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Présentations TD1
Format transparents

– Timing plutôt bien 
respecté

– Evitez les phrases!
– Polices trop petites
– Ecrivez noms sur 

premier transparent
– Numérotez les 

transparents
– Schémas électriques 

(FidoCadJ)

Travail de groupe, 
communication

– Répartition du travail
– Parlez fort !
– Pas mains dans les poches
– Parfois manque de 

coordination
– Allez au fond de la 

question
– Donnez des ordres de 

grandeur
– Analyse des circuits
– Attention aux conventions
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Pour les absent.e.s
• Si absence justifiée

Note blanchie

• Si absence non justifiée
Contactez-nous :

PI1 : davide.bucci@grenoble-inp.fr
PI2 : nathalie.mathieu@grenoble-inp.fr
PI3 : davide.bucci@grenoble-inp.fr

Rapport 2-3 pages
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Compétences
• Concevoir ou réaliser des solu0ons d’ingénierie, perme6ant 

de répondre à un cahier de charges
– Tout votre travail technique

• Coopérer dans une équipe OU en mode projet 
– Comment s’organiser ?
– Comment mo6ver les personnes ?
– Comment gérer absences ?

• Piloter les transi0ons technologiques, environnementales, 
sociétales
– Approche « low tech » : u6le, accessible, durable
– Appropriez-vous de la technologie autour de vous
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Et maintenant ?
• On fait un point !
– Organisation classique 

d’une chaine de 
mesure

– Capteurs vs 
conditionneurs

– Classes de capteurs
– Exemples et 

problèmes typiques

• Classes de capteurs
1. Générateurs de 

f.e.m.
2. Générateurs de 

courant
3. Résistifs
4. Générateurs de 

charge
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De quoi parle-t-on ?
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Capteur 1 Conditionneur Filtre

MUX
Capteur 2 Conditionneur Filtre

Capteur 3 Conditionneur Filtre

S&H

CAN

Calculateur

Alimentation

Mesurande -> grandeur électrique -> tension

Organisa(on : par grandeur
électrique produite 



1- Capteurs générateurs de f.e.m

• Modèle • Exemple : Sonde pH

7

1. Introduction

Le premier élément d’une chaîne de mesure est le capteur. Son rôle est de transformer
une grandeur physique à mesurer (un mesurande) dans une grandeur électrique de type
quelconque. Bien évidemment, cette opération doit se faire de façon reproductible et avec
une loi connue. Le fonctionnement des capteurs se base sur des principes physiques très
différents. Nous allons suivre ici la classification proposée par [Asch, 2003], c’est à dire que
nous allons subdiviser les différents types de capteurs suivant la grandeur électrique qu’ils
fournissent. Cette stratégie n’est pas la seule applicable, mais va nous permettre de traiter
des problèmes du conditionnement du signal en même temps que les capteurs.

2. Capteurs générateurs de f.e.m.

2.1. Généralités. Certains phénomènes physiques peuvent induire, dans un dispositif
adéquat, l’apparition d’une force électro motrice (f.e.m.), sous l’influence d’une grandeur
physique déterminée. Pour la modélisation électrique de ces capteurs, on utilise un schéma
équivalent de type Thévenin, comme visible en figure 1. La tension fournie à vide par le
capteur est e(m) et dépend de façon connue du mesurande m. La résistance interne du
capteur Zc fait en sorte que la tension à la sortie Vs diffère de e(m) si le courant Is n’est pas
négligeable.

Plusieurs phénomènes physiques peuvent être utilisés pour réaliser des capteurs de ce
type, nous allons dans la suite voir quelques exemples.

2.2. Exemples.

2.2.1. Thermocouples. Un thermocouple est un capteur de température basé sur l’effet
Seebeck. Le principe, montré figure 2, est que lorsque deux soudures entre des conducteurs
métalliques de type différent ne se trouvent pas à la même température, une force électro
motrice apparaît, liée à la différence de température des deux joints.

Conventionnellement, dans le cas d’un thermocouple, on appelle les deux soudures res-
pectivement « soudure chaude » et « soudure froide » et la mesure est intrinsèquement dif-
férentielle. Pour mesurer la température dans un point particulier, il faut adopter une tem-
pérature de référence (par exemple, en plaçant la soudure froide dans un bac contenant un
mélange d’eau et de glace), ou il faut utiliser un circuit de compensation de soudure froide 1.

D’un point de vue pratique, les bacs d’eau glacée ont disparu depuis un certain temps
en faveur des autres méthodes de compensation plus compacts, économiques et efficaces. Le
but de ces derniers est de mesurer la température de la soudure froide (avec un principe
physique différent de l’effet Seebeck) et soustraire l’effet de la température de cette soudure
pour obtenir une lecture absolue. Cette technique peut être réalisée avec différentes stratégies.

1. Le problème est inversé lorsque l’on souhaite mesurer des températures criogéniques. Plus en général,
on peut parler de « soudure de mesure » et « soudure de référence ».

e(m)

Zc

Vs

Is

Figure 1. Représentation Thévenin d’un capteur générateur de f.e.m.
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Figure 1.6 – Photographs of the Sentek P14/S7 electrode for pH measurements.

short called sensitivity. For a K-type thermocouple, in the temperature range caught
between 0

O
C and 100

O
C, an approximation yielding an accuracy of a few degrees

Celsius employs only a linear term S ⇡ 41 µV/O
C.

1.2.2.3. pH measurement

Determining the pH of a solution is one of the most frequent characterisations use-
ful with chemicals. It consists in the measurement of the acidity or basicity and it can
be done using litmus paper, which dipped in a solution changes its colour following
the pH.

Another technique is based on the use of glass electrodes specifically built for this
function. They contain buffer solutions which exchange H+ ions with the solution un-
der test via a semi-permeable glass membrane. Figure 1.6 shows pictures of a typical
pH electrode of this kind (Sentek P14/S7). Due to the electro-chemical reactions, the
sensor behaves like a battery and a DC voltage is obtained, proportional to the pH to
be measured. The proportionality constant depends on the exact configuration of the
electrode, but a typical sensitivity is around �60 mV for pH unit.

A difficulty of the pH measurement is that the series impedance of the glass elec-
trode (called Zc in the equivalent circuit of figure 1.1) is often very high, of the order
of a few megaohms. For this reason, such probes may be equipped with an onboard
amplifier very close to the measurement electrodes.

A second difficulty is the strong temperature effect on the proportionality between
the pH and the output voltage. Often, an automatic compensation must be done by
measuring the temperature of the solution at the same time as the pH measurement.
For example, in the Campbell Scientific CSIM-11 probe, the sensitivity changes by
�0.2 mV/pH/O

C. This means that at 20
O
C the slope is around �58 mV/pH, while

Figure 6. Photos de la sonde Sentek P14/S7 utilisée pour la mesure du
pH d’une solution. D’après [Bucci, 2017]

2.2.3. Mesure du potentiel hydrogène (pH). La mesure du potentiel hydrogène (pH) est
une des mesures les plus importantes dans un laboratoire de chimique ou biologie. En fait, il
s’agit de la mesure de l’acidité ou basicité d’une solution et traditionnellement est effectuée
à l’aide de papier imbibés avec des réactifs chimiques capables de changer de couleur selon le
pH de la solution à mesurer (« papiers tournesol » et « papiers pH »). Alternativement, une
méthode électrochimique est disponible grâce à l’emploi d’électrodes en verre, spécifiquement
produits pour cet usage, comme montré en figure 6. Ils contiennent une solution tampon qui
peut échanger des ions H+ avec la solution dans laquelle ils sont plongés à travers une paroi
de verre semi-perméable. Ils fournissent une tension proportionnelle au pH à mesurer. La
constante de proportionnalité varie selon le type d’électrode, mais des valeurs typiques à
retenir sont de l’ordre de quelques �60 mV per unité de pH.

Une difficulté liée à la mesure du pH est que l’impédance série (ce que nous avons appelé
Zc dans le schéma de figure 1) de l’électrode en verre est très élevée, supérieure à quelques
dizaines de megaohms. Pour cette raison, certaines sondes proposent un amplificateur placé
très proche des électrodes de mesure, voir par exemple la CSIM-11 de chez Campbell Scienti-
fic, dont on propose en figure 7 un extrait de fiche technique. Le but de cet amplificateur est
de baisser considérablement l’impédance de sortie de la sonde, pour la rendre moins sensible
aux perturbations sur le câble et en rendre ainsi plus facile l’emploi.

Une autre précaution importante à prendre est que la constante de proportionnalité entre
le pH et la tension délivrée dépend de la température. Cela oblige souvent à effectuer une
mesure de température en même temps que la mesure de pH a lieu. Cela permet de compenser
les variations dues à la température sur la lecture de la tension d’électrode. Toujours à propos
de la CSIM-11 cité précédemment, la pente change d’environ de �0, 2 mV/pH/ �

C, ce qui veut
dire que nous passons de �58 mV/pH pour 20

�
C, à �59 mV/pH pour 25

�
C et �60 mV/pH

pour 30
�
C.

Ces propriétés et les dérives de la sonde demandent un étalonnage régulier, à l’aide de
solutions tamponnées avec pH connu.
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Valeurs typiques

-59mV/pH à 25°C
-0,2mV/pH/°C
|Zc| < 1 MΩ à 25°C

[Campbell sci. CSIM-11]

A"en%on aux non-linéarités !
• Entre le mesurande m et e(m)
• Entre Vs et Is



Exemple: thermocouples
• Effet Seebeck
– Mesure Tx-T0
– « Compensation 

soudure froide »
– Très résistantes
– Temp. T0 pas extrême
– Temp. Tx extrême
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f.e.m.

Tx T0

Soudure « chaude » Soudure « froide »

B B

A

Figure 2. Effet Seebeck entre deux joints réalisés entre deux conducteurs
métalliques différents (A et B).

Tx

Cu

Cu

T0

E(Tx, T0)

Cu

Cu

T0Tx

E(Tx, 0 �
C)

comp.

B

B

A

A

Figure 3. Application d’une compensation à la « soudure froide », pour
obtenir une indication absolue de température Tx.

Une solution commune est de soustraire l’effet de la soudure froide au niveau de la tension
délivrée par le thermocouple, comme représenté figure 3.

La compensation de soudure froide entraîne une complexité accrue de la chaîne de me-
sure. De plus, les tensions générées sont faibles (la sensibilité est de l’ordre de 41µV/ �

C pour
un thermocouple de type K) et nécessitent d’un étage d’amplification approprié. Cependant,
les thermocouples sont parmi les systèmes les plus utilisés en industrie pour la mesure de
température, suite à leur versatilité et à leur gamme de mesure extrêmement étendue (de la
cryogénie à des températures dépassant les 1700

�
C).

Pour cette raison, des circuits d’amplification et de compensation compacts sont dispo-
nibles chez les principaux fabricants de circuits intégrés. Par exemple, nous citons la famille

2

Fundamentals of sensing and signal conditioning 19

 

Precision Thermocouple Amplifiers
with Cold Junction Compensation

  AD8494/AD8495/AD8496/AD8497
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FEATURES 
Low cost and easy to use 
Pretrimmed for J or K type thermocouples 
Internal cold junction compensation 
High impedance differential input 
Standalone 5 mV/°C thermometer 
Reference pin allows offset adjustment 
Thermocouple break detection 
Laser wafer trimmed to 1°C initial accuracy and  

0.025°C/°C ambient temperature rejection 
Low power: <1 mW at VS = 5 V 
Wide power supply range 

Single supply: 2.7 V to 36 V 
Dual supply: ±2.7 V to ±18 V 

Small, 8-lead MSOP 

APPLICATIONS 
J or K type thermocouple temperature measurement 
Setpoint controller 
Celsius thermometer 
Universal cold junction compensator 
White goods (oven, stove top) temperature measurements 
Exhaust gas temperature sensing 
Catalytic converter temperature sensing 
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Table 1. Device Temperature Ranges 
Optimized Temperature Range 

Part No. 

Thermo-
Couple 
Type 

Ambient Temperature 
(Reference Junction) 

Measurement 
Junction 

AD8494 J 0°C to 50°C Full J type range 
AD8495 K 0°C to 50°C Full K type range 
AD8496 J 25°C to 100°C Full J type range 
AD8497 K 25°C to 100°C Full K type range 

GENERAL DESCRIPTION 
The AD8494/AD8495/AD8496/AD8497 are precision 
instrumentation amplifiers with thermocouple cold junction 
compensators on an integrated circuit. They produce a high 
level (5 mV/°C) output directly from a thermocouple signal by 
combining an ice point reference with a precalibrated amplifier. 
They can be used as standalone thermometers or as switched 
output setpoint controllers using either a fixed or remote 
setpoint control. 

The AD8494/AD8495/AD8496/AD8497 can be powered from a 
single-ended supply (less than 3 V) and can measure temperatures 
below 0°C by offsetting the reference input. To minimize self-
heating, an unloaded AD849x typically operates with a total 
supply current of 180 µA, but it is also capable of delivering in 
excess of ±5 mA to a load. 

The AD8494 and AD8496 are precalibrated by laser wafer 
trimming to match the characteristics of J type (iron-constantan) 
thermocouples; the AD8495 and AD8497 are laser trimmed to 
match the characteristics of K type (chromel-alumel) thermo-
couples. See Table 1 for the optimized ambient temperature 
range of each part. 

The AD8494/AD8495/AD8496/AD8497 allow a wide variety of 
supply voltages. With a 5 V single supply, the 5 mV/°C output 
allows the devices to cover nearly 1000 degrees of a thermo-
couple’s temperature range. 

The AD8494/AD8495/AD8496/AD8497 work with 3 V supplies, 
allowing them to interface directly to lower supply ADCs. They 
can also work with supplies as large as 36 V in industrial systems 
that require a wide common-mode input range. 

PRODUCT HIGHLIGHTS 
1. Complete, precision laser wafer trimmed thermocouple 

signal conditioning system in a single IC package. 
2. Flexible pinout provides for operation as a setpoint 

controller or as a standalone Celsius thermometer. 
3. Rugged inputs withstand 4 kV ESD and provide over-

voltage protection (OVP) up to VS ± 25 V. 
4. Differential inputs reject common-mode noise on the 

thermocouple leads. 
5. Reference pin voltage can be offset to measure 0°C on 

single supplies. 
6. Available in a small, 8-lead MSOP that is fully RoHS compliant. 

Figure 1.4 – An extract of the data-sheet of Analog Devices AD8494-7 family. This
device amplifies the thermocouple signal, compensating the cold junction tempera-
ture at the same time. ESD and OVP are the electrostatic discharge and over voltage
protections for input pins.
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Figure 1.5 – Relation between temperature and output voltage for some common ther-
mocouple types. The cold junction is kept at 0

O
C. Data from [NIST, ITS-90].

Figure 5. Relation entre la tension fournie en sortie des principaux types
de thermocouples et la température, la jonction de référence étant maintenue
à 0

�
C. Tiré de [Bucci, 2017].

range : �270
�
C to 0

�
C range : 0

�
C to 1372

�
C

0.000000000000E+00 -0.176004136860E-01
0.394501280250E-01 0.389212049750E-01
0.236223735980E-04 0.185587700320E-04
-0.328589067840E-06 -0.994575928740E-07
-0.499048287770E-08 0.318409457190E-09
-0.675090591730E-10 -0.560728448890E-12
-0.574103274280E-12 0.560750590590E-15
-0.310888728940E-14 -0.320207200030E-18
-0.104516093650E-16 0.971511471520E-22
-0.198892668780E-19 -0.121047212750E-25
-0.163226974860E-22

exponential :
a0 = 0.118597600000E+00
a1 = -0.118343200000E-03
a2 = 0.126968600000E+03

Table 1. Tableau des coefficients applicables dans la formule 2.1 pour cal-
culer la tension fournie (en millivolt) par une thermocouple de type K,
valeurs publiées par le [NIST, ITS-90].

Pour des intervalles de température réduits ou lorsque l’on n’est pas intéressés à obtenir
une très grande fidélité, on se contente de représenter le comportement du thermocouple
avec un seul coefficient de proportionnalité, qui est appelé sensibilité. Pour un thermocouple
de type K, dans des températures comprises entre 0

�
C et 100

�
C, on note S ⇡ 41µV/ �

C, ce
qui permet d’obtenir une erreur inférieure à quelques degrés.
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FEATURES 
Low cost and easy to use 
Pretrimmed for J or K type thermocouples 
Internal cold junction compensation 
High impedance differential input 
Standalone 5 mV/°C thermometer 
Reference pin allows offset adjustment 
Thermocouple break detection 
Laser wafer trimmed to 1°C initial accuracy and  

0.025°C/°C ambient temperature rejection 
Low power: <1 mW at VS = 5 V 
Wide power supply range 

Single supply: 2.7 V to 36 V 
Dual supply: ±2.7 V to ±18 V 

Small, 8-lead MSOP 

APPLICATIONS 
J or K type thermocouple temperature measurement 
Setpoint controller 
Celsius thermometer 
Universal cold junction compensator 
White goods (oven, stove top) temperature measurements 
Exhaust gas temperature sensing 
Catalytic converter temperature sensing 
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Table 1. Device Temperature Ranges 
Optimized Temperature Range 

Part No. 

Thermo-
Couple 
Type 

Ambient Temperature 
(Reference Junction) 

Measurement 
Junction 

AD8494 J 0°C to 50°C Full J type range 
AD8495 K 0°C to 50°C Full K type range 
AD8496 J 25°C to 100°C Full J type range 
AD8497 K 25°C to 100°C Full K type range 

GENERAL DESCRIPTION 
The AD8494/AD8495/AD8496/AD8497 are precision 
instrumentation amplifiers with thermocouple cold junction 
compensators on an integrated circuit. They produce a high 
level (5 mV/°C) output directly from a thermocouple signal by 
combining an ice point reference with a precalibrated amplifier. 
They can be used as standalone thermometers or as switched 
output setpoint controllers using either a fixed or remote 
setpoint control. 

The AD8494/AD8495/AD8496/AD8497 can be powered from a 
single-ended supply (less than 3 V) and can measure temperatures 
below 0°C by offsetting the reference input. To minimize self-
heating, an unloaded AD849x typically operates with a total 
supply current of 180 µA, but it is also capable of delivering in 
excess of ±5 mA to a load. 

The AD8494 and AD8496 are precalibrated by laser wafer 
trimming to match the characteristics of J type (iron-constantan) 
thermocouples; the AD8495 and AD8497 are laser trimmed to 
match the characteristics of K type (chromel-alumel) thermo-
couples. See Table 1 for the optimized ambient temperature 
range of each part. 

The AD8494/AD8495/AD8496/AD8497 allow a wide variety of 
supply voltages. With a 5 V single supply, the 5 mV/°C output 
allows the devices to cover nearly 1000 degrees of a thermo-
couple’s temperature range. 

The AD8494/AD8495/AD8496/AD8497 work with 3 V supplies, 
allowing them to interface directly to lower supply ADCs. They 
can also work with supplies as large as 36 V in industrial systems 
that require a wide common-mode input range. 

PRODUCT HIGHLIGHTS 
1. Complete, precision laser wafer trimmed thermocouple 

signal conditioning system in a single IC package. 
2. Flexible pinout provides for operation as a setpoint 

controller or as a standalone Celsius thermometer. 
3. Rugged inputs withstand 4 kV ESD and provide over-

voltage protection (OVP) up to VS ± 25 V. 
4. Differential inputs reject common-mode noise on the 

thermocouple leads. 
5. Reference pin voltage can be offset to measure 0°C on 

single supplies. 
6. Available in a small, 8-lead MSOP that is fully RoHS compliant. 

Figure 4. Extrait de la fiche technique du AD8494-7 de chez Analog De-
vices. Ce dispositif permet de réaliser l’amplification du signal et la com-
pensation de la soudure froide.

AD8494-7, dont un extrait de la fiche technique est montrée en figure 4. Ces composants
sont capables d’amplifier le signal et réaliser la compensation de la soudure froide. En fait,
ceux-ci sont capable de mesurer la température de leur boîtier et l’utiliser pour obtenir la
compensation. Cette technique peut par conséquent être efficace seulement si la soudure
froide est physiquement proche du circuit intégré.

2.2.2. Types de thermocouples. Différents types de thermocouples sont disponibles sur
le marché et sont identifiés par une lettre qui est associée au couple de métaux utilisés. Les
types de thermocouples les plus utilisés sont les suivants :

E Chromel (nickel-chrome)/Constantan (cuivre-nickel)
K Chromel (nickel-chrome)/Alumel (aluminium-nickel)
J Fer/Constantan
S Platine-rhodium (10%)/Platine
R Platine-rhodium (13%)/Platine
B Platine-rhodium (30%)/Platine-rhodium (6%)
N Nicrosil (nickel-chrome-silicium)/Nisil (nickel-silicium)
T Cuivre/Constantan

La lettre, plus qu’indiquer une composition chimique particulière, indique une relation entre
la tension délivrée et la température mesurée, qui doit être conforme au modèle, à moins
d’une certaine tolérance. La définition des modèles et des tolérances est de compétence des
différents organismes de normalisation et de standardisation.

Les réponses typiques des thermocouples cités sont représentées figure 5. Certains types
de thermocouples offrent un signal plus élevé à parité de température (par exemple les type
E et J), mais montrent des effets de nonlinéarité plus marqués ou une gamme de température
plus réduite. Pour tenir compte des effets non-linéaires sur une gamme de température éten-
due, les lois E(Tx, 0 �

C) sont spécifiés à l’aide d’un polynôme, auquel des termes exponentiels
sont rajoutés :

E(Tx, 0 �
C) =

NX

i=0

ciT
i
x + a0e

a1(Tx�a2)
2

(2.1)

Le National Institute of Standards and Technology (NIST), aux États Unis, publie un
catalogue des coefficients à utiliser pour les types de thermocouples cités plus haut [NIST,

ITS-90]. Par exemple, le tableau 1 montre les coefficients pour un thermocouple de type K
dans plusieurs intervalles de température.

3

pente ~ 41µV/°C

[Donnée NIST]
Tx-T0



Compens. soudure froide
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Electronics for measuring systems  Davide Bucci, Laurent Aubard and Patrice Petitclair 
 
 

Exercise 1: Thermocouples, Op-Amps and power supply issues 
 
In this exercise, we will discuss about a temperature compensation circuit coupled with an 
amplifier. The goal is to obtain an output voltage proportional to the absolute temperature 
with the proportionality constant equal to 10 mV/K. The circuit is shown in figure 1.  
 

 
Figure 1: analog front-end of a thermocouple acquisition system 

 
Answer to the following questions. 
 

1- What is the purpose of the cold junction compensation in a thermocouple acquisition? 
2- What is the role of the LM335 in the proposed circuit? 
3- Where should it be physically placed in the layout so that the compensation is 

effective? 
4- For a K-type thermocouple, the Seebeck coefficient is 41µV/K, choose the value of R1 

so that the compensation is effective. 
5- Choose the resistor R6 so that the output of the circuit is proportional to Tx with a 

proportionality constant equal to 10 mV/K. 
6- A TL081 would work in this circuit? (A page of the datasheet of the TL081 is 

reproduced in your course handout) 
7- What are important factors to be considered for the operational amplifier? If you have 

the choice, would you rather prefer an OPA187 or rather a LM358? 
8- What is the maximum temperature that can be measured with this circuit? Is it possible 

to extend the range to 800 K? 
9- Why one should not just use the LM335 alone instead of all this stuff? 

BUT : avoir une tension Vout qui dépend uniquement de Tx
Beaucoup de solu%ons possibles, un exemple :

Première règle de l’analyse des circuits : Pas de panique !
…mais par contre il faut la faire.
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Exercise 1: Thermocouples, Op-Amps and power supply issues 
 
In this exercise, we will discuss about a temperature compensation circuit coupled with an 
amplifier. The goal is to obtain an output voltage proportional to the absolute temperature 
with the proportionality constant equal to 10 mV/K. The circuit is shown in figure 1.  
 

 
Figure 1: analog front-end of a thermocouple acquisition system 

 
Answer to the following questions. 
 

1- What is the purpose of the cold junction compensation in a thermocouple acquisition? 
2- What is the role of the LM335 in the proposed circuit? 
3- Where should it be physically placed in the layout so that the compensation is 

effective? 
4- For a K-type thermocouple, the Seebeck coefficient is 41µV/K, choose the value of R1 

so that the compensation is effective. 
5- Choose the resistor R6 so that the output of the circuit is proportional to Tx with a 

proportionality constant equal to 10 mV/K. 
6- A TL081 would work in this circuit? (A page of the datasheet of the TL081 is 

reproduced in your course handout) 
7- What are important factors to be considered for the operational amplifier? If you have 

the choice, would you rather prefer an OPA187 or rather a LM358? 
8- What is the maximum temperature that can be measured with this circuit? Is it possible 

to extend the range to 800 K? 
9- Why one should not just use the LM335 alone instead of all this stuff? 

BUT: avoir une tension Vout qui dépend uniquement de Tx
Beaucoup de solu%ons possibles, un exemple :

Vth

VR1

I+≈0

P. ex. type K :

Vth ≈ 41µV/K (Tx-T0)



Compens. soudure froide

11

Electronics for measuring systems  Davide Bucci, Laurent Aubard and Patrice Petitclair 
 
 

Exercise 1: Thermocouples, Op-Amps and power supply issues 
 
In this exercise, we will discuss about a temperature compensation circuit coupled with an 
amplifier. The goal is to obtain an output voltage proportional to the absolute temperature 
with the proportionality constant equal to 10 mV/K. The circuit is shown in figure 1.  
 

 
Figure 1: analog front-end of a thermocouple acquisition system 

 
Answer to the following questions. 
 

1- What is the purpose of the cold junction compensation in a thermocouple acquisition? 
2- What is the role of the LM335 in the proposed circuit? 
3- Where should it be physically placed in the layout so that the compensation is 

effective? 
4- For a K-type thermocouple, the Seebeck coefficient is 41µV/K, choose the value of R1 

so that the compensation is effective. 
5- Choose the resistor R6 so that the output of the circuit is proportional to Tx with a 

proportionality constant equal to 10 mV/K. 
6- A TL081 would work in this circuit? (A page of the datasheet of the TL081 is 

reproduced in your course handout) 
7- What are important factors to be considered for the operational amplifier? If you have 

the choice, would you rather prefer an OPA187 or rather a LM358? 
8- What is the maximum temperature that can be measured with this circuit? Is it possible 

to extend the range to 800 K? 
9- Why one should not just use the LM335 alone instead of all this stuff? 

BUT: avoir une tension Vout qui dépend uniquement de Tx
Beaucoup de solutions possibles, un exemple :

P. ex. type K :

Vth ≈ 41µV/K (Tx-T0)

Vth

VU1

VR1=VU1 R1/(R1+R2)

VR1

I+≈0
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LM135, LM135A, LM235, LM235A, LM335, LM335A
SNIS160E –MAY 1999–REVISED FEBRUARY 2015

LMx35, LMx35A Precision Temperature Sensors
1 Features 3 Description

The LM135 series are precision, easily-calibrated,
1• Directly Calibrated to the Kelvin Temperature

integrated circuit temperature sensors. Operating asScale
a 2-terminal zener, the LM135 has a breakdown

• 1°C Initial Accuracy Available voltage directly proportional to absolute temperature
• Operates from 400 μA to 5 mA at 10 mV/°K. With less than 1-Ω dynamic impedance,

the device operates over a current range of 400 μA to• Less than 1-Ω Dynamic Impedance
5 mA with virtually no change in performance. When• Easily Calibrated calibrated at 25°C, the LM135 has typically less than

• Wide Operating Temperature Range 1°C error over a 100°C temperature range. Unlike
other sensors, the LM135 has a linear output.• 200°C Overrange

• Low Cost Applications for the LM135 include almost any type of
temperature sensing over a −55°C to 150°C
temperature range. The low impedance and linear2 Applications
output make interfacing to readout or control circuitry• Power Supplies are especially easy.

• Battery Management
The LM135 operates over a −55°C to 150°C• HVAC temperature range while the LM235 operates over a

• Appliances −40°C to 125°C temperature range. The LM335
operates from −40°C to 100°C. The LMx35 devices
are available packaged in hermetic TO transistor
packages while the LM335 is also available in plastic
TO-92 packages.

Device Information(1)

PART NUMBER PACKAGE BODY SIZE (NOM)
LM135

TO-46 (3) 4.699 mm × 4.699 mm
LM135A
LM235

TO-92 (3) 4.30 mm × 4.30 mm
LM235A
LM335

SOIC (8) 4.90 mm × 3.91 mm
LM335A

(1) For all available packages, see the orderable addendum at
the end of the datasheet.

Basic Temperature Sensor Simplified Schematic Calibrated Sensor

1

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.

[Datasheet LM135-LM335]
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Exercise 1: Thermocouples, Op-Amps and power supply issues 
 
In this exercise, we will discuss about a temperature compensation circuit coupled with an 
amplifier. The goal is to obtain an output voltage proportional to the absolute temperature 
with the proportionality constant equal to 10 mV/K. The circuit is shown in figure 1.  
 

 
Figure 1: analog front-end of a thermocouple acquisition system 

 
Answer to the following questions. 
 

1- What is the purpose of the cold junction compensation in a thermocouple acquisition? 
2- What is the role of the LM335 in the proposed circuit? 
3- Where should it be physically placed in the layout so that the compensation is 

effective? 
4- For a K-type thermocouple, the Seebeck coefficient is 41µV/K, choose the value of R1 

so that the compensation is effective. 
5- Choose the resistor R6 so that the output of the circuit is proportional to Tx with a 

proportionality constant equal to 10 mV/K. 
6- A TL081 would work in this circuit? (A page of the datasheet of the TL081 is 

reproduced in your course handout) 
7- What are important factors to be considered for the operational amplifier? If you have 

the choice, would you rather prefer an OPA187 or rather a LM358? 
8- What is the maximum temperature that can be measured with this circuit? Is it possible 

to extend the range to 800 K? 
9- Why one should not just use the LM335 alone instead of all this stuff? 

BUT: avoir une tension Vout qui dépend uniquement de Tx
Beaucoup de solu%ons possibles, un exemple :

P. ex. type K :

Vth ≈ 41µV/K (Tx-T0)

Vth

VU1

VR1=VU1 R1/(R1+R2)

VU1=T0 × 10mV/K

VR1

I+≈0
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LM135, LM135A, LM235, LM235A, LM335, LM335A
SNIS160E –MAY 1999–REVISED FEBRUARY 2015

LMx35, LMx35A Precision Temperature Sensors
1 Features 3 Description

The LM135 series are precision, easily-calibrated,
1• Directly Calibrated to the Kelvin Temperature

integrated circuit temperature sensors. Operating asScale
a 2-terminal zener, the LM135 has a breakdown

• 1°C Initial Accuracy Available voltage directly proportional to absolute temperature
• Operates from 400 μA to 5 mA at 10 mV/°K. With less than 1-Ω dynamic impedance,

the device operates over a current range of 400 μA to• Less than 1-Ω Dynamic Impedance
5 mA with virtually no change in performance. When• Easily Calibrated calibrated at 25°C, the LM135 has typically less than

• Wide Operating Temperature Range 1°C error over a 100°C temperature range. Unlike
other sensors, the LM135 has a linear output.• 200°C Overrange

• Low Cost Applications for the LM135 include almost any type of
temperature sensing over a −55°C to 150°C
temperature range. The low impedance and linear2 Applications
output make interfacing to readout or control circuitry• Power Supplies are especially easy.

• Battery Management
The LM135 operates over a −55°C to 150°C• HVAC temperature range while the LM235 operates over a

• Appliances −40°C to 125°C temperature range. The LM335
operates from −40°C to 100°C. The LMx35 devices
are available packaged in hermetic TO transistor
packages while the LM335 is also available in plastic
TO-92 packages.

Device Information(1)

PART NUMBER PACKAGE BODY SIZE (NOM)
LM135

TO-46 (3) 4.699 mm × 4.699 mm
LM135A
LM235

TO-92 (3) 4.30 mm × 4.30 mm
LM235A
LM335

SOIC (8) 4.90 mm × 3.91 mm
LM335A

(1) For all available packages, see the orderable addendum at
the end of the datasheet.

Basic Temperature Sensor Simplified Schematic Calibrated Sensor

1

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.

[Datasheet LM335]
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LM135, LM135A, LM235, LM235A, LM335, LM335A
SNIS160E –MAY 1999–REVISED FEBRUARY 2015

LMx35, LMx35A Precision Temperature Sensors
1 Features 3 Description

The LM135 series are precision, easily-calibrated,
1• Directly Calibrated to the Kelvin Temperature

integrated circuit temperature sensors. Operating asScale
a 2-terminal zener, the LM135 has a breakdown

• 1°C Initial Accuracy Available voltage directly proportional to absolute temperature
• Operates from 400 μA to 5 mA at 10 mV/°K. With less than 1-Ω dynamic impedance,

the device operates over a current range of 400 μA to• Less than 1-Ω Dynamic Impedance
5 mA with virtually no change in performance. When• Easily Calibrated calibrated at 25°C, the LM135 has typically less than

• Wide Operating Temperature Range 1°C error over a 100°C temperature range. Unlike
other sensors, the LM135 has a linear output.• 200°C Overrange

• Low Cost Applications for the LM135 include almost any type of
temperature sensing over a −55°C to 150°C
temperature range. The low impedance and linear2 Applications
output make interfacing to readout or control circuitry• Power Supplies are especially easy.

• Battery Management
The LM135 operates over a −55°C to 150°C• HVAC temperature range while the LM235 operates over a

• Appliances −40°C to 125°C temperature range. The LM335
operates from −40°C to 100°C. The LMx35 devices
are available packaged in hermetic TO transistor
packages while the LM335 is also available in plastic
TO-92 packages.

Device Information(1)

PART NUMBER PACKAGE BODY SIZE (NOM)
LM135

TO-46 (3) 4.699 mm × 4.699 mm
LM135A
LM235

TO-92 (3) 4.30 mm × 4.30 mm
LM235A
LM335

SOIC (8) 4.90 mm × 3.91 mm
LM335A

(1) For all available packages, see the orderable addendum at
the end of the datasheet.

Basic Temperature Sensor Simplified Schematic Calibrated Sensor

1

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.
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Exercise 1: Thermocouples, Op-Amps and power supply issues 
 
In this exercise, we will discuss about a temperature compensation circuit coupled with an 
amplifier. The goal is to obtain an output voltage proportional to the absolute temperature 
with the proportionality constant equal to 10 mV/K. The circuit is shown in figure 1.  
 

 
Figure 1: analog front-end of a thermocouple acquisition system 

 
Answer to the following questions. 
 

1- What is the purpose of the cold junction compensation in a thermocouple acquisition? 
2- What is the role of the LM335 in the proposed circuit? 
3- Where should it be physically placed in the layout so that the compensation is 

effective? 
4- For a K-type thermocouple, the Seebeck coefficient is 41µV/K, choose the value of R1 

so that the compensation is effective. 
5- Choose the resistor R6 so that the output of the circuit is proportional to Tx with a 

proportionality constant equal to 10 mV/K. 
6- A TL081 would work in this circuit? (A page of the datasheet of the TL081 is 

reproduced in your course handout) 
7- What are important factors to be considered for the operational amplifier? If you have 

the choice, would you rather prefer an OPA187 or rather a LM358? 
8- What is the maximum temperature that can be measured with this circuit? Is it possible 

to extend the range to 800 K? 
9- Why one should not just use the LM335 alone instead of all this stuff? 

BUT: avoir une tension Vout qui dépend uniquement de Tx
Beaucoup de solu%ons possibles, un exemple :

P. ex. type K :

Vth ≈ 41µV/K (Tx-T0)

Vth

VU1

VR1

Amplificateur non inversur
Vout= (1+R6/R5) (Vth+VR1)

I+≈0

VR1=VU1 R1/(R1+R2)

VU1=T0 × 10mV/K



2 - Capt. générateurs de courant

• Modèle électrique

– Éq. Norton
– Admittance Yc = 1/Zc

• Exemple : Photodiode
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Vak

ID

ID

Vak

Is

Courant d’obscurité

Iph

Photocourant
Sous éclairage

En obscurité

Fig. 14. Symbole électrique d’une photodiode et sa caractéristique élec-
trique typique en obscurité et sous éclairage.

CNY70

R0 Rm

Vm

5 mm

Obstacle

Le couple LED/photodiode infrarouge

est disposé devant une lentille, la dis-

tance focale est de 5mm. Si un obs-

tacle réfléchissant est présent à cette

distance, la photodiode reçoit une par-

tie du flux lumineux ; dans le cas

contraire (obstacle non réfléchissant ou

pas d’obstacle), la photodiode ne reçoit

rien.

Fig. 15. Exemple d’application d’un capteur de proximité couplant une
diode LED et une photodiode.

Solution 1. La photodiode est polarisée en inverse, le courant inverse traverse bien la
résistance Rm. Pour R0 = 330 ⌦ et une alimentation de 5 V le courant dans la LED est
de 1 mA. En cas de réflexion, avec Rm = 39 k⌦, la tension Vm atteint 3, 9 V. En cas de
non-réflexion, le courant dans la photodiode est le courant d’obscurité (dû principalement à
l’agitation thermique) de l’ordre de 10 µA ce qui donne dans notre cas une tension de 0, 5 V.

3.1.8. Capteur de température. Les propriétés électriques d’une diode à jonction dé-
pendent aussi des conditions thermiques de la jonction. En particulier, la tension aux bornes
de la jonction est particulièrement sensible à la température, comme on peut le voir dans
l’équation (37). Les capteurs de température à base de diodes sont réalisés en faisant circuler
un courant constant dans la jonction et en mesurant la tension à ses bornes. La plupart
des diodes d’une même technologie possèdent la même sensibilité aux variations de tempé-
rature. Il est donc aisé de réaliser un capteur de température relatif. Pour pouvoir avoir un
capteur absolu ayant une précision su�sante (de l’ordre de 1 degré ou moins), il est néces-
saire d’utiliser des montages légèrement plus complexes (utilisant 2 diodes à des courants
di�érents).
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Figure 8. Représentation Norton d’un capteur générateur de courant.

AnodeCathode
photocathode

Photon incident h⌫

Électron

Figure 9. Principe de fonctionnement d’un capteur basé sur l’effet photoélectrique.

par l’unité de temps et donc est proportionnel au flux lumineux à mesurer, à condition que
l’énergie de chaque photon soit suffisante.

La figure 9 montre un schéma de principe de ce que l’on pourrait réaliser pour exploiter
l’effet photoélectrique pour la détection de la lumière. Une unité importante pour quantifier
l’efficacité des dispositifs basés sur cet effet est en premier lieu l’efficacité quantique, c’est
à dire le rapport entre le nombre d’électron crées et le nombre de photons absorbés. Un
deuxième paramètre est la sensibilité, c’est à dire le courant i généré, sur l’intensité lumineuse
reçue (l’unité de mesure est par conséquent un courant sur une puissance lumineuse : A/W).

En pratique, on se rends compte que les courants générés peuvent être assez petits et
difficiles à traiter. Le gain interne au dispositif rend plus facile la détection de très faibles
intensités lumineuses. En pratique, on place des anodes intermédiaires (dynodes). Celles-
ci multiplient le nombre d’électrons suite à l’émission secondaire d’électrons sur chacune
d’entre elles, avec le principe schématisé figure 10. Les dynodes sont reliées à un système de
polarisation constitué par un pont de résistances qui repartit la tension d’alimentation totale
du tube.

Un extrait de fiche technique d’un tube photomultiplicateur est visible figure 11. Il s’agit
d’un dispositif sensible dans le visible (longueurs d’onde de 300 nm à 850 nm) et qui est consti-
tué d’une photocathode et 10 étages d’amplifications. L’amplification dépend linéairement
de la tension de polarisation appliquée, ce qui permet de régler la plage de fonctionnement
du dispositif selon les besoins.
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Vak

ID

ID

Vak

Is

Dark current

Vs

Is

Rd

Cd

Iph
Is

Iph
Light ON

Photocurrent

Light OFF

Figure 1.11 – Electrical symbol of a photodiode, its typical I/V characteristics in ob-
scurity and with light impinging, as well as its equivalent circuit.

In the equivalent circuit shown in figure 1.11 there are two current generators.
The first one Iph is associated to the photocurrent obtained by the internal photo-
electric effect. The second generator Is represents the dark current, due to the minority
carrier drift across the junction when it is reversely biased. We then have the internal
resistance (ranging from several mega ohms to a few giga ohms) as well as the junction
capacitance. In some applications, the capacitance Cd might become a limiting factor
for the detection speed or the stability of the conditioning circuit.

A particular class of devices are the avalanche photodiodes. In this case, the car-
riers generated in the junction by a photon absorption are multiplied thanks to an
avalanche effect in a strongly reversely biased device. Like photomultipliers, there is
thus an internal gain of the photodiode which is precious for the detection of very low
light intensities.

-ID

Iph = S Popt
S : sensibilité



Conditionneur I->V
• Résistance • Trans-résistance

Ve = - R × Ie
Tension nulle à l’entrée
C : stabilité
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Cathode

to dynodes

DC bias ⇡ �1500V
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t

Photon h⌫

Electrons

Figure 1.13 – Conditioning of the current signal coming from a photomultiplier via
the resistance R.

R

e(t)

Figure 1.14 – Conditioning of the current signal coming from a photodiode via the
resistance R.

1.3.3.2. Transresistance amplifier

In paragraph 1.3.3.1, we saw that one of the problems associated to the signal
conditioning done with a simple resistance is that the sensor itself is subjected to the
same voltage obtained at the output of the conditioning circuit. In some cases, the
biasing of the sensor might be perturbed, giving rise to non-linear effects. It would be
better to make sort that Vs is always close to zero, and the current Is gives rise to a
proportional voltage elsewhere in the circuit, on nodes different from the terminals of
the sensor.
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R

Ve

Ie

C

Figure 1.15 – Classical circuit of a trans-resistance amplifier built around an opera-
tional amplifier.

A classical solution is the trans-resistance circuit shown in figure 1.15, often called
“current to voltage converter”. An advantage of the circuit is that, thanks to the prop-
erties of the operational amplifier, the voltage across the sensor is very close to zero,
thus reducing the influence of the Yc admittance in the equivalent circuit of fig. 1.7. In
fact, in the circuit the feedback is provided by the R resistance and, by supposing that
the operational amplifier is ideal, it can be shown that the output voltage of the circuit
is:

Ve = �RIe (1.3)

If the goal is to obtain a very high trans-resistance, for example to detect very small
currents, R should be very high. Values of resistance up to several gigaohms can be
found in catalogues, but they tend to be very expensive and have to be handled with
care. The circuit shown in figure 1.16 represents a classical workaround, avoiding
extreme values of a single resistance. Circuit analysis leads to:

Ve = �R1R2 +R2R3 +R1R3

R3

Ie (1.4)

The proportionality term might thus be seen as equivalent to a very high value resis-
tance. There are however some problems associated to this circuit, namely the greatly
increased noise if compared to the single resistance, as well as an increase of the offset
(which can be interpreted as a sort of “noise in DC”).

In the circuits shown in figures 1.15 and 1.16, some key points should be taken
into account:

– Stability: sensors may possess a relatively large output capacitance, as we
have seen for photodiodes (the Cd capacitor in the equivalent circuit). In this case,
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Fig. 14. Symbole électrique d’une photodiode et sa caractéristique élec-
trique typique en obscurité et sous éclairage.
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5 mm
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Le couple LED/photodiode infrarouge

est disposé devant une lentille, la dis-

tance focale est de 5mm. Si un obs-

tacle réfléchissant est présent à cette

distance, la photodiode reçoit une par-

tie du flux lumineux ; dans le cas

contraire (obstacle non réfléchissant ou

pas d’obstacle), la photodiode ne reçoit

rien.

Fig. 15. Exemple d’application d’un capteur de proximité couplant une
diode LED et une photodiode.

Solution 1. La photodiode est polarisée en inverse, le courant inverse traverse bien la
résistance Rm. Pour R0 = 330 ⌦ et une alimentation de 5 V le courant dans la LED est
de 1 mA. En cas de réflexion, avec Rm = 39 k⌦, la tension Vm atteint 3, 9 V. En cas de
non-réflexion, le courant dans la photodiode est le courant d’obscurité (dû principalement à
l’agitation thermique) de l’ordre de 10 µA ce qui donne dans notre cas une tension de 0, 5 V.

3.1.8. Capteur de température. Les propriétés électriques d’une diode à jonction dé-
pendent aussi des conditions thermiques de la jonction. En particulier, la tension aux bornes
de la jonction est particulièrement sensible à la température, comme on peut le voir dans
l’équation (37). Les capteurs de température à base de diodes sont réalisés en faisant circuler
un courant constant dans la jonction et en mesurant la tension à ses bornes. La plupart
des diodes d’une même technologie possèdent la même sensibilité aux variations de tempé-
rature. Il est donc aisé de réaliser un capteur de température relatif. Pour pouvoir avoir un
capteur absolu ayant une précision su�sante (de l’ordre de 1 degré ou moins), il est néces-
saire d’utiliser des montages légèrement plus complexes (utilisant 2 diodes à des courants
di�érents).
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3 - Capteurs résistifs
• Modèle • Exemples

– Jauge de contrainte

– Thermistance Pt100

16

R(m) Vs

Is

Figure 21. Circuit équivalent d’un capteur résistif : une « simple » résis-
tance de valeur liée à la grandeur physique à mesurer.

Dans ce cas, il faut dimensionner R et C pour avoir une bande passante adaptée à l’appli-
cation considérée et permettant d’assurer la stabilité du circuit.

5. Capteurs résistifs

Beaucoup de capteurs se comportent comme des résistances variables, dont la valeur est
liée au mesurande. Le circuit équivalent, montré en figure 21, est donc une simple résistance.

A priori, pas mal de phénomènes physiques ont une influence sur la résistance d’un
matériau conducteur ou semi-conducteur. Tout mesurande qui agit sur les caractéristiques
suivantes d’un conducteur ou d’un semi-conducteur est capable d’en faire varier la résistivité :

— la mobilité des porteurs (température, contrainte, champ magnétique)
— la densité des charges libres (température, flux lumineux)
— les dimensions géométriques (contraintes, position d’un curseur)

Nous allons présenter quelques exemples de capteurs basés sur des principes physiques dif-
férents.

5.1. Exemples.

5.1.1. Photorésistance. Si l’on considère un barreau de semi-conducteur, la résistance
de ce dernier est étroitement liée à la densité de porteurs (électrons et trous) qui peuvent
participer à la conduction. Dans le cas d’un semi-conducteur intrinsèque, cette densité est
relativement faible, ce qui rend sa résistance relativement élevée. Si en revanche le barreau
de semi-conducteur est soumis à un flux de photons d’énergie suffisante à créer des paires
électron/trous, la densité de porteurs libres augmente suite à cet éclairage. Nous avons un
dispositif dont la résistance dépend du flux de lumière incidente.

Des cellules qui exploitent les propriétés du sulfure de cadmium (CdS) sont utilisées
pour les mesures d’éclairage. Ces composants sont donc sensibles dans les longueurs d’onde
du visible. En figure 22 on voit une courbe reliant la résistance d’une photorésistance Silo-
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�
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trouve malheureusement encore très souvent ce type de choses dans la littérature et dans les fiches techniques
on trouve tout, y compris les erreurs.
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The NORPS-12 is a CdS photoconductive cell with a 
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Power Dissipation at 30°C (1) 250mW  

Electrical Characteristics (TA=25°C, source at 2854°K) 
Symbol Parameter Min. Typ. Max. Units Test Conditions 
RL Light Resistance 5.4  12.6 kΩ 1 ftc. (2) 

RD Dark Resistance 1.0   MΩ 15 sec. after removal of test light. 

λP Spectral Peak  550  nm  
Specifications subject to change without notice  

Notes: (1) Derate linearly to zero at 75°C. 
 (2) Cells light adapted at 30 to 50 Ftc for 16 hrs minimum prior to electrical tests. 
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Figure 1.21 – An extract of the data-sheet of the NORPS-12 LDR built by Luna Op-
toelectronics.

a quite large dynamic range, such as 4 decades, its resistance in complete darkness
being a few megaohms. 1

1.5.1.2. Platinum temperature probe “Pt100”
A “Pt100” probe is formed by a given length of platinum wire on a glass or ceramic

insulating support. Its resistance R is R0 = 100⌦ at a temperature of tx = 0
O
C and

the temperature dependance is well represented by the following equation:

R(tx) = R0(1 + ↵tx) (1.8)

where ↵ = 3.85⇥10
�3O

C
�1, the average nominal temperature coefficient in the range

between 0
O
C to 100

O
C. The linear model of equation (1.8) allows to obtain an error

of less than 0.5
O
C in that interval of temperatures. As we saw about thermocouples

in paragraph 1.2.2.2, more complex models can be employed. The IEC 60751 norm
(from 2008, previously called IEC 751) specifies the relation between temperature
and electrical resistance and defines two tolerance classes (A and B) depending on the
desired precision.

A similar principle is used on variants such as the Pt500 or Pt1000, the only notable
difference being that in equation (1.8) R0 is respectively 500⌦ and 1000⌦.

1. The light intensity is measured in the old foot-candles units; the correct unit in the SI standards is the
lux. The conversion factor is 1 foot-candle = 10.764 lux. The multipliers are also nonstandard. . .
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Mesures « 2 et 4 fils »
• 2 fils

Vm/Ia = R(m)+2Rf

Rf : résistance fils, 
connecteurs
(peu contrôlables)

• 4 fils (Kelvin)

– « Diviser pour mieux 
régner »

– Plus cher !
– Elimine erreur dû à Rf
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Figure 24. Stratégies de conditionnement adoptées pour un capteur résistif
(mesure absolue de résistance). Sur la gauche, mesure à 2 fils. Sur la droite,
mesure à 4 fils.

— L’information sur la mesure à effectuer est donnée par la mesure de la résistance
R(m)

— On s’intéresse plutôt à une variation de résistance : R = R0 + �R(m)

Ces stratégies de conditionnement sont différentes, on les traitera donc séparément.
5.3.1. Mesure absolue d’une résistance R(m). Lorsque l’information est donnée par la

mesure absolue d’une résistance (c’est le cas par exemple de la sonde platine décrite au
paragraphe 5.1.2), on peut imaginer d’exciter notre capteur avec un courant Ia connu. La
tension Vm que l’on prélève à ses bornes est reliée au courant avec la loi de Ohm bien connue :

Va = R(m)Im (5.4)

En réalité, le capteur pouvant se trouver loin du système de conditionnement, à la résistance
R(m) se rajoutent les résistances Rf dues aux fils de liaison, comme montré en figure 24
sur la gauche. Ce que l’on mesure est la résistance R(m) + 2Rf . En figure 24 nous avons
aussi explicitement représenté avec la résistance Ri la résistance interne du voltmètre. Les
voltmètres électroniques permettent de dépasser assez facilement les dizaines voire les cen-
taines de megaohms. Ces valeurs sont telles que Ri est considérée infinie dans un bon nombre
d’applications. L’influence de Rf peut en revanche être néfaste et dépendante de facteurs peu
contrôlables. Ce type de mesure est appelé « mesure à deux fils », pour la distinguer avec la
technique de « mesure à quatre fils » que nous allons décrire par la suite.

L’idée à la base de la technique dite à quatre fils (ou « contact Kelvin ») est représentée
sur la figure 24, à droite. L’idée est d’utiliser deux fils différents pour transporter le courant
de mesure et un deuxième couple de conducteurs pour effectuer la mesure de tension. Les
câbles utilisés pour mesurer la tension aux bornes de R(m) ne transportent pratiquement
pas de courant, Ri étant élevée. Vi est donc insensible aux résistances des fils Rf .

5.4. Mesure d’une variation de résistance : pont de Wheatstone. Lorsque l’on
souhaite mesurer la variation d’une résistance autour d’une position d’équilibre (c’est le cas
avec les jauges d’extensométrie vus au paragraphe 5.1.3), on exploite le montage en pont de
Wheatstone montré en figure 25.

Le principe est celui de mesurer la différence de tension entre les noeuds A et B, tension
qui est nulle pour un pont parfaitement équilibré R2R3 = R1R4. Deux types d’alimentations
sont utilisés :

— Alimentation en tension, où une source de tension est utilisée pour l’excitation du
pont (le courant circulant dans le pont peut varier si les résistances changent). En
calculant VAB comme différence entre deux ponts diviseurs de tension, on obtient :

VAB =
R2R3 � R1R4

(R1 + R3)(R2 + R4)
E (5.5)

— Alimentation en courant, où une source de courant est utilisée (la tension d’excitation
peut varier). On peut calculer VAB en observant le courant circulant dans chaque
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sur la figure 24, à droite. L’idée est d’utiliser deux fils différents pour transporter le courant
de mesure et un deuxième couple de conducteurs pour effectuer la mesure de tension. Les
câbles utilisés pour mesurer la tension aux bornes de R(m) ne transportent pratiquement
pas de courant, Ri étant élevée. Vi est donc insensible aux résistances des fils Rf .

5.4. Mesure d’une variation de résistance : pont de Wheatstone. Lorsque l’on
souhaite mesurer la variation d’une résistance autour d’une position d’équilibre (c’est le cas
avec les jauges d’extensométrie vus au paragraphe 5.1.3), on exploite le montage en pont de
Wheatstone montré en figure 25.

Le principe est celui de mesurer la différence de tension entre les noeuds A et B, tension
qui est nulle pour un pont parfaitement équilibré R2R3 = R1R4. Deux types d’alimentations
sont utilisés :

— Alimentation en tension, où une source de tension est utilisée pour l’excitation du
pont (le courant circulant dans le pont peut varier si les résistances changent). En
calculant VAB comme différence entre deux ponts diviseurs de tension, on obtient :

VAB =
R2R3 � R1R4

(R1 + R3)(R2 + R4)
E (5.5)

— Alimentation en courant, où une source de courant est utilisée (la tension d’excitation
peut varier). On peut calculer VAB en observant le courant circulant dans chaque
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Pont de Wheatstone 1/2
• Exc. en tension • Exc. en courant
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Figure 25. Ponts de Wheatstone, alimentation en tension ou en courant.

moitié du pont, explicitant VA et VB et ensuite :

VAB =
R2R3 � R1R4

R1 + R2 + R3 + R4
Ia (5.6)

Ces expressions sont complètement générales, mais dans les utilisations pratiques, on
différencie les situations selon le nombre d’éléments variables.

5.4.1. Un seul élément variable. Une seule des quatre résistances du pont constitue notre
capteur. On pose :

R2 = R0 + �R2(m) (5.7)
R1 = R3 = R4 = R0 (5.8)

Dans le cas d’une alimentation du pont en tension, en utilisant l’équation (5.5), on peut
trouver :

VAB =
�R2(m)

R0
· 1

1 +
�R2(m)

R0

· E

4
(5.9)

On observe que la tension VAB dépend de façon non linéaire de ce que l’on veut mesurer,
c’est à dire de �R2(m). Si en revanche �R2(m) ⌧ R0, on peut écrire :

VAB ⇡ �R2(m)

R0
· E

4
(5.10)

Avoir une réponse non linéaire n’est pas un défaut en soi, car on peut la prendre en compte
lors des calculs à la fin de la chaîne de mesure. Cependant, c’est un effet à prendre en
consideration. Pur une alimentation en courant, on peut écrire :

VAB = �R2(m) · 1

1 +
�R2(m)

4R0

· Ia

4
⇡ �R2

Ia

4
(5.11)

où, encore une fois, la linéarisation est justifiée seulement si �R2(m) ⌧ R0. On remarque
cependant que dans le cas d’alimentation en courant le terme non linéaire est deux fois moins
important que dans le cas de l’alimentation en tension, ce qui représente un certain avantage
pour la première.

5.5. Deux éléments variables. Nous avons maintenant :

R1 = R0 + �R1(m) (5.12)

R2 = R0 + �R2(m) (5.13)
R3 = R4 = R0 (5.14)

La tension de déséquilibre VAB est :
— alimentation en tension :

VAB =
�R2(m) � �R1(m)

R0
· 1

1 +
�R2(m)+�R1(m)

2R0

· E

4
(5.15)
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Figure 24. Stratégies de conditionnement adoptées pour un capteur résistif
(mesure absolue de résistance). Sur la gauche, mesure à 2 fils. Sur la droite,
mesure à 4 fils.
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souhaite mesurer la variation d’une résistance autour d’une position d’équilibre (c’est le cas
avec les jauges d’extensométrie vus au paragraphe 5.1.3), on exploite le montage en pont de
Wheatstone montré en figure 25.

Le principe est celui de mesurer la différence de tension entre les noeuds A et B, tension
qui est nulle pour un pont parfaitement équilibré R2R3 = R1R4. Deux types d’alimentations
sont utilisés :

— Alimentation en tension, où une source de tension est utilisée pour l’excitation du
pont (le courant circulant dans le pont peut varier si les résistances changent). En
calculant VAB comme différence entre deux ponts diviseurs de tension, on obtient :

VAB =
R2R3 � R1R4

(R1 + R3)(R2 + R4)
E (5.5)

— Alimentation en courant, où une source de courant est utilisée (la tension d’excitation
peut varier). On peut calculer VAB en observant le courant circulant dans chaque
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Figure 25. Ponts de Wheatstone, alimentation en tension ou en courant.

moitié du pont, explicitant VA et VB et ensuite :

VAB =
R2R3 � R1R4

R1 + R2 + R3 + R4
Ia (5.6)

Ces expressions sont complètement générales, mais dans les utilisations pratiques, on
différencie les situations selon le nombre d’éléments variables.

5.4.1. Un seul élément variable. Une seule des quatre résistances du pont constitue notre
capteur. On pose :

R2 = R0 + �R2(m) (5.7)
R1 = R3 = R4 = R0 (5.8)

Dans le cas d’une alimentation du pont en tension, en utilisant l’équation (5.5), on peut
trouver :

VAB =
�R2(m)

R0
· 1

1 +
�R2(m)

R0

· E

4
(5.9)

On observe que la tension VAB dépend de façon non linéaire de ce que l’on veut mesurer,
c’est à dire de �R2(m). Si en revanche �R2(m) ⌧ R0, on peut écrire :

VAB ⇡ �R2(m)

R0
· E

4
(5.10)

Avoir une réponse non linéaire n’est pas un défaut en soi, car on peut la prendre en compte
lors des calculs à la fin de la chaîne de mesure. Cependant, c’est un effet à prendre en
consideration. Pur une alimentation en courant, on peut écrire :

VAB = �R2(m) · 1

1 +
�R2(m)

4R0

· Ia

4
⇡ �R2

Ia

4
(5.11)

où, encore une fois, la linéarisation est justifiée seulement si �R2(m) ⌧ R0. On remarque
cependant que dans le cas d’alimentation en courant le terme non linéaire est deux fois moins
important que dans le cas de l’alimentation en tension, ce qui représente un certain avantage
pour la première.

5.5. Deux éléments variables. Nous avons maintenant :

R1 = R0 + �R1(m) (5.12)

R2 = R0 + �R2(m) (5.13)
R3 = R4 = R0 (5.14)

La tension de déséquilibre VAB est :
— alimentation en tension :

VAB =
�R2(m) � �R1(m)

R0
· 1

1 +
�R2(m)+�R1(m)

2R0

· E

4
(5.15)
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Figure 1.26 – Photograph of the load cell DF2SR-3 from HBM. The strain gauges are
glued to a spring, whose deformation is translated into a differential voltage.

– constant voltage excitation:

VAB =
�R

R0

E (1.27)

– constant current excitation:

VAB = �RIa. (1.28)

Thanks to the symmetry, the expressions are linear.

1.5.4.4. Example: strain gauges and Wheatstone bridge

The Wheatstone bridge configuration with four variable resistances is a widespread
solution with strain gauges. In figure 1.26, we show a photograph of a sensor built
with a strain gauge glued on a spring (a “load cell”). Similar devices often constitute
the heart of small weighing scales and it is very convenient to employ four gauges
exploiting the compressive and tensile strains on the spring so that they work in a
push-pull configuration as in eq. (1.26).

The parameter “sensitivity” is usually specified in datasheets and indicates the ra-
tio between the differential output voltage of the Wheatstone bridge contained in the
device and the constant voltage excitation, when the full scale weight (max. capacity)
is measured. For example, with a sensitivity of 1.8mV/V, if one excites the sen-
sor with 3.3V, the full scale differential output VAB is 5.94mV for a model with a
maximum capacity of 1 kg such as the one shown in figure 1.26.

1.6. Reactive sensors

A vast family of reactive sensors exist. Those devices translate the measurand into
a variation of capacity or an inductance. For example, a coil embedded in the floor
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R1 = R3 = R4 = R0 (5.8)
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trouver :
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4
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On observe que la tension VAB dépend de façon non linéaire de ce que l’on veut mesurer,
c’est à dire de �R2(m). Si en revanche �R2(m) ⌧ R0, on peut écrire :
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où, encore une fois, la linéarisation est justifiée seulement si �R2(m) ⌧ R0. On remarque
cependant que dans le cas d’alimentation en courant le terme non linéaire est deux fois moins
important que dans le cas de l’alimentation en tension, ce qui représente un certain avantage
pour la première.

5.5. Deux éléments variables. Nous avons maintenant :

R1 = R0 + �R1(m) (5.12)

R2 = R0 + �R2(m) (5.13)
R3 = R4 = R0 (5.14)

La tension de déséquilibre VAB est :
— alimentation en tension :

VAB =
�R2(m) � �R1(m)
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· 1

1 +
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2.5.4 Measuring a resistance variation: the Wheatstone bridge

When the goal is to measure a resistance variation around an equilibrium point (this
is often the case when dealing with strain gauges discussed at the paragraph 2.5.1.3),
a classic circuit is the Wheatstone bridge, shown in figure 2.24. It traces its origins in
the first half of the nineteenth century and it was originally employed to measure an
unknown resistance by carefully adjusting other (known) resistances. The principle was
(and still is) to measure the voltage difference between nodes A and B in the bridge
circuit. The voltage VAB is equal to zero only for a perfectly balanced bridge, condition
which corresponds to the following equation:

R3R2 = R1R4. (2.12)
In order check wether or not this condition is satisfied, it was not needed to measure
VAB with precision. That was technically feasible even at the time when the bridge was
invented; instead, at the time measuring a voltage with precision was a real challenge.
In modern days, however, we have wonderfully linear instruments and it is far more
convenient to measure VAB and to explicit its relation with the values of the resistances.
This is the path we will follow in the rest of this paragraph.

Two kinds of excitation are usually adopted:
• Constant voltage excitation, where the bridge is connected to a voltage generator
E. The current flowing in the bridge varies during the measure because the total
bridge resistance changes. The output voltage VAB is:

VAB =
R2R3 �R1R4

(R1 +R2)(R3 +R4)
E. (2.13)

• Constant current excitation, where the current flowing in the bridge is kept stable
to a certain value Ia. The output voltage is as follows:

VAB =
R2R3 �R1R4

R1 +R2 +R3 +R4

Ia. (2.14)

Despite (or thanks to) its simplicity, the Wheatstone bridge, and its close relatives,
is one of the most elegant solutions to a surprisingly wide range of problems [Williams,
1990]. In practical measurement situations, different variants are exploited, depending
on the number of sensing elements in the bridge. In the following paragraphs, we will
discuss the most useful configurations.

2.5.4.1 A single variable element

In the bridge shown in figure 2.24, just one of the four resistances is variable, for example
R2. We may write: (

R2 = R0 +�R2(m)

R1 = R3 = R4 = R0

. (2.15)
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Figure 2.24: Wheatstone bridges, constant voltage and current excitations.

With a constant voltage excitation, by exploiting equation (2.13), we find:

VAB =
�R2(m)

R0

⇥ 1

1 +
�R2(m)

2R0

⇥ E

4
. (2.16)

It can be noted that VAB voltage is nonlinearly dependent from �R2(m) and this might
be considered a disadvantage in some situations. However, if �R2(m) is small enough,
the following simplification can be carried out:

VAB ⇡ �R2(m)

R0

⇥ E

4
. (2.17)

For a constant current excitation of the bridge, we obtain:

VAB = �R2(m)⇥ 1

1 +
�R2(m)

4R0

⇥ Ia

4
⇡ �R2

Ia

4
, (2.18)

which once again reflects a nonlinear relation between VAB and �R2 and the linearisation
is allowable when the bridge unbalance is small. For the constant current excitation,
however, the nonlinear term is twice smaller than for a constant voltage excitation.

2.5.4.2 Two variable elements

We insert two variable elements in the bridge, as follows:
8
><

>:

R1 = R0 +�R1(m)

R2 = R0 +�R2(m)

R3 = R4 = R0

(2.19)

The non null voltage VAB can thus be calculated:

• constant voltage excitation:

VAB =
�R2(m)��R1(m)

R0

⇥ 1

1 +
�R2(m)+�R1(m)

2R0

⇥ E

4
(2.20)
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When the goal is to measure a resistance variation around an equilibrium point (this
is often the case when dealing with strain gauges discussed at the paragraph 2.5.1.3),
a classic circuit is the Wheatstone bridge, shown in figure 2.24. It traces its origins in
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(and still is) to measure the voltage difference between nodes A and B in the bridge
circuit. The voltage VAB is equal to zero only for a perfectly balanced bridge, condition
which corresponds to the following equation:

R3R2 = R1R4. (2.12)
In order check wether or not this condition is satisfied, it was not needed to measure
VAB with precision. That was technically feasible even at the time when the bridge was
invented; instead, at the time measuring a voltage with precision was a real challenge.
In modern days, however, we have wonderfully linear instruments and it is far more
convenient to measure VAB and to explicit its relation with the values of the resistances.
This is the path we will follow in the rest of this paragraph.

Two kinds of excitation are usually adopted:
• Constant voltage excitation, where the bridge is connected to a voltage generator
E. The current flowing in the bridge varies during the measure because the total
bridge resistance changes. The output voltage VAB is:

VAB =
R2R3 �R1R4

(R1 +R2)(R3 +R4)
E. (2.13)

• Constant current excitation, where the current flowing in the bridge is kept stable
to a certain value Ia. The output voltage is as follows:

VAB =
R2R3 �R1R4

R1 +R2 +R3 +R4

Ia. (2.14)

Despite (or thanks to) its simplicity, the Wheatstone bridge, and its close relatives,
is one of the most elegant solutions to a surprisingly wide range of problems [Williams,
1990]. In practical measurement situations, different variants are exploited, depending
on the number of sensing elements in the bridge. In the following paragraphs, we will
discuss the most useful configurations.

2.5.4.1 A single variable element

In the bridge shown in figure 2.24, just one of the four resistances is variable, for example
R2. We may write: (

R2 = R0 +�R2(m)

R1 = R3 = R4 = R0

. (2.15)

29

R1 R2

R3 R4

VAB
EA B

R1 R2

R3 R4

VABA B Ia

Constant voltage excitation Constant current excitation

Figure 2.24: Wheatstone bridges, constant voltage and current excitations.

With a constant voltage excitation, by exploiting equation (2.13), we find:

VAB =
�R2(m)

R0

⇥ 1

1 +
�R2(m)

2R0

⇥ E

4
. (2.16)

It can be noted that VAB voltage is nonlinearly dependent from �R2(m) and this might
be considered a disadvantage in some situations. However, if �R2(m) is small enough,
the following simplification can be carried out:

VAB ⇡ �R2(m)

R0

⇥ E

4
. (2.17)

For a constant current excitation of the bridge, we obtain:

VAB = �R2(m)⇥ 1

1 +
�R2(m)

4R0

⇥ Ia

4
⇡ �R2

Ia

4
, (2.18)

which once again reflects a nonlinear relation between VAB and �R2 and the linearisation
is allowable when the bridge unbalance is small. For the constant current excitation,
however, the nonlinear term is twice smaller than for a constant voltage excitation.

2.5.4.2 Two variable elements

We insert two variable elements in the bridge, as follows:
8
><

>:

R1 = R0 +�R1(m)

R2 = R0 +�R2(m)

R3 = R4 = R0

(2.19)

The non null voltage VAB can thus be calculated:

• constant voltage excitation:

VAB =
�R2(m)��R1(m)

R0

⇥ 1

1 +
�R2(m)+�R1(m)

2R0

⇥ E

4
(2.20)
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When the goal is to measure a resistance variation around an equilibrium point (this
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unknown resistance by carefully adjusting other (known) resistances. The principle was
(and still is) to measure the voltage difference between nodes A and B in the bridge
circuit. The voltage VAB is equal to zero only for a perfectly balanced bridge, condition
which corresponds to the following equation:

R3R2 = R1R4. (2.12)
In order check wether or not this condition is satisfied, it was not needed to measure
VAB with precision. That was technically feasible even at the time when the bridge was
invented; instead, at the time measuring a voltage with precision was a real challenge.
In modern days, however, we have wonderfully linear instruments and it is far more
convenient to measure VAB and to explicit its relation with the values of the resistances.
This is the path we will follow in the rest of this paragraph.
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bridge resistance changes. The output voltage VAB is:
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to a certain value Ia. The output voltage is as follows:
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In the bridge shown in figure 2.24, just one of the four resistances is variable, for example
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With a constant voltage excitation, by exploiting equation (2.13), we find:

VAB =
�R2(m)

R0

⇥ 1

1 +
�R2(m)

2R0

⇥ E

4
. (2.16)

It can be noted that VAB voltage is nonlinearly dependent from �R2(m) and this might
be considered a disadvantage in some situations. However, if �R2(m) is small enough,
the following simplification can be carried out:

VAB ⇡ �R2(m)

R0

⇥ E

4
. (2.17)

For a constant current excitation of the bridge, we obtain:

VAB = �R2(m)⇥ 1

1 +
�R2(m)

4R0

⇥ Ia

4
⇡ �R2

Ia

4
, (2.18)

which once again reflects a nonlinear relation between VAB and �R2 and the linearisation
is allowable when the bridge unbalance is small. For the constant current excitation,
however, the nonlinear term is twice smaller than for a constant voltage excitation.

2.5.4.2 Two variable elements

We insert two variable elements in the bridge, as follows:
8
><

>:

R1 = R0 +�R1(m)

R2 = R0 +�R2(m)

R3 = R4 = R0

(2.19)

The non null voltage VAB can thus be calculated:

• constant voltage excitation:

VAB =
�R2(m)��R1(m)

R0

⇥ 1

1 +
�R2(m)+�R1(m)

2R0

⇥ E

4
(2.20)
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• constant current excitation:

VAB = [�R2(m)��R1(m)]⇥ 1

1 +
�R2(m)+�R1(m)

4R0

⇥ Ia

4
(2.21)

We can see that both expressions obtained above might be simplified if a certain sym-
metry is respected. In fact, it �R2 = ��R1 = �R(m) (the so called “push-pull”
configuration), we obtain:

• constant voltage:

VAB =
�R(m)

R0

⇥ E

2
(2.22)

• constant current:
VAB = �R(m)

Ia

2
. (2.23)

An interesting point is that now the last expressions are perfectly linear and the sensi-
tivity is twice as the case where one sensing element is present in the bridge. Very often,
this configuration is adopted in cases where symmetrical resistance variations are due to
a carefully tailored mechanical symmetrical arrangement.

2.5.4.3 Four variable elements

We consider a symmetric situation similar to the “push pull” strategy seen in the previous
paragraph, but extending the same concept to four variable resistances:

8
>>><

>>>:

R1 = R0 ��R(m)

R2 = R0 +�R(m)

R3 = R0 +�R(m)

R4 = R0 ��R(m)

. (2.24)

The unbalance voltage VAB is as follows:

• constant voltage excitation:
VAB =

�R

R0

E (2.25)

• constant current excitation:
VAB = �RIa. (2.26)

Thanks to the symmetry, the expressions are linear.
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Figure 2.25: Photograph taken from the data-sheet of strain gauges DF2S-5 and DF2S-3 from
HBM. The strain gauges are glued to a spring, whose deformation is translated into a differential
voltage.

2.5.4.4 Example: strain gauges and Wheatstone bridge

The Wheatstone bridge configuration with four variable resistances is a widespread so-
lution with strain gauges. In figures 2.25 and 2.26, we show part of the data-sheet of a
sensor built with a strain gauge glued on a spring. Similar devices often constitute the
heart of small weighing scales and it is very convenient to employ four gauges exploit-
ing the compressive and tensile strains on the spring so that they work in a push-pull
configuration as in eq. (2.24).

The parameter “sensitivity” shown in figure 2.26 indicates the ratio between the differ-
ential output voltage of the Wheatstone bridge contained in the device and the constant
voltage excitation, when the full scale weight (max. capacity) is measured. For example,
if one chooses to excite the sensor with 3.3V, the full scale differential output VAB is
6.6mV for a model with a maximum capacity of 5 kg.

2.6 Reactive sensors
A vast family of reactive sensors exist. Those devices translate the measurand into a
variation of capacity or an inductance. For example, a coil embedded in the floor may
detect a car at the entrance of a parking via the change of its inductance, or loss factor.
Conversely, there is a vast range of proximity or position sensors working on a capacitive
principle.

We will not describe this class of sensors in much detail. We just present some points
which may be considered:

• Measurement of a reactance involves employing AC signals, not always sinusoidal,
but in any case always varying in time.
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• constant current excitation:

VAB = [�R2(m)��R1(m)]⇥ 1

1 +
�R2(m)+�R1(m)

4R0

⇥ Ia

4
(2.21)

We can see that both expressions obtained above might be simplified if a certain sym-
metry is respected. In fact, it �R2 = ��R1 = �R(m) (the so called “push-pull”
configuration), we obtain:

• constant voltage:

VAB =
�R(m)

R0

⇥ E

2
(2.22)

• constant current:
VAB = �R(m)

Ia

2
. (2.23)

An interesting point is that now the last expressions are perfectly linear and the sensi-
tivity is twice as the case where one sensing element is present in the bridge. Very often,
this configuration is adopted in cases where symmetrical resistance variations are due to
a carefully tailored mechanical symmetrical arrangement.

2.5.4.3 Four variable elements

We consider a symmetric situation similar to the “push pull” strategy seen in the previous
paragraph, but extending the same concept to four variable resistances:

8
>>><

>>>:

R1 = R0 ��R(m)

R2 = R0 +�R(m)

R3 = R0 +�R(m)

R4 = R0 ��R(m)

. (2.24)

The unbalance voltage VAB is as follows:

• constant voltage excitation:
VAB =

�R

R0

E (2.25)

• constant current excitation:
VAB = �RIa. (2.26)

Thanks to the symmetry, the expressions are linear.

31

!"#$%&'()#&*+,#-

! .,/*#$*%/0($'&--(1.23(*/
45(67(289

! :&;<(=&"&$%*%#->(?(@A(<<<(87(@A

! =/B"&$*(C#-%A0

"#$%&'(%')*+),(%'-.

DE8!F2(G(DE8!FH

"+.')/+#)/(0+)(..1(2(..3(4546768(+)9:'/;

2< << 2<

=<4

=<=<

>4

2
=
58

2
=
58

=#0*#,(/)
"'&*)/,B

?4

@A+,+)-&(/+B'

I#,B%0&'-

0C+A+),(9#*';D

EF9+G-G+#) (! 0HI;

EF9+G-G+#) (J 0HK;

L+,)-& (! 0M";

L+,)-& J 0NO;

?F(/+),&'(C+A'(9-%&'(P$QRSPT+)/$&-G'*U
VNW(=>

P-%&'(&'),G:(264(..(0!24(..;(C+G:
?(..(0!2(..;(XA''(')*/U(G+))'*

H24Y8T22(')

"
-
G-
(L
:
'
'
G

Figure 2.25: Photograph taken from the data-sheet of strain gauges DF2S-5 and DF2S-3 from
HBM. The strain gauges are glued to a spring, whose deformation is translated into a differential
voltage.

2.5.4.4 Example: strain gauges and Wheatstone bridge

The Wheatstone bridge configuration with four variable resistances is a widespread so-
lution with strain gauges. In figures 2.25 and 2.26, we show part of the data-sheet of a
sensor built with a strain gauge glued on a spring. Similar devices often constitute the
heart of small weighing scales and it is very convenient to employ four gauges exploit-
ing the compressive and tensile strains on the spring so that they work in a push-pull
configuration as in eq. (2.24).

The parameter “sensitivity” shown in figure 2.26 indicates the ratio between the differ-
ential output voltage of the Wheatstone bridge contained in the device and the constant
voltage excitation, when the full scale weight (max. capacity) is measured. For example,
if one chooses to excite the sensor with 3.3V, the full scale differential output VAB is
6.6mV for a model with a maximum capacity of 5 kg.

2.6 Reactive sensors
A vast family of reactive sensors exist. Those devices translate the measurand into a
variation of capacity or an inductance. For example, a coil embedded in the floor may
detect a car at the entrance of a parking via the change of its inductance, or loss factor.
Conversely, there is a vast range of proximity or position sensors working on a capacitive
principle.

We will not describe this class of sensors in much detail. We just present some points
which may be considered:

• Measurement of a reactance involves employing AC signals, not always sinusoidal,
but in any case always varying in time.
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• constant current excitation:

VAB = [�R2(m)��R1(m)]⇥ 1

1 +
�R2(m)+�R1(m)

4R0

⇥ Ia

4
(2.21)

We can see that both expressions obtained above might be simplified if a certain sym-
metry is respected. In fact, it �R2 = ��R1 = �R(m) (the so called “push-pull”
configuration), we obtain:

• constant voltage:

VAB =
�R(m)

R0

⇥ E

2
(2.22)

• constant current:
VAB = �R(m)

Ia

2
. (2.23)

An interesting point is that now the last expressions are perfectly linear and the sensi-
tivity is twice as the case where one sensing element is present in the bridge. Very often,
this configuration is adopted in cases where symmetrical resistance variations are due to
a carefully tailored mechanical symmetrical arrangement.

2.5.4.3 Four variable elements

We consider a symmetric situation similar to the “push pull” strategy seen in the previous
paragraph, but extending the same concept to four variable resistances:

8
>>><

>>>:

R1 = R0 ��R(m)

R2 = R0 +�R(m)

R3 = R0 +�R(m)

R4 = R0 ��R(m)

. (2.24)

The unbalance voltage VAB is as follows:

• constant voltage excitation:
VAB =

�R

R0

E (2.25)

• constant current excitation:
VAB = �RIa. (2.26)

Thanks to the symmetry, the expressions are linear.
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Figure 2.25: Photograph taken from the data-sheet of strain gauges DF2S-5 and DF2S-3 from
HBM. The strain gauges are glued to a spring, whose deformation is translated into a differential
voltage.

2.5.4.4 Example: strain gauges and Wheatstone bridge

The Wheatstone bridge configuration with four variable resistances is a widespread so-
lution with strain gauges. In figures 2.25 and 2.26, we show part of the data-sheet of a
sensor built with a strain gauge glued on a spring. Similar devices often constitute the
heart of small weighing scales and it is very convenient to employ four gauges exploit-
ing the compressive and tensile strains on the spring so that they work in a push-pull
configuration as in eq. (2.24).

The parameter “sensitivity” shown in figure 2.26 indicates the ratio between the differ-
ential output voltage of the Wheatstone bridge contained in the device and the constant
voltage excitation, when the full scale weight (max. capacity) is measured. For example,
if one chooses to excite the sensor with 3.3V, the full scale differential output VAB is
6.6mV for a model with a maximum capacity of 5 kg.

2.6 Reactive sensors
A vast family of reactive sensors exist. Those devices translate the measurand into a
variation of capacity or an inductance. For example, a coil embedded in the floor may
detect a car at the entrance of a parking via the change of its inductance, or loss factor.
Conversely, there is a vast range of proximity or position sensors working on a capacitive
principle.

We will not describe this class of sensors in much detail. We just present some points
which may be considered:

• Measurement of a reactance involves employing AC signals, not always sinusoidal,
but in any case always varying in time.
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Figure 2.16: Use of a T-bridge feedback circuit in the current to voltage converter.

The proportionality term might thus be seen as equivalent to a very high value resistance.
There are however some problems associated to this circuit, as the increased noise if
compared to one resistance, as well as an increase of the offsets.

In the circuits shown in figures 2.15 and 2.16, some key points should be taken into
account:

• Stability: sensors may possess a relatively large output capacitance, as we have seen
for photodiodes (the Cd capacitor in the equivalent circuit). In this case, real world
operational amplifiers might experience instability in the circuits proposed above.
This is very well known and it is discussed in application notes [TI SBOA055A] or
books [Franco, 2002] on the subject. A common solution consists in reducing the
bandwidth of the circuit by introducing a dominant pole via the C capacitor, in
parallel with the resistance R of figure 2.15.

• If small currents should be detected, the bias currents of operational amplifiers
have to be very small too. MOS-based devices are available on the market with
astonishingly low bias currents. For example, the LMC6001 declares in the data
sheets a bias current of 25 fA at 25 �

C. As a second example, we cite the LMP7721,
with the guaranteed maximum of 20 fA at 25

�
C, with a typical value of 3 fA.

This is rather breathtaking if we observe that 1 fA represents something like 6000

electrons per second. Application note [BB SBOA061], from Burr-Brown/Texas
Instruments, discusses some specific caveats of low current measurements with
their OPA128.

• In a circuit, when currents of less of a nanoamper are to be treated, moist and
dirt on the PCB play a role which is no longer negligible. Specific techniques
must be adopted in the most delicate parts of the circuits (guard rings, shielding,
teflon sockets or insulators. . . ). Prepare yourself to wear gloves to handle the most
delicate components and work as clean as possible.
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i =
dQ(m)

dte =
Q(m)

C0

C0

C0

Figure 2.17: Equivalent circuits for modelling charge generating sensors.

2.4 Charge generator sensors

2.4.1 General description

Some sensors are based on the change of dielectric polarisation on a dielectric, in response
to external stimuli. Examples can be cited:

• In the piezo-electric materials such as quartz crystals or specific ceramics and poly-
mers, a mechanical deformation due to an applied force entails the appearance of
an electric field. Therefore, if the sensor is inserted in a circuit, charges move in
order to counterbalance the field.

• Small-scale rearrangements of the structure of some dielectrics occur when the tem-
perature changes, giving rise to an electric field. This effect is called pyroelectricity.
Examples include triglycine sulphate crystals, tourmaline. . .

In those situations, the measurand is translated into a certain charge unbalance from
the equilibrium condition (so the charge is not actually generated inside the sensor).
Figure 2.17 represents two different ways of modelling this family of sensors. The first
circuit on the left is a Thévenin equivalent, which is completed sometimes by a resistance
in parallel with the C0 capacitor, to take into account internal sensor losses. The second
equivalent circuit on the right is a Norton equivalence. The choice of the former or the
latter equivalent circuit is often a matter of convenience, but both reflect the impossibility
of performing DC measurements.

2.4.2 Examples

2.4.2.1 Pyroelectric sensor for infrared sensing

Probably the most widespread use of pyroelectric sensors is for thermal infrared detection.
Motion detectors inside buildings are often based on the detection of sources of heat by
a pyroelectric sensor. They are often used to switch on the light when a person enters
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i =
dQ(m)

dt C0 Cc

Rc

C

S
or:

R

Vo

CableSensor

Figure 1.19 – Conditioning circuit useful for charge-based sensors. Cc and Rc are the
total capacitance and parasitic shunt resistance of the connection cables.

of the operational amplifier. This means that there is an error source is present and,
after a while, Vo becomes close to the power supply rails of the amplifier, which then
saturates.

A first strategy to avoid this phenomenon is to place a switch (more realistically, a
field effect transistor operating as a switch in response to a control signal) in parallel
with the C capacitor. The purpose of the switch is to discharge it at the beginning of
each measurement.

A second solution is to put a resistance R in parallel with C. A Laplace-domain
analysis yields:

Vo(p) = �Q(p)

C

pRC

1 + pRC
, (1.6)

which is after all quite similar to equation (1.5), where we have a term which has a
high-pass behaviour, with a �3 dB cutoff frequency:

fc =
1

2⇡RC
. (1.7)

As long as R and C are chosen in such a way that the unattenuated band is compatible
with the useful signal, this circuit will work reliably.

[Bucci, ISTE/Wiley, 2017]
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1.4.2.2. Piezoelectric sensors

The application of a force on a piezoelectric material entails the change of its po-
larisation. If the material is applied between two electrodes in an arrangement similar
to a capacitor, a voltage appears between the two terminals of the sensor. This is
due to a non equilibrium charge proportional to the applied mechanical constraint.
This principle is reversible and a wide variety of sensors and actuators based on this
phenomenon are of everyday use.

Some examples are: microphones, accelerometers, displacement sensors. . . We
cite an interesting musical application: the percussion sensor in the pads of electronic
drums is often piezoelectric.

1.4.3. Conditioning

A variety of techniques exists for the conditioning of electrical signals coming
from charge-based sensors (see for example [TI SLOA033A] for a discussion specific
to piezoelectric sensors).

An idea which might be kept in mind is that if a capacitor is storing a certain
charge, there is a resulting voltage, and vice-versa. This can be exploited at the sensor
itself, by making it work in a open circuit, via a very high impedance amplifier. By
using the Thévenin equivalent circuit shown in figure 1.17, it can be seen that the
internal capacitor C0 is charged by a certain voltage which can be measured if some
care is taken not to discharge too much the capacitor during measurements.

The second possibility is to use the circuit shown in figure 1.19, where an opera-
tional amplifier is used as an integrator for the current provided by the sensor, yielding
a voltage proportional to the charge.

Some circuit analysis done by assuming an ideal the operational amplifier leads
to the observation that no current is circulating in capacitors C0 (sensor capacitance)
and Cc (cable/connection capacitance), since in this case, the sensor is connected to
a virtual ground. In the same way, the resistance Rc representing the losses plays no
role. All the provided charge is stored in the C capacitor, in the feedback loop around
the operational amplifier. If the capacitor is fully discharged at the beginning of the
measurement, the voltage at the output of the circuit will thus be:

Vo = �Q(m)

C
(1.5)

Something which must be taken into account in this circuit is that there is no DC
feedback path (i.e. in the absence of S and R in the schematic of fig. 1.19). Once the
circuit is switched on, the C capacitor will slowly charge itself with the bias currents
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Présence de R
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total capacitance and parasitic shunt resistance of the connection cables.

of the operational amplifier. This means that there is an error source is present and,
after a while, Vo becomes close to the power supply rails of the amplifier, which then
saturates.

A first strategy to avoid this phenomenon is to place a switch (more realistically, a
field effect transistor operating as a switch in response to a control signal) in parallel
with the C capacitor. The purpose of the switch is to discharge it at the beginning of
each measurement.

A second solution is to put a resistance R in parallel with C. A Laplace-domain
analysis yields:

Vo(p) = �Q(p)

C

pRC

1 + pRC
, (1.6)

which is after all quite similar to equation (1.5), where we have a term which has a
high-pass behaviour, with a �3 dB cutoff frequency:

fc =
1

2⇡RC
. (1.7)

As long as R and C are chosen in such a way that the unattenuated band is compatible
with the useful signal, this circuit will work reliably.
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As long as R and C are chosen in such a way that the unattenuated band is compatible
with the useful signal, this circuit will work reliably.
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