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Electronics Design Laboratory 
•  An IIT facility providing both design service and 

research for the IIT network. 

•  Our mission regards both 1) electronics 
design service to meet research 
applications, 2) technical support and small batch 

projects, 3) research in electronics and 
microelectronics design to favor multidisciplinary 
research applications. 

•  Our business is design.  
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The EDL Group 
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Paolo Motto Ros (PoliTo) 

Collaborators at PoliTO (Co. coordinated w. Danilo Demarchi) 



The EDL Group 
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Davide Dellepiane 
Mechanical Components Integration 

Assembly, Small PCB and Connectivity Design 
Reworking and Assembly Management 

 
 

Francesco Diotalevi 
Digital FPGA Design/ASIC Digital Design 

Embedded Systems Design 
Hardware/Software Design 

Andrea Merello 
Application Software Engineering 

Hardware/Software Firmware Design 
Operating Systems Engineering 

Luca Rivano 
Supply Chain Procedure Management 

Internal Warehouse Control 
Component Entry EDA Control 

 

Claudio Lorini 
Motor Control Systems 
Power Electronics Systems 
Comm. Systems for Industrial Automation 

Giorgio Zini 
Low-power Embedded Systems 
Microprogrammed Architectures 
Low-Power Radio Systems 
 

Antonio Maviglia 
Hardware and Software Design 
Short-Term Physical PCB Design 
Microprogrammed architectures 

Marco Crepaldi 
Mixed Signal Integrated Circuit Design 
Ultra-low Power Integrated Radio Systems 
Modeling and Design Methodologies 

Paolo Motto Ros (PoliTO) 
Neuromorphic Circuits & Systems 
Design 
Integrated Circuits Design 
 

Collaborators at PoliTO (Co. coordinated w. Danilo Demarchi) 

Mirco Di Salvo 
Application Software Engineering 

Hardware/Software Firmware Design 
Software Algorithm Design  

Alessandro Barcellona 
Hardware Design 
Reworking And Assembly Management 
Short-Term Electrical/Physical Design 



DESIGN SERVICE 
Application-driven embedded system design and prototyping for research. 

8 



Papers 

What do you want to (re)search? 

Results 
Your 

Research 
Application Experiment/ 

System 
 Ad-hoc  

embedded 
system 

EDL 

? 

9 



Application-Driven Design for Research 

IEE
E P

ro
of

  IEEE POTENTIALS May/June 2016 n	 3

Defined objectives
Let us check the definitions of 
knowledge, science, research, engi-
neering, and innovation to see what 
we can understand from them. 
Knowledge is the familiarity, aware-
ness, or understanding of some-
thing, acquired through experience 
or education by perceiving, discov-
ering, or learning.
■� Knowledge encompasses percep-

tion, and learning is surprisingly 
not the only way.

■� Science is a systematic enterprise 
that builds and organizes knowl-
edge in the form of testable 
explanations and predictions 
about nature and the universe. 
We need to build and organize 
knowledge and explain facts 
using repeatable and testable 
experiments. A fact should be a 
“law,” and able to describe the 
world as it is, that is, everybody 
can confirm it.

■� Research is a creative work 
undertaken on a systematic 
basis to increase the stock of 
knowledge and also its use to 
devise new applications. Creative 
work poses similarities with 
respect to an artist, but here it is 
done on a systematic basis.

■� Engineering is the application of 
knowledge to invent, design, 
build, maintain, research, and 
improve structures, machines, 
devices, systems, materials, and 
processes. Engineering is meant 
to invent and improve, to reach 
specific performance figures, that 
is, to build solutions that solve 
particular problems.

■� Innovation is the application of 
better solutions that meet new 
requirements, inarticulated 
needs, or existing market needs. 
Innovation is a son of engineer-
ing, tightly related to economical 
facts.
It is not surprising that four el-

ements (science, research, engi-
neering, and innovation) in Table 1 
can be operated in unison toward 
“knowledge” at the top. We all need 
to find better solutions (innovation) 
and solve problems (engineering) us-

ing the existing knowledge (or gen-
erating new knowledge) on a specific 
application (research) to increase 
the stock of knowledge for building 
and organization (science). As engi-
neers, we need to work on a specific 
research application aimed at the 
generation of knowledge by itself, 
and this inherently implies solving 
a problem, that is a development, a 
design that meets certain specific 
performance figures. If the applica-
tion is not demanding from a per-
formance (or features or flexibility) 
point of view, and it does not require 
an added value toward the devices, 
circuits, and systems (let us say 
knowledge) space, it might possibly 
lead to a engineering activity requir-
ing the solving of problems that have 
already been conquered, which is 
meaningless in increasing knowl-
edge. However, even if the applica-
tion is innovative but does not add 
particular challenges, the invention 
of engineering solutions can lead to 
the generation of new knowledge.

If master’s degree students want 
to become engineers, so one of their 
priorities needs to be the application 
of knowledge in engineering to solve 
a particular problem from which 
constraints can be derived. Then, if 
the problem is challenging itself, the 
corresponding solution leads to an 
increase of knowledge, and with the 
collocation in the state of the art with 
advantages and disadvantages we 
can talk about science. <AU: please 
clarify the previous sentence> 
An engineer and researcher needs 
to increase the stock of knowledge 
in engineering and creatively solve 
research problems, demonstrating 
something by inventing, designing, 

and/or maintaining. 

Problems are everywhere
Pizza is known to be one of the most 
popular foods around the world, 
and a huge business is involved, 
especially in Italy, following high 
quality standards. During peak 
hours, especially Saturday nights, 
the kitchen staff needs to prepare a 
very large number of pizzas and 
proceed with a uniform cooking 
level in the oven (which can be coal 
or brick). During this process, the 
artisan needs to work on the prepa-
ration (toppings and roll out) and, 
as the fire source is typically on a 
single side of the oven, at the same 
time check the cooking level and 
spin around pizzas with a paddle to 
help them cook uniformly. Assum-
ing no other help, and sometimes 
with a very large number of 
requests, the artisan may forget to 
spin the pies, making them slightly 
burn on one side.

So, where is the problem? The is-
sue is that at peak hours, the pizzas 
cannot be well cooked if made by a 
single artisan. This may make peo-
ple upset and the restaurant could 
lose customers. To solve this prob-
lem, a low-cost oven with rotating 
plates and multiple fire points may 
be the solution, provided that its cost 
is not significantly higher compared 
to a standard brick oven.

From this simple example, the ap-
plication field is pizza making, and 
the problem is avoiding burned piz-
zas when an artisan is overloaded, 
without incurring a significant cost 
increase. The engineering solution 
is the development of this rotating 
oven, which needs to have a compa-

TABLE 1. Knowledge, Science, Research, Engineering and 
Innovation Objectives

KNOWLEDGE Familiarity, awareness, or understanding.

SCIENCE Build and organize knowledge.

RESEARCH Increase the stock of knowledge and use it to devise applications.

ENGINEERING Apply knowledge to invent, design, build, maintain, research, and 
improve (solve problems and find solutions).

INNOVATION Apply better solutions to meet new requirements and/or  
market needs.
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M. Crepaldi, D. Demarchi, “Tackling Technical Research”, in IEEE Potentials, 2016. 
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Starting from research requirements we make an 
engineering prototype to enable getting scientific results 
and if possible towards innovation. 
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Your inputs, Our outputs, and Our 
Work Together 
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Activity What You EDL Together 

Design 

Object (embedded system) Input (definition) Analysis. 
Feasible? 

 

If not feasible, we 
need to refine. 

Goals Input (definition) Analysis. 
Feasible? 

If not feasible, we 
need to refine. 

Requirements Input (definition) Analysis. 
Feasible? 

If not feasible, we 
need to refine. 

Environment Input (definition) Analysis. 
Feasible? 

If not feasible, we 
need to refine. 

Primitive components Output 

Constraints Output 
Prototyping Output 

Validation & Test 
(regulations) 

Output Test conditions. 

Follow-up Output Beta releases. 



Application-Driven Design for Research 
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Delivery 
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Doc. 

Design definition Design & Prot. Validation 

Bug fix 
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What do we deliver? 

User manual of the IIT device/system 

 

User Manual 
MU_2FOC_27.doc 

Rev. N° 0.0 Date: 26/05/2009 Page. 1 of 68 
 

 
 
 
 
 

USER MANUAL: 
(2FOC) BRUSHLESS MOTOR CONTROL BOARD 

 
 
 
 
 

 

 
 

1 Revision history 
 
 

Rev. Date Revision description 

00  15/06/09 Preliminary  emission 

01  27/12/10 Added Field Oriented Control theory description and command description 

02  22/04/11 Added and revised CAN commands 

03 21/06/11 Some fixes about CAN commands 

04 30/06/11 Some fixes about firmware files description. Added firmware routines 
description and firmware timing description 

05 08/07/11 Added description for new CAN commands (FW/HW/MCUsilicon version) 

06 13/07/11 Edited English grammar and sentence structure 

07 22/07/11 Added LED behavior description. Added and modified some CAN commands 

08 13/08/11 Added scaling factors for common IO variables 

09 16/09/11 Added description for I2T related constants 

10 14/10/11 Added board HW options configuration. 

Rev. Prepared by Date Verified Date Approved Date 
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8.8 I2T ..................................................................................................................................................................... 67 

 

3 General description 
The scope of this document is to describe the HW capabilities of the 2FOC motor control board.   
The main goals for the redesign of the brushless motor control boards for the iCub platform are 
summarized as follows: 

1) Add current sensing on the motor phases allowing better control algorithms (FOC) 
2) Add current control loop and increase the velocity of the control loops for lower torque 

ripple and higher dynamics. 
3) Provide more encoder inputs for each joint, incremental encoder on fast (rotor) side, 

absolute encoder slow side (for axis zeroing or redundancy) and one encoder after SEA. 
4) Provide faster communication bus (Ethernet when coupled with the EMS board) and a 

method for tight board synchronization.  
5) Separate motor control tasks from higher level tasks such as communication and interfacing 
6) Allow driving higher performance motor kinds (e.g. sinusoidal PMSM, Direct Drive, Linear 

Motors) 

4 Detailed specification 

4.1 Block diagram 
The board is composed by two completely independent sections each controlling one motor with 
sensors and CAN communication channel. The two sections share a common power supply derived 
from the incoming DC-Link (16V to 48V) used for both motor driving and logic. 

 
Figure 1 - board block diagram 

 
Each section is based on a 16-bit, high performance, up to 40MIPS, DSP from Microchip 
(dsPIC33FJ128MC802). The DSP is equipped with an advanced internal peripheral for motor 
control, CAN communication (eCAN), DMA transfer for SPI bus, up to 5 16-bit timers, and DSP 
acceleration instructions for fast computation of DSP algorithms. 

 

User Manual 
MU_2FOC_27.doc 

Rev. N° 0.0 Date: 26/05/2009 Page. 5 of 68 
 

4.2 Schematics 
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INTRODUCTION
Designers can expect environmental demands to
continue to drive the need for advanced motor control
techniques that produce energy efficient air
conditioners, washing machines and other home
appliances. Until now, sophisticated motor control
solutions have only been available from proprietary
sources. However, the implementation of advanced,
cost-effective motor control algorithms is now a reality,
thanks to the new generation of Digital Signal
Controllers (DSCs). 

An air conditioner, for example, requires fast response
for speed changes in the motor. Advanced motor
control algorithms are needed to produce quieter units
that are more energy efficient. Field Oriented Control
(FOC) has emerged as the leading method to achieve
these environmental demands. 

This application note discusses the implementation of
a sensorless FOC algorithm for a Permanent Magnet
Synchronous Motor (PMSM) using the Microchip
dsPIC® DSC family.

Why Use the FOC Algorithm?
The traditional control method for BLDC motors drives
the stator in a six-step process, which generates
oscillations on the produced torque. In six-step control,
a pair of windings is energized until the rotor reaches
the next position, and then the motor is commutated to
the next step. Hall sensors determine the rotor position
to electronically commutate the motor. Advanced
sensorless algorithms use the back-EMF generated in
the stator winding to determine the rotor position. 

The dynamic response of six-step control (also called
trapezoidal control) is not suitable for washing
machines because the load is changing dynamically
within a wash cycle, and varies with different loads and
the selected wash cycle. Further, in a front load
washing machine, the gravitational power works
against the motor load when the load is on the top side
of the drum. Only advanced algorithms such as FOC
can handle these dynamic load changes. 

This application note focuses on the PMSM-based
sensorless FOC control of appliances because this
control technique offers the greatest cost benefit in
appliance motor control. The sensorless FOC
technique also overcomes restrictions placed on some
applications that cannot deploy position or speed
sensors because the motor is flooded, or because of
wire harness placement constraints. With a constant
rotor magnetic field produced by a permanent magnet
on the rotor, the PMSM is very efficient when used in an
appliance. In addition, its stator magnetic field is
generated by sinusoidal distribution of windings. When
compared to induction motors, a PMSM is powerful for
its size. It is also electrically less noisy than a DC motor,
since brushes are not used.

Why Use Digital Signal Controllers for 
Motor Control?
dsPIC DSCs are suitable for appliances like washing
machines and air conditioner compressors because
they incorporate peripherals that are ideally suited for
motor control, such as: 

• Pulse-Width Modulation (PWM)
• Analog-to-Digital Converter (ADC) 
• Quadrature Encoder Interface (QEI)

When performing controller routines and implementing
digital filters, dsPIC DSCs enable designers to optimize
code because MAC instructions and fractional
operations can be executed in a single cycle. Also, for
operations that require saturation capabilities, the
dsPIC DSCs help avoid overflows by offering hardware
saturation protection.

The dsPIC DSCs need fast and flexible
Analog-to-Digital (A/D) conversion for current
sensing—a crucial function in motor control. The dsPIC
DSCs feature ADCs that can convert input samples at
1 Msps rates, and handle up to four inputs
simultaneously. Multiple trigger options on the ADCs
enable use of inexpensive current sense resistors to
measure winding currents. For example, the ability to
trigger A/D conversions with the PWM module allows
inexpensive current sensing circuitry to sense inputs at
specific times (switching transistors allow current to
flow through sense resistors).

Authors: Jorge Zambada and Debraj Deb
Microchip Technology Inc.

Sensorless Field Oriented Control of a PMSM
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What do we deliver? 
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DESIGN APPROACH 
Full-custom/All-programmable/Full custom w/integrated circuits. 
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Design Approach 

•  Full-custom design. 
–  The design is based on commercial Hardware and 

Software components available on the market. 
–  Less flexible, more optimized from an energy consumption 

viewpoint, fast/average prototyping. 
•  All-programmable. 

–  The design is mostly based on an FPGA running 
microprocessors, operating system and ad-hoc interfaces.  

–  Very flexible solution, more power hungry, fast prototyping. 
•  Full-custom with integrated circuit design. 

–  The design is mostly based on the design of a full-custom 
integrated circuit.  

–  The most flexible and optimized solution, slow prototyping. 

16 



All-programmable Flow: an EDL Uniqueness 
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Computer 

Real-time 
ad-hoc 
peripherals 

Linux Operating  
System/drivers  

Pin23U: Video? Audio? 
Ethernet? USB? PWM? 
Control? What?  



All-programmable Flow: an EDL Uniqueness 
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“A reconfigurable 2W embedded PC” 
 
The embedded system comprises and FPGA (Field 
Programmable Gate Array), a reconfigurable Hardware in which 
we implement a PC with full custom hardware acceleration, 
real-time operating system and ad-hoc peripherals (depending 
on the applications). 

It is an “all-programmable” PC (both from an Hardware and 
Software point of view).    

Research is a creative work in which flexibility and fast prototyping 
are highly demanded, also for an electronic “tool”. 
 



All-programmable Flow: an EDL Uniqueness 
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Application-specific 
firmware 

Application-specific 
Hardware 



All-programmable Flow: an EDL Uniqueness 
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Libs/
Applications 

Verification 
application 

Userspace API (characted 
device file, network interface,.. 

Kernel intenal layers 
VFS (character generic inteface)/DRM (video)/ 

HWMon/Network/… 

Low-level 
device driver 

Hardware 
(FPGA IP) 

User Space 

Kernel Space 

EDL  
 
Hardware Design  
Linux driver 
development 
(optionally mainlining) 

EDL  
 
Verification App  
(in the case of a non-
standard API) 

All-programmable Flow: an EDL Uniqueness 



All-programmable Flow: an EDL Uniqueness 
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Processor: 2x ARM CORTEX A9 (32bit) 
RAM: 1Gbyte DDR3 (External) 
Disk: SD cards (up to 32Gbytes, External) 
Hardware: all-programmable, including the peripherals, input, 
interfaces, etc. 
 
Operating systems: 
Standard  Linux 4.4 (Debian) 
Real-time Linux 4.4 RT-PREEMPT 
Real-time Linux 4.4 Xenomai 
FreeRTOS  
 
Power consumption: 
0.200A @ 5V = 1.0W    Board in reset state 
0.385A @ 5V = 1.9W    Linux running, 100/1000 network 
0.42A @ 5V = 2.1W    Linux running, 100/1000 network, 1 core 100% 

0.45A @ 5V = 2.25W    Linux running, 100/1000 network, 2 core 100% 

0.36A @ 5V = 1.8W    Linux running, 100/1000 network, with 8 CAN bus IP not clocked 



DESIGN SERVICE: CONCLUDED 
PROJECTS 

Summary of some embedded systems design implemented during the years. 
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EXAMPLE RELATED WORK: 
ROBOTICS AND MOTION CONTROL 

Sub-field of automation in which position or velocity of machines 
are controlled using some type of device, i.e., an actuator such as 
an electric motor. 

24 



Robotic Motion Control 

Problem	solved:	

Improve	accuracy,	reduce	motion	noise,	
size	and	power	consumption	of	previous	
generation	iCub	motor	control	modules.	
	

Dual Channel Brushless Motor Controller with CAN Bus Interface 
(2FOC) (Project: G. Metta iCub Facility, G. Sandini, RBCS) 

Features: 
- Dual channel 500W motor controller.
- Dual CAN bus communication.
- Reduction of size and price by a factor 2 prices w.r.t. previous controllers (BLL-BLP).
- Motor feedback form Hall effect sensors and absolute or incremental encoders.
- Field-oriented control algorithms for torque and speed control at 40KHz rate.
- Applicable to biomedical applications thanks to HW and FW safety mechanisms and fault 
tolerance. 

25 



Robotic Motion Control 

Problem	solved:	

Improve power/volume ratio, efficiency 
levels and speed of operation (at 
present close to maximum achievable 
levels) of MOSFET power stages.

Brushless Motor Controller with GaN Transistors 
Power Stage (Project: G. Sandini, RBCS) 

Features: 
- Miniature single channel, 500W, high efficiency motor controller with GaN 
power stage.
- CAN bus communication.
- Motor feedback form Hall effect sensors and absolute or incremental 
encoders.
- Field-oriented control algorithms for torque or speed control at 40KHz. 
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EXAMPLE RELATED WORK: 
COMMUNICATION SYSTEMS 

Transmission system on a specified medium using a specified 
information exchange protocol. 

27 



Communication Systems 

Problem	solved:	
Enlarge the applicability of the 
devised robotic motion control 
solutions in applications out of the 
IIT network.

CANOpen and Ethercat Communication Protocol Integration 
(Project: G. Sandini, RBCS) 

Features: 
- Integration of the open source Ethercat master on Linux OS.
- Ethercat and CANOpen protocols for multi-axis motor control EDL modules, 
compatible with commercial Ethercat controllers such as Beckhoff Twincat. 

28 



Communication Systems 

Problem	solved:	
Integrate CAN bus with a large number of 
ports in existing microcontrollers (e.g. those 
in the Xilinx ZinQ platform). 

CAN Bus Communication FPGA IP 
(Project: G. Sandini, RBCS) 

Features: 
- Any number of CAN bus peripherals can be added.
- The FPGA design is compatible with Philips SJA1000.
- Compatible with the SJA1000 Linux driver. 

29 



EXAMPLE PROJECT: 
REHABILITATION AND ASSISTIVE 
TECHNOLOGIES 

Design & development of technological solutions to problems 
confronted by individuals with disabilities. 
 
Assistive, adaptive and rehabilitative devices for people with disabilities 
(including use, selection and locating them). 
 

30 



Rehabilitation and Assistive Technologies 

Problem	solved:	

1. Complementary audio prosthesis for 
sensorineural hearing loss (“acoustic lens”)
2. Helping camera for visually impaired 
people.

FPGA system for the “acoustical lens” Glassense using a MYIR Z-
Turn platform (Project: Luca Brayda, RBCS) 
 

Features: 
- Linux OS, 32 bit dual core processor (ARM A9 series).
- 1GB DRAM, USB-OTG, HDMI, SDCard, ETH, BlueTooth low energy, RTC.
- Beamformers with 8 MEMS microphones, audio amplifiers, headsets and speakers.
- 9 axis IMU device, vibromotors driver.
- Standard visible and IR thermo cameras. 

31 

Giuliani, et al “Compensating cocktail party noise with binaural spatial segregation 
on a novel device targeting partial hearing loss” ICCHP 2016 
Oliveira et al “Spatial Discrimination of Vibrotactile stimuli around the head” Haptics 
Symposium 2016 

https://www.youtube.com/watch?v=b7uxrT10wxA 



Problem	solved:	

Powering bistable, refresheable, 
deformable array of tactile stimulators 
for blind persons
Fast, high voltage, high current 
warming and taxel reshaping (Shape 
Memory Polymers), to be completed as 
fast as possible.

Design and development of an FPGA module for BlindPAD 
(Project: Luca Brayda, RBCS) 

 

Features: 
- Linux OS, 32 bit dual core processor (ARM A9 series).
- 1GB DRAM, USB, HDMI, SDCard, ETH.
- FPGA hardware protection.
- GaN transistors drivers. 

Rehabilitation and Assistive Technologies 

32 

https://www.blindpad.eu 



Problem	solved:	

Studies on the mental representation of shapes and maps in 
visually impaired persons, by means of haptic stimulation.

Design and development of the TActile MOuse
(Project: Luca Brayda, RBCS) 

Features: 
- 32 bit ARM-Cortex M3 microcontroller.
- Low power: 4 AA-size batteries.
- 3 motors for controlling the Z-axis elevation and inclination of the tactile stick.
- Inductive coils for position and orientation measurement over a commercial drawing tablet.
- Bluetooth or Zigbee communication.
- Audio speaker for synthetizing sounds.
- Haptic vibro-motor. 

L. Brayda, et al., “Predicting Successful Tactile Mapping of Virtual Objects”, IEEE Trans. on Haptics, 2013  
L. Brayda et al., “The importance of visual experience […] in the assessment of an assistive tactile mouse” IEEE Transaction on Haptics, 2015” 
 

Rehabilitation and Assistive Technologies 
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https://www.youtube.com/watch?v=FS7j0qIeL4k 



Problem	solved:	Fit a full 9 DOF IMU system with 
sophisticated  audio  and  radio  communication 
capabilities in a device small enough to be wore 
by babies.	
	
Research  objective:  Studies  on  spatial 
consciousness of blind persons.		

ABBI: An Audio Bracelet for Blind people Interaction 
(Project: Monica Gori UVIP, Gabriel Baud-Bovy, RBCS)  

Features: 
- 32 bit ARM Cortex M3 microcontroller.
- 16MB flash memory.
- 0.8W audio speaker, 24 bit microphone.
- 9 DOF MEMS IMU: accelerometer, gyroscope, magnetometer.
- Bluetooth communication.
- USB interface.
- Lithium rechargable battery. 

Rehabilitation and Assistive Technologies 

34 
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EXPERIMENTAL SETUP 

The designed system is directly used in an experiment. 

35 



Experimental Setups 

Full-custom modules and system-level design 
for ad-hoc research experimental setups 

ABBI2 
Test & Calibration 

Tactile Stimulator 

Visio-Haptic perception  
tactile stimulator 

Arena audio/video Arena with sound, touch, 
accelerometer, light sensors 

Brain Machine 
Interface 

Dual capacitive sensor Electromagnetic 
stimulator 

Tactile sensor 
and actuator 

Wrist accelerometer with sound 
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SOFTWARE AND FIRMWARE 

Linux Embedded Systems, driver development, interfaces. 

37 



Software/Firmware Design  
-  Linux drivers development (ad-hoc or 

mainstream kernel). 
-  Embedded PC peripherals drivers 

development. 
-  Bare-metal microcontroller firmware. 
-  RTOS firmware development for ARM-

based microcontrollers. 

-  Maintenance and update activities. 

CFW002 CAN iCub module.  
Sigma-Delta Zedboard module. 
Wi-Fi chipsets. 
CER robot display. 

Example drivers Example Software maintenance and integration 

Xilinx DMA, Analog Devices HDMI, 
OCFB (VGA frame buffer), Xilinx I2C, 
Myir devicetree, audio codecs, 
Raspberry-II IRQ controller.  
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TECHNICAL SUPPORT 

Rapid prototyping (milling machine), ad-hoc cabling and wiring, 
experimental setup preparation, components substitution and 
assembly, fast ad-hoc soldering. 

39 



Technical support 

40 

Rapid prototyping 
(milling machine) 

PCB design validation and test Wiring and cabling/PCB design 
co-optimization 

Components substitution, 
ad-hoc assembly/soldering 

Rapid prototyping 
(from rapid prototype to 

industrial-level PCB) 



PROTOTYPING FLOW MANAGEMENT 
Components supply chain management and warehouse management. 

41 



Prototyping Flow Management 

Purchasing process  
monitoring. 

Components supply chain  
control. 

Electronics and Mechanics 
CAD integration. 

Pre-orders arrangement. 

Encoding and standardization. 

Components and assembly  
materials standardization. 

Technical instruments 
management and maintenance. 

Time-to-prototyping simplification 
through part lists import. 

Average orders managed per year: 100. 

Overall codes arranged and managed: 10000. 
Overall technical instruments managed: 190. 
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ELECTRONIC DESIGN RESEARCH 
Stock of knowledge increase in circuits and systems, and integrated systems. 
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Defined objectives
Let us check the definitions of 
knowledge, science, research, engi-
neering, and innovation to see what 
we can understand from them. 
Knowledge is the familiarity, aware-
ness, or understanding of some-
thing, acquired through experience 
or education by perceiving, discov-
ering, or learning.
■� Knowledge encompasses percep-

tion, and learning is surprisingly 
not the only way.

■� Science is a systematic enterprise 
that builds and organizes knowl-
edge in the form of testable 
explanations and predictions 
about nature and the universe. 
We need to build and organize 
knowledge and explain facts 
using repeatable and testable 
experiments. A fact should be a 
“law,” and able to describe the 
world as it is, that is, everybody 
can confirm it.

■� Research is a creative work 
undertaken on a systematic 
basis to increase the stock of 
knowledge and also its use to 
devise new applications. Creative 
work poses similarities with 
respect to an artist, but here it is 
done on a systematic basis.

■� Engineering is the application of 
knowledge to invent, design, 
build, maintain, research, and 
improve structures, machines, 
devices, systems, materials, and 
processes. Engineering is meant 
to invent and improve, to reach 
specific performance figures, that 
is, to build solutions that solve 
particular problems.

■� Innovation is the application of 
better solutions that meet new 
requirements, inarticulated 
needs, or existing market needs. 
Innovation is a son of engineer-
ing, tightly related to economical 
facts.
It is not surprising that four el-

ements (science, research, engi-
neering, and innovation) in Table 1 
can be operated in unison toward 
“knowledge” at the top. We all need 
to find better solutions (innovation) 
and solve problems (engineering) us-

ing the existing knowledge (or gen-
erating new knowledge) on a specific 
application (research) to increase 
the stock of knowledge for building 
and organization (science). As engi-
neers, we need to work on a specific 
research application aimed at the 
generation of knowledge by itself, 
and this inherently implies solving 
a problem, that is a development, a 
design that meets certain specific 
performance figures. If the applica-
tion is not demanding from a per-
formance (or features or flexibility) 
point of view, and it does not require 
an added value toward the devices, 
circuits, and systems (let us say 
knowledge) space, it might possibly 
lead to a engineering activity requir-
ing the solving of problems that have 
already been conquered, which is 
meaningless in increasing knowl-
edge. However, even if the applica-
tion is innovative but does not add 
particular challenges, the invention 
of engineering solutions can lead to 
the generation of new knowledge.

If master’s degree students want 
to become engineers, so one of their 
priorities needs to be the application 
of knowledge in engineering to solve 
a particular problem from which 
constraints can be derived. Then, if 
the problem is challenging itself, the 
corresponding solution leads to an 
increase of knowledge, and with the 
collocation in the state of the art with 
advantages and disadvantages we 
can talk about science. <AU: please 
clarify the previous sentence> 
An engineer and researcher needs 
to increase the stock of knowledge 
in engineering and creatively solve 
research problems, demonstrating 
something by inventing, designing, 

and/or maintaining. 

Problems are everywhere
Pizza is known to be one of the most 
popular foods around the world, 
and a huge business is involved, 
especially in Italy, following high 
quality standards. During peak 
hours, especially Saturday nights, 
the kitchen staff needs to prepare a 
very large number of pizzas and 
proceed with a uniform cooking 
level in the oven (which can be coal 
or brick). During this process, the 
artisan needs to work on the prepa-
ration (toppings and roll out) and, 
as the fire source is typically on a 
single side of the oven, at the same 
time check the cooking level and 
spin around pizzas with a paddle to 
help them cook uniformly. Assum-
ing no other help, and sometimes 
with a very large number of 
requests, the artisan may forget to 
spin the pies, making them slightly 
burn on one side.

So, where is the problem? The is-
sue is that at peak hours, the pizzas 
cannot be well cooked if made by a 
single artisan. This may make peo-
ple upset and the restaurant could 
lose customers. To solve this prob-
lem, a low-cost oven with rotating 
plates and multiple fire points may 
be the solution, provided that its cost 
is not significantly higher compared 
to a standard brick oven.

From this simple example, the ap-
plication field is pizza making, and 
the problem is avoiding burned piz-
zas when an artisan is overloaded, 
without incurring a significant cost 
increase. The engineering solution 
is the development of this rotating 
oven, which needs to have a compa-

TABLE 1. Knowledge, Science, Research, Engineering and 
Innovation Objectives

KNOWLEDGE Familiarity, awareness, or understanding.

SCIENCE Build and organize knowledge.

RESEARCH Increase the stock of knowledge and use it to devise applications.

ENGINEERING Apply knowledge to invent, design, build, maintain, research, and 
improve (solve problems and find solutions).

INNOVATION Apply better solutions to meet new requirements and/or  
market needs.

2 

M. Crepaldi, D. Demarchi, “Tackling Technical Research”, in IEEE Potentials, 2016. 

3 
4 

Not a permutation, not a “combination”, but the obtained circuit or 
system is really an “unseen” contribution to the state-of-the-art to solve 
a particular problem (features) or to meet performance figures 
defined by a research application. 

5 
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The microelectronic  
system is also an “unseen” 
solution for an application 
problem (with required features 
and or performance figures). 
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E.g., the application requires 
transmitting alternatively in two 
different bands and the system 
needs to hop from 3GHz to 300kHz. 
The prototype solves this problem. 



ELECTRONIC DESIGN RESEARCH 

Research in the field of RF integrated circuits, Impulse-Radio Ultra-
Wide Band transceivers, IoT and electronics design in general.  
The research problem is circuits and systems and integrated 
circuits design. 
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Focused Ion Beam (FIB) cross section

Cu

Cu

Al

Pt ring

metal lines

Au 170.7 nm

Ni 154.5 nm

• Gold thickness 170.7nm æ plating rate of 17nm/min

• Ni thickness 154.nm æ plating rate of 15.4nm/min (about 20 lower than

value in Technic Inc. datasheet )

18 / 20

Gold plated CMOS micro-electrodes 
(on-chip post-processing) 
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Fig. 10. Layout (left, active area of 428×159 µm2) and chip microphoto-
graph (right, optical zoom 100×).

TABLE II

MEASURED Ptouch AND Ttouch , AT DIFFERENT VDD AND C3 C2 C1 C0

VI. VALIDATION AND MEASUREMENTS

Fig. 10 shows the layout of the chip (with active area
of 428×159 µm2 and the most significant terminals high-
lighted) and the chip microphotograph, (100× optical zoom).
We designed a PCB for the IC validation, including a
MSP430G2553 TI microcontroller, which handles all incom-
ing signals and displays the output on the screen and
SN74AUP1T34 TI level-shifters, which translate ROC I/O
logic terminals to the microcontoller wider input range
(0 - 3.3 V). The microcontroller is programmed in C to
calibrate the system once, at null pressure, and takes 100 con-
secutive measurements in each data-set. For sake of brevity,
in all legends involving PE we omit to report R3 = ‘0’.

A. Contact Detection

As previously introduced, the touch/no-touch subsystem
delivers a fast on-off information about a contact detection,
hence, it does not need to reach as high sensitivity as PE
subsystem. The higher the applied pressure, the higher CLOAD
and, consequently, fC−ST. For each reset frequency, it exists
a threshold pressure (ptouch), above which fC−ST > fC−RST,
guarantying a logic ‘1’ at the shift register output (OTNT = ‘1’).
Setting four external switches C3 C2 C1 C0, it is possible to
adjust fC−RST and tune the parameters ptouch and Ttouch. Ttouch
is the time interval between R and the first OTNT rising edge
(see Fig. 7), i.e., the delay before the information is delivered
to successive electronic subsystems. This parameter can be
adjusted because C− RST starting operating condition causes
S− REG to be initially reset, when the circuit starts to run,
hence, the lower fC−RST, the longer Ttouch. While ptouch can
be just slightly modified, Ttouch can be tuned in a wide range.
We expect that, lowering VDD, fRO and, as a consequence,
fC−RST decrease, causing an increase of Ttouch and a decrease
of ptouch, as demonstrated in Tab. II.

B. Characterization Using FSR-400 Sensors

Fig. 11 shows the schematic of the Tekscan! Equilibration
device, used to apply pressure during the tests. The active area

Fig. 11. Schematic of the Tekscan! Equilibration device.

of the sensor is inserted between the flatbacking plate and
the air filled bladder, which is opportunely inflated to apply
pressure. The instrument sensitivity is 5 mbar and 50 mbar
in 0 - 0.5 bar and 0.5 - 5 bar range, respectively. We run all
measurements on FSR-400 sensors, because Force Sensitive
Resistors (FSRs) result to be inexpensive, flexible and readily
available [19], [20]. Hence, they are highly exploited in the
state-of-the-art [4], [19], [21].

We range the pressure from 0 to 5 bar and we add a
precision regulator in the range 0 - 0.5 bar, to control the
applied pressure more accurately. A multiple-point characteri-
zation for each piezoresistive sensor family is strictly required,
to obtain the pressure/output correlation before use. The sys-
tem is calibrated once at p = 0 and the pressure is increased to
the maximum value (!p > 0) and then decreased to 0 again
(!p < 0). The sensor hysteresis can be observed in all
measurements.

Each point represents the mean value of consecutive
100 measurements with the relative standard deviation. If the
sensor is substituted with a resistor, the standard deviation
is negligible and the output is constant during the 100 mea-
surements of each data-set. Here, the large standard deviation
can be due to the test set-up and to the sensor itself. For
instance, to apply a constant force, the instrument continuously
compensates the pressure on the membrane with small positive
and negative variations, which can be detected by the ROC.
The sensor also contributes to the standard deviation increase:
observe that a comparable deviation is obtained at low pressure
in Fig. 3(a), even using the impedance meter.

The parasitic capacitance of the wires, connecting the ROC
to the sensor, needs to be considered, as well. In the final
system, the sensor can be placed as close as possible to
the ROC and routing can be carefully designed to minimize
parasitic contributions. Two short wires are used to connect
the sensor to the PCB, but their capacitance contribution can
be minimized thanks to the ROC adjustability. In fact, when
the fC−ST minimum value is set to have OTNT = ‘0’ at
zero pressure, the overall loading capacitance accounts for the
sensor and the wire contributions. Since the latter is almost
independent on the applied pressure, at p > 0 the sensor
capacitance should be responsible for switching OTNT to ‘1’.
On the other hand, the PE subsystem is based on a differential
measurement, which intrinsically compensates and reduces the
constant wire capacitance, thanks to the calibration system.
The capacitive contribution of the twisted wire pair, i.e., 1.4 pF
and 1.6 pF for a length of 3 cm, is even lower than the sensor
offset capacitance at zero pressure, hence in this case it can
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An Analog-Mode Impulse Radio System for
Ultra-Low Power Short-Range Audio Streaming

Marco Crepaldi, Member, IEEE, Matteo Stoppa, Paolo Motto Ros, and Danilo Demarchi, Senior Member, IEEE

Abstract—This paper introduces and analyzes an ultra-low
power and low-complexity analog IR-UWB radio system for
unlicensed audio streaming which achieves continuous wave FM
performance but exploiting aggressively duty-cycled signaling.
At the TX, signal is modulated using a VCO which generates
pulses with variable rate (PRF modulation), for an average of
600 kHz. At the RX an asynchronous and interference-robust

detector regenerates the modulated signal at half frequency
without requiring phase-locking, which is successively processed
by a passive FM detector. The obtained demodulated signal is
filtered using a fourth order Sallen-Key cell. The TX and RX
modules based on commercial components draw 1.89 and 10 mA
from 100 mAh Lithium-ion rechargeable batteries (1 TX and
2 RX) and include an integrated TX/RX chipset in a 130 nm
RFCMOS technology which operates at 3.5 GHz center frequency
and 1.2 V supply. The radio system transmits audio with THD
1%, provides an SNR of 64 dB (aligned with FM radio and

compact cassettes) and has a frequency response 110 Hz–17 kHz,
for a continuous play time of 50 h (TX) and 12 h (RX), and 2.5 m
radio range.

Index Terms—Audio streaming, IR-UWB, pulse frequency mod-
ulation, pulse repetition frequency modulation.

I. INTRODUCTION

I MPULSE-RADIO ultra-wide-band (IR-UWB) is normally
intended as the wireless technology which allocates very

large fractional bandwidths with short duration pulses [1]. As
for the vast majority of the wireless technologies, transmis-
sion in IR-UWB is typically digital in which information is
one-by-one associated to a bit symbol, taking advantages of
nanosecond-order resolutions. Examples are PPM, OOK, and
BPSK, all based on a subdivision of the available transmission
time into regular intervals [2], even with digital tunability [3].
Pulse frequency modulated (PFM) (or alternatively pulse

repetition frequency (PRF) modulated) IR-UWB communica-
tions have been proposed for military and short-range audio
broadcasting, for reduced interference and, above all, for im-
plementations with inexpensive components [5], [6]. Current
pulsed asynchronous wireless solutions can be based on energy
detectors or modified energy detectors [7]–[9], do not require
synchronization acquisition and are capable, although with

Manuscript received August 15, 2015; accepted September 17, 2015. This
paper was recommended by Associate Editor Z. Tan.
M. Crepaldi, M. Stoppa, and P.Motto Ros are with the Istituto Italiano di Tec-

nologia@PoliTo, Center for Space Human Robotics (CSHR), I-10129 Torino,
Italy (e-mail: marco.crepaldi@iit.it).
D. Demarchi is with the Istituto Italiano di Tecnologia@PoliTo, Center for

Space Human Robotics (CSHR), I-10129 Torino, Italy, and also with the Po-
litecnico di Torino, Department of Electronics and Telecommunications (DET),
I-10129 Torino, Italy.
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TCSI.2015.2482339

Fig. 1. Analog-PRF modulated IR-UWB transmitter and receiver demo mod-
ules [4].

nanosecond-order jitter performance, to toggle on an analog
pulse-to-pulse delay, as required in PFM.
The solving of the short-range audio streaming problem

for consumer applications requires deep power consump-
tion-awareness [10] and radio solutions (see, e.g., Bluetooth
[11] or personal unlicensed FM [12]), provide so far limited
continuous operation time (8–10 h), which may hinder use-
fulness and attractiveness as users need to frequently replace
or recharge batteries. Bluetooth modules for instance require
encoding and decoding with significant latency at source and
sink ends [13] (codecs are also proprietary, see [14]) which
significantly increases system complexity and power consump-
tion. For instance, a Bluetooth codec alone requires 7 mW
power both at the TX and RX [10]. Moreover, packet-based
communication has typically several symbols of overhead
besides payload which impacts on the transmitter consumed
energy.
To solve the above problem and achieve low-complexity

and improved ultra-low-power operation, we present an analog
IR-UWB system operating in the 3.1–5 GHz band where
the transmitter can be aggressively duty cycled ( 1% pulse
duration) and achieve significantly lower energy consumption
compared to standard packet-based and FM wireless systems
[4]. Music is directly applied to a square wave frequency
modulator which digitally triggers the generation of pulses. In-
formation is not conveyed on a continuous wave signal, but only
on UWB spiking with 1% duty cycling w.r.t. average pulse
rate, enabling improved battery life in autonomous and battery
powered nodes. As shown in Fig. 1, the system comprises a
TX and an RX module that include an integrated chipset, with
a very-low complexity TX [15] and an interference-robust RX
introduced in [16], respectively.
The transmission scheme has the following advantages: i) it

is very low complexity and ultra-low power, ii) it is robust to
pulse rate drifts for signal detection, iii) the number of pulses
required for a unicast transmission is generally lower compared
to a packet based communication, and iv) it has hundreds

1549-8328 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 6. (a) Measured over-the-air average frequency using two planar monopole antennas and (b) relative standard deviation.

muscle force although 70% of lost events, consequently losing
pulses is not a critical point. However, asynchronous threshold
UWB detector proved to be robust to BER [21]. For the present
work the low probability of missing a pulse has been demon-
strated by the over-the-air measurements with our transmission
channel (see Fig. 6). For distance below 27 cm and up
to 10 kHz (far above sEMG upper band), the received signal
does not show appreciable variations and relative st. deviation is
below the 0.1%. Some in depth analysis of IR-UWB pulse trans-
mission over on-human body channel showed that also pulse
shape and modulation play a role in determine the BER perfor-
mance [20].

G. Power Consumption

The receiver front-end consumes 9.84 mW, at first approxi-
mation independent from pulse rate. With no input signal, there-
fore with no switching activity of receiver output, the baseband
consumes 22.08 W, lower than the required power consump-
tion of non duty-cycled clock circuitry of recent state-of-the-art
receivers [18]. At kHz, input signal level
dBm, power increases to 22.24 W. The active energy per pulse
is then , i.e., 533 fJ/pulse.

H. Baseband Robustness

Fig. 7 shows the impact of variation on and
, for a TX-RX distance cm. Bias voltage

and are unvaried. The baseband can tolerate
% variation, still maintaining relative std. devia-

tion .

IV. IN VIVO MEASUREMENT

A. Experimental Setup

A photo of the experimental set up is shown in Fig. 8. The
measurements have been done recording the right and left short
head biceps brachii sEMG signal of two healthy male subjects
(age 26 and 25) during isotonic and isometric contractions. This

Fig. 7. Impact of on the receiver performance (over-the-air
measurements), kHz.

Fig. 8. Experimental set up for the isometric and isotonic measurements.

muscle was used because it gives an easy access to electrodes
placement together with a good signal amplitude. We used the
H124SG EMG Kendall Ag/AgCl electrodes, 24 mm diameter.
The reference electrode has been placed on the elbow which

is the region with low electrical activity closest to the signal
recording point. The connection wires have been maintained as
short as possible to avoid interferences from cables movement
during the experiments.
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Fig. 11. AC frequency response of the passive FM detector. The response can
be approximated as linear in the range 200–400 kHz.

Fig. 11 shows the small signal AC frequency response of
the detector (including the manufacturer SPICE model of ).
It is meant to operate in the region of the transfer function
immediately after the main 3 dB cut off-frequency at 100 kHz,
that is where frequency is linear with the magnitude response
of the curve (in the graphs, linear response in the detail plots
and logarithmic response in the full range). The AC frequency
response depends on the small signal parameters of the compo-
nents, and it is independent from the applied DC-level which
makes it suitable for the detection of the full-swing signal
provided by the integrated receiver in the 0–1.2 V range. As
shown, in the frequency range of interest the detector provides
a linear output (with a residual phase distortion), confirming
that it can be approximated as a linear-phase time invariant
system. From simulations, is 16 mV/200 kHz, that is

. To recover possible VCO frequency
drifts the detector provides a wider linear range compared to
the maximum , that is about 200 kHz.

IV. MEASUREMENTS

During measurements, both modules (tested in the range
10–35 ) are powered with the Li-ion batteries, and no

additional filters besides antenna are included in the PCB. The
INA114AP is set to 0 dB gain. Measurements are run in
a lab environment with up to 7 GSM/LTE phones operating
nearby. The integrated RX power supply ranges 0.9–1.2 V.
In the over-the-air measurement sessions the integrated TX
in [15] has been set to generate pulses at a center frequency
of 3.5 GHz with bandwidth ranging 300 MHz–500 MHz, to
match the FCC definitions, otherwise explicitly mentioned.
The RX center selectivity is set to about 3.5 GHz, the center
frequency of the TX. Fig. 12 shows the integrated TX and
RX die microphotographs. Both TX and RX are integrated in a
one-poly-eight-metal 130 nm RFCMOS technology.

A. Over-the-Air Transfer Function
The modules (battery powered) are placed at a fixed distance

of 0.5 m, and the TX is fed with a sine wave of amplitude
. By measuring the over-

the-air transfer function is computed. The small signal transfer
function includes the opera-
tion of the complete TX-RX system plus the IR-UWB channel

Fig. 12. Die microphotographs of the integrated TX [15] and the integrated RX
[16] and respective module in the radio system.

Fig. 13. Frequency response of the com-
plete pulsed UWB radio system operating over-the-air (no pulse error).

response. Fig. 13 shows the small signal frequency response of
the radio system. As shown, the 3 dB transfer function ranges
110 Hz–17 kHz which falls in the audio signal bandwidth, typ-
ically 20–20 kHz for hi-fi systems. Fig. 14(a) and Fig. 14(b)
show examples of transmitted and received sine waves, 10 kHz
frequency, in absence or presence of link errors.

B. Pulse-to-Pulse Jitter

At a fixed pulse repetition rate of , the
average edge-to-edge jitter standard deviation, computed over
1000 samples (peak-to-peak) is on the received
signal, with a positive-to-positive edge period of 3 . The
measured latency between TX trigger and RX toggle, including
channel, is 188 ns.

C. Total Harmonic Distortion

The total harmonic distortion (THD) of the complete radio
system ( to ) is evaluated using the TX
and the RX modules battery powered at 1 m distance. A sine
wave spanning an amplitude in the range 90–200 is in-
jected through the audio input of the TX module using a gen-
eral purpose signal generator in the frequency range 100 Hz–10
kHz, and the spectrum of is evaluated. The mea-
surement inherently includes the wireless channel polluted by
interference generated by the mobile phones of seven people in
the room.
Fig. 15 shows an example FFT plot obtained with a 4

GHz, 20GS/s oscilloscope of the overall audio signal power
scaled by the oscilloscope renormal-

ization constant (which includes
a 1/2 root-mean-square scaling factor), for a tone at 3 kHz,
computed from time-domain measurements with an equivalent
resolution bandwidth of 0.48 Hz. The dependency of the
THD with the input signal amplitude is clearly depicted, in this
case showing 4 dB decreased 2nd harmonic distortion for 100
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Fig. 1. Mapping of the dynamics of the signal and its consequent model switching in time domain for both electrical and MEMS systems. A MEMS actuator
and sensor only differ from input and output physical domain.

(a) (b)

Fig. 2. A conceptual operation scheme of the same multi-domain system described at different coarseness levels, based on a digital event-driven transaction
(a) and analog (b) domains. Time flow is managed differently in the two cases. In (b) time is kept “ticking” during simulation run (sampling time), while in
(a) the input/output generation is based on transactioned events (tstart, tend).

levels and consequently noise margins can be established, a
measure of signal-to-noise ratio which can be related to the
probability of false switching. The definition of switching
probability is due to the presence of noise which adds random
variability to the signal. At the middle of the switching point,
however, a digital circuit operates for a very short duration

in analog mode, with transistors overdrive significantly large,
and biased in linear active regions. Based on this very simple
reasoning, any circuit, disregarding its analog or digital nature,
can be described by dynamically associating its instantaneous
operation to the actual operating region, which in turn, dic-
tates the associated model. A qualitative example is given
in Fig. 1. When the system is in full digital mode circuit
nodes states can be associated to a boolean representation,
while during switching, nodes states can be associated to

differential equation models. This in turn implicitly requires
the definition of model validity time intervals, hence, of an
ensemble of subsequent transaction lengths as in Transaction
Level Modeling (TLM) paradigms [41], in which each time
range defines the execution of a model, normally implemented
in SystemC. The transition beetween the finite execution of
a model and another depends on the level reached by the
signal. TLM indeed, a major actor in high-level digital de-
sign automation, can include analog quantities besides purely
digital models, allowing for dynamical model switching. It is
noteworthy that SystemC-AMS, the analog/mixed-signal ex-
tensions for SystemC [42], provide different abstraction mod-
els for modeling and simulating heterogeneous and embedded
AMS systems at higher levels of abstraction. In Linear Signal
Flow (LSF) abstraction models, the continuous-time behavior
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approaches infinity towards the digital rail-to-rail limits. Signal
level is corrupted by noise (dotted line) and based on the
linear operation point of the block at that given node n the
hypotheses change to account for all the different bias points of
the devices involved. In turn output impedance Z evolves over
time. The magnitude of Z for instance will be larger during
analog switching and smaller during saturation, depending
on the internal MOS features. Observe that by generalizing
these four quantities and defining a time dependency, most
important, the quadrivium can be applied disregarding tech-
nology process. Given the present broad background required
for design, a generalized methodology shall not be stuck at
any technological implication.

MEMS can be also modeled in terms of multi-domain
quadrivium. Let us consider a MEMS sensor. For instance,
inputs can be acceleration [43], temperature [44] or magnetic
field [45], while outputting an electrical quantity, i.e., voltage,
current or charge in the form of a locally passive storage
(inductor or capacitor, or even memristor [30]). The multi-
domain quadrivium can be successfully abstracted in this
context as well: let us consider, for example, an accelerom-
eter for automotive applications. The input signal could be
the car acceleration while the noise could be the spurious
vibrations (i.e. very fast and random accelerations, assumed
with stochastic meaning) derived, e.g., from the asperity of the
streets. An interference source could be the rhythmic vibration
of the motor, known deterministically. Based on system-level
application-domain issues and on the identified information
signal by the design architect, SNR and SIR can be then
identified. Impedance Z can be also defined and identified: in
this example, mechanical impedance is the ratio of a sinusoidal
driving force f acting on the system to the resulting velocity
v of the system, Z = f /v. For an ideal mass, acceleration a

of the rigid body is proportional to the applied force f with
the eqn. a = f /M, where M is the mass of the body. From
the equation, f gives the mass M an acceleration a. When
a sinusoidal force is applied, we obtain a = f e jωt/M. The
acceleration is sinusoidal and in phase with the applied force.

By integrating the previous equation, velocity can be calcu-
lated as v = f e jωt/ jωM. The mechanical impedance of the
mass is f /v, hence Z = f e jωt/( f e jωt/ jωM) = jωM. Thus, the
impedance of the suspended mass of our accelerometer is an
imaginary quantity that depends on the magnitude of the mass
and on the frequency [46], similarly to an inductor L which
has an impedance jωL. This simple example suggests that the
process of SNR, SIR, Z and E abstraction is possible also for
MEMS, leading to “synthesize” and model a MEMS based on
the quadrivium. It is noteworthy that this is an effective but
very simplified model because it does not take into account
also other mechanical elements like springs (to model elements
connecting the seismic mass to the device) or dampers (to
model the fluid, air or vacuum, in which the mass is moving).
In case of a more refined model, the same reasoning can be
applied. Other works report the same modeling approach, for
example for MEMS capacitive microphones [47].

B. Revisiting Ideal Components Definitions From a Cross-

Sectional Viewpoint

Based on specific hypotheses on the quantities SNR, SIR,
Z and E , specific values can be extracted for each domain,
digital, analog or mixed signal (Analog-to-Digital or Digital-
to-Analog Converters, an analog or a digital transducer) based
on the way these units transform each input into outputs.
Tab. II exemplifies the values of these quantities for ideal
digital blocks, analog/RF units, a mixed-signal DAC, an ADC,
and a MEMS (used in analog and digital mode). Note that
the operation mode holds disregarding the MEMS purpose:
sensors and actuators differ only from the type of the multi-
physics input or output. In case of digital systems, by definition
and at steady state, SNR and SIR are infinity for both input
and output terminals, while can be finite during switching time.
Neglecting capacitance contribution input impedance is always
infinity, while at the output it can be easily approximated to
zero at the digital rail-to-rail ends and at steady state. During
switching, assuming the definition of a single time interval
in which the linear conditions of the transistors do not vary,

Multi-domain quadrivium 
for uniquified 
analog/digital/mixed 
constraint managment 
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Fig. 3. Multi-domain quadrivium: the constraints of digital and analog
domains can be easily referred to four parameters E , SNR, SIR and impedance
Z which all depend on time t.

power of the signal, which is considered carrying information,
which can be an across or a through quantity in turn (lv
or fv), and PN is the power of noise (assumed a stochastic
process). For SIR, a similar definition can be applied, i.e.,
SNR = PS

PI
, where PI is the power of the signal (or the sum

of the signals) which are considered as interference. All the
powers can be calculated within the interval [i, i + τ]. E in
general is defined as the integral of the product of across
and through quantities (in time domain), which can be in
different physical domains, from which the particular block
consumes energy to transform inputs into outputs, therefore
E(t) =

R i+τ
i lv(τ) fv(τ)dτ. Observe that if τ →0, assuming fixed

lv and fv, energy E would tend to zero, because across and
through quantities directly relate to a physical implementation
(model), which implicitly defines consumed energy, always
finite. Making τ tend to zero, makes sense in a pure modeling
domain: in digital logic indeed, transition is instantaneous, and
a finite energy E for τ →0 would be valid by making lv fv tend
to ∞. In this limit domain we consider an instantaneous and
infinitesimal consumed energy, as shown further on with ESW .
In this work we refer to an energy per transaction. This is
the consumed energy by the block and does not correspond
only to the energy to drive output or input nodes: from a
pure energy-aware design point of view, it is reasonable to
consider this quantity as a bound for the development of the
internal units so that a maximum energy budget is a priori
defined. This energy E will be partially converted into heat
(pure dissipation), and partially used to drive surrounding
nodes. Note that based on the hypothesis for the modeling,

analog/RF or digital, and consequently due to the associated
math, τ can have different durations. For an ideal digital
system (event-driven) for instance, during switching time τ
is zero, compared to a clock cycle duration, while it lasts an
entire clock cycle once the infinitesimal switching transient
is terminated. Note also that this energy E is relativized, in
particular to the whole operation time slices of the component,
as it has not to be confused with instantaneous power, which
would tend to infinity for τ →0. In each different τ, energy
shall be bound at design time. In this sense we identify τ as a
transaction, which is straightforwardly consistent with TLM
paradigms. The introduction of a fictive integration time τ
permits the control of the coarseness with which the modeling
is done and, therefore, the design of a block in a relative
manner. Fig. 4 exemplifies the relationship among modeling
and the multi-domain quadrivium transactions. Models can
be associated within each time slice τ based on different
modeling hypotheses. Absolute time t, and the associated
pulsation ω can be used for the modeling equations of the
component within each transaction. In this paper, we will
neglect the expression of pulsation ω (related to absolute
time t), to say that the multi-domain quadrivium depends on
transactions starting at i, neglecting duration τi for sake of
simplicity, therefore SNR(i), SIR(i), Z(i) and E(i). At each
of the transactions issued at i we implicitly associate a duration
τi, and of course a pulsation ω derived, e.g., from the Laplace
transform computed from absolute time t.
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Fig. 5 shows an example of SNR dynamic evolution for
a refined block. The blue and red horizontal bars (across or
though space, if for instance a static CMOS or a current mode
logic are considered in the electrical domain), respectively,
identify the regions where SNR can be assumed finite or
of several orders of magnitude larger while the yellow and
brown vertical bars (time domain) refer to the associated time
validity regions, which can associate small signal or fully
digital domains, hence where SNR can be, e.g., assumed a
finite number (or even a limited time support function which
depends on signal level), or ideally infinity. On the right, SNR
is shown to be a function of the input signal level when
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2 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS

Fig. 1. Acquisition unit block scheme. Every time the sEMG signal exceeds the fixed threshold the circuit generates a pulse. The on chip section includes the
components of the full custom IC. Since the purpose is maximum integrability only low complexity circuits have been designed.

through measurements and in-vivo experiments with a minia-
turized prototype. The first component of the prototype is
the acquisition unit, a mini PCB including a full custom IC
with extremely low complexity ATC front end and IR-UWB
transmitter. Thanks to its tiny dimensions, 23 mm length and
34 mm width, the PCB is wearable. The pulses are received
by the second component of the system, a short range and low
complexity threshold-based 130 nm CMOS IR-UWB receiver
with an Ultra-Low-Power (ULP) baseband unit capable of
robustly receiving generic quasi-digital pulse sequences. The
UWB receiver has partially been validated [7] for Received
Signal Strength Indicator (RSSI) and over the air and latency
measurements.
This work evaluates the acquisition unit performances

through 10 isometric and isotonic biceps contractions, while
the transmission channel is tested with cable sensitivity ex-
periments and new over-the-air and baseband robustness
measurements obtained with a couple of planar monopole
antennas and the same transmitter integrated in the acquisition
unit with realistic channel conditions.
The paper is organized as follows: Section II explains the

acquisition unit architecture (receiver design has been already
discussed in [7]), Section III describes the UWB transmission

channel characterization while Section IV reviews the in vivo
experiments: the set up for the sEMG acquisition, the electrical
characterization of the board and in vivo measurements, Sec-
tion V concludes the paper.

II. ACQUISITION UNIT ARCHITECTURE

The block scheme of the PCB is presented in Fig. 1. The
EMG signal is acquired through the electrodes EL1, EL2, using
EL REF as reference.
The architecture is based on a fully asynchronous design to

achieve minimal complexity and area occupation. Low device
area plays an essential role for wearable sensors or wireless
body area networks (WBAN) because, in a limited region, is
required a bio-potential recording and transmission together
with maximum comfort of the subject during the measurements
[6]. ATC reduces active silicon area of the circuit avoiding
the analog to digital converter component, clock generator
and complex logic to manage the data. Our circuit area is
0.016 mm and it is integrated into a single chip with standard
QFN 48 package (7 7 mm) mounted on a standard FR4 PCB
1.6 mm tick.
The acquisition unit is composed by three nodes: the dif-

ferential amplifier, the comparator and the UWB transmitter.
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