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Abstract—Low voltage operation of digital circuits continues to
be an attractive option for aggressive power reduction. As stan-
dard SRAMbitcells are limited to operation in the strong-inversion
regimes due to process variations and local mismatch, the develop-
ment of specially designed SRAMs for low voltage operation has
become popular in recent years. In this paper, we present a novel
9T bitcell, implementing a Supply Feedback concept to internally
weaken the pull-up current during write cycles and thus enable
low-voltagewrite operations. As opposed to themajority of existing
solutions, this is achieved without the need for additional periph-
eral circuits and techniques. The proposed bitcell is fully functional
under global and local variations at voltages from 250 mV to 1.1 V.
In addition, the proposed cell presents a low-leakage state reducing
power up to 60%, as compared to an identically supplied 8T bitcell.
An 8 kbit SF-SRAM array was implemented and fabricated in a
low-power 40 nm process, showing full functionality and ultra-low
power.

Index Terms—CMOS memory integrated circuits, leakage sup-
pression, SRAM, ultra low power.

I. INTRODUCTION

S UB-THRESHOLD and near-threshold operation have be-
come popular alternatives for digital VLSI design in re-

cent years [1]–[18]. These approaches utilize very low supply
voltages for digital circuit operation, decreasing the dynamic
power quadratically, and sufficiently reducing leakage currents.
As static power is often the primary factor in a system’s power
consumption, especially for low to medium performance sys-
tems, supply voltage scaling for minimization of leakage cur-
rents is essential. Optimal power-delay studies show that the
Minimum Energy Point (MEP) is found in the sub-threshold re-
gion, where ultra-low power figures are achieved; albeit, at the
expense of orders-of-magnitude loss in performance [1], [19],
[20]. Recent studies have shown that an attractive tradeoff be-
tween power and delay can be found in the near-threshold re-
gion with a slightly higher power figure, but with a significant
increase in performance [1].
Low voltage operation of Static CMOS logic is quite straight-

forward, as its non-ratioed structure generally achieves robust
operation under process variations and device mismatch [21].
However, extreme global and local variations that are intensi-
fied at deep-nanoscale technology processes can easily cause
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Fig. 1. Schematics of standard SRAM bitcells. (a) 6T bitcell. (b) 8T bitcell.

traditional ratioed topologies to lose functionality, especially at
low voltages, where sizing and mobility are not always the dom-
inant factors in device drive strength.
One of the major blocks that is highly ratioed and therefore

affected by the aforementioned process fluctuations, is the
Static Random Access Memory (SRAM). The standard 6T
bitcell, shown in Fig. 1(a), provides a robust, non-ratioed hold
state, fully operational under process variations at very low
supply voltages [22]. However, when the data is accessed (read
and write operations), maintaining drive strength ratios is es-
sential for maintaining functionality. Device sizing is sufficient
to ensure these ratios under nominal strong inversion operation
[23]; however, at low voltages, process variations and mis-
match can cause a loss of functionality [24]. Both theoretical
and measured analyses show that standard SRAM blocks are
limited to operating voltages of no lower than 700 mV [8],
[25], [26]. The read margin problem is easily solved with a
small area penalty by decoupling the read out path, as in the
two-port 8T cell, shown in Fig. 1(b). This structure features
read margins equivalent to its hold margins, however its write
margins maintain the 700 mV supply limitation [7], [9]. Note
that throughout the majority of this paper the 8T implementa-
tion will be used as a reference, as it has similar hold margins
to the 6T cell, but improved read margins. Therefore, from a
low voltage stability perspective, the 8T is superior to the 6T;
however, this design introduces additional constraints due to
single-ended readout and half-select sensitivity.

0018-9200/$26.00 © 2011 IEEE
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The requirement to develop low voltage SRAMs is derived
not only from the need to integrate these blocks within sub/near
threshold digital systems, but as an independent design focus
in itself. SRAMs comprise very large portions of the total die
area of most modern digital ICs, and this is only expected to
grow [27]. Accordingly, the SRAM blocks are often the major
factor in a given system’s power consumption. They are even a
more substantial factor in the static power consumption, as the
majority of SRAM cells are in a standby hold state throughout
the clock period. Standby power reduction in SRAMs is one of
the best opportunities for power reduction in digital ICs.
Low voltage SRAM design has become increasingly popular

over the past few years. Various bitcell designs and architec-
tural techniques have been proposed to enable operation deep
into the sub-threshold region [3], [7]–[9], [13], [28], [29]. These
designs generally incorporate the addition of a number of tran-
sistors into the bitcell topology, trading off density with robust
functionality. Decoupling the readout path is a common tech-
nique [7], [8], [28], as is write margin improvement by word
line boosting and supply gating. One of the first examples of a
fully operational sub-threshold bitcell is the 10T circuit of [8],
while peripheral techniques enabled 350mVoperation of a stan-
dard 8T bitcell in [7]. Fully differential implementations are pro-
posed in [3] and [30], enabling half-select stability. Other recent
approaches for aggressive power reduction in SRAMs include
Adiabatic operation [31], FinFET based SRAM design [32] and
bitline charge recycling [33], [34].
In this paper, we propose a novel 9T bitcell with a new Supply

Feedback approach to low voltage operation. This Supply Feed-
back SRAM (SF-SRAM) internally weakens the pull up net-
work of the bitcell during a write and thus assists in discharging
the high data node. By applying this concept, the cell achieves
highly improved write margins and is fully functional under
global and local process variations at voltages as low as 250
mV. This low voltage operation is accomplished without the
need for any additional peripheral circuits or techniques. Cell
functionality and stability are presented, including Monte Carlo
(MC) statistical distributions for proof of concept.
In addition to low voltage operation, the cell topology

presents a low-leakage state, at which the bitcell’s static power
is lower than an equivalently supplied 8T cell. In this state, the
static power of the bitcell has a 15%–60% lower leakage factor
than a standard 8T bitcell, depending on the cell implementa-
tion and supply voltage. This results in an 83 reduction in
leakage power for an SF-SRAM cell operating at 300 mV, as
compared to an 8T bitcell at 1.1 V.
An 8 kb array of SF-SRAM bitcells was fabricated as part of a

40 nm test chip and successfully measured in the laboratory. A
deep analysis of the operating concepts, internal mechanisms,
stability, power and performance are presented in this manu-
script.
The rest of the paper is constructed as follows. Section II

describes the problems that arise at low operating voltages
and thus limit standard SRAM operation. The proposed 9T
SF-SRAM bitcell is presented in Section III and its data re-
tention is discussed; Section IV describes the read and write
operations of the proposed cell. Test chip implementation

and measurements are presented in Section V, including a
discussion of design considerations according to the results.
Section VI summarizes the results and concludes the paper.

II. DRIVE STRENGTH RATIOS AT LOW OPERATING VOLTAGES

Similar to other low voltage bitcells, the proposed 9T bit-
cell is based on the two-port 8T topology, shown in Fig. 1(b).
This structure presents two major advantages. First, the Static
CMOS cross coupled inverter structure of the cell core provides
a non-ratioed robust positive feedback structure for bi-stability
with high data retention (“hold”) noise margins. Second, the
readout buffer, comprised of transistors M7-M8, decouples the
read path from the cell core, enabling a non-penetrative read
operation. This makes the worst case read margin equivalent
to the hold margin, as described in [35]. To ensure writeability,
the write bit lines (WBL/WBLB) must be able to pull down the
internal node ( ) storing a ’1’ past the cross coupled in-
verters’ trip point. This is achieved by maintaining stronger ac-
cess transistors (M2/M5) than their respective pull up pMOS
(M3/M6). At strong inversion voltages, mobility ( ), device di-
mensions ( ), and threshold voltage ( ) have a linear (or
square) influence on device currents, so it is usually sufficient
to maintain a higher pull-down transconductance, i.e.,

(1)

with the device’s transconductance, and the oxide capac-
itance coefficient.
As the supply voltage is reduced and approaches the sub-

threshold region, the device’s current dependence on the over-
drive voltage ( , where is the gate-to-
source voltage) grows from a linear dependence to an exponen-
tial one. This is shown by the combination of two models: the
sub-threshold conduction model, and the EKV model [36]. For
voltages well below , the sub-threshold conduction model
shows the exponential dependence on overdrive [6]:

(2)
with

(3)

where is the transistor’s drain-to-source voltage,
is the thermal voltage, is the Drain Induced Barrier

Leakage (DIBL) coefficient, is the subthreshold swing coeffi-
cient, is zero biasmobility, is gate oxide capacitance, and
and are the width and length of the transistor, respectively.

Note that this model also emphasizes the exponential increase
of DIBL as increases, as will be discussed later.
When the device approaches inversion, as gets close to
, the sub-threshold model of (2) loses accuracy and the EKV

model should be considered [1]:

(4)
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Fig. 2. Simulated drive current ratio of minimum sized nMOS/pMOS devices
at the typical (TT) and SF corners in a standard 40 nm LP process. Whereas the
nMOS devices are stronger than the pMOS devices at all supply voltages for
the typical corner, the pMOS devices are stronger than their nMOS equivalents
at the SF corner under 900 mV.

with representing the current at the onset of inversion, , a
fitting parameter, and IC representing the inversion coefficient,
given by

(5)

Based on these models, it can easily be concluded that
threshold voltage has a strong effect on device current. There-
fore, differences between the thresholds voltages of nMOS
and pMOS devices, especially under extreme process vari-
ations, often overtake mobility as the primary factor in the
device strength ratio. The problem is accentuated at the Slow
nMOS/Fast pMOS (SF) process corner, where the pMOS de-
vices become stronger than equivalently sized nMOS devices at
voltages below 900 mV. This variation, that causes 8T SRAMs
to fail at low voltages, is shown in Fig. 2, plotting the current
ratios (with ) of minimum sized nMOS
devices as compared to pMOS devices at different supply
voltages. The figure shows that for a typical process corner at
room temperature, the nMOS is always stronger, but for the SF
corner at 0 , the pMOS becomes stronger at 900 mV. In the
near-threshold and sub-threshold regions, the pMOS current is
as much as 35 stronger, such that meeting the writeability
constraints through sizing would require impractical device
sizes.
Two relatively simple methods to improve this ratio are word-

line boosting and increasing the channel length, as incorpo-
rated by the authors of [7]. Adding approximately 150 mV to
the gate voltage ( ) of an nMOS will ensure stronger drive
than equivalent pMOS at sub and near-threshold voltages, but
this comes at the expense of additional periphery and power to
create and propagate this boosted voltage. Enlarging the channel
length utilizes the Reverse Short Channel Effect (RSCE) [9]
and improves the susceptibility to process variations, therefore
maintaining a better ratio. However, this alone cannot solve
the problem for most processes, and the increase in device size

Fig. 3. Schematics of the 9T SF-SRAM bitcell employing a Supply Feedback
device (M9) connected to the internal data storage node ( ).

and/or loss of drive current must be taken into account. In addi-
tion, layout implications at deep-nanoscale processes are non-
trivial. Therefore, a standard 8T two-port SRAM cell is limited
to aminimum voltage supply of approximately 700mV for most
nanoscale CMOS processes [8].

III. THE PROPOSED 9T CELL

The previous section presented the writeability limits of
standard SRAM cells due to drive strength ratios between
contending devices under process variations. The proposed 9T
Supply Feedback SRAM bitcell, shown in Fig. 3, was developed
to overcome this problem by utilizing a novel Supply Feedback
concept. This concept is implemented by adding a supply
gating transistor (M9) that is connected in a feedback loop to
the data storage node ( ). The feedback weakens the pull up
path of the cell during a write operation, ensuring that the cell
flips, even when the pMOS devices are much stronger than
the nMOS ones. In addition, the internal gating creates a slight
voltage drop at the drain of the supply feedback transistor (M9)
during one of the hold states. This voltage drop results in lower
leakage currents at the expense of a slight reduction of hold
noise margins. Hold states and stability of the 9T SF-SRAM
cell are described in detail below, whereas read and write
operations are described in Section IV.

A. 9T Cell Hold States

In contrast with the symmetric 6T and 8T bitcells, the 9T
SF-SRAMbitcell, shown in Fig. 3, presents a pair of asymmetric
stable states for data storage. For the case of storing a ’0’ (i.e.,
node is discharged), the feedback loop turns on M9 (

), propagating to the virtual supply
node, . In this “trivial” case, the internal transistors (M1,
M3, M4 and M6) create a standard pair of cross-coupled Static
CMOS inverters, with similar noise margins to an equivalent
8T cell. is therefore charged to , providing a strong
gate bias for M7 ( ) and enabling fast
single-ended readout (RBL discharge) when RWL is asserted.
The opposite state is initiated when is charged and is

discharged. Now M9 is cut off as drops below the device’s
threshold voltage. is strongly discharged, as the low resis-
tance of a conducting M4 only has to overcome the high serial
resistance of disconnected M6 andM9. M1 is therefore strongly
cut off, with a very low gate voltage ( ), andM3
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Fig. 4. Simulated statistical distribution of steady state voltages at nodes and (left and right side graphs, respectively) for both the hold ’0’ and hold ’1’
states (top and bottom graphs, respectively) with . The results are for a 2500 point simulation under both global and local mismatch variations.
Note that the graphs for at hold ’0’ and at hold ’1’ are given in .

is conducting ( ), such that
the final state of is equivalent to . This voltage is set
according to the contention between the primarily DIBL current
through M1 ( ) and the sub-threshold
current through M9 ( ), which is
much stronger providing a high level. Ultimately, the steady
state voltage at is approximately 10% lower than , and
fluctuates with the implant of the supply feedback transistor.
Fig. 4 shows the Monte Carlo statistical distribution of the

steady state voltages at the and nodes with a supply
voltage of 300 mV, under both global and local mismatch. The
figure includes the distributions for the two nodes at both the
hold ’1’ and hold ’0’ states. It is clearly shown that for the hold
’0’ state, both nodes are clamped to strong levels, while at the
hold ’1’ state, the node shows a voltage drop with a mean
value of 264 mV, which is 12% less than . This voltage
drop results in a slight loss of static noise margin (SNM), but
enables low voltage writes and provides internal leakage sup-
pression. This voltage drop doesn’t affect the readability of the
cell, even at extreme variations, as can be seen in the
states depictions in Fig. 4. All the distribution points fell
in the region for the hold ’1’ state, and had less than a 1%
voltage drop for the hold ’0’ state. This ensures a strong over-
drive voltage on M7 during read operations for all states and
under all operating conditions.
Fig. 4 shows the steady state voltages of an SF-SRAM bit-

cell implemented exclusively with standard (SVT) threshold

implants at a discrete sub-threshold voltage. Fig. 5 extends the
discussion by showing the distribution over the full range of
supply voltages and with three different implementation op-
tions. These three implementations, which will be compared
throughout the text, are achieved by replacing the pMOS transis-
tors with low-threshold (LVT) or high-threshold (HVT) devices.
In general, using an LVT feedback device results in a higher
stable value for in the hold ’1’ state, and consequently in-
creased hold margins, but it achieves less of an improvement
in write margins and leakage currents. Using an HVT feedback
device provides the opposite trade-offs. The steady state node
voltages at are shown for all three implementations in Fig. 5
at the full range of operating voltages, from 200 mV to 1.1 V.
In addition, the figure shows the voltage drop under local
and global variations. The distributions of and of the hold
’1’ state are not shown, as they are very close to the rails with
a very small deviation ( 1 mV) for all implementations and
supply voltages. Note that as shown in Fig. 5, whereas the SVT
and LVT implementations retain hold stability under 200 mV,
the HVT implementation loses functionality at a slightly higher
supply voltage.
With respect to global variations, the most problematic corner

is the Fast nMOS/Slow pMOS (FS) corner, as the leakage of M1
is strengthened as compared to the current through M9 and M3.
But at this corner M4 is also strengthened, providing a robust
’0’ level at despite the degraded level at . This ensures
correct readout through these extreme situations.
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Fig. 5. Simulated mean and 6 boundaries of the steady state voltage at node
compared to for the hold ’1’ state. Three implementation options are

shown, marked by the threshold implant of the feedback transistor (M9) – SVT,
LVT and HVT. The distributions for the node and for the hold ’0’ state are
very close to the rails for all supply voltages and therefore are not shown.

Fig. 6. Butterfly curves of an SF-SRAM cell with three threshold implant op-
tions for the supply feedback transistor (M9) – SVT, LVT and HVT, as well as
the reference 8T butterfly curve. The simulation data was plotted for a 300 mV
supply voltage.

B. Static Noise Margin

As described above, the threshold implant of the supply feed-
back device (M9) has a large effect on the voltage drop and
therefore on the noise margins of the hold ’1’ state. Fig. 6 em-
phasizes this fluctuation in noise margins, showing the butterfly
curves of the SF-SRAM cell with different threshold implants
applied to M9. All curves in Fig. 6 are shown for a 300 mV
supply voltage. Note that the 8T cell SNM is shown for compar-
ison and due to the fact that various other low voltage SRAMs
are based on this structure; however, the reference 8T cell is
non-functional at this voltage. As expected, the 9T butterfly
curves are asymmetric, as the node always holds strong
levels, whereas the node’s steady state level is a function of

Fig. 7. SNM ratio of 9T SF-SRAM cell as compared to standard 8T cell at full
range of supply voltages. (a)Hold ’1’ state with depleted noise margins for three
possible implementations of the 9T cell. (b)Hold ’0’ state with equivalent noise
margins to the 8T cell. All graphs are shown according to simulation at the TT
process corner.

the leakage throughM1. As the gate voltage ofM1 increases, the
voltage level at decreases leading to a “deflated” lobe. When
M9 is implemented with an LVT device, the loss of static level
is limited, in contrast with the HVT device that presents a se-
verely deflated lobe. However, if ultra-low power has a higher
priority than large static noise margins, the HVT or SVT im-
plementations are attractive alternatives, since the hold ’1’ state
provides a low leakage factor, as will be shown later.
A comparison of the SNM of the 9T SF-SRAM cell with

the standard 8T SRAM cell at the full range of supply voltages
(0.2 V to 1.1 V) is given in Fig. 7. Due to the asymmetric char-
acteristic of the proposed cell, the SNM is partitioned into hold
’0’ SNM and hold ’1’ SNM graphs. These are identical for sym-
metric cells, such as the 8T SRAM. Obviously the worst case
(Hold ’1’) should be considered, however we choose to show
both cases, as SNM is an over-pessimistic metric for an asym-
metric cell. A better comparison could be according toDynamic
Noise Margin (DNM), as described in [37], [38].
As can be seen in Fig. 7(a), which shows the SNM ratio for

the hold ’1’ state, the LVT implementation has a 10–20% lower
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SNM for the ultra-low voltages (200 mV–450 mV). The HVT
option is unstable below 300 mV, with a quick fall in SNM.
At the median to nominal voltages, the SVT option should be
considered, as its SNM is comparable to the LVT implementa-
tion, and it presents a lower power figure, as shown in the next
subsection. The HVT option has static noise margins that are ap-
proximately 40% lower than the reference 8T cell, and so should
only be considered for ultra-low power applications in a low
noise environment or with the integration of strong error correc-
tion codes. Note that for the hold ’0’ state, shown in Fig. 7(b),
the SNM is hardly degraded for the LVT and SVT implemen-
tations throughout the full range of supply voltages. The HVT
option has degraded margins for this state as well; however they
are substantially higher than the hold ’1’ state.

C. Static Power

The major advantage of the proposed 9T SF-SRAM cell is
its functionality at ultra-low voltages without the need for addi-
tional periphery due to its extended write margins. However, a
by-product of its topology is internal leakage suppression in the
hold ’1’ state.
As shown above, the steady state voltage of the data storage

node ( ) is slightly lower than (see Fig. 5). On the one
hand, this presents a decrease in SNM, but on the other hand it
reduces the internal leakage of the bitcell. For the standard 8T
cell, the static leakage currents are set (assuming and
precharged bitlines) by the cut off inverter transistors, M1 and
M6 (see Fig. 1), along with the right access transistor (M5). The
leakages are dominated by DIBL with , .
In the proposed SF-SRAM cell, assuming ,
the left leakage path is reduced due to the degraded of M1,
while the right leakage path is suppressed by the stack effect of
M9 in series with M6. M9 has a sub-threshold gate bias (

) with low DIBL ( ), while
M6 is not as severely cut off as in the standard 8T case (

), but has lower DIBL ( ).
Leakage through the access transistors is bitline dependent but
hardly changed, and gate leakages are slightly decreased on M4
and increased on M6. M9 provides an additional, albeit very
small, gate leakage current.
The final result of these effects is a drop in total leakage as is

depicted in Fig. 8 for the three threshold implementations of the
supply feedback transistor across the full range of supply volt-
ages. The figure depicts the ratio of leakage currents as com-
pared to the reference 8T bitcell. It is clear that the higher the
threshold of the SF device, the lower the leakage, achieving as
much as a 63% reduction in static power for a nominally biased
( ) HVT implementation. For the more robust LVT
implementation, a 20%–25% reduction is achieved for all appli-
cable voltages. The graphs for the hold ’0’ state are not included,
as the leakage power is almost identical to the 8T reference cell.
Note that the reference 8T cell is non-functional under 700 mV,
due to lack of writeability. The SVT implementation of the pro-
posed cell in the hold ’1’ state presents a 91% (11 ) and 99%
(83 ) leakage power reduction at 300 mV as compared to the
8T cell at 700 mV and 1.1 V, respectively.

Fig. 8. Simulated leakage current ratio of the 9T SF-SRAM cell, as compared
to the reference 8T bitcell for the Hold ’1’ state.

The leakage reduction described above is, as far as we know,
the first time a sub-threshold bitcell has been proposed with an
advantage over the standard 8T cell in static power dissipation.
The majority of the proposed low-voltage cells have slightly
larger static power dissipation due to the additional transistors,
and therefore additional leakage paths. The primary focus of all
of these implementations is to aggressively reduce the system’s
power dissipation at the expense of performance and area.
Even though the proposed cell’s additional power reduction
is only present at one stable state, data processing algorithms
can maximize the number of cells storing a ’1’ (for example,
unused storage could be pre-written to this state) maximizing
the leakage reduction of the array. It should be noted that
the hold ’1’ state is also beneficial for read power and bitline
leakage, as M7 is cut-off at this state.

IV. READ AND WRITE OPERATIONS

The previous section discussed in detail the static operation
of the proposed 9T SF-SRAM cell when holding a ’1’ or a ’0’.
However, the major benefits of this topology are its readability
and writeability at low operating voltages, without the need to
implement additional peripheral circuitry and techniques (com-
pared to a standard 8T cell).

A. Read Operation

The read operation of the proposed cell is equivalent to that
of the reference 8T cell. Transistors M7 and M8 comprise a
read buffer that decouples the readout path from the internal
cell storage. M7 is gated by node , such that when a ’1’ is
stored (at ), M7 is cut off and when a ’0’ is stored, it is con-
ducting. A read operation is initiated by precharging the read bit
line (RBL in Fig. 3) and asserting the read word line (RWL). If a
’0’ is stored, RBL is discharged through the M7 and M8. If a ’1’
is stored, M7 blocks the discharge path and RBL remains at its
precharged value. A single ended sensing scheme is used to rec-
ognize if RBL has been discharged or not. Despite the deflated
level of when holding a ’1’, is always clamped to or
GND, resulting in strong conductance through M7 (
or ) and equivalent read performance to the 8T reference
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cell. This decoupling of the readout path results in a read margin
equivalent to the hold margin described in the previous section,
which is sufficient at the full range of supply voltages under
global and local process variations. From a performance per-
spective, the read access time is proportional to a number of de-
sign factors, primarily bitline capacitance, sense amplifier sen-
sitivity and drive strength of read buffer transistors (M7, M8).
Therefore the read performance is application/architecture spe-
cific and very controllable according to required specifications.
However, it is clear that it degrades severely with reduction of
the supply voltage.

B. Write Operation

The most interesting aspect of the proposed SF-SRAM cell
is its performance during a write operation. Similar to an 8T
cell, the write operation is initiated by driving the differential
write bit lines (WBL andWBLB of Fig. 3) to the level of the data
to be written and asserting the write word line (WWL). To en-
sure the success of this operation in a standard 8T cell, the pull
down path on the side to be written to ’0’ must overcome the
pull up pMOS that was previously holding the ’1’ state. As pre-
viously mentioned, at strong inversion voltages, this is solved
by transconductance ratios, and is easily solved by sizing the
pull up pMOS devices equivalent to the nMOS access transis-
tors, as hole mobility is lower than electron mobility. However,
as the gate voltages approach the device’s threshold, the large
current fluctuation due to process variations often disrupts this
ratio. Therefore, even a downsized pMOS can overcome the ac-
cess transistor that is weakened due to higher , longer channel
length, degraded gate widths, etc., resulting in a failed write.
In the proposed cell, the feedback loop from to the gate of

M9 assists in the write operation by weakening the pull up path.
Again, as the cell is asymmetric, the operation is quite different
for the case of writing a ’1’ to a cell holding a ’0’ and vice versa.
Therefore, these two cases will be described separately.
1) The Write ’1’ Operation: Let us assume that the cell is

in the hold ’0’ state, i.e., is discharged to GND and is
charged to . In order to write a ’1’, WBL is driven to
andWBLB is discharged toGND. WWL is asserted and the write
operation commences, as illustrated in Fig. 9. The read buffer
transistors are omitted from the figure, as they are irrelevant
to this operation. Initially, M9 is strongly conducting, enabling
full contention (along with M6) to the pull down path through
M5. Providing this situation would persist, would be pulled
down towards a steady state voltage between and GND.
Under standard conditions, this voltage would be low enough
to turn on M3 and cut off M1, initiating the positive feedback of
the cross-coupled inverters and resulting in a successful write.
However, under certain conditions, such as the SF corner, the
steady state voltage is high enough not to initiate this feedback
and the write would ultimately fail. In this case, the feedback
of M9 comes into play, as is clearly depicted in Fig. 9. As
is charged, M9 is weakened ( ) lowering
the contention to M5. This enables an “easy” write, further en-
hanced by the weakening of M1 as is discharged.
The Write ’1’ margins achieved for the SVT implementa-

tion of the proposed bitcell are shown in Fig. 10, as compared

Fig. 9. Write ’1’ operation.

Fig. 10. Write margin ratio of a Write ’1’ operation as compared to the refer-
ence 8T cell as simulated at various process corners and at all operating voltages.

to the reference 8T cell. The great advantage of the proposed
cell over the reference cell at the SF corner is accentuated by
this graph, showing a vast rise in the write margin ratio as the
supply voltage is lowered. Below 500 mV, the 8T write margin
becomes negative, while the proposed cell maintains a positive
margin down to below 200 mV under global variations. At the
typical corner, the proposed cell provides an advantage over the
8T cell at voltages under 700 mV. At higher voltages and in the
FS corner, the proposed cell’s write margins during a Write ’1’
operation are approximately 10% lower than the reference cell;
however they are still very sufficient, as their absolute value is
high at these voltages.
2) The Write ’0’ Operation: TheWrite ’0’ operation includes

a similar feedback process that provides improved write mar-
gins. We will now assume that is charged to
and that is discharged to GND. To write a ’0’, WBL is dis-
charged to GND and WBLB is driven to . Subsequently,
WWL is asserted, providing us with the initial state illustrated
in Fig. 11 (again, omitting the M7-M8, that are irrelevant to the
process). In this case, the advantage of the write operation is
straightforward, as not only is initially residing at a lower
voltage, but M9 is initially cut-off, providing a pull-up current
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Fig. 11. Write ’0’ operation.

Fig. 12. Write margin ratio of a Write ’0’ operation as compared to the refer-
ence 8T cell according to simulation at various process corners and at all oper-
ating voltages.

that is no match for the strong discharge current of M2. The pos-
itive feedback of the cross-coupled inverters is quickly initiated,
and the storage nodes are pulled up to their respective rails.
The ratios of the Write ’0’ write margins as compared to

the 8T cell are shown in Fig. 12 at various process corners
throughout the full range of supply voltages. The behavior is
similar to that described for the Write ’1’ operation, with the
proposed cell showing an even higher advantage for this opera-
tion. For example, at the typical corner with a supply voltage of
700 mV, the 9T cell’s write margin for theWrite ’0’ operation is
30% higher than the 8T cell, whereas for theWrite ’1’ operation
it is 5% higher.
It is important to look at the dynamic stability of the cell’s

write operation in addition to its static write margins. This
stability takes into account the trajectory of the internal cell
voltages during write access according to different write access
times. A successful write occurs when , where

is the pulse width of the WWL signal and is the
critical write access time that brings the cell state past its
separatrix [37], [38].
Fig. 13 shows the trajectories of Write ’1’ (Fig. 13(a)) and

Write ’0’ (Fig. 13(b)) operations at 300 mV under the SF corner.

Fig. 13. Dynamic trajectories of write operations to the SF-SRAM cell at the
SF corner with a 300 mV power supply. (a) Write ’1’ operation. (b) Write ’0’
operation. Both figures include the trajectories of: (1) a successful write opera-
tion with a very long write pulse; (2) a successful write operation with a write
pulse close to the minimum width ( ); (3) a failed write pulse just below
the minimum width; and (4) the trajectory of a (failed) write attempt into an 8T
reference cell under these conditions (with a very long write pulse).

The figures show four cases: a typical (successful) write; a suc-
cessful write with slightly above ; a failed write with

slightly below ; and the trajectory of a (non-time lim-
ited) failed write into an 8T bitcell under these conditions.

C. Write Access Time

As previously explained, the major feature of the SF-SRAM
cell, as compared to the standard 8T cell, is its immunity to
process variations at low voltages, specifically around the SF
process corner. When writing to a standard 8T cell at the SF
corner, the pMOS based pull-up path wins the ratioed fight
against the nMOS based pull down path, such that the write
fails. In the SF-SRAM cell, the internal feedback loop weakens
the pull-up path either at the beginning or at the end of the
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Fig. 14. Worst case write access comparison of the proposed SF-SRAM cell
with the reference 8T cell throughout the range of supply voltages. Under 500
mV, the 8T cell is non-functional at the SF corner, so this corner is excluded
from the comparison at these voltages (i.e., the plot shows the simulated ratio
to the worst case, not including the SF corner).

discharge process, enabling low-voltage writes, in spite of the
strong pMOS. Ultimately, this also strongly affects the access
time, providing a substantial advantage to the SF-SRAM at the
SF corner, which presents the slowest write time for the 8T cell.
Fig. 14 plots the access time ratio between the SF-SRAM

cell and the reference 8T cell across the supply voltage range.
The figure shows the ratio of the worst case access time due
to global variations. For the nominal voltages (above 800 mV),
the proposed cell has slightly longer access times for the Write
’1’ operation, as the supply feedback slows down the positive
feedback of the cross-coupled inverters that is initiated once the
trip point is crossed. However, as the voltage is lowered and the
drive strength ratio between the nMOS access transistors (M2
and M5 in Fig. 1(b)) and the pMOS pull up devices is degraded,
the 8T cell’s access time becomes slower. The SF-SRAM cell
is less affected in these cases, and therefore, the worst case ac-
cess time is faster for the proposed cell. The access time of the
8T cell degrades rapidly as the voltage is lowered, resulting in
write failure below 500 mV. At this point the SF-SRAM’s worst
case write access is approximately 10 faster than the reference
8T, and successful writes are achieved under global variations
at voltages lower than 200 mV. The access time advantage is
not unique to the worst case comparison. At the TT corner, for
example, the proposed cell’s access time is shorter than the 8T
cell at all voltages below 500 mV.
It should be noted that the access times measured above take

into account the delay from the rise of WWL until node
discharges past the cell’s trip point. This definition is almost
non-conditional when discussing an 8T cell, as at this point the
cell’s positive feedback has been initiated and the storage nodes
( and ) will quickly be pulled to their respective rails. The
same is true for the Write ’0’ operation on the SF-SRAM cell,
but not for the Write ’1’ operation. When a ’1’ is written to the
SF-SRAM cell, node is quickly discharged, ensuring that
the final state will be written once WWL is lowered. However,
the negative feedback on causes it to charge at a much slower
pace. Therefore, ifWWL is lowered before charges to its final
value, there will be a finite period during which the voltage at

Fig. 15. Test chip micrograph and evaluation board.

is lower than the final state voltage presented in Section III.
During this period the noise margins will be slightly lower than
those simulated for the cell’s final DC state.

V. IMPLEMENTATION AND MEASUREMENTS

A. Test Chip Implementation and Architecture

The 9T SF-SRAM bitcell was implemented in a low-power
40 nm TSMC technology, using only standard process steps and
multiple implants. An 8 kbit array consisting of 256 rows
and 32 columns was integrated into a test chip and fabricated
on a TSMC shuttle. The micrograph of the test chip is shown in
Fig. 15. Layout of the 9T cell is shown in Fig. 16. This layout
was implemented according to the process design rules, using
minimal width devices with slightly larger than minimal lengths
to dampen the variability. Poly strips were kept equivalently
sized and oriented for advanced node fabrication considerations,
such as double patterning. The implemented layout leaves the
option of adding threshold implant masks to the entire n-well
area, as well as adding an HVT implant to M1, M2 and M5, fur-
ther enhancing the cell’s hold ’1’ margin and reducing leakage,
at the expense of increased write time and slightly reduced write
margins. For area comparison, Fig. 16 also includes the layout of
a standard two-port 8T cell with full adherence to the same de-
sign rules for a fair comparison, rather than comparing the area
to previously reported “pushed rules” implementations. The 9T
layout shows an increased area of approximately 20% over the
8T cell.
Post layout simulations confirmed functionality of the array.

Several tests were carried out to ensure that parasitic effects
wouldn’t impair its operability, such as coupling into the cell
during RWL assertion, especially in the hold ’1’ state. This type
of operation has a negligible effect ( 1%) on the internal data
node voltage; partially due to the horizontal routing of the power
rails creating a shielding between theWWL and RWLwires. Bit-
line cross-capacitance also has a negligible effect on the internal
data levels in the final array.
In order to maintain focus on functionality of the cell and

eliminate risks, the cell periphery was synthesized with stan-
dard cells and read sensing was implemented using a skewed
inverter. This sensing scheme results in an obvious loss in per-
formance at nominal voltages, but enables low voltage testing
without the risk of dysfunctional sense amplifiers at these sup-
plies. To decouple the power consumption of the non-optimal
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Fig. 16. Layout of 9T SFSRAM bitcell and area comparison to standard 2-port 8T bitcell.

peripheries from that of the array core, the array and internal pe-
ripherals (precharge circuits, write drivers, sense inverters) were
powered by a separate supply ( ). Level shifters were in-
serted at the interface between the standard digital circuitry and
the array to enable standard operation of the digital circuits at
nominal voltages, while testing the novel array at low voltages.
A comprehensive built-in-self-test (BIST) block was integrated
with the array to test functionality.
In order to test the performance of the array core without

taking into account the non-optimal, high power peripherals, the
array was operated on a falling-edge initiated half cycle. There-
fore all performance was tested assuming the decoding, write
driving and pre-charged signal were ready prior to the operation.
The timing period started with the falling edge of the clock and
included down-shifting, word line charging, bitcell read/write,
read sensing and up-shifting, finishing with the rising edge of
the next clock. An 8T reference array was fabricated with the
same operating principle for accurate performance and power
comparisons. Typical waveforms, showing subsequent opera-
tion of writing and then reading a ’1’ and then a ’0’, are shown
in Fig. 17.
The clock signal (CLK) is positive-edge synchronized with

the Write-Read Select (WR), Data-In, and Data-Out signals.
The digital periphery drives the write bitlines (WBL, WBLB)
or precharges the read bitline (RBL) according to the WR and
Data-In signals. The write and read wordlines (WWL and RWL,
respectively) are raised at the negative-edge of the clock, fol-
lowing which, the internal nodes are written, or RBL is condi-
tionally discharged. When writing a ’1’, as in cycle (1), is
charged to a level slightly lower than ; however is fully
discharged. When writing a ’0’, as in cycle (3), both internal
nodes are clamped to their respective rails. The read out value
of the cell (Data Out) is stable prior to the next positive clock
edge and is held stable until the next negative clock edge. When

reading a ’0’, as in cycle (4), the Data Out signal falls once
RBL crosses the switching threshold of the skewed sensing in-
verter; slightly above . It should be noted that the signals
CLK,WR, Data In and Data Out are biased at a nominal supply
voltage (1.1 V), whereasWBL,WBLB, RBL,WWL, RWL, and

are connected to the lower supply.
Each column was divided into four 64 row partitions in a di-

vided bitline (DBL) structure [39], to reduce RBL capacitance
and off-row leakage. Each partition was separately precharged
and pre-sensed, with the inverted bitline section signal propa-
gated to a NOR gate at the bottom of each row. Write bitlines
were common for all 256 rows. The complete array architec-
ture, with the addition of the chip select (CS) signal, is shown
in Fig. 18. The reference 8T array was compiled in the same
fashion.

B. Test Chip Measurements

The test chips were packaged and connected to a Xilinx eval-
uation board (see Fig. 15) to enable test control with a standard
FPGA. The arrays were tested with both complete array tests
using an on-chip BIST, as well as specific tests programmed
into the FPGA and propagated through the chip’s I/O pads. All
packaged test chips functioned successfully at the full range of
supply voltages from 400mV to 1.1 V. As mentioned above, the
test setup didn’t enable operation at voltages below 400 mV. An
example set of waveforms, measured at one of the test-chip’s in-
terface is shown in Fig. 19. The waveforms show writing a ’1’
and a ’0’ to two separate addresses and subsequently reading
them out. Synchronization of the array to the negative clock
edge is pointed out in the figure.
Power measurements were taken using the Agilent B1500a

Semiconductor Device Analyzer. Fig. 20 shows the static
(Hold) power of the array when loaded with all zeros and all
ones. At the minimum measured voltage, 400 mV, the array
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Fig. 17. Timing diagram of a subsequent writes and reads (a single bit is illustrated). (1)Write a ’1’; (2) Read the stored ’1’; (3)Write a ’0’; (4) Read the stored ’0’.

consumed 40 nW and 60 nW for the array loaded with ones and
with zeros, respectively. As shown in the figure, the measured
static power of the 8T reference array (entirely loaded with
zeros) was very similar to that of the SF-SRAM when loaded
with zeros.
Dynamic power during single Read and Write cycles are

shown in Fig. 21. The write power is shown for writing a 32
bit word equally composed of zeros and ones, whereas the read
power is shown only for reading a 32 bit vector of zeros, as
the dynamic power consumption for reading a ’1’ is negligible.
The read power was measured for a row in the top quarter of
the array, presenting a worst case power figure in the DBL
structure. At 400 mV, a write operation consumed 360 fW
and a worst case read operation consumed 210 fW. At this
voltage the array was operated at 1 MHz, however this could
be improved significantly with the integration of an enhanced
sensing scheme. An overall comparison of figures of merit with
the reference 8T array is given in Table I.

C. Discussion

Several design factors were presented and compared for
the proposed 9T SF-SRAM, as an alternative to standard
SRAM implementations. The first and foremost advantage of
the SF-SRAM cell is its robust functionality at low operating
voltages, much lower than those achievable with standard 6T
or 8T cells. In addition, the SF-SRAM bitcell provides in-cell

leakage suppression for one of its stable states, sufficiently
reducing the array’s static power dissipation. These advantages
come without the need for additional peripheral circuits and
techniques, such as wordline boosting and supply gating that
present various drawbacks.
The improved characteristics of the SF-SRAM technique

come at the expense of an increase in area and a reduction of
traditional static noise margins metrics. Three implementation
alternatives were discussed, trading off leakage suppression
with static noise margins in the hold ’1’ state. For ultra-low
power applications, operating at sub-threshold supply voltages
and at very low frequencies, the LVT implementation should
be considered. Using a low-threshold transistor as the supply
feedback device reduces the voltage drop at the data ( ) node
during hold ’1’ cycles, resulting in a minimal loss of static
noise margins. The leakage reduction is less significant using
this implementation due to the low resistance of such a device;
however the power reduction at such low operating voltages is
already extremely advantageous.
For applications with higher supply voltages for higher per-

formance, but with an emphasis on static power minimization,
the SVT or HVT implementations should be considered. The
loss of static noise margin is more tolerated at higher voltages,
and the power saving is substantial. Integrating an SF-SRAM
array with a data processing algorithm to maximize cells in the
low-leakage state further enhances this advantage.
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Fig. 18. Architecture of the 256 32 bitcell array with divided wordline and level shifting.

Fig. 19. Measured waveforms at test-chip interface. The figure shows a single
bit written to two different addresses and subsequently read out.

VI. CONCLUSION

This paper presented a novel 9T Supply Feedback SRAM bit-
cell. The operational concepts and mechanisms inside the bit-
cell were discussed. Static and dynamic metrics were presented

Fig. 20. Measured static power of the fabricated SF-SRAM array when all
zeros and all ones are loaded. The reference 8T array was measured with all
zeros loaded, for comparison.

and compared to those of a standard 8T bitcell. Various imple-
mentations were proposed and tradeoffs were explained. The
proposed bitcell provides robust functionality under global and
local process variations throughout the full range of supply volt-
ages, as low as 250 mV. This is achieved without the need for
additional peripheral circuitry. In addition, in one of its stable
states, the cell provides internal leakage suppression, resulting
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Fig. 21. Measured dynamic power consumption of single read and write oper-
ations. The write operation included writing a 32-bit word with an equal number
of ’1’ and ’0’ bits. The read operation included reading a 32-bit vector of ’0’
bits.

TABLE I
9T SF-SRAM FIGURES OF MERIT

in a 15%–60% reduction of static power as compared to an 8T
cell at the same supply voltage (depending on the implementa-
tion).
An 8 kbit array of SF-SRAM bitcells was implemented, fab-

ricated and tested in a Low Power 40 nm CMOS process. Mea-
surement results show full functionality at all voltages between
1.1 V and 400 mV (the limit of the test chip).
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