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(57) ABSTRACT 

A memory module is operable to communicate with a 
memory controller via a data bus and a control/address bus 
and comprises a module board; a plurality of memory 
devices mounted on the module board; and multiple sets of 
data pins along an edge of the module board. Each respec­
tive set of the multiple sets of data pins is operatively 
coupled to a respective set of multiple sets of data lines in 
the data bus. The memory module further comprises a 
control circuit configured to receive control/address infor­
mation from the memory controller via the control/address 
bus and to produce module control signals. The memory 
module further comprises a plurality of buffer circuits each 
being disposed proximate to and electrically coupled to a 
respective set of the multiple sets of data pins. Each buffer 
circuit is configured to respond to the module control signals 
by enabling data communication between the memory con­
troller and at least one first memory device among the 
plurality of memory devices and by isolating at least one 
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second memory device among the plurality of memory 
devices from the memory controller. 

65 Claims, 13 Drawing Sheets 
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MEMORY MODULE WITH DISTRIBUTED 
DATA BUFFERS AND METHOD OF 

OPERATION 

2 
tion requires a larger addressable memory space than the 
memory space that the current electronic system is designed 
to support. 

In developing a memory subsystem, consideration is 
CROSS-REFERENCE TO RELATED 

APPLICATIONS 

This application is a continuation from U.S. patent appli­
cation Ser. No. 12/761,179, filed Apr. 15, 2010, now U.S. 
Pat. No. 8,516,185, which is a continuation-in-part from 
U.S. patent application Ser. No. 12/504,131, filed Jul. 16, 
2009, now U.S. Pat. No. 8,417,870, each of which 1s 
incorporated in its entirety by reference herein. 

5 always given to memory density, power dissipation ( or 
thermal dissipation), speed, and cost. Generally, these attri­
butes are not orthogonal to each other, meaning that opti­
mizing one attribute may detrimentally affect another attri­
bute. For example, increasing memory density typically 

10 causes higher power dissipation, slower operational speed, 
and higher costs. 

BACKGROUND 

Furthermore, the specifications of the memory subsystem 
may be guided by physical limitations associated with these 
attributes. For example, high thermal dissipation may limit 

15 the speed of the operation, or the physical size of the 
memory module may limit the density of the module. 

The present disclosure relates generally to memory sub­
systems of computer systems, and more specifically to 
systems, devices, and methods for improving the perfor­
mance and the memory capacity of memory subsystems or 
memory "boards," particularly memory boards that include 
dual in-line memory modules (DIMMs). 

These attributes generally dictate the design parameters of 
the memory module, usually requiring that the memory 
system slow down operation speed if the memory subsystem 

20 is populated with more memory devices to provide higher 
density memory cards. 

SUMMARY 

In certain embodiments, a memory module is provided. 
The memory module comprises at least one printed circuit 
board and a plurality of memory devices mechanically 
coupled to the at least one printed circuit board. The memory 
module further comprises a control circuit mechanically 
coupled to the at least one printed circuit board. The control 
circuit is configurable to receive control signals from a 
system memory controller and to transmit module control 
signals to the plurality of memory devices. The memory 
module further comprises a plurality of data transmission 

Certain types of computer memory subsystems include a 
plurality of dynamic random-access memory (DRAM) or 
synchronous dynamic random access memory (SDRAM) 25 

devices mounted on a printed circuit board (PCB). These 
memory subsystems or memory "boards" are typically 
mounted in a memory slot or socket of a computer system, 
such as a server system or a personal computer, and are 
accessed by the processor of the computer system. Memory 30 

boards typically include one or more memory modules, each 
with a plurality of memory devices (such as DRAMs or 
SDRAMs) in a unique configuration of rows, colunms, and 
banks, which provide a total memory capacity for the 
memory module. 

The memory devices of a memory module are generally 
arranged as ranks or rows of memory, each rank of memory 
generally having a bit width. For example, a memory 
module in which each rank of the memory module is 64 bits 
wide is described as having an "x64" or "by 64" organiza- 40 

tion. Similarly, a memory module having 72-bit-wide ranks 

35 circuits mechanically coupled to the at least one printed 
circuit board and distributed at corresponding positions 
relative to the at least one printed circuit board. The plurality 
of data transmission circuits is configurable to be operatively 

is described as having an "x72" or "by 72" organization. 

coupled to the system memory controller and configurable to 
receive module control signals from the control circuit. At 
least one first data transmission circuit of the plurality of 
data transmission circuits is operatively coupled to at least 
two memory devices of the plurality of memory devices. At 
least one second data transmission circuit of the plurality of 
data transmission circuits is operatively coupled to at least 
two memory devices of the plurality of memory devices. 
The at least one first data transmission circuit is configurable 
to respond to the module control signals by selectively 
allowing or inhibiting data transmission between the system 

The memory capacity of a memory module increases with 
the number of memory devices. The number of memory 
devices of a memory module can be increased by increasing 45 

the number of memory devices per rank or by increasing the 
number of ranks. Rather than referring to the memory 
capacity of the memory module, in certain circumstances, 
the memory density of the memory module is referred to 
instead. 

During operation, the ranks of a memory module are 
selected or activated by control signals that are received 
from the processor. Examples of such control signals 
include, but are not limited to, rank-select signals, also 
called chip-select signals. Most computer and server sys- 55 

terns support a limited number of ranks per memory module, 
which limits the memory density that can be incorporated in 
each memory module. 

50 memory controller and at least one selected memory device 
of the at least two memory devices operatively coupled to 
the at least one first data transmission circuit. The at least 
one second data transmission circuit is configurable to 

The memory space in an electronic system is limited by 
the physically addressable space that is defined by the 60 

number of address bits, or by the number of chips selected. 
In general, once the memory space is defined for an elec­
tronic system, it would not be feasible to modify the memory 
space without an extensive design change. This is especially 
true for the case in which a memory space is defined by a 65 

consortium, such as the Joint Electron Device Engineering 
Council (JEDEC). A problem arises when a user's applica-

respond to the module control signals by selectively allow­
ing or inhibiting data transmission between the system 
memory controller and at least one selected memory device 
of the at least two memory devices operatively coupled to 
the at least one second data transmission circuit. 

In certain embodiments, a memory module is provided. 
The memory module comprises a plurality of memory 
devices and a controller configured to receive control infor­
mation from a system memory controller and to produce 
module control signals. The memory module further com­
prises a plurality of circuits configured to selectively isolate 
the plurality of memory devices from the system memory 
controller. The circuits are operable, in response to the 
module control signals, to drive write data from the system 
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memory controller to the plurality of memory devices and to 
merge read data from the plurality of memory devices to the 
system memory controller. The circuits are distributed at 
corresponding positions separate from one another. 

4 
For purposes of clarity and brevity, like elements and 

components bear like designations and numbering through­
out the figures. 

DETAILED DESCRIPTION 

One method for increasing memory space is based on an 
address decoding scheme. This method is very widely 
adopted in the electronics industry in designing Application­
Specific Integrated Circuit (ASIC) and System-On-Chip 
(SOC) devices to expand system memories. Another method 
increases the addressable memory space without extensive 
alteration of the software or hardware of an existing elec­
tronics system. This method combines chip-select signals 
with an address signal to increase the number of physically 
addressable memory spaces ( e.g., by a factor of 2, by a factor 
of 4, by a factor of 8, or by other factors as well). 

These methods have several shortcomings. For example, 
since these methods increase the addressable memory space 

In certain embodiments, a method of operating a memory 5 

module comprising a plurality of memory devices is pro­
vided. The method comprises providing a data transmission 
circuit on a data line between a computer system memory 
controller and the plurality of memory devices of the 
memory module. The data transmission circuit comprises a 10 

byte-wise buffer. The method further comprises, during a 
write operation, enabling the data transmission circuit to 
drive a data signal from the computer system memory 
controller on one of a plurality of paths to the memory 
devices of the memory module. The method further com- 15 

prises, during a read operation, enabling the data transmis­
sion circuit to merge a plurality of data signals from the 
memory devices of the memory module and driving the 
merged data signal to the computer system memory con­
troller. 20 by directly adding memory chips, a heavier load is presented 

to the outputs of the system controller and the outputs of the 
memory devices, resulting in a slower system. Also, increas­
ing the number of memory devices results in higher power 
dissipation. In addition, since an increase in the number of 

BRIEF DESCRIPTION OF THE DRAWINGS 

A complete understanding of the present invention may be 
obtained by reference to the accompanying drawings, when 
considered in conjunction with the subsequent, detailed 
description, in which: 

FIG. lA is a schematic representation of a conventional 
memory subsystem populated with at least one JEDEC­
standard two-rank memory module; 

FIG. lB is a schematic representation of a conventional 
memory subsystem populated with at least one JEDEC­
standard four-rank memory module. 

FIG. 2A is a schematic representation of another conven­
tional memory subsystem populated with at least one two­
rank memory module. 

FIG. 28 is a schematic representation of another conven­
tional memory subsystem populated with at least one four­
rank memory module. 

FIGS. 2C and 2D schematically illustrate a conventional 
two-rank memory module and a four-rank memory module, 
respectively, each comprising a memory buffer. 

FIG. 3A is a schematic representation of an example 
memory subsystem in accordance with an embodiment of 
the disclosure. 

FIG. 38 schematically illustrates another example 
memory subsystem in accordance with certain embodiments 
described herein. 

FIG. 3C schematically illustrates an example layout of the 
memory devices, the data transmission circuits, and the 
control circuit of a memory module in accordance with 
certain embodiments described herein. 

FIG. 3D is a photograph of an example memory subsys­
tem in accordance with certain embodiments described 
herein. 

FIG. 4A schematically illustrates an example memory 
subsystem comprising a data transmission circuit with a bit 
width which is the same as that of the individual memory 
devices. 

FIG. 48 schematically illustrates an example memory 
subsystem comprising a data transmission circuit with a bit 
width different from that as the individual memory devices. 

FIG. 5 is a schematic representation of an example 
embodiment of a data transmission circuit compatible with 
the memory subsystem of FIG. 3A. 

FIG. 6 is an example timing diagram illustrating operation 
of the memory system of FIGS. 3A and 5. 

25 memory devices on each memory module alters the physical 
properties of the memory module while the system board 
remains the same, the overall signal (transmission line) 
wave characteristics deviate from the original design intent 
or specification. Furthermore, especially when registered 

30 DIMMs (RDIMMs) are used, the increase in the number of 
the memory devices translates to an increase in the distrib­
uted RC load on the data paths, but not on the control paths 
(e.g., address paths), thereby introducing uneven signal 
propagation delay between the data signal paths and control 

35 signal paths. As used herein, the terms "control lines" and 
"control paths" include address lines or paths and command 
lines or paths, and the term "control signals" includes 
address signals and command signals. 

FIGS. lA and lB illustrate a prior art approach of 
40 increasing the number of memory devices. Specifically, FIG. 

lA shows a conventional memory subsystem 100 with at 
least one JEDEC-standard two-rank memory module 110, 
such as a registered dual in-line memory module (RDIMM), 
only one of which is shown for clarity. Each rank of the 

45 memory module 110 comprises a plurality of memory 
devices 112, such as dynamic random access memory 
(DRAM) devices or synchronous DRAM (SDRAM) 
devices. A register 130 receives a plurality of control lines 
140 (shown as a single solid line) from the system memory 

50 controller 120 and is connected via control lines 142 to the 
memory devices 112 of each rank of the memory module 
110. This memory subsystem 100 connects each data line of 
an array of data lines 150 (shown as dashed lines) from a 
system memory controller 120 to corresponding memory 

55 devices 112 in the two ranks in each memory module 110. 
Therefore, during a write operation, the system memory 
controller 120 sees all the memory devices 112 as its load via 
the data lines 150, and during a read operation, each memory 
device 112 sees multiple other memory devices 112, as well 

60 as the system memory controller 120, as its load via the data 
lines 150. 

FIG. lB is a schematic view of another conventional 
memory subsystem 100' with at least one JEDEC-standard 
four-rank memory module 110' ( only one of which is shown 

65 for clarity), each rank comprising a plurality of memory 
devices 112'. The register 130' receives the plurality of 
control lines 140' (shown as a single solid line) from the 
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Therefore, as with the two-rank memory module 210 shown 
in FIG. 2A, during a write operation, the system memory 
controller 220' sees all the memory devices 212' as its load 
via the data lines 250', and during a read operation, each 

5 memory device 212' sees multiple other memory devices 
212' and the system memory controller 220' as its load via 
the data lines 250'. 

system memory controller 120' and is connected via control 
lines 142' to the memory devices 112' of each rank of the 
memory module 110'. Each data line of the array of data 
lines 150' (shown as dashed lines) from the system memory 
controller 120' is connected (e.g., by four fanouts) to cor­
responding memory devices 112' in the four ranks in each 
memory module 110'. Therefore, as with the two-rank 
memory module 110 shown in FIG. lA, during a write 
operation, the system memory controller 120' sees all the 
memory devices 112' as its load via the data lines 150', and 10 

during a read operation, each memory device 112' sees 
multiple other memory devices 112' and the system memory 
controller 120' as its load via the data lines 150'. 

For both the conventional two-rank memory module 110 
and the conventional four-rank memory module 110', the 
multiple loads seen by the memory controller 120, 120' 
during write operations and the multiple loads seen by the 
memory devices 112, 112' during read operations cause 
significant performance issues. For example, for synchro­
nous operation, time delays of the various signals are desired 
to be substantially equal to one another such that the 
operation of the memory module 110, 110' is synchronized 
with the system bus of the computer system. Thus, the trace 
lengths of the memory module 110, 110' are selected such 
that the signals are at the same clock phase. For example, the 
lengths of the control lines 142, 142' from the register 130, 
130' to each of the memory devices 112, 112' are substan­
tially equal to one another. However, for faster clock speeds, 
small errors in the trace lengths make such synchronous 
operation difficult or impossible. Therefore, these prior art 
techniques not only reduce the speed of the memory sys­
tems, but they also require hardware modifications to mini­
mize any deviation of the transmission line wave character­
istics from the original design specification. 

For the memory modules 210, 210', the control lines 242, 
242' have a "fly-by" configuration. In such a configuration, 
control signals are sent along the control lines 242, 242' 
(e.g., in a single-path daisy-chain) from the register 230, 
230' to the memory devices 212, 212' of a given rank. These 
control signals reach each memory device 212, 212' of the 
rank sequentially, with the control signals first reaching the 

15 memory device 212, 212' having the shortest control line 
242, 242', then reaching the memory device 212, 212' having 
the next-shortest control line 242, 242', and so on. For 
example, a control signal may reach the memory device 212, 
212' having the longest control line 242, 242' a significant 

20 period of time after the same control signal reaches the 
memory device 212, 212' having the shortest control line 
242, 242'. For synchronous operation, the memory subsys­
tems 200, 200' have the data lines 250, 250' configured so 
that the time delays of the various data signals between the 

25 memory controller 220, 220' and the particular memory 
devices 212, 212' are substantially tailored such that the data 
signals and the control signals reach the particular memory 
device 212, 212' so that operation of the memory module 
210, 210' is synchronized with the system bus of the 

30 computer system. Such "fly-by" configurations have been 
described as operating in "local sync" while having "global 
async." 

FIGS. 2A and 28 illustrate another prior art approach of 35 

increasing the number of memory devices. Specifically, FIG. 
2A shows a conventional memory subsystem 200 with at 
least one two-rank memory module 210, only one of which 

For such "fly-by" configurations, the memory controller 
220, 220' of FIGS. 2A and 28 is more complicated than the 
memory controller 120, 120' of FIGS. lA and 18 in that the 
memory controller 220, 220' accounts for the time delays 
between the various memory devices 212, 212' and adjusts 
the timing of these signals appropriately for synchronous 
operation. However, in some situations, the clock cycle time 
is approximately equal to or less than the time difference 
( e.g., about 900 picoseconds) between the control signals 

is shown for clarity. Each rank of the memory module 210 
comprises a plurality of memory devices 212, such as 40 

dynamic random access memory (DRAM) devices or syn­
chronous DRAM (SDRAM) devices. A register 230 receives 
a plurality of control lines 240 ( shown as a single solid line) 
from the system memory controller 220 and is connected via 
control lines 242 to the memory devices 212 of each rank of 45 

the memory module 210. This memory subsystem 200 
connects each data line of an array of data lines 250 (shown 

reaching the memory device 212, 212' having the longest 
control line 242, 242' and reaching the memory device 212, 
212' having the shortest control line 242, 242'. Under such 
situations, synchronous operation is not achievable. Thus, 
the time difference between the control signals reaching the 
memory devices 212, 212' at the extremes of the control 
lines 242, 242' provide a limit to the clock speed with which 
the memory module 210, 210' may be operated. These time 
differences, which can be more than one clock cycle, will 
limit the operational speed and performance of the memory 
module. In addition, as with the memory subsystems 100, 
100' of FIGS. lA and 18, the "fly-by" memory subsystems 
200, 200' of FIGS. 2A and 28 suffer from large loads which 

as dashed lines) from a system memory controller 220 to 
corresponding memory devices 212 in the two ranks in each 
memory module 210. Therefore, during a write operation, 50 

the system memory controller 220 sees all the memory 
devices 212 as its load via the data lines 250, and during a 
read operation, each memory device 212 sees multiple other 
memory devices 212, as well as the system memory con­
troller 220, as its load via the data lines 250. 55 result in slower clock speeds. 

FIG. 28 is a schematic view of another conventional 
memory subsystem 200' with at least one four-rank memory 
module 210' (only one of which is shown for clarity), each 
rank comprising a plurality of memory devices 212'. The 
register 230' receives the plurality of control lines 240' 
(shown as a single solid line) from the system memory 
controller 220' and is connected via control lines 242' to the 
memory devices 212' of each rank of the memory module 
210'. Each data line of the array of data lines 250' (shown as 
dashed lines) from the system memory controller 220' is 
connected (e.g., by four fanouts) to corresponding memory 
devices 212' in the four ranks in each memory module 210'. 

One recent suggestion for the "fly-by" configurations is to 
provide a memory buffer which handles both the control 
signals and the data signals. FIGS. 2C and 2D schematically 
illustrate a conventional two-rank memory module 310 and 

60 a four-rank memory module 310', respectively, each com­
prising a memory buffer 330, 330'. The control lines 340, 
340' provide conduits for control signals from the memory 
controller 320, 320' to the memory buffer 330, 330', and the 
control lines 342, 342' provide conduits for control signals 

65 from the memory buffer 330, 330' to the memory devices 
312,312'. The plurality of data lines 350, 350' (shown as one 
dashed line for clarity) provide conduits for data signals 
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from the memory controller 320, 320' to the memory buffer 
330, 330', and data lines (not shown for clarity) on the 
memory module 310, 310' provide conduits for data signals 
from the memory controller 320, 320' to the memory devices 
312, 312'. 

The configurations of FIGS. 2C and 2D seek to have both 
the data signals and the control signals going to the memory 
buffer 330, 330'. However, such configurations have signifi­
cant drawbacks. To send the data signals to the various 
memory devices 312, 312', the memory module 310, 310' 
includes an extremely large number of data lines (not shown 
for clarity) coupling the memory buffer 330, 330' to the 
memory devices 312, 312'. For example, in certain circum­
stances, the memory buffer 330, 330' for an LRDIMM is a 
628-pin device, which is extremely large. In addition, the 
logistics of tailoring the time delays of these many data lines 
is complicated or difficult to provide the desired timing of 
data signals from the memory buffer 330, 330' to the 
memory devices 312, 312'. Also, the memory module 310, 
310' utilizes significant modifications of the memory con­
troller 320, 320' since the memory buffer 330, 330' is taking 
over some of the control of data signal timing that conven­
tional memory controllers have. Even so, the memory mod­
ules 310, 310' of FIGS. 2C and 2D can only operate in 
asynchronous mode, not synchronous mode, due to the long 
fly-by times as compared to the desired clock frequencies. 
For example, for a fly-by delay of 1 nanosecond, if the data 
rate is 1 Gb/second, there is the possibility of collisions on 
the data lines during read/write turnaround. To combat such 
collisions, the data rate can be slowed down or "dead" cycles 
can be inserted. The memory module 310, 310', as a single 
unit, cannot be operated in synchronous mode, but operates 
as locally synchronous, globally (DIMM level) asynchro­
nous. 

8 
control circuit 430) and of the example subsystem 400' and 
corresponding components (e.g., memory modules 402', 
memory devices 412'Ai, 412'A2 , 412'Bi, 412'B2 , 412'C1 , 

412'C2 , 412'D1 , 412'D2 , data transmission circuits 416', 
5 control circuit 430') should be understood to apply to certain 

other embodiments as well. 
As schematically illustrated in FIGS. 3A and 38, the 

example memory module 402, 402' comprises at least one 
printed circuit board 410, 410' and a plurality of memory 

10 devices 412, 412' mechanically coupled to the at least one 
printed circuit board 410, 410'. The memory module 402, 
402' further comprises a control circuit 430, 430' mechani­
cally coupled to the at least one printed circuit board 410, 
410'. The control circuit 430, 430' is configurable to receive 

15 control signals from the system memory controller 420, 420' 
and to transmit module control signals to the plurality of 
memory devices 412, 412'. The memory module 402, 402' 
further comprises a plurality of data transmission circuits 
416, 416' mechanically coupled to the at least one printed 

20 circuit board 410, 410' and distributed at corresponding 
positions relative to the at least one printed circuit board 
410, 410'. The plurality of data transmission circuits 416, 
416' is configurable to be operatively coupled to the system 
memory controller 420, 420' and configurable to receive 

25 module control signals from the control circuit 430, 430'. At 
least one first data transmission circuit of the plurality of 
data transmission circuits 416, 416' is operatively coupled to 
at least two memory devices of the plurality of memory 
devices 412, 412'. At least one second data transmission 

30 circuit of the plurality of data transmission circuits 416, 416' 
is operatively coupled to at least two memory devices of the 
plurality of memory devices 412, 412'. The at least one first 
data transmission circuit is configurable to respond to the 
module control signals by selectively allowing or inhibiting 

35 data transmission between the system memory controller 
420, 420' and at least one selected memory device of the at 
least two memory devices operatively coupled to the at least 
one first data transmission circuit. The at least one second 
data transmission circuit is configurable to respond to the 

FIG. 3A schematically illustrates an example memory 
subsystem 400 with load-reduced memory modules 402 in 
accordance with certain embodiments described herein. 
FIG. 38 schematically illustrates another example memory 
subsystem 400' with load-reduced memory modules 402' in 
accordance with certain embodiments described herein. 
FIG. 3C schematically illustrates an example layout of the 
memory devices 412', the data transmission circuits 416', 
and the control circuit 430' of a memory module 402' in 
accordance with certain embodiments described herein. 
FIG. 3D is a photograph of an example memory subsystem 45 

in accordance with certain embodiments described herein. In 
FIGS. 3A-3C, control lines (e.g., address and control lines 
440, 440' coupling the system memory controller 420, 420' 

40 module control signals by selectively allowing or inhibiting 
data transmission between the system memory controller 
420, 420' and at least one selected memory device of the at 
least two memory devices operatively coupled to the at least 
one second data transmission circuit. 

As shown in FIGS. 3A and 38, the memory subsystem 
400, 400' is configurable to be operationally coupled to a 
system memory controller 420, 420', of a type well-known 
in the art (e.g., Intel Nehalem EP, EX chipsets; AMD 
Opteron chipset). The memory subsystem 400, 400' typi-to the memory modules 410, 410') are shown as dashed 

lines, data lines (e.g., data lines 450, 450' coupling the 
system memory controller 420, 420' to the memory modules 
410, 410') are shown as solid lines, and in FIGS. 3Aand 38, 
input/output connections are shown as black dots. In certain 
embodiments, as schematically illustrated by FIGS. 3A-3C, 
the address and control lines 440, 440' coupling the system 
memory controller 420, 420' to the memory module 410, 
410' (e.g., to the control circuit 430, 430') are separate from 
the data lines 450, 450' coupling the system memory con­
troller 420,420' to the memory module 410,410' (e.g., to the 
data transmission circuits 416, 416'). In certain embodi­
ments, the memory subsystem 400, 400' is designed, for 
example, to deliver higher speed and higher memory density 
with lower thermal dissipation as compared with conven­
tional memory subsystems. In the following discussion, 
aspects of the example subsystem 400 and corresponding 
components ( e.g., memory modules 402, memory devices 
412A, 412B, 412C, 412D, data transmission circuits 416, 

50 cally comprises one or more memory modules 402, 402', 
such as DIMMs or RDIMMs, additional details of which are 
shown only for one for clarity. Various types of memory 
modules 402, 402' are compatible with embodiments 
described herein. For example, memory modules having 

55 memory capacities of 512 MB, 1 GB, 2 GB, 4 GB, 8 GB, as 
well as other capacities, are compatible with embodiments 
described herein. In addition, memory modules having 
widths of 4 bytes, 8 bytes, 9 bytes, 16 bytes, 32 bytes, or 32 
bits, 64 bits, 72 bits, 128 bits, 256 bits, as well as other 

60 widths (in bytes or in bits), are compatible with embodi­
ments described herein. Furthermore, memory modules 402, 
402' compatible with embodiments described herein 
include, but are not limited to, single in-line memory mod­
ules (SIMMs), dual in-line memory modules (DIMMs), 

65 small-outline DIMMs (SO-DIMMs), unbuffered DIMMs 
(UDIMMs), registered DIMMs (RDIMMs), fully-buffered 
DIMMs (FBDIMMs), mini-DIMMs, and micro-DIMMs. 
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The one or more memory modules 402, 402' comprise one 
or more printed circuit boards (PCBs) 410, 410', which may 
be arranged in a vertical stack (as shown), or in a back-to­
back array. Each memory module 402, 402' in certain 
embodiments comprises a single PCB 410, 410', while in 
certain other embodiments, each of one or more of the 
memory modules 402 comprises multiple PCBs 410,410'. In 
some embodiments, the PCBs 410, 410' are mountable in 
module slots (not shown) of the computer system. A PCB 
410, 410' of certain such embodiments has at least one edge 
connector 411 comprising a plurality of electrical contacts 
which are positioned on an edge of the PCB 410, 410' (as 
shown in FIG. 3d) and are configured to be releasably 
coupled to corresponding contacts of a computer system 
socket to provide electrical conductivity between the system 
memory controller 420, 420' and the various components of 
the memory modules 402, 401' on the PCBs 410, 410'. 

At least one memory module 402, 402' comprises a 
plurality of memory devices 412, 412' (such as DRAMs or 
SDRAMs). The memory devices 412, 412' of the memory 
module 402, 402' may advantageously be arranged in a 
plurality of rows or ranks. Memory devices 412, 412' 
compatible with embodiments described herein include, but 
are not limited to, random-access memory (RAM), dynamic 
random-access memory (DRAM), synchronous DRAM 
(SD RAM), and double-data-rate DRAM ( e.g., DDR, DDR2, 
DDR3, etc.). In addition, memory devices 412, 412' having 
bit widths of 4, 8, 16, 32, as well as other bit widths, are 
compatible with embodiments described herein. Memory 
devices 412, 412' compatible with embodiments described 
herein have packaging which include, but are not limited to, 
thin small-outline package (TSOP), ball-grid-array (BGA), 
fine-pitch BGA (FBGA), micro-BGA (µBGA), mini-BGA 
(mBGA), and chip-scale packaging (CSP). 

In certain embodiments, the memory devices 412, 412' of 
the memory module 402, 402' are arranged in four ranks, 
although embodiments with less than four ranks (e.g., one 
rank, two ranks, three ranks) or more than four ranks (e.g., 

10 
These electrical components may include, but are not lim­
ited to, electrical conduits, resistors, capacitors, inductors, 
transistors, buffers, registers, logic elements, or other circuit 
elements. In certain embodiments, at least some of these 

5 electrical components are discrete, while in other certain 
embodiments, at least some of these electrical components 
are constituents of one or more integrated circuits. 

In certain embodiments, at least one memory module 402, 
402' comprises a control circuit 430, 430' configured to be 

10 operatively coupled to the system memory controller 420, 
420' and to the memory devices 412, 412' of the memory 
module 402, 402' (e.g., via lines 442, 442'). In certain 
embodiments, the control circuit 430, 430' may include one 
or more functional devices, such as a programmable-logic 

15 device (PLD), an application-specific integrated circuit 
(ASIC), a field-programmable gate array (FPGA), a custom­
designed semiconductor device, or a complex program­
mable-logic device (CPLD). In certain embodiments, the 
control circuit 430, 430' may comprise one or more custom 

20 devices. In certain embodiments, the control circuit 430, 
430' may comprise various discrete electrical elements; 
while in other embodiments, the control circuit 430, 430' 
may comprise one or more integrated circuits. 

The control circuit 430, 430' of certain embodiments is 
25 configurable to be operatively coupled to control lines 440, 

440' to receive control signals (e.g., bank address signals, 
row address signals, column address signals, address strobe 
signals, and rank-address or chip-select signals) from the 
system memory controller 420,420'. The control circuit 430, 

30 430' of certain embodiments registers signals from the 
control lines 440, 440' in a manner functionally comparable 
to the address register of a conventional RDIMM. The 
registered control lines 440, 440' are also operatively 
coupled to the memory devices 412, 412'. Additionally, the 

35 control circuit 430, 430' supplies control signals for the data 
transmission circuits 416, 416' (e.g., via lines 432, 432'), as 
described more fully below. The control signals indicate, for 
example, the direction of data flow, that is, to or from the 
memory devices 412,412'. The control circuit 430,430' may 6 ranks, 8 ranks) per memory module 402, 402' may be 

employed. In certain embodiments, each rank comprises 
eight or nine memory modules, while in certain other 
embodiments, other numbers of memory modules per rank 
may also be used. In certain embodiments, as schematically 
shown in FIG. 3A, the memory devices 412 are arranged in 
four ranks, denoted A, B, C, and D, and each rank comprises 45 

n memory devices. For the sake of this disclosure, in the 
example memory subsystem 400 of FIG. 3A, rank A com­
prises memory devices 412Ai, 412A2 , ... , 412An; rank B 
comprises memory devices 412Bi, 412B2 , ... , 412Bn; rank 

40 produce additional chip-select signals or output enable sig­
nals based on address decoding. Examples of circuits which 
can serve as the control circuit 430, 430' are described in 
more detail by U.S. Pat. Nos. 7,289,386 and 7,532,537, each 
of which is incorporated in its entirety by reference herein. 

In certain embodiments, at least one memory module 402, 
402' comprises a plurality of data transmission circuits 416, 
416' mounted on the one or more PCBs 410,410', within the 
one or more PCBs 410, 410', or both on and within the one 
or more PCBs 410, 410'. The plurality of data transmission 

C comprises memory devices 412C1 , 412C2 , ... , 412Cn; 
and rank D comprises memory devices 412Di, 412D2 , ... , 

412Dn. For the sake of this disclosure, in the example 
memory subsystem 400' of FIG. 38, rank A comprises 
memory devices 412'Ai, 412'A2 , ... , 412'An; rank B 
comprises memory devices 412'Bi, 412'B2 , ... , 412'Bn; 
rank C comprises memory devices 412'Ci, 412'C2 , ... , 

412'Cn; and rank D comprises memory devices 412'D1 , 

412'D2 , ... , 412'Dn. 
In certain embodiments, at least one memory module 402, 

402' comprises one or more electrical components (not 
shown) which may be mounted on the PCB 410,410', within 
the PCB 410, 410', or both on and within the PCB 410, 410', 
and are operationally coupled to one another and to the 
plurality of memory devices 412, 412'. For example, the 
electrical components may be surface-mounted, through­
hole mounted, embedded or buried between layers of the 
PCB 410, 410', or otherwise connected to the PCB 410, 410'. 

50 circuits 416, 416' are operatively coupled to the control 
circuit 430,430' (e.g., via lines 432, 432'), and configured to 
be operatively coupled to the system memory controller 420, 
420' (e.g., via the data lines 450, 450') upon operatively 
coupling the memory module 402, 402' to the computer 

55 system. In certain embodiments, these data transmission 
circuits 416, 416' can be referred to as "load-reducing 
circuits" or "load-reducing switching circuits." As used 
herein, the terms "load-reducing" or "load-reducing switch­
ing" refer to the use of the data transmission circuits 416, 

60 416' to reduce the load seen by the system memory control­
ler 420, 420' when operatively coupled to the memory 
module 402, 402'. In certain embodiments, as schematically 
illustrated by FIG. 3A, the memory module 402 comprises 
n data transmission circuits 416, where n is the number of 

65 memory devices per rank of the memory module 410. For 
example, as schematically shown in FIG. 3A, the memory 
devices 412 of the memory module 410 are arranged in four 
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ranks of n memory devices each, and the memory module 
410 comprises at least a first data transmission circuit 416 1 

and a second data transmission circuit 4162 . The first data 
transmission circuit 416 1 of certain such embodiments is 
operatively coupled to at least one memory device 412 of 5 

each rank (e.g., memory devices 412A1 , 412B 1 , 412C1 , 

412D1). The second data transmission circuit 4162 of certain 
such embodiments is operatively coupled to at least one 
memory device 412 of each rank (e.g., memory devices 
412A2 , 412B2 , 412C2 , 412D2 ). In certain embodiments, as 10 

schematically illustrated by FIG. 38, the memory module 
402' comprises n/2 data transmission circuits 416', where n 
is the number of memory devices per rank of the memory 
module 410'. For example, as schematically shown in FIG. 
38, the memory devices 412' of the memory module 410' are 15 

arranged in four ranks of n memory devices each, and the 
memory module 410' comprises at least a first data trans­
mission circuit 416\ and a second data transmission circuit 
416'2 . The first data transmission circuit 416\ of certain such 
embodiments is operatively coupled to at least two memory 20 

devices 412' of each rank (e.g., memory devices 412'A1 , 

412'A2 , 412'Bi, 412'B2 , 412'Ci, 412'C2 , 412'Di, 412'D2). 

The second data transmission circuit 416'2 of certain such 
embodiments is operatively coupled to at least two memory 
devices 412' of each rank (e.g., memory devices 412'A3 , 25 

412'A4 , 412'B3 , 412'B4 , 412'C3 , 412'C4 , 412'D3 , 412'D4 ). 

In certain embodiments, at least one data transmission 
circuit 416, 416' selectively switches between two or more 
memory devices 412, 412' so as to operatively couple at least 
one selected memory device 412, 412' to the system memory 30 

controller 420, 420' (e.g., the data transmission circuit 416, 
416' is configurable to respond to module control signals by 
selectively allowing or inhibiting data transmission between 
the system memory controller 420, 420' and at least one 
selected memory device 412, 412'). In certain such embodi- 35 

ments, the at least one data transmission circuit 416, 416' 
selectively operatively couples two selected memory 
devices to the system memory controller 420, 420'. For 
example, as schematically shown in FIG. 3A, the first data 
transmission circuit 416 1 is configurable to respond to mod- 40 

ule control signals by selectively allowing or inhibiting data 
transmission between the system memory controller 420 and 
either selected memory devices 412A 1 and 412C 1 or selected 
memory devices 412B 1 and 412D1), and the second data 
transmission circuit 4162 is configurable to respond to mod- 45 

ule control signals by selectively allowing or inhibiting data 
transmission between the system memory controller 420 and 
either selected memory devices 412A2 and 412C2 or selected 
memory devices 412B2 and 412D2 ). Conversely, in a con­
ventional memory module without the data transmission 50 

circuits 416, the two or more memory devices 412 (e.g., 
memory devices 412Ai, 412B 1 , 412Ci, 412D1) are concur­
rently operatively coupled to the system memory controller 
420. A data transmission circuit 416 of certain embodiments 

12 
transmission between the system memory controller 420' 
and either selected memory devices 412'A3 and 412'C3 or 
selected memory devices 412'83 and 412'D3 and either 
selected memory devices 412'A4 and 412'C4 or selected 
memory devices 412'B4 and 412'D4 ). 

In certain embodiments, two or more of the data trans­
mission circuits 416, 416' are mechanically coupled to the at 
least PCB 410, 410' at corresponding positions which are 
separate from one another. For example, as schematically 
illustrated by FIG. 3A, the first data transmission circuit 
416 1 and the second data transmission circuit 4162 are at 
corresponding positions which are separate from one 
another ( e.g., the package containing the first data transmis­
sion circuit 416 1 is at a location spaced from the location of 
the package containing the second data transmission circuit 
4162 ). For another example, as schematically illustrated by 
FIG. 38, the first data transmission circuit 416\ and the 
second data transmission circuit 416'2 are at corresponding 
positions which are separate from one another ( e.g., the 
package containing the first data transmission circuit 416\ is 
at a location spaced from the location of the package 
containing the second data transmission circuit 416'2 ). In 
certain such embodiments, two or more of the data trans­
mission circuits 416, 416' are distributed across a surface of 
the PCB 410, 410' of the memory module 402, 402'. In 
certain embodiments, the corresponding positions of two or 
more data transmission circuits 416, 416' (e.g., first data 
transmission circuit 4161 and second data transmission cir­
cuit 4162 of FIG. 3A or first data transmission circuit 416\ 
and second data transmission circuit 416'2 of FIG. 38) are 
along an edge 411, 411' of the at least one PCB 410, 410' 
such that a data transmission circuit 416, 416' is located 
substantially between the edge 411, 411' and at least some of 
the at least two memory devices 412, 412' to which the data 
transmission circuit 416, 416' is operatively coupled. For 
example, as schematically illustrated by FIG. 3A, the first 
data transmission circuit 4161 is located substantially 
between the edge 411 and the memory devices 412A1 , 

412B 1 , 412C1 , 412D1 to which the first data transmission 
circuit 416 1 is operatively coupled, and the second data 
transmission circuit 4162 is located substantially between 
the edge 411 and the memory devices 412A2 , 412B2 , 412C2 , 

412D2 to which the second data transmission circuit 416 1 is 
operatively coupled. For another example, as schematically 
illustrated by FIG. 38, the first data transmission circuit 
416\ is located substantially between the edge 411' and the 
memory devices 412'Ai, 412'A2 , 412'Bi, 412'B2 , 412'C1 , 

412'C2 , 412'D1 , 412'D2 to which the first data transmission 
circuit 416' is operatively coupled, and the second data 
transmission circuit 416'2 is located substantially between 
the edge 411' and the memory devices 412'A3 , 412'A4 , 

412'B3 , 412'B4 , 412'C3 , 412'C4 , 412'D3 , 412'D4 to which the 
second data transmission circuit 416'2 is operatively 
coupled. 

FIGS. 3C and 3D illustrate the positioning of the data 
transmission circuits 416' in accordance with certain 
embodiments described herein. In certain embodiments, the 
position of at least one of the data transmission circuits 416' 
is generally aligned with one or more of the memory devices 

bidirectionally buffer data signals between the memory 55 

controller 420 and the memory devices 412 corresponding to 
the data transmission circuit 416. For another example, as 
schematically shown in FIG. 38, the first data transmission 
circuit 416\ is configurable to respond to module control 
signals by selectively allowing or inhibiting data transmis­
sion between the system memory controller 420' and either 
selected memory devices 412'A1 and 412'C1 or selected 
memory devices 412'B 1 and 412'D1 and either selected 
memory devices 412'A2 and 412'C2 or selected memory 
devices 412'B2 and 412'D2 ), and the second data transmis­
sion circuit 416'2 is configurable to respond to module 
control signals by selectively allowing or inhibiting data 

60 412' to which the data transmission circuit 416' is opera­
tively coupled. For example, the one or more of the data 
transmission circuits 416' and the memory devices 412' to 
which it is operatively coupled can be positioned generally 
along a line that is substantially perpendicular to the edge 

65 411' of the PCB 410'. In certain embodiments, the position 
of at least one of the data transmission circuits 416' is 
generally offset from a line defined by the positions of the 
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widths than those of the associated memory devices 412'A1 , 

412'A2 , 412'B 1 , 412'B2 , 412'Cv 412'C2 , 412'Dv 412'D2 to 
which the data transmission circuits 416' are operatively 
coupled in response to the module control signals from the 

5 control circuit 430'. 

one or more of the memory devices 412' to which the data 
transmission circuit 416' is operatively coupled. For 
example, as shown in FIGS. 3C and 3D, the memory devices 
412' operatively coupled to a data transmission circuit 416' 
can be positioned along a line that is substantially perpen­
dicular to the edge 411' of the PCB 410' and the data 
transmission circuit 416' can be generally offset from this 
line in a direction generally along the edge 411' of the PCB 
410'. In certain such embodiments, the data transmission 
circuits 416' are sufficiently small in width and breadth (e.g., 10 

2.5 mm by 7.5 mm) to fit between the edge 411' and the 
corresponding memory devices 412' while maintaining the 
desired size of the memory module 400'. Other positions and 
sizes of the separate data transmission circuits 416' are also 
compatible with certain embodiments described herein. For 15 

example, in certain embodiments, one or more of the data 
transmission circuits 416, 416' can be positioned between 
two or more memory devices 412, 412', or can be spaced 
away from an edge 411, 411' of the PCB 410, 410' with one 
or more memory devices 412, 412' between the edge 411, 20 

411' and the one or more data transmission circuits 416,416'. 
In certain embodiments, the data transmission circuit 416 

comprises or functions as a byte-wise buffer. In certain such 
embodiments, each of the one or more data transmission 
circuits 416 has the same bit width as does the associated 25 

In certain embodiments, by having the data transmission 
circuit 416 comprise or serve as a "byte-wise" buffer (e.g., 
as shown in the examples of FIGS. 4A and 48), the data 
signals are synchronous with the synch clock. In addition, 
for certain such embodiments in which the memory module 
400 experiences variations in one or more characteristics 
( e.g., temperature, voltage, manufacturing parameters), the 
memory module 400 can be designed to optimize the circuits 
of a smaller number of components as compared to other 
configurations which do not utilize byte-wide buffering 
( e.g., having four ranks of 8-bit memory devices and having 
two 4-bit buffers). In certain embodiments, the data trans­
mission circuits 416 are used for bit slicing in which the data 
are defined in sections. For example, rather than defining 
data to be 64-bit-wide (e.g., [63:0]), the data can be defined 
or sliced in 16-bit-wide sections (e.g., [15:0], [31:16], [47: 
32], [63:48]). In certain such embodiments, not all the bits 
are grouped together and not all the bits produce the same 
behavior (e.g., logic- and/or time-wise). 

One or more of the data transmission circuits 416, in 
accordance with an embodiment of this disclosure, is opera­
tively coupled to a corresponding one or more of the data 
lines 452 connected to one or more memory devices 412 in 
each of the ranks A, B, C, D. For example, in certain 

30 embodiments, each data transmission circuit 416 is con­
nected to one or more data lines 452 connected to one 

memory devices 412 per rank to which the data transmission 
circuit 416 is operatively coupled. For example, as sche­
matically illustrated by FIG. 4A (which corresponds gener­
ally to FIG. 3A), the data transmission circuit 416 can be 
operatively coupled to a single memory device 412 per rank, 
and both the data transmission circuit 416 and the memory 
device 412 per rank to which the data transmission circuit 
416 is operatively coupled can each have the same bit width 
(e.g., 4 bits, 8 bits, or 16 bits). The data transmission circuit 
416 of FIG. 4A has a bit width of 8 bits, and receives data 35 

bits 0-7 from the system memory controller 420 and selec­
tively transmits the data bits 0-7 to selected memory devices 
412A, 412B, 412C, 412D in response to the module control 
signals from the control circuit 430. Similarly, data trans­
mission circuits 416' of certain embodiments can function as 40 

a byte-wise buffer for associated memory devices 412'A, 
412'8, 412'C, 412'D to which the data transmission circuits 
416' are operatively coupled in response to the module 
control signals from the control circuit 430'. 

corresponding memory device in each of the ranks (e.g., 
memory devices 204A, 204B, 204C, and 204D, as shown in 
FIG. 3A). Each data line 450, 452 thus carries data from the 
system memory controller 420, through the data transmis­
sion circuits 416, to the memory devices 204A, 204B, 204C, 
204D connected to the data transmission circuits 416. The 
data transmission circuits 416 of certain embodiments may 
be used to drive each data bit to and from the memory 
controller 420 and the memory devices 412, instead of the 
memory controller 420 and the memory devices 412 directly 

In certain other embodiments, the bit widths of one or 45 

more of the memory devices 412 may be different from the 

driving each data bit to and from the memory controller 420 
and the memory devices 412. Specifically, as described in 
more detail below, one side of each data transmission circuit 
416 of certain embodiments is operatively coupled to a 
memory device 412 in each rank (e.g., via data lines 452), 

bit widths of the one or more data transmission circuits 416 
to which they are connected. For example, as schematically 
illustrated by FIG. 48 (which corresponds generally to FIG. 
38), the data transmission circuits 416 may have a first bit 50 

width (e.g., a bit width of 8 bits) and the memory devices 
412 may have a second bit width which is less than the first 

while the other side of the data transmission circuit 416 is 
operatively coupled to the corresponding data line 450 of the 
memory controller 420. 

To reduce the memory device loads seen by the system 
memory controller 420 (e.g., during a write operation), the 
data transmission circuit 416 of certain embodiments is 
advantageously configured to be recognized by the system 
memory controller 420 as a single memory load. This 

bit width ( e.g., one-half the first bit width, or a bit width of 
4 bits), with each data transmission circuit 416 operatively 
coupled to multiple memory devices 412 per rank (e.g., two 
memory devices 412 in each rank). In certain such embodi­
ments, the total bit width of the multiple memory devices 
412 per rank connected to the circuit 416 equals the bit width 
of the circuit 416 (e.g., 4 bits, 8 bits, or 16 bits). The data 
transmission circuit 416 of FIG. 48 has a total bit width of 
8 bits, and receives data bits 0-7 from the system memory 
controller 420 and selectively transmits data bits 0-3 to a first 
memory device 412A1 , 412Bi, 412Ci, 412D1 and data bits 
4-7 to a second memory device 412A2 , 412B2 , 412C2 , 

412D2 in response to the module control signals from the 
control circuit 430. Similarly, data transmission circuits 416' 
of certain embodiments can function with different bit 

55 advantageous result is desirably achieved in certain embodi­
ments by using the data transmission circuits 416 to elec­
trically couple only the enabled memory devices 412 to the 
memory controller 420 ( e.g., the one, two, or more memory 
devices 412 to which data is to be written) and to electrically 

60 isolate the other memory devices 412 from the memory 
controller 420 (e.g., the one, two, or more memory devices 
412 to which data is not to be written). Therefore, during a 
write operation in which data is to be written to a single 
memory device 412 in a rank of the memory module 400, 

65 each data bit from the system memory controller 420 sees a 
single load from the memory module 400, presented by one 
of the data transmission circuits 416, instead of concurrently 
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seeing the loads of all of the four memory devices 412A, 
412B, 412C, 412D to which the data transmission circuit 
416 is operatively coupled. In the example of FIG. 3A, 
during a write operation in which data is to be written to two 
memory device 412 in two ranks (e.g., memory devices 
412A and 412C or memory devices 412B and 412D), each 
data bit from the system memory controller 420 sees a single 
load from the memory module 402, which is presented by 
one of the data transmission circuits 416, instead of concur­
rently seeing the loads of all of the four memory devices 
412A, 412B, 412C, 412D to which the data transmission 
circuits 416 is operatively coupled. In comparison to the 
standard JEDEC four-rank DIMM configuration (see FIG. 
2Aand FIG. 28), the memory system 402 of certain embodi­
ments may reduce the load on the system memory controller 
420 by a factor of four. 

FIG. 5 schematically illustrates an example data trans­
mission circuit 416 compatible with certain embodiments 
described herein. In one embodiment, the data transmission 
circuits 416 includes control logic circuitry 502 used to 
control the various components of the data transmission 
circuit 416, which may include one or more buffers, one or 
more switches, and one or more multiplexers among other 
components. The illustrated embodiment of FIG. 5 is 1-bit 
wide and switches a single data line 518 between the 
memory controller 420 and the memory devices 412. In 
other embodiments, the data transmission circuit 416 may be 
multiple bits wide, for example, 8 bits, and switch a corre­
sponding number of data lines 518. In a multiple bit wide 
embodiment, the control logic circuitry 502 may be shared 
over the multiple bits. 

As a part of isolating the memory devices 412 from the 
system memory controller 420, in one embodiment, the data 
transmission circuits 416 allow for "driving" write data and 
"merging" read data. In the operational embodiment shown 

16 
transmission circuit 416, whereby the control logic circuitry 
502 selects either path A or path B to direct the data. 
Accordingly, when the control logic circuitry 502 receives, 
for example, an "enable A" signal, a first tristate buffer 504 

5 in path A is enabled and actively drives the data value on its 
output, while a second tristate buffer 506 in path B is 
disabled with its output in a high impedance condition. In 
this state, the data transmission circuit 416 allows the data 
to be directed along path A to a first terminal Yl, which is 

10 connected to and communicates only with the first group of 
the memory devices 412, e.g., those in ranks A and C. 
Similarly, if an "enable B" signal is received, the first tristate 
504 opens path A and the second tristate 506 closes path B, 
thus directing the data to a second terminal Y2, which is 

15 connected to and communicates only with the second group 
of the memory devices 412, e.g., those in ranks B and D. 

For a read operation, the data transmission circuit 416 
operates as a multiplexing circuit. In the illustrated embodi­
ment of FIG. 5, for example, data signals read from the 

20 memory devices 412 of a rank are received at the first or 
second terminals Yl, Y2 of the data transmission circuit 416. 
The data signals are fed to a multiplexer 508, which selects 
one to route to its output. The control logic circuitry 502 
generates a select signal to select the appropriate data signal, 

25 and the selected data signal is transmitted to the system 
memory controller 420 along a single data line 518, pref­
erably after passing through a read buffer 509. The read 
buffer 509 may be a tristate buffer that is enabled by the 
control logic circuitry 502 during read operations. In another 

30 embodiment, the multiplexer 508 and the read buffer 509 
may be combined in one component. In yet another embodi­
ment, the multiplexer 508 and the read buffer 509 operations 
may be split over two tristate buffers, one to enable the value 
from Yl to the data line 518 and another to enable the value 

35 from Y2 to the data line 518. 
in FIG. 5, in a write operation, data entering a data trans­
mission circuit 416 via a data line 518 is driven onto two 
data paths, labeled path A and path B, preferably after 
passing through a write buffer 503. The ranks of memory 
devices 412 are likewise divided into two groups with one 40 

group associated with path A and one group associated with 
path B. As shown in FIG. 3A, rank A and rank Care in the 
first group, and rank Band rank Dare in the second group. 
Accordingly, the memory devices 412A, 412C of rank A and 
rank Care connected to the data transmission circuits 416 by 45 

a first one of the two data paths, and the memory devices 
412B, 412D of rank B and rank D are connected to the data 
transmission circuits 416 by a second one of the two data 
paths. In other embodiments, the driving of write data and 
merging of read data may be performed over more than two 50 

data paths. 

The data transmission circuits 416 present a load on the 
data lines 518 from the write buffer 503 and the read buffer 
509. The write buffer 503 is comparable to an input buffer 
on one of the memory devices 412, and the read buffer 509 
is comparable to an output buffer on one of the memory 
devices 412. Therefore, the data transmission circuits 416 
present a load to the memory controller 420 that is substan­
tially the same as the load that one of the memory devices 
412 would present. Similarly, the data transmission circuits 
416 present a load on the first and second terminals Yl, Y2 
from the multiplexer 508 and the first tristate buffer 504 ( on 
the first terminal Yl) and the second tristate buffer 506 (on 
the second terminal Y2). The multiplexer 508 is comparable 
in loading to an input buffer on the memory controller 420, 
and the first and second tristate buffers 504, 506 are each 
comparable to an output buffer on the memory controller 

As is known, Column Address Strobe (CAS) latency is a 
delay time which elapses between the moment the memory 
controller 420 informs the memory modules 402 to access a 
particular column in a selected rank or row and the moment 55 

the data for or from the particular column is on the output 
pins of the selected rank or row. The latency may be used by 
the memory module to control operation of the data trans­
mission circuits 416. During the latency, address and control 
signals pass from the memory controller 420 to the control 60 

circuit 430 which produces controls sent to the control logic 
circuitry 502 (e.g., via lines 432) which then controls 
operation of the components of the data transmission circuits 
416. 

420. Therefore, the data transmission circuits 416 present a 
load to the memory devices 412 that is substantially the 
same as the load that the memory controller 420 would 
present. 

Additionally, the data transmission circuits 416 operate to 
ameliorate quality of the data signals passing between the 
memory controller 420 and the memory devices 412. With­
out the data transmission circuits 416, waveforms of data 
signals may be substantially degraded or distorted from a 
desired shape between source and sink. For example, signal 
quality may be degraded by lossy transmission line charac­
teristics, mismatch between characteristics of transmission 
line segments, signal crosstalk, or electrical noise. However, 

For a write operation, during the CAS latency, the control 
circuit 430, in one embodiment, provides enable control 
signals to the control logic circuitry 502 of each data 

65 in the read direction, the read buffer 509 regenerates the 
signals from the memory devices 412 thereby restoring the 
desired signal waveform shapes. Similarly, in the write 
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direction, the first tristate buffer 504 and the second tristate 
buffer 506 regenerate the signals from the memory control­
ler 420 thereby restoring the desired signal waveform 
shapes. 

Referring again to FIG. 3A, when the memory controller 
420 executes read or write operations, each specific opera­
tion is targeted to a specific one of the ranks A, B, C, and D 
of a specific memory module 402. The data transmission 
circuit 416 on the specifically targeted one of the memory 
modules 402 functions as a bidirectional repeater/multi­
plexor, such that it drives the data signal when connecting 
from the system memory controller 420 to the memory 
devices 412. The other data transmission circuits 416 on the 
remaining memory modules 402 are disabled for the specific 
operation. For example, the data signal entering on data line 
518 entering into data transmission circuit 416 is driven to 
memory devices 412A and 412C or 412B and 412C depend­
ing on which memory devices are active and enabled. The 
data transmission circuit 416 then multiplexes the signal 
from the memory devices 412A, 412B, 412C, 412D to the 
system memory controller 420. The data transmission cir­
cuits 416 may each control, for example, a nibble-wide data 
path or a byte-wide-data path. As discussed above, the data 
transmission circuits 416 associated with each module 402 
are operable to merge data read signals and to drive data 
write signals, enabling the proper data paths between the 
system memory controller 420 and the targeted or selected 
memory devices 412. Thus, the memory controller 420, 
when there are four four-rank memory modules, sees four 
load-reducing switching circuit loads, instead of sixteen 
memory device loads. The reduced load on the memory 
controller 420 enhances the performance and reduces the 
power requirements of the memory system, as compared 
with, for example, the conventional systems described above 
with reference to FIGS. lA, lB and 2A-2D. 

Operation of a memory module using the data transmis­
sion circuit 416 may be further understood with reference to 
FIG. 6, an illustrative timing diagram of signals of the 
memory module 402. The timing diagram includes first 
through eighth time periods 601-608. When the memory 
devices 404 are synchronous memories, each of the time 
periods 601-608 may correspond to one clock cycle of the 
memory devices 404. 

18 
from the data lines 518 to the first terminal Yl and on to the 
memory devices 412A, 412C. 

Similarly, the write to the second group of memory 
devices 412A, 412C appears in the second time period 602 

5 when system address and control signals 440 pass from the 
memory controller 420 to the control circuit 430. The 
control circuit 430 evaluates the address and control signals 
440 to determine that data is to be written to memory devices 
412B, 412D in the second group. During the third time 

10 period 603, the control circuit 430 supplies control signals to 
the control logic circuitry 502 to enable the second tristate 
buffer 506 and to disable the first tristate buffer 504 and the 
read buffer 509. Thus, during the third time period 603, data 

15 
bits pass from the data lines 518 to the second terminal Y2 
and on to the memory devices 412B, 412D. 

The fifth, sixth, seventh, and eighth time periods 605-608 
illustrate read operations with data passing to the memory 
controller 420 from the memory module 402. The timing 

20 diagram shows a read operation from the first group of 
memory devices 412A, 412C connected to the first terminals 
Yl of the data transmission circuits 416 and a read operation 
from the second group of memory devices 412B, 412D 
connected to the second terminals Y2 of the data transmis-

25 sion circuits 416. Recalling the CAS latency described 
above, each read operation extends over two time periods in 
a pipelined marmer. 

The read from the first group of memory devices 412A, 
412C appears in the fifth time period 605 when system 

30 address and control signals 440 pass from the memory 
controller 420 to the control circuit 430. The control circuit 
430 evaluates the address and control signals 440 to deter­
mine that data is to be read from memory devices 412A, 

35 
412C in the first group. During the sixth time period 606, the 
control circuit 430 supplies control signals to the control 
logic circuitry 502 to cause the multiplexer 58 to select data 
from the first terminal Yl, to enable the read buffer 509, and 
to disable the first tristate buffer 504 and the second tristate 

40 buffer 506. Thus, during the sixth time period 606, data bits 
pass from the memory devices 412A, 412C via the first 
terminal Yl to data lines 518 and on to the memory 
controller 420. 

The first, second, and third time periods 601-603 illustrate 
write operations with data passing from the memory con- 45 

trailer 401 to the memory module 402. The fourth time 
period 604 is a transition between the write operations and 
subsequent read operations. The timing diagram shows a 
write operation to the first group of memory devices 412A, 
412C connected to the first terminals Yl of the data trans- 50 

The read from the second group of memory devices 412B, 
412D appears in the seventh time period 607 when system 
address and control signals 440 pass from the memory 
controller 420 to the control circuit 430. The control circuit 
430 evaluates the address and control signals 440 to deter­
mine that data is to be read from memory devices 412B, 
412D in the second group. During the eighth time period 
608, the control circuit 430 supplies control signals to the 
control logic circuitry 502 to cause the multiplexer 508 to 
select data from the second terminal Y2, to enable the read 

mission circuits 416 and a write operation to the second 
group of memory devices 412B, 412D connected to the 
second terminals Y2 of the data transmission circuits 416. 
Recalling the CAS latency described above, each write 
operation extends over two time periods in a pipelined 
manner. 

55 
buffer 509, and to disable the first tristate buffer 504 and the 
second tristate buffer 506. Thus, during the eighth time 
period 606, data bits pass from the memory devices 412B, 
412D via the second terminal Y2 to data lines 518 and on to 
the memory controller 420. 

The write to the first group of memory devices 412A, 
412C appears in the first time period 601 when system 
address and control signals 440 pass from the memory 
controller 420 to the module controller 430. The control 60 

circuit 430 evaluates the address and control signals 440 to 
determine that data is to be written to memory devices 412A, 
412C in the first group. During the second time period 602, 
the control circuit 430 supplies control signals to the control 
logic circuitry 502 to enable the first tristate buffer 504 and 65 

to disable the second tristate buffer 506 and the read buffer 
509. Thus, during the second time period 602, data bits pass 

Various embodiments have been described above. 
Although this invention has been described with reference to 
these specific embodiments, the descriptions are intended to 
be illustrative of the invention and are not intended to be 
limiting. Various modifications and applications may occur 
to those skilled in the art without departing from the true 
spirit and scope of the invention as defined in the appended 
claims. 
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We claim: 
1. A memory module having a width of N bits and 

configured to communicate with a memory controller via a 
set of control signal lines and M sets of n data lines, where 
M is greater than one and N=Mxn, comprising: 

a module control circuit configured to receive a set of 
input address and control signals corresponding to a 
memory read or write command from the memory 
controller via the set of control signal lines and to 
produce first module control signals and second mod- 10 

ule control signals in response to the set of input 
address and control signals; 

a plurality of memory devices coupled to the module 
control circuit, the plurality of memory devices includ­
ing first memory devices and second memory devices, 15 

wherein, in response to the first module control signals, 
the first memory devices output or receive each N-bit 
wide data signal associated with the memory read or 
write command while the second memory devices do 
not output or receive any data associated with the 20 

memory read or write command; 
M buffer circuits each configured to receive the second 

module control signals from the module control circuit, 
each respective buffer circuit of the M buffer circuits 
being coupled to a respective set of the M sets of n data 25 

lines, to respective one or more of the first memory 
devices via a set of n module data lines, and to 
respective one or more of the second memory devices 
via the set of n module data lines, the each respective 
buffer circuit including logic that responds to the sec- 30 

ond module control signals by allowing communica­
tion of a respective n-bit section of the each N-bit wide 
data signal between the respective one or more of the 
first memory devices and the memory controller via the 
respective set of the M sets of n data lines and via the 35 

set of n module data lines, wherein the each respective 
buffer circuit is further configured to isolate memory 
device load associated with the respective one or more 
of the first memory devices as well as memory device 
load associated with the respective one or more of the 40 

second memory devices from the memory controller; 
and 

20 
3. The memory module of claim 1, wherein the each 

respective buffer circuit is configured to present one memory 
device load on each of the respective set of the M sets of n 
data lines to the memory controller. 

4. The memory module of claim 3, wherein the first 
module control signals include chip select signals, wherein 
the first memory devices and the second memory devices 
receive different chip select signals from the module control 
circuit. 

5. The memory module of claim 1, wherein the each 
respective buffer circuit is configured to present a load to the 
respective one or more of the first memory devices that is the 
same as a load the memory controller would present. 

6. The memory module of claim 1, wherein the each 
respective buffer circuit has a first data width of n bits, and 
wherein each of the plurality of memory devices has a 
second data width different from the first data width. 

7. The memory module of claim 1, wherein the second 
module control signals indicate a direction of data flow 
through the buffer circuits. 

8. The memory module of claim 1, wherein the module 
control circuit is further configured to control the timing of 
each N-bit wide data signal associated with the memory read 
or write command using the second module control signals 
in accordance with a latency parameter. 

9. The memory module of claim 1, wherein the module 
control circuit comprises one or more integrated circuits 
having first input/output connections, second input/output 
connections, third input/output connections, and fourth 
input/output connections, wherein the first memory devices 
include a subset of memory devices coupled to the first 
input/output connections and another subset of memory 
devices coupled to the second input/output connections, and 
wherein the second memory devices include a subset of 
memory devices coupled to the third input/output connec­
tions and another subset of memory devices coupled to the 
fourth input/output connections. 

10. The memory module of claim 1, wherein the first 
module control signals include chip select signals, wherein 
the first memory devices and the second memory devices 
receive different chip select signals from the module control 
circuit. 

a printed circuit board (PCB) having an edge connector 
positioned on an edge of the PCB, the edge connector 
comprising a plurality of electrical contacts configured 
to be releasably coupled to corresponding contacts of a 
computer system socket to provide electrical conduc­
tivity between the module control circuit and the set of 
control signal lines, and between the M buffer circuits 
and the M sets of n data lines, wherein the M buffer 
circuits are mounted on the PCB between the plurality 
of memory devices and the edge connector and are 
distributed along the edge connector at corresponding 
positions separate from each other, and wherein the 
each respective buffer circuit is disposed on the PCB in 
a position corresponding to the respective one or more 
of the first memory devices and the respective one or 
more of the second memory devices. 

11. The memory module of claim 1, wherein the respec­
tive one or more of the first memory devices include a single 

45 memory device outputting or receiving the respective n-bit 
section of the each N-bit wide data signal associated with the 
memory read or write command. 

12. The memory module of claim 1, wherein the respec­
tive one or more of the first memory devices include a pair 

50 of memory devices each outputting or receiving half of the 
respective n-bit section of the each N-bit wide data signal 
associated with the memory read or write command. 

13. The memory module of claim 1, further comprising 
module signal lines including a set of module signal lines 

55 coupling respective input/output connections on the module 
control circuit to corresponding input/output connections on 
respective subsets of the plurality of memory devices. 

14. The memory module of claim 1, wherein the first 
memory read or write command is a memory write com-

60 mand, and wherein the each respective buffer circuit 
includes tristate buffers controlled by the logic to transmit 
the respective n-bit section of the each N-bit wide data signal 
associated with the memory write command to the respec-

2. The memory module of claim 1, wherein the set of 
input address and control signals include at least one first 
chip-select signal, wherein the first module control signals 
include second chip-select signals, and wherein the module 
control circuit is configured to generate the second chip­
select signals based on the set of input address and control 
signals, the second chip-select signals having a larger num- 65 

ber of chip select signals than the at least one first chip-select 
signal. 

tive one or more of the first memory devices. 
15. The memory module of claim 1, wherein the M buffer 

circuits are byte-wise buffer circuits, and wherein each set of 
the M sets of n data signal lines is eight bits wide. 
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16. A memory module having a width of N bits and 
configured to communicate with a memory controller via a 
set of control signal lines and M sets of n data lines, where 
M is greater than one and N=Mxn, comprising: 

22 
20. The set of circuits in claim 18, wherein the control 

circuit is further configured to control the timing of each 
N-bit wide data signal associated with the memory read or 
write command using the module control signals in accor-

5 dance with a latency parameter. a control circuit configured to receive a set of input 
address and control signals corresponding to a memory 
read or write command from the memory controller via 
the set of control signal lines and to produce first 
module control signals and second module control 
signals in response to the set of input address and 10 

control signals; 

21. The memory module of claim 18, wherein the first 
module control signals include chip select signals, wherein 
the first memory devices and the second memory devices 
receive different chip select signals from the control circuit. 

22. The memory module of claim 18, wherein the set of 
input address and control signals include at least one first 
chip-select signal, wherein the first module control signals 
include second chip-select signals, and wherein the control 
circuit is configured to generate the second chip-select 

a plurality of memory devices coupled to the control 
circuit, the plurality of memory devices including first 
memory devices and second memory devices, wherein, 
in response to the first module control signals, the first 
memory devices output or receive each N-bit wide data 
signal associated with the memory read or write com­
mand while the second memory devices do not output 
or receive any data associated with the memory read or 
write command; 

a plurality of buffer circuits configured to receive the 
second module control signals from the control circuit, 
each respective buffer circuit being operatively coupled 
to the memory controller via a respective set of the M 
sets of n data lines, to respective one or more of the first 
memory devices via a set of n module data lines, and 
to respective one or more of the second memory 
devices via the set of n module data lines, the each 
respective buffer circuit including data paths and logic 
that configures the data paths in response to the second 
module control signals, causing a respective n-bit sec­
tion of the each N-bit wide data signal to be commu­
nicated between the respective set of the M sets of n 
data lines and the set of n module data lines through the 
respective buffer circuits, wherein the each respective 
buffer circuit is further configured to isolate memory 
device load associated with the respective one or more 
of the first memory devices as well as memory device 
load associated with the respective one or more of the 
second memory devices from the memory controller; 
and 

a printed circuit board (PCB) having an edge connector 
positioned on an edge of the PCB, the edge connector 
comprising a plurality of electrical contacts configured 

15 signals based on the set of input address and control signals, 
the second chip-select signals having a larger number of chip 
select signals than the at least one first chip-select signal. 

23. The memory module of claim 18, further comprising 
module signal lines including a set of module signal lines 

20 coupling respective input/output connections on the module 
control circuit to corresponding input/output connections on 
respective subsets of the plurality of memory devices. 

24. The memory module of claim 16, wherein the second 
module control signals indicate a direction of data flow 

25 through the buffer circuits. 
25. The memory module of claim 16, wherein the control 

circuit is further configured to control the timing of each 
N-bit wide data signal associated with the memory read or 
write command using the second module control signals in 

30 accordance with a latency parameter. 
26. The memory module of claim 16, wherein each of the 

plurality of memory devices is n-bit wide, wherein the 
respective one or more of the first memory devices include 
a single memory device outputting or receiving the respec-

35 tive n-bit section of the each N-bit wide data signal associ­
ated with the memory read or write command. 

27. The memory module of claim 16, wherein each of the 
memory devices is n/2-bit wide, wherein the respective one 
or more of the first memory devices include a pair of 

40 memory devices each outputting or receiving half of the 
respective n-bit section of the each N-bit wide data signal 
associated with the memory read or write command. 

28. The memory module of claim 16, wherein the control 
circuit comprises one or more integrated circuits having first 

45 input/output connections, second input/output connections, 
third input/output connections, and fourth input/output con­
nections, wherein the first memory devices include a subset 
of memory devices coupled to the first input/output connec­
tions and another subset of memory devices coupled to the 

to be releasably coupled to corresponding contacts of a 
computer system socket to provide electrical conduc­
tivity between the control circuit and the set of control 
signal lines, and between the plurality of buffer circuits 
and the M sets of n data lines, wherein the plurality of 
buffer circuits are mounted on the PCB between the 
plurality of memory devices and the edge connector 
and are distributed along the edge connector at corre­
sponding positions separate from each other, and 
wherein the each respective buffer circuit is disposed 55 

on the PCB in a position corresponding to the respec­
tive one or more of the first memory devices and the 
respective one or more of the second memory devices. 

50 second input/output connections, and wherein the second 
memory devices include a subset of memory devices 
coupled to the third input/output connections and another 
subset of memory devices coupled to the fourth input/output 
connections. 

29. The memory module of claim 16, wherein the plural­
ity of buffer circuits are byte-wise buffer circuits, and 
wherein each set of the M sets of n data signal lines is eight 
bits wide. 

17. The memory module of claim 16, wherein the data 
paths include write data paths, each write data path including 60 

at least one tristate buffer controlled by the logic. 
18. The memory module of claim 17, wherein the data 

paths further include read data paths, each read data path 
including a tristate buffer controlled by the logic. 

19. The memory module of claim 18, wherein the second 65 

module control signals indicate a direction of data flow 
through the buffer circuits. 

30. A memory module having a data width of N bits and 
configured to communicate with a memory controller via a 
set of control signal lines and a plurality of sets of data signal 
lines, comprising: 

a module control circuit configured to receive from the 
memory controller via the set of control signal lines 
first input address and control signals corresponding to 
a first write command and subsequently second input 
address and control signals corresponding to a second 
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write command, the module control circuit producing 
first output address and control signals and first module 
control signals in response to the first input address and 
control signals, the module control circuit producing 
second output address and control signals and second 5 

module control signals in response to the second input 
address and control signals, the second module control 
signals being different from the first module control 
signals; 

wherein the each respective buffer circuit is disposed 
on the PCB in a position corresponding to the respec­
tive one or more of the first memory devices and the 
respective one or more of the second memory devices. 

31. The memory module of claim 30, wherein the data 
paths in the each respective buffer circuit are configured in 
accordance with a latency parameter when the logic is 
responding to the first module control signals and when the 
logic is responding to the second module control signals. 

32. The memory module of claim 30, wherein the each 
respective buffer circuit is further configured to isolate 
memory device load associated with the respective one or 
more of the first memory devices and memory device load 
associated with the respective one or more of the second 

memory devices coupled to the module control circuit, the 10 

memory devices including first memory devices 
responding to the first output address and control 
signals by receiving each N-bit wide data signal asso­
ciated with the first write command, and second 
memory devices responding to the second output 
address and control signals by receiving each N-bit 
wide data signal associated with the second write 
command; and 

15 memory devices from the memory controller. 
33. The memory module of claim 32, wherein the each 

respective buffer circuit is configured to present to the 
memory controller one memory device load on each data 
signal line of the respective set of the plurality of sets of data a plurality of buffer circuits operatively coupled to respec­

tive sets of the plurality of sets of data signal lines and 
configured to receive the first module control signals 
from the module control circuit and subsequently the 
second module control signals from the module control 
circuit, each respective buffer circuit in the plurality of 
buffer circuits including data paths and logic that 
configures the data paths in response to the first module 
control signals, causing a respective n-bit section of the 
each N-bit wide data signal associated with the first 
write command received by the each respective buffer 
circuit from the memory controller via a respective set 
of the plurality of sets of data signal lines, to be 
transmitted by the each respective buffer circuit to 
respective one or more of the first memory devices, 
where n is equal to a bit width of the each respective 
buffer circuit, wherein the logic in the each respective 
buffer circuit subsequently configures the data paths in 
response to the second module control signals, causing 
a respective n-bit section of the each N-bit wide data 
signal associated with the second write command 
received by the each respective buffer circuit from the 
memory controller via the respective set of the plurality 
of sets of data signal lines, to be transmitted by the each 
respective buffer circuit to respective one or more of the 
second memory devices, the data paths being config­
ured differently when the logic is responding to the 
second module control signals from when the logic is 
responding to the first module control signals, wherein 
each of the respective one or more of the first memory 
devices receives at least a portion of the respective n-bit 
section of the each N-bit wide data signal associated 
with the first write command, and wherein each of the 
respective one or more of the second memory devices 
receives at least a portion of the respective n-bit section 
of the each N-bit wide data signal associated with the 
second write command; and 

a printed circuit board (PCB) having an edge connector 
positioned on an edge of the PCB, the edge connector 
comprising a plurality of electrical contacts configured 
to be releasably coupled to corresponding contacts of a 
computer system socket to provide electrical conduc­
tivity between the module control circuit and the set of 
control signal lines, and between the plurality of buffer 
circuits and the plurality sets of data signal lines, 
wherein the plurality of buffer circuits are mounted on 
the PCB between memory devices and the edge con­
nector and are distributed along the edge connector at 
corresponding positions separate from each other, and 

20 signal lines. 
34. The memory module of claim 32, wherein the each 

respective buffer circuit is configured to present a load that 
is the same as a load the memory controller would present 
to the respective one or more of the first memory devices and 

25 subsequently to the respective one or more of the second 
memory devices. 

35. The memory module of claim 30, wherein the plural­
ity of buffer circuits are byte-wise buffer circuits, and 
wherein each set of the plurality of sets of data signal lines 

30 is eight bits wide. 
36. The memory module of claim 30, wherein the module 

control circuit comprises one or more integrated circuits 
having first input/output connections, second input/output 
connections, third input/output connections, and fourth 

35 input/output connections, wherein the first memory devices 
include a subset of memory devices coupled to the first 
input/output connections and another subset of memory 
devices coupled to the second input/output connections, and 
wherein the second memory devices include a subset of 

40 memory devices coupled to the third input/output connec­
tions and another subset of memory devices coupled to the 
fourth input/output connections. 

37. The memory module of claim 30, wherein each of the 
memory devices is n-bit wide, wherein the respective one or 

45 more of the first memory devices include a single memory 
device receiving the respective n-bit section of the each 
N-bit wide data signal associated with the first write com­
mand, and wherein the respective one or more of the second 
memory devices include a single memory device receiving 

50 the respective n-bit section of the each N-bit wide data signal 
associated with the second write command. 

38. The memory module of claim 30, wherein each of the 
memory devices is n/2-bit wide, wherein the respective one 
or more of the first memory devices include a pair of 

55 memory devices each receiving half of the respective n-bit 
section of the each N-bit wide data signal associated with the 
first write command, and wherein the respective one or more 
of the second memory devices include a pair of memory 
devices each receiving half of the respective n-bit section of 

60 the each N-bit wide data signal associated with the second 
write command. 

39. The memory module of claim 30, wherein the each 
respective buffer circuit includes input buffers to receive the 
respective n-bit section of the each N-bit wide data signal 

65 associated with the first write command from the memory 
controller, wherein each of the input buffers is comparable 
in loading to an input buffer on one of the memory devices. 
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40. The memory module of claim 39, wherein the each 
respective buffer circuit further includes output buffers to 
drive the respective n-bit section of the each N-bit wide data 
signal associated with the first write command to the respec­
tive one or more of the first memory devices, wherein each 5 

of the output buffers is comparable in loading to an output 
buffer on the memory controller. 

41. The memory module of claim 40, wherein the output 
buffers regenerate the respective n-bit section of the each 
N-bit wide data signal associated with the first write com- 10 

mand to restore desired signal waveform shapes in the 
respective n-bit section of the each N-bit wide data signal 
associated with the first write command. 

42. The memory module of claim 39, wherein the plural-
ity of buffer circuits are byte-wise buffer circuits, and 15 

wherein each set of the plurality of sets of data signal lines 
is eight bits wide. 

26 
computer system socket to provide electrical conduc­
tivity between the module control circuit and the set of 
control signal lines, and between the plurality of buffer 
circuits and the plurality of sets of data lines, wherein 
the plurality of buffer circuits are mounted on the PCB 
between the memory devices and the edge connector 
and are distributed along the edge connector at corre­
sponding positions separate from each other, and 
wherein the each respective buffer circuit is disposed 
on the PCB in a position corresponding to the respec­
tive one or more memory devices in the subset of the 
memory devices and the one or more of the other 
memory devices. 

44. The memory module of claim 43, wherein the set of 
module control signals are further dependent on whether the 
memory read or write command is a memory read command 
or a memory write command, and wherein the logic con­
figures the data paths differently depending on whether the 

43. A memory module configured to communicate with a 
memory controller via a set of control signal lines and a 
plurality of sets of data lines, comprising: 

memory devices; 
20 memory read or write command is a memory read command 

or a memory write command. 
a module control circuit coupled to the set of control 

signal lines and configured to receive from the memory 
controller a set of input address and control signals 
corresponding to a memory read or write command via 25 

the set of control signal lines, and to produce output 
address and control signals in response to the set of 
input address and control signals, wherein the module 
control circuit is further configured to evaluate the set 

45. The memory module of claim 43, wherein the data 
paths include write data paths, and wherein the write data 
paths include tristate buffers controlled by the logic. 

46. The memory module of claim 45, wherein the memory 
read or write command is a memory write command, and 
wherein the tn state buffers regenerate signals carrying the 
respective portion of the data associated with the memory 
read or write command received from the memory controller 

of input address and control signals to determine a 
subset of the memory devices to output or receive data 
associated with the memory read or write command, 
and to produce a set of module control signals depen­
dent on which of the memory devices are determined to 

30 to restore signal waveform shapes, and transmit regenerated 
signals to the respective one or more of the subset of the 
memory devices. 

47. The memory module of claim 45, wherein the each 
respective buffer circuit is configured to present one memory 

35 device load on each data line of the respective set of the 
plurality of sets of data lines to the memory controller. 

be the subset of the memory devices, and wherein, in 
response to the output address and control signals, the 
subset of the memory devices output or receive the data 
associated with the memory read or write command 
while other memory devices not in the subset of the 
memory devices do not output or receive any data 40 

associated with the memory read or write command; 

48. The memory module of claim 45, wherein the data 
paths include read data paths, and wherein the read data 
paths include tristate buffers controlled by the logic. 

49. The memory module of claim 48, wherein the memory 
read or write command is a memory read command, and 
wherein the tn state buffers in the read data paths regenerate 
signals carrying the respective portion of the data associated 
with the memory read or write command received from the 

a plurality of buffer circuits each configured to receive the 
set of module control signals from the module control 
circuit, wherein each respective buffer circuit of the 
plurality of buffer circuits is coupled between a respec­
tive set of the plurality of sets of data lines and 
respective module data lines that are coupled to respec­
tive one or more memory devices in the subset of the 
memory devices and to one or more of the other 
memory devices, the each respective buffer circuit 
including data paths and logic that configures the data 
paths in response to the set of module control signals to 
allow a respective portion of the data associated with 
the memory read or write command to be communi­
cated between the memory controller and the respective 
one or more memory devices in the subset of the 
memory devices through the each respective buffer 
circuit, wherein the each respective buffer circuit is 
further configured to isolate memory device load asso­
ciated with the respective one or more memory devices 
in the subset of the memory devices and memory 
device load associated with the one or more of the other 
memory devices from the memory controller; and 

45 respective one or more of the subset of the memory devices 
to restore signal waveform shapes, and transmit regenerated 
signals to the memory controller via the respective set of the 
plurality sets of data lines. 

50. The memory module of claim 48, wherein each of the 
50 plurality of buffer circuits is a byte-wise buffer circuit, and 

wherein each set of the plurality of sets of data lines is eight 
bits wide. 

51. The memory module of claim 50, wherein each of the 
memory devices is eight bits wide, wherein the one or more 

55 memory devices in the subset of the memory devices include 
a single memory device outputting or receiving the respec­
tive portion of the data associated with the memory read or 
write command. 

52. The memory module of claim 50, wherein each of the 
60 memory devices is four bits wide, wherein the one or more 

memory devices in the subset of the memory devices include 
a pair of memory devices each outputting or receiving half 
of the respective portion of the data associated with the 

a printed circuit board (PCB) having an edge connector 
positioned on an edge of the PCB, the edge connector 65 

comprising a plurality of electrical contacts configured 

memory read or write command. 
53. A memory module configured to communicate with a 

memory controller via a set of control signal lines and a 
plurality of sets of data signal lines, comprising: to be releasably coupled to corresponding contacts of a 
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54. The memory module of claim 53, wherein the each 
respective buffer circuit is configured to present one memory 
device load on each of the respective set of the plurality of 
sets of data lines to the memory controller. 

55. The memory module of claim 54, wherein each of the 
plurality of buffer circuits is a byte-wise buffer circuit, and 
wherein each set of the plurality of sets of data lines is eight 
bits wide. 

56. The memory module of claim 55, wherein each of the 

a module control circuit coupled to the set of control 
signal lines and configured to receive a set of input 
address and control signals corresponding to a memory 
read or write command from the memory controller via 
the set of control signal lines and to produce output 5 

address and control signals and a set of module control 
signals in response to the input address and control 
signals, the module control circuit having first input/ 
output connections, second input/output connections, 
third input/output connections, and fourth input/output 
connections; 

memory devices including first memory devices and 
second memory devices, the first memory devices 
including a first number of memory devices coupled to 

15 
the first input/output connections and a second number 

10 memory devices is eight bits wide, wherein the one or more 
of the first memory devices include a single memory device 
outputting or receiving the respective 8-bit section of each 
N-bit wide data signal associated with the memory read or 
write command. 

57. The memory module of claim 55, wherein each of the 
memory devices is four bits wide, wherein the one or more 
of the first memory devices include a pair of memory 
devices each outputting or receiving 4 bits of the respective 
8-bit section of each N-bit wide data signal associated with 

20 the memory read or write command. 

of memory devices coupled to the second input/output 
connections, the second memory devices including a 
third number of memory devices coupled to the third 
input/output connections and a fourth number of 
memory devices coupled to the fourth input/output 
connections, wherein, in response to the output address 
and control signals, the first memory devices output or 
receive each N-bit wide data signal associated with the 
memory read or write command while the second 25 

memory devices do not output or receive any data 
associated with the memory read or write command; 

a plurality of buffer circuits each configured to receive the 
set of module control signals from the module control 
circuit, wherein each respective buffer circuit is 30 

coupled between respective one or more of the first 
memory devices and a respective set of the plurality of 
sets of data lines, and between respective one or more 
of the second memory devices and the respective set of 
the plurality of sets of data lines, the each respective 35 

buffer circuit including data paths and logic that con­
figures the data paths in response to the set of module 
control signals to allow a respective section of the each 
N-bit wide data signal to be communicated between the 
memory controller and the respective one or more of 40 

the first memory devices through the each respective 
buffer circuit, wherein the data paths include write data 
paths and read data paths, the write data paths including 
tristate buffers controlled by the logic and the read data 
paths including tristate buffers controlled by the logic, 45 

wherein the each respective buffer circuit is further 
configured to isolate memory device load associated 
with the respective one or more of the first memory 
devices and the respective one or more of the second 
memory devices from the memory controller; and a 50 

printed circuit board (PCB) having an edge connector 
positioned on an edge of the PCB, the edge connector 
comprising a plurality of electrical contacts configured 
to be releasably coupled to corresponding contacts of a 
computer system socket to provide electrical conduc- 55 

tivity between the module control circuit and the set of 
control signal lines, and between the plurality of buffer 
circuits and the plurality of sets of data signal lines, 
wherein the plurality of buffer circuits are mounted on 
the PCB between the memory devices and the edge 60 

connector and are distributed along the edge connector 
at corresponding positions separate from each other, 
and wherein the each respective buffer circuit is dis­
posed on the PCB in a position corresponding to the 
respective one or more of the first memory devices and 65 

the respective one or more of the second memory 
devices. 

58. A memory module configured to communicate with a 
memory controller via a set of control signal lines and a 
plurality of sets of data lines, comprising: 

memory devices including first memory devices and 
second memory devices; 

a module control circuit coupled to the set of address and 
control signal lines and configured to receive from the 
memory controller via the set of control signal lines a 
first set of input address and control signals correspond­
ing to a first memory read or write command and 
subsequently a second set of input address and control 
signals corresponding to a second memory read or 
write command, and to produce first output address and 
control signals in response to the first set of input 
address and control signals and second output address 
and control signals in response to the second set of 
input address and control signals, wherein, in response 
to the first output address and control signals, the first 
memory devices output or receive data associated with 
the first memory read or write command while the 
second memory devices do not output or receive any 
data associated with the first memory read or write 
command, wherein, in response to the second output 
address and control signals, the second memory 
devices output or receive data associated with the 
second memory read or write command while the first 
memory devices do not output or receive any data 
associated with the second memory read or write 
command, and wherein the module control circuit is 
further configured to produce a first set of module 
control signals in response to the first set of input 
address and control signals and a second set of module 
control signals in response to the second set of input 
address and control signals, the second set of module 
control signals being different from the first set of 
module control signals; 

a plurality of buffer circuits each configured to receive 
from the module control circuit the first set of module 
control signals and subsequently the second set of 
module control signals, wherein each respective buffer 
circuit of the plurality of buffer circuits is coupled 
between a respective set of the plurality of sets of data 
lines and respective one or more of the first memory 
devices, and between the respective set of the plurality 
of sets of data lines and respective one or more of the 
second memory devices, the each respective buffer 
circuit including data paths and logic that configures 
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the data paths in response to the first set of module 
control signals to allow a respective portion of the data 
associated with the first memory read or write com­
mand to be communicated between the memory con­
troller and the respective one or more of the first 5 

memory devices through the each respective buffer 
circuit, wherein the logic subsequently configures the 
data paths in response to the second set of module 
control signals to allow a respective portion of the data 
associated with the second memory read or write 10 

command to be communicated between the memory 
controller and the respective one or more of the second 
memory devices through the each respective buffer 
circuit, the data paths being configured differently 
when the logic is responding to the second module 15 

control signals from when the logic is responding to the 
first module control signals, wherein the each respec­
tive buffer circuit is further configured to isolate 
memory device load associated with the respective one 
or more of the first memory devices and memory 20 

device load associated with the one or more of the 
second memory devices from the memory controller; 
and 

a printed circuit board (PCB) having an edge connector 
positioned on an edge of the PCB, the edge connector 25 

comprising a plurality of electrical contacts configured 
to be releasably coupled to corresponding contacts of a 
computer system socket to provide electrical conduc­
tivity between the module control circuit and the set of 
control signal lines, and between the plurality of buffer 30 

circuits and the plurality of sets of data lines, wherein 
the plurality of buffer circuits are mounted on the PCB 
between the memory devices and the edge connector 
and are distributed along the edge connector at corre­
sponding positions separate from each other, and 35 

wherein the each respective buffer circuit is disposed 

30 
on the PCB in a position corresponding to the respec­
tive one or more of the first memory devices and the 
respective one or more of the second memory devices. 

59. The memory module of claim 58, further comprising 
module signal lines including a set of module signal lines 
coupling respective input/output connections on the module 
control circuit to corresponding input/output connections on 
respective subsets of the memory devices. 

60. The memory module of claim 59, wherein the data 
paths include write data paths, and wherein the write data 
paths include tristate buffers controlled by the logic. 

61. The memory module of claim 60, wherein the each 
respective buffer circuit is configured to present one memory 
device load on each data line of the respective set of the 
plurality of sets of data lines. 

62. The memory module of claim 60, wherein the data 
paths include read data paths, and wherein the read data 
paths including tristate buffers controlled by the logic. 

63. The memory module of claim 62, wherein each of the 
plurality of buffer circuits is a byte-wise buffer circuit and 
wherein each set of the plurality of sets of data lines is ~ight 
bits wide. 

64. The memory module of claim 63, wherein each of the 
memory devices is eight bits wide, wherein the respective 
one or more of the first memory devices include a single 
~emory device outputting or receiving the respective por­
t10~ of the data associated with the first memory read or 
wnte command. 

65. The memory module of claim 63, wherein each of the 
memory devices is four bits wide, wherein the respective 
one or more of the first memory devices include a pair of 
memory devices each outputting or receiving half of the 
respective portion of the data associated with the first 
memory read or write command. 

* * * * * 
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