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Abstract—This paper presents a dynamic model for the six-
transistor Schmitt trigger in the weak inversion region. It cap-
tures key parameters—capacitances, transition frequency, hys-
teresis thresholds, output current, and time constants—with good
agreement to circuit-level simulations. Complementing existing
models, it provides fast and reliable estimates for transistor
sizing and reduces the need for extensive simulations, offering
a practical tool for the design and analysis of ultra-low-voltage
circuits.

Index Terms—Schmitt trigger, weak inversion operation, Dy-
namic model, Ultra-low-voltage circuits, Hysteresis

I. INTRODUCTION

Wireless sensor nodes and other IoT devices face very
tight power budgets, as they rely on small batteries, energy
harvesters, or both. To extend battery life or enable operation
solely from harvesters, power consumption must be mini-
mized, making the limited power budget a significant chal-
lenge [1]. Many harvesters, such as thermoelectric generators,
indoor photovoltaics, and bio-potentials, deliver voltages well
below 1 V, sometimes under 100 mV [2]-[6]. CMOS circuits
can still operate at these levels [7], [8], but careful design and
modeling are required to ensure proper dynamic performance,
especially for circuits with long standby times [8], [9].

Among circuits suited for ultra-low-voltage design, the
Schmitt Trigger (ST) stands out as a versatile building block.
The classic six-transistor topology [10], depicted in Fig. 1,
was largely overlooked until its recent use in ultra-low-
power logic [7]. In low-voltage scenarios, transistors operate
in weak inversion, strongly affecting circuit dynamics. To
date, no complete dynamic model of the six-transistor ST
in weak inversion has been reported. Existing work provides
valuable insights—static hysteresis thresholds [11], strong-
inversion hysteresis-only models [12], [13], and delay-cell
designs with qualitative predictions [14]—but leaves key dy-
namic parameters uncharacterized. Similarly, metastability has
been analyzed for STs at standard supply voltages (0.9 V) [15]
and for latches modeled as STs [16], yet transient behavior
during dynamic operation with hysteresis remains unexplored.

Weak inversion models have partially addressed ST op-
eration as an amplifier, deriving small-signal transconduc-
tances [17], but without considering transition frequency or
capacitive coefficients, which are essential for a full un-
derstanding of dynamics. Extensions focusing on hysteresis
thresholds [18] also omit other dynamic parameters.

—"_ Mg,

Fig. 1. Six transistor Schmitt trigger circuit schematic.

In this work, transistor capacitive coefficients are calculated
and an equivalent-input/output capacitance model is proposed,
from which the transition frequency is derived to complete
the ST dynamic model in amplifier operation. Key parameters
for hysteresis, including thresholds and step response, are
also estimated. The model is validated through simulations,
showing excellent agreement with predictions.

The paper is organized as follows. Section II presents the
ST operation in weak inversion and the dynamic model for
amplifier and hysteresis modes. Section III shows simulation
results, and Section IV concludes.

II. OPERATION OF THE SCHMITT TRIGGER IN WI

In ultra low voltage operation, both nMOS and pMOS are
in the weak inversion region (WI). The nMOS transistor drain
current in WI is given by [19], [20]
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where I, represents the transistor current strength, given by
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with ny the slope factor, Vg the equilibrium threshold
voltage, ¢; the thermal voltage, i the electron mobility, C?
the oxide capacitance per unit area and W/L the transistor
aspect ratio.

The pMOS current is obtained from (1) by replacing Vsp
with Vgg, Vpp with Vgp, and Vgp with Vg, with the
current strength from (2) using pMOS parameters.
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Fig. 2. nMOS network of the six transistor Schmitt Trigger circuit. High-
frequency small-signal equivalent model for V; = Vo = Vpp /2, accounting
for parasitic capacitances.

Fig. 3. Circuit schematic of the dynamic model of a Schmitt trigger as an
amplifier.

All transistors of the Schmitt trigger (ST) in Fig. 1 are
composed of parallel arrangements of nMOS or pMOS unit
transistors, achieving the same Vrg, Isq, and n [21], simpli-
fying calculations. The number of parallel units is chosen to
ensure symmetry, i.e., INO = Ipo = Io, INI = Ipl = Il’
INQ :ng = 12, and nNy =np=n.

From (1), the dc equations for nodes Vx and V3 are [11]
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where n = 1 for simplicity. The dc equation for node Vp is
given by
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Finally, from (3), (4) and (5), Vp can be expressed as a
function of V;, Vpp and the current strengths.

A. The Schmitt trigger as an amplifier

The high-frequency small-signal model of the ST’s nMOS
network is shown in Fig. 2 and, by symmetry, can be extended
to the full ST. A simplified model (Fig. 3) is obtained by
expressing G,,,, G, C7, and Cop in terms of the components of
Fig. 2, whose expressions are derived in the following sections.

1) Transconductances: The transconductances are defined
as follows
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TABLE I
TRANSCONDUCTANCES OF THE SCHMITT TRIGGER
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where gk, gmdr and gmsk, are the gate, drain and source
transconductances of transistor k, respectively. The values are
summarized in Table 1.

The equivalent G,, and G, in Fig. 3 can be expressed in
terms of the transconductances in Table I as [17]
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2) Capacitive coefficients: In WI the intrinsic capacitances,
other than the gate-bulk capacitance Cy;, are negligible. This
can be verified by deriving the expressions in WI for the
intrinsic capacitances [19]. Thus, the gate to bulk intrinsic
capacitance of transistor k is given by
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where Wy, and Ly, are the width and length of transistor My,
respectively.

On the other hand, the overlap and junction extrinsic ca-
pacitances are taken into consideration. Each of the parasitic
capacitance contributes to one of the equivalent capacitances
in Fig. 2, giving

Ci = Csoov + Cgpo + Cgpi, (10a)
Cpy =Ci0+Cy1+Cya, (10b)
Ciz = Caoov + Cs1 ov, (10c)
Co = Cazov + Cgp2 + C1, (10d)
Cio = Cai1 005 (10e)
Cro = Cs2 00, (101)

where Cp, o0 is the overlap capacitance at node p of transistor
k and Cji is the extrinsic capacitance within the drain or
source to bulk junction.

The extrinsic overlap capacitances of transistor k are ex-
pressed as

Csk ov — Cdkov = C(/kaLDa (11)

being LD the overlapping distance.
For the sake of simplicity, the extrinsic junction capac-
itances are considered to be independent of any voltage



variations, hence, Cj, = C; X Agy, where C’; and Agy, are
the junction capacitance per unit area and the drain or source
diffusion area of transistor k, respectively.

The equivalent input and output capacitances, C; and Cp
in Fig. 3, can be expressed taking into consideration the Miller
effect [22] as

Cr=Ci+Cio (14 |Ap|) + Ciz 1+ |Aiz])
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where A;, and A;, are the low frequency voltage gain , at
Vi = Vo = Vpp/2, between v, and v; and v, and v,
respectively, given by

A = dm1 (gms2 + gme) + 9ms19mo
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Due to the symmetry of the ST circuit, each pMOS capac-
itance is modeled in parallel with its nMOS counterpart, so
the total capacitances are given by the nMOS values times
(1 4+ Wynmos/Wnnos), assuming equal channel lengths.

3) Intrinsic transition frequency: The transition frequency
of the ST is defined analogously to a single transistor [23].
The short-circuit current gain magnitude a; is the ratio of the
small-signal output to input currents, hence,
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where G, is the equivalent transconductance of the ST (7) and

C1 7 the total input capacitance, i.e., the sum of all input-node
capacitances, given by

Crr =Ci+ Cio + Ciy.

Unlike the voltage gain used for C; and Co (12, 13), a; is
a current gain. The intrinsic transition frequency fr is the
frequency at which a; = 1, yielding

Gm
fr= 2nCrr’

B. Schmitt trigger with hysteresis

; (14)
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The minimum supply voltage to obtain hysteresis in an ST
with symmetric pMOS and nMOS networks is given by [11]
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The hysteresis width is approximated by [17]
(VDD — 2VX0) (1 — evDDH_VDD)
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where Vxo is Vx at V; = Vo = Vpp/2, and provided that
the transistors are in WI region. Owing to the symmetry of
the circuit, the input value of the upper and lower thresholds
of the hysteresis loop are

Vop | Vi

Vrgs = —— £ "

> > 21

TABLE II
TRANSISTOR DIMENSIONS OF THE SCHMITT TRIGGER CIRCUIT.
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Fig. 4. Equivalent input and output capacitances as functions of the supply
voltage, Vpp. The analytic curves follow (12) and (13) and are contrasted
to simulation results.

In the region with hysteresis, the response to a step from
Vpp to zero is given by

o) = Vi (1 - e_t/T) : (22)
with the time constant
T=RoCo (23)
and the output resistance
Ro=Y2| 4)
lo y,—

where the output current I is calculated as the difference
between the drain currents of transistors Mpy; and Mpq, at
Vi = 0 V. The drain currents are Ip 1 and Ipp1, respectively,
and follow (1).

III. SIMULATION RESULTS

Simulations were carried out on the ST circuit with transis-
tor sizes listed in Table II. Figure 4 compares the simulation
results with the analytical predictions. The input capacitance
C; shows a singularity at the supply voltage Vpp, where
hysteresis occurs, since the gain A;, in (17) becomes infinite.
In general, the model slightly overestimates C'; due to con-
servative assumptions. The output capacitance Cp predicted
by the model diverges as Vpp approaches zero, whereas in
simulations it remains nearly constant. This discrepancy is
explained by the fact that the linear model does not account for
the saturation of parasitic capacitances at very low voltages.

The model accurately predicts the circuit behavior both in
the amplifier region (Vpp < Vpppg) and in the hysteresis
region (Vpp > Vppp), as ac simulations are consistent
with the linear model. Capacitive extractions using steady
state simulations confirm the model predictions, with minor
differences arising from feedback resistances in the nonlinear
model. Transition frequency fr is extracted considering the
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Fig. 5. Transition frequency as a function of the supply voltage, Vpp,
estimated analytically and contrasted to simulation results.
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Fig. 6. Thresholds of the hysteresis as a function of the supply voltage, Vpp,
estimated analytically and contrasted to simulation results.

differential gain and hysteresis thresholds, providing results
consistent with the linear model across the supply range.

Figure 5 shows the simulated and analytical transition
frequency in (18), demonstrating good agreement. Figure 6
presents the simulated and modeled hysteresis thresholds
Vrua,+ and Vg _ as a function of Vpp, showing agreement
for weak inversion operation.

The main parameters of the ST with hysteresis are modeled
and verified. In particular, the output current /o predicted by
the model is shown in Fig. 7, illustrating its strong dependence
on Vp. For each Vpp, an average Ip is used to estimate
an equivalent output resistance Rp and the time constant
7. Figure 8 shows transient step responses for various Vpp
values, from which 7 is extracted (10-90% rise time). As
expected, rise time decreases with increasing supply voltage.
Figure 9 compares the time constant 7 calculated from (23)
with simulations. The model accurately predicts 7 at low
supply voltages, while deviations grow for Vpp > 0.2 V as
the linear approximation loses validity and nonlinear effects
in the transistors operation become significant. Despite these
deviations, the model captures the overall dynamic trends and
provides a reliable tool for design estimation in the weak
inversion regime.

The simulations show that the model accurately captures
device trends, with deviations reflecting its simplifying as-
sumptions. It thus provides a useful tool for sizing transistors
and quickly estimating key dynamic parameters, reducing
reliance on extensive ac or transient simulations in early design
stages.
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Fig. 7. Model results of the output current of the Schmitt trigger, /o, at
Vi = 0V, as a function of the output voltage Vo and for several values of
supply voltage Vpp.
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Fig. 8. Transient simulation results of the step response of the Schmitt trigger
with hysteresis for several values of supply voltage Vpp.

IV. CONCLUSION

This work contributes a compact model that provides fast
and reliable estimates of key dynamic parameters. While the
model relies on simplifying assumptions that introduce small
deviations, it still enables efficient transistor sizing and reduces
reliance on extensive simulations, offering a practical and
versatile tool for early-stage circuit design.
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