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A High-Density 45 nm SRAM Using Small-Signal
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Abstract—High-density SRAMs utilize aggressively small
bit-cells, which are subject to extreme variability, degrading their
read SNM and read-current. Additionally, array performance
is also limited by sense-amplifier offset and strobe-timing uncertainty. This paper, presents a sense-amplifier that targets all
of these performance degradations: specifically, simple offset
compensation reduces sensitivity to variation while imposing
minimal loading on high-speed nodes; stable internal voltage
references serve as an internal means to self-trigger regeneration
to avoid tracking mismatch in an external strobe-path; precise
small-signal detection withstands small read-currents so that
other bit-cell parameters can be optimized; and single-ended
sensing provides compatibility to asymmetric bit-cells, which can
have improved operating margins. The design is integrated with
a 64-kb high-density array composed of 0.25 m2 6T bit-cells. A
prototype, in low-power 45 nm CMOS, compares its performance
with a conventional sense-amplifier, demonstrating an improvement of 4X in access-time sigma and 34% in overall worst case
access time.
Index Terms—Auto-zeroing, device variation, offset compensation, sense-amplifier, SRAM.

I. INTRODUCTION

H

IGH-DENSITY SRAMs are a critical means for digital systems to benefit from technology scaling. Further,
more and more, these systems target highly mobile applications,
where low power consumption is paramount. As a result, their
constituent SRAMs, whose power is becoming increasingly
dominant, must utilize low-power (LP) CMOS technologies.
At the 45 nm node, bit-cells as small as a 0.25 m are
manufacturable. Fig. 1, however, summarizes the associated
challenges. First, such aggressive scaling requires the use of
tiny devices, aggravating variability. As a result, the cell read
current and read static noise margin (SNM) [1], [2], are greatly
degraded, subjecting the 6T design to a highly constrained
density–stability–performance trade-off. This is, however,
alleviated somewhat in 8T topologies at the cost of density
and sensing complexity. Similarly, sense-amplifiers are also
primarily limited by variation, as their input offset sets the
required bit-line discharge, and, as a result, in many cases, their
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Fig. 1. Critical limitations faced by low-power high-density SRAMs at the
45 nm node.

area has stopped scaling [3]. Accordingly, even though their
density constraints are not nearly as severe as the bit-cell’s,
sense-amplifiers are becoming a limiting feature in high-density
arrays. Finally, another source of variation emerging as a major
limitation is the timing of the sense-amplifier strobe signal,
which does not track well with the array read-path over all of
the operating corners. As a result, excessive margin must be
introduced into the critical read-path.
Although these limitations span the entire array, they can
be greatly alleviated by means of the sense-amplifier. The following sections start by elaborating on the challenges faced by
low-power high-density SRAMs and how they are related to the
sense-amplifier. Then, the emerging need for efficient singleended sensing schemes are developed. Finally a new sense-amplifier structure is introduced to address the challenges, and prototype results are presented.
II. HIGH-DENSITY SRAM DESIGN CHALLENGES
The most urgent challenges in high-density SRAMs arise
from severe variation in the bit-cell and the trade-offs inherent
in its structure. The following subsections describe how these
are related to the sense-amplifier.
A. Read-Current Degradation
Low-power SRAMs must incur the reduced
that
comes with technology optimizations to manage leakage-currents. Fig. 2(a) shows how read-current scales further with
cell size. The reduction in mean read-current is a direct consequence of reducing the size of the driver devices. However,
the increased variation in the smaller devices also results in
severer degradation to the weak-cell read-current in proportion
to this already reduced mean read-current. For instance, the
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Fig. 2. Degradation in bit-line discharge time for high-density SRAMs caused by (a) reduced cell read-current and (b) increased bit-line capacitance.

5 read-current for the 0.25 m cell is easily degraded by an
additional factor of two.
Furthermore, in high-density arrays, the integration of many
cells per bit-line, in order to maximize array efficiency, leads
to very large bit-line capacitance. As shown in Fig. 2(b), the
, which is critical to the array’s
resulting ratio of
performance, suffers even further.
B. Read SNM Degradation
The increased variation in the highest density bit-cells degrades the read SNM in the same manner as the read-current
[2]. Fig. 3(a) shows this reduction in the presence of variation (at
the 5 level) as the cell area is scaled. Accordingly, in high-density bit-cells, read-current and read SNM, which are both critical
metrics, are simultaneously stressed. Exacerbating the matter
even further, in 6T bit-cells, these exhibit a strong inverse correlation, as shown in Fig. 3(b) [4]. This comes about as a result of
the bit-cell access-devices, which must be strong for maximum
read-current but weak for maximum read SNM. Unfortunately,
then, optimizations targeting one are likely to worsen the other.
Nonetheless, for functionality, read-stability remains the paramount concern, and cell design trends and circuit assists preferentially aim to improve read SNM, leading to further reduction
in read-current [5].
Accordingly, density and stability trade-offs imply the urgent
need for an alternate method to recover the ensuing loss in array
performance. Although 8T bit-cells overcome this interdependence, as mentioned in Section III, they impose additional requirements with regards to data sensing.
C. Sense-Amplifier Strobing Uncertainty
The sense-amplifier strobe signal must ensure that enough
time is allocated for bit-line discharge to overcome the senseamplifier offset. However, as shown in Fig. 4(a), the bit-line discharge time depends on the delay through the array read-path,
which is limited by the weakest bit-cell. Such a cell, whose statistical characteristics might be beyond the 5 level, is impossible to replicate in the strobe control path. Consequently, as
shown in Fig. 4(b), the timing of the two paths diverges greatly

over process, voltage, and temperature corners [6] even if carefully laid out SRAM devices are employed in the strobe path, as
in [7].
Since the strobe path must be designed such that it is
longer than the array path in all cases, this implies, as shown in
Fig. 4(b), that in many cases, it will be much longer than it needs
to be, thereby excessively limiting the overall performance. In
fact, the overall worst case delay, for the array configuration
considered, need only be 820 ps based on the read-path delay;
however, the actual worst case delay is 980 ps, limited by the
strobe-path, imposing an excess overhead of nearly 20%.
III. SINGLE-ENDED SENSING
One way to address the severe stability limitation plaguing
the bit-cell is to use an alternate structure. Asymmetric cells,
both 7T [4] and 8T [8], can have much wider operating margins,
making them particularly compelling in the face of increasing
variation [9]–[11]. However, neither of these provides a differential read-port, and, therefore, they require a compatible means
for efficient single-ended sensing.
The most common technique used with 8T designs is
full-swing sensing [3]. Here, the read bit-line must discharge
almost completely so that the read data can be detected by a
sensing structure that may be reduced to essentially a logic
gate. To maintain performance, however, bit-line discharge
times must be minimized through the use of large bit-cells, to
increase read-current, and very short bit-lines, to reduce bit-line
capacitance. Unfortunately, both of these directions severely
degrade the density.
Alternatively, small-signal sensing can be retained by employing a pseudo-differential sense-amplifier [12]. However,
here, generation of the complementary reference is unavoidable, and, importantly, it must track all operating conditions
even with respect to cells in the tails of the arrays statistical
distribution. As a result, its design and testability is highly
complicated.
A. Noise Sensitivity
An important drawback to any single-ended sensing scheme
is the loss of common-mode noise rejection capability both on
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Fig. 3. Read SNM trade-off in high-density SRAMs limited by (a) cell size and (b) inverse correlation with cell read-current, caused by opposing access-device
requirements.

Fig. 4. Array read-path and sense-amplifier strobe-path (a) limited by matching to 5 bit-cell and (b) exhibiting severe delay divergence over process-voltagetemperature conditions, leading to excess overall delay.

the power-supply and on the bit-lines. As a result, an inherent
trade-off is introduced between sensitivity, which ultimately affects the array’s performance, and robustness to noise. Since
no distinction can be made between noise on the bit-line and
read-data droop, it becomes critical to ensure a desired level of
bit-line noise margin, and relatedly, the sensitivity (or, correspondingly, speed) must be characterized with respect to this
noise margin.
IV. NON-STROBED REGENERATIVE SENSE-AMPLIFIER
The Non-Strobed Regenerative Sense-Amplifier (NSR-SA)
shown in Fig. 5 addresses the limitations described in Section II.
and
) form an amTwo cascaded inverters (
plification path that is self-biased for high-gain by the feedback
. As described in Section IV-B, these also perform
switches,
offset compensation of the inverter amplifiers via input auto-zeroing [13]. Importantly, however, to support small-signal
sensing, which greatly improves the density-performance
trade-off of the array, the large gain required is achieved most
efficiently through regeneration [14]. Accordingly, the regener, provides very large positive-feedback gain.
ative device,
A critical feature, however, is that regeneration requires no

external enable or strobe signal, thereby overcoming the severe
tracking uncertainty described in Section II-C. Instead, the
ideal DC transfer function, shown in Fig. 5, is implemented in
continuous time, and the precise point at which regeneration is
enabled depends only on the input bit-line voltage (with respect
). Further,
is very
to the internal reference,
stable despite variation since it is generated implicitly by the
original auto-zeroing, and, additionally, its precise value can
be selected by design. Accordingly, this sense-amplifier, which
is single-ended and compatible with asymmetric bit-cells,
can enforce a desired balance between sensitivity and noise
rejection.
A. Basic Operation
The NSR-SA operates over two phases: reset and detection.
The reset phase occurs during SRAM bit-line pre-charge, during
which the sense-amplifier does not need to detect bit-line droop.
Hence, this time is used to perform self-correction of offsets
via auto-zeroing. The detection phase corresponds with bit-line
discharge, where the actual read-data must be quickly resolved.
1) Reset Phase: The purpose of the reset phase is to charge
and
the internal nodes so that the inverters formed by
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Fig. 5. Non-strobed regenerative sense-amplifier (NSR-SA) schematic and ideal transfer function.

Fig. 6. NSR-SA circuit and waveforms during reset phase.

are biased in their high-gain regions very close to their
ideal trip-points. Simultaneously, this initializes the regenera, such that its positive feedback gain is very low.
tive device,
As mentioned, the reset phase occurs during bit-line
pre-charge; however, it is actually meant to occupy only a
small portion of this period. For instance, as shown in Fig. 6,
pulse is asserted (even its duration as shown is
a short
much longer than required). During this time, the input node
are pre-charged, while, simultaneously,
and output stage
, are closed, and the
the negative feedback switches,
, are opened. Consequently, as
regeneration switches,
shown in Fig. 6, nodes and get biased to mid-rail voltages
at the inverter trip-points, which are nominally designed to be
equal. Offsets can lead to differences in their precise value, but
the analysis in Section IV-B describes how this biasing greatly
attenuates the errors.

and
settle to their required
It can be seen that nodes
reset values in less than 100 ps, implying that only a very
pulse is required. It should be noted, however, that
small
while nodes and remain at these mid-rail voltages, a static
current path exists through
and
. As discussed in
Section V-B, however, the total power overhead introduced as
a result is small.
2) Detection Phase: Following reset, bit-line discharge must
be detected. First, the case where the bit-line remains high at its
pre-charge value (i.e. logic “1”) will be considered. Here, the
, remains unchanged, so all internal voltbit-line voltage,
ages remain essentially at their reset bias values. For instance,
,
as shown in Fig. 7, after the negative feedback switches,
are opened, nodes and remain unchanged aside from small
perturbations arising from charge-injection errors from the
switches (which will be addressed in Section IV-C). Accord-
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Fig. 7. NSR-SA circuit and waveforms during detection phase (for both bit-line logic cases).

ingly, when the
switches are closed to enable
and
, the
of these devices remains very small, and in fact,
as discussed in Section IV-C, even negative, thanks to charge-injection errors originating from the specific choice of the devices
switches. As a result, the output
used to implement the
is sustained. Of course, bit-line leakage,
logic level of
, can compromise
arising from the unaccessed cells sharing
the logic “1” value, leading to detection errors. Although, the
noise margin can be designed to reject these (as
NSR-SA’s
discussed in section Section IV-D), maximum-leakage simulations in the target LP process indicate that, for the 256 cells/
configuration considered, the nominal NSR-SA rejects bit-line
leakage for access times up to 35 ns, which is much longer than
the target delays.
Alternatively, in the logic “0” case, also shown in Fig. 7, an
intentional bit-line droop is detected. Here, the voltage of node
rises rapidly, as a result of the inverter gain, and the voltage of
node decreases even more rapidly, as a result of the cascaded
inverter gains. Correspondingly, at some point, the regenerative

device’s (i.e.,
’s)
, which is the difference between the
voltage of nodes and , becomes large enough that the device
turns on, triggering positive feedback. Subsequently, the input
of the first inverter is actively pulled low, and the entire NSR-SA
quickly latches. The precise point where regeneration is enabled
can be seen at the annotated inflection in the waveform of node
. Shortly after this, the output,
, quickly changes its state.
3) Output Clocking Margin: As mentioned, an important
feature of the NSR-SA is that regeneration is triggered by the
input bit-line droop itself, rather than an explicit strobe signal.
Nonetheless, the read data must ultimately be clocked at the
array output. However, as shown in Fig. 8(a), the timing problem
described in Section II-C has actually been overcome and not
.
just propagated to the subsequent output clock,
By comparison, for instance, the strobe signal of a conventional sense-amplifier must arrive during the bit-line discharge
phase, before the next pre-charge phase can begin. As a result,
the timing of the strobe signal limits the critical read-path inside
the array. However, as shown in Fig. 8(b), the NSR-SA latches
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Fig. 8. Output clocking (a) at array-level with (b) waveforms showing decoupling from internal critical read-path.

Fig. 10. 10 k point Monte Carlo simulation showing improved sigma of
NSR-SA access time compared to conventional sense-amplifier access time.

Fig. 9. Offset compensation (a) technique and (b) analysis.

the output without a strobe signal, and the output state remains
valid until the reset pulse is asserted. Since the reset pulse can
be a small fraction of the pre-charge phase, the output data can
be clocked well after the pre-charge phase begins, until the data
is cleared by the reset pulse. As a result, its timing is decoupled
from the critical read-path inside the array.
B. Offset Compensation
In Fig. 9(a), the inverters are abstracted by their logic symbol,
and each of them is modeled as being ideal and offset-free.

The offsets are modeled as the series voltage sources,
,
each of which is associated with an inverter and the regenerative
device.
switches are closed, forcing
During the reset phase, the
the inverters into negative feedback. Analytically, this implies
that the input and output values of the voltage transfer characteristic (VTC) must be equal, as shown by the diagonal line.
Accordingly, if the inverter is offset-free, as in the case of the
, which is
solid VTC, its input would settle to the voltage
the ideal trip-point. However, offset shifts the VTC to the left
. Now, as shown by the dotted VTC,
by an amount equal to
the input instead settles to a value approximately equal to
. In particular, this requires that the VTC is nearly vertical
near these trip-points, which corresponds to a large inverter gain.
gets stored
If this is the case, the resulting voltage of
appears
on the preceding coupling capacitor. As a result,
, canceling the offset-voltage and
in series with the actual
biasing each inverter to its ideal trip-point.
Complete offset cancellation in this manner, however, requires that the gains of the inverters be infinite. Practically, the
offset is only reduced by a factor equal to the finite inverter
, where
gain [13], which is approximately given by
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Fig. 11. NSR-SA robustness to false-regeneration in the presence of charge-injection errors.

is the transconductance and
is the output resistance of the
inverter devices. As shown in Fig. 9(b), however, the residual
offset of the second inverter stage is reduced by an additional
when input referred, which requires dividing by
factor of
the preceding inverter’s gain. Finally, nothing explicit is done
to manage the offset of the regenerative device, but, once again,
its contribution to the overall offset is very small when input
is given by
referred, since the gain from the input to its
through the inverter path. Accordingly, after
all of the attenuation factors in Fig. 9(b), the offset of the first
inverter dominates, but it is significantly reduced thanks to the
offset compensation.
A Monte Carlo simulation of the access-time distributions
for the NSR-SA and a conventional strobed sense-amplifier is
shown in Fig. 10. In this context, access time includes the delay
of the word-line driver, bit-line discharge, and sense-amplifier,
and it is measured from the word-line enable signal to the senseamplifier output valid. A 256-by-256 array configuration is considered with a mean bit-cell, so that the variation in the senseamplifiers can be isolated. The conventional sense-amplifier has
been sized for minimum offset while occupying a layout area
of 12 m , and it also includes the strobe timing margin required to ensure sufficient bit-line discharge in all operating conditions. Nonetheless, as shown, it achieves good mean performance thanks to its differential operation, as, nominally, it must
wait long enough for only a very minute differential to develop
on the bit-lines. However, because it is more sensitive to variation, its sigma is much worse at 37 ps, compared to 18 ps for
the NSR-SA, and, therefore, it achieves far slower worst case
performance.
The greatly improved stability achieved by the NSR-SA
points to the benefit of offset compensation. However, the next

primary limitation to its sigma comes from variation in the
switches.
charge-injection errors introduced by the
C. False Regeneration Immunity
An even more urgent failure mode arising from charge-injection errors than residual delay sigma, however, is that, in an
amplifier with high gain and regeneration, these can potentially
result in resolution to the wrong output state, from which recovery might not even be possible. For instance, in the NSR-SA,
if charge-injection errors were to cause the input of the first inverter to decrease and the input of the second inverter to increase, the gain through the inverters would cause a large posion the regenerative device,
, causing the output to
tive
transition and latch, regardless of the input bit-line voltage.
The NSR-SA, however exploits the fact that it only needs to
respond to bit-line discharge, not up-charge. As a result, regeneration only needs to occur in one direction, and, as shown in
Fig. 11 the charge-injection error sources can be designed to
oppose that direction. Specifically, the main device used for the
switch is a PMOS, whose charge-injection errors tend
first
to increase the input of the first inverter, and the main device
switch is an NMOS, whose charge-inused for the second
jection errors tend to decrease the input of the second inverter.
As a result, nodes and decrease and increase respectively,
giving a negative
on
, pushing it away from false regeneration.
D. Regeneration Trip Point
Although offset compensation improves the stability of the
NSR-SA in the presence of variation, it is also important to set
, based on speed and noise reits nominal trip-point,
jection considerations. One way to achieve this control is by
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Fig. 12. NSR-SA technique to set regeneration trip-point (V

) for noise rejection and sensitivity considerations.

Fig. 13. IC die photo of prototype implemented in low-power 45 nm CMOS to
compare performance of NSR-SA with conventional sense-amplifier.

adjusting the reset voltages of nodes
and , which change
the
of
and trim the amount of additional bit-line discharge required to actually trigger regeneration. This can be implemented, for instance, with the addition of an appropriately
sized device at the inverter outputs, as shown in Fig. 12. This
device can be either an NMOS or PMOS (NMOS is shown), depending on the trimming required, and, with its gate connected
to an appropriate rail voltage, even a very small device (less than
0.2 m 0.2 m) results in a wide range of output reset voltages
(covering almost 0.3 V, in this case).
V. TEST-CHIP
A photograph of the prototype test-chip, which is implemented in LP 45 nm CMOS is shown in Fig. 13. A block
diagram of its architecture is shown in Fig. 14. Here, two
64-kb (256 by 256) arrays of high-density 0.25 m 6T SRAM
bit-cells are integrated. The first drives a set of conventional
strobed sense-amplifiers, of the structure shown in Fig. 10,
and the second drives a set of NSR-SAs, so that the relative
performances can be accurately compared.
To measure the access time with the NSR-SA, the word-line
, must be asserted, and the
signal
enable signal,
must be swept inward, as shown in Fig. 14, until bit-failures appear. To measure the access time with the conventional sensesignal must be swept inamplifier, however, first the
signal held at a much larger delay, and
ward, with the
signal must be swept in to measure the final
then the

Fig. 14. Block diagram of prototype test-chip and access-time measurement
methodology.

access time. This two sweep procedure is also shown in Fig. 14.
access times can then be suitably
The final
and
paths for the two arcompared, since the
rays are carefully matched on-chip.
A. Noise Characterization
As mentioned in Section III-A, with any single-ended sensing
scheme, it is important to characterize the noise rejection versus
sensitivity performance. In the case of bit-line noise, this requires dedicated additional circuitry, which is shown in Fig. 15,
to inject a controllable noise amplitude on one set of bit-lines. In
can be pulsed from
particular, the coupling capacitors,
off-chip, and the bit-line noise can be estimated from the amplitude of the off-chip pulse (set by the potentiometer), and the
and
nominal ratio of the capacitor divider formed by
. Simultaneously,
the actual parasitic bit-line capacitance,
the regeneration trip-point of the NSR-SA can be adjusted by
injecting a controllable current at the inverter outputs using

Authorized licensed use limited to: MIT Libraries. Downloaded on January 17, 2009 at 11:25 from IEEE Xplore. Restrictions apply.

VERMA AND CHANDRAKASAN: A HIGH-DENSITY 45 nm SRAM USING SMALL-SIGNAL NON-STROBED REGENERATIVE SENSING

171

Fig. 15. Dedicated circuitry to inject a controllable noise amplitude on one set of bit-lines and independently adjust the sensitivity/noise rejection of the NSR-SA.

and
, whose gates are biased off-chip. As a result, this allows
both the bit-line noise and NSR-SA sensitivity to be varied, allowing noise rejection to be characterized versus access-speed.
B. Measurement Results
Measurements were taken from 53 chips in order to capture some statistical behavior. The access-time distributions for
the NSR-SA and the conventional sense-amplifier are shown in
Fig. 16. Additionally, a distribution of the difference between
the access times on each chip is also plotted to de-embed the
absolute delays through board traces and chip packaging. As
shown, the NSR-SA achieves superior sigma, as expected from
Monte Carlo simulations. Unlike Fig. 10, however, the measurement results include the effect of variation in the bit-cells, and
as a result the absolute delays here are larger. Nonetheless, especially in the presence of this extra variation, which implies
lower worst case bit-cell read-current, the NSR-SA performs
very well, achieving a factor of four reduction in access-time
sigma. Accordingly, the overall worst case delay improves from
2.46 ns to 1.63 ns, representing a speed-up of 34%.
The bit-line noise rejection observed with respect to access
time is shown in Fig. 17. Here, the NSR-SA is tuned for each
plotted access-time point, and the bit-line noise is increased
until erroneous data is observed, yielding the corresponding bitline noise rejection point. In the case shown, for instance, the
NSR-SA can be tuned for nearly 50 mV of noise margin, corresponding to an increased amount of bit-line discharge required
for data sensing. Alternatively, the speed can be increased by
tuning for increased bit-line discharge sensitivity at the cost of
noise margin.
With regards to transient supply noise, no severe effects in
.
functionality were observed with large negative pulses on
However, long positive pulses larger than 55 mV that occur after
the reset phase must be managed with proper system timing in
order to avoid incorrect data latching.
A performance summary of the NSR-SA and conventional
sense-amplifier is provided in Table I. Each conventional sense-

Fig. 16. Access-time measurements from 53 chips showing a factor of four
improvement in the NSR-SA distribution sigma compared to the conventional
sense-amplifier sigma.

Fig. 17. Measured bit-line noise rejection with respect to access time, showing
ability to tune one at the cost of the other.

amplifier occupies a layout area of 12 m while each NSR-SA
occupies 19 m , though this includes all of the testability features that have been integrated for characterizations purposes
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TABLE I
TEST-CHIP PERFORMANCE SUMMARY

Includes testability features

only. Additionally, during the reset phase, each NSR-SA draws
static power of 23 W while its inverters are at their trip-points,
and, in total, this contributes 7% to the overall array power when
the array is running at 100 MHz.
VI. CONCLUSIONS
Low-power, high-density SRAMs are critical to technology
scaling in a broad range of applications and devices. Their
reliability, however, is threatened by extreme variability, and
excessive margining to cell stability, sense-amplifier offset,
and array timing is required. As a result, severe performance
compromises must be incurred. To recover these, however,
an offset compensating self-regenerating sense-amplifier
is integrated into a 64-kb array of high-density 0.25 m
bit-cells in low-power 45 nm CMOS. By performing simple
auto-zeroing to detect and correct its own offsets, the sense-amplifier achieves high-stability in the presence of variation.
Further, the stable internal voltage references are exploited
as a means to self-trigger regeneration without relying on an
external strobe-path, thereby precluding the associated timing
uncertainty. The ability to stably detect small-signal bit-line
discharge implies that smaller read-currents can be accommodated for a given performance requirement, and the bit-cells can
thus be optimized for stability, facilitating increased density.
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