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Abstract—Reductions in CMOS SRAM cell static noise margin
(SNM) due to intrinsic threshold voltage fluctuations in uniformly
doped minimum-geometry cell MOSFETs are investigated for the
first time using compact physical and stochastic models. Six sigma
deviations in SNM due to intrinsic fluctuations alone are projected
to exceed the nominal SNM for sub-100-nm CMOS technology gen-
erations. These large deviations pose severe barriers to scaling of
supply voltage, channel length, and transistor count for conven-
tional 6T SRAM-dominated CMOS ASICs and microprocessors.

Index Terms—MOSFET fluctuations, SRAM scaling, SRAM
stability projections, static noise margin.

I. INTRODUCTION

W ITH scaling of MOSFET dimensions, microscopic
variations in number and location of dopant atoms in

the channel region of the device induce increasingly limiting
electrical deviations in device characteristics [1]–[3]. These
atomic-level intrinsic fluctuations cannot be eliminated by
external control of the manufacturing process and are most pro-
nounced in minimum-geometry transistors commonly used in
area-constrained circuits such as SRAM cells [4]. Furthermore,
intrinsic fluctuations are independent of transistor location
on a chip. The threshold mismatch between neighboring cell
transistors due to intrinsic fluctuations typically contributes
to larger reductions in static noise margin (SNM) than the
threshold voltage mismatch due to macroscopic manufac-
turing-related variations in scaled CMOS SRAM cells [4].
Previously developed analytical SNM models for 6T CMOS
SRAM cells [5] would be unsuitable for assessing the impact
of intrinsic fluctuations on cell stability since these models
assume long-channel square-law device behavior. The SNM
model in [5] also assumes identical device threshold voltages
across all cell transistors, making it unsuitable for predicting
the effects of threshold voltage mismatch between adjacent
transistors within a cell on SNM.

In Section II, an analytical model for the SNM of a 6T CMOS
SRAM cell is derived and verified with HSPICE. This SNM
model, derived using the physicalTransregionalMOSFET drain
current model [6], [7] identifies the individual contributions of
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each cell transistor to the cell SNM, permitting an assessment
of the cumulative impact of simultaneous fluctuations in all
cell transistors on its stability. Its physical rather than empir-
ical origin enables greater insight into MOSFET parameters that
are most critical to cell stability. This model considers 1) ver-
tical and lateral high field effects on carrier mobility; 2) short-
channel threshold voltage roll-off [8]; and 3) temperature de-
pendencies of carrier mobility, threshold voltage, and carrier
saturation velocity. In Section III, a methodology to calculate
the joint probability density function (pdf) of cell SNM is de-
scribed, given the pdf of threshold voltage variations of each
minimum geometry cell transistor due to random placement of
dopant atoms. This methodology permits a stochastic assess-
ment of reductions in cell SNM due to the independent intrinsic
fluctuations in each of the cell transistors. Section IV applies
this methodology across the 1997 NTRS technology nodes [9]
to project standard deviations in SNM due to intrinsic fluctua-
tions.

II. A 6T CMOS SRAM SNM MODEL

The SNM of a CMOS SRAM cell is defined [10] as the min-
imum dc noise voltage necessary to flip the state of a cell. The
SRAM cell circuit schematic and static transfer characteristics
during standby mode and during a read access are shown in
Fig. 1. Graphically, as seen in Fig. 2, the SNM equals the noise
voltage necessary at each of the cell storage nodes to shift the
static characteristics of the two cell inverters vertically or hor-
izontally along the side of the maximum nested square so that
they intersect at only one point [10]. The cell is most vulner-
able to noise during a read access since the “0” storage node
rises to a voltage higher than ground due to a voltage division
along the access and inverter pull-down NFET devices between
the precharged bitline (BL) and the ground terminal of the cell.
The ratio of the widths of the pull-down transistor to the access
transistor, commonly referred to as thecell ratio or beta ratio,
determines how high the “0” storage node rises during a read
access. Smaller cell ratios translate into a bigger voltage drop
across the pull-down transistor, requiring a smaller noise voltage
at the “0” node to trip the cell. During a read operation, the con-
ducting access transistors lie in parallel to the pull-up PFETs,
lowering the gain of the static transfer characteristic [5] and fur-
ther decreasing cell immunity to noise. The side of the max-
imum square nested between the inverter characteristicsduring
a read accessthus equals the SNM of the cell.

Using the Transregional MOSFET drain current model [6],
[7] analytical expressions for the static transfer characteristics,
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Fig. 1. Circuit schematics of a CMOS SRAM cell during standby mode and during read access. The cell is most vulnerable to noise during a read access.

Fig. 2. The static noise margin is defined as the minimum noise voltage
present at each of the cell storage nodes necessary to flip the state of the cell.
Graphically, this may be seen as moving the static characteristics vertically
or horizontally along the side of the maximum nested square until the curves
intersect at only one point.

and of the two cell inverters (Fig. 1) in the neighborhood
of the cornersB, A′ and B′, A of the maximum squares can
be derived by solving Kirchoff’s current law at the cell storage
nodes and , respectively:

(1a)

(1b)

The subscript “ ” is indicative of the right-hand side of the
cell and the subscript “” indicative of the left-hand side. Sub-
script “ ” indicates the pull-up PFET device and subscripts “”

and “ ” correspond to the inverter pull-down NFET and the ac-
cess NFET, respectively. This notation will be used in the re-
mainder of this paper to identify any device parameter unique
to a cell transistor.

In the neighborhood of cornerB (Fig. 1), (1a) can be approx-
imated by neglecting the current , through transistor
whose gate–source voltage atB is below threshold. In the neigh-
borhood ofA, (1a) may be approximated by neglecting the cur-
rent , through transistor , whose gate–source voltage
is approximately equal to the threshold voltage. Similarly, (1b)
may be approximated in the neighborhoods ofB′ andA′ by ne-
glecting the currents and in these neighborhoods, re-
spectively. HSPICE simulations of the cell static transfer char-
acteristics are shown in Fig. 3. The currents in (1a) are plotted
in Fig. 3 as well, as a function of storage node voltage. The
above approximations can be seen to be valid, in the neighbor-
hoods ofB andA.

With these approximations, (1a) and (1b) in the neighborhood
of B andA′ reduce to

(2a)

(2b)

For sub-100-nm generations, even if the subthreshold leakage
current were merely two orders of magnitude smaller than the
MOSFET on current, which corresponds to a device threshold
voltage of barely 200 mV, the approximations assumed in (2a)
and (2b) would still be valid. We can see this by looking at Fig. 3
on the right-hand side, corresponding to a linear scale of cell
transistor currents. At regions in the neighborhood ofB andA,
the off currents of cell transistors would barely be a few percent
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of the on currents, permitting (2a) and (2b) to maintain validity
for scaled generations as well.

At B, the transistor operates in the saturation region and
transistor operates in the linear region. From the Transre-
gional model, neglecting the small exponential terms, we have

(3)

(4a)

with

(4b)

Substituting (3) and (4) into (2a), we get a quadratic equation in
whose solution yields an approximation to the static

transfer characteristic of inverter , in the neighborhood of
B:

(5)

At point A′, transistor operates in the linear region and
transistor in the saturation region. From the Transregional
model, neglecting the small exponential terms

(6)

(7a)

Fig. 3. HSPICE simulations of the cell static transfer characteristics.
Parameter values used are listed in Table I. Transistor currents given by
(1a) and (1b) in the neighborhood of the diagonally opposite corners of the
maximum square,B andA’ , can be approximated using (2a) and (2b).

Fig. 4. The analytical models (5), (8) that approximate the static transfer
characteristics in the neighborhood of the diagonally opposite corners of the
maximum square are verified with HSPICE.

where

(7b)

On substituting (6) and (7) in (2b), we get a linear equation in
, solving which yields an approximation to in the neigh-

borhood ofA′ as

(8)

The above approximations to (5) and (8) are plotted
in Fig. 4 and compared with the static transfer characteristics
generated from HSPICE simulations. and are in excel-
lent agreement with the static transfer characteristics around the
corners of the maximum square permitting and to be em-
ployed below to analytically model the cell SNM.

The SNM is modeled as the side of the square nested between
and with the longest diagonal, whose equation is given

by

(9)
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Fig. 5. The maximum square corresponds to the nested square with the
longest diagonal and is determined by requiring the slopes of the static transfer
characteristics to be equal when they touch the diagonally opposite corners of
the nested squares.

Fig. 6. SNM dependence for cell ratios of� = 1; 2 onV using analytical
model and HSPICE for a 0.18�m CMOS process.

The intersection of this family of diagonals with and
yields squares of side (Fig. 5). Substituting (9) into (5) and
(8) yields

(10a)

(10b)

The side of a square is obtained by subtracting (10b) from
(10a) in (11) below, and its maximum value obtained by equating
the first partial derivative of with respect to to zero.

(11)

(12)

Physically, (12) is equivalent to saying that the slopes of
and are equal when and touch the diagonally oppo-
site corners of the largest square. Substituting (5) and (8) into
(12) yields a solution , as the node voltage at which

touches the corner of the maximum square. This solution of
substituted into (11) yields the SNM as

(13)

where is the saturation drain current of transistor
when its gate–source voltage equals and is the satura-
tion drain current of when its gate–source voltage equals

. The suffix “ ” of SNM in (13) corresponds to the
maximum square between the cornersB andA′. By swapping
the cell right-hand-side parameters for the left-hand-side param-
eters in (13), the size of the maximum square nested between the
cornersB′ andA can be obtained as

(14)

with the SNM of the cell given by the smaller of (13) or (14).
From (13) and (14) it can be seen that only transistors ,

, and contribute to SNM and transistors ,
, and contribute to SNM .

(15)

Only for a perfectly symmetrical unperturbed cell is
SNM equal to SNM . Mismatches between the right- and
left-hand-side transistors of the cell produces an increase in
SNM and a decrease in SNM with increases in SNM
and SNM due to mismatches never occurring simultaneously.
This model for SNM is plotted in Fig. 6 and verified with the
SNM measured from HSPICE simulations of the same cell.
Parameters used by the Transregional model and HSPICE in
Figs. 3 and 4 are identical and are listed in Table I.

Given the variations in the threshold voltage of any of the six
cell transistors, (13) and (14) permit assessing to what extent
the SNM of the cell increases or decreases. The next section
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TABLE I
PARAMETER VALUES USED IN TRANSREGIONAL MOSFET MODEL AND HSPICE

describes how the above SNM model is employed to model sto-
chastic distributions in SNM given the distributions of threshold
voltage for each of the cell transistors.

III. STOCHASTIC DISTRIBUTIONS OFSNM

Using the “cube model” [3], a MOSFET may be viewed as an
array of MOS capacitors separating the source from the drain.
The distribution density function of effective doping concentra-
tion , the doping density required for a uniformly doped
MOSFET without fluctuations to achieve a specific threshold
voltage, is derived from a fundamental device analysis in [3]

(16)

(17)

(18)

(19)

In (16)–(19), is the variable doping concentration for an
individual MOS capacitor, is the average doping concentra-
tion, and is the depth of the device active region. Based on
the effective doping concentration, the threshold voltage distri-
bution density function is derived in [3] as

(20)

where , and and are the long
channel threshold voltage and the short channel threshold
voltage roll-off, respectively [7]. and are the channel
width and length, respectively. For uniformly doped MOSFETs
the threshold voltage distribution and standard deviations are
calculated in [3] using (16) and (20).

Given the above stochastic distributions of threshold voltage
of each cell transistor, a methodology to assess the cumulative
impact of intrinsic fluctuations in all cell transistors on SNM
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TABLE II
INPUT PARAMETERS FORCALCULATING THRESHOLDVOLTAGE AND SNM DISTRIBUTIONS DUE TO INTRINSIC FLUCTUATIONS [3]

is described below. The threshold voltages of the cell transis-
tors may be viewed as sixindependent random variablesand
the SNM, given by (13) or (14) as a function of four of these
six random variables. Since the microscopic threshold voltage
fluctuations of each cell transistor are independent of each other,
their cumulative impact on cell SNM may be assessed as the sum
of the fluctuations in SNM produced individually by threshold
voltage fluctuations in each of the six cell transistors.

(21a)

(21b)

where , in the RHS of (21) is the fluctuation in
SNM produced by a fluctuation inonly the threshold
voltage of cell transistor with and .
The pdf of cell SNM , may be determined byconvolving
[11] the individual pdfs of SNM produced by fluctuations in
threshold voltage in each of the cell transistors.

(22a)

(22b)

Given the pdfs of the threshold voltage of a cell transistor
, the pdf of SNM , due to fluctuationsonly in

threshold voltage of is obtained using [11]

(23)

Since the partial derivative in the denominator of (23) is analyt-
ically intractable, it is calculated numerically for each transistor

using (13) or (14) for a number of in the neighborhood
of . The cell SNM varies linearly in the neighborhood of

and the denominator of (23) is approximated as a con-
stant in this neighborhood. The threshold voltage distributions,

from [3] are approximated as Gaussian using

(24)

where equals the standard deviation in threshold voltage
of transistor and equals its mean threshold voltage.

Substituting (24) and the numerically calculated partial
derivative of SNM wrt into (23) for each of the cell
transistors yields the individual pdf of SNM due to fluctuations
in threshold voltage of each cell transistor. Convolving these
independent pdfs yields the joint pdf of cell SNM in (22) using

(25)

where the pdf of , the sum of two independent
random variables and , equals the convolution of their pdfs.

The next section applies this methodology of calculating the
joint pdf of cell SNM to the technology nodes at the far end of the
NTRS where intrinsic fluctuations in device threshold voltage
are shown to have a devastating effect on SRAM cell stability.

IV. CMOS SRAM STABILITY PROJECTIONS

The physical and stochastic models developed in the previous
two sections are now applied to the CMOS technology nodes
across the 1997 NTRS to calculate the stochastic distributions in
cell SNMfor eachnode.Thresholdvoltage distribution functions
are calculated for each node using the input parameters listed in
Table II from the roadmap, for minimum-geometry uniformly
doped MOSFETs. The threshold voltage distribution functions
calculated using (16)–(20) [3] are plotted in Fig. 7 with standard
deviations in threshold voltage listed in Table II as well.

The threshold voltage distribution function is approximated
as a Gaussian with an identical distribution function assumed
for each of the minimum geometry cell transistors. The indi-
vidual distributions in SNM, due to variations in each cell tran-
sistor , given by are calculated for each of the
cell transistors. The individual sensitivities and pdfs of SNM
due to the four cell transistors , , and are
plotted in Figs. 8 and 9, respectively, for the 50 nm generation.
These figures reveal cell SNM to bemost sensitiveto threshold
voltage fluctuations in the access and pull-down NFETs and
least sensitiveto the fluctuations in the pull-up PFET device.
The joint pdf of SNM is now calculated for four representative
technology nodes using (22a) or (22b) and plotted in Fig. 10.
This calculation proceeds assuming a of 100 K above room
temperature. The calculations of SNM distributions at high tem-
perature constitutes the worst case since cell SNM decreases as
device threshold voltages are lowered, with increases in temper-
ature. The standard deviations in cell SNM (Table III) show an
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TABLE III
CALCULATED VALUES OF VARIATIONS IN SNM AROUND ITS MEAN VALUE: T = 400 K

Fig. 7. Distribution density functions for threshold voltage for each of the 1997
NTRS generations using models from [3].

Fig. 8. Sensitivities of SNM to variations in device threshold voltage of each
cell transistor. The SNM is least sensitive toV variations of the pull-up PFETs
and most sensitive toV variations in the access transistors and the pull-down
NFETs, with the slope of the SNM Vs�V curve reaching as high as 0.5 for
the access devices. Plot shows calculations for the 50-nm generation. Device
and circuit parameters are defined in Table II.

increase from 8 mV for the 250-nm generation to 16 mV for the
50-nm generation. Expressed as a percentage of the SNM, the
standard deviation in SNM due to intrinsic atomic fluctuations
increases from 3% to 26%.

At the device level, one proposed solution to alleviate the ef-
fects of intrinsic fluctuations [12] has been to use retrograde
doping profiles in cell transistors and also use channel lengths
that are marginally larger than minimum feature size. This al-
leviates the problem but does not eliminate it altogether. Cir-
cuit techniques that boost cell storage node voltages away from
each other would improve cell SNM, making it more immune
to noise, and are proposed in [13] as a solution that holistically
addresses cell stability, subthreshold leakage, and performance
degradation in scaled CMOS SRAMs.

Fig. 9. Distribution density function in SNM due to variations in each cell
transistor. Device parameters used for the 50-nm node are listed in Table II.
SNM is most sensitive to access NFETs and least sensitive to pull-up P-channel
devices.

Fig. 10. Joint distribution density functions of SNM due to intrinsic threshold
voltage fluctuations in all cell transistors using (22). Device parameters used are
listed in Table II.

V. CONCLUSION

New physical and stochastic models for 6T CMOS SRAM
cell SNM are derived. These enable accurately assessing the
impact of stochastic variations in device threshold voltage
due to random placement of dopant atoms on cell stability by
conjointly employing physical short-channel MOSFET drain
current and threshold voltage roll-off models in tandem with
stochastic models for intrinsic fluctuations of device threshold
voltage. Stochastic distributions of cell SNM across the 1997
NTRS technology nodes calculated using these models demon-
strate substantial reductions in cell SNM for sub-100-nm
technology generations.
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