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TEMPERATURE SENSORS

subjects:

Thermistors and RTD
Diodes and PTAT integrated sensors
Thermocouples
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Temperature

Temperature controls the direction and the amount of the heat exchanged by systems “in
thermal contact”
Given an ensemble of particles, their temperature is connected to the average kinetic energy

- Equipartition theorem
- N:degree offreedom

T=%m-<v2>=%k-T

Unit of measure: Kelvin (K)

- Practical unit: centigrade scale (Celsius) 0°C=273.15 K
- Temperature differences (AT) measured in Kelvinand in Celsius are identical.

- Fahrenheit scale is the most known alternative:
T[°F]1=32+1.8-T[°C]

All natural phenomena depends on temperature; then, in general transducers of temperature
may be based on physical, chemical and even biological principles.

For sensors, it is convenient to exploitthe phenomena involving a relationship between
electric conductivity and temperature.

- Resistors (metals and semiconductors)

« Junction:
- semiconductor — semiconductor (diodes and integrated circuits)
- conductor—conductor (thermocouples)
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Temperature sensors

- Two main families: in-contact (conduction + convection) and non-contact (radiation)
sensors
< non-contact sensors: IR detectors
- In-contact sensors are sensitive to their own temperature, thus to be meaningful it has
to be identical to the temperature of the object under measurement.
- Thermal contact — heat exchange: conduction, convection, radiation.
- The sensor should not perturb the temperature of the body under measurement
- Small mass and thermal capacity
- The response time depends on the time necessary to equilibrate the temperature of the
sensor with the temperature under measurement.
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Expansion thermometer

- The forces keeping together atoms and molecules in solids and liquids are sensitive to the
temperature. Then, as the temperature changes, the equilibrium position of atoms
changes, and the geometrical dimensions change.

- The measurement of the variation of the space occupied by bodies provides a method for
temperature measurement.

- Due possibilities:

Liquid expansion

Example: mercury thermometer
Expansion is forced alonga capillary tube, then the volume changes are measured as length changes.

- Solid expansion

- e.g. bimetallic slabs
Two materials of different expansion coefficent are solded together, the different expansion forces the slabto bend
Slabs can be shaped as a spring, then the expansion results in a rotation.

bimetallic

Liquid expansion

T<Tswitch

o o

T>Tswitch
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Temperature sensors based on change of conductivity

- Electric conductivity intrinsically depends on temperature.
- The resistive temperature sensors are called Thermistor.
- Thermistors are classified respect to the sign of the sensitivity (dR/dT).
- PTC (positive temperature coefficient)
+ NTC (negative temperature coefficient)
- Semiconductor thermistors can be either PTC or NTC (depends on doping). Metallic
thermistors are always PTC.

- The name thermistor is used for semiconductors, while metallic sensors are called
Resistance Temperature Detectors (RTD).
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Thermal effects on mobility and charge carriers density

- The conductivity of a generic material (0=J/E) is:
G:q-(n.un +p.‘l’l’p)

- Q: elementary charge; n and p: density of electrons and holes; p, and u, mobility of electrons and
holes.
- An increase of temperature results in an increased thermal motion of the atoms, then
the scattering probability of electrons and holes increases. As a consequence, the
mobility always decreases with the temperature.

- Metals:
- Only electrons. Their density does not depend on temperature. Thus, the temperature affects
only the mobility. Therefore, the conductivity decreases with the temperature and metals are
PTC sensors.
- Semiconductors:

- Intrinsic or lightly doped: the density of electrons and holes increases with the temperature as an
exponential function. dn/dT and dp/dT > du, ,/dT, thus, semiconductors are NTC sensors.

- Doped semiconductors, the density of mobile charges is defined by the dopants concentration.
Then, doped semiconductors are PTC sensors while devices based on intrinsic or lightly doped
semiconductors behaves as NTC sensors.

Metals and doped semiconductors Intrinsic semiconductors

M(T)UT # PTC M(T)UT q NTC

n = constant nfifT
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Electron density vs. temperature (example:silicon)

n:
doped: n=N; p=N—'
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in an intrinsic semiconductor:

n = /n? = +/N.N, - exp(—

the density of state is weakly dependent on T
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zwm;kT>3
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Egap)
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exponential function
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Mobility vS. temperature (the case of silicon)
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Semiconductorthermistors
R=A(T)

let us consider the variation of mobility negligible respect to the variation of the electrons density.

I 1 L L : l
BT = e D) 7 = D T 1@ 4~ a0+ 1) VN Nexp(— ) A
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Linearized characteristics

- To calculate small changes around a fixed temperature, T,, it is convenient to replace
the thermistor characteristics with its linear approximation.

numerical example:
B =5000K;
T, =340K; R(TA) =140Q

R(T)=R(To)-exp

drR
R(T)=R(T,)+— T-T,)=
(T)=R(T.) dT b, (T-Ta) R(T)=140-[1—§gg?-(T—340)]=140-[1—0.04-(T—340)]
=R(T,)+ -R(T0)~T32-exp5(Tl_Ti) (T-T,) RT) = B(T,) - [l —a- (T~ )]
0/kr, 400 P
B 2000 : : o Linearization is valldi
=R(T.)-R(T.,)—(T-T in a short interval of
( A) ( A) TAz ( A) s few degrees. 1
B é‘ 250
~R(T)-R(T) 12 (T-T,) o |
TA g 150
R(T>=Ro~[1— 2(T—To)} = R(T)=R [La(T-T,)] & 1T
i o 50

L L L | L L L
320 325 330 335 340 345 350 355 360
Temperature [K]

0g==—=——= [ 500
R,dT dTR  T?

a is the temperature coefficient.

typical values around -0.05 K-!
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Thermistors

- The packaging is a suitable resin ensuring the
electric insulation but the thermal conduction.

- Acircular metallic contactis used in order to
enhance the thermal contact of the
semiconductor with the environment.

- Low cost thermistors are typically done with
metal oxide semiconductors (e.g. SnO,). The
band gap of these materials is larger respect to
silicon, and they can be used up to 500°C

- At such temperature the conductivity of these
materials is also sensitive to gas molecules.

- Due to defects, the response curve of these
materials may be a little different from that
previously derived, in particular B may depend on
T.

- The materials are lightly doped to increase the
conductivity and also to maintain the density of
carriers sensitive to temperature.

- The characteristics of less pure materias may
deviate from the “silicon case”:

o () () o (A

0

packaging

. Top view Side view
T =
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. R(T) = Roexp(B(T To)
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PTC semiconductor thermistors

- In doped semiconductors, the density of charge carriers is independent from the
temperature until the intrinsic charges are less than doping (ni<Np)
- In this case, the sensitivity is only provided by the mobility, and the sensor has a PTC

behaviour.
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Example:
PTC thermistor Philips KTY81

resisitiviy and charge carrier vs. temperature

2
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ceramic PTC thermistors

- Ceramic materials such as BaTiO; (barium 10’{ PTCR: (Ba,La)(Ti,Mn)O
titanate) undergo a phase transition at a specific ! Prrax i
temperature (Curie temperature).

- the electrical conductivity of BaTiO; can be
settled, changing the materials composition and
the fabrication process, in a wide range of orders
of magnitude, from insulating to semiconducting
behavior.

- The resistenceis stable, but at the Curie
temperature it abrupt!y increases giving riseto a 10" ]'5 SEaRE O
sort of resistance switch that is used as a thermal 41 )
protection in electronic circuits. 101 Metal: Cu

Resistivity / Q-cm

A\
AN

1oj1
107+— . v T -
100 200 300
Temperature / °C
Intemal Electrodes
Ceramic
3 [J Foundation Electrode Layer
[CINU/Sn Plated Layer
[ Water-repellent treatment film
< Example of Structure >
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Resistance Temperature Detector (RTD)

x10”
- Metals (typically Pt, Cu, Ni,...) ° —aer o(T) = p(To) - [1 + a(T — T)]
- The resistance — temperature relationship —duminum
depends only the mobility. %l | —piatinum
sl
- General characteristics: g'
- Good stability H
- Good reproducibility gl
- Small non linearity
- Variable dimensions and shapes il ////
—‘FOO —Sb 6 Sb 1 60 1 éO 200
R, (1+aT) Temperature [°C]
2625 o T T T I \
PT100 S RT=RM) [trar(T-T,)]
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Circuits for resistive sensors

- Resistive sensors are the most simple circuital elements.

- However, the optimization of circuitinterface is not straightforward and it depends on
the sensor feature that has to be optimized: sensitivity or linearity.

- The actual measured quantity is always a voltage.

- Then, the most simple approach is to bias the sensor with a current source and measure the
output voltage

- The other approach, apparently more complicated, is based on voltage dividers

Vo

WWY o Vo
'A RS Vo(T) = 14 - Rs(T) Va l _ Rs(T)

- In any case the sensitivity is the product of the circuit and the sensor.

1 1

A d ermistor — €L, |:B (———):| -1

RS=R0+AR=R0'<1+R—R):Ro.(1+5) th t D T T
0

dprp = - (T —Tp)
g Mo _[dVolas
T dT | dé uT
T Property of the circuit

It does not depend on sensors and measurand

- Op-amps can provide the conditions for current Vin i =\ng
sources. "

- In a simple circuit, such as the inverting amplifier, Rip WWV
the current in the feedback network does not Rp

- The non-ideality of the op-amp limits the ideality of =
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Current source with op-amps

- The current delivered by an ideal current source is

independent from the impedance of the load.

depend on the feedback impedance, then the the
circuit acts as a current source for the resistor Rg
- In feedback configuration, op-amps delivers the output
voltage necessary to maintain at zero the differential
voltage across the input terminals.

the current source.

Inverting amplifier: equivalent circuit

R ov RF

n
— — bW — Ve Ym0 0V,
V.-V T Lo "R FF R R.
A= eV, finite=V, =V_ Vi P | Vou in in

R
‘l— Vout=_R_-F.Vin=_|in.RF
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Howland current source: example1

¢ correction of the Ro
: lack of ideality
' R - Useful for grounded sensors.
In W - The lack of ideality of the voltage divider is
= complemented by the additional current
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' provided by an op-amp.
girsf:gnt Ra - A simple implementation of the idea is
source \/\N\/\/ achieved with a non-inverting amplifier.
v I
Vi 1

VieVe 2Vs-Ve ViVe Vs Y,

lg=1,+1,= ]
St R, R, R R R
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Howland current source: example 2

- Another implementation of the concept: the output of the differential amplifier (ideal

Op-amp) is Vieag-Vin

- The current in the resistor R is

(Vload - Vin ) - Vload \z

i = =__in

R R R

- Since the input impedance of the ideal op-amp is infinite, the current Iy is totally

injected in the load, and then it does not depend on the load.

v Vln F§A F{A
‘!R =—-f g R @ ‘/\/\/\/\’
R
- R “
A
\N\N\, + Vioad -Vin
Vioad b Vioad |




C. Di Natale, University of Rome Tor Vergata: Temperature sensors

Measure of a resistive sensorwith a voltage divider

- The voltage divider is the more general circuit available to extract a signal from a
resistive sensor

AM—AR—AV R=f(M); V,=f(R)

A
R5:R0+AR:R0‘<1+R—R> ZRO'(1+5)
0

» The relationship between the output and the variation of

AW o Rs is non-linear.
N R -(1+ a)
1 o}
Vo =Vi '
= = R +R,-(1+9)
* Then, even with a linear sensor, the voltage divider gives

rise to a non linear relationship between the signal and
the measurand.

* R can be chosen to optimize either the sensitivity or the
linearity

- The sensitivity of the circuitis independent from the nature of the
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Sensitivity optimization

- The total sensitivity is the product of the sensitivity of the sensor

and the sensitivity of the circuit.

dv. dv dd
sensor. S = = .
- To optimize the contribution of the circuit, let us maximize dV/ds. dM dd dM
- Since the relationship V=f(d) is non linear, the sensitivity depends
on 9.
- Let us choose 6=0. In this way, the LOD is optimized.
R (1+9)
" R+R,(1+9)
o @V _\ R[R+R-(1+)]-R[R-(1+0)] |, R/R
do [R+R,(1+6)] [R+R,-(1+6)]

maxS:>d—S=0
@ _,RIR +R,(1+0)] =R, R 2[R +R, (1+9)]

dR [R+R,(1+0)]

:_z=0=> R, [R+R,-(1+0)] -R,-R 2[R +R,-(1+4)]=0

R, [R+R,"(1+8)]=R,"R2; R +R,"(1+0)=R-2;
R, +R,-6=R,
the maximum sensitivity around =0 is obtained when: R, =R,
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Linearity and sensitivity

R.
curve parameter: R—’

voltage source
— N\ ’
sl 07
- The ratio R/R, affects the sensitivity ' 05
and the linearity of the signal respectto  %#f f
the measurand 07 5
- Sensitivity and linearity are inversely 06l
correlated. Vo
——0.5
v Re00) v v Vo 10
R+R-(1+0) VR, osl
RO
0.2
01 100 current source
% 2 4 & 8 10 12 14 1 18 20
DELTA
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Behaviouraround 6=0
VWY o
R
Vi — RS % VO
O
_ R,*(1+9) _V_1+6

0

. R, +R,"(1+9) 240
linearization around 6=0
dv,

when d<<1=V, (8)=V,(6=0)+

6=0
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w07
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W
)LJ

0 2 4 6 8 10 12

d
7
s
04 02 0 0.2 0.4 0.6

-0.6




C. Di Natale, University of Rome Tor Vergata: Temperature sensors

example:
NTC Thermistor + Voltage divider+ Arduino

Rs
— MWW Vin=5V;R, =10 KQ
4
—— R Vin — VL
Vin R Vo Vo=Vip——t— 5 Rg=R;—>"0°
e | 0 n Rl + RS S 1 ‘/zn
1 1
i Rs=Roxexp(B-(=— =))
) ) - T TO
calibration:

heat source: halogen lamp; calibrator: integrated sensor (Sensirion SHT21)

Th=224+273=293 K = R, =11.2 KQ
To =76+273 =349 K — R; =6.35 KQ

THERMISTOR CALIBRATION

B =1079 K; 1.

To =293 K; 121

Ry = 11.20 KQ
Tl . —TEST

Tiest = 37+273 =310 K g

RtethQKQ u%J or

= 8r

o1 i)

Hlog (&) + & =

=3114 K =384 K sl

4

280 300 320 340 360 380 400
TEMPERATURE [K]
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Ry
Vo=V VOLTAGE
0 'LR + Roex (B(l 1) 2.48 . . . T : :
1 0E€TP T ~ T, Tup = 2.92 s
a4 RESPONSE CURVE 2a6l i
—t/T
T(t) = Ty + ATe™"
2441 g
42 <
=
Ll & [
([‘_D: § 24 Tdown = 9.19 8 .
-}
a2
>
2.38 «
2.36 «
P
20 20 40 60 80 100 234, 20 20 60 80 100 120 140 160
TEMPERATURE [Celsius] TIME [s]
VOLTAGE i RESISTANCE % TEMPERATURE
1.2 28
E 11H jgZB
] 3
w w
2108 524
[
'E <
B &
ﬁm.e %22
=
104 20
10.2 18
0 100 150 0 0 100 150 0 0 100 150
TIME [s] TIME [s] TIME [s]
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I '
048 VOL'I"AGE 2.363 | “m
2.362
2.46
2.361 |
saal 0.0049 V
a 2.36 |
Z2 42 -
w2 2.359 |
<
3 24f 2.358 +
>
238} 1 Arduino UNO ADC resolution: 10 bit
o ] Vi 5
2.36 ?
. AV = — = —— =0.0049 V
» m 0 510 — 1024
’ 50 100 150 200
TIME [s]
30 223 »Jw A
Resolution 20|
7%/ ' 0.33 K
T = %i%;c R B 2ort I
(6% 27} S
S = —O = —R ‘/in = —_—— w L
dT W R Y R taT Ty T 17 ..
V <
Soo = —0.0349— Eal
AVE™ " 0.0049 Fao}
res S99 0.0349 22¢
2 50 160 1&%0 200
TIME [s]
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Wheatstone bridge

- Circuit used to measure an unknown resistor through a null measurement.
- The null conditition (AV=0) is achieved changing the value of three known resistors.

V,=V Ry
R +R,
Rx _ RZ = 0
R,+R, R +R,
1 1 R, & R;'R,

old box of resistors

Time Electronics

1067 Precision Resistance Decade Box

S 00Ut ac
s UVULVY o

[
Ons033usI modern box of resistors with R variable in the
range 0-12 KQ, with 6 decades of steps of 10
mQ each.
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Application of the Wheatstone bridge to the measure of
a resistive sensor

- 3 fixed resistances and one resistive sensor
- The fixed resistors are chosen in order to balance the bridge when the measurand is null.

Rs=Ro+A&=&'(l+%)=Ro‘(1+5)
VvV, R ¥V V V 6 Vo
2 R+R(1+8) 2 2+6 2(2+6) 41+3

If 5<<1=> AV =\£(5

06 L i ! A

-1 05 o o5 1
o

it corresponds to a voltage divider with the offset subtraction.

Respect to the voltage divider it exploits the whole range provided

by the voltage source.
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2 identical sensors exposed to the same measurand

- The sensitivity increases using two identical sensors exposed to the same measurand.
- The sensors are connected in different legs and in opposite positions.

avoy._+d) R
RorRy-(1+0)  Ry+Ry-(1+d)

=V-(1+5— 1 )=V- 0
240 2490 240

For small variation of the sensor response

O«l=06«2= AV = %5

V  The sensitivity is twice the
S= E sensitivity with one sensor
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2 identical sensors exposed to opposite changes

- The use of identical sensors exposed to opposite variations allows to fully exploit the bridge features

- this case is appliable to some experimental conditions such as the measurement of the deformation of a beam or
a cantilever.

+ The sensors are connected in the same leg.

vy Ry R0
2°R, ' Ry"(1-0)+Ry+(1+9)
=\%_Vi '%J%'@ linear !

dAV V. the same of the sensitivity
S =W=E in the origin in the case
with 2 sensors exposed to
— same stimulus
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2 pairs of sensors: same and opposite stimuli

AV =V - Ry:(1+6) -V R,*(1-6) _\.
"'R,:(1+48)+R,:(1-8) ' Ry«(1+8)+R,-(1-8)

linear !

The sensitivity is four times the
S=——=1V,  sensitivity with one sensor and
twice the sensitivity with two
sensors.
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General case with 4 identical sensors

- Let us consider 4 sensors with the same null resistance but each undergoing a different
relative change of resistance

R=R,-(1+8) i=1-4

Vi V, R, R
R;=Rq (1+9) R3=R, (1+03) Vi R+R, R;+R,
v, Ry(1+6,) Ry(1+6,)
V, Ry(1+8)+R,(1+0,) R,(1+6,)+R,(1+5,)

If & «1, the second order terms (82, 65;) are
negligible, then the following expression is
_ found:

R2=R0 ( 1+62 ) R4_R0 ( 1+64 ) V 1
70 = Z(+61 ~8,-0,+0,)

i

This property is useful to compensate cross-
interferences.

C. Di Natale, University of Rome Tor Vergata: Temperature sensors

Proof

Let s write: Ri = RO-(1+6i)= R0+ARi

Vi R+AR, R+AR,

R+AR,+R+AR, _R+AR1+R+AR2
(assumption :AR,«R e ARAR; = 0)

v, _
R;=R, (1+9,) Ry=R,(1+8;) V,

numerator:
(R+AR,)"(R+AR +R+AR))—(R+AR,):(R+AR,+ R+AR,)
iy = R-(+AR, - AR, - AR, + AR,)

denominator:

(R+AR,+R+AR,)(R+AR +R+AR,)

= =4-R*+2'R-(AR,+ AR, + AR, + AR,) = 4" R®

R-(+AR, - AR, - AR, + AR,) 1'(+AR1_AR2 _ AR, +AR4)=

4R "4\" R R R R

R,=R (1+0)

Yo _
v,

1
Z'(+61—52—63+64)
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Self-heating

- The resistance depends on the actual temperature of the thermistor.

- During the measurement, the thermistor is biased and then, due to Joule effect, the
sensor temperature increases.

- The actual thermistor temperature is To+ATsy Where T, is the temperature to be
measured and ATgy is the self-heating error.

- The thermal process leading to the actual thermistor temperature is ruled by the heat
conservation law:

AQ,cq: heat acquired by Joule effect
AQauvs = AQacq — AQost  AQus:: heat dissipated into the environment
AQups: heat absorbed by the thermistor

- The increase of temperature is proportional to the absorbed heat and the constant of
proportionality is the thermal capacity C=m c, where m is the mass and c is the specific
heat.

- The self-heating process is universal for any resistive device.
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Calculation of self-heating

AQubs = AQacq — AQiost; Example with R,=5 KQ and $=10-3 W/K

AQup. = me - dT |
ancq — Lel - dt =VI-dt
dQlost = Pdissdt =0- (T — TA) - dt

0.8

0.6

Errore di self-heating [K]

0. thermal dissipation coefficient or thermal conductivity (W/K)
m: mass (Kg)
c: specific heat (J/Kg K)

me-dT =VI-dt —§(T —Ta)

041

0.2r

)

. .
15 20 25 30
Tempo [s]

o 5 10
P=1mW=I=\/E= LW _044ma e V=R-1-223V
r VI—6(T=Ta) Joy me P=o.1mW=>|=JE= /0512‘;" ~031mA e V=R-1=158V
u=VI—06(T—Ta);du= —6T

ar

VT (T —Ta) d

The self-heating can be reduced:

B /W_é(T_TA) du _ _, 6 increasing &
VI w  me stirring the media (if liquid or
VI—06(T —Thy) ) gaseous) or coating the device with
in VI =i a resin with high thermal

VI 5 conductivity.
T—Ty4= [1 —exp (—t—)} reducing the electric power
m
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Self-heating and circuits stability

- As the current and the voltage increase, the electric power dissipated in a resistor increases.
The self-heating changes the resistance according to its PTC or the NTC character
NTC:the resistance decreases, and it acts as a negative feedback for current sources
PTC:the resistance increases, and it acts as a negative feedback for voltage sources

V-l
R = : 1+ a—
Rt
‘ : .12
V=R-|=R0.|.1+a.ﬂ]=&.|+m'V$V=RO‘I‘ 1 |
| 6 l-a Rl
0
4 . T
—
) - g:gste”Za fissa ] NTC
L -1, 4 W | | |
3 PTC R, =200 Q; =40.0037 K3 6=107 -2 |<) RI ||V [1=T,1=R|=V =R-I stabilized
£ 25[ NTC R, =200 @ ar=-00037 K'; 6=10" 1. 7
! K
o 151 | I PTC
+
1r B
V C) R Vi=Tt=Rl=1- \% siabilized

0 0.02 0.04 006 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Tensione [V]
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Si consideri un termistore NTC la cui resistenza a T=0°C & pari a 20 KQ e caratterizzato
da un parametro B=3350 K. Si supponga di accoppiare termicamente il sensore ad un
corpo di temperatura T=50°C e sia 6=10-3W/K il coefficiente di dissipazione termica. Si
calcoli I'errore di self-heating quando il sensore € alimentato da un corrente di 1 mA.

12 2
R T B BT O
o) T+AT 273/ 6

la soluzione con la caratteristica esatta richiedela soluzione di una equazione nonlineare. %
_L_

1. linearizzazione nell'intorno di T=50°C = 323 K

1 1 1 1
Rr = Ry -exp (B . (T — TO)) = 20-exp (3350- (@ — ﬁ)) =2.992 KQ

B 3350 .
@=—7g =~y = ~0.032 K
2. variazione di temperatura dovuta al self-heating

7R12 7R323'(1+Q-AT)'12

AT
o 1
da cui :
Rygy-I? 2992:107%
AT = o = 10-2 =27K

1—q- fazel® 40,032 2092102

3. verifica della approssimazione
confronto del valore di R(T+AT) con la caratteristica esatta ed approssimata

1 1
. es — . . - =
Esatta: RS, 57 =20-exp (3350 (323 o7 273)) 2.746 KQ es _ porm

Errore relativo: Ll Tes = 0.005
approssimata Rgh%, o7 = 2.992- (1 —0.032-2.7) = 2.730KQ
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Pulsed bias

- The self-heating can be reduced biasing the sensor with a pulsed bias

- The root mean square value of a a.c. signal is defined as the equivalent d.c. signal
dissipating the same amount of power.

- Given two signals of same magnitude d.c. and pulsed, the self-heating induced by the
pulsed signal is reduced of a factor equal to the square root of the duty cycle.

| 1T, \/T
Vs =, |= [V (1)-dt=V - |2
rms T‘{ () max T

vz T

max

RS T

T I steady state temperature =
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Cross-sensitivity in semicond

- The conducitivty of semiconductor may be altered by several different quantities

- temperature, radiation, magnetic field, mechanical stress, adsorbed gases....

- This is an example of non-selectivity
- Such sensors can be either used in combination with others (sensor array) or in

arrangement among two or more sensors where common mode (undesired quantities)
can be canceled.

- Example: A sensor sensitive to light and temperature

R=Ry-(1+aT+y-1,)

- A Dlfferential amplifier cancels the dependence on the temperature and emphasise the

dependence on the radiation.

|
\k opaque shield

p (D
I
- . NV0=AD.(V2_V1)=AD.RO'i1'y.I)L
_ V, =R, i, (1+aT) A
V,=Ryiy(L+aT+y-1,) P
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Differential amplifier

- A differential amplifier with infinite common mode rejection (CMRR) can be obtained
with an ideal op-amp and resistors with accurate values.

- The gain depends on the ratio between R, and R,. To change the gain and to maintain
the CMRR it is necessary to change two pairs of resistors of exactly the same quantity.

I Io

> > Ry Rg
T o Wy N S A
By 2 R R
op.amp. V.=V, _ Lo Ve % vy
1 ——MWW——M—
. Rl —VO VZT
2 ETNVVYY L
_ =
I
8 V=V,
%Rz R +R, v ViR +VoR,
V.-V V. =V - R +R
Il = |2 = 1 == out 1 2
L R, R, V.oV =V, _ RZR =V1RR2 +VI;ut R,
TRLAY) R
R
Vout = ?Z(VZ _Vl)
1
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Instrumentationamplifier

- The instrumentation amplifier is a differential amplifier with a input stage.

- The gain can be adjusted changing only the resistor (R). The whole circuit can be
integrated (highest CMRR) except R;: the resistor controlling the gain.

v
:1 * Voi
2 VW VW
VW Bg Ra
R‘S —VO
+
MW VW
Rg
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Instrumentationamplifier
gain

analysis of the input stage:
hypothesis: ideal op-amps

I_Vl_VZ
Vo1 R,
Vor~V1 =i=V1_Vz ,Vz_Voz =i=V1_V2
RJ J
R R, R, R, R
R
Vor =—2(V,=V,)+V,
vy © R,
R
L B’l Vo2 = __Z(Vl _V2)+V2
1
R

- The differential stage amplifies R 1
:[/:j difference between vy, and v By =2%(v1—v2)+(v1—v2)=(1+2&)-(v1—v2)
: 1
R4
Vout =E'(V01‘Voz) Yoz | v, =t 1428 (V=)
3 R, R,

- The inputstage is the part where
the relationship between the
resistor R, and the gain is
established.

Usually, R4,=R3, thenwhen Ry=«~ G=1.
On the other hand, the case R;=0is not possible.
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Instrumentationamplifier —_—
INA116 ==1 % |

e

V+

0.1pF
13 =

4
INA116
— 3 | [Over-Voltage Gain (V/V) 1 to 1000
Vin Protection Non-Linearity (+/-) (Max) (%) 0.005
2 —MW——MW— [ 5_,, S0k
R A G=1+ Ro Input Bias Current (+/-) (Max) (nA) 0.000025
1 2
1 251 60k 60kQ Output Offset (+/-) (Max) (uV) 2000/G
AAA _ Input Offset Drift (+/-) (Max) (uV/Degrees Celsius) | 5
Input Guards Ra A, oV, CMRR (Min) (dB) 86
o
See Text. [—‘/W\_ + 1 Bandwidth at G=100 (Min) (kHz) 70
\ 16 Reg Noise at 1kHz (Typ) (nV/rt(Hz)) 28
5 Ret Vs (Min) (V) 9
—AAA A < Vs (Max) (V) 36
vt 0_6 Over-Voltage Ry "AF,{V gJ_
N i 4 —
7 Protection cohe c0kQ =
8 o1uF COMMON-MODE REJECTION vs FREQUENGY
100
G = 1000v/V| ||
80 I~ i
DESIRED | R; | NEAREST1%Rg & 1 & y LRI F 6 = 100viv
GAIN @ @ - - 2 & ay
1 NC NG 70 = il
2 50.00k 49.9k Also drawn in simplified form: 80 [
5 1250k 124k [ T = 1oy
10 5556k 562k vy o——> g S0
20 2.632k 261k g 40 y
50 1.02k 1.02k Rg INA116 Vo &
100 505.1 511 - X G=1vv
200 2513 249 vy o—7| FE 20
500 100.2 100 = 10
1000 50.05 499
2000 2501 24.9 0
5000 10.00 10 10 100 1K 10K 100k
10000 5.001 4.99 Frequency (Hz)

NC: No Connection.
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Temperature dependence of the PN diode

- The characteristics of all junction devices depend on the temperature.

- PN silicon diodes can be used as temperature sensors. The characteristics of the
sensor can be calculated from the fundamental equations of the device.

I’V function I=1 -[exp(ﬂ) - 1]

E
nlz =N p; =NC'NV‘GXP(—k—;)

e (B s {22
3 3
3_4'(2]:2{T) (m:'m:)Zexp(—f_;)

kT
Inversecurrent [, =A-q-|—2- D, 2
LN, LN
/ ’ o
KT ) 1
L=vD7; D=pnT?T=T
q
T= L ~T
v, N;o
LT T =T, %zT-l-TwT'i
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Temperature sensitivity of silicon diodes

) |
Let us consider a diode biased with a </ '|
constantcurrentsource 1L N
v(T)
V-E T I
I(T)=G-T*exp| L2 | ) Vi =&+ —in [
( ) p kT p o GT3
.. E, q
Silicon: E;=1.12eV & = o =112V; a= i 11600 V/K
dVp 1 Ip 3 \
S==L =" 2)-2
dT GT «o
Response with 1=0.1 mA
0.6 ‘ ‘ :
G=0.25 A/K3
. . _ 0.55
biased with 1,=0.1 mA o V) vy -5 (T
S045¢ | equivalent to a thermistor:
S(-23°C)=-2.4 mV/K gp 04} 1 R(T) = L}ET) — R(Ty) - 150 (T —To) = R(Ty) - [1 — o(T — Ty)]
5(127°C)=-2.5mV/K o35 17 =0°C = Vo (Ty) = 0.55 Vi R(Ty) = LD;TO) — 55 KO
in practice is linear! 03¢ we S 8 _24-107 : -1
0251 T IbR(Ty)  Vp(To) 055 0.004 &
0.2 ‘ : : Comparabletoa RTD
0 50 100

Temperature [°C]
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Signals Proportional to Absolute Temperature (PTAT)

- The dependence from the temperature is usually considered as a negative characteristics of
the devices, and circuits are designed to compensate for such dependence.

- Two devices with the same parameters, except the dimension, are said matched.
- Matched devices can be fabricated only in integrated circuits

Let us consider two currents |, and |, injected in two matched
diodes (in figure BJT as a diode)

I 1 que)
1 2 l=1.- A Vbe
ST ( KT
The voltage drop across the BJT bases is:

Q1 —O O— Qg

AV Vv, - KT zn(z)_zn('_l) =[kzn('_z) T

ql \ls Is)] 1a \L
T if the ratio between the currents in stable in temperature, AV is
- a PTAT signal.

The quantity k/q is: 138-10°2J K™ Y

16-10°Cc K

k_
q
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Integrated temperature sensor: LM35

- 3 terminals integrated circuit that acts as a voltage T P e I
source proportional to the absolute temperature :'f . y _,.;
V=k T[C] k=10 1 s

mV/C »

DB00AS16-21

- Operating range: -55°C +150°C
- Working principle: Q;=Q,

Vs
Op amp action=V, =V, % R3
‘/o_Rl'Icl=‘/u_R2.102=>£=& oVp
I, R lc1 Ica

voltage drop across R. is:

ge drop s A, J] J] . §R4
V. -V =V.-In h -V.-In ﬁ =V.-In ilﬁ =V.-In &
bel ™ Voe2 = Vr T 7 T 7 =Vr A +

sl 52 c2 fs1 1 V2 _

the current in R, is:

Vb1
Q Q
1= Yo ~Var LI(R_) —e e Rs

R, R, |\R

1

) ) Vb2
disregarding the base currents:
Re
\/0=(R4+R5'|'R6)'1=—R4+R5+RGVT'ln & GD
RS Rl
Vo= —R4+R5+R6'E‘ln R -T=10 m—V-T )
R, q R, K
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Working principle

- Two terminals device that behaves as a current source

whose current is proportional to the absolute
temperature.

uA
l=uT ; u=1—
“ “ K

- range: from-55° Cto +150° C
. Q3=Q4
- area Q,=8*area Q,

= - . sl _
Icl_lcz_ ’ I =8
s2

Ve =Voe, Ve, =V 'lﬂ(%)—VT ‘lﬂ(%) =V; 'ln( Loy 1 )=VT 'ln(8)
s

R is chosen in order to achieve p=1 pA/K

Integrated temperature sensor: AD590

Q3

NC |1 ~7 8| NC
V+(2] topview [7INC
V-[ 3] (Not to Scale) [ 6 | NC
NC |4 5| NC
| S
~| Vg
|—<r—| Qg
Iczl
J]I(n
SIS
Vs
IR
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Circuits with AD590

ADB90
I/V curve:

The supply voltage has to exceed 4 i v

V in order to activate the sensor. T '8

+150°C

/ «25°C i
/ L{}
/ -55°C .
218~ /r — \(

J1
¢

lour (WA}
2
T

A\
O

0 1 2 3 4 5

30 ADB90

6
suppLY vOLTAGE V) Vg :

Vags v

Vaose =Va—Ro-u-T

s

V,=4V; R =1KQ

4

250

ao0 350 400

V,=-R_-uT

450
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Parallel and series connections

Ro
parallel connection:
equivalent to a virtual sensor applied to the
mean temperature.
h The total sensitivity is n times the sensitivity
N < I = Ty of the single sensor.
0 I, =uT
T, (&) To(A 2= pd2
1 C) 2() T+ Ty
Vo=—Ro-(I1+12) = —Ro- (uT1+ pT2) = —pRo - (T1+12) = —2pRy - 5
J -
- — Vo =—Ro-nu-(T)
series connection:
minimum temperature Ro 4 .
detector W2
B - MT4
T T2 . :
V4V o——F—— Vo = —Ro - pd1
v : :
Ty>T, 0 >
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Thermoelectricity

- Effects of the temperature on the electric circuits:

- All the parameters of materials depend on temperature

- Fermilevel, Band gap, density of states......

- Then also the built-in potentials depend on temperature

- Difference of temperature elicits a diffusion current also in a metal
- Thermoelectric effects are manifested if the temperature in a circuitis not uniform

+ Uniform temperature is an implicit assumption in network theory.
- Three main thermoelectric effects:

- Seebeck effect

- Peltier effect

« Thomson effect
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- The couple of conductors is called thermocouple. The

Seebeck effect

Seebeck experiment (1821): a current flows in a closed
circuit formed by two different conductors when the two
junctions are held at different temperature.

- If the network is opened, at any point, a voltage drop is

observed.

Conductor A

quantities of current and voltage are proportional to the
difference of temperature between the junctions.

- If one of the junctions is held at constant temperature Tl T2

the other junction can be used to measure an unknown
temperature. The fixed temperature is called reference Conductor B
temperature.

- The sensitivity of the thermocouple is called

thermoelectric power. It is a function of the temperature.

- The properties of the thermocouple does not depend on emf T2

the dimension of the conductors. The same materials T ]
provide the same sensitivity disregarding the size.
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More on Seebeck effect

- The Seebeck effect can be explained as the sum of two diffusion currents due not to a

gradient of concentration but a gradient of temperature. If the materials are different the
currents are different and the total current is different than zero.

- The open circuit voltage correspond to the emf necessary to obtain the closed circuit

current

- The direction of the current depends on the properties of the materials: Considering the

figure below, the conductor A is said positive respect to B when the current flows from A to
B at the cold junction.

- The voltage drop can be measured opening the thermocouple at any point, included the

junction itself. It is not necessary a physical junction, but the two elements have to be kept
at the same temperature.

T+AT
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Seebeck effect and Fermi level

- In semiconductors, the Seebeck effect can be
explained with dependence of the Fermi level

with the temperature. 2 (kT ¥ o2 (kT Y
- The Seebeck effect can be observed only if the Be=Epp 1‘5' E | 80 \E_ tee
Fermi levels of the conductors are different. Fo Fo
Ero: Fermilevel at 0 K
Gy T,=T, G, G, G,
EO A EO -
(TN
qd, qd, qd,
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Peltier effect

- When a current flows in a circuit formed by two different conductors, heat is released
and absorbed at the two junctions.

- The built-in potentials at the two junctions have the same magnitudes but different signs. The
electrons crossing the junctions are either accelerated or decelerated by the built-in potential. In
order to maintain constant the current they acquire from the lattice, in case of the decelerating
field, an extra kinetic energy, and in the case of a accelerating field they release the extra kinetic
energy. As a consequence the material is cooled at one junction and heated at the other.

- Peltier effectis used for thermoelectric refrigeration and heating.

Gl. Gz

T+AT i3
calore assorbito

| FCoer) )

F=(-a)(-%)




C. Di Natale, University of Rome Tor Vergata: Temperature sensors

Peltier cells

- Peltier effect requires not only a built-in potential (found in any junction) but also a
sufficiently long depletion layer (found only in semiconductors). For this reason,
thermoelectric heating/cooling is done with series of semiconductors junctions.

Hot side
Electrical connection

R g

Ry o

Interconnect

C. Di Natale, University of Rome Tor Vergata: Temperature sensors

Thomson effect

- The Thomson effect is an asymmetry in the temperature
distribution observed when a current flows in a conductor
where temperature gradients are permanently maintained.

- Let us consider a constant current injected in a . [ ¢ Fn
age - 2 v
homogeneous conductor. The extremities of the conductor __! L c B ]
are kept at temperature T, and the central part is held at T, > — T
temperature T2 with T2>T1 L e lin th e

- Due to Joule effect, the temperature of the conductor tends
to increase, but the temperature at the extremities and at
the center are kept fixed.

- Two opposite gradients of temperature are present in the
conductor, this means that there are two diffusion currents T, .
from the center to the extremities. The injected current then 7 .
is alternatively summed and subtracted to the diffusion / N
current. Since the total current has to be constant (Kirchhoff
law) the electrons have to accelerate when the diffusion T;
current is opposite and to decelerate when the diffusion
current is in the same direction with respect to the imposed A C B
current. The energy for acceleration and deceleration is
provided by the lattice vibration (heat).

- Then Joule effect appears less efficient when the diffusion
current is opposite and more efficient when the diffusion
current is in the same direction of the external current.

v
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Absolute Thermoelectric Power (ATP)

a.k.a. Seebeck coefficent

- It can be demonstrated that, given a couple
of conductors, the termoelectric power of a
thermocouple is the difference of the P o R e o
absolute thermoelectric powers (ATP) —8—Ag e W

TP = ddL;B = ATP, - ATP,

ATP [UV/K]
o
T
|

20k i
- The ATP is a function of the temperature, [ ]
then also the TP of the thermocouple is a ol ]
function of the temperature and then the ]

curve of response is not linear. ol ;

_80-||||||||||||||||||||||||
0 500 1000 1500 2000 2500

TIK]
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Criteria for linearity

- Let us consider two thermo-elements whose ATP

changes linearly with the temperature. ATP |

S,=c,+m,-T Vv
A Cl mA d AB =C3+(mA_mB).T; CS=C1—C2 P :
Sp=c,+my-T dT
- The emf generated by the thermocouple is the area To T T

between the two ATP curves calculated from the
temperature of the two junctions.

T dE T 1
Vig=J d1ij dT = [cg+(my—mg)-T-dT =c, (T —T0)+§(mA—mB)-(T2—T02)
TO

To

- The non linearity disappears, and the TP is constant, if
the ATP of the two elements are parallel with respect to
temperature (ma=mg).

1 AV,
Vig=[C;dT =Eg+cy(T-T,) TP==28=c,

To
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Thermocouples standards

- Special alloys have been developed to maximize the sensitivity and the linearity over a
large range. Their combination defines thermocouple standards.

Temperature
Type Metal A - Metal B Range (°C)  Sensitivity (uV/K)
Type E Chromel - Constantan  -200 to +900 75
Type J Iron - Constantan 0 to +750 50 ‘ '
Type K Cromel - Alumel -200 to +1250 42 I
Type T Copper - Constantan  -200 to +350 50 - !

Chromel: 90% Ni, 10% Cr
Constantan: 55% Cu, 45% Ni
Alumel: 95% Ni, 2% Mn, 2% Al, 1% Si

Thermal emf (millivolts)

2200 0 200 400 600 800 1000

Temperature (Celsius)
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Micro thermocouple
for biological measurements

& 1 mm
Constantan wire

(625 pm) \ To verify its utility, the microthermocouple probe was
) inserted into the dorsal longitudinal muscle (DLM) of a
Glass pipette male silkworm moth. In response to the sex-attractant

pheromone of a female moth, a male begins to beat its
wings using the DLM, which causes the temperature of the
DLM to rise. The DLM temperature was monitored over 3 h,
<«— Copper ﬁ!m —_— and the temperature was seen to rise rapidly by 10 — 11 °C
(1.8 pm thick) after pheromonal stimulation, thereafter return to the
original temperature at rest after 15 — 20 min, as shown in
Fig. 3.

[
T
1

Voltage [V]
S

33

~

Temperature [ C]

Pheromonal stimuli

0 L L 1
0 1 2 3

Time [hour]
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Measurement setup

To IAV General measurement setup
Measurement junction B Cu

—
Reference junction

Potentiometric measurement

R _ .
AW The magnitude of the emf is of the
- - | order of hundreds of pV then it is
A - + t necessary to amplify the signals.
T, | [ AV Vo To ensure the potgntiom_etric
> measurement the input impedance
Measurementjunction g — _ Y of the amplifier has to be very large
Reference unction = (instrumentation amplifier).
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Compensation ofthe reference temperature

- An RTD can be used to make a
signal that is independent from the

reference temperature (Tp). RMW J_ MIQ’*V
- The RTD is connected to a bridge in — = ——
series with the _thermocouple. The W
output voltage is measured through a R(1+W R
high impedance amplifier (no current v Vo
in the thermocouple) IVl T p
=
O T
Rypp =R-(146)=R-(1+a(T,-T,))
V,=-TP-(T-T,);
Vv Yy RS Vo Lvo 8V
2 R+R(1+0) 2 240 2:(2+9)
a:(T,-T,y)V a-(T,-Ty)V
V,=-TP(T-T,)-—A_ 0 " TP(T-T,)+TP+(T,-T,)-——A /"
EL Ul Yo wonrc 8 L U A Ul e wonr
(T,=T,)V
If 5<< 1 e—TP'(T—T0)+TP'(TA—T0)——a( 2~To)
4 RTD platinum a=0.0039
independence from reference : ~TP+(T, —TO)=M:>TP —a¥ 1/K

Type K TP=50 pV/K
> V=51 mV
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Thermocouples: parallel connection

measure of average temperature

- Identical thermocouples with the same R

Equivalent circuit

' CU Vo
19 IAV Rt e R
Cu +_ +_ +_
Vi T V2 T V3 T
T, & -
If the voltage is measured through a high
impedance amplifier, the total current at the
LER < node is zero. %
To Y
E Vi-V., =0

~“R 1
>» V =- =—'EV.

0 1 S
: EE o

i

The output voltage is the average voltages of the
thermocouples. Then it corresponds to one thermocouple
applied to the average temperature location.
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measure of average temperature

Cu
A
T <
AV
d
T,
L
T <
v
TO Cu

—

Thermocouples: series connection

equivalent circuit

+| A1 Vo

Vo =AVi+AV, +AVy =a - (Ty=To ) +ot - (T =To )+ ot (Ts=To )= (T + T+ T3 =3-Tg ) =

_3.q 1t T2tTs_3To =3-a-(T-To)
3 3

The output voltage corresponds to a thermocouple whose thermoelectric power is
n times larger than the individual sensor and applied to the average temperature

location.
Amplification of sensitivity: thermopile.
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Thermopile

Thermopiles are composed by n identical
thermocouples connected in series.

The output voltage is:

V. =n-TP,,- AT

The thermopile is a more efficient temperature
sensor, but the measurement area is
increased with respect to a single

thermocouple.

The total resistance increases, then the
termopile is more affected by thermal noise.
- This is important for semiconductor thermopiles

Thermopiles can be fabricated in siliconand

then integrated
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Integrated thermopile

Thermopile Structure

Semiconductors show the largest Seebeck coefficient,
then semiconductors thermopiles are very sensitive.
Integrated thermopiles can measure small
temperature differences across small distances.

Table 1
Seebeck coefficients of metals relative to platinum
Material Seebeck coefficient (LV/C)
Antimony +48.9
Chromel +29.8
Tungsten +11.2
Gold +74
Copper +7.6
Silver +74
Aluminum +42
p-Silicon, p = 0.0035 Qcm +450
p-Germanium, p = 0.0083 Q cm +420
Platinum 0.00 Thermal Voltage vs. Temperature Difference
Calcium =5.1 3000
Alumel —10.85 - Thermopile 41
Cobalt —133 E 2500 N =92 "
Nickel ~145 % 20001\ e -
Constantan —3725 B o Lt

< > =
Bismuth -734 < o~
n-Silicon, p = 0.0035 Q cm —450 E 1000 - [
n-Germanium, p = 0.69 Q cm —548 .'g 500 = "::':;‘,.;:’
Measurements were made with the reference junction at 0 °C and the hot 0

10 20 30 40 50

junction at 100 °C [25].
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Thermal feedback

11
Nel circuito seguente la resistenza Rs & un se e RTD. Il re & accoppiato termicamente ad
una resistenza R. La resistenza R scambia calore con I'ambiente circostante (che ha temperatura
fissa Ta) attraverso una costante di dissipazione termica 8. Si consideri I'amplificatore
operazionale ideale.
* (Calcolare il valore della tensione V che consente di portare la temperatura della
resistenza R a T=70°C.

Rg=Ry-[1+a-(T-Tp)]
y Stessa Ry =100Q; Ty =20°C; a=0.005K""
Temperatura 1=10mA; R=300Q;

5=10"Y
K

V=R I =R-[l+a (T-T)] |

V =100- [1+ 0.005- (70—20)] .0.01=1.25V
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Analog rms voltmeter

T
- The rms value of a a.c. voltage signal is v = 1 ) Ivz(t) dt
equivalentto a d.c. signal that dissipates the rms T
same amount of power. 0

- The above definition can be appliedin a
circuit that exploits the thermo-electric
feedback of an operational amplifier.

- The signal v, (a.c.) is applied to a resistor R
where it dissipates a power P, that increases
the temperature of R4. The thermocouple
measures the difference of temperature
between two identical resistors. The output of
the thermocouple is applied to the input
terminals of an op amp. The thermocouple
acts a negative feedback network, then the
op amp output voltage forces the voltage
drop across the inputto be zero. Then the
thermocouple output is zero, and this
happens if the temperatures of the resistors
are equal, and since the resistors are
identical the op amp ouput voltage v, (d.c.) is
the rms of v,.
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Integrated analog rms-dc converter

- Thermocouples can be replaced by a couple of matched temperature sensors such as
diodes.
- An integrated device based on a couple of identical diode temperature sensor is
commercially available.
v+

l

AAA
A A AL

AAA
A4 A e

p=—= QUTPUT

— ""Wﬂ: % 1o
A (X 2 >
X B, =

o




