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ABSTRACT

Temperature sensors and voltage references require cells that
generate both PTAT (Proportional To Absolute Tempera-
ture) and NTC (Negative Temperature Coefficient) voltages.
We present a novel theoretical approach based on a quasi-
constant current to obtain these voltages in standard CMOS
technology using no resistors. A test circuit was fabricated
in a 0.8 ym CMOS process. We performed measurements
in a 305 K to 375 K temperature range which verify the ex-
pected results. The circuit draws under 50 nA from a 1.6 V
to 3.0 V supply.
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1. INTRODUCTION

The current state of electronic systems design allows the
integration of an increasing number of circuits in a single
chip, making systems-on-chip (SoCs) a reality.

A wide spectrum of applications benefit from the inclu-
sion of sensing functionality in SoCs. Particularly, as tem-
perature is a key measurement in many SOCs, temperature
sensor cells have become a basic building block in state of
the art Integrated Circuit (IC) design.

Temperature sensing cells are used in a wide range of ap-
plications: biomedical, cold chain monitoring and industrial
applications to name just a few. Many of these applications
are intended for use in portable or even implantable systems
with very long battery life.
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The main goal of our research is to achieve the minimum
possible consumption while low voltage operation is also a
desirable characteristic. The desired precision is around 0.5
K, for a temperature range from 230 K to 400 K, except in
the case of biomedical applications where the temperature
range is much limited but the precision should be around
0.05 K.

We researched ways to obtain basic PTAT and NTC cells
for our temperature sensors. In [1] we detail the theory
behind the cells and provide simulation results in the 230 K
to 400 K range. The present work reviews the main results
and introduces measurements which validate them.

The paper is organized in the following way. Section 2 in-
troduces the notation while reviewing the basic MOS models
upon which we base our derivations. Section 3 presents the
theoretical basis for the cells we propose. The circuit of the
fabricated prototype is presented in section 4. The measure-
ments on this circuit are reviewed in section 5. Finally, we
summarize our conclusions in section 6.

2. NOTATION

The following notation will be used throughout this paper.
Temperature relative to an arbitrary reference
(often, Tr = 300 K') will be denoted as

T

=T (1)

The R subscript will be applied to any variable taken at the
reference temperature.
We will use the following notation for the thermal voltage:
kT kT
Ur = —, Urp = =& (2)
q q
The usual models for MOS transistors are used for the
different operating regions. These equations, included here
for reference purposes, are expressed in terms of the pinch-
off voltage Vp and the form factor S:
Vo — Vi W,
Vp = JG T g Weis
n Leff

T

3)
In weak inversion (WI) the drain current is

, Y [ _Vs  _Vp
Ip = 25nuCorUrelr |e Ut —e Ur

In saturated strong inversion (SI,sat):

Ip = %SnuC’omVﬁ, Vs =0 (5)
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Figure 1: CMOS implementation of Classical PTAT
Circuit

and for linear strong inversion (SI,lin):

Ip = SnuCotVp (V — %) , Vs =0 (6)
Besides, we will consider first order variations of the

threshold voltage (Vr) with temperature:
Vr =Vrr + kvr(z — 1), kyr <0 (7

and the usual equation for the temperature dependence of
mobility:

= i T ku, <0 (8)

3. THEORETICAL BACKGROUND

The most ubiquitous circuit, both in temperature sensors
and voltage references, is the PTAT (Proportional To Ab-
solute Temperature) circuit [3-5,9]. Usually implemented
with a pair of bipolar transistors biased at different current
densities, it can be implemented with MOSFETSs biased in
weak inversion as well (Fig. 1) [7].

In both cases the carrier transport is dominated by dif-
fusion phenomena, and thus, they obey similar exponential
equations.

The output voltage of the PTAT cell in Fig. 1 is

VO = QT UT = ar UTR, aT = ln(AB) (9)

where IDl = AIDQ and SQ = BSl.

It must be noted that Vo does not depend on Ip; and
Ip2 and therefore it does not depend, to some extent, on
the nature or value of the element Q.

The element QQ determines the branch currents. For mi-
cropower applications, if Q is a resistor, its resistance must
be very high which implies spending a huge area. Besides,
the temperature dependence of the resistance is in general
poorly known [6].

We have researched several options for the bias fixing ele-
ment Q [1]. Our best choice is the circuit proposed by Oguey
et al. [6] (Fig. 2) in which Q is a non-saturated SI MOS (M4)
biased by an auxiliary branch.
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Figure 2: PTAT biasing through an MOS (SI,linear)

In this circuit the current through M4 presents the follow-
ing temperature dependence:

Iy = Lig y(x) a*+*2 (10)
where
o) = "2 (1)

is the relative variation of the slope factor n with tempera-
ture and I4gr is the value of I, at some arbitrary reference
temperature.

Expression of I4r as a function of geometrical and tech-
nology parameters yields design equations which we have
thoroughly reported in [1]. Proper sizing of M3, M4 and
M13 allows us to independently choose I4r and Vgur.

For usual dopant concentrations and in the temperature
range we are interested in, the theoretical value for the mo-
bility exponent is k, = —1.5 [10] while k, = —1.8 for the
technology of our prototypes. Besides, y(x) varies just £5%
in a 200 K to 400 K range. Thus, I4 has a weak temperature
dependence and can be used as a quasi-constant current to
bias not only the embedded PTAT source but other circuits
as well.

In [1] we have introduced the idea of using the above de-
fined quasi-constant current in the following circuits obtain-
ing some interesting results.

3.1 Diode Connected MOS

Considering first order variations in Vp (Eq. 7), a diode
connected MOS (Fig. 3(a)) operating in WI and biased with
the quasi-constant current of Eq. 10 yields a gate voltage
(Fig. 4):

Va=Vo+uz [kvr + y(z) (Var — Vrr)] (12)
where
Vo =Vrr —kvr , (13)

y(z) was defined in Eq. 11 and Vgr is the value of Vi at
the reference temperature. Vor depends on the size of the
MOS transistor [1].
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Figure 3: MOS circuits

Figure 4: Temperature dependence of Voltage
across Diode-connected MOS

If the diode connected MOS is operated in SI, the same
first order temperature variation holds true, although the
dependence of Vgr with technology and geometrical para-
meters is different [1].

As mentioned above, y(z) has a weak temperature depen-
dence throughout the temperature range, thus Eq. 12 is
close to a straight line. Vg fixes the slope of Eq. 12 which,
in SI, can be chosen to be positive, negative or zero.

A negative slope is useful as a complement to PTAT cir-
cuits for temperature sensing as proposed in [1]. A zero
slope can be used as a reference voltage. In this case, as
both the reference value and the slope depend on techno-
logy parameters a calibration means must be provided. As
far as we know, these results have been recently introduced
by the authors in [1].

3.2 MOS Voltage Divider:

Fig. 3(b) shows a MOS voltage divider formed by tran-
sistors Ma and Mb. Both transistors have the same width
but different lengths. We define the following relationship
between the length of transistor Mb (Lb) and the sum of

both transistor lengths (L = La + Lb):
Ly =al (14)

It is already known that when the divider operates in WI,
its lower section displays a PTAT voltage [8]:

V=x VR (15)

with

1
Ve =Urr In (m) (16)

It can be shown that in SI the drain-source voltage in
transistor Mb is:

V:(lf\/lfa)@ (17)

which allows us to extend the above result as follows [1]:
When biased with the quasi-constant current I, (Eq. 10),
Ve is such that Eq. 15 also holds true:

V= QZVR (15)

but now

Ve=(1-vVI-a) e (18)
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4. TEST CIRCUIT

We combined some of the previous subcircuits in a com-
prehensive cell which generates several voltages with the
main purpose of checking the results we present in Section
3. It also implements a current source to be used in a ramp
generator, which was also designed but lies outside the scope
of this paper.

The circuit is shown in Fig. 5 and was designed taking
Tr = 300 K as the reference temperature.

The core of the circuit is formed by M1 to M4 as in Fig. 2.
M1 and M2 operate in WI, while M3 and M4 are in ST (M4 is
not saturated). The main purpose of the core is to generate
the quasi-constant current (Eq. 10) which biases the whole
circuit through the cascoded current mirror implemented by
PMOS transistors M11 through M28.

Vp1 is a PTAT voltage (see also Fig. 1) which displays a
small slope (Vp1r = 53.8 mV).

As M3 is in SI and biased by the quasi-constant current
its gate voltage is that of Eq. 12. For research purposes we
designed for Vpsr = Vo (see Eq. 13, Vo = 1.23 V). This
way, we achieve a constant voltage reference (uncorrected
for curvature effects) in a circuit with no resistors. Below
we will show that this can be done even at very low currents,
which extends its usefulness to micropower systems.

Vo is directly related to process parameters presenting
strong variations, mainly Vr. This is a disadvantage when
comparing this circuit to traditional bipolar or BiCMOS
”bandgap” circuits because, in the latter, the equivalent to
Vb is fixed by a material related constant.

M3, an MOS in SI biased with the quasi-constant current,
was split in two serial transistors M3A and M3B implement-
ing the divider of Fig. 3(b) which fulfills Eq. 15. This way
we generate the PTAT voltage Vp3 which can be easily de-
signed with higher sensitivity than Vp1. (Vpsr = 268 mV for
our test circuit)
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Figure 5: Complete cell schematic

To avoid disturbances in the bias generating core when
measuring V,3 or Vjp3, we replicated M3 on branch 9 (M9A,
M9B, M19, M29), generating Vo2 and Vpe (Vaor = Vasr,
Vi2r = Vp3r). We still split M3 for better matching with
the replica M9.

Branch 5 (M5, M15, M15) biases the diode connected
MOS M5 in WI, thus generating V,,1 (Eq. 12) which displays
a negative dependence with temperature. (Vy1, = 556mV)

In this circuit, any mismatch has the effect of changing
one or more parameters of the output voltages. This is no
worse than the parameter uncertainty due to technology pa-
rameter spread. Both effects have to be dealt with by proper
calibration.

System considerations related to the ramp generator led
us to using cascoded mirrors [2]. This has the added advan-
tage of minimizing the influence of the power supply (Vpp)
on our circuit. Auxiliary branches 6 and 7 generate the gate
voltage of the cascode transistors. We decided to operate
these branches with 1/5 the current of the others to keep
the overall consumption low.

S. EXPERIMENTAL RESULTS

The test circuit was fabricated on a standard 0.8um CMOS
technology. Fig. 6 shows a microphotograph of the circuit,
which has an area of (465 x 210)um?.

Four samples (chips A-D) were tested, measuring outputs
Vi1, Vp2, Va1, Vaa, Vas and chip consumption Ipp at several
combinations of ambient temperature and supply voltage
Vbb.

Chips B and C were swept from 305 K to 400 K (aprox.
32°C to 127°C) while chips A and D were limited to 375 K.
These tests were performed in a custom built oven under

Figure 6: Microphotograph of the fabricated cell.

computer controlled temperature achieving an error of
+10 mK.

All chips worked correctly with negligible output varia-
tions for 1.6 V < Vpp < 3.0V as predicted by simulations.
Therefore, we only present results obtained at Vpp = 3.0V
which are representative of the behaviour through the whole
supply operating range.

Current through the power supply (Ipp) is proportional
to the branch currents (I). As no current flows through
branch 8 (M18, M28), the PMOS current mirror determines
Ipp = 2—57 1

Fig. 7 shows Ipp as a function of temperature for each
sample. The expected quasi-constant current model holds
true up to 350 K, exponentially departing from it thereof.
We traced this misbehaviour to leakage currents, mainly in
the drain and source areas of M1 and M2.

Fig. 8 depicts measured voltages as a function of tem-
perature. We present voltage data for the full temperature
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Figure 7: Current consumption for the 4 measured
prototypes as a function of temperature.
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Figure 8: PTAT and NTC voltages for 4 prototypes.
The solid lines show the behaviour predicted by the
model for each voltage. The inset shows a detail of
Vot

range. However some departure from the predicted values
is expected for T > 350 K due to the effects of the in-
creased leakage currents. Experimental data are presented
as dots while lines show the values predicted by our theoreti-
cal model. The latter values are computed using parameters
estimated from measurements performed by the foundry on
the prototype wafer. As the temperature dependence of the
threshold voltage (kvr , Eq. 7) was not reported by the
foundry, we used the value from the technology data sheet.
The variation of slope factor with temperature y(z) (Eq. 12)
was approximated as y(z) =1

As Fig. 8 and its inset show, V1 and Vi1 data are in
excellent agreement with theory. Vpo is quite sensitive to
small variations in geometrical parameters which explains
some difference between measured data and theory.

The theoretical curve for V,,2 and V,3 depends on n and
kv which were either just estimated or unavailable from the
foundry measurements. Thus, the slight difference observed
in Fig. 8 is not unexpected.

6. CONCLUSIONS

We present a circuit which generates a quasi-constant
current and NTC and PTAT voltages, useful for voltage refe-
rences and temperature sensors. The circuit needs no resis-
tors, thus it can be fully integrated while keeping a reduced
area even for a current under 50nA (for T' < 370 K'). We de-
veloped a theoretical model which has very good agreement
with measurements. This model is based on novel results
of the temperature behaviour of some simple circuits when
driven by a current with a particular but easily obtained
temperature characteristic.

We are currently working on the tradeoff between tempe-
rature limits, leakage currents, consumption and area. Fu-
ture work also includes assessing the effects of noise. This
will allow us to obtain a complete, fully integrated, tempe-
rature sensor based on this approach.
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