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MEMORY MODULE CONTROLLER RELATED APPLICATIONS This application is related
to and claims the benefit of the filing dates of the following United
States Provisional Patent Applications: (1) Provisional Application No. ,
entitled DISTRIBUTED CONTROL MEMORY BUS ARCHITECTURE, filed on December 5,
199i; and (2) Provisional Application No. , entitled DISTRIBUTED CONTROL
MEMORY BUS ARCHITECTURE, filed on December 5, 1997. These applications are
assigned to the same assignee as the present application. This application
is also related to U.S. Patent Application No. , entitled MEMORY MODULE
SYSTEM INCLUDING A IvIEMORY IvIODULE HAVING A MEMORY MODULE CONTROLLER
filed on February 13, 1998, and U.S. Patent Application No. , entitled
MEMORY MODULE INCLUDING A MEMORY MODULE CONTROLLER filed on February 13,
1998, each of which is assigned to the assignee of the present application.
FIELD OF THE INVENTION The present invention pertains to the field of
memory systems. More particularly, the present invention relates to a
memory system that includes a memory controller on a memory module.
BACKGROUND Memory modules such as single in-line memory modules (SIMMs) and
dual in-line memory modules (DIIvtMs) 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 110117 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. i~~m~m~~mm 1 1111WI9~~~   WO
99/-l1666 PCT/US99i0185~ ~ z au~ zooz There are at least tcvo disadvantages
associated with the conventional memory system of Figure 1: (1) buses 11b,
120, and 12? are multi-drop buses that have high capacitive loads which
require large drmers in memory controller 10=1 and in DPvAIvIs 110-117 (to
drive bus 1?2); and (2) there tends to be large mismatches in loading
between the address and command buses and data bus 122. These disadvantages
combine to reduce the maximum operating frequency, increase power
consumption, and decrease performance of the system. Additionally, memory
controller 10:1 may include a high number of pins (e.g., approximately 190
pins for a 4 DTMM SDP~AM system) to support access to memory modules 106
and 108. The bus width of data bus 122 is often 64 or 72 bits wide to
support larger bandwidths, for example, of up to 100 mega transmissions per
second (MT/s). Figure 2 shows another typical memory system that uses
technology from Rambus, inc. of Mountain View, California. In this system,
processor 202 communicates with Rambus dynamic random access memory
(RDRAMT`~') devices 210-217 on memory modules 206 and 208 (also called
Rambus in-line memory modules or RIMMT~' modules), respectively, via memory
controller 204. Memory controller 204 communicates appropriate memory
instructions (e.g., write, read) refresh, etc.) and data in a
timemultiplexed fashion to memory modules 206 and 20S via memory specific
bus 226. Each of the RDRAMT" devices 210-217 include interface logic
218225, respectively, that enables the RDRAMT~~ devices to interface to
memory specific bus 226. Memory specific bus 226 may operate at a high
frequency (e.g., 250 to 400 MHz), have a small bus width (e.g., 16 or 18
signal lines), have symmetric loading for address, command, and data
information, and have a bandwidth of up to 800 MT/s. In other embodiments,
the address and control information may be separated (demultiplexed) from
the data bus in this environment. The system of Figure 2 has a number of
disadvantages. Each RDRAM'~~~' device includes a significant amount of
logic in the interface logic which makes implementation of the RDRAMT~'
devices more   CVO 99/-1166o 



PCTIUS99/01885 1 2 AU6 200Z difficult and more expensive than other DP~AM
devices, and which causes the RDRAMT~' devices to draw more power and
dissipate more heat than if the logic was not present. This may lead to
thermal and reliability problems. Additionally, each RDRAMT"' typically
includes a delay locked loop (DLL) circuit coupled to a plurality of clock
signals on Gus 226. The DLL circuits are typically always functioning and
drawing significant amounts of power which contributes to thermal and
reliability issues. Additionally, memory controller 204 must include
relatively large drivers to drive bus 226 In each of the memory systems
described in Figures 1 and 2, the 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 decoupie 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 accompanyinb drawings and from
the detailed description that follows. BRIEF DESCRIPTION OF 'THE DRAWINGS
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; 3   'O 99!-11666 PCT/LiS99/01885 1 Z
AUG 2002 Figure 4 is a block diagram of another embodiment of a memory
system according to the present invention; Figure ~ is a block dzagram of
one embodiment of a dynamic random access memory (DRAM) module including a
DRAM memory module controller; Figure 6 is a block diagram of one
embodiment of a static random 



access memory (SRAM) module including an SRAiVI memory module controller;
Figure 7 is a block diagram of one embodiment of nonvolatile memory module
including a nonvolatile memory module controller; Figure 8 is a block
diagram of one embodiment of the memory module controller of Figure 3
coupled to a time multiplexed system memory bus; Figure 9 is a flow chart
of one embodiment of the process implemented by the memory module
controller of Figure 8; Figure 10 is a block diagram of one embodiment of
the memory module controller of Figure 3 coupled to a demultiplexed system
memory bus; Figure 11 is a flow chart of one embodiment of the process
implemented by the memory module controller of Figure 10; Figure 12 is a
block diagram of one embodiment of a memory module including a memory
module controller interfacing SDRAM devices with a system memory bus using
a Direct RambusT'`' 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 I2; 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; 4   WO 99I41666 



PCTIL'S99i0188~ 12 AUG 2002 Figure 17 is an exemplary timing diagram of a
read transaction implemented by the memory module controller of Figure 12
using a modified protocol; and Figure 18 is an exemplary timing diagram of
a write transaction implemented by the memory module controller of Figure
12 using a modified protocol. SUMMARY OF THE INVENTION 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 transaction 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. DETAILED
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 controller communicates with the system memory controller over a
system memory bus and with the individual memory devices at the module
level. The system memory bus may be a low pin count, high frequency,
multiplexed or demultiplexed bus. The memory module controller may
communicate with the individual memory devices over wider, lower frequency,
demultiplexed signals lines. As the system memory controller communicates
directly with only the memory module 5   WO 99L11666 PCT/I;S99/Ol 88~ i 2
AtIG 2002 controllers, the loading on the system memory bus may be reduced
and the size of the bus drivers in the system memort~ controller may also
be reduced. The memory module controller on each memory module is the
interface between the system memory controller and the individual 



memory devices on the modules. This architecture decouples the individual
memory devices from the system memory bus and the system memory controller.
This may allow for the independent development of the memory device
technology. For example, the memory devices may be developed to be faster,
wider, to operate at different operating supply voltages, or to operate
with reduced voltage swings than if the memory devices where directly
communicating with the system memory controller. 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 30-~ communicates the memory transactions to
memory module controllers 310 and 316 of memory modules 306 and 308,
respectively, via system 6   WO 99/.i1666 PCT/US99i0188~ 1 2 AUG 200Z
memory bus 323. System memory controller 304 may be part of a chip set for
a personal computer, for example, or it may be other independent logic.
Ivlemory modules 306 and 308 may be SIMMs, DIiVIwIs, RLVIiVTT"~ modules, or
any other type of memory modules. Each memory module includes a memory
module controller and one or more memory devices. For example, memory
module 306 includes memory module controller 310 and memory devices
312-315, and memory module 30S includes memory module controller 316 and
memory devices 317-320. The memory module controllers may be separate
integrated circuits from the memory devices. While system 300 is
illustrated as including two memory modules, any number of memory modules
may be used. The memory devices may be placed on one side of the module, on
both sides of the module, and/or they may be stacked on top of each other.
The module may also be a multi-chip module. For one embodiment, a memory
module may have an approximate height 350 of from 1 to 2 inches, and an
approximate length 352 of from 4 to 6 inches. Memory modules 310 and 316
communicate memory transactions with system memory controller 304 via
system memory bus 323. System memory bus 323 may be a low pin count (e.g.,
approximately 16 to 35 address, data and control signal lines) bus
operating at a high frequency. For one embodiment, system memory bus 323
may operate at a frequency of approximately 200 to 500 MHz. Other
frequencies may be used. System memory bus 323 includes a command/address
bus 324 and a data bus 328. Command/address bus 324 may time-multiplex
commands and address information on one or more of the signal lines. The
command and address bus 324 may also be split into separate command and
address buses as in SDRAMs. System memory bus 323 may optionally include
clock bus 322 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 30-i 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 7   W O 99/i 1666 PCT/L;S99i01 S85 12 AIJG 2D02 it is transmitting
valid data on data bus 32S. The handshaking stgrtal ma~~ be generated by
memory module controllers 310 and 316 when they are 



providing valid data requested by system memory controller 304 to data bus
328. For one embodiment, system memory bus 323 may be compatible with the
Direct RambusT"' bus architecture that includes 16 or 18 data bits on bus
328, one or more clock signals on bus 322, and command and address
information on bus 324. The clock signals for this embodiment may run at
rates of approximately 400 MHz enabling a data transmission rate of up to
800 MT/s. For this embodiment, system memory controller 304 may be any
controller that may be able to implement the Direct RambusT"' 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, SST/, 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 ~ith Concurrent
and Base Rambus''"' architectures. For these embodiments, system memory
controller 304 may 6e 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 3I0 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 s   WO 99/41 fi6fi
PCT/US99I01885 1 2 AUG 2002 logic necessary to interpret the memory
transaction on system memory bus 323 and translate that transaction into
the appropriate control, address, and data signals for its memory devices
on the memory module. Sim~iarly, the memory modules interpret the memory
transactions on the local or memory module bus into the format required to
transmit the transaction to the system memory controller 304 via system
memory bus 323. Memory module controllers 310 and 316 may also include
circuitry necessary to perform refresh operations of dynamic memory
devices, prefetch operations, error correction functions that may use, for
example, 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 circuitry to generate signals on system memory bus 323 in the
appropriate clock domains (if there is more than one clock domain on system
memory bus 323). Each memory device on the memory modules communicates
memory transactions with its memory module controller via address, data,
and control signals Memory transactions are those transactions that are
appropriate for each type of memory device used. For example, the memory
transactions may include write, read, refresh, prefetch, power down, reset,
erase, and the like. Memory module 306, for example, may communicate memory
addresses to memory devices 312-315 via signal lines 330, control
information (e.g., chip enable signals, write enable signals, RAS, CAS,
output enable signals, etc.) via signal lines 332, and data via point-to
point connections 334-337. Each of the signal lines 330, 332, and 334-337
may be one or more signal lines. Signal lines 330 and 332 may be buses that
connect to a11 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 9
WO 99/A666 



PCT/US99I0188~ ~ 2 au~ Zoo2 341-344. Each of the signal lines 338, 340, and
3s1-3=14 may be one or more signal lines For one embodiment, the number of
Signal lines J3-1-337 may be the same as the number of signal line carrying
data for system memory bus 323. For another embodiment, the number of
signal lines 33=1-337 may be collectively greater than the number of signal
lines carrying data from system memory controller 304 to memory module
controller 310 on system memory bus 323. This may increase the bandwidth of
the data transfer on the memory module. For example, system memory bus 323
may carry 16 data signals in parallel on bus 328 and memory module
controller 310 may simultaneously provide 16 data signals to each of memory
devices 312-315. Because the data bus width may be wider (e.g., 6=1 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. Far 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 approximatel~~ 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. 10   ~i'O 99/41666 PCTIUS99!0188~ 12 AUG 2002
Additionally, by decoupling the memory devices from system memory bus 323
and system memory controller 30-l, memory device 312-315 and 317-320 may
operate from reduced or different power supply voltages than those provided
to the balance of system 300. For example, memory devices 312-315 and
317-320 (and/or memory module controllers 310 and 316) may operate from
power supplies of approximately 1.8 volts to 2.5 volts while the balance of
the components in system 300 may operate at 3.3 volts or 5.0 volts. This
may also operate to decrease the amount of power drawn by the module and
thus by system 300. Additionally, the voltage swing of the signals on lines
330, 332, and 334-337 may be advantageously chosen to be small (e.g.,
approximately 1.0 to 2.0 volts) to further reduce power drawn by memory
devices 31Z-3I5. 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, address lines 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 DP`AMs (RDRAMT"' devices), synchronous or asynchronous
static random access memory (SRAM) devices, read only memory (ROM) devices,
programmable ROM (PROM) devices, erasable PROMS (EPROMs), electrically
erasable PROMs (EEPROMs), flash memory devices, and the like. Each memory
module may include different types of memory devices. For example, memory
module 306 may include SDRAMs and memory module 308 may include EDO DRAMs,
or memory module 306 may include nonvolatile memory devices and memory
module 308 may include volatile memory devices. 11   



WO 991 1666 PCT/LiS99i018SS 12 AUG 200Z Figure 5 is a block diagram of
memory module 500 that is one embodiment of memory module 306 configured as
a DRA~~'I memory module. Module 500 includes DRAM memory module controller
Q10 that provides an interface between DRAM devices 512-515 and system
memory bus 323. DRAM memory module controller 510 translates memory
transactions received from system memory bus 323 and generates DRAM memory
operations (e.g. write, read, prefetch, refresh) including addresses on
address bus 5l6, data signals on data lines 523-526, and control signals
such as write enable WE on line 518, RAS on lme 520, and CAS on line 522.
DRAM memory module controller 510 may also provide additional control
signals to DRAMS 512-515 including clock signals for synchronous operation
(i.e., for SDR AMs), 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
bet~-een SRAwf devices 612-6I5 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 12   W O 99/.l 1 b66 PCT/US99IQ1885 ~ z
au~ 2002 module Module 700 includes nonvolatile memory module controller
710 that provides an interface between nonvolatile devices 712-71S and
system memory bus 323. Nonvolatile memory module controller 710 translates
memory transactions received from system memory bus 323 and generates
nonvolatile memory operations (e.g., write or program, read, reset, power
down, erase, etc.) including addresses on address bus 716, data signals on
data lines 723-726, and control signals such as chip select or chip enable
CE on line 718, write enable WE on line 720, output enable on line 722, and
a programming voltage on line 728. Nonvolatile memory module controller 7l0
may also provide additional control signals to nonvolatile memory devices
712-715 including clock signals for synchronous operation, burst control
signals) reset signals, power management signals, or other signals or
commands. With reference again to Figure 3) system memory controller 304
and memory module controllers 310 and 316 may communicate using any number
of protocols as previously mentioned. In general, these protocols may be
multiplexed such that some or all of the address, control, and data
information is sent over the same bus lines of system memory bus 323.
Alternatively, the protocols may be demultiplexed as shown in Figure 3 with
the data transmitted over a separate data bus from address and control
information. Whether the protocol is multiplexed or demultiplexed, the
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 one embodiment of memory module controller 310 using a time 13
1V0 99;-l1666 PCT~'US99/01 SSS ~ z au~ zooz multiplexed protocol. One
embodiment of a time multiplexed protocol may be the Base and Concurrent
Rambusi" protocols Other protocols may be also be used. It will also be
appreciated that memory module controller 800 is only one embodiment of a
memory module controller. Other embodiments may also be used without
departinb from the spirit and scope of the present invention. Memory module
controller 800 interfaces bet~veeil system memory bus 823 that includes one
or more clock signal lines 824, a transaction bus 826, and may optionally
include a valid signal 828. The transaction bus 826 is a general purpose
bus that may carry address, data, and control information for a memory
transaction. Valid signal S2S is one or more handshaking signals that may
be used for a decoupled protocol to indicate the start of a memory
transaction or to indicate when valid data is present on transaction bus
S26. Valid signal 82S may be monitored and generated by handshake 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 80-~ 



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 8Q2 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 14   W O 99I41666 PCT/US99/0188~ 12 AUG 2002
request handling logic 804. Each memory module controller device in each
module may have different control logic that ma~~ be implement a specific
translation between the signal types and protocol on the system memory bus
and the specific memory signals and protocol expected by the memory devices
on the memory module. For example, control logic 802 may provide the
appropriate address signals to address interface circuit 818 via lines 844,
the appropriate control signals to control interface circuit 820 via lines
846, and the appropriate data signals to data I/O circuitry 822 via lines
848. The interface circuits may include buffers and register elements to
drive address 832, memory control signals 834, and data 83b. 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 SI6 which may drive clock signal 830
and/or clock enable signals to memory devices o11 a memory module. Clock
generator 810 may generate clock signals in response to clock 824 provided
from system memory bus 823. CLK 830 may be a different frequency than clock
824. Memory module controller 800 or clock generator 810 may further
include a DLL, clock buffer, or clock divider circuit that shapes or alters
clock 824 before it reaches clock generator 810. Memory module 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 83D 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
1~   W O 99%.l 1666 PCT/US99/0183~ 



~ z aus zooz (e.g., DP~AM devices) and store the prefetched data for use ~n
memory read transactions. l,~Iemory module controller 800 may curther
include sepal presence detect circuitry, ECC circurtr~~, current
calibration circuitr~~, and other circuitry that may be removed from either
the system memory controller or from the memory devices to reduce the
complexity of tile designs of these parts. This may reduce the number of
pins on the system memory controller. Figure 9 shows a flow chart that
illustrates one embodiment of the operation of memory module controller 800
for write and read transactions. The process may be a pipelined process or
implemented a single stage process. It will be appreciated that memory
module controller 800 may perform many more functions besides translating
write and read transactions between a system memory controller and memory
devices on a memory module. The process starts at step 902. At step 90.I,
memory module controller 800 receives a memory transaction request on
transaction bus 826. Data handling logic 804 deserializes the transaction
at step 906 to obtain the address, control, and data information of the
transaction. At step 908, control logic 802 inspects the deserialized
information and determines if the 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 to 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/O circuitry 822 and
16   WO 99/.i1666 PC'T/US99/01885 1 2 AUG 2002 the address of the selected
memory device to address interface circuit S1S. The write data may be
buffered in a v,rite buffer (not showm) The data ma~~ then be ~ritten into
the desired memory location of the selected memory device. At step 91b, an
optional acknowledge signal may be sent back to the system memory
controller after the write operation Is completed. The process then returns
to step 902. If the transaction Is a read transaction, , control logic 802
then provides the read address of the selected memory device to address
interface circuit. At step 920 control logic 802 generates the appropriate
read control signals (e.g., WE, CS, OE, etc.) and provides these signals to
control interface circuit 820. The data may then be read from the desired
memory location of the selected memory device. The read data may be
buffered in a read buffer (not shown), stored in control logic 802, or
registered. At step 922, the read data may be provided to request handling
logic SO-1 where it is serialized and may be framed by other data
including, for example, a request number indicating this particular read
transaction. At step 92~, the read data may then be sent back to the system
memory controller when system memory bus 823 is free or when a11 other
previous transactions have been completed. For one embodiment, handshake
logic S06 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 S23 and indicate to control logic S02 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 RambusT"' 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 17   W O
99Li 1666 PCT~'US99/01885 1 2 AUG 2002 also be used without departing from
the spirit and scope of the present invention. 



Memory module controller I000 interfaces between system memory bus 1023
that includes one or more clock signal lines I02.1, a command and address
bus CMD/ADDR 1026, data bus 1027, and may optionally include a valid signal
1028. CMD/ADDR bus 1026 may carry both address and control information for
a memory transaction. Alternatively, CMD/ADDR bus 1026 may be separated
into separate command and address buses. Valid signal 1028 is a handshaking
signal that may be used for a decoupled protocol to indicate the start of a
memory transaction or to indicate when valid data is present on transaction
bus 1026. Valid signal may be monitored and generated by handshake logic
1006 under the control of control logic 1002. Valid signal 1028 may be
omitted for a coupled protocol. Ivtemory 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 l027
and a wider (e.g., 6=1 bit) memory device data bus 1036. The data may be 18
WO 99/-11666 PCT/US99~01885 12 AUG 2002 stored in write buffer 1012 until
it needs to be provided to a memory device via data I/O circuitry 1022. ~
corresponding address for the ~n,~rite data mar be stored in address
storage unit 1014. For an alternative embodiment, write buffer 1012 may be
omitted. Data handling logic 10-16 may also receive data from the memory
devices of a memory module via data I/O circuitry 1022 and/or read buffer
1038. Data handling Logic may then reformat the data into a format expected
by the protocol of system memory bus 1023. For one embodiment, data
handling logic 1046 may include serializing or packing logic to perform the
translation between, for example, a wider (e.g., 64 bit) ) memory device
data bus 1036 and a narrower (e.g., 16 bit) data bus 1027. For yet another
embodiment, data handling logic may be omitted and the formatting of data
may be performed by control logic 1002. Control logic 1002 is the
intelligence of memory module controller 1000, and provides the appropriate
control, address, and data signals for the memory module memory devices in
response to the signals received from request handling logic 1004. Each
memory module controller device in each mode may have different control
logic that may be implement a specific translation between the signal types
and protocol on the system memory bus and the specific memory signals and
protocol expected by the memory 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 I002 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 101S, 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 19   1V0 99/.l1666 PCT/LiS99i01885 1 Z AUG 2002 clock
signal 1030 and/or clock enable signals to memory devices on a memory
module. Clock generator 1010 may generate clock signals in response to a
clock signal provided by DLL 105S. DLL 1055 may receive on or more clock
signals 1024 provided from system memory bus 10?3. CLK 1030 may be a
different frequency than clock 102=1. Memory module controller 1000 may
also include a power manager unit 1008 that, under the control of control
logic 100? may enable or disable the clock generator. This may, in turn,
enable or disable clock 1030 or a clock enable signal provided to the
memory devices on a memory module so as to control power dissipated by
these memory demces. Memory module controller 1000 may optionally include
address 



storage unit 1040 coupled to control logic 1002, address interface circuit
1018, and optionally to clock generator 1010. Address storage 1040 may be
used to store address information that may be provided from CMD/ADDR l026.
Nlemory 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/ADDP bus I026.
At step 1006, data handling logic 1004 unpacks or deserializes the 20   WO
99/t1666 PCT/U599/01885 1 2 AUG 20D2 command and address information and
transmits this information to control logic 100?. At step 1106, control
logic 100? inspects the unpacked or deseriallzed information and determines
if the transaction is directed to a memory device in the module controlled
by memory module controller 1000. This may be accomplished by inspecting
the memory address received to see if it corresponds to an address occupied
by one of the memory dev ices in the memory module. If the transaction is
not directed to a memory device controlled by memory module controller
1000, the process returns to step 110?. If the transaction is directed to a
memory device controlled by memory module controller 1000) control logic
1002 determines what type of transaction is requested at step 1110. If the
transaction is a write transaction, control logic 1002 generates the
appropriate write control signals (e.g., WE, CS, etc.) at step 1112 and
provides these signals to control interface circuit 1020. Request handling
logic 1004 may also provide the write address to address storage 1014.
Alternatively, control logic 100? 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
101?. 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 2I   WO 99/.1 t 656 PCT;`US99/0188~ 1 2 AUG
2002 is serialized or packed and may be framed by other data including, for
example, a request number indicating this particular read transaction. At
step 1126, the read data may then be sent back to the system memory ~.vhen
the system memory bus is tree or when all other pre~~ious transactions have
been completed. For one embodiment, handshake logsc 1006 or other logic
(e.g., request handling logic 1004, data handling logic 1046, control logic
1002, or other bus monitoring logic) may monitor the activity on system
memory bus 1023 and indicate to control logic 1002 when it is the turn of
memory module controller 1000 to send its read data to the system memory
controller on bus system memory bus 1023. Valid read data may be sent back
with valid signal 1028 in a decoupled system The process then returns to
step 1102. Figure 12 is a block diagram of memory module 1200 that is one
embodiment of memory module 306 of Figure 3. Memory module 1200 is an SDRAM
module that includes SDRAM devices 1204-1207 and memory module controller
1202. Memory module controller 1202 provides a bridge between system memory
bus I242 using a Direct Rambus'h' protocol (and 



coupled to a system memory controller) and SDRANt devices I204-1207. The
Direct RambusT`t protocol includes clock signals CLK I228, /CLK 1230 (where
the symbol "/" indicates a complementary signal), data lines 1232, row
address lines 1234, and column address Iines 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 (2~6Kx16/18x16d) 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 SDRAbIs 1204-1207. For
one embodiment, SDRAMs 1204-1207 may be 64Mb SDI:AIvIs such as described in
the preliminary data sheet of IBM's IBM036480.IC, IBM 0364164C,   CVO
99/4I666 PCT/US99i0188~ ? 2 AUG 2002 IBM0364404C, and IBM036-14B4C products
published in 1\iovember 1997. Other SDR AMs may also be used. Memory module
controller 1202 provides first control information to SDRAIvIs 1204 and 120
over control bus 1238, and second control information to SDRAMs 1206 and
1207 over control bus 1240. Control bus 1238 may include a clock signal CLK
1208, a clock enable signal CKE 1209, a write enable signal WE 1210, a
column address strobe signal CAS 1211, a row address strobe RAS 1212, and
one or chip select signals CS 1213. Similarly, control bus 1240 may include
a clock signal CLK 1216, a clock enable signal CKE 1217, a write enable
signal WE 1218, a column address strobe signal CAS 1219, a row address
strobe RAS 1220, and one or chip select signals CS 1221. For one
embodiment, the frequency of the CLK 1208 and CLK 1216 may be approximately
100 MHz to 200 MHz. Other frequencies may be used. Memory module controller
also communicates memory address signals SDRAMs 1204 and 1205 via address
bus 1214, and to SDP`Alvls 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. Ivtemory module controller also communicates read and write data
with SDP~P.Ms 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 23   ~i'O
99/41666 PCT/US99/O1 SS, 1 Z AUG 2002 embodiments, different ratios of
frequencies, and/or different frequencies, may be used. Memory module
controller 1202 may implement the process of Figure 13 using the circuitry
shown in memory module 1000 of Figure 10. For example, CLK 1024 corresponds
to CLK 122S, CMD/ADDR 1026 corresponds to row' 1234 and column 1236, data
1027 corresponds to data 1232, CLK 1030 corresponds to CLK 1208, address
1032 corresponds to address 1214, memory control signals 1034 corresponds
to control bus 1238, and data 1036 corresponds to data 1224. For other
embodiments, other circuitry may be used to implement the process of Figure
13. The process starts at step 130Z. At step 130-I and From time t0 to time
tl, an activate command is sent on row lines 123-1 including a device,
bank, and row address of selected memory locations m one or more of SDRAMs
1204-1207. At step 1306 and from time t2 to time t3, data request logic
100=1 deserializes the command and address information and provides this
information to control logic 1002. Control logic 1002 then provides the row
address to the selected SDP~.AMs over address bus 1214 and /or 1222, and
the appropriate bank activate command to the selected SDRAMs over control
bus 1238 and/or 1240. For one embodiment, the appropriate bank activate
command includes disabling CAS lines 1211 and/or 1219 and WE lines 1210
and/or 1218, and enabling CS lines 1213 and/or 1221 and 1'~AS lines 1212
and/or 1220 at the rising edge of CLK 1Z08 and/or I216. 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
SDRAMs. In this example, this column address information may be stored in
address storage unit 1040 until such time that the column address
information is issued to 



the selected SDRAMs. At step 1308 and from time 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. 24   WO 99/A666 PCT/US99/01885 1 2 AUG 2002 At step 1310
and from time t6 to time t7, request handling logic 100=I deserializes the
read command and provides this information to control logic 1002. Control
logic 100? then provides the column address and the read command to the
selected SDP~AMs over address bus 1214 and/or 1222 and over control bus
1238 and/or 1240, respectively. For one embodiment, the appropriate read
command includes disabling RAS lines 1212 and/or 1220 and WE lines 1210 and
/or 1218, and enabling CS lines 1213 and /or 1221 and CAS lines 1211 and/or
1219 at the rising edge of CLK 1208 and/or CLK 1216. If there is a
difference between the number of bytes selected in the selected SDRAMs and
the number of bytes expected from a single read transaction by the system
memory controller, then steps 1308 and 1310 may 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 SDRAMs 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 SDRAMs 120-I-1207 in the
following manner: from time t8 to time t10 data I/O circuitry 1022 may
receive data packet DO that includes the first eight bytes, t<vo bytes from
each of the four SDP~AMs 1204-1207; from time t10 to time t12 data packet
D1 that includes the second eight bytes, two bytes from each of the four
SDRAMs; from time t12 to time t13 data packet D2 that includes the third
eight bytes, ttv0 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. 2J   WO
99/31666 PCT/US99r018SS 



z au~ zooz When the read data is received, it may be stored m read buffer
103S prior to providing the data to data handling logic 1046.
Alternatively, it may be provided directly to data handling logic 10-1;6 At
step 131a data handling logic may serialize or pack the data into the
proper format expected by the system memory controller on data bus 1232.
For one embodiment, data packets DO and DI, including a total of 16 bytes
of data from SDRAMs 1204-1207, may be packed into one uninterrupted
transmission DATA1 that may provided to data bus 1232 at step 1316 and from
time t11 to time t15. Similarly, data packets D2 and D3, including a second
16 bytes of data from SDP`AMs 120-1-1207 may be packed into one
uninterrupted transmission DATA2 that may provided to data bus 1232 at step
1316 and from time t14 to time t16. Figure 15 shows one embodiment of a
process implemented by memory module controller 1202 to perform a ~rite
transaction to one or more of SDP~AMs 120-I-1207 after receiving a write
request from system memory bus 1242. The same process may be used to write
data to any of the SDP`AMs. Figure 15 is described with the aid of the
exemplary timing diagram of Figure 16. Memory module controller 1202 may
implement the process of Figure 13 using the circuitry shown in memory
module 1000 of Figure 10. It will be appreciated that Figure 15 shows CLK
122S having approximately twice the frequency of CLK 120S. For one
embodiment, CLK I228 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
I002. 26   WO 99/.11666 PCT~'US99I01885 1 2 AUG 2002 Because the memory
addressing scheme protocol used by Direct RDRAMT" devices may be different
than that used by SDR AMs 1204-1207, the activate command supplied on row
address lines 1234 may include column address information for the selected
SDRAt~~is. In this example, this column address information may be stored
in address storage unit 10=10 until such time that the column address
information is issued to the selected SDRAMs. At step 1508 and from time t2
to time t3, a write command is sent on column lines 1236. The write command
includes device, bank, and column address information for the desired write
locations in the selected SDRAMs. At step 1510, request handling logic
100=I deserializes the write command and provides this information to
control logic 1002. If there is a difference between the number of bytes
selected for writing in the selected SDRAMs and the number of bytes
selected by the system memory controller, then steps 1508 and 1510 may be
repeated a desired number of times to match the number of bytes. For
example, as shown m Figure 16, if the first write command WRITE1 on column
1236 (together with the activate command on row 1234) selects 16 bytes of
data and the write command to the selected SDP~AMs addresses 32 bytes of
data, then a second write command WRITE2 may be issued from time t3 to time
t4 to address the second I6 bytes. At step 1512 and from time t~ to time
t6, data handling logic 1046 may receive write data D ATA1 from data bus
1232 and may unpack or deserialize the write data. Data handling logic 1046
may store the write data DATA1 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 DATA2 received from time t8
to time t10, and associated with this command, may be unpacked or
deserialized and also stored in write buffer 1012. 27   WO 99/.t 1666
PCT~'i,'S99/O I886 12 AUG 2002 At step 1516 and from time t6 to time t7,
control logic 1002 then provides the row address to the selected SDRaMs
over address bus 121=I and/or 1222, and the appropriate bank acti~~ate
command to the selected SDRAMs over control bus 123S and/or 1240. For one
embodiment, the appropriate bank activate command includes disabling CAS
lines 1211 and/or 1219 and WE lines 1210 and/or 121S, and enabling CS lines
1213 and/or 1221 and P~fi.S lines 12I2 and/or 1220 at the rising edge of
CLK 120S and/or CLK 1216. At step 1518 and from time t9 to time tll,
control logic 1002 then provides the column address and the write command
to the selected SDP~AMs over address bus 121-I and/or 1222 and control bus
1238 and/or 1240, respectively. For one embodiment, tile appropriate write
command includes disabling RAS lines 1212 and/or 1210 and enabling CS lines
1213 and/or I221, RAS lines I212 and/or 1210, and WE lines I210 and/or I218
at the rising edge of CLK 120S and/or CLK 1216. At step I20 and from time
t9 to time t14, control logic may cause the write data to be provided to
the selected SDRAMs on da to lines 1224, I~?5, 1226, and/or 1227 from data
I/O circuitry 1022. For example, 32 bytes of data may be written to the
four SDl'~ANis 1204-1207 in the following manner: from time t9 to time t11
data I/O circuitry 1022 may provide data packet DO including the first
eight bytes, two bytes to each of the tour SDRAMs; and from time t11 to
time t12 data packet D1 includinb the second eight bytes, two bytes to each
of SDP~AMs 1204-1207. DO and D1 may correspond to DATA1. Additionally, from
time t12 to time t13 data I/O circuitry 1022 may provide data packet D2
including the third eight bytes, two bytes to each of SDRAMs 1204-1207, and
from time t13 to time t14 data packet D3 including the last eight bytes,
two bytes to each of SDP~AIvIs 1204-1207. D2 and D3 may correspond to
DATA2. It will be appreciated that for other embodiments a different number
of bytes and a different number of cycles may be required to write the
selected the data to the selected SDRAMs. Although in this example all
DRAMS are written to, in alternative embodiments a partial write to one (or
less than all) of the SDRAIvIs may be executed. 2S  



WO 99/.i1666 PCT/US99I01885 12 AUG 2002 In an alternative embodiment,
memory module controller 102 may also provide a bridge between system
memory bus 1242 and SDI'~.AMs 1204 1207 using a modified protocol. The
modified protocol may be demultiplexed having a data bus and a separate
control bus that transmits control information and address between a system
memory controller (e.g., system memory controller 304 of Figure 3) and
memory module controller 1202. In this embodiment, a read transaction from
one or more of SDRAMs 1204-1207 may be performed as shown in Figure 17
wherein row bus 1234 and column bus 1236 are used as one control bus 1235
having eight signal lines. For other embodiments, a different number of
signal lines may be used. From time t0 to time tl, an activate command is
sent on control bus 123 including a device, bank, and row address of
selected memory locations in SDRAMs 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., doublepumped). 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.
CycleRQ[7]RQ(6]RQ(~)RQ(4]RQ(3]RQ(2]RQ(1]RQ[0]0STSFD(4]D(3]D(2JD(1]D[0]B(0]0
R(6]R[5]R[4JR[3]R[2]R(1]R[0]B[lJ1R(13]R(12]R(11]R(IO]R[9JR(8]R(7jB[2J 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 SDRAivIs 1204-1207; and 29 



WO 99L11666 PCT/US99/01 SSA ~ z au~ zooz ST, SF Encoded Frame/Fast Command:
Bits used to indicate whether a command is framed as indicated m Table 2.
The Extended commands may include poop, precharge, refresh, and other
commands. STSFOperation00No Framing01Frame an Active Command (page
activate)10Frame a Read/Write Command (page hit)11Frame an Extended Command
TABLE 2 From time t2 to time t3, data request logic 1004 deserializes the
command and address information and provides this information to control
logic 1002. Control logic 1002 then provides the row address to the
selected SDP`AMs 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 t~ 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 cycles (i.e., rycle 0 and cycle 1 in Table 3 below)
of CLK 1228, and have a packet format as shown in Table 3.
CycleRQj7JRQ[6]RQ[~]RQ[4]RQ[3]RQ[2]RQ(1]RQ(0]0STSFDj4]D(3]D(2]D[1]D(0]B[0]o
c(6]c(5~c(4]c(3]c(2]Cjl]C[o]C(1]1APR/WC(11]C[10]C(9]C[8]C(7JC(2] TABLE; :3
The read command includes several different fields not present in the
activate command: 30 



WO 99/.11666 PCT/LJS99/01885 ~ z au~ zoo2 C[11:0] Row Address: Provides a
column address for one or more locations selected in SDP~.AMs 1204-I207;
R/W Read Write: indicates whether the command is a read transaction or a
write transaction. When this signal is in one logical state it indicates a
read transaction, and when it is in the complementary logic state it
indicates a write transaction; and AP Auto~rechar~e: Indicates whether the
selected column (or row) of selected memory cells should be precharged
after reading. From time t6 to time t8, request handling logic 1004
deserializes the read command and provides this information to control
logic 1002. Control logic 1002 then provides the column address and the
read command to the selected SDRAMs over address bus 1214 and/or 1222 and
over control bus 123S and/or 1240, respectively, {e.g., as described above
with respect to Figures 13 and 14). If the first read command R>rADI on
control bus 1235 addresses less bytes of data and the read command issued
to SDRAMs 12041207, then a second read command READ2 may be issued from
time t7 to time t9. From time t10 to time t16, 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 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 SDRAMs. It
will be appreciated that for other embodiments a different number of bytes
and a different number of cycles may be required to read the selected data
from the selected SDRAMs. When the read data is received, it may be stored
in read buffer 1038 prior to providing the data to data handling logic
1046. Alternatively, it 31   w0 991.s t 666 PCT/US99; 0188 ~ z au~ zooz may
be provided directly to data handling logic 1046. At step 1314, data
handling logic may serialize or pack the data into the proper format
expected by the system memory controller on data bus 123?. For one
embodiment, data packets DO and D1, including a total of 16 bytes of data
from SDRAMs 1204-1207, may be packed into one uninterrupted transmission
DATA1 that may provided to data bus 1232 from time tI2 to time t15.
Similarly, data packets D2 and D3, including a second 16 bytes of data from
SDRAMs 1204-1207 may be packed into one uninterrupted transmission DATA2
that may provided to data bus 1232 from time t15 to time t17. For this
embodiment, a write transaction to one or more of SDRAMs 1204-1207 may be
performed as shown in Figure 18. From time t0 to time tl, 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 100=1 deserializes the command and address
information and provides this information to control logic 100. 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 SDRAIvIs 1204-1207. The write command uses the packet format
shown in Table 3 with the R/W bit set appropriately to indicate a 



write transaction. Request handling logic 1004 deserializes the write
command and provides this information to control logic 1002. If there is a
difference between the number of bytes selected for writing in SDRAMs
1204-1207(e.8., 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 32   WO 99/.1166o f CTlUS99/0 f 885 1 Z AUG 2002 data. Data
handling logic 1046 may store the write data DATA1 into write buffer 101?,
and address storage 1014 may store the write address output by request
handling logic I004. If a subsequent ~rite 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 WP`ITE2 is issued, then DATA2
received from time t9 to time t11, and associated with this command, may be
unpacked or deserialized and also stored in write buffer 1012. From time t7
to time t8, control logic 1002 then provides the row address to the
selected SDRAMs over address bus 1214 and/or 1222, and the appropriate bank
activate command to SDRAMs 1204-1207 over control bus 1238 and /or I240
(e.g., as described above with respect to Figures 15 and I6). From time t11
to time tI2, 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 SDP`AMs 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 DO 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 SDRAMs 1204-1207. DO and D1
may correspond to DATA1. Additionally, from time t13 to time t14 data I/O
circuitry 1022 may provide data packet D2 including the third eight bytes,
two bytes to each of SDP~AMs 1204-1207, and from time t14 to time t15 data
packet D3 including the last eight bytes, two bytes to each of SDRAMs
1204-1207. D2 and D3 may correspond to DATA2. It will be appreciated that
for other embodiments a different number of bytes and a different number of
cycles may be required to write the selected 33   WO 99/41656
PCT/US99/01885 12 AUG 2002 the data to the selected SDP~.AMs. Although in
this example a11 DIZAMs are ~n,~ritten to, in alternative embodiments a
partial ,~rite to one (or less than all) of the SDPAMs may be executed.
Although the present invention has been described in terms of specific
embodiments, it will be appreciated that various modifications and
alterations might be made by those skilled m the art without departing from
the spirit and scope of the invention. The invention should therefore be
measured in terms of the claims ~~hich follow. 



34   ~ z a~~ zooz Claims 1. A memory module controller for pzoviding an
interface between a system memory controller and a plurality of memory
devices on a memory module, comprising: first interface circuitry to
receive from the system memory controller a first memory transaction in a
first format; and control logic coupled to the first interface circuitry
and to convert the first memory transaction into a second memory
transaction in a second format for the plurality of memory devices, wherein
the second format of the second memory transaction is different from the
first format of the first memory transaction. 2. The memory module
controller of claim 1, further comprising: second interface circuitry
coupled to the control logic and to transmit the second memory transaction
to at least one of the plurality of memory devices. 3. The memory module
controller 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: -35
12 AUG 2002 request handling logic to separate the address and command
information and to provide 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 is to separate the time multiplexed data information and to
provide the separated time multiplexed data information to the control
logic. 6. The memory module controller of claim 1, wherein the first
interface circuitry compnses: handshaking logic to provide a handshake
signal to the system memory controller that indicates when the memory
module controller is communicating data to the system memory controller. 7.
The memory module controller of claim 1) wherein the first interface
circuitry comprises: data handling logic to recei ve data for the first
memory transaction from the system memory controller and to reformat the
data for the second memory transaction. -36   ~ z au~ zoo2 8. The memory
module controller of claim 1, further comprising: a write buffer coupled to
the first interface circuitry and to store data sent with 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 and the address storage unit is to store
addresses associated with the data stored in the write buffer. x0. The
memory module controller of claim 1, further comprising: a read buffer
coupled to the control logic and to store 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 circuit coupled to the control logic and to receive a
first clock signal from the system memory controller and to generate a
second clock signal for the plurality of memory devices. 12. A memory
module controller for providing an interface between a system memory
controller and a plurality of memory devices on a memory module,
comprising: -37   ~ z au~ Zoo2 means for receiving from the system memory
controller a first memory transaction in a first format; and means for
converting the first transaction into a second memory transaction in a
second format for the plurality of memory devices, wherein the second
format of the second memory transaction is different from the first format
of the first memory transaction. 13. A memory module controller for
providing an interface between a system memory controller and a plurality
of memory devices on a memory module comprising: first interface circuitry
to receive from the system memory controller a first memory transaction in
a first format; and control logic coupled to the first interface circuitry
and to reformat the first memory transaction such that the plurality of
memory devices perform the reformatted first memory tran s acti on. 14. The
memory module controller of claim 13, further comprising: second interface
circuitry coupled to the control logic and to receive from one of the
plurality of memory devices a second memory transaction in a second format)
wherein the control logic is to reformat the second memory transaction such
that the system memory controller is to perform the reformatted second
memory transaction. -38 
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