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READ/WRITE BUFFERS FOR COMPLETE 
HIDING OF THE REFRESH OF A 

SEMICONDUCTOR MEMORY AND METHOD OF 
OPERATING SAME 

RELATED APPLICATIONS 

[0001] The present application is a divisional application 
of continuation-in-part 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 continuation-in-part of US. Pat. No. 
5,999,474, by Wingyu Leung and Fu-Chieh Hsu issued Dec. 
7, 1999. 

[0002] The present application is further related to US. 
Pat. No. 6,028,804, by Wingyu Leung, entitled “Method and 
Apparatus for 1-T SRAM Compatible Memory”; US. Pat. 
No. 6,222,785, by Wingyu Leung, entitled “Method and 
Apparatus For Refreshing A Semiconductor Memory using 
Idle Memory Cycles”; and US. Pat. No. 6,075,740, by 
Wingyu Leung, entitled “Method and Apparatus for Increas 
ing The Time Available for Refresh For 1-T SRAM Com 
patible Devices”. These patents are hereby incorporated by 
reference. 

FIELD OF THE INVENTION 

[0003] The present invention is related to semiconductor 
memories, especially dynamic random access memory 
(DRAM) and static random access memory (SRAM). 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 100 MHZ DRAM array is 10 nsec. In this 
DRAM array, each external access takes 10 nsec, and each 
refresh access takes at least 10 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 
20 nsec, With 10 nsec for handling the external access and 
10 nsec for handling the refresh access. This is true even 
though the refresh accesses are performed, on average, at a 
frequency of 62.5 kHZ. As a result, the maximum accessing 
frequency of the DRAM array must be less than or equal to 
50 MHZ. Thus, a 100 MhZ DRAM memory array is required 
to create a device capable of operating at 50 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 
external signal to control refresh operations. (See, 131,072 
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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 4Mx4, 2Mx8, 
1Mx16” 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) 
128Kx32 to 656Kx32” 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. 
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SUMMARY 

[0011] Accordingly, the present invention provides a 
memory device that includes a plurality of memory cells that 
must be periodically refreshed in order to retain data values, 
and a control circuit for accessing and refreshing the 
memory cells. In one embodiment, the memory cells are 
DRAM cells. The control circuit 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] The memory cells are arranged in a plurality of 
independently controlled memory banks. Thus, read, Write 
and refresh operations are independently controlled Within 
each bank. Each of the memory banks is coupled in parallel 
to a read buffer, such that data read from any one of the 
memory banks is provided to the read buffer. Each of the 
memory banks is further coupled in parallel to a Write buffer, 
such that data Written to any of the memory banks can be 
provided from the Write buffer. 

[0013] The control circuit includes an SRAM cache, 
Which has the same con?guration as each of the memory 
banks. Acache read buffer is coupled betWeen an output port 
of the SRAM cache and the Write buffer, thereby facilitating 
the transfer of data from the SRAM cache to the memory 
banks. Similarly, a cache Write buffer is coupled betWeen an 
input port of the SRAM cache and the read buffer, thereby 
facilitating the transfer of data from the memory banks to the 
SRAM cache. The cache read buffer and the cache Write 
buffer are further coupled to an external data bus. The 
SRAM cache provides an interface betWeen the external 
data bus and the memory banks. The SRAM cache imple 
ments a Write-back policy, such that all Write data is initially 
Written to the SRAM cache before being Written to the 
memory banks, and all read data provided to the external 
data bus is stored in the SRAM cache. In one embodiment, 
the SRAM cache is con?gured as a direct map cache. The 
SRAM cache is selected to have a capacity suf?cient to 
ensure that each of the memory banks is refreshed properly 
Within a predetermined refresh period. That is, even under 
the Worst case cache-thrashing conditions, the required 
refresh operations Will alWays be performed Without delay 
ing any external accesses to the memory device. 

[0014] In one embodiment, the cache Write-back policy is 
carried out as folloWs. First, a current access address 
received on the external data bus is compared With a cached 
address stored in the SRAM cache to determine Whether a 
cache miss or a cache hit occurs. When a cache hit occurs, 
the requested data is either read from the SRAM cache (for 
a read access) or Written to the SRAM cache (for a Write 
access). Thus, the memory banks are not accessed When a 
cache hit occurs. Refresh operations can therefore be per 
formed Within the memory banks When a cache hit occurs, 
When a refresh request is pending. Because the memory 
banks are independently controlled, all of the memory banks 
can be simultaneously refreshed during a cache hit. Alter 
natively, predetermined sets of the memory banks can be 
simultaneously refreshed. 

[0015] When a cache miss occurs, a determination is made 
as to Whether the cache entry associated With the cached 
address contains data that has been modi?ed. That is, a 
determination is made as to Whether the cache entry contains 
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the same data as the associated memory bank. A determi 
nation is also made as to Whether the current access is a read 
access or a Write access. 

[0016] If a cache miss occurs and the data in the cache 
entry has not been modi?ed, then processing proceeds as 
folloWs for read and Write accesses. For a read access, the 
desired data is read from the memory bank associated With 
the current access address. This data is simultaneously 
provided to the external data bus and Written to the SRAM 
cache, thereby overWriting the original cache entry. Because 
the original cache entry did not contain modi?ed data, there 
is no need to Write back the original cache entry under these 
conditions. For a Write access, a portion of the original cache 
entry is overWritten With the neW data associated With the 
Write access. The remaining portion of the original cache 
entry is overWritten With data retrieved from the memory 
bank identi?ed by the current access address. Again, because 
the original cache entry did not contain modi?ed data, there 
is no need to Write back the original cache entry under these 
conditions. Note that only one memory bank needs to be 
accessed during a cache miss When the cache entry does not 
contain modi?ed data. 

[0017] If a cache miss occurs and the data in the cache 
entry has been modi?ed, processing proceeds as folloWs. 
First, the cache entry is Written back to the memory bank 
from Which it originated. This Write-back operation transfers 
the cache entry from the SRAM cache, through the cache 
read buffer and the Write buffer, to the memory bank. At the 
same time, a neW cache entry is read from a memory bank 
identi?ed by the external access address. This neW cache 
entry is Written to the SRAM cache. This operation transfers 
the neW cache entry from the memory bank, through the read 
buffer and the cache Write buffer, to the SRAM cache. If the 
current access is a read access, then the neW cache entry is 
simultaneously routed to the external data bus. If the access 
is a Write access, then the Write data is Written to the SRAM 
cache along With the rest of the data of the neW cache entry. 

[0018] Note that only one or tWo memory banks are 
accessed during a cache miss. Thus, all of the other memory 
banks can be refreshed during a cache miss operation. Also 
note that because read and Write accesses to the memory 
banks are performed simultaneously, each access can be 
completed during a single clock period. As a result, the 
memory device is accessed in the same manner as a con 
ventional SRAM. 

[0019] In accordance With another embodiment, the 
present invention provides a memory device that includes a 
plurality of memory cells that must be periodically refreshed 
in order to retain data values. The memory cells are arranged 
to form a plurality of memory banks, each arranged in roWs 
and columns. Amemory controller is provided to control the 
accessing and refreshing of the memory cells, such that the 
refreshing of the memory cells does not interfere With any 
external read accesses to the memory cells. A read buffer is 
coupled to the banks and the memory controller. The read 
buffer has a capacity greater than or equal to the capacity of 
a memory bank minus one roW of memory cells. The read 
buffer can be constructed from either SRAM cells or DRAM 
cells. 

[0020] In one embodiment, the memory controller oper 
ates as folloWs. If an external read access misses the read 
buffer, the memory controller causes a data value to be read 



US 2002/005 6022 A1 

from the memory bank that is addressed by the read access. 
The memory controller further causes this data value to be 
Written to the read buffer during the same clock cycle. If an 
external Write access hits the read buffer, the memory 
controller causes the data value associated With the Write 
access to be Written to the read buffer. If an external read 
access hits the read buffer, the memory controller causes the 
data value requested by the read access to be read from the 
read buffer. 

[0021] If the read buffer is constructed using DRAM cells, 
the read buffer Will have to be refreshed. In accordance With 
one embodiment, the memory controller is con?gured to 
enable a refresh access to the read buffer only if there is no 
pending access to the read buffer. 

[0022] In accordance With another embodiment, the 
present invention provides a memory device that includes a 
plurality of memory cells that must be periodically refreshed 
in order to retain data values. The memory cells are arranged 
to form a plurality of memory banks, each arranged in roWs 
and columns. A memory controller is provided to control the 
accessing and refreshing of the memory cells, such that the 
refreshing of the memory cells does not interfere With any 
external Write accesses to the memory cells. A Write buffer 
is coupled to the memory banks and the memory controller. 
The Write buffer has a capacity greater than or equal to the 
capacity of a memory bank minus one roW of memory cells. 
The Write buffer can be constructed from either SRAM cells 
or DRAM cells. 

[0023] In accordance With one embodiment of the present 
invention, the memory controller operates as folloWs. If an 
external Write access hits the Write buffer, the memory 
controller causes external data to be Written to the Write 
buffer. If an external Write access misses the Write buffer, the 
memory controller causes data to be retired from the Write 
buffer to one of the memory banks through a ?rst port. If an 
external Write access misses the Write buffer, the memory 
controller causes external data to be Written to one of the 
memory banks through a second port. If an external Write 
access hits the Write buffer, the memory controller enables a 
refresh operation in the memory bank addressed by the 
external Write access. If an external Write access misses the 
Write buffer, the memory controller delays a refresh opera 
tion in the memory bank addressed by the external Write 
access until there is no longer an external access to this 
memory bank. The memory controller delays a refresh 
operation in a memory bank When data is being retired from 
the Write buffer to the memory bank. 

[0024] In this embodiment, the memory controller also 
stops the retiring of data from the Write buffer if an external 
Write access hits the Write buffer While data is being retired. 
The data associated With this external Write access is then be 
Written to the Write buffer. 

[0025] If the Write buffer and read buffer are implemented 
together in the same memory device, the memory controller 
causes data to be read from the Write buffer When an external 
read access hits the Write buffer and misses the read buffer. 
Simultaneously, the memory controller causes the data read 
from the Write buffer to be Written to the read buffer. 

[0026] In another embodiment of the present invention, a 
central refresh timer periodically asserts a refresh request 
signal. Daisy-chained connections are provided betWeen 
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access control circuits of the memory banks, such that the 
daisy-chained connections sequentially pass the refresh 
request signal to the access control circuits in response to a 
clock signal. A central refresh address generator generates a 
refresh address, Which is provided to all of the memory 
banks in parallel. The refresh address generator increments 
the refresh address each time the refresh signal is asserted. 

[0027] The present invention Will be more fully under 
stood in vieW of the folloWing description and draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

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

[0029] FIG. 2 is a block diagram illustrating the organi 
Zation of DRAM banks, an SRAM cache memory and a 
cache tag memory in accordance With one embodiment of 
the present invention. 

[0030] FIG. 3 is a schematic diagram of a DRAM bank 
and an associated access control circuit in accordance With 
one embodiment of the present invention. 

[0031] FIG. 4 is a Waveform diagram illustrating the 
timing of four consecutive transactions in accordance With 
one embodiment of the present invention. 

[0032] FIG. 5 is a block diagram of a 1-T SRAM system 
in accordance With another embodiment of the present 
invention. 

[0033] FIG. 6 is a block diagram of a memory control unit 
for the 1-T SRAM system of FIG. 5 in accordance With one 
embodiment of the present invention. 

[0034] FIG. 7 is a circuit diagram of a read-Write tag 
controller in accordance With one embodiment of the present 
invention. 

[0035] FIG. 8 is a circuit diagram of a read-Write data 
buffer controller in accordance With one embodiment of the 
present invention. 

[0036] FIG. 9 is a circuit diagram of a memory read-Write 
controller in accordance With one embodiment of the present 
invention. 

[0037] FIG. 10 is a block diagram of a memory block of 
the 1-T SRAM system of FIG. 5 in accordance With one 
embodiment of the present invention. 

[0038] FIG. 11 is a circuit diagram of a memory bank 
controller of the memory block of FIG. 10 in accordance 
With one embodiment of the present invention. 

[0039] FIG. 12 is a block diagram of the Write buffer of 
the 1-T SRAM system of FIG. 5 in accordance With one 
embodiment of the present invention. 

[0040] FIG. 13 is a block diagram of the read buffer of the 
1-T SRAM system of FIG. 5 in accordance With one 
embodiment of the present invention. 

[0041] FIG. 14 is a Waveform diagram illustrating control 
signal timing during three different read accesses to the 1-T 
SRAM system of FIG. 5 in accordance With one embodi 
ment of the present invention. 

[0042] FIG. 15 is a Waveform diagram illustrating control 
signal timing during four different Write accesses to the 1-T 
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SRAM system of FIG. 5 in accordance With one embodi 
ment of the present invention. 

DETAILED DESCRIPTION 

[0043] 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 (l-T SRAM). The 1-T SRAM of the 
described embodiment has a capacity of 128K Words, each 
Word having a length of 32-bits. The 1-T SRAM includes 64 
DRAM banks that can operate independent of each other so 
that parallel operations, such as read, Write and refresh, can 
take place in different DRAM banks simultaneously. A 
mechanism is provided so that refresh access requests are 
simultaneously broadcast to multiple DRAM banks. The 
DRAM banks that receive the broadcast refresh request 
signal go through a refresh cycle only When there is no bank 
access pending. A refresh address is supplied locally inside 
each DRAM bank by its oWn address refresh counter. In the 
described embodiment, the refresh request is broadcast to all 
the DRAM banks. In another embodiment, the refresh 
request is only broadcast to a subset of the DRAM banks at 
any one time. 

[0044] An SRAM cache is incorporated to store the data of 
the most recently accessed locations. The SRAM cache has 
a signi?cantly smaller capacity than the DRAM banks. To 
ensure that all refresh accesses of the DRAM banks are 
properly performed Within a predetermined refresh period, 
even under the Worst case cache thrashing conditions, the 
siZe of the SRAM cache is selected to have a storage 
capacity equal to (or greater than) the storage capacity of one 
of the DRAM banks, minus the capacity of one roW of cells 
in the DRAM bank. In light of simplicity of design, in the 
embodiment described beloW, the SRAM cache has a stor 
age capacity equal to the storage capacity of a DRAM bank. 

[0045] FIG. 1 is a block diagram of a 1-T SRAM 170 in 
accordance With one embodiment of the present invention. 
1-T SRAM 170 includes siXty-four DRAM banks 0-63, and 
siXty-four corresponding access control circuits 100-163. As 
described in more detail beloW, access control circuits 
100-163 are coupled to receive the address and control 
signals required to access DRAM banks 0-63. Each of 
DRAM banks 0-63 includes an array of 64 roWs and 1024 
columns of DRAM cells. The siXty-four DRAM banks 0-63 
share a common read buffer/data latch circuit 171 and a 
common Write buffer/data latch circuit 172. As described in 
more detail beloW, read and Write data is transferred to and 
from banks 0-63 through circuits 171 and 172. Read buffer 
171 and Write buffer 172 operate independently, thereby 
alloWing data to be read from one of DRAM banks 0-63 at 
the same time that data is being Written to another one of 
DRAM banks 0-63. 

[0046] 1-T SRAM 170 also includes clock phase generator 
180, address buffer 181, bank address decoders 182-183, 
comparator 184, cache tag memory 185, cache control 
sequencer 186, SRAM cache 187, cache read buffer 188, 
cache Write buffer 189, I/O driver 190, multiplexers 191 
193, de-multipleXer 194 and refresh timer 195. These ele 
ments, Which in general control the accesses of 1-T SRAM 
170, are described in more detail beloW. 

[0047] 1-T SRAM 170 operates in response to the folloW 
ing signals: input/output (I/O) data signals DQ[31:0], exter 
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nal address signals EA[16:0], address strobe signal ADS#, 
Write/read indicator WR#, and clock signal CLK (for the 
synchroniZation of memory transactions betWeen 1-T 
SRAM 170 and the outside World). As used herein, the # 
symbol indicates that a signal is active loW. Note that the 
signals listed above do not include any signals relating to the 
refresh accesses of DRAM banks 0-63. 

[0048] An external device initiates an access to 1-T 
SRAM 170 by asserting a logic loW address strobe signal 
ADS#, driving the Write/read indicator signal WR# to the 
desired state, and providing a memory address EA[16:0]. 
The ADS# signal is provided to bank address decoder 182 
and cache control sequencer 186. The access request is 
recogniZed by 1-T SRAM 170 at the rising edge of the CLK 
signal that occurs after the ADS# signal is asserted loW. The 
WR# signal is provided to cache control sequencer 186. The 
memory address EA[16:0] is provided to address buffer 181. 
The 17 address bits EA[16:0] are divided into 4 ?elds. 
Address bits EA[16:11] form a bank address ?eld that 
identi?es one of the siXty-four DRAM banks 0-63. Address 
bits EA[10:5] form a roW address ?eld that identi?es one of 
the siXty-four roWs in the addressed DRAM bank. Address 
bits EA[4:3] form a column address ?eld that identi?es one 
of the four 256-bit sections Within the addressed roW. 
Finally, address bits EA[2:0] form a byte address ?eld that 
identi?es one of the eight 32-bit Words Within the addressed 
256-bit section. 

[0049] Read or Write data DQ[31:0] is provided to I/O 
driver 190 during the clock cycle after the access request is 
recognized. As described above, each of DRAM banks 0-63 
includes an array of 64 roWs and 1024 columns of DRAM 
cells. Each of DRAM banks 0-63 is coupled to read buffer 
171 and Write buffer 172. Read buffer 171 and Write buffer 
172 include transparent latches that latch read and Write data 
during DRAM read and Write operations, respectively. Both 
read buffer 171 and Write buffer 172 include 256 latches, 
thereby enabling these buffers to store one 256-bit section. 
Each of DRAM banks 0-63 has an associated independent 
access control circuit 100-163 to facilitate multi-bank par 
allel operations. Dedicated read bus DB[255:0] and dedi 
cated Write bus DA[255:0] are employed, so that one of 
DRAM banks 0-63 can perform a Write operation While 
another one of DRAM banks 0-63 can perform a read 
operation simultaneously. 
[0050] FIG. 2 is a block diagram illustrating the organi 
Zation of DRAM banks 0-63, SRAM cache 187 and cache 
tag memory 185. Only DRAM banks 0 and 4 are illustrated 
in FIG. 2 for purposes of clarity. SRAM cache 187 has the 
same organiZation as DRAM banks 0-63. That is, SRAM 
cache 187 includes an array of 64 roWs and 1024 columns 
of SRAM cells. The SRAM cells can be, for eXample, 
traditional four-transistor or siX-transistor SRAM cells. The 
columns of DRAM banks 0-63 and the columns of SRAM 
cache 187 are logically divided into four sections, With each 
section having 256 columns (i.e., 256 bits). RoW 0, section 
0 of DRAM bank 0 stores 256 bits in the form of eight 32-bit 
Words A, B, C, D, E, F, G and H. RoW 1, section 2 of DRAM 
bank 0 stores 256 bits in the form of eight 32-bit Words I, J, 
K, L, M, N, O and P. RoW 1, section 2 of DRAM bank 4 
stores 256-bits in the form of eight 32-bit Words Q, R, S, T, 
U, V, W, and X. 

[0051] As described in more detail beloW, SRAM cache 
187 stores 256-bit cache entries from the various DRAM 






































