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Abstract—This brief analyzes the operation of the three-
inverter Schmitt trigger (TI-ST) at ultra-low supply voltages.
Included in the analysis is a model to predict the supply
voltage at which the TI-ST changes from the amplifier mode
to the hysteresis mode. We show theoretically that the TI-
ST can exhibit hysteresis for a supply voltage as low as the
fundamental limit of unity gain of the CMOS inverter. We
also demonstrate experimentally that, with a suitable design,
hysteresis starts to occur from a supply voltage as low as 48.5 mV.
A relaxation oscillator built with a TI-ST and standard inverters
is experimentally demonstrated to start to oscillate from supply
voltages as low as 62 mV.

Index Terms—CMOS, ultra-low voltage, subthreshold, Schmitt
trigger, hysteresis, relaxation oscillator.

I. INTRODUCTION

Devices that operate in inaccessible environments cannot
have regular battery replacements and, in most cases, must be
of small size. Harvesting energy from the surroundings is a
common choice to operate such devices, but, in many cases,
the harvesting devices provide voltages of the order of 100 mV
or less 1. CMOS electronics is possible at such low supply
voltages [2]-[8]], which are well below the standard supply
voltages.

In 1972, in the first paper on the subthreshold operation of
the CMOS inverter [2], the authors observed that the smallest
supply voltage for the proper function of the inverter was
approximately 8%k7'/q, 200 mV at room temperature. This
statement remained valid until the 2000s, when sub-200 mV
circuits [3|-[5]l, [7] started to appear. The interest in the
ultra-low-voltage domain keeps on, as demonstrated by recent
papers on sub-100 mV circuits [6], [8]—[10].

There are two main driving forces for supply voltages below
the typical values in the range of 200 to 350 mV, commonly
used to minimize the energy per logic operation. Firstly, ultra-
low voltages reduce the power consumption of circuits with
long standby times, such as sensor nodes for the IoT [6], [8].
Secondly, ultra-low voltage circuits can operate from thermal
or electrochemical harvesting devices which often provide
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extremely low voltages, of the order of 100 mV or even less
(1, [11]], [12]. Additionally, potentials in the range 50-100
mV are close to the Nernst potentials found in biological cells
[13]], which can be harvested from living systems [7].

The use of feedback to match the N- and P-channel MOS-
FET currents allows digital CMOS circuits in a standard 180
nm CMOS technology to operate at 100 mV [J3]. Operation at
room temperature with a supply of 62 mV was achieved using
logic gates built around the classical Schmitt trigger (ST) [6]]
shown in Fig. [I} however, in practice the ST operates as an
amplifier for supply voltages below 100 mV. A recent paper
by Pasini et al. [14] provides expressions that describe the DC
transfer function of the classical ST at ultra-low voltages. One
of the main results of [|14] is the theoretical minimum supply
voltage (Vppp) at which the classical ST switches from the
amplifier mode to the hysteresis mode, given by

Voo = 2¢¢In (2 +\/5) =75mV at 300 K (1)

where ¢; is the thermal voltage (25.9 mV at 27°C). In
structures used in practice, the measured values are usually
higher than 100 mV. So far, a Schmitt trigger for sub-100 mV
operation has not been devised yet.

Fig. 1. Classical Schmitt trigger.

In this study, the alternative Schmitt trigger shown in Fig.
referred to herein as the three-inverter ST (TI-ST), is revised
and analyzed for operation at ultra-low voltages. The TI-ST,
described in [15], more commonly seen as a non-inverter ST
[16]-[19] and frequently detailed in textbooks [20], consists of
three balanced CMOS inverters with a positive feedback path.
However, the weak inversion analysis of this circuit has yet to
be carried out. For the sake of simplicity, we assume that the
P transistors are well-balanced with the N transistors. Here, K
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and J represent the ratios S3/S; and Ss /.57, respectively. S =
W/L is the aspect ratio whereas W and L are the transistor
width and length, respectively.

Fig. 2. Three-inverter Schmitt trigger (TI-ST) circuit.

For the purpose of a first-order analysis of the TI-ST, we
used the symmetrical weak inversion current-voltage model of
the MOS device [21] shown below,

VGB(Bde) ~VsB(BS) ~VDB(BD)
Ipnpy = Inpye "™V e ¢ —e % 2

where Iy (p) is the NMOS (PMOS) transistor strength or
scaling factor, ny(p) is the slope factor, and G, S, D and
B are the gate, source, drain and bulk nodes, respectively.
The numerical solutions of the TI-ST nodal equations for
the ratios and supply voltages indicated in the captions, result
in the voltage transfer characteristics (VTCs) shown in Figure
The curves in Figure [3] were determined in this work as
in [[14]]. For each value of the input voltage V;, the current
through a voltage source Vo at the output node, swept from
0 to Vpp, was determined. The values of V for which the
current is zero determine a point of the characteristic curve. If
the value of V7 is within the hysteresis window, there are three
values of V for which the current is zero. Figure 4] shows the
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Fig. 3. VTCs of TI-ST (solid line) with J = 1 and classical ST (dashed line)
with relative current strengths of Io/I1 = Io/I2 = 2 for balanced transistors
with n = 1.3.
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simulated VTCs for a balanced inverter, a classical ST, and a
TI-ST for which K =5 and J = 1. As demonstrated in [14],
the classical ST is not able to provide hysteresis for supply
voltages below 100 mV, but the TI-ST can achieve this for 50
mV, as shown in Figure [
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Fig. 4. VTCs of the cells indicated in the inset in a 0.18 pm technology for
Vpp = 50 mV. Classical ST with Io/I; = Ig/I2 = 2.

In this communication, we analyze the subthreshold opera-
tion of the TI-ST. In addition, we demonstrate that the TI-ST is
theoretically capable of generating hysteresis from Vpp as low
as the fundamental limit of 36 mV at room temperature [22].
Section II describes the small-signal model of the TI-ST used
to find its voltage gain. Based on the results reported in Section
II, we find the value of the supply voltage for which the TI-ST
changes from amplification to hysteretic mode, as described
in Section III. Section IV reports simulation and experimental
results for the DC characteristics of the TI-ST, along with
a prototype of a relaxation oscillator that demonstrates the
usefulness of the TI-ST at ultra-low voltages.

II. SMALL-SIGNAL ANALYSIS

In this Section, the transition between the amplifier and
hysteresis modes is determined. The analysis that follows is
valid for the DC operating point V; = V; = Vo = Vpp/2.
Each inverter is modeled as a voltage-controlled current source
(gmVy) with gp,q as the output conductance (g, is the gate
transconductance), as shown in Figure E} The values of g,
and ¢,,,4, calculated from , are shown in Table

TABLE I
TRANSCONDUCTANCES OF THE TI-ST FOR V; = Vo = Vpp/2

gmi Imdi
. YDD _Ypbp 1, YBD(1_1)
9 Li g2mey (1 — e 2¢¢ 2Li ¢2¢, \m
noy bt
In, =1Ip, = I; i=1, 2, 3.

The values for the (trans)conductance of inverters 2 and 3
are J and K times greater, respectively, than that of inverter
1. The small-signal gain at the midpoint of the VTC is

Yo __9m 1 3)
1 _ 9m2 9gms3 9md3
vr Vo=V;=YDD Gmad1 Imd2 gmd1l Imd1

2

Since gm3/9m1 = Gmds/9mar = I and the inverter gain

Av = —Gmi/9gmadi,» where i=1, 2, 3 is the same for the three
inverters, the previous result can be further written as
vo Ay
- = “)
vr 1+ K(]. — AV)

Vv,
Vo=vi=YpD

Figure [6] shows the voltage gain of both the standard inverter
and the TI-ST with identical inverters (J = K = 1) in terms
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Fig. 5. TI-ST small-signal model.

of the supply voltage. The left branch of the TI-ST curve is
associated with the amplification operation, whereas the right
branch is associated with the hysteresis operation. The value of
the supply voltage at which the gain changes sign or, in other
terms, the supply voltage at which the gain is infinity, is the
minimum Vpp required for the appearance of hysteresis. In

Inverter
\ ---  TIST
Classical ST

Gain (V/V)

Vpp (mV)
Fig. 6. Calculated and measured gains for an inverter, a TI-ST (K = 1) and
a classical ST (Io/I1 = Io/I2 = 2), with n = 1.3 at 27°C. Circles: inverter
measurements. Crosses: TI-ST measurements.

the general case of an NMOS/PMOS imbalance, the inverter
voltage gain is affected; consequently, the TI-ST gain is also
affected. Figure [/| shows the dependence of both the inverter
switching voltage V), and the voltage gain Ay deduced from
(@). Here, a= In/Ip is the imbalance factor.
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Fig. 7. Inverter switching voltage Vs and voltage gain Ay, in terms o =
In/Ip for n =1 and 27°C. The solid, dashed and dotted lines correspond
to Vpp = 50, 75 and 100 mV, respectively.

III. MINIMUM Vpp REQUIRED FOR THE APPEARANCE OF
HYSTERESIS

For the purpose of finding the discontinuous transition
between amplification and hysteresis modes, the condition
vo /vy = oo is applied to @) [14], yielding

Ay = J1+ImL 5)
9m3

Thus, the minimum inverter gain for the occurrence of
hysteresis in the TI-ST is given by (5). Applvying the inverter
gain equation for Vpp/2, gmi1/gma1 = (6% —1)/n as
shown in Table [} yields

14+ K
VDDH:2¢t1n 1+n T (6)

where n is the slope factor. Figure [§] shows the dependence
of Vpp on K, for two values of n and «. Theoretically, for
n =1 and a = 1, a scale factor K = 3 is sufficient to reach
infinity gain at Vpp ~ 40 mV. With n = 1 and K >> 1,
(6) reduces to Vppm,,,, = 2¢¢In(2). Hence, the TI-ST is
able to exhibit hysteresis for a supply voltage as low as the
fundamental limit of unity gain for the CMOS inverter [22].
The gain decreases symmetrically around o = 1, which in
turn implies on a higher Vpp and VDDH|Q = VDDH|1/Q.
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Fig. 8. Minimum Vpp required for infinity gain at 27°C' versus K. n =1
and a = 1, except when indicated.

IV. SIMULATION AND EXPERIMENT

Two designs for K =1 (Sp; = 2um/0.6pum) and K =5
(Sp1 = 10um/0.6pm) were simulated with process variations
and mismatch in a 0.18 pm technology. The histograms of the
hysteresis widths are plotted in Fig.[9] For K = 1, none of the
samples showed hysteresis, as expected from (6], whereas for
K =5 all samples with wider transistors and 97.5 percent of
those with narrower transistors exhibited hysteresis. The ratio
(equal to 3) of the widths of the NMOS transistors to those
of the PMOS transistors provides symmetry to the TI-STs for
typical technology parameters and supply voltages from 50
mV to 100 mV.

Three TI-STs with scale factors of K = 5, 1, and 1/5, along
with an inverter, were integrated in a 0.18 pm technology, as
shown in Fig. [I0] The aspect ratio of the unit PMOS transistor
is S = 2um/0.6pm, whereas that of the NMOS transistor is
S = 6pm/0.6pm. Inverter 3 is composed of five inverters
connected in parallel for K = 5. The same procedure was
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Fig. 9. Simulated hysteresis widths for 200 samples, Vpp = 50 mV, K = 5.
Inset: aspect ratios of PMOS transistors. NMOS transistors are 3 times wider
than PMOS transistors.
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adopted with inverter 1 for K = 1/5. The measured slope
factor n for both N- and P-channel transistors, extracted using
the g,,/Ip method described in [23]], is around n = 1.3.
Therefore, the expected minimum Vppp, according to @
is approximately 46 mV for K = 5.

Fig. 10. Photo of the 2 mm X 2 mm die, fabricated in a 0.18 pum technology
node. a: CMOS inverter cell, b: TI-ST K =1, c¢: TI-ST K = 5.

Figure shows the measured VTCs for each design. As
can be seen, the gain increases with the scale factor. Also, as
predicted, the VTC presents hysteresis for K =5 and Vpp =
50 mV. The measured minimum voltage for the appearance of
hysteretic behavior is Vpp = 48.5 mV, which matches closely
the value (46 mV) predicted using small-signal analysis.

Fig. 11. Measured VTCs for the TI-STs (K = 1/5, 1, 5), Vpp = 50 mV.
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Figure @] shows the measured hysteresis widths (Vi,iaen)
for different supply voltages. The hysteresis curves start to
appear for values of the supply voltage predicted by (€)). For
the case of high positive feedback (/K = 5), the hysteresis
window is wider than the supply voltage for Vpp > 70 mV.
Figure [I3] shows the VTC curves for the TI-STs with K =5
and K =1, as well as that of the classical ST. Note that the
classical ST does not presents hysteresis, whereas the TI-ST
with K = 5 presents a window of around 160 mV, which is
wider than the supply voltage.
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Fig. 12. Measured (symbols) and simulated (solid lines) hysteresis widths
versus Vpp.

Fig. 13. Measured VTCs for the TI-STs (X = 1 and K = 5) and the
classical Schmitt trigger (ST), Vpp = 100 mV.

In order to verify the hysteresis effectiveness, inverters
and a TI-ST from different chips of the same batch were
interconnected to build the relaxation oscillator, shown in
Figure [14] which consists of a K = 1 TI-ST followed by a
two-stage inverter that operates as a voltage-controlled current
source (VCCS), along with an off-chip capacitor.

Figure [15] shows the waveform for supply voltages of
Vpp = 65 mV and Vpp = 100 mV, with C, = 10 pF. The
oscillation frequency measured over a range of supply voltages
from 60 mV to 180 mV is shown in Figure Oscillations
start from Vpp = 62 mV and disappear above Vpp = 180
mV, since Vy,;q4:n, becomes greater than Vp p, as expected from
the extrapolation of the curve for K = 1 in Fig. The
frequency does not increase proportionally with the inverse of
C1, owing to parasitic capacitances introduced by pad sharing
with other circuits of our chip.
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