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FIELD TION

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,
instructions, and other information in computers or other digital systems.
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.
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Figure 2 shows another typical memory system that uses technology
from Rambus, Inc. of Mountain View, California. In this system, processor
202 communicates with Rambus dynamic random access memory
(RDRAM™) devices 210-217 on memory modules 206 and 208 (also called
Rambus in-line memory modules or RIMM™ modules), respectively, via
memory controller 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 MHZz), 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
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memory controller must be designed to provide the appropriate memory
transactions to the memory devices in a predetermined format and at
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.

BRIEF F

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;
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system ’

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;
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One embodiment of the present invention includes a memory
module controller for interfacing a plurality of memory device on a
memory module with a system memory bus coupled to a system memory
module. The memory module controller includes first interface circuitry
and control logic. The first interface circuitry is configured to receive from
the system memory bus a first memory transaction having a first format.
The control logic is coupled to the first interface circuitry and generates a
second memory transaction for the plurality of memory devices. The
second memory fransaction corresponds to the first memory transaction
and has a second format different than the first format of the first memory
transaction.

Other objects, features, and advantages of the present invention will
be apparent from the accompanying drawings and from the detailed
description that follows.

D D DESCRIPTION

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 coﬁtroller 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
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12 using a 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.

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 controller
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
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> 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
that may carry one or more clock signals on the same or separate signal
lines, and 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
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further reduced by ‘omtti ngi DLLs fromthe individual nmenory
800 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 example, system bus 323 may be compatible with Concurrent and Base
Rambus™ architectures. For these embodiments, system memory
controller 304 may be any controller that may be able to implement these
protocols for memory transactions on system memory bus 323.

System memory bus 323 may by physically placed on a printed circuit
board (PCB) that includes system memory controller 304 and
interconnection 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
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bl ock di agram one “enbodi nent of the present invention. Sys
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via system  memory modules interpret the memory transactiofs on the locdIRJ¥0Ty bus 323.
System nenory controller 304 nay be part of a chip set for a personal

conput er, for mgrEepy enodulebusrinio the former required endearsmibtfiectransaction teror y

nodul es 306 a I . err I or any ot her
type of rrermr;/@lﬁn a gfgﬁle%gocrﬁ c%%{ﬁg}lg %We%&%%ﬁg‘s&g%ﬁé%?y nodul e
control I er and one Memopy endtRil® tynidellers 050 afd B16 xeayrdlso irhrdy yirdudidyil e 306
i ncl udes nenory nodul e controll er 310 and neppry devi ces 312-315, and

menory nodul e TRS8SIARE FQ REKOFR FHESIHBRRIAHORD AL AHTATRIC MIMOBHHEYIEHor y devi ces
3_17' 320. The np/dRit¥h BBEMBNs, error correction functions that may use, for example,

ECC bits, current calibration if system memory bus 323 is a current bus,

serial presence detect circuitry, a DLL circuit, 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 circuiiry 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 at a 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
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of nmenory nor“’dﬁgge}ssﬁsay be used. The nmenory devices may be plcyaace %’ﬁﬁ%sne si de

of the nodule, on both sides of the nodule, and/or they may be stacked on

top of eacqyoiherg, Jhg 81 1B 85 94076n@ Mok 61y Be BROYL frorEOT One
(Pl e X oHe s g

enbodi nent, a nenory no e an approxi mat e “hel of from1lto
2 inches, sigdallinegproxi mate | ength 352 of from4 to 6 inches. Menory

nodul es 310 and;316 co i cat.e nenory transact4.on | system nmenory
controller 304V raorkeygrf‘”gu R Q‘Eb%%mé%9fa§§’s@elﬂﬁ‘%§%ﬁ?gﬁﬂgy %Egl‘ﬁay be a

| ow p: nl posuiﬁ)e g§ﬂﬂa nuﬂnlbtéf aﬁsigtnﬂelli%g daﬁr)]fiﬁgiiﬁtaifbi'r@'s:&m ﬂm@rbhdscam_ trol

signal lines us operating at. a hi reguency. For one enbodi ment, system
menory busFaRaneHigr embediraent the W’E&G@ﬁé?‘gﬁﬁpﬁ%%%%@ﬁyr{goo to 500 M.

O her freq s ; ﬁé%,' a

comrand/ adﬂ?%g{sﬁﬁlggg g%t%?éﬂn%{aged@tyéBEﬂgf%ggémcu%n / a%g‘rajfadsjgsﬁlus 324 may

ti me- nul t i $ytséemovemanyl sonirdllerd¥MHctosmentory maedws controler 310 ansystem t he
signal lings, Th . S ' it into
separate c%‘%oﬁg%gﬁmgﬁ‘ é%%%ﬁgg%ggéﬂ%?%&ﬁﬁg?xg@ﬁ ‘garﬁgﬁr%a%#e;; Sus 323 may
opt i onal | ygHen@ktidey ehadide b For éxamplenbystey memoyy bus 323 ntayr eargyt 6k si gnal s
on the sana or .se aratewiﬂ'e?nal i gs, and handshaki ng b 3;1% t hat may
carry a haf#fersigaag i pg B’éth}déeﬂ S‘Féltlé‘ﬁm _6ﬁ'3?‘3$ﬁ"e‘r 0B2%nd nenory
modul e CO”&ihﬁ.{I{a?{eéuﬁﬁrﬁ:err%{)ﬂ&ﬂ@daty& ek mnﬁl'nﬁf‘yaheﬂﬁ& be-gpnerated by

system nenory contro 304, for e an&pl e, at the start of a nenory request
packet or Becayse 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 these lines may be reduced over that of the system memory, and the
loading may be more accurately controlled between the different lines so as
to more closely achieve symmetric loading between the signals lines. 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.
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it s transmtting valid data on data bus 328. The handshaki ng signal may

be generated b nodul e controllers 310 and 316 when th
provi di ng val i ﬁvggs{}la}%ér%equestieg by system menory controller 3012%‘{/@@3@{355 bus

328. For one enbodi ment, system menory bus 323 nmay be conpatible with
the Direct Ranbus|efnl. bus,argchitecture that incl 6 aqr 18 data bits on
bus 328, one or m)rédg}t%? llg,] %ﬁg%%o‘}?xm%utbeﬁ?f‘&ﬁ'n‘gg’g%ﬁ#‘g%g AREhddr ess

i nformation onmeusorgZs SM3eand Betens ngsmad:y dodtrollbi 304 minafbrvedéviomngl2-815 at

rates of approxi v 400 MHz enabling a_datg _transm ssion rate of up to
800 MI/s. For ii-ﬁ%%mamne,ratg %%ﬁecﬁﬁéw RIERLPERT SHPPIYYpitagesany

control | er t hagnafPiholiepallied B ISR of shiel] 3000 (PORRIBHBIE rfidm i OCO!

for nmenory transaction system nenory bus 323. Additionally, system

menory bus 323deriges32-FErands313-3p0(ahd ot meniosy arElule tontrollers 81¢and s
transferred on r t tiV | e of
appropriate si %%é;ﬁ?%gg?%'{;gq fsfg#a@e/&g% gl}? %&%ﬁg?ﬁ%ﬁ@W&%&ﬁ%%ﬁTL
CTT or other sigilelthebalagvebsthe comporfents imnsysteet 3@0mnagioperdte as 33t wiltsbus 323
may be one genergl lfrp e bus that carries tine-nultiplexed address, data,
and control inPb Hﬁ&fén. maggéﬁqapwgra@;gtdéﬁ{esﬁgﬂ‘@ﬁn OEQ FSHEVEY e with
Concur rent andp,BeRe g s iHus @@Jaténe Qbﬁ!rﬁaditfo%llir,ﬂﬁé e«oﬁagggwgglaﬁ,

system nenory control l'er 304 may any controller at may eto
i npl emrent  t hesthemignals oh dinks 830rSAdrand 3R onay be advardggeonsiynahmsey thus 323.

(o that 1 nce aeds B SpBroV P B o] R 5 Rl b LS alen 021 €
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
rather than each of memory devices 312-315 as my have been required in
conventional systems.

For another embodiment, addressnlines 330, control lines 332, and/or
data lines 334-337 may be combined into a time-multiplexed bus coupled
between memory devices 312-215 and memory module controller 310.

The memory devices 312-315 and 317-320 may be any type of volatile
or nonvolatile memory devices such as DRAMs, synchronous DRAMs
(SDRAMs), Fast Page Mode DRAMs (FPM DRAMs), extended data out
DRAMs (EDO DRAMs), 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 DRAMSs, or memory module 306 may include nonvolatile memory-

devices and memory module 308 may include volatile memory devices.
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I nterconnection slots for nodul es 306 and 308 as shown in Figure 3.

Al ternativelyg osidigfeem Menory bus 323 may be routed through

channel's of nenory nodul es 306 and 308 such as channels 40 4 Z%ﬁﬁ% and
408 as shown in Figure 4. Menory nodul e controllers 310 and 316

operate as bri Y, E‘LM% QJXST tes in one
pr ot ocol or fo?ﬁngﬁr@g%@%oc%éﬁ% rrerm%e\fnrm u éé‘glﬁsggquapg%rél I nes 330, 332,
and 334- 33@nbodimentpar memory nodide 306 adtnfigureshes a R AMDmemoryor nat . Each
menory noduyl

ot nacotionud's Midile 507 6 hides REAM memeor moduls cgrtiober 510 Mtory bus

323 and tr ftﬁdldésaaﬁ heterfacabetn@enMRAM devices amsmomdabystemrmwi addr ess,
and datas g@ b its nmenory |ce50§)1 hl;% pgo nodul e. Slmlarly,

t he rrermry Moy en il HanslAteS JREMAEY | ocal or nmenory
modul e busihRdtbRE réRivEd frbﬁﬂsys&éiﬁ xﬁ&nbxxﬂﬁmis hhe ﬁmmmmt o the

system nenory controller 304 vi‘a system Menory nodul e
cont r ol | er meRi@yperdidhsnieg. avrite, read, prefetshy mjlreshymwaag adylre:seeqoer form

o oo, OPSETHURRS b o IR RS S B BT O
cal i br at i ogudhf asswsite enabieWE dnkng 318, RAS on Uinee520, mcmonainepﬁzesence
detect ci rﬁlﬁ.‘{ r yrherer‘lo?yL ling tglce:uclogltro?le},\lgio rrrnaar;,a gg‘f:%w(c:il ' %HltlotYal control

signals to DRAMSs 512-515 including clock signals for synchronous

operation (i.e., for SDRAMs), memory bank select signals, and/or chip select

or chip enable signals. DRAM memory module controller 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.

Figure 7 is a block diagram of memory module 700 that is one

embodiment of memory module 307 configured as an nonvolatile memory
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t hat may;shut of f the clock signals or clock enable signals for the nenory

devi ces or gg er power down circuits, programand er ages
74 ??i‘
for nonvol ati %b m%%é; circuits, and/or | evel i zi ng circuitry to ge)rfl’ergt e

signal s on system rrermry bus 323 in the appropr| ate clock domains (if there

ovi ce on ¢ nEEHEr MaHEI A0 oehiEs PSRRI st conteler 110 1
nmenory nmodul ehA@Provitlesin iitdrfad beffcen figrivblatile dievmaﬁ rid-718 gndkgstedenor y

transactions are those transactjons that are ppro r ach type of
menory devi c&9RYY. %32%XN96‘1"8 at@%@*“%r‘?"@ Pl%glkﬁn?ﬂteﬁude wite,

read, refreshyes ct181‘?é"?éceﬂ@&@roxﬁ Zﬁ%m ﬁfeﬁﬁﬁy b5 328 RRd| gele@ratddmor y

modul e 306, for e comuni cate nenory addresses to nenory devi ces
312-315 via mgmellatlla mm@y@pwﬁm de-gi, mmempr@gram 1gad, whetpPewab| e

signals, wite ena '
signal |ines d?%’ ?—gﬁg %8‘? ’ilﬁ"éngéﬁﬁfeg% p0| n &gﬁ%ﬁ@(‘gﬁg@h%@} ﬁ? Ea\(;lhaof
the signal |idaeslina&723383, ard coridrct sihalswichhe chipeseldct 0P tikipsdngbk! CEi nes.
Signal lines 330 and 332 may, be buses that connect 1t a{ ; ur nory

devi ces 312-9 mq%l%mets§nelpleﬁ@ﬁml ahz@é‘tf(‘geﬁ‘abet%l%? gz Hr% or they
may be point 1,85 J&?Arﬂmﬁc@&@% bR iR 1728 W&E%lﬁ@ﬂ@%@m‘é%&ﬂd&dl@ cortttBtler

Simlarly, nmay communi cate nenory dddresses to menory
devi ces 317- 3720) ma)aabognawdel adskitiaBg contynl sighals te sromuolatile emasygnal | i nes

840 and dat %e%ic%s 9&5 s b hPé’mE tclo%ﬁ%nﬁx%tlé f13¥ynchronous 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
riumber 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
protocol may also be coupled or decoupled. That is, the protocol may be
coupled if the system memory controller sends its memory transactions to
system memory bus 323 at a first point in time and expects the requested
data (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

onie embodiment of memory module controller 310 using a time

13



341-344. Each of the signal |ines 338, 340, and 341-344 may be one or nore
signal |ineswgagguigesFOr one enbodi nent, the nunber of si gnak,c.},bgﬁ% sha4- 337
may be the sane as the nunber of signal |line carrying data for syst‘em

menory bus 323. For anot her enbodi nent, the nunber of signal |ines 334-337

may be col + ] r | ' rying data
from syst e%ﬁﬁn{é]%r%aégéﬁgéﬁ %@%ﬁﬁ({lﬁ;ﬁ%ﬂﬂ%}f% tﬂn%%ﬁ#%ﬁ?})er# Pgﬁ? 5@510 on system
menory busn@gde fie Basemnd Gonausent tRaeninzaT™ pirdtdeolsf Qther paotacolsanaf er on t he

menory nodyl e, FEoOr anpl e ‘ us. 323 rr 6,data signals
in paralle e8%?0@55“%8@?@“r?iﬁ?%ﬁ?%%@%@ﬁf%%%ﬂ%%népﬂﬁ? t aneously
provi de 1688MRiscorly PRl embodieseit offa memory miediile @dndRer3 10thdiecause the data
bus w dth maé Q,e wi der (e 8 64 or._72 bits wd t han that 8f system
memory buserbediraenss magalsp e uged ayith i ReRRriBEHom i eniBE pad s9aBe ay
supply a chpgle ?}&@ﬁ{ ientids. 330 to nenory devices 312-315 that is a | ower
frequency than that running on system nenory bus 323. For one enbodi nent,

t he c: ock freqlMﬁ?u}Of ryrmpdule3dm r 860 dipter fgmsmtmynlwstem magz_, for
exanpl e, I; c . S is

appr oxi mﬁﬁ%%%ﬁ"?ﬁ%ﬁ@%&’ﬁ#&% raé’gglé@fggﬁ EH“f ﬁ%’ %Itg%i%agﬁk%}é “on cl ock
bus 322 meg26land thay dptibhallypinthedt a vhld sighal p28.f Thetransazeibhdus(8269. , | oad
data) on each cl ock edge. E‘T% havi n Iocgli address, control, and data
lines on tié mﬁww 6F BuS that YR GRELSRY 88t FBtCeYEPem bus 323, the
l'ength of {HI6fRatéNAGY & niEoRCtraRSAvaEH. VB sighab 828 dREos Yifdr@M Menory bus,
the | oading of these |lines may be reduced over that of the system nenory,

and t he | obendshaking signals thatzaey batsed feionteenupled pratoeal fotindicatef f er ent
lines so t I lLeye ' j signal s
[ nes.  For R Aafirs Ry et oot Bt R Va0 i IERRLLE D 0
control | i om$ramsgctivmvisusa@ftr Malidbsighal 82Bemay e nhardttired) afd ggneratexbbpxi nat el y
10 to 40 pﬁgndshake logic 806 under the control of control logic 802. Valid signal 828

may be omitted for a coupled protocol. Memory module controller 800 also

interfaces with memory devices on a memory module (as in Figure 3) by
providing a clock 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
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pl us or m nus approximately 10 percent. This may advant ageously decrease
the anount of RWEWSH41eed awn by the nodul e and increase the nmaxippfyiisevarssat i Ng
frequency of the nodule for a given menory transaction.

10 Addi tional l'y; by decoupling the Tenory devices from system

nmenmory bus 32 @Qhﬁﬂéﬁxﬁ‘ﬁl EB04, BN iRy ndSHle (BARSNerdiiti&Lin3dath315 and
317-320 may operate fronm reduced or different power su1pply vol t ages than

ghtz)sg pr oviddmbdtdetrm baveadifferent coptnod kagiothat maay b implementengpegitidevi ces

12- 315 an - ( I ma

oper at e from%%éagﬁggt%%%{stﬂggg%%r &Jnéﬁ%ﬁg&k&g d\510 ss§%%ngﬁ% VO %s V\A)‘/li |l e
thfa bal _zli_ﬂpe d)hshhld the spedifitiremory sjgrtaénaraD protegol eppectecebpth8memaryt s or 5.0
vol ts. S .also erate to decrease the.anmpunt, of . r drawn by the
modul e and t ReVicRy OByBE Eritag Magtie amrPIe etol PetSLiRg of ¢ ne
signals on |iggsidd3Re a rfBadBidss3a gndlB Yo Red RSy Aérieirehit 81Besen to be
smal |l (e.g., "approxi na I)y 1.0 to 2.0 volts) to further reduce power drawn

by menory dedines 844 1the appropriate comrolesignaly theontrol interfare gitewiti 82 Videach
T orY ace v Sinal e And S ABURIPHEN Gaid olifSto WhERT /O Dhrbuiky $22UA s ' ©
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 controlier 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 controller 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
refresh command at an appropriate time, or it may generate a refresh
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

15



bus 323. The DLL may be included within nenory nodul e controller 310 rather .

than each of wgpsmgesdevi ces 312-315 as ny have been requiregd
conventional systens. For anot her enbodi nent, address f:’lrlr'i]bg%wo:}%sg’
control lines 332, and/or data |lines 334-337 nay be.conbined into a
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e nenory devices 312-315 and

any type oftranfagipn® or nonvol atile menmory devi ces such as DRAMs,

synchr onous DRA E : ended data
out DRAMs (EDO MS ﬁﬁ&r}%g%ﬁgx@%&f@ﬁ%@ bé‘!\;‘?%ées 1l IR e ous or

asynchr onouletedt aircuitryg BECcxcuibys cumremtr qalib i) cictmitry cend othed onl y .menory
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.pragramabl e ROM (;P. .devices, .erasable P EPROMS) ,
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Each menor \iremduk endthvry Bevidsietotiedies emd contpRsitplof IREbeNgAS vE BRse FOT
exanpl e, nenory nodul e 306 may i ncl ude SDRAMs and nenory nodul e 308 nmay

i ncl ude ED®aiRANEhis srayEadiicp the aymbes of piag/on the SYREMIRSBOEL i | e nenory

devi ces an

Figure 5is a

% nodul e 308 may include volatile nmenory devices.

DRAM nenory_ _nmodul e Fontroller

devi ces 51FRSTELG

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 controller 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 206 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
transaction is directed to a memory device of the module controlled by
memory module controller 800. This may be accomplished by inspecting
the memory address received to see if it corresponds fo an address occupied
by one of the memory devices in the memory module. If the transaction is
not directed to a memory device controlled by memory module controller
800, the 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/0O circuitry 822 and
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bus 323..DRAM nenory nodul e controller 510 translates nenory transactions

recei ved from fgefenOry bus 323 and generates DRAM nmenor %bc@RRbsi1583NS
(e.g. wite, rz"g’??ﬁpregfetch, ‘refresh) including addresses on address bus

516, data signals on data |i%fes 523-526, and contrel signals such as wite

enabl e VE on 41 gfrﬁd oﬁaﬁﬁéssﬁ?&tédﬂ@ ded d 15404 skﬂt@ﬁagﬁ?éxcu%@’! nmemor y
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SDRAMS), e ank .sel ect signal s, and/or, chi C chi abl e

si gnal s. DRZII\%%%E& lﬁ%‘aﬂﬁ"‘é’ %8%?‘6?4 Sy lgf%gq‘géfﬁtégas% lggt;egf@é@ﬁ%omnds,
prefetch commyis. AP ni6)Anasptivhabakibiledpenigiad snaytbd ¥ehbback @ the5.
Figure 6 is a block diagram of nepory nodul e 600 that is one .enbodi nent of

menory nodul SYSEB BSHQIyGoatroler attera W HisHPRSFation) i eom et D0 i ncl udes

SRAM nenory € thiRsS% gdhat provides an interface between SRAM
devi ces 612- %H‘%ﬁné systemsmer%) y (E)us 323. SRAM nenory nodul e controller

610 transl ates nedbthe transastian iscnreaddrasisaetiprt ; contegldogindd@ Maery bus 323 and

gener at es SRAM nejiory oper af j ons Oy W read. res wn)
i ncl udi ng achr8¥1§g§ t%‘:hr §Sso‘létﬁ%%%l,b0t8%f‘i&§?rg n%qgceotg’ a?éit’r%ﬁﬁ}l‘\%éfg E!%23- 626,
and control <igaal AEHENIZE coitttdl 16gik 802 garierates theedpprbprible read komteol618,
wite enable VWE on line_ 620, and qut put egfqt;! on,|line 622, OSRAM nmenory
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modul e cont r dignals @]&/Wﬂ%/caq: §5%, gHo\ATePIRY 55151 togtontgol mipdage;  sRrans
612-615 i ncl yging 832b9%elsda€!£‘ ?Aea? fheh bR HRRPHE AREEAIheAerlEstoreNt I Ol

signals, interrupt signals, et signals, wite and read signals (e.g.,

for a first-itheselected nemptyrdevdessi Tby reasodata maynbgjbwiered dn grsadbuffge
e A
as an nonvol afath endyEepsovided to request handling logic 804 where it is serialized and

may be framed by other data including, for example, a request number

indicating this particular read transaction. At step 924, the read data may

then be sent back to the system memory controller when system memory

bus 823 is free or when all other previous transactions have been

completed. For one embddiment, 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
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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
format appropriate for the memory devices of the memory module and
provide the reformatted data to write buffer 1012. For one embodiment,
data handling logic 1046 may include deserializing or unpacking logic to
perform 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
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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 memotry 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 and the specific memory signals and protocol expected by the

memotry devices on the memory module. For example, control logic 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/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
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and optionally to clock generator 1010. Address storage 1040 may be used to
store address information that may be provided from CMD/ADDR 1026.

Memory 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
1026. At step 1006, data handling logic 1004 unpacks or deserializes the
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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 controller after the write operation is completed. The process then
returns to step 1102.
If the transaction is a read transaction, control logic 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
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
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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 SDRAM module that includes SDRAM devices 1204-1207 and memory
module controller 1202. Memory module controller 1202 provides a bridge
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 SDRAMs 1204-1207. For one
embodiment, SDRAMs 1204-1207 may be 64Mb SDRAMSs such as described
in the preliminary data sheet of IBM's IBM0364804C, IBM 0364164C,
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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
SDRAMs 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
embodiment, CLK 1228 may have a frequency of approximately 400 MHz
and CLK 1208 may have a frequency of approximately 200 MHz. For other
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address to the selected SDRAMSs over address bus 1214 and/or 1222, and the

* appropriate bank activate command to the selected SDRAMs over control

O

bus 1238 and/or 1240. For one émbodifnent, the appropfiate 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 1216.

Because the memory addressing scheme protocol used by Direct
RDRAMT™ devices may be different than that used by the selected
SDRAMs, the activate command supplied on row address lines 1234 may
include column address information for the selected SDRAMSs. 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 t4 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.
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If there is a difference between the number of bytes selected in the
selected SDRAMSs and the number of bytes expected from a single read
transaction by the system memory controller, then steps 1308 and 1310 may

Q

be repeated a desired number of times to match the number of bytes. For

example, as shown in Figure 14, if the first read command READ1 on

column 1236 (together with the activate command on row 1234) addresses

16 bytes of data and the read command to the selected SDRAMSs addresses 32

bytes of 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 t8 to time t15, data I/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 18 to time 110 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
tis 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.
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igggal S 1832, control signals 1023, and data signals 1036. O ock signal

may be 3456k for asynchronous nenory devices. PR ul e
controller 1 gg I ncl udes request handling | ogic 1004 for int erfgg({:l?ﬁggwi th
transaction bus 1026. Request handling | ogic 1004 may include deserializing

| [ t hat j i [
ogic thal nay GRpRIALGeld\falub bidhtes 13apbedlorddth HA Bffed 10087 Tal | on

provi ded on and provid ese signals to control logic

1|002 vi aI chbiries tdpntlzriding theinta ke dptachandding logielfde: Adtenmatively1ibgi ¢ 1004 may

al so.include serialigzi | QQi h ri addsge add

I nf or mat i oﬁ‘aéf?f’el Rl}?&&"fg‘%ﬁe‘gﬁ)&%{{fﬁ ﬁ@%ﬁ@%ﬂd&g IA?\:% c%ﬁs}éfa@%g of r S?Snal S
]EO ?ﬁ prpvhiﬁhed(ljliﬁg)bcﬁiﬂrﬁ?[?riaﬂze lfbf)?)ﬁck the data iiMentiive\propelufoemadnt rol | er 1000
urt her includes, data handlin ogi ¢ 1046 t hat ' data f dat
bus 1027, PEReSHerkbY ERSYRATR MeAREAC onfiate Bs 10 (K e rerory
devi ces of Sﬁ\%gdﬁﬁ% da kéts Warkd DM} HRIUdIRg GabRl BRI6 Bptesaf data0 Write

buffer 101 or one enbodi nent, data handling |ogic 1046, may i ncl ude

deseri al i zfuomn SPRAMadRI43207% gnay be ppelsedointe oRe umnissuptedn bet ween, for
Cr D . SRS DA Py ELRD A Bupdspartdatnts O D1
18 froho tietk 110 tortiche t15ufSimilatly] datarpackets Dhamd D3, indredipgavi ded to a
i e gt aseropd T Bt of data trbm SORXME T04- 1307 Bldy BEBRKEATn RS SS Tor the
| ‘uninterrupted transmission DATA?2 that may provided to data bus 1232 at
step 1316 and from time t14 to time tl6.
Figure 15 shows one embodiment of a process implemented by
memory module controller 1202 to perform a write transaction to one or
more of SDRAMs 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 Pigure 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,
and row address of memory locations in one or more of selected SDRAMs
1204-1207. At step 1506, data request logic 1004 deserializes the command
and address information and provides this information to control logic
1002.
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be.sto[)epl I n address storage unit 1014. For an alternative enbodi nent,
wite buffer TReé be omtted. Data handling |ogic 1046 cei ve
data fromthe nmenory devices of a nenory nodule via data |/§§Fﬁ§3‘?‘%‘?’§ 1022
and/ or read buffer 1038. Dat@a handling | ogic may Then reformat the data

into a format expegle th [ of . DH¥g- For one
enbodi ment, data %%ﬁ?slen elr%egf"gryﬁﬁ{ﬁggﬁa ?néﬁ%wﬁ%ﬁdﬁg ort’)’packi ng
Lpgl) c)to perfRIgIRA_Mﬂeﬁ %émgﬁay’r ?g dlgfééregemanfthatusedrhyﬁDRAW 12HM-1207g. , 64
[ menory. device data bu and a nar,r ower .,..16 hit) data b
1027, For " yetth&AEHTAR COTBRRIG AP Led Ao AARF RS b2k g gaTHE ¢ ad and
the format ti nglahn GdidRedsBinfnapioh fof B sél¥ctéd BDRAMS.0 ‘Ehi&QQQmFle,

Control logic 1002 is the intelligence of nenory nmpdul e controller 1000,
and provi (cjieis thisecolippnasidreasanfrsmation may be stosed dhadergenstoragearrit A0 ¢ he
menory nodul e r | | SR ' bwed from
request handl%qgnﬁgéitgg%ﬁahéggg m%?gwho%ﬁaggﬂﬁgﬁ?éef?@%ﬁece I n each
nmode may havesethictddeSPRAMaNt rol | ogic that may be inplement a specific

transl ati on between the_sign t ypes yotqcol on the system penory bus
and the specific r’(ﬁrﬁﬁ?&@é% g"’égﬁmﬁratgg%g e@xﬁ&qtgdzownﬁ; 1sns§Hg§)§ dgvi ces
on the Menor Yol thes 1986 XRERVAte dRRinaAll ihelfiles dBAce, Payikpand icBRinihe
appropriate address signals to address interface cj r&ui t 10%§$]¥ha | i nes

1_048|, “the igg}dﬂges reationdfor the desires waite incations Selecte M8 1020
via lines | i s P 1?&@1 / ! It 1022
by control li n'gt % 531@319&8‘%%?‘8%%%\5%0%@% g%ﬁl‘%%ll%h tai dresté c?tnoﬁﬁa!irgél 1{){4 Vi a
i nesI 1?54. (‘admibpﬂvidiesgmg? ihBdiEnation tal contyol togidt02hdf tepe dpha differenemnt r ol
signal to re u r 1 to.contraql n dat.a read f{r devi

pen Hle pabeneres et i PhBerS e G ORI, C°Y 00

on a menory

circuits may jri¥ciHedauibér Gisytassblécee by the systemmambyy chnitsodleadiierss 1032,
menory control signals 1034 "and data 1036 I.nt erface ci rcuﬂb)tq?
Byl ock

1018, 1020, arfepsoioP8mad 1540 mayescrepenipd 2 desired raympes of Hoes 1 oagf
generator 101006 HENC FoE BkantBikOad Bhovith BPFILAY1619f 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
SDRAMSs 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.

At step 1512 and from time t5 to time t6, data handling logic 1046 may
receive write data DATA1 from data bus 1232 and may unpack or deserialize
the write data. Data handling logic 1046 may store the write data DATAL1
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 WRITE2? is issued,
then DATAZ2 received from time t8 to time t10, and associated with this

command, may be unpacked or deserialized and also stored in write buffer

1012.

0
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clock signal to control logic 1002 and to clock buffers 1016 which may

drive WO 99/41666 . 19 cl anssosifiags 1030
and/ or clock enable signals to nmenory devices on a nmenory nodul e. C ock

generator 1010 may generate clock signals in response to a clock signal

provi ded by ﬂk«é&ﬁ}wﬂﬁ&%@m {65100ME 1P offroMRiglc $002Cthehi gnal s 1024
provi ded from syst menory bus 1023. CLK 1330 may be a different frequency

t han cl ockorogides the row addressytorthe gelected SDRAMsovepaddresy bus 4814 ncl ude a

Cnani e o HUaa R s el PR s R R Binufind RNy O D00, TV

cl ock 103331?RAM3:bmkcoalﬂmIb&saag&ahdxbonmmeﬂot on¢ bmbodiment, disei ces on a
menory nodul e sg as tqQ control power, dissipated.b e ry devices.
Meror y WDORHH%'°EHﬁYerlEﬂ’}?‘e?ChI’G_€R)C9¥§9‘aB&IPSﬁ’§F$ fﬁaﬁl}?é&ggﬁ‘ﬂ?ﬁ@st orage unit
1040 coupl £ td? 1209hh@'WEIeS 131D2nd ASANES Sarid brbling L@ ix131018, and
optionally to clock generator 1010. Address storage 1040 nmay be used to

store add &aésb/qrriﬂal and RS linest 1242 and éop 1 220; ad de Fiping edgeyok| .
Me ]
(e A 36 0D Rl 108 e Gt I BB o1 o

| ogi c as i T1Ust r operates und control of
control | oli02 thedproviden tlye caldmireaddress ahdl éhe W30 comyménd tdéle i ncl ude

ile: Icﬁ! t P;?sse?enc(t:eed gﬁkﬁi\}[s gxlrerrcaud&rggls’ buEscﬁlg Iagl(d\%nt 1222 dnd éo%rt]}ol %%ls il%é1 tion

and/or 1240, respectively. For one embodiment, the appropriate write
command includes disabling RAS lines 1212 and/or 1210 and enabling CS
lines 1213 -and/or 1221, RAS lines 1212 and/or 1210, and WE lines 1210
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 to the selected SDRAMSs 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 SDRAMSs 1204-1207 in the following manner:
from time t9 to time t11 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 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
SDRAMSs 1204-1207, and from time t13 to time t14 data packet D3 including
the last eight bytes, two bytes to éach 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 SDRAMs. Although in this
example all DRAMSs are written to, in alternative embodiments a partial

write to one (or less than all) of the SDRAMSs may be executed.
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and other circuitry that may be renoved fromeither the system nenory

controller or &Jog '{gg menory devices to reduce the conpl exi 9&/&] 5
desi gns of the Q g)é This may reduce the nunmber of pins on"the system
menory controller. Figwe 11 shows a flow ctrart that illustrates one

enbodi nent of the oper I on, ,of [ dule contrnoll Ite and
read transactions?t alixe e@ggﬁée’gomeﬁé?ry n‘&8d§4ﬁo§°é‘§‘i°?%? lbrrpni1 nented a
singl e stage a%cﬁ?ﬁ)%de aﬁaﬂa gelbeBPecniyeta aletibriyais 12¢2and SDRANe 1284t r ol | er
1000 may perfor nor e functlons besi des transl&éiﬁﬂg wite and read

transaction blélﬂ%@émgaa mpdified peotess)l dbaimedified paatgc Pedevi ces on a
mermory nodul e ul’flfb%%Heﬂa%?%c,g St It AseSdraRe cbhidl b et thnsAIE ”EDggr y

modul e contr &t recelves a nenory transaction request on CVD/ A
bus 1026. At cnempl iffofmatian antaddresspetugira SpgammpRoRy comtrolderdeigal i zes
t he

i nformation aH§e® a?f’éﬂ?ftyscqlﬁ’f@lef R%Pﬁgﬁ‘gﬁ%? 8“%%?’%‘8{%1%0@3?1 cﬂad i‘%ﬁ%ﬂae '? r gts Zp

1106, controlidpegi ¢ 1002 inspects the unpacked or deseri al i zed i nformation
and determnes if the transaction is directed |ce in the

modul e cont rol | ed Ipythiseembodimeaty aread fransacion GDOHQ'HF§¥
acconpl i shed dpyp W REPEHL1HS7 Wify HE PR REHESSovE REFigRde 17 wherem 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 t, 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.

Cyde | RQI7] | ROl | RQB] | RQMl | RQEI | RQZ| | Rl | RO |
0 ST SF D4l | DB | D21 | DI | Did] B{0]
0 | X6l | Kbl | RA | KBl | K2 | K3 | RO | BT |
1 R[13] | R[12] | R(11] | R[0] | RO] | R@ | R[] B[2]
TABLE 1
The activate command includes several fields:
B[2:0] Bank Select: Selects one of eight banks in SDRAMs 1204-1207;
D[4:0] Device Select: Selects one of 2° or 32 memory module
controllers;
R[13:0] Row Address: Provides a row address for one or more
locations selected in SDRAMSs 1204-1207; and
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to see if it corresponds to an address occupi ed by one of the nenory
devices in tygospigey Y nodule. If the transaction is not di reaiddebiass
menory 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 nefiogy FHRSWELE . BRIUEA td REicitd QQRth&t er m nes
what type of transaction s requested at step 1110. |f the transaction is a
wite transaotimand iframed dsd glﬁam Tahle Raile Bendgdheommands wite
control signal t t rovi des these

signal s togb n?‘rcg‘fdelqtrll ‘%@gﬁgﬁ?’cﬁﬁ%&@oﬁ Sglgétjﬁéélt ansgl ing logic 1004 may
al so provide the wite address to address storage 1014. Alternatively,”

control A IVINAT-Y HCT-SRTT AR e as Ce

circuit 14 e, whefBwrite ‘ ep
1114, dat § ' ' 5 or
deseri al i3 bt a, and provi o wite bufFfer

1012. At the t/vrl te dhata 1 s pr dvareani ActiveeCapymarpt (ege dpt a
format toldata I/Ocircujtry 1022. The|ldata may then bF witten intp the
desired bf the sel ectefl merory deAP¥a®k step 1118] an

opt i onal 4 TERAR Y

control le 5 conpl eted. The process thenjreturns
to step 1302. If the transaction|is a read (pagesidti on, contrpl |ogic
1002 genenRjat-es—t-he—approp+ate—teatd—ecofta—SHonatEs =—W—CS—1F,
etc.) at qtep 112"0 and pfovi desithese $i g?g?fg‘eﬁ;l ]g'%tﬁfl'?% clzonQJeran’ge Circuit

1020. At P L1222, COmror roogrc 1 IHEN provi des tne read adaress of
the selected nmenory device to address 1 nterface circuit 1018. The data may

then be read fr Fromtondd2 to tithetdndatp reguestilegic 3p04 deseziglizes bg nenory
device. The read dat be. ' s sdored in
control | ongEmI@‘Ug an raqf%ﬁfss{rg&feng;ﬁ%g a}s@ eﬂg 8%% %{Sﬁg fo:rggﬁgmél a{'toa may be
provi ded t ofifroRldpae 02 ChmtgbldogirA60Mtiserepiavides the row address to the
21 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 (e.g., as described above with respect to Figures 13 and 14).

From time t4 to time t5, a read command is sent on control bus 1235.
The read command includes device, bank, and column address information
for the desired read locations in the SDRAMs. In this embodiment, the read
command may be spread over two cyc_les (i.e., cycle 0 and cycle 1 in Table 3
below) of CLK 1228, and have a packet format as shown in Table 3.

~Cyde | RQIZT | RQW] | RQBI | ROl | RQBI | RQZ] | RQMI | RQIO]
0 ST | SF | D4 | DBl | DI | DA | D] | BO] |
0 Clel | CBl | <& | <@l | oA | cd | cof | <
1 AP | R/W | Cl | Cooj | <o1 | <® | a4 | <&l |
TABLE

The read command includes several different fields not present in

the activate command:
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Is.serialized or packed and may be franmed by other data including, for

exanpl e, a reqygebygggber indicating this particular read tr popsioodsss At
step 1126, the read data nay then be sent back to-the system nenory when

the system nmenory bus is fre& or when all other pfevious transactions have

been conpl et ed. F%g@%m@m%ntmmega%mgaa&s&mﬁopm | ogi ¢

(e.g., request ha g loglc 04, data handling logic 1046, control |ogic
1002, or ot hdecasionsmselectedrinrFDRANscH204490%0ni t or the activity on system

ooy modul o vont U AR D SSEREL WA ind BORnNs rebd |1 LI OF
controller Oﬁrzﬁm&cﬁc)tﬁbemwmmmoﬂﬁ%en\mis sigmaiasiudenalogigallstatemt back
with valid si gnal 1028 |n a degoug{}g stem The cess thfﬁn .refurns to

step 1102.  indicajes @ yead fpansactiony| K% PIERIAAY 1081 5B t hat i s

one enbodi Ment ; (iR WritdReiHsSctit £id Figure 3. Menory nodul e 1200 is an
SDRAM nodul e tf’u i ncl udes SDRAM dévi ces 1204- 1207 and nenory nodul e

cont rol l er 1202. M¥iutopredhanger dndicafies @rhexlz@zthg.selwtgégohl%m |(QFg’é’V9et ween
syst em nmenory Sin Eg[m r ol (and coupled to
a system nem?fbfe‘ie&%etcf%leﬁlé)fx g%%ayg%kf evic ngalgﬁ%ﬁ%%g The Direct P
Raguls[ e/r r] p(rjot OFRbm mbud;w um@tskra;@yﬁadﬁng 168128004 Geseriabizes theher e t he
symbol "/" indicates a ene naI ata | i ddr ess
lines 1234, dad 68%@%653&’%’9‘”&? 2H’l‘é gﬁcﬁédg"ﬂ\g{' i gnal s
lines, the roysROHHeIRerBroviaEs Hﬂ%oﬁarﬁhﬁﬂﬂkesk'aﬁﬁ&he&éﬁﬂ édifmand to the

selected SDRAMSs 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 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 9.

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 SDRAMs 1204-1207 in the following manner: from time t10
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 t13 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 t16 data packet D3 that includes the
last eight bytes, two bytes from each of the four SDRAMSs. 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
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col um address may include 5 signal lines as described in the Advance.

I nformation fpetGiesDRAM err] 64/ 72- Moit (256Kx16/ 18x16d) da¢gusdpflss For
one enbodi nent, CLK 1228 and /CLK 1230 may have a frequency of

approxi mat el y 400 MHz. Ot her signals used by this protocol are not shown so°

as not to g{%@% &vﬁ@edoaﬁé&@itoldaf&ﬂ%&ﬁhglogm 104¥E Ms¥epTEB14) @atgont r ol | er

1202 provi r tran tions received fromsystem nmenory bus 1242 to
SDRAMs  120handiirg 1¢33¢ mayesesialige ofrpack tepiatpEntoothe-proper farpate 64My SDRAMS

such. as_deger Befy) tnd Bk hRbRREhHllc 168 bk 158 Fod GIPI6IB04C, | BM

0364164C, | BMD364404C,
and | BMD36émiBéQimentd dataspauikbisiBhanid D, Mrhelibg e t68dof 1€bjtes oSOR¥AVE may al so.

be used. ry controll I‘OVI es first control

i nf or mtio#%sm lggg'j&@ﬁdn’ﬂ? Spésléerdl’d'g?lto T * and second
control i nLahERidsth DATIORMMY: xﬂa?sﬂﬁrcaﬁde&waa@vafs mltffcﬁh thtie t1P40. Control
bus 1238 may include a clock signal CLK 1208, cl ock eaable si gnal CKE

1209, a whmaﬁaﬁueﬂgﬂwtaw@a@ andJgp.ineluding 2 second, hbytep §hal CAS
1211, a roﬂaﬁdﬂaﬁémﬁkl\ﬁ?fzd%ﬁo%’%ﬁgy bBPARAL IR i hinkkAfjted! 9NAl S CS

215, sim 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 t2 to time t3, a write command is sent on control bus 1235
that includes device, bank, and column address information for the desired
write locations in SDRAMSs 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 SDRAMSs
1204-1207(e.g., 32 bytes) and the number of bytes selected by the single write
transaction issued by the system memory controller (e.g., 16 bytes), then the
first write command WRITE1 on control bus 1235 may write a first amount
(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 DATA1 from data bus 1232 and may unpack or deserialize the write
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control pus 1240 may include a clock signal CLK 1216, a cl ock enabl e signal
CKE 1217, a w ofalk3 |l e signal WE 1218, a colum address st rﬁq;i,s?gslﬁgl CAS

1219, a row address strobe RAS 1220, and one or chip select signa
1221. For one enbodi nent, the frequency of the CLK 1208 and CLK 1216 may be

approxi mately 0 . Sﬂﬂgﬂﬁe TP SNenor
nmodul e controqal;ge)'r dﬁ%@%@%ﬁﬁ%%%ﬁ%{){/e@g res?él gnal's %tyﬁzogand
1205 vi a addriedfer 1012, hAdAaddae storaGDRANEMAP Sbrethe wite addiress addpwtdy bus
1222. For one enbog\i&rﬁgpt, eactf (ﬁg&%ess bus include 12 address |ines and
an addi ti onaltgygst ing fogi¢ 19 afsBPSeﬂé‘legﬁ%('ﬂ’i"go ’éﬁ‘?ﬁscomm% y in each
SDRAM devi ce.rebdivéd) cohirBI [oid 1092 SBPHispEdtiwriebiiffed 1010 end 2ddreand 1240 may
be the sane bus as shown in Figure 3. Simnl arl@iq’l address buses, 1214 and

18

1232 may be tsteragedldies therequestedaddress.cHitbe ps iglacatacdhinaddress: es read
and wite dat ] ﬁ)ﬁg% é&%n : ' ' igpes
1224, 1225, 1%E28d’f f‘tﬂer?cggrgs tlvegéagggr&g%eﬂ%%(}g%lﬁen , egggogroup of
signal |ines owmywritiehudé asibseuant writs command WRJTER id suedvthenne

enbodi nent of r,ocess i npl enent ry ;modul ontral.ler 1202 to
performa r edd S%‘Y?%ﬁpom gﬁ?eoﬁ&ogﬁnggﬁ;%#% ﬁé’hﬁ'ﬁm after
receiving a remtimhR@Uaay beRiPashed GadRRliyedas 4184 dtoréd gungitd Butfer
described with the aid of the exenplary timng diagramof Figure 14. It

will be appreldted that Figure 14 shows CLK 1228 havi ng approxi nmately

e e L een sl il PR GBI p ety T
appr oxi mat el yadzlz@sshtbizhe Belected BBRAMSs over address bus 1214 and /or 1222, and the 23
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 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 15 and 16).

From time t10 to time t15, control logic may cause the write data to be
provided to the selected SDRAMSs 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 t10 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. D0 and D1 may correspond to DATA1. Additionally,
from time t13 to time 14 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 14 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 DATAZ2.
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
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enbodi nents, different ratios of frequencies, and/or different frequencies,.
may be used. Menmory nodul e controller 1202 may inple ocess
of Figure 1 ?Jggl/ﬂaﬁt he circuitry shown in nenory nodul e 106%3%‘?5:’%?‘58% 10.
For exanple, CLK 1024 corresponds to CLK 1228, CMD ADDR 1026 corresponds to

row 1234 d I ?ﬁ&%? lfg}p Qcmqﬁfe LBRAMSake 1030
correspon%ﬁ%ﬁﬁﬁg%&%%%&tgg ress Oéémé((;)r egggﬁ%é to acaiaéress 1214, menory
control sighten tb)d altermativp @misodimentsna peftiad verite288yneafoat lesst than036
corresponds_t o dat 4. For other,_enbodi nents, other circuitry may be
used to inﬂ@%ﬁ?%&&&beﬁ‘eﬁtﬁire 13. The process starts at
step 1302. At SA&RoﬁélQ‘ih@fbﬂeJehﬂiﬁ‘feinﬂibntlﬁstbkehidﬁscﬁbed Bnteradsi ofat e command i s
sent on row |lines 1234 incl udi ng)a devi ce, &gnk, .and royw. address of

sel ect ed nepesific embadinaents, it willbeapprsriateds thabiagigus mesdifieaiipns gndst o 1306
and from t g il RARH hatle Gri Wholie 88pardinsZ®em! he
conmmand an%iﬁgraéraggsgn%h@?%%ﬁeo gho(%g%r ovi des thirs i nfor méa?i on-"to control

| ogi ¢ 1002¢heCepitit ahd|segpe of Ghe investiopr dlhadiswention sbhoulkdithezefore bet he

sel ect ed SDRAMs qver, addr bus 121 r 1222, and the appropriate bank
activate cmﬂ?ﬁlﬁ‘@%t%‘ ?ﬁ'@ss"gﬁg‘é%&“‘éﬂ@ﬁﬁqgfvl‘g?' control bus 1238 and/or 1240.
For one enbodi nent, the appropriate bank activate command incl udes

di sabling CAS |ines 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 1216. Because the nenory addressing
schene protocol used by Direct
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RDRAMI[ err] devices may be different than that used by the sel ected SDRAMs,

the activate Bv64 upplied on row address lines 1234 nay | | um
addr ess inforcngtionﬂi]gir the sel ected SDRAMs. In this exanpl etPEﬂ?lggg%éo um

address information may be stored in address storage—whit 1040 until such

time that the colum address information is issued to ¢t ed SDRAMs.
At step 1308 and fromtinme t4 to tineciamms read corrm#mﬂ!ﬁ@m ”Lg ' um
|l ines 1236. The read command i ncl udes device, bank, anag col

information for the desired read |location in the sel ected SDRAMs.

24 At Whaetnisiclaimeshis: fromtime t6 to tinme t7, request handling |ogic
1004 deserializes the read command and provides this information to control

| ogi ¢ 1002. ntr ' t | I : t he
read com‘randq?o t%leniseg%&e‘?téggéﬁméﬁmg\%gﬁrgﬁger%@%& 12111?j gfnds or&?gzz and
over control dewiek88 menmioryr modale with spsystany atgmornydrusoroatpladbteda ment , t he
appropriate read comand ingl Eedzﬁ di sabl i ng Rﬁs 'n'fﬁ% 1212 and/or 1220 and
VE |ines 1216YSHH greniorygmodhte. dhe Sremerydaofnie co T SRBIPSPM®21 and CAS
lines 1211 and/ or fil@lidteafack Rirchitty hfipiged & réceive 268 theé)semGhkmb2y} 6.

If there is di fference between _t hg nunber of g%/tesﬂael ected in the
sel ect ed SDRiM?aa 5t DpRMoryiansaghion hawing A it fargaty gRta singl e read

conirol logic coupled to the first interface circuitry and generating a

A7

second memory transaction for the plurality of memory devices, wherein
the second memory transaction corresponds to the first memory transaction
and has a second format different than the first format of the first memory

‘transaction.

2. The memory module controller of claim 1, further comprising
second interface circuitry coupled to the conirol logic and configured to
transmit the second memory transaction to at least of the plurality of

memory devices.

3. The memory module of claim 1, wherein the first memory

transaction includes time multiplexed address and command information.

4, The memory module controller of claim 3, wherein the first interface
circuitry comprises request handling logic that separates the address and
command information and provides the separate address and command

information to the control logic.

5. The memory module controller of claim 4, wherein the first memory
transaction further includes time multiplexed data information, and
wherein the request handling logic further separate the data information

and provides the separate data information to the control logic.

6. The memory module controller of claim 1, wherein the first interface
circuitry comprises handshaking logic provides a handshake signal to the
35



transaction by the system rrermrHl lﬂ"’ qq n steps 1308 and 1310 may
be repeated Jygepiked nunber of ﬁm, he nunber of
exanple, as shown in Figure 14, if thé ffrst read conmand Rg&%)ﬁsg%{ngg

1236 (together with the activate conmand on row 1234) addresses 16 bytes of

data and t ts ﬂ%ﬁ@‘ﬁoﬁ e, s of
data, then sé%@%}%ﬂgggﬂq%g%lﬂgl%d%g I SS Bg‘ra%m&iﬁ?rroéﬁ%(égt otine
t9 to addr essnimuaicasingndhta do lthe epstem memopgy busep 1312 and fromtine t8 to
time t15, data I/O CII’CUItI’y 1022 may receive data read fromthe selected
SDRAMs. For- exa f Vs
1204-1207 i1 the E%rgé{‘ﬁg%%e‘%": il iCﬂi a‘ghé ‘??6&‘3“ eréngA
circuitry mﬂﬁutrmconq:rmes'dathahmdimgldeglmmﬁlgated m:teadwe daltee of thesfirsei ght
bytes, two bytes fromeach of efgegxta SDRAMS, 120412 Eromt tIOto
time t12 d FEnspatiqn, from) ERENER bR =84 GrioriRgt B dbiagonyt es
from each Oﬂ\etdéﬁoﬁ@liﬁelﬁmns{&@mtl me t12 to tine t13 data packet D2 that
i ncludes the third eight "bytes, two bytes fromeach of the four SDRAMs;

and, fromtjine t13 to tine tl4 data cket, D3 that includes,the | ast elght
bytes, two byt esihe Bemarymedulecont s%ﬁhwi,@ riier CORWPIISIG 8¢i at ed t hat

for other eﬁﬁ%‘bﬁﬁ@f@o@lﬁd%ﬁ@fﬁﬂ%ﬁ%&e Qbcdidty and ek ﬁhiafsﬁ? g{munber of
e selecte

cycles may be required™to read the selected data from e SDRAMs.
25 the first memory transaction.
9. The memory module controller of claim 8, further comprising an

address storage unit coupled to the write buffer and the first interface
circuitry, the address storage unit storing addresses associated with the write

data stored in the write buffer.

10.  The memory module controller of claim 1, further comprising a read
buffer coupled to the control logic, the read buffer storing data read from at

least one of the plurality of memory devices.

11.  The memory module controller of claim 1, further comprising a
clock generator coupled to the control logic and configured to receive a first
clock signal from the system memory bus, the clock generator circuit

generating a second clock signal for the plurality of memory devices.

12. A memory module controller for interfacing a plurality of memory
device on a memory module with a system memory bus coupled to a
system memory module, the memory module controller comprising:

means for receiving from the system memory bus a first memory
transaction having a first format; and

means for generating a second memory transaction for the plurality
of memory devices, wherein the second memory transaction corresponds to
the first memory transaction and has a second format different than the first

format of the first memory transaction.
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Wien the.read data i s received, (il in read buffer 1038 prior
to providing tp&ﬁ%& to data hu"lmrmm H%H 6. Alternatlve ¥! it nay be
provi ded direc 8at a handl i Mg ¢ogi c Ml t step 1314, il ng
|l ogic may serialize or pack the data into the proper format expect ed by the
system rrermry ontfaller on ?HL For ane e ine data packet s
b and D11 WEE adi Agnemper Biodie setEg e o, i GHpaRE AGRGSRNE HBAIA 207 ey
be packed lnt@e\ﬁ&% maﬁﬁahbtypﬁ@auléamra e mhividyy, Busadouiphed w@w ded to
data bus 1232 at step 1316 anpd fromtlrregﬁl to tqlﬁ?r’e t15. Simlarly, data

packets D2 an®/sHgn MempPiaiesibednemery madide spnigaler soraprisipeians

1204- 1207 may be Hfgg‘; i e t may
provi ded to data %Isé{(%gg aetcﬁ;l‘,[ﬁgtr&”légl ang%ﬁ‘g‘:rﬁl{(?%gmtl ssigte??ne t‘?L

Fi gure 15 shobmss arin'stembmwn'yrmnsmhoa, andcess i npl enent ed by menory modul e
controller 1202 to rma Wi ctl ta o SDRAMS
1204- 1207 after "é’g‘?‘i?ﬁ %‘%CWRLFQ%?&%QE%% esﬁ}%‘i“réj‘}’r'}' rﬁlﬁ‘i“&gmz The
same process @Yflﬁﬁnﬁm?t@aﬂyabﬁﬁlsdﬁi'&hé lu’:l'ali fﬂl@ﬁo@ﬂé\bﬁes Figure 15 is
described with the aid of the exenplary ?I m ntgo%l agr am of Figure 16. Menory

nodul e contro 02 ma ment  t ess o ure 13 .using the
circuitry shou'\ ﬂl‘ﬁe mﬁ/rmngqs el‘@@ff'o@f" E glﬁ}r@ 13! urth COMPHSIHE | | “pe

appr eci at ed t&&BnElMﬁcéérahﬁ%o%ﬁdltaaﬁe baiedldo I%@Womgﬁ{é&{d’“ ce the
frequencyt o:‘ rCLK £208 aql:;r@&ag hmgg;snt mmmﬂég%&a e a frequtenf:y of
appr oxi mat el yreggiyerom rhos nemo meppxi mat el y
200 MHz. For t () and/ or

di fferent fre%%ﬁ%cflggb%ﬂgﬁkgttﬁe C&g& 51%5@{} ref#n{a?ssir:}%cseegss&g% ol ﬁﬁt step 1502.

At step 1504 transdctiomfor the dyBteno nidomerytbus. an acti vate comTand is sent on
row lines 1234 including a device, bank,
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and row address of nenory locations in one or nore of selected SDRAMs

1204- 1207. At step 1506, data request |ogic 1004 deserializes the conmand
and address i nWO41666n and provides this information to conPFHUSIBIEE
1002. - 26 Because the
menory addressi ng 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 lines 1234 may i ncl udb/16’o| unm address information for the
selected SDRAMs. In this exanple, this colum address information may be
stored in address storage gymit—-X046:until such tinme that the colkumm address

information is issuquotw sel e¢t ed SDRAME. At step‘.’LS(E and from
time t2 to tine t3, a*write%on@ d'is seft on colum lines 123€ The wite
command i ncl udes devi ce, b‘ar%, Th .0l utm ;address informati c@fm t he
desired wite locations;in{the sefegted SDRAMs. At step 151 r@quest
handl i ng | ogi c 1004 deseri allzes.the witeg command and provi %ft hi s
information to control [ ogi G5 1002 I'f therje is a difference between the
number of bytes sel ect ed f)r&wrgli i e sel ected SDRAMB
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and the punber of bytes selected by the systemnenory controller, then
steps 1508 and 1510 may be repeated a desired number of tineschrsssigds t he
nunber of byteS.” For exanple, as shown in Figure 16, if the first wite
comand WRI TE1 on columm 1236 (together with the activate command on row
1234) selects 16 bytes of data and the wite command to the sel ected SDRAMs
addresses 32 bytes of data, thenz/a] cond wite conmand WRI TE2 may be
issued fromtine t3 to tine t4 t dress the second 16 bytes. At
step 1512 and fromtine t5 to time "img | ogic 1046 may receive
wite data DATAL from data bug| 1232_and naj unpack lor deserialize the wite
data. Data handling | ogic 1@4@[ may Etor‘\e; it BeRugift e dat a DATAR @o wite
buffer 1012, and address storage 10¥4 rmgy Mglﬁl W address out put by
request handling logic 1004. If a s sequ’;ei-‘t—‘wri e ior read cg‘rmd IS
received, control logic 1002 may i:nspect wH ffler 1012 ardt &dress
storage 1014 for the requested addFess. 11 o1 dr{ess i s Ioé-h-t@él in
address storage 1014, then the corlrespondi foudatl in wite buffer 1012 may
be read or overwitten. If a subseq@ent_v\lr 6@ TE2 is issued,
t hen DATA2 receivedfromtimetBto?i t 603 ated with this
command, may be unpacked or ideserijali zed iag_!d al s skored in wite buffer

! 2 At step 1516

1 4

1012.
and fromtine t6 to tine t7,: contro%logicﬁlOOZ [ he
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provi des the row address to the sel ected SDRAMs over address bus 1214
and/ or 1222 @ﬂ\?& e appropriate bank activate command to ed
SDRANMs over“é:on rlo({g bus 1238 and/or 1240. For one enbodi ne?%"%ﬁ;é(ﬁﬁs
appropriate bank activate commnd i ncl udes disabling CAS |ines 1211 and/or
1219 and WE |ines 1210 and/or .’%/ d enabling CS lines 1213 and/or 1221
and RAS lines 1212 and/or 1220 at ﬂl%nl’l sing edge of CLK 1208 and/or CLK
1216. At step 1518 and fromtime t9 to time tll, control |ogic 1002 then
provi des the colum address and the wite command to the sel ec SDRAMs
over address bus 1214 and/or 1222 and control bus 1238 and/or 40,
respectively. For one enbodi ment, the appropriate wite comman ncl udes
di sabling RAS |ines 1212 and/or 1210 and enabling CS |ines 12]1_gand/or
1221, RAS lines 1212 and/or 1210,c3nd V\E lines_1210 and/or 1218 at the

ri sing edge of CLK 1208 and/ or CL% | At st ep—L52Q angyfromtine
t9 to tine t14, control logic ma @gssgthe \(vrlte dat 2t o e pﬁpw ded to

t he sel ected SDRAMs on dat a Ilneq}‘, 4," 1225, 1226, ,h ag/ r {1227 from dat a
/O circuitry 1022. For exanple, es of rdatal ma T‘t‘tento t he

f our §E?BANE__1204_:LZDZJ.I1_the f ol 1fow hgt mannet: frp tlﬁe tg to tiime t1l
dat a I/O circuitry 1022 may pro & a pacl'<et DO%nc uding |tthe first

ei ght b|ytes L. byt es tg each ﬁa [ our SPRAMs Oyfrop tlima t1l to
tine 12 dath Zgacket{‘.:pl %nbl udi Ny Y hesecondiei gt Rt sy tiethyites to each
of SDFA‘IVB 1 lq;) JD0 ‘and D1 mdy |correspond t of DRTS Hddi joral 'y, from
time t|12 (ki 8 dat a /Ocir-miirleZZma poviﬁe dﬁ a|packet D2
i ncl udlng h :Ehl rd eilght bytes, |[two|bytes t(p each o] 12Q04- 1207, and
fromtlime| {1310 tIng |t 14 data packel D3 inchudFmo~+hg—teosh ¢i gHt bytes
t wo bytbs o‘EgCﬂ"ﬂfnSDRA 1204-]1207. | D2 _and O3 n@y, BOrres pomd | 't o DATA2.
It will, bg|gbpieci 4tBd thai for dife] srhodl eyt s & =R Ger 4o number  of
byt es fapd{a (i ﬁe nunbéer of dyql AR be eqlﬁ% 5E v./r__ltelt he
sel ectled 1H‘€d%a tlo {tjhe sélected $ (s A.'ﬁh uglﬁim%this e <rrﬁle al |
DRANMs are i o, jin ahternatfi e efrbodi tis g patXial | 4 ‘m
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wite to.one (or Iess than all) of the SDRAMs may be execut ed.

28 al ternative enbodi nent, nenory nodul e pg@Risssiibgdr 102
may al so prOV|g% a Brldge bet ween systen1nenory bus 1242 and SDRAMs 1204-
1207 using a nodified protocol. The nodified protocol may be denul ti pl exed
having a data bus and a separate control bus that transmits control
information and address between a sys menmory controller (e.g., system
menory controller 304 of F|gure 3) a mory nodul'e controller 1802

In this enbodinment, a read transaction fromone or nore of SDRAMs 1204- 1207
may be perforned as shown in Figure 17 wherein row bus 1234 and CQDunn bus
1236 are used as one control bus 1235 having eight signal |ines. r ot her
enbodi ments, a different nunber of signal |ines may be used. From
tlﬁEtOtOJJU&Il an. activate-conmand s -seri—on-cent +6]-bus-1236

i ncl udi ng agidevi-ees—bgnk, and rOM/addwess of selected n ocakjons in
SDRAMs 1204%1207 &l n tlhis enmbodi ment,! the activate commagg nma bgfipread
el

over two cyckes a;%g 1 cycle 0 and cycle 1in Table 1 % 1228 in
whi ch data |s—9} sPerfred on each QLopk'edge of the|CLK .’Te.,idouble-
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punped) .
RQ 7: 0] cor k&s

RQ 6]
O 4]
Rl 3]
R 9]

RQ 5]
D 31
Rl 2]
R 8]

%£?g?to the signa

4 RJ3] RJI2] RJA1]
Ol 2] Df 1] Df 0]
RI1] RO] B[ 1] 1

R 7]

For one enbodi nent the packet fornmat

| i nes of control

Bl 2]

RQ 0]
B(0]
R(13]

0

bus 1235
0
R 6]

Rl 5]
R{11]

is as shown in Table 1 where

peTiSYSidi8ss RA 7]
ST SF

R 4]

R 10]

R 12]
TABLE 1

The activate conmand i ncl udes sevgql7 fields: .
Sel ects one of eight banks in SDRAMs 1204- 1207,

B[ 2: 01 Bank Sel ect:
D[ 4: 0] Device Sel ect:

Sel ects one of 2[err] or 32 nequy nodul e controllers; 30] Row
Address: Provides a row address—for one or nore |ocations sele®ted in
SDRAME 1204-1207; and \ o Zgéj
ST, SF @&nhcoded Frane/ Fast Cbnnéga: Bi t§ \used to indicate whet a comand
is fram®dMas indicated in Tabl ell2. ThéOE»t ended conmands may ithcl ude noop,
precharge, refresh, and ot her comrands.
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ST - SF

0 , wo 9914166600 Fram ng
an Active Conmand (page
activate) 1

(page hit) 1

TABLE 2

0
1

sel ected SDRAMs over address bus 1214 and/ or

Oper ati on
0

0 X
1 pcrmusesmisds’ 2N

Frame a Read/ Wite Command

Frame an Extended Command
t - logic 1004 deserializes
t he command and address information and provides this information to

control -1ogic 1002. Control |ogic 1003/qffen provides the row address to the

Fromtime t2 to tine t3, data request

1222, and the appropriate bank

activate command to the sel ected SDRAMs over control bus 1238 and/or 1240
(e.g., as described above with respect to Figures 13 and 14). From
time t4 totine t5, a read conmmand is sent on control bus 1235. The read
command i ncl udes devi ce, bank, and col umm address i nfornat for the
desired read |l ocations in the SDRAMs.__ 1n this enbodi nent, Lﬁﬁ_read comrand
may be spread o@r two cycles (i.e,, ojcle 0 hnd cycle 1 iMJTable 3 bel ow)
of CLK 1228, an ave a pa t?&shomin Table 3. 4. Cycle RQ 7]
RJ6] RJ 5] 4* RY 31| B2 HRAIR D 0 ST SF
D4 D3] D{2]  |D[1] ol SEBfolf ¢ gel  dgsl 4]
d 3] [ 2] d 1] d 0] [ 1 SE AP RYW _(11] d 10]
d 9] g8l d7j d 2] Z 3] TABLE 3
The read command i ncludeg peverfal different fields notgpresent in
0
iad Q &
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t he activate conmand: 30

C 11: 0] Row Provi des a colunmm address for one or ons
sel ected i nv@ggﬁﬁ/g&1204 1207; "R/WRead Wite: indi carﬁ&g.s §#’ler t he
command is a read transaction or a wite transaction. Wen this signal is
in one |ogical state it indicates ead transaction, and when it is in the
conplenentary logic state it indi ! S awite transaction; and AP
Aut opr echarge- I ndi cates whet her the selected columm (or row) of selected
menory cells should be precharged after reading. Fromtine t6 to tine
t8, request handling logic 100 MEMGRY DEVICESEs t he read command and provi des

this informati OWWMZ t hen provides
t he colum addre$s and the read conmMBMORY t he sel ect ed> SDRAMs over address

bus 1214 and/or: Q222 and\RESTont r JCNFROL1238 amdtdr 1240, respectively,
(e.g., as descaa@ed above &ﬁah resﬁ@lﬁ/\iﬁ)&snguresﬁaa and 14). If the first

data and the
econd read fommand READ2
Fromtiye t10jto tine t 16,

may bEISSU'ed‘—f“I""G'm"t'] Fer'ri—t1 t
data I{O cnrc 1022 ApORESSHi Vv d ff r OWTAhe pel ect pd SDRAMs. For
exanpl g %Lég f{ daygreeaceq r Aferrace /0 .
516 CIRCUIT 820 CIRCUITRY
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N 8526 ‘/
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fromthe.four SDRAMs 1204-1207 in the follow ng manner: fromtine tI0 to
time t11 data I/ O ci rcwtry 1022 nmay receive data packet DO that includes
the first ei ght"®J¥VH86 t wo bytes from each of the four SDRAMSPAEBPIALEEY;
fromtinme t11 to tine t12 data packet D1 that includes the second eight
bytes two bytes fromeach of the four SDRAMs; fromtine t13 to tine t14
data packet D2 that includes the thiggfi2ight bytes, two bytes from each of
the four SDRAMs; and, fromtinme t14 to tine t16 dat'a p D3 t hat

i ncludes the | ast eight bytes, two bytes from each of &Q our SDRAMs. It
wi || be appreciated that for other enbodi nents a diffefent nunber of bytes
and a different nunber of cycles: maygmgrreqyired to read the sel ected data

fromthe Selected SDRAVE. lV\h he rfad data s recei ved, it may be
stored in read buffer 1038 prior: =ow+e=Ng t he datato data handl i ng
logic 1046. Alternatively, it— t i . 31
may be prbw ded directly to c{ia&&CMﬂMN@AC‘B@Nc 1046. Atistep 1314, data
handling | ogic may serialize|or pa®kEQUESTdata ijnto the pyoper forr‘[at
expected py the system nenory controldo# on datla bus 1232. For one
enbodi nent, data packets DO m—— ' 4 total of| 16 bytes,of data
fromsS Ms 1204- 1207, may pe ed 1 nt unj nterrupted transmni ssion
DATAL th may provided to dap%%%@;%%ﬁé%lq%%%ﬁi e t12 tp
906
A 4
DETERMINING IF REQUEST
DIRECTED TO NO
A DEVICE IN MODULE
208
YES !
DETERMINE TYPE
OF TRANSACTION
WRITE 210 READ
Y ]
GENERATE WRITE PROVIDE ADDRESS TO
CONTROL SIGNALS ADDRESS CIRCUITRY
912 218
]
i GENERATE READ
CONTROL SIGNALS
PROVIDE DATA TO DATA _ 220
/0 CIRCUITRY AND
ADDRESS T0 ADDRESS ]
CIRCUITRY SERIALIZE DATA
A4 READ FROM MEMORY
922
|| SEND ACKNOWLEDGE SEND DATAWHEN | |
WHEN BUS FREE BUS IS FREE
216 224

FIG. 9



time t15. Simlarly, data packets D2 and D3, including a second 16 bytes of
data fromsS 4- 1207 may be packed into one uninterr

-transm ssi o%ﬁﬁ%&?hat may provided to data bus 1232 from'ti et o tinme
t17. For this enbodiment, a wite transaction to one or nore of

SDRAMs 1204- 1207 may be perforned as shown in Figure 18. Fromtine t0 to
time t1, an activate conmand as shown in Table 1 is sent on control bus
1235 including a device, bank, andwaddress of nmenory | ocations in one
or nmore of SDRAMs 1204-1207. Data e | ogic_1004 deserializes the
command and address 1 nformation and provi des this informati¢n to_control

| ogi ¢ 1002. FromtirretZtot' a wite conmand ifjs se on
control bus 1235 that includes devic and col utm addfess Tnformation
for the desired wite locations in j c@mand uses
t he packet format _shown ir € riately to

I ndicate a wilte trandgactijon. Reque iBki zes the
wite commandjang; provi deg this inf ®Wp2. If there

is a dlffenenc e—furber i n SDRAMs
1204- 12078 ¢. andthe o e single
wite trafjsa y the sys 19.@ |16 bytes),
then the|fgrs nd WRI TE1 witle a first
anount (9., data, and a sec |te command ]WRI TE2 may be
I ssued frfomt] retStW ndiappunt_of data {(e.g.,
anot her 16 by Eromti D tifme{t9, | dat a haul@c | ogi ¢ 1046
may receilvegwrli AL from deldtEJ4TTP32 ang ﬁ'@/ unpackdr
deseri al i|zeQt %] %5§ 32
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data. Data handling | ogic 1046 may store the wite data DATAL into wite
buf fer 1012, angoasifie@ss storage 1014 nmay store the wite addpefsidest by
request handl | ng logic 1004. If a subsequent wite or read command is
received, control logic 1002 nmay inspect wite buffer 1012 and address
storage 1014 for the requested addrz? 1;17” the address is |located in
address storage 1014, then the corr p/ ding data in wite buffer 1012 may
be read or overwitten. If & subsequent wite commend WRI TE2 I ssued,

t hen DATA2 received fromtinme t9 and associ ateﬂ‘hﬁph this
conmand, may be unpacked or desgri al9TA&E anfl al so stored in wite buffer
1012. Fromtime t7 to tlrre t8 Lﬂantro | ogi ¢ 1002 then provides the
row address to the sel ected SDRA bus 1214 and/or 1222, and

t he appropriate bank activate co \QESDRA H 1204- 1207 over control bus
1238 and/ior 1240 (e.g., as dé¢scrife
16). Fromtime t1l to time ti g@@N

respect to Figures 15 and
address dnd the wite commang IDRAME over address bus 1214

002 then provides the colum

and/ or 1222 and over control [bus 123é—a-nd/ or 1440, respectively (e:g., as
descri bed above with respec, L 5) . : Fromting t10 to
time t15,; control logic may calsggwllzg\@amﬁmm{a to be pk’ ovided toithe
sel ect ed |[SDRAMs on dat a | i nesafigEEs ARBTOMMRGD hnd/ or 1227 fromdata 1/0
circuitry 1022. For exanple, 32 byfrermpriohata may be witten-to the four
SDRAMs 1204-1207 in the following mappe : fromtine t10 to
7
DETERMINE IF COMMAND
DIRECTED AT MEMORY NO
DEVICE SUPPORTED BY
MEMORY MODULE
1108
YES 4
DETERMINE TYPE
OF TRANSACTION
WRITE WO
RECEIVE AND FORMAT PROVIDE AND FORMAT
WRITE ADDRESS READ ADDRESS
2 1120
P _v
RECEIVE AND FORMAT ~ PROVIDE READ ADDRESS
WRITE DATA TO ADDRESS CIRCUITRY AND
1114 READ DATA FROM MEMORY
122
)
PROVIDE DATA TO DATA 3
{70 CIRCUITRY AND ADDRESS FORMAT READ DATA
TO ADDRESS CIRCUITRY 124
lue
- — 15
SEND DATA TO
kagﬁ gﬁéﬁg&é@ae S5YSTEM MEMORY CONTROLLER H
ma WHEN BUS IS FREE
126

FIG. 11



time t12 data I/Ocircuitry 1022 may provide data packet DO including.the .
first eight st Wo bytes to each of the four SDRAMs; ap, me t12
totime t13 a%gﬁpacket D1 including the second ei ght byteseTh%ﬂmgﬁFes to
each of SDRAMs 1204-1207. DO and D1 may correspond to DATAL. Additionally,
fromtinme t13 to tine t14 data I/Ocircuitry 1022 may provi de data packet
D2 including the third eight bytes iﬁp bytes to each of SDRAMs 1204- 1207,
and fromtinme t14 to tine t15 data 1¢ ket D3 including the |ast eight
bytes, two bytes to each of SDRAMs 1204-1207. D2 and D3 may correspond to
DATA2. It will be appreciated that for other enbodinents a difAgrent nunber
of byt and a different nunber of cycles may be required to te the

sel ect - 33 . the data to the
sel ect €1 SDRAMs. Al t hough jdthis exanple all DRAMs are wittdQto, in

alternative eﬁbed+ﬁeﬂ%s—adpart|al wife to one (or less than gkT) of the
SDRAMs nay“p execttet—* 4l though the present invention has been
descri bed %mbt |f|§g§§bodlwents, it will be appreciated that
vari ous nDdZﬁﬁ | al t i ons| m ght pe made by those skilled in the
art wi t hous defdr A i ro—from t heSspirit)and scppe of the invention. The
I nvention sh@ﬁ Rer eTore be neasurep in tefns of the clains which follow.
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34 CLAIMS What is clained is:; 1.
A nmenory no troller for interfacing a plurality of ry device on
a menory m%%’ﬁﬁ&h a system nmenory bus coupled to a systm%qwsmdul e,

the nenory nodul e controller conprising: first interface circuitry
configured to receive fromthe systemnenory bus a first nmenory transaction
having a first format; and control logic coupled to the first

interface circuitry and generating a second nenory transaction for the
plurality of menory devices, mherﬁgzgzhe second nmenory transaction
corresponds to the first nenory t ction and has a second format
different than the first format of the first nenory transaction.

FIG. 14
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2. The .menory nodul e controller of claim1l1, further conprising second

I nterface circyj pled to the ¢ontrol logic and configured to transmtt
t he second nen§*§5¥?§§§action to at least of the plurality of PREHP(pIsEs
devices. 3. The menory nodul e of claim1, wherein the first nmenory
transaction includes time nultipl ex4d/4@dress and command information. 4.
The menory nodule controller of claim3, wherein the firsqgkn9erface
circuitry conprises request handling | ogic that separatey the address and
command . i nfornmati on and provi de€ [E-SEP]r at e address and comand
information to the control | ogiic. he nmenory nodul e controll er of
claim4, wherein the first ment zmsadti on further includes tine

mul ti pl exed data infornatFenr—and—wheﬁekn—%hearequest handl ing | ogic
further separate the data:infornmeREGEIVEND provf des the separate data
information to the control | ASTGVATEECMMANE ngnory nodul e control | er of
claim1, wherein the first inteONRGWBUSCUitry] conprises handshaking | ogic
provi des a handshake signél to thei504 35
system nenory bus t hat imﬁﬂ:ﬂes—wmgfﬂﬁmrmfﬁﬂry nodul e controller is

g DESERIALIZE COMMAND AND
i STORE ROW ADDRESS
| 1506

===

RECEIVE WRITE COMMAND
AND COLUMN ADDRESS ON
COLUMN BUS REPEAT UNTIL
15086 ENTIRE
T ADDRESS

DESERIALIZE COMMAND AND STORED
STORE COLUMN ADDRESS
1510
T

RECEIVE DATA
TO BE WRITTEN
INTO AN SDRAM DEYICE
1512
-

DESERIALIZE DATA AND
STORE IN WRITE BUFFER

1514

®
PROVIDE ROW ADDRESS AND
ACTIVATE COMMAND
TO SDRAM DEVICE

1516

PROYIDE COLUMN ADDRESS
AND WRITE COMMAND TO
SDRAM DEVICE
1518

} i
WRITE DATA INTO
SDRAM DEVICE

1520

FIG. 15



comuni cat i ng data to the system nenory bus. 7. The nmenory nodule .
1, wherein the first

controller interface circuitr S data:
handl i ng | ogl c cong‘) Il gured to receive data of the first nmeno y‘{/ﬁﬁ;g;ﬂisbggt i on
fromthe system nmenory bus and reformat the data for the second nenory

transaction. 8. The nenory nodul e controller of claim1, further

conprising a wite buffer coupled to the first interface circuitry and

storing data sent with the first nmenory transaction. 9. The nenory

nmodul e controller of claim8, fur eﬁnl orrprisi ng an address storage unit
f

coupled to the wite buffer and t rst interface circuitry, e address
storage unit storing addresses associated with the wite data sired in the
wite buffer. 10. The nenory nodule controller of claim1, further

conprising a read buffer coupled to the control logic, the reaoguffer
t ore of the plurality of; mpnory Vi ces.

storing-data read fromat le
11. Theﬁmem)ry q Ppri s Hé—a cl ock
gener at &5 coupl —e-c,er;we a first
clock signal fr e.. jrcuit
generatinng a sec 3 SR -y_%éw ces. 12.
A menor {_nodul.e’. ty @ Jmenory device on
a menor Y_nodukesjv t g o] a syetem-Bpnory nodul e,
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transactid on having a first format; and means for generating a second
menory transaction for the plurality of nenory devices, wherein the second
menory transacWMOM4Ees r esponds to the first menory transacti SRTARP/HES a
second format different than the first format of the first nenory

transacti on. 36 13. A nenory
nodul e controller for interfacing a plurality of nmenory devices on a nenory
module with a system nmenory,.pus couﬁgﬁﬂ7fo a system nenory nodule, the
menory nmodul e control | er conpri sing: first ‘interface circuitry
configured to receive fromthe system nmenory bus a first nenory
transaction; and 1 control §ogic coup to ttheifirgtynterface
circuitry and refofmatting the first nmenofyJtrangac ion?ﬁfor the plurality
of nmenory—devicés.| 14. Thejmehory nodul g dontral | fr of cfaim > further
conpri si ngy second | nterface ¢irfuitmy coupl 4d to fthe COTtEO| | ogi ¢ and
configured-to récelve fromone pf ralfity of: je y--devi c a second
menory trapsactiion] wherein thef co pgifc refiorfmtsfthe sec menory
transaction for ithg system nmenofy : o R At
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(54) Tiflee MEMORY MODULE CONTROLLER

(87) Abstract

A memory module controller (800) for interfac-
ing a plurality of memory devices on a memory module
with a system memory bus (823) coupled to a system
memory module. The memory module controlter (800)
includes first interface circuitry (804) and control logic
(802). The first interface circuitry (804) is configured
to receive from the system memory bus (823) a first
memory transaction having a first format. The con-
trol logic (802) is coupled to the first interface circuitry
(804) and generates a second memory transaction for
the plurality of memory devices, The second memory
transaction corresponds to the first memory transaction
and has a second format different than the first format
of the first memory transaction.
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