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MEMORY MODULE DECODER

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation-in-part of U.S,
patent application Ser. No. 11/075 395, filed Mar. 7, 2005,
which claims the benefit of 1S, Provisional Application No.
60/550,668, filed Mar, 5, 2004 and U S, Provisional Appli-
cation No. 60/575,595, filed May 28, 2004, The present
application also claims the benefit of U.S. Provisional Appli-
cation No, 60/588,244, filed Jul. 15, 2004, which is incor-
porated in its entirety by reference herein.

BACKGROUNID OF THE INVENTION

1. Field of the Invention

The present invention refates generally to memory mod-
ules of a computer system, and more specifically to devices
and methods for improving the performance, the memory
capacity, or both, of memory modules.

2. Description of the Related Ast

Certain types of memory modules comprise a plurality of
dynamic random-zceess memory (DRAM) devices mounted
on a prinfed circuit board (PCB). These memory modules
arc fypically mounted in a memory siot or socket of a
computer systemn (e.g., a server system or a personal com-
puter) and are accessed by the prucessor of the computer
system. Memory modules typically have a memory cunfigu-
ration with a unigue combination of rows, columns, and
banks which result in a total memory capacity for the
memory module.

For example, 2 512-Megabyte memory module {termed a
*512-MB” memery module, which sctually has 2% or 536,

870,912 bytes of capacity} will fypically wtilize cight 512-

Megabit DRAM devices (each identified as a “512-Mb”
DRAM device, each actually having 2% or 536,870,912 bits
of capacity), The memory ceils (or memory locations) of
cach 512-Mb DRAM device can be arranged in four banks,
with each bank having an array of 2** (or 16,777,216)
memory locations arranged as 2" rows and 2'* columns, and
with each memory location having a width of 8 bits. Such
DRAM devices with 64M B-hit-wide memory locations
{actually with four banks of 2°7 or 134,217,728 one-bit
memory cells arranged (o provide a total of 2°% or 67,108,
864 memory locations with 8 bits each} are identified as
having a “64 Mbx8" or “64Mx8-bit” configuration, or as
having a depth of 64M and a bit width of 8 Furthermore,
cerfain commercially-available 512-MB memory modules
are termed to bave a “64Mx8-byte” configuration or a
“64Mx64-bit” configuration with a depth of 64M and a
width of 8 bytes or 64 bits.

Similarly, a 1-Gigabyte memory module (termed a
“1-GB” memory module, which actually has 2% or 1,073,
741,824 bytes of capacity) can utilize eight 1-Gigabit
DRAM devices (cach identificd as a “1-Gb™ DRAM device.
each actually having 2°% or 1,073,741,824 bits of capacity).
The memory locations of each 1-Gb DRAM device can be
arranged in four banks, with each bank having an armay of
mermory locations with 2'° rows and 2'* columns, and with
each memory location having a width of 8 bits. Such DRAM
devices with 128M 8-bit-wide memory locations (actuaily
with a total of 2*7 or 134,217,728 memory locations with §
bits each} are identified as having a *128 Mbx&” or “128Mx
8-bit” configuration, or as having a depth of 128M and 2 bit
width of 8. Furthermore, certain commercially-available
1-GB memory modules are identified as having a *“128Mx
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8-byte” configuration or a “128Mx64-bit” configuration
with a depth of 128M and a width of 8 bytes or 64 bits.

The commercially-available 512-MB  {64Mx8-byte)
memory modules and the 1-GB (128Mx8-byte) memory
modules described above are typically used in computer
systems (e.g., personal computers) which perform graphics
applications since such “x8" configurations are compatible
with data mask capabilities often used in such graphics
applications. Conversely, memory modules with “x4” con-
figurations are typically used in computer systems such as
servers which are not as graphics-intensive. Examples of
such commercially available “x4™ memory modules include,
but are net limited to, 512-MB (128Mx4-byte) mermiory
modules comprising eight 512-Mb (128 Mbx4) memory
devices.

The DRAM 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 deseribed as having an “x64™ organization. Simi-
larly, a memory module having 72-bit-wide ranks is
described as having an “x72" organization.

The memory capacity of & memory module increases with
the number of memory devices, The number of memory
devices of & memory module can be increased by increasing
the number of memory devices per rank or by increasing the
number of ranks. Far example, a memory module with four
ranks has double the memory capacity of a memory module
with two ranks and four times the memory capacity of a
memory module with one rank, Rather than referring to the
memory capacity of the memory module, in certain circum-
stances, the memory density of the memory module is
referred to instead.

During operation, the ragks of a memory module are
selected or activated by control signals that are received
from the processor. Examples of such control signals
include, but arc not limited to, rank-select signals, also
called chip-select signals. Most computer and server sys-
tems support one-rank and two-rank memory modules. By
only supporting one-rank and two-rank memory modules,
the memory density that can be incorporated in each
memaory siot is Hmited.

SUMMARY OF THE INVENTION

In certain embodiments, a memory maodule is connectable
to a computer systenl. The memory module comprises a
printed circuit board, a plurality of memory devices coupled
1o the printed circuit board, and a logic element coupled to
the printed circuit board. The plurality of memory devices
has a first number of memory devices. The logic element
receives a set of input control signals from the computer
system. The set of input contrel signals comesponds to a
second number of memory devices smaller than the first
muuber of memory devices. The logic element generates a
set of output contro} signals in response to the set of input
control signals. The set of output control signals corresponds
to the first number of memory devices.

In certain embodiments, a method utilizes a memory
madule in a computer system. The method comprises cou-
pling the memory module to the computer system. The
memory module comprises a plurality of memory devices
arranged in a first number of ranks. The method further
cornprises inputting a first set of control signals w the
memory module. The first set of control signals corresponds
to a second number of ranks smaller than the first number of
ranks. The method further comprises generating a second set
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of control signals in response to the first set of control
signals. The second set of central signals comesponds 10 the
first number of ranks.

In certain embodiments, a memory module 1s connectable
lo & computer system. The memory module comprises a
plurality of memory devices arranged 1n a first number of
ranks. The memory module comprises means for coupling
the memory module to the computer systeni. The memory
medule further comprises means for inputling a first set of
control signals lo the memory module. The first set of
control signals corresponds to a second pumber of ranks
smaller than the first number of ranks. The memory module
{urther comprises means for generating a second set of
control signals in response to the first set of control signals.
The second set of conirel signals corresponds to the first
mmber of ranks.

In certain embodiments, a memory moduie is connectable
to a computer system. The memory module comprises a {irst
memory device having a first data signal line and a first data
strobe signal line. The memory module further comprises a
second memory device haviag & second data signal line and
a second data strobe signal line. The memory module further
comprises a common data signal line connectable to the
computer system. The memory module further comprises an
isolation device electrically coupled to the first data signal
line, 10 the second data sigral line, and to the commen data
signal line. The isolation device selectively alternates
between electrically caupling the first data signal line to the
common data signal line and electrically coupling the sec-
ond data signal line to the conimon data signal line.

BRILF DESCRIPTION OF T1IE DRAWINGS

IIG. 1A schemalically illustrates an exemplary memory
module with four ranks of memory devices compatible with
certain embodiments described herein,

[IG. 1B sehematically illustrates an exemplary memory
module with two ranks of memory devices compatible with
certain embodiments described herein.

FiG. 1C schematically illustrates another exemplary
memory module in accordance with certain embodiments
described herein.

FIG. 2A schematically illustrates an exemplary memory
maodule which doubles the rank density in accordance with
certain embodiments described herein.

FIG. 2B schematically iliustrates un cxemplary logic
element compatible with embediments described herein.

IIG. 3A schematically illustrates an exemplary memory
module which doubles number of ranks in accordance with
certain embodiments described herein.

F1G. 3B schematically illustrates an exemplary logic
element compaltible with embodiments described herein.

[IG. 4A shows an exemplary timing diagram of a gapless
read burst for a back-to-back adjacent read condition from
one memory device.

I'TG. 48 shows an exemplary liming diagram with an
extra clock cyele between successive read commands issued
lo different memory deviees for successive read accesses
from different memory devices.

FIG. § shows an exemplary liming diagram in which the
last data strobe of memory device “a” collides with the
pre-amble time interval of the data strobe of memory device
.

FIG. 6A schematically illustrates a circuit diagram of a
conventional memory module showing the interconnections
between the DG data signal lines of two memory devices
and their DQS data strobe signal lines.
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FIG. 6B schematically illustrates a cireuit diagram of an
exemplary memory module comprising an isolation device
in accordance with certain embodiments described herein.

FiG. 6C schematically illustrates an isolation device
camprising a legic element which multiplexes the 208 data
strobe signal lines from one another.

FI1G. 613 schematically illmstrates an isolation device
which multiplexes the TXQS data strobe signal lines from one
another and which multiplexes the () data signal lines from
one another.

F1G. 6E schematically illustrates an isclation device
which comprises the logic element on the DQ data signal
lines but not a corresponding logic element on the DOQS data
strobe signal lines.

FIG. 7 schiematically illustates an exemplary memory
module in wlich a data strobe (120Q8) pin of 2 first memory
device is electrically connected to a DOS pin of a seeond
memory device while botis DS pins are active.

FIG. 8 is an exemplary liming diagram of the voltages
applied 1o the two DQS pins duc 1o non-simultancous
switching.

[IG. 9 schematically illustrales another exemplary
memory module in which a DQS pin of a first memory
device is connected to a DQS pin of a second memory
device.

F1G, 16 schematically illustrates an exemplary memory
module in accordance with certain embodiments described
herein,

FIGS. 11 A and 11B schematically iliustrate a first side and
a second side, respectively, of & memory maodvle with
cighteen 64Mxd bit, DDR-1 SDRAM FBGA memory
devices on each side of a 184-pin glass-epoxy printed circuit
board.

FIGS. 12A and 128 schematically illusirate an exemplary
embodiment of a memory module in which a first resistor
and a second resistor are used to reduce the currentl fiow
between the Hirst DQS pin and the second DQS pin.

FIG. 13 schematically illustrates another exemplary
memory medule compatible with certain embodiments
described hercin.

FIG. 14 schematically illustrates a particular embodiment
of the memory module schematically illustrated by FIG. 13,

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Most high-density memory modules are currently built
with 512-Megabil {“312-Mb"™) memory devices wherein
each memory device has 1 64Mx8-bit configuration. For
example, 2 1-Gigabyte (“1-GB”) memory module with error
checking capabiiities can be fabricated using eighteen such
512-Mb memory devices. Alternatively, il can be economi-
cally advantageous to fabricate a 1-GB memory module
using lower-density memory devices and doubling the num-
ber of memory devices used to produce the desired word
width. Tor example, by fabricating a 1-GB memory module
using thirty-six 236-Mb memory devices with 64Mx4.bit
configuration, the cost of the resulting 1-GB memory mod-
ule can be reduced since the unit cost of each 256-Mb
memory device is typically lower than one-half the unit cost
of each 312-Mb memery device. The cost savings can be
significant, even though twice as many 256-Mb memory
devices arc used in place of the 512-Mb memory devices.

Market pricing factors for DRAM devices are such that
higher-density DRAM devices {e.g., 1-Gb DRAM devices)
are much more than twice the price of lower-density DRAM
devices {c.g., 512-Mb DRAM devices). In other words, the
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price per bit ratio of the higher-density DRAM devices 15
greater than that of the lower-density DRAM devices. This
pricing difference often lasts for months or even years after
the introduction of the higher-density DRAM devices, until
volume production factors reduce the costs of the newer
higher-density DRAM devices. Thus, when the cost of a
higher-density DRAM device 1s more than the cost of two
lower-density DDRAM devices, there is an economic incen-
tive for utilizing pairs of the lower-density DRAM devices
to repiace individual higher-density DRAM devices.

FIG. 1A schematically iliustrates an exemplary memory
module 10 compatible with certain embodiments described
herein, The memory module 18 is connectable to a computer
system (not shown). The memory medule 10 comprises a
printed circuit board 20 and a plurality of memory devices
30 coupled to the printed circuil board 26. The plurality of
memory devices 30 has a first number of memory devices.
The memory module 10 farther comprises a logic element
40 coupled to the printed circuit board 20. The logic element
40 receives a set of input control signals from the computer
system. The set of input control signals correspond to a
second number of memory devices smaller than the first
number of memory devices. The logic element 40 gencrates
a set of putput control signals in response to the set ol input
control signals. The set of output control signals corresponds
to the first number of memory devices,

In certain embodiments, as schematically illustrated in
FIG. 1A, the memory moduie 10 further comprises a phase-
lock loop device 50 coupled 1o the printed circuit board 20
and a register 60 coupled to the printed circuit board 20. In
certain enmtbodiments, the phase-lock loop device 50 and the
register 60 are each mounted on the printed circuit board 20.
In response 1o signals received from the computer systen,
the phase-lock loop device 50 transmits clock signals to the
plurality of memory devices 30, the logic clement 40, and
the register 60. The register 60 reccives and buffers a
plurality of control signals, including address signals (c.g.,
bank address signals, row address signals, column address
signals, gated colwnn address strobe signals, chip-select
signals), and transmits corresponding signals 1o the appro-
priate memory devices 30, In certain embodiments, the
register 60 comprises a plurality of register devices. While
the phase-lock loop device 50, the register 60, and the logic
element 40 are described herein in certain embodiments as
being separate compenents, in certain other embodiments,
two or more of the phase-lock loop device 80, the register
60, and the logic element 40 are portions of a single
component. Persons skilled i the art are able 1o select a
phase-lock loop device 56 and a register 60 compatible with
embodiments described herein.

In certain embodiments, the memory module 10 forther
comprises electrical components which are electrically
coupled to one ancther and are surface-mounted or embed-
ded on the printed circuit board 20. These electrical com-

ponents can include, but are not limited to, electrical con- 3

duits, resistors, capacitors, inductors, and transistors. In
certain embodiments, at least some of these electrical com-
ponents are diserete, while in other certain embodiments, at
least some of these electrical components are constituents of
one or more integrated circuits.

Various types of memory niodules 14 are compatible with
embaodiments described herein. For example, memory mod-
ules 10 having memory capacities of 512-MB, 1-GB, 2.GB,
4-GG8, 8-GB, as well as other capacities, are compatible with
embodiments described herein, In addition, memory mod-
ples 10 baving widths of 4 bytes, 8 bytes, 16 bytes, 32 bytes,
or 32 bits, 64 bits, 128 bits, 256 bits, as well as other widths

0

35

4

50

]

65

6

{in bytes or in bits), are compatible with embodiments
described herein. Furthermore, memory modules 10 com-
patible with embodiments described herein include, but are
not limited to, single in-line memory modules (SIMMs),
doal in-line memory modules (DIMMs), small-outline
DIMMs {SO-DIMMs), unbuffered DIMMs (UDIMMs), reg-
istered DIMMs (RDIMMs), fully-buffered DIMM (I'B-
DIMM), mini-DIMMSs, and micro-DIMMs,

In certain embodiments, the printed circuit board 20 is
mountable in a module slot of the computer system. The
printed circuit board 20 of certain such embodiments has a
plurality ol edge connections electrically coupled to corre-
sponding contacts of the module slot and to the various
components of the memory module 10, thereby providing
electrical connections between the computer system and the
components of the memory medule 10.

Memory devices 30 compatible with embodiments
described herein incilude, but are not limited to, random-
access memory (RAM), dynamie random-access memory
(DIRAM), synchronous DRAM (S1XRAM), and double-data-
rate DRAM (eg., DDR-1, DDR-2, DDR-3). In addition,
memory devices 36 having bit widths of 4, 8, 16, 32, as well
as other bit widths, are compatible with embodiments
described herein, Memory devices 30 compatible with
embodiments described herein have packaging which
include, but are not limited to, thint small-outline package
{TS0OP), ball-grid-array (BGA), fine-pitch BGA (FBGA),
micro-BGA {uBGA)}, mini-BGA (mBGA), and chip-scale
packaging (CSP). Memory devices 30 compatible with
embodiments described herein are available from a number
of sources, including but not limized to, Samsung Semicon-
ductor, Inc. of San Jose, Calif, Infineon Technologies AG of
San Jose, Calif.. and Micron Technology, Inc. of Boise, Id.
Persons skilled in the art can select appropriate memory
devices 30 in accordance with certain embodiments
described herein.

In certain embodiments, the plurahity of memory devices
36 are arranged in a first number of ranks. For example, in
certain embodiments, the memory devices 30 are arranged in
four ranks, as schematically illustrated by FIG. 1A, In other
embodiments, the memory devices 30 are arranged in two
ranks, as schematically illustrated by FIG. 1B. Other num-
bers of ranks of the memory devices 30 are also compatible
with embodiments described herein.

In certain embodiments, the logic element 40 comprises a
programmable-logic device (PLD), an application-specific
integrated circnit (ASIC), a ficld-programmable gate array
(FPGA), a custom-designed semiconductor device, or a
complex programmable-logic device (CPLID). In certain
embodiments, the logic clement 40 is a custom device.
Sources of logic elements 40 compatible with embodiments
described herein include, but are not limited to, Lattice
Semiconductor Corporation of Hillsborn, Oreg., Altera Cor-
poration of San Jose. Calif., and Xilinx Incorporated of San
Joge, Calif, In certain embodiments, the logic element 40
comprises various discrete electrical elements, while in
certain other embodiments, the logic element 40 comprises
one or more infegrated circuits. Persons skilled in the art can
select an appropriate logic element 40 in accordance with
certain embodiments described berein.

As schematically illusirated by FIGS. 1A and 1B, in
certain embodiniems, the logic element 40 receives a set of
input contred signals, which includes address signals (e.g.,
bank address signals, row address signals, column address
signals, gated column address strobe signals, chip-select
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signals) and command signals (e.g., refresh, precharge) from
the computer system. In response to the set of input control
signals. the logic clement 40 generates a set of output control
signals which includes address signals and command sig-
nals.

In certain embodiments, the set of output control signals
corresponds to a first number of ranks in which the plurality
of memory devices 30 of the memory module 1¢ are
arranged, and the set of input control signals corresponds to
a second number of ranks per memory module for which the
computer system is configured. The second number of ranks
in certain embodiments is smaller than the first nwnber of
ranks. For example, in the exemplary embodiment as sche-
matically illustrated by FI1G. 1A, the first number of ranks is
four while the second number of ranks is two. In the
exemplary embodiment of F1G. 1B, the first number of ranks
is two while the secand sumber of ranks is one. Thus, in
certain embodiments, even though the memory module 14
actually has the {irst number of ranks of memory devices 30,
the memory module 10 simuiates a virtual memory module
by operating as having the second number of ranks of
memory devices 30, In certain embodiments, the memory
module 10 simulates & virtzal memory module when the
number of inemory devices 30 of the memory module 19 is
larger than the number of memory devices 30 per memory
module for which the computer system is configured to
utilize.

In certain embodiments, the computer system is config-
ured for a number of ranks per memeory module which is
smailer than the number of ranks in which the memory
devices 38 of the memory module 10 are arranged. In certain
such embodiments, the computer system is configured for
two ranks of memory per memory module (providing two
chip-select signals CS,, C8)) and the plurality of memary
modules 36 of the memory module 10 are arranged in four
ranks, as schematically illustrated by F1G. 1A. In certain
other such embodiments, the computer system 1s configured
for one rank of memory per memory module (providing one
chip-select signal C8,,) and the plurality of memory modules
39 of the memory module 10 are arranged in two ranks, as
schematically illustrated by FI1G. 1183,

In the exemplary embodiment schematically illustrated by
F1G. 1A, the memory madule 10 has four ranks of mentory
devices 30 and the computer system is configured for two
ranks of memory devices per memory medule. The memeory
module 10 receives row/column address signals or signal
bits {(A,-A,,,1 ), bank address signals (BA,-BA,), chip-select
signals (CS; and C8,). and command signals (e.g., refresh,
precharge, ecte) from the computer systern, The Ag-A,
row/column address signals are received by the register 60,
which buffers these address signals and sends thesc address
signals to the appropriate ranks of memory devices 30, The
logic element 40 receives the two chip-select signals (CS,,
CS,) and onc row/column address signal {A,,,) from the
computer system. Both the logic element 46 and the register
69 receive the bank address signals (BA,-BA_ ) and af least
one command signul (e.g,, relresh, precharge, ete.) from the
computer system.

Logic Tables

Table 1 provides @ logic table compatible with certain
cmbodiments deseribed herein for the selection among ranks
of memory devices 34 using chip-select signals.
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TABLE 1

Smle €8y C8; Auy Command  CSg,  CSpgg U854 CSip

Qg

Active

Active

i
1
1
Aciive 1
Active o
4]
1

3}
0
3]
I
1
L Active
1

G 1 1
1 G 1
Active } G 1
H 1 s
1 1 I
i 3 G
i 1 1

B N P
=T = TR,
oW o= Do e

x

Nete:

1. Csg, C84, €80a0 CSon. C8S14. and U8y are aetive low signals,

1A, % an active high sigaad

3. '%"is 2 Doa't Care conditien.

4. Command involves a mumber of command signals thal define operations
such as refresh, precharge, and other operazions.

In Logic State 1: C8, is active low, A, I8 non-active, and
Command is active. C8, is pulled low, thereby selecting
Rark 0.

In Logic State 2: €8, is active low, A, is active, and
Command is active. CS,; is pulled low, thereby selecting
Rank 1.

In Togie State 3: 8, is active low, A, is Don't Care,
and Command is active high. CS,, and €8, are pulled low,
thereby selecting Ranks 0 and 1.

InLogic State 4: €8, isactive low, A, _, is non-active, and
Command is active. C8, ; is pulled low. thereby selecting
Rank 2.

I Logic State 5: CS, is active low, A,,,; Is active, and
Command is active. CS, 4 is pulled low, thereby selecting
Rank 3.

In Logic State 6: CS, is active low, A, | is Don’t Care,
and Command is active. TS, , and CS,, are pulled low,
thereby selecting Ranks 2 and 3.

In Logic State 7: CS, and C8, are pulled non-active high,
which desclects all ranks, i.e, T8, CSps T8, 4, and €S,
are puiled high.

The “Command” celumn ol Table 1 represents the various
commands that a memory device (e.g., a DRAM device) can
execute, examples of which include, but are not limited to,
activation, read, write, precharge, and refresh. In certain
embodiments, the command signal is passed through to the
selected rank only (e.g.. state 4 of Table 1}. in such embodi-
mients, the command signal (e.g., read) is sent to only one
memory device or the other memory device so that data is
supplicd from ore memeory device at a time. In other
embodiments, the comunand signal is passed through to beth
associated ranks {e.g., state 6 of Table 1). 1n such embodi-
ments, the conumand signal (e.g., refresh) is sent to both
memory devices to ensure that the memory content of the
memory devices remains valid over time. Certain embodi-
ments utilize a logic table such as that of Table 1 to simulate
a single memory device from two memery devices by
selecting two ranks concurrently.

Table 2 provides a logic table compatible with cenain
cmbodimaonts described herein for the selection among ranks
of memory devices 30 using gated CAS signals.
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TABLE 2
C8*  RASY  CAS¥  WEY Demssty Bit Ay, Cominand CASUY  CAS
1 X X X X x  NOP X X
3} 1 1 1 X x  NWOF¥ 1 1
ja} U i 1 G X ACTIVATE i 1
0 0 1 1 i x  ACTIVATE 1 1
4] i [ 1 5} x  READ 43 1
o 3 i} H 1 x  READ 1 0
33 1 0 0 3 ®  WRITE 0 1
i 1 0 0 4 x  WRITE 1 0
o] ¢l 1 ¢l 4] 0  PRECHARGE 1 1
& 4] i 0 i 0 PRECHARGE 1 1
o3 i} 1 0 X 1 PRECHARGE 1 1
& 0 o] g X ®  MODE RELG SUT o 0
0 o 4] 1 X x  REFRISH €& 0

In certain embodiments in which the density bit is a Tow
address bit, for read/write comunands, the density bit is the
value latched during the activate command for the selected
bank.

Serial-Presence-Detect Device

Memory modules typically include a serial-presence
detect {(SPD) device 70 (e.g., an electrically-erasable-pro-
gramunable read-only memeoery or EEPROM device) com-
prising data which characterize various attributes of the
memory module, including but not limited to, the number of
row addresses the mumber of column addresses, the data
width of the memory devices, the number of rapks, the
memory density per rank, the number of memery devices,
and the memory density per memory device. The SPD
device 70 communicates this data to the basic input/output
system (BIOS) of the computer system so that the computer
system 1s informed of the memory capacity and the memory
conliguration available for use uand can configure the
memory controtler properly for maximum reliability and
performance.

For example, for a commercially-available 512-MB
(64MxB-byte) memory module utibzing eight 512-Mb
memory devices each with a 64Mx8-bit configuration, the
SPI device contains the following SPD data (in appropriate
hit fields of these hytes):

Byte 3: Defines the number of row address bits in the
DRAM device in the memory moedule {13 for the
512-Mb memory device].

Byt 4 Defines the number of colume address bits in the
DRAM device n the memory module [I1 for the
512-Mb memory device].

Byte 13: Defines the bit width of the primary DRAM
device used in the memory module {8 bits for the
512-Mb (64Mx8-bit) memory device].

Byte 14: Defines the bit width of the error checking
DRAM device used in the memory module [8 bits for
the 512-Mb (64Mx8-bit) memory device].

Byte 17: Defines the munber ol banks internal to the
DRAM device used in the memory module [4 for the
512-Mb memery device].

In a further example, for a commercially-available 1-GB
{128Mx&-byte) memory module utlizing eight 1-Gb
memery devices each with a 128Mx8-bit configuration, as
described above, the SPI) device contains the following
SPD data (in approprate bit fields of these bytes):

Byte 3: Defines the number of row address bits in the

DRAM device in the memory module {14 for the 1-Gb
meniory device],
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Byte 4: Defines the number of column address bits in the
DRAM device 1n the ipemory module [ 11 for the 1-Gb
memory device).

Byle 13: Defines the bit width of the primary DRAM
device used in the memory module {8 bits for the 1-Gb
(128Mx8-bit) memory device].

Byte 14: Defines the bit width of the error checking
DRAM device used in the memory module {8 bits for
the 1-Gb (128Mx8-bit} memory device].

Byte 17: Defines the number of banks internal to the
DRAM device used in the memory module [4 for the
1-Gb memory devicel.

In certain embodiments, the SPD device 76 comprises
data which characterize the memory module 18 as having
lewer rmanks of memory devices than the memory module 1)
actually has, with each of these ranks having more memory
density. For example, for a memory module 14 compatible
with certain embodiments described herein having two ranks
of memory devices 3, the SPD device 76 comprises datu
which characterizes the memory module 10 as having one
rank of memory devices with twice the memory density per
rank. Similarly, for a memory module 10 compatible with
certain embodiments described herein having four ranks of
memory devices 30, the SPD device 70 comprises data
which characterizes the memory module 19 as having two
ranks of memory devices with twice the memeory density per
rank. In addition, in certain embodiments, the SPD device 70
comprises data which characterize the memory module 10 as
having fewer memory devices than the memory module 10
actually has, with each of these memory devices having
more memory density per memeory device. For example, for
a memory module 10 compatible with certain embodiments
described herein, the SPD device 70 comprises data which
characterizes the memory module 10 as having one-half the
number of memory devices that the memory module 10
actually has, with each of these memory devices having
twice the memory density per memory device.

FIG. 1C schematically illustrates an exemplary memory
module 10 in accordance with certain embodiments
described herein. The memory module 10 comprises a pair
of substantially identical memory devices 31. 33. Hach
memory device 31, 33 has a first bit width, a first number of
hanks of memory locations, a first number of rows of
memory locations, and a first aumber of columans of memory
locations. The memory module 10 further comprises an SPD
device 70 comprising data that characterives the pair of
memory devices 31, 33, The data characterize the pair of
memary devices 31, 33 as a virmal memory device having
a second bit width equal to twice the first bit width, a second
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number of banks of memoery locations equal to the first
number of barks, a second number of rows of memory
locations equal 1o the first number of rows, and » second
aumber of columns of memory locations equal to the first
number of columns.

In certain such embodiments, the SPD device 70 of the
memory module 18 is programmed to describe the combined
pair of lower-density memory devices 31, 33 as one virtual
or pseudo-higher-density memory device. In an exemplary
embodiment, two 512-Mb memory devices, each with a
128Mx4-bit configuration, are vsed to simulate one 1-Gb
memory device having a 128Mx8-bit configuration. The
SPI> device 70 of the memory module 10 is programumed to
describe the pair of 512-Mb memory devices as one virtual
or pseudo-1-Gb memory device.

For example, to fabricate a 1 -GB (128Mx8-byte} memory
module, sixteen 512-Mb {128Mx4-bit) memory devices can
be used. The sixteen 512-Mb (128Mx4-bit) memory devices
are conbined in eight pairs, with each pair serving as a
virtual or pseudo-1-Gb (128Mx8-bit) memory device. la
certain such embodiments, the SPD device 70 contaims the
following S data (in appropriate bit fields of these bytes):

Byte 3: 13 row address bits,

Byte 4; 12 columa address bits.

Byte 13: 8 bits wide for the primary virtual 1-Gb (128Mx

&-bit) memory device,
Byte 14: & bits wide for the error checking virmal I-Gb
{128Mx8-bit} memory device.

Byte 17: 4 banks.

In this exemplary embodiment, bytes 3, 4, and 17 are
programmed o have the same values ss they would have for
a 512-MDB (128Mx4-byte) memory module wtilizing 512-
Mb (128Mx4-bit) meniory devices. [Towever, bytes 13 and
14 of the 8PD data are programmed to be equal 10 &,
corresponding to the bit width of the virtual or pseudo-
higher-density 1-Gb {128Mx8-bit) memory device, for a
total capacity of 1-GB. Thus, the SPD data does not describe
the actual-lower-density memory devices, but instead
describes the virtual or pseudo-higher-density memory
devices. The BIOS accesses the SPD data and recognizes the
memory module as having 4 baoks of memory locations
arranged in 2'* rows and 2'* columns, with each memory
location having a width of 8 bits rather than 4 bits.

In certain embudiments, when such a memery module 19
is inserted in a computer system, the computer system’s
memory controller then provides to the memory moedule 10
a sel of inpyl control signals which correspond to the number
of ranks or the nuniber of memory devices reported by the
SPD device 70. Ior example, placing a two-rauk memory
module 10 compatible with certain embodiments described
herein in a computer system compatible with one-rank
memory modules, the SPD device 70 reports to the computer
system that the memory module 10 only has one rank. The
logic element 40 then receives a set of input control signals
corresponding to a single rank from the computer system’s
memory controller, and generates and transmits a set of
output conirol signals correspoading to two ranks to the
appropriate memery devices 30 of the memory module 19,
Similarly, when a two-rank memory module 10 compatible
with certain embodiments described herein is placed in a
compitier system compatible with either one- or two-rank
memery modules, the SPD device 70 reports 1o the computer
system that the memory module 10 only has one rank, The
logic element 40 then receives a set of input control signals
corresponding to a single rank from the computer syster’s
memory controller, and generates and transmits a set of
output cortrol signals corresponding to two ranks 10 the
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appropriate memory devices 30 of the memory module 1.
Furthermore, a four-rank memory modale 10 compatible
with cerlain embodiments described herein simulates a
two-rank memory modnle whether the memory module 10
is inserted in a conputer system compatible with two-sank
memory modules or with two- or four-rank memory mod-
ules. Thus, by placing & four-rank memory module 10
compatible with cerlain embodimems deseribed herein in a
medule slot that is four-rank-ready, the computer system
provides four chip-select signals, but the memory module 10
only uses two of the chip-select signals.

Meniory Density Multiplication

In certain embodiments, two memary devices having a
memory density are used to simulate a single memory
device having twice the memory density, and an additional
addeess signal bit is used to nccess the additions] memory.
Similarly, in certain embodimenis, two ranks of memory
devices having a memory densily are used 1o simulate a
single rank of memory devices having twice the memory
density, and an additional address signal bit is used to access
the additional memory. As used lierein, such simulations of
memory devices or ranks of memory devices are termed as
"memery density multplication,” and the term “density

> transition bit” is used {0 refer o the additionul address signal

bit which is used 1o access the additional memory.

I certain embodiments utilizing memory density muylti-
plication embodiments, the memory module 16 can have
various types of memory devices 30 (e.g., DDRI, DDR2,
DDR3, and beyond). The logic clement 40 of certain such
embodiments utilizes implied translation logic equations
having variaticns depending on whether the density transi-
tion bit is a row, columa, or internal bank address bit. In
addition, the translation legic equations of certain embodi-

* ments vary depending on the type of memory module 10

(e.g., UDIMM, RDIMM, I'BDIMM, ctc.). Furthermore, in
certain embodiments, the translation logic equations vary
depending on whether the implementation mulliplies
memory devices per rank or multiplies the number of ranks
per memory module.

Table 3A provides the numbers of rows and columns for
DDR-I memory devices, as specified by JEDEC standard
JESDTOD, "Double Data Rate (DDR) SDRAM Specifica-
tion,” published February 2004, and incorporated in its
entirety by reference herein.

TABLI 3A

128-Mb 236-Mb SI12-Mb -G

Number of banks 4 4 4 4
Nummber of row address bits P 13 13 14
Nuiber of colurnn address bits for 1t 11 12 12
“wd” conliguration

Number of colunin address bits for 15 1] i 11
“x8” configuration

Wuimnber of column address bits for G E 10 10

“<16” confignration

As described by Table 3A, 512-Mb (128Mx4.bit) DRAM
deviees have 27 rows and 2*? columpgs of memory locations,
while 1-Gb (128Mx8-bit) DRAM devices have 2 rows and
2" columns of memory locations. Because of the differences
in the number of rows and the nunber of columbs for the
wo types of memory devices, complex address translation
procedures and structures would typically be needed 1o
fubricate a [-GB (128Mx8-byte} memory module using
sixteen 512-Mb (128Mx4-bit} DRAM devices,
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Tuable 38 shows the device configurations as & function of
memory demsity for DIDR2 memory devices.

TABLLE 3B

14

Because the standard memory configuration of 4-Gb DDR2
SDRAM medules is not yet determined by the appropriate
standards-setting organization, Tables 33 and 4 have “to be
determined” in the appropriate table entries.

s

Numberof - Numberof  Numberof - Tage Size In certain embodiments, the logic translation equations
Revws Cohanns  Itenial Banks  (xds or x8s) are programmed in the logic element 40 by hardware, while
n certain cther embodiments, the logic translation equations
256 Mb 3 10 4 TK3 10 are programmed in the logic clement 40 by software.
312 My 4 10 4 PKB Examples | and 2 provide exemplary sections of Verilog
I Gb 4 16 8 1x1 code compatible with certain emboediments described herein.
2 Gb 15 Y & 1 KB As described more fully below, the code of Examples | and
4 Gb to be o be 8 1XB s 2 includes logic o reduce potential problems due to “back-
delermined  detenmined " to-back adjacent resd commands which cross memory
device boundaries or “BRARX.” Persons skilled in the art
are able 1 provide additionsl logic translation equations

Table 4 lists the corresponding density transition bit for the compatible with embodiments described herein.

density transitions between the DDR2 memory densities of 20

Table 38, An exemplary section of Verilog code compatible with
memory density multiplication from 512 Mb to 1 Gb using
TABLE 4 DDR2 memory devices with the BA, density transition bit
Density Transition Densily Trenshion Bit 25 If listed below in I—:xample 1 The exemplaf'y CGde_ of
Exuample T corresponds 1o a logic element 40 which receives
236 Mbto 512 Mo S : chip-select signal from the comput sten: and which

17 Mb o 1 Gb BA, one chip signal from mputer systen:

i Gb o 2 Gb A generates two chip-select signals,
2Gbio 4 Gb 1o be deterninedl
30 BXAMPLE |
nlways fi(posedge clk__in)
begin
150N _ R <= 0 _in_ N 1 s

rasN_ R <= ras_in N:
casN_R «=cas_in N;
weN_R <= we_in_N;

end

i Galed Chip Selects

asgigh  pesCa 1 = (~rsO_in N & ~ras_in_N & ~cas__in__N) # refmf reg set
I fpsfy in. N & ms_in N & cas_in_N} i rof exit, pwr dn
IepsO_in_ N & ~ras_in N & cas_in N & ~we_m_ N & al0_in} # pechg ali
P{rsO_in, N & ~ras_in N & cas._in _N & ~we_in_ N & ~a10_in & ~baZ_in}¥ pchg single bnk
P{-rsf) in N&-~vas in N&oas ipn N&we in N & ~ba? In) // activate
PiersG_in_ N & ras_in,_N & ~cas_ip N & ~ba2_inj 1 xfr

assign pesOb_l = tors0_in N & ~rag_in N & ~cas_in_ N} # refumd reg set

PO _in N & rag

¢ . "
always @(posedge_clk__in)
begia
a4 1= ad_in;
al_r<=g3_in;
#6__r <= a6_ iR ;
all__r <= al0_in ;
ball v <= baf_in
bal_r <= bal__w ;
baZ__r <= baZ__n ;

N & eas, i

N /7 sef exil, pwr dn

# pehg alt

& baZ __im} // activate

Hoxlr

& ba2,_ i)

g mrs.cndeyel <= q_ms_cmd ;

end

S e A E T R A B L S TR

# determine the cas latency
R e P P E

T

assign ¢ mrs_cmd r e (frasN_ R & lcasMN__R & !weN_R)

& sON_R
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~continued
& |thad _r & Ihal 1)
i md reg set enxd
ahways f{pasedge olkiny
if {~reset N} {1 ime
Gl3 w= 1Dl ;
elec if (g, s, omid,_cyel) £ load mode reg emnd
begin
cld = (~ab_r & aS.r&ad T
end
abways @{posedge ol _m)
it (~reset NG 4 reset
cil <= | bl ;
else if {q s __cmd_cyel) i oad mode reg omd
begin
cll <w{~af r& aS_r & ~ad 1 );
et
abways @iposedge chk__in}
if (~reser  Nj # reser
it = | B0 ;
else if (g mus_enmd_cyed) # load mode reg cmd
begin
cld = (ab_ 1 & ~aS5_r & ~ad 1)
end
always @iposedge clk__in)
" if (~reset N3 ol <= 1'H0 5
else if (g nus__emd_cyel) 7 load modde reg cmd
bepin
clS e= (gl r & ~ad r&ad 1),
entl

assign  pre_cye2__epfet = {wr_omd_cyel & acs_eyel & i3}

assign  pre_cyel_enfet = {rd_ omd cye? & <l3)
{wr, ol eve? & ¢13)
swr_emd__cye & cl4)

assign  pre.cyed, enfol = jwr_cmd _eyed & cf3)
I{wr__omd | cye3 & cl4)
1 _emd_cyed & of3)
rd_emd_cyed & ci4)

i
assign  pre.cyeS_enfet = (rd_emd_cyed & cl3)
l{wr__ond__cycd & ci)
g et oved & i)
g
assign  pre_.dq..cyc = pre_cye? __enfet
b pre__cyeld __eufet
i pre._cyed enfet
Ipre_ cyed _enfet

assign  pre_.dg..neyc = enfet_cye?
s enfoi__cyed
i enfer_cycd
| enfet cyed
i7 dus
assign  pre _igsa cye = (pre _cyc2__enfor & ~bu2_ 1}
i {pre__cycl_senlet & ~bal  cyel}
| {pre, eyed _enfer & ~bal__cye®)
I {pre_cyeS_enfet & ~ba2 _ cycd)

assign  pre_.dgsb cye = (pre__cye?_enfet & ba2_1)
! (pre__cycd _enfet & haZ:Cycfs)
| (pre__cycS_enfet & bal2 cyed)

assign  pre.ugsa_neye = (enfet _cyc & ~bu2. cyce2)
Henfet__cyveld & ~ba2 _ cye3)

I {ealet _cyed & ~ba2_cyed)

assign  pre_dgsb_ncye = (enfet _cye2 & baZ cycl)
enfor_cyed & ba2 cyed)
tenfet cyed & ba2 cyed)
{enfet_cycd & ba2__cyes)

always @iposedge ok ind
begim
a8, 0ye2 am acs _cycl / es active

#owr brst ¢l preamble

/# rd brst i3 preamble
1 wr brst eld ber pair
A wr brst el preamble

A owr brst of3 2nd pair
M wr brst ¢i4 Lst palr
ii rd hest €13 istopuir
/1 brst ¢l4 preamble

i b brst el 2ud pair
it wr brst o4 nd pair
/f rd brst ¢ld st pair

16
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~coatinued

bal oyed <= bald s
ba2 cyc3 <= bal eyel ;
bha2_cycd <= ba2 cyc3 ;
hal_cycS <= ba2 cyod ;
rd__crad__cyc? <= d_ond__cyel & acs _cvel;
rd_cmd__eyed <= rd_emd_cye? |
rd _cmd_cyed <= d__cmd_eyeld ;
rd_ cind_cyed <= rd_cmd__cyed ;
rd_.cmd_cych <= rd__cmd__cyed ;
rd_caud _cye? < rd_ cnd_eyet
wr_cmd _cyel «= wr__ond _cyel & aes__cyel;
wr__cmnd _cyed <= wr_emd_oye? ;
wr,, emnd, eyed <o wr emd_Leyed ;
wr__cmd__cycS o= wr_cmd_ cycd ;
end
shways @hlnegedge clk in)
begin

das__aeye g <= G5 oye &
dgs._ucyc b <= dgs. cyc. b
.~ end
# DQ FET enables
assigh enq._fetl = dq__cye | g neye
assign enq__fet = dq_cye | dg_neye ;
assign enq. %13 = dq._cye | dg..neye ;

assign enq. fetd = dg_cye ! dg. neyce ;

assign eng_fels = dg_cyc :dq_ncyc ;

# DOE FET euables

assign ens_ fella = dqgs__cyc_a i dgs_neyo_a
assign ens_ fet?a =dgs_cyc_aidgs_ncyc_a
assign ens_ fetda = dgs_cyc _aidgs ncye. s
asgign ens__ferih = dgs__cye_b @ dgs_neyc_b
assign ens fer2b = dgs eye. b i dgs neye b
EESIEN ens__fetdh = das_oye_b | das_ncye_b

Another exemplary section of Verilog code compatible
with memory density muitiplication from 256 Mb 1o 512 Mb
using DDR2 memmory devices and gated CAS signals with 7
the row A, density transition bit is isted below in Example
2. The exemplary code of Example 2 corresponds to a logic
element 40 which receives one gated CAS signal from the
computer system and which generates two gated CAS
signals. 40

LXAMPLE 2

# tatched 213 Iags cs0, banks -3
always @tposedge cik_in)
if (aclv cd R & ~rsON_ R & ~baki R & ~buklh_R) // activate
begin
L ai3_00 <=2al3_rx;
end
always @{posedge clk_in)
if {aerv_cmd R & ~rsON_R & ~bnkl_ R & bnk(r R}/ activate
begin
i ai3_ 0l <= ald_r;
end
always @i(posedge clk_in}
if (selv_cmd | R & ~sON_ R & bnkl R & ~bukl R} /7 activiie
begin
L oal3 1D e=ald 1
end
always {@{posedge clk i
i factv _omd_ R & ~ON_R & bak!i__R & bnkD_R) ¢/ aclivate
begin
L.ai3 31 «w 213 r;
end
I grred cas
assign cas_: = ~({casN_R};
assign cas( 1 = { ~rasN_R & cas _i)

18



US 7,289,386 B2

20

~continued
orasN__R &~ al3, 00 & ~bakl _R & ~bok(_R & cas__ i)
T{rasN R & ~l_ai3_0p & ~bukl _R & bek0_ R & cas_ 1)
3 _ald 10 & bkl R & ~bok0_ R & eas_ i)

L1301 & bnkl R & buk(t R & cas 1)

agsign casl 0 = { ~vasiN R & cag 1)
t{rasN_R & L ald 00
IfrasN_R & L al3_ 0t
1{ rasN_R & L_wi3,_10
I {ras_R & i_al3 11

& ~bukl R & bnk0O_ R & cas_1)
& bukl R & ~bpk0_R & cas_1)
& buki R & bukD__R & cas_i)

peag, 0 N w» ~casi__o;

& ~bnki R & ~buki R & cas_1}

AsSigR
assign  paas, N = ~casl_o;
assign o RI = magN_ R & casl o & welN_R & ~sON_R; 7 mk0 rd cind cye
assign  rdl o, Rl = rasN R & oasl o & weN_R & ~msON_R;  mk! nf emd oye
asfign - wrl o Rl =rasN R & cas o & ~weN R & ~rsON R; 77 mkd wr and cyve
assign  wrl.o Rl = masN_R & casl__o & ~weN_R & ~rsO0N R ; #/ rikl wr cmnd cya
always Ghiposedge ol im)
begin
B2 e rdli, 0 RI
0. R3 ==rd0 o R
w00 R4 <= rd0 _a_ R3;
rd0_(__R5 <= rdG_o__Ré;
rdl_o__R2 <= plt_o_ Rl
R3 <= pdl _o__R2;
R4 «= wll _o _R3:
0_ R5 <= ndl__o_Rd;
wif) 0. R2 <= wrll_o_RI ;
wil_0_R3 <= wrd_o_R2;
wri_o Rd <= wrd_o_R3;
wrl u R2 e=wrl_o R} ;
wri_o R3 <= wrl e RE
wrl_o_ R4 <= wri_a__R3;
el
always @h{pesedge cik in)
begin

i

{reb} 0 R2 & ~rdi o R4

i pre-nm wd i no ped on ik

Prd0__o  R3 i kst oye of rd brst

srdl o R4 # 2o cye of vd brst

1 {rd0_o RS & ~rdl o A2 & ~rdl_o _R3) /i post-rd eyc if no ped on mk }
I fwr_o R1) i pre-am wr

twiG_ o _R2 1w _a__R3 fwr brst fst & 2nd eyc

tiwrl_o. R4y
Fwrl o Rl iwrl o R2wrl _o_R3Iwri_o_R4 /7 rank | (cbiget9)
)

cei__fer_a <= b # enable fet

7 post-wr eye (chgefty

" oelse
en__fet_ s <=} b U hisgble fer
end
abways @i{posedge ok _in)
begin
if (
(rdl o R2& ~rdd o R4}
irdi_o_R3
irdl 0. R4
I(rdi o RS & ~rd0_o_R2 & ~rdD o, R3)
Hwrl_o_ R1) i {chgeld)
lwri.o RZIwrl o R3
| (wrl__o__R&} i posl-wr eye {chgefd)
fwi)__o_RIlwr) o RI:twrl, ¢ _R3I:wrh o R4/ rank 0 (chgefS;
3
en_fet b <= | 'bl; i
clse
e, fol b = | 'bO;
end

TG, 2A schematically lustrates an exemplary memory
module 16 which doubles the rank density in accordance
with certain embodiments described herein. The memory
module 18 has a first memory capacity. The memory module
10 comprises a plurality of substantially identical memary
devices 30 configured as a first rank 32 and a second rank 34,
In certain embodiments, the memory devices 36 of the first
rank 32 are configured iu pairs, and the memory devices 30
of the second rank 34 arc also configured in pairs. In certain

&0

embodiments, the memory devices 30 of the first rank 32 are
configured with their respective DQS pins tied together and
the memory devices 38 of the second rank 34 are configured
with their respective DQS pins tied fogether, as described
more {ully below. The memory moditle 10 further comprises
a logic element 40 which receives a first set of address and
control signals from a memory controller (not shown) of the
computer system. The first set of address and control signals
is compatible with a second memory capacity substantially
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egual to one-half of the first memory capacity. The logic
element 40 transtates the first set of address and control
signals into a seccond set of address and control signals which
is compatible with the first memory capacity of the memory
module 10 and which is trausmitted 10 the first rank 32 and
the second rank 34.

The first rank 32 of FIG. 2A has 18 memory devices 30
and the second rank 34 of FIG. 2A has 18 memory devices
30, Other numbers of memory devices 38 in each of the
ranks 32, 34 are giso compatible with cmbodiments
described herein.

In the embodiment schematically illustrated by I'1G. 24,
the memory module 10 has a width of 8 byles {or 64 bits)
and each of the memory devices 30 of FIG. 2A has a bit

width vf 4 bits. The 4-bit-wide (“x4") memory devices 30 of
FI1G. 2A have one-lalf the width, but twice the depth of

8-bit-wide (“»8”) memory devices. Thus, each pair of “x4"
memory devices 30 has the same density as a single “x8”
memory device, and pairs of “x4” memory deviees 30 can
be used instead of individual “x8” memory devices to
provide the memory density of the memory modute 10. For
example. a pair of 512-Mb 128Mx4-bit memory devices has
the same memory density as a 1-Gb 128Mx8-bit memory
device,

For two “x4™ memory devices 30 to work in tandem to
mimic o "x8" memory device, the relative DQS pins of the
two memory devices 30 in certain embodiments are advan-
tageously tied together, as described more fully helow. In
addition, to access the memory density of a high-density
memory module 10 comprising pairs of “x4” memory
devices 30, an additional address line is used. While a
high-density memory module comprising individual “x8”
memory devices with the next-higher density would alse
utitize an additional address line, the additional address lines
are diffierent in the two memory module configurations.

For example, a 1-Gb 12&8Mx8-bit DDR-1 DRAM
memory device uses row addresses A y-A, and column
addresses Ay and A,-A,. A pair of 512-Mb 128Mx4-bit
DDR-1 DRAM memory devices uses row addresses A ,-A,,
and column addresses A ,, A,,, and Ag-A,. In certain
embodiments, a memory controller of a computer system
utilizing a 1-GI3 128Mx8 memory module 16 comprising
pairs of the 512-Mhb 128Mx4 memory devices 30 supplies
the address and contro! signals including the extra row
address (A, ,) 1o the memory module 19. The logic clement
49 receives the address and control signals from the memaory
controller and converts the extra row address (A,,) into an
extra column address (A, ;).

FIG. 2B schematically iliustrates an exemplary logic
element 40 compatible with embodiments described herein.
The logic clement 40 is used for a memory module 10
comprising pairs of “x4™ memory devices 30 which mimic
individual “x8” memory devices. In certain embodiments,
each pair has the respective DQS pins of the memory
devices 30 tied together. [n certain embodiments, as sche-
matically itlustrated by FIG. 2B, the logic element 40
comprises a programmable-logic device {(PLD) 42, a first

multiplexer 44 electrically coupled to the first rank 32 of

memory devices 30, and a second multiplexer 46 electrically
coupled 1o the second rank 34 of memory devices 30, In
certain embodiments, the P 42 and the first and scecond
multiplexers 44, 46 are discrete elements, while in, other
certain embodiments, they are integrated within a single
integrated circuit. Persons skilled in the art can select an
appropriate PLID 42, first multipiexer 44, and second mul-
tiplexer 46 in accordence with embodiments described
herein.
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In the exemplary logic clement 40 of FIG. 2B, during a
row aceess procedure {CAS is high), the first multiplexer 44
passes the A, address through to the first rank 32, the
second multiplexer 46 passes the A |, address through to the
second rank 34, und the PLD 42 saves ar latches the A,
address from the memory controller. In certain embodi-
ments, a copy of the A, address is saved by the PLD 42 for
cach of the imernal banks (e.g., 4 internal banks) per
memory device 30, During a subsequent column access
procedure {CAS is low), the first nmltiplexer 44 passes the
previously-saved A, address through to the first rank 32 as
the A, address and the second multiplexer 46 passes the
previously-saved A | ; address through 1o the second rank 34
as the A, address. The first rank 32 and the second rank 34
thus interpret the previously-saved A, row address as the
current A, column address. In this way, in certain embodi-
ments, the logic element 40 transtates the extra row address
info an extra column address in accordance with certain
embodiments described herein.

Thus, by allowing two lower-density memory devices to
be used rather than one higher-density memory device,
certain embodiments described herein provide the advantage
of using lower-cost, lower-density memory devices to build
“next-generation” higher-density memory modules. Certain
embodiments advamageously allow the use of lower-cost
readily-available 512-Mb DDR-2 SDRAM devices to
replace more expensive 1-Gb DDR-2 SDRAM devices.
Certain embodiments advantagecusly reduce the total cost
of the resultant memaory module.

FIG. 3A schematically illustrates an exemplary memory
module 14 which doubles number of ranks in accordance
with certain embodiments described herein. The memory
module 10 has a first plurality of memory locations with a
first memory density. The memory module 1 comprises a
plurality of substantially idemtical memory devices 30 con-
figured as a first rank 32, a second rank 34, a third rank 36,
and a fourth rank 38. The memory module 10 further
comprises a logic element 40 which receives a first set of
address and control signals from a memory controlier {not
shown). The first set of address and control signais is
compatible with a second plurality of memory locations
having a second memory density. The second memory
density is substantially equal 1o one-half of the first mermory
density. The logic element 490 translates the first set of
address and control signals into a second set of address and
controt signals which is conpatible with the first pluratity of
memory locations of the memery maodule 10 and which is
transmitted to the frst rank 32, the second rank 34, the thicd
rapk 36, and the fourth rank 38,

Eachrank 32, 34, 36, 38 of FIGG. 3A has U memory devices
30. Other numbers of memory devices 38 in each of the
ranks 32, 34, 36, 38 are also compatible with embodiments
described herein.

In the embodiment schematically iltusirated by FIG. 3A,
the memory module 10 has a width of 8 bytes {or 64 bits)
and each of the memory devices 30 of FIG, 3A has a bit
width of 8 birs. Because the memory module 10 has twice
the number of 8-bit-wide (“x8") memory devices 30 as does
a standard 8-byte-wide memory module, the memory med-
ule 18 has twice the density as does a standard 8-byte-wide
memory madule, For example, & 1-GB 128Mx8-byte
memory module with 36 512-Mb 128Mx8-bit memory
devices (arranged in four ranks) has twice the memory
density as a 512-Mb 128Mx8-hyte memory module with 18
512-Mb  128MxR-bit memory devices {arranged in two
ranks).
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To access the additional memory density of the high-
density memory module 1, the two chip-select signals
(CS,, €8} are used with other address and control signals
to gale a sct of four gated CAS signals. For example, 1o
access the additional ranks of four-rank 1-GI3 128Mx8-byte
DDR-1 DRAM memory module, the CS; and €8, signals
along with the other address and control signals are used to
gate the CAS signal appropriately, as schematically illus-
trated by FIG. 3A. FIG. 3B schematically illustrates an
excmplary logic element 40 compatible with cmbodiments
described herein. In certain embodiments, the logic element
40 comprises a programmable-logic device (PLI3) 42 and
four “OR™ logic clements 52, 54, 56, 58 clectrically coupled
to corresponding ranks 32, 34, 36, 38 of memory devices 34,

In certain embodiments, the PLD 42 comprises an ASIC,
an FPGA, a custom-designed semiconductor device, or a
CPLD. In certain embodiments, the PLD 42 and the four
“OR” logic clements 52, 54, 56, 58 are discrete clements,
while in other certain embodiments, they are inlegrated
within a single integrated circuit. Persons skilled in the art
can select an appropriate PLID 42 and appropriate “OR”
logic clements 52, 54, 56, 58 in accordance with embaodi-
ments deseribed herein,

In the embodiment schematically illustrated by FIG, 313,
the PLD 42 transmils each of the four “cnabled CAS”
(ENCAS a, INCASb, ENCAS,a, ENCAS,b) signals to a
corresponding one of the “OR" logic elements 52, 54, 56,
58. The CAS signal is also transmitted to each of the four
“OR™ logic elements 52, 54, 56, 58. The CAS signal and the
“enabled CAS” signuls are “low™ true signals. By selectively
activating each of the four “enabled CAS” signals which are
inputted into the four “OR™ logic clements 52, 54, 56, 58, the
PL.I> 42 is able 1o select which of the Four ranks 32, 34, 36,
38 is active.

In certain embodiments, the PLID 42 uses sequential and
combinatorial logic procedures to produce the gated CAS
sigials which are cach transmitted 1o a corresponding one of
lhe four ranks 32, 34, 36, 38. Ty certain other embodiments,
the PLD 42 instead uses sequential and combinatorial logic
procedures to preduce four gated chip-select signals {e.g.,
C8qa, C8yb, C8,a, and C8,b) which are each transmitted to
a corresponding one of the four ranks 32, 34, 36, 38,

Back-to-Back Adjacent Read Commands

Due to their source synchronous nature, DDR SDRAM
{c.g., DDRI, DDR2, DDR3) memeory devices operate with
a data transfer protocol which surrounds each burst of data
strobes with a pre-amble time interval and a post-amble time
interval. The pre-amble time interval provides a timing
window for the receiving memory device to enable its data
capiure circuitry when a known valid level is present on the
strobe signal to avoid false triggers of the memory device’s
capture circuit. The post-amble time interval provides extra
time after the last strobe for this data capture to facilitate
good signal integrity. In certain embodiments, when the
computer system accesses [wo conseculive bursts of data
from the same memory device, termed herein as a “back-
to-back adjacent read,” the post-amble time intervai of the
first read command and the pre-amble time interval of the
second read command are skipped by design protocol to
increase read efficiency, FIG. 4A shows an exemplary timing
diagram of this “gapless”™ read burst for a back-to-back
adjacent read condition from one memory device,

In certzin embodiments, when the second read command
accesses data from a different memory device than does the
first read cominand, there is at least one time interval (e.g.,
clock cyele) inserted between the data strobes of the two
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memory devices. This inserted time interval allows both
read data bursts to occur without the post-amble time
wterval of the first read data burst colliding or otherwise
interfering with the pre-amble time interval of the sccond
read data burst. In certain embodiments, the memory con-
troller of the computer system inserts an extra clock cycle
between successive read commands issued to different
memory devices, as shown in the exemplary timing diagram
of FIG. 4B for successive read accesses from different
memory devices.

In typical computer systems, the memory controller is
informed of the memory boundaries between the ranks of
memory of the memory module prior to issuing read com-
mands 1o the memory module. Such memory controllers can
insert wait time intervals or ¢lock eycles to avoid collisions
or interference between back-to-back adjacent read com-
mands which cross memory device boundaries, which are
referred to herein as “BBARX.”

In certain embodiments described herein in which the
number of ranks of the memory module is doubled or
quadrupled. the logic clement 40 generates a set of output
control signals so that the selection decoding is transparent
to the computer system, However, in certain such embodi-
ments, there are memory device boundaries of which the
computer syslem is unaware, so there are occasions in which
BBARX occurs without the cognizance of the memory
controller of the computer system. As shown in FIG. 5, the
last data strobe of memory device “a” collides with the
pre-amble time interval of the data strobe of memory device
“b,” resulting in a “collision window.”

FIG. 6A schematically illustrates a circuit diagram of a
conventional memory module 106 showing the interconnec-
tions between the DQ data sipnal lines 102 of the memory
devices “a” and “5" (not shown) and their DQS data strobe
signal lines 104. 1n certain embodiments, the electrical
sigral lines arc ctched on the printed circuit board. As shown
in FICE 6A, each of the memory devices has their DQ data
signal lines 102 electrically coupled to a common DQ line
112 and the DS data strobe signal lines 104 electricslly
coupled to a conmumon DQS line 114,

In certain embodiments, BBARX collisions are avoided
by a mechanism which elecirically isolates the QS data
strobe signal iines 164 of the memory devices from one
another during the tfransition from the first read data burst of
one rank of memory devices to the second read data burst of
another rank of memory devices. FIG. 6B schematically
illustrates a circult diagram of an exemplary memory mod-
ule 10 comprising an isolation device 126 in accordance
with certain embodiments described herein. As shown i
FIG. 613, each of the memory devices 38 otherwise involved
in a BBARX collision kave their DQS data strobe signal
lines 104 ¢lectrically coupled to the common BQS line 114
through the isolation element 120, The isolation device 120
of certain embodiments multiplexes the DQS data strobe
signal lines 104 of the two ranks of memory devices 30 from
one another to avoid 3 BBARX collision.

In certain embodiments, as schematically illustrated by
FIG. 6B, the isolation device 120 comprises a first switch
122 electrically coupled to & first data strobe signal line {e.g.,
DQSa) of a first memory device (not shown) and & second
switch 124 electrically coupled 1o a second data strobe
signal line {e.g., DQSb) of a second memory device (not
shown). Exemplary switches compatible with embodiments
described herein include, but are not limited to field-effect
transistor {FET) switches, such as the SN74AUCTG6O6
single bilateral analog swiich available from Texas Instru-
moents. Tne. of Dallas, Tex. In certain embodiments, the time
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tor switching the first switch 122 and the second switch 124
is between the twa read data bursts (e.g., alter the last DQS
data strobe of the read data burst of the first memory device
and before the first QR data strobe of the read data burst of
the sccond memory device). During the read data burst for
a first memory device, the first switch 122 is cnabled, After
the last QS data strobe of the [irst memory device and
before the first DQS data strobe of the second memory
device, the first switch 122 is disabled and the second switch
124 is enabled,

In certain embodiments, as schematically illustrated by
FIG. 6C, the isclation device 120 comprises a logic elenent
140 which multiplexes the TGS data strobe signal lines 104
from one another. Exemplary logic elements compatible
with embodiments described herein include, but are not
limited to multiplexers, such as the SN74AUC2GS3 201
analog multiplexer/demultiplexer available from Texas
Instruments, Ine. of Dallas, Tex. The logic clement 140
receives a first DQS data strobe signal from the first memary

device and a second DQS data strobe signal from a second 2

memory device and selectively switches one af the first and
secand IXQS data strobe signals to the comman DQS data
strobe signal line 114, Persons skifled in the art can select
ather 1ypes of isolation devices 120 compatible wilh
emnbadiments described herein,

In certain embodiments, as schematically illustrated by
FIG. 61D, the isolation device 120 alsa multiplexes the DQ
data signal lines 102 of the twa memory devices from one
anether, For example, in certain embodiments. the isolation
device 120 comptises a pair of switches on the 1XQ data
signal lines 102, similar to the swilches 122, 124 an the DES
data strobe signal lines 104 schematically tllustrated by FIG.
6B. In certam other embodiments, the isclation device 120
comprises a logic element 150, as schematically illustrated
by TIG, 610, In certain cmbodiments, the same types of
switches and/or logic elements are used for the DQ duta
signal lines 102 as for the QS data strobe signal lines 104,
The legic element 150 receives a first 1XQ data signal from
the first memory device and a second DQ data signal fram
the second memory deviee and selectively switches one of
the first and sccond DQ data signals 1o the common DX data
signal line 112. Persons skilled in the art can sclect other
types of isolation devices 12€ compatible with embodiments
described herein.

In certain embodiments, the isolaticn device 120 advan-
tageously adds propagation delays to the [N} data signals
which match the DQS strobe signals being multiplexed by
the isolation device 1290. In certain embodiments, the isola-
tion device 120 advantageously presents a reduced imped-
ance load to the camputer systein by seleetively swilching
between the two ranks of memory devices to which it is
coupled. This feature of the isolation device 120 is used in
cerfain embodiments in which there is no memory density
multiplication of the memory module (e.g., for 8 computer

system with four chip-select signals), but where the imped- 3

ance load of the memory module may otherwise limit the
number of ranks or the number of memory devices per
memory module. As schematically illustrated by FIG. 6E,
the isalation device 120 of ceriain such embodiments com-
prises the logic element 150 on the DQ data signal lines but
not a corresponding logic element an the DOS data strobe
signal lines,

In certain embodiments. the control and timing of the
isolation device 120 15 performed by an isolation-control
logic element (e.g., application-specific inlegrated circuit,
custom programmable logic deviee, field-pregrammable
gate array, elc.} which is resident on the memory module 10,
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In certain cmbodiments, the isolation-cantrol logic clement
is the same logic clement 40 as schematically illustrated in
FIGS. 1A and 18, is part of the isolation device 120 (e.g.,
logic element 140 or logic element 150 as schematically
Hlustrated by FIG. 6D), or is a separate component. The
isolation-control legie element of certain cmbodiments con-
trols the isolation device 120 by monitoring commands
received by the memory module 1) from the computer
systern and producing “windows” ol operation whereby the
appropriale components of the isolation device 120 are
switched to enable and disable the DQSY data strobe signal
lines 104 to mitigate BBARX collisions. In certain other
embodiments, the isolation-control logic element monitors
the commands received by the memory module from the
computer system and selectively enables and disables the
I3 data signal lines 102 to reduce the load impedance of the
memory module 10 on the computer system. In still other
embodiments, this logic element perfarms both of these
functions tagether,

Tied Data Stobe Signal Pins

For praper operatian, the computer syslem advanta-
geously recognizes a 1-GB memory module comprising
256-Mb memory devices with 64Mx4-bit configuration as a
1-GB memory module having 512-Mb memery devices
with 64Mx8-bit configuration (e.g., as a 1-GB memory
module with 128Mx8-byte configuration). This advanta-
geous result is desirably achieved in certain embodiments by
electrically connecting together two cutput signal pins (e.g.,
DS or data strobe ping) of the two 256-Mb memary
devices such that both output signal pins are concurrently
active when the two memory devices are concurrently
enabled. The DQS or data strobe is a bi-directional signal
that is used during both read cycles and write cycles to
validate or latch data. As used herein, the terms “tying
together” or *ied together™ refer to a canfiguration in wlich
corresponding pins (e.g., DQS pins) of two memory devices
are electrically connected together and are concurrently
active when the two memory devices are concurrently
enabled {e.g., by & comman chip-sclect or CS signal). Such
& configuration is different from standard memory module
configurations in which the cutput signal pins (c.g., DQS
pins) of two memory devices are electrically coupled to the
sarne saurce, but these pins are not concurrently active since
the memory devices are not concurrently enabled. Hawever,
a general guideline of memory module design warns against
tying together two output signal pins in this way.

FIGS. 7 and 8 schematically illustrale a problem which
may arise from tying together two output signal pins. FIG.
7 schematicaily illustrates an exemplary memory module
208 in which a lirst DQS pin 212 of a first memory device
219 is electrically connected to a second 1DQS pin 222 af a
second memary device 220, The two DS pins 212, 222 are
bath electrically connected to a memory controller 230.

F1G. 8 is an cxemplary timing diagram of the voltages
applied to the twe DQS pins 212, 222 due to non-simulta-
neous switching. As illustrated by F1G. 8, at time 1;, both the
[irst DQS pin 212 and the second QS pin 222 are high, so
no current flows between them. Similarly, at time 1,,, bath the
first DS pin 212 and the second DQS pin 222 are low, so
na cirrent flows between them. Hlowcever, for times between
approximately t, and approximately t,, the first DQS pin 212
is low while the second 1DQS pin 222 is high. Under such
conditions, a current will flow between the two DQS pins
212, 222. This condition in which one DQS pin is low while
the other DQS pin is high can oceur for fractions of'a second
(e.g., 0.8 nanoseconds) during the dynamic random-access
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mermmory (DRAM) read cycle. During such conditions, the
cwrrent flowing between the two DQS pins 212, 222 can be
substantial, resulting in heating of the memory devices 210,
220, and contributing te the degradation of relability and
eventual failure of these memory devices.

A second problem may also arise from tying together two
output signal pins. F1G. 9 schematically illustrates another
exemplary memory module 205 in which a first QS pin
212 of a first memory device 21 is electrically commected to
asecond DQS pin 214 of a second memory device 220, The
two DOS pins 212, 214 of FIG. 9 are both electrically
connected to a memory controller (not shown). The DQ
(data input/output) pin 222 of the first memory device 210
and the correspending D pin 224 of the second memory
device 220 are each electrically connected to the memory
controller by the IXQ bus {not shown}. Typically, each
memory device 210, 220 will have a plurality of DXJ pins
(e.g., eight DQ pins per memory device), but for simplicity,
F1G. 9 onfy shows one DQ pin for each memory deviee 219,
2249,

Liach of the memory devices 210, 220 of F1G. 9 utilizes
a respective on-die termination or “ODT™ circuit 232, 234
which has termination resistors (e.g., 75 ohms) internal o
the memory devices 210, 220 1o provide signal termination.
Each memory device 210, 220 has a corresponding ODT
signal pin 262, 264 which is electrically connected to the
memory controfler via an O1Y1 bus 240, The ODT signal pin
262 of the first memory device 210 receives a signal from
the QDT bus 240 and provides the sigral to the ODT circuit
232 of the first memory device 210, The ODT eircuit 232
respends $o the signal by selectively enzbling or disabling
the interpal termination resistors 232, 256 of the first
memery device 210. This behavior is shown schematically
in FI1G. 9 by the switches 242, 244 which are either closed
(dash-det line} or opened (solid line). The ODT signal pin
264 of the second memory device 220 receives a signal from
the ODT bus 240 and provides the signal 1o the GET circurt
234 of the second memory device 220. The ODT circuit 234
responds to the signal by selectively enabling or disabling
the internal termination resistors 284, 288 of the second
memory device 226, This behavior is shown schematically
in ¥1G. 9 by the switches 246, 248 which are cither closed
(dash-dot line) er opened (solid line). The switches 242, 244,
246, 248 of [1G. 9 are schematic representutions of the
operation of the GDT cireuits 232, 234, and do not signify
that the ODT circuits 232, 234 necessarily include mechkani-
cal switches.

Iixamples of memory devices 218, 220 which include
such ODT circuits 232, 234 inctude, but are not Hmited 1o,
DDR2 memory devices. Such memory devices are coufig-
ured to selectively enable or disable the termination of the
memory device in this way in response to signals applied to
the ODT signal pin of the memory device. For example,
when the ODT signal pin 262 of the first memory device 210
is pulled high, the termination resistors 252. 256 of the first
memory device 210 are enabled. When the ODT signal pin
262 of the first memory device 210 is pulled low (ep.,
grounded), the termination resistors 252, 256 of the first
memory device 210 are disabled. By sclectively disabling
the termination resistors of an active memory device, white
leaving the termination resistors of inactive memory devices
enabled, such configurations advantageously preserve signal
strength on the active memory device while continuing to
eliminate signal reflections at the bus-die interface of the
inactive memory devices,

In certain configurations, as schematically illustrated by
F1G. 9, the DOS pins 212, 214 of each memery device 2149,
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220 are selectively connected to a voltage VTT through a
corresponding termination resistor 252, 254 internal 1o the
corresponding memory device 210, 220. Similarly, in certain
configurations, as schematically illustrated by FIG. 9, the
[3(J pins 222, 224 are selectively connected to a voltage VTT
through a corresponding termination resistor 236, 258 inter-
nal to the corresponding memory deviee 210, 220, In certain
configurations, rather than being connected to a voltage
VT'T, the X pins 212, 214 and/or the DQS pins 222, 224
are selectively connected 1o ground through the correspond-
ing termination resistors 252, 254, 256, 258. The resistances
of the internal termination resistors 252, 254, 256, 258 are
selected to clamp the voltages so as to reduce the signal
reflections from the correspending pins. In the configuration
schematically illustrated by FIG. 9, each internal termination
resistor 252, 254, 256, 258 has a resistance of approximately
75 ohms.

When connecting the first memory device 210 and the
second memory device 220 together to form a double word
widih, both the first memory device 210 and the second
memory device 220 are enabled at the sane tine (e.g., by &
common C8 signal). Congpecting the first memory device
210 and the second memory device 220 by tying the DQS
pins 212, 214 together, as shown in FIG. 9, results 1n 4
reduced eflective termination resistance for the DQS pins
212, 214. For example, for the exemplary configuration of
FIG. 9, the eflective termination resistance for the QS pins
212, 214 is approximately 37.5 ohms, which is one-half the
desired OD7T resistance (for 75-chm internal termination
resistors} to reduce signal reflections since the intermnal
termination resistors 252, 254 of the two memory devices
210, 220 are connected in parallel. This reduction in the
termination resistance can result in signal reflections causing
the memaory device to malfunction.

I'IG, 10 schematically illustrates an exemplary memory
module 360 in accordance with certain embodiments
described herein. The memory module 300 comprises a first
memory device 310 having a first data strobe (DQS) pin 312
and a second memory device 320 having a second data
strobe (DQS) pin 322. The memery module 300 further
comprises a first resistor 330 electricatly coupled to the first
DQS pin 312. The memory module 300 further comprises a
second resistor 340 electrically coupled to the second 1DQ5%
pin 322 and to the first resistor 330. The first DQS pin 312
is electrically coupled to the second DQS pin 322 through
the first resistor 330 and through the second resistor 349.

In certain embodiments, the memory modufe 300 is a
1-GB unbuffered Double Data Rate {DDR) Synchronous
Dyramic RAM (SDRAM) high-density dual in-line
memory module (DIMM). FIGS. 11A and B schemati-
cally illustrate a first side 362 and a second side 364,
respectively, of such a memeory module 300 with eighteen
64Mx4-bit, DDR-1 S8DRAM FBGA memory devices on
each side of a 184-pin glass-epoxy printed circuit board
{PCRE} 360. In certain embodiments, the memory module
300 further comprises a phase-lock-loop (PLL.) clock driver
370, an EEPROM for serial-presence detect (SPD) data 386,
and decoupling eapacitors (not shown) mounted on the PCB
in parallel to suppress switching noise on V131D and VDIXQ
power supply for DIDR-1 SDRAM. By using synchronous
design, such memory modules 300 allow precise controd of
data transfer between the memory module 300 and the
system controfler, Data transfer ean take place on both edges
of the DQS signal at various operating frequencies and
programming latencies. Therefore, certain such memory
modules 300 are suitable for a variety of high-performance
system applications,
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In certain embodiments, the memary module 300 com-
prises a plurality af memory devices configured in pairs,
each pair having # first memary device 310 and a second
memory device 320. For example, in certain emnbodiments,
a 128Mx72-bit DDR SDRAM high-density memary module
300 comprises thirty-six 64Mx4-bit DDR-1 SDRAM inte-
grated circuits in FBGA packages configured in eighteen
pairs. The lirst memory device 310 of each pair has the first
QS pin 312 electrically coupled ta the second DQS pin 322
ol the second memory device 320 of the pair. In addition, the
first QS pin 312 and the second DQS pin 322 are concur-
rently active when the fist memory device 310 and the
second memary device 320 are concurrently enabled.

In certain embadiments, the first resistor 330 and the
second resistor 340 cach has a resistance advantageously
selected 1o reduce the current flow between the first DQS pin
312 and the second DQS pin 322 while allowing signals to
propagate hetween the memory contzoller and the DQS pins
312, 322, in certain embodiments, each of the {irst resistar
330 and the second resistor 340 has a resistance in a range
between approximately 5 ohms and approximately 50 ohms.
For example, in certain embodiments, each of the first
resistor 330 and the second resistor 340 has a resistonce of
approximately 22 ohms. Other resistance values for the first
resistor 330 and the second resistor 340 are also compatible
with embodiments described herein. In certain embodi-
ments, the first resistar 330 coniprises a single resistar, while
in other embodiments, the lirst resistor 330 comprises a
plurality of resistors electrically coupled together in series
and/or in pamllel. Similarly, i certain embadiments, the
secand resistor 340 comprises a single resistor. while in
other embodiments, the second resistor 340 comprises a
plurality of resistors electrically coupled twogether in series
and/or in parallel.

FIGS. 12A and 128 schematicaily illustrate an exemplary
embodiment of a memory module 300 in which the first
resistor 330 and the second resistor 340 are used to reduce
the current flow between the first DQS pin 312 and the
second DQS pin 322. As schematically illustrated by FIG.
12A, the memory module 300 is part of a computer system
400 having a memory controller 410, The lirst resistor 330
has a resistance ol approximately 22 ohms and the second
resistor 340 has a resistance of approximately 22 ohms. The
first resistor 330 and the second resistor 340 are electrically
coupled in parallel to the memeory controller 410 through a
signal line 420 having a resistance of approximately 25
chms. The first resistor 330 and the second resistor 340 are
also electrically coupled in paralle] to a source of a fixed
termination voltage (identified by VTT in FIGS. 12A and
12B) by a signal line 440 having a resistance of approxi-
mately 47 chms. Such an embodiment can advantageously
be used to allow two memory devices having lower bit
widths (e.g., 4-bit) ta behave as a single virtnal memory
device having a higher bit width (e.g., 8-bit).

FIG. 12B schematically illustrates exemplary current-
limiting resistars 330, 340 in conjunction with the imped-
ances ol the memory devices 310, 320. During an exemplary
portion of a data read operation, the memory controller 410
is in a high-impedance condition, the lirst memory device
310 drives the first DQS pin 312 high (e.g., 2.7 volis), and
the second memory device 320 drives the second DQS pin
322 low (e.g.. 0 volts). The amount of time for which this
condition occurs is approximated by the time between t, and
t, of F1G. 8, which in certain embodiments is approximately
twice the tDQSQ (data strobe edge to output data edge skew
time, ¢.g., approximately 0.8 nanoscconds). At least a por-
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tion of this time in certain embodiments is caused by
simultaneaus switching output (S50) effects.

In certain embodiments, as schematically illustrated by
FI1G. 12B, the DQS driver of the first memory device 310 has
i driver impedance R, of appraximately 17 ohms, and the
DQS driver of the secand memory device 320 has a driver
impedance R, of approximately 17 ohins. Because the upper
network af the first memory device 310 and the first resistar
330 {with a resistance R, of approximately 22 oling) is
approximately equal to the lower netwark of the secand
memory device 320 and the secand resistor 340 (with &
resistance R, of approximately 22 ohms), the voltage at the
midpoint is approximately 0.5%(2.7-0)=135 volts, which
equals VTT, such that the current {flow across the 47-ohm
resistor of FIG. 12B is approximately zero.

The voltage at the second DQS pin 322 m FIG. 12B is
given by Vono=2 T*R AR +R,+R,+R,,)=0.59 volts and the
curren! flowing through the second DQS pin 322 is given by
1502 =0.59/R,,=34 milliamps. The power dissipation in the
DOS driver of the second memory device 320 s thus
Prose ™34 mA*0.59 V=20 milliwats. In contrast, without
the first resistor 330 and the second resistor 340, only the
17-0hm impedances ol the two memory devices 310, 320
would limit the current flow between the two 12QS pins 312,
322, and the power dissipation in the DQS driver of the
secand memory device 320 would be approximately 107
milliwatts. Therefore, the first resistor 330 and the second
resistor 340 of FIGS. 12A and 128 advantageously limit the
current flowing between the two memory devices during the
time thal the DQS pin of one memory device is driven high
and the DQS pin of the other memory device is driven low.

In cenain embodiments in which there is overshoot or
wdershoot of the voltages, the amount of current flow can
be higher than those expected for nominal veltage values.
Therefore, in certain embodiments, the resistances of the
first resistor 330 and the second resistor 340 are advanta-
geously seleeted to account for such oversheot/undershoot
of voliages.

For certain such embodiments in which the voltage at the
second DQS pin 322 is V,,,,=0.59 volts and the duration
of the overdrive conditien is approximately 0.8 nanoseconds
at maximum, the total surge i approximately 0.59 V#*1.2
ns=.3 Vens, For comparison, the JEDHC standard lor
overshoot/undershoot 1s 2.4 Vens, so certain embodiments
described herein advantageously keep the total surge within
predetermined standards (e.g., JEDEC standards).

FI1G. 13 schematically illustrates another exemplary
memery module 500 compatible with certain embodiments
described herein. The memory module 500 corsprises a
termination bus 505. The memory odule 500 further
comprises a first memory device 510 having a first data
strobe pin 512, a first tenmination signal pin $14 electrically
coupled to the termination bus 505, a first termination circuit
516, and at least one data pin 518. The first termination
circuit 516 selectively electrically terminating the first data
strobe pin 512 and the first data pin 518 in respense 10 a first
signal received by the first termination signal pin 514 from
the termination bus 505. The memory module 500 further
comprises a secand memory device 520 having a second
data strobe pm 522 elecirically coupled to the first data
strobe pin 512, a second termination signal pin 524, a second
termination circuit 826, and at least one dats pin 328, The
second termination signal pin 524 is elecfrically coupled to
a voltage, wherein lhe second termination circuit 326 is
respensive to the voltage by not terminating the second data
strobe pin 522 or the sccond data pin 528. The neinory
module 500 further comprises at least one termination
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assembly 530 having a third termination signal pin 534, a
third termination circuit 336, and at least one termination pin
538 electrically coupled ta the data pin 528 of the secand
memery device 520, The third termination signal pin 534 is
electrically caupled to the termination bus 505, The third
termination circuit 536 selectively electrically terminates the
data pin 528 of the second memory device 520 through the
termination pin 538 in respanse 1o 4 second signal received
by the third terminatian signal pin 534 from the tennination
bus 505,

FIG. 14 schematically illustrates a particular embodiment
of the memory module 500 schematically illustrated by FIG.
13. The memory module 500 comprises an on-die termina-
tton (ODT) bus 505, The memory module 500 compriscs a
first memory device 510 having a first data strobe (DQS} pin
§12, & first OIJT sigpal pin 514 electrically caupled to the
ODT bus 508, 4 {irst ODT circuit 516, and at least one data
(DG} pin 518. The first ODT circuit 516 selectively electri-
cally terminates the first DQS pin 512 and the DQ pin 518
of the first memory device 510 in response to an ODT signal
received by the first ODT sigaal pin $14 from the ODT bus
505, This behavior of the first ODT circuit 516 is schemati-
cally illustrated in FIG. 14 by the switches 5§72, 576 which
are selectively closed (dash-dot line) or opened (solid line).

The memory module 500 further comprises a second
memory device 528 having a second DQS pin 522 electri-
cally coupled to the first DQS pin 8§12, a second QOIT signal
pin 524, a second QDT circuit 526, and at least one [XQ pin
528. The first DGS pin 512 and the second DQS pin 522 are
concrrrently active whep the first memory device 5190 and
the second memory device 520 are concurrently enabled.
The second ODT signal pin 524 is electrically coupled to a
voltage (e.g., ground), wherein the secoud ODT circuit 526
is responsive to the voltage by not terminating the second
DQS pin 522 or the second IDQ pin 524, This behavior of the
second ODT cirenit 526 is schematically illustrated in FIG.
14 by the switches 574, 578 which are opened.

The memory module 500 further comprises at least one
termination assembly 530 having a third QDT signal pin 534
clectrically coupled to the ODT bus 505, a third ODT circuit
536, and at least one lermination pin 538 electrically coupled
to the DQ pin 528 af the secand memory device 526, The
third QLT circuit 536 selectively electrically terminates the
DQ pin 528 of the second memory device 520 through the
termination pin 538 in response to an ODT signal received
by the third ODT signal pin 534 from the ODT bus 505. This
behavior of the third ODT circuit 536 is schematically
illustrated in FIG. 14 by the switch 580 which is either
closed (dash-dot line) or opened (solid line}.

In certain embodiments, the tesmination assembly 530
comprises discrete electrical compenents which are surface-
mounted or embedded on the printed-circuit board of the
memeory module 500, In certain other embodiments, the
termination assembly 530 comprises an integrated circuit
mounted on the printed-circait board of the memory module
500. Persons skilled in the ant can provide a termination
assembly 530 in accordance with embodiments described
herein.

Certain embodiments of the memory module 500 sche-
matically illuserated by FIG. 14 advantageously avoid the
problem schematically illustrated by FI1G. 7 of clectrically
connecting the internal termination resistances of the DOS
pins of the two memaory devices in parallel. As described
abave in relation 1o FIG. 9, FIGS. 13 and 14 only show one
DQ pin for each memory device for simplicity. Other
embodinents have a plurality of DQ pins {or each memory
device. [n certain embodiments, each of the first ODT circuit
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516, the second ODT circuit 526, and the third ODT circuit
536 are responsive 10 a high veltage or signal level by
enabling the corresponding termination resistors and are
responsive 1o a low vollage or signal level (e.g., ground} by
disabling, the corresponding termination resisiors. In other
embodiments, each of the first ODT circuit 516, the second
ODT circuit 526, and the third ODT circuit 536 are respon-
sive to a high voltage or signal level by disabling the
corresponding termination resistors and are responsive 10 &
low voltage or signal level (e, ground) by enabling the
corresponding  termination resistors. Furthermore, the
switches 572, 574, 576, 578, 586 of FIG. 14 are schematic
representations of the enabling and disabling operation of
the ODT circuits 516, 526, 536 and do not signify that the
ODT circuits 516, 526, 536 necessarily include mechanical
switches.

The first ODT signal pin 514 of the first memory device
510 receives an ODT signal from the ODT bus 505. In
response to this ODT signsl, the first ODT circuit 516
selectively enables or disables the temnination resistance for
both the first DQS pin 512 and the DQ pin 518 of the first
memory device 518. The second ODT signal pin 524 of the
second memary device 520 is tied (e.g., directly hard-wired)
1o the voltage (e.g., ground), thereby disabling the internal
termination resistors 554, 558 on the second DQS pin 522
and the second DQ pin 528, respectively, of the second
memeory device 520 (schematically shown by open switches
574, 578 in F1G. 14). The second DS pin 522 is electrically
coupled 1o the first DOS pin 512, so the termination resis-
tance for both the first DQS pin 512 and the second QS pin
522 is provided by the termination resistor 552 internal 1o
the first memory device 510,

The termination resistor 556 of the 1DQ pin 518 of the first
memory device 510 is enabled or disabled by the ODT
signal received by the lirst ODT signal pin 514 of the first
memory device 510 {rom the ODT bus 505, The termination
resistance of the DQ pin 528 of the second memory device
520 is enabled or disabled by the ODT signal received by the
third ODT signal pin 534 of the termination assembly 530
which is external 10 the second memory device 520. Thus,
in certain embodiments, the first ODT signal pin 514 and the
third ODT signal pin 534 receive the same ODT signal from
the ODT bus 505, and the termination resistances for both
the first memory device 510 and the second memory device
520 are selectively enabled or disabled in response thereto
when these memory devices sre concurrently enabled. In
this way, certain embadiments of the memory module 500
schematically illustrated by FIG. 14 provides external or
off-chip termination of the second memory device 520.

Certain embodiments of the memery module 500 sche-
matically illustrated by FIG. 14 advanlageously allow the
use of two lowercost readily-available 512-Mb IDDR-2
SDRAM devices to provide the capabilities of 2 more
expensive 1-GB DDR-2 SDRAM device. Certain such
embodiments advantageously reduce the total cost of the
resultant memory module 500.

Certain embodiments described herein advantageously
ncrease the memory capacity or memory density per
memory slot or socket on the system board of the computer
system. Certain embodiments advantageously allow for
higher memory capacity in systems with limited memory
slots. Certain embodiments advantageously allow for tlex-
ibility in system board design bv allowing the memory
medule H 10 be used with computer syslems designed for
different munbers of ranks (c.g., either with coniputer sys-
tems designed for two-rank memory modules or with com-
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puter systems designed for four-rank memory modules).
Certain embodiments advantageously provide lower costs of
board designs.

In certain embodinzents, the memory density of a memory
module is advantageously doubled by providing twice as
many memory devices as would otherwise be provided. For
example, pairs of lower-density memory devices can be
substituted for individual higher-density memory devices to
reduce cosls or 10 increase performance. As another
example, twice the number of memory devices can be used
to produce a higher-demnsity memory configuration of the
memory module. Each of these examples can be limited by
the number of chip select signals which are available from
the memory controller or by the size of the memory devices.
Certain embodiments described herein advantageously pro-
vide a logic mechanism to overcome such limitations.

Various embodiments of the present invention have been
described ghove. Although this invention has been described
with reference to these specific embodiments, the descrip-

tions are intended to be illustrative of the invention and are 2

rot intended to be limiting. Various modifications and appli-
cations may cccur 1o those skilled in the art without depart-
ing from the true spirit and scope of the invention.

What is claimed is:

I. A memory module connectable to a computer system,

the memory module comprising:

a printed circuit board;

a plurality of memory devices coupled to the printed
circuit board, the plurality of memory devices having a
first number of memory devices; and

a logic element coupled to the printed circuit board, the
logic element receiving a set of input control signals
[ram the computer system, the set of input control
signals corresponding to a second number of memory
devices smaller than the first mumber of memory
devices, the logic element generating a set of outpue
control signals in response to the set of input contrel
signals, the set of output control signals corresponding
to the first number of memory devices, wherein the
plurality of memory devices are arranged in a first
number of ranks, and the set of inpwt control signals
corresponds to a second number of ranks of memory
modules, the second mumber of ranks less than the first
number of ranks, wherein the logic element further
responds 1o a first command signal from the computer
system by generating a second command signal trans-
mitted 10 the plurality of memery devices, the first
cernmand signal corresponding to the second number
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of ranks and the second command sigral corresponding
to the first number of ronks.

2. The memory module of claim I, wherein the first
command signal is o refresh signal or a precharge signal.

3. The memory meodule of claim 1, wherein the memeory
devices comprise dynamic random-access memory
(DRAM) devices.

4. The memory module of claim ¥, wherein the set of
input control signals comprises a first number of chip-select
sigrtals and wherein the set of output control signals com-
prises a second number of chip-select signals, wherein the
first number of chip-select signals is less than the second
number ol chip-select signals, the memory module simulat-
ing a virtal memory module having the second number of
memory devices.

5. The memory module of claim 1, wherein the logic
element comprises an application-specific integrated circuit.

6. The memory module of claim I, wherein the logic
element comprises a field-programmable gate array.

7. The memory module of claim 1, wherein the logic
element compnses 2 custom-designed  semiconductor
device.

8. The memory moduie of claim I, wherein the logic
element comprises a complex programmable-logic device.

9. The memory module of claim 1, wherein the first
number of ranks is four, and the second mumber of ranks is
o,

14, The memory module of claim 1, wherein the first
number ol ranks is two, and the second number of ranks is
one.

11, The memory module of claim 1, wherein the set of
input control signals comprises two chip-select signals and
an address signal and the set of output conirol signals
comprises fiwar chip-select signals.

12. The memory moduie of claim I, wherein the printed
circuit board is morntable in a module siot of the computer
systemn, the printed cirenit board having a plurality of edge
connections electrically coupled to corresponding contacts
of the module slot.

13, The memory module of claim 1, wherein the plurality
of memory devices are arranged 10 provide a first memory
density per rank, and the set of output control signals
correspords 1o a second memory density per rank, the
second memory density greater than the first memory den-
sity per rank,



