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A Low-Power SRAM Using Bit-Line
Charge-Recycling

Keejong Kim, Hamid Mahmoodi, Member, IEEE, and Kaushik Roy, Fellow, IEEE

Abstract—Low-power SRAM design is crucial since it takes a
large fraction of total power and die area in high-performance
processors. Reducing voltage swing of the bit-line is an effective
way to save the power dissipation in write cycles. Voltage swing
reduction of bit-lines is, however, limited due to possible write-fail-
ures. We propose a new low-power SRAM using bit-line Charge
Recycling (CR-SRAM) for the write operation. In the proposed
write scheme, differential voltage swing of a bit-line is obtained
by recycled charge from its adjacent bit-line capacitance, instead
of the power line. Applying such a charge recycling technique to
the bit-line significantly reduces write power. A test chip with 32
Kbits (256 rows 128 columns) is fabricated and measured in
0.13 m CMOS to demonstrate operation of the proposed SRAM.
Measurement results show 88% reduction in total power during
write cycles compared to the conventional SRAM (CON-SRAM)
at VDD = 1 5 V and f = 100 MHz.

Index Terms—Charge-recycling, low power, process variation,
SRAM, write margin, write power.

I. INTRODUCTION

CONSIDERABLE attention has been paid to the design
of low-power and high-performance SRAMs as they are

critical components in both handheld devices and high-perfor-
mance processors. Read-cycle power consumption is kept low
by limiting the swing of the bit-lines, but write-cycle power con-
sumption remains quite large due to the full swing nature of the
bit-lines during the write operation. As systems become more
complex, SRAMs tend to have larger number of bits per word.
In this type of SRAM, the active power is dissipated mainly by
charging and discharging of the highly capacitive bit-lines.

Reducing voltage swing on the bit-lines is an effective way
to reduce the power dissipation in write cycle. Recently, a low-
power SRAM using a sense amplifying cell (SAC-SRAM) has
been reported that reduces write power by reducing the voltage
swing on bit-lines [1]. In this scheme, however, it is difficult
to further reduce the write power since reducing voltage swing
of bit-lines is limited by possible write failures under process
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Fig. 1. (a) Schematic circuit for charge-recycling on bit-lines with N = 2 in
CR-SRAM. (b) Exchanger circuit with input data.

variations. For stable write operation in SAC-SRAM, the am-
plitude of voltage swing of the bit-line should be greater than
a marginal value to be able to invert the state of the internal
nodes of the SRAM cell in write operation. A low-power SRAM
using hierarchical bit-line and local sense-amplifiers (HBLSA-
SRAM) has been reported to reduce write power consumption
in bit-lines [2]. However, HBLSA-SRAM needs local sense-am-
plifiers in each SRAM sub-arrays and results in additional area
overhead. In addition, SRAM design using this technique is
complex because it requires optimization of SRAM sub-array
size for proper power and memory area.

In this paper, a new write scheme is proposed for low-power
SRAM which uses both low voltage swing and charge-recy-
cling (CR) [3], [4] on bit-line. In the proposed write scheme,
low voltage swing of each bit-line is obtained by the recycled
charge from the adjacent bit-line capacitance, instead of the
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Fig. 2. Concept of CR-SRAM. (a) Equalization mode: EV = 0, EQ = 1, DIN DIN = 01. (b) Evaluation mode: EV = 1, EQ = 0, DIN DIN = 01.
(c) Evaluation mode: EV = 1, EQ = 0, DIN DIN = 10.

power line. In order to improve the data retention capability of
unselected SRAM cells during write cycle, the power supply
lines of memory cells in a column are connected to each other
and separated from the other column’s power lines. By sepa-
rately applying the power supply lines of one column from other
column’s supply power line, we improved the data retention
capability for unselected SRAM cells during write cycle. We
have also investigated CR-SRAM write stability under process
variations. Experimental results show that it is possible to suc-
cessively write using the proposed write scheme without any
write-failure by limiting the number of charge-recycling bit-
line pairs. A prototype 32 Kbits (256 rows 128 columns)
CR-SRAM is implemented in IBM 130 nm CMOS technology
and it exhibits write power dissipation of 192 W with 1.5 V
supply at 100 MHz. A 32 Kbits CON-SRAM array (256 rows
128 columns) without charge-recycling was also implemented
to compare the SRAM write power. Experimental results show

that the proposed write scheme can reduce total power by 88%
during write cycles compared to that of conventional SRAM. To
summarize, this paper makes the following contributions.

• We propose a new low-power SRAM based on a bit-line
charge-recycling method. To the best of our knowledge,
this is the first time that CR concept has been directly ap-
plied to the bit-line to reduce dynamic write power associ-
ated with bit-line swing in SRAMs.

• By isolating the selected SRAM cells from power supply
lines during write operation, we could successively apply
the charge-recycling method to bit-lines and achieve a low-
power SRAM. Measurement results show that the pro-
posed SRAM achieves a total power reduction of 88%
during write cycles compared to the conventional SRAM.

The rest of the paper is organized as follows. In Section II, the
write scheme using CR is proposed. In Section III, we present
the power comparison of CON-SRAM and CR-SRAM, and
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Fig. 3. Voltage waveforms illustrating concept of charge-recycling on bit-lines with N = 2 in CR-SRAM.

present write immunity under process variation. In Section IV,
we present the measurement results. Finally, conclusions are
drawn in Section V.

II. CHARGE-RECYCLING ARCHITECTURE

Active power in a conventional full-swing write scheme is
dissipated mainly by high charging and discharging currents in
bit-lines. Reducing voltage swing on the bit-line is an effective
way to reduce power dissipation in write cycles. Low voltage
swing bit-line in write cycles has been reported in [1], [5], [6]. In
these schemes, however, it is difficult to further reduce the write
power because the probability of write-error greatly increases as
the voltage swing is reduced. In order to further reduce the active
power in write cycles, we propose a new write scheme using
CR method in which the previously used charge on a bit-line is
reused on the adjacent bit-line for creating a low voltage swing.

The rest of the section is organized as follows. First, we ex-
plain the concept of SRAM write scheme using CR method
to reduce active power of bit-lines in write cycle. Second, we
will explain the power control circuitry which is introduced to
improve the data retention capability during write operation.
Third, we will discuss the SRAM mode change between read
and write cycles in the proposed scheme. Finally, we will de-
scribe the implementation of CR-SRAM based on the proposed
write scheme.

A. Concept of SRAM Writing Using Bit-Line Charge-Recycling
Fig. 1(a) shows a simplified circuit diagram to illustrate the

concept of CR-SRAM. A bit-line pair is composed of a bit-line
(BL) and a complementary bit-line (BLB). In Fig. 1(a), we as-
sumed that the number of CR bit-line pairs, , is 2. The sim-

plified write circuit using CR is composed of two bit-line pairs,
two exchangers and five switches connected in series which are
controlled by and signals. and in Fig. 1(a)
represent input data to be written to the cell and determine the
switch connections between a bit-line pair and the neighboring
bit-line pairs. Each exchanger has four switches (two S switches
and two P switches). The exchanger is shown in Fig. 1(b) in
more detail. All switches in exchanger are implemented using
transmission-gates. If is high, switch P’s are connected and
switch S’s are disconnected, while if is low, switch P’s are
disconnected and switch S’s are connected. It can be noted that
the switches P and S in exchanger determine whether the bit-line
and complementary bit-line will be directly or cross-connected
to the neighboring bit-line pair depending on input data.

The SRAM write operation in the proposed scheme is per-
formed in the equalization and the evaluation modes. In equal-
ization mode, two bit-lines in a bit-line pair are pre-charged to
a common voltage. This common voltage is established by con-
secutive charge-recycling write operations. In evaluation mode,
two bit-lines in a bit-line pair have different voltages. In order to
explain the concept of charge-recycling, the equivalent switch
connections along with bit-line voltage levels for equalization
and evaluation modes are displayed in Fig. 2. Fig. 2(a) shows the
switch connections during equalization mode for ,

, and input pattern of two-bit data to be
written is “01.” In Fig. 2(a), we assumed that the common volt-
ages ( and ) [3], [4] are established by con-
secutive charge-recycling write operations. When the SRAM
operation changes from read to write cycle, these common volt-
ages are initially given by the reference generation circuit, and
this point will be discussed in more detail in Section II-C. When

Authorized licensed use limited to: San Francisco State Univ. Downloaded on December 10, 2008 at 18:08 from IEEE Xplore.  Restrictions apply.



KIM et al.: A LOW-POWER SRAM USING BIT-LINE CHARGE-RECYCLING 449

Fig. 4. (a) Power control circuit for proposed write scheme. (b) Timing diagrams of power control circuit.

SRAM is in equalization mode, all connections between bit-line
pairs, which are predetermined by input data, are disconnected
and two bit-lines in each bit-line pairs are connected by an
signal. The two bit-lines in the bit-line pair with different volt-
ages share their charges and their voltage becomes the average
of the two values. If we assume that the number of CR bit-line
pair is , all bit-lines have the same capacitances, and

, the voltage in the th bit-line pair becomes
[3], [4]. When the SRAM is in

evaluation mode, two bit-lines in each bit-line pair are discon-
nected and all bit-lines are connected to bit-lines in the neigh-
boring bit-line pair by an . A bit-line and its neighboring
bit-line are connected by predetermined input data. Fig. 2(b) and
Fig. 2(c) show the switch connections during evaluation mode
for , , and input data patterns
to be written are “01” and “10,” respectively. When the input
data is high, the bit-line is connected to the neighboring bit-line
with higher voltage and the complementary bit-line is connected
to the neighboring bit-line with lower voltage. They share their
charges and their voltage becomes the average of the two values.
Thus, the common voltage in Fig. 2(b) is the aver-
aged voltage value of and
in Fig. 2(a). At this time, two bit-lines in a bit-line pair have
different voltages by connecting the neighboring bit-lines. As
a result, the th bit-line pair has a voltage difference of

[3], [4]. If input data to be written is high, the
voltage of the bit-line becomes higher than that of
the complementary bit-line. On the contrary, if input data is low,
the voltage of bit-line becomes lower than that of
the complementary bit-line. Using the voltage dif-
ference between bit-line pair, we can write data into SRAM cell.
It can be noted from Fig. 2(c) that the bit-line BL1, which is in

TABLE I
TIMING TRUTH TABLE FOR CONTROL CIRCUIT

the left bit-line pair and must be connected to the neighboring
bit-line pair with the higher voltage, is connected to . On
the contrary, the bit-line in Fig. 2(c), which is in the right
bit-line pair and must be connected to the neighboring bit-line
pair with lower voltage, is connected to ground.

Fig. 3 shows voltage waveforms when two-bit input data
changes from “01” to “10.” and in

Fig. 3 represent the internal node voltages in the SRAM cell.
Through the charge sharing between bit-lines in the same
bit-line pairs and in the different bit-line pairs during equal-
ization and evaluation, respectively, the charge used in the left
bit-line is recycled in the right bit-line pair in the next clock
cycle, as shown in Fig. 3. In this scheme, the charge of bit-line
can be recycled again and again by rolling down to the lower
adjacent bit-line pair in every cycle, until this charge reaches
ground. If the number of CR bit-line pair is N, the bit-line
charge in the left bit-line pair is recycled N times through
N bit-line pairs from to ground. When a group has N
bit-line pairs and bit-line capacitance is , the N bit-line
pairs consume the power of per clock
cycle instead of . The power saving ratio of the
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Fig. 5. SRAM mode change from read to write. (a) Configuration when EV = 0, EQ = 1, PW = 1, DIN = 0, DIN = 1. (b) Reference generation circuit
for write start-up when mode change from read to write (N = 2).

bit-lines in the CR-SRAM becomes [3]. As N increases,
the power saving in the CR-SRAM drastically increases.

B. Power Control Circuit for Charge-Recycling

In order to increase power saving and ensure a write using CR,
the charge loss due to bit-line leakage current should be mini-
mized. Because the bit-line leakage current reduces the voltage
swing between bit-line pair during write operation and hence,
causes the degradation of write stability. The bit-line leakage
current including SRAM cell leakage current can be simply re-
duced by increasing the source-line voltage from to ,
due to the increased reverse body bias of access transistors [7],
[8]. In the proposed scheme, we adopted the source-biasing
scheme (SB-SRAM) [7], [8] in which the source-line, connected
to the source terminals of the driver MOSFETs, is controlled,
so that it is zero or has a positive bias voltage according to
SRAM operational mode.

To be able to write a data into SRAM cell using low-voltage
swing on bit-lines, the SRAM cell should be isolated from
power sources ( and ) during CR while the word-line
is activated [9]. The isolation of the word-line activated SRAM
cells from power sources (floating) during a write cycle, how-
ever, decreases the data retention stability particularly for the
SRAM cells of unselected columns [9]. The word-line activated
SRAM cells become largely unstable when the supply voltages
of SRAM cells are in floating states, and the data in these
SRAM cells are easily destroyed. In order to improve the data
retention stability of the unaccessed SRAM cells during a write
operation, we make the SRAM cells to be floating only in the
selected columns. By introducing the column-based power-line
control [9], we can improve the data retention capability for
the memory cells which are not selected to be written. We
will discuss about the data retention capability during write
operation in more detail in Section III-C. Fig. 4(a) illustrates the
key structure of the technique. The power lines ( and

) of memory cells in a column are connected to each

other and separated from the other columns. The and
are connected to and (or ) by power

switches of , , and . These power switches
are controlled by the write enable signal and column selec-
tion signal , and it is turned off when the memory cell
in the column is accessed for writing, and
change to a floating state. The isolation of SRAM cell from
power lines also results in significant leakage reduction on idle
cells.

Fig. 4(b) and Table I show the timing diagram and truth
table of control circuit in write/read cycles based on proposed
write scheme. The control signals and are
synchronized with the nth column selection signal , and
the power switches ( , , and ) are turned off
when becomes high in write-cycle . After

become low, both and go back to
low, and become and , and small
swing data is amplified to swing inside a cell.
The cycle time can be divided into three parts depending on
whether write enable signal and column selection signal

are high or low. When is low, the SRAM
maintains the data retention mode irrespective to the status of

since the virtual and line voltages ( ,
) become and , respectively, and the cell

stores the data at a reduced voltage swing of .
When and are high, both and
are in floating states (Hi-Z) and SRAM is in write mode. Note
that the column selection signal should switch to “0”
after the word-line is turned off to ensure successful write to
a cell. When and is high and low, respectively,

become , and SRAM is in the
read mode.

C. Mode Change Between Read and Write Cycles

There are several differences between conventional (CON-
SRAM) and the proposed SRAM (CR-SRAM). In the proposed
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Fig. 6. CR-SRAM architecture (N = 2, 256 row word-lines, 4 column MUX switches).

SRAM, bit-lines have different voltage levels during write cycle
determined by the charge-recycling operation. This fact requires
a special design consideration to transition between read and
write cycles. In the read cycle, all bit-lines are pre-charged to

. When the cycle changes from read to write, bit-line volt-
ages need to be preset to their write voltage levels that they
would normally be obtained after several consecutive charge re-
cycling write operations. We address this issue by generating
the set of voltage levels needed to initialize bit-lines upon tran-
sition from read to write. Fig. 5(a) shows the pre-charge con-
figuration to write when , ,

, , and . When the opera-
tion mode changes from read to write, the initial node voltage
of and are preset to and re-
spectively by switching . The and are
given by , when N is the
number of charge-recycling bit-line pair, and .
When and V at 180 nm node technology,
the values of and are 1.35 V and 0.45 V, respec-
tively. Fig. 5(b) shows the reference generation circuit for write
pre-charge when mode changes from read to write. The
signal is activated only once when mode is changed from read to
write. If the is switching to an off-state, all the power-lines
of reference generation circuit are cut-off state. Since these ini-
tial start-up reference voltages are required only upon transition
from read to write cycle, the power overhead of the start-up cir-
cuit including reference voltage sources is negligible.

D. Implementation of CR-SRAM

Fig. 6 shows the CR-SRAM structure with and 4:1
column selection MUX (number of column decoder output

4). The CR-SRAM is composed of a column/row driver, in-
terface signal generator, power control circuit, and M-grouped
blocks. M-grouped blocks in Fig. 6 are sub-arrays and each
grouped block has a column driver and ( number of column
decoder output) bit-line pairs. Each column driver has N and

switches which are controlled by and signals,
respectively. When the input data is high, the bit-line and com-
plementary bit-lines are connected to the neighboring bit-lines
with higher and lower voltage, respectively. The bit-line, which
is in the left bit-line pair in a group, is connected to . The
complementary bit-line, which is in the right bit-line pair, is con-
nected to ground. On the contrary, when the input data is low, the
bit-line and complementary bit-line are connected to the neigh-
boring bit-lines with lower voltage and higher voltage, respec-
tively.

III. SIMULATION RESULTS AND COMPARISONS

In order to verify the effectiveness of proposed SRAM in
scaled technologies [10], we will evaluate the power consump-
tions and SRAM stability using predictive technology models
(PTM) [11] assuming the memory array size of 256 rows 256
columns and column decoder size of 4. In Section III-A, we will
evaluate the SRAM power dissipations with read/write opera-
tions, technology nodes, and frequencies. In Section III-B, we
will evaluate the write stability for process variations. The data
retention capability during write operation will be investigated
in Section III-C. Finally, in Section III-D, we will investigate
the read/hold SNM and write margins.
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Fig. 7. Simulated waveforms of CR-SRAM (180 nm, W=R(%) = 50=50,
V = 1:8 V, V = 0:4 V, f = 100MHz, N = 4, T = 25 C).

A. Writing Power Comparison of CR-SRAM
The power dissipation of the proposed SRAM is simulated

using 0.18 m predictive technology model [11]. The NMOS/
PMOS threshold voltages of mV mV with a 1.8 V
supply voltage and a 0.4 V source line voltage
were used in simulation. Fig. 7 shows a simulated waveforms
when read cycle 50% and write cycle 50% in 4-stacked
bit-line pairs at 100 MHz. When switches to high,
SRAM switches to the write cycle and the initial start-up signal

is activated to preset the voltages of the bit-lines. Then,
the voltages of the bit-lines are maintained by charge-recycling
operation. Fig. 7 also shows the waveforms when SRAM mode
changes from write to read cycle. When the mode changes from
write to read, the bit-lines are pre-charged to and SRAM
begins to read the stored data.

Fig. 8(a) shows the power comparison of CR-SRAM and
CON-SRAM for several write/read (W/R) cycle patterns. W/R’s
in Fig. 8(a) represents the ratio of numbers of write to read cy-
cles during 10 cycles. For example, 80/20 represents 8 read and
2 write cycles during 10 cycles. In each scenario, the number
of mode changes from read to write (or write to read) is once
during 10 cycles, except 50/50. The number of mode changes of
50/50 is five during 10 cycles. The total power includes leakage
power of SRAM array, row driver power, power of control cir-
cuit for charge-recycling, and column driver power. The column
driver power includes power dissipation due to charging/dis-
charging of bit-line (write power), power dissipations in the cir-
cuits for read/write, pre-charge to read and pre-set to write. The
power dissipation in row driver includes the dissipated power
in row-decoder, and word-line buffers. The power dissipation
in control circuit includes the dissipated power in interface cir-
cuits generating control signals such as , , , ,
and . In this comparison, we assumed that the bit-line of a
CON-SRAM has full voltage swing of . The leakage power
is negligibly small and the most power in CON-SRAM is dis-
sipated in column driver by dynamic power due to full-swing.

Fig. 8. Power estimation: (a) with read/write cycles when N = 4; (b) with
recycling bit-line pairs of N during write cycles (180 nm, C = 300 fF,
R = 60 
, 1.8 V, V = 0:2 V, f = 100 MHz, 25 C, 256 columns
� 256 rows, 4 column MUX).

By using the CR method, the power dissipation of CR-SRAM is
reduced to 7.7% that of CON-SRAM (92.3% power reduction)
during write cycles . Fig. 8(b) shows the com-
parison of power consumption under write cycle with number
of bit-line pair in a group of SRAM. As increases, the total
power dissipation of CR-SRAM decreases to 27.4% ,
7.7% , 6% and 4.8% compared to
CON-SRAM.

We have investigated the impact of technology scaling on the
total power savings of proposed scheme in 256 rows 256
columns array. Fig. 9 shows the comparisons of CR-SRAM
with CON-SRAM in total power consumption for different tech-
nology nodes. The power supply voltages used in this study are
1.8 V, 1.6 V, 1.4 V, and 1.2 V for 180 nm, 130 nm, 100 nm and
70 nm, respectively. As the transistor size is more scaled down,
the leakage power of SRAM becomes more important. For 70
nm technology node, the leakage component of CON-SRAM is
58% of the total power consumption and the proposed scheme
reduces the total power by 94% compared to the conventional
scheme.

Fig. 10 shows the power comparison for different clock fre-
quencies in the 70 nm technology node, where leakage power
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Fig. 9. Power estimation with technology nodes when SRAM is writing operation. (a) 180 nm. (b) 130 nm. (c) 100 nm. (d) 70 nm (f = 100 MHz, N = 4,
256 columns� 256 rows, 4 column MUX, 25 C, 180 nm: VDD = 1:8 V, CBL = 300 fF, 130 nm: VDD = 1:6 V, CBL = 217 fF, 100 nm: VDD = 1:4 V,
CBL = 167 fF, 70 nm: VDD = 1:2 V, CBL = 117 fF).

Fig. 10. Power estimation with clock frequency (70 nm, V = 1:2 V,
V = 0:2 V, 25 C, 256 columns � 256 rows, 4 column MUX).

is also a significant portion of the total power. Results are ob-
tained for the consecutive writing mode . As
the clock frequency increases from 10 MHz to 1 GHz, the dom-
inant power changes from leakage power to write power. As
compared to CON-SRAM, the power dissipation in CR-SRAM
is reduced to 7.5%, 6.6%, and 6.5% at 10 MHz, 100 MHz and
1 GHz, respectively. The leakage reduction due to source bi-
asing is also significant. From the results of Fig. 10, it is con-
firmed that the CR-SRAM can more effectively reduce the write

power in higher operation frequencies where the dynamic power
becomes a larger fraction of the total power.

B. Write Immunity Under Process Variations
Die-to-die and within-die variations in process parameters re-

sult in mismatch in the strength of different transistors in an
SRAM cell, resulting in write failures [12], [13]. In the pro-
posed write scheme, the power supply lines are floating during
the time the word-line is high. Floating power supply lines (
and ) in the memory cell assist the write operation because
the floating power supply lines disable the driver nMOS and
load pMOS of the cell [9]. In order to estimate the write im-
munity under process variations, we evaluate the maximum al-
lowed mismatch in threshold voltages of SRAM cell transis-
tors in the worst case direction for the write operation.
Fig. 11(a) shows the 6T-SRAM cell and the threshold voltage
assignments in an SRAM cell when threshold voltage mismatch
is worst case direction. Fig. 11(b) shows the maximum allowed
worst case mismatch in threshold voltages ( margin) for
different number of bit-line pairs N. In the simulation, we as-
sumed MHz, 25 C and V, 1.6 V,
1.4 V, and 1.2 V in 180 nm, 130 nm, 100 nm, and 70 nm, re-
spectively. As increases, the acceptable range of de-
creases because the voltage differential between bit-lines in a
bit-line pair decreases at the rate of . Smaller
voltage differential between bit-lines in a bit-line pair reduces

Authorized licensed use limited to: San Francisco State Univ. Downloaded on December 10, 2008 at 18:08 from IEEE Xplore.  Restrictions apply.














