
Digital and Intelligent Sensors andDigital and Intelligent Sensors and
Sensor Systems:Sensor Systems:
Practical DesignPractical DesignPractical DesignPractical Design

Dr. Sergey Y. YurishDr. Sergey Y. Yurish

IFSA President, Barcelona, SpainIFSA President, Barcelona, Spain

Tutorial, August 18, 2012, Rome, Italy



OutlineOutline

 Introduction: Definitions and Markets
 Modern Technologies
 Smart Sensors Design: Introduction
 Quasi-Digital Sensors State-of-the-art

22 International Frequency Sensor Association ● www.sensorsportal.com

 Digital and Intelligent Sensors Design
 Smart Sensor Systems Integration
 Sensor System’s Error Estimation
 The Future and Summary



OutlineOutline

 Introduction: Definitions and Markets
 Modern Technologies
 Smart Sensors Design: Introduction
 Quasi-Digital Sensors State-of-the-art

33 International Frequency Sensor Association ● www.sensorsportal.com

 Digital and Intelligent Sensors Design
 Smart Sensor Systems Integration
 Sensor System’s Error Estimation
 The Future and Summary



Global Sensor MarketsGlobal Sensor Markets

Global Sensor MarketGlobal Sensor Market will reach US $ 76.7 billion
by 2017 (Global Industry Analysts, Inc.)

European Sensor MarketEuropean Sensor Market will US $ 19.0 billion
by 2016 (Frost & Sullivan)

Global Smart Sensors MarketGlobal Smart Sensors Market to reach US$ 6.7 billion by
2017 (Global Industry Analysts, Inc.)
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2017 (Global Industry Analysts, Inc.)

Sensor networks and smart sensors are being used widely
in automotive industry, medical, industrial, entertainment,
security, and defence (BizAcumen, Inc.)

Strong growth expected for sensors based on MEMS-
technologies, smart sensors, sensors with bus capabilities
and embedded processing.



Smart Sensor DefinitionSmart Sensor Definition

Sensors: ‘Smart’ vs. ‘Intelligent’

‘Smart’ relates to technological aspects

‘Intelligent’ relates to intellectual aspects

Smart sensorSmart sensor is a combination of a sensing element, an analog
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Smart sensorSmart sensor is a combination of a sensing element, an analog
interface circuit, an analog to digital converter (ADC) and a bus
interface in one housing

Intelligent sensorIntelligent sensor is the sensor that has one or several intelligent
functions such as self-testing, self-identification, self-validation, self-
adaptation, etc.

Smart and intelligent sensors and systems ?



Sensor Survey 2010Sensor Survey 2010
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What is your topic of interest ?
(Sensors & Transducers Magazine, 520 respondents)



Sensor Types Divided According toSensor Types Divided According to
OutputsOutputs
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International Frequency Sensor Association (IFSA),
Study, 2011



Digital Output SensorsDigital Output Sensors

Serial interfaces RS232/485/422, USB

Parallel interfaces (8-, 16-, 32-bits)

Sensor buses: SPI, I2C, CAN, SMBus,
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Sensor buses: SPI, I2C, CAN, SMBus,
LIN, etc.

1 0 1 1 1 0 0 1 0 1 Binary code
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Analog and QuasiAnalog and Quasi--Digital SensorsDigital Sensors

Analog sensor - sensor based on the usage of an
amplitude modulation of electromagnetic processes

Quasi-digital sensors are discrete frequency-time
domain sensors with frequency, period, duty-cycle, time
interval, pulse number or phase shift output
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interval, pulse number or phase shift output

Quasi-digital sensors combine a simplicity and
universatility that is inherent to analog devices and
accuracy and noise immunity, proper to sensors with
digital output



QuasiQuasi--Digital SensorsDigital Sensors

QuasiQuasi--digitaldigital sensorsensor is a sensor with frequency, period, its ratio
or difference, frequency deviation, duty-cycle (or duty-off factor),
time interval, pulse width (or space) pulse number, PWM or
phase shift output.
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Voltage output vs. FrequencyVoltage output vs. Frequency
OutputOutput
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1 2

(a)

V(t)TTL Tx1 = 1/fx1

(2 Bar)

(b)

V(t)TTL
(4 Bar)

Tx1 > Tx2 , fx1 < fx2

Tx2 = 1/fx2



QuasiQuasi--Digital Sensors: TypesDigital Sensors: Types
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International Frequency Sensor Association (IFSA),
Study 2011



Informative ParametersInformative Parameters
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• Duty-cycle: D.C.= tp/Tx

• Duty-off factor: 1/D.C. = Tx/tp

• PWM signal: ts/tp ratio at Tx = constant
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Smart Sensors TechnologiesSmart Sensors Technologies

Hybrid technologies

IC-compatible 3D micro-
structuring

System-on-Chip (SoC)

System-in-Package (SiP)
System-on-Chip (SoC) 45 nm CMOS process
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System-in-Package (SiP)

System-on-Chip (SoC) 45 nm CMOS process
(STMicroelectronics, CMP)

40 nm CMOS process, (TSMC,
Europractice)

32 nm CMOS process

28 nm CMOS process



Technological LimitationsTechnological Limitations

Below the 100 nm technology processes the
design of analog and mixed-signal circuits
becomes essentially more difficult

Long development time, risk, cost, low yield
rate and the need for very high volumes
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rate and the need for very high volumes

The limitation is not only an increased design
effort but also a growing power consumption

However, digital circuits becomes faster,
smaller, and less power hungry



Frequency AdvantagesFrequency Advantages

High Noise Immunity

High Power Signal

Wide Dynamic Range

High Reference Accuracy
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High Reference Accuracy

Simple Interfacing

Simple Integration and Coding

Multiparametricity
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Smart Sensors DesignSmart Sensors Design

- Classical approachS
Vx

(Ix)
ADC BUS

Smart Sensor
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Smart Sensor
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BUS

- Proposed approaches

S
fx
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QuasiQuasi--Digital Sensor in SystemDigital Sensor in System

HierarchyHierarchy
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QuasiQuasi--Digital Sensor ClassificationDigital Sensor Classification

Quasi-Digital
Sensors

2222 International Frequency Sensor Association ● www.sensorsportal.com

x(t)–measurand; F(t)–frequency; V(t)–voltage, proportional to

the measurand; P(t)–parameter

x(t)  F(t) x(t)V(t)F(t) x(t)P(t)F(t)



Temperature SensorsTemperature Sensors
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RTDRTD--toto--frequency Convertersfrequency Converters
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TemperatureTemperature--toto--frequencyfrequency

ConverterConverter

2525 International Frequency Sensor Association ● www.sensorsportal.com



ThermocoupleThermocouple--toto--frequencyfrequency

ConverterConverter
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Pressure SensorsPressure Sensors

19681968 - first truly integrated pressure sensor in
Europe designed by Gieles at Philips
Research Laboratories

19711971 - first monolithic integrated pressure
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19711971 - first monolithic integrated pressure
sensor with frequency output was
designed and tested at Case Western
Reserve University (USA)(USA)



Modern Pressure SensorsModern Pressure Sensors
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StrainStrain--GaugeGauge –– toto –– FrequencyFrequency
Converter for Pressure SensorsConverter for Pressure Sensors
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QuasiQuasi--Digital AccelerometersDigital Accelerometers
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Direct Frequency Difference

Output Vibrating Gyroscope
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QuasiQuasi--Digital InclinometersDigital Inclinometers

T6 (US Digital) with quadrature TTL squarewave output

NG with PWM output (Nordic Transducer)

SCA830 with PWM output (VTI Technologies)
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Rotation Speed SensorsRotation Speed Sensors

There are many known rotation speed sensing
principles

Magnetic sensors (Hall-effect and magnetoresistor
based sensors)

Inductive sensors
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Inductive sensors

Passive and active electromagnetic rpm-sensors are
from the frequency-time domain

Z
fn xx

60
 , where, where ZZ is the number of modulation rotor’sis the number of modulation rotor’s

(encoder’s) gradations(encoder’s) gradations (teeth)(teeth)



Rotation Speed MeasurementRotation Speed Measurement
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Optoelectronic SensorsOptoelectronic Sensors
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Humidity Frequency OutputHumidity Frequency Output
SensorsSensors

Based on humidity–capacitance–frequency
(time interval or duty-cycle) converters:
X(t)  C(t)  F(t)

Pulsed signal for both humidity
and temperature
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and temperature

Measuring range 0 100% RH

Frequency ranges from some kHz
up to hundreds kHz

Accuracy up to 1 %



Humidity QuasiHumidity Quasi--Digital SensorsDigital Sensors
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Chemical, Gas andChemical, Gas and BiosensorsBiosensors

Sensors arrays (electronic noses and tongues)

Square wave with a frequency inversely
proportional to the sensor resistance

Sensors Array based on chemisorbing polymer

3838 International Frequency Sensor Association ● www.sensorsportal.com

films

Acoustic gas sensor based on a gas-filled cell

Quartz Crystal Microbalance (QCM) sensors

SAW and bulk acoustic wave sensors



Magnetic SensorsMagnetic Sensors

HAL810, HAL819 – Hall sensors with PWM output
form Micronas;

MS2G period output sensor from Bartington

FGM-series Magnetic Field Sensors with period
output from Speake & Co Llanfapley
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output from Speake & Co Llanfapley

High resolution CMOS magnetic field to frequency
converter with frequency difference on its output *

* Shr-Lung Chen, Chien-Hung Kuo, and Shen-Iuan Liu, CMOS
Magnetic Field to Frequency Converter, IEEE Sensors Journal, Vol.3,
No.2, April 2003, pp.241-245



Open channel
Differential pressure
Variable area
Positive displacement
Vortex
Electromagnetic

Flow Sensor TypesFlow Sensor Types
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Electromagnetic
Coriolis
Insertion thermal mass
Ultrasonic
Turbine
MEMS



Flow SensorsFlow Sensors
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Level SensorsLevel Sensors
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Position SensorsPosition Sensors

- Temposonics LD absolute linear position
sensor (MTS Systems Corporation)
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Proximity SensorsProximity Sensors

Bi8-M18-LF10 from Hans Turck GmbH
& Co

SIMATIC PXS240 ultrasonic sensor
(Siemens)
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(Siemens)

SIMATIC PXS200 sonar sensor
(Siemens)

UC 80 CND 40 (Carlo Gavazzi)



Torque TransducersTorque Transducers
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Multiparameters SensorsMultiparameters Sensors

Color sensor (TU Delft, The Netherlands):
frequency is proportional to optical intensity
(luminance) and duty-cycle is proportional to
colour (chrominance)
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Pressure and temperature sensors

Humidity and temperature sensors
(transmitters) from E+E Elektronik, Bitron,
etc.



Other SensorsOther Sensors

Load Cells (iLoad Mini from Loadstar
Sensors)

Tilt sensors with PWM outputs

Conductivity sensor SBE4 with frequency
output

Rain detector HD 2013.2, Delta OHM
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Rain detector HD 2013.2, Delta OHM

Frequency output anemometers A100L2,
A100M, A100K, Vector Instruments

Power transducer XD303F with pulse
number output



QuasiQuasi--Digital Sensors: SummaryDigital Sensors: Summary

There are many quasi-digital sensors and
transducers for any physical and chemical,
electrical and non electrical quantities

Various frequency-time parameters of signals
are used as informative parameters: fx, Tx,
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are used as informative parameters: fx, Tx,
D.C., PWM, T, x, etc.

The frequency range is very broad: from some
parts of Hz to some MHz

Relative error up to 0.01% and better



Electronic Component (1905)Electronic Component (1905)
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VVacuumacuum valvevalve



Electronic Component (1947)Electronic Component (1947)
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TransistorTransistor



Electronic Component (1963)Electronic Component (1963)

5151 International Frequency Sensor Association ● www.sensorsportal.com

Operational amplifierOperational amplifier



Electronic Component (1974)Electronic Component (1974)
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AnalogAnalog--toto--digital converterdigital converter



Electronic Component (2004)Electronic Component (2004)
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FrequencyFrequency--toto--digital converterdigital converter



Integrated FDCsIntegrated FDCs

USP-30 one-chip specialized microprocessor (1980)

IC of ALU for time interval measurements (1989)

K512PS11 - frequency-to-digital converter (1990)

USIC - universal sensor interface chip (1996)

Single-chip (FPGA) interpolating time counter
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Single-chip (FPGA) interpolating time counter

ASIC of single channel frequency-to-digital converter
(1999)

Frequency-to-digital converter from AutoTEC

Time-to-Digital Converter (TDC) from Acam-
messelectronic GmbH



USPUSP--3030 Microprocessor

48-pin one-chip specialized microprocessor (USSR)

It works in a pipeline mode

Measuring modes: frequency, period, time interval,
pulse width and count pulse number
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pulse width and count pulse number

Narrow frequency range: from 0.1 Hz to 100 kHz

High power consumption



ALUALU for Time Intervals (USSR)for Time Intervals (USSR)

The absolute accuracy T=  33 ns at the
reference frequency f0=30 MHz

Standard counting method for frequency
measurements and indirect counting
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measurements and indirect counting
methods for time interval

High power consumption

Low functional possibilities



FrequencyFrequency--toto--Digital ConverterDigital Converter

K512PS11K512PS11

42-pin CMOS IC (USSR)

Two modes: single conversion and multiple
conversion

Parallel 16-bit digital output
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Parallel 16-bit digital output

Based on the indirect counting method with
interpolation and standard counting method

Maximum converted frequency fx max = 1 MHz
reference frequency fo=10 MHz



Universal Sensor Interface ChipUniversal Sensor Interface Chip

(USIC)(USIC)

CMOS IC (UK)

80-pin QFP pack

Frequency and pulse width measurement
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Frequency and pulse width measurement

Maximum converted frequency fx max = 1 MHz

RS232/485 interface



Single-Chip Interpolating Time
Counter

FPGA-based 84-pin IC

Resolution 200 ps with a further development to
150 ps

Based on the classical method for time interval
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Based on the classical method for time interval
measurement with interpolation

Maximum possible time interval 43 s

A few measuring functions



FrequencyFrequency--toto--Digital ConverterDigital Converter
fromfrom AutoTECAutoTEC

IC based on the FPGA from Xilinx

Reference frequency fo=1 MHz

Frequency range is from 35 Hz to 24 kHz
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Frequency range is from 35 Hz to 24 kHz

Absolute error:  5 Hz (0.2 % FS error)



ASIC Based Single Channel FDCASIC Based Single Channel FDC

One channel

Frequency range from 100 Hz to 100 kHz

Frequency measurement accuracy is 0.1 %
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16-bit bus output

Hybrid technique for frequency measurement



TimeTime--toto--Digital Converters (TDC)Digital Converters (TDC)

CMOS ICs provide frequency, time and phase
measurement

TDCTDC--GP1:GP1: 2-channel; resolution 125 ps; measurement
range of maximum 200 ms, 44-pin, 500 kHz – 35 MHz
reference frequency; 8-bit bus interface

TDCTDC--GP2:GP2: resolution 50 ps; SPI interface; measurement
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TDCTDC--GP2:GP2: resolution 50 ps; SPI interface; measurement
range 3.5 ns  1.8 s

TDCTDC--GP21GP21: 2-channel; resolution 90 ps, 45 ps, 22 ps
measurement range is 500 ns to 4 ms; 4-wire SPI bus;
QFN 32 package

TDCTDC--GPX:GPX: resolution 10 – 81 ps; measurement range
10 ns  10 s



ICs DisadvantagesICs Disadvantages

All ICs except TDCs are based on conventional
methods of measurement, hence, quantization
error is dependent on measurand frequency fx ,
many of ICs have redundant conversion time

They cannot be used with all existing modern
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They cannot be used with all existing modern
frequency-time domain sensors due to low
accuracy or/and narrow frequency ranges

They do not cover all frequency–time informative
parameters of electric signals



Universal FrequencyUniversal Frequency--toto--DigitalDigital
Converter (UFDCConverter (UFDC--1)1)

Low cost digital IC with programmable
accuracy

2 channels, 16 measuring modes for
different frequency-time parameters and
one generating mode

6464 International Frequency Sensor Association ● www.sensorsportal.com

one generating mode
(fosc/2 = 8 MHz)

Based on four patented novel
conversion methods

Should be very competitive to ADC
and has wide applications



FeaturesFeatures

Frequency range from 0.05 Hz up to
7 MHz without prescaling and 112 MHz
with prescaling
Programmable accuracy (relative error)
for frequency (period) conversion from
1 up to 0.001 %
Relative quantization error is constant
in all specified frequency range
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in all specified frequency range
Non-redundant conversion time
Quartz-accurate automated calibration
RS-232/485, SPI and I2C interfaces



UFDCUFDC--1 Block Diagram1 Block Diagram
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Measuring ModesMeasuring Modes

Frequency, fx1 0.05 Hz – 7MHz directly and up to
112 MHz with prescalling

Period, Tx1 150 ns – 20 s

Phase shift, x 0 - 3600 at fx  300 kHz

Time interval between start- and stop-pulse,
x 2.5 s – 250 s
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x 2.5 s – 250 s

Duty-cycle, D.C. 0 – 1 at fx  300 kHz

Duty-off factor, Q 10-8 – 8.106 at fx  300 kHz

Frequency and period difference and ratio

Rotation speed (rpm) and rotation acceleration

Pulse width and space interval 2.5 s – 250 s

Pulse number (events) counting, Nx 0 – 4.109



UFDCUFDC--1 Master Mode1 Master Mode
(RS232)(RS232)
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UFDCUFDC--1 Slave Mode1 Slave Mode
(RS232)(RS232)
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UFDCUFDC--1 SPI Interface Connection1 SPI Interface Connection
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UFDCUFDC--1 I1 I22C Bus ConnectionC Bus Connection
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Evaluation Board Circuit DiagramEvaluation Board Circuit Diagram
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Development BoardDevelopment Board
EVALEVAL--UFDC1/UFDCUFDC1/UFDC--1M1M--1616
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Fast IC UFDCFast IC UFDC--1M1M--1616

Frequency range: 1 Hz to 7.5
MHz (120 MHz with
prescaling)

Internal reference frequency
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Internal reference frequency
16 MHz

Non-redundant conversion
rate: from 6.25 s to 6.25 ms



Software (Software (Terminal V1.9b)Terminal V1.9b)
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LabView Based SoftwareLabView Based Software
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External Reference (Example)External Reference (Example)

7777 International Frequency Sensor Association ● www.sensorsportal.com

10 MHz to 51.84 MHz integrated generator from Maxim for highly
accurate timing applications provides ±1 ppm (0.0001 %)

frequency stability over the -40 0C to +85 0C industrial
temperature range



UFDCUFDC--1 Packages1 Packages
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Universal Sensors andUniversal Sensors and
Transducers Interface (USTI)Transducers Interface (USTI)

All UFDC’s modes plus a frequency deviation
(absolute and relative) measuring mode

Improved metrological performances: extended
frequency range up to 9 MHz (144 MHz with
prescaling), programmable relative error up to
0.0005 %, etc.
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0.0005 %, etc.

Two channel measurements for every parameters

Improved calibration procedures

Resistance, capacitance and resistive bridge
measuring modes

Can also contain a TEDS in its flash memory



USTI Block DiagramUSTI Block Diagram
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ComparisonComparison PerformancesPerformances
of UFDCof UFDC--1 and USTI1 and USTI

ParameterParameter UFDCUFDC--11 USTIUSTI

Programmable relative error, % ± (1…0. 001) ± (1…0. 0005)

Maximal frequency range, MHz
- without prescaling
- with prescaling

7.5
120

9
144

Reference frequencies, MHz 0. 5 / 16 0. 625 / 20
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Reference frequencies, MHz 0. 5 / 16 0. 625 / 20

Generating mode, MHz 8 10

Frequency deviation
measurement mode

No Yes

TEDS Support No Yes

2-channel conversion for
Frequency and

period
All parameters

Number of measuring modes 16 26

*For custom design IC



USTI Evaluation Board PrototypeUSTI Evaluation Board Prototype
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Evaluation Board Circuit DiagramEvaluation Board Circuit Diagram
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USTI RS232 Interface (Master)USTI RS232 Interface (Master)
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USTI RS232 Interface (Slave)USTI RS232 Interface (Slave)
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USTI IUSTI I22C InterfaceC Interface
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USTI SPI InterfaceUSTI SPI Interface
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Experimental ResultsExperimental Results
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1 6 11 16 21 26 31 36 41 46 51 56 61

N

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57

N

99999

99999,2

99999,4

99999,6

99999,8

100000

100000,2

100000,4

100000,6

100000,8

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57

N

fx, Hz



Statistical CharacteristicsStatistical Characteristics

ParameterParameter ValueValue

9 MHz9 MHz 1 MHz1 MHz 100 kHz100 kHz

Number of measurements,Number of measurements, NN 65 60 60

MinimumMinimum ffxx (min), Hz(min), Hz 9000032.48 999997.488 99999.5635

MaximumMaximum ffxx (max), Hz(max), Hz 9000038.73 1000003.74 100000.563

Sampling Range,Sampling Range,
ffxx (max)(max)-- ffxx (min), Hz(min), Hz

6.2515 6.2515 1
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MedianMedian 0 0 0

Arithmetic Mean, HzArithmetic Mean, Hz 9000035.42 1000003.05 100000.146

VarianceVariance 2.405 3.1488 0.0692

Standard DeviationStandard Deviation 1.5508 1.7745 0.2631

Coefficient of VariationCoefficient of Variation 5803428.66 563543.777 380129.039

Confidence Interval atConfidence Interval at
probabilityprobability PP = 97 %= 97 %

fx є [9000035 
9000035.83]

fx є [1000002.55 
1000003.54]

fx є [100000.073 
100000.22]

Relative error, %Relative error, % 0.00039 < 0.00050 0.00030 < 0.00050 0.00014 < 0.00050



DutyDuty--Cycle for Input SignalCycle for Input Signal

DutyDuty--cycle,cycle,
%%

FrequencyFrequency ffxx, MHz, MHz

47.5  57.0 9

42.0  62.0 8

36.5  66.0 7
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36.5  66.0 7

32.0  71.5 6

26.0  76.5 5

20.5  80.0 4

any < 3

USTIUSTI



USTI Calibration ProcedureUSTI Calibration Procedure

>T ; set the USTI into the calibration mode

>F10002492.85 ; correction command

>F ; check the correction value in the USTI

10002492.85 ; returned correction factor
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TEST

fosc/2

I.I.

TEST

fosc/2

CalibratedCalibrated
USTIUSTI

II.II.



Temperature Drift CalibrationTemperature Drift Calibration

The USTI is working in the industrial
temperature range: – 40о C...+ 85о C

Temperature drift error can be
eliminated by the calibration in an
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eliminated by the calibration in an
appropriate working temperature
ranges



No Calibrate If:No Calibrate If:

Relative error of measurement > 0.026 %

Use a precision temperature-compensated
integrated generator ± 1 ppm frequency
stability over the -40°C to +85°C, for example,
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stability over the -40°C to +85°C, for example,
DS4026 from MAXIM

In this case a custom designed USTI should
be ordered



USTI Calibration ResultsUSTI Calibration Results

10002300
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10002100

10002200

-40 -30 -20 -10 0 10 20 30 40 50 60 70 80

Temperature, C

y = 3.10-5 x6 - 0,0025x5 + 0,0871x4 - 1,3113x3 + 6,3954x2 + 26,852x + 107;
R2 = 17,991 – squared value



Calibration ResultsCalibration Results
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30

1 MHz



USTIUSTI--EXTEXT

Extended operation temperature range
from - 55 0C to +150 0C

Similar metrological performance as
UFDC-1M-16

Wide functionality as in USTI

Increased baud rate for the RS232
serial interface: up to 76 800
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serial interface: up to 76 800

Active supply current <12 mA

32-lead, 7x7 mm TQFP and 32-pad,
5x5 mm (QFN/MLF)

Applications: automotive industry,
avionics, military, etc.



 Introduction: Definitions and Markets
 Modern Technologies
 Smart Sensors Design: Introduction
 Quasi-Digital Sensors State-of-the-art

OutlineOutline
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 Digital and Intelligent Sensors Design
 Smart Sensor Systems Integration
 Sensor System’s Error Estimation
 The Future and Summary



Digital SensorsDigital Sensors

Number of physical phenomenon, on the basis
of which direct conversion sensors with digital
outputs can be designed, is essentially limited

Angular-position encoders and cantilever-based
accelerometers – examples of digital sensors of
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accelerometers – examples of digital sensors of
direct conversion

There are not any nature phenomenon with
discrete performances changing under pressure,
temperature, etc.



AngularAngular--Position EncoderPosition Encoder
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Digital AccelerometerDigital Accelerometer
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Toshihiro Itoh, Takeshi Kobayashi, Hironao Okada, A Digital Output
Piezoelectric Accelerometer for Ultra-low Power Wireless Sensor Node, in
Proceedings of IEEE Sensors 2008, 26-29 October 2008, Lecce, Italy,
pp.542-545.



Smart Sensor Example ISmart Sensor Example I

ADC – based digital light sensor ISL29015 (Intersil)
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Integration time of 16-bit ADC: 45 … 90 ms 



Smart Sensor Example IISmart Sensor Example II

Ambient Light Sensor MAX9635 with ADC (Maxim)
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ADC’s conversion time: 97 … 100 ms 



Smart Sensor Example IIISmart Sensor Example III

Digital Ambient Light Sensor MAX44004 with ADC (Maxim)
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ADC’s conversion time (14-bit): 100 ms 



Smart Sensor Example IIISmart Sensor Example III
VFC/FDC – based digital light sensor (I):

Light-to-Voltage
Converter
ISL29102

Vx
VFC

fx
USTI I2C Bus

Smart Sensor

FDC – based digital light sensor (II):
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Conversion time in both cases at 0.01 %

relative error: 0.5 … 16 ms 

Light sensor
with frequency

output
VFC

fx
USTI I2C Bus

Smart Sensor

FDC – based digital light sensor (II):



Modern VFCsModern VFCs

There are a lot of commercially available types of integrated
VFCs to meet many requirements
(0.012 % integral nonlinearity)

Ultra-high speed 1 Hz-100 MHz VFC with 0.06 % linearity

Fast response (3 s) 1 Hz-2.5 MHz VFC with 0.05 % linearity

High stability quartz stabilized 10 kHz – 100 kHz VFC with
0.005 % linearity
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0.005 % linearity

Ultra-linear 100 kHz – 1 MHz VFC with linearity inside
7 ppm 0.0007 %) and 1 ppm resolution for 17-bit accuracy
applications

Ultra-linear 100 kHz – 1 MHz VFC with linearity inside
7 ppm 0.0007 %) and 1 ppm resolution for 17-bit accuracy
applications



A/D Converter TypesA/D Converter Types

Type Max Speed Resolution Noise
Immunity

Relative
Cost

Successive
Approximation

Medium

(10 kHz to 1 MHz)

6-16 bits Little Low

Integrating Slow

(10 Hz to 30 Hz)

12-24 bits Good Low
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(10 Hz to 30 Hz)

VFC-based Medium

(160 kHz to 1 MHz)

16-24 bits or
more

Excellent Low

Sigma-Delta Slow to Medium

(Up to 1 MHz or higher)

16 bits or
more

High Low

Flash Very Fast

(1 MHz to 500 MHz)

4-8 bits None High



Optoelectronic Sensor SystemOptoelectronic Sensor System
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Commands for RS232

Communication Mode

>A02 ;Set the relative error 0.25 %
>M00 ;Set up a frequency measurement mode in the 1st channel
>S ;Start a frequency measurement (light sensor)
>C ;Check the measurement status (‘r’-ready, ‘b’ -in progress
>R ;Read a result of frequency measurement in Hz
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>R ;Read a result of frequency measurement in Hz
>462987.345

>M0E ;Set up a frequency measurement mode in the 2nd channel
>S ;Start a frequency measurement (colour sensor)
>C ;Check the measurement status (‘r’ -ready, ‘b’-in progress
>R ;Read a result of frequency measurement in Hz
>37005.0119



Measuring Set-up
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LED Evaluation Board
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LED Evaluation Board CircuitLED Evaluation Board Circuit

DiagramDiagram
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LFC’s OscillogramsLFC’s Oscillograms
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Statistical CharacteristicsStatistical Characteristics
(( 463 kHz)463 kHz)

ParameterParameter 463 kHz463 kHz

Number of measurements, N 53

Minimum fx (min) 461653.265

Maximum fx (max) 463991.336

Sampling Range, fx (max) - fx (min) 2338.0705

Arithmetic Mean 462788.685
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Arithmetic Mean 462788.685

Variance 234229.738

Standard Deviation 483.9729

Coefficient of Variation 956.2286

Confidence interval for arithmetic mean at P=97 % 462644.42< fx < 462932.95

Relative error, % 0.014

2 – test (S) at: k=6; P = 97 % 2
max = 8.9 1.7272

Hypothesis about Gaussian distribution Accepted



Statistical Characteristics (Statistical Characteristics ( 5 Hz)5 Hz)

ParameterParameter 5 Hz5 Hz

Number of measurements, N 60

Minimum fx (min) 5.2014

Maximum fx (max) 5.6466

Sampling Range, fx (max) - fx (min) 0.4452

Arithmetic Mean 5.3899

Variance 0.0109

Standard Deviation 0.1045
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Standard Deviation 0.1045

Coefficient of Variation 51.577

Confidence interval for arithmetic mean at P=97 % 5.3606 < fx < 5.4192

Relative error, % 0.54

2 – test (S) at: k=6; P = 97 % 2
max = 8.9 6.6726

Hypothesis about Gaussian distribution Accepted



Paper Type DetectionPaper Type Detection

- Reflective type sensor
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- Transmission type sensor



Paper Thickness Sensor SystemPaper Thickness Sensor System
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1. Light sensor TSL237

2. LED

3. USTI



Measurement setMeasurement set--up for Sensorup for Sensor

System InvestigationSystem Investigation
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Sensor Output Signals atSensor Output Signals at

0.086 mm (a), and 0.217 mm0.086 mm (a), and 0.217 mm
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Experimental ResultsExperimental Results
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NonNon--Contact, Short DistanceContact, Short Distance

Measuring SystemMeasuring System
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Sensor System PrototypeSensor System Prototype
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1-Electronic digital caliper Z22855 Powerfix; 2-LTF EVM motherboard

3-TAOS LTF EVM TSL245R daughterboard; 4-Target object;

5-USTI Evaluation Board



Measurement setMeasurement set--up forup for
Experimental InvestigationExperimental Investigation
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Targeted ObjectsTargeted Objects
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a) Duraluminium surface b) Standard Calibration Reflective

Surface: 18 % reflective gray paper



Experimental ResultsExperimental Results
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Distance, mm

Measurement range, 1.5 to 215 mm
Frequency output 1.8 to 190 kHz
Resolution 0.01 mm
Response 34 Hz/0.01 mm at 75 mm
Decreased in 9.5 …38 times
measuring time in comparison with
0.25 to 1 s in standard systems



Opto Sensors SystemsOpto Sensors Systems
ApplicationsApplications

Proximity detection

Color classification systems

Oximeters

Light parameters monitoring and
control
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Water turbidity measurement

Flame control

Fluid absorption measurement

Paper handling

Exposure control

General visual process control, etc.



Low Cost Temperature SensorLow Cost Temperature Sensor
SystemSystem
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Experimental Setup andExperimental Setup and
Temperature ChamberTemperature Chamber
CTS TCTS T--40/5040/50
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Experimental ResultsExperimental Results
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DualDual--Axis InclinometerAxis Inclinometer

USTIUSTI
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Commands for USTICommands for USTI

> M04 ; Duty-cycle measurement in the 1st channel

> S ; Start measurement

> R ; Read result

130130 International Frequency Sensor Association ● www.sensorsportal.com

> M14 ; Duty-cycle measurement in the 2nd channel

> S ; Start measurement

> R ; Read result



Experimental Set UpExperimental Set Up
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Calibration Set UpCalibration Set Up

Inclinometer

0-3600 calibration
scale-disc

132132 International Frequency Sensor Association ● www.sensorsportal.com

Laser level
HG 909A



Experimental ResultsExperimental Results
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Statistical CharacteristicsStatistical Characteristics

ParameterParameter
ValueValue

XX--AxisAxis YY--AxisAxis

Number of measurements,Number of measurements, NN 60 60

MinimumMinimum D.C.D.C. (min)(min) 0.1756 0.4923

MaximumMaximum D.C.D.C. (max)(max) 0.1759 0.4926

Sampling Range,Sampling Range,
D.C.D.C. (max)(max)-- D.C.D.C. (min), Hz(min), Hz

0.0003 0.0002

MedianMedian 0 0
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MedianMedian 0 0

Arithmetic MeanArithmetic Mean 0.1757 0.4925

VarianceVariance 2.8E-9 2.9E-9

Standard DeviationStandard Deviation 0.0001 0.0001

Coefficient of VariationCoefficient of Variation 3296.8533 9204.0289

Relative error, %Relative error, % 0.11 0.041

22 –– test (S) at: k=5;test (S) at: k=5; PP = 97 %= 97 % 22
maxmax = 7.0= 7.0 6.1584 4.084

Hypothesis about Gaussian distributionHypothesis about Gaussian distribution S < 2
max (accepted) S < 2

max (accepted)



Output Signal vs. AngleOutput Signal vs. Angle
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QCM Sensor System: Example 1QCM Sensor System: Example 1

USTIUSTI
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>M06 ; Frequency difference measurement initialization
>A0A ; 0.0005 % conversion relative error set up
>S ; Start a measurement
>R ; Read a result
7054.07537 ; Measurement result indication



QCM Sensor System: Example 2QCM Sensor System: Example 2

QCM Sensor

Based Oscillator
RS-232Fx 1

UFDC-2fx

DAQ System

PC

USTIUSTI
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>M13 ; Frequency deviation measurement in the1st channel
>A0A ; Absolute deviation measurement, 510-4 % relative error
>E7000000.34; Set the reference frequency fref (Hz)
>S ; Start a measurement
>R ; Read a result
6000.7824 ; Measurement result indication

PC



R, C and Resistive Bridge SensingR, C and Resistive Bridge Sensing
ElementsElements

100 g mx

33--Signal Calibration Technique:Signal Calibration Technique:
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5 55 25

The scale is linear. Calculate mx



Mode of FunctioningMode of Functioning

USTI converts resistance, capacitance and
resistive bridge signals to time intervals, and
then to digital

Signal conversion is carried out according to
the linear law:
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the linear law:

,MSkM offii 

where Si is the output sensor’s signal, k and Moff are
parameters of measuring converter



Method of MeasurementMethod of Measurement

USTI operates in condition of auto-
calibration, that is base on a
3-phase differential method of
measurement

offoff MM 

offrefref MSkM 
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Three signals: S1 = 0, S2 = Sref and
S3 = Sx (zero, reference and
measurand) during one cycle

offxx MSkM 



Resistive Sensing ElementsResistive Sensing Elements

Resistive sensing elements are widely
used in various physical and chemical
sensors and transducers for gas,
temperature, humidity, distance, etc.

They have a wide measurement ranges:
from tens  to several M
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Existing ICs, ASICs or µC-based solutions
have low accuracy or/and narrow
measurement range

No any universal solution for both:
resiatance-to-digital or resistance-to-
frequency (or time interval)-to-digital
conversion did exist



Direct Resistive Sensing ElementDirect Resistive Sensing Element

InterfacingInterfacing

c

offref

offx
x R

NN

NN
R 






cR

002.0
C 
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cR

C2200T 

xc RR 

R0 ≈ 300 … 600 Ω.



Charging TimeCharging Time

The time interval can be
measured in a wide
measuring range:


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from 2 s to 250 s.

The quantization error:

100
tf

1

x0

x 


 , %



Oscillograms of ThreeOscillograms of Three--pointpoint
Calibration TechniqueCalibration Technique
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RRxx=1006.5 Ω; R=1006.5 Ω; Rcc=604.02 Ω; C= 3 μF and R=604.02 Ω; C= 3 μF and R00=328.63 Ω (a);=328.63 Ω (a);
and Rand Rxx=10 237 000 Ω (b)=10 237 000 Ω (b)

(a) (b)



>M10 ; Set up a resistance Rx measurement mode
>E263000.0 ; Set the reference value Rc =263 k
>W1B ; Set the charging time 100 ms
>S ; Start measurement

USTIUSTI CCommandsommands for Resistivefor Resistive
Measurement (RS232 Interface)Measurement (RS232 Interface)
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>S ; Start measurement
>C ; Check the measurement status:
r ; Returns ‘b’-if in progress; ‘r’-if ready
> R ; Read result in 



Experimental ResultsExperimental Results
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N=100

4.0
max 25.1 nk 



Relative Error vs. Charging TimeRelative Error vs. Charging Time
atat RRxx = 2 043= 2 043 300300 
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USTIUSTI CCommandsommands for Frequencyfor Frequency

Measurement, RS232, Slave ModeMeasurement, RS232, Slave Mode

> A09 ; Set up the relative error 0.001 %
> M00 ; Frequency measurement in the 1st channel
> S ; Start measurement
> C ; Check in the result is ready
r ; Returns ‘b’-if in progress; ‘r’-if ready
> R ; Read result

148148 International Frequency Sensor Association ● www.sensorsportal.com

> R ; Read result
100000.07507

> M04 ; Duty-Cycle measurement in the 2nd channel
> S ; Start measurement
> C ; Check in the result is ready
r ; Returns ‘b’-if in progress; ‘r’-if ready
> R ; Read result



Comparative ResistanceComparative Resistance
Measurement ResultsMeasurement Results
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Metrological PerformanceMetrological Performance

Measuring range: 10  …10 M

Average relative error:  0.47 %

± 0.01 % relative error at splitting of
the range of into sub ranges
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the range of into sub ranges

Can work with any known
resistance-to-time or resistance-to-
frequency converters



Capacitive Sensing ElementsCapacitive Sensing Elements

Capacitive sensing elements are widely
used in humidity, level, pressure,
acceleration, position, proximity, chemical
sensors, biosensors and transducers
They have a wide measurement ranges:
from tens pF to hundreds pF
Existing ICs, ASICs or µC-based solutions
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Existing ICs, ASICs or µC-based solutions
have low accuracy or/and narrow
measurement range
No any universal solution for both:
capacitance-to-digital or capacitance-to-
frequency (or time interval)-to-digital
conversion did exist



Integrated CapacitanceIntegrated Capacitance--toto--DigitalDigital
ConvertersConverters
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Direct Capacitance SensingDirect Capacitance Sensing

Element InterfacingElement Interfacing

ref

offref

offx
x C

NN

NN
C 






002.0
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refC

002.0
R 

C2200T 



> M11; Capacitance measurement mode
> E0.00000000012543; Reference set up Cref =125.43 pF
> W00; Set up the charging time constant number (100 s)
> S; Start Measurement

USTIUSTI CCommandsommands for Capacitancefor Capacitance
Measurement (RS232 Interface)Measurement (RS232 Interface)
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> S; Start Measurement
> C; Check the measurement status: b-in progress; r-ready
> R; Get the result

0.00000000015222; Measuring result Cx = 152.22 pF



Oscillograms of ThreeOscillograms of Three--pointpoint
Calibration TechniqueCalibration Technique
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152.22 pF measurement 257 pF measurement



Experimental ResultsExperimental Results

Cx=152.22 pF at
Cref=125.43 pF and
R=20 M
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Cx=1.9279 F at
Cref=1.9286 F and
R=99 



Comparative CapacitanceComparative Capacitance
Measurement ResultsMeasurement Results
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Capacitance MeasurementCapacitance Measurement
PerformancePerformance

Table 1. Comparative capacitance measurements results for PICOMETER [5] and USTI.

Capacitance measurement range from
50 pF to 100 F.

Average relative error  0.036 %

Worst case relative error for reported
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Worst case relative error for reported
results is not more than  0.7 %

Can work with any known capacitance-
to-frequency converters



ResistiveResistive--bridge Sensorsbridge Sensors

A Wheatstone bridge is widely used to
convert the resistance variation of
sensors, related to the physical
quantity, into a voltage or current

A lot of manufacturers produce
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A lot of manufacturers produce
resistive-bridge sensors

In such sensors systems output bridge
voltages should be converted into digital



A Wheatstone bridge is widely used to
convert the resistance variation of
sensors, related to the physical
quantity, into a voltage or current

A lot of manufacturers produce

ResistiveResistive--bridge Sensorsbridge Sensors
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A lot of manufacturers produce
resistive-bridge sensors

In such sensors systems output bridge
voltages should be converted into digital



BridgeBridge--voltagevoltage –– toto –– DigitalDigital
ConversionConversion

ADC (18-, 20-, 24-bit) plus reference,
amplifier and filter

Microcontroller with embedded ADC
plus multiplexer, operation amplifier and
6 external passive components
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6 external passive components

Direct resistive-bridge sensors – to –
microcontroller interface

Integrated sensor signal conditioners for
resistive-bridge sensors



Sensor Signal ConditionersSensor Signal Conditioners

Type Resolution, bit Output Notices

ZMDI

ZMD21013 - SPI 3 channel sensor bridge

ZMD31010 14 ZACwire serial 1-wire Offset and gain compensation

ZMD31014 14 I2C and SPI 14-bit resolution

ZMD31015 14 Digital 1-wire 12-bit resolution

ZMD31020 12 I2C Piezo-resistive bridge sensor types
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ZMD31030 12 PWM, LIN compatible Sample rate 100 Hz

ZMD31035 12
Digital 1-wire, LIN
compatible protocol

Piezo-resistive bridge sensor types

ZMD31050 9 to 15 PWM, I2C, SPI, ZACwire Additional analog outputs

ZMD31150 13 to 16 ZACwire and I2C Sensor specific correction

Smartec

UTI03 13 to 14 Period modulated output
Resistive bridges 250  - 10  with
maximum imbalance ± 4 % or ± 0.25 %



Task DefinitionTask Definition

Often, a resistance variation is converted
into a frequency in remote applications

Multiparametric applications: frequency is
related to the fractional bridge unbalance
and duty-cycle is function of overall
sensor bridge resistance
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sensor bridge resistance

No one existing integrated converter for resistive bridge
sensors can work with both: resistive-bridge sensing
elements, frequency and duty-cycle signal conditioners’
outputs



Conversion MethodConversion Method

Resistive sensor bridge is considered as a
resistor network with 3 inputs and 1 output

Capacitor connected to the bridge output is
charged/discharger and it yields three different
time intervals
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time intervals

Fractional resistance change for each bridge
arm should be calculated as:

2

31

t

tt
x






Sensor Bridge InterfacingSensor Bridge Interfacing
Circuit DiagramCircuit Diagram

aR
C

002.0

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aR

C2200T 



USTIUSTI CCommandsommands for Resistivefor Resistive
Bridge Measurements (RS232)Bridge Measurements (RS232)

>M12 ; Set up a resistance-bridge Bx measurement mode

>W12 ; Set the charging time 20 ms

>S ; Start measurement

>C ; Check the measurement status:
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>C ; Check the measurement status:

r ; Returns ‘b’-if in progress; ‘r’-if ready

> R ; Read result

0.006005379986



Oscillograms at CHRGOscillograms at CHRG

Output PinOutput Pin
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(a) (b)

C=1 F , charging time 2 ms (a) C=2 F , charging time 4 ms (b)



Experimental Results I:Experimental Results I:
Strain Gauge EmulatorStrain Gauge Emulator
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(VISHAY)



XX Changes Through the StrainChanges Through the Strain

Gage Measuring RangeGage Measuring Range
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Statistical CharacteristicsStatistical Characteristics

Parameter
Value

x (0 ) x (99900 )

Number of measurements,
N

60 60

Minimum Rx (min) 0.0016 0.0954

Maximum Rx (max) 0.0021 0.0959

Sampling Range,
Rx (max) - Rx (min)

0.0005 0.0005
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x x

Median 0 0

Arithmetic Mean 0.0019 0.0957

Variance 9.5E-0009 1.4E-0008

Standard Deviation 0.0001 0.0001

Coefficient of Variation 19.5202 803.946

2 – test (S) at: k=6;
P = 97 % 2

max = 8.9
2.2572 5.354

Hypothesis about Gaussian
distribution

Accepted Accepted



Experimental Results II:Experimental Results II:
Differential Pressure Sensor SeriesDifferential Pressure Sensor Series
SX30GD2 (SX30GD2 (HoneywellHoneywell))
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Statistical CharacteristicsStatistical Characteristics

Parameter
x (p = 0 psi)

With Schmidt trigger Without Schmidt trigger

Number of measurements, N 100 100

Minimum Rx (min) 0.0053 0.0058

Maximum Rx (max) 0.0065 0.0062

Sampling Range,
Rx (max) - Rx (min)

0.0012 0.0004

Median 0 0

Arithmetic Mean 0.005757267 0.006041671
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Variance 1.0E-0007 6.6E-0009

Standard Deviation 0.0003 0.0001

Coefficient of Variation 17.805 74.3148

Confidence interval for
arithmetic mean
at P=97 %

0.0057 < x < 0.0058 0.006 < x < 0.0061

Relative error, % 0.87 0.83

2 – test (S) at: k=8;
P = 97 % 2

max = 12
57.0539 7.4373

Hypothesis about uniform
distribution

Not accepted Accepted



USTI FeaturesUSTI Features

USTI can work with various resistive bridge
sensors that do not include any internal
components other than the arms

Converter can also work with any known
resistance-bridge – to - frequency or to - duty-
cycle converters, industrial sensor signal
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cycle converters, industrial sensor signal
conditioners and interfaceing circuits with PWM
and period-modulated outputs

USTI supplies 3 channels: one for passive
resistive bridges and two for resistance-bridge
– to - frequency or to - duty-cycle converters



DAQ SystemsDAQ Systems
and Modulesand Modules

Time/Frequency Counter
2X00 (Vigo System S.A.,

Picosecond Timing
System (EOS Optronics,
GmbH, Germany)
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BI200 Time Interval
Analyzer (Brilliant
Instruments, Inc., USA)

2X00 (Vigo System S.A.,
Poland)



DAQ Systems FeaturesDAQ Systems Features

More or less good maximum
frequency range fxmax

Excellent number of channels
(up to 32)

Low accuracy due to use of
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Low accuracy due to use of
classical methods for frequency
measurement

Mostly satisfy programmers (due to
software and drivers) but not
metrologist



DAQDAQ SSystem withystem with TTimeime--DDivisionivision
CChannelinghanneling
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)( 21 delaydelaymeasTn  



DAQDAQ SSystem withystem with CCombinedombined
SSpacepace-- andand TTimeime--divisiondivision
CChannelinghanneling
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USTIUSTI CCommandsommands for Frequencyfor Frequency

Measurement, RS232, Slave ModeMeasurement, RS232, Slave Mode

> A0A ; Set up the relative error 0.0005 %
> M00 ; Frequency measurement in the 1st channel
> S ; Start measurement
> C ; Check in the result is ready
r ; Returns ‘b’-if in progress; ‘r’-if ready
> R ; Read result
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100000.07507

> M0E ; Frequency measurement in the 2nd channel
> S ; Start measurement
> C ; Check in the result is ready
r ; Returns ‘b’-if in progress; ‘r’-if ready
> R ; Read result
0.0500085968



> M11 ; Capacitance measurement mode
> E0.00000000012543 ;Set up Cref =125.43 pF
> W00 ; Set up the charging time (100 s)
> S ; Start Measurement
> C ; Check the measurement status:
r ; Returns ‘b’-if in progress; ‘r’-if ready
> R ; Read result
0.000000000155

USTIUSTI CCommandsommands for RCfor RC
Measurement, RS232Measurement, RS232
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0.000000000155

>M10 ; Set up a resistance Rx measurement mode
>E263000.0; Set the reference value Rc =263 k
>W1B ; Set the charging time 100 ms
>S ; Start measurement
>C ; Check the measurement status:
r ; Returns ‘b’-if in progress; ‘r’-if ready
> R ; Read result
569001.008956



UFDCUFDC--1/USTI and Analog Signal1/USTI and Analog Signal
DomainDomain

RS232/485RS232/485

SPISPI

Voltage (V)Voltage (V)

oror VFCVFC
ffxx, Hz, Hz

DigitalDigital
OutputOutput

SS
ee
nn
ss
oo
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Any Voltage-to-Frequency Converter (VFC) can be used to convert an
analog signal to quasi-digital (frequency) signal

II22CCCurrent (I)Current (I)
oo
rr
ss



DAQ Board PrototypeDAQ Board Prototype
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Experimental ResultsExperimental Results
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 Introduction: Definitions and Markets
 Modern Technologies
 Smart Sensors Design: Introduction
 Quasi-Digital Sensors State-of-the-art

OutlineOutline
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 Digital and Intelligent Sensors Design
 Smart Sensor Systems Integration
 Sensor System’s Error Estimation
 The Future and Summary



Smart System IntegrationSmart System Integration

EPoSSEPoSS – The European Technology
Platform on Smart Systems
Integration

3SI3SI - The European Technology
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3SI3SI - The European Technology
Platform on Smart Sensor Systems
Integration



SoP and SiPSoP and SiP

Digital
Output

Sensing
Element 1

Sensing
Element 2

Sensing
VFC

UFDC or
USTI

(Core)

TEDS
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Sensing
Element 3

VFC

Sensors and
sensing elements



System-in-Package

fo

MEMS Oscillator

Universal Frequency-to-
Digital Converter

Bus
Output

Sensors system does not
require any external time or
frequency references

UFDC lets solve problems with
the interface circuit design and
additional circuitry for MEMS
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fx1

Digital Converter

fx2

MEMS
Sensor 1

MEMS
Sensor 2

Output

SiP

additional circuitry for MEMS
oscillators in order to increase
its short frequency stability



 Introduction: Definitions and Markets
 Modern Technologies
 Smart Sensors Design: Introduction
 Quasi-Digital Sensors State-of-the-art

OutlineOutline
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 Digital and Intelligent Sensors Design
 Smart Sensor Systems Integration
 Sensor System’s Error Estimation
 The Future and Summary



Measuring ChannelMeasuring Channel

SensorSensor VFCVFC UFDCUFDC--11

Measuring ChannelMeasuring Channel

 , %  , % - quantization error

Relative Error’s Components:
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s, % VFC, %
q, % - quantization error

o, % - reference error

Main considerations:Main considerations:

• UFDC’s relative error (q) must be in one order less (or at the
lease in 5 times less than the sensor’s error)

• The reference error for calibrated UFDC-1 is o=0.00001 %



Error SummationError Summation

oqVFCs 

,2222 

- an overestimation in 2-4 times !
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,2
o

2
q

2
VFC

2
s 

0qVFCs ,,, where are the root-mean-square deviations

of appropriate components of error



IInputnput DDataata

Error’s
Component

Relative Error,

%

Distribution Law Root-mean Square
Deviation, %

Sensor’ error s
* Normal (Gaussian)

VFC’s error VFC
* Normal (Gaussian)

3.2
VFC

VFC




3.2
s

s




190190 International Frequency Sensor Association ● www.sensorsportal.com

Quantization
error

q
** Triangular

(Simpson’s)

Reference error 0 = 0.00001 Uniform

3
0

0




3.2
VFC

6

q

q




* - should be found in data sheets

** - should be chosen according to the consideration



Output DataOutput Data

2
o

2
q

2
VFC

2
s 

   64.1 - for up to 3 components at p=0.9

  96.1
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   96.1 - for 4 components and more at p=0.95

The distribution law of resulting error should be accepted as close
to the normal (Gaussian) distribution



ExampleExample

A sensor system consist of an analog pressure sensor, for example, Type 740C with
the voltage output (0-10 V) and full scale error s = 0.1 % ; a voltage-to-frequency
converter (μ 2.0 Series from Canopus Instruments), with the relative error VFC <
0.1 %, and non-calibrated UFDC-1 IC with the 30 ppm (fo = 0.003 %) low cost

quartz crystal oscillator form Siward Crystal Technology Co., Ltd.
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Calculations and ResultCalculations and Result


2222 0017.00041.0051.0051.0

0723.000522.00000029.0000017.00026.00026.0 

%142.096.10723.096.195.0   
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95.0 

The confidence interval for the total sensor system’s error with
probability P=0.95 is 0.95 [- 0.142 % … + 0.142 %].



 Introduction: Definitions and Markets
 Modern Technologies
 Smart Sensors Design: Introduction
 Quasi-Digital Sensors State-of-the-art

OutlineOutline
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 Digital and Intelligent Sensors Design
 Smart Sensor Systems Integration
 Sensor System’s Error Estimation
 The Future and Summary



FrequencyFrequency--toto--Digital ConverterDigital Converter
with Parallel Interface (FDCP)with Parallel Interface (FDCP)

Fully digital, low-power CMOS IC

Non-Redundant conversion time 6.7 s to
1.6.ms

One generating output (fo=32 MHz
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One generating output (fo=32 MHz

64-lead TQFP package 14  14 mm

Parallel output: two 16-bit words Nx and Nr

Slave communication mode

0f
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N
f
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x
x  ,

0fN

N
T

x

r
x






FDCP Metrological Performance andFDCP Metrological Performance and
Electrical CharacteristicsElectrical Characteristics
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FDCP interfacing with the DSCFDCP interfacing with the DSC

TMS320F28335TMS320F28335
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USTIUSTI--WSNWSN

Cost-effective Sensor Nodes for Wireless Sensor Networks

SENSORCOMM 4: Tuesday, 21 August, 10:30 - 12:15
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SENSORCOMM 4: Tuesday, 21 August, 10:30 - 12:15



SummarySummary

In order to overcame technological limitations it is
necessary to move from traditional analog
(V, I) informative parameters to frequency-time
parameters, and implement as much system
components as possible in digital or quasi-digital
form
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form
Digital and intelligent sensors and sensor systems
with high metrological performances can be
designed based on on-shelf electronics components
and low cost



ReadingReading
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Questions & AnswersQuestions & Answers
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