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(57) ABSTRACT 

An IC includes a memory array that has memory cells for 
storing data and that refreshes the data stored in a memory 
cell during a respective refresh cycle of a refresh mode. The 
integrated circuit also includes a refresh circuit that during 
a ?rst portion of the refresh mode implements a ?rst series 
of refresh cycles in the memory array at a ?rst frequency and 
that during a second portion of the refresh mode implements 
a second series of refresh cycles in the memory array at a 
second frequency. Such a refresh circuit alloWs longer 
internal roW-line on times during a self-refresh mode With 
out affecting the auto-refresh TRC, Which is the speci?ed 
maximum time that the IC requires to execute an auto 
refresh cycle. Therefore, the IC can consume less poWer 
during a self-refresh mode and still meet the same auto 
refresh speci?cation. 
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CIRCUIT AND METHOD FOR REFRESHING DATA 
STORED IN A MEMORY CELL 

TECHNICAL FIELD 

[0001] The invention relates generally to integrated cir 
cuits (ICs), and more particularly to an IC that includes an 
improved circuit and implements an improved method for 
refreshing data stored in a memory cell. Such a circuit and 
method alloW a signi?cant decrease in the refresh frequency, 
and thus a signi?cant decrease in poWer consumption, While 
the IC is in a self-refresh mode. 

BACKGROUND OF THE INVENTION 

[0002] System designers continually push IC manufac 
tures to design ICs, such as volatile-memory ICs, that have 
loWer poWer requirements, particularly during loW-poWer, 
i.e., “sleep”, modes. Unfortunately, as discussed beloW, it is 
dif?cult for IC manufacturers to reduce the sleep-mode 
poWer consumed by ICs that include volatile memory cells. 

[0003] Because the data stored in a volatile memory 
cell—such as a dynamic-random-access-memory (DRAM) 
cell—degrades relatively quickly, the data must be periodi 
cally refreshed. Therefore, an IC that includes one or more 
volatile memory cells periodically implements refresh 
cycles. 
[0004] During a typical refresh cycle, a sense ampli?er 
reads the data stored in the memory cell and then Writes the 
same data back into the cell. More speci?cally, the cell stores 
a signal level, such as a voltage level, that represents the 
value of the stored data. For eXample, a voltage level of Vdd 
often represents a data value of logic 1, and a voltage level 
of ground (0 V) often represents a data value of logic 0. 
Unfortunately, Well-known phenomena such as memory-cell 
leakage cause this signal level to decay over time. If this 
signal level is not maintained, then it may decay to a point 
Where it represents a data value different than the data value 
originally stored in the memory cell. For eXample, a voltage 
level of Vdd (logic 1) may decay toWard 0 V (logic 0), and 
if not maintained, may eventually become close enough to 
0 V to represent logic 0 instead of logic 1. To maintain the 
stored signal level, the IC containing the memory cell 
implements a refresh cycle during Which the sense ampli?er 
receives the signal level from the cell, ampli?es the signal 
level to its full value (i.e., Vdd for logic 1 and 0 V for logic 
0), and provides the full signal level to the cell for storage. 

[0005] During normal operation of an IC that contains a 
volatile memory cell, the electronic system incorporating the 
IC periodically issues an auto-refresh command to refresh 
the cell. For eXample, the IC may include multiple roWs of 
memory cells and a refresh address counter that indicates the 
roW to be refreshed. Each auto-refresh command causes the 
IC to implement a respective auto-refresh cycle during 
Which the IC refreshes the cells in the addressed roW and 
increments or decrements the counter by one. After all of the 
roWs have been refreshed, the counter “turns over” so that 
the IC can continue to refresh the roWs. 

[0006] To insure that the system issues auto-refresh com 
mands frequently enough to prevent the memory cells from 
losing their respective data, the IC manufacturer speci?es 
the maXimum refresh period that can elapse betWeen suc 
cessive refreshes of a memory cell. For eXample, suppose 
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that the IC must refresh each memory cell at least once every 
64 milliseconds (ms), includes 4,096 (4 k) roWs of memory 
cells, and refreshes an entire roW during each refresh cycle. 
Then, to insure that no memory cells lose their respective 
data, the system must eXecute at least 4,096 auto-refresh 
commands (one for each roW) every 64 ms. The system can 
issue these auto-refresh commands all at once (burst auto 
refresh), or can distribute them over the 64 ms refresh period 

(distributed auto refresh). 

[0007] Furthermore, to insure that the refresh cycles are 
long enough to alloW the IC to adequately refresh a memory 
cell, the IC manufacture speci?es the minimum duration that 
the system must alloW for each refresh cycle. Therefore, 
once the system issues an auto-refresh command, it must 
Wait at least this minimum duration before issuing another 
command to the IC. For eXample, if the IC takes 70 
nanoseconds (ns) to implement a refresh cycle, then the 
system must Wait at least 70 ns after issuing an auto-refresh 
command before issuing another command to the IC. 

[0008] To increase the speed rating—and thus the price— 
of the IC, the manufacturer often speci?es the shortest 
possible duration for each refresh cycle. Often, this duration 
is too short to alloW the IC to refresh a memory cell to its full 
signal level. As discussed beloW, this may require the IC 
manufacturer to specify a shorter refresh period betWeen 
successive refreshes of a memory cell. Also as discussed 
beloW, a shorter refresh period requires the memory to issue 
internal refresh commands more frequently during the self 
refresh mode, and thus may cause the IC to draW more 
poWer during a self-refresh mode. 

[0009] FIG. 1 is a plot of the broken-line charge/discharge 
curves 10 and 12 for a memory cell that the IC only partially 
refreshes. That is, the IC implements a refresh cycle that is 
too short to alloW the memory cell to acquire a full signal 
level. In this eXample, Vdd/2 is the threshold level betWeen 
logic 1 and logic 0. Referring to the curve 10, at time t1, a 
memory cell storing a logic 1—Which here corresponds to 
Vdd—is coupled to the respective digit line to begin the 
refresh cycle. Because the digit line is capacitive, the cell 
voltage drops and the digit-line voltage—Which is repre 
sented by the solid curve 11—rises to a starting voltage Vs1. 
Furthermore, because the digit-line capacitance is approxi 
mately ?ve times greater than the cell capacitance, the cell 
voltage drops more than the digit-line voltage rises. Starting 
at time t2, the IC charges the memory cell over a refresh time 
Trefresh. Typically, Trefresh is a portion of the total refresh 
cycle time. For eXample, if the refresh-cycle time is 70 ns, 
Trefresh may be 60 ns. As shoWn, Trefresh isn’t long enough 
for the IC to fully charge the memory cell to Vdd. Conse 
quently, the IC can only partially charge the memory cell to 
V1, Which is loWer than Vdd. For eXample, V1 may be 
100-300 millivolts (mV) loWer than Vdd. After Trefresh 
elapses, the memory cell discharges to Vdd/2 over a dis 
charge time Tdischarge, Which is proportional to V1. Thus, 
the higher V1, the longer Tdischarge, and the loWer V1, the 
shorter Tdischarge. The shorter Tdischarge, the more fre 
quently the IC must refresh the signal level stored in the 
memory cell, and thus the shorter the maXimum refresh 
period that the IC manufacturer can specify. A similar 
analysis applies to the curves 12 and 13, Which corresponds 
to the memory cell storing logic 0. 

[0010] During loW-poWer operation of the system such as 
during a “sleep” mode, the system issues a self-refresh 
command that causes the IC to enter a self-refresh mode. 
During a self-refresh mode—Which is typically a loW-poWer 
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mode of the IC—the IC typically ignores all system com 
mands (other than a “Wake-up” command) and performs feW 
if any functions other than automatically refreshing the 
memory cells. Because it ignores auto-refresh commands 
during the self-refresh mode, the IC includes self-refresh 
circuitry that automatically implements self-refresh cycles 
during the self-refresh mode. Except for the automatic 
implementation, the self-refresh cycles are similar to auto 
refresh cycles. 

[0011] FIG. 2 is a plot of the peak and average currents 
that the IC draWs during a self-refresh mode. The peak 
current Ipeak is the total refresh current that the IC draWs 
during a respective self-refresh cycle to recharge the 
memory cell or cells being refreshed. Each self-refresh cycle 
has the refresh time Trefresh during Which the IC draWs the 
refresh current. And in this example, the self-refresh cycles 
are evenly distributed throughout the self-refresh period, one 
every Trefper seconds. For example, Trefresh=60 ns and 
Trefper=20 microseconds The average current lavg is 
proportional to Ipeak, Trefresh, and the IC’s poWer con 
sumption, and is inversely proportional to Trefper. 

[0012] To save poWer in the self-refresh mode, the IC 
designers often reduce the average current lavg by designing 
the IC to implement the longest possible self-refresh period 
betWeen successive self-refreshes of a memory cell. Typi 
cally, the designers can lengthen the self-refresh period 
beyond the speci?ed auto-refresh period, and thus can 
lengthen Trefper beyond the maximum time speci?ed 
betWeen evenly distributed auto-refresh cycles. For 
example, using the above values, if the speci?ed maximum 
auto-refresh period is 64 ms, then an evenly distributed auto 
refresh requires one auto-refresh cycle every (64 ms/4096 
roWs)=15.6 us. The designers, hoWever, may design the IC 
such that the self-refresh period is approximately 82 ms, 
Which corresponds to Trefper ~20 us during a self-refresh 
mode. 

[0013] Unfortunately, because during normal operation 
the short auto-refresh cycles prevent the IC from fully 
refreshing the stored data, the IC designers cannot further 
lengthen Trefper Without risking data corruption during the 
self-refresh mode. 

SUMMARY OF THE INVENTION 

[0014] In one aspect of the invention, an IC includes a 
memory array having memory cells for storing data. The 
memory array refreshes the data stored in each memory cell 
during a respective refresh cycle of a refresh mode. The IC 
also includes a refresh circuit that is coupled to the memory 
array, that during a ?rst portion of the refresh mode imple 
ments a ?rst series of refresh cycles in the memory array at 
a ?rst frequency, and that during a second portion of the 
refresh mode implements a second series of refresh cycles in 
the memory array at a second frequency. 

[0015] In another aspect of the invention, an IC includes 
a memory array and refresh circuit. During a ?rst refresh 
mode, the refresh circuit implements in the memory array a 
refresh cycle having a refresh portion of a ?rst duration, and 
during a second refresh mode the refresh circuit implements 
a refresh cycle having a refresh portion of a second duration. 

[0016] Thus, such an IC can achieve a high-speed rating 
by implementing relatively fast auto-refresh cycles during 
normal operation and can achieve poWer savings during a 
self-refresh mode by implementing longer Trefper times 
betWeen self-refresh cycles. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a graph of the charge/discharge curves for 
a memory cell that is only partially refreshed during a 
conventional refresh cycle. 

[0018] FIG. 2 is a graph of the peak and average currents 
draWn by a conventional IC during a self-refresh mode. 

[0019] FIG. 3 is a block diagram of a refresh circuit and 
a memory array according to an embodiment of the inven 
tion. 

[0020] FIG. 4 is a graph of the charge/discharge curves for 
a memory cell that is refreshed by the refresh circuit of FIG. 
3 during a self-refresh mode. 

[0021] FIG. 5 is a graph of the peak burst, peak mainte 
nance, and average currents draWn during a self-refresh 
mode by an IC that includes the refresh circuit of FIG. 3. 

[0022] FIG. 6 is a timing diagram for an embodiment of 
the refresh circuit of FIG. 3. 

[0023] FIG. 7 is a schematic diagram of an embodiment 
of the reset circuit of FIG. 3. 

[0024] FIG. 8 is a schematic diagram of an embodiment 
of the frequency-control circuit of FIG. 3. 

[0025] FIG. 9 is a schematic block diagram of an embodi 
ment of the refresh clock generator of FIG. 3. 

[0026] FIG. 10 is a timing diagram for an embodiment of 
the refresh clock generator of FIG. 9. 

[0027] FIG. 11 is a schematic block diagram of an 
embodiment of the sense-ampli?er control circuit of FIG. 3. 

[0028] FIG. 12 is a block diagram of an embodiment of a 
memory circuit that includes the refresh circuit and memory 
array of FIG. 3. 

[0029] FIG. 13 is a block diagram of an embodiment of an 
electronic system that includes the memory circuit of FIG. 
12. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] FIG. 3 is a block diagram of refresh circuit 20 for 
implementing a self-refresh mode in a memory array 22. 
Typically, the circuit 20 and the array 22 are part of an IC 
that receives a SELF-REFRESH signal from the system in 
Which it is installed. The circuit 20 implements a self-refresh 
mode that has an initial burst portion to fully refresh all of 
the memory cells in the array 22 and that has a subsequent 
maintenance portion to refresh the cells at the maximum 
possible self-refresh period. Thus, as discussed beloW, the 
circuit 20 alloWs a signi?cant increase in Trefper (FIG. 2), 
and thus provides a signi?cant poWer savings, during the 
maintenance portion of the self-refresh mode. 

[0031] The circuit 20 includes a reset circuit 24 for gen 
erating a REFRESH signal in response to SELF-REFRESH. 

[0032] A refresh clock-frequency control circuit 26 gen 
erates a FREQUENCY CONTROL signal that has a ?rst 
state during the initial burst portion of the self-refresh mode 
and that has a second state during the subsequent mainte 
nance portion of the self-refresh mode. A refresh clock 
generator 28 generates a CLOCK signal that has a relatively 



US 2001/0036117 A1 

high burst frequency during the burst portion of the self 
refresh mode and a relatively loW maintenance frequency 
during the maintenance portion. The CLOCK signal, hoW 
ever, is not the same as the external clock signal received by 
the IC that incorporates the refresh circuit 20. Therefore, 
“CLOCK” refers to the signal generated by the generator 28 
unless stated otherWise. 

[0033] A refresh address generator 30 addresses the 
memory cell, roW of memory cells, or column of memory 
cells to be refreshed during a respective self-refresh cycle. In 
one embodiment, the generator 30 is a counter that resets to 
an initial address at the beginning of the self-refresh mode 
and then increments/decrements the address once during 
each period of CLOCK. 

[0034] A sense-ampli?er control circuit 32 controls the 
length of the Trefresh (FIG. 1 and FIG. 4) time during 
self-refresh to alloW full refresh of the memory cells in the 
array 22. In some embodiments, the control circuit 32 may 
also control the length of the Trefresh time during auto 
refresh, and may control the sense-ampli?er on time during 
read and Write cycles. Speci?cally, during a self-refresh 
mode, the control circuit 32 activates the respective ones of 
the sense ampli?ers 34 in the memory array 22 for a 
predetermined Trefresh time during each self-refresh cycle 
Trefper. Trefper is synonymous With the self-refresh cycle in 
this disclosure. In one embodiment, the control circuit 32 
activates the respective sense ampli?ers 34 for a Trefresh 
time of approximately 80 ns during each Trefper such that 
these sense ampli?ers have suf?cient time to fully refresh the 
respective memory cells. In an embodiment Where the 
control circuit 32 also controls the length of the Trefresh 
time during an auto-refresh cycle, the control circuit 32 
activates the sense ampli?ers 34 for a Trefresh time that is 
signi?cantly shorter than the Trefresh time during the self 
refresh mode. For example, the auto-refresh Trefresh time 
may be 60 ns, Which may be insufficient to alloW the sense 
ampli?ers 34 to fully refresh the respective memory cells. 
This shorter auto-refresh Trefresh time, hoWever, alloWs the 
IC to achieve a higher speed rating by decreasing the 
auto-refresh cycle time. That is to say, the auto-refresh is 
completed sooner and the IC is ready for a neW instruction. 

[0035] FIG. 4 is a graph of charge/discharge curves 34 and 
36 for a memory cell of the array 22 (FIG. 3) that is fully 
refreshed during a self-refresh cycle implemented by the 
refresh circuit 20 (FIG. 3). Fully refreshing the memory cell 
signi?cantly increases Tdischarge, and thus alloWs the 
refresh circuit 20 to signi?cantly increase the distributed 
self-refresh refresh Trefper during the maintenance portion 
of the self-refresh mode. 

[0036] FIG. 5 is a graph of the peak current Ipeak during 
the burst and maintenance portions of the self-refresh mode 
implemented by the circuit 20 (FIG. 3) and the average 
current lavg during the maintenance portion. During the 
initial burst portion, the circuit 20 implements one self 
refresh cycle after another to fully refresh all the memory 
cells fast enough to prevent corruption of the stored data. For 
example, if the Trefresh time of each cycle is 80 ns as 
discussed above, then each refresh cycle Trefper is approxi 
mately 90-100 ns. For 4096 roWs, the burst portion is thus 
approximately 400 ps long, Which is fast enough to prevent 
data loss. During the subsequent maintenance portion of the 
self-refresh mode, because the cells are noW fully refreshed, 
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the distributed self-refresh cycle time Trefper is maximiZed 
to loWer lavg and thus the poWer consumed by the IC. For 
example, in one embodiment, Trefper for the circuit 20 is 
approximately 30 us as compared to approximately 20 us for 
prior-art ICs. This corresponds to a 20% to 30% decrease in 
the IC’s poWer consumption during the maintenance portion 
of the self-refresh mode. Although the IC’s poWer consump 
tion is higher during the burst portion of the self-refresh 
mode, one typically starts to realiZe a poWer savings after the 
circuit 20 has been in the self-refresh mode long enough to 
refresh all of the memory cells one time. This poWer savings 
increases the longer the IC remains in the self-refresh mode. 

[0037] The operation of the circuit 20 of FIG. 3 is noW 
discussed in conjunction With the timing diagram of FIG. 6. 
Because the sense-ampli?er control circuit 32 typically 
ignores the PRECHARGE and ACTIVATE signals during a 
self-refresh mode, these signals are not included in the 
timing diagram. 

[0038] The system initiates a self-refresh mode in the IC 
by transitioning SELF REFRESH from logic 0 to logic 1. In 
response to this transition, the reset circuit 24 transitions 
RESET from logic 0 to logic 1 for a predetermined time. In 
response to this transition of RESET, the address generator 
30 resets to an initial address such as 0. In response to the 
transition of RESET and the logic 1 for FREQUENCY 
CONTROL, the clock generator 28 generates CLOCK at the 
burst frequency F1, Which is approximately 0.4-0.8 MHZ 
(1/F1=T1=1.25 us to 2.5 us) in one embodiment. In response 
to the rising edges of CLOCK and the logic 1 for SELF 
REFRESH, the control circuit 32 generates ROW-LINE ON 
pulses that ?re the respective addressed roWs in the array 22. 
The control circuit 32 also generates SENSE-AMP CON 
TROL pulses having Widths of Trefresh, Which in one 
embodiment is approximately 80 ns as stated above to alloW 
the sense ampli?ers 34 to fully refresh the memory cells in 
the array 22. The rising edges of the ROW-LINE ON pulses 
are typically 5-15 ns before the rising edges of the respective 
SENSE-AMP CONTROL pulses to alloW time for the 
addressed roW to ?re before the sense ampli?ers 34 are 
activated. The control circuit 32 also generates ROW-LINE 
OFF pulses that turn off the addressed roWs to end the 
respective self-refresh cycles. Therefore, the ROW-LINE 
ON pulse ?res ROW 0 of the array 22, and the SENSE-AMP 
CONTROL pulse causes the sense ampli?ers 34 to refresh 
the memory cells in ROW 0. In response to subsequent 
rising edges of CLOCK, the address generator 30 incre 
ments the roW address by one so that the circuit 20 refreshes 
subsequent roWs of memory cells in a similar manner. 

[0039] When the address generator generates the highest 
roW address X, the frequency control circuit 26 transitions 
FREQUENCY CONTROL from logic 1 to logic 0. In 
response to this transition, the clock generator 28 generates 
CLOCK at a maintenance frequency F2, Which is signi? 
cantly loWer than the burst frequency F1, to enter the 
maintenance portion of the self-refresh mode. The mainte 
nance portion is similar to the burst portion except for the 
loWer CLOCK frequency F2, and lasts until the system 
“Wakes up” the IC by transitioning SELF REFRESH back to 
logic 0. In one embodiment, F2=F1/16 is approximately 
25-50 KHZ (Trefper=20-40 us), for example 33.3 KHZ 
(Trefper=30 us). Thus, the maintenance frequency F2 alloWs 
the IC to draW less average current during the maintenance 
portion of the self-refresh mode, and thus alloWs the IC to 



US 2001/0036117 A1 

consume less power than prior-art ICs during the self-refresh 
mode. Furthermore, the sense ampli?ers 34 refresh the last 
roW, ROW X, in response to the ?rst rising edge of CLOCK 
in the maintenance portion. That is, ROW X is not refreshed 
during the burst portion. But this causes no data loss because 
ROW X is still refreshed Well before the data stored in its 
cells becomes corrupted. 

[0040] Still referring to FIGS. 3 and 6, although speci?c 
embodiments of the refresh circuit 20 are discussed, other 
embodiments are possible. For example, the active and 
inactive logic levels of the signals in FIG. 6 may be 
changed. Furthermore, the address generator 30 may decre 
ment the address instead of incrementing it. Additionally, the 
circuit 20 may refresh some but not all of the roWs during the 
burst portion of the self-refresh mode. The actual number of 
roWs refreshed during the burst portion is unimportant as 
long as enough roWs are refreshed so that all of the cells in 
the array 22 can be fully refreshed Within the speci?ed 
refresh period. Moreover, instead of implementing an initial 
burst portion With a relatively high CLOCK frequency and 
a subsequent maintenance portion With a loWer CLOCK 
frequency, the circuit 20 may gradually decrease the 
CLOCK frequency until it reaches the minimum frequency 
F2. This gradual technique, hoWever, may take longer than 
the described burst-maintenance technique to realiZe a 
poWer savings. 

[0041] FIG. 7 is a schematic diagram of an embodiment 
of the refresh circuit 24 of FIG. 3. The refresh circuit is a 
“one-shot” that includes an inverter 40, Which receives 
SELF REFRESH and Which is serially connected to a delay 
circuit 42. A NAND gate 44 has one input coupled to the 
output of the circuit 42 and another input that receives SELF 
REFRESH. The output of the NAND gate 44 is coupled to 
the input of an inverter 46, Which generates RESET. Before 
the system initiates the self-refresh mode, RESET equals 
logic 0 and SELF REFRESH has equaled logic 0 for a 
signi?cant length of time. If the system transitions SELF 
REFRESH to logic 1, then the output of the inverter 40 
transitions to logic 0. But the delay element 42 maintains its 
output at logic 1 for a delay period, Which equals approxi 
mately 1-2 ns in one embodiment. Thus, the inputs to the 
NAND gate 44 are temporarily both at logic 1, the NAND 
gate generates a logic 0, and the inverter 46 generates logic 
1 for RESET. After the delay period of the element 42 has 
elapsed, the logic 0 at the output of the inverter 40 propa 
gates to the output of the delay 42, the NAND gate 44 
generates logic 1, and the inverter 46 generates logic 0 for 
RESET. 

[0042] FIG. 8 is a schematic diagram of an embodiment 
of the frequency control circuit 26 of FIG. 3. Generally, 
before the system initiates a self-refresh mode and thus 
When both RESET and SELF REFRESH equal logic 0, 
FREQUENCY CONTROL equals logic 1 regardless of the 
values of the address bits AO-An from the address generator 
30. Thus, When the system transitions SELF REFRESH to 
logic 1 to initiate the self-refresh mode, the refresh circuit 20 
starts With the burst portion. During the self-refresh mode 
When the address attains it last value before “turning over”, 
then the circuit 26 transitions FREQUENCY CONTROL to 
logic 0, thus ending the burst portion and beginning the 
maintenance portion of the self-refresh mode. In this 
embodiment, this last address is all of the address bits AO-An 
equaling logic 1, although the circuit 26 can be designed to 
recogniZe any address as the last address. 
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[0043] More speci?cally, before the self-refresh mode 
When SELF REFRESH and RESET equal logic 0, an 
inverter 48 and NAND gate 50 each generates logic 1 and an 
inverter 52 generates logic 0. This logic 0 causes a NAND 
gate 54 to generate logic 1 regardless of the address 
dependent logic value generated by a NOR gate 56. Fur 
thermore, because SELF REFRESH is logic 0, a NAN D gate 
58 generates logic 1 for FREQUENCY CONTROL regard 
less of the logic value generated by a NAND gate 60, Which 
is coupled to the NAND gate 58 in a sequential con?gura 
tion. 

[0044] After SELF REFRESH transitions to logic 1 and 
RESET transitions to logic 1 and back to logic 0, but before 
the address generator 30 reaches the last address, the inverter 
48 generates logic 1, the NAND gate 50 generates logic 0, 
and the inverter 52 generates logic 1. Because the address 
generator 30 has not reached the last address, at least one of 
the address bits AO-An equals logic 0. Thus, at least one of 
the NAND gates 62O-62y, Which each receive a respective 
pair of the address bits AO-An, outputs logic 1, and the NOR 
gate 56 outputs logic 0. This logic 0 causes the NAND gate 
54 to continue to generate a logic 1. Because FREQUENCY 
CONTROL also equals logic 1, the NAN D gate 60 generates 
logic 0, Which causes the NAND gate 58 to maintain 
FREQUENCY CONTROL at logic 1. 

[0045] When the address generator reaches the last 
address, and thus all of the address bits AO-An equal logic 1, 
all of the NAND gates 620-62y generate logic 0, and the 
NOR gate 56 generates logic 1. Because the inverter 52 also 
generates logic 1, the NAND gate 54 generates logic 0, 
Which causes the NAND gate 60 to generate logic 1. 
Because both SELF REFESH and the output of the NAND 
gate 60 equal logic 1, the NAND gate 58 transitions FRE 
QUENCY CONTROL to logic 0, thus ending the burst 
portion of the self-refresh mode. 

[0046] When SELF REFRESH transitions to logic 0 to 
end the self-refresh mode, the NAND gate 58 resets FRE 
QUENCY CONTROL to logic 1 in preparation for the next 
implementation of the self-refresh mode. 

[0047] FIG. 9 is a schematic block diagram of the clock 
generator 28 of FIG. 3. The generator 28 includes a self 
refresh oscillator 64 for receiving SELF REFRESH and for 
generating a burst clock signal CLOCK1 having the burst 
frequency F1 if SELF REFRESH equals logic 1. In one 
embodiment, the oscillator 64 is a conventional ring oscil 
lator. The generator 28 also includes a maintenance oscil 
lator 66 for generating a maintenance clock signal CLOCK2 
having the maintenance frequency F2. In one embodiment, 
the oscillator 66 is a conventional counter. For example, if 
the oscillator 66 is a 4-bit counter, then it generates F2=F1/ 
16. A multiplexer 68 receives FREQUENCY CONTROL, 
couples CLOCK1 to the clock output terminal 69 as 
CLOCK if FREQUENCY CONTROL equals logic 1, and 
couples CLOCK2 to the clock output terminal 69 as 
CLOCK if FREQUENCY CONTROL equals logic 0. In one 
embodiment, the multiplexer 68 includes an inverter 70 and 
conventional sWitch circuits 72 and 74. 

[0048] The operation of the clock generator 28 is noW 
discussed With reference to FIG. 9 and the timing diagram 
of FIG. 10. 

[0049] Before the system initiates a self-refresh mode, 
SELF REFRESH equals logic 0, Which deactivates the burst 
oscillator 64. Furthermore, FREQUENCY CONTROL 
equals logic 1, Which activates the sWitch circuit 74 to 
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couple CLOCK1 to the terminal 69 as CLOCK. But because 
the burst oscillator 64 is inactive, then both CLOCK1 and 
CLOCK are at a constant logic value, here logic 0. 

[0050] At the beginning of the self-refresh mode, SELF 
REFRESH transitions to logic 1, Which activates the burst 
oscillator 64 to generates CLOCK1. FREQUENCY CON 
TROL is logic 1, Which deactivates the sWitch circuit 72 and 
activates the sWitch circuit 74 to couple CLOCK1 to the 
terminal 69 as CLOCK. 

[0051] At the end of the burst portion of the self-refresh 
mode, FREQUENCY CONTROL transitions to logic 0 to 
enter the maintenance portion of the self-refresh mode. This 
deactivates the sWitch circuit 74 and activates the sWitch 
circuit 72 to couple CLOCK2 to the terminal 69 as CLOCK. 

[0052] At a subsequent time, SELF REFRESH transitions 
to logic 0 to end the self-refresh mode, and FREQUENCY 
CONTROL transitions to logic 1 in preparation of the next 
self-refresh mode. 

[0053] FIG. 11 is a block diagram of an embodiment of 
the sense-ampli?er control circuit 32 of FIG. 3. In this 
embodiment, the circuit 32 generates SENSE-AMP CON 
TROL during both auto-refresh and self-refresh cycles as 
Well as during non-refresh cycles such as normal read and 
Write cycles. 

[0054] The circuit 32 includes a RAS circuit 80, Which 
during non-refresh operation generates the SENSE-AMP 
CONTROL, ROW-LINE ON, and NON-REFRESH ROW 
LINE OFF signals in response to the ACTIVATE and 
PRECHARGE signals in a conventional manner. 

[0055] During a refresh mode, the control circuit 32 uses 
a feedback loop that includes the RAS circuit 80, an auto 
refresh delay circuit 82, a self-refresh delay circuit 84, and 
a multiplexer 86. The rising-edge (logic 0 to logic 1) and 
falling-edge (logic 1 to logic 0) feedback delays of the loop 
respectively set the pulse Width Trefresh of SENSE-AMP 
CONTROL and the pulse Width of ROW-LINE OFF as 
discussed beloW. 

[0056] In addition to the ACTIVATE and PRECHARGE 
signals, the circuit 80 receives SELF-REFRESH, CLOCK, 
and REFRESH ROW-LINE OFF, Which is the feedback 
signal. During a refresh mode, the circuit 80 generates the 
ROW-LINE ON and SENSE-AMP CONTROL pulses in 
response to SELF-REFRESH and CLOCK. 

[0057] The auto-refresh delay circuit 82, Which is a single 
edge delay circuit, delays the rising edge of SENSE-AMP 
CONTROL for a period that equals the refresh time of an 
auto-fresh cycle, and imparts little or no delay to the falling 
edge of SENSE-AMP CONTROL. 

[0058] The self-refresh delay circuit 84, Which is also a 
single-edge delay circuit, further delays the rising edge of 
SENSE-AMP CONTROL for an additional period during a 
self-refresh cycle, and imparts little or no additional delay to 
the falling edge of SENSE-AMP CONTROL. The sums of 
the rising-edge delays introduced by the auto-refresh and 
self-refresh delay circuits 82 and 84 equals the refresh time 
during a self-refresh cycle. Thus, as discussed above, the 
self-refresh delay circuit 84 extends the Trefresh time during 
a self-refresh cycle to alloW full refresh of the memory cells 
in the array 22 (FIG. 3). 
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[0059] The multiplexer 86 includes conventional sWitch 
circuits 88 and 90, Which receive SELF REFRESH, bypass 
the self-refresh delay circuit 84 during an auto-refresh cycle, 
couple the circuit 84 into the feedback loop during a 
self-refresh mode, and generate REFRESH ROW-LINE 
OFF on an output terminal 91. 

[0060] A multiplexer 92 includes conventional sWitch 
circuits 94 and 96, Which receive a REFRESH signal, couple 
NON-REFRESH ROW-LINE OFF to the array 22 as the 
ROW-LINE OFF signal during a non-refresh mode, and 
couple REFRESH ROW-LINE OFF to the array 22 as the 
ROW-LINE OFF signal during both a self-refresh and an 
auto-refresh mode. 

[0061] Referring to FIGS. 6 and 11, the operation of the 
sense-ampli?er control circuit 32 is discussed. 

[0062] During an auto-refresh cycle, the rising edge of 
CLOCK triggers the RAS circuit 80 to generate the rising 
edge of ROW-LINE ON, Which ?res the roW to be refreshed. 
After a time suf?cient to alloW the ?ring signal to propagate 
to the end of the ?red roW line, the circuit 80 generates the 
rising edge of SENSE-AMP CONTROL, Which turns on the 
appropriate ones of the sense amps 34 (FIG. 3). Because 
SELF REFRESH equals logic 0, the sWitch circuit 88 is 
inactive and the sWitch circuit 90 is active. The active sWitch 
circuit 90 directly couples the output of the auto-refresh 
delay circuit 82 to the multiplexer output terminal 91. After 
the auto-refresh delay time, the rising edge of SENSE-AMP 
CONTROL propagates to the output of the auto-refresh 
delay circuit 82. In response to this rising edge, the sWitch 
circuit 90 generates the rising edge of REFRESH ROW 
LINE OFF, Which turns off the ?red roW While the sense 
amps 34 are on. This rising edge also resets the circuit 80, 
Which, after an inherent internal delay time, generates the 
falling edge of SENSE-AMP CONTROL, Which turns off 
the sense amps 34. Because the auto-refresh delay circuit 82 
provides little or no falling-edge delay, the sWitch circuit 90 
generates the falling edge of REFRESH ROW-LINE OFF 
soon after the falling edge of SENSE-AMP CONTROL. The 
circuit 80 is noW reset until it receives another rising edge of 
CLOCK. 

[0063] In one embodiment, the rising- and falling-edge 
delays of the RAS circuit 80 are approximately 15 ns, the 
rising- and falling-edge delays of the auto-refresh delay 
circuit 82 are approximately 45 ns and 3-5 ns, respectively, 
and the rising- and falling-edge delays of the sWitch circuit 
90 are less than 1 ns. Therefore, in this embodiment, the total 
rising-edge delay, i.e., refresh time Trefresh (FIG. 6), during 
an auto-refresh cycle is approximately 60 ns. 

[0064] During a self-refresh cycle, the operation of the 
sense-ampli?er control circuit 32 is similar except that 
SENSE-AMP CONTROL propagates through both the auto 
refresh and self-refresh delay circuits 82 and 84. Speci? 
cally, the rising edge of CLOCK triggers the RAS circuit 80 
to generate the rising edge of ROW-LINE ON, Which ?res 
the roW to be refreshed. After a time sufficient to alloW the 
?ring signal to propagate to the end of the ?red roW line, the 
circuit 80 generates the rising edge of SENSE-AMP CON 
TROL, Which turns on the appropriate ones of the sense 
amps 34 (FIG. 3). Because SELF REFRESH equals logic 1, 
the sWitch circuit 90 is inactive and the sWitch circuit 88 is 
active. The active sWitch circuit 88 directly couples the 
output of the self-refresh delay circuit 84 to the multiplexer 
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output terminal 91. After a delay time that equals the sum of 
the auto-refresh and self-refresh delay times, the rising edge 
of SENSE-AMP CONTROL propagates through the auto 
refresh and self-refresh delay circuits 82 and 84 to the input 
of the sWitch circuit 88. In response to this rising edge at its 
input, the sWitch circuit 88 generates the rising edge of 
REFRESH ROW-LINE OFF, Which turns off the ?red roW 
While the sense amps 34 are on. This rising edge also resets 
the circuit 80, Which, after an inherent internal delay time, 
generates the falling edge of SENSE-AMP CONTROL, 
Which turns off the sense amps 34. Because the auto-refresh 
and self-refresh delay circuits 82 and 84 provide little or no 
falling-edge delays, the sWitch circuit 88 generates the 
falling edge of REFRESH ROW-LINE OFF soon after the 
falling edge of SENSE-AMP CONTROL. The circuit 80 is 
noW reset until it receives another rising edge of CLOCK. 

[0065] In one embodiment, the rising- and falling-edge 
delays of the self-refresh delay circuit 84 are approximately 
20 ns and 3-5 ns, respectively, and the rising- and falling 
edge delays of the sWitch circuit 88 are less than 1 ns. 
Therefore, in this embodiment, the total rising-edge delay, 
i.e., refresh time Trefresh (FIG. 6), during a self-refresh 
cycle is approximately 80 ns, Which is approximately 20 ns 
longer than during an auto-refresh cycle. This extra 20 ns is 
sufficient to alloW the sense ampli?ers 34 (FIG. 3) to fully 
refresh the memory cells in the array 22! That is, this extra 
20 ns alloWs sufficient time to charge a cell to the maximum 
voltage Vdd or to discharge the cell to the minimum voltage 
0. 

[0066] FIG. 12 is a block diagram of an embodiment of a 
memory circuit 100, Which includes the refresh circuit 20 of 
FIG. 3. 

[0067] The memory circuit 100 includes an address reg 
ister 102, Which receives an address from an ADDRESS bus. 
Acontrol logic circuit 104 receives an external clock (CLK) 
signal, and receives clock enable (CKE), chip select, chip 
select (CS), roW address strobe (RAS), column address 
strobe (CAS), Write enable (WE), and the SELF REFRESH 
signals from the COMMAND bus, and communicates With 
the other circuits of the memory device 100. In the illus 
trated embodiment, the control circuit 104 includes the 
refresh circuit 20, although the refresh circuit 20 may be 
located elseWhere in other embodiments. 

[0068] AroW address multiplexer 106 receives the address 
signal from the address register 102 and provides the roW 
address to the roW-address latch-and-decode circuits 108a 
and 108b for the memory bank 110a or 110b, respectively. 
During read and Write cycles, the roW-address latch-and 
decode circuits 108a and 108b activate the Word lines of the 
addressed roWs of memory cells in the memory banks 120a 
and 120b, respectively. Read/Write circuits 112a and 112b 
read data from the addressed memory cells in the memory 
banks 110a and 110b, respectively, during a read cycle, and 
Write data to the addressed memory cells during a Write 
cycle. A column-address latch-and-decode circuit 114 
receives the address from the address register 102 and 
provides the column address of the selected memory cells to 
the read/Write circuits 112a and 112b. For clarity, the address 
register 102, the roW-address multiplexer 106, the roW 
address latch-and-decode circuits 108a and 108b, and the 
column-address latch-and-decode circuit 114 can be collec 
tively referred to as an address decoder. 
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[0069] A data input/output (I/O) circuit 116 includes a 
plurality of input buffers 118. During a Write cycle, the 
buffers 108 receive and store data from the DATA bus, and 
the read/Write circuits 112a and 112b provide the stored data 
to the memory banks 110a and 100b, respectively. The data 
I/O circuit 116 also includes a plurality of output drivers 
120. During a read cycle, the read/Write circuits 112a and 
112b provide data from the memory banks 110a and 110b, 
respectively, to the drivers 120, Which in turn provide this 
data to the DATA bus. 

[0070] The memory device 100 may also include an 
optional charge pump 126, Which steps up the poWer-supply 
voltage VDD to a voltage VDDP. In one embodiment, the 
pump 126 generates VDDP approximately 1-1.5 V higher 
than VDD. The memory circuit 100 may also use VDDP to 
conventionally overdrive selected internal transistors. 

[0071] FIG. 13 is a block diagram of an electronic system 
130, such as a computer system, that incorporates the 
memory circuit 100 of FIG. 12. The system 130 includes 
computer circuitry 132 for performing computer functions, 
such as executing softWare to perform desired calculations 
and tasks. The circuitry 132 typically includes a processor 
134 and the memory circuit 100, Which is coupled to the 
processor 134. One or more input devices 136, such as a 
keyboard or a mouse, are coupled to the computer circuitry 
132 and alloW an operator (not shoWn) to manually input 
data thereto. One or more output devices 138 are coupled to 
the computer circuitry 132 to provide to the operator data 
generated by the computer circuitry 132. Examples of such 
output devices 138 include a printer and a video display unit. 
One or more data-storage devices 140 are coupled to the 
computer circuitry 132 to store data on or retrieve data from 
external storage media (not shoWn). Examples of the storage 
devices 140 and the corresponding storage media include 
drives that accept hard and ?oppy disks, tape cassettes, and 
compact disk read-only memories (CD-ROMs). Typically, 
the computer circuitry 132 includes address data and com 
mand buses and a clock line that are respectively coupled to 
the ADDRESS, DATA, and COMMAND buses, and the 
CLK line of the memory circuit 100. 

[0072] From the foregoing it Will be appreciated that, 
although speci?c embodiments of the invention have been 
described herein for purposes of illustration, various modi 
?cations may be made Without deviating from the spirit and 
scope of the invention. 

What is claimed: 
1. An integrated circuit, comprising: 

a memory array having memory cells for storing data, the 
memory array operable to refresh the data stored in a 
memory cell during a respective refresh cycle of a 
refresh mode; and 

a refresh circuit coupled to the memory array, the refresh 
circuit operable during a ?rst portion of the refresh 
mode to implement a ?rst series of refresh cycles in the 
memory array at a ?rst frequency, the refresh circuit 
operable during a second portion of the refresh mode to 
implement a second series of refresh cycles in the 
memory array at a second frequency. 

2. The integrated circuit of claim 1 Wherein: 

the data stored in the memory cells has respective signal 
levels; and 
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the memory array includes a sense ampli?er that is 
operable to refresh the data stored in a memory cell 
during a respective refresh cycle by amplifying the 
signal level of the data and coupling the ampli?ed 
signal level to the memory cell. 

3. The integrated circuit of claim 1 Wherein: 

the data stored in each of the memory cells has a respec 
tive signal level Within a ?rst range if the data equals a 
?rst logic value and has a respective signal level in a 
second range if the data equals a second logic value, the 
?rst range of signal levels having a maXimum signal 
level, the second range of signal levels having a mini 
mum signal level; 

the memory array includes a sense ampli?er that is 
operable to refresh the data stored in each memory cell 
during a respective refresh cycle by amplifying the 
signal level of the data and coupling the ampli?ed 
signal level to the memory cell; and 

the refresh circuit is operable to activate the sense ampli 
?er for a refresh portion of each refresh cycle, the 
refresh portion having a duration sufficient to alloW the 
sense ampli?er to refresh the data stored in a memory 
cell to substantially the maXimum signal level if the 
data equals the ?rst logic value and to refresh the data 
stored in the memory cell to substantially the minimum 
signal level if the data equals the second logic value. 

4. The integrated circuit of claim 1 Wherein: 

the data stored in each of the memory cells has a respec 
tive signal level Within a ?rst range if the data equals 
logic 1 and has a respective signal level in a second 
range if the data equals logic 0, the ?rst range of signal 
levels having a maXimum signal level, the second range 
of signal levels having a minimum signal level; 

the memory array includes a sense ampli?er that is 
operable to refresh the data stored in each memory cell 
during a respective refresh cycle by amplifying the 
signal level of the data and coupling the ampli?ed 
signal level to the memory cell; and 

the refresh circuit is operable to activate the sense ampli 
?er for a refresh portion of each refresh cycle, the 
refresh portion having a duration sufficient to alloW the 
sense ampli?er to refresh the data stored in a memory 
cell to substantially the maXimum signal level if the 
data equals logic 1 and to refresh the data stored in the 
memory cell to substantially the minimum signal level 
if the data equals logic 0. 

5. The integrated circuit of claim 1 Wherein: 

the data stored in each of the memory cells has a respec 
tive signal level Within a ?rst range if the data equals 
logic 0 and has a respective signal level in a second 
range if the data equals logic 1, the ?rst range of signal 
levels having a maXimum signal level, the second range 
of signal levels having a minimum signal level; 

the memory array includes a sense ampli?er that is 
operable to refresh the data stored in each memory cell 
during a respective refresh cycle by amplifying the 
signal level of the data and coupling the ampli?ed 
signal level to the memory cell; and 

the refresh circuit is operable to activate the sense ampli 
?er for a refresh portion of each refresh cycle, the 
refresh portion having a duration sufficient to alloW the 
sense ampli?er to refresh the data stored in a memory 
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cell to substantially the maXimum signal level if the 
data equals logic 0 and to refresh the data stored in the 
memory cell to substantially the minimum signal level 
if the data equals logic 1. 

6. The integrated circuit of claim 1 Wherein: 

the memory array refreshes the respective data in each of 
the memory cells once during the ?rst portion of the 
refresh mode; and 

the ?rst frequency is signi?cantly higher than the second 
frequency. 

7. The integrated circuit of claim 1 Wherein the refresh 
mode comprises a self-refresh mode. 

8. An integrated circuit, comprising: 

a memory array having memory cells for storing data, the 
memory array operable to refresh the data stored in a 
memory cell during a respective refresh cycle; and 

a refresh circuit coupled to the memory array, the refresh 
circuit operable during a ?rst refresh mode to imple 
ment in the memory array a refresh cycle having a 
refresh portion of a ?rst duration, the refresh circuit 
operable during a second refresh mode to implement in 
the memory array a refresh cycle having a refresh 
portion of a second duration. 

9. The integrated circuit of claim 8 Wherein: 

the second duration is signi?cantly longer than the ?rst 
duration; 

the ?rst refresh mode comprises an auto-refresh mode; 
and 

the second refresh mode comprises a self-refresh mode. 
10. The integrated circuit of claim 8 Wherein: 

the ?rst duration approximately equals 60 nanoseconds; 
and 

the second duration approximately equals 80 nanosec 
onds. 

11. The integrated circuit of claim 8 Wherein: 

the data stored in each of the memory cells has a respec 
tive signal level Within a ?rst range if the data equals a 
?rst logic value and has a respective signal level in a 
second range if the data equals a second logic value, the 
?rst range of signal levels having a maXimum signal 
level, the second range of signal levels having a mini 
mum signal level; 

the memory array includes a sense ampli?er that is 
operable to refresh the data stored in each memory cell 
during a respective refresh cycle by amplifying the 
signal level of the data and coupling the ampli?ed 
signal level to the memory cell; and 

the refresh circuit is operable to activate the sense ampli 
?er for the ?rst duration during the refresh portion of 
the ?rst refresh cycle and for the second duration 
during the refresh portion of the second refresh cycle, 
the ?rst duration being insuf?cient and the second 
duration being suf?cient to alloW the sense ampli?er to 
refresh the data stored in a respective memory cell to 
substantially the maXimum signal level if the data 
equals the ?rst logic value and to refresh the data stored 
in the memory cell to substantially the minimum signal 
level if the data equals the second logic value. 
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12. An integrated circuit, comprising: 

a memory array having memory cells for storing data, the 
memory cells arranged in one or more roWs that each 
include a respective one or more memory cells, the 
memory array operable to refresh the data stored in the 
memory cell or cells of a roW during a respective 
refresh cycle of a refresh mode; and 

a refresh circuit coupled to the memory array, the refresh 
circuit operable during a ?rst portion of the refresh 
mode to implement a ?rst series of refresh cycles in the 
memory array at a ?rst frequency, the refresh circuit 
operable during a second portion of the refresh mode to 
implement a second series of refresh cycles in the 
memory array at a second frequency that is signi? 
cantly loWer than the ?rst frequency. 

13. An integrated circuit, comprising: 

a memory array having memory cells for storing data, the 
memory cells arranged in one or more roWs that each 
include a respective one or more memory cells, the 
memory array operable to refresh the data stored in the 
memory cell or cells of a roW during a respective 
refresh cycle of a refresh mode; and 

a refresh circuit coupled to the memory array, the refresh 
circuit operable during a ?rst refresh mode to imple 
ment in the memory array a refresh cycle having a 
refresh portion of a ?rst duration, the refresh circuit 
operable during a second refresh mode to implement in 
the memory array a refresh cycle having a refresh 
portion of a second duration that is signi?cantly longer 
than the ?rst duration. 

14. An integrated circuit, comprising: 

a memory array having memory cells for storing data, the 
memory array operable to receive a refresh address and 
to refresh the data stored in a memory cell located at the 
refresh address during a respective refresh cycle of a 
refresh mode; 

a refresh clock circuit operable to generate a refresh clock 
signal having a ?rst frequency during a ?rst portion of 
the refresh mode and having a second frequency during 
a second portion of the refresh mode, each period of the 
clock signal corresponding to a respective refresh 
cycle, the ?rst frequency being signi?cantly higher than 
the second frequency; and 

a refresh address circuit coupled to the memory array and 
to the refresh clock circuit, the refresh address circuit 
operable to generate the refresh address and to update 
the refresh address once during each period of the 
refresh clock signal. 

15. The integrated circuit of claim 14 Wherein the refresh 
address circuit is operable to update the refresh address by 
incrementing the refresh address by 1. 

16. The integrated circuit of claim 14 Wherein: 

the data stored in each of the memory cells has a respec 
tive signal level Within a ?rst range if the data equals a 
?rst logic value and has a respective signal level in a 
second range if the data equals a second logic value, the 
?rst and second ranges of signal levels having respec 
tive ?rst and second full signal levels; 

the memory array includes a sense ampli?er that is 
operable to refresh the data stored in a memory cell 
during a respective refresh cycle by amplifying the 

Nov. 1, 2001 

signal level of the data and coupling the ampli?ed 
signal level to the memory cell; and 

a sense-ampli?er control circuit coupled to the memory 
array and to the refresh clock circuit, the sense-ampli 
?er circuit operable to activate the sense ampli?er 
during a respective refresh portion of each refresh 
cycle, the refresh portion having a duration that causes 
the sense ampli?er to refresh the data stored in a 
respective memory cell to substantially the ?rst full 
signal level if the data equals the ?rst logic value and 
to substantially the second full signal level if the data 
equals the second logic value. 

17. The integrated circuit of claim 14, further comprising: 

the refresh clock circuit operable to receive a clock 
frequency control signal and to generate the refresh 
clock signal having the ?rst frequency if the clock 
frequency control signal has a ?rst state and to generate 
the refresh clock signal having the second frequency if 
the clock-frequency control signal has a second state; 
and 

a clock-frequency control circuit coupled to the refresh 
address and clock circuits, the clock-frequency control 
circuit operable to generate the clock-frequency control 
signal having the ?rst state from the beginning of the 
refresh mode until the refresh address circuit has gen 
erated respective addresses for a predetermined number 
of memory cells, the clock-frequency control circuit 
operable to generate the clock-frequency control signal 
having the second state for a remainder of the refresh 
mode. 

18. An integrated circuit, comprising: 

a memory array including memory cells for storing data 
having respective signal levels, the memory array oper 
able to receive a refresh address, the memory array also 
including a sense ampli?er that is operable to refresh 
the data stored in a memory cell located at the refresh 
address during a respective refresh cycle by amplifying 
the signal level of the data and coupling the ampli?ed 
signal level to the memory cell; 

a refresh address circuit coupled to the memory array and 
operable to receive a refresh clock signal, the refresh 
address circuit operable to generate the refresh address 
and to update the refresh address during each cycle of 
the refresh clock signal; and 

a sense-ampli?er control circuit coupled to the memory 
array and operable to activate the sense ampli?er for a 
respective ?rst period of each refresh cycle during a 
?rst refresh mode and for a respective second period of 
each refresh cycle during a second refresh mode, the 
?rst period being long enough to alloW the sense 
ampli?er to only partially refresh the data stored in a 
respective memory cell, the second period being long 
enough to alloW the sense ampli?er to substantially 
fully refresh the data stored in the respective memory 
cell. 

19. The integrated circuit of claim 18, Wherein the sense 
ampli?er control circuit comprises: 

a circuit having an input terminal, a feedback terminal, 
and an output terminal, the circuit operable to generate 
a sense-ampli?er activation signal on the output termi 
nal; 
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a ?rst delay circuit; and 

a feed-back loop coupled between the output and feed 
back terminals of the circuit and including a second 
delay circuit and a delay-select circuit serially coupled 
to the second delay circuit and coupled to the ?rst delay 
circuit, the delay-select circuit operable to serially 
couple the ?rst delay circuit to the second delay circuit 
during the ?rst refresh mode and to bypass the ?rst 
delay circuit during the second refresh mode. 

20. An integrated circuit, comprising: 

a memory array including memory cells for storing data 
and having refresh address and refresh duration input 
terminals; 

a refresh address generator having a refresh clock input 
terminal and having refresh address output terminals 
respectively coupled the refresh address input terminals 
of the memory array; 

a refresh clock circuit having a clock output terminal 
coupled to the clock input terminal of the refresh 
address generator, the refresh clock circuit operable to 
generate a refresh clock signal on the clock output 
terminal, the refresh clock signal having a ?rst fre 
quency during a ?rst portion of a refresh mode and 
having a second frequency during a second portion of 
the refresh mode; and 

a refresh duration circuit having a clock input terminal 
coupled to the clock output terminal of the refresh 
clock circuit and having an output terminal coupled to 
the refresh duration input terminal of the memory array. 

21. The integrated circuit of claim 20 Wherein the refresh 
address generator has a reset input terminal. 

22. The integrated circuit of claim 20 Wherein the refresh 
duration circuit has a refresh-mode terminal. 

23. The integrated circuit of claim 20 Wherein the memory 
array includes a sense ampli?er coupled to the memory cells. 

24. The integrated circuit of claim 20, further comprising: 

the refresh clock generator having a clock-frequency 
input terminal; and 

a clock-frequency control circuit having an output termi 
nal coupled to the clock-frequency input terminal of the 
refresh clock generator and having a refresh-mode 
terminal. 

25. The integrated circuit of claim 20, further comprising: 

the refresh clock generator having a clock-frequency 
input terminal; and 

a clock-frequency control circuit having an output termi 
nal coupled to the clock-frequency input terminal of the 
refresh clock generator, a refresh-mode terminal, and 
address input terminals respectively coupled to the 
address output terminals of the refresh address genera 
tor. 

26. The integrated circuit of claim 20, further comprising: 

the refresh clock generator having a clock-frequency 
input terminal; and 

a clock-frequency control circuit having an output termi 
nal coupled to the clock-frequency input terminal of the 
refresh clock generator, a refresh-mode terminal, a 
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reset terminal, and address input terminals respectively 
coupled to the address output terminals of the refresh 
address generator. 

27. An integrated circuit, comprising: 

a memory array including memory cells for storing data 
and having address and refresh duration input termi 
nals; 

a refresh address generator having a refresh clock input 
terminal and having address output terminals coupled 
the address terminals of the memory array; 

a refresh clock circuit having a clock output terminal 
coupled to the refresh clock input terminal of the 
refresh address generator; and 

a refresh duration circuit having a refresh clock input 
terminal coupled to the clock output terminal of the 
refresh clock circuit and having an output terminal 
coupled to the refresh duration input terminal of the 
memory array, the refresh duration circuit operable to 
cause the memory array to implement a ?rst refresh 
duration per refresh cycle during a ?rst refresh mode 
and to implement a second refresh duration per refresh 
cycle during a second refresh mode. 

28. The integrated circuit of claim 27 Wherein one of the 
?rst and second refresh durations is suf?cient to substan 
tially fully refresh the data stored in a memory cell. 

29. An electronic system, comprising: 

a data input device; 

a data output device; and 

a computer circuit coupled to the data input and output 
devices and including a processor and a memory circuit 
coupled to the processor, the memory circuit including: 

a memory array having memory cells for storing data, the 
memory array operable to refresh the data stored in a 
memory cell during a respective refresh cycle of a 
refresh mode; and 

a refresh circuit coupled to the memory array, the refresh 
circuit operable during a ?rst portion of the refresh 
mode to implement a ?rst series of refresh cycles in the 
memory array at a ?rst frequency, the refresh circuit 
operable during a second portion of the refresh mode to 
implement a second series of refresh cycles in the 
memory array at a second frequency that is signi? 
cantly sloWer than the ?rst frequency. 

30. An electronic system, comprising: 

a data input device; 

a data output device; and 

a computer circuit coupled to the data input and output 
devices and including a processor and a memory circuit 
coupled to the processor, the memory circuit including: 

a memory array having memory cells for storing data, the 
memory array operable to refresh the data stored in a 
memory cell during a respective refresh cycle; and 

a refresh circuit coupled to the memory array, the refresh 
circuit operable during a ?rst refresh mode to imple 
ment in the memory array a refresh cycle having a 
refresh portion of a ?rst duration, the refresh circuit 
operable during a second refresh mode to implement in 
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the memory array a refresh cycle having a refresh 
portion of a second duration that is signi?cantly longer 
than the ?rst duration. 

31. A method, comprising: 

implementing a ?rst group of data refresh cycles at a ?rst 
frequency during a ?rst portion of a refresh mode; and 

implementing a second group of data refresh cycles at a 
second frequency during a second portion of the refresh 
mode. 

32. The method of claim 31 Wherein the refresh mode 
comprises a self-refresh mode. 

33. The method of claim 31 Wherein: 

the ?rst portion comprises an initial portion of the refresh 
mode; and 

the ?rst frequency is signi?cantly higher than the second 
frequency. 

34. The method of claim 31, further comprising refreshing 
stored data to substantially full signal levels during the 
refresh cycles of one of the ?rst and second groups. 

35. The method of claim 31 Wherein the implementing the 
?rst group of refresh cycles comprises implementing a 
sufficient number of refresh cycles in the ?rst group such 
that the second frequency can be long enough for the second 
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group of refresh cycles to substantially fully refresh data 
stored in an array of memory cells Without causing corrup 
tion of the data. 

36. A method, comprising: 

refreshing data stored in a memory cell for a ?rst duration 
during a refresh cycle of a ?rst refresh mode; and 

refreshing data stored in the memory cell for a second 
duration during a refresh cycle of a second refresh 
mode. 

37. The method of claim 36 Wherein: 

the second duration is signi?cantly longer than the ?rst 
duration; 

the ?rst refresh mode comprises an auto-refresh mode; 
and 

the second refresh mode comprises a self-refresh mode. 
38. The method of claim 36 Wherein: 

the refreshing the stored data for the ?rst duration com 
prises partially refreshing the stored data; and 

the refreshing the stored data for the second duration 
comprises substantially fully refreshing the stored data. 

* * * * * 


