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Abstract: In this paper, a new approach for capacitance measurement for electrical capacitance
tomography (ECT) sensors is proposed. The method is based on the digital processing of the time-
domain voltage measurements at the sensor electrodes. Furthermore, a robust capacitance estimation
algorithm is developed to convert the measured voltage time-series to inter-electrode capacitances.
The proposed measurement technique simplifies the electronic design of the ECT sensor and is
suitable for use in applications requiring a compact device with a fast scan time. The accuracy and
sensitivity of the method are investigated numerically and experimentally using a prototype sensor.
In particular, the sensitivity of the estimated capacitance to measurement noise levels is analyzed in
detail. Additionally, an analysis of the parameters that affect the accuracy of estimated capacitances
is carried out from which we are able to demonstrate that the method is immune to effects such as
stray capacitances between the electrodes and the ground. A prototype sensor with an open curved
geometry on a millimeter scale is used to test the method empirically. Experimental results obtained
for measurements with mineral oil and water are shown and compared against capacitances obtained
using a physics-based forward model of the sensor. The inter-electrode capacitances in the range
of tens of femtofarads to a few picofarads are estimated and a close match with the forward model
results is obtained.

Keywords: electrical capacitance tomography; capacitance estimation; time-domain capacitance
measurement; noise analysis; time-series voltages

1. Introduction

Electrical capacitance tomography (ECT) is a measurement technique for determining
the spatial distribution of the permittivity within a region using capacitance measurements
taken on, or near, the surface of the region [1,2]. It is a non-invasive, low-cost imaging
modality and has found applications in various fields [3,4]. An ECT sensing system is
composed of the sensor electrodes near the region of interest (ROI), the sensing electronics
for providing the excitation voltages and measuring the responses, and a computer for
generating the images from the measured data [5].

The inter-electrode capacitances in typical ECT systems are very small and span a
range from femtofarads to a few picofarads [6]. The measurement of the capacitances
in this range can be challenging due to the sensitivity of the electronics required and
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the relatively large stray capacitances between the electrodes and ground, which exist in
many applications. Despite these difficulties, a few methods have been proposed [7,8]. In
particular, the charge—discharge and alternating current (AC) methods have been highly
popularized due to being inherently immune to stray capacitances [5,9]. The charge—
discharge method uses a square wave excitation to drive a current through the unknown
capacitor. The current is then integrated using an operational-amplifier-based circuit to
give a voltage proportional to the unknown capacitance value. In contrast, the AC method
uses a sinusoidal excitation and subsequently demodulates the measured signal to obtain
a voltage proportional to the unknown capacitance value. A number of modifications to
these two fundamental measurement principles have been proposed [10-12].

The measurement techniques mentioned above are based on repeated cycles of charg-
ing and discharging the capacitor using either a series of pulses or sinusoidal excitation.
However, there has been some work related to applying single-shot rectangular voltage
as excitation for the capacitance measurement [13-15]. Unsurprisingly, the use of a single
charge—discharge cycle increases the data acquisition rate required for many monitoring
applications [8]. This approach has been used to design high-speed ECT systems, for
example, in [13]. It is worth noting that the reconstruction of permittivity and conductivity
is still possible when a single pulse is used. This was demonstrated in a numerical study
carried out in [15]. However, one drawback of using a single-shot excitation is the increased
impact of measurement noise affecting the signal-to-noise ratio (SNR). This shortcoming
can be addressed by hardware modifications. In particular, the use of higher excitation
voltages [14] or increasing the system gain [16] results in an increased SNR.

In this paper, we present a new approach that uses measured response voltages from a
single-shot pulse excitation to digitally compute the unknown inter-electrode capacitances.
Our approach has the advantage of requiring simpler hardware than other ECT systems,
which require current integration via operational amplifiers to be performed. To the best
of our knowledge, this is the first study of capacitance estimation for ECT applications
using digital samples of measured voltage time-series. Similarly to other charge-discharge
systems, which use a current integration approach, the proposed method is immune to the
stray capacitances between the electrodes and the ground. However, the measurements
can be affected by the parasitic capacitances of the printed circuit board (PCB) connecting
lines, which could be reduced by careful design and measurement calibration.

A possible application of the proposed method is in medical imaging. It could be
used to design an inexpensive, non-ionising, lightweight hand-held device to perform
fast scans, and the processing could be performed offline. Like other single-pulse-based
methods, we obtain the average response of the material in a range of frequencies. The
method could also be extended to extract information at multiple frequencies using further
processing of the time-series voltage data, enabling frequency-dependent imaging of the
permittivity distribution. This is particularly important for imaging biological tissues and
other complex materials with frequency-dependent permittivity values.

The proposed method is tested with a prototype sensor board that has an open curved
geometry. We provide both a numerical analysis of the method as well as demonstrate the
method using experimental results. The sensor is modeled and solved using the finite ele-
ment method (FEM) [17] to generate the numerical results. The sensitivity of the estimated
capacitances to noise is studied using simulated data. The first experimental results are
provided for a prototype sensor and compared against the capacitances computed using
the forward solver.

This paper is organized as follows. In Section 2, an overview of the ECT system is
provided followed by details of the prototype sensor board, its equivalent circuit represen-
tation, the capacitance estimation algorithm, and the forward model to generate numerical
data. In Section 3, the main results obtained are discussed, which include the voltages
obtained from the forward simulation, the reconstructed capacitances using simulated data,
the sensitivity of the results to noise, the experimental results using the measured data, and
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a comparison with existing ECT systems. The conclusions of this paper are provided in
Section 4.

2. Materials and Methods

A block diagram describing the working of the prototype time-domain ECT sensor
is shown in Figure 1. The sensor is composed of an array of parallel electrodes and the
material to be imaged is placed near it. A single pulse is applied to excite one electrode at
a time and the responses of all the electrodes are recorded. The problem of determining
the response voltages based on the input voltage at the transmit electrode for a given
sensor geometry and material in the ROI is known as the forward problem. In contrast, the
inverse problem consists of using the measured response voltages to obtain a reconstructed
estimate of the permittivity of the material in the ROL In our system, the reconstruction of
the permittivity map consists of two main steps. In the first step, the sampled time-domain
voltages are digitally processed to estimate the capacitances between the pairs of electrodes
in the sensor. In the second step, the permittivity distribution is reconstructed using the
estimated capacitances. In this paper, we describe the capacitance estimation algorithm and
analyze its performance. A detailed description and analysis of the permittivity estimation
algorithm is out of the scope of this paper, but some of the commonly used techniques can
be found in the literature [18-20].

ECT sensor
Forward problem Inverse problem
Transmit Vi lizati

electronics Isualization

T
Voltage Pulse Estimated permittivity

|

Permittivity

Material estimation

algorithm
?

Voltage Response Estimated capacitances
Receive Sampled Voltages ( Capacitance
lectroni > estimation

electronics 'L Sl

Figure 1. A block diagram of the prototype ECT sensor. A material is placed near the sensor, a single
voltage pulse is applied to each electrode, and the response voltages are measured at all the electrodes.
The measured voltages are digitally processed to obtain the capacitances, which are in turn used to
create an image representing the permittivity distribution of the material.

In an ECT system, the forward model is used in the inverse solver to compute the cost
function for a given material permittivity distribution. This cost function is minimized to
estimate the permittivity values. In our case, a model of the forward problem is also useful
to synthetically generate the voltage data to test the capacitance estimation algorithm
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for a known setup. This enables us to study the accuracy, sensitivity, and stability of
the algorithm using simulated data. The modeling of the forward problem involves two
parts [21]. The first part is the formulation of a partial differential equation (PDE) that
arises from the electroquasistatic model of the fields in the material and the second is the
construction of the ordinary differential equation (ODE) that models the circuit dynamics.
The solution of the PDE with simple boundary conditions can be used to compute the
capacitances for the given geometry and material properties. The coupled PDE-ODE system
is associated with the time-domain voltage solution.

The main focus of this paper is the capacitance estimation algorithm that converts
the voltage measurements into inter-electrode capacitances. The algorithm developed is
general enough to accommodate different shapes of the excitation pulse. The proposed
algorithm is based on an equivalent circuit representation of the system. This representation
is also useful for the voltage computation and can be exploited to generate synthetic data
for testing the capacitance estimation algorithm.

In the subsections that follow, we provide details on the prototype sensor board,
its equivalent circuit representation, the algorithm for capacitance estimation, and the
forward model.

2.1. Prototype Sensor Board

The prototype sensor board used to test the proposed method is shown in Figure 2.
There are Ng = 15 electrodes on a PCB, numbered E1, Ep, - - - , Eq5. The electrodes are 6 mm
wide, 69 pm thick, and 146 mm long and are separated by a distance of 10 mm. The PCB
shape is flexible and is supported by a 3D printed frame made of plastic material (nylon
polyamide 12) and defines a curved geometry with a radius of curvature of 71 mm at the
top of the board. The board is 1.6 mm thick, and the frame extends 8.4 mm below the board.
A ground plate is attached at the bottom of the frame, which is 10 mm below the electrodes.
The material to be imaged is placed above the electrodes.

| Signal generator | | Oscilloscope | | Bench power supply | PCB | ‘Transmit Multiplexer Circuit |
|

| Electrods | | ensorboard | |Groundplate| | Curved support frame |

Figure 2. Photograph of the experimental setup with the sensor board of curved geometry connected
to the signal generator and oscilloscope is shown on the left. The view of the board from below,
showing the frame, the ground plate, and the electronics is shown on the right.

A square pulse of low bandwidth (<1 MHz) is used as the time-domain excitation
voltage and a multiplexer applies the input pulse sequentially to each electrode. The
multiplexer establishes a connection between the selected electrode and the signal generator
before the pulse is applied so that the transient effects of the multiplexer do not affect the
signals. One end of each electrode is connected to the multiplexer through a 10 k() series
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resistance. On the other end, 1 MQ) pull-down resistances are used to form the receive
nodes, which are then fed to an analog-to-digital converter (ADC) via buffer amplifiers.
In our experimental setup, an oscilloscope is used to serve the functions of ADC and the
associated memory.

2.2. Equivalent Circuit Representation of the Sensor

The proposed capacitance estimation algorithm is based on an equivalent circuit
representation of the sensor. The material to be imaged is assumed to be non-conductive and
the considered signals are of low enough frequencies for electroquasistatic approximation
to be valid. Therefore, the inter-electrode impedance can be modeled as capacitances,
while the resistance and inductance effects can be neglected. The electrode to ground
capacitances arise out of multiple factors that include the capacitances of the multiplexer
and buffer amplifiers, stray capacitances influenced by the material on the sensor, and
additional variable factors. As will be seen later, the capacitance estimation algorithm
does not depend on knowing the value of the stray capacitances to the ground and hence
they can be included in the model as an unknown quantity. Moreover, the value of the
electrode to ground capacitances can be assumed to generate the synthetic data to test the
estimated capacitances.

Figure 3 represents the equivalent circuit of the sensor, shown here for a three-electrode
system for simplicity. The nodes that represent each electrode E;, i = 1,2, - - - , N are called
the K-nodes, denoted K;, with the associated voltages Vi ;. These K-nodes are in turn
connected to the pull-down resistance Rk ;. The components Cgg ; represent the net capac-
itances to the ground on the receive side and include unknown stray capacitances. Together,
they form the resistance—capacitance (RC) receive circuit, and the voltage across them is
fed to the oscilloscope via buffer amplifiers. On the opposite end, the electrodes are con-
nected to the source via the multiplexer, represented here by the switches S;, through series
resistances, denoted as Rtk ;, and the corresponding nodes are called the T-nodes, denoted
as T;. The resistances and the net capacitances from T-nodes to the ground are represented
by Rrg,; and Crg ;. The value of Crg; is also influenced by unknown factors and hence
can be considered as stray. The capacitances C;; denote the inter-electrode capacitances
between E; and E;, which carry the information about the permittivity distribution of the
material placed near the sensor. The source voltage Vs has a resistance Rg and produces an
input pulse, which is applied sequentially to each electrode using the multiplexer. For each
transmit pulse, the voltages at the T-node, V7 ;, and at the K-node, V ;, are measured for
each electrode.

2.3. Capacitance Estimation

The inter-electrode capacitances C; ; are usually measured using a current integrating
circuit, which outputs a voltage proportional to the unknown value. Here, we discuss
an alternative approach that uses a capacitance estimation algorithm based on a simple
voltage time-series measurement scheme. For single-pulse excitation applied to each
electrode, the voltages at both T-nodes and K-nodes are measured for all the electrodes.
The measurements are then processed digitally to estimate the capacitances.

At any K-node of the equivalent circuit, the Kirchoff’s Current Law (KCL) can be
written for any instant of time ¢, as

Vriltn) = Vii(tn) _ o dViiltn) | Vii(tn) ZC (dVKz tn) dVK,j(tn)> 1)
ij

RTK,i — -KGi dt RKG i dt
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Figure 3. Equivalent circuit representing a sensor with three electrodes. The capacitances Cj 5, Cy 3,
and Cy 3 are the inter-electrode capacitances. Additionally, Cr¢ ; and Ckg ; fori = 1,2, 3 are influenced

Using (1) and considering the source voltage applied sequentially to each electrode,
the system of simultaneous differential equations for the nodal voltages at any instant of
time can be written as

[K] d[VI;Etn)]

where,

= [L][Vk(ta)] + [M][Vr(£a)],

2)
Ckga+ Ljz1Cij —Ci2 —CiN;
-G CkGe + iz Coj —CoNg
(K] = . N C)
—CnNg 1 —Cng 2 Cke Ny + LjzNg ONg,j
1 -1
Rkg1 ' Rrka ) 0 ) ’ 0
0 =+
KG,2
[L] =

Rtk 2

Rke,Ng

Rri,Ng
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1
Rtk 1 0 0
0 ﬁ .. 0
[M] = : : , : : ’ ®)
0 0 SR

[Vi(tn)] and [Vr(t,)] are N x N matrices whose j# columns represent the instanta-
neous K-node and T-node voltages, respectively, when the source voltage is applied to the
electrode E;. In other words, [Vi(t:)];j = Vi i(tn) and [Vr(tn)];; = Vr,:(tn) when switch S;
in Figure 3 is closed. The numeric values of [Vk(t,)] and [Vr(t,)] in (2) are measured at Nt
discrete instants of time for a given sampling rate. The resistances in the circuit are known
and therefore [L] and [M] matrices are readily available. The matrix [K] is composed of the
unknown capacitances, which need to be estimated.

A couple of approaches could be adopted to solve for the capacitances using (2) given
the time-series voltage data. One possibility is to employ a least squares approach to
minimize the total error for the Nt time instants. This can be performed by repeating (2) Nt
times with the voltage values at each instant, forming an over-determined system of size
N2 x Nr. However, this would require an estimate of the numerical derivative of the time-
series K-node voltages, d[;/t’(] , which is error-prone in the presence of measurement noise.

We use the integrated version of (2), avoiding the need for computing numerical
derivatives of the data, to estimate the capacitances more reliably. Therefore, for a time
window between the instants Ty,; and Ty, the integrated version of the equation becomes

[K][AVK] = [LIVE] + [M][Vi]. (6)

Here, [AVk]ij = Vki(Tw2) — Vk,i(Tw1) forms the matrix of voltage differences in
the time window with E; as the excited electrode. The matrices [ViM] and [ViM] are
defined by the numerical integrals of the voltages in the time window with the elements
[Vlint}i/]‘ = f{;‘;z Vi and [V%”t]i,]‘ = fgj}‘f Vris with E]‘ excited.

The resulting Equation (6) forms a linear algebraic system of size N2, which can be
solved to obtain the [K] matrix. This can be performed by taking the transpose of (6) and
inverting the square matrix [AV]” to obtain

K= K" = ([avi") (v + i) %)

The required inverse of the matrix in (7) can be computed with an LU-decomposition-
based algorithm implemented in standard numerical libraries [22]. The numerical solution
obtained with this procedure, [K]s,;, could have slight asymmetry due to measurement and
[K]sol ‘HK]T

2

computational errors, which can be adjusted by taking the symmetric part [K] = =

The inter-electrode capacitances, C; j, are then easily deduced from [K] using (3).

It is worth noting that, by having the measurements of both T-node and K-node
voltages, we obviate the need to know accurate values of parameters like Cr¢ ;, R1¢ i, and
Rg for the computation. This insulates the capacitance estimation algorithm from errors due
to uncertainty in those parameters, which is the rationale for measuring Vr; in addition
to Vs and Vi ;. Moreover, since the derived linear system treats Ckg; as an additional
unknown, the method is immune to stray capacitances to the ground. However, the
estimated values can still be affected by other error sources, such as parasitic capacitances
of the lead wires, that appear parallel to the inter-electrode capacitances in the equivalent
circuit, which needs to be minimized via good PCB design and measurement calibration.
The effect of these parasitic capacitances can be larger for ECT systems with larger spatial
separation between the electrodes and the hardware, but the method can still be applicable
with adequate compensation. If the buffer amplifiers can be placed close to the electrodes,
the length of subsequent connection lines to the data capture circuitry will have a minimal
effect on the measurement parasitics. In addition, the error is linearly related to the
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differences in the resistance values Rgc ;i and Rrg ;, which can be controlled by selecting
components of low tolerances and temperature drift. The choice of the integration window
(Tyw1 and Tp) can also affect the estimated capacitances, which is explored in Section 3.4.

We also note that, although a prototype sensor with a simple geometry is used to test
the method, the equivalent circuit and the capacitance estimation algorithm described here
are more general and applicable to sensors with more complex geometries and different
length scales. In particular, the same measurement technique is also applicable in the case
of sensors with non-uniform electrodes having irregular shapes.

2.4. Forward Model

Now we consider a physics-based forward model of the sensor board. As mentioned
before, the forward model is used for the numerical computation of capacitances and
voltages. Apart from its use in the inverse solver, it will be exploited to generate the simu-
lated data for testing the capacitance estimation algorithm. At sufficiently low frequencies
(<1 MHz) and for the length scales involved (mm), the electromagnetic fields around the
sensor can be modeled using an electroquasistatic approximation. By assuming that all the
non-metallic materials in the computational domain (2 are linear and non-conductive, the
electric potential u(t,x), as a function of the position x and time ¢, satisfies [21]

V - (e0erVu(t,x)) =0in Q,
u(t,x) = Vg (t) on oE;,
u(t,x) = 0 on 9G;,
eoerVu(t,x) -1 = 0 on dQ)¢,

®)

where dE;, i = 1,2, - - N are the electrode surfaces, E)G]-,j = 1,2, Ng are the surfaces
of the ground plates within the region, and Q¢ = Q \ U;dE; \ U;0G; is the outer boundary
of the domain. The constant ¢ is the permittivity of free space and ¢, is the relative
permittivity distribution in the region. Note that (8) depends on time only through the time
dependence of the boundary voltages Vi ;(t) on the electrode surfaces. In a DC setting, with
the ith electrode excited to a constant voltage Vi ; and the remaining electrodes grounded
(Vk,j = 0 for j # i), the inter-electrode capacitance can be computed using

1
Cij= — / e0e, Vi - A1 ds, )
VK,z OE;

where u solves (8).

A similar equation can be used to compute the capacitance between the electrode i
and the ground plates, C ;, where the charge needs to be calculated on the surface of all
the ground plates in the system. For known electrode potentials, the PDE in (8) can be
solved numerically using the FEM. We thus have a method to compute the inter-electrode
capacitances, C;, for a given geometry and material permittivity €, yareria- The total
capacitances to the ground are parallel combinations of C¢ ; with other stray capacitances
present in the system.

One way to compute the time-domain voltages is by solving a coupled PDE-ODE sys-
tem [21]. This is performed by combining the electroquasistatic Equation (8) with the ODE
arising out of the circuit analysis. These two are then coupled through the charge/current
flowing across the electrode boundary. However, we note that the capacitances C; j between
the electrode pairs are dependent only on the solution of the PDE through (9) and are
independent of the circuit dynamics. Therefore, the voltage computation can be decoupled
by first solving the PDE and computing the inter-electrode capacitances, which are then
used in the equivalent circuit shown in Figure 3. The voltage computation then reduces
to the solution of this circuit and can be carried out using a standard circuit-simulation
software such as SPICE [23].
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3. Results and Discussion

In this section, we provide the results obtained using the proposed method for the
prototype sensor. The generation of time-domain voltage data using the forward solver
is described first. Following this, the estimated capacitances from the simulated voltage
data are presented, which are compared with the true values. Next, the sensitivity of
the algorithm to measurement noise is analyzed. After that, the effects of integration
time window and denoising filter and the immunity of the method to stray capacitances
are discussed. Finally, results with experimentally measured data and comparison with
existing ECT systems are provided.

3.1. Forward Simulation

As described before, the prototype sensor is made up of Ng = 15 electrodes, each
having a length of 146 mm. For a material placed above the sensor that has cylindrical
symmetry, the geometry of the sensor allows for a 2D modeling of the problem. In this
case, only the cross-sectional plane perpendicular to the length of the electrodes needs to
be modeled.

The geometry creation, meshing, and FEM solution were carried out using the open-
source finite element software FreeFem++ [24]. A first-order nodal element scheme was
used for the FEM solution. The 2D geometry used for the FEM simulation is shown in
Figure 4. The computational domain is of a 375 mm width and 250 mm height. The extended
parts of the board on the left and the right accommodate the electronic components and the
signal ground. The relative permittivity of the board is &, j,,g = 4 and that of the frame is
&, frame = 3. A representational material with a circular cylindrical geometry and of relative
permittivity €, ,,40riq1 = 2 is shown on the sensor with a gap of 1 mm between the central
electrode and the material. For the FEM simulation, the region near the electrodes was
meshed more finely to improve the accuracy of the solution. The actual size of the mesh
was chosen based on a mesh convergence analysis.

Permittivity map

4.0

100 A

50 4

Vertical Axis (mm)
o
N
w
Permittivity map

—50

—100 A

—200 150 100 50 0 50 100 150
Horizontal Axis (mm)
Figure 4. The 2D geometry simulated by the FEM solver. The sensor PCB has a relative permittivity
of 4 and is supported by the frame with a relative permittivity of 3. A cylindrical material with a
relative permittivity of 2 is shown on top of the sensor, and the background is air with a relative
permittivity of 1.

The FEM simulation was carried out to obtain the inter-electrode capacitances, CiF, ]EM.
These capacitances were then used to generate the voltages by solving the SPICE model of
the equivalent circuit. The K-node voltages obtained after solving the time-domain forward
problem when the electrode E; was excited are shown in Figure 5. The results are shown
for the material permittivity €, ,teriqt = 1, which corresponds to air. The source voltage Vs
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is a single square pulse of 20 us duration with a rise time of 50 ns. The circuit parameters
used for the simulation were Rg = 10 kQ), Rt ; = 10 kQ), Rk ; = 1 MQ), Crg; = 1 pE and
Ckg,i = 1 pF and R ; was not connected.

— Vk11
Vi
2.51 k2,1

— Vk31
— Vka1

20 Vi,s.1
Vk.6.1
V7,1
151 — Ve

Vi.0.1
— Vk101
1.0 4 — V1

Vi 12,1

Voltages (V)

— Vka3a

0.5 1 — Vk1
— Vkais,1
_\

0.0

-1.01

0.0 25 5.0 75 10.0 125 15.0 175 20.0 225 25.0 275 30.0 325 35.0 375 40.0
Time (us)

Figure 5. The voltages on the K-node electrodes when the pulse input is applied to electrode Ej.

3.2. Estimated Capacitances Using the Algorithm

The results obtained for the simulated voltages were used to validate the capacitance
estimation algorithm. The voltages for each excitation electrode were generated and
the linear system in (6) was solved to obtain the estimated capacitances ij-timmd. The
required numerical integration was carried out using the trapezoidal rule. The voltages
were generated with a sampling time of 0.4 ns and the values on an interval from 0 to
1 ps were used for the estimation. Figure 6 shows the capacitances obtained for three
different permittivity values, €, juteriat = 1,3 and 80, which correspond to typical values for
air, oil and water, respectively [25]. The estimated capacitances are very close to the true
capacitances from the FEM simulation and they are coinciding in the figure. The relative
difference between the estimated and true capacitances is defined as

|Cl¢;timuted _ CZEjEM
17C,i,j = CFEM . (10)
ij

These errors are shown in Figure 7. It can be observed that the capacitance esti-
mation algorithm reconstructs the true capacitances from given voltages very accurately.
The relative errors are less than 10~° for all electrode pairs and for all the permittivity
values considered.

3.3. Sensitivity to Noise

The results in the previous subsection were obtained with simulated voltages com-
puted using known capacitance values. Now, we study the sensitivity of the capacitance
estimation algorithm when Gaussian noise is added to the voltage values. The uncertainty
in the estimates can be quantified using the coefficient of variation defined as the ratio of
the standard deviation to the mean of the estimated capacitances [14]. The uncertainty for
each electrode pair for different SNR levels is shown in Figure 8, which was computed
using 30 realizations of the noisy signals.
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Figure 6. Plot of true and estimated capacitances for three different material permittivities. The true
capacitances were computed with the FEM solver and were then used to obtain the voltage data for
the capacitance estimation algorithm. The x-axis represents all 105 unique electrode pairs 1-2,1-3, ...,
2-3,2-4,...,14-15, some of which are not explicitly labeled to avoid clutter.
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Figure 7. Plot of relative errors in estimated capacitances for three different material permittivities.
The true capacitances were computed with the FEM solver and were then used to obtain the voltage
data for the capacitance estimation algorithm. The x-axis represents all 105 unique electrode pairs 1-2,
1-3,...,2-3,2-4, ..., 14-15, some of which are not explicitly labeled to avoid clutter.
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Figure 8. The coefficient of variation of the estimated capacitances for different SNR levels. The

results are shown for four different SNR levels and the material permittivity set to that of air. The
x-axis represents all 105 unique electrode pairs 1-2, 1-3, ..., 2-3, 2-4, ..., 14-15, some of which are not

explicitly labeled to avoid clutter.

Figure 9 shows the relative differences between estimated and true capacitances for
different SNR levels with the material permittivity set to that of air. For high SNR values,
the capacitances are very close to the true value from the FEM solution. However, when
the noise level increases, the errors in the estimated capacitances become larger.
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Figure 9. The relative errors in estimated capacitances for different SNR levels. The results are shown
for four different SNR levels and the material permittivity set to that of air. The x-axis represents all
105 unique electrode pairs 1-2, 1-3, ..., 2-3, 2-4, ..., 14-15, some of which are not explicitly labeled to
avoid clutter.
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Figure 10 shows the convergence of the estimated capacitances with respect to SNR
levels. The variation in the maximum of the relative capacitance errors over all electrode
pairs, i.e.,

Ne,max = maxi,j(UC,i,j)/ (11)

is plotted against SNR levels for different material permittivities. For example, for
€, material = 80, the relative error reduces from around 60% for SNR = 25 to 10% for
SNR = 40 and is below 1% for SNR = 60. Similar results can be observed for other
permittivity values. Therefore, we can say that the capacitance estimation algorithm gives
reasonable results when the noise level is not too high. Next, we look at the parameters
that can influence the accuracy of the estimation in the presence of noise.

—B— &, material = 1

£, material = 3
—+— &, material = 80

25 30 35 40 45 50 55 60
SNR (dB)
Figure 10. Convergence of the maximum relative capacitance errors, #¢ yqx, with the SNR levels for
different material permittivities.

3.4. Effect of Integration Time Window

One of the parameters that can be chosen for the capacitance estimation is the time
window in which the data are processed. Figure 11 shows the results for window sizes
defined by different end times, Ty, with the fixed start time T,y = 0. The results are
shown for the material permittivity, €, ;a1eriq1, Set to air permittivity. The linear system
in (6) involves the calculation of the numerical integrals, Vli’ff and V%f’it, and the voltages
difference over the interval, AVk ;. The integrals have a smoothing effect and taking a
larger interval improves the accuracy of the calculation by averaging out the noise over
the integration window. As for the voltage difference terms, AVk;, the accuracy also
improves on larger intervals, as long as the voltages are rising, i.e., before the peak levels
are reached. Therefore, in general, we expect that the accuracy improves with larger Ty,
but the improvement tapers off and can even worsen after the voltages have decayed down
to a low value compared to the noise levels (see Figure 5). This can be confirmed by the
results in Figure 11, where the maximum errors decrease when the time window increases
from T, = 0.1 us to 5 us but then increase for T, of 10 us and 20 us. Therefore, the time
window should be selected based on the expected time constants of the voltage decay
curves. It should be large enough so that the noise can be averaged out by the integrals but
not so large that the voltage differences in the window become too small.
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Figure 11. Plot of maximum relative capacitance error, 7/c jx, Vs. SNR for different integration time
windows specified by Ty with T,; = 0. The results were obtained with the material permittivity

Er material = 1.

3.5. Effect of Denoising Filter

We have seen that the capacitance estimation works well provided the signal-to-noise
ratio levels are not too low. In cases where the SNR is small, the use of denoising filters
can be advantageous. An option is to use the well-known Savitzky-Golay filter, which
smooths the signal by using the least squares method to fit consecutive windows of data
points with a low-degree polynomial [26]. Here, we use a first-order Savitzky—Golay filter
of a chosen length, Lsgr. Figure 12 shows 7¢ juax Vs. filter length for different SNR levels
for &, yyateriqt = 1. The case in which filter the is not applied is denoted by Lsgr = 0. It can
be seen that there is a large reduction in the errors when the filter is applied. The error
decreases with the filter length initially. After some point, increasing the filter length is
not beneficial any more, as it can start affecting the actual information about the variation
in the signal. For example, with SNR = 45 dB, the maximum capacitance error #c j,y is
8.2% if the filter is not applied. It reduces to 2.5% when Lggr = 25, which corresponds to a
time window of 1 ns, since the sampling time is 0.4 ns. The error reduces further to 2.1%
when Lggr = 50, after which it goes back up again and reaches 8.3% when Lggr = 300. In
summary, oversampling the voltages enables the application of the denoising filter without
affecting the signal, thus improving the SNR.

3.6. Effect of Stray Capacitances

In ECT systems, the stray capacitances can be much larger than the measured capaci-
tances and can have values higher than 100 pF [5]. As mentioned before, the developed
algorithm is resistant to the effects of stray capacitances between the electrodes and the
ground. This is because in Equation (2), and consequently in Equation (6), these capaci-
tances are considered as unknowns and the currents flowing through them are accounted
for. In Figure 13, we provide a numerical demonstration of this effect. The simulation is
carried out for air by considering equal K-node to ground capacitance values, Ckg, for all
electrodes, which are varied in the range of 25 pF to 200 pE. A time window from 0 to 5 us
is used for capacitance estimation. It can be observed that the maximum relative error in
the inter-electrode capacitances remains stable over the wide range of stray capacitances.
For instance, in the case of SNR = 40 dB the errors vary in the range of 5.87% to 6.36%, and
for SNR = 60 dB the variation is between 0.57% and 0.62%. Thus, we can confirm that the
stray capacitances do not have a large effect on the estimated capacitances.
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Figure 12. Plot of maximum relative capacitance error, 7/ y4yx, vs. the length of the Savitzky—Golay
filter, for different SNR levels. The results were obtained with the material permittivity &, yateriar = 1
and an integration time window defined by T;,» = 1 ps. The case in which the filter is not applied is
denoted by Lsgr = 0.
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Figure 13. Plot of maximum relative capacitance error, /¢ y4x, vs. K-node to ground capacitance for
different SNR levels. The capacitances, Ckg ;, are taken as the same value, Ckg, for each electrode,
i =1,2,---15, and are varied from 25 pF to 200 pF. The results were obtained with the material
permittivity €, yaterisr = 1 and an integration time window defined by Tp = 5 us.

3.7. Results with Measured Data

Now, we present the experimental results obtained using the voltage measurements
from the board. Two materials, mineral oil and water, were used for the measurements.
Both the materials were enclosed in a cylindrical bottle with a diameter of 116 mm. The
bottle was made of plastic with a wall thickness of less than 0.5 mm and was placed on
the electrodes. Voltage pulses of 5 V amplitude, 50 ps rise time, and 20 us duration were
applied to the sensor. The voltages obtained from 30 repeated measurements were averaged
to improve the SNR seen by the capacitance estimation algorithm. Figure 14 shows the
capacitances estimated using the measured voltages on the sensor board. The results from
the FEM simulation are also shown, which were obtained using mineral oil and water
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permittivities of 3 and 80, respectively [25]. The thickness of the plastic wall of the bottle
was neglected in the FEM model and a gap of 1 mm was considered between the top of the
electrodes and the phantom.

10712 4

Capacitance (F)

10-13 4

—=— CtM, oll
+— CFEM, water

(Cestimated |

Cestimated \yater

12
23 4
34

©
)
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67
7-8 4
8-9

9-10 4

10-11 4

11-12

12-13 4

13-14

14-15 4

Electrode pairs

Figure 14. Plot of capacitances obtained from measured data with cylindrical phantoms for two
different materials: oil and water. The results are compared against the value obtained from the FEM
simulation using the oil and water permittivity values of 3 and 80, respectively. The x-axis represents
all 105 unique electrode pairs 1-2, 1-3, ..., 2-3, 2-4, ..., 14-15, some of which are not explicitly labeled
to avoid clutter.

It can be seen that the estimated capacitances are close to the capacitances computed
using the FEM model. We obtain capacitances in the range of tens of femtofarads to a few
picofarads. The total relative difference in capacitances,

.. . |cestimated _ —~FEM|2
Liji |Ci,j Ci,j

e, = , (12)
’ Yi(CEPM)?

i,j=1,2,---,Ng =15,1is 7.22% in the case of oil and 22.49% in the case of water. The ECT
imaging systems usually minimize L2 capacitance differences to reconstruct the permittivity
values [18]. The pattern of the capacitance values for different electrode pairs is very similar
for both Cf M and Cfsfmeied.

It is worth remembering that the absolute capacitances are not always critical in
ECT imaging as calibration is usually used to compensate for the differences [6,20,27].
Calibration is needed to adjust for the errors introduced due to offset capacitances, which
can be time-dependent in some applications. The choice and analysis of the calibration
procedure to be followed depends on the application domain and the requirements of the
imaging algorithm and a detailed discussion is out of the scope of this paper.

The observed differences are a combination of errors in the estimated capacitances
and the uncertainties in the forward model. The capacitance estimation algorithm can be
affected by factors such as parasitic capacitances of the lead wires and lower SNR levels
for voltage signals. As mentioned before, the parasitic capacitances appear parallel to the
inter-electrode capacitances, causing the estimated capacitances to be higher. The SNR of
voltage signals can become worse for electrodes that are far from the excited electrode,
especially for sensors with open geometry. The SNR levels of the individual signals were
estimated using denoised signals as references, which were obtained by first filtering and
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then averaging them over the repeated measurements [14]. For the measured signals, we
obtained SNR levels above 55 dB for close electrode pairs, but they were below 20 dB for
farther electrode pairs in a few cases. These capacitances between farther electrode pairs
tend to be of smaller magnitudes as well, making them more difficult to estimate.

The FEM solution used for the comparison also has some modeling errors associated
with it, due to the uncertainty in the parameters used in the simulation. The dimensions
and the positions of the electrodes, the board, and the material all have tolerances that can
affect the results of the forward solver. As mentioned, the geometry of the bottle containing
the materials was also simplified in the simulation by ignoring the plastic wall thickness.
Any distortion to the shape caused due to the weight of the material was also ignored. The
permittivity values of the material also have tolerances associated with them. A simplified
homogeneous model of the multilayered PCB was used. The discretization errors in the
FEM solution also contribute to the observed differences.

Given the various sources of differences, we can say that the FEM simulation and the
proposed algorithm independently produce similar capacitances. The developed algorithm
could be used in ECT imaging with suitable calibration to adjust for the differences with the
forward solver capacitances. Therefore, these results provide the experimental validation
of the proposed capacitance measurement technique for ECT applications.

3.8. Comparison with Existing ECT Systems

The preliminary results from the early prototype sensor were used to demonstrate the
novel capacitance measurement technique. In this subsection, we assess the performance
indicators achievable with our proposed method and compare them with state-of-the-
art devices commonly employed in the field. As mentioned before, most of the existing
devices are based on the charge-discharge method [28] and AC method, while single-
pulse methods have also been discussed in the literature. While existing ECT systems
are primarily designed for real-time imaging applications [8], our proposed method is
specifically tailored to applications that necessitate rapid scanning followed by offline
image reconstruction.

The hardware requirements for the new method are much lower than those for tra-
ditional ECT methods. The circuits for the AC method are highly complex as precision
AC signals need to be generated and signal demodulation needs to be performed. The
charge-discharge method requires a circuit of medium complexity as the charge switching
across the capacitors of interest needs to be timed. The circuit complexity required for the
proposed method is lower than the other methods since the underlying principle is a sim-
ple RC circuit excited by a single pulse. The computational complexity of the capacitance
estimation is related linearly to the number of voltage samples used for processing. This
calculation can be performed offline to minimize the scanning time.

The typical measurement duration of conventional ECT systems is summarized in
Table 1 in [14]. In general, single-pulse methods yield significantly faster measurements
compared to AC and charge—discharge methods, which involve voltage averaging over
multiple cycles. In our prototype device, we operated at a low multiplexer switching
frequency, utilizing a 40 ps data acquisition window for each electrode pair. The actual
measurement speed depends on the chosen operating frequency. It is possible to design
the device to operate at higher frequencies to achieve higher measurement speeds. This
would require adjustments to the time constant of the RC receive circuit and the bandwidth
of the buffer amplifiers in the measurement circuit, ensuring that voltage decay occurs
sufficiently before the subsequent pulse is applied. At any frequency, further improvement
in acquisition speed can also be achieved by concurrently reading all the receive electrode
voltages for any excited electrode. Importantly, it should be emphasized that our proposed
method necessitates a larger amount of data storage and transfer, as all voltage samples
need to be transmitted for capacitance estimation. Therefore, it is crucial to have sufficient
storage and data transfer rates for the ADC so that the measurement speed is not impeded.
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The typical SNR levels for existing ECT systems are also given in [14]. In this case, the
variations of charge-discharge and AC methods use average voltages over multiple cycles
to improve the SNR. Therefore, there is a trade-off between the measurement duration and
precision. Higher input voltage levels may also be used to improve the SNR [14], at the
cost of increased circuit complexity. The typical SNR levels observed for our prototype
sensor were around 56 dB at 2 pF and 18 dB at 19 pF for 30 repeats. However, the SNR
of the oversampled voltages can be improved by digital filtering as described before.
Therefore, there is also a trade-off between the SNR levels achieved by digital filtering and
the quantity of the data to be transferred. It is worth noting that increasing the operating
frequency by reducing the RC time constant will also reduce the measured voltage levels
and consequently result in a worse SNR. In summary, the measurement speed, SNR levels,
and storage requirements can be optimized for our prototype sensor subject to the trade-offs
discussed and can be studied in more detail as part of future work.

4. Conclusions

In this work, a novel approach to measure the capacitances for ECT sensors based on
the digital processing of time-domain voltages was described and analyzed. The method
uses the voltage response to single-pulse excitation to estimate the inter-electrode capaci-
tances. This approach simplifies the hardware design and reduces the power and space
requirements of the device. The sensitivity of the method to noisy voltages was studied in
detail using numerical simulations. Furthermore, we demonstrated that digital filtering can
be used to increase the SNR of the signal and improve the accuracy of the capacitance esti-
mation. We also showed that increasing the integration window can improve the accuracy
of the estimated capacitances provided there are sufficient differences between voltages at
the start and the end of the window. We also demonstrated that our method is inherently
immune to stray capacitances to the ground but can be affected by parasitic capacitances of
lead wire connecting the electrodes.

The capacitance algorithm was also applied to experimentally collected data. With
oil and water as the materials, capacitances ranging from tens of femtofarads to a few
picofarads were extracted from voltage data. We demonstrated that these values were in
good agreement with simulated values obtained using the FEM solution of the forward
model. The results indicate that, with suitable calibration, the method can have possible
applications in ECT imaging. The digital processing of the time-series voltages can possibly
be extended to extract the information at multiple frequencies, which is critical for biological
tissues and other materials with frequency-dependent permittivity values.
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