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A Three-Parameters-Only MOSFET
Subthreshold Current CAD Model Considering
Back-Gate Bias and Process Variation

Ming-Jer Chen,Member, IEEE,and Jih-Shin Ho

Abstract—In this paper we introduce a new subthreshold con- capable of properly reflecting the variations in the subthreshold
duction CAD model for simulation of VLSI subthreshold CMOS  J_ characteristics due to process perturbations [4]. Many
analog circuits and systems. This model explicitly formulates subthreshold conduction models have been published in the
the back-gate bias effect and preserves the original advantages . . . . .
of the existing four-parameter model while reducing the fitting open literature; howe_ver, as evaluated in detail by Pavasovic
parameter number down to three. A transparent relationship [4], these models failed to meet one or more of the above
between the fitting parameters and the process parameters has features (refer to [4, Ch. 2]). To overcome this circumstance,
been derived, and its correlation with a recently widely used CAD  pavasovic [4] has alternatively proposed, without any deriva-
model as well as with a well-known two-parameter model has tion an empirically based four-parameter subthreshold current

been established. Our extensive measurement work on n-channel . , L
MOSFET's has highlighted the potential of the model in handling model along with successful demonstration of the abilities in

the variations in the subthresholdI-V" characteristics at different ~ reproducing the back-gate bias effect and in performing the
back-gate biases arising from process variations. The mismatch mismatch analysis.
analysis has further been successfully performed with emphasis  This paper significantly advances the work of [4] in terms
on the reverse back-gate bias effect. In summary, the proposed ot 5 pew subthreshold current CAD model with reduced
model can serve as a promising alternative in the area of VLSI . . L. .
subthreshold CMOS analog circuit simulation. parameter ngmber, while preserving the original advantages:
back-gate bias effect explicitly formulated, and easy and
straightforward extraction of the parameters. A transparent
relationship between the fitting parameters and the process
I. INTRODUCTION parameters will be derived, and its correlation with a recently
. widely used CAD model [6] as well as with a well-known
SJB.THRESHOLD operat_|on of a MOSFET has long bee'ﬂ/\/o—parameter model [3] will be addressed. The presented
t|||zepl _for |mplementat|(_)n of the very I(_)W power, IOWmodeI will be extensively judged experimentally regarding
voltage digital anql analog integrated cwgmts [1]_’ [2]. R the ability of dealing with the variations in the subthreshold
cently, a large V"’.‘“ety of very Iargg scale integration (VLSI =V characteristics at different back-gate biases due to process
analog computation sys.tem.s, realized by a large numbervgriations. The mismatch analysis will further be performed
MOSFET’s each operating in the subthreshold region, ha¥ﬁ1p|0ying the model.
been reported [3]-[6]. To greatly reduce simulation cost and
time in such large systems especially when performing the
mismatch analysis, a simple transistor CAD model with con- Il. NEw MODEL FORMULATION
siderable accuracy is of increasing importance [4]. At leastA MOSFET subthreshold conduction model suitable for
three essential features are demanded for the candidate magtalUlation of VLSI subthreshold analog circuits and systems
[4]: 1) the number of the fitting parameters must be as smaks been published in [4]
as possible; 2) the process of parameter extraction must be
easy and straightforward; and 3) the back-gate bias effect
must be explicitly formulated. It is well recognized that the n=n0+mVas. Q)
mismatch analysis plays a crucial role in ensuring successful .
implementation of the circuit design specially in subthresholtfiS model needs four fitting parametet; , 70, and 7, .

[2], [4], [7], [8]. Thus, the candidate model itself has to bd he effect of the back-gate bi$; s was explicitly through the
exponential factor associated witfs as well as through the
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variety of MOSFET’s fabricated by different CMOS processesan observe that the parametigris essentially independent

Ip :IoeVGS/nUTe(l—l/n)(VBS/UT)(1 _ G—VDS/UT) of, or is a weak function of, the biases, and in practice, can be
1 reasonably regarded as a constant in (2). Equations (5) and (6)
n=1+——-——. (2) can also provide a physical basis for the ability of handling the
no +n1Vas

. . _ . effect of process variation as explained later. Although theo-

This new model includes only three fitting parameteks: . . . -
retically the assumption of.5¢; > |Vag| for (4) might limit

no, andn,. Apparently, the parameter number needed for t e range of validity, our extensive experiment strongly points

region of interest is reduced by one as compared to (1). The 9 Y, P gyp

dependence of the subthreshold current on the back-gate bia%ut that the model is applicable in a widg;s range as long

i .
explicitly through the exponential factor associated Wit as%we parameters, andn, are simultaneously extracted over
. the same range. In fact, we have found that the conventional
as well as through the slope factor The parameter extraction : !
) ) ] method of extractingy and ng simultaneously at’gs = 0

process is also easy and straightforward: fiksis extracted . .

: .~ can lead to a worse reproduction of the back-gate bias effect.
at Vgs = 0, and thenng andn; are simultaneously obtained
using least-square fitting to the othlefl” curves with nonzero g correlation with Other Models
Vgs. Note that the slope factor associated withs in both
models has different meanings: the quantitin (2) is a func-
tion of Vg, while that (i.e.,x) in (1) is taken to be constant.

Now we demonstrate the work of relating (2) to the model
cited in [3] with respect to the slope factor The latter model
is indeed the same as (2) with two fitting parametkrand
n. Referring to [3, App. B], the depletion capacitance per unit

] ] o areaCy.;, and the oxide capacitance per unit atgg, both
A transparent relationship between the fitting parametefgnstitute the single parameter

A. Relationship Derivation

and the process parameters can be easily derived from one ex- . Claep . 5 ;
|st|.ng subthreshold current expression under certain conditions n=1+ Con + 72\/m (7)
[91: where ¢y < A¢ < 2¢; to ensure subthreshold action.
In = JveVas=Vx)/nUr (1 _ ,~Vps/Ur 3 Apparently, if A¢p = 1.5¢; for mid-point consideration
b =Lxe ( ¢ ) @) and under (4), (7) readily reduces to (6). From (7), another
where parameterization would be written for the slope factoin
such a way to account for the weighted average be
Vi =Vip + 15¢s + 71567 = Vs, such & way . g6 betdeep
_ v —0.5¢; /U o
Ix =BU} ——~t——c 4 1
/15hs — Vac ’ n=14——. (8)
2 10¢f VBS n()_i_n/l /|VBS|
n=1+ v y= V2qesilN 4 Experimental judgment of (8) will be given later. Note that in
2y/1.5¢s — VBs ’ Cow ' the text of [3], the slope factor was taken as a constant inde-
B =puC,.W/L pendent of thé/gg, i.e., in [3] (2) withn; = 0 was employed

throughout and also applied for derivation of the macromodel
for several subthreshold circuit blocks. However, ignoring the
¢5=Urln(Na/n;). third parametem; can give rise to an unacceptable loss in
) . precision.
In (3), Vg is the flat-band voltagey is the body effect Recently, a MOSFET CAD model as cited in [6] has

coefficient; ¢, is the quasi-Fermi levelV, is the channel peen widely utilized for circuit simulation. Its subthreshold
doping concentration; is the carrier mobility,C,, is the gate onduction expression reads

and

oxide capacitance per unit ardd;/L is the channel width to Ip = 2nBU2e(Vern—Via—nVsn)/nUr ©)
length ratio;n; is the intrinsic concentratiorz,; is the silicon b= T ’
permittivity; andUy = k7’/q. Assuming a smalVj;s, we have WNEre Vino is the threshold voltage at zefops and 1 <
Vs n < 2. Apparently, (9) can be made equal to (2) through the
\/1.5¢f — Visg = \/1.5¢f - \/W . (4) following transformation:
f _ 2 —Vino/nUr
_ . o = 2npBUze™ "tho . (20)
Substituting (4) into (3), we can expresandn compactl . .
) g (,y) ) prefs " pactly Indeed, neglecting the fact that the slope faetas dependent
Iy 2 U7 ———— ; : .
0=/ T2m on the Vs will produce an unacceptable loss in precision.

Equation (10) can provide a theoretical basis concerning
x 705/ Ur o=(VrB+1.56,4+74/1:56,)/[(147/24/1.5¢,)Ur]  the ability of the model in handling the process variation
(5) dependencies as demonstrated later. A further analysis by

1 combining (10) and (5) yields
n=lt 2/1.5¢; 2 v ' (6) Vino =ViB + 205 + v/ 205 + m'Ur
- BS 5 -
v NGT o —nln < 2711) 4 0.o¢f[§n 1)
. n— T
Apparently in (2);ng = 24/1.5¢ /v andny = —2/(y+/6¢;). _
Thus, the three fitting parametefs, no, and n, each are _ W20 = V15¢p) (11)

transparently related to the process parameters. From (5) we Ur
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Fig. 1. Comparisons of the measured and calculated n-channel MOSFET subthdedhattaracteristics for two different gate width to length ratios of (a)
20 pm/5 pm and (b) 20um/20 xm. The back-gate biakz s is a parameter ranging from 0 t62.0 V in steps 0of—0.2 V. Vpg = 0.1 V. Data points are
the calculated results from (1) and (2). In (#)/2 =3 x 1077 A, Ip = 7.592 x 107'* A, ng = 2.11,n; = —0.705 V1, k = 1.466, o = 2.337, and

m =3.443V~"and in (b),3U% = 7.33x107° A, Iy = 1.853x107 "1 A, ng = 2.14,n1 = —0.688V ™',k = 1.461, 59 = 2.357,andn; = 3.210V~".

Tsividis [9] pointed out the key role of the above termirom n- and p-channel MOS transistors having different gate
m/Ug in properly defining the threshold voltage. For the firsvidths of 2 to 20um, different gate lengths of 2 to 2am, and
time, (11) expresses this term mathematically. In our work, tiieur different gate oxide thicknesses of 106, 146, 185, and 227
m/Uy value based on (11) has been calculated to be arouykdThese large dimensions are the typical values encountered
80 mV. The other features of the above equations such as fxhe present analog circuit design. The measurement setup

and (10) are reported in next section. contained the Keithley 236/23B-V characterization system
and a Faraday box for shielding the test wafer, all performed
lll. BACK-GATE BIAS EFFECT in an air-conditioned room with the temperature fixed at
) 300 K. These experimentd-} characteristics have all been
A. Experimental Judgment successfully reproduced by the new model over a viige

The proposed new model has been extensively examimadige. Fig. 1 demonstrates one such result for two different
by comparing the subthreshold-V' characteristics measuredgate width to length ratios. Note that in Fig. 1 the subthreshold
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current is calculated until thép approachegU? [2]. Here 100 [T Te———T
BUZ as extracted in the above-threshold region are %33 I .
107® Aand 3x 10~7 A for 20 xm/20 um and 20um/5 um
n-channel devices, respectively. From Fig. 1, the calculatiors®
results from each model seem to match the experimentat
curves over a wide current range of at least five decades foE
Vs ranging from O to about-1.8 V. A clear understanding
can be obtained by drawing a plot of the modeling error versus®

the Vgs. The modeling erroe for a givenVgs is defined as E
(=]
M I I 2 2
— exp — 4{model M
=\ ()
=1
1 x 10712A < Iyp < 3 x 107%A (12)
wherel., represents the measured currdipt,qe1 represents
the calculation current, and/ is the number of data points.
The modeling error plot corresponding to Fig. 1 is shown in 100 T P T
Fig. 2. From Fig. 2 we can observe that the precision of our [ :
model is comparable with the Pavasovic’'s one over a wide so | /\ ]
bias range. In Fig. 2, we show the case of making= 0 in S L ,,/ (2 withn, =0 ]
(2), which exhibits a rapid increase in error taking place at aw [ / ® Y ]
relatively smallVgs. Also plotted in Fig. 2 are the calculated § 60 C /." \/ @. —
results from (8). Obviously, another parameterization of thegy - / .

slope factorn in terms of \/[Vps| dependence produces & 4, [
a larger deviation from experimental data over the samé's_;
Vs range. Thus, the first parameterization (2) is favoredzo

throughout the work. 20

20 um /20 p

B. Extension to Transition and Above-Threshold Regimes 0 /e
0.0 0.5 -1.0 -1.5 2.0

As described above, the ability of our model in reproducing
the back-gate bias effect has been identified experimentally.
- : ) Vgg (V)
This is valid as long as the drain current of each MOSFET .
in the circuits is less than (after the circuit design phase), ®)
or is conditionally forced to below (during the circuit desigrig- 2. Plot of the modeling error versiig; 5 corresponding to Fig. 1. The
h th | U2 2 hich th bth hol wo cases of employing (8) and making = 0 in (2) are also demonstrated.
p ase)_’ e value of T [ ]’_ W ICh ensures the subthresholGr,e parameters in (8) extracted by best fitting to experimental data in Fig. 1
operation. To release this limit, one must extend the modeldR 1, = 7.592 x 10-14 A, ), = 1.897, !, = 0.987VV " for 20 um/5
the transition and above-threshold regimes. pm device, andly = 1.853 x 1071 A, n/, = 1.926, n, = 0.966\VV '
In the subthreshold regime, the drain current is dominated gy 20 #m/20 xm device.
carrier diffusion through the surface depletion region beneath
the gate; however, as thg;s is increased above the threshold _ _ _
voltage, the drift component along the inverted surface donfibove-threshold regimes. In this woflg is represented by
nates. The transition regime between the two is a combinatich and, due to long channel devices utilized, the following
of diffusion and drift Components in a Comp"cated manne@_la.SSical equations are reasona.bly utilized to calculate the
Different mathematical techniques for empirically smoothin§0MPONent/ayis:

the I-V characteristics of the transition region have been BVps(Vas — Van) — %VDQS]v
published in the literature [6], [7], [10]-[12]. Here we employ
the work of [11] only for demonstration Vbs < Vgs — Vip andVis > Vip
Larite =9 )
Ip = I In <G(Idri[t/llimit) + IId_lff> (13) 5 (Vas = Vi)™, Vps 2 Vas — Vi
limit

andVgs > Vi
wherelyg and iy represent the diffusion and drift compo- . ST
nents, respectively; anfli,,ix = (BUZ with ¢ as an adjusting Vi =Vrp + 207 + 7y 205 = Vbs. (14)
parameter. From (13) we havg, = Iyq for Iy < Inmie Here, to facilitate the analysis, the threshold voltage
and Igire € Ipmie, While for Igin > Inmie We have adopts the usual form. The procedure of reproducing the total
Ip = I4ui. Therefore, (13) can appropriately describe thé-V curves is described based on Fig. 3: 1) the Vg,
I-V characteristics covering the subthreshold, transition, andand ¢ in (14) for l4.i, are extracted in above-threshold
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Fig. 3. (a) The measured and calculated’ transfer characteristics along with the modeling error and (b) the measured and calculated transconductance
versus gate-to-source voltage along with the modeling error, all corresponding to Fig. 1(b). Both error plots are calculated using (12) bui @vith?
A< fexp < 1X 10— A. The parametetly;,;; is adjusted to be%.é/ﬁUf} (= 25.6 x 10—® A) such as to match closely with experimental curves.

Vrg = —0.165 V, ¢y = 0.225 V, andy = 0.532 VV.

and are given in the caption of Fig. 3; 2) thg, no, and Fig. 3 we can observe that the calculated results have a
ny values as given in the caption of Fig. 1(b) are used fonaximum error of 23% over a wide bias range. In the analog
Iy, and 3) finally the¢ in (13) is adjusted for best fitting. circuit simulation it is needed to maintain the continuity of
In such a way,(sU? = 3.58U2 is extracted in Fig. 3. the transconductancg,, in the whole operating region. As
This value is close to the associated paraméte8UZ in shown in Fig. 3, no discontinuity of,, is produced in the

[6] if » = 1.5 is typically considered. The calculated andransition region between subthreshold and above-threshold.
measured/-V curves over the whole region of operationrhis is essentially due to the mathematical smoothing action
with Vg as a parameter are illustrated in Fig. 3, where tras widely employed in the field [6], [7], [10]-[12].

measured and calculated transconductapge= 01p/0Vas)
versus gate-to-source voltage wiltizs as a parameter is
together plotted. Also plotted in Fig. 3 are the modeling The ability of the model in properly handling the variations
errors based on (12) but with a wider current range. Froim the subthreshold—V characteristics due to process vari-

IV. PROCESSVARIATION
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Fig. 4. The scattering plot of (& (Io) versusV;y /n and (b)ln (o) versusVyy, for three different gate width to length ratiosdts = 0 V. The straight
lines obtained by least square fit to the data points are also shBwepresents the correlation coefficient.

ations has been extensively judged experimentally. Here W&>cm—2, 80 KeV) were implanted to form the low-doped
present such results from the qgate n-channel LDD MOS- and highly doped source/drain regions, respectively.

FET devices having three different gate width to length ratios Each of the devices has been characterized across the wafer,
of 20 m/20 ppm, 20 pm/5 pm, and 20m/2.4;m, all formed and the variations in thé—V" characteristics due to process
on chip by a 0.6am twin-well polysilicon CMOS process. variations have been recorded for subsequent analysis. The
The starting material was p-tyg&00-oriented Si wafers with measurement setup and environment have been described
resistivity of 8—12Q2-cm. Boron (6x 10*2 cm~2, 60 KeV) was above. The variations in the subthreshéld’ characteristics
implanted to form the p-well region. BR2.6 x 10'2 cm—2, can be appropriately represented by the variations of the
70 KeV) was used as the threshold voltage implant. The gatetractedng, ny, andiy in (2). The corresponding variations
oxide was grown in dry @ at 920C to a thickness of 146 in the above-threshold—V characteristics have also been

A. After n+ gate polysilicon was formed, phosphorus (X0 measured, which can be appropriately represented by the
10'* cm~2, 45° angle rotating, 60 KeV) and arsenic (3x0 variations in the threshold voltagé;,. This implies that the
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Fig. 5. The scattering plot ofr versusVy, at (a) Vgs = —1 V and (b) Vs = —2 V. The straight line obtained by least-square fit to the data

points is also shownR represents the correlation coefficient.

variations inng, ny, andy due to process variations can behe correlation coefficient associated with the regression
reflected by the variations i#,;, and thus can be traced byequation has been calculated according to [13]

constructing the correlations between the two in advance. The N
reason and evidence are given in detail later. Z (X; = X)(V; =-Y)
First, the case of zero back-gate bias is addressed. The R= i=1 (15)
scattering plot of the measuréd(/y) versusVy, /n atVps = N N
0 V for three different gate-width-to-length ratios is shown in Z (X; — Y)QZ (Y; =Y)?2
Fig. 4(a). Also shown in Fig. 4(a) are three straight lines each i=1 i=1

calculated by the regression equation. This regression equaljiere N denotes the sample numbek and Y are the
offers R values of 0.9892, 0.9798, and 0.9585 for the devicesir values of the two parameters, aidl and Y are the

with three different gate-width-to-length ratios of 20n/20 corresponding mean values. The sample nunibes ten for
pwm, 20 pm/5 pm, and 20um/2.4 um, respectively. Here each gate width to length ratio. Note that even with such a
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Fig. 6. ThelI-V curves measured from 96 devices with the same gate-width-to-length ratiquof/2 um for two differentVgs.
small sample number, the higR values in Fig. 4(a) really of R is obtained. This indicates that the threshold voltage

show a strong correlation betweén(ly) and Vi /n. The Vi has a strong correlation with the parametein (2), and
interpretations responsible are given as follows. From (1@hus the single parameter in terms \4f, /n can compensate

we have for the variations inn, as originally proposed by Godfrey
) Vino [7]. In addition, we have found experimentally such strong

In (fo) =In (2nBU7) — 1 relationships betweei;;, andn in (2), all measured at two
<1 + n_())UT different nonzero back-gate biases, as demonstrated in Fig. 5.
_ This observation can be satisfactorily interpreted by combining

ne = 2/1.5¢; (16) (6) and (14) with the common factarremoved, which yields

¥ for a givenVgs
which gives a linear relationship betweén(l,) and Vi, /n n=atbVi (17)

at Vgs = 0V, thus providing the origin of the regression

line empirically found above. From (16), one can clearlynere, andb are two coefficients including thess. There-
see that the variation im, is due to the variation in the tqre the variation im in (2) can be calculated directly from
process dependent parameterand ¢;. Equation (16) also e measured variation in threshold voltage, which in turn can
explicitly shows that the negative inverse of the slope ?/field the parametef,, value by using (16).

the straight line yields a fundamental physical parameter and

can be readily applied to check the validity of (16) in a

physical manner. It can be shown from Fig. 4(a) that three V. MISMATCH ANALYSIS

straight lines offer the slope values of34.36,—-37.38, and  Here the application of the new model in mismatch analysis
—39.60 1/V, each in reasonable agreement with the invetisegiven. First, the back-gate bias dependEdt characteris-

of —kT/q(=-38.68 1/V at 300 K). Further calculation ontics have been measured from the on-chip n-type MOSFET'’s
the interceptln (2n3U2%) gives the values 0f-13.2, —14.6, having the same gate width to length ratio ofu2n/2 pm

and —15.3 for the 20pum/2.4 pm, 20 um/5 pm, and 20 with a large sample number of 96, as depicted in Fig. 6
wm/20 pm devices, respectively, each being consistent wifbr two different Vgs. From Fig. 6 one can observe that 1)
those empirically obtained in Fig. 4(a). Thus, our subthreshdide drain current in subthreshold has a larger spread than in
model is capable of explicitly handling the effect of procesabove-threshold and 2) the back-gate reverse bias produces
variation. On the other hand, if the correlation is made betweanlarger spread in the drain current especially operated in
In (1p) and V4, as shown in Fig. 4(b), a relatively small valuesubthreshold. The latter observation can be clearly understood
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Fig. 7. The histogram of the measured drain current folfg} = 0 V and g L ]
Vs = 0.568 V;and (b)Vgs = —2 V and Vs = 1.2 V. The experimental 6’ [ ]
and calculated normal distribution curves are also together plotted. 5t ]
. . . 0 C 11
by drawing the histogram of the measured subthreshold drain 0.60 058 056 -054 -0.52 -0.50
currents. Fig. 7 shows such histograms igfs = 0.58 V ) ) ) ) ) '
at zero back-gate bias as well as fofs = 1.2 V at ny (1/V)
Ves = —2.0V. From Fig. 7 we can observe that the measured (©

distribution broadens agps is changed negatively from O tOFig. 8. The histogram of the experimentally extracted values of (a)b)
—2.0 V, indicating that the back-gate reverse bias as usually and (c)n:. Also plotted are the empirical normal distribution curves.
encountered in subthreshold CMOS circuits can worsen the

mismatch in current. This is in agreement with the receMhere

experiment from the current mirrors [14], [15]. The mean Oln(Ip) 1
and standard deviation of the measured distributions are aly I
labeled in Fig. 7. On(Ip) Ves—Vis 1 2
From (2), the standard deviation Iy, can easily be derived 9 = < )
.. . e no Ur 14+ ng+n1Vas
explicitly as a function of the standard deviationsiy no, 5
and ny [13]: dln (ID) _ Vas — Vas < 1 ) s
g U 1 Vi
o2 (omUIp)\: .  (OmIp)\? , " T ot mYes
72\ "o )T\ T ) T Now we demonstrate how to reproduce the measured mis-
D 0 o

9 match in Fig. 7 by means of both (2) and (18). First the
+ <‘3IH4(ID)> o2 (18) parametersy, ny, and Iy in (2) have been extracted accord-
oy ' ingly for each device with/gs ranging from 0 to—2 V in steps
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of —0.2 V, creating the histograms with a large sample numbgr]
of 96 as depicted in Fig. 8. From Fig. 8, the mean and standard
deviation of thely, ng, andn; are obtained. Substituting these (8]
values into (2) and (18), the mean and standard deviation of the
currentlp are calculated as together labeled in Fig. 7 and ar ]
found to coincide with the experimental values. Also plotte

in Figs. 7 and 8 are the curves of the Gaussian or norniadl
distribution f(y):

f(y)

where y is the dummy variable. The reason for utilization[
of (19) in our work is that the process variation distribution
is usually of Gaussian type [16], [17]. Note th&f, ng, and
ny each include explicitly the process parameters, as cleary]
depicted in (5) and (6). From Fig. 7 we can observe that
the calculated distribution curves are comparable with thoge
established empirically. Reasonable agreements in Fig. 7 thus
validate the ability of the new model in properly reflectinq16
the dependencies of the subthreshold current simultaneously
on the process variations and back-gate biases.

1 [11]

2ro

o= 4lly=—m)/oT?

(19)

[17]

VI. CONCLUSIONS

A new three-parameters-only subthreshold current CAD
model taking into account the effects of back-gate bias and
process variation has been introduced. A transparent relation-
ship between the fitting parameters and the process parame’
has been derived, and its correlation with other models h
been addressed. This model has successfully reproduce
large amount of experimental data from different size devic
in a wide back-gate bias range. Application of the mod
to handle the process variation as well as to perform tl
mismatch analysis has been demonstrated in detail. The ot __«
applications of the model, such as correct establishment
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