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Summary

The classical CMOS Schmitt trigger (ST) circuit operating in strong
inversion has been used as a basic building block in electronics since
the seventies. However, no appropriate analytical models for
determining the hysteresis threshold voltages have been presented. In
this paper, we review the classical CMQOS ST formulation for operation
in strong inversion and introduce a new model for calculating the
hysteresis window. In order to validate the approximations employed in
this work, we measured the hysteresis curve for several combinations of
transistors available in the popular off-the-shelf CD4007 and resorted to
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mail: aluissilvajunior@gmail.com ( ") simulation in a 180 nm technology for the specific purpose of

measuring the ST window in terms of the transistors aspect ratios.
Numerical, experimental and simulation results corroborate the
approximations employed in this research to derive simple expressions
for the hysteresis threshold voltages.
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1| INTRODUCTION

The classical CMOS ST shown in Figure 1 is one of the most basic building blocks for electronic circuits. It can be used for
applications such as noise reduction, pulse-width preserving, pulse stretching, conversion of continuous wave to square wave and
relaxation oscillators [1]. The classical CMOS ST was patented in 1975 [2], but accurate approximations for the ST high and low
threshold voltages for all ratios of feedback are still lacking, which is not the case for ST circuits based on either bipolar transistors
or operational amplifiers [3] .

Several authors [4]-[7] presented expressions for calculating the threshold voltages of the CMOS ST decades ago. Although the
expressions for the threshold voltages appear to be good approximations for strong positive feedback (wide hysteresis window),
they totally fail for weak feedback (narrow hysteresis window). As pointed out in [8], sometimes it is important to include a narrow
hysteresis window to a comparator in order to avoid inappropriate output changes of the comparator due to interference signals of
very-high frequency. Another important application of comparators of narrow hysteresis is that of ripple-based control of DC-DC
converters [9], [10].

Due to the lack of a good model to determine the hysteresis window, several designers have either resorted to intensive
simulation [10], [11] to find out the appropriate size of the ST transistors or proposed ST architectures [12], [13] that are amenable
to adjustment. In fact, designers of integrated circuits still struggle to place correctly the thresholds of the CMOS ST, in spite of
its use in present-day applications [14]. On the other hand, recent work [15]-[18] on the ST has been focused on the weak inversion
region, but there is only one study [18] that provides equations developed for the forward and reverse threshold voltages.

In this paper, we revisit the equations of the classical CMOS Schmitt trigger in strong inversion. The main motivation for this
study was to provide the readers with approximations that are good enough to determine the transistor parameters (current scaling
factors) for the intended hysteresis width, independent of its size.

Regarding the organization of this paper, Section 2 revisits the usual model of the classical CMOS ST circuit and points out
some shortcomings of the existing expressions for calculating the hysteresis threshold voltages. A more general analysis for
determining the ST threshold voltages follows in Section 3, where the voltage transfer characteristic of the ST, for both rising and
falling inputs, is described. Asymptotic values of the hysteresis window for both strong and weak feedback are given. Section 4
recalls an accurate strong inversion model of the MOS transistor and develops accurate expressions for the high and low threshold
voltages of the ST inverter. Finally, Section 5 reports experimental and simulation results for different feedback strengths.
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Figure 1: Classical CMOS Schmitt-trigger circuit [1].

2 | REVISITING THE CLASSICAL MODELS OF THE ST IN STRONG INVERSION
For a first order analysis of the ST we use the simplest model of the MOS transistor [19], [20] in strong inversion, given by

Ipyi = Bril(Ve = Von = V)? = (Vg = Vo — Vp)?] (1a)
and

Ippi = Bpil(=V5 + Vpp + Vs)? = (=V5 + Vpp + Vp)?] (1b)
where, Vs, Vp, and V¢ are the source, drain, and gate voltages, respectively. Vv > 0 and Ve < 0 are the threshold voltages of the
n- and p-channel transistors, respectively. It is of paramount importance to base the analysis of the CMOS Schmitt trigger on a
MOSFET model such as that of equations (1a) and (1b), which preserves the symmetry between source and drain. Indeed, the

symmetry property is essential for the correct simulation of the series association of MOS transistors [21].
In the simplified analysis that follows, for the sake of simplicity we have assumed that the transistor strengths, or

transconductance parameters, given by
w

UNCox (W upCox
Buo=t2 () Be="(T) (1c)
are the same for the P and N networks, i.e., Sno=0ro=/o, fni=LFr1=L1, and fno=Lr2=[5.

The symbols in (1c) have their usual meanings [8].

In order to get an insight into the first order behavior of the ST circuit, we initially resorted to numerical calculations of equations
(1a) — (1b), along with the Kirchhoff current law for each node. By proceeding in this way, we were able to have full control of
the equation parameters and check the validity of the approximations that we have used for developing an analytical model. Also,
the information about the number of iterations, the region of operation of each transistor and the plots of the drain currents of
transistors N1 and P; led to important conclusions about the circuit behavior.

The numerical simulation of the effect of the feedback strength in the ST circuit can be seen in Figure 2, which shows the cases
of strong, moderate, weak, and no (standard CMOS inverter) feedback. For the numerical calculation the input voltage was swept
from 0 V to Vpp= 1V in steps of 1 mV (or even less in some cases). For each new value of the input voltage, the initial condition
for the output voltage Vo is its value found in the previous step. The same procedure was applied to descending values of the input
voltage, from Vppto O V.
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Figure 2: Voltage transfer curves (VTCs) of the standard inverter (32/B0 =0) and STs with weak feedback (32/30=1/5), moderate feedback (32/B0 =1)
and strong feedback (82/B0 =5), for B0 = g1, VITN=|VTP|=0.2 V, VDD=1 V.



The case of a wide hysteresis loop is appropriately modeled [5]-[7] by

Vrn+VpD g—z
Vig = ——=22 (2a)
1+ E
Vi, = e (2b)
1+ E
Viw =Viu = V; (2c)

Vin and Vi are the high and low threshold voltages of the Schmitt trigger, respectively, and Vi is the hysteresis window. The
meaning of wide hysteresis loop, which is not clear in the technical literature, will be clarified in Section 3.

It is easy to show that equations (2a)-(2c) are meaningless in the case of small feedback ratios. In fact, for very weak feedback,
Pl fo <<1, the formulas in (2) reduce to Vin=Vin<Vpp+V7p=ViL. In order to avoid Viy to be less than Vi, we must have, from
equations (2)

B2 VEFF)?
Bo > (VDD) (2d)
Verr = Vpp — Ven + Vip (2e)

Here, Verr is the effective supply voltage. As we shall see, this is an important parameter for the characterization of the Schmitt
trigger. Thus, the use of equations (2a) and (2b) for moderate and weak feedback factors /(o can lead to a negative hysteresis
width or, equivalently, an anticlockwise hysteresis inverter.

A general formula for the calculation of the hysteresis window Viw. was proposed in [4]. For the case of P and N networks with

equal transconductance parameters, and with o=/, equation (16) of reference [4] is written as

Vrp-VTNn
Viw = = ©))

Bo
B2

In order to check whether the approximations of references [4] - [6] for the hysteresis width are appropriate, Figure 3 shows
plots of the approximations together with a numerical simulation that employs the transistor equations (1a) — (1b).
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Figure 3: Hysteresis width versus feedback ratio 32/80 of the ST in Figure 1 for VTN=|VTP|= 0.2 V, VDD=1 V, and f0=1.

For the data of Figure 3, Vere= 0.6 V; thus, the hysteresis width given by equations (2a) - (2¢) becomes equal to zero for a
feedback ratio /o= (Verr/Vop)? =0.36. This is the reason for truncating the curve corresponding to equations (2a) - (2c) for values
of feedback ratio less than 0.36. On the other hand, as will be demonstrated in Section 3, those equations are exact for /o>
(Verr/V1p)?, i.€. Bl fo>9 in the case of Figure 3. The coincidence of the numerical results with equations (2a) - (2¢) is quite clear
for B/ fo>9. Finally, equation (3) (equation (16) of [4]) is not an adequate approximation, since it gives very poor results for the

case of weak feedback factors (5./fo<1).
The next section is devoted to a simplified analysis of the ST.

3| DC TRANSFER CHARACTERISTIC OF THE SCHMITT TRIGGER

For the ongoing analysis, the voltage transfer characteristic (VTC) is divided into regions according to the conducting state of
the transistors, as shown in Figure 4. Regions I, I, IV, and V are valid for both rising and falling input voltages. Regions 111 and
VI are associated with a rising and a falling input, respectively.
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Figure 4: VTC of the ST in Figure 1 for VTN=|VTP|=0.2 V, VDD=1V, and p0=$1=5p2.

In region | neither of the n-channel transistors conducts. In region II, both Ny and N2 conduct, whereas Nj is off. Finally, in
region 111 the three n-channel transistors conduct. Figure 5 shows the states of the transistors of the N-network for regions I, Il, and

I11. Regions 1V, V, and VI, defined according to the conduction state of the PMOS transistors, are analogous to regions I, 1l and
111, respectively.

Figure 5: Left to right: State of the transistors of the N-network for increasing input voltage, for regions I, Il, and I, respectively. C, S, and T stand for
cutoff, saturation, and triode regions, respectively.

The description of regions | to VI of the graph in Figure 4 is given by the following conditions.
(@ RisinginputV,:0— Vpp

Region I: 0 < V; < Vry: No, Ny, and P; - cutoff, Pg and P, - triode, N2 - verge of conduction.
The calculation of Vx is shown below.

Innz = B2(Vpp — Vry — Vx)*=0 =
Vs =Vpp = Vrns Vo =Vpp (4)

Region I1: N1 and P, - cutoff, Pg and P - triode, No and N - saturation.
The value of Vx in Region Il is found as follows:

Ipnz = Ipno = ﬁz(VDD —Viy — Vx)z = ﬁo(VI - VTN)2 =
Vx =Vpp —Ven — \[z:Z(VI - VTN)i Vo =Vpp (5)

Thus, the cutoff of transistor N1 implies that (V; — Vy) < Vy or, equivalently,

VTN+VDD g—z
V< — (6)

2

1+ %
] (VTN+VDD 2—3) . . .
Region “I:—JE < V; < Viy: No - triode, N1 and N - saturation, P, - cutoff, Py and P; — triode.
1+ |22
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Before describing the equations of the ST for region 11, we first determine the condition under which the high threshold voltage
Vin occurs in region 11, i.e. the width of region I11 tends towards zero or, equivalently, Von tends towards Vpp. This limit condition
can be readily found out by noting that, when Von tends towards Vpp, transistors P; and N1 never conduct simultaneously, i.e.

Vi = Vpp + Vrp

Equating the higher and lower limits of region 111 we find that
B2

B2|
(VTN+VDD o um)
—_— = VDD + VTP - —

1 B2 Bo
Boliim

Thus, the classical equations (2a) - (2b) are exact only for
& S (VEFF)Z
Bo Vrp

In other words, the circuit will show a wide hysteresis loop if the inequality above holds, whereas f./f<1 is characteristic of a
narrow hysteresis loop. In Section 4 we describe how Viy can be accurately determined for the case in which the feedback factor
is less than the limit given above.

For weak feedback, we can obtain very directly the main results of Section 4 by taking advantage of the closeness between the
VTC of the ST and that of the inverter. In order to simplify the equations, we start with the case for which Vmn<<Vpp and
|Vrp|<<Vpp. Thus, we will determine Viu under the hypothesis V\=Vin=Vo.

Once again, we will assume that the NMOS and PMOS networks have the same transconductance parameters. The KCL for
node Vx in Figure 1, with V, equal to the high threshold voltage, is

= (teez)’ ")

Vrp

lim

Bol(Viny — VTN)2 = (Vig = Vpy — VX)Z] =B1(Viu — Vey — VX)Z + B, (Vig — Vo — VX)2 (8)
Thus,
Vin=Vrn)?
Viw = Ven — Vx)z = % 9)

If B/ fo <<1 the P network is approximately equivalent to the series association of Po and Py [21]; thus, the DC equation of the
output node is
B1Vin=VTN)? ~ BB
Ipyy = W =Ipp = ﬁ01+[?1 Vpp = Vig + VTP)Z (10)

From (10) we deduce the value of the high threshold voltage of the ST circuit as

VEFF
Vig = Vry + T Boths (11)
1+ 0-P1
Bo+B1+B2

Since Sl fo <<1, a first-order approximation of the square root in the denominator of (11) leads to

Vpp+VrN+V. 1 B
Vig = 2o ;N e gﬁo+2ﬁ1 EFF (12)

where the first term in (12) is the inverter threshold voltage.
(b) Falling inputV, : Vpp —> 0
For a descending input voltage, an analogous analysis gives

_ VoptVrn+Vrp 1 B3
Vi, = 2 8 Bo+f1 Verr (13)

Thus, a rough approximation of the hysteresis width for weak feedback is

1 B
Viw =Vig = Vi = Zﬁofm Verr (14)
The accurate approximation of Viw, demonstrated in the Section 4 for Vin=-Vrp and slope factors ny=np=1, is
2
_ _v. — B2 Bo VTN
Viw =Vin =V = 4Bo < Bot+hB1 +2 VEFF) Verr (15)

which also gives a linear dependence of the hysteresis width on the current strength .. Figure 6 presents a plot of equation (15)
together with numerical simulations using equations (1a) and (1b). Note that equation (15) provides a very good approximation of
the hysteresis widths for 3./ f<1.
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Figure 6: Hysteresis width versus feedback ratio %/ of the ST in Figure 1 for Vmn=|V1r|= 0.2 V, Vop=1V, and So=/.

A comment is now in order. When narrow hysteresis comparators are needed, the classical expressions of equations (2a) and
(2b) in this paper fail to help designers. Note that the feedback strength is dependent not only on the S’s ratio, but also on the ratio

of the MOSFET threshold voltages to the effective supply voltage Verr.

Before going to experimental and simulation results, the next section shows a more accurate and detailed analysis for

determining the high and low threshold voltages of the Schmitt trigger.

4| EQUATIONS FOR THE DETERMINATION OF THE HIGH AND LOW THRESHOLD

VOLTAGES ViHAND VL

The I-V equations for strong inversion operation of the NMOS and PMOS transistors shown in Figure 7, can be written as in

equations (16) and (17), and Table 1, where s and d are binary values defined in the first column of Table 1.

Dlln g VoD
B

NMOS PMOS
transistor transistor

Figure 7: Symbols for the terminals of the NMOS and PMOS transistors.

Iow= Bma [S (VG;ZTN _ VS)Z _d (VGT—lVTN _ VD)Z]

N

2 2
Vpp-Vg+V Vpp-Vg+V
Ipp = Ppnp [5 <DDT?+TP - (Vpp — Vs)) —d (M = (Vpp — VD)>

np

Table 1: Conditions under which the mos transistors operate in the regimes of cutoff, triode, or saturation.

Region Source bias Drain bias

NMOS transistor

VG _VTN —TLNVD > O

Triode (s=d=1) Ve —Ven —nyVs >0

Saturatlon (Szl, d:O) VG - VTN - TLNVS > O VG - VTN - TlNVD S 0

VG _VTN —TLNVD S 0

CUtOff (S:dZO) VG - VTN - TLNVS S O

PMOS transistor

Triode (s=d=1)

Vop = Ve + Vep = np(Vpp = Vs) > 0

Vop = Vg + Vep = np(Vpp = Vp) >0

Saturation (s=1, d=0)

Vop = Vg + Vep = np(Vpp = Vs) > 0

Vop = Vg + Vep = np(Vpp = Vp) <0

Cutoff (s=d=0)

Vop = Ve +Vep =np(Vpp = Vs) <0

Vop = Vg + Vep = np(Vpp = Vp) <0

(16)

an



Now, let us make use of both Figure 1 and Figure 2 to explain how to determine the high and low threshold voltages of the
Schmitt trigger. First, examining the circuit of Figure 1, the ST circuit reduces to the conventional CMOS inverter if transistors N
and P, are removed, thus leading to the hysteresis-less curve in Figure 2. The value of Vou for the inverter is the output voltage on
the edge of saturation of the PMOS transistor [22]. For high values of £/, Figure 2 shows that Von tends towards Vopp.

In other words, the infinite gain of the standard inverter (£=0) is confined to the region V|-Vin<Vo<V|-Vrp. Thus, for the
inverter, the maximum value (Von) of Vo at which the inverter is in the saturation region is Von= Vi-Vrp. On the other hand, when
the positive feedback provided by transistor N; is very strong, i.e.

B2 VEFF)? _
Bo > (—VTP) = Vou = Vpp

In order to develop an analytical model, we have approximated the value of Von as a weighted sum of Vpp and the output voltage
of the inverter on the edge of saturation of the PMOS transistor, as given below

Von = ﬁ Vpp + ﬁ Vsp satp (18)
where
Vpp+VTp-V;
Vsp,sate = Vpp — —ee— T (19)

np
and Vin represents the upper threshold voltage. Combining (18) and (19) and denoting a=1/(1+p0/f-), we find that
_ -a)Vpp+Vrp—Vin) _ Ve — (1-a)H (20)

np bp np

Vou = Vpp

where H = Vpp + Vip — Vig.

For Vi=Viny and Vo=Von the following conditions hold: N - triode, N1 and N3 - saturation, P, - cutoff, Po and P1 — triode.

Equation (21) describes the current through the (equivalent) series association of transistors P; and P2. Note that the currents
through N1 and N2 in (22) are independent of the drain voltages. The application of KCL to node Vx yields (23).

Using the approximation of (20) for Voun and the equality Ioni=lop1, after lengthy algebra, we find (24). This equation gives the
high threshold voltage Viu.

(21)

np np

2
BoB1 | (VDD-Vig+Vre\2 Vpp—Vig+V
Ippy = Ippo = 1p ﬁ00+£1 [( pp~ViH TP) < po=VintVre _ VOH))

Ipno = nyfo [(ViH_VTN)Z - (VIH_VTN - Vx)z] s Ipn1 = NPy (% - VX)Z s Ipnz = Ny (% - VX)2 (22)

ny ny
Ipno = Ipn1 + Ipwz (23)

2
2l — a2+ B[ (14 [ 1 - a2 = D) v | = (Ve - 1)? (24)

The low threshold voltage Vi_ of the ST can be derived similarly to Viu. In order to save space, the equations and algebra that
led to the result for Vi_ in (25) are not transcribed here.

2
221 - 24 [ (14 (2B — 02 - D) | = (- 12 (25)

ny Bo+P1 ny
where L =V, — Vpp.

It is important to notice that applying a very strong feedback to (24) and (25), i.e. « — 1, leads directly to equations (2a) - (2b),
as already discussed in Section 2. To obtain more practical analytical equations for the weak feedback cases, further algebra is
necessary.

Now, for very weak feedback, i.e. « — 0, (24) can be rewritten as

~ ~ YoptVrp+VrN VEFF&( _ 2VTP>2
Vig = 2 T Bo VEFF (26)
Bo
ny +np—1
— . _ Bo+B1
Verr = Vpp + Vrp = Ve Q—T
while (25) as
V., = Ypp*VTe+VrN VEFF B2 (b _ ZVTN)2 7)
v 2 8 Bo VEFF
Bo
b _ np BO+BI+nN_1
ny

Finally, the difference between (26) and (27) leads to,



Vi = Vi — V=82 (a - 222)’ (2’ @)

4 Po VEFF VEFF
Forny = np = 1 and Vyy = —Vyp, (27) can be further simplified to
2

%
ViWZVL'H_ViLZVEFFﬁ< L"‘Zﬂ) (29)

4Bo \\ Bo+B1 VEFF

5 | EXPERIMENTAL AND SIMULATION RESULTS

For the experimental validation of the results reported herein, samples of the popular CD4007, which contains 3 NMOS and 3
PMOS transistors, were used.

The transistor parameters, namely the threshold voltages and the specific currents, were extracted according to the gn/lp
methodology described in Figure 4 of reference [23], while the values for the slope factors ny and np were determined using the

method described on pages 463-464 of reference [20]. Table 2 shows the parameters extracted for both types of transistors.
Table 2: EXTRACTED PARAMETERS OF THE NMOS AND PMOS TRANSISTORS OF THE CD4007.

NMOS PMOS
Vin 141 |V V1p -1.27 |V
s 1.1 | mANV? | B” 0.85 | mA/V?
ny (Vee=3V) | 1.71 | - np (Ves=-3V) | 1.13 |-
ny (Vee=5V) | 1.54 | - np (Vee=-5V) | 1.09 | -
ny (Vee=7V) | 1.46 | - np (Ves=-7V) | 1.07 | -

*The values for Sy and S were extracted from the values for the correlated specific currents Isx and Isp [20].

For the sake of simplicity, equal values of Sy and fr were used for the calculation of the ST threshold voltages. In order to
emulate different feedback factors, series and parallel associations of transistors [21] were employed, as shown in Figure 8.

]
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Figure 8: Series and parallel associations of transistors to obtain feedback factors £./fo of 1/4 (left) and 4/1 (right).

Figure 9 shows the hysteresis width obtained either experimentally or by the difference between the values of Viy and Vi
calculated using equations (24) and (25), which are valid for any feedback ratio. It can be readily seen that the experimental and
analytical approaches provide similar values, especially for feedback ratios close to 1. For 10V and 15 V supplies, the experimental
measurements and the analytical curves are in very close agreement for f5/f>1. On the other hand, the proximity of the
experimental points from the analytical curves is not as good for weak feedback. These deviations, for 3//<1, can be explained
by means of some simplifying assumptions employed to determine the values of Viy and Vi.. Firstly, the p- and n-networks were
assumed to have the same strength, which is not true, especially around the ST threshold points. Secondly, identical transistors
were assumed to have the same transconductance parameters, but this assumption does not hold in the practical case, since
transistors with different gate voltages (the gate voltage of the feedback transistors is different from that of the input transistors)
have differences in their mobility as well in their slope factor. The feedback ratio range of the experimental circuit was no further
increased due to the use of discrete components and the difficulty in finding matched transistors.
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We have run simulations of STs with high voltage (5V) thick gate devices of a 180 nm technology of the Silterra D18V process.
The approximate parameters of the transistors required as inputs for the ST model developed herein are presented in Table 3. Note
that the p-channel transistors are 2 times wider than the n-channel transistors to equalize the transconductance parameters of the
NMOS and PMOS networks. For the simulations, all the transistors, except N2 and P2, have the fixed dimensions given in Table
3. The feedback transistors N2 and P2 are either composed of series-connected unit transistors, for feedback factors of less than

unity, or a parallel association of unit transistors for feedback ratios of more than unity.
Table 3: APPROXIMATE PARAMETERS OF THE NMOS AND PMOS TRANSISTORS OF A 180 nm TECHNOLOGY

NMOS PMOS
Vn 0.814 \Y% V1p -0.725 \Y%
NN 1.61 - Np 1.58 -
Wi 4 um Wp 8 um
Ln 0.6 um Lp 0.6 um

Figure 10 shows a comparison, for 3.3V and 5V supplies, of the hysteresis widths determined either from simulation or using
the model developed herein. It can be noted that the model we have developed is a good approximation of the results provided by
the simulation. It is interesting to note that, for high feedback factors, the hysteresis width is an increasing function of the supply
voltage.
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Figure 10: Hysteresis width in terms of the feedback factor obtained either through the model using approximations (24) and (25) (closed circles) or
simulation (squares) of STs built with high voltage (5V) thick gate unit transistors of a 180 nm CMOS technology. Solid and dashed lines represent values
for 5V and 3.3V, respectively.
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6| SUMMARY

We have shown, for the first time, the limit of validity of the classical equations (2a) — (2b) used for calculation of the hysteresis
width in the classical CMOS Schmitt trigger. These commonly used expressions, although having been cited by numerous authors,
seldom serves as a starting point of a design, except for wide hysteresis width. We have developed a model based on a simple
approximation for both the output voltages at the trip points that allows the calculation of the high and low threshold voltages of
the classical CMOS Schmitt trigger in strong inversion, for any feedback factor. We have also presented a very simple formula for
the calculation of the trip points in terms of the main transistor parameters and supply voltage for the case of weak feedback.
Circuit designers now have a more accurate model for determining the hysteresis thresholds.

Data sharing not applicable to this article as no datasets were generated or analysed during the current study

REFERENCES

[1] CMOS Schmitt trigger: a uniquely versatile design component, National Semiconductor Report, AN-140, June 1975 [Online]. Available at:
https://www.fairchildsemi.com/application-notes/AN/AN-140.pdf.

[2] 17J.7J. Jorgensen, “CMOS Schmitt trigger,” U. S. Patent 3 984 703, June 2, 1975.

[3] M. P. Kennedy and L. O. Chua, “Hysteresis in electronic circuits: A circuit theorist’s perspective,” Int. J. Circuit Theory Appl., vol. 19, no. 5, pp. 471-515,
Sep./Oct. 1991.

[4] B. Dokic, “CMOS Schmitt triggers,” IEE Proceedings, vol. 131, no.5, pp. 197-202, Oct. 1984.

[5] L. A. Glasser and D. W. Dobberpuhl, The Design and Analysis of VLSI Circuits, Adison-Wesley, Reading, 1985.

[6] J.P.Uyemura, Circuit Design for CMOS VLSI, Kluwer, Norwell, 1992.

[7]1 1. Filanovsky and H. Baltes, “CMOS Schmitt trigger design,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol.41, no.1, pp.46-49, Jan 1994,

[8] A.S. Sedraand K. C. Smith, Microelectronic Circuits, Oxford University Press, New York, 5. Edition, 2004.

[9] R. Redl and J. Sun, “Ripple-based control of switching regulators — An overview,” IEEE Trans. Power Electron., vol. 24, no. 12, pp. 2669-2680,
2009.

[10] Y.-K. Teh and P. K. T. Mok, “A stacked capacitor multi-microwatts source energy harvesting scheme with 86 mV minimum input voltage and + 3
V bipolar output voltage,” IEEE J. Emerg. Sel. Topics Circuits Syst., vol. 4, no. 3, pp. 313-323, Sep. 2014.

[11] Y. Lin, D. Sylvester, and D. Blaauw, “A sub-pW timer using gate leakage for ultralow-power sub-Hz monitoring systems,” in Proc. IEEE Custom
Integrated Circuits Conference, pp. 397-400, 2007.

[12] Z. Wang, “CMOS adjustable Schmitt triggers,” IEEE Trans. Instrum. Meas., vol. 40, no. 3, pp. 601-605, June 1991.

[13] S. L. Chenand M. D. Ker, “A new Schmitt trigger circuit ina 0.13-pum 1/2.5-V CMOS process to receive 3.3-V input signals,” IEEE Trans. Circuits
Syst.-11: Express Briefs, vol. 52, no. 7, pp. 361-365, July 2005.

[14] H. Pahlavanzadeh e A. M. Karami, “Low-power compact tunable quenching configuration for minimizing afterpulsing in single-photon avalanche
diodes,” Int J Circuit Theory Appl., vol. vol. 48, n°9, pp. 1534-1543, 2020.

[15] J. Kulkarni, K. Kim, and K. Roy, “A 160mV robust Schmitt trigger based subthreshold SRAM,” IEEE J. Solid-State Circuits, vol. 42, no. 10, pp.
2303-2313, Oct. 2007.

[16] N. Lotze, Y. Manoli, “A 62mV 0.13um CMOS standard-cell-based design technique using Schmitt-trigger logic,” IEEE J. Solid-State Circuits, vol.
47, no. 1, pp 47-60, Jan. 2012.

[17] N. Lotze and Y. Manoli, “Ultra-sub-threshold operation of always-on digital circuits for 10T applications by use of Schmitt trigger gates,” IEEE
Trans. Circuits Syst. I, Reg. Papers, vol. 64, no. 11, pp. 2920-2933, Nov. 2017.

[18] L. A.P. Melek, A. L. da Silva, M. C. Schneider, and C. Galup-Montoro, “Analysis and design of the classical CMOS Schmitt trigger in subthreshold
operation,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 64, no. 4, pp. 869-878, April 2017.

[19] C. Enz, F. Krummenacher, and E. A. Vittoz, “An analytical MOS transistor model valid in all regions of operation and dedicated to low-voltage and
low-current applications,” J. Analog Integrat. Circuits Signal Process., vol. 8, no. 7, pp. 83-114, Jul. 1995.

[20] M. C. Schneider and C. Galup-Montoro, CMOS Analog Design Using All-Region MOSFET Modeling, Cambridge University Press, 2010.

[21] C. Galup-Montoro, M. C. Schneider, and I. J. B. Loss, “Series-parallel association of FET's for high gain and high frequency applications,” IEEE J.
Solid-State Circuits, vol. 29, no. 9, pp. 1094-1101, Sep. 1994.

[22] R. C. Jaeger and T. N. Blalock, Microelectronic Circuit Design, 4" Edition, New-York: McGraw-Hill, 2011.

[23] O.F. Siebel, M. C. Schneider, and C.Galup-Montoro, “MOSFET threshold voltage: definition, extraction, and some applications,” Microelectronics
Journal, vol. 43, no.5, pp.329-336, May 2012.

How to cite this article: da Silva Junior AL, Pasini Melek LA, Galup-Montoro C, Cherem Schneider M.
Inadequacy of the classical formulation of the CMOS Schmitt trigger. Int J Circ Theor Appl. 2021;1-13.
https://doi.org/10.1002 /cta.2992

10


https://www.fairchildsemi.com/application-notes/AN/AN-140.pdf

