are designated passing values. The range of the



25 was successfully captured at each value of the delay between the bit
pattern and the clock signal. The values for the delay between the bit
pattern aggbda1eis9ck signal where the bit pattern was pgiaisssRnIsds | vV
captured are designated failing values, and the values where the bit
pattern was successfully captured are designated passing values. The range
of the WD 2004/111784 PCT/ US2004/018108 3 passi ng val ues define the data
eye of the applied bit pattern, and a final value of the delay between the
bit pattern and the clock signal may be s®lected in the mddle of the data
eye to optimze the delay for successful capture of the bit pattern. This
approach is described in nore detail in US. Patent No. 6,338,127 to
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including an optical communications link between the memory controller 108 and memory

modules 110A-C have also been developed to increase the bandwidth of system memory
106. In such optically-based systems, however, problems of transmitting and receiving
15 optical signals between the memory controller 108 and the memory modules 110A-C result
in unacceptably high bit error rates (BER) and continue to hamper the commercialization of
such systems, particularly in system memories 106 having parallel, closely-spaced memory
modules of the type found in many existing personal computer systems. For example, in an
optically-based system the optical transmitter and receiver must be designed to have
20 sufficient dynamic range to accommodate all possible variations in system memory
parameters such as the total number of memory modules. Dynamic range defines the
required operating range of a parameter of the receiver or transmitter, such as required
power of a received optical signal for a receiver, as will be understood by those skilled in
the art. Sufficient dynamic range is required to ensure optical signals are reliably
25 transmitted and received, and transmitters and receivers having larger dynamic range are

more costly, increasing the overall cost of optically-based memory systems.



paraneters such as the total nunmber of nenory nodul es. Dynam c range defines
the required operating range of a paraneter of the receiver or transmtter,
such as re@ubgsadisspower of a received optical signal fopcauseerioygns as will
be understood by those skilled in the art. Sufficient dynamc range is
required to ensure optical signals are reliably 25 transmtted and received,
and transmtters and receivers having | arger dynam c range are nore costly,
i ncreasing the overall cost of optically-based nenory systens. WO
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10 the transmitted data signals are captured. The values of the captured data signals are

compared to expected values for those signals, and the values of the link control parameters

are adjusted to successfully capture the transmitted digital signals.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a functional block diagram of a portion of a conventional
15 computer system including a system memory having a memory controller coupled through
address, control, and data busses to a number of memory modules.

Figure 2 is a functional block diagram of a portion of a system memory that
executes an adaptive synchronization process of an optical communications link according
to one embodiment of the present invention.

20 Figure 3 is a flow chart illustrating the synchronization process executed by
the system memory of Figure 2 according to one embodiment of the present invention.

Figure 4 is a functional block diagram of a computer system including the
system memory of Figure 2.



to one enbodi ment of the present invention. 20 Figure 3 is a flow chart
illustrating the synchroni zati on process executed by the system nenory of
Figure 2 wgagusdhivgst 0 one enbodi nent of the present i nvegtr®aeosodigsire 4 is
a functional block diagramof a conputer systemincluding the system nenory
of Figure 2. WD 2004/111784 PCT/ US2004/ 018108 5 DETAI LED DESCRI PTI ON OF THE
| NVENTION Figure 2 is a functional block diagramof a portion of a system
menory 200 including an optical conmunications Iink 202 for transferring
data between a nenory controller 204 andsa nmenory device 206 according to
one enbodi nment of the present 5 invention. The optical conmmunications |ink
202 includes an optical transmtter 208 that transfers wite data fromthe
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transfer
receiver 216, which then provides the read data to the memory controller 204. Unlike

prior optically-based memory systems, the system memory 200 executes an adaptive

synchronization process of adjusting various operating parameters of the optical

transmitters 208, 214 and optical receivers 212, 216 to reduce the bit error rate, lower the

15 power consumption, and provide dynamic compensation for temperature and aging affects

in the optical communications link, as will be described in more detail below. The system

memory 200 executes this adaptive process to optimize the performance of the optical

communications link 202 which, in turn, improves overall performance of the system

memory by providing reliable high bandwidth data transfer between the memory controller

20 204 and memory device 206. During the adaptive process executed by the system memory

200, the memory device 206 provides to the memory controller 204 an error signal ES

indicating whether particular data signals were successfully transferred over the optical
communications link, as will be discussed in more detail below.

In the system memory 200, the optical communications link 202

25 corresponds to a data bus DQ for transferring data between the memory controller 204 and

memory device 206. An address bus ADDR and control bus CONT are electrical busses

through which the memory controller 204 applies address and control signals, respectively,

to the memory device 206. With other embodiments of the system memory 200, the



20 204 and menory device 206. During the adaptive process executed by the
system nenory 200, the nenory device 206 provides to the nenory controller
204 an eny@hoo3h1@iv84 ES i ndicating whether particul ar dataush@asisioser e
successfully transferred over the optical conmmunications |i.nk, as will be
di scussed in nore detail below In the system nenory 200, the optical

communi cations link 202 25 corresponds to a data bus DQ for transferring
data between the nmenory controller 204 and nenory device 206. An address
bus ADDR and control bus CONT are el ectrial busses through which the
menory controller 204 applies address and control signals, respectively, to
the nmenory device 206. Wth ot her enbodi nents of the system nenory 200, the
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operation of well known components has not been shown or described in detail to avoid

unnecessarily obscuring the present invention.
Before describing the overall adaptive synchronization process executed by
15 the system memory 200, the operation of the optical transmitters 208, 214 and optical
receivers 212, 216 will be described in more detail. Operation of the optical transmitters
208 and 214 is the same, as is the operation of the optical receivers 212 and 216, and thus,
for the sake of brevity, only the operation of the transmitter 208 and receiver 212 will be
described in more detail. The optical transmitter 208 receives a bit stream of electrical data
20 signals from the memory controller 204, modulates an optical carrier signal with the
received bit stream, and couples the modulated optical carrier into the fiber-optic cable
210. Typically, the optical transmitter 208 includes a light emitting diode (LED) or laser
diode for generating the optical carrier signal. The optical transmitter 208 includes several
operational parameters whose values are typically defined during design of the system
25 containing the optical transmitter.
One such operational parameter of the optical transmitter 208 is a gain of the
transmitter and determines the power of a light corresponding to the optical carrier signal

that is coupled into the fiber-optic optic cable 210. The transmitter 208 must provide an



receivers 212, 216 will be described in nore detail. Operation of the
optical transmtters 208 and 214 is the sane, as is the operation of the
optical kaseio¥gigsLl2 and 216, and thus, for the sake p€Tiuszoeunigioonl y the
operation of the transmtter 208 and receiver 212 will be described in nore
detail. The optical transmtter 208 receives a bit streamof electrical data
20 signals fromthe nenory controller 204, nodul ates an optical carrier
signal with the., received bit stream and couples the nodul ated opti cal
carrier into the fiber-optic cable 210. Typically, the optical transmtter
208 includes a light emtting diode (LED) or |aser diode for generating the
optical carrier signal. The optical transmtter 208 incl udes several
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The dptical receiver 212 senses or detects the received modulated optical
carrier signal propagating through the fiber-optic optic cable 210, converts the modulated
optical carrier signal into corresponding electrical signals, and demodulates the signal to

15 obtain the originally transmitted data signals. Typically, the optical receiver 212 includes a
photo diode for detecting the received modulated optical carrier signal. One operational
parameter associated with the optical receiver 212 is an input threshold level or sensitivity
that defines a minimum optical power the receiver can reliably detect at a given data rate in
order to achieve a particular bit error rate. The optical receiver 212 may also include a link

20 monitor, which is circuitry indicating when the received modulated optical carrier signal
from the fiber-optic cable 210 is less than the required minimum optical power. Suitable
circuitry for forming all components 202-216 in the system memory 200 will be understood
by those skilled in the art, and thus, for the sake of brevity, such circuitry will not be
described or depicted in more detail.

25 The overall process executed by the system memory 200 in adaptively
adjusting the operational parameters of the optical transmitters 208, 214 and optical
receivers 212, 216 will now be described in more detail with reference to the flowchart of

Figure 3. In the following description, the operational parameters of the transmitters 208,



The optical receiver 212 senses or detects the received nodul ated opti cal
carrier signal propagating through the fiber-optic optic cable 210, converts
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and denodul ates the signal to 15 obtain the originally transmtted data
signals. Typically, the optical receiver 212 includes a photo diode for
detecting the received nodul ated optical carrier signal. One operational

par anmet er associated with the optical receiver 212 is an input threshold

| evel or sensitivity that defines a m ni8&rum optical power the receiver can
reliably detect at a given data rate in order to achieve a particular bit
error rate. The optical receiver 212 may also include a |ink 20 nonitor,
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proceeds immedi ately to step 302 in which the nenory controller
pattern. Such synchronization data may, for example, be a pseudorandom bit pattern

including a known repeating sequence of pseudorandom bits. One suitable pseudorandom

bit pattern is the pattern utilized in synchronizing SLDRAM memory devices, as will be

15 understood by those skilled in the art. In response to the applied synchronizaﬁon data, the
optical transmitter 208 modulates the optical carrier signal which, in turn, is propagated

* through the fiber-optic cable 210 to the optical receiver 212.

From step 304, the process goes to step 306 and the memory device 206

captures the synchronization data transmitted over the optical communications link 202.

20 More specifically, the optical receiver 212 detects, converts, and demodulates the received
modulated optical carrier signal to obtain electrical received data signals that ideally should
correspond to the originally transmitted synchronization data. The process proceeds to step

308 in which the electrical received data signals from the optical receiver 212 are
transferred to the memory device 206 which, in turn, compares the values of the received

25 data signals to expected values for those signals. The synchronization data has known
values, and thus the memory device 206 is able to generate the expected values for the

received data signals. For example, when the synchronization data is a pseudorandom bit



204 (Figure 2) initializes the values of the various |link control paraneters
associated with the optical transmtter 208 and optical receiver 212. Once
t he IinKNBqﬂ&ﬁﬁhﬂQaraneters have 10 been initialized, tHEI/{¥8200¥H81080es to
step 304 and the nmenory controller 204 applies synchronization data to the
optical transmtter 208 in the formof a pseudorandombit pattern. Such
synchroni zati on data may, for exanple, be a pseudorandombit pattern

i ncluding a known repeati ng sequence of pseudorandom bits. One suitable
pseudorandom bit pattern is the patterndutilized in synchronizing SLDRAM
menory devices, as will be 15 understood by those skilled in the art. In
response to the applied synchronization data, the optical transmtter 208

nodul ates the optical carrier si I i . IS : hr ough
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process goegpbiledtabivs IGherdeivb®da®mphdls.devi ce 206 captures the

synchroni zati1on data transmtted over the optical comunications |ink 202.
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the process _goes to step 310 and . . . ] ]
they are generated. In the embodiment of Figure 2, the error signal ES is an electrical
signal and is applied to the memory controller 204 through a conventional electrical bus
and not through the optical communications link 202.

15 After the value of error signal ES associated with the current link control
parameters has been stored in step 314, the process goes to step 316 and the memory
controller 204 and determines whether all values of the link control parameters have been
tested. This determination indicates whether each link control parameter has been assigned
every possible value within a possible range of values for the parameter. When the

20 determination in step 316 is negative, the process goes to step 318 and the memory
controller 204 adjusts the values of one or more link control parameters. The process then
goes back and repeats steps 304-316 for the new values of the link conﬁol parameters
established in step 318. In this way, the memory controller 204 repeatedly adjusts the
values of link control parameters and thereafter transmits synchronization data to the

25 memory device 206 through the optical communications link 202 which now operates
according to the new values for the link control parameters. Each time the values of link

control parameters are adjusted, the memory device 206 determines whether the received

electrical data signals have their expected values and stores the error signal ES having the



5 the nenory device 206 activates the error signal ES. If the determ nation
in step 308 is positive, which neans the received data signals are equal to
the expegigshoydiygs for those signals, the process goerCcT/USHDemsdB2 and the
menory devi ce 206 deactivates the error signal ES. Fromeither step 310 or
step 312, the process of proceeds to step 314 and the current value of the
error signal ES associated with the current values of a |link control
paranmeters 10 is stored. Note, the values of the error signal ES can be
stored in the nenory device 206 and lat¢d transferred to the nmenory
controller 204 to these values may be transferred as they are generated. In
t he enbodi nent of Figure 2, the error signal ESis an electrical signal and

is applied to the nenory controller 204 throu conventional electrical
bus and no®PRIPPIEALRMalie Ehad by @%%lat%mtgﬁh%m%ﬂgﬂf icﬂ’%tr‘éd’é‘?anﬁerﬁf ar{apfé)%val ue
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parameters. The process then proceeds to step 320 and the memory controller 204 sets each

of the link control parameters for the optical transmitter 208 and optical receiver 212 to the
determined optimal value. From step 320, the synchronization process goes to step 322 and
15 terminates, with the link control parameters of the optical transmitter 208 and optical
receiver 212 having been set to values to be utilized during normal operation of the system
memory 200.
Once the link control parameters of the optical transmitter 208 and optical
receiver 212 have been set, the system memory 200 executes substantially the same process
20 just described to adjust the link control parameters of the optical transmitter 214 and optical
receiver 216 to optimal values and thereby synchronize the optical communication link 202
for read data transfer operations. Because the process of setting the link control parameters
of the optical transmitter 214 and optical receiver 216 is substantially the same as just
described and will be understood by those skilled in the art, this process will not, for the
25 sake of brevity, be described in more detail.
The times at which the system memory 200 (Figure 2) executes the
synchronization process may be varied, and may be done, for example, upon initial power

up of the system memory, periodically, or may be done in response to some other factor



appropriate value that is associated with the current |ink control
paraneters. An array of error signals ES is thus generated, with the val ue
of each &y®h9§o48i@Bf4! 1 n the array being associated w trcpaiskooanisios val ues
for the link control parameters. The process continues executing steps
304-316 until the determnation in 5 step 316 is positive, neaning that al

| ink control paranmeters have assuned all desired values. Thus, when the
optical conmunications |ink 202 has been tested for all desired values of
the link control paraneters, the determnation in step 316 is positive and
the process proceeds to step 319. In step 319, if the nenory controller 204
does not already contain the array of error signals ES generated during
steps 304-316, the eryqr. signgls are 10 transferred to the. Jrenory controller
S04 At 1t tboriage v PG 8 SRUEHIEr S8 MO P i P 1E SREGEGRORL r or
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process then proceeds to step 320 and the menory controller 204 sets each
of the |inkparanited arp adjasted,anay Yaoy, as Wl bpapprediated bynthese skilleddipghearti Iypmecal

receiver 212 to_the determ ned optimal val ue. From. st 320, th
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system nenmedjpsted0 In @his entbodiment; khe synchiohizptomprcess anayf adjhst eaph linkicontrol

transmtter 208 and optical recejver 212 have,been set, the sys ry
200 execut BAEMEGE QY SIoBGRYERESHIE THHes 00 0TS FRRGeIAR.TPT HERAS B SR 1 he
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brevity, be described in nore detail. The tinmes at which thé system nenory

200 (Fi gur eal@prithrecan de ¢xveuted by the system memory 200 in adjusting the link control

parameters. For example, all link control parameters could be set to initial nominal values,

the sensitivity of the optical receivers 212, 216 adjusted first to achieve low power

15 consumption by the receivers. The gain of the optical transmitters 208, 214 could be

adjusted next, with the pulse-shaping parameter adjusted last to effectively obtain vernier

improvements of performance given the first two parameters. Another approach would be

to try every possible combination of values for the gain, pulsé-shaping, and sensitivity

parameters, and establish the largest range of passing values for each parameter for all

20 possible values of the other two parameters. This approach may be slow, however, given
the potentially large number of combinations to be tried. |

Referring back to Figure 2, the adaptive synchronization process executed

by the system memory 200 reduces the bit error rate of the optical communication link 202

by dynamically adjusting the link control parameters of the optical transmitters 208, 214

25 and optical receivers 212, 216 since a final value for each parameter is dynamically

determined and thereafter utilized during normal operation of the system memory. The

process also results in lower power consumption by the system memory 200 since the

adjustment of the link control parameters optimizes the operation of the link 202 instead of



synchroni zati on process nmay be varied, and may be done, for exanple, upon
initial power up of the systemnenory, periodically, or nay be done in
response 0oHA7$t her factor WO 2004/ 111784 PCT/ US2004¢@r/84£084/018108( €. g. ,
voltage drifting outside a particular range). Mreover, the specific
synchroni zati on process, including which Iink control paraneters are

adj usted and the order in which such paraneters are adjusted, may vary, as
wi |l be appreciated by those skilled in the art. In one enbodinent, the
system nmenory 200 adjusts the gain and puse-shaping paraneters of the 5
optical transmtters 208, 214 and the sensitivity of the optical receivers
212, 216 are adjusted. In this enbodi nent, the synchronization process nay

adj ust each |ink control _paranmeter _over its ti.re pernjssiple nge and
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conbi nations to be tried. Re o Firgure 2, the adaptive
synchr oni zatlsobeprondisesl with cuisythronization process for adjusting the delay between the

electronic data signals and a clock signals transmitted along with those electronic data
signals. Such a synchronization process for electrical data signals and a clock signal was

15 previously discussed with reference to the conventional system memory 106 of Figure 1. In
the system memory 200 of Figure 2, the transfer of the electrical data signals between the
memory controller 204 and the transmitter 208 and vreceiver 216 would typically be done
responsive to an accompanying clock signal, as would the transfer of electrical data signals
between the receiver 212 and transmitter 214 and the memory device 206. Thus, the

20 synchronization process for the link confrol parameters may be combined with this other
synchronization process to further improve reliability of the system memory 200. For
example, the link control parameters 6f the transmitters 208, 214, and receivers 212, 216
may first be set according the above process. The values of the link control parameters may
affect the delays introduced by the transmitters 208, 214, and receivers 212, 216. Thus,

25  after the link control parameters are set, the transfer of data signals and clock signal can be
synchronized for the transfer of data between the memory controller 204 and the transmitter
208, receiver 216 and for the transfer of electrical data signals between the receiver 212,
transmitter 214 and the memory device 206.



by the system nenory 200 reduces the bit error rate of the optical

comuni cation link 202 by dynamcally adjusting the link control paraneters
of the oR{dSay ifgnsmtters 208, 214 25 and optical receCcyass00201%810216 since
a final value for each paraneter is dynamcally determ ned and thereafter
utilized during norrmal operation of the system nenory. The process also
results in | ower power consunption by the system nenory 200 since the
adjustnment of the link control paraneters optim zes the operation of the

i nk 202 instead of WD 2004/111784 PCTNS2804/ 018108 12 assigning |ink
control paraneters of conponents 208-216 within the |ink predeterm ned

val ues that nust ensure proper operation for all configurations of the

t 200. F mwle, h tivel j usti th in. of .th
system ey 200 "rip Sl e Biogdeb el il b e o slebe
decreased sigg éﬁ%&rﬁm%ﬁgﬁmﬂﬂfuﬁwﬁeﬁ 480 idchiids BsmRpiRér uigpt | cal

energy to ensure proper -operation, e’ n conventional optical
comruni cat i 403 for péeforindirey earidue computing fimetions) pychi assexgcwting speaifia rsofiwaread

optical power, which may be nore power than i s needed in sone .
confi gurat i @ﬁ@?mﬂ'%clﬂ?rﬁi%“@mgil%ﬁﬁlﬁnil%&é@%n’ © EQERULEE SYSiH é@s‘l“%‘ﬁ@‘?ﬁé}?ﬁr y

200 al so qdj f; t he: af a6t f t , t (o fects
of commoront e B dicly 488, Suchgs 4 RERRAAL U & mife, BOFHIeRE RGLd! 2L
vary as a f eirctitrpd0dfto tallow. anTépergiorotodnterface with tichcamputemsystehe Byicatly) the
comruni cations |ink 202 al s e conbined wth a,synchyaoni zaji.on process
for adjusti ﬁ@mP‘HEr duite @{9@%@& 5 Al MURF cf’uﬂ?i’ttadeé'rcgﬁagog %ﬂﬁ’ﬂfeg 19 g’@k
signals tratelsrghﬁthear&w?ow shFhe bt HEARE HpRAILY bERE% %ﬁﬂt&n@ﬂ £ vidsd! Edimehal.

synchroni za process for e I cal dat'a signals ahd a cl ock signal was
15 previ ousliOpeadir sioxs datd starage devices 408 aretatsottipicalynecmpteddn dhe sonsputenceuityy 106

of Figurg 1. In the systemnenpry 200 of Figure 2, .the transf of .th
el ectri c]:'jg 69# 1o PErda %Epch\l‘/’evéﬁf%@°mr?§%‘?ag S@’Eﬂ%@r’ﬁ?ql% ﬁnﬁéﬁo‘ﬁ‘ﬁdeé’??@ples o

transmtter g%@%l?t@fé RERE &S 8%&&112'{%% afd/Bopipd disk é’f’i&?ett SRR LBRpYE disR an
acconpanyi ng cl ock glégna*”%é a?s wou tﬁe trmfer S’gt?pe ect relg’ca data gfsgnal S
read only memories (CD-ROMs). The computer circuitry 402 is typically coupled to the

system memory 200 through a conventional electronic control, data, and address busses to
provide for writing data to and reading data from the system memory.

15 As previously mentioned, the optical communications link 202 could
include other suitable transmission media in place of the fiber-optic cable 210 such as free
space. Moreover, although the system memory 200 is described and depicted as including
the optical communications link 202, other high speed communications links such as a
radio frequency or microwave link could be utilized in place of the optical communications

20 link. The concepts described above are equally applicable for adaptively adjusting the
operational parameters of such a radio frequency, microwave, or other high speed
communications link, as will be appreciated by those skilled in the art. Even though
various embodiments and advantages of the present invention have been set forth in the
foregoing description, the above disclosure is illustrative only, and one skilled in the art

25 will understand various equivalents and modifications of the described components and
concepts that may be made in detail and yet remain within the broad principles of the
invention. For example, some of the components described above may be implemented

using either digital or analog circuitry, or a combination of both, and also, where



bet ween the receiver 212 and transmtter 214 and the nenory device 206.
Thus, the 20 synchroni zation process for the link control paraneters may be
conbi ned weé tdvst1ini784 ot her synchroni zati on process to fuptipas20090i50E
reliability of the system nmenory 200. For exanple, the link control
paranmeters of the transmtters 208, 214, and receivers 212, 216 may first
be set according the above process. The values of the link control
paranmeters may affect the delays introduced by the transmtters 208, 214,
and receivers 212, 216. Thus, 25 after the |ink control parameters are set,
the transfer of data signals and clock signal can be synchronized for the
transfer of data between the nenory controller 204 and the transmtter 208,

receiver 216 and . for the tgggsfer %L el ectrical data signals between.the
recei ver 218PPropriate,dnay peFealized thiush weltivareoixgouting eeswighle nygsesying ciotys 4

PCT/ US2004/ L 1 J J of a conputer
system 400 %%%f,@%%%ﬁg&g@gﬁ%@%ﬁ@ﬁ&é?%bﬁggﬁgﬂg@ﬁlﬁéﬂsbOrmut er system
400 includes conputer circuitry 402 for perform ng various computing
functions, such as executing specific software to performspecific

cal cul ations or tasks. In addition, the conputer system 400 includes one 5
or nore input devices 404, such as a keyboard or a nouse, coupled to the
conputer circuitry 402 to allow an operator to interface with the conputer
system Typically, the conputer system 400 al so includes one or nore output
devi ces 406 coupled to the conputer circuitry 402, such output devices
typically being a printer or a video termnal. One or nore data storage
devices 408 are also typically coupled to the conputer circuitry 10 402 to
store data or retrieve data fromexternal storage nedia (not shown).
Exanpl es of typical storage devices 408 include hard and fl oppy di sks, tape
cassettes, and conpact disk read only nenories (CD ROVWs). The conputer
circuitry 402 is typically coupled to the systemnmenory 200 through a
conventional electronic control, data, and address busses to provide for
witing data to and reading data fromthe system nenory.




15 As previously nmentioned, the optical comrunications |ink 202 could

i ncl ude other suitable transm ssion nedia in place of the fiber-optic cable
210 such as free space. Mreover, although the system nenory 200 is
described and depicted as including the optical conmmnications |ink 202,

ot her hi gh speed comuni cations |inks ch as a radio frequency or

m crowave |link could be utilized in place of the optical comunications 20
| ink. The concepts descri bed above are equally applicable for adaptively
adjusting the operational paranmeters of such a radio frequency, m crowave,
or other high speed conmmunications link, as will be appreciated by those
skilled in the art. Even though various enbodi nents and advantages of the
present invention have been set forth in the foregoing description, the
above disclosure is illustrative only, and one skilled in the art 25 w |
under stand various equival ents and nodifications of the described conponents
and concepts that may be nmade in detail and yet remain within the broad
principles of the invention. For exanple, sone of the conponents descri bed
above may be inplenmented wusing either digital or analog circuitry, or a
conbi nati on of both, and al so, where WO 2004/111784 PCT/ US2004/ 018108 14
appropriate, nmay be realized through software executing on suitable
processing circuitry. Therefore, the piggRME8 invention is to be limted
only by the appended clains. 15 CLAIMS 1. A nethod of dynamically adjusting
operating paraneters of a comunications link including a transmtter
coupled through a data link to a receiver, each of the transmtter and
receiver having.at |fasiethote of sdwaniiealyl iadfustingt l’oﬁéraﬂ afefagictdrfiabf aff ect s
its operation, the nethod conprising: setting each |ink control paraneter
t o arfommunicgtionslinfeincludinga ransmitter eupled shrgngh & dege dink e a rergiver, eaetkof the

transmitter and receiver having at least one associated link control parameter that affects its
operation, the method comprising:

setting each link control paramet/er to an initial value;

transmifting data signals over the data link;

receiving the data signals transmitted over the data link;

determining whether the received data signals were successfully communicated
over the data link;

adjusting the values of the link contro] parameters;

repeating the operations of transmitting data signals over the data link to adjusting
the values of the link control parameters;

determining final values of the link control parameters for the transmitter and
receiver from the operations of determining whether the received data signals were successfully
communicated over the data link associated with each of the adjusted values of the link control
parameters; and

setting each of the link control parameters to the determined final value.

2. The method of claim 1 wherein the communications link comprises an

optical communications link.



receiving the data signals transmtted over the data |ink; determning

whet her the received data signals were successfully conmuni cated over the
data link; adjusting the values of the link control paraneters; repeating
the operations of transmtting data signals over the data Iink to adjusting
the values of the Iink control paraneters; determ ning final values of the
link control paranmeters for the trans&ltter and receiver fromthe
operations of determ ning whether the received data signals were
successfully communi cated over the data |ink associated with each of the

adj ust ed val ueg of limnk.C ol rapeters;.. a ttin ach of the

| ink control pg*r arretrggsmf'@o? hognggﬁ%rzm%gﬁﬂqi %Iad*vlzi&%e.ﬁ .°°’i‘ﬂ8FR%’€W8{?‘sof

cl ai fAcludehg gBinNadd@ FREETSRHpEEY paYameter HssMIB WaS tiRNtraiitterd lan@ OFMAPpLCat i ons
link. 16 3. The method of claim2 wherein the adjusted link contro

par atheeshpkl panarhetemasaogjated wathdheregeivere shapi ng paramet er associated with the
transmtter, and an input threshold paraneter associated with the receiver.
4. The method of claim2 wherein the optical comunications |ink includes a

fiber-optic caple. q-hf];{%dg%ﬁmmoj whiRinthd oGl g&m atlBhink 1 Eﬁh@sa

transmtted over the Iink conprise a pseudo rando It pattern having a
knowfibéregniztcablg. pattern. 6. The nmethod of claim | wherein determning

whet her the received data signals were successfully conmuni cated over the
data link conprises conparing the received data signals to expected val ues

for th ived d ' . The method .qf clajm.l in adjusti
the vaue of t e | 1 B SRR Sr cifim 1hBb W A ool eghottMEdaCoVEr BRUMR "5,
eac heapriders feudyRhdém Wi attem Kavitipea fowtalep@utink Pattern.

6. The method of claim 1 wherein determining whether the received data
signals were successfully communicated over the data link comprises comparing the received

data signals to expected values for the received data signals.

7. The method of claim 1 wherein adjusting the value of the link control
parameters comprises adjusting the value of each parameter over an entire range of values for

that parameter.

8. The method of claim 7 wherein determining whether the received data
signals were successfully communicated over the data link comprises generating an error signal
indicating whether the data signals were successfully captured, each error signal being associated

with particular values of the link control parameters.

9. The method of claim 8 wherein determining final values of the link control
parameters for the transmitter and receiver comprises selecting a final value for each link control

parameter that is in the middle of a passing range of the error signals for this parameter.

10.  The method of claim 1 wherein the each link control parameter is assigned

a priority, and wherein the order in which final values for the link control parameters is



t hat paranmeter. 8. The nethod of claim 7 wherein determ ning whether the
received data signals were successfully comruni cated over the data |ink
conprises generating an error signal indicating whether the data signals
wer e successfully captured, each error signal being associated wth
particul ar values of the link control paraneters. 9. The nethod of claimS8
wherein determ ning final values of tH’ link control paraneters for the
transmtter and receiver conprises selecting a final value for each link
control paraneter that is in the mddle of a passing range of the error

signgls for this paraneter.. 10. The nethod of .claim1 erein the, each |ink
cont AermRpd Y, e ORI Risiate to' 8 BFpm0erss itk RO POl b aRelsr AR
fi namg?a_al 435nb@pribrifes! bellp &dtlifdd BRIRTRKROAtrbSpatdmetdR AV RS tesighed
priorities assigned to the paraneters, with [ink control paranmeters having
hi ghpriomesi gned priorities being determ ned before Iink control paraneters

havi ng | ower assigned priorities. 11. The nethod of claim 10 wherein the
link control parameters conprise a gain and a pul se-shapi ng paraneter

associated wt qlt he-ﬁlg %& bleutaﬁgdwa@h%rg@h et‘ﬁgﬁg’ﬁgfgfgﬂng‘?’rg%m&ﬁag@%i at ed

with the receiver, and el n I npu res ris sighed a
firsgaiframd atpulse-$tapihgi parametes Hssotidded vathC tiedtrimisntitteit ¥nd ARdinphe threshold

pul se-shaping paranmeter a third Eri ority, the first priority being greater
t hanparpaietes @ssediatad with the reaeiven, and svherain Hhei input: thrashold paragneter israssigned & he
thir riority, 12. The nethod of elaim1 further, coppr.ising after each of
the FrerRaisty e B FLfstiard 4 sonf gl enflabe Bk SRR AR rhpihtcred Bboati ng
the gi&hH@! kheRisP oAty Béing grdai® thah the SIRbAA FribAty WM HR! 4686nd BFiofkifySodingd K

cont I‘BO| tgélr amtse?s. 3. l!rl%eg}r?et hod ofe cl ai mlﬂil fnyPt her conpri gil?lggg?tleé: each
of t peeater thandhathirdlpriopigr.aneters is set to the determ ned final val ue,
repeating the overall nethod in response to a system paraneter.

12.  The method of claim 1 further comprising after each of the link control
parameters is set to the determined final value, repeating the overall method after a time T to

determine new values for the link control parameters.

13.  The method of claim 1 further comprising after each of the link control
parameters is set to the determined final value, repeating the overall method in response to a

system parameter.

14.  The method of claim 13 wherein the system parameter comprises a voltage
and wherein the method is repeated responsive to the voltage having a value outside a defined

range.

15. A system memory, comprising:

a data link;

a transmitter coupled to the data link and operable to receive data and
communicate the data through the data link;

a receiver coupled to the data link to receive data from the data link and operable
to output the received data;



14. The method of claim 13 wherein the system paraneter conprises a voltage
and wherein the nethod is repeated responsive to the voltage having a val ue
outside a defined range. 15. A systemnenory, conprising: a data link; a
transmitter coupled to the data |ink and operable to receive data and
comuni cate the data through the data link; a receiver coupled to the data
link to receive data fromthe data Iin® and operable to output the received
data; 18 a nenory coupled to the receiver in the comrunications |ink, the
menory operable during a synchronization node to receive data fromthe
receiver and conparer) REpIEEAS HEGelAE hOuRXPRRREHiCAMIE fnf Olhe! Rgmiia) 2. the
menory generating an-error signal responsive 1o  the cofipari’son; and -a
Menobyerablotdudinged spRdhpdiightion Mbae 6 abGiNe Hah fodi theGedeitdr aiddcsmpapé ekt to the
menory, the menmory controller operable during the synchronization node to
app! vecaived datpdo expeqtedtvaluel dor theydatad the sempnyl gensraiinglap exxon signhl respgnsiveta o

adj ugt the values.of the Iink control paraneters of the transmtter and

r eceFPHPMPAHEPY AR renory control I er adjusting the |ink control parameters

to final values hihay ddifrod HipIAY tol e HENAIRE Gd Shdchlor s Rllel 10T e
menory. 16. The systém nenory of claim 15 wherein the é%ta |1 nk conprises a
f i bememuypy,ithe mehioey aonirollee bpembleiaring alrssynthrenizatich mede ity epply arhitr pasterran
optical transmtter and optical , receiver, res ectivel%ﬂ$17. The system

menofe thertransmitier apd fhapRly contee] signalsito adist the valies of theclink contiol paremielses ust a
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16.  The system memory of claim 15 wherein the data link comprises a fiber-
optic cable and wherein the transmitter and receiver comprise an optical transmitter and optical

receiver, respectively.

17, The system memory of claim 16 wherein the memory controller is
configured to adjust a gain and a pulse shaping link control parameter associated with the

transmitter, and an input threshold link control parameter associated with the receiver.

18.  The system memory of claim 15 wherein the memory comprises a

dynamic random access memory.

19.  The system memory of claim 18, wherein the memory comprises a

memory module including a plurality of dynamic random access memories.

20.  The system memory of claim 15 wherein the data communicated over the

N

communications link comprise data, address, and control signals.

21.  The system memory of claim 15 wherein the memory controller is

electrically coupled to the memory through address and control busses.



dynam ¢ random access nenory. 19. The system nenory of claim 18, wherein the
menory conprises a nenory nodule including a plurality of dynam c random
access nenories. 20. The system nenory of claim 15 wherein the data
comuni cat ed over the conmunications |ink conprise data, address, and
control signals. 21. The systen1nennr§90f claim 15 wherein the nmenory
controller is electrically coupled to”"the nenory through address and
control busses. 19 22. The system nenory of claim21 wherein the nmenory
controller is electrically coupled to the nenory to receive the error

signal. 23, Theg,systemnepory of clajim 15 wherein. the data link c Lises a
radio f requen.g%r co n?yé{ﬁ)q %‘ﬁerﬁ'?w.ko%%%er eYvﬁ?rPWerﬂfer g?‘?é‘?ﬁr?'t%qnﬁlgﬁgror‘secei ver
Conpélbéﬁicﬂly&mg%d th HRAMERGYy fo'r86VE the Bfrodighal.adi o frequency recei ver,

respectively. The systeém nenory of clarm 15 wherein the bit pattern
applied to the transmtter conprises a pseudo randombit pattern having a

known repeating sequence. 25. The syste nory of claim 15 wherein the
nenory control?®r a }e15§ygemtqa,gngq| Qﬁa@@n{lﬂg’h&mg‘%&%h COMBRSEShiad

par a Y .ent i r e e . . .26, system
mm%&%cglcgmg%ﬁg r g?%a#%ew?rérﬁoﬁf% C Ern ér}lrcl)ll g?a&lgdjfégéslt@ éﬁmc@hgn% %a%gg@al ue
for gagienky Bénsieifer Qld MalodrRuelcytreceiver esfRetively. is in the mddle of a

passi ng range of the associated error signals for this paraneter. 27. The
system menory of claim15 wherein each link control paraneter is assigned a

fority, d i th d ' he. | .l dj S.the final
Val tes Tor thetti nibecure mpapaet SRET érERTHTRCR BpERLARIRLI fs
assi ghgghitter dofprides 2 b%anddhd Bit piteerh haVing Elﬁﬂ&kﬂ ke(gﬁéi’tg 3 y8&ehavi ng hi gher

assigned priorities being determned before link c par anmet ers havi ng
| ower assigned priorities.

25.  The system memory of claim 15 wherein the memory controller adjusts
the value of the value of each link control parameter over an entire range of values for that

parameter.

26,  The system memory of claim 15 wherein the memory controller adjusts
the final value for each link control parameter to a value that is in the middle of a passing range

of the associated error signals for this parameter.

27.  The system memory of claim 15 wherein each link control parameter is
assigned a priority, and wherein the order in the memory controller adjusts the final values for the
link control parameters is determined by the priorities assigned to the parameters, with the link
control parameters having higher assigned priorities being determined before link control

parameters having lower assigned priorities.

28.  The system memory of claim 27 wherein the link control parameters
adjusted by the memory controller comprise a gain and a pulse-shaping parameter associated
with the transmitter and an input threshold parameter associated with the receiver, and wherein

the input threshold parameter is assigned a first priority, the gain is assigned a second priority,



28. The system nenory of claim27 wherein the link control paraneters

adj usted by the nenory controller conprise a gain and a pul se-shapi ng
paranmeter associated wth the transmtter and an input threshold paraneter
associated with the receiver, and wherein the input threshold paraneter is
assigned a first priority, the gain is assigned a second priority, 20 and

t he pul se-shapi ng paraneter a third pr%%rity, the first priority being
greater than the second priority and the second priority being greater than
the third priority. 29. The system nenory of claim 15 wherein the nenory

controller and  nenory periodjcally .operate in the synchronizatjon node to
adj usndithe pyisershaning paramgter @Hblrﬁl PRRTItYs dhet Hitst PHAHNReIRg greatsy thapi{be sgcond m

menor.y. i fE ... and nenory periodically
oper dtisRiy Sl kcknt BRLAY ol dRERtn BB Bl PO Y aFaeter fo
adjust the final values of the link control paraneters. 31. The system
menory of claim30 wherein the system paraneter conprises a voltage and
wherein the neddry cbmt smtmrmqn@ryﬁ@fmﬂ;&nekﬁ é’YheFﬂ@r@9rum©W| gentiodler mnde
respaonsive to the voltage having,a value outsjde.a defi.ned range..32., The
ot dRAporEaRY Spratcin Y iR AioR aril o Cu  FPERE e Bk oo
t0 t h@niBIPIan&Bd. coupl ed to the data link, and a second receiver coupled to
the nmenory controller and the data Iink. 33. A conputer system conpri sing:
a processor having a processor bus; an input device coupled to the processor

t hrough the prqgess bus adapted to |l ow data.to be entered into the
conput er syste(r%i%- aan}lft E}Yﬁenéléi}?ré‘éryc%ﬁﬁ‘é‘ﬁ l\(,go"1’6}T?é‘“’(3rQ}Eé?%‘B?ryt FOIRToYRT aRd
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adjust the final values of the link control parameters.

31.  The system memory of claim 30 wherein the system parameter comprises
a voltage and wherein the memory controller and memory enter the synchronization mode

responsive to the voltage having a value outside a defined range.

32.  The system memory of claim 15 further éomprising a second transmitter
coupled to the memory and coupled to the data link, and a second receiver coupled to the

memory controller and the data link.

33, A computer system, comprising:
a processor having a processor bus;
an input device coupled to the processor through the processor bus adapted to
allow data to be entered into the computer system;
an output device coupled to the processor through the processor bus adapted to
allow data to be output from the computer system; and
a system memory coupled to the processor bus, the system memory
including,
a data link;



including, a data link; 21 a transmtter coupled to the data |ink and
operable to receive data fromthe processor over the processor bus and
comuni cate the data through the data link; a receiver coupled to the data
link to receive data fromthe data |ink and operable to output the received
data, a nenory coupled to the receiver,, the nenory operable during a
synchroni zati on node to receive data @}onlthe recei ver and conpare the
received data to expected values for the data, the nmenory generating an
error signal responsive to the conparison; and a nenory controller coupled

to the transmtter, receiyver, and ry. ,the ry conjroller

oper abl e during thea%gﬂﬁgmgﬁlq%ﬁq%g&gﬁlﬁﬁg@ergg%ﬁ?r%cgiv.teeqtak ftr?fntﬂhee .

tr angfictdsef owY Be pri€eshEARRA LomimRAk the d4IE YIgbaeh ke dataQinksi gnal s to adj ust
the values of the link control paranmeters of the transmtfer and receiver,
and the nenory cont aatdedver adjipled itoghet deta link ko rexeivierdsita fremathetdataslinloarid nal

val ues using the values of the generated error signals fromthe nenory. 34.
The £ & ownitheTesFiver 4768 33 wherein the data Iink conmprises a fiber-

e B BroupLiEnTss _ | | ber
ranem tter and opt P olemors SRR B BRtveP IR SBEmf RPEARE Bt of O of

cl ai sgndhrontratien inddee toTeedeive datat froh! e REgivat Snd cofiphre tHedredeived Fatastvapi ng
i nk control paranmeter associated with the transnmtter, and an_ input

t hr ee¥nsrgd| valiescdon the dada: athet memesy (generating vt I§TToh csignad eespansiveeto Thee
conput er s§s,tera1 of claim 33 wherein the nenory conprises a dynam c random
accet¥™ ?’;f".n 37. The conputer system of claim 36 wherein the nenory

conprises a a memory controller coupled to the transmitter, receiver, and the memory,
the memory controller operable during the synchronization mode to apply a bit pattern to the
transmitter over the processor bus and to develop control signals to adjust the values of the link
control parameters of the transmitter and receiver, and the memory controller adjusting the link
control parameters to final values using the values of the generated error signals from the

memory.

34.  The computer system of claim 33 wherein the data link comprises a fiber-
optic cable and wherein the transmitter and receiver comprise an optical transmitter and optical

receiver, respectively.

35.  The computer system of claim 34 wherein the memory controller adjusts a
gain and a pulse shaping link control parameter associated with the transmitter, and an input

threshold link control parameter associated with the receiver.

36. The computer system of claim 33 wherein the memory comprises a

dynamic random access memory.

37. The computer system of claim 36 wherein the memory comprises a

memory module including a plurality of dynamic random access memories.



menory nodul e including a plurality of dynam c random access nenories. 22
38, The conputer systemof claim33 further conprising a second transmtter
coupled to the nmenory and coupled to the data link, and a second receiver
coupled to the nenory controller and the data |ink. 39'. The conputer
system of claim 38 wherein the error s%gnal is coupled to the nenory
controller through the second transmtte data |link, and second receiver.
40. The conputer system of claim 33 wherein the nenory controller is

el ectrically coupled to the nmenory through address and control busses. 41.

The conputer swetem-@f claim40 wherein t nory control ler is .
el'ectri bal Ly catpl edtiecruBevary dic fu f GEBER bormpiupt 8isgfind Sansmittr
coupled to the memory and coupled to the data link, and a second receiver coupled to the

memory controller and the data link.

39.  The computer system of claim 38 wherein the error signal is coupled to the

memory controller through the second transmitter, data link, and second receiver.

40. The computer system of claim 33 wherein the memory controller is

electrically coupled to the memory through address and control busses.

41.  The computer system of claim 40 wherein the memory controller is

electrically coupled to the memory to receive the error signal.





