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Measurement instruments

Human senses as primary measurement instruments.

The length is the most simple measurable quantity
+ Ruler THE ROYAL EGYPTIAN CUBIT
Louvre Museum, France

Other quantities can be indirectly measured through
suitable instruments that convert them into a measure of
length.

+ noteworth exception:color

Approximately 20 6” Length

Measurementinstruments need calibration

+ aprocedure assigining to each value of the primary quantity the
corresponding value of the quantity under measurement.

Photochemical reaction: ApH7+Acolore

Equilibrium between the gravity and
Thermal expansion: AT>+AL spring elastic force: AM7=A v
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Transducers, Sensors,and Electronics

+ Measurement instruments are based on transducers:devices transforming a quantity from a form
of energy into something measurable.

- To measure means to acquire a quantitative information.
+ Thisinformation is stored, transmitted and/or processed
- Processing: to merge measures with models generating novel informations.
« Currently,electronics is the technology where all these operations are optimally performed.
- Sensors are a class of transducers that transform the quantity of interestinto a measurable electric

quantity.

+ The measurable electric quantities are:magnitude, frequency and phase of voltage.

Mechanical energy

Electromagnetical energy

Thermal energy

Electrical energy

Magnetical energy

Chemical energy

SENSOR

Electrical energy
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What is electronics?
A functional definition

1952

PROCEEDINGS OF THE I.R.E.

899

Let Us Re-Define Electronics

W. L. EVERITT

The passing years modify the nature and scope of all human activities. This has been notably the case for the fields
of activity of The Institute of Radio Engineers. There is presented below a keenly analytic consideration of this evolu-
tionary trend in the communications and electronics field. It is a stimulating and thought-provoking treatment of a
difficult subject, and includes as well an interesting and constructive semantic propo

"he author of the following guest editorial is a Fellow and Past President of the IRE, and Dean of the College of
Enginecring of the University of Ilinois, He is widely recognized as one of the leading communications and electronics
engineers of this age, and is the author of certain outstanding technical texts.—T'he Editor.

All of us are continually asked, “What is electronics?”
In defining a word, it must be remembered that lan-
guage, like science and industry, is dynamic and con-
stantly changing. As an example, consider the word
“football.” It started out denoting a game in which the
manipulation of the ball was done largely with the feet.
As any fan knows, the word now denotes a i

extendmg man’s senses in space, as by the radio, tele-
vision, and radar; in acuity, as by the electron micro-
scope; in visual or audible range, as by the infrared
and and in speed
as by It is also i d in
man’s brain, both by actmg as a switchboard and by
nd

sport involving strategy, mass in attack

makmg an for example,

and defense, and the foot is in contact with the ball only
occasionally. Similarly, the word “chivalry” is derived
from the word “cheval,” or horse. However, it brings to
mind a whole code of conduct stemming from the day
when knighthood was in flower and the knight was on
a horse while the common man went afoot.

dably, in defining “el ” the lexi-
cographer thus far has been too greatly influenced by
the etymology—by the meaning of the word “electron.”
But current definitions are not immutable. The lexi-
cographer follows rather than determines common
usage. In defining a word for a dictionary he records
how the word is most commonly used by the expert.
Therefore it is appropriate that the Institute of Radio
Engineers should, from time to time, write its own
definition of this word “electronics.”

One definition has been, “Electronics is the science
and technology of systems using devices in which elec-
trons flow in a gas, no matter how dense or tenuous.”
This definition is too narrow in 1952. The field of elec-
tronics should be considered in terms of its broad
concepts; it should not be limited by the devices which
it employs. The electron tube has given its name to,
but should not d the b 3
DeForest with his grid introduced a method of con-
tinuous control of the flow of current in a circuit, made
the amplifier possible, and opened the way to a whole
new group of ideas. But control is only one of the many
important contributions of electronics.

¢ ics is i primarily in

and ph systems,
and by solving mathematical problems.

Modern industry is founded on the use of mechanical
and electrical power to replace man’s muscles; elec-
tronics more and more provides the routine brain power
and nervous system for its control. Man, too, has found
need for the extension of his own brain power and
sensory organs for his enjoyment and studies.

I would suggest therefore the definition:

“Electronics is the science and technology which deals
primarily with the supplementing of man's senses and
his brain power by devices which collect and process
information, transmit it to the point needed, and there
either control machines or present the processed in-
formation to human beings for their direct use.”

Such a definition will recognize the dynamic charac-
ter of electronics and its broad scope. When a new de-
vice such as the transistor appears, it fits logically into
the pattern, even though no electrons flow in an
evacuated envelope. When the feedback principle is
utilized in a hydraulic servomechanism, we find it also
is part of the family.

At the same time, because electronics is so intimately
interwoven with other sciences and techniques, we will
always expect many byproducts such as the fluorescent
light, the high power rectifier, and the atom smasher.

It is probable that the boundaries of this science can
only be deﬁned temporarily. Like other dynamic words

will need to be re-defined as its
continues.

“Electronics is the science and technology which deals
primarily with the supplementing of man's senses and
his brain power by devices which collect and process
information, transmait it to the point needed, and there
either control machines or present the processed in-
formation to human beings for their direct use.”

HElectrons are the tool of electronics
W “Electronics is the study of the physics of electron
and its motion under different conditions” (E. Gatti,
Enciclopedia del Novecento, 1989)
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Sensors, Iransducers,and Actuators
a practical definition

transducer

o

sensor

N

actuator

Electric
quantity

+ Sensor:device that converts a physical,a chemical or a biological quantityinto an electric

signal.
¢ Clinical thermometer:temperature - length= transducer
+ Thermistor:temperature-> electric resistance= sensor

- Sensors are components of electronic circuits.Due to sensors,the quantities of the circuit

(current and voltage) become function of environmental quantities.

measurand (physical, chemical or biological)

o= (t.)

circuit_element

electronic circuit
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Sensor — Electronics—Actuator chain

Physical quantity: strings vibration
it

« Sensor: coil pick-up

Interface circuit

Signal Processing

Amplification

— ~—y

actuator

loudspeaker

Physical quantity
Sound (pressure wave)
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Classification of sensors:
as electronic devices

° Resistors
° Thermistor, photoconductor, magnetoresistance, strain gauge, gas sensor ...
° Inductors
* Position, fluxgate magnetometer,...
¢ Capacitors
° Position, pressure, ...
° Diodes
° Photodiode, magnetic field sensors, ...
* MOSFET
° Magnetic field, ions in solution...
° Voltage
° Hall probe (magnetic field sensors), ion selective electrodes,. ..
* Electromotive force (emf)
* Thermocouple, Photovoltaic, electrochemical cells (ions and gas sensors). ..
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Classification of sensors:
sensed quantity and measurement principle

- the measured quantity
- Sensors of physical quantities
Temperature
Electromagnetic radiation
antennas, infrared sensors, visible light, UV, X,y
Magnetic field
° compasses, position sensors
» Mechanical quantities
* Position, strain, acceleration, pressure, flux
+ Sensors of chemical quantities
+ Concentration of chemicals in air
© gasesand vapours
+ Concentration of chemicals in solutions
* ionsand neutral species
+ Sensors of biological quantities
+ Concentrations of compounds in corporealfluids
* ions,antibodies, proteins, DNA analysis, viruses and bacterias

- the sensing principle
+ Physical sensors
+ Sensors based on physical principles (mechanic or electric) to measure any quantity even non physical
*  e.g oxygen sensing with magnetic field.
- Chemical sensors
Sensors that uses the properties of molecules to measure any quantity even non chemical
e.g. molecular thermometer
- Biosensors

Sensors that uses the properties of biomolecules (e.g. enzymes, peptides, proteins, nucleobases, DNA, cells. ..) to measure any quantity even
non biological
© e.g immunosensors to detect pesticides

this course
“sensori chimici e biosensori” Laurea Specialistica in Ingegneria Elettronica (6 CFU)
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The sensorial paradigm: the living systems

- Living beings interact with their environment through sensorial receptors.
+ Two main kinds of receptors:
- Physical:tactile sense, temperature, optic (sight),acustic (hearing)......
- Chemical:olfaction (smell), taste (flavour)
« The signals of receptors (sensations) are processed and integrated to form the knowledge
(perception).
- On the other hand, living beings act in the environment through the actuators
+ Towards outside:mechanical (muscles),acoustic (sounds),...

+ Towards inside: e.g. The organs influence each other with biochemical actuators (hormones)

Jan Bruegel the elder & Peter Paul Rubens
Allegory of the five senses (1617-1618)

Museo del Prado, Madrid
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The natural senses
“Nihil est in intellectu nisi prius fuerit in sensu” (St Thomas Aquinas)
There is nothingin the mind which was not firstin the senses

Perception, association,memory

light
Photons with A=400-700 nm

Sound
Pressure wave with f~10-103 Hz
Equilibrium (gravity)

Smell
Some volatile compounds

!,’_ressure Communication
empe.rature of experience.
Electric charge
Association,memory
Taste

some molecules in solution
(sweet, salty, bitter, acid, umami)

Acquisition of the
experiences of others.
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Beyond humans senses
Measurement instruments make visible the imperceptible

Perception, association,memory
Radiation IR, UV, radio X
Light and images %
Sound
Magnetic field, -~ 7
Pressure _— — - o B - {
Force _ e (£
Temperature 5

Voltage

I
Smell model to

interpret the
data

Communication of
Ny ey; ! experience.

Association,memory

Acquisition of the experiences of others.
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Electronics instrumentation
The measure is independent from the observer, the experience is automatically communicated

Radiation IR, UV, radio X
Light and images

Sound

Pressure waves

Magnetic field, ——_5

Processing, storage

Pressure

Force

Temperatura

Voltage

Smell
Digital communication of
sensorial experience.

Perception, associations, memory

o R
Temperature: 16 °C (67 °F) Precipitation: 0.0 mm
Wind speed: 20 km/h (13 mph) Humidity: 68%
Wind direction: 360 * Cloud cover: 0%

Pressure; 1015 hPa Visibility: 10 km
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Beyond the senses interface
neurons-electronics interface

Radiation IR, UV, radio X
Light and images

Sound

Pressure waves

Magnetic field, ————
Pressure

Force

Temperatura

Voltage

Smell

brain-machine interface retinal prosthesis: Argus Il

Active Sensor = Bectronica e~
4277775y RF=IN (Power/Clock/Control) @
o . \ Ay

/ S
! \\:n‘ IR= OUT
4‘ W (Broadband Neural Data)
[ a’

, ’
L@_‘_‘-;— =—=="" Dual Panel System Design i

f . mluﬂﬂ?‘_{:ﬂw' Claiass
L v [ Shiny ]
\%{.—y .o ) 1 —

Cortical Linit (MEA « Analog IC)
wu
Antenra Camara

http://donoghue.neuro.brown.edu/
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science fiction science

Technique for Multi-Channel
Acquistion System

: Signal Rl
nalysis
[_> Processing Brain Activity|

Real-time
Telemetry
Interface

Telemetry
Receiver

3-dimensional
Artificial Limb 5
Real-time
X 3 Multi-channel
FeTedg:ck. h /.\. Mechanical
actile Actuator
Visual

MATRIX

Proprioceptive

http://www.nicolelislab.net/
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BFrom measurement instruments to sensors

angular velocity:
gyroscope

Sound:

atmospheric pressure:
barometer

gravitational acceleration:
pendulum

microphone

27 inches
(68cm)

light sensor:
camera
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Microsensors

20 PROCEEDINGS OF THE [EEE, VOL. 70, NO. §, MAY 1982

»

Silicon as a Mechanical Material

KURT E. PETERSEN, memser, ez

* Integrated sensors

Abstroct~Single-crystal silicon is being increasingly employed in 2 devices and must be
. . . variety of mew commercial products not becsuse of its well-established or ofs with such as the
+ Silicon technology (microelectronics) ropertio. 1n wbdiion, et trenda' th sagiceng Weretare s 6170 4BOVE.
bl he fabricati fi d ate & groving interet in, o e of llcon 3 4 mechanial mateisl The T o{“m“""'“
.
enables the fabrication of integrate e "..'.t" ,“r‘, ,u_,,“_""""",_,_'“,_,,:: _m-'_.._""""'_.,,n... s pireirnbcdin sl i
systems where both the sensitive e i ¢ o ot skl (7 oot continues to b he mos obviows mccem i

element and the electronics are irellm o i il oyl fossrghoias

integrated in the same chip. MEMS o b ety x4 vide vy o
(Micro Electro Mechanical Systems)

played crucial roles in this phenomenal success story: 1) the
active material, silicon, is abundant, inexpensive, and can now
be and to stan-

dards of purity and perfection; 2) silicon processing itself is
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Novel technologies

- Flexible - wearable

P
B

‘Smart Wristband
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Ubiquitous sensing S

Trillion Sensor Visions

. 10,000,000,000,000
*  microphone

* 2 image sensors 1,900,090,000,300
* | computer sono sempre piu potenti,

* 3D accelerometer B i i
piu piccoli e pervasivi. 3D gyroscope %
* Larete rendeil dato disponibile grDes;:’:Pzes's's‘” § o
ovunque e a chiunque. « Ambient light sensor B
* 10'2sensori connessi. * Proximity sensor 100000000
° Blg Data m.ooomm

Corporal vemor

(heart rate. blood | Mecropheoe |75
prevsure. temperatire.
Presence semor

Corporal sensor
{heart rate, biood
{uessare, temperatuse, )

< e

G9S recetver)
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Artificial intelligence
Ifmind acquires knowledge from sensoryexperience can sensoryexperience creates knowledge without the mind?

Meaningful
compression
Big data o
Visualisation
® Forecasting
Recommended . SUPERVISED
Systems LEARNING ® Predictions
Targetted o @ Process
Marketing Optimization
.
New Insights

Customer
Segmentation

| REINFORCEMMET |
LEARNING

#® Robot Navigation

Real-Time Decisions @
—

Game Al ® ® Skill Aquisition
L
Learning Tasks
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Sensor systems

The world sensor Y electronic  |%21 v, i v,i A/D
> > i > —>
measurand Y=f(M) interface amplifier filter conversion
N
>
g
Q
- uP ]
e—
py B K B K B-B-N- - - R L_ —

communication

=l

MR

display
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General parameters of sensors

- Sensor signal
< A measurable quantity that depends on the sensor itself
- Except few cases,Most sensors are passive devices:a circuit is necessary to generate the signal.

Power supply
v, I
Environmental » ]
quantity M » sensor sensitive signal
(measurand or SAD
stimulus) Interface circuit
Vo Rs(M) is the sensor: a resistance whose value depends on some

“ambiental” quantity (e.g. Temperature, light, magnetic field, gas,
Ia Rg mechanical stress,...)
Vo(M) is the sensor signal whose value depends on R and the circuit used
to generate the signal.
= The circuit is designed to optimize some property of V(M)

« The actual sensor is R¢(M), but its value can be evaluated only from the measure of Vy(M).
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Sensor response and feature extraction

- Sensors follows measurand with a proper
dynamic. Then the signal always evolves in time. : _
+ In practice,a sensor is instantaneous when the __
response time is much shorter than the typical rate : tme

of variation of the measurand. Instantaneous
Veq P B :

measurand

+ Synthetic descriptors (features) are extracted :
from the time evolution of the sensor signal. (Veq Vo)
- Absolute steady-state Signal (Veq) Vo [ S .........................

- Differential or relative signal (with respectto a
baseline V) (reference measurand condition)

14 V. -V,
Ve q - VO ; _q ; 5 0
VO VO

+ for delayed sensors: Vot0.9 (Veg-Vo)

+ Response time (Ty)

A

time

* Interval of time necessary to achieve 90% of the steady-
state signal.

<— 9' time
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Sensors parameters:
Reversibility

- Reversibility is the capability of a sensor to follow, with its own dynamics, the variations of the

measurand.

« A sensoris reversible if, when the stimulus stops,the signal comes back to the pristine value.

Reversible Reversible Integral single use
with memory (hysteresis) “dosimeter” “disposable”
4 M2
HH 1., ﬂﬂm .
v 4 I V A
A P
A
I_I—I » I A 4 > v >
| t : .
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Sensors parameters:
the response curve

Each sensor defines a mapping from the space of the
measurand to the space of the signals.

If both these spaces are one-dimensional,the sensor is
represented by a function V=f(M) called the response
curve.

This function allows utilizing the sensor as a
measurement instrument:from the measurand signal,
the measurand is estimated.

Response curves are almost always made by a linear
region,a non-linear region and a saturation region.

The response curve is obtained measuring the sensor
signal correspondent to known values of the
measurand (calibration)

¢ These conditions are provided by:

- Standards:reference samples (e.g. masses) or known
experimental conditions (e.g. melting point of ice)

Reference instruments: certified instruments used to measure
the “true” values of the measurand
+ The performance of the sensor is limited by the goodness
of the calibration.

measurand

4 sensor signal

v

v A
(Y25 : saturation
V2 : non-liénearity
Vif...
Ii:%)eariti/
DR M
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Sensors parameters
Sensitivity

A ,
+ The sensitivity (S) describes the capability of v i i
the sensor to follow the variations of the ! |
measurand. - !
Ilneanl non-linear region i saturation
+ Analytically, it is the derivative of the region !
response curve ! !
dv ; i
T | 5
l : >
| ! M
+ In case of a non linear response curve, S is a A i |
function of the measurand. S i |
- Largest values of S are found in the linear | |
region close to the origin. ! |
M Ll
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Instrumental errors and intrinsic fluctuations

- Every physical measure contains a part of uncertainty.

+ This uncertainty comes from the limits of the
measurement instrument and from the intrinsic
statistical nature of the measured quantity.

+ In case of electric quantities, the intrinsic statistical
nature is the electronic noise.

instrumental error=| mm

EAF S

+ Which of the two sources prevail depends on the Al,,=0.1cm
characteristics of the measurementinstrument. L=(23+24)cm = 235+0.05cm

Example: repeated measurements of the length %EnE]QdPF'"&ﬁ“ed with
instruments with different measurement errors L=(2.3 + 2.4) cm = 2.35 + 0.05 cm

122

Erfore strumentale 10 mm ! Errore strumentale 1 mm
1215 4 1204
121
—_ 1202 |-
120,5 —_
s § I I
-é; 120 |- Z 120 | } } % I 4
S tes | tt:’o
=2 =10 mm o) A=2mm
- 1198 4
119 L
1185 [
1196
s ‘ ‘ ‘ ‘ ‘ ‘ . ‘ ‘ ,
o 1 2 3 4 5 6 0 1 2 3 4 5 6
repeated measurements repear,ed measurements
Measurementerror hides the Intrinsic fluctuation are

intrinsic fluctuation. observable.
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The actual response curve

+ Due to the fluctuation of the signal and the limited accuracy of the signal measurement,the
response curve is modified in a deterministic part function of the average of the measurand
[f(M)] and a stochastic part due to the fluctations (6v).

V = f(M) + 6v
10+ |
% 6 |
00 200 400 600 &(I)O 1000
Measurand
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Sensors parameters:Resolution

¢+ Due to the fluctations, the estimation of M is affected by an uncertainty.This uncertainty is
quantified by the resolution.

+ The resolution is the smallest change of M that produces a observable change of signals.
+ The signal change is larger than the fluctuation

-1
a5t Mesi = f (Vmcas) J 35¢
3 3 |
25 25 | AT
\Y = \Y; L] »~ . '. 2 1 |
mi%'z rmsé:a Vﬂ'lf-'ﬂhliélf A Aser Y
A iyl
1.5¢ 1.5 |1- |
1} { 1} | Ry
o5/ | o5t | o4V “« >
ol ol V Mo £0M |
o 20 40 60 B 100 o 20 40 80 80 100
MeasurandM 4. Measurand
Resolution and sensitivity
ov The resolution is inversely

oM

~ S (Mest) proportional to the sensitivity.
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Resolution and measurement errors

+ Fluctuations are sometimes small, in these cases the resolution is dominated by the
measurement error of the instrumentused to acquire the signal.

+ In practice, the accuracy is defined by the number of bits of the Analog to Digital converter.
- Example: the measurement error due to a 10 bits ADC ina range of 10V is

10
ov = 210 =98 mV
20
18 o
1 oM = ——
18 ; S(M,
14 1 e
12 e =
- ~ 10 --"
i%w 'E A A -
s Tl " o Vinean £ Guf~
. f | _} e
8f .
¢ Mo +£4M
2l k 7 «—>
nCl 500 4_(;0 6&_] -é&)- '&n 300 350_ 400 4‘@
Measurand Measurand
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Sensors parameters
Limit of detection

+ The limit of detection (LOD) is the resolution evaluated as the signal approaches zero.

+ The origin of the response curve is not accessible by a measurement but by the analytical
extension of the response curve.

+ When the resolution is determined by the noise, the LOD is the smallest theoretical
measurable quantity.

o ) | sV
Sos| e | Miop = i
08 # LOD S(M =0)
06 (/ 1
047 et

(1] 10 20 30 40 50 60
Measurand




C. Di Natale, University of Rome Tor Vergata: Introduction to Sensors

Generalized sensitivity and resolution
- The concepts of sensitivity and resolution are valid for any input/outputsystem

+ e.g clinical thermometer

i 30l 42
S A ) B0 |

ticks
§=10 <5 8

Ntick, err — % ticks 39

_ Ntick, err 1 _ o
AT,;s = 5 —2.10—0.050

+ e.g. amplifier

Vout
= A = —
5 Vi
AVZ}ut
‘/;n,res - A ’ A
example: VC? A VC g
A =100; Vyus = [-12; +12] V; ADChy = 10 bit in out
24 —
A‘/:)ut = QTO =23 mV,
23
‘/in,res = m =230 :uV
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Resistance measurement with a voltage divider

Ry=100 KQ
1 25
M’\/ 0.9 . Ry _ Ry
Vo=Viz—— Ry =+
& 0.8 Ro + Ry 20 i 1
Vin=5 V =1 Rl VO 0.7
o ;0.6 §15
l go.s g
i Z04 10
- 03
. 0.2 5
Response curve V,=f(R)) is not o
linear, then the resolution 0 ‘ o=
0 1000 2000 3000 4000 0 1000 2000 3000 4000
depends on RI SAMPLE SAMPLE
7
A%,er'r = 2T0 =4mV
dV; R
S=="2=V, i
dR (Ro + R1)?
Vi 5
Spi—g= — = ——— =49 A
R1=0 Ro 1%)%0 103 2
Shr.— =5—— =35 uA
R1=20KQ 1202 K
. -3
Limit of detection and resolution: R = AVo,err = 4-10 =81 O:
1,LOD S 49 . 10—6 ’
smallest measurable resistance RIZAOV 4.10-3
Arduino UNO ADC: 10 bit R res20KQ = L =114 Q;

Spy—20xq  35-1076
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Sensors parameters
Accuracy and Reproducibility

- Sistematicand random errors define the accuracy and the reproducibility of a sensor.

- Accuracy is the difference between estimated and “true” value of measurands.
+ thetrue valueis notaccessible because each measurement is always affected by an error. Accuracy is
defined respect to a “reference” measurement system
Reproducibility (or precision) is the dispersion of repeated measurements performed in
the same conditions.

- Both terms are statistical quantities:given N measures,the accuracy is associated to the
average and the reproducibility to the variance.

Yes Accuracy Yes Accuracy No Accuracy No Accuracy
Yes Reproduc. No Reproduc. No Reproduc. Yes Reproduc.
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Electronic noise

+ The electronic noise is the macroscopic manifestation of the statistical nature of the electric
phenomena.
+ Current:collective motion of a large number of individual particles.
+ thermal and drift velocities are average quantities
- General properties of noise:
. zero average
- described by a probability function
- frequency distribution (spectral density)
 root means square value different from zero
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Spectral density of noise

+ The noise is described by a power spectral density

dP, [W]
P =

T df Hz

+ Then, the spectral densities of voltage and currentare:

V. = diﬂzl:_v ] i = i:[_A]
"\ df VHZ] "\ df [VHz
+ Voltage and currentare obtained from the respective spectral densities integrating the spectral
densityin a frequency interval defined by the measurement conditions:

f, fy

Vol fi=f]= [fvidf V] 1, [f,—f,]= |[iidf [A];

fi fy
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Spectral densities of typical noises

S [V/Hz] 4
flicker
shot
thermal
Ioéf
thermal: S(f)=4kTR
shot:  S(f)=2al Shot and ﬂlcker are excess n0|.ses:they can be
° observed only in biased materials.
flicker : S(f )=£ [a=~1] Thermal noise is observed without bias.
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Thermal noise
(a.k-a.Johnson noise or Nyquist noise)

+ Electrons,keptin movement by the thermal energy, are continuosly scattered by fixed atoms.
Scattering ensures the thermal equilibrium between electrons and atoms.

+ Thermal noise is the electric manifestation of the random motion of electrons.lt was firstly
observed by Johnson and theoretically explained by Nyquist (1928, Bell Lab)
+ It is common to all conductors (0<R<ec) and it does not depend on the applied voltage.
+ thermal velocity is greater than drift velocity
+ The spectral density of thermal noise is equally distributed in frequency for this reason it is
also called white noise.

+ Nyquist explained the thermal noise using statistical mechanics arguments, here a proof based
on electric network is given (Van der Ziel, 1954)
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Thermal Noisein a resistor
Van der Ziel, 1954

Let us consider a RC circuit.
The random motion of electrons charges the capacitance.
The average energy of a system in thermal equilibrium is kT/2 (for each degree of freedom)

—__—¢C
R 1 Then the average energy stored in the capacitance is:
E— EC \2 —Ek T =V2= k-T . thermal noise of a
2 ) cT ¢ ) ideal capacitor
Let us add a voltage supplier whose power spectral density is equally distributed in
frequency.
R ——cC The voltage drop across the capacitance is:
172 172
a7 e (S,-df)” _ .(Sv~df) g S 2
J'w'CR+ 1 jrwC-R+1 1+(w~R'C)
j.w.c
172 . . * 00
dv =(S, -df ) 72 =f S, -df - A\ f dx2 __ 5 [tan"x] _ S wm_ S *)
0 1+(2a fRC) 2:mRCylex’ 2:7RC 0 2:7-RC2 4RC
Sy . . . .
Equating the two expressions (*) the voltage source equivalent to the thermal noise
is calculated:
dv?=s, -df
k-T Sy
f —= = S,=4-k'T'R
C 4RC
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Thermal noise

+ The noise voltage across a resistance R is:

V,=v4-k-T-R-B [V]
- where B is the frequency interval defined by the measurement of V,

examples at T=300 K:

B=1KHz; R=1KQ =V, =0.129 uV
B=1KHz, R=1009Q =V, =41 nV

+ At room temperature (T=300 K)

V, =0.129 - /R[MSQ] - B[Hz] uV

Thermal noise can also be expressedas a current source

5=V _ o129 | BlHA

R R[MQ)]

pA
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Shot noise

- Manifestation of the granular nature of the charges when they cross a junction between two
materials.

+ The motion of electrons in a homogeneous conductor is deterministic : each electron undergoes a force
—qE, then the motion of electrons is correlated.

¢ Injunctions the relevant phenomenon is the barrier crossing,in this case each electron has an individual
probability to cross the barrier,and individual events are uncorrelated. This is analog to the emission of
photons from a light source.These kinds of events are described by the Poisson distribution function.

- Shot noise is an excess noise, namely it is observed only as superimposed to a biasing current.

l,=4/2°q'1-B=566-10""/I-B
|,[ PA]=0566/T-B. with I[uA]
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Flicker noiseor | /f noise

+ Excess noise found in many different phenomena.

+ In semiconductors it has been explained as the global effect of an ensemble of traps each with
a different lifetime (Van der Ziel, 1 976).It is important in MOSFETs where the current flows at
the oxide-semiconductor interface in a region characterized by a large density of traps.

« It grows as the frequency decreases

S=% cona=1

71 f
V, =K [[df =K [log-2
f, f f;
- The amount of noise depends on the ratio f,/f;.

+ The noise observed in different decades is the same.
© V[l KHz— 10 KHz]=V,[0.0] KHz-0.001 KHz]
« If the noise in the decade (0.1 Hz -1 Hz) is | pV, then the noise in 9 decades (10° Hz— | Hz) is:

V91V =3V
10-9 Hz = 30 years!
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Sensors parameters
selectivity and cross-sensitivity

environment
0
o
=]
i)
B
a
o
©
| ”‘”‘I“ | |
quantities
SELECTIVE NON-SELECTIVE
2 | sensor > | sensor
- 4':\‘
e >
bt ]
0 ai
=
o
: anmil ‘l | 1l
|||I ||| lianalacaaa 1l III ] I II | | Ill | I
quantities quantities

V=Sj-Mj+err

@ Y
V=YS-M,
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Sensors parameters:
drift

+ Progressive deterioration of the sensitivity

- Sensitivity changes with the time, then drift is an additional systematic error that affects the

estimation of the measurand
- Drift affects the calibration lifetime.

* Als theresponsecurve calibrated at t=t,.

A
vV * B,and C are the actual, but unknown, curves at t=t,
and t=t,.respectively.
A t=t * The signal correspondingto a constant stimulus Mp
=t, )
y B t=t, becomes progressively smaller.
o * The obsolete response curve results in a measurand
aEa ,,/ - Ct=ty underestimation.
=1 Va ,/ ’a’
v’ "
/iR \' Vv \Y
Ag — a a a
— i MO——k <M, o M, "
(to) () (t2)
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accelerometer ADXL50A

the practical unit for acceleration is the gravitational acceleration | g = 9.8 m/s?

° responsecurve

V(a)=V,+a-K V,=18V; K=0019

9
V-18
) 2= =0
0019

- Sensitivity

S=3—V=K s=19 MV

a g

+ Dynamic range=+50¢g

+ The sensitivity is constant throughout the dynamic range

Examples of parameters of a real sensor:

V()

S0g

+50¢
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Parameters of a real sensor:
accelerometer ADXL50A

- Noise

+ Spectral density of thermal noise

Jriz

125 w

+ If the signal is filtered by a low-pass filter with a corner frequency of 10 Hz,the rms value of the noise is:

w
Voo s =125 ——=="+10Hz =395V
noise,rms \/m ALL

- Resolution

1254
a, -o_ 2V _gg M
s 19m U JHZ

+ With a bandwidth of 10 Hz the resolution is 20 mg.
+ Airbag control needs a quick measurement of the acceleration, T=0.1 ms - B=10 KHz > a..;=0.6 g
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Some issues about electronics for sensors

+ Most sensors are passive devices able to condition the networks at which they are connected.

- Due to the sensor,the electric quantities (current and voltage) become function of outer
world quantities.

Power supply
v, I
Environmental
quantity M » sensor sensitive signal Measurab]e
(measurand) S(M) signal

interface circuit
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Total sensitivity
varmy e=f®) Vo=falVo) V= fe(v,) N=f(v,)
M > | sensor |—> mt_erfa_ce — | amplifier |——| filter » | ADconv |——N
Yy | circuit Vo Va Vi

- Each block is characterized by a proper sensitivity

+ The global sensitivtity is the combination combining all blocks

S dN _ dN avy dv, dv, dY _df,, dfe df, dfe dfs
dM dv, dv, dv, dY dM dv, dv, dv, dY dM
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Example:
temperature sensitive resistor

Ry(T) = Ro(1 + oT);
Vi = Ry(T) - I
Vo=A-Vi=A 1y -Ry(1+aT)

oVa 0Va 0Vi OR

S
S:A'IO'O['RO

S=1][5;
J

V2

+V

- Apparently:arbitrary values of sensitivity can be
obtained combining the sensor with circuit
parameters.

+ Signal limitations restrict the dynamic range

+ V, is confined in [-V +V] range

T[°C]
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Example:
resolution of a temperature sensitive resistance

GV, _V, dV, R _

= = =885,
. l or &VJ JR JT
1) AT AR AV, > AV, S=A-I-a-R
L |+ = ~ A A
i Y| A v, AT, = lim Z = £
;_. - ~ AVZ _)Vnoise tot AVZ -V, oise A * I * a RO
A
AT, = lim Vs
AVZ Vnoise H|S_]|

J

- Arbitrary increase of sensitivity does not
improve the resolution

« The amplifier is applied to both signal and Vniise = A2Vn21 +Vni\ -5 '(Vjihnson + R—? : Ir?)-l'VnZA
noise, then it doesn not increase the

performance. Vi = AZ+(4KTR B+ RZ-17)+V,7

noise
- Noise increases with the current level and

the resistance o | o« A




