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Abstract — The rapid development of low power, high
density, high performance SoCs has pushed the embedded
memories to their limits and opened the field to the
development of emerging memory technologies. The Spin-
Transfer-Torque Magnetic Random Access Memory (STT-
MRAM) has emerged as a promising choice for embedded
memories due to its reduced read/write latency and high
CMOS integration capability. Under today aggressive
technology scaling requirements, the STT-MRAM is affected
by process variability making robustness evaluation an
important concern. In this paper, we provide new metrics for
robustness prediction of an STT-MRAM memory cell.
Independent Robustness Margin metrics are defined for Read
Operation and Write Operation based on the electrical
characteristics of the memory cell and the fabrication induced
variability. These metrics are used to estimate the extreme
parameter variation causing the cell failure, Current Noise
Margins and the Failure Probability of the STT-MRAM cell.

Index Terms—STT-MRAM, Robustness, Process Variability,
Robustness Margin Metrics

L INTRODUCTION

The Spin-Transfer Torque Magnetic Random Access
Memory (STT-MRAM) is a promising candidate for next
generation embedded memories [1]. It offers faster read and
write access time and better CMOS integration than other
available technologies with similar features. However, the
STT-MRAM cell fabrication is facing a set of challenges
that impact performance and reliability. These issues are
mainly related to process variations of MOS and MTJ
devices ([2][31[4]1[5]), to the high write power consumption
([6][7]), and to the thermal fluctuations in the MTJ
switching ([8]).

Process variation effects on STT-MRAM cell have been
extensively studied. For instance, [2] provides an overview
of the interrelationship between design parameters and
parametric failures of STT-MRAM cells in presence of
process variations. The authors present a theoretical analysis
for modeling the read and write failures of a cell due to the
parametric variations of current pulse width and cross-
section area. In [3], a magnetic- and electric- level STT-
MRAM cell model is proposed. The model is used to
evaluate the effect of both thermal fluctuation and switching
currents on the switching time of the device. The variations
affecting the parameters of the NMOS transistor are not
taken into consideration.

Several circuit techniques have been proposed to
improve the robustness of an STT-MRAM memory, like
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multi-terminal ~ structures [9], new design paradigm
decoupling conflicting design requirements between read
stability and writability [10], or using complementary
polarizers in the cell design for self-referencing and
improved write current [11]. Traditionally, the robustness of
the STT-MRAM cell is expressed in terms of read stability
and writability, concepts based on the operation current.

In this paper, we introduce a new methodology for
robustness estimation. The proposed methodology is based
on evaluating the electrical characteristics of a memory cell
affected by fabrication variability and on defining and
evaluating Robustness Margin (RM) metrics during
read/write operations.

The proposed methodology is intended to support design
and test engineers during predictive device simulation and
memory characterization. Moreover, such methodology
enables a significant understanding of design limits and can
be integrated with the well-established statistical analyses to
provide accurate information about the circuit limitations
under process variability. We use the Robustness Margin
metrics (RM) to determine whether a faulty operation can
occur, to estimate maximum allowed process variability for
correct operation, to extract current noise margins when the
fabrication induced process variability is known, and to
estimate the failure probability when the fabrication induced
process variability causes faulty behavior.

Given the current trend on cell designs with high
magnetic bit thermal stability [17], this paper is focused on
this class of STT-MRAM cells. The characterization is thus
performed on a memory cell designed with large thermal
stability. In this way the behavior of the memory cell and
block in data retention are stable [13].

This paper is organized as follows. In Section II, the
operation principles of an STT-MRAM cell are briefly
described, while the failure mechanisms caused by
parameter degradation are described in the third section.
The fourth section describes the proposed Robustness
Margin metrics and their evaluation methodology. Section
V presents some simulation results for RM estimation and
discussion on cell robustness. Finally, Section VI concludes
the paper.

II.  STT-MRAM CELL: OPERATION PRINCIPLE AND
ELECTRICAL MODEL

In this section, the STT-MRAM cell operation principle
is described, and its reliability estimated under the
concurrent effects of process variability and aging effects.



A. Operation Principle

In an STT-MRAM memory, information is stored into a
magnetic tunneling junction (MTJ) device. Typically, an
MT]J element consists of one oxide barrier layer sandwiched
between two ferromagnetic layers (FLs), characterized by
their magnetic orientation. One of the two magnetic layers,
referred to as pinned layer, has a fixed magnetic orientation
set at fabrication time, whereas the other, referred to as fiee
layer, has a freely rotating magnetic orientation that can be
dynamically changed by forcing sufficiently large tunneling
currents across the device. The relative magnetic
orientations of the two layers defines the conductance of
such a tunneling junction. This effect is called tunneling
magnetoresistance effect (TMR) and it is characterized by
means of the TMR ratio, which is defined as the relative
resistance change between the two magnetized states.

B. Electrical Model of STT-MRAM

When the relative magnetization directions of the two
ferromagnetic layers are parallel, the MTJ device exhibits
high conductance (low electrical resistance, Ry7 = Rp).
When, on the other hand, their relative magnetization
directions are antiparallel, the MTJ device exhibits low
conductance (high electrical resistance, Rz = Ry). The
logic value ‘0’ is associated with the parallel state and the
logic value ‘1’ is associated with the anti-parallel state (see
Fig. 1(a)). The TMR ratio is therefore defined as: TMR=
(Ry— R1)/Ry.

Several STT-MRAM cell implementations have been
proposed. In this work we target the popular 1T-1MTJ
structure. In this topology, the memory cell consists of one
MT]J device connected in series with one NMOS transistor.
The cell is accessed by the corresponding control lines, i.e.,
Bit Line (BL), Source Line (SL) and Word Line (WL). The
equivalent electric circuit of a IT-1IMTJ STT-MRAM cell is
given in Fig. 1(c).
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Fig. 1. STT-MRAM Cell basics: a) The MTJ device configurations; b) The
Ry — Vi hysteresis characteristic; ¢) The electrical model of the 1TIMTJ
STT-MRAM cell and d) The bias conditions during write and read
operations.

We focus our analysis on the memory cell, hence the
peripheral circuitry (sense amplifier — SA and reference cell
— Ref) are assumed ideal. The MTJ element is modeled as a
variable electrical resistance whose value changes with the
voltage applied across the device.

The voltage-resistance dependence of the MTJ device
exhibits a hysteresis behavior [12], which, in this work, is
modeled using a piecewise linear simplification, as shown
in Fig. 1(b). In the same figure, the switching conditions for
the magnetic state of the cell are indicated with small
circles. Here, I, represents the switching threshold current
from anti-parallel to parallel state, while /;5 represents the
switching threshold current from parallel to anti-parallel
state. The Spin Transfer Torque efficiency is weaker in the
parallel to anti-parallel transition than in the anti-parallel to
parallel, i.e., ;> 1y;.

The switching threshold current (/y;;5) can be
calculated as [1][13]:

11{‘%‘[—]} M
0

where 5" is the critical switching current at T=0K (for
low to high, and high to low transition, respectively), 4E is
the energy barrier height, kp is the Boltzmann constant, 7 is
the temperature of operation, 7 is the width of the write
pulse, and 7, is the inverse of the attempt frequency.

1)  Writing operation of the cell

In order to change the magnetic state of the STT-
MRAM cell, there must be sufficient current (/,,7;) flowing
through the MTJ element long enough to be able to switch
the magnetic orientation of the free-layer [14]. The value of
the current required for writing the cell depends on several
factors, including the physical dimensions of the cell and the
materials used, the temperature of operation, and the
duration of the applied voltage signal [15].

When a transition from anti-parallel to parallel relative
magnetizations, i.e., a writing ‘0’ operation (W0), is desired
the power supply voltage (Vpp) is applied to Source Line
(SL), while Bit Line (BL) is grounded (Fig. 1(d)), hence a
current /7y flows in the MTJ device. Provided that
Lyr> 1y, the cell switches to the parallel state, in which
case, Ry becomes equal to R;. When a transition from
parallel to anti-parallel relative magnetizations is desired,
i.e., a writing ‘1’ operation (W1), the power supply voltage
(Vpp) 1s applied to Bit Line (BL), while Source Line (SL) is
grounded (Fig. 1(d)). Provided that the resulting current
Lyr>1y, the cell switches to the anti-parallel state
(Rur=Rp)-

2) Reading operation of the cell

During the read operation, a small bias voltage is applied
on the control lines (Fig. 1(d)), resulting in a current (/y).
Based on this current a decision is made on the memorized
state by comparing it against a reference value (Irzr) (Fig.
1(c)). A reading current higher than the reference value
(Ig>Irgr) translates in a read ‘0’ operation, while a reading
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current lower than the reference value (/z<Izzr) translates in
aread ‘1’ operation.

III. FAILURE MECHANISMS OF THE STT-MRAM CELL

The major sources of process variations in the MTJ
electrical response include variations in the tunneling oxide
thickness and the cross-section area of the free
ferromagnetic layer. Variations in these parameters result in
a spread of Ry and R; values. In addition, the NMOS
transistor may also suffer from process parameter variations,
which impact its threshold voltage (V7y), resulting in
variations of operation current. Under these hypothesis, we
perform our analysis starting from a three dimensional space
of parameter variations (R;, Ry, Vry). In this 3D space, the
correct/faulty response of the cell has been characterized as
explained below.

An STT-MRAM cell can fail due to an unsuccessful
write operation (write failure — WF), a destructive read
operation (read disturb — RD) or a wrong decision during
the read operation (read failure — RF), or due to spontaneous
magnetic direction flip during data retention (data retention
failure — DRF). In this work, we assume the probability of
data retention failure and read disturb to be insignificant,
since our analysis and the proposed methodology are
focused on a STT-MRAM cell designed with high thermal
stability factor [16].

Since the MTJ is in fact the data storing device, and the
NMOS transistor acts as the control device, we first focus
on the analysis of the constraints to be imposed on the R,
for guaranteeing correct cell operation. Once this analysis is
concluded, we evaluate the constraints on the NMOS
threshold voltage variations as well.

1) Failure mechanisms during write operation

In the case of a writing operation, the current flowing
through MTJ has to be large enough, and of sufficiently
long duration, to allow the switching of the magnetization
direction of the free ferromagnetic layer. To allow for a
correct write operation (sufficient current) the high and low
values of the MTJ electrical resistance must be below
RHMAX-W and RLMAX-W: respectiVely.

v V= Vo)
Ry <Rypy = % = BLI—SLW ~ Ryvos-w
HL HL (2)
RL <R VMTJ — (VSL - VRI,)W _ RNM()&W

LMAX-W =
1y Iy

where V)7, is the voltage drop on the MTJ element; /;; and
Iy are the switching threshold currents for write '0' and
write 'l' operations, respectively; the (Vg,-Vs)w and (V-
Vsi)w are the bias voltages during write operation (in our
case study, they are equal to the supply voltage (Vpp)), and
Ryuos.w 1s the electrical resistance of the NMOS transistor
during write operation.

The region in the MTJ resistance space in which the Ry
values are higher than Ry, indicates incorrect low state
writing operation (write ‘0° fault: WOF), while the one in
which R; values are higher than R; .y, indicates incorrect
high state writing action (write 1’ fault: WIF).

Furthermore, (R;, Ry) pairs must guarantee that Ry > R,
(TMR>0%). All these boundaries are shown in Fig. 2(a) in
the two dimensional space of the MTJ resistance.
2)  Failure mechanisms during read operation
During read operation the current flowing through the
cell (I,) is compared with a reference value (/). The
reference current is assumed ideal and equal to the average
current flowing through two ideal cells in complementary
states, biased for read operation [17]:

— IRH +IRL

1 —fH R 3
REF 5 (3)

where [, is the read current of the nominal cell in anti-
parallel magnetization, while 7,, is the read current of the
nominal cell in parallel magnetization.

If I.<I,,, the state is read as ‘1’, i.e., the MTJ is in its
anti-parallel state, R, =R,. In this case, R, must be high
enough (>R, ) for the current condition to be satisfied
(otherwise a read ‘1’ fault occurs: RIF in Fig. 2(a)). If

1>, the state is read as ‘0’, i.e., the MT]J is in its parallel

state (R,,,=R,). In this case, R, must be small enough
(<R,,,.x.0) for the current condition to be satisfied (otherwise
aread ‘0’ fault occurs: ROF in Fig. 2(a)).
Vi (Ve =Vy)
Ry > Ry === A Ryvos-x
IREI" ]KEI" (4)
R, <Rypxr = Vi = Vo = Vi) = Ryvo5-r
IREF IREF

where Vyr; is the voltage drop on the MTJ element; /zgr is
the reference current; the (Vp,-Vg)r is the bias voltage
during read operation, and, in our case study, it is equal to
20%Vpp; and Ryyos.r 1s the electrical resistance of the
NMOS transistor during read operation.

It can be observed that (4) be rewritten as:

RL < RLMAX*R = RllMleR < RI[ (5)

i.e., the intersection between the R,,,,, ., and R lines lies
on the TMR=0 line (Fig 2(a)).

In order to assure sufficient separation between the I,
currents for read ‘0’ and read ‘1’ operations, the MTJ
should have a TMR ratio of 100% or higher (TMR=1 in Fig.
2(a)). TMR values lower than 100% do not imply read
failure, just devices sensitive to perturbations, sense
amplifier variability, and so on.

The union of faulty write and faulty read operation
regions (red regions in Fig. 2(a)) represents the overall
failure region for the cell under analysis, while the
remainder of the parameter space represents the acceptance
region (green region in Fig. 2(a)), the region in the MTJ
resistance space, where the cell operates correctly.

The NMOS transistor also suffers from process
variations mainly affecting its threshold voltage. For a more
comprehensive characterization of the cell failure
mechanisms in the parameter space, a 3rd dimension is
added (for the Vyy), as depicted in Fig. 2(b). The
considerations on the R,;7; do not change; the acceptance
region is bounded by the same constraints. However, the

NMIN-R
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values of these constraints (i.e., Ryyuxm> Rivuxw> Rivaxr
and Ryyv.r) are dependent on the driving capability of the
NMOS transistor (the resistances Ryyos.z and Ryyos. in (2)
and (4)). A low value V7, means higher driving capability
of the NMOS, which translates into relaxation of write
operation constraints (Ryyx.w and Ryyx.w) and also read
operation constrains (Ryyy.r and Ryx.r). This leads to a
larger acceptance region (as shown in Fig. 2(b) bottom
cross-section). The situation is reversed when the NMOS
threshold voltage is large (see Fig. 2(b) upper cross-section).

Rimaxr Rimax-w

Fig. 2. a) 2D illustration of failure mechanisms constraints during read and
write operations of the 1T-IMTJ STT-MRAM. Here WOF represents the
write ‘0’ failure region, WIF represents the write ‘1’ failure region, ROF
represents the read ‘0’ failure region, RIF represents the read ‘1’ failure
region, TMRO represents the region where TMR<0, and OK represents the
NO failure region, i.e., the acceptance region; b) 3D representation of
acceptance region in the (R, R,, V,,) parameter space. Three ‘slices’ are
emphasized: the middle one corresponding to nominal value for V,,, while
the top and bottom ones correspond to V. and V, respectively.

H-MAX TH-MIN?

IV. ROBUSTNESS MARGIN METRICS FOR STT-MRAM
CELL CHARACTERIZATION

In the previous section we have described the failure
mechanisms of an 1T-1MTJ STT-MRAM cell during read
and write operations and we have defined the extreme
operation conditions in terms of MTJ electrical resistance.
Building on this failure analysis, we propose metrics for
robustness characterization, based on the device electrical
resistance. We define the robustness of an STT-MRAM cell
as the degree to which the correct operation conditions are
satisfied. In this section we introduce and describe our
proposed metrics for robustness evaluation (Robustness
Margins - RM and Current Noise Margins - INM).

1) Robustness Margin Metrics

The Robustness Margin metric is evaluated in the MTJ
electrical resistance space for single cell (the designed cell,
i.e. nominal) and for a cell set (the set of cells resulted after
device fabrication).

We define the Robustness Margin of one STT-MRAM
cell as the minimum distance between its resistance value
and the corresponding resistance margin for read and write
operation, respectively (Fig. 3(a) and Fig. 3(b)).

RM ,, = min(R -R
Read operation :{RMRO . Rovurr =R (6)
Rl — mm(RH - RHMIN—R)
RM, , =min(R . —R
Write operation:{R]\/;o o R = Ry) (7)
w1~ mln(RLMAX—R - RL)

If the Robustness Margins take positive values, the cell
can be correctly written and read from, while a negative RM
signals a failing operation.

The RM defines the variability margins of a memory cell
set for which the statistical distributions of fabrication
induced variability of the two resistances are known. In this
case, the Robustness Margins are evaluated as the minimum
distance between the maximum resistance variation point
and the first resistance value causing a failure for each
operation (Fig. 3(c)).

2)  Current Noise Margin Metric

The RM can be used to define the noise margins of a
memory cell, i.e., the maximum current noise tolerated by a
cell affected by process variability, before a failure is
observed. Starting from (2), (4), (6) and (7), we define the
current noise margin metrics (/NM) as:

(VBL - VSL )R — I/NM()S—R _

INM == v .
Read operation : LMAX =R RO (10)
INM. =1 _ (VBL _VSL)R _V:’VMOS—R
R REF R RM

HMIN-R R

vy, =V, -V, ;

INM,,, = ( s;e BL)W_ RAZMOS—W -1,
HMAX -W wo

(VBL - VSL )W - VNMOS—W

R RM,

(11

Write operation::

INM,, = -1

LH

LMAX-W w1

where INMp, ; are the current noise margins during the two
read operations, INMy,; are the current noise margins
during the two write operations, Vyyos.gw are the voltage
drops over the NMOS transistor during read and write
operation, respectively.

() (b)
R A READ R, WRITE
2 -+
i 3 2 RMyy,
' :
0 o /7
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Fig. 3. Graphical representation of the proposed Robustness Margin metrics
(RM): a) RMs defined for read 0 and read 1 operation, respectively; b) RMs
defined for write 0 and write 1 operation, respectively, ¢) RMs defined for
read 0, read 1, write 0 and writel operations no failures occur for a cell set
d) Failure probability estimation when some of the RM metrics take
negative values for a cell set.

If one or all RM takes negative values, we estimate the
failure probability under fabrication induced process

variability for each operation mode with negative RM and
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the total cell failure probability. We say that a memory
operation if faulty if its corresponding Robustness Margin
takes negative values. In this case, the failure probability
(fP) is estimated by integrating the probability distribution
function defining the variability of the MTJ resistance over
the area belonging to the failure region (Fig. 3(d)).

V. SIMULATION RESULTS

In this section, we provide the robustness analysis of a
1T-IMTJ] STT-MRAM memory cell. Its relevant
geometrical and electrical parameters are extracted from
literature [13][18][19] and summarized in Table 1. All
parameters are assumed to follow Gaussian distributions.

TABLE L PARAMETERS OF THE STT-MRAM CELL
Parameters Mean(p) o/p
NMOS threshold voltage (V7)) 365mV 10%
Low MT] resistance (R.) at zero current 1230 Q 9.3%
High MT1 resistance (Ryy) at zero current 2650 Q 10.3%
Low state roll-off slope (Sp) 5x10°Q/A 10%
High state roll-off slope (Sn) 3x10°Q/A 10%
Critical switching current P-AP (114! 110pA -
Critical switching current AP-P (I5- 60pA -
Reference current (/zzr) 31.4pA -

The nominal values of the MTJ resistances under read
and write conditions are extracted from HSPICE
simulations, and the characteristic hysteresis curve:
{RLM =1225Q; R, , = 2483Q; (13)

R =1199Q; R =2303Q.

LN-W
where R; y.r represents the nominal electrical resistance of
the MTJ in parallel and anti-parallel magnetization,
respectively, during read operation (Vp;-Vs=0.2V), and
Ry uv.w represents the nominal electrical resistance of the
MTJ in parallel and anti-parallel magnetization,
respectively, during write operation (| V.-V |=1V).

Based on this data, on data extracted from HSPICE
simulations, and on evaluating (1) - (4), the extreme values
of the high and low resistances (boundaries of the
acceptance region) together with the resulting Robustness
Margins are estimated for the cell under analysis. These
values are summarized in Table II for different values of
thermal stability coefficient (4) and access time during write
operation (7). The thermal stability coefficient (4) is
dependent on the volume of the free layer and on the
temperature of the device. Therefore, maintaining the same
area (A), the thermal stability can be modified by modifying
the thickness of the free layer. In this way, the electrical
resistance of the MT1J is not affected, since it is only affected
by variations of the area of the free layer and not by its
thickness.

As described in the previous section, the Robustness
Metrics can be used to determine the variability margins of
the STT-MRAM cell under analysis. The value of RM
conveys the maximum allowed resistance variability for
non-faulty operation. For an easier interpretation of the
results, the relative RM to the nominal value of the MTJ
resistance are depicted in Fig. 4. As expected, the relative
RM shows that the cell designed with lower thermal stability
and written with a longer voltage pulse is the most robust.

HN-W

On the other hand, this cell will have a higher probability of
spontaneous data flip due to thermal fluctuations, but these
effects do not pertain to our present study, and they will be

ignored.

TABLE II. EXTREME VALUES OF THE Ryrj AND THE RM METRICS
Operation Operation | Extreme resistance RM
Conditions mode

T =300K Read Rimaxr = 1628Q; RMyy = 403Q
TR — 10ns RHMIN-R =1628Q. RMm =855Q
A=40; 1=20ns; Write Rimaxw =1525Q; RMy; = 330Q
T=300K Rinax-w = 2983Q. RMyy =680Q2
A=40; ©=40ns; Write Rivaxw = 1595Q; RMy; =400Q
T=300K Rinax-w = 3038Q. RMyy =735Q
A:70, TZZOHS; Write RLMAX-W = 15199, RMW[ = 324Q
T=300K RIIMAX»W =2971Q. RMW() =668Q
A:70, T:40HS; Write RLMAX-W = 15619, RMVI = 366Q
T=300K Rinvax-w = 3002Q. RMyy =699Q

Another information which can be extracted relates to
the preferred stable operation. For instance, if
RMNW1>RMNR0 and RMNW0>RMNR15 the cell under Study is
more sensitive to read operations, while if the inequalities
are reversed, the cell is more sensitive to the write operation.
The results show that robustness during read operations in
larger than the one of write operation, with the exception of
Cell2 (4=40; t=40ns). Another conclusion we can draw is
that the maximum MTJ resistance deviation from its
nominal value should not exceed 27% in parallel
magnetization, and 29% in anti-parallel magnetization to
assure all cell designs (Celll-Cell4) operate without any
faulty behavior. For small memory arrays, where a 3o
statistical interval is a reasonable assumption, the maximum
standard deviations from nominal allowed for the MTJ
electrical resistance are: (o/w)ry =9.7% and (o/u)r, =8%,
respectively. Furthermore, an increase of the NMOS
threshold voltage aggravates the situation. The maximum
standard deviations from nominal allowed for the MTJ
electrical resistance are: (6/u)ry =8.3% and (6/u)p;, =6.9%,
respectively, when Vyy is 10% larger than its nominal value.
The extracted values for relative standard deviation values
are inferior to the ones given in Table I, i.e., (6/u)ry=10.3%
and (o/u)r.=9.3%, respectively.

033 |

- o RMyy /(R now)

E o RMyo/MRymnw)

\é: o o RMp /iW(Rynr)

E o RMgo/(R 1)
0.25

Celll Cell2 Cell3 Cell4
Fig. 4. The relative values of the Robustness Margin (RM) metrics to the
nominal MTJ resistance values, for the four cells under study: (Celll:
A=40; 1=20ns; Cell2: 4=40; t=40ns; Cell3: A=70; t=20ns; Cell4: 4=70,
=40ns).

A second analysis has been performed assuming the
fabrication induced variability of the MTJ resistance be
known (given in Table I). The Robustness Margins are
evaluated as the minimum distance between the maximum
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resistance variation point and the first resistance value
causing a failure for each operation (Fig. 5).
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Fig. 5. The box-and-whiskers plots of the MTJ resistance distributions
during read and write operations, together with the extreme resistance
values for non-faulty operations.

The Robustness Margins, resulting current noise margins
(INM), and the failure probabilities (fP) are summarized in
Table II1.

TABLE IIL. RM AND INM METRICS AND FP ESTIMATION
Design RM INM fP
CaR | RS | | 00l%
Cell2 EK/IA‘VVV;:;% 5.9épA O'Ool ”
Sl i m—

VI. CONCLUSION

In this paper, we present new Robustness Margin (RM)
metrics for 1T-IMTJ STT-MRAM cell characterization.
They are intended to enable the understanding of design
limits and identifying the operation conditions in which the
cell is more prone to failures. They provide a fast way to
estimate maximum allowed process variation for correct
operation, to extract current noise margins when the
statistical distribution of the cell parameters is known, and
to estimate the failure probability when the fabrication
induced process variability causes faulty behavior. The
proposed RM metrics can be used by designers for memory
binning and by test engineers to identify the most likely
failures.
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