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Design of a CMOS Temperature Sensor with Current Output
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Abstract

In this paper a CMOS temperature-to-current
converter 1s presented of which the output current
1s the difference between a PTC current and an
NTC current The PTC current 1s derived from a
PTAT cell, while the NTC current 1s derived from
a threshold voltage reference source It 1s shown
that this way of current subtraction diminishes to
a certain extent the effects of the thermal depen-
dence of the resistors used

Introduction

Although the operation of most electronic
components and circuits 1s degraded by tempera-
ture fluctuations of the operating environment,
they offer very good prospects for the realization
of electronic temperature sensors For example,
the thermal behaviour of the pn-junction 1s often
used 1n electronic temperature sensors [1] For the
realization of a temperature-to-current converter
in CMOS technology, MOS transistors operating
in weak nversion mode can be used, since they
appear to behave similarly to pn-junctions, with
respect to their thermal behaviour Thus, a PTAT
cell can also be made in CMOS technology

The PTAT Principle

The combination of two equal diodes, for-
wardly biased by currents with a fixed ratio N, as
shown 1n Fig 1(a), produces a voltage difference
between the diodes that 1s proportional to the
absolute temperature (PTAT) It can be calcu-
latcd that the Voltage VPTAT a fOl' ID2=NID|
equals

Vm“=k7Tln1v (N

which 1s proportional to the absolute temperature
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In the circmt shown 1 Fig 1(b), the voltage
Verar b across the resistor R 1s also proportional
to the absolute temperature, if both MOSTs Tr,
and Tr, are operating in weak inversion An MOS
transistor operates in weak inversion 1if the dramn
current I, 18 much smaller than the weak mver-
sion lmit

Ip < pUZ (2
with
_ "_Vﬂcox _kT
p= I and U;= p
where W =gate wiudth, L =gate Ilength,

u =1mversion layer mobility, Cox = gate oxide
capacitance/] Under weak inversion conditions
the drain current for operation 1n saturated mode
can be described as [2]

Ip = KBU% expl(V — Vy — n¥s)/nUs] 3

where ¥V = gate voltage, V1 = threshold voltage,
Vs = source voltage, K and n = constants Now
the voltage Vprar.p, appearing m the circuit
shown m Fig 1(b), can be calculated using eqn
(3) If both transistors share a common substrate,
then Veyar » €quals

_kT [ W/,
Verat v = q lnl:N(W/L)‘] “4)

which again 1s proportional to the absolute tem-
perature

(b)

Fig 1 (a) Basic PTAT-voltage source (b) Weak inversion
MOST PTAT-voltage source
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Although the voltage across the resistor R 1s
proportional to the absolute temperature, the
current I, through the resistor, which equals
Vprat u/R, will show nonlinear behaviour, due to
the thermal dependence of the resistor In order to
describe the thermal behaviour of a resistor n a
restricted temperature range, the resistance
around a certain temperature 7T, can be described
by means of a Taylor series

R(T) =R(T)A + (T —T,) + (T — Tz)2+A())
5

with a, equal to the weight factor of the 1™ order
term and A representing the sum of the higher-
order terms

In general, a temperature-dependent current,
I(T), derived from a temperature-dependent
voltage, V,(T), by means of a temperature resis-
tor, R,(T), can be expressed as

5L(T) =Vi(T)/R\(T) (6)

Using expression (5), the thermal dependence of 7,
can be expressed as

M) _ o[ LY R(T)
or ! V(T) 8T R(T)
oA

X I:ot1 +20,(T — T3,) +a—7{” @)

At the temperature T = T, expression (7) equals

aT TZ—II(TZ)[VI(TZ) 3T Tz—al] (8

From expression (8) 1t follows that the first-order
temperature dependence of the resistor R,, repre-
sented by the coefficient «,, can influence the
temperature coefficient of the current I, (7)) exten-
sively For example, in the case of an integrated
n-ciffusion resistor (with a donor concentration
Ny =2 x 10'¢/cm?®) we measured a value of «; of
about 0004 per K at room temperature In the
case of a PTAT voltage source, V,(T) equals AT
(4 1s a constant) so expression (8) equals for this
example

ol 1
ﬁ', Tz=11(Tz)[i—a1] €)]
At room temperature, 1/7, equals about 0003,
which 1s smaller than «,, so it 1s noted that the
sign of the temperature coefficient of the output
current of this circuit 1s negative

In general, 1t can be concluded that a diffusion
resistor 1n a PTAT cell always results in a current
which 1s nonlinear with respect to the tempera-
ture For this reason a more sophisticated temper-
ature-to-current converter has been developed
which the mnfluence of the thermal dependence of
the resistor on the temperature coefficient of the

output current 1s decreased The principle of this
T-1I-converter 1s described in the next section

Temperature-to-current Converter Design
with Improved Behaviour

As shown 1n the previous paragraph, the influ-
ence of the resistor determines to a great extent
the temperature behaviour of the temperature-to-
current conversion in a CMOS PTAT cell A
better temperature-to-current conversion can be
obtained by creating a second temperature-
dependent current

I(T) = V1(T)/Ry(T) (10)

and subtracting this current from the current I,
as shown 1n Fag 2 The principle operation of a
temperature sensor based on the difference be-
tween two temperature-dependent current sources
has been described by Meyer [3] The quintessence
of this principle 1s the possibility to create an
output current on an arbitrary temperature scale

In this section 1t will be shown that application
of this principle, using two nonlinear temperature-
dependent current sources in which the nonlinear-
1ties are caused by identical resistors, will improve
the performance drastically, with respect to the
single PTAT cell

Since the current I; 1s derived from a PTAT
cell, this current can be expressed as

AT
Ri(T) (an

The constant 4 represents the temperature co-
efficient of the PTAT voltage

The current source 5,(T), derived from a
voltage source with a negative temperature co-
efficient, can be described by

V,—yT
&) (12)

where V, represents the value of the voltage
source at 7 =0K and y represents the tempera-
ture coefficient of this source

Both current I, and I, are graphically repre-
sented 1n Fig 3(a) In this graph the values of the
resistors R, and R, are assumed to be constant
and equal to their value at T = T,, in order to

L(T) =

L(T) =

v tat
—_—
1
-1 Vntc Iout= 11_ I2
|
2

Fig 2 Prnciple of temperature-to-current converter with im-
proved behaviour
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Fig 3 (a) Graphical representation of both thermal-
dependent currents and the difference current I, =1, — 1,
(b) Dewviation of I, caused by thermal-dependent resistors

obtain a lineanzed expression for the difference
current I, (T) =I,(T) — L(T) at around T =T,
It can easily be seen from Fig 3(a) that a

linearized expression for around T =T, for the
output current I, (T) equals
Lu(T) =1(T) - I(T) = (T-T,) (13)

TRz(T)

In order to estimate the influence of the thermal
dependence of the resistors on the linearized ex-
pression (13), the constant value R,(T,) 1s re-
placed by the Taylor estimation of R, around
T =T, Using this Taylor series estimation of the
resistance of R, (expression (5)), expression (13)
can be written as

Lu(T—T,) = v

TR(T )1 +o,(T - T))

(T-T,)
(14)
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under the assumption that the high-order terms
are dominated by the first order term «,

For small values of a,(T — T,), expression (14)
can be estimated by

-V
T.Ry(T,)

Equation (15) 1s graphically shown 1in Fig 3(b)
From this Figure 1t can be seen that the most
accurate results are obtained if the reference tem-
perature T, 1s chosen 1n the middle of the desired
measurement range

As already argued in the previous section,
the current source /; derives 1ts output current
from the PTAT cell of which the voltage has
a positive temperature coefficient (PTC source,
eqn (4)) The current source I, derives 1ts out-
put current from a voltage with a negative temper-
ature coefficient (NTC source), viz the thres-
hold voltage reference, as described 1n the next
section

Lu(T) = (T-T)1-a(T-T;)) (15)

Threshold Voltage Reference

It 1s well known that the threshold voltage V.
of an MQS transistor shows a negative tempera-
ture dependence [4] In the circmt shown 1in Fig 4,
the negative temperature coefficient of the
threshold voltage 1s applhed to create a voltage
over the resistor R, that also has a negative
temperature coefficient, as will be shown below
The MOST M,, Fig 4, 15 biased to operate 1n
weak mversion Thus, by application of expres-
sion (3) for the drain current of MOST M,, the
voltage V over resistor R, can be calculated

Vo=Vy+d withé =nUy anﬂUT (16)

As mentioned before, the threshold voltage V;
shows a negative temperature coefficient and can

Fig 4 Threshold-voltage reference source



648

be described 1n a small temperature range by
Vo(T) = Vye — 9T + A(T) (17

A(T) represents the high-order terms in this ap-
proximation, ¥y, can be interpreted as the extrap-
olated threshold voltage at 7=0K Under these
assumptions, the voltage Vs over R, can be de-
scribed as

Vo=V5e—7yT +e¢ (18)

with ¢ representing the deviation from the hn-
earized behaviour

A disadvantage 1s clear the threshold voltage 1s
not accurately reproducible and is sensitive to
process vanations Since a shift in the threshold
voltage leads to a shift in the offset V. in expres-
sion (18), the reproducibility of the offset of the
output voltage V; will be bad

Realization of the Temperature-to-current
Converter

In this section the CMOS reahzation of the
temperature-to-current converter, which operates
according to the aforementioned pninciple, 1s
described and 1its performance 1s discussed A
simplified schematic of the reahized temperature-
to-current converter 1s shown in Fig 2 The resis-
tors R, and R, are reahzed as integrated
n-type-doped diffusion resistors In the first real-
1zation, the threshold voltage reference was used
as the NTC source In the realized chip design, 1t
was possible to perform measurements using inte-
grated diffusion resistors as well as external resis-
tors Temperature measurements, in the range
from 298-333 K, performed on this circuit are
shown m Fig 5 Curve 1 of Fig 5 shows a
measurement with external resistors, kept at a
constant temperature In this case the output cur-
rent of the circuit can be described by expression
(13) The temperature coefficient was designed to
be 84 nA/K, and a value of 81 4 nA/K was mea-
sured The nonlinearity in the sensor signal was
smaller than the measurement inaccuracy n the
given temperature range

Curve 2 of Fig 5 shows measurement with
mtegrated diffusion resistors In this case expres-
ston (15) describes the sensor signal The measured
first-order temperature coefficient of the resistors
equals 4 250 x 10~ 3/K With this very large tem-
perature coefficient of the resistors, the nonlinear
deviation of the output signal 1s evident 1n a
temperature range from 308 to 318 K (35-45 °C)
a deviation of already 0 4 K 1s measured Although
the nonlinearnity 1s large, eqn (15) gives a very
good estimation of this nonlinear behaviour In
practice, this implies that accurate measurement

-
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Fig 5 Temperature—current measurements 1, external resis-
tors kept at constant temperature, 2, diffusion resistors, inte-
grated on the chip

results can be obtained after a two-point calibra-
tion 1s carried out, under the assumption that the
first-order temperature coefficient of the resistors
o, 18 known The results from this cahbration are
used 1n expression (19) For example, for curve 2
of Fig 5 it 1s calculated 1in this way that

I, =84 5(T — 275 5)(1 — 4250 x 10~ (T — 277))
(in nA with T K) (19)

Expression (19) describes the behaviour of the
sensor 1n this case with an accuracy of 0 05K 1n
the range from 298 to 333K

The reproducibility of this temperature sensor
depends for a great part on the threshold-voltage
vanations, as mentioned earher As stated then, a
threshold-voltage shift results in a zero-point shift
of the output current We measured threshold-
voltage vaniations over the same wafer of about
50 mV This threshold-voltage shift results in a
measured zero-point shift of about 15K The
expected threshold-voltage shift between samples
from different batches 1s much larger Thus the
zero point of this temperature sensor i1s hardly
predictable

Another aspect with respect to the applicabihty
of this temperature sensor 1s the reproducibility of
the resistors In a second realhization, we measured
a deviation of 50% of the resistor values from the
designed value Thus, the reproducibility of diffu-
ston resistors, at least in the CMOS process used
by us, seems questionable

Conclusions

In this paper 1t 1s shown that an MOS transis-
tor operated in weak inversion offers good possi-



bilities to be applied as a temperature-sensing
element However, 1n order to obtamn a tempera-
ture-dependent current, a single PTAT source and
an integrated resistor do not give a satisfying
result An improved temperature-to-current con-
verter 1s presented that makes use of two integrated
resistors and an extra temperature-dependent
voltage source that features a negative temperature
coefficient This principle offers the possibility of
an output signal on an arbitrary temperature scale

However, a drawback appears to be that the
threshold voltage reference source suffers from the
low reproducibiity of the threshold voltage of
an MOST Another drawback of the presented
temperature-to-current converter 1s the depen-
dence on the absolute value of the integrated
diffusion resistors Unfortunately, the sheet resis-
tance of diffusion resistors ts not very reproducible

An alternative for the integrated diffusion resss-
tors can possibly be found i the application of
thin-film resistors that should be deposited on the
chip after the CMOS process 1s fimshed
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