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PAPER Special Section on New System Paradigms for Integrated Electronics

Watch-Dog Circuit for Quality Guarantee with Subthreshold
MOSFET Current

Tetsuya HIROSE†a), Ryuji YOSHIMURA††, Toru IDO††, Nonmembers, Toshimasa MATSUOKA†,
and Kenji TANIGUCHI†, Members

SUMMARY We propose an ultra low power watch-dog circuit with the
use of MOSFETs operation under subthreshold characteristics. The circuit
monitors the amount of the product degradation because the subthreshold
current of MOSFET emulates the rate of the general chemical reaction. Its
operation was verified with both SPICE simulation and the measurement
of the prototype chip. The new circuit embedded in a tag attached to any
product could dynamically monitor the degradation regardless of storage
conditions.
key words: CMOS, subthreshold current, ultra-low-power, temperature
dependence

1. Introduction

We developed a new electronic circuit to monitor the expira-
tion date of consumer products such as medical goods, farm
products, foods, beverages, and so on. In general, the ex-
piration date is carefully specified to guarantee their quality
before shipping. However, it is not appropriate to fix the ex-
piration date in advance without knowing their preservation
conditions. Degradation of any consumer product should
be monitored with an ultra-low-power circuit directly at-
tached to the consumer product. The idea of the expiration
date checker originates from the fact that the rate of mate-
rial degradation is expressed with a rate equation regardless
of their mechanisms such as chemical reaction and biologi-
cal proliferation. The circuitry attached to each product can
monitor its real quality by emulating the amount of degra-
dation based on the activation energy even if its preservation
condition dynamically changes.

2. Overview

Materials are degraded based on the thermal chemical reac-
tion [1]; materials A and B react, and then unwanted mate-
rial C generates. This reaction is expressed as the following
equation.

A + B→ C (1)

According to this reaction, a rate equation can be given by
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d[C]
dt
= k[A][B] = [A][B]k0 exp

(
− ∆Ea

kBT (t)

)
(2)

where [A] and [B] are the concentrations of the reactants,
and [C] is that of the produced unwanted material. The rate
constant, k, is given by the pre-exponential factor, k0, and
the activation energy, ∆Ea for the reaction. kB is the Boltz-
mann constant and T the absolute temperature. Integrating
the equation from t = 0 to t = t1, one can derive the concen-
tration of the unwanted product [C] as

[C] = [A]0[B]0k0

∫ t1

0
exp

(
− ∆Ea

kBT (t)

)
dt (3)

where the [A]0 and [B]0 are the initial concentrations of the
materials, A and B. Among many parameters only tempera-
ture (T (t)) is a function of time so that the amount of degra-
dation is greatly affected by its thermal history.

2.1 Principle of Circuit Operation

We developed a circuit which emulates the degradation of
materials by integrating the subthreshold leakage current of
MOSFET whose activation energy is exactly the same as
that of the products to be monitored.

Figure 1 shows the measurement result of the VGS -ID

characteristics. The subthreshold drain current of MOSFET
is expressed as

ID = IX exp

(
e(VGS − VX)
ηkBT

)
(4)

where IX and VX are temperature-independent but process-
dependent parameters, and η the subthreshold slope factor.

Fig. 1 Measurement results of p-MOSFET VGS -ID characteristics at
different temperatures from −20◦C to 100◦C. W/L = 10 µm/1 µm,
VDS=100 mV. VX and IX are independent parameter on temperature.
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Fig. 2 Block diagram of the circuit. (a) The current divider, (b) the inte-
grator, and (c) the comparator and digital counter circuit.

The ratio of two subthreshold currents, ID1, and ID2 can
mimic the activation energy as

ID1

ID2
= exp

(
−e(VGS ,2 − VGS ,1)

ηkBT

)

= exp

(
− ∆E

kBT

)
(5)

∆E =
e(VGS ,2 − VGS ,1)

η
(6)

where VGS ,1 and VGS ,2 are the input gate-source voltages of
the subthreshold currents ID1 and ID2, respectively, and ∆E
is the emulated activation energy. Integrating the equation
with time, one obtains the following equation.∫ t1

0

(
ID1

ID2

)
dt =

∫ t1

0
exp

(
− ∆E

kBT (t)

)
dt (7)

which is proportional to the right-hand side of Eq. (3). At
given voltages VGS ,1 and VGS ,2, the temperature T is the only
variable with time. The degradation rate of the material can
be monitored from the integrated value.

In order to achieve high portability, we adopt the use
of a button type battery with the nominal voltage of 1.5 V.
Figure 2 shows the whole circuitry consisting of the bias
circuit, current dividers, integrator, comparator and digital
counter. The whole analog elements work at subthreshold
region to achieve ultra low power consumption.

2.2 Constant Current Generation Circuit

In the ultra low power circuit, the bias current should be
kept constant even in wide temperature change. Figure 3
shows the reference circuit designed. The reference volt-
age is generated from the four diode connected p-MOSFETs
placed in four separate n-wells with their bodies connected
to the sources. The circuit generates the reference voltage,
VA, with very little temperature dependence. A p-channel
MOS transistor MCUR with a large source resistance biased
at the voltage VA yields the reference current, IOUT , given
by

IOUT = IX exp

(
e (VDD − IDR − VA − VX)

ηkBT

)
(8)

Fig. 3 Constant current generation circuit consisting of four-diode con-
nected p-MOSFETs, a p-MOSFET MCUR, and the 18 p-MOSFETs. Each
18 p-MOSFETs operate in deep triode region.

Table 1 Simulation result of the constant current generation circuit
shown in Fig. 3.

Temperature (◦C) −25 0 25 50 75
IOUT (nA) 8.27 8.26 8.26 8.26 8.28

The large resistor degenerates the source-gate voltage VS G

(= VDD − IDR − VA) of the transistor MCUR. As the cur-
rent increases with temperature, the source-gate voltage VS G

decreases, resulting in current suppression, and vice versa.
The large resistor consists of 18 p-MOSFETs operating in
deep triode region in series connection as shown in Figure 3.
The simulation of the bias circuit reveals that the change of
the output reference current is suppressed within 1% varia-
tion in the temperature range of −25◦C to 75◦C as shown
in Table 1. The power dissipation in operational amplifier
biased with this circuit is from 244.4 [nW] to 246.2 [nW] in
the temperature range from −25◦C to 75◦C.

2.3 Elements of the Circuitry

Figure 2(a) shows the subthreshold current divider with log-
arithm voltage converters consisting of operational ampli-
fiers, feedback transistors, and an anti-log converter tran-
sistor [2]. The source-gate voltages of respective feedback
transistors, V0, V1, and V2 are the function of the current
given as

V0 = VX +
ηkBT

e
ln

(
I0

IX

)
(9)

V1 = VX +
ηkBT

e
ln

(
I1

IX

)
(10)

V2 = VX +
ηkBT

e
ln

(
I2

IX

)
(11)

Taking account of the source-gate voltage of a anti-log con-
verter, VS G,DIV = V0 + V1 − V2, the output current IDIV is
given by

IDIV = IX exp

(
e(V0 + V1 − V2 − VX)

ηkBT

)

= I0
I1

I2
= Ire f exp

(
e(VGS ,1 − VGS ,2)

ηkBT

)
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= Ire f exp

(
− ∆E

kBT

)
(12)

which emulates the degradation rate with the activation en-
ergy of the products. Note that the current Ire f make this
circuitry stable. Without the reference current, the output
current IDIV sometimes results in too low to be detected, be-
cause the transistor’s junction leakage current overwhelms
the emulated current.

As shown in Fig. 2(b), the capacitor C together with the
operational amplifier integrates the current IDIV to generate
VOUT given by

VOUT = VCM − 1
C

∫ t1

0
IDIVdt

= VCM − Ire f

C

∫ t1

0
exp

(
− ∆E

kBT

)
dt (13)

A long time current integration demands the use of a large
capacitor, resulting in a large chip size. This can be,
however, avoided by introducing iterative integration tech-
nique with a small size capacitor. Once the output voltage
VOUT surpasses the comparator’s reference voltage VCMP,
the comparator generates a reset pulse to discharge the ca-
pacitor so that the total number of the reset pulses is effec-
tively equal to a long time integration of the current.

The system repeating above operations provides the in-
formation on the degree of degraded products.

Since the prefactor of Eq. (3) ([A]0, [B]0, and k0)
and those of Eq. (13) (Ire f , and C) are constant when the
target materials are specified, the proportionality factor
([A]0[B]0k0/

Ire f
C ) can be fixed before shipping, that is, the

allowable maximun number of reset pulses can be preset.
The counter circuit monitoring the reset pulses consists of
D flip flop(DFF) circuits with small occupation area. In the
case of materials with small activation energy, the number
of the DFFs has to be increased because the allowable max-
imum number of reset pulses increases for the materials.

2.4 Simulation Results

Figure 4 shows the simulated output voltage of the integra-
tor at different temperatures from 0◦C to 75◦C. At a given
temperature, the output voltage, the integration of the em-
ulated current, linearly decreases with operation period and
the slope of the output voltage increase with the operation
temperature, both of which are the natural consequences of
its operation principle.

Equation (13) suggests that the slope of the output volt-
age with time can be expressed as

∣∣∣∣∣dVOUT

dt

∣∣∣∣∣ = Ire f

C
exp

(
− ∆E

kBT

)
(14)

Eq. (14) indicates that the slope, dVOUT /dt is a linear func-
tion of 1/T in a semi-log plot. This can be shown in Fig. 5
for the cases of different activation energies ∆E, represent-
ing Arrhenius-type relationship.

Fig. 4 Simulated output voltage of the integrator at the different temper-
atures from T = 0◦C to T = 75◦C. The left of VGS 2 −VGS 1 is set at 50 mV,
and the right 100 mV.

Fig. 5 The slope of the output voltage of the integrator for different
VGS ,2 − VGS ,1 from 50 mV to 150 mV. The horizontal axis shows the re-
ciprocal of temperature, and the vertical axis shows the slope of the output
voltage. According to the Eq. (13), the output voltage of the integrator is
on the straight line with the reciprocal of temperature.

Table 2 Performance summary.

Process 0.25 µm 1-poly 5-metal CMOS
VDD 1.5 V
Power 1.37 µW (T = 75◦C)
Chip Area 510 (µm) × 425 (µm)

The system performance is summarized in Table 2. The
simulated power consumption of the circuit is only 1.37 µW
at 75◦C. A button type battery with 35 mAh ensures that the
circuit works for 35 mAh/0.91 µA–4.4 year operation.

3. Circuit Implementation

The circuit configuration described in Fig. 2 is difficult to
emulate large activation energy because of the reference
subthreshold current Ire f being very small value. In order to
deal with large activation energy, we implemented the cir-
cuit as shown in Fig. 6. A MOSFET generate a I0 current
instead of constant current generation circuit. In this circuit,
the output current IDIV is given by

IDIV = I0
I1

I2
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Fig. 6 Implemented circuit. In order to deal with wide range activation
energy, input current I0 is made by a MOSFET instead of reference current
Ire f .

Fig. 7 Simulated output voltage of the integrator at the different temper-
atures from T = 0◦C to T = 75◦C.

= IX exp

(
e(VGS ,0 + VGS ,1 − VGS ,2 − VX)

ηkBT

)

= IX exp

(
− ∆E

kBT

)
. (15)

As temperature independent IX is very large value as shown
in Fig. 1, the circuit shown in Fig. 6 can emulate large acti-
vation energy of ∆E.

Figure 7 shows the simulated output voltage of the inte-
grator. In this simulation, subthreshold slope factor η is 1.3,
and VGS ,0, VGS ,1, and VGS ,2 are set at 400 mV, 450 mV, and
500 mV respectively, and VX(=750 mV) is extracted from
the simulation results, that is, the emulated activation en-
ergy is 307 mV. We can figure out that the emulated current
of the integrated value is widely change with the operation
temperature due to large activation energy.

3.1 Layout and Measurement Results

We designed the prototype chip of the watch-dog circuit

Fig. 8 Left: measurement setup. Right: chip microphotograph.

Fig. 9 Measurement results of output voltage of the integrator in
temperature range of 27–69◦C.

Fig. 10 The slope of the simulated and measured output voltage of the
integrator. The output voltage of the integrator are on the straight line with
the reciprocal of temperature.

with 0.25 µm single-poly and 5-metal CMOS process. The
left of Fig. 8 shows the measurement setup including a DC
bias generator, thermostatic chamber, and oscilloscope. The
right is the photomicrograph of the chip whose layout areas
is 510 µm × 425 µm. Figure 9 shows the results of the in-
tegrator measured in the temperature range from 27◦C to
69◦C. In the measurement, VGS ,0, VGS ,1 and VGS ,2 are set
at 400 mV, 450 mV, and 500 mV respectively. The slope
increases with temperatureas as expected. These results
are consistent well with the SPICE simulation as shown in
Fig. 7. Figure 10 shows the slope of the simulated and mea-
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sured output voltage. This figure shows that both of them are
on the straight line, and the same slope with the reciprocal of
the temperature, representing Arrhenius-type relationship.

In this paper, we applied the input bias voltages (VGS ,0,
VGS ,1, and VGS ,2) externally. However, in practical applica-
tion, these voltages can be generated internally from a mul-
tiple diode-connected transistor string with three taps.

4. Conclusion

We proposed a watch-dog circuit for the product qual-
ity guarantee which dynamically monitors the subthresh-
old current of MOSFET. Its operation principle is verified
with both SPICE simulation and measurement of the proto-
type chip designed with a 0.25 µm single-poly and 5-metal
CMOS process. The new circuitry could be implemented
in a tag chip to monitor the degree of degradation for each
product upon sale.
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