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ABSTRACT

Conventional N-curve SRAM stability metrics—static voltage noise margin (SVNM), static current noise margin (SINM), write-trip

voltage (WTV) and write-trip current—are extracted from zero crossings or current extrema of the storage-node V-I trace. They

can under-report low-voltage stability loss when the N-curve current amplitude decreases more rapidly than its zero-crossing

separation, approaching exponential dependence as the critical devices enter weak inversion. This letter introduces two area-

integrated indicators, static integrated noise margin (SENM) and write-trip integral, together with bistability collapse voltage and

noise charge margin as complementary robustness indicators. To first order, SENM « SVNM - SINM, so SENM captures the joint
V-I degradation not visible from SVNM alone. Post-layout simulation of a 45 nm 6T cell shows that scaling Vp,;, from 1.0 to 0.4 V
decreases SVNM by 79.0% but SENM by 98.4%; across process corners at 0.6 V, SENM spans 12.3x versus 1.6x for SVNM. A 1000-
point Monte Carlo yields u/o = 8.22 for SENM, comparable to SVNM and above the current-domain and writeability metrics. The
framework complements, not replaces, conventional N-curve analysis.

1 | Introduction

SRAM stability is conventionally evaluated using the butterfly-
curve static noise margin, which provides a voltage-domain
measure from the cross-coupled inverter characteristics [1-4].
The N-curve formulation instead sweeps a storage-node voltage
and records the required injected current, thereby providing
complementary voltage- and current-domain information [5-7].
Its first two zero crossings, V; and V,, delimit the read-stability
region associated with static voltage noise margin (SVNM) and
static current noise margin (SINM), whereas V, and V; delimit
the static write-trip-related region associated with write-trip
voltage (WTV) and write-trip current (WTI). Prior low-voltage
studies have generally retained these point-based extractions [6];
however, they do not represent changes in the complete lobe
shape when the voltage and current components scale differently.

This point-based representation is effective when the voltage
and current components of cell robustness vary in a comparable
manner. In near- and subthreshold operation, that assumption
breaks down. As Vp, is reduced, the critical cell transistors
pass through moderate inversion before weak inversion becomes
dominant. In the weak-inversion limit, the drain current is
approximated by

Vaes =V V,
IDS=IOexp<GSnTTTH> [1—exp<—v—';s)], €))

Equation (1) is used only as the weak-inversion asymptote; all
reported results are obtained from PDK compact-model sim-
ulations in Spectre. It nevertheless explains why the N-curve
current amplitude can decrease faster than the zero-crossing sep-
aration, causing zero-crossing-only metrics to understate the joint
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V-I degradation. The proposed metrics can be extracted at both
nominal and low supply voltages whenever the corresponding
N-curve lobes remain well defined. Their relative advantage
becomes more pronounced at low V,, where the voltage and
current dimensions of the lobes scale at different rates. This letter
formalises an area-integrated alternative through two metrics,
static integrated noise margin (SENM) and write-trip integral
(WTE), computed directly from the same DC sweep that produces
SVNM, SINM, WTV and WTI. Two complementary indicators are
introduced for regimes the DC sweep does not cover: bistability
collapse voltage (BCV), obtained by iterative supply-voltage
sweeping until bistability collapses and noise charge margin
(NQM), obtained by transient fault injection at the storage node.

SENM and WTE complement conventional N-curve quantities:
SVNM, SINM, WTV and WTI retain direct voltage- or current-
domain interpretations, whereas the integrated metrics capture
complete-lobe compression and shape variation. Because they
require only post-processing of the same DC trace, they can screen
low-voltage and process-corner conditions before conventional
transient, timing and statistical verification.

2 | Proposed Framework

Simulation setup: A 6T SRAM cell is implemented in a 45 nm
CMOS PDK using Cadence Virtuoso/Spectre. The pull-up/pull-
down/access device widths are 120/240/180 nm with L =
45nm, § = 1.33, Vi, = 0.42 V and Vg , = —0.43 V. Post-layout
extracted parasitics are included at nominal Vi, =1 V. For N-
curve extraction, WL = BL = BLB = V;;,, with the initial state
Q=0andQ=1 (Figure 1). While these terminal biases remain
fixed, a DC source sweeps Q from 0 to Vpp and the injected
current I;, is recorded. The resulting trace is therefore a quasi-
static cell characteristic rather than a transient write waveform.
Its three zero crossings bound the two lobes introduced above;
the second characterizes the external V-I effort required to trip
the cell under the specified N-curve bias, as shown in Figure 1b.

Metric definitions: The conventional N-curve metrics are

SVNM=V,-V,, SINM= max I,(V), )
WIV=V,=V,, WIl= min I,(V). 3)

WTV and WTI are static trip indicators extracted under the fixed
N-curve bias; they do not represent transient write delay, write
completion or dynamic write energy.

The proposed area-integrated metrics are

Va
SENM = IL,(V)dv, 4
V1

V3

/ 1,(V)dV
Va

For rapid extraction from discrete samples, either lobe area is
approximated by Ay = f:ll M, with Ay = SENMy

over V-V, and WTEy = |Ay| over V,-V;. Zero crossings
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FIGURE 1 | N-curve extraction. (a) Biased 6T cell with the storage-
node voltage swept and I, recorded. (b) Resulting V-I trace; the V-V,
and V,-V; lobe areas define SENM and WTE, respectively. The second
lobe is a quasi-static trip characteristic, not a transient write operation.

between samples are obtained by linear interpolation. The met-
rics are intended primarily for design-time characterisation, but
the same discrete evaluation applies to experimentally sampled
N-curves. SENM and WTE are V-I-plane integrals with units
of A -V (equivalently, W), not time-domain energy quantities;
the watt unit represents a voltage—current margin product and
does not alter the reported comparative degradation trends.
At Vpp =1 V the extracted SVNM and SINM are 366.9 mV
and 65.4 A, giving a triangular first-order estimate %SVNM .
SINM = 12.0 uW, consistent with the simulated SENM in Table 1.

BCV is defined as the supply voltage at which the read-stability
lobe collapses,

BCV =V,, forwhich V,—>V,, (6)

extracted by progressively reducing Vy,, in DC simulation until
the read-lobe zero crossings merge. NQM is the minimum
injected transient charge that upsets the stored state,

NQM = Igg;ertl Qin» Qi = / I () dt, @)
0
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TABLE 1 | Supply-voltage scaling and Monte Carlo robustness of N-
curve metrics for the 45 nm 6T cell.

(a) Supply-voltage scaling

Metric 1V 0.6V 04V Deg. (%)
SVNM (mV) 366.9 154.2 77.1 79.0
SINM (nA) 65.4 19.75 4.82 92.6
WTV (mV) 504.8 262.1 161.3 68.1
WTI (uA) -9.97 22 -0.5 95.0
SENM (uW) 12.0 3.04 0.19 98.4
WTE (uW) 2.52 0.29 0.09 96.4
(b) 1000-point Monte Carlo at V,, = 0.6 V

Metric M o u/c
SVNM (mV) 154.2 18.5 8.34
SINM (1A) 19.75 3.95 5.00
WTV (mV) 262.1 423 6.20
WTI (1A) —22 0.62 3.55
SENM (uW) 3.04 0.37 8.22
WTE (uW) 0.29 0.06 4.83

with 7, = 10, ps and 7; = 100, ps, is injected at the storage node
holding logic ‘0’ under standby bias. Since Qy; = I (7 —7,),
only I, is varied, by bisection, until the stored state is inverted
250 ps after injection. Because BCV requires iterative supply
sweeping and NQM requires transient fault injection, both are
computationally more intensive than DC N-curve extraction; they
are reported as complementary indicators and are excluded from
the Monte Carlo table of direct DC metrics.

Rationale and analytical scaling: The area-integrated formulation
is more informative than the simple product SVNM x SINM. In
strong inversion the read-stability lobe is approximately triangu-
lar; in subthreshold operation the current peak shifts and the
lobe becomes increasingly skewed as the latch transistors move
between operating regions [3, 8]. The product approximation
captures only a bounding-box trend, whereas the integral cap-
tures the true lobe area and its shape distortion. Thus SENM
SVNM x SINM should be interpreted as a first-order scaling
relation, not as the extraction method itself. Let

SVNM(Vpp) SINM(Vpp)
Vpp) = ——— 222 (V) = ——— P22 (3
«(Vop) SVNM(Vom 7(Voo) SINM(VRom ®

From the read-lobe geometry and Equation (4), the normalised
integrated margin is, to first order,

SENM(Vpp)
SENM(Vom

DD

~ a(Vpp)y(Vpp) < a(Vpp), 0<y(Vpp) £ 1.
O]

At higher Vpp, a and y vary more comparably. As supply
scaling moves the critical devices through moderate inversion
and toward weak inversion, y decreases more rapidly and
approaches the exponential limiting behaviour represented by
Equation (1), whereas a changes more gradually. SENM therefore
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FIGURE 2 | Low-voltage evolution of the static write-trip indicators.
WTE retains lobe-area information as [WTI| approaches zero.

captures the compounded reduction of the voltage- and current-
domain components without assuming that Equation (1) is valid
throughout the near-threshold region. This is the structural
reason SENM exhibits a deeper subthreshold collapse than the
voltage-domain projection.

3 | Results

(a) Supply-voltage scaling: Table la reports the metrics at
Vop = 1.0, 0.6 and 0.4 V, demonstrating that SENM and WTE
are extractable from nominal to low-voltage operation and
become increasingly sensitive as the current-domain component
degrades. From 1.0 to 0.4 V, SVNM falls by 79.0% while SENM
falls by 98.4%; the 19.4-percentage-point gap is the empirical
realisation of Equation (9), with SVNM tracking a and SENM
tracking ay as the rapid current-domain reduction represented
by y dominates. SINM and |WTI| confirm this reduction directly,
falling 92.6% and 95.0%, while WTE falls 96.4%. For the reference
read-lobe N-curve at Vi, =1V V, TT, 27°C, sampled against
a 1000-point dense trace, 11 uniformly spaced points per lobe
estimated SENM within 0.16% and 51 points within 0.06%, of the
dense-trace value.

Figure 2 compares the low-voltage resolution of the static write-
trip indicators. As Vp, is reduced, WTI approaches zero, whereas
WTE continues to reflect changes in the residual V-I lobe area.
WTE therefore preserves additional information about the static
trip characteristic but does not replace transient write analysis.

(b) Complementary robustness: BCV and NQM: Figure 3 sum-
marises the two complementary extractions. Panel (a) shows
read-lobe N-curves at decreasing Vpp, with V, and V, coalescing
at the BCV defined by Equation (6). Panel (b) compares the
extracted NQM and SENM trends with supply voltage. Across
—25°C to 75°C at Vpp = 0.6 V, BCV rises by 19%, indicating that
the retention floor itself drifts with temperature—a dependence
invisible to voltage-only read-stability metrics. BCV and NQM
therefore complement SENM and WTE by capturing bistability
collapse and charge-sensitivity behaviour that the DC integrated
lobe metrics cannot resolve on their own.

(c) PVT and statistical variation: Across —25°C to 75°C at V, =
0.6 V, SVNM degrades by 30.8%, SINM by 56.2% and SENM by
41.5%; SENM reports the joint V-I collapse in a single value rather
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FIGURE 3 | Complementary robustness indicators. (a) Read-lobe N-
curves at decreasing Vpp, showing zero-crossing coalescence used to
determine BCV. (b) Extracted NQM and SENM trends versus Vpp at 27°C
under the TT process corner.

than two separately interpretable ones. WTV rises by 31% (the cell
becomes harder to flip) while |WTI| falls by 56.3% and WTE by
50.0%, identifying the high-temperature corner as the minimum
write-integral region.

Across the five CMOS process corners at Vi, = 0.6V, the SF
corner gives the weakest integrated read stability. The FS-to-SF
SENM ratio is 12.3X, whereas SVNM varies by only approx-
imately 1.6x (112.5-185.3mV). This greater corner separation
can identify limiting conditions for subsequent transient and
yield verification.

Monte Carlo variability analysis was performed at V,, = 0.6 V
using process-induced device mismatch; temperature was treated
as a separate operating-condition sweep, so as not to inflate
statistical spread with non-random environmental variation.
Table 1b reports the direct DC N-curve metrics. SENM attains
u/o = 8.22, close to SVNM (8.34) and above SINM, WTV, WTI
and WTE. The higher degradation sensitivity of SENM thus does
not come at the cost of statistical scatter: the integral averages over

the lobe rather than sampling a single zero crossing, suppressing
rather than amplifying point-wise mismatch noise.

(d) Model validation: Closed-form expressions for SENM and
WTE, derived from the latch-transistor I-V formulation of [3, 8]
under the sweep conditions of Figure 1, were compared with post-
layout simulation at the three supply voltages of Table 1a. The
maximum deviation is 1.8%, sufficient for use as a design-time
pre-layout sizing estimate; final robustness assessment remains
based on post-layout N-curve extraction.

(e) Technology scalability and sizing quantization: SENM and
WTE remain applicable across technologies because they are
integrated from the technology-specific N-curve. Additional eval-
uations using 14 and 20 nm predictive (PTM), 28 nm UMC, 45 nm
reference and 180 nm SCL models confirmed portability of the
numerical extraction procedure; this is a model-based portability
check rather than advanced-node post-layout validation. The
45 nm closed-form approximations require technology-specific
calibration because the underlying transistor -V characteristics
change with technology and device architecture. Quantized
fin, sheet or width choices may produce stepwise changes in
transistor strength and SENM, thereby affecting sizing sensitivity
and design-space resolution; because both metrics are integrated
from the resulting N-curve rather than from nominal device
dimensions, the extraction accuracy and the metric definition
are unaffected.

4 | Discussion and Conclusion

This letter has presented four complementary SRAM robust-
ness indicators—SENM and WTE as area-integrated N-curve
metrics, and BCV and NQM for bistability collapse and charge
sensitivity—to augment the conventional projections SVNM,
SINM, WTV and WTI. Equation (9) makes the resulting bias
explicit, and the 19.4-percentage-point gap between the measured
SVNM and SENM degradations at 0.4 V is its quantitative
realisation. The same area-based construction simultaneously
exposes (i) a high-temperature minimum write-integral region
via WTE, (ii) a temperature-dependent retention floor via BCV
and (iii) substantially greater diagnostic dynamic range across
process corners. The Monte Carlo result establishes that this
added sensitivity is not obtained by amplifying statistical scatter:
SENM’s u/o ratio is comparable with SVNM and above the
current-domain and writeability metrics.

Practically, SENM can be used alongside SVNM during corner-
aware sizing. In the present cell, SVNM varies by only approx-
imately 1.6X across process corners, whereas SENM varies by
12.3%, providing clearer separation of the limiting low-voltage
corner. The integrated metrics are accordingly intended for DC
design-space and corner screening, while dynamic read/write
operation, timing, noise tolerance and final sign-off remain
subject to conventional transient and statistical analysis.

SVNM and SINM retain direct relevance to voltage- and current-
driven disturbances, respectively, while the area-integrated met-
rics quantify joint V-I robustness. The principal limitations
are that (i) primary post-layout validation is limited to one 6T
topology in a 45 nm technology, the cross-technology study of
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the preceding paragraph being model-based; (ii) NQM is defined
operationally through transient bisection and is not derived
in closed form; and (iii) the 1000-point Monte Carlo sample
is below typical high-sigma yield-analysis budgets. Extension
to 8T/10T bitcells, advanced device architectures and larger
statistical samples is the subject of ongoing work.
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