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Abstract

We developed a subthreshold CMOS circuit whose
dynamical behavior, e.g., oscillatory or stationary
behaviors, changes at a given threshold temperature with
the aim of the development of low-power and compact
temperature switch devices on monolithic ICs. The
threshold temperature is set to a desired value by
adjusting an external bias voltage. The circuit consists of
two pMOS differential pairs, capacitors, a current
reference circuit with low-temperature dependence, and
two off-chip resistors.

1. Introduction

Temperature control is fundamental in various
electronic systems. There are several passive and active
sensors for measuring system temperature, including
thermocouples, resistive temperature sensors, thermistors,
and silicon temperature sensors [1]. Among present
temperature sensors, a thermistor that has positive
temperature coefficients (PTC) is widely used because it
exhibits a sharp increase of its resistance at a specific
temperature. It is suitable for implementation in
temperature control systems that make decisions, such as
over-temperature shutdown, turn-on/off cooling fan,
temperature ~ compensation, or  general-purpose
temperature monitor.

Temperature characteristics of PTC thermistors made
from ceramics, such as sintered metal oxides, are based
on its material characteristics and its relative proportions
[1], [2]. Electrical resistivities of PTCs are shifted by a
phenomenon called leaching, which occurs during the
soldering process. In addition to the resistance shift,
leaching causes degradation of the solder-electrode and
electrode-semiconductor bond, which may result in
thermistors having greatly reduced stability and
reliability. Therefore, it is difficult to build a PTC
thermistor on monolithic ICs, which prevents us from
developing on-chip temperature control systems.

We developed an analog circuit that has a sharp
transition characteristic similar to that of PTC thermistors.
Key features of the circuit include low-power
subthreshold operation of MOSFETS, extended range of
threshold temperature, and small packages.
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Fig. 1. Critical temperature sensor operation
model

2. The Model

Temperature increase causes a regular and
reproducible increase in the frequency of pacemaker
potential in most Aplysia and Helix excitable neurons [3].
The Br-type neuron, located in the right parietal ganglion
of Helix pomatia, only shows its characteristic bursting
activity between 12 and 30°C . Outside this range, the
burst pattern disappears and the action potentials become
regular. In other words, excitable neurons can be used as
a sensor to determine the temperature range in a natural
environment.

There are many excitable neuron models, but only a
few of them were previously implemented on CMOS
LSls, e.g., silicon neurons that emulate cortical
pyramidal neurons [4], FitzHugh-Nagumo neurons with
negative resistive circuits [5], artificial neuron circuits
based on by-products of conventional digital circuits
[6]-[8], and ultralow-power subthreshold neuron circuits
[9]. We developed a model based on the Wilson-Cowan
system [10] because of ease of theoretical analysis and
subthreshold CMOS implementation.

Figure 1 shows the temperature sensor operation
model. The temperature sensor consists of a nonlinear
oscillator that changes its state e.g.., oscillatory or
stationary states when it receives an external perturbation
(temperature).

The dynamics of the temperature sensor can be
expressed as:
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where 7 is the time constant, A is a constant

proportional to temperature and & is a variable. The
second term of the rh.s. of Eq. (1) is the sigmoid
function, a mathematical function that produces an
S-shaped (sigmoid) curve.

To analyze the system operation, we must calculate
the nullclines, which are curves in the phase space where
U and V are zero. Nullclines divide the phase space
into four regions, and in each region, the vector field
follows a specific direction. On the U nullcline, the
direction of the vector is vertical, while on the Vv
nullcline, it is horizontal. Figure 2 shows U and V
nullclines and the vector field in each region.

The trajectory also depends on 7, which modifies
the velocity field of U. In eq. (1), if 7 is large, the
value of U decreases, and for small 7, U increases.
Figures 3-a and b show trajectories when 7 =1 and
7 <<1. The trajectory of U is much faster than that of
V, so only close to the U nullcline direction of
movement other then horizontal is possible.

To explain the operation of the system, let us

suppose that @ is set at certain value, where the critical
temperature (T,) is 27°C . The critical temperature
represents the threshold temperature we want to measure.
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Fig. 5: u and v local minimum and maximum

When 6 changes, the V nullcline changes its position
in the phase space to a point where the system will be
stable as long as the temperature is higher than T,

because the system is unstable only when fixed point
exists in a negative resistive region of the U nullcline.
The fixed point represents the intersection point of the
U and V nullclines. At this point, the trajectory stops
because the vector field is zero. On the other hand, when
the temperature is below T_, the nullcline and the fixed

point change. The trajectory does not pass through the
point, and the system starts oscillating. Figures 4-a and b
show the trajectories when the system is stable and
oscillatory.

The local minimum (U_,V_) and local maximum
(u,,V, ) where the nullclines intersect are given by:
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Figure 5 shows the local minimum and maximum
represented in the phase space.

Combining the local minimum and maximum with
Eg. (2), we determine a relationship between € and
temperature, given by:



Fdd

09} U

08} [—
07} | "‘
0.6l

Zost |
04}
03l |

0.2}

0.1 :

055 02
Fig. 7: Numerical simulation of nullclines and
trajectory

0.4 M) 0.6 0.8 1

Vv,

6, :ui+AIn[i—1j. (5)

3. Thecircuit

Figure 6 shows our critical temperature sensor circuit,
which consists of two pMOS differential pairs (M;-M,
and M;-M,), two capacitors (C; and C,), a current

reference circuit (1,) [11], and two off-chip metal-film
resistors (g) with low-temperature dependence.
Differential pairs subthreshold currents |, and |, are
given by:

eKu/vT (6)
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therefore, circuit dynamics can be determined by

applying Kirchhoff’s Current Law to both differential
pairs, which is represented as follows:
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where & is subthreshold slope, V; is thermal voltage
(V; = KT/qg), K is Boltzmann’s constant, T is temperature,
q is elementary charge, C; and C, are the capacitance,

they represent the time constants, and € is bias voltage.
The circuit changes its dynamical behavior between
stable and oscillatory at a given critical temperature,

which is set by adjusting the bias voltage &.
Numerical simulations were conducted by setting

C, and C, at0.1and 10 pF, respectively, g at 1 nS, and
reference current |, at 1 nA. Figure 7 shows the
nullclines and trajectory of the circuit with & set at 0.5
Vand Tat 27°C ; the system is in an oscillatory state.

Setting T, and changing 6 until the system
changes its state, we established a numerical relation
between T and & : 6 for U and V local
minimums and &, for U and V local maximums.
Figure 8 shows the relation between Hi and T.. When
6 is used to set T, the system is stable at temperatures
higher than T_; while when @, is used, the system is
stable when the temperature is lower than T_ and
oscillatory when it is higher than T..

Figure 9 shows the numerical nullclines and
trajectory using €_, T is higher than T_; and Fig. 10
shows the numerical nullclines and trajectory using &, ,
T is lower than T_.

We used SPICE simulation to determine circuit
operation. We simulated circuit nullclines and changed
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6@ to determine circuit operation in stable and
oscillatory states. For the 6 wvs. T, relationship, we

found a mismatch between the numerical and circuit
simulations. This difference might be due to all
parameters that we included in the SPICE simulation but
omitted in the numerical and theoretical equations. Many
of these parameters might have temperature dependence;
therefore, their value changes with temperature, and as a
result of this change, the T, characteristic changes.

4, Summary

We developed a subthreshold CMOS circuit whose
dynamical behavior, e.g., oscillatory or stationary
behaviors, changes at a given threshold temperature.
Threshold temperature was set to a desired value by
adjusting bias voltage. The circuit’s operation was
investigated through theoretical analysis and extensive
numerical simulations.
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