WYDAWNICTWO POLSKIE] AKADEMII NAUK
MONOGRAFIE KOMITETU INZYNIERII SRODOWISKA

vol.181

o ”' HE:@::: “ B

HIGHLY LINEAR MICROELECTRONIC
SENSOR SIGNAL CONVERTERS BASED ON
PUSH-PULL AMPLIFIER CIRCUITS

Edited by Waldemar Wdjcik and Sergii V. Pavlov

W. Wojcik, S.V. Pavlov, O.D. Azarov, S. Smailova,
R.L. Golyaka, S.V.Bohomolov, T.Lawicki, S.S. Kulenko

LUBLIN 2022



WYDAWNICTWO POLSKIEJ AKADEMII NAUK
KOMITET INZYNIERII SRODOWISKA

MONOGRAFIE
NR 181

HIGHLY LINEAR MICROELECTRONIC
SENSOR SIGNAL CONVERTERS BASED
ON PUSH-PULL AMPLIFIER CIRCUITS

By edited Waldemar Wojcik and Sergey V. Pavlov

W. Wijcik, S.V. Pavlov, O.D. Azarov, S. Smailova,
R.L. Golyaka, S.V. Bohomolov, T. Lawicki, S.S. Kulenko

Lublin 2022



Wydawnictwo Polskiej Akademii Nauk 2022

© Komitet Inzynierii Srodowiska PAN
ISBN 978-83-63714-80-2

Komitet Redakcyjny

prof. Anna Anielak

prof. Kazimierz Banasik

prdf. January Bien |

prof. Ryszard Blazejewski

prof. Michat Bodzek

dr hab. inz. Andrzej Bogdat

dr hab. Klaudia Borowiak

prof. Tadeusz Chmielniak

dr hab. inz. Tomasz Ciesielczyk
dr hab. Lidia Dabek

dr hab. inz. Wojciech Dabrowski
dr hab. inz. Magdalena Gajewska
dr hab. inz. Marta Gmurek — Cztonek AMU
prof. Marek Gromiec

dr hab. inz. Katarzyna Ignatowicz
prof. Krzysztof J6zwiakowski
prof. Katarzyna Juda-Rezler

prof. Radostaw Juszczak

dr hab. inz. Tomasz Kaluza

dr hab.inz. Agnieszka Kaczmarczyk
dr hab. inz. Piotr Koszelnik

dr hab. inz. Leszek Ksigzek

prof. Hanna Obarska-Pempkowiak
prof. Malgorzata Pawlowska

prof. Krzysztof Pulikowski

prof. Czestawa Rosik-Dulewska
dr hab. inz. Stanistaw Rybicki
prof. Mariusz Sojka

dr hab. inz. Izabela Séwka

prof. Kazimierz Szymanski

dr hab. inz. Tomasz Tyminski
prof. Jozefa Wiater

prof. Mirostaw Wiatkowski

prof. Tomasz Winnicki

prof. Maria Wtodarczyk-Makuta
dr hab.inz. Ewa Wojciechowska
prof. Irena Wojnowska-Baryta

Redaktor Naczelny
Prof. dr hab. Lucjan Pawtowski

Recenzent wydawniczy
Dr hab. inz. Konrad Gromaszek
Dr hab. inz. Roman Kvyetnyy

© Copyright Komitet Inzynierii Srodowiska PAN

Zdjecie na oktadce
Materiaty PSEW

Skiad i tamanie
Tomasz Lawicki



Abstract: Monograph considers scientific problems dealing with
the development of the integral signal converters for
microelectronic sensors of biomedical designation, in particular, in
the devices, intended for measurement of the parameters of the
respiratory system, biochemical analysis, technological processes
in pharmacology, etc. New approaches to their electrothermal
modeling are proposed, a number of signal converters of flow
thermal sensors, based on newest microelectronic element base are
suggested. Monograph is intended for the specialists working in
the sphere of microelectronics, it also can be useful for the
students and postgraduates of the corresponding fields of study.

Streszczenie: Monografia rozpatruje problemy naukowe zwigzane
z rozwojem integralnych  konwerterow  sygnatow  dla
mikroelektronicznych czujnikéw o przeznaczeniu biomedycznym,
w szczegOlnosci w urzadzeniach przeznaczonych do pomiaru
parametréow uktadu oddechowego, analizy biochemicznej,
proceséw technologicznych w farmakologii itp. Zaproponowano
nowe podejscie do ich modelowania elektrotermicznego,
zaproponowano szereg konwerterow sygnalu przeplywowych
czujnikéw termicznych, opartych na najnowszej bazie elementow
mikroelektronicznych.  Monografia jest przeznaczona dla
specjalistow zajmujacych si¢ mikroelektronika, moze by¢ réwniez
przydatna dla studentow i1 doktorantéw odpowiednich kierunkow
studiow.
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INTRODUCTION

The development of modern diagnostic devices of biomedical designation is
characterized by the rapid widening of physical methods of measuring
transformation of functional possibilities, improvement of technical
characteristics, wide introduction of microelectronic technologies and
microprocessor engineering. These trends are vividly manifested in one of the
most important classes of diagnostic equipment —devices for measurement of
gasses and fluids flow speed (flow sensors), used for measurement of the
respiratory system parameters (in particular, in case of asthmatic diseases),
artificial respiration systems, means of biochemical analysis. Besides, flow
sensors find wide application in the technological processes of pharmacology
and devices used for ecological monitoring.

From the point of view of biochemical compatibility of the materials, high
operation reliability, minimal impact on the parameters of the studied flow and
the possibility to measure both small and large flows of fluids and gasses
thermal flow sensor (hot-wire anemometer) — devices, measuring ability of
which is based on the determination of the temperature field in locally heated
substance of the flow have the priority in biomedical equipment [1,2,139].

Great contribution in the development of the signal converters of thermal
flow sensors of the general and biomedical designation was made, first of all, by
the prominent scientists of the well-known domestic and foreign schools: O. D.
Azarov, Z. Yu. Gotra, R. L. Golyaka, V. S. Gutnikov as well as Allen B.
Holmes, Richard Miller, David W. Spitzer, N. T. Nguyen, D. Lee and others.

The importance of the development of new generation of the integrated
signal converters for microelectronic thermal flow sensors is stipulated by
several factors. First, structural-circuit solutions, used in the conventional signal
converters, in particular, for measuring circuits of thermal resistive type, do not
meet the requirements regarding the minimization of energy consumption of
microelectronic thermal flow sensors. Secondly, with the transition to low
voltage energy supply sources, the minimization of the parasitic impact on the
result of the measurement of signal transmission lines resistances becomes very
important. Thirdly, in the process of the development of the sensor devices for
the flow measurement all the requirements regarding their compliance with
modern directions of microelectronic sensors development, in particular,
interface compatibility, possibility of program control of the measuring process,
enhanced  functional possibilities, compliance with the standard for the
intelligent sensors |IEEE1451.2, compliance with the requirements to the
equipment of biomedical designations, etc, must be taken into account.



That is why, the realization of the approaches on the modern element base,
obtained in the research, in particular, integrated high precision CMOS rail-to-
rail operation amplifiers, bidirectional multiplexers of ADG type,
microconverters of ADuUC type, powerful D-MOS HEX FET transistors, etc., is
of paramount importance. Thus, the problems of development of modern
integrated high linear converters of microelectronic thermal flow sensors and
construction of high linear analog devices on the base of push-pull structures is
beyond the limits of the engineering practices and requires new approaches and
studies.

We shall be grateful for all critical remarks and wishes concerning further
development of the studies.



1. Analysis and substantiation of the problem, dealing
with the development of high linear converters of
the thermal flow sensors of general and biomedical
designation

1.1. Analysis of the state — of-art of the development of
the thermal flow sensors of general and biomedical
designation

Thermal flow sensor is a device for measurement of liquid or gas flow rate,
based on the principle of measurement of the temperature field of the locally
heated substance of the flow [40-43].

Several basic methods of signal formation, stipulated by the flow rate are
distinguished. In the simplest method the temperature of the heater, located in
the flow is measured — the temperature of the heater decreases with the increase
of the flow rate, as a result of heat exchange. More progressive methods imply
the local heating of the flow environment and measurement of the temperature
difference in the flow in the areas prior to (S1) and after (S2) the heater in the
direction of the flow propagation (Fig. 1.1). This enables, first, to measure not
only the flow rate but also its direction and, secondly, minimize the impact of
the temperature of the flow substance on the result of the measurement.

Functional principle of the low sensar, Thermal equivalent circait of the sensor.
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Fig. 1.1. Structure and the functional principle of microelectronic thermal flow sensors operation

Static and dynamic (Thermal Time-of-Flight Mode Transducers) information
signal formation circuits, in particular, as it is shown on the example of



biomedical thermal flow sensor with integrated signal converter, are
distinguished (Fig. 1.2) [44-47].
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Fig. 1.2. Principles of signal formation in thermal flow sensors

If it is necessary to measure the large volumes of flows in the main line of a
large diameter, the bypass pipe of small diameter (connected in parallel to the
main) is formed in it, the flow in this bypass pipe is proportional to the flow in
the main line. Measuring the flow rate only in the bypass pipe and
approximating the obtained result of the measurement by the flow rate in the
main line, the reduction of energy losses for flow heating is achieved and the
temperature impact of thermal flowmeter on the flow on the whole.

In various functional-structural realizations of the thermal flow sensors their
sensors of the temperature difference are combined with the heaters. In such a
case, a flow sensor consists of two functionally integrated elements, each of
them is heated and, characterized by the known value of the temperature
resistance coefficient, provides the possibility of temperature signal formation.

The temperature of the first in the direction of the propagation flow of the
functionally integrated element is smaller relative to the second, similar to the
dimensions and heating energy element that is stipulated by the heat transfer
between these elements of the flow medium. The example of the realization of
the microelectronic flow sensor, based on the functionally integrated elements of
the thermoresistive type, in particular, model AWP 2100 V — of the world leader
in the field of microelectronic sensor electronics, Honeywell company, is shown
in Fig. 1.3 [48].

Membrane structure of the sensor, that provides minimal value of heat
transfer between functionally integrated elements and the chip of the integrated
circuit, is formed by the technology of the silicon MEMS (Micro-
Electromechanical — Systems) structures. The dimensions of the flow sensor,
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based on MEMS structure, typically do not exceed several millimeters whereas
the dimensions of the sensing elements (in particular, functionally integrated
elements) are of the order 100 microns. Important role in thermal flow sensors
Heating mode and mutual location of temperature difference sensors relative to
the heater play an important role in thermal flow sensors, this is discussed in
[49].

200 =00 400 800 1000
Flow (em7=)

200 200 &00 800 1000
Flows (cm7=)

b
Fig. 1.3. Microelectronic MEMS structure of: a) theZmaI flow sensor; b) typical characteristics
New direction in the development of thermal flow sensors is presented by the
multiband MEMS flow sensor, based on the matrix of functionally integrated
elements [50]. The construction of such a sensor is shown in Fig. 1.4,
distribution of the temperature in the elements is shown in Fig. 1.5 and its
exterior view — in Fig. 1.6.
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Top-view of the flow sensor membrane.

Cross-section scheme of the flow sensor.

nitride layer

Ry Ra, R‘ R7._,.. resistors

a) b)

Fig. 1.4. Construction of the thermal matrix MEMS flow sensor: a) cross-section scheme;b)
photograph

Qualitative FEM results of the modification of the
temperature distribution due to the presence
of an incoming flow.

membrane

Fig. 1.5. Temperature distribution in the thermal matrix flow sensor

Sensor response to low flow ranges.
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Construction, principle of signal formation and functional characteristics of
matrix flow sensors, based on thermal-time-of-flight mode are shown in Fig. 1.7,
1.8, correspondingly [51]. Such method provides further decrease of energy
consumption and the possibility of microprocessors signal conversion without
the usage of the analog-to-digital converters.

Greater part of the thermal flow sensors, considered above, did not get
industrial introduction — the given publications demonstrate only the realization
of the laboratory prototypes. That is why, to give a more comprehensive vision
of the state of art of thermal flow sensors development, we will suggest several
examples of the mass production and commercially available devices of such
type. They are, in particular, thermal flow sensors, manufactured by the
company ELDRIGE PRODUCTS Inc. (Fig. 1.5), hot-wire anemometers A-477
(Fig. 1.10), Testo 405 (Fig. 1.11) and Testo 425 (Fig. 1.12), presented at the
market of Ukraine by the Association " Industry-Ukraine" [52, 53]. Sphere of the
application — monitoring of the labor conditions in industry, ecology, etc.

OUS L2 &1 O OR OR2 OR3

maiare

PROCT SRR 0nN

i. bR T B AR B :.';.“;.'c'."i; semsor with 7 elements

S —_—

b) b)
Fig. 1.7. Matrix thermal Time-of-flight mode flow sensor: a) construction; b)exterior view
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Fig. 1.8. Matrix Thermal-Time-of-Flight Mode flow sensor: a) functional scheme of signal
formation; b) characteristics of the conversion

We will consider thermal flow sensors, developed for biomedical application.
The required information can be found at numerous information resources, they
describe, in particular, characteristic features of the devices of biomedical
designation, scientific research, devoted to the development of the flow sensor
for biomedical application, carried out in Bio-MEMS & Microsystems
Laboratories of University of South Florida (Fig. 1.13) [54] and State of Utah

Center of Excellence for Biomedical Microfluidics (Fig. 1.14) [55].

Eldridge Products, Inc. &)
ELDRIDGE PRODUCTS INC - Thermal Gas e e
Mass Flow Measurement and Control
Instrumentation

Eldridge Products Inc - Abbreviated as EFI, has more than 20
years exerience in the design and production of thermal mass
flow meters and flow switches.

The Eldridge Master-Touch flowmeters include microprocessar
technology and remains at the forefront of thermal gas mass flow 7
instrumentation.

Eldridge manufactures a range of in-line and insertion style
thermal mass flow meters with integral and remote electronics
options. Single point and multipoint units as well as the new
Thermal Flaow Averaging tube is unigue to Eldridge Praducts Inc.

Fig. 1.9. Information materials of the Company ELDRIDGE PRODUCTS Inc
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A-471 Lindposoil Tepmo-aHemMomeTp

A-471 Lincpporoi Tepmo-
aHeMoMmeTp

YeTbipe BbIGUpasMbIx NpY SKCrmyaTaLum

AnanasoHa oT 500 A0 15000 yTORMUH Mogenn

Homep. Cropocre,
2HaNA0Ha micer QWPS)

Ngene 471-1
Lindipo e o 7

Isgene 471-2

Magens 471-3

MKy Ane

Fig. 1.10. Brief characteristics of the hot-wire anemometer A-471

KoMnakTHbIA TepmoaHemMoMeTp testo 4035
€ MOBOPOTHOM ronoBKoM

B [lvcnineii Ha ru6ikoM wapHupe ¢ Ouanasod waM.: 0.5 M npd-20..0°C
IHKCATOPOM. 0...10 m/c npu 0..4+50°C
W TouHbia *npodeccHoHANbHbE 0--,39990 Wy
ceHeophl” BepELIe NPHMEHAEMbIS B -20..430°C
Henoporvx nputiopax Crvk-Knacca. P?“Fe‘“?"“ Lot ﬁ},{ii wfo/£0,1°C
- ) " MorpewHocth: =5 % 0T Waw. 3Hay.
Km:&aﬂmwe Np# NOMOLLM CHO 0,10 w30 2w

: +0,30 W/c caiwe 2 wfc)
W Bonbiwol v yRoBHbIR ANA CHITHE £05°C
BAHHA aHHX ucnned. PaGoyaqatemn.:  0.+50°C
W BerpoekHei konnadok g sawTer | TEMILXpaHeHna:  -20..+70°C
[ATHHKOR BNGKHOCTH i CKOPOGTH. Thn Garapedkn:  3UIT. pasiiep AV
M Monb3oeaTenb MOXET Nerko Pam:n: BTN 1
3aMEHITL Batapeiiku, A0uA: i 1o,

: [nuHa: okono 300 MM

B MrorodykupORaneHeli JePXaTent | Camooriiodenne: Yepes 5 i,
(roneko gna Crieoe wic, % OB n“C).  rapauis: 1rop
B bukcatop ANA raaokones (Tonbko
ana Ctrros % OB w mfc).

Fig. 1.11. Brief information about the hot-wire anemometer Testo 405
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testo 425

KomnaxTHbiii asemomeTp testo
425 co CTaLMoHAPHO

MOACOSVIHEHHbIM
000rpeBaeMbIM 30HL0M
TeMriepaTyph/CkopoCTy Bo3yXa
1 TEJIECKOTUYECKOM PYKOSITKOW.
O6bemHbIl pacxof,
0T0GpaXaeTCs] HeNOCPENCTBEHHO
Ha auciuiee. To4HbIA T
0GLEMHOFO PacXofia Oniaroiapst
TOMY, 4TO 30H JIETKO
TOMELLZETCH B BO3YX0BOA.
Taioke BO3MOXHO nepexnioyerme
Ha OTOOP2XEHME NOKa3aHMA
TexylLeit Temneparypel.
DyHKuMA YepeaHeHMa N0
BPEMEHM 1 KONVHECTBY 3aMePOB,
MO30MKIET NOMYYUTL

¥g HbIE 3HAYeHNS
beMHOrO Pacxofia, CKOPOCTH
NOTOKA U TeMnepaTyph.

MuH/MaKc 3Ha4eHHe MOXHO
TAKXE YBWAETH HA AWCTee.
Oyukuva Hold noasonser
3aUKCHPOBATH TEXYIIME aHHBIE
M3MEpEHMit Ha ucTiiee.

TeXHHYECKHE RaHHbIE

Tun 2oHga Oborpesaembii NTC

Ovanazon wamep, 0 a0 20 mfc 200 30 +70°C

MorpewkocTs (0.03 m/c +5% o7 u3m. 3H.) 10.5°C (0 po+60 °C)

+1 yndpa 0.7°C (e ocT. man.)

PazpeweHne 0.01 mfc 0.1°C

Paboyas Temn. -20 pe +50°C [abapurol 182 x 64 x 40 nm

Temn. xpaxess -40 po +85°C Bec 2851

Tun barapesikn AnkannHosas Marepuan/copnyc ~ ABS

Pecype Batapeiika 204 TapaHTia 2 roga

Fig. 1.12. Brief information about the hot-wire anemometer Testo 425

Main requirements to the flow sensors of biomedical designation are the
following: biomedical compatibility of the materials and the ability to measure
small values of the velocity (mass transfer) of the studied fluid or gas flow.

If these sensors are used for studying the parameters of the respiration system
the main requirement is minimal inertia and ergonomic indices. Sensors for
biomedical in-situ studies must be characterized by minimal dimensions and
energy consumption.

In particular, Fig. 1.15 shows the construction and functional characteristics
of microelectronic flow sensors of biomedical designation [47]. The sensor is
manufactured in the base of LTCC (Low Temperature Coffered Ceramics) using
the elements of thick-film technology, that provides biomedical compatibility
with the investigated fluids.
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BIO-MEMS & MICROSYSTEMS BIG IDEAS | SMALL DEVICES

COULEGE OF ERGENEIAING

Bio-MEMS A-Ir'éms:ystems Laboratory

Bio-Sensors and Micro-fluidics

The research obiectives of this proposal are: (a) Development of novel
MEMS sensors and techniques to reliably and repeatedly image individual
cellsforganisms using bin-impedance measurements, (h) Integration of
mickn fluidic sensors into flow-through system to develop 2 genenc
identification technigue and (¢) Understand and analyze the challenges in
signal processing enabling differential detection. Research outcomes of
this proposal would facilitate the fundamental understanding and
aptimizing of the soence and technnlogy of bio-mpedance at a micro
scale, The research will establish the fundamental science required to
enable the development of a single generic sensor that would be capable
to identify cells based on their hin-impedance maps.

Fig. 1.13. Information resource Bio-MEMS & Microsystems Laboratory of University of South
Florida

Adeess [ etp: o memms. utah, schof

Pesaarch
Publications
Parsonnel
Education

> ENI

State of Utah Center of Excellence for Biomedical Microfluidics U
e fesech Fbtetins Pecens Eoatin

Our Mission  Research Profile  Fabricatlon Capabilitles  Collaboration  Directer Info  Contact

Fourdry Services Welcome

Welcome to the Home Page for the & c
Excellence for Blomedical Microfluldics at U1e
Center |5 dedicated to the discovery, understandmg, deueloDmenl and
commercialization of microscale and MEMS devices for application to
biological, biomedical, and medical problems. Work in this field is
sometlmes referred to as BioMEMS. The Center |s directed by Bruce
an associate professor in the De Mechanical
Enginzering. Typically about 15-20 graduate and undergraduate
students are employed in the Center.

Fig. 1.14. Information resource of State of Excellence for Biomedical Microfluidics
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Sensor design with flue channels.

fluid channel
— top layer
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Sensor characteristics as a function of the applied
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Fig. 1.15. LTCC - based microelectronic flow sensor of biomedical designation: a) construction;
b) functional characteristics

Another typical example of the flow sensor of biomedical designation is the
microelectronic module of the base of biocompatible MEMS matrix [46]. Matrix
of the sensor is realized on the base of biocompatible Parylene C Membrane
with platinum sensor electrodes. In order to improve the heat insulation of the
thermal flow sensor its membrane is "suspended" above the beamed
micromechanical channel made of silicon. Principle of the functioning and the
design of the sensor are shown in Fig. 1.16, succession of its structure formation
— in Fig. 1.17, exterior view — in Fig. 1.18. Wide range of functional
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characteristics of the given flow sensor in various operation modes can be seen
in Figs. 1.19 — 1.22.

A three_dimensional explodad view of the sensing aray laycut and design.

Parylene C

Sensor
Membrane

Schematic showing the thermal flow seasing pnnciple.

Silicon Substrate _

Glass P|Vate> =

Fluidic
Coupler

Fig. 1.16. Microelectronic flow sensor of biomedical designation on the base of Parylene C
membrane [46]: a) functional principle; b) design

Thermal oxidation, 2 um Parylene, etch contact pads

Fabrication process flow for the thermal flow sensing arrays.
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Fig. 1.17. Succession of flow sensor structure formation [46]



Protographs of completely packaged thermal fiow sensing arrays.

Fig. 1.18. Exterior view of the flow sensor [46]
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Fig. 1.19. Characteristics of the thermoresistive elements of the flow sensor [46]: a) temperature;

b) current

Analysis of the characteristics of the considered sensors enables us to make a
number of important conclusions.

First, modern microelectronic flow sensors, in particular, sensors of
biomedical designation, are characterized by a great variety of signal formation
principles — from the elementary linear converters, based on one sensitive
element to non-linear (generation, time-dependent) converters, based on the
matrices of the functionally integrated elements. Realization of these principles
puts forward the problem of the development of the corresponding signal
converters that meet the requirements of modern microelectronics.
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Response of three sensors connected in series for constant current bias-
ing and hot-film mode operation at four different overheat ratios and over the flow
rate runge of 0-400 pL/min (mean + S.E. with 7 =060). The predicted response,
or sum of the individual sensor responses, is also plotted for comparison.
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Fig. 1.20. Characteristics of the thermoresistive elements of the flow sensor [46]: a) functional; b)
frequency
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The time-of-flight response displayed as the measured top time (7, W)
and corresponding femperature increase ai the thermal sensor (AT, @) for flow
rates between 0 and 30 pL/min (mean+ S.E. with n=4).

1,55 135
x
150 <7190
_:l:'- |
2145+ 9
[} - =
E \ ; 8]
[ i\ 420 &
= Ea \E\ ~15
135 = \I\ |
T 110
13070 E
I N I ! 1 M U N 1 N U M L 0.5
0 5 10 16 20 25 30
Flow Rate [ul/min]
Individual detected heater responses to an imposed upstream heat pulse
for different syringe pump flow rate settings superimposed on a single graph.
1.2
— 1 plimin
1.0 —— 5 plimin
. — 10 pl/min
08 15 pllmin
. —— 20 pl/min
S —— 25 ylimin
4 06+ —— 30 plimin
0.4+
0.2+
0.0+
T T T T 1
0 1 2 3 4 5 6
Time [s]

Fig. 1.21. Temporal functional characteristics of the flow sensor [46]

Secondly, the expansion of the range of flow rates measurement causes
certain problems — the characteristics of the sensor's conversion which enable it
to measure small flows becomes non-linear at the increase of the flow rate. At
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certain critical values of the wvelocity the extremum of the transformation
function is observed, it makes impossible the measurement of both small and
great velocities. The solution of this problem requires the corresponding control
over the thermal power of the sensor heaters and a number of other circuit
engineering solutions. Thirdly, the problem of energy supply of thermal flow
sensors remains actual. It is especially typical for the supply of the sensors of
biomedical designation from autonomous, small-size low power, low voltage
electric chemical elements The heating of the flow substances as compared with
the energy supply of modern micro power CMUS of the integrated circuits
requires greater energy. Besides, with the decrease of the supply voltage (for the
small-size, self-contained supply sources it is typically not more than 3V), it is
necessary to decrease the resistance of the heating elements. Applying
functionally integrated elements used both for heating and the measurement of
the temperature, the decrease of the resistance (as a rule, to the values of less
than 100 ohm) leads to parasitic impact on the result of signal lines
measurement. Thus, the decrease of energy consumption (power and heating
temperature) leads to the advent of the parasitic impact of signal lines resistances
and, as a result, to worsening of the functional characteristics, in particular,

decrease of the accuracy of flow rate measurement.

Flow sensing performance for calorimetric mode testing for flow rates
between ¢ and 300 pL/min. The inset displays in detail the performance a low
flow rates (0-20 pL/min). The heater is initially set to impose a local temperature
increase of 157C (5 mA). Data is presented as mean = S E. with n=100.
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Fig. 1.22. Functional flow sensor performance for high and low flow rates [46]

The solution of these problems, along with other problems, which will be
mentioned below, became the main aim of the given study.
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1.2. Characteristic features of the thermal calculation of
the thermal flow sensors of general and biomedical
designation

In general case the dependence between the temperature parameters of the
thermoanemometer primary transducer and flow parameters can be written in the
form of Newton-Richmann equation [1-5]:
PHzKl-a-F-At, (1.1)

where K1 — is the coefficient, which is introduced, as in greater part of cases
not the difference of temperatures of the heat exchange surface and fluid that is
measured but another value At a — is the heat transfer coefficient; F — is heat
exchange surface; At- is temperatures difference.

In general form the heat transfer coefficient is determined by the criterial
dependence:

d
N = A-Re"-Pr.Gr°| Pl , (1.2)
u Pr

C

where Nu- is Nusselt criterion, it characterizes the heat exchange between the
surface of the wall and the fluid (gas); Re — is Reynolds criterion, it characterizes
the relation of inertial forces and viscosity and determines the character of fluid
(gas) flow; Pr —is Prandtl number, it characterizes the physical properties of the
fluid (gas); Gr — is Grashof number, it characterizes the lifting force, occurring
in the fluid (gas) as a result of densities difference.

Prandtl similarity criterion Pr- is purely physical parameter; it characterizes
the property of the flow. Grashof number Gr also does not contain the velocities
of the flow and only characterizes the interaction of the molecular friction and
lifting force, stipulated by the densities difference in separate points of the flow
due to its non-isothermality. Only Reynolds criterion Re contains the velocity of
the flow we are interested in that is why, in general case, the connection (1.2)
between the Nusselt criterion Nu, that contains heat transfer coefficient and
Reynolds criterion, that contains the velocity of the flow v, can be written in the
form:

Nu =C-Re", (1.3)

where C — is specific heat of the measuring environment; or:
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ﬂ:c-(v'd'p] , (1.4)
A JZ

it follows:

n-1 n n-1
gc. 4P o A .G", (L5)

3 u'
where d - is the diameter of the pipe, where the flow rate is measured; v — is
the flow rate; p, x4 — are density, viscosity, thermal conductivity of the

measuring environment, correspondingly, G, — is mass rate.

Taking into account the equation (1.5) and combining all the values,
characterizing the properties of the flow and the construction of the primary
converter, instead of the equation (1.1), the equation for the flow meters of the
thermal layer and thermoanemometric flow meters can be written in the form:

P =K-GJ-At, (1.6)

For the calorimetric flow meters, where the information value is the amount
of heat, taken by the flow, if the thermal losses are not present and thermal
physical properties of the flow are constant, the heat balance equation for the
unit of the cross-section area is valid:

PH =G, ¢, -At, (1.7)

where ¢, — is the isobaric specific heat of the flow; At — is the temperature
difference before and after the heater.

The process of the temperature field change can be presented by two
components:

heat take-off from the heater by the flow without violating the symmetry of
primary temperature field;

temperature increases on the surface of the wall in the direction of the flow
motion.

The result of the first component of the process is temperature decrease in
all the points of the field, the result of the second — is a certain temperature
increase in all the points, according to the linear law in the direction of the flow.
Temperature field, created by the heater on the surface, if the flow is missing, is
one-dimensional; the temperature changes only along the axis: t=f(x).

Temperature reading is carried out from the flow temperature (gas or fluid)
ty before the heater, temperature of which is t;, and after it:
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At the distance x from the heater we allocate the element of dx length with
the cross-section area F. Thermal balance equation for the considered element,
can be written as (Fig. 1.23)

Ql_QZ =dQ, (1.8)

where Q1 — is the amount of heat, entering the elements of the ring; Q2 — is
the amount of heat, leaving the element; dQ — is the amount of heat, released by
the internal surface of the element of the flow cross-section, located in the pipe
of the thermoamemometer.

According to the Fourier's law:

dg d 9
=1 —FQ,=-4-—| 9+— |- F,
% dx % dx ( dx}
where 9 — is the excess temperature near the heater; A - is the thermal
conductivity of the measured environment; F — is heat exchange surface.
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Fig. 1.23. Before the calculation of the temperature field of the thermal flow sensor
The equation follows:
d?g

dx?

dQ=4-F-—2dx, (1.9)

At the same time, according to Newton-Richmann law this heat can be
expressed by the equation:

dQ = 9- Idx, (1.10)
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where IT — is the internal diameter of the thermoanemometer pipe.
Having compared the equations (1.9) and (1.10) we obtain differential
equation that describes the temperature change of the pipe wall:

d29 a-I1

2
—=——39=m"3, (1.12)
x? AF
a1l
wherem=,[——.
A-F
General integral of the equation (1.11) has the form:
§=C,- eMX 4 C, e~ MX, (1.12)

Constants C1 and C2 are determined from boundary conditions, namely: if
X = 0, v = vn if the pipe length / = oo all the heat, supplied to the pipe, is released
in the fluid if x = o0, v =0.Substituting the boundary conditions in the equation
(1.12) we obtain of x=0:

4,=C +C,,

and if x=co: cl-e°° =0

Having substituted C1 and C2 in the equation (1.12), we obtain:

9=9 e~ MX, (1.13)
In the dimensionless form this equation has the form:
0.2 _gMx, (1.14)
lgH

. foc-IY .
It follows from the expression m = ~F that the value of m parameter is

proportional to the convective heat transfer from the internal surface of the pipe

and inversely proportional to+/A-F — factor that determines the heat transfer,
thermal conductivity along the pipe. Fig. 1.24 shows the dependence of the
dimensionless temperature ® on the length of the pipe at various values of m
parameter.
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Fig. 1.24. Change of the dimensionless temperature if the flow is missing for various values of m
(m1<m2<m3)

The greater is the value of m, the greater is the decrease of the dimensionless
temperature @. If x—oo all the curves asymptotically approach to ®=0.
For the measurement of the consumption it is necessary to measure the
temperature field on the surface of the primary converter, determined by the heat
exchange processes of the flow rate, these processes are described by the system
of  four differential equations: equation of  the motion:

2

S ) Y (1.15)
dx dre r dr

equation of the through flow:

do
~~-0; 1.16
™ (1.16)
equation of the energy in the cylindrical coordinates:
2 2
p-cp(urﬂﬂ)ﬂj:i d_§+1d_u+d_£ ; 1.17)
dr dr dr r dr dx

equation of the heat transfer:

(ﬂj :—g(t —t ) (1.18)
dn). Alc p

where p - is the pressure of the flow; r is the radius of the pipeline; vr is the
velocity in the radial direction: gl_t_ is the temperature gradient; u — is the

n
viscosity of the measuring environment.
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The last equation is the main condition or single — valuedness condition. It
combines the temperature gradient near the separation surface of wall and fluid
with the conditions of the heat transfer to the flow in the thermoanemometer.

It is rather complicated to solve this system of equations (1.15) — (1.18)
analytically. That is why, for the solution of heat exchange problems the
experimental method, involving similarity theory is used. In this case, the
equation is reduced to the dimensionless form. The values of these equations
will be either similarity criteria or the relation of the homogeneous values.

Instead of the velocity ox in the considered point of the radius r, the flow
temperature tp and coordinate x along the axis of the pipe (in the direction of the
flow) the dimensionless values will be used in the equation:

—+

X

V= PoX ==,
IO

t

cl|c

R=L. 0=
r

where U — is average velocity of the flow; ro — is the radius of the pipe; lo —
are the coordinates along the pipe of the thermoanemometer; t. — is the
temperature of the environment.

Equation of the convective heat transfer and energy in the dimensionless
form will have the form:

N, =—(d—®J : (1.19)
dRJr =0
2 2
P (ud—®+urd—®j=d ?+£d—x+d (? (1.20)
e\ dx dR dR® RdR dX

Equations of motion and of through flow also get the corresponding form.
For practical application, as a rule, criterial equations, obtained as a result of
experimental studies, are used. It should be noted, that with the reduction of the
size of microelectronic flow sensors, that is typical in biomedical devices, the
problem of the theoretical description of the flow behavior, with the account of
the boundary conditions, fluctuations and fluid tension becomes actual. These
areas of research, as well as the problems of mathematical modeling, calculation
of parameters and methods of thermal flow sensors calibration are presented in
numerous publications, in particular, in the papers of the recent years [54-63].

Fig. 1.25 shows the results of the experimental acoustic research of the flow
front distribution in case of its contact with the surface and the dependence of
pressure distribution in the flow on the parameters of the criterial equations. A
number of other examples of the experimental research of the dependence of
microelectronic flow sensors signal on the parameters of the latter, based on the
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combination of the thermal and manometric methods of measuring conversion
are shown in Figs. 1.26 and 1.27 [61].

The problem of mathematical modeling of the thermal flow sensors is
directly connected with the calculation of temperature distribution in the
structure of the sensor. Methods of the thermal calculation nowadays are
generally known, and for their realization wide range of the software products,
in particular, Simulink (library Sim Power System) of the Matlab environment
of the company Math Web Inc., Comsol or Semisel is used [64, 65].

sM=2 |
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a M=2.5

o M=3 [—
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sls’

b)

Fig. 1.25. Distribution dependence: a) of the flow front at its contact with the surface; b) pressure
in the flow on the parameters of the criterial equations

Sensors configuration and packaging,
Sensor C F\O‘N

Inner
diameter

Fig. 1.26. Structural diagram of the microelectronic flow sensor that combines thermal and
manometric methods of measuring transformation
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The example of the comparison of the results of the model and experimental
studies of the microelectronic heater temperature field is shown in Fig. 1.28.
Model studies were carried out, using COMSOLTM script language,
experimental studies — by means of video devices of the infrared range.

Flow sensor response. Pressure sensor response.
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Fig. 1.27. Dependence of the output signal of the flow sensors on the value of Reynold's number:
a) thermal; b) manometric
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Fig. 1.28. Results of the studies of microelectronic heater temperature field: a) model; b)
experimental
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If dynamic thermal processes are to be calculated, the application of the
software products of SEMISEL type is rather efficient, these products use
electric thermal analogy — thermal processes in separate sections of the structure
are replaced by the corresponding RC links. The example of such calculations is
shown in Fig. 1.29.

But, in spite of the large volume of information and variety of the
commercially available software products, designed for thermal modeling, the
analysis, carried out, showed that the methods of mathematical modeling of
thermal flow sensors operation modes require further development. In the first
place, it is connected with the necessity to combine thermal and electrical
modeling in a single system, that would enable to perform the optimization of
structural- circuit engineering solutions of the operation modes of the primary
converters of the thermal flow sensors with the dynamic thermal modulation of
volt-ampere characteristic of these converters by their own heating current.

HOBBIE BOMOX HOCTWU: ZTH 3KCTPAKTOP YayHwenn s N0ALS0SETEAbOtaR wiTe p-therc SEMISEL 3.1
MeHio Zth Extractor Tool . %
- |
- 1) \»K.
- L] :
5.
a) b)

Fig. 1.29. Principle and the results of : a) electro thermal analogy; b) model calculation of the
dynamic thermal processes

It should be noted that the problem of combining the thermal and electrical
modeling has already been partially solved, in particular, in the last versions of
the software for the circuit simulation PCPICE and MicroCap [66, 67].
However, as we have already shown, application of the above-mentioned
software products for the problems of the dynamic electric thermal modeling of
the thermal flow sensors requires the solution of the problem of the synthesis of
electric thermal models of thermoresistive, diode and transistor structures of the
primary converters, volt-ampere characteristic of which is modulated by the
operating current.
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1.3. Trends of development of the integral signal
converters of the sensor devices

Modern state -of-art of sensor electronics is greatly determined by the
microprocessor engineering. Wide introduction of modern microprocessors
enables to improve substantially technical characteristics of microelectronic
sensors, broaden their functional possibilities, provide mutual compatibility and
the possibility of the formation of measuring-diagnostic system [68-72].
Future — oriented direction — smart sensors are formed [73-78]. Criteria and
parameters of the intellectualization of the process of physical environment
parameters measurement and requirements to microelectronic facilities,
providing this process are determined by the International Standard IEEE 1451 —
networked smart transducer interface standard [79-80]. High-efficient and
convenient interfaces by means of which sensors are connected to the computer
— based systems of data mining, are developed [81-84]. Much attention is paid
to the reduction of energy consumption of the devices and provision of the
possibility of their operation, using low voltage power supply sources [85-91].

For example, Fig. 1.30 shows the generalized functional diagram of the smart
MEMS device that contains;. MEMS sensor, as it is shown in Fig. 1.30 they
may be light sensors, sound sensors, pressure sensors, chemicals sensors or
temperature sensors; Input analog signal processing unit; Digital Signal
Processing unit; Output analog signal processing unit; MEMS actuators, i.e.,
inverse relatively the sensor by the functional action transducer, that provides
mechanics, display, electrical power or other devices; Optical or electrical
communication.

Tomprature JT1]

o
MEMS sensors

Communication

Fig. 1.30. Functional scheme of the Smart MEMS device
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Unlike sensor devices of temperature, magnetic field, mechanical stress,
humidity, etc, flow measuring sensors still are at the initial stage of the
development of the methods and means of their intellectualization. Although the
process of electric signal measurement, for instance, of thermoanemometric flow
sensor of the bridge type is rather simple, the provision of all the requirements to
modern smart electronics is far more complicated problem. We will consider this
problem from the point of view of the methods, realized by the signal
transducers of the thermal flow sensors. The following principle methods and
approaches, providing intellectualization of flow measurement sensor can be
formulated:

¢ increase of measuring conversion accuracy on the base on special circuit
engineering solutions;

o adaptation of the transducer operation modes according to the flow
parameters and measuring conditions;

e minimization of the energy consumption and provision of the possibility of
operation from low voltage small power supply sources;

o interface with modern operating systems (OS) of the computer equipment,
collection and visualization of the measurements results.

Generalized structure of the flow sensor, the components of which are
primary transducer, signal analog transducer (secondary transducer), analog-to-
digital converter, microcontroller and interface, is shown in Fig. 1.31

Flow N
Primary
transducer
T 0
Secondary 3,
transducer - sle
O ]
S Microcontroller
T 0
Interface
T 0
PC

Fig. 1.31. Functional diagram of the Smart flow sensor
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1.4. Analysis of the integral signal transducers of the
microelectronic thermal flow sensors of general and
biomedical designation

In recent years rapid development is observed in the sphere of the
construction of signal transducers of microelectronic sensors, element base of
new generation is created, projects, aimed at interfaces and supply parameters
unification are realized, such a notion as the art of circuit engineering has
appeared. These developments are highlighted in the monographs [92-101] and
papers [102-107]. Latest achievements in the sphere of analog-to-digital
converters (ADC) are presented in [108,109].

It should be noted that sometimes there exists a misperception that
microprocessors have completely ousted the means of analog processing of
signals. In fact, this is true only for simple sensor devices, which do not possess
high metrological characteristics. As the surrounding world is analog by its
nature (obviously, that is not a question of the dual nature of the microworld)
signal converters of the analog signal are and will remain the determinative
components of highly precision and functionally complex sensor devices.
Numerous studies on this subject, published in the editions of IEEE [110-116]
and the process of the constant renovation of analog integrated amplifiers prove
this statement [117,118].

New direction of the development of signal converters is their integration
directly in the structure of solid-state integrated circuits of the smart sensor, in
particular, in biomedical catheter CMOS blood flow sensor [119].

However, as we determined in the process of the analysis of the available
literature sources, a greater part of signal converters of thermal flow sensors do
not meet the requirements of modern electronics. This can be shown on the
example of the circuit of the signal converter of thermal flow sensor, developed
for biomedical application, presented in in Fig. 1.32. [46] (it should be noted,
that the cited paper is published in the scientific community journal of
microelectronic sensors Sensor and Actuator of the Elsevier Publishing House in
2008). As it is seen, the circuit of the signal converter requires bipolar +/- 15 V
supply source, that does not meet the requirements of modern electronics (as it
was already mentioned, modern microelectronic sensor devices must provide
normal operation at 3V single pole supply), signal converter does not provide
compensation of the parasitic impact of the signal lines, a number of nonoptimal
circuit engineering solutions is also available.
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Fig. 1.32. Signal converter connection of the thermal flow senor [46]

It is important to note, that the problem of the transition on the small power
low voltage supply source is one of the most complex as only in the recent years
low voltage high precision analog integrated circuit became available ( this class
of circuits got the name of vLow Voltage Rail-to-Rail Circuits), the correct
usage of low voltage analog circuits requires new circuit engineering solutions
and regarding the thermal flow sensors, the determining problem is the decrease
of the supply voltage of the circuit of the functionally integrated elements
“heating — temperature measurement”.

We will consider this problem in detail. Then, taking into account the
requirement to modern energy—efficient electronic equipment, the resistance of
the heater of the thermal sensor to the flow must be rather low, in particular, if
the supply voltage is 3V and heating power is 0.1W, the resistance of the heater
must not exceed 100 ohm. The resistance of the line of signal transmission may
be several ohms. That stipulates the considerable error (several percent) of the
heater resistance measurement. On the other hand, the accuracy of the
temperature sensor resistance measurement must be several orders higher
(typical error of the resistance measurement must not exceed 0.03%). Thus,
thermal flow sensors with functionally integrated elements ‘“heating —
temperature measurement” require special circuit engineering solutions
regarding signal conversion.

The decrease of signal line resistance impact on the result of measurement, is
provided by the usage of the three-wired line. The examples of such converters
are presented in Fig. 1.33 [94-97, 101].
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Fig. 1.33. Diagrams of the three-wired converters of active resistance

The first diagram (Fig. 1.33a) is based on the elementary inverting amplifier.
If the resistances of the line are neglected, the output voltage of the converter is

Uout =-U,-R, /R,. The impact of the signal line in the converter decreases
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due to the connection of one of the outputs (r1) in series with the measuring
resistor Ry, the second output (r2)- in series with Roand the third(rs)— in series
with high input resistance of the operational amplifier (OA). Taking into account
the resistances of the outputs and having met the conditions ri<< Ry, r.<< Ry
determine:

_u Retn .R_x(1+L_r_z]
0 0 .
out R0+r2 R0 Ry R0

Further, having assumed r, / R, ~ T, / R,we obtain:

LI B
RX RO
Thus, the impact of transmission lines resistances on the output voltage
becomes minimal. We should also pay attention to the problems of the accurate
provision of the necessary relations — the resistance of the signal line can change
in time and the change of the measuring resistor Rx. that is the base of the
measuring process, in its turn, also changes the preset relation.
The following circuit of the converter (Fig. 1.33b) provides the realization of
the relation RiRs = R2R3, in this case the current across Rx does not depend on

the change of this resistor. The output voltage is determined by the expression:

U tUR_(R_lji
ou Ry {R )1+ (RIR,)

The error of the line resistance decrease if r~rz; and at the change of Rx in

relatively narrow limits szRJ‘R4=R3R4/ (Rs+Ry).

One more scheme with the tree-wire signal line is shown in Fig. 1.33c. Its
positive feature is the independence of the condition of mutual compensation of
the line resistance on the change of measuring resistor Rx resistance.

Operation amplifier (OA) is connected across rz, rs by the negative feedback
with the coefficient g+= 0.5. That is why, at the inputs of OA and at low
potential output Rx, the voltage U=—lor, .is maintained. This is explained by the
fact that if positive feedback is missing the output voltage of OA is —lor2, and at
the inputs zero potential is observed.

Taking into account the positive feedback, at the output of OA the doubled
voltage —2lor2. is obtained. Half of this voltage across the resistive divider is
sent to the non-inverting input of OA. It is obvious, that the same voltage will be
formed at the inverting input. The stability of the circuit is provided by the
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advantage of the negative feedback over the positive f— > f+. Thus, the output
voltage of he converter is:
Uout = IO.(RX +ri_r2)l

if ri = rpstipulates the absence of the impact on the output signal of the signal
line resistance. Accuracy of balancing does not depend on the change of Rx.
Four-wire communication lines provide considerable decrease of the errors,
caused by the impact of line resistances. Typical circuits of such converters are
shown in Fig. 1.34.

c)

Fig. 1.34. Circuits of the four-outputs converters of the active resistance
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The first circuit (see Fig. 1.34a) contains a galvanic source of current and
four-wire communication line. Such source of current (without connection with
the “earth”) enables to simplify the amplification circuit. Having selected the
amplifier with the input resistance Ri,, far greater than the resistances of the
signal line Rin>> ry, r4, the latter can be neglected. The resistances of the signal
line rz, rzare not the part of the output voltage formation circuit, that is why,
they do not influence the result of measuring.

The requirement of the galvanic decoupling of the current source is
eliminated if the differential amplifiers with high input resistance are used
(Fig. 1.34b). As in the first circuit, the resistances of the signal line do not
influence the result of measurement. The alternative variant of the converter
circuit, which does not require either galvanic decoupling of the current source
or differential amplifier, is shown in Fig. 1.34c. Voltage repeater on OA
maintains zero potential at the low output of the measuring resister Rx. As
a result, the dependence of the output voltage of the converter on voltage drop at
the output rs disappears. The resistances of the line r1, rz, rado not influence the
result of measurements, as ry, rs are connected in series with high output
resistance of the current source and r; - with the input resistance of OA of the
signal circuit (it is not shown on the circuit). However, this variant requires
additional OA for decreasing the output resistance of the converter.

The converters of the active resistance of the direct measurement have an
essential drawback, stipulated by the dependence of the output voltage on the
absolute value of the measuring resistor and not on its change. As it will be
shown below, this drawback is eliminated by the bridge type converter.
However, the formation of the voltage, value of which is proportional to the
change of Rx increment relatively certain initial value Rxo can be performed by
means of direct measurement converters. Basic methods of their realization are
shown in Fig. 1.35

i
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d)

Fig. 1.35. Circuits of the converters with the proportionality to the increment of the resistance

The first circuit is built on the base of the converter, considered above.
However, this circuit uses a four-wire line and the part of the reference voltage
Uo is applied to the non-inverting input of OA (Fig. 1.35a). Resistances of the
outputs r; and r; make the part of the deep feedback circuit that is why their
impact on the output voltage is minimal. Resistance r; increases to some extent
the output resistance of the converter but in case of provision of the high input
resistance of the next amplifier, this circumstance is unessential. The resistance
of the output rs is connected in series with Ry and directly influences the output
voltage:
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U - U_[&R_J
out 1+R,/R,\R, R +r,

This impact is decreased by increasing Ry, providing the condition Ry >>r4,
and the preset value of working current of the measuring resistor Rx is formed
by the corresponding change of the reference voltage Uo. The relation of the
resistors R, and Rj is established proceeding from the condition of the equality to
zero of the output voltage at the preset initial value of measuring resistor Rx=
Rxo.

In the circuit, shown in Fig. 1.35b, two mutually equal sources are used.
Output voltage of the converter is:

Uout =1, (Ry +1r,—1,).

Sources of mutually equal current are manufactured as single-crystal current
mirrors. The accuracy of mutual equality of currents in this case is high, which
makes this circuit competitive with bridge type converters. Another modification
of this type of converter is shown in Fig. 1.34c. The same functional dependence
of the output voltage is formed as a result of using two sources of current, values
of which are mutually equal and signs are different. The variant of the converter
with the formation of the output voltage, proportional to the change of
measuring resistor, based on galvanically insulated sources of current, is given in
Fig. 1.35d.

In the thermal flow sensors with the structure of the half-bridge converter
circuits, shown in Fig. 1.36¢ can be used. In the first circuit (see F 1.36a) the
bridge is supplied from two symmetric voltages +Uo and -Uo. To decrease the
error, caused by voltage drop in the supply circuits, voltages +Uo, -Uo are
supplied to measuring resistors across voltage repeaters on OA41, OA2. Output
voltage across the output rs in general case- five output half-bridge, is amplified
by means of non-differential amplifier with high input resistance (in the circuit
this OA is not shown). Output voltage is determined in the following away:

u  =U, R—R
out R +R,

The drawback of the given circuit is high requirements to the symmetry of
half-bridge supply voltages — non-equality of their modules directly influences
the measurement results.
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Fig. 1.36. Circuits of the half-bridge converters

In the second circuit (see FIG. 1.26b) five-output half-bridge is also used, but
its supply is provided only by one voltage Uo. Operational amplifier (OA1l)
maintains this voltage at the upper output of the half-bridge. OA2 forms at the
low output of the half-bridge the voltage at which the potentials are equalized in
the middle point of the half-bridge and at the output of the divider from the
resistor Rs, Rs. As a result the current flows across the half-bridge:
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I =U, L
R(R, +R,)
and the output voltage, formed at low output of the half-bridge, is:
R3 IR. =U R1R3_R2R4

Y = .
out  "°R+R, ° °R(R;+R)

In separate case, if Rs3=R4, we have:

The circuit of the converter, shown in FIG. 1.36c, comprises three
operational amplifiers and this, besides minimal error of line resistances, enables
to amplify the output voltage:

U =u,—fe (R Ry y Ry, RRRARIZRRR,
out Rl + RZ R3 R4 R3 (R1 + RZ)R3R4

If the condition is provided, the output voltage is:
U — Rz — Rle

o —.
out = "*R, +RR,

Typical construction schemes of the bridge resistive converters of the

thermoanemometric sensors are shown in Fig. 1.37.
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Fig. 1.37. Circuits of the bridge converters

The first of them (see Fig. 1.37a) — six output bridge — for the amplification
of the output signal provides differential amplifier with large output resistance,
output voltage equals:

U — Uo R1R4 B RZ RS )
out (R+R)(R; +R,)

The improved version of the converter is shown in Fig. 1.37b. The advantage
of the circuit is a five-output bridge and the possibility of using a non-
differential amplifier. At the upper peak (in the circuit) of the bridge the voltage
Uo is supplied by means of Al. At the low peak of the bridge the voltage is
formed, at this voltage the potential on the left peak equals zero. This condition

is satisfied if the voltage at the low peak is U =-U R,/ R,.
The third version of the converter, the circuit of which is shown in FIG.
1.37c, provides the compensation of the signal lines resistances only at four
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outputs of the bridge, The bridge is supplied by the stable current lo, it is divided
into two components: I1- across the resistor R; + R.and 7> — across the resistors
Rs + Ra:

| — R, +R, L R +R,

' "R+R,+R,+R," ? "R +R+R+R,’

By means of OA the voltage between the resistor R1 and R2 is maintained at
zero level that determines the output voltage:
R1R4 — Rz Rs

U  =ILR-1LR =I .
out = 112 "R +R,+R,+R,

The above-mentioned analysis of the circuits of the half-bridge and bridge
measuring converters shows that the problems of the compensation of the
parasitic impact of the transmission lines, as a rule, have rather efficient
solutions. However, this conclusion cannot be applied to the full extent to
measuring converters of thermal flow sensors.

At least, there are two reasons. First, in the most typical thermal flow sensors
with functionally integrated elements “heating — temperature measurement” the
release of heat takes place not only on these elements (a useful part of energy
consumption) but also on the control elements of the output transistors of OA.
This stipulates the excessive energy consumption and, in case of the monolithic
integration of the primary converter circuit with the signal converter of the
sensor device, parasitic heating of the sensor structure in the areas of the control
transistors location. In their turn, such areas of the parasitic heating distort the
temperature field of the primary converters, which leads to the increase of flow
measurement error. Secondly, in the process of the transition to the small-size,
low power, low voltage supply sources the voltage drop at the control transistors
of the heating circuit could be comparable with the voltage at the primary
functionally integrated converter, that considerably decreases the efficiency of
energy consumption and the accuracy of sensor device operation.

Concerning the problems of the digital signal conversion, interfaces,
software, etc.,, in the authors' opinion, the latter completely meet the
requirements to the units of modern sensor devices and are rather universal.

1.5. Characteristics of the temperature distribution in
biomedical objects

Accumulation of the heat in a biomedical environment that consists of tiny

particles in the middle of optically uniform surroundings can be divided into two
components: accumulation of heat in the singular particles which absorb and
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heat accumulation in the environment (for instance, biotissue) that surrounds
these particles.

In case of the therapeutic impact the processes of the transformation of the
electromagnetic energy of laser beam into heat energy take place. This
transformation of the radiation energy into heat can be performed in the case if
the laser radiation is absorbed by the specific chromophore tissues [100].

The density of the heat source energy q (W/m3) in the volume of the tissue,
being radiated, is the functional of the absorption coefficient a and general
density of radiation L, that consists of the slope part of the optical beam L¢ and
the part of the radiation from the surrounding tissue, that scatters:

q(rt) =a[L(r,)) + Ly(r,1)],

where r — is radius — vector of the observation point, t — is time.

Energy of light, converted into the heat causes in the volume, being radiated,
local temperature increase. If phase transitions do not occur, then the
temperature T increases proportionally to the density of energy g. Part of the
heat is released, depending on the temperature gradient, by means of heat
conduction in the colder surrounding area. As a result, the maximum achievable
temperature area being radiated, is limited, at the full intensity of radiation, i.e.,
for the pressed intensity of the radiation a certain maximum temperature exists.
For each tissue there exists a specific threshold of the intensity that must be
overcome to achieve necessary local temperature [100].

In view of the fact that the part of energy as a result of the heat conductivity
and other processes is transported into neighboring sections, not only the
volume, being radiated, is heated but also the neighboring sections. By local
blood flow in vivo the heat is removed from the tissue, being radiated. Thermal
properties of living tissue are determined, on the whole, by three processes: heat
conductivity, heat accumulation; heat removal by the vascular system.

Heat conductivity. The heat passes from the warmer sections to colder
sections of the tissue. Heat flow dQ/dt is directly proportional to the temperature
gradient, i.e, in 1-D case in the ideal uniform specimen of the tissue of S length
and the cross-section A to the location with lower temperature T2 according to
the formula [100]:
dQ
E=7ACE—T2)/S, (1.20)

where y — is the coefficient of the proportionality (it characterizes heat
conductivity).

Heat conductivity of fluids and solids practically does not depend on the
temperature. It increases, for instance, in water from 0,62 W/mK at 37 °C only
to 0,64 W/mK in 57 °C. Concerning the biotissue, these values are 0,3+0,5
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W/mK, depending on the water concentration . For this case such relation is
valid:
y=(0,06+0,057w/ p),
where p — is the density of the tissue (kg/m?; o — is the content of water in
the tissue(kg/m? . Values of heat conductivity for the biological substances are
shown in Table 1.1.

Table 1.1. Values of heat conductivity for the biological substances

Substance v [W/mK]
Ethanol 0,17
Adipose tissue =0,3
Tissue , containing the air =~0,5
Blood 0,62

In the processof the conversion of light energy into thermal energy the
chaotic motion of atoms and molecules increases. Energy transfer by means of
heat conduction is carried out in the direction of lower temperature and more
rapid molecules in the warm area transfer the Kinetic energy by means of the
collisions of slow molecules in the colder part of the tissue.

Heat accumulation. The property of the tissue to accept and accumulate heat
is described by the specific heat c(kJ/kg.K). This value equals the amount of heat
Q that leads to temperature increase of the unit of mass by 1K:

c=(155+28w/ p).

The value of the specific heat for the fat — 1.930, blood — 3.22. In the process
of phase transition all heat energy is used to overcome intermolecular forces, the
temperature of the investigated volume, when the temperature of phase transition
is achieved, remains stable, until the phase change is over. General space and
time characteristics of the temperature distribution in the volume of the issue,
being radiated, is described by general heat transfer equation [100]:

O(Ij—-[: (q/ pc)+ (V7T I ¢c), (1.21)

where V2 = (d?/ dx* +d? / dy? +d? / dz®) — is the Laplace operator, q/ pc

— is temperature change in the volume, connected with the absorption of the
radiation, 7V2T /¢ — corresponds to temperature change, connected with the

release of heat in the environment.
Temperature distribution at the moment of time t' in the point x at the release
of heat quantity Q is described:
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_(x=x)?
Q-exp {—(x —x)? [ 4y(t —t’)} Q-e ¥V
20c(mr (t-t)"  2pcmyt-t)

For the radiation field with space and time changes, at the density of heat
distribution g(x', t') we obtain:

T,(x,t) = (1.22)

1 FT ) e
e 0 dx'dt . (1.23)
P 7y ! Jgo Jt-t)
For practical calculation of time characteristics of local heating distribution
the time of thermal relaxation is introduced:

r=[d’pc]/y=d’/z, (1.24)

where d — is the depth of the biotissue. That is, if the short pulse of heat is
applied to the surface of the tissue, then the time t passes until the substantial
heating starts in the depth.

Heat removal by the blood flow and other mechanisms. Heat energy from the
area, being radiated, is removed not only due to the heat conductivity but also
across the vascular system. The blood arrives in the volume, being radiated at
normal arterial temperature and is immediately heated to local temperature in the
capillary region [100].

For the assessment of the temperature distribution under the impact of the
vessels, perfusion time ty, i.e., the time, during which the blood is changed in the
unit of the tissue volume, is introduced. Transfer of heat by blood flow can
become the dominant factor, when establishing stationary temperature
distribution, especially, in case of the continuous radiation.

The impact of blood flow on stationary temperature distribution occurs only
in the case, when the area of the tissue radiation section is greater than the depth
of thermal penetration. If the area of radiation is smaller, then heat transfer is
determined by the thermal conductivity. Also the heat can be removed by means
of metabolic processes, evaporation of the water from the surface and
convection.

T(x,t)=
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2. Analysis of the existing methods of the construction
of the highlinear analog devices for signal converters

2.1. Survey of the methods of the construction of the
analog converting devices for multiple — digit systems
of measurement, registration and processing of
signals

Multi-digit analog-to-digital systems, as the variety of information systems
comprise the systems of measurement, registration and processing of signals that
is one of the spheres of engineering activity, where by means of electronic
facilities registration, processing, accumulation, measurement and dissemination
of information in the form of electric signals is realized [120]:

At the same time, the above-mentioned systems include [121]:

e automated control-measuring technological units;

¢ information-registration systems with digital recording and signals
processing;

e measuring complexes and devices for the analysis of the parameters and
characteristics of the signals and paths.

Structural diagrams of these systems are shown in Fig. 2.1, where — S1, S2,
..., Sn—sensors; NA1, NA2, ..., NA, — normalizing amplifiers; F1, F2, ..., Fn—
filters; B — buffer device; AS — analog switch; DA — difference amplifier; TE —
threshold element; CC — comparison circuit; CCC — code-current converter;
RSA-— register of serial approximation; CU (MCU) - control unit
(microprocessor).

Nowadays the above-mentioned systems of measurement, registration and
processing of signals require analog-to-digital devices with rather high
characteristics: dynamic range up to 100-140 dB; signal/noise ratio — 96/120 dB;
coefficient of non-linear distortions — 0, 001-0,002 %, spectrum of input signal
frequencies — 16-20000 Hz, binary exit code length is 14-20 bits and sampling
rate 44.1 kHz [121].

The most widely-spread devices in such systems are: ADC, DAC, buffer
devices CVC, and VVC, sample-and-hold circuits(S/H circuits), etc. [122].
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Fig. 2.1. Systems of measurement, registration and processing of signals with the calibration of the
conversion characteristic: a) automated control-measuring technological unit; b)
information — registration system of data collection and processing; c) analyzer of sound
tracks parameters
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Achievements in the sphere of digital technologies enabled the signals
processing. One of the ways of the development of this priority direction both
abroad and in our country is the construction and application of high-linear,
multiple- digit ADC and DAC with weight redundancy [121-125]. However, in
spite of the high performance of the existing ADC and DAC, their application in
the systems of measurement, registration and signals processing remains current,
as the element base in the form of analog devices with corresponding
characteristics must be created. That is why, it is expedient to consider the
system ADC and DAC not as functionally completed units but as a set of analog
linear devices [121]. There exist such types of the above-mentioned devices:

normalizing amplifiers;

buffer voltage devices;

current-voltage converters;

voltage-voltage converters;

analog signals sample-and-hold circuits;

signals difference amplifiers for high sensitive comparators;
filters of low and high-frequency signals;

analog signals switches;

alternative current signals amplifiers.

Almost in all modern high linear converters the elements of autocalibration
and autocorrection are available, these elements provide efficient metrological
characteristics due to the possibility to compensate for the primary errors of the
element base. The correction is performed in a special mode, called self
calibration and enables to determine real characteristics of the analog devices, as
a result of applying the structural solutions with available feedback.

The advantage of such approach is the possibility to provide high technical
characteristics at the reduced requirements to the element base of the analog
devices and technologies of their manufacture. The correction of static errors
allows the application of circuit engineering solutions, providing high operation
rate [121].

On the other hand, a high level of accuracy, achieved by means of self
calibration can be provided only in case of low level of non correctable errors of
the analog devices, ADC and DAC consist of. And this, in its turn, requires such
an approach to the design, where along with structural solutions special circuit
engineering methods, aimed at provision of high accuracy and operation rate, are
used. As a result the analog devices of multiple digit ADC and DAC possess a
number of features, enabling to distinguish their study in an independent branch.

It is known that ADC and DAC within IMS are used in combination with
other analog devices. Provision of the corresponding characteristics of these
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devices and their coordination with ADC and DAC is a rather complex problem
[121, 122, 126]. Also it is known that, for the most part, there is no possibility to
correct certain errors of such nodes, in spite of the inclusion of such nodes in the
correction contour.

Thus, having considered the specific features of the systems of measurement
and processing of the signals, we make a conclusion that in the process of
practical realization of ADC and DAC with self calibration, there exists
anumber of problems that require separate studies of the analog devices
regarding their metrological characteristics, structural and circuit engineering
solutions, methods of correction. Special attention should be paid to such analog
devices as: AS, NA, OA VB, CVC, VVC and others, main requirements to these
devices are given in Table 2.1. In its turn, the classification of the analog devices
for the analog-to-digital systems is given in Fig. 2.2.

Table 2.1. Requirements, regarding static and dynamic characteristics of the analog devices.
Specific features of the structure

Linear devices Operation Linearit Symmetry of the Avalleonty
rate Y transient characteristics of OA
Analog switches + + - -
Buffer devices + + + +
Sample-and-hold
L + + — —
circuits
Current-voltage
+ + + +
converters
Voltage-voltage
+ + + +
converters
Difference
. + + + +
amplifiers
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Fig. 2.2. Classification of the analog devices for the analog-to-digital systems

Conventionally, such analog devices are constructed on the base of the
universal OA, using the corresponding connection circuits, shown in Fig. 2.3
[127, 128].

As a rule, single-step DCA, conventionally constructed according to the
three-stage structure,shown in Fig. 2.4a, are used for such purposes.

Ru Ru
Uin b L
Ucu I'L Uin Rin
t = | lout L] Uout
a) b) c)

Fig. 2.3 Analog devices on the base of universal OA: a) voltage buffer; b) current-voltage
converter; c) voltage-voltage converter

The basis of the greater part of modern amplifiers is the input differential
stage [129-131], which allocates the difference of voltages and amplifies it.
Intermediate and push-pull output stage provides the amplification of the input
signal. Special attention should be paid to the fact that in single-step DCA the
output stage is a push-pull one and this, in its turn, enables to increase the
carrying capacity and linearity of the transfer characteristic [129-133].
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Fig. 2.4. Single-step DCA with differential input stage: a) structural diagram; b) simplified three
stage flow diagram

However, the application of the single-stage DCA is not very advantageous
because such circuits introduce considerable distortions in the form of the signal
being processed. The drawback is also different duration of the leading edge and
trailing edge of the pulse signal and narrow band of the complete non-distorted
power [134], as it is shown in Fig. 2.5. Recently for the construction of the
analog devices with the wide bandwidth the so-called current conveyors, with
the corresponding switching circuits such as DCA, VB, CVC, VVC, shown in
Fig. 2.6 [135-142] are used.

The characteristics of such devices are described by the relations:

DCC: 1 =1 -I;ﬁ; vB:U_  =U . .Rlo_ad;
2 R

veeu o =-L -R; vwc:U_ . =U Road

- out in 1’ " ~ou i -

tlnRl

As it is known, frequency operation range of OA-based circuits is limited by
FBC. The increase of the dynamic and frequency ranges of the analog devices
can be realized in the process of transition to signal processing in the current
basis [134, 143]. Circuit, operating in the current basis, has smaller resistance
values in the nodes. Thus, maximum voltage values in the internal nodes of the
circuits are smaller than signal processing in the voltage basis.
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Fig. 2.5. Limitations of the dynamic characteristics of the single-stage DCA: a) symmetricity of
the transient characteristics; b) distortion of the sinusoidal output signal
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Fig. 2.6. Analog devices on the base of CC : a) direct current amplifier; b) voltage buffer;
c)current —voltage converter; d) voltage- voltage converter

This leads to the decrease of non-linear distortions and increase of the
dynamic range. Besides, as the parasitic capacitances are charged to smaller
voltage values, the signal processing rate increases and the operation frequency
range also increases.

CC (current converters) of the first generation (CCI) was suggested for the
first time in 1968, however as an independent element it did not gain wide
usage. In 1970 the CC of the second generation was realized (CCII) [136]. Such
CCII are constructed according to the pull-push structure (Fig. 2.7a) both on
bipolar (Fig. 2.7b) and field-effect transistors (Fig. 2.7c).
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Fig. 2.7. Current converter 1l: a) generalized structural diagram; b) on bipolar transistors; c) on
field-effect transistors

CCII operates according to the relations:
UX —k-UY, IY =0 IZ —ia-lx,

where Uy, Uy — are voltages at the inputs X and Y, correspondingly; Iy, ly, I, —
are currents at the inputs X, Y, Z correspondingly; k and a — are the coefficients
of voltage and current transfer.

The parameters, characterizing CC are the coefficients of voltage and current
transfer k and a (in an ideal case they equal unit) and the resistances at the
outputs X and Y (in an ideal case, the resistance at the output X approaches
infinity, the resistance at the output X — tends to zero).

Sign “+” or “-*“ in the expression for current I, defines the type of the current
conveyor — non-inverting (CCII+) or inverting (CCII-), correspondingly. Non
Inverting is a conveyer where the currents at the outputs X and Z are directed
simultaneously in the conveyer or “from” the conveyer.

As the current repeater in current conveyor 11+ (CCII® the CR is used. For
the realization of CCII- the CCII* with the simplest CR, connected to the output
Z, is used.

However, the introduction of this element in the circuit results in the
worsening of CCII characteristics — as compared with the output circuit of CCII*
without the additional current mirror. Thus, for the realization of the precision
CCII' it is necessary to use more complex circuits of current repeaters with the
inversion.

In 1995 CC of the third generation (CCIII) was suggested [142]. CCIII are
constructed on the base of four CCIl and are mainly used for the currents
measurements (Fig. 2.8).
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Fig. 2.8. Current conveyor 11 of field-effect transistors

CC possesses the bands of operating frequencies of the order of hundreds of
megahertz that substantially exceeds bands of operating frequencies of OA. This
is explained by the absence of stages with large gain factors. At the same time,
there is no need to connect the correction circuit that considerably decreases the
band of OA operating frequencies .

The conclusion can be drawn that the realization of the circuits on the base of
CC enables to increase the frequency range of the amplifiers and devices on their
base to tens-hundreds megahertz if the consumed power does not exceed the
consumed power of OA. The following drawbacks of CC should be mentioned:

e transfer factor on the current is close to the unit;
introduction of the additional phase shifts ;
o worsening of the amplification on the stage of the operation system.

Another approach to the construction of DCA is the usage of the push-pull
structures. It should be noted that the first PDCA were constructed as far back as
in the 1970s [144-145]. However, they were imperfect as they had limited
number (1-2) of the amplifying stages and small gain factor. One of the reasons
was that in the above-mentioned circuits with multistage structure (2-3) it is
difficult to set the needed mode on the direct current. Thus, it was impossible to
make use of the advantages provided by PDCA with the symmetrical structure.
The alternative approach is the construction of PDCA with loop-through
amplification channels [122, 127, 143], its structural diagram is shown in
Fig. 2.9, that enables it to achieve the symmetry of the leading edge and trailing
edge of the output signal.
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Fig. 2.9. Structural diagram of modern PDCA with the loop-through amplification channel

Characteristic feature of the given approach is the usage of CR, which
determines the increment of the current flowing across the input stage.

The construction of such types of the devices started as far back as in the
1980s and became popular due to the simplicity and cheapness of IAS working
point setting and the possibility of the balancing of the leading edge and trailing
edge of the output signal at the reaction on the bipolar rectangular input pulse.

It is known, that Analog Devices company manufactures PDCA AD810—
AD815, Intersil — EL5160-5165, ON Semiconductor — NCS2501, NCS2510,
NCS2511, NCS2530 and NCS2535 [146-159]. Their basic characteristics are
shown in Table 2.2.

Table 2.2 — Characteristics of the modern PDCA with the loop-through amplification channels

Bandwidth, Slew rate, Input offset Input offset Distortion/

Model MHz V/ms voltage, mV current, mA Frequency,

' ' dB/ MHz.
AD810 80 1000 15 2 -61/5
AD811 140 2500 0,5 2 —74/5
AD812 145 425 2 0,3 -90/1
AD813 100 250 2 0,5 -90/1
AD815 120 900 10 2 —66/1
EL5160 200 1700 5 - -50/5
EL5161 200 1700 5 - -50/5
EL5162 500 4000 5 - -50/5
EL5163 500 4000 5 - -50/5
EL5164 600 4700 5 - -73/5
EL5165 600 4700 5 - -73/5
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Distortion/

Bandwidth, Slew rate, Input offset Input offset
Model MHz Vims voltage, mV current, mA Frequency,
' ' dB/ MHz.
NCS2501 200 450 4 4 -55/5
NCS2502 110 230 4 20 —49/5
NCS2510 1400 2500 4 35 —69/5
NCS2511 1000 2500 10 35 -67/5
NCS2530 200 450 4 5 —55/5
NCS2535 1400 2500 10 35 —69/5

Analyzing the Table we make a conclusion that PDCA, constructed
according to the considered structure, possesses good dynamic characteristics.
At the same time, it is worth mentioning that the general gain factor determines
IAS and PPOS, as CR has the transfer coefficients close to unit and OPPS — %
[131]. The enhancement of the gain factor is possible by means of increasing
the amount of the amplifying stages, but the usage of the great quantity of IAS
leads to great phase shifts, the correction of these shifts P will result in the
reduction of PDCA operation rate [160-164]. The drawback of such circuits is
the possibility of operation only with low ohmic loading and great dependence
of the gain factor on the loading resistance [122, 127, 143]. The corresponding
AFC is shown in Fig. 2.10.
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Fig. 2.10. AFC of PDCA with the loop-through amplification channel at the change of the load
resistance

The solution of the problem of direct current mode setting was suggested in
the scientific school of the professor Olexiy Azarov by means of introduction in
the circuit current compensators(CC), which provide identical operation modes
of DCA stages [134, 165]. This enabled the construction of PODCA with the
separated amplification channels, characteristic feature of these channels is the
available auto balancing of the operating points of the intermediate transistor
stages.

Structural organization of such PDCA is shown in Fig. 2.11 [166].

For the construction of PDCA with average gain factor, structural diagram,
shown in Fig. 2.11a, is used. It contains: IPS, two symmetrical IAS on the
bipolar p-n-p and n-p-n transistors, BDCR and POS. Gain factor will be
determined by the formula [166]:

Y .2
Ki=K.. K. -K, =2 Po-n-p#n-p-n,
1 Hnp " izs  1out ﬂp—n—p+'8n—p—n
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where Kiinp, Kis, Kiout — are current gains of the input, intermediate and output

stages, correspondingly; #

B
p-n-p n-p-n

p-n-p and n-p-n transistors, correspondingly.

For the construction of PDCA with high gain factor, structural diagram,
shown in Fig. 2.11b is used. It contains: IPS, two symmetrical IAS on bipolar p-
n-p and n-p-n transistors, several BDCR and POS.

Input
Bl

— are current gains of the bipolar
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Fig. 2.11. Structural diagram of PDCA with separated amplification channels: a) with average
gain factor; b) with high gain factor

Gain factor is determined by the formula [166]:
2 2 ! ! " 1
=2'ﬂp—n—p'ﬂn—p—n_ﬁ1 By B Py
o t ’ ’ ” ”
2 ' Ponptaopon BBy BB

K=K

.. K.
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where Kis — is total current gain of the intermediate stages; '81" ﬁzl— are
)y

current gains of the bipolar transistors of the first stage; ,31”, 52"— are current

gains of the bipolar transistors of the second stage.

Increasing the number of the amplifying stages and, correspondingly,
increasing Kj, application of the symmetrical structure and BDCR in the
amplifying stages enables the construction of DCA with high gain factors.
[165,166]. However, multistage circuits have worse dynamic characteristics, in
particular, greater number of the poles of AFC and considerable phase shifts of
the output signal [134]. That is why, the design of the multistage PDCA with the
above-mentioned gain factor should be performed with a minimal amount of
stages.

At the same time, it is worth mentioning the advantages that could be
achieved constructing DCA, using push-pull structures:

high operation speed;
o symmetrical transient characteristic at the reaction on the input bipolar pulse;

¢ high Slew rate,
¢ large bandwidth;

e maximum usage of the frequency properties of the transistors up to boundary
frequency f.

The developers of the analog-to-digital systems often face the problem,
dealing with the choice of the amplifier, which operates with low errors of
constant level transmission. The problem of signal matching also remains in the
focus of the developers™ attention, as the current DAC the circuit of OA
switching is used as CVC, whereas for DAC with voltage output VB and VVC
switching circuits are used (see Fig. 2.3).

Efficient approach to the construction of such kinds of analog devices is the
usage of the transimpedance amplifiers [167]. They combine both high linear
direct current parameters and excellent characteristics of alternating signal
amplification.

The advantages of the transimpedance amplifier of the resistances as
compared with the conventional OA are determined by the character of the basic
structures of these devices. Transimpedance amplifier (Fig. 2.12a) is the
controlled source of voltage with asymmetric output, controlled by the current,
passing across asymmetric input. It should be mentioned that the inverting and
non-inverting inputs of such amplifiers are nodes with small and large
resistance, correspondingly. Input resistance Rin, determines the gain factor of
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the circuit with closed feedback. The transfer function in the form of Laplace
transform of such amplifier is:

R

_ M

Rin
G S)= '

(s) ~
1+C |R +Q@Q+-2M).r. |5
K| wm R. in
in

where Rn — is the resistance of the feedback resistor; ri,- is the internal input

resistance; C. — is the internal capacitance of the correction. Gain factor of the
R
device is determined by the set (1+R—M ). rin Of the denominator.
in

Conventional OA (Fig. 2.1b) is a device with a symmetrical input and
asymmetrical output. Inverting and non-inverting inputs are identical and have
high resistance. Gain factor with the closed feedback depends both on Riy and
Rm. Transfer function in the form of the Laplace. Transform of such amplifier is:

R
-m

i Rin
G(s) =
C
1+—C 1+ M5
9in in
In this expression the main impact on the gain factor is performed by the

R
multiplier of 1+ —2% . The circuit, set by the gain factor, also influences the

in
frequency characteristic of the amplifier.
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a) b)
Fig. 2.12. Equivalent circuits of the DCA in the modes of : a) transimpedance amplifier; b)
operation amplifier

In the conventional OA with the closed feedback at the increase of
amplification the bandwidth proportionally decreases. Transimpedance
amplifiers, on the contrary, provide relative independence of the values of the
bandwidth and amplification when the feedback circuit is closed at low values
of amplification, nearly 20-30. When the gain factor starts to grow, then the
frequency characteristic of the transimpedance amplifier behaves as the
characteristic of OA.

Characteristics of these circuits on the changing signal have differences in the
circuit conFigurations. In OA (see Fig. 2.4b) the first stage transforms the
differential input voltage between the inverting and non-inverting inputs into the
asymmetric output voltage. The second stage amplifies this voltage, and the
third — forms the preset current in the external loading circuits. High resistance
input stage worsens certain parameters of OA at the amplification of the
changing signals. Incompliance between the resistance of the signal source and
the input resistance of the first stage of the amplifier creates a parasitic pole,
which causes the distortion of the output signal. This influences the bandwidth
and worsens the linearity and distorts the form of the output signal.

Besides, negative feedback in the ordinary OA creates quasizero potential at
the inverting input, which enables us to consider this point to be virtual earth.
For the stability of the amplifier with the negative feedback phase-correcting
circuits are to be introduced, for instance, the circuit with feed forward high
frequency components. The feed forward correction breaks the linearity of the
phase characteristic of the amplifier.

Unlike OA transimpedance amplifiers (Fig. 2.13) has different inputs:
inverting input, connected to the emitter of two complementary transistors VT4
and VT5, which form the point with low resistance, non-inverting input — between two
serially connected transistors VT1 and VT2 in the diode connection. This input
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is characterized by the high resistance and by its parameters is analogous to the
inputs of OA.
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Fig. 2.13. Schematic organization of the transimpedance amplifier

In the process of the amplifier operation the error current across the
resistance Rm arrives at the inverting input. Transistors VT4 and VT5 deliver it
to CR, constructed on the transistors VT3, VT6, VT7 and VT8. Complementary
currents, set by the transistors VT7 and VT8, charge the capacitor C.. Finally,
the output stage on the transistors VT9, VT10, VT11 and VT12 performs the
functions of buffer amplifiers between C. and the load. Besides converting the
current into the voltage the capacitor C. maintains the stability of the amplifier,
preventing self-excitation at high frequencies.

Current feedback in the transimpedance amplifier gives a number of
important advantages, providing the stability of the bandwidth, increasing the
linearity of the phase characteristics, increasing the growth rate and providing
the symmetry of the output signal fronts.

The stability of the bandwidth is one of the most important advantages of the
given circuit for numerous spheres of application. As the error signal, which is
formed by the resistor Rin, arrives at the input of the circuit in the form of the
current but not voltage, then the transimpedance amplifier does not require the
negative feedback for the creation of virtual earth on the inverting input. As
a result, there is no need to have the correction circuits, which can influence the
bandwidth. What is more, if the resistance of the resistor Rm is maintained
constant, the bandwidth of the amplifier with the closed feedback will be fixed,
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regardless of the value of the gain factor. Besides, transimpedance amplifiers
provide the linearity of the phase characteristic in a wide range of frequencies.

The circuit with the current feedback provides the symmetry of the leading
and trailing edges of the transient characteristic. The growth of the output signal
of the transimpedance amplifier rapidly increases at the advent of the input
current. The rapid growth of the input level will lead to the initiation of one part
of the amplifier and disconnection of another part, i.e., causing the switching of
two identical sources of current. As a result, for any preset amplitude of the
output voltage the hours of rise and fall turn out to be practically equal.

Another advantage of the transimpedance amplifier is small non-linear
distortions. This is explained by the fact that the transistors of such a scheme
perform the functions of the current amplifiers but not voltage. As the bipolar
transistors according to their operation principle are current devices, they operate
in a linear mode with minimal harmonic and intermodulation distortions.

Thus, as compared with the existing OA, transimpedance amplifiers have
smaller levels of distortions, large bandwidth and symmetry of the reaction on
the bipolar rectangular input pulse. The advantages of the transimpedance
amplifiers are determined namely by the push-pull structure of such devices.
CVC and VVC, constructed on the basis of devices exceeding by their
characteristics CVC and VVC, constructed on the basis of OA.

Generalizing the material, considered in the given section, it is expedient to
note that the promising direction in the construction of high linear analog
devices for the systems of measurement, registration and processing of signals is
the application of the push-pull structures. At the same time, in spite of the
variety of the existing models of high linear devices, manufactured by leading
world-known companies, in particular Analog Devices, National Semiconductor,
Texas Instruments, Linear Technology, ON Semiconductor, Philips,
Inetrsil [122, 128], there exist possibilities of the further improvement of their
characteristics.

2.2. Analysis of the static and dynamic errors of the
analog devices in the converting paths of the analog-
to-digital systems

The basis of the multi digital analog-to-digital systems is highlinear, system
ADC and DAC, which, in their turn, contain analog devices. The latter greatly
influence the static and analog characteristics of the analog-to-digital systems on
the whole.

Considering the structures of the systems of measurement, registration and
processing of signals, shown in Fig. 2.1, we can distinguish AD and DA
channels [168], generalized structure of which is shown in Fig. 2.14.
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At the same time, any AD channel can be presented in such a way that
various errors are imposed at the input signal Aip under the impact of the
internal factors and the factors of the environmental character [129, 130, 169,
170]:

for AS: Aoas — zero, AL as — integral linearity;

for B: Aog—zero,  Apuns- integral linearity;

for IA: Aaia— zero, Auinia - integral linearity, Asia— scale;
for ADC: Ao— zero, ANt - integral linearity,

Apir - differential linearity, As— scale.

4, our
F | as |+ B |+ 12 —-ADC:">

cor

R_OD_T AOD_T
|:>DAC‘—-CVC——- F || as |- B |2

i

cor

b)

Fig. 2.14. Generalized structure of the channels of the multidigital systems of measurement,
registration and processing of self-calibrated signals: a) AD-conversion; b) DA-
conversion

AS B 1A ADC

b)
Fig. 2.15. Model of error components of the loop-through channel of AD-conversion: a) prior the
calibration; b) after the calibration
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For the account of these statistical errors, the model of the error components
of the loop-through channel of AD-conversion can be built, the model is shown
in Fig. 2.15a.

At the output of AD-conversion channel prior the calibration the signal
contains the errors of the analog nodes, each separate analog node introduces
such components [171]:

_ A2 2 B .
AZ AS _\/AO AS +ALIN AS for the analog switch;

_ A2 2 .
AZ B _\/AOB +ALIN B — for the buffer;

A IA:\/ 2 +A2 +A2 — for program amplifier;

> AoIatALINIATAS 1A

_ A2 2 2 2
AZ ADC _\/AO ADC +AINT +ADIF +AS for the ADC.

Total error consists of the sum of errors, added by each separate node of the
channel and is determined as [171]

2 a2 a2 A2
A5 _\/AZAS *AsB A5 1A Az ADC

This can lead to considerable distortion of the input signal Ainp. For the
correction of AD conversion error self-calibration can be used. However, when
this procedure is used only so-called correction errors are eliminated.

At the same time, additional methodical errors can appear (Fig. 2.15b).

In DA-channel as a result of available primary errors of analog nodes
elements as well as in the process of operation under the impact of the internal
environment factors such error components appear:

for AS: Aoas— zero, AL as - integral linearity,
for B: Aog—zero, Auns - integral linearity.

o for code — current converter (CCC):

® Adig — superpositions of digit weights,

® Aqnpac — quantization, Ainj — integral linearity,

e Apr - differential linearity, Ao pac— zero,

e for CVC: Ao cvc— z€ro, ALincve - integral linearity,
[ ]

[ ]

The model of the error components of the loop-through channel of DA-
conversion is shown in Fig. 2.16a.
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At the output of DA-conversion channel prior to calibration signal Aou
contains errors of the analog nodes of DA-conversion channel and each separate
analog node introduces such error [171]:

2 2 2 2 2 )
S DAC _\/Adig *Aqun bAc TAINT T2DIF T20 DAC for

code-current converter;

A

_[2 2
Asove ~ \/Aocvc *ALINcve

2 .2
A5 As _\/AOAS TALIN AS

— for current-voltage converter;

— for analog switch;

_ (A2 2 _
AZ B _\/AOB +ALIN B for buffer.

Thus, total error consists of the sum of errors, added by each separate node of
the channel and is determined as [171]

YXCCC "ZCVC "XAS "xXB°

For their correction self-correction can be used (see Fig. 2.16b).

Analyzing the models of the static errors of the loop-through channels of the
AD and DA conversion (see Fig. 2.15 and Fig. 2.16) main types of errors of the
analog devices can be distinguished: scale, zero shift and linearity.

At the same time, all the static errors, emerging in AD and DA-converting
channels may be divided into the categories, shown in Table 2.3 [121, 127, 169]:

Ay :\/AZ + A2 +A2 4 A2

e correctable —i.e., those, that could be considerably decreased;
partially correctable — these are errors, which could be corrected to certain
acceptable level;

e non-correctable — those, which cannot be decreased or compensated, by
means of self-calibration. Simultaneously, they can be decreased, applying
circuit engineering solutions or structurally.

To eliminate the correctable errors the procedure of self-calibration can be
applied. This operation can efficiently be performed in CIF on the base of
calculus systems with weight redundancy [127,169]. It is worth mentioning that
when the self-calibration is applied, these errors become apparent mainly in the
form of partially correctable errors. But they are of minor importance as
compared with the errors, emerging as a result of the parameters change of
analog unit’s elements.
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Fig. 2.16. Model of loop-through channel of DA-cor)wersion error components

At the same time the advantage of self-calibration as compared with other
methods of correction, namely, the lack of the necessity to perform self-
calibration separately for each analog node, should be underlined. As all the
above-mentioned nodes are covered by the general FBC, the procedure takes
place for the whole system.

It is worth mentioning that the error of the integral linearity hypothetically is
possible to correct, but the process requires considerable software-hardware
expenditures, in its turn, this leads to complication of the self-calibration path
and increase of the end product price [121]. This is the reason why this kind of
error for the greater part of cases is referred to as non-correctable.

Dynamic characteristics of the analog-to-digital systems are greatly
determined by the parameters of the analog devices, which are the components
of these systems. That is why it is expedient to analyze their characteristics.

As it is known, a greater part of the analog nodes is constructed on the base
of the single-stage DCA, connected according to the circuits, shown in Fig. 2.3
DCA, themselves possess their specific static errors, shown in Fig. 2.17.
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Table 2.3. Static errors of the converting channels

Correctable errors

Non-correctable errors

Partially correctable
errors

1.Zero shift:
Aoas 205 Bo1A

Aoapc 2oDAC

1. Integral linearity:

ALIN AS ALINB

ALINIA ALINCVC

1. Integral linearity DAC:

AINT

2.Differential non-
linearity of self-

AO Ve 2. Quantizing czlibration:
2. Scale: . DAC: Aqun DAC. PIF 5C ’
3. Superposition of digits weights
Asia Ag Assc |
S dig
3. Differential linearity: 4. Integral non-linearity of self-
ApiF —AINT sC
: calibration .
[ A4:\u| AC-‘-II +Ug
+Usa:
'A:n max Am Ain
+Air1 max

a)

b)

c)

Fig. 2.17. Types of distortions of the transfer characteristic of DCA: a) asymmetry Ki, if the
polarity of Ainp changes; b) zero shift; b) Aout range limitation

In this case the equalities occur:

A4

out = “out

(+4

A, =4 . — A

zsh — “out |n;

in max) B Aout (_Ain max);

AU out = out tYsar) ~ Aout Ysat)-
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As a rule, achieving the high level of accuracy is provided by the increase of
the FB depth that requires AFC and PFC correction and, correspondingly, results
in the decrease of operation speed and the bandwidth. Better indices possess
PDCA with the loop-through amplification channels, which are characterized by
the symmetry of the output signal fronts and the simplicity of setting the
amplifying stages modes . However, the drawback of such circuits is great
dependence of the gain factor on the resistance of the load [122,128,143]. The
best indices for the construction of high linear analog devices possess the PDCA
with the distributed amplification channels, where the level of non-correctable
errors decreases but the usage of the existing PDCA requires precise setting of
the working point current of the amplifying stages but it is problematic.

2.3. Circuit organization and the errors of the existing
push-pull current amplifiers

2.3.1. Push-pull current amplifiers with the parametric setting of the
working points

Taking into account the fact that the promising direction in the construction
of high linear analog devices is the usage of the push-pull structures, it is
expedient to perform the analysis of the possibilities of the construction of such
devices on the base of PDCA. We will analyze the electric parameters of the
simplest functional circuit of PDCA, shown in Fig. 2.18.

It contains IPPS, constructed in the form of a self-complementing circuit with
the general base on the transistors VT1 and VT2. On the bases of these
transistors the bias voltages — Uyy and + Uy are supplied for setting the working
point mode. The point of connection of the transistors VT1 and VT2 emitters
serves as the input of the circuit. Sources of the currents Is and |4 set the bias
current in the collectors and emitters of the input transistors VT1 and VT2
correspondingly. DCA also contains the distributed 1AS, constructed on the
transistors VT3 and VT4. The connection point of the collectors of these
transistors serves as the output of the amplifier. The circuit is connected to two
sources of the supply voltage + Usand — Us, correspondingly [165].
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Fig. 2.18. Simplified functional diagram of PDCA with the distributed intermediate stages

It is known that the transfer characteristics of the first stage will have the
form [165].

2.1)

Similarly

(2.2)

Fig. 2.19 presents the graph of 11 and I, dependence on li,. It illustrates how
the current at the input of the amplifier is divided into the components, which is
branched into the collectors VT1 and VT2. The values of I, and I, are
determined by the volt-ampere characteristic of the transistors and depend on
their power [165].

For the increments of the currents AL =~ I, — lp and 41 = |1 — lo. the
dependence, shown in Fig. 2.20. takes place. It should be noted that the

functionsAI1 = f(lin) and AI2 = f(Iin) have two zones:
lin| <210| - small signal; 2)| linp| 210 - zone of a large signal.

In the first zone: Al zll. .Inthesecond Al , =~ 1. —1_.
2 2in 2 in 0
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We will consider the branching of linp into the components and its further
motion along the amplification channels. We obtain:
Gl | iy ;

lg3~——= 11 lpg~—2 - 1,—1
B3 B +1 1 3 'B4 By+1 2

4

lout #3713 lout ¥ 44 'Ba’
where ﬁl - /)’4 — are current gain factor.

Loading current is formed as the difference of two components
" I r

I =lout ~ out

With the account of (2.1) and (1.2) we obtain

2
; _Y[PaPy PP, [PaPa P3h ./Ii_n+12. (2.3)
L 2 By+1  py+1 ) In B+l  p+1 4 0

The expression (2.3) shows that non-linearity of the first stage is transferred
to the output across the asymmetry of the amplifier “arms”. In case of zero
current we have:

:{54"32 _ﬁs'ﬁl}lo
~0

L By+1 B +1

in
That is why, the increment of the output current, that equals
Al =1 (jp) =1 (i)

where IL’(Iin) — is the value of |L at ]in =0, is determined in the form
[165]:

2
P N N N W N P e e W N /Ii_n+12_] .
L 2 By+l  B+L | In | g+l B+l 4 0 70

Function AIL = f(]in) is shown in Fig. 2.21.
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Dashed line shows the linear component, and the increment AIL from linis

shown by a solid line:
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ﬂz +1 ,Bl+l

This equality occurs under the condition ‘Iin‘ < 2|0 if ‘Im‘ U I0 . In this case:

A PaPo o (PaPa P,

L By +1 in By+1  p+1 0

i) 1o
and i Imu I0

L B +1 in By+1  p+1 0

If we assume /34 ﬂ2 >M

,32 +1 ,6'1+1

growth of the gain factor in the zone of large positive currents and,

correspondingly, its decrease in the zone of large, by absolute values, negative

currents. All this is accompanied by the manifestation of the small constant
component of the output current [165].
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It should be noted, that the additional bias currents Is and l4 in the circuits of
the bases of the third and fourth transistors can compensate only the static part of
the constant component of the load current:

By B, By b

-BI_ = - .
4 B4 By+1 B +1 0

Non-linear part of the constant component cannot be compensated in this
way. That is, the compensation at the expense of the shifting of the second stage
is possible only separately or for the zone of the small signal or only for the zone
of large signal [165]. At the same time, it is easy to see that the value of the
linearity error of the transfer characteristic of PDCA depends only on the non-
identity of 3 values for p-n-p and n-p-n transistors and their change in the range
of the input and output signals.

2.3.2. Push-pull current amplifiers with the autobalancing of the
working points

Circuit realization of PDCA with the parametric setting of the working points
is only possible if precision current generators I; and l4 (see Fig. 2.18) are
available, but it is problematic.

In the scientific school of Professor Olexiy Azarov for the first time the
approach that consists in the introduction to the circuit current compensators
(CC) which provide the similar operation mode of DSA stages was suggested.
This enabled the construction of PDCA with the distributed amplification
channels, their characteristic feature is the autobalance of the working points of
the intermediate transistor stages [134].Generalized structural scheme of PDCA
with the autobalancing of the working points is shown in Fig. 2.22.
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Fig. 2.22. Generalized structural scheme of PDCA with the autobalancing of the working points

PDCA with auto balancing of the working points consists of IPPS, IAS: IAS1
and I1AS2, which are constructed on the bipolar transistors of different
conductivity and OPPS.

Simultaneously BDCR, CC1 and CC2 form the auto balancing unit of the
working point (UAWP) which provides the setting of direct current mode of
IAS.

Simplified practical functional scheme of PDCA with auto balancing of the
working points [127] is shown in Fig. 2.23. The amplifier contains IPPS,
constructed in the form of self-complementary circuit with the common base on
the transistors VT4 and VT5.Working point of this stage is set by the voltage
drop on the transistors VT1 and VT2 in the diode connection, the level of which
is provided by the values of the currents of current generators 11 and 12. The
circuit also contains two symmetrical amplifying channels on the transistors
VT11 and VT14. Working points of these transistors are set by introducing
BDCR in the circuit and also CC: upper — on the transistors VT3 and VT7 and
lower — on the transistors VT6 and VT10. The above — mentioned principle of
the working point setting, considered in [134], is provided by the self —
balancing of the collector currents of the transistors VT11, VT14 and VT7,
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VT10 in the diode connection and VT3 and VT4. So, on condition Iin =0
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Fig. 2.23. Simplified principle scheme of PDCA with auto balancing of working points

Proceeding from the latter relation it should be noted, that the working points
of the transistors, both of the upper and lower channels are set by the current
levels of the generators |, and I,

Availability of the BDCR in the circuit on the transistors VT8, VT9, VT12,
V/T13 provides constant total difference of the potentials Ua, on the base-emitter
junctions VT12 and VT13 not only on the condition lin, = 0 but when lin # 0 and

|C11¢ |C14' It should be noted that the through current lem across the
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collector — emitter junctions of the transistors VT15 and VT16 approximately
equals lcg and Icg.

Increment Alou: (1in#0) appears on condition that 1i:#0 and lci1 # leis and leis#
lais, at the output the difference current A7, appears that creates non — zero
voltage drop Uow[165,166].

Current amplification factor of the above — mentioned circuit for small signal
zone is determined by the formula [166] :

K; :'Bp—n— p'ﬁn— p—n’

By constructing PDCA in accordance with the suggested structural scheme,
shown in Fig. 2.11and increasing the number of the amplifying stages it is
possible to increase the gain factor, at the same time it is necessary to take into
account that the increase of the number of stages leads to the worsening of the
dynamic characteristics.

2.4. Push pull buffer voltage devices

Besides the construction of the analog devices on the base of PDCA, there
exist approaches, regarding their construction on the base of the push — pull
structures. Many variations of the buffer devices both regarding circuit
engineering organization and their designation are known. The most widely
spread is the construction of the buffer devices on the base of the operation
amplifiers. [122,143,170]. However, such an approach limits their operation rate.

Nowadays special attention is paid to push — pull circuits of the buffer
devices. They are able to provide high linearity of the transfer characteristic and
the necessary operation rate [170]. It should be mentioned that the known circuit
engineering solutions of the construction of buffer devices with push-pull
structure, which provide high operation rate and minor linearity, are non-
balanced, have high error of zero shift and high temperature drift.

Certain advantage has the application for the construction of the core of the
buffer device of the push — pull complex emitter repeaters on the bipolar
transistors or push — pull structures on the base of field effect transistors. We
will consider the circuit of the known buffer device with the self — balancing of
the working points of the input stage [170], shown in Fig. 2.24.

It consists of the supply source 11 and 12, which set circuit stages direct
current mode and bridge repeater on the transistors VT2, VT3, VT6 and VT7
with the floating supply source on the transistors VT5 and VT8.
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Fig. 2.24. Push-pull buffer device with the self — balancing of the working points of the input stage

Transistors VT1 and VT4 create the necessary bias. Buffer device of the push
— pull structure, as compared with the circuit on the base the single — stage DCA,
has low linearity error and the rate of the input signal growth for various half —
periods is practically the same. However, the circuit has low linearity error but
high error of zero shift.

However, in spite of the high linearity and operation speed, the above-
mentioned buffer device has high zero shift error, that emerges due to the
different values of the base-emitter voltages of the transistors VT2 and VT3, that
automatically is transferred at the output of the circuit and causes the advent of
error of zero shift error which is determined in the form of AUou = Uout - Uin, :

Ig = fUgyt): UgehT1=fUgy)
Ig=fU UgelTa=TUgyu)-

This is the additional source of the transfer characteristic non-linearity.

Also the approach to the construction of the buffer devices with the setting of
the workings points by the external generators is known. The generalized
structure and block diagram are shown in Fig. 2.25.

out)’
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Fig. 2.25. Push — pull buffer device with the setting of the working points by the external
generators; a) structural diagram; b) block diagram

It is known that non-zero value of the output resistance leads to the change of
the scale and worsening of the transfer characteristic linearity. Application of
PDCA enables to increase the loading capacity and maintain the set level of the
linearity. The output resistance rq. decreases K; times. At the same time, in spite
of the improved characteristics, the problem of setting the working point of the
input transistors VT1 and VT2 remains unresolved; this requires the usage of
precision current generators 11 and 12.
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3. Development of mathematical models and electric
thermal modeling of the measuring primary circuits
of the thermal flow sensors converters

Information signal of the primary thermal flow sensors converters is their
temperature that depends on the intensity of the heat exchange between the
structure of the converter and the flow medium (gas or fluid). Modeling studies
of the circuits of the above-mentioned measuring converters, carried out for the
optimization of their structure and supply modes, require the combination of the
analysis of the electric and thermal processes in a single complex.

Unfortunately, known packages of circuit modeling, in particular, PSpice and
MicroCAP, do not allow combining electric and thermal analysis - in the course
of such modeling studies the temperature of the elements cannot change if the
electric power, released in these elements, varies. That is why, the problem of
the development of the adaptation method of the circuit modeling procedure in
the given packages for the realization of the possibility of the complex analysis
of electric and thermal processes in the circuits of primary thermal flow sensors
converters, was put forward. The realization of this task requires the creation of
the model (equivalent circuit) of the elements, volt-ampere characteristic of
which is influenced in the process of self-heating of these elements.

In the given section complex technique of the electric thermal modeling of
the measuring converters of thermal flow sensors, is presented; it contains the
synthesis of the equivalent circuit of the pulse temperature relaxation and the
method of formation of converters VAC in the self heating mode by the supply
current. Problems of the iteration process instability in the process of VAC
analysis of the measuring converters with negative differential resistance, caused
by self-heating, are considered.

Method of the synthesis of electric thermal models of thermoresistive, diode
and transistor structures of the primary thermal flow sensors converters was
suggested. Unlike the known packages of circuit modeling this method enables
one to obtain VAC during one cycle of DC analysis, taking into account the self-
heating of the above-mentioned converters.

3.1. Mathematical model of the integral structure thermal
field

Techniques and models of calculation of the temperature fields of the
electronic equipment and, in particular, solid-state and hybrid integrated circuits
have already been adequately discussed in numerous publications. A number of
specialized programming products are available, namely: WinTherm (developer
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ANALYSIS TECH; www.analysistech.com), T3Step and Thermodel (developer
MICRED; www.micred.com), BETAsoft Board (developer DYNAMIC SOFT
ANALYSIS; www.betasoft-thermal.com), etc. [54-65]. Taking into
consideration, that the scientific aspects of the greater part of thermal
calculations are comprehensive, at least, from the point of view of the tasks, put
forward in the given research, further we will suggest only the description of the
thermal model in general form and partial examples of the results of thermal
fields of the integrated structures of the thermal hot-wire anemometers
calculations . The material of the given subsection should be considered only as
the initial data for the developed new approaches of the electric thermal
modeling, presented in the next parts of the monograph, where the dynamic,
thermal and circuit calculations of elements, the temperature of which is the
informative value of the signal converter of the thermal flow are combined.

In the process of the thermal calculation of the integral structures, they are
divided into the sections; in particular, into layers and parallelograms, each of
them is described by the independent system of parameters - thermal
conductivity factor, heat capacity, heat release power, etc. The system of heat
conduction equations in the Cartesian coordinate system x, y, z for the i-th layer
of the multilayer structure (assuming that the bottom boundary of the i-th layer
corresponds to the coordinate z; = 0, and the upper — z; = §;, where §; — is the
thickness of the i-th layer) has the form [172, 173]:

o', &, o
>t 5 =0
X oyt oz
Boundary conditions are:
on lateral edges ifx=0,x=L,y=0,y=L,:
aT; ~0: oT; ~0
o oy

on the boundary of the i-th and (i+1)-th layers if z; = §;, zi+1 = 0:

T=T &{ZT"}&H(%]
Zj aZiJrl )
1

on the surface Sifz1=0

oT, 1 & P,i .

on the surface Sy if zy = 6y:
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where Ti — is the excessive temperature (temperature of overheating) of the i-
th layer over the ambient temperature (i = 1, 2, 3... N); N — is a number of layers;
Ai —is the thermal conductivity of the i-th layer; Pj — is the power of the j-th
source of heat (j =1, 2, 3... k); k — is the number of heat sources; aj, bj — are
dimensions of the heat sources with the number j on axes x and v,
correspondingly; hj(x), hj(y) — are coordinate-dependent functions which take
the value of 1 in the area of the source and 0 outside the area of the j-th source
of heat; hj(z) — are coordinate-dependent functions, which take the value of 1 on
the surface Sy and O - on the surface S,, correspondingly; d, ax — are heat
transfer coefficients from the surfaces So, Sw.
Calculation of the temperature field, stipulated by the location of the source
of heat on the surface SN, can be performed by means of numerical methods,
applying series:

ﬁ: (-k)Z.a,+1 1
P, Zagay +ay+ay L.L,

LT W 0, k
+—= (7, R ) cosnm - o cosmr('b—’sm
TTa a;]v n= 1 n- Lx Lx X 2L\
8L, 0 ‘ , . b.

+ J Z W("T’k’)cosmﬁﬁcosmnhsinnﬁisinmn—"+
b L m I, L, 21, 2L,
6L, & E W 4

Z Z (n m.k cosmr 7 9 4 /

TC aa bb; n=lm=1 ” m Lx Lx 2Lx ZLx
L b . b;’
'y 'y y 2L,

where Ty — is the average temperature of the i-th section, heated by the j-th
source of heat; ai, a, b, b; — are dimensions of the sections; ¢, ¢; — are the
coordinates of the centers of sections on the axis x; , y; — are the coordinates of
the centers of sections on the axis y; Lx, Ly — are the

5
Z¢ = Zivzu_i
dimensions of the structure on the axes x and y; — is thermal resistance; o, A

— thickness and thermal resistance of the I-th layer (1 =1, 2,3, ...N); N-is a
number of the structure layers;
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Variable ki takes the value 1 in the point, located on the surface Sy, and 0 —on
the surface Sv. Functions G and Sy are calculated in the consecutive order,

passing the layers of the structure, starting from the first and ending with N = m,
using the recurrent expressions:

_VAZi 1+ VAZ ~1)e 2% ;- G, 2VAZ,_ e 2D

W(n,m,k;)=(Gy(1-k;)+k;)

Z. . G =Z=
! VA?Zt—] + 1 - (Vﬂ.lzl_] - 1)8—2\"55 ' ! VA'IZI—I + 1+ (V,IIZI—l - 1)6_2‘)5:
. n*r? N m’n?
oL

where i — is the number of the layer.

In addition to the above-mentioned equations systems of mathematical
description of the temperature fields, in the thermal flow sensors it is necessary
to calculate the interaction of the heated structure of the primary converter of the
flow sensor. In general case the dependence between the temperature parameters
of thermoanemometric primary converter and parameters of the flow can be
written in the form of the equation [1-5]:

PH=K1~(Z‘F-AI‘,

where K1 — is the coefficient, which is introduced, as in greater part of cases
it is not the difference of the temperature of the heat exchange surface and the
fluid that is measured but another value A¢, a — is the coefficient of the
convective heat transfer; F — is heat exchange surface; A¢ — is the temperatures
difference.

Main parameter of the thermal model is Nusselt criterion Nu, which
characterizes the heat exchange between the surface of the heater and flow
medium;

Pr,

d
N, = A-Re" Prb-Grb{—]

Pr.

where Re — is Reynolds criterion, which characterizes the ratio of the inertia
and viscosity forces and determines the character of fluid (gas); Pr — is Prandtl
number, which characterizes the physical properties of the fluid (gas); Gr — is
Grashof number, which characterizes the lifting force, which appears in the fluid
(gas) as a result of densities difference.

Prandtl similarity criterion is a physical parameter, which characterizes the
properties of the flow. Grashof number also does not contain the velocity of the
flow and only characterizes the interaction of the molecular friction and lifting
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force, this is stipulated by the densities difference in separate points of the flow
due to its non-isothermality. Only Reynolds criterion Re contains the flow
velocity we are interested in. That is why, in general case the connection
between Nusselt criterion, which contains the coefficient of the convective heat
transfer and Reynolds criterion, which contains flow velocity V, can be written
in the form:

Nu =C-Re

where C — is specific heat of the measuring environment; or:

a.d=c.(v.d_pJn
A M

It follows:

n—l1 n n—1
A-d"-p ZC_JL-d 6"
|uJ1 ‘uﬂ ’

where d — is the diameter of the tube, where the flow velocity is measured; v
— is the flow velocity p, x4, A — is the density, viscosity, heat conduction of the
measured medium; G,, — is a mass flow rate.

It should be noted, that for practical realization, as a rule, criterion equations,
obtained as a result of the experimental research, are used.

A number of the results of the thermal calculations of two typical
constructive solutions of the integral structures of the thermal flow sensors,
carried out by us, are given below. The first of them (Fig 3.1a) - it is the crystal
(B) of the silicon integrated circuit, in the center of which on the membrane (M)
one heater (H) is formed, and on the periphery - two or four sensors (S1, S2) of
the difference temperature AT = T-Ts.. To minimize the heat transfer from the
heater to the sensors the thermal resistance of the membrane must be as high as
possible - in ideal case the heat transfer must be performed only through the
medium (gas or fluid) of the measuring flow. That is why; the thickness of the
membrane is minimal, typically - not more than 0.05 mm.

The sensors of the different temperature must also have maximum heat
resistance relative to the structure of the integrated circuit that is why, they are
formed with dielectric sublayer with low thermal conductivity. Instead the
thermal resistance of the integrated circuit structure on the whole must have
minimal thermal resistance with the heat sink on which this circuit is mounted. It
provides the fixed temperature of the structure and the lack of the temperature
gradients, stipulated by the direct heat transfer across the membrane to the
Sensors.

oa=C-
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Fig 3.1. Typical constructive solutions of the thermal flow sensors

The realization of the above-mentioned requirement is not a problem as the
thermal conductivity coefficient ASi of the silicon (basic semiconductor of the
solid-state integrated circuits) and eutectic alloy gold-silicon As.a (the layer that
connects the crystal of the integrated circuit with the radiator) is rather high — As;
= 120 W/(m-K), As.ae = 150 W/(m-K), correspondingly. Instead, thermal
conductivity coefficient of the majority of the dielectric layers, on which
temperature sensors are formed (oxide or silicon nitride) is several tens of times
less that provides good thermal insulation of the temperature sensors from the
crystal of the integrated circuit of the primary converter of the flow sensor.

The examples of the calculation results of the temperature field of the flow
sensor structure without the available flow are shown in Fig 3.2a in the process
of heat transfer across the flow (at various values of the normalized flow rate 1
... 4) - in Fig 3.3. Temperature field has three characteristic sections: B - crystal
of the integrated circuit, temperature of which is practically stable, M -
peripheral part of the membrane and H - central part of the membrane, where the
heater is located.

At very small flow rates (Flow 1) the temperature field remains practically
unchanged and temperature difference between the sections of temperature
Sensors 1 and Sensor 2 location is small. Increase of flow rate 2 and flow rate 3
leads to the transfer of heat in the direction of its motion and corresponding
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increase of temperature difference AT = Ts—Ts. The temperature of the heater
decreases; this stipulates nonlinearity of the flow sensor conversion function.
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Fig 3.2. Temperature field of the integrated structure (Fig 3.1a) without the impact of the heat
transfer across the flow
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Fig 3.3. Temperature field of the integrated circuit (see Fig 3.1a) at different flow rates (in
normalized units — Flow 1...4)

Further increase of the flow rate (Flow 4) leads to considerable cooling of the
heater at non-sufficient heating of the flow medium, this stipulates the decrease
of the structure heating in the section where temperature Sensor 2 is located and
the decrease of temperature difference AT. Fig 3.4 shows typical dependence of
the temperature difference AT on the flow rate. This dependence is the
determining factor for the development of the structure of the primary flow
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sensor converter and determines the linearity of the conversion function and
admissible measurement range.

20
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)
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Fig 3.4. Dependence of temperatures difference AT = Ts—Ts,0n the flow rate

Similar calculations were carried out also for the second typical construction
of the primary converter of the thermal flow sensor structure (see Fig 3.1b),
which contains two integrated elements (HS1, HS2), each of these elements
serves both as a heater and temperature sensor. In order to minimize the heat
transfer these elements are made in the form of bridges, contacting with the
structure of the crystal only in two points. Lateral sides of the elements are
suspended, i.e., heat exchange is carried out only across the medium (P) of the
flow.

Typical picture of the temperature field of such a structure without the impact
of the heat transfer across the flow is shown in Fig 3.5.
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Fig 3.5. Temperature field of the integral structure (see Fig 3.1b) without the impact of the heat
transfer across the flow

The temperature of the medium between the integrated elements (HS1, HS2)
we assume to be a stable value (in the Fig. it is represented by the lowered
sections P). Information value of the primary converter of the flow sensor is the
temperature difference of the integrated elements AT = Tuo—T ..

The example of the calculation of the temperature field of the structure with
two integrated elements at a certain flow rate is shown in Fig 3.6. Similarly to
the above-mentioned calculations the increase of temperatures difference

AT = Tus—Tusy, is observed in case of flow rate increase, it is stipulated by the
decrease of the convective heat exchange between the heaters and the flow in the
direction of its propagation. In the given case it is stipulated by the increase of
the medium temperature of the flow while its passage above the heaters (taking
into account the large gradients of the temperatures in the flow, its temperature
is not presented in the Figure- it is assumed to be the fixed value T = 20°C). As
in the previous case with one heater at a certain critical rate of the flow the
function of temperature difference takes the extreme value, after that the
temperature difference decreases. This limits the range of the flow rate
measurement.

The analysis, carried out, confirms the data, published in literature [1-5], that
the function of thermal flow sensors conversion is nonlinear and at certain value
of the flow rate there comes the mode at which the gradient of the temperatures
ceases to increase and starts to decrease at the increase of the flow rate.

93



0 ° TemperatuteD D [ Flow B \\\

deg. C = RS

oS,
et e ERe)

Fig 3.6. Temperature field of the integrated circuit (see Fig 3.1b) at a certain flow rate

In the next sections we will demonstrate the possibility to minimize this
negative effect by means of the thermostabilization of the heater temperature. As
it will be shown further, the novelty of the solution, suggested by us, is the
method of thermostabilization at which high sensitivity and minimal losses of
thermal energy in the control circuits of the heating process are combined.

3.2. Electrothermal modeling of measuring converters in
pulse operation modes

The basis of the efficient stabilization of the heater temperature that allows to
minimize losses of thermal energy on the control elements (mainly transistors) is
pulse operation mode. Unlike linear control circuits, where the power of heating
changes by means of corresponding change of the voltage on the heater, in pulse
control circuits the power of heating changes by means of the corresponding
modulation of the heating pulses duration or the period of their occurring. The
amplitude of the voltage pulse on the heater practically equals the supply
voltage, i.e., the voltage drop and heat release on the control element is minimal.

Especially efficient operation of the pulse heating system can be achieved,
applying modern MIS - transistors, manufactured according to DMOS and V-
MOS (HEXFET) technologies, which provide practically ideal key
characteristics - high operation speed and minimal resistance in the conducting
state Ron (typically Ron < 0,1 Ohm). The discussion, concerning further
development of pulse control systems, from the point of view of their application
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for the temperature stabilization of the thermal flow sensors heater will be
held in the next section.

We will consider main approaches to the circuit modeling of the given pulse
circuits. The task to develop the method of the analysis of the pulse heating of
the elements in the environment of PSpice and MicroCAP is put forward. It
should be noted that the above-mentioned packages do not allow performing the
electric and temperature modeling in a single cycle of the analysis.

We will apply the electric thermal analogy, its essence will be considered on
the example of one-dimensional thermal flow in the solid state body. Assuming
in the first approximation the independence of the thermal conductivity of the
body on the temperature, the system of equations of the thermal flow can be
written in the form:

ar_ P
dx AS
d’T _ JocpT
dx? A
where A — is thermal conductivity coefficient ; S — is the area of the
isothermic surface; P —is thermal flow; ¢ — is the specific heat; p — is the
specific density of the substance.
Instead, the system of equations, that characterizes passive RC line with the

distributed parameters at the established sinusoid mode, can be written in the
form:

—=RT
dx
2

dx

where V, | — are complex amplitudes of voltage and current; Ri, Ci — is the
resistance and capacitance per unit of the line length.

Comparing these two systems of equations, the formal analogy between the
thermal and electrical values can be established: the amount of heat in the
thermal model corresponds to the electrical charge in the electric model;
temperature difference corresponds to the potentials difference; thermal flow
corresponds to the electric current; the density of the thermal flow —
corresponds to the current density; thermal resistance - to electric resistance;
thermal conductivity coefficient — to electric conductivity; heat capacity —
electric capacitance. Spatial and time parameters of both models are identical.

It is known that time dependence of the temperature T(t) in the pulse mode
of heating-cooling can be presented by the expression:
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where Z, (t) — is thermal resistance ; — at heating; i=1 L) at
cooling; Z,, — are time -independent thermal resistances of the parametric
sections of the structure in the constant heating mode; 1., 72 ,...7v — are thermal
constants of these sections of the structure; 1i = Zo-Cwi; Cri — is heat capacity of
the i-th section of the structure.

For the thermal analysis of the structure of thermal flow-meter integrated
circuit it is sufficient to allocate, at least two parametric areas, describe each area
by the typical values of Zrn, Cq. The first area corresponds to the membrane,
thermal resistance of which is the highest and the thermal constant is the
smallest. The second area corresponds to the crystal of the integrated circuit. If
necessary, the heating of the radiator and the adjacent environment can be
considered, introducing the third and the fourth parametric areas.

Method of the model synthesis and analysis of the pulse heating of the
elements in PSpice and MicroCAP environment, developed by us, consists of
two stages — at the first stage, the value, that is numerically equal to the
temperature of the studied element, is formed, at the second stage — taking into
account this temperature, temperature relaxation of the parameters of this
element, in particular, its temperature change of the resistance, current or voltage
drop is calculated.

Using electric thermal analogy, the process of heating is represented by the
electric equivalent circuit (Fig 3.7), where the pulse source of current 10 forms
the transient process in the link of the parallely connected electric resistance
(resistor R1), value of which numerically equals thermal resistance in constant
heating mode and capacitance ( capacitor C1), value of which numerically
equals heat capacity of the structure. For convenience's sake, the scaling
coefficient of these values can be introduced, putting into operation the
corresponding coefficient between the current and thermal flow.

As it was mentioned above, thermal analysis of the integral structure of the
thermal flow sensor requires the usage of at least two parametric areas. The
example of the transient process of a two-element electric thermal model is
shown in Fig 3.8.
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Fig 3.7. Transient process of a single-element electric thermal model

Thermal relaxation of the membrane and the crystal is presented by the
"charge" of heat capacity of the first 2 and second 3 parametric areas of the
integrated circuit of the primary converter of the thermal flow sensor structure.

For the description of the ambient temperature Ta the source of the constant

voltage is introduced in the equivalent circuit, its value numerically equals V. =

Ta. Transient process of the two-element electric thermal model Ts with the
account of the ambient temperature Ta is shown in Fig 3.9, where 1 — is the total
value of the temperature Ts of the heater; 2 — is the ambient temperature Ta; 3 —
is the increment of the temperature on the membrane AT: relatively the
temperature of the crystal; 4 — is the increment of the temperature of the
integrated circuit crystal AT relatively the ambient temperature.

The examples of the result of the heater temperature analysis at the short
heating pulses, when the process of heating-cooling of the structure occurs
during several periods, are shown in Fig 3.10.
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Fig 3.8. Two-element electric thermal model: a) circuit; b) transient process: 1 — temperature

(voltage); 2, 3 — "charge" of heat capacity, correspondingly, of the first and the second
parametric areas
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Fig 3.9. Transient process of the two-element electric thermal model Ts with the account of the
ambient temperature Ta

It is obvious that the heating temperature depends on the power, released on
the heater and the above-mentioned model does not contain information about
this power. That is why, as it will be shown below, in the process of synthesis of
the thermal relaxation model, the voltage at RC circuits must be not the value of
the temperature but only time-dependent index, in particular, the function of
the thermal resistance Zq.

In the process of the model synthesis verification of its parameters, relatively
experimentally determined parameters of heating and cooling of real structures
is carried out. In the process of such verification two basic approaches are used.
The first approach provides the graphic identification of the parametric areas, for
this purpose the input data regarding the course of heating of the studied
element T(t) are presented in the form of the logarithmic graph Log[T(t)uax —
T(1)], in particular, as it is shown in Fig 3.11.
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Fig 3.11. Analysis of the experimental data: 1 — Log(T(t)); 2 — Log [T() MAX — T(t)]

Analysis of the data in the logarithmic scale enables us to determine linear
sections, which correspond to the parametric areas of the structure. The second
approach provides the stepping of the model parameters, for this purpose in the
process of modeling analysis a certain step or the list of stepping parameters is
set, in particular, as it is shown in Fig 3.12. In the process of such stepping the
numerical parameters of the model, which correspond to the results of the
experimental research are determined.
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Fig 3.12. Transient process of the two-element electric thermal model at the sleeping of the
thermal resistance Z2 = R2

At the second stage of the model synthesis the equivalent circuit of the
studied heater is formed, the voltage at which in the process of thermal flow
sensor analysis serves as the information value about its temperature. For this
purpose the heater is presented by the link of two serially connected elements
(Fig 3.13) - resistor (in the circuit R4) and the controlled voltage source (in the
circuit E1).
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Fig 3.13. Model of electric thermal analysis and recording of the function of the controlled voltage
source of NFV type

In the libraries PSpice and MicroCAP there are several types of the
controlled voltage and current sources (VofV, Vofl, lofV, lofl, NFV etc.),
syntax of which allows tabular or analytically to set the dependence of the output
value of the source on certain voltage or currents of the circuit. Having
performed the analysis of the possibilities of the above-mentioned sources for
the synthesis of temperature-dependent relaxation of the resistance of the
resistive heater, we determined that the controlled source of NFV type as the
most suitable.

Fig 3.13 shows the model of electric thermal analysis of the heater, using the
controlled source of voltage of NFV type and the example of its function
recording. To perform such recording we will use the information about the time
dependence of the thermal relaxation of the heater, obtained at the first stage of
model synthesis — in accordance with the given example — this is the value,
numerically equal the voltage in the node V-(t). Further, having written the
equation of the temperature dependence of the voltage on the heater:

Vour®) =Vouro(1+aAT (1)) :
AT(8)=FoZo(t) =1xVour ()2 (1) = IroVoure()Zo(t)
we find:
Vour®)=Vouro +Vourolro®Zo 0
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The first item of the obtained expression is the voltage at nominal
(temperature independent) value of the heater resistance Vour. In the model this
resistance is represented by the resistor R4. The second item, modeled by the
controlled voltage source of NFV type and in the model presented by the
element E1, we will write in the form:

V(ED =Vurol rotZo(1) =V (Ry) I(R)Ky V(1)

| a—

where V() s the proportionality coefficient, which in the model
is presented by the additionally introduced voltage source V2 (this means only
the presentation of its numerical value and not dimensionality).

The example of the modeling results of the thermal relaxation of the resistive
heater of the thermal flow sensor where the electro thermal model, developed by
us, is used is shown in Fig. 3.14.

We can see that when the current pulse 1 is sent, the heating 2 and resistance
change takes place, it is shown by the voltage drop at the fixed amplitude of the
current pulse 3. For visual clarity, the temperature coefficient of the heater
resistance is chosen greater than it is in reality.
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Fig 3.14. Result of the electric thermal modeling of the resistive heater: a < 0: 1 — pulse of the
heating current; 2 — temperature; 3 — voltage on the heater

The examples of such iteration modeling are given in Fig. 3.15 (at positive
temperature coefficient of the resistance a > 0) and in Fig 3.16 (at a < 0).
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Fig 3.15. Result of the electric thermal modeling of the resistive heater at iteration o > 0: 1 — pulse
of the heating current; 2 — voltage on the heater

It is obvious that the proportionality coefficient Ky can be directly set by the
numerical value in the formula that describes the function of the controlled
source of NFV type. However, the representation of this coefficient by the
voltage source V2 has the advantage in case of the iteration modeling, when the
task is set to determine the change of the output voltage at the heater when its
temperature coefficient of the resistance or thermal resistance changes.

Graphs with the designation a are obtained at a = 0, it corresponds to typical
result of circuits modeling in PSpice or MicroCAP, in which it is impossible to
perform electrical and thermal calculations in a single cycle of the analysis.
Geaphs with designations b and ¢ allow to determine thermal relaxation of the
temperature-dependent resistor, for the graph ¢ module a is greater than for the
graph b.
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Fig 3.16. Result of electric thermal modeling of the resistive heater at iteration a < 0: 1 — pulse of
the heating current; 2 — voltage on the heater

3.3. Electric thermal modeling of temperature-dependent
volt-ampere characteristics of the resistive converters

In the given subsection the problem of DC analysis (Direct Current Analysis)
of VAC of thermoresistive measuring converters of thermal flow sensors is
considered, the aim of the analysis is the determination of the output signal
change of such converters under the impact of the electric power, stipulated by
their supply current. The heating of the thermoresistive converter under the
impact of the supply current leads to the change of its resistance, and this, in its
turn, changes the parameters of the measuring circle. As it was mentioned above,
conventional programs of circuit modeling do not allow combining in a single
cycle the electric and temperature analysis. The latter can be carried out only
independently on each other - typically it is realized by means of electrical DC
analysis at setting of fixed temperatures. Unfortunately, such analysis does not
allow obtaining real VAC of the thermoresistive converters in the process of
their heating. For the sake of the example we will consider the analysis of VAC
of the semiconductor thermoresistors, their temperature dependence resistance is
determined by the typical

R(T)=A4 vcxp[gJ

dependence, where A, B - are the coefficients of the exponential function
(with the increase of the temperature the resistance drops exponentially). VAC
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of such thermoresistors is linear only at small supply currents, when the
temperature of their self heating is small. However, if the supply current is from
several milliamperes and higher the resistance of the semiconductor
thermoresistors starts to drop, it is stipulated by the increase of their temperature.
The example of VAC analysis of such thermoresistors in the mode of stationary
self-heating is shown in Fig. 3.17 [174, 175]. Such analysis is a rather labor-
consuming process, especially when the supply current of the thermoresistor
depends on its resistance.
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Fig 3.17. Analysis of VAC of the semiconductor thermoresistor in the mode of stationary self-
heating

It should be noted that the given problem was already the subject of the
detailed study, and the models (equivalent circuits) of certain thermal resistors
were developed. In particular, Fig. 3.18 contains a mathematical description of
the thermoresistor model C619_10000, developed by the company Siemens
(this and other similar construction principal models of the thermoresistors are
shown in the library NTC.LIB). The basis of NTC.LIB type models is
functionally controlled source of current - in the given example these are the
sources Gthem, Gtmp and Gpar. The examples of the thermoresistor
C619 10000 VAC modeling are shown in Fig. 3.19; variant (a) corresponds to
the supply by the current source, and variant (b) - to the supply by the voltage
source with serially connected resistor R1 = 1 kOhm. In both examples the
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section of VAC with negative differential resistance, stipulated by the heating of
the thermoresistors, is observed, which proves the correctness of the modeling
result at least from the qualitative point of view.

*PSPICE-SIMULATIONS MODELL FR HEISSLEITER

*SIEMENS MATSUSHITA COMPONENTS OHG DEUTSCHLANDSEBERG
*"NTC.LIB" Model

L R R R

.subckt NTC 1 Z Params:B0=1 Bl=1 BZ=1 B3=0 B4=0 RZ5=10
+ CTH=1 GTHO=1 GTH1=1 T=1 TK = 273.15

A A R i i i i i i i i i

Gthem 1 4 Value =
+ {V(1,4)/(R25%(T) * (exp ((((B4/(V(3)+TE+TEMP)+RB3) /

+ (V(3)+TK+TEMP) +B2) / (V(3)+TK+TEMP) +B1) / (V (3) +TK+TEMP)
+B0) ) )}

RP 1 4 1T

RS 4 2 1n

Gtmpl 0 3 Value =
+ (V(1,4)*V(1,4)/(R25*(T)* (exp ((((B4/ (V(3)+TK+TEMP) +B3
) /
+ (V(3)+TK+TEMP) +B2) / (V(3) +TK+TEMP) +B1) / (V (3) +TK+TEMP)
+B0) ) )}

C par 3 0 {CTH}

R par 3 0 1T

Gpar 3 0 Value={V(3)* (GTHO+ (GTHL* (V(3)+TEMP)))}

.ands

Fig 3.18. Mathematical description of the thermoresistor C619_10000 model
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Fig 3.19. Result of thermoresistor C619_10000 VAC analysis
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However, in the process of the detailed study of the above-mentioned model
of the thermoresistor as well as in other existing models of such type, we
revealed the following: first, in many cases the process of the analysis is
"disrupted", i.e., programming environment of the circuit analysis issues the
mistake of the iteration search of the working point and, secondly, in the existing
models the possibility of the thermal resistance change (heat transfer) of the
thermal resistor is not provided, it is very actual in case of modeling of the
thermal flow sensors (output signal of such sensors is the function of its heat
transfer).

Besides, we revealed that even when the iteration process was completed
successfully (without releasing the warning about the mistake by MicroCAP
program), in a number of problems the results of the VAC analysis of the
thermoresistor, using NTC.LIB models, were not correct. Typical examples of
such incorrect analysis are given in Fig 3.20. The essence of the incorrectness is
that at the section of VAC with the negative differential resistance is
approximated by the straight line, exactly; the jump of the model function of
VAC takes place from the maximum value into the point of minimal value -
without the intermediate points. After such a jump the model VAC function is
reset or linearly grows, which does not correspond to the real VAC of the
thermoresistor.

Detailed studies showed that NTC.LIB models function correctly only when
the thermoresistor circuit is supplied from the current supply source, i.e., the
current of the thermoresistor in the process of the analysis remains unchanged.
Instead, failure of the iteration process occurs in case when the thermoresistor
circuit is supplied from the of the voltage source at certain relations between the
resistances of the circuit - in the given case at Ro < KxRr, where Ro — is the
resistance of the fixed value resistor, serially connected with thermoresistor Rr,
Kx —is the proportionality factor, that depends on the specific type of
the thermoresistor.
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Thus, it was shown that the models of NTC.LIB type do not allow carrying
out electric thermal modeling of the measuring circuits of the thermal flow
sensors. We will give a more detailed analysis of the reasons for the failure of
the iteration processes of the thermoresistors VAC calculation and possible
methods of its elimination.

First and the most important reason for the iteration process failure is the
emergence in the circuit of the thermoresistor auto oscillations, which typically
occur of the VAC section with the negative differentiation resistance is
available. In the given case, it is referred to as thermal auto-oscillations. It is
obvious that the presence of such auto-oscillations is not a problem of circuit
engineering modeling, as it is, but it is the objective parasitic phenomenon in the
linear systems of the signal conversion. It is necessary to solve this problem,
applying corresponding circuit solutions, in particular, as it will be shown in the
next section, by the voltage sources of the thermoresistive measuring converters
of the thermal flow sensors by the corresponding current sources.

The second possible reason for the incorrect analysis is not accurate
determination of quantitative characteristics of the iteration processes which
could be changed by Global Settings parameters. In particular, as it is shown in
Fig 3.21a, the limiting number of the iteration cycles at DC analysis of VAC, set
by ITL2 parameter, by default, is established 1TL2=50.

Such limited number of the iteration cycles in a number of cases may lead to
a large computation error as it occurs in electric thermal DC analysis of the
thermoresistor VAC on the base of the temperature-dependent circuit,
functionally controlled voltage source and other components of the above-
mentioned equivalent circuit (Fig 3.22). As it can be seen, the result of circuit
modeling is not correct — voltages at the functionally controlled sources ET and
ERT have uncontrolled oscillation.
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Partial solution of this problem is the increase of the number of iteration
cycles, for instance to ITL2 = 1000 (see Fig 3.21Db), this, on one hand, using
modern high efficient computing equipment, does not lead to the increase of the
time of analysis, and, on the other hand — it considerably improves the accuracy
of the analysis. As we have already demonstrated in the course of numerous
research, temperature of which is determined by the amount of Joule heat and
conditions of the heat transfer, modeling of VAC of the thermoresistors with

b)

Fig 3.21. Parameters of the Global Settings window
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positive temperature resistance coefficient (metal resistance thermometers) at
ITL2 = 1000 provides sufficiently stable iteration process.
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Fig 3.22. Example of the calculation inaccuracy at ITL2 = 50 (Standard Default)

The third reason for the iteration process failure is incorrectly set parameters
of the thermoresistors model or the analysis conditions. As the mathematical
functions of the controlled current sources Gthem and Gtmp models of
thermoresistors NTC.LIB (see Fig. 3.18) are rather complex for determination of
the reasons of the iteration failure, for the analysis of the reason we will use the
circuit with the controlled current source G1, it is connected to the voltage
source V1 across the resistor R1 (Fig. 3.23).

As it can be seen, the attempt to model VAC characteristic of the
thermoresistor with the extremal functional characteristic leads to the curtailing
of the iteration process. Dotted line shows the theoretical functional
characteristic and solid line, passing from the extremum point downwards — the
result of modeling. Another example of the incorrect iteration process can be
seen in Fig. 3.24, where the result of modeling of the above-considered
equivalent circuit of the thermoresistor with the extremal functional
characteristic on the base of the controlled voltage sources is presented.
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Fig. 3.23. Example of the calculation iteration process failure of the controlled current source VAC
with the extremal functional characteristic

Thus, the problem of the development of the express-method for the
determination of the boundaries within which the correct DC analysis of VAC of
the thermoresistive measuring converters of thermal flow sensors is provided,
was solved and solved.

The suggested method of the express-analysis of the stability of model study
of the bridge or half bridge circuits of primary converters of the flow sensors is
based on iteration process:

ViRor[nZg
(Ro+Rorlnl)” Rypln+11= Ryro(1+aAT[n +1]).

where P[n] and Rqr[n] — is thermal power, released in thermoresistive
converter and its resistance in [n]-th iteration, correspondingly;
AT[n+1] — is the overheating of the converter in [n+1] iteration.

AT[n+1]= BylnlZ, =
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Fig. 3.24. Example of the incorrect iteration process

In particular, for the first iteration computation we have:

VAR yroZ
AT[1] = Py[n)Z, =——210"2
Ry + Roro) . Rorl1]= Ryro(1+ ATTL]).
for the second:
VL%RQTU]ZQ

AT[2]= Py[n)Zy = 5
(Ro +RQr[l]) © Rorl2]=Ryro(l+aAT(2])
At each stage of the calculation relative deviation factor D, which
gualitatively describes the convergence of the iteration process, is determined:
Rorln]
Realization of the condition D[n — o] — 0, which proves the correct course
of the iteration process, allows to perform the successful electric thermal model

study of the circuit of the primary convertor of the flow sensor in
packages PSpice and MicroCAP. Instead, if the given condition for the electric

D[n+l]—ABS(1—
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model study is not realized, it is necessary to restrict the boundaries of DC
analysis, indicating the initial point of the iteration by the option NODESET.
Several typical examples of the suggested method of the express-analysis of
the stability application are given in Fig. 3.25-3.27. The left graphs show the
course of the iteration Rer[n], and the right hand graphs — D[n].
Roo = 100 Ohm; Zo = 100
grad/W; a = 0,1 grad* (see Fig. 3.25) the iteration process is successful -
already at the tenth cycle deviation coefficient is D = 10+ [10].

In particular, if Ve =10 V; R, = 100 Ohm;
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Fig 3.25. Course of the iteration process at: VE=10 V; R0 = 100 Ohm; RQT0 = 100 Ohm; ZQ = 100

grad/W; a = 0,1 grad-1
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Fig 3.28. Course of the iteration process at: Ve = 10 V; R, = 20 Ohm; Rqro = 100 Ohm; Z, = 100
grad/W; a =-0,01 grad-1
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Fig 3.29. Course of the iteration process at: Ve = 10 V; R, = 100 Ohm; Ry = 100 Ohm; Z, = 100
grad/W; a =-0,01 grad-1
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The iteration process is still more rapid at: Ve =10 V; R, = 20 Ohm; Rqro = 100
Ohm; Z, = 100 grad/W; a = 0,01 grad?, for which D[10] = 10¢. However, for the
next two examples with negative values of the temperature coefficient of the
resistance Ro = 100 Ohm; Rqr = 100 Ohm; Z, = 100 grad/W; a = -0,1 grad* (see
Fig 3.27) and Ry = 20 Ohm; Rero = 100 Ohm; Z, = 100 grad/W; a = -0,01 grad*
(see Fig 3.28) the failure of the iteration process takes place. The latter example
shows that the iteration process is successful also for the negative values of the
temperature coefficient of the resistance R, = 100 Ohm; R = 100 Ohm; Z, = 100
grad/W; a = -0,01 grad+. Thus, in each specific case prior to performing model
study of the circuit of primary converter of the flow sensors in package PSpice
and MicroCAP it is necessary to carry out the express-analysis of the stability of
the iteration process. The examples of the successful modeling study are given in
Fig 3.30 and Fig 3.31.
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Fig 3.30. DC example of the successful analysis of VAC of thermoresistive converter with current
supply source
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Fig 3.31. DC example of the successful analysis of VAC of thermoresistive converter with current
supply source

3.4. Electric thermal modeling of the temperature-
dependent VAC of the diode-type converters

Besides the measuring converters of the resistive type, considered above,
thermal sensor devices of flow rate measurement can use the converters of the
diode and transistor types. As the resistive converters diode and transistor
converters are heated by their supply current, but the information value of the
temperature and the flow rate in diode converters is voltage drop on the forward-
biased p-n junction, and in the transistor-based converters — emitter or collector
current.

We will consider the principle of construction of the diode converter model,
which enables us to study the impact of the diode heating current on the
temperature drift of its VAC. First we will analyze the temperature voltage
coefficient of the forward - biased p-n junction dV,./dT. For silicon p-n junction
at voltages, characteristic for the direct bias voltages V. >> ¢r, condition takes
place that is adequate:
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Hence, the expression of VAC can be simplified:
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moy mer

where Is — is the saturation current of p-n-junction; ¢r = kT/q — temperature
potential; m — nonideality coefficient of p-n junction; k — is Boltzman constant; q
— is the charge of the electron; T — is an absolute temperature.

Temperature characteristic of the saturation current in the first approximation
is presented by the expression [100, 101]:

E
Io=CT? _9Ego
s GXP( T

where C — is a constant, Eco — is the energy gap band of the siliconat T=0K
(Eco = 1.205 V).

Further, having performed the corresponding transformation and
differentiation:

1 av 1 V
V.DH = m%Ln%, _d;‘n = m—k Lnﬂ - m¢,r —d(LnIS) = ﬂ —_ m¢,r —d(Ln[S)
s q I T T dT

mg:mcumwﬂ
mkT

’

d(Inlg) _3, 4kg
ar T mkl*,
we obtain the function of the voltage temperature coefficient VTC,.:

av, v 7 ‘
TKV,, = pn_ﬂ_m%(irﬂog]_ﬂ_{ﬂhh}
ar T T mkr?) T g T

__[Mﬂm_k}

r q

For the ideal model of p-n junction m = 1. Then, having substituted k =
1,38.102 J/K, q = 1,602.10*K, if 7= 300 K we find

1205(uB)~V,,(MB .
KVpn=—( (B) =V )+0.26j['”8}
T K
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In particular, at T = 300K for typical value V., = 650 mV we obtain the
temperature coefficient of the voltage on the forward biased p-n junction TKV,
= -2,1 mVIK.

The simulation modeling of the voltage drop temperature dependence at
forward-biased p-n junction at different currents (1 pA, 10 YA, 100 pA, 1 mA,
10 mA, 100 mA, 1 A) is shown in Fig 3.32. The research, carried out, proves the
results of theoretical calculations regarding the dependence of the voltage
temperature coefficient VTC,. on forward biased p-n junction on the current — at
the current increase Ipn, and voltage increase Vpn, absolute value of the

temperature coefficient decreases from VTC, = -2,5 mV/K (at | = 1 YA) to
VTCpn~-1,5mV/K (at | = 100 mA).
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Fig 3.32. Temperature dependence of the voltage drop on forward biased p-n junction at varians
currents

The results of the study of the straight VAC at various temperatures (0, 20,
40, 60, 80, 100°C) are shown in Fig. 3.33. Dotted line shows VAC of the diode
in the process of its self-heating. However, this characteristic is obtained as a
result of the multi-stage simulation, during the first modeling, families of VAC
of the diode are calculated in PSpice or MicroCAP at various temperatures ,
during the second modeling , at the preset thermal resistance Z, and power
Po(T) determined at the first stage — the overheating temperature of the diode
structure AT. Further, temperature drift is overlapped on the family of VAC,
obtained at the first stage at correspondingly selected values of the current and
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voltage on p-n junction. It is obvious, that such multistage process requires
several iterations, that makes the calculation of the diode VAC in the mode of its
self-heating ineffective and impossible, applying the traditional packages of
circuit simulation.
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Fig 3.33 Example of DC analysis of VAC of the diode

Thus, similarly to the above-considered problem of the thermoresistive
converter modeling, the problem of the electrothermal modeling of diode VAC
at its self-heating is set.

For this purpose we will make use of the technique of the thermoresistive
converter equivalent circuit synthesis, developed above (in particular, shown in
Fig 3.31), however, instead of the resistor the diode will be used. The example
of the electric thermal study of the diode model, synthesized in such a way is
shown in Fig 3.34. Temperature-dependent component of the output voltage of
the diode model is presented by the controlled voltage source ERT, thermal
resistance of the diode structure - by the source VZ, diode temperature - by the
source of ET, and the function of temperature dependence of the voltage at p-n
junction - by the source VA. In the process of the DC analysis of VAC
overheating temperature of the diode relatively the environment is determined

by the expression AT=T-Ty =Fy(1)Zp =V, (D1(NZg  apg temperature-

dependent component of the output voltage — Von(T)= AT TRV ),
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Fig 3.34. Main components of the signal of the electric thermal model of the diode: 1 — output
voltage; 2 — current; 3 — temperature-dependent component of the output voltage; 4 —
temperature

The results of the example of the electric thermal analysis of the VAC of the
diode in self-heating mode by the supply current at: a — Zo = 0 grad/W; b — Z, =
30 grad/W; ¢ — Zo, = 100 grad/W are shown in Fig 3.35. As it is seen, VAC of
the diode not only rotates on the voltage axis leftward but at considerable self-
heating there appears a VAC section with negative differential resistance - with
the increase of the current the overheating temperature increases, thus, voltage
at the barrier of p-n junction decreases. In case of non-controlled heating there
appears the well known from literature on power electronics [176], the
phenomenon of "current filamentation" — the process of the overheating of the
section of p-n junction with the highest temperature avalanche concentrates the
current of the diode, overheating still more and, at last, destroying. It is obvious,
that this phenomenon must be taken into account in the process of thermal
anemometers development on self — heating diode and transistor structures.
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Fig 3.35. Results of electric thermal analysis of diode VAC in self-heating mode by supply current

The obtained result proves that the suggested electric thermal model
adequately describes real processes, occurring in the semiconductor structure of
p-n junction and, at correspondingly set parameters of the model (including the
considered-above limits of the correct iteration of DC analysis of the elements
with the section of negative differential resistance), provides high efficiency of
the process of the development of the diode convertors of thermal flow sensors.

3.5. Electric thermal modeling of temperature-dependent
VAC of the transistor-type converters

Primary converters of thermal flow sensors can serve not only
thermoresistive or diode structures but transistors, mainly bipolar n-p-n
structures. Their advantage is a wide range of the supple (heating) modes and
temperature measurement modes selection. Basic heating in the bipolar
structures is realized by the heat release on the reverse-biased p-n junction. As it
will be shown in Section 4, unlike thermoresistive converters the usage of the
transistor structure enables it to form the current output that provides higher
values of transducing steepness.

From the point of view of primary converters of thermal flow sensors, the
advantage of the transistor structures as compared with the diode structures is
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more efficient usage of the supply circuit energy - voltage drop on diode
structures, as a rule, does not exceed 0.8 V (for silicon structures), it means, in
particular, that at 5 V supply source practically the whole voltage (5 - 0.8 = 4.2
V) drops on current forcing circuit. It is obvious that not more than 20 % of
supply circuit energy will be spent on heating the diode structure. Instead, the
voltage drop on the transistor structure (on reverse- biased collector p-n
junction) can be randomly regulated by the resistive divider of basic circuit
voltage, that provides maximum energy profit.

According to the problems, put forward in this section, we will consider the
method of the synthesis of the electrothermal model of the transistor structures
of thermal flow sensors. Analyzing the model of the bipolar transistor from the
point of view of the impact of self-heating temperature on VAC, it is necessary
to consider, at least, three mechanisms of temperature impact. It should be noted
.that, as in the models presented before, we speak not only of the impact of the
ambient temperature on the parameters of the transistor, but on its self-heating,
i.e., direct impact of power released in the transistor structure on its electric
physical parameters. It is obvious that model studies of self-heating must be
conducted in a single cycle, when the temperature is not an independent value
but is determined by the power of the transistor

The first mechanism of the temperature impact is analogous to the above-
mentioned diode structures - increase of temperature stipulates the decrease of
voltage drop on p-n junction V,, = fi(T) of the transistor structure. In case of
direct connection of the transistor the temperature drift of voltage on emitter -
base junction is important, and in case of inverse connection - on collector-base
junction. The second mechanism is connected with the sharp increase of the
reverse currents of p-n junction  Is = f,(T) in the process of their heating -
mainly, reverse-biased collector-base junction. The third mechanism of the
impact - it is the temperature drift of the current increase coefficient of the
transistor structre Br = fy(T). These three mechanisms were taken into
consideration in the process of model development (equivalent circuit) of the
electric thermal analysis of the bipolar transistor VAC (Fig 3.36).

The given equivalent circuit is based on Ebers-Moll model (if necessary it
may be based on the still more complex Poon-Gummel charging model) as well
as on the principles of electric thermal modeling of the resistive and diode
structures, considered in the previous sections.
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Fig 3.36. Model of electric thermal analysis of the bipolar transistor VAC

Conventional for Ebers-Moll model [66, 67] is emitter and collector p-n
junction Dee, Dec, stray barrier capacitance of which is presented by the
capacitors Cee, Cec. Resistive components of the transistor structure are
presented by the resistances of base, emitter and collector sections Re, Re, Re.
Current transmission coefficient of the structure is described by the controlled
current source G.c. Mathematical presentation of such a traditional transistor
model is described in detail in the monographs and instruction manuals, using
PSpice or MicroCAP packages [66, 67], that is why, its further consideration is
not performed.

The characteristic feature of the suggested model is the in the presence of
two controlled voltage sources Ecr, Eer and controlled current source Gur.
Besides, the electric thermal model contains the above-considered (in particular,
in Fig 3.9) circuits of pulse thermal relaxation Gr, Rri, Cri, Rr, Cr. and thermal
resistance Er, Rr. Principles of voltage sources specification ECT, Eer, which
form temperature-dependent component of the voltage drop on the forward-
biased p-n junction AV, = fi(T), have already been considered in the process of
the electric thermal study of the diode structures.

The impact of the temperature on the current of the reverse-biased p-n
junction Is = fo(T) similarly Ebers-Moll model can be represented in the form:

Xri

T NE-(D))T

I T =1 — L =
’ ”e"p([fo Jcbr }(TOJ |

where Xy — is the exponent of the temperature dependence of the reverse
current ls.

The reverse currents (typically not greater than several microamperes) as
compared with the heating current (hundreds of milliamperes) can be neglected.
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However, the participation of the reverse-biased collector p-n junction current in
the total basic current, amplified several hundreds of times, cannot be neglected.
That is why, it is expedient to combine it with the third mechanism - temperature
drift of current amplification factor of the transistor structure Be = f3(T):

T Xrg
a2
0

where X — is the exponent of the temperature dependence of the current
amplification factor B. This combined mechanism is presented by the controlled
source Grr.

For the demonstration of the efficiency of the developed electric thermal
model of the transistor self heating we will consider two typical results of its
output VAC modeling (Fig. 3.37-3.40).

[ wev (S

Hame Wl
VALLE [ Shaw | | [VIEZYNVE w| ™ Show  Change

Dizplay
I PriMakers [ PinMames [ FinMumbers W Curert W Power [V Condiion

| Piot |

oK Cmccl| Fort. | Add | | Help... | a
' =Y

| Surkax.. | Plot | Expan:l...| Help Bar|

| [The attribute value. The drop-down list shows other selectable values from the
| |schematic.

Fig 3.37. Specification of the controlled voltage source of the electric thermal model of the bipolar
transistor

To simplify the results, given below, not a separate components of the
transistor equivalent circuit are used but the conventional Ebers-Moll model (n-
p-n transistor Q1) is used, the given model, for carrying out the electric thermal
modeling is supplemented with the corresponding controlled sources: source E1
describes functional dependence AV,, = fi(T), source Gl - functional
dependencies Is = f,(T) and Be = f5(T), source V2 — thermal resistance of the
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transistor structure, source E2 - overheating temperature of the structure,
relatively the ambient temperature, source V3 — TKV,,, coefficient, and source
V5- coefficients X and Xr. The supply voltage of the collector circuit is
supplied from the source V1, and base circuit - from the source V4 and resistor
RA4.

The first result of modeling (Fig. 3.38) is obtained only with the account of
the temperature dependence of the voltage drop on the emitter p-n junction. It
can be seen that if the transistor current increases (signal 1), its heating occurs
and (signal 2) voltage drop decrease on the emitter p-n junction (signal 3) takes
place. These effects increase if the thermal resistance (graphs a, b, ¢) of the
transistor structure increases.

Fig 3.38. Result of DC analysis of the bipolar transistor output VAC with the account ofV,, = fi(T)
mechanism at several values of the thermal resistance Zq

The second result of modeling (Fig 3.40) takes into account all the above-
considered mechanisms of the temperature impact. As it is seen, the modulation
of the transistor VAC in the process of its self heating is greater, it is stipulated
not only by the temperature drift of the voltage on the emitter p-n junction but
also by the increase of the current amplification coefficient of the transistor in
the process of its self-heating.
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Fig 3.40. Result of DC analysis of bipolar transistor VAC with the account of the mechanisms V.
=fi(T), Is = f(T), B = f3(T) at several values of thermal resistance Zq

It is obvious, that from the point of view of practical usage of the transistors
in the circuits of measuring converters of thermal flow sensors it is necessary to
provide not only the sufficient heating of the transistor structure but also the
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sufficient electric thermal stability of its operation. For this purpose it is
necessary to use, in particular, emitting stabilizing resistors or differential
connection of the pair of the transistors with current supply.

131



4. Mathematical models of static and dynamic
characteristics of the input transistor stages of the
push-pull dc amplifiers

4.1. Static transfer characteristics of the input stages of
the push-pull dc amplifiers

Development of microelectronic technologies and the possibility of
manufacturing of the complementary bipolar transistors on one crystal promote
the developers to design new push-pull symmetric structures, oriented on the
principle of the currents amplification and potentially have higher operation rate
[128, 177]. However, for the manufacturing of such amplifiers, besides the
solution of the problem of the mode setting on IAS direct current, it is necessary
to take measures regarding the symmetrization of the transfer factor of IPPS on
the paraphrase outputs and IAS.

It should be noted that the characteristics of PPDCA greatly depend on the
principle of IPPS construction.

IPPS contains core, stages and SVU. Structural functional organization of the
core of the IPPS circuit with the compensation of zero shift is presented in Fig
4.1a. Its base is the input push-pull APS. To provide direct current mode the

cascading is used (Fig. 4.1b). The bases are connected to the voltages +U st and

-U st These voltages are generated by SVU. To provide the direct current

mode of APS the cascading with the general base is performed. For the
determination of the potential characteristics of APS CCG F1 and F2 are
introduced in the circuit, they enable the elimination of the impact of the
amplifying and output stages of PPDCA (Fig. 4.1c) [178— 181]. Sources of
current 11 and 12 are used for setting the balanced direct current mode of the

above-mentioned stage. Source of current IstO provides the compensation of

zero shift current.
We will deduce the analytical relations for the determination of the transfer
characteristic. It should be noted that the general voltage drop in the circuit of

the stage shift UZ =USt +‘—Ust‘ =Ude1+ude2
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Fig 4.1. Input push-pull stage of PPDCA on the base of the bipolar transistors with paraphase
outputs: a) amplifier-phase-splitter; b) principle of paraphase outputs cascading;
c) circuit organization of single-stage PPDCA using CCG
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In its turn:
II II!
_ _e - _€
Uger =% In ) Uter =#r In |y

where (p.l_ :k—T ~ 25uB — is thermal potential,
q
I 0 ~10™ A —is thermal current.
That is why:
I 1 I " I 1A I 14
_ e e _ ee
UZ—(/)TIn Io+(p.|_|n |0 (p.l_ln—IO . 4.2)

Taking into account the conditions of the emitter currents balance and the

equality 171" = 12 , derived in [165], we obtain: 1" =1" =1 . Potentiating
ee p e e p

(4.1) and with the account of Iinp’ we obtain the expressions, which describe

the transfer characteristic of IPPS in large signal zone [178, 180, 182]:

. 12 12

/ inp p N
I ==L  +4——+—-L—— |- (1+B");
¢ Inp 4  (1+B)-(1+B" (+5)

2

1 12 12
” Inp p "
I =| L~y ——+—— L |.(1+B"),
C |2"p 4  (1+B)-(1+B" ( )

where B’, B" — are static transfer coefficients VT1 and VT2 corresponding to
the circuit of the general emitter (GE).
In their turn, the expressions, describing the collector currents I(':, Ig of the

transistors VT3 and VT4 have the form [182]:
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2 2
1 Iinp Ip
I"=| =1 - + .(1+B")-A’,
c |2 1mnp 4 (1+B)-(1+B")

where A’, A" — are static transfer coefficients of VT3 i VT4 corresponding to
the circuit of GB.

To prove the adequacy of the obtained mathematical models, graphs in
Mathcad 14 are constructed on their bases, the comparison with the results of the
computer simulation of the electric circuit (see Fig. 4.1c) in Micro-Cap program
9.0.3.0.1 is carried out. Dependence graphs of the collector currents
I"="f({._) , 1"=1({._) and general current, determined as

c Inp c inp

Iout = I(’: +Ié, are shown in Fig. 4.2. Convergence of the graphs proves the

adequacy of the suggested mathematical models.
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Fig 4.2. Static transfer characteristics on paraphase and general outputs of the circuit

For the determination of the transfer coefficients, we will construct the
equivalent circuit, shown in Fig. 4.3.
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In this case
of 1/
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where C'i,c"i— are the transfer coefficients on upper and lower channels,

correspondingly.

Taking into account the equality for the determination of the transfer
coefficients and the fact that the transistors VT1 and VT2 are connected by the
circuit of the general collector (GC) and the transistors VT3 and VT4-- by the
circuit GB, we can write down the equalities [178, 182]:

¢ =x-+p)a"

C||i :;(”-(1+ﬂ”)-0{',
where f', " — are small signal transfer coefficients of the transistors VT1
and VT2, correspondingly; y', ¥" — are low and upper channels branching
coefficients iinp , correspondingly; o',a" — are small signal transfer
coefficients of the emitter currents of the transistors VT3 and VT4,

correspondingly.
Values y'and y"can be determined in the form:
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i inp . P inp
inp 7 ex
inp inp

where Uin — is the voltage drop in the point of connection of transistors

VT1 and VT2 bases ; ri,np' ri’hp— are the input resistances of the upper and low
channels, correspondingly.

Having taken into account that ré = ré’ = re, ri,np'

ri'np =1y +2r, -1+ 5);

ri"np =1y +2r, -1+ 8.

Here U.  are defined as
inp

14

r

" we obtain:
inp

U

inp =inp 'inp |inp -
Taking into account the previous expressions we obtain:
N
ﬂ!+ﬂﬂ ﬂ,+ﬂ”
Taking into account (4.2), we obtain the expressions that describe the transfer
characteristic of IPPS in the small signal zone

x'=

i’ _ ﬂ! . ﬂ" . a” ' i(

K ﬂ""ﬁ" mp’
l'”:ﬂ"ﬂ".a,-i’,' .
K ﬂ"“ﬂ” inp

Taking into consideration that &' ~a" =1, f/>>1, B">>1, and the
expression (4.3), we have
Kxki=B P
] | ﬂ!+ﬂn

Total amplification factor will be defined as ki =klf+klf' . Taking into

account, that &’ =~ " =1, we obtain
Kk =2- ﬂ 'ﬂ” .
l B +p
137




Current, flowing across the loading resistor RH , Is defined as

[I = IK - IK.

Taking into consideration the expression (4.2) and assuming that
B'~=p, B"=~f", A~a', A" =", we obtain the function, which describes

the transfer characteristic of IPPS of the current amplifier with the symmetric
structure

_ﬂ’a"_'_ﬂ"a, ron " ’
II = 5 Iinp-i-(ﬂa -fa)-

One of the variants of PPDCA circuit with IPPS with the emitter outputs
construction and their further looping [183] is the variant, shown in Fig. 4.4.

Vle—

(4.4)

Fig 4.4. Circuit diagram of the push-pull DCA with the input push-pull stage on the bipolar
transistors

The amplifier contains IPPS, built on the complementary transistors VT6—
VT9. Working point of this stage is set by the voltage drop on the transistors
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VT1-VT4 in diode connection, level of which is provided by the current values
of the generators I1 and 12.

The circuit also has two symmetric IAS on the transistors VT15 and VT18
for the amplification of the counter phase signals. Working points of these
transistors are set by introduction of BDCR in the circuit, it is built on the
transistors VT12, VT13, VT16, VT17 and also CR: upper — on the transistors
VT5, VT11 and low — on the transistors VT10, VT14.

The above-mentioned principle of the working point setting is provided by
the self-balancing of the collector currents of the transistors VT15 and VT18, by
means of acting the selected FB so that in the channel with smaller

amplification Kl. increases and in the channel with greater amplification — it

decreases. It lasts until the amplification factors in the upper and lower channels
become equal. That is, on the condition Iinp =0

'ko ™ ko ™ 'kas ¥ ka8 ¥ k12 ¥ ks T ks T ko T Y o

Proceeding from the last relation, it should be noted, that the working points
of the transistors, both of upper and low channels are set by expressions of the
currents of the generators I1 and 12.

Taking into account (4.4), we obtain the function that describes the transfer
characteristic of such amplifier:

| _ P77 s M Pe%Phs |
l 2

ox T Br26P15— PgagPigh| =4

Graphic representation of AFC of the general Ki and Kl.' (upper) and (low)

Ki " amplification channels of the amplifier, shown in Fig. 4.4, are presented in

Fig. 4.5, it proves the symmetry of the amplification factors.
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Fig. 4.5. AFC of PPDCA with the input push-pull stage

4.2. Determination and minimization of the static errors
of the push—pull direct currents amplifiers input
stages

4.2.1. Compensation of the zero shift

The linearity of the transfer characteristic is the component of the general
accuracy of the device's operation. There exist two methods of decreasing
PPDCA errors. The first method - technological, in this case element base is
improved. The second — circuit engineering, when different schemes of static
errors compensation are used in the structure of the amplifier.

It is known, that besides the setting of the working points of the core, it is
necessary to perform balancing of VT1 and VT2 (see Fig.4.1) [178]. To

perform balancing separate generator Ist 0 is used, it provides the compensation

of zero current shift. Circuit engineering realization of the current source 1StO is

shown in Fig. 4.6 [184].
We define the required value of this current. If Iinp =0 and according to the

Kirchhoff current law we obtain:

|np:0

Isto ~ linp *!
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where Ii’np’ Ii"np_ are the components of the input current branching by the

bases of the transistors VT1 and VT2, correspondingly (see Fig. 4.1a). In this
connection:
I’ 1"
Il =—€_. | =_—€_
mnp  1+B" Ip 1+B"
Taking into consideration the above-mentioned equalities and the condition
of the balance, we obtain:

I B I BI!_B( N I BH_BI
stO 'p @+B)-(1+B") P BB
We will analyze the relationship of currents in the circuit of the current

IstO source (see Fig. 4.6). In this device the formation of IstO is carried out

according to the parametric principle.

VT \Vauk
-Us

L ’e ld

Fig. 4.6. Circuit engineering realization of the current source of zero shift compensation
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We will determine the values of /', 1" and | which are formed by the

st0’
current reflectors BC', BC" and transistors VT', VT", correspondingly. In this
case
I"=1 B I"=1 -B";
= = =1 =1
B 1+8 B 14p" StO b b
Taking into account the above-mentioned equalities, we obtain
| . B"-B' N .B”—B’
st0 P @+B)-(1+B") P BB
Thus, hypothetically, we have the equality of the currents. It should be noted,
in practice, if the additional measures are not taken, this convergence will be on
the level of 5 % [181].

(4.5)

4.2.2. Definition and minimization of the non-linearity of the
transfer characteristic

As it is known, non-linearity of IPPS greatly defines non-linearity of the
transfer characteristic of PPDCA [182, 185].

Considering the circuit, shown in Fig. 4.1c as well as the expression (4.4),
which describes the transfer characteristic of IPPS, we can define that non-
linearity of the first stage is transferred at the output as a result of the asymmetry
of the amplifiers “arms”. In case of zero input current we have

I!Z :(ﬂfa"_ﬂﬂal)'

The increment of the output current cam be defined as

Al = Iz(linp)_ !, (]inp)'

Taking into account (4.4), we have

o 122 12
Al = ﬂa +ﬁ o | i (ﬁ/an_ﬁﬂa/)( Inp i 'P - /P ”).
z 2 inp 4 BB BB 4.6)

Graphs of dependences AIZ = f(Iinp) obtained by means of computer

simulation in Mathcad 14 and Micro-Cap 9.0.3.0.1 programs, are shown by solid
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line in Fig. 4.7. Dependence graph I0 = ki -1, for PPDCA with the ideal

ut inp

transfer characteristic is shown by the dotted line.
Taking into account (4.2), it should be noted that the functions

Al' =f(l. )and Al” = f(I. ) have two zones:
K inp K inp

(. |0 21 —smallsignal zone; 2) [I. |<2l - large signal zone.
inp p inp p
- lin
-
Small signal zone
Lot _.r| 1_
152 -Ip
Large signal zone
-t
¥ .
Fig. 4.7. Dependence graph
. . 1
In small signal zone the increment of the current Al’ ~Al” ~=1_ . Inlarge
K K 2 np
signal zone Al =Al" xA~1, -1 .
K K inp p

Having taken into account (4.4) and the conditions of small signal zone and
large signal zone availability, we obtain:

if <2l Al s pal (=)

l.
inp

and if

< . ~ !/ II- _ n !_ ’ n . .
Iinp_ZIp'AIZ ﬂalmp (B'a' - pa’) Ip

For linearity error determination differential techniques can be applied. For
the realization of the first differential technique and construction of the graph of
static transfer characteristic it is necessary to perform the following steps:
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select the range in which the study is carried out;

e select subrange AB as it is shown in Fig. 4.8, where the static transfer
characteristic approaches the linear function;

e determine the coordinates of the points (x1, y1) and (x2, y2).

After determining these points it is necessary to separate the difference, i.e.,
determine how the transfer function differs from the direct.
For PPDCA this function will be described by the equation

AIZ = f(Iinp)+(k-Iinp +b).

A I.mA

0 X1 X2

Fig. 4.8. Determination of the intersection points coordinates

To determine the coefficients k and b, it is necessary to solve the system of

equations
{yl =k-x +b;
Yo = k- Xo + b.
Coefficients k and b are determined in the following way:
b=y, —k-x;
(Y2 n
X=X

As a result we obtain the graph of linearity error, shown in Fig. 4.9.
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Studying the transfer characteristic of any DCA it is expedient to use one of
the switching circuits, shown in Fig. 4.10 [186].

The considered differential technique of the linearity error determination can
be used in cases both with and without using the FB resistor.

Afn, md

4
hY

12

fout, 1A

900 50 i 50 100

Fig. 4.9. Nonlinearity of the static transfer characteristic of PPDCA with the input push-pull stage

To realize the second differential technique it is necessary:
1) switch on PPDCA according to the circuit, shown in Fig. 4.10b;
2) by means of accurate selection of the load resistor nominal select the
mode, when I. =1 ;
inp N
3) by means of the package of application programmers’, plot the

characteristic Al =7 -1, -R .
N N inp M
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a) b)

Fig. 4.10. PPDCA switching circuits: a) without the feedback; b) with the feedback

The considered techniques give the same results, but the first technique is
more universal.

Table 4.1 contains the results of the computer simulation of two PPDCA
from the Fig. 4.1c and Fig. 4.4, switched by the circuit in Fig. 4.10a.

Table 4.1 — PPDCA linearity error

Signal range Linearity errors
Circuit I (Fig. 4.1c) Circuit II (Fig. 4.4)
input output absolute relative absolute relative
+30nA | +10mA 40,4 pA 0,0002% 206 pA 0,001%
+1,2mA | £100 mA 36 nA 0,018% 18 nA 0,009%

From Table 4.1 the conclusion can be drawn, that PPDCA with BDCR will
operate better in the wide range of the input currents and the circuit with the
ideal current generators gives good results until the basic currents of the
transistors VT6 and VT7 exceed several microamperes.

4.3. Nonlinear distortions of the transfer characteristic of
the input stages in the frequency zone

Characteristics of DCA, especially, their non-linear distortions, lead to the
emergence of uncorrected errors in multiple-digit analog-to-digital systems and
limit their accuracy.

For the assessment of these errors CNLD is used [122, 131]. It characterizes
the level of the output signal distortion relative to the input signal in the preset
frequency range and enables it to determine the dynamic component of the
linearity error of the transfer characteristic of the amplifier. Considering the
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expression (4.6) for the determination of the increment of the output current,
flowing in the load, we denote

fatba B... — average amplification factor in the upper and lower
2
channels;
pBa"—p"a =AB — is the absolute difference between the amplification
2

|
factors —— = 7 [184].
BB

We will assess the dynamic distortions of the output signal of the IPPS. Let
the input signal be the current in the form

. =1 -sinwt.
inp  “inp
Substituting these formulas in (4.6), we obtain [184]
|~2
_ 0 s LU 2 _
Al =B Iinp sin wt + AB( , sinawt+1° 1. 4.7)

Decomposing the output signal (4.7) into harmonics of the Fourier series, we
obtain

_o, ¥ i
AIN =5 + 2 (ak cosna)t+bk sinnat) .
k=1
From the previous expression we determine a,
Z [
o .
a :QAﬂ I ( ﬂ-sinzwulz —Ddt ,
0 7 - 4
o
replacing y = ot , we will rewrite the previous formula in the following way:
i2
T
j ( |np sin? y+I —1)dy .

It is expedient to perform transformatlon of the similar expressions, using the
complete elliptical beta and gamma integrals [187, 188]:
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z
2

de
K(m) = | ——, (4.8)
0 \ll—mz sin2(p
T
E(m) = ? \/1—m2 sin? pde
0 . (4.9)

In this connection

1.
1 / 2 =2 inp
a . =2-AB|— 4]+~ E| —————|-1]. 410
0 Z P inp 2 2 ( )

47c +1.
inp

For the determination of a0 , by means of expanding the expression (4.10) in

Taylor series, it is necessary to take into account the availability of the two zones
of the input signal:

small signal zone , when iinp < 27, in this connection

iinp
=T

large signal zone, when iinp > 21 , in this connection

2.

ao = Aﬁ;[mp .

The coefficient of zero is harmonic (i. e., the relation of the constant
component of the output signal, emerging as a result of non-linearity to the
amplitude of the input sinusoidal signal) can be assessed by means of such
relation [189]:

2
v :‘_k, (4.12)
k
1
where as
b1 = ’Baver '[inp : (4.12)

Taking into consideration the expressions (4.10) and (4.12), the value of the

zeroth harmonic and substituting them in the expression (4.11), we obtain
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v, =—=2y E -—,
0
2b1 X 44 x2 X
Ap . . e . .
where y = ——— — is the relative spread of the amplification factors in the
aver
]Nin
upper and lower channels; x :Tp — is the relation of input current amplitude

to the bias current of IPPS.

If X<1 _ we have small input signal mode, in this case, expanding in
Taylor series we obtain

_ap !

X 2 inp 2
v, =—+0(x")= ——+0((x").
0=g TON) =g OL)
aver
If X=1 _ we have the mode of large input signal. In this case v, is

0
determined in the following way:

2 2 A

o =L on?y=2 28, o),
0 T T

aver

where O(xz) —is Taylor remains in the form of Peano.

In the first approximation the item O(xz) can be neglected, as it is far
smaller than the first member of Taylor series.
As 3 0, and if k>1, all A 1 0; bk

account this and (4.11) we can determine, that Oop 1= 0.

0, if (k>1). Taking into

Values of higher harmonics ak we will estimate by the values of the second

harmonic amplitude

2
AB i .
a :_ﬂ [ ( ﬂ-sm2y+12)cos,2ydy.
2 gz _r 4

Using the complete elliptical beta and gamma integrals (4.8) and (4.9), we

obtain the value of a2 on in the form of
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. -2
2 1 2 I
2A 1 in 1 in
a = ﬂ 412+1|?1p 8 > E P 8 5 +1 | K P
3z 7 2 -2 7 2 =2
I 41° + 71 L 417 +1
Inp * inp np i inp

Taking into account the expressions (4.11) and (4.12), we have

a 2
02=M=2—7 4+3X (8+x2)E X | ek| X
bl 37 x 4+x2 4+x2
If Xx<1:
_rx 3
1)2—16+0(x ), (4.13)
A .
B0 L 3. (4.14)
Y27 16-8 I
aver
2y 2 A8
|fXZl: I3 +0 — +0
273, (x ) 3 (x )
aver

For the assessment of the accuracy of the expression (4.14) for the harmonics

coefficient and impact of the input signal, we take into consideration Taylor
remainder:

~2 2 1 ~4
|np 2 2 Inp 2 mp
—Lsin“y+1° =11+ —%sin S|n +..|=
4 y 812 y= 28 ]4 y
gy s T [T 1 T 1 in
S PRI S L __p__. P OS2y — ——- —pcos4y+... .

16 ;2 1024 ;4 |16 ;2 162 j4 210 /4
(4.15)
As it is seen, in the expression, besides the second harmonic, the fourth
harmonic is present.

For the determination of CND such an expression is accepted [131]:



_ 2 2
where Ak _‘,ak +bk is the coefficient of the n-th harmonic; ak bk

k-th coefficients of the Fourier series.
As the input signal of the sinusoidal form contains only one harmonic

A1 :,/a12+b12 :bl, then, it is expedient to use the expression for the

determination of the harmonics coefficient [131, 189]

o0
2
> A
_n=2n
HoA

Taking into account the expression (8), we obtain

K

2 ralrale sals
K, = n__ (4.16)
H bl

Taking into consideration (4.16), we will rewrite the expression for the
assessment of the harmonics coefficient in analytically simpler form:

o Sk

It is easy to notice that always KH > KH . In this case, the expression (4.17)

determines the harmonics coefficient with conservative value relative to the
expression (4.18).

I
According to (4.17) and taking into account that % = X, we obtain

R X X | [x 3 3] x[} 30
H™7\16 162 4162 | 1|16 L0 | 16| 64

A
r= p
Baver
7 12
- Ap inp 3 “inp
Ky=(7—"—|1-= 5 |
16 Baer 1 64

(4.18)
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Term
~ 2

Iin
_0,047| 0P
I

3 2
—X

gives relative error of the expression (4.14) for the harmonics coefficient. At
the same time, this term may serve for the assessment of the linearity error.
However, the emergence of the sign «minus» is connected with the limitation of

the convergence series radius by the degrees x for IZH . That is why, by means

of the introduction of { (0 & ( & 1) parameter, we have another expansion:

azf X '

_x2+8
Iiﬂsinzy+12 =\/12+Iiip. 1- Ii%]p COSZy:]-\/l+ﬁ\/l—a2C052y
4 8 72 2 8

1= +8I
inp

We will expand the expression in a Taylor series:

\ll—az cos2y :1—%(12 cos2y —%a4oos42y —%aﬁcos?’Zy... =

4
l—ia“’ —laz cosZy—a—cos4y—...
16 2 16

In the process of this expansion we will retain the expanded terms not higher
than 4-th degree by. Then we obtain

2
x= 1 2
:—I. 1 —_ .A ;
ay +8 2x yij
23=0,
2 4
X a
=—AL- |1+ - 2
e CIET
According to (4.16) the coefficient of the higher harmonics
2
- a a
K, =yr—=1+—1|. (4.19)
H “af2|" 8

In this case, has the sign «plus», that indicates the stable character of the
decomposition by degrees.
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If Xx<1:

X
a~——=,
22
That is why, in the first approximation, as previously in (4.13), KH :71/—;(

and the relative error is
2
3
a 8.2

~

8 64

However, if the expression (15) is expanded in powers, we again obtain
(4.18). Simultaneously, in accordance with the described above, (4.19) should be
assumed as the final expression. Fig. 4.11 shows, how the input current

influences the values of the harmonics a, and a,.

Analysis of the graph shows that the amplitude of the fourth harmonics a, is
considerably (by 5-6 orders) less than the value of the second harmonic a,. This
also concerns the sixth harmonic a,, which will be far smaller, as compared

witha,. That is why; it and the harmonics of the higher orders may be neglected.

Table 4.2 contains the results of computer simulation of two PPDCA from
Fig. 4.1c and Fig. 4.4 in the program Micro-Cap 9.0.3.0.1.
Simulation was carried out in small signal zone at the value of the input

current 1 nA ( Ip =1m4, Ki =65,2dB ). To evaluate errors, introduced by

IPPS into the amplification circuit on the condition of balancing, FB is
introduced in the circuit of the device.

Table 4.2 — Value of CND depending on the frequency of the input signal

Frequency

f kHz 01 1 10 20 100 1000

PPDCA, using CND (Fig. 4.1c)

CND, % 3,1-10% | 3,12-10% | 3,13-10* 3,14-10* 6,25-10* | 2,63-10

With the feedback (Fig. 4.4)

CND,% | 7,76:10* | 7,82-10* | 9,83-10* 1,14-10°3 1,57-10% | 6,7-103

Without the feedback (Fig. 4.4)

CND, % | 2,24-10% | 2,25-10% | 227-10% | 2,34:10°% 0,012 1,24
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Fig. 4.11. Graph of the functional dependences of the amplitudes of the second and fourth
harmonic on the input signal

It is seen, from the suggested results, that CND of PPDCA depends on the
frequency and the amplitude of the input signal and it is minimal in rather wide
range. The increase of the values of these parameters will lead to the increase of
the CND of the amplifiers.

4.4. Models of AFC and PFC of the input stages

Modern design of the analog circuits is based on the computer simulation,
using the package of circuit engineering analysis, in particular MicroCap,
OrCAD and others [181]. They use the detailed libraries of the components in
SPICE format. The models of the integrated transistors on the base of the
equivalent circuits with the controlled current generators were suggested [179].
Such an approach allows the general analysis of the analog circuits, irrespective
of the specific element base, taking into account only fundamental relations of
the characteristics in the transistor stages.

For composing of the mathematical models of AFC and PFC it is necessary
to consider circuit engineering organization of IPPS circuits of the symmetric
direct current amplifiers with common collector with staging both by emitters
(see Fig. 4.1c) and by emitters and collectors [190]. Equivalent small signal
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circuit is built on the base of general T-like equivalent circuits of the transistors
[171, 179].

Having considered IPPS of PPDCA, it is determined that the transistors VT1
and VT2 are connected with the GC, transistors VT3 and VT4 — with GB. Using
common T-like equivalent circuits of the transistors GB and GC [179] it is
possible to construct small signal equivalent circuit, shown in Fig. 4.12a.

It is necessary to determine the transfer coefficients Ki(f), Ki'(f), Ki"(f),

and phase characteristics ¢( f), ¢'(f), ¢"(f) of the small signal equivalent

circuit of IPPS of PPDCA with common collector and the emitters looping.
Total amplification factor is determined as the sum of the transfer
coefficients in upper and lower channels:

Ki(f)zKi’(f)+Ki"(f), (4.20)
where Ki'(f), Ki"(f) — are amplification factors in the upper and lower

channels, correspondingly, which can be determined in the following way:

1" (f
Ki'(f)=—°|“‘( )

”In?f) (4.21)
Kln(f): out ,

Iinp

where 1' 1"
out’ out

correspondingly.

are output currents of the upper and lower channels,
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Fig. 4.12. Small signal equivalent circuits of the input push-pull stages: a) in SPICE format; b)
with the presentation of the elements parameters in the complex form

For the phase characteristics
¢(f)=¢(|out(f));
P (H)=g(1,(D): @22

o' () =0(15,(1).
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To determine I(')ut’ Isut we will use the common Kirchhoff method [191,

192], namely — its first and second laws. Also it is necessary to perform
transformations, which will help to simplify the equivalent circuit, shown in Fig.
4.12a, by writing down the characteristics of the elements in the complex form.
Equivalent circuit after the transformation is presented in Fig. 4.12b.

We have the following equations [190]:

|1(f) - |2(f) =-1,

(1= ) 1)+ 15+ 15 + 19 =0;

(1+ 8")- Ly~ 14,0~ g0~ 1,5 (O =0;

B ()= 13(0) - Ig(H) + 15()=0;

-p"- o)+ 140 -1, +15(H) =0;

—(1-a")- I9(f)+ l11()+ I13(f)= 0;

(1-a') |10(f)_ |12(f)_ |14(f)=0§

-a"- I9(f)— I13(f)+ I15(f) =0;

a' Ilo(f)+ l14()— I16(f) =0; (2.23)
Ry I5(f)+ Ry I6(f)— Zs(f)- Ig(f)— Z5(f)- l11()=0;

Rg - I7(f)+ Re I8(f)— Z4(f)- Ilo(f)— ZG(f)- I12(f) =0;

Z(f)- 111+ Z5(f) - 113() - R, - 115()=0;

Ze(f)' |12(f) - Zg(f)‘ |14(f)_ Rg ) I16(f) =0;

Zl(f)- I3(f)+ Ry- I6(f)— Z3(f)- I9(f)— Z7(f)- I13(f)— Ry - I15(f) =0;
Z5(f)- 140 +Rg - 15()—Z4()- 11o()—Zg(0)- 11 4() = Rg - 115() =0;

Ry - 11()+ Ry - 15 () + Z4(F)- I3(f)+22(f)- 1, +Ry- I6(f)+ Rg - 1,(f)=0.

Correspondingly R =1 R, =1; Ry = ré*; R, =Rg=1i Re =R, =r";

:rﬂ*,
6 ¢’
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1

Z,(f)=- ;
1 jo2.mf.Cp
. 1 . 1
e ; ! e ; "
p(fyos J 2 (Che  © j-2m1-Ch
3 1 1
r. + r.+
€ j.g.ﬂ.f.ct')e € 1'2'”'f‘01§e
1
Z,(f)=
2(1) j-2mfCp
R S S
e ; ’ e ; ”
Z4(f)_r + ! +r + !
€ j.z.,,.f.CBe € j.g.,,.f.cl';e
1 1
5() jo2om-f.Cp 6(1) jo2om-f-C,
~ r"*, r’ . r" — are resistances of the bases, collectors

where r’' , " r’ | ,
b’ b’ c’ ¢c''cc’ cc

(according to the connection scheme GC and GE), volume resistances of p-n-p
and n-p-n collectors of the transistors, correspondingly; Cé)c’ CGC' Cé)e’ CBe

— p-n-p and n-p-n of base-collector, base-emitter junctions capacitance,

correspondingly; re = ré = ré’ — resistance of the emitter of p-n-p and n-p-n

transistors, correspondingly.

For the solution of the equations system Cramer method was used [192-194],
for this purpose the system of equations (4.23) will be written in the form of A
matrix:
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1 -1 0 0 0 0 0 0 0
g-1 0 1 1 0 0 0 0 0
0 p'+1 0 -1 0 0 0 0 0 0
g0 -1 -1 0 0 0 0 0
0 -5 0 1 0 0 0 0 0 0
Al : : : : '
0 0 0 0 0 0 Z,(f) 0 -R, 0
0 0 0 0 0 - Zg(f) 0 -Zg(f) 0 -Ry
0 0 Zz(f) 0 0 0 -Zy(f) 0 R, 0
0 0 0 Zyf) 0 0 0 -Zg(f) 0 Ry
R Ry Zy(f) Z,(f) 0 0 0 0 0 0
Iout(f)’ Iout(f) are determined as:
: AB
IOUt(f)_Ils(f)__A’
(4.24)
AC

lout (D =16(H ="

where AA, AB, AC — are the determinants of the matrix 4, B, C
correspondingly.

In their turn matrices B and C are determined by means of replacing the
corresponding column of the matrix A by the matrix of free terms of the
equations system (4.23) [192, 194].

Taking into account (4.21-4.24) and taking Iinp =1, for obtaining AFC it is

necessary to take the absolute value and for PFC — argument [179, 191, 192].
Analyzing the system of equations (4.24) and further mathematical
calculations the conclusion can be reached, that this requires large volume of
complex computations that is why, to carry out the analysis of the mathematical
model of AFC and PFC we will make use of the simplified formulas of the
transfer coefficients of the transistor stages [131]:
for AFC and PFC correspondingly
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(4.25)

f
o(1)=arctg| — |+o,,
p
where f — is the frequency of the pole on the level of «3 dB»,
f ft
=arctg| —— |- is additional phase shift; f = |——— —is
gDC g f P max 87-C -r
max bc b

maximal generation frequency [177] of the transistor; fmax_ is limiting the

frequency of the transistor to the level of 0 dB for the GE stage.

Taking into account the switching circuits of the transistors in IPPS of
PPDCA with common collector, looping by the emitters and taking into account
(4.25) for GC circuit we will write:

By _n_
Ko (=K =B
T1 GC
(4.26)
K. (f)=K’ ,
T2 GC 2
1+ f
f
Pro
where f and f — are poles of the transistors VT1 and VT2.
Pri  Pr2

For GB we will write:
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K. (=K

T3 GB
(4.27)
K. (=K' =
T4 GB
where f and f — are the poles of the transistors VT3 and VT4.
3 Pra
In their turn Ki'(f), Ki"( f) are determined as [178, 180]:
Ki(F)=x"-Ki, (f)-Ki,(f);
i I'I'l I'I'3 (4.28)

Ki(F)= 2" Kip , (f)-Ki , (),
where y', " — are the coefficients of the input current splitting in the upper

and lower channels, correspondingly.
In their turn ', " are determined in the following way [178, 180]:

P g _ ﬁn—p—n
BB By p P p-n
(4.29)
Z”: ﬂ’ — ﬂp_n_p
p+p" B B ’

p-n-p Pn- p—n

where ', " — are the coefficients of the base current amplification of the
transistors VT1 and VT2 correspondingly.

Taking into account (4.26), (4.27), (4.28), (4.29), we obtain Ki'(f) and

KI(f).
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On the base of (4.20) common amplification factor can be considered as the
vector Ki(f), that is determined as the sum of vectors Ki’(f), Ki"(f) [194].

For the determination of the total Ki (f) we use the cosine law (Fig. 4.13a):

p-n—-p “n-p-n
1+ f 1+——i—
pTl pT2 (4.30)
i) == ﬁp‘f;p ﬂ”‘p‘”z —r
p—-n—p “n-p-n
1+ f 1+ ff
Pr2 Pra

Ki(f)z\/Ki'z(f)+Ki"2(f)—2-Ki' (f)-K{’(f)-cos[[lSO—Ago]-ﬁ} (4.31)

/
£

(dB)

a) b)

Fig. 4.13. Graphic interpretation of the transfer coefficients for the input push-pull stage with
common collector and looping by the emitters: a) vector diagram; b) AFC and PFC.
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To determine the angle ¢'(f) it is necessary to apply the law of sines
where

i vsinl ao ) 10
-SIn e
180 ! sin) ap(h) x

Ki2(f)+Ki2(f)—2-Ki (f)-Ki_(f)cos (180—A(p(f))-i
1 2 1 2 180

9'(f)= .(4.32)

By means of the expressions (4.30), (4.31) and (4.32) the transfer coefficients
in the upper and lower amplification channels, as well as the values of the
common amplification factor and its phase characteristic can be determined. For
the verification of the adequacy of the suggested models of AFC and PFC
simulation in the program environment MicroCap and MathCAD was used. For
this purpose we use the obtained analytical relations and small signal and
electric circuits, shown in Fig. 4.1c and Fig. 4.12a. Simulating the circuits by
means of the MicroCap program, we obtain the convergence of the results of the
analysis of the analytical equations of AFC and PFC, small signal equivalent
circuit as well as electric circuit. Graphs AFC and PFC are presented in
Fig. 4.13b.
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5. Methods of circuit-functional organization of the
highlinear analog devices on the base of the push-
pull structures

5.1. Methods of circuit organization of the highlinear
buffer devices on the base of the push-pull structures

5.1.1. Circuit organization and models of the transfer characteristics
of the cores of the push-pull buffer devices

Buffer devices are power amplifiers and are intended for the coordination of
the signal generator resistance with the load resistance [170]. Voltage buffer
(VB) performs the role of the resistances transformer with high input and low
output resistances. Transfer coefficient of VB voltage equals unit. Current,
supplied by VB in the load, may be far greater than the input current. Such
buffer devices are called voltage repeaters [177].

Several approaches to the construction of the VB on the base of the push-pull
symmetric structures can be suggested [170, 195]. Irrespective of the specific
circuit engineering realization, generalized structural functional scheme of the
buffer device has the form, shown in Fig.5.1

Static transfer characteristic of such type of the devices has the common error

AUout =Yout _Uinp' (5.1)

In its turn it can be decomposed into several components, namely:

zero shift error AUshO , and AUshO :Auout’ if Uinp =0;

scale error AUSC , and AUSC =UOut —Uinp —AUShO;

YoV,
linearity error AU, , and AU, =AU _—K-U. | and K:Q,
I I sc inp X —
271
where xl x2, yl, y2— are the coordinates of the straight line points that passes

across the linear section of the transfer characteristic [182].
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Fig. 5.1. Generalized structural-functional scheme of the push-pull buffer device

At the same time, it can be written that in the ideal case Al =0. Taking into

A N 2
1" =1

account the equalities II’D = I; =1 . which are introduced into

[165] and that Al = | I"'— I"|, it is easy to notice that the condition of the balance

is the equality I—I .1t should be noted that the core determines the potential
characteristics of the whole circuit, whereas PPDCA provides the increase of the
loading capacity and keeps up the level of the linearity error [195]. At the same
time, levels of the separate components may greatly depend on the specific
circuit engineering realization of the core of the device.

The known circuit [170], presented in Fig. 1.24 has considerable zero shift
error. It is stipulated by the non-balance of voltages of base-emitter junctions of
n-p-n and p-n-p of VT6 and VVT7 transistors correspondingly.

For the stabilization of the voltages of the collector junctions of the
transistors of the output stages of the core the cascades on the transistors VT1,
VT5 and VT4, VT8 are introduced, correspondingly. It efficiently stabilizes the
characteristics of the working points of the transistors VT6 and VT7, in
particular, collector currents and voltages of base-emitter junctions and
decreases the level of the scale errors and linearity. At the same time, the
imperfection of the transistors VT5 and VT8 of the cascades, namely the
dependence Sf on the voltage of base-emitter junctions leads to the change of
their basic currents and does not allow further minimization of these
components. This, in turn, leads to the change of the emitter currents of the
transistors VT2, VT3 and simultaneously to the change of base-emitter voltages
of these transistors that automatically is transferred to the output of the circuit
and causes the emergent of the zero shift error.
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Output voltage of such circuit is determined in the form [195]:
Uout *Yinp * Upelyr2 =~ Upedyre:

Uout *Yinp ~Upelvrs + Updyr7:
where Uinp_ is the input voltage; (Ube)VTZ' (Ube)VTS_ are base-emitter

voltages of the transistors VT2, VT3; (U be) are base-emitter

VTe' (Ube)VT7_

voltages of the transistors VT6, VT7, and (Ube)VTZZ(Ube)VTG ,

Upelyra®Upelyrs:

For the integral transistors the level of zero shift error reaches the values of
10-50 mV.

Scale and linearity errors greatly depend on the impact of voltages change of
the collector-emitter junctions of the core transistors in the range of the output
signal.

It should be noted that the factors, exercising negative impact of the circuits
characteristics, are [195]:

1) dependence of the voltage of base-emitter junction Ube of the transistor
on the voltage of collector-emitter UCe junction;

2) dependence of the collector current IC of the transistor on the voltage of
the collector-emitter junction, it is stipulated by the limiting values of the
*
collector junction resistance rC :

3) dependence of transistor  on the voltage on the voltage of the collector-
emitter junctionU co

To decrease zero shift error, it is suggested to construct the circuit, as it is
shown in Fig. 5.2a, i.e. by means of introducing the chains of n-p-n and p-n-p
transistors, which would perform the self-balancing of the voltages of p-n
junctions [195].
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Fig 5.2. Circuit —engineering organization of the buffer device core: a) with the voltages balancing
of base-emitter junctions ; b) with the cascading of the current outputs on the base of
Wilson circuits; c) with the differential stages on field effect transistors with input-
output self balancing

In this case, the output voltage of such circuit is determined :

Uout *Yinp * Ubedyr2 * Upedyrs = Updyrs = Updyres

Uout *Yinp =~ Upedrra = Upedyra + Upedyrr + Upedprg:

where (Ub — base-emitter voltage of the transistors VT1-

e)VTl_ (Ube)VTS
Upedr1 *Upe)rsi €

vt Opedyra * Ypdyre:

Such system has low error of zero shift, it reaches the level of 200-500 puV,
but has greater linearity error than the circuit in Fig. 1.24. At the sametime it
should be noted that the problem of the voltage dependence of base-emitter
junction of VTS5 and VTS transistors on the voltage of collector- emitter.

VTS, and U ~(U

b2 = Ypeyre Ypdyra ™

z(Ub
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To eliminate these errors, the simple cascade circuit on the transistors VT1,
VT5 and VT4, VT8 can be replaced by the cascades, built on the base of Wilson
circuits. The circuit of the buffer device [196], shown in Fig. 5.2b is suggested.
Such a circuit has low linearity error, which is equal to the error of the linear
circuit in Fig. 1.24 and low error of the zero shift, on the level of 100-200 pV.
Such circuit engineering organization of the core decreases the impact of the
voltages of base-emitter junctions of the transistors VT6 and VT9 but the
problem of the base current impact of the transistors VT5 and VT10 still
remains.

Specific feature of the buffer devices, based on the bipolar transistors, is the
availability of the input base current. That is why; the cardinal solution of this
problem is the usage of the field-effect transistors with the controlled p-n
junctions (Fig 5.2c). Such circuit provides low linearity error and zero shift
error, that depends on drain-to-source voltage balancing and cut-off-source
voltages spread of the transistor pairs VT1, VT3 and VT2, VT4,

At the same time, it should be noted that any of the considered circuits does
not provide minimization of the linearity error in the range of the output signal.
It is proved by the simulation of the scale errors and linearity of the transfer
characteristic of the buffer device, shown in Fig. 5.3. In the graphs the curves 1-
4 are referred to the circuits of the buffer device cores in Fig. 1.24 and Fig. 5.2a-
c correspondingly.

For the determination of the components, influencing the emergence of

AU to . . . o .
OUT it js expedient to consider the equivalent circuit of the buffer devices

' " *, Ky
core output, shown in Fig. 5.4a. It contains: rb,rb , rC ,rc — are the
resistances of the bases and collectors of the transistors VT5 and VTS,

correspondingly; re', re"— are the resistances of emitters of the transistors VT 5

and VT8 correspondingly, and re' =r'=r; " _ are the resistances of

e e rd ’rd
p—n junctions of the transistors VT6 and VT7 in diode connection of the
. n ! _ 4 _
transistor, and rd rd rd
positive and negative supply, correspondingly.
It is expedient to convert the circuit in the form, shown in Fig. 5.4b.

=1y U’,U" - are voltages of the buses of the
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b)

Fig. 5.3.Errors of the transfer characteristics of the buffer device cores: a) scale; b) linearity

170



R2 R4
| —

ol

“out

| I—

] G

a) b)
Fig 5.4. Equivalent small signal circuits of the buffer device core: a) output; b) after the conversion
rr 2.r .r"
Rl=r”4+r'+L D . Ro—o.r 4774 _€e c . pg_ RI-RT
c b 2. e c P R3+R3"’
e b
’
, 2 -rb
where R3'=2-r +r, +—&¢- 2.
e b *
r
c
, 2-re-rb"
" __ .
R =21 +1"+—5-2, (5.2)
r
C
* *,
*ﬂ 2 ) r ’ r ’ *II " r ’ ) rb”
R4=2-r +r +A;R5:r +r"4+C )
e ¢ r” c b 2.r
b e

Applying the method of the superposition [192] we can rewrite the equation
(5.1) in the form:

AUOUt :AUout+AUout, (5.3)

where AUOU =fU"), Auout = f(U") — are the voltage increments in

t
the upper and bottom channels, which, in their turn, are determined as
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R3

AU'  =U" —=
out R2+R3 (5.0
/4 n R3 .
AU"  =U". .
out R4+R3

Taking into account the above-mentioned dependences and equations (5.3),

we obtain
[U’-(R4+ R3)+U"-(R2+ R3)]- R3
AU = : (5.5)
out (R2+R3)-(R4+R3)

By means of the substitution in the equation (5.5) of the values from (5.2) we
obtain the absolute error.

Relative error [192] is determined in the form:

AU
§=—29Ul 100%.

out
Having substituted in (5.4) the values from (5.2) and taking into account that

. . . ' *y " *p , " .
in the real circuits rb <<r_ ,r_ <<r_ andr_ ~r_ weobtain

c'hb c b b
2're 2-re
AUOUt ~U’- * ! AUout ~U T,,
r r
C C

*!
C
*

It is easy to notice that the linearity error greatly depends on the value of r

*n . .
i rC' , as well as re’ the value of which is 2-3 orders less than the values of rc'

"

*
and r_ .
C

5.1.2. Methods of linearity error decrease, zero shift and loading
capacity increase of the buffer devices

To provide high linearity of the transfer characteristic of the core, several
variants of their circuit-functional organization are suggested:

e introduction in the core the cascades, built on the field-effect transistors in
the core;

e construction of the core cascades on the composed Schottky transistors;
usage of parametric stabilization of the transistors stages supply voltages.
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The first method allows increasing the resistance of the current outputs [131]
(Fig. 5.5a). As a result, the stabilization of the collector-emitter junction voltages
of the transistors VT6 and VT9 is provided, and base currents of these transistors
can be neglected. Taking into account the dependences (5.4) the voltage
increments in upper and lower channels can be written as

2-r 2-r
AU ~U.— & - AU" =~U" € ,
out r' 1+S"-R’)) out r’ 1+S"-R”"))
cl cl cl cl

! 14

where rCI , rcl are differential output resistances; S’, S” — slopes of the

transfer characteristics; Re’;, Ré’;— are volume resistances of the sources of n-

channel and p-channel field-effect transistors, correspondingly [131]. Usage of
the cascades on the field-effect transistors enables an increase by 1-2 orders of
linearity, as compared with the circuit in Fig. 1.24.

a) b) c)

Fig. 5.5. Circuit-functional organization of the input circuits of high linear buffer devices: a) with
cascodes on the field-effect transistors; b) with cascode current reflectors on the
composed Shottky transistors; c) with parametric stabilization of voltages of the
collector-emitter output stages
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The second method enables to decrease the impact of base currents of the

transistors VT9 and VT14 in ’Bn—p—n and ﬂp—n 0 correspondingly

(Fig. 5.5b). In this case, the linearity error decreases —MIN times, where ﬂmin

— is the smallest value of f of the pair of the transistors VT9 and VT14. Taking
into account the dependences (5.4) the increments of upper and low channels
voltage can be written as
4-r 4.-r
AU’ ~U'- € . AU"  =U" € .(5.6)
out r B out r’ B
out “n—p-n out “p—n-p

However, it is necessary to take measures regarding the correction of the
transient characteristic, as the usage of the compound transistors leads to the
appearance of the additional pole at high frequencies.

The third method enables to increase the linearity and maintain the level of
fast acting, as compared with the circuit shown in Fig. (1.24.(Fig 5.5c). The
value of the linearity area is smaller than in the circuit that uses the compound
Shottky transistors. The voltage increments for such circuits are described by the
relations [5.6].

Graphs of scale and linearity errors of the transfer characteristics as well as
transient characteristics of high linear buffer devices are shown in Fig. 5.6 and
Fig. 5.7, correspondingly. In graphs the curves 1-3 correspond to the circuits in
Fig. 5.5a-c.
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Fig. 5.6. Errors of the transfer characteristics of the buffer device cores in the range of out . a)
scale; b) linearity

The characteristic feature of the buffer devices on the bipolar transistors is
the availability of non-zero input current, that leads to the emergence of zero

shift AUshO error. For this purpose the separate generator IshO is used, it

provides the compensation of zero shift current. Main requirements to such
device are:

stability of IshO in the range of the input signal;

high output resistance.
To decrease zero shift error of the buffer device core the circuit engineering

organization of current IshO source is suggested, it is shown in Fig. 5.8.
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Fig. 5.7. Transient characteristics of the buffer device cores

The value of the current is defined by the expression (4.5). Characteristic
feature of this circuit as compared with the circuit shown in Fig. 4.6 is that due
to the usage of Shiklai transistors in BC', BC" the output resistance is increased

and the accuracy of IshO setting is provided. The linearity error of zero shift

source increases % times, where ﬂmin_ is the smallest value g of the

pair of transistors VT'and VT".
The drawback of the considered circuits is low loading capacity, which is

greatly determined by the output resistance of the circuit rout . And

r . =r_.

out ‘e

Nonzero value of the output resistance leads to the change of the scale and
worsening of the linearity of the transfer characteristics.
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Fig. 5.8. Circuit engineering realization of current source compensation of zero shift of buffer

device core

To improve the loading capacity and maintain the preset linearity, it is
expedient to introduce PPDCA in the circuit. The generalized structure of such a
buffer device is shown in Fig. 5.9.

It consists of the amplifying stages Ki' and Ki", circuit of working points

auto balancing (CWPAB) and current reflectors CR1 and CR2. CWPAB enables

to obtain the proportional dependence between final transfer coefficient and
balancing their value and signal range.
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Fig. 5.9. Structural-functional organization of high linear buffer device, based on push-pull
symmetric structure
o _— . 1" p
The condition of the self balancing is the execution of the equality m = na
p
where Ip — is the current of the working point; ', 1" — are control currents of

the level. In this case Ki’ = Ki".

Introduction of PPDCA in FBC of the circuit, namely between the core and
loading, enables to decrease the output resistance to the level
r

_e
fout = K.'
i

where Ki — is the general amplification factor of PPDCA.

5.2. Methods of circuit organization of current-voltage
and voltage voltage-current converters, based on
push-pull current amplifiers

Current-voltage (CVC) and voltage-voltage (VVC) converters are analog
units, which can be constructed on the base of the operation amplifiers (OA)
with large transfer coefficients (10°-10%). However, the application of the
conventional OA has its drawbacks, namely: non-linearity decreases at the
expense of increasing amplification factor with the increasing the depth of the
feedback, in its turn, this leads to the worsening of AFC and PFC. It requires
their correction and decreases fast acting [127]. Better indices have PPDCA,
manufactured by the leading companies. However, they also have some
drawbacks: low amplification on the stage and, as a result, to achieve large
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amplification factors (10°-108), it is necessary to increase the number of the
amplifying stages [133]. At the same time, it is worth mentioning that some
metrological characteristics of CVC and VVC, such as linearity of the transfer
characteristic, are difficult to correct.

The generalized structural diagram of CVC and VVC on the base of PPDCA,
is shown in Fig. 5.10.

? K CR1
Uinp T
...... S CC A
"\.__,' 1
Rrel L Uou
? IPPS CWPAB H =
|inp I RH
e et CcC
2 A
l R‘”
¢ i CR2
Ru

Fig. 5.10. Generalized structural diagram of CVVC and VVC on the base of PPDCA

Depending on the type of the converter the input signal can be both in the
form of current Iinp and in the form of the voltage Uinp' Output signal is

voltage Uout :

The converter contains IPPS, two symmetrical IAS Ki' and Ki” for the

amplification of the counterphase signals. Working points of these stages are set
by the SWPAB by means of current compensators KC1 and KC2. The given
principle of the working point setting is provided by means of the selective

feedback so that in the channel with smaller amplification Kz‘ increases and in

the channel with greater amplification — it decreases. It lasts until the
amplification factors in the upper and lower channels equalize.

It is worth mentioning that the PPDCA characteristics depend on the
principle of IPPS construction. We will consider the method of structural
functional organization of the input stages of PPDCA, which could serve as the
basis of CVC and VVC construction [197]. Structures of PPDCA, shown in Fig.
5.11 will be considered.
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Fig. 5.11. Structural functional organization of the input stages of PPDCA with: a) low; b)
average; c) high input resistances

Their basics are the input stages, built in the form of the self complementary
circuit with a common base (see Fig. 5.11a), push-pull APS of the input current
on the bipolar transistors (see Fig. 5.11b), push-pull APS of the input voltage on
the complementary field-effect transistors (see Fig. 5.11c) [178, 180, 197]. VSU
provides direct current mode.

Depending on the value of the input current rinp , the input stages

conventionally can be divided into [197]:
with low input resistance — . <10-r_;
inp e

with average input resistance — 10-r_<rr.

<1041
e~ inp e

with high input resistance — T. 2104~r .
inp e
The specific value of the input current rinp depends on the value of the

working point current.
To obtain the detailed transfer characteristics of CVC and VVC on the base

of PPDCA it is necessary to consider their equivalent circuits, shown in
Fig. 5.12.

To organize the operation mode the amplifier is surrounded by the circuit of
the deep feedback. FBC is organized by means of connecting RM between the

output and inverse input of the circuit.
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a) b)

Fig 5.12. Equivalent circuit of the converters: a) current-voltage; b) voltage-voltage

In the literature sources [167, 198], where CVC and VVC are described, their
transfer characteristics are given, they have the following form:

R
cvc:U . ~Il. -R , wc:U .~-U. -—M,
out Inp m out inp R

inp
These expressions take into consideration only the parameters of the external
circuits for the ideal amplifiers. However, these formulas do not take into

consideration the characteristics of the amplifier itself, namely: input rinp and

resistances, which lead to the emergence of the linearity errors of

(5.7)

r
output I, .

CVC and VVC. It should also take into account the impact of the load resistance
RI . As the base of the converters is the amplifier it is expedient to take into

consideration its internal current transfer coefficient — Kl. and voltage transfer

coefficient — Ku , determined at the broken feedback path and are described by

the relations:

K = outiin . K :Uout.in (5.8)
i g o U ' '
inp z
where iOut in~ current at the output of the amplifier in case of the broken

feedback path( rout —> 0, RM —> o) U — voltage at the output of the

out.in
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amplifier in case of the broken feedback path (rOut =0, RM —> ©); U2 -

total voltage drop at the input of the amplifier, caused by available input

Ys

resistance r.__ (quasi zero voltage); i. _—inputcurrent, I. ~—=—=
inp Inp inp .
Inp
We will introduce the transfer characteristics of CVC and VVC, taking into

consideration such parametersas: . ,r R R /R K. K .
inp’ out’ "Inp’ H' m' i’ U

Analyzing these equivalent circuits and applying Kirchhoff first and second
laws for CVC, we obtain such system of equations:

. —-i. -1 =0;
inp np " wm
I +i +1 —i . =0;
M out H outin (5.9)
uo+U -U =0;
)y M out
U -U =0,
out H
where I — current, flowing across the resistor R ;i — current at the
M M’ oout

output ah the amplifier, U ; U — voltage drop at the resistorsR ,R . The
M H M H

most critical, when the errors of the transfer characteristic emerge, is the

available UZ’ caused by rinp [131,167,197]. We will introduce the transfer

characteristic of CVC, taking into account rin

Taking into consideration the first and the second equations from the system

(5.9), we obtain
U =i (n._—-R )+I. ‘R . (5.10)
out npinp wm inp M

It follows from the expression (5.8) that]M = iinp -Kl. . Having substituted in
the first equation of the system (5.9), we obtain
1.
P inp
inp 1+Kl. '
Taking into account this expression and (5.10), we obtain the transfer
characteristic of CVC
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rin +RM-KZ.
u —gs M0 M I (5.11)
out ~finp T 17 k.
l

Taking into consideration the value of RH , and the second equation

U
from the system (5.9) and the fact that IH = RLUt , We obtain
H
U
. 4_out
inp R
i =—  H
Inp 1+ Ki

Substituting the obtained expression into the equality (5.10), we will write
the transfer characteristic of CVC
r. +R -K.
M 1

_ ~__Inp
Uout =inp SR (5.12)

1+K, +- 2 1P
l R
H

But the amplifier has the output resistance ro taking into account this

ut’
resistance, we obtain
r . +R
. +U . _out H
inp out r .R
out =« _

. =
Inp 1+ Ki

r t +R 1
Let -QU n_ , then, taking into account the equality (5.10) we will

fout” Rn av
write the transfer characteristic of CVC in the form
rinp + RM -Kl.
=7 . (5.13)

Uout inp R rinp+RM-Kl, '
1+—M). (1+K,)-——— =~
A+ ™) @ K) =0
av av

Taking into consideration the analytical expressions (5.11), (5.12), (5.13),
which describe the transfer characteristic of CVC with the account of the
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amplifier parameters (. <<R ,r
inp M out

mathematical simplifications, we obtain the approximated expression (5.7) for
CVC.

Applying Kirchhoff first and second laws for VVVC we obtain such system of
equations:

<< RH, Kz’ >>1), by means of

. —i. +I =0;
Inp Inp " wm
1 —1 _1 = 01
out "m m
Uin _UR. _UZ =0; (5.14)
Inp
outin Yr_ “Ys YU, =0
out
WhereuR. : Ur — voltages drop at the resistances Rinp’ rout’
inp out

correspondingly.
We will derive the transfer characteristic of CVVC with the account of Rin

and rinp . Taking into consideration the first equation of the system (5.14) and

Ohm’s law we obtain

U
Rinp U, U
— +—M -0, (5.15)
R. r.
inp inp M
As in the given case rout =0, then Uout :Uout.in' It follows from the

U
. . __out - _1). ideri
expression (5.7): Uy = . Thus UM (Ku 1) UZ' Considering these

hy

expressions and the third expression of the system (5.14) and (5.15), the transfer
characteristic of VVC is obtained.
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r. ‘R -K
inp "m " u

U =U. - . (5.16)
out mp R -(r. +R. )—(K -1)-r. -R.
M inp inp u inp inp
Taking into account the value of Rn’ if rout =0, the convergence of the
transfer characteristic with the expression (5.16) is obtained, as

UOut :Uout.in and the signal is completely transferred into loading. But in

practice the amplifier has rout

transfer characteristic of VVC.

# 0, taking it into consideration, we obtain the

r ‘R R (K ‘R +r t)
n J
U _u p M H u M ou

out Inp [r R +R -(r +R )i|'|:r‘ ‘R +R -(r +R, )J,
out u M out H inp inp M inp  inp . (6.17)

R R (K ‘R +r )

_rinp. inp' " u M out
Taking into consideration the analytical expressions (5.16), (5.17) which
describe the transfer characteristic of VVC with the account of the amplifier

parameters (r. >R ;r. >R ;R =R_;r >R ; K >>1), by
np M inp mp M inp  out H u

means of mathematical simplifications, we obtain the approximated expression
(5.7) for VVC.

The presence of rinp leads to the emergence of UZ’ that, in its turn, results

in the appearance of linearity error. To evaluate the impact of the input
resistance of PPDCA on the linearity error of CVC and VVC, we will consider
the example on the base of the real values:

For CVC: I. =+1mA,U =+10B, R =#10xOhm , K.=100,
inp ou M i

t

.. =25Q.
inp

Absolute error [192] is determined as

AUgut =Yout ~Yout: (5.18)
R K.
where U’  =7. .M __L _ypltage at the output of CVC,if . =0.
out ~ “inp 1+ K. inp
1

Taking into account the above-mentioned expressions and expression (5.11)
we obtain
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I.
AU =p P (5.19)
out ~ 'inp 14 K.
l

The relative error [192] is determined as

AU
5:%-100 %. (5.20)

out
Taking into account the above-mentioned expressions, we obtain the
expression for the description of the relative error of CVC

r.
= 100%. (5.21)
R -(1+K.)
M 1
Taking into account the expressions (5.19) and (5.21) and real parameters of
CVC we determine that the absolute error Auout =248 1V , and the relative
error —o =0,0025 %.

For VVC U. =+10V; U =+10V; R =#410kQ; K =100
inp ou M u

t
R =10kQ;r. =1MQ;r._ >R ,R. .
inp Inp inp M’ inp
Taking into consideration the expressions (5.7) and (5.18) we obtain
AU . U Ry rinp'Rinp+RM'(rinp+Rinp):|
out ~~inp’
R -[R (r. +R.)=(K,-1)-r. -R,
p M Ninp inp u inp “inp | (5.22)

Taking into account the expression (5.20), the relative error of VVC will
have the form
r. -R_+R -(r. +R. )
mp Inp wm “inp inp
R -(r. +R. )—(K -1)-r. -R.
M inp inp u inp inp
Taking into consideration the expressions (5.22), (5.23) and real parameters
of VVC we determine that the absolute error AUOu t =100 4V , and the relative

error—6 =0,001%.

S=- 100%.  (5.23)
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5.3.  Minimization of the linearity errors and zero shift of
current-voltage and voltage-voltage converters

Having considered structural functional organization of the high linear CVC
and VVC on the base of PPDCA, it is expedient to evaluate the advantages and
disadvantages of PPDCA application with low, average and high input
resistances as well as analyze the linearity errors, taking into account the
parameters of the elements of the external and internal circuits of the amplifier
and load resistance.

At the same time, considering the equivalent circuits of CVC and VVC,
shown in Fig. 5.12, it is easy to notice that in the formulas (5.7), the key

characteristics of the amplifier are not taken into account, namely: input rinp

and output ro resistances, load resistance RI , Which influence the level of

ut

CVC and VVC linearity errors. In [197] the assessment of the impact of the

input resistance of PPDCA on CVC and VVC linearity error is performed.
Depending on the factors, influencing the transfer characteristic, such

detailization levels can be distinguished [199]:

RM, rinp’ Ki (or Ku);

RM, RH, r. ,Ki (or Ku);

inp
RM, RH, rinp’ fut’ Ki (or Ku).

At the first level of the detailization, the transfer characteristic equation of
CVC has the form (5.11), absolute and relative errors are determined by the
equalities (5.19) and (5.21), correspondingly.

At the second level of the detailization, the transfer characteristic of CVC has
the form (5.12). Taking into consideration the equalities (5.18), (5.20) we obtain
the relation for the description of the absolute and relative errors of CVC:

rinp ' RH .(1+Kl')_RM 'Ki '(RM ~in )
AU . =1 . P . (524)

1+ Kl,)-[RM _rz’np +RH -1+ Ki)}

r -R -1+K.)-R -K.-(R —-r. )
s=Ap_n i M 1Y M inp

R -(1+K.)-[R —r. +R -(1+K.)}
M i M inp H i

100%.  (5.25)
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At the third level of the detailization, the transfer characteristic of CVVC has
the form (5.13). With the account of the equalities (5.18), (5.20), we obtain the
relation for the description of the absolute and relative errors of CVC:

p Ry LK) =R K (R (2K )=r )
AU =1 . ; (5.26)
out inp (1+K_)-[R (A+2-K)=r +R -(1+1<,)}
1 M 1 ll’lp ayv 1
oo Ry A K) =R K (R Q+2:K)=r )
5= 100%.  (5.27)

R ~(1+K_)~|:R -l+2-K)-r +R ~(1+K_)}
M l M l mp a l
Taking into consideration the analytical expressions (5.24 — 5.27) which
describe the absolute and relative errors of CVC with higher levels of the
digitization and taking into account the parameters of the amplifier

v

(r. <R , r <<R,6 K. >>1j, by means of mathematical
Iinp M out H l

simplifications we obtain the expressions (5.19), (5.21) with lower level of
digitization for CVC. The expressions (5.19) and (5.21) account for the most
critical parameters of CVC [131, 167, 197, 199].

The transfer characteristic of CVC at the first level of digitization has the
form (5.16). With the account of the equalities (5.18) and (5.20) we obtain the
relation for the description of the absolute and relative errors of CVVC, which will
have the form (5.22) and (5.23), correspondingly.

At the second level of digitization we obtain the convergence of the transfer
characteristic of VVC, absolute and relative errors the expressions (5.16), (5.22)

and (5.23) correspondingly, as Uout :Uout.in and the signal is completely

sent into the loading. However in practice the amplifier has rout # Otaking this
into account, we obtain the transfer characteristic of VVC for the third level of
detailization, which will have the form (5.17). With the account of the equalities

(5.18) and (5.20) we obtain the relation for the description of the absolute and
relative errors of VVC:
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Rw-|:r ‘R R -(KM-R +r )+[[r ‘R +R -(r +R ):|><

inp inp H M out out H M out H

AU =U

out imp o [[r R 4R -(r +R)}-[r 'R +R -(r +R )}
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B finp Rinp Ry Ky Ry +75) +[[Fout R AR,y +RH)]X
[rout Ry Ry (G + RH):| '[rinp ' Rinp +Ry '(rinp + Rinp)} -

><[rinp ' Rinp +R,, ’(rinp + Rinp)} “Tinp Rinp Ry (K R+ rout)}
R

_ (5.28)

o=

-100 %.
“finp ut) (5.29)
Taking into account the fact that in practice the parameters of the amplifier

arerelatedasr. >R , r >R. ,R =R, , r <R, K >>1and
Inp M inp inp M inp out H u

taking into consideration the analytical expressions (5.28) and (5.29), by means
of mathematical simplifications we obtain the expressions (5.22) and (5.23) with
the lower level of digitization for VVC. The expressions (5.22) and (5.23) take
into account the most critical parameters of VVC [131, 167, 197, 199].

As it is known, the considerable impact on the emergence of the transfer
characteristic error is made by UZ [197, 199]. That is why, for the construction

of the high linear CVC it is expedient to use PPDCA with low input
resistance rinp (Fig.5.11a). Conventionally, for the reduction of UZ the

inp'RH'(Ku'RM+ro

amplifiers with high current gain Ki are used. Modern amplifiers, manufactured

by the leading companies of the world, provide the gains at the level of
120...140 dB [200]. Increase of the current gain Ki of PPDCA is possible, by

means of introduction of one, two, three stage IAS and PPIS with the average
input resistance and amplification (Fig. 11b) [166, 197]. The linearity error is

inversely proportional to the current gain Ki . At the same time, the application

of such an approach enables to solve the problem of stage amplification [178,
180 197]. It is possible to decrease the linearity error increasing additionally the

depth of FB RM. However, such an approach will result in the decrease of the

operation speed [167]. For the construction of VVC it is expedient to use
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PPDCA, based on the complementary field-effect transistors (Fig. 5.11c). Such
PPDCA, although have high input resistance, can be used for the operation with
the input signals in the form of voltage and sources of the capacitive signals, also
they provide amplification, enabling to solve the problem of stage amplification.

190



6. Circuit engineering realization of signal converters
of the thermal sensors and high-linear analog
devices of biomedical designation

Proceeding from the results of modeling analysis and optimization of the
circuits of primary converters of microelectronic thermal flow sensors,
considered in the previous sections, we will examine main approaches to circuit
realization of the signal converters of the above-mentioned sensor devices. The
actuality of the problem of circuit engineering of sensor flow devices, including
thermal flow sensors of biomedical designation, is stipulated by several factors.

First, circuit solutions, applied in the conventional signal converters, in
particular, for measuring circuits of thermoresistive type, do not meet the
requirements regarding the minimization of the energy expenses of
microelectronic thermal flow sensors. Secondly, due to the transition to low
voltage supply sources, minimization of the parasitic impact on the result of the
measurement of the resistances of signal transmission lines becomes very
important. Third, in the process of the development of sensor devices of flow
speed measurement, all the requirements, regarding their correspondence to
modern trends of microelectronic sensors development, in particular, interface
compatibility, possibility of program control of the measuring process, expanded
functional possibilities, correspondence to the intelligent sensors IEEE1451.2
standard, correspondence to the requirements to the equipment of biomedical
designation.

Besides, it is necessary to take into account the trends of the development of
modern microelectronics element base, renovation of which occurs every several
years. Only the correspondence to the level of the last generation of element
base makes electronic devices compatible. That is why, the realization of the
approaches, obtained in the given research on modern element base, in
particular, high linear analog devices is very important.

6.1. Recommendations regarding the construction of
temperature mode controllers

The most important parameter of the thermoanemometric sensors is the
temperature of the heater. As a rule, the warming up of the heater is performed
by the fixed power, connecting it to the stable supply voltage. The power is
selected so that the heating temperature was several tens of degrees. Such
approach provides simple circuit engineering realization and calibration of the
flow sensors. Flow temperature has a minor impact on the calibration
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characteristic — at stable thermal resistance of the sensors structure with the
change of the flow temperature the temperature of the heater will also charge
thus the temperature difference in the direction of the flow motion, in the first
approximation will be only the function of the flow speed.

However when the flow speed increases above a certain value the loss of
sensor sensitivity is observed, i.e., the decrease of temperatures TS2-TS1
difference, it is stipulated by the corresponding decrease of the heater
temperature(HT) as a result of its intensive cooling by the flow. It is obvious that
such a solution is not expedient from the point of view of efficient energy
consumption. Besides, in the flow sensors of medical designation, in particular,
for measuring of the speed or voluminous losses of biological fluids in the
devices for biochemical analysis, it is inadmissible the expedience of the heater
temperature above a certain critical value at which thermal degradation of the
substance occurs.

Proceeding from the above-mentioned, the problem of the development of
the controllers of thermoanemometrs flow sensors temperature mode is put
forward, these devices enable to expand the range of flow speed measurement,
minimize the energy consumption of the device and limit the heating of the flow
substance. This task provides the solution of two problems. The first problem is
the necessity to measure the temperature of the heater without using the
additional temperature sensor. The information value of the heater temperature
must be the dependence of its resistance on the temperature. The second problem
is the necessity of using band-pulse key circuits of warming up power control,
unlike the circuits of linear control; it provides high energy efficiency of the
controller.

The principle of temperature stabilization of the heater of
thermoanemometric flow sensor, when thermoresistive structure of the heater is
used both as the source of heat and a sensor of its temperature, provide the
formation of the pulse mode of the periodic switching between heating and
cooling of the structure[101]. The necessary condition of such mode realization
is the available temperature difference of the resistance (TCR) of the heater. As
a rule, the realization of such condition is not problematic — greater part of the
heaters materials are of thermoresistive type, for instance, cooper, silicon or
polysilicon, the values of TCR is within the range of (0,1-0,5) %/°C. Thus, the
task is reduced to periodic measurement of the resistance of the thermoresistive
heater and fixation of this resistance at certain level by means of switching from
heating to cooling.

The periodic switching mode can be realized by the following criterion:
fixation of cooling phase duration (Fig 6.1a), fixation of heating phase duration
(Fig 6.1b), and the preset temperature hysteresis between the periods of heating
and cooling (Fig 6.1c).
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Fig 6.1. Time diagram of thermostability: a) with fixed duration of cooling phases; b) heating; c)
preset hysteresis of heating-cooling

In the first of them, measurement of the heater temperature is performed in
the process of its heating, which lasts till the moment of reaching the preset
temperature value (Tmax). After that the phase of cooling starts. In order to
minimize the switching losses the cooling stage has a certain fixed duration (tp),
in the process of which thermal relaxation occurs. For typical thermal
anemometers the value of thermal relaxation can be approximately 1% of the
difference of temperature between the heater and the flow. Taking into account
the heat capacity of the structure of sensors, the duration of cooling can be 1-
100ms. The second criterion — fixed duration of heating (tu) provides
measurement of heater temperature in the process of its cooling to the value Tmin
after that the heating phase of the fixed duration. The third criterion provides the
preset hysteresis of the temperature Tmax — Tminv and provides measurement of
the latter in both phase, duration of these phases is not fixed.

The example of the realization of the controller of the heater temperature
mode by the criterion of the fixation of the cooling phase duration , i.e., while
temperature measurement in the process of heating, is presented below . As we
established in the process of structural-algorithmic analysis, such mode is
characterized by the optimal ratio between the accuracy of stabilization and
structural expenditures for its realization.
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It is important to note that unlike the conventional thermoresistive circuits of
temperature measurement, the application of the measuring circuits of bridge
type in the given task is impossible. This is stipulated by the impact of parasitic
resistance of the signal line of the thermoresistive heater.

We will analyze the given problem, for this purpose we will consider the half
bridge circuit of the converter with the controlled heating power (Fig 6.2a). The
circuit contains powerful switching transistor (SW), thermoresistive heater Rq,
its temperature is determined by means of measuring the voltage difference Vi—
V, and reference resistor Ro ,voltage drop V»>—Vs at which is used for the
measurement of current across the heater and in a number of circuits can serve
as a reference value for the analog-to-digital converter. Control of the heater
temperature is carried out by means of a corresponding ratio between the
duration of the heating pulses and pauses between these pulses. These pulses are
supplied across the interface bus from the PC or microcontroller.

However, such simplification of the problem of voltages measurement in the
circuit of the switch stage does not provide the necessary accuracy of the
thermostabilization. The reason is the presence of the parasitic resistances R,
Ri2, Risof the circuit (Fig 6.2b). It is typical for the low voltage supply circuits,
that are a typical requirement to modern information-measuring equipment.
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Fig. 6.2. Switching stage: a) of the temperature mode controller; b) its parasitic resistances; c)
circuit of the minimization of the impact of these resistances
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If Ec = 5V and heating power 1W the resistance of the thermoresistive heater
IS Ro = 25 Ohm. To minimize the losses of the thermal power at the reference
resistor it is expedient to take Ro =10hm. Taking into account that the parasitic
resistances of the circuit are also within the limits of Ohm units, measurement of
the temperature by means of the direct measurement of the resistance of the
thermoresistive heater or bridge circuit is impossible — parasitic resistance of the
circuit introduce inadmissibly large error. To solve this problem as a rule the
four-point connecting circuit is used (Fig 6.2c).

When high-ohmic input circuits [43,56] of voltage amplifiers V(Rg), V(Ro)
are used, the voltage drop tends to zero. However, measuring circuits of these
voltages lose the common point, this makes circuit engineering of such a signal
converter rather complicated and requires high precision two-channel, in
particular 24 bits analog-to-digital converters with the differential input. The
problem is that such analog-to-digital converters are characterized, firstly, by
considerable energy consumption, and, secondly, by rather high manufacturing
cost. This limits, to a great extent, the usage of such types of converters in the
portable measuring devices.

Taking into account the above-mentioned, the task was put forward to
develop the controller of the temperature mode of the thermoanemometric flow
sensors that would combine high operation accuracy, small energy consumption
and low manufacturing cost. The analysis, carried out, showed that the circuits,
based on the analog integrators, would be the optimal solution of the problem.
Circuits of such integrators are usually applied in the analog-to-digital
converters of the double integration and sensor devices of the capacity type [95,
96]. These signal converters are most precise and at least by order exceed the
parameters of the circuits with the direct digital conversion. As we will show
below, push pull circuits of the analog integration are able to carry out the
function of signal transform from one potential level on the other, which is very
important when using four-point measuring circuits.

Basic elements of the integrators (Fig 6.3) are the operation amplifier (OA)
and RC feedback circuit.

Input voltage Vv is converted into the current iy = Vin — Vree/ R, where Vger
— is a reference voltage and the current I, accumulating the charge of the
capacitor C, forms the voltage on it V¢ , which in the first approximation is
directly proportional to the current Iy and the time of the integration t and is
inverse proportional to the electric capacity of the capacitor C. Output voltage of
the integrator is Vout = Vc + Vger.
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Fig. 6.3. Functional (simplified) diagram of the integrator

However, as it was mentioned above, measuring voltages V(Rq), V(Ro) (see
Fig 6.2c) do not have a common reference point and this requires more detailed
study of the processors of signal conversion. We will consider main approaches
to circuit modeling of the integrator's signals. Actually, the analog integrator is
not completely analog circuit; it requires switching circuits, in particular, for the
determination of time intervals of the integration or setting to zero the capacitor.
That is why; it refers to the approaches to mixed modeling, where both analog
and digital (discrete) components are used.

To realize the mixed modeling the monitoring keys are used, as it is shown in
Fig 6.4.
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Fig. 6.4. Example of the mixed circuit modeling: a) control pulse; b) voltage at R2C1 element
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Such a circuit contains the RC [43,56] section, presented by Cl1 and R2
elements, which is charged by the current across the switching key S1, the value
of the current is determined by the resistor R1. Control pulse is formed by the
source V3. As it can be seen from the time diagram the time constant of the
circuit is determined by two parameters — resistor R1 resistance in the process of
charging and resistor R2 resistance in the process of discharging the capacitor
CL

For modeling study of the integrator circuit it is necessary to use two sources
of the pulsing voltage, the example of these sources specification is shown in Fig
6.5. The first source (V3, model PULSEL) forms time intervals of the integrated
voltage pulse, and the second source (V6, model PULSE2) — period of the
integrator reset (capacitor discharge).
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Fig. 6.5. Specification of the control sources of the pulsing voltage: a) model PULSEL; b)
PULSE2

The example of the model circuit of the integrator and the result of its study
is shown in Fig 6.6.

The pulses of the input voltage, the amplitude of which is determined by the
source of voltage V2, are formed by the monitoring key S1. The transformation
of the input voltage in the current occurs at the resistor R1, one of the outputs in
the time interval of integration is connected across the monitoring key to the
source of the input voltage, and the second output — to the inverse input of the
operational amplifier X1. The latter is supplied by two voltage sources V4
(-3 V) and V6 (+3 V). The reset of the integrator is performed by the key S2,
controlled by the pulse voltage source V6.
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Fig. 6.6. Result of the modeling study of the integrator: a) input voltage pulses; b) reset pulses; c)
output voltage pulses

The capacitor of the integrator C1 is shunted by the resistor R2 (10 mQ),
which simulates the parasitic leakage current of the capacitor and key S2. The
presence of this parasitic current limits the accuracy and time characteristic,
namely — time of signal storage after the integration period. As it is seen from
the result of the research, three time intervals of the integrator output voltage
formation are observed. In the first interval (up to 20 psec) the output voltage is
zero. Resetting is performed by the short (approximately 1 psec) pulses. It is
important to maintain zero level of the output voltage from the termination of the
resetting pulse to the start of the integration of the input voltage.

In the next time interval (from 20 psec to 70 psec), where the source of the
input voltage is connected to the integrator, the linear increase or decrease of the
output voltage occurs. In case of the additive polarity of the input voltage the
output voltage decreases (as it is shown in the above-mentioned example) and in
case of negative polarity of the input voltage — the output voltage increases.
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In the third interval (from 70 psec to 150 psec), where the input voltage is
disconnected from the integrator, the latter maintains the output voltage at the
constant level (approximately — 2,5V for this example). In this interval the
output voltage of the integrator is converted into a digital code, is compared with
a certain reference value of the voltage or is stored till the beginning of the next
cycle of the push-pull integration. After the third interval (150 psec) the reset
pulse is sent and the cycle of the integration operation is repeated.

Further in the work the application of the considered integrator in the circuit
of push-pull integration will be shown — in the first stage the measurement of the
current across thermoresistive heater was carried out, and in the second, counter
phase stage — the measurement of the voltage on the heater was carried out. The
result of such integration is the voltage that acts as the informative value of the
temperature of the heater of thermoanemometric flow sensor and is used for
temperature stabilization of its operation.

For quantitative study of the integrator parameters it is necessary to introduce
the additional variable value. Besides the time, which is an argument, variable
value with the discrete iteration will be the resistance of the resistor R2, which,
as it was noted above, presents the leakage current and determines the accuracy
of the integration. The example of the study of the leakage current impact on the
stability of the output voltage is shown in Fig 6.7. It can be seen that the increase
of the leakage current (decrease of the resistance of the resistor R2) leads to an
undesirable drop of the output voltage of the integrator in the second time
interval.

From the point of view of using the integrator as the base of the controller of
the temperature mode of the thermoresistive heater of the flow sensors, such
time instability of the output voltage will be the cause of the error of the voltage
drop measurement and, finally, this will lead to the instability of its temperature.
For example, we will assume that the admissible value of the heater temperature
instability must not exceed 0,3C and the temperature coefficient of the
thermoresistive  element is 0,3%/°C. Then the error of the voltage drop
measurement must not exceed 0,1% of its absolute value. Such value of the
instability of the integrator output voltage will be taken as an initial point for the
optimization of the circuit operation modes and selection of its element base.
Thus, in the process of the integrator circuit development, it is important to take
into account the presence of leakage currents and, selecting the corresponding
element base, minimization of these parasitic currents. As it will be shown
further, the optimal choice of the element base is CMOS Rail-to-Rail operation
amplifiers, in particular, AD8541/2/3/4 and CMOS monitoring keys, in
particular, ADG774 (Analog Devices).
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Fig. 6.7. Result of the modeling study of the integrator at R2 iteration R2 [30 KOhm, 100 KOhm,
300 KOhm] (pulses similar to Fig 6.6.)

For the realization of the task of the development of the controller of the
temperature mode of the heater of thermoanemometric flow sensor the
possibility of using the mode of the reference voltage potential transfer in the
process of push pull integration is shown. As it will be shown further, such mode
of the potential transfer is necessary from the point of view of the compensation
of the voltage drop on the parasitic resistances of signal transmission line.

The diagram of the integrator with the potential transfer and the results of
their model study are shown in Fig 6.8. Unlike the basic diagram of the
integrator, this diagram contains one more monitoring switch S3, which in
certain time intervals connects to the noninverting input of the operational
amplifier the reference voltage (in the diagram — it is the voltage of the source
V/8). Besides the above-considered three time intervals of the basic diagram of
the integrator — resetting, integration of the input voltage and storing of the
result of the integration (output voltage) — this diagram is characterized by the
fourth time interval — the transfer of the integration result at certain potential
(100 usec and further).

As it can be seen, the first cycle of the input voltage integration occurs at zero
voltage at the noninverting input of the operational amplifier (switch S3 is open,

202



zero potential is supplied across the resistor R3). By the circuit of the negative
feedback of the operation amplifier this zero potential of the non inverting input
is sent to the inverting input, forming the mode of “the virtual earth”.

After the termination of the first cycle of the integration, where the output
voltage reaches the value of approximately — 2,5V and certain time interval,
where the conservation of this voltage occurs at the output of the integrator, the
reference voltage, set by the source V7 (in the given example this voltage is 2V)
iS sent to noninverting input of the operational amplifier. This process is
controlled by the pulse source V8 by closing the switch S3.
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Fig. 6.8. Diagram of the invertor with the transfer of the potential and results of its modeling
study: a) pulse of the input voltage control; b) resetting pulse; ¢) pulse of the transfer of
the reference level of the voltage ; d) output signal

The circuit of the negative feedback of the operation amplifier monitors the
change of the reference voltage, namely — instant transfer of the potentials at the
inverting input and the output of the operation amplifier on the value,
numerically equal to the voltage change on the noninverting input of the
operation amplifier occurs.

203



For studying the accuracy of the integrator operation with the potential
transfer, we suggest the technique, according to which after the intervals of
transfer and storage, the voltage at noninverting input of the operational
amplifier returns to the previous state (in the given case — to zero value), this
enables to compare numerically the values of the output voltage prior and after
the transfer time interval.

The example of the application of such a technique is shown in Fig 6.9. After
the termination of the transfer time interval ( from 100 psec to 130 usec) the
output voltage returns to the previous level (approximately — 2,5V). More
vividly such a comparison is shown in Fig 6.10a, where it can be seen that the
value of the output voltage after the termination of the transfer interval differs
from its initial value — prior to the transform the output voltage was 2.43V and
after — 2.41V. This stipulates the absolute value of the measurement error of 20
mV, that corresponds to 1% of the output voltage value.
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Fig. 6.9. Demonstration of the technique of the study of the integrator operation accuracy of the
integrator with the potential transfer(pulses are similar to Fig 6.8)

Studies of the circuit stability are carried out by means of the discrete
iteration of the leakage current of the feedback circuit of the integrator
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(Fig 6.10b). As it was shown above, such leakage current is presented by the
parasitic resistance (in the diagram —R2). It can be seen that if R2= 500 kQ the
difference of the output voltage prior and after the time transfer interval is
approximately 4 mV, if R2 = 1 MQ — approximately 8 mV, and if R3 =2 MQ —
approximately 10 mV.

As it is seen, the non-stability of the output voltage of the integrator for the
parameters of the element base of the circuit, integrated in the model (in
particular, the input currents of the operation amplifier and the resistance of the
resistor, shutting the capacitor of the integrator) do not meet the above-
mentioned requirements, concerning the accuracy (typically, the error must not
exceed 0,1% ). We give this example of the model study only to draw the
attention to the problem of the element base selection and the results of the
correct selection and real parameters of the pilot specimen of the temperature
mode controller, created on the base of the integrator with the transfer of the
potential will be given further in the given research.
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Fig. 6.10. Analysis of the instability of the integrator output voltage : a) simplified analysis; b)
analysis with the iteration of R2 resistance [500 kOhm, 1 Mohm, 2 Mohm]

Proceeding from the above-considered circuit solutions and operation modes
of the integrator with the potential transfer, we developed the controller of the
temperature mode of the thermoresistive heater of the flow sensor. The
controller contains a two-channel push-pull integrator (operation amplifier (OA)
with the integration circuits RiC, R,C), comparator (CM) and paired signal
switches SWia, SWig, SWaa, SWog (Fig 6.11). The first channel of the controller
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is connected to the reference resistor RO the voltage drop at this resistor is the
informative value of the current flowing in the circuit of the heater. The second
channel is connected to the thermoresistive heater Rq, the voltage drop at this
heater is the informative value of its temperature.

Measurement and stabilization of the thermoresistive heater temperature
takes place in two stages, controlled by the pulses of PC1, PC,, PCs from the
microcontroller (it is not shown in the Fig). As it was determined in the process
of the problem setting, it is important to note that to realize the proposed circuit
of the temperature mode controller high precision analog-digital converters are
not needed.

Instead, any inexpensive microcontroller could be used, making the
suggested circuit economically efficient.

For the minimization of the impact of the parasitic resistances of the signal
lines, four-point connecting circuits of the reference resistor and thermoresistive
heater are used. Current circuit of the scheme are Ro1, Ro, Ras, Ro1, Ro, Res, and
the voltage drops are measured in the circuit Rgz, R, Ros (for the heater) and in
the circuit Roz, Ro, Ros (for the reference resistor).

Taking into account the fact, that the values of the currents across the
parasitic resistances Rqz, Ros Ro2, Ros Of the signal circuits of the voltage
measurement is not great (determined by the input currents of the integrator,
which, as a rule, do not exceed 0.1 mA), voltage drops at these parasitic
resistances can be neglected.

% IC_
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OA o =C G _ECS
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Fig. 6.11. Circuit of the temperature mode controller

206



The picture of voltage drops at the parasitic resistances of the current circuit
Ro1, Ras, Ro1, Ros is basically opposite. As a rule, current across them is 100 mA
and more, which stipulates considerable voltage drop at the parasitic resistances
of the current circuit and, as a result, it is impossible to use the line of the current
circuit for the measurement of the information signal of the heater temperature.

As it will be shown further, the voltage drop at the parasitic resistances of the
current circuit leads to the effect of the integrator reference voltage offset. The
value of voltage V» (output circuit Roz) differs from the voltage Vs (output circuit
Rqs) at the value of voltage drop in the line of the current circuit, presented by
the resistances Roz and Ros.

We will consider the principle of the controller operation. Principal time
diagrams of the temperature mode controller are shown in Fig 6.12. At the first
stage switches SWia, SWig (PC1 = 1, PC; = 0) are closed, during the determined
time t1, for instance, during the time of microcontroller counter overflow, the
capacitor C is charged.
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Fig. 6.12. Time diagrams, which explain the operation of the controller: a) voltage at the capacitor;
b) pulses, to be counted; ¢) output voltage

In the process of charging the voltage difference is formed :
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[
Voyr —Vigr = jV(RO)dt _V(R)AN,
s RC R.C

where Vour, Vrer — output and reference voltages of the integrator,
correspondingly; V(Ro) — voltage drop at the reference resistor Ro; At, N1 —
duration of one period of the microcontroller counter and a number of periods,
determining the duration of the first stage. When the first stage is completed, the
switches SWia, SWig are open, and the counter is reset to zero.

At the second stage switches SW»a, SWog (PC1 =0, PC, = 1) are closed, while
the capacitor C discharges during time t;, the number of pulses of the counter N
are calculated until reaching the condition of zero voltage at the capacitor.

Vour —Vrer —IV(RO)dt IV(R o) [V(Ro)AtNl _V(RQ)A'[N2 ]E o
RC RC JC

This condition is controlled by means of the formation by CM comparator the
corresponding logic pulse PC3, which stops the count of the meter pulses.
Number of pulses Nz is the information value of the heater Rq temperature. The
considered cycle of the push pull measurement continues until it reaches the
preset temperature by the heater Rq, immediately after that the microcontroller
puts the circuit in the cooling phase.

For the study and optimization of the parameters of the thermal mode
controller the model circuit, shown in Fig 6.13, was synthesized.

Designation of the greater part of elements of this model is clear from the
previously shown diagrams. In particular, the source of the pulse voltage VP is
intended for the control of the power switch SP, which closes and opens the
heating current and the source VZ — is intended for setting the integrator to zero.
The process of integration is controlled by the sources of the pulse voltage V1,
V2, V3and V4.

Time diagrams of these sources are shown in Fig 6.14.

With the start of the heating current control pulse (see Fig 6.14a) a short
pulse of the integrator setting to zero is sent (see Fig 6.14b). Further, the first
stage of the integration takes place, forming the control pulses V2 (see Fig 6.14c)
and V4 (see Fig 6.14d), which close the switches S2, S4, at the input of the
integrator the voltage drop at the reference resistor RO is sent. As it is seen from
Fig 6.15a, the voltage at non -inverting input of the operational amplifier is
approximately V5 = 0,6 V. This value is determined by the voltage drop at
switch SP and stray resistance of the circuit RLO3 (from now on for the sake of
illustration the parameters of the switch and stray resistances are selected in such
a way that voltage drop on them was great and influenced the potential of the
non-inverting input ).

208



1
] gINT 10n @

Fig. 6.13. Model circuit of the temperature mode controller

At the second stage of integration, forming the control pulses V1 (see Fig
6.14c) and V3 (see Fig 6.14d) which close the switches S1, S3 the voltage drop
on the thermoresister RQ is sent at the input of the integrator. At the transition
from the first stage of the integration to the second stage the voltage at the non-
inverting input of the operation amplifier unevenly grows at the value of the
voltage drop on the stray resistance of RQL3 circuit, that leads to the
corresponding change at the integrator output (Fig 6.15b).

However, the voltage difference at the capacitor V(3)-V(5) (see Fig 6.15¢)
remains unchanged. This very difference of the voltages is of great importance
as the reference voltage Vrer of the comparator CM always corresponds to the
reference potential of the integrator capacitor (corresponds to the potential of the
capacitor output, connected to the inverting input of the operational amplifier).
As a result of such signal conversion the stability of the useful signal of the
integrator is provided at the change of the reference voltage at non-inverting
input of the operational amplifier. Thus, the research, carried out, shows the
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efficiency of the push-pull integrator operation with the potential transfer in the
circuit of temperature stabilization of the heater of thermoanemometric flow
sensor if the considerable stray resistances of the signal circuit are available.
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Fig. 6.14. Control pulses: a) VP; b) VZ; (b), ¢) V1; d) V2; e) V3; f) V4

In order to demonstrate the possibility of the integration function slope
change that occurs in the process of the controller adjustment, for instance, for
the determination of the preset values of the stabilization temperature, time
diagrams of the controller voltages at the discrete iteration of the resistor R2
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resistance are shown in Fig 6.14. This resistor determines the function of the first
stage of integration. If it is necessary to control the function of the second stage
of integration, the resistance of the resistor R1 is changed.
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Fig. 6.15. Time voltage diagrams: a) V(5); b) V(3); b) V(3)-V(5)

Timing diagrams, shown in Fig 6.17 demonstrate the impact of the circuit on
the signals, this is stipulated by the change of the heater RQ resistance, in
particular, if its temperature changes. Characteristic feature is the impact of this
resistance on the reference potential V(5) of the non-inverting input (Fig 6.17a).
Such impact is stipulated by the change of the circuit current and, as a result —
change of the voltage drop at the resistor RO and stray resistances of the signal
lines of this circuit.
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Fig. 6.16. Timing voltage diagram at the discrete iteration of R2 resistor [1,0...1,3 KOhm ]: a)
V(5); b) V(3)-V(5)

As it was shown above the selection of the element base is of great
importance in the process of the integrator development. First, it is necessary to
minimize the input current of the operation amplifier. Taking into consideration
the trends of modern electronics development (minimal energy consumption,
low voltage one-pole supply, mainframe realization with the surface mounting)
low voltage micropower CMOS Rail-to-Rail operation amplifiers of
ADB8541/2/4 were selected (see Fig 6.18) [117]. The advantages of such
operation amplifiers are low values of the input current (Ine < 4 pA), it is
important from the point of view of provision of the high accuracy of the
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integrator operation, wide range of the input and output voltages (practically
from the minus level to the plus of the supply source), low voltage one-pole
supply (from 2.7 V) and low power consumption (50 pA per one operation
amplifier).
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Fig. 6.17. Timing diagrams at the discrete iteration of RQ = 23, 25, 27 Ohm: a) reference voltage
Vrer of the integrator; b) voltage difference Vout —Vrer

As the control switches (two-channel analog multiplexer), which switch the
analog signals of the input circuits of the integrator, CMOS integrated circuits
ADG744 are used (Fig 6.19) [201]. These switches are characterized by the
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possibility of high precision switching of the bipolar signals and minimal
resistance in the open state (not higher than 4 Q). Unique functional
characteristic of such switches, having principal significance for the
development of the low voltage electronic equipment is the possibility of the
signals switching in the full range of the circuit supply voltage (Rail-to-Rail

operation), normal switching mode takes place already at the supply voltage of
3v.
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Fig. 6.18. Brief information about AD8541/2/4

Important is the selection of the power switch, which controls the supply
circuit of the heater. Its determining parameter is the minimal resistance in the
open state. We have selected the MOSFET transistor IRLML2803 [202],
manufactured by HEXFET® technology, it is characterized by the resistance in
the open state of 0,25 Q (Fig 6.20). Such unique parameters are obtained due to
the original construction of the transistor and high degree of the structure
integration (actually this transistor integrates several tens of thousands of field-
effect-transistors and many other elements, in particular, guard diodes and
guard-rings).
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Fig. 6.19. Brief information about ADG774
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Fig. 6.20. Brief information about IRLML2803

The transistor is used only in switch mode — either completely closed or
completely open. In the process of heater supply circuit switching (by the current
of not higher than 1A) such operation mode and minimal resistance of the
transistor in the open state provide minimal power losses and the transistor is not
practically warmed up.
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The external view of the studied prototypes of the controller of the
temperature mode heater and the interface unit of the signal convertor of the
flow sensor is shown in Fig 6.21.

In the process of the adjustment and study of the controller parameters, first
of all the accuracy of the integrator operation, in particular, the instability of the
output voltage in the process of the potential transfer was determined. It was
shown experimentally, that due to the application of the above-mentioned Rail-
to-Rail CMOS operational amplifiers and controlled switches of the analog
signal the voltage instability in the process of the push-pull integrator potential
transfer does not exceed 0,03%.

Fig. 6.21. External view of the controller prototypes (on the right) and the interface unit of the
signal convertor of the flow sensor (on the left)

Main parameters of the controller of the heater temperature mode are:

heating current — from 1mA to 1A,

supply voltage (EV): +5V £ 10%;

type of measuring conversion: two stage integration;
voltage measurement range: from 0.01 V to (EV-0,01) V;
duration of one stage : from 0.01 ms to 10 ms;
temperature stabilization error: not greater than 0,1°C.

6.2. Circuit engineering realization of the differential
thermometer

As it was mentioned above (see Fig 2.1a, Fig.3.a) greater part of the thermal
flow sensor devices are based on the measurement of the temperature difference,
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emerging as a result of the modulation of the liquid or gas flow of the space
distribution of the heater thermal field. For this purpose differential
thermometers are used. In biomedical engineering the field of application of the
differential thermometers is wider, in particular, they are used for the study of
the biochemical composition of the substances, based on the amount of the
released or absorbed heat in the process of exothermic or endothermic reactions,
correspondingly.

However, the analysis of the literature sources and the parameters of the
commercially available differential thermometers show that the separation
power of these thermometers not to the fullest extent corresponds to the
requirements of modern high precision measuring equipment, in particular, for
the problems of biochemical analysis. Separation power of the greater part of the
commercially available differential thermometers, namely, HD200, Testo922 is
0,1°C [203]. The most precise of the differential thermometers, determined by us
- SBIR Model 104 High Resolution Differential Thermometer — is characterized
by the separation power of 0,01°C [204].

Proceeding from the above-mentioned, the problems of further improvement
of the separation power of the differential thermometers (to the values of the
order 0,001°C) are allocated in a separate problem.

The analysis of the measuring circuit of the differential temperature sensor
was carried out on the base of the differential transistor stage. In particular, it
was shown that, unlike the thermoresistive or thermocouple measuring
converters, the application of the bipolar transistor structures enables the
creation of a supersensitive sensor of the temperature difference. Measuring
circuits of the temperature difference on the transistor stages unlike
thermoresistive primary converters provide far less self-warning by the supply
current and unlike thermocouple converters — far higher slope of the conversion
function.

In the process of the research, carried out, it was established that the,
determining parameter of the difference temperature sensor at the differential
transistor stage is not only the current of the stage (the value of the current is
critical from the point of view of the self-warning of the transistor structures of
the temperature sensor) but also the reference voltage of the basic circuit of the
differential stage. As we showed, the optimal value of the reference voltage of
the basic circuit is Vrer = 1,2-1,25 V.

In this case, minimal dependence of the transfer function slope of the
temperature difference on the value it the absolute temperature is the optimality
criterion: From the practical point of view this optimality criterion is of great
importance- the dependence of the transformation slope of the temperature
difference on its absolute value requires the calibration of the differential
thermometer for various values of the absolute temperature. Such calibration is a
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rather labor-consuming process. Instead, the optimal value of the reference
voltage, determined by us, allows us to develop the differential thermometer,
calibration of which remains stable in a wide range of the absolute temperatures.

Below the basic circuit engineering features and operation parameters of the
developed experimental prototype of the differential thermometer are
considered. From the point of the view of provision high values of separation
power and stability of differential thermometer on the base of the transistor
differential stage important problems are not only the stability of the useful
signal amplification factor but also the lack of shunting of the output circuit or
the differential stage by the secondary signal converter and high separation
power of further analogy-to-digital conversion.

It should be noted that the typical engineering approach to the solution of the
problem of the signal processing of the differential thermometer signal does not
provide necessary parameters of accuracy. The problem is high output resistance
of the differential stage that serves as the primary converter of the temperature
difference. As it was already noted in section 3.3 to prevent self-warning of the
transistors at the differential stage their working currents must be minimized. In
particular, thermal resistance of the chip, small power transistor without the
heatsink as a rule is ZQ = 500°C /B, it is equivalent to the condition of the
power of thermal loading POPT = 20 mW per 0,01°C of the overheating of the
p-n junctions of the transistor. This determines operation models of the
transistors: collector current (or emitter) Ic = 10 mA and voltage drop between
the collector and emitter Vce =2 V.

In order to prevent the shunting impact on the signal of the differential stage
by the circuit of the secondary converter, located behind the differential stage,
the input current of the secondary converter must not exceed 0,1% of the output
current of the differential stage transistors. Value of the order 10 nA corresponds
to this case. It should be noted that it is referred to the differential signal that
requires the correspondingly differential input or the secondary converter, in
particular, analog-to-digital converter with the differential input.

Analysis of the technical characteristics of modern precision analog-to-digital
converter with the differential output shows that the sel problem can be realized
on the base on 24-digital sigma-delta converter with the single crystal
microconverter of ADuUC826 type. Brief information about this microconverter
is presented in Fig. 6.22. However, studies, performed by us, show that the
guality of the voltage conversion of the differential stage with microcurrent
output by means of ADuC824 is not sufficient- in the process of the signal
sampling the shunting, by the input circuits or ADuC824 the output circuits of
the differential stage takes place [205].

The possible solution of this problem is the application of the instrumental
amplifiers, in particular, basic model AD620 or its further successors, which
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provide high accuracy of the amplification of the differential signals. But such a
solution is not optimal. The given instrumental amplifier has differential input,
compatible with the differential signal of the circuit for temperature difference
measurement. However, the output of this amplifier is not differential that does
not allow it to obtain high values of signal conversion, in particular, in-phase
rejection, while connecting the amplifier output with the input of analog-to-
digital converter.
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Fig.6.22. Brief information about ADuC824

Thus, the task to develop a buffer signal amplifier with the differential input
and differential output, characterized by the minimal values of the input currents
and minimal instability of the shift voltage, was put forward. Unlike the
traditional differential amplifiers, the buffer amplifier must not connect the
output voltage to the common (earth) bus; the differential component of the
input voltage signal must be amplified and the in-phase component — must be
transmitted without changes.

For the realization of the given task, special kind of amplifier of AD8551/2/4
type (Fig. 6.23), that operates according to the principle of signal modulation-
demodulation, providing the minimal values of the offset voltage (Low Offset
Voltage: 1uV) and its instability (Input Offset Drift: 0,005 uV/°C) is used [117].
Integrated circuit of the amplifier is manufactured using CMOS-technology, it
provides minimum values of the input currents (Ultralow Input Bios Current:
20 pA) and the possibility to operate in wide range of the input and output
voltages (Rail-to-Rail Input and Output Swing) at +5/+2,7 V Single-Supply
Operation. Useful current of each operational amplifier does not exceed 0,7 mA.
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Fig. 6.23. Brief information about AD8551/2/3/4

Functional block-diagram of the differential thermometer developed by us is
shown in Fig. 6.24, a), main blocks of the device are the primary converter of the
temperature difference (T1, T2, R1, R2, R3), buffer signal amplifier (OAL, OA2,
R4, R5, R6) and 24-bit sigma-delta analog-to-digital converter on the base of
microconverter ADuC834 (basic model — 24-Bit MicroConverter ADuC824).
The output of the information and control of the device is performed by PC by
means of USB interface. Buffer signal amplifier as it was already mentioned, is
realized on the base of high precision operational amplifier AD8552 (two
operational amplifiers in one micropackage of SOIC type).

Supply of the differential thermometer may be performed directly from the
bus +5 V of the USB port or from the corresponding independent voltage source.
For the stabilization of the supply voltage integrated circuit of the stabilizer with
low voltage drop on the control element, in particular, ADP3367AR, is used.

In the differential stage of the primary converter n-p-n transistors in
micropackage construction SOT23 is used. The transistors are mounted on the
probes, their external view and the circuit of the signal converter is shown in
Fig.6.24, b. For the realization of the differential thermometer of the flow sensor
of the thermal type with the minimal value of the thermal relaxation chip
transistors in the «suspended» design execution or with MEMs construction-
technological basis, in particular, membrane construction of the primary
converter structure can be used.
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Fig. 6.24. Differential thermometer: a) function block- diagram; b) external view

The example of the result of the differential thermometer output voltage
measurement is shown in Fig. 6.25. Measurements were carried out in the range
of 2500 mV (the range is determined by the corresponding control registers of
the microconverter ADuC834, as it is shown in Fig. 6.26). The slope of
measuring conversion of the temperature difference (sensitivity) is 200 mV /°C.

In the process of the given measurement example one of the probes was
cooled at approximately 6°C. In the Figure the process of cooling and restoration
of the previous temperature is shown.

Besides, the section of the measurement of the initial value of the
temperature, where the temperatures of the probes are almost identical, are
shown in the insertion.

It is seen that non-reproducibility of the measurement does not exceed 0,02
mV. This value corresponds to the temperature of 10#°C, this, at least by an
order, exceeds the requirements to the differential thermometers of the sensor
flow devices. We may consider that the separation power of the developed
differential thermometer is limited only by the self-warming process of the
primary converters and, thus, if the current of the differential stage is decreased,
still higher accuracy of the temperature difference measurement can be achieved.

221



N =1of x|

File  ComPert  Sething  About

250,000
00000 | ‘
4450000

200000 |
250000
300000 }
350,000
~400,000

.
%

450,000
-500.000
550,000 -
-600 000

700600
-800.000
-850 000 |

gggg e R S G e F L } ! =

-1050.000
-1100 000 piidinc
-|-s1120

-51.185
-51 200

41500004 - -
1200 000
1250000 -
~1300.000
-1350 000

0 50 100 150 200 250 300 350 400 450 50C

I Show Time [T From ZERC [ Show Point Poirts PerPagefo 4 [

FSE-,J Delay: (05 (sec) ﬂ ¢§TART| 47 265mv

| Connected: COMLS 456 15.06,09 16:08:3¢4 2

Fig.6.25. Example of the signal (voltage) measurement result of the differential thermometer
(measurement range 2500 mV)

Basic operation characteristics of the differential thermometer are:

o separation power of the temperature difference measurement: not less
than 0,001°C;

operation range: from - 40 °C to + 100°C;

supply voltage: +5 V £10%

consumption current: not greater than 10 mA

interface: USB.

As it was mentioned above, besides thermal flow sensor the developed
differential thermometer with the separation power of 0,001°C, that by one order
exceeds the same parameter of the known analogues [203, 204], can find
application in sensor devices for the determination of biochemical composition
of the substances, based on the thermal release or thermal absorption of the
studied substances in the process of the corresponding biochemical reactions.
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6.3. Practical realization of the signal converters of the
thermal flow sensors of the biomedical designation

One of the most important requirements for a new generation of
microelectronic sensor devices is the reduction of the energy consumption and
the transition to low voltage single pole supply sources. The possibility of the
development of the sensor devices, which would meet this requirement,
appeared quite recently. The reason for such slow transition to low voltage
supply sources was the lack of high precision analog integrated circuits that
provide the possibility of the operation at full range of voltage.

Typical integrated circuits of the analog path, in particular, operation
amplifiers, are characterized by the so-called «dead» ranges of the input and
output voltages, which are typically above 1 V from the potentials of the
negative and positive supply sources. This means that in case of single pole 5 V
supply , the voltages below 1 V and higher than 4 V cannot be used as the
analog information signals. If the transition to 3 V supply is made, typical
integrated circuits of the analog section practically come out of operation.

Drastic change occurred with the advent of new generation of so-called
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Rail-to-Rail integrated circuits; their characteristic feature is the possibility to
convert signals practically in the whole range of the supply voltage [117, 205].

In this section the approaches to the construction of the signal converters of
microelectronic thermal flow sensors which meet the requirements of the low
voltage energy efficient electronics. However, the application of modern Rail-to-
Rail integrated circuits to reach the set goal is not sufficient. As it was already
noted, the problem is that with the transition on low-voltage supply sources the
resistances of the primary converters of the thermal flow sensors decrease. If the
circuits, constructed on functionally integrated elements, are used which perform
the controlled heating of the flow and by means of which temperature gradient
in the flow is determined, then the problem of the impact of the stray resistances
of the signal lines impact arises. In the first section basic circuits engineering
solutions were analyzed, which partially helped to solve this problem. However,
such problems as the impact of the signal lines, located between functionally
integrated elements of the thermal flow sensors and energy expenses (including
the stray warming up) of the output circuits of the control operation amplifiers,
still are not solved. These problems, as well as the problems of practical
realization of the current supply mode of the functionally integrated elements,
that provides high efficiency of the signal conversion are the subject of circuit
engineering studies, mentioned below.

First, we will consider the problem of the stray resistance compensation of
the signal lines of the measuring circuit on the base of the differential pair of the
integrated thermoresistive converters. The latter are switched on in series and
connected to the supply source without the control elements. Integrated
thermoresistive converters Ror1, Rore (Fig. 6.27) are heated by the supply
current, and the difference of the voltage drop at these converters serves as the
information value regarding the temperature gradient, stipulated by the measured
flow of the fluid or gas. In order to compensate the impact of the stray
resistances of the signal lines, each converter has two current (Roiv1, Roics and
RQ2|_1, RQ21|_3, correspondingly) and two potential (RQ1|_1, RQ1L3 and RQ2L1, RQ21L3,
correspondingly) outputs. On the condition of the minor current across the
potential outputs voltage drops on them can be neglected, this provides the
minimization of the stray resistance's impact of these outputs (signal lines) on
the output signal.

Signal converter of the differential pair of the integrated converters must
form the voltage difference (V1roi—V2rq1) — (V1rg2—V2rq2). The problem is that
the voltage Viroa is close to the positive voltage, and voltage Varge—to the
positive voltage of the supply source. This provides the usage of Rail-to-Rail
differential amplifiers, whose function in the given problem is reduced to the
precise transfer of the signal voltages difference from one potential, the value of
which is non-stable value, to the other, stable potential. There arises the problem
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of the selection and formation of the common potential, the output voltage of the
differential amplifier will be formed relative to this potential. In case of the two-
pole supply sources such common potential is the common point between the
source of the positive and negative supply voltages. In case of the single-pole
supply source such common potential is the middle of the supply voltage.
However, in the process of the analysis, we showed that in case of single pole
low voltage supply the solution when the common point is connected directly to
the zero output of the supply source (Fig. 6.27) is more optimal.

As it follows from the suggested circuit at mutual equality of the resistors of
the differential amplifiers OA;1 — R1 = R, = R3 = R4, OA2 — Rs = Rg = R; = Rg and
corresponding equations, meeting this requirement:

VirQ1
VoamViom=3 " V1™Voom* (V—OAl _VZRQl) =Viro1 ~Voro1 =V (o)
V.
~ “YIRQ2.,, B ~ B ~
Voon2=Vion2=5 Vo= Voom* (V—OAZ V2RQ2) =Viro2 ~Vorg2 =V Raor2)

output voltages of the differential amplifiers repeat the voltage drop at the
primary converters: V1 = V(Rgr1), V2 = V(Ror2).

Important fact is that, first, these voltages are formed with relatively zero
potential of the single-pole supply source and, secondly, the value of these
voltages approximately equals half of the supply voltage.

This principle advantage of the suggested circuit engineering solution enables
to optimize further realization of the signal converter, forming the output stage at
the output pseudo-differential amplifier (at OA3, OA4) with the differential
output, its amplification factor is determined as Ky = (Ry + Rio + Ri1) / Ry
(if Rio= Ri11). Taking into account the above- mentioned advantages, the
limitations imposed on the amplification factor of the output pseudo differential
amplifier as a result of the exceeding the limits of the linear operation mode by
the output voltage.
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Fig. 6.27. Scheme of the signal converter #1

Model circuit and method of formation of the output characteristics of the
signal converter #1 is shown in Fig. 6.28, the results of the research are shown in
Fig. 6.29.
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Fig. 6.28. Model diagram and method of the formation of the output characteristics of the signal
converter #1
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Method uses the possibility of scaling in the preset limits of one of the model
parameters. In this case, scale coefficient NM of the thermoresistive element Ro:
is used, this coefficient in the process of model research changed from 0,95 to
1,05, that corresponds to the change of the resistance of the thermoresistive
element Ros at +5%.
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Fig. 6.29. Results of the modeling studies of the signal converter #1

As it can be seen in Fig. 6.29 if the resistances of the thermoresistive
elements of the converter Ro: = Rq2 (the flow in the flowmeter is not available)
that occurs if RES RQ1(R) = 1, first, the output voltages of the differential
amplifiers are mutually equal V (15) = V (16) and, secondly, half supply voltages
are approximately equal (supply voltage 3 V, and output voltage of the
amplifiers is 1,415 V). If the flow rate increases the relation between the
resistances of the thermoresistive elements of the converter increases
NM = Ro1/Rqz, this stipulates the disbalance — the voltage V (16) increases, and
the voltage V (15) decreases, correspondingly.

The example of the result of the conversion accuracy study is seen in Fig.
6.29 b, where the discrepancy between the output voltage of the differential
amplifiers and voltage drop at thermoresistive elements Rq1, Rq2 Of the converter
is shown: [V (1)-V (2)]-V (16) and [V (3)-V (4)] V(15), correspondingly. As it is
seen, at the set parameters of the element base such discrepancy does not exceed
0,005%, and circuit engineering completely meets the requirements to the
precision signal converters.

Another variant of the signal converter (#2), which is optimized for the
differential integral thermoresistive converters, the design of which enables to
neglect (minimize) the stray resistance between these converters (for instance, if
the latter are manufactured in the integral realization) is shown in Fig. 6.30.
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Fig.6.30. Diagram of the signal converter #2

Such realization enables us to simplify the circuit engineering solution of the
signal converter. The circuit consists of the follower on OA;, inverter on OA,
Ri, Ro and differential amplifier on OAs, Rs—Rs. The common point of the
output signal Vgreris located approximately in the middle of the supply voltage.
The potential of this common point that numerically equals the potential
between the integrated thermoresistive converters Rqri, Rotz is eliminated across
the line L5 (taking into account the limiting small values of the input currents of
the operation amplifiers OA;, OA; voltage drop at the stray resistance Ris of the
line L5 may be neglected) and is formed by the voltage follower at OA;::
Vrer = Vioar = Vioaz = Voutoat. Minimization of the voltage drop at the stray
resistances of the potential outputs (signal lines) Rz Ri4 is provided by currents
minimization across them, for this purpose the resistances Ri, Rz, Rs, R must be
maximally large (typically 10%...10° Ohm).

If the above-mention requirements is met and if the resistances of the
feedback of the inverter Ry = R, are equal, the voltage Vouroaz = Vrer — V(Rot1),
is formed at its output , further this voltage is sent to the inversing input of the
differential amplifier. Instead, the voltage Vrer — V(Ror2) is sent to the non-
inverting input of this amplifier. Thus, the output voltage of the signal converter
Vour is determined by the difference of the voltage drop at the thermoresistive
converters Ror1, Rot2, does not depend on the stray resistances of the signal lines
and numerically is Vout = (V(RQT1) — V(RQTz)) Kv, where Ky = R4/ Rs = Rsg / Rs —
is signal amplification coefficient.

We will show the possibility of the controlled heating of the differential pair
of functionally integrated thermal resistive converters.
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As it was already noted such controlled heating provides the possibility to
minimize energy consumption, widening of the range of flow rate measurement
and, from the point of view of biomedical flow sensors, heating temperature
limitation in order to avoid thermal degradation of the flow substance.

Information value regarding the temperature in the controlled heating mode is
the total resistance of the differential pair of functionally integrated
thermoresistive converters, and the information value regarding the flow rate- is
the difference of the resistances of this pair. Signal converter that performs the
formation of the corresponding information values of voltages, is shown in
Fig. 6.31.

The circuit combines two converters — temperature mode controller (see
Fig.6.11) and signal converter #2 (see Fig.6.30).

Ry
L

Fig. 6.31. Diagram of the signal converter #3

Principles of operation and the components of this circuit coincide with the
above-considered converters, that is why, they do not require separate
consideration.
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Instead, we consider the problem of the signal converters development and
selection of the element base in the circuit of the current supply of the
thermoresistive measuring converters. The detailed analysis and the advantages
of the measuring converters in the process of the transition from the bridge or
half bridge circuits to independent current supply of the thermoresistive
measuring converters of thermal flow sensors were considered in the Section 3.
The problem to be considered is circuit engineering realization of the precision
current sources, voltage drop at their control circuits, as compared with the
voltage drop on load, is minimized. It enables: first, to increase the sensitivity of
the flow sensor, secondly, maximally use the energy of the supply voltage
source and third, minimize the heating of the control elements of the current
sources, the integral realization of the flow sensor prevents the impact of the
temperature of these control elements on the temperature gradient in the
structure of the thermoresistive measuring converters.

The first stage of the development of the current supply sources is the
selection of the element base. As it is shown in Fig.6.32, it is necessary to
provide minimal voltage drop in the output circuit of the operational amplifier
OA: — voltage Vour on the load R.oap must maximally approach to the voltage of
the supply source E. It is obvious, that such approaching has certain limits.

@ +E

Fig. 6.32. Distribution of voltages in the loading circuit of the operational amplifier (output circuit
of OA is emphasized in order to draw the attention to its parameters)

First, it is necessary to have the information regarding the current dependence
of the voltage drop at the output transistors of the operation amplifiers, used in
the current source circuits. Second, when the speed of the measuring flow
changes, the resistances of the thermoresistive converters, i.e., load resistance,
change. That is why, the availability of a certain reserve of voltage is necessary
and the calculation of the operation modes of the circuit is necessary to perform
for maximum value of the thermoresistive converter resistance.

In particular, Fig. 6.33 shows the experimental results of the current
dependences of the voltage drop at the output stages of the operational
amplifiers AD8551/2/4 and AD8051/2/4 (the number of OA in one housing of
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the integrated circuit is given across the fraction) . We can see that when current
increases, the voltage drop at the output stage AD8552 drastically increases,
making the selection of this OA only at load currents not greater than 10 mA.
Instead, AD8052 provides rather low voltage drops to the current of 50 mA. If it
iS necessary to provide greater currents of the warming circuits of the
thermoresistive converters it is necessary to use operational amplifiers with more
powerful output or, as it will be shown below, the control elements of the output
circuit of the current sources on the discrete transistors.
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Fig. 6.33. Experimental results of the current dependence of the voltage drop at the output stages
of the operation amplifiers AD8551/2/4 and AD8051/2/4

The example of the circuit engineering realization of the signal converter
with the current supply is shown in Fig. 6.34. Sources of current are realized on
the operation amplifiers OA;, OA; with the feedback reference resistors Roi1, Roz.
On the noninverting inputs of OA1, OA; the reference voltage Vo is sent, that
forms the source Erer. According to the given circuit, if the input currents of the
operation amplifiers are neglected, we can assume that the currents across the
thermoresistive converters Ror1, Rot2 are fixed 1(Rot1) = Vo/Ro1, I(Rgt2) = Vo/Roo.
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Fig. 6.34. Circuit of the signal converter #4

Maximum efficiency of the circuit is provided at the voltages of the
thermoresistive converters V(Ror1), V(Rot2), values of which are maximally
close to the supply voltage of the circuit. For this purpose voltage drop at the
output circuits of OA;, OA; and on feedback resistors Ro1, Roz are minimized.
Proceeding from these requirements the selection of the corresponding operation
amplifiers is performed, knowing the parameters of its shift voltage instability,
the reference voltage Vo is determined. For greater parts of cases the value of this
voltage does not exceed 0,5 V.

The formation of the output signal of the differential pair of functionally
integrated thermoresistive converters may be analogous to the above-considered
solutions, in particular, using the integrator, shown in Fig. 6.11.

It is obvious that the parameters of the source Erer Of the reference voltage
must meet the requirements of the low-voltage energy saving electronic
equipment. That is why, it is not efficient to use the conventional stabilitrons on
the avalanche effect of p-n junction break — from the point of view of voltage
temperature coefficient and differential resistance of the avalanche break optimal
is the value of the voltage of approximately 7 V, it is inadmissible in low
voltage, in particular 3 V, equipment. Instead, integrated circuits of the reference
sources, constructed on the principle of the voltage formation, numerically
equals the Bandgap References, in particular REF19X series (Analog Devices),
which, as compared with the stabilitrons, successfully operate, using the supply
voltages, starting from 2 V, are characterized by considerably better stability and
less energy consumption [206].

In case, when the heating power of the thermoresistive measuring converters
must be great (flowmeters for measurements of large volumes of fluids and
gases), minimization of the voltage drop at the control elements of the output
circuits is provided by means of using the discrete transistors, in particular, as it
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is shown in Fig.6.35. To prevent the transistors saturation mode (as it is shown
on the diagram of the bipolar n-p-n transistors), that might be the reason of the
worsening of the current stabilization accuracy, the voltage drop on these bipolar
transistors must not be less than 0,2 V.

Usage of the modern HEXFET® Power MOSFET field-effect transistors is
the matter of priority, in particular IRLML2803 [202], if necessary, the voltage
drop on them may be decreased to 0,01 V.
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Fig. 6.35. Diagram of the signal converter #5

According to the calculations, performed in Section 3, if 90 % usage of the
supply voltage, in particular, if the voltage drop on the thermoresistive converter
is not less than 4,5V in the circuit with 5V single pole supply, the application of
the signal converters with the current supply of the thermoresistive converters
(see Fig 6.34, 6.35) as compared with the conventional bridge or half bridge
circuits enables to increase the efficiency of the signal conversion Sqori / Sqrr = 7
times.

The developed and considered above signal converters were experimentally
studied in a number of devices, used for measurement of fluids and gasses flow
rate. As the primary converters, miniature copper thermoresistors and integrated
MEMS structures of the thermal flow sensors, manufactured within the frame of
scientific cooperation at the Institute of Sensor Systems (IMOS) of Otto von
Guericke Universitat (Magdeburg, Germany) were used. The photograph of such
a structure is shown in Fig. 6.36.

MEMS structure contains a central heater and four thermoresistive elements,
distributed over the periphery of the crystal. The size of the semiconductor
crystal of such a structure is 3 x 3 mm.
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Fig. 6.36. External view of the integrated MEMS structure of the thermal flow sensor

Photographs of the sample of the sensor device for flow measurement and its
unit of primary converter, on the base of which the testing of the results obtained
was carried out, are shown in Fig. 6.37.

Fig. 6.37. External view: a) sensor device for flow measurement ; b) block of the primary
converter

Universal components of the device, developed for measurement of the flow
speed are analog-to-analog converter (ADC), supply voltage stabilizer and the
interface with PC. The realization of the analog-to-analog converter depends on
the requirements regarding the accuracy from the point of view of the cost, 12-
digit ADC are selected, for the unique high precision sensors- 24-digit devices ,
in particular, microconverters ADuC824 or ADuC834, considered above [205].
Voltage stabilizer must meet the requirements of low voltage electronics and be
based on the circuit of voltage formation, numerically equal to the value of band
gap (Vrer=1.2 V) — it is the integrated circuit of the stabilizer with the low
voltage drop on the control element ADP3367AR. For the realization of the
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interface, a universal serial USB microcontroller FT232R manufactured by the
company FTDI, is selected.

Taking into account the fact that problems of the engineering realization of
the universal components of the flow sensor device do not contain any novelty,
they are rather universal for the greater part of modern microelectronic sensors,
that is why their detailed consideration is not expedient.

The important aspect is the stress on the signal converters, which determine
the specific features of the developed flow devices and are the subject of the
study. The selection of a certain type of the considered signal converters depends
on the specific designation of the flow sensor. In such sensors, in particular, if
there are no requirements to the extended range of measuring flows, the
selection of the signal converters #1 or #2 is expedient.

Signal converter #3 is expedient if it is necessary to realize sensors for wide
range of flow speed measurement, provided by the controlled warming up of the
thermoresistors. This type of the converter is expedient in the sensors of
biomedical designation if the maximum warming up temperature of the flow is
limited and energy consumption limitation is actual.

This is realized by a wide range of the pulse, in particular Sleep Mode [101],
operation modes. Signal converters #4 and #5 are actual if there exists the
necessity to provide high sensitivity of the flow sensor and minimize the stray
heating circuit.

In general, signal converters, presented in the given study are the result of the
complex approach to the solution of the problem, dealing with the improvement
of technical characteristics of the thermal flow sensors, and these converters are
suitable both for the realization microflows sensors (units of the milliliters of
the fluid per minute) and flow sensors with large mass transfer (up to hundreds
of liters per minute), and meet the requirements of modern energy saving low-
voltage electronics.

6.4. Circuit functional organization of the push-pull d.c.
amplifiers, characteristics of which correspond to
system requirements

It is well known that all the necessary analog blocks, such as, voltage buffers,
normalizing amplifiers, current voltage and voltage-current converters,
difference amplifiers and others can be realized on the base of the amplifiers
[122,123]. The best indices for the construction of the high linear analog devices
have PPDC with the distributed amplification channels which allow to
considerably reduce the level of uncorrectable errors. At the same time, the
construction of such PPDC requires the exact setting of the working point
current [134]
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The generalized structural diagram of PPDC may have the view, shown in
Fig.6.38. The Principal scheme of PPDC is shown in Fig.6.39 [207].
Characteristics of the circuit, in particular, AFC, PFC and non-linearity are
shown in Fig. 6.40
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Fig. 6.38. Generalized structural diagram of PPDC

The amplifier contains IPPS, constructed on VT6-VT9 transistors. Working
point of this stage is set by the current sources 11 and 12, and transistors VT1—
V/T4. For d.c. mode setting of the transistors VT7, VT8 and VT18,VT21 of IAS
BDCM is used, built on the transistors VT14, VT15, VT19,VT20, and CC, built
on the transistors VT5, VT11, VT13 and VT10, VT12, VT16 correspondingly.
Transistors VT17, VT23, VT25, VT26 and VT22, VT24, VT27, VT28 form

complex Wilson reflectors that provide the decoupling of IAS with the output of
the circuit.
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Fig. 6.39. Principal scheme of PPDCA

Current amplification factor in Fig. 6.39 can be determined by the formula
(4.31). Channels amplification factors are determined:
Ki =Kiinp Kias Kiour

Ki =Kiinp Kias Kiour

where Ki'inp’ Ki"inp — IPPS current amplification factor in the upper and
low channels correspondingly, determined by the formulas (4.30);
KiAS’ K’I’AS — current amplification factor of 1AS, determined:
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Fig. 6.40. Results of PPDCA modeling: a) AFC i PFC; b) non-linearity of the transfer
characteristic

PPDCA provides such characteristics:
e -amplification factor Ki - 95dB;

e linearity error 5| =0,0006%:;

e zero shift current — 5 mA;
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range of the output current —+ 1 mA;

range of the output voltage — + 10 V;

input resistance — 3,6 kQ;

frequency of full undistorted power — 850 kHz;
unity gain frequency— 980 MHz.

PPDCA were constructed according to the considered structural functional
organization, these PPDCA are protected by the Patents of Ukraine [183, 207—
289].

6.5. High-linear current-voltage and voltage-voltage
converters with the parametric correction of the zero-
shift

Construction of CVC and VVC is realized using an operational amplifier,
connected according to the circuit with deep feedback (DF) [133, 198]. It is
known that the application of the current amplifier with low-resistance input has
certain advantages and enables to considerably decrease the impact of the
capacity of the input signal source and construct multiple digit fast acting current
DAC as well as ADC on their base [167, 195].

In [197, 199] it was proved that for the construction of high linear CVC it is

expedient to use PPDCA with low input resistance rin’ their structural

functional organization is shown in Fig. 6.41. Principle diagram is shown in
Fig. 6.42 [268]. Characteristics of the circuit, in particular, AFC, PFC, non-
linearity are shown in Fig. 6.43.

The amplifier contains IPPS, built on the transistors VT11 and VT12. The
working point of this stage is set by the current source 11, and transistors VT1-—
VT8. For d.c. mode setting of the transistors VT20 and VT23 of IAS BDCM is
used, built on the transistors VT16, VT17, VT21, VT22, and CC, built on the
transistors VT9, VT10, VT15 and VT13, VT14, VT18 correspondingly.
Transistors VT19, VT24-VT28, VT31, VT32 form Wilson mirrors and provide
the decoupling of IAS with PPOS, which is built on the transistors VT29, VT30,
VT33,VT34.
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Fig 6.43. Results of modeling of PPDCA with low input resistance for CVC: a)AFC and PFC; b)
non-linearity of the transfer characteristic

Characteristic feature of PPDCA on the bipolar transistors is non-zero input
current, that leads to the emerging of zero shift error AU sho and
AUshO —AIShO-RM, if Iin =0.

To decrease zero shift error, the method of the structural-functional
organization of PPDCA with auto correction of zero-shift is suggested , its
diagram is shown in Fig. 6.44.

Unit of zero auto correction (UZA), which consists of the simulator of the
input stage (ISS), currents converter (CC1, CC2), current mirrors (CM1, CM2)
and transistors VT1-VT10, provides auto correction of the current ISho by

parametric method, so that AlshO — 0. This, in its turn, enables to decrease the

error of current shift by 1-2 orders.

BDCM together with CM3-CM6, provide automatic balancing of the
amplification in the upper and low amplification channels, built on BK, T1K1,
ITK2 and PPOS.
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Fig. 6.44. Structural functional organization of PPDCA with auto correction of zero shift

PPDCA, built according to the considered structural functional organization,
provides the following characteristics:

amplification factor Ki —125dB;

e linearity error 5| =0,000016%:

zero shift current — 90 nA;

range of the output current —+ 1 mA;

range of the output voltage —+ 10 V;

input resistance — 3,4 kQ;

frequency of the complete non-distorted power — 600 kHz;
unity gain frequency — 800 MHz.

According to the considered structural- functional organization PPDCA were
built, they are protected by the patents of Ukraine [183, 207-289].
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6.6. High linear fast acting buffer voltage devices with
push-pull organization

Buffer devices are used for matching the input signal from highohmic source
with low ohmic input of the amplifier [170] and are also called voltage repeaters
and have the following properties [177]:

amplification factor is rather close to 1;

input resistance is high;

output resistance is low.

Buffer devices are used in case of matching of:

input of the high linear ADC with the current signal source;
input of the high linear ADC with the voltage signal source;
output of the capacitor DAC.

Structural-functional organization of the high linear-buffer devices on the
base of the push-pull symmetric structures (PPSS) [195, 290] is suggested; these

structures are shown in Fig. 6.45, where I(i’, K i” — amplifying stages; CM1,

CM2 — current mirrors; BS — balancing circuit. Depending on the usage in case
of matching, the input circuits can be constructed both on bipolar and field-effect
transistors.

Fig. 6.45. Structural-functional organization of the high-linear buffer devices on the base of PPSS
with the input stages on; a) bipolar transistors; b) field-effect transistors

The base of the device is a core, which, in its turn, is also built on the base of
PPSS. Usage of PPDCA enables to increase the loading capacity and maintain
the set linearity of the circuit core. Principle diagrams, constructed according to
the proposed structural-functional organization, is shown in Fig.6.46 [291, 292].
The errors of the transfer characteristics are given in Fig. 6.47.
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High linear buffer devices, constructed according to the structural-functional
organization on the base of PPSS, provide such characteristics:

e range of the input signal —+ 5V;
e output current —+ 5 mA;

e zero shift error AUshO <10 mV;

e scale error §M <0,0001%;

246



e linearity error 5| =0,000005% .

Buffer devices, protected by the patents of Ukraine [291-309] are
constructed according to the considered structural functional organizations.

6.7. Amplifier of the difference currents for high sensitive
comparators

To provide the operation of the comparison circuit (CC) it is necessary to
limit the amplitude of the input signal, because the exceedance of the acceptable
level may lead to the failure of CC mode. Simultaneously, in case of a small
input signal the CC will not function. That is why, it is necessary to use the
amplifier of the current differences, its structural functional organization is
shown in Fig. 6.48.

AS1 CM1
+Ugt
Iinp R"m | t
>=— CIPPS H—1+—— NFB PPOS |2
2 2
-Ugt R.LI| Uout
—
AS2 CM2

Fig. 6.48. Structural-functional organization of current difference amplifier for the high sensitive
comparator

In Fig: CIPPS- compound input push pull stage, NFB- nonlinear: feedback;
PPOS- output stage, Riim — resistor, limiting the impact of NFB on IPPS.
Principal diagram of the difference currents amplifier for the high sensitive
comparator is shown in Fig. 6.49 [310]. The characteristics of the circuit are
presented in Fig. 6.50, 6.51. According to the considered structural- functional
organization, a number of devices are constructed; they are protected by the
patents of Ukraine [310-316].
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Bogomolov S. V., Kyrylenko D. O., Krupelnytskyi L. V.; claimer and
owner of the patent Vinnytsia National Technical University —
Nou201113981; claimed 28.11.2011; published 25.05.2012, Bulletin Ne
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Useful model patent 22671 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Koduk O. V.,
Lukashchuk O. O., Bogomolov S. V., Krupelnytskyi V. B.; claimer and
owner of the patent Vinnytsia National Technical University —
Neu200613036; claimed 11.12.2006; published 25.04.2007, Bulletin Ne 5.
Useful model patent 23607 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Lukashcuk O. O. Krupelnytskyi L. V.; claimer and owner of the
patent Vinnytsia National Technical University — Ne a200612459; claimed
27.11.2006; published 11.06.2007, Bulletin Ne 8.

Useful model patent 23989 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Lukashcuk O. O. Tarasova O. M.; claimer and owner of the patent
Vinnytsia National Technical University — Ne a200701145; claimed
05.02.2007; published 11.06.2007, Bulletin Ne 8.

Useful model patent 23989 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Krupelnutskyi L. V.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u200701969; claimed 11.06.2007;
published 11.06.2007, Bulletin Ne 8.

Useful model patent 24001 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Krupelnutskyi L. V., Tarasova O. M.; claimer and owner of the
patent Vinnytsia National Technical University — Ne u200702065; claimed
26.02.2007; published 11.06.2007, Bulletin Ne 8.

Useful model patent 25609 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Krupelnutskyi L. V.; claimer and owner of the patent Vinnytsia
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[218]
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[220]

National Technical University — Ne u200704477; claimed 23.04.2007;
published 10.08.2007, Bulletin Ne 12.

Useful model patent 26413 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Kaduk O. V.,
Bodomolov S. V., Garnaga V. A., Reshetnik O. O.; claimer and owner of
the patent Vinnytsia National Technical University — Ne u200702063;
claimed 26.02.2007; published 25.09.2007, Bulletin Ne 15.

Useful model patent 26493 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Ukraine IPC (2006) H 03 K 5/22, G 05 B 1/00. Push-pull symmetric
current amplifier / Azarov O. D., Bodomolov S. V., Reshetnik O. O.,
Garnaga V. A.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u200705169; claimed 11.05.2007; published
25.09.2007, Bulletin Ne 15.

Useful model patent 26495 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bodomolov
S. V., Reshetnik O. O., Garnaga V. A.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u200705196; claimed
11.05.2007; published 25.09.2007, Bulletin Ne 15.

Useful model patent 26771 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bodomolov
S. V., Krupelnutskyi L. V., Reshetnik O. O., Garnaga V. A.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u200704476; claimed 23.04.2007; published 10.10.2007, Bulletin Ne 16.
Useful model patent 34462 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bodomolov
S. V., Krupelnutskyi L. V., Volkov V. P.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u200803598; claimed
21.03.2008; published 11.08.2008, Bulletin Ne 15.

Useful model patent 36692 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Shabatura M.
Yu., Bodomolov S. V., Garnaga V. A.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u200802987; claimed
07.03.2008; published 10.11.2008, Bulletin Ne 21.

Useful model patent 39796 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Teplytskui
M. Yu., Reshetnik O. O., Bogomolov S. V; claimer and owner of the

268



[221]

[222]

[223]

[224]

[225]

[226]

[227]

patent Vinnytsia National Technical University — Ne u200812467; claimed
23.10.2008; published 10.03.2009, Bulletin Ne 5.

Useful model patent 41318 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Ukraine IPC (2006) H 03 K 5/22, G 05 B 1/00. Push-pull symmetric
current amplifier / Azarov O. D., Bogomolov S. V., Krupelnutskyi L. V.;
claimer and owner of the patent Vinnytsia National Technical University
— Ne u200900494; claimed 23.01.2009; published 12.05.2009, Bulletin Ne
9.

Useful model patent 41857 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Shabatura M.
Yu., Bogomolov S. V.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u200900487; claimed 23.01.2009;
published 10.06.2009, Bulletin Ne 11.

Useful model patent 42149 Ukraine IPC (2009) H 03 F 3/26, G 05 B 1/00.
Push-pull symmetric current amplifier / Azarov O. D., Melnyk S. O.,
Bogomolov S. V., Khodzhanijazov I. K.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u200900503; claimed
23.01.2009; published 25.06.2009, Bulletin Ne 12.

Useful model patent 42150 Ukraine IPC (2009) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Khodzhanijazov I. K.,
Bogomolov S. V., Melnyk S. O.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u200900504; claimed
23.01.2009; published 25.06.2009, Bulletin Ne 12.

Useful model patent 42946 Ukraine IPC (2009) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Khodzhanijazov I. K.,
Bogomolov S. V., Melnyk S. O.; claimer and owner of the patent
Vinnytsia National Technical University — Ne 1u200902267; claimed
16.03.2009; published 27.07.2009, Bulletin Ne 14.

Useful model patent 42951 Ukraine IPC (2009) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Melnyk S. O., Bogomolov S.
V., Khodzhanijazov |. K.; claimer and owner of the patent Vinnytsia
National Technical University — Ne 1u200902293; claimed 16.03.2009;
published 27.07.2009, Bulletin Ne 14,

Useful model patent 45749 Ukraine IPC (2009) H 03 F 3/26, G 05 B 1/00.
Push-pull symmetric current amplifier / Azarov O. D., Melnyk S. O.,
Bogomolov S. V., Khodzhanijazov I. K.; claimer and owner of the patent
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Vinnytsia National Technical University — Ne 1u200905593; claimed
01.06.2009; published 25.11.2009, Bulletin Ne 22.

Useful model patent 48143 Ukraine IPC (2009) H 03 K 5/22. Push-pull
symmetric current amplifier / Azarov O. D., Bogomolov S. V.,
Krupelnutskyi L. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u200909018; claimed 31.08.2009; published
10.03.2010, Bulletin Ne 5.

Useful model patent 49814 Ukraine IPC (2009) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Melnyk S. O., Bogomolov S.
V., Khodzhanijazov I. K.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u200912323; claimed 30.11.2009;
published 11.05.2010, Bulletin Ne 9.

Useful model patent 50244 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Dudnik O.V.,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u200913620; claimed 25.12.2009; published
25.05.2010, Bulletin Ne 10.

Useful model patent 50245 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Dudnik O.V,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u200913621; claimed 25.12.2009; published
25.05.2010, Bulletin Ne 10.

Useful model patent 50845 Ukraine IPC (2009) H 03 F 3/26, G 05 B 1/00.
Push-pull symmetric current amplifier / Azarov O. D., Bogomolov S. V.,
Sologub 1. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u200913550; claimed 25.12.2009; published
25.06.2010, Bulletin Ne 12.

Useful model patent 50846 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Rososhchuk A. V.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u200913551; claimed 25.12.2009;
published 25.06.2010, Bulletin Ne 12.

Useful model patent 50861 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Sentiabov E. S.; claimer and owner of the patent Vinnytsia National
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[237]

[238]

[239]
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[241]

Technical University — Ne u200913622; claimed 25.12.2009; published
25.06.2010, Bulletin Ne 12.

Useful model patent 50876 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Teplitsky M.
Yu., Bogomolov S. V.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u200913704; claimed 28.12.2009;
published 25.06.2010, Bulletin Ne 12,

Useful model patent 51958 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Garnaga V. A., Kyrylenko D.O.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201000906; claimed
29.01.2010; published 10.08.2010, Bulletin Ne 15.

Useful model patent 51963 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Dudnik O.V.,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u201000930; claimed 29.01.2010; published
10.08.2010, Bulletin Ne 15.

Useful model patent 52704 Ukraine IPC (2009) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Khodzhanijazov I. K.,
Bogomolov S. V., Melnyk S. O.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201001031; claimed
01.02.2010; published 10.09.2010, Bulletin Ne 17.

Useful model patent 52717 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Dudnik O.V.,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
Technical University —Ne 1u201001305; claimed 08.02.2010; published
10.09.2010, Bulletin Ne 17.

Useful model patent 52764 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V. Kyrylenko D. O.; claimer and owner of the patent Vinnytsia
National Technical University —Ne u201002045; claimed 25.02.2010;
published 10.09.2010, Bulletin Ne 17.

Useful model patent 52770 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Kyrylenko D. O.; claimer and owner of the patent Vinnytsia
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National Technical University — Ne u201002055; claimed 25.02.2010;
published 10.09.2010, Bulletin Ne 17.

Useful model patent 52786 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Dudnik O.V.,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u201002330; claimed 01.03.2010; published
10.09.2010, Bulletin Ne 17.

Useful model patent 52787 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Dudnik O.V.,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u201002331; claimed 01.03.2010; published
10.09.2010, Bulletin Ne 17.

Useful model patent 52800 Ukraine IPC (2009) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Khodzhanijazov I. K.,
Bogomolov S. V., Melnyk S. O.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201002590; claimed
09.03.2010; published 10.09.2010, Bulletin. Ne 17.

Useful model patent 52801 Ukraine IPC (2009) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Melnyk S. O., Bogomolov S.
V., Khodzhanijazov I. K.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u201002593; claimed 09.03.2010;
published 10.09.2010, Bulletin. Ne 17.

Useful model patent 52802 Ukraine IPC (2009) H 03 F 3/26, G 05 B 1/00.
Push-pull symmetric current amplifier / Azarov O. D., Bogomolov S. V.,
Sologub 1. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u201002596; claimed 09.03.2010; published
10.09.2010, Bulletin Ne 17.

Useful model patent 52803 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Rososhchuk A. V.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u201002597; claimed 09.03.2010;
published 10.09.2010, Bulletin Ne 17.

Useful model patent 53415 Ukraine IPC (2009) H 03 K 5/00, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Teplytskyi
M. Yu., Bogomolov S. V.; claimer and owner of the patent Vinnytsia
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National Technical University — Ne u201002875; claimed 15.03.2010;
published 11.10.2010, Bulletin Ne 19.

Useful model patent 53416 Ukraine IPC (2009) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Khodzhanijazov I. K.,
Bogomolov S. V., Melnyk S. O.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201002880; claimed
15.03.2010; published 11.10.2010, Bulletin Ne 19.

Useful model patent 53917 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Krupelnutskyi L. V.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u201003899; claimed 06.04.2010;
published 25.10.2010, Bulletin Ne 20.

Useful model patent 58787 Ukraine IPC H 03 F 3/26(2011.01). Push-pull
symmetric current amplifier / Azarov O. D., Melnyk S. O., Bogomolov S.
V., Shabature M. Yu.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u201011637; claimed 30.09.2010; published
26.04.2011, Bulletin Ne 8.

Useful model patent 58951 Ukraine IPC (2011.01) H 03 K 5/22(2011.01),
G 05 B 1/00. Push-pull symmetric current amplifier / Azarov O. D.,
Bogomolov S. V., Kyrylenko D. O.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201012866; claimed
29.10.2010; published 26.04.2011, Bulletin Ne 8.

Useful model patent 58952 Ukraine IPC (2011.01) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Kyrylenko D. O.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u201012867; claimed 29.10.2010;
published 26.04.2011, Bulletin Ne 8.

Useful model patent 59964 Ukraine IPC (2011.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Kyrylenko D. O.; claimer and owner of the
patent Vinnytsia National Technical University — Ne u201012849; claimed
29.10.2010; published 10.06.2011, Bulletin Ne 11.

Useful model patent 63661 Ukraine IPC (2011.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Rososhchuk A. V.; claimer and owner of the
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[258]

[259]
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[262]

patent Vinnytsia National Technical University — Ne u201106600; claimed
26.05.2011; published 10.10.2011, Bulletin Ne 19.

Useful model patent 63948 Ukraine IPC (2011.01) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Rososhchuk A. V., Tarasova O. M.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201103779; claimed
29.03.2011; published 25.10.2011, Bulletin Ne 20.

Useful model patent 63949 Ukraine IPC (2011.01) H 03 K 5/00, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D,
Krupelnytskyi L. V., Kyrylenko D. O., Bogomolov S. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201103780; claimed 29.03.2011; published 25.10.2011, Bulletin Ne 20.
Useful model patent 63951 Ukraine IPC (2011.01) H 03 K 5/00, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Kyrylenko D. O., Steiskal V. Ja.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201103783; claimed
29.03.2011; published 25.10.2011, Bulletin Ne 20.

Useful model patent 63952 Ukraine IPC (2011.01) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Rososhchuk A. V.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u201103784; claimed 29.03.2011;
published 25.10.2011, Bulletin Ne 20.

Useful model patent 63955 Ukraine IPC (2011.01) H 03 K 5/22
(2006,01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Khodzhanijazov I. K.; claimer and owner of the
patent Vinnytsia National Technical University — Ne u201103791; claimed
29.03.2011; published 25.10.2011, Bulletin Ne 20.

Useful model patent 63956 Ukraine IPC (2011.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
0. D., Bogomolov S. V., Rososhchuk A. V., Krupelnutskyi L. V claimer
and owner of the patent Vinnytsia National Technical University — Ne
u201103792; claimed 29.03.2011; published 25.10.2011, Bulletin Ne 20.
Useful model patent 63959 Ukraine IPC (2011.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Khodzhanijazov I. K.; claimer and owner of the

274



[263]

[264]

[265]

[266]

[267]

[268]

[269]

patent Vinnytsia National Technical University — Ne u201103795; claimed
29.03.2011; published 25.10.2011, Bulletin Ne 20.

Useful model patent 65056 Ukraine IPC H 03 K 3/26 (2006.01). Push-pull
symmetric current amplifier / Azarov O. D., Melnyk S. O., Bogomolov S.
V.; claimer and owner of the patent Vinnytsia National Technical
University — Ne u201105250; claimed 26.04.2011; published 25.10.2011,
Bulletin Ne 22.

Useful model patent 65267 Ukraine IPC (2011.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Kyrylenko D. O., Pavlov S. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201107992; claimed 24.06.2011; published 25.11.2011, Bulletin Ne 22.
Useful model patent 65785 Ukraine IPC (2011.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Kyrylenko D. O., Krupelnutskyi L. V.; claimer
and owner of the patent Vinnytsia National Technical University — Ne
u201107984; claimed 24.06.2011; published 12.12.2011, Bulletin Ne 23.
Useful model patent 66944 Ukraine IPC (2011.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Rososhchuk A. V.; claimer and owner of the
patent Vinnytsia National Technical University — Ne u201108118; claimed
29.06.2011; published 25.01.2012, Bulletin Ne 2.

Useful model patent 69741 Ukraine IPC (2012.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Pavlov S. V., Bogomolov S. V., Rososhchuk A. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201112873; claimed 02.11.2011; published 10.05.2012, Bulletin Ne 9.
Useful model patent 69743 Ukraine IPC (2012.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Rososhchuk A. V.; claimer and owner of the
patent Vinnytsia National Technical University — Ne u201112877; claimed
02.11.2011; published 10.05.2012, Bulletin Ne 9.

Useful model patent 69746 Ukraine IPC (2012.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Zakharchenko S. V., Boiko O. V., Bogomolov S. V., Tarasova O.
M.; claimer and owner of the patent Vinnytsia National Technical
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University — Ne u201112882; claimed 02.11.2011; published 10.05.2012,
Bulletin Ne 9.

Useful model patent 70121 Ukraine IPC (2012.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
0. D., Bogomolov S. V., Jatsyk V. E., Murashchenko O. G.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201113956; claimed 28.11.2011; published 25.05.2012, Bulletin Ne 10.
Useful model patent 70320 Ukraine IPC (2012.01) H 03 K 5/22
(2006.01), G 05 B 1/00, H 03 F 3/26 (2006.01). Push-pull symmetric
current amplifier / Azarov O. D., Bogomolov S. V., Rososhchuk A. V.,
Sdeiskal V. Ja.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u201112862; claimed 02.11.2011; published
11.06.2012, Bulletin Ne 11.

Useful model patent 70362 Ukraine IPC (2012.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
0. D., Zakharchenko S. M., Boiko O. V., Bogomolov S. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201113218; claimed 09.11.2011; published 11.06.2012, Bulletin Ne 11.
Useful model patent 91923 Ukraine IPC (2009) H 03 K 5/22, H 03 F 3/26.
Push-pull symmetric current amplifier / Azarov O. D., Bogomolov S. V.,
Garnaga V. A.; claimer and owner of the patent Vinnytsia National
Technical University — Ne a200900486; claimed 23.01.2009; published
10.09.2010, Bulletin Ne 17.

Useful model patent 92648 Ukraine IPC (2009) H 03 F 3/26, H 03 K 5/22,
G 05 B 1/00. Push-pull symmetric current amplifier / Azarov O. D.,
Bogomolov S. V., Garnaga V. A., Zakharchenko S. M.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
a200900484; claimed 23.01.2009; published 25.11.2010, Bulletin Ne 22,
Useful model patent 93124 Ukraine IPC (2011.01) H 03 F 3/26 (2011.01),
G 05 B 1/00. Push-pull symmetric current amplifier / Azarov O. D.,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne a200906388; claimed 19.06.2009; published
10.01.2011, Bulletin Ne 1.

Useful model patent 94131 Ukraine IPC H 03 K 5/22, G 05 B 1/00, H 03
F 3/26 (2006.01). Push-pull symmetric current amplifier / Azarov O. D.,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
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Technical University — Ne a200906399; claimed 19.06.2009; published
11.04.2011, Bulletin Ne 7.

Useful model patent 96650 Ukraine IPC H 03 K 5/22 (2006.01), G 05 B
1/01(2006.01). Push-pull symmetric current amplifier / Azarov O. D.,
Bogomolov S. V.; claimer and owner of the patent Vinnytsia National
Technical University — Ne a201002056; claimed 25.02.2010; published
25.11.2011, Bulletin Ne 22.

Useful model patent 97686 Ukraine IPC H 03 K 5/22 (2006.01), G 05 B
1/01 (2006.01), H 03 F 3/34 (2006/01). Measuring push-pull symmetric
current amplifier / Azarov O. D., Bogomolov S. V.; claimer and owner of
the patent Vinnytsia National Technical University — Ne a201003869;
claimed 06.04.2010; published 12.03.2012, Bulletin Ne 5.

Useful model patent 19728 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Lukashchuk
O. O., Bogomolov S. V., Garnaga V. A., Reshetnik O. O.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u200608586; claimed 31.07.2006; published 15.12.2006, Bulletin Ne 12.
Useful model patent 23999 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Garnaga V. A., Reshetnik O. O.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u200702059; claimed
26.02.2007; published 11.06.2007, Bulletin Ne 8.

Useful model patent 26530 Ukraine IPC (2006) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Bogomolov S. V.,
Zakharchenko S. M., Kusiuk D. V., Orev V. G.; claimer and owner of
the patent Vinnytsia National Technical University — Ne u200705515;
claimed 21.05.2007; published 25.09.2007, Bulletin Ne 15.

Useful model patent 26533 Ukraine IPC (2006) H 03 F 3/26. Push-pull
symmetric current amplifier / Azarov O. D., Kusiuk D. V., Bogomolov S.
V.; claimer and owner of the patent Vinnytsia National Technical
University — Ne u200705532; claimed 21.05.2007; published 25.09.2007,
Bulletin Ne 15.

Useful model patent 52763 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Rososhchuk A. V.; claimer and owner of the patent Vinnytsia
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National Technical University — Ne u201002043; claimed 25.02.2010;
published 10.09.2010, Bulletin Ne 17.

Useful model patent 52769 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Bogomolov
S. V., Sentiabov E. S.; claimer and owner of the patent Vinnytsia National
Technical University — Ne u201002053; claimed 25.02.2010; published
10.09.2010, Bulletin Ne 17.

Useful model patent 63660 Ukraine IPC (2011.01) H 03 F 3/26 (2006.01),
G 05 B 1/00. Push-pull symmetric current amplifier / Azarov O. D.,
Bogomolov S. V., Rososhchuk A. V.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201106585; claimed
26.05.2011; published 10.10.2011, Bulletin Ne 19.

Useful model patent 63950 Ukraine IPC (2011.01) H 03 K 5/00, G 05 B
1/00. Push-pull symmetric current amplifier / Azarov O. D., Pavlov S. V.,
Kyrylenko D. O., Bogomolov S. V.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201103782; claimed
29.03.2011; published 25.10.2011, Bulletin Ne 20.

Useful model patent 70122 Ukraine IPC H 03 K 5/24 (2006.01), G 05 B
1/01 (2006.01). Push-pull symmetric current amplifier / Azarov O. D.,
Bogomolov S. V., Jatsyk V. E.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u201113959; claimed 28.11.2011;
published 25.05.2012, Bulletin Ne 10.

Useful model patent 70130 Ukraine IPC (2012.01) H 03 K 5/22
(2006.01), G 05 B 1/00. Push-pull symmetric current amplifier / Azarov
O. D., Bogomolov S. V., Kyrylenko D. O., Steiskal V. Ja.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201113980; claimed 28.11.2011; published 25.05.2012, Bulletin Ne 10.
Useful model patent 70321 Ukraine IPC H 03 F 3/26 (2006.01). Push-pull
symmetric current amplifier / Azarov O. D., Bogomolov S. V.,
Rososhchuk A. V., Krupelnutskyi L. V.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201112863; claimed
02.11.2011; published 11.06.2012, Bulletin Ne 11.

Bogomolov S. V. Linearity errors of the transfer characteristics of the
complementary stage of the push-pull current amplifiers / O. D. Azarov,
S. V. Bogomolov S. V. /I XL. scientific-engineering conference of the
teachers staff, researchers and students of the university with the
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[294]

[295]

[296]

[297]

participation of the researchers of scientific with the participation of the
researchers of scientific research institutions and engineering staff of
enterprises of the Vinnytsia and Vinnytsia Region, March 9-11 :
Proceedings.— Vinnytsia, 2010,—P. 26.

Useful model patent 21954 Ukraine IPC (2006) H 03 K 5/22. Buffer
element / / Azarov O. D., Bogomolov S. V., Garnaga V. A., Lukashuchuk
O. O., Reshetnic O. O.; claimer and owner of the patent Vinnytsia
National Technical University — Ne u200611431; claimed 30.10.06;
published 10.04.07, Bulletin Ne 4.

Useful model patent 49578 Ukraine IPC (2009) H 03 F 3/26. Buffer stage/
Azarov O. D., Khadzhanijazov I. K., Bogomolov S. V., Melnyk S. O.;
claimer and owner of the patent Vinnytsia National Technical University
— Neu200912325; claimed 30.11.09; published 26.04.10, Bulletin Ne 8.
Useful model patent 21553 Ukraine IPC (2006) H 03 F 3/26. Buffer stage
/ Azarov O. D., Lukashchuk O. O., Bogomolov S. V.; claimer and owner
of the patent Vinnytsia National Technical University — Ne u200610927
claimed 16.10.06; published 15.03.07, Bulletin Ne 3.

Useful model patent 22794 Ukraine IPC (2006) H 03 F 3/26. Buffer stage
/ Azarov O. D., Bogomolov S. V., Lukashchuk O. O., Krupelnutskyi L.
V.; claimer and owner of the patent Vinnytsia National Technical
University — Ne u200613722; claimed 25.12.06; published 25.04.07,
Bulletin Ne 5.

Useful model patent 24882 Ukraine IPC (2006) H 03 F 3/26. Buffer stage
/ Azarov O. D., Bogomolov S. V., Lukashchuk O. O., Krupelnutskyi L.
V., Tarasova O. M.; claimer and owner of the patent Vinnytsia National
Technical University — Ne a200701203; claimed 05.02.07; published
25.07.07, Bulletin Ne 11.

Useful model patent 27750 Ukraine IPC (2006) H 03 F 3/26. Buffer stage
/ Azarov O. D., Bogomolov S. V., Krupelnutskyi L. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u200708022; claimed 16.07.07; published 12.11.07, Bulletin Ne 18.

Useful model patent 30183 Ukraine IPC (2006) H 03 F 3/26. Buffer stage
/ Azarov O. D., Bogomolov S. V., Krupelnutskyi L. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u200712818; claimed 19.11.07; published 11.02.08, Bulletin Ne 3.
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[301]

[302]

[303]

[304]
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Useful model patent 34470 Ukraine IPC (2006) H 03 F 3/26. Buffer stage
/ Azarov O. D., Bogomolov S. V., Krupelnutskyi L. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u200803626; claimed 21.03.08; published 11.08.08, Bulletin Ne 15.

Useful model patent 42148 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Buffer stage / Azarov O. D., Bogomolov S. V., Krupelnutskyi L. V.;
claimer and owner of the patent Vinnytsia National Technical University
— Ne u200900502; claimed 23.01.09; published 25.06.09, Bulletin Ne 12.
Useful model patent 51224 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Buffer stage / Azarov O. D., Dudnik O.V., Bogomolov S. V,;
claimer and owner of the patent Vinnytsia National Technical University
— Neu200913561; claimed 25.12.09; published 12.07.10, Bulletin Ne 13.
Useful model patent 51345 Ukraine IPC (2009) H 03 F 3/26. Buffer stage
/ Azarov O. D., Khodzhanijazov I. K., Bogomolov S. V. Melnyk S. O.;
claimer and owner of the patent Vinnytsia National Technical University
— Neu201001032; claimed 01.02.10; published 12.07.10, Bulletin Ne 13.
Useful model patent 51370 Ukraine IPC (2009) H 03 K 5/22. Buffer stage
/ Azarov O. D., Bogomolov S. V., Rososhchuk A. V.; claimer and owner
of the patent Vinnytsia National Technical University — Ne u201001289;
claimed 08.02.10; published 12.07.10, Bulletin Ne 13.

Useful model patent 51959 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Buffer stage / Azarov O. D., Bogomolov S. V., Kyrylenko D. O;
claimer and owner of the patent Vinnytsia National Technical University
— Neu201000910; claimed 29.01.10; published 10.08.10, Bulletin Ne 15.
Useful model patent 52715 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Buffer stage / Azarov O. D., Bogomolov S. V., Sentiabov E. S.;
claimer and owner of the patent Vinnytsia National Technical University
— Neu201001301; claimed 08.02.10; published 10.09.10, Bulletin Ne 17.
Useful model patent 52716 Ukraine IPC (2009) H 03 F 3/26, G 05 B 1/00.
Buffer stage / Azarov O. D., Bogomolov S. V., Sologub I. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201001303; claimed 08.02.10; published 10.09.10, Bulletin Ne 17.

Useful model patent 57896 Ukraine IPC H 03 K 5/22 (2011.01). Buffer
stage / Azarov O. D., Rososhchuk A. V., Bogomolov S. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201014274; claimed 29.11.10; published 10.03.11, Bulletin Ne 5.
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[311]

[312]
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Useful model patent 59352 Ukraine IPC H 03 K 5/22 (2006.01). Buffer
stage / Azarov O. D., Rososhchuk A. V., Bogomolov S. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u201013024; claimed 02.11.10; published 10.05.11, Bulletin Ne 9.

Useful model patent 59353 Ukraine IPC H 03 K 5/22 (2006.01). Buffer
stage / Azarov O. D., Rososhchuk A. V., Bogomolov S. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
1u201013025; claimed 02.11.10; published 10.05.11, Bulletin Ne 9.

Useful model patent 92963 Ukraine IPC (2009) H 03 F 3/34. Buffer stage
/ Azarov O. D., Bogomolov S. V.; claimer and owner of the patent
Vinnytsia National Technical University — Ne a200903013; claimed
30.03.09; published 27.12.10, Bulletin Ne 24,

Useful model patent 24003 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Input device of the currents comparison circuit / Azarov O. D.,
Bogomolov S. V., Lukashcuk O. O., Krupelnytskyi L. V.; claimer and
owner of the patent Vinnytsia National Technical University — Ne
u200702068; claimed 26.02.2007; published 11.06.2007, Bulletin Ne 8.
Useful model patent 19379 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Input device of the currents comparison circuit / Azarov O. D.,
Lukashcuk O. O., Zakharchenko S. M., Bogomolov S. V., Tarasova O.
M.; claimer and owner of the patent Vinnytsia National Technical
University — Ne u200606595; claimed 13.06.2006; published 15.12.2006,
Bulletin Ne 12.

Useful model patent 20246 Ukraine IPC (2006) H 03 K 5/00, G 05 B
1/00. Input device of the currents comparison circuit / Azarov O. D.,
Lukashcuk O. O., Bogomolov S. V., Garnaga V. A., Reshetnik O. O.;
claimer and owner of the patent Vinnytsia National Technical University
— Ne u200607987; claimed 17.07.2006; published 15.01.2007, Bulletin Ne
1.

Useful model patent 25471 Ukraine IPC (2006) H 03 K 5/22, G 05 B
1/00. Input device of the currents comparison circuit / Azarov O. D.,
Kaduk O. V., Bogomolov S. V., Garnaga V. A., Reshetnik O. O.; claimer
and owner of the patent Vinnytsia National Technical University — Ne
u200703563; claimed 02.04.2007; published 10.08.2007, Bulletin Ne 12.
Useful model patent 27019 Ukraine IPC (2006) H 03 K 5/00, G 05 B
1/00. Input device of the currents comparison circuit / Azarov O. D.,
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Bogomolov S. V., Krupelnutskyi L. V.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u200706811; claimed
18.06.2007; published 10.10.2007, Bulletin Ne 16.

[315] Useful model patent 28375 Ukraine IPC (2006), G 05 B 1/00, H 03 K
5/22. Input device of the currents comparison circuit / Azarov O. D.,
Bogomolov S. V., Krupelnutskyi L. V., Garnaga V. A., Reshetnik O. O.;
claimer and owner of the patent Vinnytsia National Technical University
— Ne u200707425; claimed 02.07.2007; published 10.12.2007, Bulletin Ne
20.

[316] Useful model patent 53517 Ukraine IPC (2009) H 03 K 5/22, G 05 B
1/00. Input device of the currents comparison circuit / Azarov O. D.,
Bogomolov S. V., Krupelnutskyi L. V.; claimer and owner of the patent
Vinnytsia National Technical University — Ne u201003926; claimed
06.04.2010; published 11.10.2010, Bulletin Ne 19.
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