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i nvention relates to conputer systens, and, nore particul arl tg.a 5
conput er WQIPEAIPEE] udi ng a system menory having a rrermrPfTﬂ{%b%fO&Fﬂg’?ectur e.
BACKGROUND OF THE | NVENTI ON Conput er §ystems use nmenory devices, such as
dynam ¢ random access nenory ("DRAM') devices, to store data that are
accessed by a processor. These nenory devices are nornally used as system
menory in a conputer system In a 10 typical conputer system the processor
conmuni cat es w t hAPRSRATESeANPMBTHODHQRIBPIREGT MEd@BYohCEESS Bhd HUBenory

controller. The processor issues gégﬁmmﬁgr My\,hi ch includes a nenory
ress d%

command, such as a read comand, Signating the | ocation
fromwhich data or instructions are to be read. The nenory controller uses
t he command and address to %enerate appropriate conmand signals as 15 well
as row and col VFCERIGAISEBLD which are applied to the system nmenory. In

response to the Comndsﬁﬁqn@e‘i{lﬁfﬁﬁﬁ&’to%ﬁlgucoﬁfts{reﬁﬁnﬂfﬁo%jymém td pe

system nenory and the processor. e menor oller’is often pafrt of a
system cont r §! | @mputenkistein atlnding acstobe metnosy Havind genemiarg bl arghifecturec oupl i ng
t he processor bus to an expansion bus, such as a PCl bus. 20 Although the
operating speed of nenory devices has continuously increased, this increase

i n operating spegEKBRSHUIPD JFEPUE PR¢ENTMAN | ncreases in the operating speed
of processors. Even slower has been the increase in operating speed of

menory control | ers coupl Cogipptensystemsruse memaprdsivices eydhcasslynarhie randpmtaceess y

sl ow speed memory (“DRAM”) devices, to store data that are accessed by a processor. These

| memory devices are normally used as system memory in a computer system. In a
10  typical computer system, the processor communicates with the system memory through
a processor bus and a memory controller. The processor issues a memory request,
which includes a memory command, such as a read command, and an address
designating the location from which data or instructions are to be read. The memory
controller uses the command and address to generate appropriate command signals as
15 well as row and column addresses, which are applied to the system memory. In
response to the commands and addresses, data are transferred between the system
memory and the processor. The memory controller is often part of a system controller,
which also includes bus bridge circuitry for coupling the processor bus to an expansion
_])us, such as a PCI bus.

‘* 20 Although the operating speed of memory devices has continuously
increased, this increase in operating speed has not kept pace with increases in the
operating speed of processors. Even slower has been the increase in operating speed of
memory controllers coupling processors to memory devices. The relatively slow speed
of memory controllers and memory devices limits the data bandwidth between the

25 processor and the memory devices.
In addition to the limited bandwidth between processors and memory
devices, the performance of computer systems is also limited by latency problems that

increase the time required to read data from system memory devices. More specifically,
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conput er syst eIavisEopY aleicdelaygRARY Al Gl légqnoés,eﬁeﬁgfg{?a@hmggﬁ gﬁﬁéﬁ&?‘l"?@ t he
menory | at ency.Arothfiibisty bitpiiSfirst Witalat R hGhHREEe, HR\del9Sn SaHAlyEstoidinghe
processor through”™a nmenory hub. In a nenory hub architecture, "a system
control | er 6r themdstecan signifishitlyr slow thooparaingspead of & cefnpWeressdtemousiag suchi nk to
sever al nermrysm(fs. Typically, the nenory nodul es are coupled in a
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connected one to anot hemeidppfoRtt €5 alldvisting theememomT latenoy tprébiémrisite weupl ed
to a first rrem)trb‘i/i nodul e over a first high speed data link, with the first
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one to another in series. Thus, the memory controller is coupled to a first memory
module over a first high speed data link, with the first memory module connected to a
second memory module through a second high speed data link, and the second memory
15 module coupled to a third memory module through a third high speed data link, and so
on in a daisy chain fashion. -

Each memory module includes a memory hub that is coupled to the
corresponding high speed data links and a number of memory devices on the module,
with the memory hubs efficiently routing memory requests and responses between the

20 controller and the memory devices over the high speed data links. Computer systems
employing this architecture can have a higher bandwidth because a processor can access
one memory" device while another memory device is responding to a prior memory
access. For example, the processor can output write data to one of the memory devices
in the system while another memory device in the system is preparing to provide read

25 data to the processor. Moreover, this architecture also provides for easy expansion of
the system memory without concern for degradation in signal quality as more memory
modules are added, such as occurs in conventional multi-drop bus architectures.

Although computer systems using memory hubs may provide superior

performance, they nevertheless may often fail to operate at optimum speeds for a variety

30 ofreasons. For example, even though memory hubs can provide computer systems with
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singl e channel gS)§t1EFheh! 16 Snedhdry hidb CabhitrPlis basldeassumbsingatith shdRRIBryTUST

pass through comon rrermri%/qr:ub circuitry. As a result, en the nenory hub
!

circuitry is busyicediianelfragte enmpnicpteowih apotiar emosydavice. it is not free to
communi cate with anot her ofE P&ﬁﬁ‘lqﬁ%ﬁﬁﬁs been used in computer systems to overcome the
issues with processor intervention in moving data to and from memory as well as the
15 single channel bottleneck is the use of direct memory access (DMA) operations. DMA
operations are implemented through the use of DMA controllers included in the
computer system which enable data to be moved into and out of memory without the
intervention of the system processor. Such DMA operations and DMA controllers are
well known in the art, and are often implemented in conventional computer systems.
20 The DMA controller removes the need for the processor to be involved and manages the
required data transfers into and out of the system memory. For example, when a DMA
supported entity transfers data to the system memory, the DMA controller obtains
control of the bus and coordinates the transfer of the data from the DMA supported
entity to the system memory, without involvement by the processor. In this manner,
25 latency issues resulting from processor intervention can be avoided during data transfers
across the system bus. However, in many instances, even after data has been transferred
to the system memory through a DMA operation, the processor nevertheless must move
blocks of the data from one location to another within the system memory. For
examble, the operating system will direct a DMA operation to transfer data from a mass

30 storage device into the system memory, only to have the processor then move the data
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oper ati ons. operations are inplenmented through the use of DVA
controllers included in the conmputer system which enable data to be noved
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One technique that has been used in conputer systens to overcone the issm

least one of the memory devices of the system memory, and further including a memory
device interface for coupling to the memory devices, the memory device interface
coupling memory requests to the memory devices for access to at least one of the

15 memory devices. " A switch for selectively coupling the link interface and the memory
device interface is further included in the memory hub. Additionally, a direct memory
access (DMA) engine is coupled through the switch to the memory device interface to
generate memory requests for access to at least one of the memory devices to perform
DMA operations.

20 In an aspect of the present invention, a method is provided for executing
memory operations in a computer system having a processor, a system controller
coupled to the processor, and a system memory having at least one memory module
coupled to the system controller through a memory bus. The method includes writing
DMA information to a location in the system memory representing instructions for

25 executing memory operations in the system memory without processor intervention,
obtaining control of the memory bus from the processor and system controller,
accessing the location in the system memory to which the DMA information is written,

and executing the memory operations represented by the instructions.
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Figure 5 is a flow diagram for operation of a DMA engine of Figure 3

according to an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
Embodiments of the present invention are directed to a system memory
15 having a memory hub architécture iﬁcluding. direct memory access (DMA) capability to
transfer data within the system memory without the intervention of a system processor.
Certain details are set forth below to provide a sufficient understanding of the invention.
However, it will be clear to one skilled in the art that the invention may be practiced
without these particular details. In other instances, well-known circuits, control signals,
20 and timing protocols have not been shown in detail in order to avoid unnecessarily
obscuring the invention.

A computer system 100 according to one example of the invention is
shown in Figure 1. The computer system 100 includes a processor 104 for performing
various computing functions, such as executing specific software to perform specific

25 calculations or tasks. The processor 104 includes a processor bus 106 that normally
includes an address bus, a control bus, and a data bus. The processor bus 106 is
typically coupled to cache memory 108, which, as previously mentioned, is usually

static random access memory (“SRAM?”). Finally, the processor bus 106 is coupled to a
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address bus, a control bus, and a data bus. The processor bus 106 is
are also typically coupled to the processor 104 through the system controller 110 to

allow the processor 104 to store data or retrieve data from internal or external storage
media (not shown). Examples of typical storage devices 124 include hard and floppy
disks, tape cassettes, and compact disk read-only memories (CD-ROMs).

15 The system controller 110 includes a memory hub controller 128 that is
coupled to several memory modules 130a, 130b, ...130n, which serve as system
memory for the computer system 100. The memory modules 130 are preferably
coupled to the memory hub controller 128 through a high-speed link 134, which may be
an optical or electrical communication path or some other type of communications path.

20 In the event the high-speed link 134 is implemented as an optical communication path,
the optical communication path may be in the form of one or more optical fibers, for
example. In such case, thé memory hub controller 128 and the memory modules will
include an optical input/output port or separate input and output ports coupled to the
optical communication path.

25 The memory modules 130 are shown coupled to the memory hub
controller 128 in a point-to-point arrangement in which the high-speed link 134 is
formed from coupling together the memory hubs 140 of the memory modules 130. That
is, the high speed link 134 is a bi-directional bus that couples the memory hubs 140 in
series. Thus, information on the high speed link 134 must travel through the memory

30 hubs 140 of “upstream” memory modules 130 to reach a “downstream” destination.
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- four memory devices 148 for a total of 20 memory devices 148 for each memory

module 130. The bus systems 150 normally include a control bus, an address bus, and a

data bus, as known in the art. However, it will be appreciated by those ordinarily

15 skilled in the art that other bus systems, such as a bus system using a shared

command/address bus, may also be used without departing from the scopé of the

-present invention. It will be further appreciated that the arrangement of the memory

devices 148, and the number of memory devices 148 can be modified without departing

from the scope of the present invention. In the example illustrated in Figure 1, the

20 memory devices 148 are synchronous dynamic random access memory (“SDRAM”)

devices. However, memory devices other than SDRAM devices may, of course, also be
used.

An embodiment of a memory hub 200 according to an embodiment of

the present invention is shown in Figure 2 that can be substituted for the memory hub

25 140 of Figure 1. The memory hub 200 is shown in Figure 2 as being coupled to four

memory devices 240a-d, which, in the present example are conventional SDRAM

devices. In an alternative embodiment, the memory hub 200 is coupled to four different

banks of memory devices, rather than merely four different memory devices 240a-d,

each bank typically having a plurality of memory devices. However, for the purpose of

30 providing an example, the present description will be with reference to the memory hub
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i nclude a control bus, an address bus, and a data bus, as known in the art.

However, it viigh snsed dpiprinks 320 P28y ast welk knayyny iforsgxample, transmitter and receiver
logic known in the art. It will be appreciated that those ordinarily skilled in the art have

sufficient understanding to modify the link interfaces 210a-d, 212a-d to be used with the

specific type of communication path, and that such modifications to the link interfaces

15 210a-d, 212a-d can be made without departing from the scope of the present invention.
For example, in the event the high-speed data link 220, 222 is implemented using an
optical communications path, the link interfaces 210a-d, 212a-d will include an optical
input/output port and will convert opﬁcal signals coupled through the optical
communications path into electrical signals.

20 The link interfaces 210a-d, 212a-d are coupled to the a switch 260
through a plurality of bus and signal lines, represented by busses 214. The busses 214
are conventional, and include a write data bus and a read data bus, although a single bi-
directional data bus may alternatively be provided to couple data in both directions
through the link interfaces 210a-d, 212a-d. It will be appreciated by those ordinarily

25 skilled in the art that the busses 214 are provided by way of example, and that the
busses 214 may include fewer or greater signal lines, such as further including a request
line and a snoop line, which can be used for maintaining cache coherency.

The link interfaces 210a-d, 212a-d include circuitry that allow the
memory hub 140 to be connected in the system memory in a variety of configurations.

30 For example, the multi-drop arrangement, can be implemented by coupling each



15 skilled in the art that other bus systens, such as a bus systemusing a
shared . command/ address bus, may al so be used without departing fronml 8hidN 2007
scope of the present invention. It will be further appreciated that the

ar r angenmewo wbs/efee7onenory devi ces 148, and the nunber GfCTTES004/0209931 ces 148
can be nodified wthout departing fromthe scope of the present invention.
In the exanple illustrated in Figure 1, the 20 nenory devices 148 are
synchronous dynam ¢ random access nenory ("SDRAM') devices. However, nenory
devi ces ot her than SDRAM devi ces may, of course, also be used. An

enbodi NNt of RerkGFROMRUS RO heRFEPR BfibRerasMRAGH KRR B link ARcrpices ent

invention is shown"in Figure 2 thdat can be substituted for the nmenory hub

" 25 140 of Fi gilBa-d. orTHearde mddiprohiinely2 GOPeint-totpoimt, pm d#FFyyghain Zorfigutiongasoupl ed

to four nenory,devices 240a-d, .which.. i the.present exanpl.e are.

conventional SRFIM" HRwE dotn teiaicnded By oty BR R RLRPR s B0 Y nub

" 200 is coupl eckxhmpleome 16k idteifeed 2103alden Uéfus%fmé@ﬁli&i/ﬂﬁememb@i wedulé bah
nmerely four _different mam);zxizdevi ces 240a-d, _each bank typically having a

plurality of rhenbpl iefetfacce 21230 han dee, uspd o CReplp @ frsewd aremvny mrodiedi BBP an
) ot " SRR RSB RS el SR S AP IRRG P 1
menory devi ceshiddfinent: sef tof el linkhiateefqes and ftrther tdupledt th enothercmemanyymodule
o 1t Tone 0,416 EIPLY D 200, Lo pecompdnte MYLLEL, bank oty memory
included in t hgeGBYBLY 20081 2 Lo molilK id SHuBlelias e BrblRsdt iRAGoint-tépeiar d for
coupling the nmenory nodul e on which the nmenory hub 200 is |ocated 1o a
first hi ghlgpeedngtaent inj whiclptherearminmotbersisvigesdogbled pethd coenegtion hetweenhe
;SZESCE‘;;/:' lyl r}ﬁ‘gceis%) ‘?%% gng %hé r{%{gﬂio% (g 90()’\'I Hﬁs 'iy%% %‘:I“‘%te}cgnn%ic%nr f)aro%‘iﬂest lbe(:f‘terhi gh
- signal coupling between the processor 104 and the memory hub 200 for several reasons,
including relatively low capacitance, relatively few line discontinuities to reflect signals
and relatively short signal paths.
15 The switch 260 is further coupled to four memory interfaces 270a-d
which are, in tumn, coupled to the system memory devices 240al-d, respectively. By
providing a separate and independent memory interface 270a-d for each system memory
device 240a-d, respectively, the memory hub 200 avoids bus or memory bank conflicts
that typically occur with single channel memory architectures. The switch 260 is
20 coupled to each memory interface through a plurality of bus and signal lines,
represented by busses 274. The busses 274 include a write data bus, a read data bus,
and a request line. However, it will be understood that a single bi-directional data bus
may alternatively be used instead of a separate write data bus and read data bus.
Moreover, the busses 274 can include a greater or lesser number of signal lines than
25 those previously described.
In an embodiment of the present invention, each memory interface 270a-
d is specially adapted to the system memory devices 240a-d to which it is coupled.
More specifically, each memory interface 270a-d is specially adapted to provide and
receive the specific signals received and generated, respectively, by the system memory

30 device 240a-d to which it is coupled. Also, the memory interfaces 270a-d are capable



| npl ement ed using an optical or electrical comunication path or song ot h%
type of conmunication path. The link interfaces 210a-d, 212a-d are 18 JAN 2007
conventig‘;ﬁy%05 ffd+¢ nclude 10 circuitry used for transfepermgdapsuoosomrand,
and address information to and fromthe high speed data |inks 220, 222, as
wel | known, for exanple, transmtter and neceiver |logic known in the art.
It will be appreciated that those ordinarily skilled in the art have
sufficient understanding to nodify the link interfaces 210a-d, 212a-d to be
used with the peci f.ic type of conmunication_ path, and. that .such
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i nterfaces 2310anvironmémtao Ghivh@hciAebg detitest246a-a nydiitetfacd60 t hrough a
plurality of bus and signal lines, represented by husses 214. The busses 214

are conventional, and i nidleusrstch 340 equpling dheylink dnterfaces 2ifp-that Ranliand fhet hough
I ngle bi- dj ' t el ' . |
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be appr eci at eddéwelopbbswitchesli Har exanpRS tiekswitck 260 mayHe acosstheatswittlethetismes 214

are provided by. of ~exanpl e  .and.that t busses 214 may i ncl f ewer
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interfaces 210a-d, 212a-d include circuitry that allow the nenory hub 140

to be connect emultiplexers thay do apt previde the semeloyelof spnpeesiviyea f icrpgs-bari spieh but3o For
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the memory interfaces 270a-d. The switch 260 may also includes arbitration logic (not

shown) to determine which memory accesses should receive priority over other memory

15 accesses. Bus arbitration performing this function is well known to one skilled in the
art.

With further reference to Figure 2, each of the memory interfaces 270a-d

includes a respective memory controller 280, a respective write buffer 282, and a

respective cache memory unit 284. The memory controller 280 performs the same

20 functions as a conventional memory controller by providing control, address and data

signals to the system memory device 240a-d to which it is coupled and receiving data

signals from the system memory device 240a-d to which it is coupled. The write buffer

282 and the cache memory unit 284 include the normal components of a buffer and

cache memory, including a tag memory, a data memory, a comparator, and the like, as is

25 well known in the art. The memory devices used in the write buffer 282 and the cache

memory unit 284 may be either DRAM devices, static random access memory

(“SRAM”) devices, other types of memory devices, or a combination of all three.

Furthermore, any or all of these memory devices as well as the other components used

in the cache memory unit 284 may be either embedded or stand-alone devices.



menory nodule to the nmenory hub controller 128 through either the |ink
Interfaces 210a-d or 212a-d. Alternatively, a point-to-point, or déﬁ%ﬂANZMﬂ
chain configuration, as shown in Figure 1, can be inplenented by coupling

t he menorwOomooti0®s70 n series. For exanple, the link intRCFESE84/R21P3-d can
be used to couple a first nmenory nodule and 5 the link interfaces 212a-d can
be used to couple a second nenory nodule. The nenory nodul e coupled to a
processor, or systemcontroller, will be coupled thereto through one set of
the link interfaces and further coupled to another nenory nodul e through

the other set of link i n;l@é gxg’g@g?ﬁ'érr%@% em%h%%teﬁgcetiWaﬁrig%Q%tg store

I nvention, the nenory h a nmenory nodu s coupled to t
" processor in a rientquests pdilet réad requestrig beimmservicedin etsucth@ systear, ¢henrocesdoer

devi led to th ti t th 04 th
nub 200 Thi s tYHeeBINmRAGPE AHOEH Vo “BROD D arie: e AR DSy

between the proggasab wWiich #8C1itd SedREMDIE WirBsted &O&S?Qéw&@geﬁ 3_hof QAP DS read
including relatively | ow capacitance, relatively few line discontinuities to

reflect signal srequeastl Pelnadliy approashomemeanygpaHestp atthe sarsicathautsafjardss spee an s
further coupl ed, b, T O, rg@!é&ré’ o gUt &Hegjlg%ez%%' Bhusreffgs N iie® sﬁ&e#&é{l{]r d
ry de a-d p y. %y p é?ng a

coupled to the system ne Vi ces , respective oV
separate and i ndgpsniddeingRaniced Thd abilitpaehl®parite fequesac hllow a read reqrigEtrty
devi ce 240a-d, respectjvely, the nenngy hub, 200 avpi ds hus or nenpry, bank

conflicts thatba $pvieed ¢ap etilirodiice MegionpgTead (HEnTH SINCREREFIugss 571 Be elYFRs.
ghe swi teh 260 fi3t Bok9\BlaRflesk Of AR CHIBRIdhoat BT TR elclthAUON s@ieR otk Y _of

bus and si gnal represented by busses 274. The busses 274 include a
wite data B0s,requastsadtetipersedowith readmedjuesty eaquiesstortd imethe Moite beffer 282 tovalléw be

onder sL00d el Siohes L LSEORT e R Bl AT i o
busses 274 can wARl iges B £PiRIindd mh®s er AW ORI, WngliyORaling tinRs Hek@en 25
t hose previously described. In an enbodi nent of the present |nvention, each
mermory i nt er f ackouplmgwrite request to the memory devices 270a-d and subsequently coupling read
request to the memory devices 270a-d for alternating write and read requests can be
15 avoided. 7
The use of the cache memory unit 284 in each memory interface 270a-d
allows the processor 104 to receive data responsive to a read command directed to a
‘respective system memory device 240a-d without waiting for the memory device 240a-d
to provide such data in the event that the data was recently read from or written to that
20 memory device 240a-d. The cache memory unit 284 thus reduces the read latency of
the system memory devices 240a-d to maximize the memory bandwidth of the computer
system. Similarly, the processor 104 can store write data in the cache memory unit 284
and then perform other functions while the memory controller 280 in the same memory
interface 270a-d transfers the write data from the cache memory unit 284 to the system
25 memory device 240a-d to which it is coupled.
Further included in the memory hub 200 is a DMA engine 286 coupled
to the switch 260 through a bus 288 which enables the memory hub 200 to move blocks
of data from one location in the system memory to another location in the system

memory without intervention from the processor 104. The bus 288 includes a plurality

30 of conventional bus lines and signal lines, such as address, control, data busses, and the



d is specially adapted to the system nenory devi ces-240a-d to which jt is
coupl ed. Mbre specifically, each nenory interface 270a-d is speciall{ JAN 007

adapt ed ¥ Qﬁo@ﬁﬁﬂﬁ and receive the specific signals regeirgdooansiogsner at ed,
respective?y, y ?1e system nmenory 30 device 240a-d to which it is coupled.

Al so, the nenory interfaces 270a-d are capable 1 8 JAN 2007 WD 2005/010670
PCT/ US2004/ 021993 10 of operating with system nenory devi ces 240a-d
operating at different clock frequencies. As a result, the nmenory

interfaces 270a-d isol ate the processor 104 from changes that, occur at
the interface bkefeehandheg ﬁ%ﬁﬁ?@fs(%ﬂﬁﬂl %SGY%‘IWH W-yAsd’%‘Uib@éifsﬁg‘ii}Hm&’Eﬁjpl ed

to the menory r@gtgg%gfaw g{g%fg Blgfiéi 863 ab1TRS fRad ANinkqlsk t&fgﬁézsgsgeﬂég&ﬁf&% to

whi ch the nmeno evi cé d may interface. The sw upling the
| i nk i nt er f acesxéhfahel DMA 2gentbrin ppbratives withow ipyodessoe irftergagion, s, dreeing thee any

of a variety of convenfjonal, o rrei nafter evel oped swi tches. Far
exarrp?/e, | t hg sW"Lcﬁﬁgrzé@A ﬁﬁ@ %%%?rﬁeg‘?%bg"ﬁgé &ﬁﬁf’{ U3 A, 87\5“‘??“ ittﬁ e TR,
coupl e 1'ink 5 npp&rheen8S TRIDMBA Enginkld38-gprafechbly e diesdaded didhie if @6 @femdrAPRubd 10

to each other in a variety of arrangenents. The switch 260 can al so be a set
of multipl exe€0.t Hewews, meludipg sepaate faMAdevice soupledio thenpranary hipb 0Qds o

-b it buf . I I nk
Chtert aces 21080 Hiin B8 (6ipt MU bR FBHEL “a bR oR TP STNIA epfine 586 il "
switch 260 nay imlse ciradiry tescaniodateDMAnopetdtiofis grimultipkvhimnelst Gudemealtiplene

whi ch menory accesses_shoul d recei ﬁkgri ority over other menpry 15 accesses.
Bus arbi trat i ofb39eel BMA rgeings arer WAL ngymiiz e ot pitbp be igplsmieriet| WIS n t he

art. Wth furt Beivehfinal @AmBIdefRs i gure 2, each of the menory interfaces
270a-d includes a respective nenory controller 280, a respective wite

buffer 282, and a respdotanvembodiiest o thernyesent invargion, thi@rovessor Y04 writasa@l | er
280 perf (?r ms n(sat SPiStructions in the system memory for the DMA engine 286 to execute. The
instructions include information used by the DMA engine 286 to perform the DMA
operation, such as starting address of the block to move, ending address or count,
15 destination address, the address of the next command block, and the like. The DMA
engine 286 will execute a series of continuous commands and then jump to the next
command list if directed to do so. The DMA engine 286 is programmed through a data
structure that exists in one or more memory spaces. The data structure consists of some
number of command blocks that provide information necessary to perform data transfer
20 operations in the system memory. Each of the command blocks can be linked through a
series of address pointers to form a linked list. The address of the first command block
in the linked list is programmed through the /O space. The DMA engine 286 is
instructed to fetch and execute the first command block through the I/O space command
register. After performing the requested data operation, an address pointer in the first
25 command block is used to point the DMA engine 286 to the next command block. An
~ address pointer in each successive command block is used to fetch and execute the ﬁext
command block, forming a linked list. Each command block in the linked list is
executed until a NULL pointer is encountered. An example of a NULL pointer is
defined as an address consisting of all 1’s. Upon detecting the NULL pointer, command

30 block execution will halt, and a status bit will be set, indicating the command stream



20 functions as a conventional menory controller by providing contrﬁl
address and data signals to the system nenory device 240a-d to whi ch8 AN ?@7
coupl ed and receiving data signals fromthe system nenory device 240a-d to
which it we woeabed. The wite buffer 282 and the cach®GRU3984/03H% 284

i nclude the normal conponents of a buffer and cache nenory, including a tag
menory, a data menory, a conparator, and ti¥e like, as is 25 well known in
the art. The nenory devices used in the wite buffer 282 and the cache
menory unit 284 may be either DRAM devices, static random access nenory

(" SRAM') devi cafs t@mifled WOSEpleion R4 d4n R \CoftBmed B ard1/O0fBisteAin B8 nfdinody |
three. Furthernore, any or all of these nenory devices as well as the other
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st and- al one devj S. AN 2007 .. 10106.70 / US20Q4/ 021993 Th
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~ requests whil e the tERfhafi® Gli€ust hasStebftinigd H6MmVAlIHEWith ho efross)GR aBndiinalle due tdre
processor 104 can issue a wite request to a system nenory devi ce 240a-d

even if the werfsiop. Theviats ipfgrmgtion may RetaRellY eenpiatp psdnteraptdp fediotd i s busy
servicing a prior wite §f afihve ohBofRhs oFiheBreldhl SuRRRGL A DM TR
requests cah be serviced out of order since an “earlier wite request can be
stored in the \86tcen bisb bensedddr mining drgsostisscig ensystema dKnavergred tdatapati@nn g
serviced. The abili to. buffer ite reques to allow g read request.to
be. servi ced cartal et indhEmEY ol eripBa 2e Reyieu Roed st FetiBl £ ¢ o
be given firstpePide@tbl kst 186 AR SHerRdry. NI hore NMepiiRl QABEGRYioR 0l &his tHR of
exanple, a series of wite 10 requests interspersed with read requests can
be stored i A0t Hppligatipe isoRrpYided pEPmmenly| astigned: ¢pepanding .8 qRatent dpphicatien der vi ced

in a pipelined manner foll owed,by Led N e hi,e in a
pi pel i ned manner—As—a—resul’ gﬂq%ené'?rﬁ;b@et Wg We}gﬁ%er&ggn bi\gg@?&i&{n%g
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request to the nmenory devices 270a-d for alternating wite and read requests
can be incorporated herein by reference.

Figure 3 is a block diagram illustrating portions of a DMA engine 300

15 and Figure 4 is a block diagram illustrating a linked command list table 400 according
‘to embodiments of the present invention. The DMA engine 300 can be substituted for
the DMA engine 286 of the memory hub 200 (Figure 2). It will be appreciated that

‘Figure 3 is merely a representation of the DMA engine 300, and those ordinarily skilled
‘in the art are provided sufficient description herein in order to practice the present

20 invention. However, it will be further appreciated that alternative DMA engines can
also be used without departing from the scope of the present invention. The DMA
engine 300 includes five registers: an address register 310, a destination address
register 311, a control register 312, a next register 314, and a count register 316, to
control DMA operatiohs.

25 In operation, at the beginning of a block transfer, the starting address for
the block is loaded into the address register 310. Additionally, a destination address of
the location to which data is to be moved is loaded into the destination address register
311, and the length of the block is loaded into the count register 316. The control
register 312 contains information relevant to the transfer, such as a bit indicating

30 whether the address register 310 is to be incremented or decremented after each data



15 avoi ded. The use of the cache nenory unit 284 in each nenory interface
270a-d allows the processor 104 to receive data responsive to a read 8 JAN 2007
command §ié ShkRtheb® @ respective system nenory device Pé@assooobdgiit
waiting for the nmenory device 240a-d to provide such data in the event that
the data was recently read fromor wittengto that 20 nenory devi ce 240a-d.
The cache nenory unit 284 thus reduces the read | atency of the system
menory devi ces 240a-d to maxi m ze the nmenory bandwi dth of the conputer

system Simlarly, the_processor 104 can store wite data.in the cache
memory unit 28demanwansrEsd by the PrRsEt FEFIPIE, FYERY SIS fiate demyig transfRsteg by the
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anot her | ocat i 916 jecHel €erdytht BIBck HanHéha¥bédsdinpleidde r Atetisi ik, iHeOrldelR the
processor 104. The bus 288 includes a plurality 30 of conventional bus |ines

and signal | i naext regigier 34 inelpckeds If #potntnio a vahiddogstien isthe sysiem mempng thpaN
2007 WD 2005/ Q 7 AL . gke, ngl 4 rqansfers
in the system ?’r%lgn%rcgy%dv&\?ﬁ}%é‘ég‘%ég%??%édmbrtll}l%nlg fg&s e?&?*j’gg‘f’%\?‘v@%%egw
engi ne 286 is a&dtodldok datneramsfén thén begihs autorhitivally s Huweveryof ¥ NULL exkeuise t he
DVA nmenory operatjons W thout processor_intervention, thus, freeing the
processor 104 Biciopse desertbafloish Pressnt 1B the iexbo ieaitir $ Horthe ddMdk PPRIieiSmenor y
5 operati ong, g&qplQQ/A engi ne 286 is preferably an enbedded circuit in the
menory hub 200. However, including a separate DVA device coupled to the
menory hub 200 is al so Thietlinked ¢dmemanddisttablt 406 ehqwmeis Figuré 4 vandinsomplurality

Addi Ongl 'y, Bp Enk entn'éasnéﬂb,n 2042, sagd 28& each of which contains the information necessary to
reload registers 310, 312, 314, and 316. The link entries 402, 404, and 406 are stored in

the system memory, as previously discussed, and are linked together by pointers

15 corresponding to the next register 314. In Figure 4, three link entries 402, 404, and 406

are shown. These link entries, plus an initial transfer defined by writing values directly

into the registers 310, 312, 314, and 316 of the DMA engine 300, define a single DMA

transfer having four separate parts. The value NEXT, contained in the next register 314,

points to the first link entry 402. The first link entry 402 points to the next link entry

20 404 in the linked command, which in turn points to the final link entry 406. The final

link entry 406 contains the NULL value as a pointer, indicating that it is the last link

entry of a DMA command list. The NULL value is a reserved pointer value which does

not point to a valid memory location, and is interpreted by the DMA engine 300 as a

pointer to nothing. It will be appreciated that the link entries 402, 404, 406 are provided

25 by way of example, and modifications thereto, such as including greater or fewer fields

of information than that shown in Figure 4, can be made without departing from the
scope of the present invention.

Figure 5 is a flow diagram 500 illustrating the control flow used by the

DMA engine 300 (Figure 3) to make a series of consecutive block transfers. At a step

30 502, the DMA registers 310, 312, 314, and 316 are loaded with the appropriate values



include circuitry to accomopdate DVA operations on nultiple channel s‘ Suciﬂ
multiple channel DVA engines are well known in the art and can be 8 JAN 2607
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executed until a NULL pointer is encountered. An exanple of a NULL pointer
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13 - count is complete is accomplished by checking a carry out bit (not shown) from the

count register 316. In the event the count value indicates that the data transfer is not

complete, control returns to the step 504. However, if the count value in the count
15 register 316 is equal to zero, control passes to a step 510, where the value in the next

register 314 is tested to see‘if it is equal to the NULL value, as previously described. If

a NULL value is not present, at a step 512 the next tag is loaded into the registers 310,

312, 314, and 316 in the DMA controller 300 from the linked command list table 400,

and control returns to the step 504. Once the last link entry has been used, at a step 514
20  an indication is made to the processor 104 that the transfer is complete.

It will be appreciated by those ordinarily skilled in the art that the DMA
engine 300 implements a “scatter-gather” capability for use in the system memory.
When a large block of data is to be read into nonconsecutive blocks of memory, the
processor 104 allocates the memory and sets up the linked command list table 400

25 through the DMA engine 300. A DMA transfer is then initiated, and the DMA engine
| 300 handles the entire transfer until it is completed. A similar technique can be used for
gathering scattered blocks of data within the system memory in order to write them to
consecutive blocks of memory. The processor 104 determines which blocks are to be
written moved within the system memory, and their order, and sets up the linked

30 command list table 400 through the DMA engine 300. A DMA transfer is then



has term nated. Conpletion status can be contained in an VO register in the
menory hub 200. Additionally, a start flag can al so be used to indi t&8tAN 2007
t hat t he vidbBosngogye 286 has al ready begun executi ng thedNs2064@28d9530N.

O her status bits can indicate if the comand stream has term nated
normally with no errors, or abnormally dué to 5 errors. The status
information may optionally generate an interrupt to the host. In alternative
enbodi ments of the present invention, the DVA engine 286 can al so be used
for running di; t ' - 1@ Cc e

| oaded in rrerm@%%?’ a%xﬁ%ﬂﬁagﬂ%?gon%ﬁ%ﬂﬂgg‘g or n%l\%%g Sgggﬁtggglt%gﬁn&lﬂrrgteng'r ;S/i,?mgnd be
used to test tihelisked commeaahlistyabled(00s storkdtimilieasystele swamiqy, iibis possitihitoskeey pe of

10 applicati ﬁ&e\ifesraéﬁ{qﬁ%q ggg g n co%ry gs@ ﬂngd[@(é?- Eﬁn%ilenﬁW % S. .Pat ent
Application : ’ "OF
MEMORY  MODUL EQyorbbied birR8 tileFirdied Borkinh list \UbleC4DO0!iS stokddGR mya%ﬁqnaﬁ&%me by

reference. Figure 3 is a block diagramillustrating portions of a engi ne

300 15 and Fioghr bmif dnsthg ngmbercolisenggpigniransiersswhish imay e linkedcdatoconeniarasr | i st
tabl e 400 accqrdi t.o [ en f the pr.e t 1nventi The. . engi ne
300 can be sugI ?fglgfoéé' ?hgg&?%gﬁdbﬁnb%ﬁ&}ﬁeén%]gggf%et%eemo r‘%‘%@"‘hsu ﬁ]f% Fi gure

2). It wll beyagpme@ioat.ed that Figure 3 is nmerely a representation of the
DVA engi ne 300, and those ordi r}ari ly skilled in the art are provi

) ded
sufficient description HOPeithe itoregnitg it vgllype Appresiatede that calhiopel sPediient i on.
However, it wi ST imPBHRIos Haid fébnldaathibad 1 P RlisBRsos AN
al so be used Vﬁbﬁ@i&g{e ﬁepartlinng for om t he scope o?la%ﬂzfop?g?%()i ﬂvgnﬁfogh. The
DVA engi nH) 308riousahodifisatibns/may begymedewithow devatineefem g smtitand3tope of the
destination address eqgister 311 control.reqgister. 312, a next .register
310, and a cotenpely; AFaigdh téigenfertfpof Bead o & pERE armade EEr at | on
at the beginning of a block transfer, the starting address for the block is
| oaded into the address register 310. Additionally, a destination address of




the |l ocation to which data is to be noved is |oaded into the destination
address register 311, and the length of the block is | oaded into thé BeANI07
regi ster 316. The control register 312 contains information relevant to the
transfer, YQeS840630hi t i ndi cati ng 30 whet her the addr esBCTAGRHR19330 is to
be increnmented or decrenented after each data 1 6 JAN 2007 WO 2005/010670
PCT/ US2004/ 021993 14 itemis transferretl |In the present exanple, every
time a data itemis transferred by the DMA engi ne 300, the count register
316 is decrenented and the address register 310 is increnented.
Additionally, the destination address ClegiM3 er 311 is increnented (or
.decrenented, depending on the control settings). \Wen the value of the count
‘register 5 316 reaches zero, the block transfer has been conpleted. At this
time, the value in the nexheh&9nidble, dhprsigchecked. If it points to a
-valid location in the system nenory, the vaFues contained in that object
are | oaded into the ragdurslitgofmemory dgtiges; 844, and 316. A next bl ock data
transfer then begi ns aut omati,cal Ig.. .However, if a NULL value, as previously
described, is present: PYPYRLIUGEPPIIE St or 314, the DVA operation is 10
conpl ete. The |inked commamgk lritétact aRh& et} HEBOW réqiedts B b&eds 16 ANleadt B a
plurality of link entries 402, 404, and 406, each of which contains the

i nf or mat i onoktbememarndevises;r el oad regi sters 310, 312, 314, and 316. The link
entries 402, 404, and 406 ¥ . reviausly

di scussed, and are Iinkedat%{c?gné) g%&g;ﬁtgkg?c%?@pgyl %ggorres )gﬁ‘g?e}gﬁfo € next
regi st er 3ldeviderinteifgperceupling infeneey tequdstsao theindsmot) devieckd 4or aaceds O leastrone shown.
These link entries, plLus an initial transfer defined by witing val ues
directly, iﬁ‘f’&‘eﬂ?@'ﬁig’b‘i%’t ers 310, 312, 314, and 316 of the DVA engi ne 300,
define a single DVA trangfQhichayl fectitdly cs@imEahé AR ikterfact A \the Hﬁnﬁig?q
contained in the next register 314, points to the first link entry 402. The
first |ink deviceyntadaeparidnts to the next link entry

a direct memory access (DMA) engine coupled through the switch to

-

the memory device interface, the DMA engine generating memory requests for access to at

least one of the memory devices to perform DMA operations.

2. The memory module of claim 1 wherein the memory hub is an
embedded system having the link interface, the memory device interface, the switch, and the

DMA engine residing in a single device.

3. The memory module of claim 1 wherein the memory device interface
comprises:

a memory controller coupled to the switch through a memory controller bus
and further coupled to the memory devices through a memory device bus;

a write buffer coupled to the memory controller for storing memory requests
directed to at least one of the memory devices to which the memory controller is coupled; and

a cache coupled to the memory controller for storing data provided to the

memory devices or retrieved from the memory devices.



20 404 in the linked command, which in turn points to the final link entry
406. The final link entry 406 contains the NULL val ue as a pointer,18 JANZ07
i ndi cati Rgobév8lordsboi S the last Iink entry of a DVA compgmaishéclioziodhe NULL
value is a reserved pointer value which does not point to a valid nmenory -
| ocation, and is interpreted by the DVA gngine 300 as a pointer to nothing.
It will be appreciated that the |ink entries 402, 404, 406 are provided 25
by way of exanple, and nodifications thereto, such as including greater or
fewer fields of infqrmti wn i i e d .c , d
Wi t hout departing fr g‘m t hiéﬁ)&gélg%g "tc')@!e}*ne garuélsle‘%gl&%\%en?‘l’%:}? .C%%Ip ggersga cggsls's a
flow di agr &y 5@igehl | | ustrating the control flow used by the DMA engi ne 300
(Figure 3) to nake a series of consecutive block transfers. At a step 30
502, the DMA registers 310, 312, 314, and 316 are | oaded with the
appropriate values 1:8 J 5 0] or
the first data trans ér.%@ﬁ%‘é’%ﬁ’é@e‘éfﬁgﬁzge ggl/gﬁ{(?ﬁ‘gaéﬁélg%&’lgggm]ené) he
regi sters divicec hpaniadfl menfory Heviden Simmultabéonsly neresssd duyng Omembuy dperatiorent r i es
for this transfer nust be |oaded into the |inked conmand |ist table 400
(Figure 4). Loading of the registers is at the command of the processor 104
(Figure 1) and |oadi gg of The elnbRK afddtRSPAGIN 11SWwhereffOhe! plufall &Y leRidyTENOrY
is acconplished by the processor '104 as well. At a step 504, One data’item

i s transf erdegiges compriae syackrprqys §peumie raadom lacpess memeonyalevioest regi ster 316 is
decrenented to indicate that one data item has been transferred. The step
506 includes sinultaneously increnenting or decrenenting the value of the

address register 3107, depERthégory pvdulelof cldis il na@reiti the DNLA Bnglfe &iprises: t he
control register 10 312, At a step 508, the count value is checked to

det ermi ne whet her t han adsiass ragister &3 8ioriag a startingaprnasiipdliessdona 1J¥LA opsraiors ent
I nvention, determ naBka?%?{ldr%!%ﬁc‘&@%njﬁ%oﬁ%%&%&é SR & ifRatich B SARER kS N

by checking a carry out
is to be moved in the DMA operation;

a count register for storing a count value indicative of the number of memory
locations to be accessed in the DMA operation; and

a next register for storing a value representative of the completion of the DMA
operation or representative of a memory address corresponding to a link list including a
starting memory address, a count value and a next memory address to be loaded into the

address register, the count register, and the next register.

8. A memory hub for a memory module having a plurality of memory
devices, comprising;:

a link interface for receiving memory requests for access at least one of
the memory devices;

a memory device interface for coupling to the memory devices, the
memory device interface coupling memory requests to the memory devices for access to at
least one of the memory devices;

a switch for selectively coupling the link interface and the memory

device interface; and



count register 316. In the event the count value indicates that the daabm
transfer is not conplete, control returns to the step 504. Hovvever,“ W
count value in the count 15 register 316 is equal to zero, control passes to
a step 530 20058178 he val ue in the next register 314 | SCFASPMWARYEee it it
is equal to the NULL val ue, as previ ousllé described. If a NULL value is not
present, at a step 512 the next tag is |I'daded into the registers 310, 312,
314, and 316 in the DVA controller 300 fromthe |inked command |ist table
400, and control returns to the step 504. Once the last |ink entry has been
used, at a step 514 20 amdiretinatoryaccess (Rda) engineheoupled droaglr the G¥itchtt t he
transfer is,conplete. .1t. Wil be reciated by those ordinarily skilled in
he art t helbe pifEoRkAevisigeHeces s 1T Sieh, Snering AEREH B or eadip pf'T
for use in Ao/ SHIR MERG® dyvices B Bétfaiml PWIdCopetatieds. of data is to be read into
. honconsecutive bl ocks of nenory, the processor 104 allocates the nenory and
sets up the linked command |ist table 400 25 through the DVMA engi ne 300. A
DVA transfer is thenginitai ﬁm]t LS ire
transfer until it isgborrp}r%%glgr.m S|bmgkle?alr ggﬂ%,}%ﬁéh%@% gé?%g(gah%g]r%mgﬂx
gat heri ng sdegick éitexdach) the ksitehf amiiatha DIMA nginé e embeddad systems yesidingtn daingled
wite themto, consecutive blocks of nenory. The processor 104 determ nes
whi ch bl ock¥Y%fe to be written nmoved within the system nenory, and their
order, and sets up the Iinked 30 command |ist table 400 through the DVA
engine 300. A DVA transfer is then 1 8 JAN 2007 WD 2005/010670
PCT/ US2004/ 021993 16 10i ni Theaamsdoriahub iof chim® edersonflicemengrybdevidecin@ificeengi ne
300 until it is.conpleted. Since the linked conmand list table 400 is
stored in tREPEYSt em nemory, it is possible to keep several linked lists,
for exanple, for each dhaorpebntfoligPesiphd tb)hd KeitdiNMAroa i a iBenddl) contMileEBYE! |,
since the linked command |i1st table 400 is stored in.the systemnenory, the
5 only | i nianddprther gouplpdiie the sremosy,deviges thrpugh ameemoryiAeiee by be | i nked into

one | arger a write buffer coupled to the memory controller for storing memory requests

directed to at least one of the memory devices to which the memory controller is coupled; and
a cache coupled to the memory controller for storing data provided to the

memory devices or retrieved from the memory devices.

11.  The memory hub of claim 8 wherein the switch comprises a cross-bar

switch.

12.  The memory hub of claim 8 wherein the DMA engine comprises:

an address register for storing a starting memory address for a DMA operation;

a target address location for storing a target address of a location to which data
is to be moved in the DMA operation;

a count register for sforing a count value indicative of the number of memory
locations to be accessed in the DMA operation; and

a next register for storing a value representative of the completion of the DMA
operation or representative of a memory address corresponding to a link list including a
starting memory address, a count value and a next memory address to be loaded into the

address register, the count register, and the next register.



transfer for a channel is the nunber of remaining free nenory | ocatiaqn
: ! e Y

within the systemnenory. Fromthe foregoing it will be appreciate
al t houghygRgeddibgre enbodi nents of the invention have ber/desesizesd herein
for purposes of i1llustration, 10 various nodifications my be made w t hout

deviating fromthe spirit and scope of %@e I nvention. Accordingly, the
I nvention is not limted except as by the appended clains. 1 8 JAN 2007 WO
2005/ 010670 PCTI US2003/021993 17 CLAIMS 1. A nenory nodul e, conprising: a
plurality of menory 1gevi %elﬁ'mg}?g s@enﬂr%%r}isiﬂé‘b’ conprising: a link interface
for receiving nmenory requests SYAccesS tovat |east one of the menory
devi ces; a menory dewhesory biissur wkich meniptyaequests afeepromddml yndlevi ces, the nenory
device interface coupling nmenory requests.to the mam)rééﬁdtgvi ces forg.gccess
e

g
to at |east one of 2t kasteBeBEoBEmPdye coupled fp thememgpry. £ meEy B8HpFi ng
the link i Hﬁcﬁ'@ Vi ' I , Leact. nmenor
access (WA@??&@%&%@& t rf)césgﬂﬁ?hﬂé&gwp Eﬁ’ t{l%ﬁa??}lgm?}gﬁgl%ﬁfgé\}i ce g

interface, the DVA engi ne liygneteefadengpupleduo yecebgueanary frequesis dersaccess tatat | east

0TS, O o TR VLSS R LR SRR 0 of ol BB © ©

interface, the menory deyinfethoryddideasiOrfade RBupidd foGhb mafibryldeeiced M gtiriie
residing in a single devjce. ]
device interface coupling memory requests to the memory devices for access to at least one of
the memory devices;
a switch for selectively coupling the link interface and the memory
device interface; and
a direct memory access (DMA) engine coupled through the switch to
the memory device interface and the link interface, the DMA engine generating memory

requests for access to at least one of the memory devices to perform DMA operations.

14. The memory system of claim 13 wherein the memory hub is an
embedded system having the link interface, the memory device interface, the switch, and the

DMA engine residing in a single device.

15.  The memory system of claim 13 wherein the memory bus comprises a

high-speed memory bus.

16.  The memory system of claim 13 wherein the memory bus comprises a
high-speed optical memory bus and wherein the link interface comprises an optical memory

bus interface circuit for translating optical signals and electrical signals.

17. The memory system of claim 13 wherein a plurality of memory
modules are included in the memory system and a first memory module of the plurality of
memory modules is coupled to the memory bus and the remaining memory modules of the

plurality are coupled in series with the first memory module.



3. The menory nodule of claim 1l wherein the nenory device interface
conprises: a nenory controller coupled to the switch through a nennrQBJANZMW
controller bus and further coupled to the nenory devices through a nenory
devi ce bu¥O WoHPI06W buf f er coupled to the nenory contr ol PEFUS904/6218%3i ng
menory requests directed to at | east one of the nenory devices to which the
menory controller is coupled; and a cacde coupled to the menory controller
for storing data provided to the nenory devices or retrieved fromthe
menory devices. 1 8 JAN 2007 WO 2005/010670 PCT/ US2004/021993 18 4. The
menory nodul e of cl ailsn 1 Wieemesnory st dfctlaiooipr whersinaa qlwskty dlameswivt ch.

5. The nenory, nodul e

of claim1l wherein the plurality.of nenor vices is
a bank of FBPRMS aEFe‘@‘FIBé%d Bl PRGUEFY ag@@gﬁgﬁﬁleghggl%ognwﬂﬁﬁlrgmﬂ%&agﬂ on.
6. The nE”DJoﬁﬂlg@éﬁ@cﬁyiﬁthG LR budiRo8E b fefRofelinklintedfacef menory devices
conprise synchronous dynam ¢ random access nenory devices. 7. The nmenory

nodul e of claim 1 wherein the DVA engine conprises: an address register for

PLorL 1% S L1, R oyl SR T oS

| ocation for storing d targ SS O oca I's to be
noved in t hef thVherfigrg hab tanprisas:count regi ster for storing a count val ue

i ndi cative of the nunber of nenpry |I|ocations to ge accessed in tffe E)I\/A
operation; and a nex® My centrallsy cauplsd; ta ghe;swi ough A daerpqry coRtEellst bsh e

compl et on. gl siier DiMBleadP Hethdry 8yidel BEGRBAALALS lic@pugprmor y addr ess
corresponding to a nk ?I gt Including a ‘“start id(ng menory address, a count

val ue and a next nmenmmritadidifes®upled iethe osaiady contellehfer storing memory requests

directed to at least one of the memory devices to which the memory controller is coupled; and

a cache coupled to the memory controller for storing data provided to the

memory devices or retrieved from the memory devices.

20.  The memory system of claim 13 wherein the switch of the memory hub

comprises a cross-bar switch.

21.  The memory system of claim 13 wherein the plurality of memory
devices of a memory module represents a bank of memory devices simultaneously accessed

during a memory operation.

22. The memory system of claim 13 wherein the plurality of memory
devices of the memory modules comprise synchronous dynamic random access memory

devices.

23. The memory system of claim 13 wherein the DMA engine of the
memory hub comprises:

an address register for storing a starting memory address of a memory location
in the memory system at which a DMA operation begins;

a target address location for storing a target address of a memory location in

the memory system to which data is to be moved in the DMA operation;



address register, the count register, and the next register. 8. A nmegnpr w
for a nmenory nodul e having a plurality of nmenory devices, conprisin .JéN
link int W(;?oﬁg/ofoglio recei ving nenory requests for accesspeiubsinsh219982 of the
menory devices; a nenory device interface for coupling to the nenory
devices, the nmenory device interface cogpling nmenory requests to the nenory
devices for access to at |east one of the nenory devices; a switch for
selectively coupling the link interface and the nenory device interface;
and 1 8 JAN 2007 WO 2005/010670 P S2004 . 1 direc r

access (DMA) engine %8?}5\%(5??'{8% 8rusgt h%egog\% {'aglﬁe]]? gl%at%v%e('frqfhéerr%t p;?/beégg?%% °¥y

i nterface, lbdagiotdvhben@essed gathe DMA ogeratioapand r equests for access to at |east °
one of the menory devices to perform DVA operations. 9. The pemgry hub of
claim8 wherein the Ppeft et fongemeayalucasrsesyniativs of the ‘F‘W?Ié‘?@&g’g the IpMA

switch, an REGR t i di i -
o Y SRR ARAL e PRI uBks MRt 000 U Bechaths

devi ce. 10. u alm vice I nt egfaace
conpri ses: sartingnemonyaadidress,|accounb ugdhednd a nektemembtycdddtess cubéd laadedk imbe yhe
controller s and fyrther couple o the nenory devices through a nmenory
devi ce bus;agé}eWFglge%ﬂﬁeP@?mé‘Eﬁﬁ%eﬂ’%t RXEesIebr v control ler for storing
menory requests directed to at | east one of the nenory devices to which the
menory controller is coupled; and a cache coupled to the nmenory controller
for storing data pro%4 dedAcempyer system, comprising:

a central processing unit (“CPU”);
a system controller coupled to the CPU, the system controller having an input
port and an output port;
an input device coupled to the CPU through the system controller;
an output device coupled to the CPU through the system controller;
a storage device coupled to the CPU through the system controller;
at least one memory module, the memory module comprising:
a plurality of memory devices; and
a memory hub, comprising:

a link interface coupled to receive memory requests for access
to at least one of the memory devices of the memory module on which the link interface is
located;

a memory device interface coupled to the memory devices, the
memory device interface coupling memory requests to the memory devices for access to at
least one of the memory devices;

a switch for selectively coupling the link interface and the
memory device interface; and

a direct memory access (DMA) engine coupled through the
switch to the memory device interface and the link interface, the DMA engine generating
memory requests for access to at least one of the memory devices of the plurality of memory

modules to perform DMA operations; and



menory devices or retrieved fromthe nenory devices. 11. The nenory mﬁ)
claim8 wherein the switch conprises a cross-bar swtch. 12. The m; M%
of claim8 wherein the DVA engine conprises: an address register for storing
a starti ngonsrsmgs7addr ess for a DVA operation; a targePCAAER492Y98tat i on
for storing a target address of a location to which data is to be noved in
t he DVA operation; a count register for Btoring a count value indicative of
t he nunber of nmenory |locations to be accessed in the DVA operation; and a
next register for storing a value representative of the conpletion of the

DMA operation or repreagiinahiiomn liak ceupl@henyecadhs gsencantreliqrand atlgast onea | i nk
list including a starting nenory_ address, a count value and a_next nmenory
addr ess t o Hfethe phurality joftracraors mogyles der cqupling memory FrauesiyArd dafgibepisen theng t he

next regi stﬁmm%ogu&éyag@ﬁ;gme%gg%&;omo PCTI US2004/ 021993 20 13. A

. menory system conprising: a us on which nenory requests are
provi ded; and at |east one nenory nodul e coupled to the nenory bus, the

menory nodule having_a plurality of nen(l%)tr%j .degj‘cgis an&a Menor. t.hu . .1 he
mermory hub conpri si ng.s‘ a I'PKOPRYtE, PEER Youpfed” (G4t A% O TREHBRY P eitfest s
for access {gnfises d BgRbpedeori i, Menory devices of the menory nodul e on
which the link interface is |loCated; a nenory device interface coupled to

t he nenory devices, the nenory device interface coupling nenory requests to

the nenory devices fqgr acgess tao at _|eas . vices; a
switch for selecti ve??/’ coup‘f icﬂﬁg?tﬁesxs%%k%lf%Pg??iécg%gﬁgpﬁﬁg&ﬁemﬁﬁr%& £ o
embedded system having the link interface, the memory device interface, the switch, and the

DMA engine residing in a single device.

27. The computer system claim 24 wherein the communications link
comprises a high-speed optical memory bus and wherein the link interface of the memory hub
comprises an optical memory bus interface circuit for translating optical signals and electrical
signals.

28.  The computer system of claim 24 wherein a plurality of memory
modules are included in the computer system and a ﬁrst\ memory module of the plurality of
memory modules is coupled to the communications link and the remaining memory modules

of the plurality are coupled in series with the first memory module.

\ 29.  The computer system of claim 24 wherein a plurality of memory
modules are included in the computer system and each of the plurality of memory modules

are coupled directly to the memory bus through a respective link interface.

30.  The computer system of claim 24 wherein the memory device interface
of the memory hub comprises:
a memory controller coupled to the switch through a memory controller bus

and further coupled to the memory devices through a memory device bus;



device interface; and a direct nmenory access (DWVA) -engi ne coupl ed tthu%ﬁﬂm
the swwtch to the nenory device interface and the link interface, t J 07
engi ne g bfdg7grenory requests for access to at | eaptToBROb21b8E NENDIY
devi ces W{o‘@%’?@?m DVA operations. 14. The menory system of claim 13 wherein
the menory hub is an enbedded system haying the link interface, the nmenory
device interface, the switch, and the DMA engine residing in a single

device. 15. The nenory system of claim 13 wherein the nenory bus conprises a
hi gh- speed nenory bus,. .16 V, ' . | nory
bus conprises a hi g%yvg%eeté%geg%? ﬁﬂgég){on%ﬁo@gn%%ggngﬁg@ﬂm%%épﬁ@?rhegioﬁ% fieslt®

i nterface diasgped oasleas onpdf thamenernudeyicesdiosvhich the ineawrcéantrolldr i @upledgaxd| at i ng

optical signals and electrical ,sighals. 17. Th mory. system of ¢laim 13
wherein a plurality ®rachsroupled fo, @gmawecqnﬁeﬁ?fg@a 'S't"i’imﬁffé%‘rdﬁgé‘yélleem and
a first m%ﬁﬂg}%e@op{etﬁ&&ﬂbﬂ%&lédo fieviBgnory nodules is coupled to the

menory bus an e remai ning nenory nodules of the plurality are coupled in
series with the first nmenory nodul e.

31.  The computer system of claim 24 wherein the switch of the memory

hub comprises a cross-bar switch.

32.  The computer system of claim 24 wherein the plurality of memory
devices of a memory module represents a bank of memory devices simultaneously accessed

during a memory operation.

33.  The computer system of claim 24 wherein the plurality of memory
devices of the memory module comprise synchronous dynamic random access memory

devices.

34. The computer system of claim 24 wherein the DMA engine of the
memory hub comprises: |

an address register for storing a starting memory address of a memory location
in the memory system at which a DMA operation begins;

a target address location for storing a target address of a memory location in
the memory system to which data is to be moved in the DMA operation;

a count register for storing a count value indicative of the number of memory
locations to be accessed in the DMA operation; and

a next register for storing a value representative of the completion of the DMA
operation or representative of a memory address corresponding to a link list including a
starting memory address, a count value and a next memory address to be loaded into the

address register, the count register, and the next register.



