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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 IS presented of which the output current 
1s the difference between a PTC current and an 
NTC current The PTC current 1s denved from a 
PTAT cell, while the NTC current 1s denved from 
a threshold voltage reference source It 1s shown 
that this way of current subtraction dlmuushes to 
a certam extent the effects of the thermal depen- 
dence of the resistors used 

IlltTOdUCtiOll 

Although the operation of most electronic 
components and clrcmts 1s degraded by tempera- 
ture fluctuations of the operatmg environment, 
they offer very good prospects for the reallzatlon 
of electronic temperature sensors For example, 
the thermal behavlour of the pn-Junction IS often 
used m electromc temperature sensors [ 11 For the 
reahzation of a temperature-to-current converter 
m CMOS technology, MOS transistors operating 
m weak inversion mode can be used, since they 
appear to behave slmllarly to pn-Junctions, with 
respect to their thermal behamour Thus, a PTAT 
cell can also be made m CMOS technology 

The FTAT Principle 

The combmation of two equal diodes, for- 
wardly biased by currents with a fixed ratio N, as 
shown m Fig l(a), produces a voltage difference 
between the diodes that is proportional to the 
absolute temperature (PTAT) It can be calcu- 
lated that the voltage V,,, B for ID2 = NZD, 
equals 

V - CT In N PTATa- 
4 

which IS proportional to the absolute temperature 
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In the clrcmt shown m Rg l(b), the voltage 
V,,, b across the resistor R IS also propotional 
to the absolute temperature, If both MOSTs Tr, 
and Tr, are operating m weak mverslon An MOS 
transistor operates m weak mverslon if the dram 
current ZD 1s much smaller than the weak mver- 
slon limit 

z, 4 pu: 
Hnth 

(2) 

and U =cT T 
4 

where W = gate width, L = gate length, 
p = mverslon layer mob&y, Co, = gate oxide 
capacitance/ Cl Under weak mverslon condltlons 
the dram current for operation m saturated mode 
can be described as [2] 

Zo = Kf?U: exp[( V, - VT - n V,)/n UT] (3) 

where Vo = gate voltage, VT = threshold voltage, 
V, = source voltage, K and n = constants Now 
the voltage VW,, b, appearmg m the arcmt 
shown m Fig l(b), can be calculated using eqn 
(3) If both transistors share a common substrate, 
then vpr*T b equals 

V 
= 5 In ( w/L)2 

PTAT b 
4 [ 1 NW% (4) 

which agam 1s proportional to the absolute tem- 
perature 
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Rg 1 (a) Baw PTAT-voltage source (b) Weak mverslon 
MOST PTAT-voltage source 
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Although the voltage across the resistor R is 
proportional to the absolute temperature, the 
current ID2 through the reastor, which equals 
VpTAT b/R, ~11 show nonlinear behavlour, due to 
the thermal dependence of the reslstor In order to 
descnbe the thermal behavlour of a resistor m a 
restncted temperature range, the resistance 
around a certam temperature T, can be described 
by means of a Taylor series 

R(T) = R(T,)(l + a,(T - Tz) + a,(T - Tz)‘+A) 
(3 

with a, equal to the weight factor of the z* order 
term and A representmg the sum of the higher- 
order terms 

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

I,(T) = J’,(T)/&(T) (6) 

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

11 (7) 

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

(8) 

From expression (8) it follows that the first-order 
temperature dependence of the resistor R,, repre- 
sented by the coeffiaent a,, can influence the 
temperature coefficient of the current I, (Ta exten- 
sively For example, m the case of an integrated 
n-dlffunon resistor (wth a donor concentration 
iVd = 2 x 10L6/cm3) we measured a value of a, of 
about 0 004 per K at room temperature In the 
case of a PTAT voltage source, V, (T) equals AT 
(A 1s a constant) so expression (8) equals for this 
example 

ar IT, l_‘z -l 
At room temperature, l/T, equals about 0 003, 
which 1s smaller than a,, so tt 1s noted that the 
sign of the temperature coeffiaent of the output 
current of this circuit 1s negative 

In general, It can be concluded that a dffuslon 
reslstor m a FTAT cell always results m a current 
which 1s nonlinear with respect to the tempera- 
ture For this reason a more sophlstlcated temper- 
ature-to-current converter has been developed m 
which the Influence of the thermal dependence of 
the resistor on the temperature coefficient of the 

output current 1s decreased The prmclple of this 
T-I-converter IS described m the next section 

Temperature-to-current Converter Design 
with Improved Behaviour 

As shown m the previous paragraph, the milu- 
ence of the resistor determmes to a great extent 
the temperature behavlour of the temperature-to- 
current conversion m a CMOS PTAT cell A 
better temperature-to-current converslon can be 
obtained by creatmg a second temperature- 
dependent current 

I,(T) = ~z(T)I&(T) (10) 

and subtractmg this current from the current I,, 
as shown m Fig 2 The prmclple operation of a 
temperature sensor based on the dfierence be- 
tween two temperature-dependent current sources 
has been described by MeiJer [ 31 The qumtessence 
of this prmaple 1s the posslblhty to create an 
output current on an arbitrary temperature scale 

In this sectlon it wtll be shown that apphcatlon 
of this prmaple, using two nonhnear temperature- 
dependent current sources m which the nonhnear- 
ltles are caused by Identical resistors, will Improve 
the performance drastically, with respect to the 
smgle PTAT cell 

Since the current I, IS denved from a PTAT 
cell, this current can be expressed as 

I,(T) = z 
R,(T) 

(11) 

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

The current source I,(T), denved from a 
voltage source with a negative temperature co- 
effiaent, can be described by 

Vr-YT 
I,(T) = ~ 

R,(T) 
(12) 

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

Both current I1 and I2 are graplucally repre- 
sented m Fig 3(a) In tlus graph the values of the 
resistors R, and R2 are assumed to be constant 
and equal to their value at T = T,, m order to 

Rg 2 Prmclple of temperature-to-current converter wth un- 
proved tdlav10ur 
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Fig 3 (a) Graph& representation of both thermal- 
dependent currents and the ddTerencc current I,,, = I, -I, 
(b) Deuatlon of IOut caused by thermal-dependent resistors 

obtam a hneanzed expression for the difference 
current Z,,,(T) = Z1 (T) - Z2 (T) at around T = T, 

It can easily be seen from Fig 3(a) that a 
hneanzed expression for around T = T, for the 
output current Z,,,(T) equals 

L,,(T) = 4(T) - WY = T,R,O Vr (T-T,) (13) 

In order to estimate the influence of the thermal 
dependence of the resistors on the hneatlzed ex- 
presslon ( 13), the constant value R,(T,) IS re- 
placed by the Taylor estimation of R, around 
T = T, Usmg this Taylor senes estimation of the 
resistance of R, (expresslon (5)), expresslon (13) 
can be wntten as 

L,(T - Tz> = 
V, 

TzRz(TzM 1 + a, CT - T,)) 
CT - Tz) 

(14) 

under the assumption that the hgh-order terms 
are dommated by the first order term a, 

For small values of u,(T - T,), expression ( 14) 
can be estimated by 

Am(T) = TRv~T)(T-T,)(l-a,(T-T,)) (1% 
22 1 

Equation ( 15) IS graphically shown m Fig 3(b) 
From thrs Figure it can be seen that the most 
accurate results are obtained if the reference tem- 
perature T, IS chosen m the rmddle of the desired 
measurement range 

As already argued m the previous section, 
the current source Z1 denves its output current 
from the PTAT cell of whtch the voltage has 
a positive temperature coefficzent (PTC source, 
eqn (4)) The current source Z2 denves its out- 
put current from a voltage v&h a negative temper- 
ature coefficient (NTC source), v1z the thres- 
hold voltage reference, as described m the next 
section 

Threshold Voltage Reference 

It IS well known that the threshold voltage V, 
of an MOS transistor shows a negative tempera- 
ture dependence [4] In the arcmt shown m Fig 4, 
the negative temperature coeffiaent of the 
threshold voltage 1s applied to create a voltage 
over the reslstor R2 that also has a negative 
temperature coeffiaent, as wdl be shown below 
The MOST M, , Fig 4, 1s biased to operate m 
weak mverslon Thus, by apphcation of expres- 
sion (3) for the dram current of MOST M,, the 
voltage Vo over resistor R2 can be calculated 

(16) V,= V,+S wth 6 =nlJ=lnm 

As mentioned before, the threshold voltage VT 
shows a negative temperature coeffiaent and can 
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Rg 4 Threshold-voltage reference sounx 
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be described m a small temperature range by 

V;(T) = V,, - yT + A(T) (17) 

A(T) represents the high-order terms m this ap- 
proxlmatlon, V,, can be mterpreted as the extrap- 
olated threshold voltage at T = 0 K Under these 
assumptions, the voltage Vo over R2 can be de- 
scribed as 

wth L representing the devlatlon from the hn- 3 

earlzed behavlour 
A disadvantage 1s clear the threshold voltage 1s 

not accurately reproducible and 1s sensitive to 
process vanatlons Smce a shift m the threshold 
voltage leads to a shift m the offset V,, m expres- 

1.(, , , 
2G 

300 310 320 - 330 

slon (18), the reproducibility of the offset of the T (K) 
output voltage Vo will be bad Fig 5 Temperature-current measurements 1, external reus- 

tors kept at constant temperature, 2, ddbaon resistors, mte- 
grated on the chop 

Realization of the Temperature-to-current 
Converter 

In this section the CMOS reahzatlon of the 
temperature-to-current converter, which operates 
according to the aforementioned prmclple, 1s 
described and Its performance 1s discussed A 
simplified schematic of the reahzed temperature- 
to-current converter 1s shown m Fig 2 The resn- 
tors R, and R2 are reahzed as integrated 
n-type-doped diffusion resistors In the first real- 
ization, the threshold voltage reference was used 
as the NTC source In the reahzed chip design, it 
was possible to perform measurements using mte- 
grated dlffuslon resistors as well as external resls- 
tors Temperature measurements, m the range 
from 298-333 K, performed on this clrcutt are 
shown m Fig 5 Curve 1 of Fig 5 shows a 
measurement wth 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 coeffiaent was designed to 
be 84 nA/K, and a value of 81 4 nA/K was mea- 
sured The nonhneanty m the sensor signal was 
smaller than the measurement inaccuracy m the 
Bven temperature range 

results can be obtained after a two-nomt cahbra- 
tlon 1s carned out, under the assumition that the 
first-order temperature coeffiaent of the resistors 
~1, 1s known The results from this cahbratlon are 
used m expression ( 19) For example, for curve 2 
of Fig 5 it 1s calculated m this way that 

Curve 2 of Fig 5 shows measurement with 
integrated dlffuslon resistors In this case expres- 
sion ( 15) describes the sensor signal The measured 
first-order temperature coeffiaent of the resistors 
equals 4 250 x 10 -3/K With this very large tem- 
perature coeffiaent of the resistors, the nonhnear 
deviation of the output signal IS evident m a 
temperature range from 308 to 318 K (35-45 “C) 
a deviation of already 0 4 K is measured Although 
the nonhneanty IS large, eqn (15) gwes a very 
good estimation of this nonlinear behavtour In 
practice, this implies that accurate measurement 

I,,, = 84 5(T - 275 5)( 1 - 4250 x 10 - 6(T - 277)) 

(m nA with T m K) ( 19) 

Expression (19) describes the behavlour of the 
sensor m tlus case wth an accuracy of 0 05 K m 
the range from 298 to 333 K 

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

Another aspect wth respect to the apphcablhty 
of this temperature sensor 1s the reproduclblhty of 
the resistors In a second reahzatlon, we measured 
a deviation of 50% of the resistor values from the 
designed value Thus, the reproduablhty of dlffu- 
slon resistors, at least m the CMOS process used 
by us, seems questionable 

Conclusions 

In this paper it 1s shown that an MOS transa- 
tor operated m weak mverslon offers good possl- 
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b&es to be apphcd as a temperature-sensing 
element However, m order to obtam a tempera- 
ture-dependent current, a single PTAT source and 
an integrated reslstor do not give a satisfying 
result An Improved temperature-to-current con- 
verter IS presented that makes use of two mtegrated 
resistors and an extra temperature-dependent 
voltage source that features a negative temperature 
coefficient This pnnclple offers the posslblhty of 
an output slgnal on an arbitrary temperature scale 

However, a drawback appears to be that the 
threshold voltage reference source suffers from the 
low reproduclblhty 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 
dlffuslon resistors Unfortunately, the sheet rests- 
tance of dlffuslon resistors IS not very reproducible 

An alternative for the integrated dlffuslon resls- 
tors can possibly be found m the apphcatlon of 
thin-film resistors that should be deposIted on the 
chip after the CMOS process IS fimshed 
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