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Analysis Towards Minimization of Total SRAM
Energy Over Active and Idle Operating Modes
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Abstract—Computational requirements in highly energy con-
strained applications are driving the need for ultra-low-power
processors. In such devices SRAMs pose a primary energy limita-
tion. This paper analyzes SRAM energy in practical applications
using state-of-the-art power-management techniques. The design
targets and array biasing for energy minimization are developed.
Compared with generic logic, these are characterized by the im-
portant difference that SRAMs generally need to retain data. This
restricts the use of power-gating for leakage elimination, and thus
this paper considers the application of low-leakage data-retention
biasing during the idle-mode. The resulting energy tradeoffs have
important distinctions, and these are analyzed in the presence of
practical variation levels.

Index Terms—CMOS memory circuits, data-retention voltage,
energy minimization, power-aware computing, SRAM.

I. INTRODUCTION

E NERGY-EFFICIENCY is a paramount concern in
modern processors. Emerging architectures favor the

integration of increasing amounts of memory on-chip due to
performance benefits that come at relatively modest energy
cost. SRAMs, in particular, play a critical role due to their
achievable access speeds, their compatibility with standard
processes, and the exponential density-scaling trend that their
designers have been able to successfully enforce. Compared
with generic logic, however, SRAMs are severely constrained
by the simultaneous need for very high density, low leakage,
high performance, and long-term data retention. Although a
diverse range of power-management approaches have been de-
veloped to address these, the prominent role played by SRAMs
makes their power-consumption a key concern in severely en-
ergy constrained applications such as wireless sensor networks,
mobile multimedia, and implantable/wearable biomedical
devices. Fig. 1 illustrates three devices with increasingly severe
energy constraints, and these culminate in the case of a 0.3 V
ULP DSP [1] where the embedded SRAM consumes 69% of
the total processor power.

Due to the importance of leakage-energy in SRAMs, one of
their notable features is the general need for long-term data re-
tention. This restricts the application of power-gating, which
provides effective leakage mitigation in generic logic. As a re-
sult, SRAM energy characteristics differ from those of generic
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Fig. 1. Three low-power applications (45 nm Intel Core 2 [2], 90 nm
ARM1176JZ, and 65 nm 0.3 V MSP430 [1]) culminating in SRAM consuming
69% of the chip power.

logic. This paper analyzes SRAM energy incorporating the al-
ternate power-management techniques that may be applied. For
this, a practical array is modeled. The model applies generi-
cally to arrays of any size and any bit-cell topology. For anal-
ysis, however, a specific array is considered, corresponding to

0.25 m 6 T bit-cells in a commercial 45 nm LP
CMOS process. This is used to establish practical targets for
the most critical optimization parameters (namely and )
with respect to application-dependant performance constraints.
Following this, the effect of device variation is incorporated so
that its impact on the original analysis and tradeoffs can be un-
derstood.

II. SRAM OPERATION AND POWER-MANAGEMENT

In order to integrate a substantial amount of SRAM on-chip,
bit-cell are typically grouped into sub-arrays (usually up to
256 256 bits), as shown in Fig. 2. The need for separate
peripheral control circuitry for each sub-array degrades the
area-efficiency somewhat, but, the performance and energy are
improved thanks to the reduced bit-line and word-line capac-
itances and the ability to apply power-management assists at
the individual sub-array level. As the number of sub-arrays
becomes very large, the active energy of selecting and mul-
tiplexing data to the output of the bank can be significant.
However, the associated circuitry does not face the same den-
sity, stability, and leakage power constraints as bit-cells within
the sub-array. Thus, they can employ more aggressive energy
reduction techniques and more relaxed device sizing choices.

Energy minimization has been studied for generic logic cir-
cuits [3], [4]. SRAMs, however, require some distinct consider-
ations. First, the structure of the array elevates the importance
of leakage energy versus active energy. Active-switching is mit-
igated since only one word-line must be asserted and since the
bit-lines can exploit low-swing reads and column-multiplexed

1063-8210/$26.00 © 2010 IEEE



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

Fig. 2. SRAM structure composed of multiple sub-arrays.

writes. Leakage, on the other hand, is aggravated since it inte-
grates over a read delay that is limited by one tiny bit-cell. This
path faces high variability and does not benefit from the delay
averaging experienced in multistage timing paths [5].

Second, the need for long-term data retention limits the use of
high- power switches. These can virtually eliminate leakage-
currents in combinational logic when performance reduction be-
yond the minimum energy point is tolerable [4]. In SRAMs,
however, data must generally be retained in the array. Thus,
while power-gating may be applied at the end of some system-
level operating phase, the period of this phase is generally not
correlated with just the circuit’s access-speed.

Fortunately, SRAMs can exploit a low-leakage idle-mode
analogous to the (nearly) zero-leakage idle-mode of generic
logic. Instead of gating the supply-voltage, the SRAM voltage
may be reduced to the data-retention voltage . This
is the minimum voltage where the bit-cell’s hold-margin is
preserved, but its leakage current is reduced as much as pos-
sible [6]. Accordingly, after completing a set of array-accesses

associated with a target operation, a sub-array can
switch into idle-mode, where the noise-margins are relaxed
since no accesses are performed and only data-retention is
required. The functionality constraints and energies are sum-
marized in Fig. 3. During the active-mode, the supply-voltage
must be large enough to meet the SRAM read/write margins.
Both active-switching and static-leakage energy are consumed
during this period, . may be optimized freely as
long as it meets the application’s throughput constraint speci-
fied by the retention-cycle time, . During
the set of SRAM accesses required must be completed (i.e.,

), and the corresponding data must be
retained in the array. If is less than , the
SRAM may enter the idle-mode for the remainder of the reten-
tion-cycle where static-leakage energy is consumed, but at a
much lower rate than the active-mode. Additionally, however,
some overhead energy must be incurred in order to switch the
total capacitance that is coupled to the supply-voltage. This can
be achieved with simple (passive) circuits [7], but the ensuing
transition time affects the idle mode energy (recovery back to
the active mode can be achieved quickly (i.e., within a clock
cycle) by way of an array power supply switch [8]). It is worth
noting that the idle mode is useful not only for managing the
leakage-power of the sub-array under consideration, but also
the leakage-power of all inactive sub-arrays shown in Fig. 2,
since as few as one sub-array may enter the active-mode during
a retention-cycle.

A. Energy Components

In this section, the energy components from Fig. 3 will be
modeled. The attempt is to use generic parameters so that the
methodology can apply to a broad range of bit-cells and array

Fig. 3. Summary of energy components contributing to total SRAM energy.

Fig. 4. Sub-array highlighting parameters critical for determining energy.

configurations. Ultimately, the energy components will be com-
bined to analyze the total sub-array energy during a retention-
cycle. The parameters related to the sub-array that are used in
the energy model are summarized in Fig. 4.

1) Active Energy : The active energy associated with
capacitive switching during sub-array reads is given by

(1)

Here, is the total number of array accesses. During each
of these, one word-line capacitance and one column-se-
lect-line capacitance is assumed to switch. Addition-
ally, there is capacitive switching associated with the sense-am-
plifiers , of which there are (where is the number of
columns and is the column-multiplexing ratio). Finally, the
bit-line capacitances switch, but only by an amount re-
quired by the small-signal sense-amplifier .

Similarly, the active energy during sub-array writes is given
by (2)

(2)

Here, the selected bit-lines are switched completely while the
half-selected bit-lines droop (to ) according the state of the
bit-cell.
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2) Leakage Energy : The leakage energy of the sub-
array during the active mode is given by

(3)

Here, the leakage current of a bit-cell is represented by
, and it depends strongly on (through DIBL) and

on . The bit-cell leakage power is multiplied by the size of
the array ( -columns -rows) and the length of the access-pe-
riod to represent the energy. Since both and

also depend on temperature, characterization for absolute
energy requires consideration over the relevant temperature
range.

3) Idle-Mode Energy : The idle-mode energy of the
sub-array is given by (4), shown at the bottom of the page.

Here, corresponds to the time it takes the supply
voltage to droop to the data-retention voltage. If the supply
does not reach the data-retention voltage, no idle-mode energy
is consumed (only overhead energy is consumed to recover
the partial supply voltage droop). If the supply does reach the
data-retention voltage, it is assumed to remain there, and the
corresponding leakage current of a bit-cell is represented by

. Although either the array supply-voltage or ground
may be manipulated to reduce the leakage in the idle-mode,
for this analysis, supply-voltage reduction will be considered.
As with , depends on the temperature, and
hence characterization for absolute energy requires considera-
tion over the relevant temperature range.

4) Overhead Energy : The overhead energy that must
be incurred in order to recover the sub-array supply-voltage is
given by (5), shown at the bottom of the page, ( is the
voltage to which the supply droops, but it cannot be less that
the data-retention voltage, ). Here, the total capacitance
that is coupled to the supply voltage is represented by ,
and the overhead of the control circuitry required to enforce
the idle-mode biasing is represented by . Assuming,
passive voltage regulation, , is dominated by the wire
capacitance to drive the supply switches: (ap-
proaches to minimize this overhead have been proposed [9]). It

should be noted that implies that the idle-mode is only vi-
able if the resulting energy savings exceed the overhead. Specif-
ically

(6)

B. Importance of and

The supply voltage and threshold voltage are critical param-
eters in determining the total energy of the sub-array. Supply-
voltage directly affects the active energy in (1) and (2), and it
also affects the leakage energy in (3), both directly and through
an impact on performance .

The threshold voltage is critical in determining all of the
leakage currents (i.e., , ) as well the array
performance . Additionally, as discussed in Section IV
it has an important impact on the level of variation expected in
the bit-cell devices. The importance of threshold voltage comes
about due to the prominence of leakage energy in SRAMs.
Aside from the fact that SRAM sub-arrays consist of a high
number of leakage paths, the use of intentionally tiny devices
implies extreme variation.

III. SRAM ENERGY ANALYSIS

For analysis, the sub-array parameters summarized in Table I
are used. A practical SRAM based on a 45 nm LP process and
0.25 m 6 T bit-cells is simulated with parasitic capacitances
(for , , , , , and ) included
from layout extraction. Currently, the effect of variation is
omitted (and will be included in Section IV). The minimum
achievable strongly depends on how variability affects
the bit-cell hold-margin, but for the initial analysis a of
0.4 V is supposed.

The parameters and are determined by
the application. has important implications for
determining the relative importance of each energy compo-
nent, while causes most components (except ) to
scale similarly. For the analysis, is assumed,
corresponding to one access of every bit-cell in the 256 256
sub-array (since a column multiplexing ratio of 4 implies that
64 bits are accessed every cycle). To elucidate the energy

(for )
(otherwise)

(for )
(otherwise)

(4)

(for )
(otherwise)

(5)
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Fig. 5. Log-magnitude of sub-array energy components versus � and � (for � � 1 ms; with� � ����, this corresponds to an access period of
over 1 MHz). (a) Active-mode energy components �� �� �. (b) Idle-mode leakage energy component �� �. (c) Overhead energy component �� �.

TABLE I
SUB-ARRAY PARAMETER SUMMARY FOR ENERGY ANALYSIS

trends, various values of are considered that are
relevant for the energy constrained applications mentioned in
Section I. It should be noted that the choice of array configura-
tion has some impact on the relative magnitudes of the energy
components. Namely, the word-line and column-select-line
components of the active energy do not scale with the number
of rows , and, with fewer rows, the access delay can
also be reduced, altering the leakage and idle-mode energies.
The analysis methodology may be applied to various sub-array
configurations. As mentioned in Section II-A, some of the
energy components depend on temperature. Simulations at
various temperatures show that the absolute energy values
vary accordingly. However, the key trends presented below are
persistent (they have been derived for a temperature of 25 C).

A. SRAM Energy Component Scaling

In this section the energy components from Section II-A are
plotted to isolate their characteristics. Fig. 5(a) shows the active
mode energy (i.e., ) as log-magnitude contours.
This plot removes the effect of idle-mode current, and there-
fore behaves similar to that of generic digital logic [4]. Namely,
a minimum energy point is formed based on the active-mode
switching and leakage energies. At high , energy is domi-
nated by switching and scales at an approximate rate of
until leakage-energy becomes significant due to rapid perfor-
mance degradation. scaling effects leakage-current
and performance; as operation approaches the sub- regime,
the two effects begin to negate each other, diminishing the im-
pact of scaling. In deep sub- (i.e., lower-right region), en-
ergy begins rising due to increased static-current from degraded
logic-levels.

Fig. 5(b) shows the idle-mode energy plotted as log-
magnitude contours. Since an array supply voltage of is
assumed, the dependence on is minimal (until be-
gins to approach - this case is discussed below). At
low , the equally spaced vertical contours indicate exponen-
tial leakage-current reduction (by a constant factor of 1.8). At
high and high , the separation between contours begins
increasing since leakage sources not strongly dependant on
(i.e., gate and junction leakage) begin dominating. At high
and low , the contours begin tapering together, indicating
rapid reduction in ; this is brought-on by rapid perfor-
mance degradation during the active-mode. As a result,
approaches , leaving reduced time for the idle-mode.
The blocked region (lower-right) corresponds to an invalid
and regime where the performance degrades beyond the ap-
plication constraint . Finally, it is important to note
that as system-constraints call for increased , the im-
portance of idle-mode energy increases while that of other com-
ponents remains relatively constant; as a result, starts to
have a dominating effect.

Fig. 5(c) shows the overhead energy plotted as log-
magnitude contours. The overhead energy scales predictably as
the supply voltage switches between and . In the cur-
rent analysis, is independent of . Later, in the presence
of variation, the minimum achievable will depend on ,
affecting accordingly.

B. SRAM Energy Scaling

Combining all of the energy components, the log-magnitude
contours for the total energy are shown in Fig. 6. Four different
system performance constraints are considered: 1)
10 ms; 2) 1 ms; 3) 100 s; and 4) 10 s (with ,
these correspond to access periods of slightly over 100 kHz, 1,
10, and 100 MHz, respectively, which are relevant for many en-
ergy constrained applications). The blocked region once again
indicates the and regime where the system performance
constraint cannot be met. It should be noted that, although a
wide and range is plotted, functionality constraints (de-
scribed in Section IV-B) limit the actual range achievable. For
the current analysis a data-retention voltage of 0.4 V is assumed;
thus, this is plotted as the limit for scaling.
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Comparing the plots in Fig. 6, it can be seen that increasing
(i.e., reducing the system performance requirement)

increases the impact of the idle-mode energy, causing the con-
tours from Fig. 5(b) to emerge more prominently. For instance,
in Fig. 6(a), threshold voltage increase rapidly improves the total
energy. On the other hand, with a high system performance re-
quirement [e.g., Fig. 6(d)], the active energy scaling trend from
Fig. 5(a) has increased prominence.

Across all performance cases, an important observation is that
both the idle-mode and active-mode play significant roles in de-
termining the energy trends [in contrast to the energy trends for
generic logic, which are similar to Fig. 5(a)]. For instance, while
the active-mode has an energy minimum [i.e., at 0.5 V
and 0.35 V in Fig. 5(a)], the total energies continue to
decrease with until the performance requirements cannot
be met. Intuitively, the increased emphasis on voltage scaling
is driven by the fact that the sub-array must retain data (and
incur leakage energy) even after the accesses are
complete. Hence, maintaining performance at the cost of
scaling has diminished appeal.

The contours of Fig. 6 advocate reduction and
elevation until the performance requirement can no longer be
met. This implies that the entire retention period
should be spent in the active-mode. Of course, the idle-mode
retains its importance for mitigating the leakage of inactive
sub-arrays in the SRAM configuration of Fig. 2. In practice,
the idle-mode helps towards minimizing leakage in the active
sub-array as well. In order to ensure robust operation, the ac-
tive-mode must be set to accommodate the most stringent
system performance requirement. In the absence of fine-grained
operation-by-operation dynamic voltage scaling (DVS), the
required sub-array performance may exceed the instantaneous
system requirement, making the idle-mode valuable during
the remaining retention period. In fact, even if the number
of accesses and the system performance requirements remain
constant, some margin is necessary to accommodate
process and operating condition variations. Under conditions
where the entire margin is not utilized, its overhead can be re-
duced considerably by evoking the idle-mode. Fig. 7 shows the
energy cost of such margin if provisions for the idle-mode
are not included. Specifically, the energy components for the

10 ms case are normalized to and shown
along a vertical slice corresponding to 0.45 V. Along
this slice, a minimum of 0.45 V just meets the perfor-
mance requirement; this reduces to zero since the entire

is spent in the active-mode. An additional energy
component, , is also plotted. This represents
the leakage-energy that would be incurred if is increased
and no idle-mode is available. By normalizing
to the total original energy , it can be seen that the
leakage-overhead of introducing margin results in a
dominating rise in leakage-energy.

Overall, the results of Fig. 6 convey two important messages:
1) SRAM energy reduction benefits from more aggressive
reduction and elevation than non-state-retaining logic and
2) SRAM performance enhancement can significantly help re-
duce energy by enabling further and scaling. The former
message can be seen by comparing the contours for (see

Fig. 6) with those for [see Fig. 5(a)], which follow the
behavior of generic logic. The latter message can be seen by
observing that the contours in Fig. 6 indicate significantly de-
creasing energy even into the blocked regime (where the system
performance requirement is not met). Both of these design ob-
jectives, however, face oppositions in the presence of variation.
The next section, analyzes this and revises the energy analysis.

IV. IMPACT OF VARIATION ON SRAM ENERGY

The need for large on-chip SRAMs implies that variation at
the 4-5 level must be considered, and the use of intention-
ally tiny devices (in order to maximize cell density) aggravates
the standard-deviations exhibited by critical device parameters.
This section starts by investigating the device-level implications
with regards to variation as the and targets from the pre-
vious section are pursued. Following this, the impact on bit-cell
metrics is considered, and then, finally, the impact on sub-array
energy is derived.

A. Device-Level Impact of Variation

In low- and high- designs, threshold voltage variation
is a dominating limitation. Its effect with scaling is consid-
ered in Fig. 8(a), which shows the normalized on-current of an
nMOS (whose is constant at 0.3 V). As is reduced, the
mean current degrades gradually at first and then rapidly as the
subthreshold regime is approached. Importantly, however, the
deviation between the mean current and the 4 current widens.
As is reduced, threshold voltage variation accounts for a
larger proportion of the gate-overdrive, and it eventually leads
to exponential degradation in subthreshold, as expected. The re-
sulting impact on bit-cells (which is detailed in Section IV-B) is
two-fold: as is reduced: 1) threshold-voltage variation ac-
counts for a larger proportion of the gate-overdrive and 2) the
voltage-noise margins required for functional operation are de-
graded.

Like , scaling according to the targets established in
Section III-B is strongly opposed by device variation. As de-
vices are engineered for higher , the standard deviation of
their increases. Analytically, this can be seen through the
random-dopant fluctuation relationship [10]

(7)

As a result, threshold voltage variation increases roughly with
square-root relationship to (here, , which
has been estimated from several data-points corresponding to
65 nm fabs [10]). The corresponding impact on on-current is
shown in Fig. 8(b), where a constant of 1.0 V is assumed.
As shown, the deviation between mean current and 4 current
widens drastically as is scaled. Once again, the resulting im-
pact on bit-cells is two-fold: as is increased: 1) threshold-
voltage variation accounts for a larger proportion of the gate-
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Fig. 6. Sub-array total energy (at room temperature) for various performance requirements (specified by � ). The arrow indicates the direction of energy
reduction by a factor of 1.22 x between adjacent contours. (a) Total energy for � � 10 ms. (b) Total energy for � � 1 ms. (c) Total energy for
� � 100 �s. (d) Total energy for � � 10 �s.

Fig. 7. Normalized energy components at � � 10 ms versus � ;
the excess energy consumed by leakage is severe if no provision is made for a
low-leakage idle-mode.

overdrive and 2) the standard-deviation of threshold-voltage in-
creases, leading to worse absolute device variation.

B. Bit-Cell Level Impact of Variation

The device degradations exhibited in Fig. 8 oppose the low
and high targets for energy minimization established in

Section III-B. Fig. 9(a)–(c) shows contour plots for the read,
hold, and write margins. The contour labels indicate the re-
spective voltage margin at the corresponding and for
the 4 level (with global-variation) of the 0.25 m bit-cell.
The read margin is represented by the read static-noise margin
(SNM) [11]. The write-margin measures the ability to force a

Fig. 8. Drain-current versus � and � showing deviation between nominal
and 4� cases in the presence of variation. (a) Drain-current versus � . (b)
Drain-current versus � .

desired data-state in the bit-cell by enabling its access devices
and selectively clamping one bit-line to and the other to
ground (here, the negative of the SNM lobe-measurement is
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Fig. 9. Bit-cell operational margins and read-current versus � and � in the presence of variation. (a) Read static-noise-margin. (b) Hold static-noise-margin.
(c) Write-margin. (d) Read-current.

Fig. 10. Total aggregate leakage-current in the presence of variation normal-
ized to nominal aggregate leakage-current assuming no variation.

used [12]). It should be noted, however, that one method of im-
proving write-margin without effecting density is through inde-
pendent adjustment to strengthen the nMOS devices (access
and driver) and weaken the pMOS devices (load). For the pur-
poses of establishing simple trends, however, the current anal-
ysis assumes equivalent device threshold voltages.

The hold SNM has important implications on the sub-array’s
idle-mode energy; although Section III assumed a of 0.4
V, in reality, is set by the minimum supply-voltage at
which the hold-margin can be guaranteed. Namely, this corre-
sponds to along the contour in Fig. 9(b) where the hold
SNM is equal to zero. Since affects the variation exhibited
by the bit-cell devices, this minimum increases with in
the manner shown, diminishing the idle-mode leakage-energy
reduction possible through scaling.

Another important bit-cell metric is read-current. Read-cur-
rent affects the sub-array performance, which ultimately
restricts and scaling for energy savings. The 4
read-current normalized to the nominal read-current is plotted
in Fig. 9(d), showing the increasing severity of performance
degradation due to variation as and are scaled.

Another impact of variation is that it increases the aggre-
gate leakage-currents due to their exponential relationship with

. As a result, positive perturbations have larger magnitude
than negative perturbations, and Fig. 10 shows that the net ef-
fect is that the leakage current summed over the entire array is
significantly elevated even for modest standard deviations in .
Since higher results in higher , the leakage-energy sav-
ings are somewhat degraded.

It is worth noting that several other metrics for read and write
margin also exist, especially to represent the impact of dynamic
error sources such as power-supply noise, bit-line/word-line

transients, and capacitive coupling [13]–[15]. These metrics
may be analyzed in a manner similar to that shown in Fig. 9.

C. Energy Contours With Variation

In addition to degrading operating margins, variation af-
fects the sub-array parameters that determine the energy. For
instance, these include the aggregate leakage-current, the
data-retention voltage, and the access-time (through read-cur-
rent). The affect on these parameters with respect to
and necessitates revision of the total energy analysis. The
revised total energy contours are plotted in Fig. 11. Although
the previous targets remain relevant, several notable differences
emerge.

For the cases with low performance requirement (i.e.,
10 s 1 s), the optimal energy point occurs

outside the blocked region. This implies that it is preferable to
spend a portion of the retention-cycle in the idle-mode rather
than scaling or to extent allowed by . The
underlying reason is that long retention-cycle periods primarily
require high in order to minimize leakage-currents. An
accompanying effect of elevation, however, is that severe
variation degrades performance. Since active-energy is less
critical than total leakage-energy in these cases, increase
has low relative cost but allows the access-times to be reduced
considerably, mitigating the active-mode leakage-energy. As a
result, higher is required (while maintaining high ).

In all cases, the blocked region is considerably expanded
owing to the performance degradation brought on by varia-
tion. The effect of this is particularly detrimental in the high
throughput cases (i.e., 100 s 10 s), where the
energy contours continue decreasing into the blocked region.
As a result, the energy-savings achievable by and
scaling are restricted.

In addition to affecting the energy trends, variation strongly
impacts the absolute total energy. For instance regardless of
the and point, the leakage-current is elevated in the
presence of variation due to the exponential dependence on .
This combines with the dependence on to increase
the absolute leakage-power during the idle mode. Accordingly,
with a of 0.5 V, the idle-mode power is increased by over
2 . The minimum total energy achievable in the four cases

10 ms, 1 ms, 100 s 10 s increases by 1.65 ,
1.56 , 1.28 , and 1.33 , respectively, in the presence of vari-
ation.
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Fig. 11. Sub-array total energy in the presence of variation (at room temperature) for various performance requirements (specified by � ). (a) Total energy
for � � 10 ms. (b) Total energy for � � 1 ms. (c) Total energy for � � 100 �s. (d) Total energy for � � 10 �s.

V. CONCLUSION AND DESIGN DIRECTIONS

This paper presents the total energy analysis for SRAMs over
active and idle operating modes. For the design perspective, this
motivates two important directions for SRAM energy minimiza-
tion. The first is a need for low-voltage SRAMs that can reliably
ensure operating margins in high- (low leakage) technologies.
The second is the need to improve performance as much as pos-
sible to make the low- and high- operation viable while
meeting system throughput constraints.

With regards to and scaling, it is worth noting
that practical SRAMs require some engineering margin (i.e.,
100–200 mV on ). Thus, operation in the range of 0.3
V must be ensured even if a of 0.5 V is targeted by the
minimum energy analysis. A promising approach for such
voltage levels is the 8 T cell [16]. Its essential benefit is the
introduction of a read buffer, which overcomes the read margin
limitation of 6 T cells. Additionally, since separate devices
are used for reads and writes, the two operations can be op-
timized individually through selective device design and cell
biasing. For instance, the read buffer can be optimized for high
read-current (e.g., by lowering ’s) while the storage cell can
be optimized for low-leakage. Thanks to these opportunities,
several ultra-low-voltage buffered-read designs have been re-
ported [17]–[19]. Further while 6 T cells require fewer devices,

8 T cells can be more area efficient at low-voltages by allowing
the use of smaller devices thanks to the robustness against
variation that is afforded by the wider operating margins [20].
It is worth noting, however, that the aspect ratio of the two
layouts will result in different word-line and bit-line lengths,
impacting the active-energies in different manners.

Sense amplifier design is an important area of focus for
improving performance without impacting the bit-cells. The
essential challenge is maximizing small-signal sensitivity while
ensuring robustness to coupling noise, variation, and bit-line
signal degradation, which all raise the need for increased
sensing margin. For instance, in [19] a replica column is used
to estimate bit-line leakage and bias the sense-amplifiers ap-
propriately in the face of signal degradation. In [18] a bank of
small sense-amplifiers is incorporated to combat variation by
selecting only one that exhibits small enough offset. Finally, in
[21] a single-ended sense-amplifier is used for compatibility
with 8 T cells, while offset compensation and regeneration are
used to achieve small-signal sensing.
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