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(7) ABSTRACT

A memory system includes a memory hub controller
coupled to a plurality of memory modules each of which
includes a memory hub. The memory hubs each include a
transmit interface having a data organization system that
organizes a command header and data for each of a plurality
of memory transactions into lane groups each of which
contain a predetermined number of lanes. Each of the lanes
contains either parallel command header bits or parallel data
bits. The lane groups are then converted to a serial stream of
lanes and transmitted from the memory hubs through a
high-speed bus. The lane groups are organized so that they
are always filled with lanes containing either a command
header or data. As a result, the high-speed bus is never idle
during transmission of memory transactions from the
memory hub thereby maximizing the memory bandwidth of
the memory system.
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SYSTEM AND METHOD FOR ORGANIZING DATA
TRANSFERS WITH MEMORY HUB MEMORY
MODULES

TECHNICAL FIELD

[0001] The present invention relates to processor-based
systems, and more particularly, to processor-based systems
having a memory module with a memory hub coupling
several memory devices to a processor or other memory
access device.

BACKGROUND OF THE INVENTION

[0002] Processor-based systems, such as computer sys-
tems, use memory devices, such as dynamic random access
memory (“DRAM”) devices, as system memory to store
instructions and data that are accessed by a processor. In a
typical computer system, the processor communicates with
the system memory through a processor bus and a memory
controller. The processor issues a memory request, which
includes a memory command, such as a read command, and
an address designating the location from which data or
instructions are to be read or to which data or instructions are
to be written. The memory controller uses the command and
address to generate appropriate command signals as well as
row and column addresses, which are applied to the system
memory. In response to the commands and addresses, data
is transferred between the system memory and the processor.
The memory controller is often part of a system controller,
which also includes bus bridge circuitry for coupling the
processor bus to an expansion bus, such as a PCI bus.

[0003] Although the operating speed of memory devices
has continuously increased, this increase in operating speed
has not kept pace with increases in the operating speed of
processors. Even slower has been the increase in operating
speed of memory controllers coupling processors to memory
devices. The relatively slow speed of memory controllers
and memory devices limits the data bandwidth between the
processor and the memory devices.

[0004] One approach to increasing the data bandwidth to
and from memory devices is to use multiple memory devices
coupled to the processor through a memory hub as shown in
FIG. 1. A computer system 100 using a memory hub
architecture includes a processor 104 for performing various
computing functions, such as executing specific software to
perform specific calculations or tasks. The processor 104
includes a processor bus 106 that normally includes an
address bus, a control bus, and a data bus. The processor bus
106 is typically coupled to cache memory 108, which, is
typically static random access memory (“SRAM”). Finally,
the processor bus 106 is coupled to a system controller 110,
which is also sometimes referred to as a bus bridge.

[0005] The system controller 110 contains a memory hub
controller 128 that is coupled to the processor 104. The
memory hub controller 128 is also coupled to several
memory modules 130a-# through a bus system 134. Each of
the memory modules 130a-# includes a memory hub 140
coupled to several memory devices 148 through command,
address and data buses, collectively shown as bus 150. The
memory hub 140 efficiently routes memory requests and
responses between the controller 128 and the memory
devices 148. Computer systems employing this architecture
can have a higher bandwidth because the processor 104 can
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access one memory module 130a-n while another memory
module 130a-# is responding to a prior memory access. For
example, the processor 104 can output write data to one of
the memory modules 130a-z in the system while another
memory module 130g-n in the system is preparing to
provide read data to the processor 104. The operating
efficiency of computer systems using a memory hub archi-
tecture can make it more practical to vastly increase data
bandwidth of a memory system. A memory hub architecture
can also provide greatly increased memory capacity in
computer systems.

[0006] The system controller 110 also serves as a com-
munications path to the processor 104 for a variety of other
components. More specifically, the system controller 110
includes a graphics port that is typically coupled to a
graphics controller 112, which is, in turn, coupled to a video
terminal 114. The system controller 110 is also coupled to
one or more input devices 118, such as a keyboard or a
mouse, to allow an operator to interface with the computer
system 100. Typically, the computer system 100 also
includes one or more output devices 120, such as a printer,
coupled to the processor 104 through the system controller
110. One or more data storage devices 124 are also typically
coupled to the processor 104 through the system controller
110 to allow the processor 104 to store data or retrieve data
from internal or external storage media (not shown).
Examples of typical storage devices 124 include hard and
floppy disks, tape cassettes, and compact disk read-only
memories (CD-ROMs).

[0007] A memory hub architecture can greatly increase the
rate at which data can be stored in and retrieved from
memory because it allows memory requests in each of
several memory modules 130 to be simultaneously serviced.
In fact, a memory system using several memory modules
each containing a memory hub can collectively transmit and
receive data at such a high rate that the bus system 134 can
become the “bottleneck” limiting the data bandwidth of the
memory system.

[0008] Two techniques have been used to maximize the
data bandwidth of memory systems using a memory hub
architecture. First, rather than using traditional address, data
and control buses, the address, data and control bits for each
memory request or “transaction” are sent together in a single
packet. The packet includes a command header followed by
read or write data. The command header includes bits
corresponding to a memory command, such as a write or a
read command, identifying bits that specify the memory
module to which the request is directed, and address bits that
specify the address of the memory devices 148 in the
specified memory module that is being accessed with the
request. The command header may also specify the quantity
of read or write data that follows the command header. The
use of a packetized memory system allows the memory hub
controller 128 to issue a memory request by simply trans-
mitting a packet instead of transmitting a sequence of
command, address and, in the case of a write request, write
data signals. As a result, the memory hub controller 128 can
issue memory requests at a faster rate. Furthermore, a
packetized memory system frees the memory hub controller
128 from having to keep track of the processing of each
memory request. Instead, the memory hub controller 128
need only transmit the packet. The memory hub 140 in the
memory module 130 to which the memory request is
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directed then processes the memory request without further
interaction with the memory hub controller 128. In the case
of a read request, the memory hub 140 transmits a packet
back to the memory hub controller 128, either directly or
through intervening memory modules 130, that contains the
read data as well as identifying bits in a command header
identifying the read data. The memory hub controller 128
uses the identifying bits to associate the read data with a
specific memory request.

[0009] The second technique that has been used to maxi-
mize the data bandwidth of memory systems using a
memory hub architecture is to implement the bus system 134
using separate high-speed “downstream” and “upstream”
buses (not shown in FIG. 1). The high-speed downstream
bus couples data from the memory hub controller 128 to the
memory modules 130 and from the memory modules 130 to
memory modules 130 located further away from the
memory hub controller 128. The high-speed upstream bus
couples data from memory modules 130 to the memory hub
controller 128 and from the memory modules 130 to
memory modules 130 located closer to the memory hub
controller 128.

[0010] One approach to forming packets for a memory
hub system that has been proposed will now be explained
with reference to FIG. 2 in which several 32-bit groups of
data from each of several memory accesses or “transactions”
are shown in the right hand side of FIG. 2. Transaction TO
consists of 7 32-bit groups D0-D6 of data, which are coupled
to a data organization unit 160 on a 96-bit bus 162. The bus
162 is therefore capable of coupling three 32-bit groups of
data to the data organization 162 each cycle of a core clock
CCLK signal, i.e., a clock signal that is used internally in the
memory hubs 140. Transaction T1 also consists of 7 32-bit
groups D0-Dé6 of data, and it is coupled to a data organiza-
tion unit 160 on a 64-bit bus 164, which is capable of
coupling two 32-bit groups of data to the data organization
162 each CCLK cycle. Transaction T2 consists of only 5
32-bit groups D0-D4 of data, and it is also coupled to a data
organization unit 160 on a 64-bit bus 166 two 32-bit groups
each CCLK cycle. Finally, transaction T3 consists of 12
32-bit groups DO-D11 of data, and it is coupled to a data
organization unit 160 on a 128-bit bus 168, which is capable
of coupling four 32-bit groups of data to the data organiza-
tion 162 each CCLK cycle. It can therefore be seen that
components in the memory hub 140 outputting data on
respective buses having different widths can interface with
the data organization unit 160.

[0011] As proposed, after the groups of data for transac-
tions T0-T3 have been clocked into a data organization unit
160, they are re-organized into respective packets. The
packets are clocked out of the data organization unit in
parallel, and then coupled to a parallel-to-serial converter
174, which then outputs the packet in up to 8 32-bit groups
of data D0O-D7. In the embodiment shown in FIG. 2, the data
are clocked out of the parallel-to-serial converter 174 by a
high-speed system clock SCLK signal. The quantity of data
transmitted from the data organization unit 160 will depend
on the relative frequency between the core clock signal and
the system clock signal as well as the width of the bus 134.
The system may be designed so that various internal busses
of various widths may be coupled to the data organization
unit 160. As a result, a memory hub 140 may be designed
with a core clock frequency dictated by advances in tech-

Sep. 22, 2005

nology or specific characteristics of a system, and the system
clock frequency may have been dictated by its own unique
design restraints. In the embodiment shown in FIG. 2, the
system clock signal has a frequency of eight times the
frequency of the core clock.

[0012] Each packet includes a 32-bit command header
followed by the 32-bit groups of data in the transaction. The
32-bit groups, known as “lanes,” which are clocked out of
the data organization unit 160 in parallel. The groups of
lanes for each of the transactions T0O-T3 are also shown in
FIG. 2. The number of lanes of data clocked out of the
parallel-to-serial converter 174 for each period of the system
clock signal will depend on the width of the high-speed bus
system 134 (in this example, 32 bits).

[0013] Although the use separate downstream and
upstream buses and memory packets organized as explained
with reference to FIG. 2 would be instrumental in increasing
the data bandwidth to and from the memory modules 130,
the data bandwidth would still sometimes be less than
optimal because the size of a packet for a transaction may be
less than the capacity of the high speed bus system 134
particularly since the quantity of data in each packet may
vary. With further reference to FIG. 2, the 32-bit groups of
data for each transaction are arranged in packets. As
explained above, the 32-bit command header CH is inserted
before the first 32-bit group of data for each transaction.
Since transaction TO consists of 7 32-bit groups of data
D0-D6, the command header CH plus the data in transaction
TO occupies all 8 lanes of a first lane group 175. As a result,
all 8 lanes of the high-speed bus system 134 would be used.
Similarly, since transaction T1 also consists of 7 32-bit
groups of data D0-D6, all 8 lanes of a second lane group 176
would be occupied. Consequently, all 8 lanes of the high-
speed bus system 134 would again be filled. However, since
transaction T2 consists of only 5 32-bit groups of data
D0-D4, only 6 lanes (the command header plus the 5 32-bit
groups of data in transaction T2) of a third lane group 177
would be occupied. The 2 vacant lanes in the third lane
group 177 would result in the high-speed bus system 134 not
carrying any packet data during two periods of the high-
speed system clock signal.

[0014] Transaction T3 consists of 12 32-bit groups of data
DO0-D11 so that the first 7 32-bit groups of data D0-D6 in
transaction T3 (plus the 32-bit command header) would fill
all 8 lanes of a fourth lane group 178. As a result, the
high-speed bus system 134 would be fully occupied. How-
ever, the remaining 5 32-bit groups of data D7-D11 would
occupy only 5 of 8 lanes of a fifth lane group 179. Therefore,
data would not be coupled through the high-speed bus
system 134 for 3 periods of the system clock signal. As a
result, the data bandwidth of the memory system may be
significantly less than the data bandwidth that could be
achieved if all 8 lanes of the high-speed bus system 134 were
always filled.

[0015] Although the data organization method has been
described with respect to a computer system having specific
bus widths, groups of data having specific sized, etc., it will
be understood that the same or similar problems would exist
for computer systems having other design parameters.

[0016] There is therefore a need for a system and method
that organizes the data coupled to or from memory modules
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in a memory hub system in a manner that allows the full
capacity of one a high-speed memory bus system to be
utilized.

SUMMARY OF THE INVENTION

[0017] A memory hub for a memory module includes a
system for organizing memory transactions transmitted by
the memory module. The organizing system organizes the
memory transactions into packets each of which includes a
command header and data, which may have a variable
number of data bits. The organizing system organizes the
command header and data into lane groups each of which
includes a plurality of lanes. Each of the lanes contains a
plurality of parallel command header bits or parallel data
bits. The organizing system organizing the lane groups so
that all of the lanes in each lane group are filled with either
command header bits or data bits. The organizing system if
further operable to convert each of the lane groups into a
serial stream of the lanes for transmission from the memory
hub. Each of the transmitted lanes contains either a plurality
of parallel command header bits or parallel data bits.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a block diagram of a computer system
having a memory hub controller that is coupled to several
memory modules having a memory hub architecture.

[0019] FIG. 2 is a schematic diagram illustrating one
approach that has been proposed for organizing data that is
coupled to and from the memory modules shown in FIG. 1.

[0020] FIG. 3 is a schematic diagram illustrating one
approach for organizing data for coupling to and from the
memory modules shown in FIG. 1 according to one example
of the present invention.

[0021] FIG. 4 is a block diagram of a memory hub that is
capable of reorganizing data as shown in FIG. 3, which may
be used in the memory modules of FIG. 1.

[0022] FIG. 5 is a block diagram of a data organization
system that can be used in a memory hub controller, the
memory hub of FIG. 4 or some other memory hub design.

DETAILED DESCRIPTION OF THE
INVENTION

[0023] Embodiments of the present invention are directed
to a memory hub controller coupled to several memory hub
modules through a high-speed downstream bus and a high-
speed upstream bus. More particularly, embodiments of the
present invention are directed to a system and method in
which data are organized prior to be coupled to the down-
stream and upstream buses so that substantially all of the
capacity of the buses are utilized. Certain details are set forth
below to provide a sufficient understanding of various
embodiments of the invention. However, it will be clear to
one skilled in the art that the invention may be practiced
without these particular details. In other instances, well-
known circuits, control signals, and timing protocols have
not been shown in detail in order to avoid unnecessarily
obscuring the invention.

[0024] A method of forming packets for a memory hub
system according to one example of the present invention
will now be explained with reference to FIG. 3. As shown
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in FIG. 3, several 32-bit groups of data from each of several
memory accesses or “transactions” are identical to those
shown in FIG. 2 for purposes of illustrating the differences
therebetween except that a portion of an additional transac-
tion T4 is shown in FIG. 3. As before, transaction TO
consists of 7 32-bit groups of data D0-D6, transaction T1
also consists of 7 32-bit groups of data D0-D6, transaction
T2 consists of 5 32-bit groups of data D0-D4, and transac-
tion T3 consists of 12 32-bit groups of data D0-D11.

[0025] According to one example of the present invention,
the groups of data for the transactions T0-T4 are clocked
into a data organization unit 180 (explained with reference
to FIG. 5) responsive to the core clock signal, where they
are re-organized into respective packets. In the example of
FIG. 3, each packet also includes a 32-bit command header
CH followed by the 32-bit groups of data in the transaction.
As before, the 32-bit groups or lanes are clocked out of the
data organization unit 180 in parallel and then converted to
serial data by a parallel-to-serial converter 182 responsive to
the system clock signal.

[0026] Transactions TO and T1, which each consists of the
command header plus 7 32-bit groups of data D0-D6,
occupy all 8 lanes of the first lane group 190 and the second
lane group 192, respectively, in the same manner as
explained above with reference to FIG. 2. Similarly, trans-
action T2 again consists of only 5 32-bit groups of data
DO0-D4 so that only 6 lanes (the command header plus the 5
32-bit groups of data in transaction T2) of a third lane group
194 are filled. However, the 3 subsequent lanes of the third
lane group 194 that were left vacant in the example of FIG.
2 are instead filled by the command header CH and the first
32-bit group of data DO for transaction T3. As a result, a full
lane of data is coupled through the high-speed bus system
134 during respective periods of the system clock signal.

[0027] With further reference to FIG. 3, the next 8 groups
of data D1-D8 of transaction T3 are used to fill all 8 lanes
of a fourth lane group 196 so that the high-speed bus system
134 is fully utilized. The remaining 3 lanes carrying data
D9-D11 for transaction T3 are placed in a fifth lane group
198. Significantly, however, the remaining 5 lanes in the fifth
lane group 198 are filled with the 32-bit command header
CH and the first 4 32-bit groups of data D0-D3 for the
transaction T4. In like manner, the command header and
data for a memory transaction always immediately follows
the data from a prior transaction so that the high-speed bus
system 134 is fully utilized. Therefore, assuming there is
data from a memory transaction that is waiting to be coupled
through the high-speed bus system 134, there are never any
idle periods in the bus system 134. As a result, the data
bandwidth of the memory system is maximized.

[0028] Another advantage to the data organization unit
180 of FIG. 3 is that the number of lanes of data in each lane
group 190-198 can be configured based on the frequency of
the CCLK signal and the frequency of the system clock
SCLK clocking data from the parallel to serial converter 182
as well as the width of the external bus 134 and possibly
other factors. Therefore, a memory hub 140 may be designed
with a CCLK frequency dictaged by advances in technology
or specific characterists of an system, and the SCLK fre-
quency may be dictated by it own design constraints, thus
changing the frequency ratio of CCLK to the frequency of
SCLK. Additionally, some memory hubs 140 may be
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designed with a wider bus 134 than others. However, the
ability to vary the number of lane groups clocked out of the
data organization unit 180 each CCLK cycle can accommo-
date these changes without changing circuitry within the
memory hub 140. The data organization unit 180 can be
programmed to output a specific number of lanes each
CCLK cycle by suitable means, such as through an I/O port
during initialization.

[0029] One example of a memory hub 200 that can
organize data coupled to and from the memory devices 148
in the manner shown in FIG. 3 is shown in FIG. 4. The
memory hub 200 includes a downstream receive interface
210, an upstream transmit interface 212, an upstream receive
interface 214, and a downstream transmit interface 216. The
downstream receive interface 210 is used to couple data into
the memory module 130 from either the memory hub
controller 128 (FIG. 1) or an upstream memory module 130.
The upstream transmit interface 212 is used to couple data
from the memory module 130 to either the memory hub
controller 128 or an upstream memory module 130. The
upstream receive interface 214 is used to couple data into the
memory module 130 from a downstream memory module
130. Finally, the downstream transmit interface 216 is used
to couple data out of the memory module 130 to a down-
stream memory module 130. Significantly, the upstream
transmit interface 212 includes a data organization system
220 that organizes a command header and data prior to being
coupled to a high-speed upstream bus 224. The structure and
operation of one example of the data organization system
220 will be explained with reference to FIG. 5.

[0030] The interfaces 210-216 are coupled to a switch 260
through a plurality of bus and signal lines, represented by
buses 228. The buses 228 are conventional, and include a
write data bus coupled to the receiver interfaces 210, 224

and a read data bus coupled to the transmit interfaces 212,
222.

[0031] The switch 260 is coupled to four memory inter-
faces 270a-d which are, in turn, coupled to the memory
devices 160 (FIG. 1). By providing a separate and indepen-
dent memory interface 270a-d for each set of memory
devices 160, the memory hub 200 avoids bus or memory
bank conflicts that typically occur with single channel
memory architectures. The switch 260 is coupled to each
memory interface through a plurality of bus and signal lines,
represented by buses 274. In addition to coupling the inter-
faces 210-216 to the memory interfaces, the switch 260 can
also couple the memory interfaces 210-216 to each other to
allow memory packets to be coupled downstream or
upstream through the memory module 130 to either another
memory module 130 or the memory hub controller 128.

[0032] In an embodiment of the present invention, each
memory interface 270a-d is specially adapted to the memory
devices 148 (FIG. 1) to which it is coupled. More specifi-
cally, each memory interface 270a-d is specially adapted to
provide and receive the specific signals received and gen-
erated, respectively, by the memory devices 148 to which it
is coupled. Also, the memory interfaces 270a-d are capable
of operating with memory devices 148 operating at different
clock frequencies. As a result, the memory interfaces 270a-d
isolate the processor 104 from changes that may occur at the
interface between the memory hub 200 and memory devices
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148 coupled to the memory hub 200, and it provides a more
controlled environment to which the memory devices 148
may interface.

[0033] The switch 260 can be any of a variety of conven-
tional or hereinafter developed switches. For example, the
switch 260 may be a cross-bar switch or a set of multiplexers
that do not provide the same level of connectivity as a
cross-bar switch but nevertheless can couple the bus inter-
faces 210-216 to each of the memory interfaces 470a-d. The
switch 260 may also include arbitration logic (not shown) to
determine which memory accesses should receive priority
over other memory accesses. Bus arbitration performing this
function is well known to one skilled in the art.

[0034] With further reference to FIG. 4, each of the
memory interfaces 270a-d includes a respective memory
controller 280, a respective write buffer 282, and a respec-
tive cache memory unit 284. The memory controller 280
performs the same functions as a conventional memory
controller by providing control, address and data signals to
the memory devices 148 to which it is coupled and receiving
data signals from the memory devices 148 to which it is
coupled. However, the nature of the signals sent and
received by the memory controller 280 will correspond to
the nature of the signals that the memory devices 148 are
adapted to send and receive. The cache memory unit 284
includes the normal components of a cache memory, includ-
ing a tag memory, a data memory, a comparator, and the like,
as is well known in the art. The memory devices used in the
write buffer 282 and the cache memory unit 284 may be
either DRAM devices, static random access memory
(“SRAM”) devices, other types of memory devices, or a
combination of all three. Furthermore, any or all of these
memory devices as well as the other components used in the
cache memory unit 284 may be either embedded or stand-
alone devices.

[0035] The write buffer 282 in each memory interface
270a-d is used to store write requests while a read request is
being serviced. In such a system, the processor 104 can issue
a write request to a system memory device even if the
memory device 148 to which the write request is directed is
busy servicing a prior write or read request. The write buffer
282 preferably accumulates several write requests received
from the switch 260, which may be interspersed with read
requests, and subsequently applies them to each of the
memory devices 148 in sequence without any intervening
read requests. By pipelining the write requests in this
manner, they can be more efficiently processed since delays
inherent in read/write turnarounds are avoided. The ability to
buffer write requests to allow a read request to be serviced
can also greatly reduce memory read latency since read
requests can be given first priority regardless of their chro-
nological order.

[0036] The use of the cache memory unit 284 in each
memory interface 270a-d allows the processor 104 to
receive data responsive to a read command directed to
respective memory devices 148 without waiting for the
memory devices 148 to provide such data in the event that
the data was recently read from or written to that memory
devices 148. The cache memory unit 284 thus reduces the
read latency of the memory devices 148a-d to maximize the
memory bandwidth of the computer system. Similarly, the
processor 104 can store write data in the cache memory unit
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284 and then perform other functions while the memory
controller 280 in the same memory interface 270a-d trans-
fers the write data from the cache memory unit 284 to the
memory devices 148 to which it is coupled.

[0037] Further included in the memory hub 200 may be a
self-test module 290 coupled to the switch 260 through a test
bus 292. The self-test module 290 is further coupled to a
maintenance bus 296, such as a System Management Bus
(SMBus) or a maintenance bus according to the Joint Test
Action Group (JTAG) and IEEE 1149.1 standards. Both the
SMBus and JTAG standards are well known by those
ordinarily skilled in the art. Generally, the maintenance bus
296 provides a user access to the self-test module 290 in
order to set memory testing parameters and receive test
results. For example, the user can couple a separate PC host
via the maintenance bus 296 to set the relative timing
between signals that are applied to the memory devices 148.
Similarly, data indicative of the relative timing between
signals that are received from the memory devices 148 can
be coupled to the PC host via the maintenance bus 296.

[0038] Further included in the memory hub 200 may be a
DMA engine 286 coupled to the switch 260 through a bus
288. The DMA engine 286 enables the memory hub 200 to
move blocks of data from one location in one of the memory
devices 148 to another location in the memory device
without intervention from the processor 104. The bus 288
includes a plurality of conventional bus lines and signal
lines, such as address, control, data buses, and the like, for
handling data transfers in the system memory. Conventional
DMA operations well known by those ordinarily skilled in
the art can be implemented by the DMA engine 286.

[0039] The memory modules 130 are shown coupled to
the memory hub controller 128 in a point-to-point coupling
arrangement in which each portion of the high-speed buses
132, 134 are coupled only between two points. However, it
will be understood that other topologies may also be used.
For example, it may be possible to use a multi-drop arrange-
ment in which a single downstream bus (not shown) and a
single upstream bus (not shown) are coupled to all of the
memory modules 130. A switching topology may also be
used in which the memory hub controller 128 is selectively
coupled to each of the memory modules 130 through a
switch (not shown). Other topologies that may be used will
be apparent to one skilled in the art.

[0040] One embodiment of the data organization system
220 used in the memory hub 200 of FIG. 4 is shown in FIG.
5. The data organization system 220 can also be used in the
memory hub controller 128 to couple data to the high-speed
downstream bus 222. The portions of receive interfaces 210,
224 (FIG. 4) and a receive interface in the memory hub
controller 128 that capture the memory packets from the
high-speed buses 132, 134 is relatively straightforward, and
the design of a suitable system is well within the ability of
one skilled in the art.

[0041] The data organization system 220 includes a data
buffer 230 that receives the 32-bit groups of data that are to
be coupled through the high-speed buses 132, 134. In the
case of the data organization system 220 in the memory hub
controller 128, the source of the data may be the processor
104 (FIG. 1) or any other memory access device. In the case
of the memory modules 130, the data may originate from the
memory devices 148 in the memory modules 130 or from
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another memory module 130. In any case, the groups of data
are clocked into the data buffer 230 responsive to the core
clock signal, as indicated schematically in FIG. 5. As also
schematically shown in FIG. 5, the data stored in the data
buffer 230 for different transactions are of different lengths.

[0042] Also included in the data organization system 220
is a command queue 234, which is a small buffer that stores
the command headers for the memory packets. The com-
mand queue 234, which is also clocked by the core clock
signal, interfaces with a number of other components that
provide the information for the command headers, but these
components have been omitted from FIG. § in the interests
of brevity and clarity.

[0043] Data stored in the data buffer 230 and the command
headers stored in the command queue 234 are coupled to a
multiplexer 236, which is controlled by an arbitration unit
238. The multiplexer 236 selects the data for one of the
transactions stored in the data buffer 230 and selects the
corresponding command header from the command queue
234. The arbitration unit 238 can cause the multiplexer to
select the data and command header for the transaction
based on a variety of algorithms. For example, the arbitra-
tion unit 238 may give priority to transactions that comprise
responses from downstream memory modules 130 and
thereby transmit such transactions upstream on the bus 224
(FIG. 4) prior to transmitting local transactions from
memory devices 148 in the memory module 130. Con-
versely, the arbitration unit 238 may give priority to trans-
actions comprising local responses. Alternatively, the arbi-
tration unit 238 may alternately transmit local transactions
and downstream or upstream transactions. Most simply, the
arbitration unit 238 could transmit transactions in the order
that they are received by the memory hub 140. Although the
arbitration unit 238 in each memory hub 140 preferably
operates in the same manner, in alternative embodiments the
arbitration units in difference memory hubs 140 may operate
differently. Other variations in the operation of the arbitra-
tion unit 238 and logic circuitry for implementing the
arbitration unit will be apparent to one skilled in the art.

[0044] Significantly, regardless of which order the arbi-
tration unit 238 selects the transactions, the arbitration unit
causes the multiplexer 236 to organize the command header
and data for the selected transaction so that all lanes of a lane
group 240 at the output of the multiplexer 236 are filled. The
lane group 240 is then coupled to a parallel-to-serial con-
verter 244, which may be, for example, a series of shift
registers that are loaded in parallel. The data are then
clocked out of the parallel-to-serial converter 244 by the
system clock signal, and is passed to one of the high-speed
buses 222, 224, as explained above with reference to FIG.
3. By filling all of the lanes in each lane group 240, the entire
data bandwidth of the high-speed buses 222, 224 is utilized.

[0045] From the foregoing it will be appreciated that,
although specific embodiments of the invention have been
described herein for purposes of illustration, various modi-
fications may be made without deviating from the spirit and
scope of the invention. Accordingly, the invention is not
limited except as by the appended claims.
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What is claimed is:
1. A memory module, comprising:

a plurality of memory devices; and
a memory hub, comprising:
a memory controller coupled to the memory devices;

at least one receive interface coupled to the memory
controller; and

at least one transmit interface coupled to the memory
controller to transmit memory transactions from the
memory module, each transmit interface receiving
memory transactions each of which comprises a
command header and data having a variable number
of data bits, each transmit interface including a data
organization system organizing the command header
and data into lane groups each of which includes a
plurality of lanes each of which contains a plurality
of parallel command header bits or parallel data bits,
the data organization system organizing the lane
groups so that all of the lanes in each lane group are
filled with either command header bits or data bits,
the data organization system being operable to con-
vert each of the lane groups into a serial stream of the
lanes for transmission by the transmit interface, each
of the transmitted lanes containing a plurality of
parallel command header bits or parallel data bits.
2. The memory module of claim 1 wherein each of the
lane groups comprise eight lanes.
3. The memory module of claim 1 wherein each of the
lanes comprise 32 parallel bits of command header or data.
4. The memory module of claim 1 wherein the at least one
transmit interface comprises an upstream transmit interface
and a downstream transmit interface each of which com-
prises the data organization system.

5. The memory module of claim 1 wherein the memory
devices comprise dynamic random access memory devices.

6. The memory module of claim 1 wherein the data
organization system comprises:

a data organization unit organizing the command header
and data into lane groups each of which includes a
plurality of lanes containing either a command header
or data, the data organization unit organizing the lane
groups so that all of the lanes in each lane group are
filled with either command header bits or data bits; and

a parallel-to-serial converter converting each of the lane
groups into a serial stream of the lanes for transmission
by the transmit interface.

7. The memory module of claim 6 wherein the data

organization unit comprises:

a data buffer storing respective data for a plurality of the
transactions, the data for each of the transactions being
selectively passed from the data buffer; and

a command queue storing respective command headers
for a plurality of the transactions, the command header
for each of the transactions being selectively passed
from the command queue with the data for the corre-
sponding transaction being passed from the data buffer.
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8. The memory module of claim 7, wherein the data
organization unit further comprises:

a multiplexer coupled to receive the data stored in the data
buffer for each of the transactions and the command
headers stored in the command queue for each of the
transactions, the multiplexer being operable to couple
the data for each of the transactions and the command
header for each of the transactions to an output port
responsive to multiplexer control signals;

an arbitration unit coupled to at least one of the data buffer
and the command queue to receive information indica-
tive of the data and command headers for the transac-
tions stored in the data buffer and command queue,
respectively, the arbitration unit being operable to gen-
erate the control signals responsive to the information
indicative of the data and command headers to cause
the multiplexer to couple a lane group of either data or
a command header and data for at least one of the
transactions to the output port of the multiplexer.

9. The memory module of claim 8 further comprising a
parallel-to-serial converter coupled to the output port of the
multiplexer, the parallel-to-serial converter being operative
to convert the lane group at the output port of the multiplexer
into a serial stream of the lanes.

10. The memory module of claim 1 wherein the data
organization unit is configurable to vary the number of lanes
in each lane groups that are coupled from the data organi-
zation during each cycle of a clock signal.

11. The memory module of claim 1 wherein the command
header and data for each of the transactions comprise a
memory packet.

12. A memory module, comprising:

a plurality of memory devices; and
a memory hub, comprising:
a memory controller coupled to the memory devices;

at least one receive interface coupled to the memory
controller; and

at least one transmit interface coupled to the memory
controller to transmit memory transactions from the
memory module, each transmit interface receiving
memory transactions each of which comprises a com-
mand header and data having a variable number of data
bits, each transmit interface including a data organiza-
tion system that is operable to organize the command
header and data into groups each of which contains a
predetermined number of sub-groups of a predeter-
mined size, each of the sub-groups containing a plu-
rality of parallel command header bits or data bits, each
sub-group containing data for a first transaction being
immediately followed by a sub-group containing either
additional data for the first transaction or the command
header for a second transaction so that each group is
filled with sub-groups containing either command
header bits or data bits, the data organization system
further being operable to output each group of data as
a serial stream of the sub-groups.
13. The memory module of claim 12 wherein each of the
groups comprise eight sub-groups.
14. The memory module of claim 12 wherein each of the
sub-groups comprise 32 parallel bits of command header or
data.
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15. The memory module of claim 12 wherein the at least
one transmit interface comprises an upstream transmit inter-
face and a downstream transmit interface each of which
comprises the data organization system.

16. The memory module of claim 12 wherein the memory
devices comprise dynamic random access memory devices.

17. The memory module of claim 12 wherein the data
organization system comprises:

a data organization unit organizing the command header
and data into groups each of which includes a plurality
of the sub-groups containing either a command header
or data, the data organization unit organizing the groups
so that all of the sub-groups in each group are filled
with either command header bits or data bits; and

a parallel-to-serial converter converting each of the
groups into a serial stream of the sub-groups for
transmission by the transmit interface.

18. The memory module of claim 17 wherein the data
organization unit comprises:

a data buffer storing respective data for a plurality of the
transactions, the data for each of the transactions being
selectively passed from the data buffer; and

a command queue storing respective command headers
for a plurality of the transactions, the command header
for each of the transactions being selectively passed
from the command queue with the data for the corre-
sponding transaction being passed from the data buffer.

19. The memory module of claim 18, wherein the data
organization unit further comprises:

a multiplexer coupled to receive the data stored in the data
buffer for each of the transactions and the command
headers stored in the command queue for each of the
transactions, the multiplexer being operable to couple
the data for each of the transactions and the command
header for each of the transactions to an output port
responsive to multiplexer control signals;

an arbitration unit coupled to at least one of the data buffer
and the command queue to receive information indica-
tive of the data and command headers for the transac-
tions stored in the data buffer and command queue,
respectively, the arbitration unit being operable to gen-
erate the control signals responsive to the information
indicative of the data and command headers to cause
the multiplexer to couple a group of sub-groups con-
taining either data or a command header and data for at
least one of the transactions to the output port of the
multiplexer.

20. The memory module of claim 19 further comprising
a parallel-to-serial converter coupled to the output port of
the multiplexer, the parallel-to-serial converter being opera-
tive to convert the group at the output port of the multiplexer
into a serial stream of the sub-groups.

21. The memory module of claim 17 wherein the data
organization unit is configurable to vary the number of lanes
in each lane groups that are coupled from the data organi-
zation during each cycle of a clock signal.

22. The memory module of claim 12 wherein the com-
mand header and data for each of the transactions comprise
a memory packet.
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23. A data organization system, comprising:

a data organization unit organizing a command header and
data for each of a plurality of memory transaction into
lane groups each of which includes a plurality of lanes
each of which contains a plurality of parallel command
header bits or parallel data bits, the data organization
unit organizing the lane groups so that all of the lanes
in each lane group are filled with either command
header bits or data bits; and

a parallel-to-serial converter converting each of the lane
groups into a serial stream of the lanes each of which
contains a plurality of parallel command header bits or
parallel data bits.

24. The data organization system of claim 23 wherein

each of the lane groups comprise eight lanes.

25. The data organization system of claim 23 wherein
each of the lanes comprise 32 parallel bits of command
header or data.

26. The data organization system of claim 23, further
comprising:

a data buffer storing respective data for a plurality of the
transactions, the data for each of the transactions being
selectively passed from the data buffer; and

a command queue storing respective command headers
for a plurality of the transactions, the command header
for each of the transactions being selectively passed
from the command queue with the data for the corre-
sponding transaction being passed from the data buffer.

27. The data organization system of claim 26, wherein the

data organization unit further comprises:

a multiplexer coupled to receive the data stored in the data
buffer for each of the transactions and the command
headers stored in the command queue for each of the
transactions, the multiplexer being operable to couple
the data for each of the transactions and the command
header for each of the transactions to an output port
responsive to multiplexer control signals;

an arbitration unit coupled to at least one of the data buffer
and the command queue to receive information indica-
tive of the data and command headers for the transac-
tions stored in the data buffer and command queue,
respectively, the arbitration unit being operable to gen-
erate the control signals responsive to the information
indicative of the data and command headers to cause
the multiplexer to couple a lane group of either data or
a command header and data for at least one of the
transactions to the output port of the multiplexer.

28. The data organization system of claim 23 wherein the
data organization unit is configurable to vary the number of
lanes in each lane groups that are coupled from the data
organization during each cycle of a clock signal.

29. A processor-based system, comprising:

a processor having a processor bus;

a system controller coupled to the processor bus, the
system controller having a peripheral device port;

at least one input device coupled to the peripheral device
port of the system controller;

at least one output device coupled to the peripheral device
port of the system controller;
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at least one data storage device coupled to the peripheral
device port of the system controller; and

a memory hub controller coupled to the processor bus;

a plurality of memory modules coupled to the memory
hub controller by at least one bus, each of the memory
modules comprising:

a plurality of memory devices; and
a memory hub, comprising:
a memory controller coupled to the memory devices;

a receive interface coupled to the memory controller
through a bus system; and

a transmit interface coupled to the memory controller
through the bus system to transmit memory trans-
actions from the memory module to the memory
controller, the transmit interface receiving
memory transactions each of which comprises a
command header and data having a variable num-
ber of data bits, the transmit interface including a
data organization system organizing the command
header and data into lane groups each of which
includes a plurality of lanes each of which con-
tains a plurality of parallel command header bits
or parallel data bits, the data organization system
organizing the lane groups so that all of the lanes
in each lane group are filled with either command
header bits or data bits, the data organization
system being operable to convert each of the lane
groups into a serial stream of the lanes for trans-
mission by the transmit interface, each of the
transmitted lanes containing a plurality of parallel
command header bits or parallel data bits.

30. The processor-based system of claim 29 wherein each
of the lane groups comprise eight lanes.

31. The processor-based system of claim 29 wherein each
of the lanes comprise 32 parallel bits of command header or
data.

32. The processor-based system of claim 29 wherein the
bus system comprises a downstream bus for coupling
memory transactions transmitted by the memory modules
away from the memory controller and an upstream bus for
coupling memory transactions transmitted by the memory
modules toward the memory controller, and wherein the
transmit interface comprises an upstream transmit interface
coupled to the upstream bus and a downstream transmit
interface coupled to the downstream bus, each of the
upstream and downstream transmit interfaces including a
respective one of the data organization systems.

33. The processor-based system of claim 29 wherein the
memory devices comprise dynamic random access memory
devices.

34. The processor-based system of claim 29 wherein the
data organization system comprises:

a data organization unit organizing the command header
and data into lane groups each of which includes a
plurality of lanes containing either a command header
or data, the data organization unit organizing the lane
groups so that all of the lanes in each lane group are
filled with either command header bits or data bits; and
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a parallel-to-serial converter converting each of the lane
groups into a serial stream of the lanes for transmission
by the transmit interface.

35. The processor-based system of claim 34 wherein the

data organization unit comprises:

a data buffer storing respective data for a plurality of the
transactions, the data for each of the transactions being
selectively passed from the data buffer; and

a command queue storing respective command headers
for a plurality of the transactions, the command header
for each of the transactions being selectively passed
from the command queue with the data for the corre-
sponding transaction being passed from the data buffer.

36. The processor-based system of claim 35, wherein the

data organization unit further comprises:

a multiplexer coupled to receive the data stored in the data
buffer for each of the transactions and the command
headers stored in the command queue for each of the
transactions, the multiplexer being operable to couple
the data for each of the transactions and the command
header for each of the transactions to an output port
responsive to multiplexer control signals;

an arbitration unit coupled to at least one of the data buffer
and the command queue to receive information indica-
tive of the data and command headers for the transac-
tions stored in the data buffer and command queue,
respectively, the arbitration unit being operable to gen-
erate the control signals responsive to the information
indicative of the data and command headers to cause
the multiplexer to couple a lane group of either data or
a command header and data for at least one of the
transactions to the output port of the multiplexer.

37. The processor-based system of claim 36 further com-
prising a parallel-to-serial converter coupled to the output
port of the multiplexer, the parallel-to-serial converter being
operative to convert the lane group at the output port of the
multiplexer into a serial stream of the lanes.

38. The processor-based system of claim 34 wherein the
data organization unit is configurable to vary the number of
lanes in each lane groups that are coupled from the data
organization during each cycle of a clock signal.

39. The processor-based system of claim 29 wherein the
command header and data for each of the transactions
comprise a memory packet.

40. A method of transmitting memory transactions each of
which comprises a command header and a variable amount
of data, the method comprising:

organizing the command header and data into groups each
of which contains a predetermined number of sub-
groups of a predetermined size, each of the sub-groups
containing a plurality of parallel command header bits
or data bits, each sub-group containing data for a first
transaction being immediately followed by a sub-group
containing either additional data for the first transaction
or the command header for a second transaction so that
each group is filled with sub-groups containing either
command header bits or data bits; and

transmitting each group of data as a serial stream of the
sub-groups each of which includes the plurality of
parallel command header bits or data bits.
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41. The method of claim 40 wherein the act of organizing
the command header and data into groups comprises orga-
nizing the command header and data into groups each of
which contains eight sub-groups.

42. The method of claim 40 wherein the act of organizing
the command header and data into groups containing a
predetermined number of sub-groups comprises the com-
mand header and data so that each sub-group comprises 32
parallel bits of command header or data.

43. The method of claim 40, further comprising varying
the quantity of sub-groups in each group.

44. A method of transmitting memory transactions each of
which comprises a command header and a variable amount
of data, the method comprising organizing the command
header and data into lane groups each of which contains a
plurality of lanes of a predetermined size, each of the lanes
containing a plurality of parallel command header bits or
data bits, the lane groups being organizing so that all of the
lanes in each lane group are filled with either command
header bits or data bits.
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45. The method of claim 44 further comprising converting
each of the lane groups into a serial stream of the lanes each
of which contains a plurality of parallel command header
bits or parallel data bits.

46. The method of claim 44 wherein the act of organizing
the command header and data into lane groups comprises
organizing the command header and data into lane groups
each of which contains eight lanes.

47. The method of claim 44 wherein the act of organizing
the command header and data into lane groups each of which
contains a predetermined number of lanes comprises orga-
nizing the command header and data so that each lane
comprises 32 parallel bits of command header or data.

48. The method of claim 44, further comprising varying
the number of lanes in each lane group.



