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Who

• Me , Ing. A. Buffoli, C. Padovani, R. Nastri … and you

• Me:
▪ Associate Professor since 2018, Assistant Professor since 2010, Professor of 

Optoelectronic Systems and digital imaging (2012-2015), Professor of MEMS 
and Microsensors (2015-…), Professor of Electronics (2020-…)

▪ Research interests

• Digital imaging sensors and related electronics

• Microelectromechanical systems and related electronics

▪ giacomo.langfelder@polimi.it

▪ Ed. 24 – via Golgi 40, 3rd floor

▪ Phone -3425

Please use the keyword:   MMXX  (stands for MEMS and Microsensors stuff)

in the object of your email. This increases the success

rate of your questions to be quickly answered.

This is also the general password of the course.
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Who
• Your laboratory assistants:

▪ Ing. Riccardo Nastri (riccardo.nastri@polimi.it)

• M.S. Thesis 2021-2022
– M.S. Thesis on MEMS-based accelerometers

• Research assistant since June 2022
– research in the field of MEMS angle gyroscopes

• Previous teaching assistant for MEMS and Microsensors

▪ Ing. Christian Padovani (christian.padovani@polimi.it)

• M.S. Thesis 2020-2021
– M.S. Thesis on integrated circuits for frequency modulated MEMS

• Ph. D. student since May 2021
– Ph.D. research in the field of MEMS accelerometers

▪ Ing. Andrea Buffoli (andrea.buffoli@polimi.it)

• M.S. Thesis 2020-2021
– M.S. Thesis on integrated circuits for NEMS gyroscopes

• Ph. D. student since May 2021
– Ph.D. research in the field of M&NEMS gyroscopes

• Ed. 24 – via Golgi 40, 3rd floor Phone     -6152 or -3744
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Who

• What about you? Last year data

▪ ~ 100 new enrolled people, about 15% foreign students

• expected final new enrollment: similar

• expected total: ~ 120 (initially in class ~ 70-80)

▪ Background

• Electronics (most of you)

• Biomedical, (about 15%)

• Physics (about 4%)

• Mathematics (about 2%)

• Other/Erasmus (about 2%)

▪ 4th (most) or 5th (20%) year
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What: sensors and transducers

• The course aims at introducing the fundamental concepts of a few 
kinds of modern microelectronic devices (sensors, resonators, 
transducers) and associated systems, which allow:
▪ acquiring information from the physical world around us,

▪ and to perform actions on it at the microscopic level.

• The focus is centered on MEMS (microelectromechanical systems) 
and CMOS* (complementary metal-oxide-semiconductor) 
technologies.

*intended as the same technology of integrated circuit (IC) but here used for sensors!

• The challenge is common for both the sensor categories: 
simultaneous miniaturization, performance improvement and 
power consumption reduction, driven by concepts as “autonomous 
car”, “sensors ubiquity”, “Internet of Things – IoT” & “Industry 4.0”.
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What: the course topics

• The course is about

▪ MEMS sensors

• inertial, magnetic, resonators

▪ MEMS electronics

• capacitive driving and sensing interfaces, oscillators

▪ CMOS optical sensors

• device and pixel-level electronics

▪ CAD classes

• software

MEMS sensors

MEMS electronics
CMOS sensors
and electronics

CAD classes
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What: MEMS systems applications
• MEMS is a relatively young technology for sensors and actuators of 

physical quantities, which is pervasively invading our everyday life in 
consumer, transport, industrial, domotics and medical fields…

increasing degree of 
required reliability
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What: machines at the microscale

• MEMS device size can be as large as 1 mm, but characteristic 
dimensions (those that determine the performance) can be as 
small as 1 mm or even few 100 nm (NEMS).

Micro → microtechnology
Electro → electrical interface (capacitive)
Mechanical → microstructures
System → electronics
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What: MEMS systems at a glance

• In its simplest form, the MEMS is just a combination of:

▪ Frames suspended through springs and partially free to move under the 
action of external forces (in light blue);

▪ Elements fixed to the substrate to
form anchor points or capacitive
readout electrodes

▪ Suitable housing/packaging

▪ All of this in compact dimensions,
designed in microelectronic technologies!

• Working principle of a MEMS sensor:
a force moves the suspended frame, and we detect the motion 
through suitable electrodes: we can thus quantify the force that 
acted on the device using smart electronics for processing.

anchor

spring

frame

electrode
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What: MEMS inertial sensors

• Inertial sensors: measurement of initial orientation and relative 
motion of a non inertial reference system

Linear motion:
MEMS accelerometers

Initial orientation:
MEMS magnetometers

Rotational motion:
MEMS gyroscopes

Enable inertial navigation 
in absence of GPS!

Indoor navigation
Submarine navigation
Non-trackable navigation
Through-skyscrapers navigation

Digital compass
Current sensing
Vehicle monitoring
…

Display orientation
Airbag activation
Soil exploration
…

Gaming
ESC activation
Military trajectory compensation
…
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What: other MEMS physical sensors

• Other sensors/actuators: measurement and generation of sound or 
acoustic waves, or time references…

Time sensors:
MEMS resonators

Light deflection:
MEMS micromirrors

In-retina projection (AR)
Pico-pojectors
LIDAR & 3D sensing
…

Replacement of quartz
as ubiquitous clocks

Altitude (relative height)
Smart tyres
Mobile phones
Laptops fingerprints
Intravascular echography
…

DC or AC Pressure:
MEMS barometers,
microphones and

ultrasound transducers
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What: MEMS electronics

• Drive electronics
▪ Electrostatic actuation of parallel-plate, comb-

finger and membrane capacitances

▪ Current driving in magnetometers

• Sense electronics
▪ Capacitive sensing interfaces for quasi-DC 

sensors (e.g. accelerometers)

▪ Capacitive sensing interfaces for amplitude-
modulated sensors (e.g. magnetometers)

▪ Noise and power considerations, trade offs

• Harmonic oscillators
▪ Electronics for MEMS resonators

▪ Drive mode of gyroscopes

▪ Amplitude Gain Control circuits

▪ Low-power Pierce topologies
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What: the goal about MEMS

- Basic understanding of device physical 

working principle and operation

- Advanced understanding of device 

optimization after setting the application 

specifications

- Advanced understanding of the 

device/electronics co-design, trade-offs and 

impact on performance

key figures: sensitivity, noise, bandwidth, linearity, full-scale range, offset…
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What: CMOS imaging systems and applications

• Inside the digital imaging pipeline: the pixel
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What: light focusing and absorption

• Diffraction and aberrations
vs pixel size and performance

• Light absorption in Si
pn junctions
(photodiodes)

• Quantum efficiency
and responsivity

• How to form a full
color sensor
▪ Color filter arrays

▪ Layered junctions

▪ White balance algorithms
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What: pixel level electronics

• Description of N-transistor electronics for pixels of digital cameras 
(N usually being 3 to 5).

▪ Architecture

• 3T, 4T…

▪ Working principle

▪ Key performance figures

▪ Matrix arrangement

▪ Future trends

• 1.5T…

• Characteristic pixel size of a few µm, overall sensor size of few mm.

18



Giacomo Langfelder – Lecture #1 – MEMS and Microsensors

What: the goal about CMOS sensors

(the same as for MEMS sensors!)

key figures: SNR, DR, area, linearity, full-scale range, FPN….

- Basic understanding of device physical 

working principle and operation

- Advanced understanding of device 

optimization after setting the application 

specifications

- Advanced understanding of the 

device/electronics co-design, trade-offs and 

impact on performance
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When: an exciting schedule!

▪ Wed/Thu
• 14.15 to 16.15

• First 15-20 minutes 
left for self-start of 
the exercise solution

▪ Fri
• 10.15  to 11.15

• Back-up for Q&A, 
almost always not 
used

▪ Mon/Fri
• 08.15 to 10.15

• Pre-recorded classes 
made available well in 
advance on YouTube

▪ Notes:

▪ on the first week, the calendar foresees pre-recorded classes also on Thu 
(not enough matter to take numerical exercises!)

▪ on a few Mondays/Fridays, we will have live classes in Politecnico.
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Innovations in didactics: pre-recorded classes
• Pros

▪ self-organize your week: you can watch the MEMS and Microsensors videos in 
the most suitable time (suggestion: during the official slot, or whenever before 
the exercises of Wednesday!);

▪ have the highest video quality: no internet connection losses (mine or yours), no 
poor audio, no poor video trasmissions, no lags…;

▪ rewind and repeat, if you have not understood some points… Suggestion: please 
take notes as you usually do in classes and write down questions that you want to 
ask!

▪ have high-quality animated slides, instead of just having the printed slides;

▪ subtitles: just switch them on (YouTube), they usually work fine, except for some 
technical words… Warning: this may help your understanding, but may distract 
from the slide visual content… Find your optimal setting!

▪ very good feedback from last year attendees;

▪ a novel way of teaching, there may be interesting surprises…

• Cons
▪ no live interaction with the professor… (my aim is to solve this point on 

dedicated Fridays, and by giving myself the live numerical exercises this year);

▪ a novel way of teaching, there may be undesired surprises…
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«a MEMS sensor» may appear as
«a men’s sensor»

«immense sensor»
«ms sensor»

«Coriolis force» may appear as
«cordless force»
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Notes from students of the previous courses (1)
• Student A: “…exam procedures should have been better clarified…”

• My comment: “Okay, I have made available all the full 35 exams of the last years, and some exam 
exercises will be solved in detail in dedicated classes ...”

• Student B: “…I prefer live classes to pre-registered classes…”

• My comment: “I will teach you directly the numerical exercises this year, and a few classes and Q&A 
will be given live… I will do my best so that this issue is avoided!”

• Student C: “…sometimes exam exercises are not only a numerical application of what we have seen in 
classes, but they also present new topics…”

• My comment: “This approach tries to make you reason around (and not to merely apply) what you 
learned in classes, and tries to stimulate your curiosity and ideas. However, I’ll take this into account”

• Student D: “…some background topics need to be “accepted” as are, without detailed explanations of 
their physical origin…”

• My comment: “You are partly right: however, this is a course that deals with sensors and systems. 
Where the physics is relevant to the understanding of the sensor operation, it will be always discussed 
in detail. Where it is complementary to the system, we will be forced (for the sake of time) to have 
only quick reviews thereof (e.g. concept of optics and lenses in a digital imaging sensor)...”

• Student E: “… have a "pre-exam" before Xmas. This way, you would give a chance to students to give 
the exam an advance, easying the winter session of Jan/Feb, very crowded with Zappa and Lacaita.…”

• My comment: “This pre-exam was introduced 2 years ago, and this year I will do it again”
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Notes from students of the previous courses (2)
• Student F: “…it would be useful to have the material pre-loaded on the website few days in advance…”

• My comment: “This year you will have all the slides pre-uploaded on the website much before their 
official date, as well as the pre-recorded lectures. Solutions of numerical exercises, instead, will be 
uploaded on the website a few days after they are discussed in the classrooms.”

• Student G: “…during CAD exercise, it would be better to let us solve the problem without too much 
help from the assistants…”

• My comment: “very good suggestion! We will leave more time for you to independently solve the 
problems, so to better learn the CAD use. The number of CAD classes is increased from 4 to 7, and you 
will have more room to practice yourself.”

• Student H: “…the 1st exam of the 1st session was too early, right after the end of the classes…”

• My comment: “Okay, I have no problem in redistributing the two exams of the first session on a wider 
timescale, if this helps you with the exam preparation. Note that this year you will also have the pre-
exam...”

• Student J: “…some pre-recorded classes last too long…”

• My comment: “I know this… but there are others which last less. Anyway, this year the program will 
be reduced with 2-3 less theoretical classes, substituted by seminars given by people from the 
flourishing sensors industry field in the Milano area…”
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When: tentative full program

• The course is covered within 102 hours, 
including a few hours of dedicated Q&A.

▪ No classes during the suspension week (one seminar 
foreseen). No class on October 6th (graduation day).

▪ Course ends on Dec 17th.

• An anticipated exam before Christmas is 
foreseen on Dec 21st to help you better 
manage the winter exam session.

• This is a provisional program, subject to small changes! The program may be subject to 
updates, always available online!
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Note: shortening the program

• In comments from students we are often said that the program is 
dense (this is valid for almost all courses at Electronics 
Engineering…, by the way)

• To alleviate the course workload, I decided to remove 
magnetometers from the program. Thus, classes n. 17, 18 and 19 
will be not part of the program. The registered lectures will be 
anyway available for those who facultatively want to deepen that 
topic.

• Consequently also one numerical exercise related to 
magnetometers was removed.

• Part of those hours will be used for seminars from the industry and 
to introduce to you the research and thesis opportunity of our lab.
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Where: website for slides download and videos links

• Live, highly interactive,
numerical exercises and labs
(anyway recorded
and online)

▪ Wed
• Room IV

▪ Thu
• Room 25.S.2

• On the website:

▪ https://www.sensorlab.deib.polimi.it/
▪ Slides PWD: MMXX (case sensitive)
▪ CHECK IF IT WORKS PROPERLY (I MANAGE THE WEBSITE MYSELF…)
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Where: on YouTube!

• NOTE: not-in-list mode, accessible only via the provided links. 
Please do not share videos with people not attending the course.
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Blackboard mode for equations, 
drawings and demonstrations

Face, slides,
and pen-over-slides for most of the time

Example of funny 
subtitles… I am fixing 

them (a long 
procedure…)



Giacomo Langfelder – Lecture #1 – MEMS and Microsensors

Where: laboratories

• On seven days, you will have CAD 
classes/exercises. The number of 
laboratories has been doubled with 
respect to past years!

• The aim is to let you learn and use 
tools for sensor design and 
simulation.

• Classes last 2 hours (please, be in the 
room by 14.10: lab classes start at 
14.15).

• Bring your own PC (at its maximum 
charge…)!

Please exploit the opportunity to learn more: train yourself 
whenever you want as you have a 6-month full free license!

Software download steps:

- Get the POLIMI license (I need myself to communicate 

your emails to the Polimi Software Service, and I will send 

you a passcode for the registration)

- Install the Software (Comsol, version 5.xx)

- https://www.software.polimi.it/software-

download/studenti/comsol/index.html

- I will get back to you with more details in the following 

days
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Why

• Importance of MEMS and digital imaging sensors for the community

▪ sensors are ubiquitous and the quality of our everyday-life
somewhat depends also on them;

▪ sensors represent about 10% of the
revenues of the IC industry. The
percentage is foreseen to grow to
15% in 5 years

• Importance of MEMS and digital imaging for you

▪ to learn

▪ to pass the exam

▪ to find a job (a lot of opportunities in the greater Milano area)
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Why: enormous number of applications

• Increasing number of applications 
for both the sensor technologies…

MEMS

CMOS
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Why: business facts in MEMS sensors industry

• Increasing business (and job opportunities) around MEMS market.
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Milano area and the MEMS industry

• ST Microelectronics
▪ 2 sites (fab and design center)

• TDK Invensense
▪ design center (MEMS + IC)

• BOSCH Sensortec
▪ design center (MEMS + IC)

• Analog devices
▪ design center (IC only)

36

▪ Other university sites

• Milano Bicocca, Pavia, Padova, 
Brescia, Torino, Bologna…
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Why: business facts in CMOS sensors industry

• Increasing business (and job opportunities)
around the CMOS market.
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Why: sensor development around the world

• Geographic
mapping

• European
leadership in
MEMS

38



Giacomo Langfelder – Lecture #1 – MEMS and Microsensors

Why

• To learn:
▪ Detailed (explained) slides, videos, and discussed numerical exercises.

• Specific references and further reading for some topics.

• Detailed solutions of former exams (especially for theory).

▪ Some reference books or scientific papers (it is not necessary to buy any of 
these books however – if not for personal interest: they only cover small 
portions of the course):

– Volker Kempe, Inertial MEMS, Cambridge University Press, 2011

– Cenk Acar, Andrej Shkel, MEMS Vibratory Gyroscopes, Springer, 2009

– G. Langfelder, A. Tocchio, Smart Sensors and MEMS, chapter 13 - MEMS integrating 
motion and displacement sensors, Pages 366-401, 2014, Woodhead publishing.

– Juniki Nakamura, Image sensors and signal processing for digital cameras, CRS Press, 
Taylor&Francis, 2006

– R.C.Gonzalez, R.E.Wood, Digital Image Processing, Prentice Hall, 2007

– A. El Gamal and H. Eltoukhy, CMOS image sensors, IEEE Circuits & Devices Magazine, 
2005.
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Why

• The exam

▪ Written exam with 2 exercises and 1 theory question

▪ Evenly distributed scores for them: 10 points each (max score
of the written exam is 30). No “honors” without oral exam.

▪ Possible oral exam for “honors” (30 e Lode)

• students with ≥ 26 can take a (facultative) oral exam;

• the oral exam can increase or decrease the mark.

• Some past exam numerical exercises will be given and solved with 
the teaching assistants after roughly 50% of the classes.
▪ last 35 exams are available on the website.

• Anticipated exam session before Xmas!

Check the rules for
110 L graduation!

Some 30 L in the career 
makes this easier!
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MEMS & Microsensors 2023-2024

ENJOY THE CLASSES!

PLEASE, ASK QUESTIONS…
…EVEN IF IN A NEW WAY!

Conclusions 41


