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(57) Abstract: A system includes a memory controller and a memory device having a command interface and a plurality of memo-
ry banks, each with a plurality of rows of memory cells. The memory controller transmits an auto-refresh command to the memory
device. Responsive to the auto-refresh command, during a first time interval, the memory device performs refresh operations to re-
fresh the memory cells and the command interface of the memory device is placed into a calibration mode for the duration of the
first time interval. Concurrently, during at least a portion of the first time interval, the memory controller performs a calibration of
the command interface of the memory device. The auto-refresh command may specify an order in which memory banks of the
memory device are to be refreshed, such that the memory device sequentially refreshes a respective row in the plurality of memory
banks in the specified bank order.
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MAINTENANCE OPERATIONS IN A DRAM

TECHNICAL FIELD

[0001] The disclosed embodiments generally relate to the field of semiconductor
memory, and more particularly to managing maintenance operations in a memory

subsystem.
BACKGROUND

[0002] The main operating memory of virtually all modern desktop and laptop
computers is implemented using dynamic random access memory (DRAM) components.
DRAM is relatively inexpensive and provides excellent storage density relative to other

types of semiconductor memory.

[0003] A defining characteristic of DRAM is that the individual storage cells in a
DRAM component usually cannot hold their charge for more than a certain period of time,
usually about 70 milliseconds. Consequently, to prevent loss of data, each cell in the
DRAM component must be periodically sensed (read) and rewritten in a refresh operation.
A refresh operation is thus a type of maintenance operation. Other types of maintenance
operations, including calibration of the command interface of the memory device, also
need to be performed from time to time. For instance, maintenance operations are needed

for signaling optimization in both read and write directions.
BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Figure 1 is a block diagram of memory subsystem in which embodiments of

the present invention may be used.

[0005] Figure 2 is a block diagram of a memory controller for performing DRAM

maintenance operations.

[0006] Figure 3A is a flow diagram of a process for performing DRAM

maintenance operations.
[0007] Figure 3B illustrates an auto-refresh command with a sub-operation code.

[0008] Figure 4 is a block diagram of a controller and a DRAM in loopback mode.
1
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[0009] Figure 5 is a timing diagram that illustrates a controller and a DRAM in
loopback mode.
[0010] Figure 6 illustrates a data signal pattern that may be used in a timing

calibration process.

[0011]

Figure 7 is a block diagram of a system for performing timing calibration

after issuing an auto-refresh command.

[0012]

Figure 8 is a flow diagram of a memory controller performing periodic

transmit phase calibration after issuing an auto-refresh command.

[0013]

Figure 9 is a flow diagram of a memory controller performing periodic

receive phase calibration after issuing an auto-refresh command.

[0014]

[0015]

[0016]

Figure 10 illustrates data signals with various sizes of data eyes.
Figure 11 illustrates an embodiment of an output driver calibration circuit.

Figure 12 depicts an embodiment of a termination resistance and drive

current calibration system.

[0017]

Figure 13 depicts a flow diagram of a termination resistance and drive

current calibration process.

[0018]

[0019]

circuitry.
[0020]
[0021]
[0022]
[0023]

[0024]

Figure 14 illustrates a circuit for input offset voltage periodic calibration.

Figure 15 illustrates an output driver that includes temporal equalization

Figure 16 illustrates an auto-refresh command with bank order information.
Figure 17 depicts a flow diagram of an auto-refresh operation.

Figure 18 illustrates a DRAM with auto-refresh circuitry.

Figure 19 depicts a flow diagram of an auto-refresh operation.

Figure 20 illustrates an auto-refresh command with bank order information

and operation code.
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[0025] Figure 21 illustrates an example timing diagram of an interleaved read-

refresh-read operation.
DESCRIPTION OF EMBODIMENTS

[0026] In a system that includes a memory controller and a memory device having
a command interface and a plurality of memory cells, the memory controller transmits an
auto-refresh command to the memory device. The command interface of the memory
device includes both command/address (CA) links and data links (DQ), and possibly other

lines.

[0027] According to one embodiment, responsive to the auto-refresh command,
simultaneous core maintenance operations and interface maintenance operations are
performed in a memory device. Responsive to the auto-refresh command, a burst refresh
is performed in the memory core, while freeing the command interface to carry out
periodic maintenance operations, which may be needed for signaling optimization in both
read and write directions. Responsive to the auto-refresh command, the memory device
performs refresh operations to refresh the memory cells, and the memory controller
performs a calibration of the command interface of the memory device. Performing
refresh and calibration concurrently in response to the same auto-refresh command can
reduce command overhead, and also improve performance in a memory component in
which short intervals between periodic calibration intervals are needed to adjust an
external clock feedback loop. This may be the case in a memory component with a bit-
rate clock and no clock recovery circuitry (such as, no internal clock feedback loop). In
some embodiments, a loopback mode of the memory device’s command interface is used
for maintenance operations, such as for performing periodic transmit phase calibration and

periodic receive phase calibration.

[0028] According to one embodiment, a memory controller and memory
components include logic to utilize a bank order field in the auto-refresh command
specifying an order in which memory banks of the memory device are to be refreshed.
This may allow the controller to optimize the transaction order both before and after the
burst refresh operation, for instance to avoid interference with adjacent read/write
transactions which lead to performance loss. Responsive to the auto-refresh command, the

memory device sequentially refreshes a respective row in a plurality of memory banks, in

3
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the specified bank order. A memory bank order may be specified due to lack of
availability of certain memory banks, and/or to avoid or minimize the need for any delay
before refreshing the first specified bank of the memory device, and to avoid or minimize
the need for any delay after refreshing the last specified bank of the memory device and

before a next memory operation can be performed.

Overall System

[0029] Figure 1 depicts a memory subsystem 10 in which embodiments of the
present invention may be practiced. The memory subsystem 10 includes three primary
components: a memory controller 12, signal links 16 and one or more memory devices 18
(e.g., DRAM chips or devices). A plurality “n” of memory devices 18 is shown in Figure
1. The memory subsystem 10 is intended to be a general purpose high performance
memory and may be used in a broad range of applications. For example, the memory
subsystem 10 may be used as a main memory or graphics memory in a computer system.
The memory subsystem 10 may also be used as a memory in consumer electronics devices
such as personal digital assistants or digital cameras, or in any other application where

high performance data storage is required.

[0030] The controller 12 and the DRAM devices 18 are connected by signal lines
16 that together constitute a communications channel or link. While Figure 1 illustrates
“n” signal lines 16, other embodiments may have fewer or more signal lines 16. The
signal lines 16 may correspond to an interconnect, an interface, a bus, and/or a back plane.
The signal lines 16 may be used for inter-chip communication, such as between one or
more semiconductor chips (also called integrated circuits) or dies, or for communication
within a semiconductor chip, also known as intra-chip communication, such as between

modules in an integrated circuit.

[0031] In the embodiment shown in Figure 1, signal lines 16 are bidirectional and
may be used for bidirectional communications between the controller 12 and one or more
of the memory devices 18. Optionally, the bidirectional communications on a signal line
may be simultancous. However, in the embodiments described here, communications on
cach individual signal line 16 are unidirectional at any one point in time, but different
signal lines 16 can have signals flowing in opposite directions at the same point in time. In

some embodiments, one or more of the signal lines 16 and the corresponding transmitters
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and receivers in the controller 12 and/or the memory devices 18 may be dynamically

configured for bidirectional communications.

[0032] The memory controller 12 manages the operation of the DRAM devices 18
by transmitting various packetized commands on a command portion of the signal lines 16.
These packetized commands can include read and write commands that require data to be
transported to and from the DRAM devices 18 via a data portion of the signal lines 16.
The packetized commands also include commands for performing overhead operations

such as refresh operations and DRAM calibration operations.

[0033] A DRAM device (also herein called “a DRAM”) 18 includes a command
interface 25 that includes cell refresh circuitry 35 and control logic 70, and a memory core
19 that includes a plurality (a plurality “m” is shown in Figure 1) of storage banks 34 and
sense amplifier arrays 58. DRAM 18 may also include other components not shown in
Figure 1, such as row and column decoders and so on. In some embodiments, each
memory bank 34 has coupled therewith a sense amplifier array 58 for sensing data. In

some other embodiments (not shown), each memory bank 34 shares a sense amplifier

array with another bank.

[0034] The decoder 72 within the command interface 25 of DRAM 18 is used to
receive and decode command packets from the memory controller 12. For instance, upon
receiving an auto-refresh command from the memory controller 12, decoder 72 issues the

appropriate signals to the refresh circuitry 35 so as to perform a refresh operation.

[0035] The refresh circuitry 35 is configured to control auto-refresh operations of
the DRAM 18 in response to an auto-refresh command applied to the DRAM 18 from the
controller 12. It may be necessary to refresh each row in DRAM 18 once per auto-refresh
interval (“tREF”). For instance, it may be necessary to periodically sense (read) and
rewrite each cell in the DRAM in a refresh operation to prevent loss of data that is stored
in memory banks 34 of the DRAM 18. According to one embodiment, auto-refresh
operations are initiated in response to an auto-refresh command received from the memory

controller 12.

[0036] The decoder 72 within the command interface 25 of DRAM 18 also
decodes an auto-refresh command containing calibration command information from the

memory controller 12. Decoder 72 issues the appropriate signals (e.g., ENCalib signal
5
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discussed with reference to Figures 11, 12, 14 and 15, and signals ENLoopBack,
ENEvenLoop, and ENOddLoop to enable loopback mode, as illustrated in Figure 7) to
appropriate calibration circuitry (e.g., as illustrated in Figures 7, 11, 12, 14 and 15) so as to
perform the calibration operations. Furthermore, because a calibration operation may take
more than one auto-refresh cycle to complete, control logic 70 includes a state machine 74

to track which step in the calibration operation is to be performed next.

[0037] In one embodiment, as discussed further with reference to Figures 16-20,
the auto-refresh command includes a memory bank order specifying an order in which the

memory banks 34 are to be refreshed.

[0038] Alternatively, or in addition, in some embodiments, the auto-refresh
command includes a sub-operation code, which is decoded by control logic 70, to place the
command interface 25 of the DRAM 18 into a calibration mode for the duration of (or,
alternately, at least a portion of) the time interval during which refresh circuitry 35 is
performing auto-refresh operations in response to the auto-refresh command. The control
logic, in response to the auto-refresh command, configures the command interface 25 to
not accept commands from the memory controller and to instead enter a calibration mode
for at least a portion of the time interval. In some embodiments, not accepting commands
includes disabling execution of the commands. Accordingly, during the time interval
(“tRFC”) while the DRAM 18 is performing refresh operations, a calibration of the
command interface 25 of the DRAM 18 is concurrently performed. An embodiment of an
auto-refresh command that includes a calibration sub-operation code is discussed further

with reference to Figure 3B.

[0039] In some embodiments, in order to perform calibration, the command
interface 25 enters a loopback mode, in which the command interface 25 receives a pattern
on a first data path, and transmits the data pattern to the memory controller on a second

data path.

[0040] Although shown as being included within command interface 25, refresh
circuitry 35 may, in part, or entirely, be separate from the command interface 25. An
embodiment of an auto-refresh command that includes a memory bank order is discussed
further with reference to Figure 16. An embodiment of refresh circuitry 35 is discussed

further with reference to Figure 18.
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Memory Controller

[0041] Figure 2 is a block diagram of a memory controller 12 according to some
embodiments of the invention. The memory controller 12 includes configuration storage
105, arbitration logic 110, read/write request logic 120, calibration logic 130, auto-refresh
logic 140 and a channel command sequencer 150. In some embodiments, the auto-refresh
logic 140 includes a refresh timer 145 and the calibration logic 130 includes a calibration
timer 135. Memory controller 12 may also include a pattern generator 138 for generating
patterns used for calibration of the command interface 25 of DRAM 18. Memory
controller 12 may have a subset of the components shown in Figure 2, and may also
include additional components not shown in Figure 2. Functions of two or more

components may be implemented in a single component.

[0042] Configuration storage 105 stores memory configuration parameters, such as
the number of DRAM devices in a memory subsystem, such as subsystem 10, the number
of memory banks per DRAM, the number of rows of cells per memory bank, the time
interval within which each row of a DRAM must be refreshed (tREF), the time interval
between auto-refresh commands, and so on. Memory configuration parameters may be
written to the configuration storage 105 during system initialization. The configuration
storage 105 may also be programmed with policy control parameters that are used to
prioritize requests received by the channel command sequencer 150 and the arbitration

logic 110.

[0043] Arbitration logic 110 receives requests to issue commands to DRAM
devices from the read/write request logic 120, the auto-refresh logic 140 and the
calibration logic 130. The arbitration logic 110 selects from among these competing
requests based on the policy control parameters received from the configuration storage
105 and forwards a prioritized stream of transaction requests to the channel command
sequencer 150. Channel command sequencer 150 is a state machine that generates and
outputs command packets on the channel, such as channel 16, according to the stream of
transaction requests from the arbitration logic and based on policy control parameters

received from the configuration storage 105.

[0044] Auto-refresh logic 140 issues a request to perform a multi-bank auto-refresh

cach time the refresh timer 145 expires. Refresh timer 145 may be programmed to have a

7
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timeout interval equal to approximately the storage cell retention time (tREF) (tREF
typically has values in the range of 16 to 64 milliseconds) divided by the number of rows
in each bank of the memory devices 18 whose memory cells are being refreshed. This
calculation assumes that a portion of every memory bank is refreshed at each timeout
event (such as, one row in each bank). Auto-refresh logic 140 determines a bank order
according to which banks in a DRAM 18 are to be refreshed. The multi-bank auto-refresh
request causes the channel command sequencer 150 to issue a single auto-refresh
command, which is broadcast to a DRAM device, such as DRAM 18a in the memory
subsystem 10. In some embodiments, the auto-refresh command specifies a bank order.
An embodiment of an auto-refresh command that specifies a bank order is discussed

further with reference to Figure 16.

[0045] Calibration logic 130 issues a request to perform a calibration of the
command interface 25 of DRAM 18. Calibration logic 130 issues a request to perform a
calibration of the command interface 25 of DRAM 18 each time the calibration timer 135
expires. Calibration timer 135 is linked to the refresh timer 145, such that the calibration
timer 135 expires at least whenever the refresh timer 145 expires. In other embodiments,
the calibration timer 135 and the refresh timer 145 may be the same timer. Calibration
request causes the channel command sequencer 150 to incorporate a sub-operation code
indicative of the calibration command into the auto-refresh command, which is broadcast
to ecach DRAM in the memory subsystem 10. An embodiment of an auto-refresh
command that includes a calibration sub-operation code is discussed further with reference

to Figure 3B.

General Command Interface Calibration & Loopback

[0046] Figure 3A is a flow diagram of a command interface calibration process

300, which can be performed for periodic calibration.

[0047] Initially, at 310, a timer (e.g., timer 135) within calibration logic 130 times
out to indicate that it is time to perform a calibration operation. In the calibration mode, at
least one of the following maintenance operations may be performed during the calibration
operation: periodic timing calibration, output drive strength periodic calibration, On-Die
Termination (ODT) periodic calibration, input offset voltage periodic calibration, and

equalization periodic calibration. Calibration logic 130 performs at least one of the

8
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aforementioned maintenance operations each time the auto-refresh command is issued to
cause DRAM 18 to perform auto-refresh operations. Calibration logic 130 can determine
that at least one of the aforementioned maintenance operations should be performed more
often than the other maintenance operations. In some embodiments, the calibration logic
130 initiates the performance of a calibration operation less often than the auto-refresh
logic 140 initiates an auto-refresh operation. In these embodiments, the calibration logic
130 initiates performance of a calibration operation at a subset of the times that an auto-

refresh command is sent to a respective DRAM 18 to auto-refresh its memory cells.

[0048] In order to perform a calibration operation with simultancous refresh of the
memory core, the controller 12 needs to effectively match the refresh pipeline with the
amount of time needed to perform a desired calibration. In some embodiments, the
calibration logic 130 of the controller 12 has several calibration timers 135 and when one
of them times out, the controller 12 waits for the next refresh, estimates the time it will
take to perform one or more calibration operations, and fits one or more desired calibration
operations into the refresh time interval, tRFC. In other embodiments, when calibration
timer 135 times out, the controller 12 waits for the next refresh, estimates the time it will
take to perform a desired calibration operation, and splits the desired calibration operation
into multiple chunks to be performed over the next few refresh cycles. Calibration logic
130 may include a state machine 136 to track which step or chunk in the current

calibration operation is to be performed next.

[0049] Further, in some embodiments, the desired calibration operation is
determined based on configuration information stored in configuration storage 105, such
as upon initialization. In some embodiments, the desired calibration operation is
determined on the fly. For instance, periodic timing calibration may be required to
"calibrate out" changes in propagation delay, which may vary as a function of temperature,

voltage, process and loading variations.

[0050] Calibration process 300 includes transmitting an auto-refresh command
from the memory controller 12 to the memory device 18, at 320. The auto-refresh
command contains a sub-operation code that can be decoded by decoder 72 at the DRAM
18 to determine which type of command interface calibration (e.g., phase calibration, ODT
calibration, and so on) is to be performed. During calibration, command interface 25 of
the DRAM 18 is offline, such that the memory core 19 cannot be accessed by controller

9
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12, and no address decoding and no sense amp driving operations are performed. Further,
during calibration, both command address (CA) lines and data links (DQ) are calibrated.
Responsive to the auto-refresh command, during a first time interval (tRFC), DRAM 18
performs auto-refresh operations of its memory cells, at 325. In some embodiments, auto-
refresh command includes sub-operation code, such that, responsive to the auto-refresh
command, the command interface 25 of the DRAM 18 is placed into a loopback mode for

at least a portion of the duration of the first time interval, at 325, as illustrated in Figure 5.

[0051] In some embodiments, the auto-refresh command contains code that can be
decoded by decoder 72 at the DRAM 18 to enable the command interface 25 to enter a
calibration mode, and the state machine 74 determines which type of command interface
calibration (e.g., phase calibration, ODT calibration, and so on) is to be performed. In
some embodiments, the auto-refresh command contains a field to specify which calibration

operation is to be performed during the refresh interval.

[0052] Calibration process 300 includes performing a calibration of the command
interface 25 of the DRAM 18 during the time interval (tRFC) (for at least a portion of), at

325, concurrently with the refresh operations being performed by the DRAM 18.

[0053] For instance, in the case of a timing calibration, controller 12 transmits a
pattern to the command interface 25 of the DRAM 18 on a first data path. The pattern
may be generated by pattern generator 138 of the memory controller 12. The command
interface 25 of the DRAM 18 receives the pattern transmitted by the memory controller

12. While the DRAM 18 core (comprised of the memory banks 34) is busy performing the
auto-refresh operations, the command interface 25 of the DRAM 18 concurrently transmits
the received pattern on a second data path back to the memory controller 12. At the
controller, the pattern from the command interface 25 of the DRAM 18 on the second data
path is received. The timing calibration process is discussed in greater detail below with

reference to Figures 6-9.

[0054] Thus, responsive to the auto-refresh command, during a first time interval,
DRAM 18 performs refresh operations to refresh the memory cells. Additionally,
concurrently, during at least a portion of the first time interval while the DRAM 18 is
performing the refresh operations, the command interface 25 of DRAM 18 is placed into a

calibration mode for at least a portion of (or, alternately, the duration of) the first time

10
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interval in response to a sub-operation code in the auto-refresh command. In some
embodiments, the command interface 25 of DRAM 18 includes both command/address
links (CA) and data links (DQ). Concurrently, during the first time interval while the
memory device is performing refresh operations, the calibration logic 130 performs a
calibration of the command interface of the memory device. In the calibration mode,
command interface 25 of DRAM 18 does not accept commands from the memory
controller 12, while in a normal non-calibration mode, command interface 25 of DRAM
18 accepts commands from the memory controller 12. Stated in another way, during the
first time interval (which may also be called the auto-refresh interval or the calibration
interval), after receipt of the auto-refresh command (ARF) the command interface 25 of
the DRAM 18 ignores any commands on the command/address links (CA) until
termination of the first time interval. In this way, the command interface 25 of DRAM 18
is freed to carry out maintenance operations, while the memory core, such as core 19, is

involved in the refresh operations.

[0055] Some calibration operations, such as the periodic transmit and receiving
timing calibration operations discussed herein are performed over multiple auto-refresh
cycles. For such calibration operations, the calibration logic 130 in the memory controller
12 keeps track of the progress of a respective multi-cycle calibration operation and
resumes performance of the respective calibration each time that a new auto-refresh

command is sent, until the respective calibration operation is completed.

[0056] Furthermore, while the techniques described herein are for periodic
calibration, they can also be used for initial calibration. In some embodiments, initial
calibration can be performed using techniques described herein, such as by performing
periodic calibration multiple times and/or over intervals that are longer than those afforded

by refresh operations.

[0057] Figure 3B shows an embodiment of an auto-refresh (ARF) command 360
that includes a sub-operation code. Auto-refresh command 360 has thirty-two fields 00-
31, including reserved fields 00-15 and 28-31 marked “rsv,” fields 305a and 305b
specifying a value of a Clock enable signal CKE for determining whether clock signal CK
supplied to a clock generator in the DRAM 18 is valid or invalid, fields 306a and 306b
specifying a value of a row address strobe signal RAS, fields 307a and 307b specifying a
value of a column address strobe signal CAS, and fields 308a and 308b specifying a value
11
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of a write enable signal WE. A command is specified by a combination of logic levels of
respective signals (CKE, RAS, CAS, WE). For example, the combination (CKE=1,
RAS=1, CAS=1, and WE=0) constitutes the auto-refresh operation, whereas the
combination (CKE=1, RAS=0, CAS=0, and WE=0) constitutes a No Operation (NOP)

command.

[0058] Command 360 includes a sub-operation code 361 (sometimes called a
calibration code or calibration mode) that specifies a calibration process or mode for the
command interface of the memory device (discussed further with reference to Figures 6-
9). For instance, to initiate timing calibration, sub-operation code 361 includes an “EN”
code that enables calibration mode during the auto-refresh (ARF) operation, a “TR” code
that specifies transmit or receive calibration, and an odd/even code (labeled “01”) to
specify whether the calibration operation is to calibrate odd or even DQ/CA/DM links. In
some embodiments, more bits may be used for the “EN” code to encode more calibration
modes. For instance, up to six bits may be used for the “EN” code. The “EN” code is
decoded by control logic 70 of the command interface 25 of the memory device 18 to
generate a plurality of “ENCalib” signals, only one of which is enabled at any one time
(during performance of an auto-refresh operation by the memory device) so as to enable

one of the calibration circuits within the memory device 18.

[0059] Figure 4 illustrates a block diagram of a memory subsystem 401 when a
command interface of a DRAM 450 is placed in loopback mode for calibration of the
command interface. In the controller 400, each DQ, CA and DM pair of signal lines is
linked to couple to the pattern generator 438, and the calibration logic 430. The DM signal
is a data mask signal, and is used by the DRAM 450 for byte masking of the incoming
write data. DQ signal lines are the data lines, while the CA signal is a command address

signal.

[0060] In the DRAM 450, each command interface link (each DQ, CA and DM
pair) is linked to form a loopback path during loopback mode. In some embodiments, an
auto-refresh command is decoded by control logic 470 to place the command interface
links in a loopback path, while concurrently, the auto-refresh command causes a burst of
refresh operations to be generated by refresh circuitry 435 on banks 434. Figure 4 also
illustrates a clock buffer 440, which is discussed further with reference to Figures 6 and 7.

During the first time interval (also called the auto-refresh interval or the calibration

12
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interval), after receipt of the auto-refresh command (ARF), the control logic 470 of the
DRAM 18 ignores (or, equivalently, does not accept) any commands sent by the memory
controller 400 on the command/address links (CA) until termination of the first time

interval.

[0061] Figure 5 is a prophetic timing diagram 500 that illustrates operation of the
command interface 25 of DRAM 18 in loopback mode according to one embodiment. In
the embodiment in Figure 5, the CA, DQ, and DM links all participate in the loopback
calibration process and are not used to communicate valid control-address, data, or data

magk information respectively.

[0062] The timing diagram 500 illustrates a clock signal ‘CK’ 505 having a clock
cycle “tck”, which in some embodiments is equal to 0.625 nanoseconds (ns). Arrows in
the timing diagram 500 show the loopback direction between even DQ links 510 and odd
DQ links 515, and between even DQ links 520 and odd DQ links 525. The loopback
direction between odd DQ links 515 and even DQ links 510 and between odd DQ links
525 and even DQ links 520 is in the reverse direction (not shown). As evident from Figure
5, because the command interface 25 of the DRAM 18 is in calibration mode, there is no
data on the DQ links 510, 515, 520 and 525. The timing diagram 500 illustrates the
loopback direction between even DM link 550 and odd DM link 555. As evident from
Figure 5, because the command interface 25 of the DRAM 18 is in calibration mode, there

is no data mask signal on the DM links 550 and 555.

[0063] Arrows in the timing diagram 500 also show the loopback direction
between even CA links 530 and odd CA links 535 and between even CA links 540 and
odd CA links 545. The loopback direction between odd CA links 535 and even CA links
530 and between odd CA links 545 and even CA links 540 is in the reverse direction (not
shown). Issued on the CA link 535 and 545 is the precharge-all-banks command (PRA)
and the auto-refresh command (ARF) to initiate the auto-refresh of memory cells in the
DRAM 18. After the auto-refresh operations are completed, the activate normal data
access operations command (ACT) is issued on the CA links 535 and 545, as shown in
Figure 5. The ACT command disables loopback mode and re-enables the command
interface 25 to interpret new commands from memory controller 12. The NOP command

refers to no operation.
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[0064] Ilustrated in Figure 5 are three time intervals. A time interval tgp refers to
a time that it takes to precharge all memory banks before the ARF command can be issued.
A time interval trrc is a predefined interval during which the memory core is being auto-
refreshed and during which, concurrent to the auto-refresh operations, the command
interface 25 is placed in a loopback mode for calibration operations by the memory
controller 12. A third time interval referred to as a “driver turnaround interval” is also
shown. The driver turnaround interval is a time interval during which the command
interface 25 of DRAM 18 is offline and does not accept any commands from the memory
controller 12. Also shown is a timing margin 560, which is used by the memory controller
to make sure that the loopback path has been enabled before it begins calibration

operations. In some embodiments, timing margin 560 is equal to zero.

Periodic Timing Compensation Calibration

[0065] Referring back to Figure 4, DRAM 40 includes an uncompensated clock
buffer 440, which buffers a clock signal received from the controller 400, and drives the
buffered clock signal across the command interface so as to supply the clock signal needed
for sampling data from the memory controller and for driving data across a channel to the
memory controller. The clock signal received at the DRAM 450 may have a phase that is
offset from the phase of the clock signal at the controller 400. Periodic timing calibration,
thus, may be required to "calibrate out” changes in propagation delay. The delay may vary
as a function of temperature, voltage, process and loading variations. Performing the

timing calibration tracks a delay of the clock signal to the clock buffer 440.

[0066] Figure 6 illustrates a data signal 600 that may be used as a pattern for
transmission by a controller. Data signal 600 has a data eye 610 having a data eye center
615. A data eye 610 is a portion or time period of a data signal 600 where typically a data
value associated with the data signal 600 is observed or sampled. A data value may be
associated with a voltage value or current value. A data eye 610 has edges formed in left
hand side data edge fuzz band 620 and right hand side data edge fuzz band 625, where a
data signal may transition from one data value or logic state (e.g., logic 1) to another data
value or logic state (e.g., logic 0). The edges 620 and 625 and the center 615 of the data
eye 610 move together, but the edge is where the signaling event occurs. A receiving
device, such as a memory device 18, tracks the signaling event (the transitions from 0-1
and 1-0), and as that transition point moves around, the center 615 of the data eye 610 will
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move a corresponding amount. Sampling at the eye edge results in occasional mismatches,
but sampling at the center 615 is typically very reliable since it has margin in both time

(horizontal dimension of Figure 6) and signal level (vertical dimension of Figure 6).

[0067] In some embodiments, as described with reference to Figures 7-9, for
periodic calibration, instead of finding both edges of the data eye and averaging (as could

be performed for initial calibration), a single edge of the eye is tracked.

[0068] Figures 7, 8 and 9 illustrate a system and method for performing periodic
timing calibration of a command interface of a DRAM by a memory controller. Figure 7
illustrates an example of a memory system 700 that maintains transmit and receive phase
values and performs timing calibration processes 800 and 900, discussed below with
reference to Figures 8 and 9. Figure 8 is a flow diagram of a command interface transmit
timing calibration process 800 to adjust timing associated with transferring write data from
memory controller 710 to the memory device (DRAM) 750. Figure 9 illustrates a flow
diagram of a command interface receive timing calibration process 900 to adjust timing
associated with receiving read data at the memory controller 710 from the memory device
750. The timing calibration processes 800 and 900 are preferably performed at regular

intervals, concurrently with auto-refresh of the memory core.

[0069] Memory system 700 includes a controller 710, a memory device (e.g.,
DRAM device) 750 and a channel 790. Memory system 700 includes bit aligner blocks
720 and 774 in controller 710. These bit aligner blocks 720 and 774 perform a bit
alignment operation so that the write data (Wdata) or pattern data (on paths 715/770) are
framed identically in both the controller 710 and the DRAM 750. In some embodiments,
the bit aligner blocks 720 and 774 include logic that shifts the write data (Wdata) or
pattern data by zero to fifteen bit positions. The correct number of bit shifts could be
chosen by comparing the transmitted and received information. A bit shift is equivalent to
360 degrees of bit phase. In some embodiments, the bit aligner blocks 720 and 774
include logic to delay the data by zero to fifteen bit times. The delay values for the
controller 710 are set during an initialization process and are maintained by the periodic

calibration process, as discussed with reference to Figures 8 and 9.

[0070] Controller 710 includes match circuitry 768/798, which includes compare

logic, digital phase values, and phase interpolators, and outputs the phase adjusted clocks
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ADJrck and ADJrcxk to the serializer (Mux) block 722 and deserializer block 794 (also

called a demultiplexer).

[0071] Match circuitry 768/798 is a comparison circuit that performs a comparison
between a captured data word and the transmitted data pattern. When calibration is done,
the transmit or receive phase is deliberately offset by a fraction of a tBIT time (typically
tBIT/2 or tBIT/4) and the comparison of the received pattern versus expected pattern by
match circuitry 768/798 is made at this offset point. This offset point tracks the edge of
the data eye, and the center of the eye will move with the edge because of the fixed offset.
Calibrating a respective phase adjusted clock, which includes adjusting the phase,
transmitting and receiving the pattern, and readjusting the phase, takes time and consumes
a valuable resource — the interface resource of the memory device. Therefore, overlapping
the calibration operation (which consumes the interface resource) with the refresh

operation (which consumes the core resource) is beneficial.

[0072] In some embodiments, each match circuit 768/798 includes a phase adjuster
that outputs an adjusted clock signal (ADJcx) and a comparison circuit. The phase
adjuster receives a reference clock signal and an up/down signal from the comparison
circuit, and produces the adjusted clock signal. The adjusted clock signal has the same
frequency as the reference clock signal and a phase that is adjusted based on the up/down
signals received from the comparison circuit over multiple calibration cycles. The
comparison circuit compares the expected data pattern with the received data pattern,
which results in digital "early” or "late" values that are filtered and then used to produce an
up/down signal that is provided to the phase adjuster so as to increase or decrease the

phase of the adjusted clock signal produced by the phase adjuster.

[0073] Match circuit 768 outputs an adjusted transmit clock signal ADJrck having
an adjusted transmit phase. The operation of match circuit 768 is further described in

reference to Figure 8. Match circuit 798 outputs an adjusted receive clock signal ADJrcx
having an adjusted receive phase. The operation of match circuit 798 is further described

in reference to Figure 9.

[0074] In response to one of the four signals 716 shown in Figure 7, a timing
calibration is performed, as discussed with reference to Figures 8 and 9. The signals 716

are control signals which select what type of timing calibration is to be performed. A

16



WO 2010/085405 PCT/US2010/020934

signal “AdjEvenRck” means that even bits (e.g., DQ[0]) are to be calibrated and that the
receive phase is to be adjusted on the controller 710 for read data. A signal “AdjEvenTck”
means that even bits (e.g., DQ[0]) are to be calibrated and that the transmit phase is to be
adjusted on the controller 710 for write data. A signal “AdjOddRck” means that odd bits
(e.g., DQ[1]) are to be calibrated and that the receive phase is to be adjusted on the
controller 710 for read data. A signal “AdjOddTck” means that odd bits (e.g., DQ[1]) are
to be calibrated and that the transmit phase is to be adjusted on the controller 710 for write

data.

[0075] Process 800 (Figure 8) illustrates a controller 710 performing transmit
timing calibration to adjust timing associated with transferring write data from the memory
controller 710 to the memory device 750. Process 800 is similar to process 300, except,
that at 820, the controller 750 issues an auto-refresh (ARF) command that enables a
loopback mode for even-to-odd DQ, CA and DM links of the command interface of
DRAM 750. The ARF command issued at 820 includes a sub-operation code, which is
decoded at DRAM 750 to place the even-to-odd DQ, CA and DM links in loopback mode,
at 825. In one embodiment, the sub-operation code of the ARF command (for transmit
timing calibration) is EN= 1000 (transmit timing calibration enabled), TR=1 (transmit
calibration) and Odd/Even(0/1)=1 (Even). The ARF command is also decoded at the
DRAM 750 to initiate auto-refresh operations of memory banks in the DRAM 750.

[0076] At 835, the controller 710 transmits a known calibration pattern on a first
data path, which includes the even DQ/CA/DM links of the channel 790, with the phase of
the transmitted data adjusted by one-half of a symbol period (sometimes denoted as 0.5
Ul) relative to the previously calibrated transmit phase for the DQ/CA/DM links.
Referring to Figure 7, in some embodiments a plurality of patterns D, E and F are
available, of which one is selected by a multiplexer 718 for further transmission based on
selection signal 719. The selected pattern is transmitted over the first data path, which
includes a bit aligner 720, a multiplexer 722 (e.g., a 16-to-1 multiplexer), and a transmitter
724. The selected pattern is then transmitted over the even DQ/CA/DM links of the
channel 790 to the DRAM device 750 at the other end of the channel 790.

[0077] Controller 710 transmits a known calibration pattern (e.g., a 16 bit pattern),

but instead of transmitting the pattern at its previously calibrated sampling point, such as

in the data eye center 910, a bit aligner 720 deliberately shifts the data over to the edge of
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the data eye using knowledge of the last calibrated sampling point and phase for the edge.
By shifting to the edge of the data eye, the process 800 attempts to keep track of the edge
of the data eye in the transmitted signals.

[0078] The selected pattern is transmitted over the even DQ/CA/DM links onto
channel 790 to DRAM 750, where it is received by receiver 752 and travels through a
demultiplexer 754 (e.g., a 1-to-16 demultiplexer ). In some embodiments, the channel 790
operates at a data rate of approximately 6.4 Gigabits per second (Gb/s), while the
individual DQ/CA/DM links of controller 710 and DRAM 750 operate at a data rate of
approximately 0.4 Gb/s. Stated in another way, the channel 790 (made of the DQ/CA/DM
links) operates at an aggregate data rate of 6.4 Gb/s, while the individual parallel buses
(Rdata and Wdata) operate at a data rate of 0.4 Gb/s.

[0079] At 838, the DRAM 750 receives the transmitted pattern, and then transmits
the received pattern over a second path, while concurrently the DRAM 750 is performing
auto-refresh operations of its memory cells. Referring to Figure 7, the second data path
comprises a multiplexer 756 that receives an enable loopback signal, a multiplexer 758
(e.g., a 16-to-1 multiplexer), and a transmitter 760 that transmits the pattern over the
channel 790 to controller 710. In some alternate embodiments, transmit path calibration is
broken into two steps in order to fit them into the narrow time window afforded by refresh,
and in those embodiments the DRAM command interface includes registers to store the

test pattern received from the controller 710.

[0080] At 840, controller 710 receives the pattern on the second path that
comprises the odd DQ/CA/DM links. The pattern is received at the controller 710 with 0-
Ul offset. Referring to Figure 7, the second data path further includes a receiver 762, a
demultiplexer 764 (e.g., 1-to-16 demultiplexer), and a bit aligner 766. In this way, the
controller 710 captures a 16-bit data word on the odd DQ/CA/DM links.

[0081] At 845, a comparison between the captured data word and the transmitted
data pattern is performed. For example, the comparison may be performed using a match
circuit 768 (Figure 7). At 850, based on whether comparison produces a match or no-
match result, controller 710 either increments or decrements the transmit phase used by the
controller 710 to transmit signals onto the DQ/CA/DM links. Match circuit 768 outputs an

adjusted transmit clock signal ADJrck with an adjusted transmit phrase. Signal ADJrck 18
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provided to bit aligner 720 and multiplexer 722. The transmit phase adjustment moves the
data eye center, as observed at the DRAM device 750 to which signals are transmitted on
the DQ/CA/DM links. At 855, the controller 710 repeats the transmit timing calibration
process with the odd and even DQ/CA/DM links swapped thereby adjusting the transmit
phase used by the controller 710 to transmit signals onto the odd DQ/CA/DM links.
During operation 855, match circuit 798 outputs adjusted transmit clock signal ADJrck to
multiplexer 776 and bit aligner 774. Repeated performance of process 800 over time
results in a series of incremental adjustments to the transmit phase and corresponding
movements of the data eye center, which keeps the sampling point for signals transmitted

on the DQ/CA/DM links optimized.

[0082] Figure 9 illustrates a flow diagram of a command interface receive timing
calibration process 900 to adjust timing associated with receiving read data at the memory
controller 710 from the memory device 750. The timing calibration processes 800 and 900
are preferably performed at regular intervals, concurrently to auto-refresh of the memory

core.

[0083] Process 900 is similar to process 800, except, that at 920, the controller 710
issues an auto-refresh (ARF) command that enables loopback mode burst for odd-to-even
DQ, CA and DM links of the command interface of DRAM 750. In some embodiments,
the ARF command includes a sub-operation code, which is decoded at DRAM 750 to
place the odd-to-even DQ, CA and DM links in loopback mode, at 925. In one
embodiment, the sub-operation code of the ARF command (for receive timing calibration)
is EN= 0100 (receive timing calibration enabled), TR=0 (receive calibration) and
Odd/Even(0/1)=0 (Odd). The ARF command is also decoded at the DRAM 750 to initiate
auto-refresh operations of memory banks in the DRAM 750.

[0084] At 935, the controller 710 transmits a known calibration pattern on a first
data path, including the odd DQ/CA/DM links of the channel 790, without any phase
adjustment to the pattern. Referring to Figure 7, in some embodiments, a plurality of
patterns D, E and F are available for transmission over the odd DQ links 870 of channel
790. One of the patterns is selected by a multiplexer 772 for further transmission based on
selection signal 719. The selected pattern is transmitted over the first data path, which
includes a bit aligner 774, a multiplexer 776 (e.g., a 16-to-1 multiplexer), a transmitter
778. The selected pattern is then transmitted over the odd DQ/CA/DM links of channel
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790 to DRAM 750, where it is received by receiver 780 and travels through a
demultiplexer 782 (e.g., a 1-to-16 demultiplexer).

[0085] At 938, the DRAM 750 transmits the received pattern over a second path,
while concurrently the DRAM 750 is performing auto-refresh operations of its memory
cells. Referring to Figure 7, the second data path comprises a multiplexer 784 that
receives an enable loopback signal, a multiplexer 786 (e.g., a 16-to-1 multiplexer), and a
transmitter 788 that transmits the pattern over the even DQ/CA/DM links of channel 790

to controller 710.

[0086] At 940, controller 710 receives the pattern on the second path that
comprises the even DQ/CA/DM links with a half symbol phase offset. Referring to Figure
7, the second data path further includes a receiver 792, a demultiplexer 794 (e.g., a 1-to-16
demultiplexer), and a bit aligner 796. The receive clock used to clock the demultiplexer
794 and bit aligner 796 is the adjusted receive clock ADJrck output by match circuit 798.
When receiving the read-path timing calibration pattern, ADJrck is offset by 0.5 UL In
this way, the controller 710 captures a data word (e.g., a 16-bit data word) on the even
DQ/CA/DM links with a phase that is adjusted by one-half of a symbol period relative to
the previously calibrated receive phase for the DQ/CA/DM links. After calibration, the 0.5
UI offset is removed from ADJrck such that the receiver reverts to sampling in the middle

of the incoming data eye.

[0087] At 945, a comparison between the captured data word and the transmitted
data pattern sixteen bits is performed. For example, the comparison may be performed
using a match circuit 798 (Figure 7). At 750, controller 710 either increments or
decrements the receive phase used by the controller 710 to sample signals received from
the even DQ/CA/DM links based on whether the comparison produces a match or no-
match result. Match circuit 798 outputs an adjusted receive clock signal ADJrck having
an adjusted receive phase. The adjusted receive clock signal ADJrck is provided to the
demultimplexer 794. The receive phase adjustment to ADJrck causes it to sample at the
center of the incoming data eye. At 955, the controller 710 repeats the receive timing
calibration process with the odd and even DQ/CA/DM links swapped, thereby adjusting
the receive phase used by the controller 710 to sample signals received from the odd
DQ/CA/DM links. During operation 955, match circuit 768 outputs adjusted receive clock
signal ADJrck to demultiplexer 764 and bit aligner 766. Repeated performance of process
20
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900 over time results in a series of adjustments to the receive clock signal ADJrcxk,
corresponding to the movements of the data eye center, which keeps the memory
controller’s sampling point for signals received from the DRAM 750 via the DQ/CA/DM
links optimized. In some embodiments, the controller 710 includes a state machine
controller for each odd/even pair of links, including CA, DQ, and DM. The receive and
transmit phases of each link (DQ, CA and DM) is incremented or decremented during its

turn depending upon whether the received pattern matches the transmitted pattern.

Qutput drive strength Periodic Calibration

[0088] In some embodiments, the desired calibration, at 320, is an output drive
strength periodic calibration. Output driver calibration in memory systems may improve
communication speeds and provide greater reliability over a wide range of operating
conditions. Figure 10 illustrates how variations in process, voltage, and temperature can
reduce the size of data eyes. Data eyes reveal characteristics of the quality of the signaling
environment such as timing and voltage margins. Robust signaling relies on having wide
(good timing margin) and tall (good voltage margin) data eyes. In some embodiments, the
periodic output driver calibration is not performed during periodic loopback timing
calibration, but is performed in response to an auto-refresh command and thus is
performed concurrently with auto-refresh in the memory device(s) coupled to the

controller.

[0089] A first data signal 1000 has a large data eye 1010 with good timing margin
(wide data eye) and good voltage margin (tall data eye). A second data signal 1020 has a
smaller than ideal data eye 1030 due to output driver undershooting the signaling levels
Von and V. A third data signal 1040 has a larger than ideal data eye 1050 due to output

driver overshooting the signaling levels Vo, and V.

[0090] Output drivers are designed to drive signals between high and low voltage
levels, shown as Vq, and V in Figure 10. Variations in process, voltage, temperature, and
other factors can cause output drivers to overshoot and/or undershoot the desired signaling
voltage levels, resulting in reduced margins that impact signal integrity. Reduced timing
margins limit the maximum signaling speed because the window of time over which the
data is valid (width of the data eye) is smaller. Reduced voltage margins can require larger

I/O voltage swings to ensure accurate transmission of data, but such larger swings result in
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increased I/O power and can increase the sensitivity of the system to cross talk. In order to
increase signaling rates and reduce I/O power, output driver overshoot and undershoot

must be managed.

[0091] Output calibrators are used to calibrate signaling levels in high-speed
signaling systems. Through calibration, signal level variations resulting from changes in
process, voltage and temperature can be reduced, increasing signaling margins and

enabling higher signaling rates.

[0092] Figure 11 illustrates a signaling system 1100 having a variable-strength
output driver 1101 and an output calibrator 1103. The signaling system 1100 may be
included in a memory controller 12, 710. The output calibrator 1103 includes a compare
circuit 1105 (when enabled by an ENCalib signal) to compare a data signal (DATA)
generated by the output driver 1101 with a reference signal Vggr based on an enable signal
(decoded from auto-refresh command received from the controller) and a counter 1107
that is incremented or decremented according to the comparison result. Reference signal
Vrer may be generated on-chip or may be supplied externally. The count value
maintained within the counter (CNT) is output to the output driver 1101 to control the
voltage level of the data signal. Thus, the output calibrator 1103 constitutes a feedback
circuit that increases or decreases the data signal level as necessary to reduce the

difference between the data signal level and the reference signal level.

[0093] A sequence of calibration operations may be performed to adjust the count
value, and therefore the data signal level, in the system of Figure 11. In some
embodiments, these calibration operations are performed during self-refresh of the
memory devices coupled to the controller. Initially, the count value may set using a binary
search or a linear search. For instance, the count value can be initially be set to a midpoint
value 2 to divide the search range for a target signal level (TSL) in half. In one
example, the target signal level corresponds to a count value that is above the initial count
value so that each initial calibration operation results in a stepwise increment of the count
value until, X calibration operations later, a count value of 2% is reached. At this count
value, the data signal level exceeds the target signal level, so that the count value is
decremented in the next calibration operation, and the calibration operations thereafter
produce a stepwise dithering about the target signal level. In some embodiments, the
periodic drive strength calibration process separately calibrates the driver for each
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DQ/CA/DM link. In other embodiments, the periodic drive strength calibration process
generates a single calibrated drive strength value for multiple signals as a group, such as
for all of the DQ/CA/DM links, or a subset of these links. The single calibrated drive
strength value may be shared with each of the links within the group. The output strength
calibration process may be repeated periodically so as to adjust the drive strength so as to
compensate for any changes in voltage supply, temperature and the like. After the initial
calibration, the subsequent calibration operations use the last determined count value
(CNT) as the starting point, and continue until the count value dithers back and forth a
predetermined number of times, thereby indicating that the output drive calibration process

is complete.

On-die termination ( ODT) Calibration

[0094] Referring back to Figure 3A, the desired calibration, at 320, can be on-die
termination (ODT) calibration. In some embodiments, the ODT calibration is not
performed during periodic loopback timing calibration, but is performed in response to an
auto-refresh command. Thus the ODT calibration operations are performed during self-
refresh of the memory devices coupled to the controller, but do not require the interface of

the memory devices to be in a loopback mode.

[0095] Variations in the fabrication process as well as fluctuations in voltage and
temperature result in variability in the resistive characteristics of the ODT elements. As a

result, there is a need for calibration of the ODT clements.

[0096] In some embodiments, on-die termination (ODT) systems and methods
facilitate high-speed communication between a driver die and a receiver die interconnected
via one or more signal transmission lines. An ODT control system in accordance with one
embodiment calibrates and maintains the termination resistances and drive currents of the
driver die to produce optimal (or nearly optimal) output swing voltages on the signal
transmission lines. In some embodiments, an ODT control system calibrates and
maintains the termination resistances of the receiver die. In some embodiments, the ODT
control system relies upon external voltage and resistance references for termination

resistance and drive current calibration.

[0097] Figure 12 depicts a termination resistance and drive current calibration

system 1200 that includes ODT control system 1230. In some embodiments, ODT control
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system 1230 (when enabled by a respective ENCalib signal) calibrates and maintains the
termination resistances and drive currents of the driver die to produce optimal output

swing voltages and termination quality on the signal transmission lines.

[0098] ODT system control 1230 includes a reference resistor 1275 and a reference
voltage source 1270. Reference voltage source 1270 and reference resistor 1275 are
external, precision elements connected to ODT system control 1230 via a pair of
connection pads 1201 and 1202. Control system 1230 includes a comparator 1215, an
analog multiplexer 1221, a reference ODT resistor 1222, and a current source 1240. In
some embodiments, the ODT resistor 1222 and the current source 1240 in the ODT control
system 1230 are replicas of resistor and current source elements in the driver circuits 1220,
which are used to drive signals onto the signal lines of a communication channel. By
calibrating the ODT resistor 1222 and the current source 1240, the ODT control system

1230 thereby calibrates the on-die termination characteristics of the driver circuits 1220.

[0099] Control system 1230 calibrates the resistance value Ro4 of ODT resistor
1222 to match the reference resistance Rier of reference resistor 1275. Control system
1230 also matches the current 1,4 through resistor 1222 with a reference current I, through
reference resistor 1275 to produce a desired voltage drop across ODT resistor 1222. ODT
counter 1245 stores a digital value representative of the offset required to calibrate ODT
resistor 1222, and a current-control counter 1250 stores a digital value representative of the
offset required to calibrate current source 1240. The digital values from counters 1245 and
1250 are then used to calibrate similar or identical termination elements and current
sources within driver circuits 1220. The ODT resistor 1222 and the current source 1240 in
the ODT control system 1230 are replicas of resistor and current source elements in the

driver circuits 1220.

[00100] Figure 13 depicts a process 1300 employed by control system 1230, as
shown in Figure 12, to calibrate reference ODT resistor 1222 and ODT current I,q.. ODT
calibration process 1300 starts when calibration timer 135 times out, and calibration logic
130 issues an auto-refresh command with a sub-operation code or command for ODT
calibration, at 1301. For instance, EN=0010 (ODT calibration enabled), TR=1 (transmit
calibration) and Odd/Even=0 or 1 (Odd or Even). However, the ODT calibration process

may be performed while no signals are being transmitted from the memory controller to
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the memory device(s), and thus may not require a loopback connection at the control

interface of the memory device.

[00101] At 1305, current-calibration signal ICAL1b, an active-low signal, is
asserted. Analog multiplexer 1221 selects second reference voltage Vr2 for comparison
with reference voltage V,, from external resistor 1275. The inverse of signal Icarib, learLl,
enables current-control counter 1250 to increment and decrement in response to output

signals from comparator 1215.

[00102] Current source 1240 pulls reference current I, through reference resistor
1275. Per Ohm's law, reference voltage V,, equals reference voltage V,, when the product
of reference current I,; and reference resistance Ry equals the swing voltage V. across
voltage reference 1270 (i.e., when 1,*R=V). Comparator 1215 compares voltage V.
with voltage V, (decision 1310), and adjusts the contents of current-control counter 1250
as necessary to render voltage V., equivalent (or substantially equal) to voltage Vi, (1315).
For example, if comparator 1215 determines that V,; is lower than V,,, comparator 1215
increments counter 1250 to reduce current Irr, and consequently increase the voltage V.
The comparison and adjustment operations 1305, 1310, and 1315 continue until V,, and
Vy, are substantially equal (1310). At this point, current counter 1250 stores a count Cenr
that offsets the current I, provided by current source 1240. ODT current Loy is
substantially equal to reference current I,;, and thus operations 1305, 1310, and 1315 place

current Io4; at or near the expected operating level.

[00103] The granularity of the current-control count Ceyr introduces some
uncertainty as to the exact reference current I, and corresponding I,4. Employing more
register bits and associated bus lines for Cent reduces this uncertainty at a cost of

increased overhead.

[00104] The next portion of calibration process 1300 sets the resistance R4 of
resistor 1222 substantially equal to the reference resistance Ry.r of precision resistor 1275
(i.e., Rodt = Ryer) by adjusting the count in counter 1245. The first current-calibration signal
Icarib 18 deasserted (held to a logic one), causing multiplexer 1221 to apply voltage Voqi
from resistor 1222 to the second input terminal of comparator 1215. Deasserting Ilcarp
also disables counter 1250, freezing the current control signal Cenr S0 as to hold Iy and I,

constant. A termination calibration signal Tcar, to counter 1245 is asserted, enabling
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counter 1245 to increment and decrement in response to output signals from comparator

1215.

[00105] At 1320, comparator 1215 compares Vi, and Vo ODT counter 1245
increments or decrements in response to the output of comparator 1215, altering the
resistance Rodt through ODT resistor 1222. The input voltage Vi, to termination resistor
1222 is connected to an off-chip voltage reference V,i, and is therefore substantially
equivalent to voltage V1. Because the currents I, and Io4; are substantially identical,
Ohm's law provides that voltage V4 is substantially equal to voltage V,, if resistance R
of resistor 1222 matches reference resistance Ri.r of precision resistor 1275. Comparator
1215 thus adjusts the contents of counter 1245 (1320) until decision 1325 determines that
voltages Vyr and Vg are substantially equal (1325). The granularity of ODT-control count
ODT introduces some uncertainty as to the exact reference resistance Ryg. This
uncertainty can be improved by employing more register bits within counter 1245, but this

improvement comes at a cost of increased overhead.

[00106] Input/output voltage Vi,, being distributed on chip, may vary by some small
amount from external reference voltage V,;. The resulting uncertainty combines with
other uncertainties, such as those resulting from the measurement granularities of counters
1245 and 1250, to produce still greater uncertainty. A second current-calibration sequence
recalibrates ODT current Io4; using the calibrated ODT resistor 1222 and input voltage Vi,

to reduce this uncertainty.

[00107] At 1335, signal Tcap is deasserted and both current-control signals Icarip
and Icar, are asserted. Counter 1245, and thus resistance Roq:, 18 thus held constant as
comparator 1215 once again compares Vy; with Vi, (1340). Counter 1250 increments or
decrements in response to output signals from comparator 1215 (1350). Incrementing or
decrementing the counter 1250 adjusts the current I, (1350), and also adjusts Vi,.
Comparator 1215 compares V,, with the adjusted V,; (1340), and the calibration process
1300 is complete when voltages V,, and Vy, are substantially equal (1345). The resulting
offsets held in counters 1245 and 1250 are distributed on buses ODT and Cenr to drivers

and receivers to establish appropriate ODT resistances and drive currents.

Input offset voltage/current trim periodic calibration
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[00108] Referring back to Figure 3A, in some embodiments, the desired calibration,
at 320, is a calibration of the command interface of the memory device that includes
adjusting an input offset voltage value stored in the memory device. The input offset
voltage value is used by a data sampler in a receive circuit of the memory device. The
input offset voltage calibration operations are performed during self-refresh of the memory
devices coupled to the controller, but do not require the interface of the memory devices to

be in a loopback mode.

[00109] The process of determining and storing the memory device voltage offset
value(s) may be performed periodically or upon detection of some threshold number of bit
errors. One or more voltage offset values are used to adjust memory device read/write
voltages in relation to Vref so that Vref is maintained as a reference and voltage effects are

compensated at a local level rather than forcing a system level compensation scheme.

[00110] The input offset voltage (or current) calibration process starts when
calibration timer 135 times out, and calibration logic 130 issues an auto-refresh command
with a sub-operation code or command for input offset voltage calibration. In one
embodiment, the sub-operation code of the ARF command for input offset voltage
calibration is EN=0001 (input offset calibration enabled, loopback not enabled), TR=1
(transmit calibration) and Odd/Even=don’t care (Odd or Even).

[00111] In one embodiment, to determine the voltage offset values, a scanning
window is used to calibrate slave voltages (e.g., voltages, or input offset voltages, in a
memory device). The circuit 1400 shown in Figure 14 assumes a voltage calibration
directed to the input (or write) voltage swing for data transmitted from controller 1410 to
the memory device 1420. The voltage level of data being written from controller 1410 to a
receiver in a memory device 1420 is compared by comparator 1430 with a reference
voltage “Vref” signal. The comparison result is fed back through control logic 1440, Vref
register 1450, and a DAC 1460, to an offset-port of a stabilizing amplifier 1470. As
shown in Figure 14, comparator 1430, control logic 1440, Vref register 1450, DAC 1460
and stabilizing amplifier 1470 are all located within the memory device 1420. High and
low pass/fail transition points are identified. Vref on the memory device 1420 is set by
control logic 1440 (when enabled by a respective ENCalib signal), and stored in Vref
register 1450 in accordance with a final adjustment offset value located halfway (or
approximately halfway) between the offset values corresponding to the high and low
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pass/fail transition points. Vref is provided to the memory device 1420 by the output of
the stabilizing amplifier 1470.

Equalization Periodic Calibration

[00112] Referring back to Figure 3A, in some embodiments, the desired calibration,
at 320, is a calibration of the command interface of the memory device that includes

performing equalization calibration.

[00113] Figure 15 illustrates a receiver 1500 with equalization circuitry according to
one embodiment. Receiver 1500 can be located within a memory device and enabled with
a respective ENcalib signal, or can be located within a memory controller. In one
embodiment, the sub-operation code of the ARF command for input offset voltage
calibration is EN=0011 (equalization calibration enabled, loopback not enabled), TR=1
(transmit calibration) and Odd/Even=don’t care (Odd or Even). Incoming data, Data;, is
summed with an equalization offset 1516 by analog adder 1517, generating an equalized
data value DEQ, for comparison with V. by a comparator 1530. The equalization offset
1516 is generated by adding and subtracting equalization coefficients Clgg to CKgg

according to the state of previously received data values, Data;.;, to Data; ., respectively.

[00114] A data history generator 1505, which may be implemented as a shift
register, receives the output of the comparator 1530 and generates the data history values,
Data;. to Data;«. The data history values are used to select, via multiplexers 1511-1 to
1511-k, between positive and negative versions of respective equalization coefficients
Clgq to CKgq stored in equalization registers 1504-1 to 1504-k. Equalization coefficients
Clgg to CKgg may be positive or negative values. A digital adding circuit 1514 receives
the output from each of the multiplexers 1511-1 to 1511-k and generates a sum of
coefficients, which it provides to a digital-to-analog converter (DAC) 1515. The DAC
1515 generates an analog equalization offset value 1516 which is summed by analog adder

1517 with the incoming data value, Data;.

[00115] Once the equalization coefficients are determined at initialization time, a
simple pattern (or set of patterns) is run periodically to generate an increment/decrement
decision on a respective coefficient to adjust the equalization so as to compensate for
changing system conditions. This periodic calibration can be performed while the memory

device is performing a self-refresh operation. Match and update logic 1506 updates
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respective equalization coefficients Clgq to CKgq stored in equalization registers 1504-1
to 1504-k, when enabled by the ENCalib signal for enabling equalization calibration.
From the above discussion, it can be seen that the command interface of the memory
device need not be in loopback mode while equalization calibration in the memory device

is performed.

Auto-refresh Command

[00116] In some embodiments, a DRAM device, such as DRAM 18, receives an
auto-refresh command from an external controller, such as controller 12, such that the
auto-refresh command specifies a bank order for performing the refresh operation.
Responsive to the auto-refresh command, DRAM 18 sequentially refreshes a respective
row in the plurality of memory banks, in the specified bank order. In some embodiments,
as illustrated in Figure 16, the auto-refresh command 1600 includes a bank order field

specifying the bank order in which the bank refresh operations are to be performed.

[00117] Auto-refresh command 1600 illustrated in Figure 16 includes bits that are
used to specify a bank order. Bits BOO and BO1 together identify the first bank to be
refreshed, bits B02 and B03 identify the second bank to be refreshed, and so on. In other
embodiments, such as, in an embodiment having a memory device with more than four
banks, a different number of bits is used to specify the bank order. In some embodiments,
it may only be necessary to specify the first and last banks to refresh, or the first two banks
and the last two banks to refresh, or the first several banks to refresh and the last several

banks to refresh, with the middle banks in an arbitrary order.

[00118] Figure 17 is a flow diagram of memory controller logic 1700 according to
an embodiment that supports issuance of an auto-refresh command with bank order.
Initially, at 1710, a timer (e.g., timer 145) within the memory controller 1701 times out to

indicate that it is time to perform an auto-refresh operation.

[00119] At 1717, a bank order is determined, for instance, by the auto-refresh logic
140 of the memory controller. In some embodiments, the bank order may be based on the
availability of a given bank. For instance, a given bank may not considered to be available
if a bank's sense amplifier arrays are in use by another bank, as may happen with bank-
doubling. Similarly, a bank may not considered to be available if a bank's sense amplifier

arrays are in use due to a recently executed memory access operation. In some
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embodiments, the bank order may be based on which bank was precharged last among the

banks.

[00120] In some embodiments, the bank order is selected by the memory controller
(or by the auto-refresh logic 140 of the memory controller) to satisfy two goals: to avoid or
minimize the need for any delay before refreshing the first specified bank of the memory
device, and to avoid or minimize the need for any delay after refreshing the last specified
bank of the memory device and before a next memory operation can be performed. Thus,
in these embodiments the first bank in the determined bank order is one that is available
for immediate refresh (taking into account the state of the memory banks immediately
prior to transmitting the auto-refresh command), and the last bank in the determined bank
order is a bank that will not be used by a first memory operation that immediately follows

the auto-refresh operation.

[00121] At 1720, a single auto-refresh command specifying the determined bank
order is generated to auto-refresh all memory banks of the memory device. The auto-
refresh command may be generated, for instance, by the auto-refresh logic 140 (Figure 4)
of the memory controller. An embodiment of such an auto-refresh command is shown in
Figure 16. In other embodiments, other bits of the auto-refresh command (other than those
shown in Figure 16 as BO0O through B07) may be used to specify the bank order. In yet
other embodiments, the bank order may be specified by a value that identifies one of N
(e.g., 2, 4 or 8) predefined bank orders. This value, which functions like an index into a
table or predefined set, is decoded by the memory device to determine bank order for the
auto-refresh operation. In yet additional embodiments, the bank order may be specified by
a value that identifies only a first bank to be refreshed. In these embodiments, the banks of
the memory device are refreshed in sequential order, starting with the specified first bank.
In some embodiments, it may only be necessary to specify the first one, two or several
banks to refresh and the last one, two or several banks to refresh, with the middle banks in
an arbitrary order. This is because the stream of read or write transactions before and after
the refresh burst use banks in a certain sequence, and the bank order at the beginning and
the end of the refresh burst can be adjusted to an ordering which dovetails into the read or

write transaction streams.

[00122] The auto-refresh command specifying bank order is transmitted on a
communication channel, such as channel 16, to DRAM 1702. In some embodiments, the
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single auto-refresh command specifying bank order to initiate refresh operations on
respective rows of memory banks of the memory device is issued to the memory device
between any two memory access commands, such as read, write, interleaved read, and

interleaved write commands.

[00123] At 1725, DRAM 1702, responsive to the auto-refresh command,
sequentially refreshes a respective row in the plurality of memory banks, in the specified
bank order. An embodiment of auto-refresh circuitry that performs the auto-refresh

operation is discussed further in reference to Figure 18.

[00124] At 1730, after expiration of a predefined time period (e.g., trrc, Figure 5)
associated with completion of an auto-refresh operation, controller 1701 optionally issues
one or more memory access commands, such as read, write, interleaved read, interleaved
write, to the DRAM 1702 to access the rows of memory cells therein. At 1735, after the
refresh operations are performed, responsive to the memory access commands, DRAM
1702 performs the memory access operation(s) specified by the one or more memory

access commands.

Auto-refresh Circuitry

[00125] Figure 18 illustrates an embodiment of a DRAM device 1800 that includes

auto-refresh circuitry 1810 according to some embodiments.

[00126] Control packet decode logic 1806 receives a control packet 1801 from a
controller, such as controller 1701. For purposes of this discussion, it is assumed that a
respective received control packet 1801 includes an auto-refresh command that specifies a
bank order, such as auto-refresh command 1600. The control packet 1801 is decoded by
the control packet decode logic 1806 to produce internal control signals for auto-refresh
circuit 1810. It is also noted that during the first time interval (also called the auto-refresh
interval or the calibration interval), after receipt of the auto-refresh command (ARF), the
control packet decode logic 1806 ignores (or, equivalently, does not accept) any control

packets sent by the memory controller until termination of the first time interval.

[00127] Auto-refresh circuitry 1810 includes bank decode logic 1818, which
generates a sequence of bank addresses in accordance with the bank order specified in the

auto-refresh command in the control packet. Auto-refresh circuitry 1810 may further

31



WO 2010/085405 PCT/US2010/020934

include a bank address buffer 1824, which is used to store the address of a bank within the
DRAM 18 that is to be refreshed during an auto-refresh operation, in accordance with a

bank order specified by the auto-refresh command.

[00128] Bank decode logic 1818 places addresses in the bank address buffer 1824 in
an order in accordance with the bank order specified in the auto-refresh command, such as
command 1600. Also, in response to the auto-refresh command, row address logic 1828
determines the row address for next row to be refreshed. For a particular row, banks are
refreshed in the order in accordance with the bank order specified in the auto-refresh

command, such as command 1600.

[00129] Bank decode logic 1818 compares the bank address in the bank address
buffer 1824 to the address of the last bank that is to refreshed in accordance with the bank
order specified by the auto-refresh command. For instance, bank decode logic 1818 may
compare the bank address in the bank address buffer 1824 with the bank address found in
fields BO6 and BO7 of auto-refresh command 1600 illustrated in Figure 16. When the
bank address in the bank address buffer 1824 is equal to the address of the last bank that is
to refreshed in accordance with the bank order specified by the auto-refresh command,
indicating that all banks for a particular row have been refreshed, the bank decode logic
1818 sends an increment signal on a line 1834 to row counter 1830 to increment the row
count for the next sequencing of banks. After the maximum row has been refreshed in all

the banks of the memory device, the row counter is reset to zero.

[00130] In some embodiments (including the embodiment shown in Figure 18),
control packet 1801 that contains the auto-refresh command also includes a row address.
The row address from the control packet is decoded by row address logic 1828 to
determine which row to refresh first. In other embodiments, the row address is not
included in the control packet 1801, thus, only the internal row counter 1830 is utilized for

auto-refresh.

[00131] The auto-refresh circuitry 1800 optionally includes column address logic
1840 and column address counter 1842 to determine which column(s) to refresh.
However, in some embodiments, when a row is refreshed, all columns of that row are

refreshed.

Auto-refresh and concurrent calibration
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[00132] Figure 19 is a flow diagram of memory controller logic 1900 according to
an embodiment that supports issuance of an auto-refresh command with bank order and a
calibration operation code. Initially, at 1910, a timer (e.g., timer 145) within the memory

controller 1901 times out to indicate that it is time to perform an auto-refresh operation.

[00133] At 1919, a bank order is determined, for instance, by the auto-refresh logic
140. Several ways of determining the bank order are discussed above. Additionally, at
1919, a desired calibration of the DRAM command interface, such as command interface

25, 1s determined, for instance by calibration logic 130.

[00134] At 1920, a single auto-refresh command specifying bank order is generated
to auto-refresh all memory banks, for instance, by the auto-refresh logic 140. In some
embodiments, the auto-refresh command includes an operation code identifying the
desired calibration. An embodiment of such an auto-refresh command 2000 is shown in
Figure 20. The auto-refresh command 2000 includes bank order fields, and also an
operation code specifying a calibration mode or operation. In the example shown in

Figure 20, the specified calibration operation is a transmit timing calibration operation.

[00135] The auto-refresh command specifying bank order is transmitted on a
communication channel, such as channel 16, to the DRAM device 1902. In some
embodiments, the single auto-refresh command specifying bank order to initiate refresh
operations on respective rows of memory banks of the memory device is issued to the
memory device between any two memory access commands, such as read, write,

interleaved read, and interleaved write commands.

[00136] At 1925, DRAM 1902, responsive to the auto-refresh command, initiates
refresh operations of the plurality of memory banks, in the specified bank order. An
embodiment of auto-refresh circuitry that performs the auto-refresh operation is discussed
above with reference to Figure 18. Concurrent to the refresh operation, the command
interface of the DRAM is placed in loopback mode. In some embodiments, the command
interface of the DRAM is placed in loopback mode during auto-refresh operations only if
A) the auto-refresh command includes a sub-command specifying a calibration operation
for which the command interface is placed in loopback mode, or B) the auto-refresh

command includes a sub-command that specifies the loopback mode directly. Otherwise,
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in these embodiments the command interface of the DRAM is not placed in loopback

mode during auto-refresh operation.

[00137] Timing calibration process 1900 includes concurrently to the refresh

operations, performing a desired calibration of the command interface, such as command
interface 25, of the DRAM 18 during a first time interval, at 1930. The first time interval
is the interval for which the auto-refresh operations are performed. While the DRAM 18
core (comprised of the memory banks 34) is busy performing the auto-refresh operations,

the command interface 25 of the DRAM 18 is concurrently calibrated, at 1938.

[00138] Upon expiration of the first time interval, the command interface of the
DRAM 1902 is placed back into a normal operation mode from a calibration mode, at
1945. In addition, at the end of the first time interval, the controller resumes issuing

normal memory access requests, such as read, write, interleaved read, and interleaved

write commands, at 1940.

[00139] In some embodiments, as discussed, the bank order is selected by the
memory controller (or by the auto-refresh logic 140 of the memory controller) to satisfy at
least one of two goals: to avoid or minimize the need for any delay before refreshing the
first specified bank of the memory device, and to avoid or minimize the need for any delay
after refreshing the last specified bank of the memory device and before a next memory
operation can be performed. Thus, in these embodiments the first bank in the determined
bank order can be one that is available for immediate refresh (taking into account the state
of the memory banks immediately prior to transmitting the auto-refresh command), and
the last bank in the determined bank order is a bank that will not be used by a first memory
operation that immediately follows the auto-refresh operation. In some embodiments,
channel command sequencer 150 of the memory controller includes a state machine to
keep track of the state of the memory banks immediately prior to transmitting the auto-
refresh command, and this information is used by the auto-refresh logic 140 of the

memory controller to determine the bank order.

[00140] Refresh operations may be dovetailed with both prior and subsequent
operations, which can be refresh operations, memory access operations, or other
operations. Figure 21 illustrates an example timing diagram of an interleaved read-

refresh-read operation. An auto-refresh command causes banks Ba, Bb, Bc, Bd to be
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refreshed in that order. If the first bank to be refreshed Ba matches a bank that is busy
with a read transaction, a delay of twarr1 occurs. By interleaving, the first bank to be
refreshed becomes Bd. Thus, no delay of twarr occurs since bank Ba is the one that is
busy, and bank Bd is not the bank that is busy with a read transaction. Further, if the last
bank to be refreshed Bd matches a bank that is busy with the next read transaction, a delay
of twarr2 occurs. By interleaving, there is no need to wait because the last refresh bank Ba

does not match the bank that will be busy with the next read transaction.

[00141] The foregoing description, for purpose of explanation, has been described
with reference to specific embodiments. However, the illustrative discussions above are
not intended to be exhaustive or to limit the invention to the precise forms disclosed.
Many modifications and variations are possible in view of the above teachings. The
embodiments were chosen and described to best explain the principles of the invention and
its practical applications, to thereby enable others skilled in the art to best utilize the
invention and various embodiments with various modifications as are suited to the

particular use contemplated.
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What is claimed is:

1. A method of operating a memory controller in a system that includes the memory
controller and a memory device, the memory device including a command interface and a
plurality of memory banks, each bank including a plurality of rows of memory cells, the
method comprising:

transmitting an auto-refresh command from the memory controller to the memory
device, wherein responsive to the auto-refresh command, during a first time interval, the
memory device performs refresh operations to refresh the memory cells and the command
interface of the memory device is placed into a calibration mode for at least a portion of the
first time interval; and

concurrently, during at least a portion of the first time interval while the memory
device is performing refresh operations, performing a calibration of the command interface of

the memory device.

2. The method of claim 1, wherein the auto-refresh command causes the memory device

to perform a burst refresh on a plurality of rows in the memory device.

3. The method of claim 1, wherein performing a calibration of the command interface of

the memory device includes performing a timing calibration.

4. The method of claim 1, wherein performing a calibration of the command interface of
the memory device includes placing the command interface of the memory device into a

loopback mode.

5. The method of claim 4, wherein performing a calibration of the command interface of

the memory device includes performing a timing calibration.

6. The method of claim 5, wherein performing the timing calibration comprises:

transmitting a pattern to the command interface of the memory device on a first data
path;

receiving the pattern from the command interface of the memory device on a second
data path, and

comparing the received signal and the transmitted pattern, and

performing phase compensation based on the comparison.
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7. The method of claim 6, wherein performing phase compensation adjusts timing

associated with transferring write data from the memory controller to the memory device.

8. The method of claim 6, wherein performing phase compensation adjusts timing

associated with receiving data from the memory device.

9. The method of claim 6, wherein said transmitting, receiving and comparing are
repeated a plurality of times, using a plurality of different timing offsets, said performing
phase compensation including identifying first and second timing offsets associated with
opposing edges of a data eye to generate a calibrated timing offset between the first and

second timing offsets.

10.  The method of claim 1, wherein performing a calibration of the command interface of

the memory device includes performing an output drive calibration.

11.  The method of claim 1, wherein performing a calibration of the command interface of

the memory device includes performing an on-die termination value calibration.

12. The method of claim 1, wherein performing a calibration of the command interface of

the memory device includes performing an offset voltage calibration.

13.  The method of claim 1, wherein performing a calibration of the command interface of

the memory device includes performing an equalization calibration.

14.  The method of claim 1, wherein the auto-refresh command specifies a bank order for
the plurality of memory banks, and wherein responsive to the auto-refresh command, the
memory device sequentially refreshes a respective row in the plurality of memory banks, in

the specified bank order.

15. A memory controller to control a dynamic memory device that includes a command
interface and a plurality of memory banks, each bank including a plurality of rows of memory
cells, the memory controller comprising:

refresh logic to generate an auto-refresh command for transmission to the memory
device, wherein responsive to the auto-refresh command, during a first time interval, the
memory device performs refresh operations to refresh memory cells and the command

interface is placed into a calibration mode for at least a portion of the first time interval; and
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calibration logic to concurrently, during at least a portion of the first time interval
while the memory device is performing refresh operations, perform a calibration of the

command interface of the memory device.

16.  The memory controller of claim 15, wherein the auto-refresh command specifies a
bank order for the plurality of memory banks, and wherein responsive to the auto-refresh
command, the memory device sequentially refreshes a respective row in the plurality of

memory banks, in the specified bank order.

17. The memory controller of claim 15, wherein responsive to the auto-refresh command,
the command interface is placed into a loopback mode for at least the portion of the first time

interval.

18.  The memory controller of claim 17, wherein the calibration logic performs a timing
calibration on the command interface of the memory device while the memory device is

performing refresh operations.

19.  The memory controller of claim 15, wherein the calibration logic performs a timing
calibration on the command interface of the memory device while the memory device is

performing refresh operations.

20. A dynamic memory device comprising:

a plurality of memory banks, each bank including a plurality of rows of memory cells;

a command interface operable to accept commands from a memory controller;

refresh circuitry configured to refresh memory cells for a duration of a first time
interval in response to an auto-refresh command from the memory controller; and

control logic, in response to the auto-refresh command, to configure the command
interface to, for at least a portion of the duration of the first time interval, not accept
commands from the memory controller and to instead enter a calibration mode, wherein in
the calibration mode, the command interface does not accept commands from the memory

controller and is configured for calibration operations initiated by the memory controller.

21. The memory device of claim 20, wherein the control logic, in response to the auto-
refresh command, configures the command interface to enter a loopback mode, wherein in
the loopback mode, the command interface receives a pattern on a first data path, and

transmits the data pattern to the memory controller on a second data path.
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22.  The memory device of claim 20, wherein the auto-refresh command specifies a bank
order for the plurality of memory banks, and wherein responsive to the auto-refresh
command, the refresh circuitry sequentially refreshes a respective row in the plurality of

memory banks, in the specified bank order.

23.  The memory device of claim 20, wherein the auto-refresh command includes a bank

order field specifying the bank order.

24. A method of operating a memory device in a system that includes the memory device
and a memory controller, the memory device including a command interface and a plurality
of memory banks, ecach bank including a plurality of rows of memory cells, the method
comprising:
receiving an auto-refresh command from the memory controller at the memory
device;
responsive to the auto-refresh command, during a first time interval, refreshing
memory cells in the memory device; and
responsive to the auto-refresh command, placing the command interface from a
normal operation mode into a calibration mode for at least a portion of the duration of the
first time interval,
wherein the command interface accepts commands from the controller in the
normal operation mode, and
wherein the command interface does not accept commands from the controller
in the calibration mode, and is instead configured for calibration operations initiated

by the memory controller.

25. The method of claim 24, further comprising:
after completion of the first time interval, placing the command interface from the
calibration mode into the normal operation mode, and performing a data access operation at

the memory device in response to a memory access command.

26.  The method of claim 24, further comprising sequentially refreshing a respective row

in the plurality of memory banks, in a bank order specified in the auto-refresh command.

27. The method of claim 24, wherein the auto-refresh command includes a bank order

field specifying the bank order.

39



WO 2010/085405 PCT/US2010/020934

28. A method of operating a memory controller, the method comprising:

generating an auto-refresh command specifying a bank order for transmission to a
dynamic memory device that includes a plurality of memory banks, each bank including a
plurality of rows of memory cells,

wherein responsive to the auto-refresh command, the memory device refreshes a row

in each of the memory banks in accordance with the bank order.

29. The method of claim 24, wherein the auto-refresh command includes a bank order

field specifying the bank order.

30. A dynamic memory device comprising:

a plurality of memory banks, each bank including a plurality of rows of memory cells;

a command interface to receive a refresh command, the auto-refresh command
specifying a bank order for the plurality of memory banks;

at least one row refresh register to store a value that identifies a respective row of the
plurality of rows of memory cells in each bank; and

control circuitry coupled to the command interface, the row refresh register and the
plurality of memory banks, the control circuitry being configured to sequentially refresh the

respective row in the plurality of memory banks, in the specified bank order.

31.  The memory device of claim 30, wherein the control circuitry is further configured to
detect when the respective row in a final bank specified by the bank order has been refreshed,

and, in response, modify the value in the row refresh register.

32.  The memory device of claim 30, wherein the control circuitry is configured to refresh

the first row by activating the first row.

33.  The memory device of claim 30, wherein the control circuitry is configured to refresh
each row in each memory bank in accordance with the bank order specified in the auto-

refresh command.

34.  The memory device of claim 30, wherein the control circuitry is configured to
automatically modify a row address in the row refresh register after the corresponding row in

cach of the memory bank has been refreshed.

35. A method of controlling a dynamic memory device organized in memory banks that

each include a plurality of rows of memory cells, the method comprising:
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generating a refresh command, the auto-refresh command specifying a bank order for
the plurality of memory banks; and

issuing the auto-refresh command to the memory device to place the memory device
in an operating state in which control circuitry within the memory device sequentially

refreshes memory cells in the memory banks in the specified bank order.

36. The method of claim 35, wherein issuing the auto-refresh command to the memory
device to place the memory device in an operating state in which control circuitry within the
memory device sequentially refreshes rows comprises:

commanding the memory device to operate in a state in which the control circuitry
sequentially refreshes rows of memory cells identified by respective combinations of row and
bank addresses,

cach row and bank address combination being formed by a row address value and a
bank address value, the row address value stored in a row refresh register of the memory
device, and the bank address value stored in a bank register of the memory device in

accordance with the specified bank order.

37. A method of controlling a memory device having a row refresh register, the memory
device being organized into memory banks, each memory bank including a plurality of rows
of memory cells, the method comprising:

issuing memory access commands to the memory device to access the rows of
memory cells therein;

issuing to the memory device, between any two of the memory access commands, a
first single auto-refresh command to initiate refresh operations on respective rows of memory

banks of the memory device, in a bank order specified by the first auto-refresh command.

38.  The method of claim 37, further comprising detecting when a predetermined period of
time has elapsed since issuing the first single auto-refresh command to the memory device
and, in response, issuing a second single auto-refresh command to the memory device to
initiate refresh operations on the respective banks of the memory device in accordance with a

bank order specified by the second refresh command.
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ISSUE AUTO-REFRESH COMMAND WITH SUB-
OPERATION COMMAND FOR ODT CALLIBRATION

/— 1300

)

1301
COMPARE Vrr WITH Vr2
S ——
1305
ADJUST Irr
1315
COMPARE Vrr WITH Vodt
S ——
1320
ADJUST Rodt
1330
CONNECT Vrr TO Vodt
1335
COMPARE Vr2 WITH Vrr
S —
1340
ADJUST Irr
1350

CALLIBRATION
COMPLETE

Figure 13
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