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METHODS AND CIRCUITS FOR
DYNAMICALLY SCALING DRAM POWER
AND PERFORMANCE

FIELD

[0001] The subject matter disclosed herein relates gener-
ally to the field of computer memory, and more particularly to
methods and circuits for dynamically adjusting speed perfor-
mance and power usage.

BACKGROUND

[0002] The market for portable electronic devices, such as
personal digital assistants (PDAs), mobile telephones, and
portable computers, is increasing rapidly. This growth is due
in large part to more powerful processors and expanded
memory resources, both of which are required to support a
proliferation of productive and entertaining applications.
Unfortunately, performance enhancements tend to increase
power consumption, a problem that is particularly trouble-
some for battery operated systems. Larger and extra batteries
help, but are cumbersome and expensive. The demand for
improved performance is therefore at odds with the demand
for small, efficient, and inexpensive mobile devices.

[0003] Achieving peak performance in electronic devices
generally requires relatively high supply voltages and data
rates. Peak performance is not always required, however, in
which case lower supply voltages and reduced data rates can
be used to save power. For example, processing circuitry may
recognize that a given task may be performed at a low data
rate without interfering with the user’s experience, and might
therefore enter into a power-saving mode that employs a
reduced supply voltage to convey data at a relatively low rate.

[0004] A number of techniques for regulating signaling
rates and supply voltages have been implemented in mobile
devices or proposed in the literature. Some such techniques,
commonly known as Dynamic Voltage Scaling, control sup-
ply voltage according to performance requirements. Varia-
tions in computational or signaling-rate requirements can be
exploited to reduce the average energy used by a device while
maintaining an acceptable level of performance. Reducing
the average energy relaxes battery requirements, allowing for
longer life, smaller batteries, or both.

[0005] Processors are not alone in consuming undesirable
levels of energy. Memory systems also consume energy, and
the amount of energy consumed likewise increases with per-
formance. However, dynamic voltage and frequency control
has been difficult to implement in memory systems, particu-
larly in dynamic random-access memory (DRAM) and Flash
memory. This is because memory-cell voltages are hard to
scale dynamically without severely impacting yield and
latency. Furthermore, high-performance memory devices
commonly use high-speed device interfaces that would suffer
unacceptable latencies when voltage supplies are scaled.
There is therefore a need for memories that support dynamic
scaling of power and performance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The subject matter disclosed is illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings and in which like reference numer-
als refer to similar elements and in which:
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[0007] FIG. 1 depicts a memory apparatus 100 that sup-
ports low-power and high-performance modes in accordance
with one embodiment.

[0008] FIG. 2 is a flowchart depicting the operation of
memory apparatus 100 of FIG. 1 in accordance with one
embodiment.

[0009] FIG. 3 depicts a memory system 300 in accordance
with another embodiment.

[0010] FIG. 4 is a flowchart 400 describing the operation of
memory system 300 of FIG. 3.

[0011] FIG. 5 details portions of memory system 300 omit-
ted for ease of illustration from FIG. 3.

[0012] FIG. 6 details embodiments of voltage regulator 315
and speed sensor 550, both of FIG. 5.

[0013] FIG. 7 details portions of core 345 and level shifters
370, 375, and 380 of FIGS. 3 and 5 in accordance with one
embodiment.

[0014] FIGS. 8A and 8B respectively depict selective level
shifters 800 and 850 that may be used to implement level
shifters 730 of FIG. 7.

[0015] FIG. 9A-9D are timing diagrams illustrating read
and write timing for I/O interface 340 of FIGS. 3 and 5 in both
the low-power and the high-performance modes.

[0016] FIGS. 10A and 10B illustrate the behavior of I/O
interface 340 and core interface 350 in which I/O interface
halves the data rate in the low-power mode by dividing the
width of external interface DQ by two.

[0017] FIGS. 11A and 11B illustrate the behavior of I/O
and core interfaces for embodiments in which the clock speed
and supply voltage Vio of the I/O interfaces are reduced in the
low-power mode to accommodate the lower speed of the core
interface.

DETAILED DESCRIPTION

[0018] FIG. 1 depicts a memory apparatus 100 that sup-
ports dynamic frequency and power scaling. More particu-
larly, FIG. 1 presents a memory apparatus embodiment that
performs this scaling on the basis of discrete modes. Memory
apparatus 100 includes a memory controller 105, a multi-
speed core interface 110, and a memory core 115. Memory
controller 105 controls a clock source 120 and voltage regu-
lator 125 to select between a low-power mode and a high-
performance mode. In the low-power mode, clock source 120
provides a relatively low-frequency clock signal iClk and
regulator 125 a relatively low supply voltage Vi to core inter-
face 110. Core interface 110 then communicates data and
address signals with core 115 at relatively slow and power-
efficient rates. In the high-performance mode, clock source
120 provides a relatively high-frequency clock signal iClk
and regulator 125 a relatively high supply voltage Vi to core
interface 110. Core interface 110 then communicates the data,
command, and address signals at relatively high rates, albeit
with lower power efficiency. A second voltage regulator 130
delivers a constant set of core voltages Vcore to memory core
115 in both modes.

[0019] It should be appreciated that power consumption in
interfaces, such as interface 110, is typically a function of
both frequency and the square of the supply voltage. Thus, for
example, an interface power savings of approximately fifty
percent can be obtained by using approximately a lower
power voltage of approximately 71%, with additional savings
based on a slower signaling rate. Speed in CMOS circuitry in
particular is typically a function of supply voltage, so by
scaling interface circuitry supply voltage, the system of FIG.
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1 effectively permits interface circuitry to respond more
slowly, in a manner consistent with a relatively the slower
external signaling rate. Notably, while the embodiment of
FIG. 1 is couched in terms of discrete modes, power and
frequency may in other embodiments have many variations
notassociated with formally defined modes, e.g., with change
occurring under programmatic control of a processor or simi-
lar circuitry (e.g., amemory controller). In part because of the
dependence of power consumption on the square of voltage,
however, discrete power savings modes may be appropriate
for some implementations. For example, variation in supply
voltage may be inconsistent with applied signaling rates (e.g.,
permitting the interface circuitry to respond too quickly or
preventing it from responding quickly enough). To optimize
savings, therefore, it may be desired to link interface supply
voltage variations with specific signaling system transmis-
sion rates and to apply these in terms of formally-defined
modes. FIG. 1, as mentioned, is such an embodiment, being
based on the use of low-power and high-performance modes.
[0020] Memory core 115, dynamic random-access
memory in this embodiment, includes an array of memory
cells MC arranged in rows and columns. Memory controller
105 issues commands CMD and addresses ADD to memory
core 115 via core interface 110 to read and write data DQ to
and from specified subsets of memory cells MC in memory
core 115. It should be appreciated that rows and columns may
be of various sizes, depending on implementation; the
embodiment of FIG. 1 is greatly simplified for ease of illus-
tration. Practical memory apparatuses typically include a
number of memory arrays, and each array includes far more
cells than is shown here. Memory core 115 typically also
includes part of the row and column decode and drive cir-
cuitry as well as part of the data drive and amplification
circuitry.

[0021] The function of the core interface 110 is to store and
retrieve data from the memory core 115 (typically for external
processing) dependent on the address supplied by the
memory controller. The core interface includes a datapath
135, a command decoder 140, an address receiver 145, and a
column path 150. Command decoder 140 decodes commands
CMD from controller 105 to develop control signals directing
a number of conventional memory operations, read, write,
activate and precharge operations being the most common.
Read and write commands are accompanied by address sig-
nals ADD, which address receiver 145 decodes into separate
column and row address signals Cadd and Radd. Column path
150 conveys the column address to memory core 115 via a
collection of column-select lines CSEL, only one of which is
shown. Memory core 115 includes a row decoder (FIG. 3) that
decodes row addresses Radd to select from among the rows of
memory cells MC. Datapath 135 communicates data DQ as
core data cDQ, either away from core 115 for read operations
or toward core 115 for write operations.

[0022] Memory apparatus 100 can support memory opera-
tions other than read and writes. In DRAM systems, for
example, apparatus 100 can include support for e.g. refresh
operations, test procedures, and error checking. Discussions
of these and other conventional functions and features are
omitted for ease of illustration.

[0023] As noted above, memory apparatus 100 supports
both a low-power mode and a high-performance mode. In the
low-power mode, controller 105 asserts a low-power/high-
performance signal LP/HP that controls clock source 120 and
voltage regulator 125. As a consequence, clock source 120
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issues clock signal iClk at a relatively low frequency and
voltage regulator sets voltage Vi to a low value. The low clock
frequency and supply voltage reduce the signaling and pro-
cessing rates for data, commands, and addresses, but also
reduce power consumption within core interface 110.

[0024] In the high-performance mode, controller 105 de-
asserts low-power/high-performance signal LP/HP, causing
clock source 120 to issue clock signal iClk at a relatively high
frequency and voltage regulator to set voltage Vi to a high
value. In one embodiment, the frequency of clock signal iClk
and supply voltage Vi are both doubled in the high-perfor-
mance mode relative to their respective values in the low-
power mode. Doubling the supply voltage quadruples power
consumption but allows for doubling of processing and com-
munication rates. The amount of energy per unit of informa-
tion (energy per bit) in the high-performance mode is there-
fore approximately double that of the low-power mode. Other
embodiments support additional power and performance
modes, or support one or more ranges of power and perfor-
mance settings rather than discrete modes.

[0025] FIG. 2 is a flowchart depicting the operation of
memory apparatus 100 of FIG. 1 in accordance with one
embodiment. Beginning at 205, memory apparatus 100 enters
the low-power mode when memory controller 105 asserts
signal LP/HP to clock source 120 and voltage regulator 125.
The decision as to whether to enter the low-power mode can
come from a microprocessor (not shown) running power-
management software. All or a subset of the signals within
core interface 110 propagate at the relatively low speed estab-
lished by clock signal iClk in the low-power mode, and the
signal swings of these signals are limited by interface voltage
Vi. For example, address receiver 145 conveys column-ad-
dress signals Cadd to column path 150, which directs column-
select signals CSEL to memory core 115 at the relatively low
rate and swing voltage (210). Datapath 135 similarly com-
municates row addresses Radd and data to core 115 at the
relatively low rate and voltage. Command decoder 140 pro-
cesses commands CMD to control datapath 135, address
receiver 145, and column path 150.

[0026] The core voltage Vcore used to convey data, com-
mand, and address signals within core 115 is not scaled down
in the low-power mode, and is higher than interface voltage Vi
in the low-power mode. It should be noted in this regard that
FIG. 1 therefore provides a system where two or more differ-
ent supply voltages are provided to memory (e.g., to a
memory device), the first supply voltage representing an
unscaled voltage (Vdd/Vcore), and the second representing a
selectively scaled voltage (Vi), which each drive different
circuitry.

[0027] Once consequence of a design where a memory
interface can be independently scaled is that the voltage
swings of the signals from interface 110 can be low relative to
what is required of core 115. Level shifters can therefore be
provided (FIG. 3) to raise the signal swings of signals cDQ,
CSEL, and Radd to the requisite core levels. For example, in
215, column-select signals CSEL are up-shifted from signal
swings derived from voltage Vi to signal swings derived from
the higher voltage Vcore. In one embodiment, rooted in dis-
crete modes for example, voltage Vcore can be twice voltage
Vi.

[0028] Assuming this memory access is to read data from a
specified address in memory core 115, memory core 115
responds to column-select signals CSEL and row address
Radd by producing the requested data to datapath 135 as core
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data cDQ. Moving from core 115 to interface 110, data sig-
nals cDQ are down shifted from core voltage Vcore to inter-
face voltage Vi (220). Data signals ¢cDQ thus propagate
through datapath 135 at the relatively low data rate and volt-
age selected for power efficiency. Data DQ from datapath 135
is conveyed to memory controller 105 at the same low data
rate (225). Write operations are similar, except that data DQ
and ¢DQ move in the opposite direction to load data into
memory core 115 ataddresses specified by column-select and
row-address signals CSEL and Radd.

[0029] Memory apparatus 100 can operate in the low-
power mode until controller 105 receives an instruction to
enter the high-performance mode. Responsive to such an
instruction, memory controller 105 de-asserts signal LP/HP,
which causes clock source 120 to double the frequency of
interface clock signal iClk, and voltage regulator 125 to
double interface voltage Vi (230).

[0030] Inthe high-performance mode, all or a subset of the
signals within core interface 110 propagate at the relatively
high speed established by clock signal iCIk, and the voltage
swings of these signals is increased by the relatively higher
core-interface voltage Vi. For example, address receiver 145
conveys column-address signals Cadd to column path 150,
which directs column-select signals CSEL to memory core
115 at the relatively high rate and voltage (235). Address
receiver 145 and datapath 135 similarly communicate row
addresses Radd and data ¢cDQ to core 115 at the relatively
high rate and voltage.

[0031] Core voltage Vcore is the same in the high-perfor-
mance and low-power modes. In one embodiment, voltage
Vcore is the same or similar to interface Vi in the high-
performance mode. In such cases the level of the core-inter-
face signals need not be shifted in either direction between
interface 110 and core 115. Assuming a memory access is to
read data from a specified address, memory core 115
responds to column-select signals CSEL and row address Rdd
by producing the requested data on interface cDQ for com-
munication to memory controller 105 via datapath 135 (240).
Write operations are similar, except that data DQ and ¢cDQ
move in the opposite direction to load data into memory core
115 at addresses specified by column-select and row-address
signals CSEL and Radd.

[0032] Core voltage Vcore s illustrated as a single node and
corresponding voltage for ease of illustration. A practical
memory device can include more than one core voltage.
DRAM memory devices, for example, typically include a
variety of core voltages selected for optimal performance.
These core voltages generally include the external supply
voltage VCC, the internal voltage VINT, a boosted wordline
voltage VPP, the bitline voltage VBL a half-bitline-voltage
VBL/2 as a reference for the bitline sense-amplifiers, and a
substrate voltage VBB. These voltages can be provided using
voltage regulators integrated with the memory core on the
same integrated-circuit device, or one or more core voltage
may be provided from external sources. In the embodiment of
FIG. 1, voltage regulator 130 represents a collection of regu-
lators that develops these and other necessary or desired core
voltages from an externally supplied voltage Vdd.

[0033] Inthe depicted example, the same interface voltage
Vi is used throughout interface 110, a relatively high voltage
in the high-performance mode and a relatively low voltage in
the low-power mode. Interface voltage Vi can, however, rep-
resent a number of supply voltages, each tailored to optimize
a particular function of interface 110. As discussed below in
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connection with FIG. 3, for example, changing the supply
voltage for some types of input/output (I/O) circuitry can
have significant adverse effects on performance. The supply
voltages to such circuits can be held constant when switching
between modes. Voltage regulator 125 and clock source 120
can be external to or integrated with interface 110 in the same
integrated-circuit device. One or both of controller 105 and
memory core 115 can likewise be integrated with interface
110. Other configurations are also possible.

[0034] FIG. 3 depicts a memory system 300 in accordance
with another embodiment Memory system 300 includes a
memory controller 305, a DRAM 310, and an external volt-
age regulator 315. A central-processing unit (CPU), not
shown, issues requests to memory controller 305 to store and
retrieve data from DRAM 310.

[0035] Memory controller 305 is a digital circuit that man-
ages the flow of data going to and from DRAM 310. Memory
controllers are typically separate from the DRAM, and may
be implemented as a separate integrated circuit (IC) or inte-
grated with another IC, such as a microprocessor. In the
embodiment of FIG. 3, memory controller 305 and DRAM
310 are on separate ICs and communicate via a channel 320
that conveys data DQ, commands CMD, addresses ADD, and
a reference clock signal CLK. These signals and the methods
used to convey them are conventional, so a detailed discus-
sion is omitted for brevity.

[0036] Memory controller 305 includes some control logic
325, a mode register 330, and an input/output (I/O) interface
335. A CPU on the same or a different IC issues requests to
enter different modes. Loads mode into an MC register that
controls how the I/O sends and receives data. Control logic
325 conventionally manages the flow of data with DRAM 310
responsive to commands from e.g. the CPU. In accordance
with this embodiment, controller logic 325 loads mode reg-
ister 330 with a value indicative of a performance mode for
memory system 300. The data rate changes with perfor-
mance, so mode register 330 communicates mode informa-
tion to I/O interface 335 that allows the I/O interface to
accommodate the different modes. In a low-power mode, for
example, mode register 330 may instruct I/O interface 335 to
reduce the frequency of clock signal CLK and the signaling
rates of signals DQ, CMD, and ADD by a factor of two. Other
embodiments adjust signaling bandwidth in different ways, a
number of which are detailed below.

[0037] DRAM 310 includes an I/O interface 340 to com-
municate with I/O interface 335 of the memory controller, a
memory core 345 to store and provide data, and a multi-speed
core interface 350 to manage the flow of signals between /O
interface 340 and memory core 345. Memory core 345 con-
ventionally includes a memory array 355, secondary sense
amplifiers 360, and a row decoder 365. These elements are
powered by an internal or external voltage regulator 385 that
produces core voltage Vcore. As noted previously, core volt-
age Vcore can be a collection of core voltages tailored to the
needs of different elements of core 345. The creation and
application of core voltages is well known.

[0038] Data level shifters 370, column level shifters 375,
and row level shifters 380 are disposed between core interface
350 and core 345 to accommodate changes to signaling volt-
ages when transitioning between core interface 350 and core
345. The swing-voltage disparities can be considerable in the
low-power mode when interface voltage Vi is reduced for
improved efficiency. As in the example of FIG. 1, interface
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voltage Vi lowers and raises to support low-power and high-
performance modes, while core voltage Vcore remains the
same in both modes.

[0039] Core interface 350 includes address and control cir-
cuitry 387, and internal datapath 390, and a column path 395.
Datapath 390 is “internal” to distinguish it from datapath DQ
of channel 320, which is external to DRAM 310 in this
example. Control circuitry 387 decodes commands CMD
from controller 305 to perform of number of memory opera-
tions, such as reads and writes, and to switch core interface
350 and voltage regulator 315 between the low-power and
high-performance modes. Memory operations are directed to
specific addresses received on address bus ADD, and opera-
tions performed by core interface 350 are timed relative to a
reference clock rClk received or derived from the clock signal
CLK from memory controller 305. The reference clock can
come from elsewhere in other embodiments.

[0040] FIG. 4 is a flowchart 400 describing the operation of
memory system 300 of FIG. 3. Beginning at 405, and respon-
sive to a command from e.g. the CPU, controller logic 325
issues acommand to DRAM 310 that causes I/O interface 340
and core interface 350 to enter the low-power mode, and also
causes mode register 330 to load value that places I/O inter-
face 335 in a low-speed mode in anticipation of communicat-
ing with DRAM 310 at reduced signaling rates. On the
DRAM side, control circuitry 387 asserts signal LP/HP such
that regulator 315 produces a relatively low interface voltage
Vi, level shifters 370, 375, and 380 prepare to accommodate
the resulting voltage disparities between the interface and
core voltages, and the DRAM 1/O interface 340 enters the
low-speed mode to match I/O interface 335 of controller 305.
Control circuitry 387 also reduces the frequency of interface
clock signal iClk to slow the signaling rate through interface
350.

[0041] Using the example of a read command from con-
troller 305 (410) directed to a specified address ADD, address
and control circuitry 387 converts address ADD into row and
column addresses Radd and Cadd. Column path 395 converts
column addresses Cadd into column-select signal CSEL,
which are level shifted by level shifter 375 for application to
memory core 345 (415). Row address signals are likewise
level shifted, by row level shifter 380, and the level-shifted
signals applied to row decoder 365. Row decoder 365
decodes the level-shifted row addresses Radd to select from
among a plurality of wordlines WL to memory array 355.
[0042] Responsive to the level-shifted address signals and
other control signals, not shown, sense amplifiers 360 sense
the addressed row of memory cells and present a selected
column of the sensed memory-cell contents to datapath 390
via data level shifter 370 (420). Internal datapath 390 then
conveys the read data to I/O interface 340, and hence to
controller 305, at the reduced data rate used in the low-power
mode (425). Writes are performed similarly, with data iDQ
being level shifted up via data-level shifter 370 to the core
voltage Vcore for writing into memory array 355.

[0043] System 300 enters the high-performance mode
when commanded to do so by e.g. an external controller
(430). Controller logic 325 issues a command to DRAM 310,
responsive to which control circuitry 387 de-asserts signal
LP/HP, and loads mode register 330 with a value that prepares
I/Ointerface 335 to receive data and communicate commands
and addresses at increased rates. Both I/O interfaces 335 and
340 rely upon a supply voltage Vio that does not change
between performance modes; in other embodiments, how-
ever, 1/O interfaces 335 and 340 can use scaled supply volt-
ages in the manner of interface 350.

Dec. 27,2012

[0044] Again using the example of a read command (440),
address and control circuitry 387 converts received address
signals ADD into row and column addresses Radd and Cadd.
Column path 395 converts column addresses Cadd into col-
umn-select signal CSEL, which are applied to memory core
345 to extract that addressed data. In the embodiment of FIG.
3, the data and column-select signals in the core use the same
voltage range as the signals CSEL and iDQ in the high-
performance mode. The de-assertion of signal LP/HP in the
high-power mode thus instructs Level shifters 370 and 375
not to level-shift those signals. One or both of the column-
select and data signals may be level shifted in the high-
performance mode in other embodiments. In either case,
sense amplifiers 360 sense a selected row of memory cells and
present the addressed column of the resultant sensed data to
internal datapath 390 via level shifter 370 (445). Finally, this
data is communicated to controller 305 via internal datapath
390 and external I/O interfaces 340 and 335 at the relatively
high data rate of the high-performance mode (450). Write
operations are similar, but the data is communicated from
controller 305 to a specified address in core 345.

[0045] FIG. 5 details portions of memory system 300 omit-
ted for ease of illustration from FIG. 3. As described above,
core interface 350 includes an internal datapath 390, address
and control circuitry 387, and column path 395. Datapath 390
extends from external interface 340 to data level shifter 370,
and includes /O gating and data-mask logic 505. Column
path 395 extends from address and control circuitry 387, and
includes a column decoder 510 that converts column address
signals Cadd to datapath-select signal to logic 505 and col-
umn-select signals CSEL for application to core 345 via level
shifter 375. Datapath 390 and column path 395 are function-
ally conventional but are adapted to accommodate the two
supply voltages and data rates used in the respective low-
power and high performance modes. External I/O interface
340 includes a clock receiver 512 that uses clock signal CLK
from controller 305 to derive both an I/O clock signal CLKio
and a reference clock signal rClk. Clock signals CLKio and
rClk do not change their frequencies when switching between
the low-power and high-performance modes in this embodi-
ment.

[0046] Address and control circuitry 387 includes a com-
mand decoder 515 that receives and decodes commands
CMD from memory controller 305 to direct the flow of
address and data signals between memory controller 305 and
memory core 345. Command decoder 515 supports numer-
ous conventional functions, and additionally decodes com-
mands that select between the low-power and high-perfor-
mance modes discussed previously. Responsive to a low-
power command, for example, command decoder 515 loads a
mode register 520 with a value indicative of that mode. Reg-
ister 520 thereafter asserts signal LP/HP.

[0047] Asserting signal LP/HP readies levels shifters 370,
375, and 380 to shift the data, column-select, and row-address
signals to the requisite core voltages as detailed above in
connection with FIG. 3. The asserted signal LP/HP also
affects a number of circuits within address and control cir-
cuitry 387. A clock circuit 525 produces an interface clock
signal iClk responsive to reference clock signal rClk. The
frequency of interface clock signal iClk varies between the
low-power and high-performance modes. In one embodi-
ment, clock signal iClk oscillates at 100 MHz when signal
LP/HP is asserted and 200 MHz when signal LP/HP is de-
asserted.
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[0048] The frequency of clock signal iClk controls the sig-
naling rates for an address receiver and register 530, com-
mand decoder 515, column decoder 510, and logic 505.
Reducing the frequency of clock signal iClk thus reduces the
signaling rates through control circuitry 387. Signal LP/HP is
fed to I/O interface 340 to configure that interface for the
lower signaling rates. Mode register 330 plays a similar role
for 1/O interface 335 on the controller side. Various options
for adapting 1/O interfaces 335 and 340 to accommodate
multiple signaling rates are detailed below.

[0049] Reducing the signaling rates through core interface
350 allows the interface supply voltage Vi to be scaled down
to save power. In one embodiment voltage Vi is about 1.2V in
the high-performance mode, and is scaled down to about 0.8V
in the low-power mode. This reduction reduces the energy per
bit in core interface 350 by about 44%.

[0050] Command decoder 515 loads register 520 with a
different value to change from the low-power to high-perfor-
mance mode. In that case, register 520 de-asserts signal
LP/HP to return clock signal iClk to the higher frequency, and
consequently increase the signaling rates through core inter-
face 350. Interface supply voltage Vi is also increased to
accommodate the demand for increase signaling rates.
[0051] Regulator 315 can be controlled directly by e.g.
signal LP/HP to switch between supply voltages for the dif-
ferent modes. In such cases the voltages are sufficiently high
to meet worst-case timing constraints. The embodiment of
FIG. 5 includes a speed sensor 550 that measures the speed
performance of core interface 350 and, based on this measure,
adjusts the voltage Vi to a level tailored for each instance of
DRAM 310. Because memory devices are often rated based
on average worst-case performance, and individually may be
capable of better-than-rated performance, the resulting inter-
face voltages Vi can typically be lowered on an individualized
basis to an amount below rated minimums, and can conse-
quently save power.

[0052] An embodiment of speed sensor 550 is detailed
below. Briefly, speed sensor 550 includes delay elements that
replicate signal propagation delays through core interface
350, which propagation delays are a function of interface
voltage Vi (lower voltages Vi produce longer delays). Speed
sensor 550 uses the period of clock signal iClk as a measure
of'the propagation delay through these delay elements. Using
a control signal SetRef to regulator 315, speed sensor adjusts
voltage Vi until the propagation delay through the delay ele-
ments bears a desired relationship to the period of clock signal
iClk. Voltage Vi can be optimized in either or both modes.
[0053] FIG. 6 details embodiments of voltage regulator 315
and speed sensor 550, both of FIG. 5. Voltage regulator 315
includes a digital-to-analog converter (DAC) 600, a differen-
tial amplifier 605, and a PMOS transistor 610. DAC converts
adigital set-reference signal SetRef to an analog voltage Vref.
Amplifier 605 compares voltage Vi to voltage Vref to provide
an output representative of the difference. The output of
amplifier 605 controls the impedance through PMOS transis-
tor 610 to maintain the voltage Vi equal to reference voltage
Vref. Voltage Vi is thus maintained at a value determine by
digital signal SetRef from speed sensor 550.

[0054] Speed sensor 550 includes a phase splitter 615, a
replica 620 of all or a portion of column path 395 (FIGS. 3 and
5), a phase detector 625, and a counter 630. Phase splitter 615
splits clock signal iClk into its true and complement forms
iClk and /iCIk. Replica column path 620 delays the inverted
clock signal /iClk, and the resulting delayed waveform is
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presented with signal iClk to the inputs of phase detector 625.
Phase detector 625 asserts a signal Up/Dn to counter 630 if
the phase of the delayed, inverted clock signal is late relative
to signal iClk, which indicates that the replica column path is
too slow. Asserting signal Up/Dn increments counter 630,
causing regulator 315 to increase interface supply voltage Vi.
Increasing voltage Vi reduces the delay through path 620, and
consequently counters the phase difference between the
inputs of phase detector 625. Speed sensor 550 reaches equi-
librium when the delay through path 620 equals one half of
the period of clock signal iClk.

[0055] Signal LP/HP is conveyed to counter 630 to make
course adjustments to voltage Vi when switching between
modes. In other embodiments counter 630 saves the count for
the low and high-power modes to speed switching. These
counts may be established once, or can be updated periodi-
cally. In still other embodiment separate voltage regulators
are used to deliver the different interface voltage levels. Either
or both of voltage regulator 315 and speed sensor 550 can be
adapted to support additional speed modes, or to accommo-
date power and performance adjustments over a range of
speeds and supply voltages.

[0056] FIG. 7 details portions of core 345 and level shifters
370, 375, and 380 of FIGS. 3 and 5 in accordance with one
embodiment. Core 345 includes memory array 335, which
may be one of a number of memory banks. Row decoder 365
connects to and controls rows of memory cells in array 335
via a number of wordlines WL[Q:0]. Row decoder 365
decodes the wordline signals on lines WL[Q:0] from a num-
ber of row-address signals Radd[P-1:0] conveyed to the
decoder by level shifter 380. As with other blocks depicted
throughout the Figures, core 345 and decoder 365 include
additional well known structures that are omitted for clarity.
[0057] Memory array 335 includes a collection of primary
sense amplifiers 700 that convey data back and forth between
the memory cells (not shown) and secondary sense amplifier
360 as N complementary data signals MDQ[N-1:0]/MDQ[N-
1:0]. Secondary sense amplifiers 360 includes N read circuits
715 and N write circuits 720, a pair for each complementary
set of data signals. Memory array 335 additionally includes a
column-select block 705 that receives M column-select sig-
nals CSL[M-1:0] to select from among columns of memory
cells within the array.

[0058] Each oflevel shifters 370,375, and 380 is actually a
collection of level shifters 730, one for each signal path
between core 345 and core interface 350. Bi-directional level
shifters used for core data signals cDQ[N-1:0] are imple-
mented using pairs of uni-directional level shifters. Level
shifters 730 that convey signals to core 345 up-shift signals as
needed to transition from lower interface voltages; level
shifters 730 that convey signals to interface 350 from core 335
down-shift signals as needed.

[0059] As noted previously, core voltage Vcore may be
made up of a number of voltages used in core 335, generally
including an external supply voltage VCC, the internal volt-
age VINT, a boosted wordline voltage VPP, the bitline voltage
VBL a half-bitline-voltage VBL/2 as a reference for the bit-
line sense-amplifiers, and a substrate voltage VBB. Level
shifters 370, 375, and 380 shift their respective signals
between interface voltage Vi and VCC in this embodiment,
and so need not receive the other core voltages.

[0060] FIGS. 8A and 8B respectively depict level shifters
800 and 850 that may be used to implement level shifters 730
of FIG. 7. Level-shifter 800 includes a demultiplexer 805 that
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selects from among two paths for an input signal In respon-
sive to mode signal LP/HP. When signal LP/HP is asserted to
select the low-power mode, demultiplexer 805 directs input
signal In through a level shifter 810, the output of which is
selected by a multiplexer 815 responsive to mode signal
LP/HP. Level shifter 810 may be an up shifter or a down
shifter, depending upon whether the input signal is being
applied to or received from the memory core. When signal
LP/HP is deasserted to select the low-power mode, the com-
bination of demultiplexer 805 and multiplexer 815 convey the
input signal In to the output Out without a level shift. In other
embodiments both paths may be level shifted, though by
different amounts depending upon the relative core and inter-
face voltages. Level shifter 855 of FIG. 8B is an up or down
shifter designed to operate over a relatively wide range of
input or output voltages, and so does not require signal LP/HP
as an input.

[0061] Returning to FIG. 5, core interface 350 operates at
different signaling rates in the two modes. External I/O inter-
faces 335 and 340 are therefore adapted to accommodate
these changes. In one embodiment, the I/O interfaces are
slowed in the low-power mode in the same manner as the core
interface. High-performance 1/O interfaces often include cir-
cuitry that cannot quickly adapt to changes in supply voltage
and frequency, however, in which case the delays imposed
when switching between modes may outweigh the benefits of
power savings. In the embodiment of FIG. 5, for example,
clock receiver 512 within /O interface 340 may include a
phase-locked loop (PLL) or delay-locked loop (DLL) to
maintain a stable phase relationship between clock signal
CLKio and data DQ. PLLs and DLLs require time to acquire
phase alignment, and this delay may slow mode switching too
an undesirable extent. I/O interfaces 335 and 340 may there-
fore be adapted to operate at the same supply voltage and
signaling rates in low-power and high-performance modes.

[0062] FIG. 9A-9D are timing diagrams illustrating read
and write timing for I/O interface 340 of FIGS. 3 and 5 in both
the low-power and the high-performance modes. The data
rates and supply voltage Vio do not change, so I/O interface
340 has excess bandwidth in the low-power mode. Bandwidth
is reduced by inserting gaps in the command CMI) and data
DQ signals in this embodiment.

[0063] FIG.9A illustrates the behavior of /O interface 340
and core interface 350 in the high-performance mode, in
which interface clock signal iClk is half the frequency of I/O
clock CLKio. In this example, data DQ is conveyed over eight
parallel links on both rising and falling edges of clock signal
CLKio. Each group of data dg# therefore represents thirty-
two bits of information. Core data cDQ is conveyed over
thirty-two links on rising edges of interface clock signal iCIk,
so each group of core data cdg# also represents thirty-two
bits. I/O 340 includes serializers and deserializers (not
shown) to accommodate the requisite data-width conver-
sions.

[0064] In this read example, I/O interface 340 receives a
stream of four commands coll, col2, col3, and col4; each of
which returns a respective group of thirty-two parallel core
data bits cdql, cdq2, cdq3, and cdq4. I/O interface 340 seri-
alizes this core data and transmits it to controller 305 as
groups of serialized data dql, dq2, dq3, and dq4. The data
access time, measured between the start of a command and
receipt of the corresponding serialized data, is about five
periods of clock signal CLKio.
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[0065] FIG. 9B illustrates the behavior of I/O interface 340
and core interface 350 in the low-power mode, in which
interface clock signal iClk is one quarter the frequency of I/O
clock CLKio. As in the example of FIG. 9A, data DQ is still
conveyed on rising and falling edges of clock signal CLKio
and commands CMD are conveyed at a quarter of this rate.
Core interface 350 operates at half speed, however, so core
data cDQ takes twice as long to reach I/O interface 340. I/O
interface 335 at controller 305 inserts gaps 900 between com-
mands to reduce the command bandwidth by a factor of two,
thereby allowing core interface 350 time to retrieve the data.
1/O interface 340 likewise inserts gaps 910 between bursts of
data to halve the data bandwidth. The data access time is
double that of the embodiment of FIG. 9A. Gaps 900 and 910
need not be wasted, but can instead be used e.g. by other
devices sharing the same bus or to provide forward or back
channels in support of dynamic calibration. Thus, the overall
command bandwidth of channel 320 is unchanged, but the
command bandwidth is halved from the perspective of core
interface 350.

[0066] FIG. 9C illustrates the behavior of I/O interface 340
and core interface 350 performing a write operation in the
high-performance mode. As in the read case, data DQ is
conveyed on rising and falling edges of clock signal CLKio,
and commands CMD are conveyed at a quarter of this rate. In
this example, /O interface 340 receives a stream of four
commands coll, col2, col3, and col4 and corresponding sets
of data symbols dql, dq2, dg3, and dg4. I/O interface 340
de-serializes data DQ to produce four successive sets of par-
allel core-data symbols cdql, cdq2, cdq3, and cdq4 that are
conveyed to core 345 on a set of thirty-two parallel paths,
collectively shown as cDQin FIG. 5. The write recovery time,
specified as the number of cycles of signal CLKio that must
elapse after completion of a write operation before the
memory cells in core 345 can be precharged, is about eight.

[0067] FIG. 9D illustrates the behavior of /O interface 340
and core interface 350 performing a write operation in the
low-power mode, in which interface clock signal iClk is one
quarter the frequency of I/O clock CLKio. Core interface 350
operates at half speed relative to the example of FIG. 9C, so
core data cDQ takes twice as long to reach I/O interface 340.
1/O interface 335 at controller 305 then inserts gaps 920
between commands to allow core interface 350 time to write
to the core. /O interface 340 likewise inserts gaps 930
between bursts of data to halve the data bandwidth. The write
recovery time is about double that of the high-performance
mode.

[0068] FIGS. 10A and 10B illustrate the behavior of I/O
interface 340 and core interface 350 in which the I/O inter-
faces halve the data bandwidth in the low-power mode by
dividing the width of external interface DQ by two. Assum-
ing, for example, that interface DQ includes eight parallel
traces, I/O interfaces 335 and 340 can be configured to convey
data over all of them in the high-performance mode or half of
them in the low-power mode. The data bandwidth is therefore
halved from the perspective of core interface 350. The overall
bandwidth of interface DQ is unchanged, however, as the
bandwidth provided by the unused traces can be used for
other purposes.

[0069] The variable-width embodiment illustrated in con-
nection with FIGS. 10A and 10B behaves as shown in FIGS.
9A and 9C in the high-performance mode. The read case of
FIG. 10A is similar to that of FIG. 9B from a command CMD
perspective. 1/O interface 335 at controller 305 inserts gaps
1000 between commands to allow core interface 350 time to
retrieve the data. Rather than insert gaps into the data channel
DQ, however, the data width is halved, from eight to four in
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this case. Each read command therefore elicits two half-width
collections of data rather than one full-width group. Column
access coll, for example, elicits data dqla and dq1b of width
four rather than data dql1 of width eight in FIG. 9B. The write
case of FIG. 10B is similar to that of FIG. 9D. Gaps 1010 are
inserted between commands. Half-width data DQ(x4) is con-
veyed between 1/O interfaces 335 and 340 to accommodate
the slower data rate of core interface 350.

[0070] FIGS. 11A and 11B illustrate the behavior of I/0
and core interfaces for embodiments in which the clock speed
and supply voltage Vio of the I/O interfaces are reduced in the
low-power mode to accommodate the lower speed of the core
interface. Read and write operations in the high-performance
mode may be as shown in FIG. 9A and 9C, respectively. Read
and write operations in the low-power mode are performed as
shown in FIGS. 11A and 11B. Namely, the frequencies of
clocks iClk and CLKio are both halved to halve the signaling
rates of the core and I/O interfaces, respectively. Voltages Vio
to the I/O interfaces of the controller, the memory device, or
both can be reduced in the low-power mode for increased
power savings.

[0071] Inthe foregoing description and in the accompany-
ing drawings, specific terminology and drawing symbols are
set forth to provide a thorough understanding of the present
invention. In some instances, the terminology and symbols
may imply specific details that are not required to practice the
invention. For example, the interconnection between circuit
elements or circuit blocks may be shown or described as
multi-conductor or single conductor signal lines. Each of the
multi-conductor signal lines may alternatively be single-con-
ductor signal lines, and each of the single-conductor signal
lines may alternatively be multi-conductor signal lines. Simi-
larly, signals described or depicted as having active-high or
active-low logic levels may have opposite logic levels in
alternative embodiments.

[0072] As another example, circuits described or depicted
as including metal oxide semiconductor (MOS) transistors
may alternatively be implemented using bipolar technology
or any other technology in which a signal-controlled current
flow may be achieved. With respect to terminology, a signal is
said to be “asserted” when the signal is driven to a low or high
logic state (or charged to a high logic state or discharged to a
low logic state) to indicate a particular condition. Conversely,
a signal is said to be “de-asserted” to indicate that the signal
is driven (or charged or discharged) to a state other than the
asserted state (including a high or low logic state, or the
floating state that may occur when the signal driving circuit is
transitioned to a high impedance condition, such as an open
drain or open collector condition). A signal driving circuit is
said to “output” a signal to a signal receiving circuit when the
signal driving circuit asserts (or de-asserts, if explicitly stated
or indicated by context) the signal on a signal line coupled
between the signal driving and signal receiving circuits. A
signal line is said to be “activated” when a signal is asserted
on the signal line, and “deactivated” when the signal is de-
asserted. Additionally, the prefix symbol “1' attached to signal
names indicates that the signal is an active low signal (i.e., the
asserted state is a logic low state). In any case, whether a given
signal is an active low or an active high will be evident to those
of skill in the art.

[0073] An output of a process for designing an integrated
circuit, or a portion of an integrated circuit, comprising one or
more of the circuits described herein may be a computer-
readable medium such as, for example, a magnetic tape or an
optical or magnetic disk. The computer-readable medium
may be encoded with data structures or other information
describing circuitry that may be physically instantiated as an
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integrated circuit or portion of an integrated circuit. Although
various formats may be used for such encoding, these data
structures are commonly written in Caltech Intermediate For-
mat (CIF), Calma GDS II Stream Format (GDSII), or Elec-
tronic Design Interchange Format (EDIF). Those of skill in
the art of integrated circuit design can develop such data
structures from schematic diagrams of the type detailed above
and the corresponding descriptions and encode the data struc-
tures on computer readable medium. Those of skill in the art
of integrated circuit fabrication can use such encoded data to
fabricate integrated circuits comprising one or more of the
circuits described herein.

[0074] While the present invention has been described in
connection with specific embodiments, variations of these
embodiments are also envisioned. For example, as mentioned
earlier, a memory controller can program a voltage regulator
(either internal to a memory device or external to a memory
device) on a dynamic basis to achieve desired goals, e.g., to
vary settings outside of formally defined modes; separate
registers for interface power and frequency and other settings
may be provided for this purpose. Other designs also exist.
These examples are in no way exhaustive, as many alterna-
tives within the scope of the claims will be obvious to those of
ordinary skill in the art. Moreover, some components are
shown directly connected to one another while others are
shown connected via intermediate components. In each
instance the method of interconnection, or “coupling,” estab-
lishes some desired electrical communication between two or
more circuit nodes, or terminals. Such coupling may often be
accomplished using a number of circuit configurations, as
will be understood by those of skill in the art. Therefore, the
spirit and scope of the appended claims should not be limited
to the foregoing description. For U.S. applications, only those
claims specifically reciting “means for” or “step for”” should
be construed in the manner required under the sixth paragraph
of 35 U.S.C. §112.

1-8. (canceled)

9. A method of reading data from a memory core of an
integrated memory device, the method comprising:

communicating first data from the memory core at a first
signaling voltage, level shifting the first data to a second
signaling voltage, and communicating the level-shifted
first data at a first data rate; and

communicating second data from the memory core at the
first signaling voltage and communicating the second
data at a second data rate.

10. The method of claim 9, further comprising level shift-
ing the second data to a third signaling voltage and commu-
nicating the level-shifted second data to an external data
interface at the second data rate.

11. The method of claim 9, wherein the memory device
communicates the first data at the first data rate in a first mode
and the second data at the second data rate in a second mode,
the method further comprising receiving a command two
switch between the first and second modes.

12. The method of claim 9, further comprising communi-
cating the second data via a data path, measuring a speed of
the datapath, and adjusting the second signaling voltage
responsive to the speed.

13. The method of claim 9, wherein the memory device
communicates the first data responsive to a read command
specifying a read address, the method further comprising
decoding the read address and level shifting the decoded read
address.
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14. The method of claim 9, further comprising transmitting
the first data from the memory device at a third data rate in the
a first mode.

15. The method of claim 14, further comprising commu-
nicating the second data from the memory device at the third
data rate in a second mode.

16. The method of claim 14, further comprising commu-
nicating the second data from the memory device at a fourth
data rate in a second mode.

17. The method of claim 9, further comprising communi-
cating the first data from the memory device at a first data
width and communicating the second data from the memory
device at a second data width.

18. The method of claim 9, further comprising inserting
gaps in the first data and communicating the first data from the
memory device at a third data rate.

19. A memory device comprising:

a memory core to store and convey core data signals at a

core-data voltage;

a level shifter coupled to the memory core to level shift the
core data signals from the core-data voltage to a datapath
voltage; and

a datapath coupled to the level shifter to convey the level-
shifted core data signals, the datapath supporting a first
mode to convey the level-shifted core data signals at a
first data rate and the datapath voltage and second mode
to covey the core data signals at a second data rate.

20. The memory device of claim 19, wherein the level
shifter level shifts the core data signals from the core-data
voltage to a second datapath voltage in the second mode.

21. The memory device of claim 20, further comprising an
adjustable voltage regulator to provide the first and second
datapath voltages.

22. The memory device of claim 19, wherein the datapath
conveys the core data signals at the core-data voltage in the
second mode.

23. The memory device of claim 19, further comprising a
clock node to receive a clock signal having a first clock
frequency in the first mode and a second clock frequency in
the second mode.

24. The memory device of claim 23, further comprising a
speed sensor coupled to the clock node to receive the clock
signal, the speed sensor to select the datapath voltage in the
first mode.

25. The memory device of claim 24, wherein the speed
sensor selects a second datapath voltage in the second mode.

26. A memory device comprising:

device input/output (I/O) circuitry to communicate com-
mands and data;

a core interface coupled to the I/O circuitry to interpret the
commands, the core interface directing the data at
respective first and second data rates;
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a memory core coupled to the core interface to store and

deliver the data;

afirst supply node connected to the core interface to deliver

first and second supply voltages in the respective first
and second modes; and

a second supply node connected to the memory core to

deliver a third supply voltage in the first and second
modes.

27. The memory device of claim 26, further comprising a
level shifter coupled between the core interface and the
memory core, the level shifter to level shift the data between
the first and third supply voltages in the first mode and
between the second and third supply voltages in the second
mode.

28. The memory device of claim 27, the level shifter
including a mode input to receive a mode signal that distin-
guishes between the first and second data rates.

29. The memory device of claim 26, wherein the core
interface includes a mode register to store a mode value
selecting one of the first and second modes.

30. The memory of claim 29, wherein the core interface
further includes a command decoder coupled to the mode
register to load the mode value responsive to one of the
commands.

31. The device of claim 26, wherein the memory core
includes a row decoder coupled to the core interface to receive
row addresses.

32. The device of claim 31, further comprising a level
shifter bridging the row decoder and the core interface, the
level shifter to level shift the row addresses from the first
supply voltage to the third supply voltage and from the second
supply voltage to the third supply voltage.

33. The device of claim 26, wherein the one of the first and
second voltages equals the third voltage.

34. The device of claim 26, wherein the core interface
includes a clock circuit to generate a first clock signal to time
the first data rate and a second clock signal to time the second
data rate.

35. The device of claim 34, wherein the core interface
includes a datapath coupled to the clock circuit to receive the
first and second clock signals, the datapath to communicate
the data between the device I/O circuitry and the memory core
at the first and second data rates.

36. The device of claim 26, further comprising a speed
sensor coupled to the first supply node, the speed sensor to
adjust the first supply voltage responsive to a speed measure
of the data and control circuitry.

37. The device of claim 36, wherein the speed sensor
includes a replica of a portion of the core interface, the replica
to replicate a signal-propagation delay through the core inter-
face.

38-50. (canceled)
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