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Study on Dual-Frequency Imaging of Capacitively 

Coupled Electrical Impedance Tomography: 

Frequency Optimization 
 

Yandan Jiang, Junchao Huang, Haifeng Ji, Baoliang Wang*, Zhiyao Huang and Manuchehr Soleimani 

Abstract—In this work, a new dual-frequency imaging 

framework of capacitively coupled electrical impedance 

tomography (CCEIT) is presented. Unlike conventional single-

frequency imaging, the dual-frequency imaging adopts two 

different working frequencies to obtain the real part and the 

imaginary part of the impedance respectively. With the real part 

image and the imaginary part image at the two frequencies, the 

framework further introduces image fusion to obtain the fused 

image. This work focuses on optimization of the two working 

frequencies. To achieve the optimal selection of the two 

frequencies, data collection in a wide range frequency is carried 

out. The multifrequency data is then analyzed in depth and 

investigated from several aspects, including the measurement 

data, the sensitivity distribution and the imaging quality. 

Experiment was carried out with a 12-electrode CCEIT sensor, an 

impedance analyzer, and a computer to obtain the real part and 

imaginary part measurements of the impedance. Research results 

show that a low working frequency is recommended for the real 

part, while a relatively high working frequency is recommended 

for the imaginary part. Within the investigated frequency range of 

200 kHz - 20 MHz, the optimized frequencies for the real part and 

the imaginary part are 1 MHz and 15 MHz respectively. Results of 

verification experiment shows the superior performance of the two 

selected frequencies. Additionally, this paper demonstrates the 

advantages of the dual-frequency imaging framework. Compared 

with CCEIT in individual frequencies, CCEIT based on dual-

frequency imaging with the two optimized frequencies has much 

better imaging performance. 

 
Index Terms—Electrical impedance tomography (EIT), 

capacitively coupled electrical impedance tomography (CCEIT), 

dual-frequency imaging, working frequency  

I. INTRODUCTION 

ITH the advantages of low cost, high speed, simple 

structure and no radiation, electrical impedance 

tomography (EIT) has become a widely accepted 

technique for distribution reconstruction of conductive 

medium, which is applicable in both industrial processes and 

biomedical cases [1-5]. But, there still exist some issues limiting 

its practical applications. One problem of traditional EIT is its 
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contact measurement principle. The contact between the 

electrodes and the measured medium has some unfavorable 

effects, such as electrochemical erosion, polarization effect and 

electrode contamination, which is more prominent in practical 

industrial applications [2, 6-8], and contact impedance which is 

notable in biomedical applications [9, 10]. Another problem of 

EIT is the inadequate usage of impedance information. 

Traditional EIT usually uses the real part or the amplitude of 

the impedance for imaging, and EIT-related works, which pay 

attention to the whole impedance information of the measured 

medium, especially the imaginary part, are very limited [3-5]. 

Capacitively coupled electrical impedance tomography 

(CCEIT) is a new modality of electrical tomography (ET), 

which provides an approach to overcome the two mentioned 

problems of EIT [11, 12]. In CCEIT, the capacitively coupling 

idea is introduced to implement contactless measurement of the 

medium impedance in the region of interest (ROI), and both the 

real part and the imaginary part of the impedance are used for 

imaging. Although previous research has verified that 

combining the real part and the imaginary part by image fusion 

is an effective way to improve the imaging performance, the 

current CCEIT system is based on single-frequency imaging, 

i.e., the real part and the imaginary part of the impedance are 

obtained at the same frequency. It is found that the two parts of 

the impedance have different spectral characteristics, which 

means it is difficult to seek a frequency that works satisfactory 

for both the two parts [13-15]. Besides, some pioneering 

researches have indicated that multi-frequency imaging can 

give a better insight into the medium distribution in ROI and 

obtain inspiring result with traditional ET [16-18]. The idea of 

multi-frequency imaging provides a possible approach to 

improve the CCEIT technique. To make better use of the 

impedance information obtained by CCEIT, the relationships 

between the two parts of impedance and frequency should be 

investigated separately, especially the imaginary part which has 

high frequency dependence. So, more corresponding research 

with CCEIT should be undertaken.  
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This work proposes a dual-frequency imaging framework of 

CCEIT and focuses on optimization of the two working 

frequencies based on this framework. Three aspects, including 

the measurement data, the sensitivity distribution and the 

imaging quality, are investigated and compared to select the 

most effective working frequencies for the real part and the 

imaginary part of the impedance. Simulation will be undertaken 

to calculate the sensitivity matrices and experiments with 

different distributions in ROI will be carried out to obtain the 

impedance measurements. In verification experiment, imaging 

results obtained by dual-frequency imaging with the two 

optimized working frequencies will be compared with images 

obtained at a series of individual frequencies to verify the 

effectiveness of dual-frequency imaging and the two optimized 

frequencies.  

II. DUAL-FREQUENCY IMAGING FRAMEWORK  

As aforementioned, compared with traditional EIT, CCEIT 

makes two improvements. One is implementing contactless 

impedance measurement by introducing the capacitively 

coupling idea, the other is regarding the measured medium as 

an impedance and uses both the real and imaginary parts [11, 12].  

Fig.1 shows the measurement principle of CCEIT. In CCEIT 

sensor, the electrodes are evenly attached to the outer wall of 

the insulation pipe, forming a ring-shaped sensing array. 

According to capacitively coupling idea, for each electrode, a 

coupling capacitance will be formed by the electrode, the 

insulation pipe and the conductive medium in ROI. During 

measurement, one electrode will be selected as the excitation 

electrode and another electrode will be selected as the detection 

electrode, while other electrodes will be at floating potential. 

Fig. 1(b) is the equivalent circuit of a measurement electrode 

pair, where C1, C2 are the two coupling capacitances and Zx is 

the equivalent impedance of the measured medium between the 

two electrodes. When an excitation AC voltage source is 

applied to the excitation electrode, an output current can be 

obtained at the detection electrode for impedance calculation. 

By switching the measurement electrode pair, 66 independent 

impedance measurements will be obtained with the 12-

electrode CCEIT sensor, including 66 real part measurements 

and 66 imaginary part measurement. 

 

 
(a) 

C1 C2Zx

Vi Io  
(b) 

Fig. 1 Measurement principle of CCEIT: (a) 12-electrode 

sensor; (b) Equivalent circuit of a measurement electrode pair. 

 

The ROI of a working CCEIT sensor can be regarded as a 

quasi-static electromagnetic field, which satisfies the following 

model with the frequency of the AC voltage source f [11, 12]: 

 (( ( , ) ( , )) ( , )) 0 ( , )x y j x y x y x y   +  =   (1) 

where σ(x, y), ε(x, y) and φ(x, y) are the spatial conductivity, 

permittivity and potential distributions in the ROI Ω, 

respectively. ω=2πf is the angular frequency of the AC voltage 

source, with the frequency f. 

According to the measurement strategy, the boundary 

conditions of Equation (1) are: 

 

( , ) ( , )

( , ) 0 ( , )

( , ) / 0 ( , ) , ( , )

a a

b b

c c

x y V x y

x y x y

x y n x y c a b







=  


=  
   =   

v
 (2) 

where a, b and c stand for the excitation electrode, the detection 

electrode and the floating electrode(s) categories respectively. 

So, φa(x, y), φb(x, y), φc(x, y) and Γa, Γb, Γc represent the 

potentials and the spatial regions of the excitation electrode, the 

detection electrode and the floating electrode(s) respectively. V 

is the amplitude of the excitation AC voltage source. n
v

 denotes 

the outward unit normal vector. 

Generally, the interested impedance Zx can be equivalent to 

the parallel of a resistance Rx1 and a capacitance Cx in series with 

a resistance Rx2, as shown in Fig. 2 [1, 2]. Then, Zx can be 

described as 

 1 1

22 2 2 2 2 2

1 1

( ) ( )
1 1

x x x

x x

x x x x

R C R
Z R jX R j

C R C R



 
= + = + + −

+ +
 (3) 

where R is the real part of the impedance and X is the imaginary 

part of the impedance.  

Rx1

Cx

Rx2

 
Fig. 2 Detailed equivalent circuit of a measurement electrode 

pair. 

 

Traditional EIT uses the amplitude of the measured 

impedance for imaging in most cases, where the real part and 

the imaginary part are utilized in a combined version. CCEIT 

regards the two parts as two kinds of impedance information 

and uses them for separate image reconstruction. However, 

previous CCEIT system is based on single-frequency imaging, 

where the real part and the imaginary part used for imaging are 

obtained at the same frequency. As can be seen from Eq. (3), 

the two parts have different spectral characteristics. Compared 

with the real part, the imaginary part is more frequency-

dependent. From the measurement aspect, different frequency 

correlations indicate that the highest signal-to-noise ratio (SNR) 

of the real part measurements and imaginary part measurements 

will be obtained at different frequencies. So, using the same 

working frequency to obtain them is not a good idea. Different 

working frequencies should be adopted for the measurement of 

the real part and the imaginary part of the impedance. 

Insulation pipe

Electrode

Io

Conductive medium

Vi C1

C2

AC voltage 
source

Output current
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Based on the above consideration, a dual-frequency imaging 

framework is proposed in this work. Fig. 3 shows the proposed 

framework, where two different working frequencies are 

adopted to obtain the real part and the imaginary part of the 

impedance respectively. With the measurements of the two 

parts obtained at the two frequencies, image reconstruction is 

implemented to obtain the real part image and the imaginary 

part image. Then, image fusion is introduced to fuse the two 

images and obtain the fused image. 

Working frequency  f1

(For real part)

Working frequency  f2

(For imaginary part)

12-electrode CCEIT sensor

Real part 

measurements

Imaginary part 

measurements

Real part image Imaginary part image

Image fusion

Fused image

Image reconstruction Image reconstruction

 
Fig. 3. The dual-frequency imaging framework. 

 

In the dual-frequency imaging framework, the selection of 

the two frequencies are the most critical point. So seeking the 

optimal working frequencies for the real part and the imaginary 

part is the main focus of this work. To implement this, the 

performance of CCEIT in a wide frequency range is to be 

evaluated. Fig.4 shows the experimental setup, which includes 

a 12-electrode CCEIT sensor, an impedance analyzer and a 

personal computer. The CCEIT sensor consists of an insulation 

pipe and the 12 electrodes. Table I lists the detailed information 

of the sensor. The impedance analyzer (Keysight 4294A) is 

used to obtain the impedance measurements in a wide 

frequency range of 200 kHz - 20 MHz. The computer is used 

for data processing and image reconstruction. Fig.5 is a photo 

of the experimental setup.  

 
Fig. 4 The experimental setup. 

 

 
Fig. 5 A photo of the experimental setup. 

 

TABLE I 

DETAILS OF THE CCEIT SENSOR 

Insulation pipe 

Material Polyvinyl chloride 

Inner diameter 106 mm 

Outer diameter 110 mm 

 

Electrodes 

Material Copper foil 

Length 150 mm 

Width 24 mm 

 

III. WORKING FREQUENCY OPTIMIZATION 

In the idea of dual-frequency imaging, selection of the two 

working frequencies is the most significant step. In this work, 

three aspects of CCEIT in a wide frequency range of 200 kHz - 

20 MHz are evaluated to seek the most effective frequencies for 

the two parts, including the measurement data (the projection), 

the sensitivity distribution and the imaging quality.  

With the experimental setup, experiments were carried out to 

investigate the relationship between the two parts of impedance 

and the frequency. Fig. 6 shows the three distribution setups S1 

- S3 for frequency selection investigation, where tap water (σ1 

= 0.012 S/m, ε1 = 78) and plastic rod(s) (σ2 = 0 S/m, ε2 = 3) with 

the diameter of 29.5 mm are used to simulate the background 

medium and the target medium, respectively.  

S1 S3S2

 
Fig. 6 Distribution setups for frequency selection. 

 

A. Measurement Data 

At each frequenccy, with the impedance measurements (the 

real part measurements and the imaginary part measurements) 

obtained by the impedance analyzer, the real part projections 

and the imaginary part projections can be calculated as: 

 

0

0

R m m

m

m

R R
p

R

−
=  (4) 

Impedance 

Analyzer
  Personal 
computer

CCEIT 
sensor
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m

X X
p

X

−
=  (5) 

where, 𝑝𝑚
𝑅  and 𝑝𝑚

𝑋  are the mth real part projection and 

imaginary part projection calculated respectively by the mth 

real part measurement Rm and imaginary part measurement Xm, 

m = 1, 2, …, M and M is the number of independent 

measurements. For the 12-electrode CCEIT sensor, M = 66. 

From the measurement aspect, 37 frequency points in the 

frequency range of 200 kHz - 20MHz are investigated. At each 

frequenccy, two groups of the impedance measurements, one is 

the real part measurement group and the other is the imaginary 

part measurement group, are obtained by the impedance 

analyzer. Correspondingly, the real part projection group and 

the imaginary part projection group can be calculated. 

Fig. 7 shows the impedance measurements obtained by the 

impedance analyzer and the calculated projections, where the 

blue curves represent the real part and the orange curves 

represent the imaginary part. Every point in the curves is the 

average of the 66 independent measurements/projections in one 

group (the real part measurement/projection group or the 

imaginary part measurement/projection group). Fig. 7(a) shows 

how the average value of impedance measurements changes 

with frequency. The solid line represents the background 

measurement, which is obtained when the ROI is filled with 

background medium, and the dotted line represents the average 

measurement with the distribution setups in Fig. 6. Whether 

there exists target medum or not, as the frequency goes up, the 

real part measurement decreases, while the imaginary part 

measurement increases. Fig. 7(b) shows the relationship 

between the average value of real/imaginary part projections 

and the frequency. An overall downward trend can be observed 

in the real part projection with the increase of frequency, but it 

is intersting to find that there is a peak around 1 MHz. And for 

the imaginary part, the average projection goes up with 

frequency. 

 
(a) 

 
(b) 

Fig. 7 Impedance measurements and projections of CCEIT in 

the investigated frequency range: (a) Average impedance 

measurement; (b) Average projection. 

 

B. Sensitivity Distribution 

Calculation of the sensitivity matrix is a significant part in 

tomography. Sensitivity matrix is also called Jacobian matrix, 

which is a coefficient matrix mapping the relationship between 

the internal distribution in ROI (the image pixel vector) and the 

impedance measurements (the projection vector) [19]. Based on 

the finite element method (FEM), simulation by COMSOL 

Multiphysics and Matlab was carried out to calculate the real 

part sensitivity matrix and the imaginary part sensitivity matrix 

with the 12-electrode CCEIT setup. For the sensitivity S = 

[s𝑚𝑛]M×N (m = 1, 2, …, M, n = 1, 2, …, N), M is the number of 

independent measurements and N is the number of elements. 

Here. M = 66 for the 12-electrode CCEIT sensor and N = 1024 

elements (32×32 squares) are meshed in FEM. In detail, the 

sensitivity which associates the real part of the mth impedance 

measurement with the nth element is defined as: 

 

0

0

R mn m
mn

m

R R
s

R

−
=  (6) 

where 𝑅𝑚
0  is the real part the mth impedance measurement 

obtained when the pipe is filled with background medium (σ = 

σ1, ε = ε1) and 𝑅𝑚𝑛 is the imaginary part of the mth impedance 

measurement obtained when the nth element changes from the 

background medium to the target medium (σ = σ2, ε = ε2).  

Similarly, the sensitivity that associates the imaginary part of 

the mth impedance measurement with the nth element 𝑠𝑚𝑛
𝑋 t  is 

defined as: 

 

0

0

X mn m
mn

m

X X
s

X

−
=  (7) 

where 𝑋𝑚
0  is the imaginary part of the mth impedance 

measurement obtained when the pipe is filled with background 

medium (σ = σ1, ε = ε1) and 𝑋𝑚𝑛 is the imaginary part of the mth 

impedance measurement obtained when the nth element 

changes from the background to target medium (σ = σ2, ε = ε2). 

According to the definitions of sensitivity matrices, a pair of 
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sensitivity matrices (SR and SX) will be calculated for every 

investigated frequency point. For each part at each frequency, 

there are six typical sensitivity distributions representing six 

relative positions between the two electrodes in the 

measurement electrode pair, i.e., from the adjacent electrode 

pair to the opposite electrode pair. To make quantitative 

comparison, the average sensitivity Sa and the uniformity 

coefficient Su of the typical sensitivity distributions are 

introduced, which are defined as [23, 24]: 

 
6

1

1

6
a k

k

S s
=

=   (8) 

 

6

1

1

6

k
u

k k

S
s



=

=   (9) 

where 𝑠�̅�  and νk are the mean and standard deviation of the 

sensitivities in the kth typical sensitivity distribution (the kth 

row of the sensitivity matrix) calculated by the following 

equations: 

 
1

1 N

k kn

n

s s
N =

=   (10) 

 
2

1

1
( )

1

N

k kn k

n

s s
N


=

= −
−
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(a) 

 
 

(b) 

Fig. 8 Sensitivity distribution indexes of CCEIT in the 

investigated frequency range: (a) The real part; (b) The 

imaginary part. 

 

The FEM-based simulation work to obtain the sensitivity 

matrices is quite time-consuming. In this part, sensitivity 

matrices at 21 frequency points in the frequency range of 200 

kHz - 20 MHz are calculated by FEM simulation. Fig.8 shows 

the sensitivity distribution indexes of the typical sensitivity 

distributions of CCEIT in the investigated frequency range, 

where Fig. 8 (a) represents the two indexes of the real part 

sensitivity distribution and Fig.8 (b) represents the two indexes 

of the imaginary part sensitivity distribution. Generally, 

sensitivity distribution with higher average sensitivity and 

lower uniformity coefficient (more uniform) is considered to be 

better. As can be seen from Fig. 8(a), the average sensitivity 

decreases with the frequency increase and the uniformity 

coefficient increases with the frequency increase, indicating 

that the real part sensitivity distribution is better at lower 

frequency. But again 1 MHz attracts attention because the real 

part sensitivity distribution at 1 MHz is the most uniform. In 

Fig. 8(b), an opposite conclusion can be drawn. That is, better 

imaginary part sensitivity distribution can be obtained at higher 

frequency. 

C. Imaging Quality 

Image reconstruction is to reconstruct the image that reflects 

the medium distribution in ROI. Mathematically, it is to solve 

the following inverse problem [19-21]: 

 P SG=  (12) 

where P=[pm]M×1 and S=[smn]M×N are respectively the 

projection vector and previously defined sensitivity matrix. 

G=[gn]N×1 is the image pixel vector to be reconstructed. The real 

part projections and the imaginary part projections are defined 

as: 
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0
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m

m

R R
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−
=  (13) 

 

0

0

X m m

m

m

X X
p

X

−
=  (14) 

where, 𝑝𝑚
𝑅  and 𝑝𝑚

𝑋  are the mth real part projection and 

imaginary part projection calculated respectively by the mth 

real part measurement Rm and imaginary part measurement Xm. 

In this work, the combination of linear back projection (.LBP) 

and Landweber iterative algorithms are used to implement 

image reconstruction. LBP is introduced to provide an initial 

solution to the inverse problem in Equation (5) (the original 

image gray vector G0=[gn
0]N×1), which can be described as [19]: 

 0 1

1

M

m mnm

n M

mnm

p s
g

s

=

=

=



 (15) 

Taken the initial solution in Equation (8) as the initial value 

of iteration, Landweber iterative algorithm is used to obtain a 

more accurate solution (the reconstructed image gray vector 

G=[gn]N×1). The idea of Landweber iterative can be described as 



6 

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

the following equation [20,21]: 

 
1 1

( 1) ( ) ( ( ))
M N

n n mn m mn n

m n

g k g k s p s g k
= =

+ = − −   (16) 

where α is the relaxation factor, which is a positive scalar. gn(k) 

and gn(k+1) are the kth and the (k+1)th iteration results of the 

nth element. 

With the real part projection vector PR and the real part 

sensitivity matrix SR, the real part initial image GR can be 

reconstructed by the LBP + Landweber method. Similarly, with 

the imaginary part projection vector PX and the imaginary part 

sensitivity matrix SX, the imaginary part initial image GX can 

also be reconstructed by the LBP + Landweber method. To 

evaluate and compare the image quality of the real/imaginary 

part images reconstructed at different frequencies by LBP + 

Landweber iterative algorithm, the image relative error (.IRE) 

and the image correlation coefficient (.ICC) are introduced [25], 

which are defined as: 
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where �̃� = [�̃�𝑛]𝑁×1  and G*=[gn
*]N×1 are the normalized 

reconstructed image gray vector to be evaluated and the actual 

image gray vector of the tested distribution. �̃�𝑎  and 𝑔𝑎
∗  are 

respectively the average gray level of the reconstructed image 

and the average gray level of the actual image. 

Fig.9 shows the image quality indexes of CCEIT in the 

investigated frequency range, where Fig. 9(a) is with the real 

part and Fig. 9(b) is with the imaginary part. Every point in the 

figure is the average index value of the three reconstructed 

distribution setups at the specified frequency.  

 

 
(a) 

 
(b) 

Fig. 9 Image quality indexes of CCEIT in the investigated 

frequency range: (a) The real part; (b) The imaginary part. 

 

From Fig. 9, it is found that for the real part, the images 

reconstructed at low working frequency have better image 

quality than those reconstructed at higher working frequency, 

and both the smallest relative image error and the largest image 

correlation coefficient lie at 1 MHz. While for the imaginary 

part, as the frequency increases in the investigated range, the 

quality indexes show a positive trend before 13 MHz and 

deteriorates after 17 MHz. The best image quality with low RIE 

and high ICC can be observed from 13 MHz to 17 MHz, where 

the two curves of the image quality indexes experienced plateau 

stage. 

D. Discussion 

The above results and analysis show that the real part and the 

imaginary part of the impedance tell totally different stories 

with the frequency change by comparing measurement data, 

sensitivity distribution and imaging quality in a wide frequency 

range.  

Within the investigated frequency range, low working 

frequency is preferred for the real part, while relatively high 

working frequency is preferred for the imaginary part. It is 

interesting to find that the frequency offering the highest 

average projection, the best sensitivity distribution and imaging 

performance for the real part is 1 MHz, rather than the lowest 

investigated frequency. A possible explanation for this is the 

existence of the coupling capacitances in CCEIT. Although the 

coupling capacitance does not exist directly in the real part 

measurements, they exist as the background signal (noise 

signal), the SNR will be reduced if the frequency is too low, i.e., 

the reactance of coupling capacitance will be high at low 

frequency. So, the 1MHz may be the trade-off point, which is 

high enough to allow contactless imaging through the pipe, but 

not too high to be contaminated by the other component of the 

impedance. 

For the imaginary part, although higher frequency is preferred 

considering from the measurement aspect and the sensitivity 

aspect, it is surprising to find that the best image quality is at 

the frequency range of 13 MHz - 17 MHz. The explanation may 
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be that if the frequency is too high, some limiting factors like 

skin effect begin to play a visible role. Go back to the 

measurement value and the sensitivity distribution indexes of 

the imaginary part in Fig. 7(a) and Fig. 8(b), it can be observed 

that the measurement value and the sensitivity indexes change 

more and more slowly as the frequency goes up. After 15 MHz, 

the changes are very small and the measurement values or the 

sensitivity indexes obtained at the subsequent frequency points 

become comparable. So, combining the three aspects, a 

relatively high frequency of 15 MHz can reconstruct good-

quality imaginary part image.  

To ensure good imaging performance, 1 MHz and 15 MHz 

are selected respectively as the working frequencies for the real 

part and the imaginary part of the impedance. The dual-

frequency imaging is then specified at the two working 

frequencies. That is, to obtain the fused image by fusing the real 

part image reconstructed at 1 MHz and the imaginary part 

image reconstructed at 15 MHz. 

IV. VERIFICATION EXPERIMENT AND RESULTS 

With the experimental setup, verification experiment was 

carried out to verify the effectiveness of the two optimized 

working frequencies. Fig. 10 shows the three distribution setups 

S4 - S6, where again tap water and plastic rods were used as the 

materials. The target medium in S4 - S6 are respectively a 

plastic rod with the diameter of 29.5 mm near the boundary, a 

plastic rod with the diameter of 39.5 mm in the center, and two 

plastic rods with the diameters of 29.5 mm and 39.5 mm near 

the boundary.  

S4 S6S5

 

Fig. 10 Distribution setups in verification experiment. 

 

Table II and IV show the imaging results of distribution S4 -

S6 respectively, where eight frequencies from 500 kHz to 20 

MHz are included. For both the three distributions, the real part 

images at multiple frequencies indicate that better real part 

imaging performance can be achieved at low working 

frequency and again the highest image quality is with the 1 

MHz in most cases, although the distribution setups are 

different from those in the previous frequency selection 

experiment. The images of the imaginary part at multiple 

frequencies show that higher working frequency ensures better 

imaginary part imaging performance, and the images at the very 

low frequencies even failed to reconstruct the target. And for 

the imaginary part with the three setups, 15 MHz is always 

among the best choices. 

At each individual frequency, the real part image and the 

imaginary part image are also fused by pixel-level image 

fusion. Here, the half-half weighted fusion is applied. With the 

real part image and the imaginary part image, the nth pixel of 

the fused image GF is determined as: 

 
1

( )
2

R XF

n n n
g g g= +  (12) 

where �̃�𝑛
𝑅 is the nth pixel in the normalized real part image �̃�𝑅 

and �̃�𝑛
𝑋 is the nth pixel in the normalized imaginary part image 

�̃�𝑋 .  

Fig. 11 shows the image quality indexes of the fused images, 

including the fused images obtained by single-frequency 

imaging and the presented dual-frequency imaging with the two 

optimized frequencies. Compared with the fused images 

obtained at individual frequencies, the fused image obtained 

with the dual-frequency idea has higher image quality (smaller 

relative image error and higher image correlation coefficient), 

which verifies the effectiveness of the dual-frequency imaging 

framework and the optimization of the working frequencies. 

TABLE II 
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TABLE III 

IMAGING RESULTS OF DISTRIBUTION SETUP S5  
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TABLE III 

IMAGING RESULTS OF DISTRIBUTION SETUP S6  
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(a) 

 
(b) 

Fig. 11 Image quality indexes of the fused images: (a) The relative 

image error; (b) The image correlation coefficient. 
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V. CONCLUSION 

Based on a new dual-frequency imaging framework, working 

frequency optimization of CCEIT is implemented in this work. 

In the new framework, the real part and the imaginary part of 

the impedance are obtained at two different frequencies for 

image reconstruction, and the two images are further fused to 

obtain the fused image. As the key of dual-frequency imaging, 

the two frequencies for the real part and the imaginary part are 

optimally selected. This is done by evaluating and comparing 

the impedance measurement, the sensitivity distribution and the 

imaging quality of CCEIT in a wide frequency range. From the 

research results obtained by simulation and experiment, 

following conclusions can be made: 

(1) Preferred working frequency of CCEIT for the real part and 

the imaginary part of the impedance are totally different. For 

the real part, a low working frequency is recommended with 

larger measurement/projection value, better sensitivity 

distribution and higher image quality. While for the imaginary 

part, a relatively high frequency is recommended based on the 

same considerations. 

(2) The optimized working frequencies, i.e., 1 MHz for the real 

part and 15 MHz for the imaginary part, are reasonable. Results 

of verification experiment show that the 1 MHz for the real part 

and the 15 MHz for the imaginary part are among the optimal 

choices in most cases of the tested distribution setups.  

(3) The proposed dual-frequency imaging framework is 

effective. The idea of dual-frequency imaging provides a new 

approach for improvement of CCEIT. Compared with the fused 

images obtained at individual frequencies, the fused images 

obtained by dual-frequency imaging has higher quality, which 

means that dual-frequency imaging takes better advantage of 

the impedance information. 

Compared to the single-frequency imaging, dual-frequency 

imaging gives the whole image of the real part and imaginary 

part, rather than image of single component. Compared with 

multifrequency imaging, the dual-frequency has much higher 

efficiency because multifrequency imaging needs long data 

collection and image reconstruction time.  

Useful knowledge and experience concerning multi-spectral 

CCEIT have been obtained, which provides a good reference 

for further development of CCEIT. As the very preliminary 

research of CCEIT with multi-frequency imaging, more 

interesting work will be undertaken in the future. For example, 

seeking/proposing more suitable image reconstruction 

algorithm and image fusion algorithm for the dual-frequency 

CCEIT. Addressing the dual-frequency idea with specific 

applications where the multi-spectral impedance characteristics 

of the specific medium will be revealed to give guidance for 

specific frequency optimization and parameter measurement. In 

future work it is also possible to expand the idea of dual-

frequency imaging to include more workable frequencies or 

even extend the frequency ranges, etc. 
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