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A Multifrequency Capacitively Coupled
Electrical Impedance Tomography (MFCCEIT)
System

Huaiyin Zhu, Baoliang Wang, Haifeng Ji, Manuchehr Soleimani and Yandan Jiang

Abstract— Objective: This work focuses on the development of
a multifrequency capacitively coupled electrical impedance
tomography (MFCCEIT) system with a wide bandwidth of 20
MHz. Methods: The MFCCEIT system consists of the 12-electrode
CCEIT sensor, the sensing modules, the data acquisition module,
and the personal computer (PC). The impedance calculation
model is established by combining the mechanism modeling of the
integrated circuits (ICs) and the empirical modeling of the
measurement data with the least squares (LS) method.
Experiments were carried out to evaluate the developed
MFCCEIT system from the aspects of SNR, impedance
measurement accuracy, and imaging performance. Results:
Experimental results show that the system has an SNR higher than
65 dB at multiple frequencies up to 20 MHz. Impedance
measurement results show that the developed system has good
impedance measurement accuracy at frequencies below 10 MHz
and acceptable accuracy at 10MHz - 20MHz. Imaging results of
the linear back projection algorithm indicate that the MFCCEIT
system has good imaging performance for both the real part and
the imaginary part of the impedance at different frequencies. It
can image multiple anomalies and multiple materials. Conclusion:
The design and development of the MFCCEIT system are valid.
The results verify the effectiveness of the MFCCEIT system and
the impedance measurement model. Significance: Few types of
research on the specific CCEIT system for biomedical applications
have been reported. This work is the first attempt to develop an
MFCCEIT system, which is of great significance for further
research works.

Index Terms—Electrical impedance tomography, capacitively

coupled electrical impedance  tomography (CCEIT),
multifrequency measurement, imaging system
I. INTRODUCTION
lectrical impedance tomography (EIT), which can

noninvasively reconstruct the conductivity distribution of
conductive medium, has become a promising technique in the
biomedical field [1], [2], [3], [4]. It has the advantages of no
radiation, low cost, and high speed. Previous studies have
shown the effectiveness and potential of EIT in the imaging of
the human body, such as the lung, brain, muscle, breast, and
more [5]. However, the conventional EIT still cannot meet the
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increasing requirements of practical applications. There exist
several problems to be solved, mainly including the electrode-
skin contact impedance, and the relatively low imaging quality
[6].

The inaccurately known electrode-skin contact impedance
has resulted from the strict contact measurement requirement of
EIT, which is usually high and quite variable due to body
surface condition and body movement [7], [8]. In the past
decades, researchers have made considerable efforts to
overcome this problem. Hua et al. [9] adopted an approach
where the complete electrode model without any geometrical
constraints was established for estimating the contact
impedance. Kolehmainen et al. [10] proposed an image
reconstruction method in which the systematic errors induced
by contact impedance are eliminated as part of the image
reconstruction. These ideas are based on reducing the contact
impedance or establishing a complex model of contact
impedance to improve the accuracy of impedance
measurement. In 2013, Wang ef al. [11] provided a different
idea to overcome the problems resulting from contact
measurement. By referring to the capacitively coupled
contactless conductivity detection (C*D) technique, a new
contactless alternative of EIT termed capacitively coupled
electrical resistance tomography (CCERT) was proposed.
Further, CCERT was extended to capacitively coupled
electrical impedance tomography (CCEIT) by making full use
of the impedance information, including both the real part and
the imaginary part [12]. Although CCERT/CCEIT initially
focuses on multiphase flow measurement in industry, it also
provides a new reference for the improvement of biomedical
EIT. To avoid the contact impedance problem in biomedical
EIT, Jiang et al. [13] introduced CCEIT to biomaterial and
biomedical applications. Based on phantom experiments with
different biomaterials and using the impedance analyzer to
implement impedance measurement acquisition, the feasibility
and potential of CCEIT in biomedical imaging have been
verified [14]. However, as a new technique, the research on
biomedical CCEIT is still insufficient. More research is needed,
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especially on the development of a specific CCEIT system for
bio-impedance measurement/imaging.

On the other hand, the imaging quality of EIT is relatively
low when compared with computed tomography (CT) or
magnetic resonance imaging (MRI). Improving the imaging
performance of EIT is an important research focus for
researchers in the past decades. CCEIT has verified that making
full use of both the real part and the imaginary part of the
impedance is an effective way to improve imaging performance
[15]. Besides, in recent years, researchers pay more attention to
improving the imaging performance of EIT from
multifrequency or spectroscopy measurement acquisition. By
integrating multi-frequency impedance information, better
imaging results are expected for either time-difference imaging
or frequency-difference imaging [16]. Therefore, developing
high-performance multifrequency EIT (MFEIT) systems
becomes significant. In 2003, Yerworth et al. [17] presented a
multifrequency EIT design named the Sheffield Mark 3.5 which
provided up to 64 electrodes for imaging in the head. It was
operated at a frequency selectable from 18 frequencies between
225Hz and 77kHz and was employed in clinical trials of
multifrequency EIT in stroke, epilepsy, and neonatal brain
injury. In 2014, Wi et al. [18] proposed a MFEIT system called
the KHU Mark 2.5. The system can maintain a signal-to-noise
ratio (SNR) of 80 dB for the frequency up to 250 kHz and a
reciprocity error below 0.5% over continuous operation for 24
hours. In 2016, Santos ef al. [19] developed a new prototype of
the MFEIT system utilizing a composite waveform as the
excitation signal to show preliminary frequency-difference
images of in-vivo experiments. In 2017, Yang et al. [20]
developed a MFEIT system with demi-parallel structure for
real-time 2-D and 3-D imaging. The system achieved a high
frame rate of up to 1014 frame/s and a high SNR of up to 82.28
dB over 1kHz-1MHz. In 2019, Wu et al. [21] developed a
highly integrated wearable MFEIT system, which used 16 new
active electrodes and had a frame rate of 122 frames/s with a
wide bandwidth of IMHz. In 2020, Allegri ef al. [22] presented
a monolithic microsystem that can perform bio-impedance
analysis and EIT measurements as well as record
electrocardiogram signals. The tuning range of the system was
from 10kHz to 10MHz and the common-mode rejection ratio
was 81 dB at 10kHz, which increased to 84 dB at 10MHz. In
2021, Xu et al. [23] designed an FPGA-based MFEIT system
where precise amplitude and phase measurement can be
implemented. The maximum SNRs of the amplitude and phase

measurement are 71.55 dB and 64.12 dB, respectively. These
efforts and progresses show the potential of multifrequency
measurement and lay the foundation for further development of
MFEIT. However, few types of research on the multifrequency
CCEIT (MFCCEIT) system have been reported. Research work
on the MFCCEIT system should be undertaken to further
exploit the potential of CCEIT in biomedical applications.

This work presents the development of an MFCCEIT system
with a wide bandwidth. It is developed from the aspects of the
MFCCEIT system (hardware), the impedance calculation
model, and the system evaluation.

1) A new MFCCEIT system will be developed for
multifrequency data acquisition and impedance measurement.
The system consists of the 12-electrode CCEIT sensor, the
sensing modules, the data acquisition module, and the personal
computer (PC).

2) To implement accurate impedance measurement, an
impedance calculation model will be established by combining
mechanism modeling of the integrated circuits (ICs) and
empirical modeling of the measurement data with the least
squares (LS) method.

3) Experiments will be carried out to verify the effectiveness of
the developed MFCCEIT system, including the SNR, the
impedance measurement accuracy, and the imaging
performance in biomedical applications.

The rest of this paper is organized as follows. Section II
describes the overview of the MFCCEIT system. Section III
and Section IV describe the design of the sensing module and
the data acquisition module in the MFCCEIT system,
respectively. Section V focuses on the establishment of the
impedance measurement model. The evaluation of the system
from multiple aspects and the experimental results are
presented in section VI. Section VII gives the conclusion.

II. SYSTEM OVERVIEW

A. System Architecture

According to the previous research results, a relatively high
frequency is recommended for CCEIT to ensure a high SNR of
the impedance measurement and ensure good imaging
performance [24]. And it is also indicated that CCEIT could
have a larger excitation frequency domain than that of the
traditional EIT [13, 14]. So, the MFCCEIT system is expected
to obtain the bio-impedance in a large frequency domain. That
means to ensure a good performance of the system, the IC

Configurable |:
UsB Microcontroler L. : :
Communication 0 Unit + Excitation incitatiOl‘li
Unit L :
A Source Unil | : v Channel
iDeIec[ioni Convct_‘sion <:::>Selecnon
' : j ; Unit
PC P r 1 : ;
[rowe S-upp y Signal Demodulation Unit | ! :
Unit
6 Sensing Modules

Fig. 1. Architecture of the MFCCEIT system.
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selections should support the requirement of the frequency
range and the circuit design needs to consider some factors such
as signal crosstalk and impedance matching, especially at high
working frequency. Based on these considerations, the basic
architecture of the MFCCEIT system is designed, as shown in
Fig.1. The designed system consists of a 12-electrode CCEIT
sensor, 6 dual-channel sensing modules, a data acquisition
module, and a personal computer (PC). The sensing module is
used for channel selection and signal detection. The data
acquisition module is designed to generate configurable
multifrequency excitation signals and implement data
acquisition of the detection signal and measurement of the
impedance. The PC is used for image reconstruction.

B. The 12-electrode CCEIT Sensor

Fig.2 shows the construction of the 12-electrode CCEIT
sensor, with 12 electrodes attached equidistantly to the outer
surface of an insulating layer. In this way, the electrodes and
the biological medium in the sensing area are not in direct
contact and the contact impedance can be avoided. For each
electrode, the electrode, the insulating layer, and the biological
medium will form a coupling capacitance. CCEIT adopts the
voltage excitation and current detection strategy. When a
measurement electrode pair, including an excitation electrode
and a detection electrode, is selected, the equivalent circuit of
this electrode pair can be simplified as two coupling
capacitances C;, C, in series with an impedance Z,, as shown
in Fig. 2. Here, Z,, is the equivalent impedance of the biological
medium between the electrode pair. During the whole
measurement cycle of CCEIT, the 1% electrode and the 2"
electrode are selected as the first electrode pair for impedance
measurement, then the 1% electrode and the 3™ electrode, ..., till
the 1% electrode and the 12% electrode, respectively. Then, the
impedance between the 2™ electrode and the 3™ electrode, ...,
till the 2™ electrode and the 12" electrode are measured by turn.
Go on until the 11" electrode and the 12% electrode are selected
as the electrode pair to obtain the impedance. Accordingly, 66
independent impedance measurement is realized in a
measurement cycle by the 12-electrode CCEIT sensor, where a
frame of 66 impedance values (including 66 real part values and
66 imaginary part values) can be further calculated for image
reconstruction.

[nsulating Tayer
Biological medium o
"""""""""""""""" 5 4th "

2
RETL gih

Electrode .- 10t

Fig. 2. Construction of sensor and the equivalent circuit.

III. THE SENSING MODULE

As mentioned, the sensing module is to implement channel

selection and signal detection, which mainly includes the
selection and switch of the measurement electrode pair, and the
current-to-voltage (I/V) conversion of the output current signal
of the sensor. Therefore, three units, i.e. the I/V conversion unit,
the channel selection unit, and the complex programmable logic
device (CPLD), are designed. The CPLD is used to provide the
control signal of the switching process. Each sensing module
consists of two-channel selection units, which are responsible
for the switch and selection of two adjacent electrodes. So, there
are 6 dual-channel sensing modules in the system. Fig. 3 is the

photo of the developed sensing module.
Wire Wire

Channel Select Unit

O cpLD [ 1V Conversion Unit

Fig. 3. Photo of the developed sensing module.

The I/V conversion unit
When an excitation voltage is applied to the excitation
electrode, a current that reflects the impedance information of
the biological medium will be obtained on the detection
electrode. Then this current signal is converted to a voltage
signal for subsequent impedance measurement. Here, an
inverting amplifier circuit based on OPA659 is designed. The
OPAG659 is a unity-gain stable operational amplifier (AMP) that
has a wide bandwidth of up to 650MHz when the gain is 1, and
it also has the advantages of high input impedance, low bias
current, and low integrated noise. The bandwidth of the AMP
is determined by a constant index named gain bandwidth
product (GBP), which is depicted as follows:
GBP = Bandwidth X Gain )]
Equation (1) indicates that as the gain increases, the
bandwidth of AMP narrows. For the MFCCEIT system, the
target frequency range is large, which narrows the gain
configured to the AMP. Besides, the biological medium has
frequency dependence, i.e., the impedance decreases as the
frequency goes up. That means the value of the impedance may
cover a wide range as well. So, a suitable feedback resistance is
particularly important to keep the gain of the AMP within a
reasonable range to ensure high SNR and stable detection
performance. Fig. 4 shows the I/V conversion unit, where a
feedback path with three parallel feedback resistances Rgq, Ry,
and Rg is designed. Vy, is the exciting voltage applied to the
excitation electrode and I,,,;; is the output current obtained on
the detection electrode. Here, Z,, is the interested impedance.
Vout 1 the output voltage of the I/V conversion unit. The three
feedback resistances can be freely selected and combined
according to the frequency and the frequency characteristic of
the interested bio-impedance. At low frequencies, where the
impedance is expected to be larger, the larger feedback
resistance will be connected to the feedback path. Conversely,
at high frequency, the smaller feedback resistance will be
switched to the feedback path. In this work, to take advantage
of the unity-gain stable property of the AMP, Rfq, Rg;, and Ry3
are respectively configured as 510Q, 1kQ, and 5.1kQ. The
switch and combination of the three feedback resistances are
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implemented by three high-frequency relays Sy, Spp, Sps
controlled by the CPLD (xc9572). To implement effective
switching at the target wide frequency range, the single-pole
double-throw relay HF353 is selected as the relay. The isolation
characteristic of HF353 is -80dB at 1GHz, which ensures an
outstanding isolation ability to avoid the coupling of the AC
signals, especially the high-frequency signals.

Vout

I/V Conversion Unit

Fig. 4. The I/V conversion unit.

B The channel selection unit

There are 6 sensing modules in the designed system and each
of them contains 2 channel selection units. To implement the
switching of the electrodes, the 12 electrodes are connected to
the 12 channel selection units, respectively. When a
measurement electrode pair is selected, one electrode is
switched to the excitation mode, the other electrode is switched
to the detection mode. And the rest 10 electrodes are switched
to idle mode. Therefore, three modes are designed for each
electrode, including the excitation mode, the detection mode,
and the idle mode. To implement effective switching at the
target wide frequency range, the single-pole double-throw
relays (HF353 and FTR-B3GA4.5Z) are selected as the
switches. The isolation characteristic of HF353 is -80dB at
1GHz, which ensures an outstanding isolation ability to avoid
the coupling of the AC signals, especially the high-frequency
signals.

—<___| Flectrode

Channel selection unit :

r.
Vin e .
IV Conversion

Unit

I i Vout

,,,,,,,,,,,,,,,,

Fig. 5. The channel selection unit at the default idle mode.

Fig. 5 shows the basic construction of the channel selection
unit connected to the electrode, which consists of three relays
S1, S5, and S; controlled by the CPLD. The HF353 is selected
for §; and S,, and the relay FTR-B3GA4.5Z is selected for S;.
When the electrode is at the default idle mode, S; and S5 are
switched to port 2, and S5 is switched to port 1. When the

electrode is selected as the excitation electrode, S; and S, are
switched to port 1, while S3 is switched to port 2. Then, the
excitation signal V;,, will be applied to this electrode. When the
electrode is in the detection mode, S; and S5 are switched to
port 1, and S, is switched to port 2. Then the corresponding
output signal (I,,;) could be obtained on this electrode for
subsequent detection and impedance measurement. Fig.6
illustrates an example of the channel selection of a
measurement electrode pair (the 1%-2™ electrode pair)
connected to two-channel selection units. In this example, the
1% electrode is in the excitation mode and the 2™ electrode is in
the detection mode. The purple line represents the effective
signal path of the selected electrode pair. The rest 3-12%
electrodes are in idle mode, which is not illustrated in Fig. 6.

AN
G,
nd

Insulating
Layer

1sLs

/\J ‘Excitation

V

i1 UV Conversion

Unit

No Signal

in i Mode
v---
1 :
1 : !
1 H :
; 1 H ; L
ond: Detection Signal
/‘\j ; IV Conversion ;
\ Detection Unit % /\J
A\ ; :
in 1 Mode : Vout

Fig. 6. An example of the channel selection of a measurement electrode pair
(the 1%-2" electrode pair). Phantom in vertical position? Horizonal is
normally pipeline? Or just 2D like Fig. 2.

IV. THE DATA ACQUISITION MODULE

As shown in Fig.1, the data acquisition module is composed
of the microcontroller unit (MCU), the configurable excitation
source unit, the signal demodulation unit, the universal serial
bus (USB) communication unit, and the power supply unit. Fig.
7 shows the detailed construction of the data acquisition module.
The STM32F103, which has abundant peripherals to ensure
good cooperation performance of the units in the system, is
selected as the MCU to control the cooperative work between
the units and implement the whole measurement process. The
configurable excitation source consists of a wideband direct
digital synthesizer (DDS) and a low pass filter (LPF) designed
to generate stable and configurable excitation signals. The
signal demodulation unit, which demodulates the detection
signal obtained by the sensing module for impedance
calculation, is designed based on a gain phase detector (GPD)
and an analog-to-digital converter (ADC). The USB
communication unit is constructed by a USB bus convert chip
(CH340N). It sends the demodulated impedance data to PC for
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image reconstruction. The power supply unit powers the ICs in
the system. Fig.8 shows the photo of the developed data
acquisition module.

To CPLD
preeznsanenen Conlizurable Lixciation Souree Uni'
To PC; USB bus SP1 | i : Lxcitation signal
> ] DDS LPF /7 v,
i |Convert Chip| ¢ ¢

' usB
1 Cominunication Unit )
Lo L

ADC [, DC

GPD 4_:_;— 7
Outputs : " Vour

Detection signal

I 1 Signal Demodulation Unic

Power Supply Unit

Fig.7. The detailed construction of the data acquisition module.

mcu
Fig. 8. The developed data acquisition module.

Excitution Souree Unit [ Signal Demodutution Unit [ ] USB Communication Unit [_] Power Supply Unit

The generation of a reliable multifrequency excitation signal
and the demodulation of the detection signal are the most
critical parts of the data acquisition module. Therefore, the
design of the configurable excitation source and the signal
demodulation unit are described in detail.

1) Configurable Excitation Source

The excitation source of a multifrequency system should
have a frequency adjustable and stable output over a wide
frequency range with good load-carrying capability. In this
system, a configurable DDS (AD9958) and a low-pass filter
(LPF) are combined to develop the configurable excitation
source. The AD9958 consists of two DDS cores that provide
independent frequency, phase, and amplitude controls. It can
generate a sinusoidal signal of a frequency of up to 250MHz.
Moreover, it has the advantages of excellent frequency tuning
resolution up to 0.12Hz and high-speed SPI with 800Mbps data
throughput. The output frequency (f,,;) of the DDS is a
function of the rollover rate of each phase accumulator. The
exact relationship is given as:

FTW x
s = T @

where f,;;, is the system clock. FTW is the frequency tuning
word and satisfies 0 < FTW < 232, with 2% representing the
capacity of the phase accumulator. The AD9958 incorporates a
10-bit current output digital-to-analog converter (DAC) which
can be modeled as a current source with high output impedance.
For the convenience of subsequent impedance measurement, an
equivalent transformation from the current source to the voltage
source is introduced for the configurable excitation source.

2) Signal Demodulation Unit
To implement effective demodulation of the detection signal

in a wide bandwidth and simplify the system, the GPD is used
in the proposed system. It can determine the magnitude ratio
and phase difference between the excitation signal V;;,, from the
configurable excitation source and the detection signal V.
from the sensing module. Here, a high-performance GPD
(AD8302) with a wide bandwidth of up to 2.7 GHz is adopted.
Fig.9 shows the basic construction of signal demodulation
units, including the GPD and the ADC.

As shown in Fig.9, in GPD, a pair of matched logarithmic
amplifiers (LOG AMPs) and a phase detector are used to obtain
the gain and phase information of the two input signals (the
excitation signal and the detection signal). The LOG AMP
provides a logarithmic compression function that converts the
input voltage signal to a compact decibel-scaled output. Since
subtraction in the logarithmic domain corresponds to the ratio
in the linear domain, the two outputs of the LOG AMPs are
subtracted to obtain the amplitude output Vy; 4., which is a DC
voltage output corresponding to the magnitude ratio of the two

input signals:
[Vinal [Vout|
Vmac = Vs1p20l0gso <|V |> = Vs1p20l0gs, ( “;ul ) 3)
INB in

where Vy4 and V;yp are the two input voltage signals, i.c. the
excitation signal and the detection signal, respectively. Vs, p is
the slope in mV/dB which is a fixed parameter of the LOG AMP.
ADS8302 has an accurate gain measurement scaling up to
30mV/dB. At the same time, the two outputs of the LOG AMPs
drive an exclusive-OR style digital phase detector to obtain the
phase output Vpys, which is a DC voltage output corresponding
to the phase difference of the two input signals:

Vs = Vo (£Vina — £Ving) = Vo (LVour — £Vin) )
where Vy, is the constant slope in mV/degree. AD8302 has an
accurate phase measurement scaling up to 10mV/degree. 2V;y
and £V,yp represent the phases of the two input signals in
degrees, respectively.

4 Vmac

Detection signal from

LOG AMP

I
the sensing module I

FHASE
DETECTOR

Excitation signal from  Vig IXB

the contigurable o——— 44— LoGawr
excifation souree unit ?

v VeHs

GFD

Fig. 9. The basic construction of the signal demodulation unit.

So, the Vy 4 and the Vpyg obtained by the GPD reflect the
difference in information between the excitation signal and the
detection signal, which are determined by the interested
impedance. After obtaining the two DC output voltage signals
of GPD (V4 and Vpys), a 16-bit ADC (ADS8328) with a
sampling rate of 500kHz is employed to obtain the discretized
values of the two output signals (Va4 and Vyp,). Finally, with
the V,qg and Ve, the interested impedance (the real part and
the imaginary part) can be calculated by establishing an
impedance calculation model.
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V. IMPEDANCE CALCULATION MODEL

The impedance calculation model reveals the relationship
between the interested impedance (Z,) and the outputs of the
signal demodulation unit (V,q4 and V,s). Theoretically, this
relationship can be deduced from the ratio between the input
(the excitation signal) and the output (the detection signal) of
the AMP, and the correlation between the input and the output
of the GPD. However, the practical situation is non-ideal. On
the one hand, the actual model deviates from the ideal model
due to the limitation of the frequency characteristics of the ICs.
On the other hand, the detection signal will be inevitably
interfered with because of the non-perfect circuit design. In the
proposed system, the key ICs to deal with the detection signal
are the AMP and the GPD. So, the establishment of the
impedance calculation model mainly depends on the analysis of
the AMP and the GPD.

1) An ideal AMP is modeled as a voltage-controlled voltage
source (VCVS), whose open-loop gain is infinite. Accordingly,

the closed-loop gain of the I/V conversion unit A, is:

I’out Rf
A = = - 5
ct V; Z, )

where Ry is the feedback resistance and Z, is the interested

impedance to be measured. However, in the real case, the open-
loop gain of the AMP has an upper cut-off frequency, which
leads to the deviation of the output of the I/V conversion unit as
the frequency increases. If (5) is used to calculate Z, ,
considerable measurement error will be introduced at high
frequency.

2) For the GPD, the output DC voltages (V,q4 and V,p,,) are
ideally linear to the amplitude ratio (logarithmic) and the phase
difference of the two input signals, respectively, as shown in (3)
and (4). However, the interferences, such as signal crosstalk,
stray capacitances, and wire inductances, will inevitably
introduce deviations to the outputs of the GPD. In this case,
measurement error of the impedance will also be introduced,
and calibration is needed.

Based on the above analysis, the impedance calculation
model is established by the modeling for the AMP and the
modeling for the GPD, as shown in Fig. 10. For the AMP,
mechanism modeling will be carried out to develop the
relationship between the known impedance Z,, and the closed-
loop gain of the I/V conversion unit 4, i.e., A, = h3(Z,). For
the GPD, empirical modeling will be undertaken to develop the
correlation between V,,,, and the amplitude of A¢; (|A4]), i.e.,
|Aci| = h1(Vinag), and the correlation between Vs and the
phase of the A¢; (£44), i.€., £Ag = hy(Vpps), respectively. In
this way, the model which reveals the relationship between the
interested impedance Z, and the outputs of the system (V44
and V) is established.

For practical impedance measurement, with the established
impedance calculation model, the impedance measurement is a
reverse process, as shown in Fig. 10. After the V,,,,, and the V,p,
are obtained by the hardware, hy(Vne,) and hy(Vyns) will be
applied first to calculate the amplitude and the phase of 4.,
respectively. Then, with the obtained A, g(A¢) = hs ™ (Ag)

will be used to calculate the interested unknown impedance Z,.

A group of known impedance 7,
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Fig.10. The development of the impedance calculation model and the process
of impedance measurement.

A. Mechanism Modeling of the AMP

In the I/V conversion unit, the AMP is employed as a closed-
loop system, as shown in Fig. 11(a). In this case, the open-loop
input voltage of the AMP is —V_ because V, is zero. And the V_
derives from two aspects, as shown in Fig. 11(b). One is the
forward voltage V; generated by the excitation signal V;, and
the other is the backward voltage V}, generated by the detection
signal V,,,;. The open-loop input voltage of the AMP is then
calculated as:

Vi—Vo=-V_=—-Vs+V)) (6)

Fig. 12 depicts the closed-loop control system of the I/V
conversion unit. In the figure, a is the feedforward factor
corresponding to Vy and § is the feedback factor corresponding
to V. They can be calculated by the interested impedance Z,,
and the feedback resistance Ry as:

v R
_f _ f
VT Z o+ R ™
Vb Zx
= = 8
g Vour Zx + Ry ®)
A, is the open-loop gain of the AMP, which is described as:
A
Ag =
144 ©)
fe

where f is the frequency of the signal. f_ is the upper cut-off
frequency of the AMP. It is approximate to the bandwidth of

the AMP and can be calculated based on (1) as:

GBP

f, ~ Bandwidth = e (10)
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(b)
Fig.11. (a)The I/V conversion unit. (b)The forward voltage and the backward
voltage are based on the principle of voltage division.

Vout

Fig. 12. The closed-loop control system of the I/V conversion unit.

Based on Fig. 12, the closed-loop gain A, of the I/V

conversion unit is derived as:
A, = Vout = —a Aol
=y 1+ BA,, (1D

So, according to (7)-(11), the relationship between Z, and
A can be described as:

Ay = hy(Z,) = —RrAJe
a = hs(Z:) = fo(Ze + R+ Z,A) +jf Ze + R (12
Zx = g(Acl) = h?jl(Acl)
_ _Rf[GBP(A + Acl) +ij ' Acl] (13)

A,4[GBP(1+ A) +jfA]
where the GBP and 4 are the known characteristics of the AMP.

At the specified frequency f, the R is a determined feedback
resistance. Therefore, with (12) and (13), A, and Z, can be

uniquely determined by each other.
B. Empirical Modeling for the GPD

The amplitude (logarithmic) and phase of A.; can be written
as:

Vv

|Aci| = 20logy, Vore] (14)
Vinl

LAcl = LVout - LVin (15)

According to (3), (4), (14), (15), the relationships between
the two output DC voltages of GPD (V4 and V) and the
closed-loop gain of the I/V conversion unit A; (|A;| and 2A,;)
are clear. However, as mentioned, the outputs of the GPD are
usually non-ideal because of the interferences in the real case,
which will result in the deviation of the impedance
measurement. So, empirical modeling is introduced to calibrate

the relationships, which is to establish the correlation model
between Vo, and |Ag|, and the correlation model between
Vons and £A;.

To investigate the correlations, pre-experiments were carried
out. Fig. 13 shows the corresponding results, where the ideal
correlation and the practical correlations at 3 different test
frequencies are displayed. The results indicate the necessity of
calibration and show that the correlations have obvious linear
properties. Therefore, linear calibration is introduced to develop
the models, which can be represented as:

|Acl| = hl(Vmag) = klvmag + by (16)

(17)

where k; and k, are the slopes and b, and b, are the intercepts
of the two correlation models, respectively.

LA =h, (Vphs) = kZVphs + b,

JAclide.

(@)
.
° 'u.:' ° '.
o® s of
R *® . o o )
0 . ) )
° [ 4
° K] o
3 o @ .
g L]
H L4 i
2 °
30 .
.
.
)
. .
L]
-150 o M
(b)

Fig. 13. Results of pre-experiments: (a) The correlation between the |4, | and
the V44 - (b) The correlation between the £4,; and the V.

The empirical modeling for the GPD includes 3 steps:
1) For each frequency point, a series of resistor-capacitor
combinations with known Z, are selected and the
corresponding theoretical A, is calculated according to (13) for
each resistor-capacitor combination. To establish a reasonable
empirical model, the frequency-dependence characteristic of
the biological medium is taken into consideration. The resistor-
capacitor combinations at different frequencies are selected
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according to the spectroscopy impedance of the phantom
developed with different materials measured by the impedance
analyzer (Keysight E4294A).

2) For each resistor-capacitor combination, the corresponding
outputs of the signal demodulation unit (1,44 and V) at
different frequencies are obtained by the MFCCEIT system.

3) For each frequency point, linear fitting based on the LS
method with the models (16), (17) is carried out to determine
the parameters (the slopes k4, k,, and the intercepts by, b,) of
the two correlation models.

Fig.14 depicts the established empirical models h; and h,
(the solid lines) at different frequencies. Fig.14(a) shows the
models h; between the V,,, and the [A| at different
frequency points. Fig.14(b) shows the models h, between the
Vons and the £A; at the listed frequency points.

(b)
Fig. 14. Empirical models for GPD at different frequencies: (a) The models
between v, and |Ag|. (b) The models between Vpss and <A

VI. SYSTEM EVALUATION

In this section, the developed MFCCEIT system is evaluated
from the aspects of signal-to-noise ratio (SNR) and impedance
measurement accuracy.

A. Signal-to-Noise Ratio

SNR is an important index that evaluates the signal quality
of the system [25]. A general definition of SNR can be

described as:
no.2
SNR = 10195 =171

?:1(vi_1_7)2

(18)

where n is the number of measurements of the signal v used for
the calculation of SNR. v; is the i*® measurement of the signal.
¥ is the mean value of the n measurements. Here, n is set to 100.

Here, the oscilloscope is used to sample the detection signal
(Voue), 1.€., the output of the I/V conversion unit and the input
of the GPD, and the corresponding SNRs at different
frequencies are calculated according to (18). For the 12-
electrode CCEIT sensor, 66 SNRs are calculated to evaluate the
performance of different electrode pairs. Fig.15 illustrates the
SNRs of the system at IMHz, SMHz, 10MHz, 15MHz, and
20MHz, respectively. Table I shows the average value of the 66
SNRs at each frequency. It is indicated that like the
conventional EIT systems, as the frequency increases, the SNR
of the MFCCEIT also shows an overall downward trend. The
average SNRs of the detection signal at IMHz and 20MHz are
86.04dB and 65.00dB, respectively.

SNR of Vout/d8
T T T
L L L

|||||

Electrode Pairs 1-66

Fig. 15. The SNR of the system at different frequencies.

TABLEI
AVERAGE SNR OF THE SYSTEM AT DIFFERENT FREQUENCIES
Frequency (MHz) 1 5 10 15 20
SNR (dB) 86.04 84.72 68.49 72.99 65.00

B. Impedance Measurement Accuracy

To evaluate the impedance measurement performance of the
CCEIT system, several resistor-capacitor combinations, are
used to test the developed system. These resistor-capacitor
combinations are also selected according to the frequency-
dependence characteristic of the biological medium but are
different from those used in the development of the impedance
measurement model. The impedance values at different
frequencies measured by the system are compared with those
measured by the impedance analyzer. The relative error (RE) of
the impedance measurement is introduced, which can be
described as:
1Zs — Zi|

Z;

RE = X 100% 19)
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where Z is the impedance measurement (real part or imaginary
part) obtained by the developed system. Z; is the impedance
measurement obtained by the impedance analyzer. Table II
shows the relative errors of the impedance measurement, where
R means the nominal value of the resistor and C means the
nominal value of the capacitor. As shown in Table II, it is found
that the developed system has good impedance measurement
accuracy at frequencies below 10 MHz, especially at
frequencies below 5 MHz. For the test resistor-capacitor
combinations, the maximum relative errors of the impedance
measurement at different frequencies below 5 MHz and below

10 MHz are smaller than 9.13% and 16.44%, respectively.
However, at frequencies higher than 10MHz, especially those
higher than 15 MHz, the relative errors of impedance
measurement are relatively large. The reason is that the tested
impedance is smaller at higher frequencies, leading to a larger
relative error in the impedance measurement. The maximum
relative errors of the impedance measurement at 10MHz-
20MHz for the real part and the imaginary part are 51.15% and
40.71%, respectively. The corresponding maximum absolute
error of the impedance measurement is 57.95Q for the real part
and 153.95Q for the imaginary part.

TABLE II
THE RELATIVE ERRORS OF THE IMPEDANCE MEASUREMENT
R=0.51kQ C=39pf R=1kQ C=39pf R=1.5kQ C=39pf R=2kQ C=39pf Mean error
f Real Imaginary Real Imaginary Real Imaginary Real Imaginary Real Imaginary
500kHz 9.36% 3.95% 11.76% 0.21% 1.16% 2.96% 5.49% 4.11% 6.94% 2.81%
800kHz 2.99% 1.23% 7.33% 3.72% 0.65% 0.22% 2.67% 0.71% 3.41% 1.47%
IMHz 4.21% 4.86% 0.35% 0.08% 3.85% 6.63% 2.42% 0.38% 2.71% 2.99%
2MHz 3.52% 2.29% 4.31% 9.09% 1.73% 1.18% 6.41% 3.33% 3.99% 3.97%
f R=200Q C=39pf R=300Q C=39pf R=470Q C=39pf R=510Q C=39pf Mean error
Real Imaginary Real Imaginary Real Imaginary Real Imaginary Real Imaginary
3MHz 7.99% 6.73% 1.81% 1.64% 4.18% 0.64% 3.72% 0.08% 4.43% 2.27%
SMHz 4.41% 0.84% 5.73% 8.90% 0.29% 2.56% 2.71% 5.23% 3.29% 4.38%
8MHz 2.55% 4.86% 3.02% 3.78% 7.90% 7.66% 15.60% 16.42% 7.27% 8.18%
f R=30Q C=30pf R=51Q C=30pf R=75Q C=30pf R=100Q C=30pf Mean error
Real Imaginary Real Imaginary Real Imaginary Real Imaginary Real Imaginary
10MHz 2.82% 5.46% 12.33% 17.89% 1.42% 2.88% 16.16% 21.34% 8.18% 11.89%
13MHz 1.19% 16.78% 16.81% 16.19% 22.56% 18.51% 14.17% 18.01% 13.68% 17.37%
15MHz 22.93% 26.75% 29.07% 19.53% 28.41% 20.87% 28.62% 27.85% 27.26% 23.75%
18MHz 44.18% 38.76% 49.52% 30.43% 41.06% 27.75% 42.69% 40.94% 44.36% 34.47%
20MHz 47.48% 45.33% 52.51% 38.03% 45.76% 35.40% 58.86% 44.07% 51.15% 40.71%
corresponding ICC values. The results verified the

VII. IMAGE RECONSTRUCTION RESULTS

Image reconstruction experiments were carried out to verify
the effectiveness of the MFCCEIT system. In the 12-electrode
CCEIT sensor, the insulating layer was made of resin, which
was fabricated by 3D printing. The outer diameter and thickness
of the insulating layer were 160mm and 2mm, respectively. The
12 electrodes were made of a flexible printed circuit. The size
of the electrodes was 34.9mm x 60.0mm. Fig.17 shows five test
distributions D1-D5 in the experiments. Water with the
conductivity of 0; = 0.012S/m and the relative permittivity of
€, = 78 was used to simulate the background. Two kinds of
materials, the non-conductive plastic rods, and the carrot
sample, were used to simulate the anomalies and the @ means
of the diameter of the plastic rods/carrots.

To evaluate the imaging performance of the system, the
classic linear back projection (LBP) algorithm is used to realize
image reconstruction. The image correlation coefficient (ICC)
is introduced as the quantitative index, which is defined as:

2i=1(gi — Ja)(9i — ga)
\/Z?=1(gi - ga)z 2?:1(9? - gé)z
where §; is the i gray value in the normalized reconstructed
image and g; is the i gray value in the actual binary image of
the tested distribution. g, is the average gray value of the
reconstructed image and g is the average gray value of the
actual image. Table III shows the imaging results and the

ICC =

(20)

effectiveness of the developed system. The reconstructed
images based on either the real part or the imaginary part are
consistent with the actual distributions at different frequencies.
Besides, the MFCCEIT system can reconstruct the distributions
with multiple anomalies or with different materials.

Fig. 17 The setups of the five distributions in the imaging experiment.

.Water . Plastic Rod

Carrot

P20mm

-

N @30mm

D1 D2 D3 D4 D5

Fig. 17 The setups of the five distributions in the imaging experiment.
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TABLE Il
THE IMAGING RESULTS
D1 D2 D3 D4 D5
Real Imaginary Real Imaginary Real Imaginary Real Imaginary Real Imaginary

500

kHz

Icc 0.53 0.49 0.54 0.27 0.47 0.10 0.44 0.28 0.48 0.17
800

kHz

1cC 0.50 0.48 0.52 0.39 0.54 0.40 0.46 0.24 0.50 .
1

MHz

1cC 0.51 0.47 0.54 0.37 0.50 0.27 . 0.35 0.50 .
3

MHz

Icc 0.49 0.46 0.56 0.45 . . 0.47 0.43 0.49 0.45
5

MHz

1cC 0.50 0.48 0.55 0.45 0.52 0.38 0.43 0.41 0.49 0.44
8

MHz

1cC 0.52 0.48 0.53 0.45 . . 0.40 0.35 0.48 0.43
10

MHz

Icc 0.50 0.47 0.53 0.45 0.50 0.40 0.41 0.35 0.48 0.44
13

MHz

1cC 0.49 0.49 0.39 0.45 . 0.35 0.37 0.34 0.54 0.50
15

MHz

1cC 0.50 0.45 0.53 0.41 0.53 0.33 0.41 0.36 0.51 0.46
18

MHz

Icc 0.47 0.47 0.57 0.46 0.33 0.42 0.47 0.37 0.49 0.46
20

MHz

1CC

0.49

0.47

<
in
'

0.43

<
in
N

0.44

0.41

0.49

0.44
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Fig. 18 The ICC of reconstructing D1-D5 both in the real part and imaginary
part: (a) In the real part. (b) In the imaginary part.

VIII. CONCLUSION

In this work, an MFCCEIT system with a wide bandwidth of
20 MHz is developed. The system includes a 12-electrode
CCEIT sensor, six sensing modules, a data acquisition module,
and a personal computer (PC). An impedance calculation
model, which combines the mechanism modeling of the
integrated circuits (ICs) and the empirical modeling of the
measurement data, is established. Experiments were carried out
to verify the effectiveness of the MFCCEIT system. With
proposed hardware system we evaluated the SNR, the
impedance measurement accuracy, and the imaging
performance at different frequencies. It is indicated that the
development of the system is successful for potential
biomedical application. The imaging results show that the
system has good performance in the multifrequency imaging of
multiple anomalies and multiple materials.

CCEIT overcomes the problems of contact measurement and
insufficient usage of impedance, which is a promising
contactless alternative to EIT in the biomedical field. However,
as a new technique, the research on biomedical CCEIT is very
limited. There is no targeted research on specific CCEIT
systems for biomedical imaging. This work can provide new
experiences and useful references for the further development
of biomedical CCEIT. By taking advantage of multifrequency
measurement acquisition of the complete impedance (both the
real part and the imaginary part), the MFCCEIT system applies

to both time-difference and frequency-difference imaging and
is expected to have wider application potential in our future
studies.
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