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Abstract

®

CrossMark

Electrical capacitance tomography (ECT) is a well-established technique for process
monitoring, which enables the visualization of spatial material distributions within a region
of interest, e.g. a pipeline. Switched capacitor (SC) circuits or continuous displacement
current measurements are used to measure the coupling capacitances within the ECT sensor.
In order to measure the coupling capacitances with high accuracy, the circuit concepts make
use of fast excitation signals, e.g. fast transients in SC circuits or high excitation frequency

signals in continuous displacement current measurements. For industrial process tomography
in harsh environments a spatial separation between the sensor and the front-end circuitry is
favorable. Consequently, the measurement circuitry and the sensor are connected by means of
coaxial cables. For high excitation frequencies, transmission line effects like standing waves,
reflections, or impedance transformation effects appear, leading to undefined signal conditions

in the measurement system. It can be shown that the undefined signal propagation can lead

to significant measurement errors. In this paper we present an impedance matched front-end
circuitry, i.e. the source impedance of the excitation source and the input impedance of the
measurement circuitry are matched to the wave impedance of the transmission lines. Due to the
matching the signal propagation becomes defined, allowing the use of arbitrary cable lengths
and excitation signals. We present the design of an impedance matched front-end for ECT

and study the behavior of the excitation system and the measurement system. Comparative
measurements from a demonstrator are presented. Finally we study the measurement error of
the system and show the validity of the impedance matched system approach.

Keywords: electrical capacitance tomography, transmission lines, RF measurement,

impedance matched design

(Some figures may appear in colour only in the online journal)

1. Introduction

Process tomography is a measurement approach to monitor
the quality and quantity of goods in industrial processes [1].
It is of great interest for process optimization [2]. Several
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tomographic process monitoring techniques have been sug-
gested [3]. A suitable measurement technique for process
monitoring in industrial processes is electrical capacitance
tomography (ECT) [4]. ECT is an imaging technique, which
is based on capacitance measurements. Hereby the spatial dis-
tribution of the dielectric material properties is visualized. It
can be applied for processes material with a low conductivity
[5]. The application of ECT has been reported in different
applications, reaching from monitoring of multi phase flows

© 2019 IOP Publishing Ltd  Printed in the UK
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[6], monitoring of fluidized beds [7] or monitoring of pneu-
matic conveying processes [8, 9].

Figure 1 depicts a sketch of a typical ECT measurement
system used for process tomography. The sensor consists of
a non-conductive pipe, which encloses the region of interest
(ROI). Electrodes are mounted at the outside of the pipe and
are surrounded by a shield [10].

The measurement quantities for an ECT sensor are the
inter-electrode capacitances between the individual electrodes.
Based on the measured inter-electrode capacitances, the spa-
tial permittivity distribution within the region of interest can
be visualized by solving an ill-posed inverse measurement
problem [11-13]. The solution of the inverse problem requires
measurements of high quality, e.g. high signal to noise ratio
(SNR) and resolution [14], as well as an accurate model of
the measurement process [15]. To measure the coupling
capacitance between two electrodes, one electrode is attached
to the transmitter (TX), which provides an excitation signal.
The inter-electrode capacitance can then be determined by
measuring the displacement current at the other electrode,
which is connected to the receiver (RX). Dedicated analog
signal conditioning structures are usually needed for ECT
systems and are tailored according to specific measurement
demands. Various authors have suggested different measure-
ment techniques to determine the inter-electrode capacitance,
e.g. switched capacitor (SC) techniques [16, 17] or continuous
displacement current measurements [18-22] have been pro-
posed. For the receiver system low-impedance input stages
(charge amplifiers or current to voltage converters) are widely
used, as these architecture shows good immunity to input stray
capacitances [23-25]. To obtain a required signal strength, the
addressed measurement techniques maintain different strate-
gies. In switched capacitor techniques high excitation volt-
ages are used, e.g in [16] an excitation voltage of up to 200V
is referred. Continuous displacement current measurement
systems maintain higher excitation frequencies [26], e.g. in
[18] an excitation frequency of 40 MHz is used.

As the ECT measurement circuitry has to determine the
coupling capacitance between the electrodes, the impact of
stray capacitances has to be considered. The influence of
these capacitances can be reduced by mounting the circuitry
close to the sensor, e.g. the electronics and the electrodes are
directly connected. In this case the measurement of the cou-
pling capacitance is well defined, i.e. the measurement process
provides the correct coupling capacitance. To maintain a small
error between the measured inter-electrode capacitances and
the capacitances obtained by the model, the boundary condi-
tions must be sufficiently known, i.e. the excitation voltage
amplitude applied to the electrodes. Usually calibration tech-
niques are applied to further reduce the error caused by this
deviation [27-29]. Systems with a short connection between
the measurement circuitry and the electrodes have been pub-
lished by various authors, e.g. [18, 30]. For process tomog-
raphy in industrial environments, a directly attached assembly
is unfavorable, as it leads to an exposure of the measurement
electronics to harsh conditions, e.g. high temperatures or high
pressure. To increase the system lifetime and reliability, a spa-
tial separation of the sensor and the vulnerable measurement

Transmission

Receiver

(RX)

Pipe

Sensor :

\

Shield —.

Transmitter

(TX)

Figure 1. Simplified illustration of an ECT measurement setup
with transmission lines to connect the sensor and the measurement
electronics. The sensor encloses the region of interest.

electronics is preferred. Consequently, the measurement cir-
cuitry and the sensor electrodes are connected by means of
coaxial cables as depicted in figure 1.

The coaxial cables are referred to as transmission lines
[31] and cannot be represented by a lumped capacitor if high
excitation frequencies are used [32]. Transmission line effects
like standing waves, impedance transformation properties and
signal reflections appear within the measurement system [33].
These effects appear in both, switched capacitor and contin-
uous displacement current measurement systems. In switched
capacitor systems reflections are caused due to fast transients
of the excitation signal [34]. The signal propagation and
therefore the measurement process is not well defined. The
excitation voltage at the electrodes varies due to the transmis-
sion line effects. In [35] the influence of the instrumentation
system has been studied for different continuous displacement
current measurements. Note, that wave propagation effects
can also appear within the sensor. However, it has been found
that wave propagation effects within the sensor require signifi-
cantly higher frequencies than the used measurement frequen-
cies. In [36] wave propagation effects in the sensor have been
found to be significant for frequencies, which are an order of
magnitude higher than the suggested measurement frequen-
cies used in ECT systems.

In this paper we present an impedance matched front-end
design for ECT, which is based on continuous displacement
current measurements. This article is an extended version of
[33]. The source impedance of the transmitter and the input
impedance of the receiver are matched to the wave impedance
of the transmission lines, e.g. 50 2. Because of the defined
termination impedances no reflection occur and the measure-
ment process becomes well defined. Impedance matched sys-
tems are well known and studied in communication systems.
However, for an ECT measurement system the source and the
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Figure 2. Sketch of an ECT configuration consisting of eight (gray) electrodes and front-ends FE;, arranged around the circumference of
a pipe (black circle). The ECT sensor is surrounded by a screen, which is connected to system ground (GND) and represented by the dash-
dotted circle. The transmit- (TX) and receive- (RX) path of each front-end can be changed by means of a switch, as indicated by Sy and S;.
Cs;3 represents the coupling capacitance between electrode three and five.

input impedance have an influence on the measurement too,
e.g. the receiver input impedance is not low as for the current
to voltage converter, but is given by the wave impedance.

The novelty of this work and the main extensions can be
summarized by the following contributions.

e Topology of an impedance matched front-end to operate
as receiver and transmitter.

e Study of the impedance matched transmitter system.

e Study of an impedance matched receiver system.

e Analysis of the calibration behavior of an impedance
matched ECT system.

The paper presents theoretical considerations for the design
and the properties on an impedance matched design. The
influence of parasitic parameters of the circuit components
in the front-end circuitry is addressed. Comparative measure-
ments of a prototype are presented. The measurements show
the well defined behavior of the measurement system. The
influence of the impedance on the capacitance measurement is
studied, showing the applicability of the impedance matched
system. The matched front-end allows the use of instrumenta-
tion lines with arbitrary length while offering superior signal
characteristic compared to a commonly used low impedance
system architecture. This is of particular relevance for the
development of further systems, e.g. systems with an spec-
troscopic evaluation principle. We present the functionality of
the system for a frequency range up to 50 MHz.

The paper is structured as follows. In section 2 the topology
of the front end is studied to realize a combined receiver/
transmitter circuitry. In sections 3 and 4 the transmitter
system and receiver system is analyzed, respectively. In both
sections accompanying measurements are presented. In sec-
tion 5 a measurement error analysis of the impedance matched
system is presented.

2. Front-end topology

In this section we discuss general considerations, which have
to be taken into account to achieve the desired front-end input/
output impedance of 50 2. As can be seen in figure 2, each
electrode is attached to an individual front-end (FE,). All front-
ends can act as a receiver or transmitter. Therefore, a switch is
needed to change between the receiver (RX) and transmitter
(TX) path, as indicated by Sy and S3 for front-end 0 and 3.
To meet the characteristic transmission line impedance Z,
of 50 €, the output resistance of the transmitter Rrx and the
input resistance of the receiver Rrx have to be considered, as
well as the on-resistance R,, of the used switch.

2.1. Switch selection

As discussed in section 1, the measurement accuracy can be
increased either by the usage of high excitation frequencies
or high excitation voltages. Systems utilizing high excitation
voltages, employ high voltage MOSFETs [37] or mechan-
ical relays [38]. ECT systems operating at high excitation
frequencies, enable the use of off the shelf analog switches.
There is a variety of radio frequency (RF) switches available,
which meet the characteristic wave impedance of 50 2. This
switches are usually designed for operating frequency ranges
up to several GHz. Therefore the useability of analog switches
is investigated in this section.

To minimize high frequency effects, like impedance trans-
formation and standing waves, the front-end is designed to
meet the characteristic transmission line impedance Z, of
50€2, when operated in receive mode as well as in transmit
mode. The input and output resistance Ry/o of each front-
end consists of a series connection of the on-resistance R,
of the used switch and an additional output- and input resistor
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Figure 3. Parameters for five different analog switches. Both
abscissas show the maximum switch on-resistance Ropmax (25 °C)
at 25 °C. Upper plot: desired front-end input/output resistance

Ry /0 () of 50§ (circles) and its deviation for a temperature range
from —40°C to +85 °C according to equation (1). Lower plot:
switch on and off capacitance, extracted from the corresponding
datasheets.

Rrx rx. These additional resistors are illustrated in figure 2 by
Rrx and Rgx. The resistance of Ry/g, Ron and Rrx rx depend
on the operating temperature ©J. The front-end input/output
resistance Ry/o over the temperature ¥} can be described by

Rijo (9) = Ron () + Rrxrx - [1 + g, - (9 — 09)] = 50 Q2.
N——

+1% (1)

The temperature dependent resistance variation of Rrx rx
can be described by its temperature coefficient avwy,, specified
at reference temperature 9y [39]. The on-resistance R, (¢)
of an analog switch increases with the operating temper-
ature v. The datasheet of an analog switch usually states
three resistance values, Rongyp (25°C) < Ronmax (25°C)
< Ronmax (ﬂmin /max). The typical on-resistance at ¥ = 25 °C
is denoted by Ronyp (25 °C), Ronmax (25 °C) represents the
maximum on-resistance at ¥ = 25°C, and Ronmax (Vmin/max)
the maximum resistance covering the complete operating
temperature range. As the switch on-resistance and Ryxgrx
are influenced by the operating temperature ¥, equation (1)
cannot be fulfilled over the whole operating temperature
range. The upper plot in figure 3 shows Ry () and its
variation for five different analog switches for a temperature
range from —40°C to +85 °C. As the front-end is intended
to be operated in industrial environments, where a variation
of the ambient temperature can be expected, the maximum
switch on-resistance Ronmax (25 °C) is used to fulfill equa-
tion (1). This leads to the circles in the upper plot in figure 3,
which mark the desired 50 €2 impedance. Equation (1) takes
the switch on-resistance variation into account as well as
the temperature dependency of Rrxrx, with a temperature
coefficient ay, of +10 ppm °C~! specified at a reference
temperature of ¥y = 25 °C. Furthermore a fabrication based

resistance variation of Rrxrx by £1% is considered, leading
to the error-bars shown in the upper plot of figure 3. One
promising switch with a minimum resistance variation can
be spotted.

Electrical capacitance tomography is based on capacitive
measurements, and its system behavior is adversely affected by
parasitic capacitances. Thus, the switch on-and off-capacitance
Con.off have to be kept low. This capacitances are shown in the
lower plot in figure 3. By demanding a minimum input/output
resistance variation as well as minimum parasitic switch capac-
itances, the model MAX4737 by Maxim Integrated looks to be
a suitable choice for the proposed matched ECT front-end.

It should be mentioned that the switches in figure 3 are
well chosen, by means of their frequency bandwidth, voltage
supply range, R, (¢) variation, capacitances and maximum
continuous current. Especially the maximum continuous cur-
rent has to be minded, as the current distributed across the
switch can obtain high values due to the impedance transfor-
mation properties of transmission lines [33]. This aspect will
be further discussed in section 3.3.

2.2. Switch topology

Although a single switch is used by the front-ends depicted in
figure 2, the proposed matched front-end makes use of an indi-
vidual analog switch for the receive-path and transmit-path,
respectively. The use of two individual integrated circuits (not
placed in the same package) reduces the crosstalk between RX
and TX. Figure 4(a) shows the front-end input/output structure
based on figure 2, and three possible switch configurations of
a front-end operated in receive mode in figures 4(b)—(d). Each
circuit makes use of two individual switches. The receiver
switch Sgx is represented by R,, and C,,, and the trans-
mitter switch Stx by Cogr. The on-capacitance of an analog
switch is the result of several different capacitances, which
are determined by its channel width and length, and terminal
connections [40]. Usually the datasheet of an analog switch
provides only a single on-capacitance value. Therefore, this
value is split up into two equal parts [41]. The dashed con-
nection to system ground in figures 4(b)—(d), represents the
virtual ground of the transimpedance amplifer [42], shown in
figure 4(a). The circuits in figures 4(b) and (c) are using a
dedicated receiver resistor Rrx as well as transmitter resistor
Rrx. Configuration (b) and (c) allow the use of two different
switches, by means of their on-resistance. The circuit shown
in figure 4(d) makes use of a common transceiver resistor
Rrrx. For this reason, two identical switches are used to meet
the characteristic transmission line impedance.

Figure 5 shows the input impedance magnitude |Z,, ;| and

1n,z
phase ¢z . as a function of the used excitation frequency frx,
for all three equivalent circuit diagrams. The trends are deter-
mined by fulfilling equation (1) and using the switch chosen in
section 2.1. For the topology in figure 4(b), the on-capacitance
and off-capacitance of both switches are directly attached to
the input of the front-end, which results in an unfavorable
frequency dependent impedance trend of Z;y, in figure 5.
By placing the resistors Rgx and Ryx at the other side of the
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Figure 4. (a): Front-end input/output structure based on figure 2.
(b)—(d): three different circuit topologies, in order to meet the
characteristic transmission line impedance of 50 €2. The circuits in
(b)—(d) are operated in receive mode. Switch Sgx is represented by
Ry, and Cyy, and Stx by Cogr. Circuit (b) and (c) use a dedicated
receiver resistor Rrx as well as a transmitter resistor Rry. Circuit
(d) makes use of a common transceiver resistor Rtrx.

switches, as shown in figure 4(c), a better frequency perfor-
mance is achieved. This is due to the isolation of Cogt and Cy, /2
by Rrx and Rgx, respectively. Nevertheless, as the frequency

increases, the total impedance of the transmit branch (Cyg,
Rrx) decreases. This results in a frequency dependent imped-
ance, which is in parallel with the receive-path. The best per-
formance shows the circuit in figure 4(d), which has an almost
constant impedance in the observed frequency range, due to
the isolation of the parasitic switch capacitances by a shared
transceiver resistor Rrrx. The resistance and phase deviation
in the observed frequency range is about 1 m{2 and 0.05°,
respectively. The almost frequency independent characteristic
indicates the usability of analog switches for the proposed
matched front-end.

2.3. Proposed front-end

Based on the requirements, discussed in sections 2.1 and 2.2,
and results presented in [33] and [43], an impedance matched
front-end has been designed. A system sketch is shown in
figure 6. The transmit path consists of a direct digital synthe-
sizer (DDS), enabling excitation frequencies up to 50 MHz.
The DDS is followed by a reconstruction low pass filter. To
provide sufficient current driving capability [33], a buffer
(Buf) is used.

The received displacement current is converted into a
voltage, by means of a transimpedance amplifier. A variable
gain amplifier (VGA) is used as additional gain stage. The
amplified measurement signal is filtered and digitized by a
high speed analog to digital converter (ADC). As discussed in
section 2.2, two individual switches are used to minimize the
crosstalk between both paths.

Based on the presented front-end in figure 6, a prototype
has been realized. The input/output impedance performance
of the transmitter and receiver are investigated in sections 3
and 4 respectively.

3. Transmitter

As discussed in section 1, the quality of the reconstruction
result depends on the simulation of the measurement process
with sufficient accuracy. For the simulation of the measure-
ment process a constant voltage (Vrx in figure 7) is applied in
the simulation model. By taking the frond-end output imped-
ance into account, the actual excitation voltage Vg, applied
to the transmit electrode differs from the intended excitation
voltage Vrx. To gain knowledge of the expected excitation
system behavior, the model depicted in figure 7 is analyzed.
Based on figure 2, FE; acts as transmitter and is attached to its
corresponding electrode by means of a transmission line with
length [cape and impedance Z,. Based on the selected switch
in section 2.1, the front-end includes a common transceiver
surface mounted device (SMD) resistor Rtrx with a resist-
ance of 472 and a case size of 0603. A 0603 SMD resistor
has a parasitic inductance of approximately 1.55nH [44] and
capacitance of about 50 fF [45], which are considered as well.
The trace inductances Ly.; shown in figure 7 are a result of
the printed circuit board (PCB) layout and the resulting trace
length. The trace inductances Ly ; are determined according
to [46] with an inductance per length unit of approximately
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Figure 5. Impedance trends for three different switch topologies,
shown in figures 4(b)—(d). The upper plot shows the impedance

magnitude |Z;, |, the lower one its phase ¢z_.

Rrrx

<«—— ADC

<3

Figure 6. Proposed matched measurement front-end. The upper
part shows the transmitter, consisting of a direct digital synthesizer
(DDS), a reconstruction low pass filter, a buffer (Buf) and a switch
Stx. The receiver in the lower part of the sketch consists of a switch
Srx, a transimpedance amplifier, a variable gain amplifier (VGA),
an anti-aliasing filter and an analog to digital converter (ADC).
Both paths share a common transceiver resistor Rtrx.

1 nH mm~!. The sensor is represented by the capacitive
II-network to the right of the transmission line. The inter-elec-
trode capacitance between FE5 and FE; is depicted by Css. As
indicated in figure 2, stray capacitances (Cg3, Css) between the
screen and the transmit electrode as well as the receive elec-
trode are also considered. Zpy represents the receiver input
impedance of FEs and is assumed to be equal 502, for the
analysis in this section.

Typical inter electrode capacitances range from a few fF
up to a few pF [10, 47]. To use capacitance values in the right
order of magnitude for the lumped sensor model in figure 7,
a finite element method (FEM) simulation of a typical ECT
sensor has been performed, resulting in an inter-electrode
capacitance Cs3 of 1 pF and stray capacitances Cg3, Cg5 each
with 10 pF [33].

3.1. Impedance modeling

The impedance trend of the lumped sensor model shown
in figure 7 as well as the measurement results of an actual
lumped sensor circuit, realized on a printed circuit board, are
shown in figure 8. A network analyzer from Rohde & Schwarz
[48] is used to determine the forward reflection coefficient
S11.8ensor and Sy1.7x of the lumped sensor and the transmitter,

respectively. The sensor impedance Zg,, and the transmitter
impedance Zpx, shown in figure 7, can be calculated by [31]

1+S11,,’

Z =2, .
1 =0 1 _ Sl],[ (2)

As can be seen in figure 8, the measured magnitude | Zg. |
and phase ¢gensor are in good agreement with the model based
results. The same holds for the transmitter impedance Zpy
results in figure 9. By having a look on the phase ¢z_, the pos-
itive phase indicates a slight inductive behavior. By including
the copper trace inductances Ly, as shown in figure 7, the
model exhibits the same characteristic trend.

3.2. Electrode voltage

In this paragraph we investigate the relation between the
voltage Vrx at the output of the buffer and the voltage Vg at
the transmit electrode of the sensor, as depicted in figure 7. To
determine the voltage and current along a transmission line,
equations (3) and (4) can be used [49]. Equation (3) is used to
determine the voltage Vg (see figure 7), which is applied to
the transmit electrode.

1 + [sensor - e_iZBZI 3)
1 — Trx - Dsengor - €7 12Alabe

14 (Z, Z/) = Veon - e_iﬁz . <

. ’
1 - 1—‘Sensor . 3712'82

Veon | iz
Z 1 — T'rx - Dsengor - €7 128kavie | °
“)
Veon represents the voltage initially sent down the transmis-
sion line [49], depicted in figure 7. Given the known excita-
tion source voltage Vrx at the output of the buffer, V., can
be determined by initially representing the transmission line
by its characteristic impedance Z, [49]. S(frx) denotes the
excitation frequency dependent phase constant of the trans-
mission line [31]. The distance from the transmitter is denoted
by z, and from the transmit electrode by z’. The transmission
line length is represented by ... The reflection coefficient
of the transmitter I'rx and the sensor I'sensor can be calculated
by [31]

1(z,7) =

_Zi— %

i

Z,, denotes the characteristic transmission line impedance
of 50€Q. The sensor impedance Zg.,,, and the transmitter
impedance Zry, determined in section 3.1, are represented by
Z; in equation (5).

Figure 10 shows the expected electrode voltage amplitude
to excitation voltage amplitude ratio Vge./Vrx, for three dif-
ferent transmission line lengths, based on the derived sensor
and front-end model. To validate the models, simultaneous
measurements of the electrode voltage and the excitation
voltage at the output of the buffer have been conducted by
means of an oscilloscope and two active probes. The measure-
ment results in figure 10 are in good match with the model
based results. The maximum deviation between the results for
a transmission line length of 0.04 m, shown in the upper plot
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impedance Zgy. The front-end and the sensor are connected by a transmission line with length ., and impedance Z, = 50 Q.
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Figure 8. Sensor impedance measurement results, determined by a
network analyzer, and analytic results for the lumped sensor model
shown in figure 7.
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Figure 9. Transmitter impedance measurement results, determined
by a network analyzer, and analytic results for the front-end model
shown in figure 7.
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Figure 10. Electrode voltage amplitude Vg to excitation voltage
amplitude Vrx ratio for three different transmission line lengths.
Upper plot: lcape = 0.04 m. Middle plot: I 5 = 1 m. Lower plot:
leable = 2.5 m. All three plots are showing the analytical result as
well as a measurement result, determined by an oscilloscope.

of figure 10, is smaller than 0.5%. By having a closer look
at the results for a 1 m long transmission line in the middle
plot of figure 10, and for a 2.5m long transmission line in
the lower plot, an offset can be seen. This deviation is caused
by the skin effect of the transmission lines [31], which has
not been included in our model. The resulting frequency and
length dependent signal attenuation is in good agreement with
measurement results for a RG174 coaxial cable, stated in [S0].

The datasheet of the used RG174 cable cites an impedance
of 50€) 4+ 32, which is not constant over the observed fre-
quency span. Therefore, impedance measurement results of
the used cables are included in the model, to allow a mean-
ingful comparison with the measured electrode voltage in
figure 10. By using an ideal transmission line with a constant
impedance of 50 €2, the results in figure 11 can be determined.
The light gray shaded area illustrates the expected ratio of
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Figure 11. Electrode voltage Vg, to excitation voltage Vrx ratio
determined for an arbitrary transmission line length between O m
and 2.5 m, and an ideal transmission line impedance of 50 (2.

electrode voltage to excitation voltage Vg /Vrx, for an arbi-
trary cable length between O m and 2.5 m.

3.3. Source current

As discussed in section 2.1, the used switches have been
chosen with respect to the maximum expected source cur-
rent Itx sre, flowing across the switch depicted in figure 7. To
determine this current, equation (4) is used. Figure 12 shows
the model based result and measurement result for the setup
illustrated in figure 7, using a transmission line with a length
of 2.5m and an excitation voltage Vyx amplitude of 2.5V.
Both results show the same characteristic frequency trend. For
an excitation frequency close to the quarter-wavelength of the
cable, the high sensor impedance is transformed into a short
circuit at the other end of the line. This leads to a high source
current flow through the chosen switch MAX4737, which has
a rated maximum continuous current of 100 mA. As expected,
the transmitter output impedance of almost 50 {2 acts as cur-
rent limiter [33], resulting in a maximum source current Ix src
amplitude of about 50 mA.

4. Receiver

In this section a model of the front-end receiver structure as
well as comparative measurement results are presented. As
the transmit model presented in section 3, the investigated
receiver model shown in figure 13 also includes trace induc-
tances Lyc; and parasitic elements of the lumped resistors
Rrrx and R¢. The input impedance performance of the circuit
depends among other things on the used operational ampli-
fier, and its ability to keep the voltage difference between its
inputs at zero. Therefore, a Spice based modeling approach is
used, which allows the integration of the Spice model of the
operational amplifier. The realized prototype uses the AD8000
from Analog Devices.

Figure 14 shows the results for a direct attached assembly
(leable = Om). The input impedance Ziy of the circuit is

0.05 . — : :
[ iy ——Measurement
- - -Model ;
0.041 A
< 0.03F : g
& 7
] ¥
£0.02) . -
0.01 / B
O 1 1 1 \E 1
0 10 20 30 40 50

fTX (MHZ)

Figure 12. Front-end source current Itx s;c as a function of the
excitation frequency for a cable length of 2.5 m. The excitation
voltage Vrx has an amplitude of 2.5V.

slightly smaller than the desired 50 2. This is caused by the
circuit design considerations according to section 2.1, where
the maximum switch on-resistor at 25 °C is used instead of
the typical one. As can be seen, the copper trace inductances
lead to a slight inductive circuit characteristic.

By connecting the front-end with a transmission line, its
input impedance Zgy can be represented by its transformed
version [31]

ZRX + i- ZO - tan (6 : lcable)
Zo +i- ZRX - tan (/6 : lcable) ’

at the other end of the transmission line, as indicated in
figure 13. Z, denotes the characteristic transmission line
impedance of 50Q. B(frx) represents the excitation fre-
quency dependent phase constant of the transmission line
with a length of /ype. Zrx 1S the receiver impedance shown
in figure 14. The results for a 2.5 m long transmission line are
shown in figure 15. As can be seen, the measurement results
are in good agreement with the model, and allows an accurate
receiver structure modeling.

As discussed in section 1, the displacement current across
the sensor structure (e.g. Is3 in figure 2) is used to gain knowl-
edge of the spatial material distribution. The system sketch in
figure 2 includes the self capacitance (Cs3, Css) of the elec-
trode with respect to system ground (GND). The integration of
the lumped sensor model from figure 7 in our receiver model
shwon in figure 13, leads to the simplified circuit in figure 16.
As can be seen, the self capacitance Cys of the receiver elec-
trode creates a current divider with the (transformed) input
impedance of the front-end. The transformed receive cur-
rent to displacement current ratio |Irx ims/Zs3| of the circuit in
figure 16 is illustrated in figure 17.

The current ratio in figure 17 is determined with a trans-
mission line length of 2.5m. The transformed receive cur-
rent Irx ms 1S almost constant for the investigated frequency
range. The maximum deviation is about 1% for an excita-
tion frequency of 50 MHz. At this frequency Cgs represents
a low impedance, and according to figure 15, |Zpy | has

(6)

ZRX,tms =Z-
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RrTrx

Ltrc,2

Figure 13. Analyzed front-end, operated in receive mode. The model includes trace inductances Ly.; and the AD8000 operational amplifier
Spice model, provided by Analog Devices. The feedback resistor Ry and the common transceiver resistor Rrgx have a resistance of 500 (2

and 47 €, respectively.
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Figure 14. Input impedance magnitude |Zyy| and phase ¢

£RX
obtained by a measurement and Spice simulation, for a direct
attached assembly (O m).
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Figure 15. Transformed receiver input impedance magnitude
’ZRXH“J and phase ¢z, ., obtained by a measurement and Spice
simulation, for a transmission line length of 2.5 m.

lcable Cs3
IRX IRX,trns |
D }—I‘_ “““
I 53
Zg 1
Zgrx —— Css = Cgs
ZRX,trns

Figure 16. Simplified receiver circuit, incorporating the model in
figure 13 and the lumped sensor model in figure 7. Is3 represents the
displacement current from front-end number 3 to 5, as indicated in
figure 2.

its maximum value. The trend in figure 17 indicates a good
immunity with respect to the stray capacitance of the receive
electrode.

The receive current Igx at the other end of the transmission
line shown in figure 16, can be determined by [49]

2. Zo : IRX,trns
ZRX -+ ZO) . eiBlcab]e . [1 — FRX . e_izﬁlcable] :

Irx = ( (N

Irx 1ms 18 the transformed receive current at the beginning
of the transmission line with a length of le,pe. B(frx) repre-
sents the excitation frequency dependent phase constant of the
transmission line [31]. Z, denotes the characteristic transmis-
sion line impedance of 502 and Zgy the receiver impedance
shown in figure 14. The receiver reflection coefficient I'gx
can be determined by equation (5). Figure 18 depicts the nor-
malized receive current change as a function of the excitation
frequency frx. As can be seen the receive current increases
almost linearly.

The receive current Igx is converted into a corresponding
receive voltage Vrx at the output of the operational amplifier,
shown in figure 13, by [42]

VrRx = —R; - Irx.

®)
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Figure 17. Transformed receive current to displacement current
ratio according to figure 16. Transmission line length .,pje is 2.5 m.

R: is the feedback resistor of the operational amplifier, and
Irx is the receive current at the end of the transmission line
shown in figure 16.

5. System analysis

In sections 3 and 4 the transmitter and the receiver system
have been studied. The results show the desired functionality
of each sub system. In this section we provide a study of the
error between Cpeas and Ciyogel for an ECT system when using
the impedance matched circuits. Cpe,s refers to a measured
capacitance, Cpodel 1S the capacitance from the simulation
model, which is used for the solution of the inverse problem.

For this study we consider an ECT sensor with an inner
diameter of 100 mm and 8 electrodes. The length of the sensor
is 100mm. To compute the influence of the instrumentation
system, the capacitance Cpoqel 1S computed from the model of
the sensor. Following the model calculations, we simulate the
measurement system, i.e. the system depicted in figure 1 to
compute the measured capacitances Cpeas. For the computa-
tion we use scattering matrices of all system components [35].
To compensate the influence of the instrumentation we use the
calibration

Cmeas,cal = Cmodel(alow)
Crnodel (Ehigh) — Crnodel (5]0w)

+
Cmeas (5high) - Cmeas (5low)

(Cmeas(er) — Crmeas (Elow))-

©)
Hereby &1ow and epign denote reference measurements and
simulations, where the sensor has been filled with a mat-
erial with a low and a high permittivity, respectively. Creas cal
is the calibrated measurement, which is used for the image
reconstruction.

The calibration approach given by equation (9) is an offset-
gain calibration. This calibration is of practical relevance, as
the corresponding calibration experiments can typically be
performed with minor effort. For the reference permittivities
values €10y and epigy the error € = Cieas,cal — Cmodel becomes

10

1 T T T T
0.8F |
0.6 1
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_ =04t 1
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Figure 18. Normalized receive current at the exit point of the
transmission line with a length I ,pe of 2.5 m, depicted in figure 16.

zero. The trend of e between the reference points shows
the influence of the instrumentation system. This approach
allows to evaluate all interactions between the components of
the system. For the simulation we use the permittivity value
€low = 1 and epign = 4. The length of the cable is 1 m, the fre-
quency is 40 MHz.

The upper and lower plot in figure 19 depict the relative
error ere] = (Creascal — Cmodel)/ Crmodel for a near-and a distant
electrode pair, respectively. Near and distant electrode refer to
the measured coupling capacitance with respect to the elec-
trode used as transmitter. For comparison also the errors of a
conventional front-end structure, i.e. a front-end with a cur-
rent to voltage converter (I/V), are depicted.

With respect to the maximum error for the non-matched
current to voltage converter (I/V) design of —4.1% for the near
electrode pair and —0.6 % for the distant electrode pair, the
matched system error is significantly reduced. The maximum
relative measurement error for the matched system is 0.05%
and —0.005%, for the near electrode pair and the distant elec-
trode pair, respectively. This is due to the defined measurement
process, where no reflections occur. Furthermore, the calibra-
tion compensates the influence of the source impedance of the
transmitter and the input impedance of the receiver. The result
depicted in figure 19 is exemplary with respect to the selected
frequency and the transmission line length. We performed
several studies for different frequencies and line lengths. The
results show the positive impact of the system for all the simu-
lated cases.

6. Conclusion

In this paper we presented an impedance matched front-end
for ECT applications and an analysis of the system behavior.
The impedance matched design refers to the output and input
impedance of the transmitter and the receiver system of the
front end, respectively. Both impedances equal the wave
impedance of the instrumentation lines, e.g. 50 2. For ECT
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Figure 19. Exemplary analysis of the relative measurement error
for an impedance matched ECT system, and a current to voltage
based (I/V) system. Upper plot: Relative measurement error for
a near electrode pair. Lower plot: Relative measurement error for
a distant electrode pair. An excitation frequency of 40 MHz and
cables with a length of 1 m are used.

front-ends without an impedance matched structure, the signal
propagation is not well defined. Wave propagation effects in
the instrumentation lines can lead to a significant error for
the measured capacitances. The impedance matched system
design leads to a defined signal propagation within the mea-
surement system and to a reduced measurement error.

The presented impedance matched front-end can be used
for frequencies up to 50 MHz. The transmitter uses a sinu-
soidal excitation source, the receiver maintains a continuous
displacement current measurement. The design of the front-
end system has been studied and different front-end topolo-
gies are analyzed. For the proposed frequency range parasitic
effects of the circuit components have to be considered. We
elaborated the critical design parameters of the relevant cir-
cuit components and discuss the influence of the front-end
behavior by means of simulations. A front-end topology is
then suggested, which is suitable for the impedance matched
design. The properties of the impedance matched transmitter
and receiver are presented and discussed by means of meas-
urements using a prototype circuitry. Measurements for all
relevant quantities (signals and system impedances) are pre-
sented. The capability of the system to provide the desired
behavior, e.g. a constant voltage at the electrode of the sensor
over the frequency range is demonstrated for different cable
lengths. Also the parasitic influences of the design are dis-
cussed and a circuit model for the transmitter and the receiver
structure are presented.

The benefit of the system with respect to non-impedance
matched designs is demonstrated by means of a system anal-
ysis. The characterization of the demonstrator showed the
feasibility of the system over a wide frequency range and for
different cable lengths. The work provides important aspects
for the design of future tomographic measurement systems.
Because of the capability to be operated over a wide frequency
range and for arbitrary cable lengths the front-end system can

1

be used for further developments like spectroscopic evalua-
tion systems, where information about the conductivity of the
process is used for further process analysis.
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