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Abstract
NOVEL UNIVERSAL FREQUENCY-TO-DIGITAL CONVERTER AND SENSORS INTERFACE
INTEGRATED CIRCUITS
S. Y. Yurish

The Universal Frequency-to-Digital Converter (UFDC) and Universal Sensors and Transducers
Interface (USTI) integrated circuits (ICs) for different frequency output sensors and transducers
were described in the article. All chips are based on four novel patented methods for frequency (pe-
riod), duty-cycle (duty-off factor), frequencies (periods) ratio and phase-shift measurement. They
have a high accuracy, non-redundant conversion time, scalable resolution, programmable relative
error, broad frequency range and extended functionality. The ICs have intelligent capabilities includ-
ing self-identification; self-adaptation and can contain the IEEE 1451.4 TEDS in its flash memory.
Such ICs will simplify significantly a digital sensors and smart sensor systems design process, reduce
development time, time to market and production price of different applications based on innovative
chips while improving sensor performances.

Keywords: quasi-digital sensors, sensors and transducers interface, frequency-to-digital convert-
er, smart sensors, IEEE 1451, TEDS

AHoTanis
HOBI IHTEI'PAJIBHI MIKPOCXEMM YHIBEPCAJIbBHUX ITEPETBOPIOBAYIB YACTOTA-KO/ 1
CEHCOPHUX IHTEP®ENCIB
C. 0. Opuu

VY crarTi onucaHe CiMERCTBO iHTErpaIbHMX YHiBEpCAIbHUX MEPETBOPIOBAYIB YACTOTA-KO/I i Mi-
KpPOCXEM YHiBepCalbHUX CEHCOPHUX iHTepdeliciB, MpU3HAUYEHUX MJISI Pi3BHOMAHITHUX CEHCOpPiB
i mepeTBOpIOBayiB 3 YacTOTHMMHU BuxomaMu. Bci IMC 6a3yloTbesl Ha YOTMPHhOX HOBUX 3amaTeH-
TOBaHMX METOJax BUMipIOBaHHS 4acTOTU (Tepiony), KoedilieHTa 3alOBHEHHS (LIMapyBaTOCTi),
BiIHOILIEHHS ABOX YacTOT (MepiofiB) i pa3oBoro 3cyBy. MikpocxeMu MalOTh BUCOKY TOUHICTh, 6€3-
HaJJIMIIKOBUIA Yac MepeTBOPEHHS, MaclITaOOBaHy PO3IiJbHY 3JaTHICThb, MIPOrpaMoOBaHy BiTHOC-
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HY MOXUOKY NMepeTBOPEHHS 1 IIMPOKUIA Aialla30HOM ITePETBOPEHUX YACTOT Ta (PYHKLUiOHATbHUMU
BractuBocTaAMU. IMC MaloTh TaKOX iHTEJIEKTYaIbHi BIACTUBOCTI, 1110 BKJIIOYAIOTh CAaMOiAeHTU(i-
Kallilo i caMoaJarnTalilo, a TAKOX MOXJIMBICTh 30epiraHHs y (Jiel-nam’sTi Tabaulli eJIeKTPOHHOI
cneuudikaii TEDS (Transducer Electronic Data Sheet) y BimnmosigHocTi 3i ctangaptom [EEE
1451.4. Taki IC cyTTeBO CHPOCTATH pO3pOOKY (i CKOPOTATH ii yac) UM@PPOBUX i iHTETEKTyaIbHUX
CEHCOPiB i cucTeM, 3MEHILIATb COOIBAPTICTh Pi3HUX CEHCOPHUX CUCTEM MPH MOJIIMILIEeHHI 1X METpO-
JIOTIYHUX XapaKTEPUCTHUK.

KnrouoBi ciioBa: kBazindpoBi ceHcopu, iHTepdeiic, IepeTBOpoBad YacTOTa-KOI, iHTeJIeKTya-
nmeHi cencopu, IEEE 1451, TEDS

AHHOTAIMA

HOBBIE MHTETPAJIBHBIE MUKPOCXEMbI YHUBEPCAJIbHBIX ITIPEOBPA3OBATEJIEN
YACTOTA-KOJI U CEHCOPHBIX MHTEP®EICOB

C. 0. Opuu

B crathe onucaHo ceMeiicTBO MHTErpPabHbIX YHUBEPCAbHBIX IPeoOpa3oBaTeieil YacToTa-KoI
Y MUKPOCXEM YHUBEPCATbHBIX CEHCOPHBIX MHTEpdeiicoB, MpeaAHa3HAYEHHBIX IJIs1 pa3IUYHbIX J1aT-
YUKOB U Mpeodpa3oBaTesieil ¢ yacTOTHhIMU Bbixogamu. Bce UMC 6a3upyloTcsl Ha YeThIpeX HO-
BBIX 3allaTeHTOBAHHBIX METOAAX M3MEPEHHUs 4acTOoThl (Mepuonaa), KoadduureHTa 3amoJHEeHUs
(CKBaxKHOCTH ), OTHOLLEHUI ABYX 4acTOT (MeproaoB) U ¢a30oBoro casura. MukpocxeMbl odiana-
IOT BBICOKOM TOYHOCTBIO, 6€3U30bITOYHBIM BpeMEeHEM Mpeodpa3oBaHusl, MacLITaAOMpPyeMOii pa3pe-
11aolIeil CITOCOOHOCThIO, IPOTPAMMUPYEMOIM OTHOCUTEIBLHON MOTPEIIHOCThIO MPeodpa3oBaHus,
IIMPOKUM OMANA30HOM Mpeodpa3yeMbIX YaCTOT U (PYHKILIMOHAJbHBIMUA BO3MOXHOCTIMU. UMC
001a7a10T TaKKe MHTEJUIEKTYaJlbHBIMU BO3MOXHOCTSIMUY, BKITIOYAIOIIUMU CaAaMOUIEHTU(PUKALIUIO
M caMoadanTaluio, a TaKXKe BO3MOXHOCTBIO XpaHEeHUs BO (hJiell-TTIaMsITH TaOJUILIbI 3JIEKTPOHHO
cneundukanuu TEDS (Transducer Electronic Data Sheet) B cooTBeTcTBUM co cTaHaapToM IEEE
1451.4. Takue UMC cyliecTBEeHHO YIpOLIaoT pa3paboTKy (M COKpallaloT ee BpeMs) HMPPOBLIX
W VHTEJIIEKTyaIbHbIX JATYMKOB U CUCTEM, YMEHbIIAIOT ce0eCTOMMOCTh Pa3IMYHbIX CEHCOPHBIX

HpHJ’IO)KCHI/Iﬁ IIpU YIYYIIECHUUN NX METPOJIOTUYCCKUX XapaKTEPUCTUK.

KnroueBsie ci1oBa: KBa3uln(poBhie TaTYNKK, MHTEpQEIC, IIpeodpa3oBaTeIb YaCTOTa-KOI, MH-

temnekTyanbHble ceHcophl, IEEE 1451, TEDS

Introduction

Many modern manufacturers today produce sen-
sors and transducers with frequency, period, duty-
cycle, time interval, frequencies difference, PWM
or pulse number output signal for various physical
and chemical, electrical or non-electrical quanti-
ties [1-2]. Such so-called quasi-digital sensors have
a high accuracy (from 0.01 to 0.003 % relative er-
ror and better), for example, pressure sensors and
transducers from Paroscientific, Inc. (USA) and
Pressure Systems (USA); the temperature sensor
SBE 3plus from Sea Bird Electronics, Inc., various
quartz crystal microbalance and other resonator-
based (superficial SAW, bulk acoustic wave, etc.)
chemical, bio- and immunobiosensors, etc. [1].
Quasi-digital sensors and transducers are operating
in a broad frequency range, from several hundredth

parts of Hz up to some MHz, for example, light
and color sensors from TAOS (USA), Hamamatsy
(Japan) and Melexis (USA) [1]. In order to convert
these informative signals into a digital form, a fre-
quency-to-digital converter based on novel conver-
sion methods should be used.

The number of quasi-digital sensors currently
available on the market and these various devices
have adopted numerous sensing principles, the task
of designing appropriate interfacing integrating cir-
cuits (ICs) to satisfy them all appears daunting. De-
spite the presence of many highly versatile sensor
interface chips in the market, they remain limited
to analog sensor types.

One of the first ICs for frequency-to-digital con-
version was designed at the end of 1980s. It was the
48-pin one-chip specialized microprocessor USP-
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30 [3]. The USP works in a pipeline mode and can
measure frequency, period, time interval, pulse
width and count pulse number. The main demerits
of this device are its narrow frequency range: from
0.1 Hz to 100 kHz and high power consumption.

For time interval measurements the IC’s ALU
uses standard counting method for frequency
measurements and indirect counting method for
time interval measurements [4]. The absolute ac-
curacy is AT =+ 33 ns at the reference frequency
J,=30MHz. This IC has high power consump-
tion.

The universal 42-pin CMOS frequency-to-
digital converter K512PS11 (USSR) works in two
modes: single conversion and multiple conversions.
It is based on the indirect counting method with in-
terpolation [5]. This IC has parallel 16-bit output.
The maximal converted frequency is 1 MHz.

The universal sensor interface chip (USIC) can
measure frequency and pulse width. It has an 80-
pin pack (QFP) and a limited high frequency of
4 MHz [6].

The single-chip (FPGA) 84-pin interpolating
time counter described in [7] is based on the clas-
sical time interpolation technique. It has limited
maximal measurable time interval of 43 s, and only
a few measuring functions.

An ASIC of single channel frequency-to-digital
converter has been designed to handle one input
channel [8]. This ASIC is capable of measuring fre-
quencies from 100 Hz to 100 kHz. The frequency
measurement relative error is 0.1 %. The chip can
be interfaced to a 16-bit bus. The hybrid technique
for frequency measurements has been used in order
to meet these specifications. Disadvantages of this
IC are its low accuracy and narrow converted fre-
quency range.

A frequency-to-digital converter (FDC) from
AutoTEC, implemented on a Xilinx FPGA provides
digital data for frequency signals [9]. The FDC has
16-bit and 12-bit counters and uses a 1 MHz free
running clock frequency as a reference. The fre-
quency range is from 35 Hz to 24 kHz, with abso-
lute error A_=* 5 Hz and relative full-scale error &_
= (0.2 %. Disadvantages of this IC are the same: low
accuracy and narrow converted frequency range.

Acam-messelectronic GmbH produces four modi-
fications of the Time-to-Digital Converter (TDC)
[10]. These CMOS ICs provide frequency, time and
phase measurement. The TDC-GP1 is a universal
2-channel time-to-digital converter with a typi-
cal resolution of 125 ps and a maximal measuring
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range of 200 ms. A quartz clock in the range from
500 kHz to 35 MHz is needed for reference. The
TDC-GPI is realized in a 0.8 um CMOS process
and packaged in 44 TQFP. The IC offers a standard
8-bit bus interface.

The TDC-F1 is a complex 8-channel time-to-
digital converter with al20 ps resolution for each
channel or 4 channels with 60 ps resolution each.
The measurement range is from 5 ns to 7.8 us. Out-
put data are available directly on a 24-bit parallel
bus. The reference clock is from 1 MHz to 40 MHz.
The chip is packaged in 160-pin PQFP.

The IC TDC-GP2 has resolution of 50 ps. Its
measurement range is from 3.5 ns to 1.8 us. The
TDC-GP2 has an SPI compatible serial digital out-
put. The time-to-digital converter TDC-GPX has
a resolution of 10 ... 81 ps and measurement range
from 10 ns to 10 ps.

All four ICs are using the modified method of
delayed coincidences. The main disadvantages of
these time-to-digital converters are the following:
limited low frequency range; narrow functional-
ity; only slave communication mode; and relatively
high price.

The 80/32-pin ICs (System-on-Chip) of sensors
signal processor SSP1492/1493 from Sensor Plat-
forms (USA) include a frequency-time mode con-
verter with scalable resolution and conversion time
based on classical methods for frequency measure-
ment [11]. They have SPI and I>C serial commu-
nication interfaces. These ICs have narrow func-
tionalities for frequency-time domain signals: only
period and pulse width measurements are possible.

All integrated converters and interfacing 1Cs
considered above except the time-to-digital con-
verters from Acam-messelectronic GmbH are based
on classical conversion methods for frequency-time
parameters to digital. Hence, they cannot be used
with all existing modern frequency-time domain
sensors due to low accuracy in comparison with
sensor’s accuracy or/and narrow frequency range.
Further, they do not cover all frequency—time in-
formative parameters of modern quasi-digital sen-
sors and transducers such as duty-cycle, duty-off
factor, phase-shift, frequency (period) ratio and
difference, frequency deviation, etc. In order to
overcome the mentioned disadvantages of exist-
ing integrated frequency-to-digital converters the
family of integrated Universal Frequency-to-Dig-
ital Converter (UFDC) and Universal Sensors and
Transducers Interface (USTT) ICs with significant-
ly improved metrological performance, extended
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frequency range and functionality were designed
and developed. Both types of ICs are Application
Specific Integrated Processors (ASIP) that should
be programmed once by a manufacturer. The ICs
design was implemented by using embedded pro-
gramming rather that the custom IC development.

Universal Frequency-to-Digital Converters

The universal frequency-to-digital converter
(UFDC) family of ICs contains the UFDC-1,
UFDC-1M-16, UFDC-2 and UFDC-2M-20 in-
tegrated circuits. All these ICs are based on four
novel patented conversion methods for frequency
(period), its ratio, duty-cycle and phase-shift; and
have a scalable resolution, non-redundant conver-
sion time and programmable relative error of meas-
urement, which is constant in all frequency range.
The UFDC-1 and UFDC-1M-16 have 16 measur-
ing and one generate (8 MHz rectangular pulses)
modes. The UFDC-2 and UFDC-2M-20 have 26
measuring and one generate (10 MHz rectangular
pulses) modes. The UFDC-1 evaluation board is
shown in Figure 1.

Fig. 1. The UFDC-1 evaluation board

The modified method of the dependent count
is used for frequency (period)-to-digital conver-
sion [12]. Like to the early proposed method of the
dependent count [13] it lets convert frequency f,
which exceeds the reference frequency f; (f, >> f,).
But in comparison with the original method of the
dependent count, the initial stage for determination
which of frequency is greater (f, < > f)) is not nec-
essary, as well as it is not necessary to change the
equations for further frequency or period calcula-
tion.

In comparison with the UFDC-1 [14] the high
speed version UFDC-1M-16 [15] has internal ref-

erence frequency f, = 16 MHz and reduced con-
version time at the same programmable relative er-
ToTS.

In comparison with the developed earlier inte-
grated universal frequency-to-digital converters
the UFDC-1 and UFDC-1M-16, the UFDC-2
and UFDC-2M-20 have extended high frequency
range, increased functionality (due to addition ab-
solute and relative frequency deviation measuring
modes), improved quartz-accurate automated cali-
bration procedure, increased accuracy and shorter
conversion time 7 (decreased in 32 times for the
UFDC-2M-20). All ICs have RS-232 (422/485)
master and slave communication modes, SPI (slave
communication mode), and I?C interfaces (slave
communication mode).

The UFDC-2 can keep an IEEE 1451°s Trans-
ducer Electronic Data Sheet (TEDS) in its flash
memory with the aim to simplify the sensors and
transducers configuration in a system and abil-
ity of self-identification and self-adaptation. The
last feature includes a possibility for flexible trade
off accuracy for speed and vice versa during each
measurement.

Together with appropriate transducers’ param-
eters, the TEDS for frequency output sensors must
also contain the value of quantization error for fre-
quency-to-digital conversion. This parameter can
be changed during measurements depending on
application and adaptive measuring algorithm.

The UFDC-2 IC covers three main functions of
smart transducers: high accuracy frequency (time)-
to-digital conversion, TEDS storage in the flash
memory and communications. Because of such
ICs, the design and development of IEEE 1451
compatible sensors and transducers will be quick,
low-cost and effective.

Universal Sensors and Transducers Interface

The universal sensors and transducers interface
(USTI) is designed for operation in a wide frequency
range from 0.05 Hz to 9 MHz (144 MHz with pres-
caling) with programmable accuracy §_from 1 % to
0.0005 %, scalable resolution and appropriate non-
redundant conversion time 7, from 5 psto 0.01 s.
The relative quantization error Sq does not depend-
ent on the converted frequency. It is constant in the
whole frequency range (from f _ to f, ) and less
than the programmable relative error Sq <o.ThelIC
supports an advanced quartz-accurate automated
calibration procedure; the RS-232 (422/485) serial
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interface with programmable communication speed
up to 38400 baud rate (for slave mode), 3-wire SPI
and 2-wire I2C interfaces; master and slave com-
munication modes. There are one 10 MHz generate
mode (for a calibration purpose) and 29 measuring
modes designed for conversion to digital of any fre-
quency-time parameters of sensor’s and transduc-
er’s output: frequency, period, duty-cycle, duty-off
factor, frequency and period ratios and differences,
time interval, pulse space and width, phase shift,
absolute and relative frequency deviation, pulse
number count and rotation speed.

It addition, the USTI can directly convert to
digital a resistance, capacitance and resistive bridge
parameters of different sensing elements. In this
case the number of external components is mini-
mal. The conversion methods for these parameters
are based on modified direct interfacing methods
for sensing elements described in [16, 17].

Intelligent (smart) USTI’s features include a
self-adaptation possibility (an opportunity to trade
off accuracy for speed and vice versa during each
measurement) and a possibility to keep in the US-
TI’s flash memory the IEEE 1451 TEDS with the
aim to simplify sensors configuration in a system,
ability of self-identification and self-adaptation.

The USTI as well as the rest members of integrat-
ed converters family promise to reduce significantly
a digital sensors and smart sensor systems develop-
ment time, while improving sensor performances.
Due to communication features and two physically
separated channels the USTT can be used in various
multi-sensor systems. A signal processing includes
everything needed for accurate measurement of the
frequency-time domain sensor signals as well as for
communication with a PC or master microcontrol-
ler. An important feature of USTI is also that it is
flexible and easy to use.

One of main USTI’s parameter is the conversion
time. According to the modified method of the de-
pendent this time is non-redundant, adaptive (de-
termined only by the programmable relative error 8 )
and minimum possible. The conversion time can be
calculated according to the following equation:

tconv :L’ lf‘ &-<T;r

I Jo

N N (1
tcanv=_8+(0+Tx)9 lf‘ _BZT‘CJ

Jo Jo

where f, is the reference frequency; N, =1/5_is the
number proportional to the programmable relative
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error & ; T =1/f_is the period of unknown frequen-
cy. Simulation results of conversion time for the
USTT prototype chip are shown in Fig. 2. The con-
version time is most significant at precision low and
infralow frequency-to-digital conversions but does
not exceed the period T in this frequency range.
The internal reference frequency is f,=625 kHz for
USTI and 20 MHz for the modified high-speed
chip version USTI-1M-20.

A conversion rate 7, for the USTI includes
three components: conversion (7, ), communica-
tion (7, ) and calculations (z ) times:

=1 + tcomm + tcalc (2)

meas conv

tconv: S

0.0016
0.0014 5
0.0012 1

0.001 4
0.0008 5
0.0006
0.0004 4

Fig. 2. Modeling results for dependence of z, =o (f,, 5 )

conv

at range of variables f=625 kHz ..20
8,=0.001...0.000005 (a), and 5_= 0.01...0.001 (b)

In turn, the communication time for slave com-
munication mode (RS-232 interface) can be calcu-

lated according to the following equation:
tcummzlo.n.tbit’ (3)

where 7, = 1/300, 1/600, 1/1200, 1/2400, 1/4800,
1/9600, 1/14400, 1/19200, 1/28800 or 1/38400 is
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the time for one bit transmission; # is the number
of bytes (n=13-24 for ASCII format). As usual, the
right choice of the baud rate (maximum possible
for a certain application) isz <t  Forexample,
the communication time at 38 400 baud rate will be
tm=(0.0034...0.00625) s.

The communication speed for SPI and I2C inter-
faces is 100 kHz. The calculation time 7, depends
on operands and approximately equals to 4.5 ms.

Let’s compare the conversion time of the USTI
that is based on the modified method of the de-
pendent count with conversion times, which can be
achieved by using any classical or other advanced
conversion methods described in [2]. For the indi-
rect counting method with the reference frequency
f,=20 MHz, the relative error 5= 0.0005 % and
conversion time that does not exceed one period
T the frequency range will be essentially limited to
0.05...100 Hz. In case of direct counting technique,
for the same relative error and gate time 0.01 s it
will be possible to convert only frequencies from
the range f € [~ 44.7 kHz ... 20 MHz] and for all
relative error except the §_ = 0.0005 %, the conver-
sion time will be redundant. For advanced conver-
sion methods, for example, reciprocal, ratiometric,
M/T, constant elapse time, single- and double buff-
ered, DMA [2], at the reference frequency f,=20
MHz and gate time 7,=0.01 s the conversion time
also will be redundant for all relative error except
the 5 = 0.0005 %. In other words, the conversion
time will be the same — 0.01 s for the relative error
0.0005 % and relative error 1 %.

Experimental Results

The objective of experimental investigations was
to determine major metrological performances of
designed ICs and their limits. The measurement set
up for the UFDC-2 is shown in Figure 3.

Two TTL-level square waveform pulse signals
whose frequency-time parameters must be measured,
were fed from two function generators Agilent 33220A
to inputs FX| and FX, (the 1* and 2" channel) of the
UFDC-2 evaluation board. The UFDC-2 was pro-
grammed to measure frequency with the minimal
possible relative error 0.0005 %. The supply voltage
of the evaluation board was +5V dc, provided by the
Promax FAC-363B power supply. The frequencies
generated by the generators were in the range from
0.04 Hz up to 9 MHz. It was measured by a frequency
counter Agilent 53132A with ultra high oven stability
internal time base. The two-channel digital oscillo-

scope Promax OD-571 monitored the signals wave-
forms as well as pulse rise and fall tail times. Before
measurements, the UFDC-2 was calibrated in the
working temperature range: +23.5 ... + 25.4 °C.

UsB

Frequency Counter
Agilent 53132A

Power supply
Promax
FAC 3638

E

Functional Generator
Agilent 331204

Fx1

Py

UFDC-2
Evaluation
board

Functional Generator
Agilent 33120A

A
by
@
L]
I%
.-‘J
o
|

Y

Fx2

!

Digital Oscilloscope
QD-571

Terminal ¥1.8b
S software

: l ’ USBE

Fig. 3. Measurement set up for determination of metro-
logical performances

The measured values were sent to a PC via an
RS-232 interface implemented with the ST202D
IC. The user interface was realized with the help
of terminal software Terminal V1.9b for Windows
XP. Every measurement consisted of 60 values. The
measurement errors were evaluated from appropri-
ate statistics. The results for a 9 MHz, 1 MHz and
100 kHz square waveform pulse signal are shown
in Figure 4 (a-c). The statistical characteristics are
presented in Table 1. As it is visible from the table,
the maximal relative error does not exceed the pro-
grammable §_< 0.0005 % in all frequency range in-
cluding low and infralow frequencies.

The maximal possible frequency of a square wave-
form pulse signal for the UFDC-2, USTI and its high
speed modifications was 9.1 MHz without prescal-
ing; the minimal possible frequency was 0.04 Hz.

During the experiments, the minimal possible
pulse width (tp), pulse space () and time interval
(t) were also determined. The minimal possible
value for these time parameters was 1.5 ps.

Another important parameter for a square wave-
form pulse signal is the duty-cycle. The duty-cycle
values determined for the maximal frequency rang-
es are adduced in Table 2.

Comparative performances for series of the
UFDC and USTI ICs of frequency-to-digital con-
verters are shown in Table 3. The USTI series ICs
have identical 2 channels for all measuring param-
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eters excluding resistive, capacitance and resistive
bridges while the UFDC series of ICs can measure
only frequency and period in the second channel.

gooooad™ M

9000039 + — — - -
9000038 - -~ 1.
9000037 1.
9000036 -~~~ -~ 1.

9000035 -] IE | M H
9000034

9000033

9000032

9000031

9000030

9000029 AAMAHRELLEARELREARERRERERRARRLLRRRRARERRAY]

1.5

9 13 17 21 25 29 33 37 41 45 49 53 57 61 65
fx, Hz

N
1000005
1000004
1000003
1000002
1000001 - IH
1000000 | IH
999999
999998 | IH

999997 1H H]HH H1HHITH 1 |} nm 1
999996 1H H]HH H1HHITH 1 |} nm 1
999995 1tH H]HH H1HHITH 1 |} nm 1
999994 HILLLL ARRRERARARES

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

a)

1o0000™ M2

100000,6 & - - -
1000004 §-F -1
1000002 §-f -1
100000 -
99999,8
999996
999994 -
999992 -

99999
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1 5 9 13 17 21 25 29 33 37 41 45 49 53 57
N o)

Fig. 4. Measured results for square waveform signal with
frequency 9 MHz (a), 1 MHz (b) and 100 kHz (¢)

Applications and Examples

The applications of designed ICs are numerous:
any frequency-time domain sensor including dig-
ital, multiparameters, multifunctional, smart sen-
sors and systems (due to the programmable accura-
cy and adaptive, non-redundant conversion time);
high-end, mid- and low-range Anti-lock Braking
System (ABS); desktop and handheld multifunc-
tional frequency counters for industrial measure-
ments; multimeters for frequency-time parameters
of signals; tachometers and tachometric systems;
data acquisition systems and boards for frequency-
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time parameters, virtual instruments, communica-
tion applications, measuring systems for analytical
chemistry, electronic noses and tongues, etc.

ICs will simplify significantly a digital sensors
and smart sensor systems design process, reduce
development time, time to market and production
price of different applications based on innovative
chips while improving sensor performances. In
comparison with the direct microcontroller inter-
facing of different quasi-digital sensors and sensing
elements these ICs also let to eliminate many de-
sign problems caused by the use of advanced meas-
urement methods for frequency measurements,
microcontroller choice, its programming and ad-
ditional error components due to so-called pro-
gram-dependent or software-related effects [16]. It
also allows a move from a traditional analog sensor
output to quasi-digital. No output standardization
is necessary as in case of analog sensors.

Combining silicon micromachining designs and
processes with the advanced universal sensors and
transducers interfacing circuits will overcome many of
the early limitations for single-chip sensors. By elimi-
nating the need for ADC, the frequency (period, duty-
cycle or PWM)-to-digital conversion schemes reduce
the systems complexity. The results are high-perform-
ance single-chip sensors with truly digital output (RS-
232 interface) or bus output (SPI or I>C).

These chips can be embedded into any existing
frequency-time domain output sensors or transducers
(with the help of integrated, SoC or hybrid technolo-
gies) to produce IEEE 1451.4 compatible sensors as
well as into IEEE 1451.4 compatible data acquisition
systems. Due to all these, smart transducers manu-
factures will secure additional 15...20 % of global
sensors market, which were not available before the
IEEE 1451 standardization. Design and development
of IEEE 1451 compatible sensors and transducers will
be quick, low-cost and effective. Such approach will
improve the level of commercial adaptation of IEEE
1451 standards family in industry.

Together with all IEEE 1451 standards family ben-
efits (including self-identification, simple installation,
upgrade and maintenance) customers will receive the
self-adaptation capability and digital plug-and-play
sensors, using all advantages of frequency-time pa-
rameters as informative parameters of sensors’ out-
puts: high noise immunity and output signal power;
high accuracy of frequency standards (reference fre-
quency and time base); wide dynamic range, simple
long distance transmitting, simplicity of communica-
tion, interfacing, integration and coding., etc.
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Table 1
Statistical Characteristics of the Experimental Results
Parameter Value
9 MHz 1 MHz 100 kHz
Number of measurements, N 65 60 60
Minimum £, (min), Hz 9000032.48 999997.488 99999.5635
Maximum f, (max), Hz 9000038.73 1000003.74 100000.563
Sampling Range, f, (max)- f, 6.2515 6.2515 |
(min), Hz ) )
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 probability /.€[9000035 ... /. €[1000002.55 /. €[100000.073 ...
P=97% 9000035.83] ...1000003.54] 100000.22]
Relative error, % 0.00039 < 0.00050 0.00030 < 0.00050 0.00014 < 0.00050
Table 2 TSL238, TSL TSL245 and TCL203 (TAOS, USA)

Limit Duty-Cycle for the Input Signal Depending on
the Maximal Frequency.

Duty-cycle, % Frequency f, MHz
47.5...57.0 9
42.0...62.0 8
36.5...66.0 7
32.0...71.5 6
26.0 ... 76.5 5
20.5 ... 80.0 4

any <3

Examples of USTTI applications for a wide fre-
quency range light-to-frequency converter photo
IC S9705 (Hamamatsu Photonics K. K., Japan) and
multiparameter sensor system, which contains a
monolithic quartz resonator high accurate pres-
sure transducer of Quartzonix™ Series 960 (Pres-
sure Systems, USA) and semiconductor temperature
sensor SMT160-30 with duty-cycle output (Smart-
ec, The Netherlands) are shown in Figure 5 a, b re-
spectively.

The S9705 is a light sensor that combines a pho-
todiode and current-to-frequency converter on a
CMOS chip and outputs an oscillating frequency
(duty ratio 50 %) proportional to input light inten-
sity [18]. The S9705 has a wide dynamic frequency
range from 0.1 Hz up to 1 MHz and can be easily
measured with constant relative error in the broad
frequency range, non-redundant conversion time
and scalable resolution when used with the USTI
or UFDC ICs. The programmabile relative error for
USTI or UFDC ICs must be chosen 0.25 % in order
tobe neglected in comparison with the sensor’serror.
Other light and color sensors with a wide frequency
range, for example, TSL230, TSL235, TSL237,

or light-to-frequency converter MLX75304 (Me-
lexis Microelectronic Systems, Belgium) [19] can be
interfaced with the USTI or UFDC by the same
manner. Such approach can be used for creation
low-cost, high performances sensors systems for
different applications, for example, small distance
measuring system, color classification system, light
parameters monitoring and control; fluid absorp-
tion measurement; paper handling, oximeters, etc.

The pressure sensor series 960 [20] in multipa-
rameter sensor system (Fig.5 b) is connected to the
I** channel of USTI. Taking into account a high
sensor’s accuracy (0.01 % FS relative error), the
USTT’s relative error for frequency-to-digital con-
version should be chosen 0.001 % in order to be ne-
glected in comparison with the pressure sensor’s er-
ror. The temperature sensor SMT160-30 [21] with
duty-cycle output is connected to the 2" channel.
It is not necessary to choose the relative error for
duty-cycle measurement because of it is measured
by the USTI with the maximum possible accuracy.

Instead of SMT160-30 temperature sensor, the
second output from the 960 pressure sensor can be
connected to the 2" channel of USTI. The frequen-
cy on this output is proportional to temperature.

Conclusions

The developed ICs significantly increase accu-
racy and functionality, extend frequency range and
decrease the cost and time-to-market for different
sensor systems and digital sensors based on frequen-
cy-to-digital conversion, which can be done now
by UFDC and/or USTI integrated converter and
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interfacing circuits. Such ICs can work practically
with any frequency, period, duty-cycle, time inter-
val, PWM, phase-shift, pulse number output sen-

sors and transducers in a broad frequency range from
part of Hz to some MHz with constant relative error
0.0005 % and non-redundant conversion time.

Table 3
Comparative performances of USTI and UFDC series of ICs
IC
urpc-1 | UFPEAM T gppey | UFPE2M ) ysrr | usT-m-20
Parameters
Programmable 1...0.001 1...0.001 1...0.0005 | 1..0.0005 | 1..0.0005 | 1...0.0005
relative error, %
Mmlmagrzeq“e“"y’ 0.05 1 0.05 1 0.05 1
Maxmiﬁg‘;‘luem“ 7.5 (120" 7.5 (120" 9 (144)° 9 (144)" 9 (144)° 9 (144)°
Internal reference 0.5 16 0.625 20 0.625 20
frequency, MHz
Conversion time. s 0.0002 ... |0.00000625...| 0.00016 ... 0.000005 ... 0.00016 ... 0.000005 ...
’ 0.2 0.00625 0.32 0.01 0.32 0.01
Frequency generator
mode, MHz 8 8 10 10 10 10
Number of channels | 2 different 2 different 2 identical 2 identical 2 identical 2 identical
Number of 16 16 26 26 29 29
measuring modes
TEDS Support - - ® o O N
Frequency ® ® ® [ ) )
Period (] ) ® ® ° °
Phase shift (] ) ® ° ° °
Time interval ® ® (] [ ) o
Duty-cycle L] ® ® ® ) °
Duty-off factor ® ® ® ® ° o
Frequency/ period ° ° ° ° ° °
difference
Frequency/ period ° ° ° ° ° °
ratio
Rotation speed o ® ® o ° N
Pulse width ) ® ° ® ® °
Space interval ® [ ) ® ® ®
Pulse numbqr ° ° ° ° ° °
(events) counting
Freque;ncy deviation ~ } ° ° ° °
relative/ absolute
Resistive - - - ® ®
Capacitance - - - ® ®
Resistive bridge - - - ® ®

(*) — with prescaling

Experimental results confirm high metrological
performance for prototypes of novel smart universal
integrated frequency-to-digital converters and inter-
facing circuits for quasi-digital sensors and transduc-
ers. Its conversion time is non-redundant, adaptive
and minimum possible. The relative error of USTI,
UFDC-2 and its high speed chip versions USTI-
1M-20 and UFDC-2M-20 in the whole frequency
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range including low and infralow frequencies was be-
low 0.00043 % (in the worst case). This was less than
the programmable relative error (0.0005 %). Due to
scalable resolution, programmable relative error and
non-redundant conversion time the chips can work
with any existing frequency-time domain sensor to
produce a digital output or create multiparametric
smart sensors and systems.
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Commands for RS-232 (slave mode):

>A09 :0.001 % relative error

>M00  ;Frequency measurement in the 1% channel
>S :Start measurement

>R :Read result

40 000.04 - result of measurement for pressure (Hz)

>MO04  :Duty-cycle measurement in the 2" channel
>S :Start measurement

>R :Read result

0.4328 - result of measurement for temperature

b)

Fig.5. USTI application examples: (a) — light sensor system based on S9750 light-to-frequency converter; (b) —
multiparameter sensors system based on Series 960 pressure sensor and temperature sensor SMT160-30 (b)

Such ICs will simplify significantly a digital sen-
sors and smart sensor systems design process, re-
duce development time and production price of dif-
ferent applications based on innovative chip while
improving sensor performances. In comparison
with the direct microcontroller interfacing the de-
signed ICs also let to eliminate many design prob-
lems connected with the use of advanced conversion
methods for frequency-time parameters, embedded
microcontroller choice, its programming and addi-
tional error components due to so-called program-
dependent or software-related effects.

In addition the USTI and UFDC (UFDC-2
and UFDC-2M-20) series of ICs can store the
TEDS in its flash memory. The described chips
can be embedded into any existing frequency-
time domain output sensors or transducers (with
the help of integrated or hybrid technologies) to
produce IEEE 1451.4 compatible sensors as well
as into IEEE 1451.4 compatible data acquisition
systems.

Smart transducers manufactures will receive
a unique opportunity to produce low-cost IEEE
1451 compatible sensors with minimum possible
hardware. They should not think now about the
frequency-to-digital conversion accuracy. Only
one component can cover three main functions
of smart transducers: frequency (time)-to-digital
conversion with high metrological performances,
TEDS storage in the flash memory and commu-
nications.
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