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MEMORY MODULE | NCLUDI NG A MEMORY MODULE CONTROLLER RELATED APPLI CATI ONS
Thi s appl i catw@eyigst €l ated to and clains the benefit of the pcirjusgoedies
of the followng United States Provisional Patent Applications: (1)

Provi si onal Application No. , entitled DI STRIBUTED CONTROL MEMORY BUS
ARCHI TECTURE, filed on Decenber 5,1997; and (2) Provisional Application No.
, entitled DI STRIBUTED CONTROL MEMORY BUS ARCHI TECTURE, filed on Decemnber
-5, 1997. These applications are assigned to the sane assignee as the
present application. This application is also related to U. S. Patent
Application No. entitled MEMORY SYSTEM | NCLUDI NG A MEMORY MODULE HAVI NG A
MEMORY - MODULE CONTROLLER filed on February 13,1998, and U. S. Patent

Application No. , entitled I\/EI\/D?Y MODULE CONTROLLER f| I ed on February 13,
1998, each of ypi AP ‘ : .
application. F

\
the field of nmenory systens. More
LA APPLICATIONS

This application is related to and claims the benefit of the filing dates
of the following United States Provisional Patent Applications: (1)
Provisional Application No. entitled DISTRIBUTED CONTROL

MEMORY BUS ARCHITECTURE, filed on December 5, 1997; and (2)

Provisional Application No. , entitled DISTRIBUTED CONTROL

MEMORY BUS ARCHITECTURE, filed on December 5, 1997. These

applications are assigned to the same assignee as the present application.
This application is also related to U.S. Patent Application No. ___,

entitled MEMORY SYSTEM INCLUDING A MEMORY MODULE HAVING

A MEMORY MODULE CONTROLLER filed on February 13, 1998, and U.S.

Patent Application No. , entitled MEMORY MODULE CONTROLLER

filed on February 13, 1998, each of which is assigned to the assignee of the
present application.
FIELD OF INVENTION

The present invention pertains to the field of memory systems. More
particularly, the present invention relates to a memory system that includes
a memory controller on a memory module.

BACKGROUND

Memory modules such as single in-line memory modules (SIMMs)

and dual in-line memory modules (DIMMs) are typically used to store data,
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particularly, the present invention relates to a nenory systemthat

I ncl udes a ,ﬁ%ga controller on a nmenory nodule. BACKGROUN nory
nodul es suc siéﬁ?ngl e in-line nenory nodul es (SI M) and gﬁglus?gﬁgllgﬁe

menory nodul es (DIMWs) are typically used to store data,

I nstructions, and other information in conputers or other digital systens.
Figure 1 shows a typical nenory systemin which processor 102 comruni cates
wi th dynam ¢ random access nenory (DRAM devices 110- 117 on nenory nodul es
106 and 108, respectively, via nenory controller 104. Menory controller 104
communi cat es appropriate nenory instructions (e.g., wite, read, refresh,
etc.) to nenory nodul e 106 via address and command bus 118, and to nenory
nodul e 108 via address and command bus 120. Data is transferred from nenory

GOt St ale Ui aNdN, s or SRR ok 170
Figure 1 shows a typical memory system in which processor 102
communicates with dynamic random access memory (DRAM) devices 110-
117 on memory modules 106 and 108, respectively, via memory controller
104. Memory controller 104 communicates appropriate memory instructions
(e.g., write, read, refresh, etc.) to memory module 106 via address and
command bus 118, and to memory module 108 via address and command
bus 120. Data is transferred from memory controller 104 to both modules via
bus 122.

There are at least two disadvantages associated with the conventional
memory system of Figure 1: (1) buses 118, 120, and 122 are multi-drop buses
that have high capacitive loads which require large drivers in memory
controller 104 and in DRAMSs 110-117 (to drive bus 122); and (2) there tends
to be large mismatches in loading between the address and command buses
and data bus 122. These disadvantages combine to reduce the maximum
operating frequency, increase power consumption, and decrease performance
of the system. Additionally, memory controller 104 may include a high
number of pins (e.g., approximately 190 pins for a 4 DIMM SDRAM system)
to support access to memory modules 106 and 108. The bus width of data bus

. 122 is often 64 or 72 bits wide to support larger bandwidths, for example, of
up to 100 mega transmissions per second (MT/s).

Figure 2 shows another typical memory system that uses technology

from Rambus, Inc. of Mountain View, California. In this system, processor
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menory systemof Figure 1: (1) buses 118, 120, and 122 are nulti-drop buses
that have hi gy éfigei tive | oads which require large drivers iPCTESY0M942
controller 104 and in DRAMs 110-117 (to drive bus 122); and (2) there tends
to be large m smatches in | oadi ng between the address and command buses and
data bus 122. These di sadvantages conbine to reduce the nmaxi num operating
frequency, increase power consunption, and decrease performance of the
system Additionally, memory controller 104 may include a high nunmber of
pins (e.g., approximtely 190 pins for a 4 DI MM SDRAM system to support
access to nenory nodul es 106 and 108. The bus width of data bus 122 is
often 64 or 72 bits wide to support |arger bandw dths, for exanple, of up
to 100 nmega transm ssions per second (MI/s). Figure 2 shows anot her

typi cal menor02saEhefitibaes wits Rapshisodpaymid eanddaniadeessimemory Mount ai n
View, California. In this system processor
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access nmenory (RDRAM err]) devices 210-217 on nenory nodul es 206 and 208

(al so cal | ed Rambus in-line memory modules or RIMM™ modules), respectively, via
memory controlier 204, Memory controller 204 communicates appropriate
memory instructions (e.g., write, read, refresh, etc.} and data in a time-
multiplexed fashion to memory modules 206 and 208 via memory specific
bus 226. Each of the RDRAM™ devices 210-217 include interface logic 218-
225, respectively, that enables the RDRAM™ devices to interface to memory
specific bus 226. Memory specific bus 226 may operate at a high frequency
(e.g., 250 to 400 MHz), have a small bus width (e.g., 16 or 18 signal lines), have
symmetric loading for address, command, and data information, and have a
bandwidth of up to 800 MT/s. In other embodiments, the address and
control information may be separated (demultiplexed) from the data bus in
this environment.

The system of Figure 2 has a number of disadvantages. Each

RDRAM™ device includes a significant amount of logic in the interface
logic which makes implementation of the RDRAM™ devices more difficult
and more expensive than other DRAM devices, and which causes the
RDRAM™ deviceé to draw more power and dissipate more heat than if the
logic was not present. This may lead to thermal and reliability problems.
Additionally, each RDRAM™ typically includes a delay locked loop (DLL)
circuit coupled to a plurality of clock signals on bus 226. The DLL circuits are

typically always functioning and drawing significant amounts of power
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Ranmbus in-line menory nodules or RRMM err] nodul es), respectively, via
menory controller 204. Menory controller 204 communi cates a |
menory ins\vpl?c?{"f{?ﬁs (e.g., wite, read, refresh, etc.) and gg’f/g@lljdr/lﬁg i me-
mul ti pl exed fashion to nmenory nodul es 206 and 208 via nmenory specific bus
226. Each of the RDRAM err] devices 210-217 include interface |ogic 218-
225, respectively, that enables the RDRAM err] devices to interface to
menory specific bus 226. Menory specific bus 226 nmay operate at a high
frequency (e.g., 250 to 400 MHz), have a small bus wdth (e.g., 16 or 18
signal lines), have symetric | oading for address, conmand, and data

i nformati on, and have a bandwidth of up to 800 MI/s. In other enbodi nents,
t he address and control information may be separated (denultiplexed) from
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i ncludes a delay |ocked |oop (DLL) ~circuit coupled to a plurality of clock
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drawi ng significant anounts of power -3
- predetermined times. The memory devices and memory controller must

then be designed to work together. It would be advantageous to decouple the

design of the memory devices and the memory controller such that

independent advances may be made in each technology. It would also be

desirable to decouple the operation of the memory devices from the memory

controller to decrease power drawn by each memory device and by the entire

memory system.

Other features and advantages of the present invention will be

apparent from the accompanying drawings and from the detailed description

that follows.




whi ch f?ntrggztes to thermal and reliability issues. Additionally, menory
controller must include relatively large drivers to drivedjuss

In each of tWOMMSy systems described ingFi gures 1 and 2, ?)he neg%/grﬁ);z
controller nmust be designed to provide the appropriate nmenory transactions
to the nmenory devices in a predetermned format and at predeterm ned tines.
The nmenory devi ces and nenory controller nust then be designed to work
together. It would be advantageous to decouple the design of the nenory
devices and the nenory controller such that independent advances nmay be
made in each technology. It would al so be desirable to decouple the
operation of the nenory devices fromthe nenory controller to decrease
power drawn by each nenory device and by the entire nmenory system

O her features and advantages of the present invention will be apparent

fromthe accgﬁﬁgyﬂ)ﬂggmdq%ﬁlﬁ{érmmést ai l ed description that

fol | ows.
The features and advantages of the present invention are illustrated by

way of example and not limitation in the figures of the accompanying
drawings in which like references indicate similar elements and in which:

Figure 1 is a block diagram of one embodiment of a conventional
memory system;

Figure 2 is a block diagram of another embodiment of a conventional
memory system;

Figure 3 is a block diagram of one embodiment of a memory system
according to the present invention;

Figure 4 is a block diagram of another embodiment of a memory
system according to the present invention;

Figure 5 is a block diagram of one embodiment of a dynamic random
access memory (DRAM) module including a DRAM memory module
controller;

Figure 6 is a block diagram of one embodiment of a static random
access memory (SRAM) module including an SRAM memory module
controller;

Figure 7 is a block diagram of one embodiment of nonvolatile

memory module including a nonvolatile memory module controller;



4 BRI EF DESCRI PTI ON OF THE DRAW NGS The features and

advant ages,_ of present invention are illustrated-by way 557(&9 e and
not lim ta\y?)(?ﬁhﬁ%t he figures of the acconpanying draw ngs F‘g’b\}\%l C +2| ke

references indicate sinmlar elenents and i n which:

Figure 8 is a block diagram of one embodiment of the memory
module controller of Figure 3 coupled to a time multiplexed system memory
bus;

Figure 9 is a flow chart of one embodiment of the process
implemented by the memory module controller of Figure 8;

Figure 10 is a block diagram of one embodiment of the memory
module controller of Figure 3 coupled to a demultiplexed system memory
bus;

Figure 11 is a flow chart of one embodiment of the process
implemented by the memory module controller of Figure 10;

Figure 12 is a block diagram of one embodiment of a memory module
including a memory module controller interfacing SDRAM devices with a
system memory bus using a Direct Rambus™ protocol;

Figure 13 is a flow chart of one embodiment of a read transaction
implemented by the memory module controller of Figure 12;

Figure 14 is an exemplary timing diagram of the read transaction
implemented by the memory module controller of Figure 12;

Figure 15 is a flow chart of one embodiment of a write transaction
implemented by the memory module controller of Figure 12;

Figure 16 is an exemplary timing diagram of the write transaction

implemented by the memory module controller of Figure 12;




Figure 1 is a block diagram of one enbodi nent of a conventional nenory
system wdisdiiE® 2 is a bl ock diagram of another enbodi merCT/U$9991942
conventional nenory system Figure 3 is a bl ock diagram of one
enbodi ment of a nenory system according to the present invention;

Figure 4 is a block diagram of another enbodi nent of a nenory system
according to the present invention; Figure 5 is a bl ock diagram of
one enbodi nent of a dynam c random access nenory (DRAM nodul e including a
DRAM nmenory nodul e controller; Figure 6 is a bl ock diagram of one
enbodi ment of a static random access nenory (SRAM nodul e includi ng an SRAM
menory nodul e controller; Figure 7 is a bl ock diagram of one

enbodi ment of nonvol atile nmenmory nodul e i ncluding a nonvol atile nmenory

modul e control | er Figure 17 is an exemplary timing diagram of a read tratws@ction
implemented by the memory module controller of Figure 12 using a
modified protocol; and
Figure 18 is an exemplary timing diagram of a write transaction
implemented by the memory module controller of Figure 12 using a

modified protecol.



Figure 8 is a block diagram of one enbodi nent of the nenory nodul e

controll er Figure 3 coupled to a tine nultiplexed syst us;
Fi gure QW%QJé“P#’gW chart of one enbodi nent of the process inp en@#ﬁgd by
the nenory nodul e controller of Figure 8; Figure 10 is a block

di agram of one enbodi nent of the nmenory nodul e controller of Figure 3
coupled to a denul tipl exed system nenory bus; Figure 11 is a flow
chart of one enbodi mnent of the process inplenmented by the nenory nodul e
controller of Figure 10; Figure 12 is a block diagram of one

enbodi mrent of a nmenory nodul e including a nmenory nodul e controller
interfacing SDRAM devices with a system nenory bus using a Direct
Ranbus[err] protocol; Figure 13 is a flow chart of one enbodi ment of

a read tﬁ@g@k?@?@mgﬂlﬁbﬂlhe menory nodul e-control |l er of Figure
12; I gure 's an exenplary timng diagramof the read transaction
i mpl ement ed bPrieheémbBdbhEntBf the tpeegsﬂtqhbeﬁti@ﬁ ih¢ltdes alsemory Floure 15
is a flow chart of one enbodinment of a wite transaction 1 npfenented by the

merory nbdhde ¢hat had | @ phafality of nterhdry devices ahidgy eerdbry tnoatulexenpl ary
timng diagramof the wite transaction inplemented by the nenory nodul e
control | eontodllés gomfeguiie:d to receivea memory transaction from a first memory- 6-

bus and to control access to the plurality of memory devices. -
Other objects, features, and advantages of the present invention will
be apparent from the accompanying drawings and from the detailed

description that follows.




Figure 17 is an exenplary tim ng diagramof a read transaction inplenented

by the nenoryyg@glikdy controller of Figure 12 using a nodifiedp@FpPéffmdsy and
Figure 18 is an exenplary timng diagramof a wite transaction | nplenented

by the nenory nodule controller of Figure 12 using a nodified protocol.

DETAILED DES TION

A memory system including distributed control of memory devices on
memory modules is described. The present invention includes a memory
module controller device on each memory module in the system. The
memory module controller communicates with the system memory
controller over a system memory bus and with the individual memory
devices at the module level. The system memory bus may be a low pin
count, high frequency, multiplexed or demultiplexed bus. The memory
module controller may communicate with the individual memory devices
over wider, lower frequency, demultiplexed signals lines. As the system
memory controller communicates directly with only the memory module
controllers, the loading on the system memory bus may be reduced and the
size of the bus drivers in the system memory controller may also be reduced.

The memory module controller on each memory module is the
interface between the system memory controller and the individual memory
devices on the modules. This architecture decouples the individual memory
devices from the system memory bus and the system memory controller.
This may allow for the independent development of the memory device
technology. For example, the memory devices may be developed to be faster,
wider, to operate at different operating supply voltages, or to operate with
reduced voltage swings than if the memory devices where directly

communicating with the system memory controller.
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SUMMARY OF THE | NVENTI ON One enbodi ment of the present invention

I ncl udes a mem)rﬁq nodul e that has a plurality of nenory deviP b 19?2
menory nmod W YPr ol | er configured to receive a nenory transactron from a

first menory bus and to control access to the plurality of nenory devi ces.
O her objects, features, and advantages of the present invention wll be

apparent fromthe acconpanying drawi ngs and fromthe detail ed description
t hat foll ows.

The memory module may have its own memory address lines,
control lines, and data lines between the memory module controller and the
individual memory devices. The signal lines for these point-to-point or bus
connections may be significantly shorter than the system interconnection
buses used in conventional memory systems. This may allow for reduced
loading, better control of capacitance on the address and data lines, and may
increase the maximum operating frequency of the module while reducing
power drawn by the system. Additionally, power may be further reduced by
omitting DLLs from the individual memory devices. A DLL may be
included within the memory module controller if required for interfacing
with the system memory bus.

Figure 3 is a block diagram of one embodiment of the present
invention. System 300 includes processor 302, system memory controlier
304, and memory modules 306 and 308. Processor 302 communicates with
system memory controller 304. Processor 302 may be any control logic or
microprocessor that communicates write, read, and other memory
transactions to system memory controller 304. System memory controller
304 communicates the memory transactions to memory module controllers
310 and 316 of memory modules 306 and 308, respectively, via system
memory bus 323. System memory controller 304 may be part of a chip set for
a personal computer, for example, or it may be other independent logic.

Memory modules 306 and 308 may be SIMMs, DIMMs, RIMM™

modules, or any other type of memory modules. Each memory module
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- 8- DETAI LED DESCRI PTI ON A menory system incl udi ng

di stributed wewbiapds7of nenory devices on nenory nodul es is desxwussedisdThe
present invention includes a nenory nodul e controller device on each nenory
nodul e in the system The nmenory nodul e controller conmunicates with the
system menory controller over a systemnenory bus and with the individual
menory devices at the nodule level. The system nenory bus may be a | ow pin
count, high frequency, nultiplexed or denultiplexed bus. The nmenory nodul e
controll er may comuni cate with the individual nenory devices

includes a memory module controller and one or more memory devices.
For example, memory module 306 includes memory module controller 310
and memory devices 312-315, and memory module 308 includes memory
module controlier 316 and memory devices 317-320. The memory module
controllers may be separate integrated circuits from the memory devices.
While system 300 is illustrated as including two memory modules, any
number of memory modules may be used. The memory devices may be
placed on one side of the module, on both sides of the module, and/or they
may be stacked on top of each other. The module may also be a multi-chip
module. For one embodiment, a memory module may have an
approximate height 350 of from 1 to 2 inches, and an approximate length 352
of from 4 to 6 inches.

Memory modules 310 and 316 communicate memory transactions
with system memory controller 304 via system memory bus 323. System
memory bus 323 may be a low pin count (e.g., approximately 16 to 35 address,
data and control signal lines) bus operating at a high frequency. For one
embodiment, system memory bus 323 may operate at a frequency of
approximately 200 to 500 MHz. Other frequencies may be used. System
memory bus 323 includes a command /address bus 324 and a data bus 328.
Command/address bus 324 may time-multiplex commands and address
information on one or more of the signal lines. The command and address
bus 324 may also be split into separate command and address buses as in

SDRAMs. System memory bus 323 may optionally include clock bus 322
-11 -



over wider, |ower frequency, demultiplexed signals lines. As the system

menory conwd)%d‘ﬁg communi cates directly with only the nmenor\pciasishBiosz
controllers, ﬁe tToadi ng on the system nmenory bus may be reduced and the

size of the bus drivers in the systemnenory controller nmay al so be
reduced. The nenory nodul e controller on each nenory nodule is the

I nterface between the systemnenory controller and the individual nenory
devi ces on the nodul es. This architecture decouples the individual nenory
devices fromthe system nenory bus and the system nenory controller. This
may allow for the independent devel opnent of the nenory device technol ogy.
For exanple, the nenory devices nmay be devel oped to be faster, wder, to
operate at different operating supply voltages, or to operate with reduced

tvﬁlet ?3; Swhag ?Dary;a%rgzzorﬂwe@@ ot RS M BICsAIhé BF lsbYaraPEBighiat ﬁh_b%}? Wi th
WO 99/ 4166ehd handshaking bus 326 that may carry a handshaking signal between |

system memory controller 304 and memory module controllers 310 and 316.

The handshaking signal may be generated by system memory controller 304,

for example, at the start of a memory request packet or when it is

transmitting valid data on data bus 328. The handshaking signal may be

generated by memory module controllers 310 and 316 when they are

providing valid data requested by system memory controller 304 to data bus

328.

For one embodiment, system memory bus 323 may be compatible with
the Direct Rambus™ bus architecture that includes 16 or 18 data bits on bus
328, one or more clock signals on bus 322, and command and address
information on bus 324. The clock signals for this embodiment may run at
rates of approximately 400 MHz enabling a data transmission rate of up to 800
MT/s. For this embodiment, system memory controller 304 may be any
controller that may be able to implement the Direct Rambus™ protocol for
memory transactions on system memory bus 323. Additionally, system
memory bus 323 may use Rambus Signaling Levels (RSL) for the signals
transferred on the bus. For alternative embodiments, any other type of
appropriate signaling levels may be used including TTL, CMOS, GTL, SSTL,
CTT or other signaling levels.

For another embodiment, system bus 323 may be one general purpose

bus that carries time-multiplexed address, data, and control information. For
-12-



The nenory nodul e may have its own nenory address |lines, control |ines,
and data |inavobmarseen the nenory nodul e controller and the i pdraosssanbaz
menory devi ces. The signal lines for these point-to-point or bus
connections nmay be significantly shorter than the system i nterconnection
buses used in conventional nenory systens. This may allow for reduced

| oadi ng, better control of capacitance on the address and data |ines, and
may i ncrease the maxi mum operating frequency of the nodul e while reducing
power drawn by the system Additionally, power nmay be further reduced by
omtting DLLs fromthe individual nenory devices. A DLL may be included
within the nenory nodul e controller if required for interfacing with the
system nenory bus. Figure 3 is a block diagram of one enbodi nent of

the present exaropld, systesybued23aday be compatiblowithsOsn@fZentsated BazeTENDI Y
controller 304, and nmenory nodul es 306 and 308. Processor 302 conmuni cates
wi th system Famirus™ auchisédtures3oBor these essbodiattsisystem anymoey tooakrdllegi
or m'croprocgs%or that communicates wite, read, and ot her nenory

t r ansact i onsS¢bmaARbe anfreeptiplles thatanag bezdle teysplemerdrthese protocalsifer 304
comuni cates _the nenpory transactions to nmenmory nodule controllers 310 and
316 of nenor PERSRY Tanagwions Progystemamnemarny\is323yi a syst em menory bus 323.

computer Tor oxaRprem menery i 5 B2 by phpbAed opacprinied s y
[rgggl gfs ?&ggoﬁ§grﬁd30 @ﬁ(l',’ggﬁla%}eﬁ%y&%ﬁ%@ﬁ&%oﬂtﬂﬂe@tﬁ%ﬂl S irtercomhection”
-10- slots for modules 306 and 308 as shown in Figure 3. Alternatively, system
memory bus 323 may be routed through separate channels of memory
modules 306 and 308 such as channels 402, 404, 406, and 408 as shown in
Figure 4.
Memory module controllers 310 and 316 operate as bridges between
system memory bus 323, that operates in one protocol or format, and local or
memory module buses (e.g., lines 330, 332, and 334-337) that operate in a
second different protocol or format. Each memory module includes control
logic necessary to interpret the memory transaction on system memory bus
323 and translate that transaction into the appropriate control, address, and
data signals for its memory devices on the memory module. Similarly, the
memory modules interpret the memory transactions on the local or memory
module bus into the format required to transmit the transaction to the
system memory controller 304 via system memory bus 323.
Memory module controllers 310 and 316 may also include circuitry
necessary to perform refresh operations of dynamic memory devices,

prefetch operations, error correction functions that may use, for example,
-13-



I ncl udes a nenDry nodul e controller and one or nore nenory devices. For

exanpl e, %gﬂule 306 includes nenory nodul e control | erpcdhisoosivda
menory deV|ces‘§ 315, and nenory nodul e 308 includes nenory nodul e
controller 316 and nenory devi ces 317-320. The nenory nodul e controllers
may be separate integrated circuits fromthe nenory devices. Wile system
300 is illustrated as including two nenory nodul es, any nunber of nenory
nodul es may be used. The nenory devices may be placed on one side of the
nodul e, on both sides of the nodule, and/or they may be stacked on top of
each other. The nodule nmay al so be a multi-chip nodul e. For one enbodi nent,
a nenory nodul e may have an approxi mate height 350 of from1l to 2 inches,
and an approxinmate length 352 of from4 to 6 inches. Menory nodul es

230 74 e dnpieol oo tho L v R
(e.g.. apppfesefiné detect €ircQitsp ADUILEScuit, power management circuitry that may

shut off the clock signals or clock enable signals for the memory devices or

provide other power down circuits, program and erasing voltages for

nonvolatile memory circuits, and/or levelizing circuitry to generate signals

on system memory bus 323 in the appropriate clock domains (if there is more

than one clock domain on system memory bus 323).

Each memory device on the memory modules communicates
memory transactions with its memory module controller via address, data,
and control signals. Memory transactions are those transactions that are
appropriate for each type of memory device used. For example, the memory
transactions may include write, read, refresh, prefetch, power down, reset,
erase, and the like. Memory module 306, for example, may communicate
memory addresses to memory devices 312-315 via signal lines 330, control
information (e.g., chip enable signals, write enable signals, RAS, CAS, output
enable signals, etc.) via signal lines 332, and data via point-to-point
connections 334-337. Each of the signal lines 330, 332, and 334-337 may be one
or more signal lines. Signal lines 330 and 332 may be buses that connect to all
four memory devices 312-315, to groups of memory devices (e.g., two ata
time), or they may be point-to-point connections to memory module
controller 310. Similarly, memory module 308 may communicate memory
addresses to memory devices 317-320 via signal lines 338, control

information via signal lines 340, and data via point-to-point connections 341-
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data and control signal lines) bus operating at a high frequency. For one

enbodi ment, @%ﬁmﬁemry bus 323 may operate at a frequency RIT/US99/01942
approxi mat el y 0 to 500 MHz. O her frequencies may be used. System nenory
bus 323 includes a conmand/ address bus 324 and a data bus 328.
Command/ addr ess bus 324 may tinme-multiplex commands and address information
on one or nore of the signal |lines. The command and address bus 324 nay

al so be split into separate command and address buses as in SDRAMs. System
menory bus 323 may optionally include clock bus 322

-11 that may carry one or nore clock signals on the sane or
separate signal |ines, and handshaki ng bus 326 that may carry a handshaki ng
si gnal between system nmenory controller 304 and nmenory nodul e controllers

310 and 316. 31@.9%61@@?Iﬂﬁi‘hig&aﬁiiﬁé@%mm,b@uﬂsmBﬂ fAthybe 648 beMdTe 1
controller 304, for exanple, at the start of a nenory request packet or

mhenbit Is tigegmtting valid data on data bus 328. The handshaki ng si gnal

e For one embodiment, the number of signal lines 334-337 may be the
same as the number of signal line carrying data for system memory bus 323.
For another embodiment, the number of signai lines 334-337 may be
collectively greater than the number of signal lines carrying data from system
memory controller 304 to memory module controlier 310 on system memory
bus 323. This may increase the bandwidth of the data transfer on the
memory module. For example, system memory bus 323 may carry 16 data
signals in parallel on bus 328 and memory module controller 310 may
simultaneously provide 16 data signals to each of memory devices 312-315.
Because the data bus width may be wider (e.g., 64 or 72 bits wide) than that of
system memory bus 323 (e.g., 16 bits wide), memory module controller 310
may supply a clock signal on bus 330 to memory devices 312-315 that is a
lower frequency than that running on system memory bus 323. For one
embodiment, the clock frequency on bus 330 may be approximately 50 to 200
MHz, for example, when the frequency of the clock signal on clock bus 322 is
approximately 100 to 400 MHz. The frequency of the clock signal on clock
bus 322 may also be double-pumped, that is, perform an action (e.g., load
data) on each clock edge.

By having local address, control, and data lines on the memory

modules which are decoupled from system bus 323, the length of these

signals may be reduced over those on the system memory bus, the loading of
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.-geﬁéFated by menory nodul e controllers 310 and 316 when they are providing

val i d dat ed by system nenory controller 304 to dat
bIRALGY POPRROTA, | cct

For one e system nenory bus 323 may be conpati bl e w

Ranbus[err] bus architecture that includes 16 or 18 data bits on bus 328,
one or nore clock signals on bus 322, and command and address information
on bus 324. The clock signals for this enbodi nent may run at rates of
approxi mately 400 MHz enabling a data transm ssion rate of up to 800 MI/s.
For this enbodi nent, system nmenory controller 304 may be any controller
that may be able to inplement the Direct Ranbus[err] protocol for nenory
transactions on system nenory bus 323. Additionally, system nenory bus 323
may use Rambus Signaling Levels (RSL) for the signals transferred on the

bus. For ahbes naks i&?afﬁ@ Q@R Sverifat @f%ﬁ_}% s&%%%ﬁ{eg@% QRG! %%%ﬁhg{r@' I ng

I evel s may be used iricluding TTL, r other si l'ing
level s.  may befibréaetrtelptoatioNedibetticeh e Hifferohd iRy sBeas%eerﬁ?ef al

pur pose bus that carries tine-nultiplexed address, data, and contro

i nf or mat i adoselprachieve symmetric loading between the signals lindg- For example,
the loading on the data lines and the address and control lines may have
approximately the same loading (e.g., approximately 10 to 40 pF) plus or
minus approximately 10 percent. This may advantageously decrease the
amount of power drawn by the module and increase the maximum
operating frequency of the module for a given memory transaction.

Additionally, by decoupling the memory devices from system
memory bus 323 and system memory controller 304, memory device 312-315
and 317-320 may operate from reduced or different power supply voltages
than those provided to the balance of system 300. For example, memory
devices 312-315 and 317-320 (and /or memory module controllers 310 and 316)
may operate from power supplies of approximately 1.8 volts to 2.5 volts
while the balance of the components in system 300 may operate at 3.3 volts
or 5.0 volts. This may also operate to decrease the amount of power drawn
by the module and thus by system 300. Additionally, the voltage swing of the
signals on lines 330, 332, and 334-337 may be advantageously chosen to be
small (e.g., approximately 1.0 to 2.0 volts) to further reduce power drawﬁ by
memory devices 312-315.
Power may be further reduced for each memory device and for the -

system as a whole when a DLL is required to interface with system memory

bus 323. The DLL may be included within memory module controller 310 |
-16 -




exanpl e, system bus 323 may be conpatible with Concurrent and Base
Ranbus[err] isdydiggt ures. For these enbodi nents, system nmenoPQT/USINGISA2 er
304 may be any controller that may be able to inplenent these protocols for
menory transactions on system nmenory bus 323. System nenory bus 323
may by physically placed on a printed circuit board (PCB) that includes
system nenory controller 304 and interconnection slots for nodules 306 and
308 as shown in Figure 3. Alternatively, systemnenory bus 323 may be
routed t hrough separate channels of nenory nodul es 306 and 308 such as
channel s 402, 404, 406, and 408 as shown in Figure 4. Menory nodul e
controllers 310 and 316 operate as bridges between system nenory bus 323,
that operates in one protocol or format, and | ocal or nenory nodul e buses
(e.g., |inesr&Ber thareadndf ARn@37devtibed 31pBIRAE Mynhaves beemdeqiiitécdirent
protocol or format. Each nenory nodul e i ncludes control |ogic necessary to
i nterpret theomeemtignalr syrsderwsi on on system nenory bus 323 and translate
that transaction into the appropriate control, address, and data signals
for its memory de¥ptesnothertembodinant, addrese lings #80,aeangrolilinesmide apdidEul es
interpret the menory transactions on the | ocal or mory dule bus into
the format ré&ath hees 834-83AmaN be cambinethinterd Bmerlagfml%% Eh Rl

controller 304 via system menpr 23. Menmpry nodul.e cantrollers
310 and 316 grsgwm FeTET HEvices égﬁ?g andcmemary If‘ggﬂér ?%ﬁmlfeéf sh

operations of dyngm c _nenory, devi ~qPrefe erations,.erro .fection
functions that may"gSBETOEY d(?)‘(éﬁ‘?ﬁfézi'mg and é%ﬁomay be‘any type of volatile -13

or nonvolatile memory devices such as DRAMs, synchronous DRAMs
(SDRAMSs), Fast Page Mode DRAMSs (FPM DRAMs), extended data out
DRAMs (EDO DRAMSs), Rambus DRAMs (RDRAM™ devices), synchronous
or asynchronous static random access memory (SRAM) devices, read only
memory (ROM) devices, programmable ROM (PROM) devices, erasable
PROMs (EPROMs), electrically erasable PROMs (EEPROMs), flash memory
devices, and the like. Each memory module may include different types of
memory devices. For example, memory module 306 may include SDRAMs
and memory module 308 may include EDO DRAMs, or memory module 306
may include nonvolatile memory devices and memory module 308 may
include volatile memory devices.

Figure 5 is a block diagram of memory module 500 that is one
embodiment of memory module 306 configured as a DRAM memory
module. Module 500 includes DRAM memory module controller 510 that
provides an interface between DRAM devices 512-515 and system memory
bus 323. DRAM memory module controller 510 translates memory

transactions received from system memory bus 323 and generates DRAM
-17-



ECC bits, current calibration if systemnmenory bus 323 is a current bus,

seri al preﬁ@ﬁ@ﬁ tect circuitry, a DLL circuit, power nanagefgRbosiodcui try
that may shut o% the clock signals or clock enable signals for the nenory

devi ces or provide other power down circuits, program and erasing voltages
for nonvolatile nmenory circuits, and/or levelizing circuitry to generate
signals on system nenory bus 323 in the appropriate clock domains (if there
is nmore than one clock domain on system nenory bus 323). Each nmenory
device on the nenory nodul es communi cates nmenory transactions with its
menory nodul e controller via address, data, and control signals. Menory
transactions are those transactions that are appropriate for each type of
menory devi ce used. For exanple, the nenory transactions nmay include wwite,

read, ref maforpopbritidhs ROYAWriEd) Wead | BRtérchPicifgh) ﬁﬁkquhigf‘% L&&Fesséée

nodul e 306, for” exanpl e, nay communi ca menory addresse 0 nenDry eV|ces

312- 315 viaddregtaks 516)etatSignaliosi Hata liné5283526) Antediitrol Girale Badt &s
signals, wite enable signals, RAS, CAS, output enable signals, etc.) via

si gnal | i rvesite3@®ablaWEdan hnEIEiSpRlAﬁ oh diredd20, andrBAStowtine F22: PRAMEach of
the signal lines 330, 332, and 334-337 may be one or nore signal [|ines.
Si gnal | i maem®sy mﬂdummllwlmm alsatprovidecadditivnal Icohtrol sigmabs y
devi ces 312-315 roups of nmenpry devices (e. two at a tine), or they
Ty be poltaDRAMs BA2-505 indading clack signals jonsumasonous operation (L6, for
SDRAMs), memory bank select signals, and/or chip select or chip enable
signals. DRAM memory module controlier may also generate refresh
commands, prefetch commands, and/or power management commands to
DRAMs 512-515.

Figure 6 is a block diagram of memory module 600 that is one
embodiment of memory module 306 configured as an SRAM memory
module. Module 600 includes SRAM memory module controller 610 that
provides an interface between SRAM devices 612-615 and system memory
bus 323. SRAM memory module controller 610 translates memory
transactions received from system memory bus 323 and generates SRAM
memory operations (e.g., write, read, reset, power down) including addresses
on address bus 616, data signals on data lines 623-626, and control signals
such as chip select or chip enable CE on line 618, write enable WE on line 620,
and output enable on line 622. SRAM memory module controller 610 may
also provide additional control signals to SRAMs 612-615 including clock
signals for synchronous operation, burst control signals, interrupt signals,

reset signals, write and read signals (e.g., for a first-in-first-out FIFO device),

power management signals, byte enable signals, and/or expansion signals.
-18-




controller 310. Simlarly, nmenory nodul e 308 nay conmuni cate nenory
addresses t owpegi¥s7devi ces 317-320 via signal |ines 338, conpCmUS99/01942

information via signal lines 340, and data via point-to-point connections
341- -14 - 344. Each of
the signal lines 338, 340, and 341-344 may be one or nore signal |ines.

For one enbodi nent, the nunber of signal |ines 334-337 may be the sane as
t he nunber of signal line carrying data for system nenory bus 323. For
anot her enbodi ment, the nunber of signal |ines 334-337 may be collectively
greater than the nunber of signal lines carrying data from system

Figure 7 is a block diagram of memory module 700 that is one
embodiment of memory module 307 configured as an nonvolatile memory
module. Module 700 includes nonvolatile memory module controller 710
that provides an interface between nonvolatile devices 712-715 and system
memory bus 323. Nonvolatile memory module controller 710 translates
memory transactions received from system memory bus 323 and generates
nonvolatile memory operations (e.g., write or program, read, reset, power
down, erase, etc.) including addresses on address bus 716, data signals on data
lines 723-726, and control signals such as chip select or chip enable CE on line
718, write enable WE on line 720, output enable on line 722, and a
programming Véltage on line 728. Nonvolatile memory module controller
710 may also provide additional control signals to nonvolatile memory
devices 712-715 including clock signals for synchronous operation, burst
control signals, reset signals, power management signals, or other signals or
commands.

With reference again to Figure 3, system memory controller 304 and
memory module controllers 310 and 316 may communicate using any
number of protocols as previously mentioned. In general, these protocols
may be multiplexed such that some or all of the address, control, and data
information is sent over the same bus lines of system memory bus 323.
Alternatively, the protocols may be demultiplexed as shown in Figure 3 with
the data transmitted over a separate data bus from address and control

information. Whether the protocol is multiplexed or demultiplexed, the
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menory controller 304 to nenory nodul e controller 310 on system nenory bus

323. Thi s \0B¥%e/isfigs €ase the bandwi dth of the data transfer Ognigde0i®BO"Y
nodul e. For éxanpl e, system nmenory bus 323 may carry 16 data signals in

paral l el on bus 328 and nenory nodul e controller 310 may sinultaneously
provi de 16 data signals to each of nmenory devices 312-315. Because the data
bus width may be wder (e.g., 64 or 72 bits wide) than that of system
menory bus 323 (e.g., 16 bits wide), nenory nodule controller 310 nmay
supply a clock signal on bus 330 to nenory devices 312-315 that is a |ower
frequency than that running on system nenory bus 323. For one enbodi nent,
the cl ock frequency on bus 330 may be approximately 50 to 200 WHz, for
exanpl e, when the frequency of the clock signal on clock bus 322 is

appr oxi ma bbbc%@ﬁlégpaﬁg%e'\é%&ﬂé%gr ideBOUpRAY 'ﬂ{attib,%@g%koe%h gl pen cl ock

bus 322 y al so be doubl e-punp that*1s, performan action”’(e.g., |oad

data) on eaapled HCtheiGlem memory Britftilér REntioe@! méﬁﬂi’r?%?ans%@ﬁéﬁé)lt and
data lines on the menory nodul es which are decoupled from system bus 323,

L he | engt lsysfent htsifosy BuaBe3 aey fhet peHitdadinay thté)@%ets(metr@?uéstéﬂ q@taenory
us, the | oading of - 15 -

(in the case of a read transaction) or an acknowledgment signal at a second

point in time (i.e., a timed response). The protocol may be decoupled by

using a handshaking or valid signal to indicate the start of a memory

transaction or to indicate when valid data is transmitted to system memory

bus 323 by system memory controller 304 of memory module controllers 310

or 316.

Figure 8 is a block diagram of memory module controller 800 that is
one embodiment of memory module controller 310 using a time
multiplexed protocol. One embodiment of a time multiplexed protocol may
be the Base and Concurrent Rambus™ protocols. Other protocols may be
also be used. It will also be appreciated that memory module controller 800 is
only one embodiment of a memory module controller. Other embodiments
may also be used without departing from the spirit and scope of the present
invention.

| Memory module controller 800 interfaces between system memory
bus 823 that includes one or more clock signal lines 824, a transaétion bus 826,
and may optionally include a valid signal 828. The transaction bus 826 is a
general purpose bus that may carry address, data, and control information for
a memory transaction. Valid signal 828 is one or more handshaking signals

that may be used for a decoupled protocol to indicate the start of a memory
-20-




WO 99/ 41667 these Iines may be reduced over that of the system
menory, and Wipedfésdi Ng may be nore accurately controll ed ber@BusoNt42
different lines so as to nore closely achieve symetric | oadi ng between the
signals lines. For exanple, the |oading on the data |lines and the address
and control lines may have approxi mately the same | oading (e.g.,
approximately 10 to 40 pF) plus or mnus approxi mately 10 percent. This may
advant ageously decrease the anount of power drawn by the nodul e and
~increase the maxi num operating frequency of the nodule for a given nenory
transacti on. Addi tionally, by decoupling the nmenory devices from
system nenory bus 323 and system nenory controller 304, nenory device
312-315 and 317-320 may operate fromreduced or different power supply

vol t ages t hartrdrimagtionrortodadidate Wienbadlkhdetaol prisding Dn3@Ensdetionenandle,
menory devi ces 312-315 and 317-320 (and/or nenory nodul e controllers 310

and 316) nay Vgl aigmal B28mmyvbe neomitnired sindf genepated ibyshandshhke logict806t o 2. 5
volts while the bal ance of the conponents in system 300 nay operate at 3.3
volts or 5.0 wdearshe Tonérolref canigol ngic 802 Velid sigred $28 mhay hawumitteds fopaner

drawn by the nodule and thus by system 300. Additionally, the voltage sw ng
of the signal®upled pretpcgBoMeznory meguds soriollem§libalsadnterfasgesvidhy chosen

to be small (e.gq., roximately 1.0 to,2.Q volts) taq further reduce power
drawn by (mer%oryad%%lces on a mgmory moduzle (as in Flg)ure 3) Ly providing a clocﬁ

signal 830, address signals 832, control signals 823, and data signals 836. Clock
signal 830 may be omitted for asynchronous memory devices.

Memory module controller 800 includes request handling logic 804 for
interfacing with transaction bus 826. Request handling logic 804 may include
deserializing logic that may separate the multiplexed control, address, and
data information provided on transaction bus 826 and provide these signals
to control logic 802 via lines 838, 840, and 842, respectively. Request handling
logic 804 may also include serializing logic that may serialize control, address,
and data information on lines 838, 840, and 842, respectively, into a time-
multiplexed series of signals to be provided to transaction bus 826.

Control logic 802 is the intelligence of memory module controller 800,
and generates the appropriate control, address, and data signals for the
memory module memory devices in response to the signals received from
request handling logic 804. Each memory module controller device in each
module may have different control logic that may be implement a specific
translation between the signal types and protocol on the system memory bus
and the specific memory signals and protocol expected by the memory

devices on the memory module. For example, control logic 802 may provide
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menory devi ces 312-315. Power may be further reduced for each nenory

devi ce andwfdo il systemas a whole when a DLL is requiregcisosbpui ace
wi th system nmenory bus 323. The DLL may be included within nenory nodul e

controller 310 - 16- r at her
t han each of nenory devices 312-315 as ny have been required in

conventi onal systens. For anot her enbodi nent, address |ines 330,
control lines 332, and/or data |ines 334-337 nay be conbined into a
time-multiplexed bus coupl ed between nenory devi ces 312-215 and nenory
nodul e control |l er 310. The nenory devi ces 312-315 and 317-320 nmay be

any type of volatile or nonvolatile nmenory devices such as DRAMs,
synchronous DRAMs ( SDRAMs), Fast Page Mbde DRAMs ( FPM DRAMs), extended

data out QRR&MprEPRatddlidess Bafruls tdkdirest EiRBM«.@ elirkuf B18GAS )lme§18|4§hr onous
or asynchronous static random-access nenory (SRAM) devices, read only
the appropriate control signals to control interface circuit 820 via lines 846,
and the appropriate data signals to data I/O circuitry 822 via lines 848. The
interface circuits may include buffers and register elements to drive address
832, memory control signals 834, and data 836.

Interface circuits 818, 820, and 822 may be clocked by a clock signal
generated by clock generator 810. Clock generator 810 may also provide a
clock signal to control logic 802 and to clock buffers 816 which may drive
clock signal 830 and/or clock enable signals to memory devices on a memory
module. Clock generator 810 may generate clock signals in response to clock
824 provided from system memory bus 823. CLK 830 may be a different
frequency than clock 824. Memory module controller 800 or clock generator
810 may further include a DLL, clock buffer, or clock divider circuit that
shapes or alters clock 824 before it reaches clock generator 810.

Memory module controlier 800 may also include a power manager
unit 808 that, under the control of control logic 802, may enable or disable
clock generator 810. This may, in turn, enable or disable clock 830 or a clock
enable signal provided to the memory devices on a memory module so as to
control power dissipated by the memory devices.

Memory module controller 800 may further include refresh logic 814
and prefetch logic 812. Under the control of control logic 802, refresh logic
814 may send refresh control signals to memory devices on a memory

module via control interface circuit 820. Control logic 802 may generate the
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menory (ROM) devices, programable ROM (PROV) devices, erasable PROV
(EPROVE), elwobs/iwed |y erasabl e PROVE (EEPROVE), flash nmenor yCa@&$p¥EL42 and
the |like. Each nenory nodul e may include different types of nmenory devices.
For exanple, nenory nodul e 306 may include SDRAMs and nenory nodul e 308 may
I ncl ude EDO DRAMs, or nenory nodul e 306 may include nonvolatile nenory
devi ces and nenory nodul e 308 may i nclude vol atile nmenory devi ces.
Figure 5 is a block diagramof nenory nodul e 500 that is one enbodi nent of
menory nodul e 306 configured as a DRAM nenory nodul e. Modul e 500 i ncl udes
DRAM nmenory nodul e controller 510 that provides an interface between DRAM
devi ces 512-515 and system nenory bus 323. DRAM nenory nodul e controller
510 transl ates nmenory transactions received fromsystem nenory bus 323 and
gener at es DR#esh command at an appropriate time, or it may geénerate a refresh menory
operations (e.g. wite, read, prefetch, refresh) including addresses on
command in response to a refresh command sent over transaction bus 826
from system memory controller 304. Prefetch logic 812 may, under the
control of control logic 802, prefetch a page of data from memory devices
(e.g., DRAM devices) and store the prefetched data for use in memory read
transactions.
Memory module controller 800 may further include serial presence
detect circuitry, ECC circuitry, current calibration circuitry, and other circuitry
that may be removed from either the system memory controller or from the
memory devices to reduce the complexity of the designs of these parts. This
may redice the number of pins on the system memory controller.
Figure 9 shows a flow chart that illustrates one embodiment of the
operation of memory module controller 800 for write and read transactions.
The process may be a pipelined process or implemented a single stage
process. It will be appreciated that memory module controller 800 may
perform many more functions besides translating write and read transactions
between a system memory controlier and memory devices on a memory
module.
The process starts at step 902. At step 904, memory module controller
800 receives a memory transaction request on transaction bus 826. Data
handling logic 804 deserializes the transaction at step 906 to obtain the
address, control, and data information of the transaction. At step 908, control
logic 802 inspects the deserialized information and determines if the
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address bus 516, data signals on data |lines 523-526, and control signals

such as wrife ﬂ?&%e VE on line 518, RAS on line 520, and CApcefisbd/én94022.
DRAM nmenory nodul e controller 510 may al so provi de additional control

signals to DRAMs 512-515 including clock signals for synchronous operation
(i.e., for SDRAMs), nenory bank sel ect signals, and/or chip select or chip
enabl e signals. DRAM nenory nodul e controller may al so generate refresh
commands, prefetch commands, and/or power managenment commands to DRAMs
512-515. Figure 6 is a block diagramof nenory nodule 600 that is one
enbodi nrent of nenory nodul e 306 configured as an SRAM nenory nodul e. Mdul e
600 i ncl udes SRAM nenory nodul e controller 610 that provides an interface
bet ween SRAM devi ces 612-615 and system nenory bus 323. SRAM nenory nodul e

control | er 4@hGadtic'& @ireetedaBRA metzﬁ@grsa@ﬁic@m the afddie cohBislieYByem menory
bus 323 and generates SRAM nenory opérations (e.g., wite, read,” reset,

power downmnémerytictnladdnesiles 800. s essy be&céd;ﬁFlidﬁécabyiiﬁQpéa' tata
| i nes 623-626, and control signals such as chip select or chip enable CE on
|ine 618, wemerreaddtess Wecaived tmsesif Gt camespordsub anaddrespochipied®32. SRAM
menory nodul e controller 610 may al so provide additional control signals to
SRAMs 612- ene ofrtbeydempry| desticesi ignthesmieproryymoduda olfsthepaansaction isurait
control signals, interrupt sjgnals, reset_signals, wite and read signals
(e.g., fordirertedsta pmemoszy deyicerrarireiled by memenk madwlerondrallesi§Qal s,
byte enablﬁhsignals, and/ or exg&ﬂfﬁﬁn signals., ., .
-18 - e process returns to step 902. If the transaction is directed to a memory

device controlled by memory module controller 800, control logic 802

determines what type of transaction is requested at step 910. If the

transaction is a write transaction, control logic 802 generates the appropriate

write control signals (e.g., WE, CS, etc.) at step 912 and provides these signals

to control interface circuit 820. At step 914, control logic 802 then provides

the write data in the appropriate data format to data I/O circuitry 822 and the

address of the selected memory device to address interface circuit 818. The

write data may be buffered in a write buffer (not shown). The data may then

be written into the desired memory location of the selected memory device.

At step 916, an optional acknowledge signal may be sent back to the system

memory controller after the write operation is completed. The process then

returns to step 902. |

If the transaction is a read transaction, , control logic 802 then provides

the read address of the selected memory device to address interface circuit.

At step 920 control logic 802 generates the appropriate read control signals -

(e.g., WE, CS, OE, etc.) and provides these signals to control interface circuit

820. The data may then be read from the desired memory location of the
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Figure 7 is a bl ock diagram of nmenory nodule 700 that is one enbodi nent of
menory mdu'\%o?égl?uﬁ%?nf igured as an nonvol atile menory nodul e.pdyingkebe19490

i ncl udes nonvol“atile menory nodul e controller 710 that provides an

i nterface between nonvol atil e devices 712-715 and system nenory bus 323.
Nonvol atil e nenory nodul e controller 710 translates nenory transactions
received fromsystem nenory bus 323 and generates nonvol atile nenory
operations (e.g., wite or program read, reset, power down, erase, etc.)
i ncl udi ng addresses on address bus 716, data signals on data |ines 723-726,
and control signals such as chip select or chip enable CE on line 718,

- wite enable WE on |ine 720, output enable on line 722, and a programm ng
" voltage on line 728. Nonvolatile nenory nodule controller 710 may al so

provi de addideledfed ntcdRbryOlevitdNafte fedd Y QA bé Bufferdd ih &lesdCBafiéd Got15
I ncl udi ng cl ock signals”for synchronous operation, burst control signals,

reset si gnalghowadetors@ iR genes! 1opi@8el, dr registirbdrAsstepdi22, the rwadrdutals.
Wth reference again to Figure 3, systemnenory controller 304 and nenory

nodul e cont rahlydespdiidedtd Bdfuestiiandling togia864 udiene itsis\serialibed and may

protocols as previously nentioned. In general, these protocols may be

mul ti pl exed briframdebby otiner datadhtluding, for axampls a regnestaiymbeningticating

information is sent over the same bus |ines of system nenory bus 323.

Al t er nat i velthis padiqulan read| tzansagtion. ddraiep P4 dhe geatsdataomayithewbgiert 3 wit h

the data transnmtted over a separate data bus from address an% gon r ol
back to the system memory controller when system memory bus 823 is free
or when all other previous transactions have been completed. For one
embodiment, handshake logic 806 or other logic (e.g., request handling logic
804, control logic 802, or other bus monitoring logic) may monitor the
activity on system memory bus 823 and indicate to control logic 802 when it
is the turn of memory module controller 800 to send its read data to the
system memory controller on bus system memory bus 823. The read data
may be sent back with valid signal 828 in a decoupled system. The process
then returns to step 902.

Figure 10 is a block diagram of memory module controller 1000 that is
one embodiment of memory module controller 310 using a demultiplexed
protocol. One embodiment of a de multiplexed protocol may be Direct
Rambus™ protocol. Other protocols may be also be used. It will also be
appreciated that memory module controller 1000 is only one embodiment of
a memory module controller. Other embodiments may also be used without
departing from the spirit and scope of the present invention.

Memory module controller 1000 interfaces between system memory

bus 1023 that includes one or more clock signal lines 1024, a command and
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I nformati on. Whether the protocol is multiplexed or denultiplexed, the

:I'ﬁgt-i . t%%@g{k;%? protocol may al so be coupl ed ge,{ﬁ,gﬁ;‘gghed.

ocol nmay be coupled if the system nenory contro r sends
its menory transactions to systemnenory bus 323 at a first point in tine
and expects the requested data (in the case of a read transaction) or an
acknow edgnent signal at a second point intinme (i.e., a tined response).
The protocol may be decoupl ed by using a handshaking or valid signal to
indicate the start of a nenory transaction or to indicate when valid data
Is transmtted to system nenory bus 323 by system nenory controller 304 of
menory nodul e controllers 310 or 316. Figure 8 is a bl ock di agram of
menory nodul e controll er "800 that is one enbodi nent of nenory nodul e

Tl 1 pl e e o R e B P 8 oo CRBRUR AR Sl 5.
e oYL SV RORafls 2ot Bl SHRELASLT Sl
contr ol | einfofhhtion 46 @dn@RiYry transaction. Alternatively, CMD/ADDR bus 1026
may be separated into separate command and address buses. Valid signal
1028 is a handshaking signal that may be used for a decoupled protocol to
indicate the start of a memory transaction or to indicate when valid data is
present on transaction bus 1026. Valid signal may be monitored and
generated by handshake logic 1006 under the control of control logic 1002.
Valid signal 1028 may be omitted for a coupled protocol. Memory module
controller 1000 also interfaces with memory devices on a memory module
(as in Figure 3) by providing a clock signal 1030, address signals 1032, control
signals 1023, and data signals 1036. Clock signal 1030 may be omitted for
asynchronous memory devices.

Memory module controller 1000 includes request handling logic 1004
for interfacing with transaction bus 1026. Request handling logic 1004 may
include deserializing logic that may separate the multiplexed control and
address information provided on CMD/ADDR bus 1026 and provide these
signals to control logic 1002 via lines 1042 and 1044, respectively. Request
handling logic 1004 may also include serializing logic that may serialize
control and address information on lines 1042 and 144, respectively, into a

~ series of signals to be provided to CMD/ADDR bus 1026.
Memory module controller 1000 further includes data handling logic

1046 that may receive data from data bus 1027, reformat the data into a
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may al so be used wi thout departing fromthe spirit and scope of the present

invention. wooodybgory nodule controller 800 interfaces betweeTUSIANE4R
menory bus 823 that includes one or nore clock signal lines 824, a
transacti on bus 826, and may optionally include a valid signal 828. The
transaction bus 826 is a general purpose bus that may carry address, data,
and control information for a nenory transaction. Valid signal 828 is one
or nore handshaki ng signals that may be used for a decoupl ed protocol to
indicate the start of a nenory -20 -
transaction or to indicate when valid data is present on transaction bus
826. Valid signal 828 nay be nonitored and generated by handshake | ogic 806
under the control of control logic 802. Valid signal 828 may be omtted for

a coupl ed prfereeelappybptiate fordheenemry dedvides 3thelmeminy enddudesand t h
menory devices on a nenory nodule (as 1n Figure 3) by providing a clock

si gnal 830, pritide sherefoainattddata omtwmie mifferal (28 For anederdbodinsérfndata 836.

Cl ock signal 830 may be om tted for asynchronous nenory devi ces.

Menory nodul karcdling tdgie 1046 tayniriduide desgyisdizing an dinpagkingdogicgvperferm
the translation between, for example, a narrow (e.g., 16 bit) data bus 1027 and
a wider (e.g., 64 bit) memory device data bus 1036. The data may be stored in
write buffer 1012 until it needs to be provided to a memory device via data
1/0 circuitry 1022. A corresponding address for the write data may be stored
in address storage unit 1014. For an alternative embodiment, write buffer
1012 may be omitted. Data handling logic 1046 may also receive data from
the memory devices of a memory module via data I/O circuitry 1022 and/or
read buffer 1038. Data handling logic may then reformat the data into a
format expected by the protocol of system memory bus 1023. For one
embodiment, data handling logic 1046 may include serializing or packing
logic to perform the translation between, for example, a wider (e.g., 64 bit) )
memory device data bus 1036 and a narrower (e.g., 16 bit) data bus 1027. For
yet another embodiment, data handling logic may be omitted and the
formatting of data may be performed by control logic 1002.

Control logic 1002 is the intelligence of memory module controller

1000, and provides the appropriate control, address, and data signals for the
memory module memory devices in response to the signals received from
request handling logic 1004. Each memory module controller device in each

mode may have different control logic that may be implement a specific

translation between the signal types and protocol on the system memory bus
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Nin.r.\-terfaci ng W th transaction bus 826. Request handling |ogic 804 may

i ncl ude dea,g;d Ahde%i N9 logic that may separate the multipl exgergR04/61942
address, an ata information provided on transaction bus 826 and provide

these signals to control logic 802 via |ines 838, 840, and 842,
respectively. Request handling logic 804 may al so include serializing |ogic
that nmay serialize control, address, and data information on |ines 838,

840, and 842, respectively, into a tinme- nultiplexed series of signals to
be provided to transaction bus 826. Control logic 802 is the
intelligence of nmenory nodul e controller 800, and generates the appropriate
control, address, and data signals for the nmenory nodul e nenory devices in
response to the signals received fromrequest handling | ogic 804. Each

menory noghid ¢he epeéidiclmemdey iscga\dlsﬂaﬁa?tofs&w lbg?_é@ct‘d @edhbiRirgnt control

| ogic that nmay be inplenent” a specifiC trans I on bétween the’”signal types

and pr ot odevices ohhthesyetreorynmotule. bBsr axainphe cona®l logic MBORMapi gnal s and
prot ocol expected by the nenory devices on the nenory nodul e. For exanpl e,
control | pyovidgGhe mppropriatedaddress signals to address interface circuit 1018 via - 21 -

t he approFriate address signals to address interface circuit 818 via lines
844,

ines 1048, the appropriate control signals to control interface circuit 1020 via
lines 1050, and the appropriate data signals to data I/O circuitry 1022 by
controlling write buffer 1012 via line 1052 and address storage 1014 via lines
1054. Control logic 1002 may also provide the appropriate control signal to
read buffer 1038 to control when data read from a memory device on a
memory module is provided to data handling logic 1046. The interface
circuits may include buffers and register elements to drive address 1032,
memory control signals 1034 and data 1036.

Interface circuits 1018, 1020, and 1022 may be clocked by a clock signal
generated by clock generator 1010. Clock generator 1010 may also provide a
clock signal to control logic 1002 and to clock buffers 1016 which may drive
clock signal 1030 and/or clock enable signals to memory devices on a
memory module. Clock generator 1010 may generate clock signals in
response to a clock signal provided by DLL 1058. DLL 1058 may receive on or
more clock signals 1024 provided from system memory bus 1023. CLK 1030
may be a different frequency than clock 1024.

Memory module controller 1000 may also include a power manager
unit 1008 that, under the control of control logic 1002 may enable or disable

the clock generator. This may, in turn, enable or disable clock 1030 or a clock
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the appropriate control signals to control interface circuit 820 via |lines
846, and theyappyfeés ate data signals to data |/ O circuitry 8PCrus/idales
848. The interface circuits may include buffers and register elenments to
drive address 832, nenory control signals 834, and data 836.

Interface circuits 818,820, and 822 may be cl ocked by a clock signal
generated by clock generator 810. C ock generator 810 may al so provide a
clock signal to control logic 802 and to clock buffers 816 which may drive
cl ock signal 830 and/or clock enable signals to nmenory devices on a nenory
nodul e. Cl ock generator 810 may generate clock signals in response to clock
824 provided fromsystem nenory bus 823. CLK 830 nay be a different
frequency than clock 824. Menory nodul e controller 800 or clock generator

810 may furt bﬁabléryigmuign@vuéd tetiacinebwdriyedevieds ¢ aakiesiory drodwlersouad td hat
shapes or alters doCk 824 before it reaches clock generator 810.

Mermory nmodul eontol powee diiidated byathese merhodedevipesser nmanager unit 808
that, under the control of control logic 802, may enable or disable clock
generator 810. ThiMemmayy modularcontretleb1600 maji eptibwally tedude@ddress cl ock
enabl e signal provided to the nenory devices on a nenory nodule so as to

: 'y .
control powestatage upitt K40wpupied teeeantyoldegiccld¥2, address intesfaes cingtiti1@18,
controller 800 may further include refresh |ogic 814 and grefetch I‘gg(ihc
812. Under t padomtionsilydp degk generatoyilel@oAd éFfSrSé%WgPQQﬁ may beised &g

[t er face. ol PRUECG ISERGRON Haftanah pe ary  BHCRRRL.CMd) ADBR 1058 "

-2 Vi 9974 ngxory module controller 1000 may further include refresh and
prefetch logic as illustrated in Figure 8 which operates under the control of
control logic 1002. Memory module controller 1000 may further include
serial presence detect circuitry, ECC circuitry, current calibration circuitry, and
other circuitry that may be removed from either the system memory
controller or from the memory devices to reduce the complexity of the
designs of these parts. This may reduce the number of pins on the system
memory controller.

Figure 11 shows a flow chart that illustrates one embodiment of the

operation of memory module controller 1000 for write and read transactions.
The process may be a pipelined process or implemented a single stage
process. It will be appreciated that memory module controller 1000 may
perform many more functions besides translating write and read transaction
between a system memory controller and memory devices on a memory
module.

The process starts at step 1102. At step 1104, memory module

controller 1000 receives a memory transaction request on CMD/ADDR bus
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refresh command at an appropriate tinme, or it may generate a refresh
command i e to a refresh command sent over transacty 6 from
systen1neﬁ%§§§g§%froller 304. Prefetch logic 812 may, under#t egﬂﬁgﬁérol of
control logic 802, prefetch a page of data from nenory devices (e.g., DRAM
devices) and store the prefetched data for use in nenory read transactions.
Menory nodul e controller 800 may further include serial presence detect
circuitry, ECC circuitry, current calibration circuitry, and other
circuitry that may be renoved fromeither the system nmenory controller or
fromthe nmenory devices to reduce the conplexity of the designs of these
parts. This may reduce the nunber of pins on the system nenory controller
Figure 9 shows a flow chart that illustrates one enbodi nent of the

ti ; f | : a ti .
ope !, TR 1ospanaacy s D Gyt kiggag pesnect on

The process nmay be"a pipell e stage
process. ddmitand Red AIIesd Mfodmiakivh ARABFahsiied 18s GRSt 1§00 may

perform many nore functions besides translating wite and read transactions

bet ween acciitedldopIFEI00RY APstepA106) cotiteblTBERI Y00 aHéFREs e anpRékedyorodul e.
The process sta?%s at step 982. At step 98?: rrermrlflﬁrmdul e controller 800

recei ves deseeimbizgd tinforssatioro and etpterhires if the sadsaciorbissd#éétedRatan handl i ng
| ogic 804 deserializes the transaction at step 906 to obtain the address,
control , methatytdevicé dnrtheirnndule comtrolled dycmenmorymnostude cofgolleont r ol
1000. This may be accomplished by inspecting the memory address received
to see if it corresponds to an address occupied by one of the memory devices
in the memory module. If the fransaction is not directed to a memory device
controlled by memory module controller 1000, the process returns to step
1102. If the transaction is directed to a memory device controlled by memory
module controller 1000, control logic 1002 determines what type of
transaction is requested at step 1110. If the transaction is a write transaction,
~control logic 1002 generates the appropriate write control signals (e.g., WE,
CS, etc.) at step 1112 and provides these signals to control interface circuit
1020. Request handling logic 1004 may also provide the write address to -
address storage 1014. Alternatively, control logic 1002 may provide the write
address to address interface circuit 1018, for example, when write buffer 1012
is not used. At step 1114, data handling logic 1046 accepts write data from
1027, unpacks or deserializes the write data, and provide the write data to
~write buffer 1012. At step 1116, the write data is provided in the appropriate
data format to data I/O circuitry 1022. The data may then be written into the

desired memory location of the selected memory device. At step 1118, an

optional acknowledge signal may be sent back to the system memory
-30-




| ogi c 802 inspects the deserialized information and determnes if the
-23 - wo 99/41667 ansaction is directed to a nenory devi cePOT/USRIA4dUI e
controlled by nenory nodul e controller 800. This nmay be acconplished by
i nspecting the menory address received to see if it corresponds to an
address occupi ed by one of the nmenory devices in the menory nodule. If the
transaction is not directed to a nenory device controlled by nenory nodul e
controller 800, the process returns to step 902. If the transaction is
directed to a nenory device controlled by nmenory nodul e controller 800,
control logic 802 determ nes what type of transaction is requested at step
- 910. If the transaction is a wite transaction, control |ogic 802 generates
the appropriate wite control signals (e.g., W, CS, etc.) at step 912 and
provi des t hegengiolied astet thé PHiteWperatien iseomplétedi THaASrocéds tHedpre®drhs to

control logic 802 then provides the wite data in the appropriate data
format to datseeg 1102ci rcuitry 822 and the address of the selected nmenory
device to address interface circuit 818. The wite data nay be buffered in
a wite buffer (ndfthehtranyactibineisdateadrizgnsadonbeoniralilogic 1002 genkmtde the ed
menory | ocation of the selected nenory device.
appropriate read control signals (e.g., WE, CS, OE, etc.) at step 1120 and
provides these signals to control interface circuit 1020. At step 1122, control
logic 1002 then provides the read address of the selected memory device to
address interface circuit 1018. The data may then be read from the desired
memory location of the selected memory device. The read data may be
buffered in read buffer 1038, stored in control logic 1002, or registered. At step
1124, the read data may be provided to data handling logic 1046 where it is
serialized or packed and may be framed by other data including, for example,
a request number indicating this particular read transaction. At step 1126, the
read data may then be sent back to the system memory when the system
memory bus is free or when all other previous transactions have been
completed. For one embodiment, handshake logic 1006 or other logic (e.g.,
request handling logic 1004, data handling logic 1046, control logic 1002, or
other bus monitoring logic) may monitor the activity on system memory bus
1023 and indicate to control logic 1002 when it is the turn of memory module
controller 1000 to send its read data to the system memory controller on bus
system memory bus 1023. Valid read data may be sent back with valid signal
1028 in a decoupled system. The process then returns to step 1102.
Figure 12 is a block diagram of memory module 1200 that is one

embodiment of memory module 306 of Figure 3. Memory module 1200 is an
-31-



At step 916, an optional acknow edge signal may be sent back to the system

Menory confloolsgészaf ter the wite operation is conpleted. TherRkossos: t hen
returns to step 902. If the transaction is a read transaction,,

control logic 802 then provides the read address of the sel ected nenory
device to address interface circuit. At step 920 control |ogic 802 ,
generates the appropriate read control signals (e.g., W, CS, OE, etc.) and
provi des these signals to control interface circuit 820. The data may then
be read fromthe desired nenory |ocation of the

- 24 - sel ected nenory device. The read data may be buffered
in a read buffer (not shown), stored in control |logic 802, or registered.
At step 922, the read data nmay be provided to request handling | ogic 804

where it BPRAM sddad tad indidbe SDRARHdbYices 12049902 ahAGheigg. for
exanpl e, a request nunber indicating this particular read transaction. At

step 924, nidduleammtrilier 1202. tNemdry medule battroller 1102 Provides aDIRIge
controller when system nenory bus 823 is free
between system memory bus 1242 using a Direct Rambus™ protocol (and
coupled to a system memory controller) and SDRAM devices 1204-1207. The
Direct Rambus™ protocol includes clock signals CLK 1228, /CLK 1230 (where
the symbol “/” indicates a complementary signal), data lines 1232, row
address lines 1234, and column address lines 1236. The data may include 16
- signals lines, the row address may include 3 signal lines, and the column
address may include 5 signal lines as described in the Advance Information
Direct RDRAM™ 64 /72-Mbit (256Kx16/18x16d) data sheet. For one
embodiment, CLK 1228 and /CLK 1230 may have a frequency of
approximately 400 MHz. Other signals used by this protocol are not shown
so as not to obscure the present invention.

Memory module controller 1202 provides memory transactions
received from system memory bus 1242 to SDRAMSs 1204-1207. For one
embodiment, SDRAMSs 1204-1207 may be 64Mb SDRAMSs such as described in
the preliminary data sheet of IBM’s IBM0364804C, IBM 0364164C,
IBM0364404C, and IBM03644B4C products published in November 1997.
Other SDRAMSs may also be used.

Memory module controller 1202 provides first control information to
SDRAMSs 1204 and 1205 over control bus 1238, and second control
information to SDRAMSs 1206 and 1207 over control bus 1240. Control bus

1238 may include a clock signal CLK 1208, a clock enable signal CKE 1209, a
-32-




or when all other previous transactions have been conpl eted. For one
enbodi nent, Ywersdahshke | ogic 806 or other logic (e.g., requestPQTAIRIPOING2
| ogic 804, control |ogic 802, or other bus nonitoring |ogic) nmay nonitor
the activity on system nenory bus 823 and indicate to control |ogic 802
when it is the turn of nmenory nodule controller 800 to send its read data
to the system nenory controller on bus system nenory bus 823. The read data
may be sent back with valid signal 828 in a decoupled system The process
then returns to step 902. Figure 10 is a block diagram of nenory
nmodul e controller 1000 that is one enbodi nent of nmenory nodul e controller
310 using a denultiplexed protocol. One enbodi nent of a de nultipl exed
protocol nmay be Direct Ranbus[err] protocol. Qher protocols may be al so be
used. |t wi | writesmable sigpakWEki2l), atealumeanatdressostrdbe signalr GAS1211088ows
only one enbodi nent of a nenory nodul e controller. O her enbodi mrents may
al so be usedadidressstrobedAs ilﬁb{fmmmer shipr sefech sigratoEs 1813t Bimfadyent
i nventi on. anni&lnodqle control ler 1000 interfaces between system
menory bus 169Btrehbus 1240 maysnelvden clack signab€kKs12j6an clackeenabipsigna
command and -25 -

CKE 1217, a write enable signal WE 1218, a column address strobe signal CAS

1219, a row address strobe RAS 1220, and one or chip select signals CS 1221.

For one embodiment, the frequency of the CLK 1208 and CLK 1216 may be

approximately 100 MHz to 200 MHz. Other frequencies may be used.

Memory module controller also communicates memory address signals

SDRAMSs 1204 and 1205 via address bus 1214, and to SDRAMs 1206 and 1207

via address bus 1222. For one embodiment, each address bus may include 12

address lines and an additional two bank select lines for selecting banks of

memory in each SDRAM device. In an alternative embodiment, control bus

1238 and 1240 may be the same bus as shown in Figure 3. Similarly, address

buses 1214 and 1222 may be the same bus. Memory module controller also

communicates read and write data with SDRAMs 1204, 1205, 1206, and 1207

via signal lines 1224, 1225, 1226, and 1227, respectively. For one embodiment,

each group of signal lines may include 16 data lines.

Figure 13 shows one embodiment of a process implemented by

memory module controller 1202 to perform a read transaction from one or

more of SDRAMs 1204-1207 after receiving a read request from system

memory bus 1242, Figure 13 is described with the aid of the exemplary timing

diagram of Figure 14. It will be appreciated that Figure 14 shows CLK 1228

having approximately twice the frequency of CLK 1208. For one
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address bus CMD/ ADDR 1026, data bus 1027, and nmay optionally include a

val id signglo dflaBey CVD ADDR bus 1026 may carry both address mAgys9/eidgss!

i nformation ?or a nenory transaction. Alternatively, CMD ADDR bus 1026 may
be separated into separate conmand and address buses. Valid signal 1028 is
a handshaki ng signal that may be used for a decoupled protocol to indicate
the start of a nenory transaction or to indicate when valid data is present
on transaction bus 1026. Valid signal nmay be nonitored and generated by
handshake | ogi c 1006 under the control of control |ogic 1002. Valid signal
1028 may be omitted for a coupled protocol. Menory nodul e controller 1000
also interfaces wwth nenory devices on a nenory nodule (as in Figure 3) by
provi ding a clock signal 1030, address signals 1032, control signals 1023,

and data spaRIEmEABCLI 208 Mafhake %Q?Mc %?ﬂokﬁﬁaf 486 WIRL! 4P S
Me ol I ér 1000

menory devi ces. nory nodul e cont I ncl udes request

hand! I ng | QUIC 1209 hafyohaeh Erdguehop otiapprsiasey A00TMbLis RGPGmeRequest
handling | ogic 1004 may include deserializing |logic that nay separate the
mul ti pl exeembodiments; rdiffedehtansios if dreqidreiesp and / e differetl/BetfdleRcless 1026
and provide these signals to control logic 1002 via |lines 1042 and 1044,
respect i velmyay Regeedt handling | ogic 1004 may al so include serializing
logic that may serialize control and address information on |lines 1042 and
144, respecti veMempry eneduler casyraeliersl2iRamaytimplement thel gaocessaNIFigGDBR bus
1026. Menory npdul e control |l er 1000 fur{her I ncl udes data handl i ng

| ogi ¢ 1046 13N Feevitteshava inrmemary ampdyler 130 of; Bigyred?- ties data into

a example, CLK 1024 corresponds to CLi(21622_8, CMD/ADDR 1026 corresponds
to row 1234 and column 1236, data 1027 corresponds to data 1232, CLK 1030
- corresponds to CLK 1208, address 1032 corresponds to address 1214, memory
control signals 1034 corresponds to control bus 1238, and data 1036
corresponds to data 1224. For other embodiments, other circuitry may be
used to implement the process of Figure 13.

The process starts at step 1302. At step 1304 and from time t0 to time
tl, an activate command is sent on row lines 1234 including a device, bank,
and row address of selected memory locations in one or more of SDRAMs
1204-1207. At step 1306 and from time 12 to time t3, data request logic 1004
deserializes the command and address information and provides this
information to control logic 1002. Control logic 1002 then provides the row
address to the selected SDRAMSs over address bus 1214 and/or 1222, aﬁd the
appropriate bank activate command to the selected SDRAMs over control
bus 1238 and/or 1240. For one embodiment, the appropriate bank activate
command includes disabling CAS lines 1211 and/or 1219 and WE lines 1210
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format appropriate for the nenory devices of the nenory nodul e and provide
the reformat {\Rehofated to Wite buffer 1012. For one enbodi nentpcries®/n1942
handl ing | ogic 1046 may include deserializing or unpacking logic to perform
the translation between, for exanple, a narrow (e.g., 16 bit) data bus 1027
and a wider (e.g., 64 bit) nenory device data bus 1036. The data may be
stored in wite buffer 1012 until it needs to be provided to a nenory
device via data I/Ocircuitry 1022. A corresponding address for the wite
data may be stored in address storage unit 1014. For an alternative

enbodi ment, wite buffer 1012 may be omtted. Data handling |ogic 1046 may
al so receive data fromthe nenory devices of a nenory nodule via data 1/0O
circuitry 1022 and/or read buffer 1038. Data handling |logic nmay then

reformat theafdfer 1218) aadferablihg CPHEAEL W IByaridyori2el aed RAS list EXImenory
bus 1023. For one enbodi nent, data handling | ogic 1046 may i ncl ude

serial i zi ng and peck220mnt thgrisingedgr 6O0CHKt 1208 andyist t2icon bet ween, for
exanple, a wder (e.g., 64 bit)) nmenory device data bus 1036 and a narrower
(e.g., 16 bit) daBecduse therdembuy agdtesaing $niverenprodocd ntsed dat Biteand| i ng

| ogic may be onmitted and the formatting of data may be_ perforned by control
| ogi ¢ 1002. RDRAMW¥geviggs mayike ddf;zemtsﬂtanethahueezci/ by dhe selectadeBORAMSBAU| e
controller 1Q00, and provides the_appropriate control, address, and data
signal's for t aﬁ%womani SHERHEY AMetaw adldressilingsoi234 may indudegnal s

received fr ©Column address information for the selected SDRAMs. In this example, this

column address information may be stored in address storage unit 1040 until
such time that the column address information is issued to the selected
SDRAMs.

At step 1308 and from time 4 to time t6, a read command is sent on
column lines 1236. The read command includes device, bank, and column
address information for the desired read location in the selected SDRAMs.
At step 1310 and from time t6 to time t7, request handling logic 1004
deserializes the read command and provides this information to control
logic 1002. Control logic 1002 then provides the column address and the read
command to the selected SDRAMSs over address bus 1214 and/or 1222 and
over control bus 1238 and/or 1240, respectively. For one embodiment, the
appropriate read command includes disabling RAS lines 1212 and/or 1220
and WE lines 1210 and/or 1218, and enabling CS lines 1213 and/or 1221 and
CAS lines 1211 and/or 1219 at the rising edge of CLK 1208 and /or CLK 1216.

If there is a difference between the number of bytes selected in the
selected SDRAMs and the number of bytes expected from a single read

transaction by the system memory controller, then steps 1308 and 1310 may
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request handling | ogic 1004. Each nenory nodul e controller device in each
node may haye. different control |ogic that may be i npl enent Lo,
translatioﬁkygﬂﬂé%n t he signal types and protocol on the sygggn1negéﬁﬁ bus
.- 27- and the specific nmenory signals and protocol expected by
the nenory devices on the nenory nodul e. For exanple, control |ogic 1002
may provide the appropriate address signals to address interface circuit
1018 via lines 1048, the appropriate control signals to control interface
circuit 1020 via lines 1050, and the appropriate data signals to data I/0O
circuitry 1022 by controlling wite buffer 1012 via |line 1052 and address
storage 1014 via lines 1054. Control |ogic 1002 nay al so provide the
appropriate control signal to read buffer 1038 to control when data read

froma mgyy, ' ' ' a ing logic
1046. The Hﬁbgrq \gcé(acelgfr}%%int@ﬂgrr%‘zol nc;éhgg&%%ﬁgtr{gggn ér}e%iass}ﬁgér]' (rgugrre%ts tgo

drive addhg 0 ORAGLYFi | i _
I nterface ciﬁf%%'l %gs}iOlS, 10; O,Pég%'dlfiﬂ(:)lggﬁ%§§égg&(ﬁg%§ggkgeb;§§?ock si gnal

gener at ectodymel TX36 @6pethet witH QRO aciivatecoatnanatlod rowiR3apidalated16Vi de a
bytes of data and the read command to the selected SDRAMSs addresses 32 |

bytes 6f data, then a second read command READ2 may be issued from time
t6 to time t9 to address the second 16 bytes.

At step 1312 and from time {8 to time t15, data 1/O circuitry 1022 may
receive data read from the selected SDRAMs. For example, 32 bytes of data
may be read from the four SDRAMSs 1204-1207 in the following manner:
from time t8 to time t10 data I/O circuitry 1022 may receive data packet DO |
that includes the first eight bytes, two bytes from each of the four SDRAMs
1204-1207; from time t10 to time t12 data packet D1 that includes the second
eight bytes, two bytes from each of the four SDRAMs; from time t12 to time
t13 data packet D2 that includes the third eight bytes, two bytes from each of
the four SDRAMs; and, from time t13 to time t14 data packet D3 that includes
the last eight bytes, two bytes from each of the four SDRAMs. It will be
appreciated that for other embodiments a different number of bytes and a
different number of cycles may be required to read the selected data from the
selected SDRAMS.

When the read data is received, it may be stored in read buffer 1038
prior to providing the data to data handling logic 1046. Alternatively, it may
be provided directly to data handling logic 1046. At step 1314, data handling

logic may serialize or pack the data into the proper format expected by the
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clock signal to control logic 1002 and to clock buffers 1016 which may
drive cl ock ficgevahiss?030 and/ or cl ock enabl e signals to nenorypPCiEFUS®E3%42N a
menory nodul e. C ock generator 1010 may generate clock signals in response
to a clock signal provided by DLL 1058. DLL 1058 mmy receive on or nore

- clock signals 1024 provided from system nenory bus 1023. CLK 1030 may be a
different frequency than clock 1024. Menory nodul e controll er 1000
may al so include a power manager unit 1008 that, under the control of
control logic 1002 nmay enabl e or disable the clock generator. This may, in
turn, enable or disable clock 1030 or a clock

- 28- WO 99/ 41667 enabl e signal provided to the nenory devices
on a nenory nodule so as to control power dissipated by these nmenory

devi ces. systervbmemorpudnk®llee v ddth drus11030. for oot érhbadinentpdatade addr ess

packets D0 and D1, including a total of 16 bytes of data from SDRAMs 1204-
1207, may be packed into one uninterrupted transmission DATA1 that may
provided to data bus 1232 at step 1316 and from time t11 to time t15.
Similarly, data packets D2 and D3, including a second 16 bytes of data from
SDRAMSs 1204-1207 may be packed into one uninterrupted transmission
DATA?2 that may provided to data bus 1232 at step 1316 and from time t14 to
time t16.

Figure 15 shows one embodiment of a process implemented by
memory module controller 1202 to perform a write transaction to one or
more of SDRAMSs 1204-1207 after receiving a write request from system
memory bus 1242. The same process may be used to write data to any of the
SDRAMs. Figure 15 is described with the aid of the exemplary timing
diagram of Figure 16. Memory module controller 1202 may implement the
process of Figure 13 using the circuitry shown in memory module 1000 of
Figure 10.

It will be appreciated that Figure 15 shows CLK 1228 having
approximately twice the frequency of CLK 1208. For one embodiment, CLK
1228 may have a frequency of approximately 400 MHz and CLK 1208 may
have a frequency of approximately 200 MHz. For other embodiments,
different ratios of frequencies, and/or different frequencies, may be used.

The process starts at step 1502. At step 1504 and from time t0 to time

tl, an activate command is sent on row lines 1234 including a device, bank,
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storage unit 1040 coupled to control logic 1002, address interface circuit
1018, and Qb4 g&;y to clock generator 1010. Address st oraggrthisboniny be
used to store address information that may be provi ded from CMD ADDR 1026
Menory nodul e controller 1000 may further include refresh and prefetch
logic as illustrated in Figure 8 which operates under the control of
control logic 1002. Menory nodule controller 1000 may further include
serial presence detect circuitry, ECC circuitry, current. calibration
circuitry, and other circuitry that nay be renoved fromeither the system
menory controller or fromthe nenory devices to reduce the conplexity of
the designs of these parts. This may reduce the nunber of pins on the
system nmenory controll er. Figure 11 shows a flow chart that

|11 ustratfs] s RIHress alamerﬁéray [tRatiBRS iR O brOfnol® BP sYlebRAUSBRANS T Ol | er
1000 for wite and read transactions. The process may be a pipelined

process CR204AI202MeAd steép 506, dHta rédadst 10510004 debériatizds the canihand ahed t hat
menory nodul e control l'er 1000 may perform nmany nore functions besides

transl at iadsiress irfoamctionaand proeiiesithis hrdbmaation teysnerol Tegier002ont rol | er

and nmenory devices on a nenory nodul e. " The process starts at step
1102. At st ep Be@ase thermrgmoryaddressingnichemepratood useddhyw Birect nenor y
transaction _request on CMVD/ ADDR bus -29

- RDRAM™ devices may be different than that used by SDRAMs 1204-1207,
the activate command supplied on row address lines 1234 may include
column address information for the selected SDRAMs. In this example, this
column address information may be stored in address storage unit 1040 until
such time that the column address information is issued to the selected
SDRAMs.

At step 1508 and from time t2 to time t3, a write command is sent on
column lines 1236. The write command includes device, bank, and column
address information for the desired write locations in the selected SDRAMs.
At step 1510, request handling logic 1004 deserializes the write command and
provides this information to control logic 1002. If there is a difference
between the number of bytes selected for writing in the selected SDRAMs
and the number of bytes selected by the system memory controller, then steps
1508 and 1510 may be repeated a desired number of times to match the
number of bytes. For example, as shown in Figure 16, if the first write
command WRITE1 on column 1236 (together with the activate command on
row 1234) selects 16 bytes of data and the write command to the selected
SDRAMs addresses 32 bytes of data, then a second write command WRITE2

may be issued from time t3 to time t4 to address the second 16 bytes.
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1026. At step 1006, data handling |ogic 1004 unpacks or deserializes the
command and ofigs7 Nformation and transmts this informati opcfOssRiden ol
| ogic 1002. At step 1106, control logic 1002 i nspects the unpacked or
deserialized information and determines if the transaction is directed to a
menory device in the nodule controlled by nenory nodul e controller 1000.
This nmay be acconplished by inspecting the nenory address received to see
if it corresponds to an address occupied by one of the nenory devices in
the menory nodule. If the transaction is not directed to a nenory device
controlled by nenory nodule controller 1000, the process returns to step
1102. If the transaction is directed to a nenory device controll ed by
menory nodul e controller 1000, control |ogic 1002 detern nes what type of

{ransaction i's I gfseey 261 2ind ERin WO 1d tibltte! BARSRAIIAE IoBic104d fy

transaction, control 1ogic 1002 generates the éppr_oprl at I'te cont
signal s (e. geceiviEwritd.dagd DATAL fidmRlatd basang? Eﬁ&?ﬂx@?ﬁn%ﬁ&@ Br esdi@diszel O
odi c

control interface circuit 1020. Request handling 004 may al so

provi de t hethe irite atida e Datd handiing tozie 1046 amylétdre thdl weka dhtaVBIATA T attbr ol
| ogi c 1002 may provide the wite address to address interface circuit 1018,

for exanpl ewriteduffarii082arid eddfs4 Staraged014mag stode the eyrittlddtreskbatput
handling |l ogic 1046 accepts wite data from 1027, unpacks or deserializes
the wite dgyécgqueﬁi hanglingdogiccl 0¢i fa dubsequentmirite drakad cofriiand & st ep
1116, the wite data is i)rovi ded in the appropriate data format to data I/0O

circuitry 1veceiverhgontrohlagig 100%maydnepect varite buféert1932 and address storage
1014 for the requested address. If the address is located in address storage
1014, then the corresponding data in write buffer 1012 may be read or
overwritten. If a subsequent write command WRITE? is issued, then
DATA2? received from time t8 to time t10, and associated with this
command, may be unpacked or deserialized and also stored in write buffer
1012,

At step 1516 and from time t6 to time t7, control logic 1002 then
provides the row address to the selected SDRAMs over address bus 1214
and/or 1222, and the appropriate bank activate command to the selected
SDRAMs over control bus 1238 and/or 1240. For one embodiment, the
appropriate bank activate command includes disabling CAS lines 1211
and/or 1219 and WE lines 1210 and/or 1218, and enabling CS lines 1213
and/or 1221 and RAS lines 1212 and/or 1220 at the rising edge of CLK 1208
and/or CLK 1216. At step 1518 and from time 9 to time t11, control logic
1002 then provides the column address and the write command to the
selected SDRAMSs over address bus 1214 and/or 1222 and control bus 1238

and/or 1240, respectively. For one embodiment, the appropriate write
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desired nenory | ocation of the selected nmenory device. At step 1118, an

optional agkng ge signal may be sent back to the system gpgRisYo01942
-30 - M&q controller after the wite operation is conpleted. The

process then returns to step 1102. If the transaction is a read
transaction, control |ogic 1002 generates the appropriate read control
signals (e.g., WE, CS, OE, etc.) at step 1120 and provides these signals to
control interface circuit 1020. At step 1122, control |ogic 1002 then

provi des the read address of the selected nenory device to address
interface circuit 1018. The data may then be read fromthe desired nenory
| ocation of the selected nenory device. The read data nay be buffered in
read buffer 1038, stored in control logic 1002, or registered. At step

1124, theonidndahgiiims Dbty RAihe: $012a0aNcH 120 bRGRaBRAS cdrere 1t 1s

serialized or packed and nay be framed by other data including; for
exanpl e, lgdseP18indYw¥I221] RAISClads R 12N /31 1210 4] WEathek12Mgact i on. At

step 1126, the

and/or 1218 at the rising edge of CLK 1208 and/or CLK 1216.

At step 1520 and from time t9 to time t14, control logic may cause the
write data to be provided té the selected SDRAMS on data lines 1224, 1225,
1226, and/or 1227 from data I/O circuitry 1022. For example, 32 bytes of data
may be written to the four SDRAMs 1204-1207 in the following manner:
from time t9 to time t11 data I/O circuitry 1022 may provide data packet DO
including the first eight bytes, twd bytes to each of the four SDRAMs; and
from time t11 to time t12 data packet D1 including the second eight bytes, two
bytes to each of SDRAMs 1204-1207. DO and D1 may correspond to DATAL.
Additionally, from time t12 to time t13 data I/O circuitry 1022 may provide
data packet D2 including the third eight bytes, two bytes to each of SDRAMs
1204-1207, and from time {13 to time t14 data packet D3 including the last
eight bytes, two bytes to each of SDRAMs 1204-1207. D2 and D3 may
correspond to DATA2. It will be appreciated that for other embodiments a
different number of bytes and a different number of cycles may be required to
write the selected the data to the selected SDRAMs. Although in this
example all DRAMs are written to, in alternative embodiments a partial
write to one (or less than all) of the SDRAMSs may be executed.

In an alternative embodiment, memory module controller 102 may -
also provide a bridge between system memory bus 1242 and SDRAMs 1204~

1207 using a modified protocol. The modified protocol may be
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read data may then be sent back to the system nenory when the system nenory
bus is free woosfagss7al | ot her previous transacti ons have beerPGRANOHLIHA.
For one enbodi ment, handshake | ogic 1006 or other logic (e.g., request
handl i ng | ogi ¢ 1004, data handling | ogic 1046, control |ogic 1002, or other
bus nmonitoring logic) may nonitor the activity on system nenory bus 1023
and indicate to control logic 1002 when it is the turn of nenory nodul e
controller 1000 to send its read data to the system nmenory controller on
bus system nmenory bus 1023. Valid read data nmay be sent back with valid
signal 1028 in a decoupled system The process then returns to step 1102.
Figure 12 is a block diagramof nenory nodule 1200 that is one enbodi nent
of menory nodul e 306 of Figure 3. Menory nodule 1200 is an
-31 - demultipl inglaldatd bas andd sepasatBllethtol buscthat rafdmid07 and
menory nodul e controller 1202. Menory nodul e controller 1202 provides a
bri dge bet wesavirelyiofermatiom andnddresybBetuaienga aysPemeneniaybusfteolter (pigat oco
(and coupled to a system nenory contrqller% and SDRAM devi ces 1204-1207.
The Direct S¥stenshemarymostudisr 304 of Rigure Bband snemary nmydulexpatrallerk 1230
(where

1202,

In this embodiment, a read transaction from one or more of SDRAMs
1204-1207 may be performed as shown in Figure 17 wherein row bus 1234 and
column bus 1236 are used as one control bus 1235 having eight signal lines.
For other embodiments, a different number of signal lines may be used.

From time t0 to time t1, an activate command is sent on control bus
1235 including a device, bank, and row address of selected memory locations
in SDRAMSs 1204-1207. In this embodiment, the activate command may be
spread over two cycles (i.e., cycle 0 and cycle 1 in Table 1 below) of CLK 1228
in which data is transferred on each clock edge of the CLK 1228 (i.e., double-
pumped). For one embodiment the packet format is as shown in Table 1

where RQ[7:0] correspond to the signal lines of control bus 1235.

Cycle | RQ[7] | RQ[6] | RQ[5] | RQM] | RQ[3] | RO[2] | RQf1] | RQIO]

0 ST SF D4 | DBl | Dy | DRy | Dol | BlO]

0 R6] R[5] R[4] R[B] | RiZ] Rf1] RI0] B[1]

1 | R3] | R12] | Ru1 | R0l | Ro) | RS} | R | BRI
TABLE 1

The activate command includes several fields;

B[2:0] Bank Select: Selects one of eight banks in SDRAMs 1204-1207;
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the synbol "/" indicates a conplenentary signal), data lines 1232, row

address |i ggy ﬁél, and col um address lines 1236. The datap@mggmig“ge 16
signals li nes e row address may include 3 signal |ines, and the colum
addr ess may |nclude 5 signal lines as described in the Advance I nf or mati on

Direct RDRAM err] 64/72-Mit (256Kx16/18x16d) data sheet. For one

enbodi nent, CLK 1228 and /CLK 1230 nmay have a frequency of approxi mately
400 MHz. Ot her signals used by this protocol are not shown so as not to
obscure the present invention. Menory nodul e control |l er 1202 provi des
menory transactions received fromsystem nmenory bus 1242 to SDRAMs

1204- 1207. For one enbodi nent, SDRAMs 1204-1207 nay be 64Mo SDRAMs such as
. described in the prelimnary data sheet of I BM s | BM)364804C, | BM 0364164C,

| BMD364404C, ang4. 484 BEk o n%ﬁ- 997. O her
SDRAMs may al so be use nory no e contro H%%géprovi des first
control i rdofrallégn to SDRAMs 1204 and 1205 over control bus 1238, and
second control information to SDRAMs 1206 and 1207 over control bus 1240.

Control bus 123160} Row |Adtress: CParsides 8ot &M‘reé@@& orée 6t gtdrecnabl e si gnal
CKE 1209, a

locations selected in SDRAMs 1204-1207; and
ST, SF Encoded Frame/Fast Command: Bits used to indicate whether

a command is framed as indicated in Table 2. The Extended commands may

include noop, precharge, refresh, and other commands.

ST SE Operation

0 0 No Framing

0 1 Frame an Active Command (page
activate)

1 0 Frame a Read/Write Command
(page hit)

1 1 Frame an Extended Command

TABLE 2

From time t2 to time t3, data request logic 1004 deserializes the
command and address information and provides this information to control
logic 1002. Control logic 1002 then provides the row address to the selected
SDRAMS over address bus 1214 and/or 1222, and the appropriate bank

-42-




wite enable signal WE 1210, a columm address strobe signal CAS 1211, a row
address strokggRfed212, and one or chip select signals CS 1226GT/USHIIIb4Y | y,
control bus 1240 may include a clock signal CLK 1216, a cl ock enabl e signal
CKE 1217, a wite enable signal WE 1218, a columm address strobe signal CAS
1219, a row address strobe RAS 1220, and one or chip select signals CS
1221. For one enbodi nent, the frequency of the CLK 1208 and CLK 1216 nay be
approximately 100 MHz to 200 MHz. Ot her frequencies may be used. Menory
nodul e controller al so comuni cates nenory address signals SDRAMs 1204 and
1205 via address bus 1214, and to SDRAMs 1206 and 1207 vi a address bus

1222. For one enbodi nent, each address bus may include 12 address |ines and
an additional two bank select lines for selecting banks of nmenory in each
SDRAM devi ce actifiatencorhinahdabol the seidveetl SBRAMs wver ebnbrob bt 333%add 7840 nay
be the sanme bus as shown in Figure 3. Simlarly, address buses 1214 and
1222 may be {1240 éagp abdsscriiedorbovendith eesprct toFigaresldand dfruni cat es read
and wite data mnth SDRAMs 1204, 1205, 1206, and 1207 via signal |ines

1224, 1225, 1226, &womutoe tdriecimetthyeiread Fommanst @rﬁ@@apmm’cr@m H¥38up of
5|gnal | i nes _may |nclude 16 data_lines. Fi gure 13 shows on

enbodi nent o escdexicerhanty andacalamanaddrsss é’i‘fofmlqlb

performaredtra ct om one or S N6 1204- 1207 te
recei vi ng a& ﬁé‘é‘i 5{‘{) caliong in th ‘E]&’ss % &garead
descri bed W|ththe |do

will be appr&?ﬂéﬂ‘@ ngci"?g %9"'@33{%2%8%?% fg"p? ﬁ‘r?'éfe?l’y

! \éMBCe the fr %%Tgv@f o &fLﬂ'i{Bl A% haEr%r Sg'&et format as shown in Table 3.

Cyce | RQ[7] | RO[6] | ROI5] | ROM4] | RQ[B] | RQIZ| | RQ] | ROI0]

0 ST SF | D[4 | DBl | DRI | Dij | Dol | Bl

0 Clel | Cbl | ci | CpBl | G2 | Y | cCo | C

1 AP | R/W | ci11 | cjior | Ciol | 8 | C7 | <l
TABLE 3

The read command includes several different fields not present in the
activate command:

C[11:0} Row Address: Provides a column address for one or more
locations selected in SDRAMSs 1204-1207;

R/W Read Write: indicates whether the command is a read
transaction or a write transaction. When this signél is in one logical state it
indicates a read transaction, and when it is in the complementary logic state
it indicates a write transaction; and

AP Autoprecharge: Indicates whether the selected column (or row) of

selected memory cells should be precharged after reading.
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WO 99/ 41667 enbodi nent, CLK 1228 may have a frequency of

appr oxi mat MHz and CLK 1208 may have a frequency of eI y
200 MHz. @@/93{%%%7 enbodi ments, different ratios of frequenC| es a{ﬂg‘;
different frequencies, nay be used. Menory nodul e control | er 1202

may i nplenent the process of Figure 13 using the circuitry shown in nenory
nodul e 1000 of Figure 10. For exanple, CLK 1024 corresponds to CLK 1228,
CVD/ ADDR 1026 corresponds to row 1234 and columm 1236, data 1027
corresponds to data 1232, CLK 1030 corresponds to CLK 1208, address 1032
corresponds to address 1214, nmenory control signals 1034 corresponds to
control bus 1238, and data 1036 corresponds to data 1224. For other

enbodi ments, other circuitry may be used to inplenent the process of Figure

13. The WERERfeIRd lgnétstSZgﬁhe]s?%nd g%gﬁlg@g“de%@ﬁ d& fd ™ 1O to

time t1, an activate conman on row dEVI ce,

bank, and rsYVcBRHFRSS SDRAMs
1504 1507 O SR R e P A i SO IRe 1002 e 3qi ¢

1004 desenbgici 1002 théf proviRachendlas Address bAH b RRd FthRAAN tHShet Ni S
information to control |ogic 1002. Control |ogic 1002 then provides the row
addr ess t geleatedsSDRANME oSeRANEressdrusatiidestl futs1 222 khdagwbrafont?d busand t he
1238 and/or 1240, respectively, (e.g., as described above with respect to Figures
13 and 14). If the first read command READ]1 on control bus 1235 addresses
less bytes of data and the read command issued to SDRAMs 1204-1207, then a
second read command READ2 may be issued from time t7 to time t9.
From time t10 to time 116, data I/O circuitry 1022 may receive data read
from the selected SDRAMSs. For example, 32 bytes of data may be read from
the four SDRAMSs 1204-1207 in the following manner: from time 10 to time
t11 data I/O circuitry 1022 may receive data packet DO that includes the first
eight bytes, two bytes from each of the four SDRAMs 1204-1207; from time t11
to time t12 data packet D1 that includes the second eight bytes two bytes from
each of the four SDRAMS; from time {13 to time t14 data packet D2 that
includes the third eight bytes, two bytes from each of the four SDRAMS; and,
from time t14 to time 16 data packet D3 that includes the last eight bytes, two
bytes from each of the four SDRAMs. It will be appreciated that for other
embodiments a different number of bytes and a different number of cycles
may be required to read the selected data from the selected SDRAMSs.
When the read data is received, it may be stored in read buffer 1038 -
prior to providing the data to data handling logic 1046. Alternatively, it may

be provided directly to data handling logic 1046. At step 1314, data handling
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appropriate bank activate command to the sel ected SDRAMs over control bus

1238 and/ or 41567 one enbodi nent, the appropriate bank aceCuus®/moznand
i ncl udes disabling CAS lines 1211 and/or 1219 and VEE |ines 1210
- 34- and/ or 1218, and enabling CS lines 1213 and/or 1221 and

RAS [ines 1212 and/or 1220 at the rising edge of CLK 1208 and/or 1216.
Because the nenory addressi ng schenme protocol used by Direct RDRAM err]
devices may be different than that used by the sel ected SDRAMs, the
activate command supplied on row address lines 1234 may i nclude col um
address information for the selected SDRAMs. In this exanple, this colum
address information may be stored in address storage unit 1040 until such
time that the colum address information is issued to the sel ected SDRAMs.

At step 1308 lagi¢ rhapRetialife b phek the@atantatheopdpep oMt dxpestedibipthecol um
lines 1236. The read conmmand 1 ncl udes device, bank, and colum
system memory controller on data bus 1232. For one embodiment, data
packets D0 and D1, including a total of 16 bytes of data from SDRAMs 1204-
1207, may be packed into one uninterrupted transmission DATA1 that may
provided to data bus 1232 from time t12 to time t15. Similarly, data packets
D2 and D3, including a second 16 bytes of data from SDRAMs 1204-1207 may
be packed into one uninterrupted transmission DATA2 that may provided to
data bus 1232 from time t15 to time t17.

For this embodiment, a write transaction to one or more of SDRAMs
1204-1207 may be performed as shown in Figure 18. From time t0 to time t1,
an activate command as shown in Table 1 is sent on control bus 1235
including a device, bank, and row address of memory locations in one or
more of SDRAMs 1204-1207. Data request logic 1004 deserializes the
command and address information and provides this information to control
logic 1002.

From time 12 to time 3, a write command is sent on control bus 1235
that includes device, bank, and column address information for the desired
write locations in SDRAMs 1204-1207. The write command uses the packet
format shown in Table 3 with the R/W bit set appropriately to indicate a
write transaction. Request handling logic 1004 deserializes the write
command and provides this information to control logic 1002. If there is a
difference between the number of bytes selected for writing in SDRAMs 1204-

1207(e.g., 32 bytes) and the number of bytes selected by the single write
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.address information for the desired read |ocation in the sel ected SDRAMs.

At step 1%89?)3§l66f7r0mti me t6 to tinme t7, request handling p&fiuSIskiiofh
deserializes the read cormand and provides this information to control

| ogi ¢ 1002. Control |ogic 1002 then provides the colum address and the
read command to the sel ected SDRAMs over address bus 1214 and/or 1222 and
over control bus 1238 and/or 1240, respectively. For one enbodi nent, the
appropriate read command i ncludes disabling RAS lines 1212 and/or 1220 and
VE |ines 1210 and/or 1218, and enabling CS |ines 1213 and/or 1221 and CAS
lines 1211 and/or 1219 at the rising edge of CLK 1208 and/or CLK 1216.

If there is a difference between the nunber of bytes selected in the

sel ect ed SDRAMs and the nunber of bytes expected froma single read

transact i erR¥clite m&&gyemsveﬁ%&ﬁwry%n&dm (egens 5368, alch 4310 may

- 35- be r a desi re_d nu_nber 0 i_rres to match t he
nunber of fixyt agite@MeBAdPWRITES cihevvitroNbits 123% md: wirfte tahfrstiantéunead

command READL on
(e.g., 16 bytes) of data, and a second write command WRITE2 may be issued
from time t4 to time t5 to write a second amount of data (e.g., another 16
bytes).

From time t6 to time t9, data handling logic 1046 may receive write
data DATAI1 from data bus 1232 and may unpack or deserialize the write
data. Data handling logic 1046 may store the write data DATALI into write
buffer 1012, and address storage 1014 may store the write address output by
request handling logic 1004. If a subsequent write or read command is
received, control logic 1002 may inspect write buffer 1012 and address storage
1014 for the requested address. If the address is located in address storage
1014, then the corresponding data in write buffer 1012 may be read or
overwritten. If a subsequent write command WRITE?2 is issued, then
DATA2 received from time t9 to time t11, and associated with this
command, may be unpacked or deserialized and also stored in write buffer
1012.

From time t7 to time 8, control logic 1002 then provides the row
address to the selected SDRAMSs over address bus 1214 and/or 1222, and the
appropriate bank activate command to SDRAMs 1204-1207 over control bus
1238 and/or 1240 (e.g., as described above with respect to Figures 15 and 16).
From time t11 to time t12, control logic 1002 then provides the column

address and the write command to the selected SDRAMSs over address bus
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colum 1236 (together with the activate command on row 1234) addresses 16
bytes of dat Qv@gﬂﬂtsgl)e read command to the sel ected SDRAMs addpesassy/@a42
bytes of data, then a second read command READ2 may be issued fromtine t6
to time t9 to address the second 16 bytes. At step 1312 and fromtine
t8 to tinme t15, data I/Ocircuitry 1022 may receive data read fromthe

sel ected SDRAMs. For exanple, 32 bytes of data may be read fromthe four
SDRAMs 1204-1207 in the following manner: fromtine t8 to tine t10 data I/0O
circuitry 1022 may receive data packet DO that includes the first eight
bytes, two bytes fromeach of the four SDRAMs 1204-1207; fromtinme t10to
tinme t12 data packet D1 that includes the second eight bytes, two bytes
fromeach of the four SDRAMs; fromtine t12 to tinme t13 data packet D2 that
i ncl udes t he 12hirafdgoghR2Dhé& Dvet vonteyl Ings 1233narebod 1840, trespdativelyS{eRAMas

and, fromtine t13 to tine t14 data packet D3 that includes the |ast eight
bytes, two byleseribedabeue witl raspectf tolfigGRiRAGand 16)wi | | be appreci ated t hat
for other enbodinments a different nunber of bytes and a different nunber of
cycles may be requfnoedtinte 180 time t1% contral logicandy canseHhesutitedaia OorANS .
Wien the read data is received, it may be stored in read buffer 1038 prior
to provi di ng previded to the Sﬁ%@edﬁmhié arodate lingsd 224y 122pn k236, ang/ or 112£7ay be

provided directly_to ta handlin ogi ¢ 1046 t step 1314, data. pandling
| ogi ¢ may serfram ‘%@ac;?%pfdﬁq?l‘ifﬁew it gox ﬁ’@nP]f?es%ﬁX]f?érO?id@f‘%ﬁtaYe?FpW&t?@@y t he
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the four SDRAMs 1204-1207 in the following manner: from time 10 to time
t12 data I/O circuitry 1022 may provide data packet D0 including the first
eight bytes, two bytes to each of the four SDRAMs; and from time t12 to time
t13 data packet D1 including the second eight bytes, two bytes to each of
SDRAMSs 1204-1207. DO and D1 may correspond to DATA1. Additionally,
from time t13 to time t14 data I/O circuitry 1022 may provide data packet D2
including the third eight bytes, two bytes to each of SDRAMs 1204-1207, and
from time t14 to time t15 data packet D3 including the last eight bytes, two
bytes to each of SDRAMSs 1204-1207. D2 and D3 may correspond to DATA2.
It will be appreciated that for other embodiments a different number of bytes
and a different number of cycles may be required to write the selected the
data to the selected SDRAMSs. Although in this example all DRAMs are
written to, in alternative embodiments a partial write to one (or less than all)
of the SDRAMs may be executed.

Although the present invention has been described in terms of specific
embodiments, it will be appreciated that various modifications and

alterations might be made by those skilled in the art without departing from
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system menory controller on data bus 1232. For one enbodi nent, data packets
DO and D1, %g&mg ng a total of 16 bytes of data from SDRAMerhZddém15k207,
may be paé& iI'nto one uninterrupted transm ssion DATAL that nay provided
to data bus 1232 at step 1316 and fromtinme t11 to time t15. Simlarly,
data packets D2 and D3, including a second 16 bytes of data from SDRAMs
1204- 1207 may be packed into one uninterrupted transm ssion DATA2 that may
provided to data bus 1232 at step 1316 and fromtinme t14 to tine t16.
Figure 15 shows one enbodi nent of a process inplenented by nmenory nodul e
controller 1202 to performa wite transaction to one or nore of SDRAMs
1204- 1207 after receiving a wite request fromsystem nenory bus 1242. The
sanme process may be used to wite data to any of the SDRAMs. Figure 15 is

descri bed pheldpifib@ng! &oﬁ% S heinOBRESRY ThdTi@ntioAddRinlaf thetddufehd 6. Mertory
nodul e controfler 1202 y inmplenment the process of Figure 13 using the

circuitry rabsrelNin"REmsYofMBeUtIRIMS hich foligure 10. It will be
appreciated that Figure 15 shows CLK 1228 having approximately tw ce the
frequency of CLK 1208. For one enbodi nent, CLK 1228 may have a frequency of
approxi mately 400 Mz and CLK 1208 may have a frequency of approxinmtely
200 WHz. For other enbodinents, different ratios of frequencies, and/or

di fferent frequencies, nay be used. The process starts at step 1502.
At step 1504 and fromtinme tOto tinme tl, an activate conmand is sent on
row lines 1234 including a device, bank,

-37-
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and row address of nenory locations in one or nore of selected SDRAMs

1204-1207. Atw(?ggaﬁg-ﬁ%, data request |ogic 1004 deseri al i zespChesemorpand
and address information and provides this information to control |ogic

1002. Because the nenory addressing schene protocol used by Direct
RDRAM err] devices may be different than that used by SDRAMs 1204- 1207, the
activate command supplied on row address |ines 1234 may i ncl ude col umm
address information for the selected SDRAMs. In this exanple, this columm
address information may be stored in address storage unit 1040 until such
time that the colum address information is issued to the sel ected SDRAMs.
At step 1508 and fromtine t2 to tine t3, a wite command is sent on col um
i nes 1236. The wite conmmand includes device, bank, and col umm address
information for the desired wite locations in the selected SDRAMs. At step
1510, request handling |ogic 1004 deserCLIAIMS the wite comand and
provides this information to control |logic 1002. If there is a difference
bet ween the nunber of bytes selected for witing in the sel ected SDRAMs and
t he nunber of Whateis daineest &84 by the system menory controller, then steps
1508 and 1510 may be repeated a desired nunber of times to match the

1. A memory module comprising:

a plurality of memory devices; and

a memory module controller configured to receive a memory
transaction from a first memory bus and to control access to the plurality of

memory devices.

2, The memory module of claim 1, wherein the memory module
controller receives the memory transaction in a first format and reformats
the memory transaction into a second format, the memory module
controller providing the reformatted memory transaction to at least one of

the plurality of memory devices.

3. The memory module of claim 1, further comprising a second memory
bus coupled between the memory module controller and the plurality of

memory devices.

4. The memory module of claim 3, wherein the second memory bus

comprises separate address, data, and control signal lines.

5. The memory module of claim 1, wherein the second memory bus

comprises a clock signal.
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nunber of bytes. For exanple, as shown in Figure 16, if the first wite
conmand colum 1236 (together with the activate cgR r ow
1234) se?/\’e%(kgs@q%%yt es of data and the wite conmand to the seag%{og%ZSDRANB
addresses 32 bytes of data, then a second wite command WRI TE2 may be

I ssued fromtine t3 to tine t4 to address the second 16 bytes.

-38 - At step 1512 and fromtine t5 to tine t6, data
handling |l ogic 1046 nay receive wite data DATAL from data bus 1232 and nmay
unpack or deserialize the wite data. Data handling | ogic 1046 nmay store
the wite data DATAL into wite buffer 1012, and address storage 1014 may
store the wite address output by request handling logic 1004. If a
subsequent wite or read conmmand is received, control |ogic 1002 nay
inspect w.te LIHd eierdOfh2 ntdtthle & @gin I, Wie@einl A it mbhRdry efisest ed
address. If the address’is located in address storage 1014, then the

cor r espondipegatéstal ai firstalaterdie ahertheGteomd mdiforiebds Operatey A4 béwind | f a
subsequent wite command WRI TE2 is issued, then DATA2 received fromtine t8
to time tidataante, adsereimtledfivatidata bate is clifferedt thary theesecopdodkatd rate.
deserialized and also stored in wite buffer

7. The memory module of claim 1, wherein the first memory bus has a
first number of signals lines and the second memory bus has a second
number of signal lines, wherein the first number of signal lines is different

than the second number of signal lines.

8. The memory module of claim 1, wherein the memory module
controller comprises:

request handling circuitry structured to receive the memory
transaction from the first memory bus; and

control logic coupled to the request handling circuitry and
reformatting the memory transaction, the memory module controller
providing the reformatted memory transaction to at least one of the plurality

of memory devices.

9. The memory module of claim 1, wherein the first memory bus carries
time-multiplexed data and address information, and the second memory bus

includes separate address and data lines.

10.  The memory module of claim 1, wherein the memory module is a.

dual in-line first memory module (DIMM).

-50-
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1012. At step 1516 and fromtine t6 to tinme t7, control |ogic 1002
then provi de@d%}ﬁﬂggw address to the sel ected SDRAMs over addrewBsSIwmEIR214
and/or 1222, and the appropriate bank activate conmand to the sel ected
SDRAMs over control bus 1238 and/or 1240. For one enbodi nent, the
appropriate bank activate command i ncl udes disabling CAS |lines 1211 and/ or
1219 and VE |ines 1210 and/or 1218, and enabling CS lines 1213 and/or 1221
and RAS |ines 1212 and/or 1220 at the rising edge of CLK 1208 and/or CLK
1216. At step 1518 and fromtinme t9 to tinme t11, control logic 1002 then
provi des the colum address and the wite command to the sel ected SDRAMs
over address bus 1214 and/or 1222 and control bus 1238 and/or 1240,
respectively. For one enbodi nent, the appropriate wite

-39 - . 1L ThOwm@Engry Rtddideofdilsiak !l Meheréin fhen@smbtyanaddieofs 4210
and enabling CS Iines 1213 "and/or 1221, RAS lines 1212 and/or 1210, and WE

lines 1210 angingle kelife dirst Aterhost bdadgqSIVIM)L K 1208 and/or CLK 1216.

12. The memory module of claim 1, wherein the plurality of memory

devices comprise volatile memory devices.

13.  The memory module of claim 1, wherein the plurality of memory

devices comprise nonvolatile memory devices.

14. The memory module of claim 1, wherein the memory module
controller generates a handshake signal that indicates when the memory

module controller is communicating data to the system memory controller.

15.  The memory module of claim 1, wherein the memory transaction is a

write transaction.

16. The memory module of claim 1, wherein the memory transaction is a

read transaction.

17. A memory module comprising:

a plurality of memory devices; and

a memory module controller coupled to a plurality of memory
devices, wherein the memory module controller receives a first memory
transaction from the memory bus in a first format and provides a second
memory transaction in a second format to at least one of the second plurality

of memory devices.
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At step 1520 and fromtine t9 to tine t14, control |ogic may cause the
wite data t ided to the sel ected SDRAMs on data |ine 25,
1226, and/or%?%ﬂiérg)ém data 1/Ocircuitry 1022. For exanple, g‘z_}@éfyéosl;‘éf
data may be witten to the four SDRAMs 1204-1207 in the follow ng manner:
fromtinme t9 to tinme t11 data I/Ocircujitry 1022 may provi de data packet DO
including the first eight bytes, two byuedto each of the four SDRAMs; and
fromtime t11 to tine t12 data packet D1 including the second eight bytes,
two bytes to each of SDRAMS—1204:1207—'DO and D1 may correspond to BATAL.
Additionally, fromtine ®l2 todinme §13 data 4/ O circuitry 1022 ﬂ;ay‘“ rovi de
data packet D2 including=the }Ifrdeelght bytes, two bytes to eac ,og)SDRAI\/B
1204- 1207, and fromtine t teltime|t T4 data’l packet D3 includi te | ast
ei ght bytes, two bytes to -each of SDRAMs 1204} 1207. D2 and D3 Qo
correspond to DATA2. It:w:ll reciated that for other embodiredts a

di fferent nunber of bytes Zand; rant numper of cycles may be r%:qui red
to wite the selected the da 'a% I SDRAMs. Al though in this
exanple all DRAMs are \M:itten ve enbodi ments a parti al
wite to one (or less than al may be execut ed. In an
al ternative enbodi nent, ngnory _nodu control ler 102 may al so provide a
bri dge between system nengry p 1242 and SDRAMs 1204- 1207 using a
nodi fied protocol. The fodifile pr@ﬂ(gql may be
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dermul ti pl exed having a data bus and a separate control bus that transmts
control infowodasnes7and address between a system nenory cont redT/a$99(08943. |
system nenory controller 304 of Figure 3) and nmenory nodul e controller
1202. In this enbodinent, a read transaction fromone or nore of
SDRAMs  1204- 1207 may be perfor rredZﬁs’]shown in Figure 17 wherein row bus
1234 and colum bus 1236 are used @s one control bus 1235 having ei ght
signal lines. For other enbodi TENT §, —ttheiemaani-—mOer of signal |ines may
be used. Fromtime tOtogime tl, an:agtivatl conmand i s sent—~on
control bus 1235 including a dg}ice, %anI&l jagidr address iof s Ieg ed
menory | ocations in SDRAMs 1204- 120%¢Z Irzqithpcsg ' ™t he acCt wyate
command may be spread over two cycl ész(i .e.;,ﬁ-Jc-ycI el 0 and cycle ANz Table 1
bel ow) of CLK 1228 in which data isitransfér@d onj each cldack e%geg_bf t he
CLK 1228 (i.e., double- punped). Foreme=—=mborrrer the packet Uar
shown in Table 1 where RQ 7:0] corré¢sgond t
bus 1235. Cycle RQ 7] Rq;6] % Rﬂl
0 ST SF Dl 4] . D[ 31 | &0 &
RI2j % R1
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[ R13]
TABLE 1
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menory nodul e controllers;

addr ess for

R 12]

Rl 11]

: R 10] ]
Bank Sel ectwogI)agﬁact i vate command i ncl udes several fields: PCT/USgg/(ﬁL&: 0]

R[ 91

R 8]

Sel ects one of eight banks in SDRAMs 1204- 1207,
Sel ects one of 2[err] or 32

one or

D[ 4: 0]

Devi ce Sel ect:

R &

: Row Addr ess:
nore | ocations selected in SDRAMs 1204-1207;

R 7]

B[ 2]

and

Provi des a row

gOymand

ST. SF Encoded Frane/Fast Command: Bits used to indicate whether a
is framed as indicated in Table 2. The Extended commands may i ncl ude hoop,
precharge, refresh, and other commands.
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ST SF Oper ati on 0

0 wo 99/41667 NO Fram ng 0 1PCT/US99/01942
Frame an Active Comrand (page

activate) 1 0 Frame a Read/ Wite
Conmmand (page hit)

1 1 Frame a‘ﬁ'/ﬂ ended Command <
TABLE 2 Fromtine t2 to tine t3, data request |logic 1004 deserializes

t he command and address information and provides this information to

control logic 1002. Control logic 1002 then provides the row addressto the
sel ected SDRAMs over address bus 1214 and/or 1222, and the appropri ape bank
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activate command to the sel ected SDRAMs over

(e.g.,

control
as dReeouhgs above with respect to Figures 13 and 14)

time t4 totime th, a read command i s sent on control

conmmand i ncl udes devi ce,
desired read locations in the SDRANB

may be spread over two cycles (i.

fosl

bank, and col umm address i nformati on
this enbodi nent,
le 0 and cycle 1 in Table 3 bel ow)

bus 1238 and/or 1240
From
bus 12§gnn§%@n?gad
for the

the read command

of CLK 1228, and have a packet fornat as shown in Table 3. Cycle RQ 7]
RJ6] RJS5] RA4] R3] RJ2] RJAI] RJO] 0 ST Sk
D4 D3 D2 D1 DWW  Bo] 0 qael dskO d4
d 3] %ﬂ d 1] d 0] 1 - AP R'W d 11] c10] .dq9]

C a7l d 2] o TABL

The read&% nd includes several ;grfferegdtNfields not present in e
activate conmmand: ( 11: 0] Row Addre s:* Provides a col um ad ss for

one or
i ndi cat es—whetherof he conmand]is a read transactign or a witle transacti on.
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indicates a read transaction, and when it is in the conplenentary |ogic

state it indi var®sies7TW ite transaction; and AP Aut opr echea1gess9/01942
I ndi cat es whet her the selected colum (or row) of selected nenory cells
shoul d be precharged after reading. -43 -

Fromtine t6 to tine t8, request handling |logic 1004 deserializes the read
command and provides this information to control |ogic 1002. Control logic
1002 then provides the col um address ﬁ17he read command to the sel ected
SDRAMs over address bus 1214 and/or 1222 and over control bus 1238 and/or
1240, respectively, (e.g., as described above with respect to Figures 13
and 14). If the first read command READ1 on control bus 1235 addresses |ess
bytes of data and the read conmand i ssued to SDRAMs 1204- 1207, then a
second read conmand READ2 may be issued fromtine t7 to tine bs. From
time t10to time t16, data I/Ocircuitry 1022 may receive datgc-read from
Byii'és 01 dp

the sel ected SD%I\/B. For exanple, 32 ta my be re fromthe
four SDRAMs 120431207 in the folTow hg Ega&ner: fromtinme t10@ time
=N\ 1 ! | 50‘9 -
o388 |
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t11 data I/Ocircuitry 1022 may receive data packet DO that includes the
first ei ghtwbywbases7t W0 bytes from each of the four SDRAMs 12951‘/%%%7 {zrom
time t11 to time t12 data packet D1 that includes the second €éi'g 'B§ es
two bytes fromeach of the four SDRZI[)/Z?fromtirre t13 to tine t14 data
packet D2 that includes the third efght bytes, two bytes fromeach of the
four SDRAMs; and, fromtine t14 to tinme t16 data packet D3 that includes
the | ast eight bytes, two bytes fromeach of the four SDRAMs. It will be
appreciated that for other enbT@MBEMORYDRVMICESr ent nunber of bytes and a

di fferent nunber of WWEM ed data from
the sel ected SDRN@ When the rggdigieta i s receive It may be
stored in read pugfer 103BDPREGS to progntkmg the dph@ato data handling

| ogi c 1046. Altempatively, BB2may begpsQxidesk4lirec to data handling
logic 1046 A sjgagg 1314, dawa handl | E%] L8 936

-44- i i logic may gerialize or pack the dat‘a I nto the proper
f or mat iexpe t-ed b\]l the syst em ne ry, controller on_ddta bus 1232 For one
enbodi fent, |dat a packgts 1, includingja tfot f 16 byte¢ of data
from SORAM [12640CK ﬁg‘%ﬁ%g CONTROL Bark
BUFFERS TERFACET | iNTErPACE] | .70 |
216 CIRCUIT 820 CIRCUITRY
T 818 822
546\
CLOCK 844 B4R L
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1207, may be packed into one uninterrupted transm ssion DATAl that may
provi ded to daw@edmise71232 fromtime t12 to tine t15. Siml arl yPC%E%/()wztz
packets D2 and D3, including a second 16 bytes of data from SDRAMs

1204- 1207 may be packed into one uni ntélr?pt ed transm ssi on DATA2 that may
provided to data bus 1232 fromtinme tX d time t17. For this

enbodi nent, a wite transaction to one or nore of SDRAMs 184491207 may be
performed as shown in Figure 18. Fromtine tOto tine t1, activate
command as shown in Table 1 is sent ontrol bus 1235 including a device,
bank, and nenory_ | qcati 8M&RTn ohe or nmore of SDRAMs
1204-1207. Data request |ogic 1004;desegpal i zep the command jand address
i nformati on and provides this infoMmarro ntrol |ogic 1002.

time t2 to;time t3, a wite cofmand TS sent—om—control bus 1235 that
bank, and col um%E%UEé'Kz‘\NSﬁ@?@mlon for the desirediwite

From

i ncl udes devi ce,
| ocations | n SDRAMs 1204-1207. |The wREQUESMMENd Yyses the packet format
shown in Table 3 with the RRWhit set woprlately to indigate a wite
transacti on. Request handling | 'ucccl =gt zes the wlite commnd and
provides this information to gomrTol—togrc—1662—+Hthere i3 a di f f er ence
bet ween the nunber of bytes skl &Eiﬁﬂf\b&ﬁwﬁﬁﬁliﬁéﬂ n| SDRAMs 1204- 1207(e.g.,
32 bytes) mand the nunber of bytes sel FACKETby the s|{ngle wilte
-45- 9206
h 4
OETERMINING IF REQUEST
DIRECTED 10 NO
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206
YES !
DETERMINE TYPE
OF TRANSACTION
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912 A8
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transaction issued by the systemnenory controller (e.g., 16 bytes), then
the first wwosyaeemand WRI TEL on control bus 1235 may wite a first anount
(e.g., 16 bytes) of data, and a second wite command WR TE2 R&T/P090t4ed
fromtinme t4 totime t5 to wite a second anount of data (e.g., another 16
byt es). Fromtine t6 to tine t9, data handling | ogic 1046 nmay receive

wite data DATAL from data bus 1232 Qﬂy&y unpack or deserialize the wite
data. Data handling.logic 1046 gy st the wite data DATAL into wite

buffer 1012, and address storage 1014 nay store e TTe adurgss out put by
request handling logic 1004. If a subgequeni wite or read comjand i@
recei ved, control logic 1002 may inspeciuwwifte buffer 1012 and Jaddr 55
storage 1014 for the requested addres;sﬁ «fjhe address is |ocatjed in_-
address storage_1014. then t"h'E_C‘OT‘r‘E'Sip idg data 1in write bufffer 1&@2 may
be read or,overwritten.]If B subsequen® RrT & qommen o= WRIFER=—) issm,
then DATA2 recé¢ived fromtijme t9 to tiﬁe‘;‘tljg@nd gsgocilat ed pft HEy
conmand, NQy L‘é urmpackel-or dpcpriﬁliz&c&anc =al{so StCI"é_,H'I |te9_ uf fer
1012. ‘8 Flom®inme |7 _to time t8, ﬁdﬂﬁcr Togiq J% %%Vbﬁoazidesthe
row addrefs§ ta{th | ept pd SDRANME ove%% fesg bus ah if 1222, and
t he apprdpﬂ;i atl¢ bahkyacf i vaHte command TORSDRAM #1267 ovef fcditlrol bus
1238 and/|on 12;0 ce.g.,| as [descri bed ik negpec 0 |gﬁtres 15 and
16). Fromtimgit1fto tJne [t12, contr Lo ic%O 2 |then providgs the col um
address gnd th \Mgte cpnmeind to the |[selpgct @dS Ve aver.addr éss bus
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1214 and/or 1222 and over control bus 1238 and/or 1240, respectively (e.qg.,
as describedwbevass th respect to Figures 15 and 16). PETOBY1082
t10to tinme t15, control logic may cause the wite data to be provided to
the sel ected SDRAMs on data |ines 122 ’Og??S 1226, and/or 1227 from data
/O circuitry 1022. For exanple, 32 byteS of data nay be witten to the
four SDRAME 1204-1207 in the follow ng manner: fromtinme t10to tine t12
data 1/Ocircuitry 1022 may provi de—data packet DO i ncl udi ng t K& 199 st

ei ght bytes, two bytes to each of the $TART SDHAMs; and fromtine t12 to
time t13:;data packet D1 including theiggond [€Ir ght bytés, tWo bytes to
each of SDRAMs 1204-1207. DO and Dmmﬂ?slpond to DATAl. Additionally,

H
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| COMMAND AND
ADDRESS INFORMATION

O

3
DESERIALIZE OR UNPACK
ADDRESS AND COMMAND ‘

INFORMATION !
106

[ 2

DETERMINE IF COMMAND
DIRECTED AT MEMORY NO
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MEMORY MODULE

1108
YES 4

DETERMINE TYPE
OF TRANSACTION
WRITE Mo

RECEIVE AND FORMAT PROVIDE AND FORMAT

WRITE ADDRESS READ ADDRESS
mz 120

v 7
RECEIVE AND FORMAT PROVIDE READ ADDRESS

WRITE DATA TO ADDRESS CIRCUITRY AND
14 : READ DATA FROM MEMORY

nz22

2

PROVIDE DATA TO DATA
170 CIRCUITRY AND ADDRESS FORMAT READ DATA
TO ADDRESS CIRCUITRY 124

1116
=

SEND DATA TO

PROVIDE ACKNOWLEDGE 5YSTEM MEMORY CONTROLLER [
WHEN BUS IS FREE

ng 126
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fromtinme t13 to tine t14 data I/Ocircuitry 1022 may provi de data packet
D2 includiwedblsethi rd ei ght bytes, two bytes to each of S 1204- 1207,
and fromtine t14 to tinme t15 data packet D3 including the &iliie
bytes, two bytes to each of SDRAMs 1204-1207. D2 and D3 may correspond to
DATA2. It wll be appreciated that for other enbodi ments a different
nunber of bytes and a different nunﬁbﬂjbf cycles may be required to wite
the selected the data to the selected SDRAMs. Al though in this exanple al
DRAMs are witten to, in alternative enbodinents a partial wite to one

(or lesQthan all) of the SDRAMs may be execut ed. Al t hou@Qk} t he
present Pnvention has been described in ternms of specific enmbodi ®Ents, it
Wil | begépgreciated that various nodifications and alterations mght be
made by those_skilled in thé¢ art wtnouy departing from N
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WO 99/ 41667 the spirit and scope of the invention. The invention
shoul d t her ef gfpodagsssmeasured in terns of the clains which folp&o¥useonioen

12117
1300

START - J
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.
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ACTIVATE COMMAND
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¥
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T

RECEIVE READ COMMAND
AND COLUMN ADDRESS ON |
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1308
REPEAT UNTIL
v ENTIRE READ

DESERIALIZE COMMAND AND ADDRESS PROVIDED
PROVIDE COLUMN ADDRESS
AND READ COMMAND TO
SDRAM DEVICE

1310
+
RECEIVE READ DATA

FROM SDRAM DEVICE
1512

SERIALIZE DATA INTO
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CLAIMS What is clained is: 1. A nmenory nodul e conpri si ng: a

plurality of wey®nyssdevi ces;, and a menory nodul e contr oldcqiysegsni9qz
configured to receive a nmenory trapgactijen froma first menory bus and to
control access to the plurality of nmenory devices. 2. The nenory nodul e
of claim1, wherein the nenory nodul e controller receives th@@@m)ry
transaction in a first format and reformats the nenory trawsaction into a
second format, the nenory nodul & caargi | ef providing the reformatted
menory transaction to at |east one gfppthe|plurality of menory devices. 3.
The nenory nodul e of claiml1, fu+er—eomptising a second nenory bus
coupl ed between the nenoryTodutectontrotter—amg the plurality of nenory

LT
devi ces. 4. The nenory nodul e oREGEMFm 3, whdrein the second menory bus
ACTIVATE COMMAND '

CN ROW BUS
1504
¥

DESERIALIZE COMMAND AND
STORE ROW ADDRESS
1506
f
RECEIVE WRITE COMMAND
| AND COLUMN ADDRESS ON
COLUMN BUS REPEAT UNTIL
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T ADDRESS
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1510

!

RECEIVE DATA
TO BE WRITTEN
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1812
.

DESERIALIZE DATA AND
STORE IN WRITE BUFFER
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v
PROVIDE ROW ADDRESS AND)
ACTIVATE COMMAND
TO SDRAM DEVICE
1516
v
PROVIDE COLUMN ADDRESS
AND WRITE COMMAND T0
SDRAM DEVICE
1518
Y
WRITE DATA INTO
SDORAM DEVICE
1920
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conprises separate address, data, and control signal lines. 5. The
menory nodu aim1l, wherein the second nenory bus conprises a clock
si gnal . W0 Blarber 249 - WO 99/ REEAIF99/01942

6. The nenory nodul e of claim 1, wherein the first nmenory bus operates
at a first data rate and the second nenory bus operates at a second data
rate, wherein the first data rate is different than the second data rate.
7. The nenory nodul e of claim1, w@sr #n the first nenory bus has a
first nunber of signals lines and th é@Zond menory bus has a secorzgD
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nunber of signal lines, wherein the first nunber of signal |ines is

di fferent tlwmggpﬁ&;-,second nunber of signal lines. 8. The pepp 4gul e
of claim1, wherein the nmenory nodule controller conprises: req est
handling circuitry structured to receive the menory transaction fromthe
first nenory bus; and control l4ggirezcoupl ed to the request handling
circuitry and reformatting the nenDrJ%EZngaction, the nmenory nodul e
controller providing the reformatted nmenory transaction to at | east one of
the plurality of nermory devices. 9. The nenory nodul e of claim1,
wherein the first fenory bus ¢arfies time- tipl dxeq dat@ .3jnd address
i nformation, and tHe second ménofy bus indl udes sdpafate @d ress and data
lines. 10 The ngnory nodul¢ o] cha|n11 whdrei n |t hg nenor.

dual in-line first {menory nodul e} (DITW) . : _ -
- B0-

nodu is a

oo

e
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11. The nenory nodule of claim 1, wherein the nenory nodule is a single“*#*

in-line fir nodule (SIMM. 12. The nenory nodul e of claiml,
i%?gggﬁ?gy of menory devices conprise vol atile nmerffryUfePiMs.
13. The nenory nodule of claim1l, wherein the plurality of nmenory devices
conprise nonvolatile nenory devices. 14. The nenory nodule of claim1,
wherein the nenory nodule controll er generates a handshake signal th
i ndi cates when the nenory nodule conf/p|Fer is communicating data to the
system nenory controller. 15. The nenory nodule of claim11, wherein the
menory transaction is a wite transaction. 16.

wherein the
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A memory module (306, 308) that has a plurality of memory devices (312-31S5, 317-320) and a memory module controller (310,
316) configured to receive a memory transaction from a first memory

bus (323) and to control access to the plurality of memory devices




