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SINGLE-PORT MULTI-BANK MEMORY SYSTEM 
HAVING READ AND WRITE BUFFERS AND 

METHOD OF OPERATING SAME 

RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part of 
US. patent application Ser. No. 09/405,607, by Wingyu 
Leung, entitled “Read/Write Buffers for Complete Hiding of 
the Refresh of a Semiconductor Memory and Method of 
Operating Same” ?led Sep. 24, 1999, Which is a continua 
tion-in-part of US. Pat. No. 5,999,474, by Wingyu Leung 
and Fu-Chieh Hsu, entitled “Method and Apparatus for 
Complete Hiding of the Refresh of a Semiconductor 
Memory” Which issued Dec. 7, 1999. 

[0002] The present application is further related to US. 
patent application Ser. No. 09/037,396, by Wingyu Leung, 
entitled “Method and Apparatus for 1-T SRAM Compatible 
Memory” and ?led Mar. 9, 1998; US. patent application Ser. 
No. 09/234,778, by Wingyu Leung, entitled “Method and 
Apparatus For Refreshing A Semiconductor Memory using 
Idle Memory Cycles” ?led Jan. 20, 1999, and US. patent 
application Ser. No. 09/181,840, by Wingyu Leung, entitled 
“Method and Apparatus for Increasing The Time Available 
for Refresh For 1-T SRAM Compatible Devices”, ?led Oct. 
27, 1998. These patent applications are hereby incorporated 
by reference. 

FIELD OF THE INVENTION 

[0003] The present invention is related to semiconductor 
memories, especially dynamic random access memory 
(DRAM). In particular, the present invention relates to a 
method and apparatus of handling refresh operations in a 
semiconductor memory such that the refresh operations do 
not interfere With external access operations. 

DISCUSSION OF RELATED ART 

[0004] A conventional DRAM memory cell, Which con 
sists of one transistor and one capacitor, is signi?cantly 
smaller than a conventional SRAM cell, Which consists of 4 
to 6 transistors. HoWever, data stored in a DRAM cell must 
be periodically refreshed, While the data stored in an SRAM 
cell has no such requirement. Each refresh operation of a 
DRAM cell consumes memory bandWidth. For example, the 
cycle time of a 200 MHZ DRAM array is 5 nsec. In this 
DRAM array, each external access takes 5 nsec, and each 
refresh access takes at least 5 nsec. Because an external 
access and a refresh access can be initiated at the same time, 
the DRAM array must be able to handle both Within the 
alloWable access cycle time so as to prevent the refresh 
access from interfering With the external access. This limits 
the minimum external access cycle time to be no less than 
10 nsec, With 5 nsec for handling the external access and 5 
nsec for handling the refresh access. This is true even though 
the refresh accesses are performed, on average, at a fre 
quency of less than 100 KHZ. As a result, the maximum 
accessing frequency of the DRAM array must be less than 
or equal to 100 MHZ. Thus, a 200 MHZ DRAM memory 
array is required to create a device capable of operating at 
100 MHZ. This is simply not economical. 

[0005] Previous attempts to use DRAM cells in SRAM 
applications have been of limited success for various rea 
sons. For example, one such DRAM device has required an 
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external signal to control refresh operations. (See, 131,072 
Word by 8-Bit CMOS Pseudo Static RAM, Toshiba Inte 
grated Circuit Technical Data (1996).) Moreover, external 
accesses to this DRAM device are delayed during the 
memory refresh operations. As a result, the refresh opera 
tions are not transparent and the resulting DRAM device 
cannot be fully compatible With an SRAM device. 

[0006] In another prior art scheme, a high-speed SRAM 
cache is used With a relatively sloW DRAM array to speed 
up the average access time of the memory device. (See, US. 
Pat. No. 5,559,750 by Katsumi Dosaka et al, and “Data 
Sheet of 16 Mbit Enhanced SDRAM Family 4M><4, 2M><8, 
1M><16” by Enhanced Memory Systems Inc., 1997.) The 
actual access time of the device varies depending on the 
cache hit rate. Circuitry is provided to refresh the DRAM 
cells. HoWever, the refresh operation is not transparent to 
external accesses. That is, the refresh operations affect the 
memory access time. Consequently, the device cannot meet 
the requirement of total deterministic random access time. 

[0007] Other prior art schemes use multi-banking to 
reduce the average access time of a DRAM device. 
Examples of multi-banking schemes are described in “Data 
sheet, MD904 To MD920, Multi-bank DRAM (MDRAM) 
128K><32 to 656K><32” by MoSys Inc., 1996, and in “An 
Access-Sequence Control Scheme to Enhance Random 
Access Performance of Embedded DRAM’s” by KaZushige 
AyukaWa et al, IEEE JSSC, vol. 33, No. 5, May 1998, pp. 
800-806. These multi-banking schemes do not alloW an 
individual memory bank to delay a refresh cycle. 

[0008] Another prior art scheme uses a read buffer and a 
Write buffer to take advantage of the sequential or burst 
nature of an external access. An example of such a prior art 
scheme is described in US. Pat. No. 5,659,515, entitled 
“Semiconductor Memory Device Capable of Refresh Opera 
tion in Burst Mode” by R. Matsuo and T. Wada. In this 
scheme, a burst access alloWs a register to handle the 
sequential accesses of a transaction While the memory array 
is being refreshed. HoWever, this scheme does not alloW 
consecutive random accesses. For example, the memory 
cannot handle a random access per clock cycle. 

[0009] Another prior art scheme that attempts to com 
pletely hide refresh operations in a DRAM cell includes the 
scheme described in US. Pat. No. 5,642,320, entitled “Self 
Refreshable Dual Port Dynamic CAM Cell and Dynamic 
CAM Cell Array Refreshing Circuit”, by H. S. J ang. In this 
scheme, a second port is added to each of the dynamic 
memory cells so that refresh can be performed at one port 
While a normal access is carried out at the other port. The 
added port essentially doubles the access bandWidth of the 
memory cell, but at the expense of additional silicon area. 

[0010] Accordingly, it Would be desirable to have a 
memory device that utiliZes area-efficient DRAM cells, and 
handles the refresh of the DRAM cells in a manner that is 
completely transparent to an accessing memory client exter 
nal to the memory device. That is, it Would be desirable for 
the refresh operations to be successfully performed Without 
relying on unused external access time. Stated another Way, 
it Would be desirable to have a memory device that alloWs 
the use of DRAM cells or other refreshable memory cells for 
building SRAM compatible devices or other compatible 
memory devices that do not require refresh. It Would further 
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be desirable for the memory device to utilize a single 
read/Write port, thereby minimizing power consumption and 
required layout area. 

SUMMARY 

[0011] Accordingly, the present embodiment provides a 
memory device or an embedded memory block that includes 
a plurality of memory cells Which must be periodically 
refreshed in order to retain data values, and a memory 
controller for accessing and refreshing the memory cells. In 
one embodiment, the memory cells are DRAM cells. The 
memory controller controls the accessing and refreshing of 
the memory cells such that the refreshing of the memory 
cells does not interfere With any external access of the 
memory cells. 

[0012] In one embodiment, the memory cells are arranged 
in a plurality of independently controlled, single-port 
memory banks. Thus, read, Write and refresh operations are 
independently controlled Within each memory bank. In the 
preferred embodiment, each bank contains 32 roWs and 512 
columns. Each of the memory banks is coupled in parallel to 
a Write buffer, a read buffer and an I/O interface through a 
single read/Write port. In one embodiment the read buffer 
and the Write buffer each have the same con?guration as the 
memory banks. In another embodiment, the read buffer 
and/or Write buffer can be constructed using SRAM cells. 

[0013] The memory device is refreshed using a multi-bank 
refresh scheme. A central refresh timer generates a refresh 
request signal, Which is provided to the memory banks, the 
read buffer and the Write buffer during every proper refresh 
period. The proper refresh period is set equal to or less than 
the required refresh period of one of the memory cells, 
divided by the number of roWs in a memory bank. In one 
embodiment, the refresh request signal is broadcast to all the 
memory banks. In another embodiment, daisy-chained con 
nections sequentially pass the refresh request signal to the 
memory banks, the read buffer and the Write buffer in 
response to a clock signal. A central refresh address gen 
erator generates a refresh address, Which is provided to all 
of the memory banks in parallel. The refresh address gen 
erator increments the refresh address each time the refresh 
request signal is asserted. When the refresh request signal is 
activated, a memory bank executes a refresh cycle if there is 
no access con?ict. OtherWise, the refresh cycle is delayed 
until there is no access con?ict. 

[0014] The memory controller ensures that each memory 
bank, the read buffer and the Write buffer are properly 
refreshed during the proper refresh period. More speci? 
cally, the memory controller (and the con?guration of the 
memory device) ensures that each of the memory banks Will 
have at least one idle cycle during the proper refresh period, 
even under Worst case conditions. Arefresh operation can be 
completed Within one clock cycle. Thus, by providing at 
least one idle cycle during the proper refresh period, the 
memory banks can ful?ll their refresh obligations by using 
this idle cycle to perform a refresh operation. 

[0015] An idle cycle in a memory bank is created When 
there is no external access, or When an access hits another 
bank. In general, the memory controller ensures that the 
external access sWitches banks at least once Within a proper 
refresh period, such that all of the memory banks can be 
refreshed properly. The read and Write buffers create at least 
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one idle memory cycle for a memory bank that is accessed 
continuously for an entire proper refresh period. 

[0016] The entries of the Write buffer are independently 
tagged. In a particular embodiment, the Write buffer is 
implemented as an undivided, direct-map buffer. The read 
buffer is con?gured to shadoW a portion of one of the 
memory banks. 

[0017] In one embodiment, read accesses to the memory 
system are implemented as folloWs. If a refresh request is 
pending in the read buffer When a read access is detected, 
then the read buffer is refreshed. If the read access misses the 
Write buffer, then the desired data value is read from one of 
the memory banks. If the read access hits the Write buffer, 
the desired data value is read from the Write buffer, Written 
to a corresponding memory bank, and the corresponding 
entry of the Write buffer is then invalidated. 

[0018] If no refresh request is pending in the read buffer, 
then a read access is handled as folloWs. If the read access 
hits the Write buffer, then a data value is read from the Write 
buffer and Written to a corresponding memory block. The 
corresponding entry of the Write buffer is then invalidated. 
If the read access does not hit the Write buffer, but hits the 
read buffer, then a data value is read from the read buffer. If 
the read access does not hit the Write buffer or the read 
buffer, then a data value is read from one of the memory 
banks and Written to the read buffer. 

[0019] In one embodiment, Write accesses to the memory 
system are implemented as folloWs. If a Write access hits the 
read buffer, then the corresponding entry of the read buffer 
is invalidated. If a Write access occurs When a Write buffer 

refresh is pending, then the Write buffer is refreshed, and the 
data value associated With the Write access is Written directly 
to the addressed memory bank. If this Write access hits the 
Write buffer, then a corresponding entry in the Write buffer 
is invalidated. 

[0020] If a Write access occurs When no Write buffer 
refresh is pending, and the Write access hits the Write buffer, 
then the data value associated With the Write access is Written 
directly to the Write buffer. 

[0021] If a Write access occurs When no Write buffer 
refresh is pending, and the Write access misses the Write 
buffer, then a Write allocate operation is performed. The 
Write allocate operation includes the steps of: (1) reading a 
?rst data value from the Write buffer during a ?rst half-cycle 
of the Write access, (2) Writing the ?rst data value to one of 
the memory banks during the ?rst half-cycle of a Write 
access, and (3) Writing a second data value to the Write buffer 
during a second half-cycle of the Write access. 

[0022] In an alternative embodiment, burst or multiple 
refreshes can be used so that Within a proper refresh period 
a ?xed number of refresh operations has to be performed. 
For example, if the refresh time of the memory cells is 1 ms, 
the proper refresh time can be set at 1 ms during this period, 
a total of 32 refresh cycles has to be performed to refresh 
every roW Within a bank. In this case, 32 idle cycles must 
occur in the proper refresh period in order to refresh the 
memory properly. This embodiment is a simple extension of 
the single cycle refresh scheme described above. The opera 
tion of the read and Write buffer used to create the idle cycles 
in both schemes are the same. 
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[0023] The present invention Will be more fully under 
stood in vieW of the following description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] FIG. 1 is a block diagram of a 1-T SRAM in 
accordance With one embodiment of the present invention. 

[0025] FIG. 2 is a block diagram of a memory block of the 
1-T SRAM system of FIG. 1 in accordance With one 
embodiment of the present invention. 

[0026] FIG. 3 is a circuit diagram of a memory bank 
controller of the memory block of FIG. 2 in accordance With 
one embodiment of the present invention. 

[0027] FIG. 4 is a block diagram of the Write buffer of the 
1-T SRAM system of FIG. 1 in accordance With one 
embodiment of the present invention. 

[0028] FIG. 5 is a block diagram of the read buffer of the 
1-T SRAM system of FIG. 1 in accordance With one 
embodiment of the present invention. 

[0029] FIG. 6 is a block diagram of a memory control unit 
for the 1-T SRAM system of FIG. 1 in accordance With one 
embodiment of the present invention. 

[0030] FIG. 7 is a circuit diagram of a read-Write tag 
controller in accordance With one embodiment of the present 
invention. 

[0031] FIG. 8 is a circuit diagram of a read-Write data 
buffer controller in accordance With one embodiment of the 
present invention. 

[0032] FIG. 9 is a circuit diagram of a memory read-Write 
controller in accordance With one embodiment of the present 
invention. 

[0033] FIG. 10 is a How diagram of read accesses of the 
1-T SRAM system of FIG. 1. 

[0034] FIG. 11 is a How diagram of Write accesses of the 
1-T SRAM system of FIG. 1. 

[0035] FIG. 12 is a Waveform diagram illustrating control 
signal timing during three different read accesses to the 1-T 
SRAM system of FIG. 1 in accordance With one embodi 
ment of the present invention. 

[0036] FIG. 13 is a Waveform diagram illustrating control 
signal timing during four different Write accesses to the 1-T 
SRAM system of FIG. 1 in accordance With one embodi 
ment of the present invention. 

DETAILED DESCRIPTION 

[0037] In accordance With the present invention, an 
SRAM compatible device is designed using DRAM cells. 
This SRAM compatible device is hereinafter referred to as 
a one-transistor SRAM (1-T SRAM). 

[0038] FIG. 1 is a block diagram of a 1-T SRAM system 
100 in accordance With one embodiment of the present 
invention. 1-T SRAM system 100 includes 128 DRAM 
memory blocks 1000-1127, refresh address counter 101, 
refresh timer 102, memory sequencer 103, address register 
104, bank address decoders 105-106, memory control unit 
108, multiplexer 109, Write buffer 110, read buffer 111, 
read/Write port 112 and multiplexers 113-115. 
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[0039] DRAM memory blocks 1000-1127 are capable of 
storing 16K 128-bit Words. Each of memory blocks 1000 
1127 has a corresponding DRAM bank (for a total of 128 
banks) arranged in an array having 32 roWs by 512 columns, 
such that each bank is capable of storing 128 128-bit data 
values. The external interface of system 100 includes a 
128-bit input data bus for receiving input data bits 
DI[127:0], a 128-bit output data bus for providing output 
data bits DO[127:0], a read enable line for receiving an 
external read enable (Ren) signal, a Write enable line for 
receiving an external Write enable (Wen) signal, a clock 
input terminal for receiving a system clock (Clk) signal, and 
a 14-bit address bus for receiving external address bits 
A[1310]. As described in more detail beloW, each of the 
DRAM banks in blocks 1000-1127 contains a corresponding 
roW address decoder and a corresponding column address 
decoder. 

[0040] All external signals are referenced to the rising 
edge of the Clk signal. The address signalA[13:0] is divided 
into 3 ?elds: a 7-bit bank address A[13:7] (Which identi?es 
one of the 128 memory blocks 1000-1127), a 5-bit roW 
address A[6:2] (Which identi?es one of the 32 roWs in a 
memory bank) and a 2-bit Word (column) address A[1:0] 
(Which identi?es one of the four 128-bit Words in a roW). 
Address bits A[610] are collectively referred to as the 
external roW-column address. DRAM memory blocks 1000 
1127 are connected in parallel to a plurality of drivers in 
read-Write port 112, Which serves as a bi-directional port to 
memory blocks 1000-1127. Read-Write port 112 serves as 
the interface betWeen DRAM memory blocks 1000-1127, 
Write buffer 110, read buffer 111, and the rest of the I/O 
logic. The bus connections betWeen the various elements of 
1-T SPAM system 100 are illustrated in FIG. 1. 

[0041] To ensure that all refresh accesses of memory 
blocks 1000-1127 are properly performed Within a prede 
termined refresh period, even under the Worst case cache 
thrashing conditions, the siZe of the Write buffer 110 and 
read buffer 111 are each selected to have a storage capacity 
equal to or greater than the storage capacity of one of the 
DRAM memory blocks 1000-1127, minus the capacity of 
one roW of cells in the DRAM memory block. In light of 
simplicity of design, in the embodiment described beloW, 
both Write buffer 110 and read buffer 111 include a memory 
bank With the same organiZation as the memory banks in 
DRAM memory blocks 1000-1127. Thus, in the described 
embodiment, both Write buffer 110 and read buffer 111 
include a memory bank having an array of 32 roWs by 512 
columns of memory cells. These memory cells can be 
constructed using either SRAM cells or DRAM cells. The 
folloWing description assumes that Write buffer 110 and read 
buffer 111 are implemented using DRAM cells, such that 
Write buffer 110 and read buffer 111 must be periodically 
refreshed. If Write buffer 110 and read buffer 111 Were 
implemented using SRAM cells, the resulting memory 
device Would operate in a similar manner, but Without the 
requirement of refreshing Write buffer 110 and read buffer 
111. 

[0042] In the address path, the external accessing address 
signalA[13:0] is latched in address register 104. In response, 
address register 104 provides a 7-bit external bank address 
signal EBA[6:0] to bank address decoder 105 and memory 
control unit 108. External bank address signal EBA[6:0] 
(Which consists of address signals A[13:7]) identi?es the 
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bank of the current access operation. In response to the 
external bank address signal EBA[6:0], bank address 
decoder 105 generates a 128-bit external bank-select signal 
EBS[127:0], Which identi?es the bank of the current access 
operation. The external bank-select signal EBS[127:0] 
includes one logic high signal corresponding to the 
addressed bank, and 127 logic loW signals corresponding to 
the non-addressed banks. External bank-select signal EBS 
[127:0] is provided to multiplexer 115. 

[0043] Address register 104 also provides an external 
roW-column address signal ERC[6:0], Which identi?es the 
roW and column addresses of the current access operation. 
The external roW-column address signal ERC[6:0] is 
selected to correspond With external address bits A[6:0]. The 
external roW-column address signal ERC[6:0] is provided in 
parallel to each of memory blocks 1000-1127, Write buffer 
110, read buffer 111, and memory control unit 108. 

[0044] Bank address decoder 106 is coupled to receive a 
Write buffer bank address WBBA[6:0] from memory control 
unit 108. As described in more detail beloW, the WBBA[6:0] 
signal identi?es a bank address associated With an entry in 
Write buffer 110. More speci?cally, the WBBA[6:0] signal 
identi?es a bank address associated With the entry of Write 
buffer 110 corresponding With the roW-column address 
signal ERC[6:0]. In response to the WBBA[6:0] signal, bank 
address decoder 106 generates a 128-bit Write buffer bank 
select signal WBBS[127:0], Which identi?es the bank asso 
ciated With the Write buffer entry. The Write buffer bank 
select signal WBBS[127:0] includes one logic high signal 
corresponding to the identi?ed bank, and 127 logic loW 
signals corresponding to the non-identi?ed banks. Write 
buffer bank-select signal WBBS[127:0] is provided to mul 
tiplexer 115. 

[0045] Multiplexer 115 routes either the external bank 
select signal EBS[127:0] or the Write buffer bank-select 
signal WBBS[127:0] to create the bank access signal 
BA[127:0]. Each of the 128 bank access bits BA[127:0] is 
connected to a corresponding one of memory blocks 1000 
1127. Multiplexer 115 routes the external bank-select signal 
EBS[127:0] if the Write buffer read signal WBrd is de 
activated. Multiplexer 115 routes the Write buffer bank 
select signal WBBS[127:0] if the Write buffer read signal 
WBrd is activated. The Write buffer read signal WBrd is 
described in more detail beloW. In general, the Write buffer 
bank select signal WBBS[127:0] is used to access memory 
blocks 1000-1127 When a data value from Write buffer 110 
is Written to memory blocks 1000-1127. The external bank 
select signal EBS[127:0] is used to access memory blocks 
1000-1127 during other read and Write accesses. 

[0046] Each of the DRAM banks in memory blocks 1000 
1127 is independently controlled. Thus, read, Write and 
refresh operations are independently controlled Within each 
bank. Each of memory blocks 1000-1127 is coupled in 
parallel to both Write buffer 110 and read buffer 111 through 
read-Write port 112. Both Write buffer 110 and read buffer 
111 have the same structure as the memory banks in memory 
blocks 1000-1127. 

[0047] Memory system 100 is refreshed using a multi 
bank refresh scheme. In the preferred embodiment, central 
refresh timer 102 is used to generate periodic refresh 
requests to DRAM memory blocks 1000-1127. Refresh 
timer 102 generates the refresh request by driving its output 
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signal RFREQ high for one clock cycle every 1 msec. Thus, 
in a 100 MHZ system, the refresh request signal RFREQ is 
asserted high once every 100,000 clock cycles. The RFREQ 
signal is driven to the input terminal REQI of memory block 
1000 as input refresh request signal REQI[0]. Inside 
memory block 1000, the REQI[0] signal is provided to the 
input terminal of a D-register. (See, D-register 321 of FIG. 
3.) The REQI[0] signal is latched into the D-register on the 
rising edge of the Clk signal. The output terminal of the 
D-register is connected to provide an output refresh request 
signal REQO[0] at output terminal REQO. The REQO[0] 
signal is therefore driven high one clock cycle after the 
REQI[0] signal is activated high. Each output terminal 
REQO is connected to an input terminal REQI of a neigh 
boring memory block. The refresh request to the memory 
blocks is thus generated by a daisy chain formed by the 
D-registers connecting to the REQI and REQO terminals of 
the memory blocks 1000-1127. 

[0048] In the described embodiment, Write buffer 110 and 
read buffer 111 are constructed from DRAM cells, and the 
refresh request signal RFREQ is propagated from memory 
block 1127 to Write buffer 110 and read buffer 111 as 
illustrated in FIG. 1. Write buffer 110 and read buffer 111 
generate refresh pending signals REFP[W] and REFP[r], 
respectively, to indicate Whether a refresh is pending Within 
these buffers 110-111. 

[0049] A 5-bit refresh address RFA[4:0] is generated by 
refresh address counter 101. The refresh address RFA[4:0] is 
incremented each time the RFREQ signal is asserted high. 
The 5-bit refresh address RFA[4:0] is broadcast to all of 
DRAM memory blocks 1000-1127, Write buffer 110 and 
read buffer 111. The refresh address RFA[4:0] designates the 
roW location in memory blocks 1000-1127 to be refreshed 
before the next activation of the RFREQ signal. The proper 
refresh period in this embodiment is de?ned as the time 
elapsed betWeen tWo activations of the RFREQ signal (i.e., 
the period of refresh timer 102). The proper refresh period 
is set equal to or less than the refresh time of a memory cell 
divided by the number of roWs in a memory bank. 

[0050] In another embodiment, the refresh request signal 
RFREQ is broadcast to all of memory blocks 1000-1127. 

[0051] OrganiZation of Memory Blocks 1100-1127 
[0052] FIG. 2 is a block diagram of memory block 1000 
in accordance With one embodiment of the present inven 
tion. In the described embodiment, memory blocks 1001 
1127 are identical to memory block 1000. Memory block 
1000 includes a memory array 200 having 32 roWs and 512 
columns of memory cells. Memory array 200 consists of 
ordinary DRAM cells With one transistor and one capacitor. 
Memory block 1000 completes a RAS cycle or a memory 
cycle in one cycle of the Clk signal. Therefore, memory 
block 1000 can process one random access or a roW refresh 

in one clock cycle. During memory operations, one of 
memory blocks 1000-1127 can communicate With read/ 
Write port 112. 

[0053] Memory block 1000 includes all the conventional 
circuits associated With a DRAM array such as Word line 
drivers 201 and sense ampli?ers 202. Memory block 1000 
also includes roW address decoder 203, roW address multi 
plexer 204, column address decoder 205, memory bank 
controller 206 and column multiplexer 211. Column multi 
plexer 211 connects sense ampli?ers 202 to read-Write port 
112. 
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[0054] Column multiplexer 211 is controlled by column 
address decoder 205. Column address decoder 205 is 
enabled in response to a logic loW CAS#[n] signal. As 
described in more detail beloW, the CAS#[n] signal is 
generated by memory bank controller 206. Once enabled, 
column address decoder 205 decodes the column address 
bits ERC[1:0] of external roW-column address ERC[610] . In 
response, column address decoder 205 causes column mul 
tiplexer 211 to selectively couple 128 of sense ampli?ers 
202 to bus 221. 

[0055] RoW address decoder 203 activates the Word line 
designated by the output of roW address multiplexer 204. 
RoW address multiplexer 204 is controlled by the local 
refresh signal REF[n], (Which is described in more detail 
beloW). In the default mode When the local refresh signal 
REF[n] is loW, roW address multiplexer 204 is controlled to 
route the roW address bits ERC[612] of external roW-column 
address ERC[610] to roW address decoder 203. When 
memory block 1000 is handling a refresh operation, the local 
refresh signal REF[n] is high, and roW address multiplexer 
204 is controlled to route the global refresh address RFA 
[4:0] to roW address decoder 203. When enabled by a logic 
loW RAS#[n] signal, roW address decoder 203 decodes the 
address received from multiplexer 204, thereby causing 
Word line drivers 201 to activate a roW (Word line) of 
memory array 200. 

[0056] The operations of memory cell array 200 (such as 
Word line enable, sense ampli?er enable, column sWitch 
enable and bit line pre-charge enable) a r e controlled by the 
local signals RAS#[n], SEN#[n], CAS#[n], and PRC#[n] 
generated by memory bank controller 206. The functions of 
these signals are described in commonly oWned, co-pending 
US. patent application Ser. No. 09/076,608, Which is hereby 
incorporated by reference in its entirety. Activation of the 
RAS#[n] signal deactivates the bit-line equalization and 
activates roW address decoder, Which results in the activa 
tion of a Word line selected by the roW address. Activation 
of the SEN#[n] signal causes the activation of the sense 
ampli?ers in the memory bank. Activation of the CAS#[n] 
signal causes the sense ampli?ers 202 to be coupled to 
read-Write port 112 through column multiplexer 211 and 
data bus 221, Which carries data signals RWDL[127:0] and 
complementary data signals RWDL#[127:0] in a bi-direc 
tional manner. Data bus 221 is connected in parallel to 
memory blocks 1001-1127 in a similar manner. 

[0057] Activation of the PRC#[n] signal turns off column 
multiplexer 211, turns off the activated Word line, deacti 
vates sense ampli?ers 202 and activates bit-line equalization 
circuitry (not shoWn). 
[0058] Memory Bank Controller 206 

[0059] FIG. 3 is a circuit diagram of memory bank 
controller 206 in accordance With one embodiment of the 
present invention. Memory bank controller 206 includes 
inverter 301, OR gate 302, NAND gates 311-312, AND 
gates 313-316, D-register 321, S-R register 322, and NOR 
gates 331-336. 

[0060] As described above, the input refresh request signal 
REQI[n] is latched into D-register 321 in response to the 
rising edge of the Clk signal. D-register 321 provides an 
output refresh request signal REQO[n] to the adjacent 
memory block in a daisy-chained manner. 
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[0061] The input refresh request signal REQI[n] is also 
provided to the set terminal of S-R register 322. When the 
input request signal REQI[n] has a logic high value, indi 
cating that a refresh should be performed in memory block 
1000, a rising edge of the Clk signal Will latch a logic high 
value into S-R register 322. This logic high value is provided 
at the output terminal of S-R register 322 as the local refresh 
pending signal REFP[n]. The REFP[n] signal remains high 
until reset by a logic high local refresh signal REF[n] that 
indicates the pending refresh has been performed. 

[0062] The local RAS#[n], CAS#[n], SEN#[n], and PRC# 
[n] signals are triggered by the global timing control signals 
RAS#, CAS#, SEN#, and PRC#, respectively. The global 
timing control signals RAS#, CAS#, SEN#, and PRC# are 
generated by timing sequencer 103 in FIG. 1. The construct 
of timing sequencer 103 is similar to the timing sequencer 
described in US. patent application Ser. No. 09/076,608, 
and therefore generates global timing control signals having 
?xed phase relationships. Memory sequencer 103 is acti 
vated every cycle of the Clk signal. As a result, the global 
timing signals RAS#, CAS#, SEN#, and PRC# are generated 
every clock cycle. 

[0063] The enabling of the RAS#[n], SEN#[n], and PRC# 
[n] signals is also controlled by a local access enable signal 
ACC#[n] and the local refresh enable signal REF[n]. The 
ACC#[n] signal is activated loW When either the memory 
read enable signal Mrd or the memory Write enable signal 
MWr is asserted high and the bank activation signal BA[n] 
is asserted high. This logic function is implemented by OR 
gate 302 and NAND gate 311. As described beloW, a logic 
high Mrd signal indicates a memory read operation Will be 
performed by one of memory banks 1000-1127. A logic high 
MWr signal indicates a memory Write operation Will be 
performed by one of memory banks 1000-1127. The BA[n] 
signal is activated high When memory block [1000+n] is 
designated for external access or targeted for data retiring. 

[0064] The local refresh enable signal REF[n] is activated 
high When there is a pending refresh (i.e., the refresh 
pending signal REFP[n] is high) and there is no pending 
access request to the memory block (i.e., the ACC#[n] signal 
is high). This logic function is implemented by AND gate 
313. The high state of the REF[n] signal resets the output of 
S-R ?ip-?op 322 at next rising edge of the Clk signal, 
thereby canceling the pending refresh after a refresh opera 
tion has been performed. 

[0065] The CAS#[n] signal is asserted loW When the 
global CAS# signal is asserted loW, either one of the Mrd or 
MWr signals is activated high, and the bank access signal 
BA[n] is activated high. This logic function is implemented 
by inverter 301, OR gate 302 and NAND gate 312. 

[0066] The local RAS#[n] signal is asserted loW When the 
global RAS# signal is asserted loW, a refresh operation is 
pending (i.e., refresh signal REFP[n] is asserted high), and 
there is no read or Write access to memory block 1000 (i.e., 
the ACC#[n] signal is de-asserted high). This logical func 
tion is implemented by AND gates 313-314. 

[0067] The local RAS#[n] signal is also asserted loW When 
the global RAS# signal is asserted loW, and a local access is 
pending (i.e, the ACC#[n] signal is asserted loW). This 
logical function is implemented by NOR gates 331-332. 

[0068] The local SEN#[n] signal is asserted loW When the 
global SEN# signal is asserted loW, a refresh operation is 
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pending (i.e., refresh signal REFP[n] is asserted high), and 
there is no read or Write access to memory block 1000 (i.e., 
the ACC#[n] signal is de-asserted high). The local SEN#[n] 
signal is also asserted loW When the global PRC# signal and 
the ACC#[n] signal are asserted loW. This logical function is 
implemented by AND gate 315 and NOR gates 333-334. 

[0069] The local PRC#[n] signal is asserted loW When the 
global PRC# signal is asserted loW, a refresh operation is 
pending (i.e., refresh signal REFP[n] is asserted high), and 
there is no read or Write access to memory block 1000 (i.e., 
the ACC#[n] signal is de-asserted high). The PRC#[n] signal 
is also asserted loW When the global PRC# signal and the 
ACC#[n] signal are asserted loW. This logical function is 
implemented by AND gate 316 and NOR gates 335-336. 

[0070] Con?guration of Write Buffer 110 

[0071] FIG. 4 is a block diagram illustrating Write buffer 
110. Because Write buffer 110 is similar to memory block 
1000 (FIG. 2), similar elements in FIGS. 2 and 4 are 
labeled With similar reference numbers. Thus, Write buffer 
110 includes memory array 200, Word line drivers 201, sense 
ampli?ers 202, roW address decoder 203, roW address mul 
tiplexer 204 and column address decoder 205. Write buffer 
110 also includes bus driver circuit 402 and Write buffer 
controller 405. Write buffer controller 405 includes D-reg 
ister 411, SR register 412, NAND gate 413, AND gate 414, 
NOR gate 415, OR gates 416-417 and delay lines 418-421. 

[0072] The operations of Write buffer 110 (such as Word 
line enable, sense ampli?er enable, column sWitch enable 
and bit line pre-charge enable) are controlled by the local 
signals RAS#[W], SEN#[W], CAS#[W] and PRC#[W] gen 
erated by Write buffer controller 405. These local signals 
function in a manner similar to local signals RAS#[n], 
SEN#[n], CAS#[n] and PRC#[n] described above. The 
notation [W] indicates that the signal is associated With Write 
buffer 110. As described beloW, Write buffer 110 is capable 
of handling one read cycle and one Write cycle per clock 
cycle. Consequently, the local RAS#[W], SEN#[W], CAS# 
[W] and PRC#[W] signals can be activated and deactivated 
Within a half clock period. 

[0073] Bus driver circuit 402 operates in response to the 
Write buffer read enable signal (WBrd) and the Write buffer 
Write enable signal (WBWr) to couple column multiplexer 
211 to either data input bus DI[127:0] or Write buffer output 
bus WBO[127:0]. Aread access to Write buffer 110 is carried 
out When the Write buffer read enable signal (WBrd) is 
asserted. During a read access to Write buffer 110, column 
multiplexer 211 is coupled to Write buffer output bus WBO 
[127:0]. A Write access to Write buffer 110 is carried out 
When the Write buffer Write enable signal (WBWr) is 
asserted. During a Write access to Write buffer 110, column 
multiplexer 211 is coupled to data input bus DI [127:0]. 

[0074] Write buffer controller 405 operates as folloWs. 
D-register 411 and S-R register 412 are provided to enable 
refresh operations Within Write buffer 110. D-register 411 is 
coupled to receive input refresh request signal REQI[W] 
from memory block 1127. The rising edge of the Clk signal 
latches this input refresh signal, thereby providing an output 
refresh request signal REQO[W] (Which is provided to read 
buffer 111). Registers 411 and 412 operate in the same 
manner as registers 321 and 322 (FIG. 3), thereby gener 
ating the Write buffer refresh pending signal, REFP[W]. 
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[0075] If the REFP[W], WBrd and WBWr signals are all 
de-asserted loW, there is no access to Write buffer 110. Under 
these conditions, AND gate 414 provides a logic loW output 
signal and NOR gate 415 de-asserts the Acc#[W] signal high. 
The logic high Acc#[W] signal propagates through OR gate 
416, and delay lines 418-419, thereby de-asserting the 
RAS#[W] and SEN#[W] signals high. The logic high SEN# 
[W] signal propagates through OR gate 417 and delay line 
420, thereby de-asserting the CAS#[W] signal high. The 
logic high SEN#[W] signal also propagates through delay 
line 421, thereby de-asserting the PRC#[W] signal high. 

[0076] When the REFP[W] signal is asserted high, a pend 
ing refresh operation is performed Within Write buffer 110, 
as long as there is no external read access that hits Write 
buffer 110 (as indicated by logic high REN and WBrd 
signals). Under these conditions, NAND gate 413 provides 
a logic high output signal, such that AND gate 414 provides 
a logic high signal for the ?rst half cycle of the CLK signal. 
The high output signal provided by AND gate 414 causes 
NOR gate 415 to drive the Acc#[W] signal loW. In response, 
OR gate 416 provides a logic loW signal, Which propagates 
through delay lines 418, 419 and 421, thereby asserting the 
RAS#[W], SEN#[W] and PRC#[W] signals loW, respectively. 
The logic loW SEN#[W] signal causes OR gate 416 to 
provide a logic high output signal, Which subsequently 
propagates through delay lines 418, 419 and 421, thereby 
de-asserting the RAS#[W], SEN#[W] and PRC#[W] signals 
high, respectively, in a self-timed manner. The delay values 
D1, D2 and D4 are selected such that the RAS#[W], SEN# 
[W] and PRC#[W] are de-asserted high before the falling 
edge of the CLK signal. Note that the logic high output 
signal provided by AND gate 414 causes OR gate 417 to 
provide a logic high signal to delay line 420. As a result, the 
CAS#[W] signal remains de-asserted high during the Write 
buffer refresh operation. The logic high output signal pro 
vided by AND gate 414 also causes multiplexer 204 to route 
the refresh address RFA[4:0] to roW address decoder 203. 
Finally, the logic high output signal provided by AND gate 
414 resets S-R ?ip-?op 412, such that the REFP[W] signal 
is de-asserted 10W in response to the next rising edge of the 
Clk signal. 

[0077] If an external read access hits Write buffer 110, the 
REN and WBrd signals Will have logic high values, thereby 
causing NAND gate 413 to provide a logic loW value to 
AND gate 414. In this case, AND gate 414 is prevented from 
providing a logic high output signal and the refresh of Write 
buffer 110 is delayed. 

[0078] If there is no refresh pending in Write buffer 110, 
the REFP#[W] signal Will have a logic loW value. In 
response, AND gate 414 provides a logic loW output signal. 
As described in more detail beloW, the Write buffer read 
signal WBrd can only be asserted during the ?rst half cycle 
of the CLK signal and the Write buffer Write signal WBWr 
can only be asserted during the second half cycle of the CLK 
signal. If either the WBrd or the WbWr signal is asserted 
high, NOR gate 415 Will assert a logic loW Acc#[W] signal. 
In response, OR gate 416 Will provide a logic loW output 
signal. This logic loW value propagates through delay lines 
418-421, thereby asserting the RAS#[W], SEN#[W], CAS# 
[W] and PRC#[W] signals, respectively. The logic loW output 
signal provided by AND gate 414 alloWs OR gate 417 to 
transmit the logic loW SEN#[W] signal to delay line 420. The 
logic loW SEN#[W] signal causes OR gate 416 to provide a 


























