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PARAMETRIC ANALYSIS OF SYNCHRONOUS DETECTOR DEVICES OF

IMPEDANCE SPECTROSCOPY
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This paper examines the peculiarities of parametric analysis of synchronous detector devices of impedance spectros-
copy on the basis on SPICE - simulation. During the model research of characteristics of measuring transducers of
impedance spectroscopy there arises a problem in an insufficient efficiency in limited opportunities. The limited op-
portunities are modeling research of real circuits of measuring transducers with allowance for parameters of real sig-
nals which are form, amplitude and inharmoniousness. With the aim of solving the indicated problem the paper uses
the calculation methods based on SPICE Transient Analysis which allow determining the active and reactive compo-
nents of the measured impedance for actual parameters of signals and components. Such a calculation is performed
by synchronous detection of output signals and results integration in the detection time intervals that fit their active
and reactive components. Based on of results of the research done criteria for assessing the accuracy of detecting sig-
nals are suggested and operating parameters of a quadrature detector are defined.
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INTRODUCTION

Sensory devices are based on methods impedance
spectroscopy are considered one of the most fundamental
in a research of a wide range of composite materials and
electrochemical objects. Materials, alternative energy,
ecology [1] are especially important areas using methods
impedance spectroscopy. Modern devices measuring im-
pedance are used in cell biology [2], medical diagnosis,
including early detection of cancer [3], immunology [4].
The impedance spectroscopy provides ease of implemen-
tation, energy efficiency, high resolution and selectivity
of measurements parameter compared with other methods
of physical research [5].

The generic units are synchronous detectors [6, 7]
and an integrator [8, 9]. Their parameters are determinant
from the standpoint of precision measuring transducers
impedance. For generate informative signal active and
reactive impedance components using quadrature detec-
tion [10].

Nowadays decisive stage in the development and re-
search of devices of electronic equipment is a schematic
mathematical modeling. This schematic modeling pro-
vides checking new methods of signal transformation,
functional analysis of the diagrammatic decision and op-
timization regime of labor. SPICE (Simulation Program
with Integrated Circuit Emphasis) is a standard of the
schematic modeling especially the junction of solid-state
electronics on the basis of the integrated circuits [11].

The fundamental peculiarity of the schematic SPICE
modeling of the signal transformers is the necessity of
transformation from frequency diagrams to diagrams on
the complex plane. Note that in some modern versions of
the software package of the schematic modeling, in par-
ticular, aforementioned MicroCap [12], the method of
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impedance analysis with using mathematical functions of
real Re and imaginary Im components of the signal is al-
ready foreseen. With this function, there is an opportunity
to construct the Nyquist plot and calculate the value of the
active Re Z and the reactive Im Z of impedance.
1. THE METHOD OF MEASURING
TRANSFORMATION
Measuring transformation on device of impedance
spectroscopy is conducted by the way of synchronously
quadrature rectification and integration of output voltage
of signal transformers according to expressions:

)
Vsre = Kge [V () App (D) dt;
n

o)
Vi :KIMI(VZ(I)’AIM(t))dtr (1
h
where VSRE and VSIM - voltages, which are the instruc-
tive signals of real and imaginary components of imped-
ance; KRE ta KIM — are coefficients of proportionality of
the function of transformation; VZ(t) — voltage in the in-
vestigated the two-terminal (galvanostatic method of
transformation); ARE (t), AIM (t) — sign function, which
take on a value +1 or -1 in dependence on the phase; tl,
t2 — time interval (Fig. 1).

The value of sign function ARE (t), AIM (t) are de-
termined by the time intervals: ARE(t) = 1 at t = [0...@],
ARE(t)=-1 att=[n...2xn]; AIM(t)=1 at t=[0...7/2] and
[3w/2...27], AIM(t) = -1 at t = [n/2...37/2].

In particular in default of reactive component (Fig.
1,a) phase shift voltage VZ(t) in the investigated two-
terminal is zero.This defines the maximum value of the
instructive signal of real component (VSRE = max) and
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zero value of the signal of imaginary impedance compo-
nent (VSIM = 0).

At the increase of the reactive component and an ap-
propriate change of phase shift (Fig. 1,b) the real compo-
nent VSRE is decreased, and module of the reactive
|[VSIM| — is increased.
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Fig.1. The epures of signal of converter at voltage phase
shift 0° (a) and 60° (b)

2. MEASURING TRANSDUCER OF IMPEDANCE
BASED ON QUADRATURE DETECTOR

The basic scheme of measuring impedance trans-
former is based on quadrature detector is on Fig. 2. A
principle of function the scheme consists in the synchro-
nous measuring of input measuring V, which is formed
by input circles of measuring transformation the gal-
vanostatic or potentiometric type. For realization the de-
tection inverse (on operational amplifier OA;) and not in-
verse (on OA,)) solving repeaters (module coefficient of
transformation |Ky| = 1)), whose output voltage alter-
nately are switched and averaged by switchboards SW,
SW, and junction in accordance X;, ¥,. In general, aver-
aging can be put into practice by digital methods, integra-
tion or low-frequency filtering. In this scheme of averag-
ing is implemented by integrators INT;, INT,. Their out-
put voltages Vyg and Vy are served appropriately active
and reactive components of the instructive impedance
signal. The sign function of active Arg(t) and reactive
Ap(t) components are formed respectively by sources
SQgre and SQyy. Phases of output pulses of these sources
are shifted on m/2.

Fig.2. The basic scheme based on quadrature detector

3. THE SCHEME AND METHOD PARAMETRIC
ANALYSIS OF QUADRATURE DETECTOR
Parametric analysis is produced on a size the disfig-
urement of the Nyquist plot. This analysis should be per-
formed by the example of elementary RC two-terminal
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with a characteristic frequency f, = 1/(2nRC), which is a
limit of the frequency range of impedance measurement.
On this characteristic frequency active Zrg and reactive
Ziv components of impedance are equalized Zrg(f0) =
ZIM(f0)). In particular, for frequency = 0,1 Mhz parame-
ters RC of circle can be following: Rx = 1 kQ, Cx = 1,591
nF. Frequency dependences of active Re and reactive - Im
of impedance components and the Nyquist plot this RC
circle with the characteristic frequency f, = 0,1 MHz are
on Fig. 3.
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Fig.3. Frequency dependences of impedance components and

the Nyquist plot
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For minimization the influence another node of sig-
nal transformation on results of parametric analysis the
quadrature detector two conditions are provided. At first
idealized model of given current source is used and at
second the output instruction signals are formed excep-
tionally at mathematical level (without using the nodes at
fisical level). The scheme of model investigation the
quadrature detector in which these conditions are realized
is on Fig. 4.
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Fig.4. The scheme of model investigation of quadrature detector

The function of numerical integration SD (Running
integral with respect to time) library MicroCAP -
SD(V(X)), is used for formation output signals where
V(X) is a voltage in nodes X.

Current source G1 with a coefficient of transforma-
tion K; = 1E-3 is followed the current voltage Vg (source
Vi). The output voltage on the two-terminal Ry, Cx is re-
peated on the operational amplifier X1 (with a zero resis-
tance of the resistor of feed-back R2 = 0) and inverted on
the operational X2. In phase with this current voltage
VRE signals the control of keys S1 and S2 are formed by
the source. The first of them commutes the voltage of in-
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verting, and the second commutes non-inverting repeat-
ers. As a result of this commutative the output voltage
Vrkeour 18 formed on resistor RS ( junction 2). Its further
numerical integration SD(V(2)) provides formation the
informative signal of active impedance components SDgg.
Similarly, from the schematic point of view the
informative signal of active impedance components SDpy
is formed. The phase of voltage Vim is the only one dif-
ference here, which forms signals the control of keys S3
and S4. As is noted, phase voltage Vy of this source is
displaced by a quarter period relatively current voltages
Vre of the source Vi.

Firstly we will consider exactness of the signal con-
verting into an ideal variant without the account of fre-
quency and phase limitations of operating amplifier.
Mainly this idealization provides for using the model
with infinitely large value the bandwidth GBW (Gain
Band Width) —o Example of the results of investigation
the signal of quadrature detector for this idealised case
(variant A) is on Fig. 5 and Fig. 6.
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Fig.5. Diagrams the voltages of detector (variant A)
at GBW —o
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Considering, that current signal coincides from char-
acteristic frequency f, = 0,1 MHz of investigational two-
terminal (Rx = 1E3, Cx = 1.591E-9), instantaneous values
the output signal of SDgg and reactive SDyy, impedance
components must mutually coincide. However, how it is
on Fig. 6 diagrams, function integrals the output voltage
differ significantly. The indicated divergence of signals is
a result especially of the process of integration and its ini-
tial conditions. It is clear that output functions of integra-
tion of signals are not linear, and thus on throughout the
duration of periods of questioner signal the integrals of
SDgg and SDyy are not coincide. However, in the moment
of completion each of this periods it is desirable, that
these integrals will coincided.

How it is on the next diagrams of signal the similarly
scheme of quadrature detector (variant B - Fig. 7, Fig. 8),
coincide the integrals SDRE and SDIM in a case of equal-
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ity frequency the output function and characteristic fre-
quency investigational two-terminal achieved by chang-
ing the initial conditions of integration — the phase of
source VRE are displaced on n/4, and the source VIM —
on 3n/4 (mutual phase shift between these sources re-
mains unchanged, namely, 7/2).

Consequently, a specification of their models is fol-
lowing:

.MODEL VRE SIN (F=100K PH=pi/4);

.MODEL VIM SIN (F=100K PH=3*pi/4).

It is possible to see that indicated phase delays allow
to level the instantaneous values of integrals of SDRE and
SDIM in moments of completion each of periods of sig-
nals— 1E-5, 2E-5 and others like that. Consequently, the
values of integrals of SDRE and SDIM in these moments
can serve as quantitative parameters that describe the in-
formative values of corresponding components of the

measureable impedance.
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Fig.7. Diagrams the voltages of detector (variant B)
at GBW — o
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Fig.8. Diagrams the integrals of detector (variant B)
at GBW —o
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From taking into account of the above-mentioned in-
itial conditions the numerous investigation of exactness of
signal transformation of quadrature detector were under-
taken at the different values of parameters of models of
operating amplifier. Thus, with the aim to exposure of
characteristic conformities to law the turn-based change
of frequency parameters of strengtheners was conducted,
during fixing other, less meaningful parameters.

So, diagrams the voltages of detector are on Fig. 9
and Fig. 10 Ry = 1E3, Cx = 1.591E-9 for the set of values
for bandwidth GBW = 3ES5, 1E6, 3E6, 1E12 during the
fixing of other parameters of model:

.MODEL OA OPA (LEVEL=2, C=3P, A=1E9,
VOFF=1u, SRP=1E9, SRN=1E9, VEE=-5, VCC=5,
VPS=5, VNS=-5, CMRR=1EO6).

The results of quantitative comparison of exactness
the signal transformation are got during this researches
are shown on: Fig. 11 (nominal terms), where
ReZ = SDgg, -ImZ = SDyy at Ry = 1E3, Cx = 1.591E-9;
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Fig. 12 (maximum terms), where ReZR =SDgg, -
ImZR = SDyy at Ry = 1E3, Cx =0 (for the two-terminal

without  reactive  component), ReZC=SDgg, -

ImZC=SDy, at R=w, Cx = 1.591E-9 (for the two-
terminal without active impedance).
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Fig.9. Diagrams the voltages of detector
at GBW = 3ES3, 1E6, 3E6, 1E12
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at maximum terms

These results give the opportunity to conduct a quan-
titative analysis of influence of bandwidth GBW on the
errors of signal transformation. The equality of values
ReZ = -ImZ at nominal terms and ReZR = -ImZC = Max,
ReZC = -ImZR = 0 at maximum terms is the criterion of
high exactness of detection of signals, as it was already
marked. For example it is possible to mark a fact, that at
GBW = 1E6 (in particular, to the aforementioned opera-
tional amplifier AD8541/2/4) the divergence of values
ReZ = SDgg, -ImZ = SDyy are very considerable: ~5E-6
and ~7,5E-6, accordingly. Divergence from zero values of
quantity are also considerable ReZC and -ImZR: =-0,25E-
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6 and =0,25E-6, accordingly. Thus it is shown that for
measuring of the impedance of two-terminal with charac-
teristic frequency f; = 0,1 MHz (Rx = 1E3, Cx = 1.591E-
9) the operational amplifier of the quadrature detector
must be characterized by the bandwidth GBW = 1E7 and
higher.

CONCLUSION

The proposed approaches and examples of paramet-
ric analysis of synchronous detector device impedance
spectroscopy are using SPICE models. Therefore, sche-
matic modeling is based on real Re and imaginary Im
components of the AC Analysis is characterized by sig-
nificant limitations to conduct parametric studies of signal
transducers. The impedance Nyquist plot gets on the base
of the Bode plot using the method of analysis namely AC
Analysis. However, this method in its concept is the
small-signal to with the calculation of amplitude-
frequency and phase frequency characteristics for ideal
harmonic signals in which amplitude has a maximum
small value conducted in its process. Therefore, schematic
modeling is based on real Re and imaginary Im compo-
nents of the AC Analysis does not allow conducting the
parametric investigation of signal transformers with real
signal.

In this work with the aim of the decision of the indi-
cated problem the calculation methods are based on
SPICE Transient Analysis, which allows determining the
active ZRE and the reactive ZIM components of measur-
ing impedance for actual parameters of signal and elec-
tronic elements. Such calculation performed by synchro-
nous detection of output signals and results integration in
the detection time intervals that fit their active and reac-
tive components. The active component of the output is
detected and integrated with phase the input signal and
the reactive component - with phase displacement on 7/2.
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IMapameTpuyeckuii aHaJu3 CHHXPOHHBIX [EeTEKTOPOB
ycTpoiicTB mMnenaHcHoii cmekrtpockonmuu / I'.I. Bapwuio,
PJIL Tonsxa, B.B. Bipt, ®.®. Besup // [lpuknagnas paano-
JJIEKTPOHUKA: Hayd. — TeXH. xypHal. — 2017. — Tom 16, Ne.1,
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B pabore mccnenyroTess 0coOEHHOCTH MapaMeTpUIecKoro
aHanM3a CHHXPOHHBIX JETEKTOPHBIX YCTPOMCTB HMIEJAHCHON
cnekrpockormun Ha ocHoBe SPICE - monmenupoBanusi. B xone
MOJICJIBHOTO HCCJICJIOBAaHUS XapaKTEPUCTUK H3MEPUTEIbHBIX
npeoOpaszoBaTenell MMIETAHCHOW CHEKTPOCKONUH BO3HHUKAET
npobiieMa HeOCTATOYHOM 3((HEKTUBHOCTH B BO3MOXKHOCTSIX I10
MPOBEICHNIO MOJEIBHBIX UCCIEIOBAHUN PEATbHBIX CXEM H3Me-
PHUTENBHBIX IIPeoOpa3zoBaTesiell ¢ y4eToM IapaMeTpoB peabHBIX
CHTHANIOB — (JOPMBI, aMIUIUTYAbl, HErapMOHUYHOCTH. C IIeNbIo
pelIeHns yKka3aHHOW MpoOJIeMBl B TaHHOH paboTe MCHONB3YIOT-
cst Meropl pacuera Ha ocHoBe SPICE Transient ananusa, mo-
3BOJISIFOIIME OTIPEEINTh aKTUBHYIO U PEaKTHBHYIO COCTABIISIIO-
IUe M3MEepsieMOro MMIeIaHca Ul (aKTHYeCKUX [apaMeTpoB
CUTHAJIOB U JIEMEHTHOU 0a3bl. Takol pacdeT MpoBOISAT MyTeM
CHHXPOHHOTO JICTEKTHPOBAHHSI BBIXOJHBIX CUTHAJIOB M HHTET-
PHUpOBaHUS pe3yiabTaTa JETeKTHPOBAHHS BO BPEMEHHBIX MHTEp-
BaJIaX, COOTBETCTBYIOLIMX UX AKTHBHBIM U PEaKTHBHBIM COCTaB-
msomuM. Ha ocHOBe pe3ynbTaToB MPOBEAEHHOTO HCCIIENIOBa-
HHS TIPEJUIOKEHBI KPUTEPUU OLCHKH TOYHOCTH JICTEKTHPOBAHHMS
CHUTHAJIOB, U ONpEJeNeHbl paboune mapaMeTpbl KBaJpaTypHOTO
JIETEKTOpa.

Knrouesvie cnosa: mapaMeTpuyecKuil aHaIN3, CHHXPOHHBII
neTeKkTop, uMrenancHas crekrpockonusi, SPICE monens, nua-
rpamma HaiikBucra.

Wn.: 12. bubanorp.: 12 Ha3s.
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IMapamMeTpuyHuUii aHATI3 CHHXPOHHUX J1€TEKTOPIB NMpH-
cTpoiB iMnenancuoi cnexrpockomii / I'.I. bapuno, P.JI. Toms-
ka, B.B. Bipr, ®.®. Be3up // [lpukiagHa pamioereKTpoHiKa:
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B po6oTi I0CHimKYIOTECSI 0COONMBOCTI MapaMeTPUIHOTO
aHai3y CHHXPOHHHX JETEKTOPHHUX MPUCTPOIB IMITETaHCHOT
cnekrpockorii Ha ocHoBi SPICE - monemtoBanus. B xomi mo-
JETBHOTO JOCTIDKEHHS! XapaKTePUCTUK BUMIPIOBAIBHUX TIEpe-
TBOPIOBAYiB IMIEAHCHOT CIEKTPOCKOMii BHHHUKAe Mpobdiema
HEIOCTaTHBOI €(PEeKTUBHOCTI B OOMEKEHUX MOXKIUBOCTSX LIO0
MPOBE/ICHHSI MOJENBHHX JOCITIPKEHb PEAUIBHUX CXEM BHMIpIO-
BaJIbHNX TIEPETBOPIOBAYIB 3 YPaxyBaHHSAM MapaMeTPiB PeaTbHUX
CUTHANIB — (JOPMH, aMILTITyI¥, HETapMOHIYHOCTI. 3 METOIO BH-
pileHHs BKa3aHO! npoOieMH B AaHii poOOTi BUKOPHUCTOBYIOTh-
cst Mmetonu po3paxyHky Ha ocHOBi SPICE Transient anami3y, mo
JO03BOJIAIOTH BUSHAYUTU aKTUBHY Ta PCAKTHBHY CKJ'la)IOBi BHMi-
PIOBAHOTO iMITeaHCy Uil (PaKTHYHUX MApaMeTpiB CHTHAJIB Ta
esleMeHTHOI 6a3u. Takuili po3paxyHOK IPOBOASATH IIIIXOM CHH-
XPOHHOTO JETEKTYBAaHHS BHXIIHHX CHTHAJIB Ta 1HTErpyBaHHS
pe3yJsIbTaTy JSTEKTYBaHHS B YacOBHX iHTEpBaJax, IO BiAMOBI-
JIAl0Th X aKTUBHUM Ta PEaKTHBHHM CKJIazoBUM. Ha ocHOBI pe-
3yJIBTATIB MPOBEACHOTO JOCTIKEHHS 3aPONOHOBAHO KPHUTEpii
OL[IHKH TOYHOCTI J€TEeKTYBaHHs CHUTHAJIIB, Ta BU3HAUYCHO poOoui
rapaMeTpH KBaJpaTypHOTO AETEKTOpA.

Kniouoei cnosa: napaMeTpUYHUI aHANTI3, CHHXPOHHUIT Jie-
TekTop, iMmenaHncHa crmektpockonis, SPICE moxens, miarpama
Haiiksicra.
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45



