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

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

Global Smart Sensors Market to reach US$ 6.7 billion by
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 capabillities
and embedded processing.
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Smart Sensor Definition

Sensors: ‘Smart’ vs. ‘Intelligent’
‘Smart’ relates to technological aspects

‘Intelligent’ relates to intellectual aspects

Smart 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 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 ?
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Sensor Survey 2010

m Smart sensors and systems
Sensors networks

m Physical sensors

m Biosensors

m Nanosensors

m Chemical sensors
Sensors interfaces

m Other

What is your topic of interest ?
(Sensors & Transducers Magazine, 520 respondents)
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Sensor Types Divided According to
Outputs

Quasi-digital

450/ N
1970 .
\
~__ Analog
Digitali _,/'/f - 50%
35%

International Frequency Sensor Association (IFSA),
Study, 2011

7 International Frequency Sensor Association « www.sensorsportal.com [



Digital Output Sensors

1

. N

1

1 Serial interfaces RS232/485/422, USB

0 : :

X Binary Parallel interfaces (8-, 16-, 32-bits)
code Sensor buses: SPI, [12C, CAN, SMBus,

1 LIN, etc.

1

1

o 1011100101 [ Binary code
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Analog and Quasi-Digital 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

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

~Tren
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Quasi-Digital Sensors

Quasi-digital sensor 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. Frequency
Output

4 A V2
V(t) V(t)
Vi 4 5V (4 Bar)
2.5V (2 Bar)
a b
(a) V, <V, (b)
T,,= 1/,
V() T,=1/1, V(O « » (4Barn)
(2 Bar)
(a) (b)
Txl > Tx2 ! 1Exl < 1:x2
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Quasi-Digital Sensors: Types

Period
Pulse Number 1% Phase-shift
Duty-cycle 3% / 1%
9% T //
PWM i
16%

Frequency
70%

International Frequency Sensor Association (IFSA),
Study 2011
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Informative Parameters

T =17 1y

»

i

* Duty-cycle: D.C.= /T,
* Duty-off factor: 1/D.C. = T, /t,

* PWM signal: t4/t; ratio at T, = constant
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Smart Sensors Technologies
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System-in-Package (SiP)
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Hybrid technologies

|C-compatible 3D micro-
structuring

System-on-Chip (SoC)
System-in-Package (SiP)
45 nm CMOQOS process
(STMicroelectronics, CMP)

40 nm CMOS process, (TSMC,
Europractice)

32 nm CMQOS process
28 nm CMOS process



Technological Limitations
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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

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
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Frequency Advantages
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High Noise Immunity

High Power Signal

Wide Dynamic Range

High Reference Accuracy
Simple Interfacing

Simple Integration and Coding
Multiparametricity
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Smart Sensors Systems Design
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Smart Sensors Design

BUS - Classical approach

BUS

- Proposed approaches

Smart Sensor

ﬁ-
(Ix)

_____________________________________________________________________

19 International Frequency Sensor Association « www.sensorsportal.com [



Quasi-Digital Sensor in System
Hierarchy
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DAQ system

|
|
| |
' |
P | px ! f Bus
P | Readout | - !
| : I circuitry |
' !
P '
' !
|
|
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Quasi-Digital Sensors State-of-the-art
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Quasi-Digital Sensor Classification

Quasi-Digital

X(t) - F(t) X(t) > V() F(t) X(t)=P(t)F(t)

X(t)-measurand; F(t)-frequency; V(t)-voltage, proportional to
the measurand; P(t)—parameter
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Temperature Sensors

Hesolution,

Sensor Max. Temp. Error, *C, | Temp. Range, °C bits Cutput Cutput Range
Analog Devices
TMPO3 +15 -40 ta +100 16 FWI *
TMPD4 +15 -40 ta +100 16 FWM *
TMPO5S +05 -40 ta +150 12 FWM *
TMPOG +05 -40 ta +150 12 FWWIM g
Maxim Integrated Products
MAXGHTE *3.0 -40 ta +125 * Feriod 00023 ... 026s
MAXGHTT +3.0 -40 ta +125 * Frequency | 14571592 6 Hz
MAXGGEE + 1.0 -40 ta +125 11 FWM §
MAXGEGET + 1.0 -40 to +125 11 FWI *
MAXGET 2 +3.0 -40 ta +125 * FWWIM ¥
MAXGET 3 +3.0 -40 ta +125 * FWI *
MAXGETE +15 -40 ta +125 * FWM *
MAXGETT +1.5 -40 ta +125 3 F'WIM :
MicReD
THSENS-F | +20 -50 to +150 | ® | Frequency | 0.2..1 .18 MHz
Sea-Bird Electronics
SBE 3F + 0.001 -5 ta +35 i Freguency 2.6 kHz
SBE 3plus +0.001 -5 to +35 ¥ Freguency 2.6 kHz
SBE 2 = 0.01 -3 ta +30 16 Freguency 0,1.. 200H=z
Slope Indicator
VW | +0.3 -20to +80 | . | Freguency | .
Smartec
SMT160-30 | +07 -45 ta +130 | * | Duty-cvcle | 1.4 .4 kHz
Melexis
MLX20614 | +05 -20 ta +120 | 10 | FWM | ¥
Honsberg
Flex-T qu:S L;;jnrj: 0 to +250 = Freguency 2000 Hz (max)
Environdara
TA4D | 0.2 -20 ... +60 | 0025°C | Freguency | 0..40Hz
Spica Technofogy
TFRQ | + 45 -40 ... +80 | 0.02°C | Frequency | 58...90Hz

International Frequency Sensor Association
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RTD-to-frequency Converters

24

2 Resolution, Frequency Output
Converter Temp. Range, “C bits (°C) Accuracy Range, Hz
Omega, Inc.
DRP-8540 | -100 ... +400 | 12 {0.1) | +0.5 plus RJD conformity | 100 ... 5 100
Soclair Electronic, AG
[RIME70 | - | - | +02% | 020000
67466 | 60 ... +700 | * i + 0.1 % of reading +0.1 °C | 0 ... 2 500
CNL48/F | -200 ... +600 | * i + 0.3 °C | 0D __. 10
MIFN-PT100 | N | | 0 ... 10000
International Frequency Sensor Association « www.sensorsportal.com "




Temperature-to-frequency
Converter
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Thermocouple-to-frequency
Converter

Converter | Temp. Range, °C | Accuracy | Frequency Qutput Range, Hz

Omega, Inc.

DRP-8511Type J 0 ... +500 +2 °C plus conformity error 100 ... 5 100

DRP-8512 Type K 0 __. +500 +2 °C plus conformity error 100 ... 5 100
+2 °C plus the error of J

DRP-8611Type J 0 ... +1000 Thermocouple 10 ... 1 100

DRP-8612 Type K 0 ... +1250 +1.2"C o R s T |

Soclair Electronic
LCME 70 (all type) | All ranges | + 02 % | 0 ... 20000
67468 (all type) All ranges e S Sl 0... 2500
Loreme
CNLASIF (all types) | All ranges +03...A"C | 0 ... 10
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Pressure Sensors

1968 - first truly integrated pressure sensor in
Europe designed by Gieles at Philips
Research Laboratories

1971 - first monolithic integrated pressure
sensor with frequency output was
designed and tested at Case Western
Reserve University (USA)
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Modern Pressure Sensors

28

Sensor Pressure Range Relative FS Error, % Output Frequency
Chezara (Ukraine)
WT2101 0.5 - 180 MFa +0.25 (mean square errar) | 15 - 22 kHz
T 1202 0.5 - B0 MPa +0.15 {mean square error) | 15 - 22 kHz
1.7 3.5 717 35, 70; 170; 350 Bar
BFT-1-1000 | 5¢.'sn: 100; 250 500; 1000; 2500; 5000 psi 2 5 - 20 khHz
Druck Incorpo rated
17510 32.5 inHg
RPT 410 B0 to 1100 mbar thP'a) 0.05 B00 - 1100 Hz
Omega
Fx106 U-b psi
Series 0-200 psi y U= BlnE
Omron
Oto 196.13 FPa ol - 300 kHz
DEM-R1 (0 to 0.028 psi) /A
Pulse count,
DEM-D1/D2 ?ntfuﬂdaa%kz?) NIA 1 pulse/2.81 Pa
22 (1/0.0014 psi)
Pulse count,
DEM-DE2 ?thnddg?fp‘;u MiA 1 pulse/.81 Pa
P (1/0.0014 psi)
Paroscientific, Inc.
S0P 10 —700 m 0.01 37 — 42 kHz
5B 1400 - 7000 rn 0.01 37 — 42 kHz
181KT 0-700m 0.0 a0 —42 kHz
2000 Series 15 - 500 psia 0.01 30— 42 kHz
3000 Series 1000 psia 0.07 a0 — 42 kHz
4000 Series | 2000- 40000 psia 0.01 30— 42 kHz
5300 Series Oto 3, 0tob, 0to 18 psid o0.01 30— 42 kHz
Pressure Systems
8960 Series [ 15 to 500 psia FS (103 to 3447 kPa) | 0.01 | 30 - 45 kHz
Seamap
Sun Depth
and Line 0-40 m 1 6 - 10 kHz
ressure
Transducers

International Frequency Sensor Association
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Strain-Gauge - to - Frequency
Converter for Pressure Sensors

SINGLE ENDED

PN _é Model 8555 %_ S
mV Input

] l

| J |_:] COLLECTOR
0mV to 450 mV INPUT — INSTRUME::IJ;TIOM AMP <z NPN PHOTO TRANSISTOR

L~ VOLTAGE TO FREQUENCY 7 mA PULSE -

| || emnTer
-COM_ | )
{ | :] COM
+10V o DC POWER
& EXCITATION
SUPPLY ZI +24V

FULL BRIDGE CONNECTION

350 OHM BRIDGE .
e p - g
SPAN -2 . Model 8555 4 zer0
o > Strain Gage to Frequency z
T“ -L"-\. [ I 1 |
S o U | | l 1 rAn1erTOE
I,y NS TRUMENTATION AMP ‘ | J | COLLECTOR i
™7 AND 52 = NPN PHOTO TRANSISTOR
r ! VOLTAGE TO FREQUENCY ‘ “u 7 mA PULSE
| — ] s
-COM a | -com
+10VOLTS B DC POWER
EXCITATION — <10V BRIDGE
L { o EXCITATION
SUPPLY v | +24v

T
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Quasi-Digital Accelerometers
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Device | Number of Axis | Range,g | Sensitivity Accuracy, % | Qutput
Analog Devices
ADXL202 i o + 16 Duty-cycle
ADXL210 2 + 10 + Duty-cycle
ADXL212 2 + 5 Duty-cycle
ADXL213 2 n oy B +10 Duty-cycle
Honeywell
RBAS00 * + 70D " Frequency
SAS500 = 80 x Frequency
KXG20 | 2 +2 . Duty-cycle
MEMSIC, Inc.
EIKDEEEE p + 9 = Duty-cycle
MXD2125 2 + 2 8 Duty-cycle
MXDg&025 2 + * Duty-cycle
MXDg&125 2 +5=2 B Duty-cycle
Silicon Designs, Inc.
1010 1 + (2 = 200) +2 Pulse density
2010 1 + (2 = 200) + 2 Fulse density
2420 3 + (2 = 200) P FPulse density
DIGI SENS AG
= - - " Freguency:
BB / ED21 +{03=77) = 0.03 % (max. error) 8 19 kHz
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Direct Frequency Difference
Output Vibrating Gyroscope

31

|

Diive Driving Detection
I |
Oscillator Electrode :"P a.ne | Electrade
Maode 1 Mode 1 Vibration Mode 1
Frequency w1
Conolis - Frequency
Coupling Difference
Fuqu!nqr ik = Measurement
Dirive Driving Detecton
Out of plan
Oscillator Electrode :, o * Elecuode
Mode 2 Mode 2 hratmon Mode 2

|
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Quasi-Digital 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 Sensors

There are many known rotation speed sensing
principles

Magnetic sensors (Hall-effect and magnetoresistor
based sensors)

Inductive sensors

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

) ) @ - where Z is the number of modulation rotor’s
Z (encoder’s) gradations (teeth)
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Rotation Speed Measurement

VARIABLE RELUCTANCE SENSOR

MINIMUM 2V
> SIGNAL PEAK-PEAK

- 2.7K OHM ov— .
N

- >RETURN

ECM TRIGGERS ON FALLING EDGE OF SIGNAL
CORRESPONDING TO EDGE OF TOOTH MOVING
AWAY FROM SENSOR CENTERLINE

HALL EFFECT SENSOR

+5V
+5V
1K OHM J L
T ov
£ SIGNAL

— v
GROUND

ECM TRIGGERS ON RISING EDGE OF SIGNAL
CORRESPONDING TO EDGE OF TOOTH MOVING
AWAY FROM SENSOR CENTERLINE
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Optoelectronic Sensors

Sensor (LEC) Performances
(Images not to scale) Output Frequency Range | Spectral Response, nm | MNon-inear FS Error, %
TAOS (USA)
u-.h,;? TSL230 04Hz .. 1.1MHz 350 ... 1000 0.2
SR
-
1 TSL235 0.4 Hz ... 500 kHz 350 ... 1000 0.2
“.
H| TSL237 2 Hz ... 600 kHz 350 ... 1000 1
s | TsL238D 2 Hz ... 600 kHz 320 ... 1050 1

TSL245 04 Hz_.. 500 kHz 850 _.. 1000 0.2

Hamamatsu {Japan)

59705 OHz ... 1MHz 200 .. 1000 3

Melexis (Belgium)

- MLXT 5304 1Hz ... 1.6 MHz 500 ... 1000 Mia
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Humidity Frequency Output
Sensors

Based on humidity—capacitance—frequency
(time interval or duty-cycle) converters:

X(t) - C(t) = F(t)

Pulsed signal for both humidity

and temperature

Measuring range 0 +100% RH

Frequency ranges from some kHz
up to hundreds kHz

Accuracy up to 1 %
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Humidity Quasi-Digital Sensors

37

S Humidity Measurement Range, | Relative Humidity Error, Output
ensor % RH % Frequency, kHz
g q cy.
Blue Earth, LLC.
MiniC ap | 10...590 | LA, | 10... 200
E+E Elakirontk, GmbH
EEDS Series, HC200 | 10...90 + 3 at 20°C | b1.1...45.b
Satec+Wela, GrmbH
Humidity Freguency 10...90 +3 57.9..48.4
Converter
Hurnirel
HTF3100 [, + 3 at 55 %REH A,
HTF3130 10 ... 95 + 3 at 55 %EH F155. . 6.210
HTF3223 10 ... 95 + 5 at 55 %REH 9.560...5.030
HTF3225 [, + 5 at 55 %REH A,
HTF3226 10 ... 95 + 5 at 55 %REH 944 8.070
HTF322ELF 10 ... 95 + 5 at 55 %REH 949 82225
HTF3227 [, + 3 at 55 %REH A,
Kurabe

KM-1050 0...95 | +5 | 4595 .5

International Frequency Sensor Association « www.sensorsportal.com

~Iren




Chemical, Gas and Biosensors

38

Sensors arrays (electronic noses and tongues)

Square wave with a frequency inversely
proportional to the sensor resistance

Sensors Array based on chemisorbing polymer
films

Acoustic gas sensor based on a gas-filled cell
Quartz Crystal Microbalance (QCM) sensors
SAW and bulk acoustic wave sensors
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Magnetic 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

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

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

~Iren
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Flow Sensor Types

40

Open channel
Differential pressure
Variable area
Positive displacement
Vortex
Electromagnetic
Coriolis

Insertion thermal mass
Ultrasonic

Turbine

MEMS
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Flow Sensors

41

Model | Type | Range | Error,% | Output
+GFE+ SIGNET
000 Vortex 0.3to4 mis + Frequency
002 Vortex Mia + Frequency
25502560 | Electro-magnetic [ 0.1to 7 m/s + Frequency
KOBOL D Instruments, Inc.
DF | Paddlewheel | 0.02-014 GPMto 1.5-36 GPM | +25 | Frequency
Badger Meter
SDI | Nia | 0.3 ft'sec to over 20 fi/sec | + 1 | Frequency
Newport
FP7000 | Paddlewheel | Nia | + 2 | 1Hz/fps
Clark Solutions
CFT110 | Turbine | 0.1 GPM to 8 GPM | + 3 | 33-1150 Hez
Omega
FPTO0 FPaddlewheel Mia + 9 1 Hz/fps
Emggggg Magnetic 0.05to 3 mis Mia Frequency
Dwyer Instruments, Inc.
SFI-100T | Mia | N/a | m | 0to 100 Hz
INTEC Controls
SDI | Turbine | 0.3 fi'sec to over 20 fi/sec | + 1 | B00 Hz max
Proteus Industries, Inc.
P S600 | Turbine | 0.1-60 GPM | Mia | 5-120 Hz
3600 MN/a M/a MN/a 0-1000 Hz
3700 Mia Mia Mia Freguency

International Frequency Sensor Association
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Level Sensors

42

Model | Type ] Range | Error | Output, Hz
Elowiline, Inc.
EchoPod DX10 | Ultrasonic | 1.25m | z3mm | 976 2000
CKET
DUT-E-F Capacitive | Length 180 - 2000 mm + 1 % 500 ___ 1500
Qceanscan, Lid.
DIGIQUARTZ Pressure 0 ... 7000m +0.01 % Friﬁt'ﬂ;{cy
strela |
F Capacitive | Max Lengthupto 4000 mm | =0.1 % 500 . 1500
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Position Sensors

sensor (MTS Systems Corporation)

- Temposonics LD absolute linear position

Magnet
Pressure Housing Styke "1 or ‘M/

43.
L o

L i

.-
—
—_—

Yy

Pulse width is proportional
to magnet position

PWM
Electronics Gate
Enclosure
Housing ' '
e start/sTop | | Stan Sp_
' ) ;\
alop
. > U u
I | ' lime between Start and Stop
-
I 1

puises IS proport onal
to magnet position
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Proximity Sensors
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Bi18-M18-LF10 from Hans Turck GmbH
& Co

SIMATIC PXS240 ultrasonic sensor
(Siemens)

SIMATIC PXS200 sonar sensor
(Siemens)

UC 80 CND 40 (Carlo Gavazzi)
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Torque Transducers

45

Model

| Range, N-m_ | Accuracy Class, % [ Dutput, kHz
Histler
105
450468 E0 _ EOOD 0.1 &0 = 20
T (= 0.05 optional) 00 = 40
45108 100 - 4000 0.2 100 = 40
HEM.
T10F B0 - 10000 =01 10=56
T12 ﬁa 100- 10000 = 1o=5
T T EEe &0 = 30
T40FM 50-80 oz 10, 80, 240
(= 0.05 optional)
Haneywell
105
TS 2000 200000 1b-fi =01 &0 = 20

International Frequency Sensor Association « www.sensorsportal.com




Multiparameters Sensors

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

Pressure and temperature sensors

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

Frequency output anemometers A100L2,
A100M, A100K, Vector Instruments

Power transducer XD303F with pulse
number output
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Quasi-Digital 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: f,, T,,
D.C., PWM, T, o,, etc.

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

Relative error up to 0.01% and better
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Electronic Component (1905)

Vacuum valve
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Electronic Component (1947)

Transistor
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Electronic Component (1963)
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Operational amplifier
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Electronic Component (1974)

Analog-to-digital converter
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Electronic Component (2004)

Frequency-to-digital converter
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Integrated FDCs

54

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

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

Frequency-to-digital converter from AutoTEC

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

International Frequency Sensor Association « www.sensorsportal.com [



USP-30 Microprocessor

55

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

Narrow frequency range: from 0.1 Hz to 100 kHz
High power consumption

International Frequency Sensor Association « www.sensorsportal.com [



ALU for Time Intervals (USSR)

The absolute accuracy A= £ 33 ns at the
reference frequency f,=30 MHz

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

High power consumption
Low functional possibilities
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Frequency-to-Digital Converter
K512PS11

57

42-pin CMOS IC (USSR)

Two modes: single conversion and multiple
conversion

Parallel 16-bit digital output

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

Maximum converted frequency f, .., = 1 MHz
reference frequency f,=10 MHz
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Universal Sensor Interface Chip
(USIC)

CMOS IC (UK)
80-pin QFP pack
Frequency and pulse width measurement

Maximum converted frequency f, ..., = 1 MHz
RS232/485 interface
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Single-Chip Interpolating Time

Counter

59

FPGA-based 84-pin IC

Resolution 200 ps with a further development to
150 ps

Based on the classical method for time interval
measurement with interpolation

Maximum possible time interval 43 s
A few measuring functions

International Frequency Sensor Association « www.sensorsportal.com [



Frequency-to-Digital Converter
from AutoTEC

IC based on the FPGA from Xilinx
Reference frequency f,=1 MHz
Freguency range is from 35 Hz to 24 kHz
Absolute error: £5 Hz (0.2 % FS error)
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ASIC Based Single Channel FDC

One channel
Frequency range from 100 Hz to 100 kHz

Freqguency measurement accuracy is 0.1 %
16-bit bus output

Hybrid technigue for frequency measurement
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Time-to-Digital Converters (TDC)

CMOS ICs provide frequency, time and phase
measurement

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

TDC-GP2: resolution 50 ps; SPI interface; measurement
range 3.5 ns + 1.8 us

TDC-GP21: 2-channel; resolution 90 ps, 45 ps, 22 ps
measurement range is 500 ns to 4 ms; 4-wire SPI bus;
QFN 32 package

TDC-GPX: resolution 10 — 81 ps; measurement range
10 ns + 10 us

~Iren
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ICs Disadvantages

63

All ICs except TDCs are based on conventional
methods of measurement, hence, quantization

error is dependent on measurand frequency f,,
many of ICs have redundant conversion time

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
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Universal Frequency-to-Digital
Converter (UFDC-1)

Low cost digital IC with programmable
accuracy

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

(f.../2 = 8 MHZz)

Based on four patented novel
conversion methods

Should be very competitive to ADC
and has wide applications

T
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Features

65

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

Non-redundant conversion time
Quartz-accurate automated calibration
RS-232/485, SPI and 12C interfaces
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UFDC-1 Block Diagram
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Measuring Modes

Frequency, ., 0.05 Hz — 7MHz directly and up to
112 MHz with prescalling

Period, T,; 150 ns-20 s

Phase shift, ¢, 0 - 360°at f, < 300 kHz

Time interval between start- and stop-pulse,

1, 2.5 us —250s

Duty-cycle, D.C. 0 -1 at f, <300 kHz

Duty-off factor, Q 10® — 810°at f, < 300 kHz
Frequency and period difference and ratio
Rotation speed (rpm) and rotation acceleration
Pulse width and space interval 2.5 us — 250 s
Pulse number (events) counting, N, 0 — 4-10°

~Iren
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UFDC-1 Master Mode
(RS232)

[Fx1 >
™D
[Pz
o1 T DD1 s
e 1 1 SEL—E— N3 1 -
2 R 2| s N2 2| -
PME! l 3loo 3l 28 N1 _ 3| -
4 sy -j—ilFm Mzl 23 N 4]
l>—| gg" ” 2 _E_.-"'"
e [ veC “"“l 1 | OWSW
701 20 —52__
18.0MHz _||I 1 Eﬁ—"m 2 _;_—-""
18 us 3|
co— o3 — 17 —
MOS M2 4| -
20 20
PF PF E’ﬂ::'%{m> M1__ 5| _-~
N1 I
UFDC=1 ORSW=3
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UFDC-1 Slave Mode
(RS232)

|

DL

/vuv[\ v

1a.oune 1

MISO_

MOS!

20pF | 20pF 18
SS(resn 18— {TesT

UFDC=1
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UFDC-1 SPI Interface Connection

2] )

ﬂﬂ.lﬂ%tﬂlﬂ‘-ﬂ
=FEFL
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UFDC-1 I2C Bus Connection

IU‘I-F‘MLO-II
I
FeRER
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Evaluation Board Circuit Diagram

XT1
1 w1 |
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o2
X2
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9.1I 2w soal 22 N2 2 11
— = oo2 . 3|oo 24 N1 3 12
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|—'Lc1+ vock18 |:| JRITY e wil2t 5] ~ |8
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l c2- oNDE12 e | sk 21 DFSW—6
= 12 |82 zal 8 los1 veg{ 23 1 iz
R1IN nmtrrjg_ 16.0MHz 10 {nen soil 12 2 1
TH Tou-14 _ 2 o> us 3l 7 T1o ]
182N T20UTH.— 20pF | 20pF 13 N2 __ st - w2 4] - |9
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Hrbe DFSW—8  ——
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UFDE Evaluation Kt

T
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Development Board
EVAL-UFDC1/UFDC-1M-

UEDC Demo Board Ver. 1.14
Communication  Abouk

TECHNDLOGY ASSISTAN 010, SL Select Accuracy [Relative Emor, %) Fiotation Speed Measurement
e e CE BN 5 GetCurent | o Fiangs: 1-255 [Decimall
Accuracy o e |[IJS]EIEIIJ1 j G[;‘;‘;gdo‘;tirg:g' Set Mum of mod. rotar gradustions ’f
Select Mode Measurement
Giet Current Result Format Indication Time [mS] Command Send Char
Set Mode 00] P41 - Frequency (channel 1], 1 =i
Mode 1201 auency | ! = [00] Decimal 501 - 1000 [ i 3 e
Settings
Baudrate Band
Get
: Set Baudrate [03] 2400 -
Generate Test Get Result Abort
-4095 . +4095 (Decimal) Signal
i :‘
1000001 75 H Hea\:ly Unit Mode
o 000005 | Clear Glave ]
Get Measurement. Status> > Busy -~
Get Measurement. Statuss > Busy ]
Get Measurement. Status>» Busy
Get Measurement. Statuss > Ready
Get Result> » ([00] Decimal A5CI) 100000175
Start Measurement>> - Success
Get Measurement. Status>» Busy Clear Al
Get Measurement. Statuz>» Busy
Get Measurement. Status> > Busy
Get Measurement. Status> > Eusy
Get Measurement. Statuss> R
Get Result>> ([00] Decimal ASCII]WDDDDm 75 2
Log File
|F‘Iease Select File -
Auta Save > = 5 L TlmeStamp Frrnt Results/Saved
ump to ave Lo
Enabls I e syen esults 9| [Excel [ 53/0

73 International Frequency Sensor Association « www.sensorsportal.com



Fast IC UFDC-1M-16

74

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

Internal reference frequency
16 MHz

Non-redundant conversion
rate: from 6.25 us to 6.25 ms
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Software (Terminal V1.9b)

75

18 x|

COM Part Baud rate Data bit: Parity Stop Bit Handzhaking
%I = COM1 " BOO 14400 ¢ 57E00 5 % none &1 i+ none
Disconnezt | | &~ FEMg || © 1200 © 13200 © 115200(| - C odd  RTS/CTS
gbout || £ G002 || @ 2400 ¢ omso0 ¢ 12m000 || o Coeven || 15 || € ®OMAKOFF
= C EOMG || ¢ 4800 ¢ 38400 ¢ 256000  mark © RTS/CTS + XOMN/XOFF
) COKE
Quit_ || & EOM7 || ¢ 9800 58000 ¢ oustom || 8 ¢ space || © 2  RTSonTX

calli] [ AutoDis/Connect [~ Time  customBR Fis Clear

Set fant =7 _asCiwble [[JICTS [CJDSR [co A
’V = I~ StayonTop I~ CR=LF IEIBUD |27 'vl J‘- = =] = ‘
[ Receive ~ HEx

CLEAR | _ResetCounter | (33 3| Counter= 34 & Sting Startlog | Stoploa | [T Dez [ Hex [~ Bin ‘
t - - - -
>»F+2B6 _I _I _I _I
SF
i2B6
>ag9
s
>r
6250. 842184125269
>af
>s
>r
1080800, 6749460684319
>

Tranzmit

cLear | Send File [~ CR=CR+LF

EIDTR EIRTS

| > Send | |
t Transmit M acro:

F+2B6 =] ﬂ“moo = =l
== =] mz| [rooe =] T
e =] ma] [roon 2 T
=

|

|Connected |Rw 174216 [Tw 370 |
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LabView Based Software
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External Reference (Example)

ol v}
GADA Yort _T_ ANN——
.
That ad% = ——
CERAMIC :[_ FOUT —- LiwF —
fag & T I
. DaLL A
P PRSP |
DS40
L e | -
- .
2 lliu?
- - = V"
1" GADOST KD .
NC. NC =
AL, NC
NC.

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 °C to +85 °C industrial
temperature range

~Iren
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UFDC-1 Packages

EVOLUTION IN SIZE -
A REVOLUTION
IN MEASURING INSTRUMENTS

2004 2007 2008

78 International Frequency Sensor Association « www.sensorsportal.com



Universal Sensors and
Transducers Interface (USTI)

79

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.

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
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USTI Block Diagram

o

=
o N7

mmmm Communication Unit ‘
FX1 USTI RXD
ST Channel 1 UART TXD

| S— )

Measuring
FX2 Unit A ~ MISO
Channel 2 <| |> _'8_5 JTEST
ST2
—P SPI SCK
4 > 2 P MOSI |
———P Time-to-Digitai iy 7
Converter sSCL
x o S 4
T SDA
Oscillator
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Comparison Performances

of UFDC-1 and USTI

81

Parameter UFDC-1 USTI
Programmable relative error, % + (1...0. 001) + (1...0. 0005)
Maximal frequency range, MHz

- without prescalin [ 9

! prescaling 120 144

- with prescaling
Reference frequencies, MHz 0.5/16 0.625/20
Generating mode, MHz 8 10
Frequency deviation NO Yes
measurement mode
TEDS Support No Yes
2-channel conversion for Frequer_lcy and All parameters

period

Number of measuring modes 16 26

T
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USTI Evaluation Board Prototype

oy 5&%@@%@@@"’“’@
2 g > B b GEEE W i

(2

?:‘f?-a'5@%&5&}"{"@5“‘93"*%wbt =

o ﬂ’ff’ﬁ)ﬁ:ht;mmmfsz N éi:

b 2 f “‘ QL e
f" N l.,.’% r i

o] u&l&w-@w;ﬂyﬂ“ﬁﬁt

B % R (Do0OD000
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Evaluation

+5V

9_|

( JI MASTER ~ +5V

Board Circuit Diagram

c1
H 0.1 3 41 IC1 2 M2/A2
c2 1C3 Tz 1 28 R1 Ik e~
c3 —11INC scL 2~ -
0.1 1 16
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C2+ V- 3 5 1 4 25 J6 MO/AD
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: - R1IN R1OUT . 1c2:1 1C2:2 c6 7 ce GND 2 | Ra 1k |ITN2
— 8 lraN R20UT p°— 1 2 3 4 zo1 01 8 |~ 21 <3
4 N TI0UTHH - - 200MHz M T o [0 D e
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=
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USTI RS232 Interface (Master)

FX1 w
—_— TXD) A
|.1'.‘{.3J} : : I
XP1 IC1 a1 1 | 2M2
- _} H.r'_'\u.
S B - INC SCL—— 1 CH—
|2 R 2 | vy <DATS0L2] ey I — ._;3 M1
3 3 >
2 TXD . 2 TXDIS] Mo/A228 ’—EJ
75
£ 1= o MI/AL= R3 1k Hﬂ'}m
¥
—F0 Mo/A0FEE [ H—
6|, | 23
ST1 MES/BS
- = o g ]
201 g-ij— | s vCC GND ;I R4 1k ;'i”-
20.0MHz ; NeE L] 16 N1
D)—o 0sC1 VOO +5V RS 1k | .
19 lascn scen2H2 [ =
11 oo MIsomN1 L8 R6 1 | T NO
== c 2lcpmN  mosyNol-L ——
20pF 20pF 13 | e P
—={SMPL SS/TEST———|TEST)
v ceyewl 1
USTI
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USTI RS232 Interface (Slave)

J1
1y P |
RXD - ITXD )
FX1)
FX2)
+5V
XP1 & IC1
,
- I LINC scLi28—
;|2 2 27
& . RXD SDA/ISO
" 3 - 3 TXINVIS1 L{E-'-.ja:i
< 4 . 4 I\ M1/A1 2
——Fx2 Mo/A0 22
5 23
ST1 MES/BS
e 1] ! lvec GND |22
0.1 :
ZQ1 : 8| |2
20 OMHz ™y e
IDI . 0sC1 Ve +5V
: 19 Josc2 sCKN22—
| i —ST2 MIsON1 2
. {ll . Cf 12 | cE2BN MOSI/NO
20p 20p 13 — 16 frer)
—SMPL S5/TEST _TEE-T
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USTI I2C Interface

XP1

FX1
FX2

+5V

c1
20pF

20pF
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IC1
~1lne scL |28
2 IRXD spA/so 27
3 26 J2
TXD/IS1 M2/IA2 52— %
4 25 15!
FX1 MUAL
5 24 J
FX2 MO/AO
6 lsm1 MESBS | 23—
" lvee GND |22
8 IGND Noy 2
9 losct veel2 p sy
10 1osc2 SCK/N2 |12
11 st MISO/N |18
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USTI SPI Interface

FX1
FX2
+5v
XP1 I IC1
1 _1i\c scL |28 3
2 2 IRXD SDA/ISO L{_\G—l
3 I 3 lrxpiis1 M2/A2 |28
AT o1 MUAL |2
< J1 5 24
o 5 lrx2 MO/AO |24
L ) 6 1s11 MESBS | 2
gf:: " lvee GND 4|22
701 : 8 21
20.0MHz _ o |CNP NCE
l—||:||—- 0SC1 VCC | +5v
10 Josc2 sck/Nz2 |22 SCK |
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cl c2 12 \cr2BN mosimo | MOS |
20pF 20pF 13 — 16 R =
~ 18 lsvpL SS/TEST &% (S5
14 \cHRrG CEUBW | 22
TEST
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Experimental Results

fx, Hz fx, Hz
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Statistical Characteristics

Parameter

100 kHz
Number of measurements, N 65 60 60
Minimum f, (min), Hz 9000032.48 999997.488 99999.5635
Maximum f, (max), Hz 9000038.73 1000003.74 100000.563
iing;‘ﬂim?‘;, " 6.2515 6.2515 1
Median 0 0 0
Arithmetic Mean, Hz 9000035.42 1000003.05 100000.146
Variance 2.405 3.1488 0.0692
Standard Deviation 1.5508 1.7745 0.2631
Coefficient of Variation 5803428.66 563543.777 380129.039
Confidence Interval at f. € [9000035 f. € [1000002.55 f. € [100000.073 +
probability P = 97 % +9000035.83] +1000003.54] 100000.22]
Relative error, % 0.00039 < 0.00050 0.00030 < 0.00050 0.00014 < 0.00050
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Duty-Cycle for Input Signal

90

Duty;;(:)ycle, Frequency f,, MHz .1 )
47.5 + 57.0 9 ;
42.0 = 62.0 8 '
36.5 + 66.0 7 :
32.0+715 6 4 |
26.0 = 76.5 5 y
20.5 = 80.0 4 .
any <3
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USTI Calibration Procedure

> . set the USTI into the calibration mode
> : correction command

> . check the correction value in the USTI
10002492.85 ; returned correction factor

| Q £3 TEST e
= a e “ > _ Rl -
P fosc/2
I. &3
¥y .7 @

TEST R “ Calibrated
fool2 USTI
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Temperature Drift Calibration

The USTI is working in the industrial
temperature range: — 40°C...+ 85°C

Temperature drift error can be
eliminated by the calibration in an
appropriate working temperature
ranges
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No Calibrate If:

93

Relative error of measurement > 0.026 %

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

In this case a custom designed USTI should
be ordered
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USTI Calibration Results

N —_—e—ee

e

I H e F R

o

10002500 —--

B

————— -

N

L 10002400
10002300 —»~

10002100 +-

50 60 70 80

40

20 30

10

-20

-30

-40

Temperature, C

3.10-5 x6 - 0,0025x5 + 0,0871x4 - 1,3113x3 + 6,3954x2 + 26,852x + 107,

y:

17,991 — squared value

R2 =
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Calibration Results
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10 Hz

B+ %

L
°8 bt oy, %

1 MHz

x5 %
| + dc, %

Log
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USTI-EXT

Extended operation temperature range
from - 55 9C to +150 °C

Similar metrological performance as
UFDC-1M-16

Wide functionality as in USTI

Increased baud rate for the RS232
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.

~Iren
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Outline

Digital and Intelligent Sensors Design
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Digital 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
direct conversion

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

' " decimaal Gray-code
INCREMENTAL o —
/ 1 0oo1
2 o011
3 0010
4 oo
5 0111
6 0101
T 0100
a 1100
/ 9 1101
ABSOLUTE 10 1
: LIGHT : LIGHT e:z :r:
i SOURCES SOURCES - -
DISC : 11 DISC :

sunFT“”"”L“U SHAFT L\J

CONDITIONING | ~ / | CONDITIONING
SBITS SBITS

ELECTRONICS ELECTRONICS
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Digital Accelerometer

CMOS switch

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.

T
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Smart Sensor Example I

ADC - based digital light sensor ISL29015 (Intersil)

vDD
[}
| B
PHOTODIODE
ARRAY
-0 O Eoma
- N % p el /INTEGRATION -
S ."’ ALS AND IR ADC REGISTER
' \‘ ﬁ/ \}‘ IRPHEJSEJODE 4 J I“c :%2:
IREF
ISL2901 5 inters.l = FOSC IR DRIVER —E] IRDR
H! H!
| el | | Ml |
REXT GND
I1SL29015
Integration time of 16-bit ADC: 45 ... 90 ms %
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Smart Sensor Example II

Ambient Light Sensor MAX9635 with ADC (Maxim)

Vee
|
) — SDA
1687
\._ADC g S
VISBLE+R N R Bl
PHOTODIODE - 20
e 6-BIT RANGE E:QIPKXIL.
CDR, TIM G e
MAXI9H35 .
~16-BIT "
IR N ADC
PHOTODIODE
GND |
ADC'’s conversion time: 97 ... 100 ms %
www.sensorsportal.com [
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Smart Sensor Example III

Digital Ambient Light Sensor MAX44004 with ADC (Maxim)

Voo

VoD

VIS+IR — P

(ALS)

IR (ALS) @—Ppl—

ALS

PGA 14-BIT

MAX44004

ALS 14-BIT

PGA

i

12c

SDA

SCL

)

INT

GND

ADC'’s conversion time (14-bit): 100 ms @
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Smart Sensor Example III

VFC/FDC — based digital light sensor (1):

________________________________________________________________________________________________

Smart Sensor

Light-to-Voltage
Converter
ISL29102

Smart Sensor

Light sensor f L
with frequency — USTI 1°C Bus
output !

_________________________________________________________________

Conversion time in both cases at 0.01 %

relative error: 0.5 ... 16 ms é’
/‘I~
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Modern VFCs

105

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 us) 1 Hz-2.5 MHz VFC with 0.05 % linearity

High stability quartz stabilized 10 kHz — 100 kHz VFC with
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
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A/D Converter Types

Type Max Speed Resolution Noise Relative
Immunity Cost
Successive Medium 6-16 bits Little Low
Approximation | (10 kHz to 1 MHz)
Integrating Slow 12-24 bits Good Low
(10 Hz to 30 Hz)
VFC-based Medium 16-24 bits or | Excellent Low
(160 kHz to 1 MHz) more
Sigma-Delta Slow to Medium 16 bits or High Low
(Up to 1 MHz or higher) | more
Flash Very Fast 4-8 bits None High
(1 MHz to 500 MHz)
~Iren
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Optoelectronic Sensor System

201 20 MHz

--n"‘ i \eld _H:“J

A N ———
g 10
: 4 y RS232
Light : : 5 USTI I
— - fx lf":L:} SPI
: 89705 | |46 ;
! :
2 41—
- L=
|

e ol ekt T sl el et el il " kol el il
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Commands for RS232
Communication Mode

108

>A02 ;Set the relative error 0.25 %
>MOO ;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

>462987.345

>MOE ;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
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Measuring Set-up

Frequency Counter

Agilent 331324

L2 Power supply
d 1 | racses
FAC 363B

LFC o

RSI1232

Use

Terminal W1.9b
software

USE

Fewar supply - .: Taeioa
Promax )
FAC 3638 - Bin AN

Digital Oscilloscope
oD-571
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LED Evaluation Board

110

fout, Hz

500000
450000 ] - - -4
400000 -
350000 1 ---!
300000 4---
250000
200000 -
150000 -
100000 |- --:
50000 { -- -
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LED Evaluation Board Circuit

Diagram

51 1|
Ai - o
\ [R1 2| e
“|470 -
* NN IC1:1
o e L
== ADE532AR IC1:2
1 AD8532AR
o] 1c2 R3 7
Z5 | TL431Z 100k
3| 1C3
5 XT2
LIRES outl: 1 %) |OUT
o4 1 W
10uF/16V—T— EZND 2
2 59705 &) |GND
TB-2
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LFC’s Oscillograms
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Statistical Characteristics
(~ 463 kHz)

Parameter

463 kHz

Number of measurements, N

Minimum f, (min)

Maximum f, (max)

Sampling Range, f, (max) - f, (min)
Arithmetic Mean

Variance

Standard Deviation

Coefficient of Variation

Confidence interval for arithmetic mean at P=97 %
Relative error, %

x? —test (S) at: k=6; P =97 % y? .= 8.9
Hypothesis about Gaussian distribution

53
461653.265
463991.336
2338.0705
462788.685
234229.738
483.9729
956.2286

462644.42< f, < 462932.95

0.014
1.7272
Accepted
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Statistical Characteristics (~ 5 Hz)

Parameter

Number of measurements, N 60
Minimum f, (min) 5.2014
Maximum f, (max) 5.6466
Sampling Range, f, (max) - f, (min) 0.4452
Arithmetic Mean 5.3899
Variance 0.0109
Standard Deviation 0.1045
Coefficient of Variation 51.577
Confidence interval for arithmetic mean at P=97 % 5.3606 < f, <5.4192
Relative error, % 0.54

x2 —test (S) at: k=6; P =97 % %2 .. = 8.9 6.6726
Hypothesis about Gaussian distribution Accepted
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Paper Type Detection

Source of
light Light :
receiver - Reflective type sensor
=)
Sheet of paper
a)
Source of
light
* Sheet of paper o
i — - Transmission type sensor
Light
receiver k)
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Paper Thickness Sensor System

Z01 20 MHz
@ LED |
O 1 """""""" ';
|
b I o] 10 I
Vv 4 : Y RS-232
| oo |
| USTI
—— 2 i I
0.1 uF : | : ) e
=, | TsL237 3 4.6 .
1 ouT
: ; ” :::I ¥ o12c
I

1. Light sensor TSL237
2. LED

3. USTI
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Measurement set-up for Sensor
System Investigation

117

Digital Oscillescope
oD-571

Light-to-Frequency
USE EVM
T with LED

and TSLZ3T sensoar

LUsB

Powar supply
Fromax
FALC 363E

Terminal %1.9b
and EVM
LUniversal Frequency applicatoin
Counter Agilant software

231324
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Sensor Output Signals at
0.086 mm (a), and 0.217 mm

wrthppatised

1 ++++i++l,,.j.¢“.+. PR T T L T PR SRR .-i”-++++i+‘_.t_s4‘-m
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Experimental Results
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Non-Contact, Short Distance
Measuring System

ZQ1 20 MHz

IRED +5V |
-

10
e f(*) LLFCIVDD ’ (:::} RS232

2
= - . fx
2 0.1 uF ; ush f—
o =]
% T s | L =
g = 245R 3 o 4.6
—
\\: ! 22 C::) 20
cf GHDJ. to PC
»- - _ or

Microcontroller
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Sensor System Prototype

1-Electronic digital caliper 222855 Powerfix; 2-LTF EVM motherboard
3-TAOS LTF EVM TSL245R daughterboard; 4-Target object;
5-USTI Evaluation Board

T
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Measurement set-up for
Experimental Investigation

Power supply
Promax
FAC 3638
RS-232
Frequancy Counter
Agilent 2313248 = - _I ____________________ ;
I
I -
[ | evmTaCs
i UsTI
Tas (TSL245R)
I | | |
- — 1 I
= R s I Measurement
8- 0 4 : System
= 'I B O e e e s e e o ] e e e e M e M e e e
Digital
Os=cilloscopa OD-571 UsB
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Targeted Objects

a) Duraluminium surface b) Standard Calibration Reflective
Surface: 18 % reflective gray paper
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Experimental Results

00010
751001010 N AURPMURRY..o. P
1510700 N Sy
770010 A
120000 - e oo L
1010700 Y AN )
2070100 JR 0
107000 J A G
40000 + === mmmmmmem e a e L
0o o J . €N
0 2000000000000 00000000000000000
1,5 55 95 21,5 415 61,5 81,5 102 122 142 162 182 202

« SFEEEKEH=E
"-..-' EIEII%E :E:H-H-- Distance, mm

Frequency, Hz

Measurement range, 1.5 to 215 mm

o

Response 34 Hz/0.01 mm at 75 mm

Decreased in 9.5 ...38 times
measuring time in comparison with
0.25to 1 s in standard systems

~Iren
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Opto Sensors Systems
Applications

Proximity detection
Color classification systems
Oximeters

Light parameters monitoring and
control

Water turbidity measurement
Flame control

Fluid absorption measurement
Paper handling

Exposure control

General visual process control, etc.

~Iren
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Low Cost Temperature Sensor
System
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Experimental Setup and
Temperature Chamber
CTS T-40/50

127 International Frequency Sensor Association « www.sensorsportal.com



Experimental Results

Temperature, grad. C

Paramefer Daty-cvele, %o
R [ MNumbsar of measurem ents, WV !
o P Minimuem D0C {min) 0. 4585
MMakimuem DC {max) 04588
RS TR e L = -
Sampling Fanga, S
o U S D.C. {max) D.C. {min) Houees
i Nadiam ]
h 2 -------g -y, Arithmatic hl=m 04588
(N2 SEEEEN Y Rl S O Warianca b GE-D
014 - T | D T Standand Deviation 0. 0001
o Cosfficiant of Var ation St 026
TS EEERY. RPN EEEEE RPN .- Falative amor_%% 0.044
0 . i . i \ '-'\'_:_-.‘.-:r_ﬁ damga interval : 04586 2 D0C. 20,4587
04585228 04585015  0,4586602 04587280  0,4587976 r —test {Shan k=5 P= 07 % o max = 7.0 5. 1680

D.C.
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Dual-Axis Inclinometer

129

Cpc =

K]

AV TO 5.26V A
+5Y
me?
Vop XFLT  SELF-TEST op | Vee
X SENSOR Ry
32k X 4
- [ DEMOD ANALOG —t)ﬁEFm
TO B lsm
OSCILLATOR ADXLZ210E DUTY F}‘{EUSTI
5
4 [ oemoo v ST2
Y SENSOR
_COMm g
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Commands for USTI

> MO04 ; Duty-cycle measurement in the 1st channel
> S ; Start measurement
>R , Read result

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

> S - Start measurement
>R : Read result
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Experimental Set Up

Counter Agilent
53132A

Digital Oscilloscope
CD-571

uss

e Laser Level

. Calibration scals
[« and lasar beam
(&2

Inclinometer
mounted on

® |

HG-909A

Power supply
Promax
FAC 3638

Teminal V1.8
software
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Calibration Set Up

Inclinometer

0-360° calibration
scale-disc

Laser level
HG 909A
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Experimental Results

0,1759
0,1758 Jea VAo

S S
J I AGn A 'R, 294, .2 O
S 01757 5
B 0,1756 - 9
X X
$ 01755 oo g
X >
0,1754

LI 0’4921
1 5 9 13172125 2933 374145 49 53 57

N

1 5 9 131721252933 374145 4953 57
N

~Iren
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Statistical Characteristics

Parameter

Number of measurements, N 60 60
Minimum D.C. (min) 0.1756 0.4923
Maximum D.C. (max) 0.1759 0.4926
D.C. (&) D.C. (min), Hz 0.0002 0.0002
Median 0 0
Arithmetic Mean 0.1757 0.4925
Variance 2.8E-9 2.9E-9
Standard Deviation 0.0001 0.0001
Coefficient of Variation 3296.8533 9204.0289
Relative error, % 0.11 0.041

x? —test (S)at: k=5; P =97 % %%max = 7.0 6.1584 4.084
Hypothesis about Gaussian distribution S < y%max (Accepted) S < %%,ax (@ccepted)

134
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Output Signal vs. Angle

0,8
0,7
0,6
0,5 -
0,4 -
0,3 -
0,2 -

Sensor Output, D.C. [%)]

0,1

0 TTTTT T 0T T OO T IO TIT TI T TO T TT T T T TIT T T T TI T T T T T TIT T T T T T T T T TIT T T T I T T T TTIT ITT 17171 11

-60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
Angle [grad °]
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QCM Sensor System: Example 1

E DAQ System !

QcmM Sanscrr E B Fy 1 i
Based Oscillator : i
USTI tRQ-2°2>

- . :
oorng, H 2 —

i PC E
>MO6 ; 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
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QCM Sensor System: Example 2

137

| DAQ System
CM S :
@
_____________________________________ P
>M13 ; Frequency deviation measurement in the1st channel
>AO0A - Absolute deviation measurement, 5x104 % relative error
>E7000000.34; Set the reference frequency f.; (Hz)
>S - Start a measurement
>R ' Read a result
6000.7824 - Measurement result indication
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R, C and Resistive Bridge Sensing
Elements

3-Signal Calibration Technique:

100 g my

The scale is linear. Calculate m,
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Mode 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:

M.=k-S +M,

where S; Is the output sensor’s signal, k and M . are
parameters of measuring converter
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Method of Measurement

USTI operates in condition of auto-

M = M calibration, that is base on a
3-phase differential method of

M« =K-Sg + M measurement

M, =k-S, +M Three signals: S, =0, S, =S, and

S; =S, (zero, reference and
measurand) during one cycle
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Resistive Sensing Elements

5
//ﬁ
A//////
P 4
ERNY ¥
=

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 Q to several MQ

Existing ICs, ASICs or uC-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

~Iren
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Direct Resistive Sensing Element
Interfacing

20 [+5V NN
RS232 X off
USTI | y SPI Rx = ) Rc
- MES/BS 12C N ref N off
- 12
Sl empL  CE2/BN 0.002
14 C2>
CHRG Rc R,
15
CE1/BW R. <R,
|| E B c
{220 HL z R,~300 ... 600 Q.
T @““ T = 2200 x C
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Charging Time

No, Command “Wnn" Charging Time

1 00 100 ps

2 01 200 ps

3 02 300 ps

4 03 400 ps

5 04 500 ps

6 05 600 s

T D& 700 ps

8 07 800 ps . )

: 58 i The time interval can be
1“ - Lo measured in awide

11 A 2 ms .

12 0B 3 ms measuring range.

- - e from 2 ps to 250 s.

15 0E & ms . .

16 0F 7 ms The quantization error:
17 10 8 ms

18 11 O ms 1

10 12 10 ms

20 13 20 ms 5X = —x100,%
21 14 30 ms foxt,

22 15 10 ms

73 16 50 ms

24 17 60 ms

25 18 70 ms

26 19 80 ms

27 1A 00 ms

28 1B 100 ms
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Oscillograms of Three-point
Calibration Technique

EEE XY

LR XX

++I++-i-++++l}._:+++|ii-++++-i-++++i-:

+
+
+
+

-+
+
+ =

-+
+
+
+
+

E A LEEEY

R,=1006.5 Q; R.=604.02 Q; C= 3 pF and R,=328.63 Q (a);
and R,=10 237 000 Q (b)

144 International Frequency Sensor Association « www.sensorsportal.com "



USTI Commands for Resistive
Measurement (RS232 Interface)

145

>M10 ; Set up a resistance R, measurement mode
>E263000.0 ; Set the reference value R, =263 kQ

>\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 in Q
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Experimental Results

1010 - m
1009 +---------- g
1008 +---ft------mmm e --
E 1007 -
@]
é 1006 ®-=----¢----&-\----®------- g9\ ___~ __ @€ _____@©® _________-
1005 F-- oo oo -
1004 -
B0 B L T L
1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97
N=100
0,35 -
Paramweier Value
MHumber of e asmirernerts, M 100 0.3
Minmtoam R, (zair, 02 1004 5257 0,25
baxntoom E (ma), 2 10212 02
Sampling Fange, 4375 - =1 i
E Wil
R (max) - B [z, 02 Bl
Median i '
Aritlunetic Mean, 52 1005 7515 0171-
Warlanece 04172 oos4 -
Standard Deviadion 05453 ;
Coefficiat of Waration 1557 1a812 0+
Corfiderce nierval oy amtlonetys mean 1005 6414 R 1005,21 1006 44 1007 65 1008 ,91
at P=27 1 £ 10055218
Felative enor, 7 oa7 Ohm
no—test (Fat: k=T, P=597%
L e 210 o K. =1.25xn%
Hypothesis abot Ganssian distrition Mo acceptable max '

146 International Frequency Sensor Association « www.sensorsportal.com "



Relative Error vs. Charging Time
atR, = 2043 300 Q

D2 dod-tapad-cbafadaabafadacbabodaipadatafad=cloabedind

i
[ ] 1 ] L i ]
L] ] i i
D_TE v Ol e o e e - i A - o s ol s = i e i e e " ] o - Tl At ey
L]

Rx Error, %

D1 m ks Bl il oy Bl bl sy Rl piflh sty bal sl Sy bl ity |
i

DDS S il S S

100 us -2 ms Ams-10ms 20 ms - 100 ms
Charging time
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USTI Commands for Frequency
Measurement, RS232, Slave Mode

148

> A09 ; Set up the relative error 0.001 %
> MOO ; Frequency measurement in the 15t channel

>S5 ; Start measurement

>C ; Check in the result is ready

r ; Returns ‘b’-if in progress; ‘r'-if ready
>R ; Read result

100000.07507

> MO04 ; Duty-Cycle measurement in the 2"d channel

>S5 ; 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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Comparative Resistance
Measurement Results

149

Relative Resistance Error
Marked PIC "g_‘I]TER USTI Measurement
Value . . Error, % conditions
Error, %

. , ) R=329 66 O0: C=2uF
010K N/a 0.24 R,—600 86 O
030K N/a 1.58 B =432 260 0o, C=2uF
082K N/a 131 B,=600 850

. - B=604.02 0x; C=3uF
10K N/a 0.026 R=318.63 0
12K 13 117
51K 10 1.067
82K 20 092
10K 20 0918
15K 1.7 0860
WK 15 0805
0K 14 0.759
51K 10 0.641
K 10 0.566 R=432260 0
K 06 0491 C=2 uF
150K 05 0392 B=600850
200K 03 0.309
300K 02 02
430K 04 0.137
560 K 06 0.062
680 K 0.7 0.02
220K 07 00091
910K 08 0.0026
10M N/a 0.0493
Ry=464 240 O
15M N/a 0122 C=21nF
B =563 960 02
R =432180 0
20M N/a 0.063 C=21nF
E=464 24002
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Metrological Performance

Measuring range: 10 2 ...10 MQ
Average relative error: £ 0.47 %

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

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

151

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 uC-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
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Integrated Capacitance-to-Digital
Converters

Capacitance

Relative Error,

Communication

Ic Range FS % Interfaces Mode
ZMDI
ZSSC31210 2 pF to 260 pF +0.25 I°’C, SPI Slave
ZSSC3122 <10 pF +0.25 I°C, SPI Slave
ZSSC3123 < 260 pF +0.25 I°C, SPI Slave
Smartec
UTI 03 l 2 pF to 300 pF | n/a | Period modulated | Slave
acam messelectronic, GmbH
PCap01 |  1pF to 1000 pF | n/a | 12C, SPI | Slave
Technology Assistance BCNA 2010, S. L.
usSTI 50 pF to 100 uF "+0.036 % ’C. SPI. RS232 Slave and
/
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Direct Capacitance Sensing
Element Interfacing

20 T+5‘u'

23

13

14

USTI
MES/BS

SRPL CEZ'BN

CHRG

GO

RS5232
12C

12

8

1

22

— Cref
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USTI Commands for Capacitance
Measurement (RS232 Interface)

154

> M11; Capacitance measurement mode

> E0.00000000012543; Reference set up C,; =125.43 pF
> WO00; Set up the charging time constant number (100 us)
> S; Start Measurement

> C; Check the measurement status: b-in progress; r-ready
> R; Get the result

0.00000000015222; Measuring result C, = 152.22 pF
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Oscillograms of Three-point
Calibration Technique
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Experimental Results

156

Ci

1,58E-10 -

1,56E-10 -

1,54E-10 4

1,526-10 + C,=152.22 pF at
1,SE-10 - C,~=125.43 pF and

Cx

1 48E-10 4

R=20 MQ

-
1,46E-10 4 --------

1,44E-10
1,42E-10
1, 4E-10 4

1 T 13 18 25 3 37 43 49 55 61 67 73 79 o606 9 87

Number of measurement, N

D R . e s A e o e e e e S e D e S e S e S R I SR S T s

1,9285E-06
0., 000001928

0.00000192T 4
1,9265E-06
0,000001926
1,9255E-06
0, 000001925

BRI ] & vt i s s

B m&uwgﬁﬁ%%mﬁ?f% ﬂ&ﬂ;&?\ C,=1.9279 uF at

R | s B (maa C,=1.9286 pF and

I T R=99 0

0,000001924 §--------casccnrcanecanceccmanncannans

1,9235E-06

1 8 15 22 29 38 43 50 57 B4 T T8 B 92 99

Number of Measurement, N
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Comparative Capacitance
Measurement Results

157

Relative Capacitance Error

Marked PICMETER USTI's .
Value 's Emmor. % Ermor % Measurement conditions
150 pF Nia 0.6400 Crer= 12543 pF, R = 20 M
180 pF Mia 02300 _ _
233 pF Nia 0 6200 Cree= 174.04 pF, R = 20 M2
470 pF Mia 0.7000 Cree= 44925 pF, R =20 MO
2.2 nF 4.3 0.0680

20 nF 12 0.0158

33 nF 17 0.0011 Coy=Z220k, R=91 IO

47 nF 1.1 0.0019

100 nF 6.7 0.1400 Cre=963nF, R=91 kD
470 nF 2.1 0.0010 Crge= 464 89 nF. R = 5 kD
940 nF 6.6 0.0230 Cer=961110nF, R=23kD

2 uF Mia 0.0270 Crar=19286 pF, R =1 kD2
47 uF N/a 0.1000 Crer= 42.206 uF, R=99 01
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Capacitance Measurement
Performance

Capacitance measurement range from
50 pF to 100 uF.

Average relative error = 0.036 %

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

Can work with any known capacitance-
to-frequency converters

.

4
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Resistive-bridge Sensors

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

A lot of manufacturers produce
resistive-bridge sensors

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

(1802-1875)
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Resistive-bridge Sensors

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

A lot of manufacturers produce
resistive-bridge sensors

In such sensors systems output bridge
voltages should be converted into digital
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Bridge-voltage - to — Digital
Conversion

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

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

Direct resistive-bridge sensors — to —
microcontroller interface

Integrated sensor signal conditioners for
resistive-bridge sensors

Complete Front-End for Bridge Sensors

#3 Texas InsTRuments  [EE=1FROM TI
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Sensor Signal Conditioners

ZMDI
ZMD21013 - SPI 3 channel sensor bridge
ZMD31010 14 ZACwire serial 1-wire Offset and gain compensation
ZMD31014 14 I°C and SPI 14-bit resolution
ZMD31015 14 Digital 1-wire 12-bit resolution
ZMD31020 12 I2C Piezo-resistive bridge sensor types
ZMD31030 12 PWM, LIN compatible Sample rate 100 Hz

Digital 1-wire, LIN

ZMD31035 12 compatible protocol Piezo-resistive bridge sensor types
ZMD31050 9to 15 PWM, I2C, SPI, ZACwire Additional analog outputs
ZMD31150 13to 16 ZACwire and I12C Sensor specific correction
Smartec
UTIO3 13to 14 Period modulated output FESEINE loreles 28000 = I il

maximum imbalance + 4 % or + 0.25 %

T
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Task Definition

163

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

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

Fractional resistance change for each bridge
arm should be calculated as:
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Sensor Bridge Interfacing
Circuit Diagram

2DT+5’-.-‘
15 1B
12
CE2/8M
Ro(1+x) C> 0.002
a USTI i#:: RSa T R
14
—Aan—— CHRG 12c
220
= T =2200 x C
23
MES/BS
| GND

|E- |22

165
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USTI Commands for Resistive
Bridge Measurements (RS232)

166

>M12 ; Set up a resistance-bridge B, measurement mode
>W12 ; Setthe charging time 20 ms

>S5S , Start measurement

>C ; Check the measurement status:

r ; Returns ‘b’-if in progress; ‘r'-if ready
>R ; Read result

0.006005379986
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Oscillograms at CHRG
Output Pin

+++++++++++++|++++++

C=1 pF , charging time 2 ms (a) C=2 uF, charging time 4 ms (b)
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Experimental Results I:
Strain Gauge Emulator

0,0025 -

0,002 -

0,0015 -

x (0 ue)

0,001 - - oo

0,0005 |~~~ — <«

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58
N

0,096
0,0959 -
0,0958 -
0,0957 -
0,0956 -
0,0955 -
0,0954 -

1550A Strain Indicator Calibrator 0,0953 -
(VISHAY) 0,0952 - - -
0,091 +~+—+—+—+r—+rrrrrrrrrr T T T T T T T T T T T T
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58
N

X (99999 ue)
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X Changes Through the Strain
Gage Measuring Range

Relative quantization error for time interval measurement:

1

foxt,

x 100

X
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Statistical Characteristics

Number of measurements,

Parameter

Value

X (99900 pe)

N 60 60
Minimum R, (min) 0.0016 0.0954
Maximum R, (max) 0.0021 0.0959
Sampling Range,

R, (max) - R_ (min) 0.0005 0.0005
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=097%y2, =8.9 2.2572 5.354
Hypothesis about Gaussian Accepted Accepted

distribution

170 International Frequency Sensor Association « www.sensorsportal.com



Experimental Results II:

Differential Pressure Sensor Series
SX30GD2 (Honeywell)

0,0063
00082 == mmm o oo o o o o oo
= ™" T » ¥ l..‘Ill a ¥ L % . |a "
00,0061 -M o BT R ™ B L Y e R {--‘!\-_—_J';
= I ﬁ_’f\ T2 lf % ) 7S
£ 005 M-S - =511 IR S I-If S-S
.E .J & " L] [ L '\.- 4 i .
= 0,0089 1-------db-meo b iy R T R softeld (SRR RS R
(2]
111 O
=
D, 0057 === == mm == m o oo
10, 0056 T T T T T e
1 7 12 19 25 31 37 43 49 5 61 67 73 79 8 91 o7
M
0007
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H
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Statistical Characteristics

X (p = 0 psi)
Parameter
With Schmidt trigger Without Schmidt trigger

172

Number of measurements, N 100 100
Minimum R, (min) 0.0053 0.0058
Maximum R, (max) 0.0065 0.0062
}S?jr(”n';’g:‘g _Rg:‘-%‘;in) 0.0012 0.0004
Median 0 0

Arithmetic Mean 0.005757267 0.006041671
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 %

Relative error, %

y2 — test (S) at: k=8;
P=97 %2, =12

Hypothesis about uniform

distribution

0.0057 < x < 0.0058

0.87

57.0539

Not accepted

0.006 < x < 0.0061

0.83

7.4373

Accepted
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USTI Features

173

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
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

~Iren
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Mumber of o
DAQ Systems | e | Vo | e
Timmg I'Q Board, National Instruments (USA)
and Modules sy |2 S
20 ... B0 (60 0.003 (clock
NI 66053 125y I aceuracy)
PCL-DAQ Boards Eiethley (USA)
EPCI- 313X EEN [3...4(8" | na
Picosecond Timing Doyl Eel, TOTRCHIIRE) .
. DBE7 0.95 4 0.1 (relative
System (EOS Optronics, ; : error)
Counter and Dhental I'0 Board, Mislhaus Electronic (Germany)
GmbH’ Germany) ME-14004B | 10 [31...6 | 0.01
Time-to-Digital Converter, Agilent-Aegiris (USA)
TC840 20 5 (me 12 0.0002 (clock
interval) AcCuracy)
DAQ System Intellicent Instrumentation (USA)
UDAS-1001E | 10 [ 1 | n/a
Mult-Function Counter Timer Card ADLINE Technology (Tarwan)
Time/Frequency Counter gglléﬂ_%iﬂ ig fﬁ 12 n'a
. -804 na
2X00 (Vigo System S.A., Timer/Counter Boards, OMEGA (USA]
Polan CIO-CTRI0HD | 7 10 n'a
ola d) CIO-CTR20HD | 7 20 n'a
Timer'Counter Boards, Cenfac (Japan)
CNT16-325 0.2 32 n'a
CNT24-4 1 4 n'a
TCR-10 7 10 n'a
Frequency Module, NPP Mera (Fussia)
B 0.01 Hz .__ 400 0001 =001
. MC-451 kHz g FS exon)
B1200 Time Interval Digital /O and Counter Card. ddvantech (USA)
STF PCL-720 [ 2.6 [ 3 [ na
Analyzer (Brl lliant Timer/Counter Boards, Axdom (Taiwan)
Instruments, Inc., USA) AN5216 7 3 wa
AX5218 7 10 n'a
AX5220 10 3 n'a
Field Module, MicroControl (Germany)
pCAN 4.ci- 05 4 0.1 Hz
BOX : (resolution)

T
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DAQ Systems Features

More or less good maximum
frequency range f, ..

Excellent number of channels
(up to 32)
Low accuracy due to use of

classical methods for frequency
measurement

Mostly satisfy programmers (due to
software and drivers) but not
metrologist
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DAQ System with Time-Division
Channeling

15 1
| |
X1 N DAQ System |
|
S | |
|
K2 fﬂ: [
| Rx  splorizc | PC
. o T Bus |
| e
— S3 > > UsTI {ﬁ){ ne (o)
| T .|
- I S
®n I R5232 %L_,-
— »| Sn fx_ﬂ:... <
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AD | PCBus
|
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|
|
|

T=n- (Tmeas + Tdelayl + Tdelayz)



DAQ System with Combined
Space- and Time-division
Channeling

@ Sensor 7 SPlorl2C
EBridge Bus
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USTI Commands for Frequency
Measurement, RS232, Slave Mode

178

> AOA ; Set up the relative error 0.0005 %
> MOO ; Frequency measurement in the 1st channel

>S5 ; Start measurement

>C ; Check in the result is ready

r ; Returns ‘b’-if in progress; ‘r-if ready
>R ; Read result

100000.07507

> MOE ; 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
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USTI Commands for RC
Measurement, RS232

> M11 ; Capacitance measurement mode
> E0.00000000012543 ;Setup C,s =125.43 pF
> \WO0O0 ; Set up the charging time (100 nus)

> S ; Start Measurement

>C : Check the measurement status:

r ; Returns ‘b’-if in progress; ‘r'-if ready
>R  Read result

0.000000000155

>M10 ; Set up a resistance R, measurement mode
>E263000.0; Set the reference value R, =263 kQ
>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
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UFDC-1/USTI and Analog Signal
Domain

S L
o 8|gt|talt —

o Voltage (V) . Hz utpu RS232/485
S oo —» VFC >~ SPI

O Current (1) 12C

r

S _

Any Voltage-to-Frequency Converter (VFC) can be used to convert an
analog signal to quasi-digital (frequency) signal

~Tren
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DA

181

Board Prototype
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Experimental Results
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183 International Frequency Sensor Association « www.sensorsportal.com [



Smart System Integration

EP0SS — The European Technology
Platform on Smart Systems

Integration
/" 3SI - The European Technology
( 3 Platform on Smart Sensor Systems
Integration
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SoP and SiP

185

Digital

Sensing output

Element 1

Sensing
Element 2

Sensing >
Element 3

- \ Sensors and
N sensing elements
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System-in-Package

186

MEMS Oscillator
I

Universal Frequency-to- Bus
Digital Converter
|

International Frequency Sensor Association

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
oscillators in order to increase
its short frequency stability
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Sensor System’s Error Estimation
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Measuring Channel

Measuring Channel

| | |
Sensor —— VFC —— UFDC-1 ”Iqu -

Relative Error’'s Components:

o L
+3., % . 164, % - quantization error

+0,, % - reference error

Main considerations:

« UFDC's relative error (3,) 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 6,=0.00001 %
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Error Summation

- an overestimation in 2-4 times !

[ 2, 2 2 2
Oy —\/GS + Oy + 04+ 0,

where 0] Oyecyr O

s q' Oo are the root-mean-square deviations

of appropriate components of error
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Input Data

Root-mean Square

Relative Error,

Distribution Law

Deviation, %

190

* - should be found in data sheets
** - should be chosen according to the consideration

Error’s
Component %
Sensor’ error O Normal (Gaussian) S,
C. =
- 2.3
VFC’s error Ovec Normal (Gaussian) Oy e
Ovrc = 5 3
Quantization 8y Triangular 0,
error (Simpson’s) Oq = /6
Reference error dp = 0.00001 | Uniform d,
G = ﬁ
/
‘/ f
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Output Data

. 2 2 2 2

52 =1.64 x Oy - for up to 3 components at p=0.9

52 =1.96 % O s - 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
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Example

A sensor system consist of an analog pressure sensor, for example, Type 740C with

the voltage output (0-10 V) and full scale error 6, = +0.1 % ; a voltage-to-frequency
converter (u 2.0 Series from Canopus Instruments), with the relative error o <
+0.1 %, and non-calibrated UFDC-1 IC with the 30 ppm (&, = £0.003 %) low cost

guartz crystal oscillator form Siward Crystal Technology Co., Ltd.

192
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Error's component Relative error, % Distribution law Standard mean square error, %
] . i‘;-
Sensor’'s error &=+01 Gaussian =——=+0.051%
1.96
. _ o
VEC's error Sec=+01 Gaussian O, =——=+0051%
1.96
o,
Quantization error 4&=x0.01 Tnangular O, =—— =+00041 %
.06 '
. 5,5-:
Reference error dp == 0.003 Uniform Op == =+00017 %
.\‘,l__«.
www.sensorsportal.com e




Calculations and Result

o = +/0.051% + 0.051% + 0.00412 + 0.00172 =

= 1/0.0026 + 0.0026 + 0.000017 + 0.0000029 =+/0.00522 = 0.0723

ooy =0y x1.96 = £0.0723 x1.96 = +0.142%

The confidence interval for the total sensor system’s error with
probability P=0.95iS &, 95> €[- 0.142 % ... + 0.142 %j.
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The Future and Summary

194 International Frequency Sensor Association « www.sensorsportal.com



Frequency-to-Digital Converter
with Parallel Interface (FDCP)

Fully digital, low-power CMOS IC

Non-Redundant conversion time 6.7 us to
1.6.ms

One generating output (fo=32 MHz
64-lead TQFP package 14 x 14 mm
Parallel output: two 16-bit words N, and N,
Slave communication mode

fsz"xf0 T, = N, ,
N N, x f,

r X
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FDCP Metrological Performance and
Electrical Characteristics

Parameter Value
Minimal converted frequency, Hz = 500
Maximal converted frequency, MHz < 16
Programmable relative errors, % 1; 0.1; 0.01; 0.002 %

compatible parallel interface, bit 32
External clock oscillator frequency,
16
MHz
Internal clock frequency, MHz 32
Supply current, mA 12
Power supply. V 3.3
Operating temperature range, °C 40 to +85
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FDCP interfacing with the DSC
TMS320F28335

XINTF FDCP
LTS L [
YED = BE
XREADY [ XRDY
WD{31:0 =, D310

—p FXIN

GPIO[10] 1 N[1.0]
GPI0 »| CRVST
LGP0 . CHVRDY
EFI0 - SRDY
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USTI-WSN

Cost-effective Sensor Nodes for Wireless Sensor Networks
SENSORCOMM 4: Tuesday, 21 August, 10:30 - 12:15
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Summary

199

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
fcomponents as possible in digital or quasi-digital
orm

Digital and intelligent sensors and sensor systems
with high metrological performances can be
designed based on on-shelf electronics components
and low cost
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~Tren
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Questions & Answers
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