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Abstract. A brief analysis of modern methods for measuring impedance parameters and error
sources that limit their accuracy in a wide range of frequencies is given. An effective way is substanti-
ated to solve the main problem - a significant increase in the errors of the separation of the informa-
tion signal into quadrature components with increasing frequency. The schemes of construction of the
broadband single-phase and multi-phase digital generators of test and reference signals using Johnson's
ring counter, which have very small phase errors, as well as the control scheme of the phase ratio of
the testing and reference signals are detail considered in the article. The considered structures and
principles of operation of the impedance meters with the use of impedance - voltage transformation,
of the bridge method with balancing by module and phase of the imbalance signal and their combina-
tions have been developed on their basis.
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YAOCKOHAJIEHHA 'EHEPYBAHHSA TECTOBUX CUT'HAJIIB /U151 BUBHAYEHHS
ITAPAMETPIB IMIIEJAHCY B LIMPOKOMY AIAITA3OHI YACTOT

B. I’ Menvnux, I1. I. bopwos, B. K. bensaes, O. /]. Bacunenxo, O. JI. Jlamexo, O. B. Cniybkuui

AHoTauis. /laHo KOpOTKHI aHaJi3 Cy4acHHWX METOJIB BUMIPIOBAHHS IapaMeTpiB iMIIEJaHCy
Ta JDKEpes MOXUOOK, M0 0OMEXYIOTh IX TOYHICTh B IIMPOKOMY Jiana3oHi 4actoT. OOTrpyHTOBaHO
e(eKTUBHUI NUIAX BUPIMICHHS OCHOBHOI MPOOJIEMH — 3HAYHOTO 30UIBIICHHS OXHOOK PO3IIICHHS
1H(OPMATHBHOTO CUTHAJTY Ha KBAAPaTypHi CKJIaI0B1 PH MiABUILECHHI YaCTOTH. J{eTalbHO pO3MISHYTI
CXeMH IOOYI0BHU IIUPOKOCMYTOBUX OAHO(a3HUX Ta OararodasHux nuppoBUX TeHEPATOPIB TECTOBUX
1 OMOPHUX CUTHAJIB 3 BUKOPUCTAHHSIM KUTBIIEBHX JIIYMIBHUKIB [[>KOHCOHA, SIKI MAIOTh JIy’K€ MaJli
(ha30Bi MOXMOKH, a TAKOXK CXeMa KePyBaHHS CIIBBITHOIICHHSM (a3 TECTOBUX Ta OMOPHHUX CHTHAIIB.
Po3misinyTo po3poOiieHi Ha X OCHOBI CTPYKTYpH 1 IPUHIUIHK A1l BUMIPIOBAYiB IMIIEAHCY 3 3aCTO-
CYBaHHSIM NEPETBOPEHHS IMIIEJaHC — HANpPyra, MOCTOBOTO METOLY 3 OajaHCyBaHHSM 3a MOYJIEM i
(ha3oro curHaNy HEpiBHOBAru Ta X KOMOIHAIII.

KurouoBi ciioBa: imrienanc, BuMiproBaHHs, (ha30Ba OXHOKA, TECTOBHI CUTHAII, OTIOPHUIN CHUT-
Hal

COBEPHIEHCTBOBAHUE 'EHEPUPOBAHUSA TECTOBBIX CUT'HAJIOB J1JIAA
ONPEAEJEHUSA TAPAMETPOB UMIIEJAHCA B HINPOKOM JIUAITAZOHE YACTOT

B. I’ Menvnux, I1. M. bopwes, B. K. benses, A. /[. Bacunenxo, A. JI. Jlameko, A. B. Cnuykuti

AH”HoTaums. J[aH KpaTKuil aHaJIu3 COBPEMEHHBIX METOJIOB U3MEPEHUS apaMETPOB UMIIEAAHCA
Y UCTOYHHUKOB TIOTPEITHOCTEH, KOTOPBIC OTPAaHUYMBAIOT X TOYHOCTH B IIMPOKOM JHAITa30HE YACTOT.
O60ocHOBaH 3((hEeKTUBHEIH CITOCOO pENICHUSI OCHOBHOM MPOOJIEMBI - 3HAYUTEIILHOTO YBEIIMICHHUS T10-
TPEIIHOCTEN pa3aesieHusi HH()OPMAIIMOHHOTO CUTHAIA Ha KBAIPATyPHBIE COCTABIISIONINE C YBEIHYe-
HUEM YacTOThL. B cTarhe moapoOHO pacCMOTPEHBI CXEMBI ITOCTPOCHUS ITHMPOKOIIOIOCHBIX OTHO(A3HBIX
1 MHOTO(a3HBIX MUPPOBEIX TEHEPATOPOB TECTOBBIX M KOHTPOJIBHBIX CUTHAJIOB C HCIIOJIE30BAHHEM
KOJIBIIEBOTO cueTurKa J[>KOHCOHA, KOTOPBhIE HMEIOT OYCHB MaJible (Da30BBIC OIMOKH, a TAKXKE cXema
yIPaBICHUS COOTHOMIEHUEM (Da3 MCIBITATEIBHBIX U ATAJOHHBIX CHTHAIOB. PaccMoTpens! pa3pabo-
TaHHBIC HA UX OCHOBE CTPYKTYPhI U IPUHIIUIIBI PA0OTHI H3MEPUTEIICH UMIICIAaHCa C UCTIOIh30BAHHEM
npeoOpa3oBaHus UMITEIAHC-HANIPSHKEHNE, a TAKKE MOCTOBOTO METO/Ia ¢ OaTaHCUPOBKOM MO MOIYITIO
1 ¢ase curaana aucbananca U uX KOMOWHAIUH.

KuroueBsble cjioBa: nmrieianc, u3mMepenue, pasopas ommoOKa, TECTOBBIM CUTHAII, OTIOPHBII
CUTHAJ

study. The most informative and accurate results

Introduction

To measure passive electrical quantities, in
particular the parameters of electrical circuit com-
ponents, informative parameters of sensitive ele-
ments of many types of sensors, characteristics
of various substances, materials and biological
objects, it is necessary to generate test signals
that affect the object of measurement and causes
a response (measurement signal) on the output of
the measuring circuit, which includes the object of

are obtained when using sinusoidal test signals in
a wide range of frequencies: from infrared (small
fractions of Hz) to the radio frequency range (tens
and hundreds of MHz).

For practical purposes, the most relevant is the
measurement in the sound and ultrasonic frequen-
cy ranges (up to IMHz). There are several well-
established ways to solve such problems based on
methods of direct transformations of the measur-
ing signal, the use of bridge measuring circuits
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with balancing, as well as combined methods that
combine the best qualities of the first and second
ways [1 - 9]. Based on them, it has been created
and now manufactures a variety of equipment
for measuring impedance parameters: active and
reactive resistance or conductivity, modulus and
phase angle or phase angle tangent, capacitance,
inductance, etc. Such instruments are intended for
measuring in a wide range of parameters values
and frequency, in different modes and for differ-
ent equivalent circuits of the measurement object.
Among them are known the instruments of Wayne
Kerr Electronics, Agilent, GW Instek and of oth-
ers. From the modern domestic developments
should be noted precision RLC-meters MHC-
1100 and MHC-1200 [6, 7, 10].

Unfortunately, for many new tasks, existing
devices are either metrologically imperfect or very
complex and expensive. They are often unsuitable
for the using in the sensor systems, for the pur-
poses of an object state diagnostics and process
monitoring, especially at high frequencies.

The aim of the work is to expand the possibili-
ties for optimization of technical and economic
characteristics of the means of determining the
impedance parameters in a wide range of frequen-
cies, taking into account the intended purpose of
the equipment.

Status of the question and existing problems

Means for measuring of the parameters of com-
plex resistances - impedances Z or admittances Y,
common name - immitances, belong to active
measuring systems in which the object of mea-
surement is subjected to a calibrated test effect.
The object generates a response signal to this ef-
fect (informative current or voltage), proportional
to it modulo and has changed by phase. Two its
informative components are corresponding to the
measuring parameters: active Re and reactive Im,
or modulus and phase angle. These components
are calibrated by modulo using scale transducers
and reference measures (bridge methods [2 - 4])
or a phase-sensitive voltmeter (methods of direct
impedance conversion are considered, in particu-
lar in [8]). All these operations are performed by
the measuring channels. In the general case, it is a
closed loop or a sequence of blocks consisting of
functional converters (analog, digital, combined).
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Their functionality, metrological parameters, mass
and size indicators, energy consumption, cost,
as well as the method of measurement used, ul-
timately determine the technical and economic
characteristics of a particular type of equipment.
The channel includes a test signal generator, a
measuring circuit with a measuring object, a de-
vice for excretion and converting an informative
signal, units for generating reference signals and
for analog-digital conversion, devices for compar-
ing signals and digital data processing and also the
unit of measurement process control.

When using bridge methods, the separation
errors in determining the components of the mea-
sured impedance are determined by the phase er-
rors in the bridge branches which associated with
the quadrature parasitic parameters of the refer-
ence measures, scale converters and connecting
circuits. Calibration errors are determined by de-
viations of the actual values of the main parameter
of the reference measures and other blocks from
the nominal values, and also by relative value
of their non-informative quadrature parameters,
which in a wide range of frequencies can reach
of large values.

In devices with direct immitance conversion,
the information signal is divided into two compo-
nents by quadrature synchronous detectors. The
accuracy of this operation depends on the error
of the phase relationships between the test signal
and the reference signals of the detectors, as well
as on the phase errors of the measuring circuit
and the of device its output signal conversion. It
is quite difficult to achieve a small level of these
errors or to correct them by structural and algo-
rithmic methods in a wide range of frequencies.
The existing ways to reduce them significantly
complicate the equipment and measurement algo-
rithm. The operation of calibration modulo of the
obtained impedance components is performed us-
ing an ADC with highly stable source of reference
DC voltage and usually does not cause difficulties.

There are specialized chips currently on the
market, which combine all the above blocks of the
impedance-metric channel [11]. The separation of
the quadrature components of the measuring sig-
nal is performed in them by means of the Fourier
transform. On their basis, quite simple devices for
various purposes can be created [12, 13], but their



Sensor Electronics and Microsystem Technologies 2020 —T. 17, Ne 2

metrological capabilities are very limited.

Reducing of the phase errors in the measur-
ing channel with ensuring acceptable technical
and economic characteristics of the devices is
the main task under expanding the range of op-
erating frequencies of the immitance parameters
meters and increasing their accuracy. This task is
especially relevant for the development of new
technologies in technical and biomedical fields.
A promising way to solve it is to improve the
methods of generating test and reference signals
and optimize on this basis the methods of deter-
mining the parameters of impedance. The ideas of
the necessary technical solutions were proposed
several decades ago [14 - 17], but were not then
implemented in practice due to insufficient de-
velopment of the element base. In [14 - 16], the
structures of AC bridges with signal frequency
conversion in the bridge circuit were proposed.
In these devices, the sinusoidal voltage genera-
tor of the bridge is replaced by a highly stable
source of constant reference voltage, to which the
branches of the bridge are connected: the object
of measurement and reference measures. At the
inputs of these branches are installed digital-to-
analog converters (dividers) of DC voltage, and
after them - digital-to-analog converters, which
multiply the DC voltage by the codes of the values
of the function sin2nf t; where f, is the frequency
of the test signal. These codes obtain using a clock
counter with a decoder. Formed quasi-sinusoidal
(stepped) voltages are applied to the measurement
object and to the reference measures of resistance
or capacitance. Their spectrum does not contain
harmonics with frequencies below (4n + 1) f,
where n is the number of steps in the 1/4 period
of the quasi-sinusoid, when taking into account
certain requirements for the selection and forma-
tion of the steps in approximating function [18,
19]. The values of n and f, determine the required
frequency f_of the counter clocking: f = 4nf.
Depending on the nature of the object of measure-
ment and the problem to be solved, the value of n
can vary from 1 to several tens.

In these works, it was proposed to use a ring
Johnson's counter to generate the controlling code
for digital-to-analog convertor (DAC). DAC of
the generator is based on the principle of sequen-
tial addition and subtraction of n currents. Each

of them is proportional to the height of one of
the steps of the quasi-sinusoid. The currents are
formed with use of precise resistors from the ref-
erence voltage. This allows you to significantly
reduce the transients on the fronts of the steps,
and thus expand the frequency range. Another
advantage of this solution is the ability to obtain
reference voltages for quadrature synchronous
detectors directly from the logic signals of the
ring counter, forming the test voltages. This al-
lows achieving the minimum possible phase dif-
ferences between these voltages. The structure
and circuitry of the generator will be discussed in
more detail below.

Structure and circuit solutions for construc-
tion of the broadband digital generators of test
and reference signals

The general structure of the generator of test
and reference signals, the simplified schemes
of the ring counter with the decoder and of the
digital-to-analog converter of the generator
(COUNTER, DECODER, DAC accordingly)
are presented on Fig. 1 a, b, c. Under the action
of clocking pulses TI, at the outputs of the trig-
gers of the counter (Q) are created voltages of
the form "meander" with a frequency f, shifted
by one clock. Fig. 1 d shows a timing diagram
of obtaining from these voltages, using logic cir-
cuits overlap of their low levels, the logic signals
D1 ... Dn/2 to control the keys of the driver DAC
of quasi-sinusoidal voltage U., as well of the ref-
erence voltages for synchronous detector U, and
Uy which are respectively in-phase and quadra-
ture to U_.

The peculiarity of this structure is that each of
the steps is formed by a separate resistor of the
DAC. The conductivities of these resistors are
chosen in proportion to the heights of the respec-
tive steps, from which consist the each of %4 peri-
ods U... Firstly, these resistors are been alternately
connecting by high-speed switches to a positive
reference voltage U _, and then in the reverse or-
der are turned off. Thus a positive half-wave of a
quasi-sinusoid is formed. A negative half-wave is
formed similarly at a negative reference voltage
~U_ .. The currents of the resistors are summed
at the input of the operational amplifier, forming
a quasi-sinusoidal voltage at its output. It is im-
portant that this method of its formation provides
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minimal switching interference and that the time
of operation of the keys relative to TI is identical.
Therefore, the undistorted shape of the output
signal is maintained up to the maximum operating
frequencies of the used element base (approxi-
mately 50 MHz). The total U delay relative to
U.and U, is approximately 30 nsec. due to the
operation time of the keys under the action of sig-
nals D1 ... Dn/2 and the inertia of the operational
amplifier of the DAC. It is partially compensated
by the same delay of operation under the action
of U and Ugs of similar keys of the synchronous
detector.

Another part of the delay can be compensated
by the correction of the operational amplifier. This
is the base of possibility obtaining very small
both amplitude and phase errors of the through

characteristic of the transformation of the mea-
suring channel as a whole in a very wide range of
frequencies.

Development of principles of construction
of digital generators of test signals and imped-
ancemetric channels on their basis

Functional digital generators with integral
multiplying DACs are currently widely used for
various purposes, including and in impedance
measuring equipment [6, 7, 20 - 22]. The other
approach to their realization described above has
an important advantage: it allows, in addition to
the test quasi-sinusoidal signal, to obtain more ac-
curate reference signals for synchronous detectors
- rectangular (meander) or quasi-sinusoidal in the
form of control voltages (of codes). This provides
the possibility of obtaining in-phase and quadra-
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Figure 1. General structure of the generator of test and reference signals (Fig. 1a), simplified scheme of
the ring counter with a decoder (Fig. 1b), digital-to-analog converter of the generator (Fig. 1¢), diagram
of formation the control signals for DAC's keys and reference voltages of a synchronous detector
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ture signals, or one having a different phase, with
high discreteness in time and with a very stable in
time binding to the test signal.

The presence of such voltages allows us to suc-
cessfully solve the problem of accurately dividing
the measuring signal into informative quadra-
ture components in a wide frequency range, with
reaching the simplicity of the measuring channel
and the high measurement speed.

Another advantage of this approach to the con-
struction of the quasi-sinusoidal voltage generator
is the ability to combine several such devices to
obtain two (or more) signals with a calibrated
phase difference and the ability of precisely dis-
crete control that difference. On the basis of such
multiphase generators can be implemented bridge
impedance meters with balancing of the bridge
circuit by adjusting the phase and voltage ampli-
tude in the branches of the bridge, which has only
one reference measure [14, 15, 20, 23].

The peculiarity of this solution is that the phase
balancing is performed in digital form by a dis-
crete change of the delay between the cycles of

clocking of the counters of digital generators.
This is realized by means of additional counters
with adjustable initial installation, which form
time shifts of clocking and synchronizing pulses
of these generators [23]. The installation errors of
the phase difference of the output signals of the
multiphase generator are determined by the differ-
ence of the parasitic delays of the digital signals
in identical channels of their formation and do not
exceed a few nanoseconds. The time offset errors
of the test signal relative to the reference signals
may be significantly greater due to delays in the
digital-to-analog converter, but they are stable and
can be compensated.

The use of a multiphase test signal genera-
tor can significantly to improve the metrological
characteristics of both bridge measuring devices
and channels with direct conversion through the
use of the previously proposed phase adjustment
of the reference voltage of the synchronous detec-
tor [17]. Consider the scheme of such a channel,
shown in Fig. 2.
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Figure 2. The scheme of the converter of an immitans parameters with phase adjustment of the reference
voltage of a synchronous detector
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The device contains: a source of reference
voltage U 5 identical digital generators DG,
2 quasi-sinusoidal test signals U, the amplitude
of which is determined by the voltage U " the
converter I/U of current I through the object of
measurement Y in normalized relatively to U,
information signal U ; synchronous SD detec-
tor and analog-to-digital converter ADC, which
provide selection and conversion into digital code
N of the information signal component that co-
incides in phase with the reference signal of the
synchronous detector. The output reference signal
U o (in-phase or quadrature) of the generator
DQG2 is used as such reference signal. Clocking
of digital generators and synchronization of their
output signals phases is carried out by clocking
pulses Ic1,2 and synchronization pulses Is1,2,
which are obtained from the clock sequence fc of
the microcontroller MC using the delay generator
PS. The circuitry of this device is discussed below.
The MC processes the results of the transforma-
tion N to obtain ready-made measurement data,
and also controls the measurement process, in
particular generates delay codes Ag of the signals
of the generator DG2. The normalization of the
measurement results Y (to obtain the value of
the modulo of measured parameter) is performed
relative to the value of the reference measure Y
taking into account the values of reference volt-
ages in DAC of the generators and in ADC, as
well as by accurately forming of the delay A of
the test signal voltage Ut (to obtain the value of
the phase angle).

In the channel under consideration, the key
synchronous detector operates with a rectangu-
lar reference signal (meander) received from the
CNTR counter through a decoder. Other DG2
nodes can be used for synchronous detection by
processing of the information signal with weight
coefficients, which provides better suppression of
its harmonics and increase the accuracy of mea-
surements. It should be emphasized that the refer-
ence voltages for digital generators and ADC are
obtained from one high-stable source. Therefore,
such a measuring channel can be considered as a
bridge device with frequency conversion in the
branch of the measuring object. The DC voltage
U, is converted in this branch into a test signal
Ut with a frequency f by the DAC multiplier in
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DG1. Then, the obtained measuring signal Ux is
converted into a pulsating DC voltage by multi-
plying on a reference signal with a synchronous
detector. This signal converts in the charge of the
integrating capacity of ADC. The branch of the
reference measure operates on direct current and
contains only the measure (divider) of the refer-
ence voltage in the ADC where it is compared
with the detected signal.

The algorithm for performing measurements
is based on the following operations. In the initial
state, the phase of the reference voltage U, . for
the synchronous detector is set in quadrature to
the phase of the test signal U_of DG1 (if a resis-
tor is used as a reference measure Y ). If Y _is the
active conductivity with a small phase angle, the
result of the ADC transformation will be close
to zero. In this case, FS changes the phase U .
of DG2 to in-fase with U, and the result of the
conversion in ADC will become correspond to the
modulus of Y . If' Y is a reactive conductivity of
high-quality , then the zero result of the conver-
sion in ADC will be obtained under in-phase or
anti-phase reference signal U, ,F relative to U,
(depending on the nature of the reactivity Yx).
The modulus of its value will be obtained under
quadrature U . oF relative U

When measuring the parameters Y of a com-
plex nature, the phase shift 90° between U _and
Uk or of DG2 is achieved in the first stage by
adjusting the phase shift delay A¢ of the signal
Ujp o i 0ne or the other direction. After reaching
of the code N value close to zero, the change of
the phase of a reference signal SD on 90° could
be made and Y _modulo will be determined. This
can be realized by phase adjustment by the PS unit
or with switching the reference voltages IF - QF.
The phase angle Y , the tangent of its phase angle
or loss angle, as well as its other parameters are
calculated by the microcontroller according to the
obtained values of the amplitude and phase delay,
taking into account the clock frequency f and,
accordingly, f .

At high frequencies of the test signal, the dis-
creteness of the phase shift control between the
signals DG1 and DG2 may be insufficient to ob-
tain the required resolution of the object's phase
angle measurement. In this case, additional bits
of the code of this angle can be obtained by us-
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ing the results of measuring the residual value of
the quadrature component U_after balancing the
measuring circuit by phase in the first stage of
measurement.

The circuit of the impedance parameter meter
discussed above implements a combined mea-
surement method that combines the principle
of the impedance parameters direct conversion
into digital codes and the phase angle balancing
method. In this scheme the phase shift of the sig-
nal in the object of measurement is compensated
by the phase shift of the synchronous detector's
reference signal. This significantly reduces the
errors from the non-informative influence of the
measurement object's quadrature parameter under
direct transducing its main parameter. At the same
time, the modular errors (from the instability of
the test signal level, the transmission ratio of the
measuring circuits and the amplification path of
the information signal) remain unchanged and
limit the achievable accuracy of the instruments.
This is especially actual for high-precision and
high-sensitivity measurements under large back-
ground values of a parameter that is homogeneous
with the informative. In these cases use the bridge
methods of measurement with full compensation
(balancing) of the measuring circuit output signal
at the operating point of the conversion character-
istic. When working with impedance-type sensors,
such balancing usually occurs for the conventional
zero value of their informative parameter, and its
small changes under the influence of measured
parameter are measured by the method of direct
conversion of the output signal of the bridge.
However, to achieve high measurement accuracy
in a wide range of frequencies (above 10 - 20 kHz
and below 100 Hz) in existing AC bridges with
two balancing circuits - on the active and reactive
parameters of the object impedance, difficult due
to an increase in both amplitude and phase errors
of in the reference branches of the bridge circuit.
Therefore, when broadband impedance meters
are needed, it is often found that the technical
and economic performance of existing devices is
unsatisfactory.

Previous studies [20 - 22], including of the au-
thors [15, 23] have shown the prospects for solv-
ing this problem using two-channel (two-phase)
the test signal digital generators, which allow to

perform fully balance the AC bridge with a single
reference measure for the any impedance. It is
possible use reference measure, which has the best
characteristics in the required frequency range:
of capacitance or active resistance. Obtaining the
required phase of the signal, that balances the
bridge circuit, is achieved by adjusting the phase
difference between the test voltages applied to the
object of measurement and to the reference mea-
sure. Based on the above circuit solutions, a fairly
simple and technological device for implementing
this method was developed.

The diagram of formation the two coherent test
signals and their corresponding reference signals
with precise discrete adjustment of the phase dif-
ference between them shown on Fig. 3. In the de-
velopment performed by the authors, the discrete-
ness of the quasi-sinusoid was 32 steps per period.
Circuits of signal generators (""Digital generator" 1
and 2) differ in this case. In the decoder of one of
them (master) there are two schemes of formation
of sync pulses: the scheme of internal synchroni-
zation of the ring counter (loop end) at the end of
a cycle and for synchronization of the external de-
vice with a phase shift corresponding to a phase of
an output signal 900 (mid cycle). This pulse is fed
to the clocks generation unit (clock sequencer),
which forms the clock sequences CI1 for the mas-
ter counter, and time-shifted relative to it sequenc-
es CI2 for the slave counter. The mutual shift of
these sequences is precisely regulated by the 4-bit
delay counter FD2 according to the "delay codes"
2, set by the microcontroller MPC of the device.
To increase the discreteness of the phase control,
the MPC generates pulses TIO with a frequency 16
times higher than the frequency of DG’s counters
clocking (to clocking the master generator, they
are divided 16 times by a similar counter FD1).
Therefore, this discreteness is 1/16 of the duration
of one step. If the ratio of the frequency TIO and
the test signal U, allows, the number of bit FDI,
2 can be much higher, and the discreteness of the
phase shift control is correspondingly higher. The
same counter FD3 serves for less discrete control
(signal Res) of the synchronization moment of the
initial state of the slave generator relative to the
internal synchronization of the master generator.
This delay is £+ 8 intervals of clock pulses CI (of
durations of one step of the quasi-sinusoid) and is
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Figure 3. The scheme of formation of two sets of test and reference signals with precise regulation of
their phase difference

regulated with the delay counter FD3 using delay
code 1. This allows you to adjust the phase ratio
of the output signals of the generators within 0° ...
+180°. If in the decoder of the leading generator
to form one more sync pulse (for a phase — 90°)
adjustment of phase shift of test signals becomes
also possible within (0°... — 180°).

The diagram of a measuring channel based on
a bridge circuit, with balancing the modulus and
phase of the output signal is shown on Fig. 4. It
differs from the scheme in fig. 2 by the presence
in the measuring circuit of the second branch,
which includes DG2 and the reference measure
YO0. The reference resistor (R1) is installed in the
feedback circuit of the current/voltage converter
I/U at the output of the bridge circuit, and deter-
mines the transmission coefficient of the bridge
imbalance signal. The characteristics of I/U con-
verter in this case gives little effect on the metro-
logical parameters of the measuring channel. In
the high-frequency or low-frequency sections of
a wide range of frequencies, these parameters can
be optimized by the appropriate choice of the kind
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of the measure YO (capacitance or active conduc-
tivity, respectively), which provides a significant
increase in measurement accuracy. The second
difference is the ability to control the amplitude
of the test voltage at the output of DG2 using the
regulator of its reference voltages U, and —U,,. It
includes a balancing DAC of the bridge (DAC)) ,
a current-voltage converter (I/U) and an inverter
(INV).

The measurement process consists of two
stages. Initially, as in the above-mentioned chan-
nel with direct impedance conversion, the phase
shift of the current in the object of measurement
1s compensated by the phase shift of the synchro-
nous detector's reference voltage at zero values of
the reference voltages U, and —U . In the second
stage, the voltage at the output of DG2 increas-
es until the equilibrium of the bridge circuit is
reached. If the measure Y | is a resistor, the phase
of this voltage must be opposite to the current
phase of the object being measured. If Y is a
capacitor, this phase must be delayed by 90°. As
mentioned above, additional data bits can be de-
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Figure 4. The scheme of the measuring channel based on the bridge circuit with balancing the module
and phase of the output signal

termined by converting the residual imbalance
signal into the ADC in the case of insufficient
discreteness of the result codes obtained by the
performed bridge balancing.

Based on the results of the development, pro-
totypes of basic measuring modules with single-
phase and two-phase test signal generators were
made. Their description and results of metrologi-
cal research will be presented in the continuation
of this article.

Conclusions

1. Phase errors of separation of immitances
into active and reactive components are the main
problem for obtaining high accuracy of their mea-
surements in a wide range of frequencies. Tradi-
tional principles of construction of impedance-
metric means do not provide achievement of an
acceptable ratio of metrological and technical and
economic characteristics of devices.

2. A promising way to reduce the phase errors
of immitance parameters meters in a wide range
of frequencies is the use of digital generators of
quasi-sinusoidal test signals based on Johnson's
ring counter and DAC with sequential summation

and subtraction of currents forming the quasi-si-
nusoidal stair-step voltage. This provides minimal
switching interference and time differences of the
signal's components from which the quasi-sinu-
soidal test voltage and in-phase and quadrature
voltages to control key synchronous detectors are
synthesized.

3. The proposed schemes of immitance param-
eters meters based on the developed digital gener-
ators and on the bridge circuit balanced by module
and phase, and also the circuit of combined type
with partial balancing and direct conversion of the
output signal, provide simplicity and manufactur-
ability of devices and low phase errors.
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Summary

A brief analysis is given of modern methods for measuring impedance parameters and sources of
error, limiting their accuracy in a wide range of frequencies and the possibilities of their use in newest,
in particular sensor, technologies on technical and economic characteristics. An effective way to solve
the main problem - a significant increase in the errors of the separation of the informative signal into
the an active Re and a reactive Im components with increasing frequency due to insufficient accuracy
of the test's and reference's signals phase ratio is substantiated. New principles of construction of the
digital generators of test and reference signals by synthesis of quasi-sinusoidal voltage by means of
Johnson's ring counters and the digital-to-analog converters with sequential summation and subtrac-
tion of currents that forms stair-step voltage are considered detail. This, as well as the simplicity and
identity of the structures of the formation of the test and reference signals, provide minimal switching
interference and time inconsistencies of the test voltage with in-phase and quadrature voltages to con-
trol key synchronous detectors. The construction of a simple two-phase digital generator of test and
reference signals with precise control of the phase difference in the two channels of voltage generation
is considered. The schemes of impedance parameter meters based on the developed digital generators
are proposed: with a bridge circuit balanced by module and phase, and a combined type with partial
balancing and direct conversion of the output signal, which provide simplicity and manufacturability
of devices and low phase error. Based on the results of the development, prototypes of basic measur-
ing modules with single-phase and two-phase test signal generators were made. Their description and
results of metrological research will be presented in the continuation of this article.

Keywords: impedance, measurement, phase error, test signal, reference signal
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ITAPAMETPIB IMIIEJJAHCY B HINPOKOMY AIAITA30OHI HACTOT
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Pegepar

JlaHO KOPOTKUH aHali3 Cy4aCHHX METOIB BUMIPIOBAHHS IMapaMeTpiB IMIENAHCY 1 JUKepel Mo-
XHOOK, 110 0OMEXKYIOTh iX TOYHICTh B IIMPOKOMY Jliara3oHi YacToT, Ta MOKJIMBOCTI X BUKOPUCTAHHS
B HOBITHIX, 30KpeMa CEHCOPHHUX, TEXHOJIOT1SX 32 TEXHIKO-€KOHOMIYHUMU Xapakrepuctukamu. O0-
I'PYHTOBaHO €(DEKTUBHUH LUIAX BUPIIIEHHS OCHOBHOI MPOOJIEMH — 3HAYHOTO 301IbIIEHHS MOXHOOK
po3aineHHs iHGOpPMAaTUBHOTO CUTHAJY Ha aKTUBHY Re Ta peakTuBHY Im CKJ1afoBi npH MiABHUILEHHI
YaCTOTH Yepe3 HeI0OCTATHIO TOYHICTh CIIBBITHOLICHHS (pa3 TECTOBUX Ta OMOPHHUX CUTHATIB. [leTanb-
HO PO3IVISTHYTO HOBI HMPUHIUIK NMOOYJ0BU IU(PPOBUX I€HEPATOPIB TECTOBUX Ta OMOPHHUX CHUTHAJIB
[IJIIXOM CHUHTE3Yy KBa31CHMHYCOiJalbHOI HAIIPYTH 32 JOTIOMOTOI0 KUIBI[EBUX JIIYMIBHUKIB 32 KOJJOM
JI>xoHCcOHa Ta IHU(PO-aHATOTOBOTO IEPETBOPIOBAYA 3 IOCIIIOBHUM ITiICyMOBYBAHHSM 1 BiHIMAaHHIM
CTpPYMiB, 10 POPMYIOTh CXOIMHKH KBa3zicuHycoinu. Lle, a Takox mpocToTa Ta iIeHTUYHICTh CTPYKTYP
(opMyBaHHs CXOIMHOK TECTOBHX 1 OIIOPHUX CUT'HAJIB, 3a0€31e4yI0Th MiHIMaJIbHI KOMYyTalliifHi 3aBaiu
Ta YaCOB1 HEY3TO/PKEHOCTI TECTOBOI HANPYTH 3 CHH(A3HOIO 1 KBaPaTyPHOIO 10 HEl Hampyramu Jist
yIpaBIIiHHS KIIOYOBUMHU CUHXPOHHUMU JeTeKTopamMu. Po3missHyTo moOynoBy nmpocToro ABodha3Horo
U(POBOro reHepaTopa TECTOBUX Ta OTIOPHUX CUT'HAJIB 3 TOYHUM PETYINIOBaHHAM Pi3HHMII (a3 B ABOX
KaHasaX (pOpMyBaHHS HANPYTH. 3apONOHOBaHI CXEMH BUMIpIOBAYiB MapaMeTpiB IMIIEIaHCY HA OCHO-
Bi po3po0IeHUX MU(PPOBUX TEHEPATOPIB: 3 MOCTOBUM KOJIOM, IO YPIBHOBAXYETHCS 32 MOIYJIEM Ta
¢a3010, 1 KOMOIHOBAHOTO THITY 3 YACTKOBUM YPIBHOBKEHHSAM Ta MPSMHUM MEPETBOPEHHSM BHX1THOTO
CHUTHAITY, 5IKi 320€3Me4yI0Th IPOCTOTY 1 TEXHOJIOTTUHICTh MPUIA/IiB IPU HU3BKHUX (Pa30BUX MOXHOKAX.
3a pe3ynbTaTaMy MPOBEIEHUX PO3pOOOK OyJM BHUTOTOBIEHI MPOTOTHNH 0a30BUX BUMIpPIOBAJIBHHUX
MOJIyJ1iB 3 ofHO(hA3HUM Ta ABO(A3HUM IeHepaTopaMu TECTOBHX CUTHAJIB. IX OmMC Ta pe3ynbTaTu
METPOJIOTIYHUX JOCIIKeHb OyayTh MPEICTaBlICH] B MPOAOBKEHHI JaHOI CTATTI.
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