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METHOD AND APPARATUS FOR LENGTHENING 
THE DATA-RETENTION TIME OF A DRAM 

DEVICE IN STANDBY MODE 

RELATED APPLICATIONS 

[0001] The present application is related to US. Pat. No. 
6,028,804, by Wingyu Leung, entitled “Method and Appa 
ratus for 1-T SRAM Compatible Memory”, and 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”. The present application is 
also related to US. patent application Ser. No. 10/109,878, 
“RAM Having Dynamically SWitchable Access Modes”, by 
Wiodek KurjanoWicZ, Jacek WiatroWski, DariusZ KoWalc 
Zyk and Greg Popoff. These patent applications are hereby 
incorporated by reference in their entirety. 

FIELD OF THE INVENTION 

[0002] The present invention is applicable to semiconduc 
tor memories, especially dynamic random access memory 
(DRAM). In particular, the present invention relates to a 
method and apparatus for controlling refresh operations in a 
semiconductor memory such that the data retention time in 
standby mode is made signi?cantly longer than the data 
retention time in a normal operating mode. 

RELATED ART 

[0003] Due to charge leakage, data stored in a DRAM cell 
must be refreshed periodically. The time elapsed from the 
time that data is Written to a DRAM cell to the time that the 
data is on the threshold of being corrupted due to charge 
leakage is referred to as the data retention time of the 
memory. The longer the data retention time, the less fre 
quently the memory cell needs to be refreshed. Each refresh 
operation in a DRAM device consumes poWer. Therefore the 
longer the data retention time, the loWer the required refresh 
poWer. 

[0004] Refresh (or data retention) poWer is required even 
When the memory is not being accessed (i.e., When the 
memory is in a standby mode). Standby mode is de?ned as 
a mode in Which the memory is not accessed, and some or 
all of the data stored in the memory is retained. In a poWer 
critical application, such as a cell phone, the majority of the 
poWer required in standby mode is consumed by performing 
refresh operations for the DRAM memory. In such an 
application, it is important to keep the refresh poWer as loW 
as possible. 

[0005] A traditional DRAM cell consists of one transistor 
and one capacitor. Data is stored in a cell in the form of 
charges in the capacitor. In general, one DRAM cell can 
store one bit of binary data. 

[0006] FIG. 1 is a circuit diagram of a traditional DRAM 
array 100, in Which a plurality of DRAM cells are arranged 
in roWs and columns. DRAM array 100 includes Word lines 
WLO-WL8 and bit lines BLI, BLI#, BLI+1 and BLI+1#. 
DRAM array 100 also includes 18 DRAM cells, including 
DRAM cells 101-104. Each of the DRAM cells includes a 
capacitor element (represented by a large open square), and 
an access transistor, Which couples the capacitor element to 
a bit line. The connections betWeen the bit lines and the 
access transistor drain regions are shoWn as boXes contain 
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ing an “X”. For eXample, DRAM memory cell 101 includes 
capacitor element 111 and access transistor 112. 

[0007] Within array 100, a column includes a bit-line pair 
and the associated memory cells. Thus, bit lines BLI and 
BL“, and the DRAM cells coupled to these bit lines form one 
column of array 100. Bit lines BLI+1 and BLI+1# and the 
DRAM cells coupled to these bit lines form another column 
of array 100. Each memory cell is only coupled to one of the 
tWo bit lines in the column. A roW consists one cell from 
each column. Thus, the ?rst roW consists of DRAM cells 102 
and 104 (Which are controlled by Word line WLO), and the 
second roW consists of the DRAM cells 101 and 103 (Which 
are controlled by Word line WL1). The con?guration of 
memory array 100 is a Well-knoWn folded bit-line architec 
ture. 

[0008] To perform a memory access, all of the bit lines 
BLI, BLI#, BLI+1 and BLI+1# are pre-charged to a ?Xed 
voltage. For eXample, the bit lines can be charged to a 
voltage equal to half of a supply voltage (VDD/2) . One of 
Word lines WLO-WL8 is then turned on, thereby connecting 
one DRAM cell from each column to one of the tWo bit lines 
in the column. For eXample, Word line WL1 can be turned 
on, thereby coupling DRAM cell 101 to bit line BLI (and 
DRAM cell 103 to bit line BLI+1). The charge stored in 
charge storage element 111 of DRAM cell 101 is shared With 
bit line BLI, and thereby alters the voltage on this bit line. 
HoWever, the complimentary bit line BLI# of the same 
column remains ?oating, such that the voltage on this 
complementary bit line is not directly changed by any 
DRAM cell charge. Each bit line pair is connected to a sense 
ampli?er, Which ampli?es the signal difference betWeen the 
complimentary bit lines. The ampli?ed signals in the bit-line 
pairs are multiplexed to the data lines through column 
sWitches. The difference in the voltage (AV) betWeen the 
complimentary bit lines, before the sense ampli?er is turned 
on, has to overcome any offset in the sense ampli?er and any 
noise that may eXist during sensing in order for the data to 
be sensed accurately. The voltage difference AV is depen 
dent mainly on the charge stored in the capacitor element. 
This charge leaks over time. The longer the refresh period, 
the greater the charge leakage, and the smaller the voltage 
difference AV. The above-described operating mode of 
DRAM array is commonly referred to as single-cell mode. 

[0009] The traditional DRAM array 100 shoWn in FIG. 1 
can also operate in a differential-cell mode. In the differen 
tial-cell mode, tWo memory cells attached to different bit 
lines in a column are used to store one bit of binary data. For 
eXample, DRAM cell 101 and DRAM cell 102 can be used 
to store one bit of data in the ?rst column of array 100. Data 
is Written to a column by pulling one of the column bit lines 
(e.g., BLI) to the VDD supply voltage, and the other one of 
the column bit lines (e.g., BLI#) to the ground supply 
voltage. Therefore, in the differential-cell mode, one DRAM 
cell (e.g., DRAM cell 101) stores a voltage of VDD in the 
associated capacitor element, and the other DRAM cell (e. g., 
DRAM cell 102) stores a ground voltage in the associated 
capacitor element. A differential DRAM cell therefore con 
tains tWo single DRAM cells that store complementary data. 
During sensing, Word lines connected to both DRAM cells 
(e.g., WLO and WL1) are turned on, thereby connecting the 
cells to the complimentary bit lines. Since the DRAM cells 
are identically constructed, the coupling betWeen the Word 
lines and the bits lines are equal. As a result, any Word line 
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to bit line coupling noise is cancelled during the differential 
sensing. Likewise, other coupling noise, such as noise in an 
N-Well in Which the DRAM cells are contained, is cancelled. 
More importantly, the differential signal developed across 
the complementary bit lines is tWo times larger than the 
signal developed across the bit lines during the single-cell 
mode. As a result, the signal strength of a differential DRAM 
cell is much stronger and thereby can retain the data much 
longer. It has been shoWn that the data retention time in 
differential-cell mode is greater than the data retention time 
in single-cell mode by a factor of more than 50. (See, US. 
patent application Ser. No. 10/109,878, by KurjanoWicZ et 
al.) 
[0010] In poWer critical applications, such as Wireless 
phones and personal data assistants (PDAs), Where the 
devices operate most of the time in the standby mode, the 
standby poWer is critical. For devices that include a DRAM 
array, the standby poWer is consumed mainly by refresh 
operations. It is therefore desirable for the DRAM array to 
have a long data retention time, such that relatively feW 
refresh operations are required during a given time period. 
When DRAM array 100 operates in the differential-cell 
mode, the refresh poWer is signi?cantly less (>25 times less) 
than the refresh poWer in single-cell mode. That is, even 
though the poWer consumed during a refresh operation in the 
differential-cell mode is relatively high (because tWo Word 
lines must be turned on for each refresh operation), the 
overall refresh poWer is reduced because the number of 
refresh operations performed in a given period of time is 
reduced by a factor of greater than 50. Note that in the 
differential-cell mode, the storage capacity of the DRAM 
array is reduced by half (because tWo DRAM cells are used 
to store one bit of binary data). 

[0011] Us. patent application Ser. No. 10/109,878, by 
KurjanoWicZ et al., and US. Pat. No. 5,712,823, by Gill 
ingham describe DRAM memory devices that can be oper 
ated in either single-cell mode or differential-cell mode. 
These DRAM memory devices, as a Whole or in parts, can 
be selectively programmed to operate in differential-cell 
mode or single-cell mode. HoWever, these DRAM devices 
do not provide means for sWitching from differential-cell 
mode to single-cell mode Without losing some of the data, as 
the refresh time and signal levels of the tWo operating modes 
are quite different. Likewise, these DRAM devices do not 
provide means for sWitching from single-cell mode to dif 
ferential-cell mode With the data in half of the cells pre 
served. 

[0012] It Would therefore be desirable to have a memory 
device that can operate in single-cell mode during normal 
operation and in differential-cell mode during standby 
operation. It Would further be desirable if up to half of the 
stored data during normal operation could be preserved 
When sWitching from normal operation to standby operation. 
It Would further be desirable if all of the data stored during 
standby operation could be preserved When sWitching from 
standby operation to normal operation. 

SUMMARY 

[0013] Accordingly, the present invention provides an 
array of DRAM cells that are operated in a single-cell mode 
during normal operating conditions. Upon receiving an 
asserted standby control signal from an accessing memory 
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client, the array enters a standby mode from the normal 
operating conditions. The standby mode can be speci?ed as 
a differential-cell mode, a single-cell mode or a non-reten 
tive mode. To enter the differential-cell standby mode, data 
stored in the single-cell mode is converted to a differential 
cell mode. In this conversion, half of the data stored in the 
single-cell mode is saved, While the other half is discarded. 
In the differential-cell standby mode, refresh operations are 
performed less frequently than in the normal operating 
mode, thereby conserving poWer. The external clock signal 
provided by the accessing memory client can be disabled 
during the standby mode, as a local clock signal is provided 
to generate the memory access signals during the standby 
mode. 

[0014] In accordance With one embodiment, the conver 
sion from single-cell mode to differential-cell mode is 
performed as folloWs. During normal single-cell operation, 
refresh operations are performed periodically in response to 
a ?rst refresh enable signal. A standby control signal is 
asserted, thereby indicating that the standby mode should be 
entered. The neXt time the ?rst refresh enable signal is 
activated, the asserted standby control signal is latched, and 
a special burst refresh operation is performed. 

[0015] The special burst refresh operation is implemented 
as folloWs. First, an even Word line is turned on in accor 
dance With a single-cell read operation. After the data values 
stored in the memory cells associated With the even Word 
line have developed an adequate signal strength on the bit 
lines, the sense ampli?ers are turned on. The sense ampli 
?ers cause the data signals on the bit lines exhibit a full 
signal sWing. At this time, a corresponding adjacent odd 
Word line is turned on. As a result, the data values stored in 
single-cell mode DRAM cells associated With the even Word 
line are translated into data values stored in differential-cell 
mode DRAM cells associated With the even Word line and 
the corresponding odd Word line. 

[0016] During the special burst refresh operation, this 
process is repeated for all of the roWs in the memory array, 
such that half of the data values stored in the single-cell 
mode DRAM cells are stored in differential-cell mode 
DRAM cells, and the other half of the data values stored in 
the single-cell mode DRAM cells are discarded. 

[0017] After the special burst refresh operation is com 
plete, the latched standby control signal is stored as a 
differential-cell mode indicator signal. This differential-cell 
mode indicator signal causes a second refresh enable signal, 
having a period much larger than the period of the ?rst 
refresh enable signal, to control the refresh operations during 
the differential-cell standby mode. In one embodiment, the 
period of the second refresh enable signal is about 40 times 
longer than the period of the ?rst refresh enable signal. In 
accordance With another embodiment, the periods of the ?rst 
and second refresh enable signals are automatically adjusted 
With respect to temperature. 

[0018] In accordance With another embodiment, the 
memory array is operated using a clock division scheme, 
Wherein during normal operating conditions, accesses to the 
memory array are performed While the system clock signal 
has a ?rst logic state, and refresh operations to the memory 
array are performed While the system clock signal has a 
second logic state. 

[0019] In accordance With yet another embodiment, a 
plurality of memory blocks that require periodic refresh 
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operate in a single-cell mode during normal operating con 
ditions. Each of these memory blocks can enter a standby 
mode from the normal operating conditions. A?rst set of the 
memory blocks is controlled to operate in ?rst standby mode 
(e.g., differential-cell mode, single-cell mode or non-reten 
tive mode). Asecond set of the memory blocks is controlled 
to operate in a second standby mode, different than the ?rst 
standby mode. This embodiment advantageously provides 
?exibility in implementing various standby modes for dif 
ferent memory blocks. 

[0020] The present invention Will be more fully under 
stood in vieW of the folloWing description and draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a circuit diagram of a conventional 
DRAM array, Which can be operated in either a single-cell 
mode or a differential-cell mode. 

[0022] FIG. 2 is a block diagram of a memory block in 
accordance With one embodiment of the present invention. 

[0023] FIG. 3 is a Waveform diagram illustrating the 
general timing of various control signals of the memory 
block of FIG. 2 While entering and exiting a standby mode, 
in accordance With one embodiment of the present inven 
tion. 

[0024] FIG. 4 is a block diagram of a refresh controller 
present in the memory block of FIG. 2 in accordance With 
one embodiment of the present invention. 

[0025] FIG. 5 is a Waveform diagram that illustrates 
refresh enable signals generated by the refresh controller of 
FIG. 4 in accordance With one embodiment of the present 
invention. 

[0026] FIGS. 6 and 7 are Waveform diagram that illus 
trate the timing of various control signals of the refresh 
controller of FIG. 4 While entering and exiting a differential 
cell standby mode, in accordance With one embodiment of 
the present invention. 

[0027] FIG. 8 is a circuit diagram illustrating a memory 
array sequencer of the memory block of FIG. 2 in accor 
dance With one embodiment of the present invention. 

[0028] FIG. 9 is a circuit diagram of a roW decoder 
associated With one of the memory banks of the memory 
block of FIG. 2 in accordance With one embodiment of the 
present invention. 

[0029] FIG. 10 is a circuit diagram illustrating a ?nal 
decoder stage of the roW decoder of FIG. 9 in accordance 
With one embodiment of the present invention. 

[0030] FIG. 11 is a Waveform diagram that illustrates 
control signals of the roW decoder of FIG. 9 in accordance 
With one embodiment of the present invention. 

DETAILED DESCRIPTION 

[0031] The present invention provides a memory device or 
an embedded memory block 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 the described examples, 
these memory cells are dynamic random access memory 
(DRAM) cells. The DRAM cells are arranged in a plurality 
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of memory banks. Multiple banks are grouped together to 
form a memory block. Each memory block has its oWn set 
of control signals for handling read, Write and refresh 
operations. An accessing memory device provides an exter 
nal standby control signal (ZZ#). When the standby control 
signal ZZ# is asserted loW, the memory macro leaves the 
normal operating mode and enters a standby mode. When 
the standby control signal ZZ# is de-asserted high, the 
memory device exits the standby mode and re-enters the 
normal operating mode. A pair of static signals REFSEL 
[1:0] are provided to select different refresh schemes in the 
standby mode. The refresh select signals REFSEL[1:0] can 
be provided by a register, Which can be set or reset any time 
before the memory macro enters the standby mode. 

[0032] In normal operating mode, the memory banks are 
operated in the single-cell mode. During normal operating 
mode, the accessing and refreshing of the memory cells is 
controlled such that the refreshing of the memory cells does 
not interfere With any external access of the memory cells. 

[0033] The refresh select signals REFSEL[1:0] determine 
the manner in Which the memory block operates during the 
standby mode. Thus, When the standby control signal ZZ# is 
asserted, the refresh mode is determined by the refresh select 
signals REFSEL[1:0]. More speci?cally, the refresh select 
signals REFSEL[1:0] select one of three standby modes: (1) 
a non-retentive standby mode, (2) a differential-cell mode, 
or (3) a single-cell mode. 

[0034] In the non-retentive standby mode, the memory 
banks stop performing self-refresh operations, and the data 
stored in the DRAM cells is eventually lost. 

[0035] In the differential-cell standby mode, the operation 
of the memory banks is converted from the single-cell mode 
to the differential-cell mode, With half of the data values 
stored in the single-cell mode being preserved in the differ 
ential-cell mode. Standby refresh operations are then per 
formed in the differential-cell mode. In the transition from 
normal operating mode to differential-cell standby mode, 
half of the data values stored in the single-cell DRAM cells 
are discarded, and the other half of the data is retained in 
differential DRAM cells. That is, the number of roWs in each 
memory bank is reduced by half, as DRAM cells associated 
With tWo neighboring Word lines are combined to form 
differential DRAM cells. 

[0036] In the single-cell standby mode, operation remains 
unchanged from the normal operating mode (although only 
refresh operations are performed during the single-cell 
standby mode). 
[0037] In an alternative embodiment, the memory macro 
can contain tWo or more memory blocks. In this embodi 

ment, each of the memory blocks has a separate sets of 
refresh control signals REFSEL[1:0], so that the standby 
mode of each memory block can be selected independently. 

[0038] FIG. 2 is a block diagram of a memory block 200 
in accordance With one embodiment of the present inven 
tion. Memory block 200 can be referred to as a 1-T SRAM 
block, because this memory block uses 1-transistor (1-T) 
DRAM cells, yet during normal operation, can be accessed 
in the same manner as a static random access memory 

(SRAM) system, because the refresh operations are hidden. 
For example, memory accesses can be performed When a 
system clock signal CLK has a logic high state, and refresh 
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operations can be performed When the system clock signal 
CLK has a logic loW state. Such an accessing scheme is 
described in US. Pat. No. 6,504,780 by Wingyu Leung, 
entitled “Method and Apparatus for Completely Hiding 
Refresh Operations in a DRAM Device Using Clock Divi 
sion”, Which is hereby incorporated by reference. 

[0039] Memory block 200 includes DRAM array 201, 
2-to-1 multiplexer 202, AND gate 203, input signal registers 
220, refresh controller 221 and memory array sequencer 
222. DRAM array 201 includes 64 DRAM memory banks 
0-63, read data ampli?er 270 and Write data buffer 280. Each 
of DRAM banks 0-63 includes 32 roWs and 512 columns of 
DRAM memory cells, as Well as the associated address 
decoders, Word line drivers, sense-ampli?ers and column 
multiplexers, Which are not shoWn, but are understood by 
those of ordinary skill in the art. The column multiplexers of 
DRAM memory banks 0-63 are connected in parallel to read 
data ampli?ers 270 and Write data buffer 280. Each of 
DRAM banks 0-63 is capable of storing 512 32-bit Words. 
The total capacity of DRAM memory banks 0-63 is there 
fore 32K><32-bit Words. 

[0040] The external interface of memory block 200 
includes a 32-bit input data bus for providing an input data 
Word DIN[31:0] to Write data buffer 280, a 32-bit output data 
bus for providing an output data Word DOUT[31:0] from 
read data ampli?er 270, a Write/read indicator line for 
receiving Write/read indicator signal WR#, a clock input 
terminal for receiving an external clock signal CLK, a 14-bit 
address bus for receiving external address bits EA[14:0], an 
address strobe line for receiving an address strobe signal 
ADS#, a reset line for receiving a reset signal RST#, a 
control signal line for receiving a standby mode signal ZZ#, 
and a control signal bus for receiving refresh select signals 
REFSEL[1:0]. As used herein, the # symbol indicates that a 
signal is active loW. 

[0041] All of the external signals are referenced to the 
rising edge of the CLK signal. The external address signal 
EA[14:0] is divided into 3 ?elds: a 4-bit Word (column) 
address EA[14:11] (Which identi?es one of the sixteen 32-bit 
Words in a roW), a 6-bit bank address EA[10:5] (Which 
identi?es one of the 64 memory banks 0-63 ), and a 5-bit roW 
address EA[4:0] (Which identi?es one of the 32 roWs in a 
memory bank). 

[0042] An external device initiates an access to memory 
block 200 by asserting a logic loW address strobe signal 
ADS#, driving the Write/read indicator signal WR# to the 
desired state (high for Write and loW for read), and providing 
an external address EA[14:0]. The external device initiates 
a standby mode in memory block 200 by asserting the 
standby signal ZZ# loW. The ADS#, WR#, ZZ# and 
EA[14:0] signals are all registered (i.e., latched) into input 
signal registers 220 at the rising edge of CLK signal. Input 
signal registers 220 provide the latched ADS#, WR#, ZZ# 
and EA[14:0] signals as latched output signals LADS#, 
LWR#, ZZBMODE and LEA[14:0], respectively. The 
latched external address LEA[14:0] is divided into tWo 
groups of address signals. Address signal LEA[14:11] con 
tains the column address of the memory cells selected for the 
external access, and address signal LEA[1010] contains the 
roW and bank address of the memory cells selected for the 
external access. Address signal LEA[14:11] is provided to 
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the column decoder circuitry in each of DRAM banks 0-63. 
Address signal LEA[1010] is provided to an input bus of 
2-to-1 multiplexer 202. 

[0043] The latched address strobe signal LADS# is pro 
vided to refresh controller 221, memory array sequencer 222 
and to an inverting input terminal of AND gate 203. The 
latched Write/read indicator signal LWR# is provided to read 
data ampli?er 270 and Write data buffer 280. The latched 
ZZ_MODE signal is provided to refresh controller 221 and 
memory array sequencer 222. 

[0044] Refresh accesses to DRAM array 201 are managed 
by refresh controller 221. Refresh controller 221 initiates 
refresh operations by periodically activating a refresh 
request signal RREQ. Refresh controller 221 also provides 
an 11-bit refresh address RFA[10:0], Which identi?es the 
bank and roW to be refreshed in DRAM array 201. The 
refresh address RFA[10:0] is incremented each time the 
refresh request signal RREQ is activated. As described in 
more detail beloW, refresh controller 221 also generates the 
differential mode control signals DIFF_MODE and ZZD in 
response to the ZZ_MODE and REFSEL[1:0] signals. 

[0045] Memory array sequencer 222 generates the con 
ventional DRAM control signals RAS# (roW access), SEN# 
(sense ampli?er enable), CAS# (column access), and PRC# 
(pre-charge) for controlling the operations of memory array 
201. The functionality of the RAS#, SEN#, CAS# and PRC# 
control signals in accessing a DRAM array is understood by 
those of ordinary skill in the art. For example, the function 
ality of these control signals is described in detail in US. 
Pat. No. 6,078,547, by Wingyu Leung, entitled “Method and 
Structure for Controlling Operation of a DRAM Array”, 
Which is hereby incorporated by reference. 

[0046] During normal operation, all the cells in DRAM 
array 201 operate in the single-cell mode. This single-cell 
mode is described in more detail in US. Pat. No. 6,504,780. 
In general, during normal operation, memory accesses are 
performed While the external clock signal CLK has a ?rst 
logic state (e.g., a logic high state), and any required refresh 
operations are performed While the external clock signal 
CLK has a second logic state (e.g., a logic loW state). In 
accordance With the present invention, memory block 200 
incorporates a standby mode to save poWer When DRAM 
array 201 is not being accessed. As described in more detail 
beloW, the standby mode is controlled by the standby control 
signal ZZ# and the refresh control signals REFSEL[1:0]. 

[0047] FIG. 3 is a Waveform diagram illustrating the 
general timing of the standby control signal ZZ#, the latched 
standby control signal ZZ_MODE, the refresh select signals 
REFSEL[1:0] and the CLK signal When the memory macro 
is entering and exiting the standby mode. 

[0048] When the standby control signal ZZ# is de-asserted 
high, memory block 200 operates in normal (single-cell) 
operating mode. In the normal mode, the external clock 
signal CLK runs continuously. The standby control signal 
ZZ# is activated loW to initiate a standby mode. The loW 
standby control signal ZZ# is latched at the rising edge of the 
CLK signal, thereby providing a logic high latched standby 
signal ZZ_MODE. Note that an inverter (or the equivalent) 
is necessary to provide a logic high ZZ_MODE signal in 
response to the logic loW standby control signal ZZ#. 

[0049] Memory block 200 then enters a standby mode in 
response to the logic high ZZ_MODE signal, in accordance 
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With the value of the refresh select signals REFSEL[1:0]. 
After entering the standby mode, the external clock signal 
CLK can be stopped by the accessing memory device 
(irrespective of the selected refresh mode), in order to save 
poWer. At this time, an internally generated clock signal can 
be used to ful?ll the necessary refresh timing requirements. 

[0050] When the standby control signal ZZ# is deactivated 
high, and the external clock signal CLK has been re 
activated, memory block 200 is sWitched back to the normal 
(single-cell) operating mode. More speci?cally, the logic 
high standby control signal ZZ# is latched at the rising edge 
of the external clock signal CLK, thereby providing a logic 
loW ZZ_MODE signal. Memory block 200 exits the standby 
mode in response to the logic loW ZZ_MODE signal, again 
in accordance With the value of the refresh select signals 
REFSEL[1:0]. 
[0051] If the refresh select signals REFSEL[1:0] indicate 
that the standby mode is a differential-cell standby mode, 
then the a single-cell to differential-cell conversion is per 
formed When entering the standby mode, and a differential 
cell to single-cell conversion is performed When exiting the 
standby mode. The operation and control of the CLK, ZZ#, 
REFSEL[1:0] and ZZ_MODE signals Will be described in 
more detail beloW. 

[0052] FIG. 4 is a block diagram of refresh controller 221 
in accordance With one embodiment of the present inven 
tion. Refresh controller 221 includes OR gates 301-302, 
NOR gates 303-306, NAND gate 307, AND gate 308, 
one-shot device 309, refresh timer 310, refresh counter 311 
and ?ip-?ops 320-323. NOR gates 304-305 are cross 
coupled to form ?ip-?op 330. 

[0053] Refresh timer 310 periodically generates refresh 
enable signals R1 and R40 on output terminals 1X and 40X, 
respectively. Refresh timer 310 includes an oscillator (not 
shoWn), Which generates the refresh enable signal R1. In one 
embodiment, this oscillator is a temperature adaptive oscil 
lator similar to the one described in US. patent application 
Ser. No. 10/300,427, “Method and Apparatus For Tempera 
ture Adaptive Refresh in lT-SRAM Compatible Memory 
Using The Subthreshold Characteristics of MOSFET Tran 
sistors”. Alternately, this oscillator can be a simple ring 
oscillator. 

[0054] Refresh timer 310 also includes a modulo-40 
counter (not shoWn), Which has a clock input terminal 
coupled to receive the refresh enable signal R1. This 
modulo-40 counter is reset in response to a logic high signal 
on the output terminal of OR gate 301. OR gate 301 provides 
a logic high output signal When the system reset signal RST# 
is asserted loW, or When one-shot device 309 provides a 
logic high output signal. As described in more detail beloW, 
one-shot device 309 provides a logic high output signal 
When exiting a differential-cell standby mode. 

[0055] The modulo-40 counter in refresh timer 310 gen 
erates the refresh enable signal R40 in response to the 
refresh enable signal R1. The refresh enable signal R40 
therefore has an oscillation period that is 40 times longer 
than the oscillation period of the refresh enable signal R1. 
FIG. 5 is a Waveform diagram illustrating refresh enable 
signals R1 and R40. As described in more detail beloW, 
refresh enable signal R1 is used to generate the refresh 
request signal RREQ When memory block 200 is operating 
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in single-cell mode, and refresh enable signal R40 is used to 
generate the refresh request signal RREQ When memory 
block 200 is operating in differential-cell mode. Thus, 
refresh operations are performed 40 times more often When 
operating in single-cell mode, as compared With differential 
cell mode. 

[0056] Refresh enable signals R1 and R40 are provided to 
2-to-1 multiplexer 312. Multiplexer 312 selectively routes 
one of these refresh enable signals to ?ip-?op 330 in 
response to the DIFF_MODE signal. As described in more 
detail beloW, the DIFF_MODE signal has a logic high state 
When memory block 200 is operating in the differential-cell 
mode. Thus, When memory block 200 is operating in the 
differential-cell standby mode, multiplexer 312 routes the 
refresh enable signal R40 to ?ip-?op 330. OtherWise, mul 
tiplexer 312 routes the refresh enable signal R1 to ?ip-?op 
330. 

[0057] Flip-?op 330 latches each positive pulse received 
from multiplexer 312, thereby providing a logic high signal 
to AND gate 308. As long as memory block 200 is not in a 
non-retentive standby mode (i.e., as long as the other input 
terminal of AND gate 308 receives a logic high signal), each 
positive pulse routed through multiplexer 312 Will cause the 
refresh request signal RREQ to be asserted high. As 
described in more detail beloW, a burst refresh operation is 
performed While the refresh request signal RREQ is asserted 
high. Thus, burst refresh accesses are performed less fre 
quently (i.e., 40 times less frequently) When memory block 
is in operating in differential-cell standby mode. As a result, 
signi?cant poWer savings exist When operating in differen 
tial-cell standby mode. 

[0058] Refresh controller 221 also includes modulo-2048/ 
1024 counter 311. The modulo value of counter 311 is 
controlled to be either 2048 or 1024 in response to the 
DIFF_MODE signal. When memory block 200 is operating 
in differential-cell standby mode (i.e., the DIFF_MODE 
signal has a logic high state), modulo-counter 311 is con 
?gured to operate as a modulo-1024 counter. Conversely, 
When memory block 200 is operating in single-cell mode 
(i.e., the DIFF_MODE signal has a logic loW state), modulo 
counter 311 is con?gured to operate as a modulo-2048 
counter. 

[0059] When memory block 200 is operating in differen 
tial-cell standby mode, the modulo-1024 counter 311 pro 
vides a refresh address RFA[9:0], Which is used to select 
Word line pairs associated With differential-cell memory 
roWs for refresh operations. Note that the refresh address bit 
RFA[10] is ignored in this case. 

[0060] When memory block 200 is operating in single-cell 
mode, the modulo-2048 counter 311 provides a refresh 
address RFA[10:0], Which is used to select Word lines 
associated With single-cell memory roWs for refresh opera 
tions. 

[0061] The decoding of the refresh address signals RFA 
[10:0] is described in more detail beloW in connection With 
FIGS. 9-10. 

[0062] The value of modulo-counter 311 is incremented at 
the end of each refresh cycle. The end of a refresh cycle is 
identi?ed by a logic high LADS# signal and a rising edge of 
the RAS# signal. NAND gate 307, Which is coupled to 
receive the LADS# signal and the inverse of the RAS# 
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signal, provides a logic high signal to increment modulo 
counter 311 at the end of each refresh cycle. 

[0063] After modulo-counter 311 has generated all 1024 
(or 2048) roW addresses, this counter 311 drives the FULL 
signal high. This logic high FULL signal resets ?ip-?op 330, 
thereby de-activating the refresh request signal RREQ to a 
logic loW state. The burst refresh operation is concluded 
When the refresh request signal RREQ is de-activated loW. 

[0064] As mentioned above, the refresh select signals 
REFSEL[1:0] are used to select one of three possible 
standby modes (1) non-retentive standby mode, (2) differ 
ential-cell standby mode, or (3) single-cell standby mode. 
Table 1 beloW de?nes the standby modes selected by the 
refresh select signals REFSEL[1:0]. 

TABLE 1 

REFSEL [1:0] STANDBY MODE 

“10” No-Retention Standby Mode 
“00” Differential-Cell Standby Mode 
“11” “O1” Single-Cell Standby Mode 

[0065] No-Retention Standby Mode 

[0066] The refresh select signals REFSEL[1:0] are 
coupled to input terminals of OR gate 302 (With REFSEL[1] 
being coupled to an inverting input terminal). OR gate 302 
provides a logic loW output signal When the refresh select 
signals REFSEL[1:0] have a value of “10”. When the 
ZZ_MODE signal is asserted high at the beginning of the 
standby mode, the logic loW output of OR gate 302 is latched 
into ?ip-?op 320. Flip-?op 320 provides this logic loW 
signal to an input terminal of AND gate 308, thereby causing 
AND gate to de-assert the refresh request signal RREQ loW. 
Because the refresh request signal RREQ is held at a logic 
loW state, no refresh operations can be performed. In this 
manner, the “10” value of the REFSEL[1:0] signals prevent 
refresh operations from being performed. Note that the 
DIFF_MODE signal remains in a logic loW state during 
no-retention standby mode. 

[0067] When the ZZ_MODE signal is de-asserted loW at 
the end of the standby mode, ?ip-?op 320 is set, thereby 
providing a logic high signal to the input terminal of AND 
gate 308, and enabling refresh operations to be performed 
during the subsequent normal (single-cell) operating mode. 

[0068] Single-Cell Refresh Mode 

[0069] If the refresh select signals have a value of “11” or 
“01”, then NOR gate 303 provides a logic loW output signal 
to ?ip-?op 321. This logic loW signal is latched into ?ip-?op 
321 at the rising edge of the ZZ_MODE signal. This logic 
loW signal propagates through ?ip-?ops 322 and 323 in 
response to rising and falling edges of the refresh request 
signal RREQ. The logic loW DIFF_MODE signal does not 
effect modulo-counter 311, and causes multiplexer 312 to 
continue to route the refresh enable signal R1 to ?ip-?op 
330. Thus, refresh operations are performed in the single 
cell mode, thereby retaining all data values stored during 
normal operating mode. 

[0070] When the ZZ_mode signal is de-asserted loW at the 
end of the single-cell standby mode, the loW DIFF_MODE 
signal stays loW, such that the refresh enable signal R1 of 
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refresh timer 310 remains selected. The loW state of the 
DIFF_MODE signal inhibits the generation of a positive 
pulse at the output terminal of one-shot device 309. Conse 
quently, the refresh request signal RREQ is not automati 
cally asserted high during the eXit of the single-cell standby 
mode. Rather, memory block 200 simply continues operat 
ing in the single-cell mode. 

[0071] Differential-Cell Standby Mode 

[0072] When the ZZ_MODE signal is asserted high at the 
beginning of the standby mode, and the refresh select signals 
REFSEL[1:0] have a value of “00”, a single-cell mode to 
differential-cell mode conversion is performed. 

[0073] The refresh select signals REFSEL[1:0] are 
coupled to the input terminals of NOR gate 303. NOR gate 
303 provides a logic high output signal When the refresh 
select signals REFSEL[1:0] have a value of “00”. When the 
ZZ_MODE signal is asserted high, the logic high output of 
NOR gate 303 is latched into ?ip-?op 321. Flip-?op 321 
provides this logic high signal to the data input terminal of 
?ip-?op 322. When the refresh request signal RREQ tran 
sitions to a logic high state, the logic high signal provided by 
?ip-?op 321 is latched into ?ip-?op 322. The output of 
?ip-?op 322 is provided as a control signal ZZD. This 
control signal ZZD is provided to the data input terminal of 
?ip-?op 323 (and to the roW decoder circuitry, as described 
in more detail beloW). As described in more detail beloW, a 
special burst refresh operation is performed in memory array 
201 at this time. This special burst refresh operation per 
forms a conversion from the single-cell mode to the differ 
ential cell mode. 

[0074] The logic high control signal ZZD is latched into 
?ip-?op 323 on the falling edge of the refresh request signal 
RREQ (after the special burst refresh operation is com 
pleted). At this time, ?ip-?op 323 provides a logic high 
differential mode signal DIFF_MODE. The high state of the 
DIFF_MODE signal indicates that memory block 200 is 
operating in the differential-cell standby mode. The DIFF 
_MODE signal is provided to the set input terminal of 
modulo counter 311, and to the control terminal of multi 
pleXer 312. The logic high DIFF_MODE signal sets modulo 
counter 311 to a modulo-1024 counter (from a modulo-2048 
counter), and causes multiplexer 312 to route refresh enable 
signal R40 to ?ip-?op 330. Thus, once in differential-cell 
standby mode, refresh operations (as determined by refresh 
enable signal R40) are performed less frequently than in 
single-cell mode. 

[0075] When the ZZ_MODE signal is de-asserted loW 
(signifying the return to normal operating mode), a differ 
ential-cell mode to single-cell mode conversion is per 
formed. The loW ZZ_MODE signal resets ?ip-?op 321, 
thereby providing a logic loW signal to ?ip-?op 322. This 
logic loW signal immediately resets ?ip-?op 322, thereby 
causing the ZZD control signal to transition to a logic loW 
state. After a burst refresh is performed, the refresh request 
signal RREQ transitions to a logic loW state, thereby causing 
?ip-?op 323 to latch the logic loW ZZD control signal, and 
provide a logic loW DIFF_MODE signal. 

[0076] Single-Cell Mode to Differential-Cell Mode Con 
version 

[0077] As mentioned above, the memory macro needs to 
go through a single-cell mode to differential-cell mode 
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conversion before entering the differential-cell standby 
mode. The rising edge of the ZZD control signal indicates 
the beginning of the transition from single-cell (normal) 
mode to differential-cell standby mode, and the rising edge 
of the DIFF_MODE signal indicates the beginning of the 
differential-cell standby mode. Therefore, the high state of 
the ZZD control signal together With the loW state of the 
DIFF_MODE signal de?nes the single-cell mode to differ 
ential-cell mode conversion period. The end of this conver 
sion period is signaled by the rising edge of the DIFF 
_MODE signal. 
[0078] As described above, the differential-cell standby 
mode is initiated by the rising edge of the ZZ_MODE signal 
When the REFSEL[1:0] signals have a logic “00” value. The 
logic high value provided by ?ip-?op 321 is not latched into 
?ip-?op 322 until the next rising edge of the refresh request 
signal RREQ. When the refresh request signal RREQ is 
asserted high (in response to the refresh enable signal R1), 
the memory macro performs a special burst refresh opera 
tion, Which refreshes the data values associated With the 
even Word lines of memory array 201. This special burst 
refresh operation also converts the memory cells of memory 
array 201 from a single-cell mode to a differential-cell mode. 

[0079] During each refresh access, a roW of DRAM cells 
in array 201 is refreshed in the folloWing manner. First, an 
even Word line (e.g., Word line WLO) is turned on in 
accordance With a single-cell read operation. After the data 
values stored in the memory cells associated With the even 
Word line have developed an adequate signal strength on the 
bit lines, the sense ampli?ers are turned on. After the sense 
ampli?ers are turned on, the data signals on the bit lines 
exhibit a full signal sWing (i.e., VDD and ground). At this 
time, a corresponding (adjacent) odd Word line (e.g., Word 
line WL1) is turned on. As a result, the data values stored in 
single-cell mode DRAM cells associated With the even Word 
line are translated into data values stored in differential-cell 
mode DRAM cells associated With the even Word line and 
the corresponding odd Word line. 

[0080] During the special burst refresh operation, this 
process is repeated for all of the roWs in memory array 201, 
such that half of the data values stored in the single-cell 
mode DRAM cells are stored in differential-cell mode 
DRAM cells, and the other half of the data values stored in 
the single-cell mode DRAM cells are discarded. 

[0081] At the end of the special burst refresh operation, 
modulo-counter 311 reaches a full count, and asserts the 
FULL signal high. In response, ?ip-?op 330 provides a logic 
loW output signal, thereby causing the refresh request signal 
RREQ to be de-asserted loW. At the falling edge of the 
refresh request signal RREQ, the logic high ZZD control 
signal is latched into ?ip-?op 323, thereby driving the 
DIFF_MODE signal to a logic high state. As a result, 
subsequent refresh operations are carried out in the differ 
ential-cell mode. 

[0082] In an alternative embodiment, the single-cell to 
differential-cell conversion starts With all of the odd Word 
lines turned on, and the bit lines being pre-charged to a 
potential of approximately half the VDD supply voltage. As 
a result, the data stored in the memory cells associated With 
the odd Word lines are neutraliZed. The charges stored in the 
capacitors of these memory cells have no effect on the 
subsequent data sensing operations (i.e., the read operations 
that activate the even Word lines). 
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[0083] Differential-Cell Mode to Single-Cell Mode Con 
version 

[0084] As mentioned above, the memory macro needs to 
go through a differential-cell mode to single-cell mode 
conversion before re-entering the normal single-cell oper 
ating mode. The differential-cell standby mode is exited in 
response to the falling edge of the ZZ_MODE signal. When 
in the differential-cell standby mode, the DIFF_MODE 
signal Will have a logic high state When the ZZ_MODE 
signal transitions to a logic loW state. Under these condi 
tions, NOR gate 306 provides a logic high output signal to 
one-shot device 309. In response, one-shot device 309 
provides a positive output pulse to ?ip-?op 330 and OR gate 
301. This positive pulse sets the refresh request signal 
RREQ to a logic high state. The high state of the refresh 
request signal RREQ causes memory block 200 to carry out 
a burst refresh operation until modulo-counter 311 reaches a 
full count. Because the DIFF_MODE signal remains high, 
the refresh operations are performed in the differential-cell 
mode. When the burst refresh operation is complete, the 
refresh request signal RREQ is de-asserted loW. Note that 
the positive pulse at the output of one-shot device 309 also 
resets refresh timer 310, thereby avoiding the generation of 
back-to-back refresh requests. 

[0085] The falling edge of the ZZ_MODE signal resets 
?ip-?op 321, thereby causing this ?ip-?op to provide a logic 
loW signal to ?ip-?op 322. This logic loW signal resets 
?ip-?op 322, such that ?ip-?op provides a logic loW ZZD 
signal to ?ip-?op 323. When the burst refresh operation is 
completed, and the refresh request signal RREQ is de 
asserted loW, ?ip-?op 323 latches this logic loW signal, and 
in response, provides a logic loW DIFF_MODE signal. The 
loW state of the DIFF_MODE signal causes multiplexer 312 
to select the refresh enable signal R1 output from refresh 
timer 310 for generating refresh requests. As described in 
more detail beloW, the loW states of the DIFF_MODE and 
ZZD signals also cause the roW decoder circuitry to operate 
in single-cell mode. Thus, after the DIFF_MODE signal 
transitions to a logic loW state, the memory macro completes 
the exit of the standby mode and subsequent operations are 
carried out using single-cell mode. Note that normal 
accesses can occur during this burst refresh operation by 
performing the normal accesses during one half of the clock 
period, and performing the refresh operations during the 
other half of the clock period. HoWever, these normal 
accesses are limited to the reduced address range of the 
differential-cell mode. 

[0086] In an alternative embodiment, refresh controller 
221 incorporates a counter to determine the time elapsed 
betWeen the last burst refresh operation and the time that the 
standby mode is exited. This counter is reset at the end of 
each burst refresh operation, and is stopped in response to 
the falling edge of the ZZ_MODE signal. The value latched 
in the counter indicates the elapsed time betWeen the last 
burst refresh operation and the falling edge of the 
ZZ_MODE signal. The value of the counter is compared 
With a predetermined value that is representative of the 
required refresh period of the single-cell mode. If the 
elapsed time is greater than the required refresh period of the 
single-cell mode, then a burst refresh operation is performed 
using the differential-cell mode. The burst refresh operation 
performed When exiting the standby mode is necessary to 
guarantee suf?cient data signal for single-cell mode opera 
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tion. The standby mode is then exited, and normal operation 
continues in the single-cell mode, using the refresh enable 
signal R1. Again, note that normal accesses can occur during 
this burst refresh operation by performing the normal 
accesses during one half of the clock period, and performing 
the refresh operations during the other half of the clock 
period. HoWever, these normal accesses are limited to the 
reduced address range of the differential-cell mode. 

[0087] If the elapsed time is less than the required refresh 
period of the single-cell mode, then no burst refresh opera 
tion is performed. The standby mode is exited and normal 
operation continues in the single-cell mode, using the 
refresh enable signal R1. This embodiment has the advan 
tage of reduced refresh poWer, but at the expense of control 
complexity, especially for applications Where memory block 
200 often enters and exits the standby mode. 

[0088] FIG. 6 is a Waveform diagram illustrating the 
timing of the ZZ_MODE, RREQ, RAS#, ZZD, DIFF 
_MODE and one-shot control signals of refresh controller 
221 as memory block 200 enters and exits differential-cell 
standby mode. FIG. 6 illustrates the burst refresh opera 
tions, Which use single-to-differential cell timing When 
entering the standby mode, differential-cell timing during 
(and exiting) the standby mode, and single-cell timing after 
exiting the standby mode. 

[0089] FIG. 7 is a Waveform diagram illustrating the 
timing of the ZZ_MODE, RREQ, RAS#, ZZD, DIFF 
_MODE and one-shot control signals of refresh controller 
221 as memory block 200 enters and exits the differential 
cell standby mode While the refresh request signal RREQ is 
high. That is, FIG. 7 illustrates the Waveform timing When 
a burst refresh is occurring in the single-cell mode, and the 
memory block 200 attempts to enter the differential-cell 
standby mode. Similarly, FIG. 7 illustrates the Waveform 
timing When a burst refresh is occurring in the differential 
cell standby mode, and the memory block 200 attempts to 
enter the single-cell normal operating mode. 

[0090] Notice that edge-triggered ?ip-?op 322 assures that 
the ZZD control signal is not asserted high until the refresh 
request signal RREQ goes through a loW-to-high transition. 
Therefore, even if the refresh request signal RREQ is high 
at the rising edge of the ZZ_MODE signal, the ZZD control 
signal is not asserted high until the refresh request signal 
RREQ goes loW and then high again. Thus, if memory block 
200 is performing a burst refresh When the ZZ_MODE 
signal is asserted high, then memory block 200 continues the 
refresh in the single-cell mode. The single-to-differential cell 
conversion is not carried out until the next time the refresh 
request signal RREQ is asserted high. 

[0091] HoWever, if the refresh request signal RREQ is 
asserted and a burst refresh is being carried out When exiting 
the differential-cell standby mode, then memory block 200 
resumes normal single-cell mode operation after the burst 
refresh is completed. Note that the positive pulse provided 
at the output terminal of one-shot device 309 has no effect 
on the output of ?ip-?op 330, because the refresh request 
signal RREQ is already at a logic high state. The loW state 
of the ZZ_MODE signal drives the ZZD control signal loW. 
After the burst refresh is completed, the refresh request 
signal RREQ transitions to a logic loW state. The falling 
edge of the refresh request signal RREQ causes ?ip-?op 323 
to latch the loW state of the ZZD signal, thereby driving the 
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DIFF_MODE signal to a logic loW state. At this time, 
memory block 200 has made the transition from differential 
cell operation to normal single-cell operation. 

[0092] Note that before the ZZ_MODE signal transitions 
to a logic high state or after the ZZ_MODE signal transitions 
to a logic loW state, memory block 200 handles both external 
access and internal refresh operations. The present embodi 
ment employs the same scheme as described in Us. Pat. No. 
6,504,780. That is, external accesses are carried out While 
the external clock signal CLK has a logic high state, and 
refresh operations are performed during the time that the 
external clock signal CLK has a logic loW state. Therefore, 
some of the RAS# pulses that occur before the ZZ_MODE 
signal transitions to a logic high state or after the ZZ_MODE 
signal transitions to a logic loW state can be memory cycles 
for external accesses. After the ZZ_MODE signal goes high, 
the external clock signal CLK can be stopped. At this time, 
the memory array sequencer 222 sWitches to an internal 
clock generator formed by a ring oscillator for generating 
the memory control signals: RAS#, SEN#, and PRC#. This 
internal clock generator is described in more detail beloW. 

[0093] Memory Array Sequencer 222 
[0094] FIG. 8 is a circuit diagram illustrating memory 
array sequencer 222 in accordance With one embodiment of 
the present invention. Memory array sequencer 222 includes 
delay lines 701-704, OR gates 711-719, NAND gates 721 
724, one-shot devices 731-732, AND gates 741-743 and ring 
oscillator 760. NAND gates 721-722 are cross-coupled to 
form latch 751, and NAND gates 723-724 are cross-coupled 
to form latch 752. 

[0095] AND gate 743 is coupled to receive the refresh 
request signal RREQ and the ZZ_MODE signal. The output 
terminal of AND gate 743 is coupled to the enable input 
terminal-of ring oscillator 760. OR gate 719 is coupled to 
receive the ZZ_MODE signal and the external clock signal 
CLK. AND gate 742 is coupled to receive the output of ring 
oscillator 760 and the output signal provided by OR gate 
719. AND gate 742 provides a memory clock signal MCLK 
that controls the timing of the signals RAS#, SEN#, CAS# 
and PRC#. The remaining circuitry of memory access con 
troller 222 (i.e., the circuitry other than ring oscillator 760, 
OR gate 719 and AND gate 742) has been described in US. 
Pat. No. 6,504,780. A brief description of memory access 
controller 222 is provided beloW. 

[0096] When either the ZZ_MODE signal or the RREQ 
signal has a logic loW state, ring oscillator 760 is disabled, 
causing this oscillator 760 to provide a logic high signal to 
AND gate 742. As a result, the external clock signal CLK is 
propagated through OR gate 710 and AND gate 742, and 
provided as the MCLK signal. Under these conditions, 
memory array sequencer 222 operates as folloWs. 

[0097] Delay lines 701, 702, 703 and 704 introduce signal 
delays d1, d2, d3, and d4, respectively. In general, memory 
array sequencer 222 activates the RAS#, SEN#, CAS# and 
PRC# signals at predetermined times during half of a CLK 
period (e.g., When the CLK signal is high). As a result, an 
external access (read or Write) may be performed during one 
half of a CLK period, and a refresh access may be performed 
during the other half of the same CLK period (e.g., When the 
CLK signal is loW). 
[0098] When memory block 200 is started, the RST# 
signal is activated loW, thereby setting ?ip-?ops 751 and 
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752, such that these ?ip-?ops provide logic high output 
signals to AND gate 741. The RST# signal is then de 
activated high, thereby allowing ?ip-?ops 751 and 752 to 
operate in response to the other applied signals. When there 
is no eXternal access to memory block 200, the latched 
address strobe signal LADS# is de-activated high. When 
there is no refresh access pending in memory block 200, the 
refresh request signal RREQ is de-activated loW. Under 
these conditions, OR gates 711 and 712 provide logic high 
signals to one-shot circuits 731 and 732, respectively. In 
response, one-shot circuits 731-732 provide logic high sig 
nals to ?ip-?ops 751-752, respectively, thereby causing 
?ip-?ops 751-752 to continue to provide logic high output 
signals to AND gate 741. The logic high output of AND gate 
741 de-activates the RAS#, SEN#, CAS# and PRC# control 
signals high. At this time, memory array 201 is idle. 

[0099] The latched address strobe signal LADS# is acti 
vated loW during an eXternal access. The loW state of the 
LADS# signal, along With the high state of the CLK signal 
causes the output of OR gate 711 to go loW. The falling edge 
at the output of OR gate 711 causes one-shot circuit 731 to 
generate a negative going pulse having a Width substantially 
shorter than half of the CLK period. This negative pulse 
resets the output of ?ip-?op 751 to a logic loW value. The 
logic loW value provided by ?ip-?op 751 causes AND gate 
741 to activate the RAS# signal loW. The loW state of the 
RAS# signal propagates through delay lines 701, 702, 703 
and 704 (as Well as OR gates 715-717) to drive signals 
SEN#, CAS# and PRC# loW in sequence. 

[0100] The logic loW signal provided by delay line 703 
propagates through delay line 704 after an additional delay 
of d4. The logic loW output of delay line 704 is provided to 
the inverting input terminal of OR gate 718. As a result, the 
PRC# signal is de-activated high a delay d4 after being 
activated loW. 

[0101] The loW state of the output of delay line 703 and 
the high state of the CLK signal cause OR gate 713 to 
provide a logic loW value to ?ip-?op 751, thereby setting the 
output of ?ip-?op 751 to a logic high state. In response, 
AND gate 741 deactivates the RAS# signal to a logic high 
state. The logic high RAS# signal is applied to OR gates 715 
and 716, thereby causing the SEN# and CAS# signals, 
respectively, to be immediately de-activated high. The logic 
high value provided by OR gate 716 propagates through 
delay line 703 after a delay of d3, thereby causing OR gate 
718 to continue to de-activate the PRC# signal high. The 
logic high value provided by delay line 703 propagates 
through delay line 704 after a delay of d4, and is applied to 
the inverting input terminal of OR gate 718. In this manner, 
the output signals provided by delay lines 701-704 are reset 
to their original logic high states, such that these delay lines 
are ready for the neXt access. 

[0102] The total delay introduced by delay lines 701, 702, 
703, and 704 is designed to be less than or equal to a half 
period of the CLK signal. Notice that the RAS# signal is 
recovered to a logic high state before the CLK signal 
transitions from the high state to a loW state. As a result, 
another memory cycle can be started at the falling edge of 
the CLK signal. To ensure that the SEN# and CAS# signals 
are generated properly during back-to-back memory cycles, 
the outputs of delay lines 701 and 702 are required to be 
de-activated high before the RAS# signal is activated loW 
again. 
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[0103] The delay d4 introduced by delay line 704 is longer 
than the delay d1 introduced by delay line 701 or the delay 
d2 introduced by delay line 702. As a result, When the PRC# 
signal is de-activated high, delay lines 701 and 702 are 
already providing logic high output signals. In other 
embodiments, delay line 701 or delay line 702 can have a 
longer delay than delay line 704. HoWever, in such embodi 
ments, a fast reset must be provided on delay lines 701 and 
702, thereby ensuring that the output signals provided by 
delay lines 701 and 702 recover to logic high states before 
the activation period of the PRC# signal expires. 

[0104] Amemory refresh operation is performed When the 
refresh request signal RREQ is activated to a logic high 
value and the CLK signal has a logic loW value. That is, 
refresh operations are only performed during the half period 
that the CLK signal has a logic loW state. The high state of 
the RREQ signal and the loW state of CLK signal causes OR 
gate 712 to provide a logic loW output signal to one-shot 
circuit 732. In response, one-shot circuit 732 provides a 
negative going pulse having a pulse Width substantially 
shorter than a half period of the CLK signal. The negative 
pulse resets the output of ?ip-?op 752 to a logic loW state. 
This logic loW output signal provided by ?ip-?op 752 is 
applied to an input terminal of AND gate 741. In response, 
AND gate 741 activates the RAS# signal loW. The loW state 
of RAS# signal propagates through delay line 701, thereby 
causing the SEN# signal to be activated loW after delay dl. 
The loW state of the SEN# signal propagates through delay 
line 702 after delay d2, thereby causing OR gate 716 to 
provide a logic loW output signal to OR gate 717. Because 
the inverting input terminal of OR gate 717 receives a logic 
loW CLK signal at this time, the CAS# signal remains 
de-activated high. The CAS# signal is thereby suppressed 
during the refresh access (because the refresh access does 
not involve a column access). 

[0105] The logic loW signal provided by OR gate 716 
propagates through delay line 703, thereby providing a loW 
signal to the non-inverting input terminal of OR gate, and 
causing the PRC# signal to be activated loW after delay d3. 
The logic loW state of the output signal provided by delay 
line d3 propagates through delay line 704, thus providing a 
logic loW signal to the inverting input terminal of OR gate 
718 after delay d4. OR gate 718 de-activates the PRC# 
signal high in response to the logic loW signal provided to 
the inverting input terminal of OR gate. The loW state of the 
output signal provided by delay line 703 and the loW state of 
the CLK signal cause OR gate 714 to provide a logic loW 
output signal to ?ip-?op 752. In response, ?ip-?op 752 
provides a logic high signal to AND gate 741, thereby 
causing AND gate 741 to deactivate the RAS# signal high. 
The high state of the RAS# signal causes OR gate 715 to 
provide a logic high output signal, thereby causing the SEN# 
signal to be deactivated high. The high state of the RAS# 
signal also causes OR gate 716 to provide a logic high output 
signal. After a delay of d3, the logic high output signal 
provided by OR gate 716 propagates through delay line 703, 
to the non-inverting input terminal of OR gate 718, thereby 
causing OR gate 718 to continue to de-activate the PRC# 
signal high. The logic high value provided by delay line 703 
propagates through delay line 704 after a delay of d4, and is 
applied to the inverting input terminal of OR gate 718. In 
this manner, the output signals provided by delay lines 
701-704 are reset to their original logic high states, such that 
these delay lines are ready for the neXt access. 










