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Summary. In this paper, we examine the peculiarities of SPICE simulation measuring transducers
impedance spectroscopy. Based on results of modeling research proposed the method of analysis errors measured
values of active and reactive impedance component, which based on a comparison of small-signal AC analysis
and Transient analysis. During AC analysis received impedance Nyquist plot in the idealized case and in the
Transient analysis calculated value active ReZ and reactive ImZ impedance components for actual parameters of
measuring transducers, including forms of activating signals. Implementation of this approach is done by
synchronous detection output signals and the integration results in the detection time intervals that fit their active
and reactive components.
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Formulation of the problem. This work is dedicated to the problem research the
parameters of signal transducers impedance spectroscopy, in which the purpose of structural
simplification and expansion of the range of frequencies used nonharmonic mainly pulse
signals in the form of a meander. Replacing single-response frequency of harmonic signals
sinusoidal form on pulse signals allows refusing the need to use tunable master oscillator
frequency sine function that is typically implemented based on high-precision digital-to-analog
converters and smoothing filters.

Necessary to notice that taking into account of parametric restrictions tunable over a
wide frequency spectrum generators, signals the last, is not single-response frequency. Thus,
the problem is the impact analysis of form distortion signals on the result of measuring
conversion impedance. The problem is of particular relevance at high frequencies, where the
real parameters of components of signal converters, operational amplifiers mostly limit slew
rate setting signal, its amplitude-frequency and phase response. As a result of this, there are
measurement errors impedance characteristics which are caused by harmonic distortion signals.

Introduction and problem setting. One of the topical areas of development
microelectronic sensor is based on the method of impedance spectroscopy (another name —
spectroscopy electrical impedance) [1, 2]. Informative signals measuring devices based on
impedance spectroscopy [3, 4] — active and reactive component of the research two-terminal
impedance — are a variety of approaches, including quadrature detection signal [5].

Significant impact on the sensor electronics as a whole and diagnostic devices based on
impedance spectroscopy method in particular is a new area of information and of computer
networks — Internet of Things or Physical World Internet [6]. New requirements for devices
Internet of Things — structural simplicity, the ability to operate with independent low-voltage
power supply, minimum size and energy consumption, enhanced functionality [7, 8] are the
crucial criteria further development of signal transducers impedance spectroscopy [9].

The task of parametric analysis of measuring impedance transducers with activation
signals nonharmonic solved by mathematical modeling circuit. The standard of circuit
simulation and especially solid-state electronics units based integrated circuits are SPICE
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(Simulation Program with Integrated Circuit Emphasis). Based on this standard, created and
update a wide range of application packages circuit simulation, including PSPICE (Personal
SPICE), Proteus, LTSPICE (Linear Technology SPICE), MicroCap. [10, 11].

Scheme research and method of forming signals. The obtained results in this paper
are based on our proposed method SPICE modeling of research which conducted comparing
small-signal AC analysis and Transient analysis. During AC analysis received impedance
Nyquist plot in the idealized case and in the Transient analysis calculated value active ReZ and
reactive ImZ impedance components for actual parameters of measuring transducers, including
forms of activating signals. Implementation of Transient analysis involves the use of
synchronous detection output signals and the integration result in the detection time intervals
that fit their active and reactive components. The active component of the output signal is
detected and integrated phase with the input signal setting and the reactive component —
offset n/2.

Signal conversion carried out based on quadrature detector. Scheme of the transducer
(Fig. 1) contains master oscillator pulse signal V1, voltage-current at a controlled source G1
type lofV, non-inverting X1 and inverting X2 repeating amplifier, switches S1, S2, S3, S4 and
sources Vre, Vim pulse voltage control these switches. Voltage V(1) on research two-terminal
(circle R1, C1) is detected a release of active V(4) and reactive V(6) components, respectively,
load resistors Rload1, Rload2.

In this example the master oscillator V1 specify parameters: VZERO = -1; VONE =1;
P1=0; P2=10u; P3=500u; P4 =510u; P5=1000u. It corresponds the amplitude of the
voltage pulses +1 V with frequency 1 kHz at length front and recession dt = 10 microseconds.
The amplitude of the current pulses I(G1) through two-terminal with considering conversion
efficiency of source G1 (K; = 103) is 1 mA.
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Figure 1. SPICE equivalent circuit of pulse measuring transducer impedance on the quadrature detector

An example of such a signal measuring transducer with activation pulse signals shown
in Fig. 2 and Fig. 3, where: | (G1) — current of source G1; V(1) — voltage on research two-
terminal; V(Vre), V(Vim) — setting the voltage sources Vre, Vim of quadrature detector; V(4),
V(6) — instantaneous magnitude output voltage detector; SD(V(4)), SD(V(6)) — informative
signals active ReZ and reactive ImZ impedance components obtained by integration voltage
V(4), V(6) using the tool type SD (Running integral with respect to time).
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Figure 2. Diagrams of input and control signals Figure 3. Diagrams of output signals

Analysis of signals. The above example demonstrates the existence of significant
fluctuations and nonmonotonous signals SD(V(4)), SD(V(6)) along period. Therefore, in order
to ensure the accuracy of the results of research in the parametric analysis schemes should be
given considerable attention to the synchronization of measuring conversion, which in turn is
determined by the time-division resolution AT (Maximum Time Step). Moreover, it is clear that
in order to improve the accuracy of the measurement signal it is desirable to increase the
duration of integration Tsx.

Also it is obvious that reduction AT and increase Ts integration provides increased
accuracy, however, use very low values AT and high values Ts causes increase calculation time
signals. Values of these quantities were optimized in the following examples duration of
integration Tx =100 ms (Transient Time range: 100 ms), that at 1 kHz corresponds to 100
pulses completion time period of 1 ms. At change AT was determined comparison informative
signals SD (V (4)), SD (V (6)):

AT = 1E-6, SD(V(4)) = 41.7425, SD(V(6)) = 38.1962;

AT =1E-5, SD(V(4)) =41.7567, SD(V(6)) = 38.1962;

AT =1E-4, SD(V(4)) =41.5023, SD(V(6)) = 38.7915.

These data show that the difference between the values obtained SD(V(4)), SD(V(6)) at
AT = 1E-6 and these values at AT = 1E-5 is insignificant. Instead, the AT = 1E-4 have their
values differ from previous ones that it shows a lack of time-division resolution. According to
these results further research was asked AT = 1E-6.

In the first phase conducted research model was determined influence on informative
signals SD (V (4)), SD (V (6)) duration dt square wavefronts:

dt=1E-6, SD(V(4)) =41.7616, SD(V(6)) = 38.2006;

dt=1E-4, SD(V(4)) =40.8002, SD(V(6)) =37.7707;

dt=2E-4, SD(V(4)) =38.6369, SD(V(6)) = 36.2522.

The increase in fronts causes a certain decrease of SD(V(4)), SD(V(6)), and therefore
the ratio between the duration of pulses and fronts period is the distortion of the measurement
results. To conduct the parametric analysis of measuring transducers developed methods of
modeling research which is allowed to determine measurement error.

Methods of analysis errors. Methods is using Fourier transform rectangular pulses.
Imagine pulse signal in the form of rectangular function Px(t), which is displayed in a harmonic
series:

R, () =§kz snikel), )
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where k=1, 3,5 ... —odd harmonics.
At deviation from the rectangular shape such function is modified in the first
approximation described harmonic series:

R (1) = 3 5K G ko), @)

2
k=1

We perform the quantitative comparative analysis depending on the measured
quadrature detector. For this specify an array of values SD(V(4)), SD(V(6)) for a set of
characteristic frequencies. The term ,,set of characteristic frequencies® we mean the minimum
number of frequencies which are most characterize the accuracy of measuring changes in all
areas of the characteristic impedance Nyquist plot. The characteristic Nyquist point of dispense
diagram for basic serial RC characterized circle center frequency fo = 1/(2zRC) where observed
extreme point and typical areas of Nyquist plot presented a number of frequencies: fo/10, fo/4,
fol2, fo, 2fo, 4fo, 10fo.

Using the expression active impedance component parallel RC circle:

R

T mer @

introduce the term of modulation of the normalized coefficient:

_ReZ _ 1

plf) R 1:(27RC)

7 4)

At the point of extremum idealized diagram Nyquist parallel RC circle active
component of impedance is ReZ = R/2. Then, took that:

I S | :
1+ (27RC) 2’ ()
and found the ratio:
1
C= ,
27,R )

With such a ratio normalized modulation factor is given by:

p(f)=——

(]

Numerical values p(f/fo) for a number of characteristic frequencies are given in Table. 1.
The minimum number of frequencies covering all areas characteristic diagram Nyquist
(approximately 0.99 to 0.01 maximum values) and therefore using the signal measuring
transducer can quite qualitatively assess the accuracy of its operation.
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Table 1

Calculated values of normalized modulation coefficient of active component

f fo/10
p(f) | 0,990

Solving the problem of accuracy analysis operation measuring transducer impedance
for the above set of characteristic frequencies form the three arrays and compare informative
signal active and reactive impedance. The first array M1 obtains using AC analysis. The second
array M2 get the method of Transient analysis. The third array M3 obtains similar method
Transient analysis using the pulsed source.

The numerical values of these arrays of signals are summarized in Table. 2, where the
following symbols: Re_c and Im_c — values of active and reactive components of impedance
modulus obtained during AC analysis; SDre_s and SDim_s — values of active and reactive
components of impedance modulus obtained during Transient analysis; SDre_p and SDim_p —
Transient analysis of similar value when activating pulse signal.

fold
0,941

fol2 fo 2fo 4fo
0,800 0,500 0,200 0,058

10fo
0,009

Table 2

Arrays M1, M2, M3 of output signals impedance converter

f Re ¢ Im_c SDre_s SDim_s SDre_p SDim_p
1.00E2 9.901E2 9.898E1 6.305E-2 | 6.246E-3 | 9.379E-2 | 6.205E-3
2.50E2 9.412E2 2.352E2 5.998E-2 | 1.485E-2 | 8.425E-2 | 1.569E-2
5.00E2 8.001E2 3.999E2 5.109E-2 | 2.522E-2 | 6.846E-2 | 2.893E-2
1.00E3 5.002E2 5.000E2 3.205E-2 | 3.164E-2 | 4.176E-2 | 3.820E-2
2.00E3 2.001E2 4.001E2 1.267E-2 | 2.551E-2 | 1.658E-2 | 3.118E-2
4.00E3 5.886E1 2.354E2 3.629E-3 | 1.497E-2 | 4.870E-3 | 1.845E-2
1.00E4 9.908E0 9.904E1 7.237E-4 | 6.294E-3 | 8.214E-4 | 7.775E-3

For ease of the comparative analysis in Table 3 presents these data sets in a normalized
form.

Re s=SDre s - Kso;

Im s=SDm_s - Ksg;

Re _p =SDre_p - Kpo;

Im_p = SDim_p - Kpo,
where Kso— an empirical normalization factor.

The empirical normalization factor Kso get by the ratio of the value Re_c to SDre_s at
frequency f = fo = 1.00E3 (Kso = 1.57E4). This factor determines the conversion function of the
integrator. Instead, the normalization factor Kpo calculate using the theoretical value
K, =4/7 ~1,273, which according to formula (1) defines the ratio of effective values

rectangular and sinusoidal signals of equal amplitude and already established empirical
coefficient Kso: Kpo = Kso/ Ko (Kpo = 1.23E4).
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Table 3

Arrays M1, M2, M3 of normalized signal impedance converter

f Re ¢ Im ¢ Re s Im s Re p Im p
1.00E2 9.901E2 9.852E2 9.899E2 9.806E1 1.157E3 7.651E1
2.50E2 9.412E2 9.372E2 9.417E2 2.331E2 1.039E3 1.935E2
5.00E2 8.001E2 7.983E2 8.021E2 3.959E2 8.441E2 3.568E2
1.00E3 5.002E2 5.009E2 5.033E2 4.968E2 5.150E2 4.710E2
2.00E3 2.001E2 1.980E2 1.989E2 4.005E2 2.045E2 3.845E2
4.00E3 5.886E1 5.670E1 5.698E1 2.350E2 6.005E1 2.275E2
1.00E4 9.908E0 1.131E1 1.136E1 9.882E1 1.013E1 9.588E1

For the given set of frequencies characteristic values Re_s and Im_s obtained by
Transient analysis with high accuracy (within a few percent) coincide with the reference results
Re_c and Im_c, respectively, obtained in the method of AC analysis. This shows the high
precision conversion signal at activation harmonic vibrations. The significant differences are
observed at lower frequencies, including frequency f= 1E2. This difference is about 20%.
Graphic illustration of these results shown in Fig. 4. The problem of inaccuracy of the
conversion signal at the transition from harmonic to the pulse signals shown in Nyquist plot
(Fig. 5), where the notation c, s and p correspond, arrays M1, M2 and M3 of data.
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Figure 4. Dependence of active Re and the module of reactive Im components
for the set of characteristic frequency arrays M1, M2, M3
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Figure 5. Impedance Nyquist plot based on arrays M1, M2, M3
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Specifically on the Nyquist plot is possible to show selection criteria above proposed
set of characteristic frequencies — from one side the number of values of these frequencies is
small (in this case — 7), but on the other side, the function diagram Nyquist frequencies in these
fully describes all defining its area. At higher frequencies is a perfect coincidence of results of
measuring conversion. Then with decreasing frequency (offset on the diagram to the right)
coincidence disturbed and after the center frequency fo measurement error is deteriorated.

The cause of the errors is the impact on the results of measuring conversion higher
harmonic in the pulsed signal. Graphical representation of such effects demonstrated in Fig. 6.
On the horizontal axis are the frequencies of higher harmonics fy in normalized relative
frequency pulse signal form. On the vertical axis is represented coefficient Ky which is
responsible for the impact of harmonics on the parameters of the pulsed signal. For a number
of normalized frequency pulse signal 1.0, 1.4, 2.0, 3.0, 5.0, 7.0 (harmonic H1) is accepted
coefficient Ky = 1. Then the number of his third harmonic (H3) with coefficient of influence
Kn = 1/3 is respectively: 3.0, 4.2, 6.0, 9.0, 15.0, and 21.0.

1/3:
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Figure 6. Graphical representation of the impact of higher harmonics pulse signal

Conclusions. Submitted the method of parametric analysis of signal transducers
impedance spectroscopy in which the purpose of structural simplification and expansion of the
range of frequencies used the nonharmonic signal in particular pulse signals. Such parametric
analysis is of particular relevance at high frequencies, where the real parameters of components
of signal converters, operational amplifiers mostly limit slew rate setting signal, its amplitude-
frequency and phase response. As a result of this, there are measurement errors impedance
characteristics which are caused by harmonic distortion signals. Replacing single-response
frequency of harmonic signals sinusoidal form on pulse signals allows refusing the need to use
tunable master oscillator frequency sine function that is typically implemented based on high-
precision digital-to-analog converters and smoothing filters.

The obtained results in this paper are based on our proposed method SPICE modeling
of research which conducted comparing small-signal AC analysis and Transient analysis.
During AC analysis received impedance Nyquist plot in the idealized case and in the Transient
analysis calculated value active ReZ and reactive ImZ impedance components for actual
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parameters of measuring transducers, including forms of activating signals. Implementation of
Transient analysis involves the use of synchronous detection output signals and the integration
result in the detection time intervals that fit their active and reactive components. The active
component of the output signal is detected and integrated phase with the input signal setting
and the reactive component — offset ©/2. Signal conversion carried out based on quadrature
detector.
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METOAUKA AHAJII3Y IOXUBOK BUMIPIOBAJIBHOI'O
NEPETBOPEHHS IMIIEJJAHCHOI CIIEKTPOCKOIIII 3
AKTUBAIIC€IO HETAPMOHIYHUMHU CUT'HAJTAMHU

I'puropiii bapuno; Poman I'ossika; Bosrogumup Bipt, ®@enip Be3up

Hayionanvnuii ynisepcumem «Jlvgiscoka nonimexuikay, Jlveis, Yrpaina

Pe3tome. Pozenamuymo ocodonrusocmi SPICE mooentoganis 6umMipio8anbHux nepemaoprosadis imneoancHoi
cnekmpockonii. Ha ocHogi pe3ynbmamie MoOeibHUx 00CNi0HCEHb 3anpONOHO8aAHO MEMOOUKY AHANI3Y NOXUOOK
BUMIDIOBAHUX 3HAYEHb AKMUGBHOI MAd pPeakmuHoi CKIAO008UX IMNEOAHCY, SAKA IPYHMYEMbCS HA NOPIGHAHHI
manocuenanvioeo AC auanizy 3a 3minHum cmpymom ma nepexionoeo Tramsient ananizy. B xo00i AC awnanizy
ompumano imnedancHi diaepamu Haiikeicma 6 ioeanizosanomy eunaoky, a 6 xooi Transient ananizy po3paxoeano
snauenns axmuenoi ReZ ma peakmuenoi'lmz CKAA008UX IMNEOAHC) OJisl (PAKMUYHUX NAPAMEMPI6 UMIDIOGATIbHUX
nepemeoprogayis, y momy uucii — gopmu axmusyouux cueHanie. Peanizayisi maxoeo nioxody 30ilCHIOEMbCS
WIISIXOM CUHXPOHHO20 OemeKmYGaHHA GUXIOHUX CUSHANIE MA iHMe2pY8aHHs pe3ylomamy OemeKmy6anHHs 6
4acoeuUx iHmepeanax, wo Gi0N06i0aioms ix aKmMueHUM Mma PeaKmueHUM CK1a008UM.

Kniouosi cnoea: imnedancua cnexmpockonis, SPICE modenv, napamempuunuii auanis, oiazpama
Haiixeicma.

Ompumanol7.05.2017

106 e ISSN 1727-7108. Scientific Journal of the TNTU, No 2 (86), 2017



