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IMPLEMENTATION AND EXPERIMENTAL RESEARCH OF THE TEST AND
REFERENCE SIGNALS DIGITAL GENERATORS FOR IMPEDANCE MEASUREMENT
IN WIDE FREQUENCY BAND

V. G. Melnyk, P. 1. Borschov, V. K. Beliaev, O. D. Vasylenko, O. L. Lameko, O. V. Slitskiy

Abstract. The structure and construction of the unified basic measuring module for creation
of the broadband means for impedance measurement are described, which was used by us to study
the important metrological characteristics of the test and reference signals digital generators for such
devices. The sources and the magnitudes of the modular and phase errors are determined for the
measuring channels with direct conversion of the impedance parameters and with compensation of
the phase shift of the signal in the measurement object, as well as for the channels with balancing the
measuring circuit modulo and phase. The researches shown attainability of measurement errors of
an object impedance on absolute value and on its phase angle tangent less than 0.1% at frequencies
up to 1 MHz. At the frequency of 1 kHz, the measurement error on the quadrature parameter did not
exceed 0.001%. The study of the two-phase generators with precise adjustment of phase difference
of reference and test signals showed the ability to achieve the time errors of their formation no more
than a few nanoseconds.
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PEAJIIBAIIA TA EKCIEPUMEHTAJIBHI JOCJII/KEHHA HIMPOKOCMYTI'OBUX
HNUP®POBUX 'EHEPATOPIB TECTOBHUX I OIIOPHUX CUTHAJIIB JIJIA
BUMIPIOBAHHS IMIIEJAHCY

B. I’ Menvnux, I1. I. bopwos, B. K. bensaes, O. /I. Bacunenko, O. JI. Jlameko, O. B. Cniybkuu

AHoTaniss. OnucaHo CTPYKTypy Ta KOHCTPYKLIIO YHI()IKOBAHOTO 0a30BOTO BUMipIOBAJIILHOTO
MOYJIsI, IPU3HAYSHOTO /sl OOYI0BH MIMPOKOCMYTOBHX 3aC001B BU3HAYCHHS ITaPaMETPIB IMIIEIAHCY,
AKUH OyJ10 BUKOPUCTAHO JUJIS TOCTIPKEHb BaXXJIMBUX METPOJIOTIYHUX XapaKTEPUCTUK HUDPOBUX
reHepaTopiB TECTOBUX Ta ONOPHUX CUTHAIIB, IO 3aCTOCOBYIOThCA B TAKUX MpUiIajax. BusHaueHo ike-
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perna i OI[iHEeHO BETMYMHU MOIYIBHUX 1 ()a30BUX MOXUOOK BUMIPIOBAJILHUX KaHAJIIB 3 IPSIMUM TIepe-
TBOPEHHSIM ITapaMeTpiB IMIEAAHCY Ta KOMIIEHCALi€r0 (ha30BOr0 3CyBY CUTHAIY B 00’ €KTI BUMIpIOBAaHHS
Ta KaHAJIIB 31 3piIBHOBAKEHHSAM BHMIpPIOBAILHOTO KOJIa 32 MOzyneM i ¢azoro. IlokazaHo, 1o moxudku 3a
MOJIyJIEM Ta TaHTeHCoM (ha30BOTo KyTa 00’ ekTa BuMiptoBanHs He ripire 0,1% Ha yactoTtax mo 1 MI'm.
Ha yacrori 1 xI'i moxu6ka o kBajgparypHomy napamerpy He nepesuiysana 0,001%. Jocnimkenns
IBO(a3HUX TEHEPATOPIB 3 TOYHUM PETYIIOBaHHAM pi3HHII (pa3 KOrepeHTHUX TECTOBUX Ta pede-
PEHCHUX CUTHAIIB IMOKAa3aJId MOXKIIUBICT JOCATTH YaCOBUX MOXMOOK IpH iX popMyBaHH1 He Oiblie
KIJIBKOX HAHOCEKYH]I.

KurouoBi ciioBa: imMrienanc, BUMiproBaHHs, (ha30Ba MOXuUOKa, TECTOBHIA CUTHAJ, OMOPHUIN CUTHAIL

PEAJIM3ALIUA U DKCIIEPUMEHTAJIBHOE UCCJIIEJOBAHUE
HIMNPOKOIIOJIOCHBIX HU®POBLIX 'TEHEPATOPOB TECTOBBIX 1 OIIOPHbIX
CUI'HAJIOB IS UBSMEPEHUA UMIIEJAHCA

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

AHHoTanus. OnucaHbl CTPYKTypa U KOHCTPYKIUS YHU(DUIHUPOBAHHOTO 06a30BOT0 U3MEPH-
TEJIBHOTO MOAYJIA, IPEIHA3HAUEHHOIO JJIsl IOCTPOEHUSI IIMPOKOIOJIOCHBIX CPEICTB ONPEIEICHUS
napaMeTpoB UMIIEIaHCa, KOTOPBIH OBbLIT UCIIOIB30BAH JIJIsl HCCIIEAOBAHUNA BaKHBIX METPOJIOTUYECKUX
XapaKTEePUCTUK MU(PPOBBIX TEHEPATOPOB TECTOBBIX U OMOPHBIX CUTHAJIOB, IPUMEHSIEMBbIE B TAKHX
npubopax. OnpeneneHbl HCTOUHUKU U OI[CHEHBI BEIMYMHBI MOAYJIBHBIX M (Pa30BBIX MOTPEIIHOCTEN
M3MEPHUTEIbHBIX KaHAJOB C MPSIMBIM NMPEOOPa30BaHUEM MapaMEeTPOB UMIIEIAHCA U KOMIIEHCAIEH
(a30BOroO CABUTa CHrHAJIa B OOBEKTE N3MEPEHUS, a TAK)Ke KaHAJIOB C YPaBHOBEIIMBAHUEM MOCTOBOM
LENH 110 MOAYIMIO U (aze. JJoCTUTHYTHI MOTPEIIHOCTH IO MOAYJIIO UMIIEaHCca 00bEKTa U3MEPEHHS U
TaHreHcy ero ¢aszoporo yria He xyxe 0,1% nHa yactotax 1o 1 MI'u. Ha wactore 1 kI’ morpemHocts
o KBajipatypHomy napametpy He npesbimana 0,001%. [TorpemHocti o BpeMeHn HopMUpOBaHUs
TECTOBBIX M PePEPEHCHBIX CUTHAJIOB B JBYX(ha3HBIX 'eHepaTopax ¢ TOUHON PeryJIupOBKOM pa3HOCTH
ux (ha3z He MPEeBBIIIATN HECKOJIBKUX HAHOCEKYH/I.

KiroueBbie ci10Ba: umrenanc, u3mMepeHus, (pa3oBast morpenHoCcTb, TECTOBBIM CUTHAJ, ONOPHBIN
CUTHAJL.

Introduction

The article [1], published in a previous issue of
the journal, shows an effective way to solve the
main problem in creation of the broadband means
for impedance measurement - significant increas-
ing of errors under dividing the information signal
into quadrature components with increasing fre-
quency. The results of the development of broad-
band digital generators of test and reference sig-
nals using Johnson ring meters, which ensure very
small phase errors, are presented. The structures
and principles of operation of impedance meters
that can be implemented on their basis with using
the impedance - voltage conversion, the bridge
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method with balancing by module and phase of
the imbalance signal, as well as their combina-
tions are considered. The following are the re-
sults of development and metrological research
of fundamentally important characteristics of the
prototype of the basic module of a high-precision,
broadband measuring channel designed for the
construction of information and measuring sys-
tems.

Research equipment
Based on a set of new technical solutions for

the test and reference signal generators described
in [1] as well as software and hardware for par-
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allel-serial conversion of information signals [2],
a new basic measuring module MXP-6 was de-
veloped. This module can be the basis for the
creation of the impedance-meashuring devices
that are competitive with respect the best world
models of similar equipment. More detailed in-
formation on these issues can be found in the
references of the article [1], in [3], in the review
[4], in the materials of joint works of the national
scientific school on precision impedancemetry and
NIST (USA) [5,6], as well as on sites of leading
foreign companies, in particular [7 - 9].

Figure 1 shows its structure and photograph as
part of the measurement and information system.

The module includes generator of test and ref-
erence signals of GTRS, the unit of conversion
of informative signals based on three multi-bit
integrating ("multi-slope") ADC of the MAX-132
type with the synchronous (phase-sensitive) detec-
tor (SD) on the input, a source of constant refer-
ence voltage Uref for ADC and GTRS. The block
diagram also includes precision and high-discrete
voltage regulator with direct and inverse output
based on two integrated 12-bit analog-to-digital
converters DACI and DAC2, type AD7945 and
operational amplifiers: current-to-voltage con-
verter (I/U) and inverter (INV), as well as micro-
controller (MC), type STM32L152. The special-
ization of the measuring channel for specific tasks
performes the measuring block (MB), to which
the object under study is connected (sensor, elec-
trochemical cell, electrical product). The blocks

of the generator, controller with display and key-
board and measuring block realised as replaceable
submodules, which installed in the connectors of
the motherboard. Motherboard also houses the
other components of the circuit in Fig. 1, power
supply and various auxiliary components. A fea-
ture of the presented scheme is the high-discrete
regulation of the GTRS output voltage (with a
discreteness of one unit of ADC scale) by chang-
ing the reference voltage of the generator's DAC
with using the paired DACI and DAC2 of the
base module. This allows you to explore the char-
acteristics of the generator and the conversion unit
by automatic step-by-step scanning.

The DAC includes 74CH4053 chips (3 switch-
es for 2 positions), which connect 8 precision
resistors first to the source of the reference volt-
age of positive polarity, and then to the inverted
reference voltage. The DAC of the generator uses
an operational amplifier AD8032 with a frequen-
cy band of 80 MHz, which produces the output
quasi-sinusoidal signal U.. In the decoder of the
generator introduced the logic scheme "AND"
of coincidence of the logical state of the triggers
in the last cycle of the counter cycle and of the
clock pulse. It forcibly sets this state (phase 0°)
to prevent the malfunction of the ring counter
due to failures of the triggers under the action of
interference. This node is implemented on a three-
input circuit matching high levels of logic signals
(74HC10). Its output is connected to the inputs of
the triggers to set them to state "0". When imple-
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Figure 1. The photo of the information-measuring system for experimental research and the structure of its
measuring module
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menting a two-phase test signal generator [1], in
the master shaper is added another element of the
chip 74HC10, which generates for slave shaper
sync pulses "sync. 90°" (“mid of cycle”), which
corresponds to the phase angle 90° of the its out-
put signal.

The different variants of constructive decisions
of the generator block were researched. The best
frequency and phase characteristics are achieved
by using chips with minimal dimensions (distance
between the central pins of 0.635 mm) to reduce
the size of the unit. To optimize the connections,
the mounting of components were performed on
both sides of the printed circuit board. The mul-
tilayer board was not used due to ambiguous ex-
pectations regarding the impact of such a decision
on the characteristics of the generator. This issue
requires further research. The photos of prototype
samples of the generator unit and the entire elec-
tronic unit of the base module MXP-6 are shown
in Fig. 2. The variant with a paired, two-phase
generator has a block of two single-phase gen-
erators and the scheme of their synchronization,
which are installed one above the other (Fig. 2¢),
or next to each other (Fig. 2b).

We aimed the experimental studies of the test
and reference signal digital generators at assess-
ing the compliance of the parameters of the syn-

thesized signals with the theoretically expected,
based on the technical characteristics of the ele-
ment base used and the proposed principles of
reducing time shifts and phase errors. The opera-
tion of the circuit and the main parameters of the
generated signals with frequencies up to 1 MHz
were investigated using a basic module with a
single-phase digital generator. The basic module
with a two-phase generator was used to study the
time and phase differences of the synthesized sig-
nals of the master and slave generators.

The clocking of the generators counters per-
formed by the controller of the base module based
on the STM32L152 microcontroller in the range
from 32 Hz to 32 MHz, which corresponds to the
frequencies of the output signals 1 Hz - 1 MHz.
To control the two-phase generator, a unit for
adjusting the delay of the clock sequence and
synchronization of the slave generator relative to
the master was additionally installed.

A two-channel digital oscilloscope from Tek-
tronix TDS2012 with a sampling frequency of 1
GHz and a bandwidth of 100 MHz was used in
the study of generator signals. Measurement of
their amplitude and phase characteristics was per-
formed using the measuring channel blocks (SD,
ADC, DAC1). The following is a brief description
of the studies performed and their results.

Figure 2. The photos of an experimental samples of the generator unit and the entire electronic unit of the base
module MXP-6
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The purpose and content of metrological
research of the measuring channel

The general scope of the unified basic module
covers several areas that have particular require-
ments for its main characteristics: the number of
measurement channels; frequency range of test
signals; accuracy and resolution; range of mea-
sured values and sensitivity; ratio of the imped-
ance parameters of the object; restrictions on the
level of test signals and measurement speed. The
possibilities for improving each of these charac-
teristics depend on the limitations of the others.
Testing the metrological characteristics of the
basic measuring channel in the entire multidimen-
sional space of these requirements is technically
impossible and practically impractical. There-
fore, the studies were focused on determining the
main results in the directions of the last stage of
the work: on assessing the accuracy of regula-
tion of the test signal and its phase relationships
with the reference signals U, (“in-fase”) Ta U,
(quadrature), as well as on the study of possible
sources of phase errors in measuring impedance
parameters - of the phase delays under formation
of a quasi-sinusoidal voltage .

The research of the of regulation character-
istics of the test signal generator

The amplitude of the output signal of the digi-
tal generator in the researched channel can vary
from 0 to the reference voltage of the ADC (0.5
V) using the DACI1, which is part of the base
module MXP-6. During the research, the con-
trol code of DACI changed from 0 to 2048 by
alternate installation in "1" of one of the digits:
from the 1st (LSB) to the 12th (MSB). Values of
3072 (two high bits in "1") and 4095 (all bits in
"1") were also set. The alternating voltage at the
generator output were measured by the ADC unit
of the module with a synchronous detector by
separation on two components: common-mode
(“in-phase”) and quadrature with a test voltage. At
the maximum code of DACI (4095), the in-phase
component of the test signal was about 262,000
units of ADC discreteness. According to the esti-
mation of the accuracy of the information signals
conversion block, its total reduced error (integral
and differential nonlinearity, random component)
did not exceed several thousandths of a percent.

The obtained values of the in-phase compo-
nent were compared with the linear characteristic
passing through "0" and the value of the ADC
reading with the DAC code 2048. The error in
the quadrature component was defined as the dif-
ference between ADC reading in the current state
and with the code "0" DAC1. When evaluating
the obtained control characteristic, an accurate
millivoltmeter was also used and the differential
nonlinearity of DC reference voltage regulation by
means of DACI1 was taken into account (AD7945
chip has error of about 0.01%). The studies were
performed at two frequencies: 1 kHz and 1 MHz
with two instances of generators: with chips in
TSSOP-16 housings (copy 1, Fig. 2a) and larger
one, SO-16 (copy 2, Fig 2b). The obtained results
are presented in graphical form. Fig. 3 shows the
relative error of regulation of the main phase com-
ponent (amplitude) of the test signal, Figs. 4 - the
value of the reduced relative error of its quadra-
ture component (error of the tangent of the phase
angle): a - frequency 1 kHz (copies 1 and 2), b -
frequency 1MHz (copy 1). The level of quadrature
(phase) error of copy 1 is much lower due to the
optimization and miniaturization of the structure.

The obtained values of the errors in the regu-
lation of the reference voltage of the DAC of the
digital generator and the characteristics of the reg-
ulation of the test voltage at frequencies of 1 kHz
and 1 MHz in the range of codes 0 - 2048 (half of
the dynamic range) do not exceed the values de-
termined by the metrological characteristics on the
direct current of the AD7945 chip (DAC1). In the
upper half of the dynamic range, the non-linearity
of regulation increases to 0.3%. It was found that
the reason for this is the dependence of the resis-
tance of the keys used in the DAC of the generator
(high-speed and low-cost chips 74HC4053) from
the currents switching in this part of the dynamic
range (up to 1.7 mA). Reducing this nonlinearity
to an insignificant level is possible by means of
algorithmic correction (it is quite stable), or by
using keys with lower resistances in the open state
(if available at an affordable price and speed). It is
also possible by reducing the voltage regulation of
the DAC (Ureg) or by increasing the resistances
connected in series with the keys to form the stairs
of a quasi-sinusoidal voltage. The latter, however,
impairs the phase characteristics of the genera-
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Figure 3. The relative error of regulation of the main phase component (amplitude) of the test signal
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Figure 4. The value of the reduced relative error of quadrature component of the test signal (error of the tangent
of the phase angle): a - frequency 1 kHz (copies 1 and 2), b - frequency 1MHz (copy 1)

tor in the upper part of the frequency range. At
the same time, we note that the indicated error is
significant only for the precise measurements by
bridge and combined methods, but they are car-
ried out at lower frequencies.

The results obtained in this study show the
possibility of the absence of a practically signifi-
cant phase error of the regulation characteristic at
a frequency of 1 kHz. The relative error in the
quadrature component is about 10~ at a frequency
of 1 MHz. Note, the presented data are the end-
to-end characteristic of the conversion channel:
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from its input (the reference voltage U source)
to its output (ADC), and include the errors of all
its blocks except, in this case, the errors of the
measuring circuit block. In instruments for prac-
tical use, the overall error also depends on the
measurement methods and the characteristics of
the measuring circuit.

The study of phase delays under formation
of the test and reference signals.

Fig. 5a shows the waveforms of the test qua-
si-sinusoidal signal and the common-mode, U )



Sensor Electronics and Microsystem Technologies 2020 —T. 17, Ne 3

reference signal for a synchronous detector at a
frequency of 1 MHz. Fig. 5 b, ¢ shows a portion of
the reference and test signal near zero value of the
test signal at frequencies of 125 kHz and 1 MHz.
The time delay of a quasi-sinusoid relative to the
front of the reference signal is about 30 - 40 nsec
(front duration is 10 nsec.). It is due to the delay
in the operation of the keys of the DAC generator
(about 20 nsec) and the delay in its operational
amplifier. The delay in the keys is fully compen-
sated by the synchronous detector delay relative
to the front of the reference signal. The delay in
the operational amplifier can be reduced by intro-
ducing a small inductance in the feedback. It was
proved by experimental studies (Fig. 4 b) that the
phase error of the through conversion channel
not exceed several nanoseconds in the range from
infra-low frequencies to 1 MHz.

The measuring channel with a two-phase digi-
tal generator which was developed on the basis of
the stated early [1] principles, can operate in the
mode of balancing the bridge circuit on modulo
and phase of the output signal at operating fre-
quencies up to 62.5 kHz. The limiting factors are
the clock frequency of the microcontroller (32
MHz) of this device and the minimum required
discreteness of regulation of the phase delay of
the signals of the slave generator, which should
be no worse than 1% of the phase range + 90° for
the bridge balancing. It is 0.7° at this frequency.
In this case, the accuracy of phase balancing of
the bridge provides an insignificant effect of the
quadrature component of the impedance on the

H-Sap-13 0130

measurement accuracy of its main parameter. An
increase in the clock frequency above 32 MHz is
impractical, taking into account the purpose and
area of this development. Therefore, a study of the
functioning of a two-phase generator and phase
relations between its signals was carried out at a
frequency of 62.5 kHz.

The block of formation of clock pulses (clock
sequencer, [1] fig. 3), realized in the tested sample
of the two-phase generator, provides exact anti-
phase of the quasi-sinusoidal test signals (U_, lags
behind U_ on a phase on 180° ) under 4-bits con-
trol codes "delayl", "delay 2" accordingly 7, 15.
Under control codes 0, 0 U_, lags behind U_, on
phase on 90.7°, and at codes 15, 15 U_, is ahead
of U, by 90°. The fig. 6 shows the oscillograms of
the reference signal "in-phase"of the master gen-
erator and the output signals of the slave generator
at the phase delay codes of the slave generator 15;
15 (a); 0; 0 (b); 7, 15 (¢).

Such phase relations allow balancing the
bridge circuit with the reference measure of active
resistance at any character of the measured imped-
ance. The materials of experimental studies of the
test and reference signals phase relationships in
the states that determine the potential phase char-
acteristics of the measuring channel given below.

In fig. 7a shows the time ratios of the reference
signals U, U, (“in-phase” or quadrature with U.)
of the master (0) and slave (v) generators at zero
values (0; 0) of the phase delay codes of the slave
generator (delay code 1, 2 in Fig. 3 [1]).

The fronts of the U and Uy reference volt-

16-Sep=-13 057

Figure 5. The complete period of the quasi-sinusoidal signal and reference signal with same phase at a frequency of
1 MHz (a); the reference and the test signal (bottom) near its zero value at frequencies of 125 kHz and 1 MHz (b, ¢)
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ages of the subordinate generator in this (initial)
state of FD 2, 3 counters (Fig. 3 [1]) are shifted
by one control step (30 nsec.) relatively to the U,
and U _ reference voltages of the master genera-
tor. The photo (Fig. 7 b) shows the corresponding
oscillograms obtained in experimental studies.
Fig. 8 a shows the "in-phase" reference signal
of the master generator (above) and the quadra-
ture reference signal of the slave generator (in the
same phases) with the phase delay control codes
15, 15. Fig. 8 b shows the time shift of the refer-
ence signal of the slave generator relative to the

L]
15=5ep-14 2%18

a b

FLOTT]
15-5ep-19 2813

master (above) by 30 nsec. when changing the
control code on one unit of discreteness (from 7,
15to 7, 14).

Fig. 9 shows the shift in time (about 30 ns) of
the quasi-sinusoidal voltage stairs of the master
generator (a) and voltage stairs of the slave gener-
ator (b, c) in the area of their zero values relatively
reference voltage U, of the master generator. Fig
9b corresponds the phase delay code 7, 15, as
well as relatively quadrature reference voltage
U, of the master generator under the phase delay
code of the slave generator 15, 15 (c).

Figure 6. The reference signal of the master generator U, and the quasi-sinusoidal signals of the slave generator
under different codes of phase delay
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IF{‘U’}l n | |
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or(0) || |IF{G:+
30:15;’" 30ns
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15—3#—1! 2330
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Figure 7. Time ratios between reference signals (U, and Uqf) of the master (0) and slave (v) generators at different
phase delay codes
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Figure 8. The reference signal U of the master (above) and the quadrature reference signal U, of the slave generator
under phase delay codes 15, 15; time shift of the reference signal of the slave generator relative to the master (above)
by 30 nsec. when changing the phase delay code from 7, 15 to 7, 14 (b)

Figure 9. Time shift (about 30 nsec.) of the master generator's quasi-sinusoidal voltages stairs (a) and the slave
generator's stairs (b, ¢) relatively to U, of the master generator under phase delay codes 7, 15 (b) or relative to U,
under codes 15, 15 (¢)

Fig. 10 a, b shows the delay (15 - 20 nsec.) the
fronts of the pulses of the formation of quasi-
sinusoidal voltage at the outputs of the DAC keys
(bottom) relatively to the pulse front at the key
inputs near the values of the phase angle 90° and
180°, respectively. The delay in the formation of
the quasi-sinusoidal voltage stairs at the output of
the DAC (30 nsec.) relatively to the pulse front at
the input of the DAC key is shown in Fig. 10 c.

Fig. 11 shows the stairs of the output quasi-
sinusoidal signals of the master (above) and slave
generators (in opposite phase) under the phase
delay control code of the slave generator 7, 15 (a),
as well as with the phase shift between them on a

f

unit of discreteness (0.7°) near the phase angle 45°
with control code 3, 14 (b).

The creation of a precise regulated measure
of phase shift for the low-frequency range, that
is an urgent task of measurements in the power
industry, becomes possible on the base of the de-
veloped two-phase digital generator with a phase
delay scheme. The shown results of the experi-
ments confirm that the error of synchrony in the
formation of test and reference signals is not more
than a few nanoseconds. This corresponds to an
error of phase 0.1° at a frequency of 62.5 kHz. At
an operating frequency of 1 kHz, the phase error
will be approximately 0.0016 °, and at a frequency
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Figure 10. The delay (15 - 20 nsec.) of the pulse fronts for formation of quasi-sinusoidal voltage at the outputs of
the DAC Kkeys (bottom) relatively to the pulse front at the key inputs
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Figure 11. The stairs of quasi-sinusoidal signals of the master (above) and subordinate generator (in opposite phases)
under delay code 7, 15 (a) and the phase shift between them by one unit of discreteness (0.7°) near the phase angle
45° at code 3, 14 (b)

of 50 Hz - no more than 0.0001°. The developed
schemes and samples of digital generators provide
limited discreteness of sinusoid approximation
and phase shift regulation, which may not meet
the requirements for the ethalons. Therefore, it is
advisable to increase the number of triggers of the
ring counter for increasing the number of stairs
of the quasi-sinusoid and reducing the number
of harmonics of the synthesized signal and their
levels. The discreteness of phase delay regulation
can be increased by doubling the bits in the delay
counters FD1 - FD3 in the diagram on Fig. 3 [1].
At a clock frequency of 32 MHz, the phase con-
trol discreteness at a frequency of 1 kHz may be
less than 0.01°, and at a frequency of 50 (60) Hz -
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about 0.0007°. The metrological characteristics of
the developed hardware and software, which are
given, allow to use its also for creation of preci-
sion quadrature bridges of alternating current with
phase control of balancing process.

Conclusions

Optimized structure and circuit solutions of
digital generator units provide undistorted form-
ing of signals up to the maximum operating fre-
quencies of the applied element base (in this case
up to 50 MHz).

The basic modules of measuring channels with
new digital generators are implemented with us-
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ing of an improved method of direct conversion
of impedance parameters with compensation of
phase shift of the signal in the object of measure-
ment and with balancing of the measuring circuit
by module and phase. Their important metrologi-
cal characteristics have been studied, the possi-
bility of obtaining errors in modulus and tangent
of the phase angle of the object of measurement
not worse than 0.1% of infra-low frequencies up
to 1 MHz has been shown. At a frequency of 1
kHz, the error in the quadrature parameter did not
exceed 0.001%. Taking into account the data on
the sensitivity and linearity of the MXP-6 module
signal conversion channel given in [3], the total
base error of the RLC meter based on the devel-
oped solutions can be expected at the level of
0.01% and below.

The researches of the characteristics of the
two-phase digital generators have shown the abil-
ity to provide time differences in the formation of
coherent test and reference signals of not more
than a few nanoseconds. The high accuracy of
highly discrete phase delay control between the
signals of the master and slave generators has
been experimentally confirmed.

The materials of developments and experimen-
tal researches given in this article and in article
[1] confirm technical and economic efficiency
of the new approaches to construction of genera-
tors of test signals and measuring channels of the
impedancemetric equipment offered in previous
works. The prospectiv of the developed ways of
realization of these approaches have been proved
for creation of the simple, technological and in-
expensive, broadband and precision impedance-
measuring microsystems, in particular sensory,
which on important characteristics are competitive
to the existing measurement means.
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Summary

The structure and design of a new unified basic measuring module, which is intended for con-
structing broadband means for determining the impedance parameters are described. This module
was used by us to study the important metrological characteristics of digital test and reference signal
generators, as well as the entire measuring channel, which used in such devices. The features of the
created instrument are the possibility of highly-discrete and precise regulation of the amplitude of the
test signal, regardless of frequency in the range up to 1 MHz by paired integrated digital-to-analog
converters operating on direct current, and the possibility of obtaining additional coherent reference
signals that are phase-controlled relative to the test signal with an accuracy of no worse than a few
nanoseconds. The results of experimental studies of the regulation characteristics and a detailed
study of possible sources of errors in the formation of quasi-sinusoidal test and reference signals in
the ranges of their possible states are presented. The sources and the magnitudes of the modular and
phase errors of the new measuring channels with direct conversion of the impedance parameters and
with compensation of the phase shift of the signal in the measurement object, as well as channels with
balancing the bridge circuit modulo and phase, which are based on the developed digital generators,
have been determined. Ways to reduce the errors are indicated. It have been showne the possibility of
obtaining errors modulo and tangent of the phase angle of the measurement object is not worse than
0.1% of infralow frequencies up to 1 MHz and the possibility of creating a precision ethalons of the
tangent of the phase angle for the industrial frequencies. At frequency of 1 kHz, the error of the instru-
ment under study, on the parameter which is quadrature relatively the main, did not exceed 0.001%.

Keywords: impedance, measurement, phase error, test signal, reference signal.
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Pegepar

Omnucano CTPYKTypy Ta KOHCTPYKIIiIO HOBOTO YHi(piKOBaHOTO 0a30BOr0 BUMIipIOBAJILHOIO MO-
Tylisi, TPU3HAYEHOTO ISl MOOYI0BH IIMPOKOCMYTOBUX 3aC001B BU3HAYCHHS MMapaMeTpPiB iMIIEJaHCY,
KU OyJl0 BHKOPUCTAHO JJISi JOCHIDKEHb BaXJIMBUX METPOJIOTIYHHX XapaKTEPUCTUK LU(POBUX
TeHEPaTOPiB TECTOBUX 1 OIMOPHUX CUTHAJIIB Ta BCOTO BUMIPIOBAJILHOTO KaHAY, L0 3aCTOCOBYIOTHCS
B Takux npuiaaax. OcoOIMBICTAMU CTBOPEHOTO MPUCTPOIO € MOXIIUBICTH BUCOKO-TUCKPETHOTO 1
TOYHOTO PETyJIIOBAHHS aMIUTITY/IM TECTOBOTO CUTHAIIY HE3aJIeKHO Bijl HOTO YacTOTH B Jiana3oHi 1o 1
MI'1, 3a JOTIOMOTOI0 CTIAPEHUX 1HTErpaIbHUX IH(PPO-aHAOITOBUX MEPETBOPIOBAUIB, IO MPALIOIOTH
Ha TMOCTIHHOMY CTPyMi, @ TaKOX MOXIIUBICTh OTPUMAHHS JOAATKOBUX KOTEPEHTHHUX pedepeHCHUX
CUTHAJIB, [0 PETYIIOIOTHCA 32 ()a3010 BITHOCHO TECTOBOTO CHTHATY 3 TOYHICTHIO HE TIpIIe KUTBKOX
HaHocekyH. [IpencTaBneHi pe3yibTaTi eKCIepUMEHTATBHUX JTOCIIKEHb PETYTIOBAIbHUX XapaKTe-
PHUCTHK Ta JIETAJIBbHOTO BUBUEHHS MOMJIMBHX JUKEpes MOXHOOK (hOpMyBaHHS KBa3iCHHYCOITaIbHUX
TECTOBUX Ta pe(epeHCHUX CUTHAJIIB B Jiala3oHax iX MOXIMBUX CTaHiB. BusHaueHo mxepena i
OLIIHEHO BEJTMYMHHI MOIYJIBHUX 1 (ha30BUX MOXHMOOK HOBUX BUMIpPIOBAJIbHUX KaHAJIB HA OCHOBI PO3pO-
OJeHUX IIUPPOBHUX FEHEPATOPIB 3 MPSIMUM NEPETBOPCHHAM ITapaMeTPiB iIMIEIaHCY Ta KOMICHCALIEI0
(a30BOro 3CyBY CHUTHANTY B 00’€KTI BUMIPIOBAHHS, a TAKOXK KaHAJIB 31 3pIBHOBAKEHHSIM MOCTOBOTO
BHMIPIOBAJILHOTO KOJIa 32 MOAyJeM i ¢a3oro. Bkazani nuraxu ix 3MeHmeHHs. [TokazaHa MOXIHMBICTh
OTpHUMaHHS OXUOOK 32 MOJTYJIEM Ta TAHTeHCOM (ha30BOro KyTa 06’ exTa BuMiproBanHs He ripie 0,1%
BiJl iHppaHU3bKUX 4acToT A0 1 MI'11 i MOXKIMBICTE CTBOPEHHSI PELU3iiHOT MipH TaHTeHca (Pa30BOro
KyTa Ha MpoMucioBiit yactroti. Ha wacrori 1 kx['1 moxubka 1ociipKkyBaHOTO MpHUiIaay 1Mo KBajaparyp-
HOMY MapaMeTpy BIJIHOCHO OCHOBHOTO He nepesuirysaiua 0,001%.

KurouoBi ciioBa: iMmmnenanc, BuMmiproBaHHs, (ha30Ba MoXuOKa, TECTOBHIA CUTHAII, OTIOPHUIN CUT-
HaJI
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