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FIG. 1A

(57) Abstract: Embodiments of a memory system that communicates bidirectional data between a memory controller and a mem-
ory IC via bidirectional links using half-duplex communication are described. Each of the bidirectional links conveys write data or
read data, but not both. States of routing circuits in the memory controller and the memory IC are selected for a current command
being processed so that data can be selectively routed from a queue in the memory controller to a corresponding bank set in the
memory IC via one of the bidirectional links, or to another queue in the memory controller from a corresponding bank set in the
memory IC via another of the bidirectional links. This communication technique reduces or eliminates the turnaround delay that
occurs when the memory controller transitions from receiving the read data to providing the write data, thereby eliminating gaps
in the data streams on the bidirectional links.
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MEMORY INTERFACE WITH REDUCED READ-
WRITE TURNAROUND DELAY

Inventor: Frederick A. Ware

TECHNICAL FIELD
[001] The present embodiments relate to techniques for communicating information
between integrated circuits. More specifically, the present embodiments relate to circuits and
methods for communicating information between a memory controller and a memory

integrated circuit with reduced turnaround delay.

BACKGROUND
[002] Memory controllers communicate signals containing data, addresses or commands to
one or more memory integrated circuits (/Cs) through signal lines (which are also referred to
as ‘links’). In many memory systems, one or more links constitute a shared resource. For
example, a memory /C (such as dynamic random-access memory or DRAM) may retrieve
read data from an address in its memory core and may provide the read data to a memory
controller via a bidirectional link between the memory controller and the memory /C. If the
bidirectional link uses half-duplex communication, the memory controller may subsequently
provide write data to the memory /C also via the bidirectional link.
[003] However, a turnaround delay typically occurs when the memory controller transitions
from receiving the read data to providing the write data via a link. This delay is associated
with the round-trip time from the bidirectional link to the memory core and back again, as
well as from delays through an interface in the memory /C. Hence, if alternating bursts of
read and write data are communicated on the bidirectional link, gaps need to be included in
the data stream to account for the turnaround delay, which reduces the effective data rate and

the efficiency of communication between the memory controller and the memory /C.

BRIEF DESCRIPTION OF THE FIGURES
[004] FIG. 1A depicts a memory system including a memory controller and a memory IC
communicating with each other with reduced turnaround delay in accordance with an

embodiment.
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[005] FIG. 1B depicts the memory system of FIG. 1A including the memory controller and
the memory /C communicating with each other with reduced turnaround delay in accordance
with an embodiment.

[006] FIG. 1C depicts the memory system of FIG. 1A including the memory controller and
the memory /C communicating with each other with reduced turnaround delay in accordance
with an embodiment.

[007] FIG. 1D depicts the memory system of FIG. 1A including the memory controller and
the memory /C communicating with each other with reduced turnaround delay in accordance
with an embodiment.

[008] FIG. 2A depicts a method for communicating information between the memory
controller and the memory /C in the memory system of FIG. 1A in accordance with an
embodiment.

[009] FIG. 2B depicts a method for communicating information between the memory
controller and the memory /C in the memory system of FIG. 1A in accordance with an
embodiment.

[010] FIG. 3A depicts a timing diagram for communication between the memory controller
and the memory /C in the memory system of FIG. 1A in accordance with an embodiment.
[011] FIG. 3B depicts a timing diagram for communication between the memory controller
and the memory /C in the memory system of FIG. 1A in accordance with an embodiment.
[012] FIG. 4A depicts a timing diagram illustrating the processing of high-priority read
commands during communication between the memory controller and the memory /C in the
memory system of FIG. 1A in accordance with an embodiment.

[013] FIG. 4B depicts a timing diagram illustrating the processing of high-priority read
commands while a bidirectional link between the memory controller and the memory /C in
the memory system of FIG. 1A is being calibrated in accordance with an embodiment.

[014] FIG. 5 depicts the memory system of FIG. 1A including the memory controller and
the memory /C communicating with each other with reduced turnaround delay in accordance
with an embodiment.

[015] Table 1 provides communication directions on bidirectional links during four

operating modes in the memory system of FIG. 1A.

DETAILED DESCRIPTION
[016] FIG. 1A presents a memory system 100 including a memory controller 110 and a

memory /C 114 communicating with each other with reduced turnaround delay via
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bidirectional data (DQ) links 112. As shown in FIG. 1A, memory controller 110 includes a
plurality of interface circuits 124 (such as interface circuits 124-1 and 124-2), a plurality of
write queues 116 (such as write queue (S) 116-1 and write queue (7) 116-2), a plurality of
read queues 118 (such as read queue (S) 118-1 and read queue (7) 118-2), and a routing
circuit 140-1 between the interface circuits 124 and the read and write queues 116 and 118.
Memory /C 114 includes a plurality of interface circuits 124 (such as interface circuits 124-3
and interface circuits 124-4), a plurality of banks or bank sets 128 (such as bank set (U) 128-
1 and bank set (¥) 128-2, which each may include DRAM), and a routing circuit 140-2
between the interface circuits 124 and the bank sets 128. Memory controller 110 and
memory /C 114 each includes circuit or external nodes 126 that couple respective interface
circuits 124 to respective bidirectional data (DQ) links 112.

[017] Memory controller 110 also includes control logic 120 and one or more driver circuits
130 to convey command signals containing commands, addresses, and other control
information to memory /C 114 using one or more command links 132, which is connect to
memory controller 110 via respective circuit or external nodes, such as circuit node 138-1.
Correspondingly, memory /C 114 includes one or more receiver circuits 134 coupled to
command link 132 via respective circuit or external nodes (such as circuit node 138-2) to
receive the command signals from memory controller 110. In addition, memory /C 114
includes one or more decoder circuits 136, coupled to the receiver circuits 134, to decode the
received the command signals and to signal the bank sets 128 to either provide or store data
onto or from bidirectional data (DQ) links 112 based at least in part on information contained
in the command signal.

[018] Memory system 100 may operate in different operating modes during different time
intervals. A particular one of bidirectional data (DQ) links 112 is either conveying read data
or write data based at least in part on the current operating mode of memory system 100. In
one embodiment, control logic 120 determines the operating mode for a particular time
interval. As an example, Table 1 lists whether bidirectional data (DQ) links 112-1 or 112-2 is

used to convey read or write data in each of four different operating modes.

Bidirectional data (DQ) link (X) Bidirectional data (DQ) link (Y) 112-2

112-1
Operating Mode 4 Convey read data Convey write data
Operating Mode B Convey write data Convey read data

Operating Mode C

Convey read data

Convey read data

Operating Mode D

Convey write data

Convey write data

Table 1
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[019] Each of bidirectional data (DQ) links 112 may be a serial link having a single wire or
a pair of wires based at least in part on whether the data signals are common mode or
differential signals. Moreover, each of bidirectional data (DQ) links 112 may also be a data
bus having multiple or multiple pairs of wires to convey multiple bits of data in parallel.
Furthermore, the signals representing read or write data may be amplitude-modulated
electrical signals.

[020] In one embodiment, bank sets 128 in memory /C 114 are micro-threaded so that each
bank set is independently addressable and can concurrently perform operations associated
with independent commands, including simultaneous column read/write. Examples of micro-
threaded memory banks can be found in commonly assigned: U.S. Patent Number 7,187,572,
entitled “Early Read After Write Operation Memory Device, System and Method;” U.S.
Patent Number 7,380,092, entitled “Memory Device and System Having a Variable Depth
Write Buffer and Preload Method;” U.S. Patent Application Serial Number 11/853,708,
entitled “Multi-Column Addressing Mode Memory System Including an Integrated Circuit
Memory Device,” filed on 9/30/2004; and U.S. Patent Application Serial Number
10/998,402, entitled “Multi-Mode Memory,” filed on 11/29/2004, each of which is
incorporated herein by reference in its entirety.

[021] In one embodiment, by setting the routing circuits 140-1 and 140-2, data to be written
to a particular bank set, such as bank set (U), can be stored in either one of write queues 116
in memory controller 110, and conveyed via either bidirectional data (DQ) links 112-1 or
bidirectional data (DQ) links 112-2 (as defined by the current operating mode). Furthermore,
by setting the routing circuits 140-1 and 140-2, data read from a particular bank set, such as
bank set (V), can be conveyed via either bidirectional data (DQ) links 112-1 or bidirectional
data (DQ) links 112-2 (as defined by the current operating mode), and stored in either one of
read queues 118 in memory controller 110. As shown in FIG. 1B, in one embodiment,
routing circuit 140-1 or 140-2 can be implemented using a set of multiplexers (MUX) 122,
and each interface circuit 124 can be implemented using a pair of input/output drivers.

[022] The aforementioned configurability of memory system 100 reduces or eliminates the
delays between adjacent write and read operations associated with the round-trip time to bank
sets 128. Consequently, the turnaround delay in memory system 100 is reduced or
eliminated, which reduces or eliminates the corresponding gaps in the data streams on
bidirectional DQ links 112, thereby increasing the effective data rate and the efficiency of

communication between memory controller 110 and memory /C 114.
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[023] FIGS. 1C and 1D, and FIGS. 2A and 2B illustrate how memory system 100 can
change from writing to (or reading from) a bank set to subsequently reading from (or writing
to) the same bank set without causing turnaround delays. FIG. 2A illustrates a method 200
performed by memory controller 110 in accordance with an embodiment. In method 200, in
response to commands, which may have been received from a processor (not shown) or
another controller (not shown) and queued in memory controller 110 as a command history
(such as a sequence of commands being processed that are stored in a RAM, ROM or using
combinational logic), memory controller 110 selects a proper operation mode (operation
210). For example, if the commands are to write to bank set (/) 128-1 and read from bank
set (V) 128-2, memory controller 110 may select operating mode B listed in Table 1.
Memory controller 110 may also set routing circuit 140-1 and send instructions via command
link 132 to memory /C 114 to set routing circuit 140-2 based at least in part on the type of
operations to be performed and the operating mode selected (operation 215). Memory
controller 110 may queue the write data in, for example, write queue (S) 116-1. For example,
the write data may be stored in write queues 116 based at least in part on the physical
addresses associated with the write data. In particular, certain physical addresses may be
associated with bank set (U) 128-1 and other physical addresses may be associated with bank
set (V) 128-2. Then, memory controller 110 may subsequently route the write data using
routing circuit 140-1 to the output driver in interface circuit 124-1 (operation 220) which
sends the data to memory /C 114 via bidirectional data (DQ) links 112-1 (operation 225).
This is illustrated in FIG. 1C. Using the input driver in interface circuit 124-2, memory
controller 110 may receive read data from memory /C 114 via bidirectional data (DQ) links
112-2 (operation 230). This read data may be routed to read queue (7) 116-2 by routing
circuit 140-1 (operation 235), as also shown in FIG. 1C.

[024] FIG. 2B illustrates a method 250 performed by memory /C 114 in accordance with an
embodiment. In method 250, memory /C 114 may receive read and write commands, read
and write addresses, and instructions to set routing circuit 140-2 from memory controller 110
via command link 132 from memory controller 110 (operation 260). Accordingly, memory
IC 114 sets routing circuit 140-2 (operation 265), and routes read data from bank set (V) 128-
2 to the output driver in interface circuit 124-4 (operation 270), which sends the read data to
memory controller 110 via bidirectional data (DQ) links 112-2 (operation 275). Memory IC
114 may receive the write data using the input driver in interface circuit 124-3 from memory
controller 110 via bidirectional data (DQ) links 112-1 (operation 280), and may subsequently
route the write data to bank set (U) 128-1 (operation 285), as shown in FIG. 1C.
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[025] Referring back to FIG. 2A, after memory controller 110 completes operation 235, it
may execute the next set of commands in the command history. If the next set of commands
is to read from bank set (U) 128-1 and write to bank set (7) 128-2, memory controller may
choose to select the same operation mode (operation 210), e.g., operation mode B listed in
Table 1. Without changing the operation mode, bidirectional data (DQ) links 112-1 is used
again to convey write data and bidirectional data (DQ) links 112-2 is used again to convey
read data. Thus, no turn-around delay is incurred.

[026] Again, based at least in part on the operating mode selected, memory controller 110
sets the routing circuit 140-1 and sends instructions via command link 132 to memory /C 114
to set the routing circuit 140-2 (operation 215). Memory controller 110 may queue the write
data in, for example, write queue (7)) 116-2, and may subsequently route the write data using
routing circuit 140-1 to the output driver in interface circuit 124-1 (operation 220), which
sends the write data to memory /C 114 via bidirectional data (DQ) links 112-1 (operation
225), as shown in FIG. 1D. Using the input driver in interface circuit 124-2, memory
controller 110 may receive read data from memory /C 114 via bidirectional data (DQ) links
112-2 (operation 230). This read data may be routed to read queue (S) 116-1 by routing
circuit 140-1 (operation 235), as also shown in FIG. 1D.

[027] Furthermore, as shown in FIG. 2B, memory /C 114 may receive read and write
commands, read and write addresses, and instructions to set routing circuit 140-2 from
memory controller 110 via command link 132 from memory controller 110 (operation 260).
Accordingly, memory IC 114 sets routing circuit 140-2 (operation 265), and routes read data
from bank set (U) 128-1 to the output driver in interface circuit 124-4 (operation 270), which
sends the read data to memory controller 110 via bidirectional data (DQ) links 112-2
(operation 275), as shown in FIG 1D. Memory /C 114 receives the write data using the input
driver in interface circuit 124-3 from memory controller 110 via bidirectional data (DQ) links
112-1 (operation 280), and subsequently routes the write data to bank set () 128-2
(operation 285), as also shown in FIG. 1D.

[028] Thus, each of bidirectional DQ links 112 may use half-duplex communication (i.e.,
for a particular operating mode, communication on a given bidirectional DQ link is in one
direction, either from memory controller 110 to memory /C 114, or from memory /C 114 to
memory controller 110), which reduces or eliminates the delays between adjacent write and
read operations that are associated with the round-trip time from bidirectional DQ links 112
to bank sets 128 in memory /C 114. Furthermore, data is communicated on the bidirectional

DQ links 112 through unidirectional interface circuits 124 in memory controller 110 and
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memory /C 114, which eliminate collisions between write and read data. For example, when
the operating mode specifies that write data are to be conveyed via bidirectional DQ link (Y)
112-2, a driver in interface circuits 124-2 in memory controller 110 transmits the
corresponding electrical signals, and a receiver in interface circuits 124-4 in memory /C
samples and quantizes these electrical signals to recover the write data, which is then
conveyed to the appropriate bank set.

[029] Methods 200 and 250 may include fewer or additional operations. Moreover, two or
more operations may be combined into a single operation and/or a position of one or more
operations may be changed.

[030] In one embodiment, control logic 120 in memory controller 110 may provide
information related to a current operating mode for system 100 and/or settings for routing
circuit 140-2 to driver circuit(s) 130, which transmits this information as, for example,
amplitude-modulated electrical signals, on command link 132 to memory /C 114. Receiver
circuit(s) 134 in memory /C 114 samples and quantizes these electrical signals to recover the
information, which is then decoded by decoder 136 and conveyed as state-setting signals to
routing circuit 140-2 prior to communication of the write data or the read data. For example,
referring to FIG. 1B, because there are two possible data-routing arrangements for
multiplexers 122-5 through 122-8 (at a given time, two of these multiplexers selectively route
data to or from bank sets 128), the state information for these multiplexers may be specified
using one or two bits in a field. Instead of using command link 132, in some embodiments
the state information for multiplexers 122-5 through 122-8 is conveyed on bidirectional DQ
links 112 using in-band or side-band communication.

[031] In some embodiments, data to be communicated on bidirectional DQ links 112 is
converted from parallel to serial using parallel to serial converter N:1 prior to transmission
and from serial to parallel using serial to parallel converter 1:N after being received. For
example, bidirectional DQ links 112 may each operate at 3200 MHz. Data on N parallel
signal lines (such as 8 or 32 signal lines) in memory controller 110 and memory /C 114 may
be communicated at 1/Nth of 3200 MHz.

[032] While the preceding embodiments illustrate the communication of write data on one
of the bidirectional DQ links 112 and read data on the other of the bidirectional DQ links 112
during a current operating mode, in other embodiments the bidirectional DQ links 112 may
both communicate write data or may both communicate read data during the current
operating mode. Furthermore, in some embodiments, the direction of communication on

either or both of the bidirectional DQ links 112 alternates during time intervals in adjacent
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operating modes. For example, during a first operating mode, bidirectional DQ link (X) 112-
1 may convey read data and bidirectional DQ link (¥) 112-2 may convey read data. Then, in
a subsequent, second operating mode, bidirectional DQ link (X) 112-1 may convey read data
and bidirectional DQ link (¥) 112-2 may convey write data. This alternating pattern may be
repeated during subsequent operating-mode cycles. Alternatively, during a third operating
mode, bidirectional DQ link (X) 112-1 may convey write data and bidirectional DQ link (Y)
112-2 may convey write data. Then, in a subsequent, fourth operating mode, bidirectional
DQ link (X) 112-1 may convey write data and bidirectional DQ link (Y) 112-2 may convey
read data. Once again, this alternating pattern may be repeated during subsequent operating-
mode cycles.

[033] Furthermore, while FIG. 1A illustrates the application of this communication
technique to bidirectional DQ links, in other embodiments the communication technique can
be applied to bidirectional command links, or to links that can be configured as command
links or DQ links.

[034] In some embodiments, the order in which commands are processed, the states of
routing circuits 140, or both, are determined based in part on additional factors. For example,
in some embodiments, commands in a stack are processed based at least in part on associated
priorities. As described further below with reference to FIG. 4A, this approach may allow
the write queues 116 to be serviced without interrupting so-called high-priority read
operations or transactions (which may be defined by a processor or another controller that
provides the commands). Furthermore, in some embodiments, control logic 120 processes
commands in order to avoid a full write queue or a full read queue. In addition, control logic
120 may perform alternating bursts of one or more write operations or one or more read
operations, or may perform transactions that are associated with a fixed data size or a fixed
amount of data.

[035] As an example, FIG. 3A presents a timing diagram 300 for the operations of memory
system 100 described above with reference to FIGS. 1C and 1D. During time intervals 0-15
in this example, bidirectional DQ link (X) 112-1 conveys write data and bidirectional DQ link
(Y) 112-2 conveys read data. In FIG. 3A (and FIG. 3B below), each block of data in each
time interval in the queues or banks represents N bits communicated on A parallel signal
lines. The exception in FIGs. 3A and 3B are the blocks of data on bidirectional DQ links
112. These data blocks each represent NV bits communicated in series on a high-speed

bidirectional DQ link.
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[036] In FIG. 3A, blocks of data 310 are communicated from write queues 116 to
bidirectional DQ link (X) 112-1, and then to corresponding bank sets 128. Similarly, blocks
of data 312 are communicated from bank sets 128 to bidirectional DQ link (¥) 112-2, and
then to corresponding read queues 118. In particular, FIG. 3A illustrates operating mode B
listed in Table 1. Write data (SU) 310-1 from write queue (WQs) 116-1 is conveyed on
bidirectional DQ link (X) 112-1 during time intervals 1-4 and stored in (WBy) associated with
bank set (U) 128-1 during time intervals 2-5, while read data (¥'7) 312-1 from read buffer
(RBy) associated with bank set () 128-2 is conveyed on bidirectional DQ link (¥) 112-2
during time intervals 3-6 and queued at read queue (RQ7) 118-2 during time intervals 4-7.
While still in operating mode B, write data (77) 310-2 from write queue (WQr) 116-2 is
conveyed on bidirectional DQ link (X) 112-1 during time intervals 5-8 and buffered at a write
buffer (WBy) associated with bank set (U) 128-2 during time intervals 6-9, while read data
(US) 312-2 from read buffer (RBy) associated with bank set (U) 128-1 is conveyed on
bidirectional DQ link (¥) 112-2 during time intervals 7-10 and queued at read queue (RQs)
118-1 during time intervals 8-11. This alternating use of bank sets 128 continues in the
remaining time intervals. In this example, all of the data slots on bidirectional DQ links 112
are used. The communication technique thus increases the effective data rate and the
efficiency of communication between the memory controller 110 and the memory /C 114.
[037] FIG. 3B presents a timing diagram 350 for communication between memory
controller 110 and memory /C 114 of FIG. 1A during time intervals 0-18, in which change of
operating mode from operating mode B listed in Table 1 to operating mode C listed in Table
1 is required to execute two different sets of commands in sequence. During operating mode
360-1 (or operating mode B), with which memory system 100 executes the commands to
write to bank set (U) 128-1 and read from bank set (¥) 128-2, bidirectional DQ link (X) 112-1
conveys write data and bidirectional DQ link (Y) 112-2 conveys read data. Then, during
operating mode 360-2 (or operating mode C), with which memory system 100 executes the
commands to read from bank set (U/) 128-1 and to read from bank set (V) 128-2, bidirectional
DQ link (X) 112-1 conveys read data and bidirectional DQ link (Y) 112-2 also conveys read
data. In subsequent time intervals, these alternating operating modes 360 may be repeated.
Operating mode 360-1 allows write queues 116 in memory controller 110 to be emptied,
while the write queues 116 are filled during operating mode 360-2.

[038] In this example, two-thirds of the time slots on bidirectional DQ links 112 are used
for read operations and one-third are used for write operations. During a respective operating

mode, the worst-case delay for a high-priority read is one time interval (such as a clock cycle
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or a half clock cycle). When the operating mode 360 changes, there is a delay associated
with the round-trip time to bank set (U) 128-1. This turnaround delay necessitates gap 362 in
the data streams.

[039] Note that FIG. 3A illustrates the optimal case of 50% read and 50% write to each
bank set 128, while FIG. 3B provides an illustration of 25% write and 75% read to each bank
set 128. There is a turnaround gap 362 that results from switching interface circuits 124-1
and 124-3 between write and read operation. But the overall turnaround delay is reduced
relative to systems without routing circuits 140 because of the other bidirectional link.
Moreover, as described below, interface circuits 124-2 and 124-4 are continuously available
to perform high-priority reads for bank sets 128-1 and 128-2 during the times that interface
circuits 124-1 and 124-3 are performing writes, are turning around (when the operating mode
changes), or are performing calibration.

[040] In some embodiments, during periodic calibration operations, a bidirection link may
be temporarily removed from service. These calibration operations may include one or more
of: transmitting/receiving a phase calibration for timing; calibrating signal voltage swing or
common mode voltage; calibrating termination, or calibrating equalization. As one skilled in
the art can readily appreciate, there are myriad system parameters that can be optimized in
accordance with an embodiment. Some examples of parameters that can be adjusted in this
manner include: equalization coefficients, crosstalk cancellation coefficients, output drive
levels, termination settings, transmit and receive clock offsets, input receiver windows, as
well as many others. In these examples, the following definitions are used: a termination
setting is a parameter that affects a termination impedance of a transmission line; a transmit
clock offset is a parameter that affects the temporal position of a clock signal in a transmit
circuit, or the temporal position of a signal transmitted by a transmit circuit; a receive clock
offset is a parameter that affects the temporal position of a clock signal in a receive circuit,
the temporal position of a signal used by the receive circuit for receiving a transmitted signal,
or the temporal position of a sampling time during which a transmitted signal is sampled by
the receive circuit; an input receiver window is a parameter affecting the differentiation of
different logic levels in the receive circuit; an output drive level is a parameter affecting the
representation of different logic levels at the transmit circuit; a crosstalk cancellation
coefficient is a parameter affecting immunity to crosstalk caused by signals on other
conductors; and an equalization coefficient is a parameter that may be adjusted to effect

equalization adjustment.
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[041] If one of the bidirectional DQ links 112 in FIG. 1A is always configured to convey
read data, memory system 100 can always perform high-priority read operations. For
example, high-priority read data can be communicated on one of the bidirectional DQ links
112 and lower-priority read data can be communicated on this bidirectional DQ link or the
other bidirectional DQ link (if the operating mode is alternated from write/read on the
bidirectional DQ links 112 to read/read on the bidirectional DQ links 112). This is shown in
FIG. 4A, which presents a timing diagram 400 illustrating the processing of high-priority
read commands during communication between memory controller 110 and memory /C 114
of FIG. 1A.

[042] Similarly, while one of the bidirectional DQ links 112 in FIG. 1A is being calibrated,
the other bidirectional DQ link may convey read data. This allows high-priority read data to
be communicated with a limited worst-case read latency (in the worst-case, read operations
can be performed at one-half of the peak rate). FIG. 4B presents a timing diagram 450
illustrating the processing of high-priority read commands while a bidirectional link (such as
bidirectional link 112-1) between memory controller 110 and memory /C 114 of FIG. 1A is
being calibrated. During the calibration, write queues 116 can temporarily store write data
for write operations to memory /C 114.

[043] A variety of physical layouts may be used to implement memory system 100 in FIG.
IA. As an illustration, FIG. 5 presents an embodiment 500 of a physical implementation of
memory system 100 in FIG. 1A. Moreover, FIG. 5 illustrates that memory system 100 in
FIG. 1A may include more than two bidirectional links, more than two interface circuits and
more than two bank sets.

[044] In the foregoing description and in the accompanying drawings, specific terminology
and drawing symbols are set forth to provide a thorough understanding of the present
invention. In some instances, the terminology and symbols may imply specific details that
are not required to practice the invention. Consequently, these embodiments may include
fewer components or additional components. Moreover, components may be combined into
a single component and/or the position of one or more components may be changed.

[045] While the preceding embodiments used a memory system implemented on separate
integrated circuits as an illustration, memory controller 110 and memory /C 114 in FIG. 1A
may be implemented on a single integrated circuit or different integrated circuits. For
example, memory controller 110 may be included on a processor in a computer system.
Furthermore, in some embodiments, an equivalent means for selecting the operating mode

and states of multiplexers 122 is used instead of control logic 120.
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[046] An output of a process for designing an integrated circuit, or a portion of an integrated
circuit, comprising one or more of the circuits described herein may be a computer-readable
medium such as, for example, a magnetic tape or an optical or magnetic disk. The computer-
readable medium may be encoded with data structures or other information describing
circuitry that may be physically instantiated as an integrated circuit or portion of an
integrated circuit. Although various formats may be used for such encoding, these data
structures are commonly written in Caltech Intermediate Format (CIF), Calma GDS 11 Stream
Format (GDSII) or Electronic Design Interchange Format (EDIF). Those of skill in the art of
integrated circuit design can develop such data structures from schematic diagrams of the
type detailed above and the corresponding descriptions and encode the data structures on a
computer-readable medium. Those of skill in the art of integrated circuit fabrication can use
such encoded data to fabricate integrated circuits comprising one or more of the circuits
described herein.

[047] While the present invention has been described in connection with specific
embodiments, the claims are not limited to what is shown. For example, in some
embodiments the links between memory controller 110 and memory /C 114 in FIG. 1A may
utilize full-duplex communication (i.e., for a particular operating mode, communication on a
given bidirectional DQ link is in both directions, from memory controller 110 to memory /C
114, and from memory /C 114 to memory controller 110). Similarly, data or commands may
be communicated using other encoding or modulation techniques. For example,
embodiments of the invention may be adapted for use with multi-pulse-amplitude-encoded
(multi-PAM) signals.

[048] Moreover, some components are shown directly connected to one another, while
others are shown connected via intermediate components. In each instance the method of
interconnection, or ‘coupling,’ establishes some desired electrical communication between
two or more circuit nodes, or terminals. Such coupling may often be accomplished using a
number of circuit configurations, as will be understood by those of skill in the art. For
example, the foregoing embodiments support AC-coupled links, DC-coupled links, or both.
Therefore, the spirit and scope of the appended claims should not be limited to the foregoing
description. Only those claims specifically reciting “means for” or “step for” should be

construed in the manner required under the sixth paragraph of 35 U.S.C. §112.
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What is claimed is:

1. A memory controller, comprising:
a plurality of signal interfaces to communicate signals with a memory /C via a
plurality of communication links, the memory /C having a plurality of memory banks; and
a command interface to convey settings of a routing circuit in the memory /C such
that the memory /C may properly route the signals between the plurality of communication

links and the plurality of memory banks.

2. The memory controller of claim 1, further comprising control logic to select an
operating mode, and to determine the settings of the routing circuit in the memory /C, based
at least in part on the a set of commands being processed, the operating mode specifying
whether a particular one of the plurality of communication links is used to convey read or

write data.

3. The memory controller of claim 2, further comprising a plurality of read/write queues
and a routing circuit coupled between the plurality of read/write queues and the plurality of
signal interfaces, wherein the control logic further determines settings of a routing circuit in
the memory controller such that read/write data are properly routed between the plurality of
read/write queues and the plurality of signal interfaces based at least in part on the set of

commands being processed.

4. The memory controller of claim 2, wherein the control logic selects the operating

mode based at least in part on a sequence of commands.

5. The memory controller of claim 1, wherein one of the plurality of communication
links is calibrated while the other communication links in the plurality of communication

links communicate signals associated with read or write data.

6. A method, performed by a memory controller, for communicating with a memory /C
via first and second data communication links, the memory /C including first and second
bank sets, comprising;:
in response to first commands to write to a first address in the first bank set in the
memory /C and to read from a second address in the second bank set in the memory /C,
sending first write data to the memory /C via the first data communication link and

receiving first read data from the memory /C via the second data communication link; and
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in response to second commands to write to a third address in the second bank set in
the memory /C and to read from a fourth address in the first bank set in the memory /C,
sending second write data to the memory /C via the first data communication link and

receiving second read data from the memory /C via the second data communication link.

7. The method of claim 6, wherein the second write data immediately follows the first
write data on the first data communication link while the second read data immediately

follows the first read data on the second data communication link.

8. The method of claim 6, further comprising:

transmitting first settings of a routing circuit in the memory /C in response to first
commands; and

transmitting second settings of a routing circuit in the memory /C in response to
second commands,

such that the memory /C properly routes the read and write data between the first and

second data communication links and the first and second memory bank sets.

9. The method of claim 6, further comprising:

in response to third commands to read from a fifth address in the first bank set and to
read from a sixth address in the second bank set, receiving third read data from the memory
IC via the first data communication link and receiving fourth read data from the memory /C
via the second communication link, the third read data follows the first write data on the first
data communication link after a time interval equal to or larger than a turnaround delay

associated with the first bank set.

10. A memory controller, comprising:

means for communicating signals with a memory /C via a plurality of communication
links, the memory having a plurality of memory banks; and

means for conveying settings of a routing circuit in the memory /C such that the
memory /C properly routes the signals between the plurality of communication links and the

plurality of memory banks.

11. A system comprising;

a memory /C having first and second memory bank sets and a routing circuit;

30 a first link electrically coupled to the memory IC;

a second link electrically coupled to the memory /C;
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a command/address link electrically coupled to the memory /C
a memory controller, electrically coupled to the first link, the second link, and the
command link, wherein the memory controller includes:
first and second signal interfaces to communicate signals with the memory IC
via respective ones of the first and second links; and
a command interface to convey settings of the routing circuit in the memory
IC via the command link such that the memory /C properly routes the signals between

the first and second links and the first and second memory bank sets.

12. The system of claim 11, wherein the first bank set and the second bank set are
independently addressable and can concurrently perform operations associated with
independent commands; and

wherein a given bank set includes one or more banks.

13. A memory /C, comprising:

a plurality of memory banks;

a plurality of signal interfaces to communicate signals with a memory controller via a
plurality of communication links;

a routing circuit coupled between the plurality of memory banks and the plurality of
signal interfaces; and

a command interface to receive settings of the routing circuit such that the routing
circuit properly routes the signals between the plurality of communication links and the

plurality of memory banks.

14.  The memory /C of claim 13, wherein the plurality of banks include a first bank set
and a second bank set, and the plurality of signal interfaces include a first signal interface and
a second signal interface, wherein the routing circuit can be set to route signals between the
first bank set and the first signal interface and to route signals between the second bank set
and the second signal interface, and wherein the routing circuit can also be set to route
signals between the first bank set and the second signal interface and to route signals between

the second bank set and the first signal interface.

15.  The memory IC of claim 13, wherein further comprising a decoder to decode the

settings and to set the routing circuit based on the settings.

16.  The memory /C of claim 13, wherein the routing circuit includes multiplexer circuits
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17. A method for a memory /C to communicate information to and from a memory
controller, comprising;:

in response to first commands to write to a first address in a first bank set in the
memory /C and to read from a second address in a second bank set in the memory IC,
receiving first write data from a first data communication link and sending first read data via
a second data communication link; and

in response to second commands to write to a third address in the second bank set in
the memory /C and to read from a fourth address in the first bank set in the memory /C,
receiving second write data from the first data communication link and sending second read

data via the second data communication link.

18.  The method of claim 17, further comprising:

receiving first instructions from the memory controller to set a routing circuit in the
memory /C such that the first write data is routed between the first communication link and
the first bank set and the first read data is routed between the second communication link and
the second bank set; and

receiving second instructions from the memory controller to set a routing circuit in
the memory /C such that the second write data is routed between the first communication link
and the second bank set and the second read data is routed between the second

communication link and the first bank set.

19.  The method of claim 17, wherein the state of the routing circuit is based at least in

part on a current command being processed.

20. A memory controller, comprising:

a plurality of signal interfaces to communicate signals with a memory /C via a
plurality of communication links, the memory /C having a plurality of memory banks;

a command interface to convey settings of a routing circuit in the memory /C such
that the memory /C may properly route the signals between the plurality of communication
links and the plurality of memory banks; and

control logic to select an operating mode, and to determine the settings of the routing

circuit in the memory /C, based at least in part on the a set of commands being processed, the

30  operating mode specifying whether a particular one of the plurality of communication

links is used to convey read data, write data or is calibrated, wherein, during a first time

interval, a first communication link in the plurality of communication links communicates
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read or write data, and a second communication link in the plurality of communication links

is calibrated.

21. The memory controller of claim 20, wherein, during a second time interval, the

second communication link communicates read or write data.

22. A method, performed by a memory controller, for communicating with a memory /C
via first and second data communication links, the memory /C including first and second
bank sets, comprising;:

in response to first commands to write to a first address in the first bank set in the
memory /C and to read from a second address in the second bank set in the memory /C,
storing the first write data in a queue in the memory controller;

receiving first read data from the memory /C via the second data communication link;
and

calibrating the first data communication link; and

in response to second commands to write to a third address in the second bank set in
the memory /C and to read from a fourth address in the first bank set in the memory /C,
sending the first write data and the second write data to the memory /C via the first data
communication link and receiving second read data from the memory /C via the second data

communication link.

23. A method for communicating information to and from a memory controller,
comprising:

selecting an operating mode of the memory controller, using control logic in the
memory controller, in which a first interface circuit either communicates first information to
or from a first external node, which is coupled to a memory /C via a first link, and in which a
second interface circuit either communicates second information to or from a second external
node, which is coupled to the memory /C via a second link; and

setting a state of a routing circuit which, based at least in part on the state, selectively
couples a first queue to the first interface circuit and a second queue to the second interface
circuit to communicate the first information and the second information, or selectively
couples the first queue to the second interface circuit and the second queue to the first

interface circuit to communicate the first information and the second information,
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wherein, during a first time interval, the first link communicates the first information which
includes read or write data, and the second link communicates the second information which

includes calibration information.
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