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Field of the Invention

The present invention relates to memory control circuits for dynamic random
access memories in a microprocessor-based computer system which can post write
commands and continue processing without waiting for completion of such write

commands.

Description of the Related Art

Dynamic random access memories (DRAMs) are used as the main memories of
most microprocessor-based computer systems because DRAMSs provide a reasonable
compromise between storage capacity, access time, and cost. As is well known in the
art, DRAMs are controlled by first applying a row address to one or more DRAMS;
strobing the row address into the DRAMs by activating a row address strobe (RAS)
signal which precharges the selected row; waiting for at least a minimum duration of
a row access time; applying a column address to the DRAMS; and then suobmé the
column: address into the DRAMs by activating a column address strobe (CAS) signal
to select the data from one column of the accessed row. .

Most presently available DRAMs operate in the "page mode" wherein data
stored in the same row (i.e., page) but in a different column can be accessed by simply
changing the column address. It is not necessary to reapply the row address to the
DRAM because all the data in the row is already available to be read or changed.
Because of the speed advantage provided by fhis page mode feature, it is very
advantageous to access many storage locations in a single row before changing the row
address. For example, when large blocks of data are transferred to or from a DRAM-
based memory system, the sequential addresses typically access most or all of the
columns in a particular row before the row address is changed. |

In a typical microprocessor-based computer system, data are read from and

written to a memory system at random addresses, particularly when instructions and



a row access tine; applying a colum address to the DRAMs; and then
strobing the colum address into the DRAMs by activating a colum address
strobe (CAS) signal to select the data fromone colum of the accessed row.
Most presently avail able DRAMs operate in the "page node" wherein data
stored in the sane row (i.e., page) but inég di fferent columm can be
accessed by sinply changing the colum addriess. It is not necessary to

reapply the r addr ess, to,.t he DRAM because all _.the data iLn the r i s
al ready avai | 0P &5 GORE PO BCCREMSD] Y Sk &1 oichronefind fhle 47 trpd g come
provided by thinge REGReMBFElCRARNY Md ddta rsult€bie S6hed iha0aiffetert GaREeC 66 SddFedY
storage locatjons in a_si nglk; row before changing the row address. For

exanpl e, whenlocations. pTduss ther adventages oftpags sinede openation rofienoesnnobrbe\mtilizede d
menory syste e} | nagll e | ys%@& ss nost or all of the
colums in an%egrh?%cﬁfg{ré ?%dve% eforégﬁﬁeéﬁ%qg%ﬁygs |§Echanged. In a
typi cal m cropr oceOnefedtaeasl marepetent nigreproeessoist B taperniie pastéd wiites)dThat is,

witten to a nenory system at rand(i)ma dresses, particular|y when
i nstructions &Aydcroprocessor may output data to be stored in a memory location. The address ang: 5

are stored i ndgtglgréﬁffﬁmgﬁ—ﬂg:%orgd’% 8 Bufte; ﬁpfﬁle%‘?w{r %Jﬂfb},aaxﬁﬁﬁ&ﬁi%ijo e

range of menory | ocations ata results are stored In a different range
of address | cisgermitted Bheontintd avithditsane:d ppsratibn petioutreaitingoforahé completion of
cannot be_ ut Iﬁllezgnd*iteb%%gr% (em Ot]; gese 4 e%d(r)nrgmoar;'; Clgg;t{orﬁg %fuffrichentrT&%err}/ngs%gﬁ ebrg

provided to permit multiple write operations to be posted by the microprocessor before

it has to wait for completion of the write operations.

Systems utilizing the posted write feature include logic to compare read

- .addresses with write addresses to make sure that a subsequent read from the memory

system is not directed to a memory address which has posted write data which have not
already been written. If the read address corresponds to a posted write address, the
memory controller may wait to respond to the read request until the posted write
‘operation is completed, or, in the alternative, the memory controller may respond to the
read request by transmitting data directly from the posted write buffer. If the .read
address is different from the addresses of all the posted writes, the memory controller
may include "read-around" logic to enable the memory controller to respond to the read
access to a different location before completing the posted write operations.

Known memory controllers which implement posted write operations operate on
a ﬁi‘st-in, first out basis. That is, the posted writes are written to memory in the same
ordér_ in which the posted writes are received by the memory controller. If sequential
posted write operations are directed to addresses in different pages of the DRAMs, the
memory system incurs the time penalty caused by the row access time. Even if two
posted writes in the buffer are directed to the same memory page, a conventional
memory controller does not write the two posted writes in sequence if a third posted |
write directed to a different page is posted between them. Furthermore, if the memory
controller permits read-around operations to occur, the read access may be from a’

different page than a previous posted write or a subsequent posted write. This will



‘One feature of nore recent mcroprocessors is to permt posted wites. That
IS, a mcroprocessor nmay output data to be stored in a nenory |ocation. The
address and data are tenporarily stored in a buffer in a nmenory controller,
and the m croprocessor is permtted to continue with its next operation
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wite or a subsequent, posted wite. This wll .
requests which require access to a different page (row). In alternative embodiments,

all reads are performed before any writes. In such embodiments, reads to a current
page are performed before reads to a new page, and writes to a current page are
performed before writes to a new page.

As discussed above, in a typical addressing scheme, the memory controller has
to wait between memory accesses which require a change in the row address for a
specified period of time for the new row of the DRAM to become fully charged before
the new row address can be strobed into the DRAM. This delay in the presentation of
the new row address is referred to as the row address precharge time. Advantageously,
the memory controller of the present invention rearranges the read and write cycle
accesses such that multiple accesses for the same page are performed together. Thus,
the memory controller of the present invention reduces the overall memory access time
by eliminating the row address precharge time between each of the cycle accesses for
the same row that would have occurred had the memory cycle requests been processed
in their original order. v

One aspect of the present invention is a memory controller which controls a

dynamic random access memory (DRAM) system which receives a plurality of write



»~3- again cause the row access tine penalty to be incurred. If the

m cr opr ocessor cannot post further wites or has to wait for read data when
the nenory controller slows down because of frequent page swi tching, the
overal|l system performance will be degraded. Thus, it can be seen
that many of the advantages of nenory contrdllers having post wite
capability and read-around capability are offset by the tinme penalty caused
by changi ng t&eessoveqaesis dmsingetespretivermddreysea candsassoriated data to be written to the
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requests as a next access to the DRAM system. The access sequence control circuit
comprises a comparator which compares the row address portion of each -of the stored
addresses with the row address portion of a current access and identifies write access
requests having respective row address portions identical to the row address portion of
the current access. The access sequence circuit further includes an access selector
circuit responsive to the comparator. The access selector circuit selects one of the
identified write access requests as a next access to the DRAM system before selecting
a non-identified write access request having a row address portion different from the
row address portion of the current access. The selection of the one of the identified
write access request is made even if the non-identified write access request was made
prior to the identified write access request.
The memory controller can also receive a read access request having a read
. address. The read address has a row address portion and a column address portion.
The comparator compares the row address portion of the read address and identifies
whether the row address portion of the read address is directed to the row address
portion of the current access. The access selector circuit selects the read access request
as a next access prior to-selecting the non-identified write access request as a next
access. Also preferably, the comparator further comprises logic which compares at least
a portion of the column address portion of the read address with a corresponding
portion- of the column address portions of the plurality of write addresses in the buffer.
The address selector circuit preferably selects the read access request before any write
access request when the row address portion of the read address is identical to the row

address portion of the current access and the portion of the column address portion of



page are perfornmed before reads to a new page, and wites to a current page
are perforned before wites to a new page. As di scussed above, in a
typi cal addressing schene, the nmenory controller has to wait between nmenory
accesses which require a change in the row address for a specified period
of time for the new row of the DRAMto becgue fully charged before the new
row address can be strobed into the DRAM This delay in the presentation of
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buffer. Each address of the plurality of access requests comprises a row address portion

and a column address portion. Each address and associated data are stored in an order
in which the memory controller receives the access requests. The method includes the
- further steps of performing a first access to the DRAM system at a first row address
" and a first column address; and comparing the first row address portion with the row
address portion of each access request stored in the buffer. When at least one access
request in the buffer has a row address portion identical to the row address portion of
the first access, the method selects as a second access to the DRAM system an earliest
received access request of the at least one access request having a row address portidn
identical to the row address portion of the first access. The access request having an .
identical row address portion is selected before earlier access requests having non-
identical row address portions.” When no access request in the buffer has a row address
portion ideniical to the row address portion of the first access, the method selects an
earliest received access request in the buffer as the second access. With respect to this
asjiéct of the invention, the method preferably includes the further steps of comparing
a row address portion and at least one bit of a column address portion of a read access
request to row address portions and a corresponding bit of column address portions of
the plurality of write access requests in the buffer. When the row address portion of
the read access is identical to a row address portion of at least one of the write access
requests, the method performs the read access prior to the write accesses having an
identical row address portion when the corresponding bits of the column address

portions are different. Otherwise, the method performs a write access prior to the read



plurality of |ocations which tenporarily store the wite addresses and
associ ated data for each of the wite access requests until the data can be
witten to the DRAM system The stored addresses and data are maintained in
the buffer in an order corresponding to an order in which the wite access
requests are received. An access sequence-6ontrol circuit selects address
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empty one of the locations -to receive a next data input; an output pointer which
identifies a next full one of the locations as a source of a next output; and a pointer
control circuit which controls the input pointer and the output pointer independently,
the pointer control circuit including a priority scheduler responsive to a predetermined
characteristic of the data to select one of the full ones of the locations as the source of
the next output. Preferably, the data includes addresses which identify storage locations
in ‘a dynamic random access memory (DRAM) system, and the predetermined
characteristic of the data comprises a result of a comparison as to whether row address
portions of the addresses are identical to row address portions of a currently accessed

storage location in the DRAM system.

Brief Description of the Drawings

Figure 1 is a simplified block diagram of a computer system which includes a.

memory subsystem.



-5- the read address is different fromthe corresponding portions of the
colum address portions of the identified wite access requests.

Anot her aspect of the present invention is a nethod for controlling access
to a dynam c random access nenory (DRAM system having a plurality of
menory storage |ocations. The DRAM systenyis accessed by applying a row
address to the DRAM system and then applying a colum address to the DRAM
system The DRAMsyst -gp‘m@ i t'pp%ui:@ i ng
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the plurality«ef, access requests conprises a row address portion and a

col um addreSs portion. Each address and associ ated data are stored in an
order in which t s : Y Skéﬂﬁi RAM
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system at a dystefid. row address and a first columm address; and conparing the
first row address portion with the row address portion of each access
request stored ingbhie Hififikiates W6 Rindhg l0FdGécesiive MRe Dperationtietd differédtarows
buffer has a row address portion iden%ical to the row address portion of
the first acafes®PRAMe nethod sel ects as a second access to the DRAM system
an earliest received access request of the at |east one access request

havi ng a- row addrEigarep®ilhistrates the timing of successive write operations to the same row of

'a DRAM.

Figure 7 illustrates a block diagram of a memory subsystem which incorporates
a posted write FIFO buffer.

Figure 8 illustrates a block diagram of a memory subsystem which incorporates
a posted write buffer and memory controller in accordance with the prgsent invention.

Figure 9 is a table illustrating one embodiment of the selections of the next
access address for the combinations of row address portions of read access requests and

posted writes in comparison with the current row address.

Figure 10 is a table illustrating an alternative embodiment of the selections of
the next access address for the combinations of row address portions of read access

requests and posted writes in comparison with the current row address.

Figure 11 is a table illustrating the selections of the next write access address
for the combinations of posted writes which may include page (i.e., row) hits; page
misses; or page hits and page misses.

Figure 12 illustrates a more detailed block diagram of the comparison and
pointer logic of Figure 8.

Figure 13 illustrates a high level functional representation of the posted write
buffer of Figures 8 and 12. |

Figure 14 illustrates the functional logic of the pointer control logic of Figure



identical to the row address portion of the first access. The access
request having an identical row address portion is selected before earlier
access requests having non- identical row address portions. Wien no access
request in the buffer has a row address portion identical to the row
address portion of the first access, the meghod sel ects an earliest

recei ved access request in the buffer as the second access. Wth respect to
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menory ( DRAM pseseiteinveationg Ties t@tlputingt Systéd UD®t fnckudes a CPU module 110 whxch

includes a microprocessor 113 and a cache memory 115, for example. As is well

understood in the art, the CPU module 110 includes other conventional circuitry such
as a bus controller, a bus interface, and the like, which are not shown here. The CPU

== module 110 communicates with a memory subsystem 120 via a system bus 125. The
memory subsystem 120 additionally comprises a memory controller 130 and a plurality
of dynamic random access memories (DRAMs) 135. A typical computer system 100
includes other componenfs, such as an /O interface, disk driv_es and disk drive
controllers, video displays, keyboards and the like, which are also net shown in Figure
1 in order to emphasize the present invention. It should be further understood that other
such components may access the memory subsystem 120 using direct memory access
(DMA) transactions via the system bus.

The system bus 125 in Figure 1 is illustrated as a composite bus. One skilled
in the art will appreciate that the system bus 125 includes a plurality of address lines,
a plurality of data lines and a plurélity of control lines. The control lines may include,
fo:l example, an IO/MEM line which selects between transfers between the CPU module
110 and 1/O devices (not shown) or transfers between the CPU module 110 and the
memory subsystem 120; and a read/write line which selects between transfers from the
memory subsystem 120 to the CPU module 110 (read) or from the CPU module to the
memory subsystem 120 (write). It may also include byte select lines which determine
which Bytes of data in a multiple byte word to transfer; and one or more cycle initiation ‘
signals which are activated by the microprocessor 113 in the CPU module 110 to start

an access cycle. For example, in an Intel® microprocessor, such as the 80486, the



the DRAM system when at | east one of the posted wites has an address
directed to a storage | ocation having a row address identical to a row
address of a current access to the DRAM system and at | east one of the
posted wites has an address directed to a storage |ocation having a row
address different fromthe row address of the current access. The nethod
conprises the steps of selecting an earliest received wite access having
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system whi ch includes a nenory subsystem
decoder 138, a timing generator 140, a row/column address multiplexer (MUX) 142 and
a bidirectional data buffer 144. The memory controller 130 receives a plurality of
address bits from the system bus 135 on a plurality of address lines 1%4, which for the
purposes of this illustration are the address bits AD2 through AD31. Byte select lines
are used by the memory controller in lieﬁ of address bits AD0O and ADI1 to select
particular bytes of an 4-byte memory word to be accessed. In some systems, a memory
word may have a larger number of bytes, and address bits AD2 or higher may be
replaced by additional byte select lines to select between the larger number of bytes.
In the embodiment described herein, address bits AD20-AD31 are used to select a
particular subsystem to respond to an access on the system bus 135, such as, for
example, the memory subsystem 120. Further, in the described embodiment, the
address bits AD2-AD21 are used to select a particular storage location within the
memory subsystem 120. It should be further understood that the allocation of the
address bits AD0-AD31 to the control of the memory subsystem 120 will vary in
accordance with the storage capacity and sclected address range of the memory
subsystem 120.
The address lines 154 are applied to the row/column address multiplexer 142.°

It will be appreciated by a person skilled in the art that an address normalization circuit



~-7- Figure 2 is a sinplified block diagramof the nenory subsystem
of Figure 1. Figure 3 illustrates a timng diagramof a read access
in an exenplary DRAM syst em Figure 4 illustrates a timng diagram
of a wite access in an exenplary DRAM system Figure 5 illustrates
the timng of successive wite operations-1® different rows of a DRAM

Figure 6 illustrates the timng of successive wite operations to the sane

row of a DRAlhot shown) nkdyd bk Cadvahiapetiislyatifcludedolim ke dine@oaym sabsydteie TRl to
subsystem whi ch incorporates a posted wite FIFO byffer. Figure 8
i11ustrates Ropndige theaidsessess befors: ther gddsenses, arceprniisd dn the fevfsolume qaddress

multiplexer 142. In exemplary DOS-based systems using the Intel® family of
processors, the address space includes a number of "holes" caused by allocation of
portions of the address range to video RAM, for example. These addresses are not
directly addressed by the operating system as memory locations. Because the physical
memory locations corresponding to these "holes" would not otherwise be used, an
address normalization circuit translates logical addresses above the beginning of the
holes to redirect the accesses to physical addresses corresponding to the "hole"
locations. Such address normalization circuits are well known in the art and are not
shown in Figures 2, 7 and 8 and are not described herein.

The timing generator 140 is responsive to control signals from the system bus
125 to generate appropriate access signals to the DRAMs 135. The address range
decoder 138 decodes an address (comprising the address bits AD2-AD31) applied to
the memory controller 130 and determines whether the applied address is within an
address range allocated to the memory subsystem 120. The address rahge decoder 138
provides an active output signal to the timing generator 140 when the applied address
is within such an address range. When an address strobe (ADS) signal on a line 150
is activated while the output of the address range decoder 138 is active, the timing
generator 140 initiates an access to the DRAMs 135. If a R/W signal on a read/write
line 152 is selected for a read access, the access will be initiated as a read access.
Similarly, when the R/W signal is selected for a write access, the timing generatbr
initiates a write access to the DRAMs 135.

The memory controller 130 further receives a plurality of data signals (D0-D31)
on corresponding plurality of data lines 156. The exemplary system described herein
is a 32-bit system. It should be understood that the following description would apply
to systems having a larger number of bits per data word.

The timing generator 140 generates a row address strobe (RAS*) signal on a line
160, a column address strobe (CAS*) signal on a line 162, a write enable (WE*) signal
on a line 164, an output enable (OE*) signal on a line 166, and a multiplexer select |
signal (S) on a line 168. (As used herein, an asterisk (*) after a signal name indicates



. a pbsted wite buffer and nenory controller in accordance with the present

I nventi on. Figure 9 is atable illustrating one enbodi nent of the
sel ections of the next access address for the conbinati ons of row address
portions of read access requests and posted wites in conparison with the
current row address. Figure 10 is.aqijtable illustrating an
alternative embodi nent of the selections of the next access address for the

conmbi nations gf adiRW l@@dﬁ%ﬁ? %pﬂﬁﬂﬂi AORAS* AP EATSCESlS ﬁﬁy%tp%oﬁaéd RO Shfiiple

wites in conmparison wt e current row address. Figure 11 I1s a
tabl e il ust riankseftDRAMS euchi that oply ¢em@im enes vﬁﬂwpeD&Ab&srea@mmﬁsdfbyr eache
conbi nati ons ﬂ\ poshegAﬁm t es, which may i nclude page (i.e., row hits; page
m sses; or page hi S ‘m sses. Figure 12 i I | ustrates a nore

detail ed bl ock di avh@apaiudmthemﬁﬂa@mamdnpmwymmIlao vl b bﬁeﬂKrd%s&lbed
Figure 13 illustrates a high | evel functional representation of t epposted
write buffer iBfcoppegtioaswith %Fﬁjmllﬂlg diagrams in Figuses 3 and 4; |Onesfapili

functional | oghtufderdiiif Rtk BIRAM SRGER! tyb AN nife bhYHaSF the address lines needed
to fully address the memory locations in each circuit. For example, in order to address
a 1 Megabit DRAM having 1,048,576 memory.locations, 20 address bits are required;
however, because of pin limitations and because of the operational characteristics of
DRAMSs, only 10 address pins are provided. The 20 address bits needed to fully
address the DRAM are multiplexed to the DRAM, 10 address bits at a time. In
particular, the multiplexer select signal (S) is first applied to the row/column address
multiplexer 142 at a first logic level to apply a first 10 bits of the address from the
system bus 125 as a row address as illustrated by ROW portion of the address (ADDR)
signal in Figure 3. Historically, the most significant bits of the address bits are applied
as the row address, however, other combinations of address bits with a portion from the
most significant bits and a portion from the least significant bits can also be used. See,
for example, U.S. Patent No. 5,247,643, the teachings -of which are incorporated by
reference herein. After selecting the address bits for the row address, the timing
generator 140 activates the RAS* signal, as illustrated in Figure 3. After a suitable
delay determined by the particular characteristics of the DRAMs 135, the timing
generator 140 switches the level on the select line 168 to cause the row/column address
multiplexer 142 to apply the remaining address bits as the column address bits as
illustrated by the COLUMN portion of the ADDR signal in Figure 3. The timing
generator 140 activates the CAS* signal to cause the column address to be strobed into
the DRAMs 135. Because this is a read access, the WE* signal on the line 164 is
inactive and the OE* signal on the line 166 is active so that valid data is output from
the DRAMSs after a short delay determined by the column address access time. The
buffer 144 is also controlled by the OE* signal to transmit the data output from the
DRAMSs 135 to the data lines 156 of the system bus 125. (In some systems, the'
DRAMSs 135 may be connected directly to the system bus 125 without using the buffer



+-8- 12 which generates the base entry pointer. Figure 15
illustrates the functional |ogic of the pointer control logic of Figure 12
whi ch generates the output pointer. Figure 16 illustrates the
functional logic of the pointer control |ogic of Figure 12 which generates
t he i nput pointer. ' ' Det ai{,ed Description of the Preferred
Enbodi nent Figure 1 depicts portions of an exenplary conputing
system 100 perlajr#@ent to the present invention. The conputing system 100

i ncludes a CPU nodul e 110 which includes a mcroprocessor 113 and a cache
nmenory 115, for exdigire4 iflastrfies\® kimilapdiniing aegience Fdrea fite adcbss; GOWetE Ppridr
110 i ncludes ot her. conventjonal _ci rcuitr% such as, a _bus controller, a bus

interface, and® BPRIYINEItRe colymumaddress hite a8 agvadae dhe GRe™ ignainihe WEY stgnal on
comuni cat es d find 8P kvl RECE sighd dh Y Bhe Th8'iSiphédve. T BHR afe

subsystem 120 additional Iy conprises a neffory controller

plurality of dansferred feomidhe aystam sbuseldr thecughiRé\ et 384 té, they PRAMsc 3% ahdr
system 100 i nc| ud ot.her conponents, such as an I/O interface, disk drives
and di sk dri vétoé?fﬁ offlers, video displays, keyboards and the Iike, which

are al so not shown AdynGkieHiE®inl Fighre3 3481d 4, An AERRSE &R BRAMY B3 Hmpribes Altwal -

It should be further understood™that other such conponents nay access the

menory subsys perhopetitiosiwhgreinrasrow addressyis appliscisto(the/DRAMariSacndas strobed irtte
SO DU, oA, FLACARBASOL AR KA S T R ER 4, oo
125 incl udes acg¥ssih@ld phiradity I PakSStofagd 96cations which share the common row address.
The data from the entire row are provided to an output multiplexer within each DRAM

after a delay referred to as the row access time. The plurality of data bits accessed ‘in

a single row are said to be in columns within the row. Thereafter, when the column

address is applied to the DRAMs 135 and the CAS* signal is activated, the column

address selects one of the columns of data to be output from each of the DRAMs 135.

Alternatively, in a write access, the data applied to the input of each o;‘ the DRAMs 135

are stored in the selected row at the column specified by the selected column address.

If a new address is to be applied to the DRAM, the RAS* signal must be

deactivated for a sufficient time to allow the internal row addressqs to precharge and

-

the applied again with the new row address. The delay corresponding to the row access
time is again incurred before the column address can be applied and the particular
column of data selected for reading or writing. Thus, as illustrated in Figure 5, a
substantial time penalty is incurred each time a new row access is initiated.

Most current DRAMs partially reduce the row access penalty by operating in the
so-called page mode wherein sequential accesses to multiple columns in the same row
of a DRAM can occur without further row accesses. In particular, as illustrated in
Figure 6, a number of accesses to the same row are initiated by applying a row address
to the DRAMSs and activating the RAS* signal. Thereafter, a first column address is
applied to the DRAMs and the CAS* signal is activated. The RAS* signal is not
deactivated after the first access. Instead, only the CAS* signal is deactivated, a new \

column address is applied, and the data from the new column is available or the data



‘a plurality of data lines and a plurality of control |ines. The control
lines may include, for exanple, an IO MEM |ine which sel ects between
transfers betweerr the CPU nodule 110 and I/ O devices (not shown) or
transfers between the CPU nodul e 110 and the nenory subsystem 120; and a
read/ wite |line which selects between tran§1f@rs fromthe nmenory subsystem
120 to the CPU nodule 110 (read) or fromthé CPU nodule to the nenory

subsystem 120 ite). Lt may also include byte select |ines whi .
et o mi ne. wihi &9 5B sologt 1 S8 onlr il e 5P PR eoelt Tt oFhos, b
or more cycl eseduiehtabf atcesicd Gtkir #ihe bametrods ai subitaxtiab tinkd) Beriéfit i Bb@RGRAS OF

113 in the CPU nodule 110 to start an access cycle. For exanple, in an
Intel [err] nicroprded akayeq the; tirae savipgs pidyided by the page mode operation of
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113 via the data l1nes of the system bus a Ww-ite access |
by the mi cr optwadifferentirody ofitheDRAMSt 1350 sinesuck dades,citnis heressaryr topclanges e roid 3

to the Memory ,3HRsY atd Mol the foiv hitess Gind pentlty discussed above,

The time penalty may be more significant in a microprocessor-based system

which permits posted writes to memory. As discussed above, in a system having posted
writes, such as a system 180 illustrated in Figure 7, the microprocessor 113 applies an

- address, write data and appropriate control signals to the system bus 125 to initiate a
write access to the memory subsystem 120. Rather than wait for the completion of the
write access, as indicated by the activation and subsequent deactivation of a busy signal
from the memory subsystem 120, the microprocessor 113 contixaiues issuing bus
transactions. In order to accommodate posted writes, a memory controller 182 in the
memory subsystem 180 includes a posted write buffer 184. The posted write buffer
184 stores the address and the data to be written to the DRAMs 135. In known posted
write systems, the posted write buffer 184 may include storage for more than one
posted write and operates as a first-in/first-out (FIFO) buffer. The memory controller
182 transfers the earliest posted write data to the DRAMs 135 by applying the address
on the output of the posted write buffer 184 to the DRAMs as a row address portion
and a column address portion as described above, with the difference that the address
and data are provided by the posted write buffer 172 rather than directly from the
system bus 125. The timing for storing write access request information into the FIFO
buffer 184 and for applying the address and data outputs from the FIFO buffer 184 to
the DRAMs 135 is provided by a timing generator and FIFO controller 186 via a
control bus 187. The timing generator and FIFO controller 186 controls a row/column
address multiplexer (MUX) 188 similar to that described above.

Generally, when the microprocessor 113 initiates a read access to the memory



~Figure 2 is a sinplified block diagram of an exenplary nenory subsystem 120
to illustrate the basic operation of the DRAMs 135. Figures 3 and 4
illustrate exenplary timng diagrans for a read access (Figure 3) and a
wite access (Figure 4) to the DRAMs. As illustrated, the nenory controller
130 conprises an address range decoder 138q a timng generator 140, a
row col um address mul tiplexer (MJX) 142 an é a bidirectional data buffer

the syst em busibrgaBly 220, e itronbetatdrcfy, Bests o, havethe AaiaRip g pobeie i
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to the row co address nultiplexer 142. It will be appreciated

by a
person ski | | edlt¢matively,athe rend trequestirdsatisficch bynentputting dhe sequesied data from the

posted write buffer 184 in a similar manner to a cache memory subsystem. The read
around mode is supported by a read/write address multiplexer (MUX) 190 which
receives address information from the output of the posted write FIFO buffer 184

during write accesses and which receives address information directly from the system
bus 125 during read accesses. A data output buffer 192 buffers the output data from
the DRAMs 135 onto the system bus 125.

Conventional posted write systems retain the time penalty when sequential
posted writes are directed to different rows of the DRAMSs 135. In particular, when the
memory controller 182 accesses the FIFO posted write buffer 184, it must change the
row address whenever” two sequential posted writes are directed to different rows in the
DRAMs 135. Furthermore, when a read access occurs to different row than the row
of the current access, the row access time penalty is incurred. A conventional memory
confroller partially reduces the time penalty by detecting when sequential addresses are
directed to the same page (i.., row). As illustrated in Figure 7, a row latch and
comparator 194 is included which receives the row address-portion of the output of the
read/write address multiplexer 190. The row latch and comparator 194 latches the row
address bortion of a previous access on occurrence of an active’ RAS* signal. The
latched row address portion is compared with the row address portion of the current
access to determine whether the two row addresses are the same. If the two row !

addresses are the same, the row latch and comparator 194 provides an active signal to



-10- (not shown) may be advantageously included in the nenory subsystem
120 to normalize the addresses before the addresses are applied to the

row col unm address mul tiplexer 142. In exenplary DOS-based systens using
the Intel[err] fam |y of processors, the address space includes a nunber of
“hol es” caused by allocation of portions ofjsthe address range to vi deo RAM
for exanple. These addresses are not direct?y addressed by the operating
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the "hol e" | oW PECeSy, ch address normalization circuits are well known in
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menory subsystem 120. The address_ range decoder 138 provides an active
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Wi t hin such SS .[a . en_an.address stro ) signal on a line
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R'Wsignal on a read/wite line 152 Is selected for a read access, the
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I's selected f@%ﬂkigﬁ edccess, the timng generator initiates a wite.
access to the : The nmenory controller 130 further receives

a plurality of dat#hesmgnwirg comedles P02 of Figure 8 further includes a row address latch 220
which receives and latches the row address portion of the output of the read/write
address multiplexer 210. The row address latch 220 is latched on occurrence of the
active RAS* signal such that the row address portion of a current access is saved each
time the row address is applied to the DRAMs. The latched output of the row address
latch 220 is provided as an input to the timing generator and buffer controller 206.

Like the conventional posted write memory controllers, such as the one
illustrated in Figure 7, the timing generator in the posted write memory controller 202
of Figure 8 keeps track of the row address of the current access via the row address
latch 220. Unlike conventional memory controllers, the timing generator and buffer
controller 206 includes comparison and pointer logic 230 which compares the row
address portions of the currently open page (i.e., row) stored in the posted write buffer
204 and determines whether any of the active posted write requests has an address
portion corresponding to the latched row address of the current access to the DRAMSs
135. The comparison and i)ointer logic 230 further indicates the location within the
posted write buffer 204 into which to store the address and data of incoming write
requests via an input pointer and indicates the location from which to output the address
and data of a posted write selected as the next access to the DRAMSs 135 via an output

pointer.



‘on corresponding plurality of data Iines 156. The exenplary system
described herein is a 32-bit system It should be understood that the

foll ow ng description would apply to systens having a | arger nunber of bits
per data word. The tim ng generator 140 generates a row address
strobe (RAS*) signal on a line 160, a col ujgpy address strobe (CAS*) signal
on a line 162, a wite enable (V\E*) signal on a |line 164, an output enable
(OE*) signal on a e ' I
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addresses and the latched row address determine which access to the DRAMs 135 will
be selected as the next access.

The selections of the next DRAM access are illustrated in a table 300 in Figure
9 for a first preferred embodiment of the present invention. Each line of the table 300
has three columns wherein the first (left-most) column labeled "READ" is the result of
the comparison of the row portion of the requested read access with the latched row

address (i.e., the row portion of the current access); the second (middlej column labeled
"WRITE" is the result of the comparison of the row poitions of the posted writes with
the latched row address and with the row portion of the requested read access; and the
third (right-most) column labeled "ACCESS" identifies the request which will be
applied to the DRAMSs 135 as the next access.

As illustrated by the first row 301 of the table 300, when the requested read
access does not match the current access, and the posted write buffer is empty, the read
access will be applied to the DRAMs 135 as the next access, requiring the RAS* signal
to be deactivated by the timing generator and buffer controller 206, and, after a
predetermined delay to allow the row addresses to precharge, applying the row address
portion of the read access request to the DRAMSs, activating the RAS* signal and
continuing the access as previously described. No particular speed advantage is
provided for this access.

As illustrated in the second row 302, the third row 303 and the fourth row 304
of the table 300, when the requested read access does not match the current access, and |

the posted write buffer 204 is not empty, the access chosen as the next access depends



sparticular, the nultiplexer select signal (S) is first applied to the

row col um address nultiplexer 142 at a first logic level to apply a first
10 bits of the address fromthe system bus 125 as a row address as
illustrated by ROWVportion of the address (ADDR) signal in Figure 3.
Historically, the nost significant bits of the address bits are applied as
the row address, however, other conbination 7of address bits with a portion
fromthe npst si%n'ficant bits etl%((j a portion fromthe | east_significant
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W t hout usi ng & difeperftfrew address portion. In a second mode, read accesses are always given

priority over posted writes. Depending upon the mix of addresses, different applications

-- will set the mode bit to select either the first mode/ or the second mode in accordance
with which mode provides the optimal overall execution time for a particular
application. Empirical run-time tests can be performed on various applications- to
determine which mode is preferable for particular applications. )

If no posted write has a row address portion matching the current latched row
address, then the row address portion of the requested read access is compared to the
row address portion of all the posted writes. If the row address portion of the requested
read access is different from the row address portions of all the posted writes as
indicated by the entry "NEW (DIF)" in the second row 302 of the table 300, then the
read access is selected as the next access. On the other hand, if the row address portion
of the requested read access does match the row address portion of one or more posted
writes, then the earliest posted write is applied as the next access. This decision is
made in order to assure that a read access to a recently written data location which may
still be posted in the posted write buffer 204 receives the correct data. As discussed
above, the timing genérator and buffer controller 204 may include logic (not shown)
which supplies data posted in the posted write buffer 204 as output data when the read
request is directed to a location having a posted currently stored in the posted write
buffer 204. '

As illustrated in the fifth line 305 and in the sixth line 306 of the table 300,



- 12-  144.) Figure 4 illustrates a simlar timng sequence for a
write access; however, prior to applying the colum address bits and
activating the CAS* signal, the WE* signal on the line 164 is activated,
and the OE* signal on the line 166 is inactive. Thus, data are transferred
fromthe system bus 125 through the buffer_ygi4 to the DRAMs 135 and stored
t herei n. As illustrated in Figures 3 and 4, an access to the DRAMs

135 conprises vhehhe AV lad@RSY Fohtih BPE réhddadct ?é&ﬁéﬁsﬁaicﬁe%&g 186hddCrd €
f the * Sl gnaf.

DRAMs 135 and is strobed into the DRAMsS by activation o
Thi s causes t laddpRRertion, thegicad aceess wikh depepformed as theafextiaceess wheadhe posted

| ocati ons whi ¢h. . COMMDN,.1 0 ddress. . The .dat a.fr. t he entire row
are provided 3‘@1 tggﬁgfg{ %Efls WB‘%&%@ﬁvﬂrt elﬂoséeéigwnmcéfng}mg ertaips poste
referred to aswitbetd Doatidzehdving Fv addiessPpottiohy Biffefdnt Frind the Eirrédt IRSR&Lrd
a single row are-said to be in colums within the row Thereafter, when the

col urm addr es @ddresspprtioad Thus; ke sired advasagenaf notchaging: toschpnge the row address
activated, th%eﬁ;&':'i cts one of the colums of data to be

out put fromeach 0 %@%@@é‘f Al ternatively, in a wite access, the
data applied to thes illustrated i ahéd sefentbhlindBONBHL tBE téble 390,0Wwhéhn ithe F6\e address
sel ected row at the-ttp | um sp&cified by the sel ected colum address.
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et ng or writ | o TheiinERous Hrphes i peied  he I 6F eAch ek ReERS o1 detarpine

penal ty is i NGislees M cbydeste® réad Wkds it Po6ES ritSs Will be S&tbd as the nextl%%ses.

current DRAMs partially reduce the row access penalty by operating i1nt
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more of the posted writes may be selected as the next access to the DRAMs 135
regardless of the results of the comparisons of the row address pdrtion of the read
access and the current latched row address portion. ’

It can be seen from the foregoing describtion that the embodiment represented
by the table 301 has a residual read latency when the row address portion of the ..
requested read access and the row address portion of one or more posted writes match.
However, although the read access may be to the same DRAM row, there is a
substantial probability that the read access may be to a different column within the row.
In such a case, it is not necessary to store the posted write data in one column prior to
reading data from the different column. Thus, if the comparison between the read
access address and the posted write addresses is extended to the column address portion,
a number of conflicts can be avoided such that the read access can be completed prior
to the posted writes. For example, by comparing one bit of the column address portion
of the requested read access and the posted writes, the probability of a conflict within
the same row can be reduced to approximately 50%. Each additional bit compared
further reduces the probability of conflict; however, a comparator must be provided for !
each additional bit for each of the posted writes. A tradeoff can be made between the



‘Figure 6, a nunber of accesses to the sane row are initiated by applying a
row address to the DRAMs and activating the RAS* signal. Thereafter, a
first columm address is applied, to the DRAMs and the CAS* signal is
activated. The RAS* signal is not deactivated after the first access.
Instead, only the CAS* signal is deactivategg a new colum address is
applied, and the data fromthe new colum is available or the data
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portion of the requested read access and the row address portion of each posted write
are compared as before; however, a selected bit or bits of the column address portions
of the requested read access and the posted writes are also compared. Thus, a posted -
write to a new row address will be selected over a requested read access to a new row
address only if the row address and the selected bit or bits of the column address are
the same. Otherwise, the requested read access will be selected as fhe next access.

In the row 317 and the row 318, when the requested read access and one or
more posted writes have row address portions which match the latched row address
portion, the selection of which access to apply as the next access is determined by -
further comparison of the selected column bit or bits. As illustrated in the row 317, if
the row address portions are the same and the selected column bit or bits are different,
then the read access is selected as the next access in the same DRAM row as the
current access, thus reducing the read latency time. On the other hand, as illustrated
in-the row 318, if the row address portions are the same and the selected bit or bits of
the column address portions are also the same, then the earliest posted write having the
same row address portion and the same selected bit or bits of the column address
portion is applied as the next access to the DRAMs 135.

' The tables 300 and 310 illustrate. the selections between read accesses and write
accesses. A table 320 in Figure 11 illustrates further.detail of selections between posted
write accesses in accordance with whether any of the posted writes are directed to the

same row as the current access. The table 320 comprises four entry rows 321, 322, 323



wite access to the nmenory subsystem 120. Rather than wait for the
conpletion of the wite access, as indicated by the activation and
subsequent deactivation of a busy signal fromthe nmenory subsystem 120, the
m croprocessor 113 continues issuing bus transactions. In order to
accommpdat e posted wites, a nmenory control2@&r 182 in the menory subsystem
180 includes a posted wite buffer 184. The posted wite buffer 184 stores
the address arffdt324. dafissticolupen inr¢ach of theorows 322 indicBes whethnotflua postet] adkite
wite systens, . d i te buffer 184 I pC e, shorage for nore
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are present but no posted writes are present for the current row, then the next write
access will be performed to a new row and the oldest posted write will be selected for
the next write access. As illustrated in the third row 323, when at least one posted
write to the current row (e.g. a page hit) is present, then the next write access will be
performed to the current row and the oldest posted write to the current row will be
selected for the next access. As further illustrated in the fourth row 324, even if a
posted write to a new row is present which is older than the posted writes to the current
row, the posted writes to the current row will be given priority and the next write
access will be performed to the current row. The oldest posted write to the current row
will be selected for the next write access. _

Implementation of the embodiments of Figures 8-11 require a non-conventional
posted write buffer 204 because the posted writes are not necessarily output from the
buffer in the same order in which they are stored in the buffer. Thus, a conventional
first-in/first-out (FIFO) buffer cannot be used. Keeping track of the locations of the
active posted writes when the posted writes can be removed out of order and comparing
the row address portions and selected bits of the column address portions is performed
by the comparison and pointer logic 230 within the timing generator and buffer
controller 206. The comparison and pointer logic 230 is illustrated in more detail in
Figures 12-16. _

Figure 12 illustrates an overall block diagram of the comparison and pointer
control logic 230 and also illustrates additional detail of the posted write buffer 204.



'subsystem 120, the m croprocessor 113 needs to have the responsive data
before it continues with its next operation. Thus, exenplary posted wite
menory systens provide a read-around node in which the nenory controller
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logic 230. When the buffer write signal is activated, write select circuit 412 decodes
the input point and writes the data and address information and the ready signal on the
input to the buffer array 400 to the decoded buffer location 401-404.

As illustrated in Figure 12, the address portion of each buffer location 401-404
is further apportioned as a row portion (e.g, ROW0, ROW1, ROW2, ROW3,
respectively) and a column portion (e.g., COL0, COL1, COL2, COL3, respectively).
The respective ready bits are similarly identified (e.g.,, RDY0, RDY1, RDY2, RDY3,
respectively).

The comparison and pointer control logic 230 comprises a pointer control logic
portion 420 and a plurality of comparators 430-438. The comparators 430-433 are read
comparators which compare the row address portion and selected bits of the column
address. portion of the read request on the system bus 125 with the address portions and
selected bits of the column portion of each of the posted writes in the buffer array 400.
For example, the comparator 430 compares the row address portion and selected column |
address po_rtion of the read request with ROWO and selected bits of COLO from the



1 at ched row address portion is conpared with the row address portion of the

current access to determ ne whether the two row addresses are the sanme. |f
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and the latched row address from the row address latch 220 (Figure 8). The comparator
434 outputs an active READ HIT signal when the two row address portions are
identical to indicate that the read access request is directed to the currently open
memory page (i.e., the currently accessed row of the DRAMs 135).

- The comparator 435 receives the row address portion (ROWO) from the buffer
location 401 and the latched row address portion from the row address latch 220. The
comparator 435 provides an active HITO output when the two row ad;iress portions are
the same. Similarly, the comparators 436-438 provide respective HITi, HIT2 and HIT3
outputs in response to a comparison between the latched row address and the ROW1,
ROW2 and ROW3 signals, respectively. In alternative embodiments, the MATCH and
HIT comparators can be time multiplexed to reduce the total amount of hardware
required. _

The MATCHO, MATCH1, MATCH2, MATCH3, READ HIT, HITO, HIT1,
HIT2 and HIT3 signals are provided as inputs to the pointer control logic 420 along
with the RDY0, RDY1, RDY2 and RDY3 signals. The ready signals are combined
with the match signals and the hit signals so that the pointer control logic 420 is
responsive. only to hits and matches to posted writes which have not yet been written
to the DRAMs 135. Thus, after storing the data associated with a posted write, only
the respective ready signal need be cleared to disable the respective hit and match
signals.

The pointer control logic generates a read select output signal on a line 450 to
control the read/write address multiplexer 210. The read select output signal is ‘

activated when a read hit occurs and the read access is selected in accordance with the



-active RAS* signal such that the row address portion of a current access is
saved each tinme the row address is applied to the DRAMs. The | at ched out put
of the row address latch 220 is provided as an input to the timng
generator and buffer controller 206. Li ke the conventional posted
wite nenory controllers, such as the one ijjustrated in Figure 7, the
timng generator in the posted wite nenory controller 202 of Figure 8
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in the posted write buffer 204 which must be taken into consideration when selecting

the next posted write to transfer to the DRAMSs 135. Finally, as discussed above, when
two or more posted writes are directed to the same memory row, it is necessary to
transfer the data in the order in which they are received in order to make sure that later
data directed to the same column overwrites earlier data and not ‘vice versa.

Figure 13 illustrates a high level functional representation of the posted write
buffer 204 to aid in understanding how the pointer control logic 430 of Figure 12
operates. The buffer 204 is a four-entry queue; however, a larger‘quene (i.e., buffer)
can readily be implemented in accordance with the present invention. The queue. 204
is similar to a FIFO in some respects; however, the queue 204 allows entries to be
inserted and removed in any order, not just from the ends of the queue. The queue 204
utilizes pointers to fixed entry positions within the array in a manner similar to that of
a standard FIFO; however, unlike a standard FIFO, the queue 204 does not utilize a fill
count to keep track of which entry is available for storage. Instead, an entry-ready bit
is provided for each storage location (referred to as the RDY bits in Figure 13).

Pointers into the queue structure and the respective entry-ready bits for each
position define the state of the queue. A pointer is pointing to a particular position if
the pointer holds the respective position number shown to the left of each position in
Figure 13. In Figure 13, entry positions 1 and 2 are shown as having queued entries
(i.e., posted writes which have not been transferred to the DRAMs 135) and positions

0 and 3 are shown as being empty (i.e., any posted writes previously in those positions

have already been transferred to the DRAMSs). Thus, the entry-ready bits are set (i.e.,



152 indicates that the access request on the systembus 125 is a read
access request, the conparison and pointer logic 230 within the timng
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When the queue 204 is empty, all the entry ready bits are inactive, and the input
pointer, the output poihtér and the base entry pointer all point to the same position in
the queue.

When the queue 204 is processing entries in the order in which they are
received, the queue functions like a conventional, pointer-based FIFO with the baée
entry pointer and the output pointer always pointing to the same location. In other
words, the next posted write to transfer to the DRAMs 135 will be the oldest entry
indicated by the base entry pointer. A new entry can be placed in the queue if the input
pointer is pointing to a location which has an inactive entry ready bit. If the input
pointer has progressed such that it points to the same position as the base entry pointer,
no further entries can be accepted. Each time a new entry is stored in the queue, the
entry ready bit of the position where the entry is stored is set and the input pointer is
moved to the next higher storage position number. The pointers count modulo-4 such
that when a pointer is incremented from a value of 3 (i.e., binary 11), the next value

will be 0 (i.e., binary 00). In other words, the pointer wraps around from 3 to 0.



‘the posted wite buffer 204 is not enpty, the access chosen as the next
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preferred enboipwmisrtand threutpirnpoigtey erechioth icramehtéal) fvrapping 16 06f thererdiBfed entry
provi des two gfe]s f eration which are selectable via a programmabl e

node bit in angl fl?g?ﬁaggﬁlc}n regi ster (not shown). In a first node descri bed

herein, posted wit &phdnoa Biiry ereRived RO g;kd%elﬁé iﬂ%tdrR%} d }F#e'ﬁ? ﬁ%?ri ?l'ge{;\}tnput

| at ched row address have priority over rea ch haye i ferent row
addr ess port i ofirder,rholessare darmerbinethe quenk. aThe eutey rendy bitswlefine gihean therholés hre.

; WA Jh ) d , diff, t
appl i bat i ons. wiPf GueSR RARRa R Redad ullng iy Py BB wp i siote: The entey
second node i nready ditdane acosied A are Arra¥P (bl RAdy BFay) \Gitld Bid PR nufhbef Within the

execution tine for a particular appljcation. Enrpirical run-tinme tests can
be perforned offf¥%ab¢ingdhasame anthemesition nwmber of aw entry @ thengieue strpetafecr Qb

for particul aregnpl &bt A8ed or removed from the queue by setting or clearing the respective
entry ready bits.

In order to allow the entries to be removed from the queue in a different order -

than they are stored, the output pointer is allowed to move independently from the base - -

entry pointer. The position number indicated by the output pointer is selected based
upon a priority scheduling function defined for the queue. The priority scheduling
function is selected for the particular application for which the queus is intended. The
priority scheduling function of the output pointer for the present invention will be
described herein.

The pointer control logic 230 is a state machine which determines the next state
of the queue 204 (i.c., the next input pointer, the next output pointer and the next base
pointer). The next state of the queue 204 is a function of the current base entry pointer
and the current entry ready bits, and is also a function of the priority scheduling
hardware, which, in the case of the present invention, includes the outputs of the hit
comparators.

The base entry pointer will change only when the output pointer points to the

same position as the base entry pointer and the entry at that position is removed by |

transferring the data to the DRAMSs 135. If the entry at the next queue position has
already been removed, logic is required to jump over that "hole." In particular, as
illustrated in Figure 14, the entry ready array (RDY3, RDY?2, RDY1, RDY0 from the

buffer array 400) is applied to the inputs of a four-bit barrel shifter 500 which is’

controlled by the two-bit value (B1, B0) of the current base entry pointer 502. The



1f no posted wite has a row address portion matching the current |atched.
row address, then the row address portion of the requested read access is
conpared to the row address portion of all the posted wites. If the row
address portion of the requested read access is different fromthe row
address portions of all the posted wites a2-i ndicated by the entry "NEW
(DIF)" in the second row 302 of the table 300, then the read access is

sel ected as tH@P‘H%%! theclaseed shifier atﬁecumﬂmly tinﬁed right (ileg romwdadghte by apGinhdue

of the request S Qes row add ess portl n, of one or

nore post ed vvr| a@ﬁ%ﬁ% & tg‘ﬁrﬁ 5?1 RRIEL % SXTIRIGqi fae chmentchase

access. This d:anyspomten Basrmdelubfbfq Q!EH entfy ?éarra?ra& Rﬂlltﬁx(xjﬁ f?@‘ﬁ%eﬁﬁgﬁié@% eghées
osted in the

recently witte ta | ocation which may stil
wite bﬁf fer g‘ ﬂ@c o, least; signifieant dits qsyahamm ) tbed:@gebslaﬂwéoo lbhenmmmthg

d f t shown) which
Jobpl s data THoenE seRifcant bl of bbby bf e el SRE: SEF ATHHORY shchden S%e

read request |sslectsrthetbadnmmber ofothat fixsh adtivei ﬂgryarqﬁgﬁﬂﬁd{dﬁud?ﬁ;t?% Y?tﬁfeﬁr o
in the fi i ne

ff As illustrat
223 Fﬁst ﬁg o ?f‘?fﬁ? mbey 6‘361P°“t gided fo,the Jmsnt base entry pointer in a modulo-4 adder f]os
-18- wh th r h t ches .t.he
en tneg BBWH?% 1iex® bR % %%teg c g‘gégl@gmt %@%gﬁgée ??e%gﬁltes Sclerﬁ%'xtrp

| at ched row address portion,
access when t peinterswheh theinext datd hmrwﬂﬂéh out torthd DRAMS ¢33 @billustiated By RRS Weite
write buffer 204&110& ka émclrxlriexﬁ%ase entry pointer.

The foregoing can be understood by the following example in which the current

base entry pointer is equal to 1 and the entry ready array is equal to 1011 G.e.,

RDY3=1, RDY2=0, RDY1=1 and RDY0=1). Thus, entries exist in positions 3, 1 and

0 and a hole exists at position 2. Removing the entry at position 1, changes the entry
ready array to 1001. When right rotated one bit (the value of the current base enfry
pointer), the output of the barrel shifter 500 is 1100. The first actie entry from the
right is bit 2. Adding 2 to 1 (modulo-4) results in a value of 3 for the new base entry
pointer, thus skipping over the hole. .

As illustrated in Figure 15, one or more priority scheduling functions may be
used to screen the entry ready array for the next task to process. The output pointer is
formed by AND’ing the entry ready array with a priority screen mask comprising, in
the present invention, the hit bits (HIT3, HIT2, HIT1, HITO from the comparators 435-
438 in Figure 12) in a plurality of AND gates 521-'524, as illustrated in Figure 15. The
masked outputs of the AND gates 521-524 are provided as respective first inputs to
corresponding two-to-one (2:1) multiplexers (MUXes) 525-528. The respective second
inputs to the 2:1 multiplexers 525-528 are connected to receive the ready bits (RDY3,
RDY2, RDY1, RDYO0), respectively. The masked outputs of the AND gates 521-524
are also provided as inputs to a four-input OR gate 529 which provides an active
ENTRY_RDY & PAGE_HIT output whenever one or more of the masked outputs of

the AND gates 521-524 are active. 'In other words, the OR gate 529 will provide an'

active ENTRY_RDY & PAGE_HIT output whenever at least one of the active posted



‘wites to |locations having row address portions different fromthe current

| at ched row address portion. Thus, the speed advantage of not having to
change the row address between accesses i s obtained. As illustrated
in the seventh Iine 307 of the table 300, when the row address portion of
the requested read access and the row addresg portion of one or nore posted
writes matches the current | atched row address portion, then the earliest
mat chi ng post egl:wrd . S e i ng
rocess i o ropuitehbES RSB, Andny MEkbo (0758 indicated by Hiteady BAYL
the request ed itscanirespuding hitcbipbsthdwting adtive. VIid ENTRIE RIEY-&PAGE I &tput

access. It sho und t.ood that the timn eneratqr. a wite buffer
control | er 20@%@%%%&%“*%33?6 pf?i’“ﬂ‘@t@r‘ﬁ? ﬁ%‘e%‘ég“t?tﬁéaﬁ% the ﬁi‘?‘é‘“ﬂ‘?ﬂ?’@rs%4
s full such )8! wiendhe 6t but Ao !(RE nifskdcP Sufblt SchBARD! g%esaSzi.Bﬂ

next access to the DRAMs 135 regardl ess of e resul'ts of the comparisons
of the row addwesselgstadt iasnthef outputs exfd thec omdtiplexets.t heTtosy ronly  that efvtiplexess

dd tion, .t . f the f i d i, pt.i hat
The. enbodi rmen OFEHRding o Fros MYIE BT A3ENe ey bt ) atva it bit S ave
when the row agidicli®é odput.| Thereford,iBe gmﬁine@r ﬁl@%ﬂtpﬁﬁ%@ﬁ)&r?&&icﬁbﬁl b, will

address portion of one or nore_posted wites natch. wever, although the

read access miy hased enlywon aatrigsrbavinganese thes row)shits andihe sldestictivecintryi with y

that the read S e diffare cpl withip.the row l.n such a
case, it is nc?taﬁ c%é sr@yy&[ 5élés)(it%1r e Ci%glep%?rega#}}f 8°faFaP§ the, aciiyE e an
prior to readiaotivelaitabit,r theh tthe odtput @f ahé OO Igdten529T Rl ,bel naéthR 0 BRRE | theD:1
bet ween the read .access _address and the posted wite addresses is extended

to the col unm DYHPlEXEs pEorIZdnto selast thscunrpasked, seady hits. cHmspthe priputpointer: will
that th d l.at i t ' .
ol o by o SR EGRREE bl GAAP'af B Wity enlfles! B RS DRt BAAVED gt will be

request ed readelactedss and the posted wites, the probability of a conflict
wi thin the sane row.can be redﬁgeq to agf)roxiﬁt |y 50% Each additi onal
bit conpared furthertS YHUPESOL e 451 Jpulpplexery 3o-245 16 provided,@s, the inguts to a

conpar at or Mighrbe sifiey sgig.d &7t hnfitldl1 93008 katdy in b BmAAC hafifer! (5°HRBirfef
wites. A tradeoff can be nade between the a
shifter 500 in Figure 14 in response to the current base entry pointer. The shifted
outputs from the barrel shifter 530 are provided as inputs to a priority encoder 532
which selects the bit number of the first entry ready bit from the right of the rotated
output. This bit number is added to the base entry pointer in a modulo-4 adder 534 to

generate the new output pointer (illustrated as a block 536).

The foregoing can be illustrated by the following example in which the base
entry pointer is 3, the entry ready array is 1101 and the priority screen mask (i.e., the
hit bits) are 0111 to indicate that only the row address portions in the positions 2, 1 and
0 match the latched row address portion and thus have a higher priority than the entry
in the position 3 which does not match the current row address portion. And’ing the
entry ready bits with the hit bits (i.e., 1101 AND 0111) results in an input 0101 to the
barrel shifter. Rotating the input of the barrel shifter by 3 results in a barrel shifter
output of 1010. The bit number of the first active bit from the right is 1. Adding this
bit to the base entry pointer (modulo-4) results in a value of 0 (1+3=4(modulo-4)=0).
Thus, for this example the new output pointer is 0 to point to the location of the |

"oldest" posted write having the same row address portion as the current latched row



-19- additional logic required for the conparisons and the probable
reduction in read | atency provided by each additional bit. A table
310 in Figure 10 illustrates the alternative selections for the next DRAM
access when the conparison of the read request to the posted wites is
extended into the colum address portion asjppust discussed. The table 310
Is simlar to the table 300 with rom/311 of the table 310 corresponding to

t he row 301 of gdg&stg,g}eg ' f _the

al ternative enbodi nent” Wt tle[sépect to (ﬁé)or ow h% edé)eg\?\}rog&é&egw SEYE TP¥w
317 are diff eraddrgssgmdtien ae ther auredd fatttred ﬂwemdchehﬂ.ed 5 I n thg sﬁl‘lsz\c/)\?d
colum of the row 312.a he ro e entries and, "
(SAME)" now refer t spﬂ@% i?? é‘ﬂﬂ%‘ﬁ Bén‘BﬁH Sthere,#fe 19 Ha&%nvg-‘(‘?’dg)" daregeing process
ortion of theopepstt sl B¢ safRCnAfifer 22

Bosted wite arﬁe conpared as bef oirae ceﬁ’g\?‘e%gg icg%sgﬂq% 2133@8?&8?%69{1%&@?@{}%
col urm addr es sbasesl ishifies visf the eultiplexers tﬁd-&%ammﬁnemq)Mmdlmémﬁbmﬂom ité e
are al so conp ew row address will be

sel ect ed overa&ﬁg%(fﬁgtgae‘waﬁg 889589}5%8%1‘%"3‘”61 %bw address only if the row
address and the sel Agflhgtriaie 1ﬁIF1§uré§60ﬁ1etd%2t ﬁ@hﬂﬁmnﬁﬁwﬁﬁﬁe&bgr@?g@gg@s

O herwi se, the requested read access will be selected as the
In the row 317eniRydreade afray, byithe valuenof the base entry awinterath adewekshifier 65@ &he

more Posted Wi nbiibiodiBits W afifed R the WSl B & briliy Bndoker 535 SR, "0 s
particular case, selects the left-most (i.e., highest priority) active bit and generates an
output vﬂue representing the position of the selected bit. The output of the priority
encoder 552 is added to a value of 1 .in a modulo-4 adder 554, and the resulting sum -

- is added to the value of the current base entry pointer in a modulo-4 adder 556. The
output -of the modulo-4 adder 556 is the new input pointer, as illustrated by a block
558.

The foregoing can be illustrated by the following example ;n which the base
entry pointer is 1 and the entry ready array is 1010. Right rotating the entry ready
array by one generates an output of 0101 from the barrel shifter 550. The priority
encoder 552 generates an output of 2 to represent the left-most active bit in position 2. *-
Adding the value of 2 to a value of 1 generates a sum of 3, which, when added to the
value of the base entry pointer (i.c., 1 in this example), generates a sum of 4(modulo-4),
which generates a final value of 0. Thus, the next input entry will be placed in position
0, .skipping over the hole in position 2.

The queue control logic described in connection with Flgures 14, 15 and 16 are
preferably implemented in an ASIC to form the structuré of the pointer control logic
420 of Figure 12.

Although described above in connection with the present invention for a posted
write buffer, it should be understood that the queue control logic described herein can
be used in other applications.

~ Although described above in connection with particular embodiments of®

the present invention, it should be understood the descriptions of the embodiments are



‘portion, the selection of which access to apply as the next access is
determ ned by further conparison of the selected colum bit or bits. As
illustrated in the row 317, if the row address portions are the same and
the selected colum bit or bits are different, then the read access is

sel ected as the next access in the sane DRAyLrow as the current access,
thus reducing the read |atency tine. On the other hand, as illustrated in
the row 318, {liusiiGv t : ye)
or bi t5 of i niushifve SPURHANGRRNAN RSt it PENRIGRE VaBoRPhaiRarinhl
. posted wite hodiappficationss amay ooour todthoss skifled tin ¢he ah avithout deprasting oot € tri¢
- or bits of the.colu address .portion is_.applied as t ext access to the
- DRAMs  135. Spifit a'fﬂgcqub‘l’é@es‘gﬁ B agf%ﬁp?tf&ﬁpaqp@e{:%g élﬁ’l"é’cti ons bet ween
read accesses and wite accesses. A table 320 in Figure 11 illustrates
further. detail of selections between posted wite accesses in accordance
with whether any of the posted wites are directed to the sane row as the
current access. The table 320 conprises four entry rows 321, 322, 323

-20- and 324. Afirst columm in each of the rows 321-324 indi cates whet her
the posted wite buffer includes at | east one posted wite access directed
to the sane row as the row address portion of the current access (e.g., a
page hit). A second colum in each of the rows 321-324 indi cates whet her
the posted wite buffer 204 includes at |east one posted wite access
directed to a row different fromthe row address portion of the current



:access (e.g., a page mss). Athird colum indicates which wite access is
sel ected as the next wite access fromthe posted wite buffer 204.

As illustrated in the first row 321, when no posted wites to either the
current row or to a new row are present, no wite access will be perforned.
As illustrated in the second row 322, when ggsted wites to one or nore new

rows (e.g., page m sses) are present but no posted wites are present for

the current rowygAPar ¢HEMEY 1gwite access will be performed to a new row
and t he ol dest poste§ vvrﬂe Wi Hw be selected for the next wite access. As
illustrated in the 1hirdArmem8fGeontiodier sthidheamtrolsne dpmmiie danddnt @cdess nnory

current row (e page hi IS present, then the next wite access wl|
be performed t@ﬂ@ocﬁﬁﬁe%f”wcmeﬁﬁﬁeﬁ ?18]‘5?]585& %@taéﬁe_sﬁ/rrf’ﬂ‘é"slsohqvllf_éﬂ Bapecive
row wi |l be seidaedsss A alddbiafed*dati 46 B8 Swrithéh {o/sdid PRAM StérAlR Gald addEsses
fourth row 324, even if a posted wite to a newrow is present whi cﬁ s
ol der than t hecashof seidwrite@ddresses having arrewtaddress portion pod aeglumn addressopdrtien,
current row vvi%tédbep%i ven grilorit and the next wite access will be
perfornmed to t T CopEOller-ompSEL t nosted write to the current row

will be selected for theaBeffér hivirgta Plafitp of locations WHIEH ROkl 3fbore SaiiNGrite
enbodi nents of Figures 8-11 require a non-conventional posted Wwite buffer

204 because the postddgessps aud; asspeiatedt date ferseaghiaf\saidwpite atoessrraguests wintib saidn

t he sane order in ' e r ' uffer.. Th a _convent i onal
lrstorn o ret - our " Py Bl o3 SR bikiens el liorel §ifrosfesCtld il bEIRE
| ocati ons of the acinaineaiymsds ireshidvbulfes invae Prded &opesioadingt tof &5 ofRRP iR SvHicexiad

out of order and conparing the row address, portions and sel ected bits of

the col urm address Yo 3G5ES Fequests arerieeavedy afle conpari son and poi nter

logic 230 within the tin e a f . yete]! 2
conpari son and poi nter r%‘pgg‘g%gog%&#ﬁ Eg?dr:wat Iéfgéqlﬁ%?rﬂbélg 4(ilt‘:ai"'[ctasi gﬁ?rﬁlﬂgfaél&r ggta.
12- 16, Fi gurassdciated Iwitt omd eSsaidh pluvality of write adcess feguests as a gt access to -

conpari son and pointe ontrol logigc, 230 and also illustrates additional
de{rgi | of the pgst eﬁ“iﬂ%ﬂ@mg@@?‘mss sequence control circut compr?s?ng:

a comparator which compares said row address portion of each
of said stored addresses with said row address portion of a current access
and identifies write access requests having respéctive row address
portions identical to said row address portion of said current access; and

an access selector circuit responsive to said comparator which --
selects one of said identified write access requests as a next access to
said DRAM system before selecting a non-identified write access request
having a row address portion different from said row address portion of
said current access, said selection of said one of said identified write
access request being made even if said non-identified write access

request was made prior to said identified write access request.

2. The memory controller as defined in Claim 1, wherein:
said memory controller receives a read access request having a read
address, said read address having a row address portion and a column address
portion; | .
said comparator compares said row address portion of said read address .

and identifies whether said row address portion of said read address is directed

U R



:-21-‘ The posted wite buffer 204 conprises a buffer array 400 which
conprises a plurality of buffer |ocations, which, in the preferred
enbodi ment, conprises four |ocations 401- 404. Each of the buffer |ocations
401- 404 provides storage for a plurality of data bits (e.g., 32 bits), a
plurality of address bits (e.g., addresses .Ap2-AD21), and a ready (RDY)
bit. The posted wite buffer 204 is preferably a dual -port buffer which
provi des | ndependento ikl i@%2d0@sE pordidh! oftsaRScilrfint dededs; Wigt €s and dat a
reads. In addition, the data within the wite buffer 204 are provided as
output data directly to $4d asenspaicleston cirenitpsslastsesaid onad eccdspgequedBas anext
descri bed bel ow. Fo . i uf f.er 204 illustrated in
Fi gure 12 incl udes %ccrggeg srg g%?&ng@%%td?&n‘ﬁ@gﬂ ffﬁee?p‘gﬂgﬁ AFECS SRSt gt access.
poi nter fromthe cogparison _and poi nt confrol  logi¢c 230 to select the
data in one of the uffefB? Bteglqrgr‘fgmﬁ‘g T 45 flefined Hb%éﬁ&@p%rtwhf’d?@:fromthe
posted write buffer 204.saitgorfidstop Alret céinpiiids Togld Unich QAHARARTANS

' f)t he %éu}tput pol teraaqnzy %i‘?}?ga

1-to-4 decoder, for exanmple. Alternatively,
to address an out puef 8id eqlynneddregsiportioh ofisdid read addresS withpomirrespondinige portion

buf fer 204 al so inc wite,select.circuit, 412 I C enerates a wite
signal to a select e‘%’ug‘ﬁ‘z ‘%}m?lh iia @Pnfod’éa?ﬁjﬁﬁ\% Pi\b‘fﬁgoﬂpi te 85 said
I nput pointer and sbuffekf &d wite signal fromthe conparison and pointer

control logic 230. Wien the buffer wite signal is activated, wite sel ect
circuit 412 decodes the §aifhaddrewi selectarccitguitt selectshsaidisead aneessamiquest defore any

I nformati on and the,:ea ' o] 44N the huffer array.,400 to ,

t he decoded buffer O%agélégg‘# g%%kﬁoﬁrh&p%md Powﬁh%eﬁgpaﬁ“e fisﬂdﬁeéﬂr@%{eﬁs 1s

the address porti oridedticabtdsdid frbwraddress poriondé¥lsaftDéurrent access and said portion of
said column address portion of said read address is different from said .

-= corresponding portions of said column address portions of said identified write

access requests,

4, A method for controlling access to a dynamic random access memory
(DRAM) system having a plurality of memory storage locations, wherein said DRAM
system is accessed by applying a row address to said DRAM system and then applying
a column address to said DRAM system, said DRAM system providing access to a .
plurality of locations having the same row address by changing only the column address
between accesses, said method comprising the steps of:

storing an address and associated data for each of a plurality of write
access requests in a buffer, each address of said plurality of access requests
comprising a row address portion and a column address portion, each address
and associated data stored in an order in which said memory controller receives
said access requests;

performing a first access to said DRAM system at a first row address
and a first column address;

comparing said first row address portion with said row address portion

of each access request stored in said buffer; i

when at least one access request in said buffer has a row address portion

identical to said row address portion of said first access, selecting as a second

_

[



.is further apportioned as a row portion (e.g., ROAM, ROAM, ROA2, ROWNB,
respectively) and a columm portion (e.g., COLO, COLl1l, COL2, COL3,
respectively). The respective ready bits are simlarly identified (e.g.,
RDYO, RDY1, RDY2, RDY3, respectively). The conpari son and pointer
control logic 230 conprises a pointer cont-82! |ogic portion 420 and a
plurality of conparators 430-438. The conparators 430433 are read _
conpar at ors whi ch awmapaosaihBRAM systdmessephest ireseived chesess aequest bf said af leabte

col um addre ortion of the ad. request .qn the temb 12 ith_}he
addlrjess po;tisgng ;?I‘Ibe §‘§F§scf°@8°§r3ﬁla§“{§fg¥‘h‘§ %&Wﬁ%ﬁﬁ#ﬁﬁ%‘éa@ r\glf”? ess

posted writes in tpatibhfofShidefifstUctt) safdOdt 18as0BRE Accebd) PecueSiIRVAIOAN {RBtical

conpares the row address portion and sel ected colunn address portion of the
read request with RoN\eddiess pertientkeingselected before eamligraecess requests having non-

-22- buffer locatign.401, T tput of the conparator 430 is a match

si gnal (MATCHO) m1d§ﬁnég(§?‘gaq%§§°%€l?§#m?‘%’ea@;ad request is directed to the
same row address and powhe®hy atdtss setjiestf saldmbubfihessrods addiessnsuitias idéntita
stored in the buffer | ocation 401. (If the conparator 430 is expanded to

enconpass al | the Woaitnsow; adsiress rpogtiom of &# pesesy Folecting @B eaplinshseqgived
Feapecti ve MATOHL, MRRTCBUE: P R FEEE 38 ShR el acrfel, 27 Rl O
5 The method as defined in Claim 4, further comprising the steps of:
comparing a row address portion and at least one bit of a column address
portion of a read access request to row address portions and a corresponding bit
of column address portions of said plurality of wﬁte access requests in said
- buffer; and
when said row address portion of said read access is identical to a row
address portion of at least one of said write access requests: .
performing said read access prior to said write acéesses having an
identical row address portion when said correspox;ding bits of said
column address portions are different; and
performing a write access prior to said read access when said at
least one bit of said column address portion of said read access is
identical to said at least one bit of said column address portion of one of

said write accesses.

6. A method of selecting a next access in a dynamic random access memory
(DRAM) system having posted write requests to said DRAM system, wherein at least
one of said posted writes has an address directed to a storage location having a row
address identical to a row address of a current access to said DRAM system and at least
one of said posted writes has an address directed to a storage location having a row
address different from said row address of said current access, said method comprising
the steps of:

selecting an earliest received write access having an identical row address

as a next access, prior to selecting any write access having a different row

* [ L M S *



. between the posted wites in the |ocations 402, 403 and 404, respectively.
The conparator 434 receives the row address portion of the current read
request and the | atched row address fromthe row address |atch 220 (Figure
8). The conparator 434 outputs an active RBBD H T signal when the two row
address portions are identical to indicate that the read access request is
directed to the curaddress;yandpen nenory page (i.e., the currently accessed

row of the DRAMsE 135). The co ator. 435 recei ves the, rQw address
portion (ROA) from t he “fR R4 “'Flgfcs‘fﬁ%maﬂm irptical oW addyesyy selsgring ap cadiest

portion fromthe rQuwiRdRcas havpCd\diffent 6% IarHRaA LA hHextdctely, OVi des an
active H TO out put when the two row address portions are the sane.

Simlarly, th t - i i . . HL T,
outputs 1 n responsdito &b oultebercilh BRK Kimi? BRED eiteblivelt il b Rl bely
ROM, RO andn&k&idled irgaplwralityasfilecdtions ity saidl tbuffet eirewdt andewhivhqsbimiits tsaid ddie

MATCH and HI T conparatqgrs can be_ tipe multiplexed to yeduge the total, .,
anount of har&%&?é’%g{"?‘%é‘?‘ﬂ bﬁ““’ﬂ%%‘?&‘ﬁ?"‘%@?ﬂ \pﬁe}'@rg}utmqg,mg:
READ H'T, H TO, H T1, H j: Sti Vé i :

poi nter control |ogic 42%2%11 ong w@ﬂﬁgﬁem%%ése%%t %@Z&En%f]%%%( 0‘%’?8%%?95.

The ready signal s aeeeivwoainextedhtaviniput;t he mat ch signals and the hit signals
so that the pointer control .|qgic 420,is .r.esponsive ly tq hits and
mat ches to posted witedhiH %‘?M Which, identifies 2 W’qttf\?@r?\{‘f’(???ﬁ’él %Wl%
Thus, after storingofilde ofd fex®obPut;dn@d Wi th a posted wite, only the
respective ready signal need be cCleared to disable the respective hit and

mat ch si gnal s. Thaepoimieheantrot giseuibwhich gontrels saif input peintersandssaid gutput

i gnal | i C Qql e L8 L1
210 Tho road el Pl rpeby Sh nololF SRR HrbiCuBRUR T byl BhEddE,
the read access is régbsivet 4 predeteftiiiad ¢Barattéistichsf said data to select one of said full

ones of said locations as said source of said next output.

8. The buffer circuit as defined in Claim 7, wherein said data includes
addresses which identify storage locations in a dynamic random" access memory
(DRAM) system, and wherein, said predetermined characteristic of said data comprises
a result of a comparison as to whether row address portions of said addresses are
identical to row address portions of a currently accessed storage location in said DRAM  :-

system.

—_—

e



.-23- table 310 in Figure 10, as described above. The detailed | ogic

di agrans or logic equations for generating the re - tt—~—si gnal
based upon the table 310 will not be described heldHiS SHEEh&A§eREN} i on of
such logic diagrams or logic equations is well w thin tREPIACERNI ew of a
person skilled in the art. As di scu&sed ab ~TTrOorder to reduce
the latency of the nmenory subsystem 120 of"fhe present invention, it is
necessary to ha i1t f ot r t wite
but for 204 to ¢ NAEMEARY LaarRLLER SPRICH EXEROTHE RERD aMR MR, 1
the data are received fromthe COMMANDS O@ZP.OFORDER conventi onal FIFO
buf fer cannot be used. Furthernore, by transferring data out of order,

"holes” are left in the posted wiypg RilFehe PidioMiech must be taken into
consi derati on when sel ecting the m_wr“!‘r‘e_ro transfer to the DRAMs
135. Finally, as djscussed above,. n two.o r osted wri.tes are
directed 1o the s hERrGAYED VR Fuaes hBReed yffF BuBdinn it Kbt acsers
the order inpmdmditest(DRANEE TRSpost@0wtite KUk ind@ies Bkl ol logas tol ehbBle réad 2

directed to the sane colum overwites earlier data and not vice versa.

Fi gure 13 || peesssest osbenpriicgssed dpadvaneacef| pastad weiese safaare dvansferred frgma dhed
wite buffer - ah ded i . Pl pt b r o 0
of Figure 12PSRa sud bk Re PRoA g8 Shiithell B ik ol bR o Reucyy G

| ar ger queuetd take.advinthge oF pagembda dpenitibrg postel anites having the sai¢l e6ie adiddess)
the present invention. The queue 204 is simlar to a FIFO in sonme respects;
however, t he 2§ 3cEHETend NGMOTy, Aecesst P LivenoPHerity aver other pested oMites such, that the

to fixed entry positronswthin e array in a manner ‘sim

order, ot | y3leed aHfbd Ry SRUSiRd HRLHEHS In BBGUBH USMRORot ble! e DANBLE S _.

addresses of incoming read accesses and addresses of posted writes in order to expedite
the transfer of posted writes having the same row addresses to memory in order to
service the incoming read access on a timely basis. An improved write access buffer
permits posted writes to be transferred to the DRAMs out of order without losing track
of the skipped posted writes. *

-
heet Has Been Replaced

i



a standard FIFO, however, unlike a standard FIFO, the queue 204 does not

utidize a fill count to keep track of which entry is available for storage.
Instead, an entry-ready bit is provided for each storage |ocation (referred
to as the RDY bits in Figure 13). Pointers into the queue structure

and the respective entry-ready bits for each position define the state of
the queue. A pointer is pointing to a particular position if the pointer

hol ds the respective position nunber ghomm to the left of -each position in
Figure 13. In Figure 13, entry positions 1 and 2 are shown as havi ng queued
entries (i.e., posted wites which have not been transferred to the DRAMs
135) and positions 0 and 3 are shown as being enpty (i.e., any posted
writes previously in those positions have alreadygpen transferred to the
DRAMs) . Thus, the entry-readygbits are set éy/’g

-24- have a val ge—e off positions 1 and 2 and are cleared (i.e., have
a value of 0) fey po€PU ons|0 and 3). An input pointer points to the
next avail able e t-he queue. The entry pointer is valid if the

correspondi ng e i  pot - set (i.e., 0). Gherwise, if the entry
ready bit g2 E thg input pointer is invalid because the
position is alre# yeava: 19]] An out.put pointer points to the queue
entry current bef lesséd or about to be processed. The out put pointer
isvalid if the en r €ady bit at the correspgmdgt ng
{ )
4 SYSTEM_BUS 7
\ \
=120
r——————— s e e e e e o et — ey —

r
I | r
s |
¥ . L . MEMORY |
| DRAM |<: CONTROLLER | |
r r
r r
r r
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position is set (i.e., 1) and is invalid if the entry ready bit is not set.
Thes base entry pointer generally points to the ol dest unprocessed entry in
wi t'hi.n the queue structure. The base entry pointer is not used to directly
access the queue structure, but is used to generate the input pointer and

t he out put pointer, as described bel ow. The pointers descri bed
herein are - bi tpoi nters encode 2At3 f our positions of the queue. |If
addi ti onal qugue Ssitions are provided, add&i onal bits will also be
needed in t@ poi njers. When the queue~204 is enpty, _all the entry
ready bits saLg inacyive, and Loput_poi nt gr, t,Iil-e out put poi nter and k he
base entry I.QQ nt er | point posjtion i fhe queue. Mhen
t he queue 204 is processing ! ch e |
recei ved, the queue functiong |iHKe - based|FIFO W th
the base entry pointer and the out [ ° & i -'g‘ng tojthe sagme
| ocation. In other ar=y dnsf ¢y, to the DRAMs
135 will be the ol des (&b ase—entr-y—8i nter| A nevy
entry can be placed i i n@ut. fQoi ' inting to a
| ocati on whi®h has fan readyshitl |11 tlhe i npast. poi pter hqs
pr ogressed Qc*h\th ; iti p base entry i
poi nter, rl-o'--f-u-:-t\h.e-r.-e _ PC hew ent§y i s
st ored in‘t he queuq, fhe entry ready bijodfl t he posi N on fere the entrly is
stored is ;set and tfhefi nput {pointer is ed tp the next |Pgher $torag
position junber. ThHe pointer{s count nod -4 spch that when pofnter i's
incremented froma jvajfue of |3 (i.e., bi y 11 the next |vakue pill bd 0
(i.e., bir{ary 00). |Injot her mord®y the jnt er “waps aroupd Eiortho
I ¥ Z I
L
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-25- Entri,es are renoved fromthe queue at the position indicated

by, the output pointer. After an entry is renoved, the entry ready bit is

reset, and the base entry pointer and the output pointer are both

i ncremented, wapping to 0 if the renoved entry was in location 3.

When an entry is renoved fromthe queue in an order different fromthe

i nput order, holes are formed in the dlBue. The entry ready bits define

where the hol es . The . qyeyejs jnitializedyby segttigng -ty ry

ready bits fslan i I VENS The entry {84dy

array (entr}&eaq helbit nunb¢Rjw t

sane as the|lpgsitli an entry in
f

Y2

entries cang%§ ad o fromthe quedy i pg t
respective pNry . § In orde D b
renoved fropN\jhe Q er¢nt order “g r]e
out put poin I S F\‘ﬁ e fndepende \
poi nter. TheNjosi i N ct
based upon &NJri g N
priority sc u].iﬁ 3 IN he' i > cafi orP™pr -
whi ch the qei ' : i ' oyt ppt
poi nter for R\e | i nMengt’i ] Y i i he
poi nter con I IFLQ ' ' ' ' ngxt
state of th¢ Queue P e i ' t 1=
poi nter and|tHe nex i is |5
function of |tHe cur ddy a
bits, and i§ gqlso a [ [ i chiSin
the case of e pre <
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conparat ors. The base entry pointer will change only when the out put
poi nter points to the same position as the base entry pointer and the entry
at that position is renoved by transferring the data to the DRAMs 135. I|f
the entry at the next queue position has already been renpved, logic is
required to junp over that "hée." Ingpwdticular, as illustrated in Figure
14, the entr readn arrgyp ( , RDY2, RDY1l, RRB \Quffer array

the §Jn f a four-bit bg $O0F which is
control |l ed by_fihe tmo-brt (B1, BO) of tH b entry pointer
502. The = 6-] inputs to
the barrel s ter jare i syqedj right) by an
anount equal t hel val pejof tlhe current baseleptry p(int=\\.F3r exanpl e,

' Ny [eady array
fipant bits of
§i ghificant bits
504 selects the
RN o] at ed out put .

3 qtef in a
§$ "foi ntjer . \:e ext base

%s witten out
current

will shift to
the i nputs t o\
of the out putR
bit nunber off\§he f riy a entry ready bif

This bit numbPR is thén adRd fo the current R
506 fojobt g the next base ent
poi nter becongq t he c?rner bape poi nter when

ol

to the DRAMs | ustRNt el by the wite
base entry po

\
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The feregoing can be understood by the follow ng exanple in which the
current base entry pointer is equal to 1 and the entry ready array is equal
to 1011 (i.e., RDY3=1, RDY2=0, RDY1l=1 and RDYO=1). Thus, entries exist in
positions 3, 1 and 0 and a hole exists at position 2. Renoving the entry at
position 1, changes the entry readysgjsay to 1001. Wen right rotated one

bit (the value of the current base entry poin r) - 4-he —out put—of -t he—bgrrel
shifter 50NS 11&). The first _active eptry fgbmghe right is bit 2. A3di ng

2 to 1 (nodulo-4)%esults injasyalue of}3 for Jthe new base entry pointer,
t hus ski ppi over\the hole. * As L] usthat eFI in Figure 15, fjone or
nore priori scheayl i ng fundtio d to, screen fhe entfy rea
array for e next task to prjoceqqy. e outpy ~s{For med} by AND i ng
the entry ready arr, | i|ty <gcr een sk corrprisgg, injthe-
present invention, [the hit bits (HAT3,2H T2,© «@m t he I
conparators 435- 438 Tguré¢ 1 in@ plural I fQt es 5p1-524,1 as
illustrated®n Figyre]1l5. The}mapk f the AND giffes 521-524 are
provi ded as SE& ectlivp first ilnputs to Hespondlng two-{o-one §2:1) 1
mul tipl ex s__(_NE!XE.S) 5252528 | Thp— espelekilde—secehd input$ to the 2:1 |
mul ti pl exers 525-548 are conngctpd to reteilve the ready hiws (RDY3, RDYR,
RDY1, RDYd), respedti yely. The npsked o uts of the AND gates 531-524 pre
al so provilded as irpuls to a fow%nput §R gate 52@Qwhi chlprovidg¢s an
active ENIRYRDY & FAGfHIT ouf gut | henever lone or &ofdhe masfed out puts
of the AND gates 531-$24 are|dct|vd] Lo other pords, the R ﬁe 529 wi il
provi de ar active BNTRYRDY & F’AGEI—}kT (;_p% V\‘Qagever at Ieeaé -g4ng of th
- =
active podted e8= 3‘58 |
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-27F-

‘Wwite entries is directed to the currently accessed row as i ndi cat ed
by its ready bit and its corresponding hit bit both being active.

The

ENTRYRDY- & PAGEHI T out put of the OR gate 529 is provided as the sel ect

i nput to each of the 2:1 nultiplexers 525- 528. Wien the sel ect
t he masked outputs of the AND gates

active,
outputs of the mu
entries h g bo
active out .
bel ow, w |
ol dest act
none of th
gate 529

|p|

ctive entries has ahlae
be inactive to

exers. Thus,6/88ly the

an actlve entry bit and
efore, of yhe d
be bagngfnly uppn entries pavifig pad
entry

th a page

i nput is

21-524 are selected as the

I tiplexers corresponding to

acdtive it Bit wll
ut put poi nter,

age (i.e

ol sel ected. Ont
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thgéZ:l 7

t he unmasked ready
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barrel shiftQr 530
the barrel sMiY

poi nter. The Th

i nputs tola priorit
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added to fhe base ¢
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entry ready bits with the hit bits (i.e., 1101 AND 0111) results in an
i nput 0101 to the barrel shifter. Rotating the input of the barrel shifter
by 3-results in a barrel shifter output of 1010. The bit nunber of the
first active bit fromthe right is 1. Aflsgli ng this bit to the base entry
‘pointer (nodulo-4) results in a val ue 0 (1+3=4(nodul 0-4)=0). Thus, for
-this exarrple the new output pointer is O to point to the Iocit),enfw t he
“"ol dest ™" Ff@r tg havi ng the same row address portion as#fThe current
“latched row -28- address,
-t her eby ski ppi ng over an ol der posted wite which does not have the sane
- row addre§s portiom as (e current atchedy row addr e5s. It should be
- under st 00( tREADlROWier areWRjTEag@Wilts t he AQCESS ng progfess operates
~in the sar ' re—phtries—are=provrepd as inputs to
MEWfter via t

t he barrel SﬁADarMEWHe out w.t_..wyter
wi Il thus T..to tne grdest ITegTT of~T1s row address.
As illust a"e(ln Fiqurg 16, WW _ ] a(ﬁé‘&efornehbyjaght _

rotating tltm.:wmry r eady ar r aem REW entrLLh’qué%rtlnta
S 8Ll ut s 0

barrel shi gh

ia ]E)ri ority NaIEWoder 552 whi ch, CREN'E part cIEan:jRI%EN‘Ec I
eft - nost hestpriorit actTve i T t n o I val ue
representi ﬁRg Oglthr;pOf E el ect ed Dlt (H\bem Sf‘ﬁzf Th’e'&ﬂ ority
encoder 5% @%Rﬁlﬁed tofa val ﬁgw)f 1ina mdf'\’[EﬁDél dgﬁﬁtNﬁsZ[__@_Q%bge
resul tingist

CURRENT - CURRENT WRITE CURRENT |~— 37~

NEXT ACCESS SELECTION

k3

FIG. 10 T

READ ROW WRITE ROW ACCESS
NEW EMPTY READ NEW L 5/7
NEW NEW (DIF) READ NEW /0
NEW NEW (SAME) WRITE NEW 373
NEW CURRENT WRITE CURRENT |~— 374
‘| CURRENT EMPTY READ CURRENT [—J375
CURRENT NEW READ CURRENT [~—J376
CURRENT CURRENT (DIF) READ CURRENT (- 37~
CURRENT CURRENT (SAME)| WRITE CURRENT |~_375

ALTERNATIVE NEXT ACCESS SELECTION
WITH COLUMN BIT(S)



IS added to the value of the current base entry pointer in a nodul o-4. adder
556. The out put of the nodul 0-4 adder 556 is the new i nput pointer, as
ill'ustrated by a bl ock 558. The foregoing can be illustrated by the
foll owi ng exanple in which the base entry pointer is 1 and the entry ready
array is 1010. Right rotating the ené&g ready array by one generates an

out put of 0101 fromthe barrel shift 850. The priority encoder 552
generates an output of 2 to represent the left-nost active bit in position
2. Adding the value of 2 to a value of 1 generates a sum of 3, which, when

added to the value of the base entry pointer (i.e thi s exanpl e),
generates a sum of 4(nodul 0-4), which generates a vaI ue of 0. Thus,
the next input entry will be placed in position # skipping over the hole
in position 2. The queue control |ogic described in connection with
Figures 14, (r5—=and—16—ar pTETerdD' |np emented 1 am ASrcto formthe
structure of| ENTRYIRDY¥r korkNBRY| 4p0 of Figure 12. Al t hough

ion vvl&h Pl esNBXT AGCESSNn for a posted wite
stB&GEt MalSSf,?he queue control |ogic depcribed

FappPrTreatrons =A=tfroog descri bed

descri bed alove i &connec
buffer, it hBAGE HéT@nd

herein can |

above i n connecti with particu enboli : regent vy } on,
it should bFJJrldF\lSQT nndib jPQme Lons QM?’BWH@" § are ‘%/
-29- NO YES WRITE OLDEST ENTRY T—.z22
. WRITE OLDEST | _
YES NO CURRENT ROW ENTRY | 325
T | WRITE OLDEST |
YES YES CURRENT ROW ENTRY | 324

WRITE ACCESS SELECTION

‘ FIG. Il



illustrative of the invention and are not intended to be limting. Various
nodi fi cati ons and applications may occur to those skilled in the art

wi t hout departing fromthe true spirit and scope of the invention as
defined in the appended cl ai ns.

-30- WHAT IS CLAIMED I S: 1.9/13 A menory cggikg%jer whi ch controls a

dynam c ranﬂ ce nory ( DRAM— system-which- erves a plurality of
wite acces @és?@havi ng rlespecSN8TRMdBisSes and associ ated data to be
witten to sai d DRAM system at‘\sai d adgresses;_each 6f said wite addresses

having a row address portion and a c¢l §mm dy ess por{%’,&n, said rre?by
ural ity

controller conprising. . . _ _ __ __ _ albuffer| havigg:
| ocati ons which lferrporari ly store sai\d)wit add{rzﬁs;es and _:
associ ated data for each g id ' | said
data can be withk ef-—t-a—éi%q{%gAM sy @@ﬁgﬁﬁsgﬁ g% ad{ir esses. 42 al
bei ng mai 'njt_ei ned in sdid buff ' . £gpohding to |
order in which slaid READ wii BATAZIROWZICOL 2| RAN. ~ved; WRITE I
an access sequerkce [cO®RELRCTCI cH-selects ol SELECT |
associ ated with.long of said j RO ticoL F Sts as a nexf
access to | sqi d DRAM sy d laccdss slequence confrol circut |
conpristng: : () > [pATaglRowoi coLo | RovO[ =/ :
(P I IR ] e — ] L | ==
~WRITE ADDRESS D
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a conparator which conpares said row address portion of each X

of .said Stored addresses with said row address portion of a current access
and i.dentifies wite access requests having respective row address
portions identical to said row address portion of said current access; and
an access selector circuit responsive to said conparator which

sel ects one of said identified witeggaggess requests as a next access to
sai d DRAM system before selecting a non-identified wite access request
having a row address portion different fromsaid row address portion of
said current access, said selection of said one of said identified wite
access request being nade even if said non-identified wite access

request was made prior to said identified wite access request. 2.
The nenory controller as defined in Claim1, wherein: sai d
menmory controller receives a read access requespphaving a read

address, said read address having a row a ess portion and a col um

addr ess portion; sai d comparator conpares said row .
address portion of said read address and identifies whether said row

"0p o%° “Ebtclifgﬂoﬁ SaT ENTRY oK ©°°° | Ry -SEERB

3 |PROCESSED ENTRY 0 ~—— INPUT POINTER
2 |QUEUED ENTRY 1
1 |QUEUED ENTRY ; ~—— OUTPUT POINTER

~——BASE ENTRY
” 0. |PROCESSED ENTRY 0 | POINTER

'* FIG. I3



to said row address portion of said current access; and . said
access 'selector circuit selects said read access request as a next
atcess prior to selecting said non-identified wite access request as a

next access. 3. The nenory controller as defined in Claim?2
wher ei n: said conparator further conprises |ogic which
conpares at |east a portion 11/Q9% said colum.address portion of said
read address with a correspondi ng portion of said col umm address
portions of said plurality of wite addresses in said buffer; and

sai d address selector circuit selects said read access request before any
write access request when said row address portion of said read address is
identical to said row address portion of said current access and said

portion of said colum, ad s portion of said read address is
di fferent ;uu;ﬁaLg________gpff"ﬁ?%ding portions of said colum address
portions df said identified wite access’ requests. 4, A

met hod forl cpNT iR?ABW‘??RRWY al dynani ¢ random access menory (DRA
a

I
system hading a plurality of nenorl storage |ocations, wherein sai d DRAM
systemis| sed. a in bw address to said DRAM system and t hen
appl yi ng @éﬁQ%E@YL%M system said DRAM system providing
access to a jpluralfty of |ocatigns having the sanme row address by changi ng
only the coljum ad¢ress bgtween Jaccesses, said nethod conprising the steps

of : toring|lan address and associ ated data for each_of a
plurality off wite in a buffer, each aggfﬁﬁéﬁ%f sai d
plurality Bgnprising a rowfEddressportTpn and a
col um addr ess %ti on, each addre amt—assodqi Bt%i%st bred in
an order ifn whi BELdshﬁﬁ%EB cont ¥ oBIQer Jeceives AL, Yeks

ai
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and-a Tirst columm address; _ conparing said first row address
portion with said row address portion of each access request stored
in.said buffer; when at | east one access request in said
buffer has a row address portion identical to said row address
portion of said first access, selet2fiag as a second

- 32- access to said DRAM system an earliest received access request

of said at | eRBY3 RD¥Re accRBY1requedYQavi HiT®: ridll2adHiE$s peliTOON

i dentical to sa d row address portLon of daid ffirst afcess, aid at
| east one access request| having gn identi gal l r addrgess porjtion
bei ng sel ected pefore He+—aeeess—reate I ng non- ~identical
row address porftipns; ar I TT0_acCESS requept in daid
buffer has a r hddr ess ) to sald row addrgss
arliest received - access
.. 5. The net hod as
tepg§ of: .

ong bit of a colum address
ss{portions and a
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buffer;* and when said row address portion of said read access

is identical to a row address portion of at |east one of said wite
.access requests: perform ng said read access prior to
isai d-Wfite accesses having an : i dentical row address portion
whef said corresponding bits of said col utm address portions
are different; and 13pgyformng a wite access prior to
said read access when said at _ -l east one bit of said colum
;address. portion of said read access is identical to said at
‘| east @ne bit of said colum address portion of one of sai d
‘Wite-acce 6 hod of selecting a next access in a
“dynari c raé@% acR@Y¥2 maR'BY}/ ( system havi ng posted wite requests to

sai d DRAM syqtem erein jat | eadt one of said posted wites has an address
directed to storape locagion hgving a row address identical to a row
~address of ajcurren} access to sgid DRAM system and at | east one of said

posted witeq has ap addreps dirqcted 4400 storage | ocation havi ow
address diff4qrent fyom sai@ row ¥d eé? of said curre %%‘?mt hod

access having ABARREE! SRIFTERY addrfSgo | a5 & nej(BAGLCRRIRY I pr 10
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addr ess;” and when no wite access has an identical fhoéstee

addr ess, ‘sel ecting an earliest ' write access having a differet,g ow
address as a next access. 7. A?g_ffer circuit which permts data
to be received in a sequential order and stored in a plurality of |ocations

T Rk

an i nput pointer which identifieconvaviASNDS COUTYOPNORDEEai d | ocations to

receive a next data input; an out put pointer which identifies
a next full one of -said |ocations ggsi 4t of the DisPsuRe Of a next output; and
a pointer control circuit which cdon S sal d rnput _poi nter and sai d out put

poi nter independenfly, said,pojnter,control ¢ircuit.including. a iorit
Schedul er rh Sl savBtel Feiey alrisd i kbiten or dippiiciphdon gors »
to sel ect ongnéhodéd MKRAMs). The ,Fostemeﬁt@tmﬁf@i iflcli@atddndund 16p3é b ERblcRaf
sai d next out put 8. he buffer circuit as_defined 1n Cdaim?7,

wher ei n sai d ageasses i beipsecesssd msafvanaghpl Rostetb writesy  Betar arg dransfeater ofiem; the a
dynam ¢ a”d%séﬁ%&:% &ﬁ?dfgi&’thé%mss&ﬁsé géle s tRRG! bt bﬁﬁé-%o%{fggfgﬁkﬁﬁeged

characteristi'c of sal a conprisés a result of a comparison
whet her row aedslessdvantagt @f pagé nivde dpatos spatedaweites havingathe sirfie row ideises S

portons of & QUL | ) Acessed SLouag phass! Lol di 3Rl AL Ul e e
posted writes may be written out of order. In addition, comparisons are made between
addresses of incoming read accesses and addresses of posted writes in order to expedite
the Uaﬁsfer of posted writes having the same row addresses to .memory in order to
service the incoming read access on a timely basis. An improved write access buffer
permits posted writes to be transferred to the DRAMs out of order without losing track

of the skipped posted writes.
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