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Abstract: The required frequency range of electrical bioimpedance (EBI) measure-
ments depends on the dielectric properties of the object and covers about three to
four decades typically within the kHz to MHz range. The accuracy of fitting of the
equivalent circuit-based impedance model with the measurement results depends on
the number of frequency components used. In general, the use of more frequencies
improves the fitting accuracy but complicates the measurements. However, the fitting
accuracy also depends on the signal-to-noise ratio (SNR) of measurement signals. If
covering the frequency range with a simultaneousmultifrequency excitation, the root
mean square values of its frequency components are decreasing when their number
increases. It follows that the number of used frequency components has two contra-
dictory effects on the accuracy of estimation of parameters of the equivalent circuit
model. This chapter deals with the analysis of typical EBI model-fitting situations
and shows how the number of frequency components influences the fitting error. Our
research shows that in the case of multifrequency excitation the accuracy of fitting
of the typical equivalent circuit-based EBI model may not increase when the num-
ber of frequencies is increasing. The results described here could be useful in other
implementations of impedance spectroscopy.
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1 Introduction
Electrical bioimpedance (EBI) spectra are widely used to characterize the structure of
tissues and cell cultures [1]. For the characterization of biological matter, wide band
impedance spectroscopy is required that typically covers three to four frequency
decades.
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An important efficiency criterion of the of impedancemeasurements is the signal-
to-noise ratio (SNR) which is proportional to the power of measurement signal. In EBI
measurements, unfortunately, there is no possibility to improve the SNR by increas-
ing the overall amplitude of the excitation signal since it is limited due to different
reasons, such as non-linearity and safety requirements, as well as power consump-
tion and some other technical issues [2, 3].

In situations where the properties of the measurement objects are changing in
time, e. g., a beating heart muscle or fast moving cells in a high-throughput micro-
fluidic channel, the frequency range of interest must be covered within a short time
frame. The use of multifrequency excitations containing several frequency compo-
nents simultaneously as amultisine signal does [3] gives us a possibility to perform the
measurement procedure in a much shorter time span than in the case of subsequent
measurements at a single hopping or sweeping frequency. We consider such cases in
this chapter. However, the disadvantage is that energy of the multifrequency excita-
tion spreads among multiple frequency components, which decreases the power of
each component in the case of a limited total amplitude of the signal.

Another factor, characterizing the power limitation of individual signal compo-
nents, is the crest factor (CF) of a complex excitation signal – the ratio of its peak and
root mean square (RMS) values. In the current analysis, we use a multisine signal (a
sumof several sinewaveswith different frequencies) as themultifrequency excitation.
For a graspable comparison of results, some variables must be predetermined. Since
the overall amplitude of signals is limited, it is reasonable to normalize the amplitude
(peak value Apk) of the sum of k components of the multisine Max|s(t)| = Apk = 1. In
the case of equal amplitudes of k multisine components, their individual RMS values
are also equal and depend only on a number of components k and the CF [3], i. e.,

SRMS(i) =
Apk
√k × CF

=
1
√k × CF

. (1)

The units of signal S can be either V or A, depending on the choice to use voltage
or current excitation. In Fig. 1, the essentials of formation of the EBI described in [4]
and a simplified equivalent circuit of EBI are illustrated.

At lower frequencies, current passes mostly through extracellular fluid. At higher
frequencies, when the reactance of the membrane capacitances becomes lower, it
also passes through intracellular fluid. Amore accurate electrical model also includes
both, a constant phase element (CPE) acting at lower frequencies (α dispersion range)
and a stray capacitance of the measurement circuitry. The required frequency range
depends on dielectric properties and the structure of the sample under test (SUT)
covering decades within the kHz to MHz band [1].

The accuracy of fitting of the frequency response curve with the equivalent cir-
cuit composed on the bases of measurement results depends on the number of com-
ponents in the equivalent circuit, the shape of the frequency response of impedance
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Fig. 1: (a) Essentials of formation of the EBI. (b) The three-element equivalent circuit.

and, finally, also on the number of frequency components used. The use of more fre-
quencies improves the accuracy because the shapes of the curves of the spectra are
followed better. However, the shapes of EBI spectra are relatively smooth since the
elements of the equivalent circuit are not producing resonances.

Furthermore, the power of noise and its spectral properties have a substantial neg-
ative impact on the fitting accuracy.

Notmany results of the systematic study of the number of required frequencies are
available. Analysis of the three-element equivalent circuit obtained with sequential
single-frequency excitation is described in [5] and [6].

2 Methodology

A method used for testing of the influence of the number of frequencies k on the ac-
curacy of estimation of values of equivalent circuit elements is illustrated in Fig. 2.
Computer simulation of all the parameters and the equivalent circuit at the predeter-
mined known values of its model elements are used instead of a real SUT. In real ex-
periments, there are more variables, e. g., parameters of electrodes, internal noises of

Fig. 2: A simplified structure of calculations used for testing of the influence of the number of fre-
quencies k on the accuracy of the estimation of values of equivalent circuit elements.
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the SUT, stray impedances of the connection wires and measurement circuitry. More-
over, an equivalent circuit model of real SUT is not accurate. The use of synthetic data
fixes the number of variables and allows focusing on the dependence of the fitting
accuracy on a number of excitation frequencies.

It is assumed that the amplitude of themultisine excitation stays on the level of ±1
V, and the initial phases of frequency components are optimal for achieving the best
CF. An optimization algorithm described in [3] is used.

We have used five quasi-logarithmically distributed frequency sets in the current
analysis. Three decades are covering the frequency range from 1 kHz; see Table 1. The
number of frequency points per decade varies from 1 to 5. Amplitudes of all the sinu-
soidal components of the excitation voltage are kept equal, but their value is V(i) =
√2 × VRMS(i), the value that decreases when increasing the number of components;
see equation (1).

Table 1: Frequency sets of multisines and corresponding crest factors.

k List of frequencies (kHz) CF

3 1, 19, 401 2.43
6 1, 3, 13, 47, 167, 607 2.77
9 1, 3, 7, 19, 41, 83, 179, 379,797 2.58

12 1, 3, 5, 7, 17, 29, 47, 79, 139, 241, 421, 727 2.41
16 1, 3, 5, 7, 11, 17,23, 31, 47, 73, 109, 163, 241, 359, 523, 787 2.22

A simple three-element equivalent circuit model (Fig. 1) and a more complicated six-
element equivalent circuit model (Fig. 3) containing a constant phase element (CPE)
were both used.

Magnitudes of each frequency component of the response current were obtained
as a ratio of the magnitudes of the excitation voltage and impedance of an equivalent
circuit, as shown in Fig. 3. The phase of each component of the response current was
found similarly by subtracting the phase values. A waveform of the response current

Fig. 3: (a) Three-element and (b) six-element equivalent circuit models with values of C = 5 nF,
Rint = 1 kΩ and Rext = 560Ω. The additionally introduced elements have values Cp = 10 pF, n = 0.8
and Q = 10−6S.
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i(t), in Fig. 2, is a sum of k sinusoidal components with magnitude and phase values
determined by: (a) – known multisine excitation waveform; and (b) – primarily un-
known values introduced by the impedance of an equivalent circuit.

Uniformly distributed Gaussian noise adds to the response signal in the next step,
and the spectrumof the summary signal is calculated using the Fourier transform (FT)
with 4096 points of thewaveforms. For a graspable comparison of the results, the RMS
value of added noise remains constant when the number of a frequency component
varies. The impedance spectrum as the ratio of spectra of excitation and response sig-
nals is calculated, and the fitting of noisy impedance curveswith a frequency response
of the equivalent electrical circuit is performed. Then the differences between the ob-
tained and ideal values are calculated, and the data for histograms are collected.

The fitting algorithmminimizes themean square error (MSE) as a relativemeasure
of the residuals between themodeled curve values and the actual observed values. Pa-
rameters of all components of the equivalent circuit are fitted at once. Along with the
residuals also the relative importance of each component of the equivalent circuit at
all the frequencies is shown,which allows the user to judge the adequacy of themodel
and to adjust its parameters if necessary; see the example in Fig. 4. In the current ex-
periments, however, a priori knowledge of the model’s topography and the range of
parameters simplified the task.

Finally, the errors of mean values and their standard deviations are compared for
a different number of frequency components.

The SNRof the response signal is kept at the level of 10 dB, and 500 readings of the
response and excitation signal spectra are used for each fitting of model parameters.
Then, 500 fitting results are chosen for calculating the standard deviation of the error
level for each number of frequencies.

Fig. 4: (a) A snapshot of the magnitude spectrum fitting error and (b) relative significance of com-
ponents in formation of the magnitude spectrum, in the case of a three-element equivalent circuit
(described in Fig. 3 (a)) with multisine excitation with six components. The upper dotted line in (b)
represents Rext, the dashed line represents Rint and the dash-dotted line represents C.
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3 Results

In Figs. 5 and 6, snapshots of noisy spectra used in experiments for the fitting of val-
ues of three-element and six-element equivalent circuits are shown.The SNR of the
response signal is kept at the level of 10 dB in all cases and histograms of the 500 fit-
ting results have been collected.

In Fig. 7, histograms are shown of the 500 fitting results collected in the case of
the three-element equivalent circuit for different values of C and Rint using multisine
excitation with three components.

Fig. 5: (a) Snapshots of the noisy magnitude and (b) phase spectra, in the case of a three-element
equivalent circuit (shown in Fig. 3 (a)) and multisine excitation with six frequency components. The
dotted lines represent calculated ideal spectra and the circles denote instant values of spectra at
used frequencies.

Fig. 6: (a) Snapshots of the noisy magnitude and (b) phase spectra, in the case of a six-element
equivalent circuit (shown in Fig. 3 (b)) and multisine excitation with nine frequency components. The
dotted lines represent calculated ideal spectra and the circles denote instant values of spectra at
used frequencies.
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Fig. 7: Histograms of 500 fitting results of the values of (a) three-element equivalent circuit elements
C and (b) Rint given for the multisine excitation having three components.

Fig. 8: The standard deviation of the fitting error of circuit element values of three-element equiva-
lent circuit elements in the case of (a) sequential single frequency excitation and (b) multifrequency
excitation; circular dots represent C, rectangles represent Rint and circles represent Rext.

The dependence of the standard deviation of the fitting error from the values of three-
element and six-element equivalent circuit elements on the number of frequencies is
illustrated correspondingly in Fig. 8 and Fig. 9.

4 Conclusion

Increasing the number of frequencies has a low impact on the accuracy of fitting re-
sults in the case of using multifrequency excitation and simple three-element equiva-
lent circuits. Even three frequencies could provide sufficiently close results. Reduced
energy of individual signal components appearing when adding the frequencies re-
strains the effect of using a larger number of frequencies.
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Fig. 9: Standard deviation of the fitting error of the values of elements of six-element equivalent cir-
cuit in the case of (a) multifrequency excitation and (b) a corresponding equivalent circuit. Values
of C, Rint and Rext are the same as of the three-element circuit in Fig. 1, but the values of addition-
ally introduced elements are Cp = 10 pF, n = 0.8, and Q = 10−6.

It is reasonable to keep the number of frequencies as low as possible at the ac-
ceptable errors. Expectedly, the number of frequencies should be larger, if the noise
distributes non-uniformly over the frequencies or some concentrated disturbances ap-
pear at some frequency sub-ranges. Every specific case deserves special handling.

The positive effect from the use of more frequencies is larger in the highly noisy
environment if the single-frequency signals are applied sequentially for excitation,
but then the measurement process becomes too long for the measurements of time-
varying impedances.
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