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ABSTRACT This paper proposes a bitline charge sharing suppressed bitline read assist (BCS RA) and a
cell supply collapse write assist (BCS WA). The proposed BCS RA suppresses the bitline (BL) voltage to
half of the supply voltage (VDD) using the charge sharing BL precharger for improving read stability and
energy efficiency. In the proposed BCS WA, the charge on cell VDD (CVDD) is shared with that on the BL
precharged to half-VDD by the charge sharing write driver, which causes the collapse in CVDD. In cells
with poor writability, CVDD can be collapsed more by the self-collapse paths when the write operation is
performed. Thus, the BCS WA improves writability and reduces write energy consumption. The simulation
results using 22-nm FinFET technology show that static random access memory (SRAM) using BCS RA and
WA consumes much less read and write energy than SRAMs using state-of-the-art assists while achieving a
comparable minimum operating VDD to SRAMs using state-of-the-art assists. Even compared to the SRAM
without assists, the read and write energy consumption is reduced by 31% and 26%, respectively.

INDEX TERMS FinFET SRAM, read assist, write assist, VMIN improvement, energy-efficient read and
write operations.

I. INTRODUCTION
Recently, as the demand for artificial intelligence and big
data analysis in battery-poweredmobile andwearable devices
has exploded, low power consumption and cost have become
important in system-on-chip (SoC). On the other hand,
as device size and supply voltage (VDD) are continuously
scaled down to improve the area and power consumption,
a delicate and subtle SoC design is required to mitigate the
effects of process variation. In static random access memory
(SRAM), one of the main building blocks of SoC, the effects
of process variation are more critical since SRAM is com-
posed of small-sized devices.

Although an undoped or low-doped FinFET can be used
to relieve the process variation [1], it is still difficult to
achieve optimum read stability and writability yields due to
the quantized channel width determined by the number of fins
[2], [3]. In particular, the single-fin 6T SRAM design shown
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FIGURE 1. (a) 6T SRAM cell and (b) bit-interleaved SRAM array.

in Fig. 1(a), where the fin number of each device is 1 for
high density, makes it harder to achieve high read stability
and writability yield simultaneously. In addition, as a low
VDD decreases, SRAM operation becomes more vulnerable
to the threshold voltage (VTH) variation. Thus, the minimum
operating VDD (VMIN) in a single-VDD SoC can be limited
by SRAM. To improve VMIN in the smallest-sized SRAM,
various read assist (RA) and write assist (WA) techniques
have been proposed.
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TABLE 1. Technology Parameters for VDD = 0.8 V.

Thewordline underdrive (WLUD) [4], [5], [7]–[13] or sup-
pressed bitline (SBL) [5], [6] RA is widely used to improve
the stability of the selected cells and row half-selected cells
shown in Fig. 1(b). For improving writability, the negative
bitline (NBL) [5], [7], [10], [12], [14]–[16], transient cell sup-
ply collapse (TVC) [4], [8], [13]–[17], transient cell ground
bump (TGB) [18]–[20], or wordline overdrive (WLOD) WA
[9], [12], [21], [22] is used. Although the various RA and
WA techniques reduce the VMIN, reducing the energy con-
sumed in the assist circuit is still challenging. The WA tech-
niques used in [18] and [20] share the charge on the floated
cell ground (CVSS) with those on the floated cell supply
(CVDD) in the selected column and the bitline (BL) in the
unselected column, respectively. They can reduce the energy
consumption required for increasing the voltage of CVSS
during the write operation. However, they have degraded read
stability and speed due to the foot switch between CVSS
and VSS. In [17], the gate-modulated self-collapse (GSC)
WA is adopted to reduce the energy consumption. However,
the VMIN improvement is much smaller than that of conven-
tional TVC WA.

In this paper, a novel BL charge sharing RA (BCS RA)
and WA (BCS WA) are proposed to improve read stability,
writability, and energy efficiency for the single-fin 6T SRAM.
By the BCS RA, the BL pair is precharged to half-VDD
with sharing charges between the BL pair. By the BCS WA,
the floated CVDD is shared with that of the BL precharged
to half-VDD to collapse CVDD. Through the charge sharing
operation used in the BCS RA and WA, the energy consump-
tion of the read and write operations can be reduced.

The rest of this paper is organized as follows. In Section II,
the simulation setup and various assist techniques are pre-
sented. In Sections III and IV, the proposed BCS RA and WA
are described in detail. In Section V, the simulation results,
including VMIN and energy consumption, are compared with
those of conventional assists. Finally, the conclusions to this
paper are given in Section VI.

II. BACKGROUND
A. SIMULATION SETUP
All simulation results in this work were obtained from
HSPICE Monte Carlo simulations using a BSIM-CMG
model fitted to the experimental results of 22-nm FinFET

FIGURE 2. Layout of single-fin 6T SRAM cell.

[1], whose parameters are detailed in Table 1. To obtain
yields considering the dynamic operating behavior of SRAM
with a smaller number of simulation samples, mean-shift
importance sampling [23], in which means of Vth of transis-
tors in SRAM are shifted to produce more failure samples,
is utilized. The Vth variation of a transistor is assumed to
follow a Gaussian distribution whose standard deviation of
Vth (σVth) with length= L and width=W is defined by [24]

σVth =
AVt

√
L ×W

(1)

where Avt is the slope of the Pelgrom plot and set to
1.8 mV· µm [25]. The 1Vths in the various process corners
are properly assumed to be between 35 and 50 mV according
to the process corners [16]. The gate-to-source (or drain)
capacitance and junction capacitance are set to 0.252 fF/µm
[26] and 0.72 fF/µm2 [27], respectively. In addition, the inter-
connect capacitance and resistance are set to 0.16 fF/µm and
21 ohm/µm [28], respectively. The number of cells per BL
and wordline (WL) is assumed to be 256 and 128, respec-
tively. Then, the layout of the single-fin 6T SRAM using the
22-nm FinFET rule [29], [30] in Fig. 2 is used to calculate the
interconnect capacitance and resistance of the SRAM array.

To evaluate the DC characteristics of the single-fin 6T
SRAM, the read static noise margin (RSNM) and WL write
trip voltage (WWTV) are calculated using a 5000-point
Monte Carlo simulation at various corners, as shown
in Fig. 3(a). The normalized RSNM and WWTV by each
standard deviation are the smallest at a hot temperature
(85◦C) and fast NMOS slow PMOS (FS) corner and cold
temperature (−25◦C) and FS corner, respectively. Thus, the
dynamic analysis for read stability and writability yields in
the subsequent section is performed at the hot temperature
(85◦C) and FS corner and cold temperature (−25◦C) and
SF corner, respectively. Fig. 3(b) shows the retention yield
according to VDD, and the retention voltage is determined to
be 400 mV, the minimum voltage to satisfy the target yield
of 6σ (10−9) [31]. Thus, a VDD above 400 mV is used in the
simulations in the rest of the paper.

B. EFFECTS OF WLUD AND SBL RA
The read stability is improved by reducing the voltage
bump at the storage node (SN) that stores ‘‘0’’ (e.g., SNL
in Fig. 1(a)) during the read operation in the selected cell.
The voltage bump can be represented by a voltage division
between the left pass-gate (PGL) and left pull-down device
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FIGURE 3. (a) RSNM, WWTV with 5000-point Monte Carlo simulation at
VDD of 800 mV at various corners and (b) retention yield according to
VDDs.

FIGURE 4. Failure rate of (a) read stability and (b) writability depending
on VWL and precharged VBL at VDD of 800 mV.

(PDL). Thus, the voltage bump can be reduced by the
WLUD or SBL RA, where the strength ratio of PGL to
PDL or the input voltage (precharged BL voltage, VBL) of
the voltage divider is reduced, respectively.

Fig. 4(a) shows the read stability failure rate depending
on the WL voltage (VWL) and precharged VBL at the hot
temperature and FS corner, in which VWL and VBL are rep-
resented by the percentage of VDD. The WLUD RA is more
effective than the SBL RA to improve the read stability since
the WLUD RA reduces the VGS of PG while the SBL RA
reduces the VDS of PG. In addition, when the VWL is VDD,
as the VBL is lowered from 100% of VDD, the read stability is
improved, and then it starts to be degraded as VBL becomes
75% of VDD by the reverse stability fail [6]. An excessively
small VBL causes the current flowing from right SN (SNR)
storing ‘‘1’’ to right BL (BLR), leading to the discharge in

FIGURE 5. (a) SWL technique and (b) various WAs (NBL, WLOD, TVC, and
TGB) for writability improvement.

SNR. The discharged SNR can weakly turn on left pull-up
device (PUL) and thus increase the voltage bump at left SN
(SNL), resulting in the reverse stability fail. Thus, SBL RA
has an optimum VBL to achieve the maximum read stability.
However, the WLUD RA impedes the reverse stability fail in
SBL RA by decreasing the current flowing from SR to BLR.
Thus, when SBL and WLUD RAs are used simultaneously,
the optimum VBL for achieving the maximum read stability
becomes smaller at a smaller VWL. Then, the read stability is
improved more than when only the WLUD RA is used.

When the WLUD and SBL RAs are used during write
operations to improve the stability of row half-selected cell
(RHSC), they can affect the writability. Fig. 4(b) shows the
writability failure rate depending on the VBL and VWL at the
cold temperature and SF corner. TheWLUDRA significantly
reduces the current flowing through PG due to the decreased
VGS of PG. Thus, The WLUD RA degrades the writability
much more than the SBL RA. When the SBL RA is used,
the inverter-type write driver (WD) can resolve the writability
degradation by charging the suppressed BL to VDD.

C. SRAM WRITABILITY IMPROVEMENT
The WLUD RA is essential to satisfy the target read stability
failure rate of 10−9. However, the WLUD RA degrades the
writability significantly. To mitigate the writability degra-
dation caused by the WLUD RA, the stepped WL (SWL)
technique is widely used [5], [7], [21], [22]. The SWL tech-
nique also mitigates the read speed degradation caused by the
WLUD RA. In the SWL technique, as shown in Fig. 5(a),
the WLUD is disabled after a certain time (TUD) at which the
BL is discharged enough to preserve read or RHSC stability.
To further improve writability, variousWAs are required. The
NBL, TVC, TGB, andWLODWAs increase the strength ratio
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FIGURE 6. (a) Schematic of conventional BP, BP with discharger [5], and
(b) schematic and operation sequence of proposed CSBP.

of PG to PU to flip the data easily, as shown in Fig. 5(b).
The NBL WA decreases VBL below ground voltage (GND)
through capacitive coupling to increase the strength of PG.
The WLOD WA is used to increase the strength of PG by
boosting WL above VDD through capacitive coupling. The
TVC and TGBWAs reduce the strength of PU by decreasing
the source and gate voltages of PU, respectively.

However, the NBLWA is vulnerable to leaky cells at a hot
temperature or low-Vth corner [16]. Moreover, the additional
capacitor is required in every WD for capacitive coupling. In
the WLODWA, an RHSC stability issue must be resolved by
using a multi-step WL technique [21], [22]. In addition, the
NBL and WLOD WAs have a gate oxide reliability concern.
The TVC and TGB WAs require control circuits to avoid the
stability issue in the column half-selected cells, which causes
an area overhead due to the capacitor [8] or static power
consumption resulting from the bias circuit [4]. Moreover,
the TGB WA using the foot switch degrades read and RHSC
stability by incurring a higher voltage bump at the SN due to
the increased resistance of the pull-down path in the cell.

FIGURE 7. Read operations of (a) conventional BP, (b) BP with discharger
[5], and (c) proposed CSBP.

III. PROPOSED BCS RA
The conventional SBL RA [6] is implemented by reducing
the precharged VBL with the conventional bitline precharger
(BP) using an additional VDD separated from the VDD of the
SRAM array. The separated VDD is generated by a voltage
regulator, which induces a complicated design by the bias
circuit, amplifier, and multiple-VDD layout. In another con-
ventional SBL RA [5], a BL discharger is added to the BP to
suppress the BL pair, as shown in Fig. 6(a). The BL pair is
firstly precharged to VDD by the BP and then discharged to a
certain voltage by the discharger. When the BL discharger is
used, the BL is significantly discharged because the BL is dis-
charged by not only the BL discharger but also the SN. Then,
the discharged BL should be precharged to full-VDD, leading
to high energy consumption. In this paper, to implement the
energy-efficient SBL RA with a single-VDD, the BCS RA
using a charge sharing BL precharger (CSBP) is proposed,
as shown in Fig. 6(b). The CSBP consists of a PMOS head
switch (PH), an NMOS foot switch (NF), a cross-coupled
inverter (P0, P1, N0, and N1), and a PMOS equalizing switch
(PE). The PH, NF, and PE are turned on or off by PC, /PC, and
EQ signals, respectively. The detailed operation sequence is
described in the following subsections.

A. READ OPERATION
Fig. 7 shows the successive read operations in the SRAMs
using the conventional BL precharger (BP), BP with dis-
charger [5], and proposed CSBP. During the read operation,
one BL of the BL pair is discharged by the data in the cell after
WL assertion so that a voltage difference between the BL pair
is developed. When the conventional BP is used, both left BL
(BLL) and BLR are precharged to VDD for the next operation.
In the SRAM using the BP with discharger, BL is discharged
before WL assertion. After WL falls, both BLL and BLR are
precharged to VDD.

On the other hand, when the proposed CSBP is used, one
BL of the BL pair near the SN storing ‘‘1’’ is precharged
to VDD and the other is predischarged to GND by turning
on PH and NF in the CSBP after the read operation. A BL
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FIGURE 8. VWL,R6σ according to VDDs, (b) transient operations using 1000-point Monte Carlo simulation, (c) required TUD maintaining target
stability using WLUD according to VDDs for precharged VBL of VDD or half-VDD.

with a higher voltage than the other is charged to VDD and
the other BL is discharged to GND by the cross-coupled
inverter. The read operation is performed in the order of the
equalize, operation, and precharge phases. In the equalize
phase, PH and NF are turned off by raising the PC signal
while PE is turned on by lowering the EQ signal. Then,
the BL pair is floated, and their charges are shared with each
other so that the voltage of the shared BL pair becomes half-
VDD. During the equalize phase, the energy consumption in
charging BL from GND to half-VDD can be reduced due to
charge sharing between the floated BL pair. In the opera-
tion phase, PE is turned off and WL rises to perform the
read operation. Finally, in the precharge phase, the cross-
coupled inverter in the CSBP precharges one BL and predis-
charges the other BL to prepare the next read, write, or hold
operation.

Fig. 8(a) shows the VWL required to achieve the target
read stability (VWL,R6σ ), which is below 85% of VDD for all
VDDs, when BL is precharged to VDD or half-VDD. Although
BL is precharged to half-VDD, the reverse stability fail is
mitigated as VWL is reduced below 85% of VDD. The read
stability failure rate with the BL precharged to half-VDD is
smaller than that with the BL precharged to VDD, as shown
in Fig. 4(a). Thus, VWL,R6σ with the BL precharged to half-
VDD is slightly larger than that with the BL precharged to
VDD. In addition, the VBL precharged to half-VDD reaches
GND rapidly during the read operation. The VBL distribution
with the BL precharged to half-VDD becomes narrow more
rapidly than that with the BL precharged to VDD, as shown
in Fig. 8(b). When using the SWL technique, a short TUD
can be achieved with BL precharged to half-VDD, because
the rapid BL discharge to GND reduces the voltage bump at
SN storing ‘‘0’’ and the narrow VBL distribution reduces the
probability of cell data flip by the voltage bump. Thus, when
the prechargedVBL is half-VDD, the required TUD tomaintain
the target read stability achieved by VWL,R6σ (TUD,R6σ ) is
always shorter at all VDDs than that when the precharged VBL
is VDD, as shown in Fig. 8(c).

The short TUD is helpful to reduce TWL, which ensures
6σ sensing yield (TWL,S6σ ) during the read operation. The

FIGURE 9. TWL,S6σ when BL pair is precharged to VDD or half-VDD.

TWL,S6σ is obtained by

Sensing yield (σ ) =
µ1VBL (TWL ) − µVOS√
σ 2
1VBL (TWL )

+ σ 2
VOS

= 6 (2)

where µ1VBL (TWL ) and σ1VBL (TWL ) are the mean and standard
deviation of the voltage difference between the BL pair at
TWL afterWL is asserted andµVOS and σVOS are the mean and
standard deviation of the offset voltage in a sense amplifier.
The offset voltage in the sense amplifier (VOS ) is assumed to
follow a Gaussian distribution [32] whose µVOS is 0 mV [33]
and σVOS is 30 mV [34]. Fig. 9 shows the TWL,S6σ when the
BL is precharged to VDD or half-VDD. When VDD is smaller,
a much longer TWL,S6σ is required because BL development
is slow and the VBL distribution is wide due to the large effect
of Vth variation at a low VDD. When the BL is precharged to
half-VDD, a narrower VBL distribution and shorter TUD can
be achieved, leading to a shorter TWL,S6σ at all VDDs than
that when BL is precharged to VDD.

Fig. 10 shows the read energy consumption in a column and
TWL,S6σ when the conventional BP, proposed CSBP, or BP
with discharger [5] is used with the VWL,R6σ and TUD,R6σ
required at each VDD to ensure 6σ read stability yield. The
read energy consumption consists of the energy consumption
in CVDD,BP, and controlling signals. Most of the read energy
is consumed to precharge BL after WL falls. Thus, the read
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FIGURE 10. Read energy consumption in a column and TWL,S6σ using
(a) conventional BP, proposed CSBP, or BP with discharger [5] at various
VDDs while achieving 6σ read stability yield.

energy consumption can be represented by

Eread = VDD

∫ Tperiod

0
IVDD (t)dt (3)

≈ VDD

∫ VDD

VBL(TWL,S6σ )
CBLdV

= CBLVDD ×
(
VDD − VBL0

(
TWL,S6σ

))
≈ CBLVDD ×1V BL

(
TWL,S6σ

)
(4)

in the conventional SRAM

= CBLVDD ×
(
VDD − VBL1

(
TWL,S6σ

))
≈ CBLVDD × 1/2VDD (5)

in the proposed BCS RA

where Eread is the read energy consumption, Tperiod is the
period for a single read operation and IVDD is the current
flowing from VDD. VBL(TWL,S6σ ) is the remained VBL at
TWL,S6σ after WL is asserted, which should be precharged
to VDD during the precharge phase. CBL is the capacitance
of BL. VBL0 and VBL1 are the voltages of the BLs that are
near the SN storing ‘‘0’’ and ‘‘1,’’ respectively. 1VBL is
the voltage difference of the BL pair. In the conventional
SRAM using conventional BP, the read energy consumption
is approximately determined by the product of CBL, VDD,
and ‘‘VDD – VBL0(TWL,S6σ ),’’ as shown in Equation (4),
because most of the energy is consumed in precharging VBL
to VDD during the precharge phase. ‘‘VDD-VBL0(TWL,S6σ )’’
can be approximated to 1VBL(TWL,S6σ ). As VDD is scaled
down, the VBL distribution becomes wider, and then a
larger 1VBL(TWL,S6σ ) can be required for ensuring a 6σ
sensing yield, as shown in Equation (2). Thus, the larger
1VBL(TWL,S6σ ) impedes the improvement in the energy con-
sumption by the reduced VDD.
On the other hand, when using the proposed CSBP, VBL1

is precharged to VDD during the precharge phase. Since
VBL1(TWL,S6σ ) is almost half-VDD, ‘‘VDD-VBL(TWL,S6σ )’’
becomes half-VDD. Thus, the read energy consumption can

FIGURE 11. Successive write operation using (a) conventional BP and
(b) CSBP.

be half of the product of CBL and square of VDD, as shown in
Equation (5). At a VDD of 900mV, the energy consumption in
the proposed CSBP is comparable to that in the conventional
BP. As VDD is scaled down, the energy consumption in the
CSBP is reduced proportionally to the square of VDD, while
that in the conventional BP is reduced proportionally to the
product of VDD and 1VBL(TWL,S6σ ) at each VDD. Thus,
the energy consumption in the proposed CSBP is much lower
than that in the conventional BP at low VDD. When using the
BP with discharger [5], the BL discharged by the discharger
as well as the SN should be precharged to VDD after the read
operation. Thus, the voltage amount to be precharged is very
large although TWL,S6σ is improved by the BL precharged to
half-VDD. As a result, the read energy consumption is much
larger at all VDDs than that when the others are used.

B. WRITE OPERATION
The BCSRA can reduce the energy consumption in precharg-
ing BL during the write operation compared to the conven-
tional BP. Fig. 11 shows the successive write operations when
the conventional BP or CSBP is used. The write operation
using the BP with discharger [5] is the same as the conven-
tional BP because the discharger is disabled for the selected
column during the write operation.

During write operation, most of energy is consumed in
charging BL to VDD. Thus, the write energy consumption can
be represented by

Ewrite = VDD

∫ Tperiod

0
IVDD (t)dt (6)

≈ VDD

∫ VDD

0
CBLdV (7)

in the conventional SRAM

≈ VDD

∫ VDD

1/2VDD
CBLdV (8)

in the proposed BCS RA
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FIGURE 12. Schematic and transient waveforms for (a) PP-TVC [13] and
(b) GSC [17] WAs.

where Ewrite is the write energy consumption. When using
the conventional BP, one BL of the BL pair precharged to
VDD is driven to GND by the WD. Then, SN in the selected
cell is written to ‘‘0’’ after WL assertion. After WL falls,
the BL driven to GND is precharged to VDD by provid-
ing the current from VDD to the BL (blue-colored arrow
in Fig. 11(a)). Thus, the write energy consumption can be
exprssed by Equation (7). On the other hand, when using
the CSBP, one BL is charged from half-VDD to VDD and
the other BL is discharged from half-VDD to GND by the
WD afterWL assertion. During the precharge phase afterWL
falls, the voltages of BLR(BLL) and BLL(BLR) are kept to
VDD and GND by the cross-coupled inverter in the CSBP,
respectively. Then, the voltage of the BL pair is equalized
to half-VDD through the charge sharing operation that does
not require the current from VDD for charging VBL driven to
GND to half-VDD (red-colored arrow in Fig. 11(b)) during the
equalize phase. Thus, the charge is provided from VDD only
when a BL is driven from half-VDD to VDD by the WD (blue-
colored arrow in Fig. 11(b)). As a result, the CSBP achieves
a lower write energy consumption in a selected column than
the conventional BP, as shown in Equation (8).

IV. PROPOSED BCS WA
Although the conventional TVC WA (pulsed PMOS TVC,
PP-TVC WA [13]) improves writability, it significantly
increases the energy consumption for charging the collapsed
CVDD with large capacitance, as shown in Fig. 12(a). In addi-

FIGURE 13. (a) Schematic and (b) transient waveforms for proposed BCS
WA using CSWD and CSBP.

tion, CVDD is collapsed without considering the condition
of each cell. On the other hand, the GCS WA [17] mitigates
the high energy consumption by collapsing CVDD depending
on the cell condition. CVDD is self-collapsed by the cur-
rent flowing through the PUL and PGL in the selected cell.
CVDD is collapsed more in cells with poor writability (high-
σ cells) than in 0-σ cells, as shown in Fig. 12(b). However,
the collapsed level of CVDD in the GSCWA is limited by the
TWL. Thus, GSC WA improves VMIN less than PP-TVC WA
does. To improve writability and reduce energy consumption
simultaneously, the BCS WA using a charge sharing write
driver (CSWD) is proposed.

A. STRUCTURE AND OPERATION
The schematic of the proposed BCS WA using the CSWD
is shown in Fig. 13(a). The CSWD consists of two PMOSs
for connecting CVDD to VDD (PS) and charge sharing (PCS).
The PS provides VDD to column-multiplexed CVDD and PCS
is used to share the charge between CVDD and the VDD of
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FIGURE 14. Energy consumption during write operation with no assist,
PP-TVC WA, GSC WA, and BCS WA.

inverters (WVDD). The PS and PCS are controlled by charge
sharing (CS) and /CS signals, respectively.

Fig. 13(b) shows the transient waveform of the BCS WA.
BeforeWL rises, the BL pair is precharged to half-VDD by the
CSBP. With WL assertion, CS rises and /CS falls to turn off
PS and turn on PCS, respectively. Then, CVDD is floated and
the charge on CVDD is shared with that on one BL of the BL
pair, which is supposed to be driven from half-VDD to a high
level (BLR in Fig. 13). The other BL (BLL) is discharged
to GND. Since the BLR is precharged to half-VDD before
CS rises, the CVDD decreases and the VBLR increases until
CVDD and VBLR become the same. Thus, CVDD is collapsed
firstly by the charge sharing path (¬ in Fig. 13(a)). CVDD
can be collapsed more by two self-collapse paths when the
write operation is performed in the high-σ cell. The first path
(-a in Fig. 13(a)) is made up of PUL and PDL, which is
the same path used in the GCSWA. The second self-collapse
path (-b in Fig. 13(a)) consisting of PGR and PDR also
collapses the CVDD since CVDD and BLR are connected
by the charge sharing path. When the write operation is
performed successfully, PUL and PDR are turned off by SNR
and SNL, respectively, and then the self-collapse paths are
cut off. Finally, WL and CS fall, and the collapsed CVDD is
charged to VDD by PS and BLR is precharged to VDD by the
CSBP.

In the BCS WA, the collapsed CVDD (1VCVDD ) is repre-
sented by

1VCVDD = 1VCS +1VSC (9)

1VCS = VDD −
VDD

(
CCVDD + 1/2CBL

)
CCVDD + CBL

(10)

1VSC =

∫ TWL
0 IPGL (t)+ IPGR (t)dt

CCVDD + CBL
(11)

where 1VCS and 1VSC are the CVDDs collapsed by the
charge sharing and self-collapse paths, respectively. CCVDD

and CBL are the capacitances of CVDD and BL. IPGL and IPGR
are the currents flowing through the PGL and PGR during the
write operation, respectively. The1VCS is determined by the

charge sharing between the floated CVDD and BL precharged
to half-VDD by the CSBP, as shown in Equation (10). When
the CSWD is used with the conventional BP, the 1VCS is
0 since the voltages of precharged BL and CVDD are the same
as VDD. The1VSC is determined by the total current flowing
through PGR and PGL during the write operation and the
summation of CCVDD and CBL as shown in Equation (11).
The total current flowing through PGL and PGR during the
write operation is larger at a higher-σ cell.While theGCSWA
has only a self-collapse path that consists of PGL or PGR,
the BCS WA has a charge sharing path as well as two self-
collapse paths, which causes CVDD to be collapsed more
than with GCS WA. Thus, the BCS WA can achieve a higher
writability than the GSC WA.

B. ENERGY EFFICIENCY OF PROPOSED BCS WA
The PP-TVC and GSC WAs consume energy in charging the
collapsed CVDD to VDD and precharging BL from GND to
VDD after the write operation. On the other hand, in the BCS
WA, the BL driven to GND is not precharged but kept to GND
after the write operation. Then, the charge for charging BL
from GND to half-VDD is provided from the other floated BL
precharged to VDD during the equalize phase. In addition,
the charge for charging BL from half-VDD to a high level to
write ‘‘1’’ in SN is provided by floated CVDD, as indicated by
the red-colored arrows in Fig. 13(b). Thus, no current from
VDD is required to charge BL from GND to a high level to
write ‘‘1’’ in SN. Compared to the PP-TVC and GSC WAs,
the energy consumed in charging the BL from GND to a
high level is saved, leading to low energy consumption in
the BCS WA.

Fig. 14 shows the write energy consumption in the selected
column with no assist, PP-TVC, GCS, and BCS WAs at the
same VDD, TWL, and TUD of 650 mV, 1 ns, and 0.55 ns,
respectively. The energy consumption consists of the energy
consumptions in the BP, WD, CVDD, and controlling sig-
nals. In the proposed BCS WA, the energy consumption for
charging CVDD is included in the energy consumption inWD
since the CVDD is charged by the CSWD. The pulse width
and level of the collapsed CVDD in the PP-TVC WA are
set to achieve the target writability yield of 6σ and preserve
the stability yield of the column half-selected cell above 6σ .
The energy consumption of the PP-TVC WA is much higher
than that of GCS WA because the PP-TVC WA collapses
the CVDD of all selected cells while GCS WA collapses the
CVDD depending on cell condition. When the CSWD is used
with the conventional BP (BCS WA with conventional BP
in Fig. 14), the CVDD can be collapsed more by the two self-
collapse paths. Thus, the BCS WA with the conventional BP
consumes slightly more energy to charge the more collapsed
CVDD to VDD than the GSC WA having a self-collapse path.
On the other hand, the BCS WA with the CSBP has a higher
writability due to the charge sharing path to collapse CVDD
more but consumes more energy in the WD because the WD
should charge the more collapsed CVDD to VDD than the
BCS WA with the conventional BP. However, the energy
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FIGURE 15. The simulated shmoo plots of (a) conventional and
(b) proposed WAs by analyzing the writability yield with various TWLs and
VDDs cold temperature (−25◦C) and SF corner.

consumption in the BP of the BCS WA with the CSBP is
much lower than that of the other WAs because the energy
consumed for charging the BL from GND to a high level is
saved as mentioned previously. As a result, the total energy
consumption of the BCSWAwith the CSBP is lower than the
that of other WAs and even the SRAM without WAs.

V. COMPARISONS
In this section, VMIN, delay, and energy consumption in
SRAMs using the BCS RA and WA are analyzed and com-
pared with those of the other assists. The target 6σ read sta-
bility yield is satisfied with VWL,R6σ and TUD,R6σ at various
VDDs obtained in Fig. 8. Thus, VMIN is determined by the
minimum voltage to ensure the target 6σ writability yield.

To compare VMIN, the writability yields among PP-TVC,
GSC, and BCS WAs are simulated with various TWLs
and VDDs at a cold temperature (−25◦C) and SF corner.
Fig. 15 shows the simulated shmoo plots of the SRAM
with no assists, PP-TVC, GSC and the proposed BCS WAs.
Whereas the collapsed amount of CVDD in the GSC WA
depends on the TWL, the PP-TVC WA can adjust the pulse
width and level of CVDD. Thus, the PP-TVC WA improves
VMIN (e.g., 175-mV improvement at TWL of 500 ps) more

FIGURE 16. The comparison of energy consumption during write
operation for the four columns with 4:1 column multiplexed ratio.

than GSCWA (e.g., 100-mV improvement at TWL of 500 ps).
At a TWL of 500 ps, the VMIN of the BCS WA with the
conventional BP is 25 mV smaller than that of the GSC WA
due to the two self-collapse paths. Finally, the SRAM using
the BCS WA with the CSBP improves VMIN by 175 mV due
to the charge sharing path that collapses CVDD more. At a
small TWL, the proposed BCS WA has a higher VMIN than
the PP-TVC WA. When TWL is longer, the proposed BCS
WA can achieve a comparable improvement in VMIN with the
PP-TVC WA because the total current flowing through the
self-collapse path becomes larger as TWL becomes longer.
Fig. 16 shows the energy consumption with no assist, PP

PP-TVC, GSC and the proposed BCS WAs during the write
operation in the four columns with a 4:1 multiplexed ratio
at VDDs of 700 mV and 600 mV and TWLs of 1 ns and
500 ps, respectively. At a VDD of 700 mV, the PP-TVC,
GCS, and BCSWAs with the conventional BP consume more
energy than SRAM without WAs by 12%, 2%, and 3%,
respectively. At a VDD of 600 mV, CVDD should be collapsed
more to achieve the target writability yield. Thus, PP-TVC,
GCS, and BCSWAs with the conventional BP consume 19%,
3%, and 4% more energy compared to SRAM without WAs,
respectively. Due to the self-collapse paths, the GSC andBCS
WA with the conventional BP consume much less energy
than PP-TVC WA and slightly more energy than SRAM
without WAs. While the GCS WA does not satisfy the target
writability yield at a VDD of 600 mV, the BCS WA with
the conventional BP satisfies the target writability yield at
the cost of a slightly higher energy consumption due to the
two self-collapse paths. When the BCS WA is used with
the CSBP, energy consumption in both the selected column
and unselected column is reduced due to the low energy
consumption in precharging BL after the write and dummy
read operations, respectively. Even compared to SRAMwith-
out WA, the proposed BCS WA with the CSBP reduces the
energy consumption by 28% and 26% at VDDs of 700 mV
and 600 mV, respectively.

Table 2 summarizes the comparison between conventional
SRAM and the SRAM with the proposed BCS RA and WA.
The area is estimated by the layout rule in [29], [30]. The
area of the BCS RA is 115.65 µm2, whereas that of the
conventional BP is 38.55 µm2. Considering the 256 rows ×
128 columns SRAM (4595.48 µm2), the area overhead of the
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TABLE 2. Summary of read and write assists comparison.

BCS RA is 1.7%. The area of the BCS WA is 80.96 µm2,
which induces 1.8%overhead, leading to a total area overhead
of 3.5% by the BCS RA andWA. Although the area overhead
is slightly larger than those of the other assists, TWL,S6σ and
energy consumption for both read and write operations are
significantly improved. Due to the BL precharged to half-
VDD, the proposed BCS RA reduces TWL,S6σ by 36% and
37% at VDDs of 700 mV and 600 mV, respectively, compared
to the SRAM using conventional BP. At the same time,
the read energy consumption is also reduced by 31% and 37%
at VDDs of 700 mV and 600 mV, respectively, by reducing
the energy consumed in precharging BLs. Even though the
conventional SBL RA using the BP with discharger in [5]
can achieve the same TWL,S6σ as the proposed BCS RA,
the read energy consumption is increased by 69% and 55%
at VDDs of 700mV and 600mV, respectively. In the BCS
WA, the VMIN improvement is comparable to that in the PP-
TVC WA. The PP-TVC and GSC WAs increase the write
energy consumption by more than 12% and 3%, respectively,
compared to the SRAM without WAs. On the other hand,
the proposed BCSWA reduces the write energy consumption
by more than 26% compared to the SRAM without WAs by
reducing the energy consumption in charging the collapsed
CVDD and BL to VDD.

VI. CONCLUSION
The BCS RA and WA were proposed to perform energy-
efficient read and write operations while improving VMIN.
The BCS RA improved read stability and TWL,S6σ by
precharging BL to half-VDD while reducing the read energy
consumption by reducing the energy consumed in precharg-
ing BL through the charge sharing operation. The proposed
BCSWA improved the writability by collapsing CVDD using
the charge sharing and two self-collapse paths. In the BCS

WA, the energy consumption for charging BL to a high level
during thewrite operationwas saved due to the charge sharing
operation by the CSBP and CSWD. In addition, the average
energy consumption to charge CVDD in the BCS WA was
reduced because the CVDD was collapsed less at a smaller-
σ cell by the two self-collapse paths. As a result, the SRAM
using the BCS RA and WA consumed less energy than the
SRAMs using the state-of-the-art assists while achieving a
VMIN comparable to those of SRAMs using the state-of-
the-art assists. Even compared to SRAMs without assists,
the SRAM with the BCS RA and WA reduced the energy
consumption by more than 31% and 26% during read and
write operations, respectively.
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