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Abstract— The conventional way to analyze the robustness ah

SRAM bit cell is to quantify its immunity to static noise. The
static immunity to disturbances like process and nsimatch
variations, bulk noises, supply rings variations, eémperature

changes is well characterized by means of the SttiNoise
Margin (SNM) defined as the maximum applicable segs voltage
at the inputs which causes no change in the datatemtion nodes.
However, a significant number of disturbance source present a
transient behavior which is ignored by the static aalysis but has
to be taken in consideration for a complete charaetization of

the cell's behavior. In this paper, a metric to evlate the cell
robustness in the presence of transient voltage rsa is proposed
based on determining the energy of the noise signaihich is able
to flip the cell's state. The Dynamic Noise MargifDNM) metric

is defined as the minimum energy of the voltage n&g signal able
to flip the cell.

Keywords-6T SRAM; data retention; dynamic robustness,
voltage noiseinduced SRAM failures; energy metric

. INTRODUCTION

Current nanometric IC processes need to assess
robustness of memories under any possible source
disturbance: process and mismatch variations, Imdises,
supply ring variations, temperature changes, agarmyd
environmental aggressions such as RF or on-chipliogs.
The noise margin is defined as the maximum distgrisignal
that can be tolerated by a device when used irs&msywhile
still operating correctly. If the noise is a DC sl a static
noise margin is implied. If the noise is a timeyiag signal a
dynamic noise margin is implied.

The static approach has been well researched beegrears
[1, 2, 3]. The metric used to evaluate the cirsuitbustness to
static noise is called Static Noise Margin. In thigiation a
series voltage noise is assumed. In the case BB ThBRAM
cell this translates in voltage noise sources atitputs of the
two crossed coupled inverters as shown in Figohstroh J. in
[4] defines the worst case static noise as the B@urbance
which is adversely present in all logic gates iniafmitely
long chain of gates. Therefore, the Static Noisedifiaof the
SRAM cell is defined as the maximum amount of neiskage
that can be tolerated at the inputs of the crossmapled
inverters while the cell retains its data, assungéogal and
opposite DC noise offsets. The worst case statiesgoltage,
from now on referred to as Static Noise Mardihli{1), can be
found graphically by drawing and mirroring the ines

This work was supported by the Spanish Ministrisofence and
Innovation (Reference TEC 2010-18384)

’Department of Electronic Engineering
Universitat Politecnica de Catalunya (UPC)
Barcelona, Spain
alvaro.gomez-pau@upc.edu

Voltage Transfer Characteristics (VTC). The twovesr have
three intersection points, and the ‘butterfly curgeobtained.
The Static Noise Margin is given by the side of th@ximum
square which can be inscribed in the wings of thi¢eifly.

While the DC voltage noises are smaller than thi/Ste
butterfly curve is preserved, only its shape chanue the
sense that one of its wings becomes larger thaottier. The
extra noise that the cell can undertake withounhtpgs state is
given by the size of the maximum square that caimfaibed
in the smaller wing of the butterfly. As a consemes when
the DC voltage noises are equal to the static noiagegin
(IVh|=S\M) the smaller wing of the butterfly disappears and
the two voltage transfer characteristics havehia situation,
only two intersection pointsThe cell is said to be at the verge
of stability. At this point any extra perturbation matter how
small will cause the cell flip. Any noise largemththe static
noise margin |i/,|>SNM) will drive the voltage transfer
characteristics further apart.

However, an important number of disturbance sources
resent a transient behavior. One of the most relsed
nsient disturbances that can affect the SRAMabieh is o

?Jarticle and neutron strike — single event upseE) causing

soft errors [5]. Other transient disturbances the ones caused
by cross talks or inductive couplings should beetakn
consideration too.

The noise margin is referred to Rgnamic Noise Margin if

the cell is perturbed by a transient signal. Chagkihe
robustness using dynamic noise margins requirese tim
dependent analysis. The spectral and time depepdemtrties

of the specific noise patterns should be considevéden a
transient noise of given amplitude affects a samsihode of
the SRAM cell, the bistable feedback-driven natifré¢he cell
determines whether the noise will be filtered oll evolve to
eventually flip the state [4].

Because of the nonlinear cross coupling betweeinteaal
nodes of an SRAM cell, it is difficult to analytiba
characterize its dynamic behavior [6]. Since thenasually no
analytical solution for a nonlinear system, thetestapace
analysis is the most common technique of behaunatyais
[7]. All the existing models for dynamic SRAM roliness
analysis [6, 9, 10] are based on variable decoggimd piece-
wise linearization.



The same analysis is performed in [9 ,10] withdH&erence
that the noise source is assumed to be a partidte s single
event upset (SEU) at the zero storing node, modekd
double exponential function. The dynamic stabiéityalysis in
this approach is based on finding the critical gbar.e. the
minimum amount of charge required to be depositgdab
particle strike in order to flip the SRAM state.

E. I. Vatajelu et al in [11] proposed a method dgnamic
functionality margin estimation, based on the phatae
analysis. The authors present a new techniquessfmaratrix
approximation under random process variability. Twhnique
is used to determine the probability of failureaof SRAM cell
in read/write operation modes. A different approaels been
taken in the analysis of the dynamic robustnesshef 6T
SRAM cell in data retention mode. An energy basetrimhas
been proposed for robustness characterizationeirptasence
of transient voltage pulses by E. I. Vatajelu endlL2]. In this
paper, the energy based method for SRAM dynamilysieds
described by means of phase plane representatimhsthe
validated by assuming a variety of transient vatag
disturbances.

In the next section, the dynamic behavior of thechll is
analyzed assuming voltage pulse noise sourcestiaffeits
internal nodes and the dynamic robustness metdefised. In
the third section, the new DNM metric is verifieg proving
its validity when different transient voltage didtances affect
the cell’s behavior. In the fourth section difier&T SRAM
designs are compared
robustness. Finally, the fifth section concludee tWork
presented in this paper.

. DYNAMIC NOISEMARGIN METRIC

The purpose of this paper is to analyze the SRAM ce

robustness in data retention mode under the inflieof
transient voltage disturbances at the internal sqéég. 1a).
Due to its nature, the SRAM cell can be modeledising the
modified nodal analysis [7]. And taking into coresidtion also
the voltage disturbances the SRAM cell is modelgdthe
nonlinear system:

c dv,/dt

dv, /dt

where /r,V)) are the nodal voltageslg{,) are the currents
charging the capacitance€ and V, are the voltage

disturbances. State-space and phase-space aralgsastable
for the characterization of such a nonlinear system

I (VR NV, )} 1)
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State space refers to the space whose axes arstatiee
variables. The state of the system can be repexbesd a
vector within that space. A phase space is a sipashich all
possible states of a system are represented, waith gossible
state of the system corresponding to one uniquet poeithe
phase space. Nonlinear systems often have mulsigady-
state solutions. Phase space analysis of nonlisgstems
provides an understanding of which steady-statatisal that a
particular system will converge to. A phase pottriai a
geometric representation of the trajectories of yaathical
system in the phase plane [7]. The phase portraithe

in terms of static and dynamic

undisturbed SRAM cell in data retention mode, thgetwith
its steady-state solutions is illustrated in Fig. 1
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Figure 1 — SRAM cell analysis in data retention majl Simulation setup for
dynamic robustness evaluation assuming voltage rsoigrces at the cell’'s
internal nodes and phase portraits for b) undistirnemory cell, c) cell
disturbed by a noise lower than SNM, d) cell péréarby a noise larger than

SNM

The steady-state solutions, or equilibrium poing§,an
SRAM bit cell are obtained by solving the system) (1
fordVg/dt =dV, /dt =0. In this way the SRAM cell is found

to have three equilibrium points: two stable (agged with
the logic ‘0’ — $ and with the logic ‘1’ — § and one unstable
saddle point (metastable — M). These equilibriunmigoare
also illustrated in Fig. 1.

While the phase portrait of a memory cell showseehr
steady-state solutions the cell is stable. Sineentise sources
V, affect directly the nodal voltage¥y andV,), the SRAM
cell's phase portrait changes under their distgrbifluence.
While the noiseV, is smaller than the static noise margin
(SNM) the SRAM cell remains stable. This can bensbg
analyzing the resulting phase portrait (illustratedrig. 1c).
The cell's trajectories converge to one of threéniso two
stable equilibrium points and one unstable similarthe
unperturbed case. In fact the two stable equilibrppoints are
not affected by the noise, only the unstable on®é&pending
on the noise polarity the unstable saddle poipuished closer
to one or the other equilibrium point. The large hoise, the
closer the metastable points gets to a stable .p@ihen the
noise level becomes equal to the SNM, the phas&agor
shows only two steady-state solutions and whennthise is
larger than SNM, only one steady-state solutionaiam (Fig.
1d).

According to the static approach, any noise latiggn SNM
will render the cell unstable. In practice, a noiseger than
SNM can be sustained for a certain period of tirefote data
cell occurs. Assuming the cell’s internal nodesp@eurbed by
voltage pulse characterized by amplitijeand duratiort, the



pairs ¥y, t,) which bring the cell to the verge of instabilisin
be used to define the cell's dynamic robustness.dedtain
noise amplitude, critical noise duration,J can be defined as
the minimum noise duration which causes a flipha tell's
state. The critical duration for each voltage puts: be
evaluated by using the phase portrait. The proeefturcritical
noise duration estimation in the phase plane idamgd in
detail in [12]. The critical pulse width as a fuoct of noise
pulse amplitude is illustrated in Fig. 2a. It candbserved that
for small noises, approaching the Static Noise ha(§GNM)
the critical pulse with asymptotically approachefnity. On
the other hand, for large noise amplitudes theacatitpulse
width approaches zero asymptotically.

Looking at this problem from a different perspeetone can
say that each disturbance transmits energy to ¢leand if
this energy is high enough a data flip will be olbed. Based
on signal processing theory, the energy of a caoatis time
signalx(t) can be defined as [13]:

E, = [IXOF dt )

In the present analysis, since the applied noisea is
continuous time signal, (2) can be written as:

E,, =VZ20, 3)

whereEg, is the signal energy of the noise. Hence theasign

energy of the critical noise pulse can be expreased

E, o =V2LT,

crit

(4)

The dependence of the signal energy of the crificdéde as a
function of the noise amplitude is illustrated ig.R2b.

s_crit

Stability analysis is concerned with identifying tminimum
possible unintended violations that will destrog ttata stored
by the cell. Over the years, this minimum violatioas been
evaluated for the SRAM cell in terms of:

» Voltage (Static Noise Margin (SVM) [1-4], the
Dynamic Noise Margin (DNM) [4], [8], [11])

e Current (static current noise margin (SINM) [14],
critical charge (@) [5], [6])

 Power (the static power noise margin (SPNM) [14])

In the present work as in [12] the minimum unintehd
violation that will destroy the data stored by thell is
expressed in terms @&nergy. The dynamic robustness metric
of an SRAM cell in data retention mode is defines the
minimum signal energy of the voltage pulses abldipothe
cell. In other words, the minimum signal energy amdhe
critical signal energies:

DNM = min(Esfcrit) (5)

as illustrated in Fig. 2b. One can also say thatc#ll is robust
to any noise whose signal energy is smaller thenvtdue.
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Figure 2 — a) Critical pulse width vs. noise amyalé for dynamic stability; b)
Critical pulse energy vs. noise amplitude for dyiastability.

Dissimilar to robustness metrics previously desatjbthe
minimum energy metric proposed here is not intenéted
absolute cell characterization, but rather as ahodetof
comparative robustness assessment.

The next section presents an evaluation of therdymaoise
margin as the minimum signal energy required to dlicell’s
state under the assumption of different transiefthge noises.
The purpose of this evaluation is to demonstraie th

* themin(E; i) metric is in fact an appropriate tool for
comparative robustness assessment

e using a rectangular voltage pulse to emulate a
transient disturbance on the cell's nodes is an
appropriate approximation.

Since one can argue that a rectangular pulse shatede
noise is not a realistic assumption, the metricviptesly
described is evaluated under different voltage enalapes,
namely rectangular, exponential and triangular. sEhaoise
sources have been considered in order to generaliwk
validate the proposein(Es i) metric and they are illustrated
in Fig. 3.

In these situations the critical time is no longee pulse
width, but the time factort{) characterizing the critical pulses.
For the completion of this analysis four differgntlses have
been defined: two exponential (with different frequies), one
symmetrical triangular and one exponential (double
exponential). These noises are defined as:

PrROPOSEDDNM METRIC VALIDATION

* Rectangular — characterized by signal amplitude
(Vy) and durationtf), the rise and fall regions are
assumed instantaneous.

Vi(Vooto) (5)
e Triangular — characterized by signal amplitude
and ) rise and fall timesz{andz). In this case
the rise time and the fall time are equal and their
values are determined as half of the total noise

duration ¢,).

Vy(\V,,r, .1 )withr, =7, =t /2 (6)
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Figure 3 — Voltage noise shapes using to modet#msient disturbance of the
internal nodes of the SRAM cell.

e Exponential — composed of two exponential
pulses, much like the current noise used to mode
the single event upsets. The difference is that ir
this case the noise is voltage and it is applied a
the internal nodes of the cell. The exponential

pulse is characterized by signal amplitudé) (
and time constants;@ndr,)

V(1) =V, [(exp(—t/rl)—exp(—t/rz))

with 7, =50, and7, =t,.

)

In order to determine the critical pulse, the nasplitude
is kept constant (like in the case where a rectanquulse is
used to model the noise at the internal nodeseoSRAM cell)

and the duration factort, is increased until a state flip is

observed in the SRAM cell in data retention modehis way,
the critical duration factor is obtainet].{;;). The time required
for the cell to flip its state under the disturbinffuence of the
critical pulse gives the critical tim@;;.

The dynamic noise margin, as the minimum signafgne
that can flip the cell’s state is obtained by indigg in time
the square voltage pulse from the initiation of twése until
the state flip occurs, i.e. the critical tirg;;.

Tejt

DNM = mln( Es_crit ) = mr{ J.Vl\?(vn 1rit )dt) (8)

In continuation the proposed DNM metric has bee

evaluated for a family of SRAM cells in order tonuenstrate
its utility in comparative robustness assessmehe SRAM
cells used for this analysis have the same tramsisizes, but
different transistor threshold voltages. Startiranf a reference
cell, the threshold voltage has been varied by +36foth

PMOS and NMOS transistors. The simulations havenbe

performed on SRAM cells designed using 45nm prasict
technology model (PTM) transistors [15] in the HGEI
environment. Three models for the transient distade at the
internal nodes are considered: rectangular voltagése,
triangular voltage pulse and exponential voltagésguThe
three dimensional signal
simulation are illustrated in Fig. 4.
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Figure 4 —-Energy based metric for a set of different SRAMscel
considering ¥y variations — rectangular, exponential and triaagpllses
considered.
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On the x axes of the three graphs is the thresholidge
variation of the two NMOS transistors, on the y s the
threshold voltage variation of the two PMOS tratusis while
on the z axes is the minimum energy signal whichble to
flip the cell's state.

The signal energy surfaces have the same appraximat

shape, very similar maximum and minimum valuest esn be
observed in Table 1 as well as in Fig. 4. This Igincie

between the minimum signal energy spectrums leadthd
conclusion that the metric proposed in this papesuitable to
be used in comparative robustness assessment beBREM

cells.

In Table 1 the minimum and maximum values for the

proposed DNM metric are included. The values hagenb
obtained for the same combination of transistohseghold

voltage and are very similar. The minimum metritdueahas
been obtained for the cell having the lowest thokkskoltages
and the values are around 1.25 signal energy unith, the

r]arger value for the rectangular voltage pulse thiedowest for
the triangular voltage pulse. The maximum metritueshas
been obtained for the cell having the highest \alué

transistor threshold voltages and the values aoeinar 20

signal energy units. In this situation the highatue is again
obtained for the rectangular pulse, while the ldwedue is

obtained for the exponential pulse.

Another information present in Table 1 is the vadixained
for Kendall's Tau constant. This is a coefficiemtmamonly
used to measure the association between measuasditigs.
It is a measure of rank correlation, the similari§ the

energy surfaces obtaingd borderings of the data. In our particular case, Kdled Tau

gives a measure of the correlation, in terms of otamicity
between the data extracted using the differenensnsirces.



TABLE 1 — GOMPARISONBETWEEN DATA EXTRACTED FROM
SIMULATIONS USING THE THREE PROPOSEDVOLTAGE NOISE

SOURCES
Pulse Typ Rectangule | Triangula | Exponentic
min (DNM) 1CV %] 1.3€ 1.1¢ 1.2z
max(DNM)1C V%] 20.7 21.1 19.2
Tau kenda 1 0.9935! 0.9942:

The comparison is preformed against the data seinsu
when the rectangular pulse is used. If this congises the
value 1, there is perfect monotonicity correlatimiween data
sets. Lower values represent lower correlation. Tata
presented in Table 1 include large values of Kdtsdahu, this
means that there is a high correlation between DhM
metrics obtained using the different noise sourcEkis
validates the proposedin(Es i) metric for different voltage
noise shapes as a suitable tool for comparativeardym

transient disturbances, dynamic robustness vamidgolarge
over the entire design space in Fig. 5. The minini2XM is
10% smaller than the one of the nominal cell batrifaximum
DNM is 85% larger than to one of the reference.cEllis
results in a 95% variation over the entire assudesilgn space.

This high discrepancy between the static and dynawise
margin metrics emphasizes the need for the propdweamic
metric. While in a static analysis there is pradtic no
difference between the maximum and minimum obtained
values, in a dynamic analysis a high variatiorbisesved.

In Fig. 6 the relative static and dynamic robustnegtrics
are illustrated as contour levels when transisthreshold
voltages are changed when compared to the refeosticdhe
dashed lines represent the relative static noisgimaontours,
while the continuous lines represent the relatiyaadhic
robustness contours. All the cells on the red dhdime have
the same static noise margin as the referencearelithe ones
on the continuous red line have the same dynamsenmoargin
as the reference cell.

robustness assessment when different SRAM cells are

analyzed.

In the next section, the robustness of differenABReells is
compared using the proposed dynamic noise margiricnaad
the classical Static Noise Margin (SNM) metric.

IV. PROPOSEDDYNAMIC NOISEMARGIN VS. STATIC NOISE
MARGIN

Traditionally, the Static Noise Margin is used &tatmine
the robustness of an SRAM cell and also to comgdferent
SRAM designs in terms of robustness. In this wak defined
metric has also been included in the comparisodiftérent
cells. The studied cells are designed in 45nm Padhriology
[14]. Assuming different cells with different thiedd voltages,
and different cells with different dimensions, thesbustness
has been compared both statically and dynamicallye
comparison has been performed against a referesiceThe
reference cell is considered the one with zeroatian in
transistor width and transistor threshold voltaggpectively.

In Fig. 5 the relative static and dynamic robussneetrics
are illustrated as contour levels for a family &2/ cells,
with different transistor widths.

The left side figure represents the relative statiise
margins. All the cells on the black line have tlane static
noise margin as the reference cell. The blue cost@present
cells with lower static robustness while the rechtoars
represent the cells with higher robustness thenréference
cell. However the static robustness variation islsover the
entire design space in Fig. 5. The minimum SNM % 6
smaller than the one of the nominal cell and theimam
SNM is 4% larger than to one of the reference @dilis results
in a 10% variation over the entire assumed degignes

The right side figure represents the relative dyinamise
margins. All the cells on the black line have saene dynamic
noise margin as the reference cell. The contoumseatihe
black line represent cells with lower dynamic rabass while
the contours below the black line represent thds ceith
higher robustness then the reference cell. In taise, of

When compared to the reference cell, two situat@arsbe
identified:

* The static and dynamic robustness metrics are
consistent (they both show an increase/decreased
robustness compared to the reference cell) for all
the cells in the white regions of Fig. 6.

* The static and dynamic robustness metrics are
inconsistent (one of the metrics shows increased
robustness while the other shows decreased
robustness when compared to the reference cell)
for all the cells in the shaded regions of Fig. 6.

In the inconsistency scenario again two situaticas be
observed when compared to the reference cell

* The static metric shows a decrease in robustness,
while the dynamic metric shows an increase (the
cells in the light grey areas)

» The static metric shows an increase in robustness,
while the dynamic metric shows a decrease (the
cells in the dark grey area)

From these inconsistencies the need of dynamicstobas
analysis is apparent. Since a significant numbaetigtfirbance
sources present a transient behavior, a dynamge noargin
metric is very useful in conjunction with the statioise margin
metric for a more complete understanding of the BRéell
robustness.
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Figure 5 — relative static and dynamic noise margindifferent SRAM
cells for different transistor widths.
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V. CONCLUSIONS

Examples of application of the metric (DNM) in difént
cells show the advantage of using the DNM metriageess
the robustness of the cell and its resilienceitartss caused by
dynamic voltage noise.
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