Journal of Physics: Conference Series

PAPER « OPEN ACCESS You may also like

- Characterization of the imaqing

Time-Domain Electrical Impedance Tomography performance of a micro-CT system based

on the photon counting XPAD3/Si hybrid

by Numerical Analysis of the Step Response pixel deteciors

F Cassol, M Dupont, C Kronland-Martinet
etal
To cite this article: Marcelo David et al 2021 J. Phys.: Conf. Ser. 2008 012019 - Study on the SOC estimation method for
Lithium power battery based on

tomographic images
LFLiandY L Guo

uasi-tomoagraphy by free space line field
spectral domain optical coherence

reflectometry
Samuel Lawman, Bryan M Williams, Yalin
Zheng et al.

View the article online for updates and enhancements.

@ The Electrochemical Society
Advancing solid state & electrochemical science & technology

May 29 — June 2, 2022 Vancouver « BC « Canada
Abstract submission deadline: Dec 3, 2021

Connect. Engage. Champion. Empower. Acclerate.
We move science forward

This content was downloaded from IP address 190.64.48.82 on 17/11/2021 at 12:22


https://doi.org/10.1088/1742-6596/2008/1/012019
https://iopscience.iop.org/article/10.1088/2057-1976/2/2/025003
https://iopscience.iop.org/article/10.1088/2057-1976/2/2/025003
https://iopscience.iop.org/article/10.1088/2057-1976/2/2/025003
https://iopscience.iop.org/article/10.1088/2057-1976/2/2/025003
https://iopscience.iop.org/article/10.1088/1742-6596/1168/4/042005
https://iopscience.iop.org/article/10.1088/1742-6596/1168/4/042005
https://iopscience.iop.org/article/10.1088/1742-6596/1168/4/042005
https://iopscience.iop.org/article/10.1088/1361-6501/ab727e
https://iopscience.iop.org/article/10.1088/1361-6501/ab727e
https://iopscience.iop.org/article/10.1088/1361-6501/ab727e
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvWtv-j5ybpKf-zlwm72TAud6lPfrn5euS9vSGbLFfBZ-vfJWVcE1J3U0Rbv19BBgMd9wxdCfXrWNJcBjZrMdDsVRUX98JyGjhGFijm86s58gxqsBh7D6QQoIDwSshRFXGEieimfNp_AOjMmmYES9pucq3l-XVO_v_uBOR70lsLzRtk-sNmWqbU0wNi9wxkWOnvVOVLQjkBprdmU7Aj9ziJn-Ia05gJI29gD9C8NhhWSyds95Cel-aY3OPLS5ICRhZCZ3wsrOaPgAjpiWnMIE15gtl4AN-d3QE&sig=Cg0ArKJSzPXoAI6A-fnt&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/241/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3DDLAds%26utm_campaign%3D241AbstractSubmit

4th Latin American Conference on Bioimpedance 2021 (CLABIO 2021) IOP Publishing
Journal of Physics: Conference Series 2008 (2021) 012019  doi:10.1088/1742-6596/2008/1/012019

Time-Domain Electrical Impedance Tomography by
Numerical Analysis of the Step Response

Marcelo David"**, Omer Amran', Ron Simhi', and Franco Simini?

'Dept. of Electrical Engineering, Jerusalem College of Technology, Lev Campus,
Jerusalem, 9372115, Israel.

*Nucleo de Ingenieria Biomédica, Universidad de la Republica, Av. Italia 2870,
Montevideo, 11600, Uruguay.

"Corresponding author: marcelod@jct.ac.il

Abstract. This work describes the theoretical basis of an electrical impedance tomography
imaging system based on numerical analysis of the step response. Its novelty relies on the use
of time domain for rendering the tomographic images. Following the injection of a Heaviside-
step current through two electrodes, the voltage-response is measured on all couple of
electrodes according to the neighbouring strategy; this process is repeated on every pair of
consecutive electrodes. Based on the measurements, a tomographic image is reconstructed
using the Gauss-Newton-Raphson algorithm. We tested the technique by simulating two
representative circuits: one symmetrical pseudo-isotropic and one pseudo-anisotropic in AC,
while both pseudo-isotropic at DC. The time-domain reconstructed images show the second
network's pseudo-anisotropy while allowing the system to show its tendency to pseudo-
isotropy when the time elapses towards DC-steady-state. This novel technique for
reconstructing electrical impedance tomographic images may shed new light on sensing slight
differences in tissues while being fast and low-cost.

1. Introduction

Electrical impedance measurements can characterize various living tissue (in-vivo and in-vitro),
biological components, and suspensions. Within limits regarding bioelectrical impedance and
frequency, living tissues and biological components can be considered linear and time-invariant (LTI)
systems of lumped elements. As research progresses, a great variety of applications will be developed
based on bioimpedance and its monitoring, due to its lack of adverse effects and low cost. As a
reasonable alternative to costly and hazardous procedures, such as nuclear medicine, electrical
bioimpedance will fulfill clinical measurement and monitoring necessities [1]. One such clinical
desideratum is the continuous edema-extent monitoring by electrical impedance tomography (EIT) of
intensive care patients [2, 3].

Although computing power is a decreasing limitation as quicker electronic components become
available, presently the image reconstruction must be performed in-foto before any tomographic result
can be shown. Placement of the electrodes strap around the patient's thorax needs a quick feedback to
guide the maneuver, a feedback that could consist of a tomographic slice of increasing definition as
time passes. This incremental tomographic reconstruction is not possible with present algorithms [4].
We have therefore a clear motivation to look for a method that would give a fast preliminary
tomographic reconstruction.
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The step-response method, used for the analysis and characterization of LTI systems has found use
in many control theory applications [5]. Being a fast method for systems analysis, we set ourselves the
goal to explore its use for EIT image reconstruction. While classic frequency response analyses require
several full periods of sinusoidal signals to be injected into the system for each frequency of interest,
the step-response signal already carries the system's spectral information in a single sweep [5,6]. The
extension in time of the Heaviside step will determine the lowest frequency analyzed by the method.
Step-response analysis is much less time-consuming than frequency response analysis [7]. In addition,
the step-response analysis seems to fulfill our goal of immediate coarse result and finer result later.
However, digital step-response analyses are much more susceptible to system-intrinsic non-idealities
[7,8]. Fitting the objective sampled signal to well-known analytical expressions may help to override
such drawbacks [9,10].

Among the accepted analytical models of electrical impedance, we find Debye (for non-DC-
conducting materials) and Lapicque and Cole (for DC-conducting materials) [9,10]. In 2017, David et
al. [11] demonstrated that using a finite combination of different Debye and Lapicque models could
fully describe the electrical bioimpedance of Red Blood Cells suspensions.

A recent work by Zhang et al., from 2020 [12], presented a novel method for estimating the full
Cole impedance model by analyzing the impedance response to a DC-biased sinusoidal excitation.
This method is the first able to estimate the full Cole spectral information from a signal combining a
single frequency and a DC step.

Our work focuses on using the voltage obtained as a response to a step excitation, without
extracting the full impedance model in Laplace domain. In this paper, we propose to harness the
versatility of the analysis of the step-response towards developing a fast and reliable EIT system able
to perform in the time domain.

2. Analytical methods and approach

2.1. Continuous-time analysis
The simplest electric circuit representing impedance analysis using step-response is a step current
source connected to the impedance-under-test, and the voltage that drops is measured. In this
approach, we neglect the parasitic effects of the cables and connectors. Those effects need to be
corrected off-line after proper calibration with a known load.

Measuring the output voltage generated on the impedance allows studying the mathematical
connection between the impedance and the current step. Since the whole system (including the
impedance) is LTI, the expression of the output voltage is a convolution of the time-domain
impedance function z(t) (defined as the inverse Laplace transform of the impedance in the frequency
domain) with the step current.

i(t) =1y u(t)
Vimpedance ) =z=i(t)

where [ is the current intensity after the step, u(z) is the Heaviside function in time, and * is the
convolution operator.

Naturally, the sampled voltage on the impedance will carry noise resulting from electromagnetic
interference, jitter of the sampler, quantization noise, and other sources. Hence, fitting the sampled
voltage to known analytical expressions (see Section 2.3) will render cleaner signals to be used for the
tomographic reconstruction (see Section 2.4).

1)

2.2. Debye, Lapicque, and Cole impedance models

Two basic impedance models are mainly accepted: Lapicque and Debye [9,13]. The following
equation shows their expressions in the Laplace domain. Both models present a resistor (Ry) and a
capacitor (Cy) in parallel, connected in series to a resistor R; (Lapicque) or a capacitor C; (Debye).
Equation (2) presents the impedances expressions in the Laplace domain.
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R
ZLapicque (S) = Ri + 1+s-1(21dCd
) Y )

Zpepye(s) = — + —4
Debye( ) s-Ci 1+s-RqCq

In general, the Debye model is used for describing interface-polarization phenomena, typically
explained by the Maxwell-Wagner model [9], where at least one of the interfaces has no DC
conductivity.

The Cole model extends the Lapicque model and cannot be described in polynomial terms of
integer exponents [14]. Its application to electrical impedances renders equation (3), showing its
expression in the Laplace domain.

Ra

Zcc(s) =R + TosRac 3)

The time/frequency modeling of Cole impedances leads to the use of fractional derivatives in time.
Fractional derivatives are used to evaluate the regularized values of finite-part integrals; thus, they can
be immediately used for the numerical evaluation of fractional-order Laplace functions. In 1903 and
1904, Mittag-Leffler presented the basis for the analytical development of the (later) called Mittag-
Leffler's function, used to calculate the inverse Laplace-transform of a function with fractional
exponent in s [15—18].

2.3. Step-responses in the time domain
By applying the corresponding inverse Laplace transforms, the step-response functions in time (for
Lapicque and Debye impedances) present the forms given by (4)

Viapicque() =1 - [( Ri+Rg) — Ry~ e_t/T] ~u(t)

“
Voenye(t) = lo - [C; -t + Ry - (1= /)] -u(t)
where T = Ry - Cy.
The step-response analytical expression for the Cole impedance model is obtained by performing a
partial fractions expansion of the expression given in (5).

R R
VCC(S) =%+TA_ a1

®)

Mittag-Leffler's function [15-21] describes the inverse Laplace transform of (10) and is defined by
equation (6).

Eq(kt®) = Yo, SO ©6)

n=0r(gn+1)

where I is the Gamma function (extension of the factorial function), a is the Cole exponent, and k
is a coefficient of t as presented in equation (7).

Thus, the time-domain step function of a Cole impedance is given by

tll
Vee(® = Io - [Reo + Ra = Rao (= 77¢) | - u(®) @)

It is worth noting that in 2011, Freeborn et al. [22] proposed a pseudo-algorithm for efficient fitting

and parameter extraction of a Mittag-Leffler's function.

2.4. Tomographic image reconstruction
The image reconstruction is done using the neighboring method [2], based on the Gauss-Newton-
Raphson algorithm. The software was implemented using the Open-Source EIDORS Library [23].
Traditionally, the tomographic image is reconstructed for a specific frequency [2—4]. Generally, the
phasorial amplitude of the measured voltage is used to build the input matrix for the reconstruction
algorithm. Our approach differs from the traditional use in filling the input matrix with the voltage
values at different times (after proper fitting to the analytical expressions from section 2.3), rendering a
time-domain set of images, which we called Step-response Electrical Impedance Tomography (stEIT).

2.5. System simulations
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For a proof-of-concept, we built two network-circuits from resistors and capacitors. The first circuit is
an pseudo-isotropic circuit formed by Lapicque impedances of 1 kQ resistors and 15.92 nF capacitors
with a parallel resistance of 10 kQ (see Figure 1). The characteristic time of each Lapicque impedance
in this circuits is T = 14.47 ps.

The second circuit is pseudo-anisotropic. The eight capacitors in the right upper side have been
changed from 15.92 nF to 15.92 pF, while preserving their parallel resistance (see Figure 2).

The measurement process consists of connecting a step current source between two points of the
circuit while measuring the voltage in the other 14 points. This process is repeated 16 times by moving
the connection points of the current source, according to the neighboring method. The voltages were
extracted at four times: 0.57, 7, 21, and 100t. The simulations were performed using LTSpice XVII.
The simulation circuits are available in the repository [24].
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Figure 1. Pseudo-isotropic circuit of 16 electrodes, simulating an inert body under
electrical impedance tomography. The capacitors are defined in Spice to have a
parallel resistance of 10 kQ (not shown in the schematic).
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Figure 2. Pseudo-anisotropic circuit of 16 electrodes, simulating an inert body under
electrical impedance tomography. Pseudo-anisotropy is introduced by altering four
capacitors of the pseudo-isotropic circuit of Figure 1. The capacitors are defined in

Spice to have a parallel resistance of 10 kQ (not shown in the schematic).

3. Results

For each circuit, the reconstruction process is done at four different times of the time constant: 0.51, T,
27, and 1001, which is steady-state for the pseudo-isotropic circuit, where (see section 2.5) T = 14.47
us.

The four reconstructed images in Figure 3 show a uniform pattern of impedance distribution at all
times, as expected from the pseudo-isotropic circuit. It is important to note that the color distribution is
normalized per image.

Figure 4 shows the four reconstructed images of the pseudo-anisotropic network. Again, the color
distribution is normalized per image. The anisotropic nature of the reconstructed images follows the
pseudo-anisotropy of the circuit itself.

The difference between the circuits is in the capacitances' values; however, all resistances (in series
and in parallel to each capacitor) are kept the same. Thus, in the steady state of the step response (DC)
almost no difference in reconstructed images would be observed.
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t=0.5tau

1=100tau

Figure 3. Images reconstructed from the pseudo-isotropic network at 0.5, 1, 21, and
1007, where T~ 14.47 us..

=0 5tau t=2tau

t=tau t=100tau

Figure 4. Images reconstructed from the pseudo-anisotropic network at 0.5t, 1, 2,
and 100t, where 1= 14.47 ps..

4. Discussion and Conclusions
Time-domain step-response analysis of a system (particularly a bioimpedance) presents the main
advantage of being fast and non-time consuming when performing a broadband study. All the spectral
information of interest is measured in a single sweep. This feature is particularly important when
dealing with highly dynamic biological systems or for fast feedback in medical procedures, for which
its high precision does not override the time-consumption drawback of traditional frequency-domain
techniques.

However, a significant drawback should be noted: the method is more sensitive to the noise
induced by jitter and high-speed ADC quantization [25]. The effects of the noise can be overcome by
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performing several measurements and averaging (jeopardizing the advantage of non-time consuming)
or by fitting to known analytical functions reviewed in this paper.

As Pliquett exposed in several works [26-28], sophisticated data processing and high-quality
hardware design, together with experience, are fundamental to designing a time-domain system whose
precision is as good as traditional frequency-domain systems with the clear advantage of the speed of
measurement. Finally, the balance between the advantages and disadvantages of this technique is a
delicate interplay between the system of interest and the application requirements.
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